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Motivation

Once upon a time, there was a phase transition...

» Baryogenesis: Sakharov conditions fsakharoy, 671 require T.: critical temperature
strong first-order phase transitions (SFOPTSs)

» Evolution of scalar potential V with temperature T:

Symmetric (high T) - ... - EW-broken (T = 0)

Tn/Tp/Tcompl S Tc:
nucleation/percolation/
completion temperature
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Once upon a time, there was a phase transition...

» Baryogenesis: Sakharov conditions fsakharoy, 671 require T.: critical temperature
strong first-order phase transitions (SFOPTSs)

» Evolution of scalar potential V with temperature T:

Symmetric (high T) - ... - EW-broken (T = 0)

» Intermediate Neutral or even “exotic” phases with
CP-violating or charge-breaking vacua? aoietat, 23

* 1-step (S—EW) or multi-step (S>N—...-»EW)
phase transitions? Tl | Toompl < Te:

» Interplay between collider constraints and nucleation/percolation/

gravitational-wave (GW) signals? completion temperature
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Motivation

Once upon a time, there was a phase transition...

» Baryogenesis: Sakharov conditions fsakharoy, 671 require T.: critical temperature
strong first-order phase transitions (SFOPTSs)

» Evolution of scalar potential V with temperature T:

Symmetric (high T) - ... - EW-broken (T = 0)

» Intermediate Neutral or even “exotic” phases with
CP-violating or charge-breaking vacua? raotieta, 231

* 1-step (S—EW) or multi-step (S>N—...-»EW)
phase transitions? Tl | Toompl < Te:

» Interplay between collider constraints and nucleation/percolation/

gravitational-wave (GW) signals? completion temperature

Excellent testbed for BSM physics with extended scalar sectors

For the CP-conserving 2HDM: ... [Basler et al., 16][Dorsch et al., "17][Andersen et al., "17][Bernon et al., "17][Su et al., '20]
[Aoki et al., '21][Gongalves et al., 21][Biekétter et al., 22-'23][Bittar et al., '25][Anisha et al., '25][Lee et al., "25][Bhatnagar et al., '25] ...
Theory uncertainties, gauge dependence: ... [Ramsey-Musolf et al., "11-25][Croon et al., "20][Athron et al., 22][Keus et al., '25][Biekdtter et al., 25]... “(IT
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Motivation

The CP-conserving 2-Higgs-Doublet Model

Tree-level scalar potential of the real 2HDM:

A 2 A 2
Viree = m$1CD}"CD1 v m§z®£®z - m122 (CD:CDz v h.c.) v 71 (¢¥®1) v 72 (¢5®2)

A
+ A3 (PF0,) (O5D,) + A, (©F®,) (@5,) + 2 [(@]@,)° + hc ]

. 1 Py +iny ) 1( Py + Weg + N, )
with D, = — L , D, = — i
! \/5({1*'“)1*“4)1 2 \/5 Zz*‘wz*"(q)z*wcp)

and real fields p;, n;, §;, w; (i = 1,2), and VEVs w, (j = 1,2,CP, CB)
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Motivation

The CP-conserving 2-Higgs-Doublet Model
Tree-level scalar potential of the real 2HDM:

A 2 A
Viree = m121CD}"CD1 v m§z®£®z - m3, (CD:CDz v h.c.) v 71 (¢¥®1) v 72

A
+ A3 (PF0,) (O5D,) + A, (©F®,) (@5,) + 2 [(@]@,)° + hc ]

(q’5®2)2

. 1 Py +iny ) 1( Py + Weg + N, )
with D, = — L , D, = — i
! \/5({1””1*“4)1 2 \/5 Zz*‘wz*"(q)z*wcp)

and real fields p;, n;, G, w; (i = 1,2), and VEVs w, (j = 1,2, CP, CB)

Present-day EW-breaking vacuum at zero temperature T = 0 (with V; = wj|T:O):

Vg =Vep =0 and vZ=vj, =v?+v3=(246.22GeV)> and tanB=v,/v,
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Motivation

The CP-conserving 2-Higgs-Doublet Model
Tree-level scalar potential of the real 2HDM:

A 2 A
Viree = m121CD}"CD1 v m§z®£®z - m3, (CD:CDz v h.c.) v 71 (¢¥®1) v 72

A
+ A3 (PF0,) (O5D,) + A, (©F®,) (@5,) + 2 [(@]@,)° + hc ]

(q’5®2)2

. 1 Py +iny ) 1( Py + Weg + N, )
with D, = — L , D, = — i
! \/5({1””1*“4)1 2 \/5 Zz*‘wz*"(q)z*wcp)

and real fields p;, n;, G, w; (i = 1,2), and VEVs w, (j = 1,2, CP, CB)

» Physical input parameters: mH1,mH2,mA,mH¢,m122,tan B, @, Vg |, here only type |

with the mixing angle a of the CP-even states
> Normal hierarchy: my, =my_ < my ;Inverted hierarchy: my <my =m,_
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One-loop effective potential at finite T

Effective potential at finite temperatures T

Full 1-loop effective potential:

