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Overview

-> Particle physics in the GW era: prospects & procedures
¢ Understanding the first order phase transition

- (Breaking) a new horizontal SU(2) flavour symmetry

- Building the finite-temperature effective potential
o “Parwani”/Truncated Full Dressing
¢ Dimensional Reduction

-> Is there a first-order phase transition?



What do gravitational waves have to

offer particle physicists?
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The allure of gravitational waves

->
->
->
->

2

7

explore TeV-scale physics

indirect constraints from gravitational wave experiments (complement collider experiments)
early universe phase transitions = insights into fundamental physics e.g. symmetry breaking
Phase transitions: QCD (~ 100 MeV), EW (~100 GeV)

Baryogenesis + baryon asymmetry, EWSB FOPT <« BSM
Inflation (~ 1073 TeV)
Exotic: cosmic strings, primordial black holes, Planck scale

Plus tests of GR : > 2 polarisation states, modified dispersion relation, sub- or super-luminal propagation, etc.
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GW experiments
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Algorithm

[ model ] —_— [ action

Build V_ (u,T)

Determine field content, dof, etc.

Potential: zero-T + finite-T
Find degenerate min{V _(u,T)}

Is the PT first order ?

P 5
I —

Compute PT parameters

Compute Euclidean / 3d action

Extract phase transition parameters:

> PT strength a
> Inverse of PT duration ///H,
> Bubble wall speed v,,

GW spectrum

Compute energy density of GWs as
a function of frequency, based on
PT parameters

h2QGVv(f; H,,o, B,vy)

] — [ spectrum ] — [ SNR ]

Sensitivity of detectors

Compare GW power spectrum
against detector sensitivity curve
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Potential, V' (¢, T')

Algorithm

V;aff (:u’a T) = Viree + Vow + Vr
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GW spectrum

Piecewise function: broken power law joined at f
peak

sensitivity curve

« lower T,
higher T, —

! lower «a,
higher «, T

% \ lower S, /H,
e higher g./H, N\

9/32



Breaking a new « horizontal gauge
symmetry » in the flavour sector

(@)—F SU(2),
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Horizontal flavour gauge group
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L. Darmé, A. Deandrea, F. Mahmoudi's Gauge SU(2), flavour transfers

The SM has a large global U(3)°
symmetry group

—>broken by the Yukawa interactions

Ly = —Yg Q. cf)dfgj — Y 9 eqb*ufgj + h.c.,

We can gauge a subset of this
group ?
—>U(1) case: Frogatt-Nielsen

constructions, L, — L, flavons,
etc...

The non-abelian case has been
sparsely studied.

—In any case the new gauge

coupling is a free parameter 11/32


https://arxiv.org/abs/2307.09595

SU(2) flavour gauge groups

Starting point: add a new SU(2) gauge group in the SM, acting on flavour space
- The « charged» SM fermion can be either part of a doublets or a triplet
- Only the mixed SU(Z)]% X U(1)y anomaly is non-zero

A= ([C(Qi) = C(Li)] = [2C(ur,s) — C(drs) — Cleri)))

Gauge boson masses are free parameters! (3 new « W-like » gauge bOSOHS\

[] Even with a large VEV, small gauge couplings carrying a « flavour-charge »

(required by flavour constraints imply light new states

M2 — M2 — M2 :g_fZUQ

. ) . Vi Va V3 9 )
For instance: left-handed scenario with i

(15)3(12)QL Interactions + rotation matrices to mass
R ' S:

educe the number of fundamental fermions K basis:V ,V_, .. j
—Couples both to LH leptons and LH quarks

L. Darmé, A. Deandrea, F. Mahmoudi's Gauge SU(2)fﬂavour transfers 12/32


https://arxiv.org/abs/2307.09595

Masses and textures

The presence of SU(Z)f implies that the fermion mass matrices have
a structure: let us focus on a left-handed model with Q;, L;
—~>We introduce 6Y; , a SU(2)f spurion

—In the most generic case, this does not distinguish first and second

neration
generatio 5Y. = (5, 0)

L o68Y(Q'-H (y¢dpy)
..... —8Y (Q2 - H (5%dgq)

/ / I +Y340Q5 - H by

f,j are SU(Z)f L(/e use the U(3)f
a are generation gauge indices global
indices but NOT gauge reparametrisation for
indices dg o

Arranging §Y < Y3 still leads
to the same mass scale for first

L. Darmé, A. Deandrea, F. Mahmoudi's Gauge SU(2)fﬂavour transfers and second generatlon



https://arxiv.org/abs/2307.09595

Masses and textures

How can we generate a hierarchy between 1st and 2"¥ generation ?

