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Let’s agree on the issue

We’ve been searching for dark matter for nearly 30 years  
with no (unambiguous) detection.
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For theory, the remarkable ensemble of nuclear recoil detection technologies have 
pushed us far below Z exchange and seriously encroached extent Higgs exchange.

We’ve been searching for dark matter for nearly 30 years  
with no (unambiguous) detection.
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Theory Motivation for GeV+?  

Of course! 

The topic is so broad that I have no ability (or desire) to be exhaustive. 

Instead, I’ll focus on three theory “vignettes” that can focus our attention on the 
importance of the continued search for “heavy” (mDM > mXe) dark matter. 

In the process, we’ll cover some old ground as well as explore some ideas 
that can differentiate various experiments and motivate new searches.



Three Vignettes

1. TeV supersymmetric dark matter  
(winos and Higgsinos) 
 
 

2. Strongly-coupled composite dark matter  
 (a.k.a., effective theories with high-dimension interactions with SM matter) 
 
 

3. Inelastic dark matter 



Vignette #1 — TeV Supersymmetry

The most naive interpretation of LHC bounds on superpartners

Combined with observation of Higgs mass ≈ 125 GeV  
(i.e., heavy stops needed to give large positive radiative corrections to mh) 

Suggests that, if superpartners exist at all, they are probably  
(and theorists must live with some, at least 1 part in 100, fine-tuning)

& O(TeV)

ATLAS



TeV Supersymmetry Dark Matter Abundance
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Emphasize:  O(1) couplings to weak interaction leads to TeV mass dark matter 
(not 100 GeV scale)

From a dark matter perspective this is not a problem and probably expected



Spin-Independent Direct Detection of TeV SUSY

Unlike the LHC, the kinematics of elastic spin-independent scattering

Depends (famously) on the reduced mass, providing sensitivity to scales 
far higher than LHC can probe (suffering only as 1/mDM holding ρlocal constant).

DM DM



Spin-Independent Direct Detection of TeV SUSY

Majorana nature of SUSY dark matter implies leading interaction with SM through

h
DM DM

i.e., gaugino-Higgsino mixing                           (if the other states are not too heavy)⇠ (gv)

mDM

Otherwise through EW loops (e.g., Higgsinos):
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Spin-Independent Direct Detection Rates

Mixed wino / Higgsino states (requiring M1,M2,|µ| < 4 TeV)
6
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Figure 2. Top left panel: The spin-independent nucleon-scattering cross-section for relic neutralinos is
shown, as calculated by microMEGAs [83]. Top right panel: The coupling of neutralinos to the SM-
like MSSM Higgs boson. Bottom left panel: Relic neutralino exclusions from XENON100 and LUX and
prospects from XENON1T and LZ for tan � = 10. The boxed out area denotes the LEP exclusion. Bottom
right panel: The same for tan � = 2.

mass matrices. As we discuss further in Section V, the values of electroweakino mass parame-
ters can also substantially shift these charged-neutral mass splittings. With this electroweakino
mass spectrum, we require each point to satisfy ⌦�̃h2 ' 0.12 ± 0.005, calculating the sommer-
felded relic abundance using DarkSE [80, 81], which improves upon the relic density calculations of
DarkSUSY [36], and includes Sommerfeld contributions to each LSP annihilation channel, for up to
three charge-equivalent initial state pairs of electroweakinos.

As a comparison to the relic neutralino surface in Ref. [1], we also calculate the sommerfelded
surface in the pure wino approximation using microMEGAs and following the procedure in Ref. [82].
Without Sommerfeld enhancement, the calculated relic density di↵ers between the two programs
by about 10%, with microMEGAs giving the higher number. After including the Sommerfeld en-
hancement, the maximal wino-like LSP mass from microMEGAs is 2.5 TeV, compared to 2.6 TeV
from DarkSE.

III. DIRECT DETECTION

Detection of neutralinos via nuclear scattering experiments can be divided into two categories:
spin-independent (SI) and spin-dependent (SD). In the spin-independent case, neutralinos will
scatter o↵ nucleons via the exchange of a Higgs boson, which couples to quarks and quark loops

Bramante et al., 1510.03460



In the case of a nearly pure wino or Higgsino 3
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FIG. 2: SI cross sections for low-velocity scattering on
the proton as a function of mh, for the pure cases indi-
cated. Here and in the plots below, dark (light) bands
represent 1� uncertainty from pQCD (hadronic inputs).
The vertical band indicates the physical value of mh.

tainty from pQCD (hadronic inputs). Subleading cor-
rections in ratiosmb/mW and ⇤QCD/mc are expected
to be within this error budget. Stronger cancellation
between spin-0 and spin-2 amplitudes in the doublet
case implies a smaller cross section,

�D
SI . 10�48 cm2 (95%C.L.) . (5)

We may also evaluate matrix elements in the nf =
4 flavor theory. Figure 3 shows the results as a func-
tion of the charm scalar matrix element. Cancella-
tion for the doublet is strongest near matrix element
values estimated from pQCD. Direct determination
of this matrix element could make the di↵erence be-
tween a prediction and an upper bound for this (al-
beit small) cross section.

Previous computations of WIMP-nucleon scatter-
ing have focused on a di↵erent mass regime where
other degrees of freedom are relevant [14], or have

neglected the contribution c(2)g from spin-2 gluon op-
erators [2]. For pure states, this would lead to an
O(20%) shift in the spin-2 amplitude [25], with an
underestimation of the perturbative uncertainty by
O(70%). Due to amplitude cancellations, the result-
ing e↵ect on the cross sections in Fig. 2 ranges from
a factor of a few to an order of magnitude.

