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DARK MATTER
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dark matter now robustly tested
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so there is physics beyond the standard model...

but does it have anything to do with the TeV scale?
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A classic tale...
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is there more to the story?

A classic tale...
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• Precision and the standard model
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In general, new physics at the weak scale should 
have shown up in these precision studies
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• Precision and the standard model

In general, new physics at the weak scale should 
have shown up in these precision studies

The “LEP Paradox” (Barbieri+Strumia ’00) 
or “Little Hierarchy Problem”
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T-Parity (Cheng and Low)
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T-Parity (Cheng and Low)

• The problem arises from 

I.e., problem is presence of single BSM field
If only even numbers of BSM fields were allowed, this 

term is forbidden!
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a parity is a natural/expected element of 
weak scale physics 

Lightest stable new particle should be 
present! (LSNP)

Weak scale WIMPs fairly generic
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a parity is a natural/expected element of 
weak scale physics 

Lightest stable new particle should be 
present! (LSNP)

Weak scale WIMPs fairly generic

so how much should we expect from MET?
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HOW ROBUST IS MET?

V. GLUINO EXCLUSION LIMITS

A. No Cascade Decays

For the remainder of the paper, we will discuss how model-independent jets + ET� searches
can be used to set limits on the parameters in a particular theory. We will focus specifically
on the case of pair-produced gluinos at the Tevatron and begin by considering the simplified
scenario of a direct decay to the bino. The expected number of jets depends on the relative
mass difference between the gluino and bino. When the mass difference is small, the decay
jets are very soft and initial-state radiation is important; in this limit, the monojet search
is best. When the mass difference is large, the decay jets are hard and well-defined, so
the multijet search is most effective. The dijet and threejet searches are important in the
transition between these two limits.

As an example, let us consider the model spectrum with a 340 GeV gluino decaying
directly into a 100 GeV bino. In this case, the gluino is heavy and its mass difference with
the bino is relatively large, so we expect the multijet search to be most effective. Table III
shows the differential cross section grids for the 1-4+ jet searches for this simulated signal
point. The colors indicate the significance of the signal over the limits presented in Table II;
the multijet search has the strongest excesses.

Previously [28], we obtained exclusion limits by optimizing the ET� and HT cuts, which
involves simulating each mass point beforehand to determine which cuts are most appropri-
ate. This is effectively like dealing with a 1× 1 grid, for which a 95% exclusion corresponds

Out[27]=

XX

100 200 300 400 500
0

50

100

150

Gluino Mass �GeV�

B
in
o
M
a
s
s
�GeV

�

FIG. 4: The 95% exclusion region for DO� at 4 fb−1 assuming 50% systematic error on background.

The exclusion region for a directly decaying gluino is shown in light blue; the worst case scenario

for the cascade decay is shown in dark blue. The dashed line represents the CMSSM points and

the “X” is the current DO� exclusion limit at 2 fb−1.
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Squeezed spectra a challenging - but not impossible

Tuesday, June 14, 2011



SUSY WITH (ALMOST) NO 
METon g̃g̃ production with g̃ → gs̃, s → gg in Fig. 3.
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FIG. 3. At left: Missing transverse energy (MET) in a SUSY scenario with gluino decaying to

bino (g̃ → qq̄χ̃0
1) compared to a decay chain g̃ → g(s̃ → G̃(s → gg)) as in Fig. 1. The curves are

labeled by mass splitting. At right: estimated exclusion contours using refs. [2]. The region above

the curves is excluded. The curves are labeled by singlino mass and begin where mg̃ > ms̃.

DETECTING STEALTH SUSY

While standard missing ET searches overlook stealth SUSY, a variety of experimental

handles exist. The small width (Eq. 4) gives rise to displacements of millimeters, centime-

ters, or more in stealth SUSY events. High multiplicity final states can also be an interesting

general search strategy [17]. Other signatures are more model-dependent. In the SHuHd

model, s dominantly decays to bb̄, so that most events will include at least four b’s. Because

the singlino mixes with higgsinos, other decays like B̃ → s̃h(→ bb̄) can occur to produce

more b’s. In fact, a chain g̃ → b̃ → B̃ → s̃ can produce as many as 12 b’s in a single event!

The displaced vertex and b-jet signatures of stealth SUSY resemble aspects of Hidden Val-

ley phenomenology [18]. In the SY Ȳ model, the colored Y fields may decay only through

GUT-suppressed operators, opening the possibility of long-lived, R-hadron-like phenomenol-

ogy [19]. The uncolored fields in Y could be a candidate for dark matter, if direct detection

through a Z is forbidden by an inelastic splitting [20].

8

Stealth Supersymmetry
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We present a broad class of supersymmetric models that preserve R-parity but lack missing
energy signatures. The key assumptions are a low fundamental SUSY breaking scale and new light
particles with weak-scale supersymmetric masses that feel SUSY breaking only through couplings to
the MSSM. Such particles are nearly-supersymmetric NLSPs, leading to missing ET only from soft
gravitinos. We emphasize that this scenario is natural, lacks artificial tunings to produce a squeezed
spectrum, and is consistent with gauge coupling unification. The resulting collider signals will be
jet-rich events containing false resonances that could resemble signatures of R-parity violation or
of other scenarios like technicolor. We discuss several concrete examples of the general idea, and
emphasize γjj resonances and very large numbers of b-jets as two possible discovery modes.

Introduction. The Large Hadron Collider (LHC) has
embarked on a broad campaign to discover weak scale
supersymmetry (SUSY). Many SUSY (see [1] for a re-
view) searches are now underway, hoping to discover en-
ergetic jets, leptons, and/or photons produced by the de-
cays of superpartners. A common feature of most SUSY
searches [2–5] is that they demand a large amount of
missing transverse energy as a strategy to reduce Stan-
dard Model (SM) backgrounds. This approach is moti-
vated by R-parity, which, if preserved, implies that the
lightest superpartner (LSP) is stable and contributes to
missing energy. In this paper, we introduce a new class of
SUSY models that preserve R-parity, yet lack missing en-
ergy signatures. These models of Stealth Supersymmetry
will be missed by standard SUSY searches.

Even when R-parity is preserved, the lightest SM (‘vis-
ible’ sector) superpartner (LVSP) can decay, as long as
there is a lighter state that is charged under R-parity.
This occurs, for example, when SUSY is broken at a low
scale (as in gauge mediated breaking, reviewed by [6]),
and the LVSP can decay to a gravitino, which is stable
and contributes to missing energy. Here, we consider the
additional possibility that there exists a new hidden sec-
tor of particles at the weak scale, but lighter than the
LVSP. If SUSY is broken at a low scale, it is natural for
the hidden sector to have a spectrum that is approxi-
mately supersymmetric, with a small amount of SUSY
breaking first introduced by interactions with SM fields.

The generic situation described above is all that is re-
quired to suppress missing energy in SUSY cascades. The
LVSP can decay into a hidden sector field, X̃, which we
take to be fermionic, and heavier than its scalar super-
partner, X. Then, X̃ decays to a stable gravitino and its
superpartner, X̃ → G̃X, and X, which is even under R-
parity, can decay back to SM states like jets, X → jj. Be-
cause the spectrum in the hidden sector is approximately
supersymmetric, the mass splitting is small within the X
supermultiplet, mX̃ −mX � mX̃ . Therefore, there is no

phase space for the gravitino to carry momentum: the
resulting gravitino is soft and missing energy is greatly
reduced. We illustrate the spectrum, and decay path,
in figure 1. We emphasize that this scenario requires no
special tuning of masses: the approximate degeneracy
between X and X̃ is enforced by a symmetry: supersym-
metry!
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FIG. 1. An example spectrum and decay chain for Stealth
SUSY with gluino LVSP.

A hidden sector may therefore eliminate missing en-
ergy, making the SUSY searches ineffective at the LHC.
Moreover, the LEP and Tevatron limits on supersym-
metry mostly rely on missing energy, and do not apply
to these models. This raises the interesting possibility
of hidden SUSY: superpartners may be light enough to
have been produced copiously at LEP and the Tevatron,
yet missed, because their decays do not produce miss-
ing energy. Our proposal is morally similar, but more far
reaching, than the idea that the higgs boson may be light,
but hidden from LEP by exotic decay modes (see the ref-
erences within [7], and more recently [8, 9]). It also has a
great deal in common with SUSY models containing Hid-
den Valleys [10], though in previous discussions �ET has
been suppressed by longer decay chains, rather than su-
persymmetric degenerate states. Fortunately, there are a
number of experimental handles that can be used to dis-
cover stealth supersymmetry. Possible discovery modes

FIG. 1. An example spectrum and decay chain for Stealth SUSY with gluino LVSP.

cascade, if its mass fits in the small available phase space: we can generalize to X̃ → ÑX for

a variety of light neutral fermions Ñ . Because gravitino couplings are 1/F -suppressed, such

decays are often preferred if available. Then, we need not assume low-scale SUSY breaking;

gravity mediation can also give rise to this scenario, if a suppressed SUSY-breaking splitting

between X̃ and X is natural. This calls for sequestering, an idea that already plays a key

role in such scenarios as anomaly mediation [4].

