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WHY DARK MATTER?   (WHY NEW PARTICLE PHYSICS?)

▸ The dark matter paradigm is the only successful 
framework for understanding the entire range of 
observations from the time the Universe is 1 sec old. 
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DARK MATTER DETECTION: A FULL COURT PRESS

▸ WIMP paradigm: a good place to start looking 

▸ Reason: weak forces have the right scale, for abundance, 
cosmology and detection
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SETTING ABUNDANCE THROUGH INTERACTIONS WITH SM

▸ Freeze-out paradigm

DM
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▸ WIMP paradigm: a good place to start looking 

▸ Reason: weak forces have the right scale, for abundance, 
cosmology and detection
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▸ Cross-sections are too small to have relevant impacts on 
structure formation 

▸ Interaction cross-sections with nuclei are detectable

DARK MATTER DETECTION: A FULL COURT PRESS
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DETECTABLE INTERACTION RATES

▸ WIMP: not dead but continually pressured 
10 Direct Detection Program Roadmap 39
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Figure 26. A compilation of WIMP-nucleon spin-independent cross section limits (solid curves), hints
for WIMP signals (shaded closed contours) and projections (dot and dot-dashed curves) for US-led direct
detection experiments that are expected to operate over the next decade. Also shown is an approximate
band where coherent scattering of 8B solar neutrinos, atmospheric neutrinos and di↵use supernova neutrinos
with nuclei will begin to limit the sensitivity of direct detection experiments to WIMPs. Finally, a suite of
theoretical model predictions is indicated by the shaded regions, with model references included.

We believe that any proposed new direct detection experiment must demonstrate that it meets at least one
of the following two criteria:

• Provide at least an order of magnitude improvement in cross section sensitivity for some range of
WIMP masses and interaction types.

• Demonstrate the capability to confirm or deny an indication of a WIMP signal from another experiment.

The US has a clear leadership role in the field of direct dark matter detection experiments, with most
major collaborations having major involvement of US groups. In order to maintain this leadership role, and
to reduce the risk inherent in pushing novel technologies to their limits, a variety of US-led direct search
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BLOB CLOSURE DECEPTIVE

▸ “Pure” neutralino does not 
couple to Higgs at tree level 

▸ e.g. pure Wino or Higgsino or 
Bino 

▸ One-loop: wino not quite 
detectable 

▸ But, Wino has detectable 
indirect detection signature 
through coupling to gauge 
bosons 

▸ Cherenkov telescopes have 
(unique) sensitivity to such 
weak dark matter
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Figure 6.3: Couplings of the gluino, wino, and bino to MSSM (scalar, fermion) pairs.

interactions of gauge-coupling strength, as we will explore in more detail in sections 9 and 10. The
couplings of the Standard Model gauge bosons (photon, W±, Z0 and gluons) to the MSSM particles are
determined completely by the gauge invariance of the kinetic terms in the Lagrangian. The gauginos
also couple to (squark, quark) and (slepton, lepton) and (Higgs, higgsino) pairs as illustrated in the
general case in Figure 3.3g,h and the first two terms in the second line in eq. (3.4.9). For instance, each
of the squark-quark-gluino couplings is given by

√
2g3(q̃ T aqg̃+ c.c.) where T a = λa/2 (a = 1 . . . 8) are

the matrix generators for SU(3)C . The Feynman diagram for this interaction is shown in Figure 6.3a.
In Figures 6.3b,c we show in a similar way the couplings of (squark, quark), (lepton, slepton) and
(Higgs, higgsino) pairs to the winos and bino, with strengths proportional to the electroweak gauge
couplings g and g′ respectively. For each of these diagrams, there is another with all arrows reversed.
Note that the winos only couple to the left-handed squarks and sleptons, and the (lepton, slepton)
and (Higgs, higgsino) pairs of course do not couple to the gluino. The bino coupling to each (scalar,
fermion) pair is also proportional to the weak hypercharge Y as given in Table 1.1. The interactions
shown in Figure 6.3 provide, for example, for decays q̃ → qg̃ and q̃ → W̃ q′ and q̃ → B̃q when the final
states are kinematically allowed to be on-shell. However, a complication is that the W̃ and B̃ states
are not mass eigenstates, because of splitting and mixing due to electroweak symmetry breaking, as
we will see in section 8.2.

There are also various scalar quartic interactions in the MSSM that are uniquely determined by
gauge invariance and supersymmetry, according to the last term in eq. (3.4.12), as illustrated in Fig-
ure 3.3i. Among them are (Higgs)4 terms proportional to g2 and g′2 in the scalar potential. These are
the direct generalization of the last term in the Standard Model Higgs potential, eq. (1.1), to the case
of the MSSM. We will have occasion to identify them explicitly when we discuss the minimization of
the MSSM Higgs potential in section 8.1.

The dimensionful couplings in the supersymmetric part of the MSSM Lagrangian are all dependent
on µ. Using the general result of eq. (3.2.19), µ provides for higgsino fermion mass terms

− Lhiggsino mass = µ(H̃+
u H̃−

d − H̃0
uH̃

0
d ) + c.c., (6.1.4)

as well as Higgs squared-mass terms in the scalar potential

− Lsupersymmetric Higgs mass = |µ|2(|H0
u|2 + |H+

u |2 + |H0
d |2 + |H−

d |2). (6.1.5)

Since eq. (6.1.5) is non-negative with a minimum at H0
u = H0

d = 0, we cannot understand electroweak
symmetry breaking without including a negative supersymmetry-breaking squared-mass soft term for
the Higgs scalars. An explicit treatment of the Higgs scalar potential will therefore have to wait
until we have introduced the soft terms for the MSSM. However, we can already see a puzzle: we
expect that µ should be roughly of order 102 or 103 GeV, in order to allow a Higgs VEV of order
174 GeV without too much miraculous cancellation between |µ|2 and the negative soft squared-mass
terms that we have not written down yet. But why should |µ|2 be so small compared to, say, M2

P,
and in particular why should it be roughly of the same order as m2

soft? The scalar potential of the
MSSM seems to depend on two types of dimensionful parameters that are conceptually quite distinct,
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Figure 38: Tree level diagrams for neutralino annihilation into gauge boson pairs.
From Ref. [319].
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)
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where

tan 2φ− = 2
√

2mW
(µ sinβ + M2 cosβ)

(M2
2 − µ2 + 2m2

W cos 2β)
(183)

and

tan 2φ+ = 2
√

2mW
(µ cosβ + M2 sinβ)

(M2
2 − µ2 − 2m2

W cosβ)
. (184)

The amplitude for annihilations to Z0-pairs is similar:

A(χχ→ Z0Z0)v→0 = 4
√

2 βZ
g2

cos2 θW

4∑

n=1

(
O′′L

1,n

)2 1

Pn
. (185)

Here, βZ =
√

1 − m2
Z/m2

χ, and Pn = 1 + (mχn/mχ)2 − (mZ/mχ)2. The sum is

over neutralino states. The coupling O′′L
1,n is given by 1

2 (−N3,1N∗
3,n +N4,1N∗

4,n).
The low velocity annihilation cross section for this mode is then given by

σv(χχ → GG)v→0 =
1

SG

βG

128πm2
χ

|A(χχ → GG)|2, (186)

where G indicates which gauge boson is being considered. SG is a statistical
factor equal to one for W+W− and two for Z0Z0.

It is useful to note that pure-gaugino neutralinos have a no S-wave annihi-
lation amplitude to gauge bosons. Pure-higgsinos or mixed higgsino-gauginos,
however, can annihilate efficiently via these channels, even at low velocities.
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Figure 4: The WIMP-proton scattering cross section as a function of WIMP mass M for a Majorana
WIMP (left panel) and a scalar WIMP (right panel), which correspond to the cH values in Eqs. (3) and (5),
respectively. The inner band is the cross section obtained from the scalar and tensor amplitudes computed
through O(1/M). The outer band includes an estimate for the O(1/M2) contributions. The neutrino
floor for both Argon and Xenon direct detection experiments are from Ref. [48], and are shown by black
solid lines; our extrapolation to larger masses is denoted with black dashed lines. Also shown with solid
lines are the current bounds from LUX [49], XENON1T [50], and PandaX-II [51]. Projected sensitivities
of future experiments are shown with dotted lines: DEAP-3600 [52], XENON1T and XENONnT [53],
LZ [54], and DARWIN [55].

cross sections for scattering on protons or neutrons are identical:5

�p ⇡ �n =
m2

r

⇡
|M

(0)
p + M

(2)
p |

2 , (11)

where mr = mpM/(mp + M) ⇡ mp is the reduced mass of the WIMP-nucleon system. In Fig. 4 we show
the cross section including first order power corrections as a function of M for a fundamental fermion,