Veff(T =0) = Viree * Vew * Ver

with N
A \\?.: Y

T-independent (T = 0)«“[’;;,3‘;551 h(ep_ph,g

901312]

» Ve 1-loop Coleman-Weinberg potential (MS)
» Vp: (finite) counterterm potential (“OS-like”)

1 4 m;

1=5,G,

with n; the degrees of freedom, m; the field-dependent masses, i the renormalisation scale, and
¢; field-dependent constants (S, G, F: sum extending over all scalar/gauge boson/fermionic fields)
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One-loop effective potential at finite T

Effective potential at finite temperatures T

Full 1-loop effective potential:

Veff(T =0) = Viree * Vew * Ver

with 0N

> Ve 1-loop Coleman-Weinberg potential (MS)] __ . A NS
< A R g p « ( 2 ) T_Independent (T = 0)”’["Qui‘;;)s hep—ph/9;01312]

» Vgt (finite) counterterm potential (“0S-like”) '

Effective (= zero external momentum) trilinear Higgs couplings at NLO defined as:

- 63 (Vtree W VCW W VCT)
- OH;0H0H,,

eftLo _ O Verr(T = 0)
Aififk = OH;0H;0H,

®=(®)

with H;, H;, H,, corresponding to the mass eigenstates and (®;) = \/1—5 (0, v,-)T
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One-loop effective potential at finite T

Effective potential at finite temperatures T

Full 1-loop effective potential including thermal corrections:

Veff(T) = Viree * Vew + Ver + VT(T)

with Y < \( \
> Vo 1-loop Coleman-Weinberg potential (MS) IS NS N

T-independent (T = 0)[Qu,,os ,;ep.ph

» V¢ (finite) counterterm potential (“0S-like”) L

» V4(T): 1-loop thermal corrections at finite T + daisy resummationﬁ
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One-loop effective potential at finite T

Effective potential at finite temperatures T

Full 1-loop effective potential including thermal corrections:

Vert(T) = Viree + Vew + Ver + V(T)
with

| H i
AT

» V.,: 1-loop Coleman-Weinberg potential (MS)] _ .
{ p g p T-Independent (T = 0)?0ui;;)s, hep—ph/99‘01312]

» Vp: (finite) counterterm potential (“OS-like”)
» V4(T): 1-loop thermal corrections at finite T + daisy resummationﬁ

» Resum ‘daisy‘ diagrams to recover perturbativity [Arnold, Espinosa, ‘92][Parwani, '92]

= Mass eigenvalues obtain T-dependent Debye corrections m? - m? + I(T)
(other methods e.g.: Partial Dressing [Bittar et al., '25], dimensional reduction/3D EFT [Farakos et al., '94-'95]
[Braaten et al., '95][Ekstedt et al., 22])
» V evaluated in Landau gauge (on gauge-indep. treatment: [Ramsey-Musolf et al., "11-'25])
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One-loop effective potential at finite T

Finite ‘on-shell-like’ renormalisation

Ve calculated in MS scheme — introduces dependence on MS scale p
» Add counterterm potential V; to change renormalisation scheme:

Ver = Vr (6m2,,6m3,,6m2,, 61, 6A,, 615, 6A,, 8As;, ...)
Finite counterterms are fixed by the ‘on-shell-like’ renormalisation conditions:

3, (Vew * Ver) lguapro = 0 90,28, (Vew * Ver) |y e = O

. T
with ¢;,¢; € {P1r’71:(1:‘#’1:92:’72:(2:‘#2} and (®;);, = ﬁ (O, v,-)
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One-loop effective potential at finite T

Finite ‘on-shell-like’ renormalisation

Ve calculated in MS scheme — introduces dependence on MS scale p
» Add counterterm potential V; to change renormalisation scheme:

Ver = Vr (6m2,,6m3,,6m2,, 61, 6A,, 615, 6A,, 8As;, ...)
Finite counterterms are fixed by the ‘on-shell-like’ renormalisation conditions:

%, (Vew + Ver) |<1>=(®>,T:0 =0, 94,9, (Vew * Ver) |q>=<a>>,T=o 20,

with ¢;,¢; € {P1r”1r€1rlp1rp2rn2162r ‘Pz} and (®;)_, = (O V)

» Conditions keep the physical masses, mixing angles, VEVs at T = 0 at their
tree-level values (and independent of y) = convenient for parameter scans

» Residual py dependence at T > 0 and beyond masses (e.g. trilinear couplings)!

KIT
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Parameter scan and results

Program toolchain: scans

ScannersS [miihlleitner, Sampaio, Santos, Wittbrodt (*13-)'20] [nttps://gitlab.com/jonaswittbrodt/Scanners]

» Generate parameter points for the R2ZHDM type | (random/ML/targeted scans)
» Constraints from: , ,
[Branco et al., '11] . . . [Barroso et al., "13]
% theory: bounded-from-below, perturbative unitarity, absolute stability

% experiment: B-physics, HiggsTools, STU-parameters
[Haller et al., 18] [Bechtle et al., '08-'26] [Peskin et al., '92]

J
BSMPT v3

Y

Analysis/plots
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Parameter scan and results

