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§ Any phenomena in Universe are governed by principles of symmetries /SSB

§ The scales in PP/Cosmology are the subjects of the light scalars (the dilatons)

⇒ origin of BSs

𝑷𝑻: Critical role on Evolving & Fluctuating of scalars in the early Universe 

§ PT corresponds to an initial thermal state (hidden sector) invariant under conf. group

• PT: Cross-over influence, formation of bound states (scalars), approximately stable

• BEC of the dilatons into the BSs

q Symmetries, PT & Boson Stars
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• PT @ finite T is identified through observables (measured quantities)

• Primary (direct) photons registration at the detector.
“Primary” operator means not a derivative of another operator                                                  
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§ !
𝑠𝑒𝑙𝑓 − 𝑖𝑛𝑡𝑒𝑟𝑎𝑐𝑡𝑖𝑜𝑛

𝑔𝑟𝑎𝑣𝑖𝑡𝑎𝑡𝑖𝑜𝑛𝑎𝑙 𝑒𝑞𝑢𝑖𝑙𝑖𝑏𝑟𝑖𝑢𝑚 Boson star  Colpi, Shapiro, Wasserman (1986)

§ 𝑅𝑒𝑝𝑢𝑙𝑠𝑖𝑣𝑒 𝜆! 𝑖𝑛 ~ 𝜆!Φ! ⇒ 𝑟𝑖𝑠𝑒 𝑡𝑜 𝑑𝑒𝑛𝑠𝑒 𝑚𝑎𝑠𝑠𝑖𝑣𝑒 𝑩𝑺 (𝑑𝑖𝑙𝑎𝑡𝑜𝑛𝑠/”𝑔𝑙𝑢𝑒𝑏𝑎𝑙𝑙𝑠”)

Ø “Glueball” case. 𝑚!~ 𝑂 Λ .                         “Heavy” BS

𝑀"#$
%&#'~ 𝜆(

"!

""

)
𝑀*+~ 𝑀*+~ 1.7 < 10,-𝐺𝑒𝑉, 𝜆(~𝑂 1

Ø Dilaton case. Boson star as a dilaton garland mixed with the Higgs

ü 𝒎𝑫~ 𝑶 𝒎𝒉 ,  f  are constrained by LHC data.         “Light” BS

𝑀%&#' < 0#$
)12

"!

3

) 4
"%

𝑀*+ ≈ 1.7 < 1056 𝑀"# 𝐺𝐾 (2022)

q Boson stars
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§ BS existence longevity in time is governed by principles of symmetry 

§ Lifetime 𝝉𝑩𝑺 𝑑𝑒𝑝𝑒𝑛𝑑𝑠 𝑜𝑛 𝝉𝑶 𝑖𝑛 ~
$%!

&
𝐻'𝐻 𝑥 𝑂 𝑥 , 𝑂 𝑥 = ∑( 𝑐(𝜑((𝑥)

§ 𝜏$ ≪ 𝜏%, hidden scalar garland GK (2022) 

§ In the approximate ℤ) 𝑠𝑦𝑚𝑚𝑒𝑡𝑟𝑦 𝑂 𝑥 𝑖𝑠 𝑡ℎ𝑒 𝐋𝐋𝐏 if 𝜉 ≪ 74
"&

Ø 𝝉𝑩𝑺 ~ 𝝉𝒐= 𝒂𝒉𝟐 𝝉𝒉, 𝑎< =
= "& 4
7"#

& ,   7.7 < 105)> < 𝜏< < 1.3 < 105)?𝑠

LLPs: ℎ → 𝑶𝑶 → 2𝜏@ 2𝜏5, 𝑐𝜏 > 40 𝑚, 𝑚AAB= 40 𝐺𝑒𝑉 𝐶𝑀𝑆 2021

Ø 𝝉𝑩𝑺 ~ 𝝉𝑶 > 𝟏. 𝟑 < 𝟏𝟎5𝟕 𝒔, ξ < 4 < 105), Λ~O MEF ~10, TeV

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

BS field    𝑿 𝒙 ∈ ℎ 𝑥 , 𝑂 𝑥
↓ ↓

Higgs ∑GH?I 𝑐G𝜙G 𝑥
ℎ𝑖𝑑𝑑𝑒𝑛 𝑠𝑐𝑎𝑙𝑎𝑟 𝑔𝑎𝑟𝑙𝑎𝑛𝑑

𝐿 =
1
2𝑖

𝜕J𝑋
) − 𝜕J𝑋∗

) + 𝐷J𝑋 𝐷J𝑋∗ +
1
2𝑖

𝜐∗)𝑋∗) − 𝜐)𝑋)

