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Figure 2: Experimental residual rate of the single-hit scintillation events measured
by DAMA/LIBRA–phase1 in the (2–4), (2–5) and (2–6) keV energy intervals as a
function of the time. The time scale is maintained the same of the previous DAMA
papers for coherence. The data points present the experimental errors as vertical bars
and the associated time bin width as horizontal bars. The superimposed curves are
the cosinusoidal functions behaviours A cosω(t − t0) with a period T = 2π

ω = 1 yr, a
phase t0 = 152.5 day (June 2nd) and modulation amplitudes, A, equal to the central
values obtained by best fit on the data points of the entire DAMA/LIBRA–phase1.
The dashed vertical lines correspond to the maximum expected for the DM signal
(June 2nd), while the dotted vertical lines correspond to the minimum.
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DM modulation is expected due to modulating Earth!
velocity through Galactic rest frame 
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4 Models of Dark Matter 11

Despite the richness of the theoretical work, none of these models can provide a physical explanation that
simultaneously accounts for all of the experimental observations without making the assumptions that one
or more of the measurements is flawed. Resolution of this confusing state of experimental data remains a
high priority for the field. It is also potentially within reach for the next generation of experiments. Several
technologies, which include point-contact Ge detectors, cryogenic Ge detectors, two-phase xenon detectors,
bubble chambers and CCD-based searches, are designing the next generation experiments with the goal of
pushing energy thresholds lower. Such experiments are expected to improve sensitivities by an order of
magnitude or more in the 1–10GeV range over the next 5–10 years. In addition, isospin-violating scenarios
strongly illustrate the need to have several direct detection experiments each with a di↵erent target nucleus.

4.4 Direct Detection Methodology

The basic methodology for direct detection experiments is to search for rare events that might be the signature
of WIMP interactions, namely the “billiard ball” elastic scattering of a WIMP from a target nucleus. The rate
of candidate nuclear recoils is converted into a cross section for WIMP-nucleon interactions following a stan-
dard prescription that includes the e↵ects of nuclear physics and astrophysical properties [23]. Experiments
can be sensitive to both nuclear spin-independent (SI) interactions and spin-dependent (SD) interactions.
For the range of momentum exchange of interest, the SI interaction is expected to be approximately coherent
across the entire nucleus, so for a WIMP with equal coupling to protons and neutrons, the rate scales with
the square of the atomic mass of the target nucleus. Current experiments are therefore more sensitive to SI
dark matter than SD dark matter. Experimental results are usually presented as a plot of WIMP-nucleon
cross section versus WIMP mass to allow comparison among experiments. Fig. 7 shows the current SI
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Figure 7. Spin-independent WIMP-nucleon cross section limits vs WIMP mass as of summer 2013.
Experimental limits referenced [24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34, 35, 36, 37]

landscape, where strict upper limits exist for higher mass WIMPs. Fig. 8 zooms in on the low mass region,
where several “hints” for dark matter have been observed.

The SD interaction is generally divided into proton and neutron couplings; the current situation is sum-
marized in Fig. 9. Only direct detection can provide limits on neutron couplings, but solar neutrinos from
WIMP annihilation in the sun are stronger for proton coupling. Other types of interactions are possible,

Community Planning Study: Snowmass 2013

Snowmass Report



INELASTIC DARK MATTER

!4

Proposed by D. Tucker-Smith, N. Weiner to ('01) !
to explain DAMA modulation signal's consistency !

with limits from CDMS 

2

�1(�p ) �2(�p
�)

N (�k ) N (�k �)

�q ⌘ �p � � �p = �k � �k � � ⌘ m�2 � m�1

FIG. 1: Inelastic scattering of dark matter o↵ of a nucleon
with our conventions for the kinematic variables.

dark matter scenario and for operators which couple the
dark matter to protons only, we find the constraints from
xenon detectors can be weakened to allow some opera-
tors to survive, while germanium detectors have an ex-
tremely weak sensitivity. However, a stringent constraint
comes from iodine targets, like those used by COUPP
and KIMS. A large uncertainty in this analysis is the
quenching factor of iodine. Depending on the values we
assume, the constraints from KIMS, XENON, and LUX
can change by a large amount, due to changes in the
recoil spectra. Another uncertainty is the lack of form
factors for cesium and tungsten. Given these uncertain-
ties, we find that DAMA explanations are constrained
but not ruled out yet, which should be resolved by the
next round of experimental releases.

The outline of the rest of the paper is as follows. In
section II, we discuss the kinematics of inelastic scat-
tering to determine the relevant kinematic variables. In
section III we discuss the modifications to the operators
needed to describe dark matter inelastic transitions. In
section IV, as an application of this formalism, we fit the
annual modulation signal at DAMA/LIBRA and discuss
the constraints from other experiments. In section V,
we conclude. Finally, in the appendices, we give further
details on the nonrelativistic limit of the kinematics and
matrix elements of inelastic scattering.

II. VARIABLES FOR INELASTIC KINEMATICS

To begin, we need to determine the correct variables to
describe inelastic scattering. To do so, we need to under-
stand the kinematic modifications of an inelastic transi-
tion for nonrelativistic scattering. We are interested in
scattering events of the type

�1(~p ) N(~k ) ! �2(~p
0) N(~k 0) (1)

where �1 is the incoming dark matter particle, �2 is the
outgoing particle, and N is a nucleon in the target nu-
cleus, see Fig. 1. There is a mass splitting between the
two particles � = m

�2 � m
�1 . Positive � was the first

case to be considered originally [4], which pointed out
that this has the important e↵ects of favoring scattering
o↵ of heavier nuclei and increasing the annual modula-
tion fraction. Negative � leads to exothermic transitions

which have also been considered in the literature [20–
22]. In certain theories, the elastic scattering process is
forbidden or suppressed [24, 25], making these inelastic
transitions the leading way to detect dark matter scat-
tering. For a survey of such theories, see [4, 26–29].
The modifications of a nonzero splitting � on the kine-

matics is straightforward. To leading order in the non-
relativistic expansion, � is the additional energy required
to make the transition occur. Thus, given the scaling
of kinetic energy, we expect situations where the split-
ting scales as � ⇠ O(v2) to have a consistent velocity
expansion. Since dark matter in our galaxy have speeds
v ⇠ 10�3c, this means that we should consider splittings
in the range � ⇠ 100 keV

�
m

�

100 GeV

�
.

Now, we adapt the analysis of [12] to inelastic scat-
tering in order to determine the relevant degrees of free-
dom that characterize the e↵ective field theory in a ve-
locity expansion. One approach would be to start with
the relativistic kinematics and take the nonrelativistic
limit. Although this gives the same result, as we show
in Appendix A, we find that it is simpler to proceed
from the constraints of Galilean invariance where ve-
locities receive a common shift. This determines that
there are two relevant vectors that are boost invariant,
~v ⌘ ~v

�1 �~v
N

in

= ~p/m
�1 �~k/m

N

and ~q = ~p 0�~p = ~k�~k0,
while the boost invariant scalars are the particle masses
and �. Note that ~p 0 � ~p is not exactly Galilean invariant;
due to the mass di↵erence �, it is invariant to leading
order in the velocity expansion and thus is a consistent
approximation at first order. Throughout this discussion,
we are working in this expansion and will cavalierly use
equalities for expressions if they are equal to the same
order in the expansion.
At this point, it is useful to construct an orthogonal

basis of these vectors. To do so, consider the scattering
in the center-of-mass frame, where ~v

�1 = µ

N

m

�1
~v, ~v

N

in

=

� µ

N

m

N

~v, and µ
N

is the reduced mass between �1 and N .
The initial energy in this frame, expanded to second order
in velocities, is

E
in

⇡ m
�1 +m

N

+
1

2
µ
N

v2. (2)

After scattering, the momentum vectors are ~p 0 = ~p + ~q

and ~k0 = ~k � ~q. Expanding the final energy to the same
order, we find

E
out

= m
�2 +m

N

+
1

2m
�2

|~p+ ~q |2 + 1

2m
N

|~k � ~q |2
(3)

⇡ E
in

+ � + ~v · ~q + |~q |2
2µ

N

.

