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Dynamical Dark Matter: An Explicit Model Brooks Thomas

1. Introduction

Dynamical dark matter (DDM)[J1[] 2] is a new framework for dark-mattergitsy in which
the dark sector comprises an ensemble of individual constituent fieldsnavhich the usual re-
quirement of dark-matter stability is replaced by a balancing between constliigimes and
cosmological abundances across the ensemble as a whole. Such D&kbéshave highly non-
trivial cosmological consequences, including a constantly evolving csitipo of the dark-matter
relic abundance and a time-dependent dark-matter equation off$tate fidition, these ensem-
bles also give rise to characteristic phenomenological signatures whicifsx significantly from
those associated with more traditional dark-matter candidates. In this arteleewew some of
the ways in which DDM ensembles can be distinguished from traditional miatker candidates
experimentally, both at the LH][4] and at the next generation of direetetien experimentg][5].

2. Distinguishing DDM at the LHC

One promising technique for distinguishing DDM ensembles is to examine the Kicatisa
tributions of visible particles produced in conjunction with the constituents videhays of other,
heavier “parent” particleq][4] at the LHC. As an example of how this tearican be applied,
let us consider a concrete example in which the constituent fjglds the DDM ensemble are
gauge-singlet fermions, and in which the theory also contains a heavyarmitt fermiony, which
couples to the, via an effective operator of the form

Lot = Y | pp @ (X) 40| @1

Hereq; denotes a SM quark, is a dimensionless operator coefficiefttis the cutoff scale of the
effective theory,ti‘”} is the generator 08J (3) in the fundamental representation, anand j are
color indices. This operator gives rise to decays of the fgre j j xn, wherej denotes a hadronic
jet. As we shall see, the invariant-mass distribution for the jets producedsa tlexzays can yield
important information about the properties of the dark-matter candidate.

We now examine more explicitly how the invariant-mass distributions associatedith
ensembles differ from those associated with traditional dark-matter cdeslideor concreteness,
we choose to work in the context of a simplified DDM model in which the massspeof the
Xn IS assumed to take the form

My = mp-+n°Am (2.2)

with Am > 0 andd > 0, so that they, are labeled in order of increasing mass. In addition, we
assume that the operator coefficients across the ensemble exhibit alaoveealing of the form

y
My
Ch = C|— | , 2.3
o= o) 2.9
wherey is general power-law exponent. We also assume that thg.thich are kinematically
accessible iny are stable on collider time scales. In Fp. 1, we display a set of invariant-mass
distributions which arise within the parameter space of our simplified DDM modeghparing the
different curves shown in each panel, we see thatiasreases and the couplings of the heayier
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Figure 1. Invariant-mass distributions demonstrating how a DDM emse can be distinguished from
traditional dark-matter candidates. In each panel, theawsthge, green, blue, and purple curves correspond
toy={-2,-10,1, 2}, respectively, while the black curve shows the result foragitional dark-matter
candidate withm, = my.

become significant, two characteristic features emerge within differeimiesg For larged (and/or
Am), multiple distinct mass edges can be resolved within the ovexaltlistribution. By contrast,
for sufficiently smalld (and/orAm), these mass edges are not readily distinguishable; rather, the
invariant-mass distribution assumes a characteristic shape, with no evidenedge and with a
peak shifted to lower values afj;. Both of these features can serve to distinguish DDM ensembles
from traditional dark-matter candidates at colliders, and in particular dthia

In order to quantitatively assess the degree to which the invariant-massuspexssociated
with a given DDM ensemble can be distinguished from that associated withlitidnal dark-
matter candidate, we adopt the following procedure. (For details, sedfRfWe partition the
two distributions into bins with widths given by the invariant-mass resolution ofigtector and
assess the goodness of fit between the two distributions by construckifigtatistic. We then
survey ovem, and take the minimuny? value obtained in this survey to be our final measure
of the distinctiveness of them;; distribution associated with the DDM ensemble. In Hlg. 2, we
display contours of the statistical significance of differentiation obtainediirsonplified DDM
model forNe = 1000 signal events — roughly the event count expected from the paduption
of a i with a TeV-scale mass at thgs = 14 TeV LHC with %, ~ 30 fb~1. Note that a high
significance of differentiation is typically obtained in regions of parametacewithin which
y > 0 andd andAm are both reasonably small. Indeed, these are the regions of paranster sp
within which the characteristic features depicted in ffjg. 1 are particulariygumoced. Asd and
Amincrease, the significance of differentiation remains small even for lgrgave for a narrow
strip of parameter space within which the mass edges associated witlygoatial x; — the only
DDM constituents kinematically accessiblafrdecays for largéd andAm— can be independently
resolved. The results shown in Fjjj. 2 demonstrate that kinematic distribuiomsay an important
role in distinguishing DDM ensembles from traditional dark-matter candidatee 4 HC.

