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Probing dark forces

* New dark forces: Theory and Motivation
+ Hints from dark matter “anomalies”
* Indirect probe:
7Y-rays from DM annihilation in dwarf galaxies
* Direct probes:

* Low-energy e'e” Colliders (e.g. BaBar, BELLE, ...)
* (New) Fixed-Target Experiments (e.g. |JLab, SLAC)



New “Dark’” Forces?

Standard Model Dark Sector?
SU(3)c X X x Gp
Strong constraints if quarks and leptons
charged under new force Gp

If uncharged, constraints much weaker...
but still have very exciting possibilities!



Photon Mixing with New Gauge Boson

Standard Model Dark Sector!

SU3)c x SU(2)r, x U(1)y, X U(l)/
L possibly /(1) ¢ G

Particles charged under U(l)y & U(1)" generate kinetic mixing

¢ Y, uv
Y WW\‘WMA/ AL = §F H FA,W [Holdom]

assume U(1)’
is broken
[Cheung, Ruderman,Wang, Yavin; Katz,

AL p— mi, A//’LA;L Sundrum; Morrissey, Poland, Zurek]



Quarks & Leptons: milli-charged under A’

_6 Y, uv o/
AL = SFYHF)

Diagonalize kinetic terms: A, — A, — €A,

2 Iuv A/
7 —I—mA/A A,uu

m T
= LD eA,Jgy = L O eeAMJEM
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— dark photon A’ couples to quarks, leptons

A —eTe, ,u+,u_, 7T+7T_, ... (depending on mass)



Striking implications if dark matter
is charged under GeV-scale U(I)’

X\W£+ |) For m4 < 1GeV:
. 0 A =00 nm

A A :
no anti-protons
X -
2) Sommerfeld enhancement:
84
VWW< long-range force V(r) = TD e At
1
§§§§ LWW< oV X = — large today
gD v small at freeze-out

saturates when vy S mar/my



Evidence
for Dark
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Suppose dark matter charged under Gp = Gna x U(1)’

I ) . [Arkani-Hamed et.al.]
- dark matter is multiplet of Gp; [Baumgart et.al]
- massive dark gauge bosons,Wp, give splittings: [Thomas, Wells]
Ompurr ~ apmw, ~ (107%)(1GeV) ~ 100keV
2) . [Alves et.al.]

- dark matter is dark heavy flavor meson

A7 300 MeV)?
OMpPM ~ mDDM ~ ( lTei/ ) ~ 100keV  (hyperfine splitting)

DM states have mass splittings ~100 keV!
Many dark states in 10 MeV to GeV scale!



*

Evidence for 100 keV splitting?

I(S ~ 100 keV

2-6 keV %
O-1 e DAMA/NaI (029 tonxyr) —————> | <DAMA/LIBRA (0.53/tonxyr)>

4 SRS TR O N B

0 BN NN N Au RN N N N R N

Residuals (cpd/kg/keV)

LT M N DAMAJLIBRA
808;: 1 1 1 Bernabel etal DAMA/NaI&DAMA/LIBRA annual modulation
e
Inelastic scattering: [Tucker-Smith & Weiner]
DM scatters preferentially off heavier targets
explains null results of other experiments
X\ p

A’ A’ can mediate scattering
9D c€e

(will be tested decisively in ~one
X p year by XENON-100, LUX)
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Are there Dark Forces?

* Dark matter charged under new GeV-scale force
explains astro/terrestrial ‘anomalies’
 Hints from other anomalies, e.g. muon g-2?  [Pospelov]
Cheung, Ruderman, Wang, Yavin; Katz

e GeV scale can be naturally generated ', Vo ot zarer]

 Dark Forces are surprisingly unconstrained

How can we probe for
such New Forces!?



Experimental Probes of Dark Forces

A) X~ & er ~_ DM annihilation
- f; W\M@ v-rays!
v /'VV\/V»<€ /vvvvv< (Fermi,ACT’s)

Dwarf galaxies: excellent targets (Vqwarf ~ Vnalo/20)




Experimental Probes of Dark Forces

A) X\ A’ al WW DM annihilation
,, 0 — v-rays!

