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My basic plan is to start at high energy phenomena and move my way down, 
exploring some of the many connections that exist at different scales.  

This will necessarily be idiosyncratic and incomplete!
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Understanding the particle physics of dark matter should allow us to
reconstruct how it is produced, and potentially provides access to information 

about the Universe at times before nucleosynthesis.

Dark Matter



So what is Dark Matter?
• Dark matter is a key component 

necessary to understand the evolution 
of the Universe.

• Particle physicists need to know how it 
fits into the Standard Model.

• Cosmologists need to know its 
properties such as whether it interacts, 
can dissipate energy, etc.

• What do we know about it?

• Dark (neutral)

• Massive

• Still around today.
“Cold Dark Matter: An Exploded View” by Cornelia Parker
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WIMP Dark Matter
• One very attractive proposal for dark matter is 

that it is a Weakly Interacting Massive Particle.  

• WIMPs naturally can account for the amount 
of dark matter we observe in the Universe.  

• They often occur in models of physics 
beyond the Standard Model, such as i.e. 
supersymmetric extensions.

• QCD plays a big role in the study of WIMPs, 
influencing e.g. how they are produced in the 
early Universe, and how different particle 
physics probes can hope to infer their 
existence and properties. 

Available in Blue Raspberry, Fruit Punch, 
and Grape flavors....

59.99 Euro for 20 servings



The WIMP Miracle
• One of the primary motivations for WIMPs is 

the “WIMP miracle”, an attractive picture 
explaining the density of dark matter in the 
Universe today.

• While not strictly a requirement for a successful 
theory of dark matter, this picture is very 
attractive [meaning: we think it is likely that 
things work this way], and so it is worth 
understanding the argument.

•  The picture starts out with the WIMP in 
chemical equilibrium with the Standard Model 
plasma at early times.

• Equilibrium is maintained by scattering of WIMPs 
into SM particles, χχ -> SM and vice-versa.

χ

χ

SM Particles

DM SM



Boltzmann Equation
• The evolution of the dark matter 

number density (n) is controlled by a 
Boltzmann equation, which tracks the 
effect of the expansion of the Universe 
(H) and the creation and destruction 
of dark matter.

• A Universe where WIMPs stayed in 
equilibrium would be pretty boring.

• As the temperature falls, there will 
be fewer and fewer WIMPs present, 
since the fraction of the plasma with 
enough energy to produce them will 
become smaller and smaller.

• (Almost) Nothing would be left!

dn

dt
+ 3Hn = �h�vi

⇥
n2 � n2

eq

⇤
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Freeze-Out
• However, the expansion of the Universe 

eventually results in a loss of equilibrium.

• When (neq <σv>) << H, the scattering 
that maintains equilibrium can’t keep up 
with the expansion. 

• The WIMPs become sufficiently diluted 
that they can no longer find each other 
to annihilate and they cease tracking the 
Boltzmann distribution.

• Where they “freeze out” obviously 
depends on how big <σv> is.

Universe  
Expands

dn

dt
+ 3Hn = �h�vi

⇥
n2 � n2

eq

⇤



Relic Density
• The basic picture is:

• We start out with dark matter 
in equilibrium with the SM 
plasma.

• As the temperature falls, the 
number of  WIMPs does too.

• We track the equilibrium density 
until freeze-out:

20 Jun 11 Feng    27

FREEZE OUT: MORE QUANTITATIVE

9 The Boltzmann 
equation:

Dilution from
expansion

��� f f� f f� ���

9 n � neq until interaction rate 
drops below expansion rate:

9 Might expect freeze out at T ~ m, 
but the universe expands slowly!  
First guess: m/T ~ ln (MPl/mW) ~ 40

Feng, ARAA (2010)
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Reconstructing WIMPs 8

FIG. 2: Dark matter discovery prospects in the (m�,�/�th) plane for current and future direct detection [51],
indirect detection [52, 53], and particle colliders [54–56] for dark matter coupling to gluons [57], quarks [57,
58], and leptons [59, 60], as indicated.

rate of both spin-dependent and spin-independent direct scattering, the annihilation cross section
into quarks, gluons, and leptons, and the production rate of dark matter at colliders.

Each class of dark matter search outlined in Sec. III is sensitive to some range of the interaction
strengths for a given dark matter mass. Therefore, they are all implicitly putting a bound on the
annihilation cross section into a particular channel. Since the annihilation cross section predicts
the dark matter relic density, the reach of any experiment is thus equivalent to a fraction of the
observed dark matter density. This connection can be seen in the plots in Fig. 2, which show the
annihilation cross section normalized to the value �th, which is required1 for a thermal WIMP to
account for all of the dark matter in the Universe. If the discovery potential for an experiment with
respect to one of the interaction types reaches cross sections below �th (the horizontal dot-dashed
lines in Fig. 2), that experiment will be able to discover thermal relic dark matter that interacts
only with that standard model particle and nothing else.

If an experiment were to observe an interaction consistent with an annihilation cross section
below �th (yellow-shaded regions in Fig. 2), it would have discovered dark matter but we would infer
that the corresponding relic density is too large, and therefore there are important annihilation
channels still waiting to be observed. Finally, if an experiment were to observe a cross section
above �th (green-shaded regions in Fig. 2), it would have discovered one species of dark matter,
which, however, could not account for all of the dark matter (within this model framework), and
consequently point to other dark matter species still waiting to be discovered.

In Fig. 2, we assemble the discovery potential and current bounds for several near-term dark
matter searches that are sensitive to interactions with quarks and gluons, or leptons. It is clear
that the searches are complementary to each other in terms of being sensitive to interactions with
di↵erent standard model particles. These results also illustrate that within a given interaction type,
the reach of di↵erent search strategies depends sensitively on the dark matter mass. For example,
direct searches for dark matter are very powerful for masses around 100 GeV, but have di�culty
at very low masses, where the dark matter particles carry too little momentum to noticeably a↵ect
heavy nuclei. This region of low mass is precisely where collider production of dark matter is easiest,
since high energy collisions readily produce light dark matter particles with large momenta.

1
For non-thermal WIMPs, e.g. asymmetric DM, the annihilation cross-section does not have a naturally preferred

value, but the plots in Fig. 2 are still meaningful.

