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= TF1H1e
RAMES (HD)  BREORIME
IREIAIERIZER (RGP TTHERRRZRAN) -

WiJ] =—-1ilnZ[J]

BdEiERm, [EEREHA=:

SWI[J]
oJ(y)

= W[J] - Jd“yf(y)

BEPLBEmR, [EISHEE : L

F
G=F-H—
oJ
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> BRHBIENX

Magnetic System Quantum Field Theory

X r = (t,x)

s(x) ¢(z)
H J(x)

H(s) L(9)

Z(H) zZlJ

F(H) ElJ
M Pec1()

G(M) _F[¢cl]

See Peskin&Schroeder’s testbook, Section 11.3
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[ dp 1 [
Vi=1
© | ZJ(ZE)4 n [pz—m2+i€

nzl HE B B A B B
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| BEECANHMES, (-0 = Y /n
n=1
00 d4 1 l/l¢2 t ; d4 1/1¢2 Wick #2)
V=iZJ - : =——J n |1 - o
1 - 2n)* 2n | p?2 — m?2 + ie 2 ] @) P2 —m? + ie Bo = ipy
L(dp 344’ 1 [ d° P2+ m? + —-Ap?
= — In |14 — In
2 J' (2m)? P2+ m? +ic 2 J (27)* p2 4+ m2 + ie

®
1 {J’ d*p

= — In
2 (27)*

- 4
. ERSORAIOT, G2V, = - = [ L [ 4w, ER )=+ 2007

Yang Zhang (5K [H) 7
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L TR R _mx:[dx%,

_ d'p y y _oavoeapn ] d’p 2 2
Vi = EJ o) In[p= +mA(P)] = (u*) EJ o) In[p= +m*(¢)]

B , (ﬂ2)2—d/2J ddp 1

) J ) | e )

o[ L2 L L Tood (1) e,
® NI LT (Zﬂ)d (p2 2y = (47z)d/2 C(n) o ==

B , (Iu2)2—d/2 (L>1_d/2 1 F(l —d/2) B (//t2)2—d/2 1 (L>_d/2 1 1 )
V1(¢)—Jdm ((/ﬁ){ 5 — G T = (g) — TV (1_%)1”(2 d/2)

)
AN L () ro—an
T2 4 _dy (4o \ m? e
2 2
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> TmBANME: may O =g
V) = Vi) 4 Vo) = L2z o Lgga M@ |l m@)” ] 3
® (¢) — O(¢) T 1(¢) — Em §b + Z ¢ ' 6471'2 Il( //t2 ) 5 —460000 -
—470000 A
m?>=—20%1=0.5 —480000 -
—490000 A ',"
600000 - 12500 - 600000 - o - -
400000 - 10000 - 000D ¢ (GeV)
% 200000 - % o % 200000 - o
SJ; : 9; 5000 - \;?/ .
= ~200000 - s 2502: m*(¢) = 0 ~200000 -
—400000 - _2500 - —400000 A
(l) 5l0 l(I)O (I) 5l0 l(I)O
¢ (GeV) ¢ (GeV)
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> BIRER/N\BIFR AR VS ARAR

. TEEBE: V($) = Vo) + V() + 5V(). ; o, =i

t

| 4 L |
. E—LEAERIR V() + SV(() = m(¢) In( m(¢) )__ _ (= )

64 72 12

u =30 GeV, dof=10, MS

600000 -
Vo 750000 - =
4000004 — Vo + V1 {l— Vo+Ws
__ 500000 -
<. 200000 - < _
= = OE0000 - \/
O 0 - O !
0_
= 200000 - > .
—250000 -
—400000 -
. . . —>00000 1_ , , 60 65 10 T
0 50 100 0 50 100 ¢ (GeV)

Yang Zhang (f) (GeV) (I) (GeV) 11
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> BIRRE MIVEEZ1E -
~0.02 | -
T4 m2(¢) 71.4 71.2 |
Vi, T) = —n, ,J J(x) =~ F—x :
° o TR 2 ) 45 127 5 sl T < g
551 -008| OGN
3 -z (3) (&) -3 |
g A 1 o wo(()) :
& B o T R T T BT, v,
%) m/T
— S
S 5
5 <
+
>
_0-5 1 1 | . |
0 50 100 0 50 100

o (GeV) o (GeV)
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arXiv:2208.01319 Peter Athron, Csaba Balazs, Andrew Fowlie, Lachlan Morris, Graham White, Yang Zhang

Name Order ¢ dependence u dependence Concern
o BElRHXH
- s PRM Tree minima; Tadpoles Explicit No daisies
1-loop potential
® Ijll.. 3 1{? %ﬁ H_1gh—T 1-loop leading terms Tadpoles Implicit Accuracy
MS 1-loop potential Explicit Explicit ¢ & 1 dependence
® L| nd e !S I R pI‘Ob| em MS + RGE 1-loop potential; Explicit Reduced by RGE & dependence
2-loop RGE
OS 1-loop potential Explicit No ¢ dependence
1
@ GOIdStOne Kiﬁ Covariant gauge 1-loop potential Explicit Explicit ¢ & p dependence
108 T =0, ¢s =0, w RGE 108 T =0, ¢y =0, w/o RGE
@ Tad pOIe BE%U —1.16 4 + Tree-level minimum —1.16
X One-loop minimum
~1.184 — @= Zmi) —1.181
> .U:L’.v ] HE AN 1204 — oo  —1.20-
o)RREZE, BEANZEIL )= et :
$ -1.22- § —1.22-
'ﬂij;'ﬂ]}ﬁjj)\‘ jEl’] Bﬂﬁ?o = —1.241 = —1.241
—1.26 - —1.26 1
—1.28 1 —1.281
_1.30 | | I I I _1.30 | 1 I | I
240 250 260 270 280 240 250 260 270 280
on [GeV] on [GeV]

Yang Zhang (5K [H) 13
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] ] Vtree w
{BSM ] { A ] > Masses { V. ) Phase structure

