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“Cosmology and the LHC”?
• Big topic! Lots of possible connections 

• Since we don’t know anything from either colliders or 
cosmology/astrophysics about new physics near TeV 
scale, hard to say which ideas are most important 

• Two possible connections I think are important: 

• Dark matter (can we make it, or related particles, at the 
LHC)? 

• Electroweak phase transition (what can we learn about it 
from colliders?)



The Electroweak Phase 
Transition



Dynamics of Electroweak 
Breaking

Of course, this is the major LHC discovery so far: it looks 
like a weakly coupled, SM-like Higgs boson!

Tempting to extrapolate back and say we know something 
about the universe at temperatures at or above ~100 GeV.





Appealing 
image, but…



Guesswork!!
No data between 
inflation and 
BBN.



Caveat: What the LHC Can’t 
Tell Us About Cosmology

One sometimes encounters the claim (especially in popular 
media) that the LHC tells us about what the universe was like 
when the temperature was ~ 100 GeV. 
!
In detail, this isn’t true. For instance: was most of the energy 
in the universe in the form of massive particles or of 
radiation when the SM plasma had a temperature ~ 100 
GeV? Not only do we not know, the LHC can’t tell us. 
!
Particle with gravitational strength interactions and mass ~ 
100 TeV decays just before BBN: undetectable at colliders, 
could have dominated the universe at weak scale.



Higgs Measurements and 
Cosmology

Learning about the Higgs couplings, we might extrapolate: 
!
RG running: does the potential have other minima at large 
field values? Is there a mystery of why we’re in our minimum? 
!
Finite temperature: how does the potential change in a hot 
environment? What was the phase transition from unbroken to 
broken symmetry like? 
!
We need other data to tell us what the early universe was like 
(e.g. matter or radiation-dominated, what scale inflation 
happened at). But LHC (+ILC, FCC-ee…?) provides key data.



Higgs Potential Instabilities
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Figure 1: Renormalisation of the SM gauge couplings g1 =
p
5/3gY , g2, g3, of the top, bottom

and ⌧ couplings (yt, yb, y⌧), of the Higgs quartic coupling � and of the Higgs mass parameter m.
All parameters are defined in the ms scheme. We include two-loop thresholds at the weak scale
and three-loop RG equations. The thickness indicates the ±1� uncertainties in Mt,Mh,↵3.
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All Yukawa couplings, other than the one of the top quark, are very small. This is the well-
known flavour problem of the SM, which will not be investigated in this paper.

The three gauge couplings and the top Yukawa coupling remain perturbative and are fairly
weak at high energy, becoming roughly equal in the vicinity of the Planck mass. The near
equality of the gauge couplings may be viewed as an indicator of an underlying grand unification
even within the simple SM, once we allow for threshold corrections of the order of 10% around
a scale of about 1016 GeV (of course, in the spirit of this paper, we are disregarding the acute
naturalness problem). It is amusing to note that the ordering of the coupling constants at
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Running SM couplings: the 
big top Yukawa generates a 
rapid decrease in λ(μ). 
!
V(h) ~ λ(μ=h) h4.

Buttazzo et al., 1307.3536
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FIG. 1. The Higgs potential illustrated with the regimes of validity for various solutions for the Higgs

vacuum evolution during inflation: Coleman-de Luccia (CdL), Hawking-Moss (HM) and Fokker-Planck

(FP). Left: For H ⇠< ⇤max, the CdL tunneling or single bounce HM instanton yields the transition

probability. Right: For H � ⇤max, the potential barrier at ⇤max is irrelevant, and a stochastic random

walk approach is necessary until classical slow roll takes over at h = ⇤c (H = 10⇤max has been chosen).

The dashed curve in the right-hand panel shows the e↵ect of Planck-suppressed stabilizing terms to

the potential, which we study in Sec. IV. To illustrate the relative scale between the two panels, the

dashed lines show the region where the left panel fits into the right panel.

in both the understanding of the domain of validity and the implementation of the solutions,

as we discuss in more detail in Sec. II.

Once the probability distribution of the Higgs expectation value has been computed, the

next important question is its implication for the evolution of the universe. The HM or FP

probabilities give the distribution of vacua across the e3Ne causally disconnected Hubble patches

at the end of inflation. In the case that H ⇠< ⇤max, most of these Hubble patches will be in

the safe electroweak vacuum while, when H ⇠> ⇤max, most of the Hubble patches are in the

unstable vacuum. The probability that we evolve into a universe that looks like ours depends

on the evolution of the unstable vacuum patches once inflation ends. These regions exhibit a

large negative vacuum energy density, so will eventually transition to an anti-de Sitter (AdS)

phase and “crunch.” However, as they are at a lower energy density than the electroweak

vacuum regions, the crunching bubbles of true vacuum can also “eat” the false electroweak

4

Hook et al. 1404.5953

Unstable at 
“h”~109 GeV. 
(Careful about 
gauge 
dependence!)



Higgs Potential Instabilities

New result from Anders 
Andreassen,  Will Frost, and 
Matt Schwartz (1408.tonight): 
careful treatment of gauge 
dependence in effective 
potential calculation. Rules 
out absolute stability 
unless new physics below 
~1012 GeV. (Exp. sensitive 
to top mass!)

Metastability

Rapid instability

Possible stability
(Planck-sensitive)

�NP
=10

10

�NP
=10

12

�NP
=10

14

�NP
=10

16

�NP=
10
19

120 122 124 126 128 130 132
168

170

172

174

176

178

180

MHiggs

M
to
p

Scale of new physics: 

4

FIG. 3. Gauge dependence of the SM potential at its maxi-
mum with mpole

h = 125.14 GeV and mpole

t = 173.34 GeV.