Program toolchain: phase evolution

ScannerS

J
BSMPT v3 [Basler, Biermann, Miihlleitner, Miiller, Santos, Viana ("18-)'24] [https://github.com/BSMPT/BSMPT]
From the particle physics model to GW signal predictions
> Phase tracking from T, down to T, = 0 TeV with Ty, chosen as 1TeV
» Calculation of bounce solution: transition rate from false to true vacuum:
> e - [Coleman '77]
r(d; - 6) = AT e

with Sg: Euclidean action of classical path, A(T): temperature-dependent prefactor
» Tests for NLO stability and EW symmetry restoration (EWSR)
> Calculation of T;, §, = AT—‘”, PT strength a and inverse duration 3/H, GW signals

p

v

T;: Topi (critical temperature) U
Toucl (nucleation temperature)
Tperc (percolation temperature) Analysislplots

Tcompt (completion temperature) “(IT
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Parameter scan and results

Program toolchain: analysis of phase transition types

ScannerS

J
BSMPT v3

Y

Analysis and sorting of different types of phase transitions

» Study of single- and multi-step phase transitions that end in the correct EW
phase (i.e. that are not trapped in a false vacuum at T = 0)

» Sort points according to transition history: S=EW, S->N—EW, S—»>CP—EW,
CB->S—EW, ...

> Rescan regions in vicinity of interesting points to optimise §, and GW signal
strength, number of multi-step PTs

KIT
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Parameter scan and results

Normal hierarchy: mass gap

[Biermann, CB, Boto, Miihlleitner, Santos, Viana '26]

2.50 : —— . : : . = : 6
R2HDM, NH (my, = mpg,,) S—N—EW (2-step PT) S—N—N—EW (3-step PT) |

2.25 | S=EW (1-step PT) 4 2nd transition 4| 3rd transition &) d
87 5
= 200f T + -
il
= L 1 - d 4
23 175 .
= WV
9% L50% 1 + . |
€5 1.25F T % + : -
25

2
1.00 F T+ + -
0.75 | h A . h . . h A
0 200 400 0 200 400 0 200 400
ma —mp, [GeV] ma —my, [GeV] ma —my, [GeV]

: full scan sample

> 1-step: stronger &, for higher trilinear coupling modifer; (coloured) points: €, < 1(6, = 1)

SFOPTs possible for very small to large mass gap
> Multi-step: no visible correlation between §, and trilinear
coupling; generally small mass gap

2
D [wfremy)-wiemy)]
i=1,2,CB,CP

§p =
P Tp
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Parameter scan and results

Inverted hierarchy: mass gap

[Biermann, CB, Boto, Miihlleitner, Santos, Viana '26]

= L|R2HDM, IH (mpy, = mug,,) 1 |S—N—=EW (2-step PT) 10
2.25 N 2 sM .
S—EW (1-step PT) 2nd transition

3 200F + 3
G
o
if 1.75 | -+ .
= o5
9% 1.50 | / +
R
g 4
~ 125} g

1.00 + 2

0 100 200 300 0 100 200 300
ma —mpy, [GeV] ma —mpy, [GeV]

> 1-step: strong ¢, require large mass gap; stronger correlation between mass
gap and trilinear coupling modifier

» Multi-step: strong §, possible also for zero/small mass gap and SM-like A,,,!
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SM

\gszv/gva - 1|

Inverted hierarchy: triple-Higgs vs. Higgs-gauge couplings

[Biermann, CB, Boto, Miihlleitner, Santos, Viana '26]

3 (I L (I T Tastea] L T T
Lo || e s el NN | P ot i 10 q-step SFOPT points:
B . 8 > Insensitive to
) H syt o Higgs-gauge couplings
10—z ” L
¥ rccwdl 6 w5 > No strong PTs for SM-like
"""" 1% - T trilinear Higgs couplings
0sp L ! i
S 5 Multi-step SFOPT points:
o < 5 .
IR e 2 » Future colliders
DRk 2.0 U constrain multi-step
eff,NLO /SM,eff, NLO eff,NLO /SM,eff, NLO i
/\HzHgHz/)\HHH | )‘HgHgHz//\HHH | SFOPT pOIntS to have
more and more SM-like
couplings

Potential of future colliders to constrain different parameter re-
gions of strong 1- and 2-step phase transitions!
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Parameter scan and results

Intermezzo: gravitational-wave signals in a nutshell

Power spectrum of GWs:
thGW(f) = hzocoll(f) v hzosw(f) v hzoturb(f) f: frequency

» Sources: bubble collisions, sound waves, magnetohydrodynamic turbulence
» Dominant h?Q,,, fitted with double broken power law and shape function S,:

h202H(f) = h205" = S,(f, £, £5")

where Q3" and frequencies 3%, f3" are calculated by BSMPTv3 in terms of the phase transition properties
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Parameter scan and results

Intermezzo: gravitational-wave signals in a nutshell

Power spectrum of GWs:
thGW(]C) = thcoll(f) v thsw(f) W thturb(f) f: frequency
» Sources: bubble collisions, sound waves, magnetohydrodynamic turbulence
» Dominant h?Q,,, fitted with double broken power law and shape function S,:
h2008PH(f) = h203" x S,(f, £3", £3")
where 03" and frequencies f3%, f5V are calculated by BSMPTv3 in terms of the phase transition properties
Can a GW signal be detected? = Signal-to-noise ratio (SNR):
Fmax h2Q .
SNR = |7 [ df[—2 ul/)
i h 0Sens(f)

min

with h2Qg,,s: sensitivity of LISA experiment, T: data aquisition time, f,in/max: Sensitive frequency range