A hidden sector may therefore eliminate missing energy, making the SUSY searches inef-

fective at the LHC. Moreover, the LEP and Tevatron limits on supersymmetry mostly rely

on missing energy, and do not apply to these models. This raises the interesting possibility

of hidden SUSY: superpartners may be light enough to have been produced copiously at

LEP and the Tevatron, yet missed, because their decays do not produce missing energy.

Our proposal is morally similar, but more far reaching, than the idea that the higgs boson

may be light, but hidden from LEP by exotic decay modes (see the references within [5],

and more recently [6]). It also has a great deal in common with SUSY models containing

Hidden Valleys [7], though in previous discussions �ET has been suppressed by longer decay

chains, rather than supersymmetric degenerate states. Fortunately, there are a number of

experimental handles that can be used to discover stealth supersymmetry. Possible discovery

modes that we emphasize in this paper include highly displaced vertices, triple resonances

such as γjj, and the presence of a very large number of b-jets.

3

Fan, Reece, Ruderman ’11

approximately 
supersymmetric 

sector

Tuesday, June 14, 2011



MET AND COSMOLOGY

• Parities are strongly motivated, and so MET is a likely scenario

• But MET can be lost, or suppressed!
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COSMOLOGY 
UNDERGROUND

Tuesday, June 14, 2011



5

]2WIMP Mass [GeV/c
6 7 8 910 20 30 40 50 100 200 300 400 1000

]2
W

IM
P-

N
uc

le
on

 C
ro

ss
 S

ec
tio

n 
[c

m

-4510

-4410

-4310

-4210

-4110

-4010

-3910

]2WIMP Mass [GeV/c
6 7 8 910 20 30 40 50 100 200 300 400 1000

]2
W

IM
P-

N
uc

le
on

 C
ro

ss
 S

ec
tio

n 
[c

m

-4510

-4410

-4310

-4210

-4110

-4010

-3910

DAMA/I

DAMA/Na

CoGeNT

CDMS

EDELWEISS

XENON100 (2010)

XENON100 (2011) Buchmueller et al.

FIG. 5: Spin-independent elastic WIMP-nucleon cross-section

σ as function of WIMP mass mχ. The new XENON100 limit

at 90% CL, as derived with the Profile Likelihood method

taking into account all relevant systematic uncertainties, is

shown as the thick (blue) line together with the 1σ and 2σ
sensitivity of this run (shaded blue band). The limits from

XENON100 (2010) [7] (thin, black), EDELWEISS [6] (dotted,

orange), and CDMS [5] (dashed, orange, recalculated with

vesc = 544 km/s, v0 = 220 km/s) are also shown. Expecta-

tions from CMSSM are indicated at 68% and 95% CL (shaded

gray) [17], as well as the 90% CL areas favored by CoGeNT

(green) [18] and DAMA (light red, without channeling) [19].

and a density of ρχ = 0.3GeV/cm3. The S1 energy res-
olution, governed by Poisson fluctuations, is taken into
account. Uncertainties in the energy scale as indicated in
Fig. 1 as well as uncertainties in vesc are profiled out and
incorporated into the limit. The resulting 90% confidence
level (CL) limit is shown in Fig. 5 and has a minimum
σ = 7.0×10−45 cm2 at aWIMPmass ofmχ = 50GeV/c2.
The impact of Leff data below 3 keVnr is negligible at
mχ = 10GeV/c2. The sensitivity is the expected limit in
absence of a signal above background and is also shown
in Fig. 5 as 1σ and 2σ region. Due to the presence of
two events around 30 keVnr, the limit at higher mχ is
weaker than expected. This limit is consistent with the
one from the standard analysis, which calculates the limit
based only on events in the WIMP search region with an
acceptance-corrected exposure, weighted with the spec-
trum of a mχ = 100GeV/c2 WIMP, of 1471 kg × days.
This result excludes a large fraction of previously unex-

plored WIMP parameter space, and cuts into the region
where supersymmetric WIMP dark matter is accessible
by the LHC [17]. Moreover, the new result challenges
the interpretation of the DAMA [19] and CoGeNT [18]
results as being due to light mass WIMPs.
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THE LHC BEGINS TO PROBE...
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FIG. 1: (color online) A plot of spin independent neutralino-proton cross section vs neutralino

mass for mSUGRA under experimental constraints. The search for supersymmetry at LHC with

35 pb−1 luminosity has excluded a significant number of models in this signature space which are

marked by red color. In the red region, all the models in our scans have been constrained by the

ATLAS search, while in the mixed region (maroon), about 60% of the models in our scans are

constrained by the ATLAS search. We also display the present CDMS [10] and XENON-100 [9]

curves as well as the future projected experimental curves [20, 21].

II. ATLAS AND CMS CONSTRAINTS ON DARK MATTER DIRECT DETEC-

TION IN MINIMAL SUPERGRAVITY

We discuss now the implications of ATLAS and CMS results on dark matter. For a

sample of works on dark matter and LHC, we refer the reader to [14]. SUGRA models

predict a dark matter candidate which over much of the parameter space is the lightest

neutralino, the lightest (R-parity odd) superpartner (LSP). The LSPs are traveling with

non relativistic speed order 0.001c in the galactic halo. This then translates into the fact

that their momentum transfer is very small (order 100 MeV for LSP masses of order 100

GeV) in collisions with nuclei in a terrestrial detector. As such, the relevant interactions for

the direct detection of LSP dark matter is calculated in the limit of zero momentum transfer

4
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LIGHT WIMP ANOMALIES
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Figure 1: Experimental model-independent residual rate of the single-hit scintillation
events, measured by DAMA/LIBRA,1,2,3,4,5,6 in the (2 – 4), (2 – 5) and (2 – 6)
keV energy intervals as a function of the time. The zero of the time scale is January
1st of the first year of data taking of the former DAMA/NaI experiment [15]. The
experimental points present the errors as vertical bars and the associated time bin
width as horizontal bars. The superimposed curves are the cosinusoidal functions
behaviors A cos!(t ! t0) with a period T = 2!

" = 1 yr, with a phase t0 = 152.5 day
(June 2nd) and with modulation amplitudes, A, equal to the central values obtained
by best fit over the whole data including also the exposure previously collected by
the former DAMA/NaI experiment: cumulative exposure is 1.17 ton " yr (see also
ref. [15] and refs. therein). The dashed vertical lines correspond to the maximum
expected for the DM signal (June 2nd), while the dotted vertical lines correspond to
the minimum. See text.
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• The same beast?

Summary elastic SI scattering
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don’t really line up, but within spitting distance
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TENSIONS? EXCLUSIONS?8
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FIG. 8. (left) Comparison of the observed rate in CoGeNT (red, squares), CDMS coadded over all detectors (blue, circles),
and CDMS detector T1Z5 (black, triangles), which sets the strongest constraints in the 5-10 GeV/c2 mass range. All data are
corrected for the nuclear-recoil acceptance e!ciencies. The CoGeNT data shown have the L-shell electron capture peaks and
a constant background subtracted [29]. The CDMS ionization spectra are based on the recoil energy reconstructed from the
phonon signal alone and have been converted to ionization energy using the ionization yields shown as the solid black curve in
Fig 6. (right) Comparison of the same data versus recoil energy. The CoGeNT data have been converted to recoil energy using
the quenching factor assumed in [8]. This quenching factor is slightly higher than the ionization yields measured by CDMS,
causing the spectra to appear more compatible than when plotted versus ionization energy. The recoil spectra for the WIMP
models considered in Fig. 1 of ref. [29] are also shown. The dotted line indicates the expected spectrum for m!=7 GeV/c2 and
!SI=1.4!10!40 cm2, corresponding to a WIMP model from a simultaneous fit to the DAMA/LIBRA and CoGeNT data [8, 29].
The solid line shows the spectrum for the same WIMP mass and !SI=5! 10!41 cm2, which is described as the best fit for a
m!=7 GeV/c2 WIMP to the CoGeNT data in [29]. This point lies outside the CoGeNT allowed regions from [7, 8] and is not
excluded by our analysis. The WIMP spectra assume v0=220 km/s and vesc=544 km/s.

excess to be due to an exponential background, and it
is not excluded by this analysis. To make the observed
spectra for CDMS and CoGeNT compatible would re-
quire the majority of the CoGeNT excess to be due to
low-energy backgrounds and the CDMS backgrounds to
be smaller than expected.
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tion light (S1) and ionization electrons, the latter being
detected through the process of proportional scintilla-
tion (S2) in the gaseous xenon above the liquid. Both
S1 and S2 signals are registered by photomultiplier tubes
(PMTs), at the bottom of the LXe target for optimal
light collection, and placed above in the gas phase. The
interaction vertex is reconstructed in 3 dimensions, with
the (x, y)-position determined from the hit pattern of the
localized S2 signal on the top PMT array, and the z-
coordinate deduced from the drift time between the S1
and S2 signals. This allows to fiducialize the target vol-
ume to exploit the excellent self-shielding capabilities of
LXe. Due to their different ionization densities, ERs (γ,
β background) and NRs (WIMP signal or neutron back-
ground) have a different S2/S1 ratio, which is used as
discrimination parameter.

