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Ôàçîâûé ïåðåõîä ïåðâîãî ðîäà

I Â êîñìîëîãèè � íàðóøåíèå

ýëåêòðîñëàáîé ñèììåòðèè. Â ÑÌ

ãëàäêèé êðîññîâåð, äëÿ ÔÏ I ðîäà

íóæíû äîïîëíèòåëüíûå ñêàëÿðû

I Ìîäåëü ñî ñïîíòàííûì íàðóøåíèåì

SUSY íà ìàñøòàáå 10-100 ÒýÂ

I Ñóïåðïîëå ñãîëäñòèíî

Φ = φ+
√

2θG + Fφθ
2, 〈Fφ〉 = F 6= 0

Êîìïëåêñíîå ïîëå φ ⇒ ñêàëÿð s è
ïñåâäîñêàëÿð p

I Ïðè íèçêèõ ýíåðãèÿõ 3 ëåãêèõ ïîëÿ: ñêàëÿðû h, s,
ïñåâäîñêàëÿð p

I Öåëü ðàáîòû: èçó÷èòü âîçìîæíîñòü ýëåêòðîñëàáîãî

ôàçîâîãî ïåðåõîäà I ðîäà â ýòîé ìîäåëè è ïîëó÷èòü ñïåêòð

ðîæäàåìûõ ïðè ýòîì ãðàâ. âîëí
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Ïîòåíöèàë

Ve�(T , h, s, p) =

VT=0(h,s,p)︷ ︸︸ ︷
V0 + VCW + VCT +VT (T , h, s, p),

äðåâåñíûé ïîòåíöèàë

V0 =
λ1

4
h4 +

λhs
4

h2s2 +
λhp

4
h2p2 +

λs
4
s4 +

λp
4
p4 +

λsp
4

s2p2+

+
µ1

2
sh2 +

µs
6
s3 +

µsp
2

sp2 − M2
1

2
h2 +

M2
s

2
s2 +

M2
p

2
p2 + C 3s,

îäíîïåòëåâûå ïîïðàâêè ïðè T = 0

VCW =
1

64π2

∑
i

(−1)sinim
4
i (h, s, p)

(
log

m2
i (h, s, p)

Q2
− ci

)
,

ïîòåíöèàë êîíòð÷ëåíîâ VCT , âàêóóì ïðè T = 0 â (v , 0, 0),
îäíîïåòëåâûå ïîïðàâêè ïðè êîíå÷íîé òåìïåðàòóðå

VT =
T 4

2π2

∑
i

niJB/F

(
mi (h, s, p)

T

)
.
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Ïðèìåð ôàçîâîãî ïåðåõîäà
Ìèíèìóìû ïîòåíöèàëà íàõîäÿòñÿ ñ ïîìîùüþ ïàêåòà PhaseTracer

(P. Athron et al., Eur. Phys. J. C 80 (2020) no.6, 567 [arXiv:2003.02859])
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Îòñêîêîâîå ðåøåíèå

Âåðîÿòíîñòü çàðîæäåíèÿ îäíîãî ïóçûðÿ íà îáúåìå Õàááëà

P ∼ M∗4Pl
T 4

exp

{
−S3

T

}
, P ∼ 1 ïðè S3/T ≈ 140.

Îòñêîêîâîå ðåøåíèå íàõîäèòñÿ ñ ïîìîùüþ ïàêåòà FindBounce
(V. Guada, M. Nemev�sek and M. Pintar, Comput. Phys. Commun. 256 (2020),
107480 [arXiv:2002.00881])

Ïðîôèëü êðèòè÷åñêîãî ïóçûðÿ
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Ñïåêòð ãðàâèòàöèîííûõ âîëí
Ñòîëêíîâåíèÿ ïóçûðåé → çâóêîâûå âîëíû â ïëàçìå è ÌÃÄ

òóðáóëåíòíîñòü → ãðàâèòàöèîííûå âîëíû

ΩGW h2 = Ωswh
2 + Ωmh
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Óðàâíåíèÿ ðåíîðìãðóïïû
Ïîëó÷åíû 1-loop óðàâíåíèÿ ðåíîðìãðóïïû äëÿ êîíñòàíò ñâÿçè

λ1, λhs , λhp, λs , λp, λsp, µ1, µs , µsp è áåãóùèõ ìàññ M2
1 , M

2
s , M

2
p

Q
∂λsp
∂Q

=
1

16π2

(
6λsλsp + 6λpλsp + 4λhsλhp + 4λ2

sp

)
,

Q
∂µsp
∂Q

=
1

16π2
(6λpµsp + 4λspµsp + λspµs + 4λhpµ1) ,

Q
∂M2

s

∂Q
=

1

16π2

(
6λsM

2
s + λspM

2
p − 4λhsM

2
1 + µ2

s + µ2
sp + 4µ2

1

)
.

s

s

p

p

s (p)
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s
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Ëàãðàíæèàí ñóïåðñèììåòðè÷íîé ìîäåëè ñî ñãîëäñòèíî