» A GW signal is considered to be detectable if SNR 2 10

KIT
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Parameter scan and results

Inverted hierarchy: gravitational-wave frequency spectra

1070k,

1025 || R2HDM, IH (mpy, = mpg,,)
S—EW (1-step PT)

T/ S»N—EW (2-step PT)
2nd transition

102=TORE 1074 10~2 10°
13 [He]

10-6 1074 10~2
13 [He]

> Most ¢, > 1 points show a correlation between f3" and h2Qs"

» Stronger GW signals for multi-step PTs than for 1-step PTs

Christoph Borschensky - R2HDM Vacuum Evolution and GW and Collider Phenomenology
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Parameter scan and results

Choice of renormalisation scale for benchmark point

[Biermann, CB, Boto, Miihlleitner, Santos, Viana '26]

Vacuum evolution for benchmark point lativaam.
BPx (inverted hierarchy, S=>N—EW):

H=Vew H=Vew/2 p=2vgy

. Aw(T,.) [Gev] | 230.3 +3.1% -3.1%

250 I Aw(T,)[GeV] | 239.6 +1.9% -2.7%

200 ] Aw(T,) [GeV] | 238.9 +1.7% -2.6%

g o~ ] T, [GeV] 81.15 -2.5% +2.3%
S T, [GeV] 55.09 -22% +14%
5 100 ‘ T,[Gevl | 5320  -25%  +15%
50F — w=r \ : Bl 0.3444  +44%  -24%

| s a 0.07101  +219%  -44%

0 50 100 150 200 B/H 560.9 -60% +57%

T [GeV] SNR(3y) 0.3299  +1630% -86%

(for 2nd transition)
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Choice of renormalisation scale for benchmark point

Vacuum evolution for benchmark point

BPx (inverted hierarchy, S=>N—EW):

0fF=— pu=v \
—— =2

ok w=12v

0 50 100 150 200
T [GeV]

Parameter scan and results

[Biermann, CB, Boto, Miihlleitner, Santos, Viana '26]

Relative error

H=Vew H=Vew/2 p=2vgy
Aw(T.)[GeV] | 230.3 +3.1% -3.1%
Aw(T,) [GeV] | 239.6 +1.9% -2.7%
Aw(T,) [Gev] | 2389 +1.7% -2.6%
T. [GeV] 81.15 -2.5% +2.3%
T, [GeV] 55.09 -22% +14%
T, [GeV] 53.20 -25% +15%
iy 0.3444 +44% -24%
a 0.07101  +219% -44%
B/H 560.9 -60% +57%
SNR(3y) 03299  +1630%  -86%

(for 2nd transition)
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Parameter scan and results

Uncertainties on gravitational-wave spectra

[Biermann, CB, Boto, Miihlleitner, Santos, Viana '26]

T T T S T T — S T T —
106 F R2HDM, IH (mp, = mug,,) N //\ 1SR /l\ |
BP#: SSN->EW (2-step PT) N /& . /&
= 2nd transition AN 7 54 N N
10 9 LI < = — 4 \\\ //' 4 \\\ //' d
1012k Rl 1 P 1 e d
=
z
201 .
(3]
<
1071® 1
1072 1
1024 F e [v/2,2v] 1 Ty € [52,55] GeV 1 vy €[0.1,1] i
— p=v (default) — T, =T, (=53.2 GeV) (default) —— vy =0.95 (default)
1 1 1 1 1 1 1 1 1
1076 1074 10g2 10° 1076 1074 1072 10° 1076 1074 1072 10°
f [Hz] [ [Hz] [ [He]

» BP«: showing only dominant sound-wave spectrum
» Variation of renormalisation scale, transition temperature, wall velocity
» Uncertainties can lead to changes of the SNR of orders of magnitude!
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Summary and conclusions

Vacuum evolution and phase transitions of the real 2HDM

» Comprehensive parameter scan in the
R2HDM type | with BSMPTv3

» 1-step and multi-step SFOPTs with
distinct parameter regions
= Important interplay between GW
and collider phenomenology

» Large parametric and perturbative
uncertainties on GW predictions!