To reach the final form, we treated all momenta as order v
and � as order v2. Thus, we find that energy conservation
requires

� + ~v · ~q + |~q |2
2µ

N

= 0. (4)



INELASTIC DARK MATTER

!4

Proposed by D. Tucker-Smith, N. Weiner to ('01) !
to explain DAMA modulation signal's consistency !

with limits from CDMS 

2

�1(�p ) �2(�p
�)

N (�k ) N (�k �)

�q ⌘ �p � � �p = �k � �k � � ⌘ m�2 � m�1

FIG. 1: Inelastic scattering of dark matter o↵ of a nucleon
with our conventions for the kinematic variables.

dark matter scenario and for operators which couple the
dark matter to protons only, we find the constraints from
xenon detectors can be weakened to allow some opera-
tors to survive, while germanium detectors have an ex-
tremely weak sensitivity. However, a stringent constraint
comes from iodine targets, like those used by COUPP
and KIMS. A large uncertainty in this analysis is the
quenching factor of iodine. Depending on the values we
assume, the constraints from KIMS, XENON, and LUX
can change by a large amount, due to changes in the
recoil spectra. Another uncertainty is the lack of form
factors for cesium and tungsten. Given these uncertain-
ties, we find that DAMA explanations are constrained
but not ruled out yet, which should be resolved by the
next round of experimental releases.

The outline of the rest of the paper is as follows. In
section II, we discuss the kinematics of inelastic scat-
tering to determine the relevant kinematic variables. In
section III we discuss the modifications to the operators
needed to describe dark matter inelastic transitions. In
section IV, as an application of this formalism, we fit the
annual modulation signal at DAMA/LIBRA and discuss
the constraints from other experiments. In section V,
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which have also been considered in the literature [20–
22]. In certain theories, the elastic scattering process is
forbidden or suppressed [24, 25], making these inelastic
transitions the leading way to detect dark matter scat-
tering. For a survey of such theories, see [4, 26–29].
The modifications of a nonzero splitting � on the kine-
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relativistic expansion, � is the additional energy required
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dark matter scenario and for operators which couple the
dark matter to protons only, we find the constraints from
xenon detectors can be weakened to allow some opera-
tors to survive, while germanium detectors have an ex-
tremely weak sensitivity. However, a stringent constraint
comes from iodine targets, like those used by COUPP
and KIMS. A large uncertainty in this analysis is the
quenching factor of iodine. Depending on the values we
assume, the constraints from KIMS, XENON, and LUX
can change by a large amount, due to changes in the
recoil spectra. Another uncertainty is the lack of form
factors for cesium and tungsten. Given these uncertain-
ties, we find that DAMA explanations are constrained
but not ruled out yet, which should be resolved by the
next round of experimental releases.

The outline of the rest of the paper is as follows. In
section II, we discuss the kinematics of inelastic scat-
tering to determine the relevant kinematic variables. In
section III we discuss the modifications to the operators
needed to describe dark matter inelastic transitions. In
section IV, as an application of this formalism, we fit the
annual modulation signal at DAMA/LIBRA and discuss
the constraints from other experiments. In section V,
we conclude. Finally, in the appendices, we give further
details on the nonrelativistic limit of the kinematics and
matrix elements of inelastic scattering.

II. VARIABLES FOR INELASTIC KINEMATICS

To begin, we need to determine the correct variables to
describe inelastic scattering. To do so, we need to under-
stand the kinematic modifications of an inelastic transi-
tion for nonrelativistic scattering. We are interested in
scattering events of the type

�1(~p ) N(~k ) ! �2(~p
0) N(~k 0) (1)

where �1 is the incoming dark matter particle, �2 is the
outgoing particle, and N is a nucleon in the target nu-
cleus, see Fig. 1. There is a mass splitting between the
two particles � = m

�2 � m
�1 . Positive � was the first

case to be considered originally [4], which pointed out
that this has the important e↵ects of favoring scattering
o↵ of heavier nuclei and increasing the annual modula-
tion fraction. Negative � leads to exothermic transitions

which have also been considered in the literature [20–
22]. In certain theories, the elastic scattering process is
forbidden or suppressed [24, 25], making these inelastic
transitions the leading way to detect dark matter scat-
tering. For a survey of such theories, see [4, 26–29].
The modifications of a nonzero splitting � on the kine-

matics is straightforward. To leading order in the non-
relativistic expansion, � is the additional energy required
to make the transition occur. Thus, given the scaling
of kinetic energy, we expect situations where the split-
ting scales as � ⇠ O(v2) to have a consistent velocity
expansion. Since dark matter in our galaxy have speeds
v ⇠ 10�3c, this means that we should consider splittings
in the range � ⇠ 100 keV

�
m

�

100 GeV

�
.

Now, we adapt the analysis of [12] to inelastic scat-
tering in order to determine the relevant degrees of free-
dom that characterize the e↵ective field theory in a ve-
locity expansion. One approach would be to start with
the relativistic kinematics and take the nonrelativistic
limit. Although this gives the same result, as we show
in Appendix A, we find that it is simpler to proceed
from the constraints of Galilean invariance where ve-
locities receive a common shift. This determines that
there are two relevant vectors that are boost invariant,
~v ⌘ ~v

�1 �~v
N

in

= ~p/m
�1 �~k/m

N

and ~q = ~p 0�~p = ~k�~k0,
while the boost invariant scalars are the particle masses
and �. Note that ~p 0 � ~p is not exactly Galilean invariant;
due to the mass di↵erence �, it is invariant to leading
order in the velocity expansion and thus is a consistent
approximation at first order. Throughout this discussion,
we are working in this expansion and will cavalierly use
equalities for expressions if they are equal to the same
order in the expansion.
At this point, it is useful to construct an orthogonal

basis of these vectors. To do so, consider the scattering
in the center-of-mass frame, where ~v

�1 = µ

N

m

�1
~v, ~v

N

in

=

� µ

N

m

N

~v, and µ
N

is the reduced mass between �1 and N .
The initial energy in this frame, expanded to second order
in velocities, is

E
in

⇡ m
�1 +m

N

+
1

2
µ
N

v2. (2)

After scattering, the momentum vectors are ~p 0 = ~p + ~q

and ~k0 = ~k � ~q. Expanding the final energy to the same
order, we find

E
out

= m
�2 +m

N

+
1

2m
�2

|~p+ ~q |2 + 1

2m
N

|~k � ~q |2
(3)

⇡ E
in

+ � + ~v · ~q + |~q |2
2µ

N

.

To reach the final form, we treated all momenta as order v
and � as order v2. Thus, we find that energy conservation
requires

� + ~v · ~q + |~q |2
2µ

N

= 0. (4)

100 keV
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dark matter scenario and for operators which couple the
dark matter to protons only, we find the constraints from
xenon detectors can be weakened to allow some opera-
tors to survive, while germanium detectors have an ex-
tremely weak sensitivity. However, a stringent constraint
comes from iodine targets, like those used by COUPP
and KIMS. A large uncertainty in this analysis is the
quenching factor of iodine. Depending on the values we
assume, the constraints from KIMS, XENON, and LUX
can change by a large amount, due to changes in the
recoil spectra. Another uncertainty is the lack of form
factors for cesium and tungsten. Given these uncertain-
ties, we find that DAMA explanations are constrained
but not ruled out yet, which should be resolved by the
next round of experimental releases.

The outline of the rest of the paper is as follows. In
section II, we discuss the kinematics of inelastic scat-
tering to determine the relevant kinematic variables. In
section III we discuss the modifications to the operators
needed to describe dark matter inelastic transitions. In
section IV, as an application of this formalism, we fit the
annual modulation signal at DAMA/LIBRA and discuss
the constraints from other experiments. In section V,
we conclude. Finally, in the appendices, we give further
details on the nonrelativistic limit of the kinematics and
matrix elements of inelastic scattering.