𝜙 → 𝑎𝜙, ℎ → 𝑎5?ℎ

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

𝐷J = 𝜕J + 𝑖𝑔𝐵J 𝐷𝑃

𝑿 𝒙 =
𝜔𝜙 𝑥 + 𝑖𝜅ℎ 𝑥

2
ℎ 𝑥 = L

M
N" #&O&

PQ O&
𝜙 𝑥 + 𝑓𝑥J𝑩𝝁 𝒙 + 𝐶 𝑥 ,

ü A𝐷𝑃𝑀: 𝑫𝑷 𝑩𝝁 𝒙 = 𝒎𝑫𝑷
,𝟏 𝒄𝒐𝒏𝒔𝒕 𝒎𝑫𝑷

,𝟐 𝝏𝟐 − 𝟏 𝝏𝝁𝝓 𝒙 𝐺𝐾 (2021)

𝑃J, 𝜙 𝑥 = −2𝑖𝐵J 𝑥 ; 𝑃J, ℎ 𝑥 = −𝑖𝜕Jℎ 𝑥 ; 𝜃 𝑘S 𝜙 𝑘 ⟩|0 = 0
vacuum

∆ + 𝑅𝑒𝜐/ 𝐶 𝑥 = 0
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qBS. Warm scenario

o BS (N quantum states) in stat. equilibrium   𝑍I = 𝑆𝑝𝑒5TU, 𝛽 = 𝑇5?

𝐹 𝑓 = 𝐸 𝑓 − 𝜇 𝑄 𝑓 , 𝑏3→ 𝑏3 = 𝑎3 + 𝑟3
random fluctuation

𝐻 = ∑?VWVI𝐻 𝑗 =∑3𝐹 𝑓 𝑏3@𝑏3 = ∑" 𝐹 𝑓 𝑛" (in 𝑓 − representatio𝑛)

Ø Probability to formation & evolution of BS @ finite T 

𝑃 �̅� = �
IH?

h

𝑍I�𝜇I, �𝜇 =
𝜇
𝜇i
, @ 𝐶𝑃 𝜇i <

𝐸 𝑓
𝑄 𝑓

, �̅� ≅ 1 𝑷𝑻!

BS p𝑜𝑡𝑒𝑛𝑡𝑖𝑎𝑙 𝐾 = 𝐾j + 𝑉j + 𝜆 𝑓/2 (, 𝑉j= 𝜆/4 𝜙( 𝑙𝑛 𝜙/𝑓 − 1/4

𝐾j �̅� = 𝛽5? ∫ 𝑙𝑛 1 − �̅�𝑒5k(3)U df         thermochemical potential 
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q BS. Warm scenario (cont’d)

§ 𝐾 = 𝜃 𝛽 − 𝛽i 𝐾j �̅� + 𝜃 𝛽i − 𝛽 𝐾lT
Q33,  “glueball” &  gluons d.o.f.
↓

𝐾& + 𝐾$(𝐻𝑎𝑎𝑟 𝑚𝑒𝑎𝑠𝑢𝑟𝑒,𝑚𝑜𝑑.−𝑑𝑒𝑝′𝑡)

Ø 𝐾! ≈
"0
1

#1$1
∑%&'( )2

%
𝐾*(𝑛𝛽𝑚!), 𝑚! (𝛽) =

! $
$
, 𝐸! = �⃗�* +𝑚!

*

�
3

�𝑛3 =�
3

1
�̅�S5?𝑒k(3)U − 1

= 𝑁 �
𝑵 → ∞ ⇒ 𝒍𝒊𝒈𝒉𝒕 𝒅𝒊𝒍𝒂𝒕𝒐𝒏,

“𝑔𝑙𝑢𝑒𝑏𝑎𝑙𝑙” 𝑔𝑔 %HS

↓
ground state of   �𝜇 = 𝜇/𝜇i

𝐹𝑜𝑟 𝑛Y → ∞ ⇒ 𝐵𝐸𝐶 ⇒ 𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝐵𝑆 bounded by self-gravity

ØCondition to condensed formation of BS in the early Universe 
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vWarm & cold BSs

 𝑾𝒂𝒓𝒎 𝐵𝑆 �̅�S𝑒JmU < 1 (𝑇 > 𝑇i
𝑪𝒐𝒍𝒅 𝐵𝑆 �̅�S𝑒JmU~ 1 (𝑇 < 𝑇i

�
3

�𝑛3 =�
3

1
�̅�S5?𝑒k(3)U − 1

= 𝑁

Ø Minimization of the probability to formation of the BS
𝑑
𝑑�̅�

𝑃 �̅� �̅�5I nJHnJ' = 0, �𝜇 =
𝜇
𝜇i

Warm BS 𝑇i =
)1
"(

2,612… 𝑣 5)/>, 𝑚j ≠ 0, 𝑣 = Ω/𝑁

ü Correlation length     ξ~ Z [
\]