1
Couplings
\ Y / l l
[ Vacuum stability J [ ‘o7 J [ Do J { Dark mater J

<

A4

LN\

T, Tp, Tx { Baryongenesis J

N

a, J { Gravitational wave J

[ Collider phenomenology J

Yang Zhang (5K [H) 14
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T;
T, V;:ff(ﬁbgl)aTC?f) — Véff(¢§2)vTC5€) —
OVest _ OVegr B
L 0¢; loV 10 O0¢; 1P 10 )
05 1 15 9
T
Ty=0

Yang Zhang (5K [H) 15
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» SM + a Z2 symmetric real scalar singlet (arXiv:1611.02073)

Ahs sT?) 5 A
V(H,s,T) = (@24, T H H+ M\ (HTH)?+ 222 (H H) s (15 + 0 T°) s24 2t
Method 1 3 : 4
Jso W =0.1, Ahs-082 m. =139 GeV, T=196.6 GeV
\Analytic calculation oV _ oV —0
200 6’0 —0 8'0 —0
Vh,Vs= Vs, Vh=
Method 2 .. JIN\ , ; i
— py + cnl’ ps +csT
= Vp = , Us =
wn 1004 Ah As
V('Uhy Oa TC) — V(O, Us, Tc)
Method 3 0

T2 )\sch/"% - /\hcsﬂg - \//\h/\slcslf'h Ch“s‘
AsC: — ApC2

-50 0 50 100 150 200 250

Yang Zhang (5K [H) 16
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\ Starting with an un-broken phase at high temperature and a
broken phase at low temperature, find a temperature that these
Method 1 two phase degenerate using bisection method.

| O} o}
Bisection S |

—4r Hien =200 GeV 4 — Tiya =200 GeV - A T3 =150 GeV
e l| = T\ =100 GeV | _al| == Tyn=150 GeV = = el = Tyen=125 GeV
MethOd 3 ° — T:,,. =0 GeV 0 - 6 —_ T:,‘ =100 GeV T ° —_ T:,,, =100 GeV
850 0 50 100 150 200 250 0 50 100 150 200 250 0 50 100 150 200
/ ¢ (GeV) ¢ (GeV) ¢ (GeV)
> Used in BSMPT (arXiv: 1803.02846)

V1, V2

Yang Zhang (5K [H) 17
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Starting with a minimum at low/high temperature, trace the location

of minimum at different temperatures.
T (GeV)

Methd ] N | ' ' ' ‘ 180 > . | | 00'. Phasejo
. e*e Phasel
160
51 Bl 140 150 |
{120 * *
Method 2 S S : b,
1100 @
| o} (9 100 R
§ 80 N
60 :
-5} 50} .
Me’rhod 3 0 :
20 .
Trace minimums N R . ; ) 1 . o
=50 0 50 100 150 200 50 0 50 100 150 200
¢ (GeV) ¢ (GeV)

> Used in CosmoTransitions (arXiv: 1109.4189)
PhaseTracer, BSMPT_3

Yang Zhang (5K [H) 18
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> B Vg, T) = (cT? — m*)p? + k> + 1p*, ¢ =0.1, m*> =100, k = - 10, 1 = 0.1
1le6
0.5 100 e IE
| ®
B @
80 80 1@ .
s :
<y @
60 > 60 o 2 —100000 -
©) © & O
S @ @ S
- s | = —200000 - 8
20 2019 e o’
@ @ ..
a 2 —300000 - ¢f
. 0@ ® |
0 25 50 P he" 50 55 60
Pmin (GeV) T (GeV)
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05 1 {5 ¢ <¢> =0 <¢> =0
' T | Bubble Wall =

VO,

Tp=0 Esph (Tc)
1e

Tc S C

T 36 T. > 1.0

Yang Zhang (5K H) 20
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Upturned potential, —V'(¢)

s Undershoot

we == Solution

go past @y
roll into ¢

stop at ¢y

l— Overshoot

Field rolls and stops at false vacuum

r OO 1 . i
Sg=84| p! (5452 + V(éb)) i
JO | — ~
|
d? ad !
Pp)  adplp) _ AV(S) ,
dp>  p dp m— — .- !
ue vacuum, ¢  Solution, ¢(p = 0) = ¢y Barrier, ¢ False vacuum, ¢y
Field ¢
d¢(p) — O 400000 X
dp 0 300000 E:g g:\\; .
P —~ 200000 1 S i
P(p — 00) = ¢f L» E 100000 - o g
¢, = . < 20 -
I
d¢(p) = () ~100000 A e
0-
dp =00 ¢f _200000—20 0 20 40 60 80 0.0 0.2 0.4 0.6 0.8 10 |
(GeV) r
Cdw o ad v =0)=0 = =0 o
S b =~ AV, V(1= 0) = 0, x(7 — 00) = . Wt — 00) =
Yang Zhang (5K [H)
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FHAS 2280 e or oot Py
NE=
> BAGRE T,
I T(T)PAT") S(Ty)
N(T)=J dr——2—— =1 2 140
. THXT) Ty
200000 200
100000 -
150 -
. .
>
L I~
= 200000 -
50 -
—300000 -
—400000 I I | | . 0
0 20 40 60 80
¢ (GeV) T (GeV)
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> ﬁ%—yzl-$m"‘$ 10000

V(g1 §y) = V=1, — ) R [

I

I

I

I

I

I

I

I

I

I

I I

6000 - : :

400 - = | |

N . :

300 - 40004 | :

| |

200 - | |

20001 | !

100 - | I

S | |

() [ I

o 0 - I ]
~ 0 b e —— LT, Ly e e prrreeeen prrreeene l. ........ |.l...
© —100 - 80 85 90 95 100 105 110

T (GeV)
~200 -
200 - » In CosmoTransitions, half of the space is forbidden.
400 - » In BSMPT3, the one with shorter distance is chosen.

