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Neutron Lifetime
Neutron discovered almost 90 years ago 

Lifetime roughly half the duration of seminar 

Simplest example of β decay 

Can extract Vud without nuclear matrix elements 

Lifetime uncertainty : uncertainty in Helium abundance 

predicted by BBN 

How accurately do we know it? - two ways to measure
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Beam Method
MEASUREMENT OF THE NEUTRON LIFETIME BY . . . PHYSICAL REVIEW C 71, 055502 (2005)

precision of the data [14]. If successful, this would make
possible another independent check of CKM unitarity using the
first column: |Vud|2 + |Vcd|2 + |Vtd|2 = 1. Thus, a precision
measurement of |Vud| can be used for two separate checks of
CKM unitarity.

Furthermore, assuming unitarity of the upper row of the
CKM matrix and the Wolfenstein parametrization, a precision
determination of |Vud| can be used to infer the Wolfenstein
parameter λW = Vud, which is needed for the tests of the
unitarity triangles at B factories. The phenomena considered as
possible causes for violation of CKM unitarity include right-
handed currents [15], supersymmetry [16], exotic fermions
[17,18], and additional Z bosons [19,20] among others. One
notes that while the sum above is dominated by |Vud|, the
contribution of |Vus| is significant, and there remains a question
of the reliability of the currently accepted value and its
uncertainty. There has been recent discussion regarding the
value of |Vus| from kaon decay based on new results and
evaluations of kaon semileptonic decay rates. If one were to
use the value of |Vus| from some recent evaluations [21], the
discrepancy with unitarity disappears. Efforts are now under
way to clarify this situation using kaon decay data from several
collaborations [22]. There are also renewed theoretical efforts
to attempt to extract |Vus| from hyperon decay [23].

B. Neutron lifetime and nucleosynthesis

The neutron lifetime also influences the predictions of the
theory of big-bang nucleosynthesis (BBN) for the primordial
helium abundance in the universe and the number of different
types of light neutrinos Nν . Since a large fraction of the
uncertainty in the BBN prediction for the primordial 4He/H
abundance ratio comes from the uncertainty of the neutron
lifetime [24,25], improved neutron lifetime measurements
are useful for sharpening the BBN prediction. With the
recent high-precision determination of the cosmic baryon
density reported by the Wilkinson Microwave Anisotropy
Probe (WMAP) measurement of the microwave background
[26], the BBN prediction for the 4He abundance is higher
than the value inferred from observation [27]. However,
systematic uncertainties in the astronomical determinations
of the 4He/H ratio are still believed to dominate the difference
between theory and observation. Furthermore, comparisons of
BBN helium abundance calculations to observation using the
number of known light neutrinos (Nν = 3) are consistent with
the value derived from Z decay [10].

II. EXPERIMENTAL METHOD AND APPARATUS

A. The in-beam technique

The measurement presented here requires accurate counting
of neutrons and neutron decay products (protons) from a cold
neutron beam. Such an in-beam lifetime measurement must
overcome the technical challenges of accurately measuring
(i) the relatively low number of neutron decay events in the
presence of background, (ii) the decay detection volume, and
(iii) the mean number of neutrons within the decay detection
volume. Each of these difficulties is directly addressed in this

FIG. 2. Experimental method for measuring lifetime by counting
neutrons and trapped protons.

experiment in a manner similar to that of previous experiments
utilizing the in-beam technique [8,28–30].

An illustration of the experimental method is shown in
Fig. 2. The technique of trapping protons to increase the
signal-to-background was first proposed by Byrne et al. and
is described in detail elsewhere [28,31]. A trapping region
of length L intercepts the entire neutron beam. Within the
volume of this region, neutron decay is observed by detecting
decay protons with an efficiency εp. The neutron beam is
characterized by a velocity-dependent fluence rate I (v). The
mean number of neutrons in the trap at any time is given by

Nn = L

∫

A

∫
daI (v)

1
v
dv, (3)

where A is the trap cross-sectional area having nonzero fluence.
Thus, the rate at which decay events are detected Ṅp is

Ṅp = τ−1εpL

∫

A

∫
daI (v)

1
v
dv. (4)

After leaving the trap, the neutron beam passes through
a thin detector whose efficiency for detecting a low-energy
neutron is proportional to 1/v. Following the usual convention
used in thermal neutron physics, we define the efficiency for
the neutron detector εo as the ratio of the detected reaction-
product rate to the neutron rate incident on a 6LiF deposit for
neutrons with a velocity vo = 2200 m/s. The corresponding
efficiency for neutrons of other velocities is εovo/v. Therefore,
the total charged-particle count rate, denoted Ṅα+t to indicate
the neutron capture reaction products, is

Ṅα+t = εovo

∫

A

∫
daI (v)

1
v
dv. (5)

The integrals in Eqs. (4) and (5) are identical. The velocity
dependence of the neutron detector efficiency compensates
for the fact that the faster neutrons in the beam spend less
time in the decay volume. This cancellation is exact given
two assumptions: (i) the deposit is thin (0.4% of the neutrons
are absorbed) and the neutron absorption cross section in the
6LiF target is exactly proportional to 1/v and (ii) the neutron
beam intensity and its velocity dependence do not change
between the trap and the target. The deviation from the 1/v
law in the 6Li(n,t)4He cross section has been shown to be
less than 0.01% [32], and changes in the neutron beam due
to decay-in-flight and residual gas interaction are less than
0.001%. The cancellation allows this technique to make full
use of the broad neutron energy spectrum from the reactor cold
source. Thus, we obtain an expression for the neutron lifetime

055502-3

Lifetime measured by counting protons from β decay of 

cold neutrons (40 K) 

# neutrons inside trap, counted by subsequent LiF deposit 

Protons trapped inside through E & B fields  

Subsequently accelerated and counted 
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Details of the Halbach Array
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Few neV

6Bottle Method

~50 neV (0.5 mK) trap for measuring UCN lifetime 

Trapped neutrons measured often 

Source: UCNtau
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Possible BSM explanation?

Beam measures protons, hence only β decay 

Bottle measures inclusive 

BSM decay channel? -1801.01124 Fornal & Grinstein 

Highly restricted parameter space: larger nuclei stable 

Can neutrons in trap scatter with DM and disappear?  



Details of the Halbach Array
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Few neV

9Scattering with DM

~50 neV trap for measuring UCN lifetime 

DM can kick neutrons off trap affecting measurement 

~50 neV DD detector with small exposure 

How much and what cross-section do we need? 

