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Peaking consistently in June for nearly eleven years, the annual modulation signal reported by DAMA/Nal
and DAMA/LIBRA offers strong evidence for the identity of dark matter. DAMA'’s signal strongly suggest
that dark matter inelastically scatters into an excited state split by (100 keV). We propose that DAMA is
observing hyperfine transitions of a composite dark matter particle. As an example, we consider a meson
of a QCD-like sector, built out of constituent fermions whose spin-spin interactions break the degeneracy

of the ground state. An axially coupled U (1) gauge boson that mixes kinetically with hypercharge induces
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inelastic hyperfine transitions of the meson dark matter that can explain the DAMA signal.
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This Letter proposes a new class of inelastic dark matter
(iDM) models that can explain the annual modulation reported by
DAMA/Nal and DAMA/LIBRA [1]. DAMA’s signal peaks in early June,
consistent with dark matter scattering, and has remained in phase
for nearly eleven years. Moreover, the fractional modulation of the
signal appears anomalously large, and the nuclear recoil spectrum
has a peak near Eg ~ O(30 keV).

The hypothesis that dark matter scatters inelastically off nu-
clei into a O(100 keV) excited state elegantly explains the salient
features of the DAMA signal [2]. iDM models predict nuclear re-
coil spectra with a characteristic peak and an O(1) modulation
fraction [3]. The large dark matter velocity threshold required by
inelastic kinematics also implies that heavier nuclei targets like
1271 in DAMA provide enhanced signal sensitivity relative to lighter
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posite dark matter particle. (For other examples of composite dark
matter, see [4].) We illustrate this mechanism with a simple model
where the majority of dark matter is a meson of a strongly coupled
SU(N;) gauge sector that confines near A >~ GeV. These mesons
are comprised of constituent fermions whose hyperfine interac-
tions split the ground state by (100 keV). When one constituent
quark is non-relativistic, a hierarchy between the hyperfine scale
and the dark matter mass follows inevitably from an enhanced
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spin symmetry. The dark matter couples to a new U(1)4 vector
boson that kinetically mixes with the Standard Model’s hyper-
charge [5]. Another version of iDM with kinetic mixing is given
in [6]. Axial couplings of the U(1)4 to the constituent fermions
mediate inelastic hyperfine transitions that dominate low-energy
nuclear scattering.

The model considered here has two Dirac fermions, ¥y and ¥,
transforming in the fundamental representation of the SU(N.)
gauge group. The new U(1)y couples axially to ¥y, each
of which have equal and opposite unit charge. We introduce
a charge-2 Higgs ¢, whose vacuum expectation value generates
a mass for ¥y | and the A’. The U(1)4 is non-anomalous for this
particle content. The dark matter candidate is a ¥; ¥y bound state,
and its stability can be guaranteed by imposing a U(1)y—; flavor
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where Py g are the left and right Dirac projection operators, and
D, ¥, =y +igpGy £ ie/y5A;L)II/L,H where G, is the SU(N.)
gauge field and £ corresponding to ¥y and ¥, respectively.
BH*Y is the hypercharge field strength, Fl’:/” is the U(1)4 field
strength, and G, is the field strength for the confining SU(N()



https://core.ac.uk/display/82516741?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://dx.doi.org/10.1016/j.physletb.2010.08.006
http://www.ScienceDirect.com/
http://www.elsevier.com/locate/physletb
mailto:alves@stanford.edu
http://dx.doi.org/10.1016/j.physletb.2010.08.006
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/

324 D.S.M. Alves et al. / Physics Letters B 692 (2010) 323-326

theory. In this model, the dark quarks have a hierarchy of masses
mp = yivg < A K mp = yuvy, and an A’ mass in the range
100 MeV <mys <20 GeV.

At momenta beneath A, the model consists of mesons and
baryons built out of ¥y and ¥, listed below. Because my > my,
we classify the states by the number of ¥y constituents, Ng.
Ny Yy can form bound states by anti-symmetrizing their color
indices. They have binding energies

Eg ocof (u*)my /N2 (3)

where o (u*) is the running 't Hooft coupling of the strong gauge
sector evaluated at the inverse Bohr radius of the bound state,
W ~ apymy. At distances greater than A=, the color charge of Ny
heavy ¥y’s can be screened by Ny light ¥; antiquarks to form
a dark Ny-meson, or by N. — Ny ¥; quarks to form a dark Ng-
baryon. The ¥y and ¥; quarks have antisymmetrized colors, so
the spins of same-flavor constituents must be symmetrized. The
resulting range of spins for dark mesons and baryons is

1 1
0< jnym < Np, IENC_NH <1NHB<§NC- (4)
Due to the spin-spin interactions, the lowest-spin configurations
with a given Ny are the lowest-energy configurations. In particu-
lar, all dark mesons have a spin-0 ground state.