DM Complementarity, 
arXiv:1305.1605

Particle Probes of DM

• The common thread that ties up direct, indirect, and collider searches for 
dark matter is how WIMPs interact with the Standard Model.
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Reconstructing the particle physics of a WIMP is likely to 
require a multi-pronged search strategy.



Dark Matter Coupled to Gluons
• It may be that QCD acts directly as the 

portal between the dark matter and the 
Standard Model.

• Scalar DM can interact with a scalar colored 
mediator via a quartic interaction:

• This interaction does not require the scalar 
to be Z2-stabilized, and (given an appropriate 
choice of EW charges) it can decay into a 
number of quarks, looking (in some cases) 
like an R-parity violating squark.

• The color and flavor representations (r, Nf) 
of the mediator are parameters.

• For perturbative λ, a thermal relic actually 
favors mφ < mχ so annihilation into φφ* is 
open in a standard cosmology.

�d |�|2|�|2

�4/3 can couple to uiuj provided that the color indices are contracted anti-symmetrically.

MFV is implemented by choosing � to have its own SU(3)uR flavor index, and a flavor

singlet is constructed by contracting the flavor indices anti-symmetrically, ✏ijk�iujuk. This

type of scalar “diquark” bears some resemblance to the squarks of an R-parity-violating

supersymmetric theory. However, their weak charges and the flavor structure of their

couplings are distinct from the supersymmetric case.

Consistently with MFV, the large top Yukawa coupling allows for deviations of coupling

of �3 from �1,2. If one neglects small corrections proportional to the up and charm-quark

masses, the resulting terms in the Lagrangian are,

y1 (�1cR � �2uR) tR + y2 �3uRcR + h.c (2.5)

where uR, cR, and tR are Weyl spinors corresponding to the (right-handed parts of the)

quark mass eigenstates, y1 and y2 are complex dimensionless parameters, and color indices

are implicit (contracted anti symmetrically). The same corrections from the top Yukawa

can result in large splitting between the masses of �1 and �2 (which are themselves expected

to be degenerate in the limit where the up- and charm-quark masses are neglected) and

the mass of �3.

In summary, when � is a color triplet which couples to a pair of up-type quarks, MFV

suggests it is a flavor triplet under SU(3)uR . The theory is described by two dimensionless

couplings and two masses,

{y1, y2, m�1 , m�3} , (2.6)

wherem�1 is the (approximately degenerate) masses of the two colored scalars which couple

to uRtR and cRtR with (approximately equal) coupling y1 and m�3 is the mass of the third

scalar with couples to uRcR with coupling y2.

(a) Annihilation

�?� ! gluons at one

loop.

(b) Mono-jet signature. (c) Mediator + top quark

production followed by de-

cay of the mediator into top

and an unflavored jet.

(d) Pair productoin

of mediators fol-

lowed by decay into

two fermions.

Figure 1: Representative Feynman diagrams for various processes involving the mediating

colored-scalar that we will explore.

3 Annihilation Cross Section

The cross section for the dark matter to annihilate is the primary quantity determining

the prospects for observing it via indirect detection methods, and also determining its relic

– 4 –

The dominant coupling to the
SM is at one loop to gluons!

Figure 2: The product of quartic interaction �d with the square root of product of r

dimensional color representation of � and Nf number of flavors with mass less than m�,

required to saturate the observed dark matter density as a thermal relic, are represented as

colored contours in the plane of m�-m�. Almost all the parameter space where m� < m�

is compatible with a thermal relic density. Where m� > m�, the DM annihilation proceeds

via loops and, only a small region of parameter space is allowed without including any

additional couplings.

To good approximation, the coupling to gluons can be represented by its leading term

in the expansion of the momentum transfer divided by the mediator mass. In this limit,

the e↵ective coupling can be represented by the operator C5,

�d↵sTr

48⇡

X

i

1

m2
�i

|�|2Ga
µ⌫G

aµ⌫ , (4.1)

whose coe�cient is determined by �d, Tr, and the masses of the mediators. It is convenient

to introduce the masses added in parallel,

1

m2 ⌘
X

i

1

m2
�i

, (4.2)

– 6 –

Coupling to saturate thermal relic density

Godbole, Mendiratta, TMPT 1506.01408 & JHEP
+Shivaji 1605.04756 & JHEP

Bai, Osborne 1506.07110 & JHEP



Mediator Searches
• The physics of the mediators is model-

dependent, depending on their color, 
electroweak, and flavor representations.

• As a starting point, we considered 
mediators of charge 4/3 coupling to 2 uR 
quarks.

• In this case, freedom from strong flavor 
constraints can be obtained by coupling 
anti-symmetrically in flavor indices:

• There are interesting searches for pairs   
of dijet resonances and also potential 
impacts on top quark physics.

• All of these constraints leave a lot of 
interesting parameter space open.

y✏ijk�iūju
c
k + h.c.
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Decays into unflavored jets are 
bounded by mφ > 350 GeV (for color 

triplets) from searches.
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Figure 4: Excluded region of the plane of m�1,2 and y1 from searches for anomalously

large production of tt+one jet (solid blue region) and tt+two jets (purple shaded region).

6 Conclusions

A model in which the dark matter interacts primarily with the Standard Model via the

gluons (and not appreciably with the quarks) is an interesting corner of dark matter theory

space, one worthy of both theoretical and experimental exploration. We construct an

appealing renormalizable simplified model in which the dark matter is a scalar particle,

whose coupling to gluons is induced through a quartic interaction connecting it to exotic

colored scalars. A large number of choices for color and flavor representations of the scalars

exist, though all share some common features. In particular, the strongest constraints

(for m� & 10 GeV) typically come from direct searches for dark matter scattering with

nuclei, with missing energy signals at the LHC strongly suppressed. The colored scalars

themselves typically decay into a number of quarks, motivating searches at the LHC for

multi-jet signals of resonantly produced pairs of particles with QCD-sized production cross

sections.

It is perhaps surprising that some models of dark matter may manifest themselves at

a hadron collider most readily through a signature without any missing transverse momen-

tum.

– 10 –
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DM Searches

• Direct detection generally provides a 
strong bound unless the dark matter 
mass is particularly small.

• At a hadron collider, the mono-jet 
signature occurs at one loop.

• As a result, prospects at the LHC are 
not particularly hopeful, though for 
large enough r and λ, it is possible to 
see something with a very large data 
set.