—400 —300 —200 =100 O 100 200 300 400

b1 (GeV) » In PhaseTracer2, the one with minimum action is chosen.
1

Yang Zhang (5K [H) 23
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Do 1 T oV(¢, T)

= Vi

b

et or— (52— rare (S
> HEZHIRIIE: () =—(— ) = THD—| —

> *E 7#2\% ‘ jj %SIZ-IEI . e Bubble collisions ——

—== Turbulence

10723 ¢ . .
100 3 HN\? [ kga \2 E [ "(lfotlhlsmnsl't d
Qenvh2=1. 1 —SA ~VY £ ¢ . === Total amplitude
s () (5 ()
X Senv(f)a (82) S AT el
10 \\&: \\\\\\
e Turbulence T, L0 T T
H Kt urh O 3/2 100 1/3 7 N
2 —4 [ £4x turb i e 5 -
s (5) (522)"(2) " Ee
(f/fturb)3 g 10-28 _
X 11/3 ’ (88) :
[L+ (f/ feurn)] " (1 + 87 f/Hp) :
1029
@ Sound waves
_ - 1073°
Quwh® = 2.061 Fyy 0 T2 U§ Seo(f) Qgw o1)
1073

x min(H,R./Us,1) (H.R.) h?, :
Yang Zhang (3§ FH) 104 10* 10  10' 100 10! 94

Frequency (Hz)
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» CosmoTransitions: Python, traces minima, calculate the bounce solution, nucleation temperature

» BSMPT_v1: calculate critical temperature

» PhaseTracer_v1: tracks phases, calculate critical temperature

» BSMPT_v2: baryon asymmetry

» BSMPT_v3: tracks phases, calculate the bounce solution, nucleation/percolation/completion temperature, GW

» PhaseTracer_v2: calculate the bounce solution, nucleation/percolation/completion temperature, GW

» Vevacious: Python, find all extrema at T=0, calculate tunnelling times using CosmoTransitions

» VevaciousPlusPlus: C++ code wrapper of CosmoTransitions

» EVADE: estimates the decay rate of the false vacuum

» AnyBubble: Mathematica, calculate the bounce solution
» BubbleProfiler: C++, calculate the bounce solution

» SimpleBounce: calculate the bounce solution

» FindBounce: calculate the bounce solution

» OptiBounce: calculate the bounce solution

Yang Zhang (3K FH) 26



Phaselracer?

Input: Eftective potential

! ~

Outputs

Yang Zhang (7K FH) PhaseTracer2
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Inputs of PhaseIracer?2
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» Model: SM, Singlet extension, 2ZHDM, NMSSM

> Input: V,

ree’

31 #include "one_loop_potential.hpp"
32 #include "pow.hpp"
33 #include "SM_parameters.hpp"

35

36

37

38 class xSM_base
39 public:

.25 x lambda_hs * square(phi[@]) x square(phi[1]) +
s 0.5 % mus_sq * square(phil[1]) +
45 .25 x lambda_s * pow_4(phi[1]);

namespace EffectivePotential {
: public OnelLoopPotential {
double VO(Eigen::VectorXd phi) const override {

0
1 return 0.5 * muh_sq * square(phi[@]) +
42 .25 *x lambda_h * pow_4(phi[0]) +

L6 }

47 size_t get_n_scalars() const override { ’1scalars f— :Z

48 return 2;

49 }

50 std::vector<Eigen::VectorXd> apply_symmetry(Eigen::VectorXd phi) const override {

51 auto phil = phi;

5 phil[@] = - phi[@];

3 auto phi2 = phi; . .

4 phi2[1] = - phil[1]; V(h,s) = V(=h,s), V(h,s) = V(h, —s)

o1 O O1 O1 C

) O

O~
e

Yang Zhang (5K [H)

return {phil, phi2};

num of fields, symmetry, field-dependent masses, Debye masses

28



Inputs of PhaseIracer?2

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

> Input: V,

58
59
60
61
62
63
64
65
66
67
68
69
/70
71
/2
/3
74
75
76
77
/8
/79
80
81
82
83
84

ree’

std::vector<double> get_fermion_masses_sq(Eigen::VectorXd phi) const override {
return {0.5 % SM_yt_sq * square(phi[01]),
9.5 * SM_yb_sq * square(phi[9]), ]712 (qb)
9.5 x SM_ytau_sq * square(phil[@1)}; btz
b
std: :vector<double> get_fermion_dofs() const override {
return {12., 12., 4.%};
b
std::vector<double> get_scalar_thermal_sq(double T) const override {
const double c_h = (9. * square(SM_g) +
3. % square(SM_gp) +
2. % (6. % SM_yt_sq + 6. % SM_yb_sq +
2. % SM_ytau_sq + 12. x lambda_h + lambda_hs)) / 48.;
const double c_s = (2. % lambda_hs + 3. % lambda_s) / 12.;
return {c_h % square(T), c_s * square(T)};
b
std::vector<double> get_scalar_debye_sq(Eigen::VectorXd phi, double xi, double T) const override{
const double h = phi[0];
const double s = phil[1];
const auto thermal_sq = get_scalar_thermal_sq(T);

nt — 12, nb

const double mhh2 = muh_sq + 3. x lambda_h * square(h) + 0.5 % lambda_hs * square(s);

}
std::vector<double> get_scalar_dofs() const override {

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

Yang Zhang (5K [H)

Henan Normal University

num of fields, symmetry, field-dependent masses, Debye masses

2
)QLLI' 9
o h

12, n, =4

ﬁﬁ@#?ﬁ=-—0&+4é)+3(hﬁi+Aﬂﬁ)+%AM(¢2+¢Q-+@h+cgzﬂ

+ [(— (1~ 12) +3 (M~ 02) — hue (61— 62) + (0 - e 72
¥ 4Ais¢i¢‘:’] y
(50)
ma(#,T) = — (ki + 12) +3 (M + X6 + %Ahs (6% +42) + (cn+e) T
- [(— (12 — 12) +3 (Mg} — Aed?) — %Ahs (63 — ¢%) + (cn — c2) T?)Q
¥ 4A;‘;s¢i¢§] y
(51)
m&(¢,T) = pj, + i, + %)\hs¢§ +enT?, (52)