[Biermann, CB, Boto, Miihlleitner, Santos, Viana; 2608.25636]

1058

Summary

[R2HDM, TH. (my, = mpe,) |
S—EW (1-step PT)

HL-LHC]

SEW (2-step PT) | 10

B FCC-ce

FCCee,

HL-LHC/FC

HL-LHC/FC

2 2 -
0.5 1.0 1.5 2.0

eff NLO SM,eff, NLO
|/ X

0.5

1.0 1.5 2.0

eff NLO SM.eff NLO|
[N X
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Summary

Summary and conclusions

Vacuum evolution and phase transitions of the real 2HDM

» Comprehensive parameter scan in the e M [ oo N 0
R2HDM type | with BSMPTv3 = ﬁ T &

» 1-step and multi-step SFOPTs with
distinct parameter regions
= Important interplay between GW
and collider phenomenology e 10 Lo, 20

eff NLO SM,eff, NLO eff NLO SM.eff NLO|
|/ X [N X

HL-LHC]

B FCC-ce

HL-LHC/FC
HL-LHC/FC

» Large parametric and perturbative

uncertainties on GW predictions! 43 Study of precision improvements, theory

. . . uncertainties; inclusion of CP violation
[Biermann, CB, Boto, Miihlleitner, Santos, Viana; 2608.25636]
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Summary and conclusions

Vacuum evolution and phase transitions of the real 2HDM

» Comprehensive parameter scan in the
R2HDM type | with BSMPTv3

» 1-step and multi-step SFOPTs with
distinct parameter regions
= Important interplay between GW
and collider phenomenology

» Large parametric and perturbative
uncertainties on GW predictions!

[Biermann, CB, Boto, Miihlleitner, Santos, Viana; 2608.25636]

Summary

R2HDM, TH (mp, = mps,,)
1 E| SSEW (1-step PT)

HL-LHC]

SONSEW (2-step PT)
L |2nd tran )

10

Bt FCC-ce.

HL-LHC/FCC

HL-LHC/FC

2 LS .
1.0 1.5 2.0

eff NLO SM,eff, NLO
|/ X

0.5

0.5 1.0 1.5

2.0

eff NLO SM.eff NLO|
[N X

#5 Study of precision improvements, theory

THANK YOU FOR YOUR ATTENTION! ©
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Backup

Backup
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Backup

Once upon a time, there was a phase transition (PT)...

2nd_order PT

‘/scalar (¢7 T)

1st-order PT

¢ ¢
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Backup

Once upon a time, there was a phase transition (PT)...

2nd_order PT

‘/scalar (¢7 T)

1st-order PT

vev(), /&

temperature T,
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Backup

2HDM mass eigenstates

Mass basisat T = 0

o - L[ Pitim ®. < L[ P2*im
! \/5 ¢+ vy +iy, ' 2 \/5 vy riy,
Z1r zzr (p']r ‘Pz and P1: sz n']r '12
mixing to
H,, H,, A H* and would-be Goldstones G°, G*

» CP-even H,, H, with m;, < m,_; CP-odd A with m,; charged H* with m,,.
10 M Hi H, A H
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Backup

2HDM mass eigenstates

Mass basisat T = 0

o - L[ Pitim ®. < L[ P2*im
! \/5 ¢+ vy +iy, ' 2 \/5 vy riy,
611 er (p']r Wz and P1: sz n']r 'lz
mixing to
H,, H,, A H* and would-be Goldstones G°, G*

> CP-even H,, H, with m,, < m,, ; CP-odd A with m,; charged H* with m,.
» Physical input parameters: mH1,mH2,mA,mH¢,m$2,tan B,a, gy

with the mixing angle a of the CP-even states
u 0 ” . 7 . ou 0 ” . -
» “Normal hierarchy” (NH): my =my_; Inverted hierarchy” (IH): my, =my_
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2HDM mass eigenstates

Mass basisat T = 0

o - L[ Pitim ®. < L[ P2*im
! \/5 ¢+ vy +iy, ' 2 \/5 vy riy,
611 er w1r w2 and P1: sz '111 'lz
mixing to
H,, H,, A H* and would-be Goldstones G°, G*

> CP-even H,, H, with m,, < m,, ; CP-odd A with m,; charged H* with m,.
» Physical input parameters: mH1,mH2,mA,mH¢,m$2,tan B,a, gy
with the mixing angle a of the CP-even states
» “Normal hierarchy” (NH): my =my_; “Inverted hierarchy” (IH): my, =my_
> Z, symmetry ®, —» -®, (softly broken by m2,) prevents FCNCs: 2HDM type 1 (this talk)
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Normal hierarchy: mass distribution

1500

= 1000 -

ma [GeV

[R2HDM, NH (my, = mg) |
1250 H S7EW (1-step PT) [

1000 15

[Biermann, CB, Boto, Miihlleitner, Santos, Viana '26]
1-step SFOPT points:
» my. <700 GeV

> For strong §, > 4: degeneracy:
My: = My OF My = My,

2- and 3-step SFOPT points:

00 .
A | i, [GeV] » Localized around
: full sample my.=my = 350 GeV
= 1000f 1 < EWSR, but &, < 1 .
o e coloured points: EWSR and 21 2 Sma“'er maximum fp Values
i than for 1-step
= . 2
500 [+ 1 Y | Wi true(Tp) ~ Wi atse(Tp) . e
5 €p=\/ ‘[ i true PT i false! n] » First transition (5—>N)2 f;St <1
L P
2 y ) (with i = 1,2, CB, CP)
500 1000 1500
mys [GeV]
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Normal hierarchy: mass distribution

