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Planck Collaboration: Cosmological parameters
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Fig. 40. 2-dimensional marginal distributions in the pann–ns
plane for Planck TT+lowP (red), EE+lowP (yellow), TE+lowP
(green), and Planck TT,TE,EE+lowP (blue) data combinations.
We also show the constraints obtained using WMAP9 data (light
blue).

We then add pann as an additional parameter to those of the base
⇤CDM cosmology. Table 6 shows the constraints for various
data combinations.

Table 6. Constraints on pann in units of cm3 s�1 GeV�1.

Data combinations pann (95 % upper limits)

TT+lowP . . . . . . . . . . . . . . . . . < 5.7 ⇥ 10�27

EE+lowP . . . . . . . . . . . . . . . . . < 1.4 ⇥ 10�27

TE+lowP . . . . . . . . . . . . . . . . . < 5.9 ⇥ 10�28

TT+lowP+lensing . . . . . . . . . . . < 4.4 ⇥ 10�27

TT,TE,EE+lowP . . . . . . . . . . . . < 4.1 ⇥ 10�28

TT,TE,EE+lowP+lensing . . . . . . < 3.4 ⇥ 10�28

TT,TE,EE+lowP+ext . . . . . . . . . < 3.5 ⇥ 10�28

The constraints on pann from the Planck TT+lowP spec-
tra are about 3 times weaker than the 95 % limit of pann <
2.1 ⇥ 10�27 cm3 s�1 GeV�1 derived from WMAP9, which in-
cludes WMAP polarization data at low multipoles. However, the
Planck T E or EE spectra improve the constraints on pann by
about an order of magnitude compared to those from Planck TT
alone. This is because the main e↵ect of dark matter annihila-
tion is to increase the width of last scattering, leading to a sup-
pression of the amplitude of the peaks both in temperature and
polarization. As a result, the e↵ects of DM annihilation on the
power spectra at high multipole are degenerate with other param-
eters of base ⇤CDM, such as ns and As (Chen & Kamionkowski
2004; Padmanabhan & Finkbeiner 2005). At large angular scales
(` . 200), however, dark matter annihilation can produce an
enhancement in polarization caused by the increased ionization
fraction in the freeze-out tail following recombination. As a re-
sult, large-angle polarization information is crucial in breaking
the degeneracies between parameters, as illustrated in Fig. 40.
The strongest constraints on pann therefore come from the full
Planck temperature and polarization likelihood and there is little
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Fig. 41. Constraints on the self-annihilation cross-section at re-
combination, h�3iz⇤ , times the e�ciency parameter, fe↵ (Eq. 81).
The blue area shows the parameter space excluded by the Planck
TT,TE,EE+lowP data at 95 % CL. The yellow line indicates the
constraint using WMAP9 data. The dashed green line delineates
the region ultimately accessible by a cosmic variance limited ex-
periment with angular resolution comparable to that of Planck.
The horizontal red band includes the values of the thermal-relic
cross-section multiplied by the appropriate fe↵ for di↵erent DM
annihilation channels. The dark grey circles show the best-fit
DM models for the PAMELA/AMS-02/Fermi cosmic-ray ex-
cesses, as calculated in Cholis & Hooper (2013) (caption of their
figure 6). The light grey stars show the best-fit DM models for
the Fermi Galactic centre gamma-ray excess, as calculated by
Calore et al. (2014) (their tables I, II, and III), with the light
grey area indicating the astrophysical uncertainties on the best-
fit cross-sections.

improvement if other astrophysical data, or Planck lensing, are
added.30

We verified the robustness of the Planck TT,TE,EE+lowP
constraint by also allowing other extensions of ⇤CDM (Ne↵ ,
dns/d ln k, or YP) to vary together with pann. We found that the
constraint is weakened by up to 20 %. Furthermore, we have ver-
ified that we obtain consistent results when relaxing the priors
on the amplitudes of the Galactic dust templates or if we use the
CamSpec likelihood instead of the baseline Plik likelihood.

Figure 41 shows the constraints from WMAP9, Planck
TT,TE,EE+lowP, and a forecast for a cosmic variance limited
experiment with similar angular resolution to Planck31. The hor-
izontal red band includes the values of the thermal-relic cross-
section multiplied by the appropriate fe↵ for di↵erent DM anni-
hilation channels. For example, the upper red line corresponds to
fe↵ = 0.67, which is appropriate for a DM particle of mass m� =
10 GeV annihilating into e+e�, while the lower red line corre-
sponds to fe↵ = 0.13, for a DM particle annihilating into 2⇡+⇡�
through an intermediate mediator (see e.g., Arkani-Hamed et al.
2009). The Planck data exclude at 95 % confidence level a ther-

30It is interesting to note that the constraint derived from Planck
TT,TE,EE+lowP is consistent with the forecast given in Galli et al.
(2009), pann < 3 ⇥ 10�28 cm3 s�1 GeV�1.

