4 March 2024

‘AN .
.'u - - A
g . = : : - . . ' / e s - L ”"‘ {i ‘~ w:z‘* ‘i.
r . ~'V~ -m e g ‘:.' .7’“!‘.:' ‘-.-" ..:‘. ,‘;~->-:"4 r .-_-'— » -' Ve "' "-',’. .;";—‘ .‘ ] ‘l .-'.- . : ‘ ". “‘...‘. i ':,'. '. > " V no ':: ! r‘. (- J. ‘%\ '1 « 4
- - - = AR . A" -~ I il o 2 4 M :

LES KENCONTRES DE PHAYSICOUE 1JE
LA VALLEE D'AOSTE

Results and Perspectives in Particle Physics

GW Signals From
Primordial Phase

PSS B |

\\\
/

ETHzirich () Fieat

Transitions




Stochastic
background

Massive binaries

Extreme mass
ratio inspirals ~ GW150914

k=
T
s
-
7))
O
—
<N
-
Q
-~
O
T
R -
1)
N
o

107" ‘ ‘ 10 107 10°
Frequency / Hz [GWPlotter]

Davide Racco (ETH - U. Ziirich) La Thuile 2024




SEARCH FOR PRIMORDIAL GW BACKGROUNDS
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PRIMORDIAL GW BACKGROUNDS FROM LOCAL SOURCES 4

» GWs from primordial
source local in space and
time

» Phase transitions,
preheating, peak in & ...
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» GWs from primordial
source local in space and
time

» Phase transitions,
preheating, peak in & ...

Higgs phase Higgs phase Higgs phase
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PHYSICS OF CAUSALITY-LIMITED MODES ['20 Hook, Marques-Tavares, DR] 7

wavelength k=1 > corr. length Asource

period f ! > duration of phase transition 3!

k! (sub-H)
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DEPENDENCE OF CAUSALITY TAIL ON w ['20 Hook, Marques-Tavares, DR] 8
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COSMOLOGY OF STANDARD MODEL 9

» SM particles are

1

massless = w = 3

time —
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COSMOLOGY OF STANDARD MODEL 9

» SM particles are 1 » Heavy particle decays
_ 1/3
massless = w = — = Qcw ~ g,(7)
VEwW
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time —
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COSMOLOGY OF STANDARD MODEL 9

> SM particles are » Heavy particle decays » QCD confines
massless = w = — = Q-w ~ g, (T : 1
3 GW "~ 8x , w deviates from 0
VEwW AQCD
— T %

time 3 . . . [Sandc?r Katz]

HOt Aging of the Universe COld
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MeV GeV TeV

Davide Racco (ETH - U. Ziirich) La Thuile 2024



['23 Franciolini, DR, Rompineve]

100 MeV

Davide Racco (ETH - U. Ziirich) La Thuile 2024



['23 Franciolini, DR, Rompineve]
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PULSAR TIMING ARRAY MEASUREMENTS: SYSTEMATIC ERRORS 13

» Pulsar evolution:
timing model
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Earth motion B A A \Q Pulsar evolution:
AN timing model

Dispersion measure:
ionised gas clouds
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ORIGIN OF THE SIGNAL: ASTROPHYSICAL INTERPRETATION 14

» Image courtesy of Science, credit: NICOLLE RAGER FULLER |modified]
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Maximum Posterior Signals
Planck18+BAO

Bayesian model comparison:
causality tail vs.

1.6 (NANOGrav-15)

1.3 (IPTA-DR2)
(strong evidence)

logjg A =

Must account for causality tail
in model comparison for PTAs
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Causality tail < probe w and fgg SM effects on the causality

independently of the primordial GW source tail must be included at PTAs
e ] QawW
102k > crossing at 7,-, |
: Tilt 3 +3.2
% ol : | 1 fFS /\\
T 10 = : | yd
02l \\\‘;, A i | ; 'Z;”;.
e '%

Hook, Marques-Tavares, DR Franciolini, DR, Rompineve
JHEP (2021) Phys. Rev. Lett. (2024)

" Buchalter Cosmology Prize 2023 )
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9 — 20 September 2024 POLLICA

PHYSICS
CENTRE

Fundamental Physics and
Gravitational Wave Detectors

Gravitational waves (GWs) from compact binaries have been detected in the kHz regime, and Pulsar
Timing Arrays are revealing a GW background in the nHz band. Experimental ideas spanning from
nHz to MHz are being explored to cover the gravitational spectrum. This is an exciting time to
explore what GWs can uncover about fundamental physics and cosmology by detecting astrophysical
and primordial GW sources, as well as exploring effects that could be induced by various Dark Matter
candidates.