The 242 PMTs used in XENON100 are 1��-square
Hamamatsu R8520-AL PMTs with a quantum efficiency
of ∼30% at the Xe light wavelength of 178 nm, and low
intrinsic radioactivity [8]. The measured average energy
threshold of the LXe veto is ∼ 100 keVee.

The TPC is installed inside a vacuum insulated stain-
less steel cryostat which is surrounded by a passive shield
made of high purity copper, polyethylene, lead and water
in order to suppress external backgrounds. A constant
flow of high-purity nitrogen boil-off gas keeps the 222Rn
level inside the shield < 1Bq/m3. A 200 W pulse tube
refrigerator, installed outside the shield structure, keeps
the detector at its operating temperature of −91◦C, with
excellent stability over time (fluctuations <0.05%). To
bring calibration sources (60Co, 137Cs, 241AmBe) close
to the target, a copper tube penetrates the shield and
winds around the cryostat. XENON100 is installed un-
derground at the Italian Laboratori Nazionali del Gran
Sasso (LNGS) below an average 3600m water equivalent
rock overburden, which reduces the muon flux by a fac-
tor ∼ 106.

At low energies, the event trigger is provided by the S2
signal. The summed signal of 84 central PMTs is shaped
and fed into a low-threshold discriminator. The trigger
efficiency has been measured to be > 99% at 300 photo-
electrons (PE) in S2.

Three algorithms are used to reconstruct the (x, y) co-
ordinates of the events. They yield consistent results out
to a radius of 14.2 cm, with the active TPC radius be-
ing 15.3 cm. The (x, y) resolution was measured with
a collimated source and is <3 mm (1σ). The algorithm
based on a Neural Network gives the most homogeneous
response and thus is used for event positioning, while
the information from the other algorithms is used for
consistency checks. The drift time measurement gives a
z-position resolution of 0.3mm (1σ) and allows to dis-
tinguish two S2 interaction vertices if separated by more
than 3 mm in z. The positions are corrected for non-
uniformities of the drift field, as inferred from a finite-
element simulation and validated by data.

XENON100 uses continuous xenon purification
through a hot getter. The mean electron lifetime τe is
indicative of the amount of charge lost to impurities [11].
It increased from 230µs to 380µs for the data reported
here, as measured weekly with 137Cs calibrations. A
linear fit to the τe time evolution yields the z-correction
for the S2 signals with negligible systematic uncer-
tainty (< 2.5%). (x, y) variations of the S2 signal are
corrected using a map obtained with the 662 keVee line
from 137Cs.
The spatial dependence of the S1 signal due to the

non-uniform light collection is corrected for using a map
obtained with the 40 keVee line from neutrons scatter-
ing inelastically on 129Xe. It agrees within 3% with
maps inferred from data using the 662 keVee line and the
164 keVee line, from neutron-activated 131mXe. The light
yield Ly(122 keVee) = (2.20± 0.09)PE/keVee at the ap-
plied drift field of 530V/cm in the LXe is determined
by a fit to the light yields measured with all available
calibration lines [7].
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FIG. 1: All direct measurements of Leff [12, 13] described by a
Gaussian distribution to obtain the mean (solid line) and the
uncertainty band (shaded blue, 1σ and 2σ). Below 3 keVnr,
where no direct measurements exist, the trend is logarithmi-
cally extrapolated to Leff = 0 at 1 keVnr.

The NR energy Enr is inferred from the S1 signal us-
ing Enr=(S1/Ly)(1/Leff)(See/Snr). The scintillation ef-
ficiency Leff of NRs relative to the one of 122 keVee γ-
rays at zero field is taken as the parametrization shown
in Fig. 1, which is strongly supported by measurements
from the Columbia group [12] but includes all direct mea-
surements of this quantity [13]. Leff is logarithmically ex-
trapolated below the lowest measured energy of 3 keVnr.
The electric field scintillation quenching factors for ERs
See = 0.58 and NRs Snr = 0.95 are taken from [14].
From a comparison of the measured background rate

with Monte Carlo simulations of the XENON100 elec-
tromagnetic background [10], a natKr concentration of
(700 ± 100) ppt is inferred for the data reported here,
higher than in the 11 days data reported earlier [7].
The additional Kr was introduced by an air leak dur-
ing maintenance work on the gas re-circulation pump,
prior to the start of the data-taking period. This
results in an expected ER background of < 22 ×
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FIG. 8. (left) Comparison of the observed rate in CoGeNT (red, squares), CDMS coadded over all detectors (blue, circles),
and CDMS detector T1Z5 (black, triangles), which sets the strongest constraints in the 5-10 GeV/c2 mass range. All data are
corrected for the nuclear-recoil acceptance e!ciencies. The CoGeNT data shown have the L-shell electron capture peaks and
a constant background subtracted [29]. The CDMS ionization spectra are based on the recoil energy reconstructed from the
phonon signal alone and have been converted to ionization energy using the ionization yields shown as the solid black curve in
Fig 6. (right) Comparison of the same data versus recoil energy. The CoGeNT data have been converted to recoil energy using
the quenching factor assumed in [8]. This quenching factor is slightly higher than the ionization yields measured by CDMS,
causing the spectra to appear more compatible than when plotted versus ionization energy. The recoil spectra for the WIMP
models considered in Fig. 1 of ref. [29] are also shown. The dotted line indicates the expected spectrum for m!=7 GeV/c2 and
!SI=1.4!10!40 cm2, corresponding to a WIMP model from a simultaneous fit to the DAMA/LIBRA and CoGeNT data [8, 29].
The solid line shows the spectrum for the same WIMP mass and !SI=5! 10!41 cm2, which is described as the best fit for a
m!=7 GeV/c2 WIMP to the CoGeNT data in [29]. This point lies outside the CoGeNT allowed regions from [7, 8] and is not
excluded by our analysis. The WIMP spectra assume v0=220 km/s and vesc=544 km/s.

excess to be due to an exponential background, and it
is not excluded by this analysis. To make the observed
spectra for CDMS and CoGeNT compatible would re-
quire the majority of the CoGeNT excess to be due to
low-energy backgrounds and the CDMS backgrounds to
be smaller than expected.
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tion light (S1) and ionization electrons, the latter being
detected through the process of proportional scintilla-
tion (S2) in the gaseous xenon above the liquid. Both
S1 and S2 signals are registered by photomultiplier tubes
(PMTs), at the bottom of the LXe target for optimal
light collection, and placed above in the gas phase. The
interaction vertex is reconstructed in 3 dimensions, with
the (x, y)-position determined from the hit pattern of the
localized S2 signal on the top PMT array, and the z-
coordinate deduced from the drift time between the S1
and S2 signals. This allows to fiducialize the target vol-
ume to exploit the excellent self-shielding capabilities of
LXe. Due to their different ionization densities, ERs (γ,
β background) and NRs (WIMP signal or neutron back-
ground) have a different S2/S1 ratio, which is used as
discrimination parameter.

The 242 PMTs used in XENON100 are 1��-square
Hamamatsu R8520-AL PMTs with a quantum efficiency
of ∼30% at the Xe light wavelength of 178 nm, and low
intrinsic radioactivity [8]. The measured average energy
threshold of the LXe veto is ∼ 100 keVee.

