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WHAT IS DARK MATTER?



THE ZOOLOGY OF DARK 
MATTER

Three basic categories of dark matter :



THE ZOOLOGY OF DARK 
MATTER

Reasonable
Three basic categories of dark matter :



THE ZOOLOGY OF DARK 
MATTER

Reasonable Weird
Three basic categories of dark matter :



THE ZOOLOGY OF DARK 
MATTER

Reasonable Weird Crazy
Three basic categories of dark matter :



THE ZOOLOGY OF DARK 
MATTER

Reasonable Weird Crazy

sometimes also 
called “normal”

Three basic categories of dark matter :



Is your 
model a 
WIMP?

Is it an axion?

Is it a 
neutralino?

Is it an 
MSSM 

neutralino?

Sounds 
reasonable

Sounds 
weird

Sounds 
crazy

has the paper 
been cited a 
large number 

of times?

do you invoke new 
states or forces to 

explain one of: 
DAMA, CoGeNT, 
PAMELA, Fermi 
excesses, Cores/
Cusps, 8Be, etc?

Is it the usual 
KSVZ or DSVZ 

axion? 
no

yes

yes

yes yes

yes

yes

no
no

yes
no

no

no no
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WIMPland Axiurbia

United Nations 
of 

other DM
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Broader question: how was dark matter formed?

Well, what do we know about the early universe?

It was hot



A THERMAL RELIC
Assume dark matter is in thermal contact with the SM bath, 

and then at some temperature T (when DM is non-
relativistic) it decouples



From J. Feng

A THERMAL RELIC
Assume dark matter is in thermal contact with the SM bath, 

and then at some temperature T (when DM is non-
relativistic) it decouples



From J. Feng

A THERMAL RELIC
Assume dark matter is in thermal contact with the SM bath, 

and then at some temperature T (when DM is non-
relativistic) it decouples

Low cross section
decouples early
too much DM
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A THERMAL RELIC
Assume dark matter is in thermal contact with the SM bath, 

and then at some temperature T (when DM is non-
relativistic) it decouples

Low cross section
decouples early
too much DM

High cross section
decouples late
too little DM



A THERMAL RELIC

From J. Feng

For a thermal relic, you learn precisely one number, namely the annihilation cross section

< �v >ann⇡ 3⇥ 10�26cm3sec�1

⇡ ↵2

(200GeV)2



THE “WIMP MIRACLE”
< �v >ann⇡ 3⇥ 10�26cm3sec�1

⇡ ↵2

(200GeV)2

NB1: This is only a pretty good miracle O(10±3)



Freezeout "classic"

An elegant idea with minimal additions



THE “WIMP MIRACLE”
MAKE: colliders (production)
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SO WHAT ABOUT THE 
SEARCH FOR WIMPS?

DM DM 

q q 
h 

DM DM 

q q 
Z 

slide from J Feng



MODEL 1: HEAVY DIRAC 
“NEUTRINO”
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CRESST II (2011),  730kg−d, 2−sig. allowed region, SI pt. 1

CoGeNT, 2014, 90% C.L. M.L.+ floating sys.

DAMA/LIBRA, 2008, with ion channeling, 5sigma, SI

CDMS I (SUF), 2000, 10.6kg−days in Ge detector and 1.6kg−da−
ys in Si detector, SI

Heidelberg−Moscow, 1998, 196 kg−days, SI

CRESST II (2011), 730kg−d, 2−sig. , SI pt. 2

Heidelberg−Moscow, 1994 165.6 kg−days, SI

CoGeNT, 2013, WIMP region of interest, SI

CDMSlite Soudan, Run 1 (2013)

DATA listed top to bottom on plot



MAJORANA DOUBLET WIMP:
 HIGGS MEDIATED
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MAJORANA TRIPLET:
LOOP MEDIATED
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Figure 2: One loop DM/quark scattering for fermionic MDM with Y = 0 (two extra graphs
involving the four particle vertex exist in the case of scalar MDM).

As discussed in Sec.2, MDM candidates with Y = 0 have vanishing DMN direct detection
cross sections at tree level (see eq. (17)). The scattering on nuclei N proceeds therefore at one-
loop, via the diagrams in fig. 2 that involve one of the charged components X± of the multiplets.
An explicit computation of these one-loop diagrams is needed to understand qualitatively and
quantitatively the resulting cross section. Non-relativistic MDM/quark interactions of fermionic
X with mass M � MW � mq are described by the e↵ective on-shell Lagrangian

L W
e↵ = (n2� (1±2Y )2)

⇡↵2
2

16MW

X

q

✓
1

M2
W

+
1

m2
h

◆
[X̄X ]mq[q̄q]� 2

3M
[X̄�µ�5X ][q̄�µ�5q]

�
(15)

where the + (�) sign holds for down-type (up-type) quarks q = {u, d, s, c, b, t}, mh is the Higgs
mass and mq are the quark masses. The first operator gives dominant spin-independent e↵ects
and is not suppressed by M ; the second operator is suppressed by one power of M and gives
spin-dependent e↵ects. Parameterizing the nucleonic matrix element as

hN |
X

q

mq q̄q|Ni ⌘ fmN (16)

where mN is the nucleon mass, the spin-independent DM cross section on a target nucleus N
with mass MN is given by

�SI(DMN ! DMN ) = (n2 � 1)2⇡↵4
2M

4
Nf 2

64M2
W

✓
1

M2
W

+
1

m2
h

◆2

. (17)

The case of scalar X is not much di↵erent: the M -independent contribution to �SI is equal to
the fermionic result of eq. (17) but there is no spin-dependent e↵ect.