Eq. (3), and for a composite scalar, Eq. (5). The central value amplitudes, in units with M
(2)
p |M!1 = 1,

are

M
(2)
p = 1 � 0.52

mW

M
, M

(0)
p = �0.81 � 0.50

cH

3↵2
2

mW

M
. (12)

The numerical evaluation (12) exhibits the partial cancellation of the universal M ! 1 result. For the
Majorana fermion case, where cH = �3↵2

2, the mW /M power correction also exhibits a surprising cancel-
lation. The impact of neglected higher-order power corrections is estimated by including an uncertainty

in the tensor amplitude as M
(2)
p / M

(2)
p |M!1

⇥
1 ± (mW /M)2

⇤
. At large mass, the power corrections

vanish, and the universal result with central value and uncertainty from Ref. [32] is reproduced. At finite

5 The Wilson coe�cients c
(S)
u and c

(S)
d in Eq. (8) are identical. The light quark operators in Eq. (6) thus appear in the

combinations O(S)
u +O

(S)
d , whose proton and neutron matrix elements are identical up to isospin violating corrections. These

percent level corrections, proportional to ↵ ⇡ 1/137 or (mu � md)/⇤QCD, are subdominant in the error budget for M(S)
N .

See Ref. [32] for details.
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BLOB CLOSURE DECEPTIVE

▸ “Pure” neutralino does not 
couple to Higgs at tree level 

▸ e.g. pure Wino or Higgsino or 
Bino 

▸ One-loop: wino not quite 
detectable 

▸ But, Wino has detectable 
indirect detection signature 
through coupling to gauge 
bosons 

▸ If profile is steep enough 
(NFW), even Higgsino may be 
reachable
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Figure 6.3: Couplings of the gluino, wino, and bino to MSSM (scalar, fermion) pairs.

interactions of gauge-coupling strength, as we will explore in more detail in sections 9 and 10. The
couplings of the Standard Model gauge bosons (photon, W±, Z0 and gluons) to the MSSM particles are
determined completely by the gauge invariance of the kinetic terms in the Lagrangian. The gauginos
also couple to (squark, quark) and (slepton, lepton) and (Higgs, higgsino) pairs as illustrated in the
general case in Figure 3.3g,h and the first two terms in the second line in eq. (3.4.9). For instance, each
of the squark-quark-gluino couplings is given by

√
2g3(q̃ T aqg̃+ c.c.) where T a = λa/2 (a = 1 . . . 8) are

the matrix generators for SU(3)C . The Feynman diagram for this interaction is shown in Figure 6.3a.
In Figures 6.3b,c we show in a similar way the couplings of (squark, quark), (lepton, slepton) and
(Higgs, higgsino) pairs to the winos and bino, with strengths proportional to the electroweak gauge
couplings g and g′ respectively. For each of these diagrams, there is another with all arrows reversed.
Note that the winos only couple to the left-handed squarks and sleptons, and the (lepton, slepton)
and (Higgs, higgsino) pairs of course do not couple to the gluino. The bino coupling to each (scalar,
fermion) pair is also proportional to the weak hypercharge Y as given in Table 1.1. The interactions
shown in Figure 6.3 provide, for example, for decays q̃ → qg̃ and q̃ → W̃ q′ and q̃ → B̃q when the final
states are kinematically allowed to be on-shell. However, a complication is that the W̃ and B̃ states
are not mass eigenstates, because of splitting and mixing due to electroweak symmetry breaking, as
we will see in section 8.2.

There are also various scalar quartic interactions in the MSSM that are uniquely determined by
gauge invariance and supersymmetry, according to the last term in eq. (3.4.12), as illustrated in Fig-
ure 3.3i. Among them are (Higgs)4 terms proportional to g2 and g′2 in the scalar potential. These are
the direct generalization of the last term in the Standard Model Higgs potential, eq. (1.1), to the case
of the MSSM. We will have occasion to identify them explicitly when we discuss the minimization of
the MSSM Higgs potential in section 8.1.

The dimensionful couplings in the supersymmetric part of the MSSM Lagrangian are all dependent
on µ. Using the general result of eq. (3.2.19), µ provides for higgsino fermion mass terms

− Lhiggsino mass = µ(H̃+
u H̃−

d − H̃0
uH̃

0
d ) + c.c., (6.1.4)

as well as Higgs squared-mass terms in the scalar potential

− Lsupersymmetric Higgs mass = |µ|2(|H0
u|2 + |H+

u |2 + |H0
d |2 + |H−

d |2). (6.1.5)

Since eq. (6.1.5) is non-negative with a minimum at H0
u = H0

d = 0, we cannot understand electroweak
symmetry breaking without including a negative supersymmetry-breaking squared-mass soft term for
the Higgs scalars. An explicit treatment of the Higgs scalar potential will therefore have to wait
until we have introduced the soft terms for the MSSM. However, we can already see a puzzle: we
expect that µ should be roughly of order 102 or 103 GeV, in order to allow a Higgs VEV of order
174 GeV without too much miraculous cancellation between |µ|2 and the negative soft squared-mass
terms that we have not written down yet. But why should |µ|2 be so small compared to, say, M2

P,
and in particular why should it be roughly of the same order as m2

soft? The scalar potential of the
MSSM seems to depend on two types of dimensionful parameters that are conceptually quite distinct,
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Figure 38: Tree level diagrams for neutralino annihilation into gauge boson pairs.
From Ref. [319].
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The amplitude for annihilations to Z0-pairs is similar:

A(χχ→ Z0Z0)v→0 = 4
√

2 βZ
g2

cos2 θW

4∑

n=1

(
O′′L

1,n

)2 1
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Here, βZ =
√

1 − m2
Z/m2

χ, and Pn = 1 + (mχn/mχ)2 − (mZ/mχ)2. The sum is

over neutralino states. The coupling O′′L
1,n is given by 1

2 (−N3,1N∗
3,n +N4,1N∗

4,n).
The low velocity annihilation cross section for this mode is then given by

σv(χχ → GG)v→0 =
1

SG

βG

128πm2
χ

|A(χχ → GG)|2, (186)

where G indicates which gauge boson is being considered. SG is a statistical
factor equal to one for W+W− and two for Z0Z0.

It is useful to note that pure-gaugino neutralinos have a no S-wave annihi-
lation amplitude to gauge bosons. Pure-higgsinos or mixed higgsino-gauginos,
however, can annihilate efficiently via these channels, even at low velocities.
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ploy below). For the sensitivity studies in the present
work, we keep b�,ijk fixed in the form of the model de-
rived from Eqs. (14-15), so that our background model
contains no free parameters. As such, once the DM mass
and model (e.g. whether it is a Wino or Higgsino) is
specified, the only free parameter in the signal model
and likelihood is an overall signal normalization factor
controlled by h�viline.

The likelihood function is binned in energy (indexed
by i), Galactic longitude (indexed by j) and Galactic lat-
itude (indexed by k). The total likelihood is the product
of Lijk over the 20 energy bins and 400 spatial bins. In
our case the background b�,ijk is modeled rather than be-
ing measured in an OFF region, as explained in Sec. IVC,
and as mentioned above the background model contains
no free parameters (we do not allow its normalization, for
example, to vary).6 The sensitivity is expressed here as
the expected limit obtained under the assumption that
m�,ijk contains no DM signal. Values of h�viline are
tested through the likelihood ratio test statistic profile

6 The future telescope pointing strategy of CTA that will be imple-
mented to survey the GC region will define optimized pointing
positions of the telescopes to most e�ciently survey the GC re-
gion, together with the OFF regions where the background will
be measured for each observation. This discussion is beyond the
scope of this work.

defined as:

⇤ijk =
Lijk(s�,ijk + b�,ijk,m�,ijk)

Lijk(ŝ�,ijk + b�,ijk,m�,ijk)
. (17)