The TPC is installed inside a vacuum insulated stain-
less steel cryostat which is surrounded by a passive shield
made of high purity copper, polyethylene, lead and water
in order to suppress external backgrounds. A constant
flow of high-purity nitrogen boil-off gas keeps the 222Rn
level inside the shield < 1Bq/m3. A 200 W pulse tube
refrigerator, installed outside the shield structure, keeps
the detector at its operating temperature of −91◦C, with
excellent stability over time (fluctuations <0.05%). To
bring calibration sources (60Co, 137Cs, 241AmBe) close
to the target, a copper tube penetrates the shield and
winds around the cryostat. XENON100 is installed un-
derground at the Italian Laboratori Nazionali del Gran
Sasso (LNGS) below an average 3600m water equivalent
rock overburden, which reduces the muon flux by a fac-
tor ∼ 106.

At low energies, the event trigger is provided by the S2
signal. The summed signal of 84 central PMTs is shaped
and fed into a low-threshold discriminator. The trigger
efficiency has been measured to be > 99% at 300 photo-
electrons (PE) in S2.

Three algorithms are used to reconstruct the (x, y) co-
ordinates of the events. They yield consistent results out
to a radius of 14.2 cm, with the active TPC radius be-
ing 15.3 cm. The (x, y) resolution was measured with
a collimated source and is <3 mm (1σ). The algorithm
based on a Neural Network gives the most homogeneous
response and thus is used for event positioning, while
the information from the other algorithms is used for
consistency checks. The drift time measurement gives a
z-position resolution of 0.3mm (1σ) and allows to dis-
tinguish two S2 interaction vertices if separated by more
than 3 mm in z. The positions are corrected for non-
uniformities of the drift field, as inferred from a finite-
element simulation and validated by data.

XENON100 uses continuous xenon purification
through a hot getter. The mean electron lifetime τe is
indicative of the amount of charge lost to impurities [11].
It increased from 230µs to 380µs for the data reported
here, as measured weekly with 137Cs calibrations. A
linear fit to the τe time evolution yields the z-correction
for the S2 signals with negligible systematic uncer-
tainty (< 2.5%). (x, y) variations of the S2 signal are
corrected using a map obtained with the 662 keVee line
from 137Cs.
The spatial dependence of the S1 signal due to the

non-uniform light collection is corrected for using a map
obtained with the 40 keVee line from neutrons scatter-
ing inelastically on 129Xe. It agrees within 3% with
maps inferred from data using the 662 keVee line and the
164 keVee line, from neutron-activated 131mXe. The light
yield Ly(122 keVee) = (2.20± 0.09)PE/keVee at the ap-
plied drift field of 530V/cm in the LXe is determined
by a fit to the light yields measured with all available
calibration lines [7].
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FIG. 1: All direct measurements of Leff [12, 13] described by a
Gaussian distribution to obtain the mean (solid line) and the
uncertainty band (shaded blue, 1σ and 2σ). Below 3 keVnr,
where no direct measurements exist, the trend is logarithmi-
cally extrapolated to Leff = 0 at 1 keVnr.

The NR energy Enr is inferred from the S1 signal us-
ing Enr=(S1/Ly)(1/Leff)(See/Snr). The scintillation ef-
ficiency Leff of NRs relative to the one of 122 keVee γ-
rays at zero field is taken as the parametrization shown
in Fig. 1, which is strongly supported by measurements
from the Columbia group [12] but includes all direct mea-
surements of this quantity [13]. Leff is logarithmically ex-
trapolated below the lowest measured energy of 3 keVnr.
The electric field scintillation quenching factors for ERs
See = 0.58 and NRs Snr = 0.95 are taken from [14].
From a comparison of the measured background rate

with Monte Carlo simulations of the XENON100 elec-
tromagnetic background [10], a natKr concentration of
(700 ± 100) ppt is inferred for the data reported here,
higher than in the 11 days data reported earlier [7].
The additional Kr was introduced by an air leak dur-
ing maintenance work on the gas re-circulation pump,
prior to the start of the data-taking period. This
results in an expected ER background of < 22 ×

4

FIG. 4: Time evolution of the rate in several energy regions.
The last bin spans eight days. A dotted line denotes the
best-fit modulation found. A solid line indicates nominal pre-
dictions (see text). These lines overlap for the bottom panels.

the muon flux at SUL varies seasonally by ±2%, and
radon levels by a factor !4 [24]. Muon-coincident events
constitute a few percent of the low-energy spectrum [1],
limiting a muon-induced modulated amplitude to <<1%
[6]. Rejection of veto-coincident events does not alter the
observed modulation. Radon displacement via pressur-
ized LN boil-o! gas is continuously maintained at 2 l/min
within an aluminum shell encasing the lead shielding [25].
A radon-induced modulation would be expected to a!ect
a much broader spectral region than observed [26].
The CDMS collaboration has recently claimed [7] to

exclude a light-WIMP interpretation of CoGeNT and
DAMA/LIBRA observations. In view of the compatibil-
ity of a m!!7 GeV/c2, !SI ! 10!4pb WIMP with both
CoGeNT (Fig. 1) and CDMS [16], a search for an annual
modulation in CDMS data seems in order. Observations
from XENON10 [18] and XENON100 [8] have been used
to generate a similar rejection of light-WIMP scenarios.
The assumptions in [8, 18] are examined in [17], where
no presently compelling case for this exclusion is found.
In conclusion, presently available CoGeNT data favor

the presence of an annual modulation in the low-energy
spectral rate, for events taking place in the bulk of the
detector only. While its origin is presently unknown,

the spectral and temporal information are prima facie
congruent when the WIMP hypothesis is examined: in
particular, the WIMP mass region most favored by the
spectral analysis (Fig. 2) generates predictions for the
modulated amplitude in good agreement with observa-
tions, modulo the dependence of this assertion on the
choice of astrophysical parameters [21–23].
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FIG. 3: The annihilation diagrams !! ! "" both with (a) and without (b) the Sommerfeld enhancements.

for ordinary WIMP annihilations, mediated by W/Z/! exchange).

Because of the presence of a new light state, the annihilation "" " ## can, and naturally will, be significant. In

order not to spoil the success of nucleosynthesis, we cannot have very light new states in this sector, with a mass <! 10

MeV, in thermal equilibrium with the standard model; the simplest picture is therefore that all the light states in the

dark sector have a mass ! GeV. Without any special symmetries, there is no reason for any of these particles to be

exactly stable, and the lightest ones can therefore only decay back to standard model states, indeed many SM states

are also likely kinematically inaccessible, thus favoring ones that produce high energy positrons and electrons. This

mechanism was first utilized in [19] to generate a large positron signal with smaller $0 and p̄ signals. Consequently, an

important question is the tendency of # to decay to leptons. This is a simple matter of how # couples to the standard

model. (A more detailed discussion of this can be found in [30].)

A scalar # can couple with a dilaton-like coupling #Fµ!Fµ! , which will produce photons and hadrons (via gluons).

Such a possibility will generally fail to produce a hard e+e! spectrum. A more promising approach would be to mix

# with the standard model Higgs with a term %#2h†h. Should # acquire a vev ##$ ! m", then we yield a small mixing

with the standard model Higgs, and the # will decay into the heaviest fermion pair available. For m"
<! 200 MeV

it will decay directly to e+e!, while for 200 MeV<! m"
<! 250 MeV, # will decay dominantly to muons. Above that

hadronic states appear, and pion modes will dominate. Both e+e! and µ+µ! give good fits to the PAMELA data,

while e+e! gives a better fit to PAMELA+ATIC.

A pseudoscalar, while not yielding a Sommerfeld enhancement, could naturally be present in this new sector. Such

a particle would typically couple to the heaviest particle available, or through the axion analog of the dilaton coupling

above. Consequently, the decays of a pseudoscalar would be similar to those of the scalar.

A vector boson will naturally mix with electromagnetism via the operator F "
µ!Fµ! . This possibility was considered

some time ago in [40]. Such an operator will cause a vector #µ to couple directly to charge. Thus, for m"
<! 2mµ it

will decay to e+e!, while for 2mµ
<! m"

<! 2m# it will decay equally to e+e! and µ+µ!. Above 2m#, it will decay

40% e+e!, 40%µ+µ! and 20%$+$!. At these masses, no direct decays into $0’s will occur because they are neutral

and the hadrons are the appropriate degrees of freedom. At higher masses, where quarks and QCD are the appropriate

degrees of freedom, the # will decay to quarks, producing a wider range of hadronic states, including $0’s, and, at

suitably high masses m"
>! 2 GeV, antiprotons as well [66]. In addition to XDM [18], some other important examples

of theories under which dark matter interacts with new forces include WIMPless models [41], mirror dark matter [42]

and secluded dark matter [43].

