
Cosmic frontier: 
Theory efforts & synergies
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Laboratory activities

• Regular interactions between HEP theory, Astro-theory and cosmo/astro 
experiment

• Astrophysics seminar series

• Weekly MUNCH journal club

• Weekly “chalk talk”

• “Axion club” - an informal gathering of theorists and experimentalists

• 2014 Academic Lectures including four on dark matter and five on CMB

!
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Community leadership

• Group represented on P5

• Several Snowmass co-conveners

• DOE Dark Energy Science Plan Task Force

• HEPAP Subpanel on Future DOE HEP Facilities

• Multiple advisory committees e.g. NAS Astronomy and Astrophysics, NAS 
Assessment of a Plan for US Participation in Euclid, NAS Future of the Optical/
Infrared System, DOE/NSF/NASA

• International Advisory Committee: International Institute of Physics (Brazil) 

• APS Division of Astrophysics (Dep. Secretary)

• Aspen Center for Physics (Vice President)
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• > 20 students advised in period 2011-2014 

• Organized international conferences and schools at Fermilab and elsewhere 
e.g. 

• Combining Probes in Cosmological Surveys, 
• Cosmological Survey Inference System, 
• DES-LSST Joint Workshop, 
• First Galaxies and Faint Dwarfs, 
• Cross-correlating Cosmic Fields, 
• Beijing 21cm Workshop, 
• Identification of Dark Matter, 
• New Perspectives on Dark Matter, 
• Combined Probes in DES, 
• Primordial Non-gaussianity, 
• Workshop on Laboratory Tests of Dark Energy....

!

Workshops, schools, & mentoring
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Dark Energy [Frieman, Gnedin]

•Constraining DM and modified gravity 
with combined surveys

- overlapping 2D (imaging e.g. DES, LSST) 
and 3D (redshift e.g. BAO, eBOSS) surveys 
provide stronger constraints

!
•Results impact design of cosmic 
surveys
!

•Improving supernovae constraints on 
dark energy

- control dominant SN distance 
systematics
- results in tightest and robust DE 
constraints to date

Dark Energy 

• Imaging surveys (2D) constrain DE 
and MG via weak lensing: DES, 
LSST 

• Redshift surveys (3D) constrain 
DE/MG via Redshift Space 
Distortions (RSD) and BAO: 
eBOSS, DESI 

• Overlapping 2D and 3D surveys 
provide stronger constraints 

• Quantified  these  “same  sky”  benefits 
• Optimized spectroscopic target 

selection from imaging surveys 
• Results impact design of cosmic 

surveys 
7/23/2014 Gnedin | DOE Triennial Review 2 

Constraining DE and Modified Gravity w/ Combined Surveys 

Kirk, etal 2014, Jouvel, etal 2014  
(including Frieman) 

Redshift 

5000 sq. deg. surveys forecast 

Imaging 

Combined,  
non-overlapping 

Overlapping 

w
a 

w0 

Dark Energy 

• Improve & rigorously test (via 
simulations) method for turning SN 
light curves into distance estimates 

• Control dominant SN distance 
systematic via improved cross-
calibration of SN surveys: JLA 
combines SDSS-II SN [led by 
Frieman] and SNLS survey data  

• Results in tightest & robust DE 
constraints to date  

• Relieves previous tension with 
Planck CMB results 

• Plan: apply these techniques to DES 
SN data and develop for LSST 

7/23/2014 Presenter | Presentation Title 3 

Improving Supernova Constraints on Dark Energy 

Betoule, etal 2014, Mosher, etal 2014  
(including Frieman) 
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Cosmological Computing [Gnedin, Dodelson]

• Baryonic physics affects matter clustering 
in complex way and is major systematic 
effect in many Dark-Energy studies 
- Comparable to statistical errors for existing 

surveys (e.g. DES), but will be “killer” for 
LSST.

• Fermilab theorists using numerical 
simulations including baryons to develop 
and test approaches for mitigating bias 
from baryonic effects.
- Developed a novel, Principal Component 

Analysis based method that removes most 
bias and improves significantly over 
previous approaches.

- With Scientific Computing Division, building 
a general simulation suite for community 
use.

DM only

Baryonic models

With PCA bias removed!