Assuming mh = 115 GeV and f ⇡ 1/3 (QCD uncertainties induce a one order of magnitude
indetermination on �SI

2) we find therefore for the fermionic MDM 5-plet

�SI = 1.2 · 10�44 cm2. (18)

As usual [1, 14, 15], �SI is defined to be the cross section per nucleon. The prediction is a
definite number (as opposed to the large areas in the plane M/� that is covered by typical
supersymmetric constuctions by varying the model parameters) and Fig. 3 shows that this
value is within or very close to the sensitivities of experiments currently under study, such
as Super-CDMS and Xenon 1-ton [16]. The annual modulation e↵ect of the DAMA/Libra
experiment [13] cannot be explained by MDM candidates, since they have too large masses and
too small cross sections with respect to the properties of a WIMP compatible with the e↵ect.

2More precisely, one needs to consider the e↵ective Lagrangian for o↵-shell quarks, finding various operators
that become equivalent only on-shell. Their nucleon matrix elements can di↵er; we ignore this issue because
presently it is within the QCD errors.

9

Hill + Solon ’13; 
Hill + Solon ‘14 

⇥⇤N, ⇥0

⇥⇤Nlat, ⇥slat

100 120 140 160 180 200

10�49

10�48

10�47

10�46

mh�GeV⇥

⌅
�cm2 ⇥

Figure 3: Cross section for low-velocity scattering on a nucleon for a heavy real scalar in the
isospin J = 1 representation of SU(2). The dark shaded region represents the 1⇤ uncertainty
from perturbative QCD, estimated by varying factorization scales. The light shaded region
represents the 1⇤ uncertainty from hadronic inputs.

variation is insignificant compared to other uncertainties. We perform the RG running and
heavy quark matching from µt to µc at NLO. Hadronic input uncertainties from each source
in Table 1 and Table 2 are added in quadrature. We have ignored power corrections appearing
at relative order �s(mc)�2

QCD/m
2
c ; typical numerical prefactors appearing in the coe⇧cients of

the corresponding power-suppressed operators [18] suggest that these e⇤ects are small.
Due to a partial cancellation between spin-0 and spin-2 matrix elements, the total cross

section and the fractional error depend sensitively on subleading perturbative corrections and
on the Higgs mass parameter mh. We find

⇤p(mh = 120GeV) = 0.7±0.1+0.9
�0.3�10�47cm2 , ⇤p(mh = 140GeV) = 2.4±0.2+1.5

�0.6�10�47cm2 ,
(33)

where the first error is from hadronic inputs, assuming ⇥lat
s and ⇥lat

�N from Table 1, and the
second error represents the e⇤ect of neglected higher order perturbative QCD corrections. For
the illustrative value mh = 120GeV, and as a function of the scalar strange-quark matrix
element ⇥s, we display the separate contributions of each of the quark and gluon operators in
Fig. 4.

7 Summary

We have presented the e⇤ective theory for heavy, weakly interacting dark matter candidates
charged under electroweak SU(2). Having determined the general form of the e⇤ective la-
grangian (4) through 1/M3, we demonstrated matching conditions for subleading operators in

12

sample lattice inputs 

baryon spectroscopy inputs

Dark band: perturbative uncertainty
Light band: hadronic input uncertainty

Numerical benchmark: low velocity, spin 
independent cross section on nucleon

Richard  Hill                    University of Chicago                                      Universal behavior in heavy, weakly interacting DM23

ATLAS,CMS July 2012
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All of these are 
perfectly 

ordinary “WIMPs”
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A mature field - exciting, but nervous time

Plot from Josh Ruderman



• This era will answer the question: does the dark 
matter couple at O(0.1-0.01) to the Higgs boson

• But perfectly plausible WIMPs can have very weak 
nucleon interactions



SHOULDN’T YOU HAVE FOUND 
NEW PHYSICS BY NOW

• we have just gone through and unprecedented era 
of data (still in it) and haven’t found BSM physics

• what’s up with that?



Lawrence Hall, Savasfest 2012 
(cf Matt Reece talk LHCP2013)

SUSY Spectrum, 1984

Text



Lawrence Hall, Savasfest 2012 
(cf Matt Reece talk LHCP2013)

SUSY Spectrum, 1984

Text

squark limits ~ 700 GeV

gluino limits ~ 1400 GeV



LHC - NO SIGN OF WEAK SCALE BSM
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Plot from Josh Ruderman



MOVING TO AN ERA OF NEW 
PRIORS



THE ERA OF STRONG PRIORS 
199X~2016

• Hierarchy problem

• Weak scale DM

• Questions of the SM (unification, neutrino mass, 
strong CP…)



Dark matter in the era of strong priors

Hierarchy problem Thermal relics

weak scale DM
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Dark matter in the era of strong priors

Hierarchy problem Thermal relics

weak scale DM
baggage



WE HAVE PURSUED SCENARIOS 
UNDER VERY STRONG ASSUMPTIONS

• Where do we go from here?



MOVING BEYOND THE ERA OF 
STRONG PRIORS

• No priors?

• Weak priors?

