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Looking for new physics where we can see it.
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Looking for new physics where we can see |it...

Precision ACDM cosmology + lack
of evidence for new weak scale
physics...

(Also various data-driven
anomalies...)

4

A pragmatic approach - loosening
of theoretical priors over the past
decade, focusing on the strongest
empirical evidence for new
physics, and all observational
channels (“lamps”)

Opportunity




Questions...

The Standard Model is highly successful, but there is sharp
empirical evidence for new physics...

Photons
15%
Atoms
12%
13.7 BILLION YEARS AGO
(Universe 380,000 years old)

Neutrino mass? What is DM? .



What we do(n’t) know about DM
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Questions...

The Standard Model is highly successful, but there is sharp
empirical evidence for new physics...

Neutrinos Dark
10 % Matter
63%

Photons
15%

Atoms
12%

13.7 BILLION YEARS AGO
(Universe 380,000 years old)

Baryonic sector is “known”, but still requires new physics
for baryogenesis...



Questions...

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

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

A. D. Sakharov
Submitted 23 September 1966
ZhETF Pis'ma 5, No. 1, 32-35, 1 January 1967

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. Now, given that evidence, there are even more questions...

Neutrinos Dark Questions
10% oer * Baryon asymmetry?
and
Fhotons o |dentity of Dark Matter?
 DM-genesis?
Atoms e Neutrino mass?
12%

13.7 BILLION YEARS AGO > LeptOn asymmetry?

(Universe 380,000 years old)



Questions...

The Standard Model is highly successful, but there is sharp
empirical evidence for new physics...

Dark
Matter
63%

Neutrinos
10 %

Photons
15%
Atoms
12%
13.7 BILLION YEARS AGO
(Universe 380,000 years old)

Baryonic sector is complex. Is it special, or should we also
expect the DM sector (dark sector) to be complex also?



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 mass scale

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

May contain light states, if
sufficiently weakly coupled

Direct
searches

Energy Frontier

>
Visibility Frontier



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 mass scale

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

UV Physics

» Neutrino mass - (HL)(HL)/Au
« DM - WIMPs etc

May contain light states, if
sufficiently weakly coupled

7%, IR Physics

Direct * Neutrino mass
searches « DM - axions, st

Energy Frontier

>
Visibility Frontier

" 3 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 _ _ composite
(thermalized with the SM)
thermal non-thermal
~102¢V  ~100 eV MeV GeV Mz ~100TeV Mol ~30 Mo
e.g. sterile neutrinos, e.g. WIMPs e.g. primordial BHs
axions, etc
thermal
comoving
density R
- .
S e non-thermal production
- - ° / .
. - © e (many mechanisms)
‘ [ ]
' [ J
¢ ]

DM thermal history

12



Cold DM Landscape

bosonic

mm

~10-2eV ~100eV

Natural starting point:

 minimal, linked to EWSB...

« BUT no evidence thus far
from direct detection, or
the LHC...

WIMPs

composite

[Billard et al '13]
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Cold DM Landscape

WIMPs

bosonic composite
m thermal non-thermal
~102¢eV  ~100 eV GeV/ Mz ~100TeV Mol ~30 Mo
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Light (thermal relic) DM

The Lee-Weinberg bound (WIMP mass = few GeV) applies
If annihilation in the early universe is via SM forces.

2
mMpm

M4

mediator

Oann X

= viable thermal relic density for a sub-GeV WIMP requires new annihilation

channels through light states, i.e. light DM as part of a hidden sector.
[Boehm et al ‘03, Fayet '04,’06; Pospelov, AR, Voloshin ’07; Hooper & Zurek '08]

DM Annihilation

-— ,
—_—

DM Production!
o> by inversion, light mediators allow direct production of DM at low energy!