II. VARIABLES FOR INELASTIC KINEMATICS

To begin, we need to determine the correct variables to
describe inelastic scattering. To do so, we need to under-
stand the kinematic modifications of an inelastic transi-
tion for nonrelativistic scattering. We are interested in
scattering events of the type

�1(~p ) N(~k ) ! �2(~p
0) N(~k 0) (1)

where �1 is the incoming dark matter particle, �2 is the
outgoing particle, and N is a nucleon in the target nu-
cleus, see Fig. 1. There is a mass splitting between the
two particles � = m

�2 � m
�1 . Positive � was the first

case to be considered originally [4], which pointed out
that this has the important e↵ects of favoring scattering
o↵ of heavier nuclei and increasing the annual modula-
tion fraction. Negative � leads to exothermic transitions

which have also been considered in the literature [20–
22]. In certain theories, the elastic scattering process is
forbidden or suppressed [24, 25], making these inelastic
transitions the leading way to detect dark matter scat-
tering. For a survey of such theories, see [4, 26–29].
The modifications of a nonzero splitting � on the kine-

matics is straightforward. To leading order in the non-
relativistic expansion, � is the additional energy required
to make the transition occur. Thus, given the scaling
of kinetic energy, we expect situations where the split-
ting scales as � ⇠ O(v2) to have a consistent velocity
expansion. Since dark matter in our galaxy have speeds
v ⇠ 10�3c, this means that we should consider splittings
in the range � ⇠ 100 keV
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�
.

Now, we adapt the analysis of [12] to inelastic scat-
tering in order to determine the relevant degrees of free-
dom that characterize the e↵ective field theory in a ve-
locity expansion. One approach would be to start with
the relativistic kinematics and take the nonrelativistic
limit. Although this gives the same result, as we show
in Appendix A, we find that it is simpler to proceed
from the constraints of Galilean invariance where ve-
locities receive a common shift. This determines that
there are two relevant vectors that are boost invariant,
~v ⌘ ~v

�1 �~v
N

in

= ~p/m
�1 �~k/m

N

and ~q = ~p 0�~p = ~k�~k0,
while the boost invariant scalars are the particle masses
and �. Note that ~p 0 � ~p is not exactly Galilean invariant;
due to the mass di↵erence �, it is invariant to leading
order in the velocity expansion and thus is a consistent
approximation at first order. Throughout this discussion,
we are working in this expansion and will cavalierly use
equalities for expressions if they are equal to the same
order in the expansion.
At this point, it is useful to construct an orthogonal

basis of these vectors. To do so, consider the scattering
in the center-of-mass frame, where ~v

�1 = µ

N
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~v, ~v
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in

=
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N
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N

~v, and µ
N

is the reduced mass between �1 and N .
The initial energy in this frame, expanded to second order
in velocities, is
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⇡ m
�1 +m
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+
1
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v2. (2)

After scattering, the momentum vectors are ~p 0 = ~p + ~q

and ~k0 = ~k � ~q. Expanding the final energy to the same
order, we find

E
out

= m
�2 +m

N

+
1

2m
�2

|~p+ ~q |2 + 1

2m
N

|~k � ~q |2
(3)

⇡ E
in

+ � + ~v · ~q + |~q |2
2µ

N

.

To reach the final form, we treated all momenta as order v
and � as order v2. Thus, we find that energy conservation
requires

� + ~v · ~q + |~q |2
2µ

N

= 0. (4)

100 keV

1 MeV
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FIG. 1: Inelastic scattering of dark matter o↵ of a nucleon
with our conventions for the kinematic variables.

dark matter scenario and for operators which couple the
dark matter to protons only, we find the constraints from
xenon detectors can be weakened to allow some opera-
tors to survive, while germanium detectors have an ex-
tremely weak sensitivity. However, a stringent constraint
comes from iodine targets, like those used by COUPP
and KIMS. A large uncertainty in this analysis is the
quenching factor of iodine. Depending on the values we
assume, the constraints from KIMS, XENON, and LUX
can change by a large amount, due to changes in the
recoil spectra. Another uncertainty is the lack of form
factors for cesium and tungsten. Given these uncertain-
ties, we find that DAMA explanations are constrained
but not ruled out yet, which should be resolved by the
next round of experimental releases.

The outline of the rest of the paper is as follows. In
section II, we discuss the kinematics of inelastic scat-
tering to determine the relevant kinematic variables. In
section III we discuss the modifications to the operators
needed to describe dark matter inelastic transitions. In
section IV, as an application of this formalism, we fit the
annual modulation signal at DAMA/LIBRA and discuss
the constraints from other experiments. In section V,
we conclude. Finally, in the appendices, we give further
details on the nonrelativistic limit of the kinematics and
matrix elements of inelastic scattering.

II. VARIABLES FOR INELASTIC KINEMATICS

To begin, we need to determine the correct variables to
describe inelastic scattering. To do so, we need to under-
stand the kinematic modifications of an inelastic transi-
tion for nonrelativistic scattering. We are interested in
scattering events of the type

�1(~p ) N(~k ) ! �2(~p
0) N(~k 0) (1)

where �1 is the incoming dark matter particle, �2 is the
outgoing particle, and N is a nucleon in the target nu-
cleus, see Fig. 1. There is a mass splitting between the
two particles � = m

�2 � m
�1 . Positive � was the first

case to be considered originally [4], which pointed out
that this has the important e↵ects of favoring scattering
o↵ of heavier nuclei and increasing the annual modula-
tion fraction. Negative � leads to exothermic transitions

which have also been considered in the literature [20–
22]. In certain theories, the elastic scattering process is
forbidden or suppressed [24, 25], making these inelastic
transitions the leading way to detect dark matter scat-
tering. For a survey of such theories, see [4, 26–29].
The modifications of a nonzero splitting � on the kine-

matics is straightforward. To leading order in the non-
relativistic expansion, � is the additional energy required
to make the transition occur. Thus, given the scaling
of kinetic energy, we expect situations where the split-
ting scales as � ⇠ O(v2) to have a consistent velocity
expansion. Since dark matter in our galaxy have speeds
v ⇠ 10�3c, this means that we should consider splittings
in the range � ⇠ 100 keV

�
m

�

100 GeV

�
.

Now, we adapt the analysis of [12] to inelastic scat-
tering in order to determine the relevant degrees of free-
dom that characterize the e↵ective field theory in a ve-
locity expansion. One approach would be to start with
the relativistic kinematics and take the nonrelativistic
limit. Although this gives the same result, as we show
in Appendix A, we find that it is simpler to proceed
from the constraints of Galilean invariance where ve-
locities receive a common shift. This determines that
there are two relevant vectors that are boost invariant,
~v ⌘ ~v

�1 �~v
N

in

= ~p/m
�1 �~k/m

N

and ~q = ~p 0�~p = ~k�~k0,
while the boost invariant scalars are the particle masses
and �. Note that ~p 0 � ~p is not exactly Galilean invariant;
due to the mass di↵erence �, it is invariant to leading
order in the velocity expansion and thus is a consistent
approximation at first order. Throughout this discussion,
we are working in this expansion and will cavalierly use
equalities for expressions if they are equal to the same
order in the expansion.
At this point, it is useful to construct an orthogonal

basis of these vectors. To do so, consider the scattering
in the center-of-mass frame, where ~v

�1 = µ

N

m

�1
~v, ~v

N

in

=

� µ

N

m

N

~v, and µ
N

is the reduced mass between �1 and N .
The initial energy in this frame, expanded to second order
in velocities, is

E
in

⇡ m
�1 +m

N

+
1

2
µ
N

v2. (2)

After scattering, the momentum vectors are ~p 0 = ~p + ~q

and ~k0 = ~k � ~q. Expanding the final energy to the same
order, we find

E
out

= m
�2 +m

N

+
1

2m
�2

|~p+ ~q |2 + 1

2m
N

|~k � ~q |2
(3)

⇡ E
in

+ � + ~v · ~q + |~q |2
2µ

N

.

To reach the final form, we treated all momenta as order v
and � as order v2. Thus, we find that energy conservation
requires

� + ~v · ~q + |~q |2
2µ

N

= 0. (4)

100 keV

1 MeV
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CONSTRAINTS

Germanium and lighter targets no issue for IDM!

