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MOTIVATION…

Why do I care about the early universe and the Higgs and not DM for 
instance?



MOTIVATION…



MOTIVATION…

“It doesn’t seem like there’s anything interesting in pheno lately.  
Maybe Neutrinos?” L. Alvarez-Gaume (Simons Center for Geometry & 

Physics director at Stony Brook)

my atavistic pheno impulse is to give a panglossian view of 
our field: 

“X,Y, and Z are being done, amazing new possibilities”



DATA/REALITY DRIVEN VIEW:Planck Collaboration: Cosmological parameters
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Fig. 1. Planck 2015 temperature power spectrum. At multipoles ` � 30 we show the maximum likelihood frequency-averaged
temperature spectrum computed from the Plik cross-half-mission likelihood, with foreground and other nuisance parameters de-
termined from the MCMC analysis of the base ⇤CDM cosmology. In the multipole range 2  `  29, we plot the power spectrum
estimates from the Commander component-separation algorithm, computed over 94 % of the sky. The best-fit base ⇤CDM theoreti-
cal spectrum fitted to the Planck TT+lowP likelihood is plotted in the upper panel. Residuals with respect to this model are shown
in the lower panel. The error bars show ±1� uncertainties.

The large upward shift in Ase�2⌧ reflects the change in the abso-
lute calibration of the HFI. As noted in Sect. 2.3, the 2013 analy-
sis did not propagate an error on the Planck absolute calibration
through to cosmological parameters. Coincidentally, the changes
to the absolute calibration compensate for the downward change
in ⌧ and variations in the other cosmological parameters to keep
the parameter �8 largely unchanged from the 2013 value. This
will be important when we come to discuss possible tensions
between the amplitude of the matter fluctuations at low redshift
estimated from various astrophysical data sets and the Planck
CMB values for the base ⇤CDM cosmology (see Sect. 5.6).

(4) Likelihoods. Constructing a high-multipole likelihood for
Planck, particularly with T E and EE spectra, is complicated
and di�cult to check at the sub-� level against numerical
simulations because the simulations cannot model the fore-
grounds, noise properties, and low-level data processing of
the real Planck data to su�ciently high accuracy. Within the
Planck collaboration, we have tested the sensitivity of the re-
sults to the likelihood methodology by developing several in-
dependent analysis pipelines. Some of these are described in
Planck Collaboration XI (2016). The most highly developed of

them are the CamSpec and revised Plik pipelines. For the 2015
Planck papers, the Plik pipeline was chosen as the baseline.
Column 6 of Table 1 lists the cosmological parameters for base
⇤CDM determined from the Plik cross-half-mission likeli-
hood, together with the lowP likelihood, applied to the 2015
full-mission data. The sky coverage used in this likelihood is
identical to that used for the CamSpec 2015F(CHM) likelihood.
However, the two likelihoods di↵er in the modelling of instru-
mental noise, Galactic dust, treatment of relative calibrations,
and multipole limits applied to each spectrum.

As summarized in column 8 of Table 1, the Plik and
CamSpec parameters agree to within 0.2�, except for ns, which
di↵ers by nearly 0.5�. The di↵erence in ns is perhaps not sur-
prising, since this parameter is sensitive to small di↵erences in
the foreground modelling. Di↵erences in ns between Plik and
CamSpec are systematic and persist throughout the grid of ex-
tended ⇤CDM models discussed in Sect. 6. We emphasize that
the CamSpec and Plik likelihoods have been written indepen-
dently, though they are based on the same theoretical framework.
None of the conclusions in this paper (including those based on
the full “TT,TE,EE” likelihoods) would di↵er in any substantive
way had we chosen to use the CamSpec likelihood in place of
Plik. The overall shifts of parameters between the Plik 2015
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No clear sign of any deviations, or where to even test??



BY AND LARGE WE STILL HAVE ALL THE 
SAME PROBLEMS WE’VE HAD FOR 

DECADES
• Hierarchy Problem

• Dark Matter

• Matter anti-Matter asymmetry

• Neutrino Mass origin

• Strong CP problem

• Flavor

• Number of generations

• Apparent Unification of Coupling Constants

• Inflation

• Reheating

• Unification with Gravity

• Cosmological Constant Problem



EXPERIMENT TO THE RESCUE?



THERE IS PROGRESS 
EXPERIMENTALLY!

FIG. 4: Ideas to probe low-mass DM via scattering o↵, or absorption by, nuclei (NR) or electrons
(ER).

Several well-motivated DM candidates can be probed. In several cases, sharp theory

targets in parameter spaces can be identified, which can be probed by first-generation, low-
cost experiments with target exposures of as little as 100 gram-days. These sharp targets
have been discussed in Section III. They assume that the basic interaction between the DM
and SM particles are through a dark photon, which allows the DM to couple to all electrically
charged particles:

• Elastic Scalar – a (complex) scalar particle, �, can obtain the observed relic abun-
dance from thermal freeze-out of the “direct-annihilation” process � + �⇤

$ A0⇤
!

SM + SM, where A0 is the dark photon [89]. The annihilation cross section, �ann is
proportional to ↵D✏2µ�,e/m4

A0 , and has precisely the same dependence as the direct-
detection cross section, �DD does on the fundamental parameters, mA0 (the dark-
photon mass), ✏ (the kinetic mixing), and ↵D (the “fine-structure constant” of the
dark U(1)) [50] (µ�,e is the DM-electron reduced). In fact, since the final DM relic
abundance, n�, is proportional to 1/�ann, the direct-detection rate is proportional to
n��DD ⇠ �DD/�ann, which is a constant for a given m�. So even if � constitutes only a
subdominant component of the entire DM, the “target” cross section on the �DD�m�

plane is a fixed line.

• Asymmetric Fermion – a Dirac fermion can obtain the correct relic abundance from
an initial asymmetry and provides an “asymmetric” DM candidate [13]. However, di-
rect annihilation between DM and SM particles from �+�̄ ! A0⇤

$ SM+SM produces
also a symmetric component, whose abundance is smaller for larger annihilation cross
sections [43]. The symmetric component can annihilate and, if its abundance is too
large, distort the Cosmic Microwave Background power spectrum. The CMB thus sets
a lower bound on the annihilation cross section and, therefore, on �DD [50].

• ELDER – An “elastically decoupling relic” (ELDER) has its relic abundance set by
its elastic scattering o↵ SM particles through A0 exchange (as opposed to annihilation

33

“Dark Sectors” abound… just ask Howie



UN?FORTUNATELY WITH EXPERIMENTAL 
PROGRESS THERE IS ALSO THEORETICAL 

PROGRESS…

Wise professor tells entering graduate student 2002:

WIMPs are very motivated so it’s likely: mDM ⇠ mweak
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UN?FORTUNATELY WITH EXPERIMENTAL 
PROGRESS THERE IS ALSO THEORETICAL 

PROGRESS…

Wise professor tells entering graduate student 2002:

Wise professor tells entering graduate student 2018:

could be mDM ⇠ 10�22 eV
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but… also could be 50 to 90 orders of magnitude heavier
depending on assumptions of course

WIMPs are very motivated so it’s likely: mDM ⇠ mweak
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LAMPPOST EFFECT

Not just limited to Dark Matter of course



WHY NO NOBEL FOR INFLATION?

Inflation!



WHY NO NOBEL FOR INFLATION?

We don’t know when it happened to better than ~15 orders of 
magnitude!!!



LAMPPOST EFFECT

I’m not a wise professor nor lucky, so…



LAMPPOST EFFECT

Is there a confluence of a lamppost and a theory motivation?



Higgs
Lamp



HIGGS LAMPPOST
• Naturalness

• Higgs Potential

• Higgs Portal to other sectors

• Cosmological History

• …



THIS LAMPPOST IS LESS BRIGHT 
FOR SOME QUESTIONS

500 1000 1500

FCC-ee/hh

ILC

CEPC

LHC Run 4

LHC Run 3

Current exp.
sensitivity

Current limit

m t~ [GeV]

Spin-0

500 1000 1500
mT [GeV]

Spin-1/2

1500 3000 4500
mQ [GeV]

Spin-1

Figure 4: Excluded parameter space and expected sensitivities at the 2� CL of current and
future data for spin-0 (left), spin-1/2 (middle), and spin-1 (right) top-partners. We assume
that the two spin-0 top partners are degenerate in mass, mt̃1

= mt̃2
⌘ mt̃. We assume that

top partners contribute only in the hgg and h�� loops, there are no modifications of the
Higgs couplings to other SM particles, and there are no exotic or invisible Higgs decays. The
parameter space excluded by current LHC and Tevatron data is shown in dark gray, while
the expected sensitivity of the current data is shown in light gray. Future LHC runs and the
proposed future colliders (ILC, CEPC, and FCC-ee/hh) are shown in various colors.

