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. Dynamical Mechanism:
Electroweak
aryogenesis (EWBG)
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e Electroweak Baryogenesis (EWBG): generation of the observed baryon-antibaryon asymmetry
in the electroweak phase transition (EWPT) [Riemer-Sorensen, Jenssen '17]
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e Sakharov Conditions: [Sakharov '67]

* (7) B number violaton (sphaleron processes)
% (7¢) C' and C'P violation

* (i1i) Departure from thermal equilibrium

e Additional constraint: EW phase transition must be strong first order PT [Quiros '94; Moore '99]
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e Electroweak Baryogenesis (EWBG): generation of the observed baryon-antibaryon asymmetry
in the electroweak phase transition (EWPT) [Riemer-Sorensen, Jenssen '17]
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58-1071° < < 6.6-10"1°

e Sakharov Conditions: [Sakharov '67]
* (7) B number violaton (sphaleron processes)
% (7¢) C' and C'P violation
* (i1i) Departure from thermal equilibrium t

Strong First-Order Electroweak
Phase Transition (SFOEWPT):
Vv

e Additional constraint: EW phase transition must be strong f Se = TC > 1 99]
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e Electroweak Baryogenesis (EWBG): generation of the observed baryon-antibaryon asymmetry

in the electroweak phase transition (EWPT) [Riemer-Sorensen, Jenssen '17]
5810710 < ZE_TB 6610710
Ty
e Sakharov Conditions: [Sakharov '67]
* (i) B number violaton (sphaleron processes) "

* (71) C' and C'P violation For My=125 GeV:

_ smooth cross-over in S
 (7i7) Departure from thermal equilibrium m M

e Additional constraint: EW phase transition must be strong first order PT [Quiros '94; Moore '99]
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e Electroweak Baryogenesis (EWBG): generation of the observed baryon-antibaryon asymmetry

in the electroweak phase transition (EWPT) [Riemer-Sorensen, Jenssen '17]
5810710 < ZE_TB 6610710
Ty
e Sakharov Conditions: [Sakharov '67]
* (i) B number violaton (sphaleron processes) "
+ (ii) C and C'P violation Requires beyond the
SM (BSM) physics:
 (7i7) Departure from thermal equilibrium extended Higgs sectors

e Additional constraint: EW phase transition must be strong first order PT [Quiros '94; Moore '99]
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+ BSM model with extended Higgs sector at T=0:
derive allowed parameter regions compatible w/ theoretical and experimental constraints
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+ BSM model with extended Higgs sector at T=0:
derive allowed parameter regions compatible w/ theoretical and experimental constraints

+Vacuum phases (= vacuum structure) at non-zero temperatures T: o
- determine effective potential at non-zero temperature i 0
- trace vacuum phases as function of T S s
- collect all coexisting phase pairs w/ their critical temperatures T,

/

0 100 200 216 300 350
(¢) [GeV]

iggs potential of extended Higgs sectors:
complicated vacuum structure
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+ BSM model with extended Higgs sector at T=0:
derive allowed parameter regions compatible w/ theoretical and experimental constraints

+Vacuum phases (= vacuum structure) at non-zero temperatures T: o
- determine effective potential at non-zero temperature i 0
- frace vacuum phases as function of T S s
- collect all coexisting phase pairs w/ their critical femperatures T,

/

0 100 200 216 300 350
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T\. coexisting phases
global minimum -

Non- global minimum - — —— - -
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+ BSM model with extended Higgs sector at T=0:
derive allowed parameter regions compatible w/ theoretical and experimental constraints

+Vacuum phases (= vacuum structure) at non-zero temperatures T: o
- determine effective potential at non-zero temperature Y
- trace vacuum phases as function of T X
- collect all coexisting phase pairs w/ their critical femperatures T,

/

0 100 200 216 300 350
(¢) [GeV]

*+Does the phase transition between false and true minimum really happen?:
- computation of bounce action and tunneling rate for coexisting pairs w/ T .
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+ BSM model with extended Higgs sector at T=0:
derive allowed parameter regions compatible w/ theoretical and experimental constraints

+Vacuum phases (= vacuum structure) at non-zero temperatures T: —
- determine effective potential at non-zero temperature I
- trace vacuum phases as function of T N
- collect all coexisting phase pairs w/ their critical femperatures T,

Verr({9),T)

/

0 100 200 216 300 350
(¢) [GeV]

*+Does the phase transition between false and true minimum really happen?:
- computation of bounce action and tunneling rate for coexisting pairs w/ T .

