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Talk Outline

© Motivations of considering the Dark Sector
© Model ingredients.

© Signals at the Large Hadron Collider



Dark Matter at the LHC

© Dark matter: stable, neutral, — £7.

@ pp — xpmxom + X.
Must recoil against something observable: X = =, jet
Extremely challenging. Not early physics.

© In bigger frameworks, SUSY, compositeness...
Well-known signatures: multi-jet and/or multi-lepton +E7.
Could be early discovery.

@ In this talk, | will focus on a different possibility:
GeV~! range dark matter self-interaction at the LHC.
Unique signature. Could lead to early discovery.

For searches at low energy experiments,
see M. Reece and LTW, arXiv:0904.1743.



What is a dark sector?

@ Dark matter self-interaction, mediated by agark.

@ Range of the “dark force” ~ m-! ~ GeV.

adark

© Dark sector couples to SM with tiny couplings,
suppressed by e.

N. Arkani-Hamed, D. Finkbeiner, T. Slatyer, and N. Weiner, arXiv:0810.0713.
N. Arkani-Hamed and N. Weiner, arXiv:0810.0714

For example:

Wdark matter

C. Cheung, LTW, J. Ruderman, and |. Yavin, arXiv:0902.3246



Recent evidences of dark matter

The recent interest in dark sector model building is inspired by
several observations which can be interpreted as indirect detection
of dark matter, in partlcular PAMELA, Fermi-LAT.
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Dark Matter interpretation of PAMELA and Fermi-LAT

@ Correct thermal relic abundance requires DM annihilation rate
to be

-1
< OV >freeze—out
Qpmh® = 0.1 x
DM (3 x 10726 cm3 s—1>

@ Indirect detection rate from DM annihilation
Re+ ~.p... ¢ (n%al”\l/?2)x < OV >halo

O Assume < 0V >pa10~=< OV >freeze—out— Re‘*';y,f)...

@ PAMELA and Fermi-LAT excesses need an additional
O(10s — 100) enhancement.

© One possible way of getting such a boost: Sommerfeld
enhancement



Sommerfeld enhancement

XDM

Adark
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@ Long range self-interaction of dark matter mediated by agark
range~ m; !, coupling agark

@ Enhancement sets in when m, ~ agark M,

© Enhancement ~ aqark/Vhalo, Vhalo ~ 1073,

© Enhancement cuts off at M, - v, < m,.

Q@ M, ~ 102 GeV, agark ~ 0.1 —0.01, — m, ~ GeV.



Fermi-LAT and PAMELA signal

XDM Adark Vs

Adark
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@ Dark matter annihilate into GeV dark sector states, agark.
@ agark decay back to Standard Model leptons.

Dark sector must connect to the SM. The coupling should be small
(consistency with current constraints).

All of these ingredients can be implemented naturally in simple
models.



anti-proton flux

@ Conventional WIMP annihilation also results in excess in
anti-proton flux, not observed by PAMELA.

Donato 2001 (D, 6=500MV)
035F - Simon 1998 (LBM, 6=500MV)
Ptuskin 2006 (PD, 0=550MV)
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@ Annihilation into GeV scale dark sector states and their
subsequent decay will not generate anti-proton due to
kinematical suppression.



Dark Sector Models

h H

© Dark sector interaction: Ggark. Odark ~ QSM-
Obvious possibility: gauge interaction,
< hgark >~ GeV, spontaneously broken.

@ Connection to the SM (MSSM) sector, one example later.

© Generating the GeV scale, naturally (SUSY, composite).



Various possibilities and constructions.

Earlier proposals:
M. Pospelov, A. Ritz and M. Voloshin, arXiv:0711.4866
N. Arkani-Hamed, D. Finkbeiner, T. Slatyer and N. Weiner, arXiv:0810.0713

© U(1) models.
E. J. Chun and J. C. Park, arXiv:0812.0308
C. Cheung, LTW, J. Ruderman, and |. Yavin, arXiv:0902.3246
A. Katz and R. Sundrum, arXiv:0902.3271
D. E. Morrissey, D. Poland and K. M. Zurek, arXiv:0904.2567

@ Connection through scalar.
Y. Nomura and J. Thaler, arXiv:0810.5397

© Non-abelian dark sector, SUSY with DM as messengers.
M. Baumgart, C. Cheung, LTW, J. Ruderman, and |. Yavin,
arXiv:0901.0283

Q@ NMSSM type, Composite...



U(1) dark sector with kinetic mixing

Dark force: choose Ggark = U(1), adark = U(1) gauge boson b,.

Kinetic mixing is a natural connection between the dark sector and
the Standard Model sector.

_ v
['gauge—mix =€ bp,VFY

We'll see that GUTs imply € ~ 1073 — 1074,



Generating the kinetic mixing in UV theories

Kinetic mixing is generated by fields charged under both U(1)’s:

B, b,
_ 8d8Y M?
162:<%leg(u >

€ vanishes if either U(1) is embedded in a GUT, but is generated
below the scale of GUT symmetry breaking:

8d8Y M -3 —4
‘ 1%2%<MJ 0 0




Generating GeV scale: supersymmetry

GeV scale is required by kinetic mixing and supersymmetry.