Source: UCNtau
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B. Maximum packing

When the mediator is a vector, there are strong repulsive forces between blobs that set a limit on the local

density. The minimum inter-blob distance rint is given by solving

g
2

blob

4⇡

e
�mArint

rint
= Troom (8)

To a very good approximation, this is given by,

nmax ⇡
2⇥ 1013

cm3

⇣
mA

10 eV

⌘3
✓
log 104

log gD

◆3.4

(9)

When mblob � 1 GeV, evaporation is negligible [16]. In this limit, if nmax . n
terr

DM
then, the local density

anywhere on earth is set by nmax. This e↵ectively arrests sinking even for larger blob masses, since the inner

regions of the Earth are saturated in blobs. If instead nmax � n
terr

DM
, then njeans sets the local number density.

In scenario A, we will assume that an appropriate mediator mass mA can be chosen such that nmax ⇡ n
terr

DM
,

hence the surface density is simply given by nsurf = n
terr

DM
at all masses above 1 GeV. Below 1 GeV, we account

for evaporation e↵ects as treated in [16].

In scenario B, we will assume that the mediator mass is large enough such that nmax � n
terr

DM
, and assume

nsurf = njeans taken from [16].

IV. NEUTRON BOTTLE

The neutron bottle experiments are first summarized.

Experiment Description trap potential [neV] lifetime

Pattie Jr 18 [2] grav + magnetic 50 877.7± 0.7 + 0.4/� 0.2

no extrapolation

P. Serebrov 18 [17] UCN grav +oil 70 881.5± 0.7± 0.6

ARZUMANOV 15[18] double bottle 100 880.2± 1.2

STEYERL 12[19] material bottle 106 882.5± 1.4± 1.5

PICHLMAIER 10[20] material bottle 106 880.7± 1.3± 1.2

SEREBROV 05[21] grav+oil trap 106 878.5± 0.7± 0.3

We will assume that with transfer of energy larger than half of the trapping potential i.e. Etrans > 50neV

is su�cient to kick the neutrons. This sets the minimum momentum transfer, qmin =
p
2Etrapmn ⇡ 9eV. The

cross-section to kick neutrons from the trap is given by,

�neut =

Z
dq

2
d�

dq2
(10)

Hence

�neut =
4g2

blob

⇡⇤2v
2

th

log
�
m

2

A
+ q

2

max

�

log (m2

A
+ q

2

min
)
⇡ 10�34cm2

g
2

blob

mblob

GeV
LR(qmin) (11)
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How much DM?

6

where the Log ratio LR(qmin) =
log(m2

A+q
2
max)

log(m2
A+q

2
min)

and vth =
q

2Troom
mblob

is the thermal velocity at room temperature.

Here qmax is the maximum momentum transfer set by

qmax = Min
�
R

�1

blob
, µvth

�
(12)

In order to explain the bottle-beam discrepancy,

�DM + �beam = �bottle

n�v +
1

⌧beam
=

1

⌧bottle
(13)

With ⌧beam = 888 sec, ⌧bottle = 879 sec. For thermalized DM, we require,

� = 5.35⇥ 10�25cm2

r
mblob

GeV

1014/cm3

n
(14)

Equating Eq.14 with Eq.11, we get,

gblob ⇡
7.1⇥ 104p
LR(9eV)

✓
GeV

mblob

◆ 1
4

s
1014/cm3

nsurf

(15)

This gblob which explains the neutron lifetime anomaly, is plotted as a function of mblob for di↵erent values

of fblob, the fraction of galactic dark matter in blobs, in Fig. 1 approximating LR(9eV) ⇡ 2. Also shown for

reference is the stability line in gray for qmax = R
�1

blob
= 10 eV for � = 1 from Eqn.5. Parameter space above this

line is tuned. The red lines correspond to scenario A while blue lines correspond to scenario B. In scenario B,

blobs heavier than mblob ⇡ 1 GeV sink with small number densities at the surface, resulting in astronomically

large couplings required at higher masses. In scenario A, the sinking is arrested due to blob-blob repulsions. In

both scenarios, there is no viable parameter space below 1 GeV, due to significant evaporation.

We will next deal with limits from current experiments and testability at future experiments.

V. DETECTION BY OTHER METHODS

Traditional direct detection experiments, that look for virialised DM will not be sensitive to blobs considered

here. This is because, the self-interactions rapidly thermalize incoming blobs, such that the blobs do not have

enough kinetic energy by the time they reach even surface detectors like SENSEI [11] and CRESST [12]. We

will start by considering heating of cryogenic detectors by blobs.

A. Heating of cryogenics

Unlike single event direct detection, cryogenic detectors work based on the amount of heat supplied on to the

detector volume. As a result, sensitivity to smaller momentum transfers is possible. When thermalized blobs

enter the detector volume, the energy averaged cross-section is given by,

h�Ei =

Z
d�

dq2

q
2

2mT

dq
2 =

2g2
blob

⇡mT v
2

th
⇤2

�
q
2

max
� q

2

min
+m

2

A
LR(0)

�
(16)
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This gblob which explains the neutron lifetime anomaly, is plotted as a function of mblob for di↵erent values

of fblob, the fraction of galactic dark matter in blobs, in Fig. 1 approximating LR(9eV) ⇡ 2. Also shown for

reference is the stability line in gray for qmax = R
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blob
= 10 eV for � = 1 from Eqn.5. Parameter space above this

line is tuned. The red lines correspond to scenario A while blue lines correspond to scenario B. In scenario B,

blobs heavier than mblob ⇡ 1 GeV sink with small number densities at the surface, resulting in astronomically

large couplings required at higher masses. In scenario A, the sinking is arrested due to blob-blob repulsions. In

both scenarios, there is no viable parameter space below 1 GeV, due to significant evaporation.

We will next deal with limits from current experiments and testability at future experiments.

V. DETECTION BY OTHER METHODS

Traditional direct detection experiments, that look for virialised DM will not be sensitive to blobs considered

here. This is because, the self-interactions rapidly thermalize incoming blobs, such that the blobs do not have

enough kinetic energy by the time they reach even surface detectors like SENSEI [11] and CRESST [12]. We

will start by considering heating of cryogenic detectors by blobs.

A. Heating of cryogenics

Unlike single event direct detection, cryogenic detectors work based on the amount of heat supplied on to the

detector volume. As a result, sensitivity to smaller momentum transfers is possible. When thermalized blobs

enter the detector volume, the energy averaged cross-section is given by,

h�Ei =

Z
d�

dq2

q
2

2mT

dq
2 =

2g2
blob

⇡mT v
2

th
⇤2

�
q
2

max
� q

2

min
+m

2

A
LR(0)

�
(16)

This is no ordinary virial dark matter 

Where have we seen DM with large x-section and densities?  