• New priors?
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EFT couplings to new 
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EFT couplings to new 
physics

thermal and quasi 
thermal relics, 

scalars from EUPT
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EFT couplings to new 
physics

thermal and quasi 
thermal relics, 
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QCD axions w/o 
cosmology; scale-free 

DM
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EFT couplings to new 
physics

thermal and quasi 
thermal relics, 

scalars from EUPT

QCD axions w/o 
cosmology; scale-free 

DM

WIMPs; “classic” PQ 
axions

cosmo priors

The Priorhedron
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BSM IN THE ERA OF 
MODERATE PRIORS

• Opportunity to ask broader questions

• Can’t simply be fishing expedition

• Take one step back on some prior axis and find target 
regions

• e.g., consider a thermally connected particle

• a broader class of axion like particles



BROADENING THE THERMAL SCOPE

unitarity bound:  
too much DM

BBN “bound” 
no new relativistic 

DOF at BBN 
if TDM ~ TSM

structure “bound”:  
if DM not enough SSS 

if TDM ~ TSM

~keV ~MeV ~100 TeV
WIMPs

Huge range of possibilities from keV to GeV scale



COUPLING AND DECOUPLING 
A LIGHT PARTICLE

A light DM particle needs a new interaction to stay in equilibrium



The portals



COUPLING AND DECOUPLING 
A LIGHT PARTICLE

Holdom; Boehm + Fayet

A light DM particle needs a new interaction to stay in equilibrium

Simple example a “dark photon” - can naturally be very weakly mixed



SM Annihilation Hidden Sector Annihilation



SM Annihilation Hidden Sector Annihilation



WIMP COMPLEMENTARITY
cosmic rays (indirect)
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COMPLEMENTARITY “CLASSIC”

Limited final states so complementarity is more robust

cosmic rays (indirect)

SM
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colliders (production)



COSMOLOGY: ALREADY 
POWERFUL

• CMB, LSS much more advanced than in 90’s

• CMB constraints light relics more effectively

Planck Collaboration: Cosmological parameters
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Thermal relic

Planck TT,TE,EE+lowP
WMAP9
CVL
Possible interpretations for:
AMS-02/Fermi/Pamela
Fermi GC

Fig. 41. Constraints on the self-annihilation cross-section at re-
combination, h�3iz⇤ , times the e�ciency parameter, fe↵ (Eq. 81).
The blue area shows the parameter space excluded by the Planck
TT,TE,EE+lowP data at 95 % CL. The yellow line indicates the
constraint using WMAP9 data. The dashed green line delineates
the region ultimately accessible to a cosmic-variance-limited ex-
periment with angular resolution comparable to that of Planck.
The horizontal red band includes the values of the thermal-
relic cross-section multiplied by the appropriate fe↵ for di↵er-
ent DM annihilation channels. The dark grey circles show the
best-fit DM models for the PAMELA/AMS-02/Fermi cosmic-
ray excesses, as calculated in Cholis & Hooper (2013) (caption
of their figure 6). The light grey stars show the best-fit DM mod-
els for the Fermi Galactic centre �-ray excess, as calculated by
Calore et al. (2015) (their tables I, II, and III), with the light
grey area indicating the astrophysical uncertainties on the best-
fit cross-sections.

by the increased ionization fraction in the freeze-out tail follow-
ing recombination. As a result, large-angle polarization infor-
mation is crucial for breaking the degeneracies between param-
eters, as illustrated in Fig. 40. The strongest constraints on pann
therefore come from the full Planck temperature and polariza-
tion likelihood and there is little improvement if other astrophys-
ical data, or Planck lensing, are added.35

We verified the robustness of the Planck TT,TE,EE+lowP
constraint by also allowing other parameter extensions of base
⇤CDM (Ne↵ , dns/d ln k, or YP) to vary together with pann.
We found that the constraint is weakened by up to 20 %.
Furthermore, we have verified that we obtain consistent results
when relaxing the priors on the amplitudes of the Galactic dust
templates or if we use the CamSpec likelihood instead of the
baseline Plik likelihood.

Figure 41 shows the constraints from WMAP9, Planck
TT,TE,EE+lowP, and a forecast for a cosmic-variance-limited
experiment with similar angular resolution to Planck.36 The hor-
izontal red band includes the values of the thermal-relic cross-
section multiplied by the appropriate fe↵ for di↵erent DM anni-
hilation channels. For example, the upper red line corresponds to

35It is interesting to note that the constraint derived from Planck
TT,TE,EE+lowP is consistent with the forecast given in Galli et al.
(2009), pann < 3 ⇥ 10�28 cm3 s�1 GeV�1.

36We assumed here that the cosmic-variance-limited experiment
would measure the angular power spectra up to a maximum multipole
of `max = 2500, observing a sky fraction fsky = 0.65.

fe↵ = 0.67, which is appropriate for a DM particle of mass m� =
10 GeV annihilating into e+e�, while the lower red line corre-
sponds to fe↵ = 0.13, for a DM particle annihilating into 2⇡+⇡�
through an intermediate mediator (see, e.g., Arkani-Hamed et al.
2009). The Planck data exclude at 95 % confidence level a ther-
mal relic cross-section for DM particles of mass m� <⇠ 44 Gev
annihilating into e+e� ( fe↵ ⇡ 0.6), m� <⇠ 16 GeV annihilating
into µ+µ� or bb̄ ( fe↵ ⇡ 0.2), and m� <⇠ 11 GeV annihilating into
⌧+⌧� ( fe↵ ⇡ 0.15).

The dark grey shaded area in Fig. 41 shows the approx-
imate allowed region of parameter space, as calculated by
Cholis & Hooper (2013) on the assumption that the PAMELA,
AMS, and Fermi cosmic-ray excesses are caused by DM annihi-
lation; the dark grey dots indicate the best-fit dark matter models
described in that paper (for a recent discussion on best-fitting
models, see also Boudaud et al. 2015). The favoured value of
the cross-section is about two orders of magnitude higher than
the thermal relic cross-section (⇡ 3⇥10�26 cm3 s�1). Attempts to
reconcile such a high cross-section with the relic abundance of
DM include a Sommerfeld enhanced cross-section (that may sat-
urate at h�3i ⇡ 10�24 cm3 s�1) or non-thermal production of DM
(see, e.g., the discussion by Madhavacheril et al. 2014). Both of
these possibilities are strongly disfavoured by the Planck data.
We cannot, however, exclude more exotic possibilities, such as
DM annihilation through a p-wave channel with a cross-section
that scales as 32 (Diamanti et al. 2014). Since the relative veloc-
ity of DM particles at recombination is many orders of magni-
tude smaller than in the Galactic halo, such a model cannot be
constrained using CMB data.