1500

'RQHDM, NH (mpy, = ’III,H\.M)‘/,/'/
|| S>N—EW (2-step PT) 1 |
1250 | 2nd transition 1
1000 + 4
750 —+ J
a0 &I 18 |
1500 (= t : " .
& 500 1000 1500
1250 F i mpy, [GeV]
: full sample
1000 ] - EWSR, but &, <1
coloured points: EWSR and &, 2 1
750 | P 193
2
500 / 1 \/zi [wi,true(Tp) - wi,false(Tp)]
fp = Tp
50 F
- Q‘ (with i = 1,2,CB, CP)

500 1000
mys [GeV]

1500

[Biermann, CB, Boto, Miihlleitner, Santos, Viana '26]
1-step SFOPT points:
» my. <700 GeV

> For strong §, > 4: degeneracy:
My: = My OF My = My,

2- and 3-step SFOPT points:

» Localized around
my. = m, = 350 GeV

> Smaller maximum §, values
than for 1-step

> First transition (S—N): §* < 1
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Normal hierarchy: mass distribution

[Biermann, CB, Boto, Miihlleitner, Santos, Viana '26]
1500

I e (oo oy 2| 1 [ Fss 1-step SFOPT points:
| 3rd transition )
1000 - + ] » my. s 700 GeV
750 b 1 1 Fhso > For strong §, > 4: degeneracy:
mey.=m,ormg.=m
S0F + - GE = e = W
220 '_,,ﬁ if 1 2o 2- and 3-step SFOPT points:
N ' ' 500 1000 1500 .
m, [GeV] » Localized around
1250 F g 2
: full sample 20 my.=my = 350 GeV
1000 F 1 - EWSR, but &, <1 .
e coloured points: EWSR and 21 2 Sma“'er maximum fp Values
U than for 1-step
2 e
500 - E 5 (W true(To) = Wi fatse(Tp) L5 . ...
5 €p=\/ ‘[ i true PT i false! n] » First transition (5—>N)2 f;St <1
N [
e (with i = 1,2, CB, CP)

500

1000
mys [GeV]

1500
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Backup

Z, symmetry

To avoid dangerously large flavour-changing neutral currents at tree level:
» Impose discrete Z, symmetry:
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Backup

Z, symmetry

To avoid dangerously large flavour-changing neutral currents at tree level:
» Impose discrete Z, symmetry:

» Depending on Z, charges of fermion fields, four possible types:

u-type d-type leptons

Type | D, D, D,

Typell @, O, @,
Lepton-Specific @, D, o,
Flipped @, o, o,
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Z, symmetry

To avoid dangerously large flavour-changing neutral currents at tree level:
» Impose discrete Z, symmetry:

» Depending on Z, charges of fermion fields, four possible types:

u-type d-type leptons

Type | D, D, D,

Typell @, O, @,
Lepton-Specific @, D, o,
Flipped @, o, o,

» m2, term in V breaks Z, symmetry softly
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Z, symmetry

To avoid dangerously large flavour-changing neutral currents at tree level:
» Impose discrete Z, symmetry:

» Depending on Z, charges of fermion fields, four possible types:

u-type d-type leptons

Typel o, @, @,

Typell @, O, @,
Lepton-Specific @, D, o,
Flipped @, o, o,

» m2, term in V breaks Z, symmetry softly
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Backup

Z, symmetry

To avoid dangerously large flavour-changing neutral currents at tree level:
» Impose discrete Z, symmetry:

» Depending on Z, charges of fermion fields, four possible types:

u-type d-type leptons

Typel o, @, o,

Typell @, O, @,
Lepton-Specific @, D, >,
Flipped @, o, o,

» m2, term in V breaks Z, symmetry softly
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Types of vacua in the 2HDM

Type of vacuum  2(®;)  /2(®,) N S
y 0 0 400
Symmetric
(0) (O) 200
. 0 0
Neutral EW-breaking ( ) 0 w
W1 )
CP-breaking g ( 0_ ) _
w4 Wy +iwep)
Charge-breaking (CB) / (wCB)
w4 w,
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Types of vacua in the 2HDM

Type of vacuum V2(0)  V2(D,) .
; 0 0
Symmetric
Neutral EW-breaking 2 ( 2 )
W1 )
CP-breaking 2 ( 0_ )
Wy Wy +1Wcp
Charge-breaking (CB) P (wCB)
W, w,
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Backup

One-loop thermal correctionsfor T — o

)
LR
90T 24

T—>oo m 1
Vp T2 e e s Dmer2

Y
= N =
b= |

= 90 24 12m
2
%T" Z;I—Sm,%Tz k=tb,T

with
» ng,: number of d.o.f.s of field k

» m,, (m,): mass eigenvalue for field k including (excluding) thermal Debye
corrections from Daisy resummation
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Thermal evolution

Full one-loop effective potential including thermal corrections:

CW: Coleman-Weinberg potential

Veff(T) =V,

tree

+ Vo + Ve + VAT CT: counterterm pqtential
cw c T( ) T: thermal corrections

In high-T limit: T dependence in V4 from

2(TY = m?2 2
mi(T) = mf + T
for m?, and m2, and with

1 1 ,
C = ﬁ(3i\i+27\3+/\4)+ﬁ(3gz+gz)

1
+ 8175 (V2 + 3y5 +3y7)
including gauge and Yukawa couplings
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Electroweak symmetry (non-)restoration in the 2HDM

