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Example

» Model: SM, Singlet extension, 2ZHDM, NMSSM

» Input: V, .., num of fields, symmetry, field-dependent masses, Debye masses
31 #include "one_loop_potential.hpp"
32 #include "pow.hpp"

#include "SM_parameters.hpp"

ree’

36 namespace EffectivePotential {

class xSM_base : public OnelLoopPotential {

public: | | . ,M[% /IH //ﬂ% /15 /1HS
double VO(Eigen::VectorXd phi) const override { V (h S) _ _h2 + —h4 _SZ + —S4 . h2S2
. return 0.5 x muh_sq * square(phi[@]) + O\"% - I 41
42 .25 *x lambda_h * pow_4(phi[0]) +

.25 x lambda_hs * square(phi[@]) * square(phi[1]) +
0.5 % mus_sq * square(phil[1]) +
.25 x lambda_s * pow_4(phi[1]);

¥

size_t get_n_scalars() const override { ’1scalars — ;Z
return 2;
b
std::vector<Eigen::VectorXd> apply_symmetry(Eigen::VectorXd phi) const override {
auto phil = phi;
phil[@] = - phi[@];
auto phi2 = phi;
phi2[1] = - phi[1]; V(ha S) — V(_ha S)a V(ha S) — V(ha o S)
return {phil, phi2};
¥

5k FH PhaseTracer 2 6



Example

» Model: SM, Singlet extension, 2ZHDM, NMSSM

» Input: V.., num of fields, symmetry, field-dependent masses, Debye masses

std::vector<double> get_fermion_masses_sq(Eigen::VectorXd phi) const override { 7
return {0.5 x SM_yt_sqg * square(phi[0]), 0 }Q;tz- )

60 9.5 * SM_yb_sq * square(phi[9]), m (¢) o —

61 9.5 x SM_ytau_sq * square(phil[@1)}; btz 2 h

63 std: :vector<double> get_fermion_dofs() const override {

04 return {12., 12., 4.};

65 }

66 std: :vector<double> get_scalar_thermal_sq(double T) const override {
const double c_h = (9. * square(SM_g) +

68 3. % square(SM_gp) +

69 2. x (6. *x SM_yt_sg + 6. *x SM_yb_sq + mﬂ&T%=—0&+u3+%whﬁi+&ﬁ)+%Nm@%+ﬁ)+@h+%ﬁﬂ

70 2. x SM_ytau_sq + 12. x lambda_h + lambda_hs)) / 48.; +[(‘@i‘@)+3@Wﬁ—Aﬁﬂ—le@i—ﬁ)+@rﬂmTﬁ2

1 const double c_s = (2. % lambda_hs + 3. % lambda_s) / 12.; 1 2

n=12,n,=12,n.=4

72 return {c_h % square(T), c_s * square(T)}; +4&@w47
73 } (50)
7 std::vector<double> get_scalar_debye_sq(Eigen::VectorXd phi, double xi, double T) const override{ m3¢Ty=—Qﬁ+u§44%&@%+&ﬁ)+%»w@%+ﬁ)+@h+%yﬂ
const double h = philel]; - [(_(yg_ug)w(xhqsi_xsqsz)-%Ahs(¢i—¢§)+(ch-csm)2
f const double s = phi[1]; .
77 const auto thermal_sq = get_scalar_thermal_sq(T); +4ﬁ@Mﬂi
78 (51)
79 const double mhh2 = muh_sq + 3. x lambda_h * square(h) + 0.5 % lambda_hs * square(s); ma¢ﬂv=pi+M¢i+%M¢€+%T% (52)
80 “ o
81 }
82 std::vector<double> get_scalar_dofs() const override {

return {1., 1., 1., 1., 1}; nh — 1, nS — 1’ nG — 3
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Example

» Model: SM, Singlet extension, 2ZHDM, NMSSM

» Input: V.., num of fields, symmetry, field-dependent masses, Debye masses

ree’

