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15 T ⇒ 100 TeV in 100 km 
20 T ⇒ 100 TeV in 80 km 

•  80-100 km tunnel infrastructure in Geneva area 
•  design driven by pp-collider requirements  
•  with possibility of e+-e- (TLEP) and p-e (VLHeC) 
•  CERN-hosted study performed in international collaboration 
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We are living a privileged moment 
in the history of HEP
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but 

incompatible with gauge symmetries
chiral fermion ➾ m=0 only
gauge boson ➾ m=0 only
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Solution: spontaneous symmetry breaking
The masses are emergent due to a non-trivial structure of the vacuum
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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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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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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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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
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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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symmetry breaking. In that solution the W and Z bosons are massive
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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)

https://indico.cern.ch/event/276476/session/1/contribution/0/material/slides/0.pdf
https://indico.cern.ch/event/276476/session/1/contribution/0/material/slides/0.pdf


Christophe Grojean HEP-Theory Blois, May 19, 2o144

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

vacuum = a space filled with Higgs substance
Physics English

the vacuum of the SM breaks SU(2)xU(1) to U(1)em

The Brout-Englert-Higgs mechanism is not a trivial thing 

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
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high-energy proton–proton collisions, the two de-
tectors have already managed to capture and recon-
struct many rare Higgs boson candidate events.11
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29 shows a visualization of the data produced by a
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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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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–
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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 MLM@Aspen’14:
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3

The HEP landscape after LHC8TeV

Nicely summarized by MLM@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...)!
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no BSM major discovery @ LHC 
without a thorough understanding of SM background
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The SM precision frontier(s)

Precision QCD in the LHC era                Daniel de Florian
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The SM precision frontier: PDF

2) Very large PDF uncertainties (>100%) for 
new heavy particle production

Supersymmetric QCD
1) PDFs fundamental limit for Higgs boson 
characterization in terms of couplings

3) PDFs dominant systematic for precision 
measurements, like W boson mass, that test internal 
consistency of the Standard Model

Juan Rojo                                                                                                            La Thuile, 25/02/2014

PDF (and input parameters) are essential to do (SM/BSM) phenomenology @ LHC
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The SM precision frontier: PDF

LHC data are included 
in global PDF fits

Juan Rojo                                                                                                            La Thuile, 25/02/2014

A major recent development in global PDF fits is the inclusion of constraints from LHC data
 The impact of new data into PDFs has been also studied by ATLAS and CMS themselves using the 

open-source QCD analyses framework HERAfitter
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Theory developments

 QED corrections
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heavy quark schemes

(courtesy of J. Rojo@LaThuile2014)
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https://agenda.infn.it/getFile.py/access?contribId=23&sessionId=2&resId=0&materialId=slides&confId=7102


Christophe Grojean HEP-Theory Blois, May 19, 2o1411

The SM precision frontier: PDF

LHC data are included 
in global PDF fits

Juan Rojo                                                                                                            La Thuile, 25/02/2014

A major recent development in global PDF fits is the inclusion of constraints from LHC data
 The impact of new data into PDFs has been also studied by ATLAS and CMS themselves using the 

open-source QCD analyses framework HERAfitter

       x  
0.1 0.2 0.3 0.4 0.5 0.6

)
2

 (
 x

, 
Q

(r
e

f)
) 

/ 
g

2
 (

 x
, 

Q
(n

e
w

)
g

0.7

0.8

0.9

1

1.1

1.2

1.3 NNPDF2.3

NNPDF2.3 + Top Data

2
 = 100 GeV

2
Q

 = 0.118SαRatio to NNPDF2.3 NNLO, 

NNPDF2.3

NNPDF2.3 + Top Data

2
 = 100 GeV

2
Q

LHC data already included in PDF fits:
 Inclusive W,Z production
 W production with charm quarks
 Isolated photon production
 Inclusive jet and dijet production
 Low and high-mass off-shell Drell-Yan
 Top quark pair cross-sections
 Ratios of cross-sections between different Ecm

LHC data with potential PDF constraints
 Z+jets, high-pT Z production
 Photon+jet production
 Photon+charm, Z+charm
 Single top production
 Top quark pair differential distributions
 Ratios between 13 and 8 TeV

Pinning down large-x gluon with top quark data

xg
(x

)

0

0.5

1

1.5

2

2.5 ATLAS

2 = 1.9 GeV2Q
HERA I fit
HERA+ATLAS jets R=0.6 fit
HERA+ATLAS jets 2.76 TeV R=0.6 fit
HERA+ATLAS jets 7 TeV R=0.6 fit

W+charm: accurate strangeness from LHC data

CMS

Gluon PDF from ratio of 

7 TeV and 2.76 TeV jet data

Czakon et at 13

Juan Rojo                                                                                                            La Thuile, 25/02/2014

A major recent development in global PDF fits is the inclusion of constraints from LHC data
 The impact of new data into PDFs has been also studied by ATLAS and CMS themselves using the 

open-source QCD analyses framework HERAfitter

       x  
0.1 0.2 0.3 0.4 0.5 0.6

)
2

 (
 x

, 
Q

(r
e

f)
) 

/ 
g

2
 (

 x
, 

Q
(n

e
w

)
g

0.7

0.8

0.9

1

1.1

1.2

1.3 NNPDF2.3

NNPDF2.3 + Top Data

2
 = 100 GeV

2
Q

 = 0.118SαRatio to NNPDF2.3 NNLO, 

NNPDF2.3

NNPDF2.3 + Top Data

2
 = 100 GeV

2
Q

LHC data already included in PDF fits:
 Inclusive W,Z production
 W production with charm quarks
 Isolated photon production
 Inclusive jet and dijet production
 Low and high-mass off-shell Drell-Yan
 Top quark pair cross-sections
 Ratios of cross-sections between different Ecm

LHC data with potential PDF constraints
 Z+jets, high-pT Z production
 Photon+jet production
 Photon+charm, Z+charm
 Single top production
 Top quark pair differential distributions
 Ratios between 13 and 8 TeV

Pinning down large-x gluon with top quark data

xg
(x

)

0

0.5

1

1.5

2

2.5 ATLAS

2 = 1.9 GeV2Q
HERA I fit
HERA+ATLAS jets R=0.6 fit
HERA+ATLAS jets 2.76 TeV R=0.6 fit
HERA+ATLAS jets 7 TeV R=0.6 fit

W+charm: accurate strangeness from LHC data

CMS

Gluon PDF from ratio of 

7 TeV and 2.76 TeV jet data

Czakon et at 13

Theory developments

 QED corrections
 fixed-flavor vs variable-flavor-number 

heavy quark schemes

(courtesy of J. Rojo@LaThuile2014)

Campbell, ICHEP12
Juan Rojo                                                                                                            La Thuile, 25/02/2014

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

Mangano, Aspen14

Improving our quantitative understanding of the Standard Model is essential in this new era for 
HEP, where we need to hunt, unbiased, for answers to the big questions of our field
Now, more than ever, sharpening our QCD tools could be the key for new discoveries at the LHC

Prime example: extraction of Higgs 
couplings from LHC data soon to be 
limited by QCD uncertainties

Better QCD predictions 

Improved indirect sensitivity to New 
Physics via deviations of Higgs 
couplings from SM expectations

https://agenda.infn.it/getFile.py/access?contribId=23&sessionId=2&resId=0&materialId=slides&confId=7102
https://agenda.infn.it/getFile.py/access?contribId=23&sessionId=2&resId=0&materialId=slides&confId=7102


Christophe Grojean HEP-Theory Blois, May 19, 2o1412

The SM precision frontier: N(k)LOWhat is the hold up?

Rough idea of complexity of process ∼ #Loops + #Legs (+ #Scales)

- loop integrals are
ultraviolet/infrared divergent

- complicated by extra
mass/energy scales

- loop integrals often unknown
✓ completely solved at NLO

- real (tree) contributions are
infrared divergent

- isolating divergences complicated
✓ completely solved at NLO

- currently far from automation
✓ mostly solved at NLO

Current standard: NLO – p. 4

(courtesy of N. Glover@SM@LHC2014)

frontiers:
2➛N @ 1-loop (NLO)
2➛2 @ 2-loop (N2LO)
2➛1 @ 3-loop (N3LO)

https://indico.cern.ch/event/292965/session/6/contribution/12/material/slides/0.pdf
https://indico.cern.ch/event/292965/session/6/contribution/12/material/slides/0.pdf


Christophe Grojean HEP-Theory Blois, May 19, 2o1413

2 ➙ 2 @ 2-loop

2 ➙ 1 @ 3-loop

similar to ttbar @ N2LO
recently achieved by Czakon/Mitov

Text

Daniela Rebuzzi (Pavia University and INFN)

1. SM Higgs Cross Sections

• NNLO(+NNLL) QCD calculations for ggF, VBF, WH/ZH and NLO for ttH
• Cross sections with complex-pole-scheme for ggF and VBF for both 7 and 8 TeV
• NLO EW corrections O(5-10%), assuming factorization between QCD and EW dynamics
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Figure 3.22: Typical diagrams for the QCD corrections to gg → H at NNLO in the heavy
quark limit. • denotes the effective Hgg vertex where the quark has been integrated out.