Observations from the Fermi Large Area Telescope
of extended �-ray emission towards the centre of the
Milky Way, peaking at energies of around 1–3 GeV, have
been interpreted as evidence for annihilating DM (e.g.,
Goodenough & Hooper 2009; Gordon & Macı́as 2013;
Daylan et al. 2016; Abazajian et al. 2014; Lacroix et al. 2014).
The light grey stars in Fig. 41 show specific models of DM
annihilation designed to fit the Fermi �-ray excess (Calore et al.
2015), while the light grey box shows the uncertainties of
the best-fit cross-sections due to imprecise knowledge of the
Galactic DM halo profile. Although the interpretation of the
Fermi excess remains controversial (because of uncertainties
in the astrophysical backgrounds), DM annihilation remains a
possible explanation. The best-fit models of Calore et al. (2015)
are consistent with the Planck constraints on DM annihilation.

6.7. Testing recombination physics with Planck

The cosmological recombination process determines how CMB
photons decoupled from baryons around redshift z ⇡ 103,
when the Universe was about 400 000 years old. The impor-
tance of this transition on the CMB anisotropies has long been
recognized (Sunyaev & Zeldovich 1970; Peebles & Yu 1970).
The most advanced computations of the ionization history
(e.g., Ali-Haı̈moud & Hirata 2010; Chluba & Thomas 2011;
Ali-Haimoud & Hirata 2011; Chluba et al. 2012) account for
many subtle atomic physics and radiative transfer e↵ects that
were not included in the earliest calculations (Zeldovich et al.
1968; Peebles 1968).

With precision data from Planck, we are sensitive to sub-
percent variations of the free electron fraction around last-
scattering (e.g., Hu et al. 1995; Seager et al. 2000; Seljak et al.
2003). Quantifying the impact of uncertainties in the ionization
history around the maximum of the Thomson visibility function
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A SIGNAL FROM Z=1100

• Need to turn off annihilation at recombination

• Annihilation is p-wave (velocity suppressed) [scalar]

• Mass splitting between Majorana states [pseudo-Dirac 
fermion]
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THE ENERGY SCALES FOR 
LIGHT DM

• (10-3)2 x 100 GeV = 100 keV

• (10-3)2 x 100 MeV = 100 eV
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FIG. 1: Top: The spectrum of XENON10 dark matter
search data, corrected for trigger e�ciency. Blue boxes in-
dicate statistical uncertainty, while green boxes indicate the
systematic uncertainty arising from the the trigger e�ciency.
The e�ciency curve crosses 5% within the orange-hatched ver-
tical band. The thick gray curve is the best-fit triple Gaussian
function. Thin solid red curves indicated the best-fit individ-
ual components. Dashed lines indicate curves allowed at the
90% upper limit for each component. Small open squares in-
dicate the raw spectrum (uncorrected for trigger e�ciency)
from [10]. Arrows indicate 1-� upper limits on the number
of events for bins with no events. Bottom: The trigger e�-
ciency as determined by Monte Carlo simulation, whose range
is chosen such that the e�ciency curve crosses 5% at, or be-
fore, the first non-zero bin in the blue histogram.

shown in Fig. 2 of [10]. In this context, we define the
turn-on point as the location where the e�ciency curve
crosses 5%, which is indicated by the orange-hatched ver-
tical band in Fig. 1. If the e�ciency were to turn on at a
higher point, the peak of the single-electron distribution
would be shifted to values much lower than that of the
known detector response to these events, demonstrated
by Fig. 2 (top) of [10].

The measured spectrum of triggering ionization events,
which we analyze for a signal, is given in Fig. 2 (top)
of [10]. We reproduce this spectrum in Fig. 1 (top), cor-
rected for the trigger e�ciency. Wide (blue) bars rep-
resent statistical uncertainty, while the narrow (green)
bars indicate the systematic uncertainty introduced by
the range of allowed trigger e�ciencies. This spectrum
is fit by a triple Gaussian function with five free pa-
rameters: the heights, H

i

, of the three components and
the mean and width of the first component (µ

1

, �
1

).
The means, µ

i

, and widths, �
i

, are constrained to fol-
low the relations µ

i

= µ
1

i and �
i

= �
1

p
i, respectively,

where i = 1, 2, 3 identifies the Gaussian component. In-
dividual marginal posterior probability distributions are
obtained for the event rates of the three components,

r
i

= H
i

�
i

p
2⇡/✏S�x, where ✏ = 0.92 is the overall cut

e�ciency reported in [10], S=15 kg-days is the exposure,
and �x=0.1 electrons is the histogram bin width. From
these, upper limits are extracted taking the measured
spectrum to be due entirely to signal (i.e. no background
subtraction). The result of the fit, including statisti-
cal and systematic uncertainties, gives 90% upper con-
fidence bounds of r

1

< 23.4, r
2

< 4.23, and r
3

< 0.90
cts kg�1 day�1.
DIRECT DETECTION RATES. We assume that
DM particles scatter through direct interactions with
atomic electrons. If the DM–electron interaction is in-
dependent of the momentum transfer, q, then it is com-
pletely parametrized by the elastic cross section, �

e

, of
DM scattering with a free electron. For q-dependent in-
teractions, we define a cross section �

e

by fixing q = ↵m
e

in the matrix element [2]. The q dependence of the matrix
element is then described by a DM form-factor, F