15



Cold DM Landscape

Light DM WIMPs
bosonic composite
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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 < > Dark 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

Cn SM med 1
L= > oM plmed) Lportals+0<A>
n=k+[—4

1
= 5 B"A),, — H'H(AS + \S?) = YYL:HN; + O (A>

\ y

i [ Aoy
eg €(1—loop) ™~ 1972 11 T

18



EFT for a (neutral) hidden sector

mediators

Standard Model < > Dark 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

Cn SM med 1
L= Y o oM plmed) Lportals+0<A>
n=k+[—4

— 5 B" A}, — H'H(AS + \S?) - Y/ LHN; + O (D

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

Manohar; Holdom:;

Foot et al]

Many more UV-sensitive interactions at dim =95
19



EFT for a (neutral) hidden sector

mediators

Standard Model < > Dark 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

Cn SM med 1
L= Y o oM plmed) Lportals+0<A>
n=k+[—4

_ _gBWA; — HTH(AS 4+ \S?) — Y/ L; HN;

Vector portal Higgs portal Neutrino portal
[Okun; Galison & [Patt & Wilczek]
Manohar; Holdom:;
Foot et al] 1
f (tr(GG) + CFFF) a+ O(dim > 5)
a

Axion portal

[Weinberg, Wilczek, KSVZ, DFSZ] 20



EFT for a (neutral) hidden sector

mediators

Standard Model < > Dark 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

SM med 1
L= Y An()( Jolmed) — Lportals+O<A>
n=k+[—4

— 5 B" A}, — H'H(AS + \S?) - Y/ LHN; + O (D

Vector portal Higgs portal Neutrino portal

/

Naturally incorporates minimal models of neutrino mass, and leptogenesis

21



EFT for a (neutral) hidden sector

mediators

Standard Model < > Dark 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

Cn SM med 1
L= > oM plmed) Lportals+0<A>
n=k+[—4

1
- —%BWA; — HYH(AS + AS?) — Y L;HN; + O (A>
Vector portal Higgs portal Neutrino portal

\ / /

Non-thermal DM candidates

If sufficiently light, A, N and S can be viable (and minimal)
nonthermal cold DM candidates 29



EFT for a (neutral) hidden sector

mediators

Standard Model < > Dark 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

Cn SM med 1
L= Y o oM plmed) Lportals+0<A>
n=k+[—4

— 5 B" A}, — H'H(AS + \S?) - Y/ LHN; + O (D

Vector portal Higgs portal Neutrino portal

N/ /

Dark Forces

More generally, they can provide new "dark force’ mediators enabling sufficient
annihilation of MeV-GeV (hidden sector) dark matter in the early universe



(Minimal) Vector portal DM model

mediators

Standard Model < > Hidden Sector

1 € 1 /
- 2 / 1% 2 2 2 2 2
‘C__ZF,uI/_iF,uVFM _§mA’A,u +’D,UJX| _mDM|X| T
(scalar, Majorana, or
U, pseudo-Dirac, to avoid
, CMB limits)
A’ - couples to the SM via the
EM current

DM candidate, coupled
through U(1)’, with “fine
structure constant” ap

e Allows viable sub-GeV thermal relic DM candidates [Boehm et al *03,
Fayet '04,'06; Pospelov, AR, Voloshin '07; Hooper & Zurek '08,...].

e For mpm < my, the correct relic density fixes a specific relation
between {¢, ap , mv, mpm}

24



Signhatures of Dark Sectors

>‘ Dark Sector

\

“Visible” and “hidden” signatures

Standard Model ‘<

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

\ Significant complementarity

between precision & intensity
25



EFT for a (neutral) hidden sector

mediators

Standard Model < > Dark 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

Cn SM med 1
L= Y o oM plmed) Lportals+0<A>
n=k+[—4

Vector portal Higgs portal Neutrino portal

— 5 B" A}, — H'H(AS + \S?) - Y/ LHN; + O (D

| } l
A M A : ’L]—

mh

Universal couplings to EM/scalar currents at low energy, so hidden sector
models have correlated observable effects 26



Precision corrections (g-2)

(vector)
mediators
Standard Model ‘< >. Dark Sector

105
2

K
10

Excluded by Excluded by

electron g-2 vs o muon g-2

/ |muon g-2|<2c
v ar® {1 mS>my [Pospelov ‘08]