Is the EW symmetry always restored at T —» c0? = Check for minimum at origin

Extract leading term « T2 for T — oo:

. =62VT e H o1 (Hyp Hyp) (3 0
ressian i = OW;0w; ;=0 e T“_’n;’ T T“_’n; T2 (H21 Hp) \ 0 3,
with
1 1
Hog =€ - Tem [\/5(393 +g 3) + 4(3\/(:—1/\1 + \/6(2/\3 * AA))]
1
Hp =6y - 161 [\/5(393 + 9'3) * 4(3\/6/\2 * \/ﬁ(2/\3 * A4))]

= Condition for a minimum at the origin: %;; >0 and %,,>0
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Finite ‘on-shell-like’ renormalisation

Ve calculated in MS scheme — introduces dependence on MS scale p
» Add counterterm potential V; to change renormalisation scheme:
oAy
2
+ 615 (D10, ) (®5D,) + 6, (DI, ) (O, ) + 2 [ oj@,)" +h.c]

+6T, (61 + W)+ 57—2((2 +W,) + 6TCP(qJ2 )+ 6TCB(p2 )

Ver = 6mZ, 01D, + 5m2,dYd, - 5m?, (dId, + h. c) 6’\1 (a)*cb )+ 22 (030,)”

Finite counterterms are fixed by the ‘on-shell-like’ renormalisation conditions:

» Conditions keep the physical masses, mixing angles, VEVs at T = 0 at their
tree-level values (and independent of y) = convenient for parameter scans

» Residual py dependence at T > 0 and beyond masses (e.g. trilinear couplings)!

KIT
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Finite renormalisation constants for the 2HDM
From [Basler et al., 1803.02846]

1 5 1 V.
2R cw cw \7) cw 2
6m11 5 2HZ1,§1 HW1YW1 2 pupy * 2 Vs ( 1% H’h ’72) %
1 1v
2 _ cw 1 (gow cw cw cw 2
omj, = 2 ( [Xon 3an."lz) 3 V_ (HGZZ - H"I1le) (HW1:W1 HP1 P1) o U
&mi; = Holn, + & (H&V’% B HS‘1NP1) kol
o W W cw v
b = E [2HP1 P1 HG.G ~ HW1:‘P1] = V_12t dV azv
. 2 nNew = Zew aw - 9 Vew
1 Tyew cw cw Vi .=
6, = V% H’lzyflz Hfz 52) (HP1:P1 HW1-W1) Vgt ; ad’, ¢‘¢] a¢ a¢
1 1
6A3= — (HEW - H HW - HW, ) -t
ViV ( M2 G'ZZ) v ( Ll wmm) t: free parameter, chosen such that A, = 0.
oA, =t
2 (how cw
6A5 = E (Hllhr% - HP1:P1) *t
V2
_ oW cw cw cw HW cw cw __NCW
oT, = Hﬂ1v’lz HP1 o V17 Nf1 » OTp= fh "Izv1 p Hﬂz V2~ Nfz v OTep= 51#‘1 * HZ1 w17 NWZ r 0T = _sz
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Scan ranges

m, [Gevl m, [Gev] m,[GeV] m,.[Gev] tanB Cuwv M7, [GeV?]

NH 125.09 [130,1500] [30,1500] [30,1500] [0.8,250] [-0.5,0.5] [1073,10°]
IH [30,120] 125.09  [30,1500] [30,1500] [0.8,120] [-0.5,0.5] [1073,10°]

Table : Scan ranges of the R2HDM type 1 input parameters, where NH or ‘normal
hierarchy’ (IH or ‘inverted hierarchy’) refers to the set-up where the lighter (heavier) of
the two CP-even neutral Higgs bosons is the SM-like Higgs Hgy, i.e. H,(H,) = Hey.
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Normal hierarchy: triple-Higgs vs. Higgs-gauge couplings

[Biermann, CB, Boto, Miihlleitner, Santos, Viana '26]

T L r—— T A r— T 6

T T T
R2HDM, NH (mpy, = mug,) S—N—EW (2-step PT) S—»N—=N—EW (3-step PT)
E| SSEW (1-step PT) ) || 2nd transition || 3rd transition

—

10~

ot

HL-LHC. HL-LHC

10—2 L

SM

|gH1VV/gHVV i 1‘

FCC-ee

m
Q
Q
&
3
.
d -"
&p

w

HL-LHC/FCC-ee

FCC-hh
HL-LHC/FCC-ee
FCC-hh
HL-LHC/FCC-ee

h
HL-LHC/FCC-ee
[}

1 2 1 2

ACENLO /3 SMeffNLO ACENLO /\ SM.effNLO
o N iy N

H

i
L
:

1

eff, NLO SM,eff, NLO
/\HlHlHl //\HHH
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Normal hierarchy: signal-to-noise ratios for gravitational waves

[Biermann, CB, Boto, Miihlleitner, Santos, Viana '26]