31We assumed that the cosmic variance limited experiment would
measure the angular power spectra up to a maximum multipole of
`max = 2500, observing a sky fraction fsky = 0.65.
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Figure 3.8: Currently excluded parameter space for a light scalar with Yukawa-like couplings.

a previous proton fixed target experiment, is shown. The treatment of the experimental contraints
in order to arrive at these bounds has been identical to the treatment in [232] with the di↵erence
that pseudoscalars2have been considered there. In practice this means that the flavour changing
couplings as well as the branching ratios and total width had to be adapted to the scalar case.

3.2.2 What SHiP can do

The main production mechanism for light scalars with Yukawa-like couplings at SHiP comes from
B-meson and kaon decays. Note that although very light scalars are predominantly produced via
kaon decays due to the larger production cross section of kaons, SHiP is designed such that kaons
will typically be stopped in the target before decaying, so that the fraction of scalars emitted in
the direction of the detector is much smaller. We estimate the fraction of kaons which decay before
absorption and therefore contribute to the production of scalars boosted towards the detector to
be 0.2%.

To estimate the number of scalars produced in kaon and B-meson decays we first estimate the
total number of kaons and B-mesons produced, using NB,K = NPoT�B,K/�pN with �pN the total
cross section for proton nucleon collisions and NPoT = 2 ·1020 the total number of protons on target
for SHiP. We take �pN ⇠ 10 mb and assume �K = 20mb and �B = 3.6nb, such that in total about
8 · 1017 kaons and 7 · 1013 B mesons will be produced.

The number of scalars produced in B-meson decays is then simply given by NS = NB⇥BR(B !

2Pseudoscalars are considered in Chapter 5 where one can also find some more details on the employed procedure.
Comparing Figs. 3.9 and 5.2 we find that the di↵erence in parity has only a subdominant e↵ect.

Alekhin et. al. 1504.04855 
h�

⇥

Higgs Portal Scalar Mediator
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FIG. 7. Constraints on a light scalar coupling to muons in the mS − gµµS plane. The orange band

indicates the region of parameter space where the current (g − 2)µ discrepancy [67, 68] is below

2σ. The red shaded region above this band is excluded since here the (g − 2)µ discrepancy is

larger than 5σ. Also shown are limits from Supernova 1987A (gray shaded) [75, 76], SLAC beam

dump E137 (blue shaded) [75–77], BaBar (purple shaded) [85], and CMS (light purple shaded) [87].

We furthermore indicate the projected sensitivity of several proposed experiments and/or analyses,

including COMPASS (blue dot-dashed line) [83, 84], SHiP (blue solid line) [78], FASER (blue

dashed line) [79, 80], NA64-type muon beam fixed target (green solid line) [69], Fermilab muon

beam fixed target (green dashed) [69], Belle-II (purple dashed line) [88], and HL-LHC (light purple

dashed line). Assuming a coupling of the scalar to dark matter, the black dashed line indicates

where the annihilation rate to muons is equal to the canonical thermal relic value, ⟨σv⟩ = 3×10−26

cm3 s−1 for mχ = (1/2)(mµ+mS) and yχ < 4π. Finally, the region below the dark brown solid line

(light brown solid line) is natural according to the EFT criterion (renormalizable model criterion

including electroweak precision) presented in Eq. (51) (Eq. (26,58)). A 500 GeV cutoff scale is

assumed.

30

Heavy vectolrike leptons mix with muon, to generate mediator coupling
Mediator enables DM > muon annihilation

(if direct annihilation)
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Photoproduction of axion-like particles
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We explore the sensitivity of photon-beam experiments to axion-like particles (ALPs) with QCD-
scale masses whose dominant coupling to the Standard Model is either to photons or gluons. We
introduce a novel data-driven method that eliminates the need for knowledge of nuclear form factors
or the photon-beam flux when considering coherent Primako↵ production o↵ a nuclear target, and
show that data collected by the PrimEx experiment could substantially improve the sensitivity
to ALPs with 0.03 . ma . 0.3GeV. Furthermore, we explore the potential sensitivity of running
the GlueX experiment with a nuclear target and its planned PrimEx-like calorimeter. For the
case where the dominant coupling is to gluons, we study photoproduction for the first time, and
predict the future sensitivity of the GlueX experiment using its nominal proton target. Finally, we
set world-leading limits for both the ALP-gluon coupling and the ALP-photon coupling based on
public mass plots.