Note that, while these interactions between the sectors can be small, they are all large enough to keep the dark

and standard model sectors in thermal equilibrium down to temperatures far beneath the dark matter mass, and (as

mentioned in the previous section), we can naturally get the correct thermal relic abundance with a weak-scale dark

matter mass and perturbative annihilation cross sections. Kinetic equilibrium in these models is naturally maintained

down to the temperature TCMB ! m" [44].

A LIGHT SECTOR TAKE 2
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for ordinary WIMP annihilations, mediated by W/Z/! exchange).

Because of the presence of a new light state, the annihilation "" " ## can, and naturally will, be significant. In

order not to spoil the success of nucleosynthesis, we cannot have very light new states in this sector, with a mass <! 10

MeV, in thermal equilibrium with the standard model; the simplest picture is therefore that all the light states in the

dark sector have a mass ! GeV. Without any special symmetries, there is no reason for any of these particles to be

exactly stable, and the lightest ones can therefore only decay back to standard model states, indeed many SM states

are also likely kinematically inaccessible, thus favoring ones that produce high energy positrons and electrons. This

mechanism was first utilized in [19] to generate a large positron signal with smaller $0 and p̄ signals. Consequently, an

important question is the tendency of # to decay to leptons. This is a simple matter of how # couples to the standard

model. (A more detailed discussion of this can be found in [30].)

A scalar # can couple with a dilaton-like coupling #Fµ!Fµ! , which will produce photons and hadrons (via gluons).

Such a possibility will generally fail to produce a hard e+e! spectrum. A more promising approach would be to mix

# with the standard model Higgs with a term %#2h†h. Should # acquire a vev ##$ ! m", then we yield a small mixing

with the standard model Higgs, and the # will decay into the heaviest fermion pair available. For m"
<! 200 MeV

it will decay directly to e+e!, while for 200 MeV<! m"
<! 250 MeV, # will decay dominantly to muons. Above that

hadronic states appear, and pion modes will dominate. Both e+e! and µ+µ! give good fits to the PAMELA data,

while e+e! gives a better fit to PAMELA+ATIC.

A pseudoscalar, while not yielding a Sommerfeld enhancement, could naturally be present in this new sector. Such

a particle would typically couple to the heaviest particle available, or through the axion analog of the dilaton coupling

above. Consequently, the decays of a pseudoscalar would be similar to those of the scalar.

A vector boson will naturally mix with electromagnetism via the operator F "
µ!Fµ! . This possibility was considered

some time ago in [40]. Such an operator will cause a vector #µ to couple directly to charge. Thus, for m"
<! 2mµ it

will decay to e+e!, while for 2mµ
<! m"

<! 2m# it will decay equally to e+e! and µ+µ!. Above 2m#, it will decay

40% e+e!, 40%µ+µ! and 20%$+$!. At these masses, no direct decays into $0’s will occur because they are neutral

and the hadrons are the appropriate degrees of freedom. At higher masses, where quarks and QCD are the appropriate

degrees of freedom, the # will decay to quarks, producing a wider range of hadronic states, including $0’s, and, at

suitably high masses m"
>! 2 GeV, antiprotons as well [66]. In addition to XDM [18], some other important examples

of theories under which dark matter interacts with new forces include WIMPless models [41], mirror dark matter [42]

and secluded dark matter [43].

Note that, while these interactions between the sectors can be small, they are all large enough to keep the dark

and standard model sectors in thermal equilibrium down to temperatures far beneath the dark matter mass, and (as

mentioned in the previous section), we can naturally get the correct thermal relic abundance with a weak-scale dark

matter mass and perturbative annihilation cross sections. Kinetic equilibrium in these models is naturally maintained

down to the temperature TCMB ! m" [44].
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Because of the presence of a new light state, the annihilation "" " ## can, and naturally will, be significant. In

order not to spoil the success of nucleosynthesis, we cannot have very light new states in this sector, with a mass <! 10

MeV, in thermal equilibrium with the standard model; the simplest picture is therefore that all the light states in the

dark sector have a mass ! GeV. Without any special symmetries, there is no reason for any of these particles to be

exactly stable, and the lightest ones can therefore only decay back to standard model states, indeed many SM states

are also likely kinematically inaccessible, thus favoring ones that produce high energy positrons and electrons. This

mechanism was first utilized in [19] to generate a large positron signal with smaller $0 and p̄ signals. Consequently, an

important question is the tendency of # to decay to leptons. This is a simple matter of how # couples to the standard

model. (A more detailed discussion of this can be found in [30].)

A scalar # can couple with a dilaton-like coupling #Fµ!Fµ! , which will produce photons and hadrons (via gluons).

Such a possibility will generally fail to produce a hard e+e! spectrum. A more promising approach would be to mix

# with the standard model Higgs with a term %#2h†h. Should # acquire a vev ##$ ! m", then we yield a small mixing

with the standard model Higgs, and the # will decay into the heaviest fermion pair available. For m"
<! 200 MeV

it will decay directly to e+e!, while for 200 MeV<! m"
<! 250 MeV, # will decay dominantly to muons. Above that

hadronic states appear, and pion modes will dominate. Both e+e! and µ+µ! give good fits to the PAMELA data,

while e+e! gives a better fit to PAMELA+ATIC.

A pseudoscalar, while not yielding a Sommerfeld enhancement, could naturally be present in this new sector. Such

a particle would typically couple to the heaviest particle available, or through the axion analog of the dilaton coupling

above. Consequently, the decays of a pseudoscalar would be similar to those of the scalar.

A vector boson will naturally mix with electromagnetism via the operator F "
µ!Fµ! . This possibility was considered

some time ago in [40]. Such an operator will cause a vector #µ to couple directly to charge. Thus, for m"
<! 2mµ it

will decay to e+e!, while for 2mµ
<! m"

<! 2m# it will decay equally to e+e! and µ+µ!. Above 2m#, it will decay

40% e+e!, 40%µ+µ! and 20%$+$!. At these masses, no direct decays into $0’s will occur because they are neutral

and the hadrons are the appropriate degrees of freedom. At higher masses, where quarks and QCD are the appropriate

degrees of freedom, the # will decay to quarks, producing a wider range of hadronic states, including $0’s, and, at

suitably high masses m"
>! 2 GeV, antiprotons as well [66]. In addition to XDM [18], some other important examples

of theories under which dark matter interacts with new forces include WIMPless models [41], mirror dark matter [42]

and secluded dark matter [43].

Note that, while these interactions between the sectors can be small, they are all large enough to keep the dark

and standard model sectors in thermal equilibrium down to temperatures far beneath the dark matter mass, and (as

mentioned in the previous section), we can naturally get the correct thermal relic abundance with a weak-scale dark

matter mass and perturbative annihilation cross sections. Kinetic equilibrium in these models is naturally maintained

down to the temperature TCMB ! m" [44].
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for ordinary WIMP annihilations, mediated by W/Z/! exchange).

Because of the presence of a new light state, the annihilation "" " ## can, and naturally will, be significant. In

order not to spoil the success of nucleosynthesis, we cannot have very light new states in this sector, with a mass <! 10

MeV, in thermal equilibrium with the standard model; the simplest picture is therefore that all the light states in the

dark sector have a mass ! GeV. Without any special symmetries, there is no reason for any of these particles to be

exactly stable, and the lightest ones can therefore only decay back to standard model states, indeed many SM states

are also likely kinematically inaccessible, thus favoring ones that produce high energy positrons and electrons. This

mechanism was first utilized in [19] to generate a large positron signal with smaller $0 and p̄ signals. Consequently, an

important question is the tendency of # to decay to leptons. This is a simple matter of how # couples to the standard

model. (A more detailed discussion of this can be found in [30].)

A scalar # can couple with a dilaton-like coupling #Fµ!Fµ! , which will produce photons and hadrons (via gluons).

Such a possibility will generally fail to produce a hard e+e! spectrum. A more promising approach would be to mix

# with the standard model Higgs with a term %#2h†h. Should # acquire a vev ##$ ! m", then we yield a small mixing

with the standard model Higgs, and the # will decay into the heaviest fermion pair available. For m"
<! 200 MeV

it will decay directly to e+e!, while for 200 MeV<! m"
<! 250 MeV, # will decay dominantly to muons. Above that

hadronic states appear, and pion modes will dominate. Both e+e! and µ+µ! give good fits to the PAMELA data,

while e+e! gives a better fit to PAMELA+ATIC.