May 04 2020 Maxim Pospelov’s talk on metastable isomers 
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Models with large cross-sections
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Large x-section: Model Variations
Heavy quark - SM quark hybrid hadrons with strong interactions  

Inspired by Gluinos  -   1801.01135 Luca et al,1811.08418 - Gross et al  

Milli-charged particles 

Recent interest due to EDGES anomaly 

Blobs with large long range force 

Why are these models alive? 

 1908.06986 Liu et al,  1905.06348 Emken et al

1807.03788 Grabowska et al
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Figure 11: Discovery reach (thick red dashed lines) for a silicon dark matter detector with single-
electron sensitivity on a balloon (satellite) assuming an exposure of 1 gram-hour (0.1 gram-month)
and 106 (109) background events, together with constraints on dark matter interacting with a mas-
sive, ultralight dark photon. Also shown are cooling constraints from supernovae 1987A (brown,
“SN”) [76], as well as Red-Giant and Horizontal-Branch stars (brown, “RG&HB”) [71]; constraints
from measurements of the number of relativistic degrees of freedom from the CMB (light green,
“CMB Ne↵”) and BBN (blue, “BBN Ne↵”) [73, 108], and from searches for milli-charged particles
at SLAC (purple, “SLAC”) [77], colliders (blue, “COLL”) [71, 112], and at LSND and MiniBooNE
(green, “neutrino experiments”) [78]; and the direct-detection constraints derived in this paper from
SENSEI, CDMS-HVeV, XENON10, XENON100, and DarkSide-50 (combined into one red-shaded
region, labelled “direct detection”), as well as from RRS (purple) and XQC (light orange) [54]. We
also show for comparison the “freeze-in” line along which DM obtains the correct relic density in
this model [4, 113]. The region at high cross sections is unconstrained from CMB measurements
if this DM particle only makes up a subdominant component (f� . 0.4%) of the total observed
DM abundance [70]; for comparison, we show the CMB constraint for a fractional abundance of
f� = 1% (blue line, “CMB (f� = 1%)”), in which case the entire region at high cross section is
disfavored [114]. For the Ne↵ constraints from the CMB and BBN, we assume that the dark gauge
coupling is sufficiently small to avoid the production of dark photons at early times; for large val-
ues of the dark gauge coupling, the bounds would be given by the thin blue and green lines (“BBN
Ne↵(⇤)” and “CMB Ne↵(⇤)”) [71].
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FIG. 2. Parameter space of the scenario described in Fig. 1 in the plane (mm, Q) where we fix mC = 10 MeV to maximize the heat capacity
of the CDM bath and the maximal ↵m↵C allowed by CMB bounds [14–18]. The dark blue contours give the mDM fraction fm required for a
given (mm, Q) point to fit the upper value of the 99% CL interval of the EDGES measurement in the setup of Fig. 1. For a fixed fm the entire
region above the dark blue contour can be probed by reducing ↵m↵C (see text for details). For comparison, the dark green contour shows the
standard mDM case where 0.4% of mDM alone provides the baryonic cooling. The light blue region for mm < 10 MeV is robustly excluded
by BBN contraints on Ne� [7, 8, 10, 19], the two dotted lines distinguish between the case in which mDM is a scalar or a Dirac fermion. The
gray shaded area is a collection of di�erent constraints taken from Refs. [37, 87], plus limits on millicharge particles from milliQ at SLAC [35],
searches for low ionizing particles in CMS at the LHC [88] and the new constraints from LSND and MiniBooNE derived in Ref. [40]. The
region on the left of the blue line is excluded by CMB constraints on Ne� only when mDM couples to a dark photon with coupling gD = 0.1.
The green region is excluded by present direct detection experiments as shown in Ref. [47]. The green dashed line indicates our extrapolation
of the results in Ref. [47] to higher masses (see discussion in the text). The red/black/magenta lines indicate the Fermilab/SLAC/CERN e�ort
to probe mDM. Solid/dashed/dotted lines give a rough sense of the short/medium/long time scale of the proposal. Solid red is the ArgoNeut
sensitivity derived in Ref. [43], dashed red is the sensitivity of the Fermini proposal at NuMI [42] (see Ref. [43] for a more conservative
reach based on ArgoNeut at NuMI), dotted red is the DUNE reach [40] while dotted black is the LDMX reach [41]. Dashed magenta is
the milliQan reach as [38] while dotted magenta is the SHiP sensitivity [40]. The dash-dotted/dotted green lines indicate the reach of a
SENSEI-like dark matter detector on a balloon/satellite with 0.1 gram-month exposure [47].

constitutes a fraction fm of the total DM energy density. The
mDM-baryon long-range interaction is controlled by the mDM
charge Q, which may or may not stem from the presence of a
new light mediator. The novelty in our setup is that the mDM
fraction also interacts with the remaining CDM component,
of mass mC, through a distinct long-range hidden interaction
controlled by the coupling gmgC. The same interaction also
induces a CDM self-interaction proportional to g

2

C. The two
long-range interactions of our setup imply the existence of one
or two new light mediators with masses below a keV, which
is the typical size of the exchange momentum in scattering
collisions during the cosmic dawn.

The long-range force between mDM and CDM opens up
the mDM parameter space at higher masses (up to mm .

200 GeV) and smaller dark matter fraction (down to fm &
10�8). This is because the cooling is now driven by the CDM
bath, with the mDM acting as a mediator between CDM and
the baryons. As we show in Sec. IV B, the CDM mass mC
must lie below a few GeV in order to have a large enough heat
capacity to cool the gas su�ciently.

The allowed parameter space of our framework is mostly de-
termined by ensuring that the mDM-baryon and mDM-CDM
couplings are consistent with CMB constraints, as discussed
in Sec. IV C. In Fig. 2, we show three contours on the mm – Q

plane where su�cient cooling of the baryonic bath is achieved
in our framework in order to explain the EDGES result for
fm = 10�4, 10�6 and 10�8. We have fixed mC = 10MeV
and gmgC; these two parameters can vary over a broad range

Millicharge parameter space

 1905.06348 Emken et al , 1908.06986 Liu et al 

Atmospheric/Rock overburden stops DM from reaching experiment 
with enough kinetic energy 
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What happens to the shielded DM?
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Dark matter accumulation

With large x-sections, O(1) capture on earth 

Can lead to large enhancements  

Thermalized with Troom= 0.025 eV  

Does not show up in traditional DD  

But how much collects near the surface? 

