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The central theme:

e Till now, observations have not enabled any convergence
on the nature of dark matter

e If it is 'particle dark matter’, it implies physics beyond the
standard model.
But then, what kind of BSM?777

e Predictions/interpretations of observations often depend
on assumptions on particle physics as well as astrophysics
aspects.

@ In practice:
Possibilities can be more divergent than we think.....
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e Galactic rotation curves

CMBR observations

e Structure formation

Gravitational lensing in bullet clusters etc.....

Observation of y-ray signals, excess positrons,
excess in galactic antiproton/proton ratio....

Biswarup Mukhopadhyaya Indian Institute of Science Education



o Terrestrial searches

Biswarup Mukhopadhyaya Indian Institute of Science Education



o Terrestrial searches

e Relic density
(For thermal DM, Boltzmann equation

= constraint on (ov)
= constraint on new theory parameter space )
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o Direct DM search: expected event rates are

based on Maxwellian distribution—
no local fluctuation/clumping
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o Direct DM search: expected event rates are

based on Maxwellian distribution—
no local fluctuation/clumping

o WIMP = mass < a few hundred GeV's

o Collider signals of DM = MET

o The DM is stable

o DM annihilation/decay = two-body final states

o For indirect signals, values of the relevant
astrophysical parameters are in ‘standard’ ranges
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o Departure from the standard assumptions may
alter DM search paradigms and also the
standard conclusions
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o Departure from the standard assumptions may
alter DM search paradigms and also the
standard conclusions

o Our judgement on theoretical scenarios may be
modified in some cases

e Some inkling on the theoretical framework
_/_

Astronomical observations
= Indications about astrophysical parameters
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o If the DM candidate is weakly interacting and
> TeV in mass, the LHC is unlikely to see it
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Drell-Yan processes
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o If the DM candidate is weakly interacting and
> TeV in mass, the LHC is unlikely to see it

o Even lighter DM particles may be inaccessible
in scenarios where they are produced from
Drell-Yan processes

o For m, 2,3-4 TeV, annihilation rate can be
insufficient to ensure relic density limits

e Spectra with, for example, co-annihilation
provision can still allow WIMP with mass 10
TeV or more
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o DM annihilation in some galaxies/clusters
= electron-positron pairs
= Spiralling motion under galactic magnetic
fields: diffusion and colomb/synchrotron energy

loss have a role
= Radio synchrotron signals

Biswarup Mukhopadhyaya Indian Institute of Science Education



o DM annihilation in some galaxies/clusters
= electron-positron pairs
= Spiralling motion under galactic magnetic
fields: diffusion and colomb/synchrotron energy

loss have a role
= Radio synchrotron signals

o Potential sources: dwarf spheroidal galaxies

(dSph)
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Indirect signals in radio astronomy...

o dSph’s have high DM density
Low star formation rates minimise backgrounds
from astrophysical processes
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o dSph’s have high DM density
Low star formation rates minimise backgrounds

from astrophysical processes
o Required: high resolution telescopes

o A good option: The Square km Array (SKA)
Telescope

o Signals for mpy; >~ 5 — 8 TeV can be seen with
100 hours of observation in SKA - 1
(100MHz — 4GHz)
= Regions the mpy — (ov) space can be
probed, using constraints from gamma-ray +
cosmic-ray data
A. Kar, S. Mitra, BM, T. Roy Choudhury (2019)
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Factors governing radio flux for large DM mass ...

o Large (ov) helps:
spectrum-- interaction + phase space have roles
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o Large (ov) helps:
spectrum-- interaction + phase space have roles
o Available DM-pairs: Npairs(r) ~ p3(r)/(m?)

o UL By Together with (ov),
shou/d compensate the 1/ mi—suppression
(High my helps by supplying large number of
energetic electrons to start with)

o Higher diffusion coefficient Dy:
causes loss of e*

o Higher B: retains spiralling e*,

also brings more high-energy e* down to the
required range
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lllustration 2: mass limits on WIMP DM ...

o WIMP upto the ~ 100 GeV range claimed to be
disfavoured by
direct searches + indirect signals + relic density
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lllustration 2: mass limits on WIMP DM ...

