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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 LHC
Nicely summarized by MLM@Aspen’14:

I’ll show on a few examples what kind of information FCC could bring
and to which extend FCC could answer some of the big questions.

NB: I’ll focus on Higgs physics for illustration and I’ll leave out other very interesting topics  

https://indico.cern.ch/event/276476/session/13/contribution/38/material/slides/0.pdf
https://indico.cern.ch/event/276476/session/13/contribution/38/material/slides/0.pdf
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LHC14/LHC8: 
mass reach x O(2)

VHE-LHC100/LHC14: 
mass reach x O(5)

Direct exploration of an unexplored energy territory 
Salam & Weiler “cern.ch/collider-reach” ’14

http://collider-reach.web.cern.ch/collider-reach/
http://collider-reach.web.cern.ch/collider-reach/
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LHC14/LHC8: 
mass reach x O(2)

VHE-LHC100/LHC14: 
mass reach x O(5)

Direct exploration of an unexplored energy territory 
Salam & Weiler “cern.ch/collider-reach” ’14Future colliders comparison

2 New Particles Working Group Report

• The ILC new physics program has been studied in great detail, and has excellent capabilities to
discover and measure the properties of new physics, including dark matter, with almost no loopholes.
A necessary requirement is that the new physics must be accessible. Essentially this means particles at
su�ciently low mass missed by LHC due to blind spots, or heavy physics indirectly accessible through
precision measurement. Discovery of physics beyond the standard model at LHC that is accessible at
ILC would make the case even more compelling.

• A 100 TeV pp collider has unprecedented and robust reach for new physics that is evident even with
the preliminary level of studies performed so far. It can probe an additional two orders of magnitude
in fine-tuning in supersymmetry compared to LHC14, and can discover WIMP dark matter up to the
TeV mass scale. Any discovery at the LHC would be accessible at this machine and could be better
studied there, making the case for these options even more compelling.

• High energy e+e� colliders such as CLIC and muon colliders o↵er a long-term program that can extend
precision and reach of a wide range of physics.

A summary of the energy reach for a range of physics beyond the SM at various proposed facilities is shown
in Fig. 1-1. This is a highly simplified plot. In particular, although the mass reach of hadron colliders is
generally very impressive, hadron colliders searches often have blind spots, for example due to compressed
spectra or suppressed couplings. Searches at e+e� colliders are much more model independent, but generally
have more limited mass reach. Many examples of this complementarity are discussed in the body of this
report.
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Figure 1-1. 95% confidence level upper limits for masses of new particles beyond the standard model
expected from pp and e+e� colliders at di↵erent energies. Although upper mass reach is generally higher at
pp colliders, these searches often have low-mass loopholes, while e+e� collider searches are remarkably free
of such loopholes.

Community Planning Study: Snowmass 2013

Energy Frontier Snowmass study (1311.0299)Energy Frontier Snowmass Study ’13

http://collider-reach.web.cern.ch/collider-reach/
http://arxiv.org/pdf/1311.0299v1.pdf
http://arxiv.org/pdf/1311.0299v1.pdf
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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
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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 ...

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
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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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A Higgs: Now what? What’s next?



Christophe Grojean Precision Frontier @  High Energies Geneva, Feb. 12, 2o148

A Higgs: Now what? What’s next?
“With great power comes great responsibility”

Voltaire & Spider-Man
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A Higgs: Now what? What’s next?
“With great power comes great responsibility”

Voltaire & Spider-Man

“With great discoveries come great measurements”
BSMers desperately looking for anomalies 

(true credit: F. Maltoni
actually, first google hit gives a link to an article of 

the Guardian on... the Higgs boson!) 

which, in particle physics, really means
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A Higgs: Now what? What’s next?
“With great power comes great responsibility”

Voltaire & Spider-Man

“With great discoveries come great measurements”
BSMers desperately looking for anomalies 

(true credit: F. Maltoni
actually, first google hit gives a link to an article of 

the Guardian on... the Higgs boson!) 

which, in particle physics, really means

Higgs properties
1

JPC
Important & nice to see progresses but 
“this question carries a similar potential 
for surprise as a football game between 

Brazil and Tonga” Resonaances

Higgs couplings
2

BSM implications
3

LBSM =?

http://resonaances.blogspot.jp/2012/10/higgs-new-deal.html
http://resonaances.blogspot.jp/2012/10/higgs-new-deal.html
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Higgs and Naturalness:
a question of precision

