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How we learn physics

“You learn physics like this - first you see 
something and its very very confusing and 
you don’t understand anything. And then, 
sometime later, you see it again and you say 
‘oh yes, yes, i’ve seen all this before!’ “
                                  John Bagger





How we discover physics 
beyond the standard 
First you see a result and insist that the 
data and/or assumptions are completely 
unreliable and should be ignored

When it all works out, you say, “Yes, yes, 
we’ve known about this for some time”

Neutrino masses

Large mixing angles

Cosmological constant



What physics beyond 
the standard model?

Theory driven
Hierarchy problem:

SUSY, technicolor, RS, 
ADD, little Higgs

=> scale driven
i.e., we know there’s a 

weak scale

Anomaly driven
solar neutrino problem
atmospheric neutrino 

anomaly
Cosmic acceleration

Galactic rotation curves
17 keV neutrino

LSND
PVLAS
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The next discovery

I really believe that the most likely thing we 
will discovery next is dark matter

Caveats:

Maybe not

Maybe not all

Maybe (probably) not what we were 
expecting



Era of data

Cosmics: PAMELA, Fermi, ATIC, HESS, AMS, 
ACTs, WMAP, Planck...

Direct: CDMS, DMTPC, XENON, LUX, CRESST, 
COUPP, PICASSO, KIMS...

Production: LHC/Tevatron, Fixed Target, Beam 
dump



Most important thing 
about dark matter

No one knows anything 
about dark matter!*

*Except for the many things we know about dark matter
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DM properties

None (who needs DM?)

Gas/brown dwarfs

neutrinos

neutralinos

...?



Evidence for DM
Zwicky measuring galaxies in 
clusters

Rubin (and previous)



Evidence for DM





Candidates for DM: Theory Motivated
Candidate Motivation

axion promote q to dynamical variable strong CP problem

neutralino mixture of Bino, Wino and up/down Higgsinos hierarchy problem

sneutrino partner of sneutrino (relic abundance and 
direct detecton problems)

hierarchy problem

LTOP Little Higgs models, general BSM models hierarchy problem

KKDM First KK resonance, stabilized by KK parity not the neutralino

axino SUSY partner of axion SCP+HP

4th gen 
neutrino

Another generation, but stable first three generations

gravitino LSP decays to gravitino, partner of graviton HP+unpleasant childhood

LNSWP Something stable and weak scale, why not? The weak scale is there, DM is there

Also qballs, BHs, topological things, and whatever 
you are working on but I forgot to mention



Candidates for DM: “Exp” Motivated
Candidate What is it Motivation

SIDM make DM strongly interacting (candidate?) galaxy structure issues (cusps)

WDM warm - keV sterile neutrino substructure

Light DM light (GeV) WIMP DAMA

Spin-
dependent DM ? DAMA

iDM Mixed sneutrino, split SU(2) doublet, new force DAMA

MeVDM DM with MeV mass INTEGRAL

XDM DM that upscatters with ~ GeV mass force INTEGRAL, more recently PAMELA/Fermi...

Decaying DM DM decays with long lifetime PAMELA/Fermi

All these models are wrong except at most one
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Precision Electroweak Studies
• Just because we haven’t detected new particles doesn’t mean 

we don’t know much about physics beyond the standard model

In general, new physics at the weak scale should 
have shown up in these precision studies
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T-Parity (Cheng and Low)

• The problem arises from diagrams like

SM

SM

SM

SM

~
BSM

SM

SM

SM

SM

Need to forbid these diagrams somehow

• Vertex comes from Lagrangian term

• I.e., problem is presence of single BSM field
– If only even numbers of BSM fields were allowed, this term is forbidden!



• Then process occurs via loop

  loops smaller by ~ 1/16π2 
   enough to solve problem



• Then process occurs via loop

  loops smaller by ~ 1/16π2 
   enough to solve problem

Introduce parity at weak scale => stable 
DM candidates



The WIMP
early universe cheat sheet

nR ∼ T 3

nNR ∼ (mT )3/2e−m/T

H ∼ T 2

Mpl
(radiation domination)

x = m/T time variable

NB: T= 1/time!
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χχ↔ f̄f

When T<< MWIMP, number 
density falls as e-M/T

assume thermal 
equilibrium
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Tf = m/xf xf ∼ not infinitynNR ∼ (mT )3/2e−m/T

nnow = nf
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T 3
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n

T 3
dark matter per photon (is 
approximately constant)

ρnowT 3
now =

mnnow

T 3
now

≈
mm2x3

f

m3x2
fMpl < σv >

=
xf

Mpl < σv >

just depends on cross section!



