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Finding New Physics:
From Earth to Sky

.

® New Physics for Higgs and Hierarchy

Problem: supersymmetry, warped extra dimension,
clockwork mechanism, etc.

® New Physics for Dark Matter: WIMP, FIMP,
SIMP, new production mechanisms and detections.

® New Physics for Flavor Physics: fermion
masses/mixing, flavor puzzles from rare decays,
magnetic/electric dipole moments.
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Instability of Higgs vacuum

® Quantum fluctuations change Higgs potential.
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Flavor puzzles
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® Quark and lepton masses? Origin of neutrino
masses/! me/mi ~107° Am2 ~ 1036V

np —Ng

® Origin of matter asymmetry? 7=, — =(58-0606)x 1010




Gravity and Big Bang

Path integral for gravity:

: 4
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167G
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P 8nG?
Cosmic refugees. Virtual particles that escape destruction near a black hole _ —122 4 4
(case 3) create detectable radiation but can't carry information. A _ 10 MP < MP .

® Quantum mechanical description of gravity?
® Origin of initial conditions for Big Bang?

® Origin of Planck mass & Cosmological constant?



Dark matter and energy

Supernova Cosmology Project
Suzuki, et al., Ap.J. (2011)
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® Observed Universe is composed of 5% atoms
and 95% of dark matter and dark energy.

® Origin of dark matter and dark energy?



Cosmic inflation

® Early varying vacuum energy with “inflaton” makes the
expansion possible at all and sets the initial conditions.
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Causally connected ds® = —dt” +e”""dx

at recombination Number of efoldings:
Ly
How uniform CMB | in 104? N = Hdt = 60

i
® Slow-roll inflation is constrained by CMB anisotropies.
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Tensor-to-scalar ratio (ro_oog)
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rooo2 < 0.10  (95% CL, Planck TT+lowE+lensing)

ro.oo2 < 0.064 (95% CL, Planck TT,TE.EE
+lowE+lensing+BK14).




Inflation as EFT
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UV physics T M,

I e Effective field theory for inflation must
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® What controls UV physics (or keeps unitarity) for
entire range of inflaton fields!?



Higgs inflation
[Bezrukov, Shaposhnikov (2007)]
® Bottom-up approach: Higgs boson as inflaton.

£ = v=g(SRAIHPR)- IDHP — An(H ~?/2))
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Adding a non-minimal coupling makes inflation work!
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V(h)

Higgs inflation
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Higgs inflation as EFT

[Han,Willenbrock (2004); Burgess,

® Higgs self-interactions HML, Trott (2009,2010); Barbon,
Espinosa (2009); Hertzberg (2010)]
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cf. Einstein frame:
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® [ffective field theory breaks down too early.
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Beyond Higgs inflation

“Induced gravity” £,=+—g [600272 - %(% )? — A(OQ — ¢ — 501)2]

Planck mass is induced by loops:  [Zee, Smolin (1979)]
/ Dip 3S(8:0) — i J d*ay/=g(MER+--)

s> Higgs inflation just as EFT: Les = +/—g(1 + §0d°)R

Higgs moves together with sigma field in hyperboloid!

o [Giudice, HML (2010)]
/" 1) SO(4)=>SO(1,5)/SO(5)
' / 2) Higgs inflation-like.
50_-1--3 ~10'4 GeV 3) Sigma field is very heavy.
SO(1,5)/50(5) ! . . .
g ms =4 H* ~ (10°° GeV)

0 9]



Scalars dual to Starobinsky

® Starobinsky R2model is dual to a scalar-tensor theory.
[Starobinsky (1984); Giudice, HML (2014)]

L= F( +€R2> - L=V g(5 e’ R o)

Hubbard-Stratonovich transf.

® Starobinsky model as a UV completion?
[Y. Ema (2017); Gorbunoy, Tokareva (2018)]

- F( (1+ €uh? + €07 )R—%(@uh)Q—%a‘l—V(h))
= £ —=5(560° R~ 5 Ouh) - 15 (6"~ TP - 1) —V(R)

6% =1+E&gh® + €0
- e “belongs to sigma-field models”



General sigma inflation

Generalize sigma models with linear non-minimal coupling.

1 1 1 .
£ = V73| - 3L 60 + &0+ 5(Bu0) + e — Ao — )
= { [HML (2018)]
Stable gravity: &7 < 4&, o 1t

Unitarity: £ ~ J{O /'

Large sigma-graviton mixing:

L;D —§§1U5R = —5510 h+--- "'"‘:*:“'f~arbitrary
3 Q2 3 5
Lg D Zw(é’ua)zz Zf%(auU)QJF"‘ 9

|) Sigma interactions are suppressed.
> 2) Sigma mass parameters can be
arbitrarily small.




Effective inflaton potential

€10 + &0° + Egd?,

Two field dynamics for inflation: { 3 -
= £

“vacua with stabilized field ratio”
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Tensor mode scales up!
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% Higgs inflation

The higher unitarity scale, the more deviation up to r=0.01.

Tensor-to-scalar ratio testable at future CMB experiments.



Inflaton dark matter

Approximate Z; == |Sigma inflaton = dark matter
L 1 |

—— = ——Qo,H)R+ =(8,0)* + |D,H|* —V(0,H
= = 50 H)R+5(0u0)" + |DLHI — V(o H)
Z, symmetric in particle physics:
1 ., 1 1 o .
Vie,H) = Vo+ §m;§a? + 5)\004 + 5/\01102|H|2 +my|H|? + Au|H|*.