+ Determination of temperatures characteristic for phase transition:
- nucleation Ty, percolation Ty, completion T¢, reheating Tren temperature

+ Stochastic Gravitational Waves Background SGWB:
- relate thermodynamics parameters to geometric parameters of SGWB ../~
- signal-to-noise ratio at LISA

9\;/:
[ _q
L 107

=Ly Ut =
SNR(LIS

10739

—48
107 1

[For a review cf. Athron, et al., 2305.02357]
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+ BSM model with exte
derive allowed param

Combine collider phenomenology
and cosmological observations

+Vacuum phases (= va
- determine effecti
- Trace vacuum phas
- collect all coexistil

200 216 300 350
() [GeV]

Challenge: large range of energy scales
involving different physics

+Does the phase trans
- computation of bout

Requires: consistent combination of
collider and GWs information

+Determination of tem

- nucleation Ty, percol

Complexity: numerical solution of problem

+ Stochastic Gravitatiol
- relate thermodynam
- signal-to-noise ratic

Needed: code performing whole chain
from particle physics model to GWs

[For a review cf. Athron, et al., 23
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N Available Public codes NN

- CosmoTransitions [Wainwrigh’r,’ll]:--

- Vevacious, VevaciousPlusPlus [Camargo-Molino eal13,14,15]: -

- AnyBubble [Masoumi eal '17]: —
- BubbleProfiler [Athron eal '19]; —

approx
T.,, T

- OptiBounce [Bardsley,21]: —
- TransitionListener [Kahlhofer, Tasillo, 211 - characteristic temperatures, -

- WallGo [Ekstedt eal,24]: wall velocity

BSMPTv3: - - thermal par'ame’rer's,—

M.M. Miihlleitner, KIT 59th Rencontres de Moriond EW+ WU, 18
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The Code BSMPT
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vl: [Basler,MM,1803.02846] v2: [Basler, MM, Miiller, 2007.01725] v3: [Basler,Biermann, MM Miiller,Santos,Viana, 2404.19037]
https://github.com/phbasler/BSMPT/

+ Model-independent implementation of the one-loop resummed, T-dependent effective potential
+ Local minimum tracking, identification of phase overlaps and multi-step PT histories

+ Calculates decay rate of false into true vacuum

+ Derivation of the gravitational waves spectrum from strong first-order phase transitions

multi-step phase tracking false vacuum decay gravitational waves
New! A~~~ New!
N _ ||, ™ /

true f .
< global 4 =0
|/\/ minimum
t
f .
| g — — —
- false non-global
\ minimum O
/! Ci /
X\Q

T ——-./ >
M ¢
,,/"‘\\ New! —~—
-\~~~
- ~ T(T)
___‘\ NN <¢>=0
T
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https://github.com/phbasler/BSMPT

VO, )y =vO@, 7) + VW@) + Viw,7) + V- (@)

- - - -
tree-level T-indep. T-dep. UV fin. finite shift of
Coleman-Weinberg IR fin. after resumm.  scalar masses
potential m2 -> m? + I11)(0) & mixing angles

MSbar renormalized

[Coleman,Weinberg,' 73] [Carrington,'92] [Basler eal,'17]
[Parwani, 92]
[Arnold,Espinosa,'93]

BSMPT: Global minimization of loop-corrected effective potential
in all possible field directions @ at T 2 0 GeV

VL On-shell-like renormalization scheme (masses & couplings tree-level-like)
= Allows for efficient parameter scans to check viability of the models!

M.M. Mithllettner, KIT 59th Rencontres oe Mortono BW+ U, 21



+Discrete symmetries: models w/ discrete Z> symmetries increase # of possible minima®

+ Check of EW symmeftry restoration: symmetry might not be restored at high T
cf. eg. [Meade,Ramani, 18;Baldes,Servant, 18;Matsedonskyi,Servant,20;Carena eal, 21;Biekdtter eal,21,22]

+ Executable PotPlotter: visualization of multi-dimensional potential contours
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°Model w/ spontan. broken discrete symmetries ~ domain walls; domain wall effects not considered presently.
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Gravitational waves Sourced From FOPT
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Released Vacuum Energy goes into

dominates dominates
for strong for large
PT, weak bubble Plasma enough
wall-plasma wall wall-plasma
intferaction gradient intferaction |
& kinetic ‘
energies @Ws sourced |
by plasma
compression

@Ws sourced by

bubble collisions highly waves:

sound waves

relativistic

O non-linearities in fluid,
primordial magn. fields |
-> vortical fluid motion: I

turbulence
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+ Spectra of gravitational waves sourced by first-order phase transitions: [Caprini et al., 2403.03723]

QGW(f ) QCOH (f ) + Q (f ) + Qturb(f ) Updated
implementation
Modelling by broken power law (BPL) or double broken power law (DBPL) in BSMPTv3
in 2025

+BPL for 6Ws sourced by bubble collisions & highly relativistic fluid shells QCOU

np—np
(ny —n,) @
Peak (np —ny)
njaj ma; | T a4

f T np—ny ¥ T np—ny
"2 (f) i <f>

QBPL(f) —

+DBPL for 6Ws sourced by sound waves €2y, and for GW sourced by turbulence Qt(‘}l{{’,:
Qaw (f) = Qi X S(f) = Qy X S(f)

—n +n2 —n2+n3

f il f a; 1 f a; 92
S 1 S 1 —
V= <f1 > * <f1 ) " <f2>

M.M. Mihllettner, KIT 5_9’ch Rencontres de Mortond EW+ U, 25



e Signal-to-noise ratio at LISA:

_ Jmax [ R2Qaw (f) ] ?
SR = \/T fmin df [thSens(f)

h2Qgens Nominal sensitivity of a given LISA configuration to stochastic sources
T experimental acquisition fime in seconds (4 years, min. duty cycle of 75%)
fmin, fmax minimum and maximum frequency to which LISA is sensitive

e In BSMPTvS3:
SNR in BSMPTv3: SNR/(3 years)

for Y years:

SNR()) = \/%SNR(S years)