A pseudoscalar, while not yielding a Sommerfeld enhancement, could naturally be present in this new sector. Such

a particle would typically couple to the heaviest particle available, or through the axion analog of the dilaton coupling

above. Consequently, the decays of a pseudoscalar would be similar to those of the scalar.

A vector boson will naturally mix with electromagnetism via the operator F "
µ!Fµ! . This possibility was considered

some time ago in [40]. Such an operator will cause a vector #µ to couple directly to charge. Thus, for m"
<! 2mµ it

will decay to e+e!, while for 2mµ
<! m"

<! 2m# it will decay equally to e+e! and µ+µ!. Above 2m#, it will decay

40% e+e!, 40%µ+µ! and 20%$+$!. At these masses, no direct decays into $0’s will occur because they are neutral

and the hadrons are the appropriate degrees of freedom. At higher masses, where quarks and QCD are the appropriate

degrees of freedom, the # will decay to quarks, producing a wider range of hadronic states, including $0’s, and, at

suitably high masses m"
>! 2 GeV, antiprotons as well [66]. In addition to XDM [18], some other important examples

of theories under which dark matter interacts with new forces include WIMPless models [41], mirror dark matter [42]

and secluded dark matter [43].

Note that, while these interactions between the sectors can be small, they are all large enough to keep the dark

and standard model sectors in thermal equilibrium down to temperatures far beneath the dark matter mass, and (as

mentioned in the previous section), we can naturally get the correct thermal relic abundance with a weak-scale dark

matter mass and perturbative annihilation cross sections. Kinetic equilibrium in these models is naturally maintained

down to the temperature TCMB ! m" [44].
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FITTING THE DATA

Figure 1. Left: Allowed ranges of parameter space for fits within the 1!, 90% confidence, and 2! error
bars to PAMELA only (in decreasing intensity of red), Fermi only (in decreasing intensity of gray), and for
simultaneous fits to both PAMELA and Fermi (in decreasing intensity of purple). Yellow crosses indicate
benchmark points. Right: As in left, with curves showing the boost factors for a range of mass splittings " such
that !h2 = 0.1120 (dashed). Yellow lines, marked with asterisks, are chosen to pass through the benchmark
points for cases where the BF varies rapidly with ". The CMB constraints are met for the solid portions of
the curves. Results are shown for 800 GeV ! m! ! 3 TeV only. All preferred regions shown here assume
#0 = 0.4 GeV/cm3 and no contribution to the signal from DM substructure; any substructure correction (e.g.
[87]) will shift the preferred regions to lower boost factors. The " = 0 curve is intended as a consistency check
with previous work, and so annihilation channels involving the dark Higgs were omitted from the computation
in this case.
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for ordinary WIMP annihilations, mediated by W/Z/! exchange).

Because of the presence of a new light state, the annihilation "" " ## can, and naturally will, be significant. In

order not to spoil the success of nucleosynthesis, we cannot have very light new states in this sector, with a mass <! 10

MeV, in thermal equilibrium with the standard model; the simplest picture is therefore that all the light states in the

dark sector have a mass ! GeV. Without any special symmetries, there is no reason for any of these particles to be

exactly stable, and the lightest ones can therefore only decay back to standard model states, indeed many SM states

are also likely kinematically inaccessible, thus favoring ones that produce high energy positrons and electrons. This

mechanism was first utilized in [19] to generate a large positron signal with smaller $0 and p̄ signals. Consequently, an

important question is the tendency of # to decay to leptons. This is a simple matter of how # couples to the standard

model. (A more detailed discussion of this can be found in [30].)

A scalar # can couple with a dilaton-like coupling #Fµ!Fµ! , which will produce photons and hadrons (via gluons).

Such a possibility will generally fail to produce a hard e+e! spectrum. A more promising approach would be to mix

# with the standard model Higgs with a term %#2h†h. Should # acquire a vev ##$ ! m", then we yield a small mixing

with the standard model Higgs, and the # will decay into the heaviest fermion pair available. For m"
<! 200 MeV

it will decay directly to e+e!, while for 200 MeV<! m"
<! 250 MeV, # will decay dominantly to muons. Above that

hadronic states appear, and pion modes will dominate. Both e+e! and µ+µ! give good fits to the PAMELA data,

while e+e! gives a better fit to PAMELA+ATIC.

A pseudoscalar, while not yielding a Sommerfeld enhancement, could naturally be present in this new sector. Such

a particle would typically couple to the heaviest particle available, or through the axion analog of the dilaton coupling

above. Consequently, the decays of a pseudoscalar would be similar to those of the scalar.

A vector boson will naturally mix with electromagnetism via the operator F "
µ!Fµ! . This possibility was considered

some time ago in [40]. Such an operator will cause a vector #µ to couple directly to charge. Thus, for m"
<! 2mµ it

will decay to e+e!, while for 2mµ
<! m"

<! 2m# it will decay equally to e+e! and µ+µ!. Above 2m#, it will decay

40% e+e!, 40%µ+µ! and 20%$+$!. At these masses, no direct decays into $0’s will occur because they are neutral

and the hadrons are the appropriate degrees of freedom. At higher masses, where quarks and QCD are the appropriate

degrees of freedom, the # will decay to quarks, producing a wider range of hadronic states, including $0’s, and, at

suitably high masses m"
>! 2 GeV, antiprotons as well [66]. In addition to XDM [18], some other important examples

of theories under which dark matter interacts with new forces include WIMPless models [41], mirror dark matter [42]

and secluded dark matter [43].

Note that, while these interactions between the sectors can be small, they are all large enough to keep the dark

and standard model sectors in thermal equilibrium down to temperatures far beneath the dark matter mass, and (as

mentioned in the previous section), we can naturally get the correct thermal relic abundance with a weak-scale dark

matter mass and perturbative annihilation cross sections. Kinetic equilibrium in these models is naturally maintained

down to the temperature TCMB ! m" [44].
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for ordinary WIMP annihilations, mediated by W/Z/! exchange).

Because of the presence of a new light state, the annihilation "" " ## can, and naturally will, be significant. In

order not to spoil the success of nucleosynthesis, we cannot have very light new states in this sector, with a mass <! 10

MeV, in thermal equilibrium with the standard model; the simplest picture is therefore that all the light states in the

dark sector have a mass ! GeV. Without any special symmetries, there is no reason for any of these particles to be

exactly stable, and the lightest ones can therefore only decay back to standard model states, indeed many SM states

are also likely kinematically inaccessible, thus favoring ones that produce high energy positrons and electrons. This

mechanism was first utilized in [19] to generate a large positron signal with smaller $0 and p̄ signals. Consequently, an

important question is the tendency of # to decay to leptons. This is a simple matter of how # couples to the standard

model. (A more detailed discussion of this can be found in [30].)

A scalar # can couple with a dilaton-like coupling #Fµ!Fµ! , which will produce photons and hadrons (via gluons).

Such a possibility will generally fail to produce a hard e+e! spectrum. A more promising approach would be to mix

# with the standard model Higgs with a term %#2h†h. Should # acquire a vev ##$ ! m", then we yield a small mixing

with the standard model Higgs, and the # will decay into the heaviest fermion pair available. For m"
<! 200 MeV

it will decay directly to e+e!, while for 200 MeV<! m"
<! 250 MeV, # will decay dominantly to muons. Above that

hadronic states appear, and pion modes will dominate. Both e+e! and µ+µ! give good fits to the PAMELA data,

while e+e! gives a better fit to PAMELA+ATIC.

A pseudoscalar, while not yielding a Sommerfeld enhancement, could naturally be present in this new sector. Such

a particle would typically couple to the heaviest particle available, or through the axion analog of the dilaton coupling

above. Consequently, the decays of a pseudoscalar would be similar to those of the scalar.

A vector boson will naturally mix with electromagnetism via the operator F "
µ!Fµ! . This possibility was considered

some time ago in [40]. Such an operator will cause a vector #µ to couple directly to charge. Thus, for m"
<! 2mµ it

will decay to e+e!, while for 2mµ
<! m"

<! 2m# it will decay equally to e+e! and µ+µ!. Above 2m#, it will decay

40% e+e!, 40%µ+µ! and 20%$+$!. At these masses, no direct decays into $0’s will occur because they are neutral

and the hadrons are the appropriate degrees of freedom. At higher masses, where quarks and QCD are the appropriate

degrees of freedom, the # will decay to quarks, producing a wider range of hadronic states, including $0’s, and, at

suitably high masses m"
>! 2 GeV, antiprotons as well [66]. In addition to XDM [18], some other important examples

of theories under which dark matter interacts with new forces include WIMPless models [41], mirror dark matter [42]

and secluded dark matter [43].