Xenon is heavier than DAMA's iodine, so 
XENON100, LUX limits place stringent constraints 
if form factors are similar!

Iodine experiments should have robust constraints, so 
KIMS and COUPP limits are hardest to avoid!

At any rate, inelastic dark matter is interesting and we 
need to analyze it properly
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MODEL INDEPENDENT ANALYSIS

Recently, effective theories of elastic scattering 
have been proposed (Fan et al., Fitzpatrick et al.)!

Model indpt. approach shows there are new form 
factors beyond spin independent, dependent cases!

Anand et al. provide Mathematica code to 
calculate form factors!

Lets see how to modify the Fitzpatrick approach
!7
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FIG. 1: Inelastic scattering of dark matter o↵ of a nucleon
with our conventions for the kinematic variables.

dark matter scenario and for operators which couple the
dark matter to protons only, we find the constraints from
xenon detectors can be weakened to allow some opera-
tors to survive, while germanium detectors have an ex-
tremely weak sensitivity. However, a stringent constraint
comes from iodine targets, like those used by COUPP
and KIMS. A large uncertainty in this analysis is the
quenching factor of iodine. Depending on the values we
assume, the constraints from KIMS, XENON, and LUX
can change by a large amount, due to changes in the
recoil spectra. Another uncertainty is the lack of form
factors for cesium and tungsten. Given these uncertain-
ties, we find that DAMA explanations are constrained
but not ruled out yet, which should be resolved by the
next round of experimental releases.

The outline of the rest of the paper is as follows. In
section II, we discuss the kinematics of inelastic scat-
tering to determine the relevant kinematic variables. In
section III we discuss the modifications to the operators
needed to describe dark matter inelastic transitions. In
section IV, as an application of this formalism, we fit the
annual modulation signal at DAMA/LIBRA and discuss
the constraints from other experiments. In section V,
we conclude. Finally, in the appendices, we give further
details on the nonrelativistic limit of the kinematics and
matrix elements of inelastic scattering.

II. VARIABLES FOR INELASTIC KINEMATICS

To begin, we need to determine the correct variables to
describe inelastic scattering. To do so, we need to under-
stand the kinematic modifications of an inelastic transi-
tion for nonrelativistic scattering. We are interested in
scattering events of the type

�1(~p ) N(~k ) ! �2(~p
0) N(~k 0) (1)

where �1 is the incoming dark matter particle, �2 is the
outgoing particle, and N is a nucleon in the target nu-
cleus, see Fig. 1. There is a mass splitting between the
two particles � = m

�2 � m
�1 . Positive � was the first

case to be considered originally [4], which pointed out
that this has the important e↵ects of favoring scattering
o↵ of heavier nuclei and increasing the annual modula-
tion fraction. Negative � leads to exothermic transitions

which have also been considered in the literature [20–
22]. In certain theories, the elastic scattering process is
forbidden or suppressed [24, 25], making these inelastic
transitions the leading way to detect dark matter scat-
tering. For a survey of such theories, see [4, 26–29].
The modifications of a nonzero splitting � on the kine-

matics is straightforward. To leading order in the non-
relativistic expansion, � is the additional energy required
to make the transition occur. Thus, given the scaling
of kinetic energy, we expect situations where the split-
ting scales as � ⇠ O(v2) to have a consistent velocity
expansion. Since dark matter in our galaxy have speeds
v ⇠ 10�3c, this means that we should consider splittings
in the range � ⇠ 100 keV

�
m

�

100 GeV

�
.

Now, we adapt the analysis of [12] to inelastic scat-
tering in order to determine the relevant degrees of free-
dom that characterize the e↵ective field theory in a ve-
locity expansion. One approach would be to start with
the relativistic kinematics and take the nonrelativistic
limit. Although this gives the same result, as we show
in Appendix A, we find that it is simpler to proceed
from the constraints of Galilean invariance where ve-
locities receive a common shift. This determines that
there are two relevant vectors that are boost invariant,
~v ⌘ ~v

�1 �~v
N

in

= ~p/m
�1 �~k/m

N

and ~q = ~p 0�~p = ~k�~k0,
while the boost invariant scalars are the particle masses
and �. Note that ~p 0 � ~p is not exactly Galilean invariant;
due to the mass di↵erence �, it is invariant to leading
order in the velocity expansion and thus is a consistent
approximation at first order. Throughout this discussion,
we are working in this expansion and will cavalierly use
equalities for expressions if they are equal to the same
order in the expansion.
At this point, it is useful to construct an orthogonal

basis of these vectors. To do so, consider the scattering
in the center-of-mass frame, where ~v

�1 = µ

N

m

�1
~v, ~v

N

in

=

� µ

N

m

N

~v, and µ
N

is the reduced mass between �1 and N .
The initial energy in this frame, expanded to second order
in velocities, is

E
in

⇡ m
�1 +m

N

+
1

2
µ
N

v2. (2)

After scattering, the momentum vectors are ~p 0 = ~p + ~q

and ~k0 = ~k � ~q. Expanding the final energy to the same
order, we find

E
out

= m
�2 +m

N

+
1

2m
�2

|~p+ ~q |2 + 1

2m
N

|~k � ~q |2
(3)

⇡ E
in

+ � + ~v · ~q + |~q |2
2µ

N

.

To reach the final form, we treated all momenta as order v
and � as order v2. Thus, we find that energy conservation
requires

� + ~v · ~q + |~q |2
2µ

N

= 0. (4)

Inelastic kinematic modifies velocity by a shift!

~v?inel = ~v +
~q

2µN
+

�

|~q |2 ~q
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Using this constraint, one can easily show that

~v?inel ⌘ ~v +
~q

2µ
N

+
�

|~q |2 ~q = ~v?el +
�

|~q |2 ~q (5)

is perpendicular to ~q. Here we see that the inelastic kine-
matics alters this vector from the elastic version ~v?el by
a new piece proportional to �. This new term is entirely
consistent with the velocity expansion.

As a consistency check, notice that Eq. 4 requires

|~v| � 1

|~q |
����
|~q |2
2µ

N

+ �

���� . (6)

If we write the momentum transfer in terms of the en-
ergy recoil |~q | = p

2m
N

E
R

, we find that the minimum
velocity for scattering is

vmin =
1p

2m
N

E
R

����
m

N

E
R

µ
N

+ �

���� (7)

which reproduces the well known result in the literature
[4].

III. INELASTIC SCATTERING OPERATORS

Now that we know the correct variables to describe in-
elastic kinematics, we can now list the allowed matrix el-
ements for inelastic, nonrelativistic dark matter-nucleon
scattering. To leading order in the velocity expansion, we
found that the only modification is that ~v? is changed
from the elastic case. Thus, the operators that are al-
lowed are the same as in [12] with ~v? ! ~v?inel. Listing
these in the same numbering scheme, we have

O1 = 1
�

1
N

, O2 = (v?inel)
2, O3 = i~S

N

·
✓

~q

m
N

⇥ ~v?inel

◆
,

O4 = ~S
�

· ~S
N

, O5 = i~S
�

·
✓

~q

m
N

⇥ ~v?inel

◆
,

O6 =

✓
~S
�

· ~q

m
N

◆✓
~S
N

· ~q

m
N

◆
,

O7 = ~S
N

· ~v?inel, O8 = ~S
�

· ~v?inel,

O9 = i~S
�

·
✓
~S
N

⇥ ~q

m
N

◆
, O10 = i~S

N

· ~q

m
N

,

O11 = i~S
�

· ~q

m
N

, O12 = ~S
�

·
⇣
~S
N

⇥ ~v?inel

⌘
,

O13 = i
⇣
~S
�

· ~v?inel
⌘✓

~S
N

· ~q

m
N

◆
,

O14 = i

✓
~S
�

· ~q

m
N

◆⇣
~S
N

· ~v?inel
⌘
,

O15 = �
✓
~S
�

· ~q

m
N

◆✓
(~S

N

⇥ ~v?inel) · ~q

m
N

◆
,

(8)

where ~S
�,N

are the spin operators for the dark matter
and nucleon. In [12], operator O2 was not considered
since it doesn’t appear in the nonrelativistic reduction of
the scattering matrix elements of relativistic operators,
and we find the same result here. Thus, the important
operators are at most linear in ~v?inel. Since ~v?inel di↵ers
from the elastic ~v? by just a shift in ~q, we will later find
that this linearity allows one to utilize the form factors
provided by the Mathematica package [13].