2
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Higgs & Naturalness
Given the absence of signal of new physics

and the compatibility of the Higgs properties with the SM predictions
some doubts arose about the relevance of the naturalness argument

as an organizing principle at higher energies
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Higgs & Naturalness
Given the absence of signal of new physics

and the compatibility of the Higgs properties with the SM predictions
some doubts arose about the relevance of the naturalness argument

as an organizing principle at higher energies

In the meantime...
One more experimental evidence for a fine-tuning in the Higgs sector: 
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Higgs & Naturalness
Given the absence of signal of new physics

and the compatibility of the Higgs properties with the SM predictions
some doubts arose about the relevance of the naturalness argument

as an organizing principle at higher energies

In the meantime...
One more experimental evidence for a fine-tuning in the Higgs sector: 

 ATLAS Higgs discovery paper: arXiv:1207.7214

 submitted on July 31, 2012@ 11:59:59 GMT
 2208 citations (as of Feb. 11, 2014)

 CMS Higgs discovery paper: arXiv:1207.7235

 submitted on July 31, 2012@ 13:27:18 GMT
 2192 citations (as of Feb. 11, 2014)

➠ fine-tuning ≈ 0.7%

http://arxiv.org/abs/arXiv:1207.7214
http://arxiv.org/abs/arXiv:1207.7214
http://arxiv.org/abs/arXiv:1207.7235
http://arxiv.org/abs/arXiv:1207.7235
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Higgs couplings = test of Naturalness?

SM + Higgs
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Higgs couplings = test of Naturalness?
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Figure 4: Fine-tuning as a function of the fractional deviation of the Higgs coupling to gluons

(left panel) and photons (right panel) from the SM value, and the energy scale ⇤ (in GeV) where

the logarithmic divergence in the Higgs mass renormalization is cut o↵. Top row: Spin-0 top

partner. Bottom row: Spin-1/2 top partner. Regions currently allowed by the LHC and Tevatron

data are shown in green (68 % c.l.) and yellow (95 % c.l.).

sum rule is imposed. We expect that throughout most of the parameter space of a given model,

the correlation between Higgs couplings and fine-tuning studied in Section 3 continues to hold.

However, there could be special regions of parameter space where it can fail, due to cancellations

9

simple toy model: a single spin-½ top partner
deviations in the couplings ⬄ amount of fine-tuning  Δ=δmH2/mH2

allowed by LHC/Tevatron
at 68%CL

allowed by LHC/Tevatron
at 95%CL

Λ cutoff scale of log. divergences to the Higgs mass

Lo
g(

Λ/
Ge

V)

Lo
g(

Λ/
Ge

V)

High scale models (Λ ~1016GeV) come with a generic fine-tuning O(1/30)

Δ~30

Δ~3

Farina, Perelstein, Rey-Le Noisier, ’13

level. We focus on the couplings of the Higgs to gluons and photons. At the one-loop order,

the contributions of particles with masses � m
h

to these couplings are described by e↵ective

operators,
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where the first term is the contribution of the SM top loops, the sum runs over the top partners,

and N
c,i

and Q
i

are the dimension of the SU(3)
c

representation and the electric charge (in units

of electron charge) of the particle i. Note that the exact same objects, the Higgs-dependent

masses of top partners m
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(h), enter the CW potential and the Higgs couplings, providing a very

general and robust connection between these quantities. In the approximation of Eq. (6), we
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The set of coe�cients {m0,i, ci} determines both the fine-tuning � and the Wilson coe�cients,

generically resulting in a correlation between these quantities. Assuming that there are no other

non-SM contributions to the Higgs couplings to photons and gluons, the deviations of these

couplings from the SM in the presence of top partners are given by

R
g

⌘ g(hgg)

g(hgg)|SM
= C

g

, R
�

⌘ g(h��)

g(h��)|SM
⇡ 1� 0.27 (C

�

� 1) , (13)

where the contribution of the W loop has been taken into account in the photon coupling.

It should be noted that in the above discussion, we assumed that the top loop contribution to

the Higgs couplings is exactly equal to its value in the SM. In some relevant models of new physics,

this assumption is not valid, due to deviations of the top Yukawa from its SM value. Little Higgs

models provide an example. In Little Higgs, the shift in the top loop contribution to hgg and

h�� couplings is of the same order as the top partner loop contributions to these couplings [10];

moreover, a cancellation between these e↵ects may occur due to the specific structure of the top
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The set of coe�cients {m0,i, ci} determines both the fine-tuning � and the Wilson coe�cients,

generically resulting in a correlation between these quantities. Assuming that there are no other

non-SM contributions to the Higgs couplings to photons and gluons, the deviations of these

couplings from the SM in the presence of top partners are given by
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where the contribution of the W loop has been taken into account in the photon coupling.