Axion-like particles (ALPs) are hypothetical pseu-
doscalars found in many proposed extensions to the
Standard Model (SM), since they naturally address the
Strong CP [1–4] and Hierarchy problems [5]. Further-
more, ALPs may explain the muon magnetic moment
anomaly [6, 7], and could connect SM particles to dark
matter by providing a portal [8–11]. The couplings of
ALPs to the SM are highly suppressed at low energies
by a large cut-o↵ scale ⇤; however, since ALPs, a, are
pseudo-Nambu-Goldstone bosons, their mass (ma) can
be much smaller than the scale that controls their dy-
namics, i.e. ma ⌧ ⇤ . Recently, ALPs with MeV-to-GeV
scale masses, henceforth QCD scale, have received con-
siderable interest [7, 12–23] (see, in addition, Refs.[24–28]
for recent ALP reviews).

In this Letter, we explore the discovery potential
of photon-beam experiments for ALPs with QCD-scale
masses. Specifically, we consider two cases: ALPs whose
dominant coupling to SM particles is to photons or to glu-
ons. For the former, the best sensitivity involves coherent
Primako↵ production o↵ a nuclear target (see Fig. 1 top).
While ALP production using the Primako↵ process has
been studied before [7, 29], our work is novel in three
aspects: (i) we introduce a fully data-driven ALP nor-
malization method, which eliminates the need for knowl-
edge of nuclear form factors or the photon-beam flux;
(ii) we show that data collected by the PrimEx ex-
periment at Je↵erson Lab could substantially improve
the sensitivity to ALPs with 0.03 . ma . 0.3GeV,
in fact, we are able to set world-leading limits from a
diphoton mass plot published in Ref. [30] from a sin-

⇤Electronic address: daniel.aloni@weizmann.ac.il
†Electronic address: cfanelli@mit.edu
‡Electronic address: yotam.soreq@cern.ch
§Electronic address: mwill@mit.edu

FIG. 1: (top) Primako↵ production via t-channel photon
exchange, and (bottom) photoproduction via photon–vector-
meson mixing and t-channel vector-meson exchange.

gle angular bin; and (iii) we explore for the first time
the potential sensitivity of running the GlueX exper-
iment at Je↵erson Lab with a nuclear target and its
planned PrimEx-like calorimeter. For the case where the
dominant SM coupling of ALPs is to gluons, we extend
our work in Ref. [31] and study photoproduction for the
first time. The dominant photoproduction mechanism is
photon–vector-meson mixing and t-channel vector-meson
exchange (see Fig. 1 bottom). We obtain the future sen-
sitivity of the GlueX experiment using its nominal pro-
ton target, and set world-leading limits based on a public
mass plot.
The e↵ective Lagrangian describing the interactions of

ALPs with photons and gluons is

Le↵ � c�
4⇤

aFµ⌫ F̃µ⌫ � 4⇡↵scg
⇤

aGµ⌫G̃µ⌫ , (1)

where Fµ⌫ (Gµ⌫) is the photon (gluon) field strength ten-
sor with F̃µ⌫ = 1

2✏µ⌫↵�F
↵� (G̃µ⌫ satisfies a similar ex-

pression). Our approach to studying ALP-hadron in-
teractions follows Refs. [32–34], and we take the ALP-
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2

pseudoscalar mixing, along with the ALP lifetime and
branching fractions, directly from Ref. [31]. The two sce-
narios considered in this Letter correspond to cg = 0,
c� = 1 and cg = 1, c� = 0; however, we stress that our
results can be generalized to any other set of ALP cou-
plings to the SM particles (see Ref. [31]).

First, we consider the case where the dominant ALP-
SM coupling is to photons. When a photon beam
is incident on a nuclear target, the production of
pseudoscalars—either the mesons P = ⇡0, ⌘ or ALPs—at
forward angles is dominantly via the coherent Primako↵
process for ma,P . 1GeV. The di↵erential cross section
for elastic coherent Primako↵ production from a nucleus,
N , is given by

d�elastic
�N!aN

dt
=↵Z2

NF 2
N (t)�a!��H(mN ,ma, s, t) , (2)

where t and s are the Mandelstam variables, FN is the
nuclear form factor (see the Supplemental Material [35]
to this Letter and Refs. [36–38]), �a!�� = c2�m

3
a/(64⇡⇤

2)
is the partial decay width of the decay a ! ��, and

H(mN ,ma, s, t) ⌘ 128⇡
m4

N

m3
a

⇥ m2
at(m

2
N + s)�m4

am
2
N � t((s�m2

N )2 + st)

t2(s�m2
N )2(t� 4m2

N )2
. (3)

For pseudoscalar mesons, the corresponding di↵erential
cross section is obtained by the replacement a ! P .

