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q Instead of Introduction (what do we know)
ü Observational evidence Universe mysterious substance – Dark Matter (DM)

ü Particle Physics of DM & Origin in early Universe  very little known up to now

ü Historically, favored DM Thermal relic production

ü DM thermalized with SM Plasma in early Universe.  Equilibrium? Fluctuations?

ü DM Relic abundance Interactions “freeze-out”
↓ ↘

DM heavier (increasing)              Large interaction strength (decreasing)

v 𝒎𝑫 < 𝑶 𝟏𝟎𝟎 𝑻𝒆𝑽 𝑝𝑎𝑟𝑡𝑖𝑎𝑙 𝑤𝑎𝑣𝑒 𝑢𝑛𝑖𝑡𝑎𝑟𝑖𝑡𝑦 𝑣𝑖𝑜𝑙𝑎𝑡𝑖𝑜𝑛; 𝑡ℎ. 𝑒𝑞𝑢𝑖𝑙𝑖𝑏𝑟𝑖𝑢𝑚, stab.
Griest –Kamionkowski (G-K) bound, 1990

Ø Cosmo FOPT may alter the expansion rate of the Universe

Ø Cosmo FOPT may trigger an Electro-Weak FOPT
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                      Candidates to DM 
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§ 𝝂, 𝜴𝝂~𝟎. 𝟑 % 𝒗𝒆𝒓𝒚 𝒔𝒎𝒂𝒍𝒍 𝒄𝒐𝒏𝒕𝒓𝒊𝒃𝒖𝒕𝒊𝒐𝒏 𝒕𝒐 𝑫𝑴!

• MACHO’s (boson stars, neutron stars, …, black holes,…)
o WIMP    𝑚"~ 0.03 − 0.3 𝑇𝑒𝑉, Ω#$%&= 0.1Ω'%

𝑚"~ 0.1 − 1 𝑇𝑒𝑉, Ω#$%&= Ω'% ~ 26.8%
(𝑛𝑒𝑢𝑡𝑟𝑎𝑙𝑖𝑛𝑜,𝑚"~ 0.03 - 5 TeV)

qAxion, 𝑚( < 0.67 𝑒𝑉 (𝑃𝑙𝑎𝑛𝑐𝑘 𝑒𝑥𝑝. 2016 − 2018)

ØDark photon Y𝜸, 𝜀 Y𝜸 − 𝛾 𝑘𝑖𝑛𝑒𝑡𝑖𝑐 𝑚𝑖𝑥𝑖𝑛𝑔 ,𝑚)𝜸 < 1 𝐺𝑒𝑉

ØDark fermion _𝒇, “Darkonium”, 𝒆+𝒆, → 𝜸 𝜰𝑫 → 𝜸 Y𝜸 Y𝜸 Y𝜸
𝟎. 𝟎𝟓 < 𝒎𝜰𝑫 < 𝟗. 𝟓 𝑮𝒆𝑽, 𝟎. 𝟎𝟎𝟏 < 𝒎)𝜸 < 𝟑. 𝟏𝟔 𝑮𝒆𝑽, BABAR  (2022)

qScalar DM, e.g., dilaton/ ”Glueball”, 𝒎𝑮~𝑶(𝜦𝒄𝒐𝒏𝒇𝒊𝒏𝒆𝒎𝒆𝒏𝒕)
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q Motivations  for MACHO
• Modern scenarios, macroscopic Bose-like DM objects broach the Q.: 

DM scalar role & an impact to development of cosmo-inhomogeneities

• Related to GR bound state composed of 𝐷𝑀 𝜙 lighter than spin-1/2 𝐷𝑀 𝜒

• �̅�𝜒 → 𝜙𝜙, ℤ8 𝑠𝑦𝑚𝑚𝑒𝑡𝑟𝑦 𝑝𝑟𝑜𝑡𝑒𝑐𝑠 𝑠𝑡𝑎𝑏𝑙𝑒 𝝌

• Interactions ~ 1 + 𝜙/𝜙9 𝑚:�̅�𝜒, 𝑚: < 𝑂 100 𝑇𝑒𝑉 , 𝜙9~𝑂(1 𝑇𝑒𝑉)

• Thermal bath, 𝜙 𝑏𝑜𝑢𝑛𝑑𝑒𝑑 𝑏𝑦 GR (+ gauge fields, + Higgs)   GK 2023 
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ü Universe driven by scalar DM minimally coupled to GR, dynamical approach

ü
𝑳
,𝒈 =

𝟏
𝟐𝑹 𝜻𝝓 𝝓

𝟐 − 𝟏
𝟐𝒈

𝝁𝝂𝝏𝝁𝝓 𝝏𝝂𝝓∗ + 𝑳𝑫,

𝑴𝑷𝒍
𝟐 ~𝜻𝝓 𝝓 𝟐,    𝚲𝒄𝒖𝒕~𝑴𝑷𝒍/ 𝜻𝝓

ü “Cross-over” free DM  ↔ 𝑪𝑪 ⇒ 𝒇𝒍𝒖𝒄𝒕𝒖𝒂𝒕𝒊𝒐𝒏𝒔 𝒐𝒇 𝝓 𝒆𝒙𝒄𝒊𝒕𝒂𝒕𝒊𝒐𝒏𝒔 (𝑻, 𝝔, 𝒏)
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Energy budget. Universe. Symmetries.

The subjects of the balance between visible matter &  hidden matter in the Universe

“Missing mass/energy” – what are that? 
New fields,  particles, forces, ...?  How to find out?  Where is the symmetry?

From History: first “dark matter” problem occurred at the nuclear level, and eventually new 
particles, neutrons, were identified as a source of a “hidden mass” – and  immediately with 
the new force of nature, the strong interaction force.



                      Hidden World (what do we know) 
 
Known  
 
Observation in Universe (expansion) up to stars moving in galaxies can not be 
explained by ordinary matter 
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NON-DETECTING DM     (GALAXIES ARE EMBEDDED INTO SPHERICAL HALO OF DM)

DM: 𝛀𝑫𝑴 = 𝟐𝟔. 𝟖 ± 𝟎. 𝟎𝟏𝟒 % PLANCK COLLABORATION (2018)

Ordinary matter: ~ 𝟓% 𝒄𝒐𝒏𝒔𝒕𝒊𝒕𝒖𝒕𝒆𝒔 𝒐𝒏𝒍𝒚 𝒐𝒇 𝑬𝑼𝒏𝒊𝒗 𝒄𝒐𝒏𝒕𝒆𝒏𝒕
comprised ≥ 10 𝑒𝑙𝑒𝑚𝑒𝑛𝑡𝑎𝑟𝑦 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠

- Admit: DM composed of different kinds of fundamental entities 
&

Gravitationally clustered into macroscopic lumps – e.g., Boson stars
to display the universality

~ 𝑮𝒂𝒍𝒂𝒄𝒕𝒊𝒄 𝑴𝒐𝒗𝒊𝒏𝒈
𝑪𝒐𝒔𝒎𝒊𝒄 𝑴𝒊𝒄𝒓𝒐𝒘𝒂𝒗𝒆 𝒓𝒂𝒅𝒊𝒂𝒕𝒊𝒐𝒏

↓

HYPOTHESIS
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                      Dark matter Nature (Unknown) 
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Widespread viewpoint

- Ultra-light axions (CP problem solved)                            Peccei, Quinn, 1977

- WIMP, 𝒎 ≥ 𝑮𝒆𝑽 𝒍𝒊𝒈𝒉𝒕𝒆𝒔𝒕 𝑺𝑼𝑺𝒀, 𝑵𝒆𝒖𝒕𝒓𝒂𝒍𝒊𝒏𝒐 Jungman et al., 1996

- Ultra-light bosons, ≪ 𝒆𝑽
gravitationally form macroscopic BEC             Suarez et al.\Li et al., 2014

ü DM: NO INTERACTION with EM sector
- No radiation
- No absorption 
- No scattering

v DM exploration:
- DM production at accelerators,       lifetime ??
- DM interaction with baryonic matter      portal?

