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@ To learn more about the cosmological imprints of electroweak symmetry

(SU2). x U(1)y).
e In SM, EW symmetry is restored around 160 GeV. (D’Onofrio etc., 1508.07161)

o Intimate relationship between EW symmetry and baryon asymmetry of the

universe (BAU).
e U(1)pand U(1), are anomalous symmetry in SM

‘ . N _ _
Ol = O = 555 (£2WW — g27F)

I = dnf(\/g))gT ¢ exp (—?5) , it vy £0
I =k(awT)*, if v,=0
E=w(T)/T

If £(T¢) > 1, then ng now/ng(Te) > 1073 . (Quiros,hep-ph/9901312)
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EWSNR VIA NEW SCALARS

In some models, Electroweak symmetry was always broken (SNR) or only temporary
restored (TR).

1. SM + singlet scalar s; with O(N;) global symmetry (Meade &
Ramani, 1807.07578):
L5 1 2, 1 2
V =Vsu+ E,us (sisi) + Z)u(sisi) + E)th (sisi)

PV
oh?

!
2

3 5 I » 1., N;
=7(= — =P\ A+
- (16g+16g Ty Tt
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In some models, Electroweak symmetry was always broken (SNR) or only temporary
restored (TR).

1. SM + singlet scalar s; with O(N;) global symmetry (Meade &
Ramani, 1807.07578):
L5 1 2, 1 2
V =Vsu+ E,us (sisi) + Z)u(sisi) + EAhsh (sisi)

PV
oh?

!
2

3 1 1
= T2 (7g2 F—g? 4

N
16° " 16 4 At E’\’”)

2. SM + Inert Higgs Doublet + singlet scalar(O(N;)) (Carena et al.,2104.00638)
3. 2HDM + real singlet scalar (Heinemeyer et at.,2103.12707)
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EWSNR VIA NEW SCALARS

In some models, Electroweak symmetry was always broken (SNR) or only temporary
restored (TR).

1. SM + singlet scalar s; with O(N;) global symmetry (Meade &
Ramani, 1807.07578):
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2. SM + Inert Higgs Doublet + singlet scalar(O(N;)) (Carena et al.,2104.00638)
3. 2HDM + real singlet scalar (Heinemeyer et at.,2103.12707)

Is it possible to achive SNR or TR for EW symmetry by adding new fermions to SM?
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EWSNR VIA NEW FERMIONS

In high temperature limit (i.e. when m? < T?), (Matsedonskyi,Servant, 2002.05174)

o*vih, o np OPm? 721 o

o o ZT 8o ' son Zm
ng 0 2np 0

L TY(MTM ) 7?9

48 Oh? el 48 O Z M
2Vrh
In renormalizable models, M;; = ag + aih, hence GTIZF > 0. Thus, it is

h=0

impossible to achieve EWSNR by adding only new fermions.
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EWSNR VIA NEW FERMIONS

In high temperature limit (i.e. when m? < T?), (Matsedonskyi,Servant, 2002.05174)

o*vih, o np OPm? 721 o
’ = 7> L LI
2 ln=o Z 48 on? 48 on? Z i
ng 0 2np 0
L ﬁ(MTM ) 7?9
48 Oh? el 48 O Z M
2Vrh
In renormalizable models, M;; = ag + aih, hence alep > 0. Thus, it is
h=0

impossible to achieve EWSNR by adding only new fermions.

But what if some of the new fermions have m?*(T) > T2?
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SINGLET-DOUBLET FERMIONS
+ REAL SCALAR SINGLET

i Ni 1i
LL,R = Ei N(172)_%7 NL,RN(171)07
L,R

s

Elp ~ (1,1)

‘C;uk = *}’5\11\1'1171-,51\]1? - yngszifafL;e
_yiEE’lE¢Eg - ygE’zEquﬁTL;e
—mLi(a)EL; - mei(U)Fng
—mpri(0)EJER + h.c.
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;}uk = _yj\lN’lLigéNI/?i - y;.VN’ZNIIj(bTL; - yiEEflLiL¢Eg - y;:"E’ZEg(bTL;
—myi(0)Li Ly — myyi(0)NINE — mpri(0)EJER + h.c.
In UV-complete models, my (X = N’, E’, L) can be parameterized as

mx(a) = myxo + yYxO .

