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] Instead of Introduction (what do we know)

Observational evidence Universe mysterious substance — Dark Matter (DM)
Particle Physics of DM & Origin in early Universe very little known up to now
Historically, favored DM Thermal relic production

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

DM Relic abundance Interactions “freeze-out”
U \
DM heavier (increasing) Large interaction strength (decreasing)

mp < 0(100 TeV) partial wave unitarity violation; th. equilibrium, stab.
Griest —-Kamionkowski (G-K) bound, 1990

Cosmo FOPT may alter the expansion rate of the Universe

Cosmo FOPT may trigger an Electro-Weak FOPT
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Candidates to DM

« MACHO's (boson stars, neutron stars, ..., black holes,...)
o WIMP My~ 0.03—-0.3 TeV, 'Q‘WIMP= OlﬂDM
My~ 0.1 -1 TQV, QWIMP= ‘Q'DM ~ 26.8%
(neutralino,my~ 0.03 - 5 TeV)
.y, 02,~0.3% wverysmall contributionto DM!
JAxion, m,; < 0.67 eV (Planck exp.2016 — 2018)

» Dark photon y, ¢ (¥ — y kinetic mixing) ,m3 < 1 GeV

> Dark fermion f, “Darkonium”, ete™ > yYp, > yY¥ V¥
0.05 <my, <9.56GeV,0.001 <my < 3.16 GeV, BABAR (2022)

dScalar DM, e.g., dilaton/ "Glueball”, m;~0(Aconfinement)
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J 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 ¢ lighter than spin-1/2 DM

s ¥x = ¢d, Z,symmetry protecs stable y
* Interactions ~(1+ ¢/Ppo)m,jx, m, < 0(100TeV), ¢o~0(1TeV)

* Thermal bath, ¢ bounded by GR (+ gauge fields, + Higgs) GK 2023
v' Universe driven by scalar DM minimally coupled to GR, dynamical approach

L -
/F= 5R5¢|¢|2 g”"aﬂqba,,qb + Lp, /

2
MPIN(qb |¢|29 AcutNMPl/\/(qb

v’ “Cross-over” free DM < CC = fluctuations of ¢ excitations (T, o,n)



Energy budget. Universe. Symmetries.

7 39/ DARK ENERGY

\23% DARK MATTER

R

3.6% INTERGALACTIC GAS
0.49% STARS, ETC.

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.
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Hidden World (what do we know)

K Galactic Moving
AAL Cosmic Microwave radiation

Observation in Universe (expansion) up to stars moving in galaxies can not be
explained by ordinary matter

)
HB% 18" ("
NON-DETECTING DM (GALAXIES ARE EMBEDDED INTO SPHERICAL HALO OF DM)
DM: Qp, = 26.8+0.014% PLANCK COLLABORATION (2018)

|Ordinary matter: ~ 5% constitutes only of Ey,;, 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
27.11.2024 G. Kozlov Seminar PISA INFN 6
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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

I DM: "#$!%&'()%$"1#*+,-#&.#/01,23
- 12#345+4,+26
- 12#47/238,+26# " DM exploration:
- 12#/14,,03+69 - DM production at accelerators, lifetime ??
- DM interaction with baryonic matter  portal?

- Matter detection {anmhllatwn of DM

decaysof DM

0 I"#PU"#$H &' (H()*++,-*%( %IHE&"H&()**+,-.+(& /
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I I"#$"%&'()*+&&,-%+)

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

W Gronp(d)XGipe = T (vector subgroups of x, & internal symmetries)

!n#$%&|(n#) * +C0nf - i.X'! P! _ lBl (.X')K! _ lD¢(.X')

translations SCT Dilatation

Scalar DM, "#$%&'( field ¢ )*+,({¢p) # 0 breaks conformal invariance at f > v

Do = ded, T(L(p = 2x,dp@ No direct action of SCT on SDM ¢.
Through x, only

o0 Vector field B, (x) not necessary to describe any local fluctuations in vacuum

BM (x) ~f _10uq5 (x) Dark Photon field massive Non-primary operator "#$%&!()

*+,-./0.#12330#45,62725,89#5#.,</.00#7=#.,4.002- #>2.?6#2 #7./| @O#5># 7= #*<=A02~

"#3%&'(Yo)#*H-.%./012 345678
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0 "H#$%& " (S HESYE ) S HHS+ #--"$' #/010#-"2

