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13.7 billion years ago

(universe 380,000 years old)
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Baryonic matter - stuff we
experience in everyday life
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Motivating Questions...

Sakharov’s criteria for generating a baryon asymmetry are 50 years old!

VIOLATION OF CP INVARIANCE, C ASYMMETRY, AND BARYON ASYMMETRY OF THE UNIVERSE

The theory of the expanding Universe, which presupposes a superdense initial state of
matter, apparently excludes the possibility of macroscopic separation of matter from anti-

matter; it must therefore be assumed that there are no antimatter bodies in nature, i.e., the

* Developed at a time before there was clear evidence for dark matter or neutrino mass,
but now there are even more questions...

Questions

* Baryon asymmetry?
and

* |dentity of Dark Matter?

* DM-genesis?

* Neutrino mass?

* Lepton asymmetry?
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New physics in a dark/hidden sector

Empirical evidence for new physics (e.g. neutrino mass, dark matter) arguably
points to a hidden/dark sector, but not directly to a specific mass scale

mediators Hidden Sector
Standard Model <> - dark matter
A - heutrino mass
UV Physics May contain light states, if

» Neutrino mass - (HL)(HL)/Au

sufficiently weakly coupled
* DM - WIMPs etc

| .

@

=

o

‘s IR Physics

g Direct * Neutrino mass
k= searches « DM - axions, st

>
Visibility Frontier

m g huge parameter space a priori, so what theoretical guidance is there?



Cold DM “Landscape”

Classify models according to their thermal history in the early universe

bosonic (thermalized with the SM or nOt) Compos|te
m thermal non-thermal
~102eV  ~100 eV MeV Mz ~100TeV Mgl ~30 M
thermal
comoving
density .t
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Cold DM “Landscape”

Classify models according to their thermal history in the early universe

bosonic composite
m thermal non-thermal
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Cold DM “Landscape”

Classify models according to their thermal history in the early universe

bosonic

e
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Cold DM “Landscape”

Classify models according to their thermal history in the early universe

bosonic composite

4
4 mm. thermal non-thermal

~1022eV  ~100 eV MeV Mz ~100TeV Mol ~30 M

ultralight bosonic DM

[See also
Range of new low energy precision detection techniques the next
two talks]
< QCD Axion DM >
102 eV 1071 eV 107 eV 10719 eV 1079 eV 1072 eV 102 eV
DM mass: | $ $ $ + 3~ +—>
107" Hz 10~* Hz 1 Hz 10* Hz 10* Hz 10'? Hz
<«—torsion balances —> «——E&M —> ABSORPTION
Technique: « 40m interferometry —> «——NMR ——
< X-ray » «~—NMR —

[Cosmic Visions 2017]
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EFT for a (neutral) hidden sector

Given a very large ‘model-space’ a priori, its useful to develop an EFT
expansion, assuming the hidden sector is SM-neutral

mediators Hidden Sector
Standard Model <> - dark matter
- neutrino mass

Easier to be systematic if we focus
first on the mediation channels...

Substantial research effort over the past decade....



EFT for a (neutral) hidden sector

mediators

Standard Model > Hidden Sector
(+ gravity)
Generic interactions are irrelevant (dimension > 4), but there are three UV-complete
relevant or marginal “portals” to a neutral hidden sector, unsuppressed by the
(possibly large) NP scale A

n me 1
L= OO = L+ O

n=k-4I1! 4 . "

:_%B“!A" — H'H(AS + \S?) = YJL;HN; + O =



EFT for a (neutral) hidden sector

mediators
Standard Model €<—> Hidden Sector
(+ gravity)
Generic interactions are irrelevant (dimension > 4), but there are three UV-complete

relevant or marginal “portals” to a neutral hidden sector, unsuppressed by the
(possibly large) NP scale A

| y
' Cn ~(SM d 1
r— n O( )O(me ) _ »Cportals + 0O =
n=k-+l! 4 ' ' \ 1 "
€ "
— _53/“ A, —HYH(AS +\S?) - YJ/L;HN; + O —
Vector portal Higgs portal Neutrino portal |
[Okun; Galison & [Patt & Wilczek]
Manohar; Holdom;
Foot et al]

Many more UV-sensitive interactions at dim =5
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EFT for a (neutral) hidden sector

mediators
Standard Model €<—> Hidden Sector
(+ gravity)
Generic interactions are irrelevant (dimension > 4), but there are three UV-complete

relevant or marginal “portals” to a neutral hidden sector, unsuppressed by the
(possibly large) NP scale A

n me 1
L= - O(SM)O( Y = £portals + O R

n=k-4I1! 4 . "

_ _%BN! Ay, — HTH(AS + \8?) — Y/ L,HN;

Vector portal Higgs portal Neutrino portal
[Okun; Galison & [Patt & Wilczek]

Manohar; Holdom;