This tour de force has been made possible thanks to two simplifying features: the pos-

sibility of using the low energy theorem discussed in §2.4.1, which allows to calculate the

corrections to the effective Hgg vertex, and the development of new techniques [362] to eval-

uate massless three–point functions at the two–loop level in complete analogy to massless

three–loop propagator diagrams which are standard and can be done fully automatically.

As already discussed in §2.4.3, the NNLO QCD corrected Hgg effective operator in

the heavy quark limit, Leff(Hgg), can be obtained [21,206,361] by means of the low–energy

theorem, eq. (2.91). This operator does not describe the Hgg interaction in total: it accounts

only for the interactions mediated by the heavy quarks directly, but it does not include the

interactions of the light fields. It must be added to the light–quark and gluon part of the basic

QCD Lagrangian, i.e. the effective coupling has to be inserted into the blobs of the effective

two–loop diagrams shown in Fig. 3.22. The NNLO corrections to inclusive Higgs production

in gg → H can be cast then into the three categories which have been already encountered

when we discussed the NLO case. In terms of the variable τ̂ defined as τ̂ = M2
H/ŝ, one has

δ function terms ∝ δ(1 − τ̂), large logarithms of the form logn(1 − τ̂)/(1 − τ̂), and hard

scattering terms that have at most a logarithmic singularity in the limit τ̂ → 1

σ̂(2)
ij = a(2)δ(1 − τ̂ ) +

3∑

k=0

b(2)
k Dk(τ̂ ) +

∞∑

l=0

3∑

k=0

c(2)
lk (1 − τ̂)l$k (3.69)

where $k = logk(1 − τ̂) and Dk(τ̂), with now i = 1, 2, 3, are the usual + distributions

defined earlier. The virtual corrections [363], which are of course UV finite when all con-

tributions are added up, and in particular the coefficient function Cg of the Hgg effective

operator contribute only to the coefficient a(2) in front of the delta function [363, 364]. The

soft corrections to the gg → H cross section, i.e. when the momenta of the final state gluons

or quarks tend to zero, contribute to both the a(2) and b(2) terms; they have been evalu-
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Characteristic diagrams of the QCD radiative corrections are shown in Fig. 3.19. They

involve the virtual corrections to the gg → H subprocess, which modify the LO fusion cross

section by a coefficient linear in αs, and the radiation of gluons in the final state. In addition,

Higgs bosons can be produced in gluon–quark collisions and quark–antiquark annihilation

which contribute to the cross section at the same order of αs.
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Figure 3.19: Typical diagrams for the virtual and real QCD corrections to gg → H.

The cross sections for the subprocesses ij → H + X, i, j = g, q, q, can be written as

σ̂ij = σ0

{
δigδjg

[
1 + CH(τQ)

αs

π

]
δ(1 − τ̂) + DH

ij (τ̂ , τQ)
αs

π
Θ(1 − τ̂)

}
(3.60)

where the new scaling variable τ̂ , supplementing τH = M2
H/s and τQ = M2

H/4m2
Q introduced

earlier, is defined at the parton level as τ̂ = M2
H/ŝ; Θ is the step function.

The coefficients CH(τQ) and DH
ij (τ̂ , τQ) have been determined in Refs. [180,286] for arbi-

trary Higgs boson and quark masses and the lengthy analytical expressions have been given

there [see also §2.3.3 for some details on the calculation and on the renormalization scheme].

If all the corrections eq. (3.60) are added up, ultraviolet and infrared divergences cancel.

However collinear singularities are left over and are absorbed into the renormalization of the

parton densities [84, 325] where the MS factorization scheme can be adopted.

The final result for the hadronic cross section at NLO can be cast into the form

σ(pp → H + X) = σH
0

[
1 + CH αs

π

]
τH

dLgg

dτH
+ #σH

gg + #σH
gq + #σH

qq (3.61)

The coefficient CH denotes the contributions from the virtual two–loop quark corrections

regularized by the infrared singular part of the cross section for real gluon emission. It splits

into the infrared term π2, a term depending on the renormalization scale µR of the coupling
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section by a coefficient linear in αs, and the radiation of gluons in the final state. In addition,

Higgs bosons can be produced in gluon–quark collisions and quark–antiquark annihilation

which contribute to the cross section at the same order of αs.

• H
Q

g

g

g • •

• H

Q

g

g
g

•

q

g •

q

q̄
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The cross sections for the subprocesses ij → H + X, i, j = g, q, q, can be written as
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}
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where the new scaling variable τ̂ , supplementing τH = M2
H/s and τQ = M2

H/4m2
Q introduced

earlier, is defined at the parton level as τ̂ = M2
H/ŝ; Θ is the step function.

The coefficients CH(τQ) and DH
ij (τ̂ , τQ) have been determined in Refs. [180,286] for arbi-

trary Higgs boson and quark masses and the lengthy analytical expressions have been given

there [see also §2.3.3 for some details on the calculation and on the renormalization scheme].

If all the corrections eq. (3.60) are added up, ultraviolet and infrared divergences cancel.

However collinear singularities are left over and are absorbed into the renormalization of the

parton densities [84, 325] where the MS factorization scheme can be adopted.

The final result for the hadronic cross section at NLO can be cast into the form

σ(pp → H + X) = σH
0

[
1 + CH αs

π

]
τH

dLgg

dτH
+ #σH

gg + #σH
gq + #σH

qq (3.61)

The coefficient CH denotes the contributions from the virtual two–loop quark corrections

regularized by the infrared singular part of the cross section for real gluon emission. It splits

into the infrared term π2, a term depending on the renormalization scale µR of the coupling
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Figure 3.22: Typical diagrams for the QCD corrections to gg → H at NNLO in the heavy
quark limit. • denotes the effective Hgg vertex where the quark has been integrated out.

This tour de force has been made possible thanks to two simplifying features: the pos-

sibility of using the low energy theorem discussed in §2.4.1, which allows to calculate the

corrections to the effective Hgg vertex, and the development of new techniques [362] to eval-

uate massless three–point functions at the two–loop level in complete analogy to massless

three–loop propagator diagrams which are standard and can be done fully automatically.

As already discussed in §2.4.3, the NNLO QCD corrected Hgg effective operator in

the heavy quark limit, Leff(Hgg), can be obtained [21,206,361] by means of the low–energy

theorem, eq. (2.91). This operator does not describe the Hgg interaction in total: it accounts

only for the interactions mediated by the heavy quarks directly, but it does not include the

interactions of the light fields. It must be added to the light–quark and gluon part of the basic

QCD Lagrangian, i.e. the effective coupling has to be inserted into the blobs of the effective

two–loop diagrams shown in Fig. 3.22. The NNLO corrections to inclusive Higgs production

in gg → H can be cast then into the three categories which have been already encountered

when we discussed the NLO case. In terms of the variable τ̂ defined as τ̂ = M2
H/ŝ, one has

δ function terms ∝ δ(1 − τ̂), large logarithms of the form logn(1 − τ̂)/(1 − τ̂), and hard

scattering terms that have at most a logarithmic singularity in the limit τ̂ → 1
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where $k = logk(1 − τ̂) and Dk(τ̂), with now i = 1, 2, 3, are the usual + distributions

defined earlier. The virtual corrections [363], which are of course UV finite when all con-

tributions are added up, and in particular the coefficient function Cg of the Hgg effective

operator contribute only to the coefficient a(2) in front of the delta function [363, 364]. The

soft corrections to the gg → H cross section, i.e. when the momenta of the final state gluons

or quarks tend to zero, contribute to both the a(2) and b(2) terms; they have been evalu-
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Characteristic diagrams of the QCD radiative corrections are shown in Fig. 3.19. They

involve the virtual corrections to the gg → H subprocess, which modify the LO fusion cross

section by a coefficient linear in αs, and the radiation of gluons in the final state. In addition,

Higgs bosons can be produced in gluon–quark collisions and quark–antiquark annihilation

which contribute to the cross section at the same order of αs.
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Figure 3.19: Typical diagrams for the virtual and real QCD corrections to gg → H.