"4 8H HOHS +$,-$). ($*(/0SLHSEH2H# [#3510$. (3451 /. (HS4($6"HSB&. (‘2H& H5*5H#(6 758
6"HS3H6H)6*&S5H. T&H3S. $54"4(8$6&. (12H& HES*5H(675

I"HSY600$& () SH*++,-*& H#-#IO#L(.("H FEHY &' ($)&**+'$,-./0$ 12113$4$#)3$

q Vv g g

q S

q ' h
1"4'$H9)464(8$6**/S Yot ('$7%$. B(#: $%&*88&. 5$+$#.&) " #'$+*8S$
"# :<).1.&%,-=$4($.$:43#32. &4#60$*+$6"#*&#64) /$5*3#/'

137fb (13T V

137 fb' (13 TeV)
%} T R T 7GV i & 1,: 7 y
- mg - 4
§ CMS mg = IsGev - ? i
h - SS - 4‘l or 4‘q W 2L A9 <0.75 required f.f..'m§;5segv, T
E _ — Background J =101k
s R 107
F —dd * ta B E
—— ct=1m ] o
q L B(H— SS)=1% £
A T T R T T T Y 51072¢ / .
p S _- q 10? = & '3 g
H e = E [ . > ; \ > / Sdd ]
—— e K ~ f------ -E } : O 3 Jv"n..:""-:'.u:\':"
~ r | 1 ° 103
e O - a [ % 10 F CMS m5=7GeV Ejﬂnexpected
P S 1 | (=2 [ — Observed mg =15 GeV [+ cte
1 :_ __________ E [ - Median expected mg eV []+1
ST T P T T T I I O IR s it

4 50 100 150 200 250 300 350 400 450 500 102 10 1 10 10 10 10
hits ct[m]
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O 1"#$%&'&$()*%$+$, *%$S$-./*

> H - ss, L~ Aa?|H|*s? ...
CMS Coll., Phys. Rev. D99 (2019) 112003

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

o H- LLP - tvt~ (40 — 55 GeV)
CMS Coll., Phys. Rev. Lett. 127 (2021) 261804

“1,=1.6-10"%% sec, Higgs decay 95% C.L.
% ['y=3.242.4-1.7 MeV
CMS Coll., Nature Phys. 18 (2022) 1329

v’ Higgs portal my~ 0.1 GeV —0.5m,
CMS Coll., Euro Phys. J. C83 (2023) 933
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" CMB radiation + perturbations

o 1"#$%&'(")%*+%)"#%,*-.*I')*+%*0%)"#%1+'2#3/%#%4)%3#,*-5'+4
o 6&4+,7%/4)H&&" ) H#%I#43,"#3%0*38%9:;%/ .#,)3<-=/%'+"*-*(#+#
\J

Universe is flat (surprise) & homogeneous
¢ >+08&4)*+%)"#*3?7@%9*/-*&*(',4&%.#3)<354)"*+/%03*-%A<4+)<.
*0%A908#%/,48&4 3% B HE&SYB Yo CHXA)* £

o 9::9%/.#,)3<-%-#4/<3#-#+)8%,, ~ 0.26 QP14

Univ

F2'$#+ #90,*-#/%03*-%)"#% GHY%'+)#34,) *+/%*00

> 1+'2#3/#%#2*&<)"*+%54&4+,#8%
3
a7 HZMPl Psv t Ppm t+ Pmed + PPBH

o Boson star (BS) forms a BEC in ground state,
1+,#3)4'+)?%63'+,". &#%S*#/% T #BSM) 3H%0,* & &4 ./'+(

Opposite FS: stability achieved by equilibrium between the Fermi pressure and GR
27.11.2024 G. Kozlov Seminar PISA INFN 11
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(1 Main focus

Feebly interacting Dark Matter (DM) with SM @ high T and ppy
DM Physics & Cosmology
T
LHC data + Astro-Particle data
&43:;#<6+=03/0>#7?300#@A/B#9A/B#C.#/801+0/#D5+7??0306,#/8+6/E
T cooled — cosmological CP, Phase transition (PT) < Symmetry breaking
FO08434,+26#2?#G6+7?+14,+26#HG654106,4:.#%$6,0341,+26/