6.1.2 Comparison of Constraints between Spin-0, Spin-1/2, and Spin-1

To compare constraints on spin-0 particles with constraints on spin-1/2 and spin-1, we focus
on the degenerate direction for spin-0 (mt̃1

= mt̃2
), because our canonical spin-1/2 and spin-1

models only have a single top partner. Recall that along the high-mass spin-0 degenerate
direction, the contributions from the left-handed sbottom and from stopD-terms only matter
at a few-percent level. For the remainder of Section 6, we set g

hb̃1b̃1
= 0, but require that

the choice of stop-sector masses and mixing allow the left-handed sbottom to be real, see
Section 5.1 (note that we include D-term contributions in the stop-sector, i.e., large tan�).

In Fig. 4 we show the current constraints and expected sensitivities for degenerate spin-
0 (left), spin-1/2 (middle), and spin-1 (right) top-partners. The current constraints from
Tevatron and LHC data for these di↵erent spin-states are about 350 GeV, 700 GeV, and
2.2 TeV, respectively. The LHC Run 4 is expected to improve on these by a few hundred GeV,
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Essig, PM, Ramani, Zhong 1707.03399

Example: Colored Naturalness

Have to get “lucky” or…



THIS IS JUST ANOTHER LAMPPOST 
IN THE USUAL SENSE…

m2
h ⇠ ⇤2

<latexit sha1_base64="Z2pNglL8BTlGKExL0kqYKplDQaU=">AAAB+3icbVBPS8MwHE39O+e/6o5egkPwNNohqLehFw8eJlg3WLuSpukWlqQlSYVR5lfx4kHFq1/Em9/GbOtBNx8EHu/9Hr9fXpQxqrTjfFsrq2vrG5uVrer2zu7evn1w+KDSXGLi4ZSlshshRRgVxNNUM9LNJEE8YqQTja6nfueRSEVTca/HGQk4GgiaUIy0kUK7xsNhv+kryqF/a2Ix6jdDu+40nBngMnFLUgcl2qH95ccpzjkRGjOkVM91Mh0USGqKGZlU/VyRDOERGpCeoQJxooJidvwEnhglhkkqzRMaztTfiQJxpcY8MpMc6aFa9Kbif14v18lFUFCR5ZoIPF+U5AzqFE6bgDGVBGs2NgRhSc2tEA+RRFibvqqmBHfxy8vEazYuG+7dWb11VbZRAUfgGJwCF5yDFrgBbeABDMbgGbyCN+vJerHerY/56IpVZmrgD6zPHxQxk/M=</latexit><latexit sha1_base64="Z2pNglL8BTlGKExL0kqYKplDQaU=">AAAB+3icbVBPS8MwHE39O+e/6o5egkPwNNohqLehFw8eJlg3WLuSpukWlqQlSYVR5lfx4kHFq1/Em9/GbOtBNx8EHu/9Hr9fXpQxqrTjfFsrq2vrG5uVrer2zu7evn1w+KDSXGLi4ZSlshshRRgVxNNUM9LNJEE8YqQTja6nfueRSEVTca/HGQk4GgiaUIy0kUK7xsNhv+kryqF/a2Ix6jdDu+40nBngMnFLUgcl2qH95ccpzjkRGjOkVM91Mh0USGqKGZlU/VyRDOERGpCeoQJxooJidvwEnhglhkkqzRMaztTfiQJxpcY8MpMc6aFa9Kbif14v18lFUFCR5ZoIPF+U5AzqFE6bgDGVBGs2NgRhSc2tEA+RRFibvqqmBHfxy8vEazYuG+7dWb11VbZRAUfgGJwCF5yDFrgBbeABDMbgGbyCN+vJerHerY/56IpVZmrgD6zPHxQxk/M=</latexit><latexit sha1_base64="Z2pNglL8BTlGKExL0kqYKplDQaU=">AAAB+3icbVBPS8MwHE39O+e/6o5egkPwNNohqLehFw8eJlg3WLuSpukWlqQlSYVR5lfx4kHFq1/Em9/GbOtBNx8EHu/9Hr9fXpQxqrTjfFsrq2vrG5uVrer2zu7evn1w+KDSXGLi4ZSlshshRRgVxNNUM9LNJEE8YqQTja6nfueRSEVTca/HGQk4GgiaUIy0kUK7xsNhv+kryqF/a2Ix6jdDu+40nBngMnFLUgcl2qH95ccpzjkRGjOkVM91Mh0USGqKGZlU/VyRDOERGpCeoQJxooJidvwEnhglhkkqzRMaztTfiQJxpcY8MpMc6aFa9Kbif14v18lFUFCR5ZoIPF+U5AzqFE6bgDGVBGs2NgRhSc2tEA+RRFibvqqmBHfxy8vEazYuG+7dWb11VbZRAUfgGJwCF5yDFrgBbeABDMbgGbyCN+vJerHerY/56IpVZmrgD6zPHxQxk/M=</latexit><latexit sha1_base64="Z2pNglL8BTlGKExL0kqYKplDQaU=">AAAB+3icbVBPS8MwHE39O+e/6o5egkPwNNohqLehFw8eJlg3WLuSpukWlqQlSYVR5lfx4kHFq1/Em9/GbOtBNx8EHu/9Hr9fXpQxqrTjfFsrq2vrG5uVrer2zu7evn1w+KDSXGLi4ZSlshshRRgVxNNUM9LNJEE8YqQTja6nfueRSEVTca/HGQk4GgiaUIy0kUK7xsNhv+kryqF/a2Ix6jdDu+40nBngMnFLUgcl2qH95ccpzjkRGjOkVM91Mh0USGqKGZlU/VyRDOERGpCeoQJxooJidvwEnhglhkkqzRMaztTfiQJxpcY8MpMc6aFa9Kbif14v18lFUFCR5ZoIPF+U5AzqFE6bgDGVBGs2NgRhSc2tEA+RRFibvqqmBHfxy8vEazYuG+7dWb11VbZRAUfgGJwCF5yDFrgBbeABDMbgGbyCN+vJerHerY/56IpVZmrgD6zPHxQxk/M=</latexit>

⇤ ⇠ 100GeV
<latexit sha1_base64="ecsoxirKtJwoyPJkoYdjLjLhWuc=">AAACBnicbVBPS8MwHE3nvzn/VT0KEhyCBxmtCOpt6EEPHibYbbCWkabZFpakJUmFUXbz4lfx4kHFq5/Bm9/GdOtBNx8EHu+9H/n9XpgwqrTjfFulhcWl5ZXyamVtfWNzy97eaao4lZh4OGaxbIdIEUYF8TTVjLQTSRAPGWmFw6vcbz0QqWgs7vUoIQFHfUF7FCNtpK6979+acISgryiHruP4xz5HeiB5dk2a465ddWrOBHCeuAWpggKNrv3lRzFOOREaM6RUx3USHWRIaooZGVf8VJEE4SHqk46hAnGigmxyxxgeGiWCvViaJzScqL8nMsSVGvHQJPMd1ayXi/95nVT3zoOMiiTVRODpR72UQR3DvBQYUUmwZiNDEJbU7ArxAEmEtamuYkpwZ0+eJ95J7aLm3p1W65dFG2WwBw7AEXDBGaiDG9AAHsDgETyDV/BmPVkv1rv1MY2WrGJmF/yB9fkDs6uYJQ==</latexit><latexit sha1_base64="ecsoxirKtJwoyPJkoYdjLjLhWuc=">AAACBnicbVBPS8MwHE3nvzn/VT0KEhyCBxmtCOpt6EEPHibYbbCWkabZFpakJUmFUXbz4lfx4kHFq5/Bm9/GdOtBNx8EHu+9H/n9XpgwqrTjfFulhcWl5ZXyamVtfWNzy97eaao4lZh4OGaxbIdIEUYF8TTVjLQTSRAPGWmFw6vcbz0QqWgs7vUoIQFHfUF7FCNtpK6979+acISgryiHruP4xz5HeiB5dk2a465ddWrOBHCeuAWpggKNrv3lRzFOOREaM6RUx3USHWRIaooZGVf8VJEE4SHqk46hAnGigmxyxxgeGiWCvViaJzScqL8nMsSVGvHQJPMd1ayXi/95nVT3zoOMiiTVRODpR72UQR3DvBQYUUmwZiNDEJbU7ArxAEmEtamuYkpwZ0+eJ95J7aLm3p1W65dFG2WwBw7AEXDBGaiDG9AAHsDgETyDV/BmPVkv1rv1MY2WrGJmF/yB9fkDs6uYJQ==</latexit><latexit sha1_base64="ecsoxirKtJwoyPJkoYdjLjLhWuc=">AAACBnicbVBPS8MwHE3nvzn/VT0KEhyCBxmtCOpt6EEPHibYbbCWkabZFpakJUmFUXbz4lfx4kHFq5/Bm9/GdOtBNx8EHu+9H/n9XpgwqrTjfFulhcWl5ZXyamVtfWNzy97eaao4lZh4OGaxbIdIEUYF8TTVjLQTSRAPGWmFw6vcbz0QqWgs7vUoIQFHfUF7FCNtpK6979+acISgryiHruP4xz5HeiB5dk2a465ddWrOBHCeuAWpggKNrv3lRzFOOREaM6RUx3USHWRIaooZGVf8VJEE4SHqk46hAnGigmxyxxgeGiWCvViaJzScqL8nMsSVGvHQJPMd1ayXi/95nVT3zoOMiiTVRODpR72UQR3DvBQYUUmwZiNDEJbU7ArxAEmEtamuYkpwZ0+eJ95J7aLm3p1W65dFG2WwBw7AEXDBGaiDG9AAHsDgETyDV/BmPVkv1rv1MY2WrGJmF/yB9fkDs6uYJQ==</latexit><latexit sha1_base64="ecsoxirKtJwoyPJkoYdjLjLhWuc=">AAACBnicbVBPS8MwHE3nvzn/VT0KEhyCBxmtCOpt6EEPHibYbbCWkabZFpakJUmFUXbz4lfx4kHFq5/Bm9/GdOtBNx8EHu+9H/n9XpgwqrTjfFulhcWl5ZXyamVtfWNzy97eaao4lZh4OGaxbIdIEUYF8TTVjLQTSRAPGWmFw6vcbz0QqWgs7vUoIQFHfUF7FCNtpK6979+acISgryiHruP4xz5HeiB5dk2a465ddWrOBHCeuAWpggKNrv3lRzFOOREaM6RUx3USHWRIaooZGVf8VJEE4SHqk46hAnGigmxyxxgeGiWCvViaJzScqL8nMsSVGvHQJPMd1ayXi/95nVT3zoOMiiTVRODpR72UQR3DvBQYUUmwZiNDEJbU7ArxAEmEtamuYkpwZ0+eJ95J7aLm3p1W65dFG2WwBw7AEXDBGaiDG9AAHsDgETyDV/BmPVkv1rv1MY2WrGJmF/yB9fkDs6uYJQ==</latexit>