2.2 After Thermalization

The transfer cross-section �T for thermalized dark matter with rock is calculated
in the Appendix. We find that a very good approximation for both attractive
and repulsive interactions,

h�T ith ⇠ Min

 
16⇡Z2↵2✏2

µ2v4th
,

4⇡

µ2
rock,Qv

2
th

!

h�T vith ⇠ Min

 
8⇡Z2↵2✏2

µ2v4th
⇥ vth,

2.2⇡

µ2
rock,Qv

2
th

⇥ vth

!

h�T v
3ith ⇠ Min

 
5⇡Z2↵2✏2

µ2v4th
⇥ v3th,

2.2⇡

µ2
rock,Qv

2
th

⇥ v3th

!
(1)

While all of the dark matter is captured in the atmosphere or close to the
rock surface, the random walk due to thermal motion, will cause DM to di↵use
deeper into rock. The estimate for distance traveled is given by

d ⇠ �

✓
Tearth

⌧

◆ 1
2

=
1

nrockh�T i

✓
Tearth

nrockh�T vi

◆ 1
2

⇠ 3000 km, (2)

This di↵usion covers almost the entire earth volume which should result in
uniform density. This uniform enhancement in density for hundred percent
capture is given by,

h⌘i = hni
nvir

=
4⇡R2

E

4/3⇡R3
E

vvirTE ⇠ 2.2⇥ 1016 (3)

However, the presence of gravity as well as pressure and temperature gradients
results in rearrangement with a density profile that is mass dependent which
was evaluated in Ref. Farrar et al. for the resultant stable population. Also
important is the e↵ect of evaporation of light dark matter, when the thermal
velocity exceeded the escape velocity. The main conclusions of this work were
that, for relevant cross-sections, there was diminishing pile-up of dark matter
near the surface for mDM  1 GeV owing to significant evaporation, and for
mDM � 10 GeV owing to sinking to lower altitudes.

However this sinking is not immediate and terminal velocity determines the
net draining of heavier dark matter to lower altitudes. This terminal velocity
for DM heavier than mrock, is given by,

vterm =
3m�gT

m2
gasngash�T v3i

⇠ 2⇥ 10�18 mQ

GeV
mQ > mrock

=
mQg

3ngasT
h v

�T
i ⇠ 3⇥ 10�20

⇣ mQ

GeV

⌘ 3
2

mQ < mrock (4)

2
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Evaporation
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DM below GeV rapidly evacuates since 
thermal velocity is larger than escape velocity

1805.08794:Neufeld, Farrar, McKee
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Equilibrated population 
gravity, temperature, density variations on earth 

– 13 –

Fig. 1.— Top: density (blue) and temperature (orange) within Earth’s interior. Middle:

partial pressure of HIDM particles for mDM/mp = 1 (red), 2 (green), 5 (blue) and 10 (ma-

genta). Bottom: volume density of HIDM particles for mDM/mp = 1 (red), 2 (green), 5

(blue) and 10 (magenta).

1 GeV

2 GeV

5 GeV

10 GeV

DM heavier than 1 GeV sinks 
DM lighter than 1 GeV evaporates  

1805.08794:Neufeld, Farrar, McKee



19

Detection Strategies

Nuclear Isomers Electrostatic accelerators Neutron Bottle 

Strongly interacting 
DM

Millicharge DM Composite DM

Maxim’s talk
1907.00011 (PRD editor ’s suggestion) 
with MP and SR

Experimental results 1911.07865
with M Hult,  B Lehnert, G Lutter, 
MP, SR, and Kai Zuber 

Ongoing This talk

Cryogenic Detectors (ongoing)



20

Dark Matter very slow: 300 kelvin or KE~ 0.025 eV 

Higher than neutron bottle trap ~ 50 neV 

Huge Number densities and x-sections 

Perfect for explaining neutron bottle 

Couple to SM with long range force 

Increased x-section at low momentum transfer

Candidate for neutron bottle



21Composite DM

Confined dark sector forming blobs with large Nf 

fermions f   

Easily have large charge gblob >>1 under a long 

range force A (mA ~ 10 eV) 

Couple A to SM through neutron dipole moment

3

create a large enough neutron disappearance rate that would explain the bottle-beam discrepancy.

We show that the required dark matter density and cross-section that is consistent with all observational

constraints can be realized in models of composite dark matter. Specifically, we consider dark matter blobs

consisting of a large number of dark partons which results in a large dark charge under a long range force.

Low momentum scattering between this blob and the standard model via this long range (⇠ micron) fifth

force is coherently enhanced. This enhanced cross-section permits the blobs to be captured in the Earth. Due

to the large self-scattering between blobs, a small initial density of captured blobs can seed the capture of

additional blobs, resulting in rapid growth of blob density. In the range of parameters allowed by current

experimental constraints, this growth is only possible when there is a distribution of blob-masses i.e. we will

consider a small number of heavier blobs that stop and sink deeper into the Earth. Lighter blobs will scatter

o↵ these heavier blobs and get captured. Note that such a distribution in blob masses is to be expected in

composite dark matter scenarios, since composite systems generically produce such a distribution during “blob-

nucleosynthesis”. These blobs can then undergo the soft scattering needed to explain the lifetime of the trapped

neutrons. Experiments that probe terrestrial dark matter at larger momentum transfer such as cryogenics [8],

dilution refrigerators [9] and metastable isomers [10] are suppressed due to the momentum dependent form

factor for long range interactions or due to loss of coherence. With large cross-sections the thermalized dark

matter or atmospheric overburden slow incoming dark matter down to energies undetectable at even surface

experiments like SENSEI [11] or CRESST [12].

The rest of this paper is organized as follows: in section II, we describe a simple model of the blob and in

section III describe its captured population on the Earth. In section IV, we evaluate the parameters necessary

to explain the lifetime of the trapped neutrons and in section V we discuss existing experimental limits on this

parameter space. Finally, we conclude in section VI where we discuss future experimental prospects to constrain

both this particular explanation for the trapped neutron lifetime and comment more generally on how these

kinds of dark matter phenomenology can be probed.

II. MODEL

We consider dark matter f with mass mf that is part of a strongly coupled sector that confines at a scale

⇤f ⇡ mf . The f particles are gauged under a vector A with mass mA with gauge coupling gf . The neutron

(or proton) is assumed to have a “dark electric dipole moment” with this vector.
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We assume ⇤ ⇠ 3 ⇥ 108GeV to be consistent with Supernova constraints [13, 14]. At temperatures below ⇤f ,

we assume that the dark sector forms blobs with charge gblob = Nfgf and mass mblob = Nfmf . We make the

simplifying assumption that all of f -type dark matter is in blobs. We do not need all of the dark matter to be

in these blobs - the fraction that is in blobs is denoted by fblob.