In the ratio, only the amplitude of s�,ijk is a free param-
eter, and therefore this quantity is solely a function of
the cross section h�viline. In the denominator we fix the
signal flux normalization to the value which maximises
the likelihood, denoted by ŝ�,ijk. Using Eq. (17), we can
then define a test statistic for setting upper limits as

q(h�vi) =

(
�
P

ijk 2 ln⇤ijk h�vi � dh�vi ,
0 h�vi < dh�vi ,

(18)

where the cross section is again h�viline, and here dh�vi
corresponds to the value of the cross section where the
best fit signal is achieved, in detail the value that deter-
mined ŝ�,ijk as in the denominator of Eq. (17). As the
cross section is increased, eventually the signal strength
will become incompatible with the data and q will be-
gin to increase. The value of h�viline excluded at 95%
confidence level corresponds to q ⇡ 2.71, when comput-
ing one-sided upper limits. Note that this prescription
uses Wilks’ theorem, and as such requires that we allow
h�viline to float negative, as if the background fluctuates
below its mean, the best fit signal point can be negative.
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interactions of gauge-coupling strength, as we will explore in more detail in sections 9 and 10. The
couplings of the Standard Model gauge bosons (photon, W±, Z0 and gluons) to the MSSM particles are
determined completely by the gauge invariance of the kinetic terms in the Lagrangian. The gauginos
also couple to (squark, quark) and (slepton, lepton) and (Higgs, higgsino) pairs as illustrated in the
general case in Figure 3.3g,h and the first two terms in the second line in eq. (3.4.9). For instance, each
of the squark-quark-gluino couplings is given by

√
2g3(q̃ T aqg̃+ c.c.) where T a = λa/2 (a = 1 . . . 8) are

the matrix generators for SU(3)C . The Feynman diagram for this interaction is shown in Figure 6.3a.
In Figures 6.3b,c we show in a similar way the couplings of (squark, quark), (lepton, slepton) and
(Higgs, higgsino) pairs to the winos and bino, with strengths proportional to the electroweak gauge
couplings g and g′ respectively. For each of these diagrams, there is another with all arrows reversed.
Note that the winos only couple to the left-handed squarks and sleptons, and the (lepton, slepton)
and (Higgs, higgsino) pairs of course do not couple to the gluino. The bino coupling to each (scalar,
fermion) pair is also proportional to the weak hypercharge Y as given in Table 1.1. The interactions
shown in Figure 6.3 provide, for example, for decays q̃ → qg̃ and q̃ → W̃ q′ and q̃ → B̃q when the final
states are kinematically allowed to be on-shell. However, a complication is that the W̃ and B̃ states
are not mass eigenstates, because of splitting and mixing due to electroweak symmetry breaking, as
we will see in section 8.2.

There are also various scalar quartic interactions in the MSSM that are uniquely determined by
gauge invariance and supersymmetry, according to the last term in eq. (3.4.12), as illustrated in Fig-
ure 3.3i. Among them are (Higgs)4 terms proportional to g2 and g′2 in the scalar potential. These are
the direct generalization of the last term in the Standard Model Higgs potential, eq. (1.1), to the case
of the MSSM. We will have occasion to identify them explicitly when we discuss the minimization of
the MSSM Higgs potential in section 8.1.

The dimensionful couplings in the supersymmetric part of the MSSM Lagrangian are all dependent
on µ. Using the general result of eq. (3.2.19), µ provides for higgsino fermion mass terms

− Lhiggsino mass = µ(H̃+
u H̃−

d − H̃0
uH̃

0
d ) + c.c., (6.1.4)

as well as Higgs squared-mass terms in the scalar potential

− Lsupersymmetric Higgs mass = |µ|2(|H0
u|2 + |H+

u |2 + |H0
d |2 + |H−

d |2). (6.1.5)

Since eq. (6.1.5) is non-negative with a minimum at H0
u = H0

d = 0, we cannot understand electroweak
symmetry breaking without including a negative supersymmetry-breaking squared-mass soft term for
the Higgs scalars. An explicit treatment of the Higgs scalar potential will therefore have to wait
until we have introduced the soft terms for the MSSM. However, we can already see a puzzle: we
expect that µ should be roughly of order 102 or 103 GeV, in order to allow a Higgs VEV of order
174 GeV without too much miraculous cancellation between |µ|2 and the negative soft squared-mass
terms that we have not written down yet. But why should |µ|2 be so small compared to, say, M2

P,
and in particular why should it be roughly of the same order as m2

soft? The scalar potential of the
MSSM seems to depend on two types of dimensionful parameters that are conceptually quite distinct,

52

h ,H
χ

χ

W

W

W
Z

χ

χ W
χ

χ

χ

W

W

+
n

χ

χ

χ

n
h ,H

χ

χ

Z

Z
Z

Z

Figure 38: Tree level diagrams for neutralino annihilation into gauge boson pairs.
From Ref. [319].

U =

(
cosφ− − sinφ−
sinφ− cosφ+

)
(181)

and

V =

(
cosφ+ − sinφ+

sinφ+ cosφ−

)
, (182)

where

tan 2φ− = 2
√

2mW
(µ sinβ + M2 cosβ)

(M2
2 − µ2 + 2m2

W cos 2β)
(183)

and

tan 2φ+ = 2
√

2mW
(µ cosβ + M2 sinβ)

(M2
2 − µ2 − 2m2

W cosβ)
. (184)

The amplitude for annihilations to Z0-pairs is similar:

A(χχ→ Z0Z0)v→0 = 4
√

2 βZ
g2

cos2 θW

4∑

n=1

(
O′′L

1,n

)2 1

Pn
. (185)

Here, βZ =
√

1 − m2
Z/m2

χ, and Pn = 1 + (mχn/mχ)2 − (mZ/mχ)2. The sum is

over neutralino states. The coupling O′′L
1,n is given by 1

2 (−N3,1N∗
3,n +N4,1N∗

4,n).
The low velocity annihilation cross section for this mode is then given by

σv(χχ → GG)v→0 =
1

SG

βG

128πm2
χ

|A(χχ → GG)|2, (186)

where G indicates which gauge boson is being considered. SG is a statistical
factor equal to one for W+W− and two for Z0Z0.

It is useful to note that pure-gaugino neutralinos have a no S-wave annihi-
lation amplitude to gauge bosons. Pure-higgsinos or mixed higgsino-gauginos,
however, can annihilate efficiently via these channels, even at low velocities.
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Figure 6. Top panels: 95% C.L. upper limits on the line Higgsino annihilation cross section as a function of its mass for the
Einasto profile (red solid line) and cores of size from 300 pc to 5 kpc. The theoretical cross section is printed in gray. Top left
panel: Limits computed assuming mass splittings �mN = 200 keV and �m+ = 350 MeV. Top right panel: Limits computed
assuming mass splittings �mN = 2 GeV and �m+ = 480 MeV. Bottom panels: 95% C.L. expected mean upper limits for CTA
on the Higgsino annihilation cross section as a function of its mass, for an Einasto DM profile and 500 hour homogeneous
exposure in a 10�-side squared region centered at the GC region. The expected limits (red solid line) are shown together with
the 1� (green band) and 2� (yellow band) containment band obtained from the Asimov dataset. Only the residual background
is considered here. The predicted LO cross section is shown (solid gray line) and the thermal Higgsino DM mass is marked
(cyan solid line and bands). The sensitivity is computed for the mass splittings �mN = 200 keV and �m+ = 350 MeV (bottom
left panel) and �mN = 2 GeV and �m+ = 480 MeV (bottom right panel). The line-only constraints are shown as red dotted
lines.

which spatial regions have the greatest sensitivity to the
DM signal. Consequently, the degree to which the lim-
its vary with core size could change depending on the
spatial morphology of the background. Equivalently, the
degree to which the astrophysical backgrounds weaken

the limits may depend on the assumed core size. For
example, background features occurring a few degrees
from the GC might have a negligible e↵ect for peaked
density profiles with small cores, but a larger impact for
few-kpc cores. Fig. 8 shows the CTA expected mean



▸ Heavier dark matter: setting relic abundance through 
interactions with Standard Model is challenging (NB: 
exceptions) 

▸ At heavier masses, detection through Standard Model 
interactions is (generally) not motivated by abundance
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▸ Look for gravitational means to detect structure 

▸ Above               Pulsar timing can be effective  

▸ Project of the (far) future to use laboratory clocks to 
detect small gravitational redshift effects
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GRAVITATIONAL EFFECTS OF DARK MATTER SUBSTRUCTURE

▸ Pulsars, observed over decades, are accurate clocks — the 
time-of-arrival of a pulse is very stable

PulsarEarth

2

timing e↵ects in measurements of pulsar periods. Pul-
sars with millisecond periods, observed over time scales
of decades, are known to be remarkably stable clocks.
While their periods fluctuate over short times, these fluc-
tuations do not substantially accumulate. In practice one
can define a pulse phase of the signal,

�(t) = �0 + ⌫ t+
1

2
⌫̇ t2 +

1

6
⌫̈ t3 + ... (1)

where ⌫ is the frequency and ⌫̇, ⌫̈ are its first and second
derivatives. The most stable pulsars have frequencies of
O(kHz) and a spin-down rate of the pulsar, ⌫̇/⌫, ranging
from roughly 10�23