- Standard approach: add another U(1) factor distinguishing 1st and 2" and therefore a

new spurion...

—> We take a step back and realise that y and y7 are not necessarily independent

parameters

= Let’s consider a simple model with a SU(Z)f breaking scalar S; and a VL quark

...........................................

(.

eadsto yjoc V5

~N

- The down-quark mass
matrix is only rank 2

2 1 d _ =
o , b LHL;' i L 58Y( Q" H(y%dp,) L >8Y(Q*-H (v§dra)
"""" ! SX_ - —8Y (Q* - H (7 dg,) 5,405 - H b
A simple : +Y: 405 -Hb
VL-driven :()(fv ) or s : ] Repeat for the third
example (=, 0) Qeneration /




The « flavour-transfer » mechanism

Leptons Left Quarks Left

O
=
NS}
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rather than break flavour, the new gauge bosons transfer flavour
from one fermionic sector to another

A flavour-violating transition AF.in one fermionic sector is pairwise related to AF', in another
Four-fermion operators arising {rom flavour gauge boson exchanges satisfy AFf+ AF'f= 0
-  Ensures overall balance in the flavour structure.

=>  Onlythe SU(2) .x SU(2) . x U(1)., mixed anomaly is nhon-zero
y the SU(2) % SU(2), x V(1) y -



True and false vacua

: SU(2) ¢ and
- To break the flavour gauge symmetries we el
need the appearance of a VEV for the new symmetric theory
scalars ~ 100 TeV
This occurs in the early universe at temperatures SU(2), breaking SN
close to the VEV by new scalar @
-> Flavour constraints point towards 100 TeV SU@2)w x U(D)y
scale for the complete flavourful theory symmetric theory
~ 0.2 TeV
EW breaking EW bosons
U(1) ey, sSymmetric
theory
@
-

Decreasing T T Y 16/32



Building the finite-temperature
effective potential: Truncated Full
Dressing vs

Dimensional Reduction

TED:V_ (4, T) > V. (u+ 1T, T)
DR: Vet (€0 T) = Ve (45, T)



Thermal corrections : TFD vs DR

Quiros 1999,
Curtin 2006

How to compute the effective thermal potential ?

-> Describe the correlation functions a QFT in a thermal bath, Greens functions
can be computed by compactifying time along the imaginary direction

->  Stability of the vacuum be estimated from this quantity (equivalent to free
energy in thermodynamics)

Gay in 4D, every loop comes with an \ Gltegrate out the modes from the \
infinite sum from the modes in along compactified dimension and match the

the imaginary time direction 4D theory to a 3D theory
] Dimensional Reduction approach

(EFT-like)

N (Y s More modern approach, partially
Standard approach “TFD | " \ automatised through DRalgo
\ / 18/32




Effective potential: Truncated Full Dressing (Parwani)

1 1 1 1 1 Field | SU(3)c | SU(2)r | U(1)y | SU(2) DoF
Viree () = _Eﬂ%ﬁ¢2 + Z/l¢¢4 + Eﬂglslz £a Z/ls|s|4 + E/l¢s¢2|5|2 N ) - 5 - 1/2Y ) ! .
® 1 1 0 2 1
S 3 1 2/3 2 [Bx2x2=12
174 1 1 0 3 3x3=9

|4 (¢7 T) — ‘/tree (¢) + VCW (¢) £3 VT (¢) T)l

/ \

ni m? B n;T* m: T m%
VCW(¢) — Z :t64’7'('2 m;l llog {—2} = Cz] VT((bs T) = Z 271'2 JB F & Z 271_2 .IF Tz

ey H i

Gives the usual log-like Jp/F (a) = i/ dyy? log [1 T e—\/y2+a]

