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Simulation of what the Universe looks like

~ Simulation of what the Universe  
would look like without DM

Clearly it doesn’t work… 

The reason is that baryons  
interact with photons.  

This is called Silk damping.

WIMP and CDM: the link? 

WIMP are CDM candidate  

 CDM fit observations  
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Has been completed the analysis of Baikal NT200 data 
sample of 5 years in search for a dark matter signal from 
directions of the potential astrophysical sources: the Sun 
trajectory, the Galaxy Center, 22 dSphs mostly in the 
Southern hemisphere and the Large Magellanic Cloud known 
as the largest satellite galaxy of the Milky Way. The upper 
limits have been obtained at 90\% C.L. 

State at the beginning of reasearch of the Baikal-GVD 
sensitivity to a dark matter signal: first estimate in the GC 
direction and selection of nearly vertical events in application 
to expected flux from the Earth’s core.    

                                                                                                                              Status of our  works in DM.... 

Have been obtained preliminary estimates in combined 
analysis  of the ANTARES data sample in 2016 year with the 
Baikal NT200  for upper limits on flux from the GC  
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Baikal NT200, Heptagon and Hydroacoustic system
Slightly about Baikal NT200 detector 
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                                                                                                                                   Propagation and reconstruction  

   NT200 neutrino events  

E_th ~ 10 GeV 
median_ψ = 2.4°



                                          

  WIMPs from Galactic Center

                                                                                                                                                WIMPs self-annihilation  
   



                                                                                                                                 Indirect DM search towards the GC

  WIMP signature in gamma-rays or neutrino fluxes 

DM distribution (J-factor)



  
  WIMPs from Galactic Center 

 Astropart J: A search for neutrino signal from dark matter annihilation in the center of the Milky Way with Baikal NT200

Baikal NT200 visibility and angular resolution with selected evts

w/o winter expedition time 

Events below horizon (zenith>100 deg.) 
and selection cuts

mismatch angle

Declination [deg]

E_th ~ 10 GeV 
median_ψ = 2.4°
mean_ψ = 4.5°



 Astropart J: A search for neutrino signal from dark matter annihilation in the center of the Milky Way with Baikal NT200

Neutrino spectra in WIMP annihilations and NT200 ν-Effective Areas
ν-generation in the GC and 3-flavors ν-
propagation through the Earth



 Astropart J: A search for neutrino signal from dark matter annihilation in the center of the Milky Way with Baikal NT200

Angular mu-GC distributions: real data, mix-bckg and expected signal

Cone     20°      5°       2.5° 
N_obs    31      2        2
N_bkg    25.1   1.63   0.42  



 Astropart J: A search for neutrino signal from dark matter annihilation in the center of the Milky Way with Baikal NT200

Galactic Center: Baikal NT200 search for WIMPs



 Astropart J: A search for neutrino signal from dark matter annihilation in the center of the Milky Way with Baikal NT200

Baikal NT200 results: the upper limits at 90% CL

A - dashed lines 
B - solid 

Systematics: experiment (about 30%) and theory (upto 15%) 
without astrophysical uncertainties 



 Astropart J: A search for neutrino signal from dark matter annihilation in the center of the Milky Way with Baikal NT200

Baikal NT200 limits vs limits of NT and gammay-rays surveys



 Astropart J: A search for neutrino signal from dark matter annihilation in the center of the Milky Way with Baikal NT200

Baikal NT200: sensitivities to GC dm-signal from pseudo-experiments

Soft spectra: bb Hard spectra: nu-nu

N_obs=113 @ psi<40deg
TS= 5.8 - 6.6 (no syst) and TS= 1.4 - 1.6 with syst.
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Galactic Center: Baikal NT200 search for WIMPs
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Baikal NT200 results: the upper limits at 90% CL
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 Astropart J: A search for neutrino signal from dark matter annihilation in the center of the Milky Way with Baikal NT200

Baikal NT200 limits vs limits of NT and gammay-rays surveys
 Astropart J: A search for neutrino signal from dark matter annihilation in the center of the Milky Way with Baikal NT200

Baikal NT200: sensitivities to GC dm-signal from pseudo-experiments

Soft spectra: bb Hard spectra: nu-nu

N_obs=113 @ psi<40deg
TS= 5.8 - 6.6 (no syst) and TS= 1.4 - 1.6 with syst.

                                          

Astrophysical uncertainties in DM profiles
 Astropart J: A search for neutrino signal from dark matter annihilation in the center of the Milky Way with Baikal NT200

                                          

Angular mu-GC distr of a signal  
in ν−ν channel



 Astropart J: A search for neutrino signal from dark matter annihilation in the center of the Milky Way with Baikal NT200                                          

Astrophysical uncertainties in the Baikal NT200 upper limits on <σannv> 

Direct ν−ν annihilation channel



The Galaxy Centre:  
preliminary combined analysis NT200/ANTARES (2101 l.days) 

13/14

IceCube/ANTARES combined analysis
Latest results

Sensitivities

These sensitivities were calculated by Faye Havelock for the

combined analysis with BAIKAL.