� 10�20 Hz, both of which can be
fit from the data. Empirically, it is found that ⌫̈/⌫ can
be below 10�31 Hz2 [43] and is typically not included in
fits to the data, allowing one to place upper bounds on
processes that would produce a non-negligible ⌫̈. Fur-
thermore, any process which induces a modification of
the phase,

�� ⌘

Z
dt �⌫(t) (2)

can be constrained using pulsar timing measurements.
The quality of pulsar timing data is determined by

three parameters. The first parameter is the root-mean-
square (RMS) timing residual, tRMS. This is determined
after finding the frequency, ⌫fit, and its derivative, ⌫̇fit,
which minimizes the residual between the timing data,
tdatan , and the timing model, tn, where tn is found via the
relation 2⇡n = �(tn) from Eq. (1). This gives

tRMS ⌘

s
1

N

X

n

(tdatan � tfitn )2, (3)

where N is the number of data points, and tfitn is tn with
⌫ = ⌫fit, ⌫̇ = ⌫̇fit and all higher order terms dropped. The
minimized residual is typically tRMS ⇠ µsec. The other
two parameters are the observation time of the pulsar,
T ⇠ 10 years, and the time between measurements, �t ⇠
2 weeks (also known as the cadence). Clearly the pulsars
with the most power to constrain substructure are those
with smaller RMS noise, longer observation times, and
shorter cadence.

Pulsar timing data can probe DM compact objects
since a transit near the timing system will give rise to
a change in the observed frequency of the pulsar. We
consider changes in the observed frequency of the pulsar
due to two e↵ects. First, there can be a gravitational
time delay due to a changing gravitational potential af-
fecting the photon geodesic as it moves along the line of
sight – this is known as a Shapiro time delay, and was
proposed as a probe of dark matter in [44]. Second, the
presence of compact objects can lead to an acceleration
of the Earth or pulsar, also changing the observed pulsar
period – this is the Doppler e↵ect, and was proposed as a
signal of dark matter in [45]. These accelerations are op-
timal for studying smaller masses and are typically more

sensitive than Shapiro delays, though in some parameter
space, as we will explore in detail, Shapiro delays can be
more sensitive due to the long baseline.

The signal from a transiting compact object will look
di↵erent depending on the relevant timescale, ⌧ , associ-
ated with the motion of the compact objects (here we use
this variable schematically but give it an explicit, mass-
dependent meaning in later sections). If we denote the
observation time of a pulsar as T , then dynamic signals
correspond to ⌧ ⌧ T , and will appear as blips in the pul-
sar timing data (analogous to glitches which have been
observed in millisecond pulsar data [46, 47]). Static sig-
nals, with ⌧ � T , will not be observable as blips but
instead as a non-negligible contribution to the second
derivative of the frequency, ⌫̈.

The idea of using pulsar timing to probe dark matter
substructure has a long history. The static contribution
of the Shapiro time delay was suggested as a probe of
PBHs in [48, 49], while searches for dynamic signals were
considered for single events in [44, 45, 50], and multiple
events in [51]. None of these analyses, however, consid-
ered how the signals were related to each other in the
relevant regime of validity. Our results extend, and dif-
fer from, previous results as follows. First, we carry out
the first analysis to correctly consider all forms of tim-
ing signatures, in the dynamic and static limit, and for
both Doppler and Shapiro e↵ects. We comment on the
interplay between these four signals and their comple-
mentary sensitivity in di↵erent mass ranges. The com-
parative analysis has important implications for signals;
for example, in contrast to previous work, we find that
the Doppler signal dominates in the static limit, sub-
stantially modifying the derived constraint. Second, we
perform the first study of the single event ‘blip’ signal
shapes and compute these shapes in three dimensions;
this extends and improves on the previous limits derived
in [45, 50, 52]. Third, we perform projections for cur-
rent and future pulsar timing experiments in all of the
signal regimes, correctly incorporating the impact of the
measurement cadence on the constraint for the first time.
Lastly, we study the impact of the size of compact ob-
jects, parameterized in terms of the profile, on the con-
straints derived. Note that we do not consider a multi-
event (or statistical) signal, as studied in [51]. While
we expect that such an analysis will extend the reach at
the low mass end (below O(10�9 M�) for Doppler signals
and below O(10�4 M�) for Shapiro signals), due to the
more complicated nature of the signal, we reserve study
for future work [53].

The outline of this paper is as follows. In Sec. II we
describe static and dynamic signatures of transiting com-
pact objects, for both Doppler and Shapiro e↵ects, being
careful to delineate the dividing line between the regimes.
Next, in Sec. III, we detail the size of the signals expected
in the dynamic and static regimes for both Doppler and
Shapiro signals. Then we present the analytic and nu-
merical results in Sec. IV, projecting constraints on the
fraction of DM in PBHs (or PBH-like subhalos) which

3

can be probed using pulsar timing. These results are ex-
tended to more di↵use subhalos in Sec. V, where we show
that PTAs have sensitivity to much more extended ob-
jects than lensing searches. Finally, in Sec. VI, we sum-
marize our results and suggest ways in which the analysis
can be extended.

II. PULSAR TIMING SIGNATURES FROM
DOPPLER AND SHAPIRO EFFECTS

Transiting compact objects give rise to two di↵erent
e↵ects in the time of arrival of pulses from pulsars. The
first, the Doppler e↵ect, arises from an acceleration of
the Earth or the pulsar. The Shapiro e↵ect, on the
other hand, is a gravitational redshift e↵ect along the
photon geodesic. Both of these e↵ects cause the photon
arrival time to be shifted from the unperturbed propaga-
tion value. The constant terms inside of these time shifts
are unobservable as they can be absorbed by a redefi-
nition of the unperturbed travel time. We thus consider
time-dependent changes which generate a shift in the pul-
sar frequency, �⌫. For the Doppler and Shapiro signals,
we have, 1

✓
�⌫

⌫

◆

D

= d̂ ·

Z
r� dt, (4)

✓
�⌫

⌫

◆

S

= �2

Z
v ·r� dz, (5)

where � is the gravitational potential due to the compact
object and v is its velocity, while d̂ is the direction from
the Earth to the pulsar and z parameterizes the path the
light takes from the pulsar to the Earth. These expres-
sions can be simplified by assuming the compact object
is a PBH of mass M ,

✓
�⌫

⌫

◆

D

= GM d̂ ·

Z
r

r3
dt, (6)

✓
�⌫

⌫

◆

S

= �4GM
ṙ⇥
r⇥

, (7)

where r is the position of the compact object relative
to the pulsar and ⇥ subscript denotes crossing with d̂,
r⇥ ⌘ r ⇥ d̂. Physically, the Doppler delay derives from
integrating over the gravitational field from the com-
pact object and taking the component of the pulsar
(Earth) acceleration towards the Earth (pulsar), while
the Shapiro delay depends only on components of the po-
sition and velocity of the compact object in the direction
perpendicular to d̂, as only this gives a time dependent
shift to the metric a↵ecting the photons.

1 Here we assume a weak field approximation, � ⌧ 1, a slowly
varying potential during the interaction time scale (�(r + vr) '
�(r)), where r is the distance of closest approach, and large orbit
eccentricity.
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FIG. 1: Normalized signal shapes observable in pulsar
timing data. In general the Doppler signal is a linear
combination of the two shapes depending on the

object’s trajectory, while the Shapiro signal shape is
fixed.

As shown in Appendix A these expressions can be fur-
ther simplified to
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⌘
· d̂, (8)
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S
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4GM

⌧S

xS

1 + x2

S

, (9)

where we have taken the motion of the transiting object
as r = r0 + vt. We define xD ⌘ (t� tD,0)/⌧D, xS ⌘ (t�
tS,0)/⌧S as normalized time variables. Here, the width
of each signal is given by ⌧D ⌘ |r0 ⇥ v| /v2 and ⌧S ⌘

|v⇥ ⇥ r⇥| /v2⇥. The times for the passing object to reach
its point of closest approach are given by tD,0 ⌘ �r0 ·

v/v2, tS,0 ⌘ � (v⇥ · r⇥) /v2⇥. For the Doppler delay, the
vector pointing from the pulsar to the point of closest
approach is given by bD ⌘ r0 + vtD,0. For the Shapiro
delay the relevant vector points from the line of sight
to the point of closest approach, and is given by bS =
d̂ ⇥ (r⇥ + v⇥tS,0). From here on we will drop the D,S
subscripts which will be apparent by context.

The signal shapes are shown in Fig. 1. The Doppler
signal has two components depending on the orientation
of the incoming object, a transient signal (/ v̂ · d̂) and
a non-transient signal (/ b̂ · d̂). The Shapiro signal is
always transient regardless of orientation.

