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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

• 𝜒̅𝜒 → 𝜙𝜙, ℤ8 𝑠𝑦𝑚𝑚𝑒𝑡𝑟𝑦 𝑝𝑟𝑜𝑡𝑒𝑐𝑠 𝑠𝑡𝑎𝑏𝑙𝑒 𝝌

• Interactions ~ 1 + 𝜙/𝜙9 𝑚:𝜒̅𝜒, 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 

27.11.2024

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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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

! DM: !"#$!%&'()%$"!#*+,-#&.#/01,23
- !2#345+4,+26
- !2#47/238,+26#
- !2#/14,,03+69

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

- Matter detection d𝒂𝒏𝒏𝒊𝒉𝒊𝒍𝒂𝒕𝒊𝒐𝒏 𝒐𝒇 𝑫𝑴𝒅𝒆𝒄𝒂𝒚𝒔 𝒐𝒇 𝑫𝑴
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! !"#$"%&'()*+&&,-%+)

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

!"#$%&'("#) * +𝒄𝒐𝒏𝒇 , - 𝒊𝒙! 𝑷!
- 𝒊𝑩! (𝒙)𝑲!

- 𝒊𝑫𝝓(𝒙)
translations SCT Dilatation

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

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

Scalar DM, !"#$%&'( tield 𝝓 )*+,( 𝜙 ≠ 0 𝑏𝑟𝑒𝑎𝑘𝑠 𝑐𝑜𝑛𝑓𝑜𝑟𝑚𝑎𝑙 𝑖𝑛𝑣𝑎𝑟𝑖𝑎𝑛𝑐𝑒 𝑎𝑡 𝑓 > 𝑣

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

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

!"#$%&'()

8

*+,-./0.#12330#45,62725,89#:5#.;</.00#7=.#.;4.002-.#>2.?6#2,#7./@0#5>#7=.#*<=A024B?8#5,.##

!"#$%&'(%)#*"#+,-.%./012 345678



!

q !"#$%&'"()#"$)#*+&!"#$%&'()$'*#$+',#--"$'.#/010#-"2

!"#$%&#'#()#$*+$,-$).($*(/0$1#$&#2#./#3$10$.($451./.()#$4($6"#$6&.('2#&'#$5*5#(675$4($
6"#$3#6#)6*&$5#.'7&#3$.'$54''4(8$6&.('2#&'#$5*5#(675

!"#$%%$&'()$#*++,-*&.#'-#/0#1('.("#'.$#!"#$%&'($)&**+'$,-'./0$ 12!13$4$#)3$
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!"4'$#9)464(8$6**/$*%#('$7%$.$(#:$%&*8&.5$*+$'#.&)"#'$+*&$
!!"# ;<)./.&$,-=$<>$4($.$:43#$2.&4#60$*+$6"#*&#64)./$5*3#/'

𝒉 → 𝑺𝑺 → 𝟒𝒍 𝒐𝒓 𝟒𝒒
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q !"#$%&'&$()*%$+$,**%$$-./*
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

G. Kozlov Seminar PISA INFN     10



27.11.2024

• !"#$%&'(")%*+%)"#%,*-.*/')'*+%*0%)"#%1+'2#3/#%4)%3#,*-5'+4)'*+%
)'-#

" CMB radiation + perturbations

• 6&4+,7%/4)#&&')#%/#43,"#$%0*38%9:;%/.#,)3<-=/%'+"*-*(#+#')'#/
↓

Universe is flat (surprise) & homogeneous
• >+0&4)'*+%)"#*3?@%9*/-*&*(',4&%.#3)<354)'*+/%03*-%A<4+)<-%0&<,)<4)'*+

*0%4%/'+(&#%/,4&43%0'#&$%B/,4&43%C:D%$'&4)*+E

• 9:;%/.#,)3<-%-#4/<3#-#+)8%Ω'%~ 0.26 Ωrstu
vwxyz{

F2'$#+,#%,*-#/%03*-%)"#%GH%'+)#34,)'*+/%*0%C:
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Ø 1+'2#3/#%#2*&<)'*+%54&4+,#8%
𝟑
𝟖𝝅

𝑯𝟐𝑴𝑷𝒍
𝟐 = 𝝆𝑺𝑴 + 𝝆𝑫𝑴 + 𝝆𝒎𝒆𝒅 + 𝝆𝑷𝑩𝑯

o Boson star (BS) forms a BEC in ground state, 
1+,#3)4'+)?%63'+,'.&#%$*#/%7##.%)"#%BS 03*-%,*&&4./'+(

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
&43:;#<6+=03/0>#?300#@A/B#9A/B#C.#/801+0/#D5+??0306,#/8+6/E

# T cooled → 𝑐𝑜𝑠𝑚𝑜𝑙𝑜𝑔𝑖𝑐𝑎𝑙 𝐶𝑃, 𝑃ℎ𝑎𝑠𝑒 𝑡𝑟𝑎𝑛𝑠𝑖𝑡𝑖𝑜𝑛 𝑃𝑇 ↔ 𝑆𝑦𝑚𝑚𝑒𝑡𝑟𝑦 𝑏𝑟𝑒𝑎𝑘𝑖𝑛𝑔
F08434,+26#2?#G6+?+14,+26#HG654I06,4:#$6,0341,+26/

$ J2/26#/,43/#DJFA/E>####F)(K('#D/LME N'")(#D/LOE
P)2:8+ 0,#4:QB#ORSTP###############PJ3+,2#0,#4:QB#UMOTP

↘ ↙
C. 𝝌 (𝒔 = 𝟏/𝟐)