13/14

IceCube/ANTARES combined analysis
Latest results

Sensitivities

These sensitivities were calculated by Faye Havelock for the

combined analysis with BAIKAL.



                                          

  WIMPs from dwarfs

                                                                                                                                                WIMPs self-annihilation  
   

// 14 Classic DG {"Carina","Fornax","Leo-I",
"Leo-II","Sculptor","Sextans","Bootes-I",
"Coma Berenices","Hercules ","Leo-IV","Leo-V",
"Leo-T","Segue-1","Segue-2"}

// 8 DES new discovered DG in 2015
{ "Reticulum2","Eridanus2","Horologium1","Pictor",
"Phoenix2","Indus1","Eridanus3","Tucana2"}



DES: discovery of nine dwarfs  S.Koposov+ 2015
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Figure 6. Upper limits on flux (left) and cross section (right) versus J-factor. The points represent J-factors for each target estimated
either from spectroscopy (filled circles with error bars) or from the scaling relation discussed in Section 4 (filled circles). The green and
yellow shaded regions are the 68% and 95% containment regions for the blank-sky expectations, respectively. For comparison, the three
solid lines show the median expected upper limits for DM annihilation with the given cross section. No significant deviation from the
background-only expectation is observed.

J-factor uncertainty as a nuisance parameter (see Equa-
tions 3–5 in Ackermann et al. 2015b). The largest excess
found in the combined analysis of our nominal sample
was TS = 10.1 for a DM particle mass of 15.8 GeV an-
nihilating into ⌧ -leptons (see Figure 7). We calibrated
this TS against a sample of randomly selected blank-sky
locations to get plocal = 0.047 (1.7�). We converted this
to pglobal = 0.23 (0.7�) by applying a trials factor to
account for our scan in DM mass and annihilation chan-
nel.7

Ackermann et al. (2014) found that cross section up-
per limits derived from dSphs are fairly insensitive to
the assumed spatial extension. However, we investigate
the impact of modeling the targets as spatially extended
sources using the Navarro-Frenk-White (NFW) DM den-
sity profiles projected along the line of sight (Navarro
et al. 1997). Since the scale radii of the dSph candi-
dates are not well constrained, we consider characteristic
scale radii of 100 pc, 316 pc, and 1 kpc. When assum-
ing the largest scale radius of 1 kpc, we find that the
TS of the most significant excess observed in the anal-
ysis of the nominal sample (⌧+⌧� channel and mass of
15.8 GeV) increases to TS = 15.3. The global signifi-
cance of the excess assuming the most extended spatial
model is pglobal = 0.21 (0.8�); however, this value does
not account for the additional trials factor from testing
multiple spatial models.

We also performed our analysis using predicted
J-factor uncertainties of 0.4 dex and 0.8 dex when spec-
troscopic J-factors were unavailable. The TS values and
associated detection significances from these analyses are
listed in Table 3. Di↵erent choices for the target sample
and predicted J-factor uncertainties yield distinct null
distributions for the TS. The resulting pglobal values do
not account for the extra trials factor from testing mul-
tiple target samples and J-factor uncertainties. In all
cases, pglobal < 1�. Due to the lack of a significant ex-
cess in the combined analysis, we conclude that there is
no significant evidence of DM annihilation in the popu-
lation of confirmed and candidate dSphs.

7 If we only tested the single DM model best-fit to the GCE
then it would not be necessary to include a trials factor for testing
multiple DM masses and channels (e.g., Hooper & Linden 2015).

Table 3
Combined Analysis Results

Sample Channel Mass (GeV) TS pglobal

0.4 dex
Inclusive ⌧+⌧� 15.8 8.5 0.20 (0.8�)
Nominal ⌧+⌧� 15.8 8.5 0.18 (0.9�)
Conservative ⌧+⌧� 15.8 2.5 0.51 (-0.0�)

0.6 dex
Inclusive ⌧+⌧� 15.8 10.1 0.27 (0.6�)
Nominal ⌧+⌧� 15.8 10.1 0.23 (0.7�)
Conservative ⌧+⌧� 15.8 3.0 0.60 (-0.3�)

0.8 dex
Inclusive ⌧+⌧� 15.8 11.6 0.34 (0.4�)
Nominal ⌧+⌧� 15.8 11.4 0.29 (0.6�)
Conservative ⌧+⌧� 25.0 3.8 0.68 (-0.5�)

Note. — Largest TS values from the combined anal-
ysis of satellite systems in our three target samples. We
adopt log-normal J-factor uncertainties of 0.4 dex, 0.6 dex,
and 0.8 dex for targets lacking spectroscopic J-factors.
The global p-value is calibrated from random blank-sky
regions and is corrected for a trials factor from fitting
multiple DM annihilation spectra.

