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Evolution of the Universe around the electroweak epoch

How did the hot early Universe evolve around the electroweak epoch?
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Motivation

Evolution of the Universe around the electroweak epoch
How did the hot early Universe evolve around the electroweak epoch?

» Exotic intermediate phases such as
charge-breaking ones (massive photons, ...)?
» First-order and multi-step phase transitions?

EW-symmetric (high T) — neutral
—> charge-breaking — neutral (T = 0)

» Compatibility with collider constraints?
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Motivation

Evolution of the Universe around the electroweak epoch
How did the hot early Universe evolve around the electroweak epoch?

» Exotic intermediate phases such as
charge-breaking ones (massive photons, ...)?
» First-order and multi-step phase transitions?

EW-symmetric (high T) — neutral
—> charge-breaking — neutral (T = 0)

» Compatibility with collider constraints?

Excellent testbed for BSM physics with extended scalar sectors
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Motivation

The CP-conserving 2HDM (type 1) with softly broken Z, symmetry

Tree-level scalar potential of the real 2HDM:

A A
Vigee = M3, ®}®, + m3, 030, - m3, (OId, + h.c.) + 31 (CDJ{CD1)2 * ?2 (@5@2)2
A
+A (®I®1)(®;®2) +A, (q;;fcpz)(q);q%) * 35 [(q);rq)z)z * h.c.]
: 1( py+in 1 P, + Weg *inN
h o =—( " e, — R
it ! \/5(;””1”4’1) 2 \/E(Zz““wz”(wz*wcp))

and real fields p;, n;, ¢, @, (i = 1,2), and VEVs W, (j=1,2,CP,CB)
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Motivation

The CP-conserving 2HDM (type 1) with softly broken Z, symmetry

Tree-level scalar potential of the real 2HDM:

A
= m?2 2 pt 2 1 2
Vtree - m”cD;ch1 + mzchZch -mz, (CDJ{CDZ + h.C.) + 7 (CDTCD1) +

A
+ A (CDICD1)(CD;CD2) +A, (cp;rqu)(q);q%) * 35 [(q);rq)z)z * h.c.]

with o =l( P+ iy ) o =l( Py * Weg *1M; )
V2 \G o i) 22 G @, +i (W, + @)

and real fields p;, n;, ¢, @, (i = 1,2), and VEVs W, (j=1,2,CP,CB)

» Present-day EW-breaking vacuum at zero temperature T = 0 (with v; = d)}.|T:O):
Vg =Vep=0 and v?=vZ+v2=(246.22GeV)> and tanB=v,/v,
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Motivation

Phases in the 2HDM

Type of vacuum V2(@))  V2(D,)

Neutral EW-symmetric 0 0
0 0
Neutral EW-breaking O (O)
W, w,
CP-breaking _0 (_ 0._ )
Wy Wy +1Wep
. 0 L
Charge-breaking (CB) ) (U{CB)
Wy W,

4
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Motivation

Phases in the 2HDM

: 2 _q
Type of vacuum \/5@1) \/5@2) Toy model with m7, = 0:
. 0 0
Neutral EW-symmetric v #0
O O v =0 EW symmetric
. 0 0
Neutral EW-breaking ) ( . )
W, W, m2
. 0 0
CP-breaking . (_ .- % CB v =0
W, W, +1Wep ' v #0
; 0 Weg
Charge-breaking (CB) ) _ p A;>0
w, w, N

(derive e.g. with geometric methods [ivanov '0s])
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Christoph Borschensky - Intermediate CB phases in the 2HDM



Motivation

Phases in the 2HDM

Toy model with m?, = 0:

> Bounded-from-below conditions: )
] A ,>0, JAA, +A;>0, m3s
Ne v #0
VA1 AZ + A3 + A4 B AS >0 vy =0 EW symmetric
» Conditions for a CB vacuum:
N
A, =A; >0, A, > |A] -
and
A3
2 2 A e =0
m11\/}\_2+m22\/z<01 cp v 70
A A
3 3
cl m3, <m§2/\—, m§2<m$1A— ' A2 Ay;>0
2 1 A3

(derive e.g. with geometric methods [ivanov '0s])
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Temperature corrections