The cross sections for the subprocesses ij → H + X, i, j = g, q, q, can be written as

σ̂ij = σ0
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δigδjg

[
1 + CH(τQ)
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π

]
δ(1 − τ̂) + DH

ij (τ̂ , τQ)
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Θ(1 − τ̂)

}
(3.60)

where the new scaling variable τ̂ , supplementing τH = M2
H/s and τQ = M2

H/4m2
Q introduced

earlier, is defined at the parton level as τ̂ = M2
H/ŝ; Θ is the step function.

The coefficients CH(τQ) and DH
ij (τ̂ , τQ) have been determined in Refs. [180,286] for arbi-

trary Higgs boson and quark masses and the lengthy analytical expressions have been given

there [see also §2.3.3 for some details on the calculation and on the renormalization scheme].

If all the corrections eq. (3.60) are added up, ultraviolet and infrared divergences cancel.

However collinear singularities are left over and are absorbed into the renormalization of the

parton densities [84, 325] where the MS factorization scheme can be adopted.

The final result for the hadronic cross section at NLO can be cast into the form

σ(pp → H + X) = σH
0

[
1 + CH αs

π

]
τH

dLgg

dτH
+ #σH

gg + #σH
gq + #σH

qq (3.61)

The coefficient CH denotes the contributions from the virtual two–loop quark corrections

regularized by the infrared singular part of the cross section for real gluon emission. It splits

into the infrared term π2, a term depending on the renormalization scale µR of the coupling
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involve the virtual corrections to the gg → H subprocess, which modify the LO fusion cross

section by a coefficient linear in αs, and the radiation of gluons in the final state. In addition,

Higgs bosons can be produced in gluon–quark collisions and quark–antiquark annihilation

which contribute to the cross section at the same order of αs.
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regularized by the infrared singular part of the cross section for real gluon emission. It splits
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δ(1−

τ̂) +
D H

ij (τ̂ , τ
Q ) α

sπ Θ
(1−

τ̂) }

(3.60)

where the new
scaling

variable τ̂ , supplem
enting

τ
H
=

M
2H /s and

τ
Q
=

M
2H /4m

2
Q introduced

earlier, is defined
at the

parton
level as τ̂

=
M

2H /ŝ; Θ
is the

step
function.

The coeffi
cients C H

(τ
Q ) and

D
H
ij (τ̂ , τ

Q ) have
been

determ
ined

in
Refs. [180,286] for arbi-

trary
Higgs boson

and
quark

m
asses and

the
lengthy

analytical expressions have
been

given

there [see also §2.3.3
for som

e details on
the calculation

and
on

the renorm
alization

schem
e].

If all the
corrections

eq. (3.60)
are

added
up, ultraviolet

and
infrared

divergences
cancel.

However collinear singularities are left over and
are absorbed

into
the renorm

alization
of the

parton
densities [84, 325] where

the
M
S
factorization

schem
e
can

be
adopted.

The
final result for the

hadronic
cross section

at NLO
can

be
cast into

the
form

σ(pp→
H

+
X
) =
σ H

0 [
1 +

C H α
s

π

]
τ
H dL ggdτ

H +
#
σ H

gg +
#
σ H

gq +
#
σ H

qq

(3.61)

The
coeffi

cient
C H

denotes
the

contributions
from

the
virtual two–loop

quark
corrections

regularized
by

the infrared
singular part of the cross section

for real gluon
em

ission. It splits

into
the

infrared
term

π 2
, a

term
depending

on
the

renorm
alization

scale
µ

R
of the

coupling
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2 ➙ 2 @ 2-loop

2 ➙ 1 @ 3-loop

similar to ttbar @ N2LO
recently achieved by Czakon/Mitov

Text

Daniela Rebuzzi (Pavia University and INFN)

1. SM Higgs Cross Sections

• NNLO(+NNLL) QCD calculations for ggF, VBF, WH/ZH and NLO for ttH
• Cross sections with complex-pole-scheme for ggF and VBF for both 7 and 8 TeV
• NLO EW corrections O(5-10%), assuming factorization between QCD and EW dynamics
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Figure 3.22: Typical diagrams for the QCD corrections to gg → H at NNLO in the heavy
quark limit. • denotes the effective Hgg vertex where the quark has been integrated out.

This tour de force has been made possible thanks to two simplifying features: the pos-

sibility of using the low energy theorem discussed in §2.4.1, which allows to calculate the

corrections to the effective Hgg vertex, and the development of new techniques [362] to eval-

uate massless three–point functions at the two–loop level in complete analogy to massless

three–loop propagator diagrams which are standard and can be done fully automatically.

As already discussed in §2.4.3, the NNLO QCD corrected Hgg effective operator in

the heavy quark limit, Leff(Hgg), can be obtained [21,206,361] by means of the low–energy

theorem, eq. (2.91). This operator does not describe the Hgg interaction in total: it accounts

only for the interactions mediated by the heavy quarks directly, but it does not include the

interactions of the light fields. It must be added to the light–quark and gluon part of the basic

QCD Lagrangian, i.e. the effective coupling has to be inserted into the blobs of the effective

two–loop diagrams shown in Fig. 3.22. The NNLO corrections to inclusive Higgs production

in gg → H can be cast then into the three categories which have been already encountered

when we discussed the NLO case. In terms of the variable τ̂ defined as τ̂ = M2
H/ŝ, one has

δ function terms ∝ δ(1 − τ̂), large logarithms of the form logn(1 − τ̂)/(1 − τ̂), and hard

scattering terms that have at most a logarithmic singularity in the limit τ̂ → 1

σ̂(2)
ij = a(2)δ(1 − τ̂ ) +

3∑

k=0

b(2)
k Dk(τ̂ ) +

∞∑

l=0

3∑

k=0

c(2)
lk (1 − τ̂)l$k (3.69)

where $k = logk(1 − τ̂) and Dk(τ̂), with now i = 1, 2, 3, are the usual + distributions

defined earlier. The virtual corrections [363], which are of course UV finite when all con-

tributions are added up, and in particular the coefficient function Cg of the Hgg effective

operator contribute only to the coefficient a(2) in front of the delta function [363, 364]. The

soft corrections to the gg → H cross section, i.e. when the momenta of the final state gluons

or quarks tend to zero, contribute to both the a(2) and b(2) terms; they have been evalu-
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Characteristic diagrams of the QCD radiative corrections are shown in Fig. 3.19. They

involve the virtual corrections to the gg → H subprocess, which modify the LO fusion cross

section by a coefficient linear in αs, and the radiation of gluons in the final state. In addition,

Higgs bosons can be produced in gluon–quark collisions and quark–antiquark annihilation

which contribute to the cross section at the same order of αs.
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Figure 3.19: Typical diagrams for the virtual and real QCD corrections to gg → H.

The cross sections for the subprocesses ij → H + X, i, j = g, q, q, can be written as

σ̂ij = σ0

{
δigδjg

[
1 + CH(τQ)

αs

π

]
δ(1 − τ̂) + DH

ij (τ̂ , τQ)
αs

π
Θ(1 − τ̂)

}
(3.60)

where the new scaling variable τ̂ , supplementing τH = M2
H/s and τQ = M2

H/4m2
Q introduced

earlier, is defined at the parton level as τ̂ = M2
H/ŝ; Θ is the step function.

The coefficients CH(τQ) and DH
ij (τ̂ , τQ) have been determined in Refs. [180,286] for arbi-

trary Higgs boson and quark masses and the lengthy analytical expressions have been given

there [see also §2.3.3 for some details on the calculation and on the renormalization scheme].

If all the corrections eq. (3.60) are added up, ultraviolet and infrared divergences cancel.

However collinear singularities are left over and are absorbed into the renormalization of the

parton densities [84, 325] where the MS factorization scheme can be adopted.

The final result for the hadronic cross section at NLO can be cast into the form

σ(pp → H + X) = σH
0

[
1 + CH αs

π

]
τH

dLgg

dτH
+ #σH

gg + #σH
gq + #σH

qq (3.61)

The coefficient CH denotes the contributions from the virtual two–loop quark corrections

regularized by the infrared singular part of the cross section for real gluon emission. It splits

into the infrared term π2, a term depending on the renormalization scale µR of the coupling
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there [see also §2.3.3 for some details on the calculation and on the renormalization scheme].