Note that one may be tempted to conclude immedi-
ately that a Shapiro signal is always subdominant to the
Doppler signal, as it is suppressed by v2. However, the
Shapiro signal is amplified by the long baseline (⇠ kpc)
resulting in a much shorter typical timescale, and is able
to probe a complementary mass window. We consider
this in detail in the next sections.
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FIG. 6: The most stringent 90th percentile upper limits on the PBH dark matter abundance

fdm ⌘ ⌦/⌦dm for di↵erent PBH masses, M . The results in the present work are labelled as

‘Bayesian’ while the sensitivity projections in Refs. [33, 34] are labelled as ‘Frequentist’.

C. E↵ects of Red Noise

Realistic PTA data contain red noise. Some pulsars contain intrinsic red noise, while a stochastic

GWB can also induce a red noise process correlated among all pulsars. For instance, a common red

noise process with median amplitude A = 1.92 ⇥ 10�15 and spectral index � = 13/3 is reported by

NANOGrav in Ref. [38]. For completeness, we briefly consider the e↵ect of red noise, such as the

SMBHB background, on a PTA’s ability to detect dark matter.

Instead of the upper limits on fdm, we report the e↵ects of red noise on the posterior distribution of

the dark matter amplitudes Astat and Adyn in Fig. 7. The presence of the red noise shifts the posterior

distribution towards large amplitudes, implying that the constraints on the amplitudes (hence fdm)

worsen. To quantify the e↵ects, we show the 90th percentile of Astat and Adyn. As shown in Fig. 7,

a red noise process with Ared = 10�15 would increase the upper limits on Astat and Adyn by 2 and

1.5 orders of magnitude respectively. The PBH dark matter abundance fdm scales as AD, stat, A2

D, dyn

and A
2/3
S, stat respectively, meaning that, in any case, the upper limits on fdm worsen by over an order

of magnitude when red noise is present in the data.5

5
In practice, instead of only considering the upper limits on A, one would have to perform the overlapping integrals

using Eqs. (22)-(23) to compute the posterior distribution of fdm. Hence this analysis is an order of magnitude estimate

of the e↵ects of Ared on fdm. We did not perform a full analysis on mock data with red noise since that would require

us to run the MC simulations with unrealistically high fdm, which is computationally challenging.

Lee, Taylor, Trickle, KZ 2104.05717
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FIG. 3. The 90th percentile upper limits on the fifth force strength ↵̃ derived from the NANOGrav

11-year dataset. The constraints are shown for di↵erent DM mass mX and range �.

su�cient to produce an observable signal. On the other hand, in the low mass limit, we have

bmin . �, but the constraints also become less stringent, since the fifth force and gravitational

strength weaken with the DM mass. For adequately large force ranges (i.e. � & 10�2 pc),

there is an intermediate mass regime where bmin . � so the fifth force e↵ectively modifies the

gravitational constant by G ! (1 + ↵̃)G, but its strength is not enough to perturb the DM

path, hence the constraints exhibit a plateau behavior similar to the gravity-only analyses

in Ref. [27].

IV. INFERRED LIMITS FROM EQUIVALENCE PRINCIPLE TESTS AND THE

BULLET CLUSTER

In this section we consider indirect constraints on a fifth force between NS matter and DM

from a combination of weak equivalence principle (WEP) tests [1, 65], which can constrain

21
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Gravitational-only interactions — future DM-baryon 5th force currently 
constrained by PTAs
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▸ Ultralight dark matter: dark matter behaves like a wave 
rather than an individual particle, e.g. axion 

▸ Detection techniques focus on utilizing this coherence 

▸ Cavities, AMO techniques
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ULTRALIGHT DARK MATTER AND DARK CLUMPS

▸ Theories of dark matter predict departures from scale 
invariant density perturbations on small scales 

▸ Axion dark matter (symmetry breaks after inflation): 

▸ MC mass set by DM mass in horizon at QCD PT
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where the ξ’s are random phases.
We solve the equation of motion on a lattice 100

sites per side for the axion-like potential, V (φ) = 1 −
cos(φ/f) = 1 − cos θ. This potential would result in the
formation of domain walls if, for example, A = πf (in the
language of axions, this corresponds to multiple vacua,
N > 1). The walls are transient objects that quickly dis-
sipate by particle radiation, but introduce singularities
that make numerical integration difficult. Since we are
interested in the formation and evolution of the ScaMs
only, we avoid this problem by choosing A so that θ varies
between −π and π, and the root-mean square (rms) value
of θi = φi/f is the rms average value of the misalingment
angle, θrms = π/

√
3. In this case, the domain walls never

form in our box.
Solving the equation of motion numerically automat-

ically simulates the effects of the Kibble mechanism,
smoothing field fluctuations on scales smaller than the
horizon size at the time of the phase transition. We plot
in fig. 2 a two dimensional slice of the initial white noise
density fluctuations for the axion-like potential.

We evolve these fluctuations to η = 10, at which point
the fluctuations are expected to remain mostly spatially
frozen (modulo logarithmic growth of fluctuations) un-
til gravitational collapse begins right around (or even
somewhat before for the most dense ScaMs) the epoch
of matter-radiation equality. The density fluctuations in
a box with sides whose length are four times the hori-
zon size at the time of the phase transition are shown in
fig. 3. The density fluctuations have been normalized to
the average density in the box, so that ρ(x)/ρ̄ is shown.

We choose an alternate method to determine initial
density fluctuations for the Higgs-like potential. Ac-
cording to eqn. 13, the Higgs-like potential gives only
quasi-nonlinear density perturbations, which allows us to
model the formation of these clumps realizing the initial
density fluctuations using the standard N-body particle
method: particles are initially placed on a lattice to min-
imize shot noise, then displaced from those positions by
adding perturbations, mode by mode in the Zel’dovich
approximation, with amplitudes and phases selected ac-
cording to the distribution derived from the power spec-
trum. We adopt the power spectrum of eqn. 20

P (k) = Ae−(krs/2π)2/2 Mpc3, (31)

which creates white noise filtered on a scale rs. This
smoothing scale corresponds roughly to the horizon size
at the time of the phase transition. The expected density
fluctuations on this scale are thus
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(32)
where ks = 2π/rs and we choose rs so that the result-
ing ScaMs haves masses around 1M# (calculated from
MScaM ∼ ρDMr3

s , and corresponding to a phase transi-
tion temperature, Ttrans ∼ 10−4 GeV), and A such that

FIG. 2: Two-dimensional slice in the x-y plane of initial white
noise field energy density distribution. x-y coordinates are
in η, where η = 1 corresponds to a length dH(Ttrans), one
horizon size at the time of the phase transition. The z-axis
is the initial white noise over-density ρ(x)/ρ̄, where ρ̄ is the
mean density in the box.

FIG. 3: Density distribution after the phase transition, at
η = 10 for the axion-like potential. Axes are same as in
fig. 2. Note the highly nonlinear nature of the initial den-
sity perturbations. This distribution remains fixed until near
matter-radiation equality when it evolves gravitationally into
collapsed ScaMs; this density spectrum is the input for the
N-body simulation.

(δρ/ρ)rms $ 0.5. Note that while we use specific phys-
ical scales for the purpose of the simulation, the result
is expected to be completely scale invariant, and should
apply with suitable rescaling to ScaMs of all masses.

We plot the corresponding density fluctuations for the
Higgs-like potential in fig. 4. We then use the N-body
code to evolve the objects into the collapse epoch near



ULTRALIGHT DARK MATTER AND DARK CLUMPS

▸ Theories of dark matter predict departures from scale 
invariant density perturbations on small scales 

▸ Axion dark matter (symmetry breaks after inflation): 

▸ MC mass set by DM mass in horizon at QCD PT
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where the ξ’s are random phases.
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sipate by particle radiation, but introduce singularities
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between −π and π, and the root-mean square (rms) value
of θi = φi/f is the rms average value of the misalingment
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ically simulates the effects of the Kibble mechanism,
smoothing field fluctuations on scales smaller than the
horizon size at the time of the phase transition. We plot
in fig. 2 a two dimensional slice of the initial white noise
density fluctuations for the axion-like potential.

We evolve these fluctuations to η = 10, at which point
the fluctuations are expected to remain mostly spatially
frozen (modulo logarithmic growth of fluctuations) un-
til gravitational collapse begins right around (or even
somewhat before for the most dense ScaMs) the epoch
of matter-radiation equality. The density fluctuations in
a box with sides whose length are four times the hori-
zon size at the time of the phase transition are shown in
fig. 3. The density fluctuations have been normalized to
the average density in the box, so that ρ(x)/ρ̄ is shown.