- Matter detection d𝒂𝒏𝒏𝒊𝒉𝒊𝒍𝒂𝒕𝒊𝒐𝒏 𝒐𝒇 𝑫𝑴𝒅𝒆𝒄𝒂𝒚𝒔 𝒐𝒇 𝑫𝑴
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oWhat/where is a SYMMETRY/ are the SYMMETRIES ?
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vConformal symmetry 

Max. space-time group symmetry         (SUSY no considered)

𝑓𝑎𝑐𝑡𝑜𝑟 𝑠𝑝𝑎𝑐𝑒: 𝒈𝒄𝒐𝒏𝒇 = 𝒆𝒊𝒙𝝁𝑷
𝝁 𝒆𝒊𝑩𝝁(𝒙)𝑲𝝁 𝒆𝒊𝑫𝝓(𝒙)

translations SCT Dilatation

Dark Photon field massive𝐵O 𝑥 ~𝑓,P𝜕O𝜙 𝑥 Non-primary operator

SSB: 𝐺%&'( 𝑑 ×𝐺)'* → Π (𝑣𝑒𝑐𝑡𝑜𝑟 𝑠𝑢𝑏𝑔𝑟𝑜𝑢𝑝𝑠 𝑜𝑓 𝑥+ & 𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙 𝑠𝑦𝑚𝑚𝑒𝑡𝑟𝑖𝑒𝑠)

Scalar DM, DILATON tield 𝝓 with 𝜙 ≠ 0 𝑏𝑟𝑒𝑎𝑘𝑠 𝑐𝑜𝑛𝑓𝑜𝑟𝑚𝑎𝑙 𝑖𝑛𝑣𝑎𝑟𝑖𝑎𝑛𝑐𝑒 𝑎𝑡 𝑓 > 𝑣

�𝐷𝜙 = 𝑑Q𝜙, �𝐾O𝜙 = 2𝑥O𝑑Q𝜙 No direct action of SCT on 𝐒𝐃𝐌𝝓.
𝑻𝒉𝒓𝒐𝒖𝒈𝒉 𝒙𝝁 𝒐𝒏𝒍𝒚

o Vector field 𝑩𝝁(𝑥) 𝑛𝑜𝑡 𝑛𝑒𝑐𝑒𝑠𝑠𝑎𝑟𝑦 𝑡𝑜 𝑑𝑒𝑠𝑐𝑟𝑖𝑏𝑒 𝑎𝑛𝑦 𝑙𝑜𝑐𝑎𝑙 𝑓𝑙𝑢𝑐𝑡𝑢𝑎𝑡𝑖𝑜𝑛𝑠 𝑖𝑛 𝑣𝑎𝑐𝑢𝑢𝑚

GK (2019)

8

“Inverse Higgs condition”. To express the excessive field in terms of the “physical” one  
E. Ivanov, V. Ogievetsky (1975)
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q Earth laboratory: Search for Dark Matter Candidates

The presence of DM can only be revealed by an imbalance in the transverse momentum in 
the detector measured as missing transverse momentum

An effective approach to DM within the LHC Dark Matter Forum, ATLAS & CMS 
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This exciting tool opens up a new program of searches for 
LLPs (Scalar DM, S) in a wide variety of theoretical models

𝒉 → 𝑺𝑺 → 𝟒𝒍 𝒐𝒓 𝟒𝒒
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q LHC data used & need  more
Ø 𝑯 → 𝒔𝒔, 𝑳~ 𝝀𝜶𝟐 𝑯 𝟐𝒔𝟐…

CMS Coll., Phys. Rev. D99 (2019) 112003

§ Higgs portal coupling constraints
CMS Coll., Phys. Lett. B793 (2019) 520

o 𝑯 → 𝑳𝑳𝑷 → 𝝉+𝝉, (𝟒𝟎 − 𝟓𝟓 𝑮𝒆𝑽)
CMS Coll., Phys. Rev. Lett. 127 (2021) 261804

v 𝝉𝒉 = 𝟏. 𝟔 � 𝟏𝟎,𝟐𝟐 𝒔𝒆𝒄, 𝑯𝒊𝒈𝒈𝒔 𝒅𝒆𝒄𝒂𝒚 𝟗𝟓% 𝑪. 𝑳.
v 𝜞𝒉= 3.2+2.4-1.7 MeV 

CMS Coll., Nature Phys. 18 (2022) 1329

ü Higgs portal  𝒎𝝓~ 𝟎. 𝟏 𝑮𝒆𝑽 − 𝟎. 𝟓 𝒎𝒉
CMS Coll., Euro Phys. J. C83 (2023) 933
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• Shed light on the composition of the Universe at recombination 
time

q CMB radiation + perturbations

• Planck satellite searched for: CMB spectrum’s inhomogeneities
↓

Universe is flat (surprise) & homogeneous
• Inflation theory. Cosmological perturbations from quantum fluctuation

of a single scalar field (scalar DM, dilaton)
• CMB spectrum measurement: Ω'%~ 0.26 Ωrstu

vwxyz{

Evidence comes from the GR interactions of DM
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Ø Universe evolution balance: 
𝟑
𝟖𝝅

𝑯𝟐𝑴𝑷𝒍
𝟐 = 𝝆𝑺𝑴 + 𝝆𝑫𝑴 + 𝝆𝒎𝒆𝒅 + 𝝆𝑷𝑩𝑯

o Boson star (BS) forms a BEC in ground state, 
Uncertainty Principle does keep the BS from collapsing

Opposite FS: stability achieved by equilibrium between the Fermi pressure and GR
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q Main focus 
Feebly interacting Dark Matter (DM) with SM @ high T and 𝝆𝑫𝑴

DM Physics & Cosmology
↑

LHC data + Astro-Particle data
Early Universe: free q’s, g’s, DM species (different spins)

Ø T cooled → 𝑐𝑜𝑠𝑚𝑜𝑙𝑜𝑔𝑖𝑐𝑎𝑙 𝐶𝑃, 𝑃ℎ𝑎𝑠𝑒 𝑡𝑟𝑎𝑛𝑠𝑖𝑡𝑖𝑜𝑛 𝑃𝑇 ↔ 𝑆𝑦𝑚𝑚𝑒𝑡𝑟𝑦 𝑏𝑟𝑒𝑎𝑘𝑖𝑛𝑔
Separation of unification Fundamental Interactions

q Boson stars (BS’s):    SCALAR (s=0) PROCA (s=1)
/Colpi et al., 1986/               /Brito et al., 2016/

↘ ↙
DM 𝝌 (𝒔 = 𝟏/𝟐)

Stable ℤ𝟐 𝑺𝒚𝒎𝒎𝒆𝒕𝒓𝒚, 𝑻𝒉𝒆𝒓𝒎𝒂𝒍 𝒓𝒆𝒍𝒊𝒄 𝒑𝒓𝒐𝒅𝒖𝒄𝒕𝒊𝒐𝒏

o 𝜯𝒄~ 𝑶 𝑴𝒆𝑽 − 𝑻𝒆𝑽 a few 𝝁sec after Big Bang 
Scalar Dark Matter (SDM) + SM confined into BS (scale symmetry broken down)

• No observable signatures for physical processes (inside the BS) operated
• Indirect astro-cosmological observations leave BS formation unknown yet
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  Scalar Stars/Vector Stars 
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Boson star (BS), s=0                                                           Proca star (s=1)

𝑺 = ∫𝒅𝟒𝒙 −𝒈 𝑹
𝟏𝟔𝝅𝑮+𝜫𝑺/𝑽

𝜫𝑺~𝒈𝝁𝝂𝝏𝝁𝝋𝝏𝝂𝝋− 𝑽 𝝋,… 𝜫𝑽~ −
𝟏
𝟒𝑭𝝁𝝂𝑭

𝝁𝝂 − 𝟏
𝟐𝝁

𝟐𝑨𝝁𝑨𝝁

𝝋:𝒅𝒊𝒍𝒂𝒕𝒐𝒏,… , 𝑺𝑫𝑴 𝑨𝝁: 𝑯𝒊𝒅𝒅𝒆𝒏 𝒗𝒆𝒄𝒕𝒐𝒓𝒔, 𝑫𝒂𝒓𝒌 𝒑𝒉𝒐𝒕𝒐𝒏,…

Bosonic - like Stars 

⇓
Gravitationally-bound/Potentially-bound 

bosonic structures in context of the DM search
DM ingredients/components

𝑴𝑩𝑺~𝑴𝑷𝒍
𝟐 /𝝁𝒔 𝑴𝑷𝑺~𝑴𝑷𝒍

𝟐 /𝝁𝑽Lighter than 𝑴𝑷𝑺 Heavier than 𝑀)*

𝑴𝒎𝒂𝒙
𝑩𝑺 ∼ 𝟏𝟎𝟓𝟖 𝑮𝒆𝑽 > 𝑴⊙ GK (2023) Ligo-Virgo GW signal 190521,  PRL 2021

𝒄𝒐𝒎𝒑𝒂𝒓𝒆 𝝁𝑽 ≪ 𝝁𝒔
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§ BS existence longevity is governed by principles of symmetry 

§ Lifetime 𝝉𝑩𝑺 𝑑𝑒𝑝𝑒𝑛𝑑𝑠 𝑜𝑛 𝝉𝑶 𝑖𝑛 ~
𝝃𝒎𝟐

𝜦
𝑯'𝑯 𝒙 𝑶 𝒙 , 𝑂 𝑥 = ∑( 𝑐(𝜑((𝑥)

§ 𝝉𝑯 ≪ 𝝉𝑶, 𝐡𝐢𝐝𝐝𝐞𝐧 𝐬𝐜𝐚𝐥𝐚𝐫 𝐭𝐨𝐰𝐞𝐫 GK (2022) 

§ In the approximate ℤ8 𝑠𝑦𝑚𝑚𝑒𝑡𝑟𝑦 𝑶 𝒙 𝑖𝑠 𝑡ℎ𝑒 𝐋𝐋𝐏 if 𝜉 ≪ �u
�"

Ø 𝝉𝑩𝑺 ~ 𝝉𝑶= 𝝃,𝟐 𝟐𝒗𝚲 𝟐

𝒎𝒎𝒉
𝟑 𝝉𝒉 , 𝐺𝐾(2023) 7.7 @ 10,8� < 𝜏� < 1.3 ¦ 1089:s

LLPs: ℎ → 𝑶𝑶 → 2𝜏+ 2𝜏,, 𝑐𝜏 > 40 𝑚, 𝑚��&= 40 𝐺𝑒𝑉 𝐶𝑀𝑆 2021

Ø 𝝉𝑩𝑺 ~ 𝝉𝑶 > 𝟏. 𝟑 @ 𝟏𝟎,𝟕 𝒔, ξ < 4 @ 10,8, Λ~O M�� ~10� TeV

q Scalar Boson star. Lifetime.
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§ Boson star Minimal model. 