Foot et al]

b (tr( GE) + cFFF) a+ O(dim > 5)

fa Axion portal

[Weinberg, Wilczek, KSVZ, DFSZ] 11



EFT for a (neutral) hidden sector

mediators

Standard Model €<—> Hidden Sector
(+ gravity)
Generic interactions are irrelevant (dimension > 4), but there are three UV-complete
relevant or marginal “portals” to a neutral hidden sector, unsuppressed by the
(possibly large) NP scale A

n me 1
L= - O(SM)O( Y = »Cportals + O R

n=k-4I1! 4 . "

_ —%B“! Ay — H H(AS +AS?) — Y/ L;HN; + O

Vector portal Higgs portal Neutrino portal

/

Naturally incorporates minimal models of neutrino mass, and leptogenesis
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EFT for a (neutral) hidden sector

mediators

Standard Model €<—> Hidden Sector
(+ gravity)
Generic interactions are irrelevant (dimension > 4), but there are three UV-complete
relevant or marginal “portals” to a neutral hidden sector, unsuppressed by the
(possibly large) NP scale A

e 1
L= MO Lt + O —

| n !

n=k+I! 4 . "

_ —%B“! Ay — H H(AS +AS?) — Y/ L;HN; + O

Vector portal Higgs portal Neutrino portal

\ / /

If sufficiently light, A, N and S can be viable (and minimal)
nonthermal cold DM candidates
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Cold DM “Landscape”

bosonic composite

4 m thermal non-thermal

~1022eV  ~100 eV MeV Mz ~100TeV Mol ~30 M

ultralight bosonic DM

Range of new low energy precision detection techniques

= QCD Axion DM "
102 eV 107" eV 1071 eV 10719 eV 1075 eV 1072 eV 102 eV
DM mass: # $ $ $ + 3~ +—>
107" Hz 10~* Hz 1 Hz 10* Hz 10* Hz 10'? Hz
= tocsion balasces = «—E&M&~—>  ABSORPTION
Technique:  «— 510m interferometry — «——NMR —> <
- X-ray > <« NMR—

[Cosmic Vision1s4201 7]



EG: keV-scale vector portal DM
1 ,2 / v 1 72
L=—7F - §FWF“ 5m?4,A s

Sensitivity via

Dark photon DM: long lifetime if
‘'m<2me (A — 3y or 2v)
[Pospelov, AR, Voloshin '08, Redondo & Postma ’'08]
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EG: Ultralight sub-eV Higgs portal DM
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Cold DM “Landscape”

Light DM “WIMPS”

bosonic composite

4 m thermal non-thermal

~1022eV  ~100 eV MeV Mz ~100TeV Mol ~30 M

ultralight bosonic DM

Range of new low energy precision detection techniques

P QCD Axion DM >
102 eV 10718 eV 1071 eV 10710 eV 1079 eV 1072 eV 102 eV
DM mass: $ + $ $ - —>
10~% Hz 10~ Hz 1 Hz 10* Hz 10% Hz 10'? Hz
. <—torsion balances — —F&M —> ABSORPTION
Technique: « 40m interferometry — «——NMR ——
« X-ray » «NMR—

[Cosmic Visions 2017]
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Cold DM “Landscape”

Light DM “WIMPS”

bosonic composite
m thermal non-thermal
~1022eV ~100 eV MeV Mz ~100TeV Mo ~30 M

Light (WIMP-like) thermal relic | K
* requires light mediators to
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EFT for a (neutral) hidden sector

mediators

Standard Model €<—> Hidden Sector
(+ gravity)
Generic interactions are irrelevant (dimension > 4), but there are three UV-complete
relevant or marginal “portals” to a neutral hidden sector, unsuppressed by the
(possibly large) NP scale A

e 1
L= MO Lt + O —

| n !

n=k+I! 4 . "

_ —%B“! Ay — H H(AS +AS?) — Y/ L;HN; + O

Vector portal Higgs portal Neutrino portal

\ /

A, S can provide new "dark force’ mediators enabling sufficient annihilation
of MeV-GeV (hidden sector) dark matter in the early universe
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EFT for a (neutral) hidden sector - IR mediation

mediators

Standard Model €<—> Hidden Sector
(+ gravity)
Generic interactions are irrelevant (dimension > 4), but there are three UV-complete
relevant or marginal “portals” to a neutral hidden sector, unsuppressed by the
(possibly large) NP scale A

n me 1
L= - O(SM)O( Y = »Cporta,ls + O R

n=k-4I1! 4 . "
Vector portal Higgs portal Neutrino portal #
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mh

Universal couplings to EM/scalar currents at low energy, so hidden sector
models have correlated observable effects 20



Experimental probes

Standard Model ‘<——>‘ Hidden Sector

7

Experimental probes

* Precision corrections e Rare (invisible) decays/Emiss
e Rare (visible) decays * Anomalous NC-like scattering
e Astrophys/cosmology e Astrophys/cosmology

Significant complementarity between precision & intensity!
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Experimental probes

