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100 |-

A so0f

10}

| hadronisation

Points: Pythia8
Line: eq. (27) [based on 1210.1323]
10 100 1000  10*  10°

ECM [GCV]




oints: Pythia8

Line: eq. (27) [based on 1210.1323] ]

100 1000 10* 109
ECM [GGV]

2. Cosmological catapult

| hadronisation




oints: Pythia8

Line: eq. (27) [based on 1210.1323] ]

100 1000 10* 109
ECM [GGV]

2. Cosmological catapult

| hadronisation




100 |-

A so0f

10}

Points: Pythia8

Line: eq. (27) [based on 1210.1323] ]

100 1000

ECM [GGV]

S ~

104 10°

2. Cosmological catapult

JEba‘th > ]

jE;tnatll ~ uf?

| hadronisation




100 |-

A so0f

10}

Points: Pythia8

Line: eq. (27) [based on 1210.1323] ]

100 1000

ECM [GGV]

S ~

104 10°

2. Cosmological catapult

lterate

JEbath

jE;tnatll ~ uf?

| hadronisation




100 |-

A sof

10}

Points: Pythia8

Line: eq. (27) [based on 1210.1323] :

10 100 1000

Ecwm [GeV]

S ~

104 10°

2. Cosmological catapult

lterate ‘
JEbath ('lll'
‘ :

JEbath ~ uf?

| hadronisation




100 |-

A so0f

10}

Points: Pythia8

Line: eq. (27) [based on 1210.1323] ]

10 100 1000

ECM [GCV]

S ~

104 10°

2. Cosmological catapult

lterate ‘
JEbath ('lll'
‘ :

JEbath ~ uf?

| hadronisation




100 |-

A so0f

10}

Points: Pythia8

Line: eq. (27) [based on 1210.1323]

100

ECM [GGV]

S ~

104 10°

2. Cosmological catapult
®

lterate

Ebath

Ebath ~ f

| hadronisation

YDM/ Ynalve X ¥ Tnuc MPl

W

runaway regime



—

Consequences on DM abundance|

== —_— _——— = —

Supercool Composite DM

107 ¢
10'4§
(.
—
5107
=
10 :
Cvac = 0.01 gg =48 m, =4 f -
- BH=10 gg=40 m,=02f
10—7 il L Ll Lol SRR

10 10° 10° 10* 10° 10° 10’
AanN|==‘47r1: [1¥¥V1



—

Consequences on DM abundance|

e ————— = — — = = - - -

Unitarity violation

lﬁ
10_3 T T T T T TTTTT] T T TTT
0
0
1074+ .
; i
0
Y [
= r
3 107° ;
I~ ]
0
0
10~° '
I -
Cvac 2 0.01 gg=48 m,=4rf :
i [] |
. ,B/H'=1O gq=40 m, =0.2f

10 10° 10° 10* 10° 10° 10’
Mpm = 47t f [TeV]



—

Consequences on DM abundance|

s —

Unitarity violation

l------')>
10-3E S
§
§
1074 ¢ :
: §
§
§
. §
You ! YV o log”<yTnuC/f> :
§
§
§
| I |
I .
Cvac!o-o'I gg =48 m, =4rf :
' ,B/H:=1O gg=40 m,=0.2f

10_7 “ 2I """3' """4' | 5 6 7
10 102 10° 10* 10° 10° 10

mpy = 475t f [TeV]



—-———-

Consequences on DM abundance

— -

Unitarity violation

[] ﬁ
1073 o m
i
i
1074 ¢ : r
i [
i
i
i
. -_
I :
i Deep-Inelastic Scattering
; _
I =
I -
Cyac 2 0.0 gy =48 m,=4mrf
,B/H:—_ 10 . . qu4o mXI=O.2f |

102 1o3 104 10° 10° 10’
Mpm =47 f [TeV]



—-———-

% Consequences on DM abundance

e e

CVGC=O'O1 gg=48 m*=47Tf :
B/H =10 gg=40 m,=02f

10° 10° 10* 10> 10° 10°
Mpm =47 f [TeV]



—___—-

% Consequences on DM abundance

_— e s ———

Cyac = 0.01 % gy =48 m,=4mf
BH =10 gg=40 my=02f

10° 10° 10* 10> 10° 107
Mpm =45t f [TeV]