BS field    𝑿 𝒙 ∈ 𝒉 𝒙 ,𝑶 𝒙
↓ ↓

Higgs ∑𝒌�𝟏𝑵 𝒄𝒌𝝓𝒌 𝒙
𝒉𝒊𝒅𝒅𝒆𝒏 𝒔𝒄𝒂𝒍𝒂𝒓 𝒕𝒐𝒘𝒆𝒓

𝐿 =
1
2𝑖

𝜕O𝑋
8 − 𝜕O𝑋∗

8 + 𝐷O𝑋 𝐷O𝑋∗ +
1
2𝑖

𝜐∗8𝑋∗8 − 𝜐8𝑋8

𝜙 → 𝑎𝜙, ℎ → 𝑎,Pℎ

BS is massive scalar object in the asymptotic flat space-time

𝐷O = 𝜕O + 𝑖𝑔𝑩𝝁 𝑫𝑷

𝑿 𝒙 =
𝝎𝝓 𝒙 + 𝒊𝜿𝒉 𝒙

𝟐
𝒉 𝒙 = �

�
$� ("�"

�z �"
𝝓 𝒙 + 𝑓𝑥O𝑩𝝁 𝒙 + 𝐶 𝑥 ,

ü A𝐷𝑃𝑀: 𝑫𝑷 𝑩𝝁 𝒙 = 𝒎𝑫𝑷
,𝟏 𝒄𝒐𝒏𝒔𝒕 𝒎𝑫𝑷

,𝟐 𝝏𝟐 − 𝟏 𝝏𝝁𝝓 𝒙 𝐺𝐾 (2021)

𝑃O, 𝜙 𝑥 = −2𝑖𝑓𝐵O 𝑥 ; 𝑃O, ℎ 𝑥 = −𝑖𝜕Oℎ 𝑥 ; 𝜃 𝑘9 𝜙 𝑘 ⟩|𝟎 = 0
vacuum

∆ + 𝑅𝑒 𝜐/ 𝐶 𝑥 = 0
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vBS formation. Mechanism. Fields + GR

Formation: spatial uniformity, topology, defects, electric fluxes

§ Minimally coupling to GR: 𝑴𝑷𝒍
𝟐 ~ 𝝃𝝓 𝝓 𝟐, 𝝃𝝓~𝑶 𝟏𝟎8𝟑𝟎

𝑸𝑹, 𝑿(𝒚) =  𝝏𝒊𝑩𝒐𝒊 𝒙 𝒕𝑹 𝒙 𝒅𝟑𝒙, 𝑿(𝒚) = −𝒒𝑿 𝒚 , 𝒕𝑹 ⊂ 𝑺 𝓡𝟒 , 𝒕𝑹 = 𝒄𝒐𝒏𝒔𝒕, 𝒙 ≤ 𝑹

Solution: 𝒈𝑩𝝁 =
𝟏
𝟐𝒈

𝒌𝝁
𝝋𝟐
− 𝝏𝝁𝜼, 𝝓 𝒙 = 𝝋(𝒙)𝒆𝒊𝜼(𝒙), R =  𝟒𝒇𝝓𝟎

𝟐

𝝃𝝓
, 𝒇 ≠ 𝟎

Ø
𝑳
,𝒈 =

𝑹
𝟏𝟔𝝅𝑮−

𝟏
𝟐𝒈

𝝁𝝂𝝏𝝁𝝓𝝏𝝂𝝓∗ + 𝑳𝑫, 𝑮 = 𝑴𝑷𝒍
,𝟐

𝑳𝑫 = −
𝟏
𝟐
𝝏𝝁𝑩𝝂

𝟐
+
𝜽
𝟐
𝝏𝝁𝑩𝝂𝝏𝝂𝑩𝝁 + 𝝏𝝁 + 𝒊𝒈𝑩𝝁 𝝓

𝟐
− 𝜶 𝝓 𝟐 −𝝓𝟎𝟐

𝟐
− 𝒇 𝝓 𝟒

o 𝑩𝝁 𝒙 → 𝑩𝝁 𝒙 + 𝝏𝝁𝜦 𝒙 , 𝝓 𝒙 → 𝒆8𝒊𝒈𝚲 𝒙 𝝓 𝒙 , 𝝏𝟐𝜦 𝒙 = 𝟎

Gen. curr. 𝒌𝝁 ≡ 𝒌𝝁 + 𝐏𝛍 = 𝝏𝝂𝑩𝝁𝝂 + 𝜽 − 𝟏 𝝏𝝁𝝏𝝂𝑩𝝂, 𝜽 ≠ 𝟏 𝑛𝑜𝑛𝑡𝑟𝑖𝑣𝑖𝑎𝑙 𝑎𝑢𝑡𝑜𝑚𝑜𝑟𝑝ℎ𝑖𝑠𝑚
↪ 𝒑𝒉𝒂𝒏𝒕𝒐𝒎 𝒗𝒆𝒄𝒕𝒐𝒓

16
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v ELECTRIC FLUX

§ Flux configuration: 𝜱 = ∫𝑩𝝁𝝂 𝒙 𝒅𝝈𝝁𝝂 = ∮𝑩𝝁 𝒙 𝒅𝒙𝝁
↪ ∆𝒙𝝁𝚫𝒙𝝂 (𝝁 ≠ 𝝂) 𝒊𝒏 𝑺 ℛ𝟒 space

At cosmological scale 𝚽 ≈ 𝜽,𝟏
𝟐𝒈𝟐 ∮𝝏𝝁 𝝏 @ 𝑩

𝟏
𝝋𝟐 𝒅𝒙

𝝁 − 𝟐𝝅𝒏
𝒈 → − 𝟐𝝅𝒏

𝒈

winding topological number (integer)

ü Singularity at the center of the FT 𝛁 ×𝛁 𝜼 = 𝟐 𝝅 𝒏 𝜹 𝒙 𝜹 𝒚 𝒆𝒛 , 𝜼 = 𝒏 𝜽𝒂𝒛

o Number configurations of the FT 𝑵 𝑹 = 𝑽𝒍8𝟑𝒆
𝒔𝑹
𝒍 , 𝑽 ⊂ 𝑺(𝑹𝟑)

17

Scale hierarchy/expansion 𝒌𝒔 = ´𝟐𝜶
𝒈

< 𝟏, 𝑨𝒕𝒕𝒓𝒂𝒄𝒕𝒊𝒗𝒆
> 𝟏, 𝑹𝒆𝒑𝒆𝒍, 𝑺𝒕𝒂𝒓 𝒆𝒙𝒑𝒂𝒏𝒔𝒊𝒐𝒏 (𝒊𝒏 𝒔𝒊𝒛𝒆)

• Squeezing 𝝋 𝒓𝒔 ~𝟎, ¶𝑩 𝒓𝒔 ~𝟎, 𝒓𝒔 → 𝟎; 𝜽 = 𝟎, 𝑵𝑶 𝑷𝒉𝒂𝒏𝒕𝒐𝒎 𝒗𝒆𝒄𝒕𝒐𝒓

• Expansion 𝝋 𝒓𝒔 → 𝝓𝟎, �𝑩 𝒓𝒔 → 𝒏
𝒈 , 𝒓𝒔→ ∞
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v BS stability, decays

ü 𝑩𝑺 𝒖𝒏𝒔𝒕𝒂𝒃𝒍𝒆, 𝒅𝒆𝒄𝒂𝒚𝒔 𝒕𝒐 𝒑𝒓𝒊𝒎𝒂𝒓𝒚 𝜸µ𝒔, 𝜸µ𝒔 (𝒅𝒂𝒓𝒌 𝒑𝒉𝒐𝒕𝒐𝒏𝒔)

ü 𝑀𝑜𝑑𝑒𝑙 𝑑𝑒𝑝𝑒𝑛𝑑𝑒𝑛𝑡

18

ü 𝑩𝑺 𝒇𝒍𝒖𝒄𝒕𝒖𝒂𝒕𝒆, 𝒂 𝒃𝒆𝒔𝒕 𝒇𝒂𝒄𝒕𝒐𝒓𝒚 𝒐𝒇 𝑯𝑬 𝒑𝒂𝒓𝒕𝒊𝒄𝒍𝒆𝒔 𝒃𝒆𝒚𝒐𝒏𝒅 𝑺𝑴

ü 𝑨 𝒄𝒐𝒓𝒆 𝒐𝒇 𝑩𝑺 𝒊𝒔 𝒉𝒐𝒕𝒕𝒆𝒔𝒕 & 𝒅𝒆𝒏𝒔𝒆𝒔𝒕 𝒓𝒆𝒈𝒊𝒐𝒏𝒔 𝒊𝒏 𝒕𝒉𝒆 𝑼𝒏𝒊𝒗𝒆𝒓𝒔𝒆
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• Primary (direct) photons registration at the detector.
“Primary” operator means not a derivative of another operator

q Boson Stars. Phase transition. Observation 

• Bose-Einstein correlations of primary photons: 
space-time distribution of hot matter prior to freeze-out & 
the size of the primary photons source                             GK (2011)                                                     

Ø Origin of primary photons escape:
Hidden scalars, dilatons are warm, have BEC into compact BSs:   

exp.: direct detection through primary photons. GK (2022-23)

• BS: PT @ finite T is identified through observables (measured quantities)

• Theory: primary photons induced by Conformal Anomaly

are in fluctuating regime

G. Kozlov Seminar PISA INFN     19
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qPrimary photons from BS

Primary (direct) 𝛾µ𝑠 𝑟𝑎𝑑𝑖𝑎𝑡𝑒𝑑 𝑏𝑦 𝑩𝑺 𝑡ℎ𝑟𝑜𝑢𝑔ℎ 𝑡ℎ𝑒 𝑑𝑒𝑐𝑎𝑦𝑠 𝑜𝑓 𝑺𝑫𝑴

- Indications?  Observables?  What’s happed @ PT?    BS stability?

