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Outline

e Dark matter: what and why?

e Are we seeing dark matter do something
interesting? A selection of recent observations

e Dark forces: what and why?
e Looking for dark forces at e*e” machines

e Other places to search: rare decays, fixed
target, and the Tevatron/LHC




The visible universe

e Stars, planets, (lots of ) dust...
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The znvisible universe

e ...and even more matter that we can’t see...




Composition of the Universe

74 %0 DARK ENERGY

.\22% DARK MATTER

\J

3.6% INTERGALACTIC GAS
0.4% STARS, ETC.

We are ignorant to -95% of the universe...




Why do we think dark matter
exists?

e (salactic rotation: stars on the outskirts of
galaxies seem to move too fast...

Velocity

Distance




Why do we think dark matter
exists?

e (Galactic rotation: stars on the outskirts of
galaxies seem to move too fast...

e Evidence from gravitational lensing

Hubble Space Telescope + Chandra X-Ray Observatory
http://www.nasa.gov/images/content/155244main_HSTplusLensBlueChandraPink2blur.jpg
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® WMAP 3-year data
—— Best fit A CDM model

¢ ACBAR

# Boomerang 2003
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Why do we think dark matter

exists?

e (Galactic rotation: stars on the outskirts of
galaxies seem to move too fast...

e Gravitational lensing from galaxy clusters
e Cosmic Microwave Background

e DM needed to explain large-scale structure
formation

We've never “seen” a dark matter particle in the wild.




What we do(n’t) know about dark

matter
V' It doesn’t glow (i.e. it’s dark!)

e doesn’t participate in the EM or strong
forces...just gravity and (maybe) weak force

v It’s probably cold (non-relativistic)
v It is stable compared to the lifetime of the universe
V' There is a lot of it...galaxies congregate around it

— Doesn’t seem to match any SM particle
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So what could DM be?

e Weakly Interacting Massive Particles

e heavy DM particle (-TeV) that interacts via the Weak (or some
other, new) force

e Is stable due to some, as yet undetermined symmetry

= [n supersymmetry with R-Parity conservation, the Lightest
Supersymmetric Particle (LSP) is a prime candidate

e (sterile) neutrinos or axions
e MAssive Compact Halo Object
e astronomical bodies that emit no light (i.e. not particle physics)
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Detecting Dark Matter

Underground:
CDMS
ZEPLIN
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The INTEGRAL s511keV signal

P. Jean et al., Astron.
Astrophys 407, Ls5 (2003).

!: !I
T
|

.
=
ir

...low energy e*e” annihilation
Energy at the galactic center
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WIMP Wind
et

Residuals (cpd/kg/keV)

Direct Detection and DAMA

June

December

A

DAMA/Nal (0.29 tonxyr)
(target mass = 87.3 kg)

N

2-6 keV

> < DAMA/LIBRA (0.53 tonxyr)—>

(target mass = 232.8 kg)

8.20 significance!

Bernabei et @/, Eur. Phys. JC56, 333 (2008)

..'{l’ime (d{-:l.b
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DAMA vs the World...

...observed DAMA
cross section is ruled
out by a number of
other, similar
experiments!?!?

: 2 :
Cross-section [cm™] (normalised to nucleon)

Techniques are
different...is DAMA
sensitive to different

physics?
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http://dmtools brown edu/
Gaitskell Mandic Fili

DATA listed top to bottom on plot o
Edelweiss I final limit, 62 kg-days Ge 2000+2002+2003 limit
DANMA 2000 58K keg-days Nal Ann. Mod. 3sigma w/DAMA 1996
WARP 2 3L, 96.5 ke-days 55 keV threshold

ZEPLIN II {Jan 2{‘1(15} result

CRESST 2007 60 kg-day CaW0d

ZEPLIN 111 (Dec 2008) result

CDMS: 200442005 (reanalysis) +2008 Ge

XENONI10 2007 (Net 136 kg-d)

091014163201

II.J] ' 1 |IIIIIi

l 0 ]‘#[I]I L1630
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Lots of anomalies...

Excess of high
Low energy energy electrons:
e+e: PAMELA
INTEGRAL ATIC

Fermi

DAMA vs Everyone

18




Lots of anomalies...

L Excess of high
L(iw COCLsY kM ¥  energy electrons:
electrons:
: - PAMELA
INTEGRA  Is this Part1cle TIC
physics or Fermi
astrophysics???