For small values of t (forward angles), where elastic
coherent Primako↵ production is dominant, the nuclear
form factor dependence can be canceled by forming the
ratio of the ALP and P di↵erential cross sections as fol-
lows:

d�elastic
�N!aN

dt
=

�a!��

�P!��

H(mN ,ma, s, t)

H(mN ,mP , s, t)

d�elastic
�N!PN

dt
. (4)

Therefore, the ALP yield—up to a factor of the model pa-
rameters (c�/⇤)2—can be determined from the observed
⇡0 and/or ⌘ Primako↵ yields, making this a completely
data-driven search. The nuclear form factor does not
need to be known, and the photon flux also cancels us-
ing our approach. A correction must be applied to ac-
count for any mass dependence in the detector e�ciency
at fixed t and s, though this should be easy to obtain
from simulation given that the a ! �� decay distribution
is known (it must be uniform in the a rest frame). Fi-
nally, we note that quasi-elastic ALP Primako↵ produc-
tion can be estimated using a similar approach; however,
this production mechanism is negligible in the ma range
considered here (see the Supplemental Material [35]).

The first run of the PrimEx experiment was in Hall B
at Je↵erson Lab in 2004 [30]. Data were collected on both
C and Pb targets using a 4.9–5.5GeV photon beam and a
high-resolution multichannel calorimeter, which allowed
PrimEx to make the most precise measurement to date
of the ⇡0 ! �� decay width. The integrated luminosities
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FIG. 2: The PrimEx (blue) and GlueX (red) projections
for the ALP-photon coupling (c� = 1, cg = 0) compared
to the current bounds [15, 39–41] and projections of NA62,
SeaQuest, Belle 2, SHiP and FASER [13, 42–44]. In addition,
a new limit is set (dark blue shaded regions) using the pub-
lished m�� spectrum from one angular bin of carbon-target
PrimEx data from Fig. 2 of Ref. [30].

were 0.3/pb for C and 0.002/pb for Pb. A follow-up
run of PrimEx was performed in 2010, which collected
0.4/pb on C and 0.3/pb on Si, though only preliminary
results have been produced thus far from this data set.
Reference [30] published the diphoton mass spectrum

near the ⇡0 peak for one forward angular bin from the
C data obtained in the first PrimEx run (see Fig. 2 of
Ref. [30]). The diphoton e�ciency is roughly constant
within such a small angular and mass window; there-
fore, using the observed ⇡0 yield in the published peak
(⇡ 5100) and the background yield at each m�� , we can
use Eq. (4) to place constraints on ⇤ for c� = 1 and
cg = 0. For example, at ma = 0.11GeV the background
in a ±2� window is ⇡ 300 giving a rough estimate of the
sensitivity to the ALP yield of ⇡ 2

p
300. Using Eq. (4)

we estimate this corresponds to ⇤ ⇡ 0.6TeV, which is
comparable to the world-leading constraint from LEP at
this mass [15, 39]. In the Supplemental Material [35], we
perform a more rigorous study of this spectrum, the re-
sults of which are shown in Fig. 2 and confirm that this
small fraction of the PrimEx data sample provides com-
petitive sensitivity to LEP—and even gives world-leading
constraints at a few masses.
To estimate the sensitivity of each PrimEx data sam-

ple, i.e. not just the one bin shown in Fig. 2 of Ref. [30],
we need to determine the mass dependence of the e�-
ciency and to estimate the background versus m�� in
each sample. A detailed description of this part of the
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FIG. 3: The GlueX projection for the ALP-gluon coupling
(c� = 0, cg = 1) compared to the current bounds [31] from
LEP [15, 39] and kaon decays [14, 62–64]. In addition, a new
limit is set using the published m�� spectrum from ⇡ 1/pb of
GlueX data from Fig. 3 of Ref. [58].
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1) P-Wave Annihilation
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3) Mediator Decays to Neutrinos



Asymmetric Dark Matter

Large particle/antiparticle asymmetry is safe from CMB

Familiar vector mediators can now work for < GeV asymmetric DM
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decays, and (yellow) electron on fixed target experiments. The constraint derived from (g � 2)e is
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Figure 5. Constraints derived on B�L decays to SM final states using the same experimental
color scheme as in Fig. 4. The (orange) invisible constraints also apply to B�L due to its coupling
to neutrinos. The grey constraints are from Borexino [96, 97], Texono [92, 98], CHARM-II [92, 99],
and from SPEAR, DORIS, and PETRA [100, 101].
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gauge boson with gauge coupling gµ�e = ✏ e. Additional constraints from supernova cooling and BBN
are not shown (see Sections 3.6 and 3.7).