Figure 3: Current (solid line) and projected (dashed line) bounds on
P

�dTr
p
Nf/m

2
�

based on searches for dark matter-Xenon scattering by LUX. The region above the solid

line is excluded.

which in the limit where all mediators have equal masses is 1/m2 ! Nf/m
2
�. Combined

with the gluonic matrix elements, the result is a spin-independent cross section �SI,

5.2⇥ 10�44cm2 (�dTr)
2
⇣ µ� m�

10 GeV2

⌘✓200 GeV

m

◆4

, (4.3)

where µ� is the reduced mass of the nucleon - dark matter system. Through the renormal-

ization group the gluon operator will mix with the scalar quark bilinear, and is expected

to lead to modest changes to this expectation which grow as the log of m� [38].

Currently, the most stringent bound on �SI for a wide range of dark matter mass is

obtained from the null observation after 85 days of live running by the LUX experiment

with a liquid Xenon target [39]. In Figure 3, we show the bounds on �dTr/m
2 as a function

of dark matter mass derived from those bounds, and also compare with projected bounds

based on 300 days of live running. For �dTr
p
Nf ⇠ 1, mediator masses of order 200 GeV

remain consistent with observations.

5 Collider Constraints

With an e↵ective coupling to gluons and additional heavy colored states, this simplified

model leads to rich phenomenology at hadron colliders such as the LHC. Since the mediat-

ing scalars do not themselves decay into the dark matter, the associated phenomenology is

– 7 –
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Figure 1: Representative diagrams for the subprocesses contributing to pp ! j��⇤ at a hadron collider.

reason, we employ the results obtained using the
in-house code in the first method listed above in
the remainder of this work.

In Figure 2, we show the di↵erential cross section with
respect to the jet transverse momentum, pjT . At the par-
ton level at leading order, this quantity is the same as
�ET . We examine the relative importance of the subpro-
cesses for a sample parameter point with �d = 1, a single
species of mediator with r = 3, and a small dark matter
mass1 m� = 1 GeV. We examine two choices2 ofm� = 10
and 100 GeV. We use the CTEQ6L1 parton distribution
functions (PDFs) [32] and set the renormalization and
factorization scales to µ = Q = HT . We observe that
due a large gluon flux the gg initial state dominates for
smaller values of pjT . Note that for a given final state,
the gq flux dominates the gg flux at su�ciently large pT
scales. We also observe that at a higher m� value the gq

1
We choose a small dark matter mass m� = 1 GeV as an illus-

trative choice. Results are typically insensitive to this particular

choice for masses much less than the cut on the mono-jet pT .

2
Technically, m� = 10 GeV is excluded by cosmological consider-

ations and the running of ↵S [31]. Nonetheless, it illustrates the

behavior for very low m� and is useful as a benchmark.

channel takes over the gg channel at relatively smaller
pjT scale. On the other hand, the qq̄ contribution re-
mains small throughout due to the s-channel propagator
suppression.

B. Comparison with EFT

In the limit m� ! 1, the full result is expected to
flow to the one derived from the EFT, Eq. (2). In Fig-
ures 3a and 3b, we show the ratio of the full result to
the EFT approximation for the sample parameter point
defined above, as a function of m�, for

p
s = 8 TeV andp

s = 13 TeV, respectively. As expected, at small energy
scales the EFT approximation over-estimates the cross
section by a factor which scales as m�4

� . It is interest-
ing to note that the cross section calculated with loops
becomes equal to that calculated in the EFT when the
mediator mass is close to half the value of cut on jet
transverse momentum (m� ⇠ pjT /2). At scales compa-

rable with the pjT cut, EFT under estimates the cross
section by up to a factor of two. With a large cut on
transverse missing energy, the contributions from the res-
onant part of the pT distribution in the case of a light
scalar are removed and only the large pT region survives.
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Figure 6: Significance (S/
p
S +B) of the mono-jet signal at the 13 TeV LHC and 100 TeV FCC as a function of

integrated luminosity, for mediators with r = 3 (red), r = 8 (dark blue), and r = 15 (cyan), with a cut pjT � 200
GeV and masses as indicated on each figure.

and the experimental results are summarized in the first
and second row of Table I. The pseudo-rapidity of the
leading jet is further required to satisfy |⌘j | < 2.4 in the
experimental analysis of CMS and |⌘j | < 2.0 for ATLAS.

We apply the experimental selection to our full calcula-
tion of the mono-jet cross section, continuing to examine
the case of �d = 1 and light dark matter, m� = 1 GeV.

We choose three representative pjT cuts from the CMS
analysis, and show the resulting cross section after cuts
in Figure 4, for two choices of mediator representation,
r = 3 and r = 15. Also shown are the corresponding lim-
its on the cross section for the respective choice of pjT cut.
Comparing the two, we find that the color triplet media-
tor is completely unconstrained by the current mono-jet
bounds, whereas the r = 15 representation is subject to
very mild bounds of order m� & 158 GeV, obtained from

the ATLAS run-I data with a pjT � 350 GeV.

B. Constraints from 13 TeV

In Figures 5a and 5b, we show the mono-jet cross sec-
tion at LHC run-II as a function of m�, for �d = 1, and
m� = 1 GeV with r = 3 and r = 15, respectively, for a

few representative choices of the pjT cuts from the ATLAS
run-II analysis [33]. The limits obtained on the value of
m� from the run-II analysis with 3.2 fb�1 of data are
weaker than the corresponding run-I results.

It is worth mentioning that at one-loop the GSDM
model also produces a model-independent dijet signal
from gg ! gg, which may also provide competitive
bounds on m�. We leave its exploration for future work.

C. Future Prospects

We examine the prospects for future colliders to probe
the parameter space of GSDM through searches for the
mono-jet process. To assess the reach of these colliders
to discover GSDM for di↵erent values of m�, we compute
the primary (irreducible) SM background to the mono-
jet process from Z + j production, where the Z boson
decays into neutrinos. We compute this background at
leading order for the 13 TeV LHC and for the proposed
100 TeV FCC using Madgraph, subject to the cuts on
the mono-jet: |⌘j | < 2.4, and a modest cut of pjT > 200
GeV. We assume that, as was true for the LHC run I
analysis, the real background from Z + j dominates over
the fake contribution from mis-measured QCD jets. In
Figures 6a and 6b we present the significance, defined
as S/

p
S +B ' S/

p
B as a function of the integrated

luminosity at each accelerator.
We find that with 3 ab�1 of luminosity, the 13 TeV

LHC can discover (at 5�) evidence for a color octet me-
diator whose mass is slightly above 200 GeV. A 15 of
color reaches 5� discovery for masses around 500 GeV.
Obviously, a much larger range of parameter space can
be explored for higher dimensional representations, even
with lower luminosities. At the FCC, the reach for a color
triplet scalar in the mono-jet channel reaches the level of
discovery for masses up to m� ⇠ 200 GeV. A much larger
range of parameter space can be explored for higher di-
mensional representations: for r = 15, masses up to 1.7
TeV can be probed with 3 ab�1.

