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INTRODUCTION

Electroweak symmetry is restored at high temperature in Standard Model and most
of the BSM theories. For examples,
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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):
1, 1 o1,
V =Vsu + E'us (sisi) + Z)\s(SiSi) + E)\hsh (sisi)
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i—o (16g+16g taM AT
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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):
1 1 1
V= Vsu + E,uf(sis,-) + ZAS(Sisz)z + EAhsh2(5isi)

v 23 2 1 p 1T, 1 N
=72 — - il W)
o2 ln=o 6% g8 Tah At
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- T r —
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Temperature dependent vev for different values of Ny|Aps]-.
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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):
1, 1 o1,
V= Veu + E,us (sisi) + Z)\s(SiSi) + E)\hsh (sisi)

82 Vih
Oh?

3 2 1 2 1 2 1 NS
=T (284 g+ A A+ N,
i—o (16g+16g taM AT

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):
1, 1 o1,
V= Veu + E,us (sisi) + Z)\s(SiSi) + E)\hsh (sisi)

82 Vih
Oh?

3 2 1 2 1 2 1 NS
=T (284 g+ A A+ N,
i—o (16g+16g taM AT

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 possbile 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,2 < T2) , (Matsedonskyi,Servant, 2002.05174)
>V l _ Z 72 Pm? _ TZ’LFiZ )
oh? =0 - 48 Oh? 48 Oh? - !

o?
= 2 (i) = Z'

2y sth
1,F

Oh?
impossible to achieve EWSNR by adding new fermions!

In renormalizable models, M;; = ao + aih, hence

> 0. Thus, it is

h=0
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SINGLET-DOUBLET MODEL

N /
LL,R - |:E:|LR ~ (172)7%, NL,R ~ (171)0

'Cjnas.r = —YILiLgNlle - yZW%TLR - MLELR - mN/ﬁiN;q + h.c.

= —F MFg
N, nmy MyN’2 0

Frr= |N|, M= |myy mg, 0, muwi= )’ih/\/i,
E 0 0 mr

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

1
m12v1 = ) (Alzv - (A]ZV)Z —4 (Azzv)z)

ke =5 (4 Ry - 4a7)
where

Ay = Iyt [P + lmywra | + mye [P+ [me |

Ay =
N = |mLmN/ - mNN’lmNle\

PV, T* 9* 2
s - Y L 0
oh? =0 12 Oh? Z " >

NI1,N2,L
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What if the heavier fermion (V) is decoupled from the thermal bath?

1
When m} > m2,, §|y|y2|h27 T,

m,zvl ] m,z\,/ _ My Re1y2) Re(y1y) h2, m,z\,z ] mi + Iy 2eY1y2) Re(yiy2) "
my, mp,
>V, B 7;2372,”2 _ _lsz/ Re(yi1y2)
on? =0~ 1202 6 m,
82 Vth
Thus, 8h127F < 0 is possible by choosing Re(y1y2) > 0.
h=0

mj >> T? is possible if new fermions gain their masses through some dynamical
mechanism.
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MODEL I: SINGLET-DOUBLET FERMIONS
+ REAL SCALAR SINGLET + SCALAR SINGLET WITH O(N,,)

i Ni 11 11
LL,R: |:Et:| "‘(1,2)_%7 NL,RN (111)07 EL,RN(Ll)fl
L,R

Np
L="Lsow+ > (Lol N E") + Ly) + Liin(o, p) = Vo(o, p)
i=1
;uk == y§VN’1L2¢N;e[ - y§VN’2N£i¢TL;e - )’fEE’lLiﬁf’E;ei - yiEE'zEwa%
— yiafiL}} - ij/ UFﬁNg - yZ/ JFng + h.c.

1 1
Vo(o,p) = — 5#?:02 + Z)\o<74

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

1
o = 3 (4= iy -4 @3)7)
1
o = 3 (4 Ry - 237)
where
Ay = mwn [P+ Ima > + [ [* + e |?
AIZV = \mLmN’ - mNN’lmNNfz\

1
MyN!; = —F—= /,']’l7 = 172
NN ﬂyNN ( )

my =y, (x=L,N',E')

mg1, Me2 are same as equations above, except N — E.
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At high T, when (yovo)? > T2,
GZth(h =0,vs) = —ap T,

Nr
an = - (v ynn11YNNT2 + YE'YEEN VEE'2)
VL

3, 1, 1, 1
_<16g+16g +4y’+2’\”>'

SUMMARY AND OUTLOOK
[e]

N, . .
» When 6—F (ynrynwr1ywn'2 + YerYeen1Yegr2) 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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ZVIh=0,0=0)=—a,T",

N, 1
ao = /\ap 4>\ 6F (Zyi + Vi +y§/) .