F,47:0ℤ𝟐 𝑺𝒚𝒎𝒎𝒆𝒕𝒓𝒚, 𝑻𝒉𝒆𝒓𝒎𝒂𝒍 𝒓𝒆𝒍𝒊𝒄 𝒑𝒓𝒐𝒅𝒖𝒄𝒕𝒊𝒐𝒏

o 𝜯𝒄~ 𝑶 𝑴𝒆𝑽 − 𝑻𝒆𝑽 4#?0*#𝝁/01#4?,03#J+9#J469#
F14:43#C43V#.4,,03#DFC.E#W#F.#126?+605#+6,2#JF#D/14:0#/;II0,3;#732V06#52*6E

- !2#27/03=47:0#/+964,G30/#?23#8-;/+14:#83210//0/#D+6/+50#,-0#JFE#28034,05
- $65+301,#4/,32X12/I2:29+14:#27/03=4,+26/#:04=0#JF#?23I4,+26#G6V62*6#;0,

G. Kozlov Seminar PISA INFN     12



!!"#$%$&!"'$&( )*+#',&!"'$&( !
!

27.11.2024

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 

!
!"#$%&#&%'(#))*+,'-(./0'&1(&%#))* +,'-(.2

,'3'(%423&"-4&-"132%(24'(&15&2'62&71289231#"47
DM ingredients/components

𝑴"# ~𝑴$%
& /𝝁' 𝑴$#~𝑴$%

& /𝝁(C23=7./#7=B,#𝑴$# 1.B-2./#7=B,#𝑀) *

𝑴+,-
"# ∼ 𝟏𝟎. / 𝑮𝒆𝑽 > 𝑴0 GK (2023) C235DE2/35#!F#023,B?#'(&G%'H##IJC#%&%'

𝒄𝒐𝒎𝒑𝒂𝒓𝒆 𝝁( ≪ 𝝁'
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! !" #$%&'#()#*+,(-#.%'/!"#$%&'()'*#!"#$%&'(&$)*+#,-#+"..*/%"#

! !"#$%"&$'𝝉!" 𝑑𝑒𝑝𝑒𝑛𝑑𝑠 𝑜𝑛 𝝉# 𝑖𝑛 ~
$%&

&
𝑯' 𝑯 𝒙 𝑶 𝒙 , 𝑂 𝑥 = ∑( 𝑐( 𝜑( (𝑥)

% 𝝉𝑯 ≪ 𝝉𝑶, 𝐡𝐢𝐝𝐝𝐞𝐧 𝐬𝐜𝐚𝐥𝐚𝐫 𝐭𝐨𝐰𝐞𝐫 !"#$%&%%'#

§ >+%)"#%4..3*I'-4)#%! 8 "#$$%&'# ( ) *" &+%,,- ./ 0 1
�u
�"

Ø 2𝑩𝑺 3 2𝑶 4 5,𝟐
𝟐𝒗𝚲 𝟐

𝒎𝒎𝒉
𝟑 2𝒉6 78 9:;:< = >?> @A;,8� B C� B 1.3 ¦ 1089:s

LLPs: + D (( D : C+ : C,D%ECF G; $ 6$ ��&4 G; 7%H IJK :;:A

Ø 2𝑩𝑺 3 2𝑶 F L?M@LN,𝟕O6 PB G@A;,86 Q3 R S�� 3 A; � TUV

q !"#$#%&'()(*&)+#%,&-./0+.10,
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# 0.).,$)'&/$ 12,2-&3$-.%*34$

BS field    W ) X Y ) 6( )
Z Z

Higgs [ 𝒌�𝟏
𝑵 \ 𝒌] 𝒌 )

Y^__`a O\bcbd efg`d

h 4
A
:*

i Oj
8

k i Oj ∗ 8
l mOj mOj ∗ l

A
:*

n∗8j ∗8 k n8j 8

o D po 6 + D p,P+

0) is massive scalar object in the asymptotic flat space-time

mO 4 i O l *qr 𝝁 st

W ) 4
u] ) l ^vY )

w

Y ) 4
�
�
$� ("�"

�z �"
] ) l xyOr 𝝁 ) l I y ,

" A𝐷𝑃𝑀: 𝑫𝑷 𝑩) 𝒙 = 𝒎*+
, - 𝒄𝒐𝒏𝒔𝒕 𝒎*+

, . 𝝏. − 𝟏 𝝏) 𝝓 𝒙 𝐺𝐾 (2021)

zO6o y 4 k :* x{ O y | zO6+ y 4 k *i O+ y | } ~9 o ~ •€N 4 ;
vacuum

∆ + 𝑅𝑒 𝜐/ 𝐶 𝑥 = 0

15
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v:;26'"<#&%'(=29147#(%3<=2>%1).32?2!@

Formation: spatial uniformity, topology, defects, electric fluxes

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

𝑸1 , 𝑿(𝒚) =  𝝏2𝑩32 𝒙 𝒕1 𝒙 𝒅4𝒙, 𝑿(𝒚) = −𝒒𝑿 𝒚 , 𝒕1 ⊂ 𝑺 𝓡5 , 𝒕1 = 𝒄𝒐𝒏𝒔𝒕, 𝒙 ≤ 𝑹

Solution: • r 𝝁 4
𝟏
𝟐𝒈

𝒌𝝁
𝝋𝟐

k ‚ 𝝁ƒ6 ] ) 4 „ 9) =̀ 𝒊𝜼(𝒙), @2=  𝟒𝒇𝝓𝟎
𝟐

𝝃𝝓
6 …† N

Ø
𝑳
,𝒈 4

𝑹
𝟏𝟔𝝅𝑮 k

𝟏
𝟐 • 𝝁𝝂‚ 𝝁] ‚ 𝝂] ∗ l ‡𝑫6 ˆ 4 ‰𝑷𝒍

,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. 𝒌! ≡ 𝒌! + 𝐏6 = 𝝏7𝑩!7 + 𝜽 − 𝟏 𝝏! 𝝏7𝑩7, 𝜽 ≠ 𝟏 𝑛𝑜𝑛𝑡𝑟𝑖𝑣𝑖𝑎𝑙 𝑎𝑢𝑡𝑜𝑚𝑜𝑟𝑝ℎ𝑖𝑠𝑚
↪ 𝒑𝒉𝒂𝒏𝒕𝒐𝒎 𝒗𝒆𝒄𝒕𝒐𝒓