Mixed-state cross sections. Mixing with an ad-
ditional heavy electroweak multiplet (of mass M 0)
can allow for tree-level Higgs exchange, but with
coupling that may be suppressed by the mass split-
ting � ⌘ (M 0 � M)/2. We systematically analyze
the resulting interplay of mass-suppressed and loop-
suppressed contributions through an EFT analysis in
the regime mW , |�| ⌧ M,M 0.

Consider a mixture of Majorana SU(2)W singlet
of Y = 0 and Dirac SU(2)W doublet of Y = 1

2 , with

had
pert

doublet

triplet

20 40 60 80 100 12010-51

10-50

10-49

10-48

10-47

hN |mcc̄c|Ni (MeV)

�
S
I
(c
m

2
)

FIG. 3: SI cross sections for low-velocity scattering on
the proton, evaluated in the nf = 4 flavor theory as a
function of the charm scalar matrix element, for the pure
cases indicated. The pink region corresponds to charm
content estimated from pQCD [9]. The region between
orange (black) dashed lines correspond to direct lattice
determinations in [12] ([13]).

respective masses MS and MD. The heavy-particle
lagrangian is given by (1), where hv = (hS , hD1 , hD2)
is a quintuplet of self-conjugate fields. The gauge
couplings are given in terms of Pauli matrices ⌧a,

T a =

0

B@
0 · ·
· ⌧a

4
�i⌧a

4

· i⌧a

4
⌧a

4

1

CA� c.c. , Y =

0

B@
0 · ·
· 02

�i12
2

· i12
2 02

1

CA . (6)

The couplings to the Higgs field and residual mass
matrix are respectively given by
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where Mref is a reference mass that may be conve-
niently chosen. Upon accounting for masses induced
by EWSB, we may present the lagrangian in terms of
mass eigenstate fields and derive the complete set of
heavy-particle Feynman rules; e.g., the Higgs-WIMP
vertex is given by ig22/

p
2 + (�/2mW )2 �̄v�vh0

with  ⌘
p
2
1 + 2

2 and � ⌘ (MS�MD)/2. We may
also consider a mixture of Majorana SU(2)W triplet
of Y = 0 and Dirac SU(2)W doublet of Y = 1

2 . Ex-
plicit details for the construction of the EFT for these
heavy admixtures can be found in [4].
Upon performing weak-scale matching [4] and map-

ping to a low-energy theory for evaluation of matrix
elements [5], we obtain the results pictured in Fig. 4.
For weakly coupled WIMPs, we consider  . 1. The
presence of a scale separation M,M 0 � mW , im-
plies that the partner state contributes at leading

Hill, Solon  1309.4092

Cancellation with Higgs exchange with mh = 125 GeV leads to a 
highly suppressed spin-independent elastic scattering rate for Higgsinos

Higgsino

wino

Spin-Independent Direct Detection Rates



Indirect Detection — Limits on Winos

Sommerfeld enhancement of annihilation disfavors 2.6 TeV winos

Cohen, Lisanti,  
Pierce, Slatyer 
1307.4082
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by the solid line. These exclusion contours assume that the wino abundance is set by thermal
freeze-out. The H.E.S.S. limit is appropriate for an NFW profile, see Sec. III A. The shaded yellow
region between the dotted lines corresponds to ⌦ h

2 = 0.12 ± 0.006. In the black shaded region, a
thermal wino exceeds the observed relic density.

which the LHC and direct detection experiments are not sensitive. In particular, if the wino

makes up a non-trivial fraction of the DM, it can lead to observable rates for experiments that

search for photons from DM annihilation. Even in this case, the perturbative annihilation

cross section for winos is not always large enough to be observable. However, as the wino

mass becomes large with respect to the W±-boson mass, non-perturbative SE e↵ects due

to the presence of a relatively long-range potential become important, especially at low

velocities. The impact of the SE on wino annihilation has been studied in detail [1–8]

and must be properly accounted for when computing the wino relic density, as well as its

present-day annihilation cross section. Following [1–4], we take the mass dependence for

most cross sections to be proportional to 1/M2

2

. However, we include the appropriate phase-

space and propagator factors for wino annihilations to W+W� and � Z0 today as they are

numerically relevant at low mass. This implies that our relic density is a slight overestimate

at O(100 GeV) masses. Appendix A reviews the procedure we follow to compute these

non-perturbative e↵ects, and we refer the reader there for an overview of the computation,

while no indirect detection bounds on 1.1 TeV Higgsinos.



Vignette #2 — Composite Dark Matter



Vignette #2 — Composite Dark Matter

• New technically natural mass scales (Λdark,  Mf) 
• DM stability automatic (e.g., baryon number) 
• Interactions with SM matter can be suppressed by powers  

of the compositeness scale 
• Self-interactions can be naturally strongly-coupled 
• Has a rich spectrum of states (e.g., baryons and mesons) leading to 

qualitative changes to experimental signals



Selected References

• Technibaryon dark matter (too bad, so sad) Nussinov (1985); Chivukula, Walker (1990); 
                                                                                                                    Barr Chivukula, Farhi (1990) 

• Quirky dark matter                                         GDK, Roy, Terning, Zurek 0909.2034 
• Atomic dark matter                                        Kaplan, Krnjaic, Rehermann, Wells 0909.0753 
• Composite Inelastic                                       Alves, Behbahani, Schuster, Wacker 0903.3945 
• Weakly Interacting Stable Pions                    Bai, Hill 1005.0008 
• Dark SU(2) with mf « Λdark                                             Buckley, Neil 1209.6054 
• Dark SU(3) with magnetic moment               LSD Collaboration 1301.1693 
• Stealth Dark Matter 1                                    GDK with LSD Collaboration 1402.6656 
• Dark Nuclei [with SU(2)]                                Detmold, McCullough, Pochinsky 1406.2276 
• Glueball / glueballino (Λ « Mgluino)                 Boddy, Feng, Kaplinghat, Shadmi, Tait 1408.6532 
• SIMP dark pions                                            Hochberg, Kuflik, Murayama, Volansky, Wacker 1411.3727 
• Stealth Dark Matter Model and polarizability   GDK with LSD Collaboration 1503.04203,1503.04205 
• Accidental composite                                    Antipin, Redi, Strumia, Vigiani 1503.08749 
• Non-abelian DM and dark radiation              Buen-Abad, Marques-Tavares, Schmaltz 1505.03542 
• Chiral Dark Matter                                          Harigaya, Nomura 1603.03430 + Ko 1610.03848



Identity of Dark Matter

Thermal freeze out, indirect detection, and direct detection, occur at  
non-relativistic velocities — hence these theories appear as if there is 
an elementary particle with higher dimensional interactions. 

