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While the determination
of the Higgs potential
remains toughest, it is a
unique place that still
allows sizable New
Physics near the EW scale
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V(h) = SmEh? + 5 A3h® + gkt
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This extrapolation is what
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minimal SM predicts
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Locally known structure
v=246 GeV, m3=(125 GeVy

Typically this vacuum is
required to be global



But
Given a limited information, it is hard
to tell if this is really global vacuum
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Locally known structure
v=246 GeV, m3,=(125 GeVy

From the viewpoint of Landscape of many vacua, e.g. in string
theory, it might be more natural if our current Universe turns out
to be sitting at a metastable vacuum
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We examine this large field region with
RGE in our model



The global vacuum along 10 Higgs potential could
be projection of more complicated situation in t

multi-dimensional potential

"m
]
.......
-----

------

Less explored,

D, ...

® Global vacuum
ath=0,o=f

Project onto-h-axis

h

n
>

Metastable vacuum
ath=v,®,-=0

L]
a
"
n
d
i
"

i 4

S

-

Not ruled out yet 0

Global vacuum
ath=0

We focus on this :

Global vacuum at
h=0,®,..=0
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Thermal evolution :

EW symmetry “non-restoration”
(SNR) at finite temperatures

SM-type

Optional SNR
If you want

Weinberg, PRD 74’

Meade, Ramani, PRL 19’

Baldes, Gervant, JHEP 18;

Glioti, Rattazzi, Vecchi, JHEP 19;
Matsedonskyi, Servant, JHEP 20’
Cao, Hashino, Li, Ren, Yu, 21’
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We focus on \

v h

Locally known structure
v=246 GeV, m3=(125 GeVy

Evolving toward EW symmetry

non-restoration
Bai, Lee, SON, Ye 21’

Non-optional SNR

; EW symmetry restoration postponed to a very high T



Higgs-portal

e.g. as simple toy-model for Landscape scenario



We introduce Higgs-portal coupling to SM singlets belongs
to O(N) rep with a large N

(Simple toy-model for Landscape scenario)

2
U Ah Yyl
Vtree = _7h2 + Zh4 Asd) ~ h¢/16n2 Ah; /15; /1(]5' /1h¢ >0
Ahs ms% /15 Ahqb mgﬁ AS
+— h*S§% 4+ —S% 4+ —(S?)* 4 — h?D* + —P* + — (P?)?
2 2 4 (5%) 2 2 4 (@%)
S, ® belong to fundamentallrep of O(Ny), O(Ny)
Responsible for EW symmetry Responsible for lifting v=246 GeV
non-restoration due to 1, <0 to metastable vacuum via quantum

correction
Stability at large fields

—An 25 < Aps< 0

Simple diagrammatic NOA estimates for perturbativity

NITAVIN VNg [ Angl N2 NgAg <o)
16m2 '’ 16m2 '’ 16m2’ 1672

See extra slides for RGE



We introduce Higgs-portal coupling to SM singlets belongs
to O(N) rep with a large N

= v exp

/8(2N +4 |’1h¢(v)|‘

Smallest Landau pole scale in our benchmark scenarios
as N¢Afl¢ Is constrained to exhibit EWS vacuum at h = 0

AUV ~ ALN 120 TeV for Ah(,b

UEwW



The complete set of conditions for
Global EWS vacuum at h = 0 (metastable at h = 246 GeV)

Verr = Viree T Vew

Metastable vacuum

at h = 246 GeV
Global vacuum @
at origin
/ I e(v) = Veff(v) - Veff(o) >0
2(0) — % >0 1 /5, ?
mp ~ dh2 [y = _4(_) exp(—S,) < Hg : T = 0
h=0 R*\2m

: Long-lived enough vacuum than age of Universe

S, > S ~ 416

3
S;(T)]?
I‘ng“[% exp(—S3(T)/T) : T+ 0

: No even a single supercritical bubble creation should allowed

(SS(T)/T)min > 339




Against quantum tunneling
T=20



Global EWS vacuum at h =0

Metastable vacuum

Ny mz(h) 3
Vew = E canZ [m}‘( (h) <ln 7~ 5t 2m%(h)ms(v)
at h = 246 GeV @

my(v)

Global vacuum
at origin
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2 _ eff
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2(0) = A2 + | m? |l + 22 |+ 2 1 +1|[>0
mi(0) = =Anv” Hgemms I\ e ) T 1672 © |Angv?  \m3 [Apgv? + 1
We save S for finite-T part We chose @ to be
responsible for lifting
1 N A2 vt Av? 1

= —Z 2, v2 St | T 7]

€w) 27 T 282 msl mi m2 . 1+ Ay v2%/m?
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NpAhg mg mg mg [Apgv?
+ v*(l1—2 5 — 25— 5 >

