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How to access higher energies’? *) ‘

*) before muon collider or FECC-hh
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How to access higher energies? *)

| ook at the Skg!

Highi’:nergg Cosmic Rags
Gravitational Waves

The more the merrier

(*) before muon collider or FCC-hh
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How to access higher energies? *)

| ook at the Skg!
Sneakg Pre\/iew:
High-Enerey Cosmic Raus
5 & J Dark Matter from
Gravitational Waves Weak Scale Phase Transition

(*) before muon collider or FCC-hh
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Phase Transitions. . .

...as Particle Accelerators (“Bubbletrons”)

Dark Matter from Weak scale PT



Phase Transitions. ..
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First-order Phase Transitions in Early Universe

% v g
\
\ : & ?
s ———— | ower TCCFBJEU (@
Gravitg Waves!

FILIPPO SALA (BOLOGNA) PORTOROZ 2023 BUBBLETRONS



First-order Phase Transitions in Early Universe
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IF Phase Transitions here

THEN SUPercooliﬂg

& oscillations reheat universe to
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Bubble walls

(¢) =0

Wall expancls this way
with Lorentz boost }/
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Bubble walls

<¢>A Bubble wall Prome ($) =0

Wall expancls this way
with Lorentz boost }/

¢* )S:\/Z‘Z_rz

RH_C ~ ll/Tn
4 A
R ! 3 ¢4
It no pressure then walls run away y(t) ~ b;;ble( ) s> 1] < Ey e ~ RS
o \Ewall N 7R20 o~ Rnucf4 y
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Bubble walls

(¢) =0

I no pressure then walls

~
Pressure from Plasma ettects: Negligible it T../f<O() {From yvIL, >T, , ~ a’T

/
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Bubble walls

<¢>A Bubble wall Prome (p) =0

v

Pinside = (E,O,O,\/E2 T m2)

Poutside = (anaOaE)

particle ¢nters wall

s /
wall frame : F ~ yT

nuc ~ 1I/T

» S

1
<~
~
(\®)
I
~
(\9)

I no pressure then walls

- p 2 p

1% m
Pparticle — J (27)3 f(p)Ap ~n ? ~ g2f2 TI%UC

Pressure from Plasma etfects: Negligible 7 f < O(1)

nuc

Pyubble = — V(g =f)—V(p =0)) Nf4

Bodeker Moore 0903.4099 /

Pressure from single Particles: Negligible it T ../f < O(l) <\
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Bubble walls

<¢>A Bubble wall Proﬁle (@) =0

I no pressure then walls

Pressure from Plasma etfects: Negligible 7 f < O(1)

nuc

Pressure from single Particles: Negligjble it T ../f < O(l)
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Phase Transitions with fast bubble walls

| ncoming Particles can emit stuff

Vector emission IR enhancecl Bodeker Moore 1703 08215

PNro ™~ 83fT3uc7



Phase Transitions with fast bubble walls

| ncoming Particles can emit stuff

Vector emission IR enhancec‘ Bodeker Moore 1703 08215

PNro ™~ 83fT3uc}’

Py =~ g3fT3 ¥ X log when resummed  Gouttenoire Jinno FS 2112.07686

nu



Phase Transitions with fast bubble walls

| ncoming Particles can emit stuff

Vector emission IR enhancecl Bodeker Moore 1703 08215

PNro ™~ 83fT3uc7

Py =~ g?’nguc y X log when resummed  Gouttenoire Jinno FS 2112.07686

Pressure From l"léan states M >>f PI"OCIUCGC‘ I]C

M2 , , 12 f2
C.e. &¥DO X —A Prob XX) ~
5 9 % (¢ = XX) 16772 M?
M? A A
Ppeayy ~ 1y Prob(¢p — XX) — ~ > Pro

E 1672 g Azatov Vanvlasselaer 2010.02590



Phase Transitions. ..
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_..as Particle Accelerators (“Bubbletrons”)



Radiation at the Bubble Walls

wall frame
#=0 | @B=f

Soft radiation is reflected

fast walls are a particle accelerator!
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plasma ( = CMB) frame

(¢) =0

E~ym>f

BUBBLETRONS

() =1



Radiation at the Bubble Walls

wall frame plasma ( = CMB) frame

=0 | (h=s =0 |w@=s

Soft radiation is reflected

, E~ym>f
fast walls are a Partlcle accelerator!