DM

(q);
for example, if the interaction proceeds through a mass-
less vector mediator then F

DM

= (↵m
e

/q)2.
A large fraction of the kinetic energy carried by a DM

particle, E
DM

= m
DM

v2/2 ' 10 eV(m
DM

/20MeV), can
be transferred to a primary ionized electron. We treat the
target electrons as single-particle states bound in isolated
xenon atoms, using the numerical RHF bound wavefunc-
tions tabulated in [16]. The electron recoils with energy
E

er

, with a di↵erential ionization rate [2]

dR
ion

d lnE
er

= N
T

⇢
DM

m
DM

X

nl

dh�nl

ion

vi
d lnE

er

, (1)

where N
T

is the number of target atoms, ⇢
DM

=
0.4GeV cm�3 is the local DM density, and the velocity-
averaged di↵erential ionization cross section for electrons
in the (n, l) shell is given by

dh�nl

ion

vi
d lnE

er

=
�
e

8µ2

�e

Z
q
��fnl

ion

(k0, q)
��2��F

DM

(q)
��2⌘(v

min

) dq . (2)

Here v
min

= (|Enl

binding

|+E
er

)/q + q/2m
DM

, and ⌘(v
min

)

has its usual meaning h 1
v

✓(v�v
min

)i. We assume a stan-
dard Maxwell-Boltzmann velocity distribution with cir-
cular velocity v

0

= 220 km s�1 and a hard cuto↵ at
v
esc

= 544 km s�1 [17].
With full shells, the form-factor for ionization of an

electron in the (n, l) shell, escaping with momentum k0 =p
2m

e

E
er

after receiving a momentum transfer q, can be
written as

��fnl

ion

(k0, q)
��2= 4k03

(2⇡)3

X

l

0
L

(2l+1)(2l0+1)(2L+1)


l l0 L
0 0 0

�
2

⇥
����
Z
r2dr R

k

0
l

0(r)R
nl

(r)j
L

(qr)

����
2

, (3)

where [· · · ] is the Wigner 3-j symbol and j
L

is a spher-
ical Bessel function. The radial wavefunctions R

k

0
l

0(r)

3

of outgoing electrons are found by numerically solving
the radial Schrödinger equation with a central potential
Z
e↵

(r)/r. Z
e↵

(r) is determined from the initial electron
wavefunction, assuming it to be a bound state of the same
central potential. We evaluate the form-factors numeri-
cally, cutting o↵ the sum at large l0, L once it converges.
Only the ionization rates of the 3 outermost shells (5p,
5s, and 4d, with binding energies of 12.4, 25.7, and 75.6
eV, respectively) are found to be relevant.

The energy transferred to the primary ionized electron
by the initial scattering process is ultimately distributed
into a number of (observable) electrons, n

e

, (unobserved)
scintillation photons, n

�

, and heat. To calculate n
e

, we
use a probabilistic model based on a combined theoreti-
cal and empirical understanding of the electron yield of
higher-energy electronic recoils. Absorption of the pri-
mary electron energy creates a number of ions, N

i

, and
a number of excited atoms, N

ex

, whose initial ratio is
determined to be N

ex

/N
i

⇡ 0.2 over a wide range of ener-
gies above a keV [18, 19]. Electron–ion recombination ap-
pears well-described by a modified Thomas-Imel recombi-
nation model [20, 21], which suggests that the fraction of
ions that recombine, f

R

, is essentially zero at low energy,
resulting in n

e

= N
i

and n
�

= N
ex

. The fraction, f
e

,
of initial quanta observed as electrons is therefore given
by f

e

= (1 � f
R

)(1 + N
ex

/N
i

)�1 ⇡ 0.83 [21]. The total
number of quanta, n, is observed to behave, at higher
energy, as n = E

er

/W , where E
er

is the outgoing energy
of the initial scattered electron and W = 13.8 eV is the
average energy required to create a single quanta [23].
As with f

R

and N
ex

/N
i

, W is only well measured at en-
ergies higher than those of interest to us, and thus adds
to the theoretical uncertainty in the predicted rates. We
use N

ex

/N
i

= 0.2, f
R

= 0 and W = 13.8 eV to give
central limits, and to illustrate the uncertainty we scan
over the ranges 0 < f

R

< 0.2, 0.1 < N
ex

/N
i

< 0.3,
and 12.4 < W < 16 eV. The chosen ranges for W and
N

ex

/N
i

are reasonable considering the available data
[9, 18, 19, 22]. The chosen range for f

R

is conserva-
tive considering the fit of the Thomas-Imel model to low-
energy electron-recoil data [20].

We extend this model to DM-induced ionization as fol-
lows. We calculate the di↵erential single-electron ion-
ization rate following Eqs. (1–3). We assume the scat-
tering of this primary electron creates a further n(1) =
Floor(E

er

/W ) quanta. In addition, for ionization of the
next-to-outer 5s and 4d shells, we assume that the pho-
ton associated with the de-excitation of the 5p-shell elec-
tron, with energy 13.3 or 63.1 eV, can photoionize, cre-
ating another n(2) = 0 (1) or 4 quanta, respectively, for
W > 13.3 eV (< 13.3 eV). The total number of detected
electrons is thus n

e

= n0

e

+ n00

e

, where n0

e

represents the
primary electron and is thus 0 or 1 with probability f

R

or (1 � f
R

), respectively, and n00

e

follows a binomial dis-
tribution with n(1) + n(2) trials and success probability
f
e