For fermions, stability of these blobs requires [15]
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Let us assume Nf = �g
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2
blob

. When � ' 1, the blob satisfies the above constraint. But, this is not a strict

constraint and it can be overcome by further model building, for instance, using a tuned long-range attractive
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B. Maximum packing

When the mediator is a vector, there are strong repulsive forces between blobs that set a limit on the local

density. The minimum inter-blob distance rint is given by solving

g
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blob

4⇡

e
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rint
= Troom (8)

To a very good approximation, this is given by,
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When mblob � 1 GeV, evaporation is negligible [16]. In this limit, if nmax . n
terr

DM
then, the local density

anywhere on earth is set by nmax. This e↵ectively arrests sinking even for larger blob masses, since the inner

regions of the Earth are saturated in blobs. If instead nmax � n
terr

DM
, then njeans sets the local number density.

In scenario A, we will assume that an appropriate mediator mass mA can be chosen such that nmax ⇡ n
terr

DM
,

hence the surface density is simply given by nsurf = n
terr

DM
at all masses above 1 GeV. Below 1 GeV, we account

for evaporation e↵ects as treated in [16].

In scenario B, we will assume that the mediator mass is large enough such that nmax � n
terr

DM
, and assume

nsurf = njeans taken from [16].

IV. NEUTRON BOTTLE

The neutron bottle experiments are first summarized.

Experiment Description trap potential [neV] lifetime

Pattie Jr 18 [2] grav + magnetic 50 877.7± 0.7 + 0.4/� 0.2

no extrapolation

P. Serebrov 18 [17] UCN grav +oil 70 881.5± 0.7± 0.6

ARZUMANOV 15[18] double bottle 100 880.2± 1.2

STEYERL 12[19] material bottle 106 882.5± 1.4± 1.5

PICHLMAIER 10[20] material bottle 106 880.7± 1.3± 1.2

SEREBROV 05[21] grav+oil trap 106 878.5± 0.7± 0.3

We will assume that with transfer of energy larger than half of the trapping potential i.e. Etrans > 50neV

is su�cient to kick the neutrons. This sets the minimum momentum transfer, qmin =
p
2Etrapmn ⇡ 9eV. The

cross-section to kick neutrons from the trap is given by,
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force that cancels against the negative potential energy due to the vector A. For this reason, we take the above

bound to be a tuning line rather than a strict bound and will consider situations where � / 1, where the model

is tuned. Now,
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mblob
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(3)

The size of this blob is
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This gives a maximum momentum transfer,

qmax =
mblob

�
4
3 g

2

blob

(5)

above which coherent enhancement over the whole blob is lost.

III. CAPTURE

The dark matter blobs fall on Earth and a fraction gets captured if it slows down to velocities below the

escape velocity. At large charge gblob � 109 this could be due to scattering with rock, and at smaller charge

it needs to be aided by a secondary population of blobs with larger mass (and charge). Additional detail for

capture is presented in Appendix.A. For the remainder of this work, we assume that 100% of in-falling dark

matter is captured over the Earth’s history. The average dark matter density on Earth is,
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vir
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Here rE ⇡ 6400km is the radius of the earth, nvir

DM
⇡

0.3

cm3 fblob
GeV

mblob
is number density of the virial population,

vvir ⇡ 300km/sec is the dark matter virial velocity and TE ⇡ 1010 year is the age of the Earth.

A. Thermalized GeV DM population

For the cross-sections we consider, capture initially occurs all over the Earth and is immediately followed

by thermalization; this initial density is expected to be uniform over the volume of the Earth. Subsequently

in-falling dark matter gets stopped by the first few layers of terrestrial DM. This thermalized dark matter

population has rms velocity vth ⇡
p

Troom/mblob with the temperature Troom ⇡ 300 K, the room temperature.

There is however subsequent di↵usion, with DM di↵using in time TE a distance,

Rdi↵ =
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nblob�T

(nblob�T vthTE)
1
2 ⇡ 105km

mA

10eV

s
1014/cm3

nblob

✓
GeV

mblob

◆ 1
4

& RE (7)

Thus DM spreads all over the earth.

Temperature and density variations, as well as gravity can significantly modify the density profile on Earth.

This Jeans density njeans, was calculated in [16] and it was shown that DM with masses around 1 GeV have a

peaked distribution near the Earth’s surface. While DM lighter than 1 GeV evaporate, DM heavier than 1 GeV

sinks towards the Earth’s center. However the presence of self interactions can arrest sinking.
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create a large enough neutron disappearance rate that would explain the bottle-beam discrepancy.

We show that the required dark matter density and cross-section that is consistent with all observational

constraints can be realized in models of composite dark matter. Specifically, we consider dark matter blobs

consisting of a large number of dark partons which results in a large dark charge under a long range force.

Low momentum scattering between this blob and the standard model via this long range (⇠ micron) fifth

force is coherently enhanced. This enhanced cross-section permits the blobs to be captured in the Earth. Due

to the large self-scattering between blobs, a small initial density of captured blobs can seed the capture of

additional blobs, resulting in rapid growth of blob density. In the range of parameters allowed by current

experimental constraints, this growth is only possible when there is a distribution of blob-masses i.e. we will

consider a small number of heavier blobs that stop and sink deeper into the Earth. Lighter blobs will scatter

o↵ these heavier blobs and get captured. Note that such a distribution in blob masses is to be expected in

composite dark matter scenarios, since composite systems generically produce such a distribution during “blob-

nucleosynthesis”. These blobs can then undergo the soft scattering needed to explain the lifetime of the trapped

neutrons. Experiments that probe terrestrial dark matter at larger momentum transfer such as cryogenics [8],

dilution refrigerators [9] and metastable isomers [10] are suppressed due to the momentum dependent form

factor for long range interactions or due to loss of coherence. With large cross-sections the thermalized dark

matter or atmospheric overburden slow incoming dark matter down to energies undetectable at even surface

experiments like SENSEI [11] or CRESST [12].

The rest of this paper is organized as follows: in section II, we describe a simple model of the blob and in

section III describe its captured population on the Earth. In section IV, we evaluate the parameters necessary

to explain the lifetime of the trapped neutrons and in section V we discuss existing experimental limits on this

parameter space. Finally, we conclude in section VI where we discuss future experimental prospects to constrain

both this particular explanation for the trapped neutron lifetime and comment more generally on how these

kinds of dark matter phenomenology can be probed.