Bias due to baryons



7

Mono-X: Dark matter @ the LHC [Fox, Harnik]

•Using “mono”-jet/photon/Z/W/X searches at colliders as a complement to direct 
and indirect DM searches
•Fermilab group one of the pioneers
•Now a standard search channel at LHC. 

-Regular interaction with CDF, CMS, and ATLAS 

4
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Figure 1: Dark matter production in association with a single jet in a hadron collider.

3.1. Comparing Various Mono-Jet Analyses

Dark matter pair production through a diagram like figure 1 is one of the leading channels
for dark matter searches at hadron colliders [3, 4]. The signal would manifest itself as an excess
of jets plus missing energy (j + /ET ) events over the Standard Model background, which consists
mainly of (Z ! ⌫⌫)+ j and (W ! `inv⌫)+ j final states. In the latter case the charged lepton ` is
lost, as indicated by the superscript “inv”. Experimental studies of j + /ET final states have been
performed by CDF [25], CMS [26] and ATLAS [27, 28], mostly in the context of Extra Dimensions.

Our analysis will, for the most part, be based on the ATLAS search [28] which looked for mono-
jets in 1 fb�1 of data, although we will also compare to the earlier CMS analysis [26], which used
36 pb�1 of integrated luminosity. The ATLAS search contains three separate analyses based on
successively harder pT cuts, the major selection criteria from each analysis that we apply in our
analysis are given below.3

LowPT Selection requires /ET > 120 GeV, one jet with pT (j1) > 120 GeV, |⌘(j
1

)| < 2, and events
are vetoed if they contain a second jet with pT (j2) > 30 GeV and |⌘(j

2

)| < 4.5.

HighPT Selection requires /ET > 220 GeV, one jet with pT (j1) > 250 GeV, |⌘(j
1

)| < 2, and events
are vetoed if there is a second jet with |⌘(j

2

)| < 4.5 and with either pT (j2) > 60 GeV or
��(j

2

, /ET ) < 0.5. Any further jets with |⌘(j
2

)| < 4.5 must have pT (j3) < 30 GeV.

veryHighPT Selection requires /ET > 300 GeV, one jet with pT (j1) > 350 GeV, |⌘(j
1

)| < 2, and
events are vetoed if there is a second jet with |⌘(j

2

)| < 4.5 and with either pT (j2) > 60 GeV
or ��(j

2

, /ET ) < 0.5. Any further jets with |⌘(j
2

)| < 4.5 must have pT (j3) < 30 GeV.

In all cases events are vetoed if they contain any hard leptons, defined for electrons as |⌘(e)| < 2.47
and pT (e) > 20 GeV and for muons as |⌘(µ)| < 2.4 and pT (µ) > 10 GeV.

The cuts used by CMS are similar to those of the LowPT ATLAS analysis. Mono-jet events
are selected by requiring /ET > 150 GeV and one jet with pT (j1) > 110 GeV and pseudo-rapidity
|⌘(j

1

)| < 2.4. A second jet with pT (j2) > 30 GeV is allowed if the azimuthal angle it forms with
the leading jet is ��(j

1

, j
2

) < 2.0 radians. Events with more than two jets with pT > 30 GeV are
vetoed, as are events containing charged leptons with pT > 10 GeV. The number of expected and
observed events in the various searches is shown in table I.

3 Both ATLAS and CMS impose additional isolation cuts, which we do not mimic in our analysis for simplicity and
since they would not have a large impact on our results.

•Ongoing progression from EFT operators to simplified models 
-NLO implementation into MCFM [Fox, Williams]
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Figure 7: ATLAS limit on ⇤ ⌘ M/
p
g�gq as a function of the mass M of the particle mediating dark

matter–quark interactions. We have assumed s-channel vector-type interactions, and we have considered
the values m� = 50 GeV (red) and m� = 500 GeV (blue) for the dark matter mass. We have varied the
width � of the mediator between the values M/3 (lower boundary of colored bands) and M/8⇡ (upper
boundary of colored bands). Dashed dark gray lines show contours of constant

p
g�gq.

q̄q, so in this mass range, it can only contribute to the mono-jet sample if it is produced o↵-shell.
In that regime, the limit on ⇤ is rather weak (even though the limit on g2�g

2

q is independent of M
there as discussed above), and the dependence on � disappears.