Z, broken in gravity: Q(o,H) = 1+.+S‘)O + 2%y |H|?,

Inflaton decays only by the trace of EM tensor:

[Ibarra et al (2016);

T2 \/1 f 352 Mp Choi, Kang, HML, Yamashita (2019)]
2

TH = —(0,,¢)° +4V+—q5ff 5V = *V, VH 46T,

Bs(as) o rapw | BEM(@)
4&3 G’LWG i 4o

massless particles: 7/ = Fl o, FM ...



Long-lived inflaton

$4=100(Solid), 0.01(Dashed)
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[Ibarra et al (2016, 2017); Choi, Kang, HML, Yamashita (2019)]

Inflaton can live longer than age of Universe for m, < 2m, = 270 MeV.

No CMB bound on inflaton for my < 2MeV.



Reheating

® After inflation, the Universe is almost at zero temperature.

* Reheating mechanism is required!
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Reheating from sigma field

“Quartic potential” during reheating

X R~ \/gln V= \/gln(l + €10 + {«309) [Choi, Kang, HML, Yamashita (2019)]

v<1: Vea % oA = % = (5.3 X 10—10)1%—4(0%)
R=1.5 R=0
1.5:_ Linear coupling 1.5? o NO iiﬁéa;’ coupllng
Ve(X) | VE(X)
os| 05| Vi Azgﬁ 2
N O_O:_ \ “matter-like”




Inflaton condensate

Inflaton condensate:

[P. Green et al, 1997; Tenkanen, 201 6;

Choi, Kang, HML, Yamashita (2019)]

O (1) 142 Ly
H? = EXe :(_) Px. = = Ay Xt
3MZ  \2t) 0 T AT 8
, cn(x)
s> (t) = Xo(t) en (w(t) t, ﬁ> ,
X0 = Xend\/Tend/t  w(t) = 0.850*xo(t)

1) Jacobi cosine form (“unharmonic”)

VA
WV

2) Amplitude decreases due to expansion.

cf. matter-like: constant freq. x.(t) = xo(t)cos(mt), H = —.

2
3t

Particle production or decay from inflaton reheat!

/

“Preheating”

\

“Perturbative reheating”



Preheating

Lame equations for Higgs perturbation

Hy(t) = a(t)he(t) : [P.Green et al, 1997] H; ¥ p ﬁ
Hic + (" "o, (I ﬁ)) He=0 WUV W h |
K= k: comoving momentum. S U,,,,

A X3 a(t)?

. . . Ao 1
Growth of particle # with Higgs energy, o} =+x*+ o, cn” (x\ﬁ)
AR T
5) 5 = g~ e o sh) VA

Preheating condition: 5+ ~ 2 2 U\, = 1 hn

Wi
= o (|m|2 n

== ukgleo—v(l"ajg)“(“l““) [Choi, Kang, HML, Yamashita
: (2019v2, to appear)]




Preheating

Instability bands Floquet index for k*=0
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Zero momentum: Broad resonance is efficient.  High reheating!

Large momentum: Narrow resonance “Redshifted away”

Inefficient preheating == |perturbative reheating!




Dark matter from reheating

Reheating temperature: [Choi, Kang, HML, Yamashita (2019)]

Dyesxx = 0.023X%X0, Dyosmn = 0.002X2,0*x0. BR = Lo
xe—sxx + Uxe—hh

_ 1 . A X’g(tdec) . ng*('TRI-l)
Pxe = DBxesin - (1 _ BR) ~ Haee = V12 My 20 Tru = (1 — BR) - py. (tdec)

2

100 \'* / An\? 7 r \-3/4
* ‘ = (4.4 x 10°GeV xH )\ p31 _ BR)¥/A
T (8 °v) (9*(TRH)> (10‘8) ( ) (0.01)

Dark matter abundance: A\w ~Au/60 $1077 out of equilibrium

QO h? = (2h%)emap + (% h*)ru 2 non-thermal production

’ ; 100 \*2/ Aa  \/my
' © (k) pp = 0.12 .
188S decay. (2 A7) Fimi (g*(mh)) (4.4 X 10‘7) (19\/)

: 9 o TN gR. (M
Inflaton decay: (Q,2%)ry = 7-3’?(0.01) BR (1eV)




DM = Dark radiation

Dark matter relativistic at production: “Dark Radiation”

Adec My My

Ny ——— NNJ

aANR k 3)\XXO (tdec) |

DM becomes non-relativistic if

INR

Teq e 1,4(177:{/) ==z m, > 7.8keV
— 160 R (O,Bl)—l/4(in;§/) INrR > 1IBBN
before BBN

If DM remains relativistic during BBN,

ot , LN py ,_
Dark radiation: ANg = (=) @ . Px(9e0) (ﬂ)
T\ 4 PR(Geq) (eq
< 00044 R (= )1/"’ teV
(a) Neg =2.93*93 ) 95%, Planck TT,TE,EE - - \0.01 My

+lowE+BAO+Aver (2015)

(b) New =304 ¢ peimbert (2016)
(c) Neg =3.06*02 | +Cooke (2018). case c) my = 0.208(0.139)eV within 20




Inflaton dark matter

[Choi, Kang, HML, Yamashita (2019)]
R=1 R=15
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Conclusions

® A general form of sigma models to unitarize Higgs
inflation was proposed, covering various scalar-
tensor theories valid below Planck scale.

® |[arge linear non-minimal coupling leads to sizable
deviation in tensor mode up to r=0.01, novel
reheating and small inflaton masses/parameters.

® [nflaton has suppressed couplings to the SM through
the trace of energy-momentum tensor and small
Higgs-portal coupling.

® [nflation is long-lived, becoming a viable candidate for