V. SUMMARY

A scalar gauge singlet dark matter particle allows for
the possibility of a renormalizable connection to the SM



SCET for Dark Matter
• Even a more garden-variety WIMP whose 

interactions are governed by the weak force 
[such as a wino] can profit from lessons 
from QCD.

• When such particles are very heavy, the W 
and Z bosons are light enough by 
comparison that they look like a long range 
force when heavy winos annihilate.

• Techniques from QCD such as soft collinear 
effective theory are necessary to resum 
large logs.

• A series of EFTs describe the physics for 
wino annihilation into (e.g.) photon + X for 
various wino masses and photon energies.

• Theoretical techniques from QCD lead to 
accurate predictions for winos! 0.5 1.0 3.0 5.0 10.0
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Figure 13. As in Figs. 9 and 10, but showing the impact of adding the continuum contribution from
W and Z decays in addition to the endpoint on the constraints. In general these contributions have a
much smaller impact than that already resulting from adding in the endpoint spectrum. The exception
is near the Sommerfeld resonances, where the associated enhanced continuum emission is imprinted
on the limits. We caution once more that these are only estimated limits.
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Figure 2. (a) Fully exclusive production, which contributes only at the endpoint where z = 0. Only
virtual corrections are present. (b) Operator Product Expansion for � + X with mX ⇠ M�. Here the
state X has a large invariant mass and can be integrated out. (c) The endpoint region, mX ⌧ M�.
Here the measurement on the final state X constrains it to have a small invariant mass. This implies
that X cannot be integrated out and must be treated as a dynamical object in the EFT. In all cases,
the dashed lines dressing the annihilating DM represent the Sommerfeld enhancement.

2 Kinematics for Heavy WIMP Annihilation

In this section, we discuss in detail the kinematics of heavy DM decay or annihilation to
photons as relevant for indirect detection. We carefully analyze all relevant scales, identifying
regions where large ratios of scales exist, which will give rise to logarithms that need to be
resummed. This analysis will also make clear the differences between the previous studies
in the literature. We will also highlight how collinear-soft modes appear in the broken the-
ory, highlighting the distinction with the case of the naively similar B ! Xs� that has been
thoroughly treated in the literature (see e.g. [60–64]). The discussion of this section is com-
pletely independent of the details of the DM, allowing us to simultaneously consider decay
and annihilation, and depends only on the kinematics of indirect detection.

2.1 Three Effective Field Theory Regimes

We consider for concreteness the annihilation of two nearly stationary DM particles of mass
M� decaying to � + X, where the � is assumed to be detected by the experiment. Here X

denotes all final state radiation apart from the photon. The case of DM decay for a particle of
mass 2M� is identical. We use a dimensionless variable z to characterize the energy fraction
of the photon

E� = M� z , (2.1)

or equivalently,

m2
X = 4M2

�(1 � z) , (2.2)

– 7 –
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QCD Phase Transition
• Light dark matter may be produced at 

temperatures low enough that QCD 
has time to confine.

• The phase transition takes us from the 
theory of quarks and gluons to the 
theory of hadrons with broken chiral 
symmetry.

• The transition from one phase to 
another is still not perfectly 
theoretically understood, and depends 
on the light quark masses.

• For example, since the freeze-out 
calculation scaled out the expansion by 
normalizing to the entropy, unexpected 
entropy production could confuse the 
relic density.

• Accelerator data is a crucial input to 
understand the nature of the transition!
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Figure 1: Schematic phase transition behavior of Nf = 2+1 flavor QCD in the (T, µ) plane (left panel)
and for vanishing chemical potential in the (mu,d, ms) quark mass plane (right panel)[4].

In the opposite quark mass limit, the so-called quenched limit of QCD with infinitely heavy quark
masses, QCD reduces to a pure SU(Nc) gauge theory which is invariant under a global Z(Nc) center
symmetry. In contrast to the chiral symmetry, the center symmetry is spontaneously broken at high
temperatures and densities, i.e., in the color deconfined quark-gluon plasma phase and is restored in
the hadronic phase at small temperatures and densities. The associated phase transition from the
hadronic (glueball) phase to the color deconfined plasma phase is the confinement/deconfinement phase
transition. The center symmetry is always broken explicitly when dynamical quarks are present, i.e.,
when the quenched limit of QCD is left.

Both phase transitions are conceptually distinct phenomena of QCD. For the experiment it is im-
portant to investigate and understand the interplay between these phase transitions, in particular, for
realistic quark masses. Based on theoretical models and QCD lattice simulations a generic phase dia-
gram for Nf = 2 + 1 quark flavors in the temperature and (baryo)chemical potential µ plane can be
drawn as in the left panel of Fig. 1. Here not only the chiral and deconfinement phase transition from
the hadronic fluid phase to the quark-gluon plasma are shown. The regions probed by some already
running or planned relativistic heavy-ion collision experiments such as ALICE, RHIC, CBM and SPS
are also marked in the figure. So far, it is still an open issue whether both phase transitions, the chiral
and deconfinement transition, take place at the same temperatures and densities yielding thus a single
transition or crossover line in the QCD phase diagram as indicated in the figure. For example, McLerran
and Pisarksi suggested that this is not the case at moderate temperature and large chemical potential.
Based on large-Nc arguments, they concluded that in this phase diagram region there might be a new,
so-called quarkyonic phase which is still confining but chirally symmetric [3].

The situation is even more sophisticated since some properties of the chiral phase transition such
as its order depend on Nf and the strength of the axial anomaly. The status for vanishing chemical
potential is partly summarized in the right panel of Fig. 1: in the limiting case of two massless light
quarks, mu,d = 0, and an infinite strange quark mass ms, which corresponds to Nf = 2, it is conjectured
that the finite temperature chiral phase transition is of second-order for a constant anomaly strength
and lies in the universality class of the Heisenberg O(4) model in three dimensions.