10 MeV 100 MeV 500 MeV
1y,

27



Precision corrections (g-2)

(vector)
mediators

Standard Model ‘< >‘ Dark Sector

[

[Batell et al '09]

1.00 £

. gie
T hadrons |

0.20 |-

0.10 -

BrV

0.05 -

0.02 |-

0.01

0.1 0.2 0.5 1.0 2.0 5.0 10.0
my (GeV) 28



Rare visible decays

(vector)

mediators
Standard Model (@<~ >@ Dark Sector
AMAN- 7Y -~ v X Y

¢ ,,A{ X
Y > 0 -
— | A F/x X ﬂ-’nw/
€ € 7/_ AN }
X %
1
\8)
W
1072
107
red: e- beam dump
cyan: p beam dump
green: e*e- collisions
10—6 blue: pp collisions
magenta: meson decays
yellow: e- on fixed target
P = [liten et al ‘18]
10 j‘ L1 L1l III IIII 1 1 L1 1 -—

107 107! 1
decay and EM shower eter — [ty  ma[GeV] 29



Ultra weak coupling - BBN/CMB

mixing with e ’ o . . -

LR AL | M B 2 L | L e a
P @,  WASA 1,.01-:
APEX/
L' E141 MAMT 2 BABAR

mass 10-4 F
(MeV) -
10—6 [ ARM
Late decay
& energy A
IN| I 10-8 F
injection
SN
10-1 |

30




Rare visible decays - future sensitivity

Dark Sectors Workshop 2016

Stamp Student

US/Eastern timezone

Overview

Scientific Progra

Timetable
Contribution List
Author List

Registration

i. Registration F

FUTURE OPPORTUNITIES TO EXPLORE LIGHT DARK MATTER

ABOUT NEWS  SCIENCE

News » News » Topic: Accelerators

CERN launches Physics Beyond
Colliders study group

CERN invites abstract applications for the workshop, which will investigate how
CERN's accelerators can help solve questions of particle physics

24 MAY, 2016

We are pleased to announce the kick-off workshop of the "Physics Beyond Colliders" Study Group which has
recently been set up by CERN Management. The workshop will be held at CERN, Geneva, on September 6-7,
2016.




Rare visible decays - future sensitivity
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Signhatures of Dark Sectors

Standard Model ‘< >‘ Dark Sector

7 N

“Visible” and “hidden” signatures

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

/

DM Models!

33



Low mass direct detection - N-scattering

(vector)
— mediators
 @<"5@  parksector
10~

X
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Low mass direct detection - e-scattering

(vector)
mediators
Standard Model ‘< >‘ Dark Sector
-27
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Future Sensitivity (e-scattering)

DM re-scattered by T~keV
electrons in the Sun
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Some experimental signatures

Standard Model ‘< >‘ Dark Sector

7 N

“Visible” and “hidden” signatures

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

Sensitivity at the luminosity frontier
37



Maybe CDM is more like the CvB...

* SM neutrinos are a (small) component of (hot) dark matter
e very abundant ~ O(100/cm3), but are not currently visible in
direct detection due to low mass, since KE~10-4 eV

w BUT muon neutrino discovery (at BNL) involved production via meson
decays (large rate), and detecting the (weak) scattering of the relativistic
neutrino beam ... ;

beam target proton accelerator

- =

detector -
pl-mesgn steel shield spark chamber
eam o

L,
e
‘‘‘‘‘

OBSERVATION OF HIGH-ENERGY NEUTRINO REACTIONS AND THE EXISTENCE
OF TWO KINDS OF NEUTRINOS*

G. Danby, J-M. Gaillard, K. Goulianos, L. M. Lederman, N. Mistry,
M. Schwartz,T and J. Steinbergerf

Columbia University, New York, New York and Brookhaven National Laboratory, Upton, New York
(Received June 15, 1962)



Fixed target - e.g. Neutrino Beams

>

Proton Beam Target

Y Y

Charged Mesons

T, K*

Neutrino Beam

Detector

Basic idea: use the neutrino (near) detector as a dark matter
detector, looking for recoil, but now from a relativistic beam.

