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Dark matter detection in two easy steps
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Multicomponent dark matter particles may have a more intricate direct detection signal than simple
elastic scattering on nuclei. In a broad class of well-motivated models, the inelastic excitation of dark matter
particles is followed by de-excitation via y decay. In experiments with fine energy resolution, such as many
0v2p decay experiments, this motivates a highly model-independent search for the sidereal daily
modulation of an unexpected y line. Such a signal arises from a two-step weakly interacting massive
particle (WIMP) interaction: the WIMP is first excited in the lead shielding and subsequently decays back
to the ground state via the emission of a monochromatic y within the detector volume. We explore this idea
in detail by considering the model of magnetic inelastic WIMPs and take a sequence of CUORE-type
detectors as an example. We find that under reasonable assumptions about detector performance it is
possible to efficiently explore mass splittings of up to a few hundred keV for a WIMP of weak-scale mass
and transitional magnetic moments. The modulation can be cheaply and easily enhanced by the presence of
additional asymmetric lead shielding. We devise a toy simulation to show that a specially designed
asymmetric shielding may result in up to 30% diurnal modulations of the two-step WIMP signal, leading to

additional strong gains in sensitivity.
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I. INTRODUCTION

Searches for dark matter (DM) in underground labora-
tories over the past two decades have concentrated, for
good reasons, on the possibility of direct detection of
weakly interacting massive particles (WIMPs). Such
experiments look for the energy associated with the nuclear
recoil, Eg, in collisions of DM with the nuclei of the target
material. The experimental observable is then the rate of
events as a function of the nuclear recoil energy, dR/dEy.
This quantity is connected to the microscopic cross section
describing the collision of WIMPs with the nucleus,
naturally classified to be either of the spin-independent
or spin-dependent elastic scattering type (see e.g. [1] for a
review).

Besides a rapid expansion of the direct detection
program, the recent years have been marked by growing
understanding that the DM sector may not necessarily be
the most minimal; indeed, it may contain multiple, some-
times degenerate, WIMP states, leading to a different
morphology of the direct detection signal. For example, as
was emphasized in the original work on inelastic DM
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(iDM) of Tucker-Smith and Weiner [2], inelastic transi-
tions to excited WIMP states drastically modify the
characteristics of WIMP-nucleus collisions. In particular,
as the inelastic threshold increases with respect to the
kinetic energy of WIMPs in the galactic halo, the
scattering rate rapidly diminishes. Experiments with
different targets may then be sensitive to vastly different
cross sections.

Moreover, the structure of the multicomponent WIMP
sector can be such that direct detection of DM is more
advantageous with the use of underground detectors
designed for other purposes. For example, the existence
of the charged excitation of WIMPs [3] can be very
efficiently searched in the nucleus-WIMP recombination
channel with the 022/ decay experiments, that as a rule are
more sensitive to this type of models than the purposely
built direct DM detection experiments [4]. In this work, we
point out that 002 decay experiments, at least for some
models of DM, can be a tool of choice for detecting the
neutral excitations of WIMPs. Such experiments can there-
fore serve to complement traditional direct-detection efforts
and help ensure that no stone is left unturned in the search
for DM.

The idea of an inelastic transition being a dominant
scattering channel is well motivated both from known
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physical systems such as atoms and nuclei’ as well as from
the underlying theoretical structure. Furthermore, a general
argument can be made [2] showing that pseudo-Dirac
WIMP fermions allow for more freedom in the choice
of the coupling to the Standard Model (SM) compared to
the individual Majorana components. Specifically, vector-
current interactions among a multiplet of Majorana fer-
mions are necessarily off diagonal [8]. As in the case of
atoms and nuclei, the inelastic transition can be mediated
by a single-photon exchange, a possibility that was recently
explored in the magnetic iDM proposal (MiDM) [9]. Aside
from its possible connection to recent astrophysical anoma-
lies [10-12], the MiDM model forms a part of a more
general line of inquiry into the effects of the electromag-
netic form factors of DM in direct and indirect searches
[13,14]. The experimentally interesting parts of parameter
space to explore are DM masses on the order of the
electroweak scale, m, ~10-10° GeV/c? or above, and
an inelasticity of order the kinetic energy of the reduced
DM-nucleus system, ~O(100 keV). A much larger inelas-
tic threshold would make such collisions kinematically
inaccessible in an on-shell process.

Aside from modifying the kinematics of collisions, the
inelasticity implies the existence of an excited state of DM
that leaves the collision site. While the probability of it
itself interacting again in the detector is entirely negligible,
it may decay back to the ground state through the emission
of an x-ray photon which can be easily detected.
Importantly, since DM is much heavier than the transition
energy, the line will be essentially monochromatic.
Therefore, it is possible to search for such a monochromatic
line independently of the original interaction involving the
nuclear recoil as was first suggested in Ref. [15] and later in
[9]. In fact, the lead shield around these detectors forms an
ideal target for such collisions as we propose in this paper.
As shown in Fig. 1, an incident WIMP y can scatter in the
shield and transition into an excited state, y*, which
spontaneously decays at some later time inside the detector.
While the nuclear recoil energy lost by the WIMP in the
lead shield is of course unmonitored, the energy emitted by
the de-excitation can be observed directly by the detector.

Such a search can be easily undertaken without any specific
description of the underlying model or physics that gives rise
to it. Moreover, because the signal arises from the decay of
particles after scattering, it will naturally modulate with the
period of a sidereal day, allowing a definitive separation from
background processes. Independently of the particular mod-
els discussed in this paper, a search for the diurnal modulation
of unidentified lines is a natural— if speculative—search for
new physics within these experiments.