If the anomaly strength is identified with the instanton density, a temperature-dependent strength
of the axial anomaly would arise. It is supposed that the strength vanishes at high temperatures. This
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transition. The center symmetry is always broken explicitly when dynamical quarks are present, i.e.,
when the quenched limit of QCD is left.
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portant to investigate and understand the interplay between these phase transitions, in particular, for
realistic quark masses. Based on theoretical models and QCD lattice simulations a generic phase dia-
gram for Nf = 2 + 1 quark flavors in the temperature and (baryo)chemical potential µ plane can be
drawn as in the left panel of Fig. 1. Here not only the chiral and deconfinement phase transition from
the hadronic fluid phase to the quark-gluon plasma are shown. The regions probed by some already
running or planned relativistic heavy-ion collision experiments such as ALICE, RHIC, CBM and SPS
are also marked in the figure. So far, it is still an open issue whether both phase transitions, the chiral
and deconfinement transition, take place at the same temperatures and densities yielding thus a single
transition or crossover line in the QCD phase diagram as indicated in the figure. For example, McLerran
and Pisarksi suggested that this is not the case at moderate temperature and large chemical potential.
Based on large-Nc arguments, they concluded that in this phase diagram region there might be a new,
so-called quarkyonic phase which is still confining but chirally symmetric [3].

The situation is even more sophisticated since some properties of the chiral phase transition such
as its order depend on Nf and the strength of the axial anomaly. The status for vanishing chemical
potential is partly summarized in the right panel of Fig. 1: in the limiting case of two massless light
quarks, mu,d = 0, and an infinite strange quark mass ms, which corresponds to Nf = 2, it is conjectured
that the finite temperature chiral phase transition is of second-order for a constant anomaly strength
and lies in the universality class of the Heisenberg O(4) model in three dimensions.

If the anomaly strength is identified with the instanton density, a temperature-dependent strength
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Sterile Neutrinos
• Sterile neutrinos, often invoked to 

explain the fact that the active 
neutrinos have masses and can 
oscillate, are an intriguing DM 
candidate.

• If sufficiently light and not strongly 
mixed with the active neutrinos, 
they can be stable on the scale of 
the age of the Universe.

• This is an interesting regime of mass 
where the dark matter transitions 
from being cold to warm enough to 
influence structure formation.

• It’s also the regime of an intriguing 
X-ray excess that may come from 
their decay into a photon + an 
active neutrino.
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Figure 4. Sterile neutrino parameters to the right of the solid red curve are excluded by the X-ray
observations, if the sterile neutrinos make up all of dark matter. If the sterile neutrino abundance is
determined by neutrino oscillations and no other mechanism contributes, then the excluded region is smaller
(shaded area). Lower bounds from structure formation depend on the production mechanism, because they
constrain the primordial velocity distribution whose connection to mass and mixing is model dependent.
Also shown is the range in which the pulsar velocities can be explain by anisotropic emission of sterile
neutrinos from a supernova.

4.7 Superheavy dark matter

In addition to primordial black holes, there are a number of dark matter candidates that have large masses
and, therefore, are expected to have very low number densities. The search strategies for these dark
matter candidates are different from the usual searches in that no laboratory experiment has big enough
acceptance to detect a sufficient number of events, even if these particles are strongly interacting. Detection
is nevertheless possible with the use of ingenious alternative techniques: for example, one can study tracks in
mica (which has small size but ∼billion years of exposure), or seismic detectors, or ultrahigh-energy cosmic
rays from massive particle decays. Direct detection of supermassive particles is possible with the use of
large-volume detectors, such as ANITA, HAWC, IceCube, Pierre Auger, Super-Kamiokande.

Community Planning Study: Snowmass 2013

1310.8642
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Sterile Neutrinos
• Sterile neutrinos are produced by out-

of-equilibrium scattering of the active 
neutrinos on the background plasma. 

• The final density produced depends 
sensitively on the net Lepton number.

• For the relevant parameters, the 
production peaks at temperatures 
around 130 MeV — right around the 
QCD phase transition! 

• The nature of the phase transition 
determines how long the Universe 
spends at the “magic temperature” for 
production, the degrees of freedom in 
the plasma available for converting active 
neutrinos into dark matter, and dilution 
through entropy transfer into radiation.

5

FIG. 3: Fraction of critical density contributed by relic ster-
ile neutrinos for a varying critical temperature for the QCD
transition. Solid line is for a simple crossover QCD transi-
tion; dashed line is for a first-order transition. Here we have
specified ms = 3 keV, sin2 2θ = 2.6× 10−8, and L ∼ 10−10.

FIG. 4: Shown is the parameter space available for sterile
neutrino dark matter, with varying lepton-number cosmolo-
gies. The contours (numbered by their initial lepton number)
are positions in the mass and mixing angle space where ster-
ile neutrinos produce critical densities of Ωsh

2 = 0.15. The
thin (thick) lines are for first-order (crossover) QCD transi-
tions (Tcrit = 150 MeV). Also shown are the excluded re-
gions (shaded gray) from small scale structures—the Gunn-
Peterson bound and Lyman-α forest—and halo phase space
densities, the resolution of the diffuse x-ray background by
Chandra, and observations of the Virgo cluster by XMM-
Newton. The dashed region is that which may be probed
by the proposed Constellation-X mission [18].

production is thermally suppressed, leading to the break
seen at ms ∼ 1 keV for L = 0.01 cosmologies in Fig. 4.
An effect present above the quark-hadron transition is

that of quark screening, or many-body neutrino-quark
scattering. The mean distance between quarks above
the quark-hadron transition at T ∼ 150 MeV is approx-
imately l ∼ [3ζ(3)gq/π2]−1/3T−1 ∼ 1 fm, and the de

Broglie wavelength of a typical neutrino is λ ∼ h̄/p ∼
0.4 fm. Therefore, neutrinos below the average momen-
tum will have λ > l, and two body single-particle scat-
tering is no longer a complete description. Many-body
coherent scattering will tend to cancel the weak charge
of quarks and antiquarks, and reduce the effectiveness
of decohering interactions of active neutrinos. The ef-
fects of many-body scattering are beyond the scope of
this work. Though it can be significant in altering scat-
tering rates above the QCD transition, the majority of
sterile neutrino dark matter is produced below the QCD
transition (as seen in Fig. 2) and the resulting effects of
quark screening will be relatively small.