(T) by , ifT < Ty
Vo =
bo+b1(T7T1)"l+b2(T7T2)"2, if7 <T<T,.

6/13



INTRODUCTION MODEL THERMAL HISTORIES SUMMARY AND OUTLOOK
(e} oooe 00000 [e]

When m} > m,, ma, |yNN/1 yawnrz|h%, the mass eigenvalues are

2 2 my: Re(ywwv1yawz2) ;2
e m md, — M ReOmyw) o
mp
2 2
myy =~ mp,
and similarly for mgi, mg».
21 th
o Vl = —ahT2
Oh? =0
where
Nr
ap = —— (myrYnn1YNNr2 + Mg Yegr 1 Yee2)

6mL
3 1 1, 1
( 168 T 168 T3 *EA”)

In parameter space where a; > 0, EW symmetry remains broken at high temperature.
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Thermal history in which the electroweak
symmetry is always broken.

Thermal history in which the electroweak
symmetry is only temporarily restored.
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Temperature-dependent Higgs vev for benchmarks with different v, functional form.

VAHZ{%’

bo+bi(T —T\)" + bo(T — To)",

iftT < T
ifT <T<T,.
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GRAVITATIONAL WAVE SIGNALS
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The gravitational wave spectrum of benchmarks B1 (left panel), B2 (right panel), and the noise spectrum of

the Big Bang Observer(BBO) and DECi-hertz Interferometer Gravitational wave Observatory(DECIGO).
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PEAK-INTEGRATED SENSITIVITY CURVES (PISC)

----- DECIGO
— CE
ET

0.1 05 1 5 10 50 100
f[Hz]
PISC for several future gravitational wave observatories (Schmitz, 2002.04615). The points are some
benchmarks (see the next slide for details). The x-coordinate of each benchmark is its peak frequencies,

y-coordinate is its peak GW strength.
peak
_ Tobs Qsignal
PSNR = 1y QFIS
Y Saetector
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0000 0000e o]
Bl B2 B3
Nr 60 60 55
YNN'i = YEE'i 0.15 0.2 0.2
Yt 0.0015 0.0015 0.0015
YL 0.003 0.003 0.003
mu1(GeV) 150 150 150
A2 4x107* 4x107* 4% 107
n 6/7 6/7 6/7
ne 24 24 24
T»(GeV) 1000 1000 2.3 x 10*
T.(GeV) 1800 2444 3.7 x 10*
T,(GeV) 724.5 1877 2.5 x 10*
a 0.016 0.028 0.029
B/H(T,) 447 1700 1065
frear(Hz) 0.13 13 103
R Qe 33x 107" | 6.1x 107 | 7.1 x 107"

by = Tzl_"nL/yL
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SUMMARY AND OUTLOOK

@ EWSNR can be induced by new fermions from renormalizable models.

@ Intriguing cosmological implications: origin of matter-antimatter asymmetry
(e.g. high-temperature EWBG), gravitational wave signatures.

HISTORY OF THF UNIVERSF
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FINITE TEMPERATURE QFT

(Quiros,hep-ph/9901312)
p= %exp{ -8 <H+;NAQA> }
N:Trexp{ -B <H+Z,UAQA) } ,B=1/T
A

o(x) =e™3(0,0)e ™ |GV (x1, ..., x2) = (Ted(x1)...0(xn))

Boson propagator :

5 = 2nizF~t, 7]

p? —m
Fermion propagator : ! s pt = [(2n+ Ding ™ )
v p —m
Loop integral Z A (147)
oop integral : 3 2. P
Vertex function : —iB(27)" SZ‘” 5(‘)(2@)
i
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EFFECTIVE POTENTIAL
e Effective potential
Vg =Vo+ ) (V,.CW + Vi + Vﬁfi,g,,-)
@ Tree-level potential:
Vo = Vo(@1, D2) + Vo(o, p) +Vo
2t to ) _ 20! )
Vo(P1,P2) = —p i@ D1+ i (P[P ) — 3D, P + o (D, P
\7(, = /\3<(T)7;'(I)|)((T)§(T>Z) + /\4((T)1'(I>3)((I)'2"q)l>
2. /1 - 1
+> (iAm»,aw, 1) + 5 Ao () (] m)
i=1