It is the purpose of this paper to spell out the details of
this search proposal and provide the theoretical framework

'Indeed, several recent proposals used the analogy with atoms
[5,6] and nuclei [7] to build explicit models of DM.
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FIG. 1. A schematic of the search proposal. An incoming
WIMP y scatters in the lead shield (Pb) into the excited state y*.
The excited state then travels some distance before decaying
spontaneously inside the detector into a the ground state y and a
photon. We emphasize that the decay occurs spontaneously and is
independent of the detector material.

within which one can interpret the experimental results. It is
a novel way to look for DM but which, importantly, can
simply utilize the existing technology and well-developed
experimental apparatus. In the next section we survey some
WIMP models that possess y-y* transitions. In Sec. III, we
calculate the scattering rates due to the inelastic upscatter-
ing in the lead shield, and in Sec. IV, we work out the
expected rate of y de-excitation in the detector. In Sec. V we
present the results of a simulation of such a two-step
detection process and deduce the region of parameter space
of MiDM that can be explored with CUORE-type detec-
tors. The simulation also allows us to address the question
of daily modulations of the signal and propose a simple
noninvasive modification to the Ov2f experiments that
would enhance such modulations. Section VI contains
our conclusions.

II. MODELS

A. Heuristics

Before discussing a specific model, there are some
heuristic features of any model which can be probed with
this method that can be easily understood. The kinetic
energy available for the collision in the center of mass
frame is %Mvaz, where My, is the reduced mass of the
WIMP-nucleus system and v is the incoming WIMP
velocity. For very heavy WIMPs, this is approximately
Imyv?, and for very light ones, it is 1 m,v?. If we take the
escape velocity in the solar neighborhood to be v, =
544 km/s and the Sun’s rotation speed with respect to
the halo to be 220 km/s, then the maximum incoming speed
is ~2.5 x 1073 in units of the speed of light. In the case of a
very heavy WIMP scattering against a lead target, the
maximum inelastic threshold accessible is therefore
<650 keV. In the case of a very light WIMP, the inelas-

ticity cannot exceed ~3 keV x (m,/GeV). Thus, only
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excited states no heavier than a few hundred keV of the
WIMP itself are kinematically accessible in the laboratory.

Given this range of accessible excitation energies, the
decay back to the ground state must be through the emission
of a single photon, a graviton, or two neutrinos.” A decay
into a graviton or neutrinos would be unobservable in the
laboratory. The photon is therefore the only portal through
which such de-excitations can be observed. Moreover, the
mass of the WIMP cannot be much lighter than a GeV or else
the de-excitation energy falls below a keV and is much too
soft to be observed. Therefore, since the WIMP is always
much heavier than the de-excitation energy and moves
with v/c~ 1073, the resulting photon is essentially
monochromatic, a feature which greatly aids its detection.

An exception to the above reasoning is found when the
WIMP is partly made of a long-lived metastable state as
discussed below. In that case the de-excitation energy may be
somewhat larger than the excitation energy, possibly in the
few MeV range. Moreover, decays into electron-positron
pairs may be energetically possible. We emphasize that these
possibilities can in fact be searched for with the same 0v2f
decay experiments generally envisioned in this paper. In fact,
de-excitation energies in the MeV range enjoy a much
reduced background, and even decays into electron-positron
pairs can be searched for by utilizing existing techniques to
reconstruct background radiative peaks.

B. Magnetic iDM

The considerations above provide a good guide for the
range of WIMP mass and excitation energy that can be
explored with the present proposal. However, they are
insufficient to determine the precise rates and lifetimes
expected. For concreteness, in this paper we concentrate on
the MiDM scenario where the WIMP scatters against
matter through a magnetic dipole transition to an excited
state. We comment on a more general model in the next
subsection and discuss the associated parameter space of
interest. The interaction Lagrangian in the case of MiDM is

A v
ACdipole = <EX>)( GW/FM x +Hec., (1)

where throughout we use natural units with @ = e?/4z, and
here u, is the magnetic dipole strength, F* is the
electromagnetic ~ field-strength  tensor, and o6, =
ily,.7,]/2 is the commutator of two Dirac matrices.
Since WIMPs are heavy particles, the natural measure of
their magnetic moment is the nuclear magneton, that we

define as uy = v4na/(2m,). The WIMP y and the excited

*This assumes no new light particles associated with DM, an
exciting possibility all by itself, but one which we eschew in this
paper. It also assumes that the excited state actually can decay
(see Refs. [16,17] for the phenomenology of metastable states of
DM).
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state y* form a pseudo-Dirac pair with a small mass
splitting m,- —m, = 6. The interaction rate in lead is
determined by the differential cross section [9],

dGDZ
dEy ’

dO' o dGDD
dEx  dEg

2

which is the sum of two contributions: the scattering due to
a dipole-dipole interaction between the nucleus and the

WIMP,
dopp _ 1677"0‘2’/'1N HNucleus 2 Hy 2
dEg v? e e

S, + 1\ (Sy+1Y .,
<)y )l @

and the scattering of the WIMP’s dipole against the
nucleus’ charge,

dGDz_47Z'Z2(12 Hy 2 1 ER 1 4 1
dER - ER e 1]2 ZmN m)(
o 1 o S, +1
Lt
v MN)( ZmNER 3S}(

Here, Ey, is the recoil energy of the nucleus in the lab frame,
v is the velocity of the incoming WIMP in that same frame,
Z is the atomic number of the nucleus in question, my and
HUnNucleus @re its mass and magnetic dipole moment, respec-
tively, My, is the reduced mass of the WIMP-nucleus
system, and S, = 1/2 and Sy are the spins of the WIMP
and nucleus, respectively. Finally, F?[Eg] is the usual
electric form factor, and F2)[Eg] is the nuclear magnetic
dipole form factor.