IV. PROBING THE QCD TRANSITION WITH
DARK MATTER

In order to predict the sterile neutrino dark matter
density one must specify the singlet neutrino rest mass
ms, vacuum mixing with active neutrinos sin2 2θ, the ini-
tial lepton number L, and the order of the QCD transi-
tion and its critical temperature Tcrit. Since the dark
matter density is being determined rather precisely [33],
the sterile neutrino production mechanism will constrain
the relationship between the sterile neutrino properties
and parameters describing the background plasma.
It was shown in Ref. [18] that the radiative decay of

sterile neutrino dark matter νs → ναγ may be detected
with high-sensitivity spectrographs aboard the current
Chandra or XMM-Newton x-ray telescopes, or with the
proposed large-surface-area and precision spectrograph
of the Constellation X mission. As noted earlier, the
lack of a significant line in the observation of the Virgo
cluster constrains the largest possible mass of a sterile
neutrino dark matter candidate produced in the zero-
lepton-number case (ms

<∼ 5 keV). This constraint comes
from the fact that the Virgo cluster is one of the better
candidate objects [18] and a high-sensitivity spectrum is
available [34]. Observations of this and other clusters and
field galaxies with current x-ray observatories can either
detect or exclude sterile neutrino dark matter as a dark
matter candidate in zero-lepton-number universes.
If sterile neutrinos are the dark matter, detection of ra-

diative decay by a sufficiently sensitive observatory would
readily identify ms since the radiative decay produces
monoenergetic photons with energy Eγ = ms/2. Detec-
tion of these photons in the x-ray is most likely in long-
duration exposures of nearby high surface dark matter
mass density objects. The x-ray flux coming from the
radiative decay of a sterile neutrino is

F ≈ 5.1× 10−18 erg cm−2 s−1

!

D

Mpc

"−2 ! MDM

1011M⊙

"

×
!

sin2 2θ

10−10

"

# ms

1 keV

$5

. (4.1)

Note that the radiative decay rate of a heavy sterile neu-

Abazajian & Fuller  astro-ph/0204294
See also: Venumadhav et al 1507.06655

Lines show contours of correct abundance 
for different initial lepton numbers.

Thin: First order phase transition
Thick: Cross-over phase transition



Axions
• The axion is another light dark 

matter candidate, whose existence 
is postulated to solve the strong 
QCD problem.  

• Its mass is a consequence of the 
QCD axial anomaly, related to the 
topological susceptibility χ, and is 
temperature-dependent.

• Axion production takes place 
roughly when 3 H(T) ~ ma(T).

• Once produced, the axion mass 
increases as the temperature falls, 
until eventually it reaches the ~zero 
temperature value it has today.

• Lattice calculations can help tether 
models for χ(T), but are still in their 
early stages.

Berkowitz, Buchoff, Rinaldi  1505.07455
See also: Kitano, Yamada  1506.00370
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Figure 2: The left panel shows our best points with a DIGM-inspired (power-law) fit. The right panel shows
the two sides of (2.3) for three example choices of fa. The intersection point for a given fa sets T1. The
statistical error bars on each data point are much smaller than the markers and are suppressed for clarity. The
statistical errors are thinner than the solid line—the band represents a very conservative systematic fitting
error. More details can be found in Reference [2].

The topological susceptibility c can be calculated on a finite volume by measuring the topo-
logical charge Q on each configuration and taking the ensemble average,

c = lim
V!•

hQ2i�hQi2

V
. (3.1)

We measure Q through the naive discretized analogue of (1.2),

QR =
1

32p2 Â
x

eµnrs⇤µn⇤rs (3.2)

where ⇤ is the lattice plaquette which reduces to the field strength F in the continuum limit. Be-
cause of the lattice discretization, QR is not an integer. We massaged the distribution of Q in four
different ways (as detailed in Ref. [2]) and the method of Ref. [12] showed very little change as we
changed the lattice spacing and size, as shown in Figure 1. Moreover, as the temperature increased
the other definitions seemed to approach that definition, possibly indicating its reliability. Thus, for
everything that follows we used the results from that definition.

We did not study discretization effects at every temperature, so because we observe little lattice
spacing dependence we simply take the largest volume at the coarser spacing, Nt = 6. Those points
are shown in Figure 2, with a fit inspired by the DIGM in (2.1), where we fit both the constant C and
the exponent n. At asymptotically high temperatures n = 7, but we find that, at these temperatures
near Tc, n = 5.64±0.04. It is interesting to understand how this difference disappears and c(T ) is
eventually described by a dilute instanton gas[11].

4. Pure-Glue Bound

We can use the best DIGM-inspired fit to extrapolate to high temperatures. Of course, eventu-
ally it is important to have the region of cosmological interest under numerical control, especially
if one desires a rigorous bound from QCD.

5

�(T ) = m2
a(T )f

2
a
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Lattice calculations at finite temperature 
(for a pure glue theory), fit to a dilute 

instanton gas model.



QCD & Dark Energy
• The QCD phase transition also 

represents a puzzle with regard to 
dark energy.

• Naively, one expects that the vacuum 
energy changes by an amount of 
order Λ4QCD after the phase 
transition.  

• This is obviously much larger than the 
observed dark energy, and is another 
take on the CC fine tuning problem.

• It suggests that in extreme 
environments such as the interior of  
a neutron star, where the QCD 
enters a different phase, there may be 
a non-negligible contribution to the 
equation of state from vacuum 
energy.
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Figure 1: Sketch of the evolution of vacuum energy (dotted-red) and the total pressure
(solid-purple) dominated by radiation (dashed-blue) during the expansion of the Universe.
Left: standard model evolution where the vacuum energy jumps at every PT (the ones
pictured here correspond to the GUT, EW and QCD PTs). Right: the evolution assuming
some form of adjustment mechanism for vacuum energy.

cosmological constant as the gravitational e↵ect of the vacuum energy of the quantum field
theory of our Universe, and would thus yield a test of the Equivalence Principle for vacuum
energy. The di�culty in verifying this picture experimentally is clear: until very recently,
vacuum energy was always a sub-leading component of the energy density, and thus was
never the main driver of the expansion. Moreover, the most recent known PT is that of
QCD, at a temperature TQCD

c ⇠ 200 MeV. While this is a relatively low particle physics
scale, most of the phenomena relevant to experimental cosmology (nucleosynthesis, struc-
ture formation, CMBR) are sensitive only to temperatures well below the QCD scale. Thus
one would need to consider new observables that are potentially sensitive to the details of
the QCD or the EW PTs. This is further complicated by the fact that both of these PTs are
thought to be quite weak: the QCD PT is a cross-over, while the EW PT in the SM with
a 125 GeV Higgs boson is second order. The imprints of such PTs are weaker than those
of strongly first order PTs would be. For example a strongly first order PT is expected to
lead to the production of gravitational waves (GWs), whose spectrum could potentially be
sensitive to the evolution of vacuum energy during the PT [7]. Since neither of the PTs is
expected to be first order, no significant GWs would have been produced.