. This procedure is intended to reasonably approxi-
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FIG. 2: Top: Expected signal rates for 1-, 2-, and 3-electron
events for a DM candidate with �e = 10�36 cm2 and FDM = 1.
Widths indicate theoretical uncertainty (see text). Bottom:
90% CL limit on the DM–electron scattering cross section
�e (black line). Here the interaction is assumed to be in-
dependent of momentum transfer (FDM = 1). The dashed
lines show the individual limits set by the number of events
in which 1, 2, or 3 electrons were observed in the XENON10
data set, with gray bands indicating the theoretical uncer-
tainty. The light green region indicates the previously allowed
parameter space for DM coupled through a massive hidden
photon (taken from [2]).

mate the detailed microscopic scattering processes, but
presents another O(1) source of theoretical uncertainty.
The 1-, 2-, and 3-electron rates as a function of DM mass
for a fixed cross section and F

DM

= 1 are shown in Fig. 2
(top). The width of the bands arises from scanning over
f
R

, N
ex

/N
i

and W , as described above, and illustrates
the theoretical uncertainty.

RESULTS. Fig. 2 (bottom) shows the exclusion limit in
the m

DM

-�
e

plane based on the upper limits for 1-, 2-,
and 3-electrons rates in the XENON10 data set (dashed
lines), and the central limit (black line), corresponding
to the best limit at each mass. The gray bands show the
theoretical uncertainty, as described above. This bound
applies to DM candidates whose non-relativistic inter-
action with electrons is momentum-transfer independent
(F

DM

= 1). For DM masses larger than ⇠15MeV, the
bound is dominated by events with 2 or 3 electrons, due
to the small number of such events observed in the data
set. For smaller masses, the energy available is insu�-
cient to ionize multiple electrons, and the bound is set
by the number of single-electron events. The light green
shaded region shows the parameter space spanned by
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Sorensen, Volansky ‘12

Light WIMPs don’t 
knock nucleons!



use Si CCDs as target: drift and 
read out charge directly

readout noise ~0.1e- !
(demonstrated!)

DAMIC

Figure credit: J. Tiffenberg

readout noise ~2e-
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(Fermilab LDRD)

Semiconductors: how detect electrons (II)?

PTOLEMY-G3: Hochberg, 
Kahn, Lisanti, Tully, Zurek,  

‘16

Electron Detection

Once an electron is scattered out of the plane, a modest E-field drifts 
it towards the calorimeter

~eV resolution feasible using optimized transition-edge-sensor electron calorimetry

Minimum E-field is set by the requirement that the electron cannot hit the next layerPTOLEMY for MeV DM
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“NEW” COMPLEMENTARITY

• Look for mediator

• Cut , stretch+ flip

• accelerator signals

• Signals in self interaction? Anomalies like 8Be?

Parametrically linked tightly to thermal diagram
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Missing Mass/Momentum Experiments (Kinetic Mixing)

FIG. 6: Yield projections for various proposed DM search strategies involving missing mass/momentum

plotted alongside constraints based on the same experimental technique and the thermal target for scalar and

fermion DM candidates. Here all bounds and projections conservatively assumem� = 3mA0 , but the thermal

targets are invariant as this ratio changes (see [35] for a discussion). For larger ratios, the experimental curves

shift downward to cover more parameter space; for small ratios m� > mA0 , there is no thermal target as the

DM annihilation proceeds trough �� ! A0A0, which is independent of the SM coupling ✏. This plot serves

to compare proposed missing momentum based searches against similar constraints; bounds not based on

missing momentum techniques (e.g. direct detection or beam dump searches) are omitted. Here, the shaded

regions represent excluded parameter space, dashed projections are based on signal-yield estimates and solid

curves represent sensitivity estimates based on background studies.

to LDM continue in the forward direction. This e↵ectively decouples the two beams
and produces the most physics reach for both neutrino oscillations and LDM searches.
To leverage the investment in the LBNF/DUNE experiment to run simultaneously in
beam dump and neutrino mode could be cost e↵ective but will require more funding
and design work in the next few years. However, this would provide the ultimate
proton beam-dump search. In the absence of a dipole magnet that would sweep the
neutrino beam, it is possible to build an o↵-axis near-detector: the dark matter beam
is rather broad and would reach the near-detector while the neutrino beam is well
collimated reducing the background o↵-axis Timeline: > 2020. See Ref. [107] for more
details.

• SHiP at CERN: 400 GeV protons at CERN’s SPS. Expected to be able to deliver
1020 POT. A neutrino detector consisting of OPERA-like bricks of laminated lead and
emulsions, placed in a magnetic field downstream of the muon shield, will allow to
measure and identify charged particles produced in charged current neutrino interac-
tions. It is followed by a tracking system and muon magnetic spectrometer. Timeline:
> 2026. See Ref. [108].
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“NEW” COMPLEMENTARITY

Parametrically linked more weakly to thermal diagram 

DM  self interaction? Signals of a new force?



SEARCHES FOR DARK FORCES
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Figure 14. Summary of dark photon constraints and prospects (see Sec. 1 for references). High-energy collid-
ers (LHC14, 100 TeV, ILC/GigaZ) are uniquely sensitive to dark photons with mZD & 10 GeV, while precision
QED observables and searches at B- and �-factories, beam dump experiments, and fixed target-experiments
probe lower masses. Dark photons can be detected at high-energy colliders in a significant part of open pa-
rameter space in the exotic decay of the 125 GeV Higgs boson, h ! ZZD ! 4`, (blue curves) in Drell-Yan
events, pp ! ZD ! ``, (red curves) and through improved measurements of electroweak precision observ-
ables (green/purple dashed curves). Note that all constraints and prospects assume that the dark photon decays
directly to SM particles, except for the precision measurements of the electron/muon anomalous magnetic mo-
ment and the electroweak observables. If, in addition to kinetic mixing, the 125 GeV Higgs mixes with the
dark Higgs that breaks the dark U(1), then the decay h ! ZDZD would set constraints on ✏ that are orders of
magnitude more powerful than other searches down to dark photon masses of ⇠ 100 MeV, see Fig. 10.