16
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" &K&)%'$)#HK<Y

§ Flux configuration: Š 4 ‹ r 𝝁𝝂 ) _Œ𝝁𝝂 4 • r 𝝁 ) _) 𝝁

↪ ∆𝒙𝝁𝚫𝒙𝝂 (𝝁 ≠ 𝝂) 𝒊𝒏 𝑺 ℛ𝟒 space

At cosmological scale Ž •
𝜽,𝟏
𝟐𝒈𝟐 • ‚ 𝝁 ‚ @r

𝟏
𝝋𝟐 _) 𝝁 k

𝟐𝝅𝒏
𝒈 D k

𝟐𝝅𝒏
𝒈

winding topological number (integer)

! Singularity at the center of the FT 𝛁 ×𝛁 𝜼 = 𝟐 𝝅 𝒏 𝜹 𝒙 𝜹 𝒚 𝒆8 , 𝜼 = 𝒏 𝜽,8

o Number configurations of the FT 𝑵 𝑹 = 𝑽𝒍8𝟑𝒆
!"
# , 𝑽 ⊂ 𝑺(𝑹𝟑)

17

!"#$%&'(%)#)"'*+%,-#./(0. 𝒌𝒔 = ´𝟐𝜶
𝒈

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

! !"#$$%&'( 𝝋 𝒓𝒔 ~𝟎, ¶𝑩 𝒓𝒔 ~𝟎, 𝒓𝒔 → 𝟎; 𝜽 = 𝟎, 𝑵𝑶 𝑷𝒉𝒂𝒏𝒕𝒐𝒎 𝒗𝒆𝒄𝒕𝒐𝒓

! )*+,'-&.' „ d𝒔 D ] 𝟎6 •r d𝒔 D
𝒏
𝒈6 d𝒔D ‘
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v BS stability, decays

ü r’ “aOeb”c` 6_`\b•O ef –d^—bd• ˜ µO6˜ µO9_bd™–YfefaO =

ü Jš›%œ›%•%ž›%ž&

18

ü r’ …c“\e“be` 6b ”`Oe …b\efd• f…Ÿ  –bde^\c`O”`•fa_ ’‰

ü ¡ \fd` f…r’ ^OYfee`Oe¢ _`aO`Oe d`•^faO ^a eY` £a^¤`dO`
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! 5/2-&/6$7%2/*8'9$:;.'.,)$ registration at the detector.
“Primary” operator means not a derivative of another operator

q Boson Stars!"23#)0&+%#*).+.(*,&45)0%6#+.(*&

! 0.)* <=2,)'*2,$8.//*3&'2.,)$ .>$:/2-&/6$:;.'.,)?$
!"#$%&'()%*+(!',(-.'(/0*/1*2/'*)#''%,*",(/,*'/*1,%%3%&/.' & 
'2%*!(3%*/1*'2%*",()#,4*"2/'/0!*!/.,$%*****************************GJ%BKLMME%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

$ !"#$#%&'(&)"#*+",&)-'.'%/&0/1+)02
!"##$%&'()*)+',&0&)1/,'+ )+$&-)+.,&/)0$&123&"%45&(5.6)(4&!"& 2&&&

*@:12(3&456$(35$56$&78($"479:"(;4&<#4=(;"7$78'1 GJ%BKLKKNKOE

! !"# ()'*'#"+"%$')'",'"-$+%"#"$-'%./012.'!"#$%&'"($#3&$4,1/$-'514+%"%"$,6

! A;*./6 2(;4&<#4=(;"7$78'(&839653(>=(?78@74<#A(B87<#A=

#45(&8(@A96$9#$&8:(45:&<5

G. Kozlov Seminar PISA INFN     19
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" C4&<#4=(;"7$78'(@47<(0)

63'-43?%B$'3#,)E¥µ" 'p›*p&%› ¦# r’ &+'š§q+ &+%›%Ep#"šx ’s‰

N>+$',4)'*+/P%%Q5/#3245&#/P%%R"4)=/%"4..#$%S%6TP%%%%BS )+#5.$.+78

Hidden scalar – SM: " #
!

"
$# $%&&

# %$# '()*
#

N[ ¶ $ ¶©̈©l ª « ¬ (0*$/0',#!'*'/*56

Ø U'$$#+%/,4&43/%B5768 ,*<.&#%)*­®¯°±®² ³³ š' qq `¤`a ”`…fd`
'§žž*žq pž# KJ *ž &+%œšš•́ edb\` µ 𝝁 𝒂𝒏𝒐𝒎

𝝁

mz ¶

3 k · ” 𝑬𝑴¸ 𝝁𝝂𝟐 k · 𝒔 [ 𝒊 ” 𝒐𝒊 ˆ 𝝁𝝂𝒂
𝟐

k ¹̈ ¸ 𝝁𝝂r 𝝁𝝂

# In exact scale symmetry:

20
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" 07'78()$#4'('$#>&A&$=1-"54<#A('658#4&7

o 95*(N quantum states) in stat. equilibrium   º ¸ 4 K•%,¹º6 » 4 ¼,P

½ x 4 ¾ x k ¿ À x 6 ¦ »D ¦ » 4 p» l '»
"#$%&'()*+,-+#-.&$

Á 4 [ P¼½¼¸Á Â 4 [ »½ x ¦ »
+¦ » 4 [ »½ x ž» 9.Ãx k ÄUÅÄ%"µž=

Ø 63*545'&')?%)*%0*3-)"#%95 :* finite ;**

z ÆÇ 4 È
¸�P

¾

º ¸ •Ç̧ D É
»