Note that, while these interactions between the sectors can be small, they are all large enough to keep the dark

and standard model sectors in thermal equilibrium down to temperatures far beneath the dark matter mass, and (as

mentioned in the previous section), we can naturally get the correct thermal relic abundance with a weak-scale dark

matter mass and perturbative annihilation cross sections. Kinetic equilibrium in these models is naturally maintained

down to the temperature TCMB ! m" [44].
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for ordinary WIMP annihilations, mediated by W/Z/! exchange).

Because of the presence of a new light state, the annihilation "" " ## can, and naturally will, be significant. In

order not to spoil the success of nucleosynthesis, we cannot have very light new states in this sector, with a mass <! 10

MeV, in thermal equilibrium with the standard model; the simplest picture is therefore that all the light states in the

dark sector have a mass ! GeV. Without any special symmetries, there is no reason for any of these particles to be

exactly stable, and the lightest ones can therefore only decay back to standard model states, indeed many SM states

are also likely kinematically inaccessible, thus favoring ones that produce high energy positrons and electrons. This

mechanism was first utilized in [19] to generate a large positron signal with smaller $0 and p̄ signals. Consequently, an

important question is the tendency of # to decay to leptons. This is a simple matter of how # couples to the standard

model. (A more detailed discussion of this can be found in [30].)

A scalar # can couple with a dilaton-like coupling #Fµ!Fµ! , which will produce photons and hadrons (via gluons).

Such a possibility will generally fail to produce a hard e+e! spectrum. A more promising approach would be to mix

# with the standard model Higgs with a term %#2h†h. Should # acquire a vev ##$ ! m", then we yield a small mixing

with the standard model Higgs, and the # will decay into the heaviest fermion pair available. For m"
<! 200 MeV

it will decay directly to e+e!, while for 200 MeV<! m"
<! 250 MeV, # will decay dominantly to muons. Above that

hadronic states appear, and pion modes will dominate. Both e+e! and µ+µ! give good fits to the PAMELA data,

while e+e! gives a better fit to PAMELA+ATIC.

A pseudoscalar, while not yielding a Sommerfeld enhancement, could naturally be present in this new sector. Such

a particle would typically couple to the heaviest particle available, or through the axion analog of the dilaton coupling

above. Consequently, the decays of a pseudoscalar would be similar to those of the scalar.

A vector boson will naturally mix with electromagnetism via the operator F "
µ!Fµ! . This possibility was considered

some time ago in [40]. Such an operator will cause a vector #µ to couple directly to charge. Thus, for m"
<! 2mµ it

will decay to e+e!, while for 2mµ
<! m"

<! 2m# it will decay equally to e+e! and µ+µ!. Above 2m#, it will decay

40% e+e!, 40%µ+µ! and 20%$+$!. At these masses, no direct decays into $0’s will occur because they are neutral

and the hadrons are the appropriate degrees of freedom. At higher masses, where quarks and QCD are the appropriate

degrees of freedom, the # will decay to quarks, producing a wider range of hadronic states, including $0’s, and, at

suitably high masses m"
>! 2 GeV, antiprotons as well [66]. In addition to XDM [18], some other important examples

of theories under which dark matter interacts with new forces include WIMPless models [41], mirror dark matter [42]

and secluded dark matter [43].

Note that, while these interactions between the sectors can be small, they are all large enough to keep the dark

and standard model sectors in thermal equilibrium down to temperatures far beneath the dark matter mass, and (as

mentioned in the previous section), we can naturally get the correct thermal relic abundance with a weak-scale dark

matter mass and perturbative annihilation cross sections. Kinetic equilibrium in these models is naturally maintained

down to the temperature TCMB ! m" [44].
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WHY ARE WE HERE?

• Baryogenesis requires

• C/CP Violation

• Baryon number violation

•Non-thermal process

•Do these (esp FO EWPT) appear in our theories?
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WHY ARE WE HERE?

solid lines, corresponding to the bounds on the Higgs mass obtained by ignoring (black

solid thick line), as well as considering (maroon solid thin lines) the ± 3 GeV uncertainty

on the Higgs mass discussed above. The allowed area where the condition !(T c
H)/T c

H ! 0.9

holds is below (to the left of) these boundaries. The Higgs and stop mass experimental

lower bounds (mh > 114.7 GeV and mt̃R
> 95 GeV [31]), are marked with dotted and dot-

dashed lines, respectively. These results suggest that a heavy squark spectrum of about

10 TeV may be consistent with electroweak baryogenesis only for Higgs boson and stop

masses at the edge of the current experimental bounds on these quantities. The situation

improves for 30 TeV, for which an upper bound on the Higgs mass of about 118 GeV and

on the stop mass of about 110 GeV is obtained.

Fig. 3 shows similar results for extremal values of the decoupling scale !m = 500 and

!m = 8000 TeV, which are still compatible with the condition of gauge coupling unifica-

tion [35]. The upper almost horizontal border corresponds to points with At = 0 while

going down along the right border the values of At are increasing. The lower boundary

corresponds to the condition T c
H ! T c

U + 1.6 GeV as trespassing this boundary we would

fall in the instability or two–step phase transition region. The allowed area where the

condition !(T c
H)/T c

H ! 0.9 holds is inside (to the left of) these solid line boundaries and

to the right and above the lines denoting the stop and Higgs mass experimental bounds,

respectively. The stop and Higgs boson masses can be extended to larger values for these

larger values of !m, with an upper bound of about 115 and 124 GeV respectively.
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Figure 3: Window where !(T c
H)/T c

H ! 0.9 and T c
H ! T c

U + 1.6 GeV in the mH -mt̃ plane for
m̃ = 500 TeV (left panel) and m̃ = 8000 TeV (right panel). The allowed region is below the
solid lines and dashed lines for tan" " 15 and tan" " 5, respectively. The thick solid line is
obtained by ignoring the Higgs mass uncertainty, while the solid thin lines is obtained by including
an uncertainty of 3 GeV in the Higgs mass computation. The Higgs (stop) mass lower bound is
marked by a dotted–dashed (dotted) straight line. In green (right panel) the point that will be
numerically analyzed in the tunneling analysis.

11

101 102 103 104 105 106 107 108
93

96

99

102

105

108

111

114

117

120

123

126

m
t̃

m
H

[G
eV

]

m̃ [TeV]

Figure 4: mmax
H (upper curves) and the corresponding mt̃ (lower curve) as functions of m̃ for

!c/Tc = 0.9 and tan" = 15 compatible with their corresponding experimental lower mass bounds
(dotted–dotted–dashed and dotted lines).

is that as stated above, whenever T c
H ! T c

U + 1.6 GeV the electroweak phase transition

happens and ends before the color breaking phase transition and the system does not decay

to the color breaking minimum in one expansion time of the Universe at any temperature

below the nucleation one. We will illustrate it by analyzing a border–line point in the

window for !m = 8000 TeV which corresponds to the maximum allowed value of the Higgs

mass [thick (green) point of Fig. 3].

5.1 Tunneling from the symmetric phase

The tunneling probability per unit time and unit volume from the false (symmetric) to

the real (broken) minimum in a thermal bath is given by [39]

!

#
! A(T ) exp ["B(T )], B(T ) # S3(T )

T
(5.1)

where the prefactor is A(T ) $ T 4 and S3 is the three-dimensional e"ective action. At

very high temperature the bounce solution has O(3) symmetry and the euclidean action

is simplified to

S3 = 4$

" !

0
r2dr

#
1

2

$
d!

dr

%2

+ V (!, T )

&

(5.2)

where r2 = %x2 and the euclidean equations of motion yield for the bounce solution the

equation
d2!

dr2
+

2

r

d!

dr
= V "(!, T ) (5.3)
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PLANCK AND THE LHC
What if you see hints of new physics before the 

shutdown, and Planck sees tensor modes?

Tensor modes => inflation scale = MGUT!

44 CHAPTER 2 PRIMARY CMB ANISOTROPIES

FIG 2.16.—The probability of detecting B-mode polarization at 95% confidence as a function of AT, the
amplitude of the primordial tensor power spectrum (assumed scale-invariant), for Planck observations using 65% of
the sky. The curves correspond to di!erent assumed epochs of (instantaneous) reionization: z = 6, 10, 14, 18 and 22.
The dashed line corresponds to a tensor-to-scalar ratio r = 0.05 for the best-fit scalar normalisation, AS = 2.7!10!9,
from the one-year WMAP observations.

