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Abstract: <p>The Twin Higgs model is an attractive solution to the little Hierarchy problem with top partners that are neutral under SM ¢
charges. The framework is consistent with the null result of LHC colored top partner searches while offering many alternative discovery chz
Depending on model details, the phenomenology looks very different: either spectacular long-lived particle signals at colliders, or a pleth
unusual cosmological and astrophysical signatures via the existence of a predictive hidden sector. | will examine the latter possibility, and d
how the asymmetrically reheated Mirror Twin Higgs provides a predictive framework for a highly motivated and highly non-trivial interacting «
sector, with correlated signals in the CMB, Large Scale Structure, and direct detection searches, as well as higgs precision measurer
colliders. This provides a vivid example of the collider-cosmology complementarity, and motivates a variety of new astrophysical searches tl
motivated by the hierarchy problem.</p>
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There has to be new physics...

The usual fundamental mysteries (Hierarchy Problem, DM,
Baryogenesis, Neutrinos, ...) aren’t going anywhere.

Higgs discoveries and DM astro measurements
sharpen these questions!

Canonical solutions (SUSY,WIMP DM, ...) generally involve IR-
minimal models, where the new degree of freedom which solves
the mystery has sizable direct coupling to the SM.

This leads to irreducible signatures that
haven’t shown up so far.

... where is it!?

Pirsa: 18110041 Page 3/76



Pirsa: 18110041

Hidden Sectors

Particles & forces hidden from us

due to small coupling, not high mass. Energy
Mediator 4
Mmediator
Generically arise due to the
grammar of QFT.
Higgs e—
3 — Mhidden
Confirmed examples: V’s, DM
Hidden
SM Sector

Give non-minimal IR spectra from

minimal theory input
(e.g. QCD cousins like Hidden Valleys)

Can couple to SM via small portal couplings, e.g.
Heavy Mediators Higgs Portal
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|. Exotic Higgs Decays as probes

LHC can probe tiny exotic branching ratios if decays spectacular.
Sizable Higgs Portal couplings to new physics are generic.

2. Long Lived Particles (LLPs) are generic

Once produced, Hidden Sector states can only decay back to SM
via small portal couplings, generically leading to long lifetimes.
The LLP lifetime is (almost...) a free parameter!

3. Complementarity between Cosmology and Colliders

SM  hidden SM  hidden
Models which avoid signatures in

one will often show up in the

other
(e.g. dark radiation,
‘E:— DM with structure, etc.) Non-standard
Relics

signatures
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Hidden sectors can give rise to
“arbitrarily” rich cosmology and astrophysics.

Can we make this predictive?

Yes: make the hidden sector solve some of
these fundamental mysteries.

— “signature generator” of
complex hidden sector phenomena
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Neutral Naturalness

Solves the (little) Hierarchy Problem without colored top
partners to explain LHC null results.

Example of a particularly motivated hidden sector.

Solution to the hierarchy problem that is discoverable via
non-standard searches and demonstrates collider-cosmo
complementarity: either get

LLP signals

or

very rich cosmology and astrophysics
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Minimal Twin Higgs (MTH)
SMa x SMg (mirror sector) particle content with Z; symmetry

Higgs sector: SU(4), broken by Gauge + Yukawa interactions to
SU(2)a x SU(2)s x Z2, which generate mass for goldstone boson.

o 3 2 2 + 2 1 ,\_4 = Ab’ = /\ i = 3)\2 . 3 t 3.:\2 277
AV = A (A,_!H,ln_.l | /\HH,,HH) > AV = A2 (f{,,m < HBH;;) = T NH'H

Z; symmetry of quadratically divergent contributions mimics

full SU(4) symmetry, protects pPNGB Higgs mass @ [-loop.

This is an IR model up to few TeV.
Have to UV complete.
O(dozen) examples in literature
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Z, symmetry — hidden sector copy

of SM [a complicated hidden valley!]
Strassler, Zurek 2006

Soft Z, breaking to make hidden

higgs vev higher than SM to avoid

Higgs bounds: ve/va > ~ 3

SM _— mirror This requires tuning ~ (va/va)2 ~
y sector Br(h—mirror)
exchange
particles Uncolored top partners.
and
gauge Massless degrees of freedom:
groups

(twin photon, neutrinos)

= ANess ~ 5

Minimal model incompatible
with cosmology.
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Fix |: Hard Z; breakings
e.g. Fraternal Twin Higgs

Craig, Katz, Strassler, Sundrum 1501.05310

— mirror QCD
gives rise to light LLPs
produced via Higgs portal

mirror

SM —p
sector

Z;
exchange
particles

and
gauge
groups

Z, symmetry — hidden sector copy

of SM [a complicated hidden valley!]
Strassler, Zurek 2006

Soft Z, breaking to make hidden

higgs vev higher than SM to avoid

Higgs bounds: ve/va > ~ 3

This requires tuning ~ (va/va)? ~
Br(h—mirror)

Uncolored top partners.