Note that �Vmin corresponds to an energy density well
above the Planck scale. Thus, the potential at the mini-
mum will surely be e↵ected by quantum gravity and pos-
sible new physics not included in our calculation. Previ-
ous analyses have defined stability to be Planck-sensitive
if the instability scale ⇤I > MPl [1, 2]. As we have ob-
served, the instability scale is gauge dependent, so this
is not a consistent criterion. An alternative criterion is
that new operator, such as O6 ⌘ 1

⇤2
NP

h6 be comparable

to Vmin when h = hhi. Although O6 and Vmin are gauge-
invariant, the value of O6 at the field value h where the
minimum occurs is gauge dependent, so this condition
is also unsatisfactory. A consistent and satisfactory cri-
terion was explained in [13]: the new operator must be
added to the classical theory and its e↵ect on Vmin eval-
uated.

Adding O6 to the potential, we find that the the po-
tential is still negative at its minimum in the SM even
for operators with very large coe�cients. For example,
taking ⇤NP = MPl = 1.22 ⇥ 1019 GeV, we find that
µmin
X = 6.0 ⇥ 1017 GeV and Vmin = �(1.1 ⇥ 1017 GeV)4.

Comparing to Eq. (12) we see that the energy of the true
vacuum is very Planck-sensitive.

More generally, a good fit is given by

Vmin = �(0.01⇤NP)
4, ⇤NP & 1012 GeV (13)

When ⇤NP < 3.6⇥1012 GeV, Vmin becomes positive and
for ⇤NP < 3.1 ⇥ 1012 GeV the maximum and minimum
disappear. Thus the stability of the Standard Model can
be modified by new physics at the scale 1012 GeV.

If we vary the Higgs and top masses in the Standard
Model, we can compute the boundary of absolute sta-
bility. This bound is shown in Fig 4. The dotted lines
show where Vmin becomes positive when in the presence
of O6 for the indicated value of ⇤NP. Unexpectedly,
we find that three independent conditions (1) that Vmin

goes to zero, (2) that Eq. (5) have no solution, and (3)
that Vmin goes positive when ⇤NP = MPl all give nearly
identical boundaries in the mpole

h /mpole
t plane. Know-

ing that quantum gravity is relevant at MPl, we should

FIG. 4. Boundaries of absolute stability (lower solid line,
NLO) and metastability (upper solid line, LO). Dotted lines
are scales in GeV at which V

min

can be lifted positive by new
physics. The elliptical contours are 1�, 2� and 3� uncertain-
ties on the Higgs and top masses: mpole

h = (125.14±0.23) GeV

and mpole

t = (173.34± 0.76) GeV.

therefore be cautious about giving too strong of an in-
terpretation of the perturbative absolute stability bound
in the SM. We also show in this plot the metastability
bound, that the lifetime of our vacuum be larger than
the age of the universe. At lowest order this translates to
�( 1

R )�1 < �14.53 + 0.153 ln[RGeV] for all R [26]. Since
�(µ) is gauge invariant, so is this criterion. Although for
the Standard Model this approximation is probably suf-
ficient, it has not been demonstrated that the bound can
be systematically improved in a guage-invariant way [27].

In this paper, we have only discussed a single physical
feature of the e↵ective action: the value of the e↵ective
potential at its extrema. There is of course much more
content in the e↵ective action, especially when tempera-
ture dependence is included. Unfortunately, many uses
of the e↵ective action involve evaluating it for particu-
lar field configurations, a procedure that has repeatedly
been shown to be gauge-dependent. For example, the
gauge-dependence of various quantities associated with
the electroweak phase transition were discussed [16] and
various predictions of Higgs inflation models [28] in [17].

Since observables such as the gravitational wave spec-
trum or the size of tensor fluctuations in the cosmic mi-
crowave background can in principle be predicted within
quantum field theory, it should be possible to at least set
up such calculations in a way that does not depend on
arbitrary gauge or scale choices in the e↵ective action.
Questions which involve other parts of the e↵ective ac-
tion besides the potential provide new opportunities for
cancellation. For example, after the Z-factors are added
according to the LSZ reduction theorem, S-matrix ele-
ments calculated from the e↵ective action are appropri-



Higgs Potential Instabilities
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FIG. 1. The Higgs potential illustrated with the regimes of validity for various solutions for the Higgs

vacuum evolution during inflation: Coleman-de Luccia (CdL), Hawking-Moss (HM) and Fokker-Planck

(FP). Left: For H ⇠< ⇤max, the CdL tunneling or single bounce HM instanton yields the transition

probability. Right: For H � ⇤max, the potential barrier at ⇤max is irrelevant, and a stochastic random

walk approach is necessary until classical slow roll takes over at h = ⇤c (H = 10⇤max has been chosen).

The dashed curve in the right-hand panel shows the e↵ect of Planck-suppressed stabilizing terms to

the potential, which we study in Sec. IV. To illustrate the relative scale between the two panels, the

dashed lines show the region where the left panel fits into the right panel.

in both the understanding of the domain of validity and the implementation of the solutions,

as we discuss in more detail in Sec. II.