If all the corrections eq. (3.60) are added up, ultraviolet and infrared divergences cancel.

However collinear singularities are left over and are absorbed into the renormalization of the

parton densities [84, 325] where the MS factorization scheme can be adopted.

The final result for the hadronic cross section at NLO can be cast into the form

σ(pp → H + X) = σH
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]
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The coefficient CH denotes the contributions from the virtual two–loop quark corrections

regularized by the infrared singular part of the cross section for real gluon emission. It splits

into the infrared term π2, a term depending on the renormalization scale µR of the coupling
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Figure 3.22: Typical diagrams for the QCD corrections to gg → H at NNLO in the heavy
quark limit. • denotes the effective Hgg vertex where the quark has been integrated out.

This tour de force has been made possible thanks to two simplifying features: the pos-

sibility of using the low energy theorem discussed in §2.4.1, which allows to calculate the

corrections to the effective Hgg vertex, and the development of new techniques [362] to eval-

uate massless three–point functions at the two–loop level in complete analogy to massless

three–loop propagator diagrams which are standard and can be done fully automatically.

As already discussed in §2.4.3, the NNLO QCD corrected Hgg effective operator in

the heavy quark limit, Leff(Hgg), can be obtained [21,206,361] by means of the low–energy

theorem, eq. (2.91). This operator does not describe the Hgg interaction in total: it accounts

only for the interactions mediated by the heavy quarks directly, but it does not include the

interactions of the light fields. It must be added to the light–quark and gluon part of the basic

QCD Lagrangian, i.e. the effective coupling has to be inserted into the blobs of the effective

two–loop diagrams shown in Fig. 3.22. The NNLO corrections to inclusive Higgs production

in gg → H can be cast then into the three categories which have been already encountered

when we discussed the NLO case. In terms of the variable τ̂ defined as τ̂ = M2
H/ŝ, one has

δ function terms ∝ δ(1 − τ̂), large logarithms of the form logn(1 − τ̂)/(1 − τ̂), and hard

scattering terms that have at most a logarithmic singularity in the limit τ̂ → 1

σ̂(2)
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3∑

k=0

b(2)
k Dk(τ̂ ) +

∞∑

l=0

3∑
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c(2)
lk (1 − τ̂)l$k (3.69)

where $k = logk(1 − τ̂) and Dk(τ̂), with now i = 1, 2, 3, are the usual + distributions

defined earlier. The virtual corrections [363], which are of course UV finite when all con-

tributions are added up, and in particular the coefficient function Cg of the Hgg effective

operator contribute only to the coefficient a(2) in front of the delta function [363, 364]. The

soft corrections to the gg → H cross section, i.e. when the momenta of the final state gluons

or quarks tend to zero, contribute to both the a(2) and b(2) terms; they have been evalu-
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H/ŝ, one has

δ function terms ∝ δ(1 − τ̂), large logarithms of the form logn(1 − τ̂)/(1 − τ̂), and hard

scattering terms that have at most a logarithmic singularity in the limit τ̂ → 1

σ̂(2)
ij = a(2)δ(1 − τ̂ ) +

3∑

k=0

b(2)
k Dk(τ̂ ) +

∞∑

l=0

3∑

k=0

c(2)
lk (1 − τ̂)l$k (3.69)

where $k = logk(1 − τ̂) and Dk(τ̂), with now i = 1, 2, 3, are the usual + distributions

defined earlier. The virtual corrections [363], which are of course UV finite when all con-

tributions are added up, and in particular the coefficient function Cg of the Hgg effective

operator contribute only to the coefficient a(2) in front of the delta function [363, 364]. The

soft corrections to the gg → H cross section, i.e. when the momenta of the final state gluons

or quarks tend to zero, contribute to both the a(2) and b(2) terms; they have been evalu-

152

⌦

Characteristic
diagram

s
of

the
Q
CD

radiative
corrections

are
shown

in
Fig. 3.19.

They

involve
the

virtual corrections to
the

gg →
H

subprocess, which
m
odify

the
LO

fusion
cross

section
by

a
coeffi

cient linear in
α

s , and
the radiation

of gluons in
the final state. In

addition,

Higgs
bosons

can
be

produced
in

gluon–quark
collisions

and
quark–antiquark

annihilation

which
contribute

to
the

cross section
at the

sam
e
order of α

s .

• H

Q

g

g
g

•

•

•
H

Q

g

g

g

•

q

g

•
q

q̄

Figure
3.19:

Typical diagram
s
for

the
virtual and

real Q
CD

corrections
to

gg →
H
.

The
cross sections for the

subprocesses
ij →

H
+

X
, i, j =

g, q, q, can
be

written
as

σ̂
ij =

σ
0

{
δ
ig δ

jg

[
1 +

C H
(τ

Q ) α
s

π

]
δ(1−

τ̂) +
D H

ij (τ̂ , τ
Q ) α

sπ Θ
(1−

τ̂) }

(3.60)

where the new
scaling

variable τ̂ , supplem
enting

τ
H
=

M
2H /s and

τ
Q
=

M
2H /4m

2
Q introduced

earlier, is defined
at the

parton
level as τ̂

=
M

2H /ŝ; Θ
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Characteristic diagrams of the QCD radiative corrections are shown in Fig. 3.19. They

involve the virtual corrections to the gg → H subprocess, which modify the LO fusion cross

section by a coefficient linear in αs, and the radiation of gluons in the final state. In addition,

Higgs bosons can be produced in gluon–quark collisions and quark–antiquark annihilation

which contribute to the cross section at the same order of αs.
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Figure 3.19: Typical diagrams for the virtual and real QCD corrections to gg → H.

The cross sections for the subprocesses ij → H + X, i, j = g, q, q, can be written as
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where the new scaling variable τ̂ , supplementing τH = M2
H/s and τQ = M2

H/4m2
Q introduced

earlier, is defined at the parton level as τ̂ = M2
H/ŝ; Θ is the step function.

The coefficients CH(τQ) and DH
ij (τ̂ , τQ) have been determined in Refs. [180,286] for arbi-

trary Higgs boson and quark masses and the lengthy analytical expressions have been given

there [see also §2.3.3 for some details on the calculation and on the renormalization scheme].

If all the corrections eq. (3.60) are added up, ultraviolet and infrared divergences cancel.

However collinear singularities are left over and are absorbed into the renormalization of the

parton densities [84, 325] where the MS factorization scheme can be adopted.

The final result for the hadronic cross section at NLO can be cast into the form

σ(pp → H + X) = σH
0

[
1 + CH αs

π

]
τH

dLgg

dτH
+ #σH

gg + #σH
gq + #σH

qq (3.61)

The coefficient CH denotes the contributions from the virtual two–loop quark corrections

regularized by the infrared singular part of the cross section for real gluon emission. It splits

into the infrared term π2, a term depending on the renormalization scale µR of the coupling
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However collinear singularities are left over and
are absorbed

into
the renorm

alization
of the

parton
densities [84, 325] where

the
M
S
factorization

schem
e
can

be
adopted.

The
final result for the

hadronic
cross section

at NLO
can

be
cast into

the
form

σ(pp→
H

+
X
) =
σ H

0 [
1 +

C H α
s

π

]
τ
H dL ggdτ

H +
#
σ H

gg +
#
σ H

gq +
#
σ H

qq

(3.61)

The
coeffi

cient
C H

denotes
the

contributions
from

the
virtual two–loop

quark
corrections

regularized
by

the infrared
singular part of the cross section

for real gluon
em

ission. It splits

into
the

infrared
term

π 2
, a

term
depending

on
the

renorm
alization

scale
µ

R
of the

coupling
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FIG. 6: The pT distributions of the leading five jets in W− + 5-jet production at the LHC at
√
s = 7 TeV. In the upper panels, the NLO predictions are shown as solid (black) lines, while

the LO predictions are shown as dashed (blue) lines. The lower panels show the predictions for

the LO distribution and scale-dependence bands normalized to the NLO prediction (at the scale

µ = Ĥ ′
T/2). The LO distribution is the dashed (blue) line, and the scale-dependence bands are

shaded (gray) for NLO and cross-hatched (brown) for LO.

for W± + n-jet to W± + (n−1)-jet production. The charge-asymmetry ratios are all sig-

nificantly greater than unity, and grow with increasing numbers of jets. The jet-production

ratios are of order 1/4, and decrease with increasing numbers of jets. The NLO corrections

to the charge-asymmetry are quite small, and the corrections to the jet-production ratios

are modest but noticeable.