Massless degrees of freedom:
(twin photon, neutrinos)

= ANess ~ 5

Minimal model incompatible
with cosmology.
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Z, symmetry — hidden sector copy
‘) of SM [a complicated hidden valley!]
Strassler, Zurek 2006
® Soft Z, breaking to make hidden
higgs vev higher than SM to avoid

Higgs bounds: ve/va > ~ 3

SM _— mirror This requires tuning ~ (va/va)2 ~
y sector Br(h—mirror)
exchange
particles Uncolored top partners.
and
gauge Massless degrees of freedom:
groups

(twin photon, neutrinos)

= ANess ~ 5

Minimal model incompatible
with cosmology.
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Fix 2: dilute mirror sector
cosmological abundance:
Asymmetric Reheating!

Chacleo, Craig, Fox, Harnile 161 1.07975

Craig, Koren, Trott 1611.07977

mirror

SM —p
sector

Z;
exchange
particles

and
gauge
groups

Z, symmetry — hidden sector copy
of SM [a complicated hidden valley!]

Strassler, Zurek 2006

Soft Z, breaking to make hidden
higgs vev higher than SM to avoid
Higgs bounds: ve/va > ~ 3

This requires tuning ~ (va/va)? ~
Br(h—mirror)

Uncolored top partners.

Massless degrees of freedom:
(twin photon, neutrinos)

= ANess ~ 5

Minimal model incompatible
with cosmology.
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Chacko, Craig, Fox, Harnik
1611.07975

Example: VMTH

Let’s also solve the Neutrino Mass problem:add RH neutrinos to
MTH and implement type-| See-saw

Toy model with | RH neutrino without Z; breaking
(can extend to 3 & various realistic flavor models):

1 . ‘
L o -y (LAHANA + LBHBNB) - iﬂfN (Ni + N}i) - A’IABNANB -+ h.c.

RH-neutrino mass eigenstates live in both sectors:

Ny = %(M  Ny)
N_ = \]ﬁ(NA_NH)
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Chacko, Craig, Fox, Harnik
1611.07975

Example: VMTH

Only source of Z; breaking is larger mirror Higgs vey, but this

causes lightest RH neutrino to decay preferentially to SM (heavier
mirror W boson):

2
= I'noa Y
I'n f?

If the Neutrinos have mass at GeV scale, decay out of equilibrium
AFTER the higgs portal freezes out (mirror & visible sector
decoupled). @ Dilute mirror sector!

0.01 eV /2
My < 1 Gev( © )

my,

ANt ~ 5 € = 5 (v/f)2
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Chacko, Craig, Fox, Harnik

Example: VMTH

More realistic three-flavor Z;-respecting model with v/f ~ 4:

1.0
0.8+

0.6+

Achf

041
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Pirsa: 18110041 Page 19/76



Phenomenology

In the VMTH, the dilution is dictated by (va/vs)2, which is the tuning
of the model and also measurable at colliders via Br(h—invis).

Long-lived RH neutrino might also be detectable.
But let’s focus on cosmology and astrophysics.

Choose a general parameterization of the Asymmetric Reheating
mechanism within the MTH framework:

AN(!ffa 'UB/"-JAa Tall = $dall mirror baryons/QDM-
mandal filka e e o
Modael lIKE ] nrror-0dryog [SAY A
VMTH connects nechar [ gi on
[ - I .
Li VO S) 1€ C mirro Hc dp dance

1803.03263 Chacko, DC, Geller, Tsai
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Three parameters determine a rich
hidden sector dictated by the hierarchy problem.

AN, DL vB / VA, Tall = $all mirror baryons/ {pMm.

What does the cosmology and astrophysics look like?

We have to recalculate all of cosmological history...

*For now, ho assumptions on what the maijority of D/
. J ! Vi
e myarda nf Narnl hraaroace wsith “hAave {-vrihAal
R IS madge of... (WOrK In progress witn .C).??{rj:’F,(‘ Grybal
1803.03263 Chacko, DC, Geller, Tsai g E Y - 1 v
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Mirror Nuclear Physics

Only difference to SM is va/va

NEATAaAn MmAace ~ <0 K
proton mass. V=D

my _ma _ AQepy

mp  mn Agep,

no/s
y ([ )/

/O

\er than SM

~ 0.68 + 0.4110g(1.32 + v /va)

AMyy =~ C(mg — my) — Dagy Aocp.

AM. np
AM,,

~ ]_.68{.’[}/’(.?‘4 = 068,

AM,, = 1.29MeV.

8 1.4 el

1.2

Aaco./Maco
s
.r.,lJ
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Mirror Deuteron Binding Energy

Deuteron binding energy is important for BBN.
SM Deuteron is “unnaturally” unstable (small binding energy Bp)

due to “accidental” cancellation of pion vs 4-fermi term

30
s e NPLQCD, anisolropic /
Lattice: Deuteron remains 25| |@ vemecsnar |/ *
. . @ nPLaco, isotropic A
stable at heavier pion masses! 3% /
é / —
< y }
BB™ = —(0.66 MeV) + 0.021 m; ‘: o
BR™ — —(9.2 MeV) + 0.084 m,, , &
0 200 400 600 800
My (MeV)

Rescaling by mirror pion mass and Agcp, we can estimate

mirror Deuteron binding energy!