Cosmology dominantly produces Ny = 1, JP = 0~ mesons
74 = W1 ysWy, as will be shown later. In the limit m; < A < my,
the JP =17 vector pg = ¥y, ¥y is nearly degenerate with mg,
and is accessible in low-energy my scattering. Spin-spin interac-
tions generate a mass splitting

K A2

AEMpd_Mnd:W’
d

(5)
where My, >~ my is the my mass, and « is an order-unity coef-
ficient that fixes the relation between A and A. The my and pq
mesons form a multiplet of the SU(2)y-spin that rotates ¥y’s spin.
In the limit my > A, SU(2)y-spin IS an approximate symmetry,
guaranteed by Lorentz invariance. This is a familiar phenomenon
in heavy-quark physics and the enhanced symmetry constrains low
energy interactions of rq and pg mesons [7].

1. CiDM scattering

The low-energy scattering of the dark mesons arises after di-
agonalizing the kinetic mixing terms in (2), and integrating out
the weak interactions. The dark matter constituents couple to the
Standard Model via

2
—€So In In 0 Mar o\ 4
Line=——JzouJq + (Jd —€CoJgm — €05 J70 JA . (6)
m, ms,
where sy = sin6,, and cyp = cosfy, Jgm is the electromagnetic cur-
rent, J o is the neutral Z° current and Jq4 is the dark sector U (1) x
current,

JE = Iyt ysoy — o ytysw. (7)

As discussed in [8], parity-breaking by strong dynamics in the dark
sector induces elastic charge-radius 4 +SM — 74+ SM scattering,
which has new consequences for direct detection. For simplicity,
we will discuss the case where the strong dynamics preserves
parity in the dark sector, so that no mq + SM — my + SM elas-
tic scattering is mediated by the U(1)4 current in (7) to O(e).
So long as ¢ does not significantly mix with the Standard Model
Higgs boson, elastic dark-matter-nucleus scattering induced by ¢
exchange is also negligible.

Using heavy quark effective theory [7], the SU(2)y-spin and
Lorentz symmetry of the 14, poq mesons constrain the form of their
scattering matrix elements. At leading order in relative velocity,
Vrel/C 2~ 1073, the mq — pg matrix elements are given by

Ci
(Pa(p', €) ]G 7ra(p)) > AMger + =2 (p + p) qvey. (8)
where ellf, is the polarization of pq4, and cj,; ~ 1 controls dipole
scattering. We have dropped terms proportional to g#, which have
vanishing contraction with the conserved Standard Model elec-
tromagnetic current. The second term in (8) leads to scattering
enhanced by ¢?/vZ%, A% ~ 10° relative to the first term.

In terms of relativistic effective operators, the low energy inter-
actions can be described as:

e
Leff = dinMndﬂdT,Odp’A;L + fﬂdTaﬂpdvFj‘ﬁ”

del T =V
+ Faﬂndavndfgﬁ 4+ 9)

Elastic transitions mediated by the d.j-operator above are ve-
locity suppressed relative to the inelastic ones. The axial coupling
of A’ to the fermionic constituents leads to a parity constraint on
the interactions, forbidding elastic operators of the type

Cel
Oforbidden = A—ZaunjavndF’;” (10)

that if otherwise allowed would dominate over inelastic scattering.

Using (8), the low-energy inelastic cross-section for w4 to scat-
ter off a nucleus of mass my and electric charge Z with nuclear
recoil energy Eg is

do (Eg,vrel) _ 4Z%¢  myEg|Fu(Eg)P? (1)
dEg M, A foe vE (1 + 2myEg/m3 )2
where
ot =M%/ (Cin€Coga)’K (12)

and Fy is the Helm nuclear form factor used in [10]. The differen-
tial scattering rate per unit detector mass is

dR PovVo 3 Vrel do
—_— = d>Viel — f(V; Ve) ——,
dER mNMnd / rel Vo f( e)dER

Vmin(ER)

(13)

where pg = 0.3 GeV/cm> is the local density of dark matter,
vmin(ER) is the minimum relative velocity required to scatter with
nuclear recoil energy Eg, and f(v; ve) is the dark matter velocity
distribution function in the lab frame accounting for the Earth’s
variable velocity V.. Naively cutting off the velocity profile above
the galactic escape velocity vesc, we use the Standard Halo Model
velocity distribution function,

Fvive) o (e TV /% — e=Vese/ %)@ (vese — |V — Tel).  (14)

Given the high uncertainty on the halo velocity distribution
and the sensitivity of iDM models to it, we marginalize over the
velocity parameters vg and Vese, constrained to be in the range
150 km/s < vg < 350 km/s and 480 km/s < Vesc < 650 km/s.