Once the probability distribution of the Higgs expectation value has been computed, the

next important question is its implication for the evolution of the universe. The HM or FP

probabilities give the distribution of vacua across the e3Ne causally disconnected Hubble patches

at the end of inflation. In the case that H ⇠< ⇤max, most of these Hubble patches will be in

the safe electroweak vacuum while, when H ⇠> ⇤max, most of the Hubble patches are in the

unstable vacuum. The probability that we evolve into a universe that looks like ours depends

on the evolution of the unstable vacuum patches once inflation ends. These regions exhibit a

large negative vacuum energy density, so will eventually transition to an anti-de Sitter (AdS)

phase and “crunch.” However, as they are at a lower energy density than the electroweak

vacuum regions, the crunching bubbles of true vacuum can also “eat” the false electroweak

4

Hook, Kearney, Shakya, Zurek 1404.5953

During inflation: fields lighter than ~ Hubble have quantum 
fluctuations of order Hubble. If Hubble >> scale of Higgs 
instability, Higgs can fluctuate over the hill! But: order-one 
Planck-suppressed operators remove the problem.



Higgs Potential Instabilities: 
Lesson?

If we extrapolate the Standard Model to very high scales, it 
looks like it’s consistent cosmologically: we can safely live 
in our vacuum for a long time. 
!
But it’s surprisingly close to the absolute stability boundary. 
Is this telling us anything deep? I haven’t yet seen any 
suggestions of what it could mean that appear compelling 
to me, but it’s something to keep an eye on.



Electroweak Phase 
Transition

At finite temperature, the Higgs potential changes. Particles 
in the environment whose masses depend on the Higgs VEV 
will influence the Higgs field.  
!
Qualitatively: becomes thermodynamically preferred to put 
the VEV at zero, because exciting all the massive particles at 
nonzero VEV is expensive. 
!
Calculable (Dolan, Jackiw; Weinberg; 1974).



Electroweak Phase 
Transition

One major question: was the transition first-order, or not?

Baryogenesis 31

determined by the behavior of the Higgs potential at finite temperature, as shown
in figure 10. In a first order transition, the potential develops a bump which sep-
arates the symmetric and broken phases, while in a second order transition or a
smooth cross-over there is no bump, merely a change in sign of the curvature of
the potential at H = 0. The critical temperature Tc is defined to be the tem-
perature at which the two minima are degenerate in the first order case, or the
temperature at which V ′′(0) = 0 in the second order case.

V

H

T>Tc

T=Tc

T<Tc

V

H

T>Tc

T<Tc

T=Tc

Fig. 10. Schematic illustration of Higgs potential evolution with temperature for first (left) and second
(right) order phase transition.

A first order transition proceeds by bubble nucleation (fig. 11), where inside
the bubbles the Higgs VEV and particle masses are nonzero, while they are still
vanishing in the exterior symmetric phase. The bubbles expand to eventually
collide and fill all of space. If the Higgs VEV v is large enough inside the bub-
bles, sphalerons can be out of equilibrium in the interior regions, while still in
equilibrium outside of the bubbles. A rough analogy to GUT baryogenesis is that
sphalerons outside the bubbles correspond to B-violating Y boson decays, which
are fast, while sphalerons inside the bubbles are like the B-violating inverse Y de-
cays. The latter should be slow; otherwise they will relax the baryon asymmetry
back to zero.
In a second order EWPT, even though the sphalerons go from being in equi-

librium to out of equilibrium, they do so in a continuous way, and uniformly
throughout space. To see why the difference between these two situations is im-
portant, we can sketch the basic mechanism of electroweak baryogenesis, due to
Cohen, Kaplan and Nelson [32]. The situation is illustrated in figure 12, which
portrays a section of a bubble wall moving to the right. Because of CP-violating
interactions in the bubble wall, we get different amounts of quantum mechanical
reflection of right- and left-handed quarks (or of quarks and antiquarks). This
leads to a chiral asymmetry in the vicinity of the wall. There is an excess of

first order second order

Figure from Cline, 
hep-ph/0609145

For strongly first-order transition, need a cubic term ~TH3 to 
dominate over terms ~T2H2. Turns out in SM this only 
happens for very light Higgs bosons.



Electroweak Baryogenesis

Electroweak baryogenesis 3

<ϕ> = 0
<ϕ> = 0

<ϕ> = 0

<ϕ> = 0

Figure 1. Expanding bubbles of electroweak-broken phase within the surrounding
plasma in the electroweak-symmetric phase.

first impediment is that the SM electroweak phase transition is first-order only if the

mass of the Higgs boson lies below mh . 70 GeV [18, 19]. This is much less than

the current experimental lower bound of mh > 115.5 GeV [20, 21]. Even if the phase

transition were first order, the CP violation induced by the CKM phase does not appear

to be su�cient to generate large enough chiral asymmetries [22, 23, 24].

Therefore an essential feature of all viable realizations of EWBG is new physics

beyond the Standard Model (SM). This beyond the SM (BSM) physics must couple

to the SM with at least a moderate strength, and it must be abundant in the thermal

plasma at the time of the electroweak phase transition. Together, these two conditions

imply the existence of new particles with masses not too far above the electroweak

scale and direct couplings to the SM. Thus, a generic prediction of EWBG is that new

phenomena should be discovered in upcoming collider and precision experiments. It is

this property that sets EWBG apart from many other mechanisms of baryon creation.

Because of the prospects for experimental probes of EWBG, it is particularly

important to achieve the most robust theoretical predictions for the baryon asymmetry

within this framework as well as for the associated phenomenological implications

within specific BSM scenarios. Consequently, we review both progress in developing

the theoretical machinery used for computations of the baryon asymmetry as well

as developments on the phenomenological front. The former entail a mix of non-

perturbative Monte Carlo studies and various perturbative approximations. Work on

the phenomenological side includes applications to specific BSM scenarios, such as the

Minimal Supersymmetric Standard Model (MSSM), and the delineation of consequences

for collider studies, low-energy probes of CP-violation, and astrophysical observations.