B

Ny A \/ [0.68 + 0.41log(1.32 + vp/va)) :’J
JA

Aqep vp
e
Aqep va

Mz =
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Mirror Deuteron Binding Energy

20
15| — B, range
> i -
% 10 from lattice
— AM-

np

D stable

velva

“atomic principle”?

Accidental Aside: disproves
(Aerawal. Barr Donoghue. Seckel he b
(Agrawal, barr, Lonog I 9o
,-UN'L.
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BBN in the SM

Want to compute n/p ratio.This determines Helium Fraction.

X'n = ’N.-”/(?ln_ + ”p)
Neutron-Proton weak conversion freezes out at 0.2 MeV (t ~ 20s)
XFO —0.15 T = TFO ~ 0.2 MeV

Deuterium bottleneck:
Helium doesn’t form until T <~ 0.1 MeV around t = t,s = |80s.

This causes some neutrons to decay (7, = 880s):

4 Al — T Pa 11 r TI‘ o
X, (tne) ~ XFOe s/ 0,122 = Y,(He) = PHe ~ .94
PH T PHe
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BBN in the mirror sector

Mirror sector temperature colder as dictated by ANeff,
T _f 9xA L3 " ANy L/4
i (ﬂ*},’) ( 7.4 ) < 1

Neutron-proton freeze-out modified due to heavier W-mass and
larger mass difference: [ = Tn (AMis/AMyp)® (v /v4)

= obtain prediction for X}\:O

Deuteron bottleneck is less severe in mirror sector!

- - I iy | Yol i1t o rm e ,-m“_--«. '." .
r temperature / mirrol ” on bindins

S 0] I g €l
- - ~ % IMarm rMmyieyrmsayr \ Y=1BEad =] o s Tt ~ "\ M -~ AT aT=1 el s a FaTals LY,
. 1€ Same w [ xen mirror Deuteron bottleneck resolv €S, neutron decay
Y =~ ] A
= ~r ] 11 [ als 10T O
|| au J INdanc o, Ldll 15111 re | c
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BBN in the SM

Want to compute n/p ratio.This determines Helium Fraction.

X'n = ’N.-”/(?ln_ + ”p)
Neutron-Proton weak conversion freezes out at 0.2 MeV (t ~ 20s)
XFO —0.15 T = TFO ~ 0.2 MeV

Deuterium bottleneck:
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(SM: 0.245)

MTH BBN
Prediction:

~75% Mirror Helium
Mass Fraction




1803.03263 Chacko, DC, Geller, Tsai
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Large Scale Structure of the Universe = "

, G ) v ‘ Density Perturbation
P(k)s o k™3 (0,(k, a)?) ’ SILY g

Pi i — DM, ~, b, v

Fourier transform into

I**I i};::l; Besl Fil Theory \ freqUE‘I]Cy n10des

¥ ¥ DESSV
CFHTLenS K13

B T 0i(x,a) — 0;(k,a)

DES: 1507.05552
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Fraction

[onization

Ht + e~ - H  + 7+ ()

Oscillation stops after recombination

N+ Me—

(2 HO©

He

vnp /'l‘f] =3

solid:

dashed:

.
-
-
- |
-

Scale Factor (a x10%)

Chacko, Curtin, Geller, YT ('18)

(sy-
> (‘—c((_S

¢
“oi - by
Sq(o)
N\ 3/2
Me 1T / _13.6eV
~ € T
2m
Saha’s eq

taking more precise
energy transitions
into account (Peebles)
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Quantify the suppression of matter structure

\ (S(C-

l, s ‘Wi th mirror oscillations
Sq(.) \
: Oion (k) |A(II)M+M'I‘H
oot (k) = Z (/) 6;(K), P.S. Ratio(k) = ” '
i=x.b.p (St.()t(k:)
Xihe ACDM+DR

VA

Without mirror oscilla tions‘

Twin acoustic oscillations ===fp P.S. Ratio <1

Can LSS Measurements give a constraint
on the mirror DM fraction ra?
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Suppression of the Large Scale Structure = "=,

1.05 . .
[| Twin He + H oscillation &’U PPTCHSI()I—]
LB | B due to mirror
0.95| oscillations
£ 0.90| .
s | AN([[ =04 [
«»1 0.85
A vp/va =3 (reisrn) = (2%, 5.2%)
0.80|
| '(..Illil!( =39
0.75|
0 70: keq krec, H krec, He UJg non-linear
0.001 0.005 0.010 0.0500.100 0.500 1
k (hMpc )
later <€ > earlier

Horizon Entry
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(s¢,
%‘4 (cc{&,g' b
e & Sth 5 Y
Precision measurement of the LSS ",

Precent level precision

in ~ 10 years

LSST (2019’)
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