Coleman Weinberg terms 19/32



Effective potential: Truncated Full Dressing (Parwani)
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Effective potential: Truncated Full Dressing (Parwani)
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Effective potential: Truncated Full Dressing (Parwani)

Multiple sources of theoretical uncertainty :

2 2 2

Nonperturbativity (IR modes at high T)
Inconsistencies (non-negligible Im{V})
higher-order perturbative corrections
gauge dependence

renormalisation scale dependence
See Croon et al. JHEP 04 (2021) 055

[Linde 1980]

[Weinberg & Wu 1987; Weinberg 1992]
[Arnold & Espinosa 1992]

[Laine 1994]

[Farakos et al. 1994]
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https://inspirehep.net/literature/1818469

3D EFT approach - mitigating errors

4D theory
Decoupling of the
At zero temperature, the one-loop effective potential is ~nT towers of thermal
renormalisation group invariant modes
3D theory

d
(Vtree =+ Vl-loop) = 0.

dlog
- Scalars + temporal
But, at high temperatures this fails, even at leading order 9 (Iongitudinal) components
d s i oIS of gauge bosons
thermal mmetry breakin
m(vtree + Y_|°E,"; ) #£10. y ry g
The problem can be traced to the scale hierarchy 7 T > m, and to g2 Only the lightest scalar
e ~—T — corresponds to the
1|( (Enr(p?) _ effective potential
d log p
T
Gould, Tenkanen, JHEP 06 (2021) Y
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3D EFT approach - mitigating errors

Step-by-step approach to decouple all

thermal DoF ~nT
1. RGEfromp .toy, .

2. Match 4d to 3d at « hard scale »

~ T (thermal mass of fermions +

phard ~ gT
transverse gauge bosons)
3. RungT inthe 3d theory Symmetry breaking
4. Decouple remaining bosonic modes,
except scalar field ¢ triggering the PT N g_ZT
/4

in some cases !

Implement using DRalgo
P 9 9 ﬁUp to NNLO matching }

4D theory
Decoupling of the
towers of thermal
modes

3D theory

Scalars + temporal
(longitudinal) components
of gauge bosons

Only the lightest scalar
— corresponds to the
effective potential
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Compare against DRalgo (4d)

;. =50TeV

"B DRAIgo, T, = 32.73 TeV {Xs,9% As} ~ {0.0075,0.7500,0}
- TFD - No RGE, T, = 33.15 TeV
10000 - TFD - RGEto = g, T, T = 33.98 TeV

—— . =30Tev

- I No Daisy - No RGE, T, = 31.5 TeV

V()

Y {Xs 9% A} ~ {0.0036,0.7618, 0}

5000

0 20 40 60 80 100 ﬁ Vig = V3g X T 1
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Compare against DRalgo (4d)

Preliminary results

[ — ~ 2.30

15000 —
" [ DRAIgo, T, = 32.73 TeV
-l TFD - No RGE, T, = 33.15 TeV

= e ~ 1.88

s - I No Daisy - No RGE, T, =31.5 TeV

S L

= ¢ . 216
T,

5000

s % . 226

¢ [TeV] Consistently first order,

of similar strength
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Phase transition parameters using DRalgo (3d)

Preliminary results

For Ay = 0.0075, My = 10v2TeV, py = —M3 /2

1800 T T A T T T i BT T
- mV3d[T,, 4], gr =+/0.75, T, = 32.73 TeV
. mV3d[Toue, 8], gr =N0.75, T... = 32.03 TeV i /B*
Tnuc: 01, & i ~ 173.20
*
~§' 00
= o~ 0.046
Or
Thue < Te Uw ~ ]'
00
0 20 40 60 80 100 120
¢ [TeV]
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Phase transition parameters using DRalgo (3d)

For Ay = 0.0075, My = 10v2TeV, py = —M3 /2

2000

1500

1000

V(o)