The plan for this review is as follows. In Section 2 we discuss the electroweak phase

transition in greater depth, concentrating on its strength and other characteristics. Next,

in Section 3 we describe in more detail the creation of asymmetries in the CP and baryon

charges during the phase transition. Some of the ways the new ingredients required for

EWBG can be studied in the laboratory are studied in Section 4. Finally, Section 5 is

reserved for our conclusions.

Electroweak baryogenesis 4
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Figure 2. Baryon production in front of the bubble walls.

2. The electroweak phase transition

Baryon creation in EWBG is closely tied to the dynamics of the electroweak phase

transition (EWPT). In this transition, the thermal plasma goes from a symmetric state

in which the full SU(2)L ⇥ U(1)Y gauge invariance is manifest to a broken one where

only the U(1)em electroweak subgroup remains [11, 13, 14]. As discussed above, the

transition must be first-order and proceed through the nucleation of bubbles of the

broken phase. In this section we will discuss the dynamics of this phase transition and

describe the role it plays in EWBG.

The transition from symmetric to broken phase in the SM can be characterized by

the vacuum expectation value (VEV) of the Higgs field H ⌘ (H+, H0)T that transforms

as (1,2, 1/2) under SU(3)c ⇥ SU(2)L ⇥U(1)Y . A field basis can always be chosen such

that only the real component of H0 develops a non-zero expectation value. Thus, we

will write

�/
p
2 ⌘ hH0i . (1)

The symmetric phase corresponds to � = 0 and the broken phase to � 6= 0. Note that

(in unitary gauge) the masses of the W± and Z0 weak vector bosons and the fermions

are proportional to �.

The features of this transition that are most relevant for EWBG are (a) its character

(first order, second order, cross over); (b) the critical temperature Tc and the bubble

nucleation temperature Tn that describe when it occurs; (c) the sphaleron transition rate

�
sph

that governs the rate of baryon number generation and washout; and (d) the bubble

nucleation rate. These features have been studied using a broad range of theoretic tools.

The most robust computations of many of these quantities are performed using

non-perturbative, Monte Carlo methods. However, given the level of e↵ort required

to perform such studies, they have only been applied to a few specific theories of

magnify:

Figures from review by David Morrissey and Michael Ramsey-Musolf, arxiv:
1206.2924. Proposed by Kuzmin, Rubakov, Shaposhnikov in 1985. See e.g. work 
by Cohen, Kaplan, Nelson 1990/1; MSSM: recent reviews Carena, Nardini, 
Quiros, Wagner 0809.3760; 1207.6330

Physics happens at the walls of bubbles of EWK-breaking 
vacuum percolating within the EWK-preserving surroundings:



Electroweak Phase 
Transition

A strongly first-order phase transition requires new physics 
that substantially alters the finite-temperature Higgs 
potential. Either Higgs couples differently to SM particles or 
couples to beyond-SM particles. Either way, precision Higgs 
tests should see effects!

Cohen, Morrissey, Pierce 1203.2924 
Effect of color triplet on Higgs potential. 
Thick black line: strongly first-order 
transition. 
Red contours: enhanced gluon fusion to 
diphoton rate. 
Q: quartic |H|2|stop|2 coupling.
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Figure 4: Contours of �C/TC [black, solid lines] and � ⇥ BR [red, dotted lines] in the

�sgn
�
M2

X

�q
|M2

X | vs. Q plane for the MSSM-like model. On the left (right) we have taken

the Higgs boson mass to be 115 GeV (125 GeV). The yellow region shows the range of parameters
for which the Universe would have evolved to a charge-color breaking vacuum. For details, see
Fig. 1.

6 Collider Signals

We have demonstrated that a strongly first-order electroweak phase transition can be induced
by a new colored scalar. To do so e↵ectively, the new state must be relatively light with
a mass below about mX . 200GeV. Such a particle would be produced abundantly at
both the Tevatron and the LHC, and one might wonder if its existence can be consistent
with direct collider searches. We have also found that this new scalar necessarily induces
significant changes in the production and decay properties of the Higgs. In this section, we
consider both of these collider signals.

6.1 X Signals

The collider signals of a new colored scalar depend very strongly on how it decays. While the
gauge couplings of the scalar are fixed by its representation, the couplings to matter fields
are not, and the specific decay modes depend on other new particles present in the theory,
i.e. the signals of X are highly model-dependent. We consider several possibilities.

A challenging possibility is that the new scalar decays to light jets, X ! jj. This
could arise from a X qiqj coupling, analogous to a U cDcDc superpotential coupling in
supersymmetry. A search for decays of this type was performed by ATLAS with limited

12



Electroweak Phase 
Transition

Given that naturalness is inherently fuzzy (do we worry with 
factor of 100 tuning? 1000? 10,000?), it’s interesting to think 
about questions we can get a sharp answer to with future 
colliders. 
!
“Is the electroweak phase transition first-order?” seems like 
a question that the LHC can almost settle (looks like “no” so 
far), and conceivable future colliders probably can 
definitively settle.



