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WIMP are CDM candidate 

 CDM fit observations  

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.
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Capture and scattering 
Self-annihillation 
or decay 

                                                           Status of our  published works in search for  DM: Upper Lim with NT-200 and GVD sensitivity  

 Baikal DM searches 
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Baikal site
•  1370 m maximum depth 
•  Distance to shore ~4 km 

•  Absence of high luminosity 
from biology and K40 
background 

 
•  Water properties:   
        Abs.   length: 22 ± 2 m    
       Scatt. length: Ls ~ 30-50 m  
       Ls /(1- <cosθ>) ~ 300-500 m 
  
       Strongly anisotropic phase  
       function:     <cosθ> ~ 0.9 
 
•  Ice cover for two months that is 

a possibility for simple and 
cheap  deployment procedure 
or rearrangemnet of  the 
detector from the ice  

The NT site 



                                          

  Baikal-GVD  

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

 Optical module 
PMT: R7081-100 
  
  

cascade	

muon	

Real sonar image (2017) 



Baikal-GVD: phase 1 (2020-2021)

 Optical module 
PMT: R7081-100 
  
  

	GVD-1 
OMs 2304 
Clusters	(8	Strings) 8 
Depths,	m	 750		–	1275 
Eff.	Volume 0.4	km3 

52
5	
m

 

120	m 700	m 
GVD-1:		8	clusters 

Directional	resolution 
Cascades:		3.5°	–	5.5° 
Muons:	0.25°	-	0.5° 

Energy	resolution 
	δ(E/Esh)	~	0.15 
	δ(lgE)	~	0.4 

Cluster:	8	strings 
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  Baikal Gigaton Volume Detector (GVD) 
 
is targeting on VHE neutrinos from visible 
astrophysical sources  in electromagnetics or 
gravitational waves either in DM phenomena 
through a gravitational field  

Note: Baikal-GVD’s FoV is about +40° on declination for  upgoing muons  
and 4π view in cascade search mode.  



                                          

  WIMPs from Galactic Center

                                                                                                                                                WIMPs self-annihilation  
   NT200 results 



                                                                                                                                 Indirect DM search towards the GC

  WIMP signature in gamma-rays or neutrino fluxes 

DM distribution (J-factor)



baikalweb.jinr.ru

Baikal NT200, Heptagon and Hydroacoustic system
Slightly about Baikal NT200 detector 

Upgoing muons 
Eth=10 GeV;  
ψ=2.5deg 



 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                                          

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

Direct ν−ν annihilation channel
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Angular mu-GC distributions: real data, mix-bckg and expected signal
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Baikal NT200 results: the upper limits at 90% CL
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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.

                                          

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

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.



Baikal-GVD  1 year -sensitivity to DM annihilations in the GC 
  12 clusters, 2304 OMs (∅120×345) Expexted number of upgoing muons  

4300 for 1 year.  Signal is simulated 
 with NFW density profile. Sytematic 
uncertainties about 50% is included 

500 GeV 



Baikal-GVD  1 year -sensitivity to DM decays in the GC 



    Baikal-GVD status 2019:   5 clusters
 Configuration	 2015	 2016	 2017	 2018	 2019	

The	number	of	OMs	 192	 288	 576	 864	 1440	
Geometric	sizes,	m	
	

∅80×345	
	

∅120×525 
	

2×∅120×525 
	

3×∅120×525 
	

5×∅120×525 
	

Eff.	Volume	 0.03	km3 
	

0.05	km3 
	

0.1	km3 
	

0.15	km3 
	

0.25	km3 
	

Total:   5 Clusters → 40 Strings → 
120 Sections → 1440 OMs 

Rates per clusters 



Two  modes in reconstruction of events:  
                view in plane  OM_z versus time  

Cascade-like event Track-like event 

- T_first 
- T_last 



Baikal-GVD in search for TeVes neutrino, first step in 2015 

«Dubna» 8 strings 
(192 OMs) 

Esh ≥ 100 TeV, no cut on  Nhit 

Esh ≥ 1 TeV, no cut on  Nhit 

results in: the only 1 cascade as non-atm candidate with Esh> 100 TeV 

� 

Galactic Center 

+ 

+ 

+ dSphs galaxies 

★ 

All cascade candidates 

Cascade candidates from bottom 
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Follow-up 1st GVD_cascade  MJD 57342 {RA 139.7°; Dec  5.56°} 
 

credits to D.Semikoz 

 radius 2°  



In 2016, 2018 data (2.4 year×cluster) selected number of cascade events :  