LRI s
92%\%4273247.&

Centre for Theoretical Physics

29
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» Model: SM, Singlet extension, 2ZHDM, NMSSM

> Input: V,

ree’

91 // W, Z, photon

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

93 const double h_sq = square(phil[9]); g2

const double T_sq = square(T); miy, (@) = Zgb,zl,

95 const double MW_T_sq = 0.25 * square(SM_g) * h_sq; 5

r— const double MZ_T_sq = 0.25 * (square(SM_g) + square(SM_gp)) * h_sq; m%VL(¢, T) = g—¢i+ Eg2T2,

97 const double Mphoton_T_sq = 0.; 1 6

~O 2

m3, (¢) =

99 const double MW_L_sq = 0.25 x square(SM_g) * h_sq + 11. / 6. * square(SM_g) * T_sq; 1
o _ 2 I 2 2 2 2

100 const double a_L = (square(SM_g) + square(SM_gp)) * (3. % h_sqg + 22. * T_sq); 7n7L( ,73-—-24 [( + g ) G&ﬁh4-227’)
101 const double b_L = std::sqrt(9. *x square(square(SM_g) + square(SM_gp)) * square(h_sq)
102 + 132. * square(square(SM_g) — square(SM_gp)) * h_sq * T_sq — \/9 (g2 + g'2)° ¢% + 44T2 (g2 — ¢?)* (3¢%+11T2)],
103 + 484. % square(square(SM_g) - square(SM_gp)) * pow_4(T)); ) o
104 const double MZ_L_sq = (a_L + b_L) / 24.; m2, () = g +g $2
105 const double Mphoton_L_sq = (a_L - b_L) / 24.; Zr - 4 ho
10¢ 1
2 R 2 2 2 2

107 // Mphoton_sq must be put at the end, as it will not be used in the 0Slike scheme. mZL(¢’T) 24 [(g T9g )(3¢h+22T)
108 return {MW_L_sq, MZ_L_sqg, Mphoton_L_sq, MW_T_sq, MZ_T_sq, Mphoton_T_sq’}; 5 5
109} +/9(g2 + g?)2 6 + 44T2 (g2 — g2)? (347 + 11T2)] -
110
111 // W, Z, photon
112 std::vector<double> get_vector_dofs() const override {
113 return {2., 1., 1., 4., 2, 2};
Y Ny = 2, Ny = 1, n, = l,nWT =4, Ny = 2, n, = 2

Yang Zhang (5K [H)

num of fields, symmetry, field-dependent masses, Debye masses
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Inputs of PhaseIracer?2

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

> Input: nglf) from DRalgo

An automated interface is in development.

DRalgo

{ BSM

.

V,

tree
Masses

Couplings

J

-

VC

ff

~

T
PN

4

>

Phase structure

l

l

L/

Trr ] (s

Yang Zhang (5K [H)

[ Vacuum stability J




Outputs of PhaseIracer?2

> Phase structure, transition parameters

T (GeV)
10 . : :
180
160
5 {140
N
o \
\ L J
~ 1100
I 0
— L J
<
= . 180
60
-5 )
\\\\:‘/// 40
N 4
20
_10 1 1 It |
-50 0 50 100 150 200
¢ (GeV)

Yang Zhang (5K [H)

T (GeV)

200 ,
. «*es PhaseO
. e*e Phasel
.
.

150 .
©
. -
- b
= -

100 . .
e L J
o .
° .
e L

50 . .
. L J
© L ]
° L ]
e L]

0 A ] L L a |
-50 0 50 100 150 200
¢ (GeV)

® 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 = [-4.80989e-06]

Potential at tmax = 5.94077e-06

Potential at tmin = 2.29061e-10

Ended at tmax Reached tstop

"Ended at tmin 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 = [true]l

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 % ||
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» Python3 phi4 potential.py
> L ARPPT b AL AH K PR T

\\N

600000 - 12500 600000 { — V,
alhnnn i V0+V17
400000 A Figure 2
g : e
= 1 =30 GeV, dof=10, MS dof= 10, 0S .
o .
;; 01+—— 600000 1| — Vv, 8000004 —— Vo
e a = Vi .
~200000 - 400000 - i 600000 - Ol 0.8
—400000 - g 200000 A C WON ) Figure 3
()]
B O 0 - OS
b —200000 - — T=1 GeV — — T=0 GeV
P
A€ "I"jc 2079 T=5GeV / % 2.01 — T=5GeV 0.8 -
| —400000 — ||— T=10 GeV O ||—— T=10 GeV
¥ 15 = 15
D = 0.6 1
0 © 10 =
5 05 ¢ 0.5 .
LI 2 AUl B N -
. . & 0.2 -
~0.5 1+ . . ~0.5 1+ . . 0.0 : . :
0 50 100 0 50 100 000 D25 050 075 100
¢ (GeV) ¢ (GeV)

A€EIPQ=RA
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3] 20 — YR

» Python3 1d_potential.py

> 2l - _ 2 2\ 4.2 3 4 7
> PR RKPPTHRV(P, T) = (cT* — m°)p* + kdp° + Ap " HIEFE -
Figure 1
le6
SN2 P
@
W an @ n
0.0 Figure 2
&
T —0.5- 400000 , ,
= = g S8 GY 50 -
. 300000 { —— T=50 GeV /\ \ \
_. 200000 - ® O Figure 3
<
i E 100000 il it
0 — _
= 0- 100000 - i
A€+ Q / 8 e
>
0 & -100000 = 100 -
' > 200000 - =
A €D "I']B 50 -
— ~300000 - o
_400000 1 I 1 1 I 0 I 1 I 1 1 1 1
0 20 40 60 80 46. 48 50 5 51 56 58 60
¢ (GeV) T (GeV)
A €D>P Q=
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4.>] 3. ZZdEPhaseTracer