The experimental observable relevant to the standard
direct detection experiments, the rate of nuclear recoil
events, is then obtained by averaging of the halo velocity
distribution,

dR d
AR\ Py [, do
dER m){ dER
do

Sof (34 30020
d vf(v—i—vo)vdER. (5)

N

my
Here Ny is the number of target nuclei per material mass,
and p, 0.3 GeV/ cm? is the mass density of DM near the
Earth, v is the velocity of the WIMP in the lab frame, 7, is
the velocity of the local observer with respect to the halo,
and f(v) is the WIMP velocity distribution in the halo. The
differential rate [Eq. (5)] can be used to determine the
observability of this scenario in the various direct-detection
experiments.

The original work of Ref. [9] on the MiDM scenario was
motivated by the discrepancy between the detection claims
of the DAMA collaboration [18] and the strong exclusions
coming from other searches such as the CDMS [19-21] and
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XENON collaborations [22,23]. As in the original iDM
scenario, the event rate in experiments utilizing a target
lighter than iodine (such as germanium) is strongly sup-
pressed because the inelastic transition becomes kinemat-
ically inaccessible [2]. Furthermore, the large magnetic
moment of iodine results in a strong enhancement of the
scattering rate in Nal crystals as compared with other
targets of similar mass but smaller magnetic dipole (such as
xenon). It was found that a WIMP in the mass range of
m, ~70-300 GeV with an inelasticity in the range of
6~ 100-150 keV and a magnetic moment of p, ~ 1-3 x
1073 uy could explain the DAMA observation while
staying consistent with the null results of other experi-
ments. Since then, the new XENON100 results [24,25], as
well as the recent very powerful results from LUX [26],
have placed this scenario under considerable tension since
about 20 to 30 events are expected in the energy region of
30-50 keV, and only a handful was observed. Unfortu-
nately, it is difficult to ascertain how severe is the tension
for various reasons: there are large uncertainties on the
magnetic dipole form factor that determines the rate in
DAMA; the WIMP velocity distribution in the halo is not
empirically known; the expected energy range of the events
is very different than the usual energy range expected in the
case of elastic scattering where the experiment is opti-
mized; maybe most importantly, the rapid decay of the
excited state in the detector into a monochromatic x ray
[see Eq. (15)] will often result in either a double-scatter
event or a higher light yield, both of which would be vetoed
in a search for single-scatter nucleus-WIMP interactions.
Moreover, going beyond the DAMA results, it is interesting
to explore the broader parameter space associated with the
MiDM scenario.

In contrast, the experiments we envision in the current
proposal can decisively explore the parameter space rel-
evant for the DAMA results and beyond as well as search
for a more general model as the one we discuss in the
following subsection.

C. Dark forces and magnetic transitions

The possibility that DM might be a part of a larger dark
sector with new forces has been widely discussed in the
literature in the recent years [8,27-29]. In this case, the
WIMP is charged under some new vector boson(s) which is
mixed with the standard model through its kinetic term,

‘cdarkforce = l)_(&MaM - m;()_()( + l}_(*a-ﬂay)(* + m;(*)_(*)(*
¥ = o= * 1 v
+gvi 6, Vix + gvio, Vix' — 1 Vi V¥

1
B A a——

B®
2 2cosfy M7 ©

where V, is a new massive vector-boson, V,, =9,V , —
0,V is its field strength, my is its mass, and gy is the gauge
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coupling. Here, B, is the field strength of the standard
model hypercharge gauge field, and 0y, is the weak mixing
angle. As is well known [30], when the kinetic term of the
vector-boson is diagonalized the mixing with hypercharge
leads to standard model matter being charged under the
new force. Thus, it leads to an interaction between the
WIMP y and normal mater that can be searched for,
among other things, in direct-detection experiments (see
Refs. [31,32] for a general discussion of the phenomenol-
ogy). The differential cross section in this case is given by

do  16xZ%aaye*my -
dEp 2m3v? @

This model can naturally be extended to non-Abelian
groups and more complicated dark sectors with multiplet
components [8,33-36].

As was pointed out in Refs. [16,17], when the mass
difference 6 = m,- — m,, is below the electron-positron pair
creation threshold < 2m,, the excited state y* in such
theories is generally very long-lived and easily stable on
cosmological time scales. The presence of such a long-lived
state is both boon and bane for phenomenology, and it is
beyond the scope of the present work to explore its
consequences. However, we note that the magnetic tran-
sition discussed in the previous subsection, Eq. (1), leads to
a rapid decay of the excited state. We can thus consider the
general model,

Laark = Lark force + ‘Cdipolev 3)

containing interactions with normal matter through both a
magnetic dipole moment as well as new dark forces. In
such hybrid models, the scattering rate in lead may be
dominated by the dark force exchange while the lifetime of
the excited state may be dominated by the magnetic dipole
transition.

