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Higgs dynamics in the early Universe

Higgs mass is fixed today and measured at the LHC.

Yet in the early Universe, Higgs mass (in general, SM
parameters) is not necessarily fixed and could vary with
time.

How?

Mass/Couplings depend on VE'Vs.
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In the early universe, various weakly-coupled scalar
fields could have had large field range and the Higgs |

. | could couple to them. So effective mass of the Higgs «
could be different. |

g

§ Could have had unbroken electroweak symmetry or much
- more badly broken electroweak symmetry:

' Even better, could have dynamics — oscillations between
| different electroweak phases.
2




“Well motivated theories supply lots of good candidates of
scalars with large field range: moduli, saxions, D-flat
directions, radion...

Classic example in supersymmetric theories: modulus/

' moduli

A scalar with a flat potential; when the Hubble drops around
its mass, it starts to oscillate coherently around the minimum.

Ubiquitous in string construction and low energy pheno

'models. It couples to the SM through high scale suppressed

| operators.
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A sinriple model
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A simple model

f: large field range of y;

M: high energy scale (in SUSY,
soft mass/natural Higgs mass
without tuning, more later)




A simple model

f: large field range of y;

M: high energy scale (in SUSY, |
soft mass/natural Higgs mass
without tuning, more later).
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At yo= % f , Higgs mass changes sign!

Effective Higgs mass: —m? +
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A simple model

= N ™, f:large field range of ;

M: high energy scale (in SUSY,
soft mass/natural Higgs mass
without tuning, more later).

M:2 >> my? (fine-tuned), trilinear coupling dominates.
Higgs mass - M.
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‘j Connection to Fine-tuning

- Fine-tuning: if we could change SM parameters, e.g., Higgs :-
~ mass parameter, the electroweak physics could be changed
{ dramatically. b

| —=_— = \Unbroken EWS
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Today, SM parameters are fixed. Yet in the early Universe,
the toy model I just present realizes the dynamics |
associated with fine-tuning: oscillations between different |
electroweak phases.
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'Modulus superfield:

Embed the toy model in SUSY

(X)) = Xo + Fx o6?,

/

il s

X > X I Fx6°
where Xg ~ myp1, Fx,o ~ mg/ompl.

fXZ Z: generic chiral
/ d*022XTXZ1Z  superfield (e.g., Higgs
pl X superfield)

e \

e \

Fx|? 26 x zRe(F

£xz| XQ‘ i 3.2 e(QX’OmX)Re(X)ZTZ.
mg ma

soft mass: m;,> trilinear coupling: m;/,2/my|
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{ High-scale/meso-tuned SUSY

Given the current LHC data, nature is probably tuned or

more precisely “meso-tuned”: Higgs is the only light scalar |
with a little hierarchy and no other random light scalars -
?around, e.g., mini-split SUSY scenario (Ibe et.al 2011; Hall et. i
éal; Arkani-Hamed et al.; Arvanitaki et al., ... 2012) |

| 1
- Vix, h) = —|—§mix2
| \ M2 -mj;,2>> Imp?|
271 4
—mi;h'h+ —|h
3 e ! 4| 2 Embed in high-scale
i M? (tuned) SUSY
| yhih
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- What interesting cosmological

|
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consequences could this model have?
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' Possibility 1: Particle production and
fl‘agmentati()n Amin, Fan, Lozanov, Reece, 18

- When the Higgs mass flips sign, there could be a tachyonic
' instability:

b + wihy =0, with wg(t)? = k% + mZe(x)

- When w,% < 0 , the Higgs modes grow exponentially.

- That is, there is a tachyonic particle production process when the
' modulus flips to the tachyonic side, converting modulus energy into
 the Higgs energy.

The produced Higgs could back-react on the modulus and fragment
" the modulus field (¢zhree conditions have to be satisfied in order for
" the process to be efficient). |
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t=0.000my" a=1.000 t=23.32m," a=6.334 t=3511m," a=8.094 t=70.21m" a=12.01

a3/2¢/m:pl
m3/2h/m'p1.

T/mqs a,/md, :t/m‘j, 1/m¢
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Possibility 2: Imprint on the inflaton

- Spectrum Fan, Reece, Wang, 1905.05764

Consider a low-scale inflation model. On top of the toy model I
showed, include the Higgs coupling to the inflaton.

modulus

VM =
inflaton

- mimh - thr*,

+ V(o) Inflaton potential
M2
f

A2 (aﬁb) ?h'h coupling between inflaton
and the Higgs ’

e

R —— e



{: Consider: @) energy density is dominated by inflaton. 4) |
~ interactions between the higgs and inflaton could be

 treated as perturbations; ¢) back-reaction from Higgs to |
- modulus is small. |

modulus field range k ‘
. energy scale suppressing .
. Higgs and inflaton coupling
natural Higgs mass M
ag
i modulus mass 0
|
’ weak scale mp

! Hubble H
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Classical primordial clocks

Chen ’11; Saito et.al ’12; Gao et.al ’13; Noumi et.al ’13....