4.2 U(1)Lµ�Le

For this and all the following gauged lepton family number groups one main difference is the weaken-
ing of all hadronic collider, beam dumps and fixed target experiments, since the only interaction with
hadrons is via a loop-suppressed kinetic mixing. Electron beam dumps are favorable to explore very
small couplings. The upper boundaries of the beam dump limits are significantly less affected, because
this boundary arises from the premature decay of the produced particles in the shielding. It therefore
mostly depends on the total decay width and is less sensitive to the production. Here, a favorable geome-
try is more important. Strong limits from neutrino experiments lead to additional constraints. Especially
strong constraints arise from Super-K [11] due to the non-universal coupling of neutrinos to matter that
modify the neutrino oscillations and the scattering of electron neutrinos in TEXONO [8].

Future interesting probes may be provided by SHiP (in the region where it benefits from a suitable
geometry and a high boost factor), Belle-II, DUNE and NA64µ. The reach for small couplings in SHiP
and NA64µ is slightly diminished above the pion and the muon threshold, respectively.
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gauge boson with gauge coupling gµ�⌧ = ✏ e. Additional constraints from supernova cooling are not
shown (see Section 3.6).

4.4 U(1)Lµ�L⌧

This group exhibits the biggest changes compared to the case of pure kinetic mixing, due to suppressed
couplings to hadrons and electrons. The best current limits arise from experiments and observations that
only require one kinetic mixing factor. In addition, there is the BBN limit from [14].11 Importantly, we
note that there is still room for an explanation of the (g � 2)µ anomaly [13]12. This makes it particularly
attractive for future experimental probes. While SHiP will cover a large region of parameter space it
will not reach the area suggested by (g � 2)µ. This area will be probed by COHERENT [113] but
most decisively by the proposed muon run of NA64µ [18, 52]. The additional region of projected SHiP
sensitivity for MA0 > 2mµ is a consequence of high statistics and the unsuppressed Br(A0

! µ
+
µ
�
).

11For this limit we show the coupling range displayed in [14] as solid. For weaker couplings the region is hatched. A
determination of the decoupling of the gauge boson in the early universe would require a more sophisticated analysis.

12For similar discussions around flavor-changing couplings we refer to [128, 129].
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FIG. 3. The left side shows constraints on the kinetic mixing parameter, ✏, versusm , with� chosen to match the observed relic
density and ↵d = 0.1. Annihilation to SM states dominates over forbidden channels in the upper gray region, and the dark sector
is thermally decoupled from the SM in the lower gray region. Limits are shown from beam dump experiments (orange) [50–54],
supernovae cooling (blue) [50, 55], Planck (purple) [15, 56], and direct detection (pink) [57–59]. The dashed brown (black)
curves show the projected reach of SuperCDMS SNOLAB [2] (electron scattering [60]). The red shaded area (dashed curve)
shows the approximate sensitivity of current observations to DM self-interactions, �SI/m & 1 (0.1) cm2/g [19, 20, 38–41].
The right side shows constraints on the dark sector when it is thermally decoupled from the SM. In the upper gray area
4 ! 2 dominates over forbidden annihilations. In the lower gray area DM is overabundant. The red shading and dashed
curve represent the same values for the self-interaction cross section as in the left panel. In the purple shaded area the DM mass
is too small to be simultaneously consistent with the Pauli exclusion principle and the densities observed in dwarf spheroidal
galaxies [35–37].

photon plasma from Ref. [56]. The CMB limit supersedes
the present reach of di↵use gamma and X-ray observa-
tions [64].

Kinetic mixing also allows DM to scatter against nu-
clei, as in the fourth diagram of Fig. 1. The DM-nucleon
cross section is [24],

� N ⇡ ✏
2

16⇡↵↵dµ
2
 p

m4
�d

Z
2

A2
, (8)

where µ p = m mp/(m + mp) is the reduced mass of
DM and the proton. In Fig. 3, we show the strongest
present limits from direct detection, which, moving from
heavier to lighter DM mass, come from LUX [58], Super-
CDMS Soudan [59], and CDMSlite [57]. We also show
the projected sensitivity of SuperCDMS SNOLAB [2],
which will probe a significant fraction of parameter space.
DM can also scatter against electrons and we show the
estimated reach of a future germanium detector [60], al-
though it is superseded in this model by the Planck con-
straint.