The WIMP not-miracle

Any weak- scale particle naturally freezes 
out within a few orders of magnitude of the 
correct cross section

Ωh2 ≈ 0.1×
(

3× 10−26cm3s−1

〈σv〉

)

≈ 0.1×
(

α2/(100GeV)2

〈σv〉

)



Three approaches with thermal DM

–Make it (colliders)
–Break it (indirect searches)
–Wait for it (direct searches)

time

χ

χ

f

f
←− time −→



The neutralino





M1 0 −mZcβsW mZsβsW

0 M2 mzcβcW −mZsβcW

−mZcβsW mZcβcW 0 −µ
mZsβsW −mZsβcW −µ 0





combination of Bino, Wino, up/down Higgsino (in 
MSSM)

χ0,1,2,3 =
∑

i=B̃,W̃ ,H̃u,H̃d

Uiψi

typically “gaugino”-like or “Higgsino”-like



a funnel

coannihilation
tail

focus point



The CMSSM/mSUGRA neutralino is not your 
friend

LEP Higgs mass limit mh>114.4 GeV SUSY predicts mh<mZ

Need large radiative 
corrections to quartic 
to keep v=246 GeV

Large radiative 
corrections give 
contribution to Higgs 
mass

Cancel those corrections 
with large µ  term

µ  term is 
Higgsino mass

LSP is mostly Bino

Small elastic scattering cross sections

• Common logical path in mSUGRA*

* No, not every point in mSUGRA, this is just an example
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Anomalies and anomalies

High Energy Electrons/Positrons: PAMELA 
(HEAT,AMS-01), ATIC, EGRET, WMAP

Low energy positrons: INTEGRAL

Direct detection: DAMA/LIBRA

multiple indications



INTEGRAL/ SPI: (spectrometer) 
Energy range: 20 keV - 8 MeV 
Field of view: 16 deg
Angular resolution: 2.5 deg FWHM 
Launched: 2002 Oct 17 
Still operating...

The step-child of dark matter anomalies: 
INTEGRAL



distribution of the INTEGRAL 511 keV line



The step-child of dark matter 
anomalies: INTEGRAL1018 G. Weidenspointner et al.: The sky distribution of positronium continuum emission
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Fig. 2. A fit of the SPI result for the diffuse emission from the GC re-
gion (|l|, |b| ≤ 16◦) obtained with a spatial model consisting of an 8◦

FWHM Gaussian bulge and a CO disk. In the fit a diagonal response
was assumed. The spectral components are: 511 keV line (dotted),
Ps continuum (dashes), and power-law continuum (dash-dots). The
summed models are indicated by the solid line. Details of the fitting
procedure are given in the text.

has been applied to spectroscopy of an extended sky source ob-
served with the SPI instrument. As an aside note, we wish to
warn the interested reader that we found the original Ps contin-
uum model in XSPEC, POSM, to be incorrectly implemented.
We developed and tested a new implementation of the Ore &
Powell (1949) spectral shape of Ps continuum emission, which
will be included in subsequent releases of XSPEC.

The data selected for this portion of our analysis comprise
a subset of the total data presented in this paper. Observations
were selected for inclusion in our spectral fitting when the
SPI telescope axis was aligned with the GC to within an an-
gular offset of 16◦ (the extent of the nominal fully-coded SPI
field-of-view). This resulted in a total of about 750 spacecraft
pointings (Science Windows), totalling ∼1.7 Ms of live time,
being used in this analysis.

The full SPI instrument response, including diagonal plus
off-diagonal matrix elements, was then computed, according
to the methodologies described in Sturner et al. (2003), for
each SPI detector for each selected instrument pointing for
each of our grid points spatially sampling the bulge region.
Specifically, we computed the response for a 21-point raster
at (l, b) = (0◦, 0◦), (±4◦, 0◦), (0◦,±4◦), (±8◦, 0◦), (0◦,±8◦),
(±4◦,±4◦), (±8◦,±4◦), (±4◦,±8◦).

The data were then simultaneously fitted to the physical
model described above – 511 keV line, Ps continuum, and
power law – and the 3-component background model described
in Sect. 2. The background model in this case was parame-
terized so that small (±10%) variations were allowed for the
normalization terms of each component in each energy inter-
val, using the results of model fits (as decribed in Sect. 3.2)
to initialize the background model parameters. In practice we
found that the background modelling worked quite well, with
the best fit solutions typically corresponding to normalization
terms within ±1% of unity.