There are two other modifications to the elastic case
that we will find. First of all, � can be a coe�cient mul-
tiplying the operators when one reduces from relativistic
operators. The second e↵ect is that ~q no longer has to
appear in the combination of i~q, as can be seen by the ex-
pression for ~v?inel. In the elastic case, this was guaranteed
by the interaction being Hermitian. Since conjugation
swaps initial and final states, this acts as time reversal,

i~q
T�! i~q. However, for the inelastic case, the initial and

final states are not the same particle, so this is no longer
required by the interaction. In general, the inelastic op-
erators in Eq. 8 may have arbitrary complex coe�cients,
as long as they appear in appropriate Hermitian conju-
gate pairs in the Hamiltonian. This was not the case
for elastic operators because Hermiticity requires them
to have real coe�cients.

A. Form Factors for Inelastic Scattering

Now, one must use these nucleon-dark matter opera-
tors to determine the matrix elements within the target
nucleus. We will give a brief summary here, giving more
details in Appendix C. Since inelasticity modifies ~v?inel,
we should examine how this a↵ects the nuclear response.
First of all, by introducing the target velocity ~v

T

, we
rewrite

~v?el = ~v +
~q

2µ
N

(9)

=

 
~p

m
�1

�
~k

m
N

!
+

1

2m
�1

(~p 0 � ~p ) +
1

2m
N

⇣
~k � ~k0

⌘

⇡ 1

2
(~v

�1 + ~v
�2 � ~v

N

in

� ~v
N

out

)

=
1

2
(~v

�1 + ~v
�2 � ~v

T

in

� ~v
T

out

)

+
1

2
[(~v

T

in

� ~v
N

in

) + (~v
T

out

� ~v
N

out

)]

⌘ ~v?elT + ~vnuc.

Thus for each nucleon in the nucleus, ~v?el is equal to the
target’s ~v?el plus a term, ~vnuc, that is dependent on the
nucleon’s relative velocity to the nucleus. Similarly, for
the inelastic velocity, we have

~v?inel = ~v?inelT + ~vnuc (10)

Just need to!
change to new!

vperp
|~v?inel|2 = |~v|2 � v2min
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Index Relativistic Operator Nonrelativistic Limit ⇥ 1
2m

N

P
i

c

i

O
i

1 1
m

M

✓
�

$
@

µ

V

µ

◆
N̄N i

~q

m

M

· ~" m

N

m

M

O11

2 1
m

M

@

µ

(�V

µ) N̄N i

~q

m

M

· ~" m

N

m

M

O11

3 �V

µ

N̄�

µ

N

1
2
~" ·

h
2~v?inel �

⇣
2m

N

�

|~q |2 � m

N

m

�

⌘
~q

m

N

i
� i~" · ( ~q

m

N

⇥ ~

S

N

) O8 �O9 + i

2

⇣
2m

N

�

|~q |2 � m

N

m

�

⌘
O11
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m

M

✓
�

$
@

µ

V

µ

◆
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m

M
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m

N
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N

�m

N

m

M
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m

M

@

µ

(�V
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N � ~q

m

M

· ~" ~q

m

N
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N

�m

N

m

M

O6

6 �V

µ

N̄�

µ

�

5
N �2~S

N

· ~" �2O4

7 �V

µ

N̄i�

µ⌫

q

⌫

m

M

N 2i~" · ( ~q

m

M

⇥ ~

S

N

) �2m

N

m

M

O9
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µ

N̄i�

µ⌫

q

⌫

m

M

�
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N i~" ·

h
2~v?inel �

⇣
2m

N

�

|~q |2 � m

N

m

�

⌘
~q

m

N

i
~q

m

M

· ~S
N

m

N

m

M

h
2O13 � i

⇣
2m

N

�
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N

m

�

⌘
O6

i

TABLE II: The inelastic relativistic operators for a transition from a dark matter particle of spin 0 to a spin 1 particle, � ! V

µ,
their matrix element in the nonrelativistic limit after multiplying by a factor of 1/(2m

N

), and then their decomposition in the

basis of allowed scattering matrix elements. This final step of replacing the spin 1 polarization vector ~✏ with ~

S

�

, is valid if we
multiply the final matrix element squared by a correction factor c

corr

in Eq. 16.

FIG. 2: Sample iodine scattering spectra with equal couplings
to protons and neutrons for fermion operators 7, 9, 13, 19. The
dark matter parameters are m

�

= 70 GeV and � = 120 keV.
In solid are our predicted curves while dashed curves show
incorrect spectra from combining elastic form factors with
the inelastic velocity threshold.

the spin-summed (or averaged) matrix element squared

|M |2 =

(
1
3 | ~X|2 spin 1 in initial state

| ~X|2 spin 1 in final state
. (14)

This form allows us to treat these matrix elements with
our basis of nonrelativistic operators in the following way.
If we just naively replace ~✏ with ~S

�

, we would have

|M |2 =
1

2s
�

+ 1

X

spins,i,j

Si

�

Sj

�

Xi⇤Xj =
s
�

(s
�

+ 1)

3
| ~X|2.

(15)

Thus, we can use the same operator basis where we
naively replace ~✏ with ~S

�

by multiplying the final result

by a correction factor

c
corr

=

(
1

s

�

(s
�

+1) spin 1 in initial state
3

s

�

(s
�

+1) spin 1 in final state
.

(16)

Thus, in the final column of Table II, we decompose the
matrix element under this replacement of ~✏ ! ~S

�

, so that
we can write it in the same operator basis as the fermion
case. These correction factors are accounted for in the
additions we made to the Mathematica package of [14].

D. Relativistic Matrix Elements for Scalar-Scalar
Inelastic Transitions

As one more example, we analyze the case of a dark
matter scattering process with a transition from a spin 0
particle �1 to another spin 0 particle �2. In Table III,
we list seven operators between these two scalars which
can be mediated by either spin 0 or 1 mediators. For the
third column, we list the matrix element’s nonrelativistic
limit after multiplying by a factor of 1/(2m

N

) to go to the
standard nonrelativistic normalization for the nucleons.

IV. FITTING DAMA/LIBRA’S ANNUAL
MODULATION SIGNAL

In this section we present fits to the DAMA/LIBRA
annual modulation signal [3]. For the following analysis
we consider � > 0, which favors dark matter scatter-
ing o↵ of heavier targets. Thus we specifically consider
constraints from XENON10 [33], XENON100 [34], LUX
[35], CDMS [36], COUPP [37], and KIMS [38]. Unfortu-
nately, we cannot be inclusive in our consideration of con-
straints. In particular we cannot derive limits from other
direct detection experiments such as CRESST (CaWO4)

δ > 0!
Solid - Correct!

Dashed - Elastic!
FF w/ inelastic!

threshold
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REVISIT OF MAGNETIC INELASTIC DARK 
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L =
µ�

2
�̄2�

µ⌫�1Fµ⌫ + h.c.

A dark matter magnetic moment transition is !
naturally off diagonal for split Majorana fermions

Large dipole of iodine (3.3 μN) relative to xenon 
(0.8 μN) and tungsten (0.08 μN)!
suppresses other heavy targets

At the time, we had an ad hoc form of form factor!
but now we can calculate it!
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Not all of nuclear recoil energy is picked up requiring a!
quenching factor

keVer = Q keVnr

Iodine quenching factor in NaI and CsI has normally been!
taken to be .09-.11

Recent measurements are!
 about half as big (J. Collar)
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FIG. 7. Events passing all cuts in neutron scattering runs
taken at Φn = 44◦, depositing an average 54 keVnr in NaI[Tl].
Inset: distribution of events in the 10 < PE < 400 interval,
projected onto the horizontal time axis. The expected TOF
of 15 ns for a En = 2.25 MeV neutron traversing a distance
d = 30 cm between NaI[Tl] and 501A detectors is observed
[11]. See text for a discussion on trigger configuration.