We choose an alternate method to determine initial
density fluctuations for the Higgs-like potential. Ac-
cording to eqn. 13, the Higgs-like potential gives only
quasi-nonlinear density perturbations, which allows us to
model the formation of these clumps realizing the initial
density fluctuations using the standard N-body particle
method: particles are initially placed on a lattice to min-
imize shot noise, then displaced from those positions by
adding perturbations, mode by mode in the Zel’dovich
approximation, with amplitudes and phases selected ac-
cording to the distribution derived from the power spec-
trum. We adopt the power spectrum of eqn. 20

P (k) = Ae−(krs/2π)2/2 Mpc3, (31)

which creates white noise filtered on a scale rs. This
smoothing scale corresponds roughly to the horizon size
at the time of the phase transition. The expected density
fluctuations on this scale are thus
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where ks = 2π/rs and we choose rs so that the result-
ing ScaMs haves masses around 1M# (calculated from
MScaM ∼ ρDMr3

s , and corresponding to a phase transi-
tion temperature, Ttrans ∼ 10−4 GeV), and A such that

FIG. 2: Two-dimensional slice in the x-y plane of initial white
noise field energy density distribution. x-y coordinates are
in η, where η = 1 corresponds to a length dH(Ttrans), one
horizon size at the time of the phase transition. The z-axis
is the initial white noise over-density ρ(x)/ρ̄, where ρ̄ is the
mean density in the box.

FIG. 3: Density distribution after the phase transition, at
η = 10 for the axion-like potential. Axes are same as in
fig. 2. Note the highly nonlinear nature of the initial den-
sity perturbations. This distribution remains fixed until near
matter-radiation equality when it evolves gravitationally into
collapsed ScaMs; this density spectrum is the input for the
N-body simulation.

(δρ/ρ)rms $ 0.5. Note that while we use specific phys-
ical scales for the purpose of the simulation, the result
is expected to be completely scale invariant, and should
apply with suitable rescaling to ScaMs of all masses.

We plot the corresponding density fluctuations for the
Higgs-like potential in fig. 4. We then use the N-body
code to evolve the objects into the collapse epoch near

Disruption of Minihaloes in the Milky Way 13

Figure 8. Top: Mass function of minihaloes (from axion miniclusters) at the Solar neighborhood (Aobs ' 8kpc). We assume that AMC model with <a = 25 `eV.
The mass function before disruption is shown as the gray dashed line. The mass function after processing only tidal (or stellar) disruption is shown as the blue
(red) solid line. The mass function post-disruption, combining both tidal and stellar disruption, is shown as the solid black line. In general, the disruptions taken
together induce approximately a 30% decrease in the peak value of the mass function and shift the mass of the peak by roughly half an order of magnitude. The
massive end is more strongly a�ected by disruption than the low mass end. Bottom: We show the integrated number (left) and mass (right) of minihaloes before
and after disruption. The typical survival fraction of minihaloes with "mh � 10�12 M� is 87% in terms of number and about 70% in terms of mass. Stellar
disruption is the dominant disruption mechanism through the entire mass range of interest.

)circ (Aobs). 5Np characterizes the deviation of #p from this circu-
lar orbit estimation. In Equation 36, ⌃⇤ is the stellar surface density
where the minihalo crossed the disk (the surface density profile⌃⇤ (A)
is given below Equation 24). hix denotes averaging over all past disk
crossings given the orbit of the minihalo. The correction factor 5⌃⇤

characterizes the deviation of the averaged ⌃⇤ at all past encounter
locations for all possible orbits from ⌃⇤ (Aobs). 5\ accounts for the
increased e�ective stellar surface density when the minihalo is not
passing perpendicular to the disk, see Appendix C for details). In
Appendix C, 5Np and 5⌃⇤

are estimated based on the orbital model
of an isothermal halo. The combined e�ect of 5\ , 5Np and 5⌃⇤

on

�⇢tot/⇢b isO(10) at Solar neighborhood. The velocity termf2
⇤ +E

2
mh

has weak dependence on Aobs and minihalo orbits, so it is assumed
to be the constant value (250 km/s)2 for simplicity.

We note that 1c has an implicit dependence on the surface density
at the encounter. When 1c � 1s (when ⌃⇤ is large or "mh is small),
�⇢tot/⇢b will be proportional to ⌃2

⇤ and the correction factor 5⌃⇤

should be replaced with 5⌃2
⇤

(see the calculation in Appendix C). To
properly account for this, we model the transition from 5⌃⇤

to 5⌃2
⇤

empirically as

5 = 5⌃⇤
+ ( 5⌃2

⇤
� 5⌃⇤

)
1

1 + 4�: log (
p

21c/1s)
(37)

where : = 3 is assumed. The value of : or the detailed form of the
transition does not a�ect the post-disruption mass function in any
significant way.

4.3 Monte Carlo sampling of the minihaloes

Now we are ready to implement all the physics of disruption discussed
above to a sample of minihaloes and track their mass loss. We model
the evolution of the minihalo population in the Milky Way halo
following the steps below:

• We initialize a Monte Carlo sample of minihaloes. The masses of
minihaloes are sampled over the dynamical range 10�14 to 10�3 M�

following the initial mass function given in Section 2.1 and Ap-
pendix A. The minihalo concentrations are calculated following the
mass-concentration relation in Section 2.1 and the redshifts of infall

MNRAS 000, 1–19 (2022)
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DETECTING WAVELIKE DARK MATTER

▸ Use Dark Matter Coherence
Dark Matter Candidates

Vector Bosons
(gauge coupling)Scalar Bosons

Vector Bosons
(kinetic mixing)

Particle Mass (eV/c2)

10�22 10�18 10�14 10�10 10�6 10�2

Compton Frequency (Hz)

10�8 10�4 100 104 108 1012

Spin Based Sensors

Broadband ReflectorsOptical Interferometers (incl. GW detectors)

Haloscopes (cavity, plasma, dielectric)

Atom Interferometers

LC Oscillators

Qubits

Quantum Materials

Cavity - Cavity/at. & mol. trans. Molecular AbsorptionTorsion Balances

Atomic, Molecular, Nuclear Clocks

Mechanical Resonators

EP Tests (Eöt-Wash + MICROSCOPE)

FIG. 1. Summary of current and future laboratory direct-detection experiments to set constraints on scalar
and vector dark matter. These are complementary to cosmological and astrophysical probes, both in mass
and the coupling strength to the SM, see Fig. 2. “Qubits” includes Rydberg atoms, trapped ions, and super-
conducting transmon qubits. “Torsion Balances” refers specifically to direct DM searches, as opposed to more
traditional equivalence principle (EP) violation tests. “GW” refers to gravitational wave detectors.

Frontier (CF2) white paper [15] discusses searches for axions and ALPs (i.e., pseudo-scalars), while
this white paper focuses on searches for scalar and vector dark matter candidates. Two other
Snowmass white papers in the Instrumentation Frontier (IF1) focus on quantum sensors [16, 17]
that are used for the purpose of UDM detection discussed in this work.

We have only begun the exploration of quantum technologies in this field, and improvements of
many orders of magnitude in the sensitivity to UDM are expected over the next decade. Just in the
few years since the previous Snowmass process, a wide range of new experiments have emerged.
Nearly the entire effort described in this paper is less than 10 years old and still in its infancy, with
rapid improvements of many orders of magnitude expected over the next few years. We show the
diversity of new experiments and their coverage of UDM mass ranges in Fig. 1. Cosmological and
astrophysical probes illustrated by Fig. 2 can be complementary to laboratory searches, both in

7
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▸ Intermediate range where observation via particle 
interactions with SM is still highly motivated though not 
detectable with traditional WIMP experiments 

▸ Arise generically in top-down constructions

DARK MATTER DETECTION: A FULL COURT PRESS
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DARK MATTER DETECTION: A FULL COURT PRESS

▸ Dark sector dynamics are complex and astrophysically 
relevant.   

▸ Abundance may still be set by (thermal) population from 
SM sector
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Paradigm Shift

Standard Model

Mp � 1 GeV

Our thinking has shifted

From a single, stable very weakly 
interacting particle .....

(WIMP, axion)

...to a hidden world or 
“hidden valley” with 
multiple states, new 

interactions

Models: Light DM sectors,
Secluded WIMPs, Dark Forces, Asymmetric DM .....

Production: freeze-in, freeze-out and decay, 
asymmetric abundance, non-thermal mechanisms .....

Inaccessibility
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Asymmetric DM
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Chemical Potential  
Dark Matter

Another way to stop the annihilation is 
simply to run out of anti-particles.  This is 
what happens with baryons in the SM.