II. MODEL

We consider dark matter f with mass mf that is part of a strongly coupled sector that confines at a scale

⇤f ⇡ mf . The f particles are gauged under a vector A with mass mA with gauge coupling gf . The neutron

(or proton) is assumed to have a “dark electric dipole moment” with this vector.
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We assume ⇤ ⇠ 3 ⇥ 108GeV to be consistent with Supernova constraints [13, 14]. At temperatures below ⇤f ,

we assume that the dark sector forms blobs with charge gblob = Nfgf and mass mblob = Nfmf . We make the

simplifying assumption that all of f -type dark matter is in blobs. We do not need all of the dark matter to be

in these blobs - the fraction that is in blobs is denoted by fblob.

For fermions, stability of these blobs requires [15]
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. When � ' 1, the blob satisfies the above constraint. But, this is not a strict

constraint and it can be overcome by further model building, for instance, using a tuned long-range attractive
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B. Maximum packing

When the mediator is a vector, there are strong repulsive forces between blobs that set a limit on the local

density. The minimum inter-blob distance rint is given by solving
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To a very good approximation, this is given by,
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When mblob � 1 GeV, evaporation is negligible [16]. In this limit, if nmax . n
terr

DM
then, the local density

anywhere on earth is set by nmax. This e↵ectively arrests sinking even for larger blob masses, since the inner

regions of the Earth are saturated in blobs. If instead nmax � n
terr

DM
, then njeans sets the local number density.

In scenario A, we will assume that an appropriate mediator mass mA can be chosen such that nmax ⇡ n
terr

DM
,

hence the surface density is simply given by nsurf = n
terr

DM
at all masses above 1 GeV. Below 1 GeV, we account

for evaporation e↵ects as treated in [16].

In scenario B, we will assume that the mediator mass is large enough such that nmax � n
terr

DM
, and assume

nsurf = njeans taken from [16].

IV. NEUTRON BOTTLE

The neutron bottle experiments are first summarized.

Experiment Description trap potential [neV] lifetime

Pattie Jr 18 [2] grav + magnetic 50 877.7± 0.7 + 0.4/� 0.2

no extrapolation

P. Serebrov 18 [17] UCN grav +oil 70 881.5± 0.7± 0.6

ARZUMANOV 15[18] double bottle 100 880.2± 1.2

STEYERL 12[19] material bottle 106 882.5± 1.4± 1.5

PICHLMAIER 10[20] material bottle 106 880.7± 1.3± 1.2

SEREBROV 05[21] grav+oil trap 106 878.5± 0.7± 0.3

We will assume that with transfer of energy larger than half of the trapping potential i.e. Etrans > 50neV

is su�cient to kick the neutrons. This sets the minimum momentum transfer, qmin =
p
2Etrapmn ⇡ 9eV. The

cross-section to kick neutrons from the trap is given by,
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where the Log ratio LR(qmin) =
log(m2

A+q
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and vth =
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2Troom
mblob

is the thermal velocity at room temperature.

Here qmax is the maximum momentum transfer set by
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In order to explain the bottle-beam discrepancy,
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Equating Eq.14 with Eq.11, we get,
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This gblob which explains the neutron lifetime anomaly, is plotted as a function of mblob for di↵erent values

of fblob, the fraction of galactic dark matter in blobs, in Fig. 1 approximating LR(9eV) ⇡ 2. Also shown for

reference is the stability line in gray for qmax = R
�1

blob
= 10 eV for � = 1 from Eqn.5. Parameter space above this

line is tuned. The red lines correspond to scenario A while blue lines correspond to scenario B. In scenario B,

blobs heavier than mblob ⇡ 1 GeV sink with small number densities at the surface, resulting in astronomically

large couplings required at higher masses. In scenario A, the sinking is arrested due to blob-blob repulsions. In

both scenarios, there is no viable parameter space below 1 GeV, due to significant evaporation.

We will next deal with limits from current experiments and testability at future experiments.

V. DETECTION BY OTHER METHODS

Traditional direct detection experiments, that look for virialised DM will not be sensitive to blobs considered

here. This is because, the self-interactions rapidly thermalize incoming blobs, such that the blobs do not have

enough kinetic energy by the time they reach even surface detectors like SENSEI [11] and CRESST [12]. We

will start by considering heating of cryogenic detectors by blobs.

A. Heating of cryogenics
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Cross-section to scatter the neutron from the trap is given by,
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This gblob which explains the neutron lifetime anomaly, is plotted as a function of mblob for di↵erent values

of fblob, the fraction of galactic dark matter in blobs, in Fig. 1 approximating LR(9eV) ⇡ 2. Also shown for

reference is the stability line in gray for qmax = R
�1

blob
= 10 eV for � = 1 from Eqn.5. Parameter space above this

line is tuned. The red lines correspond to scenario A while blue lines correspond to scenario B. In scenario B,

blobs heavier than mblob ⇡ 1 GeV sink with small number densities at the surface, resulting in astronomically

large couplings required at higher masses. In scenario A, the sinking is arrested due to blob-blob repulsions. In

both scenarios, there is no viable parameter space below 1 GeV, due to significant evaporation.

We will next deal with limits from current experiments and testability at future experiments.

V. DETECTION BY OTHER METHODS

Traditional direct detection experiments, that look for virialised DM will not be sensitive to blobs considered

here. This is because, the self-interactions rapidly thermalize incoming blobs, such that the blobs do not have

enough kinetic energy by the time they reach even surface detectors like SENSEI [11] and CRESST [12]. We

will start by considering heating of cryogenic detectors by blobs.

A. Heating of cryogenics

Unlike single event direct detection, cryogenic detectors work based on the amount of heat supplied on to the

detector volume. As a result, sensitivity to smaller momentum transfers is possible. When thermalized blobs

enter the detector volume, the energy averaged cross-section is given by,

h�Ei =

Z
d�

dq2

q
2

2mT

dq
2 =

2g2
blob

⇡mT v
2

th
⇤2

�
q
2

max
� q

2

min
+m

2

A
LR(0)

�
(16)

Finally,

To obtain,
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26An explanation?
DM blobs made of DM fermions 
Blob charge: gblob 
Neutron dipole moment: below SN bounds 

Repulsions set local density

Ignoring repulsions

3

create a large enough neutron disappearance rate that would explain the bottle-beam discrepancy.

We show that the required dark matter density and cross-section that is consistent with all observational

constraints can be realized in models of composite dark matter. Specifically, we consider dark matter blobs

consisting of a large number of dark partons which results in a large dark charge under a long range force.

