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The ANDROMeDa Project
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❖ Awarded MUR-PRIN2020 grant (1M€)


• 3-year project, started in 2022


• 3 units:  INFN (F. Pandolfi, P.I.) 
             Sapienza (G. Cavoto) 
             Roma Tre (A. Ruocco)


❖ Dark-PMT: aligned nanotubes target for 
electron recoil 

❖ Main objective: have a working dark-PMT 
prototype by end of project

DM Wind

recoil electron
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Solid State Targets: The Advantage of 2D Materials
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Graphene

Single-wall 
nanotube

Multi-wall 
nanotube

❖ Energy to extract an electron from carbon


• Φe ~ 4.7 eV, so Ke ~ 1-50 eV (mDM = 10-100 MeV)


• Extremely short range in matter!


❖ 2D materials: electrons ejected directly into vacuum


• Graphene and carbon nanotubes 

❖ Vertically aligned carbon nanotubes 


• Highly anisotropic density
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❖ New state-of-the-art nanotube facility in Rome Sapienza


• Thanks to ATTRACT funding


• Growing nanotubes with Chemical Vapor Deposition


• Up to 400 µm in length, on different substrates

Growing Vertically Aligned Carbon Nanotubes in the Lab
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Typical growth 
(April 2022)

h = 360 µm

Installing the 
CVD chamber 
(Summer 2020)

Before After
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Nanotube Detector Concept: the ‘dark-PMT’

❖ ‘Dark-photocathode’ of aligned nanotubes


• Ejected e- accelerated by electric field


• Detected by solid state e- counter  

6

DM Wind

recoil electron

Dark-PMT features: 
• Portable, cheap, and easy to produce 
• Unaffected by thermal noise (Φe = 4.7 eV) 
• Directional sensitivity
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Two Arrays of dark-PMTs to Search for a Dark Matter Signal
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Pandolfi Part B2 ANDROMeDa 
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The ANDROMeDa detector will be composed of two arrays of 100 dark-PMT units each: the first 
array will be pointing towards the Cygnus constellation, and will be sensitive to a light DM signal; the other 
array will point in an orthogonal direction and will be sensitive to backgrounds. This will be done by 
mounting the dark-PMTs on a custom motorized rotating platform, connected to a controller. A sketch of 
the envisioned setup is shown in Fig.B2-b4.1. Each dark-PMT will operate with a ≥10 cm2 cathode, so that 
the total mass of the VA-CNT target present in each array is at least 1 gram. In order to replicate the dark-
PMT concept in 200 units in a cost-effective manner, a dedicated R&D will be needed to ensure a high 
degree of mechanical simplifications, such as, for example, the use of static vacuum conditions. 

Particular emphasis will be given to the study of irreducible backgrounds, such as the spurious signals 
induced by the presence of radioactively-decaying 14C isotopes inside the nanotubes. The 14C/12C ratio has 
been measured to be < 10-13 in nanotubes synthesized with commercial acetylene gas. If this proves to be too 
large, I will investigate the possibility of employing as precursor gas CO2 extracted from deep mines. 

 

Fig.B2-b4.1 Sketch of the ANDROMeDa @ LNGS setup. 

 

Each dark-PMT will need two dedicated high-voltage channels: 
one for the silicon sensor, and one for the accelerating field 
between the cathode and the anode. A set of power supply units 
with at least 400 individual channels will be acquired. The rate of 
signals is expected to be low in the LNGS cavern, therefore 
ANDROMeDa can be read-out with a multiplexed delay line. A 
commercial 14-bit DAC with a speed of at least 1 Gsample/s will 
be enough to read out the full set of 200 dark-PMTs. The design of 
the electronic read out boards will be entrusted to a specialized 
company through a public tender. The assembly of the dark-PMTs 

will be carried out in the clean rooms present in the INFN mechanical workshops. The moving platform will 
be assembled directly at LNGS. 
------- 

The GANNT graph of the ANDROMeDa project is shown in the following figure. The project has been 
schematically divided in its four main work packages. Major milestones are indicated with a red tick, and 
will correspond to major publications in international peer-reviewed journals. 

	

Sensitive to  
DM signal

In-situ BG 
measurement

interaction is mediated by a (scalar) particle of massm!, the
differential rate has a factor m4

!=!m2
! " q2=c2#2, with q $!!!!!!!!!!!!!!!