M.M. Mihllettner, KIT 5_9’ch Rencontres de Mortond EW+ U, 26
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+ 2-Higgs-Doublet-Model: four minimum directions

11 1
Viree = M3, ®1®1 + m2,®®y — [m%2¢{@2 +hee. | + §A1(<I>’{<1>1)2 + 5,\2(<1>;<1>2)2

1
+ A3(®1 D) (BLB5) + Ay (] B2)(®1B1) + | = A5(D]D2)% + hec.| .
2

¢1=L( p1+im ) q,zzi( p2 +wos + iy )

V2 \G e +ig) V2 \Ca +wa +i (v2 +wop)
{om, @1, w2, @op} |7 = {0,v1,2, 0}, with

=m5v=246GeV

T=0

WEW|p—o = \/‘*’% +w; + wip + Wip

For further work on SFOEWPT collider imprints in 2HDM+EFT cf. eg. [Anisha,Biermann Englert, MM,22],
[Anisha,Azevedo,Biermann,Englert, MM,23], [Biermann,Borschensky Englert, MM Naskar,24] & this appendix

M.M. Mithlleitner, KIT 59th Rencontres oe Mortond EW+ UL, 28



N\

[Biermann,Borschensky, MM, Santos,Viana,to appear]

dark gray: no EW symmetry restoration (EWSR) at high T
light gray. EWSR at high T, £, < 1

colored: EWSR at high T + fp > 1, i.e. SFOEWPT

R2HDM, type I, S—EW only R2HDM, type I, S=EW only

~ N 1500 — o
2.0° Preliminary - Preliminary
poE 3.0 1250 g | Mo,
2= 1 |
2.5 Z e 2.5
S & 2 750 - S
IR 20 o 2.0
= = 500 -
1.5 9250 | 1.5
500 1000 1500 00— 50 1000 1500
Mpy+ (GeV) My (GeV)
2HDM SFOEWPT requires enhanced trilinear 2HDM SFOEWPT typically: A-H mass gap
Higgs self-coupling of the SM-like Higgs w A — ZH signatures (need not, however)

Similar findings e.g. [Dorsch eal,'13,14; Biekotter eal,23]
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colored: EWSR at high T + é’p > 1, i.e. SFOEWPT

2HDM Type I

—
S
=

gnvv /gy — 1]
9

p—
9
'sN

R2HDM type I, mp = mp™ Preliminary 4 R2HDM type I, my = m,SlM Prellmlnary =

HL-LHC ]

FCC-ee -

=1

BSMPTV3

NLO SM
IASHC /A3

Precise single Higgs coupling measurements at FCC-ee:
no further constraint on trilinear Higgs self-coupling

[Biermann,Borschensky, MM, Santos,Viana, to appear]
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1.5

M.M. Mithllettner, KIT

59th Rencontres de Moriond EW+ WU,

20



[Basler,Biermann,MM Miiller,Santos,Viana,” 24]

high-T phase, low-T phase

L———--L-~~

|
BSMPTv3 for BP1

~ \\
200- A
- - \
Z 1 \:
| | s w2 :"\\'
.3@ 100 1 ........... WCB :A\\
-3 S

() proesncsncnncnncnnnnasnd eeeooeesteeeesssess

0 100

200 300 400
T [GeV]

BP1 input parameters, 2ZHDM typel:
/11 — 6.931 . /12 — 2.631 . /13 — 1.287 .

Ay =4772, 45 = 4782,
m2, = 1.893 x 10°GeV?, tan f = 16.578

History:
BSMPTv3

- first-order PT from neutral (red)
to charge-breaking CB phase (blue)
- smooth transition into a neutral

minimum

From [Aoki,Biermann,Borschensky,Ivanov,MM,Sakurai,'23]

M.M. Mithllettner, KIT

59th Rencontres de Moriond EW+ WU,
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+Next-to-Minimal 2-Higgs Doublet Model: [Azevedo Ferreira, MM Patel Santos,Wittbrodt, 18]
2
VO = m2 (3|2 + m2,|®s)? + %cbg + (A<1>1<1>2<I>5 + h.c.)
+ 2114 20y 4+ g1 @ + ] of? + 22 ((@]2,)2 + (2]01)7
+ %@‘é + %I%Izéé + %l%l%é-

+with one discrete 7o symmetry: &1 — &1, P9 — —Py, &g — —dg

+trilinear coupling A is complex: dark sector with explicit CP violation <- not constrained
by electric dipole moment

M.M. Mithllettner, KAT 59th Rencontres oe Mortono BW+ U, 32



+General vacuum structure at T # 0O:

® _ p1t+in, ® 1 Py + @cg + i
! C + oy + iV, Cy +lwy + i(Y, + @cp)

V2

,2—\/5

electroweak VEVs: ., w,
CP-violating VEV: Wcp
charge-breaking VEV: @cg
Z>-breaking VEV: Wg

) ’(I)S=CS+G)S

+ General vacuum structure at T = 0:

1 P+ i, ) 1 (Pz + i’?z)
O, =— . , Oy = — . , D=
1 \/5 <C1+V1+Z\P1 % \/5 Cz"‘llpz 5 5

0y |y = vy = v =246.22 GeV

M.M. Mithllettner, KIT 59th Rencontres de Moriond EW+ WU, 3=



SNR(LISA-3yrs)

[Basler,Biermann,MM Miiller,Santos,Viana, 24]

1 3 5 7 9 11 13 15 17
e
10° 4 1044 -
? Qexph? = 0.12 ]
1072
_.10716
o NE ---------
N .,
2107 S
o Outlook: .
Use RelExt «Z 1048
106 [2503.13087]
to find points
W/ Qexthz ]
1 v-floor
1078 100
0 200 400 600 800 1000 10!

mp, |GeV

Qproah?
g - -fXX =0 - W
- Viable GW points (SNR(LISA-3yrs)>1 - colored poin’rs):‘—l

compatible w/ relic density ( < €2

above neutrino floor
testable at future direct detection experiments

e e

exp

h?)

