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Dark Matter Dilution Mechanism through the Lens of Large-Scale Structure
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Entropy production is a necessary ingredient for addressing the overpopulation of thermal relics. It is
widely employed in particle physics models for explaining the origin of dark matter. A long-lived particle
that decays to the known particles, while dominating the universe, plays the role of the dilutor. We point out
the impact of its partial decay to dark matter on the primordial matter power spectrum. For the first time, we
derive a stringent limit on the branching ratio of the dilutor to dark matter from large scale structure
observation using the sloan digital sky survey data. This offers a novel tool for testing models with a dark
matter dilution mechanism. We apply it to the left-right symmetric model and show that it firmly excludes a
large portion of parameter space for right-handed neutrino warm dark matter.
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Introduction.—The nature of dark matter (DM) is a
tantalizing puzzle about our universe and new elementary
particle(s) are arguably the most compelling DM candi-
dates. Their nongravitational interactions may establish
thermal contact with the known particles in the early
universe and dynamically produce the observed DM relic
density.

The famous example of this kind is the weakly-interacting
massive particle “WIMP miracle,” where the DM mass is
pinned around the electroweak scale by the freeze-out
mechanism [1]. Going to smaller masses sometimes requires
the existence of a new light dark force carrier, leading to the
“dark-sector” theories [2]. Alternatively, if the mediator
remains heavy, a light DM particle would freeze-out rela-
tivistically. If nothing else happens, such relic will either
overclose the universe or remain too hot for structure
formation. Moreover, excessive DM production could take
place via feeble processes [3,4]. An attractive mechanism for
addressing such overabundance problems resorts to late time
entropy production, injected by the decay of a long-lived
particle [5-21], often referred to as the “dilutor.” Such a
dilution mechanism has been utilized in a wide variety of
theory contexts, e.g., sterile neutrino DM from gauge
extensions [9,10,18], gravitino DM via freeze in or out
production [6,7,21], and glueball DM [14].

In this Letter, we point out and investigate an important
aspect of generic DM dilution mechanisms—the
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(subdominant) decay of the dilutor into DM. Such channels
hamper the goal of diluting the DM relic density and are
often omitted in simplified analyses. However, they do arise
in well-motivated ultraviolet complete theories, either at
tree level or via radiative corrections, with its branching
ratio fixed by the theory structure. This ratio serves as a key
parameter that characterizes the dilution mechanism.

Our main result is to show that DM produced by the
dilutor decay is typically energetic and can have a profound
impact on the primordial matter power spectrum. We show
that the existing large scale structure (LSS) data already
constrain the branching ratio of this decay mode to percent
level. This is a general result and serves as a goalpost for
various DM dilution mechanisms. A concrete example of
right-handed neutrino DM from the minimal left-right
symmetric model (LRSM) [22-24], will be discussed.

Entropy dilution for relic density.—Hereafter, we refer to
the DM as X and the dilutor as Y. Both are in thermal
equilibrium with the visible sector at early times and
decouple relativistically at similar temperatures. This
makes their initial abundances equal, barring spin factors.
The correct DM relic density is obtained if the dilutor Y
is sufficiently long-lived, becomes nonrelativistic, and

FIG. 1. Schematic illustration of the DM dilution mechanism:
relativistic freeze-out, dilutor matter domination, entropy injec-
tion (dashed red line), and DM repopulation (solid green line).
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dominates the energy density before decaying away, as
shown in Fig. 1.
The dilutor Y reheats the universe by decaying into the
visible final states “SM,” however, it can also decay into X,
Y - SM, Y — nX(+mSM), (1)
where n,m € Z* count the multiplicity of X and SM
particles, respectively. The first decay channel dumps
entropy into the visible sector and dilutes the primordial
thermal population of X. The second channel, whose
branching ratio is given by Bry, produces a secondary
nonthermal population of X that repopulates DM and
contributes to its final relic density. The bracket in (1)
includes the possibility that the secondary channel is
completely dark, without any “SM” in the final state. In
the absence of extended dark sectors, the branching ratio of
the first channel is 1 — Bry.