2 2 Mg : .
ms ~ v, [l K1, & 1 :asymmetric assignment to ®,S




Global EWS vacuum at h =0

2

m
mé ~v?, |l <1, iz & 1 :ourassumptions
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Metastable vacuum
at h = 246 GeV

Global vacuum
at origin

I €(0) = Vo () — Viy 1 (0) > 0
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dzv, 1 Ny Arg
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x —ApVU 1672 ve >
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Global electroweak symmetric vacuum
against quantum tunneling process
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Against thermal transition

T+0



Thermal evolution of global EW symmetric vacuum
& EW symmetry non-restoration (SNR)

To be consistent current metastable EW symmetry breaking vacuum
In the high T limit

: our numerical simulation does not assume high-T approximation

AV, :i(zv/l NgyApe )T?h?
thermal 24 shs T $tho

1 1
+ o7 [ns + (Ns + DA]T2S? + o [4dng + (N +2)2 | T2 0% + -
>0
No saddle points in S and @ direction
EW SNR
Option 1: NgAps + NpApy <0 6.41 4122, )

N
< Ing < —N—¢Ah5

. /Ny N
— Prefers Asymmetric : Ng > N, ¢ ¢

Condition for global EWS vacuum at h =0
Favors Apy S O(1) for Ny 2 10% (vs. |45 < 1)



Thermal evolution of global EW symmetric vacuum
& EW symmetry non-restoration (SNR)

To be consistent current metastable EW symmetry breaking vacuum

In the high T limit

AV, =i(1v/1 + NyApg ) T2h?
thermal 24 s’*hs $tho

1
24 [4/1}15 + (N + 2)/1 ]TZSZ + — ) [4Ah¢ + (Nqb + 2)/1¢]T2q)2 +

>0

Oominant contributions to negative Higgs
EW SNR mass squared from @

N
Option 2 : neg. Higgs mass-sq from Vi, and Nedns + NopAng <0, 0r Apg < _N_¢’1h5
. Is not necessarily required
— Symmetric : Ng = N allowed , , o
, but negative Ay, still helps for SNR

T2h? T22 . .
Veing ~ = 7= [N Ansy/3ns + (2 + Ng)As ] Tl N¢,1h¢\/3,1h¢, + (24 Ng)Ay l . High-T limit
N T3

N,T3 .o
~ =g ——[4Aps + (2 + N9 A | /m§+,1hsh2—;’6—ﬂ[4,1h¢+(2+N¢,),1¢] mg + Angh?  : Low-T limit



Thick wall vs thin wall approximation

(h)y #0

PT can occurs well before T=Tc, and thin-wall approximation is
not necessarily justified

PT needs to be uncompleted against SBi—T) (and S, as well)

53(Tm)

T

3.2
2 In(M,, TAt5) + Eln lgln(MplT,?ltg)l ~ 339

t, = 13.7 Gyr, T,, = 10 GeV

PT occurs right after T = Tc where two vacua are almost
degenerate, and thin-wall approximation is likely valid

PT is completed immediately Sa(T,)
c

< 150
Te




Gleiser, Kolb, Watkins, Nucl.Phys.B 91’

Super (Sub) Critical bubbles Gleiser, Heckler, Kolb, Phys.Lett.B 97’

Espinosa, Giudice, Morgante, Riotto, Senatore, Strumia, JHEP 15’

Bubbles can be treated as a normal matter with a mass

We can adopt thin-wall approx for qualitative understanding

Volume energy Surface energy
© 1 dhy? 4 ,
S;3=4m | drr E(%) +V(hT)| ~ —§TL’R €(T) + 4nR*S1(T)
0
. : favors expansion : favors contraction
r = |x|
® [1/dh\?
B S, = fo dr [E(d_r) +V(h,T)l
Sub-critical Super-critical
“a
¢t % NRypr = T
A
N 7 /
= = Will collapse Will expand
¥
sub-critical bubbles with Total energy contained inside
smaller R will be freq generated the bubble is roughly

and collapse afterward
" eW)(Ry = vito)’



Gleiser, Kolb, Watkins, Nucl.Phys.B 91’

Super (Sub) Critical bubbles Gleiser, Heckler, Kolb, Phys.Lett.B 97’

Alternative approach
Espinosa, Giudice, Morgante, Riotto, Senatore, Strumia, JHEP 15’

Bubbles can be treated as a normal matter with a mass

We can adopt thin-wall approx for qualitative understanding

Volume energy Surface energy
© 1 dhy? 4 ,
S;3=4m | drr —(—) +V(hT)| ~—znR>e(T) + 4nR*S.(T)
0 2 \dr 3
Sp : favors expansion : favors contraction