A’ A |
v /'VWV‘<€ /’V\/\/V\< (Fermi,ACT’s)

Dwarf galaxies: excellent targets (Vqwarf ~ Vnalo/20)

Y
N e*e- Colliders
(BaBar, BELLE, KLOE, BES-Ill)

A X
VW X = dark gauge/higgs

X bosons, pions, etc.




Experimental Probes of Dark Forces

A) X\ A’ al WV DM annihilation
,, 0 — v-rays!

A’ A |
v /'VWV‘<€ /’V\/\/V\< (Fermi,ACT’s)

Dwarf galaxies: excellent targets (Vqwarf ~ Vnalo/20)

gl
B) SN e*e” Colliders
(BaBar, BELLE, KLOE, BES-III)
A X
VW X = dark gauge/higgs
X bosons, pions, etc.
ot
/

C) — A e

€— o Fixed Target Exp’s
7 (E137,E141, JLab, SLAC, FNAL, COMPASS)
/\\
P P Ceran
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Indirect probe: 7-rays from Dwarfs

[RE, Sehgal, Strigari
[RE, Sehgal, Strigari, Geha, Simon]

0% :
\WM A ,WW\@W/Y “V-rays
/'vvvvx,<€ /.W\,W< suaranteed!

y;ﬂ; Distinctive spectrum Observe with:
o e Fermi LAT
ol = 1 TeV » Atmospheric Cherenkov
0000l Telescopes (MAGIC,VERITAS, HESS)

: : : eV
0.1 1 10 100 1000” )

Why dwarfs!?

o1 AL
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What are dwarf galaxies!?

[Diemand et.al.]

Via Lactea Il

imulation of Milky
Way DM halo

only DM, no baryons)

visible Milky Way
galaxy ~30 kpc

some subhalos will
contain stars and are
dwarf galaxies

800 kpc cube

Y
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Dwarf galaxies: Excellent Targets

Large Signal
* Nearby
* Dark Matter dominated
e stellar kinematics determine expected flux

e |ow velocity dispersion: Udwarf 7~ Uhalo/QO

Low Background
* high galactic latitude

® no Iintrinsic gamma-ray sources

Any signal would be very suggestive of dark matter



Known Nearby Dwarf Galaxies

. 4 .
ety ® Milky Way
UMal inner 100 kpc

. Dwarf Galaxies
(post-2005)

Dwarf Galaxies [G e h a]
. (pre-2005)



® Milky Way
UMal inner 100 kpc

Fermi has data on all
dwarfs * 06 kpc

38 kpc + UrsaMuil's
CB RN

ﬁ atesl T8 W ":ﬁ- b ?‘E
in blue: kpc !!I o

23 P TUM&“
IMllky ay

Observed by ACTs - 1 —_ "
Draco:
most robust existing ACT
constraint (VERITAS)

® Goaoy
Segue 1: ® oo
Most promising dwarf target e

Existing constraints from Fermi
Data coming from MAGIC (+VERITAS & IceCube)

ol AL
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Draco Segue 1
e . | data on
. | >200 stellar
.| velocities

New stellar

data!
(~65 stars)

[Geha et. al.; Simon et. al.]

ORI, L s
§ « Ny
v g

classical dwarf ultra-faint dwarf

Flux & £ ~ 2 determined from
stellar velocities

L:Segue 1~ 39 CDraco

Segue 1: Excellent target

. e AL
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Current Fermi & AC T limits
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[RE, Sehgal, Strigari, Geha, Simon]

Fermi data:

9 months of data

[Farnier, RICAP’09]
[Wang, CINC’09]

ACT data:
VERITAS obs. of
Draco [0810.1913]

ol AL

Rouven Essig Gi.~ S



Prospects for MAGIC & VERITAS from Segue 1

/ + - 4 - [RE, Sehgal, Strigari, Geha, Simon]

yy—AAsete ete
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Conservative: same flux limit as for Draco (assumes softer spectrum!)
(only ~20 hours of observing!)
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Constraining ma’ with Dwarfs
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<ov> (em’s™!)