(Nhit > 13 & E > 1 TeV)         − 417 events 
(Nhit > 20  & E > 1 TeV )       – 18 events 
(Nhit > 20 & E > 100 TeV)     – 3+1 events 

 A search for cascades induced in GVD: 2016, 2018  

About 1.4 events are expected for 872 life 
days from astrophys. flux. 
Three events have been selected for Nhit >20 
and E > 100 TeV 
 
 
 

 



 Sample of cascades induced in GVD: 2016, 2018  

Nhit>10 



        GVD areas, angular resolution, pdf with energy dependence 

median ψ ~4.5deg  

in progress 



                                          

  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"}

NT200 results 



 [deg]recoΨ
1 10

C
um

ul
at

iv
e 

di
st

rib
ut

io
n

0

0.2

0.4

0.6

0.8

1

Graph

Ψreco

10−7

2.5◦

Ψreco

◦

◦

◦

δ α J

J

Ja(ψ) =

∫ lmax

0
dl ρ2

(

√

R2
0 − 2lR0 cos ψ + l2

)

ρ(r) R0

Ja(ψ)

dφν

dEνdΩ
= Ja(ψ)

⟨σav⟩

8πm2
DM

dNν

dEν
.

 DM constrains from observation of  22 dSphs 



 Angular distributions of signal and background for each dwarf    



                                                                                                                                  Indirect DM search towards dSphs

Reticulum 2 : NT200 background and signal angular distributions 

NT200 results 



                                                                                                                                 Baikal  DM search towards dSphs

Baikal NT200 UpLim 90% with syst: Segue1  and  Reticulum 2 
(dashed)(solid)



                                                                                                                              

Baikal sensitivity to DM annihilation: TS  

dSphs nu-nu  
30 GeV 

nu-nu  
10 TeV 

  bb 
30 GeV 

  bb 
10 TeV 

Sculptor 0.43342 0.249807 0.108297 
 

0.404067 

Coma 
Berenices 

0.627259 0.204246 0.979732 
 

0.300647 

Seque-1 2.06363 1.18917 1.82143 
 

1.38939 

Reticulum-2 0.771784 1.39208 0.201986 
 

1.30422 

Tucana-2 4.452 2.79711 3.34184 
 

3.24784 
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Baikal upper limits towards 5 dSphs and combined analysis  



                                                                                                                              

Direction towards the Large Magellanic Cloud  
11

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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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.

                                                                                                                              

The LMC rotation curve data    
5
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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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Fig. 7. 90% CL upper limits from the NT200 data on dark matter annihilation cross section assuming annihilation
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1e-23

1e-22

1e-21

1e-20

1e-19

1e-18

1e-17

 10  100  1000  10000

νν

LMC

<σ
A

v>
, c

m
3 s-1

mDM, GeV

Mean, Expected limit, 95%
Mean, Expected limit, 68.27%

Mean, Expected limit
Mean, Observed limit

Min, Observed limit
Max, Observed limit
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lines) and sensitivity (dashed line) on dark matter annihilation cross section assuming annihilation to νν̄. Colored

bands represent 68% (red) and 95% (blue) quantiles.

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
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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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 Solar DM: UpL on spin-dependent (SD) cross section DM-p, 
Baksan, ANTARES, SK, IceCube and Baikal NT200 (result_2014) 



We expect to improve the  Baikal results with incoming data of the 
GVD in search for neutrino signal from expected annihilations of 
DM particles inside the astrophysical sources 

* 

We see potential in multicluster events 
Each	cluster	has	5	ns	precision	
	timestamp	synchronized	with	GPS	
	
Muon flight time 0.6 - 2.2 µs 
 through 2 neighbored clusters 
	
Joint event rate is 0.2 Hz 

 Prospect in combined analysis of GVD data with other NTs 

Further progress in track reconstruction  
Method of surviving true hits 94% and  BDT criteria 

results to  mismath angle ~ 1.2deg  median     

> 5  hit OM's  

    at 3 strings  
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