In light of this result it is important to revisit our limits from section 3 and check that they are
consistent with the e↵ective theory in which they were derived. In other words, we have to verify
that models which saturates our limits can still be described in e↵ective field theory. Inspecting
the dashed contours of constant mean coupling

p
gqg� in figure 7, we see that for mediator masses

above ⇠ 5 TeV, where the limits derived in the full renormalizable theory asymptote to those
derived in the e↵ective theory, our limits would correspond to

p
gqg� ⇠ 5–10, depending on m�.

This is still below the
p
gqg� = 4⇡, which for small m� would be reached at M ⇠ 10 TeV. We

thus see that there is considerable parameter space available in the renormalizable model in which
e↵ective theory provides a good low-energy approximation. Moreover, we have seen that even
for lighter mediators, M ⇠ few ⇥ 100 GeV, the limits derived from the e↵ective theory are valid,
though overly conservative. However, for very light mediators, M ⇠< 100 GeV, the collider bounds
on direct detection cross sections are considerably weakened.

Even though we have only quantitatively demonstrated the above conclusions for dark matter
with vector couplings here, the results of references [4, 11] show that they can be generalized to
other types of e↵ective operators, in particular axial vector OA and scalar t-channel Ot. For the
gluon operator Og, we remark that its most natural UV-completion is through a diagram in which
the two gluons as well as a new scalar s-channel mediator couple to a triangular heavy quark loop.
Due to the additional loop factor which need not be present in UV completions of OV and OA, the
masses of the new heavy scalar and the new heavy quark propagating in the loop cannot be larger
than ⇠ 1 TeV for a theory that saturates our limit ⇤ ⇠ 500 GeV (see figure 4). Therefore, as one
can see from figure 7, e↵ective field theory is not strictly applicable in such a model, but the limit
it gives is on the conservative side.

[Fox, Harnik, Kopp, Tsai]
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•Particle and Astroparticle theory 
group members have regular contact 
with CDMS, LZ, PICO, CoGeNT, LUX,... 
to discuss signatures, searches and 
interpretations
!

•Developed a technique to enable 
analysis of direct detection results free 
of assumptions about astrophysics, 
applied to CoGeNT, LUX [Fox]!
!

•Being adopted by experiments

WIMP searches: traditional [Fox, Hooper]
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Figure 2: Halo-independent interpretation of the CDMS-Si events versus constraints from
XENON10 and LUX assuming elastic, spin-independent scattering with equal couplings to
protons and neutrons (left panel) and with couplings tuned to maximally suppress the sen-
sitivity of xenon experiments (right panel). A section of the lower boundary of the preferred
halo envelope for CDMS-Si is incompatible with the null LUX results, meaning that there is
no DM halo compatible with the LUX results for which the extended likelihood is within �L
of the best-fit halo. If the DM-nucleon couplings are tuned to maximally suppress scattering
on xenon, a DM interpretation is still inconsistent with the LUX results. The curve for the
SHM is also shown, giving a good fit to the CDMS-Si data as well as a curve for the best-fit
halo which minimizes the extended likelihood.

halo-independent unbinned comparison between the CDMS-Si excess and the recent LUX
results.

The S2-only XENON10 analysis [25] is used, with the ionization yield Qy also taken
from [25]. We take the detector resolution function G(ER, E0

R) to be a Gaussian with energy-
dependent width �ER = ER/

p
ERQy(ER). The acceptance is 95%, and the exposure is 15

kg days. Yellin’s ‘Pmax’ method [26] is used to set limits.
The LUX collaboration have recently announced results from the first run [6]. The

estimated LUX background distributions are not yet publicly available, making a profile
likelihood ratio (PLR) test statistic analysis impossible. In [27] it was shown that for light
DM the vast majority of nuclear recoil events would actually lie below the mean of the AmBe
and Cf-252 nuclear recoil calibration band. The reason for this is that for a given low S2
signal the S1 signal is likely to have appeared above threshold due to a Poisson fluctuation.
As there are no events in the region expected for light DM scattering (or equivalently low
energy events) the DM event detection e�ciency provided in [6] can be used to calculate the
total number of expected events for a light DM candidate and then a Poisson upper limit
can be set for zero observed events. We find excellent agreement with the estimated limits
from [8] and good agreement with the o�cial LUX results for the light DM region.