Dark Matter and the LHC



�CDM: a remarkably successful theory on large scales
Planck Collaboration: The Planck mission
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Fig. 19. The temperature angular power spectrum of the primary CMB from Planck, showing a precise measurement of seven acoustic peaks, that
are well fit by a simple six-parameter⇤CDM theoretical model (the model plotted is the one labelled [Planck+WP+highL] in Planck Collaboration
XVI (2013)). The shaded area around the best-fit curve represents cosmic variance, including the sky cut used. The error bars on individual points
also include cosmic variance. The horizontal axis is logarithmic up to ` = 50, and linear beyond. The vertical scale is `(`+ 1)Cl/2⇡. The measured
spectrum shown here is exactly the same as the one shown in Fig. 1 of Planck Collaboration XVI (2013), but it has been rebinned to show better
the low-` region.
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Fig. 20. The temperature angular power spectrum of the CMB, esti-
mated from the SMICA Planck map. The model plotted is the one la-
belled [Planck+WP+highL] in Planck Collaboration XVI (2013). The
shaded area around the best-fit curve represents cosmic variance, in-
cluding the sky cut used. The error bars on individual points do not in-
clude cosmic variance. The horizontal axis is logarithmic up to ` = 50,
and linear beyond. The vertical scale is `(` + 1)Cl/2⇡. The binning
scheme is the same as in Fig. 19.

8.1.1. Main catalogue

The Planck Catalogue of Compact Sources (PCCS, Planck
Collaboration XXVIII (2013)) is a list of compact sources de-

tected by Planck over the entire sky, and which therefore con-
tains both Galactic and extragalactic objects. No polarization in-
formation is provided for the sources at this time. The PCCS
di↵ers from the ERCSC in its extraction philosophy: more e↵ort
has been made on the completeness of the catalogue, without re-
ducing notably the reliability of the detected sources, whereas
the ERCSC was built in the spirit of releasing a reliable catalog
suitable for quick follow-up (in particular with the short-lived
Herschel telescope). The greater amount of data, di↵erent selec-
tion process and the improvements in the calibration and map-
making processing (references) help the PCCS to improve the
performance (in depth and numbers) with respect to the previ-
ous ERCSC.

The sources were extracted from the 2013 Planck frequency
maps (Sect. 6), which include data acquired over more than two
sky coverages. This implies that the flux densities of most of
the sources are an average of three or more di↵erent observa-
tions over a period of 15.5 months. The Mexican Hat Wavelet
algorithm (López-Caniego et al. 2006) has been selected as the
baseline method for the production of the PCCS. However, one
additional methods, MTXF (González-Nuevo et al. 2006) was
implemented in order to support the validation and characteriza-
tion of the PCCS.

The source selection for the PCCS is made on the basis of
Signal-to-Noise Ratio (SNR). However, the properties of the
background in the Planck maps vary substantially depending on
frequency and part of the sky. Up to 217 GHz, the CMB is the
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95% of the Universe is “beyond the Standard Model” physics
Image: Planck / ESA / NASA

�CDM: a remarkably successful theory on large scales
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It’s most of the mass in the 
universe, gives precise fits to 
structure formation and the 
CMB.... But what is it?

What is Dark Matter?



Why Dark Matter and LHC?
It’s entirely possible that DM interacts with us only 
gravitationally, or otherwise through very weak forces (e.g. 
axions). Why should we think it might have anything to do 
with the LHC? 
!
Three (not necessarily mutually consistent) semi-empirical 
motivations for DM being in reach colliders: 
1. “WIMP miracle” 
2. Coincidence of DM and baryon abundances 
3. Self-interacting DM hints



Dark matter in 
equilibrium with 
the SM tracks 
thermal 
abundance until 
the Hubble 
expansion is 
faster than the 
interactions

⌦DMh2 ⇡ 0.1

✓
3⇥ 10�26 cm3/s

h�vi

◆
.

Thermal Freezeout

“WIMP miracle”



Neutralinos: superpartners of photon, Z, and Higgs.
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Figure 4: Some annihilation modes
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Wino and higgsino: in SU(2) 
multiplets; can annihilate a lot. 	

!

Thermal relic abundance is 
underpopulated unless they’re 
heavy (about 1 TeV for higgsinos or 
3 TeV for winos), e.g.:

⌦
�v(�� ! W+W�

)

↵
⇡ 3⇥ 10

�24 cm
3

s

for m� ⇡ 140 GeV

MSSM Dark Matter



Bino: overpopulates, unless slepton 
is very light or degenerate within 
5% for coannihilation.

Viable MSSM dark matter :	

- heavy (bottom of spectrum at 1 or 3 TeV)	

- coannihilation to boost relic abundance of a mostly-
bino state	

- delicate mixing of wino/higgsino and bino to get 
thermal abundance (“well-tempered”)	

- non-thermal relic abundance
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MSSM Dark Matter

Begins to look like less of a miracle after all.



DM Complementarity
LUX bounds are ruling out WIMP-nucleon cross sections 
of around 10-45 cm2. What does this mean?
1310.8214

5

0.64 ± 0.16 events from ER leakage are expected below
the NR mean, for the search dataset. The spatial
distribution of the events matches that expected from the
ER backgrounds in full detector simulations. We select
the upper bound of 30 phe (S1) for the signal estimation
analysis to avoid additional background from the 5 keV

ee

x-ray from 127Xe.
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FIG. 4. The LUX WIMP signal region. Events in the
118 kg fiducial volume during the 85.3 live-day exposure are
shown. Lines as shown in Fig. 3, with vertical dashed cyan
lines showing the 2-30 phe range used for the signal estimation
analysis.