Assuming that the J-factors are an accurate represen-
tation of the expected dark matter annihilation signal,
a combined analysis of the satellite population is more
sensitive than the analysis of any individual target. In
Figure 8, we show the median expected sensitivity for an
analysis of our nominal sample assuming several di↵erent
J-factor uncertainties for targets without spectroscopi-
cally determined J-factors (kinematic J-factors are held
fixed in each case). Additionally, we show the optimistic
scenario where the J-factors for the entire sample can be
determined exactly. In this limiting case, the analysis is
sensitive to the thermal relic cross section for DM par-
ticles with mass . 200 GeV, a factor of ⇠ 2 increase in
mass relative to the analysis of Ackermann et al. (2015b).

In Figure 9 we show upper limits derived from a com-
bined analysis of our nominal sample assuming a J-factor
uncertainty of 0.6 dex for targets lacking spectroscopic
J-factors. We find that the derived upper limits are con-
sistent within the range of statistical fluctuation expected
from 300 random high-latitude blank-sky fields. The de-
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Table 1
Confirmed and Candidate Dwarf Galaxies

(1) (2) (3) (4) (5) (6) (7) (8)
Name l, b Distance r1/2 MV log10(Jmeas) log10(Jpred) Sample

(deg, deg) (kpc) (pc) (mag) log10( GeV2 cm�5) log10( GeV2 cm�5)

Kinematically Confirmed Galaxies
Boötes I* 358.08, 69.62 66 189 -6.3 18.2 ± 0.4 18.5 I,N,C
Boötes II 353.69, 68.87 42 46 -2.7 ... 18.9 I,N,C
Boötes III 35.41, 75.35 47 ... -5.8 ... 18.8 I,N
Canes Venatici I 74.31, 79.82 218 441 -8.6 17.4 ± 0.3 17.4 I,N,C
Canes Venatici II* 113.58, 82.70 160 52 -4.9 17.6 ± 0.4 17.7 I,N,C
Carina* 260.11, -22.22 105 205 -9.1 17.9 ± 0.1 18.1 I,N,C
Coma Berenices* 241.89, 83.61 44 60 -4.1 19.0 ± 0.4 18.8 I,N,C
Draco* 86.37, 34.72 76 184 -8.8 18.8 ± 0.1 18.3 I,N,C
Draco II 98.29, 42.88 24 16 -2.9 ... 19.3 I,N,C
Fornax* 237.10, -65.65 147 594 -13.4 17.8 ± 0.1 17.8 I,N,C
Hercules* 28.73, 36.87 132 187 -6.6 16.9 ± 0.7 17.9 I,N,C
Horologium I 271.38, -54.74 87 61 -3.5 ... 18.2 I,N,C
Hydra II 295.62, 30.46 134 66 -4.8 ... 17.8 I,N,C
Leo I 225.99, 49.11 254 223 -12.0 17.8 ± 0.2 17.3 I,N,C
Leo II* 220.17, 67.23 233 164 -9.8 18.0 ± 0.2 17.4 I,N,C
Leo IV* 265.44, 56.51 154 147 -5.8 16.3 ± 1.4 17.7 I,N,C
Leo V 261.86, 58.54 178 95 -5.2 16.4 ± 0.9 17.6 I,N,C
Pisces II 79.21, -47.11 182 45 -5.0 ... 17.6 I,N,C
Reticulum II 266.30, -49.74 32 35 -3.6 18.9 ± 0.6 19.1 I,N,C
Sculptor* 287.53, -83.16 86 233 -11.1 18.5 ± 0.1 18.2 I,N,C
Segue 1* 220.48, 50.43 23 21 -1.5 19.4 ± 0.3 19.4 I,N,C
Sextans* 243.50, 42.27 86 561 -9.3 17.5 ± 0.2 18.2 I,N,C
Triangulum II 140.90, -23.82 30 30 -1.8 ... 19.1 I,N,C
Tucana II 328.04, -52.35 58 120 -3.9 ... 18.6 I,N,C
Ursa Major I 159.43, 54.41 97 143 -5.5 17.9 ± 0.5 18.1 I,N,C
Ursa Major II* 152.46, 37.44 32 91 -4.2 19.4 ± 0.4 19.1 I,N,C
Ursa Minor* 104.97, 44.80 76 120 -8.8 18.9 ± 0.2 18.3 I,N,C
Willman 1* 158.58, 56.78 38 19 -2.7 ... 18.9 I,N