Anti-matter  Matter   
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nX ⇠ 10�10T 3
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CROSSING SYMMETRY

▸ Utilize DM Abundance and crossing symmetry as guide 
for interaction rates

X �

e e

q Q

k k0

X �

e e

q Q

k k0

FIG. 5: Sample processes considered in this section to detect DM, �. Top left: DM-nucleus
scattering. Top middle: DM-electron scattering. Top right: DM-nucleus scattering with emission
of a photon. Bottom left: Absorption by an electron of a bosonic DM particle (a vector A0, scalar
�, or pseudoscalar a). Bottom middle: Absorption by an electron of a bosonic DM particle, made
possible by emission of a phonon �. Bottom right: Emission of multiple phonons in DM scattering
o↵ helium.

2. Ideas to Probe Low-Mass Dark Matter

Over the past decade, several strategies have been proposed that maximize the energy
transfer to the target. In some cases this is at the expense of a modest rate suppression,
but this is at least partially o↵set by the larger DM particle flux expected as m� is lowered.
These interactions include:

• DM-Electron Scattering (1 keV – 1 GeV): For low-mass DM elastic scattering
(Fig. 5, top middle), the DM energy is transferred far more e�ciently to an electron
than to a nucleus [48]. If the DM is heavier than the electron, the maximum energy
transfer is equal to the DM kinetic energy,

Ee 
1

2
m�v2

� . 3 eV
⇣ m�

MeV

⌘
. (10)

Bound electrons with binding energy �EB can thus in principle produce a measurable
signal for

m� & 0.3 MeV ⇥
�EB

1 eV
. (11)

This allows low-mass DM to produce ionized excitations in drift chambers (�EB ⇠

10 eV) for m� & 3 MeV [48, 90, 91], to promote electrons from the valence band to the

36

Freeze-in Asymmetric Dark Matter

US Cosmic Visions 1707.04591

The landscape of low-threshold dark matter direct detection in the next decade

Figure 4: Figures are adapted and updated from BRN report [94]. Top left: Current 90% c.l. constraints on
DM-electron scattering through a heavy mediator from direct-detection experiments (including bounds on
the solar-reflected DM component) (beige, as in Fig. 1 and from [197], but see also [198, 199]) together
with approximate regions in parameter space that can be explored in the next ⇠5 years (“near-term”, green)
and on longer timescales (“far-term”, blue). Orange regions labelled “Key Milestone” represent concrete
dark-matter benchmark models and are the same as in the BRN report [94]. Along the dotted line DM
would produce about three events in an exposure of 100 gram-year, assuming scattering off electrons in
a hypothetical target material with zero threshold. Top right: As for left plot, but assuming DM-nuclear
scattering; direct-detection bounds are from [50, 51, 56, 200, 201], while the cosmic-ray accelerated DM
bounds are from [42, 59]. Bottom left: As for top-left plot, but assuming scattering through an ultralight
mediator. Direct-detection bounds are as in Fig. 1, while other bounds are collected in [10, 57, 198]. Green
region at large cross section values is allowed for a subdominant DM component [57]. Bottom right: As for
top-left plot, but for the case of dark-photon dark matter absorption (bounds are as in Fig. 1).

Besides the phenomenal improvements in the sensors, significant progress has also
been made in characterizing and understanding potential low-threshold backgrounds. We
will discuss this further in Sec. 4.
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TOWARDS HIDDEN SECTOR DARK MATTER

▸ Developments in condensed matter make this possible
10 Direct Detection Program Roadmap 39
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Figure 26. A compilation of WIMP-nucleon spin-independent cross section limits (solid curves), hints
for WIMP signals (shaded closed contours) and projections (dot and dot-dashed curves) for US-led direct
detection experiments that are expected to operate over the next decade. Also shown is an approximate
band where coherent scattering of 8B solar neutrinos, atmospheric neutrinos and di↵use supernova neutrinos
with nuclei will begin to limit the sensitivity of direct detection experiments to WIMPs. Finally, a suite of
theoretical model predictions is indicated by the shaded regions, with model references included.

We believe that any proposed new direct detection experiment must demonstrate that it meets at least one
of the following two criteria:

• Provide at least an order of magnitude improvement in cross section sensitivity for some range of
WIMP masses and interaction types.

• Demonstrate the capability to confirm or deny an indication of a WIMP signal from another experiment.

The US has a clear leadership role in the field of direct dark matter detection experiments, with most
major collaborations having major involvement of US groups. In order to maintain this leadership role, and
to reduce the risk inherent in pushing novel technologies to their limits, a variety of US-led direct search

Community Planning Study: Snowmass 2013
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LOOKING BEYOND BILLIARD BALLS

▸ Experimental Panorama
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COLLECTIVE EXCITATIONS

▸ When deBroglie wavelength is longer than inter-article 
spacing, collective excitations are relevant degrees-of-
freedom

DM DM
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OPTICAL PHONONS IN POLAR MATERIALS

Single Optical Phonon, Single Acoustic Phonon

Polar Materials: Lin, Knapen, Pyle, KZ 1612.06598

Griffin, Inzani, Trickle, Zhang, KZ, 1910.10716
6
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Figure 1. Projected reach from single phonon excitations (dashed) and electron transitions (solid) for DM scattering mediated
by a kinetically mixed light dark photon (the smallest-gap target InSb su↵ers from slow convergence in the electronic transition
calculation at m� < 1MeV, for which we show results of the two most accurate runs with solid and dotted curves, see
Appendix A 1 for details). Nuclear recoils (not shown) can also probe this model, but the conclusion on which targets are
superior is the same as for the light hadrophilic mediator model. A detector threshold of 1meV is used for the phonon
calculations, and all transitions with energy deposition greater than the band gaps are included in electron excitations. The
freeze-in benchmark is taken from Refs. [12, 80], corrected by including plasmon decay for sub-MeV DM [81]. Stellar constraints
are from Ref. [82] and direct detection constraints are from DAMIC [61], DarkSide-50 [83], SENSEI [62], SuperCDMS [68],
XENON10 [14, 21], and XENON100 [83, 84].2

est optical mode,3

m�,min ⇠ 3 keV

✓
!O

10meV

◆
. (24)

Thus materials having low energy optical phonon modes
are desirable to search for light dark matter; CsI, for
example, has particularly low-lying optical phonon exci-
tations, and its sensitivity to the lightest DM masses is
seen in Fig. 1.
We can also see that at higher masses, single optical

phonon production rates vary widely between materials.
This can be understood analytically. Consider first the

3One has to be careful with this estimate, as the lowest optical mode
is generally not the dominant mode, rather it is the mode which
is most “longitudinal,” or maximizes q · ✏. For simple diatomic
materials, there is one precisely longitudinal mode in the low q
limit, but the same is not true for more complex materials such as
Al2O3, as many gapped modes have a longitudinal component. A
general rule of thumb is that the highest energy optical mode is the
most longitudinal.

simplest case of a diatomic polar crystal (e.g. GaAs).
The dominant contribution to the q integral in Eq. (20)
is well within the 1BZ and therefore we can set G = 0,
Wj ' 0, and g(q,!) / q�1. Approximating Z⇤

j
' Z⇤

j
1,

and noting that Z⇤
1
= �Z⇤

2
⌘ Z⇤, we see that the rate

is dominated by the longitudinal optical (LO) mode, for
which one can show ✏LO,k,1 and ✏LO,k,2 are anti-parallel,
and |✏LO,k,j | =

p
µ12/mj in the limit k ! 0, where µ12 is

the reduced mass of the two ions. Further approximating
the phonon dispersion as constant and "1 ' "1 1, the
rate simplifies to

R /
q4
0

mcell

⇢�
m�

�e

"21!LO

Z⇤2

µ2
�e
µ12

log

✓
m�v20
!LO

◆

/
Z⇤2

A1A2"21

✓
meV

!LO

◆
⌘ Q . (25)

We call Q a quality factor, since it is the combination
of material-specific quantities that determines the direct
detection rate. A higher-Q material has a better reach



ABSORPTION OF BOSONIC DARK MATTER

▸ Rather than depositing kinetic energy, entire mass energy 
can be absorbed. 

▸ How about 1-100 meV mass axions?

6

Process Fundamental interaction E↵ective coupling in Eq. (4) Rate formula

Axion + B field ! phonon aE ·B f j =
1p
2
ga��

e
p
⇢a

ma
B · "�1

1 · Z⇤
j Eq. (18)

Axion ! magnon ra · se f j = �
ip
2
gaee (gj � 1)

p
⇢a

me
va Eq. (27)

TABLE I. Summary of the potentially detectable channels identified in section IV. The axion field a is given by

Eq. (3), ⇢a is its energy density, and va is its velocity. The axion couplings ga�� and gaee are defined in Eqs. (1)

and (2), and given by Eqs. (31) and (32) for the QCD axion. "1 is the high-frequency dielectric constant due

to electronic screening, Z⇤
j is the Born e↵ective charge tensor of the ion, and gj is the Landé g-factor. " here.