Confidence intervals on the spin-independent WIMP-
nucleon cross section are set using a profile likelihood
ratio (PLR) test statistic [35], exploiting the separation
of signal and background distributions in four physical
quantities: radius, depth, light (S1), and charge (S2).
The fit is made over the parameter of interest plus three
Gaussian-constrained nuisance parameters which encode
uncertainty in the rates of 127Xe, �-rays from internal
components and the combination of 214Pb and 85Kr.
The distributions, in the observed quantities, of the four
model components are as described above and do not
vary in the fit: with the non-uniform spatial distributions
of �-ray backgrounds and x-ray lines from 127Xe obtained
from energy-deposition simulations [31].

The energy spectrum of WIMP-nucleus recoils is
modeled using a standard isothermal Maxwellian velocity
distribution [36], with v

0

= 220 km/s; v
esc

= 544 km/s;
⇢

0

= 0.3 GeV/c

3; average Earth velocity of 245 km s�1,
and Helm form factor [37, 38]. We conservatively model
no signal below 3.0 keV

nr

(the lowest energy for which
direct NR yield measurements exist [30, 40]). We do
not profile the uncertainties in NR yield, assuming a
model which provides excellent agreement with LUX
data (Fig. 1 and [39]), in addition to being conservative
compared to past works [23]. We also do not account
for uncertainties in astrophysical parameters, which are
beyond the scope of this work. Signal models in S1 and S2

are obtained for each WIMP mass from full simulations.
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FIG. 5. The LUX 90% confidence limit on the spin-
independent elastic WIMP-nucleon cross section (blue),
together with the ±1� variation from repeated trials, where
trials fluctuating below the expected number of events for
zero BG are forced to 2.3 (blue shaded). We also show
Edelweiss II [41] (dark yellow line), CDMS II [42] (green line),
ZEPLIN-III [43] (magenta line) and XENON100 100 live-
day [44] (orange line), and 225 live-day [45] (red line) results.
The inset (same axis units) also shows the regions measured
from annual modulation in CoGeNT [46] (light red, shaded),
along with exclusion limits from low threshold re-analysis
of CDMS II data [47] (upper green line), 95% allowed
region from CDMS II silicon detectors [48] (green shaded)
and centroid (green x), 90% allowed region from CRESST
II [49] (yellow shaded) and DAMA/LIBRA allowed region [50]
interpreted by [51] (grey shaded).

The observed PLR for zero signal is entirely consistent
with its simulated distribution, giving a p-value for the
background-only hypothesis of 0.35. The 90% C. L.
upper limit on the number of expected signal events
ranges, over WIMP masses, from 2.4 to 5.3. A variation
of one standard deviation in detection e�ciency shifts
the limit by an average of only 5%. The systematic
uncertainty in the position of the NR band was estimated
by averaging the di↵erence between the centroids of
simulated and observed AmBe data in log(S2b/S1). This
yielded an uncertainty of 0.044 in the centroid, which
propagates to a maximum uncertainty of 25% in the high
mass limit.
The 90% upper C. L. cross sections for spin-

independent WIMP models are thus shown in Fig. 5
with a minimum cross section of 7.6⇥10�46 cm2 for a
WIMP mass of 33 GeV/c2. This represents a significant
improvement over the sensitivities of earlier searches [42,
43, 45, 46]. The low energy threshold of LUX permits
direct testing of low mass WIMP hypotheses where
there are potential hints of signal [42, 46, 49, 50].

E.g. a scalar with quartic 
coupling λ|S|2|H|2:
� ⇡ �2 ⇥

✓
100 GeV

MDM

◆2

⇥ 3⇥ 10�44 cm2

Higgs exchange is 
what direct detection 
experiments are 
probing now.
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Figure 4: Current limits on bino/Higgsino DM with ⌦� = ⌦
obs

for tan � = 2 (upper), 20

(lower). Dotted brown lines are contours of ⌦(th)

� /⌦
obs

, and the brown band shows the region

having ⌦(th)

� within ±3� of ⌦
obs

. Regions above (below) the brown band require an enhancement
(dilution) of the DM abundance after freeze-out. Regions currently excluded by XENON100,
IceCube, Fermi, and LEP are shaded. The black dashed line is the SI blind spot, ch�� = 0, and
is close to (far from) the brown band for low (high) tan�.
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Cheung/Hall/Pinner/Ruderman 1211.4873: much of mixed 
bino-higgsino thermal relic space is ruled out, but blind spots 
for direct detection exist.



DM Complementarity
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Figure 9: Left: fits to the invisible Higgs boson branching fraction under the two di↵erent

assumptions described in section 5.8. The full fit (continuos curves) is well approximated by

the universal fit (dotted curves). Right: upper limit on the spin-independent DM cross section

on nucleons as a function of the DM mass for scalar (green), Majorana fermion (red) and

vector (blue) DM. We adopted the 95% C.L. bounds BR
inv

< 0.24 (solid, eq. (27)) and < 0.34

(dot-dashed, eq. (28)). The shaded region is excluded at 90% C.L. by Xenon100 [49].

5.8 Higgs boson invisible width

Next, we allow for a Higgs boson invisible width, for example into Dark Matter. We perform

two fits.

1. In the first fit, the invisible Higgs width is the only new physics. We find (blue curves

in fig. 9a) that present data imply BR
inv

= �0.07 ± 0.15. The one-sided upper bound,

computed restricting to 0  BR
inv

 1, is

BR
inv

< 0.24 at 95% C.L. (27)

2. In addition to the invisible width we also allow for non-standard values of h ! �� and

h $ gg, finding a weaker constraint on BR
inv

(red curves in fig. 9a)

BR
inv

< 0.34 at 95% C.L. (28)

The reason is that an enhanced gg ! h production rate can partially compensate for an

invisible Higgs width, but a full compensation would be possible only by enhancing all

production rates by the same amount. The Higgs coupling to vectors is independently

measured to agree with SM predictions from electroweak precision data.