Likely Galaxies
Columba I 231.62, -28.88 182 101 -4.5 ... 17.6 I,N,C
Eridanus II 249.78, -51.65 331 156 -7.4 ... 17.1 I,N,C
Grus I 338.68, -58.25 120 60 -3.4 ... 17.9 I,N,C
Grus II 351.14, -51.94 53 93 -3.9 ... 18.7 I,N,C
Horologium II 262.48, -54.14 78 33 -2.6 ... 18.3 I,N,C
Indus II 354.00, -37.40 214 181 -4.3 ... 17.4 I,N,C
Pegasus III 69.85, -41.81 205 57 -4.1 ... 17.5 I,N,C
Phoenix II 323.69, -59.74 96 33 -3.7 ... 18.1 I,N,C
Pictor I 257.29, -40.64 126 44 -3.7 ... 17.9 I,N,C
Reticulum III 273.88, -45.65 92 64 -3.3 ... 18.2 I,N,C
Sagittarius II 18.94, -22.90 67 34 -5.2 ... 18.4 I,N,C
Tucana III 315.38, -56.18 25 44 -2.4 ... 19.3 I,N
Tucana IV 313.29, -55.29 48 128 -3.5 ... 18.7 I,N,C

Ambiguous Systems
Cetus II 156.47, -78.53 30 17 0.0 ... 19.1 I
Eridanus III 274.95, -59.60 96 12 -2.4 ... 18.1 I
Kim 2 347.16, -42.07 105 12 -1.5 ... 18.1 I
Tucana V 316.31, -51.89 55 16 -1.6 ... 18.6 I

Note. — Milky Way satellite systems consistent with being dSphs. Horizontal lines divide systems that have been kinematically determined

to be DM dominated (top), systems with photometry consistent with being dSphs (middle), and systems with small physical sizes populating

an ambiguous region of the size-luminosity plane between dSphs and globular clusters (bottom). Columns represent (1) name of stellar system

(2) Galactic coordinates (3) heliocentric distance (4) azimuthally averaged half-light radius (5) absolute visual magnitude (6) measured J-factor

derived from stellar kinematics by Geringer-Sameth et al. (2015a); Reticulum II value taken from Simon et al. (2015) (7) predicted J-factor from

Equation 2 (8) composite sample membership (see Section 5): C=conservative, N=nominal, I=inclusive. Targets used in the combined limits from

Ackermann et al. (2015b) are marked with asterisks.

sistent with known dSphs, and (3) systems with small
physical sizes (10 pc < r1/2 < 20 pc) and ambiguous
classifications (see Figure 1). Due to small stellar sam-
ples and/or complicated kinematics, several kinemati-
cally confirmed dSphs lack spectroscopically measured
J-factors.

Several Milky Way satellites are not considered in this
analysis. For instance, the Sagittarius and Canis Ma-
jor dSphs are excluded because: (1) they reside at low
Galactic latitude (b = �14.�2 and b = �8.�0, respec-
tively) where the di↵use Galactic �-ray foreground emis-
sion presents both statistical and systematic challenges,

and (2) they show strong evidence of tidal disruption,
making accurate determination of their DM masses dif-
ficult (Frinchaboy et al. 2012; Martin et al. 2004). In
spite of these obstacles, the proximity (26 kpc and 7 kpc,
respectively) and large velocity dispersions of these two
systems make them promising targets for dedicated in-
dividual study.

Finally, we exclude Segue 2 from our target list. Spec-
troscopic measurements show that Segue 2 has a large
metallicity dispersion characteristic of dSphs, but the
upper bound on its velocity dispersion, �v < 2.2 km s�1,
implies a mass-to-light ratio within the half-light radius,
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Figure 4. Local detection significance, expressed as a log-likelihood test statistic (TS), from the broad-band analysis of each target in
Table 1 assuming DM annihilation through the bb̄ (left) or ⌧+⌧� (right) channels. The bands represent the local one-sided 84% (green)
and 97.5% (yellow) containment regions derived from 300 random sets of 45 blank-sky locations. Curves corresponding to targets with
peak significance larger than the local 95% expectation from blank-sky regions are explicitly colored and labeled, while other targets are
shown in gray.

Table 2
Targets with the Largest Excesses above Background

(1) (2) (3) (4) (5) (6) (7)
Name Channel Mass (GeV) TS plocal ptarget psample

Indus II ⌧+⌧� 15.8 7.4 0.01 (2.3�) 0.04 (1.7�) 0.84 (-1.0�)
Reticulum II ⌧+⌧� 15.8 7.0 0.01 (2.3�) 0.05 (1.7�) 0.88 (-1.2�)
Tucana III ⌧+⌧� 10.0 6.1 0.02 (2.1�) 0.06 (1.5�) 0.94 (-1.6�)
Tucana IV ⌧+⌧� 25.0 5.1 0.02 (2.1�) 0.09 (1.3�) 0.98 (-2.1�)

Note. — (1) Target name (2) best-fit DM annihilation channel (3) best-fit DM particle
mass (4) highest TS value (5) local p-value calibrated from random blank regions (6) target
p-value applying a trials factor from testing multiple DM annihilation spectra (7) sample
p-value applying an additional trials factor from analyzing 45 targets. The Gaussian
significance associated with each p-value is given in parentheses. More details can be
found in Section 3.

using the spectroscopic J-factors from Geringer-Sameth
et al. (2015b) as opposed to those from Martinez (2015).
The two data sets give compatible results (see DW15);
however, the J-factors derived by Geringer-Sameth et al.
(2015b) rely on fewer assumptions about the popula-
tion of dSphs and provide slightly more conservative esti-
mates for the predicted J-factors. The predicted J-factor
for each stellar system is shown in Table 1.