You need a C++14 compliant compiler and our dependencies. The dependencies can be installed by

Ubuntu/Debian

sudo apt install libalglib-dev libnlopt-cxx—-dev libeigen3-dev libboost-filesystem-dev 1i
S

Fedora

sudo dnf install alglib-devel nlopt-devel eigen3-devel boost-devel gsl-devel b
Mac

brew install alglib nlopt eigen boost gsl 5

If alglib is not found, see https://github.com/S-Dafarra/alglib-cmake

Yang Zhang (5K [H) 37




®@ O build — clang « make — 80x24

lzhangyang@zhangyangdeMacBook test % 1ls ]
lzhangyang@zhangyangdeMacBook test % git clone https://github.com/PhaseTracer/Phal
seTracer -
Cloning into 'PhaseTracer'...

remote: Enumerating objects: 268, done.

remote: Counting objects: 100% (268/268), done.

remote: Compressing objects: 100% (177/177), done.

remote: Total 268 (delta 102), reused 246 (delta 87), pack-reused 0

Receiving objects: 100% (268/268), 392.77 KiB | 650.00 KiB/s, done.

Resolving deltas: 100% (102/102), done.

lzhangyang@zhangyangdeMacBook test % ls ]
PhaseTracer

zhangyang@zhangyangdeMacBook test % cd PhaseTracer

o - ]

zhangyang@zhangyangdeMacBook PhaseTracer % mkdir build

zhangyang@zhangyangdeMacBook PhaseTracer % cd build .
C——— make run 1D test model -j4

zhangyang@zhangyangdeMacBook build % cmake .. && make

—— The CXX compiler identification is AppleClang 11.0.3.11030032

-— Check for working CXX compiler: /Applications/Xcode.app/Contents/Developer/To
olchains/XcodeDefault.xctoolchain/usr/bin/c++

—-— Check for working CXX compiler: /Applications/Xcode.app/Contents/Developer/To
olchains/XcodeDefault.xctoolchain/usr/bin/c++ -- works

-—- Detecting CXX compiler ABI info

—-- Detecting CXX compiler ABI info - done

-- Detecting CXX compile features

A




O ® " PhaseTracer — -zsh — 80x24

[ 55%] Linking CXX executable ../../bin/scan Z2 scalar singlet model

[ 55%] Bulilt target scan Z2 scalar singlet model

Scanning dependencies of target run 2D test model

[ 60%] Building CXX object example/CMakeFiles/run 2D test model.dir/run 2D test
model.cpp.oO

[ 65%] Linking CXX executable ../../bin/run 2D test model

[ 65%] Built target run 2D test model

Scanning dependencies of target run 1D test model

[ 70%] Building CXX object example/CMakeFiles/run 1D test model.dir/run 1D test
model.cpp.oO

[ 75%] Linking CXX executable ../../bin/run_ 1D test model

[ 75%] Bulilt target run 1D test model

Scanning dependencies of target unit tests

[ 80%] Building CXX object unit tests/CMakeFiles/unit tests.dir/catch main.cpp.o
[ 85%] Building CXX object unit tests/CMakeFiles/unit tests.dir/test find phases
.CpPpP.O

[ 90%] Building CXX object unit tests/CMakeFiles/unit tests.dir/test find transi
tions.cpp.o

[ 95%] Building CXX object unit tests/CMakeFiles/unit tests.dir/test potential.c
Pp.o

[100%] Linking CXX executable ../../bin/unit tests

[100%] Built target unit tests

'zhangyang@zhangyangdeMacBook build % cd ../ ]

lzhangyang@zhangyangdeMacBook PhaseTracer % ./bin/run 1D test model I | .



@ " PhaseTracer — -zsh — 68x46

zy@Yangs-MacBook-Pro-2 Phaselracer % ./bin/run_1D test model
found 2 phases

=== phase key = ===

Maximum temperature = 1000

Minimum temperature = 33.1513

Field at tmax = [4.80762e-06]

Field at tmin = [-1.52561e-05]

Potential at tmax = 2.30901e-06

Potential at tmin = 2.30449e-09

Ended at tmax = Reached tstop

Ended at tmin = Jump in fields indicated end of phase

=== phase key = ===

Maximum temperature = 61.7437

Minimum temperature = 0

Field at tmax = [37.8322]

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
did not check for subcritical transitions

=== transition from phase 0 to phase 1 ===
changed = [true]

TC = 59.1608

false vacuum (TC) = [4.36255e-06]
true vacuum (TC) = [50.0002]
gamma (TC) = 0.845158

delta potential (TC) = 0.00117793
TN = 57.4083

false vacuum (TN) = [4.89914e-06]
true vacuum (TN) = [53.5749]
transition was not subcritical

=== gravitational wave spectrum generated at T = 57.4083 ===
alpha = 0.00138403

beta over H = 7411.19

peak frequency = 0.127706

peak amplitude = 3.28843e-23

signal to noise ratio for LISA = 6.24943e-13
zy@Yangs-MacBook-Pro-2 PhaseTracer % |}

% ./bin/run_1D test model

% ./bin/run 1D test model -d

Acoustic
— == Turbulence
— == Collisions
=== Total amplitude

10-23 -
10724 —

——--~

10-2° —

=

9
N
(9]
|

10-27 —

Amplitude (Qgwh?)