2mNER
p

the momentum transfer, ER the recoil energy,
and mN the nuclear mass [31–33]. Usually, this factor
is considered to be !1, corresponding to m!!
100 MeV=c2. We also consider the SI light-mediator limit,
m! " q=c # 10$3m" (for m" " mN), in which the differ-
ential event rate for DM-nucleus scattering scales with m4

!.
Second, light DM could be detected from its scattering

off bound electrons. We follow Ref. [34] to calculate the

DM-electron scattering rates, using the ionization form
factors from Ref. [35], the detector response model as
above (from Ref. [22]), and dark matter form factor 1.
Relativistic calculations [36] predict 2–10 times larger rates
(for % 5 produced electrons), and thus our results should be
considered conservative. As previous DM-electron
scattering results [34,37,38] did not use a Qy cutoff, we
derive constraints with and without signals below 12
produced electrons (equivalent to our Qy cutoff) to ease
comparison.

(a)

(c) (d)

(e) (f)

(b)

FIG. 5. The 90% confidence level upper limits (black lines with gray shading above) on DM-matter scattering for the models discussed
in the text, with the dark matter mass m" on the horizontal axes. We show other results from XENON1T in blue [5,6], LUX in orange
[45–48], PandaX-II in magenta [33,49,50], DarkSide-50 in green [29,38,51], XENON100 in turquoise [14,52], EDELWEISS-III [53] in
maroon, and other constraints [34,54–56] in purple. Dotted lines in (a)–(c) show our limits when assuming theQy from NEST v2.0.1 [42]
cut off below 0.3 keV. The dashed line in (d) shows the limit without considering signals with< 12 produced electrons; the solid line can
be compared to the constraints from Refs. [34,38] shown in the same panel, the dashed line to our results on other DMmodels, which use
theQy cutoffs described in the text. The limits jump at 17.5 GeV=c2 in (a) (and similarly elsewhere) because the observed count changes
from 10 to 3 events in the ROIs left and right of the jump, respectively.

PHYSICAL REVIEW LETTERS 123, 251801 (2019)

251801-5

PRL 123 (2019) 
1 kg ∙ 1 yr

1 g ∙ 1 yr
Nanotubes 
(Dark-PMT)

❖ Expected to Extend Reach Below 40 MeV


❖ Sensitivity down to 5 MeV

mχ [GeV]

Cavoto, et al., PLB 776 (2018) 338
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BG discrimination: Single-/Multi- Electron Event
❖ Benchmark: Avalanche Photo-Diodes (APD)


• Simple, cost-effective


• Hamamatsu windowless APDs


❖ Possible upgrade: Silicon Drift Detectors (SDD)


• Ultimate resolution


• FBK (SDD) + PoliMi (electronics)


❖ Alternative: MicroChannel Plate (MCP)


• Optimized for electrons


• Quite poor energy resolution
8
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APD Characterization with 30 - 900 eV Electrons at Roma Tre
❖ Electron gun in LASEC Lab @ Roma Tre


• Electron energy range 30 - 900 eV


• Energy resolution 45 meV


• Stable continuous current down to a few fA


• Beam spot ~ 0.5 mm


❖ Reading APD bias current when shooting gun on it


• Clear linear correlation with gun current

9

A. Apponi et al 2020 JINST 15 P11015 
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MCP Characterization with 30 - 900 eV Electrons at Roma Tre
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A. Apponi et al 2022 Meas. Sci. Technol. 33 025102

❖ Reading MCP count rate when shooting continuous gun current on it


• Absolute efficiency ~49% constant with energy
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f(x) = q + mx

q = 0.489 ± 0.003

m = (1.8e-05 ± 5e-06) eV-1
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❖ Carbon nanotubes: exciting new material for dark matter detectors


• 2D material: recoiling electrons ejected directly into vacuum


❖ ‘Dark-PMT’ dark matter detector concept


• Portable, no thermal noise, directional sensitivity


• In principle sensitive to electron recoils of a few eV 

• Capable of extending reach to masses below 40 MeV


❖ ANDROMeDa: a young and ambitious program in Rome


• Aiming to build first working Dark-PMT prototype by 2025

Conclusions

11
francesco.pandolfi@roma1.infn.it
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Aligned Nanotubes: a Highly Anisotropic Target
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❖ Raman analysis after Ar+ bombardment


• Lateral penetration < 15 µm


• Longitudinal damage along full length 
(180 µm)


• Highly anisotropic density

C 1s core level at high integrated !ux in the two bombarding ge-
ometries (LAT and TOP). In Fig. 4 we report the C 1s core levels,
together with the results of the "tting analysis in different com-
ponents, and an histogram of the relative intensity of each
component.