Which interactions dominate depends on the UV theory — that may be 
probed by the LHC.

Dark matter is baryon or meson of new, confining gauge theory.

Dark quarks may transform under SM; or they may have their own  
gauged flavor symmetries (e.g., U(1)dark) that mix with the SM.



Effective Interactions of Strongly Coupled Dark Matter

Effective interactions of strongly-coupled dark matter with SM mediators/matter 
is generically higher dimensional

1

(⇤dark)n
Effective interaction 

involves new,  
dynamical scale

DM

DM

e.g.: 
magnetic moment: 

charge radius: 

polarizability: 

 �µ⌫ Fµ⌫
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Strongly Coupled Dark Matter with an Magnetic Moment

E.g., “dark neutron” with electrically charged “dark quarks”; calculated using 
lattice gauge simulations.
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N

f

= 2 (red triangles) and N
f

= 6 (blue circles) theories versus
dark-baryon mass. This quantity shows no systematic separation
between two and six flavor theories.

of an electroweak-neutral dark-matter baryon are presented
in Fig. 5. Note that the results are negative (see discussion
after Eq. (6)). As in the case of the anomalous moment, our
results show little dependence on N

f

and little dependence
on the dark-baryon mass as it varies due to changes in the
underlying fermion mass. If the fermion mass is reduced
further, bringing M

B

/M
B0 closer to unity, the magnitude

hr2
E;neuti is expected to grow. This is because the PNGB

mass drops, and the charge radius is quite sensitive to the
size of the PNGB cloud.

For N
f

= 2, this point can be made more pre-
cisely by comparison to QCD. There, the mean squared
charge radius of the neutron is also negative, hr2

En

i =

�0.1161(22) fm2 [24]. Our N
f

= 2 calculation corre-
sponds to QCD with M

B

⇡ 1 GeV, but with relatively
heavy underlying quarks, and thus relatively heavy pions:
the pion mass in units of M

B

ranges between the light-
est m

⇡

/m
B

= 0.41 to the heaviest m
⇡

/m
B

= 0.52. In
QCD units, our lattice spacing is given by a ⇡ 0.055 fm,
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FIG. 5: The neutral baryon mean squared charge radius (in lat-
tice units) for N

f

= 2 (red triangles) and 6 (blue circles), versus
dark-baryon mass. Again, no significant systematic difference
between the two theories is seen over the range of masses consid-
ered.

so our result is hr2
E,neut

i ⇡ �(0.009 . . . 0.025) fm2,
substantially less than the observed result. Previous
calculations of nucleon structure with N

f

= 2 Wil-
son fermions [25] yielded similar values hr2

E,neuti =

�(0.011 . . . 0.023) fm2. These results, too, employed rel-
atively heavy underlying quarks. In our case, further stud-
ies with smaller fermion mass can shed light on the range of
direct detection allowed values for the mean square charge
radius.
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which is suppressed by two additional powers of M
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lines). The experimental upper bound on event rates, based on
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Direct detection exclusion plots We next compare our
calculations of dark-matter parameters with the current
experimental bounds on the dark-matter-nucleus cross-
sections in direct detection experiments. Currently, the
most stringent bound is provided by the XENON100 ex-
periment [28], in which hypothetical dark-matter particles
are detected through their collisions with xenon nuclei with

LSD Collaboration 1301.1693

Estimated 
LUX 2016 
bound

mDM & 20 TeVCurrent bound:



“Stealth Dark Matter” with EM Polarizability

For SU(N=even) theories, baryons are bosons, and the lightest can be a scalar.

B B

N N

This is the “stealthiest” theory in which dark quarks have EW charges. 

We considered SU(4) theories, and calculated the strongly coupled dark matter 
polarizability using lattice gauge simulations.

GDK with LSD Collaboration; 1503.04203, 1503.04205



“Stealth Dark Matter” with EM Polarizability

Note!

Depends on (Z,A), since it doesn’t have A2-like (Higgs-like) scaling. 
For Zenon, we obtain: 5
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FIG. 2. The DM spin-independent scattering cross section per nu-
cleon evaluated for xenon is shown as the purple band obtained
from the SU(4) polarizability, where the width of the band cor-
responds to 1/3 < MA

F < 3 from low to high. The blue curve
and the light blue region above it is excluded by the LUX con-
straints [1]. The vertical, darker shaded region is excluded by
the LEP II bound on charged mesons [23]. The orange region
represents the limit at which direct detection experiments will
be unable to discriminate DM events from coherent neutrino re-
coil [39]. We emphasize that this plot is applicable for xenon, and
would require calculating Eq. (17) to apply to other nuclei.

would have form factor suppression. This implies the stan-
dard missing energy signals that arise from DM production
and escape from the detector are rare.