Hidden scalar – SM: 𝐿 = !
"
Θ# $%&&
# + Θ# '()*

#

-∑¶𝑚¶�̈�𝑞 + ⋯ ↩ ↪ in contrast to SM

Ø Hidden scalars (SDM) couple to 𝐩𝐫𝐢𝐦𝐚𝐫𝐲 𝛄𝛄 𝑜𝑟 𝑔𝑔 𝒆𝒗𝒆𝒏 𝒃𝒆𝒇𝒐𝒓𝒆
𝑟𝑢𝑛𝑛𝑖𝑛𝑔 𝑎𝑛𝑦 𝑆𝑀 𝑖𝑛 𝑡ℎ𝑒 𝑙𝑜𝑜𝑝 ⇒ 𝒕𝒓𝒂𝒄𝒆 𝜣𝝁 𝒂𝒏𝒐𝒎

𝝁

𝐷𝑃 ↰
~ − 𝜶𝒃𝑬𝑴𝑭𝝁𝝂𝟐 − 𝜶𝒔∑𝒊𝒃𝒐𝒊 𝑮𝝁𝝂𝒂

𝟐 − �̈�𝑭𝝁𝝂𝑩𝝁𝝂

§ In exact scale symmetry:

20
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qBoson Stars stability. Thermal scenario

o BS (N quantum states) in stat. equilibrium   𝑍¸ = 𝑆𝑝𝑒,¹º, 𝛽 = 𝑇,P

𝐹 𝑓 = 𝐸 𝑓 − 𝜇 𝑄 𝑓 , 𝑏»→ 𝑏» = 𝑎» + 𝑟»
random fluctuation

𝐻 = ∑P¼½¼¸𝐻 𝑗 =∑»𝐹 𝑓 𝑏»+𝑏» = ∑»𝐹 𝑓 𝑛» (in 𝑓 − repr𝑒𝑠µ𝑛)

Ø Probability to form the BS @ finite T  

𝑃 �̅� = È
¸�P

¾

𝑍¸�𝜌¸ → É
»

1 − �𝜌 𝑒,¿ » º ,P
, �̅� =

𝜌
𝜌ÀÁ

SDM density

· ¶̧
¶̧"

= ∑¹#º»
¼

½"# ¶̧
"#

¶̧"
, 0 < �̅� < 𝑟Â, 𝑟Â ≥ 1 𝑐𝑜𝑛𝑣𝑒𝑟𝑔𝑒𝑛𝑐𝑒 𝑟𝑎𝑑𝑖𝑢𝑠

𝑑
𝑑�̅�

𝑃 �̅� �̅�,0 123129 = 0, V𝜌4 𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙 𝑣𝑎𝑙𝑢𝑒, 𝑩𝑺 𝒊𝒔 𝒇𝒐𝒓𝒎𝒆𝒅, 𝑠𝑡𝑎𝑏𝑙𝑒
21

ØMinimization of the probability to formation of the BS



27.11.2024 G. Kozlov Seminar PISA INFN     

q BS. Thermo-statistical contribution
§ ∑» 𝑙𝑛 1 − �̅�𝑒,¿ » º = 𝑁𝐾'% �̅� ,                large enough N

𝐾'% �̅� ~𝜈 Î 𝑙𝑛 1 − �̅�𝑒,¿ » º 𝑑𝑓 , 𝜈 =
ΩÀÁ
𝑁

= 𝑐𝑜𝑛𝑠𝑡

È
»

�̈�» =È
»

1
�̅�9,P𝑒¿(»)º − 1

= 𝑁 Ð𝑵 → ∞ ⇒ 𝒍𝒊𝒈𝒉𝒕 𝑆𝐷𝑀,
�̅�9 → 1, 𝑣𝑒𝑟𝑦 ℎ𝑖𝑔ℎ 𝑇

↓
ground state of   �̅� = 𝜌/𝜌ÀÁ (�̅�9 can be extracted/ estimated) 

Essential changes T→ ∞, �̅�E → 0; 𝑖𝑛𝑑𝑢𝑐𝑒𝑑 𝑏𝑦 𝑠𝑡𝑟𝑜𝑛𝑔 𝐵F~ +$%

G
~𝑂 109E 𝑇 Early U.

Ø Above 𝐵F 𝑡ℎ𝑒 𝑠𝑐𝑎𝑙𝑒 𝑠𝑦𝑚𝑚𝑒𝑡𝑟𝑦 𝑠ℎ𝑜𝑢𝑙𝑑 𝑏𝑒 𝑟𝑒𝑠𝑡𝑜𝑟𝑒𝑑.
Ø At lower T the 𝑠𝑡𝑟𝑜𝑛𝑔 𝐵F 𝑚𝑎𝑦 𝑒𝑥𝑖𝑠𝑡 𝑖𝑛 𝑡ℎ𝑒 𝐥𝐚𝐭𝐞 𝐔𝐧𝐢𝐯𝐞𝐫𝐬𝐞 𝑖𝑛 𝑡ℎ𝑒 𝑣𝑖𝑐𝑖𝑛𝑖𝑡𝑦 𝑜𝑓

𝑡ℎ𝑒 𝑚𝑎𝑔𝑛𝑒𝑡𝑖𝑧𝑒𝑑 𝐵𝑙𝑎𝑐𝑘 𝐻𝑜𝑙𝑒𝑠

ØCondition to condensed formation of BS in the early Universe 

22
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vWarm & cold BSs

Ó
𝑾𝒂𝒓𝒎 𝐵𝑆 �̅�9𝑒OÃº < 1 (𝑇 > 𝑇Â)
𝑪𝒐𝒍𝒅 𝐵𝑆 �̅�9𝑒OÃº~ 1 (𝑇 < 𝑇Â)

È
»

�̈�» =È
»

1
�̅�9,P𝑒¿(»)º − 1

= 𝑁

Ø Warm BS,  SDM 𝝁𝒔 > 𝟐𝝅𝜷/ 𝝂𝑩 ,𝟐/𝟑,  B=2,612…, 𝑣 = ΩÀÁ/𝑁
Ø 𝝁𝒔 → 𝟎𝒘𝒉𝒆𝒏 𝑻 → ∞ 𝒐𝒓 𝛀𝑩𝑺 → ∞, 𝑵 → 𝟎 symmetry restored

q Warm BS 𝑇Ç =
ÈÉ
Ê$

2,612… 𝑣 ËÈ/Ì, 𝑆𝐷𝑀 𝜇Í≠ 0

ü 𝜈~ Î∗

Î&'
(

Ì Ï
¹
= 𝑐𝑜𝑛𝑠𝑡 @ 𝑁 → ∞, ΩÐÑ→ ∞

• 𝑀∗~%)*
"

O+
, ΩÀÁ~

%∗

%)*
"

�
, 𝑝~𝜇Å,   𝑀&Æ ≈ 1.2 @ 10PÇ 𝐺𝑒𝑉

23
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vCold BS
v Cold BS when 𝑇 < 𝑇Â, �̅�9 → 1 BS is formed already

v The small values of the SDM momenta, 𝑝 ≤ 𝛿, are most 
important for Bose-Einstein condensation

lim
Ò→», ¹→¼

Ï
Ó
∑ Ô ÕÒ ?𝑛Ô =

Ï
Ö
1 − ×)

×

Ì/È

- Only part ~ 𝛽Â/𝛽 �/8 𝑜𝑓 𝑡ℎ𝑒 𝑺𝑫𝑴 𝑑𝑖𝑠𝑡𝑟𝑖𝑏𝑢𝑡𝑒𝑑 𝑖𝑛𝑠𝑖𝑑𝑒 𝑩𝑺

Result:
- Low T. The SDM condensate ~ 1 − 𝛽Â/𝛽 �/8 large value

- High T.   The condensates stay almost close to zero.