Fig. 6. The resulting events passing cuts display a clear
separation between nuclear recoils and residual NaI[Tl]
- 501A coincidences mediated by numerous thermal cap-
ture background gammas (Fig. 7).

V. EXTRACTION OF THE QUENCHING
FACTOR

Three vertical dotted lines in the inset of Fig. 7 define
two time domains of equivalent span, the one on the left
containing a background of spurious events, the one on
the right dominated by nuclear recoil signals in NaI[Tl].
A spectrum of NaI[Tl] light yield (number of PE) can be
formed for events in each of these time domains, for each
scattering angle probed. Subtraction of the background
spectrum from the recoil-dominated spectrum generates
the residuals in Fig. 8. The centroids of Gaussian fits
to these provide the mean number of PE generated by
nuclear recoils in NaI[Tl] at each Φn. The correspond-
ing mean nuclear recoil energies (horizontal axis values in
Fig. 9) are extracted from MCNP-PoliMi [24] simulations
of the runs. These energies are in good agreement with
expectations from basic neutron kinematics [40]. The
ratio between these PE centroids and the PE yield ob-
served for electron recoils of the same energy (Fig. 4, and
extrapolation beyond 50 keVee discussed in section III) is
identified as the sought quenching factor. This is shown
in Fig. 9.
Fig. 8 also displays the calculated triggering efficiency

as a function of number of PE generated by a neutron
recoil in NaI[Tl]. Formally, this is computed as the prob-
ability of a binomial distribution with PE trials and com-

FIG. 8. Example distributions of sodium recoil signals in
NaI[Tl], labelled by Φn and mean recoil energy. A dotted
line represents the calculated triggering efficiency (see text).
Inset: distribution of single photoelectron (SPE) current in
the NaI[Tl] PMT. A dotted histogram represents the fraction
of these SPEs (69 %) triggering the constant fraction dis-
criminator (CFD, Fig. 5). The stability of this fraction was
monitored throughout the experiments.

FIG. 9. Quenching factor for Na and I recoils in NaI[Tl], com-
pared to previously obtained values [11–16]. Horizontal error
bars correspond to the dispersion in simulated Er, vertical to
the dispersion in the experimental distributions in Fig. 8.

pound success probability p = p1p2 returning a number
of successes equal or larger than one, where p1 = 0.69 is
the probability of an individual PE triggering the CFD
(Fig. 8, inset) and p2 = 1− exp(−∆t/τ). Here ∆t = 230

Strong effect on where!
scattering events occur
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FIG. 5: This figure shows the combined limits plots for magnetic inelastic dark matter. The DM masses used are those listed
with the corresponding operator in Table IV. Constraints from LUX (blue), XENON100 (orange), XENON10 (orange dashed),
KIMS (QCsI = 0.05 magenta solid, QCsI = 0.10 magenta dashed) and COUPP (black) are also shown, with the 90% C.L. limits
listed in section IV.
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neutron, this explains why the sensitivity is enhanced if
we only couple to the proton [45]. As a check that this
method for selecting operators finds all relevant ones, we
also performed a full analysis for several other operators
and nucleon couplings and found the results matched our
predictions from this selection process. Note that our in-
ability to treat cesium in KIMS is particularly important
for coupling to proton spin, since cesium also has an un-
paired proton. On the other hand, tungsten isotopes only
have unpaired neutrons, so we expect that their rates
would be suppressed much like xenon targets.

The best fit points in this parameter space is shown in
Tables V and VI for the two choices of quenching factor
of QNaI = 0.09, 0.04. The �2/d.o.f. for our fit to DAMA
is shown, with a d.o.f. = 9, showing a reasonable good-
ness of fit for all operators. The final five columns show

the normalized limits, r, from xenon and iodine experi-
ments so that r values above 1 are constrained at 90%
C.L. For XENON100, LUX, and COUPP experiments, r
is the ratio of predicted events over the number of events
allowed at 90% C.L. (5.32, 3.89, and 18.96 respectively).
For KIMS, in each bin from 3-11 keVee we take the pre-
dicted bin rate divided by the 90% C.L. limit on the rate
in that bin, with r being the largest of these bin ratios.
We list KIMS constraints where we assume two values
of the quenching factor QCsI = 0.10 and 0.05 for CsI.
Notice that there are a few operators which are narrowly
excluded by COUPP while being unconstrained by the
other experiments.

Even though we’ve discussed how XENON10 is sensi-
tive to much higher energy scatters than XENON100 or
LUX, we find that it generically sets weaker constraints

XENON100

LUX

KIMS HQCsI=0.1L
KIMS HQCsI=0.05L

COUPP

DAMA contours!
68, 95% C.L.!

parameter estimation
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FIG. 5: This figure shows the combined limits plots for magnetic inelastic dark matter. The DM masses used are those listed
with the corresponding operator in Table IV. Constraints from LUX (blue), XENON100 (orange), XENON10 (orange dashed),
KIMS (QCsI = 0.05 magenta solid, QCsI = 0.10 magenta dashed) and COUPP (black) are also shown, with the 90% C.L. limits
listed in section IV.
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neutron, this explains why the sensitivity is enhanced if
we only couple to the proton [45]. As a check that this
method for selecting operators finds all relevant ones, we
also performed a full analysis for several other operators
and nucleon couplings and found the results matched our
predictions from this selection process. Note that our in-
ability to treat cesium in KIMS is particularly important
for coupling to proton spin, since cesium also has an un-
paired proton. On the other hand, tungsten isotopes only
have unpaired neutrons, so we expect that their rates
would be suppressed much like xenon targets.

The best fit points in this parameter space is shown in
Tables V and VI for the two choices of quenching factor
of QNaI = 0.09, 0.04. The �2/d.o.f. for our fit to DAMA
is shown, with a d.o.f. = 9, showing a reasonable good-
ness of fit for all operators. The final five columns show

the normalized limits, r, from xenon and iodine experi-
ments so that r values above 1 are constrained at 90%
C.L. For XENON100, LUX, and COUPP experiments, r
is the ratio of predicted events over the number of events
allowed at 90% C.L. (5.32, 3.89, and 18.96 respectively).
For KIMS, in each bin from 3-11 keVee we take the pre-
dicted bin rate divided by the 90% C.L. limit on the rate
in that bin, with r being the largest of these bin ratios.
We list KIMS constraints where we assume two values
of the quenching factor QCsI = 0.10 and 0.05 for CsI.
Notice that there are a few operators which are narrowly
excluded by COUPP while being unconstrained by the
other experiments.

Even though we’ve discussed how XENON10 is sensi-
tive to much higher energy scatters than XENON100 or
LUX, we find that it generically sets weaker constraints

XENON100

LUX

KIMS HQCsI=0.1L
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68, 95% C.L.!

parameter estimation

12

0 20 40 60 80 100 120
0.0001

0.0002

0.0003

0.0004

0.0005

0.0006

0.0007

d HkeVL
1êm

M
HGe

V
L

Magnetic IDM with QNaI = 0.09

100 105 110 115 120 125
0.0001

0.0002

0.0003

0.0004

0.0005

0.0006

0.0007

100 120 140 160 180 200

0.0002

0.0004

0.0006

0.0008

0.0010

0.0012

0.0014

d HkeVL

1êm
M
HGe

V
L

Magnetic IDM with QNaI = 0.04

176 178 180 182 184 186 188 190

0.0008

0.0010

0.0012

0.0014

FIG. 5: This figure shows the combined limits plots for magnetic inelastic dark matter. The DM masses used are those listed
with the corresponding operator in Table IV. Constraints from LUX (blue), XENON100 (orange), XENON10 (orange dashed),
KIMS (QCsI = 0.05 magenta solid, QCsI = 0.10 magenta dashed) and COUPP (black) are also shown, with the 90% C.L. limits
listed in section IV.
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neutron, this explains why the sensitivity is enhanced if
we only couple to the proton [45]. As a check that this
method for selecting operators finds all relevant ones, we
also performed a full analysis for several other operators
and nucleon couplings and found the results matched our
predictions from this selection process. Note that our in-
ability to treat cesium in KIMS is particularly important
for coupling to proton spin, since cesium also has an un-
paired proton. On the other hand, tungsten isotopes only
have unpaired neutrons, so we expect that their rates
would be suppressed much like xenon targets.