104 1073 1072 10°1 100 10!
Frequency (Hz)
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74.2]4: 1zf7PhaseTracerd B —4E/~ 1)

PhaseTracer / EffectivePotential / include / models / 1D_test_model.hpp

#include "potential.hpp"

#include "pow.hpp" V(¢7 T) — (CT2 R m2)¢2 + ﬁ;qﬁg T )‘¢4

namespace EffectivePotential {
// Publicy inherit from the EffectivePotential class
class OneDimModel : public Potential {
public:
// Implement our scalar potential - this is compulsory
double V(Eigen::VectorXd x, double T) const override {
return (0.1 * square(T) - square (100.)) * square(x[0])
- 10. * cube(x[0]) + 0.1 * pow_4(x[0]);
}
// Declare the number of scalars in this model - this is compulsory
size_t get_n_scalars() const override { return 1; }
// Look at x >= 0 - this is optional
bool forbidden(Eigen::VectorXd x) const override { return x[0] < -0.1;}
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000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

V(o, T) = (0.1T% — 100)¢? — 10¢4° + 0.1¢* 2 >
(¢ ) ( )Cb 0 ¢ T — K% + 4 m 501608

| O O | PhaseTracer — -zsh — 76x42 4CA

=== phase key = 0 ==
Maximum temperature 1000

Minimum temperature = 33.1513 P h T / p I / 1 D d l p p
pinmn tepperaturs = 33. 15 aseTracer / example / run_1D_test_model.c
Field at tmin = [-1.52352e-05]
Potential at tmax = 8.4765e-06
Potential at tmin = 2.29817e-09

Ended at tmax = Reached tstop #include <iostream>
Ended at tmin = Jump in fields indicated end of phase .
#include "models/1D_test_model.hpp"
=== phase key = === . .
Maximum temperature = 61.7437 #include "phase_flnder.hpp"
Minimum temperature = 0 . " . . . "
Field at tmax = [37.8322] #include "transition_finder.hpp
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 int mailn () {

Ended at tmin = Reached tstop

EffectivePotential::0OneDimModel model; // Construct
[2020-03-30 11:56:37.364765] [0x0000000104d0ddc0] [debug] Finding critical
temperatures between phases 0 and 1

[2020-03-30 11:56:37.365935] [0x0000000104d0ddc0] [debug] Found critical t

emperature = 59.1608 PhaseTracer::PhaseFinder pf(model); // Construct th
found 1 transition . .
pf.find_phases(); // Find the phases
=== transition from phase 0 to phase 1 === . . .
false vacuum = [7.66464e-06] std::cout << pf; // Print information about the phs
true vacuum = [50.0002]
changed = [true]
TC = 59.1608 . . .
gamma = 0.845158 PhaseTracer::TransitionFinder tf(pf); // Construct
delta potential = 0.00117793 . . . . . .
tf.find transitions(); // Find the transitions
[2020-03-30 11:56:37.367426] [0x0000000104d0ddc0] [debug] Executing python . . .
-W ignore /Users/zhangyang/work/test/PhaseTracer/include/../make plots/phas std::cout << tf ’ / / Print information about the tra
e plotter.py 1D test model
Making plots with 1 fields return 0O ;
Plotting phases against temperature for phi T 1D test model.pdf figure
Plotting potential against temperature for V T 1D test model.pdf figure }-

zhangyang@zhangyangdeMacBook PhaseTracer % l_
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ScanResult

% ./EasyScan HEP/bin/easyscan.py grid _scan.ini &

v 7 Figures

| Color_m2_lam_TC.png
| Color_m2_lam_TN.png
... Nrun.txt

Program summ
gr ary > I SavedFile

Program Title: EasyScan HEP e canResult ixt
CPC Library link to program files: https://doi.org/10.17632/4fcb77dxfw.1 arXiv:i2304.03636 - '
Developer’s repository link: https://github.com/phyzhangyang/EasyScan_HEP
Licensing provisions: Apache 2.0

Programming language: Python "?"] ecessessessssssssssessessessess o
Nature of problem: Performing numerical analysis of new physics models is crucial in High Energy Physics (HEP), 0 0E055608085500050680000050008
. . . . . 0000000000 OPOOOOOOOOOOIOORINYS
and requires scanning parameter space using various HEP packages. Connecting these packages together can be 0000000000000000000000000000000
. . . . . 013 0000000000000000000000000000000 26
cumbersome, time-consuming, and prone to errors, especially when using advanced scanning methods, due to secccecsccscecsscccccsseccsecce
the lack of a unified interface between these software and scanning methods. 0000000000000000000000000000000 N
Solution method: EasyScan HEP utilizes the ConfigParser module in Python to read a unified and 116 | e ettt

human-readable configuration file that connects HEP packages and sets scanning methods. We employ the G0 0000800000000000000000000606 =
subprocess.Popen and os.system functions to execute HEP programs, and provide users with various ceececcccecescscesescscescscscs ~
00000 OOOOIOOIOOININS

options to configure input parameters and retrieve output parameters, as well as several pre-installed scanning 014 0000000000000000000000000000000
(A A J A d A 0 0 00 00 0 0 0 0 0 0 00 dJ 50

methods. Se0sesesesesssessesssssesssses

Additional comments including restrictions and unusual features: EasyScan HEP is not designed for specific models e oo,

0121 00000000000 OCPOCOOOOOOOOOOOOOOOOOS 48

or HEP packages. Instead, it is compatible with almost any program that can be executed via the command line, 0000000000000000000000000000000
requiring minimal interface modifications. 000000 $00000000000000000000000
000N OOOIOTOEONIENES a6
00000 OIOOIOOOOEINS
0101 ©90000000OCOGOIOOSSS

lam

80 85 90 95 100 105 110 115 120

m?2
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000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