Participants will include:

This workshop will unite astrophysicists, cosmologists, and particle physicists to discuss open

questions and define theoretical targets, guiding the field in experimental strategies across the Bruce Allen Daniel Holz Nataliya Porayko
gravitational spectrum to learn about our Universe. All of this is to be set against the backdrop of the (AEI Potsdam) (U. of Chicago) (MPIFR Bonn)
(CERN & U. Geneva) (DESY) (LBNL Berkeley)
Sebastian Baum (RWTH Aachen) Reed Essick Samaya Nissanke Jorinde Van De Vis
Djuna Croon (Durham University) (CITA Toronto) (UVA) (Leiden U.)
Paolo Pani (Sapienza University & José Maria Ezquiaga Chris Overstreet Sarah Vigeland
Sponsored by INFN Roma) (NBI Copenhagen) (Johns Hopkins) (UW Milwaukee)
= e APPLICATIONS Davide Racco (ETH & University of Daniel Figueroa Marco Peloso Matias Zaldarriaga
é;;ﬁ e Ko - | Zurich) (IFIC Valencia) (Padova U.) (IAS Princeton)
SIM NS ARE OPEN! Géraldine Servant (DESY & Universitat ~ Maya Fishbach  Antoine Petitea
(CITA Toronto) (CEA)

FOUNDATI ON Hamburg)

Davide Racco (ETH - U. Ziirich) La Thuile 2024
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DERIVATION OF CAUSALITY TAIL ['20 Hook, Marques-Tavares, DR] 22
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EFFECT OF INTERMEDIATE MATTER-DOMINATION ['20 Hook, Marques-Tavares, DR] 23

» Intermediate MD phase — amplify low-f spectrum

*

QGW

Davide Racco (ETH-U. Ziiwtich) ~ LaThuile2024
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» Intermediate MD phase — amplify low-f spectrum

*

QGW

*f
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INTERMEDIATE MD

['20 Hook, Marques-Tavares, DR] 24

dilution of qw during MD

1
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N

dflw
d log f

-~ -
N
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EFFECTS ON GW PROPAGATION
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EFFECTS ON GW PROPAGATION
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EFFECTS ON GW PROPAGATION o5

['86 Bond]

['04 Weinberg]
['06 Watanabe,
Komatsu]

nisotropic stress

w YR Ol A LT J oy,

Davide Racco (ETH-U. Ziiwtich) ~ LaThuile2024



CAUSALITY TAIL AS A PROBE OF FREE-STREAMING PARTICLES 26

» Weinberg damping: h’ # 0 at

° ° ﬁ
horizon crossing Qcw

» Frequency-independent 04 Weinberg]

Davide Racco (ETH-U. Ziiwtich) ~ LaThuile2024



CAUSALITY TAIL AS A PROBE OF FREE-STREAMING PARTICLES 26

» Weinberg damping: 2" # O at
horizon crossing Qow

4

» Frequency-independent 104 Weinberg] Tilt 3 + 3.2 fiq

» Causality-limited sources: also
aftected at GW production

» Frequency-dependent

['20 Hook, Marques-Tavares, DR]

Davide Racco (ETH - U. Ziirich) La Thuile 2024



CAUSALITY TAIL AS A PROBE OF FREE-STREAMING PARTICLES 26

» Weinberg damping: 2" # O at
horizon crossing Qow

4

» Frequency-independent 104 Weinberg] Tilt 3 + 3.2 fiq

» Causality-limited sources: also
aftected at GW production

» Frequency-dependent

['20 Hook, Marques-Tavares, DR]

» Causality tail < probe new free-
streaming particles before BBN

B 0 La Thuile 2024

Davide Racco (ETH - U. Ziirich)



DAMPING FROM FREE-STREAMING PARTICLES 27

« Standard Model: free-streaming neutrinos (1" < 2 MeV).
Primordial GWs: h' = 0 until horizon-entry = frequency-ind. suppression.

/ / 21 2 ' jQ[k(T_T,)] 17 ]
W+ 2HE + k2h = —24f,H / dr’ i oy )

- Phase transitions: with extra FS species, also suppression at generation:
h'(7.) # 0. ['20 Hook, Marques-Tavares, DR]

- no effect
g -0+ (1 BB ) 1
——
friction
N————
mass term

Davide Racco (ET La Thuile 2024



DAMPING FROM FREE-STREAMING PARTICLES 28

Schematic derivation of Weinberg damping
[Weinberg '04; Watanabe, Komatsu '06]

h;’J - 27‘”7/:;3- == k’zh-ij — 47‘{,27&'@'3’

1/ ]- d3
s = 00 CL27T,,‘.]' , T( ) —

= (
W J=g) q° %q; 1™

'(q)

* Boltzmann eq.: |
dFf  OF dx' 0F dp® OF

0 — | -
dt or  dt 9zt dt opY
* Geodesic eq.:
dpt 1 dp° 1 0h;: PP’
— = -T" %" = =-H -
B apt b PO dt 2 9t (p0)2

* 1's lose (or gain) energy depending on the sign of i’.