Effective potential at finite temperatures T
Full one-loop effective potential including thermal corrections:
Ver(T) = Viree + Vew + Ver + Vi(T)

with

» V- T-independent one-loop Coleman-Weinberg potential
» Vi T-independent counterterm potential

» V(T): one-loop thermal corrections at finite T
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Temperature corrections

Effective potential at finite temperatures T
Full one-loop effective potential including thermal corrections:

V() = V,

e tree

Ve + Ver + Vo(T)

with
» V- T-independent one-loop Coleman-Weinberg potential
» Vi T-independent counterterm potential
. . T'~’°°—"—2T"+im2T2—Lm3T+
» V(T): one-loop thermal corrections at finite T 90! *ogMel" - oMkl + e
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Temperature corrections

Effective potential at finite temperatures T
Full one-loop effective potential including thermal corrections:

Verl(T) = Viree * Vew * Ver + V()
with
» V- T-independent one-loop Coleman-Weinberg potential

» Vi T-independent counterterm potential
]

2
. . Tow Moy 1 2.5 1 3
» V(T): one-loop thermal corrections at finite T 90 *25MkT - 3 Ml * e

Perturbative expansion becomes unreliable at high T

» Resum ‘daisy’ diagrams (‘Arnold-Espinosa‘ method) to recover perturbativity
= Mass eigenvalues obtain T-dependent contributions
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Temperature corrections

Thermal evolution

Full one-loop effective potential including thermal corrections:
CW: Coleman-Weinberg potential
Veff(T) = vtree + VCW + VCT + VT(T) CT: counterterm potential
T: thermal corrections
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Temperature corrections

Thermal evolution

Full one-loop effective potential including thermal corrections:
CW: Coleman-Weinberg potential
Veff(T) = vtree + VCW + VCT + VT(T) CT: counterterm potential
T: thermal corrections

In high-T limit: T dependence in V ¢ from
2 2
mi(T) = mjj + ¢,T?

2 2 H
for m3, and ms, and with
1
12
+6

¢ = (37‘:' +205+ A4)

1
izﬁ

including gauge and Yukawa couplings

+ (392 +97)

(v7 +3yp +3y7)
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Temperature corrections

Thermal evolution

Full one-loop effective potential including thermal corrections:

CW: Coleman-Weinberg potential
Veff(T) = Vtree + VCW + VCT + VT(T) CT: counterterm potential
T: thermal corrections

In high-T limit: T dependence in V ¢ from 5 4

Mag
2

5 5 EW symmetric
mj(T) = mjj + ¢;T

for m2, and mZ, and with

1 1 T et mi,
. Pl 11
Ci=6(37‘:'*2’\3*7‘4)*%(392*92) A /-
1 A —
+ 6275 (V7 + 395 +3%7) T

including gauge and Yukawa couplings (blue hyperbola: m$2 #0)
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Parameter scan using the full Vog(T)

Scan of the 2HDM parameter space
(1) Generate seed points at T = 0 and scan over parameter space around them

= Points with a suitable trajectory for an intermediate CB phase in high-T limit
> SM VEV and Higgs mass v = 246.22 GeV and m, = 125.09 GeV fixed at T = 0
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Parameter scan using the full Vog(T)

Scan of the 2HDM parameter space
(1) Generate seed points at T = 0 and scan over parameter space around them
= Points with a suitable trajectory for an intermediate CB phase in high-T limit

> SM VEV and Higgs mass v = 246.22 GeV and m, = 125.09 GeV fixed at T = 0

(2) Locate the minima and evolve the VEVs for T > 0 for full one-loop effective
potential including thermal corrections: BSMPT v2 [Basler, Miihlleitner, Miiller "18-"21]
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Parameter scan using the full Vog(T)

Scan of the 2HDM parameter space

(1) Generate seed points at T = 0 and scan over parameter space around them
= Points with a suitable trajectory for an intermediate CB phase in high-T limit
> SM VEV and Higgs mass v = 246.22 GeV and m, = 125.09 GeV fixed at T = 0

(2) Locate the minima and evolve the VEVs for T > 0 for full one-loop effective
potential including thermal corrections: BSMPT v2 [Basler, Miihlleitner, Miiller "18-"21]