It should be noted that in the above discussion, we assumed that the top loop contribution to

the Higgs couplings is exactly equal to its value in the SM. In some relevant models of new physics,

this assumption is not valid, due to deviations of the top Yukawa from its SM value. Little Higgs

models provide an example. In Little Higgs, the shift in the top loop contribution to hgg and

h�� couplings is of the same order as the top partner loop contributions to these couplings [10];

moreover, a cancellation between these e↵ects may occur due to the specific structure of the top
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http://arXiv.org/abs/1002.1011
http://arXiv.org/abs/1002.1011
http://arXiv.org/abs/1305.6068
http://arXiv.org/abs/1305.6068
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Figure 4: Fine-tuning as a function of the fractional deviation of the Higgs coupling to gluons

(left panel) and photons (right panel) from the SM value, and the energy scale ⇤ (in GeV) where

the logarithmic divergence in the Higgs mass renormalization is cut o↵. Top row: Spin-0 top

partner. Bottom row: Spin-1/2 top partner. Regions currently allowed by the LHC and Tevatron

data are shown in green (68 % c.l.) and yellow (95 % c.l.).

sum rule is imposed. We expect that throughout most of the parameter space of a given model,

the correlation between Higgs couplings and fine-tuning studied in Section 3 continues to hold.

However, there could be special regions of parameter space where it can fail, due to cancellations

9

simple toy model: a single spin-½ top partner
deviations in the couplings ⬄ amount of fine-tuning  Δ=δmH2/mH2

allowed by LHC/Tevatron
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at 95%CL
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High scale models (Λ ~1016GeV) come with a generic fine-tuning O(1/30)

Δ~30

Δ~3

Farina, Perelstein, Rey-Le Noisier, ’13

level. We focus on the couplings of the Higgs to gluons and photons. At the one-loop order,

the contributions of particles with masses � m
h

to these couplings are described by e↵ective

operators,
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where the first term is the contribution of the SM top loops, the sum runs over the top partners,

and N
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and Q
i

are the dimension of the SU(3)
c

representation and the electric charge (in units

of electron charge) of the particle i. Note that the exact same objects, the Higgs-dependent

masses of top partners m
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(h), enter the CW potential and the Higgs couplings, providing a very

general and robust connection between these quantities. In the approximation of Eq. (6), we
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The set of coe�cients {m0,i, ci} determines both the fine-tuning � and the Wilson coe�cients,

generically resulting in a correlation between these quantities. Assuming that there are no other

non-SM contributions to the Higgs couplings to photons and gluons, the deviations of these

couplings from the SM in the presence of top partners are given by
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where the contribution of the W loop has been taken into account in the photon coupling.

It should be noted that in the above discussion, we assumed that the top loop contribution to

the Higgs couplings is exactly equal to its value in the SM. In some relevant models of new physics,

this assumption is not valid, due to deviations of the top Yukawa from its SM value. Little Higgs

models provide an example. In Little Higgs, the shift in the top loop contribution to hgg and

h�� couplings is of the same order as the top partner loop contributions to these couplings [10];

moreover, a cancellation between these e↵ects may occur due to the specific structure of the top
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 Increasing the couplings measurement to 1% precision will raise the fine-tuning to O(1/400)
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Higgs couplings = test of Naturalness?
MSSM: more complicated situation: 2 (spin-0) stops w/ mixing
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 Shifts to loop-induced couplings due to squarks
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but Higgs couplings can teach us about stops which are the key players in naturalness�(h ! ��)

SUSY (MSSM and beyond)

22

 Shifts to loop-induced couplings due to squarks

mt̃1 = 400GeV, mt̃2 = 1000GeV, �t = ⇥/4mt̃1 = 100GeV, mt̃2 = 300GeV, �t = 0

mt̃1 = 200GeV, mt̃2 = 500GeV, �t = 0 mt̃1 = 500GeV, mt̃2 = 1500GeV, �t = ⇥/4

P1:

P2:

P3:

P4:

��

!"
0.0 0.5 1.0 1.5 2.0

g"

0.0

0.2

0.4

0.6
0.8

1.0
1.2

1.4

1.6

1.8

2.0 CMS Preliminary -1 19.6 fb# = 8 TeV, L s  -1 5.1 fb# = 7 TeV, L s

g", !"

P3

P1

P2

P4

P2

P3
P4

Small mixing: enhanced

suppressed

Large mixing: suppressed

enhanced

�(gg ! h)

�(h ! ��)

�(gg ! h)

Q=2/3

Q=-1/3

Q=-1/3 Q=2/3

�(h ! ��)

SUSY (MSSM and beyond)

22

 Shifts to loop-induced couplings due to squarks

mt̃1 = 400GeV, mt̃2 = 1000GeV, �t = ⇥/4mt̃1 = 100GeV, mt̃2 = 300GeV, �t = 0

mt̃1 = 200GeV, mt̃2 = 500GeV, �t = 0 mt̃1 = 500GeV, mt̃2 = 1500GeV, �t = ⇥/4

P1:

P2:

P3:

P4:

��

!"
0.0 0.5 1.0 1.5 2.0

g
"

0.0

0.2

0.4

0.6
0.8

1.0
1.2

1.4

1.6

1.8

2.0 CMS Preliminary -1 19.6 fb# = 8 TeV, L s  -1 5.1 fb# = 7 TeV, L s

g", !"