In addition to predicting the value of the J-factor we
approximate the uncertainty achievable with future ra-
dial velocity measurements. The uncertainty on the
J-factor derived from spectroscopic observations depends
on several factors, most importantly the number of stars
for which radial velocities have been measured. For ultra-
faint dSphs that are similar to the dSph candidates, spec-
tra have been measured for 20–100 stars. Additional
sources of uncertainty include the DM density profile
and dynamical factors such as the velocity anisotropy
of member stars. We consider characteristic J-factor un-
certainties, log

10
�J = {0.4, 0.6, 0.8} dex, for the newly

discovered ultra-faint satellites lacking spectroscopically
determined J-factors. Note that these uncertainties re-
fer to characteristic measurement uncertainties on the
J-factor for a typical dSph, and do not reflect any in-
trinsic scatter that may exist in a larger population of
satellites.

We reiterate that this analysis assumes that the newly
discovered systems are DM-dominated, similar to the
known population of ultra-faint dSphs. Some of the more
compact systems might actually be faint outer-halo star
clusters. Some of the larger systems also may be subject
to tidal stripping, in which case the distance-based esti-
mation described above may not apply. On-going spec-
troscopic analyses seek to robustly determine the DM
content of new systems and identify those that have com-
plicated kinematics.

5. DARK MATTER CONSTRAINTS

We use the spectroscopically determined J-factors
(when possible) and predicted J-factors (otherwise) for
each confirmed and candidate dSph to interpret the �-
ray flux upper limits within a DM framework. Figure 6
summarizes the observed flux and h�vi upper limits de-
rived for individual confirmed and candidate dSphs, as-
suming a DM particle with a mass of 100 GeV annihilat-
ing through the bb̄-channel.6 We find that the observed
upper limits are consistent with expectations from blank-
sky regions. We also show the median expected upper

6 Results for both channels as well as bin-by-bin likelihood func-
tions for each target are available in machine-readable format at:
http://www-glast.stanford.edu/pub_data/1203/.
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Table 2
Targets with the Largest Excesses above Background

(1) (2) (3) (4) (5) (6) (7)
Name Channel Mass (GeV) TS plocal ptarget psample

Indus II ⌧+⌧� 15.8 7.4 0.01 (2.3�) 0.04 (1.7�) 0.84 (-1.0�)
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Tucana IV ⌧+⌧� 25.0 5.1 0.02 (2.1�) 0.09 (1.3�) 0.98 (-2.1�)

Note. — (1) Target name (2) best-fit DM annihilation channel (3) best-fit DM particle
mass (4) highest TS value (5) local p-value calibrated from random blank regions (6) target
p-value applying a trials factor from testing multiple DM annihilation spectra (7) sample
p-value applying an additional trials factor from analyzing 45 targets. The Gaussian
significance associated with each p-value is given in parentheses. More details can be
found in Section 3.

using the spectroscopic J-factors from Geringer-Sameth
et al. (2015b) as opposed to those from Martinez (2015).
The two data sets give compatible results (see DW15);
however, the J-factors derived by Geringer-Sameth et al.
(2015b) rely on fewer assumptions about the popula-
tion of dSphs and provide slightly more conservative esti-
mates for the predicted J-factors. The predicted J-factor
for each stellar system is shown in Table 1.

In addition to predicting the value of the J-factor we
approximate the uncertainty achievable with future ra-
dial velocity measurements. The uncertainty on the
J-factor derived from spectroscopic observations depends
on several factors, most importantly the number of stars
for which radial velocities have been measured. For ultra-
faint dSphs that are similar to the dSph candidates, spec-
tra have been measured for 20–100 stars. Additional
sources of uncertainty include the DM density profile
and dynamical factors such as the velocity anisotropy
of member stars. We consider characteristic J-factor un-
certainties, log

10
�J = {0.4, 0.6, 0.8} dex, for the newly

discovered ultra-faint satellites lacking spectroscopically
determined J-factors. Note that these uncertainties re-
fer to characteristic measurement uncertainties on the
J-factor for a typical dSph, and do not reflect any in-
trinsic scatter that may exist in a larger population of
satellites.

We reiterate that this analysis assumes that the newly
discovered systems are DM-dominated, similar to the
known population of ultra-faint dSphs. Some of the more
compact systems might actually be faint outer-halo star
clusters. Some of the larger systems also may be subject
to tidal stripping, in which case the distance-based esti-
mation described above may not apply. On-going spec-
troscopic analyses seek to robustly determine the DM
content of new systems and identify those that have com-
plicated kinematics.