J2/26#1,43/#DIFA/ER¥AEHD/LME N")#D/LOE
2.8+ 0,#4:QB#ORST P#R33H 210 a8 UMOTP
\ 4
C. x(s=1/2)
F,47.0Z, Symmetry, Thermal relic production

T.~O0(MeV —TeV) 4#?0%#/01#47,03#J+9#J469#
F14:43#C43V#.4,,03#DFC.E4AW#F.#1267?+605#+6,2#JF#D/14.0#/;110,3;#732V

12#27/103=47:0#/+964,G30/#?23#8-;/+14:#83210//0/#D+6/+50#,-0#JFE#28034

$65+3084324.2/12:29+14:#27/03=4,+26/#:04=0#IF#7?2314,+26#G6V62*6#;0,
27.11.2024 G. Kozlov Seminar PISA INFN 12



4500 H8S&()*+#',&1"$&( |

Bosonic - like Stars
I

"HSRHEYD' (H)W'-(JO'&L(&Y6H))*  +'-(.2
'3'(%4238&"-4&-"132%(24'(8&15&2'62871289231#"4"

DM ingredients/components

Boson star (BS), s=0 Proca star (s=1)
— (d4x—a (2= )
S=[d*x/=g (161tG+HS/V 1 1
s~g*o,pd,e —Vigp,..) My~ — 2 Fy, F — EMZAMA"
¢@:dilaton, ..., SDM A,: Hidden vectors, Dark photon, ...

M* ~M§/n  C23=T.14#7=BW" comparep < p M>~Mgy/u. 1.B-2./4#7=B#M)"
M7 ~10' GeV>M, GK (2023 C238E2/35#IF#023,B2#' (&G %' HH##1ICH%S

27.11.2024 G. Kozlov Seminar PISA INFN 13



d "#$#%&' () (*&)+#%,&-./0+.10,

| 1" HSY& O+, (H. U HSY& () *HHSI& (&) +#,-H#+". *%"#

| 1"#$3%"&$B» depends on T4 in ~ $0§:& H Hx)0(x), 0(x) = 2 ¢ (x)
% Ty < T, hidden scalar tower !"#$%&%%'#
" >+06)"#064. 3H-AMILHESNEH () &+%- /01 2

(2vA)*
mm;

> 2ps 3 294 572 2,6789;:< =>2@\;%2B G,B 13107215

LLPs: +D (( D:Cf:CDHBF G;$6$ .04 G, 7%H IIK (:;:A )
> 25320 F LM@N 70 PBG@:; %6 QBR(Syp3A;°>TUVY
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# 0.).$)&$ 12,2-&3%$-.9%0*34%
0) 1s massive scalar object in the asymptotic flat space-time

BS field W) X{Y))q ()}
V4 V4

Higgs [ k=1\i] £0)
YN ‘a O\bcbdefg d

na [, )7k (i )]' mi ()1 (0% 2o

0 D po6 +D p? n1l4lﬂl*qr (st )
U] )) 1 "vY())
W) ) 4 T
Y0) 4 2L )1 xy,r BOO]1 1 (), (4 +Rev )C@) =0
" ADPM: DP B)(x) = mi; (constmi; 9 —1)d) ¢(x) GK (2021)

2,00 (W] 4 k*x{ (| [2,6+()] 4 ki, + ()]} (Do (- )ﬁ\|°4
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;26" <#&%'(=2914 7#(%3<=2>%1).3272!@

Formation: spatial uniformity, topology, defects, electric fluxes

> =4 ek el 3]t 96 4 Shapt

% Minimally coupling to GR: M%,~ E(I,Iqblz, E¢~0(1O_30)
1 2 0 ] 2 2
Ly = —E(aﬂBv) +0,B,0"B" + (0, + igB,)¢p| — a(lpl®> — @5) — flol*

0 B,(x) - B,(x) +3,A(x), ¢(x) - e 9D ¢p(x), a%4(x) =0

Gen.curr.k, =k, +P; =0'B; + (0 —1)0, d;B’, 6 # 1 nontrivial automorphism
S phantom vector