P3

P1

P2

P4

P2

P3
P4

Small mixing: enhanced

suppressed

Large mixing: suppressed

enhanced

�(gg ! h)

�(h ! ��)

�(gg ! h)

Q=2/3

Q=-1/3

Q=-1/3 Q=2/3

�(h ! ��)

SUSY (MSSM and beyond)

22

 Shifts to loop-induced couplings due to squarks

mt̃1 = 400GeV, mt̃2 = 1000GeV, �t = ⇥/4mt̃1 = 100GeV, mt̃2 = 300GeV, �t = 0

mt̃1 = 200GeV, mt̃2 = 500GeV, �t = 0 mt̃1 = 500GeV, mt̃2 = 1500GeV, �t = ⇥/4

P1:

P2:

P3:

P4:

��

!"
0.0 0.5 1.0 1.5 2.0

g
"

0.0

0.2

0.4

0.6
0.8

1.0
1.2

1.4

1.6

1.8

2.0 CMS Preliminary -1 19.6 fb# = 8 TeV, L s  -1 5.1 fb# = 7 TeV, L s

g", !"

P3

P1

P2

P4

P2

P3
P4

Small mixing: enhanced

suppressed

Large mixing: suppressed

enhanced

�(gg ! h)

�(h ! ��)

�(gg ! h)

Q=2/3

Q=-1/3

Q=-1/3 Q=2/3

Contino, Genova ’13

�(h ! ��)

SUSY (MSSM and beyond)

22

 Shifts to loop-induced couplings due to squarks

��

!"
0.0 0.5 1.0 1.5 2.0

g"

0.0

0.2

0.4

0.6
0.8

1.0
1.2

1.4

1.6

1.8

2.0 CMS Preliminary -1 19.6 fb# = 8 TeV, L s  -1 5.1 fb# = 7 TeV, L s

g", !"

Small mixing: enhanced

suppressed

Large mixing: suppressed

enhanced

�(gg ! h)

�(h ! ��)

�(gg ! h)

Q=2/3

Q=-1/3

Q=-1/3 Q=2/3

Ft < 0 Ft > 0

http://arXiv.org/abs/1002.1011
http://arXiv.org/abs/1002.1011
http://agenda.infn.it/getFile.py/access?contribId=7&sessionId=0&resId=0&materialId=slides&confId=5618
http://agenda.infn.it/getFile.py/access?contribId=7&sessionId=0&resId=0&materialId=slides&confId=5618


Christophe Grojean Precision Frontier @  High Energies Geneva, Feb. 12, 2o1414

Higgs couplings precision measurement
�g

gSM
⇡ g2⇤v

2

m2
⇤

⇡ ?

to which level of precision do we need to measure the Higgs couplings? 
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Higgs couplings precision measurement
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2

m2
⇤

⇡ ?

to which level of precision do we need to measure the Higgs couplings? 
There will always be theorists to claim that you need to measure these couplings to xx% to test his most beautiful model
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Which Higgs precision to test Naturalness?

to which level of precision do we need to measure the Higgs couplings 
to probe the naturalness of the theory?
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Which Higgs precision to test Naturalness?

to which level of precision do we need to measure the Higgs couplings 
to probe the naturalness of the theory?
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to which level of precision do we need to measure the Higgs couplings 
to probe the naturalness of the theory?
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 O(1%) precision Higgs physics could be as important as direct searches for new physics
to probe the naturalness of EWSB
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Higgs couplings measurement projections
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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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EW phase transition:
a question of precision
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Dynamics of EW phase transition and Cosmology
The asymmetry between matter-antimatter can be created dynamically

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

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

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

EW Phase Transition in the Standard Model

V
V

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

to thermally generated cubic Higgs interactions: 

V (φ, T ) !
1

2

(

−µ2
h + cT 2

)

φ2 +
λ

4
φ4

− ETφ 3
−

T

12π

∑

bosons

m3(φ)

In the SM:
∑

i

!

∑

W,Z
not enough E =

4m3
W

+ 2m3
Z

12πv3
0

∼ 6·10
−3

〈φ(Tc)〉

Tc

=
2 E v2

0

λ v2
0

=
4 E v2

0

m2
h

〈φ(Tc)〉

Tc

≥ 1 mh ≤ 47 GeV

2nd order 1st order

or

T=0 T=0

TC

TC



Christophe Grojean Precision Frontier @  High Energies Geneva, Feb. 12, 2o1417

Dynamics of EW phase transition and Cosmology
The asymmetry between matter-antimatter can be created dynamically

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

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

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

EW Phase Transition in the Standard Model

V
V

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

to thermally generated cubic Higgs interactions: 

V (φ, T ) !
1

2

(

−µ2
h + cT 2

)

φ2 +
λ

4
φ4

− ETφ 3
−

T

12π

∑

bosons

m3(φ)

In the SM:
∑

i

!