2. Direct detection

In DAMA, dark matter dominantly scatters off 1271, The modu-
lation spectrum and rate of the combined 1.17 ton-yr exposure [1]
constrain the parameters in this model. We perform a global x2
fit by marginalizing over the 5 unknown parameters: My, A, feff,
vo and Vegc.
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Table 1
Summary of the data from null experiments.
Experiment Element Reference Effective exposure Period of run Signal window Obs. events
CDMS '05 Ge [11] 34 kg-d 2005 Mar 25-2005 Aug 8 10-100 keV 1
CDMS 07 Ge [12] 1213 kg-d 2006 Oct 1-2007 Jul 1 10-100 keV 0
CDMS '08 Ge [13] 194.1 kg-d 2007 Jul 1-2008 Sep 1 10-100 keV 2
XENON10 Xe [14] 0.3 x 316.4 kg-d 2006 Oct 6-2007 Feb 14 4.5-75 keV 13
CRESST-II '04 w [15] 0.59 x 0.9 x 20.5 kg-d 2004 Jan 31-2004 Mar 23 12-100 keV 5
CRESST-II 07 w [16] 0.59 x 0.9 x 48 kg-d 2007 Mar 27-2007 Jul 23 12-100 keV 7
ZEPLIN-II Xe [17] 0.5 x 225 kg-d 2006 May 1-2006 Jun 30 13.9-55.6 keV 29
ZEPLIN-III Xe [18] 0.5 x 126.7 kg-d 2008 Feb 27-2008 May 20 10.7-302 keV 7
ZEPLIN-III (iDM) Xe [19] 0.5 x 63.3 kg-d 2008 Feb 27-2008 May 20 17.5-78.8 keV 5
XENON100 Xe [20] 161 kg-d 2009 Oct 20-2009 Nov 12 7.4-29.1 keV 0
400; L Mn _ 7‘0 GeV Eg/In(s/ny) ~ Ep/30, where s is the entropy density of the Uni-
3501 d ] verse. For Nc >4 and My, S O(10%4, T* < A so gluon entropy
[ ] prevents ¥y bound-state formation with Ny > 2 until confine-
300 | 1 ment.
[ ] At confinement, ¥; quark-antiquark pairs nucleate to screen
N 250§ ] the color charge of the ¥y. Confinement preferentially leads to the
Qj'i 200k ] formation of Ny =1 dark meson over higher-Np dark mesons or
E, F 1 baryons. High-Ny dark meson formation is negligible because the
150 ] Yy are dilute at the time of confinement. Formation of Ny =1
[ ] dark baryons is Boltzmann-suppressed for N. = 4 because they
100 ¢ ] have (N. — 2) more ¥, constituents than dark mesons, so they
5oL ] are heavier.
e After confinement, heavy-quark binding occurs via g + mg —
90 100 110 120 130 140 7152) + G, where G is a glueball and nc(lz) is an Ny = 2 dark me-
A(keV) son. For A ~ O(1 GeV) and my ~ O(100 GeV), these reactions are

Fig. 1. Values of fef, defined in (12), and A, defined in (5), that fit the DAMA/LIBRA
signal and do not supersaturate the null searches at 2o for a benchmark point of
Mgz, =70 GeV are shown in dark green (90% C.L.) and light green (99% C.L.).

Fig. 1 shows a benchmark mass of My, =70 GeV with 90 keV
< A <150 keV and 50 GeV < feff < 400 GeV. The 90% and 99%
“confidence level” contours are plotted, corresponding respectively
to x2 < x2+9.3 and x? < x¢ + 15, where xZ corresponds to the
best fit point.

We compute the x2 using the 12 half-keVee bins of DAMA’s
modulated signal and reported error bars between 2 and 8 keVee,
as well as the combined high energy bin from 8 to 12 keVee. This
model fits DAMA’s reported rate and nuclear recoil spectrum re-
markably well. We also include in the x? constraints from null
searches summarized in Table 1, where for each null experiment
we take as the standard error the 20 Poisson fluctuation over the
number of observed events. Moreover, we require the predictions
for the null experiments not to supersaturate the observations at
the (95% C.L.)

3. Cosmology

In the strongly coupled model of this Letter, ¥y and ¥; annihi-
late too efficiently for their thermal abundance to account for dark
matter. Consequently, an asymmetry must be generated for “dark
meson number,” ny ocny — ny. Dark mesogenesis could in princi-
ple be tied to the Standard Model’s baryogenesis.