200GeV
<latexit sha1_base64="pcbYsKNpt4UOMNCRpkrlbRcapQE=">AAAB+XicbVBPS8MwHE3nvzn/dXr0EhyCBxntENTb0IMeJ9htsJaRZukWlqQlSZVR91G8eFDx6jfx5rcx3XrQzQeBx3u/H7+XFyaMKu0431ZpZXVtfaO8Wdna3tnds6v7bRWnEhMPxyyW3RApwqggnqaakW4iCeIhI51wfJ37nQciFY3FvZ4kJOBoKGhEMdJG6tvVhuP4pz5HeiR5dkPa075dc+rODHCZuAWpgQKtvv3lD2KcciI0ZkipnuskOsiQ1BQzMq34qSIJwmM0JD1DBeJEBdks+hQeG2UAo1iaJzScqb83MsSVmvDQTOYZ1aKXi/95vVRHF0FGRZJqIvD8UJQyqGOY9wAHVBKs2cQQhCU1WSEeIYmwNm1VTAnu4peXideoX9bdu7Na86poowwOwRE4AS44B01wC1rAAxg8gmfwCt6sJ+vFerc+5qMlq9g5AH9gff4AmEyTIg==</latexit><latexit sha1_base64="pcbYsKNpt4UOMNCRpkrlbRcapQE=">AAAB+XicbVBPS8MwHE3nvzn/dXr0EhyCBxntENTb0IMeJ9htsJaRZukWlqQlSZVR91G8eFDx6jfx5rcx3XrQzQeBx3u/H7+XFyaMKu0431ZpZXVtfaO8Wdna3tnds6v7bRWnEhMPxyyW3RApwqggnqaakW4iCeIhI51wfJ37nQciFY3FvZ4kJOBoKGhEMdJG6tvVhuP4pz5HeiR5dkPa075dc+rODHCZuAWpgQKtvv3lD2KcciI0ZkipnuskOsiQ1BQzMq34qSIJwmM0JD1DBeJEBdks+hQeG2UAo1iaJzScqb83MsSVmvDQTOYZ1aKXi/95vVRHF0FGRZJqIvD8UJQyqGOY9wAHVBKs2cQQhCU1WSEeIYmwNm1VTAnu4peXideoX9bdu7Na86poowwOwRE4AS44B01wC1rAAxg8gmfwCt6sJ+vFerc+5qMlq9g5AH9gff4AmEyTIg==</latexit><latexit sha1_base64="pcbYsKNpt4UOMNCRpkrlbRcapQE=">AAAB+XicbVBPS8MwHE3nvzn/dXr0EhyCBxntENTb0IMeJ9htsJaRZukWlqQlSZVR91G8eFDx6jfx5rcx3XrQzQeBx3u/H7+XFyaMKu0431ZpZXVtfaO8Wdna3tnds6v7bRWnEhMPxyyW3RApwqggnqaakW4iCeIhI51wfJ37nQciFY3FvZ4kJOBoKGhEMdJG6tvVhuP4pz5HeiR5dkPa075dc+rODHCZuAWpgQKtvv3lD2KcciI0ZkipnuskOsiQ1BQzMq34qSIJwmM0JD1DBeJEBdks+hQeG2UAo1iaJzScqb83MsSVmvDQTOYZ1aKXi/95vVRHF0FGRZJqIvD8UJQyqGOY9wAHVBKs2cQQhCU1WSEeIYmwNm1VTAnu4peXideoX9bdu7Na86poowwOwRE4AS44B01wC1rAAxg8gmfwCt6sJ+vFerc+5qMlq9g5AH9gff4AmEyTIg==</latexit><latexit sha1_base64="pcbYsKNpt4UOMNCRpkrlbRcapQE=">AAAB+XicbVBPS8MwHE3nvzn/dXr0EhyCBxntENTb0IMeJ9htsJaRZukWlqQlSZVR91G8eFDx6jfx5rcx3XrQzQeBx3u/H7+XFyaMKu0431ZpZXVtfaO8Wdna3tnds6v7bRWnEhMPxyyW3RApwqggnqaakW4iCeIhI51wfJ37nQciFY3FvZ4kJOBoKGhEMdJG6tvVhuP4pz5HeiR5dkPa075dc+rODHCZuAWpgQKtvv3lD2KcciI0ZkipnuskOsiQ1BQzMq34qSIJwmM0JD1DBeJEBdks+hQeG2UAo1iaJzScqb83MsSVmvDQTOYZ1aKXi/95vVRHF0FGRZJqIvD8UJQyqGOY9wAHVBKs2cQQhCU1WSEeIYmwNm1VTAnu4peXideoX9bdu7Na86poowwOwRE4AS44B01wC1rAAxg8gmfwCt6sJ+vFerc+5qMlq9g5AH9gff4AmEyTIg==</latexit>

300GeV
<latexit sha1_base64="upQqvkfvXnvFQPeISEY3kmLLros=">AAAB+XicbVBPS8MwHE3nvzn/dXr0EhyCBxmtCupt6EGPE+w2WMtIs3QLS9KSpMqo+yhePKh49Zt489uYbj3o5oPA473fj9/LCxNGlXacb6u0tLyyulZer2xsbm3v2NXdlopTiYmHYxbLTogUYVQQT1PNSCeRBPGQkXY4us799gORisbiXo8TEnA0EDSiGGkj9ezqqeP4xz5Heih5dkNak55dc+rOFHCRuAWpgQLNnv3l92OcciI0ZkipruskOsiQ1BQzMqn4qSIJwiM0IF1DBeJEBdk0+gQeGqUPo1iaJzScqr83MsSVGvPQTOYZ1byXi/953VRHF0FGRZJqIvDsUJQyqGOY9wD7VBKs2dgQhCU1WSEeIomwNm1VTAnu/JcXiXdSv6y7d2e1xlXRRhnsgwNwBFxwDhrgFjSBBzB4BM/gFbxZT9aL9W59zEZLVrGzB/7A+vwBmd+TIw==</latexit><latexit sha1_base64="upQqvkfvXnvFQPeISEY3kmLLros=">AAAB+XicbVBPS8MwHE3nvzn/dXr0EhyCBxmtCupt6EGPE+w2WMtIs3QLS9KSpMqo+yhePKh49Zt489uYbj3o5oPA473fj9/LCxNGlXacb6u0tLyyulZer2xsbm3v2NXdlopTiYmHYxbLTogUYVQQT1PNSCeRBPGQkXY4us799gORisbiXo8TEnA0EDSiGGkj9ezqqeP4xz5Heih5dkNak55dc+rOFHCRuAWpgQLNnv3l92OcciI0ZkipruskOsiQ1BQzMqn4qSIJwiM0IF1DBeJEBdk0+gQeGqUPo1iaJzScqr83MsSVGvPQTOYZ1byXi/953VRHF0FGRZJqIvDsUJQyqGOY9wD7VBKs2dgQhCU1WSEeIomwNm1VTAnu/JcXiXdSv6y7d2e1xlXRRhnsgwNwBFxwDhrgFjSBBzB4BM/gFbxZT9aL9W59zEZLVrGzB/7A+vwBmd+TIw==</latexit><latexit sha1_base64="upQqvkfvXnvFQPeISEY3kmLLros=">AAAB+XicbVBPS8MwHE3nvzn/dXr0EhyCBxmtCupt6EGPE+w2WMtIs3QLS9KSpMqo+yhePKh49Zt489uYbj3o5oPA473fj9/LCxNGlXacb6u0tLyyulZer2xsbm3v2NXdlopTiYmHYxbLTogUYVQQT1PNSCeRBPGQkXY4us799gORisbiXo8TEnA0EDSiGGkj9ezqqeP4xz5Heih5dkNak55dc+rOFHCRuAWpgQLNnv3l92OcciI0ZkipruskOsiQ1BQzMqn4qSIJwiM0IF1DBeJEBdk0+gQeGqUPo1iaJzScqr83MsSVGvPQTOYZ1byXi/953VRHF0FGRZJqIvDsUJQyqGOY9wD7VBKs2dgQhCU1WSEeIomwNm1VTAnu/JcXiXdSv6y7d2e1xlXRRhnsgwNwBFxwDhrgFjSBBzB4BM/gFbxZT9aL9W59zEZLVrGzB/7A+vwBmd+TIw==</latexit><latexit sha1_base64="upQqvkfvXnvFQPeISEY3kmLLros=">AAAB+XicbVBPS8MwHE3nvzn/dXr0EhyCBxmtCupt6EGPE+w2WMtIs3QLS9KSpMqo+yhePKh49Zt489uYbj3o5oPA473fj9/LCxNGlXacb6u0tLyyulZer2xsbm3v2NXdlopTiYmHYxbLTogUYVQQT1PNSCeRBPGQkXY4us799gORisbiXo8TEnA0EDSiGGkj9ezqqeP4xz5Heih5dkNak55dc+rOFHCRuAWpgQLNnv3l92OcciI0ZkipruskOsiQ1BQzMqn4qSIJwiM0IF1DBeJEBdk0+gQeGqUPo1iaJzScqr83MsSVGvPQTOYZ1byXi/953VRHF0FGRZJqIvDsUJQyqGOY9wD7VBKs2dgQhCU1WSEeIomwNm1VTAnu/JcXiXdSv6y7d2e1xlXRRhnsgwNwBFxwDhrgFjSBBzB4BM/gFbxZT9aL9W59zEZLVrGzB/7A+vwBmd+TIw==</latexit>