Another interesting feature of such models is that the
WIMP itself might be the long-lived metastable state if it is
part of a multiplet of states in the dark sector, connected
through a non-Abelian force carrier. If the mass difference
between the WIMP and the true ground state is less than
twice the electron mass, then this transition is highly
suppressed [16]. It was further shown in Refs. [16,17] that
such a state can have comparable abundance to the actual
ground state and is thus relevant for direct-detection
experiments. It can scatter against normal matter into the
excited state y* through the dark mediator, as shown in
Fig. 2. If the excited state is coupled to the ground state
through a magnetic dipole it rapidly decays, emitting a
characteristic x ray. Importantly, the energy associated with
the decay is not the same as the energy threshold associated
with the scattering. Some concrete models realizing this
setup are presented in the Appendix. Rather than explore in
detail all of these different models, the purpose of this
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FIG. 2. The WIMP, y, may be part of a multiplet of states
connected through a dark force, V¥. However, if the mass
difference between the WIMP and the true ground state,
Xeround> 18 smaller than twice the electron mass, then the WIMP
is long-lived on cosmological time scales. Its upscattering against
normal matter into the excited state, y*, is then followed by a
rapid decay to the ground state through the magnetic dipole
transition. In this case, the energy threshold associated with the
upscattering is not the same as the energy associated with the
decay down to the ground state.

subsection is only to illustrate the broad range of models
the search we propose in this paper is sensitive to. These
models cogently illustrate that the scattering rate and decay
rate may be uncorrelated. In addition, models with meta-
stable states motivate searches for transition lines in the
MeV range and not only in the usual 100-keV range. For
simplicity, in the remainder of this paper, we concentrate on
the possibility of the magnetic dipole moment as the only
interaction for which both the scattering rate as well as the
decay rate scale with the interaction strength, s, .

|

Jit e dvng(v) (e

Lo
\/E,UO/,_}NCSC

(9(v)) = + [yt e dvvg(v)(e

where,

Nege = El‘f(i}e/i_}) -

S dvug(o) (eI — e

St dvvg(v) (e
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III. SCATTERING RATE IN LEAD

Normally one is interested in the recoil energy lost by the
WIMP to the nucleus and the associated rate [Eq. (5)].
However, in our case we are actually interested in the recoil
of the excited state of the WIMP itself after the collision and
its final decay back to the ground state through the emission
of a photon. This leads to some changes in the usual
formalism, which we now address. Before we proceed,
however, we note that since lead has a large charge Z = 82,
but a small magnetic dipole [only one isotope, 2’Pb with
u(*Hg) = 0.58 in units of nuclear magneton ], we can
neglect the contribution to the scattering cross section from
the dipole-dipole interaction, opp. For the remainder of this
work, we thus assume that the interaction is dominated by
the dipole-charge scattering [Eq. (4)].

The average over the halo velocity distribution is slightly
more involved than usual because we must express the
nuclear recoil in terms of the excited state kinetic energy
and only then average over the incoming WIMP velocity.
Using conservation of energy in the lab frame, we sub-
stitute Ex = 5 mlv — E, — 6 in Eq. (4) including the form-
factor. The velocity average can be done by working in
spherical coordinates and first integrating over the angular
part of the velocity integrals. As happens in the usual case
(e.g. Ref. [37]), this results in different expressions depend-
ing on the relative ordering of the minimum velocity, v,,,
compared with the observer’s velocity v, and the escape
velocity v.. The result can be expressed as an integral over
the radial component which must be done numerically,

— )2 —
—(=0o /7 _ o=u2/ ) Vo > Ve, Uy < Ve — Vg
7(1""'”0)2/52)
252 _2 /R
—(v=2,)?/7* _ p—vg/P ) Vo < Vs Upy < Ve — Vg )
oy V2 /T2 252
(v=0o)?/V* _ =02/ ) Ve — Uy < Uy < Ve + 0,
0 Vo + Ve < Upy
2 v,
2 /52
—exp(—ve/7%) (10)
NI

and the minimum velocity, v,,, is given in terms of the excited WIMP kinetic energy, the nucleus’ and WIMP’s mass, and

the inelasticity,

5 m,2v+m)2{ %( my(my —

v =
" (my—my)? m,

(m} +m2) E,

m,) & mym my —m, &
) e Y e 4 X—). (11)
my + my, my E,
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FIG. 3 (color online). The differential WIMP excitation rate,
dR/dE,, as a function of the excited WIMP energy E,, for various
values of the WIMP mass and a fixed value of the dipole moment
and the inelasticity. These values correspond to the benchmarks
presented in Ref. [9] which results in good agreement with the
DAMA signal.

We note that the minimum velocity is such that »2 >
26/My, where My, = m,my/(m, + my) is the reduced
mass of the WIMP-nucleus system, which is expected from
energy conservation in the COM frame. In addition, from
the condition v, < V. = V. + v,, We can derive the
range of the excited state recoil energy spectrum,

e [ mp+my m 26
max /min (m)( + ””1\/)2 (m)( + mN)2 MN)(Urznax
2M?Z 26 1
+ - 72} X =y vhe. (12)
mme MN;(Umax 2

The differential WIMP excitation rate is then given by,

dR P do P - o do
N = N 3 -
me<vdEx> Tm)( Umd Uf(v—i_UO)vdEX

(13)

As usual, the differential rate, dR/ dE,, modulates over the
course of the year due to the motion of the Earth around the
Sun [38-40]. However, daily modulations are much more
significant, as we discuss in the next section. In Fig. 3 we
show the unmodulated differential rate for some illustrative
values of the mass, inelasticity, and magnetic dipole
moment of the WIMP. We note that the rate scales with /4)2(.