These values of the charge-asymmetry ratio reflect the excess of up quarks over down

quarks in the proton. The W+ bosons are necessarily emitted by up-type quarks, whereas

− bosons are emitted by down-type quarks. The up-quark excess in the proton then leads

to larger W+ cross sections. As the number of jets increases, production of a W requires a

larger value of the momentum fraction x. This alters the mix of subprocesses that contribute
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FIG. 1: Sample eight-point loop diagrams for the processes qg → Wq′gggg, qQ̄1 → Wq′gggQ̄1 and

qQ̄1 → Wq′Q̄2Q2gQ̄1, followed by the decay of the W boson to leptons.
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FIG. 2: Sample nine-point real-emission diagrams for the processes qg → Wq′ggggg and qq̄′ →

W Q1ggQ2Q̄2Q̄1, followed by the decay of the W boson to leptons.

In this paper, we compute the total cross sections at NLO for inclusive W+ + n-jet

and W− + n-jet production with n ≤ 5 and describe W+/W− ratios and W + n-jet/W+

(n−1)-jet ratios. Such ratios can be sensitive probes of new physics. We also study two

types of distributions: the differential cross section in the total hadronic transverse energy

H jets
T =

∑

j∈jets p
j
T, and the complete set of differential cross sections in the jet transverse

momenta. For four and five jets we make use of a leading-color approximation for the virtual

contributions. This approximation has been shown to have subleading-color corrections of

under 3% for processes with four or fewer associated jets [22, 43].

This paper is organized as follows. In section II we summarize the basic setup of the

computation. In section III we present our results for cross sections, ratios and distributions.

We give our summary and conclusions in section IV.
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A very recent example : W+5 jets !! BlackHat Collaboration, Z.Bern et al

2 ! 8 2 ! 7Real SHERPA Virtual BlackHat

µR = µF =
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pmT + EW
TDynamical Scale choice

‣ Dramatic reduction in 
scale dependence (~20%)

‣ Up to 50% correction 
(non-trivial in shape)
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(courtesy of 
D. de Florian@DIS2014)

BlackHat collaboration ’13

The SM precision frontier: N(k)LO, ex. W+5j

http://indico.cern.ch/event/258017/session/0/contribution/153/material/slides/0.pdf
http://indico.cern.ch/event/258017/session/0/contribution/153/material/slides/0.pdf
http://arxiv.org/abs/arXiv:1304.1253
http://arxiv.org/abs/arXiv:1304.1253


Christophe Grojean HEP-Theory Blois, May 19, 2o1414Precision QCD in the LHC era                Daniel de Florian

100 200 300 400 500

10-5

10-4

10-3

10-2

10-1

dσ
 / 

dp
T   

 [ 
pb

 / 
G

eV
 ]

LO
NLO

100 200 300 400 500
First  Jet  pT  [ GeV ]

0.5

1

1.5

2

2.5

3

3.5 LO / NLO

100 200 300 400 500

100 200 300 400 500
Second  Jet  pT  [ GeV ]

100 200 300 400 500

100 200 300 400 500
Third  Jet  pT  [ GeV ]

100 200 300 400 500

100 200 300 400 500
Fourth  Jet  pT  [ GeV ]

100 200 300 400 500

10-5

10-4

10-3

10-2

10-1

100 200 300 400 500
Fifth Jet pT  [ GeV ]

0.5

1

1.5

2

2.5

3

3.5

NLO scale dependence

BlackHat+Sherpa

LO scale dependence

pT
jet  >  25 GeV,  | ηjet |  <  3 

ET
e   >  20 GeV,   | ηe |   <  2.5

ET
ν  > 20 GeV,   MT

W  > 20 GeV

R   =   0.5   [anti-kT]

√
%
s   =  7 TeVµR  =  µF  =  HT

^ ’  / 2 W- + 5 jets + X

FIG. 6: The pT distributions of the leading five jets in W− + 5-jet production at the LHC at
√
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the LO distribution and scale-dependence bands normalized to the NLO prediction (at the scale
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nificantly greater than unity, and grow with increasing numbers of jets. The jet-production
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are modest but noticeable.
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− bosons are emitted by down-type quarks. The up-quark excess in the proton then leads
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than the inclusive Z xs

the theoretical computations
now allows us to explore the 

tiniest corners of the phase space

O(10-4)

The SM precision frontier: N(k)LO, ex. W+5j

http://indico.cern.ch/event/258017/session/0/contribution/153/material/slides/0.pdf
http://indico.cern.ch/event/258017/session/0/contribution/153/material/slides/0.pdf
http://arxiv.org/abs/arXiv:1304.1253
http://arxiv.org/abs/arXiv:1304.1253
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The SM precision frontier: N(k)LO
          frontiers:

2➛N @ 1-loop (NLO): ex. 

2➛2 @ 2-loop (N2LO): ex. 

2➛1 @ 3-loop (N3LO): ex. 

pp➛H+1 jet @ N2LO Boughezal et al ’13

pp➛H+3 jets @ NLO
Cullen et al ’13

pp→ H + 3 jets at NLO mt → ∞

GoSaM: Cullen et al

Uses SHERPA and Mad-
Dipole/MadEvent for real contribution

Observe
✓ strong reduction in scale

dependence
✓ increased steepness in pT of

Higgs and leading jets

– p. 17

de Florian, Mazzitelli  ’13
pp→ HH at NNLO mt → ∞

de Florian, Mazzitelli

Observe
✓ NLO/LO ∼ 1.9

✓ NNLO/NLO ∼ 1.2

✓ scale uncertainty significantly de-
creases

– p. 19

pp➛HH @ N2LO

ex. pp➛Zγ @ N2LO
Grazzini et al  ’13

ex. pp➛ttbar @ N2LO Czakon, Mitov et al ’13

http://arxiv.org/abs/arXiv:1302.6216
http://arxiv.org/abs/arXiv:1302.6216
http://arxiv.org/abs/arXiv:1307.4737
http://arxiv.org/abs/arXiv:1307.4737
http://arxiv.org/abs/arXiv:1309.6594
http://arxiv.org/abs/arXiv:1309.6594
http://arxiv.org/abs/arXiv:1309.7000
http://arxiv.org/abs/arXiv:1309.7000
http://arxiv.org/abs/arXiv:1303.6254
http://arxiv.org/abs/arXiv:1303.6254
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The SM precision frontier: N(k)LO
          frontiers:

2➛N @ 1-loop (NLO): ex. 

2➛2 @ 2-loop (N2LO): ex. 

2➛1 @ 3-loop (N3LO): ex. 

pp➛H+1 jet @ N2LO Boughezal et al ’13

pp➛H+3 jets @ NLO
Cullen et al ’13

pp→ H + 3 jets at NLO mt → ∞

GoSaM: Cullen et al

Uses SHERPA and Mad-
Dipole/MadEvent for real contribution

Observe
✓ strong reduction in scale

dependence
✓ increased steepness in pT of

Higgs and leading jets

– p. 17

de Florian, Mazzitelli  ’13
pp→ HH at NNLO mt → ∞

de Florian, Mazzitelli

Observe
✓ NLO/LO ∼ 1.9

✓ NNLO/NLO ∼ 1.2

✓ scale uncertainty significantly de-
creases

– p. 19

pp➛HH @ N2LO

ex. pp➛Zγ @ N2LO
Grazzini et al  ’13

But there are still some LO computations to do for some particular kinematics
ex. recently gg➛Z*Z* relevant to bound the Higgs width @ LHC

Campbell et al  ’13

ex. pp➛ttbar @ N2LO Czakon, Mitov et al ’13

http://arxiv.org/abs/arXiv:1302.6216
http://arxiv.org/abs/arXiv:1302.6216
http://arxiv.org/abs/arXiv:1307.4737
http://arxiv.org/abs/arXiv:1307.4737
http://arxiv.org/abs/arXiv:1309.6594
http://arxiv.org/abs/arXiv:1309.6594
http://arxiv.org/abs/arXiv:1309.7000
http://arxiv.org/abs/arXiv:1309.7000
http://arxiv.org/abs/arXiv:1311.3589
http://arxiv.org/abs/arXiv:1311.3589
http://arxiv.org/abs/arXiv:1303.6254
http://arxiv.org/abs/arXiv:1303.6254
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“The experiment worked better than 
expected and the analysis uncovered a 

very difficult to find signal”
the words of a string theorist, Aspen ’13

A Higgs: Now what? What’s next?

http://indico.cern.ch/getFile.py/access?contribId=58&sessionId=3&resId=0&materialId=slides&confId=202554
http://indico.cern.ch/getFile.py/access?contribId=58&sessionId=3&resId=0&materialId=slides&confId=202554
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“The experiment worked better than 
expected and the analysis uncovered a 

very difficult to find signal”
the words of a string theorist, Aspen ’13

but the experimentalists haven’t found what the theorists told them 
they will find in addition to the Higgs boson: 

no susy, no BH, no extra dimensions, nothing ...