500GeV
<latexit sha1_base64="y+4JXkoLRaXuaf8BAtxPR51vtW4=">AAAB+XicbVBPS8MwHE3nvzn/dXr0EhyCBxmtKOpt6EGPE+w2WMtIs3QLS9KSpMqo+yhePKh49Zt489uYbj3o5oPA473fj9/LCxNGlXacb6u0tLyyulZer2xsbm3v2NXdlopTiYmHYxbLTogUYVQQT1PNSCeRBPGQkXY4us799gORisbiXo8TEnA0EDSiGGkj9ezqmeP4xz5Heih5dkNak55dc+rOFHCRuAWpgQLNnv3l92OcciI0ZkipruskOsiQ1BQzMqn4qSIJwiM0IF1DBeJEBdk0+gQeGqUPo1iaJzScqr83MsSVGvPQTOYZ1byXi/953VRHF0FGRZJqIvDsUJQyqGOY9wD7VBKs2dgQhCU1WSEeIomwNm1VTAnu/JcXiXdSv6y7d6e1xlXRRhnsgwNwBFxwDhrgFjSBBzB4BM/gFbxZT9aL9W59zEZLVrGzB/7A+vwBnQWTJQ==</latexit><latexit sha1_base64="y+4JXkoLRaXuaf8BAtxPR51vtW4=">AAAB+XicbVBPS8MwHE3nvzn/dXr0EhyCBxmtKOpt6EGPE+w2WMtIs3QLS9KSpMqo+yhePKh49Zt489uYbj3o5oPA473fj9/LCxNGlXacb6u0tLyyulZer2xsbm3v2NXdlopTiYmHYxbLTogUYVQQT1PNSCeRBPGQkXY4us799gORisbiXo8TEnA0EDSiGGkj9ezqmeP4xz5Heih5dkNak55dc+rOFHCRuAWpgQLNnv3l92OcciI0ZkipruskOsiQ1BQzMqn4qSIJwiM0IF1DBeJEBdk0+gQeGqUPo1iaJzScqr83MsSVGvPQTOYZ1byXi/953VRHF0FGRZJqIvDsUJQyqGOY9wD7VBKs2dgQhCU1WSEeIomwNm1VTAnu/JcXiXdSv6y7d6e1xlXRRhnsgwNwBFxwDhrgFjSBBzB4BM/gFbxZT9aL9W59zEZLVrGzB/7A+vwBnQWTJQ==</latexit><latexit sha1_base64="y+4JXkoLRaXuaf8BAtxPR51vtW4=">AAAB+XicbVBPS8MwHE3nvzn/dXr0EhyCBxmtKOpt6EGPE+w2WMtIs3QLS9KSpMqo+yhePKh49Zt489uYbj3o5oPA473fj9/LCxNGlXacb6u0tLyyulZer2xsbm3v2NXdlopTiYmHYxbLTogUYVQQT1PNSCeRBPGQkXY4us799gORisbiXo8TEnA0EDSiGGkj9ezqmeP4xz5Heih5dkNak55dc+rOFHCRuAWpgQLNnv3l92OcciI0ZkipruskOsiQ1BQzMqn4qSIJwiM0IF1DBeJEBdk0+gQeGqUPo1iaJzScqr83MsSVGvPQTOYZ1byXi/953VRHF0FGRZJqIvDsUJQyqGOY9wD7VBKs2dgQhCU1WSEeIomwNm1VTAnu/JcXiXdSv6y7d6e1xlXRRhnsgwNwBFxwDhrgFjSBBzB4BM/gFbxZT9aL9W59zEZLVrGzB/7A+vwBnQWTJQ==</latexit><latexit sha1_base64="y+4JXkoLRaXuaf8BAtxPR51vtW4=">AAAB+XicbVBPS8MwHE3nvzn/dXr0EhyCBxmtKOpt6EGPE+w2WMtIs3QLS9KSpMqo+yhePKh49Zt489uYbj3o5oPA473fj9/LCxNGlXacb6u0tLyyulZer2xsbm3v2NXdlopTiYmHYxbLTogUYVQQT1PNSCeRBPGQkXY4us799gORisbiXo8TEnA0EDSiGGkj9ezqmeP4xz5Heih5dkNak55dc+rOFHCRuAWpgQLNnv3l92OcciI0ZkipruskOsiQ1BQzMqn4qSIJwiM0IF1DBeJEBdk0+gQeGqUPo1iaJzScqr83MsSVGvPQTOYZ1byXi/953VRHF0FGRZJqIvDsUJQyqGOY9wD7VBKs2dgQhCU1WSEeIomwNm1VTAnu/JcXiXdSv6y7d6e1xlXRRhnsgwNwBFxwDhrgFjSBBzB4BM/gFbxZT9aL9W59zEZLVrGzB/7A+vwBnQWTJQ==</latexit>