Low momentum scattering between this blob and the standard model via this long range (⇠ micron) fifth

force is coherently enhanced. This enhanced cross-section permits the blobs to be captured in the Earth. Due

to the large self-scattering between blobs, a small initial density of captured blobs can seed the capture of

additional blobs, resulting in rapid growth of blob density. In the range of parameters allowed by current

experimental constraints, this growth is only possible when there is a distribution of blob-masses i.e. we will

consider a small number of heavier blobs that stop and sink deeper into the Earth. Lighter blobs will scatter

o↵ these heavier blobs and get captured. Note that such a distribution in blob masses is to be expected in

composite dark matter scenarios, since composite systems generically produce such a distribution during “blob-

nucleosynthesis”. These blobs can then undergo the soft scattering needed to explain the lifetime of the trapped

neutrons. Experiments that probe terrestrial dark matter at larger momentum transfer such as cryogenics [8],

dilution refrigerators [9] and metastable isomers [10] are suppressed due to the momentum dependent form

factor for long range interactions or due to loss of coherence. With large cross-sections the thermalized dark

matter or atmospheric overburden slow incoming dark matter down to energies undetectable at even surface

experiments like SENSEI [11] or CRESST [12].

The rest of this paper is organized as follows: in section II, we describe a simple model of the blob and in

section III describe its captured population on the Earth. In section IV, we evaluate the parameters necessary

to explain the lifetime of the trapped neutrons and in section V we discuss existing experimental limits on this

parameter space. Finally, we conclude in section VI where we discuss future experimental prospects to constrain

both this particular explanation for the trapped neutron lifetime and comment more generally on how these

kinds of dark matter phenomenology can be probed.

II. MODEL

We consider dark matter f with mass mf that is part of a strongly coupled sector that confines at a scale

⇤f ⇡ mf . The f particles are gauged under a vector A with mass mA with gauge coupling gf . The neutron

(or proton) is assumed to have a “dark electric dipole moment” with this vector.

L �
1

⇤
n̄�µ⌫�5F

µ⌫

A
n+ f̄(mf +D

µ

A
�µ)f +m

2

A
A

2 (1)

We assume ⇤ ⇠ 3 ⇥ 108GeV to be consistent with Supernova constraints [13, 14]. At temperatures below ⇤f ,

we assume that the dark sector forms blobs with charge gblob = Nfgf and mass mblob = Nfmf . We make the

simplifying assumption that all of f -type dark matter is in blobs. We do not need all of the dark matter to be

in these blobs - the fraction that is in blobs is denoted by fblob.

For fermions, stability of these blobs requires [15]

Nf . 1

g
3

f

=) Nfgf = gblob . 1

g
2

f

=) g
3

blob
. N

2

f
=) Nf & g

3
2
blob

(2)

Let us assume Nf = �g

3
2
blob

. When � ' 1, the blob satisfies the above constraint. But, this is not a strict

constraint and it can be overcome by further model building, for instance, using a tuned long-range attractive
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Equilibrated population 
– 24 –

Fig. 6.— Number density of HIDM at the Earth’s surface, nDM(R⊕), in the mDM−σes
11 plane.

Contours are labeled by log10(nDM/cm−3).

DM heavier than 10 GeV sinks 
DM lighter than 1 GeV evaporates  

1805.08794:Neufeld, Farrar, McKee
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2.2 After Thermalization

The transfer cross-section �T for thermalized dark matter with rock is calculated
in the Appendix. We find that a very good approximation for both attractive
and repulsive interactions,

h�T ith ⇠ Min

 
16⇡Z2↵2✏2

µ2v4th
,

4⇡

µ2
rock,Qv

2
th

!

h�T vith ⇠ Min
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µ2v4th
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µ2
rock,Qv

2
th

⇥ vth

!

h�T v
3ith ⇠ Min

 
5⇡Z2↵2✏2

µ2v4th
⇥ v3th,

2.2⇡

µ2
rock,Qv

2
th

⇥ v3th

!
(1)

While all of the dark matter is captured in the atmosphere or close to the
rock surface, the random walk due to thermal motion, will cause DM to di↵use
deeper into rock. The estimate for distance traveled is given by

d ⇠ �

✓
Tearth

⌧

◆ 1
2

=
1

nrockh�T i

✓
Tearth

nrockh�T vi

◆ 1
2

⇠ 3000 km, (2)

This di↵usion covers almost the entire earth volume which should result in
uniform density. This uniform enhancement in density for hundred percent
capture is given by,

h⌘i = hni
nvir

=
4⇡R2

E

4/3⇡R3
E

vvirTE ⇠ 2.2⇥ 1016 (3)

However, the presence of gravity as well as pressure and temperature gradients
results in rearrangement with a density profile that is mass dependent which
was evaluated in Ref. Farrar et al. for the resultant stable population. Also
important is the e↵ect of evaporation of light dark matter, when the thermal
velocity exceeded the escape velocity. The main conclusions of this work were
that, for relevant cross-sections, there was diminishing pile-up of dark matter
near the surface for mDM  1 GeV owing to significant evaporation, and for
mDM � 10 GeV owing to sinking to lower altitudes.

However this sinking is not immediate and terminal velocity determines the
net draining of heavier dark matter to lower altitudes. This terminal velocity
for DM heavier than mrock, is given by,

vterm =
3m�gT

m2
gasngash�T v3i

⇠ 2⇥ 10�18 mQ

GeV
mQ > mrock

=
mQg

3ngasT
h v

�T
i ⇠ 3⇥ 10�20

⇣ mQ

GeV

⌘ 3
2

mQ < mrock (4)

2

LARGE COUPLINGS AHEAD

2.2 Density at surface

While the number density averaged over the earth volume is given in Eqn. 3,
the equilibrium density profile on earth depends on the mass of dark matter.
However, the presence of gravity as well as pressure and temperature gradients
results in rearrangement with a density profile that is mass dependent which
was evaluated in [1] for the resultant stable population. The main conclusions
of this work were that, for relevant cross-sections, the number density at the
surface njeans ⇡ hnQi at mQ  1GeV , while there was diminishing number
density of dark matter near the surface for mQ � 1 GeV owing to sinking to
lower altitudes.