IV. RATE OF DECAY OF THE EXCITED
WIMP IN THE DETECTOR

The collision rate in the lead shield is of course not what
we are interested in at the end since it itself is not observed.
After the WIMP collides in the shield and transition into the
excited state, it travels some distance before decaying back
to the ground state through the emission of a single photon
of energy 6. We are interested in the rate of such decays that

PHYSICAL REVIEW D 89, 055008 (2014)

occur inside the detector, and that is what we set to
calculate in this section.

The calculation is straightforward in principle. The
velocity of the outgoing excited WIMP in the lab frame,
;‘1’ is entirely determined by the incoming WIMP velocity,
v, and the angles of scattering in the center-of-mass frame,
{cos0,¢}. The incoming velocity is governed by the
velocity distribution in the halo. The polar angle, cos 6,
which is related to the energy of the WIMP in the lab, E,, is
distributed according to the differential cross section,
do/dE,, whereas the azimuthal angle is uniformly distrib-
uted. The outgoing WIMP travels some distance before
decaying at position 7., given by

7'dec = _)col + ﬁ)(tdem (14)
where 7., is the location of the collision in the lead shield

and t4, is the decay time which is governed by the lifetime
of the excited state [9],

1 253
R (15)
T V4

By convolving all of the relevant distributions above and
integrating over the independent variables (incoming
velocity, outgoing direction, decay time, etc.), it is possible
to obtain some analytic results for the rate of decays inside
the detector.” However, the corresponding expressions are
complicated, and the integrals must all be done numeri-
cally. Instead, in this section we present analytic results for
the rate under the approximation of an isotropic emission
from the collision site. This approximation, while entirely
unjustified for any given collision site, gives the correct rate
for a spherically symmetric shield and detector. More
generally, it provides a good estimate for the total event
rate even in the more realistic case of a shield which is not
perfectly spherical, yet provides a 4z coverage of the
detector. In the section that follows, we present the result of
a Monte Carlo simulation that can be used for a general
geometry, treats the kinematics exactly, and takes into
account the anisotropic emission from the collision site.

Under the assumption of a shield of uniform density and
isotropic emission following the collision, the differential
rate of collisions in a volume V resulting in a WIMP of
energy E, moving in the solid-angle Q is

d*R dR d
przgzﬂ_:@p_l 0 20 . (16)
dVdE,dQ  4n dE, 4rxm, dE,

where np, is the number of targets available in a unit
volume of lead. Thus, aside from an overall factor of

3See for example Refs. [41-43] for similar manipulations in
the context of direct detection of DM where the analytic
expressions are rather simple.
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npy/47, we can simply use the results of the previous
section [Eq. (13)]. The experimental observable is of course
the rate of decays inside the detector, which is generally
given by

R= /dEX/dthie]d dVRy, X Py(E, V,Q).  (17)

Here, P4(E,, V. Q) is the probability that the excited state,
which was produced at a volume V in the shield with
energy E, and angle € will arrive at the detector and decay
inside it. Thus, the problem neatly separates into two parts:
the differential rate in lead, Rpy,, which is governed by the
microscopic scattering rate, and P, the probability of the
excited state to decay inside the detector, which is deter-
mined by the geometry of the setup and the lifetime of the
excited state. We note that this separation is only possible
because we are ignoring the directional information asso-
ciated with the motion of the lab with respect to the WIMPs
in the halo. Including these effects would require us to do
the averaging over the halo velocities for every volume
element in the shield since the result depends on the relative
orientation of this element (with respect to the detector)
compared with the WIMP wind. We address this issue in
the next section using the Monte Carlo simulation.

The lifetime of the WIMP is given in Eq. (15) above. In
order to gain analytical control over the problem, we model
the detector as a sphere of radius p with the origin of the
coordinate system in its center. The probability of the excited
state to arrive at the detector and decay inside it is then

f Toxi
Piecay = €XP <— —e';‘er) —exp (— %‘) (18)

where 7. (foxit) 1S the time the excited state entered (exited)
the detector after the initial collision. If the initial collision
occurred a distance r away from the centre of the detector
and the excited state was moving at an angle 8 with respect to
this direction, then the times are given by

%sin’6

rcos@+\/p*—r

(19)

texit/ enter — »
X

The velocity of the excited state is v, = /2E,/m,-, and we
note that the maximum angle that would reach the detector is
given by sin0,,,, = p/r.

Using Egs. (18) and (19) we can explicitly evaluate the
event rate, Eq. (17) for a given spherical geometry. As an
example, in Fig. 4 we show the event rate in a spherical
detector/shield configuration with the same volumes as
those of the CUORICINO and CUORE-O setups [44]. The
actual experimental configuration is of course not spherical,
an issue we address in the next section, but the figure gives
a quick and reasonable estimate for the expected event rate
for different WIMP model parameters. Similarly, in Fig. 5
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FIG. 4 (color online). The rate (counts per day) as a function of
the WIMP mass for several values of the magnetic dipole
moment. The spherical shield and detector were taken to have
approximately the same volume as those of the CUORE-0 and
CUORICINO experiments [44]: the shield was a spherical shell
with an outer radius of 61 cm and an inner radius of 35 cm; the
spherical detector has a radius of 12 cm. The inner-most shield in
the CUORE-O setup was neglected.

we show the event rate in a spherical geometry based on the
CUORE setup [45]. The cubical CUORE setup is indeed
somewhat closer to being spherical, and we confirmed that
these analytic results are in good agreement with the
simulation results presented in the next section. Using
the more precise cubical geometry of the detector and
shield leads to about a 30% reduction in the rate.