Vo(o,p) = — %uiaz + %Aaa“

1 ! 1
— S Hppipi 30 (pip) + G Aopd pip
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(Please see hep-ph/9901312 for more details.)

o Coleman-Weinberg potential (for i-th particle)

4 2
a M m;
[ S e [log (?) - C'}

@ One-loop thermal potential (for i-th particle)
N 2
th a; ;
Vi = g e ()
JB/F(yz) = / dxx*log [1 Fexp (_m)]
0

@ Daisy contribution (for i-th particle)

, T4 m2 3/2 Mz 3/2
v = i _ i
ringt = Mo (T2> ( 72 )
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THERMAL CORRECTIONS BEYOND ONE LOOP

Vive(&T) = 32 L [ml(9) — M0, 7)]

Figure 2: Some generic examples of ring diagrams where each solid line may represent either
a scalar, a fermion or a gauge field. The small loops correspond to thermal loops in the IR
limit. They are all separately IR divergent, but their sum is IR finite.
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M, T) = mj(¢) +T1i(¢, T) (excepti = Z1, ).
Truncated Full Dressing Method:

3 2+ r2 A 12 .
M (6.T) = (%qwff} T =T0(),T)

-9
6
HVVT ((D‘ T) = HZT (Q),T) = H"'T (CD T) =0, A14)
M (6) = S lmzm+ 2L g’ T2 + A(¢,T)
2 4 6 cos? Ow ’
‘ 1 11 42
2 _ 12 1
M'm(@) 2 |:7nZ(’) 6 cos? 9W ):I

(Al5)
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Optimized Partial Dressing Method:

8 [OVE Vi
2 _ cw (2 2 th
o, 1) = 3 g [ o () + b 1)) + 8

(mf(h) + om(h, T),T)] (A

2
905 (a)
ah

Fm3(h, T) = 6m ) + (h— ha) (A2)

4 v v
Vi) =V + Y [ dn [%(m?(h) +dm2(n, 1)) + & (m3n) + am%(h,T),T)} :
(A4)
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DAISY AND SUPER-DAISY CONTRIBUTIONS TO THERMAL MASS

o
-3 | P _§_ N P vt
ER s

Figure 2. Complete set of 1- and 2- loop contributions to the scalar mass, as well as the most important
higher loop contributions, in ¢* theory. The scaling of each diagram in the high-temperature approximation
is indicated, omitting symmetry- and loop-factors. Diagrams to the right of the vertical double-lines only
contribute away from the origin when (¢) = ¢ > 0. We do not show contributions which trivially descend
from e.g. loop-corrected quartic couplings. Lollipop diagrams (in orange) are not automatically included in the
resummed one-loop potential.

Curtin, Meade & Ramani, arXiv:1612.00466
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Ve INSM

Ver(#)

¢ [GeV]
FIG. 2: The potential in the Standard Model, for My = 125.7 GeV and M; = 173.34 GeV, is
sketched (figure not to scale). The potential goes negative at a scale of 10'* GeV and reaches a
new minimum at roughly 10%° GeV. The tunneling through the barrier goes from the base of the
arrow (¢(r = 00)) to the tip (¢(0)), which turns out to be close to or above the Planck scale.

Branchina, Messina & Sher, arXiv:1408.5302
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STABILITY OF Vg IN SM AND SINGLET-DOUBLET MODEL

615 — nen=0as
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— sm
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FIG. L.

Running Couplings

015 Y1=y2=0.4 — J.s of SDFDOM model
B —— A of SDFDM model
010
0.05
0.00
~0.05 s AR
=0..
0.0 25 5.0 75 10.0 125 150 175

Iogzofp/Gev)

(b)

(a) A(t) up to Mp; for the SM and for various Yukawa couplings in the SDFDM model; (b)

Running A(t) and Aess(t) up to Mp; scale for the SDFDM model.

