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What is Dark Matter?

Dark Energy

Suggestive of a dark sector,

neutral under all Standard Model forces



Portals to a dark sector?

only a few important interactions exist that
are allowed by Standard Model symmetries
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HPS built to probe the

dark photon portal



Dark Photons

A/
' Standard Model \J\/X\/\; Dark Sector \

g w=,7Z2 7 € A’ (massive)

Holdom

AL = % FY’“”FL’W “Kinetic Mixing”

Galison, Manohar

a special portal: not suppressed by a mass scale!
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Dark Photons

A/
' Standard Model \r:/)/\%/\; Dark Sector \

g w=,7Z2 7 € A’ (massive)

Holdom

AL = % FY’“”F;LV “Kinetic Mixing”

Galison, Manohar

simplest Dark Sector consists of just an A’,
but dark sector could be much richer



A’ couples to quarks & charged leptons

q, 0"

q, ¢
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Pospelov; Fayet;
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A, Statu S TO d a,y from Curtin, RE, Gori, Shelton
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Lots of
activity!
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A, Statu S TO d ay from Curtin, RE, Gori, Shelton
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A’ Status Today: MeV-GeV

1074

not shown: e.g. SeaQuest
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Comment on SeaQuest
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Some old plots
shown by SeaQuest
are “optimistic’... so
please keep thinking
about how to probe

high mass region

(TBC)



Why search for Dark Photons?

* Simple and ubiquitous in Beyond SM scenarios; dark
photon portal could easily be most accessible portal

— theoretically, € could be O(I)!
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Why search for Dark Photons?

* Simple and ubiquitous in Beyond SM scenarios; dark
photon portal could easily be most accessible portal

— theoretically, € could be O(I)!

Some scenarios give preferred values of €

12



GUT: € from one-loop versus two loop

if U(1)y embedded in a Grand Unified Theory (GUT),
generate € below GUT scale

w@w

ngD In
1674 M’

~ 1073 — 101
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GUT: € from one-loop versus two loop

if U(1)y embedded in a Grand Unified Theory (GUT),
generate € below GUT scale
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HPS, APEX etc can probe GUT € values

2-loop GUT

|4



Why search for Dark Photons!?

e Simple and ubiquitous in Beyond SM scenarios; dark
photon portal could easily be most accessible portal

— theoretically, € could be O(I)!

°* muon g-2

|5



A’ can explain muon g-2

Standard Model

(gs — 2), versus Data 3.6 o discrepancy

Pospelov

independent of A" decay modes!

Boehm, Fayet
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HPS,APEX... can probe g-2 for Br(4A’ — SM) <« 100%

|7



Why search for Dark Photons?

e A’ could couple to dark matter, leading to an amazing
variety of possible signatures:
e data “anomalies” can guide specific scenarios
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Dark Matter & Dark Photons

" Standard Model |

g W-
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Dark Sector
DM+ A’

~
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“OlId” hints

* cosmic-rays e* & e (PAMELA, ...)
* direct detection (DAMA, ...)

(now unlikely to be DM)

20



positron fraction

Q

“Old” hint from cosmic-rays

AMS 02 (6.8 million e+ e” events)

Illll

The positron fractlon is steadily increasing from 10 to ~250 GeV
From 20 to 250 GeV, the slope decreases by an order of magnitude
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Arkani-Hamed et.al.; Cholis et.al.; Pospelov & Ritz
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Strong constraints from CMB, Fermi, ...
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“Old” hint from direction detection
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DAMA, CoGeNT, CRESST, CDMS-Si hard for SM mediators,

easier for light mediators
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Severe constraints from other experiments

WIMP—nucleon cross section [cm?]
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“Newer” hints, e.g.

e ~GeV gamma-ray excess near Galactic Center
e 3.5 keV “line”

e “‘small-scale crisis” of cold, collisionless DM
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Galactic Center Gamma-ray Excess
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3.5 keV Y-ray line 5.

observed in e.g. galaxy
clusters by X-ray satellites

Bulbul et.al.
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XMM - MOS
Full Sample

3.5 keV Y-ray line

3.57 +£0.02 (0.03)
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+
et 0,
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observed in e.g. galaxy
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A followed by 2/ . .
Y inkbeiner, Weiner
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“Small-scale crisis’” of CDM

28



“Small-scale crisis’” of CDM

* “Cusp-core problem™:

some galaxies have less DM in the center than predicted by
simulations e.g. Navarro et al. 1997
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“Small-scale crisis’” of CDM

* “Cusp-core problem™:

some galaxies have less DM in the center than predicted by
simulations e.g. Navarro et al. 1997

* “Missing satellites problem” & “Too big too fail problem”:

simulations predict too many low-mass subhalos & dozens of

“dark” satellites more massive than the dwarf spheroidals

e.g. Klypin et al. 1999; Moore et.al. 1999
Boylan-Kolchin et.al. 201 |
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“Small-scale crisis’” of CDM

* “Cusp-core problem™:

some galaxies have less DM in the center than predicted by
simulations e.g. Navarro et al. 1997

* “Missing satellites problem” & “Too big too fail problem”:

simulations predict too many low-mass subhalos & dozens of

“dark” satellites more massive than the dwarf spheroidals

e.g. Klypin et al. 1999; Moore et.al. 1999

. . . Boylan-Kolchin et.al. 201 |
* Resolution? e baryonic physics?

e warm dark matter? (e.g. ~keV sterile neutrino?)