As can be expected, the event rate in the “CUORE”-like
setup (Fig. 5) is about an order of magnitude larger than that
in the “CUORICINO”-like setup (Fig. 4). However, this
does not necessarily imply a greater sensitivity since the
total background inside the detector also scales with its
size. A precise evaluation of the sensitivity would require a
detailed knowledge of the energy resolution and the

Vese=354 km/sec, v;o;=220km/sec

[ 6=75keV — Dashed
1000 6= 100 keV — Solid
500k 5= 125keV — Dotted
ermTTTTm e = 0.9 107211
100} ~ T
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o Hy=10.6 10"y
op e
05}~
=03 10"2uy
100 200 300 400 500

m, (GeV)

FIG. 5 (color online). The rate (counts per day) as a function of
the WIMP mass for several values of the magnetic dipole
moment. The spherical shield and detector were taken to have
the same volume as those of the CUORE experiment [45]: the
outer shield is modeled as a spherical shell with an outer radius of
118 cm and an inner radius of 93 cm; the inner shield has an outer
radius of 35 cm and an inner radius of 31 cm, and the spherical
detector has a radius of 31 cm.
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background level at each energy bin. Independently of
these considerations, the sensitivity can be further increased
by considering the temporal shape of the signal.

V. MONTE CARLO SIMULATION:
DIURNAL MODULATIONS

The above results provide a good estimate for the
number of events expected and demonstrate the great
potential of existing experimental efforts to look for such
phenomenon over a wide range of the relevant parameter
space. However, the angular distribution of the WIMP
leaving the collision site is in fact not isotropic and carries
with it useful information which can be utilized to achieve
greater experimental sensitivity. The angle, 6,, of the
outgoing velocity, i,, is defined with respect to the velocity
of the observer in the halo,

i, - D, = cosb,. (20)

Intuitively, we expect that when the WIMP is much heavier
than the nucleus it should not deviate much from its original
direction. The average incoming direction is opposite to the
direction of the observer in the halo, (¥) = —uv,,. Therefore,
we expect 6, to peak around 7, as indeed it does: in Fig. 6
we show the results of a simulation of the velocity-averaged
differential rate with respect to both the energy and
direction of the excited WIMP, d’R/ dE,dcos@,, for
various choices of the mass and inelasticity. The distribu-
tion is sharply peaked toward cos6, = —1 unless the
WIMP is considerably lighter than the lead nucleus.

The direction of the outgoing excited state is therefore
strongly correlated with the direction of the WIMP wind.
This results in a strong correlation between the geometry of
the experimental setup and the event rate as a function of
time. As the lab rotates diurnally with respect to the WIMP
wind, different parts of the lead shield come between the
WIMP wind and the detector. If the shield geometry is
highly anisotropic, then the event rate undergoes large
diurnal modulations. These modulations have a well-
defined characteristic shape that depends on the known
geometry of the experimental apparatus.

As is well known, but we reiterate, because the period of
this modulation is that of a sidereal day (23 h 56 min), it can
be definitively separated from effects that could arise with a
solar day (24-h) period.

Every sensitive 0v2f decay experiment may detect
previously unidentified/unassigned monoenergetic lines
(see, e.g., Refs. [46,47] for some recent examples).
Since the value of § is a completely free parameter for
us, such a background line within a single detector can
easily be confused with a signal. One way to counter this is
to compare different detectors, where a true signal would
appear at £ =6 and be independent on the levels of
background. However, it is clear that even within a single
detector one can use diurnal modulations to separate
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FIG. 6 (color online). The normalized differential rate with
respect to both the energy and direction of the excited WIMP,
d’R/ dE,d cos 8,, for various choices of the mass and inelasticity.

presumably constant or very weakly time-dependent back-
grounds from the WIMP de-excitation signal. Thus, the
diurnal modulation presents a formidable tool in enhancing
the sensitivity of the search.

In order to investigate this effect, we developed a simple
Monte Carlo simulation based on two experimental setups.
The first, shown in Fig. 7, is schematically based on the past
CUORICINO [48] experiment and the present CUORE-0
[49] setup. The second, shown in Fig. 8, is based on the
planned CUORE experimental setup, as presented in Fig. 9
of Ref. [45]. In the following, we discuss each case
separately and present the expected rates and temporal
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A

200 cm

«—

80 cm

— > —
40 cm

FIG. 7 (color online). Our simulated experimental setup based
schematically on the CUORICINO/CUORE-O setup [48]. The
detector is a 10 x 10 x 70 cm® positioned 10 cm above the
bottom shield. It is surrounded by an inner lateral shield of 1.2-cm
thick layer of Roman lead (not depicted). We neglect the small
additional upper shield present directly above the detector as it
contributes very little to the total rate. The outer shield is 20 cm
thick and modeled as depicted. On the right we depict that our
proposed additional lead shield, 40 x 80 x 200 cm? facing north,
which as discussed in the text, greatly increases the overall rate
and diurnal modulations. The diagram is not drawn to scale.

modulations for each setup. However, we emphasize that
while the CUORE experiments are particularly well suited
for our purpose, other experiments based on different
detection techniques and materials can similarly be used
to search for this phenomenon. Indeed, our simulation
relied only on the geometry of the lead shield and detector,
but not on the specific detection technique used by the
experiment (except to assume that x-rays can be observed
with sufficient fidelity).