Cheng & Liao, arXiv:1909.11941
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METASTABLE VACUUM VS TRUE VACUUM

42

Metastable
Vacuum

True
Vacuum

Markkanen, Rajantie & Stopyra, arXiv:1809.06923
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In SM:

Ry A
e x [e2] x Ty
U

Ry~ 1.87- 1077 GeV ™ = 224.5 M},"

M1/Ry) = —0.01345 ,

Tiree ~ 108 Ty
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Table 1. Frequency classification of gravitational waves and their detection method [4-6]

Frequency band

Detection method

Ultra high frequency band: above 1 THz

Terahertz resonators, optical resonators, and
magnetic conversion detectors

Very high frequency band: 100 kHz-1 THz

Microwave resonator/wave guide detectors, laser
interferometers and Gaussian beam detectors

High frequency band (audio band)*: 10 Hz—
100 kHz

Low-temperature resonators and ground-based
laser-interferometric detectors

Middle frequency band: 0.1 Hz—10 Hz

Space laser-interferometric detectors of arm
length 100 km — 60,000 km, atom and molecule
interferometry, optical clock detectors

Low frequency band (milli-Hz band): 100
nHz-0.1 Hz

Radio Doppler tracking of spacecraft, space
laser-interferometric  detectors of arm length
longer than 60,000 km, optical clock detectors

Very low frequency band (nano-Hz band):
300 pHz — 100 nHz

Pulsar timing arrays (PTAs)

Ultralow frequency band: 10 fHz-300 pHz

Astrometry of quasars and their proper motions

Extremely low (Hubble) frequency band
(cosmological band): 1 aHz-10 fHz

Cosmic microwave background experiments

Beyond Hubble-frequency band: below 1
aHz

Through the verifications of
inflationary/primordial cosmological models

*The range of audio band (also called LIGO band) normally goes only to 10 kHz.
The range of milli-Hz band is 0.1 mHz to 100 mHz.

arXiv:1709.05659
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SLOWLY-ROLLING SCALARS

20

Large field inflation
s Beyond-Planck problem

10

Small field inflation
Fine-tuning problem ]

e

2 A
o M inflaton

05/l My

T T A AT . L L L

0.0 0.5 1.0 1.5

Iso, Kohri & Shimada, arXiv:1511.05923
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SINGLET-DOUBLET MODEL

N /
LL,R = |:E:|LR ~ (172)7%7 NL,R ~ (17 1)0

ﬁfnas.r = _ylngNé - y2ﬁl$TLR - mLfLLR - mN/ﬁlNI,q + h.c.
= —FLMFg
N’ myr myyy 0
For= |N|, M= |my: m 0|, mwi=yh/V2,
E 0 0 mp

- {uz - g")/ﬁ] o =i’
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The mass matrix can be diagonalized by biunitary transformation. The physical
masses are mz, mi, mz.

1
m12v1 = ) (A%/ - (AIZV)Z —4 (Azzv)z)

1
i = 3 (45 + V7 -4 @2)')

where
Ay = Imyi [P + lmywra* + mye [* + [me |

Ay =
N — |mLmN’ - mNN’lmNle\

82V{/1F T2 82 )
s -z : 0
T = 2O 2 M

NI1,N2,L
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1
When m2 > mi,,, §|y1y2|h2, T2,

' Ri
m,z\,l ~ mIZV/ — whz, m]ZVQ ~ m% +
my, mp,
FVig| _T & , _ T myRe(ny)
o = 1202 6 me
82Vth
Thus, ahlz’F < 0 is possible by choosing Re(y1y2) > 0.
h=0

m? >> T? is possible if new fermions gain their masses through some dynamical

mechanism.

my Re(y1y2)

29/13



BACKUP SLIDES

0000000000000 000eO0000000
0000000

MODEL I: SINGLET-DOUBLET FERMIONS
+ REAL SCALAR SINGLET + SCALAR SINGLET WITH O(N,,)

. N¢ . .
LtL,R = |:Et:| ~ (172)_%7 Nl/f,R ~ (17 1)0> EZ,R ~ (17 1)71
L,R
Nr

L= Lsu+ Z (‘Ciin(LlevE,) + ‘C;'uk) + £kin(0'7 P) - V0(07 p)

i=1
‘C;uk = - y§VN’1E¢Ng - Y§VN’2N7f¢TL5e - y;:“E’lLE(z)EIl?i - y;:‘E'2EZ¢TLj?
— yZULT‘L} — yfv/ UWNQ - yfg/ affE,’{ + h.c.
1 1
Vo(o,p) = — Eﬂﬁgz + ZAUUA