Ak •Ç %,¿ » º ,P
6 ÆÇ4

Ç
ÇÀÁ

SDM density

· ¶̧
¶̧" ! " ¹#º»

¼
½

" # ¶̧" #

¶̧" , ; B ÆÇB ' Â6 ' Â Ê AEšžË%'q%žE%'p›*§"

𝑑
𝑑𝜌̅

𝑃 𝜌̅ 𝜌̅, 0
123 129

= 0, V𝜌4 𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙 𝑣𝑎𝑙𝑢𝑒, 𝑩𝑺 𝒊𝒔 𝒇𝒐𝒓𝒎𝒆𝒅, 𝑠𝑡𝑎𝑏𝑙𝑒
21

ØMinimization of the probability to formation of the 95
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" 0) 1(-"54<7D'$#$&'$&6#A(678$4&>9$&78

§ [ »œžAk ÆÇ%,¿ » º 4 Ì 8'% ÆÇ ,                large enough N

8'% ÆÇ 3 Í Î œžAk ÆÇ%,¿ » º ›x 6 Í 4
Ï ÀÁ
Ì

4 Ešž"&

È
»

ž̈» 4 È
»

A

ÆÇ9
,P%¿(»)º k A

4 Ì Ð
Ñ D ‘ ´ c^•Ye KmJ6

ÆÇ9 D A6Ë%'#+*q+ ¼

Z
ground state of   ÆÇ4 ÇÒÇÀÁ ( ÆÇ9 ,4+%5#%#I)34,)#$V#/)'-4)#$E%

&//06,+4:changes T→ ∞, 𝜌̅E → 0; 𝑖𝑛𝑑𝑢𝑐𝑒𝑑 𝑏𝑦 𝑠𝑡𝑟𝑜𝑛𝑔 𝐵F~ +$
%

G
~𝑂 109E 𝑇 !"#$%&'(

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

𝑡ℎ𝑒 𝑚𝑎𝑔𝑛𝑒𝑡𝑖𝑧𝑒𝑑 𝐵𝑙𝑎𝑐𝑘 𝐻𝑜𝑙𝑒𝑠

Ø9*+$')'*+%)*%,*+$#+/#$%0*3-4)'*+%*0%95 '+%)"#%#43&?%1+'2#3/#%

22
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! !#4< E(67A30)'

Ó
Ô bd— {K ÆÇ9%

OÃº B A9¼F ¼Â=
Õfc_ {K ÆÇ9%OÃº3 A9¼B ¼Â=

È
»

ž̈» 4 È
»

A

ÆÇ9
,P%¿(»)º k A

4 Ì

Ø <#,)*95=** 576 Ö𝒔 F w×ØÒÙr ,𝟐/𝟑=**9>?=@A?B=Ë 4 Ï ÀÁÒÌ
Ø Ö𝒔 D NgY`a Ú D ‘ fd Û𝑩𝑺 D ‘ 6 Ñ D N !4))%',4*,%!'/,%+

q R43-%95* #Ç !
ÈÉ
Ê$

$%&'$ ( ) ËÈ/Ì, *+, - Í. /

%01
Î%

Î&'
(

Ì Ï
¹

! 234567 8 9 : %; ÐÑ9 :

• J ∗3
%)*
"

O+
6 Ï ÀÁ3

%∗

%)*
"

�
6 • 3 ¿ÅD%%%J &Æ • A?: @A; PÇ 7%H

23
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vA'). 95

v 9*&$%95 W"#+%¼B ¼Â6 ÆÇ9 D A 95 '/%0*3-#$%4&3#4$?

v T"#%/-4&&%24&<#/%*0%)"#%576 -*-#+)4D%• Ü ÝD%43#%-*/)%
'-.*3)4+)%0*3%;*/#NF'+/)#'+%,*+$#+/4)'*+

<=>
Ò→», ¹→¼

Ï
Ó

" Ô ÕÒ ?4Ô !
Ï
Ö

' @
×)

×

Ì/È

N Q+&?%.43)%3 »ÂÒ» �/8 šx &+%’s‰ ›*"&'*¦§&%› *ž"*›%r’

Result:
N Low T@%T"#%576 ,*+$#+/4)#%3 Ak »ÂÒ» �/8 &43(#%24&<#

N High T.   T"#%,*+$#+/4)#/%/)4?%4&-*/)%,&*/#%)*%X#3*@

24



27.11.2024 G. Kozlov Seminar PISA INFN     

! FA96$9#$&78'(7@('6#A#4'(&8'&35($"5(0)(GT dependent 
Event-by-event fluctuation of the "$% density @ T  in )* volume V < Ω56

žÈ k žÈ 8

žÈ
k A 4

: Ë
Þ8

¿Å¼
�
8 Î

9

¾ y8›y

ÆÇ9
,P%,OÃº%É" k A

8

ß HÒÏ ÀÁ
• 3%1"0+/0&/-+")4,&#(&# 9 -A BC4' B DE»

§ C; approached (vicinity of  CP), D/,)#'(/0*/1*'2%* 95
žÈ k žÈ 8

žÈ
k A3

G

Þ : 6àA: á ?
Î
9

¾ y8›y

%É" k A
8

q No free parameters: neither 576 mass ¿Å6žš' ¼?