We begin with the first setup based on the CUORICINO/
CUORE-0 experiments shown in Fig. 7. This setup has a
strong asymmetry between the horizontal and vertical
directions, and one can expect strong diurnal modulations.
However, for excited WIMPs with a very short lifetime,
only the geometry of the shield directly next to the detector
matters, and in that case, the asymmetry is reduced since
the different directions are not too dissimilar. This can be
seen in Fig. 9 where we show the total rate expected as well
as the fractional modulation against the hour of the day, for
different values of the magnetic moment of the WIMP, 4,
[which in turn controls the lifetime through Eq. (15)]. The
hour is defined with respect to Greenwich apparent sidereal
time (GAST), which is related to the local apparent sidereal
time in the lab through t,, = ftgasT + Lap/15 where
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50 cm
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S out

FIG. 8 (color online). Schematics of our simulated experimen-
tal setup based on the CUORE setup shown in Fig. 9 of Ref. [45].
The detector is a 50 x 50 x 50 cm? cube surrounded by the inner
shield, Sj,, a 3-cm thick layer of Roman lead. We model the outer
shield, S, as a cube with an inner length of 1.5 meters and a
thickness of 20 cm with the detector in its center. This is not
precise but sufficient for the purpose of this paper. The additional
upper shield present directly on top of the upper face of the
detector has an area of 40 x 40 cm? and is 17 cm thick. This
asymmetric configuration enhances the diurnal modulations as
discussed in the text. The diagram is not drawn to scale.

L, = 13.7° is the longitude of Gran-Sasso lab (more
details on the different time frames can be found in
Ref. [50]). As expected, the overall rate is lower for lower
values of the magnetic moment since fewer collisions occur
in the shield. On the other hand, the diurnal modulations are
large, ~30%, for smaller values of the magnetic moment as
the lifetime becomes longer. In Fig. 10 we again show the
total expected hourly rate as well as the modulations, but
for a different choice of the WIMP’s mass and a fixed value
of the magnetic moment. As can be expected, while the
overall rate is somewhat sensitive to the mass, the
modulations are not.

Both the overall rate as well as the modulation fraction
can be enhanced in the present CUORE-0 experiment with
an additional external shield. Ideally, the additional shield
should be made as large as possible, placed as close as
possible to the detector, and designed to complement the
anisotropies of the existing geometry to enhance both the
rate and modulation fraction for long as well as short
lifetimes. While such a shield can certainly be designed for
any given experiment, any such extra shielding is likely to
be constrained by the existing setup (and purpose) of the
experiment. Therefore, in Fig. 7, we propose a simple
addition in the form of a large external shield facing north
and placed directly adjacent to the existing external shield.
In Figs. 11 and 12, we plot the total rate of excited state
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FIG. 9 (color online). In the upper pane, we plot the number of
counts per hour in CUORICINO/CUORE-O (Fig. 7) against the
GAST hour of the day for various choices of the dipole moment.
In the lower pane, we show the expected diurnal modulations by
plotting the hourly rate divided by the average rate for the same
parameters. The lifetimes corresponding to y, = (0.3,0.6,0.9) x
1072 py are (9.0,2.2,1.0) us, respectively.

decays in the detector as well as the diurnal modulation
fraction. The total rate is increased by about 30% as
compared to the regular setup. More importantly, the
modulations fraction are now large even in the case of a
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FIG. 10 (color online).
of the WIMP’s mass.

Same as Fig. 9, but for various choices
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FIG. 11 (color online). In the upper pane, we plot the number of
counts per hour in CUORICINO/CUORE-0 with the additional
northern shield (Fig. 7) against the GAST hour of the day for
various choices of the dipole moment. In the lower pane, we show
the expected diurnal modulations by plotting the hourly rate
divided by the average rate for the same parameters.

short lifetime of the excited WIMP. On the other hand,
since the extra northern facing shield causes an increased
rate in the early hours, it destructively interferes with the
modulations expected in the case of long lifetimes. Thus, a
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FIG. 12 (color online).
of the WIMP’s mass.

Same as Fig. 11, but for various choices
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FIG. 13 (color online). In the upper pane we plot the number of
counts per hour in CUORE (Fig. 8) against the hour of the day for
various choices of the dipole moment. In the lower pane, we show
the expected diurnal modulations by plotting the hourly rate
divided by the average rate for the same parameters.

possibly better addition would be an extra shield positioned
directly underneath the detector, which would nicely
complement the existing anisotropy of the apparatus.
Next we consider the second setup based on the planned
CUORE experiment (Fig. 8). The cubical detector is
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FIG. 14 (color online).
of the WIMP’s mass.

Same as Fig. 13, but for various choices
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surrounded by an inner lateral shield and a large external
shield. This configuration is fairly isotropic and does not
lead to large diurnal modulations. However, an additional
shield is placed on the top face of the detector and results in
sizable fractional modulations of ~15%. This is shown
in Fig. 13 where we plot the expected hourly rate of
excited WIMPs decaying inside the detector alongside the
fractional modulations. We note that the overall rate is
increased by about an order of magnitude as compared with
the CUORICINO/CUORE-0 experiments, as was antici-
pated in the previous section. In this case, the modulations
are in fact somewhat diminished for WIMPs with a longer
lifetime since more of the, approximately isotropic, outer
shield contributes to the signal. In Fig. 14 we compare the
total rate and modulations for various choices of the
WIMP’s mass. As before, while the total rate is sensitive
to the mass, the modulation is not.