O O grid_scan.ini O O ScanResult.txt
scan [lam,m2, TC,TN, Chi2
éesuli folder name: ScanResult 0.1,80.9,57.4456,55.6267,0.0
Scan method: orid 0.10333333333333333,80.0,56.7394,54.9773,0.0
" varTd Prior Min WAX  BinNun 0.18000000000000002, 89. 33333333333333,47.7726,46.9649,0.0
Tnput parameters: m2 flat. 80 120, 30 0.10666666666666667,80.0,56.0692,54.3824,0.0
Cole o’ o 22" 30 0.18333333333333335, 89.33333333333333,47.5076,46.7195, 0. 0
. ' ' s L 0.15333333333333335,100.0,51.2878,50.3061,0.0
Parallel threads: 4 0.11000000000000001,80.0,55.4322,53.822,0.0
Parallel folder: PhaseTracer 0.18666666666666668,89.33333333333333,47.2506,46.4748,0.0
0.15666666666666668,100.0,50.9485,50.0163,0.0
[programl] 0.11333333333333334,80.0,54.8259,53.268,0.0
Program name: run_1D_test_model 9.19,89.33333333333333,47.0013,46.2532,0.0
Execute command: ./bin/run_1D_test_model -f >log.txt 0.16,100.0,50.6211,49.7025,0.0
Command path: PhaseTracer/ 0.11666666666666667,80.0,54.2481,52.748,0.0
Input file: 1, PhaseTracer/input.txt 0.19333333333333336, 89.33333333333333, 46.7593,46.0192, 0. 0
# varID  fileID method 0.16333333333333333,100.0,50.3052,49.4107,0.0
Input variable: m2, 1, Position, 1, 1 0.12000000000000001,80.0,53.6967,52.2458,0.0
lam, 1, Position, 1, 2 0.19666666666666668,89.33333333333333,46.5244,45.8057,0.0
Output file: 1' PhaseTracer/output.txt Q. 16666666666666669, 1@0.0,5@,49- 1325,0-@
# varlD  fileID method 0.12333333333333334,80.0,53.1698,51.7467,0.0
: . - 0.2,89.33333333333333, 46.2961,45.6002,0.0
Output variable: Iﬁ' i' ﬁgziﬁigﬂ' i' ; 0.16999999999999998,100.0,49. 705, 48.8603, 0. 0
’ ‘ vt 0.12666666666666668,80.0,52.6658,51.3294,0.0
0.12666666666666668,110.66666666666666,55.5009,54.2653,0.0
(lot] 0.1,90.66666666666667,58.3667,56.5643,0.0
P . . . 0.17333333333333334,100.0,49.4197,48.5973,0.0
# X-ax1ls  y-axis color  FigureName 0.13,80.0,52.1831,50.8826,0.0
Color: m2, Lam, TC 0.13,110.66666666666666,55.0431,53.8559,0.0
m2, Llam, N 0.10333333333333333, 90.66666666666667,57.6717,55.9549,0.0
0.17666666666666667,100.0,49.1436,48.3443,0.0
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4:.216: YNNI 7.2 Scalar Singlet Model
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4:.216: YNNI 7.2 Scalar Singlet Model

900 « run_mySSM.cpp

> 7EPhaseTracer/example I #mySSM X f:Jz

0 C* run_mySSM.cpp & =0 ™

C" run_mySSM.cpp ) main(argc, argv)

)b

> EMySSM A JE TN

- Q  Find v OneDimModel Omatchese 4+ Aa Contains ¢ || Done]
1
mySSM 2 My SSM example
3
2 ¥R 4 #include <iostream>
5 #include "mySSM.hpp"
6 #include "phasetracer.hpp"
CMakelLists.txt 7
— 8 int main(int argc, charx argv[]) {
9 // Construct model
hpp mySSM.npp 10 EffectivePotential: :mySSM model;
11 // Make PhaseFinder object and find the phases
run_mySSM.cpp 12 PhaseTracer: :PhaseFinder pf(model);
Baic - 13 pf.find_phases();
14 std::cout << pf;
15 // Make ActionCalculator object
. .:’:. . ' CMakeLists.txt 16 PhaseTracer::ActionCalculator ac(model);
17 // Make TransitionFinder object and find the transitions
add_executable( run_mySSM run_mySSM. cpp) 18 PhaseTracer::TransitionFinder tf(pf,ac);
19 tf.find_transitions();

N
-

std: :cout << tf;

> run mySSM CPP %7]:75{ i ']33% j(n/J\jL *Eiljgﬁ% 2 } return 0;
RUCE, W% N4 H 23
& 5 characters | (m)
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4:.216: YNNI 7.2 Scalar Singlet Model

1T #ifndef POTENTIAL_MYSSM_HPP_INCLUDED

2 #define POTENTIAL_MYSSM_HPP_INCLUDED

3 #include <vector>

4L #include "potential.hpp"

5 #include "pow.hpp"

6 namespace EffectivePotential {

/ class mySSM : public Potential {

s public: us(T)? = pul + eT?,  pn(T)* = py + cnT?
9 double V(Eigen::VectorXd phi, double T) const override {

10 const double mus_sqgq = square(m_s) - lambda_hs * square(v) / 2.;

11 const double muh_sq_T = muh_sq + square(T) / 48. *x (9. % g_sq + 3. % gp_sq + 12. *x yt_sq + 24. x lambda_h + 2. *x lambda_hs);

12 const double mus_sq_T = mus_sq + square(T) / 12. x (2. * lambda_hs + 3. *x lambda_s);

13 return 0.5 x muh_sq_T * square(phi[@]) + 0.25 x lambda_h x pow_4(phi[0]) + 0.25 % lambda_hs * square(phi[@]) * square(phi[1]) +
14 0.5 x mus_sq_T * square(phi[1]) +0.25 % lambda_s * pow_4(phi[1]1);

5 V(H,s)=p?H H + \,(H H)?

16 size_t get_n_scalars() const override { return 2; } 5
R e o e g S e Al R L)
19 return {phil 612 ; ' ' | 2 2 4
N (AL phizyi V(gy, ) = Vipy, — o) = V(= ¢y, )

21 private:

22 const double v = 247.4544243292407; const double mh = 125.25; 52V 92V

23 const double g = 0.6477096097526751; const double g_sq = g * g; v v :=7n2 and —— :=7n2.