5. DARK MATTER CONSTRAINTS

We use the spectroscopically determined J-factors
(when possible) and predicted J-factors (otherwise) for
each confirmed and candidate dSph to interpret the �-
ray flux upper limits within a DM framework. Figure 6
summarizes the observed flux and h�vi upper limits de-
rived for individual confirmed and candidate dSphs, as-
suming a DM particle with a mass of 100 GeV annihilat-
ing through the bb̄-channel.6 We find that the observed
upper limits are consistent with expectations from blank-
sky regions. We also show the median expected upper

6 Results for both channels as well as bin-by-bin likelihood func-
tions for each target are available in machine-readable format at:
http://www-glast.stanford.edu/pub_data/1203/.
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structure that the gamma-ray emission may have.

FIG. 6: Left: Counts map of the LMC region, in the energy range from 792MeV to 12.6GeV. Right: Model map of the
same region and for the same energy range created from the emission model (see text for details). Both maps are binned in
0.�1⇥ 0.�1 pixels and smoothed with a � = 0.�3 Gaussian kernel. The possible locations of the LMC center (Tab. I) are shown:
stellar (white circle with ⇥ cross), outer (orange circle with + cross), and HI (blue circle with +⇥ cross). Smoothed contours
of extended components of the background emission model are also shown: E0 (solid black lines), E1 (dashed black), E2 (white
dashed), E3 (white solid), and E4 (black dotted); the contours are drawn at 2% of the peak level for each of the extended sources.
Green stars mark the point-like objects PS1 to PS4 in our background emission model, orange stars are point sources in the
2nd Fermi-LAT point source catalog. Recall that the extended emission sources are correlated with the gas column density,
resulting in the irregular shapes. The e↵ective angular resolution can be inferred from the distribution of counts around the
point-like sources. Galactic di↵use emission is visible outside of the LMC region.

This model-building procedure resulted in an emission model with nine components: four point-like objects and
five extended components. The former are denoted PS1, PS2, PS3, and PS4, while we call the latter E0, E1, E2, E3,
and E4. The corresponding full model map is compared to the counts map in Figure 6, where the layout of the various
emission components is overlaid.

One point should be emphasized. By design, this iterative building of a model for the LMC aims to account for
any emission component, point-like or extended. Therefore, should any dark matter signal be present in the data,
part or all of it may be absorbed in one or more of the above mentioned (extended) components. A large part of our
e↵orts in our treatment of the statistical and systematic errors (Section V) will focus on placing conservative bounds
in just this case. Fortunately, the expected dark matter distributions presented in the previous section seem to di↵er
notably from the standard astrophysical background presented above. Additionally, the specific dark matter signal
spectra di↵er from the typical spectra we inferred for the various emission components. Nevertheless, this possible
bias should be kept in mind and will be discussed in detail.

IV. LAT INSTRUMENT AND DATA SELECTION

The Fermi LAT is a pair-conversion telescope: incoming gamma rays convert to e+e� pairs that are tracked in the
instrument. The data analysis is event based; the energies and directions of the incoming gamma rays are estimated
from the tracks and energy depositions of the pair in the LAT. Detailed descriptions of the LAT and of its performance
can be found elsewhere [9, 112, 113].

For the analysis of a complicated region such as the LMC, the PSF is crucial for resolving the contributions from
di↵erent spatial components. The 68% containment radius of the PSF (R68) averaged over the LAT field-of-view is
⇠ 1� (⇠ 1.�8) at 500 MeV for events that convert in the front (back) of the LAT tracking volume.

For our data sets we use the P7REP CLEAN event selection (“Pass 7 Reprocessed” data) on data taken between 2008
August 4, and 2013 August 4 by the Fermi LAT. We chose to use the stringent P7REP CLEAN event selection since it
has low residual CR contamination compared to the gamma-ray flux. We used the P7REP CLEAN V15 version of the
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5

Ref. [83]. We will use nfw-max and iso-max to denote the NFW and isothermal profiles fit to the data at i = 26.�2,
and nfw-min and iso-min the results of the fit with an inclination angle of i = 39.�6.

FIG. 1: LMC rotation curve data, assuming an inclination i that maximizes (left) and minimizes (right) the dark matter
density. Stellar vrot data are shown with orange points [80], and H i vrot data [79] in green. The orange dotted line denotes the
contribution to vrot from the stellar mass, and the contribution from the H i+He gas is shown in dotted green [84]. The vrot
values predicted by NFW and isothermal profiles fit to data are shown by red and blue dashed lines, respectively. Solid lines
show vrot of the dark matter profiles plus contribution from the stars and gas, with the maximum values in the left plot and
the minimum on the right. Grey lines show the mean profile of dark matter fit from simulations of LMC-like galaxies (dashed
is dark matter-only, solid is dark matter plus stars and gas), and are not fit to the stellar and H i data points. The simulated
dark matter rotation curve is independent of inclination angle, and the flat rotation curve beyond 3 kpc is based on the results
of Ref. [80].