In order to experimentally test properties of vacuum energy, we must find systems
where vacuum energy contributes a sizable fraction of the total energy. This can be either
in a compact system that can be observed today, or at some earlier epoch in the cosmic
expansion in the Universe. We will suggest examples of both types in this paper: we will

vacuum energy that is always very small, except for some spikes during the PTs, though there is no known,
successful, implementation of such a mechanism. Other adjustment mechanisms would go as far as invoking
non-local and acausal dynamics, see e.g. [5, 6].
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GUT
EW

QCD
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Neutron Stars?

• The presence of additional vacuum energy on top of standard equations of state 
can significantly influence the mass-radius relation for neutron stars.

• Observations by NICER can help pin down the EoS (including vacuum energy).

12.0 12.5 13.0 13.5 14.0 14.51.61.82.02.22.42.62.83.0

12.5 13.0 13.5 14.0 14.52.02.22.42.62.83.0

Figure 1: Mass versus radius curves corresponding to the sti↵ parametrization of Hebeler et
al. [22] with ↵ = 3. Dotted curves in the plot on the left correspond to unstable configurations
violating Eq. (4.2). Positive values of ⇤ are shown in the plot on the left, and negative ones on
the right.

pressure exceeds the maximal value set by the causality bound. For the models we are
working with, we have found that this extension simply flattens out the curves at the point
where causality is violated, and hence does not change the value of the maximum mass
significantly. For this reason we have chosen not to make this modification and ended the
curves at the point where the speed of sound reaches unity.

The M(R) curve and the e↵ect of VE for the Hebeler et al. EoS [22] are shown in
Fig. 1. Each curve is obtained by varying the pressure at the center of the star but keeping
all of the other parameters fixed. We have fixed ↵ = 3 in this plot, as well as all those that
follow.2 When the central pressure is greater than p

6

, the value of ⇤ becomes relevant and
the other curves depart from the behavior of the ⇤ = 0 case. Dotted parts of the curves
correspond to unstable regions, i.e. solutions of the TOV equations in which the stability
condition (4.2) is violated. The shaded region represents the most massive neutron star
measured to date, with a mass of (2.01±0.04)M� [40]. Notice that for some positive values
of ⇤, i.e. when the jump in energy density is big enough according to Eq. (4.3), we find
a second stable region which is disconnected from the main branch, as discussed above.
This means that for a given mass, there are two possible types of stars, one with no exotic
phase in the core, and another with a significant portion of the star in the new phase.
This gives rise to interesting e↵ects, both for M(R) curves and in GW observables. For
example, assuming that the ⇤ = (165MeV)4 curve is the correct one, it would be possible
to observe two 2M� neutron stars with significantly di↵erent radii. That is, there are two
stable configurations for stars with the same mass. It is quite interesting that the physics
of QCD may allow for a plethora of di↵erent compact objects, with population numbers

2Taking ↵ to be small reduces the change in the curves relative the ⇤ = 0 case, however small values
of ↵ are not representative of most phase transitions, which are typically accompanied by a change in the
energy density as well as the vacuum energy.
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Figure 2: M(R) curves for the SLy and AP4 equations of state for various ⇤ values on the seventh
layer. For all the curves, the proportionality constant ↵ in the jump equation (2.14) is chosen to
be ↵ = 3. The gray region shows the allowed mass range of the heaviest neutron star, with mass
(2.01± 0.04)M�.

depending on the conditions of their formation.

Our procedure for introducing the VE for this model is the following. In order to
make sure that all values of ⇤ considered here are compatible with a neutron star mass
of (2.01 ± 0.04)M�, we stop the next-to-innermost polytropic region as soon as the mass
reaches 2.00M�. This corresponds to choosing a critical pressure p

6

⇡ (150MeV)4. Once
the critical pressure is reached, we transition into the innermost polytropic region with
a nonzero VE, and we allow for the central pressure to be as high as possible without
violating the causality bound.

Next we present results for the AP4 [36] and SLy [20] EoS models. The M(R) curves
for the AP4 and SLy models with di↵erent values of the VE in the innermost layer are shown
in Fig. 2. One can again see that up to a certain critical mass, the curves corresponding to
di↵erent ⇤’s in the innermost layer do coincide with each other. The reason for this is that
below this mass the central pressure is not high enough to enter the exotic high density
phase of QCD. The critical pressure for the phase transition to occur is set by p

6

which is an
input of the model. For the AP4 and SLy models, p

6

⇡ (179MeV)4 and p
6

⇡ (176MeV)4

respectively which correspond to a critical mass of approximately 1.6M� for both models.

The plots for all three EoS’s show that the maximal mass of the neutron star decreases
for both positive and negative values of VE. This is a generic feature of neutron star models
with phase transitions with vacuum energy in our study, and is due to the jump in the
energy density across the phase transition. This conclusion is similar to that obtained in
previous works that study phase transitions without vacuum energy [41].
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Mergers
• The modified equation of state 

influences the interior structure, 
and thus the tidal forces in 
neutron star binary systems.

• The combined dimensionless 
tidal deformability (Λ) influences 
the gravitational wave form 
when the stars merge, and with 
enough statistics can provide 
information about the EoS.

• For GW170817, the low spin 
interpretation requires Λ be less 
than about 800, whereas the 
high spin < 700.

• The range of allowed mass for 
the heavier star can be wider 
when vacuum energy is included.

