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This talk is based on three recent papers:

1.1908.04675(collaboration with astro people) 

2.1909.05320  

 



3.1909.09475(collaboration with AMO and 
Nuclear physics people)   



Axion and its relation to a number of old 
(and apparently unrelated) Mysteries

1. 80-years old mystery: the nature  of dark matter 
(Zwicky 1937)   

2. another 50-years old mystery: Baryogenesis 
(Sakharov, 1967) 

3. yet another 80- years old mystery: the so-called 
“solar heating puzzle”    

4. yet another (few decades old) mystery: 
Primordial Lithium Puzzle  

5. yet another 20- years old mysterious signal: 
DAMA-LIBRA observation of the annual modulation 
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Expected behaviour for 
the velocities of stars  

The observed 
velocity distribution 

1. Evidence for dark matter

Take home lesson: there is 
DM in our Universe.         
DM knows about gravity, but 
does not know about  E&M





2. Short overview on Baryogenesis
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 The cosmic microwave background (CMB) and Big 
Bang Nucleosynthesis (BBN) are highly sensitive to 
parameter                     ,   the baryon to photon ratio. ⌘ ⌘ nB/n�
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Take home lesson: 
the parameter    is known 
with very high accuracy  
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Sakharov

Sakharov formulated precise 
criteria when such 
baryogenesis is possible: 

1. There must be B-violation;
2. There must be C and CP 

violation;
3. There must be out -of -

equilibrium dynamics 



1.“Naive”  Moral: Dark matter requires  New 
(unknown) Fields such as WIMPs 

2. “Naive” Moral:  New Fields must be Nonbaryonic. 
Arguments come from structure formation 
requirements,  BBN, decoupling DM from radiation, 
etc 

This proposal: Instead of  “New Fields”                     
“New phases” (dense colour superconductor) of  
“Old Fields” 

Instead of “Baryogenesis”                 “separation of 
charges” of conventional fields (quarks) at

1.First two  (naively unrelated) Mysteries: 
Dark Matter and Baryogenesis.

✓ 6= 0



The idea that the DM could be in form of very dense 
quark nuggets (QN) of standard model fields is not 
new and has been advocated by Witten in 1984 

The crucial (for cosmology) parameter        is small. 
Therefore, the nuggets are qualified as DM 
candidates
�
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There were many problems 
with the original 1984- 
Witten’s idea:  
1. There is no first order 

phase transition in QCD 
2. Fast evaporation 
3.  Hard to achieve stability 
4.  e.t.c. 

E. Witten

New element to rescue the 
nugget’s idea: the axion 

�/M
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Possible cooling paths are denoted as 1, 2, 3. The 
phase diagram at               is still unknown.  
Formation temp.                        corresponds to the 
observed value  

 There are 2 new elements (in comparison to Witten’s)                        

 2.Axion quark nugget’s (AQN) formation 

✓ 6= 0

QGP

CS

Hadron

(PhaseUnknown)

This is a novel contribution to 
DM from the axion field, in 

addition to conventional 
misalignment mechanism    

and DW decay 

T = 41 MeV
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1. there is  extra axion domain wall pressure 
(acting on the closed axion DW bubbles). It  makes 
the nuggets stable (first order phase transition is 
not required, as in the Witten’s case). They are 
absolutely stable and can serve as DM particles.    

2. there are two species, the  nuggets and anti-
nuggets.  The size is determined by        as  

A small geometrical factor replaces a conventional 
requirement for a weak coupling constant. Nuggets 
are qualified as the DM candidates: 

Cosmological  CP-odd  axion field generates the 
disparity  between  two species at                which 
implies the similarity between dark and visible 
sectors:                                         
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3. The main consequences  of the Axion 
Quark Nugget (AQN) framework

The relation                             is a very generic and 
universal outcome of this AQN framework.   The 
claim does not depend on  the axion mass        nor 
misalignment angle      .           

The “baryogenesis” in this framework is replaced 
by “charge separation” effect when the anti-quarks 
are hidden in form of the DM nuggets.  

The most important consequence for this talk: every 
annihilation event leads to production of photons 
(in different frequency bands) axions, neutrinos.  

The intensity of each emission depends on the 
environment: 1. emission in galaxy,   2. solar corona, 
3. earth’s interior (neutrinos and axions) 
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Antiquark nugget.    Source of galactic emission  
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511 keV line  (INTEGRAL)               PRL. (2005) 

1-20 MeV excess (COMPTEL)           JCAP (2008); PRD. (2010) 

X-ray emission  (CHANDRA)            JCAP (2008) 

23 < w < 61  GHz (radio diffuse)    PRD. (2008) 

w~ 1 GHz (ARCADE 2)                      Phys. Lett. B (2013) 

w ~ 1 GHz (nearby galaxies)           Phys. Lett. B (2016) 

mini-review prepared for                                                              
a conference proceedings            arXiv:1611.05042 (2016)

Relevant Literature  
 (excesses of radiation in different frequency bands as a 
result of annihilation of the AQNs with visible matter).       