ü Non-monotonous rising if   •â𝟎3 ( L ã ä3 Ú𝒄6 9Ñ D ‘ =!
ü E01(0('%F4*(0$,%#!(0G*-%2#H(/,I*C2#!%*',#0!('(/0J**
%0)( <#=(5H;A735J 25
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!"#$%&'(&$)*%+,-.%"'/(&$)*%
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" 0) 1(./(0"1(+,2(32+4(5678+*97:(*78;6<*7=($##(:+4+2:(>0?%(@(ABC(vanish.

!"# f𝑸𝑪𝑫
𝑬𝑴 ∈ 𝒄𝒐𝒏𝒇𝒐𝒓𝒎𝒂𝒍 𝒔𝒆𝒄𝒕𝒐𝒓 → ∑789:; 𝒃< = − ∑: =>?@𝒃< (𝑯𝒊𝒈𝒈𝒔)

K.#,L&F%"'/0*$/01/,)#F*$/0+('(/0
Ø The 576 mass splits F(G2'and 2%#H4MKN!*O*FN!8*states !

𝜷 𝒈
𝟐𝒈 ˆ 𝝁𝝂𝒂

𝟐
D

𝜶𝒔
𝟖𝝅 ” 𝒐

𝒍𝒊𝒈𝒉𝒕 ˆ 𝝁𝝂𝒂
𝟐,       ” 𝒐

𝒍𝒊𝒈𝒉𝒕 4 k LL l
𝟐
𝟑a𝑳

$ Q3 å Q D a𝑳 4 MæIåçzhèÌ7 K¼é¾Ì7¼Á3
𝒈𝒈𝝓
𝒈𝒈𝒉 3 Lêë*žE'%p"%

Low-energy eff@%¥¥ ¦ 9
Æty�{ì Å 7OÌ(

8
; 4 k ¥¥ ¦ Í%ì ½OÌ

8
; 6í© • ;

Ø Primary photons emission:                                     −8/3 ↰

î o D ¥¥ ï
ì ¸ 𝒂𝒏𝒐𝒎

GÞ

8 $ Q
�

AàÞx8
6 ¸ 𝒂𝒏𝒐𝒎4 k

: a𝑳
<

¦ Í%
¦ 9
Æty�{
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" 0)1 )IJKL((M&3358('56$74

$ N&456$(679;A&8:5&&&&&&&&&674809+44:&F5
𝟏

𝑴*+,
- G𝝁𝝂

𝟐
H𝜶𝜷

𝟐
9

𝑵𝒎.
/

𝑴*+,
- I H𝜶𝜷

𝟐
“EM portal”

Kç9Ì =�txxzs y(wyz yÎÏwÐ

/&$. 012345

q Primary ˜ µO`—^OO^fa _^d`\e –f^ae k c^™`̂ a r’ æ

ð ] D ˜˜ 4
𝟏
𝟒𝝅

—𝝓Ñ𝟐 𝒎𝝓

𝑴𝒄𝒖𝒕

𝟖

&'()*+,-() + ./0)+)1(,.234&(0+5&346)𝝓: 𝑵 ≈ 𝑴𝒂𝒙 𝟎. 𝟏 𝑮𝒆𝑽/𝒎A
BCD, 𝟐

Ø Combined result \fa…fd—bc baf—bc• ñ ’£ Ñ 𝒉𝒊𝒅𝒅𝒆𝒏 æ

‰𝒄𝒖𝒕 F M?ê ˆ`ò 6 ó 4 MMN‰`ò
—𝝓3 ( ó

‰𝒄𝒖𝒕 F ô?wˆ`ò 6 ó 4 ôNN‰`ò
GK 2021 28
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" C4&<#4=(;"7$78'1(O>'54P#$&781
95! <+/)45&#D%/"*W#3/%*0%¥¥6 Æ¥•¥6 Æ¥¥6á 9Ešžxš'$pœ ¾J pžš$pœ#=

• Measurement of ˜ µO`O\b–` k _`\^O^¤` gb• ef f”O`d¤` ¢
_^……`d`ae^be­̀®¯°±®² ³ õöand /,+(0#,4*˜ õO(×𝟎 D ˜˜ 6á =

• Fluctuation rate of 𝒑𝒓𝒊𝒎𝒂𝒓𝒚 𝜸E𝒔 𝒑𝒓𝒐𝒅𝒖𝒄𝒕𝒊𝒐𝒏 𝒊𝒏 𝒂𝒑𝒑𝒓𝒐𝒙𝒊𝒎𝒂𝒕𝒆
\fa…fd—bc O`\efd 9–df)^—^e• ef tÚ = …3 ( ó 6…𝝅 • N?Mó

d𝜸𝜸 4 L l
r÷ ×𝟎 D ˜˜
r÷ ] D ˜˜

4 L l —𝝅
𝟑 ø

¸ 𝒂𝒏𝒐𝒎

𝟐
5𝟑

" Abundant JÛ5 K52LMKNO𝜸𝜸 9 : L5 P Q9 Q𝒄 9 :

and with R𝑳 9 / %L4S 8Ý 9 8Ý
Ç%T Þ U ' @

¹0

¹0
)

1
(

V

Ì »
Â /#.434)#/%$/01/,)#F*"2#!%*03*-%)"#%*+#%W')"%)"#%$2(,#F*!4))%',4

ü Result: FA96$9#$&78(7@($"5(0)' &8($"5(;47H&<&$=($7(BCD5$
29
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! !"#$%&'()(*+,%-!.%!/0"1,%23+/#4")5(*+,

G. Kozlov Seminar PISA INFN     30

Ø BS formation,  ò ’ 6Ÿ^••O l ˆdb¤^e• 6 (0!'#-(F('4 576*+%$#4!