Super-critical bubble and uncompleted phase transition

“a

_25,(D)
”; (1) Fraction of space (for a volume V) not occupied by the bubbles
4n ‘ 1,,3 "3 !
f@©) ~exp(=T5 - V) = exp| — = | dt'vy(t —t')°I3(t)
tc
. 3
_ S3(T)|? S5(T)
where I; =T* [ ST p(— 3 /T)
S4(T,) L 32 -
f(ty) ~1- T = ln(MpletO) + Eln lgln(Mpleto)] ~ 339
m

t, = 13.7 Gyr, T,, = 10 GeV



Benchmark scenarios &
numerical scans



Benchmark scenarios

, 5 Al mé, « 6.41 Arm 2/1,1</1 _ Ns/1
ms ~v-, hs ) ) ~ h¢ =~ — 57 hs
)lh¢v2 /N¢ /N¢ N¢
m2 .
Ms | Ang | A | A | ms Ja=g2l Ne | Np | Si | (P | 2| T
1/ -01[070]5-107% 1074|246 | 0.001 || 1500 | 100 | 36680 | 409 | 0.234 | 0.343
21 -011]083| 0.1 0.1 | 246 | 0.001 100 | 100 | 879 386 | 0.095 | 0.278

Asymmetric : Ny >> N

Symmetric : Ny = N

0.04 i Scenario 1

Scenario 2
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Non-monotonic evolution Monotonic evolution




Numerical scans in the vicinity of two benchmark points
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Testing ---.



Collider Phenomenology

1. Higgs cubic self-coupling 1 3,1, s
3'/13vh + !/14h
TN “ 1a ~ 61 +N¢/1%l¢ NsA%s /1hsv2
: 3 T 42 4?2 m?

1
V(h) = Emlehz +

g 41 < Nyljy < 80 (70)
A\/ ’ :mz(0),e(v) >0 Global EWS Global EWS

0 v h vacuumat T =0 vacuumatT # 0
Locally known structure . 5‘4 > 416 . 53 (Tm) /Tm > 339

v=246 GeV, m3,=(125 GeV)?

A3
Expected: 2.3 < /1—<36 (3.3)

2. Missing Et + jets 3
41 < N¢,/1 ne < 80 (70) mghys> my, /2 satisfied
(mphysz =mg + Appv?)
k* ’ i -_/.1
Ty St YT o oo 9P +ets)

9 ™ } /// We o P = N¢/1%l¢ - g(with /1h¢\/1\7¢ =1)
)



Higgs cubic self-coupling vs Missing Et + jets

A
23 < ,v_if< 3.6(33), 41 < Ngii, < 80 (70)
3

ATLAS, inv Higgs boson decays with VBF, 13TeV, 139/fb

ATLAS-CONF-2020-008 Yellow: Ballpark of mghys

14}  Episijets via VBF
Afs =13 Tev
Limits at 95% CL

12

10

Ang|Ny
®_

4 i ATLAS 139 fb~" i
L 300 fb?
F 27 .- memm—— 300 fb~" (no sys err)

2r 3000 fb-" |
[ == | mm==- 3000 fb~" (no sys err) |

0 T S T S T S T S S S S S S SO (R S T SR S|
100 150 200 250 300

m&hys [GeV]

Similar studies at 14 TeV and future colliders
Craig, Lou, McCullough, Thalapillil, 16’
Ruhdorfer, Salvioni, Weiler, 20’



Summary and future direction

Global EWS vacuum has been less explored

1. More natural from viewpoint of Landscape
2. More natural with electroweak symmetry non-restoration
Global EWS vacuum is testable in near future

1. Higgs self-couplings
2. Invisible decay of off-shell Higgs

We initiated only one simple model and there could be
many variants and related physics

Dark Matter
Baryogenesis

EWS bubbles in the sky
Gravitational Waves

1. More fields
2. Tree vs loop-induced
3.

AW =



Sub-critical bubbles

Can collisions between subcritical bubbles create
detectable gravitational waves (before being
disappeared) ?

Looks like unlikely

_1/3
- ~1/3

t
' d* ~ nbubble ~ [ . dtlr(t’)f(t,)] >> AT

Survives only
during 4t

Can baryon asymmetry be generated inside
bubbles ?

Super-critical bubbles

“a

%  Can we slow down the wall velocity ?

eg. v, K1

If yes, we might look for EWS bubbles in the sky ?



No instability at a large Higgs field

1672 By, ~ 12y, + 2445 — 6y} + 2NsAjs + 2NgpAsg

No instability at a large Higgs field is induced

Landau pole scale ~ cutoff scale of our EFT
16m%B;, . ~ (2Ng + 4)ApsAs + 825
16m%B;, ~ 8A4s + (2Ns + 4)22
16m%By,, ~ (2Ny + 4)Angdy + 824y

1626, ~ 8Ahy + (2N +4)45

16m? 1
Ay = vexp Lon” . Ap, = vexp R |
’ J8(2N; + 4) 1Ans (W) \/8(2N¢ +4) ng (V)

~ 2.3 x 10" GeVv ~120TeV  for NyAsy > 32122, ~ 41