SUSY version of kinetic mixing

LD /dZQWdWy — V D> eDyDy
Dd ~ h(zlark and DY ~ Hl%/ISSM

After electroweak symmetry breaking,
< Hyissm >~ 102 GeV, with e ~ 1073 —107*

— mass term of hqux ~ GeV.

For an explicit minimal model:
C. Cheung, LTW, J. Ruderman, and I. Yavin, arXiv:0902.3246



Signals of GeV dark force at the Large Hadron Collider

@ Motivated by potential astrophysical observation of DM.

@ Natural to have a GeV sector, simple example:
Dark force=U(1), kinetic mixing, and supersymmetry.

© LHC will provide definitive test of such a scenario.

@ Rest of the talk: describing the signature.
More detailed studies necessary for discovery potential.

For details, see:
M. Baumgart, C. Cheung, LTW, J. Ruderman, and |. Yavin,
arXiv:0901.0283



Couplings of the GeV Dark Sector
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We remove the kinetic mixing by separately shifting the light fields:

Ay, — Au+ecosOwb,

b, — by, —esinfywZ,
This induces the new interactions:

V D ecosOwb,Jiy —esinfwZ, I



Basic dark sector production at the LHC

V D ecosOwbyJiy — esinfwZ,Jh

Direct b, (7) prod.
irect by, (7') pro rare Z decay
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Direct Dark Photon Production
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Rare Z Decay

Production and rare decay of Z.
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Dark Sector Decay: multiple leptons

The dark sector decays back through the operator eb, Ji,;.
s
y mww<
€+

The decay length is dominated by the last step and the decay is
generically prompt:
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Dark sector decay: more leptons

@ > 2 leptons generic in non-abelian models. Cleaner signal.

@ Also possible for three body decays.



Signal of dark sector: lepton-jet

Decay of dark photon leads to highly collimated lepton pair.

“Lepton jet.”

00 < 0.1 — Lepton Jet

Typical E, > 10 GeV
ypieal 5 Y 80~ my B, <01

me ~ GeV

Unique objects.




Lepton jet of muons

— Hardest Lepton

—— 2" Hardest Lepton

03f 3" Hardest Lepton | _
L — 4" Hardest Lepton

fraction of events
o
T

Detailed study necessary understand the ability of identifying
highly collimated muons.

© Should fly apart in while reaching muon system.

@ No hadronic activity around, for pure lepton jet.



However, not just leptons, pions...

GeV E&M coupling has complicated form factors, resonances.
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for my, < GeV
eg, mim iputuT rete” ~1:1:1 for m, ~ 600 MeV.

Requiring pure lepton jets (paying BR), or using pion as well?



Can have Missing Energy and Displaced Vertices as well.

Lepton jets can contain missing energy due to light scalars and
fermions, ¢71 — 100 km:

%1 - I G
With multiple light scalars or fermions, 3-body decays can produce
displaced leptons along with missing energy:
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Soft Radiation In the Dark Sector, more leptons

Work in progress with C. Cheung, I. Yavin, and J. Ruderman:

@ Soft radiation in the dark sector can greatly enhance the
lepton multiplicity in high-energy colliders.




Supersymmetric dark sector at the LHC

Supersymmetric kinetic mixing includes gaugino mixing:
Lgaugino O —2ieA;d" 0, g + h.c.
Remove the mixing by shifting the lighter gaugino:
A — Ap + €Xg
And we have the new interaction:

VD 6)\éjb



LSP is not the end of SUSY decay chain

LSP decay h

e)\B_NIb AN
h

@ Significantly change SUSY phenomenology.

@ Scenario with light gluino and/or squark:
large (1 — 10 pb) rates
multi-jet and/or multi-lepton decay chain
lepton jets at the end of the decay chain
— early discovery of dark sector.



SUSY LSP production event topology

The topology of a typical SUSY event:
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Extended Discovery Reach for Electroweak-inos

@ Direct electroweak-ino production is difficult in conventional
MSSM. Impossible for LSP.
NLSP, low rate, large background from di-boson.

@ Lepton jets at the end of the SUSY decay chain will greatly
enhancing the Tevatron and LHC reach.
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Reconstruction of SUSY decay

Lepton jets allow us to understand the kinematics better.
For example:

o
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?\E‘
ay
Fraction of Events

150
m, (GeV)

Measuring the mass of the LSP.



Conclusions

@ We should look for light hidden sectors with suppressed
couplings to SM fields. SUSY and kinetic mixing together
naturally generate GeV scale.

@ Dark matter charged under a GeV scale hidden sector
naturally explains PAMELA.

@ Current low energy experiments can probe the parameter
space with couplings on the larger side € ~ 1073, A dedicated
fixed target experiment should be able to discover or exclude
the GeV dark sector.

@ Light hidden sectors connected by kinetic mixing produce
lepton jets in colliders. The LHC may spectacularly confirm
dark matter models of this type.
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