The assumptions of pure NFW or isothermal profiles are simplifications that we do not expect to be realized in the
actual LMC. Thus, we have taken a separate approach to determine what the “typical” dark matter density profile
of an LMC–mass galaxy might be. Recent cosmological simulation results have demonstrated that energetic feedback
from stars and supernovae can transform an initially steep inner density profile into a shallower profile [86–88]. The
degree of transformation is sensitive to the mass of stars formed [88, 89], and the stellar mass is dependent on halo
mass [90, 91]. Ref. [92] has provided a general relation for the generalized NFW parameters (↵,�, �) as a function of
stellar-to-halo mass ratio. Therefore, we can extract a range of generalized NFW profiles appropriate for the LMC
from simulations, provided we know the stellar and halo masses of the galaxy.

We adopt a stellar mass of 2.7⇥ 109 M� from Ref. [78]. The allowed dark matter halo mass range of the LMC is
uncertain by an order of magnitude, e.g., (3 – 25)⇥ 1010 M� [93], and allows for the whole range of density profiles
between isothermal and NFW. To better constrain the stellar-to-halo mass ratio, we use a sample of cosmologically
simulated galaxies from Ref. [94] that has been shown to match the observed stellar-to-halo mass relation. This
sample was chosen to have halo masses in the range (3 – 25) ⇥ 1010 M�, stellar masses � 109 M�, and logarithmic
stellar-to-halo mass ratios ranging from �1.2 to �1.7. We have adopted the (↵,�, �) values for the extrema of these
halos from Ref. [92], which provide an “envelope” of typical dark matter density profiles in an LMC–mass galaxy
predicted by state-of-the-art cosmological simulations. We take the average values of (↵,�, �), defining the mean
simulated profile. Figure 2 shows the density profiles of the simulated galaxies, and the overlaid best-fit profiles. The
resulting generalized NFW parameters of these three simulated profiles are shown in Table II. In Figure 3, we plot
the density profiles ⇢(r) of our benchmark models: the two NFW and isothermal models, and our three generalized
NFW profiles forming the range of results from simulation.

In Figure 1, showing the rotation curve data to which the NFW and isothermal profile parameters were fit, we
overlay the simulated profiles. Note that dark matter distributions drawn from simulations are not directly fit to the
LMC data and are not corrected for inclination angle.
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Applied DM profiles 
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Fig. 7. 90% CL upper limits from the NT200 data on dark matter annihilation cross section assuming annihilation
to bb̄, W+W−, µ+µ−, τ+τ− and νν̄ from analysis of the LMC direction.
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in Fig. 8 (at 1- and 2-σ level) for νν̄ channel are shown in Fig. 8 along with 68% (red) and 95% (blue) quantiles

in comparison with the obtained 90% CL upper limit shown by the black solid line assuming sim-mean profile.

Also in this Figure we show 90% CL upper limits for this annihilation channel obtained with the other dark

matter density profiles, sim-min and sim-max, which can be viewed as an estimate of astrophysical systematics

related to this source. We see that with “cuspy” sim-max profile the upper bounds are improved by almost two

orders of magnitude.

In Fig. 9 we present a comparison of upper limits obtained by different neutrino experiments from their

searches for the dark matter annihilation signal in comparison with the NT200 results. There shown the limits

from IceCube (Galactic Center [27] and preliminary results from joint analysis of dwarf galaxies [38]), ANTARES

(Galactic Center [28]), Super-Kamiokande (Galactic Center [49]).

In Fig. 10 we compare of the 90% CL upper limits on annihilation cross section for τ+τ− annihilation

channel obtained by different experiments. These experiments include the FERMI [34] (dwarf galaxies, DES),

VERITAS [35] (four dwarf galaxies), MAGIC [36] (Segue 1), HESS [37] (inner Galactic halo) , IceCube (Milky

Way [50], GC [27] and preliminary results for dwarf galaxies [38]) , ANTARES [28] (GC). Light brown line

10



                                                                                                                              

Towards the LMC: upper limits of  γamma- and ν- telescopes 
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10-24

10-23

10-22

10-21

10-20

10-19

10-18

10-17

10-16

10-15

10 100 1000 10000

νν

<σ
A

v>
, c

m
3 s-1

mDM, GeV

IC79, GC, 2015
IC86, Dwarfs, prel.

ANTARES 2007-2012, GC, 2015
Super-Kamiokande 1996-2014, GC

NT200, GC 1998-2003
NT200, 5 dwarfs, 1998-2003

NT200, LMC, 1998-2003
NT200, LMC (mean), 1998-2003
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Fig. 10. 90% CL upper limits on dark matter annihilation cross section assuming annihilation to τ+τ− in comparison
with other experiments.

shows the thermal relic annihilation cross section from Ref. [44]. From the present analysis we see that for

Baikal experiment the LMC direction is more sensitive (even with astrophysical systematics) to dark matter

annihilation signal as compared with dwarf spheroidal galaxies.