FIG 2.17.—Forecasts for the ±1! errors on the B-mode polarization power spectrum CB
! from Planck (for

r = 0.1 and " = 0.17). Above # " 150 the primary spectrum is swamped by weak gravitational lensing of the
E-polarization produced by the dominant scalar perturbations. The cosmological model, and the assumptions about
instrument characteristics, are the same as in Figure 2.13.

and foreground contamination can be kept under control. Fortunately, Planck has polarization
sensitivity over the range 30–353 GHz in seven separate frequency channels using two instru-
ments. This range spans the frequency " 80 GHz where the contaminating signal of Galactic
polarization is expected to be at its minimum. Since Planck samples the sky with a large num-
ber of detectors over a wide frequency range, it will be possible to perform many redundancy
checks on the polarization maps.

Tuesday, June 14, 2011



4 NEUTRINOS? 3

FIG. 1. Top panel: WMAP, ACBAR and ACT power spec-
trum measurements, and theoretical power spectra normal-
ized at � = 200 for Neff varying from 2 to 5 with ρb, θs, and
zEQ held fixed. Bottom panel: The same as above except
we vary YP to keep θd fixed and we replace the ACBAR and
ACT data with simulated SPT data, of the quality expected
in [34]. The lack of scatter in these spectra compared to those
in the top panel demonstrates that the effect of Neff is largely
captured by its impact on the damping scale.

Since rs ∝ 1/H, it responds even more rapidly than rd

to changes in H. To keep θs fixed at the observed value,
DA must also decrease as 1/H. Since DA decreases more
rapidly with H than rd, θd increases which means the
damping is increased.

Note that if we knew DA perfectly, we could use θs to
infer rs and thereby determine H prior to recombination.
But we do not know DA, largely because we do not know
the value of the cosmological constant, or more generally
the density of the dark energy as a function of the scale
factor. With both angular scales we can form θd/θs =
rd/rs ∝ H

0.5, with no dependence on DA.
Does this explanation hold together quantitatively? To

demonstrate that what we are seeing in the power spec-
trum actually is increased Silk damping (at fixed θs) we
experiment with also fixing θd as Neff increases. The
bottom panel of Fig. 1 shows how the angular power
spectrum responds to the same variations in Neff , only
now taken at constant θd as well. When we remove the
θd variation, the impact of the Neff variation almost en-
tirely disappears. We conclude that the variations we
are seeing in the top panel are indeed due to the impact
of Neff on the amount of Silk damping. A very similar
demonstration was provided by [16].

To keep θd fixed as Neff varies, we vary a parameter

FIG. 2. 1 and 2-σ contours of constant probability for Neff

and the cluster abundance parameter σ8(Ωm/0.25)0.47 for dif-
ferent data sets as described in the text.

whose sole impact is on the number density of electrons:
the primordial fraction of baryonic mass in Helium, YP.
Even as early as times when 99% of the photons have
yet to last scatter, Helium, with its greater binding en-
ergy than Hydrogen, is almost entirely neutral. Thus
ne = Xe(np +nH) = Xenb(1−YP) where the first equal-
ity defines Xe. The limit of integration in the above
equations for rs and rd is only slightly affected by chang-
ing YP and thus rs is largely unaffected. However, the
damping length scales with YP as rd ∝ (1− YP)−0.5.
From our analysis one finds that rd/rs ∝ (1 +

fν)0.25/
√
1− YP where fν ≡ ρν/ργ is proportional to

Neff . The first factor arises because increasing H at fixed
zEQ meansH2 ∝ (1+fν). Thus asNeff is varied, we know
how to change YP to keep rd/rs (and hence θd/θs) fixed.
Our analysis requires a small correction. Increased ex-

pansion, even if we keep ne(a) fixed, decreases a∗ because
we follow [35] and define it such that the optical depth
to Thomson scattering from here to a∗ is unity. Further,
recombination is not a process that occurs in chemical
equilibrium. As emphasized in [36], increased H leads to
increased ne(a). By numerically studying these (partially
cancelling) effects we find rd/rs ∝ (1 + fν)m/

√
1− YP

with m = 0.22 rather than 0.25.
The curves in the lower panel do show some variation.

In particular, one can see a shifting of the peak locations
due to the difference in acoustic oscillation phase shift
that one gets for neutrinos, relative to the same energy
density in photons [16]. These phase shifts will be de-
tectable at high significance in future polarization data.
Current Constraints on Neff . In this section we assume

YP is a function of ρb and Neff as in standard BBN [37].
This assumption effectively breaks the YP, Neff degener-
acy we quantified above. We then constrain Neff using

3

FIG. 1. Top panel: WMAP, ACBAR and ACT power spec-
trum measurements, and theoretical power spectra normal-
ized at � = 200 for Neff varying from 2 to 5 with ρb, θs, and
zEQ held fixed. Bottom panel: The same as above except
we vary YP to keep θd fixed and we replace the ACBAR and
ACT data with simulated SPT data, of the quality expected
in [34]. The lack of scatter in these spectra compared to those
in the top panel demonstrates that the effect of Neff is largely
captured by its impact on the damping scale.

Since rs ∝ 1/H, it responds even more rapidly than rd

to changes in H. To keep θs fixed at the observed value,
DA must also decrease as 1/H. Since DA decreases more
rapidly with H than rd, θd increases which means the
damping is increased.

Note that if we knew DA perfectly, we could use θs to
infer rs and thereby determine H prior to recombination.
But we do not know DA, largely because we do not know
the value of the cosmological constant, or more generally
the density of the dark energy as a function of the scale
factor. With both angular scales we can form θd/θs =
rd/rs ∝ H

0.5, with no dependence on DA.
Does this explanation hold together quantitatively? To

demonstrate that what we are seeing in the power spec-
trum actually is increased Silk damping (at fixed θs) we
experiment with also fixing θd as Neff increases. The
bottom panel of Fig. 1 shows how the angular power
spectrum responds to the same variations in Neff , only
now taken at constant θd as well. When we remove the
θd variation, the impact of the Neff variation almost en-
tirely disappears. We conclude that the variations we
are seeing in the top panel are indeed due to the impact
of Neff on the amount of Silk damping. A very similar
demonstration was provided by [16].

To keep θd fixed as Neff varies, we vary a parameter

FIG. 2. 1 and 2-σ contours of constant probability for Neff

and the cluster abundance parameter σ8(Ωm/0.25)0.47 for dif-
ferent data sets as described in the text.

whose sole impact is on the number density of electrons:
the primordial fraction of baryonic mass in Helium, YP.
Even as early as times when 99% of the photons have
yet to last scatter, Helium, with its greater binding en-
ergy than Hydrogen, is almost entirely neutral. Thus
ne = Xe(np +nH) = Xenb(1−YP) where the first equal-
ity defines Xe. The limit of integration in the above
equations for rs and rd is only slightly affected by chang-
ing YP and thus rs is largely unaffected. However, the
damping length scales with YP as rd ∝ (1− YP)−0.5.
From our analysis one finds that rd/rs ∝ (1 +

fν)0.25/
√
1− YP where fν ≡ ρν/ργ is proportional to

Neff . The first factor arises because increasing H at fixed
zEQ meansH2 ∝ (1+fν). Thus asNeff is varied, we know
how to change YP to keep rd/rs (and hence θd/θs) fixed.
Our analysis requires a small correction. Increased ex-

pansion, even if we keep ne(a) fixed, decreases a∗ because
we follow [35] and define it such that the optical depth
to Thomson scattering from here to a∗ is unity. Further,
recombination is not a process that occurs in chemical
equilibrium. As emphasized in [36], increased H leads to
increased ne(a). By numerically studying these (partially
cancelling) effects we find rd/rs ∝ (1 + fν)m/

√
1− YP

with m = 0.22 rather than 0.25.
The curves in the lower panel do show some variation.

In particular, one can see a shifting of the peak locations
due to the difference in acoustic oscillation phase shift
that one gets for neutrinos, relative to the same energy
density in photons [16]. These phase shifts will be de-
tectable at high significance in future polarization data.
Current Constraints on Neff . In this section we assume

YP is a function of ρb and Neff as in standard BBN [37].
This assumption effectively breaks the YP, Neff degener-
acy we quantified above. We then constrain Neff using

Hou et al ’11
98.4% confidence n>3
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ABOUT COSMOLOGY?

Cosmology tells us
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• a lot of predictions, but it’s a big universe
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• a lot of predictions, but it’s a big universe

• I look forward to hearing many more this week
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