” ;4
<«
D et

y > 1

Radiation collide

before walls collide! 106;

Toue/f=107=1., @=10"-3 |
----- True/f=10%-1., @=10"-8 -
Truelf=104=3, @=10"-3 |

~~~~~ Truclf=107=3, @=10"-8
1 1000 10 10° 1012
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Radiation at the Bubble Walls

wall frame plasma ( = CMB) frame
=0 | @#=s () =0 | ) =1

Soft radiation is reflected

, E~ym>f
fast walls are a Partlcle accelerator!

y > 1

But: 7 shells scatterings with bath Particles:

Radiation collide momentum loss: wall catches up, ...

, - ber chane
before walls collide! 10° Toolf=107-1., @=107-3 number cnanging: mess
N O 2 Thue/f=10"-1., a=10"-8 - |
100 - Tudt=10-3,a=100-3 | ? Shells thermalisation
| i e Tngdt=107-3, a=107-8
1 1000 106 109 1012 I
| f[GeV] . 7
T R A (DU INA ) ————————r ORTOROZ 2023 BUBBLETRONS



Heavier Phgsics

wall frame plasma ( = CMB) frame

Heavg States follow the walls

I Fast, again Particle accelerator!
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Heavier Phgsics

wall frame plasma ( = CMB) frame

Heavg States follow the walls

If fast, again Particle accelerator!

But: 7 shells scatterings with bath Particles

Momentum loss: wall catches up,;...

Number changing: mess

\ ? Shells thermalisation

? Shells scattering with wall
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BUbblCtrOﬂs (Brand by Yann Gouttenoire)

Accelerated Particles 'H Gauged PT  Global PT  Shellwal

e — —_——— S — e e e ——

S = e =

Radiated scalars |

Heavier states |

Dark hadrons
Baldes+ 2007.08440
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Wall Decags
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_..as Particle Accelerators (“Bubbletrons”)



Based on Baldes Gouttenoire FS 2207.05096 (SciPost Phys.)

Warm eV Dark Matter from Weak scale PT
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Warm EeV Dark Matter from the Weak Scale

wall frame

(P)=f
Azatov Vanvlasselaer Yin 2101.05721
ny ~ ng, Prob(¢p — XX)
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Warm EeV Dark Matter from the Weak Scale

Ny ~ Ty Prob(¢p — XX)

(T ~ f) M (T ~T..) feg M
pX ~ ~ pX ~ Yy
T,. T f T

f <1oo GeV )2 M

(T = T, = 0.8eV) ~ 1074 = 7 0 Gav

10



EeV Dark Matter from the Weak Scale
i
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My ~ Ny Prob(¢p — XX)
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EeV Dark Matter from the Weak Scale

px(T' ~ f) =~ T

nuc

100 GeV

(T = T, =~ 0.8eV) =~ 107 Tf

nuc
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Warm eV Dark Matter from the Weak Scale

plasma frame | G
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Warm EeV Dark Matter from the Weak Scale

plasma frame | G
104 | F

— i
) 103 /

2 :
=
Lo o
f I "
2

g
Ry Planck TT

Planck EE

Planck od

- SDSS DR7 LRG
BOSS DR9 Ly-a forest
DES Y1 cosmic shear

oy
oy
i
’a

Wavenumber k [h Mpc ']

px(T ~ f) = X _
Tnuc f TIlllC , , TN A
X scatterings with bath T
| 100 GeV |2 b
(T 2 Ty = 0.86V) = 107 ——( )
Tnuc f 1 de f T
+ <H = 1% (=—)(
Px dt L hye

FILIPPO SALA (BOLOGNA) PORTOROZ 2023 BUBBLETRONS




plasma frame

(¢) =1

(T ~ f) v Tty M
pX e = pX ~.q ~/
T.. T f T
L f /100GeVy M
v(T = T, = 0.8eV) = 10 ( )
T e f 10° GeV

FILIPPO SALA (BOLOGNA)

Dark Matter from the Weak Scale
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Warm EeV Dark Matter from the Weak Scale

Bubble Expansion Mech. — T, < Tixf

| LR L L
: B /
Adiabatie” ...~ /-1-
Reginte /
5 X s

>
O
O,
-
Insufficient DM
10 -
- /QQ
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10/ 10° 10° 100

Mpm [GeV]
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Not discussed here

White space s viable!

Testable with: matter power spectrum

cosmic rays (it DM clccags)
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Warm EeV Dark Matter from the Weak Scale

T, [GeV]

10 ://

Bubble Expansion Mech. — T, < T

™ .. T T . 7 /1 T T
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Insufficient DM
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Th < Ting
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B U bbletrOﬂS: Phase transitions with fast bubble walls are Particle accelerators

Application: Dark Matter from Weak Scale Phase Transition Baldes Gouttenoire FS
2207.05096
<¢> - O <¢> :f 1042_ ﬁ
el ] R — |
. % 0| ﬁﬁ‘
| } N
° HRG O ul\
+ 20500 L |
of, 10 wav;air?:mberk h Mpoc—l] ? o

stll alot to explorel

.’i.g. DM begoncl GUT scale from PT at much lower scale

Baldes Gouttenoire FS + M. Dichtl in progress
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Gravitational Waves from Phase Transition

Qaw X (H/,B)2

ds
4 ~ -
H dT

T,

nuc

BIH ~ 100

FILIPPO SALA (BOLOGNA)

Randall Servant hep-ph/0607158, ...

p~! ~ duration of PT

12

X

Standard Ist order PT

)
10
N, e—fold

SuPcrcoolcd PT
BIH ~ 10
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