Finally, there are many avenues for further investiga-
tion of stealth dark matter, detailed in [23]. One vital is-
sue is to better estimate the abundance. In the DM mass
regime where stealth DM is detectable at direct detection
experiments, the abundance of stealth dark matter can arise
naturally from an asymmetric production mechanism [23]
that was considered long ago [7–9] and more recently re-
viewed in [40]. If there is indeed an asymmetric abundance
of bosonic dark matter, there are additional astrophysical
consequences [41–43] that warrant further investigation to
constrain or probe stealth DM.
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Strongly Coupled “Chiral Dark Matter” through U(1)dark
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FIG. 4. The direct detection constraint on the dark pion
scattering cross section per nucleon given in Eq. (14). For
each m�, we determine eD such that ⌦� = ⌦DM and mAD

from Eqs. (2) and (3) using N = 5 and a = 0.5. The dot-
dashed line shows the sensitivity of HL-LHC14 to the resonant
production of the dark photon, pp ! AD ! l
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leading to a large flux at the Earth [19]. If this is the case,
the sensitivity of searches with charged cosmic rays may
exceed that with gamma-rays. As an example, we assume
the “MAX” propagation model and show in Figs. 1 and 3
the projected sensitivity of the GAPS experiment [20],
which goes beyond gamma-ray searches for a low mass
region. In the case where propagation gives a small flux,
the large antiproton fraction observed by AMS-02 is well
fitted by the annihilation of DM having an O(1�10 TeV)
mass and a cross section larger than that required for the
correct thermal relic abundance [21–23] (although it may
still be of astrophysical origin, e.g. Refs. [24, 25]). With a
modest Sommerfeld enhancement, our dark baryon may
be used for this purpose.

Direct detection.—The dark pion, �, and dark baryon,
B, scatter with the standard model protons, p, in the
nuclei via exchange of virtual dark photons. The spin-
independent dark pion and dark baryon scattering cross
sections per nucleon in the non-relativistic limit are

�

SI

�

=
✏

2

q

2

�

e

2

D

e

2

m

2

�

m

2

p

⇡(m
�

+m

p

)2m4

AD

✓
Z

A

◆
2

, (14)

where � = (�, B), q
�

= (1+ a), q
B

= (1+ a)/2 (or 0) for
an odd (or even) N , and Z and A are the atomic number
and atomic weight of the target nucleus. In Fig. 4, we
compare the dark pion scattering cross section against
the current and future direct detection limits [26–29]. If
U(1)

Y

–U(1)
D

kinetic mixing is generated via one-loop
quantum corrections, ✏ = O(10�3) is expected. The dark
pion with m

�

= O(100 GeV) can then be detected by

FIG. 5. The correlated prediction between the direct detec-
tion and dark radiation signals for a = 0 and an odd N . The
dots indicate the value of ✏ eD/m

2
AD

, which controls both �

SI
B

and �Ne↵. The Planck 2015 constraints [32] are shown by
the shadings.

near future experiments.
Collider searches.—Through kinetic mixing, the colli-

sion of standard model fermions can resonantly produce
the dark photon, which decays back to two fermions. We
show the sensitivity of the high luminosity LHC 14 TeV
run (HL-LHC14, 3000 fb�1) to this process [30] in Fig. 4.
This provides an interesting correlated prediction be-
tween direct detection experiments and collider searches.
Dark radiation.—If a = 0, the dark pion is nearly mass-

less because its mass is no longer generated radiatively
by U(1)

D

gauge interactions. This implies that, after de-
coupling from the thermal bath at temperature T

de

, the
dark pion contributes to additional relativistic species

�N

e↵

=
8

7

✓
g⇤(1 MeV)

g⇤(Tde

)

◆
4/3

, (15)

where g⇤ is the e↵ective entropy degrees of freedom of the
standard model thermal plasma, and g⇤(1 MeV) = 10.75
is that around the neutrino decoupling. The smallest
�N

e↵

that Eq. (15) predicts is 0.05, which can be com-
pletely probed by CMB-S4 with the expected sensitivity
of �(N

e↵

) = 0.0156 [31].
The dark pion decouples when the scattering rate, � =

n�v, drops below the Hubble expansion rate

16 ⇣(3)✏2e2
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g⇤(Tde

)T 2
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. (16)

In estimating �, we have approximated the thermal bath
of standard model charged particles as an ideal gas of
e

±, µ±, ⇡±, and K

±. As �N

e↵

and �

SI

B

depend on the
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Viable Origins for Abundance

1.  Thermal freezeout

For Ndark small, expect dark baryon annihilation to be strongly coupled 
(saturate unitarity bound — mDM ≈ 100 TeV). 

For Ndark larger (in quarkonia limit), Witten showed that annihilation is 
exponentially suppressed — much smaller dark matter masses are possible.

2.  Asymmetric production - e.g. electroweak sphalerons connect dark and  
     visible baryon numbers.  Strong coupling ensures small symmetric component.

Witten; 1979

Kamionkowski, Griest; 1990
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ρQB
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Mass of DM

≈ TeV scale≈ 5 GeV scale

Barr, Chivukula, Farhi 1990; 
also 
GDK, Roy, Terning, Zurek 2009



Vignette #3 — Inelastic Dark Matter



DM

DM*

This qualitatively changes the kinematics of dark matter scattering.