∑

W,Z
not enough E =

4m3
W

+ 2m3
Z

12πv3
0

∼ 6·10
−3

〈φ(Tc)〉

Tc

=
2 E v2

0

λ v2
0

=
4 E v2

0

m2
h

〈φ(Tc)〉

Tc

≥ 1 mh ≤ 47 GeV

2nd order 1st order

or

T=0 T=0

TC

TC

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

finite T
Higgs potential

Higgs couplings
at T=0

SM: first order phase transition iff mH < 47 GeV
BSM: first order phase transition needs some sizeable deviations in Higgs couplings
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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

first order phase transition

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

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

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

V / |�|2|H|2 . (1.1)

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

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

2. If � is charged under U(1)
EM

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

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

Community Planning Study: Snowmass 2013

http://arXiv.org/abs/1002.1011
http://arXiv.org/abs/1002.1011
http://arxiv.org/abs/hep-ph/0407019
http://arxiv.org/abs/hep-ph/0407019
http://arXiv.org/abs/1002.1011
http://arXiv.org/abs/1002.1011
http://arxiv.org/abs/arXiv:0711.3018
http://arxiv.org/abs/arXiv:0711.3018
http://arXiv.org/abs/1002.1011
http://arXiv.org/abs/1002.1011
http://arxiv.org/abs/1401.1827
http://arxiv.org/abs/1401.1827
http://arxiv.org/abs/1310.8361
http://arxiv.org/abs/1310.8361


Christophe Grojean Precision Frontier @  High Energies Geneva, Feb. 12, 2o1418

 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)

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

O(5%) deviation in h→γγ
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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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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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Christophe Grojeana,b, Géraldine Servanta,c,d, James D. Wellsb
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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
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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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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. 1: Global fit results in the (a, c) plane for all reported best fit values given by ATLAS and CMS, left

(right) without EWPD (with EWPD). In both plots we take mh = 125 GeV for the Tevatron and CMS7/8

and mh = 126.5 GeV for ATLAS7/8. The green, yellow, gray regions corresponds to the allowed 1, 2, 3 �

spaces for a two parameter fit. The best fit point in each region is also labeled with a point. The thicker

point indicates the one with the smaller �2
min.

interference between the top and W boson loops. When EWPD is used as in Figure 1 (right) we

find that the SM is similarly residing at ⇠ 2 � (C.L. of 0.93) away from the best fit point which is

now (a, c) = (1.0, 0.67) and the best fit region where c > 0 now has a (significantly) lower global

minimum. The minima are no longer as degenerate with the addition of the most recent ATLAS

data, ��2
(min1, min2) ⇠ 4.

In view of the different masses of the signal-strength peaks in the various experiments (which

can be due to the statistical effects mentioned above) and of the subtleties we have neglected in

properly combining the results of these different experiments, it is also of interest to perform the

fit in the (a, c) space for each experiment individually. We show these results in Figure 2. The

CMS experiment has the SM point residing about ⇠ 2� from the best fit point, with the C.L. of

the SM case compared to the best fit point at 93%. For ATLAS, the SM point is now at a C.L. of

41%, within the ⇠ 1� region. The Tevatron results have the SM point within the 1� region with a

C.L. of the SM case (compared to the best fit point) of 50%.

The allowed fit region for CMS can be compared to the recently presented public results [1],
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EW data prefer value of ‘a’ close to 1

Espinosa, Grojean, Muhlleitner, Trott ’12 
Higgs physics: Don’t forget LEP!

a shift of the hVV coupling induce oblique corrections
that are already highly constrained by LEP data

for other more complete studies along this line, see 
Falkowski, Riva, Urbano ’13
Elias-Miro, Espinosa, Masso, Pomarol ’13
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RG-bounds on EW/Higgs data 
Elias-Miro, Grojean, Gupta, Marzocca ’14
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Particularly relevant to bound the operators “poorly constrained” at tree-level
through their mixing with operators “strongly constrained” at tree-level
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RG-bounds on EW/Higgs data 

EW data TGC Higgs-only

# operators

tree-level constraints

8 3 2+4+2

O(1%) O(1%) O(10-50%) O(100%)O(1‰)