The best fit points in this parameter space is shown in
Tables V and VI for the two choices of quenching factor
of QNaI = 0.09, 0.04. The �2/d.o.f. for our fit to DAMA
is shown, with a d.o.f. = 9, showing a reasonable good-
ness of fit for all operators. The final five columns show

the normalized limits, r, from xenon and iodine experi-
ments so that r values above 1 are constrained at 90%
C.L. For XENON100, LUX, and COUPP experiments, r
is the ratio of predicted events over the number of events
allowed at 90% C.L. (5.32, 3.89, and 18.96 respectively).
For KIMS, in each bin from 3-11 keVee we take the pre-
dicted bin rate divided by the 90% C.L. limit on the rate
in that bin, with r being the largest of these bin ratios.
We list KIMS constraints where we assume two values
of the quenching factor QCsI = 0.10 and 0.05 for CsI.
Notice that there are a few operators which are narrowly
excluded by COUPP while being unconstrained by the
other experiments.

Even though we’ve discussed how XENON10 is sensi-
tive to much higher energy scatters than XENON100 or
LUX, we find that it generically sets weaker constraints

Best fit
Allowed pt
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FIG. 3: These figures shows the xenon scattering spectrum for the best fit to DAMA’s signal for magnetic inelastic dark matter
for two choices of QNaI. The black curve is the expected spectrum while the orange (blue, orange-dashed) curve is the accepted
spectrum for XENON100 (LUX, XENON10). Note that for QNaI = 0.09 the peak is visible to both XENON100 and LUX, but
for QNaI = 0.04 both these experiments’ acceptances are too low at high energy to see a significant number of events.

Iodine Constraints

As expected, the constraints from other iodine detec-
tors are very stringent for most inelastic dark matter sce-
narios since this is a direct comparison of the same target.
For COUPP constraints, changing QNaI hardly a↵ects
the constraints. The energy thresholds of the COUPP
runs are not too high to lose many low energy events
and the acceptance at high energy means that COUPP
is sensitive to essentially all of the iodine scattering rele-
vant for DAMA. This explains why COUPP is the best
constraint on DAMA both in terms of sensitivity and
robustness from quenching factor uncertainties.

For KIMS, if the iodine quenching values used by the
DAMA and KIMS experiments, QNaI = 0.09, QCsI =
0.10 are correct, the best fit point for magnetic inelas-
tic dark matter is ruled out. These constraints show a
strong dependence on the quenching factor values cho-
sen. As the recent work of [41] and [44] shows, the cor-
rect values are not pinned down yet and could be sig-
nificantly smaller. This is especially relevant to KIMS
constraints, since the scattering spectrum can be sub-
stantially shifted in energy, allowing much weaker con-
straints for some choices of the quenching factors. As
an illustration, we show in the four plots of Fig. 4 how
the spectra at KIMS shifts as we change the two quench-
ing factors. In the upper left plot, we see that for the
quenching factors QNaI = 0.09, QCsI = 0.10, the best fit
point is constrained in the lowest KIMS bin. However,
in the upper right plot, changing to QCsI = 0.05, we
see that the spectrum shifts to energy bins below their
threshold, giving no constraint. In general, such a com-
bination of quenching factors leads to particular weak
limits from KIMS due to the scattering moving below
threshold. In the bottom left, the benchmark point with
QNaI = 0.04, QCsI = 0.10, leads to a mild constraint in
the 6 keVee bin. In the bottom right, changing the CsI

quenching factor to 0.05, the spectrum shifts to lower
values again leading to a rate that is almost constrained
in the first bin with a smaller normalized limit, r. Given
the uncertainties, we consider both CsI quenching factors
in presenting KIMS limits. However, if the same physics
leads to the quenching factors of NaI and CsI to be of
similar size, we find that KIMS becomes a more robust
constraint.
Up to these quenching factor issues, iodine targets still

provide the most model independent constraints on sce-
narios where iodine scattering explains the DAMA signal.
For these cases, the only way to suppress scattering is to
have higher modulation amplitude. Since COUPP and
KIMS both ran over a year, this can lead to a modest
drop in sensitivity which explains why the higher � point
has weaker constraints.

Combined Limit Plots for Magnetic Inelastic Dark Matter

Although the best fit points for magnetic inelastic dark
matter are ruled out conclusively by COUPP, there can
be viable regions of parameter space which maintain a de-
cent fit to DAMA. To search for these we fix the best fit
dark matter mass and then explored the remaining two
dimensional parameter space in (�,m

M

). For DAMA,
the 68, 95% C.L. parameter estimation regions were com-
puted relative to the best fit �2. As can be seen in the left
plot of Fig. 5, if QNaI = 0.09, the constraints from LUX
and XENON100 are strong and rule out all of the DAMA
parameter space. However, for the case of QNaI = 0.04,
the right plot of Fig. 5 shows that the constraints from all
experiments weaken as one moves to higher values of the
mass splitting, leading to a sliver of the 68% C.L. DAMA
region which is not constrained and a significant region
allowed at 95% C.L. That XENON10 and the iodine ex-
periments slowly fall o↵ with increasing mass splitting

Low value of Q pushes scattering above !
acceptance regions of XENON100, LUX!

Should have ~ 100 events at high energy on tape!
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FIG. 4: This figure shows the KIMS energy spectrum for scattering events for magnetic inelastic dark matter at di↵erent QNaI’s
and QCsI’s. The blue points are the best fit points predicted rates and the black lines are the 90% limits in each KIMS bin
[35]. Notice that the peak can shift from lower to higher energies as the quenching factors vary causing significant changes to
the limit.

shows how these experiments are mostly being weakened
by increasing modulation and not a change in the energy
spectrum.

In Fig. 6, we show the modulation spectra for the best
fit point and an unconstrained point with the DAMA
data points for comparison. We see that the increase
in mass splitting leads to a degradation in the �2 but
still has a good fit to the DAMA spectra. Note that
the values of 1/m

M

required are quite reasonable since
the magnetic moment of a particle should be of order a
dark matter “magneton” = e/(2m

�

), so that 1/m
M

⇠
e2/(2m

�

) = 5 ⇥ 10�4( 100 GeV
m

�

). The required magnetic

moment seems to be similar to those seen in the nucleon
sector and thus it seems plausible that this part of param-
eter space could appear generically in a complete model
of magnetic inelastic dark matter.

C. General Model Independent Analysis

Now, we consider a more general model independent
search for consistent scenarios that explain the DAMA
annual modulation signal. We performed a survey of the
relativistic operators listed in Tables I-III by analyzing
the scattering when only one operator is turned on at a
time. Depending on the operator, we need to multiply

by a dimensionful coupling � to describe the e↵ective
operator in the Lagrangian. For the fermion operators,
we took this coupling to be � = 1/m2

M

, so that m
M

characterizes the scale of the e↵ective operator. For the
bosonic cases, we instead take � = 1/m

M

. Thus the
parameters we varied were the dark matter mass m

�

,
the dimensional coupling parameter m

M

, and the mass
splitting �.