1077 —
ACT Prosp. (Segue 1)

1()_20 Sommerfeld, ms=0.1 GeV, ap=0.1 i
|

1072 [ :
A\ HHHH““""" .

10_22 1 ' "v‘ IBSeguel |

1= AN %——’——’IBMilkyWay |

~~——————’——
107 —L-20 -
107§ ---L+20
PAMELA and Fermi
10_26 L1 x x x L1 11
107 103

Constraining ma’ with Dwarfs

YYAA— eTeTete”

m, (GeV)

10%

T A7 — 0.1 GeV

Excellent
prospects!

. o1 AS
Rouven Essig G



Experimental Probes of Dark Forces

gl
S e*e” Colliders
, (BaBar, BELLE, KLOE, BES-III)
A X
W X = dark gauge/higgs

S X bosons, pions, etc.



Probe GeV-scale directly with e"e- Colliders

[RE, Schuster, Toro]

SN Y
e

X

- € want low-energy collider
2 o . . )
EZ_~ with large integrated luminosity

o

—> BaBar, BELLE, KLOE, CLEO-c, BESIII, ...
BaBar + BELLE have iy ~ 1.4ab™' ! |



DAMA/LIBRA Normalized Production Rates

X 8
A N
gp €€ < > "
ot A X
% P /€ €



DAMA-Normalized Production Rates for BaBar
or BELLE

Production Cross—Section for On—Shell A'+y (Charged iDM)

10° - e ——
mpy=1000Gev 7
P
g
N e
P Y,

g a, constraint \/g ~ 10.6 GeV
8 10 0]

O ~10° events

| - r(off =shell)

% | F (reference)

e i

H -
O wp=1

0.01

(KLOE similar)

0.1 0.2 05 1.0 20 50 100 200
my (GeV)

What do events
look like!?

Large # of events possible !

. e AL
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Examples of spectacular events
Higgsed Confined

Very rich phenomenology!
Multi-leptons, resonances, displaced vertices, MET...

Many searches needed!



- What searches have been done!?

\N !

Done
ST
Done

467 4:“7 2e + 2,u
not yet 7y + 4¢
Not yet Higgs’-strahlung

2 6/ [Batell, Pospelov,Ritz]

Typical sensitivity: ¢ ~ 107* — 107"

Interest to do higher multiplicities (e.g. H’-strahlung) exists

. e AL
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Many more details can be found at
SLAC Dark Forces Workshop

Searches for New Forces at the GeV-scale

Organizers:
R. Essig, M. Graham, M. Peskin, A. Roodman, P. Schuster, N. Toro, . Wacker

http://www-cont.slac.stanford.edu/darkforces2009/

o1 AL
Rouven Essig Gi.~ S



Experimental Probes of Dark Forces

: e Fixed Target Exp’s
7 (E137,E141, ]Lab, SLAC, FNAL, COMPASS)
/\\



Why F ixe d Ta rget EXPe I"i m e ntS ? [Bjorken RE, Schuster, Toro]

[see also Batell et.al.; Reece & Wang]

Higher Luminosity

only ~1 e scatters

majority of incident per crossing
e”’s scatter
~ few ab-'/day ~ few ab-'/decade

Larger Cross-section
e — \g _ N

A, e

P P
~ X
3 2792 2 9
a’e? s o ls
O X 5s— o< 1 pb 0 X —— x 11tb
M, bz o an
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Favorable Fixed-Target Kinematics

wide recoil (energy ~ ma)
1

. ./ ~ (%)

/
Eb A/ ‘)mA/ % A
e
A’ production A’ decay forward
very forward (but wider angle than most background!)

A’ takes most of beam energy: E 4 ~ Ep, — m
(characteristic of heavy particle emission)



Cover huge range in mass and coupling

cr(A" = 0T07) ~1m (
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100 MeV

1072

T A

1072 107!

my (GGV)
Need various strategies to cover huge lifetime range

)

BaBar
Y(3S) — ypp~
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Old Beam Dumps

Detector

~|0cm - 100 m ~m’s - km’s
R O SRR >
e
......... ) —
~
Target \Shield
(e.g. tungsten) (e.g. rock)
Exp. | Target/Shield Beam | Charge dumped
El4] W/12cm 9 GeV 10/° e
EI37 Al/200 m 20 GeV 1020 - !
E774 10 .
(FNAL W/20cm 275 GeV |10'Y e

[Riordan, Bjorken et.al.]