1000GeV
<latexit sha1_base64="zTQVt9EGIdX0RU5k1v1pUheTC1Q=">AAAB+nicbVBPS8MwHE3nvzn/1Xn0EhyCBxmpCOpt6EGPE+w2WMtIs3QLS9OSpOIo/SpePKh49ZN489uYbj3o5oPA473fj9/LCxLOlEbo26qsrK6tb1Q3a1vbO7t79n69o+JUEuqSmMeyF2BFORPU1Uxz2kskxVHAaTeY3BR+95FKxWLxoKcJ9SM8EixkBGsjDey6gxDyTr0I67GMslvayQd2AzXRDHCZOCVpgBLtgf3lDWOSRlRowrFSfQcl2s+w1Ixwmte8VNEEkwke0b6hAkdU+dksew6PjTKEYSzNExrO1N8bGY6UmkaBmSwyqkWvEP/z+qkOL/2MiSTVVJD5oTDlUMewKAIOmaRE86khmEhmskIyxhITbeqqmRKcxS8vE/esedV07s8breuyjSo4BEfgBDjgArTAHWgDFxDwBJ7BK3izcuvFerc+5qMVq9w5AH9gff4AB6uTWw==</latexit><latexit sha1_base64="zTQVt9EGIdX0RU5k1v1pUheTC1Q=">AAAB+nicbVBPS8MwHE3nvzn/1Xn0EhyCBxmpCOpt6EGPE+w2WMtIs3QLS9OSpOIo/SpePKh49ZN489uYbj3o5oPA473fj9/LCxLOlEbo26qsrK6tb1Q3a1vbO7t79n69o+JUEuqSmMeyF2BFORPU1Uxz2kskxVHAaTeY3BR+95FKxWLxoKcJ9SM8EixkBGsjDey6gxDyTr0I67GMslvayQd2AzXRDHCZOCVpgBLtgf3lDWOSRlRowrFSfQcl2s+w1Ixwmte8VNEEkwke0b6hAkdU+dksew6PjTKEYSzNExrO1N8bGY6UmkaBmSwyqkWvEP/z+qkOL/2MiSTVVJD5oTDlUMewKAIOmaRE86khmEhmskIyxhITbeqqmRKcxS8vE/esedV07s8breuyjSo4BEfgBDjgArTAHWgDFxDwBJ7BK3izcuvFerc+5qMVq9w5AH9gff4AB6uTWw==</latexit><latexit sha1_base64="zTQVt9EGIdX0RU5k1v1pUheTC1Q=">AAAB+nicbVBPS8MwHE3nvzn/1Xn0EhyCBxmpCOpt6EGPE+w2WMtIs3QLS9OSpOIo/SpePKh49ZN489uYbj3o5oPA473fj9/LCxLOlEbo26qsrK6tb1Q3a1vbO7t79n69o+JUEuqSmMeyF2BFORPU1Uxz2kskxVHAaTeY3BR+95FKxWLxoKcJ9SM8EixkBGsjDey6gxDyTr0I67GMslvayQd2AzXRDHCZOCVpgBLtgf3lDWOSRlRowrFSfQcl2s+w1Ixwmte8VNEEkwke0b6hAkdU+dksew6PjTKEYSzNExrO1N8bGY6UmkaBmSwyqkWvEP/z+qkOL/2MiSTVVJD5oTDlUMewKAIOmaRE86khmEhmskIyxhITbeqqmRKcxS8vE/esedV07s8breuyjSo4BEfgBDjgArTAHWgDFxDwBJ7BK3izcuvFerc+5qMVq9w5AH9gff4AB6uTWw==</latexit><latexit sha1_base64="zTQVt9EGIdX0RU5k1v1pUheTC1Q=">AAAB+nicbVBPS8MwHE3nvzn/1Xn0EhyCBxmpCOpt6EGPE+w2WMtIs3QLS9OSpOIo/SpePKh49ZN489uYbj3o5oPA473fj9/LCxLOlEbo26qsrK6tb1Q3a1vbO7t79n69o+JUEuqSmMeyF2BFORPU1Uxz2kskxVHAaTeY3BR+95FKxWLxoKcJ9SM8EixkBGsjDey6gxDyTr0I67GMslvayQd2AzXRDHCZOCVpgBLtgf3lDWOSRlRowrFSfQcl2s+w1Ixwmte8VNEEkwke0b6hAkdU+dksew6PjTKEYSzNExrO1N8bGY6UmkaBmSwyqkWvEP/z+qkOL/2MiSTVVJD5oTDlUMewKAIOmaRE86khmEhmskIyxhITbeqqmRKcxS8vE/esedV07s8breuyjSo4BEfgBDjgArTAHWgDFxDwBJ7BK3izcuvFerc+5qMVq9w5AH9gff4AB6uTWw==</latexit>
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????

We certainly learn something, 
but what it is telling us isn’t as clear



HIGGS POTENTIAL AND 
COSMOLOGICAL HISTORY

Here there is a chance where 
quantitative measurements 

can yield qualitative differences!
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NEXT UP IS THE TRIPLE HIGGS 
COUPLING IN THE SM…

Unfortunately it’s very difficult and it interferes with itself

where the SM Lagrangian corresponds to cV = c2V = 1. More generally, the terms of interest
to all Higgs production modes include
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where the SM corresponds to cV = c2V = 1, ct = 1, �3 = 1 and c2t = cg = c2g = 0. Note in
particular that modifications to the top yukawa coupling, as well as potential new contact
interactions with gluons (cg, c2g) that can arise from integrating out heavy states.

2.1 Di-Higgs Production and the Trilinear Coupling

Figure 1: Diagrams contributing to di-Higgs production via gluon-gluon fusion. An addi-
tional diagram that comes from crossing the top quark box is not shown.

Di-Higgs production can proceed through a number of di↵erent production modes. Es-
sentially, any single-Higgs production mode can be modified by taking the Higgs o↵-shell
and inserting a trilinear interaction, �3. The dominant production mode is via gluon-gluon
fusion, shown in Fig. ??. In addition to the triangle diagram proportional to �3, there is
another diagram resulting from a box of top quarks, which has the same final state and
interferes destructively due to the extra fermion line. The two diagrams scale roughly as
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Despite this interference, the gluon-gluon fusion cross section is still roughly an order of
magnitude greater than the subleading VBF mode, as shown in Fig. ??. The interference
also leads to an interesting shape in the �gg!hh vs. �3 curve, as shown in Fig. ??.

In Fig. ??, we show the gg ! hh cross section as a function of �3 at several di↵erent
orders of the computation (LO, NLO(heft), NLO FTapprox, and the full NLO). Here we can
see that while the overall behavior remains the same going from LO to NLO, the shape of
the curve changes slightly, and the minimum value of �3 even shifts slightly. Perhaps most
importantly, the NLO cross section seems to depend more sensitively on �3 than the LO
computation that we usually work with. The slope |d(�/�SM)/d(�/�SM)| increases from 0.82

3

However, just measuring the SM value 
would be seeing something qualitatively new!

To go beyond though, is it just another lamppost?
Can be huge deviations…

How precisely do we need to measure it?



WHAT IS OUR QUALITATIVE 
PICTURE OF THE COSMOLOGICAL 

HISTORY OF EWSB??



Cosmology 
stuck here

Need particle
physics to
go further!



ELECTROWEAK PHASE 
TRANSITION

This heuristic picture of the cosmological history comes from analyzing 
a scalar potential at finite temperature which has been around for 

awhile…



FINITE TEMPERATURE FIELD THEORY 
STARTS WITH SOME RUSSIANS IN 

1972…



IF YOU HEAT UP A SYSTEM WITH A BROKEN 
SYMMETRY DOES THE SYMMETRY GET RESTORED?

WHAT’S THE CURIE TEMPERATURE OF THE UNIVERSE?





IF YOU HEAT UP A SYSTEM WITH A BROKEN 
SYMMETRY DOES THE SYMMETRY GET RESTORED?

WHAT’S THE CURIE TEMPERATURE OF THE UNIVERSE?

ANSWERS: YES, HMM…



There’s no place 
like home,

There’s no place like home,
There’s no place like 

home…



Weinberg,
Weinberg,

Weinberg…



“A recent paper by Kirzhnits and Linde suggests that this is indeed the 
case.  However, although their title refers to a gauge 

theory, their analysis deals only with ordinary theories 
with broken global symmetries.  Also, they estimate 
but do not actually calculate the critical temperature 

at which a broken symmetry is restored.”



IF THERE’S AN EWPT HOW DO 
WE QUALITATIVELY DISTINGUISH?

Second order

EWPT

First order

SM like



2ND ORDER PHASE 
TRANSITION

section. The main point here is that at finite temperature, the equilibrium
value of the scalar field φ, ⟨φ(T )⟩, does not correspond to the minimum of
the effective potential V T=0

eff (φ), but to the minimum of the finite temperature

effective potential V β
eff(φ), as given by (159). Thus, even if the minimum of

V T=0
eff (φ) occurs at ⟨φ⟩ = σ ≠ 0, very often, for sufficiently large temperatures,

the minimum of V β
eff(φ) occurs at ⟨φ(T )⟩ = 0: this phenomenon is known

as symmetry restoration at high temperature, and gives rise to the phase
transition from φ(T ) = 0 to φ = σ. It was discovered by Kirzhnits 27 in
the context of the electroweak theory (symmetry breaking between weak and
electromagnetic interactions occurs when the universe cools down to a critical
temperature Tc ∼ 102 GeV ) and subsequently confirmed and developed by
other authors 28,15,16,29.

The cosmological scenario can be drawn as follows: In the theory of the
hot big bang, the universe is initially at very high temperature and, depending
on the function V β

eff(φ), it can be in the symmetric phase ⟨φ(T )⟩ = 0, i.e.
φ = 0 can be the stable absolute minimum. At some critical temperature
Tc the minimum at φ = 0 becomes metastable and the phase transition may
proceed. The phase transition may be first or second order. First-order phase
transitions have supercooled (out of equilibrium) symmetric states when the
temperature decreases and are of use for baryogenesis purposes. Second-order
phase transitions are used in the so-called new inflationary models 30. We will
illustrate these kinds of phase transitions with very simple examples.

4.1 First and second order phase transitions

We will illustrate the difference between first and second order phase transi-
tions by considering first the simple example of a potential f described by the
function,

V (φ, T ) = D(T 2 − T 2
o )φ2 +

λ(T )

4
φ4 (219)

where D and T 2
o are constant terms and λ is a slowly varying function of T g.

A quick glance at (174) and (200) shows that the potential (219) can be part
of the one-loop finite temperature effective potential in field theories.