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

!"#$%"&$')𝜸, 2)𝜸3
𝜦
Ò𝝁

𝟐 𝒅,𝟏 𝟏
𝑪𝑨
𝟐 𝜺𝟐 Ò𝝁

$%pž ›*"•œpE%$%ž&šx &+%Ë%'&%y

Ø 2)𝜸 Ê LN+𝟖O`\ ë6 ^…_ D w6 Õ𝑨3 ( L 6 ó3 ( ‰𝒑𝒍3 LN𝟏𝟗 ˆ`ò
Candidate to DM (almost stable) 

Exp. Constraints W
𝑩𝑨𝑩𝑨𝑹 𝟐𝟎𝟏𝟕 & !(TZ#DUMOR)                          ¹ Ü LN,𝟑 ùÖÜ ú ˆ`ò

X𝑼𝒏𝒊𝒗𝒆𝒓𝒔𝒆1 YZä𝟏𝟕[\]X¶𝜸 ^ YZä𝟖[\] Compared to 
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! -!.,%!"#$%6'()(*,%7/85+)#")5(*%9

H_O\`a bc d𝜸𝜸 ! e
𝝁
𝟖𝝅

𝟑 𝜶𝒃23

𝒇

𝟐
f ZbZYg @Zbeh i\j

¦ Í% 4 k
×9
Ç 6 ¿ B : $ #6 3 à; k Aà; 7%H

•• D ] D ¥¥6¥•¥6 Æ¥ Æ¥

3 ¹ 𝟐æ•̃ D c Æc cæ̀6Ö C6=/%,*+)3'5<)'*+

ð)𝜸𝒍𝒍̅ 4
L
M

·— ¹ 𝟐 L k
w—𝒍
—

𝟐 𝟏/𝟐

L l w
—𝒍
—

𝟐

TH. — F w—𝒍6 ¹ B M@LN,𝟐 78:;Aà ¹ 𝒆𝒙𝒑 Ü LN,𝟑 6
TH. — B M?Mˆ`ò á —𝒆𝒙𝒑 Ü ú ˆ`ò
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›* k •+š&šž"

𝟑𝟑
𝟐
− 𝒏𝑳 ~𝑶 𝟏𝟎 6&'7#"8%(-&(-9#-(&)(-98(𝒈𝒈 → 𝑯

x Ê < ¼%H

D/,*%P"JQ*
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! !"#$%6'()(*,%7/85+)#")5(*%99

ð𝒕𝒐𝒕 ï
L
M

·— ¹ 𝟐 L l ¡ 𝝁2𝝁3 L l ÷ 𝒉𝒂𝒅/𝝁2𝝁3

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

4
𝟔𝝅
𝜶

• 𝝓𝜸𝜸…6 — F w—𝝁

Bazar, Kharzeev, Skokov, 2012

¡ 𝝁2𝝁3 4 L k
w—𝝁

—

𝟐 𝟏/𝟐

L l w
—𝝁

—

𝟐

• 𝝓𝜸𝜸 4 k · ” 𝑬𝑴Òú×… Ü LN,𝟔 ˆ`ò ,𝟏 9":"#;<;4

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

qIf NO excess found D ¦š§ž›" šž ¹ k —^)^a• 6 ¹ $ 6$ Q
" ()"*+%',--."/,%"012' 3454'$6-7',10&,.8 2'
! 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 R#,F4*S0(H%,!%J*;2%,)#F*û k \cf“_O …fd—r ’ µO ü D ‘
o T/)"/.0+*$/)"/!('%*!'#,!Q
o N3214F,43####W#####([+26#F,43###⇒ 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)
! ,&!(&-./0#1'%20**)0"30V𝝌𝝌 𝒄𝒐𝒏𝒅𝒆𝒏𝒔𝒂𝒕𝒆,𝒎, 𝒄𝒐𝒏𝒇𝒐𝒓𝒎𝒂𝒍 𝒂𝒏𝒐𝒎𝒂𝒍𝒚

# FFJ>#𝟎 𝑫𝝁(𝟎) 𝑿∗(𝒒) = −𝒊𝜦∗𝒒𝝁, 𝟎 𝝏𝝁𝑫𝝁 𝟎 𝑿∗ 𝒒 = −𝜦∗𝑴∗
𝟐

# ↓
𝒎𝒉~𝑴𝑷𝒍𝒆8𝒂, 𝒂~𝟒𝟎, ~𝑶(𝑴𝑷𝒍)

o 𝜒̅ 𝜙 𝜒̅ 𝜙

o 𝜒 𝜙 𝜙

G. Kozlov Seminar PISA INFN     33
𝜒
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q !" #$A;*/-. <E6,&-28)
$ ;'/*'4'$#1+4&#%)8./2
! Cosmo CP;  Bgr. 𝜌FG~ 𝑇H~𝑂 10IJ 𝐺𝑒𝑉𝑐𝑚, I ≫ 𝜌K ≈ 0.43 𝐺𝑒𝑉𝑐𝑚, I