All computations are based on SM particle physics



Source of EUV in solar corona.  Supersonic turbulent 
motion with very large Mach number      
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“Solar Extreme UV radiation and quark nugget 
dark matter model” -JCAP (2017) 

"Solar corona heating by axion quark nugget dark 
matter” -Phys. Rev. D (2018) 

“Solar Flares and the AQN Dark Matter Model”  
Phys. Dark Universe (2019)

Relevant Literature  
 (Extreme UV and soft x-ray radiation as a result of 

annihilation of the AQNs in the solar corona ).        



AQN traversing the deep Earth interior.                             
The axion and neutrino emissions     
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�

4. The axion emission  from the deep 
Earth interior

Flux of the AQNs hitting the earth surface 

Corresponding axion flux (on Earth surface): 

It should be compared with conventional galactic 
axions (misalignment mechanism, DW decays)
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5. Time modulation, amplification, and the 
Global Network (GN)  synchronization  

 

There are Conventional annual axion modulations                          
due to the velocity difference  (June vs December), 
which  is  of order   

If a nugget hits the Earth’s surface close to the 
position of an axion detector, a huge numerical 
amplification will occur as a “local flash” (burst). 

The amplification parameter “A” is defined as the 
ratio between the intensity due to the “local flash” 
from a nearby AQN and the average intensity   

V�/V� ⇠ 10%
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Trajectory of an AQN

Observer

Amplification “A” due to the “local flash” becomes 
numerically large 

“Amplification” A(d) ' 1
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A ⇠ 102 when d ⇠ 102km
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        -amplification occurs at every single point on Earth  
every 5 years. It shows up as a flash which lasts 0.1s
104
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A Time Span Event rate
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What happens if several axion detectors are 
synchronized and positioned  at distance                                          

In this case one should expect the correlated 
amplified signals with event rate 0.2/day and with 
time delay         on order of a second  

Synchronized detectors must be close to each 
other to record the signal from  one and the same 
AQN traversing the Earth

d ⇠ 102 km when A ⇠ 102
<latexit sha1_base64="nfsSwgdU5992TFe14TPk4YJ/AmI="></latexit>

�t ⌘ |t0⇤ � t⇤| =
�R

vAQN
� ⇠ 1s, � ⌘ |�R̂ · v̂|.

<latexit sha1_base64="fpsqHawBglbthvOV3tnlxXDITwk="></latexit>

�t
<latexit sha1_base64="jtC2Xh4g/3b5Y4neW+fyGFWDU0w=">AAAB8XicbZDJSgNBEIZ74hbjFpebl8YgeAoz8aA3gwp6jGAWTELo6VSSJj09Q3eNEEPewosHRbwKPow3j3kFn8DOctDEHxo+/r+Krio/ksKg6345iYXFpeWV5GpqbX1jcyu9vVMyYaw5FHkoQ13xmQEpFBRRoIRKpIEFvoSy370Y5eV70EaE6hZ7EdQD1laiJThDa93VLkEio0hpI51xs+5YdB68KWTOvodXH3sPw0Ij/VlrhjwOQCGXzJiq50ZY7zONgksYpGqxgYjxLmtD1aJiAZh6fzzxgB5ap0lbobZPIR27vzv6LDCmF/i2MmDYMbPZyPwvq8bYOq33hYpiBMUnH7ViSTGko/VpU2jgKHsWGNfCzkp5h2nG0R4pZY/gza48D6Vc1jvO5m7cTP6cTJQk++SAHBGPnJA8uSYFUiScKPJInsmLY5wn59V5m5QmnGnPLvkj5/0HQWaUbg==</latexit>

�t ⇠ 1s
<latexit sha1_base64="Vy2jQ0fZYf38+FSkXG4DSn9oz2A=">AAACAXicbVC7SgNBFJ2Nrxhf66MQbAaDYBV2Y6GdQQUtI5gHZEOYnUySITO7y8xdIS6x8VdsLAxi61/YWeYX/AInj0ITD1w4nHMv997jR4JrcJwvK7WwuLS8kl7NrK1vbG7Z2ztlHcaKshINRaiqPtFM8ICVgINg1UgxIn3BKn73cuRX7pnSPAzuoBexuiTtgLc4JWCkhr3vXTEBBAPGnuYSuzjxlMS637CzTs4ZA88Td0qy59/D68Hew7DYsD+9ZkhjyQKggmhdc50I6glRwKlg/YwXaxYR2iVtVjM0IJLpejL+oI+PjNLErVCZCgCP1d8TCZFa96RvOiWBjp71RuJ/Xi2G1lk94UEUAwvoZFErFhhCPIoDN7liFETPEEIVN7di2iGKUDChZUwI7uzL86Scz7knufytky1coAnS6AAdomPkolNUQDeoiEqIokf0jF7RwHqyXqw3633SmrKmM7voD6yPH2ibmgc=</latexit>

�R ' 102 km

✓
102

A

◆1/2

<latexit sha1_base64="LfZx5h+ED6LV0d11aV/g34rzGHQ="></latexit>



x

y

z

r(t) = vAQN t+r0

�R
R0

R�

R

r0

d0

d

Correlated event rate ' 0.23 day�1

✓
102

A

◆3/2

.
<latexit sha1_base64="yY9+YBC0tMHtT8qZL+OzHFmgR6Q="></latexit>



What is a required Infrastructure for a 
correlated amplified signal to be properly 
recorded? 