Elias-Miro, Grojean, Gupta, Marzocca ’14

Coupling Direct Constraint

RG-induced

Constraint

ĉS(mt) [�1, 2]⇥ 10�3 [29] -

ĉT (mt) [�1, 2]⇥ 10�3 [29] -

ĉY (mt) [�3, 3]⇥ 10�3 [21] -

ĉW (mt) [�2, 2]⇥ 10�3 [21] -

ĉ��(mt) [�1, 2]⇥ 10�3 [17] -

ĉ�Z(mt) [�0.6, 1]⇥ 10�2 [17] [�2, 6]⇥ 10�2

ĉ�(mt) [�10, 7]⇥ 10�2 [27] [�2, 5]⇥ 10�2

ĉgZ(mt) [�5, 2]⇥ 10�2 [27] [�1, 3]⇥ 10�2

ĉ��(mt) [�6, 2]⇥ 10�2 [27] [�8, 2]⇥ 10�2

ĉH(mt) [�6, 5]⇥ 10�1 [30] [�2, 0.5]⇥ 10�1

Table 3: In this table we present the 95 % CL, direct constraints on the coe�cients in the observ-

able basis (second column). The constraints on Ŝ and T̂ presented here the ones obtained after

marginalizing on the other parameters in the fit of Ref. [29]. In the analysis we use the Ŝ, T̂ -ellipse

from Ref. [29] with U = 0. Simultaneous constraints on all three of the TGC observables do not

exist in the literature, so we have provided the individual constraints on the three couplings without

taking into account correlations between them [27]. In the third column we show the RG-induced

constraint we are able to obtain under the assumption of no fine-tuning in Eq. (4.22).

The above coe�cients, in terms of the dim-6 operator’s Wilson coe�cients are given by

ĉH(mh) =
v2

⇤2

cH(mh),

ĉ��(mh) =
m2

W

⇤2

(cBB(mh) + cWW (mh)� cWB(mh)) ,

ĉ�Z(mh) =
m2

W

⇤2

�
2c2✓W cWW (mh)� 2s2✓W cBB(mh)� (c2✓W � s2✓W )cWB(mh)

�
.

(4.19)

We present the constraints on these three observables in Table 3. The coupling ĉ�� is con-
strained at the per mille level although the constraint on the SM diphoton width has been
measured only with O(1) precision. This is because the SM width is already one-loop sup-
pressed and thus the current O(1) precision of measurement corresponds to ĉ�� ⇡ 10�3.
The correction to the Higgs kinetic term ĉH on the other hand is poorly constrained. This
is because ĉH causes a universal shift in all the Higgs couplings and thus drops out from
the branching ratios. Therefore to constrain ĉH , Higgs production cross-sections in di↵erent
channels have to be compared; in particular the weakly sensitive vector-boson fusion (VBF)
channels have to be considered.

Based on their precision of measurement, the observables can be divided into at least
two groups. In the first group, containing highly constrained operators, we have the four
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ĉW (mt) [�2, 2]⇥ 10�3 [21] -
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We present the constraints on these three observables in Table 3. The coupling ĉ�� is con-
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measured only with O(1) precision. This is because the SM width is already one-loop sup-
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Figure 1: The blue ellipses represent the 68% (solid), 95% (dashed) and 99% (dotted) CL bounds

on Ŝ and T̂ as obtained in the fit of Ref. [30] with U = 0. The straight lines represent the RG-

induced contribution to the oblique parameters from the weakly constrained observable couplings

of Eq. (4.21), divided in Higgs couplings (a) and TGC couplings (b), using the first two lines of

Eq. (4.22). The length of the lines corresponds to their present 95% CL direct bounds, see Table 3;

the line is green (red) for positive (negative) values of the parameters.

or of the same order of, the direct tree-level constraint. We also obtain RG-induced bounds
from the direct constraint on ĉ�� using the fifth line in Eq. (4.22) and Eq. (4.10),

ĉ� 2 [�0.3, 0.2] ,

ĉ�� 2 [�0.10, 0.05] ,
(4.23)

but at present these bounds are weaker than those from the direct bounds on electroweak
parameters.

Let us briefly comment on alternate choices for our observable basis. A change of ob-
servable basis will in general modify the anomalous dimension matrix of Table 5, also for
the observables which were maintained in the basis. Thus, the RG-induced constraints we
have derived, are applicable only to our particular choice of observables, and for an alternate
choice the analysis must be repeated.10 For instance, the Higgs decay observables such as
h ! W+W�, ZZ could have been alternatively chosen as part of our observable basis instead
of two of the TGC observables (� and gZ) but we have kept the TGC in our basis as they

10Note that for our choice of observable basis, h ! �� does not receive a contribution from the Ŝ parameter

even though there is a dependance on cWB in the anomalous dimension since cWB is actually reconstructing

the �� parameter.