After dilution, DM becomes nonrelativistic with the relic
abundance [9,10]

m 1 GeV 1 sec
Qy ~0.26(1 4 nBry) (1 k;‘\}) ( - ) — @
Y Y

derived under the sudden decay approximation [5]. See the
supplemental material [25] for more details. Using
H(Tgry)ty = 1, Y reheats the universe to a temperature

1 MeV m
Ty =~ ( ! ) (3)

g*<TRH)1/4 106mx

where the lifetime of Y is determined by my/my from (2).
For successful big-bang nucleosynthesis (BBN), we need
Try > MeV, which requires a large hierarchy between the
dilutor and DM masses my > my.

Such scenarios feature two distinct populations of X: the
primordial and the secondary one. The thermal primordial
component gets cooled by entropy production from Y
decays below the photon temperature. Conversely, the
secondary X’s are more energetic and carry the energy
on the order of my/(n+ m)> Ty, where Ty is the
temperature of the primordial X. We assume that X remains
collisionless after Y decay.

Consider the phase space distribution of X particles,
fx(x, 1), which is a function of time ¢ and x = Ey/Tx. With
this convention, the fy(x,t) satisfies

py ()T yBry Tx
my my
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where w = Ex/my. The g(w) function is the distribution of

the energy fraction carried by X in the rest frame of Y. Its

form is model dependent and normalized to [ dwg(w) = n.

Averaging the energy over g(w) gives

TABLEIL The energy fraction distribution g(w), taken away by
X in the rest frame of Y, and its integrals n = [ g, y = [wg. The
first row applies to the LRSM, where a single X (n =1) is
produced via a three-body decay. The second corresponds to a
long-lived scalar, where ® — XX produces two DM states
(n = 2), with 6 being the Dirac delta function.

n g(a)) wmax y
LRSM I 160’(3-40) 1/2  7/20
Long-lived scalar 2 25(w —1/2) e 1
y= [ doago) 5)

which characterizes the energy fraction carried by X in the
Y — nX(+mSM) decay.

For concreteness we consider the two models:

(1) the LRSM, where X is the lightest right-handed
neutrino N and Y is a heavier N,, which undergoes a three-
body decay into N, plus two charged leptons, mediated by
the Wr gauge boson [9,10,18];

(2) a long-lived scalar ® with a partial decay width into
two fermionic DM. ® may be incarnated as a modulus field
in supersymmetric theories [6,26].

The corresponding ¢ functions and n, y integrals are
summarized in Table I. The masses of final-state charged
leptons are neglected here.

The time dependence in the energy density py can be
computed by solving the coupled Boltzmann equations

py +3Hpy = —Typy, (6)
px +4Hpx = yBryI'ypy, (7)

psm + 4Hpsy = (1 — yBrx ) Lypy, (8)
where pgy 1s the energy density carried by relativistic
visible particles and H?> = 8zGy(py + px + psm)/3 is the
Hubble parameter. This set of equations applies for non-
relativistic Y, while the X population remains ultrarelativ-
istic. We neglect the temperature dependence of g, in
Eq. (8). Defining { = In a to keep track of time, the fy can
be solved as

1 27[2FyBrX Ty
P /%mo ( ) ®)

as illustrated in Fig. 2. The first term of (9) is the primordial
Fermi-Dirac distribution of X and the second is the non-
thermal repopulation of X, where the ¢ integral goes from
T = my/10 to t = 107y that covers the entire period of
Y decay.

The secondary component of X has a significantly
smaller occupancy, but carries more energy and thereby

fx(x) =
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FIG. 2. Phase space distribution of ultrarelativistic X. The blue
and orange curves correspond to the two models listed in Table 1.
Solid (dashed) curve corresponds to my = 10 keV, my =
100 GeV (my = 1 PeV), while Bry = 0.1 for all cases.

affects structure formations. The shape of the secondary
component is roughly independent of my. This follows
from Egs. (2) and (3), where the relic density requires the
scaling my ~ 1/,/7y and the reheating temperature is set by

the Hubble time Try ~ VH ~ 1/ \/Ty- Immediately after
Y — X decay, Ex Smy and Ty ~ Try. As a result, the
kinematic endpoint X, ~ my/Try is held constant for
fixed my, irrespective of my or zy.