5. CONCLUSIONS

To summarize, we presented our new results in indirect search for dark matter signal from

distant astrophysical sources, i.e. the Large Magellanic Cloud and dwarfs spheroidal galaxies,

with neutrino events of the NT200 neutrino telescope in Baikal. We applied combined likelihood

method for 5 selected dwarfs among 14 “classical” and 8 new dwarfs discovered in the South

hemisphere. We obtained the upper limits at 90% CL on annihilation cross sections for different

annihilation channels and masses of dark matter particles in the range from 30 GeV to 10 TeV.

The work of S.V. Demidov and O.V. Suvorova was supported by the RSCF grant 14-12-01430.
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  Baikal-GVD  

                                                         Cherenkov light detection in Baikal                                     Baikal-GVD and it's  extension

 Optical module 
PMT: R7081-100 
  
  



 2015:  «Dubna» 
8 strings (192 OMs) Configuration 2015 2016 2017 2018 

The	number	of		OMs 192 288	 576 864 

Geometric	sizes,	m ∅80×345 ∅120×525 2×∅120×525 3×∅120×525 

Eff.	Vol 0.03	km3 0.05	km3 0.1	km3 0.15	km3 

 2018:  24 strings (864 OMs) 

                                                                                                                            

Data taken with three Baikal-GVD clusters 



After reconstruction:  

analysis of  2016 data sample – 182 l.days,  6.86x108  accumulated events   
 

1 cluster, 33 live days 

Zenith angle distributions of muons  

Muon neutrinos are detected as a muon tracks from bottom hemisphere 

34 

After BDT cut: 23 events were 
selected in the signal region  
data 
  > 5  hit OM's 

at 3 strings 

                                                                                                                          

Search for muon neutrinos 



35 

Nearly vertical events: start searches for DM from the Earth core 

Example:	nuEnergy=1.6TeV;	Theta_MC=	4.60;		Theta_rec=3.98794			 

2016, 1st cluster, Run 404, 
event with 10 hits: no gap in 9 

Selection criteria:  
Causality	cuts; 
Presence at one string  the chain of 5 hits  or more with velocities of speed 
of signal between OM pairs within physical  window 0.2—0.4 m/ns, while 
their amplitudes per OM should be higher 3p.e. 
Also preferable is a single pulse per hit.  

Experimental data sample: 1st GVD-cluster 2016, 182 l.days,                  
total number of events 6.86x108 

. 
 

5674 selected candidates to look for neutrinos: 
144 events with 6 hits, 15 events with 7 hits, 6 
events - 8 hits and only one of them has 10 hits. 

kn_hits 



O
M
_i
d 

Nearly vertical events: neutrino candidates 

Time_of_OM 

 10 hits 8 hits  7 hits 



Reco	with	BARS:	MC	event	example	
MC	original reconstructed	(20	hits) 

Example:	nuEnergy=1.6	TeV;	Theta_MC=	4.60°;		Theta_rec=3.99°			 



Vertical upgoing MC sample: working points  

Reconstruction efficiency:  

Reconstruction of zenith angle 



We expect to improve the  Baikal results with incoming data of the 
Gigaton Volume Detector  in search for neutrino signal from 
expected annihilations of Dark Matter particles inside the 
astrophysical sources 

* 



Some  problems within LCDM 

No DM particle was found so far 

Milky Way satellites (galaxies in subhalo): we don’t detect as many as 
predicted by CDM  

DM halo profile of dwarfs galaxies: observed profiles are 
not NFW, unlike CDM predicts   

Yet not found in surveys big galaxies to form stars predicted by CDM   

When to stop testing. While the ⇤CDM model currently fits the available data quite well, we still
feel the need for additional confirmation or surprises. Imagine that we are in the same situation in 20
years; the model works well, perhaps with a few things sticking out of the picture. When do we stop
asking for more confirmation? There is a human tendency to believe that “we are almost there,” but
the future might show something completely di↵erent. At least this is something to hope for, unless
we are content with simply confirming a standard model to higher and higher precision.

As for which future data that has the power to do this, we honestly don’t know, but again, we can
at least hope for something new. Remember that baryon acoustic oscillations, now perhaps the most
powerful way to map the expansion history of the Universe, have only been seriously discussed as an
important cosmological tool in the new millennium. Thus, we summarize with Fig. 2. . .

Figure 2: The space of beyond-⇤CDM models. (Tom Gauld, reproduced with permission.)

2. Cosmological constant: the ⇤ in ⇤CDM
The cosmological constant problem is frequently described as the biggest problem in fundamental

physics; a fine-tuning of the highest degree; an embarrassment to the otherwise substantial progress
in understanding the basic laws of nature. The observational necessity of introducing a ⇤-like term
into the standard cosmological model has inspired a tremendous variety of creative solutions to both
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