In fact the required infrastructure has 
already started to emerge…. 

We just need to built the global network 
of the stations  which can detect the 
axions with 

 Can we do that? 
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Dima Budker and the GNOME 



6. DAMA/LIBRA annual modulation.         
An Overview 

DAMA/LIBRA (DL) experiment claims the 
observation for an annual modulation  in (1-6) keV 
range at 9.5 sigma; 

The measured period                             and the 
phases                  strongly indicates the DM origin 
of the modulation; 

However the annual modulation observed by DL is 
excluded by other direct detection experiments if 
interpreted in terms of the WIMP-nuclei 
interactions 

(0.999± 0.001)
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<latexit sha1_base64="nphChosO1D4Jrcr+ksA95FTjjnc=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBqMQEcJuNOgx6MVjBPPA7BJmJ7PJkNnZZWZWCEv+IhcPinj1b7zlb5w8DppY0FBUddPd5cecKW3bEyuztr6xuZXdzu3s7u0f5A+PGipKJKF1EvFItnysKGeC1jXTnLZiSXHoc9r0B/dTv/lCpWKReNLDmHoh7gkWMIK1kZ6LznXFjUNUuejkC3bJngGtEmdBCtUz93I8qQ5rnfy3241IElKhCcdKtR071l6KpWaE01HOTRSNMRngHm0bKnBIlZfOLh6hc6N0URBJU0Kjmfp7IsWhUsPQN50h1n217E3F/7x2ooNbL2UiTjQVZL4oSDjSEZq+j7pMUqL50BBMJDO3ItLHEhNtQsqZEJzll1dJo1xyrkrlR5PGHcyRhRM4hSI4cANVeIAa1IGAgDG8wbulrFfrw/qct2asxcwx/IH19QNl45Jo</latexit>
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Several new experiments may soon  resolve this 
controversy related to DL observations. 

1. The COSINE-100 collaboration uses the same 
target medium (sodium iodide) which is the crucial 
element for the observed DL annual modulations; 

Presently the COSINE-100 data is consistent with 
both a null hypothesis and DL (2-6) keV  best fit 
value with 68% confidence level; 

 The ANAIS-112 collaboration also uses the same 
target medium  as DL. The goal is to reach the 
sensitivity at 3 sigma level in 5 years.   

Moral: more data are needed to confirm or rebut 
the DL modulation signal



COSINE 100.      PRL 123 (2019)031302



ANAIS-112.        PRL 123 (2019) 031301



7. DL annual modulation and AQN model 
The goal here is to offer a  resolution (within AQN 
framework) of  the DL controversy. 

Our basic claim is that the annual modulation 
observed by DL has  truly genuine DM origin, though 
it is manifested indirectly through the following 
chain: 

Important: we shall not modify any parameters from 
our  previous studies (excess of galactic emission, 
primordial lithium, solar corona heating) to fit DL 

In particular, the neutrino spectrum and intensity  
emitted by AQNs (which eventually determine                 
energy recoil) have been computed long ago for 
completely different  purposes   

AQN ! (neutrinos) ! (surrounding neutrons) ! DL.
<latexit sha1_base64="QB64cgzNQC2d1lrjs1UE/lKAqmI="></latexit>

(1� 6) keV
<latexit sha1_base64="LRVw81h4L5DBd5xhTqDF4I3sHvg=">AAAB+nicbVDLSgMxFM3UV62vqS7dBKtQEctMBXVZdOOygn1AZyiZNG1Dk8yQZJRhrF/h1o0LRdz6Je76N6aPhbYeuHA4517uvSeIGFXacUZWZml5ZXUtu57b2Nza3rHzu3UVxhKTGg5ZKJsBUoRRQWqaakaakSSIB4w0gsH12G/cE6loKO50EhGfo56gXYqRNlLbzhfd0/Nj+JR6ksMBqQ9h2y44JWcCuEjcGSlUDr2T51Elqbbtb68T4pgToTFDSrVcJ9J+iqSmmJFhzosViRAeoB5pGSoQJ8pPJ6cP4ZFROrAbSlNCw4n6eyJFXKmEB6aTI91X895Y/M9rxbp76adURLEmAk8XdWMGdQjHOcAOlQRrlhiCsKTmVoj7SCKsTVo5E4I7//IiqZdL7lmpfGvSuAJTZME+OABF4IILUAE3oApqAIMH8ALewLv1aL1aH9bntDVjzWb2wB9YXz/5fZWC</latexit>