A Higgs: Now what? What’s next?

http://indico.cern.ch/getFile.py/access?contribId=58&sessionId=3&resId=0&materialId=slides&confId=202554
http://indico.cern.ch/getFile.py/access?contribId=58&sessionId=3&resId=0&materialId=slides&confId=202554


Christophe Grojean HEP-Theory Blois, May 19, 2o1416

“The experiment worked better than 
expected and the analysis uncovered a 

very difficult to find signal”
the words of a string theorist, Aspen ’13

but the experimentalists haven’t found what the theorists told them 
they will find in addition to the Higgs boson: 

no susy, no BH, no extra dimensions, nothing ...

Have the theorists been lying for so many years?

Have the exp’s been too naive to believe the th’s?

What should we still expect to see beyond the Standard Model?
What should be our guiding principle(s)?

A Higgs: Now what? What’s next?

http://indico.cern.ch/getFile.py/access?contribId=58&sessionId=3&resId=0&materialId=slides&confId=202554
http://indico.cern.ch/getFile.py/access?contribId=58&sessionId=3&resId=0&materialId=slides&confId=202554


Christophe Grojean HEP-Theory Blois, May 19, 2o1417

The fate of the EW vacuum:
a question of precision

1
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Can we live without new physics?

Can the SM  (without new physics)
be valid up to MPl and remain 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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Are we living at a edge of the phase diagram?

Degrassi et al ’12

Bezrukov et al ’12

Buttazzo et al ’13

see also: 

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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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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Higgs and New Physics

2
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With a new SM particle, 
a new handle to look for indirect BSM effects

Where else should we look for?

So far, no sign of BSM in the h properties...

• pp→hW ? 
• pp→hh  double-Higgs production?
• h→Vff  E,p distributions? CP-violation?
• h→Zγ ?

...

An thorough model-independent analysis is needed

Main purpose of this talk
21

(courtesy of A. Pomarol@Moriond2014)

https://indico.in2p3.fr/getFile.py/access?contribId=216&sessionId=8&resId=0&materialId=slides&confId=9116
https://indico.in2p3.fr/getFile.py/access?contribId=216&sessionId=8&resId=0&materialId=slides&confId=9116
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Potentially new BSM-effects in h physics 
could have been already tested in the vacuum

SM Scalar is the excitation around the EWSB vacuum: 

! = v+h

H†DµHf̄�µf

=
1

2v
⇥

Modifications in h→Zff  related to Z→ff      

vacuum

e.g.

Assuming that the Higgs boson
is part of a doublet

(courtesy of A. Pomarol@Moriond2014)

https://indico.in2p3.fr/getFile.py/access?contribId=216&sessionId=8&resId=0&materialId=slides&confId=9116
https://indico.in2p3.fr/getFile.py/access?contribId=216&sessionId=8&resId=0&materialId=slides&confId=9116
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Higgs and New Physics
Assuming that New Physics is heavier than the EW scale: 

parametrization in terms of Effective Theories, 
i.e. higher dimensional operators

For one family of leptons, 59 deformations away from the SM @ leading order
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Higgs and New Physics
Assuming that New Physics is heavier than the EW scale: 

parametrization in terms of Effective Theories, 
i.e. higher dimensional operators

For one family of leptons, 59 deformations away from the SM @ leading order

assuming CP symmetry, 19 deformations are affecting Higgs physics
but 

8 are constrained by EW precision measurements O(1‰)
3 are constrained by Anomalous Gauge Coupling bounds O(1%)
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Higgs and New Physics
Assuming that New Physics is heavier than the EW scale: 

parametrization in terms of Effective Theories, 
i.e. higher dimensional operators

For one family of leptons, 59 deformations away from the SM @ leading order

assuming CP symmetry, 19 deformations are affecting Higgs physics
but 

8 are constrained by EW precision measurements O(1‰)
3 are constrained by Anomalous Gauge Coupling bounds O(1%)

Conclusions

• Model-independent analysis of new-effects 
   on SM-scalar physics implies (assuming Λ>MW):

• h→γγ,  GG→h,  h→ff, h→VV*  (but already tested)

No new BSM-effects expected in 

BSM-effects can hide in

• Where could BSM physics hide in the SM-scalar sector?

I wish I knew

• GG→htt,  h→Zγ  (to be tested at the LHC next run)

If discovered here, 
        we could have been missing light new-physics !

• h→Zff,Wff  (small custodial breaking effect 
                       & small deviations in momentum distributions)

or the Higgs is not an EW doublet!

8 New Physics directions 
explored in Higgs physics
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CP violation in Higgs physics?
Is CP a good symmetry of Nature?  2 CP-violating couplings in the SM: 

VCKM (large, O(1), but screened by small quark masses) and θQCD (small, O(10-10)



Christophe Grojean HEP-Theory Blois, May 19, 2o1424

CP violation in Higgs physics?

Can the 0+ SM Higgs boson have CP violating couplings?

Is CP a good symmetry of Nature?  2 CP-violating couplings in the SM: 
VCKM (large, O(1), but screened by small quark masses) and θQCD (small, O(10-10)
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CP violation in Higgs physics?

Can the 0+ SM Higgs boson have CP violating couplings?

fermionic sector marginal operators (dim-4) phase of VCKM matrix➤

bosonic sector irrelevant operators (dim-6) only

Is CP a good symmetry of Nature?  2 CP-violating couplings in the SM: 
VCKM (large, O(1), but screened by small quark masses) and θQCD (small, O(10-10)
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CP violation in Higgs physics?

Can the 0+ SM Higgs boson have CP violating couplings?

fermionic sector marginal operators (dim-4) phase of VCKM matrix➤

bosonic sector irrelevant operators (dim-6) only

Among the 59 irrelevant directions, 3 of them induce CP Higgs couplings in the EW bosonic sector

Notice that Eqs. (B.94) and (B.95) are directly implied by Eq. (3.53), which follows from

custodial invariance. It is simple to verify that the identities (3.47) and (3.48) are satisfied

by the couplings appearing on the left-hand sides of respectively Eq. (B.94) and (B.95).

The above discussion shows explicitly that every operator in Eq. (3.46) can be dressed

up with NG bosons and made manifestly invariant under local SU(2)L ⇥U(1)Y transforma-

tions. 26

The part of Eq. (B.86) which does not depend on the Higgs field h coincides with the

non-linear chiral Lagrangian for SU(2)L ⇥ U(1)Y [79], in the limit of exact custodial sym-

metry. This latter assumption can be relaxed by specifying the sources of explicit breaking

of the custodial symmetry, i.e. its spurions, in terms of which one can construct additional

operators formally invariant under SU(2)L ⇥U(1)Y local transformations. For example, the

list of operators that follows in the case in which custodial invariance is broken by a field

with the EW quantum numbers of hypercharge has been recently discussed in Ref. [55].

Since the choice of quantum numbers of the spurions is model-dependent (and in fact the

strongest e↵ects are expected to arise from the breaking due to the top quark, rather than

hypercharge), we do not report here any particular list of operators, and prefer to refer to

the existing literature for further details.