! DM 𝝌 𝒎~𝟎. 𝟏 − 𝟏𝟎 𝑻𝒆𝑽 𝒃𝒂𝒔𝒆𝒅 𝒐𝒏 𝜴>; 𝒉& → 𝜴$%𝒉&~𝟎. 𝟐 𝑷𝒍𝒂𝒏𝒄𝒌 𝑪𝒐𝒍𝒍. , 𝟐𝟎𝟏𝟔

• 95 T/!)/*-#,,(%,*M2(G2*'/*F/U*â= â∗ 1 LN,𝟏𝟎â⨀ \Q]Q#UMU^

o <'=&EN klmmnopqrs t qs

N Th. Dynamics   ∗ 4 k tò l OÚl ÖÑ6 t F N^…Ú6Ö cbd•`

- >?&@u 9 : vN#%- 4'=A&C(Q(R((>&83&8:($"5()N+(&8'&35

- ;B2&w Q𝒄%x 𝒄 ! Z%\R\Oyz {\| }R~_•€ 1 \ 𝑬%Ë𝝁*𝑵 /𝑻

- 0)( 8%/.+940A&?CD&F 9 •‚ Û5%D00 ƒG„ |…~…R\\| †
G. Kozlov Seminar PISA INFN     34
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q Interactions. Spinor DM. Higgs Portal

‡ ˆ ‰ò ŠT D‹ ‹ t
'
$

ŒÊFŒÊF @; % ŠT !
T F
F»

! T•

# 450𝝌 𝒆𝒏𝒋𝒐𝒚𝒔 𝒂 𝒈𝒍𝒐𝒃𝒂𝒍 𝑼 𝟏 𝒔𝒚𝒎𝒎𝒆𝒕𝒓𝒚 → 𝒆𝒏𝒔𝒖𝒓𝒆𝒔 𝒔𝒕𝒂𝒃𝒊𝒍𝒊𝒕𝒚
• 9%F/U*C;Q***V.L#U#*(0'N!***—3 • 𝝌] 𝟎 F Ú𝒄3 —𝝓6 ] 𝟎4 ]
• ;27C Q*ý 4 ò ] 6Ÿ 𝟐 l ý 𝑫𝑴 l ý 𝑻�𝟎
• W(GG!*C/,'#F*#FF/U!*576*'/*+%$#4*'/*56=*95*(0!'#-(F('4

! Ž F%• È !
Ï
ó

• 𝑫FÈ • È E
𝝀
ó

Fó C4
Þ
Þ4

@
Ï
ó

%

‘ ‘
!.-X%$'!*'/*YWT

• v𝑫 Ü ( L 6 Ÿ 4
𝒗+𝒉
𝟐

6 Ÿ 𝟐 >*
𝒗𝟐

𝟐

• —𝝓
𝟐> þ

𝒅𝟐𝝓
𝒅𝝓𝟐 𝝓 �𝝓𝟎

6 ÿ 4
𝒎𝝓

𝝓𝟎

𝟐
L k ! 𝑫 6 ! 𝑫4 v𝑫

𝒗
𝟐𝒎𝝓

𝟐
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q 93:2
ý 4 ò ] 6Ÿ 𝟐 l ý 𝑫𝑴 l ý 𝑻�𝟎
• Z"%0*$/!)/F/G($#F*!4!'%)*" û s‰ l ’s‰

• Û𝑫 4 k
𝟏
𝜷 𝑽 ca #𝟎 @#$„ 6Ö%

• # „ 6Ö 4 ‹ s •û sû `)– k ‹𝟎
𝜷

_2 ‹𝑽 _𝟑) •û –𝝁˜ 𝝁 k &— û l Ö•ûû
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! 9:;'' ← 𝒅𝒆𝒄𝒐𝒖𝒑𝒍𝒆𝒅 𝒕𝒉𝒆𝒓𝒎𝒂𝒍𝒍𝒚 → 9;<''' 𝑻>; ≠ 𝑻#; , 𝑻>; < 𝑻#; 𝒇𝒓𝒆𝒆𝒛𝒆 − 𝒐𝒖𝒕

;"17' 5+:= 2'é𝝋& 𝒍𝒏Ò𝝋 = ?

@A!
"

&+

A!

&
𝑭 𝜷, 𝝁 + 𝝁 → −𝝁 − B#

5
𝒗& , 𝑭 𝜷, 𝝁 >∫𝒅4𝒑 C$

D" < E+ "

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

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

SDM field fluctuation with F&+"'8%G&#./&0H8#4#9"#8*&/.+.0

Ø ù„ Ø • L l
𝟏
𝝀𝝓𝟎

𝟐
𝟐𝒎
𝝓𝟎

𝟓/𝟐 𝟐
𝝓𝟎
𝟐 𝜷𝟑/𝟐

` ,𝒎𝜷 k
𝟏
𝟒 v𝑫¤𝟐
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q Higgs Portal. Details. Couplings
Ø s‰ ^ae`dµOŸ^••O –fdebc —𝝓3 N?L ˆ`ò 6—𝒉Òw CMS 2023

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

! 𝒎A > 𝟏 𝑻𝒆𝑽 ~𝑶 𝟏 ← 𝜿* → ~𝑶 𝟏𝟎, D , 𝒎A~𝒎: /𝟐
! 65*70𝑩𝑹 𝒉 → 𝒊𝒏𝒗 < 𝟎. 𝟏𝟓, @𝟗𝟓% 𝑪. 𝑳. CMS, 2023
! ↓
! 𝜿* < 𝟎. 𝟎𝟑𝟒, 𝒎A~𝟔𝟐 𝑮𝒆𝑽

! 65*70𝜿𝑫 < 𝟎. 𝟎𝟐𝟖 𝟏 − 𝟐𝒎𝝓/𝒎𝒉
𝟐 8𝟏/𝟒

, 𝒎𝝓 <
𝒎(

𝟐 𝐶𝑀𝑆, 2019

§ R<*] 𝟎3 ( LN𝟑ˆ`ò hÁI 6:;:; ´ ÿ3 ( 9LN,𝟒=
• Vacuum energy density:

â 3
—𝝓
𝟒

Løÿ
L k ø! 𝑫 3 ( LN𝟓𝟎ˆ`ò \—,𝟑

ÿ 4 N\fa…^•“dbe^a â3 v𝑫] 𝟎
𝟐¤𝟐 Ü M@LN𝟓𝟎ˆ`ò \—,𝟑
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" Inside a star. Binding

§ C;*-(0+(0G*576*[*56*>*!$#F#,*)(P%+*!'#'%
↓

Expand and merge into BS under \' + 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)# Interaction effect: 8L;

L<L , 8L;
~ 𝑸M+N~ 𝑽 𝝓, 𝑯 . / 𝒎A

. 𝝓.