At zero temperature, the potential has a negative mass-squared term,
which indicates that the state φ = 0 is unstable, and the energetically favored

state corresponds to the minimum at φ(0) = ±
√

2D
λ To, where the symmetry

φ↔ −φ of the original theory is spontaneously broken.

f The φ independent terms in (219), i.e. V (0, T ), are not explicitly considered.
gThe T dependence of λ will often be neglected in this section.
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1ST ORDER PHASE 
TRANSITION

The curvature of the finite temperature potential (219) is now T -dependent,

m2(φ, T ) = 3λφ2 + 2D(T 2 − T 2
o ) (220)

and its stationary points, i.e. solutions to dV (φ, T )/dφ = 0, given by,

φ(T ) = 0

and (221)

φ(T ) =

√
2D(T 2

o − T 2)

λ(T )

Therefore the critical temperature is given by To. At T > To, m2(0, T ) > 0
and the origin φ = 0 is a minimum. At the same time only the solution φ = 0
in (221) does exist. At T = To, m2(0, To) = 0 and both solutions in (221)
collapse at φ = 0. The potential (219) becomes,

V (φ, To) =
λ(To)

4
φ4 (222)

At T < To, m2(0, T ) < 0 and the origin becomes a maximum. Simultaneously,
the solution φ(T ) ≠ 0 does appear in (221). This phase transition is called of
second order, because there is no barrier between the symmetric and broken
phases. Actually, when the broken phase is formed, the origin (symmetric
phase) becomes a maximum. The phase transition may be achieved by a
thermal fluctuation for a field located at the origin.

However, in many interesting theories there is a barrier between the sym-
metric and broken phases. This is characteristic of first order phase transi-
tions. A typical example is provided by the potential h,

V (φ, T ) = D(T 2 − T 2
o )φ2 − ETφ3 +

λ(T )

4
φ4 (223)

where, as before, D, T0 and E are T independent coefficients, and λ is a slowly
varying T -dependent function. Notice that the difference between (223) and
(219) is the cubic term with coefficient E. This term can be provided by the
contribution to the effective potential of bosonic fields (174). The behaviour
of (223) for the different temperatures is reviewed in Refs.12,31. At T > T1 the
only minimum is at φ = 0. At T = T1

T 2
1 =

8λ(T1)DT 2
o

8λ(T1)D − 9E2
(224)

hSee, e.g. the one-loop effective potential for the Standard Model, Eq. (90).
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A second minimum separated by a barrier!



IF THERE’S AN EWPT HOW DO 
WE QUALITATIVELY DISTINGUISH?

Second order

EWPT

First order

The qualitative difference is an effective cubic at finite temperature!

Why is this so useful? Thermal Decoupling! e�
m
T
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Triple Higgs + EWPT

There could be a very large contribution and a FO EWPT - get lucky

There also could be a minimum contribution 
within experimental reach



HIGGS POTENTIAL AND 
COSMOLOGICAL HISTORY

Triple Higgs + EWPT

There could be a very large contribution and a FO EWPT - get lucky

There also could be a minimum contribution 
within experimental reach

• Has to couple to the Higgs strongly enough to affect potential
• Mass must not be too far away from EW scale!

“No-Lose”
Can make this even sharper if you 

connect to Electroweak Baryogenesis

WHY?



THEORETICAL MINIMUM
SM + SINGLET
This model has been studied 

numerous times for a variety of reason….

If the Singlet mixes with the Higgs you can see it easily via Higgs 
properties and has been studied quite a bit

If the Singlet DOESN’T mix but its mass is less than half the 
Higgs mass you can see it in decays easily… 

What if the singlet doesn’t mix with the 
Higgs and is heavy?



SM + SINGLET “NIGHTMARE 
SCENARIO”

for discovery and will find the singlet before a 100 TeV collider is constructed. Nevertheless, the
constraints from direct detection experiments rely on additional assumptions about the hidden sector
and thermal history of the universe.

[DC: no mention of multiple scalars yet. can put in later if we pursue.]
The Nightmare Scenario is a benchmark for “maximally stealthy” EWBG. Our analysis frames

a future 100 TeV collider as a powerful discovery machine for electroweak baryogenesis, potentially
capable of completely excluding this elusive model. The ability to decisively probe such an important
mechanism for creating the baryon asymmetry of our universe provides an important motivation for
its construction.

Our paper is organized as follows. In Section 2 we define the Z2 symmetric singlet scalar model,
and explain how to understand the different regions of the (mS ,�HS) parameter plane. Section 3
contains our analyses of the one-step and two-step phase transitions which enable EWBG in this
model. Sections 4 and 5 examine direct and indirect signatures of the singlet scalar at colliders, and
show how the discovery potential overlaps with the EWBG-favored regions of parameter space. We
consider cosmological constraints on the singlet in Section 6 and show that, under certain assumptions,
the entire parameter space can be excluded by future direct detection experiments. RG evolution and
the possibility of strong couplings are discussed in Section 7. We summarize our findings and discuss
implications in Section 8.

2 The “Nightmare Scenario” for excluding Electroweak Baryogenesis

In this section, we define the stealthy EWBG model we study in this paper, as well as the two-
dimensional parameter space that illustrates its entire phenomenology.

2.1 Model Definition

The Nightmare Scenario is defined by adding a single real singlet to the SM, with a mass larger than
mh/2 to avoid exotic higgs decays, and an unbroken Z2 symmetry under which S ! �S to avoid
singlet-higgs mixing. Following [56–58, 60–63], the most general renormalizable tree-level higgs
potential for this scenario is

V0 = �µ
2
|H|

2 + �|H|
4 +

1

2
µ
2
SS

2 + �HS |H|
2
S
2 +

1

4
�SS

4
. (2.1)

After substituting H = (G+
, (h + iG

0)/
p
2) and focusing on the physical SM higgs field h, this

becomes
V0 = �

1

2
µ
2
h
2 +

1

4
�h

4 +
1

2
µ
2
SS

2 +
1

2
�HSh

2
S
2 +

1

4
�SS

4
. (2.2)

The higgs acquires a VEV hhi = v = µ/
p
� ⇡ 246 GeV and a mass at tree-level mh =

p
2µ ⇡ 125 GeV. In Section 3 we adopt renormalization conditions to ensure that loop corrections

do not change these values from their tree-level expectation. Therefore we can define the Lagrangian
parameters � =

m
2
h

2v2 ⇡ 0.129 and µ = mhp
2
⇡ 88.4 GeV.
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Phenomenological parameter
 space depends only on 
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Figure 1. The parameter space of the Z2 symmetric SM+S extension with mS > mh/2 (the Nightmare
Scenario). Left: The red shaded region indicates when µ

2 is negative. The dotted red contours indicate
Sign(µ2

S
)|µS |. The blue contours show the minimum S

4 quartic coupling �S required for the electroweak
symmetry breaking (EWSB) vacuum to be the ground state of the universe, while the green contours show the
minimum �S to avoid negative runaways. Right: Gray regions indicate where theoretical control is lost due to
non-perturbative �S . Perturbative analysis of the phase transition breaks down in the blue shaded regions, see
Section 3. The red and white regions are the possible parameter space of the Nightmare Scenario.

2.2 Singlet Scalar Mass-Coupling Plane

The singlet mass for h = v is given by

m
2
S = µ

2
S + �HSv

2
> 0 (2.3)

By definition of our scenario with hSi = 0 for h = v, we assume this to be positive. Another
important parameter is the hSS coupling, which determines singlet production and annihilation cross
sections. It is determined by �HS .1 Therefore, we will show the entire model’s phenomenology in the
(mS ,�HS) plane.

The sign of µ2
S

divides the plane into two regimes with distinctly different physics. For �HS >

m
2
S
/v

2, µ2
S

is negative. This region is shaded red in Fig. 1 (left). If all the quartics are positive, then
for positive µ2

S
the only minimum is the EWSB vacuum at (h, S) = (v, 0). For negative µ2

S
, there are

two local minima: the EWSB vacuum and a “singlet-VEV vacuum” at (h, S) = (0, w). A surviving
Z2 symmetry prevents higgs-singlet mixing in both vacua.

1When discussing the effective potential at one-loop in Section 3 we choose a scheme in which the tree-level parameter
�HS corresponds to the physical hSS coupling Le↵ � �v�HShSS.
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Figure 1. The parameter space of the Z2 symmetric SM+S extension with mS > mh/2 (the Nightmare
Scenario). Left: The red shaded region indicates when µ

2 is negative. The dotted red contours indicate
Sign(µ2

S
)|µS |. The blue contours show the minimum S

4 quartic coupling �S required for the electroweak
symmetry breaking (EWSB) vacuum to be the ground state of the universe, while the green contours show the
minimum �S to avoid negative runaways. Right: Gray regions indicate where theoretical control is lost due to
non-perturbative �S . Perturbative analysis of the phase transition breaks down in the blue shaded regions, see
Section 3. The red and white regions are the possible parameter space of the Nightmare Scenario.
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important parameter is the hSS coupling, which determines singlet production and annihilation cross
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for positive µ2

S
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S
, there are

two local minima: the EWSB vacuum and a “singlet-VEV vacuum” at (h, S) = (0, w). A surviving
Z2 symmetry prevents higgs-singlet mixing in both vacua.