24
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vFluctuations of scalars inside the BS – T dependent 
Event-by-event fluctuation of the SDM density @ T  in BS volume V < Ω56

𝑛È − 𝑛È 8

𝑛È
− 1 =

2 𝑣
𝜋8

𝜇Å𝑇
�
8Î

9

¾ 𝑥8𝑑𝑥

�̅�9,P𝑒,OÃº𝑒É
" − 1 8

↳ 𝑉/ΩÀÁ
• Increase sharply if 𝑇 → 𝜇𝑄/𝑙𝑛 1/�̅�»

§ PT approached (vicinity of  CP), Formation of the BS
𝑛È − 𝑛È 8

𝑛È
− 1~

4
𝜋 2,612… .

Î
9

¾ 𝑥8𝑑𝑥

𝑒É" − 1 8

q No free parameters: neither SDM mass 𝜇Å, 𝑛𝑜𝑟 𝑇.

ü Non-monotonous rising if   �𝝆𝟎~ 𝑶 𝟏 @ 𝐓~𝑻𝒄, (𝑵 → ∞) !
ü Infinitely increasing behavior! Phase transition.  
üBS may explode. 25
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Registrations. Observations

26
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qBS. By CI, the beta functions including ALL states (CFT + SM) vanish.

If f𝑸𝑪𝑫
𝑬𝑴 ∈ 𝒄𝒐𝒏𝒇𝒐𝒓𝒎𝒂𝒍 𝒔𝒆𝒄𝒕𝒐𝒓 → ∑𝒍𝒊𝒈𝒉𝒕 𝒃𝒐 = − ∑𝒉𝒆𝒂𝒗𝒚𝒃𝒐 (𝑯𝒊𝒈𝒈𝒔)

quark-lepton conformal condition
Ø The SDM mass splits light and heavy (q’s & l’s) states !

𝜷 𝒈
𝟐𝒈 𝑮𝝁𝝂𝒂

𝟐 → 𝜶𝒔
𝟖𝝅𝒃𝒐

𝒍𝒊𝒈𝒉𝒕 𝑮𝝁𝝂𝒂
𝟐,       𝒃𝒐

𝒍𝒊𝒈𝒉𝒕 = −𝟏𝟏 + 𝟐
𝟑𝒏𝑳

𝑚Q~𝑂 Λ → 𝒏𝑳 = 𝟑: 𝐶𝑂𝑈𝑃𝐿𝐼𝑁𝐺 𝑆𝑇𝑅𝐸𝑁𝐺𝑇𝐻 ~ 𝒈𝒈𝝓
𝒈𝒈𝒉~ 𝟏𝟒! 𝑖𝑛𝑐𝑟𝑒𝑎𝑠𝑒

Low-energy eff. 𝛾𝛾 𝑏9
Æty�{𝛼Å 𝐺OÌ(

8 0 = − 𝛾𝛾 𝑏Í%𝛼 𝐹OÌ
8 0 , �⃗� ≈ 0

Ø Primary photons emission:                                     −8/3 ↰

Γ 𝜙 → 𝛾𝛾 ≅
𝛼𝑭𝒂𝒏𝒐𝒎
4𝜋

8 𝑚Q
�

16𝜋𝑓8
, 𝑭𝒂𝒏𝒐𝒎= −

2𝒏𝑳
3

𝑏Í%
𝑏9
Æty�{

27
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q BS. SU(N)  Hidden sector

Ø Direct coupling.         “Glueball” 𝜙.
𝟏

𝑴𝒄𝒖𝒕
𝟒 𝑯𝝁𝝂

𝟐 𝑭𝜶𝜷
𝟐 →

𝑵𝒎𝝓
𝟑

𝑴𝒄𝒖𝒕
𝟒 𝝓 𝑭𝜶𝜷

𝟐
“EM portal”

𝑆𝑈(𝑁)�txxzs y(wyz yÎÏwÐ

Soni (2016)

q Primary 𝜸µ𝒔 𝒆𝒎𝒊𝒔𝒔𝒊𝒐𝒏 𝒅𝒊𝒓𝒆𝒄𝒕 𝒑𝒐𝒊𝒏𝒕 − 𝒍𝒊𝒌𝒆 𝒊𝒏 𝑩𝑺 :

𝜞 𝝓 → 𝜸𝜸 = 𝟏
𝟒𝝅
𝒎𝝓𝑵𝟐

𝒎𝝓

𝑴𝒄𝒖𝒕

𝟖

the value N for a self-interacting 𝝓: 𝑵 ≈ 𝑴𝒂𝒙 𝟎. 𝟏 𝑮𝒆𝑽/𝒎𝝓
𝟑/𝟒, 𝟐

Ø Combined result 𝒄𝒐𝒏𝒇𝒐𝒓𝒎𝒂𝒍 𝒂𝒏𝒐𝒎𝒂𝒍𝒚 ↔ 𝑺𝑼 𝑵 𝒉𝒊𝒅𝒅𝒆𝒏 :

𝑴𝒄𝒖𝒕 > 𝟑. 𝟒 𝑮𝒆𝑽, 𝜦 = 𝟑𝟑𝟎𝑴𝒆𝑽
𝒎𝝓~𝑶 𝜦

𝑴𝒄𝒖𝒕 > 𝟓. 𝟐 𝑮𝒆𝑽, 𝜦 = 𝟓𝟎𝟎𝑴𝒆𝑽
GK 2021 28
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qPrimary photons. Observation.
BSs unstable, showers of 𝛾𝛾, �̅��𝛾, �̅�𝛾, … (𝑐𝑜𝑛𝑓𝑜𝑟𝑚𝑎𝑙 𝐸𝑀 𝑎𝑛𝑜𝑚𝑎𝑙𝑦)

• Measurement of 𝜸µ𝒔 𝒆𝒔𝒄𝒂𝒑𝒆 − 𝒅𝒆𝒄𝒊𝒔𝒊𝒗𝒆 𝒘𝒂𝒚 𝒕𝒐 𝒐𝒃𝒔𝒆𝒓𝒗𝒆 &
𝒅𝒊𝒇𝒇𝒆𝒓𝒆𝒏𝒕𝒊𝒂𝒕𝒆 𝐩𝐫𝐢𝐦𝐚𝐫𝐲 𝛄′𝐬 and ordinary 𝜸′𝒔 (𝝅𝟎 → 𝜸𝜸,… )

• Fluctuation rate of 𝒑𝒓𝒊𝒎𝒂𝒓𝒚 𝜸E𝒔 𝒑𝒓𝒐𝒅𝒖𝒄𝒕𝒊𝒐𝒏 𝒊𝒏 𝒂𝒑𝒑𝒓𝒐𝒙𝒊𝒎𝒂𝒕𝒆
𝒄𝒐𝒏𝒇𝒐𝒓𝒎𝒂𝒍 𝒔𝒆𝒄𝒕𝒐𝒓 (𝒑𝒓𝒐𝒙𝒊𝒎𝒊𝒕𝒚 𝒕𝒐 𝑷𝑻) 𝒇~𝑶 𝜦 , 𝒇𝝅 ≈ 𝟎. 𝟑𝜦

𝒓𝜸𝜸 = 𝟏 +
𝑩𝑹 𝝅𝟎 → 𝜸𝜸
𝑩𝑹 𝝓 → 𝜸𝜸 = 𝟏 +𝒎𝝅

𝟑 𝟔
𝑭𝒂𝒏𝒐𝒎

𝟐
𝝃𝟑

qAbundant γÛ𝑠 𝑒𝑠𝑐𝑎𝑝𝑒: 𝒓𝜸𝜸 → ∞ 𝑎𝑠 𝝃 𝑻 → 𝑻𝒄 → ∞

and with 𝒏𝑳 → 0, 𝑎𝑛𝑑 𝑁Ý → 𝑁ÝÇ , 𝑚Þ ≈ 1 − ¹0
¹0
)

1
(
Λ

𝑁»Â separates conformal phase from the one with the chiral symmetry
ü Result: Fluctuation of the BSs in the proximity to IRFP 
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vDark photons. SDM Decay. Observations.