2,612… 𝑣 \/^𝑙𝑛_` �̅�a_`

• Fluctuation of 𝑚j 𝑏𝑒𝑐𝑜𝑚𝑒𝑠 𝑚𝑜𝑟𝑒 𝑐𝑜𝑟𝑟𝑒𝑙𝑎𝑡𝑒𝑑
• 𝑛𝑜𝑛 −𝑚𝑜𝑛. 𝜉 → ∞ 𝑖𝑓 𝑡ℎ𝑒 𝑔𝑟𝑜𝑢𝑛𝑑 𝑠𝑡𝑎𝑡𝑒 �̅�S → 1 (indicator of PT)

𝑘𝑛𝑜𝑤𝑛 𝑓𝑟𝑜𝑚 𝐶𝑃 @ 𝑄𝐶𝐷U Stephanov (2005)

• For finite & small BS inverse density 𝑣 = p
I 𝑛𝑜 𝑃𝑇 𝑐𝑎𝑢𝑠𝑒𝑑 𝑏𝑦 𝜉

• Short 𝜉 − 𝑙𝑒𝑛𝑔𝑡ℎ 𝑜𝑛𝑐𝑒 𝑇 ≪ 𝑇i, �𝜇S< 1.
8
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vBS. Fluctuations of observables
Event-by-event fluctuation of scalar’s density @ T  in BS volume V< Ω

𝑛q − 𝑛q )

𝑛q
− 1 =

2 𝑣
𝜋)

𝑚j𝑇
>
)«

S

h 𝑥)𝑑𝑥

�̅�S5?𝑒5JmU𝑒$
& − 1 )

↳ 𝑉/Ω
• Increase sharply if 𝑇 → 𝜇𝑄/𝑙𝑛 1/�̅�a

§ PT approached (vicinity of CP)
𝑛q − 𝑛q )

𝑛q
− 1 ≈

4
𝜋 2,612… .

«
S

h 𝑥)𝑑𝑥

𝑧i 𝑒$
& − 1

)

q No dependence of the scalar mass

𝑧i = �̅�S5?𝑒5#) , 𝑎i≈ 𝜇i 𝑄 Λ 2,612…𝑣
&
*/ 2𝜋

ü Non-monotonous rising if �𝝁𝟎 → 𝟏𝒘𝒊𝒕𝒉 𝒗 → 𝟎 (𝑵 → ∞) !
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qPrimary photons from BS

Primary (direct) 𝛾s𝑠 𝑟𝑎𝑑𝑖𝑎𝑡𝑒𝑑 𝑏𝑦 𝑩𝑺 𝑡ℎ𝑟𝑜𝑢𝑔ℎ 𝑡ℎ𝑒 𝑑𝑒𝑐𝑎𝑦𝑠 𝑜𝑓 𝑠𝑐𝑎𝑙𝑎𝑟𝑠

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

Hidden scalar – SM sector: 𝐿 = b
Y
ΘZ cdee
Z + ΘZ fghi

Z

-∑t𝑚t �𝑞𝑞 +⋯ ↩ ↪ in contrast to SM

Ø Hidden scalars couple to 𝛾𝛾 𝑜𝑟 𝑔𝑔 𝒆𝒗𝒆𝒏 𝒃𝒆𝒇𝒐𝒓𝒆
𝑟𝑢𝑛𝑛𝑖𝑛𝑔 𝑎𝑛𝑦 𝑆𝑀 𝑖𝑛 𝑡ℎ𝑒 𝑙𝑜𝑜𝑝 ⇒ 𝑡𝑟𝑎𝑐𝑒 ΘJ #uv"

J 𝐷𝑃 ↰
~ − 𝛼𝑏wx𝐹Jy) − 𝛼% ∑z 𝑏vz 𝐺Jy#

) − ̅𝜀𝐹Jy𝐵Jy

§ In exact scale symmetry:
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qBS by “glueballs”

If ¾𝑄𝐶𝐷
𝐸𝑀 ∈ 𝑐𝑜𝑛𝑓𝑜𝑟𝑚𝑎𝑙 𝑠𝑒𝑐𝑡𝑜𝑟 → ∑{zl<& 𝑏v = − ∑<Q#4| 𝑏v 𝑎𝑏𝑜𝑣𝑒 Λ

quark-lepton conformal condition
Ø The “glueball” mass splits light and heavy states !