For CDMS-Si three events were found in 140.2 kg days of data [5]. We take the detector
resolution functionG(ER, E0

R) to be a Gaussian and assume a conservative detector resolution
of 0.5 keV. The acceptance is taken from [5]. The background contributions are taken from
[28] with normalization such that surface events, neutrons, and 206Pb, give 0.41, 0.13, and

– 10 –
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Indirect WIMP searches [Hooper]

•Fermilab has been at the forefront of indirect DM searches, including those 
utilizing gamma-ray, positron, antiproton, neutrino, and radio signals
•These studies have yielded some of the most stringent limits on the particle 
nature of DM:

•New cosmic ray antiproton measurements (anticipated soon) are expected to be 
particularly powerful probes of DM annihilation

4
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FIG. 3. Upper limits (95% CL) on the DM annihilation cross
section, as derived from the AMS positron fraction, for various
final states (this work), WMAP7 (for ℓ+ℓ−) [44] and Fermi
LAT dwarf spheroidals (for µ+µ− and τ+τ−) [43]. The dotted
portions of the curves are potentially affected by solar modu-
lation. We also indicate ⟨σv⟩therm ≡ 3 × 10−26 cm3s−1. The
AMS limits are shown for reasonable reference values of the
local DM density and energy loss rate (see text), and can vary
by a factor of a few, as indicated by the hatched band (for
clarity, this band is only shown around the e+e− constraint).

our upper bound on the annihilation cross section to
e+e− is approximately two orders of magnitude below
⟨σv⟩therm. If only a fraction f of DM annihilates like
assumed, limits would scale like f−2 (and, very roughly,
⟨σv⟩therm ∝ f−1). We also show in Fig. 3 the upper
bounds obtained for other leptonic final states. As ex-
pected, these limits are weaker than those found in the
case of direct annihilation to electrons – both because
part of the energy is taken away by other particles (neu-
trinos, in particular) and because they feature broader
and less distinctive spectral shapes. These new limits
on DM annihilating to µ+µ− and τ+τ− final states are
still, however, highly competitive with or much stronger
than those derived from other observations, such as from
the cosmic microwave background [44] and from gamma-
ray observations of dwarf galaxies [43]. Note that for
the case of e+e−γ final states even stronger limits can
be derived for mχ ! 50GeV by a spectral analysis of
gamma rays [73]. We do not show results for the b̄b
channel, for which we nominally find even weaker lim-
its due to the broader spectrum (for mχ ≃ 100GeV,
about ⟨σv⟩ " 1.1 · 10−24 cm3s−1). In fact, due to de-
generacies with the background modeling, limits for an-
nihilation channels which produce such a broad spectrum
of positrons can suffer from significant systematic uncer-
tainties. For this reason, we consider our limits on the
e+e− channel to be the most robust.
Uncertainties in the e± energy loss rate and local DM

density weaken, to some extent, our ability to robustly
constrain the annihilation cross sections under consid-
eration in Fig. 3. We reflect this uncertainty by show-

ing a band around the e+e− constraint, corresponding
to the range Urad + UB = (1.2 − 2.6) eV cm−3, and
ρ⊙χ = (0.25− 0.7)GeV cm−3 [61, 74] (note that the form
of the DM profile has a much smaller impact). Uncer-
tainty bands of the same width apply to each of the other
final states shown in the figure, but are not explicitly
shown for clarity. Other diffusion parameter choices im-
pact our limits only by up to ∼10%, except for the case
of low DM masses, for which the effect of solar modula-
tion may be increasingly important [53, 75]. We reflect
this in Fig. 3 by depicting the limits derived in this less
certain mass range, where the peak of the signal e+ flux
(as shown in Fig. 1) falls below a fiducial value of 5GeV,
with dotted rather than solid lines.

For comparison, we have also considered a collection
of physical background models in which we calculated
the expected primary and secondary lepton fluxes using
GALPROP, and then added the contribution from all
galactic pulsars. While this leads to an almost identical
description of the background at high energies as in the
phenomenological model, small differences are manifest
at lower energies due to solar modulation and a spec-
tral break [55, 76, 77] in the CR injection spectrum at a
few GeV (both neglected in the AMS parameterization).
We cross-check our fit to the AMS positron fraction with
lepton measurements by Fermi [64]. Using these physical
background models in our fits, instead of the phenomeno-
logical AMS parameterization, the limits do not change
significantly. The arguably most extreme case would be
the appearance of dips in the background due to the su-
perposition of several pulsar contributions, which might
conspire with a hidden DM signal at almost exactly the
same energy. We find that in such situations, the real lim-
its on the annihilation rate could be weaker (or stronger)
by up to roughly a factor of 3 for any individual value of
mχ. See the Appendix [45] for more details and further
discussion of possible systematics that might affect our
analysis.