38

# ?,&"."$@'0#'$AB"."C)",'C$%D$$1'%+$'#"$.E@',1E'FG

𝑸M+N = -

.
𝜹* + 𝝀=OO

P $%

. %A

.

𝜹* = 𝜿*
?

. %A

.

, 𝝀=OO= 𝝀 𝐥𝐧 P $%

AF
− -

D

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

Q) R STSBDU %* V
+ !

,
WP" .S.B U A- V B X-S . M=Y Z[W !" #$%&'&()*!" #+,'-)*./ #0./*1,2*
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! S4#P&$=D;7$58$&#A(5T9&A&>4&9<1((((+#H(0)(<#''

39

𝑴∗
𝒎𝒂𝒙,𝒆𝒒~ 𝑸𝑮𝑷𝑬𝑴∗

𝒆𝒒~ 𝝀𝒆𝒇𝒇
𝑴/#

.

𝒎*
, ~ 𝑶 𝟏𝟎𝟓𝟐 𝑮𝒆𝑽 < 𝑴⨀~ 𝑶 𝟏𝟎𝟓𝟕 𝑮𝒆𝑽 , 𝑸𝑮𝑷𝑬≫ 𝟏

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

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

# ?,&"."$@'0#'$AB"."C)",'C$%D$$1'%+$'#"$.E@',1E'FG

𝑸M+N = -

.
𝜹* + 𝝀=OO

P $%

. %A

.

𝜹* = 𝜿*
?

. %A

.

, 𝝀=OO= 𝝀 𝐥𝐧 P $%

AF
− -

D

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

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

/ 0-1.2343&5$-6,7$45&62.7$'-&'(4$8$'394.+3&6,74:;47$'-&'(4<:=)944 >&&?#2,$34,7@94ABC4

‰∗
𝒎𝒂𝒙 B

L k ! 𝑫
w

𝟏/𝟐 ×
w—

𝟓/𝟒 ‰𝑷𝒍
𝟐 ] 𝟎
Ú𝟑/𝟒

` 𝒎/𝟐𝑻3 ( LN𝟕𝟎ˆ`ò
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! 0F$)2G*4$$#/2'28&3$'* -:*/&'(/*

40

Ø BS nucleates wide @ Ú𝒄æ÷ ∗ B ‰∗
𝒎𝒂𝒙 ‰𝑷𝒍

,𝟐3 ( LN𝟏𝟑™—,  Ú𝒄 B —

Then shrinks, dense, accumulates SDM + Higgs as ä B Ú𝒄

Ú𝒄 4 w×
𝑵

𝜻 𝟑/𝟐

𝟐/𝟑 𝑴𝑷𝒍
𝟐

𝑴∗
𝒎𝒂𝒙

𝟐
𝟏
𝒎𝝓

3 LN,𝟔𝟓 Ñ𝟐/𝟑 GeV

:BA/;8924'(.1 nsate ∑𝒇𝒏𝒇 = ∑𝒇
𝟏

𝝆-
' 0𝒆123458𝟏

= 𝑵, 𝑭 𝒇 = 𝑬 𝒇 − 𝝁𝑸(𝒇)

•' 4 ' ∗Ò' ,  stable •' 4 ' 𝟎 BS formed, â𝟎 D L6Y^•Y Ú6 Ñ cbd•`

‰∗
𝒎𝒂𝒙 B

L k ! 𝑫
w

𝟏/𝟐 ×
w—

𝟓/𝟒 ‰𝑷𝒍
𝟐 ] 𝟎
Ú𝟑/𝟒

` 𝒎/𝟐𝑻3 ( LN𝟕𝟎ˆ`ò

§ Ñ3 ( LN𝟏𝟎𝟎 …fdÚ𝒄 F —𝝓

If 𝒎A > 𝑻G𝒄𝒐𝒏𝒅𝒆𝒏𝒔𝒂𝒕𝒆 𝒊𝒔 𝒘𝒆𝒂𝒌, 𝑬𝑪𝑶 𝒐𝒇 𝑫𝑴𝒘𝒊𝒕𝒉 𝑹 𝒂𝒏𝒅𝑴 𝒊𝒔 𝒏𝒆𝒊𝒕𝒉𝒆𝒓 𝑵𝑺, 𝒏𝒐𝒓 𝒕𝒉𝒆 𝑩𝑯
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! U7V54(>7983(78($"5(0) <#''

41

s‰ â𝝌 4 — a𝝌6a𝝌3 ( LN,𝟐𝟐\—,𝟑 6 {p~%' %&pœ?69:;:; =

# G$.,%"01'C$%D$$1'$1$)*8'E$1@"%"$@'0#':;'"1'(,7,63&641,7.-4,1E' 31$4⨀ -D-3$5

â𝑫𝑴
𝑴𝑾 4 ‰𝑫𝑴
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Thank you! 

27.11.2024 G. Kozlov Seminar PISA INFN     42

;3<%"3&#*=&+30&>1?.%0&@0%0&/<)0=&.*&#&).*A$0&Entity

:B&CD!BE&.)&+30&F<*=#10*+#$&Entity .*&+30&G*.60%)0

!"##$%&'$!