Thermally Decoupled Dark Sector: We now con-
sider the possibility that the dark sector is thermally de-
coupled from the SM during freeze-out, ✏! 0. Our treat-
ment of the relic density assumes that the dark photons
remain in equilibrium during freeze-out, with zero chemi-
cal potential, as happens if the dark photons are thermal-
ized with radiation. In the ✏! 0 limit, we assume there
is dark radiation, n, that couples to the hidden photon,

L � qngd n̄�µn �
µ
d (9)

where mn ⌧ m and qn ⌧ 1 is the charge of n under
the dark force. We assume that qn is large enough to
keep �d in equilibrium with n but small enough to pre-
vent   ! nn̄ decays from dominating over forbidden
annihilations. A large range of parameters satisfies these
conditions, 10�10 . qn . 10�4. For mn . 1 eV, n is a
warm, subdominant, component of DM that contributes
less than 10% of the DM energy density, satisfying con-
straints on warm DM [32].

In general, the dark sector has a di↵erent tempera-
ture than the SM when the two sectors are thermally
decoupled. We assume that the two sectors begin with
a common temperature above the weak scale, T0 & v.
Then, the relative temperatures of the two sectors is de-
termined by the requirement that they separately con-
serve entropy [65],

Tdark

TSM
=

✓
g

SM
⇤S (TSM )

g
SM
⇤S (T0)

g
dark
⇤S (T0)

g
dark
⇤S (Tdark)

◆1/3

. (10)

In our model, the hidden sector becomes cooler than the
SM because more states freeze-out in the SM sector. At
low temperatures, T ⌧ m , Tdark ⇡ 0.5 TSM . Because of
the smaller dark temperature, the hidden sector is con-
sistent with constraints on the number of relativistic de-
grees of freedom from BBN [30, 31] and the CMB [15],
including when m ⌧ TBBN ⇠ 1 MeV. We computed
these constraints in the presence of a dark Higgs with the
same mass as the dark photon.

To the right of Fig. 3, we show the parameter space of

Early universe DM has velocity tail, can annihilate to heavier A’
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FIG. 2. The left side shows the splitting �, versus m , with ⌦ h
2 fixed to the observed abundance. Di↵erent curves correspond

to di↵erent values of ↵d. For m > 1 MeV the dark sector temperature equals the SM temperature, while for m < 1 MeV
the dark sector is cooler than the SM as described in the Thermally Decoupled Dark Sector section. The right side shows the
freeze-out temperature, xf ⌘ m /Tf , as a function of m , with � fixed to the value shown to the left.

mass is too warm, causing problems with structure for-
mation [32–34]). The right side of Fig. 2 shows the value
of the freeze-out temperature, xf ⇠ 10 � 25.

Self-Interactions: Sizable DM self-interactions may
leave observable imprints on astrophysical observa-
tions [16]. The self-interaction cross section is con-
strained by cluster mergers [38–41] and halo shapes [19,
20], �SI/m . 1 cm2

/g ⇠ 5 ⇥ 10�6 MeV�3. A cross
section near this limit, �SI/m & 0.1 cm2

/g, may help
resolve the core-cusp [17] and too big to fail [18] prob-
lems of structure formation (see for example Refs. [19–
21]), although baryonic feedback may be important for
addressing these problems [42–45]. Self-interactions may
also be indicated by recent cluster observations [22, 23].
However, an observable self-interacting cross section is
orders of magnitude larger than the annihilation cross
section at freeze-out, making self-interactions irrelevant
for many models of weak scale DM (models with light
mediators can be an exception [46–48]).

Forbidden DM naturally achieves a large hierarchy be-
tween the self-interaction cross section, which is unsup-
pressed, and the annihilation rate, which is exponentially
suppressed after thermal averaging. Self-interactions are
velocity-independent and are generated by the second di-
agram of Fig. 1, leading to the cross section,

�SI

m 
= 3⇡h�

↵
2
d

m
3
 

⇡ 10
cm2

g
⇥

✓
10 MeV

m 

◆3

⇥

⇣
↵d

0.1

⌘2
(5)

where h� ⌘ (5 + �(2 + �)(5�(2 + �) �

6))/
�
(�1 + �)2(1 + �)4(3 + �)2

�
. For ↵d ⇡ 0.1,

observable self-interactions are realizable for Forbidden
DM lighter than ⇠ 100 MeV, as shown in the left panel
of Fig. 3. In the right panel we show the relevant
parameter space in the (m , ↵d) plane for a dark sector
decoupled from the SM.