Lastly, we note that the upper limits on ⟨σv⟩(mχ) re-
ported in Fig. 3 can easily be translated into upper limits
on the decay width of a DM particle of mass 2mχ via
Γ ≃ ⟨σv⟩ρ⊙χ /mχ. We checked explicitly that this sim-
ple transformation is correct to better than 10% for the
L =4 kpc propagation scenario and e+e− and µ+µ− final
states over the full considered energy range.

Conclusions. In this Letter, we have considered a
possible dark matter contribution to the recent AMS cos-
mic ray positron fraction data. The high quality of this
data has allowed us for the first time to successfully per-
form a spectral analysis, similar to that used previously
in the context of gamma ray searches for DM. While we
have found no indication of a DM signal, we have derived
upper bounds on annihilation and decay rates into lep-
tonic final states that improve upon the most stringent
current limits by up to two orders of magnitude. For
light DM in particular, our limits for e+e− and µ+µ− fi-
nal states are significantly below the cross section naively
predicted for a simple thermal relic. When taken together

AMS results yield very stringent 
constraints on leptophillic DM

[Cholis, Hooper]
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FIG. 15. In the left frame, we show the limits (95% CL) on the dark matter annihilation cross section derived in this study,
using our default substructure model (solid), and neglecting substructure (dashes). In the right frame, we compare this result
to the strongest existing constraints on the dark matter annihilation cross section from observations of the Galactic Center [37]
and of dwarf spheroidal galaxies [38]. See text for details.

section, we add a contribution from annihilations of dark
matter (with a given mass and annihilation channel) to
our model. We increase the value of the cross section un-
til the best possible �2 (marginalizing over all the param-
eters of the astrophysics model) increases by 2.71 over the
best-fit with no dark matter component (corresponding
to the 95% confidence level upper limits). In Fig. 14, we
show the contributions to the EGB in models with the
maximum allowed contribution from annihilating dark
matter (assuming annihilations to exclusively to bb̄ for
five choices of the dark matter mass).
In the left frame of Fig. 15, we plot the upper lim-

its on the dark matter annihilation cross section derived
in this study. In the right frame, this result is com-
pared to the limits obtained from observations of the
Galactic Center [37] and of dwarf spheroidal galaxies [38].
For our default substructure model, the limits presented
here are approximately as stringent as those derived from
the Galactic Center (assuming an NFW profile). Our
limits obtained neglecting contributions from substruc-
ture are comparably stringent to those derived from the
Galactic Center assuming a profile with a kiloparsec-scale
core [37]. And although the constraint from dwarf galax-
ies is somewhat less susceptible to astrophysical uncer-
tainties than those derived from the EGB or Galactic
Center, even for very conservative assumptions (i.e.. neg-
ligible contributions from substructure) the constraints
derived here are as or more sensitive to dark matter par-
ticles with masses on the order of 100 GeV or greater.

V. PROJECTIONS AND FUTURE
SENSITIVITY

As Fermi continues to collect data, its sensitivity to
dark matter annihilation products in the EGB will in-
crease due to two di↵erent sets of factors. Firstly, Fermi’s
measurement of the EGB itself will improve, reducing

the errors on the corresponding spectrum and extend-
ing the measurement to higher energies. Secondly, with
a larger data set, Fermi will detect GeV emission from
a greater number of radio galaxies, star-forming galax-
ies, and blazars, and will characterize the emission from
those sources already detected with greater precision. As
it does so, the uncertainties in the contributions to the
EGB from these sources classes will be reduced consid-
erably.