AQN traversing the deep Earth interior.                             
The axion and neutrino emissions     

e-

e+

e+
e+

e+

Antimatter
color superconductor

p,n thermalization

bremsstrahlung  
radiation with 

will be quickly 
absorbed in deep 
underground

axion domain 
wall pressure

Fermi Pressure

R ⇠ 10�5cm, B ⇠ 1025

T ' 100 keV
<latexit sha1_base64="fKyAHjpu2ueT8Zad4sUPzEfQRUQ=">AAACAXicbVDLSsNAFJ3UV42vqhvBzWARXJWkCrULseDGZYW+oC1lMr1th84k6cxEKKHd+Cm6caGIW//CjfgZ/oFpUsHXgQuHc+7l3nscnzOlLevdSC0sLi2vpFfNtfWNza3M9k5NeYGkUKUe92TDIQo4c6GqmebQ8CUQ4XCoO8OLmV+/BqmY51b02Ie2IH2X9RglOpI6mT2MKy3FBIywbVl4GrakwEOoTTqZrJUrxsAJKZzMSdHGds6KkT3/8G/fzLNRuZN5bXU9GghwNeVEqaZt+bodEqkZ5TAxW4ECn9Ah6UMzoi4RoNph/MEEH0ZKF/c8GZWrcax+nwiJUGosnKhTED1Qv72Z+J/XDHTvtB0y1w80uDRZ1As41h6exYG7TALVfBwRQiWLbsV0QCShOgrNjENIPsV/yVcItXzOPs7lr6xsKY8SpNE+OkBHyEYFVEKXqIyqiKIpukMP6NG4Me6NJ+M5aU0Z85ld9APGyycnj5nE</latexit>

E ⇠ T ' 100 keV
<latexit sha1_base64="dDvwA6uo5/KRue5uwHdC1J/YR20="></latexit>

axion emission  
hvai ' 0.6 c

<latexit sha1_base64="v/iYlInoHmg6F1l+ZroW6KBOABM="></latexit>

⌫e, ⌫̄e
<latexit sha1_base64="3Qgtt4KjpdkGTC2DJyHdHC3q5ZA=">AAACAHicbVDLSsNAFJ34rPUV68KFm8EidCElqUJ1J7hxWcE+oClhMr2tg5NJmJkIJdSFP+BHuHGhiFuXfoI7P8S906SCrwMXzpxzL3PvCWLOlHacd2tmdm5+YbGwVFxeWV1btzdKLRUlkkKTRjySnYAo4ExAUzPNoRNLIGHAoR1cnkz89hVIxSJxrkcx9EIyFGzAKNFG8u0tjD2R+LCHr72AyNQ8xj5g7Ntlp3qUAeekfjAlRy52q06G8nHJq3y83noN337z+hFNQhCacqJU13Vi3UuJ1IxyGBe9REFM6CUZQtdQQUJQvTQ7YIx3jdLHg0iaEhpn6veJlIRKjcLAdIZEX6jf3kT8z+smenDYS5mIEw2C5h8NEo51hCdp4D6TQDUfGUKoZGZXTC+IJFSbzIpZCPml+C/5CqFVq7r71dqZSaOGchTQNtpBFeSiOjpGp6iBmoiiMbpDD+jRurHurSfrOW+dsaYzm+gHrJdPh9OZYg==</latexit>

qq̄ ! CS Goldstones ! (⇡,K, ⌘)

! ⌫e, ⌫̄e ( E ⇠ 15 MeV)
<latexit sha1_base64="Y6cO9XoE0vZCsk7d1JhnLX/MGvA="></latexit>



We use the same AQN flux we used for the axion 
studies: 

This normalization determines the neutrino flux   
produced by AQNs  on the Earth’s surface  

In this formula                                    counts the 
portion of the annihilated baryon charge in the 
Earth’s interior 

                           is the number of the          produced 
due to the annihilation of a single baryon charge 
(through the Nambu- Goldstone meson  production)  

hṄi
4⇡R2

�
=

0.4

km2yr

✓
1024

hBi

◆ 
⇢DM

0.3GeV
cm3

!✓
hvAQNi
220km/s

◆
.