1 5 1 2 1 2
= FHoPibi+ 7 A (Pipi)” + 3 Acp0” pipi
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The physical masses (for each copy of new fermions) are:

2
myy =

(45— Yy - sa3°)

2
myy =

= N —

(454 Ve - s a7)
where
Ay = mwn [P+ Ima | + [ [P+ e |?
Azzv = \mLmN' - mNN/lmNNfz\
1 .
myni = ﬁyNN’i}% (l = 172)
my = yXo—’ (X = LaN,aE,)

mg1, Me2 are same as equations above, except N — E.
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At high T, when (y.v,)* > T?,

RVIh=0,v,) = —ayT?,
Nr
ap = 6 (ynywwr1ywnr2 + YErYEE YEE")

3 2y 1,
( 68 +16 4}’t+ >\h>~

N, . .
e When 5 (ynryawr1ywnr2 + YerYee 1 Yegr2) is large enough, the negative
L

contribution outweigh the usual positive contributions from SM particles, thus
OpVer(h = 0,v,) < 0,and v, # 0 at high T.
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VI(h=0,0=0)=—a, T,

N 1. N
o = =58 hop = o = (2yi+y§z/ +yi-/) :

e To satisfy (yLv,)* 3> T2, we need large enough v, at high T too.

® a, > 0 guarantees that v, 7# 0 at high T. Although this condition is neither
sufficient nor necessary, it helps us to obtain the correct benchmarks.

® )\,, < 0and sufficiently large N,|\s,| are required to satisfy a5 > 0.
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MODEL II: SINGLET-DOUBLET FERMIONS
+ REAL SCALAR SINGLET + INERT HIGGS DOUBLET

Vo = Vo (@1, ®2) + Vo(o, p) +Vo
— . 2¢ to ) _ 20 TRE
V()((I)hq)z) = —,LLICI)ICI)I —|— )\1 (131(131 — /,LZCI)ZCI)Z —|— )\2 @2(132
\7(,: )\;(qyi P, )(’q)jqn) + /\4((T);(T)z)(‘T’§‘I’1)

1 &
+z (300" @le) + I m(e]0))

i i i i i 7l~—‘- i i Ti, i i i, i
[’yuk = yNN’lLL‘Dlele — YN[ @2 Lg — )’EEllLLCPZE;e — Yeen B CD;[LR
— yZUEL& — yj\,/UNifN,'{. — yig/ oEifEII{ + h.c.

Nr
an = 6yL (v YN/ 1YNNT2  YErYEE 1 YEE"2)

3 P
(mg +16 +§A2)
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THERMAL HISTORIES

@ B1,B3,B4 have the same lower
temperature limits of
temporary-restored phases because

e s SM-like Higgs does not couple
=50V, my=5GeV, m=10GeV. v, T=0.88 with new fermions and and new
scalars at tree-level.

=1.5, N,=3300. v/T=0.87

B4: Ne=45, N,=37500. vIT=2.4

120
” !
50 100 150 200 250 300 350 400
T[GeV]
Lower temperature limits of temporary-restored
phases.
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THERMAL HISTORIES

8500
6500
s
3
g
£ 4500
2500 8 001,200, 05, TS0,
Ty = =500GeV. m,=500GeV, m=1TeV. v,T=088
eV, my=5GeV. ma=10GeV. 1, T=0.88
., N,=3300. wIT=087
500 a2
2000 4000 6000 8000 10000
T(GeV]
Upper temperature limits of temporary-restored

phases.

@ The value v, /T of at high T
depends on ay,.
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THERMAL HISTORIES

8500
6500

s

3

[

£ 4500
25001 BN 001 00,1208 Ny,

0GeV, m;=500GeV, m.,=1TeV. v,/T=0.88

500

2000 4000 6000 8000 10000
T(GeV]

Upper temperature limits of temporary-restored

phases.

Ve (h = 0,v5) ~ —ayT*,
Np

@ The value v;/T of at high T
depends on ay,.