L = LK + LW + Lgauge + LΦ,

LK =

∫
d2θd2θ̄

∑
k

(
1− m2

k

F 2
Φ†Φ

)
Φ†ke

g1V1+g2V2+g3V3 Φk ,

LW =

∫
d2θεij

((
µ− B

F
Φ

)
H i

DH
j
U +

(
Y L

ab +
AL

ab

F
Φ

)
Lj
aE

c
bH

i
D+

+

(
Y D

ab +
AD

ab

F
Φ

)
Q j

aD
c
bH

i
D +

(
Y U

ab +
AU

ab

F
Φ

)
Q i

aU
c
bH

j
U

)
+ h.c.,

Lgauge =
1

4

∑
a

∫
d2θ

(
1 +

2Ma

F
Φ

)
TrWαW

α + h.c. ,

LΦ =

∫
d2θd2θ̄

(
Φ†Φ− m̃s

2 + m̃p
2

8F 2
(Φ†Φ)2 − m̃s

2 − m̃p
2

12F 2
(Φ†Φ3 + Φ†3Φ)+

+
(

∆u
λ2
H†uHu + ∆d

λ2
H†dHd

) (Φ†Φ)2

F 2
+
(

∆u
λ4
H†uHu + ∆d

λ4
H†dHd

) (Φ†Φ3 + Φ†3Φ)

F 2
+

+
(

∆u
µ1
H†uHu + ∆d

µ1
H†dHd

) (Φ†Φ2 + Φ†2Φ)

F 2

)
−
(∫

d2θFΦ + h.c.

)
.
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Ñâÿçü ñ ñóïåðñèììåòðè÷íîé ìîäåëüþ ÷.1
Íèçêèå ýíåðãèè

Ýôôåêòèâíûé ïîòåíöèàë äëÿ ÔÏ

Áîçîí Õèããñà ÑÌ h
Îäèí àêòèâíûé õèããñîâñêèé

äóáëåò H

Âûñîêèå ýíåðãèè

SUSY ìîäåëü

Äâà õèããñîâñêèõ äóáëåòà

hd =

(
h0
d

H−

)
, hu =

(
H+

h0
u

)
Ñòàíäàðòíîå ðàçëîæåíèå íåéòðàëüíûõ êîìïîíåíò

h0
u =

1√
2

(v sinβ + h cosα + H sinα + iA cosβ) ,

h0
d =

1√
2

(v cosβ − h sinα + H cosα + iA sinβ) .

Ðàññìàòðèâàåì: mA � mZ è sinα = − cosβ, cosα = sinβ (ò.å.

β − α = π/2). Â ïðåäåëå íèçêèõ ýíåðãèé

hu → H sinβ, hd → −εijH∗j cosβ

G. F. Giudice and A. Romanino, Nucl. Phys. B 699 (2004), 65-89
[arXiv:hep-ph/0406088].
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Ñâÿçü ñ ñóïåðñèììåòðè÷íîé ìîäåëüþ ÷.2
Êîìïëåêñíîå ïîëå ñãîëäñòèíî φ ≡ (s + ip)/

√
2

Ïåðåîáîçíà÷èì êîíñòàíòû ñâÿçè ñãîëäñòèíî è áîçîíà Õèããñà

λ2 ≡
1

2
(λhs+λhp), λ4 ≡

1

4
(λhs−λhp), M2

2 ≡
1

2
(M2

s +M2
p ), M2

3 ≡
1

4
(M2

s−M2
p ).

Óðàâíåíèÿ ñâÿçè èç ñëàãàåìûõ âèäà λ2φ
∗φH†H,

λ4(φ2 + φ∗2)H†H, µ1/
√

2(φ+ φ∗)H†H, M2
2φ
∗φ, M2

3 (φ2 + φ∗2).

Ïðèìåð:

λ2 = −δλ2

2
(1−cos 2β)−δµ1µ

F
sin 2β+

1

F 2

[
µ2m2

A

2
(1 + cos2 2β) +

m4
Z

4
cos2 2β+

+(m̃s
2 + m̃p

2)

(
m2

A

4
sin2 2β − µ2

)
+

m2
Z

2
cos2 2β

(
3µ2 − m̃s

2 − m̃p
2
)]
.

Âîññòàíîâëåíèå ïàðàìåòðîâ ñóïåðñèììåòðè÷íîé ìîäåëè

1. Ñ ïîìîùüþ óð-é ðåíîðìãðóïïû íàõîäèì çíà÷åíèÿ λ2, λ4,

µ1, M
2
2 , M

2
3 íà ìàñøòàáå Q ∼ 1− 10 ÒýÂ

2. Ñ ïîìîùüþ óð-é ñâÿçè íàõîäèì µ, mA,
√
F ïðè çàäàííûõ

tg β, δλ2 , δλ4 , δµ1 . Áðàëèñü tg β = 10− 20.
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Ðàçðåøåííàÿ îáëàñòü ïðîñòðàíñòâà ïàðàìåòðîâ
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Ðåçóëüòàòû

1. Â ïðîñòðàíñòâå ïàðàìåòðîâ ìîäåëè ñ òðåìÿ ëåãêèìè

ñêàëÿðíûìè ïîëÿìè íàéäåíû òî÷êè, â êîòîðûõ ïðè

òåìïåðàòóðå T ≈ 120− 130 ÃýÂ ïðîèñõîäÿò ÔÏ I ðîäà

2. Ïîëó÷åíû ýíåðãåòè÷åñêèå ñïåêòðû ãðàâèòàöèîííûõ âîëí,

ðîæäàåìûõ â ïðîöåññå ÔÏ I ðîäà. Ïîèñê ãðàâ.-âîëí.