DAMA vs Everyone
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“ATheory of Dark Matter”

N. Arkani-Hamed ez 4/, X

n M. Pospelov and A. Ritz,
PRD 79, o15014 (2000). ¢

Phys. Letters B 671, 391 (2009).

~TeV

X -GeV

e new “dark force” with (vector) gauge boson - GeV
while the dark matter particle is -TeV scale

e gauge boson decays to lepton pairs (e*e”, prH-) but
not pp because @ is below pp threshold (2GeV)

Would explain the bigh energy positrons
but no antiprotons...
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Structure of the Dark Sector

Standard Model u(1), A’ u(1),

Dark

SU(3)xSU(2)xu(1) [\, X\ /\ Sect
cCtlor

O(GeV) scale

e Abelian U(1)p common to all models...mixes with SM hypercharge

with coupling K (or € depending on the paper); “dark higgs” to give

mass

*The main mixing goes via “Kinetic Mixing”...i.e. terms like this:
Emix — € FT;I{ Fy %

C
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Structure of the Dark Sector

- . r .
Standard Model u(1), A ), Dark(gSectur
Lt O U DN (AVAVAVAY (VAVAVAV AN Wi :vﬂ, hipy ...
Kinetic OR
) mixing Confined: n, wp, ...

O(GeV) scale

eStructure in the dark sector is wide open...
ecould have nothing (else) interesting (just U(1))
*Higgsed non-abelian SU(2): “dark EW”
e Arkani-Hamed, Finkbeiner, Slatyer, Weiner (hep-ph/0810.0713)
*Confined non-abelian SUWN): “dark color”
e Alves, Behbahani, Schuster, Wacker (hep-ph/0903.3945)
*Or....7
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Dark forces and you
(if you work at an e*e” collider)

Low energy/high luminosity e+e- colliders

are a great place to look for dark forces...
Batell ez /., PRD79, 115008, 2009. Essig et al.,, PRD80, 015003, 20009.

e+ A e+ Y*
F’E 2 X
c ¢

% Very high luminosity+great efficiency

% Great momentum resolution+vertexing

% Good PID
— High QED backgrounds
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Decay Branching Fractions:

_I_._.._._._.I.... T I

hadrons-R

0.5 1.0

my (GeV)







...still, we should look. The A’ would

show up as a spike in the Il spectrum... .




Direct Production: YA’

@ B-Factory Energy

10_121_ e 1072
_3 ruled outbya o 1073
10 g - Z—>}TX.afD=ari10

Even with large background
should be able to reach -here

W 10'6?” ) _510'6
| o=10fb i
1077 ﬁ 1077
107 1078 |
: - 10- b _e Cross sections scale
10~ 107 ; I .
| | like s...lower energy is
10—1’0|_ ] el L ____._10—10
102 10-! 1 10 better (good for BES)!

my (GeV)

Essig et al.,, PRD8o, 015003, 20009. L
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90% UL on B(Y(

Search for Narrow Resonance in

ere = YI‘l- (CLEO)

'Alol v ornifbe
10° | =
| W - Analysis designed to look for
; i 4200 light higgs (Ao), but works for
4 this too...but big QED bkg.
10* | Ns.g—
1075 _ . | . | . | . I/\/M . |

4500 5500 6500 7500 8500 9500

Mpo (MeV)

W.Love et.al, PRL1ox 151802 (2008)
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BaBar and PEP-11

Cherenkov Detector
(DIRC)

Electromagnetic
Calorimeter

Silicon Vertex

Tracker Instrumented Flux

Return

PEP-1I
Rings ™.

Positrons

Low Energy Ring

BABAR Detector

30

Integrated Luminosity [fb™]

500

400

300

200

100

ran from 1999—2008

540/fb collected including
465M BB pairs

As of 2008/04/11 00:00

BaBar

PEP Il Delivered Luminosity: 553.48/fl -
BaBar Recorded Luminosity: 531.43/fb
BaBar Recorded Y(4s): 432.89/fb
BaBar Recorded Y(3s): 30.23/fb
BaBar Recorded Y(2s): 14.45/fb
Off Peak Luminosity: 53.85/fb