<latexit sha1_base64="Dm71rX2plz1O+kLS7SFXg0Lcjd4="></latexit>

dN⌫

dtdA
' 0.6 · 106 · ⌫ ·

✓
h�Bi
hBi

◆
1

cm2 · s ⇠ 105 · ⌫
1

cm2 · s
<latexit sha1_base64="pZ+Qwbr7ywFlbcg34nY/B/lwiug="></latexit>

h�Bi/hBi ⇠ (10� 30)%
<latexit sha1_base64="GXUfch0lEi8d2gRNNvvqfrMiya8="></latexit>

⌫ ⇠ (1� 10)
<latexit sha1_base64="KGumS8HGkyn/qQZIqgkTtFMI/6A=">AAACAHicbVDLSsNAFJ3UV62vqAsXbgarUBFLUhe6LLpxWcG2QhPCZDpph04mw8xEKCEbv8E/cONCEbd+hrv+jdPHQlsPXDiccy/33hMKRpV2nJFVWFpeWV0rrpc2Nre2d+zdvZZKUolJEycskQ8hUoRRTpqaakYehCQoDhlph4Obsd9+JFLRhN/roSB+jHqcRhQjbaTAPvAGSAgUZB5Pc0/RGFbcc9c5DeyyU3UmgIvEnZFy/dg7ex7Vh43A/va6CU5jwjVmSKmO6wjtZ0hqihnJS16qiEB4gHqkYyhHMVF+NnkghydG6cIokaa4hhP190SGYqWGcWg6Y6T7at4bi/95nVRHV35GuUg14Xi6KEoZ1AkcpwG7VBKs2dAQhCU1t0LcRxJhbTIrmRDc+ZcXSatWdS+qtTuTxjWYoggOwRGoABdcgjq4BQ3QBBjk4AW8gXfryXq1PqzPaWvBms3sgz+wvn4ANiaYdg==</latexit>

⌫e
<latexit sha1_base64="EdlsHkH6rMWzbdYgVUXjsfr+Qe0=">AAAB7HicbVA9SwNBEJ2LXzF+Re20OQyCVbiLhZYhNpYJeEkgOcLeZi5Zsrd37O4J4chvsLFQxNbOf+EvsLPxt7j5KDTxwcDjvRlm5gUJZ0o7zpeVW1vf2NzKbxd2dvf2D4qHR00Vp5KiR2Mey3ZAFHIm0NNMc2wnEkkUcGwFo5up37pHqVgs7vQ4QT8iA8FCRok2ktcVaQ97xZJTdmawV4m7IKXqSeObvdc+6r3iZ7cf0zRCoSknSnVcJ9F+RqRmlOOk0E0VJoSOyAA7hgoSofKz2bET+9wofTuMpSmh7Zn6eyIjkVLjKDCdEdFDtexNxf+8TqrDaz9jIkk1CjpfFKbc1rE9/dzuM4lU87EhhEpmbrXpkEhCtcmnYEJwl19eJc1K2b0sVxomjRrMkYdTOIMLcOEKqnALdfCAAoMHeIJnS1iP1ov1Om/NWYuZY/gD6+0HuhOSVA==</latexit>



The neutrino spectrum                            is basically 
determined by the masses of the Nambu-Goldstone 
bosons in CS phase (computed long ago): 

It is instructive to compare  the AQN-induced flux  
with the  (solar) flux in this                        energy 
band. The largest flux comes from      which is about 

The key point is as follows: the subdominant AQN-
induced       flux is the subject of the annual 
modulation as it has inherent DM origin.  It can be  
discriminated from the solar      -generated       
flux .   

E⌫,⌫̄ . 15MeV
<latexit sha1_base64="eq0EurRPKSeD0nW1ptoyl98ndJY="></latexit>

m⇡,K,⌘(CS) ⇠ 20 MeV to be contrasted with m⇡ ⇠ 140 MeV
<latexit sha1_base64="2+NJzY5F6XF5WNOwu6BHNR42ZnQ="></latexit>

8B
<latexit sha1_base64="iqTKNoY+nqq0PEw+p1GOsoXwS94=">AAAB63icbZC7TgJBFIbP4g3xhpfOZiIxsSK7WEgnwUJLTOSS4Epmh1mYMLO7mZk1wQ2vYGOhMba2PoydJa/gEzgLFAr+ySRf/v+czDnHizhT2ra/rMzS8srqWnY9t7G5tb2T391rqDCWhNZJyEPZ8rCinAW0rpnmtBVJioXHadMbXKR5855KxcLgRg8j6grcC5jPCNapdVeuok6+YBftidAiODMonH+PLz8OHsa1Tv7zthuSWNBAE46Vajt2pN0ES80Ip6PcbaxohMkA92jbYIAFVW4ymXWEjo3TRX4ozQs0mri/OxIslBoKz1QKrPtqPkvN/7J2rP2ym7AgijUNyPQjP+ZIhyhdHHWZpETzoQFMJDOzItLHEhNtzpMzR3DmV16ERqnonBZL13ahUoWpsnAIR3ACDpxBBa6gBnUg0IdHeIYXS1hP1qv1Ni3NWLOeffgj6/0HGf2SEA==</latexit>

�⌫e ' 5 · 106(cm�2s�1)
<latexit sha1_base64="KOXNkZyz7fCiiMvPpnWBCUeruRs="></latexit>