-———w

M.M. Mithllettner, KIT

59th Rencontres de Moriond EW+ U, 324



Cconclustons

O Gravitational Waves from Strong First Order EW Phase Transitions:
- great tool to test vacuum history of the Universe
- to test beyond-SM-physics

0 Non-trivial chain:
particle physics - vacuum history of the Universe - gravitational waves
requires sophisticated approaches, tools, precise experimental input

O Vacuum history of extended Higgs sectors:
complicated o

leaves testable imprints on collider phenomenology

W %e&

c\r\wd

exciting & surprising results (in accordance w/ constraints) ]-
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Bubbles of the non-zero
Higgs field VEV nucleate
from the symmetric vacuum

CP-asymmetry is converted
iInto a baryon asymmetry by
sphalerons in the symmetric
phase in front of bubble wall

They expand & particles in
plasma interact with the phase
interface in a CP-violating way

*o.rpm =1 |

'
®., T

VEVand T
at EW phase

transition
L Y,

(P»=0

Produced baryons muss not
be washed out by sphaleron
processes in symmetric phase
in front of bubble wall

M.M. Mithllettner, KIT

59th Rencontres de Moriond EW+ WU,
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e Scan of ZHDM parameter space: four field directions for minimization
with ScannersS [Coimbra eal,'13;MM eal,'22]
check for relevant theoretical and experimental constraints [cf. Azevedo eal 23]

» Comparison BSMPTv3 and CosmoTransitions: for subset of points for which both
codes find the same transitions

M.M. Mithllettner, KIT 59th Rencontres de Moriond EW+ UL 39



[Basler,Biermann,MM Miiller,Santos,Viana,” 24]

)

{BSMPTV3
1.8

W

o >
-
—
20

L

(N

BSMPTv3 up to 103 faster than CosmoTransitions
BSMPTv3: mean (median) runtime 4.15 min (3.47 min)
CosmoTransitions: mean (median) runtime 41.46 min (5.61 min)

M.M. Mithlleitner, KIT 59th Rencontres oe Mortond EW+IL 40



[Basler ,Biermann,MM ,Miiller,Santos,Viana,” 24]

BSMPTv3 Cosmo
(7} — T7osm)
BSMPTv3
T;

w2(T;
'&=¢zau)l

( Wk € {wCBa w1, W2, wCP})

Ag B (€?SMPTV3 . §gosmo)
| L g?SMPTvB '

AT; =

Outliers: up to 4.1% rel. difference in AT,
up to -20.7% rel. difference in A¢
outliers correlated w/ rapidly changing potential in small T interval

M.M. Mihllettner, KIT @th Rencontres de Mortond EW+ U 41



e BP1 (2HDM): [Basler,Biermann, MM Miiller,Santos,Viana,” 24]
x 109

S
S 3
< 9,
B 3
G
S

01; ;

105.22 154.20 203.18

% 109
fr— 1 11
g _
== >
g Y =
3 3
==
o
—1H
10813 15743 20672 2200
wew [GeV] w [GeV]
WEW = \/ Zizl,z,CB,cp %2 White dots (asterisks) = wrong (true) minimum
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[Anisha,Biermann,Englert, MM, 22]
+ 2-Higgs-Doublet-Model type IT: struggles with strong first-order PT

+ Add extra dynamics: scalar dimension-6 operators

C. . C:
LEFT=£2HDM+ZA_306 = Viim6 = — A—30’6
0é11111 (¢I¢1)3 0%22222 (¢;¢2)3
0%11122 (<I>1L<I>1)2(<I’§ (1)2) 0%12222 ((I)I(I)l)(q); (1)2)2

o211 | (31®,)) (0] @) (®T®)) || 01212 | (3]d,) (] ®))(®]))

o121l | (1®,)2(®7®)) +he. || 02122 | (®1®,)2(®]®,) +he.

