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Sources Summarizing Broad Physics Program:

— Fundamental Physics at the Intensity Frontier
(arXiv:1205.2671)

— Intensity Frontier Meeting at Argonne (April 2013)
(see posted talks)
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DARK FORCES BELOW THE
WEAK SCALE

e Theory and Targets of Opportunity
— Precision Anomalies
— Dark matter [Slatyer]

e Direct Search Summary

* Potential for Fixed-Target Dark Matter
Searches at JLab (new)




BEYOND THE STANDARD MODEL

We know there is dark matter

f‘«hlﬁllp-:)lc moment, /
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. A\ngula'rs;:a'c - -l : M33 rotation curve

...but what is it?

LHC and direct detection results challenge connection
of dark matter to “weak-scale naturalness”
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COPERNICAN PARTICLE PHYSICS?
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extension of Standard
Model?
(axion, superpartner, ...)

Comletely
new physics?

What do we actually know about the dark sector?
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BEYOND THE STANDARD MODEL

Known matter interacts through three gauge
forces (strong, weak, and electromagnetic) |

§CD§§< fQ sg
iRHS o o
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LHC looking for new matter interacting
through the same forces

...but what about matter that is not charged under
these forces?

Gauge- & Lorentz-invariance restrict possible interactions
with such matter to high dimension operators. New sub-
GeV matter can be consistent.
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FHE “PORTALS

Searches can be organized around a small number of
interactions allowed by Standard Model symmetries

nggS Portal e ‘ h ‘ 2 | ¢ | 2 exotic rare Higgs decays?

Neutrino P()I‘tal Cy (hL ) w not-so-sterile neutrinos?

Vector Portal (Focus of this talk)

(kinetic mixing)

Axion Portal aly, bo

(axion-like particles
AP
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PERIODIC TABLE OF THE ELGRIIER:

Jefferson Lab

: // What will we find?
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GEV-SCALE DISCOVERY FRONTIER

Experiments at Jefferson Lab will lead the exploration
of GeV-Scale dark matter and weakly coupled physics!

® EXPLORING THE NATURE OF MATTER
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THE TERRITORY
(A” Electron/Muon Decays
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THE TERRITORY .
(A’ invisible “dark matter” Decays) 4

Helps (g-2)u
— (g—2)u Constraint

— K+ Decay Constraint

..... (g—2)e Constraint
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TARGET OF OPPORTUNITY?
PRECISION ANOMALIES

Muon g-2
U(1)p coupling modifies (g-2),, «*

with correct sign. €~1-3 103 ©'] iy St
o . e clectron g-2 vs @ muon g-2 >~

can explain discrepancy with e
Standard Model 10°;

} / muon g-2/<20

M 10 MeV ' 100 MeV '

[Pospelov '08] m,,
Muonic hydrogen

MeV-scale force carriers can explain the discrepancy
between (u-,p) Lamb shift [Pohl et al. 2010] and other
measurements of proton charge radius.

Requires couplings beyond kinetic mixing (lepton
flavor-violating component)
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SOURCES AND SIZES OF
KINETIC MIXING 3¢v F), F'"

e If absent from fundamental theory, can still be
generated by perturbative (or non-perturbative)
quantum effects

— Simplest case: one heavy particle 1 with both EM

charge & dark charge
Y
4 N w A/
egp |

generates € o5 102 i =10

12
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SOURCES AND SIZES OF
KINETIC MIXING 3¢v F), F'"

e If absent from fundamental theory, can still be
generated by perturbative (or non-perturbative)
quantum effects

— In Grand Unified Theory, symmetry forbids tree-
level & 1-loop mechanisms. GUT-breaking enters at
2 loops

generating e~ 107° —107°
(— 1077 if both U(1)’s are in unified groups)
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SOURCES AND SIZES OF
MASS TERM

e sub-MeV: non-perturbative physics (like Aqcp)

e MeV-to-GeV is motivated by g-2 and dark matter
anomalies

* Possible origin: related to Mz by small parameter

— e.g. supersymmetry+kinetic mixing = scalar
coupling to SM Higgs, giving

mnAr \/EMZ 5 1GeV

a motivated target of opportunity

14
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GOALS FOR ‘“HEAVY-PHOTON?"”
SEARCHES

A!
e [Lepton Decays
— (gu-2)-motivated region (<100% branching?)