o WIMP upto the ~ 100 GeV range claimed to be
disfavoured by
direct searches + indirect signals + relic density

o Direct search limits on WIMP scenarios are
model-dependent
M. Digman et al. (2019)

e Indirect signal limits (CMBR, galactic ~y-ray data,
cosmic-ray data..) depend on annihilation branching ratios
(BR)

o With no BR-related bias, a WIMP DM =, 10 GeV is not
ruled out
R. Leane, T. Slatyer, J. Beacom, T. Ng (2018)

e But actually it is much more unrestricted, with anything
2> 10 MeV allowed
K. Dutta, A. Ghosh, A. Kar, BM, (2022)
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Mass limits on WIMP DM ...

e Sources of indirect constraints in earlier studies:
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Mass limits on WIMP DM ...

e Sources of indirect constraints in earlier studies:

e CMBR limits: at the low-mass end
(strongest for the e™e~, yy-channels)

e dSph ~-ray constraints from Fermi-Lat
For DM mass ~ 500 MeV - 500 GeV
(best for Tt1~ + hadron channels for masses 2, 100 GeV)

o AMS-02 positron search limits
(best in 1 - 100 GeV, with enough lepton-pairs produced)
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More data, more possibilities ...

e H.E.S.S.: ~-ray observation of galactic centre
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e H.E.S.5.: ~-ray observation of galactic centre

e Improves constraints on pair-annihilation (ov), for DM
mass >~ 200 GeV - 70 TeV

e Additional possibility: annihilation BR into viv

e Dilutes the constraints from ~y, e™ search.... via ‘visible’
channels

e Neutrino detectors: Super-K, IceCube, ANTARES
Generally yield weaker limits: mostly for dominant pu* =
annihilation

e However, high-energy neutrinos from DM decay can emit
W's and contribute to ~y-ray and e signals
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More data, more possibilities
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FIG. 2. 95% C.L. upper limits on {ov) for v (cyan) and
;ﬁ;f (purple), obtained using the data of Super-Kamiokande
(solid lines), IceCube (dashed lines) and ANTARES (dotted
lines) telescopes, assuming 100% BR for each channel,

FIG. 1. 95% C.L. upper limits on (ov)
GC gamma-ray observation by H.E.S.
for each individual SM final state.

obtained from the
suming 100% BR
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An exhaustive analysis...

o For every DM mass (m, ), scan over all possible
combinations of branching ratios, including those into v
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An exhaustive analysis...

o For every DM mass (m, ), scan over all possible
combinations of branching ratios, including those into v

o Find out the highest (0V)torar = Li{0ov)i(BR); which
satisfies the strictest limit for a particular m,,

e See where the resulting curve crosses the lines showing

the minimum (V) o2, With which a single-component
DM is consistent with Qh? ~ 0.12
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An exhaustive analysis...

o For every DM mass (m, ), scan over all possible
combinations of branching ratios, including those into v

e Find out the highest (oV)iora = Li{ov);(BR); which
satisfies the strictest limit for a particular m,,

e See where the resulting curve crosses the lines showing
the minimum (V) o2, With which a single-component
DM is consistent with Qh? ~ 0.12

e The area between these two curves is always allowed.
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FIG. 4. For asingle-component thermal WIMP, constituting all the observed DM, the orange line represents the BR-independent

upper limit on total (ov) (at

95% C.L.) and the light red band shows its variation with the astrophysical uncertainties, in the

my range 10 MeV - 100 TeV. The gray region is ruled out for all possible BR combinations, while, the blue region is disallowed
by BBN [25/[26]. The purple and the black lines are the same as in Fig. Variation of the maximum allowed total (ov) with
the BR attributed to v are shown hy the green lines. See the text for details.
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Conclusions...

o All WIMP DM masses from ~ 10 MeV to 100 TeV are
consistent, when there is no bias towards any (hitherto
unsubstantiated) theoretical model
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Conclusions...

o All WIMP DM masses from ~ 10 MeV to 100 TeV are
consistent, when there is no bias towards any (hitherto
unsubstantiated) theoretical model

e More relaxed constraints if the WIMP is not the only DM
candidate

e Constraints are even less stringent if co-annihilation has a
role in the relic density
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lllustration 3: decaying WIMP and its radio signature...