24 const double gp = 0.3585644903737741; const double gp_sq = gp * gp; fhﬁ% N h éhﬁg N 5

25 const double yt_sq = 0.9341361105006658;

26 const double muh_sq = -0.5 x mh % mh; const double lambda_h = -muh_sq / square(v);

27 double lambda_hs = 0.3; double m_s = 65; double lambda_s = 0.1; m,% = —,u,% —|—3)\h’U,2l = 2)\hv,2”

28 }; A

29 '} // namespace EffectivePotential mg - _'ug_|_ hsvi.

30 #endif 2
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74.2]7: 1afrPhaseTracerd ) — 2 7~ 4]

0/0 . / b 1 N / Fun 2 D te S t mOd e 1 Colored arrows separated by AT =10 GeV
N i i 600 A Y Phase 0 from T =224 GeV to 1000 GeV
Phase 1 from T =78 GeV to 223 GeV
500 - mmm Phase 2 from T=0 GeV to 117 GeV
- FOPT(black arrow)
PhaseTracer / example / run_2D_test_model.cpp
400 -

// Construct our model
EffectivePotential: :TwoDimModel model; %‘ 300 -

)
// Make PhaseFinder object and find the phases is 200 -
PhaseTracer: :PhaseFinder pf(model); @

u- —
pf.find_phases(); 100 2
std::cout << pf; S

sl 01 * S

// Make TransitionFinder object and find the transitions —~100 -
PhaseTracer::TransitionFinder tf(pf);
tf.find_transitions(); —200 -
std::cout << std::setprecision (15) << tf; 0 50 100 150 200 250 300

Field x; (GeV)

if (debug_mode) {
PhaseTracer::potential_plotter(model, tf.get_transitions().front().TC, "2D_test_model", 0., 2., 0.01, -2., 0., 0.01);
PhaseTracer::potential_line_plotter(model, tf.get_transitions(), "2D_test_model");
PhaseTracer: :phase_plotter(tf, "2D_test_model");

}
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» The effective potential typically includes the following contributions,

‘/eff — Vtree + AVl—loop + AV%-IOOP =+ Vdaisy-

. - 2 7 4T 2 2
AV = (%:nd,m;‘;,(g) In (mé(f)) —3/2 AV %P = 2% ;WJB ("”;(f)) + %:nVJB (%)
] ) i )\ -
zv:nvm%/ In (%) —5/6 —Z %nva (617?2%/> I anJF (m_g) ;
! - 1% f -
e -
Sttt (28 - w
4 _ P ¢ s - JB/F(yz) = Re/O z? In (1 Te w2+y2) dz.
—anm‘}e In (%) —3/2 )
f _ -

T
Vdaisy — 197 (
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PhaseTracer / EffectivePotential / include / models / 2D_test_model.hpp

namespace EffectivePotential {

class TwoDimModel : public OneLoopPotential {

public: 5 5
Im Im
1/ 42 2\2 2 (12 2\2 2
double V@(Eigen::VectorXd phi) const override { V(¢17 ¢2) — g 02 (¢1 — v ) g 02 (¢2 — U ) — kP12
return 0.25 x 11 % square(square(phi[@]) - square(v))

+ 0.25 % 12 * square(square(phi[1]) - square(v))
- square(mu) * phi[@] % phi[1];

std::vector<double> get_scalar_masses_sq(Eigen::VectorXd phi, double xi) const override {
const double a = 11 *x (3. x square(phi[@]) - square(v));

m? 2 9
const double b = 12 % (3. * square(phi[1]) - square(v)); M2(¢1 ¢2) . —2,05 (3¢1 — ) ; — U
: —

2

const double A = 0.5 x (a + b); _/1'2 2_":)%_(3¢% . ’U2)
const double B = std::sqrt(0.25 % square(a - b) + pow_4(mu));
const double mb_sq = y1 % (square(phi[@]) + square(phi[1])) + y2 *x phi[@] * phil[1l];
return {A + B, A - B,mb_sq}; 2 2 2 2
} mx (91, P2) = ya(d1 + ¢3) + Yy d102

std::vector<double> get_scalar_dofs() const override { return {1., 1., 30.}; }

size_t get_n_scalars() const override { return 2; } nx = 30’

std::vector<Eigen::VectorXd> apply_symmetry(Eigen::VectorXd phi) const override {
return {-phi};
b
Yang Zhang (5K fH) 50



3¥ i/t}% 3¥ 47 'S

Centre for Theoretical Physics
Henan Normal University

V(0+1)(¢,D

Baryogenesis

Vacuum
Stability ¢>=0

<p>=0

Bubble Wall —*

|cos@| = 0.01

10°
_ \/ \/
EW Phase : N
it 2 -1 ~
Transition S| 107k o
< - : = S =
- el F e R L b C) i
T E . bbTT &H\;LH -
Time after Big Bang (s) < gﬁ 10_2 = ' =
3x10713 10712 10711 10710 & = .
600 i T T T T i 1011 m — I
: oL » N Nt 4b (ILC) ]
500'_ .. Qxhz _109 ~ GraVItatlonaI b 10 = \\ S, ...-----------....--------"""'-D""_‘E
500 S - E Dark Matter - ST e -
> [ el el Ts T, & Wave n S mmmm T -4
QO 400} — T : 1107 2, a0 4b (FCC-ee) __—== -
my = ¢ ~ e : - 1 1 1 1 | 1 | | | | | | 1 | 1 1 1 1 | 1
el D ssorrey [ BaQh? TR, .3 10 ' ' ' '
Z 300 ™ =185Gev N 100 3 10 20 30 40 50 60
@=13,8=0 . 0 o
8 ¥y =7.35%107° : 413 &
8 200fl w=drs=n=1 (N F A (hy 10 2 my [GeV]
3 [T U W | SPETLEL 1 9
S [ e my CARSR | 1100 & ' : ,
100 e R e ’ 101 @ PrlmOrdlal Soliton formation
o O T Black Hole =
1000 800 600 400 200 0
Temperature (GeV) Fermi—ball

Yang Zhang (5K [H) 51