The mq meson is a simple iDM candidate. Here we show that
a dominant fraction of the dark meson number asymmetry resides
in r4 mesons rather than exotic mesons, baryons, or pq mesons.

Exotic mesons and baryons are seeded by Coulomb-like bound
states of heavy quarks ¥y formed before confinement, or created
by merging of ;4 mesons after confinement.

Before confinement, the gluon entropy exponentially sup-
presses ¥y bound-state formation down to a temperature T* ~~

endothermic because the glueballs have a mass mg = O(A) 2 Ep.
The binding reactions of ¥y require large momentum transfer
Pmin ~ /Mgy (Mg — Eg) > A, so the binding cross-section is con-
trolled by perturbative ¥y dynamics. The thermally averaged mq4
binding cross-section is parametrically

(UV) Ne_(mG—EB)/T a[’z(zpnlzm) (15)
Ngmy,
which is Boltzmann-suppressed for endothermic binding reactions.

To summarize, ¥y binding is suppressed by entropy for T < A,
and by the endothermic Boltzmann factor for T > A. In fact,
Ny # 1 dark mesons have spin-O ground states and similar scat-
tering properties to w4, so their abundances can be significant.
Constraints arise only from Ny = N dark baryons, with potentially
large elastic scattering cross-sections. Baryon formation proceeds
through a sequence of ¥y-binding reactions, so a mild suppression
of the binding rate at each stage significantly suppresses baryon
formation. This is discussed in detail in [9].

The nearly degenerate Ny = 1 meson spin states wq and pq
are equally populated at high temperatures. If the pq decays only
through kinetic mixing with hypercharge, the only kinematically
allowed decays are to g plus photons or neutrinos. These decays
have lifetime longer than the age of the Universe [21]. Constraints
from direct detection of pq — mq de-excitation in nuclear scat-
tering imply a fractional number-density bound n,;/nz, < 102
[21]. This constraint is endemic to all iDM models coupled to the
Standard Model only through kinetic mixing, and is troublesome if
kinetic decoupling of dark matter occurs before T ~ 100 keV. How-
ever, in CiDM models, pq is de-excited through pq + poq — 74 + 74
scattering, with a large cross section set by the size of the dark
meson, (0, pg—mqmyV) = A~2. For Mz, ~ 100 GeV and A ~ 1 GeV,
this reaction freezes out when exp(—A/Tspin) = py /My S 1073,
where Tgpin S A is the asymptotic spin temperature. After struc-
ture formation begins, up-scattering of mq into pq can occur in
dark matter halos, but the my-mq scattering is endothermic and
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the rate too small to re-populate the pq state to an observable
level today.

Even though the CiDM self-scattering cross-section is large
enough to depopulate the p4 abundance, it is nevertheless con-
sistent with current bounds on dark-matter self-interactions (see
Table I of [22])

o _s cm? [ GeV\? /100 GeV
—~2x107° —( — — .
m g A My,

That is safely beneath the strongest present limits of o/m <
1072 cm?/g.

4. Discussion

The CiDM framework implements iDM in a parametrically novel
manner. There are many generalizations of the model proposed
in this Letter - for example, baryons and weakly coupled bound
states (“atoms”) [23]. Many of these generalizations also naturally
posses large cross sections to de-excite the (O(100 keV) excited
state in the early Universe [21]. In contrast to weakly interacting
iDM models, strongly interacting CiDM naturally leads to low spin
temperatures and avoids de-excitation constraints.

The recoil spectrum predicted by (11) differs from conventional
iDM spectra by a factor o Ep, offering a potential means of dis-
criminating CiDM from iDM through direct detection. Moreover,
specific CiDM models predict the existence of dark matter sub-
components that arise from the small fraction of 74 mesons that
do process into other dark hadrons. Detection of these dark mat-
ter sub-components provides a striking signature of the underlying
dynamics of CiDM [9].

The U(1) 4 discussed in this Letter has purely axial vector cou-
plings to the dark quarks. Other charge assignments give rise to
qualitatively different direct detection signatures, such as admix-
tures of elastic and inelastic scatterings. Many of these alternate
charge assignments generate elastic transitions of dark matter with
distinctive nuclear recoil spectra in addition to the inelastic transi-
tion [24].

DAMA prefers fefr >~ 300 GeV, resulting in my < 30 GeV, well
beneath the energy frontier. Searches at high-intensity eTe~ ma-
chines for CiDM through A’ production of light ¥; matter may
confirm or refute this entire class of models [25]. The coming gen-
eration of collider searches and direct detection experiments will
determine the true nature of DAMA'’s signal, possibly leading to ir-
refutable signatures of dark matter, and may unveil a whole new
sector of physics.
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