Notice that the main constraint con BR
inv

does not come from the direct search for pp ! Zh !
`` /ET (included in our data-set) but from the global fit [8, 46].
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XENON/LUX don’t work well 
for sufficiently light DM; it 
doesn’t have enough kinetic 
energy to give the nucleus a 
detectable kick. 
!
But colliders are ideal in this 
regime: the Higgs would 
decay to these light DM 
particles!



There can be weakly-interacting particles with neither Z- 
nor Higgs-mediated interactions, but with W loops.	

E.g. supersymmetric “winos”:

h0

χ∼ 0 χ∼ 0 χ∼ 0 χ∼ 0χ∼− χ∼−

W-
W-

W-

q q’ q

(a) (b)

q q

Figure 1: One-loop contributions to effective interactions of Wino LSP and light quarks.
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h0
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Figure 2: Two-loop contributions to interactions of Wino LSP and gluon. Here, Q and q
represent heavy and light quarks, respectively.

are zero, as

gH(x) ≃ −2π ,

gAV(x) ≃
√
x

6
π ,

gT1(x) ≃
π

3
,

gT2(x) ≃ −
√
x

6
. (18)

Next, let us discuss the effective interactions of the Wino LSP and gluon. As we
discussed in the previous section, the O(αs) correction to fG in Eq. (3) is relevant at the
leading order though it is induced by two-loop order. Three types of diagrams in Fig. 2
contribute to fG. The diagram (a) includes heavy quark loop (Q = c, b, t). The heavy
quark content of the nucleon is related to the gluon condensate as [22]

⟨N |mQQ̄Q|N⟩ = −
αs

12π
⟨N |Ga

µνG
aµν |N⟩ . (19)

6

� <⇠ 10�47 cm2Hisano et al. 1004.4090

Down in the neutrino background. Even “WIMPs” 
may not show up at XENON/LUX!

(beware sign mistakes 
leading to false optimism 
in earlier refs)

Direct Detection Rates

Colliders, indirect detection needed: complementarity



Real models generally have non-minimal signatures.

Lots of recent excitement about minimal 
signatures
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WIMPS at Colliders



For instance, in MSSM we either had coannihilation 
or an SU(2) multiplet. Either way, more particles 
around. Dark matter + “Friends of dark matter” 
!
SU(2)L multiplets by definition involve multiple 
states, some charged
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Wino charged -> neutral: disappearing track

Higgsino charged -> neutral, neutral -> neutral: 
soft leptons or jets

(tree-level dim 7)
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SU(2) multiplet (WIMP) production channels
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Almost never DM—DM. Always DM—“DM-
friend” or “DM friend”—“DM friend” 
!
Not mono-jet, but “mono-jet + Y”: Y = 
disappearing track or soft lepton
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Minimal signatures for non-minimal DM?

If DM is not an SU(2)L multiplet, these interactions are 
usually high-dim. operators. We integrated something 
out. Often can look for that thing: additional 
nonminimal signatures.
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FIG. 7. The constraint on the allowed ∆mχ̃1
–mχ̃±

1

space of

the AMSB model for tan β = 5 and µ > 0. The dashed line
shows the expected limits at 95% CL, with the surrounding
shaded band indicating the 1σ exclusions due to experimental
uncertainties. Observed limits are indicated by the solid bold
contour representing the nominal limit and the narrow sur-
rounding shaded band is obtained by varying the cross-section
by the theoretical scale and PDF uncertainties. The previous
result from Ref. [8] and an example of the limits achieved at
LEP2 by the ALEPH experiment [9] are also shown on the
left by the dotted line and the shaded region, respectively.
Charginos in the lower shaded region could have significantly
longer lifetime values for which this analysis has no sensitivity
as the chargino does not decay within the tracking volume.
For this region of long-lived charginos, the limits achieved at
LEP2 by the ALEPH experiment is 101 GeV [9].
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nonminimal signature.

(Higgsinos are tougher 
because the soft stuff doesn’t 
help a lot. LHC still no better 
than LEP for higgsinos.)



profiles with softened cusps such as cored profiles.
In setting the bounds, we neglected the energy differences of photons in �� and �Z final states for m �̃0 � 200

GeV, assuming the two final states contribute to a single line-like feature in the fit. The energy of the photon in the
�Z final state is larger than that of the photons in �� by an amount

�m =
m 2

Z

4m �̃0
⇡ 10 GeV

Ç
200GeV

m �̃0

å2
. (7)

Given the current energy resolutions of both experiments ⇠> 10 GeV, this is a reasonable approximation for m �̃0 �
200 GeV [53, 58]. For 100 GeV m �̃0 < 200 GeV, we consider only the contribution of the process ending in �Z to
the photon line flux because it is about 2.5�2.8 times that of the process leading to ��.

From Fig. 3, we can see that if dark matter is purely wino, the constraint from line searches rules out winos in the
range (100�300)GeV and (500 GeV�3 TeV), with (700 GeV�1.4 TeV) less constrained or unconstrained depending
on the astrophysical parameters. Combined with constraints from continuum photons from galactic center,
pure wino dark matter in the whole range from 100 GeV to 3 TeV (with the possible exception of a range between
700 GeV and 1.4 TeV) is ruled out for both NFW and Einasto profiles, allowing astrophysical parameters to vary
in the 2� range in [49].