+ EFT effects: shifts in Higgs self-couplings ~ imprint in multi-Higgs production

M.M. Mihllettner, KIT @th Rencontres de Mortond EW+ U, 4=



[Anisha,Biermann,Englert, MM, 22]

lullliflorlm' C"i — IC -

continuum
production

0% (hh) /o (hh)

o(H) x BR(H — hh) maximised

e L L I I

2 3 4 5 6
resonant
O'dG(H - hh)/0d4(H — hh) production

- Higgs-philic points w/ cfcd6 ~ 1: suffer from low 56‘,14 > large Higgs potential modifications required

for 56‘,16 ~ | ~ decreased di-Higgs continuum ratio ( ~ 50 %)
- Resonant H—hh production enhancement factor of 2.5 possible for cxn in fb range

M.M. Mihlleitner, KIT 59th Rencontres oe Mortond EW+ UL, 44



+ Additional dim-6 top-Yukawa coupling modification: [Anisha,Azevedo,Biermann Englert MM, 23]
Ogtlz) (Qp tr 1) (®]D2) 14 - E -
Oég(tzl) (QLtr ®1)(2)D1) 12 k : Cé(tzz) i
OXM | (@, tr 8,)(218) E /
OLP) | (Qp tr B2)(DLPs) B|E 10 pmmmmmmmmmmmmme e g e e

T T - '
T|Z 08f :
%b.s %b.s :
Overestimate of 06 ¢ C1012) -
- T Qt
heavy Higgs searches 0d -_\> g) o -
0.2 i PR R S N SN SR SR N S S ] PR |
00 02 04 12 14
ol (H — tt)
oW (H — tt)

: : 1(12) .
Heavy physics parametrized by C o1 w/ an SFOEWPT: correlated w/
underproduction of heavy 2HDM Higgs bosons in gg — H/A — tt

M.M. Mithlleitner, KIT 59th Rencontres oe Mortond EW+ UL, 45



Program: BSMPT version 3.0.7

Released by: Philipp Basler, Lisa Biermann, Margarete Muhlleitner, Jonas Maiiller, Rui Santos and Joado Viana

QGitHub Discussions Unit tests [passing codecov | 83% [ Documentation 'master | Benchmark 'master | Maintained? 'yes
license | GPL-3.0 j release v3.0.6

Manual: version 3.0
BSMPT - Beyond the Standard Model Phase Transitions:

The C++ program package BSMPT allows for the detailed study of (multi-step) phase transitions between
temperature-dependent minima in the one-loop daisy-resummed finite-temperature effective potential.

The program tracks temperature-dependent minima, calculates the bounce solution, the characteristic
temperatures and gravitational wave signals of first-order phase transitions. The code also allows to derive the
loop-corrected trilinear Higgs self-couplings and provides the computation of the baryon asymmetry for the CP-
violating 2-Higgs Doublet Model (C2HDM).

We apply an 'on-shell' renormalization scheme in the sense that the loop-corrected masses and mixing angles are
required to be equal to their tree-level input values. This allows for efficient scans in the parameter space of the
models.

The models implemented so far are

e Standard Model (SM)

e CP-conserving 2-Higgs-Doublet Model (R2HDM)

e CP-violating 2-Higgs-Doublet Model (C2HDM)

¢ Next-to-Minimal 2HDM (N2HDM)

e CPinthe Dark (arXiv 1807.10322, arXiv 2204.13425)
e Complex Singlet Extension (CxSM)

The code is structured such that users can add their own models.

The program package can be downloaded at: https://github.com/phbasler/BSMPT

The documentation of the code is provided at https://phbasler.github.io/BSMPT/documentation.

Sample input and output files are provided in the directory 'example’.
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BSMPTv3
4 classes
4 executables

BSMPTv1/v2
one-loop daisy-resummed finite-
temperature effective potential

—-I PotPlotter.cpp I

expanded in v3 by

A 4

class TransitionTracer transition history

evaluater, interfacing with executables

class MinimumTracer

- derivation of (finite temperature) phase
structure in the temperature range
T € [Tlow =0GeV, Thigh]

- identification of coexisiting phase pairs
and their critical temperatures 7,

|

1

MinimaTracer.cpp I

for each phase pair
with T,

Y

class BounceSolution

- calculation of the bounce solution as a
function of temperature

- finding the nucleation temperature 7;,
through matching the tunneling rate
with the Hubble rate

- derivation of the percolation T}, and
completion temperature T via solving
the integral of the false vacuum fraction

—|~| CalcTemps.cpp I

Y

class GravitationalWave

calculation of all parameters of the GW spec-
trum, e.g. «a, /B/Ha K, Ka fpeaka h2Qpeak-

= A

CalcGW.cpp I




BSMPTv3
4 classes
4 executables

BSMPTv1/v2
one-loop daisy-resummed finite-
temperature effective potential

expanded in v3 by

'

—-I PotPlotter.cpp I

class TransitionTracer transition history

evaluater, interfacing with executables

- derivation of (finite temperature) phase
structure in the temperature range
T € [Tlow =0 GeV, Thigh]

- identification of coexisiting phase pairs
and their critical temperatures 7

for each phase pair
with T,

\4

class BounceSolution

- calculation of the bounce solution as a
function of temperature

- finding the nucleation temperature 7;,
through matching the tunneling rate
with the Hubble rate

- derivation of the percolation T}, and
completion temperature 7'y via solving
the integral of the false vacuum fraction

4.| MinimaTracer. cppl

Y

class GravitationalWave

calculation of all parameters of the GW spec-
trum, e.g. «, 6/H7 K, K, fpeaka h2Qpeak-

'IJ CalcTemps.cpp I

=|I CalcGW.cpp I

Tracing of minima as
functionof T




BSMPTv3
4 classes
4 executables

BSMPTv1/v2

one-loop daisy-resummed finite- —-I PotPlotter.cpp I

temperature effective potential

expanded in v3 by

'

class TransitionTracer transition history
evaluater, interfacing with executables

class MinimumTracer

- derivation of (finite temperature) phase
structure in the temperature range

T e [Tlow =0 GGV, Thigh]