[01,X()] = j 0%Bo,(@)t, DA'Z X(Y) | = —aX(3), t1 < S(RS), ¢, = const, [| < R
o 1K . Af P2
Solution: * 1 ,, 4 Zg(p k , uf6] 0)4 ., 9= in(x) @z §¢06 N
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" &K&)%'$)HHK<Y |

" Flux configuration: S 4 <t ,())_@V 4 o1 ,0))_)*
S AxMAxY (u # v) in S(R*) space

2mn

At cosmological scale Z ¢ Z; o, u( @ )‘pi_) ’;EE D k Y

winding topological number (integer)

o Number configurations of the FT N(R) = VI 3e¥#, V c S(R?)

| Singularity at the center of the FTVxVn =2nné(X)8())es ,n=n6g

@} <1, Attractive

e > 1, Repel, Star expansion (in size)

| 1"#$$%&'(  @(rg)~0, B(rg)~0, r¢—>0; 8 =0, NO Phantom vector

| )*+-& , (ds) D] o6f (dg) D §6dSD ‘
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< BS stability, decays

v i \fid® f...rr ~OYfee'Oe¢ a0 Oed*MaO "aeY £a’o dO

v o o...c\e‘be’ @ " Oe ...b\efde f...Y —bdeMc'O”«fa_ %o

v ' “aOeb’c’ 6 \beO ef —d*—bdes 'G5~ '09 bd™-YfefaO =

v JS$%00%%2>%2&
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d Boson Stars!"23#)0&+%#*).+.(*,&45)0%06#+.(*&

(%S, S+ S-1%. /012 HE % ($1BES4, L/$-514+%"%"$
[

| 5/2-&16%7%2/*8'9%:;.".,)$ registration at the detector.

- “Primary” operator means not a derivative of another operator

| A*[6 2(;48<#HA=(;"7$78'(&839653(>=(?78@74<#A(BS

#45(&8(@A96$9#35&8:(45:&<5

| 0.)* <2,)*2,$8./*3&'2.)$ .>$:/2-&/6%5:;.".,)?$
"#SYR\)%*+(I', (-. (/O 1*2/*)#" %, *" (I, *'[*1,%%3%&.' &
206*1(3%*/1%'2%6*" ()#,4*"2['|Q1*]] . $YprrHkrktkiiriiri S RUEBET N

$ I"HSHU& (&) #+",&)-.'%/&0/1+)02

"##$%&' ()%)+,88&) 1/, '+ ) +$&-)+.,&/)0$& 1 23& " VABE) (4&!"& 2!

*@1B8456%5(35$56$&78($"479:"(;4&<#A4=(1THIA K LMOE
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" CA&<#A=(;"T$78'(@4TX(
# In exact scale symmetry:
Hidden scalar — SM: " # I— ($§ $%&8?/0$z 0* )
N, $,@0 2 « S (0%$/0" #1%/56

> U'SSH+%/, 484TBEB *< &H%)® °+@2 3 & qq ‘='a "..fd"
'877*2q pz# KJ *2 &+%es$8 edb\’ U} anom
mz

" 2 VvV
3k - EM_»,uvk's i Ol( pn/) k1 uvr”

63-437%BS'3HYE ‘P> p&Y%> # I &+'380+ &+UPOEPH"EX 's%o
N>+$',4)*+/P%%Q5/#3245&#IP%Y%R"4)=1%"4. #HS o6t R oor
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" 07'78()$HA ($H>&ALS=1-"54<#HA('658H#A&T

o 95*(N quantum states) in stat. equilibrium © ny 4 Ko 05 HEG » 4 Yl
AdT ey ABAL OOV 4 [ X)) 2, 9AX Kk AURR"Z=

YAX) 4 YAX) K ¢ A(X)6 | D | s4 prl s
"HE%E'()*+,-+#-.&%
> 63*545'&')7%)*%()*'3%5 ok ﬁnite ok

z(QE E °yC'D E [Ak € %TDF) "6 G& S oM density
N=1 f S
_n #
PP, woo FP o v
p | N¥=o > : B CB 6’ E AESZE%'QWZER*S’

» Minimization of the probability to formation of the 95

5 [P(P) o a3 2, = 0, pgcritical value, BS is formed, stable
27.11.2024 G. Kozlov Seminar PISA INFN 21