To project the error bars on Fermi’s future (after 10 to-
tal years of operation) measurement of the EGB, we take
the preliminary spectrum (which is based on 44 months
of data, and is shown in the left frame of Fig. 16 [47])
and further reduce the size of the error bars by a factor ofp
120/44 ⇡ 1.65. Note that in this projection, we have

not removed contributions from to-be-resolved blazars, in
order to better facilitate comparisons between projected
and current models and measurements. To project the
improvement in the uncertainties of our astrophysical pa-
rameters (IR/radio correlation parameters, spectral in-
dices, etc.), we reduce each error bar by the square root
of time (relative to the amount of data that was used
in the analysis of each source population). We conserva-
tively do not account for any possible improvements in
the uncertainties of the radio or IR luminosity functions
when making our projections.

In each frame of Fig. 16, we show the projected uncer-
tainties for an astrophysical model of the EGB after 10
years of Fermi data. In the left frame, we compare this
to the preliminary Fermi (44 month) measurement of the
EGB [47]. In the right frame, we compare this model to
our projection for Fermi’s measurement of the EGB with
10 years of data. Using this projection for the model
parameters and EGB measurements, we repeat the pro-
cedure used in Sec. IV to predict the constraints that
Fermi should be able to place on the dark matter annihi-
lation cross section after 10 years of observation. These
projected constraints are shown in Fig. 17.

Stringent constraints from gamma-ray 
observations of the Galactic Center  

[Hooper, Kelso], the isotropic background 
[Cholis, Hooper, McDermott], subhalo searches 

[Berlin, Hooper]
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The galactic center γ-ray excess [Hooper]

•Over the past several years, an excess of ~GeV scale photons from the inner 
several degrees of the Milky Way has become increasingly well measured 
•Spectrum and morphology of this signal agree well with the predictions of 
annihilating DM; spatially extended, spherical, etc.
•Much interest and investigation has been directed at this observation (~120 
citations over the past 12 months) 
•Original identification at Fermilab [Hooper, Goodenough],  
with important follow up work at Fermilab  
as well [Hooper, Linden, Cholis]

Skymaps of the ResidualsSkymaps of the Residuals

Spectrum of the Residuals

!
Inner Galaxy - The DM template naturally picks up the following spectral 
shape - the normalization of the NFW template is allowed to float 
independently in every energy bin
!
Galactic Center - Various initial seeds for the dark matter spectrum, the 
best fit spectrum is then calculated and fed back into the fitting algorithm, 
the process is repeated iteratively until a best fit solution is reached. We 
find the final spectrum to be independent of the initial seed.
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Figure 14. Spectrum of the GCE emission for model F (black dots) together with statistical and
systematical (yellow boxes, cf. figure 12) errors. We also show the envelope of the GCE spectrum for
all 60 GDE models (blue dashed line, cf. figure 7).
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#ROI Definition ⌦ROI [sr]

I, II
p
`2 + b2 < 5�, ±b > |`| 6.0⇥ 10�3

III, IV 5� <
p
`2 + b2 < 10�, ±b > |`| 1.78⇥ 10�2

V, VI 10� <
p
`2 + b2 < 15�, ±b > |`| 2.93⇥ 10�2

VII, VIII 5� <
p
`2 + b2 < 15�, ±` > |b| 3.54⇥ 10�2

IX 15� <
p
`2 + b2 < 20� 1.51⇥ 10�1

X 20� <
p
`2 + b2 1.01⇥ 10�1

Table 3. Definition of the ten GCE segments that are
shown in figure 15, as function of Galactic latitude b and
longitude `, together with their angular size ⌦ROI.

the fit. The definition of the segments aims at studying the symmetries of the GCE around
the GC: Allowing regions in the North (I, III, and V) and South (II, IV, and VI) hemisphere,
as well as in the West (VII) and East (VIII) ones, to vary independently, we can test the
spectrum absorbed by the GCE template in the di↵erent regions of the sky. Moreover, with
the same segments, we can investigate its the extension in latitude.