- identification of coexisiting phase pairs
and their critical temperatures 7

for each phase pair
with T,

class BounceSolution

|
- calculation of the bounce solution as a :
function of temperature |

|

|

- finding the nucleation temperature 7;,
through matching the tunneling rate .
with the Hubble rate

completion temperature 7'y via solving

|
|
- derivation of the percolation T}, and :
|

the integral of the false vacuum fraction |

class GravitationalWave
calculation of all parameters of the GW spec-

=|| MinimaTracer. cppl

—-I CalcTemps.cpp I

trum, e.g. «, 6/H7 K, K, fpeaka h2Qpeak-

=|I CalcGW.cpp I

Calculation of the
bounce solution and
characteristic
temperatures for
first-order phase
transitions between
pairs of coexisting
phases




BSMPTv3
4 classes
4 executables

BSMPTv1/v2

temperature effective potential

expanded in v3 by

'

class TransitionTracer transition history
evaluater, interfacing with executables

class MinimumTracer

- derivation of (finite temperature) phase
structure in the temperature range

one-loop daisy-resummed finite- —-I PotPlotter.cpp I

|

T e [Tlow =0 GGV, Thigh]

- identification of coexisiting phase pairs
and their critical temperatures 7

for each phase pair
with T,

\4

class BounceSolution

- calculation of the bounce solution as a
function of temperature

- finding the nucleation temperature 7;,

1

MinimaTracer.cppI

through matching the tunneling rate
with the Hubble rate

- derivation of the percolation T}, and
completion temperature 7'y via solving

the integral of the false vacuum fraction

s =S =N .-= == == -= .= .= = .= &) - = I T - - T I == .

| class GravitationalWave

| calculation of all parameters of the GW spec- —

|
,truma e.g. «, 6/H7 K, K, fpeaka h2Qpeak- |

'IJ CalcTemps.cpp I

4.|

CalcGW.cpp I

Calculation of the
gravitational
waves spectrum
sourced by first-
order phase
transitions




W wall velocity inesmerva

Slide taken from Lisa Biermann
By default v,, = 0.95, or set to user input or one of the following estimates:

® Estimate by [Lewickietal, *22] (assuming steady-state (5 = 0) and local thermal equilibrium):

2

T
AV AV - —_g* 4
pr(Tx) = g (Tx)T
Vp =~ Py if apr(Tx) < Yo 30 i
— . rel. matter density
1 if AV
O‘PT(T*) > Yo

Wt
Vv = —— enthalpy ratio

W f
a = 0.2233 num. fit result
b = 1.704 num. fit result

py L
2) P p = —3.433 num. fit result

® Estimate by [Laurent etal, 23] (assuming local thermal equilibrium):

ves (1—a(1_qj)b)

. . \/ 3a (1 —c? of Tt 3c? )
with Chapman-Jouguet velocity |, _
< Ve ¢+ 3¢, s

b
2

3o+ WV —1
2(2 -3V + W3)

Vp = +

[Giese et al., 2004.06995]

® Estimates of v, in local thermal equilibrium serve as upper bound as v, gets reduced by
non-equilibrium effects!

® Alfernatively use e.g. WallGo [Ekstedt et al., 2411.04970]
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+ Spectra of gravitational waves sourced by first-order phase transitions: [Caprini et al., 2403.03723]

Qaw(f) = QW) + QW) + QIR Uit

implementation

Modelling by broken power law (BPL) or double broken power law (DBPL) in BSMPTV3
in 2025

+BPL for GWs sourced by bubble collisions & highly relativistic fluid shells QE}O\%

( )M [Caprini et al., 2403.03723]
BPL, £\ _ ny—ny)

QGW (f ) - Qpeak -~ _ (n—ny)

__ma __ma al
f nl—n2 f n1—l’l2
" <f> o <f>
+Geomeftric pqrqme'l'ers for QCGO\%: [Caprini et al., 2403.03723] [Lewicki,Vaskonen, 2208.11697]
g\ p
no=24n=-24,a =12 Qcoll '~ 0.05 Frw o K2 | —— coll '~ 0.11H
1 2 1 peak GW,0 “*coll H(T.) peak *0 H(T,)

M.M. Mihllettner, KIT 5_9’ch Rencontres de Mortond EW+ U, 52



+DBPL for 6Ws sourced by sound waves €.\, and for GW sourced by turbulence Qturb

QPBPL(f) = Q, X S(f) = Q, X S,(f) [Caprini et al., 2403.03723]

with the shape function

—n +n2 —n2+n3

@ T @]
SH=N[Z) |1+(= 1+ (L
(f) <f1 -+ 7 + 3

+Geometric parameters for 2.\

W o 0.2H, o (HR) ™!, 13" = 05H AL HR) ™, Sy(f) = S(IS(f)