>

Proton Beam Target

p+ N —=>V*—= xx
p,w, =V — xx
0, n,n = YV = yxx

Intermediate States

Dark Matter Beam

Detector

39



Fixed target - e.g. Neutrino Beams

[deNiverville et al '16]

Unnormalized production
rate at e.g. MiniBooNE
(vector mediator) J

100 -

e NB: some components
of production model
can be validated with 0.01"
data, but not all...

P,W

important on-axis

e
o.o/ 0.2 0.4 0.6 0.8
mV(GeV)

p+ N —=V*—> xx
p,w,p =V = xx

) PR

Proton Beam Target Intermediate States

Dark Matter Beam Detector

40



Fixed target - Neutrino Beams

First focused DM search - MiniBooNE in “beam dump” mode

Target Decay Pipe Beam Dump MiniBooNE Detector
P —=
Bel  Air
50 m / " 4m 487m
Y
I X
g ‘_).-wo,n ‘f‘:::< X "
Z A

Z,pyn,e”

Align the beam off-target, to minimize the neutrino background

[Batell et al ‘09, deNiverville et al '11,’12, '16, + MiniBooNE 12, MiniBooNE '17, 18]
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Fixed target - Neutrino Beams
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[MiniBooNE 2018]
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Fixed targets - NA64 missing energy search

Production via
bremsstrahlung

e
>
10~ 14 ap = 0.1
| INAG4 '19]
10_15 A PR | . PSR | . PSR |
1Nn—3 1N—2 1n—1 1
Sl Vl s, SRD MM, o MM, . —
wm, MBPL1,2 ’ HCALO
{ B ¢-20mrad

Vv, MM,

s‘
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Fixed target probes - future sensitivity

U.S. Cosmic Visions: New Ideas in Dark Matter

“ ENERGY.GOV SCIENCE & INNOVATION ENERGY ECONOMY SECURITY & SAFETY SRMEEREEC, SOE Q

MONEY

Department of Energy

Department of Energy to Provide $24
Million to Study Dark Matter

APRIL 18, 2019

Home » Department of Energy to Provide $24 Million to Study Dark Matter

Projects to Take Advantage of Recent Theory and Technology
Advances

WASHINGTON, D.C. - Today, the U.S. Department of Energy (DOE) announced a plan to provide $24
million for the development of new projects to study dark matter.

— —
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Future sensitivity

[PBC Report, Beacham et al '19]
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Generic fixed target sensitivity

Can we explore the full parameter space {¢, ap, mv, mpm}?
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[Berlin, deNiverville, AR, Schuster, Toro, to appear] 46
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y:

Generic fixed target sensitivity

[Berlin, deNiverville, AR, Schuster, Toro, to appear]

Pseudo—Dirac, m , = 10 MeV
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Generic fixed target sensitivity
[Berlin, deNiverville, AR, Schuster, Toro, to appear]

Thermal Pseudo—Dirac, ap = 0.5

¢ fixed by
relic density

no thermal target

m, [GeV] 48



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

Empirical motivations for new physics suggest dark/hidden sectors:

bosonic composite

m thermal non-thermal
~102eV  ~100 eV MeV GeV Mz ~100TeV Mol ~30 Mo
UV Physics * EFT arguments focu.s attent.lon on the
UV-complete portal interactions

= Expanded theoretical landscape e.g.
for (low mass) particle DM

= Fxpanded complementary search
strategies, with experimental efforts
at the precision and intensity frontier
over the past decade

= \/iable path to cover “most” of the

Visibility Frontier thermal relic DM parameter space.

searches

Enerav Frontier




Additional slides
(including Higgs, neutrino portals)
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Vector portal DM - leptonic coupling sensitivity

2 4
€ ap (m)(/mA’)

y:

Leptons Only, Pseudo—Dirac, m , = 10 MeV
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[Berlin, deNiverville, AR, Schuster, Toro, to appear] 51



Vector portal DM - baryonic coupling sensitivity

2 4

’y:

1077 §

10~10
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10712
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Baryons Only, Pseudo—Dirac, m , = 10 MeV
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R = mA//mX