ñèãíàëîâ ìîæåò áûòü ïðîèçâåäåí íà êîñìè÷åñêèõ

äåòåêòîðàõ ãðàâ. âîëí Ultimate-DECIGO è BBO

3. Ïîëó÷åíà ñèñòåìà óðàâíåíèé ðåíîðìãðóïïû â 1 ïåòëå

4. Íàéäåíà ñâÿçü ìåæäó êîíñòàíòàìè ñâÿçè

íèçêîýíåðãåòè÷åñêîé òåîðèè è ïàðàìåòðàìè

ñóïåðñèììåòðè÷íîé ìîäåëè ïðè âûñîêèõ ýíåðãèÿõ
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Ïîòåíöèàë êîíòð÷ëåíîâ

Ïðè T = 0 ìèíèìóì V0 + VCW + VCT â (v, 0, 0):

VCT =
δλ1

4
h4 +

δλhs
4

h2s2 +
δλhp

4
h2p2 +

δµ1

2
sh2− δM

2
1

2
h2 + δC 3s,

δλ1 = − 1

2v2

∂2VCW

∂h2

∣∣∣∣
(v ,0,0)

+
1

2v3

∂VCW

∂h

∣∣∣∣
(v ,0,0)

,

δλhs = − 2

v2

∂2VCW

∂s2

∣∣∣∣
(v ,0,0)

, δλhp = − 2

v2

∂2VCW

∂p2

∣∣∣∣
(v ,0,0)

,

δµ1 = −1

v

∂2VCW

∂h∂s

∣∣∣∣
(v ,0,0)

, δC 3 = − ∂VCW

∂s

∣∣∣∣
(v ,0,0)

+
v

2

∂2VCW

∂h∂s

∣∣∣∣
(v ,0,0)

,

δM2
1 = −1

2

∂2VCW

∂h2

∣∣∣∣
(v ,0,0)

+
3

2v

∂VCW

∂h

∣∣∣∣
(v ,0,0)

.
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Òåðìàëüíûå ôóíêöèè

JB/F (x) = ±
∫ ∞

0
dy y2 ln

(
1∓ exp

(
−
√

x2 + y2
))
.

Íàõîäÿòñÿ ÷èñëåííî ñ ïîìîùüþ áèáëèîòåêè thermal_funcs,

A. Fowlie, Comput. Phys. Commun. 228 (2018), 264-272 [arXiv:1802.02720 [hep-ph]]

èñïîëüçóÿ ðàçëîæåíèå â ðÿä ïî ôóíêöèÿì Ìàêäîíàëüäà

JB/F (x) = ∓x2
∞∑
n=1

(±1)n

n2
K2(nx).

Òî÷íåå, ÷åì âûñîêîòåìïåðàòóðíîå ðàçëîæåíèå
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.

method

.

quad — mean time = 4.6 × 10−5 s

.
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Fowlie (2017)

.

method

.

quad — mean time = 1.4 × 10−5 s

.

bessel — mean time = 1.5 × 10−6 s

.

approx — mean time = 6.4 × 10−7 s

.

zeta — mean time = 1.2 × 10−6 s
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Ìîæíî ëè ñäåëàòü mH = 125 ÃýÂ?
Êâàíòîâûå ïîïðàâêè ê ìàññå áîçîíà Õèããñà (ïðèìåðíàÿ

ôîðìóëà â îäíîé ïåòëå, âêëàäû òîï- è ñòîï-êâàðêîâ)

∆M2
h ≈

3M4
t

4π2v2

(
ln

M2
S

M2
t

+
X 2
t

M2
S

− X 4
t

12M4
S

)
P. Slavich et al., Eur. Phys. J. C 81 (2021) no.5, 450 [arXiv:2012.15629 [hep-ph]].
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Ìàññû ÷àñòèö õèããñîâñêîãî ñåêòîðà íà äðåâåñíîì óðîâíå

Â íàøåé ðàáîòå mA � mZ , ïîýòîìó

m2
H =

1

2

(
m2

A + m2
Z +

√
(m2

A −m2
Z )2 + 4m2

Zm
2
A sin2(2β)

)
∼ m2

A

m2
H± = m2

A + m2
W ∼ m2

A

Íàéäåííûå mA & 3 ÒýÂ