e There is no general principle ensuring the absolute
stability of DM particles
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e There is no general principle ensuring the absolute
stability of DM particles
o Lifetime constraint: Tpy 2, 1

e A possibility consistent with current observations:
A WIMP DM freezes out by weak interactions, but decays
slowly in various channels
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e There is no general principle ensuring the absolute
stability of DM particles

e Lifetime constraint: Tpy = 102?75

e A possibility consistent with current observations:
A WIMP DM freezes out by weak interactions, but decays
slowly in various channels

e Again, constraints from isotropic gamma-ray signals

depend on models specifying branching ratios
A.lbarra et al. (2013); O. Cata, A. Ibarra, S. Ingenhutt

(2017),...
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e There is no general principle ensuring the absolute
stability of DM particles

e Lifetime constraint: Tpy = 10227

s

e A possibility consistent with current observations:
A WIMP DM freezes out by weak interactions, but decays
slowly in various channels

e Again, constraints from isotropic gamma-ray signals
depend on models specifying branching ratios
A.lbarra et al. (2013); O. Cata, A. Ibarra, S. Ingenhutt
(2017),...

e Again, a completely unbiased survey of ¥;I';(BR); opens
up many avenues
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From K. Dutta, A. Kar, A. Ghosh, BM (2022)

— [ (exeluding vi7)

1 1
10! 10? 103 10* 10! 10? 103 10*
m, (GeV) my (GeV)

Figure 7. Left: Varying the branching ratios of all SM final states (excluding vi7) in the range 0% —100%
and combining the data of Planck CMB, Fermi-LAT IGRB and AMS-02 positron observations the
maximum allowed value of the total DM de
10GeV — 10 TeV. For any I' > 'y, there exists no branching ratio combination which is allowed
by all the aforementioned observations. Right: The branching ratio of vw final state is also varied

y width, i.e., Ty, is obtained for m, in the range

in the range 0% — 100% and the data of the above-mentioned observations are used along with the
data of Super-Kamiokande neutrino flux measurement to obtain the I'yax shown by the green solid
line. The green dotted line is obtained without including the Super-Kamiokande data. Combining all
four observations the green dashed dotted and the green dashed lines are derived which represent the
T'uax for DM decays to vo with precisely 50% and 100% branching ratios, respectively. See the text
for details
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Decaying WIMP and its radio signature...

K. Dutta, A. Ghosh, A.Kar, BM (2022)

e Decays in a dSph can produce eTe~ and lead to radio
signals
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e Decays in a dSph can produce eTe~ and lead to radio
signals

e Constraint on width: CBMR, ~-rays, AMS-02, neutrino
data

e All branching ratios scanned over for every mass, bounded
by these constraints, and the radio flux maximized for
every DM mass
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K. Dutta, A. Ghosh, A.Kar, BM (2022)
e Decays in a dSph can produce eTe~ and lead to radio
signals
e Constraint on width: CBMR, ~-rays, AMS-02, neutrino
data

e All branching ratios scanned over for every mass, bounded
by these constraints, and the radio flux maximized for
every DM mass

e Detectable radio signal predicted in 100 hours at SKA, for
decaying DM mass upto ~ 10 TeV
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Figure 10: Regions in the m, —T" plane those are detectable in the 100 hours of observation
of the Seg 1 dSph at the SKA are determined for Case 1, i.e., excluding DM decays to viz
and varying the branching ratios of the remaining SM final states arbitrarily. Ty, (the
green solid line) is the upper limit on total I', obtained by combining the data of Planck
CMB, Fermi-LAT IGRB and AMS-02 positron flux measurements. Here we have considered
Dy =3 x 10¥em?s7L, B = 0.14G (left) and Dy = 3 x 10%cm?s71, B = 1uG (right). The
diffusion index v = 0.7 is assumed in all the cases. See the text for details.
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Figure 11. Classification of the DM parameter space (spanned by m, and I') based on the detectability
at the SKA (for 100 hours of observation towards the Seg 1 dSph) is presented for Case 2, i.e., including
DM decays to vv with arbitrary branching fractions. The choice for the astrophysical parameters
made here are Dy = 3 x 10%¥cm?s !, v =0.7and B = 1 uG. I'nax (the green solid line) is the upper
limit obtained by using the data of Planck, Fermi-LAT, AMS-02 and Super-Kamiokande. See the text
for details.
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“A really good scientist is one who knows
how to draw correct conclusions from
incorrect assumptions”

Otto Frisch

Biswarup Mukhopadhyaya Indian Institute of Science Education