To narrow our survey and to specifically avoid the
stringent constraints of xenon target experiments, we
only considered operators whose transition probabilities
for iodine were significantly (� 10 times) enhanced over
xenon. These operators were identified by examining the
ratio of iodine’s transition probability to xenon’s at the
minimum velocity for iodine (see Eq. 7), as it is higher
than the minimum velocity for xenon scattering. This
ratio was plotted, for a specific value of m

�

with the cou-
pling m

M

set to 1, on the (�, E
R

) plane with E
R

the
nuclear recoil energy. The operators’ coupling to nucle-
ons was varied between pure proton, pure neutron, equal
coupling to proton and neutron, and equal but opposite
couplings. We found that only pure coupling to pro-
tons significantly favored iodine over xenon and further
that all iodine-enhanced operators had some contribution
from the nucleon spin ~ON

3 , see Eq. 12. Since iodine’s nu-
cleus has an unpaired proton while xenon has an unpaired

Just changing iodine quenching in CsI crystal,!
moves spectrum around, potentially!

below KIMS threshold
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FIG. 5: This figure shows the combined limits plots for magnetic inelastic dark matter. The DM masses used are those listed
with the corresponding operator in Table IV. Constraints from LUX (blue), XENON100 (orange), XENON10 (orange dashed),
KIMS (QCsI = 0.05 magenta solid, QCsI = 0.10 magenta dashed) and COUPP (black) are also shown, with the 90% C.L. limits
listed in section IV.
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neutron, this explains why the sensitivity is enhanced if
we only couple to the proton [45]. As a check that this
method for selecting operators finds all relevant ones, we
also performed a full analysis for several other operators
and nucleon couplings and found the results matched our
predictions from this selection process. Note that our in-
ability to treat cesium in KIMS is particularly important
for coupling to proton spin, since cesium also has an un-
paired proton. On the other hand, tungsten isotopes only
have unpaired neutrons, so we expect that their rates
would be suppressed much like xenon targets.

The best fit points in this parameter space is shown in
Tables V and VI for the two choices of quenching factor
of QNaI = 0.09, 0.04. The �2/d.o.f. for our fit to DAMA
is shown, with a d.o.f. = 9, showing a reasonable good-
ness of fit for all operators. The final five columns show

the normalized limits, r, from xenon and iodine experi-
ments so that r values above 1 are constrained at 90%
C.L. For XENON100, LUX, and COUPP experiments, r
is the ratio of predicted events over the number of events
allowed at 90% C.L. (5.32, 3.89, and 18.96 respectively).
For KIMS, in each bin from 3-11 keVee we take the pre-
dicted bin rate divided by the 90% C.L. limit on the rate
in that bin, with r being the largest of these bin ratios.
We list KIMS constraints where we assume two values
of the quenching factor QCsI = 0.10 and 0.05 for CsI.
Notice that there are a few operators which are narrowly
excluded by COUPP while being unconstrained by the
other experiments.

Even though we’ve discussed how XENON10 is sensi-
tive to much higher energy scatters than XENON100 or
LUX, we find that it generically sets weaker constraints

COUPP in black is a robust!
limit since it is sensitive!

to all energy recoils above!
20 keV!

!
Can only be reduced by!

modulation
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Consider relativistic operators which couple only to!
protons to negate xenon constraints!

!
We find that operators involving proton spin!

are particularly suppressed, so that even!
larger XENON100, LUX energy range analysis!

would be allowed
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FIG. 8: This figure shows the combined limits plots for the remaining operators which have an unconstrained region that fits
the DAMA signal. The DM masses used are those listed with the corresponding operator in Tables V, VI. Constraints from
LUX (blue), XENON100 (orange), KIMS (QCsI = 0.05 magenta solid, QCsI = 0.10 magenta dashed) and COUPP (black) are
also shown, with the 90% C.L. limits listed in section IV.

Xenon experiments are not an issue!
Iodine experiments still constraining



FUTURE THEORY INPUT

Cesium and tungsten form factors need to be 
implemented in Mathematica code (untreated 
currently)!

Estimates of uncertainties on form factors!

Model building DAMA survivors (currently in 
progress)
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FUTURE EXPT. INPUT 

Iodine experiments are robust (up to quenching 
factors) and IDM explanations of DAMA will be 
seen in next COUPP release!

Existing high energy data at XENON100, LUX is 
sensitive to some scenarios (constraints?, excesses?)!

Quenching factors need to be pinned down
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THANKS!
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ADDITIONAL SLIDES
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FIG. 1: The weighted-atomic mass and weighted-magnetic
dipole moment (Eq. (2) in units of the nuclear magneton µN

of various dark matter search targets. (C,O and Ca,Ar have
been shifted slightly so as not to overlay each other.)

II. MAGNETIC INELASTIC DARK MATTER

If one wants to understand how DAMA could have a
positive signal while other experiments do not, there are
many directions one can pursue. Narrowing the focus
on nuclear recoils induced by WIMP collisions, we must
examine what the di↵erences are between NaI and the
other existing targets.

The original iDM proposal focused on a single dimen-
sion, namely the kinematical properties of iodine. As it
is much heavier than many targets, in particular germa-
nium, this allowed a significant departure from conven-
tional elastic expectations. The fact that DAMA focuses
on relatively high energies (⇠ 20+ keV

R

o↵ iodine as-
suming the standard quenching factor qI = 0.08) and
modulation gave additional changes when comparing to
elastic scattering limits, but ultimately the key distinc-
tion was the kinematical change of a heavy target.

This simple one-dimensional analysis is important, but
iodine’s magnetic properties also distinguish it from most
other target nuclei. The quantity that we will see is most
relevant is the weighted dipole moment

µ̄ =

0

@
X

isotope

fiµ
2

i
Si + 1

Si

1

A
1/2

, (2)

where fi, µi, and Si are the elemental abundance, nu-
clear magnetic moment, and spin, respectively, of isotope
i. We show in Fig. 1 the abundance-weighted atomic
masses, and the weighted dipole moment of various tar-
get nuclei. We see that while tungsten (W) has a large
mass, its magnetic moment is rather small. Fluorine (F)
and sodium (Na) have large magnetic dipoles but are very
light. Xenon (Xe) has a couple of isotopes with apprecia-
ble dipoles, however, they are insu�cient to make it com-
petitive with iodine. The combination of large mass and

large dipole makes the iodine target used by DAMA quite
unique among the nuclear targets, with only KIMS’ [50]
cesium (Cs) target similar in its qualitative features. The
iodine dipole arises dominantly from the angular momen-
tum of unpaired protons [51], with additional contribu-
tions from the neutron and proton spin.
We are therefore led to consider models that make both

kinematical and magnetic distinctions between targets.
Since its proposal, the focus of iDM model building has
dominantly been on electrically coupled WIMPs, either
directly to charge, or to some combination of the mass
number A and the atomic number Z, such as through the
Z

0-boson. Since we wish to take advantage of the large
magnetic dipole of iodine, we instead focus on models of
magnetically-coupled inelastic dark matter (MiDM).

III. SCENARIOS FOR MIDM

The magnetic interactions of a WIMP can appear at
di↵erent orders in the multipole expansion. The first
order, namely a magnetic monopole, is interesting but
problematic [69]. Instead we choose to focus on the case
of a magnetic dipole which has a sizable interaction with
the magnetic dipole of iodine. However, a magnetically
interacting WIMP also feels a velocity-suppressed inter-
action with the charge of the nucleus, thus one cannot
simply consider scattering o↵ magnetic moments. For
iodine the contribution from Z

2

v

2 is subdominant to
µ

2, but for magnetically-challenged nuclei, such as W,
or even Xe, the charge coupling can dominate the scat-
tering.

A. Dipole-Dipole Inelastic Scattering

The idea that the WIMP could have a magnetic dipole
has been long studied (see., e.g., [53–58].) The dipole
operator is naturally o↵-diagonal [44, 59], and mediates
transitions between the ground state � and the excited
state �

⇤ ,

L �
⇣
µ�

2

⌘
�̄

⇤
�µ⌫F

µ⌫
�+ c.c. (3)

where µ� is the dipole strength and �µ⌫ = i[�µ, �⌫ ]/2.
[55] considered such transitions in the early universe for
dark matter in the range of few keV� fewMeV. [60] con-
sidered inelastic WIMP dipole-nuclear charge scattering
to explain DAMA. Such an interaction, however, does
not significantly change the relative strength of the vari-
ous experiments compared with charge-charge (i.e., vec-
tor current) interactions, and the viability of the scenario
found in [60] was largely because the significant con-
straints from the CRESST experiment were ignored. [44]
considered a related idea, studying the parameter space
under the assumption of an iDM that couples to pro-
ton nuclear spin exclusively, although no particle physics
model generating the required interaction was found.