C Relaxing the CP-even hypothesis

If one relaxes the hypothesis that h is CP-even, there are six extra dimension-6 operators

that need to be added to the e↵ective Lagrangian (2.2):

�LCP =
ic̃HW g

m2
W

(DµH)†�i(D⌫H)W̃ i
µ⌫ +

ic̃HB g0

m2
W

(DµH)†(D⌫H)B̃µ⌫

+
c̃� g0

2

m2
W

H†HBµ⌫B̃
µ⌫ +

c̃g g2S
m2

W

H†HGa
µ⌫G̃

aµ⌫

+
c̃3W g3

m2
W

✏ijkW i ⌫
µ W j ⇢

⌫ W̃ k µ
⇢ +

c̃3G g3S
m2

W

fabcGa ⌫
µ Gb ⇢

⌫ G̃c µ
⇢ ,

(C.96)

26Notice that h is invariant under SU(2)L ⇥ SU(2)R (hence SU(2)L ⇥ U(1)Y ) transformations. In the

case in which h belongs to an SU(2)L doublet H, this follows from the fact that h parametrizes the norm of

the doublet: H†H = (v + h)2/2.
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Is CP a good symmetry of Nature?  2 CP-violating couplings in the SM: 
VCKM (large, O(1), but screened by small quark masses) and θQCD (small, O(10-10)
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CP violation in Higgs physics?

Can the 0+ SM Higgs boson have CP violating couplings?

fermionic sector marginal operators (dim-4) phase of VCKM matrix➤

bosonic sector irrelevant operators (dim-6) only

Among the 59 irrelevant directions, 3 of them induce CP Higgs couplings in the EW bosonic sector
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Is CP a good symmetry of Nature?  2 CP-violating couplings in the SM: 
VCKM (large, O(1), but screened by small quark masses) and θQCD (small, O(10-10)

3

⇠ hFF̃ �

h

S

FIG. 1. Left: the diagram that gives rise to fermionic EDMs via the insertion of the operator hF F̃ from Eq. (2). Right: the
two-loop diagram that leads to fermion EDMs in the model involving a VL lepton,  , coupled to a singlet, S, that mixes with
the Higgs. The cross on the scalar line indicates that this contribution is proportional to the mixing term, A, in the scalar
potential.

of ỸS , ✓, and m :

df = d(2l)f ⇥Q2

 ỸS
v

m 
sin(2✓)

⇥
g(m2

 /m
2

h) � g(m2

 /m
2
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⇤
,

(13)
where the loop function is given by

g(z) =
z

2

Z
1

0

dx
1

x(1 � x) � z
ln

✓
x(1 � x)

z

◆
, (14)

which satisfies g(1) ⇠ 1.17 and g ⇠ 1

2

ln z for large z. We
show the Feynman diagram responsible for this contribu-
tion on the right of Fig. 1.

It is instructive to consider di↵erent limits of
(13). When mh ⌧ m ,mS , to logarithmic accuracy
g(m2

 /m
2

h) � g(m2

 /m
2

S) ! 1

2

ln(m2

min

/m2

h), where m
min

is the smaller of mS and m . In this limit, the heavy
fields can be integrated out sequentially, with S and  
first, and h second. The first step is simplified by the
use of the chiral anomaly equation for  , @µ ̄�µ�5 =
2i ̄�

5

 + ↵
8⇡Q

2

 Fµ⌫ F̃µ⌫ . This leads to the following iden-
tification:

c̃h

⇤̃2

=
↵Q2

 

4⇡

ỸSA

m2

Sm 
; ⇤

UV

' min(mS ,m ). (15)

Apart from a smaller value for the logarithmic cuto↵,
the result in this limit di↵ers little from the contact op-
erator case above. Even if the value of the logarithm is
not enhanced, ln(m2

min

/m2

h) ⇠ O(1), the corrections to
the Higgs diphoton rate will be limited to at most the
sub-percent level unless a fine-tuned cancellation of de is
arranged with some other CP -odd source.

We now consider a di↵erent near-degenerate limit,
|mh � mS | ⌧ mh, which turns out to be more inter-
esting as it allows the EDM constraints to be bypassed.
If the di↵erence between the masses is small, we can ap-
proximate

sin(2✓)(m2

S � m2

h) ! 2Av, (16)

and the EDM becomes
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where in the final step we made use of the large m limit.
The limiting case (17) receives no logarithmic enhance-

ment. Moreover, the value of the A parameter can be
very small, comparable to the mass splitting between h
and S or less. An O(1 GeV) mass splitting would nat-
urally place Av2/(m2

hm ) in the O(10�2 � 10�3) range,
suppressing the EDM safely below the bound.
At the same time, as explicitly shown in Ref. [5], mod-

ifications to the h ! �� rate can be significant, and
enhancement can come from the Fµ⌫ F̃µ⌫ amplitude. Un-
like corrections to the Fµ⌫Fµ⌫ amplitudes that can en-
hance or suppress the e↵ective rate, the CP -odd chan-
nel always adds to R�� . Assuming that the mass di↵er-
ence between the singlet and the Higgs is small enough
that they cannot be separately resolved (which requires
|mS � mh| ⇠< 3 GeV with current statistics [5]), the ap-
parent increase in the diphoton rate in this model is

Re↵
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and �
ˆh!�� ⇠ �

ˆS!�� then R�� simplifies to a ✓-
independent expression,
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�

ˆS!��

�
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. (21)

The rate for the weak eigenstate Ŝ to decay to two pho-
tons via its pseudoscalar coupling to the VL fermions is

�
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↵2Q4

 Ỹ
2

s m
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operators with γ: 
already severely constrained 

by e and q EDMs
McKeen, Pospelov, Ritz ’12

ΛCP > 25 TeV
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Table 1-20. Expected precisions on the Higgs couplings and total width from a constrained 7-parameter fit assuming no non-SM
production or decay modes. The fit assumes generation universality (u ⌘ t = c, d ⌘ b = s, and ` ⌘ ⌧ = µ). The ranges
shown for LHC and HL-LHC represent the conservative and optimistic scenarios for systematic and theory uncertainties. ILC numbers
assume (e�, e+) polarizations of (�0.8, 0.3) at 250 and 500 GeV and (�0.8, 0.2) at 1000 GeV, plus a 0.5% theory uncertainty. CLIC numbers
assume polarizations of (�0.8, 0) for energies above 1 TeV. TLEP numbers assume unpolarized beams.

Facility LHC HL-LHC ILC500 ILC500-up ILC1000 ILC1000-up CLIC TLEP (4 IPs)p
s (GeV) 14,000 14,000 250/500 250/500 250/500/1000 250/500/1000 350/1400/3000 240/350

R Ldt (fb�1) 300/expt 3000/expt 250+500 1150+1600 250+500+1000 1150+1600+2500 500+1500+2000 10,000+2600

� 5� 7% 2� 5% 8.3% 4.4% 3.8% 2.3% �/5.5/<5.5% 1.45%

g 6� 8% 3� 5% 2.0% 1.1% 1.1% 0.67% 3.6/0.79/0.56% 0.79%

W 4� 6% 2� 5% 0.39% 0.21% 0.21% 0.2% 1.5/0.15/0.11% 0.10%

Z 4� 6% 2� 4% 0.49% 0.24% 0.50% 0.3% 0.49/0.33/0.24% 0.05%

` 6� 8% 2� 5% 1.9% 0.98% 1.3% 0.72% 3.5/1.4/<1.3% 0.51%

d = b 10� 13% 4� 7% 0.93% 0.60% 0.51% 0.4% 1.7/0.32/0.19% 0.39%

u = t 14� 15% 7� 10% 2.5% 1.3% 1.3% 0.9% 3.1/1.0/0.7% 0.69%
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Rich experimental program of (sub)percent precision

Higgs WG@ Snowmass  ’13
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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
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EW Phase Transition in the Standard Model
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 Higgs couplings for 1st order EW phase transition
New physics @ tree-level

mixing with other scalars modify the tree-level Higgs potential
5

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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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
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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].
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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
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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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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
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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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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
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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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 Higgs couplings for 1st order EW phase transition
New physics @ tree-level

mixing with other scalars modify the tree-level Higgs potential
5

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
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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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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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 Higgs couplings for 1st order EW phase transition
New physics @ tree-level

mixing with other scalars modify the tree-level Higgs potential
5

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

visible @ ILC/TLEP
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➾ ➾

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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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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 Higgs couplings for 1st order EW phase transition
New physics @ tree-level

mixing with other scalars modify the tree-level Higgs potential
5

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

visible @ ILC/TLEP

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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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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Multi Higgs, boosted and off-shell Higgs processes  
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Producing one Higgs is good. Producing more Higgses is better

Multi Higgs processes

Patrick Janot 

Higgs%Physics%with%(V)HECLHC%
!  What’s%new%at%higher%energy%?%

◆  The%Higgs%cross%sections%increase%substantially%

●  HECLHC%would%do%like%1%ab-1 of%HLCLHC%for%HVV,%Hbb,%Hγγ,%Hgg%and%Hbb%
➨  But%about%the%same%as%HLCLHC%on%Htt%and%HHH%