We then made the assumption that the net flux consists of
additive contributions from the two spatial models discussed

in Sect. 3.3.1, i.e. the Gaussian and CO distributions of spa-
tial model G8CO. The spectral model was then applied to the
SPI instrument response function twice at each spatial raster,
with a normalized, relative, weighting factor based on both the
Gaussian and the CO distributions. This leads to a data space
which scales as: (number of SPI pointings) × (number of de-
tectors) × (number of spectral channels). This number is then
multiplied by (number of spatial rasters) × (2 spatial distribu-
tion models) to give the number of individual response matrices
applied to the spectral model for the χ2 minimization problem.
This leads to ∼750× 19× 6 × 21× 2 ∼ 3.6× 106 folded-model
calculations per iteration step of the χ2 minimization proce-
dure. Specifically, we used the XSPEC “FLUX” command and
the best fit parameters of each individual model component to
integrate over the covered energy range.

The parameter space was constrained as follows. The cen-
troid and width of the positron annihilation line were fixed
at 511 keV and 2.5 keV FWHM, respectively, as in our first
analysis (see Sect. 3.3.1). We fixed the power-law photon in-
dex α to a value of 1.75, but allowed the amplitude to vary by
about a factor of 4 relative to that obtained in our first analysis
described above. Otherwise, the model parameters – specifi-
cally the Ps continuum and Gaussian line normalization terms
– were allowed to vary freely in the χ2 minimization. These
two normalization terms were varied separately with respect to
the two spatial distributions, but linked from grid point to grid
point within a given spatial model. This leads to 6 free physical
model parameters (3 normalizations for each of the 2 spatial
models), in addition to the 18 background model parameters
(3 parameters in each of the 6 energy intervals) for the over-
all fit.

We obtained a Ps continuum normalization of (3.11 ±
0.56) × 10−3 ph cm−2 s−1. Combined with the inferred
Gaussian line component normalization of (9.35 ± 0.54) ×
10−4 ph cm−2 s−1 we obtain a Ps fraction of fPs = 0.92 ± 0.09.
The normalization of the power-law component, rescaling the
XSPEC result to the power-law function defined in footnote 6,
is (3.79+1.66

−1.25) × 10−6 ph cm−2 s−1 keV−1. Thus over the range
of our data, the power-law component contributes approxi-
mately 6% (and possibly as much as 14%) of the continuum
flux based on our model fitting. If we allow the power-law in-
dex to vary freely, the resulting power-law flux remains within
the confidence interval above; hence our conclusion regarding
the flux contribution of the power-law component is robust. The
background normalization terms, as noted, were within 1% of
unity. The χ2

ν value obtained was of order unity; specifically,
using the full 1.65 Ms of the data selected for this analysis,
a χ2 per degree of freedom of 99065.1/86289 ≈ 1.15 was
achieved. The uncertainties for a given parameter, specifically
the line and Ps continuum fluxes and the power-law normaliza-
tion, were derived by varying the parameter within its allowed
range. At each step, the other free parameters are allowed to
vary until the fit statistic is minimized, determining the 1σ con-
fidence region for each parameter (specifically, this is accom-
plished using the “ERROR” procedure of XSPEC v12). We
note that the uncertainty in the Ps fraction includes both the
variances and the covariances of the 511 keV line and Ps con-
tinuum fluxes in the variance-covariance matrix of the fit.

Must be 
injected with 
low energies 

to give 
narrow line 

shape



eXciting DM (XDM)
Suppose TeV mass dark matter has an 
excited state ~ MeV above the ground state 
and can scatter off itself into the excited 
state, then decay back by emitting e+e-

D.Finkbeiner, NW, 
Phys.Rev.D76:083519,2007

χ1

χ1

χ2

χ2

χ2

χ1

e

ē



Need cross section near the 
geometric cross section, i.e.

σ ∼ 1/q2

Only possible if new force with mass 
less than q^2~ GeV^2 is in the theory
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PAMELA



Fermi, HESS, ATIC, PPB-BETS

Harder spectrum than expected - no break 
until ~ TeV
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Explanations? (from DM)
Issues to address

(1) Size of signal

(2) Hard positrons

(3) No antiprotons

Dark matter could be produced non-thermally (gets 1, 
model build for 2/3)

Dark matter could decay (gets 1, model build 2/3)

Dark matter could interact through new, GeV scale 
force (gets 1,2,3, model build GeV scale)



New Dark Forces

Revisit XDM setup: theory has light mediator  Φ

Mass must be below ~ GeV, what are 
consequences?
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New forces = new annihilation modes

“WIMP Miracle” works as before (sigma ~ 1/M2)

No antiprotons comes from kinematics

Hard positrons come from highly boosted  ’s φ

Cholis, Goodenough, NW, arxiv:0802.2922

Pre-PAMELA Post-PAMELA
Cholis, et al, arxiv:0810.5344

Arkani-Hamed, Finkbeiner, Slatyer, NW, ‘08
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Sommerfeld Enhancement
High velocity

