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New physics for Higgs mass

® Supersymmetry ® New composite dynamics
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® Scale invariance
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Four-form and Higgs mass
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Particles from E-field

® The Maxwell field in 2D is non-dynamical (no
polarizations), but electric field can reduce due to
charge nucleation.
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Bounce action for particle
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|. Probability for charge production (= instanton tunneling
to “E=qg-e outside and E=q inside”):
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2. Charge production continues, as far as
E-field outside is positive, albeit exponentially suppressed.



Four-form flux and C.C.

® Three-form gauge field is not dynamical, but
its field strength (four-form flux) contributes
to cosmological constant:  F,,,, = 40,,4, .
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Equation of motion: oy (1 /_gFWPU) — 0
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Membranes from four-form

® The four-form flux can reduce due to the
membrane nucleation. [Brown, Teitelboim, 1987]
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q = en: Flux quantization in microscopic theory.

|. Closed membrane production (= instanton
tunneling to “g-e inside and q outside™):
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[Coleman, 1977]

2. Membrane production would continue as far as
the flux outside is nonzero, but dS curvature
4D 4-form becomes important in the later stage.
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Gravity effects on bubbles

® The tunneling probability is corrected by dS

curvature radius as [Coleman, de Luccia, 1980]
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® Membrane production stops when the

cosmological constant is the smallest.
[Brown, Teitelboim, 1987]



Origin of four-forms

® M-theory contains M2-brane and M5-brane
as sources for four-form fluxes. [Bousso, Polchinski, 2000]

sl Membrane tensions and charges in 4D.

M5-brane wrapped on 3-cycle: (M3 =21 M7, V)
7. = 20 MO Va €; = ik 1 < Ns.
i 11 V3,45 @ Mp7 = 4V3
M2-brane:
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Mb5-brane wrapped on 3-cycle with large volume
can lead to a small membrane tension and charge.

Membrane tension and charge can be separate in a
non-supersymmetric low energy theory:
a small membrane charge is possible.




Multiple four-forms and C.C.

® M-theory compactified on the manifold
with | 3-cycles leads to an enough number
of four-form fluxes for the accurate
cancellation of C. C. [Bousso, Polchinski, 2000]
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Four-form flux and
Higgs mass



Four-form and Higgs mass

® Four-form flux has a dimensionless coupling to the
SM Higgs, scanning the Higgs mass parameter.

[Dvali,Vilenkin, 2004; Giudice, Kehagias, Riotto, 2019;

Kaloper,Westphal, 2019; HML, 2019]
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5 5 as well as Higgs mass.
Mig = M~ — cpq, 88

Aot = Mg + %(g{ Higgs quartic coupling has
a constant shift.



Four-form and Higgs mass

q/M?
i—a—c Mi=cge weigmm e~ (100GeV)?
1
Ao & * A:—§(qc—e)2—|—AA



* q=4qc: lLast dS phase
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Reheating constraint:  rr = 55 9Ty < 3Mp Hi
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Need of reheating

® During dS phases, inflaton is in either classical rolling
or quantum fluctuation (random walk).

Classical: Quantum:
1_, |44 H

® Both Higgs mass & C.C. scan to observed
values by a series of dS phases and the
universe would be empty in the end.

e Reheating mechanism needed.

® |[f inflaton rolls down after scans and decays, it can
reheat the Universe.

But, inflaton potential is bounded by Ajast.



How to Reheat

® Kick the inflaton by quantum fluctuations.
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Classical rolling is dominant for /e ~ 100 GeV !



How to Reheat

® [nflaton stuck at the false vacuum in dS phases.
[Bousso, Polchinski, 2000]

Inflaton tunnels to the true vacuum after last nucleation.

V(p) V= Aer + Vi(0)

Last nucleation
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How to Reheat

® Particle production due to flux-dependent
Higgs VEV. [Giudice, Kehagias, Riotto, 2019]

Higgs VEV becomes nonzero just after the
last membrane nucleation.

Assume that the Hubble-dependent mass is absent.

== frequencies of SM perturbations change
due to the EVV phase transition.

- 2a v g !
i +w’fr=0 wzzk2+m%>az+({—6) aR. mp=gpv.