» To satisfy (yov,)* > T2, we need large enough v, at high T too.

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

» )., < 0and sufficiently large N,|A,,| are required to satisfy a, > 0.
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MODEL II: SINGLET-DOUBLET FERMIONS
+ REAL SCALAR SINGLET + SCALAR SINGLET WITH O(Np) + INERT HIGGS
DOUBLET

Vo = Vo (D1, 1) + Vo(o, p) +Vo

2t o) _ 2! P, )
Vo(®1, @) = —i@] @1 + A (2]@1) = p30]@: + 2 (0]2)
\7, =)\ ((1) P, )((l)i(l)v) + /\4((1);7(1)3)(4);(1)1)
+ Z ( 70,0 (@] 81) + 5 Mo, () (®] <1»>)
) ; i et R . I )
Ly =— Vi LL®aNg — Y aNi @' Ly — yigpn LL®2ER — Ve Ef ® Ly
— yiafiL}} - ij/aNifN,'J - yz/ UEKEE + h.c.

Nr
an = 67yL (e yviyawra + Ve yeenyeer)

3 1 2 1
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AtT =0,

+
P; = <ij
(i + ie]) V2

0

(®2) = |
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THERMAL HISTORIES
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Thermal history in which the electroweak

symmetry is always broken.
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Thermal history in which the electroweak
symmetry is only temporarily restored.
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THERMAL HISTORIES

= B1:Ng=9, y;=0.01, yp=0.005, y1=0.5, Np=7500,
my1=mg1=500GeV, my=500GeV, mnp=1TeV. v;/T=0.88

1
1 0 51 = B2: my1=mg1=5GeV, mp=5GeV, mpp=10GeV. v;,/T=0.88
== B3: Ng=4, y1=1.5, Np=3300. v/T=0.87

== B4: Np=45, Np=37500. v/T=2.4

1(510 1615

T [GeV]

Temperature-dependent vev for several benchmarks.

10° 105
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THERMAL HISTORIES

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

BN, 1001, 1420005, 205, <7500, SM-like Higgs does not couple
420 My =Me; =500GeV, m=500GeV, myp=1TeV. v,/T=0.88 . h f .
2 =58, 7,256V, M0V, =038 with new fermions and and new
320 — B3: Ne=4, =15, N,=3300. v/T=0.87 SCa]arS at tree—leve].
< B4: Np=45, N,=37500. viT=2.4
g
€220
20) ]
50 100 150 200 250 300 350 400

T[GeV]
Lower temperature limits of temporary-restored
phases.
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THERMAL HISTORIES

8500 » The value v, /T of at high T
depends on ay,.
6500
3
o)
£ 4500
2500 B1: Ne=S, =001, yy=0.005,
=1y =500GeV, m,=500GeV, ma=1TeV. v,T=0.88
-
500 Bl Nt N37S00, T2

2000 4000 6000 8000 10000
T(GeV]
Upper temperature limits of temporary-restored
phases.
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THERMAL HISTORIES

8500 » The value v; /T of at high T
depends on ay,.

6500
>
8
£ 4500

2500 B1: Nesd), =001, y=0.005, =05, Ny=7500,

n
I, mye5G0V, Mg=10GeV. 4,T=088
500 B4 Nyt Nye37500, VT2
2000 4000 6000 8000 10000

T(Gev]
Upper temperature limits of temporary-restored
phases.

8;%Veﬁr(h =0, VU) ~ —ahT2 R

Np 3, I »n 1
= — ’ ! ! U U ! —_ —_— —_— 7A
ap 6y1 (yv'ywwiynwr2 + Ve Yeen Yee2) 168 + 168 + F
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THERMAL HISTORIES

8500 » The value v, /T of at high T
depends on ay.

6500
- » The length of temporary-restored
€ 500 phase depends on the masses of
i new fermions and new scalars (at

oo T =0),N,\p, and ay.

e
500 B Nt =750, =24

2000 4000 6000 8000 10000
TiGev]
Upper temperature limits of temporary-restored
phases.
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THERMAL HISTORIES

» The value v, /T of at high T

8500]

depends on ay.
;BSOU » The length of temporary-restored
Em phase depends on the masses of
; new fermions and new scalars (at
R T = 0), NoAp, and ay.
Y DU » Each temporary-restored phase

T i o s o000 starts with a second order phase
, . TR transtion, and but can ends with
Upper temperature limits of temporary-restored .
phases. either a first order or second order
phase transition (depending on ay).
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RGES AND STABILITY OF V5

d\y 3 2
2 _ 4 2, 2 _ (942 72
(4m) " =245+ = 3 (282 + (82 +g ) ) (982 +3g )AZ
1
4220342050 + A2+ TPA,@Z + E,\3@2