VI. CONCLUSIONS

In this paper we proposed a new search for WIMPs with a
nearby excited state that can be done with existing experi-
ments. The inelastic collision of a WIMP with the lead nuclei
inside the ubiquitous lead shield present in experiments
results in an excited WIMP state which subsequently decays
via a single photon emission in the detector. Such decays
would be seen as a monochromatic x-ray line corresponding
to the excited state energy. While the precise sensitivity
depends on the detector resolution and background level at
every energy bin, we showed that it can be greatly enhanced
by utilizing the expected sidereal daily modulations of the
signal. The direction of the excited state leaving the collision
site is strongly correlated with the direction of the laboratory
with respect to the WIMP wind. Thus, the daily rotation of
the Earth together with the anisotropy of the experimental
apparatus (shield and detector) leads to a strong diurnal
modulations with a characteristic signature.

We emphasize that while the interpretation of such a
modulation (or the constraints arising from its absence) can
be very model dependent, the discovery of such sidereal
daily modulations would definitively indicate the existence
of DM. Given the relatively low cost of implementing such
a search, it seems a natural component of any experiment
with high y-energy resolution going forward. In fact,
considering how little we know about the nature of DM,
it seems prudent to look for solar daily modulations just as
well as for sidereal ones, although the distinction can only
be made with large statistics.

We have examined in detail the total rate and modu-
lations expected in the CUORICINO and CUORE-0
experiments as well as the planned CUORE setup. Large
parts of the parameter space (the WIMP mass, the excited
state energy, and the cross section) can be efficiently
explored. While our analysis concentrated on the
CUORE setups, we emphasize that this search can be
done by other experiments with high-resolution x-ray
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detectors such as CoGeNT [51]. In fact, a comparison of
this measurement between different detectors, e.g. a tellu-
rium based versus germanium based, can help to discrimi-
nate signal (which is detector independent) from possibly
confusing nuclear lines (which are detector dependent).

We also showed that an extra shield, strategically placed,
can easily enhance the modulation fraction to ~O (30%).
Importantly, while the precise amount by which the modu-
lation can be increased depends on the lifetime, the detailed
geometry, the proximity of the extra shield to the detector,
and the amount of extra shield used, it can nevertheless be
optimized given a particular experimental setup. Finally, we
note that in case of a positive detection it will be possible to
extract the lifetime with a careful placement of the shield at
different distances from the detector.
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APPENDIX: THREE-LEVEL SYSTEMS

A concrete field theory realization of the three-level
system shown in Fig. 2 is not hard to find. One example,
involving an SU(2) dark-gauge group, was presented in
Ref. [16]. The gauge group is broken at around a GeV and
the WIMP, y;, which transforms as a triplet of that group
receives radiative corrections that split the mass of the three
states, 1.3, in such a way as to allow the identification of
3 with the ground state, y, with the metastable state, and
1 as the excited state. The broken gauge group is weakly
mixed with the standard model hypercharge as in the
Lagrangian above [ Eq. (6)]. Therefore, the transition from
the metastable state to the excited state through a dark
vector-boson exchange against the nucleus is possible. To
realize the de-excitation through the magnetic dipole
transition, this model should be supplemented with the
following interaction terms,

Cq v %)
Lgipole = Peijkfﬁdfj%pF” Ak +P€ijk¢;ﬂ(j6wFW)(kv (A1)

where ¢, are some unknown dimensionless numbers, €;;
is the antisymmetric tensor of SU(2), and the scalar fields ¢
and ¢’ receive a vacuum expectation value that breaks the
dark SU(2) completely: (¢3) #0 and (¢)) # 0. This
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generates transitions only between y; — y, and y; — y3,
thus maintaining the metastability of y,. Higher dimen-
sional operators ultimately induce a transition between
X> — X3, but the associated rate can be sufficiently slow to
allow y, to be metastable on cosmological time scales.

The three levels shown in Fig. 2 may also be the result of
an atomiclike structure for DM [5,6]. For example, the 2 S
state in muonic hydrogen is metastable since the direct
decay to the 1 S ground state is restricted by conservation of
angular moment to proceed only through a two-photon
emission. On the other hand, the 2 S state enjoys a single
photon transition to the excited 2 P state, which is followed
by a rapid decay to the 1 S ground state.

Finally, this setup can be realized with dark vector-bosons,
which are weakly mixed with the SM hypercharge as in
Eqg. (6). We consider a case where the mass of the vector-boson
is such that the decay from the metastable state to the ground
states through an on-shell vector-boson is kinematically
forbidden. If the mass splitting is smaller than the pair
production threshold, 2m,, then the lifetime of this state
becomes cosmologically long [16]. The decay from the
excited state down to the ground state through an on-shell
vector-boson might still be allowed (this requires a tuning in
the mass of the vector boson as compared with the energy
difference of the three states). This configuration will result in
acosmologically long-lived metastable state which can scatter
against the nucleus into the excited state through a dark vector-
boson exchange. The excited state then decays down to the
ground state through an on-shell dark vector-boson. The dark
vector-boson itself is unstable and decays into an electron-
positron pair. The lifetime of this decay depends on the kinetic
mixing parameter [e in Eq. (6)] and is given by

2 4m\ 1/2 2m?
Ly (1 -2) (1), )
3 m m

Vv 14

FV—»e*e’

If we consider for example my = 2m, + 90 keV and a
transition energy of 2m, + 100 keV, then the velocity of
the vector boson is about 0.1 ¢, and the typical distance it will
travel before decay is

1 —5\ 2
dy =20 cm<0—> .
€

It is beyond the scope of this paper to study the full parameter
space of this model; however, the phenomenology is similar to
the one described in the paper even though the collision and
de-excitation both occur through dark forces and not through a
magnetic dipole transition. The main difference is that the de-
excitation results in an electron-positron pair which recon-
structs the de-excitation energy rather than a single photon.

(A3)
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