The leading interaction with nuclei may proceed through an 
inelastic transition in which DM upstaters to an excited state DM*

Vignette #3 — Inelastic Dark Matter

� ⌘ mDM⇤ �mDM

Hall, Moroi, Murayama, hep-ph/9712515 
Tucker-Smith, Weiner 0101138, 0402065
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Inelastic Frontier maximzed with
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Figure 2: The energy recoil boundaries for inelastic DM with splitting � = 100 keV (dashed) and
200 keV (dotted) scattering o↵ xenon and tungsten. From right to left, the orange, green, blue,
and red curves denote available scattering phase space for mX = 0.05, 0.2, 1, 10 TeV dark matter,
respectively. Dark matter masses mX > 10 TeV are nearly indistinguishable from the mX = 10 TeV
curve due to the reduced mass µ ' mN . As in Fig. 1, horizontal lines indicate the maximum recoil
energies of CRESST II, LUX, and XENON100.PJF- should we just remove XENON100?

the minimum velocity to scatter is larger than in the case of heavy dark matter by a factor ofp
mN/mX . Holding � fixed, for even a modest reduction of mX , the minimum velocity to scatter

will exceed the maximum incoming terrestrial dark matter speed, and thus there is no sensitivity. If
� and mX are reduced simultaneously, the typical recoil energy also is reduced, and this can place
it within the window of recoil energies considered by existing experimental analyses. This is not
surprising; by reducing �, mX , and, by extension, ER, we approach the limit of elastic scattering
and experimental analyses optimized for elastic scattering will be able to set bounds once � is small
compared with the kinetic energy of the dark matter. This is illustrated by the absence of orange
mX = 50 GeV, � ⇠ 200 keV contours in Fig. 2: i.e. inelastic sensitivity to 50 GeV mass dark
matter would not be greatly improved by searching at higher recoil energies, since even at maximum
incoming velocity, such light dark matter will not surmount the � ⇠ 200 keV threshold.

It is already clear from Figs. 1 and 2 that the “frontier” of inelastic dark matter is when the dark
matter is heavy, µ ' mN , and can be tested by experiments that have heavy mass elements: iodine
(PICO), xenon (Xenon100 and LUX), and tungsten (CRESST). For the purposes of illustration, we
use mX = 1TeV, 10TeV as benchmarks for much of the remainder of the paper. We also emphasize
that since the inelastic frontier occurs at relatively large velocities and recoil energies, we anticipate
substantial astrophysical and experimental uncertainties in the scattering rates and comparisons
between experiments, that we will elaborate on more below.
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Figure 5: Constraints on dark matter nucleon scattering (90% confidence), assuming integrated lumi-
nosities, event rates, and nuclear masses for LUX [17], PICO-60 [25], and CRESST II [27]. Presently
available recoil energy ranges (ER) used to derive bounds are indicated, along with extended “in-
elastic frontier” recoil energy ranges. The dotted horizontal line indicates the approximate Higgsino-
nucleon inelastic cross-section for reference (⇠ 10�39 cm2). The bands show how bounds vary within
the 90% confidence allowed values of the escape velocity given in [28], vesc = 533+54

�41 km/s.PJF- can
we make the pico range 10� 103, rather than ⇠ 10� 103?

Fig. 5 is one of the main result of this paper. Comparing the left and right hand panels and fixing
�n = 10�39 cm2 as a representative, weak-scale value, we see that models with � & 140 keV completely
evade current xenon bounds; for slightly higher splitting, � & 200 keV, all current bounds are avoided.
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� [keV]
Bramante, Fox, GK, Martin; 1608.02662
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TABLE I. Predicted background rates in the fiducial volume
(0.9–5.3 keVee) [31]. We show contributions from the �-
rays of detector components (including those cosmogenically
activated), the time-weighted contribution of activated
xenon, 222Rn (best estimate 0.2 mDRUee from 222Rn chain
measurements) and 85Kr. The errors shown are both
from simulation statistics and those derived from the rate
measurements of time-dependent backgrounds. 1 mDRUee is
10�3 events/keVee/kg/day.

Source Background rate, mDRUee

�-rays 1.8± 0.2stat ± 0.3sys
127Xe 0.5± 0.02stat ± 0.1sys
214Pb 0.11–0.22 (90% C. L.)
85Kr 0.13± 0.07sys

Total predicted 2.6± 0.2stat ± 0.4sys
Total observed 3.6± 0.3stat

distribution [31], and the expectations based on the
screening results and the independent assay of the
natural Kr concentration of 3.5 ± 1 ppt (g/g) in the
xenon gas [36] where we assume an isotopic abundance
of 85Kr/natKr ⇠ 2 ⇥ 10�11 [31, 34]. Isotopes created
through cosmogenic production were also considered,
including measured levels of 60Co in Cu components.
In situ measurements determined additional intrinsic
background levels in xenon from 214Pb (from the 222Rn
decay chain) [32], and cosmogenically-produced 127Xe
(T

1/2 = 36.4 days), 129mXe (T
1/2 = 8.9 days), and

131mXe (T
1/2 = 11.9 days). The rate from 127Xe in the

WIMP search energy window is estimated to decay from
0.87 mDRU

ee

at the start of the WIMP search dataset
to 0.28 mDRU

ee

at the end, with late-time background
measurements being consistent with those originating
primarily from the long-lived radioisotopes.

The neutron background in LUX is predicted from
detailed detector BG simulations to produce 0.06 single
scatters with S1 between 2 and 30 phe in the 85.3 live-
day dataset. This was considered too low to include in
the PLR. The value was constrained by multiple-scatter
analysis in the data, with a conservative 90% upper C.L.
placed on the number of expected neutron single scatters
of 0.37 events.

We observed 160 events between 2 and 30 phe (S1)
within the fiducial volume in 85.3 live-days of search
data (shown in Fig. 4), with all observed events being
consistent with the predicted background of electron
recoils. The average discrimination (with 50% NR
acceptance) for S1 from 2-30 phe is 99.6 ± 0.1%, hence
0.64 ± 0.16 events from ER leakage are expected below
the NR mean, for the search dataset. The spatial
distribution of the events matches that expected from the
ER backgrounds in full detector simulations. We select
the upper bound of 30 phe (S1) for the signal estimation
analysis to avoid additional background from the 5 keV

ee

x-ray from 127Xe.
Confidence intervals on the spin-independent WIMP-

nucleon cross section are set using a profile likelihood
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FIG. 4. The LUX WIMP signal region. Events in the
118 kg fiducial volume during the 85.3 live-day exposure are
shown. Lines as shown in Fig. 3, with vertical dashed cyan
lines showing the 2-30 phe range used for the signal estimation
analysis.

ratio (PLR) test statistic [37], exploiting the separation
of signal and background distributions in four physical
quantities: radius, depth, light (S1), and charge (S2).
The fit is made over the parameter of interest plus
three Gaussian-constrained nuisance parameters which
encode uncertainty in the rates of 127Xe, �-rays from
internal components and the combination of 214Pb and
85Kr. The distributions, in the observed quantities, of
the four model components are as described above and
do not vary in the fit: with the non-uniform spatial
distributions of �-ray backgrounds and x-ray lines from
127Xe obtained from energy-deposition simulations [31].
The PLR operates within the fiducial region but the
spatial background models were validated using data
from outside the fiducial volume.