7 ! 21 2 /]2[ (T ,)] .
B+ 2HE + k2h = —24f,H / A’ sy —oy ()

Davide Racco (ETH - U. Zirich) La Thuile 2024



HOW WELL CAN WE DETECT FEATURES IN THE CAUSALITY TAIL? 9

['22 Brzeminski, Hook, Marques-Tavares ]

LISA

104~ ' ' ' '
107 104 10° 100 107

TPT [G GV]

Davide Racco (ETH-U. Ziiwtich) ~ LaThuile2024



NANOGRAV 15-YEAR NEW-PHYSICS SIGNALS
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1090R] seAr(

+ SMBHB

o

New Phvsics

[La Thuile 2024

tirich)

Davide Racco (ETH - U. Z



NANOGRAV 15-YEAR NEW-PHYSICS SIGNALS

Bayes factor

New Physics
New Physics + SMBHB

must go to CT at low f

can go to CT at low {

Davide Racco (ETH - U. Ziirich) La Thuile 2024



| | | | | | I
L IGW —— DPT-BUBBLE
SIGW-GAUSS PT-SOUND

— STABLE-N — DW-SM
— META-LS DW-DR

Davide Racco (ETH - U. Ziirich) La Thuile 2024



BOUND FROM AN, ¢ FOR PRIMORDIAL SIGNAL 32

» Primordial GWs are relativistic
energy not coupled to SM bath

» = AN, constrained by CMB

ANg"

QCGwhz — 16 ‘ 10_6 ‘

Davide Racco (ETH - U. Ziirich) La Thuile 2024



Primordial GWs are relativistic
energy not coupled to SM bath

= AN, constrained by CMB

Qcewh”=1.6-107°. —

Davide Racco (ETH - U. Ziirich)
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~ causality tail

y =5 — ny: tilt of timing residuals (h(f )2> ~ 7

['23 Franciolini, DR, Rompineve]

[La Thuile 2024



Primordial GWs are relativistic
energy not coupled to SM bath

= AN, constrained by CMB

ANg"

Qcowh”=1.6-107°"
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Davide Racco (ETH - U. Ziirich)

- NG5
= | —TPTA-DR2

y =5 — ny: tilt of timing residuals (h(f )2> ~ 7

['23 Franciolini, DR, Rompineve]

[La Thuile 2024



Primordial GWs are relativistic
energy not coupled to SM bath

= AN, constrained by CMB

T
ANCGW L _
_ it > e s M
Qegwh® =1.6-107° —= Z
0.28 I A TPTA-DR2
=
¥t AN . bound ; - =
C <l
Al TR 5
~15.5 «
1 3
f f y =5 — ny: tilt of timing residuals (h(f )2) ~ 7
v Jx

['23 Franciolini, DR, Rompineve]

Primordial GWB can’t grow until too large f,
Signature in CMB it GWB is primordial!

Davide Racco (ETH - U. Ziirich) La Thuile 2024



TESTING PRIMORDIAL BLACK HOLES AS DARK MATTER 33

['18 Espinosa, DR, Riotto]
['18 Bartolo, De Luca, Franciolini, Peloso, DR, Riotto]
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107 1078 102 1000 1071t 1072 10713 107 10710

IIIIIII IIIIIII IIIIII ' LILILIL I LILILIL I LILILIL I LILILIL I LILILIL I | UL
Mpgw [9]
10&015 1018 1021 1024 1027 1030 1033 1036
= L B L e B R R R oolo —F T T L T T ' . T &
: CZ) ' \ S0/ . o QSSN§’1a .............
= // s
-1 H ' \,".. - T N
10 § < \'\‘ "' = N -~ //
E N z L HSC '/', .
a - O 1
S 0 S '
= W0 =
g a4
\5 10—3_
an)
2
S
107*F E
10_5_| . . | . . | . . | . . | . . | . . | . . | E Dok — A LSk _ &
107 100° 107" 107 10~° 107 10" 10 1071 (k) = As x ka0 (k =) E
Mpgy [M@] L0-150 — Pc(k)=A; X exp [—log(2k/3k*)2/20ﬂ -
| L1 | 3

L1 11 | | IIIIIII | | lllllll 1 1 1 |]ll| 1 1 L 1Y 1 11
107° 1074 1073 1072 10~1

GW frequency [Hz]

Davide Racco (ETH - U. Ziirich) La Thuile 2024