Upon ion bombardment, the sp2 component representative of
the perfect planar C bonding is reduced, as also the p-p*-excitation.
The sp3-like peak associated to bond deformation increases for
both geometries (LAT and TOP), as reported in Fig. 4 (bottom panel)
where the percentage of the different components of the C 1s core
level peaks as obtained through the "tting procedure are reported.

We notice that the variations with respect to the pristine C 1s signal
is higher for the TOP than for the LAT geometry, in agreement with
the observed anisotropic channelling. Furthermore, a new peak at
284.1 eV BE appears after bombardment, reachingmore than 20% of
the total signal in the case of TOP bombardment, and about 5% in
the LAT geometry. The lower binding energy with respect to the sp2

peak suggests the presence of vacancies with unsaturated dangling
bonds [43,44]. Thus, the XPS C 1s core level is a good "ngerprint of
the produced defects after the ion bombardment, characterised by
the presence of a high percentage of distorted C bonds and also of
vacancies; they produce dangling bonds when the honeycomb

Fig. 2. SEM and Raman spectroscopy of ion-bombarded MWCNTs with 5 keV Ar! at high integrated !ux (1.5" 1017 ions/cm2), with different geometries: lateral bombardment (left
panels), top bombardment (right panels). SEM images, top view (b,c) and lateral view (f,g). Raman spectra focused on the sample top (a, green, and d, blue) and on the side (e,
orange, and h, violet); the Raman "tting components are reported as gray curves superimposed over the experimental data. Raman data of the clean pristine sample are shown for
comparison in all panels, as gray spectra. (A colour version of this "gure can be viewed online.)

Fig. 3. Raman spectroscopy data of LAT (left) and TOP (right) ion-bombarded MWCNTs with 5 keV Ar! at saturation (1.5" 1017 ions/cm2) measured from the sample side, at
different depths into the sample. Raman data from the side (0 mm) to 15 mm depth after lateral bombardment (left panel), and on the lateral side from the top to the bottom (180 mm
depth) of the CNT brush after top bombardment (right panel). (A colour version of this "gure can be viewed online.)

G. D'Acunto et al. / Carbon 139 (2018) 768e775 771

G. D’Acunto, et al., Carbon 139 (2018) 768

Lateral Longitudinal
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Expected dark-PMT Sensitivity
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interaction is mediated by a (scalar) particle of massm!, the
differential rate has a factor m4

!=!m2
! " q2=c2#2, with q $!!!!!!!!!!!!!!!

2mNER
p

the momentum transfer, ER the recoil energy,
and mN the nuclear mass [31–33]. Usually, this factor
is considered to be !1, corresponding to m!!
100 MeV=c2. We also consider the SI light-mediator limit,
m! " q=c # 10$3m" (for m" " mN), in which the differ-
ential event rate for DM-nucleus scattering scales with m4

!.
Second, light DM could be detected from its scattering

off bound electrons. We follow Ref. [34] to calculate the

DM-electron scattering rates, using the ionization form
factors from Ref. [35], the detector response model as
above (from Ref. [22]), and dark matter form factor 1.
Relativistic calculations [36] predict 2–10 times larger rates
(for % 5 produced electrons), and thus our results should be
considered conservative. As previous DM-electron
scattering results [34,37,38] did not use a Qy cutoff, we
derive constraints with and without signals below 12
produced electrons (equivalent to our Qy cutoff) to ease
comparison.

(a)

(c) (d)

(e) (f)

(b)

FIG. 5. The 90% confidence level upper limits (black lines with gray shading above) on DM-matter scattering for the models discussed
in the text, with the dark matter mass m" on the horizontal axes. We show other results from XENON1T in blue [5,6], LUX in orange
[45–48], PandaX-II in magenta [33,49,50], DarkSide-50 in green [29,38,51], XENON100 in turquoise [14,52], EDELWEISS-III [53] in
maroon, and other constraints [34,54–56] in purple. Dotted lines in (a)–(c) show our limits when assuming theQy from NEST v2.0.1 [42]
cut off below 0.3 keV. The dashed line in (d) shows the limit without considering signals with< 12 produced electrons; the solid line can
be compared to the constraints from Refs. [34,38] shown in the same panel, the dashed line to our results on other DMmodels, which use
theQy cutoffs described in the text. The limits jump at 17.5 GeV=c2 in (a) (and similarly elsewhere) because the observed count changes
from 10 to 3 events in the ROIs left and right of the jump, respectively.