(3) Use Scanners [coimbra et al. '13-20] to apply constraints to selected points:

Theoretical constraints: Experimental constraints:
bounded-from-below,  perturbativity, flavour physics, Higgs searches at colliders
perturbative unitarity (akeroyd, arhrib, naimi 00,  (Higgs{Signals/Bounds} isechtie et al 0s-211),
absolute stability arroso, rerreira, vanoy, santos 131 STU-parameters [peskin, rakeuchi 92]
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Parameter scan using the full Vog(T)

Results of scan: benchmark points

250 250 preeer—r : : :
: weB
M - J)l
200 200 ¢ o
— — : BP4
= 150 = 1501 ;
3 3 :
13100 3 100F -
50 50p ]
09 100 200 300 200 U200 100 600 800
T [GeV] T [GeV]

m, (GeV) m,(GeV) m,.(GeV) tanB cos(B-a) m3, (GeV?)

BP1 562.84 168.56 164.51 16.58 0.128 18933.44
BP4 558.56 194.52 168.43 80.84 0.026 3857.90

SIAT TP
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Parameter scan using the full Vog(T)

Results of scan: benchmark points

250 250 prerrr— : : :
: weB
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Parameter scan using the full Vog(T)

Results of scan: benchmark points

250 e e ; - 250 prerree— . : ;
wep : @cB
: -—= W : —_——
200¢ AR o a0 i Ll o
= ; BP1 — BP4
% 150 . 1 Zwsop i 1
O c :
3100 / First-order PT -} |
o |
50| kT el F 50 F : s

09 100 200 300 100 09 0 400 600 800
T [GeV]

Intermediate EW-symmetry restoration

m, (GeV) m,(GeV) m,.(GeV) tanp cos(B-a) m?3, (GeV?)

BP1 562.84 168.56 164.51 16.58 0.128 18933.44
BP4 558.56 194.52 168.43 80.84 0.026 3857.90
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Parameter scan using the full Vog(T)

Results of scan: parameter space
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Parameter scan using the full Vog(T)

Results of scan: parameter space
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Parameter scan using the full Vog(T)

Results of scan: parameter space
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Summary

Summary and conclusions
Phase transitions including intermediate charge-breaking phases in the 2HDM

» Intermediate CB phases can occur in the CP-conserving 2HDM with full
one-loop thermal corrections

See JHEP02(2024
» Difficult to satisfy all experimental constraints 232 for more details!

» Found parameter space offers possibility for H - AZand H - H*W* decays
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Summary

Summary and conclusions
Phase transitions including intermediate charge-breaking phases in the 2HDM

» Intermediate CB phases can occur in the CP-conserving 2HDM with full
one-loop thermal corrections See JHEPO2(2024)31
» Difficult to satisfy all experimental constraints for more details!
» Found parameter space offers possibility for H - AZand H - H*W* decays
— CB phases occur only for relatively large couplings

< Restoration of EW symmetry at high temperatures requires small couplings

AT TP
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Summary

Summary and conclusions
Phase transitions including intermediate charge-breaking phases in the 2HDM

» Intermediate CB phases can occur in the CP-conserving 2HDM with full
one-loop thermal corrections See i
. . . . e JHEP02(2024
» Difficult to satisfy all experimental constraints 232 for more details!
» Found parameter space offers possibility for H - AZand H - H*W* decays

— CB phases occur only for relatively large couplings
< Restoration of EW symmetry at high temperatures requires small couplings

7 Latest Higgs collider data in HiggsTools [Banl et al. 22] excludes found points...
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Summary

Summary and conclusions
Phase transitions including intermediate charge-breaking phases in the 2HDM

» Intermediate CB phases can occur in the CP-conserving 2HDM with full
one-loop thermal corrections See i
. . . . € JHEP02(2024
» Difficult to satisfy all experimental constraints 1232 for more details!
» Found parameter space offers possibility for H - AZand H - H*W* decays

— CB phases occur only for relatively large couplings
< Restoration of EW symmetry at high temperatures requires small couplings

7 Latest Higgs collider data in HiggsToo's [Banl et al. 22] excludes found points...

THANK YOU FOR YOUR ATTENTION! ©
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