—___—-

% Consequences on DM abundance

e —_——— ————

Quarks can not enter

Bubble

Cvac — 001
YDM/Ynalve X ¥ & _ B/H=10 |

gq—40 mX_02f '

1072 10° i 104 105 1()6 107 Snow ball effect
mpw = 41t f [TeV] Ping-pong effect



ture|

Gravitational waves signa

|

|
L

10°  10* 10°

.02

10

107/

47t [TeV]

Mpm =



Bubble wall

ity



Consequences on bubble wall velo

Bubble wall

Lq)friction = }/T3 X Ap

nuc



‘Consequences on bubble wall velocity]

Bubble wall

Lq)friction = }/T3 X Ap

nuc

Ap =1



‘Consequences on bubble wall velocity]

Bubble wall

Lq)friction = }/T3 X Ap

nuc

Ap =1

Weakly-coupled PT



Bubble wall

Lq)friction = yTB X Ap

nuc

Ap =7

Weakly-coupled PT

Bodeker&Moore (09’ and 17°)
Azatov+ 20’



Bubble wall

Lq)friction = yTB X Ap

nuc

Ap =7

Weakly-coupled PT

Bodeker&Moore (09’ and 17°)
Azatov+ 20’

P o = Am?*T?>

nuc



Bubble wall

Lq)friction = yTB X Ap

nuc

Ap =7

Weakly-coupled PT

Bodeker&Moore (09’ and 17°)
Azatov+ 20’

P o = Am?*T?>

nuc

tqjNLO = 8w/ AWLTB

nuc



Bubble wall

3 _ 4
Lq)friction = }/T X Ap vac — Cvac f

nuc

Ap =7

Weakly-coupled PT 5 Strongly-coupled PT

Bodeker&Moore (09’ and 17°)
Azatov+ 20’

P o~ Am-T?

nuc

tqjNLO = 8w/ AWLTB

nuc



Bubble wall

3 _ 4
Lq)friction = }/T X Ap vac — Cvac f

nuc

Ap =7
Weakly-coupled PT 5 Strongly-coupled PT
Bodeker&Moore (09’ and 17) Hoeche, Kozaczuk, Long, Turner, Wang 20’
, : ~ o2 T
Azatov+ 20 ‘@all—order =7 Tnuc

P o~ Am*T? Paio = 8oy AmT?

nuc nuc



Bubble wall

Lq)friction = yTB X Ap

nuc

Ap =7
Weakly-coupled PT 5 Strongly-coupled PT
Bodeker&Moore (09’ and 17’) Hoeche, Kozaczuk, Long, Turner, Wang 20’
’ : 2 i
Azatov+ 20 tgjall order = 7 Tnuc
~ 22 - 3 : ,
Prox~Am T, Pnio &y AmT: E Baldes, YG, Sala 20

‘@ﬂux—tube }/f nuc



S— P— [— ——1“

ocity

Consequences on bubble wall vel

Bubble wall

Lq)friction = yTB X Ap

nuc

Ap =7
Weakly-coupled PT 5 Strongly-coupled PT
Bodeker&Moore (09’ and 17’) Hoeche, Kozaczuk, Long, Turner, Wang 20’
y X — - - 9) —
Azatov+ 20 f gﬁwb P
- 272 - 3 5 ,
LqJLO ~ Am Tnuc quNLO = 8w/ An/lTnuc Baldes, YG, Sala 20

~ 3
‘@ﬂux—tube — 7f Tnuc



-

d?

10 I I T T T T I T T T TTI I I T T T TI I [

- e 4 n
i > i
: &' standard -
n :_f -
1 & : : "\ Pbhase -
: string fragmentation - :
: : N {_,,“ transition - No line distortion
, : ejected quarks S :
t.;; 10~ = N - E
| DIS z
- grc =100 ?
1072 - Nr=4 E
E qu — 10 ]
- Li=1f] i
10—3 Lol 1 Lol 1 Lol 1 Lol A
=4 107 1072 107" 1 10

Thuc! Tstart (2 Thuc/ Te)




‘How much supercooling is needed ?|

-

10 I = T 1T T T T I I I [T T TT I I [T T T TT I

T :
: DU R :
| n \u I )
3 'z 1z ]
- T~ 3
: 2 |4 - =
: 1z (& \2 :
S . |
0> 107" & L \ Troverlap > Mgetx T E
| gc =100 String fragmentation i
107 Nr=4 . N E
 Cgq =10 ejected quarks :
[ = |
- b= DIS :