Signals from Kinetic Mixing: The sizes of direct
and indirect detection signals depend on how the dark
sector couples to the SM. We consider the possibility
that the dark photon kinetically mixes with the SM pho-
ton [49],

L � �
✏

2
F

d
µ⌫F

µ⌫
, (6)

where any size for ✏, which characterizes the strength
of mixing, is technically natural. The kinetic mixing is
removed (at leading order in ✏) by shifting the photon,
A

µ
! A

µ
� ✏�

µ
d , inducing a coupling between the dark

photon and the electromagnetic current, ✏�
µ
d J

EM
µ .

The left panel of Fig. 3 shows the (✏, m ) plane, fix-
ing ↵d = 0.1 and choosing the splitting � at each point
so that the relic density matches the observed value, as
in Fig. 2. In the lower gray region, the dark sector is
thermally decoupled from the SM before freeze-out and
the cosmology depends on the initial conditions. We
consider this possibility below. Limits on the dark pho-
ton are shown from beam dump experiments [50–54] and
SN1987A cooling [50, 55].

Kinetic mixing allows DM to annihilate to charged
states, such as electrons, through o↵-shell dark photons
as in the third diagram of Fig. 1. The cross section of
annihilations into electrons is

h�vi✏ = ✏
2 16⇡↵↵d

m
2
 (3 � 2� � �2)2

. (7)

This cross section dominates over forbidden annihilations
in the upper gray region of Fig. 3. By the recombination
epoch, forbidden annihilations shut o↵, but annihilations
into charged states are still active and are constrained
by CMB observations [14, 61–63]. The purple region of
Fig. 1 is excluded by Planck [15], where we have included
the e�ciency for annihilations to deposit energy into the
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gauge boson with gauge coupling gµ�⌧ = ✏ e. Additional constraints from supernova cooling are not
shown (see Section 3.6).

4.4 U(1)Lµ�L⌧

This group exhibits the biggest changes compared to the case of pure kinetic mixing, due to suppressed
couplings to hadrons and electrons. The best current limits arise from experiments and observations that
only require one kinetic mixing factor. In addition, there is the BBN limit from [14].11 Importantly, we
note that there is still room for an explanation of the (g � 2)µ anomaly [13]12. This makes it particularly
attractive for future experimental probes. While SHiP will cover a large region of parameter space it
will not reach the area suggested by (g � 2)µ. This area will be probed by COHERENT [113] but
most decisively by the proposed muon run of NA64µ [18, 52]. The additional region of projected SHiP
sensitivity for MA0 > 2mµ is a consequence of high statistics and the unsuppressed Br(A0

! µ
+
µ
�
).

11For this limit we show the coupling range displayed in [14] as solid. For weaker couplings the region is hatched. A
determination of the decoupling of the gauge boson in the early universe would require a more sophisticated analysis.

12For similar discussions around flavor-changing couplings we refer to [128, 129].
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equilibrium with the neutrino bath, as required by con-
servation of comoving energy. Our scenario is di↵erent
from the usual “loophole” where a cold dark sector does
not equilibrate with the SM during DM freeze-out. If the
initial � population is cooler than the SM plasma, then
equilibration with the neutrino population drains neutri-
nos of thermal energy, lowering ⇠⌫ below the standard
prediction. This e↵ect also increases ⇠�, which counter-
acts large changes to Ne↵ (see Eq. (4)). Once � decou-
ples, conservation of comoving entropy demands that it
heats the neutrino population close to its original tem-
perature (relative to photons) for su�ciently small ⇠

0

�.
This can be seen explicitly in Figs. 1 and 2. Note that
this cyclic behavior of ⇠⌫ would not be possible if � equi-
librated with the SM before neutrino-photon decoupling,
as equilibration and decoupling would e↵ectively borrow
heat from the photon bath before pumping it into the
neutrino sector.