Imprint on the matter power spectrum.—Let us begin
with a simple heuristic understanding of how the matter
power spectrum is affected, which we then sharpen by a
thorough numerical study. The secondary population of X
becomes nonrelativistic when the photon temperature
drops to

Txg ~ 1 eV(n+m)g, (Try)'/'2, (10)

which is rather low for n + m ~ O(1) and nearly indepen-
dent of g,. Above Tyr, the DM fluid is made of the
nonrelativistic primordial and the relativistic secondary
component. The energy density of the latter is more
important at temperatures above Tygr/Bry. In this regime,
the effective sound speed of the X fluid is large, which
interrupts the regular logarithmic growth of density per-
turbations in X. This suppresses the primordial matter
power spectrum P(k) on length scales smaller than the
Hubble radius at temperature Tng/Bry, see Fig. 3.
The resulting P(k) would thus disagree with the LSS
measurements, unless Bry < 1.

We now turn to a quantitative numerical analysis in the
parameter space of my versus my. For each point we first
set the dilutor lifetime 7y using Eq. (2). Next, we determine
the phase space distribution fy with Eq. (9) and evolve
it with crass [27-29] to obtain P(k). We scan over
200 points in the mass range my € (1 keV, 1 MeV) and
my € (1 GeV, 10'® GeV) for both models in Table 1. The
results are shown by the colored curves in Fig. 3, where we

105 T ‘ T

1 WAL
L

104

1000

P(k) [(Mpc/h)*]

100

W‘

0.01 005 0.10 050 1
k [h/Mpc]

FIG. 3. Primordial matter power spectrum in standard ACDM
(black solid curve) and diluted DM models listed in Table I
(colorful curves). Like Fig. 2, we set Bry = 0.1. Data points from
SDSS DR7 LRG and Lyman-a observations are shown in blue
and orange, respectively.

set Bry = 0.1, while the black solid curve is the fiducial
ACDM model.

The experimental data points come from the sloan digital
sky survey (SDSS) DR7 on luminous red galaxies [30]
(blue) and the Lyman-a forest [31] (orange) measurements.
All the curves in scenarios with secondary X share a
common feature with significant deviations from data in the
k 2 0.03 h/Mpc region. These occur at a much lower k
compared to other DM production mechanisms such as
thermal freeze-in [32,33]. This is mainly due to the large
hierarchy between the dilutor and DM mass, required by
Egs. (2) and (3). Based on a simple Ay? fit to the data, we
find that the LSS data from SDSS sets a much stronger
constraint on these scenarios than Lyman-a, making this
probe particularly robust. The conflict with data increases
with Bry, which translates into an upper bound in Fig. 4 for
the two models in Table 1. The result is similar for both
cases and the branching ratio of the dilutor decaying into
DM is constrained to be

Bry < 1%, @95%CL. (11)

This bound is nearly independent of my. It gets slightly
relaxed for larger my, because holding the DM relic density
fixed in Eq. (2) requires the 7y to be shorter, leading to a
higher reheating temperature after the decay of the dilutor.
The corresponding temperature for the secondary DM
component to become nonrelativistic also increases, which
is a g, effect a la Eq. (10). Eventually, this shifts the
deviation of P(k) to a slightly higher k and becomes less
constraining.

The constraint derived here comes predominantly from
the LSS data, which relies only on the evolution of matter
density perturbations in the linear regime. LSS thus
provides a robust test of these models and we expect
similar constraints to apply broadly for models that utilize
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FIG. 4. Upper bound on Bry, the branching ratio of dilutor ¥ decaying into X from the fit to LSS data (SDSS DR7 LRG), for the
LRSM with Y = N,, X = Ny, and along-lived scalar Y = ®. For each point in the my — my parameter space, the Y lifetime is solved by

requiring X to comprise all of the DM in the universe.

the dilution mechanism for addressing the DM relic
density.

Our result can be generalized to initial abundances for Y
and X beyond the relativistic freeze-out. A subthermal
initial population of Y needs to be heavier and/or longer
lived in order to provide the same amount of entropy
injection. The secondary X particles from Y decay are more
energetic and take longer to become matterlike. This
impacts the primordial matter power spectrum down to
even lower k and leads to a more stringent constraint on Bry
than Eq. (11). On the contrary, starting with a smaller
overpopulation of X, the constraint on Bry will be weaker.

Implications for left-right symmetry.—The LRSM is an
elegant framework to accommodate the right-handed neu-
trino N as DM. Gauging the SU(2), x SU(2)gx x U(1)z_,
necessitates three Ns for anomaly cancellation. The lightest
N,, if cosmologically long-lived, is a DM candidate.
Assuming the early universe was sufficiently hot, N,
would be kept in thermal equilibrium with the known
particles by the SU(2); gauge interactions and would
freeze-out relativistically. Late entropy production is then
required to set the relic density of N, to the observed
DM value.