// W, Z, photon
std::vector<double> get_vector_debye_sq(Eigen::VectorXd phi, double T) const override {

const double h_sq = square(phi[0]); gz
const double T_sq = square(T); miy, (@) = qu,%,
const double MW_T_sq = 0.25 x square(SM_g) * h_sq; 5 1
t double MZ_T = 0.25 * M * : 2 _ 9 2 22
const double MZ_T_sq = © ? fsquare(S _g) + square(SM_gp)) h_sq mWL(¢, T) = L2 + —¢*T?,
const double Mphoton_T_sq = 0.; 4 §
2
m’)’T(¢) - O)
const double MW_L_sq = 0.25 *x square(SM_g) * h_sq + 11. / 6. * square(SM_g) x T_sq; 1
const double a_L = (square(SM_g) + square(SM_gp)) * (3. *x h_sq + 22. * T_sq); miL( 1) = 24 l(gZ—I-g'z) (3¢%+22T2)
const double b_L = std::sqrt(9. *x square(square(SM_g) + square(SM_gp)) * square(h_sq)
+ 132. * square(square(SM_g) - square(SM_gp)) * h_sq * T_sq — \/9 (g% + g2)° ¢% + 44T2 (g2 — g?)° (3¢%+11T2)],
+ 484. x square(square(SM_g) - square(SM_gp)) * pow_4(T)); ) o
const double MZ_L_sq = (a_L + b_L) / 24.; m2 (d’) g tg (252
const double Mphoton L sq = (a_L — b_L) / 24.; Zr o 4 h
1
2 R 2 12 2 2
// Mphoton_sq must be put at the end, as it will not be used in the 0Slike scheme. mZL(¢’T) 2 [(g t9g )(3¢h+22T)
return {MW_L_sq, MZ_L_sqg, Mphoton_L_sq, MW_T_sq, MZ_T_sq, Mphoton_T_sq’}; 5 5
} +1/9(g2 + ¢2)7 ¢ + 44T2 (g2 — ¢2) (33 + 11T2)] -
// W, Z, photon
112 std::vector<double> get_vector_dofs() const override {
: return {2., 1., 1., 4., 2, 2};
) nWL—Z, Ny = 1, n, = l,nWT—4, nZT—Z, n},T—Z
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» Model: SM, Singlet extension, 2ZHDM, NMSSM

» Input: ngfD from DRalgo

An automated interface is in development.

) DRalgo
om

T V(v J\

N
) ) Vtree
{BSM { & W—» Masses W—{ Vg J { Phase structure
J ~ Couplings
L N S
W

[Vacuum stabilityJ [ le, 7] [ T e
| RN

5k FH Phase'Iracer 2 9



Outputs of PhaseIracer?2

» Phase structure
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® O = PhaseTracer — -zsh — 58x43

'zy@192 PhaseTracer % ./bin/run_1D_test_model
found 2 phases

=== phase key = ===

'Maximum temperature = 1000
'Minimum temperature = 33.1513
Field at tmax = [-7.71149e-06]
Field at tmin = [-4.8098%e-06]
Potential at tmax = 5.94077e-06
Potential at tmin = 2.29061e-10
'Ended at tmax
" Ended at tmin

Reached tstop
Jump in fields indicated end of phase

| === phase key — ———

"Maximum temperature = 61.7437

'Minimum temperature = 0

' Field at tmax = [37.8319]

'Field at tmin = [81.1597]

' Potential at tmax = 65886.6

' Potential at tmin = -1.66587e+06

"Ended at tmax = Jump in fields indicated end of phase
"Ended at tmin = Reached tstop

found 1 transition

;=== transition from phase @ to phase 1 ===
' changed = [truel

"TC = 59.1608

~false vacuum (TC) = [5.69488e-06]

~true vacuum (TC) = [50.0002]

~gamma (TC) = 0.845158

'delta potential (TC) = 0.00117802

TN = 57.3828

~false vacuum (TN) = [6.40552e-06]

~true vacuum (TN) = [53.6195]

=== Gravitational wave generated at T = 57.3828

alpha = 0.00138966

beta over H = 7118.31

peak_frequency 0.121947

peak_amplitude 3.59588e-23

siganl to noise ratio for LISA = 3.72509e-13
zy©@192 PhaseTracer % I
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Outputs of Phaselracer

> Critical temperature 7

5K FH
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Outputs of PhaseIracer?2

» Bounce action Sy 10
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Outputs of PhaseTracer2

» Nucleation temperature 1, strength factor a, transition’s duration

SSM, Norder = 6
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Outputs of PhaseIracer?2

» Gravitational Wave

@ Bubble collisions
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Outputs of PhaseIracer?2

» Gravitational Wave
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Outputs of PhaseIracer?2

» Gravitational Wave
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Summary and outlook
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Phase'lracer? vs. Cosmo'lransitions

> Nucleation temperature 7y
Tc TN False VEV True VEV Time
CosmoTransitions 109.4 84.24 231.1,—136.8 286.4,382.2 7.62 s
PhaseTracer 109.4 84.25 231.1,—136.8’ 286.4,382.2 4.70 s
@A 4000 -
;§\ 2000 -
A
)
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