Delivered Luminasity
Recol inosity

Recordad Luminosity Y(3s)
Recorded Luminosity Y(2s)
Off Peak
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Search for Narrow Resonance in

ee Y-

Analysis designed to look for

,.;.; Eé; Y(2S) E light higgs (Ao), but works for
= sk " - this too...but big QED bkg.
- 3 v | “'n E
= MW‘WMPF :2 — corresponding limit on
_ -l]g_ PN K S E P R S Jé €E-5x1073
£ Yes)
R f Remember...scaling of € goes as:
—_ = = 4
= 2 m ,’”m “M = VL
15— MJ 3 so adding full dataset (x10)
4 34 5 6 78 o reduces limit by ~x 1.8.
m,, (GeV)
...even “super” B-Factories only
30'22/ﬂ) @ Y(}S) PRL 103, 081803 (2009) gets it down to -1x1073...
14.45/fb @ Y (25)
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Search for Narrow Resonance in
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(E=10 ™
m(A)=2GeV
Ap=KX
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Direct Production:
Dark Higgs-strahlung

I m(h")>m(A")
. e‘e—~6-leptons
® 1,2, or 3 pairs making A’

I e 4-lepton resonance

® Very small QED bkg

-
+
A

m(h")<m(A")
e‘e > 2-leptons+E
® 1 pair making A’
® large missing energy...
® pretty hard...triggering

i1ssues’




Direct Production:
Dark Higgs-strahlung

' m(h)>m(A)
N i e‘e > 6-leptons
S M@A’\ o ~ [, 2, Or 3 pairs making A’
& No Searches Yet!  hiQED bke
NI
m(h”)<m(A")

e
7

e‘e > 2-leptons+E
® 1 pair making A’
® large missing energy...
® pretty hard...triggering

i1ssues’




3 [my + (amg ~ 1MeV)]

INTEGRAL

X2 [mx -+ (ﬂf mqy ~ 1001{EV)]

X1 [mx]

eXciting Dark
Matter (XDM) can
explain 511keV line




3 [my + (amg ~ 1MeV)]

X2 [mx -+ (ﬂf mqy ~ 1001(&V)]

X1 [mx]

inlastic ark I'
Matter GDM) can
explain DAMA

modulation




DAMA + INTEGRAL and
Non-Abelian Dark Sectors

valm. + (ams ~ 1MeV|

XDM and iDM both

INTEGRA come naturally in
paMa | non-Abelian dark
sector models

—




Lowest order non-Abelian signature

Simplest non-Abelian:
U(1)pxSUQR)p

...like EW, there are 4 gauge boson force carriers;
all potentially mix with the SM photon

1+
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e'e > 4-leptons
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3 4 3
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*Signal expected where the
two masses are equal

*Simple cut-and-count analysis
with background extrapolated

from sideband

Points: bin UL

Lines: average UL (smaller line shows

statistical error only)

*Very clean modes (esp 4H) designed to
search for a non-Abelian dark sector
*Require 2 resonances within -50MeV
*include 4e, 2e2, and 44 modes

eUsed full BaBar runs 1-7 dataset: ~540/fb
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e'e’ > 4-leptons: Combined UL

_y
N
o

'BABAR
preliminary

Points: bin UL
Lines: average UL (smaller line shows
statistical error only)
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e'e 2 4-leptons: Limits on

Coupling

9 A2 3/2 ...some O(l) s
o(ete™ —» WpWp) ~ e O;;;D’eff (1 — ETVVD> dependence absorbed
cm cm into definition of Xp,f

‘:.'l..., e L
Z107F BABAR
T - " . 2
= [ preliminary o
5 10° 5 g
5 L IR » wd
:jﬂ B _:.:'.': .. K ._’-4..‘.-.';-‘."“!'; *
i 10'9 — . . ok 8 Iy -'ﬁhq'-‘l-'h:- ralhy '::
= - .-_:_ ._:“ won LT __‘_l.“é._.',_;"._-_-l..
ST TR AN s ) il (G
— T! !':"'. .'i.'... Toen P ';-.E-.‘E": : [
B .5.'.'."423"'\-':.’.:.:" .
10°F 1 °
-11 1 J | | 1 |. 1 1 1 1 |. 1 1
1079 1 2 3 4 5
M(W’) (GeV/c?)
Remove BR(W —1l)? Xp-1072 € <~10-3

by dividing (2+R)?