In Fig. 3, we show the viable parameter space as a func-
tion of ⇠

0

� and g
�
⇤ for the di↵erent temperature orderings

of Eq. (5). While a detailed simulation of nucleosynthesis
is beyond the scope of this work, we conservatively de-
mand that the maximum value of |�Ne↵| obtained dur-
ing BBN does not exceed the observed value by more
than 2�. The shaded regions denote parameters consis-
tent with observations, assuming that � equilibrates with
the SM neutrinos after neutrino-photon decoupling. Also
shown are regions consistent with Ne↵ ' 3.15± 0.23 and
Ne↵ ' 3.3 ± 0.3, as derived from Planck data and its
combination with local measurements of H0 [33, 40, 41].
CMB-S4 observations will be sensitive to the entire pa-
rameter space shown.

In Fig. 3, we also highlight representative model points,
which correspond to a dark sector consisting of a DM
scalar or Majorana fermion, �, coupled to a real scalar
mediator, ', such that g

�
⇤ = 2 or g

�
⇤ = (7/8) ⇥ 2 + 1 =

2.75, respectively. For concreteness, we will take our DM
candidate, �, to be a Majorana fermion. Note that if
� was initially in thermal contact with the SM bath
through the exchange of a heavy mediator, but decoupled
above the electroweak scale, then conservation of comov-
ing entropy dictates that ⇠

0

� ' (10.75/106.75)1/3
' 0.5.

This is a viable model of thermal DM if the mediator also
couples to the SM neutrinos, ⌫, allowing the dark sector
to re-enter equilibrium with the SM below T

⌫ dec.
The low-energy e↵ective Lagrangian is given by

L � '
�
�� �

2 + �⌫ ⌫
2
�

+ h.c. , (7)

where � and ⌫ are two-component Weyl fermions and a
sum over neutrino flavors is implied. We take m� > m',
such that � freezes out through annihilations into pairs
of ' particles, �� ! '', after which ' promptly decays
into pairs of SM neutrinos.3 The rate for the annihila-

3 Direct annihilations into neutrinos (�� ! ' ! ⌫⌫) are also
viable, but require tuning m' ⇠ 2m�.
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FIG. 4: The viable parameter space of our toy model. The
DM-mediator coupling, ��, is fixed to generate the correct
abundance of �, while the neutrino-mediator coupling, �⌫ ,
(dotted grey) is chosen such that the DM sector thermalizes
with SM neutrinos while relativistic. Measurements of Ne↵

during nucleosynthesis and recombination exclude DMmasses
between several hundred keV and an MeV (green). Also
shown are regions excluded by DM self-scattering in galaxy
clusters (orange) and free-streaming of warm DM (red).

tion process is p-wave suppressed by the relative � ve-
locity in the non-relativistic limit. Since this deposits a
negligible amount of energy into the photon plasma at
the time of recombination, there are no relevant limits
derived from observations of CMB anisotropies [33]. The
neutrino-' coupling, �⌫ , can arise from higher-scale in-
teractions with right-handed neutrinos, N . For instance,
in the standard seesaw mechanism, an interaction of the
form ' N

2 naturally generates a SM neutrino coupling,
�⌫ ⇠ m⌫/mN , after electroweak symmetry breaking [42–
46]. Such interactions also arise in Majoron models of
neutrino masses [47–52]. Direct couplings to electrons
are generated at one loop, but they are strongly sup-
pressed by ⇠ (g2

2
mem

2

⌫)/(16⇡
2
m

2

W mN ).

In this model, various processes can establish kinetic
equilibrium between the DM and SM sectors. Examples
include elastic scattering between � and ⌫ through ' ex-
change, and decays and inverse-decays of ' into pairs
of SM neutrinos [53]. We find that as long as � and
' are chemically coupled, the latter process, ' $ ⌫⌫,
dominates kinetic equilibration between the DM and the
neutrino bath since it is suppressed by fewer powers of
small couplings.

In Fig. 4, we illustrate the viable parameter space of
the representative toy model as a function of the DM
mass, m�, and mass ratio, m�/m', for ⇠

0

� . 0.5 (cor-
responding to the Planck bound in Fig. 3). For each
value of m� and m', the coupling �� is fixed to gener-
ate an abundance of � that is in agreement with the ob-
served DM energy density. In the limit that m�/m' � 1,
this requires �� ⇠ 10�5

⇥ (m�/keV)1/2. We also de-
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Early times DM is not present, but produced  when production rate 
exceeds Hubble after neutrinos decouple from photons

Light mediator m << T

below T < MeV
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Secluded Dark Matter 

Equilibrium with SM but abundance independent of SM coupling
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1) P-Wave Annihilation 

3) Mediator Decays to Neutrinos

2) Annihilation Stops pre-CMB

Motivates (pseudo)scalar mediators
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Need light new mediator that decays to SM particles
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DM annihilation to vectors almost always s-wave 