8B
<latexit sha1_base64="iqTKNoY+nqq0PEw+p1GOsoXwS94=">AAAB63icbZC7TgJBFIbP4g3xhpfOZiIxsSK7WEgnwUJLTOSS4Epmh1mYMLO7mZk1wQ2vYGOhMba2PoydJa/gEzgLFAr+ySRf/v+czDnHizhT2ra/rMzS8srqWnY9t7G5tb2T391rqDCWhNZJyEPZ8rCinAW0rpnmtBVJioXHadMbXKR5855KxcLgRg8j6grcC5jPCNapdVeuok6+YBftidAiODMonH+PLz8OHsa1Tv7zthuSWNBAE46Vajt2pN0ES80Ip6PcbaxohMkA92jbYIAFVW4ymXWEjo3TRX4ozQs0mri/OxIslBoKz1QKrPtqPkvN/7J2rP2ym7AgijUNyPQjP+ZIhyhdHHWZpETzoQFMJDOzItLHEhNtzpMzR3DmV16ERqnonBZL13ahUoWpsnAIR3ACDpxBBa6gBnUg0IdHeIYXS1hP1qv1Ni3NWLOeffgj6/0HGf2SEA==</latexit>

⌫e
<latexit sha1_base64="EdlsHkH6rMWzbdYgVUXjsfr+Qe0=">AAAB7HicbVA9SwNBEJ2LXzF+Re20OQyCVbiLhZYhNpYJeEkgOcLeZi5Zsrd37O4J4chvsLFQxNbOf+EvsLPxt7j5KDTxwcDjvRlm5gUJZ0o7zpeVW1vf2NzKbxd2dvf2D4qHR00Vp5KiR2Mey3ZAFHIm0NNMc2wnEkkUcGwFo5up37pHqVgs7vQ4QT8iA8FCRok2ktcVaQ97xZJTdmawV4m7IKXqSeObvdc+6r3iZ7cf0zRCoSknSnVcJ9F+RqRmlOOk0E0VJoSOyAA7hgoSofKz2bET+9wofTuMpSmh7Zn6eyIjkVLjKDCdEdFDtexNxf+8TqrDaz9jIkk1CjpfFKbc1rE9/dzuM4lU87EhhEpmbrXpkEhCtcmnYEJwl19eJc1K2b0sVxomjRrMkYdTOIMLcOEKqnALdfCAAoMHeIJnS1iP1ov1Om/NWYuZY/gD6+0HuhOSVA==</latexit>

⌫e
<latexit sha1_base64="EdlsHkH6rMWzbdYgVUXjsfr+Qe0=">AAAB7HicbVA9SwNBEJ2LXzF+Re20OQyCVbiLhZYhNpYJeEkgOcLeZi5Zsrd37O4J4chvsLFQxNbOf+EvsLPxt7j5KDTxwcDjvRlm5gUJZ0o7zpeVW1vf2NzKbxd2dvf2D4qHR00Vp5KiR2Mey3ZAFHIm0NNMc2wnEkkUcGwFo5up37pHqVgs7vQ4QT8iA8FCRok2ktcVaQ97xZJTdmawV4m7IKXqSeObvdc+6r3iZ7cf0zRCoSknSnVcJ9F+RqRmlOOk0E0VJoSOyAA7hgoSofKz2bET+9wofTuMpSmh7Zn6eyIjkVLjKDCdEdFDtexNxf+8TqrDaz9jIkk1CjpfFKbc1rE9/dzuM4lU87EhhEpmbrXpkEhCtcmnYEJwl19eJc1K2b0sVxomjRrMkYdTOIMLcOEKqnALdfCAAoMHeIJnS1iP1ov1Om/NWYuZY/gD6+0HuhOSVA==</latexit>

E⌫,⌫̄ . 15MeV
<latexit sha1_base64="eq0EurRPKSeD0nW1ptoyl98ndJY="></latexit>



The AQN-induced neutrinos will liberate the 
neutrons from surrounding rocks with the rate: 

The typical energy distribution (with a sharp 
cutoff) of these neutrons will be  

The sharp cutoff                  is determined by the  �
energy (which itself is determined by NG) 

We emphasize again: all these scales have not been 
“invented” to fit the recoil energy  observed by DM 
modulation signal 

⌫e
<latexit sha1_base64="EdlsHkH6rMWzbdYgVUXjsfr+Qe0=">AAAB7HicbVA9SwNBEJ2LXzF+Re20OQyCVbiLhZYhNpYJeEkgOcLeZi5Zsrd37O4J4chvsLFQxNbOf+EvsLPxt7j5KDTxwcDjvRlm5gUJZ0o7zpeVW1vf2NzKbxd2dvf2D4qHR00Vp5KiR2Mey3ZAFHIm0NNMc2wnEkkUcGwFo5up37pHqVgs7vQ4QT8iA8FCRok2ktcVaQ97xZJTdmawV4m7IKXqSeObvdc+6r3iZ7cf0zRCoSknSnVcJ9F+RqRmlOOk0E0VJoSOyAA7hgoSofKz2bET+9wofTuMpSmh7Zn6eyIjkVLjKDCdEdFDtexNxf+8TqrDaz9jIkk1CjpfFKbc1rE9/dzuM4lU87EhhEpmbrXpkEhCtcmnYEJwl19eJc1K2b0sVxomjRrMkYdTOIMLcOEKqnALdfCAAoMHeIJnS1iP1ov1Om/NWYuZY/gD6+0HuhOSVA==</latexit>

rAQN
⌫ ' 10�2 · ⌫


neutron

day ·m3

�
.

