GW experiments and collider synergies:
___unveiling first-order phase transitions
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A source-independent direct probe of the pre-BBN universe
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SGWB from the inflationary epoch

> Inflation: standard single-field slow-roll, inflation with spectators, preheating,

... very model dependent!

" Signal from vanilla scenario is very small

GW Energy Density vs Detector Sensitivity
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GWs from symmetry breaking (cosmic strings)

Cosmic strings: stable 1-dim. topological objects from (topologically non-

trivial) spontaneous symmetry breakings
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GWs from symmetry breaking (bubble nucleation)

First-order phase transitions: bubbles produced in spontaneous symmetry
breakings via tunnelings or thermal jumps t/R. = 0.809
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First-order phase transitions in SM

EW

symmetric phase

Higgs phase

particle physics/cosmology ?
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No FOPT in the SM of particles/cosmology,
but ...



First-order phase transitions in SM

particle physics/cosmology ?
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First-order phase transitions in SM

particle physics/cosmology ?

"4 EW

V(9,T) =m?(T)¢*+E(T)¢°+ NT)¢*

symmetric phase
/ critical pOin[ ’

Higgs phase I

75 Gei/ My
»  EW-sector extensions: the barrier can be achieved via:

» Temp. radiative corrections with scalar interactions, or/and
» new dynamical fields (i.e. scalars) coupled to the Higgs

New TeV-scale scalars
* New fermions = no large T-effects — no large barrier = no 15t order

* Very heavy fields = Boltzmann suppressed and small low-energy effects - no 1t order’
* New largely-coupled fields — Large T effects but also changes in collider pheno

* New dynamical scalar fields - Mixing = Higgs signal strengths + heavy-Higgs pheno

* New dynamical scalar fields with negligible mixing (due to symmetry) — rather clean

» Beyond EW-sector extension: extra scalar sector in hidden sectors. at high scales. ...



Examples of EW-scale BSM with loud FOPT GW signal

First order in Randall
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FOPT GW signal = stochastic GW background (SGWB)

Contrary to LVK events detected so far, the GW signal from the early-
universe is (in first approximation)

* sourced by events that are intrinsically non-localized and uniformly
distributed in the sky dome
— isotropic signal

 sourced by a huge number of uncorrelated events
— Gaussian stochastic signal

t/R. = 0.809
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FOPT SGWB signal: frequency shape

When the transition is of first order...
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FOPT SGWB signal: frequency shape

When the transition is of first order...
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FOPT SGWB signal: frequency shape in bubble coll. regime
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FOPT SGWB signal: frequency shape in bubble coll. regime
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FOPT SGWB signal: frequency shape in bubble coll. regime
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Gravitational Waves Detectors

Pulsar timing arrays: GWs with 10°-10° Hz

Space-based interferometers: GWs with 10°-1Hz

Ground-based interferometers: GWs with 1-10*Hz
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GW experiment and FCC timelines

SGWB
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SGWB status at Hz experiments (brutally brief and biased)

> Observations compatible with “expected” astronomy

> Recast observations give weak upper bounds on
BSM physics at ~10%1° GeV

> Likely, no huge progress before ET due to the soonish-
emerging binary foreground

Badger+, 22

LVK, ‘21
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SGWB status at nHz experiments (brutally brief and biased)

ey =0 |
R
>
o =6 Y e =
[iT] Vi
O I b .} ‘IE
= [ ' .j o
Q I =
o | L
PTA 5 —8 - |
= - —16.0 —| === PTADRZ  ==mm PPTA DR2
- e NG 12.5yr = EPTA 6PSR
—9 ™ T T T T | _165 | | | ]
1079 2 3 4 5 b 7
Frequency [Hz] Ycp
Il rr-BUBBLE + SMEHE
B T-BUBBLE
10—6&_' T R(u)u\&:i;u{]l LR unl T LALLL B AL | I"\I:.‘tl!‘.:'.-‘;'ylll T ||||:-|| ] AL -;: FOPT interpretation
- | {/j 00 Ea ¥ S
E [N = —meeg——— IS BUBE— Cosmiic Su e . \03 /) 3
10%F (L ESEY. | N A A
E | & N | N ' F W g
=N o N NN e 4 LVK % =
(:a-é 10-10 ‘ %\ l\\é)%:?d “‘ by 1 K design & :,'TF
B | .:‘ 7 B '1' I\ E ‘
g f AR W, Ao ) ; NANOGrav. 23
E : \S\ % - i v L =
E ;{\E‘\ :—?l \\‘\ \‘;"' ,' f’ E Ir=|.1r’|l1r1
10712 gl & 4 ~ . F " ‘ -
3 = ‘8._\ J:,l NUBA AEDGE -7 8 o
1IBIEEY b 1 :
_14F ;l ;:)‘\ _'Il = tﬂ
107 =) Q ~ = =
E = =
C LLLL I| 11 Illlllll Il kmll 11 IIIII IIIII1 1 I IIII\I 11 IIIIIII \‘;\I.II I I IIIIII I- _%G 2 - —_ -
10°% 1076 107 0.01 1 100 . | . . /
) Hz -2-10 1 -1 0 -2 -1
Ellis+, ‘23 gl logyg Ts /GeV logq ors log,q He R