To facilitate the study of morphological properties of the excess, we furthermore allow
additional latitudinal variations in the ICS components of the individual GDE models. We
split our ICS component into nine ICS segments, corresponding to 9 latitude strips with
boundaries at |b| = 2.0�, 2.6�, 3.3�, 4.3�, 5.6�, 7.2�, 9.3�, 12.0�, 15.5� and 20�. We then allow
the normalization of the ICS strips to vary independently, though we keep the normalization

– 30 –
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The galactic center γ-ray excess: 
particle-physics interpretations [Fox, Harnik, Hooper]

•Many of highest impact papers on DM phenomenology/model building related to 
the GC excess have come from FNAL:

-First comprehensive study of simplified models [Berlin, Hooper, McDermott]!
-Hidden sector models [Berlin, Hooper, McDermott] !
-Higgs, gauge boson, top quark final states [Agrawal, Batell, Fox, Harnik; Cholis, et al.]!
-Z’ mediated models [Hooper]!
-Connection with the 3.55 keV line? [Berlin, Hooper, McDermott]
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Figure 4: Top: Regions of parameter space which reproduce the Fermi best fit spectra.
We do not fit to Fermi data, but rather to their reported best-fit spectra with statistical
uncertainties only. We show the “��2” contours obtained for the hypotheses �� ! XX
for X = {h, W±, Z, t, b} fitting to Fermi’s spectrum (a) (low mass) and spectrum (d) (high
mass). Uncertainties from a full fit are likely to grow. Parameter space that is between the
best fit regions, along the diagonal dashed lines, are also likely allowed by variations of the
background model. Bottom: We show the spectra of photons obtained for the corresponding
best fit values in the upper plot. Fermi spectrum (b) is on the left and spectrum (d) is on
the right. The Fermi spectra are shown as a dashed line and the gray envelope shows the
statistical uncertainty we used in the fits.

statistical uncertainties we took for the fit. We see that the Fermi power-law-with-cuto↵
parametrization can be matched by many well motivated particle physics models. For spec-
trum (b) the fits are remarkably good, for the best fit points in (bb̄ , W±W⌥ , ZZ , hh , tt̄) final
state the �2, for the 20 bins of the Fermi result, are (2.6 , 1.8 , 2.6 , 4.6 , 2.0). For spectrum
(d) the corresponding �2 are (44 , 15 , 15 , 20 , 21).

– 12 –



12

Dark Matter, Neutrinos, and Inflation [Stebbins, Dodelson, Lykken, Frieman]

•FNAL Theoretical Astrophysics has a strong tradition of finding cosmic probes of 
BSM physics e.g.

-Primordial gravity waves and vorticity

7/30/14!Scott Dodelson!1!

Dark Matter, Neutrinos, and Inflation!
FNAL Theoretical Astrophysics: 
A Tradition of Finding Cosmic Probes of BSM Physics!

7/30/14!Scott Dodelson!1!

Dark Matter, Neutrinos, and Inflation!
FNAL Theoretical Astrophysics: 
A Tradition of Finding Cosmic Probes of BSM Physics!

!
•DES Large-scale structure constrains 
neutrino mass
•Interpreting cosmic constraints on 
neutrino masses and hierarchy

[Stebbins]

Neutrinos!

•  Constrain neutrino mass using 
galaxy angular clustering in redshift 
slices (neutrinos suppress small-
scale clustering)!

•  DES+Planck forecasts, including 
dark energy !

•  Include galaxy bias models informed 
by N-body simulations:!
–  Black: unbiased!
–  Magenta: 7-parameter evolving b(z)!

•  Plan: apply to N-body simulations 
and to early DES data and LSST 
forecasts!

7/23/14!Presenter | Presentation Title!18!

DES!Large5scale!Structure!constrains!Neutrino!Mass!!

Zablocki'2014''
(Frieman'student)'

DES+Planck!forecast!

eV
!

[Dodelson, Lykken, Frieman]

Neutrinos!

7/30/14!Scott Dodelson!20!

InterpreAng!Cosmic!Constraints!

Dodelson'&'Lykken'2014'
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Dark Matter: the case against MOND [Gnedin, Dodelson]Claim of evidence for MOND arises from improper interpretation of observations.!

7/30/14!Scott Dodelson!12!

Total!gas!

Neutral!(=!observable)!
gas!

“MOND!line”!

Gnedin'2012'

The Case against Modified Gravity!

Dark Matter!

Dark Matter!

Earlier work (Dodelson 
& Liguori 2006) showed 
that TeVeS raised the 
amplitude of the 
perturbations, but the 
shape is still all wrong: 
generic problem for MG 
models!

7/30/14!Scott Dodelson!13!

The Case against Modified Gravity!

Dodelson'2011'

•Claims of evidence for 
MOND arise from improper 
interpretation of 
observations
!