<latexit sha1_base64="vNwjmDXa3zNMKiePyD5nxdnLP6k="></latexit>

En ' p2
n

2mn
⇠ 102 keV, pn ' (p0

⌫ � p⌫)
<latexit sha1_base64="xHM+d2nwYbL7OkN1vv8gfDIcvhM="></latexit>

⇠ 102 keV
<latexit sha1_base64="xOQ/Jb6s0WvFuF4LQSrWbq9T3KU=">AAACAHicbVC5TgMxEPWGK4RrOSQKGosIiSraDQV0RFBAGSRySNkl8jrexIrtXdlepLAKBb9CQ8EhWj6DjjK/wBfgHAUkPGmkp/dmNDMviBlV2nG+rMzc/MLiUnY5t7K6tr5hb25VVZRITCo4YpGsB0gRRgWpaKoZqceSIB4wUgu650O/dkukopG41r2Y+By1BQ0pRtpITXsXeopyCF3npngPU09y2CXVPmzaeafgjABniTsh+dPvwcXrzt2g3LQ/vVaEE06Exgwp1XCdWPspkppiRvo5L1EkRriL2qRhqECcKD8dPdCHB0ZpwTCSpoSGI/X3RIq4Uj0emE6OdEdNe0PxP6+R6PDET6mIE00EHi8KEwZ1BIdpwBaVBGvWMwRhSc2tEHeQRFibzHImBHf65VlSLRbco0LxysmXzsAYWbAH9sEhcMExKIFLUAYVgEEfPIJn8GI9WE/Wm/U+bs1Yk5lt8AfWxw8EUJk0</latexit>

⇠ 15 MeV
<latexit sha1_base64="qAKot6hzY3hXjYrt7JMXfFIfHxM=">AAAB/3icbVDLSgMxFM3UV62v8YEbN8EiuCozFdGdRRe6ESrYB3SGkknTNjTJDElGqGMFf8WNC6W49Tfcuewv+AWmj4W2HrhwOOde7r0niBhV2nG+rNTc/MLiUno5s7K6tr5hb26VVRhLTEo4ZKGsBkgRRgUpaaoZqUaSIB4wUgk6F0O/ckekoqG41d2I+By1BG1SjLSR6vYu9BTlELrH8BEmnuTwmpR7sG5nnZwzApwl7oRkz74Hl/2d+0Gxbn96jRDHnAiNGVKq5jqR9hMkNcWM9DJerEiEcAe1SM1QgThRfjK6vwcPjNKAzVCaEhqO1N8TCeJKdXlgOjnSbTXtDcX/vFqsm6d+QkUUayLweFEzZlCHcBgGbFBJsGZdQxCW1NwKcRtJhLWJLGNCcKdfniXlfM49yuVvnGzhHIyRBntgHxwCF5yAArgCRVACGDyAZ/AK3qwn68XqW+/j1pQ1mdkGf2B9/AAHNZih</latexit>

�Erecoil ' (1� 6) keV
<latexit sha1_base64="R/8WyLvJf1wRmVGDDTF3I6ZiO6s=">AAACF3icbVDJSgNBEO2JW4xb1KOXxihExDATQT0GF/AYwSyQCaGnU0madM+M3T1CGOJX5OKvePGgiFe95W/sLAdNfFDweK+KqnpeyJnStj20EguLS8srydXU2vrG5lZ6e6esgkhSKNGAB7LqEQWc+VDSTHOohhKI8DhUvO7VyK88glQs8O91L4S6IG2ftRgl2kiNdA6718A1wTeN2JUCS6AB433sKibgAWedk7Mj/DS2ulDuN9IZO2ePgeeJMyWZwoF7PBgWesVG+tttBjQS4GvKiVI1xw51PSZSM8qhn3IjBSGhXdKGmqE+EaDq8fivPj40ShO3AmnK13is/p6IiVCqJzzTKYjuqFlvJP7n1SLduqjHzA8jDT6dLGpFHOsAj0LCTWZy0LxnCKGSmVsx7RBJqDZRpkwIzuzL86SczzmnufydSeMSTZBEe2gfZZGDzlEB3aIiKiGKBugFvaF369l6tT6sz0lrwprO7KI/sL5+AHuYoTo=</latexit>



We estimate the energy transfer         as a result of 
elastic scattering when                    is sodium mass 
for the lightest       nucleon from DL detector: 

The recoil energy cannot exceed this value, which 
is amazingly close to 6 keV observed by DL. 