10* F[R2HDM, NH (my, =mu.,) T/S—N=EW (2-step PT) '[S—)N—»N—»EW (3-step PT)]
S—EW (l-step PT) 2nd transition 3rd transition
10! T -
—2 4 | . ...-0
= 10 [l
o <
G T - wah
n ‘o
107 T i T
10—11 +4 L
10—14 Il L Il 1 A 1 1 1 1 1
200 400 600 200 400 600 200 400 600
my+ [GeV] mpy+ [GeV] my= [GeV]
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Normal hierarchy: gravitational-wave frequency spectra

[Biermann, CB, Boto, Miihlleitner, Santos, Viana '26]

107k S
N ‘dl
&l /’
1079 4
|
10—13 ) <
?}N
G
C:‘Q 10—17 4
10721 4
. iy
10~25 H R2HDM, NH (mp, = mugy) | = %SSNSEW (2-step PT) T[SSNSNSEW (3-step PT) g
S—EW (1-step PT) 2nd transition 3rd transition

10° 1076 1074 102 100
3" [

100 1076 1074 1072
f5" [He)

AL )l ()2
13 [Hz]

» Points above (below) LISA curve: SNR(3y) > 1 (< 1); points inside grey band:

SNR(3y) depends on f5*
» Stronger GW signals for 1-step PTs than for multi-step PTs
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Inverted hierarchy: mass distribution

[Biermann, CB, Boto, Miihlleitner, Santos, Viana '26]

00 L(R2HDM, TH (mr, = ma)| APk ' ° ' ' B .

500w e pry© 4 1-step SFOPT points:
;’1‘)0 i 1 » 250 GeV < my,. < 450 GeV
2
) . | | 4.0 . . .

Al > Distinct region for large §, and
il 1M large m,. due to requirement of
EW symmetry restoration

100F 9
w . N e L L L 3.0 = .
120F : ' 60 80 100 120 = 2-step SFOPT points:
mp, [GeV] L. .
j - full sample 2.5 » Somewhat similar, slightly lower
SRR : EWSR, but &, < 1 range of m,. compared to
% coloured points: EWSR and §, 2 1 2.0 ’I-Step points
S sof
= . . .
‘ . VEi [T - Wi e 5 > No distinct regions for strong §,
60 ’ Ts
] ) \ ) ; ’ (with i = 1,2,CB, CP)
100 200 300 400 500
my+ [GeV]
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Inverted hierarchy: mass distribution

120

= 100

mp, [GeV
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[Biermann, CB, Boto, Miihlleitner, Santos, Viana '26]

- L
| [R2HDM, TH

60

No NLO stability
NLO stability, No EW!

NLO stability, EWSR
L L

(mr, = miy)

SR

200 300
mp+ [GeV]

400

max{|A1 2345}

100

300 400 500

mpy= [GeV]

200

1-step SFOPT points:
» 250 GeV < m,. < 450 GeV

> Distinct region for large §, and
large m,. due to requirement of
EW symmetry restoration

2-step SFOPT points:

» Somewhat similar, slightly lower
range of m,. compared to
1-step points

> No distinct regions for strong ¢,
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Inverted hierarchy: mass distribution

[Biermann, CB, Boto, Miihlleitner, Santos, Viana '26]

00 L [R2HDM, TH (mar, = mpe)| A4 - ' ' B .
Rty LSHNHEVV (Z-SLop”ll"l‘) e T 10 1-step SFOPT points:
2nd transition J
= 4000 1 » 250 GeV < my,. < 450 GeV
Al 8 > Distinct region for large §, and
| 1 large m,. due to requirement of
: EW symmetry restoration
100 F s iy q
e | N N | " — 1 L L @ & .
120F . ' 60 30 100 120 = 2-step SFOPT points:
mp, [GeV] .. .
- full sample » Somewhat similar, slightly lower
R  EWSR, but & <1 4 range of m,. compared to
o coloured points: EWSR and §, 2 1 1-step points
5 sof
i VEi [T - Wi e > No distinct regions for strong §,
i &5 J L
60 g Tp
| ) \ ) ; ’ (with i = 1,2,CB, CP)
100 200 300 400 500
my+ [GeV]
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Inverted hierarchy: signal-to-noise ratios for gravitational waves

[Biermann, CB, Boto, Miihlleitner, Santos, Viana '26]

R2HDM, IH (mpy, = mug,,)

10+ S—N—EW (2-step PT) 10
S—EW (1-step PT) 2nd transition
10t F Remr o de
“ 8
2|
;%: 10
£ 105} 6 3
wn
10781 4
1071 F ' B, A AL
. D 9
10—14 1 . 1 ! 1 o N
100 200 300 400 100 200 300 400

mpy= [GeV] mpy= [GeV]

» Distinct parameter space for largest SNR values for 1-step (m,. 2 400 GeV)
and 2-step PTs (100 GeV < my,. < 350 GeV)

= Simultaneous measurement of H* and GWs: hints towards transition history
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Normal hierarchy: thermal parameters

[Biermann, CB, Boto, Miihlleitner, Santos, Viana '26]
6

op PT) A [SNSNEW (Bstep PT)
3rd transition

-

0
R2HDM, NH (my, = mir., )| [H\Qu,\\
SOEW (1-step PT) 20d 1
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Inverted hierarchy: thermal parameters

[Biermann, CB, Boto, Miihlleitner, Santos, Viana '26]
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