SUMMARY AND OUTLOOK
[e]

+ 2Nk (2 (yIZVN’l + yIZVN/2 + y12€E’1 + yi‘E’2) Ay — (y?VN’l + Y?VN/z + y4EE’1 + y}t‘E’2))

!
(47r)2di = (74 2Np) g"?

dt
d, 2
(47r)2% = (_3 + gNF) e
dynnry 3 3 1 1
(47")27 = 2yNrYLYNN'2 T+ YNNI EY;zqu - EY%E/] + Eyjz\]’ + Eyi
9 3
+NF(y/2VA”1 + .‘]%/N/z +Yﬁ‘£’1 + yi‘b’/z) - Zg% - 180}
2d>\p

1
(47) - +8),\33+5A?,p+2(qu,1 +,\p¢2)
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RGES AND STABILITY OF V5

gi}

SUMMARY AND OUTLOOK
[e]

dXy 3 2
(4m) =2 = 240 4 2 (2g‘2‘ + (3 +¢7) ) — (983 +3¢7) A2
1
4220342050 + A2+ TPA,@Z + E,\3@2
+2Nrp (2 (yIZVN’l + yIZVN/2 + y12€E’1 + yi‘E’2) A2 — (y?VN’l + Y?VN/z + y4EE’1 + y}t‘E’2))
dg’ d; 1
(m?Th = (142N g% (4m)? T = 2 11Ny — 8mr) g
d 2
(47r)2% = (_3 + gNF) e
dynn 3 3 1 1
(47F)2$ = 2YN/YLYNN'2 T YNN'1 |:§y12ww1 - Ey%E,] + 5)’12\// + Eyi
2 2 2 2 92 3 n 1
+NF (Vw1 + Yz + Vet + Vegra) — 2827 48 =3 Ny — =
d\ 1
(4r )2 P =2V, +8)X3 + 5/\?,p +2 (qu)l + Ap%)

(N,N',E, E’ ARE CHARGED UNDER SU(Nx). Np = Ny nr.)

19/23



INTRODUCTION MODEL THERMAL HISTORIES CONSTRAINTS SUMMARY AND OUTLOOK
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8 8
— A Y
6 —h 6 —
— A — A
4 —A 4 — A
2 2
[o] 3 )
102 10 108 108 1010 ?02 10 10° 108 10 102 10'* 10'
HGeV] LiGeV]
Bl:np =3, Ny=3. B5:np =1 Ny=4

The effective potential is stable, and the quartic couplings \; 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
>
Ap  stays perturbative = NpoA, S 1.5
>
2
Yo >4 a0, A > (A2} Sy, > $y
T ~ aUN7 U_Ap 2 Plemin‘F

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

implies N, 2 552Np.

>
X > 0=\ 2y /2
(assume yyyr1 = Yynr2 = Yegr1 = Yegro &t T = 0)
>
. 1 5 4 5
YNn'is YEE'i  Stays perturbative = ( Ny — Ne g 2 ngyNN/,
x
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MODEIL
0000000000

BENCHMARKS

THERMAL HISTORIES
0000

CONSTRAINTS

0000e o]
nr 4 3 3 1
Ny 3 3 2 4
YNNI = VEE'i 0.4 0.5 0.75 1.5
v 0.005 0.005 0.005 0.005
N 0.01 0.01 0.01 0.01
my1(GeV) 500 500 500 500
N, 8500 7500 8500 8500
Aop -12x107% | =12x107% | =12x107% | =1.2x 107°
Py 0.081 0.126 0.28 0.54
myp(GeV) 1000 1000 1000 1000
m,(GeV) 500 500 500 500
ox 1 1.1 1.64 VAr
2
N, =15, Ao = Tlp (’\;”)

SUMMARY AND OUTLOOK
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SUMMARY AND OUTLOOK
» EWSNR can be induced by new fermions from renormalizable models.

» The parameter spaces of these models are tightly constrained by theoretical
constraints.

» Intriguing cosmological implications: origin of matter-antimatter asymmetry
(suppressed sphaleron rate), early matter dominated era?