•TeVeS raises the 
amplitude of perturbations 
but with the wrong shape, 
a generic problem for 
modified gravity models 
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WIMP searches: non-traditional

for ✓ ! 0, so that the acceptance of on-axis detectors is suppressed. Therefore, this

o↵ers a possibility to measure the spin of a discovered DM particle via a parallel MINOS

and NO⌫A analysis.

Higher-order processes that include real radiation, pp ! Z 0 + jets, can potentially

change the scalar angular distribution. As a crude approximation, we computed the

tree-level production of Z 0 together with one or two hard jets, imposing a jet-pt cut of

1 GeV, and we found that these processes are not large enough compared to pp ! Z 0

to change qualitatively the above result.

5.2 Energy distribution of DM particles

The energy distributions of DM particles that enter the NO⌫A and MINOS near de-

tectors are shown in Fig. 5 for MZ0 = 3 GeV. The DM particles inside the detectors are

fairly energetic compared to the neutrinos (produced mostly in pion decays), especially

for NO⌫A. The neutrinos enter the NO⌫A near detector with a peak energy around 3

GeV; a tail of high-energy neutrinos (E⌫ & 10 GeV) is produced mostly by kaon and

heavier meson decays. The di↵erence in the energy profile between DM and neutrino

can be used to reduce the neutrino background. This can be done considering processes

MZ'=3 GeV

MINOS

NOVA

0 10 20 30 40 50 60
0.00

0.02

0.04

0.06

0.08

E HGeVL

H1ês
Lds
êdE

HGe
V
-
1 L

Figure 5. Energy distribution of fermonic DM particles produced in the absorber and passing

through the NO⌫A or MINOS near detectors for MZ0 = 3 GeV.
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•Theory group leading effort to 
utilize FNAL neutrino experiments to 
search for dark sector particles... 
[Dobrescu, Harnik]
•..and to use DM detectors to probe 
neutrino properties [Harnik]
•Complementary collider probes of 
light dark sectors
•Theory organized, URA funded 
workshop-”New Perspectives on 
DM” [Fox, Harnik]
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Figure 8: Top: Constraints on a U(1)B�L gauge boson (model A, section 3.2) with coupling gB�L and
mass MA0 . Bottom: Constraints on light A0 gauge bosons kinetically mixed with the photon (model B,
section 3.3) as a function of the A0 mass and the kinetic mixing parameter ✏. The various bounds are briefly
explained in the text. Limits shown in dark blue are the ones that cannot be evaded even if the mass of the
A0 depends strongly on the local matter density (so-called chameleon e↵ects [20, 67, 76]). The red exclusion
regions apply only to the U(1)B�L models (A), but not models with only kinetic mixing (model B). The
green exclusion regions apply only if the model contains sterile neutrinos directly charged under U(1)0. Most
limits are taken from the compilation in [65], see text for further references. To our knowledge, the Borexino
and GEMMA limits shown here have not been discussed before.

[Dobrescu, Frugiuele]

[Harnik, Kopp, Machado]
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Higgs portal to the dark sector [Altmannshofer, Bardeen, Bauer, Carena, Lykken]

•Radiative breaking of the dark gauge group triggers EWSB through the Higgs 
portal coupling.  

•MH  ~ 125 GeV + stability of the Higgs potential  
  → radiative breaking of the dark gauge group @ TeV scale.  

•Dark sector complex scalar and fermions 
are charged under the dark SU(2) x U(1)  
gauge interactions.  

•Neutral dark fermions, with the correct 
thermal relic abundance.  

•Lighter stable dark fermions charged  
under the dark force, with observable  
effects on galactic-scale structure.
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Axion dark-matter searches [Eichten, Hill]

•Axion “journal club”: astro- and particle- theory groups preparing for FNAL’s 
role on ADMX
•Helping experimentalists develop new search strategies and detector design 
concepts
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Lattice QCD for dark-matter searches

• For spin-independent dark matter (e.g. mediated by Higgs exchange),  
DM-nucleon scattering X-section depends upon nucleon light- & strange-quark 
contents
- LQCD calculations of already rule out large ⟨N|ss|N⟩ used in many 

phenomenology papers
- Anticipate obtaining ~10-20% errors (which is sufficient) in the next five years 

[Van de Water with MILC Collaboration]
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