Csaki, Eroncel, Hubisz, Rigo, Terning 1802.04813
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Figure 10: Combined tidal deformability ⇤̃ as a function of the heavy star massM
1

for the Hebeler
et al. parametrization with ↵ = 3. The chirp mass is the same as in the event GW170817. The
figure shows the upper bounds set by the LIGO/Virgo analysis and demonstrates how a nonzero
value of ⇤ can a↵ect the allowed mass range.

observables, we have started with the conventional 7-layer parametrization of the EoS, then
assumed a nonzero value for the VE in the innermost layer leading to a jump in the energy
density. For the three benchmark models we have chosen, we have calculated the M(R)
curves and tidal Love numbers for di↵erent values of the VE. By using those results, we
have obtained individual tidal deformabilities and calculated the combined dimensionless
tidal deformability parameter which can be constrained by neutron star mergers observed in
gravitational wave observatories. We have found that for larger chirp masses, the nonzero
VE at the innermost core can have an O(1) e↵ect on the combined dimensionless tidal
deformability parameter, hence future observations of neutron star merger chirps can place
strong limits on the EoS of dense nuclear matter. We have also shown that for some
parameters, introducing a nonzero VE can create a disconnected branch of stable neutron
star solutions allowing the possibility of having two neutron stars of the same mass with
significantly di↵erent radii. This possibility is unique to EoS’s which have a phase transition
at the core, hence it is a smoking gun for new phases of QCD.
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Composite Dark Matter
• It could be that QCD provides a metaphor for the 

nature of dark matter.

• A new confined gauge force generically produces 
massive composite particles which could play the 
role of dark matter.

• If any matter charged under the hidden gauge group 
and the SM is extremely heavy, there is no relevant 
interaction between the dark sector and the SM.

• At high energies, the theory is described by weakly 
coupled dark gluons.

• At low energies, the dark gluons confine into massive 
dark glueballs.

• The theory is defined by the number of colors N and 
confinement scale Λ, which characterizes the mass of 
the lowest glueball state, and the splitting between 
the various glueballs.
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Self-Interacting DM?
• Dark matter with large enough 

self-interactions could retain the 
successes describing large scale 
structure, but show measurable 
differences at the smallest scales.

• There is some (controversial) 
evidence that this may help 
simulation better describe 
observation.

• It could also be that the tension 
arises from the fact that the 
simulations don’t properly model 
the impact of baryonic matter. 

• Astronomy provides a unique 
perspective on properties that 
particle searches cannot probe.

CDM

SIDM
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σ / m < 0.7 cm2 / g
(at a relative speed of ~3000 km/s)



Glueball Interactions

• In this theory, nothing can be computed very reliably in 
perturbation theory.

• Lattice gauge theory may be able to help.

• Nonetheless, the self-interactions of the glueballs will be 
roughly given by the geometric cross section for 
strongly coupled objects of size ~ 1 / Λ.

• Since the single parameter Λ controls both the mass and 
the cross section (for small N), arranging for an 
interesting value of σ/m essentially fixes                       
Λ ~ 500 MeV.

Amusingly close to ΛQCD…

� (gb gb ! gb gb) ⇠ 4⇡

⇤2N2 ⇠ ⇤�1{



Glueball Parameter Space

• The relic density of the glueballs depends on the temperature of the hidden sector 
relative to the SM (ξ = Τh / ΤSM).  An interesting parameter space has ~ observable 
self-interactions and the correct relic density.
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FIG. 3: Glueball dark matter in the case of a non-supersymmetric pure gauge SU(N) hidden sector. The
self-interaction cross section and relic density are given in the (⇠

⇤

,⇤) plane, where ⇤ is the confinement
scale in the hidden sector, and ⇠

⇤

⌘ Th/T is the ratio of hidden to visible sector temperatures at the time
that Th = ⇤. The self-interaction cross section is in the range h�T i/mX = 0.1 � 1 cm2/g in the shaded
region. The glueball relic density is ⌦

gb

= ⌦
DM

' 0.23 on the diagonal contours for the number of colors N
indicated.

IV. GLUEBALLINO SELF-INTERACTIONS

The simplest extension to the pure gauge hidden sector discussed in Sec. III is to add a massive
(mass mX � ⇤) gauge adjoint Majorana fermion to the theory, resulting in a spectrum with
two types of composites: the bosonic glueballs of mass ⇠ ⇤ and the fermionic states with masses
⇠ mX [78–81]. Each sector contains excited states whose mass splittings are again characterized
by ⇤. In the absence of further ingredients, the massive fermionic states are stable because of
Lorentz invariance, and this construction allows one to realize a situation where the dark matter
is (mostly) composed of the heavy composite fermions that self-interact via exchange of the much
lighter glueballs, naturally realizing two widely separated energy scales. This dark sector is identical
to a softly broken N = 1 supersymmetric gauge theory and can be considered the supersymmetric
version of the model of Sec. III. In that language, the composite fermions are glueballino states.

The self-interactions of glueballinos are dominated by the exchange of glueballs. At low energies,
when the kinetic energy available is . ⇤, the scattering will be elastic. If there is su�cient kinetic
energy,

1

2
mXv2 � ⇤ , (5)

inelastic scattering into excited states and glueball emission becomes possible, leading to novel
e↵ects, such as additional rapid halo cooling. The inelastic e↵ects are not modeled in the ⇤SIDM
simulations and so are not well understood. For the remainder of this work, we focus on the elastic
scattering regime and comment later in this section on systems where this approximation breaks
down.

NDA suggests that the coupling between glueballs and glueballinos is ↵ ⇠ 1. Even for elastic
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Cosmological QCD?
• What if the coupling of QCD is different in the 

early Universe?

• For example, if the strong coupling is controlled by 
a field whose value is different at early times, our 
expectations for when QCD confined could be 
simply wrong.

• As a crazy speculation, let’s consider the case 
where QCD confines above the TeV scale.

• Basic quantities like the relevant degrees of 
freedom could be different at the time of dark 
matter freeze out.

• If QCD confines early, it can trigger an 
electroweak breaking whose properties are 
disconnected from the Higgs…

• Of course, we need to make sure it relaxes back 
to the QCD we know in time for nucleosynthesis!
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What is this good for?
Baryogenesis?  Anything?

How would we tell it happened?
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Outlook
• QCD and cosmology seem to have many messages for each other.  

• In this talk I have tried to explore some that struck me as interesting and timely

• Dark Matter freeze out

• Sterile neutrinos

• Axions

• Neutron stars and dark energy

• Composite dark matter and self interactions

• Of course, there are many others!

• I can’t wait to see what connections future sessions of Moriond will reveal!
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