" 0) 1(-"54<7CBHP&'$&6#A(67854&>9$& 78
= | fCE§Ak Q@EF(DE] 4 1 8py (THE large enough N

. o]
8pu(CBI T cefAk CBEFE>x 6 1 4 1—5‘4 E$7"&

> 9*+3')*+%)*%, *+$H+/#3$%0*3-4) * 0B * %) "#%#4 3&?% 1+ 2#3/#¢

A A DND‘ " cheYeKmJ6
CD AGEY'#+*g+ Ya

E z;4 E ERDFK A
f f
Z
ground state of CAE QUCzs (CYEA+%5#%#1)34, ML) HSEX

&/106,+4:changes T— o, py — 0; induced by strong BS~%§O~0(1020)T I"H$%&

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

the magnetized Black Holes
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| A< E(67AD)

O bd—{K CE4%% B ASLF Y=,

\ \ A :
) OFE 7,4E 41
Ofc_{K CAEE%3 A/B Y=~ 4 . APk A

> <#,)*95=**576 O, F wx@QUr )~2/3=**0>2=@A?BE 4 | 5z,Q
> O,DNgY'a UD* fd UggD‘* 6N D N !4)%'4*%!"/,%+

0 R43-905¢ #, | i—’;($%'$( )23 ko]

M%\> 1

O _l [ 0 u n

%001 (Mé) vl 234567 8 9 : % 59

. 373 Mg o3 (M—*)SG-B' D%%% A? @ '° 7%H
a0 BSS \az ¢sDBD% £ @&, 0
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+A). 95
% 08396 W'H#+UB Y6 GD A 95 /9%0*3-#$%4&3#4$?

< T"#%/-488 %248 <#/YS5D80) 4%+ )4D% | U YD%43#%-*/)%
'-*3)4+)%0*3%; *NF'+/)#'+ %, *+ $H+/4) *+

1, 1], B 3/2
— —  [— P)
5—)0<,Niooﬂ |p|554?p ' v[ @(ﬁ) ]

N Q+&?%.4B]%%O>)3/2 3x &+Y8%0 >*"&'*'8&%> *72"*>% 1’

Result:
N Low T@%T5#80 *+$#+/4)#B0|Ak (».0>)3/2]  &43(#%24&<H

N High T T'#%,*+$H+4)#%/)42%A8&-*])%, &*I#%)* Yo XH#3*@
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| FA96$9#3$& 78 [Gd¢E4'(&8'&35($"5(B)I dependent
Event-by-event fluctuation of the "$% density @ T in)* volume V < Qsg

00)

: y 25y

o (CRRYHBU? k A)°

((Zy Kk (Zy))?) Vi E
Gy A4

RHA p
o 3%1"0+/0&/-+")4,8#9&-A BC4' BER)

N W

(¢s¥4

= C; approached (vicinity of CP), DI/,)# (/0*/1*'2%* 95
(@vk @vD® | o G T vy
(Zy) VBIBA A7, (057 k A)’

O No free parameters: neither 576 mass ¢ &S' Y2

v Non-monotonous rising if €43 ( (L) & 43U69ND * =!
v EOL1(0("%F4*(0%,%#!(0G*-%2#H(/,I*C2#1%*' ,#0!('(/0J**
%0)( <#=(5H;A73b 25



"H50%&' (&5)* %"/ (&5)* %



" 0) 1(0"1(+,2(32+4(5678+*97:(*78;6<*T=($tt#(:+4+2:(>0?%(@ (d@xh.

«QCD :
! #EM } € conformal sector — Y. gg. b. = — ). _.,qb< (Higgs)

K.#,L&%"/0*$/01/,)#F*$/0+('(/0
» The 576 mass splits F(G2And 2%#HMKN!*O*Fshdl & !