Low velocity

If particles interact via a “long range” force, cross sections 
can be much larger than the perturbative cross section

If these signals arise from thermal dark matter, 
dark matter must have a long range force

m−1
φ

>∼ (αMDM )−1

Arkani-Hamed, Finkbeiner, Slatyer, NW, ’08; Pospelov, Ritz ‘08
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Consider vector interaction

χ1σµχ1A
µ

χ1

χ1

Aµ

χ1σµχ2A
µ

χ1

χ2

Aµ

Vector interactions for massive WIMPs 
(MDM>Mforce) always require multiple states

interaction is off-diagonal



“Inelastic” dark matter
• DM-nucleus scattering must be inelastic

• If dark matter can only scatter off of a nucleus 
by transitioning to an excited state (100 keV), the 
kinematics are changed dramatically

D.Tucker-Smith, NW, Phys.Rev.D64:043502,2001;Phys.Rev.D72:063509,2005
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• If dark matter can only scatter off of a nucleus 
by transitioning to an excited state (100 keV), the 
kinematics are changed dramatically
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Nice because same GeV mediator gives all 
aspects of the anomalies (size, leptons, no 
antiprotons)

Non-Abelian or multi-state models give 
natural explanation for all anomalies 
(INTEGRAL, DAMA, and e+e-)



Simplest mediator models

Couples (massive) “dark photon” to charge

Can introduce Abelian or non-Abelian

Decays into electrons, muons, pions

Also mixes with rho meson => larger BR     

εF dark
µν Fµν

EM

φ→ π+π−

massless case Holdom, PLB ‘86 



Finding DM at the LHC

Ordinary SUSY WIMPs: use cascades to LSP, 
look for missing energy

What here?



What is this WIMP?

Fits nicely into SUSY (esp gauge mediation)

fm scale easily generated (mSUSY/16pi^2)



In SUSY

LSPSM is weakly mixed with LSPdark



New Collider Pheno: Lepton Jets
Production of Gdark states, yield boosted, highly 
collimated leptons (“lepton jets”)

Arkani-Hamed, NW, ’08; Baumgart, Cheung, Ruderman, Wang, Yavin, ‘ 09; Bai, Han ‘09

cf “Hidden Valley” models, Strassler and Zurek ‘06
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New Collider Pheno: Lepton Jets
Production of Gdark states, yield boosted, highly 
collimated leptons (“lepton jets”)

Arkani-Hamed, NW, ’08; Baumgart, Cheung, Ruderman, Wang, Yavin, ‘ 09; Bai, Han ‘09

q̃

q̃

χ̃

χ̃

q

q

hdark

hdark

h̃dark

h̃dark

cf “Hidden Valley” models, Strassler and Zurek ‘06

kinetic mixing 
induces decay
LSPSM->LSPdark



LHC?
What happens if these states are produced 
at the LHC?

squark

neutralino

quark
leptons

dark matter

A
super-A

N.Arkani-Hamed, NW,  arXiv:0810.0714
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LHC?
What happens if these states are produced 
at the LHC?

squark

neutralino

quark
leptons

dark matter

A
super-A

N.Arkani-Hamed, NW,  arXiv:0810.0714

invariant mass ~GeV



What kind of lepton jets?

Multiple types of objects can exist in the 
same theory (so not either/or)

e+

µ+

π+

e−
µ−

π−

e, µ,π

e, µ,π

e, µ,π

e, µ,π

e, µ,π

e, µ,π

e, µ,π

e, µ,π

Prompt/
displaced, 
resonance

Prompt/
displaced, non-

resonance

Displaced/
invisible, non-

resonance



Missing Energy Signatures no longer key 
signal of DM sector

May nonetheless be present

High energy, high multiplicity leptonic objects 
with low invariant mass may be signal of 
dark matter and new dark forces



Historical Perspective



Mr. Dark Matter



The future of high 
energy physics?

Standard model

New physics 
(SUSY, etc)

energy frontier

luminosity frontier

Dark sector



There are many anomalies out there, and 
maybe some have something to do with DM

Maybe not

Regardless, the range of DM models reminds 
us how little we really know about these 
things

Experimental question: Fermi/GLAST, Planck, 
PAMELA, LHC, future DM detection 
experiments will answer all of these 



Rethinking beyond the 
standard model

There are many anomalies out there, and 
maybe some have something to do with DM

Maybe not

Regardless, the range of DM models reminds 
us how little we really know about these 
things

Experimental question: Fermi/GLAST, Planck, 
PAMELA, LHC, future DM detection 
experiments will answer all of these 



Thank you 
very much!