The energy spectrum of WIMP-nucleus recoils is
modeled using a standard isothermal Maxwellian velocity
distribution [38], with v

0

= 220 km/s; v
esc

= 544 km/s;
⇢

0

= 0.3 GeV/cm3; average Earth velocity of 245 km s�1,
and Helm form factor [39, 40]. We conservatively
model no signal below 3.0 keV

nr

(the lowest energy for
which a direct light yield measurement exists [30, 41],
whereas indirect evidence of charge yield exists down
to 1 keV

nr

[42]). We do not profile the uncertainties
in NR yield, assuming a model which provides excellent
agreement with LUX data (Fig. 1 and Fig. 6), in addition
to being conservative compared to past works [23]. We
also do not account for uncertainties in astrophysical
parameters, which are beyond the scope of this work (but
are discussed in [43]). Signal models in S1 and S2 are
obtained for each WIMP mass from full simulations.

The observed PLR for zero signal is entirely consistent
with its simulated distribution, giving a p-value for the
background-only hypothesis of 0.35. The 90% C. L.

Not included in LUX 
in search window

LUX  1310.8214 
LUX  1512.03506

5

bration data sets are dominated by recoils of a particular
nucleus (e.g. iodine in the pion beam data of [25]), they
do contain contributions from all three nuclei. In the
global fit, the size of the contribution from each individ-
ual recoil are allowed to float to minimize sensitivity to a
given dark matter candidate. As an example, the curves
used to determine the sensitivity to a 20 GeV SD WIMP
are shown as the dashed lines in the top panel of Fig. 4.
Since the SD sensitivity mostly arises through fluorine
interactions, our analysis assumes the weakest possible
response for fluorine allowed by the data by maximizing
the contributions from carbon and iodine. The bottom
panel of Fig. 4 shows the curves used to determine sensi-
tivity to a 20 GeV SI WIMP, where the iodine response
is reduced in favor of increased carbon and fluorine re-
sponses.

As 75% of the livetime was accumulated at thresholds
within 20% of 13.6 keV, deviations from the characteris-
tic observed E/E

T

scaling behavior have a small e↵ect on
the final result. To give an extreme example, if all data
taken at E

T

< 13.6 followed the same response function
as that measured at 13.6 keV (i.e. assuming no improve-
ment in sensitivity at the lower Seitz thresholds) and we
scale by E/E

T

for E
T

> 13.6, the final results presented
in Sec. VI for both SI and SD WIMP scattering would be
13% less sensitive for a 100 GeV WIMP mass and 10%
less sensitive for WIMP masses greater than 200 GeV.

IV. BACKGROUND MODELING AND
PREDICTION

Neutrons in the active volume can be produced by
(↵,n) reactions and fission neutrons from radioactivity
in the detector components, by cosmogenic activation,
and by photonuclear interactions. Before installation, all
detector components in proximity to the active volume
were screened for radioactivity, and the results from this
screening are incorporated into a detailed Monte Carlo
simulation of the detector. Neutron production rates and
energy spectra for (↵,n) reactions are evaluated with a
modified version of the SOURCES-4c code [23, 27], where
the contributions to neutron backgrounds primarily come
from alpha decays in the 238U, 232Th and 235U decay
chains. The rate and angular distribution of cosmogenic
neutrons produced in the cavern rock are taken from [28]
and normalized to the muon flux measured by the SNO
experiment [29]. The neutrons are propagated through
the detector using GEANT4 [30] (version 4.10.00p03)
to the target fluid. The predicted number of neutron-
induced single-bubble events during the WIMP search
data is 1.0± 0.3. The simulation returns the same num-
ber of multiple-bubble events as single-bubble events,
and the predicted number of neutron-induced multiple-
bubble events is also 1.0 ± 0.3. The uncertainty on the
prediction arises from a combination of screening uncer-
tainties, (↵,n) cross section uncertainties, and imperfect
knowledge of the material composition of some compo-
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FIG. 4. The best fit iodine (black), fluorine (red), and car-
bon (magenta) e�ciency curves for ET = 13.6 keV data are
shown by the solid lines, and the light blue band shows the
calculated Seitz threshold with the experimental and theoret-
ical uncertainties (the solid curves are the same in both the
top and bottom panels). In the top panel, the dashed lines
show the curves used to determine sensitivity for a 20 GeV
SD WIMP, corresponding to the set of curves with the least
sensitivity to 20 GeV SD WIMP scattering consistent with
the calibration data at 1�, while the dashed lines in the bot-
tom panel show the curves used to determine sensitivity for
a 20 GeV SI WIMP. The onset of nucleation for fluorine and
carbon recoils occurs at energies greater than twice the Seitz
threshold, while the response to iodine is much closer to the
Seitz model.

nents. The leading source of events is cosmogenic neu-
trons produced in the rock and punching through the
water shield, accounting for about 1/3 of the neutron
backgrounds. The remainder come primarily from a com-
bination of (↵,n) sources in acoustic sensor cabling, a set
of thermocouples in the pressure vessel, and the retrore-
flector used for illumination.