1 21511, | B
Q, = — (\/5 + i +f22/f12> Q..» NormN from: S,(f;) =1

{nl,nz, ”3,01,02} — {3,1, — 3,2,4}
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+DBPL for 6Ws sourced by sound waves €.\, and for GW sourced by turbulence th‘il{,‘s,:
QPBPL(f) = Q, X S(f) = Q, X S,(f) [Caprini et al., 2403.03723]

with the shape function

—njp+ny —npy +n3

@ T @]
SH=N[Z) |1+(= 1+ (L
(f) <f1 -+ 7 + 3

: turb.,
+Geometric parameters for £

3Q2,
= 2N Heo (HR)™ fo = 2.2H. (HR:)™, {2 = Fow,0 AMHD Q (H:R.)*

{ny,ny,ny,ap,a,} = {3,1, - 8/3,42.15} , ¥ ~ 2
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100\ 13 ¢ 1/6 T,
with  h2Fay o= 1.64¢73 . H.g=1.65¢Hz [ = __rch [Caprini et al., 2403.03723]
OW0 < g > 9 100 100GeV
L. ;a(Tx) <1 - Athron et al., 2305.02357
reheating temperature T < Ti T,y = 1/4 valid only for [Athron et dl. . :
T [1 + a(T*)] ,else large enough bubble wall velocities
[Kierkla et al,'22;Ellis et al,'19,20]
fractional energy density , _ Keon® efficiency factor O\ R
of the collision source N 1+a (vacuum energy . = <1 — a_°°> 1 — «q V- , ()
[Ellis et al., 1903.09642] fraction in walls) a Véq ) Re Yeq
— plasma friction term [Gouttenoire et al,'21]
P .
aoo = nd R KCOH — O lf a < aoo LOF‘ZHTZ fC(CTOf' 7* — mln(}’eq, }/run—away) WlTh }/run—away - R*/(SRO) ’ Req — 3R0yeq

7eq =

p
’ | \H/AV — P, [Kierkla et al,'22;

3 ) ,
initial bubble radius R, = [—=3 [Kierkla et al, 2210.07075] P yly" Ellis et al,19]
8TAV
T. 37 / -3 [Engvist et al,'92;
. " dr' T(T") ) o
average bubble radius at transition temperature T R. = |T. = T e Turner et al,'92;
r. () Ellis et al20]

(*): valid in the regime where

bubble wall is accelerated by AP = AV—P;_; = P"  with vacuum pressure AV and plasma friction term P
pressure difference:
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Geonsetrio - Thermodguamis Parameters for Oy, O

with A =&, . /max(v,,c,) and sound shell thickness &, ,=1|v, —c,| [Caprini et al., 2403.03723]

Q; for sound waves: Q% = Foy 0Ag Koy (H:R:) Y

nt SW*HSW

. . - 0.6 Ky Aeff deff _
with the kinetic energy fraction: K, = where Ay, = 0.11 and a5 = a(l — ko))

1+ Aoff a

efficiency factor k,, obtained by using model-independent approach of [Giese et al.,2004.06995; 2010.09744]
depending on o , V,, and sound speed in the true and false vacuum:

c2 = | V@, T ¢ = | Viwp 1) [Giese et al., 2010.09744]
YT V(@ T Y T V(@4 T
I | HR.
suppression factor: Y =1 — , Where H.r,, = min , 1
\/1 + 2H*TSW v]%

with the average (relativistic) characteristic fluid velocity Vj% ="K = ZK
furthermore Ayyp = 4.37 X 1073 and Q, = k4K,

K+yrb: fraction of overall kinetic energy in bulk motion that is converted to MHD turbulence
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e Relevant quantities for GW spectrum:
- PT strength, resp. released latent heat during PT

ov(¢r) 6V(<z3}))]
oT oT T=Tx

1 [ - - T
a=—[v(g)-vE) - 4 (

P~ ! 4
H Hubble constant

T fluid turnover time
shock formation time

- inverse time scale of the PT B _ T d $3(T)
H “dar\ T

T g« eff. number of

- bubble wall velocity vb rel. energy d.o.f.

¢s sound speed

~ efficiency factor

¢ Peak frequency and amplitude of acoustic GWs [Hindmarsh eal,/'17;Caprini eal, 20]

1
ik _ 6 x 1076 2 1 - & )°H
/ ox 10" g ((gw)%max(,,b, Cs)) (IOOGeV (100) g

1 (87)3max(vy, ¢s) [ o )2 ) N
RO — 4 x 1077 100 ° B/H (1+a if Hrg >~ 1
W 8 * 2 (87‘-)1/3max(vb, Cs) 2 Ko 3/2 .
fs( B/H ) (l-l—_a) if Hry <1
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[Basler,Biermann,MM ,Miiller,Santos,Viana, 24]

A ;
-

. -
-

Ot

%

R(LISA-3yrs),

11

9
7
D

max 2 2
of [h Qgw (f) ]
Jmin h2 Qgens (f)

10—48
1070 103 0T T

fr (1]

signal-to-noise ratio SNR = \l T

- d points w/ SNR(LISA-3yrs)>10, compatible w/ all relevant theor. and exp. constraints

- all points lead to EW minimum at T=0 (ho vacuum trapping)

- all of the LISA-sensitive points (colored points) have SFOEWPT: &1
— R —— T ————
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[Basler,Biermann,MM ,Miiller,Santos,Viana, 24]

17
_ 15
10~
13 7
. 1021 11 c%‘
= '
é —30 i 23
C,\‘Q 10 "/ d
5 g
1039 3 &
10—48 1

107° 1073 10Y 103
foeak [Hy|

- d points w/ SNR(LISA-3yrs)>10, compatible w/ all relevant theor. and exp. constraints

