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1. Introduction



Higgs Phase Transition

Higgs Potential V()

We live in the broken phase
Should have been broken since before BBN
Perhaps symmetric phase above Trw

V(®) = Vr=o(®) + V7 (P) seems good
approximation during RD

But, how about before RD epoch?

Was the universe in the broken phase or
symmetric phase during and after
inflation?



EWSB in Two Ways during Inflation

variance of field value
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[from Zimmermann group at Toront U.]

» Primordial Higgs condensate > Stochastic Higgs fluctuation

» Exists before/during inflation > Excited during inflation

Both characterized by (|®|2) # 0; can we distinguish the difference?


https://ucan.physics.utoronto.ca/news/bose-einstein-condensation-of-rb/

2. Condensate or Fluctuation?



Setup

S = /d4$\/jg [ﬁgrav + Einf + £Higgs] ’ {

Inflaton sector:

V(¢)

» T-model:

V(9) = 6Ap M tann? (74 )

> Ay~ 107H = my ~ 10" GeV
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19" 9,00, — V()
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Higgs sector:

» Consider the simplest (negligible
non-minimal coupling)

V(®) = —p2|0 + A(@1)2,
P — 1 <X1 + in)
V2 \X3 + x4
» In what follows, we may replace

d— x/V2

without loss of generality
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Primordial Higgs Condensate

(x/H.)?
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Suppose Higgs formed a Bose-Einstein
condensate before/during inflation

X(tini) = X0 and zero momentum (no
excitations)

Follows equation of motion:
X+3Hx+0,V(x)=0

<X2>t-ave #0

Phase space distribution:

Feona(p. 1) = P28 (97353

My eff



Stochastic Higgs Fluctuation

» Suppose x(tini) = 0 (no condensate)
» Decompose x =X (IR) + dx (UV)
EoM becomes the Langevin Eq.:

v

drift by 0,V dx(stochastic)
xV(X)
3H

X~ — fox

(horizon size) » dx induces the Gaussian noise f°X:
s s H3
(fX (@)X (t2)) = 50(t — t2)

» For a sufficiently long time,  reaches
2
&

<X2> ~ \ﬁ = mx eff — 3>‘<72>



Gravitational Particle Production from Inflaton Scattering

» Gravitational x production during
oscillation phase

) X
" / » Phase space distribution:
\ / 3 ‘
. h / 97 ( H, mg\ 9/2
y a8 "o Slk)= 64 < ( (To)
TS, STy me ;
Mp / \ MP .
/ AN k : comoving momentum
// \ p : physical momentum
// \\ p — k/a(t)
¢ X

» Energy conservation:
P =mg < k= amgyg > my



Gravitational Particle Production from Phase Transition

» Particle production through abrupt phase
transition (dS — MD)

» Initial condition: Bunch-Davies vacuum (no
%105

[N

particle)

2\5‘ Inflation Phase Oscillation Phase > wids) 7é wiMD), producing partiCIeS
ﬁ4< » Phase space distribution:
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2 9 (H
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3 32 \ My eft k
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» Only & < H, may be excited



Two Sources of Gravitational Particle Production

Phase Transition (dS — MD)

Scattering (¢ — hu — XX)

10—5_

10°6

soft non-rel.

soft relativistic

numerical (m,/mg = 0.001)

hard spectrum

1072

10! 109
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10! 102



3. Phase Space Distribution and Higgs Decay



Phase Space Distribution
(|®|%) # 0 in both cases, but f;(k) is very different:

\
Condensate: 0
fulp,t) = P28 (2353 ()
M eff
Ph,0 (H > mpeq)
Mheff = VAPo|2,  peond(t) = B ’
“ ph,O(a/aosc) 4 (H < mh,eff)
N J
N
Fluctuation:
fh,(pa t): fhard (p: t) + fsfot,R(pa t) + fsoft,NR(p: t)
3
7w ( He me\9/2
2 (2 (%) (> mg o~ H)
- 6
~ 9 e () (k> k)
H, H.\3
5 () () (<)
N J

Do they have any phenomenological implication?



Higgs Decay

» Suppose A is a free parameter = When my, o > TRy, Higgs is very non-thermal
> If VA> g, y:, h — WW, ZZ,tl = Take I}, as a free parameter

~

Condensate:
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Qosc

Qe 21y,
\ J

S\ 2/3
> Decays away at tgec =;' = Qdec ( e)




Higgs Decay

» Suppose A is a free parameter = When my, g > Tru, Higgs is very non-thermal
> If VA= g,y:, h = WW, ZZ,tl = Take I'}, as a free parameter

~

Fluctuation:

107!
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4. Summary



Summary and Outlook

» EWSB by either the primordial Higgs condensate or the stochastic fluctuation
> They may be distinguished by phase space distribution

» Higgs is non-thermal when Try < mp e ~ VAH,

» Demonstrated the perturbative Higgs decay as a possible application

» Could be many implications (inf. models, thermal effect, DM, BAU, GWs, etc.)