Intensity: the DL observed modulation 

to be compared with 

�E = 2En
m1m2

(m1 +m2)2
(1� cos ✓CM) ' 8.6 keV (1� cos ✓CM) .

<latexit sha1_base64="Z9Lgb/aoRanOmAyJZ2HtDbsph9A="></latexit>

�E
<latexit sha1_base64="3HvbUHlv0zHBN98f2V89685/IjU=">AAAB8XicbZDJSgNBEIZrXGPc4nLz0hgET2EmHvRmcEGPEcyCSQg9nUrSpKdn6O4RYshbePGgiFfBh/HmMa/gE9hZDpr4Q8PH/1fRVeVHgmvjul/O3PzC4tJyYiW5ura+sZna2i7qMFYMCywUoSr7VKPgEguGG4HlSCENfIElv3M+zEv3qDQP5a3pRlgLaEvyJmfUWOuOVC9QGEouST2VdjPuSGQWvAmkT78HVx+7D4N8PfVZbYQsDlAaJqjWFc+NTK1HleFMYD9ZjTVGlHVoCysWJQ1Q13qjifvkwDoN0gyVfdKQkfu7o0cDrbuBbysDatp6Ohua/2WV2DRPaj0uo9igZOOPmrEgJiTD9UmDK2RGdC1QpridlbA2VZQZe6SkPYI3vfIsFLMZ7yiTvXHTuTMYKwF7sA+H4MEx5OAa8lAABhIe4RleHO08Oa/O27h0zpn07MAfOe8/+BKUPw==</latexit>

m2 ' 23 m1
<latexit sha1_base64="yCw21/Y3+V2RC2kJbfOBL+CSQ2U=">AAAB+3icbVC7TsMwFHV4lvIKZYPFokJiqpJ0gLEqC2Mr0YfURpHjOq1V2wm2g6ii8iksDCAEI3/AF7Cx8C24jwFajnSlo3Pu1b33hAmjSjvOl7Wyura+sZnbym/v7O7t2weFpopTiUkDxyyW7RApwqggDU01I+1EEsRDRlrh8HLit26JVDQW13qUEJ+jvqARxUgbKbALPPC6inJyA70yvIc8cAO76JScKeAyceekWDmqf9O36kctsD+7vRinnAiNGVKq4zqJ9jMkNcWMjPPdVJEE4SHqk46hAnGi/Gx6+xieGqUHo1iaEhpO1d8TGeJKjXhoOjnSA7XoTcT/vE6qows/oyJJNRF4tihKGdQxnAQBe1QSrNnIEIQlNbdCPEASYW3iypsQ3MWXl0nTK7nlklc3aVTBDDlwDE7AGXDBOaiAK1ADDYDBHXgAT+DZGluP1ov1OmtdseYzh+APrPcf40uWvQ==</latexit>
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The parameter        in this formula describes the 
effective volume from surrounding rocks when the 
neutrons may affect the DL detector’s  count.  

It is very hard nuclear physics problem to compute 
the     (due to the resonances). The parameter      
must be measured. 

In particular, along with COSINE-100 and 
ANAIS-112  collaborations the CYGNO proposal may 
also support or rebut the DL modulation signal. 

The CYGNO will be located at the same site (LNGS) 
and will be able to measure the directionality, 
which is the key element to measure  the neutron’s 
directions (from solar     , atmospheric    , or AQN-
induced               ). 
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                       Conclusion                

" Non- baryonic Dark matter" could be ordinary  
baryonic matter (we know and love).   We coin this 
model as the axion quark nugget model (AQN)     

                                       is very generic consequence 
of this framework (no sensitivity to axion mass        , 
nor to the misalignment angle            ).   

The axions will be inevitably produced each time 
when the annihilation event happens. The typical 
axions have the  velocities  

Sudden “local flashes” (bursts) may have enormous 
amplification up to        and even more (rare events).
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The noise background may be drastically decreased if 
one uses the synchronized nearby  axion detectors at 
distance                        ;  

The time delay typically assumes the value:                  ; 

The long standing puzzle on DL observation of the 
annual modulation (9.5 sigma CL) may find a natural 
resolution within the same AQN framework; 

All energy scales which enter the problem have not 
been “invented” for explanation of the DL signal. 
Instead, all the relevant scales [leading e.g. to the 
observed (1-6) keV recoil energy] have been 
established long ago in unrelated studies for 
different purposes in a different context. 
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From Dima Budker’s talk on DM- “the Elephant in the room”



From Dima Budker’s talk with “More elephants…”   



The main essence of my talk: different people (from different 
fields conducting different experiments around the Globe), 
in fact, observe and study different parts of a body of the 

same elephant



AQN

Dark Matter

“Baryogenesis”         
(charge separation)

Solar corona 
  Mystery 

Primordial 
Lithium Puzzle

We need to discover the axion, the golden key, 
to unlock all these, deeply connected mysteries 
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Dama- Libra long-
standing Puzzle