8 Discussion and Conclusions

Dark sectors with a broken U(1)D gauge group that kinetically mixes with the SM hypercharge are
well motivated and appear in a variety of new physics scenarios. In this paper, we showed that high-
energy proton-proton and electron-positron colliders, like the LHC14, a 100 TeV collider, and an
ILC/GigaZ, have excellent sensitivity to dark photons. In fact, they may provide the only probe for
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FIG. 6: Left: Experimental scenario for benchmark point C (✏ ⇠ 10�4, mA0 ⇠ 50 MeV). Silicon strip tracking elements,
together with a 0.1 radiation length (300µm) tungsten target directly behind one of the elements, are inserted into a 1 GeV
di↵use (1 cm ⇥ 1 cm) electron beam of intensity <⇠ 108 e�/s. Triggering is accomplished by an annular calorimeter with
angular coverage above 20 mrad (e.g. 2 cm inner radius, 1 m downstream) by demanding three coincident hits carrying the
beam energy. Signal events give rise to measurable impact parameters for the leading two tracks, and the excellent tracking
provided by this design exploits this feature to reject background. Invariant mass reconstruction can provide an additional
search variable (see Sec. IV D). More details are given in the text. Right: Concentric purple contours: Regions with detectable
signal yield � 10 events, background rejection of ⇠ 10�6 (yielding S/B

>⇠ 1), and an impact parameter of at least 33 µm, 66µm,
or 150µm, respectively, for the contours from the outside in. We assume a run time of 106 s at 108 e�/s. Red Dotted Contour:
Analogous sensitivity with lower average current (107 e�/s) and a smaller calorimeter aperture (10 mrad). Thin black dashed
line: a rough estimate of the total region of sensitivity that could be accessible to this geometry using both displaced-vertex
discrimination and invariant mass search windows with good momentum resolution (see Sec.IV D). Gray contours and Orange
Stripe: exclusions from past experiments (E137, E141, E774, electron and muon anomalous magnetic moments, and ⌥(3S)
resonance searches) and the region that explains DAMA/LIBRA in a simple model — see Figure 1 for more details.

a narrower angle or the beam energy reduced. In either
case, the Molière scattering becomes more acute. On the
tails of the Molière distribution, one can compensate by
lowering the intensity of the beam. At low beam inten-
sities, a fast scintillator/calorimeter trigger system will
resolve the passage of individual electrons in the beam
(in a CW machine like CEBAF). Therefore, if the scintil-
lator/calorimeter system is segmented (e.g. scintillating
fiber calorimetry), the trigger requirement can be simul-
taneous deposition of the beam energy in more than one
detection element — typically three. For larger masses,
the beam intensity would have to be increased, and the
silicon-strip occupancy presents a sharp barrier.

D. High Resolution, High Rate Trident
Spectrometer: ✏ = 3⇥ 10�4; mA0 = 1 GeV

Large A

0 masses present two challenges: a low produc-
tion rate and short A

0 lifetime. In the absence of a dis-
placed vertex, the A

0 can only be observed as a small peak
on the electromagnetic trident background. Reducing
these backgrounds as much as possible is essential here.
Additionally, targets with somewhat lower Z than tung-

sten are preferable in this high A

0 mass range in order
to maintain charge coherence in scattering. For definite-
ness, we shall discuss the di-muon final state, though it is
arguable that the electron-positron final state is prefer-
able.

As discussed in Section II, the trident background
arises from two subprocesses, which we call radiative and
Bethe-Heitler (c.f. Figure 3). The radiative process gives
an upper bound on the ratio of signal to background as
in equation (19). The Bethe-Heitler process has a much
larger (⇠ 100⇥) cross-section than the radiative trident
process due to collinear logarithmic enhancements in the
e ! e � splitting and sub-process �� ! µµ. These en-
hancements can be avoided by demanding kinematically

symmetric µµ decay products carrying the majority of
the beam energy, and by demanding that the recoiling
electron (if it can be identified) scatter at a wide angle.
This preserves the large logarithm in the forward-peaked
A

0 production cross-section, while regulating all logs in
the Bethe-Heitler process. These selections are discussed
further in Appendix C.

In addition to the trident processes, radiation of real
photons by incident electrons, and their subsequent con-
version in the target must be considered. This process

10



THERMAL(ISH)

• Elastically decoupling DM (ELDERs)

• Late-dominated interactions (freeze-in)

• Kinematically forbidden DM (forbidden DM)

• 3->2 processes (SIMPs, cannibal DM)



MOVING AWAY FROM 
THERMAL(ISH) MODELS



A STRONG CP PR0BLEM

leads to neutron EDM => less than 10-10



A STRONG CP PR0BLEM

critical point 1: quark mass matrix phase contributes

critical point 2: this is a real problem for QFT

leads to neutron EDM => less than 10-10



A STRONG CP PR0BLEM

idea -> make ϴ a field

QCD effects generate potential that relaxes ϴ (a) to 0

The axion acquires a mass ma ⇡ m⇡f⇡
fa

⇡ 0.6meV

✓
1010GeV

fa

◆



COUPLINGS TO OTHER 
MATTER
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FIG. 1. Parameter space for axions (top) and axion-like particles (ALPs) (bottom). In the

bottom plot, the QCD axion models lie within an order of magnitude from the explicitly shown