G. Kozlov Seminar PISA INFN     30

Ø BS formation,  𝑽 𝑺,𝑯𝒊𝒈𝒈𝒔 + 𝑮𝒓𝒂𝒗𝒊𝒕𝒚, instability SDM decays

Ø 𝑺 → 𝜸¶𝜸 → 𝜸𝒍¶𝒍, ~𝑪𝑨𝚲𝟏8𝒅 ¶𝒍 𝜸𝝁𝜸𝟓𝒍 𝛛𝛍𝐒, 𝜸 − ¶𝜸 𝒊𝒏𝒕𝒆𝒓𝒇𝒆𝒓𝒆𝒏𝒄𝒆, ~𝜺𝟐𝑚𝑖𝑥𝑖𝑛𝑔

Lifetime )𝜸, 𝝉)𝜸~
𝜦
Ò𝝁

𝟐 𝒅,𝟏 𝟏
𝑪𝑨
𝟐 𝜺𝟐 Ò𝝁

𝑚𝑒𝑎𝑛 𝑑𝑖𝑠𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡 𝑜𝑓 𝑡ℎ𝑒 𝑣𝑒𝑟𝑡𝑒𝑥

Ø 𝝉)𝜸 ≥ 𝟏𝟎+𝟖𝒔𝒆𝒄 ! , 𝒊𝒇 𝒅 → 𝟐, 𝑪𝑨~𝑶 𝟏 , 𝜦~𝑶 𝑴𝒑𝒍~𝟏𝟎𝟏𝟗 𝑮𝒆𝑽
Candidate to DM (almost stable) 

Exp. Constraints ↷
𝑩𝑨𝑩𝑨𝑹 𝟐𝟎𝟏𝟕 & NA64 (2019)                          𝜺 ≤ 𝟏𝟎,𝟑 ù𝝁 ≤ 𝟖 𝑮𝒆𝑽

𝝉𝑼𝒏𝒊𝒗𝒆𝒓𝒔𝒆~𝟏𝟎ä𝟏𝟕𝒔𝒆𝒄𝝉¶𝜸 ≥ 𝟏𝟎ä𝟖𝒔𝒆𝒄 Compared to 
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vSDM. Dark Photon. Registration I

𝑭𝒐𝒓 𝒆𝒙𝒑. ∶ 𝜞𝜸𝜸 = 𝟐 𝝁
𝟖𝝅

𝟑 𝜶𝒃𝑬𝑴
𝒇

𝟐
≤ 𝟎. 𝟎𝟏𝟑 − 𝟎. 𝟐𝟒 𝑲𝒆𝑽

𝑏Í% = − ×9
Ç , 𝜇 < 2𝑚#, ~ 60 − 160 𝐺𝑒𝑉

𝒈𝒈 → 𝝓 → 𝛾𝛾, 𝛾�𝛾, �̅��̅�

~𝜺𝟐: �𝜸 → 𝒍�̅� 𝒍: 𝒆, 𝝁 DP’s contribution

𝜞)𝜸𝒍�̅� =
𝟏
𝟑
𝜶𝒎𝜺𝟐 𝟏 −

𝟐𝒎𝒍
𝒎

𝟐 𝟏/𝟐

𝟏 + 𝟐
𝒎𝒍
𝒎

𝟐

TH. 𝒎 > 𝟐𝒎𝒍, 𝜺 < 𝟑 @ 𝟏𝟎,𝟐 𝐺𝐾2016 𝜺𝒆𝒙𝒑 ≤ 𝟏𝟎,𝟑 ,
TH. 𝒎 < 𝟑. 𝟑 𝑮𝒆𝑽 … 𝒎𝒆𝒙𝒑 ≤ 𝟖 𝑮𝒆𝑽

G. Kozlov Seminar PISA INFN     

𝐿𝐻𝐶 Ð 𝑑𝑖 − 𝑗𝑒𝑡𝑠
𝑑𝑖 − 𝑝ℎ𝑜𝑡𝑜𝑛𝑠

𝟑𝟑
𝟐
− 𝒏𝑳 ~𝑶 𝟏𝟎 Compared to that of the 𝒈𝒈 → 𝑯

𝑓 ≥ 3 𝑇𝑒𝑉

For exp.: 
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vDark Photon. Registration II

𝜞𝒕𝒐𝒕 ≅
𝟏
𝟑
𝜶𝒎𝜺𝟐 𝟏 + 𝑨 𝝁2𝝁3 𝟏 + 𝑹 𝒉𝒂𝒅/𝝁2𝝁3

Ø 𝑹 𝒉𝒂𝒅/𝝁2𝝁3 = 𝝈 𝒆2𝒆3→𝒉𝒂𝒅𝒓𝒐𝒏𝒔
𝝈 𝒆2𝒆3→𝝁2𝝁3

= 𝟔𝝅
𝜶
𝒈𝝓𝜸𝜸𝒇, 𝒎 > 𝟐𝒎𝝁

Bazar, Kharzeev, Skokov, 2012

𝑨 𝝁2𝝁3 = 𝟏 −
𝟐𝒎𝝁

𝒎

𝟐 𝟏/𝟐

𝟏 + 𝟐
𝒎𝝁

𝒎

𝟐

𝒈𝝓𝜸𝜸 = −𝜶𝒃𝑬𝑴/ 𝟖𝝅𝒇 ≤ 𝟏𝟎,𝟔 𝑮𝒆𝑽,𝟏 G.K. 2021

𝑹 𝒉𝒂𝒅/𝝁&𝝁' : 𝟑/𝟒 𝒃𝑬𝑴 ~𝟕 𝑖𝑛𝑐𝑟𝑒𝑎𝑠𝑖𝑛𝑔 𝑖𝑛 ℎℎ − 𝑐ℎ𝑎𝑛𝑛𝑒𝑙 𝑐𝑜𝑚𝑝𝑎𝑟𝑒𝑑 𝑡𝑜 𝑡ℎ𝑎𝑡 𝑜𝑓 𝜇<𝜇=

qIf NO excess found → 𝑏𝑜𝑢𝑛𝑑𝑠 𝑜𝑛 𝜺 −𝒎𝒊𝒙𝒊𝒏𝒈, 𝜺 𝑚,𝑚Q
§ Bright application: KOTO exp. anomaly: 
ü 𝑲𝑳 → 𝝅𝟎𝝂¶𝝂 𝒐𝒃𝒔𝒆𝒓𝒗𝒆𝒅 𝒆𝒙𝒄𝒆𝒔𝒔:

𝒅𝒖𝒆 𝒕𝒐 𝒔𝒄𝒂𝒍𝒂𝒓 𝑳𝑳𝑷 𝒎𝒊𝒔𝒔𝒊𝒏𝒈 𝒆𝒏𝒆𝒓𝒈𝒚, 𝑲𝑳 → 𝝅𝟎 𝑳𝑳𝑷 .
𝑆ℎ𝑖𝑛𝑜ℎ𝑎𝑟𝑎, 𝐸𝑔𝑎𝑛𝑎 − 𝑈𝑔𝑟𝑖𝑛𝑜𝑣𝑖𝑐ℎ, 2020
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q BS. Early Universe.
o Early Universe. Thermal 𝝌 − 𝒄𝒍𝒐𝒖𝒅𝒔 𝒇𝒐𝒓𝒎𝑩𝑺µ𝒔 𝓡 → ∞
o Compound composite stars:
o Proca Star    +     Axion Star   ⇒ 𝑿∗𝟐 = 𝑽𝝁𝑽𝝁 + 𝑨𝟐 𝑉. 𝐹𝑜𝑐𝑘, 1929
o 𝑽𝝁 = ¶𝝌𝜸𝝁𝝌 𝑨 M. Fierz, 1937

• 𝑻 < 𝑻𝒄: 𝑪𝒐𝒏𝒇𝒊𝒏𝒆𝒎𝒆𝒏𝒕 𝒐𝒇 𝑺𝑫𝑴,𝑨𝒃𝒆𝒍𝒊𝒂𝒏 𝑯𝒊𝒈𝒈𝒔 𝒆𝒇𝒇𝒆𝒄𝒕 (𝑺𝑫𝑴 \𝜸, ¶𝜸, ¶𝒈)
• Evolving star, SSB by V𝝌𝝌 𝒄𝒐𝒏𝒅𝒆𝒏𝒔𝒂𝒕𝒆,𝒎, 𝒄𝒐𝒏𝒇𝒐𝒓𝒎𝒂𝒍 𝒂𝒏𝒐𝒎𝒂𝒍𝒚

Ø SSB: 𝟎 𝑫𝝁(𝟎) 𝑿∗(𝒒) = −𝒊𝜦∗𝒒𝝁, 𝟎 𝝏𝝁𝑫𝝁 𝟎 𝑿∗ 𝒒 = −𝜦∗𝑴∗
𝟐

Ø ↓
𝒎𝒉~𝑴𝑷𝒍𝒆8𝒂, 𝒂~𝟒𝟎, ~𝑶(𝑴𝑷𝒍)

o �̅� 𝜙 �̅� 𝜙

o 𝜒 𝜙 𝜙

G. Kozlov Seminar PISA INFN     33
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q BS. Thermo-Dynamics
ØCosmological inputs:
• Cosmo CP;  Bgr. 𝜌FG ~ 𝑇H~𝑂 10IJ 𝐺𝑒𝑉𝑐𝑚,I ≫ 𝜌⊙ ≈ 0.43 𝐺𝑒𝑉𝑐𝑚,I

• DM 𝝌 𝒎~𝟎. 𝟏 − 𝟏𝟎 𝑻𝒆𝑽 𝒃𝒂𝒔𝒆𝒅 𝒐𝒏 𝜴𝑫𝑴𝒉𝟐 → 𝜴𝑷𝒍𝒉𝟐~𝟎. 𝟐 𝑷𝒍𝒂𝒏𝒄𝒌 𝑪𝒐𝒍𝒍. , 𝟐𝟎𝟏𝟔

• BS Cosmo barrier (high to low 𝝆) 𝝆∗ ≪ 𝟏𝟎,𝟏𝟎𝝆⨀ G.K. 2023

o Low 𝜌: free gas SDM + SM

- Th. Dynamics 𝑬∗ = −𝑷𝑽 + 𝒔𝑻 + 𝝁𝑵, 𝑷 > 𝟎 𝒊𝒇 𝑻, 𝝁 𝒍𝒂𝒓𝒈𝒆

- BS (𝑅 → ∞): 𝑇, 𝜇 low, P < 0  binding the SDM inside

- CP: 𝑷 𝑻𝒄, 𝝁𝒄 = 𝟎, 𝒆𝒏𝒆𝒓𝒈𝒚 𝒇𝒆𝒅 𝒊𝒏𝒕𝒐 𝑩𝑺 ~ 𝒆 𝑬∗Ë𝝁𝒄𝑵 /𝑻

- BS unstable, SDM 𝜙 → �𝛾Û𝑠, �̅�𝜈 𝑳𝑯𝑪 𝒅𝒂𝒕𝒂 𝒏𝒆𝒆𝒅!
G. Kozlov Seminar PISA INFN     34
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q Interactions. Spinor DM. Higgs Portal