ﬁ(g)( uv) D % light (,\ ﬁv)za ” loight A4 KLL | %aL

8w ©

$»34(Q D a; 4 Meeldgzhel7 KYae¥%I7%A3 §§f3 Lé &7 E'%p"%

Low-energy eff@%‘: (l)ighti 5(7;?1/)2‘; > 4 k <¥¥|: Eml (1/31,)2‘; >6@ ¢
» Primary photons emission: —8/3

2$3)

) A a1\ [ iEm
0
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" 0)1 JIIKL((M&3358('56$74
$ N&456$(679'A&%&&<‘6&&&&&44F& /1&$. 012345

/

B ﬁ (Ha ﬁ) “EM portal”

KCH Shidden gauge group
d Primary ~ 'O —*O0"a(_"d'\e —f*ae k cA"™™ar )ee
3] D™ )4 ——4N? (th)8
&()+-() + J0)+)1(, BA&(O+5E3PEW ~ Max [(0.1 GeV/my) 2]
> Combined result [\fa...fd—bc baf—bce 7 £ (N)pigdenl®®

uv

%ope F ME™O 6 64 MMNbo'O
—¢3( (0)
%opy F OO 6 64 ONN%oO
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" CA&<#4=("7$78'1(O>'54P#$&781
95! <+/)A5&#D%/"*WHYRCHIb¥AEA OESZXS'$poe ¥4J pzS$poe#=

 Measurement of " 'O O\b— k "\O"a" gbe ef f'O'da™ ¢
AT ‘d ae”be® °+®2 3ddand /,+(0#,4* 60(x" D T & =

* Fluctuation rate of primary y% production in approximate

\fa...fd—bc O \efd 9-df)*—"ee ef tU = .3((6)6..,« N
r (xOD ™) g\
d,, 4 LI — 4|_|—3(—) 53
L = (] D ) " s dnom

" Abundant J’5K52LMKQ,, 9 : L5P(Q9 Q)9 :
1
and with R, 9 / %L4S8; 9 8%T 4 U (" @) V

| € 14.A34)HIBI0 L/, )HF"2410603%-%6) HIGH HHYW') DB) 97614)) %6’ 4
v Result: FA96$9#$&78(7 @$"BB($"'5(;47HE&<&IB(HIES

29




L 1"#35%&' () (*+,%-!.9%!/0"1,%23+/#4")5(*+,
> BS formation, 0 (C 6Y?eeO )| “dbu”ee 6 (0!'#-(F('4 576*+%$#4!

# S—>yy >yl ~CaAV"Lyty>1d,S, y — ¥ interference, ~&*mixing

1

o $%pz >*"*epE%SYZRX &+%%'& Y0\
A

459%'88F, 253 ( )Z(d Y

> 25 E LNT3O\ €67..._ D w6 O43( (L)663( (%0, 3LN? 70 )
Candidate to DM (almost stable)

Exp. Constraints W
BABAR (2017) & |(TZ#DUMOR 1 U LN ©DUG™o

X)_/ noYZE® [\] Compared to Xuniversel YZ+1 [\]
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e« D] D ¥¥OXOYEE (? 3 nL) _0(10) B8 TH#'B%(-8(-9#-(8)(-984g ~ H

H O'a kcd,, ! e (” )3 (“bfZ"’ )2 f [ZkzYg @Zbeh] i\

8n

80 N \ * AO/HR"
' emd k=6 ¢ B:$,63[a k AY]7%H a4 >k A%&
|EM TR TP C W x E <ya%H M B ggasn

D/, *%P"J@128 D o2 6)) C6=/%,*+)3'5<)*+
3 w271/ o,
Oy 41— 17 [L k (Tl) ] [LI w(—) ]

TH.—F w—6 !B M@N?% 78;Aa (re*P J LN73)6
TH. —B MM™0 a (—*P U G0 )
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| I"H$9%6' () (*,%7/85+)#")5(*%99

8pop | k/l_ 12 {L | (utp) [L | +(had/ﬂ+u—)l}z

(w4 [L K (?)2] [L' W(%)Zl

_ a(ete"—hadrons) 4 67

> T (had/wte) T otere o) ¥ w s oy —F w—y
Bazar, Kharzeev, Skokov, 2012
1 ~ t —6 ~p -1 won
> dyy 4 [k . EMCIUX..)] U LN 0 o":"#:<:4

R(had/u&u' )’ |(3/4)b.. |~7 increasing in hh — channel compared to that of u~u~

QIf NO excess found D 382" &2tk —")'as 6 1($654)
2

(0"*+%',--."/,%"012" 3454'$6-7',10&,.8
0

vV observed excess:

due to scalar (LLP) missing energy, K; —» n°(LLP).