However this sinking is not immediate. Di↵usion rates and terminal ve-
locities determine the net sinking of heavier dark matter to lower altitudes.
To estimate these rates we need the transfer cross-section in rock. The trans-
fer cross-section �T for thermalized dark matter with rock is calculated in the
Appendix. We find that a very good approximation for both attractive and
repulsive interactions,

�T ⇠ Min

 
2⇡Z2↵2✏2

µ2v4th
,

4⇡

µ2
rock,Qv

2
th

!
(9)

While all of the dark matter is captured in the atmosphere or close to the rock
surface, the random walk due to thermal motion, will cause DM to di↵use deeper
into rock. The time taken to di↵use to depth h is given by,

tdi↵(h) ⇠
h2nrock�T

vth
(10)

And hence the e↵ective di↵usion velocity at height h is,

vdi↵ =
vth

hnrock�T
(11)

However, in the presence of gravity there is an additional mechanism to sink
DM, through its terminal velocity.

This terminal velocity is given by,

vterm =
3m�gT

m2
gasngash�T v3i

mQ > mrock

=
mQg

3ngasT
h v

�T
i mQ < mrock (12)

the enhancement due to this slower velocity is given by,

⌘di↵(term) =
ndi↵(term)

nvir
=

vvir
vdi↵(term)

(13)

Finally the number density for mQ � 1 in the mine is given by,

nmine = Max (njeans,Min (ndi↵ , nterm)) (14)

while for mQ < 1 it is simply given by njeans calculated in [1]
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regime where the column density is not enough to slow DM
particles down to the thermal velocity vth. As the downward
velocity approaches the thermal velocity, the slowdown is
enhanced leading to a jump to vth. Next, for cross sections
where vertical velocity drops below vth, the additional
column density leads to further slowing down, leading to a
linear regime: the DM density enhancement is linearly
proportional to the size of the elastic cross section. Finally,
once vterm is reached, there is no further slowdown and a
flat regime for the density enhancement is achieved.
Figure 2, right column, shows contours of equal η in the

σN vs Mχ plane. η increases as a function of σn till σn ∼
10−30 cm2 which corresponds to the saturated geometric
cross section in Eq. (13) and there is no further enhance-
ment. As mass of DM, Mχ is dialed up, the terminal
velocity increases linearly as in Eq. (14), and as a result η
decreases linearly. However for large enough mass, the
relevant column depth is not enough to thermalize and
hence there is an exponential decrease in η as a function of
Mχ . Thus, we conclude that the value of the enhancement
factor is quite sensitive to particular details of the strongly
interacting DMmodel (mass, cross section), and can vary in
a large range.

B. Rate

For DM that interacts strongly with nuclei, the relevant
limit of Eq. (5) is that of small initial velocity v, and
δMχ

¼ 0. Thus we get q2 ∼ q20 ≡ 2μχNΔEN and

q2minðq2maxÞ ¼ q20 ∓ 2q0μv; ð16Þ

where the second term is smaller than the first.
At this point, we would like to model a generic

strong-interaction cross section by exchange of a mesonlike
hadronic resonance; the differential cross section is
given by

dσ
dq2

¼
y2ny2χ

8πðm2
h þ q2Þ2v2

Sfðq0Þ; ð17Þ

where mh stands for the mass of a typical strongly
interacting mediator (ρ, ω, σ, π, etc. mesons), and yn
and yχ are the nucleon and DM Yukawa couplings. After
performing the q2 integral from q2min to q2max, we get

σv ¼
q0μy2qy2χ

2πðm2
h þ q20Þ2

Sfðq0Þ: ð18Þ

Finally, the counting rate is given by

R ¼ NT
ρlocalχ

Mχ

q0μy2qy2χ
2πðm2

h þ q20Þ2
Sfðq0Þ: ð19Þ

As often is the case for exothermic reactions, instead of
depending on the DM flux, the counting rate will be
uniquely sensitive to just the local DM density irrespective
of its velocity. Using a sensible estimate ofmh ∼ ΛQCD ∼ q0,
putting this in the previous formulas, and recognizing that
combination y2qy2χΛ−2

QCD scales the same way as σn, we find
the following ansatz for the counting rate:

R ¼ NT
ρlocalχ

Mχ
min

!
σn

μ
q0

; 4πR2
A

"
Sfðq0Þ: ð20Þ

Unlike exothermic scattering of inelastic DM, the
scattering of strongly interacting DM on metastable nuclear
states does not involve an energy barrier. We simply need a
detectable signal from such deexcitation. Isomeric form of
tantalum is adequate for this purpose, and we focus on it
since it is a naturally occurring isomer enabling large
exposure. DM that is accumulating in the underground
laboratory can scatter off 180mTa to produce either the lower
excited state or ground state of tantalum. Both of these are
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FIG. 2. (Left panel) Density enhancement η, 300 m below the surface, for three different DM masses,Mχ ¼ 100 GeV, Mχ ¼ 1 TeV,
andMχ ¼ 10 TeV as a function of reference nucleon cross section σn. (Right panel) Contours of constant density enhancement η in the
σn vs Mχ plane.
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FIG. 2. Robust and conservative bounds on the dark matter’s scattering cross section with nucleons. The di↵erent panels
correspond to spin-independent (top) and spin-dependent (bottom) couplings, and to the case of equal couplings to protons
and neutrons (left) and to couplings only to protons (right). Inside of each of the shaded regions, the expected rate due to
unscattered dark matter particles alone exceeds the rate at which the collaborations have reported limits. Including scattered
events could increase the upper boundaries of some of these regions, in particular in the case of heavy dark matter candidates.

tered dark matter particles is not changed in our treat-
ment. The change is only seen as a deficit in the overall
number of dark matter particles at the detector. Second,
the only dependence on m is from the ratio (µ A/µ p)

2

in Eq. (1). Thus isocontours of expected events in the
m �� p plane will have a strong dependence on m be-
tween mp and mA, while at higher masses there is only
a logarithmic dependence on m inherited from �low.

Following this approach, we plot in Fig. 2 conserva-
tive and robust constraints on the dark matter’s scat-
tering cross section with nucleons. This includes con-
straints from the XQC satellite experiment [15, 36, 37],

the RRS balloon experiment (which we assume flew at
50 km to match their reported column depth) [38], the
CRESST surface run (for which we assume only an at-
mospheric overburden) [33], the CDMS surface run (for
which we assume atmospheric and 10 meters of water
equivalent rock overburden) [39, 40], and the DAMIC
shallow site run (for which we assume atmospheric and
100 meters water equivalent rock overburden) [41]. Se-
lected properties of these experiments and their shielding
are listed in Table I. We also show in this figure a compi-
lation of constraints from deep underground sites, includ-
ing CRESST-III [44], CDMSlite [45], and modern xenon-

[Hooper, McDermott 1802.03025]
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