16

The blue ellipses represent the 68% (solid), 95% (dashed) and 99% (dotted) CL bounds on S and T. 
The straight lines represent the RG-induced contribution to the oblique parameters 

from the weakly constrained observable couplings, divided in Higgs couplings (a) and TGC couplings (b). 
The length of the lines corresponds to their present 95% CL direct bounds.
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EW/Higgs data: the TLEP improvement 
LEP: 106 Z’s ➠ TLEP: 1012 Z’s

O(20-30) improvement in EW oblique parameters measurement

TLEP physics paper ’12

Table 9: Selected set of precision measurements at TLEP. The statistical errors have been determined with (i) a one-year scan of the Z resonance with 50% data at the
peak, leading to 7⇥ 1011 Z visible decays, with resonant depolarization of single bunches for energy calibration at O(20min) intervals; (ii) one year at the Z peak with 40%
longitudinally-polarized beams and a luminosity reduced to 20% of the nominal luminosity; (iii) a one-year scan of the WW threshold (around 161 GeV), with resonant
depolarization of single bunches for energy calibration at O(20min) intervals; and (iv) a five-years scan of the tt̄ threshold (around 346 GeV). The statistical errors expected
with two detectors instead of four are indicated between brackets. The systematic uncertainties indicated below are only a “first look” estimate and will be revisited in the
course of the design study.

Quantity Physics Present Measured Statistical Systematic Key Challenge
precision from uncertainty uncertainty

mZ (keV) Input 91187500± 2100 Z Line shape scan 5 (6) keV < 100 keV Ebeam calibration QED corrections
�Z (keV) �⇢ (not �↵had) 2495200± 2300 Z Line shape scan 8 (10) keV < 100 keV Ebeam calibration QED corrections
R` ↵s, �b 20.767± 0.025 Z Peak 0.00010 (12) < 0.001 Statistics QED corrections
N⌫ PMNS Unitarity, ... 2.984± 0.008 Z Peak 0.00008 (10) < 0.004 Bhabha scat.
N⌫ ... and sterile ⌫’s 2.92± 0.05 Z�, 161 GeV 0.0010 (12) < 0.001 Statistics
Rb �b 0.21629± 0.00066 Z Peak 0.000003 (4) < 0.000060 Statistics, small IP Hemisphere correlations
ALR �⇢, ✏3, �↵had 0.1514± 0.0022 Z peak, polarized 0.000015 (18) < 0.000015 4 bunch scheme, 2exp Design experiment
mW (MeV) �⇢ , ✏3, ✏2, �↵had 80385± 15 WW threshold scan 0.3 (0.4)MeV < 0.5 MeV Ebeam, Statistics QED corrections
mtop (MeV) Input 173200± 900 tt̄ threshold scan 10 (12) MeV < 10 MeV Statistics Theory interpretation
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Higgs coupling fits

Vκ
0.4 0.6 0.8 1 1.2 1.4 1.6 1.8

F
κ

-4

-2

0

2

4

6
ATLAS A1

  95% C.L. 

  68% C.L.  

 Best Fit  

CMS Prel. C1

  95% C.L. 

  68% C.L.  

 Best Fit 

 Stand. Model  

Tevatron T1
  95% C.L. 
  68% C.L.  
 Loc. Min.  

γκ
0.4 0.6 0.8 1 1.2 1.4 1.6 1.8

g
κ

0.6

0.8

1

1.2

1.4

1.6
ATLAS [21]

  68% C.L. 
  95% C.L.  
 Best Fit  

CMS Prel. [23]
  68% C.L. 
  95% C.L.  
 Best Fit 
 Stand. Model  

– 72–

Table 12: Summary of the coupling properties
measurements in terms of 68% confidence in-
tervals. The ATLAS limit on the invisible or
undetected branching fraction denoted by (*) is
from the preliminary combination reported in
Ref. [116].

ATLAS CMS

κF [0.76, 1.18] [0.71, 1.11]

κV [1.05, 1.22] [0.81, 0.97]

λFV [0.70, 1.01] –

λWZ [0.67, 0.97] [0.73, 1.00]

λ∗WZ – [0.75, 1.13]

λ◦WZ [0.66, 0.97] –

λ
‡
WZ [0.61, 1.04] –

κg [0.90, 1.18] [0.73, 0.94]

κγ [1.05, 1.35] [0.79, 1.14]

BRinv,und < 60%∗ at 95% CL < 64% at 95% CL

κV – [0.84, 1.23]

κb – [0.61, 1.69]

κτ – [0.82, 1.45]

κt – [0.00, 2.03]

κg – [0.65, 1.15]

κγ – [0.77, 1.27]