1When discussing the effective potential at one-loop in Section 3 we choose a scheme in which the tree-level parameter
�HS corresponds to the physical hSS coupling Le↵ � �v�HShSS.
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Scenario). Left: The red shaded region indicates when µ

2 is negative. The dotted red contours indicate
Sign(µ2

S
)|µS |. The blue contours show the minimum S

4 quartic coupling �S required for the electroweak
symmetry breaking (EWSB) vacuum to be the ground state of the universe, while the green contours show the
minimum �S to avoid negative runaways. Right: Gray regions indicate where theoretical control is lost due to
non-perturbative �S . Perturbative analysis of the phase transition breaks down in the blue shaded regions, see
Section 3. The red and white regions are the possible parameter space of the Nightmare Scenario.
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The singlet mass for h = v is given by

m
2
S = µ
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S + �HSv

2
> 0 (2.3)

By definition of our scenario with hSi = 0 for h = v, we assume this to be positive. Another
important parameter is the hSS coupling, which determines singlet production and annihilation cross
sections. It is determined by �HS .1 Therefore, we will show the entire model’s phenomenology in the
(mS ,�HS) plane.

The sign of µ2
S

divides the plane into two regimes with distinctly different physics. For �HS >
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2, µ2
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is negative. This region is shaded red in Fig. 1 (left). If all the quartics are positive, then
for positive µ2
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the only minimum is the EWSB vacuum at (h, S) = (v, 0). For negative µ2

S
, there are

two local minima: the EWSB vacuum and a “singlet-VEV vacuum” at (h, S) = (0, w). A surviving
Z2 symmetry prevents higgs-singlet mixing in both vacua.

1When discussing the effective potential at one-loop in Section 3 we choose a scheme in which the tree-level parameter
�HS corresponds to the physical hSS coupling Le↵ � �v�HShSS.

– 5 –

25

8

12
50

100

200
300

2 5 8 12

50

100

!100

!300

!500

100

300
500

700

900

1100

200 400 600 800 1000
!4

!2

0

2

4

6

8

mS !GeV"

Λ
H
S

Nonperturbative lS required
for VHv,0L < VH0,wL
Htree-levelL

One-Loop Analysis
of PT breaks down

mS
2 < 0 mS2> 0

Nonperturbative lS required
to avoid negative runaways

Htree-levelL

200 400 600 800 1000
-4

-2

0

2

4

6

8

mS @GeVD

l H
S

Figure 1. The parameter space of the Z2 symmetric SM+S extension with mS > mh/2 (our “nightmare”
scenario). Left: The red shaded region indicates when µ

2 is negative. The dotted red contours indicate
Sign(µ2

S
)|µS |. The blue contours show the minimum S

4 quartic coupling �S required for the electroweak
symmetry breaking (EWSB) vacuum to be the ground state of the universe, while the green contours show the
minimum �S to avoid negative runaways. Right: Gray regions indicate where theoretical control is lost due to
non-perturbative �S . Perturbative analysis of the phase transition breaks down in the blue shaded regions, see
Section 3. The red and white regions are the possible parameter space of this “nightmare” scenario.

physics can be recast into the simple two-dimensional plane of the physical singlet mass and its
coupling to the Higgs. We operate under the basic assumption that we live in a vacuum in which
the higgs has a VEV but the singlet does not1, in which case the mass of the singlet, required to be
positive in our vacuum, is given by

m
2
S = µ

2
S + �HSv

2
> 0. (2.3)

Besides the physical mass, the other parameter which dictates the phenomenology of the singlet is
its coupling to our sector through the higgs, the hSS coupling. This coupling determines singlet
production and annihilation cross sections and is given by �HS

2. The singlet self interaction, �S , is
important when discussing regions of potential phase transitions, but does not play a direct role in the
phenomenology of this model. Thus, the relevant features of our “nightmare” scenario can be shown
in the (mS ,�HS) plane.

1This of course does not preclude a two-step phase transition where the singlet first acquires a VEV followed by a
transition to our vacuum.

2When discussing the effective potential at one-loop in Section 3 we choose a scheme in which the tree-level parameter
�HS corresponds to the physical hSS coupling Le↵ � �v�HShSS.
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WHERE IN THE PARAMETER SPACE IS 
THERE A GOOD PHASE TRANSITION?
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Figure 3. Regions in the (mS ,�HS) plane with viable EWBG. Red shaded region: for µ2
S
< 0 it is possible to

choose �S such that EWBG proceeds via a tree-induced strong two-step electroweak phase transition. Orange
contours: value of vc/Tc for µ2

S
> 0. The orange shaded region indicates vc/Tc > 0.6, where EWBG occurs

via a loop-induced strong one-step phase transition. Above the green dashed line, singlet loop corrections
generate a barrier between h = 0 and h = v even at T = 0, but results in the dark shaded region might not be
reliable, see Section 3.1.3.

gives a very similar result, with the �HS necessary for a strong PT underestimated by about 10%.
This implies that sizable zero-temperature one-loop higgs potential contributions from the singlet lift
the EWSB vacuum compared to the origin[PM: Don’t we really just mean the �V get’s smaller?],
which then makes it easier for SM thermal contributions to generate an energy barrier between the
two degenerate local minima at some T = Tc. This lifting of the EWSB minimum from singlet con-
tributions at zero temperature is illustrated in Fig. 4[PM: similar comment as compared to figure].

For very strong coupling, the one-loop effects create an energy barrier even at zero temperature.
This is the case above the dashed green line in Fig. 3. However, as we discuss in the next subsection,
our one-loop analysis may not be valid for such high coupling.

[PM: Mapping of loop level parameters to higher dim operators and correlation to Wells et
al results]

3.1.3 Reliability of Perturbative Analysis

We have found that a strong one-step electroweak phase transition requires rather large quartic singlet-
higgs couplings �HS & 2. It is prudent to examine the validity of the perturbative expansion to

– 11 –



A “NO-LOSE” THEOREM
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Figure 10. Summary of the nightmare scenario’s parameter space. Gray shaded regions require non-
perturbative �S > 8 and are not under theoretical control, see Section 2.2. Red shaded region with red
boundary: a strong two-step PT from tree-effects is possible for some choice of �S , see Section 3.1. Orange
shaded region with orange boundary: a strong one-step PT from zero-temperature loop-effects is possible, see
Section 3.1.2. Gray-Blue shading in top-right corner indicates the one-loop analysis becomes unreliable for
�HS & 5(6) in the one-step (two-step) region, see Section 3.1.3 and 3.2.2. In the blue shaded region, higgs
triple coupling is modified by more than 10% compared to the SM, which could be excluded at the 2� level by
a 100 TeV collider, see Section 5.1. In the green shaded region, our simple collider analysis yields S/

p
B  2

for VBF production of h⇤
! SS at a 100 TeV collider, see Section 4. (In both cases assume 30 ab�1 of

data.) In the purple shaded region, ��Zh is shifted by more than 0.6%, which can be excluded by TLEP, see
Section 5.2. Note that both EWBG preferred regions are excludable by XENON1T if S is a thermal relic, see
Section 6.

searches through VBF production of h⇤ ! SS at a 100 TeV collider are sensitive. The purple region
shows where TLEP can probe the scenario by measuring ��Zh.

The entire one-step phase transition region, and much of the two-step region, can be probed with
the �3 and ��Zh measurements. Furthermore, our simple collider analysis for the sensitivity of VBF
direct singlet production yields S/

p
B > 2 in almost the entire two-step region. It may therefore

be possible to exclude the entire two-step region with a more complete analysis [74], or with more
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TRIPLE HIGGS
• Experimentally there are a number of different probes but the 

triple Higgs coupling does the heavy lifting

• In that study we used an assumed sensitivity of 10% on triple 
Higgs with 30/ab @ 100 TeV

• Strong FO EWPT typically naively has a 20-30% shift in this 
scenario

• A 100 TeV collider is a lot of money and a lot of time, what are 
the other possibilities?



TRIPLE HIGGS 
MEASUREMENTS



TRIPLE HIGGS 
MEASUREMENTS

• By 2035 we won’t be able to tell the triple Higgs 
coupling compared to the SM better than

values of �3, shown as the red curve in Fig. ??. The allowed region is thus found to be
�0.8 < �3 < 7.7 at 95% C.L. The lower end of this limit is roughly consistent with the
predictions of the Snowmass study [?], while the right-sided limit is significantly worse due
to the interference from the box diagram, leading to a small number of expected events for
3 . �3 . 5.

Figure 11: The expected 95% C.L. limit on the hh ! bb̄�� cross section, as a function of
�3 with 3 ab�1 (neglecting systematic uncertainties), taken from [?]. The dashed line shows
the expected limit with the green (yellow) bands indicating the ±1�(2�) error bars, while
the solid red line indicates the theoretical cross section as a function of �3.

4 Simulation Setup

4.1 Signal Simulation

Signal simulation, as well as the di↵erent values of �3 To simulate the di-Higgs signal,
MadGraph5 aMC@NLO was used, with the built in methods for simulating loop induced
processes directly at lowest order (LO). Because decay chains cannot be simulated with
MadGraph when the process is loop-induced, MadSpin was used to decay the resulting
Higgs to bb̄ and ��. The decayed events were then passed to Pythia 8 for showering and
hadronization before detector simulations with Delphes 3 as with all other backgrounds.