(vector)
mediators

Standard Model @<——>@) Hidden Sector

e muon/electron g-2

[=e,

Excluded by
electron g-2 vs o

Excluded by
muon g-2

/ |muon g-2|<2c
v _ ar? {1 mg > my [Pospelov ‘08]

10 MeV 100 MeV 500 MeV
my,
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Experimental probes

e muon/electron g-2
* Rare (visible) decays

\B)
V)

NB: there are also
constraints, e.g.
from APV if in
addition to the
vector portal
coupling, there are

(higher-dimensional)

corrections to the
neutral current
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red: e beam dump
cyan: p beam dump
green: ete- collisions
blue: pp collisions
magenta: meson decays
yellow: e- on fixed target

[liten et al ‘18]
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Experimental probes

Standard Model ‘<——>‘ Hidden Sector

7

Experimental probes

* Precision corrections e Rare (invisible) decays/Emiss
e Rare (visible) decays * Anomalous NC-like scattering
e Astrophys/cosmology e Astrophys/cosmology

DM Models!
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Experimental probes

bosonic
m thermal non-thermal
~1022eV  ~100 eV MeV Mz ~100TeV Mol
o \ . 107
e !L [Billard et al *13] 1107
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Sensitivity to
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Dark sector scalar/pseudo-Dirac fields coupled to the vector portal are good sub-GeV
DM candidates... [Boehm & Fayet, Batell, Pospelov, AR, deNiverville, McKeen, Essig,

(2013) 12)
20
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WIMP—nucleon cross section [pb]

~30 M
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Experimental probes

10”7
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[MiniBooNE 2018]
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1
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Standard Model ‘<——>‘ Hidden Sector

\

e Rare (invisible) decays/Emiss
e Anomalous NC-like scattering

[Further ongoing work +
proposals, summarized in
Battaglieri et al, Cosmic Visions
Community Report ‘17]
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Experimental probes

Standard Model ‘<——>‘ Hidden Sector

7

Experimental probes

 Precision corrections e Rare (invisible) decays/Emiss
e Rare (visible) decays  Anomalous NC-like scattering

e Astrophys/cosmology \Astrophys/cosmology

Sources of CP-violation within this

framework (e.g. for baryogenesis)?
27



EDM Sensitivity over the past ~30 years

log(da)

[e cm]
-23
-24

2B dn

25 | )
-26
27
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log(de) log(da)
[ecm] [e cm]

HIF*
ThO

Improvement in AMO EDM limits
since ~1985... [Haxton & Henley "83;
Flambaum et al ‘84]

atomic/molec

“

Observable

If CP violation originates in a hidden
sector, the EFT may need to contain
additional states down to lower scales...
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EDM Sensitivity to light (UV-complete) hidden sectors

Standard Model <> Hidden Sector
L = Lsm + Loportals(O3, O4) + Lhid
ey )

ﬂomplete neutrino portal
fy 0 le mD2 vy,
L,D (L Nr Ns)|mp, Mg € Ng
mp, € MS NS
%4 1% '

() (<)
€_> X n ) (e \)_(/ T g e

w EDMs suppressed
by constraints on light
neutrino spectrum

2 2 2 2
lemD2 MS - M

de ~ (3 x 107%°ecm) e e R sin(2n)

«p .. v\ < 10-33, . [Ng & Ng '96; Archambault et al '04;
de(“Omixing”) S 107" e - cm Le Dall, Pospelov & AR ’15]

(CP-odd source relevant in the context of leptogenesis) 29



EDM Sensitivity to light (UV-complete) hidden sectors

Standard Model <—> Hidden Sector
o = Lsv + Lportals(Os3, O4) + Lhid
@S = =

CP-violation
UV complete Higgs and vector portals

L1F “Dark” EDM m»
. 2 ._ [12%
iec" y5eV,, — 1y 1ec"yse—=—  dim-7 “EDM radius”
My (or Schiff moment)

mEDM suppressed by limit on 1-loop
(“dark photon”) correction to (g-2)e

de(“Omixing”) ~ (Zozme)27°2 <107 %%¢-em

e

[Le Dall, Pospelov & AR "15]

e ' €

NB: Further complementary constraints for EDMs generated in (UV-incomplete)
models with light new physics [Marciano et al ‘16, Dzuba et al '18, ....] 39



mediators Hidden Sector
Standard Model <> - dark matter
- neutrino mass

Empirical motivations for new physics suggest dark/hidden sectors,
which can contain light (sub-EW scale) degrees of freedom:

bosonic composite
mm thermal non-thermal
~1022eV  ~100 eV MeV GeV Mz ~100TeV Mo ~30 M
uv Physicsl
 EFT arguments focus attention on the

UV-complete portal interactions

= Expanded theoretical landscape

% e.g. for (low mass) particle DM, and
growing experimental efforts at the

precision and intensity frontier over
the past decade

Direct
searches

Enerav Frontier

Visibility Frontier