II. GENERAL FORMALISM FOR ABSORPTION RATE CALCULATIONS

In this section, we adapt the DM scattering calculations in Refs. [35, 37] to the present case of

bosonic DM absorption. Unlike the scattering case, light bosonic DM (denoted by a in what follows)

should be treated as a classical field. Within the coherence time ⌧a = (mav
2
a)

�1
⇠ 10�7 s (10meV/ma),

its e↵ect can be modeled as a harmonic perturbation on the target system as in Eq. (4). In this work,

we focus on configurations with no external AC electromagnetic fields, so that ! = ma. An AC

external field with frequency !e would generate perturbations with ! = |ma ± !e|, for which the

calculations in this section also apply.

Phonons and magnons arise from quantizing crystal lattice degrees of freedom, displacements ulj

and e↵ective spins Slj respectively, which DM can couple to, as mentioned in the Introduction — see

Eq. (4). The e↵ective couplings f j depend on the atom/ion types, hence the subscript j. We will

keep f j general in this section, and derive their expressions for the case of axion DM in Sec. IV.

We assume the target system is prepared in its ground state |0i at zero temperature. The transition

rate from standard time-dependent perturbation theory reads

� =
X

f

��hf | ˆ�H0|0i
��2 2⇡ �(! � !f ) . (5)

Strictly speaking, since phonons and magnons are unstable particles, the sum over final states f should

include multi-particle states resulting from their decays. In practice, however, when ! is close to a

phonon/magnon resonance, we can simply smear the delta function to the Breit-Wigner function and

Trickle, Zhang, KZ 2005.10256
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FIG. 3. Projected reach on ga�� from axion absorption onto phonon polaritons in Al2O3, CaWO4, GaAs and

SiO2, in an external 10T magnetic field, averaged over the magnetic field directions, assuming 3 events per

kilogram-year. Also shown are predictions of the KSVZ and DFSZ QCD axion models, and horizontal branch

(HB) star cooling constraints [63].

for a sapphire target, when b̂ is parallel (perpendicular) to the crystal c-axis, chosen to coincide with

the z-axis here, only 2 (4) out of the 6 resonances appear. This observation provides a useful handle

to confirm a discovery by running the same experiment with the magnetic field applied in di↵erent

directions.

B. Magnon excitation via the axion wind coupling

To compute the magnon excitation rate, we substitute the coupling f j in Eq. (35), into the rate

formula Eq. (27). In Sec. III, we discussed three strategies to alleviate the suppression of axion-magnon

couplings due to selection rules: external magnetic fields, anisotropic interactions, and nondegenerate

g-factors. In this subsection, we show the projected reach for each of these strategies. The results are
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FIG. 5. Projected reach on gaee from axion-to-magnon conversion, compared with DFSZ (assuming 0.28 

tan�  140) and KSVZ model predictions, as well as white dwarf (WD) constraints from Ref. [64]. The

suppression of axion-magnon couplings is alleviated by using the three strategies discussed in the main text:

lifting gapless magnon modes by an external magnetic field (YIG target in a 1T magnetic field, compared to

the scanning scheme of Ref. [49]), anisotropic interactions (NiPS3 target), and using targets with nondegenerate

g-factors (hypothetical toy models based on YIG, referred to as YIGo and YIGt). For all the cases considered

we assume 3 events per kilogram-year exposure, and take the magnon width to frequency ratio �/! to be 10�2

(solid) or 10�5 (dashed).

c. Nondegenerate g-factors. Finally, we consider coupling the axion to gapped magnon modes in

the presence of nondegenerate g-factors. We are not aware of a well-characterized material with non-

degenerate g-factors so, as a proof of principle, we entertain a few toy models, where a nondegenerate

` component is added to the e↵ective spins S in YIG. In reality, all the magnetic ions Fe3+ in YIG

have (`, s, S) = (0, 5/2, 5/2); the orbital angular momenta of 3d electrons are quenched. In Fig. 5, we

show the reach for two toy models, with either the octahedral sites or the tetrahedral sites modified

to have (`, s, S) = (1, 5/2, 7/2). In each case, only one of the 19 gapped magnon modes, at 7meV
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FIG. 6: Constraints and projections for the DM-electron scattering cross section �̄e. The left (right)

plots assume a momentum-independent (dependent) interaction, FDM = 1 (FDM = (↵me/q)2). Existing

constraints from XENON10 (XENON100) [90, 91] are shown in the blue (red) shaded regions. Projections

show 3 events for a 1-year exposure [50, 90, 94, 95, 98, 99]; the label includes the threshold (in terms of number

of electrons, photons, or the electron recoil energy) and target mass. Solid/dashed/dotted lines indicate

an estimate of the time to start taking data, corresponding roughly to a short/medium/long timescale,

respectively. A solid line indicates a mature technology: data taking can begin in . 2 years and a zero

background (radioactivity or dark currents) is reasonable for the indicated thresholds. A dashed line indicates

more R&D is required and, if successful, data taking could start in ⇠ 2 � 5 years; the projected sensitivity

assumes that backgrounds can be controlled. A dotted line indicates longer-term R&D e↵orts. Bottom left

plot assumes DM scatters through an A0 with mA0 = 3m�. Five theory targets are shown as explained in

Section IV B. In addition to electron-recoil experiments, we show projections from nuclear-recoil experiments

(from Fig. 8). Gray shaded regions are constraints from LSND, E137, BaBar, and current WIMP nuclear-

recoil searches [50]. Bottom right plot assumes DM scatters through an A0 with mA0 ⌧ keV; a

freeze-in target is shown. Shaded gray regions are bounds from WIMP nuclear-recoil searches, stellar, and

BBN constraints [50]. The superconductor projection in bottom plots include in-medium e↵ects for an A0

and assume a dynamic range of 10 meV–10 eV. 50
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FIG. 1. Summary of current and future laboratory direct-detection experiments to set constraints on scalar
and vector dark matter. These are complementary to cosmological and astrophysical probes, both in mass
and the coupling strength to the SM, see Fig. 2. “Qubits” includes Rydberg atoms, trapped ions, and super-
conducting transmon qubits. “Torsion Balances” refers specifically to direct DM searches, as opposed to more
traditional equivalence principle (EP) violation tests. “GW” refers to gravitational wave detectors.

Frontier (CF2) white paper [15] discusses searches for axions and ALPs (i.e., pseudo-scalars), while
this white paper focuses on searches for scalar and vector dark matter candidates. Two other
Snowmass white papers in the Instrumentation Frontier (IF1) focus on quantum sensors [16, 17]
that are used for the purpose of UDM detection discussed in this work.

We have only begun the exploration of quantum technologies in this field, and improvements of
many orders of magnitude in the sensitivity to UDM are expected over the next decade. Just in the
few years since the previous Snowmass process, a wide range of new experiments have emerged.
Nearly the entire effort described in this paper is less than 10 years old and still in its infancy, with
rapid improvements of many orders of magnitude expected over the next few years. We show the
diversity of new experiments and their coverage of UDM mass ranges in Fig. 1. Cosmological and
astrophysical probes illustrated by Fig. 2 can be complementary to laboratory searches, both in

7

Fig. 13: Projected sensitivities to the dark photon visible mode (BC1) of worldwide experiments ongoing or in
discussion. The filled area corresponds to already excluded regions. (See [2] for details and references.)

Fig. 14: Projected sensitivities to the dark photon visible mode (BC1). The filled area corresponds to already
excluded regions. (See [2] for details and references.)

One physics goal of NA64++(µ) is not covered by the benchmark models, but is of particular
interest: it is the possibility to explain the long-standing deviation of the (g ≠ 2)µ from its Standard
Model value with a very weakly coupled vector boson dominantly coupled to muons. The Phase I short
run of NA64++(µ) with a muon beam provides a unique opportunity to test this.

A longer run of NA64++(µ) would provide sensitivity to millicharged particles (BC3) through
missing energy. This is compared to the reach of other experiments in figure 16. The motivation of an
extended Phase II run of NA64++(µ) will depend on the results of milliQan.

Figures 17 and 18 complement the landscape with hidden scalars and heavy neutral leptons. The
benchmark cases BC4 with scalar-Higgs mixing, and BC8 of an HNL interacting with · -neutrinos, are
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