~ Heavy fields could always be present during inflation (heavy fields

from UV physics, SUSY breaking; SM fields obtain masses of
Hubble through gravitational coupling...)
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Classical oscillation of a massive field (due to a sharp turn in the

inflaton trajectory) /

goce L

Density fluctuation (subhorizon)

Ck X 6—’LkT TO—
Correction to the spectrum Gk - Gk

<<13> = /ei(mt—Qk'r)dT :




<C13> > /ei(mt—Qk’T)dT :

Resonances: (saddle point approximation)

% (mt —2kT) =0 dr = dt/a(t)

q alt) —alr,) = M

Inverse function
Correlation function

<<§> ~ i(mte—2k) » (G D exp [z’— 2tk ] ;

Scale factor evolution directly recorded in the phase.
Could be used to distinguish inflation and alternatives.
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liflation alt) — ¢

1
Resonances @(tx) = a(7.) = 2k/m * by 7 log(k/m)
Correction to two-point function

L) e Y L he el () i (%log(k/m))

inflation (fast expansion)
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| Back to our model, for the modulus, when back-reaction is |

- negligible,

s et

LT e i, b

0

Y = Xoa cos (1 1)
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Imprint on the inflaton spectrum (9¢)*h°

h = he 4 2h,o hiee  dominated by broken phase

large freq: M

o

Large k modification:

“k - wave packet”
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- 10% correction in primordial spectrum = -1 %

correction in the temperature spectrum

. 1 dk
0 k

Yet the correction over a large range of ¢ ;

Need a more thorough analysis to see whether it is
within current sensitivity.

In the near future, LSS, CMB Stage-4 will improve
sensitivity by one order of magnitude (Slosar et.al.
'19 “inflationary archaeology”).
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Summary and outlook

Higgs dynamics in the early Universe could be highly
non-trivial: e.g., oscillations between different phases.

Possible consequences (depend on parameters and

couplings)

1. Particle production, field fragmentation and
generation of gravitation waves;

2. Imprints on the inflaton spectrum: novel “k-

wavepacket” features and lead to fine-structure in
the CMB spectrum.
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Many open questions:
— Other possible probes?

— Could observable directly test level of fine-tuning?
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| We argued, with a combination of numerical and analytic

' computations, that this requires three conditions:

A

| V(X, h) |
; i , , b
1 | I 7

I P / ‘

j' I) AV e Xf, : ,l \/ /l |

. nearly flat AV( ) L

. direction \ _/ ‘ |

0 )I(o "X |

| 3) Fine-tuning: point

*- h___of marginal breaking

. 2) Light modulus: B

m,<M
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| Suggestive: apply to fine-tuned SUSY
‘ Higgs boson with a flat direction in the
e i

¢
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Inflation a(t) = e

1
Resonances @(tx) = a(7.) = 2k/m * by 7 log(k/m)

Correction to two-point function

£ e k) el (%+%log (%))

inflation (fast expansion)
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Side comments:

a) Do not discuss modulus-inflaton coupling. It leads to

! some well-known modifications of the inflaton -
. spectrum (similar to signal of classical primordial clock).
' b) How do oscillations start: multiple possibilities.
. Modulus starts from the flat part of its potential and
starts to oscillate when it rolls to the non-flat part of

* the potential.
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|As an aside, quantum fluctuations of massive field modify

‘the bi-spectrum (non-Gaussianity).

je.g, quasi-single inflation: Chen, Wang ’o9 ...
icould be used to:
a) differentiate inflation and alternatives: Chen, Namjoo,

| Wang;, 15...;

'b) probe masses and spins of heavy fields: “Cosmological
collider physics” Arkani-Hamed, Maldacena 15 ... In
particular, could be used to probe Higgs sector and high
dimensional GUT, Kumar and Sundrum ’17, ’18.
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Figure 5. Left: primordial spectrum resulting from phase transition oscillations fixing A =
6000H, M = 1020H,m, = 10H,m; = 2H,\ = 1, adding on top of a smooth spectrum with
ns = 0.9649. Right: the corrections in the CMB temperature spectrum by subtracting that of the
inflation model with ns, = 0.9649 (right). In plotting, we have multiplied the oscillating correction
by a factor of 10. The grey band denotes the unbinned Planck uncertainties, which are ~ 5% when

expressed as fractional uncertainties.
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