[Berlin, deNiverville, AR, Schuster, Toro, to appear] 52



sinZo

E.g. precis

lon/rare decays (Higgs portal)

mediators
Standard Model ‘< >‘ Dark Sector

10_3 1 1 ] LI % ] 1 1 1 LI ] 1 1 1] :
10_4 fond RedTop, klf;ﬁp&“e

s CHARM A
107 S—ee, wiw
10°°
1077
107
1077 KLEVER, 5x10" pot
10-10 SN1987a
107"
107"

-13
10 BBN (¢> 1 sec) [PBC Report, Beacham et al *19]
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107" | 10

mg (GeV)



E.g. precision/rare decays (Higgs portal)

mediators

Standard Model ‘< >‘ Dark Sector

Minimal Higgs portal
w strong constraints
due to (b — s+S)
mediated transitions.
The “leptonic Higgs
portal” giSll, requires
UV completion, but
can be more viable

W

100

[Batell et al ‘16]

10}

0.1F
E137 110~7
0.01} 10
- . /
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mg (GeV) 54



Light DM (Higgs portal)

mediators

Standard Model ‘< >‘ Dark Sector

Highly constrained,
due to constraints
on B, K decays

[Boehm & Fayet;
deNiverville et al
'12; Krnjaic '195]
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[Krnjaic '15]

1072

107! 1 10



E.g. precision/rare decays (neutrino portal)

[Deppisch et al '15]

0.1 1 10 100
My (GeV) 56



Light DM (Dirac Neutrino portal)

l mediators I -

ma=10m _
' */ [Batell et al "17]
,/’ // . ‘\\ l‘ {3

i
A

001 010 1 10

m,=my/3 (GeV)
[Bertoni et al "14; Batell et al '17] 57



Beyond (dim < 4) portals...

Other light dark forces, e.g. coupled to anomalous currents, generally inherit
extra constraints, e.g. for a baryonic U(1)’

L > Cpyxy?e**°X,B,0,B,

1
+ CWng2e”‘”p"Xu(W38pW; + —ge“ch,f'WgW(f)

3
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2 Vel [Dror, Lasenby, Pospelov '17]
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Cold DM Landscape

Classify models according to their thermal history in the early universe

bosonic (thermalized with the SM or not) composite
m thermal non-thermal
~10-22eV ~100 eV GeV Mz ~100TeV Mo, ~30 Me

e.g. sterile neutrinos, e.g. primordial BHs

axions, etc
Direct detection via absorption, - LaMP posts” = Astrophysics,
pon, Microlensing, Grav waves

AMO technology
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Cold DM “Landscape’

Light DM “WIMPs”

bosonic composite
4 W thermal non-thermal
~10-22eV ~100 eV MeV Mz ~100TeV Mo, ~30 Mo

ultralight bosonic DM

Range of new low energy precision detection techniques

QCD Axion DM

<€ >
102eV 10°%eV 10°MeVv 1070 eV 1079 eV 102 eV 102 eV
DM mass: + + + + 3 —
10" Hz 107! Hz 1 Hz 10" Hz 10* Hz 10'* Hz
. <«—torsion balances —> «— E&MF— ABSORPTION
Technique: «_40m interferometry — «——NMR — «
< x_ray > ‘_NMR-’

[Cosmic Visions 2017]
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L

kinetic mixing

Dark photon DM - sensitivity (projections)

Dark photon DM: long lifetime if

‘m < 2me (A" — 3y or 2v)

[Pospelov, AR, Voloshin ‘08, Redondo & Postma ’08]

10—13

10-14

10—15

10—16

1 _,9 1
R nl/ R nl/ py -2 72
== QFWF Sma AT, +
[An et al *15]

10-12¢
10713
10~ 14¢
10-15¢
10~10¢ ;

' XENONI1T(proj.) e

- XENON10 —

XENON100 -
XMASS ==

10~17 il il vl sl il

1 100 102 100 10* 105  10f

my (eV)

Sensitivity via atomic ionization

[Bloch et al ’17]
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