— Full perturbative coupling range (¢z10-8) over
widest mass range possible
X
M
e Dark-Sector decays X
— A" — xx (x = collider-invisible, maybe dark matter)
— A’ = XX — multi-body SM final states

15

Tuesday, 4 June, 13



Broad Array of Searches! (done, ongoing, planned)

High Energy Hadron Colliders: New
heavy particles decaying into dark
sector (lepton jets)

(ATLAS, CMS, CDF & DO0)

Colliding e+e-: On- or Off- shell A,
X=dark sector or leptons & pions

(BaBar, BELLE, BES-III,
CLEO, KLOE)

A Fixed-Target: Electron or Proton collisions,
A’ decays to di-lepton, pions, multiple channel

(FNAL, JLAB (Hall A & B & FEL), MAMI
e— (Mainz), WASA@CQSY ...)

16
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FIXED-TARGET SEARCHES

Fixed-Target

LuMINOsITY 10Me  |~10%
e, atoms

B in
target

N(hard scatter) ~ 0.01 - 1
per electron

O(few) ab™ " per day

CROSS-SECTION By e Erz
— Scales as A’ % By (1-2)
mass, not
beam energy Nucleus
— Coherent
scattering o3 722
from nucleus o O(10 pb)
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N(hard scatter) ~ 1
per crossing

O(few) ab™* per decade

AN
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FIXED-TARGET TERRITORY
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FIXED-TARGET TERRITORY

PR

4

(Lepton Decays)
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BEAM-DUMP LIMITS

decay volume
(50 cm - 100 m)

---------------------------- =11
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ELECTRON F.T. PROPOSALS
(JLab only; similar @ Mainz)
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HPS SENSITIVITY TO EXTENDED

SM HIGGS SECTORS
2 Higgs doublet model coupled to a dark sector singlet

102 Only HPS has sensitivity in

- this region!
{107 5
0.1} my=126Gev  |107°
E137 my=200 GeV _
001} my==300 Gev |10
110-8
R T TRE I, 1(.)010 From: Batell, McKeen, Pospelov,

mp, (GeV) Ritz, work in progress. N
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HPS TARGET OF OPPORTUNITY:
DISCOVER AND STUDY TRUE MUONIUM

True Muonium is a bound state of a | | pair, it has never been observed.

> Singlet — Paradimuonium: 4+ =

decays to v v, ct~ 0.181 mm ‘ AN

(n= 13] ! ' We're interested in ’(k A
this one;

-

> Triplet — Orthodimuonium:

decays to e"e, c1~ 0.543 mm ‘ ' /
(n=1)

Interesting properties that could be observed:
e Lifetimes of 1S, 2S, 2P (sensitive to physics that couples to leptonic currents)

e Dissociation cross-sections as a function of energy;

Brodsky and Lebed, Phys. Rev. Lett. 102, 213401 (2009)
Brodsky, True Muonium at Jlab, SLAC, Jan 24, 2012 Talk

> QED as perturbative laboratory for QCD bound states;

Yield with vertex displacement >1.5 cm ~200-300 events; even 10-20%
efficiency gives sizeable sample.
22
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HPS TARGET OF OPPORTUNITY:
MUONIC HYDROGEN ANOMALY

Muonic hydrogen

MeV-scale force carriers can explain the discrepancy -
between (u-,p) Lamb shift [Pohl et al. 2010] and other \ b
measurements of proton charge radius. : g

Requires couplings beyond kinetic mixing (lepton
flavor-violating component)

e L, R
Light mediator can induce
electron polarization dependent
correction to muon trident rate !

&

ol
/J.

At e , .
0 — = 0w 0 |
AL (o) + Ap(ptim) would be interesting!