●  VHECLHC%would%do%like%6%ab-1 of%HLCLHC%for%HVV,%Hbb,%Hγγ,%Hgg%and%Hbb%
➨  But%much%better%on%Htt%(2%)%and%HHH%(10%)%

◆  Possibly%a%whole%lot%of%new%physics%becomes%accessible%
●  The%larger%the%energy,%the%better%

14 Nov 2012 
HF2012 : Higgs beyond LHC (Experiments) 
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The two difficult processes @ LHC (tth and hh) are the real winners of the energy boost
(these 2 processes have to do with the top Yukawa coupling

one of the most promising probe of new physics)
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WW→HH: probing Higgs strong interactions 
in the SM, the Higgs is essential to prevent strong interactions in EWSB sector

(e.g. WW scattering) 
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WW→HH: probing Higgs strong interactions 
in the SM, the Higgs is essential to prevent strong interactions in EWSB sector

(e.g. WW scattering) 
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VHE-LHC can probe the high invariant-mass distribution with high statistics

Contino, Grojean, Moretti, Piccinii, Rattazzi ’10
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gg→HH: seeing the top partners
~ 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

~ sensitivity in double Higgs production ~ Gillioz, Grober, Grojean, 
Muhlleitner, Salvioni ’12 

�SM
14TeV = 17.9fb

�SM
14TeV ⇡ 50 pb

competitive to top-partner direct searches

http://arXiv.org/abs/0711.0828
http://arXiv.org/abs/0711.0828
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http://arXiv.org/abs/1110.5646
http://arxiv.org/abs/arXiv:1303.5701
http://arxiv.org/abs/arXiv:1303.5701
http://arXiv.org/abs/1206.7120
http://arXiv.org/abs/1206.7120


Christophe Grojean HEP-Theory Blois, May 19, 2o1437

Boosted Higgs
  inability to resolve the top loops

 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 

(*) unless it doesn’t decouple 
(e.g. 4th generation)
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Beyond inclusive channels: 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.
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is tens’ % sensitive  
to the mass of top
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 Grazzini, Sargsyan ’13 
Langenegger, Spira, Starodumov, Trueb ’06

Note: LO only
NLOmt is not known

1/mt corrections known O(αs4) 
few % up to pT~150 GeV

 Harlander et al  ’12 
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Composite Higgs Model
top partners contributions

inclusive rate: O(%)

with high-pT cut: O(x10’%)

high-pT tail “sees” the top partners that are missed by the inclusive rate
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Boosted Higgs

2 Analysis of pp ! h + jet

At the parton level, three subprocesses contribute to the pp ! h+jet cross section: these are

gg, qg, qq̄ ! h+ jet.5 The expressions of the SM matrix elements for gg ! hg and qq̄ ! hg,

mediated by quark loops, were first calculated at LO in QCD in Ref. [18] and shortly after

with a di↵erent notation in Ref. [19], which we used for our calculations. The matrix element

for the qg ! hq process is obtained from the one of qq̄ ! hg by crossing. Some of the

Feynman diagrams contributing to pp ! h+ jet are shown in Fig. 1. When the Lagrangian

in Eq. (1.3) is considered, the top contribution to the amplitudes is simply given by the SM

one rescaled by the modified coupling t.6 On the other hand, the contribution of heavy

g

g

g

h

t

q q

g h
t

q

q̄

g

h

t

g

g

g

h

Figure 1: Example Feynman diagrams for pp ! h+jet in the SM and with the contact term.

top partners in the loop is described by the e↵ective interaction parameterized by g, which

generates Feynman diagrams such as the lower-right one in Fig. 1. Roughly speaking, this

description is reliable as long as the mass of the heavy states is larger than the transverse

momentum cut applied, see Section 3 for a more precise assessment. The corresponding

matrix element is obtained from the SM one by sending to infinity the mass of the quark

running in the loop. Thus the matrix element squared for each partonic subprocess can be

written as

|M|2 / |t MIR

(mt) + g MUV

|2 , (2.5)

5For brevity, we denote the sum qg + q̄g by qg.
6In the SM, the e↵ect of including the bottom quark contribution in addition to the dominant one due

to the top is only of a few percent, if the cut on the transverse momentum is larger than 50GeV [20]. Since

we are interested in larger Higgs transverse momenta, we consistently neglect the bottom in our calculation.
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top partners in the loop is described by the e↵ective interaction parameterized by g, which

generates Feynman diagrams such as the lower-right one in Fig. 1. Roughly speaking, this

description is reliable as long as the mass of the heavy states is larger than the transverse

momentum cut applied, see Sec. 3 for a more precise assessment. The corresponding matrix

element is obtained from the SM one by sending to infinity the mass of the quark running in

the loop. Thus the matrix element squared for each partonic subprocess can be written as

|M|2 / |t MIR

(mt) + g MUV

|2 (2.3)

where M
IR

denotes the amplitude mediated by top loops, and M
UV

the amplitude mediated

by the e↵ective point-like interaction. It follows that the hadronic cross section for pp ! hj

can be written as a quadratic polynomial in t and g . Given a transverse momentum cut

pmin

T and summing over all partonic subprocesses, we can write

�pmin
T

(t,g)

�SM

pmin
T

= (t + g)
2 + � t g + ✏ 2

g (2.4)

where � is the cross section for pp ! hj and the numerical coe�cients {� , ✏} depend on pmin

T .

Their values are listed in Table 1 for an LHC center of mass energy of
p
s = 14TeV and

6In the SM, the e↵ect of including the bottom quark contribution in addition to the dominant one due

to the top is only of a few percent, if the cut on the transverse momentum is larger than 50GeV [17]. Since

we are interested in larger Higgs transverse momenta, we consistently neglect the bottom in our calculation.
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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%.

6

large pT, small rates
need to focus on dominant decay modes

consider first the decay channels with the largest branching ratios, namely h ! bb̄,WW, ⌧⌧ .

Here we focus on the last mode, and we will comment briefly on other possibilities at the end

of this section. For a Higgs transverse momentum larger than 500GeV, the typical angular

separation between the two taus is �R ⇠ 2mh/pT . 0.5. As a consequence, when at least

one of the taus decays hadronically, the standard tau-tagging techniques will fail, due to the

non-isolation of the hadronic tau candidate(s). However, such ‘ditau-jets’ can be tagged by

adapting the usual tau-tagging algorithm, as suggested in Ref. [23], whose e�ciencies for

signal identification are assumed here.7 Including the Higgs and tau branching ratios, we

obtain the following estimate of the total e�ciency

✏
tot

= BR(h ! ⌧⌧)

 
X

i= ⌧`⌧`, ⌧`⌧h, ⌧h⌧h

BR(⌧⌧ ! i) ✏i

!
' 2⇥ 10�2 (2.6)

where we assumed the SM value for BR(h ! ⌧⌧) [24].

To break the degeneracy in the (t,g) plane that plagues inclusive Higgs production,

we need to combine the measurements of both the inclusive and boosted rates. On the one

hand, we take the inclusive Higgs production cross section normalized to its SM value

µ
incl

(t,g) =
�
incl

(t,g)

�SM

incl

' (t + g)
2 . (2.7)

We assume the large-luminosity LHC scenario with 3 ab�1 of data at 14 TeV, and therefore

we assign to the measurement of µ
incl

a 10% systematic uncertainty and negligible statistical

uncertainty. On the other hand, in order to reduce the theory uncertainty, we consider as

boosted observable the ratio

R(t,g) =
�
650GeV

(t,g)K650GeV
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to decipher the gg→h process
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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

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

Constraint'on'the'ΓH'from'H*(126)"ZZ'
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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 m4l>300GeV)

Caola, Melnikov ’13
Campbell et al ’13

Kauer, Passarino ’12

Englert, Spannowski ’14
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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 the measure the mass shift or via the rate
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Conclusions
 HEP program should aim at providing answers to fundamental questions like

 stability of the EW vacuum
 naturalness of EW symmetry breaking
 matter-antimatter asymmetry
 dynamics behind EW symmetry breaking (weak vs strong forces)
 is the Higgs boson responsible for the masses of all elementary particles?
 flavor structure via the access to rare processes (not covered in this talk)
 nature of dark matter (not covered in this talk)
 exotic new physics (not covered in this talk)
...

Our understanding of the SM has reached an 
unprecedented level of sophistication/precision 

that paves the way to a discovery of New Physics

We have a rich EXP program to achieve that