Wino thermal relic
HESS line H1301.1173L
Fermi line H1305.5597L
Fermi dwarf 4 yrs
Hooper et. al. GCH1209.3015L
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Figure 4: Constraints on the relic abundance of wino dark matter (i.e., a wino component in a scenario with multiple dark
matter particles). The burgundy dashed curve is the thermal relic abundance of winos calculated in [21, 22]. The other curves
are constraints from different indirect detection searches. Black dot-dashed: Fermi dwarf galaxy; purple line and bands: Fermi
line search assuming NFW profile with ⇢(r�) = 0.4 GeV/cm3 with r� = 8 kpc (purple solid line), NFW profile with varying ⇢(r�)
(purple band), Einasto profile with varying ⇢(r�) (lighter purple band); green line and bands: HESS line search assuming NFW
profile with ⇢(r�) = 0.4 GeV/cm3 with r� = 8 kpc (green solid line), NFW profile with varying ⇢(r�) (green band), Einasto profile
with varying⇢(r�) (lighter green band); blue line and bands: Fermi galactic center continuum search analyzed in [42] assuming
NFW profile with ⇢(r�) = 0.4 GeV/cm3 with r� = 8 kpc (blue solid line), NFW profile with varying ⇢(r�) (blue band), Einasto
profile with varying ⇢(r�) (lighter blue band). The vertical dashed orange line marks the wino with thermal relic abundance
⌦thermalh2 = 0.12.

In Fig. 4, we present constraints from various indirect searches using photons on the relic abundance of a wino
dark matter component. In the plot, we also plotted the wino thermal relic abundance calculated in [21, 22]. From
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Covers a 
broader mass 
range than 
colliders, but 
only if large 
fraction of 
DM. 

Not reaching 
thermal 

abundance

Indirect Detection of Wino 
Dark Matter: Gamma Rays

J. Fan, MR 1307.4400; see also T. Cohen, M. Lisanti, A. Pierce, T. Slatyer 1307.4082



What To Do With The 
Bounds?

A lot of well-motivated swaths of SUSY dark matter parameter 
space are already ruled out by direct or indirect detection. 
!
SUSY is motivated by naturalness (now swallowing mild 
tuning) and gauge coupling unification. Models that look 
good except for DM can be patched up: it could be that the 
would-be-problematic DM decays, either through R-parity 
violation or through an R-parity conserving hidden valley. 
!
Lifetimes that are long on collider scales can be short 
relative to BBN, so keep looking for both prompt decays, 
displaced decays, and no decay at all.



When it comes to empirically-motivated models that 
put dark matter masses in a range that might be 
probed at colliders, WIMPs aren’t the only game in 
town. 
!
I’ll briefly mention two other possibilities.



Asymmetric Dark Matter
In recent years many model-builders have considered 
that dark matter may also have an asymmetry-- more 
dark matter than anti-dark matter.

�n� = n� � n�̄ 6= 0

Some physics in the early universe establishes
n�, n�̄, nB , nB̄

In general, asymmetries                 convert into each other. �n�,�nB

Often assumed symmetric component annihilates 
completely; today have     but no    .  � �̄



Asymmetric Dark Matter

Models of this type often have the feature:	

!

- DM asymmetry and baryon asymmetry are equal up 
to a calculable order-one factor	

- Then                       and   	

- As a result, we expect dark matter masses

n
DM

⇠ n
baryon

⇢
DM

⇡ 5⇢
baryon

m
DM

⇠ m
baryon

So, frequently (not always!) predict dark matter masses in 
the ~1 to 10 GeV range.

The idea has a long history, with an essentially modern version proposed by David B 
Kaplan in 1992 and recent activity kicked off by David E Kaplan, Markus Luty, and Kathryn 
Zurek in 0901.4117.



Self-Interacting Dark Matter
There are possible hints of dark matter self-interactions, e.g. 
from presence of cores in DM distribution in dwarf galaxies.

�CDM predictions
“Universal” profile for dark matter halos
[Navarro, Frenk, & White (NFW) 1996, 1997; also Dubinski & Carlberg 1991]:

1/r3

1/r

⇢(x ⌘ r

r�2
) =

⇢0

x (1 + x)2

Profile defined by 2 parameters:
(⇢0, r�2) or (Mvir, cvir)

NFW profile (Navarro, Frenk, 
White 1993) with cusp: 
robust outcome of N-body 
simulations of dark matter 
only. 
!
Data in dwarf satellites 
favors a core. SIDM, or 
baryonic effects?

“cusp”

“core”



Self-Interacting Dark Matter
The cross sections required, if SIDM is the right explanation 
for the hints in data, are large by particle physics 
standards: 
!
σ ~ 0.1 barn (mDM / GeV). 
!
Model-dependent translation into mass and couplings, but 
e.g. for glueball (strong, point-like interaction): 
!
σ ~ 4π/mDM2, so mDM ~ 100 MeV. (Other cases may have, 
e.g., Rutherford 1/v4 enhancement, so larger masses.) 
!
But: generally not too far above weak scale, if SIDM is to 
explain data. (Caveat: coupling to SM not guaranteed.)



Outlook

There are about as many possible LHC/cosmology 
connections as there are models of new physics. 
!
It’s hard to forecast where we’re going, but there is a lot of 
potential for excitement given the very different 
complementary probes we can bring to bear if new physics 
exists near the weak scale. 
!
Let’s keep digging for signals!


