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DARK FORCES BELOW THE
WEAK SCALE

¢ Theory and Motivation

— Dark matter [Slatyer] & g-2 [Marciano]
e Direct Search Status

— High-energy colliders (“lepton jets”)

— Low-energy colliders

— Fixed Target (e and p)



COPERNICAN PARTICLE PHYSICS?

[thanks to Neal Weiner]
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HOW TO LOOK FOR PHYSICS
FAR BEYOND THE SM?

Most collider searches rely on Standard Model-
like interactions = by definition, SM-neutral new
physics is hard to see.

* Interactions invariant under all symmetries
tend to involve many fields simultaneously

= suppressed by high power of mass-scale of new
physics, e.g.

(wewe)SM( )new/A2

the few possible exceptions present an opportunity
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FHE “PORTALS

Neutrino Portal € (hL) w sterile neutrinos?

nggs Portal €Eh ‘ h ‘ : |¢ ‘ : exotic rare Higgs decays?

|[Holdom ’86]

Ve
Vector Portal ey F[ F'*
(kinetic mixing)

Generic low-energy remnants of any non-SM sector

Only light-vector portal is truly accessible in low-enerqy
production (e & p couplings to h, v are small)



VECTOR-PORTAL
INTERACTIONS
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Consequences of a new mixed U(1): “heavy (dark)
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mediates production and (if m>2 m.)decay

What are reasonable couplings and masses? :



WIDE PARAMETER SPACE:
HIDDEN VECTORS
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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

£t UDp
generates €~ 7.5 log e 10 18




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)



SOURCES AND SIZES OF
MASS TERM

e MeV-to-GeV is
— allowed at couplings >10-

— 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 SJ 1GeV

a motivated target of opportunity
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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
(Mainz), WASA@CQSY ...)




GOALS FOR HEAVY-PHOTON
SEARCHES .

&
* Minimal decay M
— (gu-2)-motivated region (<100% branching?) o

— Full perturbative coupling range (¢2108) over
widest mass range possible

e Dark-sector decays
— A" — xx (x = collider-invisible, maybe dark matter)

— A’ = XX — multi-body SM final states

e Inclusive searches
— Off-shell effects, e.g. (g-2): €2 in interference
— g2-suppressed minimal decay

— Recoiling electron + X 4



SEARCHES ARE BROADER
THAN MOTIVATIONS

e Kinetic mixing = A’ coupling « ggm
But by no means the only option!

Using different production/decay modes in
different searches is valuable!

The parameter space is too big for one ¢ vs. m plot
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RATES AND THINGS

* Notational interlude
Mixing / coupling strength: 2 =«?=a’/a

U=A'= Heavy/dark photon = any weakly coupled
heavy vector boson (not necessarily kinetically
mixed)

e Production: o ~ €*/E? or o ~ €*/m?
e Lifetime (assuming 100% to Standard Model):

el N eQmNeff

where N.¢is weighted number of species available
for decay (2+R above muon threshold)

1/ Neg=e*e or u*u~branching fraction
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Rest of this talk:

— Basic strategies for
heavy-photon searches

— Relative strengths of

each approach

context for today’s talks
and for thinking about
new opportunities
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“LEPTON JETS’” FROM
HEAVY PHOTONS

Though LHC not especially favorable for direct A’
production, may offer unique opportunity for indirect
production

Any new, otherwise stable particle can only decay
into A" = no &% suppression in production rate.

Large boost = highly
collimated decay products
“lepton jets”
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LHC SEARCH
ADVANTAGES

e Unsuppressed (but lucky) production=
sensitivity to smaller couplings

* Inclusive strategies possible

e New frontier: Higgs — Dark Sector
— We know the Higgs is there

— Rate is e-suppressed, but higgs width small to
begin with

1



COLLIDER PRODUCTION
Radiative return Off-shell A’ portal

6 —

8 € : :
\ Y Potential to see rich

hidden sectors in

BaBar :
0905.4539, complex multi-body
A x T final states (searches
/ %{ or efur ongoing at BaBar
h {)(r el ulrt CX = dark sector Particles) + several Completed)
, — ‘v C — ——

Rare meson decays

X->YU nx mx —my (MeV) BR(X 2 Y +9) BRIX =Y +£€7)| €<
n—=9U | ny~107 547 2 x 39.8% 6 x 1071 2501070
w— U | n,~107 648 8.9% T %10~ 5x10-3
(_o—=nU [ ng~10Y 472 1.3% 115x10°4 1x10% ) KLOE
K9 = U nko ~ 101 497 2 x (5.5 x 1079) 9.5 x 1076 2 x 103 PLB706 (2012) 251-255
Kt = 7tU |ng+ ~ 101 354 - 2.88 x 1077 7x 103
Kt = ptoU|ng+ ~ 1010 392 6.2 x 1073 7 % 10~8a 2 x 103
K+ = etvU |ng+ ~ 10 496 1.5 x 107° 2.5x 1078 7 %1073

[Reece and Wang 2009]
ﬁ
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WIDE BREADTH OF SEARCHES
(just a few representative examples)

Minimal Decay

Non-Abelian Dark Sector
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FLAVOR FACTORY
ADVANTAGES

e Highest collider (Lumi.)/(Ecm)? in the
world

e 4711 detectors, clean reconstruction, less
boosted

e Large dataset “in the bank” (+ SuperB?)
— Many searches can use standard triggers

— Extremely broad search program ongoing;
can be even more extensive
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FIXED-TARGET ADVANTAGES
Fixed-Target

B VIINOSITY 10Ye

(CROSS-SECTION

— Scales as A’
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FIXED-TARGET TERRITORY
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FIXED-TARGET TERRITORY
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BEAM-DUMP LIMITS
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BEAM-DUMP LIMITS
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ELECTRON F.T. PROPOSALS
(JLab only; similar @ Mainz)
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TWO SEARCH STRATEGIES

High-Statistics
Resonance Search
(MAMI, APEX, HPS, DarkLight)
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Demands high data-taking
rate, background suppression
and excellent mass resolution

Demonstrated in test runs:
Mainz (1101.4091) and APEX
(1108.2750)

DarkLight: full reconstruction of recoil
— sensitive to invisible A’ decays

Displaced
Resonance search
(HPS)

— Prompt

=y CT=3.5Mmm

— y ct=14mm
y c1=35mm

Epeam = 5.5 GeV
o’lo. = 1085
o’lo = 1095

50
Z, (mm)

...and forward vertex resolution

(well-controlled tails)
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PROTON BEAMS
New light-WIMP search at MiniBoone

(from M. Pospelov)

Fix my, vary my
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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 Several mass ranges are testable in moderate-
scale experiments
— Rich program of LHC Searches

— New-particle searches in B-factories — many results
already, continuing to extend

— Dedicated fixed-target experiments are extending
range to much lower couplings

e Alot of uncharted territory: opportunities for
further exploration — and discovery — abound!
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THANKS!
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