- all points lead to EW minimum at T=0 (ho vacuum trapping)

- all of the LISA-sensitive points (colored points) have SFOEWPT: &1
— R —— T ————
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high-T phase, low-T phase [Basler,Biermann,MM Miiller,Santos,Viana,” 24]
L----T—~-~\ BSMPTv3 for BP1 """"'"“~~\ Cosmo for BP1
b »
A
200 “
B — w
Z 1 k.
O, || W AN
E 100 T ceeccrcencs wCB :: “\
- s [ s S I— } ....... e |
0 100 200 300 400 0 100 200 300 400
T [GeV] T [GeV]
History:
BSMPTv3 CosmoTransitioins
- first-order PT from neutral (red) - agrees w/ low-T phase
to charge-breaking CB phase (blue) until T~200 GeV
- second-order PT info a neutral - fails to tfrace any minima
minimum for higher temperatures
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high-T phase, low-T phase [Basler,Biermann,MM Miiller,Santos,Viana,” 24]
———— T=<<_  BSMPTv3 for BP1 """"'"“~~\ Cosmo for BP1
S »
200 - N -
o \
Z k.

=, | [ W AN

= 100 1 .......... =N

2 WeB D e 1

BP1
; . phasesBSMpT 0: {216, 400} ‘
0 100 200 | : {0, 237} 200 300 400
pPalrsgsmet 0: [0 — 1] {216, 237}
T [Gev] tMinimaTracer 41.47s T [Gev]
T, {226.3}
BSMPTv3 ;” gggg’} 222.9} moTransitioins
- first-order PT from ne Ti {222:6} s w/ low-T phase
to charge-breaking CB B tca1cremps 6.87 min T~200 GeV
- second-order PT into a| history 0—(0)—>1 o trace any minima
minimum phasescosmo {0, 206} her temperatures

Tc;it,I%c;(smo {_} only finds
Tmll)(ﬁ, Cosmo {_ one phase
tcosmo 3.955s though
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1 Thecpvidating arom (capm)

< C2HDM Higgs potential: w/ softly broken Z, symmetry (®; - ®,, ®, - — ©,)

[Ginzburg,Krawczyk,Osland,'02]

2 2
chl) T (cbgcbz)

2
V= m @10, + mA0i0, — (m0]®, +h.c. ) + - (@] .

A 2
(cb{cbz) th.c.

(@[ @]D,) + 1y (@]@)(@]D)) + |

All parameters are real except for m? and As: m?> = |m’ |0 | )= | 15| %)

The two complex phases are not independent of each other
2Re(m?,) tan ¢(m?2y) = viva Re(As) tan ¢(As)
Ensure explicit CP violation (both phases cannot be removed simultaneously) by choosing:

P¢(As5) # 2q5(m%2)
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< Mass spectrum: CP violation ~> neutral formerly CP-even (h,H) and CP-odd (A)
states mix to mass eigenstates H; (i = 1,2,3) with indefinite CP quantum number.

Charged Higgs sector is unchanged.
3 neutral CP-mixed Higgs bosons: H,, H,, H;,

with my <my <my
2 charged Higgs bosons: H", H™

< Allowed amount of CP violation: stringently constrained by EDM measurements
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C2HDM, type I, all-=EW only [Biermann,Borschensky, MM,Santos,Viana,to appear]

1500
1250 . 2.0
= 1000 | - 1.8 C2HDM SFOEWPT:
(D) o o
compressed light Higgs spectrum
% 750 | 1 B 1.6 P gt iggs =P
= 500} 1 W14
250 g 1.2
0L— ; .
0 500 1000 1500
MH,L (GeV)
C2HDM, type I, all-=EW only
2.0
1.8
1.6 5
1.4
1.2
05 00 1000 1500 0" 500 1000 1500
M H* (GGV) M H* (GeV)
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= Model CP in the Dark: SM-Higgs (15 = 1,"") + Dark Sector; GW signal from SFOPT
[Basler,Biermann,MM ,Midiller,Santos,Viana, 24]

SFOPT typically _ —
requir‘es \ — ‘\\ 4. 979
enhanced Ay4y )0 ( & e® | o!® >
__ 4 UIN
o {‘3;\ A hrass
1 strength of the
~ 4.111 ’\k% phase transition
ég 1.5
= T
~ T~
— (’/ | 89 \> 3.677
\_® »
1.0 \‘\\\WSMPT. 3 2 944
1 3 5 7 9 11 13 15

SNR(LISA-3yrs)

[Biermann,Borschensky Erhardt,MM,Santos,Viana, to appear] SFOPT possuble
also for

= Vector DM Model: two visible Higgs bosons + Dark pho'ron/v 51 <509
Strong first-order phase transition: 61.¢/1 0 = 8 % HHH
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‘b [From Ph. Basler, PhD Thesis]

Computation of

Vets((¢),T) required  : ‘T / :
s ] i P
) :' fagie ] I
S . B / E
i ..\ / II )
—~ e '~/ | _ (%)
I e T o= 2 1
s s
= l
S i
..... T7>1T1c i
—9 . . : .
0 100 200 246 300 350

(#) [GeV]
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