We use the Monte Carlo simulations with input from
screening of materials to predict the rate of gamma in-
teractions in the detector from the 238U, 232Th and
235U decay chains, as well as from 40K decays. Previ-
ously we found the nucleation e�ciency for gamma in-
teractions to decrease exponentially with threshold, from
5 ⇥ 10�8 at 7 keV threshold to < 10�9 for thresholds
above 11 keV [10], where the e�ciency is defined as the
fraction of above-threshold interactions of any kind that
nucleate bubbles. This excellent gamma rejection was
confirmed with in situ gamma calibrations and results in
an expectation of fewer than 0.1 electronic recoil nucle-

PICO-60  CF3I   1510.07754

No upper bound on ER! Upper bound ERmax ≈ 33 keVnr                

Current Experimental Limitations

(due to neutron calibration max recoil 
energy of about 70 keVnr)



Xenon experiments are sensitive 
to much higher recoil energies
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Figure 2: Measured � ray spectrum in the LUX drift re-
gion (black), with peak identification labels. A 225 kg
fiducial volume is used for the analysis, removing the top
and bottom 2 cm of the drift region, and using no radial
cut. Data includes both SS and MS events. Event en-
ergies are reconstructed from the combination of S1 and
S2 signals. Horizontal error bars are shown, represent-
ing systematic uncertainties in energy reconstruction for
high-energy events. Two simulation spectra are shown for
comparison. A spectrum based on positive counting mea-
surements alone is shown in gray solid. The spectrum with
best-fit scaling for 238U, 232Th, 40K, and 60Co decays, with
independent rates in top, bottom, and side regions of the
detector, is shown as gray dashed (red, in color). Fitting
was performed for energies above 500 keVee. Energies be-
low 500 keVee are shown to illustrate the continued agree-
ment between � ray spectra and measured data below the
fitting threshold. The spectrum shown has a lower bound
at 200 keVee. Best-fit decay rates are listed in Table 3.

Figure 3: LUX � ray ER background density in the range
0.9–5.3 keVee as a function of position, extrapolated from
high-energy measurements based on Monte Carlo spectra.
Rates are in units of log10 (DRUee). The 118 kg fiducial
volume used in the 85.3 day WIMP search run is overlaid
as the black dashed contour.

2.3. Cosmogenic Xenon Radioisotopes
2.3.1. Production Models

The rate of production of noble element radioisotopes
in Xe due to cosmic ray exposure was assessed using the
ACTIVIA simulation package [11]. The ACTIVIA code
modeled isotope production in natural Xe after a 150 day
exposure at sea level. Only noble elements were consid-
ered, as the LUX purification system is presumed to sup-
press the concentration of non-noble radioisotopes below
significance [14, 15].

The short-term exposure history of the LUX Xe is well
known. From April 2012 to December 2012, the Xe was lo-
cated at Case Western Reserve University (altitude 200 m)
in a basement laboratory, where it was processed for Kr
removal as discussed in Sec. 2.5. The Xe was shipped by
ground to Sanford in separate batches and stored above
ground (altitude 1.6 km), before being brought under-
ground on January 30, 2013. This adds up to roughly half
the total Xe load in LUX having spent 49 days at Sanford
Aboveground Laboratory altitude, and the other half hav-
ing spent 7 days at that altitude. Reference [13] provides
some guidance for how to scale the muon-induced neutron
flux and spectrum with altitude, which can be input into
activation simulations. However, the effect of immediate
surroundings in the lab can introduce an important sys-
tematic error in particular on the flux of thermal neutrons
incident on the Xe. LUX does not have measurements
of the thermal neutron flux at the various relevant loca-
tions. In the calculations below, the sea-level activation
results from ACTIVIA were used as a starting point. Sep-
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II. RECONSTRUCTING NUCLEAR RECOIL
ENERGY

Lindhard et al. [3] calculated a general expression
for the expected fraction of nuclear recoil energy that
is transferred to electrons. It can be written as

f

n

= k · g/(1 + k · g), (3)

with k = 0.133 Z

2/3
A

�1/2. Physically, k is a propor-
tionality constant between the electronic stopping power
dE/dx and the velocity of the projectile (which in this
context is a recoiling xenon atom). The relation is most
simply expressed in terms of dimensionless variables,
as in [3]. For xenon, Lindhard’s calculation results in
k = 0.166. Recently, Hitachi calculated from first prin-
ciples the electronic stopping power of recoiling xenon
atoms in a liquid xenon target. The result is shown in
Fig. 5 of [6], and discussed further in [16]. In terms of
the dimensionless variables of [3], his calculation corre-
sponds to k = 0.110. Note that no analytic form was
given for the energy-dependent function g in [3], and we
have used the parameterization given in [25]. In Fig. 1
we show f

n

as calculated from Eq. 3, for these two val-
ues of k (solid and dashed curves). In [3], Lindhard et

al. cautioned that “Maybe the greatest uncertainty is
the proportionality factor, k... [which] is often on the
interval 0.10 < k < 0.20.” Ideally, the remedy for this
uncertainty may be obtained from data.