SGWB status at nHz experiments (brutally brief and biased)

-13.5

= 737 ~14.0 - X

a AN o ~

s | [ S —15.0 -

E-J s e | } L L on

= | iy 2 _15.5-
PTA g =8 1 L1 —16.0 — === PTA DR2 mmmm PPTA DR2

o J‘ mmmm NG 12.5yr smmm EPTA 6PSR

-0 T T — T TTT1 ™ —-16.5 T T T T
10°° 108 2 3 4 5 6 7

MAYBE A BSM HINT, MAYBE NOT

> Compatible with SMBBH-only SGWB
(non-circular binaries with environmental effects)

> A few sub-threshold SMBBHs + SMBBH SGWB (?)
(anisotropic contribution boosts the signal at some frequencies + weaker SGWB)

> If no BSM hint, low progress on BSM physics
(yvou need to dig out the BSM signal from a strong SOBBH SGWB)



What about mHz experiments ? LISA mission targets
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SGWB from a FOPT : parameter reach in bubble coll. regime

Taking SNR> 10 as

detection/non-detection
criterion

Current PTA
signal

(Goshal) Megias, GN, Quiros, “18, ('24)
m—ﬁ 0.01 10 ]{}4 ]DT LISA CosWG (P. Auclair+) ‘22

Tg [TeV]

0.1

Knowing the parameter reach is nice,
but
it is the reconstruction accuracy that matters in understanding the underlying physics



SGWB reconstruction at LISA
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SGWB from a FOPT : search based on template

LISA is a signal-dominated experiment
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SGWB from a FOPT :

search based on template
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~  Simplifications:
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(no. theory systematics)



SGWB from a FOPT : search based on template
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LISA reconstruction accuracy: FOPT in bubble coll. regime

Params of “Bubble coll. Regime” (£p~1: k=1 free B/H, T\, K)
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LISA reconstruction accuracy: FOPT in bubble coll. regime
Noise + astro. SGWB + FOPT thermodynamic parameters
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LISA detection recast if SM + Z; singlet

Z, singlet model’s param. space predicting FOPT
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LISA detection recast if SM + Z; singlet

Z, singlet model’'s param. space predicting FOPT
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LISA detection recast

singlet
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LISA detection recast if SM + Z; singlet
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Synergy/complementarity between LISA and colliders
LISA reconstruction accuracy is rather good

Singlet is just an example. In general:
Does the synergy efficiently break degeneracies ?
Ways to improve the FCC design if LISA sees the signal in ~2036 ?
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Conclusions and priorities (TBD)

PTA now, LVK soon, and LISA in 10 yr can probe FOPT at 10°-108 TeV scale
FOPT detection — BSM discovery

LISA accurately reconstructs a FOPT signal from EW scale and above
— great constraints on BSM parameters (assuming a model)

Results based on simplifications. More realistic results in late 2026
(official data challenge “Mojito™)

Reconstruction interpretation done only for a few BSM models. Rationale can be
followed for other models

Clear synergy/complementarity with colliders. With more models and FCC
simulations:

v How much does LISA constrain the param. space of a model?
And the FCC? And LISA and FCC together ?

v Are there “structural” bottlenecks limiting the synergy? Feasible ways to improve
them? Still on time to implement them if LISA sees a signal ?



Conclusions and priorities (TBD)

PTA now, LVK soon, and LISA in 10 yr can probe FOPT at 10°-108 TeV scale
FOPT detection — BSM discovery

LISA accurately reconstructs a FOPT signal from EW scale and above
— great constraints on BSM parameters (assuming a model)

Results based on simplifications. More realistic results in late 2026
(official data challenge “Mojito™)

Reconstruction interpretation done only for a few BSM models. Rationale can be
followed for other models

On the other hand, if we focus on the GW detection side only, the priorities IMO:

1) Reduce the (systematic) errors of the geometrical template of the FOPT signal
below the LISA reconstruction accuracy. Risky to correct it in the post-processing
phase

2) Reduce the (systematic) errors of the map “Thermody. Params. «» Geom.
Params.”. Possible to change it in the post-processing phase.

3) Mapping the Lagrangian params of a specific BSM setup to the SGWB spectrum
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