Shinohara, Egana — Ugrinovich, 2020
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H

J BS. Early Universe.

R#,FA*SO(H%,'2% )#F*0 k \cf* O ...fd—r ' 'O(l D * )
TN".0+*8N)"1('%*I'#,!1Q

N3214- A3tHHHHH\WHHHHH[+ 2646 X3V ,VF + A® V.Fock,1929
Vy=XYux A M. Fierz, 1937

T <T. Confinementof SDM,Abelian Higgs effect (SDM \Yy,v,9)
,&!(&-./10#1'%20**)0"30y condensate, m, conformal anomaly

X.(q)) = —AM?

FFJ>#0|D*(0)|X.(q)) = —iA.q"*, (0| 8,D*(0)

l
my~Mpe™ % a~40, ~0(Mp))
TN
X ¢ )
X

27.11.2024 G. Kozlov Seminar PISA INFN 33



Jd U #&*-. <€E6,&-28)

$ 'FA4ASH1+4&#%)8./2
| Cosmo CP; Bgr. prg~T"~0(10" GeVem'') » px =~ 0.43 GeVem'!

| DM y m~0.1 — 10 TeV based on 2.. h% > Qgh%~0.2 Planck Coll.,2016
95 T/N/*-#,,(%,*M2(G2*/*F/UA= &, 1 LN1%, \QIQ#UMUA
0 <'=&ENklmmopqgrs t gs

N Th. Dynamics .4 ktd | OU ON6 t F N~...Ug0| chde’

L S28@9 : WNHY | 4=AG(Q(R((>&83&8:($"5()N+(&8'&3!

- :B2&v(Q.%,.) ! Z%BR\Oyz {\| IR~ € 1\ EwmN)/T
- 0)(8%/.+940A&?EMR.*'5%D G, |...~..R\| t
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J Interactions. Spinor DM. Higgs Portal

R . L . TF
T O/%B< Pt gCEFCEF @, % B! F—OI Te
# 450 y enjoys a global U(1) symmetry — ensures stability
9%F/U*C;Q***V.LAU#*(0'NIB X] o F U3 —46 ] 04 (1)
27C QF 4 o] 6Y %) Ypm! Y=o
W(GG!*C/,'#F*#FF/U*576*' [*+%$#4*' [*56=*95*(0!'#-(F('4

Z(F% )1 2+ pF2 | | /E F4[C4( )@ﬂ%

1-X%$"™'/*YWT

2

vp U (L6 V4226 (IV]2)>%

2
S \ / | 1%
2> d¢2p<¢>:¢06 y 4 (%) (Lk!p)6  !p4vp (qub)
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] 93:2

y 40(] Y1)l Ypu! Y=o

. Z'%0*$/N)/F/G(SHFIA1%)* (1 s%o | 'S%o
« Up4d k ﬁivca(#o @$ 6O%

c #[, 814 csast ) |kf 2¢, 3a (= rk&)al oaa|

I 95" < decoupled thermally — 9;<" T.. #Ty , T>. <Ty4 freeze— out

? &+

17 4= 208 g = Z—{(8) [FB, )+~ —u] -2 08 FB 0> [ dp

@\,

D <+

-1 . 5 ~
n, = (1 + eff) “occupation number; E = \/pz +m?, T =mp

SDM field fluctuation with F&+"8%G&#./&0H8#4#9"#8*&/.
. . 1 [rzm\>% 2 _e 1 o
~H@e L2 [(4’0) e ]

| DM canexistatT = 0, total condensate,no Higgs portal kp = 0
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u Higgs Portal. Details. Couplings

» S%o "ae’d'OY7eeO —fdebc —3[NL "0 6—,On  CMS 2023

450 Relic density Qph? = 0.1199 + 0.0027 Planc Coll. 2014
U
| my>1TeV ~0(1) « k. - ~0(10 D), my~m. /2
l 65*70BR(h — inv) < 0.15, @95% C. L. CMS, 2023
! )
! K- <0.034, my~62 GeV
2 -1/4 .
| 65*70kp < 0.028 [1— (2my/my)" |, my <L CMS, 2019
= R<*] 03 ((LN370 ) hAI 65 " Y3 ( ALNT=
* Vacuum energy density:
4-
4|3 —= (o) ? (Lk 2! p)3 ( (LNS®0 \—"3)
Vv 4 N\fa...~“dbe’a a3 vp] 302 U M@N°?o \—3
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Inside a star. Binding