(vi) Generic measurement of theH couplings to fermions
and gauge bosons

A more generic model testing the couplings of the H to the

W and Z bosons through a single coupling modifier parameter

κV and the couplings to the third generation fermions are tested

separatedly κb, κτ and κt. In this model the effective couplings

to photons and gluons take into account possible loop induced

contributions in the κγ and κg modifiers, respectively. The

assumption is that no additional contribution affect the total

width and that the couplings to the fermions of the first and

second generation are equal to those of the third (separating

charged leptons, and up and down type quarks).
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Current (and future) LHC fits of Higgs data:
are based on rescaled SM couplings

e.g. Carena, Grojean, Kado, Sharma PDG’14

http://pdg.lbl.gov/2013/reviews/rpp2013-rev-higgs-boson.pdf
http://pdg.lbl.gov/2013/reviews/rpp2013-rev-higgs-boson.pdf
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More Higgs couplings
Assume heavy new physics and organize the effective Lagrangian in powers of momentum

e.g. hV(*)V(*) @ O(p4) with EW bosons
hVµ(p1)V⌫(p2) :

�
#+#(p21 + p22) + #p1p2

�
⌘µ⌫ +#(pµ1p

⌫
1 + pµ2p

⌫
2) + # (p⌫1p

µ
2 ) + # (pµ1p

⌫
2)

in general: 6 coefficients
if V1 and V2 are coupled to conserved currents: 3 coefficients

Contino, Ghezzi, Grojean, Muhlleitner, Spira ’13 Isidori, Manohar, Trott ’13
Elias-Miro, Espinosa, Masso, Pomarol ’13
Brivio et al  ’13

see also:

http://arxiv.org/abs/1303.3876
http://arxiv.org/abs/1303.3876
http://arxiv.org/abs/1305.0663
http://arxiv.org/abs/1305.0663
http://arxiv.org/abs/arXiv:1308.1879
http://arxiv.org/abs/arXiv:1308.1879
http://arxiv.org/abs/1311.1823
http://arxiv.org/abs/1311.1823
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(note: only one relation 
probed by LHC )

for a EW doublet Higgs
1 coupling ➟ S oblique parameter

2 couplings ➟ anomalous gauge couplings/
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(similar story for CP-odd couplings)

A Higgs factory should give access to the additional couplings not probed @ LHC
 confirm that Higgs belongs to a doublet
 test custodial symmetry/measure its breaking
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Multi Higgs and boosted 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) 

31 

[18] 

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) 

asymptotic behavior
sensitive to strong interaction

}
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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

http://arxiv.org/abs/arXiv:1002.1011
http://arxiv.org/abs/arXiv:1002.1011
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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
http://arXiv.org/abs/1110.5646
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
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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)

http://arXiv.org/abs/1002.1011
http://arXiv.org/abs/1002.1011
http://arXiv.org/abs/1306.4581
http://arXiv.org/abs/1306.4581
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the inclusive rate
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 short distance physics (new particles running in the loop)cannot disentangle 
 long distance physics (modified top coupling) ➾

➾

(*) unless it doesn’t decouple 
(e.g. 4th generation)

http://arXiv.org/abs/1002.1011
http://arXiv.org/abs/1002.1011
http://arXiv.org/abs/1306.4581
http://arXiv.org/abs/1306.4581
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 the bearable lightness of the Higgs: rich spectroscopy w/ multiple decays channels
 the unbearable lightness: loops saturate and don’t reveal the physics @ energy physics (*)
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14%-4% @ LHC300-LHC3000  vs  10%-4% @ ILC500-ILC1000
14 14 500 1000

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

http://arXiv.org/abs/1002.1011
http://arXiv.org/abs/1002.1011
http://arXiv.org/abs/1306.4581
http://arXiv.org/abs/1306.4581
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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.

5

the high pT tail
is tens’ % sensitive  
to the mass of top

Baur, Glover ’90 

 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 

http://arxiv.org/abs/arXiv:1206.0157
http://arxiv.org/abs/arXiv:1206.0157
http://arxiv.org/abs/hep-ph/0604156
http://arxiv.org/abs/hep-ph/0604156
http://arXiv.org/abs/1306.4581
http://arXiv.org/abs/1306.4581
http://inspirehep.net/record/283530
http://inspirehep.net/record/283530
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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
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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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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%.
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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

�
150GeV

(t,g)K150GeV

, (2.8)

where Kpmin
T

are the QCD K-factors for the SM, computed using MCFM (process 204).

The transverse momentum cuts of 650 and 150 GeV were chosen by means of a rough

optimization. The ratio R is stable under scale variations, as can be seen from Table 2. We

7Ref. [23] applied ditau-tagging to the case of a Z 0 decaying to Zh. We make use of the e�ciencies reported

in their Table I for a 2TeV Z 0, which gives a Higgs pT roughly similar to the case we are considering. We

assume e�ciencies that include in addition to the ditau-jet tagging also the reconstruction of the Higgs mass

peak, as it seems unavoidable that an experimental analysis would need to exploit that information.
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VHE-LHC is the machine 
to decipher the gg→h process
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