“KSVZ” axion line (red band). Colored regions are: experimentally excluded regions (dark green),

constraints from astronomical observations (gray) or from astrophysical or cosmological arguments

(blue), and sensitivity of planned and suggested experiments (light green) (ADMX [14], ALPS-

II [15], IAXO [16–18], Dish antenna [19]). Shown in red are boundaries where ALPs can account for

all the dark matter produced either thermally in the big bang or non-thermally by the misalignment

mechanism.
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BUT, FUNDAMENTALLY, THE AXION 
IS AN OSCILLATING SCALAR FIELD

ultralight scalar fields rods clocks other probes conclusions

instrumental ingredients for frequency comparison

necessary tools for precise frequency comparisons:
2 stable atomic clocks + frequency comparison method

optical clock laser

[Hinkley+ (2013)]

optical clocks: Yb, Al, Sr, Ca, Hg
microwave clocks: Cs, Rb, H, Dy

nuclear clocks: Th, U

(from talk by Ken van Tilburg)

If that oscillating field talks to us - wouldn’t fundamental properties oscillate, too?
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laser, as thermal-noise-induced fluctuations of the cavity
length start becoming a limiting factor [33, 34]. Next-
generation optical coatings (the dominant thermal noise
source) such as microstructured gratings [35] or mirrors
based on gallium arsenide [36] may push short-term in-
stabilities below 10�17 Hz�1/2 [37].

Optical clock lasers based on a large sample of atoms
that do not wholly rely on optical cavities for their short-
term stability are also under consideration [38, 39]. These
systems may reach the QPN-limited instability �⌫

⌫0

1p
N⌧1

where �⌫ is the spectroscopic linewidth of the clock sys-
tem, ⌫0 is the frequency of the clock transiton, N is the
number of atoms measured, and ⌧1 is the averaging time
in seconds (we have assumed a 1 s measurement time).
With a line quality of �⌫/⌫0 ⇠ 10�15 and N ⇠ 1010,
short-term instabilities of ⇠ 10�20 Hz�1/2 may be within
reach.4 Furthermore, advanced systems using arrays of
coherent atomic samples may exhibit Heisenberg-limited
performance, for which the instability �⌫

⌫0

1
N

p
⌧1

could be

as low as 10�21 Hz�1/2 with only N ⇠ 106 atoms [38].
The di↵erence ⇠A � ⇠B in the coe�cients of Eq. (9) is

typically small if A and B are both transitions in neutral
atoms, as seen in Table I, leading to a reduced sensitiv-
ity to de relative to comparisons between two ion clocks
(or an ion-atom clock system) for the same instability.
However, at their current rate of stability improvements,
optical clocks based on neutral atoms will likely lead to
better potential sensitivity to de in the future.

D. Nuclear clocks

It has been suggested in [26, 40] that a nuclear clock
based on a narrow isomer transition in 229mTh may be
used to set a better bound on drifts of fundamental con-
stants. The thorium nucleus has the remarkable prop-
erty of having an excited isomer state of only 7.6±0.5 eV
and linewidth of ⇠ 104 Hz, accessible to current lasers.5

The small gap of 7.6 eV between the isomer and ground
state—typically O(100 keV) for most nuclei—arises due
to an accidental cancellation between contributions from
electromagnetic and strong interactions [42–46]. This
leads to an enhancement in sensitivity to changes in ↵,
⇤3, and quark masses [47]:

�fTh

fTh
⇡ 104 (de + 10(dg � dm̂) + . . . ) , (15)

where dm̂ is the dilaton coupling to the symmetric com-
bination of the quark masses as in Eq. (5).

Proposals have been put forward to build a solid-state
thorium nuclear clock, using either 229Th2+ ions doped

4 Private communication with Leo Hollberg.
5 It must be noted that the 7.6 eV thorium line has not yet been
directly observed; the size of the gap has been determined via
indirect measurements of nuclear decays of uranium [41].
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FIG. 7. (Color online) Same as in Fig. 4, adding the reach
on dm̂ with a future nuclear-optical clock comparison after
⌧int = 108 s. The future dm̂ sensitivity of the composition-
dependent EP test in [48] is shown as a dashed red line.
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FIG. 8. (Color online) Same as in Fig. 6, adding the reach
on de with a future nuclear-optical clock comparison after
⌧int = 108 s. The future de sensitivity of the composition-
dependent EP test in [48] is shown as a dashed red line.

inside a CaF2 lattice [49], or a single-ion clock based
on 229Th3+ [26]. The latter proposal could reach its
quantum-limited stability of 10�15 Hz�1/2 for interroga-
tion times of a second or longer, if thermal noise can be
controlled. Comparison with a line from an optical clock
is feasible given the recent development of “vacuum ul-
traviolet” frequency combs [50, 51]. Anticipating these
technologies to mature in the next decade, we project
a combined uncertainty of ⇠ 10�15 Hz�1/2 for the op-
tical synthesis process and stability of both the nuclear
and optical clock. Translating this to sensitivity to the
couplings in Eq. (2), we project minimal reach with a

“fuzzy” dark matter
Arvanitaki, Huang, van Tilburg ‘14
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THE SEARCH FOR DARK MATTER
• Finding dark matter is hard because it’s dark and we don’t know what it is - theory 

input is critical

• New ideas about dark matter are gaining attention as we relax priors on physics 
beyond the standard model

• In this era, we will learn important qualitative results about dark matter, whether or not 
it is found

• We have many well motivated lamp posts being pursued, and there are tremendous 
prospects in the coming decade

• But it may be that the lamp post that best illuminates dark matter is still unconsidered - 
new ideas coming ever faster!



THANK YOU VERY MUCH!