= C:*-(0+(0G*576*[*56*>*I$#F#,*)(PY%+*'#%
l
Expand and merge into BS under\' + A self — couplings

until Universe evolved and transitioned

Critical: inter’n energy inside? Relativistic? typical mom. p~R;'~m,

0 Heisenberg: A — 0,kp — 0. Equilibrium M1 = M Pl/md, ‘relat. equil. mass”

# Interaction effect: (L<I£_3L;8L') ~ QM+N~ V(qb, |H| )/(m'A ¢ )

# ?,&"."$@'0#'$AB"."C)",'C$%D$$1'%+$#"'$.E@", 1E'FG
— _ P $% . . ? P s -
QI\/l+N = o+ + A:O(<. %A) 0« = Kx ( % ) /1—00— A [l ( ) D]

The A.¢; may only be ignored if 2 < 0(1073%) at Qgpr < 1

Q R STSBOUJ %« V l WP" (.S.B )U A. VBXS" - M=Y Z[W " #%&' &()*!" #+,'-)*./ #0./*1,2*
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| SAHPEBZS58SEHA(STI&A&>A&I<L((((+#H(0)(<#"

# 2,&"."$@0#$AB"."C)" 'C$%D$$1'%+$#'$.E@", 1E'FG
— _ P $% . . ? . . P s -
Qu+n = -0 +)‘:OO(. %A) o =t ( %A) » A-06" A[ln(AF) D]

Characteristic of marginally relativistic BS with Q;pg ~ 0(1032) and mgy~my /2

M™% . [QepeM®I~ 7, f’% ~ 0(10%2 GeV) < Mg~ 0(10%7 GeV), Qgpr> 1

(\ | M~ Mpgy ~ 107°M comprising 1% of total DM

[ 01.2343&5%-6,7$45&62.7%'-&'(4$8%$'394.+3&6,74:;47%$'-&'(4<:=)944 >&&?#2$34,7 @94/

LK Lp\"% X \/4 %] 0.,
e ~m/2T 70~
— ) (W;) 7 3( (LN )

%Jmax B (

Astrophysical relevant for therm. produced DM with m~10TeV, T.~ m

L %)*+, -./012- , 34-.[32534-67+/87+/96- - .*/-25/ ; 296- - .*/47283< ; +-63729/78/6) */="
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| OF$)2G*4$$#/2'28&3% (/*

5/4

Lk ! p\Y% / x \5/4%2,] ¢.
sece (22" (G e s oo

> BS nucleates wide @ U, B %d™* %op;3 ( (LN13™, U, B —

Then shrinks, dense, accumulates SDM + Higgs as & B U,

BA/;8924'(1  nsate Nyny = = =N, F(f) = E(f) — nQ(f)

» 4',0, stable* 4 —; BS formed, &, D L6Y"*Y U6N chde

N 1?3 ( M3,
§(3/2) I

2
U, 4 wx [ ) = 3LN65 (2/3 GeV
my,

= N3( (LN'99) ..fdU, F —

(8/mp > Tgcondensate is weak, ECO of DM with R and M is neither NS,nor the BH
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# G$.,%"01'C$%DI$1L'$1$)*8'ESL@"%"$@'0#":;"'(,'7,63&641,7.-4,1E"' 31$4 -D-3%$5

apnm 4 %opyt Unato 4 8.1 8,1 &g/

%0 Ybet Upato=(6%=3400M) |
08, 4 %o,a.6 a,1 (LDK LA)+LN3\—"3 78 9;:< =
ko 8y 4 —ay8,3( (LN*A\—"2)6 {p~%" %pdED;:; =

SDM-Higgs py/n = myny(1 + 6),ngy < - 10" Hem™3, 6, < 10714, \[#DUMUP

+'0“cea® %o, , (M Kk 82 )+LN3°>70

%opy 3NZ0 %MVILNZ%n6 %MW 4 (N Kk LD)+LNI2%0
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