Efficient particle production only if v ~ Hiast ~ Ve :
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How to Reheat

® Flux-dependent minimum of inflation potential.
[Bousso, Polchinski, 2000; HML 2019]

V(H,0) = Veg(H) + (k10" + q + k'z:)z + Vi (0, H)

Flux-dependent Reheating
minimum

== The minimum of the inflaton potential
shifts after the last nucleation.

General mechanism to kick the
inflaton away from the true minimum.
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Flux-dependent minimum
Last nucleation ,"
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Reheating from general
four-form couplings



General four-form couplings

® The general four-form Lagrangian contains a
dimensionless non-minimal coupling, which gives
rise to a dynamical scalar field. [HML, 2019]
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Non-minimal coupling L, Higher curvature

==l Gauge field for four-form flux becomes
dynamical due to graviton mixing.
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Q(H,q) =1+ ci(cyglH|? +q): Four-form flux also scans
Planck mass!



Dual-scalar theory

® |nflaton potential from scalar dual theory.
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Inflaton potential has a flux-dependent minimum.

R2 term is necessary for the inflaton
potential to be bounded from below.



Dual-scalar theory

® FEinstein frame Lagrangian.
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Assume that the Higgs is stabilized during dS phases:
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Flux-dep. inflaton minimum. Flux-dependent C.C.



Reheating after scanning

® |ust before the last nucleation:
qg=M?/c, =q. and v = 0,
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But, inflaton decay rate is small: T =




Successful reheating
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Slow-roll inflation: m, < H; =8 x 10'° GeV(r/0.1)



Flux coupling to pseudo-scalar

® The four-form coupling to a pseudo-scalar with

approximate shift symmetry. [HML, 2019]
1 ‘ 2 1 212 ,U v H vVpo
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Four-form coupling
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Reheat with pseudo-scalar

® |ust before the last nucleation:

.2—0— 2 )‘ 2 ) J"Iz
o = P M 20, we) = —E =,
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® |ust after the last nucleation:
¢=q.—e, U r 2 Vol ) ~ 0
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Flux coupling to c-scalar

[HML, 2019]
® The four-form coupling to a complex scalar with

U(l) symmetry.
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Four-form coupling
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Higgs and singlet masses are scanned at the same time.
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Similar flux-dependent masses & mixing arise!



Reheat with pseudo-scalar

® |ust before the last nucleation:
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Reheating is similar as in pseudo-scalar case with £ ~ T4



Chaotic inflation with
four-form flux



Pseudo-scalar inflation

® Consider a massless pseudo-scalar with
four-form coupling. [Kaloper, Sorbo, 2009]
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Tensor-to-scalar ratio (rg.002)
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Single-field & canonical inflation is favored.

Monomial-type inflation models are in
tension with Planck tensor-to-scalar ratio.



Non-minimal four-form

® Maintain the shift symmetry by the non-

minimal four-form coupling. [HML, 2019]
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dual-scalar from R? can be decoupled.
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Rescaled potential!



Inflationary predictions

® Non-minimal coupling makes the potential
flat for a(up+q) 2 1.

: l
Canonical field:  p¢+qg= 30“2’:2
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cf. CMB: a = 38000(apu)"/? (E)

ap = 1 and N = 50(60), wesfie | n, = 0.966(0.972), r = 0.011(0.0086)

@ = 38(4.4) x 10* and i = 63(5.3) x 10 GeV. in perfect agreement with Planck.



Robustness of predictions

® Unitarity scale is Planck scale or higher.
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® Higher order corrections appear in the form,
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Model-indep. reheating

® [nflaton couples to the trace of energy-
momentum tensor like dilaton:

C a(pd +q) T,

T oM

m (ap)?
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P 32xM} 1+ 2 (ap)? ( )
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"Robust prediction for reheating”

cf. But, reheating temperature can be higher.
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Conclusions

Four-form flux can scan the cosmological constant,
the Higgs mass as well as the Planck mass.

Non-minimal four-form coupling is the minimal
setup for the relaxation of Higgs mass & the
successful reheating.

Minimal four-form couplings to extra scalars lead to
the reheating temperature of order weak scale,
insensitive to scalar masses.

Non-minimal four-form coupling can cure the
pseudo-scalar chaotic inflation models with
successful and robust predictions for inflation.