𝐿 ⊃ 𝑦ò �𝑚�̅�𝜒 +
1
2
𝜕Ê𝜙𝜕Ê𝜙 − Ω, �𝑚 =

𝑚𝜙
𝜙»

= 𝑚𝜑
v DM 𝝌 𝒆𝒏𝒋𝒐𝒚𝒔 𝒂 𝒈𝒍𝒐𝒃𝒂𝒍 𝑼 𝟏 𝒔𝒚𝒎𝒎𝒆𝒕𝒓𝒚 → 𝒆𝒏𝒔𝒖𝒓𝒆𝒔 𝒔𝒕𝒂𝒃𝒊𝒍𝒊𝒕𝒚
• Below PT:   Yukawa int’s   𝒎~𝒚𝝌𝝓𝟎 > 𝑻𝒄~𝒎𝝓, 𝝓𝟎= 𝝓
• ThDP: 𝜴 = 𝑽 𝝓, 𝑯 𝟐 +𝜴𝑫𝑴 +𝜴𝑻�𝟎
• Higgs Portal allows SDM to decay to SM, BS instability

• 𝑉 𝜙, 𝐻 È = Ï
ó
𝜿𝑫𝜙È 𝐻 È +𝝀

ó
𝜙ó 𝑙𝑛 Þ

Þ4
− Ï

ó
,

↓ ↓
subjects to LHC

• 𝜿𝑫 ≤ 𝑶 𝟏 , 𝑯 = 𝒗+𝒉
𝟐
, 𝑯 𝟐 = 𝒗

𝟐

𝟐

• 𝒎𝝓
𝟐= þ𝒅𝟐𝝓

𝒅𝝓𝟐 𝝓 �𝝓𝟎
, 𝝀 = 𝒎𝝓

𝝓𝟎

𝟐
𝟏 − 𝜹𝑫 , 𝜹𝑫= 𝜿𝑫

𝒗
𝟐𝒎𝝓

𝟐

G. Kozlov Seminar PISA INFN     35
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q ThDP
𝜴 = 𝑽 𝝓, 𝑯 𝟐 +𝜴𝑫𝑴 +𝜴𝑻�𝟎
• Open cosmological system ⊂ 𝝌 𝑫𝑴+ 𝑺𝑫𝑴
• 𝛀𝑫 = − 𝟏

𝜷 𝑽 𝒍𝒏 𝒁𝟎 @ 𝒁[𝝋,𝝁]

• 𝒁 𝝋,𝝁 = ∫𝑫�𝝌 𝑫𝝌 𝒆𝒙𝒑 −∫𝟎
𝜷𝒅𝝉∫𝑽 𝒅𝟑𝒙�𝝌 𝒑𝝁𝜸𝝁 − &𝒎 𝝌+ 𝝁�𝝌𝝌

G. Kozlov Seminar PISA INFN     36

ü SDM  ← 𝒅𝒆𝒄𝒐𝒖𝒑𝒍𝒆𝒅 𝒕𝒉𝒆𝒓𝒎𝒂𝒍𝒍𝒚 → SM;   𝑻𝑫𝑴 ≠ 𝑻𝑺𝑴, 𝑻𝑫𝑴 < 𝑻𝑺𝑴 𝒇𝒓𝒆𝒆𝒛𝒆 − 𝒐𝒖𝒕

Min. ThDP: é𝝋𝟐 𝒍𝒏Ò𝝋 = 𝟏
𝝀𝝓𝟎

𝟐
𝟐𝒎
𝝓𝟎

𝟐
𝑭 𝜷, 𝝁 + 𝝁 → −𝝁 − 𝜿𝑫

𝟒
𝒗𝟐 , 𝑭 𝜷, 𝝁 =∫𝒅𝟑𝒑 𝒏𝒑

𝒑𝟐< E𝒎𝟐

𝒏𝒑 = 𝟏 + 𝒆𝑬𝜷 8𝟏𝒐𝒄𝒄𝒖𝒑𝒂𝒕𝒊𝒐𝒏 𝒏𝒖𝒎𝒃𝒆𝒓; 𝑬 = 𝒑𝟐 + õ𝒎𝟐, ö𝒎 = 𝒎÷𝝋

ü DM can exist at 𝑻 = 𝟎, 𝒕𝒐𝒕𝒂𝒍 𝒄𝒐𝒏𝒅𝒆𝒏𝒔𝒂𝒕𝒆, 𝒏𝒐 𝑯𝒊𝒈𝒈𝒔 𝒑𝒐𝒓𝒕𝒂𝒍 𝜿𝑫 = 𝟎

SDM field fluctuation with T around its equilibrium state
Ø ù𝝋 𝜷 ≈ 𝟏 + 𝟏

𝝀𝝓𝟎
𝟐

𝟐𝒎
𝝓𝟎

𝟓/𝟐 𝟐
𝝓𝟎
𝟐 𝜷𝟑/𝟐

𝒆,𝒎𝜷 − 𝟏
𝟒𝜿𝑫𝒗

𝟐
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q Higgs Portal. Details. Couplings
Ø 𝑫𝑴 𝒊𝒏𝒕𝒆𝒓µ𝒔 𝑯𝒊𝒈𝒈𝒔 𝒑𝒐𝒓𝒕𝒂𝒍 𝒎𝝓~ 𝟎. 𝟏 𝑮𝒆𝑽,𝒎𝒉/𝟐 CMS 2023

DM 𝑹𝒆𝒍𝒊𝒄 𝒅𝒆𝒏𝒔𝒊𝒕𝒚 𝛀𝑫𝒉𝟐 = 𝟎. 𝟏𝟏𝟗𝟗 ± 𝟎. 𝟎𝟎𝟐𝟕 𝑃𝑙𝑎𝑛𝑐 𝐶𝑜𝑙𝑙. 2014
⇓

§ 𝒎𝝓 > 𝟏 𝑻𝒆𝑽 ~𝑶 𝟏 ← 𝜿𝑫 → ~𝑶 𝟏𝟎,𝟒 , 𝒎𝝓~𝒎𝒉/𝟐
§ CMS: 𝑩𝑹 𝒉 → 𝒊𝒏𝒗 < 𝟎. 𝟏𝟓, @𝟗𝟓% 𝑪. 𝑳. CMS, 2023
§ ↓
§ 𝜿𝑫 < 𝟎. 𝟎𝟑𝟒, 𝒎𝝓~𝟔𝟐 𝑮𝒆𝑽

§ CMS: 𝜿𝑫 < 𝟎. 𝟎𝟐𝟖 𝟏 − 𝟐𝒎𝝓/𝒎𝒉
𝟐 8𝟏/𝟒

, 𝒎𝝓 <
𝒎𝒉
𝟐 𝐶𝑀𝑆, 2019

§ EW 𝝓𝟎~ 𝑶 𝟏𝟎𝟑𝑮𝒆𝑽 𝐿𝐻𝐶, 2020 ⇒ 𝝀~𝑶(𝟏𝟎,𝟒)
• Vacuum energy density:

𝝆 ~
𝒎𝝓
𝟒

𝟏𝟔𝝀
𝟏 − 𝟔𝜹𝑫 ~ 𝑶 𝟏𝟎𝟓𝟎𝑮𝒆𝑽 𝒄𝒎,𝟑

𝝀 = 𝟎 𝒄𝒐𝒏𝒇𝒊𝒈𝒖𝒓𝒂𝒕𝒊𝒏 𝝆~ 𝜿𝑫𝝓𝟎𝟐𝒗𝟐 ≤ 𝟑 @ 𝟏𝟎𝟓𝟎𝑮𝒆𝑽 𝒄𝒎,𝟑
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v Inside a star. Binding

§ PT binding SDM + SM = scalar mixed state
↓

Expand and merge into BS under GR + 𝝀 𝒔𝒆𝒍𝒇 − 𝒄𝒐𝒖𝒑𝒍𝒊𝒏𝒈𝒔
𝒖𝒏𝒕𝒊𝒍 𝑼𝒏𝒊𝒗𝒆𝒓𝒔𝒆 𝒆𝒗𝒐𝒍𝒗𝒆𝒅 𝒂𝒏𝒅 𝒕𝒓𝒂𝒏𝒔𝒊𝒕𝒊𝒐𝒏𝒆𝒅