1—3 1 Lol 1 Lol 1 Lol 1 Lol A
10~* 1073 1072 10~ 1 10

Thuc! Tstart (2 Thuc/ Te)

No line distortion




‘How much supercooling is needed ?|

-

10 I = T 1T T T T I I I [T T TT I I [T T T TT I

T :
: DU R :
| n \u I )
3 'z 1z ]
- T~ 3
: 2 |4 - =
: 1z (& \2 :
S . |
0> 107" & L \ Troverlap > Mgetx T E
| gc =100 String fragmentation i
107 Nr=4 . N E
 Cgq =10 ejected quarks :
[ = |
- b= DIS :

1—3 1 Lol 1 Lol 1 Lol 1 Lol A
10~* 1073 1072 10~ 1 10

Thuc! Tstart (2 Thuc/ Te)

No line distortion




‘How much supercooling is needed ?|

-

10 I = T 1T T T T I I I [T T TT I I [T T T TT I

T :
: DU R :
| n \u I )
3 'z 1z ]
- T~ 3
: 2 |4 - =
: 1z (& \2 :
S . |
0> 107" & L \ Troverlap > Mgetx T E
| gc =100 String fragmentation i
107 Nr=4 . N E
 Cgq =10 ejected quarks :
[ = |
- b= DIS :

1—3 1 Lol 1 Lol 1 Lol 1 Lol A
10~* 1073 1072 10~ 1 10

Thuc! Tstart (2 Thuc/ Te)

No line distortion




-

d?

|
10 I = T T T T T1 I I I T T T 11 I I I T T T 11 I I I I I T T T
T z
: SR | - standard -
a | u \u I ]
AAAAAAAAAAAAAAAAA = = -
1 = L‘i» < \ = phase -
t 2 '3 g o
: \ \ transition - No line distortion
° \
C.;; 10~ \ \ Troverlap > Mgetx T

I IIIIIII|

Ll

g = 100 String fragmentation

quarks

107 Nr=4 . N E
 Cg =10 ejected quarks reflected :
[ + |
- Le=1" |
DIS
1—3 Lol Lol Lol 1 L WA
107¢ 107 10~ 107" 1 10

Thuc! Tstart (=2 Thuc/ Te)

Snow ball effect

Ping-pong effect



Conclusion

Supercooled confinement:

1. Dilution + string fragmentation + cosmological catapult followed by DIS

2. Friction pressure grows linearly with 7/

3. Should apply already for moderate Supercooling TnuC 5 TC

Next directions:

 Snowball effect ?

 Ping-Pong effect ?

« QCD phase transition ?

 Supercool PT in SU(N)/SUSY/Composite Higgs?
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Deep Inelastic Scattering in the Early Universe
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Neutrino oscillations puzzle

'Hierarchy problem}

Two motivations for the WIMPs:

1) Connection with Hierarchy problem
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2) Thermal Dark Matter
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| Nearly-conformal strong sector

SU(N) + CFT

Composite states D DM

CFT/Poincaré: dilaton o - pNGB

SUPERCOOLING

I </ Transition delayed is small dilaton mass



| Nearly-conformal strong sector

'Deconfined phase!
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' Nearly-conformal strong sector

Hyp: ¢ strong sector conformally invariant in the UV

* Scale invariance explicitly broken by a slightly
relevant operator £ >e O, [0.]=4+y.
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Gravitational Waves from Phase Transition
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Gravitational Waves from Phase Transition
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Nucleation Temperature

Supercooling begins at Tstart ~ f

Bubble nucleation ends SC at Tnuc ~ f CXP (— C —)

Nucleation happens when tunnelling rate ~ Hubble
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Nucleation Temperature

Composite Sector Supercooling
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Bubble wall Lorentz factor
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hadronisation

q q
Analogousto eTe~ — gg in QCD

Use Pythia with
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'How many hadrons ?
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Center of mass frame of qé
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Standard Branching ratig

Supercooling quark -> DM tring fragmentation

| 2 possibilities:  Combinatoric ~ Thermal distrib.
‘ DM: light meson DM: heavy baryon

e.g. BR =~ 2/]\92 BR x exp — mpy,/f



DIS in the 5|<9: result
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Supercool Composite DM
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quark ejected | hadronisation

j q

1. String fragmentation + quark ejection
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| hadronisation
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Ejected quarks give contribution of same order of magnitude
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