U l
)l 𝐺Jy#

) → }+
~1 𝑏v

{zl<& 𝐺Jy#
),       𝑏v

{zl<& = −11 + )
>𝑛A

𝑚j~𝑂 Λ → 𝑛A = 3: 𝐶𝑂𝑈𝑃𝐿𝐼𝑁𝐺 𝑆𝑇𝑅𝐸𝑁𝐺𝑇𝐻 ~ llj
ll<

~ 14! 𝑖𝑛𝑐𝑟𝑒𝑎𝑠𝑒

Low-energy eff. 𝛾𝛾 𝑏S
{zl<&𝛼% 𝐺Jy#

) 0 = − 𝛾𝛾 𝑏wx𝛼 𝐹Jy
) 0 , �⃗� ≈ 0

Ø Primary photons emission:                                     −8/3 ↰

Γ 𝜙 → 𝛾𝛾 ≅
𝛼𝐹#uv"
4𝜋

) 𝑚j
>

16𝜋𝑓)
, 𝐹#uv"= −

2𝑛A
3

𝑏wx
𝑏S
{zl<&
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qPrimary photons. Observation.
BSs unstable, showers of 𝛾𝛾, �̅��𝛾, �̅�𝛾, … (𝑐𝑜𝑛𝑓𝑜𝑟𝑚𝑎𝑙 𝐸𝑀 𝑎𝑛𝑜𝑚𝑎𝑙𝑦)

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

• Fluctuation rate of γs𝑠 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑖𝑛 𝑎𝑝𝑝𝑟𝑜𝑥𝑖𝑚𝑎𝑡𝑒
𝑐𝑜𝑛𝑓𝑜𝑟𝑚𝑎𝑙 𝑠𝑒𝑐𝑡𝑜𝑟 (𝑝𝑟𝑜𝑥𝑖𝑚𝑖𝑡𝑦 𝑡𝑜 𝑃𝑇) 𝑓~𝑂 Λ , 𝑓1 ≈ 0.3Λ

𝑟�� = 1 +
𝐵𝑅 𝜋S → 𝛾𝛾
𝐵𝑅 𝜙 → 𝛾𝛾

= 1 +𝑚1
> 6
𝐹#uv"

)
𝜉>

qAbundant γm𝑠 𝑒𝑠𝑐𝑎𝑝𝑒: 𝑟nn → ∞ 𝑎𝑠 𝜉 𝑇 → 𝑇o → ∞

with 𝑛p → 0, 𝑎𝑛𝑑 𝑁Y → 𝑁Yo , 𝑚b ≈ 1 − q!
q!
"

#
$
Λ

𝑁3i separates conformal phase from the one with chiral symmetry
ü Result: Fluctuation of the BSs in the proximity to IRFP 
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q SU(N)  Hidden sector in the BS

Ø SU(N) hidden. Direct coupling. “Glueball” 𝜙.
`

r"%&
' 𝐻Zs

\ 𝐹tu
\ →

qi(
)

r"%&
' 𝜙 𝐹tu

\

𝑆𝑈(𝑁)<z++Qu l#�lQ l'v��

Soni (2016)

q Primary 𝛾s𝑠 𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛 𝑑𝑖𝑟𝑒𝑐𝑡 𝑝𝑜𝑖𝑛𝑡 − 𝑙𝑖𝑘𝑒 𝑖𝑛 𝑩𝑺 :

Γ 𝜙 → 𝛾𝛾 = ?
(1
𝑚j𝑁) "(

x),-

~

the value N for a self-interacting 𝜙: 𝑁 ≈ 𝑀𝑎𝑥 0.1 𝐺𝑒𝑉/𝑚j
>/(, 2

Ø Combined result 𝒄𝒐𝒏𝒇𝒐𝒓𝒎𝒂𝒍 𝒂𝒏𝒐𝒎𝒂𝒍𝒚 ↔ 𝑺𝑼 𝑵 𝒉𝒊𝒅𝒅𝒆𝒏 :

𝑀i�& > 3.4 𝐺𝑒𝑉, Λ = 330 𝑀𝑒𝑉
𝑚j~𝑂 Λ

𝑀i�& > 5.2 𝐺𝑒𝑉, Λ = 500 𝑀𝑒𝑉
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q Conclusions 
1. DM:  the lightest hidden scalar field likely dilaton or the “glueball” 

2.  DM cold/warm,  BEC into compact massive BS.  CA cosmic rays.

4. Energy scan, non-monotonous behavior 𝛾𝛾 fluctuation at PT/CP vicinity

5. PT & CP signature: 𝛾s𝑠 showers increase compared to 𝜋S 𝑑𝑒𝑐𝑎𝑦𝑠

6. Observation: measuring 𝛾s𝑠 yields, fitting with 𝜇/𝑇 QFT models

3. BS hides a part of scalar DM from observations. After formation, becoming 

large, BS may explode into leptons via decays of DPs or emit primary photons. 
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Спасибо за внимание!
Thank you! 

BS

dilaton
“glueball”

&
dark photon
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portals
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