M. Pospelov =
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FIXED-TARGET DARK MATTER
SEARCHES

So far, only proton beams and large scale neutrino
detectors have been considered for fixed-target dark
matter searches

Production of Dark Matter:

iti : Look f 1
Initiated by meson production, ook for neutral current

followed by A" decay bl =
P 7,1 7 4 X
L v+a' -+ Al

S v+ XX

24
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FIXED-TARGET DARK MATTER
SEARCHES

Look for neutral current -like scattering
of long-lived dark sector states or dark
matter off of nuclei and/or electrons

7 ¢ X
A’

This process can be O(100,000) times larger than
neutrino scattering at the same energy for much of the
muon g-2 region of interest!

25
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PROTON BEAMS
sub- 500 MeV WIMP search using MiniBooNE

Fix my, vary my Fix m,, vary my
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(see: arXiv:1211.2258 for proposal)
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ELECTRON BEAMS

dark matter production

e Several advantages to using electron beams

— Production does not require m 4/ << Mo or 2m, < M A
— Very small (zero) neutrino background

— Can be parasitic (large luminosity without dedicated
beam time)

— Very forward peaked production and lower beam
backgrounds permit very small detector (i.e. meter scale
or smaller)

27
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ELECTRON BEAMS

A’ Invisible Decays in the SLAC milli-charge
Experiment (mQ)

1.3 C of electrons on target, looking for small scintillation signal in time

with beam bunches (primary aim was to detect milli-charge particles)
With SLAC mQ Angular Acceptance Cuts

€

Helps (2-2)u

(g—2)u Constraint
K+ Decay Constraint
(g—2)e Constraint
mQ 20

mQ 20, 10x S/B

0.100
0.050

0.010 mQ 20, 100x S/B
0.005
X
0.001 |
<10 mQ re-analysis may shed light on the low Y
mass g-2 region
1107 e ' ' S eanalGevi

0.05 0.10 0.20 0.50

M. Diamond, PS to appear]2s
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ELECTRON BEAMS

A’ Invisible Decays in the SLAC milli-charge
Experiment (mQ)

1.3 C of electrons on target, looking for small scintillation signal in time
with beam bunches (primary aim was to detect milli-charge particles)

mQ constraints on
light dark matter

stronger than best

direct detection limits
by more than O(10)!

m, =10 MeV
X
O'e[sz]
1.0x 10730 =
A
N
7.0x107% ;
=37 |__
50x%10 XENON10
SLAC m
3.0x1077 - . o Q
A}
\
20%x1077 -
15%10737 [
1.0x10737
S
| | |
0.05 0.10 0.20 0.50

L ma[GeV]

. Diamond, PS to appear] 3
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WHAT ABOUT JLAB CW BEAMS, BEHIND
THE DUMPS?

Meter-scale (MiniBooNE style) detector, 10 meters from the dump, estimating
bkg from measured beam un-related bkg for MiniBooINE (re-scaled)

M, =10MeV, E, =12GeV, 102EOT

0.050¢ B dec;ys W /\)

oool  Lreliminary

0.100

0.010}
0005 g

"
-
-
-

Ll . S i ¢~ Fixed Target |

0.001} K* - 7% + inv.

0.02 0.05 0.10 0.20 0.50 1.00
M vV (GeV)

|G. Krnjaic, E. Izaguirre, PS, N. Toro work in progress|s
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ELECTRON BEAMS
VS DIRECT DETECTION

My =100 MeV, E,- =12GeV, 10*2EOT

JUSAN Preliminary.

10—41 L L L . L L L
0.01 0.02 005 010 0.20 050 1.00

M, (GeV)

e Meter-scale neutral current detector behind a JLab dump
might have unparalleled sensitivity to light dark matter.

— A smaller test detector may still cover the g-2 region!

|G. Krnjaic, E. Izaguirre, PS, N. Toro work in progress|s;
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CONCLUSIONS

e Dark Forces are an exciting window into physics
far beyond the Standard Model

— Possible connections to dark matter, muon g-2, and

physics at very high energies

e Jefferson Laboratory experiments are pioneering
the exploration of this physics

— Will explore large new physics territory for direct A’
production and decay and discover rare SM physics

e Potential opportunities at JLab to directly
produce dark matter and search for invisible A’
decays with detection sensitivity far surpassing
existing dark matter searches

6%
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THANKS!
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