16 16

3 1 1
a, = 631 (YN YNN'1YNNT2 + VE YEEN VEE2) — <7g2 + 7g/2 + 5)\2) .
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THERMAL HISTORIES

8500
6500
H
3
£ 4500
BNt e, T .
2500 e 0000,y 8506, el 038 @ The value vy, / T of at high T
82y SN, Y, G 1080
/ - depends on ;.
500 Bt Ny, 00, 4Te24

000 00 S0 w00 3000 o The length of temporary-restored
e phase depends on the masses of

Upper temperature limits of temporary-restored R

phases. new fermions and new scalars (at

T =0),N,),, and ay,.
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BARYOGENESIS MECHANISMS

1. GUT baryogenesis. 2. GUT baryogenesis after preheating. 3. Baryogenesis from
primordial black holes. 4. String scale baryogenesis. 5. Affleck-Dine (AD) baryogenesis. 6.
Hybridized AD baryogenesis. 7. No-scale AD baryogenesis. 8. Single field baryogenesis. 9.
Electroweak (EW) baryogenesis. 10. Local EW baryogenesis. 11. Non-local EW baryogenesis.
12. EW baryogenesis at preheating. 13. SUSY EW baryogenesis. 14. String mediated EW
baryogenesis. 15. Baryogenesis via leptogenesis. 16. Inflationary baryogenesis. 17. Resonant
leptogenesis. 18. Spontaneous baryogenesis. 19. Coherent baryogenesis. 20. Gravitational
baryogenesis. 21. Defect mediated baryogenesis. 22. Baryogenesis from long cosmic strings.
23. Baryogenesis from short cosmic strings. 24. Baryogenesis from collapsing loops. 25.
Baryogenesis through collapse of vortons. 26. Baryogenesis through axion domain walls. 27.
Baryogenesis through QCD domain walls. 28. Baryogenesis through unstable domain walls.
29. Baryogenesis from classical force. 30. Baryogenesis from electrogenesis. 31. B-ball
baryogen 2. Baryogenesis from CPT breaking. 33. Baryogenesis through quantum gravity.
34. Baryogenesis via neutrino oscillations. 35. Monopole baryogenesis. 36. Axino induced
baryogenesis. 37. Gravitino induced baryogenesis. 38. Radion induced baryogenesis. 39.
Baryogenesis in large extra dimensions. 40. Baryogenesis by brane collision. 41. Baryogenesis
via density fluctuations. 42. Baryogenesis from hadronic jets. 43. Thermal leptogenesis. 44.
Nonthermal leptogenesis.

There are more!

Shaposhnikov, doi:10.1088/1742-6596/171/1/012005
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RGES AND STABILITY OF Vg

dXy 3 2
(4m)? =% =240+ (Zg‘z‘ +(+27) ) — (983 +3¢2) %2

N 1

2 2 2 2

+ 205 4 2030 + A + —zp Now, T 5 X0,

+2NF (2 (yIZVN’l + yzzwv/z + yéE’l + yiE’Z) Ay — (y?VN’l + y?wv/z + y4EE’1 + }’25/2))

d !
(47r)2dit = (74 2NF)g"

d, 2
@2 — (34 2 ) 6

dynwy 3 3 1 1
(47r)27 = 2yn/YLYNN'2 + YNNT1 Zy%”v/] - Ey%Ell + 5)'12\;/ + 5)’%

9 3
Jr1\/1”()%/1\/'1 + ~"/2\m”z + »VéEfl + )'ZEE’z) - Zg% - Zglz}

d) 1
(4m) 28 =200, + 8N + 202, +2 (X, + AL, )
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RGES AND STABILITY OF Vg

dXy 3 2
(4m)? =% =240+ (Zg‘z‘ +(+27) ) — (983 +3¢2) %2

N, 1
+203 + 2030 + 2] + 7’)/\%@2 + 5,\3,%

+2NF (2 (yIZVN’l + yzzwv/z + yéE’l + yiE’Z) Ay — (y?VN’l + y?wv/z + y4EE’1 + }’25/2))

dg' d 1
(47r)2dit = (T+2NF) g%, (4m)2 28X = —3 (11Nx — 8nr) &

dt
d; 2
@ — (34 2 ) g

dynwy 3 3 1 1
(47r)27 = 2yn/YLYNN'2 + YNNT1 Zy%”v/] - Ey%Ell + 5)'12\;/ + 5)’%

9 3 1
Jr1\/1”()%/1\/'1 + ~"/2\m”z + »VéEfl + .\'ZEE’z) - 8- 873 (NX a 7) gi}
4 4 Ny

d) 1
(4m) 28 =200, + 8N + 202, +2 (X, + AL, )