Critical: inter’n energy inside? Relativistic? typi𝑐𝑎𝑙 𝑚𝑜𝑚. 𝒑~𝑹∗8𝟏~𝒎𝝓

o Heisenberg: 𝝀 → 𝟎, 𝜿𝑫 → 𝟎. 𝑬𝒒𝒖𝒊𝒍𝒊𝒃𝒓𝒊𝒖𝒎 𝑴∗
𝒆𝒒 = 𝑴𝑷𝒍

𝟐 /𝒎𝝓 “relat. equil. mass”

winding topological number (integer)Ø Interaction effect: 𝒊𝒏𝒕
𝒏𝒐𝒏,𝒊𝒏𝒕

~ 𝑸𝑮𝑷𝑬~ 𝑽 𝝓, 𝑯 𝟐 / 𝒎𝝓
𝟐 𝝓𝟐

38

q Families of equilibria between the fields and GR

𝑸𝑮𝑷𝑬 = 𝟏
𝟐
𝜹𝑫 + 𝝀𝒆𝒇𝒇

𝑴𝑷𝒍
𝟐𝒎𝝓

𝟐
𝜹𝑫 = 𝜿𝑫

𝒗
𝟐𝒎𝝓

𝟐
, 𝝀𝒆𝒇𝒇= 𝝀 𝐥𝐧 𝑴𝑷𝒍

𝝓𝟎
− 𝟏

𝟒

The 𝝀𝒆𝒇𝒇 may only be ignored if 𝝀 < 𝑶 𝟏𝟎8𝟑𝟓 𝒂𝒕𝑸𝑮𝑷𝑬 ≪ 𝟏

𝜿𝑫 < 𝟎. 𝟎𝟑𝟒, 𝒎𝝓≅
𝒎𝒉
𝟐 𝑪𝑴𝑺 𝟐𝟎𝟐𝟑 , 𝝓𝟎 ≅ 𝟑 X 𝟏𝟎𝟑 𝑮𝒆𝑽 𝑳𝑯𝑪 di-photon, di-jets, 60-160 GeV 



27.11.2024 G. Kozlov Seminar PISA INFN     

vGravity-potential equilibrium.    Max BS mass

39

𝑴∗
𝒎𝒂𝒙,𝒆𝒒~ 𝑸𝑮𝑷𝑬𝑴∗

𝒆𝒒~ 𝝀𝒆𝒇𝒇
𝑴𝑷𝒍
𝟑

𝒎𝝓
𝟐 ~ 𝑶 𝟏𝟎𝟓𝟐 𝑮𝒆𝑽 < 𝑴⨀~ 𝑶 𝟏𝟎𝟓𝟕 𝑮𝒆𝑽 , 𝑸𝑮𝑷𝑬≫ 𝟏

Astrophysical relevant for therm. produced 𝑫𝑴𝒘𝒊𝒕𝒉 𝒎~𝟏𝟎 𝑻𝒆𝑽, 𝑻𝒄~𝒎𝝓

ü Thermal Dynamical indicator for stable and unstable configurations of the BS

q Families of equilibria between the fields and GR

𝑸𝑮𝑷𝑬 = 𝟏
𝟐
𝜹𝑫 + 𝝀𝒆𝒇𝒇

𝑴𝑷𝒍
𝟐𝒎𝝓

𝟐
𝜹𝑫 = 𝜿𝑫

𝒗
𝟐𝒎𝝓

𝟐
, 𝝀𝒆𝒇𝒇= 𝝀 𝐥𝐧 𝑴𝑷𝒍

𝝓𝟎
− 𝟏

𝟒

Characteristic of marginally relativistic BS with 𝑸𝑮𝑷𝑬 ~ 𝑶 𝟏𝟎𝟑𝟐 𝒂𝒏𝒅𝒎𝝓~𝒎𝒉/𝟐

ü 𝑴∗
𝒎𝒂𝒙,𝒆𝒒~𝑴𝑷𝑩𝑯 ~ 𝟏𝟎8𝟓𝑴⨀ 𝒄𝒐𝒎𝒑𝒓𝒊𝒔𝒊𝒏𝒈 𝟏% 𝒐𝒇 𝒕𝒐𝒕𝒂𝒍 𝑫𝑴

U-short timescale microlensing event, optical GR lensing OGLE,  Niikura et al., ‘19 

𝑴∗
𝒎𝒂𝒙 <

𝟏 − 𝜹𝑫
𝟐

𝟏/𝟐 𝝅
𝟐𝒎

𝟓/𝟒𝑴𝑷𝒍
𝟐 𝝓𝟎
𝑻𝟑/𝟒

𝒆𝒎/𝟐𝑻~𝑶 𝟏𝟎𝟕𝟎𝑮𝒆𝑽
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vBS size.  Critical temperature
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Ø BS nucleates wide @ 𝑻𝒄: 𝑹∗ < 𝑴∗
𝒎𝒂𝒙𝑴𝑷𝒍

,𝟐~ 𝑶 𝟏𝟎𝟏𝟑𝒌𝒎 ,  𝑻𝒄 < 𝒎

Then shrinks, dense, accumulates SDM + Higgs as 𝐓 < 𝑻𝒄

𝑻𝒄 = 𝟐𝝅 𝑵
𝜻 𝟑/𝟐

𝟐/𝟑 𝑴𝑷𝒍
𝟐

𝑴∗
𝒎𝒂𝒙

𝟐
𝟏
𝒎𝝓

~𝟏𝟎,𝟔𝟓 𝑵𝟐/𝟑 GeV

BEC/SDM condensate ∑𝒇𝒏𝒇 = ∑𝒇
𝟏

𝝆𝟎
'𝟏𝒆𝑭(𝒇)𝜷8𝟏

= 𝑵, 𝑭 𝒇 = 𝑬 𝒇 − 𝝁𝑸(𝒇)

�𝛒 = 𝛒∗/𝛒,  stable �𝛒 = 𝛒𝟎 BS formed, 𝝆𝟎 → 𝟏, 𝒉𝒊𝒈𝒉 𝑻, 𝑵 𝒍𝒂𝒓𝒈𝒆

𝑴∗
𝒎𝒂𝒙 <

𝟏 − 𝜹𝑫
𝟐

𝟏/𝟐 𝝅
𝟐𝒎

𝟓/𝟒𝑴𝑷𝒍
𝟐 𝝓𝟎
𝑻𝟑/𝟒

𝒆𝒎/𝟐𝑻~𝑶 𝟏𝟎𝟕𝟎𝑮𝒆𝑽

§ 𝑵~𝑶 𝟏𝟎𝟏𝟎𝟎 𝒇𝒐𝒓 𝑻𝒄 > 𝒎𝝓

If 𝒎𝝓 > 𝑻𝒄 𝒄𝒐𝒏𝒅𝒆𝒏𝒔𝒂𝒕𝒆 𝒊𝒔 𝒘𝒆𝒂𝒌, 𝑬𝑪𝑶 𝒐𝒇 𝑫𝑴𝒘𝒊𝒕𝒉 𝑹 𝒂𝒏𝒅𝑴 𝒊𝒔 𝒏𝒆𝒊𝒕𝒉𝒆𝒓 𝑵𝑺, 𝒏𝒐𝒓 𝒕𝒉𝒆 𝑩𝑯
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vLower bound on the BS mass
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𝑫𝑴 𝝆𝝌 = 𝒎𝒏𝝌, 𝒏𝝌~𝑶 𝟏𝟎,𝟐𝟐𝒄𝒎,𝟑 , 𝐵𝑎𝑘𝑒𝑟 𝑒𝑡 𝑎𝑙. , (2020)

q Relation between energy densities of DM in galactic halos and the ⨀ system

𝝆𝑫𝑴𝑴𝑾 = 𝑴𝑫𝑴
𝑴𝑾𝛀𝒉𝒂𝒍𝒐 = 𝝆∗ + 𝝆𝝌 + 𝝆𝝓/𝒉

𝑴𝑾𝒉𝒂𝒍𝒐 𝛀𝒉𝒂𝒍𝒐= 𝟒𝝅𝑹𝒉𝒂𝒍𝒐𝟑 /𝟑
,𝟏
;

BS				𝝆∗ = 𝑴∗𝒏∗, 𝒏∗≪ 𝟏. 𝟓 − 𝟏. 𝟖 ×𝟏𝟎,𝟑𝟕𝒄𝒎,𝟑 𝐺𝐾 (2023)

SDM-Higgs 𝝆𝝓/𝒉 = 𝒎𝝓𝒏𝝓 𝟏 + 𝜹𝒉 , 𝒏𝝓 < 𝝅 ¦ 𝟏𝟎8𝟏𝟏𝒄𝒎8𝟑,𝜹𝒉 < 𝟏𝟎8𝟏𝟒, GK (2023) 

𝑹𝒆𝒔𝒖𝒍𝒕: 𝑴∗ ≫ 𝟑.𝟗− 𝟒.𝟕 ×𝟏𝟎𝟑𝟓 𝑮𝒆𝑽

𝑴𝑫𝑴
𝑴𝑾~𝟎.𝟗𝟓𝑴𝑴𝑾~𝟏𝟎𝟏𝟐𝑴⨀, 𝑴𝑴𝑾 = 𝟎. 𝟖 − 𝟏. 𝟓 ×𝟏𝟎𝟏𝟐𝑴⊙



Спасибо за внимание!
Thank you! 
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Church and the Empire were fused in a single Entity

DM (+SM) is the Fundamental Entity in the Universe

SYMMETRIES