PHYSICAL REVIEW LETTERS 123, 251801 (2019)

251801-5

PRL 123 (2019) 251801
1 kg ∙ 1 yr

1 g ∙ 1 yr
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100 g CNT are needed. In principle, the system is scal-
able at will, since the target mass does not need to be
concentrated in a small region.

Single electrons counts can be triggered by environ-
ment neutrons as well. This is a well known source
of background a✏icting all direct DM search experi-
ments and the screening techniques are the standard
ones. Thermal neutrons have scattering lengths of few
fermis with electrons in graphene, but they have not
enough energy to extract them e�ciently from the ma-
terial. A neutron moderation screen, as those currently
used in these kind of experiments, has to be included
when devising the apparatus. We assume that working
with compact units as HPDs, this kind of screening might
be achieved more easily than with other configurations.

Another source of single electron counts, which belongs
to similar configurations too, is the electron thermo-
emission. This can strongly be attenuated by cooling
the device down to cryogenic temperatures. However, as
noted in [21], the thermionic electron current from an ef-
fective surface of 1 m2 of graphene should definitely be
negligible at room temperatures being proportional to3

j ⇡ T 3 exp (��wf/kT ) (5)

This is essentially due to the fact that the work-function
�wf in graphene is almost three times as large than the
typical work-function of photocathodes.

As for the field emission, this has also been studied in
[18] where it is found that its starts being significant for
electric fields above 1V/nm, way larger than the ones we
consider, see (2).

Conclusions. We have shown that single wall car-
bon nanotube arrays might serve as directional detectors
also for sub-GeV DM particles, if an appropriate external
electric field is applied and electron recoils are studied.
An appreciable anisotropic response, as large as A ⇠ 0.4
in (3), is reached with a particular orientation orienta-
tion of the target with respect to the DM wind. Since
the proposed detection scheme does not require any pre-
cise determination of the electron ejection angle and re-
coil energy, the carbon nanotube array target could be
integrated and tested in a compact Hybrid Photodiode
system — a technology already available — made blind
to light. High target masses can be arranged within lim-
ited volumes with respect to configurations proposing to
use graphene planes.

The results presented are obtained starting from the
conclusions reached by Hochberg et al. [2] on DM scatter-
ing on graphene planes and adapted to the wrapped con-
figuration of single wall carbon nanotubes. The fact that

3 with a coe�cient � = 115.8 A/m2 K�3.

carbon nanotubes, and interstices among them in the ar-
ray, almost behave as empty channels is still an essential
feature to obtain the results of the calculations described
here. The mean free paths attainable in these configura-
tions are definitely higher if compared to dense targets
as graphite or any crystal. We also observe that, in the
detection scheme proposed, di↵erently from [1], small ir-
regularities in the geometry of nanotubes are inessential.
For comparison with previous work, we present the

exclusion plot, see Fig. 3, which can be obtained with
the detection configuration here proposed. We perform
a full calculation including ⇡ and sp2� electrons. The

FIG. 3: We compare our results with those obtained by
Hochberg et al. [2]. Calculations are done including both
electrons from ⇡�orbitals and from sp2�hybridized orbitals.
The exposure of 1 kg⇥year is used.

latter figure summarizes the potentialities of the scheme
proposed. They result to be very much comparable to
what found in [2], although with rather di↵erent appara-
tus and practical realization. To conclude, we notice that
the device here described might be used alternatively as
a detector of heavier DM particles. Just by changing the
direction of the electric field, one could count positive
carbon ions recoiled out of and channeled by the carbon
nanotubes (or within the interstices among them), as in
the original proposal [1] [3].
Acknowledgements. We are very grateful to Yonit

Hochberg for several comments and suggestions on the
manuscript and to Chris Tully for informative discus-
sions. We also thank Maria Grazia Betti, Carlo Mari-
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physics of CNTs. We thank an anonymous referee for
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Appendix: DM-electron scattering. In this Ap-

pendix we report the essential formulae we have used to
obtain the results in the text. We have adapted the ex-
pressions in [2] to the configuration with CNTs.
The M� DM mass needed to eject electrons from

graphene is about 3 MeV at the galactic escape velocity.
In the �e� scattering process, part of the momentum is