HISTORY OF THF UNIVERSF

23/23



BACKUP SLIDES
( 1o}

0000
00000

[©]

EFFECTIVE POTENTIAL

» Effective potential

Ve =Vo+ (v,-CW + Vi + Vlfzg,f)
» Tree-level potential:
Vo = Vo(P1, ®2) + Vo(o, p) +Vo

2 2
Vo(®1,B2) = —3BTd) + Ay (cpfcbl) — [BBIDy + Xy (cpgcbz)

\Z, = /\3((1)’;' P, )((l)%([)z) + /\4((1)’((])3)((])’2"(])])
2. /1 - 1
+3 (5 Aow,0” (D] @1) + 5 Xpa, (pipy) (] <l>,-)>
i=1
1,5 1 4
Vo(o,p) = = 550" + 7 Ac0
1 2 1 2 1 2
= SHpPipi+ 7 A0 (pipi)” + 7 Aop0” pipi
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(Please see hep-ph/9901312 for more details.)
» Coleman-Weinberg potential (for i-th particle)

4 2
a; m; m;
VI,CW = (-1 ni647r2 [log <M2) — c,}

» One-loop thermal potential (for i-th particle)

T m2
Vi/ji =(—1)"n = 55J8/F ( )

JB/F()’Z) = /0 dxleog [1 Fexp (—\/m)]

» Daisy contribution (for i-th particle)

v T [ () (2
et 127 |\ T2 T2
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THERMAL CORRECTIONS BEYOND ONE LOOP

. > 34
W) =S50S [ G ton [B 4w+ mie)]

@ T m,2
= Z(—l) niﬁjg/}? (ﬁ)

Vie(6,1) = 3 1o [mi(¢) = Mi(6.T)]

wy = 2nwT (bosons), (2n + 1)nT (fermions)

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} (9, T) = mi(¢) + 1Li(, T) (except i = Z1, 7).
Truncated Full Dressing Method:

3 2+ 2 A 12 .
(6, T) = (%q%{) T2 =10, (6,T) ,

g7,
6
HWT((Dv T) - HZT (Q)aT) = H’YT (@7 T) =0, (A14)
‘ 1 11 g )
M, @) = 5 [mb)+ 3 g+ AT
1 11 g2 _
2 _ ° 2 (4 2 5Ty
M2,(0) = 3 |mb(0)+ 5 T - A, T)
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Optimized Partial Dressing Method:

8 [V oV
2 _ cw (.2 2 th
6m¢](h, T) = El %, [ (ml (h) + ém? (h,T)) +

o e (mf(h)+6m3(h,T),T)] (A1)
J J

dom?
om3(h, T) & 5m? ) + (h — ha) a}i(“) (A2)

g vy v
VR =Y+ S [ an [Ww(mﬂh) om0 1)) + 5 (mdh) + omE (0. 7).T) | .

(A4)
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DAISY AND SUPER-DAISY CONTRIBUTIONS TO THERMAL MASS

@ Mgl

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 cach 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
resumimed one-loop potential.

Curtin, Meade & Ramani, arXiv:1612.00466
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Ve INSM

Ver(#)

#1Gev]

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%0 GeV. The tunneling through the barrier goes from the base of the
arrow (¢(r = o0)) 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 Ve IN SM AND SINGLET-DOUBLET MODEL

v =y =04 —
015 Yi=y2=025 015 =y Aer of SDFOM model
— yi=y2=035 —— A of SDFOM model
— yi=y2=04
M
010 0.0
& &
£ £
S oos S oo
2 5
8 8
) 2
2 2
£ £
S 000 S oo
E H
-0.05 ~0.05 e, S
-0.10 - - 0. v -
00 25 50 75 100 125 150 175 00 25 50 75 100 125 150 115
logaolpGeV) logua{/GeV)
(a) (b)

FIG. 1. (a) A(t) up to Mp; for the SM and for various Yukawa couplings in the SDFDM model; (b)

Running A(t) and Ay s(t) up to Mpy scale for the SDFDM model.

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

Vip)

Metastable
Vacuum

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

Ry ~ 1.87- 1077 GeV ™ = 224.5 M},"

M1/Ryy) = —0.01345 ,

Tiree ~ 108 Ty
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o

dx 3 2
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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 resonalor/wave guide detectors, laser
beam detectors

High frequency band (audio band)*: 10 Hz
100 ki1z

Low-temperaure resontos and_ground-based
det

Middle frequency band: 0.1 Hz-10 Hz

Space laser- merfomert T o
length 100 km — 60,000 km, atom and molecule
ptical clock detectors

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

Very low frequency band (nano-Hz band):
300 phiz - 100 nilz
Ultralow frequency band: 10 fHz-300 pHz

Radio Doppler nmkmu of spacecrafl, space
lascr-interferometric. detectors of arm length
longer than 60,000 k, optical clock detectors

Pulsar timing arrays (PTAS)

Astrometry of quasars and their proper motions

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

Cosmic microwave background experiments

Beyond Hubble-frequency band: below 1

Through the Verifications of
d

els

*The range of audio band (also called LIGO band) normally gocs only to 10 kHz.
miz.

"The range of milli-t1z band is 0.1 mliz to 100
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