One (or both) of the heavier right-handed neutrinos, N,,
can play the role of the dilutor [9]. In the simplest scenario,
N, decays through the exchange of Wk, in close analogy to
heavy quarks in the standard model,

N, = £q7, N, - N, ¢¢, (12)
where we assumed that my, > m,, such that all leptonic
channels are open. The first channel plays the desired role
of dilution, whereas the second produces energetic N,

particles that affect the matter power spectrum, as discussed
earlier. For N, mass well above the electroweak scale, the
branching ratio for N, — N,£¢" is 1/10. If the mass of N,
is below the top quark mass, the ratio grows to 1/7. Such
values are in complete contradiction with the main findings
of this work in Eq. (11) and Fig. 4. In this scenario, the
entropy dilution mechanism for addressing the DM relic
density is thus firmly excluded.

Such a strong constraint can only be evaded with
additional non-DM decays of Y. The N, could decay via
the SM W, mediated either by N, and light neutrino v
mixing, or the W-Wjy gauge boson mixing. Neutrino
mixing comes about if N, participates in the type-I seesaw
mechanism [34] and is uniquely fixed by Oy,, ~ \/m,/my,
[35]. In the presence of the N,-v mixing alone, we find that
N, must be lighter than the W boson for it to be a long-lived
dilutor [36]. For the W mediated decay channels to
dominate over the Wy mediated ones in order to satisfy
the LSS constraint derived in Eq. (11), we need

My > 55 Tev (e )" 13
We ~ 2 VA TGey ) (13)

where we set m, = \/Am2, ~0.05 eV. On the other hand,
the W-Wp mixing is of order & g ~ M7, /M3, . In this case,
N, must be heavier than the W boson in order to satisty the
LSS constraint. Producing the correct DM relic density
then requires My, > 100 TeV [36].

It is remarkable that in all cases cosmological measure-
ment can set a much stronger limit on the LRSM than the
high-energy colliders [37-39] with the latest limits [40—44]
at My, > 5.6 TeV, and supernova cooling [45]. Another
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way of suppressing the repopulation of DM N; concerns
the flavor structure of the right-handed lepton mixing
matrix and the mass spectrum of N; [10,36].

The AN . prediction.—The secondary X particles from
Y decay contribute to the total energy density of relativistic
fluids in the universe until Twg ~ eV. This could lead to a
deviation of AN from the standard ACDM model. At
early times, such as the BBN era, the contribution to AN
can be derived in terms of parameters of the dilution
mechanism

AN o33 ¥Brx BT
71— yBry \40.(Tgn))

where the yBry/(1 —yBry) factor corresponds to the
energy density ratio of the X fluid and the visible sector,
immediately after Y decay. Assuming the constraint in
Eq. (11) is saturated, we find AN < 0.062. This is too
small to affect the BBN, but might become relevant for
precision cosmological measurements at the future CMB—
Stage 4 [46].

On the lower bound for the DM mass.—Let us comment
on the limit when Bry — 0, i.e., no DM is produced in the
dilutor decay. In this case, all DM in the universe is made of
the primordial X, which follows a thermal distribution, but
has a lower temperature than photons due to entropy
production via Y decay. It depends solely on the DM mass,

(15)

I keV 1/3
TX/T7—0.16( © ) .

my

Because of the lower temperature ratio compared to
alternative production mechanisms, such as the oscillation
production for sterile neutrino DM [47-52], the regular
warm DM constraints are weaker [8§-10,13,16,18]. Lyman-
a [53], Milky Way satellite galaxies [54,55], strong lensing
observations [56], and the phase space of dwarf galaxies
[57-60] set a lower bound on DM mass of several keV.

Outlook.—We explore entropy dilution mechanisms for
DM relic density by pointing out and quantifying the
signature of dilutor decay to DM on the formation of LSS
of the universe. Such a decay mode is common in DM
models and the existing cosmological data can set a
stringent constraint on its branching ratio. Our result mostly
relies on LSS data, which belongs to the linear regime of
structure growth and is thus very robust. It can be further
improved by future LSS surveys [61,62]. It is also highly
complementary to probes of structure formation on small
scales and the cosmic microwave background. Our finding
offers a new tool for testing and distinguishing particle
physics models for diluted DM.
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