Nanotubes 
(Dark-PMT)

Exposure = 1 kg ∙ 1 year

Cavoto, et al., PLB 776 (2018) 338

mχ [GeV]



Dark-PMT: Novel Detector for Light DM, IDM2022Alice Apponi

Two Arrays of dark-PMTs to Search for a Dark Matter Signal
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FIG. 2: Di↵erential rates of ejected electrons per year per kg, distributed in the recoil energy ER for M� = 5 MeV. We include
both sp2 and ⇡–orbital electrons. The three curves reported are relative to three di↵erent orientations of the DM wind main
direction with respect to the carbon nanotube parallel axes. The plot reported here is found with Eq. (23) and the addition of
the absorption probability at every hit with the CNT. ER corresponds to the kinetic energy of the electrons emitted from the
surface of the CNTs, having overcome the work function �wf .

We have to underscore here that in order to measure
a certain degree of asymmetry A, we do not need to pre-
cisely measure the electron recoil direction. We only need
to count the electrons reaching the detection region.

A compact apparatus. We consider an array of
single-wall metallic carbon nanotubes positioned in vac-
uum and in a uniform electric field directed parallel to
CNT axes. CNTs are held at a fixed negative poten-
tial. Field lines will concentrate on the open ends of this
CNT cathode, like on sharp edges, as described in Fig. 1
and commented in the Introduction. Electrons ejected
by collisions with DM particles will travel in vacuum re-
gions among (or within) CNTs and will eventually reach
the region where the electric field is intense. Once there,
electrons will be further accelerated in an electric field of
several kV/cm towards the anode where a silicon diode
is located, as in a hybrid light sensor (HPD or HAPD).

The signal produced by a collision with a single DM
particle is expected to be represented by single electron
count. Therefore, the detector has to be devised to dis-
criminate between single and multi-electron signals. This
might be obtained with HPD-type sensors, having an in-
trinsically low gain fluctuation, when coupled to a very
low electronic noise amplification stage. Notice that in
this configuration, given the very low rate of interaction,
neither fast nor highly segmented sensors are required.

On the other hand, we expect photons from radioac-
tivity to convert into the CNT target array. This would

generally produce electrons with keV or higher ener-
gies. These events are expected to extract several elec-
trons from the CNT cathode. Therefore the signal-to-
background discrimination, at this level, is that between
single-electron and multi-electron counts.

The detection element can be replicated to reach the
required target mass. Eventually, two arrays of elements
can be installed on a system that is tracking the Cygnus
apparent position. Two CNT arrays can be installed in
a back to back configuration: in one the open ends are
in the direction of the Cygnus (where the DM wind is
expected to come from). A di↵erent counting rate is
then expected on the two arrays, maximally exploiting
the anysotropy of the detection apparatus. More sophis-
ticated schemes might require the use of magnetic and
electric fields, such as the one sketched in [2].

We conclude that the anisotropic response studied in
this note allows to use existing technology with the sub-
stitution of the photocathode element only, and making
them blind to light. This makes our proposal easy to
test experimentally and scalable to a large target mass.
For the sake of illustration, assume a 1 ⇥ 1 cm2 sub-
strate coupled to a single photo-diode channels. On
this substrate a number of 1012, 10 nm diameter CNTs
can be grown. Since the surface density of a graphene
sheet is 1/1315 gr/m2, a single-wall CNT weights about
50 ⇥ 10�16 grams. This is equivalent to ⇠ 10 mg on a
single substrate. In the case of HPD, O(104) units per

G. Cavoto, et al., PLB 776 (2018) 338

mDM = 5 MeV

In principle sensitive  
to eV electrons!
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The ANDROMeDa detector will be composed of two arrays of 100 dark-PMT units each: the first 
array will be pointing towards the Cygnus constellation, and will be sensitive to a light DM signal; the other 
array will point in an orthogonal direction and will be sensitive to backgrounds. This will be done by 
mounting the dark-PMTs on a custom motorized rotating platform, connected to a controller. A sketch of 
the envisioned setup is shown in Fig.B2-b4.1. Each dark-PMT will operate with a ≥10 cm2 cathode, so that 
the total mass of the VA-CNT target present in each array is at least 1 gram. In order to replicate the dark-
PMT concept in 200 units in a cost-effective manner, a dedicated R&D will be needed to ensure a high 
degree of mechanical simplifications, such as, for example, the use of static vacuum conditions. 