In order to compare with data, we write Eq. 2 as

f

n

= ✏(
S1

↵1
+

S2

↵2
)/E

nr

, (4)

with n

�

and n

e

in terms of the experimentally mea-
sured quantities S1 and S2. These are just the num-
ber of recorded photoelectrons in the primary scintilla-
tion and ionization (measured from proportional scintil-
lation) signals in a dual-phase xenon detector. The num-
ber of primary scintillation photons is n

�

= S1/↵1, where
↵1 ⇠ O(0.1) is the total e�ciency to convert a scintilla-
tion photon to a detectable photoelectron. The number
of ionized electrons is n

e

= S2/↵2, where ↵2 ⇠ O(10)
is the number of photoelectrons registered from the pro-
portional scintillation resulting from a single ionized elec-
tron. While ↵2 is reasonably easy to measure in dual-
phase liquid xenon detectors, ↵1 is di�cult to measure
directly. As a result, experiments instead quote the scin-
tillation light yield L

y

(units of photoelectrons / keV)
of a mono-energetic gamma source. The proportionality
constant between ↵1 and L

y

depends strongly on both
the incident gamma energy and the electric field (E

d

)
applied across the liquid xenon target. For a 122 keV
gamma from 57Co at E

d

= 0, a detector-independent
expression for the proportionality is ↵1 = 0.015L

y

[23].
We need ↵1 in order to use Eq. 4, and first cross-check

the relationship given above, which implies ↵1 = 0.080
[23] for the XENON10 detector [24]. XENON10 mea-
sured ↵2 = 24 ± 1 [28] from the background distribution

of single electrons. The value of ↵1 is also uniquely de-
termined by requiring Eq. 1 to reproduce the correct
peak positions of gamma lines. Since the energy scale
is linear, any mono-energetic source will su�ce. From
the 164 keV gamma observed by XENON10, we find
↵1 = 0.078 ± 0.005.
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FIG. 1. Quenching of electronic excitation from nuclear re-
coils in liquid xenon: from [11] ( ), from [11] as corrected
by [29] (F, uncertainty not shown but similar to  ), from
[12] (#) and from [28] (⌃). Also shown are the theoretical
prediction [3] for two calculated values of k (solid and dashed
curves).

Simultaneous measurements of the scintillation (L
eff

)
and ionization (Q

y

) yield of liquid xenon as a function of
E

nr

were obtained by Manzur et al. [11]. Their ionization
yield data was presented in terms of n

e

(so we do not need
↵2), and their scintillation data in terms of L

y

for 122 keV
gammas. Using the scaling relation given above, we infer
↵1 for their detector. We then use Eq. 4 to cast the
results from [11] in terms of f

n

. This is shown in Fig. 1
(as  , with 1� uncertainty). The combined L

eff

and Q
y

measurements of Manzur et al. are not quite consistent
with the XENON10 nuclear recoil band measurement [7].
In [29] it is argued that for the three data points below
E

nr

' 6 keV, the most likely origin of the disagreement
is that Q

y

was overstated by about 1� due to spurious
threshold e↵ects. The Manzur et al. data as corrected
by [29] is also shown in Fig. 1 (as F, uncertainty similar
but omitted for clarity).

The experiments described in [24] and [11] (and, for
that matter, [2]) obtained their data with di↵erent val-
ues of E

d

. Although the values of E

d

ranged from about
0.5 kV/cm [2] to 1.0 kV/cm [11], the e↵ects of this dif-
ference are negligible. As shown in Fig. 3 of [6], the
scintillation and ionization signals from nuclear recoils

Sorensen, Dahl; 1101.6080

Quenching:

Up to 3 MeVee ≈ 10 MeVnr (using AmBe source calibrated to 300 keVnr!)



Inelastic parameter space sensitivity improved!
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Figure 5: Constraints on dark matter nucleon scattering (90% confidence), assuming integrated lumi-
nosities, event rates, and nuclear masses for LUX [17], PICO-60 [25], and CRESST II [27]. Presently
available recoil energy ranges (ER) used to derive bounds are indicated, along with extended “in-
elastic frontier” recoil energy ranges. The dotted horizontal line indicates the approximate Higgsino-
nucleon inelastic cross-section for reference (⇠ 10�39 cm2). The bands show how bounds vary within
the 90% confidence allowed values of the escape velocity given in [28], vesc = 533+54

�41 km/s.PJF- can
we make the pico range 10� 103, rather than ⇠ 10� 103?

Fig. 5 is one of the main result of this paper. Comparing the left and right hand panels and fixing
�n = 10�39 cm2 as a representative, weak-scale value, we see that models with � & 140 keV completely
evade current xenon bounds; for slightly higher splitting, � & 200 keV, all current bounds are avoided.

12

Extend to 
500 keVnr

Projected sensitivity improvement using existing (2015) exposures.
Bramante, Fox, GK, Martin; 1608.02662



Inelastic Parameter Space
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Figure 5: Constraints on dark matter nucleon scattering (90% confidence), assuming integrated lumi-
nosities, event rates, and nuclear masses for LUX [17], PICO-60 [25], and CRESST II [27]. Presently
available recoil energy ranges (ER) used to derive bounds are indicated, along with extended “in-
elastic frontier” recoil energy ranges. The dotted horizontal line indicates the approximate Higgsino-
nucleon inelastic cross-section for reference (⇠ 10�39 cm2). The bands show how bounds vary within
the 90% confidence allowed values of the escape velocity given in [28], vesc = 533+54
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Fig. 5 is one of the main result of this paper. Comparing the left and right hand panels and fixing
�n = 10�39 cm2 as a representative, weak-scale value, we see that models with � & 140 keV completely
evade current xenon bounds; for slightly higher splitting, � & 200 keV, all current bounds are avoided.
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Well Motivated Inelastic Models

1. Nearly degenerate Higgsinos

2. Magnetic inelastic

3. Inelastic dark photon

Z

H̃0
1 H̃0

2

�
�dark⇥

�1 �2

�1 �2
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Summary
•  3 theory vignettes are illustrative of the continued importance of 

  searching for heavier dark matter

•  Higgsinos remain perfectly viable (if tuned) supersymmetry motivation;  
  —>         very small — below the neutrino floor

 (Near-GeV scale remains interesting and exciting; no time to discuss.)

�n

•  Composite dark matter is a super interesting class of models that 
 can obtain cosmological abundance and direct detection prospects 
 —>  effective interactions may not scale as A2;  provides method 
         to distinguish interactions with different detectors

•  Inelastic dark matter permits far larger effective cross sections; 
 —> require analysis of high recoil data to maximize sensitivity