(for non-abelian hidden sector)
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More exotic signatures...

ot -

[ i +
\Ja;ﬂ _-"TifD fLE '
g — L - <0

dark-sector
Wp shower & 4dD

hadronization

> -
€ et
W ;
o ~
N hoys
£ ""-ff_: :_-.” ZZZEWD
e )J
£ Y, (-
“dark higgs” can /a £y 'S
decay to WpWh, Il
or escape detector!
Confined: lots of leptons;
Non-Abelian Higgsed: 8 possibly missing mass
leptons or missing mass depending on lifetimes..

...can also look for muons with a displaced vertex...




2 x 39.8%
8.9%
1.3%
2 x (5.5 x 1074)
6.2 x 1072
1.5 % 1075

s (K

T X
[e\
L\

Summary of estimates from existing samples
most of these are from fixed target experiments.

6x 1074
7.7 x 1074
1.15 x 10~*
9.5 x 1078
2.88 x 1077
7 x 1078
2.5 x 1078

L ”l‘l,
\.l)‘l \l




Rare B-Decays and the Higgs
Portal

Sy, h 3%

LodE @ ...........

o Higgs portal: £ = (—AS?+ES)H'H

e Vector portal: L = —

b S

*In addition to kinetic mixing
(“vector portal”) there must also w

be a higgs portal.
*Because of the top dominating
the loop, FCNC decays may be
an interesting place to look for
this...
*modes like B=>K®4I or
Bo— 4l should be very clean
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Lower masses & mixing: Fixed
Target and Beam Dumps

0.01 0.1 1

107°

1077 1077

1078 -1078




Lower masses & mixing: Fixed
Target and Beam Dumps

need to probe

001 01 1 .
0.0 this parameter
1073 space!
107§
o Very high flux
| required so
107°|
fixed target
107 '
experiments
1078 the way to go...

Bjorken, Essig, Schuster, Toro, hep-ph/0906.0580.
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JLAB Hall-B “Proposal”

Run parasitically with
photon beam going to class
just in front of the electron
beam dump...

e 100nA; 6GeV
e very tight space (-ym)
® beam must be steered
into the dump...

3 considerations:
cheap, fast, interesting

=7 CIAS
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Possible location for heavy photon search
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Pre-preliminary detector design

Target M1 ECAL M2 MUON M3
1% 06x06x1.0m 03x023x14m 03x023x0.7m
Tungsten

- [Bdl=1 Tm ——
* Bk 1T I /Bdl=2 Tm $

5 cm magnet offset

0 1 2 3 4 Z(m)

Si microstrip

detectors M !
(4 horizontal,\k I ECAL

2 vertical)
e- | 30 cm-—=> Al
Want both mass and p /I_
vertex resolution to = Target P
maximize reach Dead zone
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Conclusions

e The idea of a new, “dark”, force has many people excited

e if it is real, explains a number of recent (and not so
recent) anomalies.. PAMELA, FERMI, WMAP haze

e anon-abelian dark sector could explain the DAMA
modulation and the INTEGRAL s11kEV peak

e Some searches have been performed at the B-Factories
(and elsewhere)...but there is still a lot of parameter space

o cover
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The Workshop

* expected ~20-30 people;ended up with 107 (registered)
*about 60%/40% theory/experiment

sexperimental talks from BaBar, Belle, BES, KLLOE,
DY, ADMX, JLab, MESA

*3 extremely productive working groups: e*e” colliders,
hadron colliders, fixed target

http://www-conf.slac.stanford.edu/darkforces2009/
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Dark Photons Fixed Target
Working Group

Dark Forces Workshop
September 24, 2009

Fixed Target Search
for
Heavy Photons

Takashi Maruyama

...and growing

SLAC

eavy photon search working group:*
SLAC JLab
R. Essig A. Odian S. Stepanya
C. Field P. Schuster L. Weinstein
M. Graham C. Spencer
J. Jaros (Chair) J. Sheppard FNAL
C. Kenney N. Toro M. Demarteau
T. Maruyama
K. Moffeit U. of Oregon

R. Frey
ekly WebEx meeting on Thursda




Indirect Production

Direct Production  Indirect Production with Shared Conserved
Quantum Number

Resonant Dark DY Higgs, Z Decay SUSY + R-Parity

,
,

"
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Standard Dark Standard  Dark Standard  Dark

Maodel Model  Sectar Model  Sector

Sector

Br ~ O(g?) o - Br ~ O(9)

Which Dark Sector States Populated -

: Portal ~ &
Depends on Production Portals e

S. Thomas




Dark

Electroweak
Production
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