At parton level, no generator level cuts were included on the diHiggs signal to ensure
that the events could be properly normalized to the NLO cross sections computed in ??.

14

Ugh…



TRIPLE HIGGS MEASUREMENTS

Chinese can’t be faster?? although maybe politically more feasible…



TRIPLE HIGGS 
MEASUREMENTS

• Refined studies show that FCC-hh could get to 
1.6%-few% precision, but these are missing some 
backgrounds and need some work 

• What about HE-LHC?



HE-TRIPLE HIGGS 
MEASUREMENTS

• Han & Plehn et al claim you can get 5 sigma 
significance and a precision of 30%

Figure 6: The expected number of signal events in a hypothetical experiment assuming
the signal and background rates computed in Table 4 at L = 15 ab�1 for HE-LHC with
the regular detector performance assumption. The black dashed line indicates the expected
number of events from signal while the green (yellow) regions show the 1� (2�) uncertainty
regions arising from a likelihood scan with the statistical and MC uncertainties on the signal
and background counts. The red curve shows the expected number of events from signal in
a background free measurement as a function of �3, accounting for the changes in the signal
acceptance due to kinematic di↵erences at di↵erent �3.

easily rejected using di↵erential measurements (e.g, with mhh = mbb̄�� or pT,hh), so the
degeneracy can be safely ignored for the purposes of this work.

5 Conclusions

We’ve presented a detailed study of the potential for a
p
s = 27TeV hadron collider such

as HE-LHC to search for di-Higgs production in the bb̄�� final state. In addition to the
signal, all important backgrounds are simulated using Monte Carlo, with parton-showering

15

Homiller, PM to appear: a little more conservative results

Nevertheless HE-LHC
does have a lot to say!

Most non-experimental studies have left out key backgrounds



NICE SIMPLE STORY…
MEASURE TRIPLE HIGGS WELL ENOUGH 

YOU KNOW THE HISTORY OF THE 
UNIVERSE TO AN EARLIER TIME…



NICE SIMPLE STORY…
MEASURE TRIPLE HIGGS WELL ENOUGH 

YOU KNOW THE HISTORY OF THE 
UNIVERSE TO AN EARLIER TIME…

NO, NOT THAT SIMPLE!



THEORETICAL PROGRESS!

Theory



EXPERIMENTAL TESTS OF 
COSMOLOGICAL HISTORY

Second order

EWPT

First order

SM like

third possibility
The EWSB was never restored
or it was delayed, or there were
multiple EW phase transitions!!

SNR phase

PM, Ramani 1807.07578

Symmetry Non-Restoration



SYMMETRY-NON 
RESTORATION

• Weinberg in his original finite-T paper noted counter 
examples

• Rochelle salts 

• O(N)xO(M) model

• Since been verified on the lattice and with various 
other methods!



VERY SIMPLE TO SEE WHERE IT 
COMES FROM…

V ⇠ (T 2 � µ2)�2 + ��4

This comes from a term

V � ⇧��
2 ⇧� ⇠ �T 2

In a more general theory, e.g. for the Higgs

⇧h = T 2
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NOW LET’S TAKE OUR SIMPLE 
SINGLET MODEL…

⇧h = T 2
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for discovery and will find the singlet before a 100 TeV collider is constructed. Nevertheless, the
constraints from direct detection experiments rely on additional assumptions about the hidden sector
and thermal history of the universe.

[DC: no mention of multiple scalars yet. can put in later if we pursue.]
The Nightmare Scenario is a benchmark for “maximally stealthy” EWBG. Our analysis frames

a future 100 TeV collider as a powerful discovery machine for electroweak baryogenesis, potentially
capable of completely excluding this elusive model. The ability to decisively probe such an important
mechanism for creating the baryon asymmetry of our universe provides an important motivation for
its construction.

Our paper is organized as follows. In Section 2 we define the Z2 symmetric singlet scalar model,
and explain how to understand the different regions of the (mS ,�HS) parameter plane. Section 3
contains our analyses of the one-step and two-step phase transitions which enable EWBG in this
model. Sections 4 and 5 examine direct and indirect signatures of the singlet scalar at colliders, and
show how the discovery potential overlaps with the EWBG-favored regions of parameter space. We
consider cosmological constraints on the singlet in Section 6 and show that, under certain assumptions,
the entire parameter space can be excluded by future direct detection experiments. RG evolution and
the possibility of strong couplings are discussed in Section 7. We summarize our findings and discuss
implications in Section 8.

2 The “Nightmare Scenario” for excluding Electroweak Baryogenesis

In this section, we define the stealthy EWBG model we study in this paper, as well as the two-
dimensional parameter space that illustrates its entire phenomenology.

2.1 Model Definition

The Nightmare Scenario is defined by adding a single real singlet to the SM, with a mass larger than
mh/2 to avoid exotic higgs decays, and an unbroken Z2 symmetry under which S ! �S to avoid
singlet-higgs mixing. Following [56–58, 60–63], the most general renormalizable tree-level higgs
potential for this scenario is

V0 = �µ
2
|H|

2 + �|H|
4 +

1

2
µ
2
SS

2 + �HS |H|
2
S
2 +

1

4
�SS

4
. (2.1)

After substituting H = (G+
, (h + iG

0)/
p
2) and focusing on the physical SM higgs field h, this

becomes
V0 = �

1

2
µ
2
h
2 +

1

4
�h

4 +
1

2
µ
2
SS

2 +
1

2
�HSh

2
S
2 +

1

4
�SS

4
. (2.2)

The higgs acquires a VEV hhi = v = µ/
p
� ⇡ 246 GeV and a mass at tree-level mh =

p
2µ ⇡ 125 GeV. In Section 3 we adopt renormalization conditions to ensure that loop corrections

do not change these values from their tree-level expectation. Therefore we can define the Lagrangian
parameters � =

m
2
h

2v2 ⇡ 0.129 and µ = mhp
2
⇡ 88.4 GeV.
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and flip a sign…

⇧h = T 2
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IF THE SINGLET DOMINATES WE HAVE A 
QUALITATIVELY DIFFERENT PICTURE…

V ⇠ �(µ2 + T 2)h2 + �h4

hhi ⇠ T

The VEV increases with temperature!

The EW symmetry is never restored in the early universe



HOW WAS THIS MISSED?
• It’s not quite so trivial, as you still have to make 

sure your calculation is under control and you 
have a good vacuum

�2
HS

 �s�

So to satisfy this and dominate the thermal mass you
run into non-peturbativity very quickly with the s quartic

⇧h = T 2
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SIMPLE TRICK - 
SWITCH TO O(N) SINGLET

⇧h = T 2
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⇧s = T 2
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Now it can dominate the thermal mass but keep the potential stable 
for small �HS

A rough estimate yields �HSNs � 4.8

�c

HS
⌘ �HSNs
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UNDER CONTROL…

You don’t run into issues with the pure singlet quartic
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DOING THIS MORE CAREFULLY
• Must take into account resummation and finite 

mass effects correctly - Optimized Partial Dressing
D. Curtin, PM, H. Ramani 1612.00466

“Unfortunately, despite the fact that one is dealing 
with a weakly coupled theory, many aspects of the 

phase transition are surprisingly complicated.  Indeed, 
the literature contains contradictory claims and 

statements on almost every important question.”

’92 Dine, Leigh, Huet, Linde ,Linde



HIGHER ORDER EFFECTS
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VERY COOL EARLY UNIVERSE 
POSSIBILITIES

Depending on the Singlet Mass you can get SNR-R-SNR
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COSMOLOGICAL CHANGES
• Sphalerons are controlled by 

• for          sphalerons are turned off

• “GUT” Baryogenesis can work- Maximons

• Models that use sphalerons would be dead 
(EWBG, some Leptogenesis) - can look SM like at 
low energies

v(T )

T
⌘ 
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Can also just postpone EWBG: 
see Baldes, Servant and Rattazzi, Vecchio 



COSMOLOGICAL CHANGES
• Avoid defects if you avoid phase transitions…

• Is decoupling any different? In principle yes

• For very large kappa, particles are non-relativistic 
instead of relativistic

m(T ) ⇠ gT
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Can enhance with
running �
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Even more interesting you can get exotic equations of state!



LARGE N SCALING CHANGES 
COLLIDER OBSERVABLES AS WELL

However, let’s look at the scaling for collider observables… 
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In the scaling limit the effects disappear!
Can we tell whether or not the early universe was in a 

SNR phase?



ANOTHER INTERESTING 
COMPLICATION

Can you confuse SNR with a strong FOPT? yes, up to triple higgs
One would have a strong gravitational wave signal, the other wouldn’t
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CONCLUSIONS

• Lots of interesting physics under the Higgs 
lamppost

• Need a new flowchart for thinking about triple 
Higgs couplings, but it is likely the most important 
measurement for understanding qualitative 
differences about our universe from particle 
perspective