3. Distinguishing DDM at Direct-Detection Experiments

Direct-detection experiments offer another possible method for distinggihidM ensem-
bles [$]. Indeed, characteristic features in the recoil-energy speloserved at these experiments
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Figure 2: Contour plots showing the minimum significance level at Whtice m;; distribution predicted
in our simplified DDM model can be differentiated from theg; distribution predicted in any traditional
dark-matter model. In each panel we have assumed a samplef$izg = 1000 events.

can serve as a basis for distinguishing such dark-matter candidateghieortraditional counter-
parts. For simplicity, we focus on the case in which elastic scattering dominatesdttering rate
for all xj. In this case, the total differential scattering rate is simply the sum of the Sogttates

associated with each individug:

(0) loc
dR OnNj P} >
dEgr ~ 2miug, (Er);(Er)

wherekEr is the recoil energy of the scattered nucleus in the detector frqfﬁ)eis the xj-nucleus
scattering cross-section at zero momentum tranpﬁ%"r,is the local energy density ofj, F(Er)
is a nuclear form factomny is the mass of the scattered nucléjsm; is the mass of;j, Unj =
mymy/(m;j +my) is the reduced mass of thg-nucleus system, anlg (Er) is the mean inverse
speed ofy; in the dark-matter halo for a givefr.

As with the collider analysis presented in SEft. 2, we examine the direct-detphgaomenol-
ogy of DDM ensembles within the context of a simplified DDM model. In this modelnthss
spectrum is taken to have the same form as in Eq. (2.2), and the presemtfidapbundance®;
and the effectivg(j-nucleon coupling coefficienty; each exhibit a power-law scaling of the form

Qj = Qo <mj)> ;o fhj = fo (m(‘)> , (3.2)

with respective power-law exponertisand3. Moreover, for concreteness, we adopt a benchmark
set of standard assumptions about the additional particle-physicqtastics, and nuclear-physics
considerations which impact the differential recoil rate. The interactibesich x; are taken to

be isospin-conserving and isotropic. The total local dark-matter defisitgken to bep/S° ~

0.3 GeV/en?, and we assume thax}OC/pt'gtC = Qj/Qo for all xj. The velocity distribution of
particles in the dark-matter halo is taken to be Maxwellian, and the local cirealacity and
galactic escape velocity are taken tovgex 220 kny's Vesc~ 540 kny's, respectively. The nuclear
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Figure 3: Recoil-energy spectra associated with DDM ensemblesstagtelastically off of a xenon target.
The different curves displayed in each panel correspondffierent values ofAm. Note that theAm — o
limit indicated by the dashed black curve corresponds t@dittonal dark-matter candidate with a mass
my = mg. The dotted black horizontal line indicates a reasonalilmase of the recoil-energy spectrum for
background events at the next generation of liquid-xenoeaters.

form factorF (Eg) is taken to have the Helm functional form. A variety of departures from this
standard benchmark can have an impact on recoil-energy spectraveipwur aim here will be

to focus on the effect of replacing a traditional dark-matter candidate vidtibi ensemble while
holding all other aspects of this benchmark fixed.

In Fig. B, we display the recoil-energy spectra obtained for our simplifietDiodel for
scattering off a xenon target for several different choices of mpaelmeters. Note that for small
values ofmy andAm the contributions from multiple differery; in the “low-mass regimein; <
20 GeV conspire to produce a distinctive ogee-shaped curve. Similarbgases wherédm is
large and all of they; with j > 1 lie within the opposite, “high-mass” reginm; 2 20 GeV, an
equally distinctive kink appears in the recoil-energy spectrum. By cdntedenmy is large and
all of the x; lie within the high-mass regime, the shapes of the recoil-energy spectra ddfap
appreciably from those associated with traditional dark-matter candidates. is because the
individual contributions to the recoil-energy spectrum frggin the high-mass regime do not
depend sensitively om;.

In order to assess more quantitatively the potential for differentiating leet®@®M ensembles
and traditional dark-matter candidates, we examine the statistical signifiohdiferentiation at
a hypothetical dual-phase xenon detector with attributes similar to those tejec XENONLT
and future phases of the LUX experiment. (For more details, see [Ref. Fslr concreteness,
we adopt a benchmark value NE = 1000 total signal events after five live years of running. In
Fig. B, we display contours of the statistical significance of differentiatoroéir DDM ensemble
in (mp,Am) space. The results shown indicate that there are two primary regions ih eigh
statistical significance of differentiation is obtained. The first is the regibare{my, Am} <
30 GeV, within which the characteristic ogee shape indicated ifFig. 3 adsesfficiently small
B. The second is the region where 5 G&\Wry < 20 GeV, butAmis somewhat larger, in which a
discernible kink appears in the recoil-energy spectrum, as discuseeel. ab



Dynamical Dark Matter: An Explicit Model Brooks Thomas

1000

1000

100+

Am [GeV]
Am [GeV]
Am [GeV]

a=-1.5
p=-2
6=0.75

a=-1.5

6=0.75

1 1 — -
1 10 100 1000 1 10 100 1000 1 10 100 1000
my [GeV] my [GeV] my [GeV]

Figure 4: Contour plots showing the significance level at which th@ileenergy spectrum associated with

a DDM ensemble can be distinguished from that associatdécawttraditional dark-matter candidate which

gives rise to the same total event rate at our hypotheticatgeneration direct-detection experiment. The
colored regions shown correspond to the same significates/ats as in Figﬂz.

4. Conclusions

In this article, we have reviewed several characteristic signatures tdniiddl ensembles
give rise and examined the prospects for distinguishing these ensentntedréditional dark-
matter candidates on the basis of such signatures. We have focuseahhenearticular set of
signatures at the LHC and at the next generation of direct-detectioni@ends, but we emphasize
that a wide variety of additional possibilities for experimentally distinguishingvD&hsembles
remain to be explored.
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