Particular emphasis will be given to the study of irreducible backgrounds, such as the spurious signals 
induced by the presence of radioactively-decaying 14C isotopes inside the nanotubes. The 14C/12C ratio has 
been measured to be < 10-13 in nanotubes synthesized with commercial acetylene gas. If this proves to be too 
large, I will investigate the possibility of employing as precursor gas CO2 extracted from deep mines. 

 

Fig.B2-b4.1 Sketch of the ANDROMeDa @ LNGS setup. 

 

Each dark-PMT will need two dedicated high-voltage channels: 
one for the silicon sensor, and one for the accelerating field 
between the cathode and the anode. A set of power supply units 
with at least 400 individual channels will be acquired. The rate of 
signals is expected to be low in the LNGS cavern, therefore 
ANDROMeDa can be read-out with a multiplexed delay line. A 
commercial 14-bit DAC with a speed of at least 1 Gsample/s will 
be enough to read out the full set of 200 dark-PMTs. The design of 
the electronic read out boards will be entrusted to a specialized 
company through a public tender. The assembly of the dark-PMTs 

will be carried out in the clean rooms present in the INFN mechanical workshops. The moving platform will 
be assembled directly at LNGS. 
------- 

The GANNT graph of the ANDROMeDa project is shown in the following figure. The project has been 
schematically divided in its four main work packages. Major milestones are indicated with a red tick, and 
will correspond to major publications in international peer-reviewed journals. 

	

Sensitive to  
DM signal

In-situ BG 
measurement



Dark-PMT: Novel Detector for Light DM, IDM2022Alice Apponi

MCP Pulse Height Distribution

16
francesco.pandolfi@roma1.infn.it

1400

1200

1000

800

600

400

200

0

N

-3.5 -3.0 -2.5 -2.0 -1.5 -1.0 -0.5 0

Amplitude [V]

20000 entries
Rate ~ 35 kc/s

 Ek = 30 eV
 Ek = 500 eV

Pulse H
eight

500 eV

30 eV

Pulse Height  [V]



Dark-PMT: Novel Detector for Light DM, IDM2022Alice Apponi

Directionality To (One Day) Pierce Neutrino Floor
❖ Directionality: link a signal with region of the sky


• DM ‘wind’ expected to come from Cygnus constellation


❖ But also to be insensitive to neutrino floor


• Low mass neutrino floor mostly from solar neutrinos


• Cygnus never overlaps with Sun

17

18 26. Dark Matter

sections, and Figure 26.1 shows the best constraints for SI couplings in the cross section versus DM
mass parameter space, above masses of 0.3 GeV.

Figure 26.1: Upper limits on the SI DM-nucleon cross section as a function of DM mass.

26.7 Astrophysical detection of dark matter
DM as a microscopic constituent can have measurable, macroscopic e�ects on astrophysical

systems. Indirect DM detection refers to the search for the annihilation or decay debris from DM
particles, resulting in detectable species, including especially gamma rays, neutrinos, and antimatter
particles. The production rate of such particles depends on (i) the annihilation (or decay) rate (ii)
the density of pairs (respectively, of individual particles) in the region of interest, and (iii) the
number of final-state particles produced in one annihilation (decay) event. In formulae, the rate
for production of a final state particle f per unit volume from DM annihilation can be cast as

≈
A

f = c
fl

2

DM

m
2

DM

È‡vÍN
A

f , (26.18)

where È‡vÍ indicates the thermally-averaged cross section for DM annihilation times relative velocity
[27], calculated at the appropriate temperature, flDM is the physical density of DM, and N

A

f
is the

number of final state particles f produced in one individual annihilation event. The constant c

depends on whether the DM is its on antiparticle, in which case c = 1/2, or if there is a mixture of
DM particles and antiparticles (in case there is no asymmetry, c = 1/4). The analog for decay is

≈
D

f = flDM

mDM

1
·DM

N
D

f , (26.19)

with the same conventions for the symbols, and where ·DM is the DM’s lifetime.
Gamma Rays: DM annihilation to virtually any final state produces gamma rays: emis-

sion processes include the dominant two-photon decay mode of neutral pions resulting from the
hadronization of strongly-interacting final states; final state radiation; and internal bremsshtralung,
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Dark-PMT: Novel Detector for Light DM, IDM2022Alice Apponi

Dark-PMT Prototype ‘Hyperion-II’ Taking Data in Rome
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