[Bjorken et.al ]

[Bross et.al.]

. e AL
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Good Beam Dump Constraints exist

[Bjorken RE, Schuster, Toro]

0.01 0.1 1
001, 4 = 001
) 0_3 E e Y(3S) 4 A 0_3
107 10
107 11073

v 137 ;
;0_6 , §l0_6
10_7 410—7
1078 108
10_9;xxwum o ;;0_9

0.01 0.1 1

mA'/GeV

Need new experiments to
cover remaining parameter space
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Strategy 1: New Beam Dumps

[Bjorken RE, Schuster, Toro]

I0cm 10 cm ~30 cm decay
Jtarget  shield volume _ 10_2 10_1 1
- N, J——— 1n-2
Bl 10 {10
"‘\~~ .5~ :_0_3 E E :~O_3
i . : |
VA N 107
trac.king ecal/trigger - k 1. —5
stations 1 2 IE O
~107°
€1_0_7
A 108
Larger shield, §
1079 0 1070
1 MW power 102 10-! 1

@ SLAC, JLab, MAMI ?

. e AL
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Strategy 2: Thin targets for high ma, high €

[Bjorken RE, Schuster, Toro]

oot A lifetime short,
Ai_; so need thin target
s

v 13_6 Now have background too!
¥ .
18_8 Most background is forward
109 and softer, but not all...

Use vertexing and/or bump hunt

. e AL
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Example: Forward two-arm spectrometer
C

10cm B small experiment

Want:

Mass resolution < 1%

Fast calorimeter

trackin _———>»\\ .
stationf \‘\ FaSt tl’lgge I"

ecal/trigger

Various geometries possible
several ideas to cover much of parameter space



Actively developing two proposals for |Lab

Heavy Photon Search Working Group

SLAC JLab

R. Essig R. Partridge P. Bosted

C. Field P. Schuster S. Stepanyan

M. Graham J. Sheppard L. Weinstein

J. Jaros (Chair) C. Spencer B. Wojtsekhowski
C. Kenney N. Toro

T. Maruyama U. Oregon

K. Moffeit FNAL R. Frey

A. Odian M. Demarteau

1) JLab Hall A: Two High Resolution Spectrometers

2) JLab Hall B: New Commensal Experiment



1) JLab Hall A: Two High Resolution Spectrometers

Proposal in Dec.

[RE, Schuster, Toro, Wojtsekhowski]

24 days running
(next year)

1

%10-3— —1073
w
(g 4 GeV\5.5°
: 1 GeV\5.5¢
4 GeV\4.5° . E
3 GeV\4.5° MC | 9 | 9
10741 GeV\4.5° . . —{107* (e e ——
- simulation ° 0.01 0.1 1
o1 02 03 04 o5 IIlA'/GeV Rouven Essig SiAL

e*e (A") Mass (GeV)



2) |Lab Hall B: New Commensal Experiment

see T. Maruyama’s talk @ SLAC DF workshop @& =
_ S B ) S e
e v\ AEE photorst [ AR
. i/ ECLL T ) — ‘ "

g i

complementary
reach to Hall A

Possible location for heavy photon search
also discover “True Muonium™ + use as calibration signal !

o1 AL
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Many possibilities not discussed...

M uons beam S: [RE, Harnik, Kaplan, Schuster, Toro]

e MINOS + Minerva
e COMPASS @ CERN

Several proposals also from other groups

LHC, Tevatron Searches
Further details @ SLAC

Dark Forces workshop

[e.g. DO]

[e.g. Freytsis, Ovanesyan, Thaler]

. el AL
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Conclusions

New dark forces: an exciting possibility
Indirectly probed with dwarf galaxies

Large existing data sets at e"e” Colliders may
contain spectacular signals

New Fixed Target Experiments are relatively
easy to build and have extensive reach

Short timescale for many new analyses &
experiments



Thank you !