* self-interacting dark matter? Spergel. Steinhardt 1999
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DM self-interactions through A"?

DM DM

/
A e.g. Spergel & Steinhardt; Loeb & Weiner;

Kaplinghat, Tulin, Yu

DM DM

could resolve some of the “small-scale crises”
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Rough estimate for size of DM self-interactions

want 2 1 DM collision over age of Galaxy
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Rough estimate for size of DM self-interactions

want 2 1 DM collision over age of Galaxy

o 1

%% tGalaxy > 1 :
Escatter ™~ My Px Ux tGalaxy

LV
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Rough estimate for size of DM self-interactions

want 2 1 DM collision over age of Galaxy

(%% tGalaxy > 1 . > 1
Escatter M Px VUx tGalaxY

7 > !
my ™ (10 x 109 yrs)(0.5 %) (500 &2)

cm?®

barn

~ (.1
GeV
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Rough estimate for size of DM self-interactions

want 2 1 DM collision over age of Galaxy

(%% tGalaxy > 1 . > 1
Escatter My Px VUx tGalaxY

7 > !
my ™ (10 x 109 yrs)(0.5 %) (500 &2)

cmS

barn
~ 0.1 GeV ~QCD scale!
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Large O/m is easy w/ light mediators

DM DM
AI

DM DM

9 o1 barn( ap )2( My ) (10 MeV)4 o
My ~ GeV \0.005 1 GeV mAa e
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Large O/m is easy w/ light mediators

DM DM
AI

DM DM

o Olbarn( ap )2( My )(10M6V4 o
My  GeV \0.005 1 GeV m A M

— I|ght mediators! (but doesn’t constrain €)
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Obtaining cores in dwarfs, galaxies, & clusters
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Why search for Dark Photons?

e Simple and ubiquitous in Beyond SM scenarios; dark
photon portal could easily be most accessible portal

— theoretically, € could be O(I)!
°* muon g-2

e A’ could couple to dark matter, leading to an amazing
variety of possible signatures:
e data “anomalies” can guide specific scenarios

* simple, well-motivated DM models (e.g. sub-GeV
DM) motivate new searches/interpretations
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Why search for Dark Photons?

* Simple and ubiquitous in Beyond SM scenarios; dark
photon portal could easily be most accessible portal

— theoretically, € could be O(I)!
°* muon g-2

e A’ could couple to dark matter, leading to an amazing
variety of possible signatures:
e data “anomalies” can guide specific scenarios

* simple, well-motivated DM models (e.g. sub-GeV
DM) motivate new searches/interpretations

(only mention 3 examples) N



Assume A" = Dark Matter is possible

1074

Then many
constraints here
weaken/disappear!

% But € value to
10710 S ' explain muon g-2
\ | is unchanged!

+
1 —11 NG
0 1073 1072 107" 1
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Assume A" — Dark Matter is possible

AI
..................... M Controlled
e by &2
SM Y
A Or N Controlled
g by Xp
DM

now fix € to explain g-2...
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Constraint on g-2 region

Batell, RE, Surujon
m, < 0.5 MeV, € preferred by a, .24

107"

|zaguirre, Krnjaic,
Schuster, Toro
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New proton/electron beam dumps for sub-GeV DM

Elastic e~ Scattering, Various Thresholds, ap = 0.1, m, = 10 MeV
BaBar ”

10-4.
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MiniBooNE, BDX, 10~
missing momentum, ... €17}

10—8.

10-9 BDX E > 2 GeV, 3 evt. —
BDX E > 500 MeV, 3 evt.
e.g. . . . . . |
Batell, Pospeloyv, Ritz 20 S0 . 200 500 1000
Deniverville, Pospelov, Ritz my (GeV)
Deniverville, McKeen, Ritz BDX proposal
Aguilar-Arevalo et.al. (Battaglieri et.al.)

|zaguirre, Krnjaic, Schuster, Toro (several)
Diamond, Schuster

Batell, RE, Surujon

BDX Collaboration
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New Direct Detection Experiments for sub-GeV DM

RE, Mardon,Volansky

Freeze—out, Complex Scalar, my =3 m,,
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Conclusions

* Dark photon portal is special: simple, ubiquitous, easily
dominant over other portals

* HPS (and others) can probe e.g.:
e muon g-2 for Br(A' — SM) « 1
e £ expected from GUT symmetry

* mediator of DM interactions, motivated by e.g.:
* small-scale crisis of cold, collisionless DM
e 3.5 keV line
e GC excess
* simple sub-GeV DM models
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