500

Preliminary results

m — ~ 093

- mV3d[T,, 6], gr =/0.25, T, = 47.42 TeV

T

Pc
| mV3d[T,, ¢], gr =+0.5, T, = 37.04 TeV m -~ 174

. V3d[T, ¢], gr =N0.75, T, = 32.73 TeV

| mV3d[T,, ¢], gr =1, T, =20.54 TeV Pe . 230

T

-_ m % 256
L : ’ < vev increases with g,
e e w1 o T decreases with g,

0 20 40 60 80 100 k

6 [TeV] No FOPT if g, is too small ! o




Expected GW spectrum

Preliminary results

For Ay = 0.0075, My = 10v2TeV, py = —M3 /2

173.20

Q

log10 Q-
~

/
-10 / 4

1 4 4 a 0.046

Q

logig f+
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log10 Q-

Expected GW spectrum

For Ay = 0.0075, My = 10v/2 TeV, u,

logig f+

Preliminary results

—M2/2

LIGO prospects : not great

Probable causes :
— very small phase transition strength
— large inverse-duration (i.e. short PT)

Need to understand fully to resolve

Einstein & future detectors still viable
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Conclusions

-> Most models of flavour relies on broken symmetries to create the observed patterns in
the SM-Higgs Yukawa couplings

-> For flavour gauge symmetries, this means introducing new Higgs-like scalars, that can
undergo first order phase transitions in the early universe

-> Cooler phase transition for heavier flavour bosons
-> Ongoing work: to finalise the effective potential based on two different approaches
1 Still discrepancies to be ironed out / understood

-> The temperature range corresponding to actual flavour constraints matches the realm
of LIGO/Einstein telescope range (if the PT can be made strongly-enough first order)

"I Remain: hydrodynamics simulation to improve GW spectrum predictions for our SU(2), model
31/32



Thanks!

Any questions?
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Or reach out via ema
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The « flavour-transfer » mechanism

Leptons Left Quarks Left

- O O B R OB B BN O W
- OE O W WO W W om

rather than break flavour, the new gauge bosons transfer flavour
from one fermionic sector to another

1 0 O 0 1 0 00 0 The corresponding
V,= (O =1 0) V = (O 0 0) 174 =<1 0 0) generators in

p flavour space

0 0 O 0 0 O


https://arxiv.org/abs/2307.09595

Temperature corrections

n; T4 m2 n,-T4 m?
Vr(o,T) = + Fe | =X
r@.D Zz: 27° (Tz) — 2n (T2

Jp/F (a) = i/ dyy* log [1 Fe Wzml

o
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Uncertainties

AQaw/Qcw | 4d approach 3d approach

RG scale dependence | O(10% — 10%) | O(10° — 10')
Gauge dependence O( 1()1) O (10—3)

High-T" approximation (’)(1()—l _ 100) O (100 _ 102)

Higher loop orders unknown O(10° — 10%)
Nucleation corrections unknown 0107t —10%)
Nonperturbative corrections unknown unknown

Sources of theoretical uncertainty and relative importance quantified by the parameter AQGW /QGW over
the range M = {580 - 700} GeV in the SMEFT. Although we do not have reliable estimates for the
uncertainties of the 4d approach due to higher loop orders and nucleation corrections, they are expected to
be much larger than the corresponding uncertainties of the 3d approach
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Power counting

To illustrate next-to-leading order dimensional reduction, we consider a schematic model

" 9 ” 4 - .
with scalar mass parameter p®, scalar quartic coupling A, and gauge coupling g. Given the

= ‘ D) 9 ; :
power counting p? ~ ¢2T2, A ~ g2, the matching of the mass parameter is

2
g =

+

tree-level 1-loop 1-loop 2-loop
wr + #9°T? |+ #9Pu® + H#g'T
O(g?) O(g*)
1-loop 2-loop
#gPmy |+| #9* |+ 0(g°),
O(g?) O(g*)

+ O(g°)

(1.3)

where the first line (with even powers of g) results from the first step, and the second line

(with odd power of g) from second step of the dimensional reduction. In practice, full O(g*)

contributions are included. Going to higher orders, requires a three-loop computation for

both steps of the dimensional reduction. The situation is similar for the coupling:
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Power counting

= tree-level 1-loop .
Az=| TX |+]| #4" |[+0(g°)
0O(g?) O(g*)
1-loop 2-loop
4 6
+| #2= |+ #E |+ 0(9%) - (1.4)
O(g%) O(g%)
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Power counting

d |
Vj Vh%:( +Vl loop+ loop +O( ) (15)

N —
O(¢*) 0@ O
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