(N,N',E,E’ ARE CHARGED UNDER SU(Nx). Np = Nynp.)
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I

d\ 3 2
(47r)2—dt1 = 24)\] — 6y] + 3 (Zg‘i + (g§ + g'z) > + (12yt2 —9g5 — 3g'2) Ai
2 2 Np 2 1 2
—+ 2)\3 + 2)\3)\4 + )\4 —+ 7)\;,4;.1 + z)\o.q>l

d
(47r)2§ =783
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Bl:np =3, N,=3. B5:np =1, Ny=4.

The effective potential is stable, and the quartic couplings A; stays perturbative over a
large range of energy scales.
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Requiring all couplings stays perturbative up to 10'° GeV implies:

°
g’ stays perturbative = Np < 12
(]
A, stays perturbative = N,\, S 1.5
° 2
1o >4 >0, Az (A2) SN, > My
T ~ ) aoc Y, U_/\p 2 pN|Xmin‘ F

2
Xmin 18 the minimum of f(x) = %xz + NyApJp(x). E.g. choosing N, A\, = 1.5

implies N, 2 552Np.

°
X > 0= X 2y /2
(assume yyyr1 = yynr2 = Yeert = Yeer2 at T = 0)
°
. 1 2 4
YNNi, YEE'i  stays perturbative = | Nx — No ) &x P ngyNN/,
X
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BENCHMARKS
1 3 3 1
Ny 3 3 2 4
Y = Veri 0.4 0.5 0.75 1.5
Y 0.005 0.005 0.005 0.005
Yo 0.01 0.01 0.01 0.01
my1(GeV) 500 500 500 500
N, 8500 7500 8500 8500
Aop —12x107% | —=12x 107 | =12x107% | —1.2x 107°
A 0.081 0.126 0.28 0.54
min(GeV) 1000 1000 1000 1000
m,(GeV) 500 500 500 500
ox 1 1.1 1.64 Var
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THERMAL EQUILIBRIUM CONDITIONS

o The effective potential at finite temperature above is valid only when Ny, o, pi
are in thermal equilibrium.

2
ap

M

F(pipi*)UO')>H = TSJ

D, yh,
IL'(N\Ny - o0) 2 H = T<71)’11 Mp,

f(my, /T) VN,

oo 1
Dig = e " / dyidy> (1 + 31/ (26:) P (2 + 53/ (26:)) 2e e T2 / dcos 0 F(5)
0 —1
25 9
Fis)= (3s—=Z(Gs—1/0""=2) /8
©=(3-B6-197=3) /6m)

F=s5/(dm) =1+ (n + 1)/ @r:) + 3132/ (267) = (1 + 31/ @6i)"> 02 + 33/ (26:0)) /% cos 0/,
ki = my, /T
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THERMAL EQUILIBRIUM CONDITIONS

o The effective potential at finite temperature above is valid only when Ny, o, pi
are in thermal equilibrium.

(-]
)\2
F(p,-p,-%acr) zH = TSJ 7P Mp; ~ 100 TeV
VN
(-]

D, 4
I(NiNy wo0)2H = TS _ Pie Yo

~ S (my /T) /N

Mp; ~ 100 TeV

oo 1
Dig = e " / dyidyx (1 +1/(26:) 2 (2 + 53/ (26:)) 2e e 2 / dcos 0 F(5)
0 —1
25 9
Fis)= (3s—Z=(Gs—1/9""=2) /8
©=(3-Re-197=3) /6m)

F=s5/(m) =1+ (n + 1)/ @r:) + 3132/ (267) = (1 + 31/ @6i)"> 02 + 33/ (26:)) /% cos 0/,
ki = my, /T
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