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Dark Matter
What we know
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→
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Dark Matter
What we know (what elephant?)

1. It exists – LOTS of evidence

2. There is a lot of it

3. It is dark

4. It isn’t MACHOs (baryons)

5. Self-interactions aren’t huge

6. It isn’t too light

7. It isn’t hot
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Figure 1: Constraints from various sources, from top to bottom: (i) Scattering in the bullet

cluster and NGC720, (ii) DM as a charged thermal relic, and (iii) DM virial processes, and (iv)

recombination epoch.
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Fig. 4.— Constraints on MACHO dark matter from microlens-
ing (blue and purple, Alcock et al. 2001; Tisserand et al. 2007) and
wide Galactic binaries (green, Quinn et al. 2009), shown together
with the constraints from the survival of compact ultra-faint dwarf
galaxies and the star cluster in Eridanus II. I conservatively adopt a
dark matter density of 0.02 M⊙ pc−3 in Eri II and 0.3 M⊙ pc−3 in
the ultra-faint dwarfs, assume a three-dimensional velocity disper-
sion σ = 8 kms−1, and use two definitions of the heating timescale.
A low-density halo and initially compact cluster weaken the con-
straints from Eri II. Even in this case, assuming dark matter halos
to have the properties that are currently inferred, MACHO dark
matter is excluded for all MACHO masses !10−7 M⊙.

portional to the cluster mass (Binney & Tremaine 2008),
and the cluster in Eri II is 1.5–2 orders of magnitude less
massive than Fornax 4 (Mackey & Gilmore 2003), the
Fornax globular cluster nearest the center of that dwarf
(at 240 pc in projected separation). This scenario there-
fore requires very different dark matter halos in the two
galaxies or severe mass loss during Eri II’s inspiral, and
also luck to catch the cluster on the point of disruption.
This problem of coincidence is generic to any scenario in
which Eri II’s cluster was initially compact. The proba-
bility of observing the system in such a transient state is
significantly higher if the cluster’s age is ∼3 Gyr rather
than ∼12 Gyr.

Other possibilities to evade the constraints include
an intermediate-mass black hole (!104 M⊙) to provide

binding energy, or a chance alignment such that the clus-
ter only appears to reside in the center of Eri II. Both
would be surprising. Such a black hole would have a mass
comparable to the total stellar mass of its host galaxy. A
massive black hole would also be expected to host a re-
laxed MACHO cluster of comparable mass, in which case
it may not avoid the problem of dynamical heating at all.
A chance alignment of a cluster physically located at the
galaxy’s half-light radius is possible; the most näıve esti-
mate, the fraction of solid angle lying within a few rh in
projection, gives a chance alignment probability of ∼1%
at a physical distance of ∼300 pc from the galaxy core.

While many scenarios could, in principle, account for
the survival of the star cluster in Eri II, it is harder to
appeal to coincidence for the entire sample of compact
ultra-faint dwarfs. Assuming the measured velocity dis-
persions to reflect the properties of their dark matter
halos, these dwarfs should have much larger half-light
radii if their dark matter is all in the form of MACHOs
!10 M⊙. The strongest constraints, however, may come
from the cluster in Eri II, and could be improved with
better data. Precise photometry with the Hubble Space
Telescope could resolve the question of whether the clus-
ter is intermediate-age or old, while spectroscopy of clus-
ter members and nonmembers would give another probe
of Eri II’s dark matter content. While future observa-
tions will determine the strength of the constraints from
Eri II, existing data from Eri II and from the sample of
compact ultra-faint dwarfs appear sufficient to rule out
dark matter composed exclusively of MACHOs for all
masses above ∼10−7 M⊙.

I thank Ben Bar-Or, Juna Kollmeier, Kris Sigurdson,
and especially Scott Tremaine for helpful conversations
and suggestions, and an anonymous referee for helpful
comments. This work was performed under contract with
the Jet Propulsion Laboratory (JPL) funded by NASA
through the Sagan Fellowship Program executed by the
NASA Exoplanet Science Institute.
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Bird, S., Cholis, I., Muñoz, J. B., et al. 2016, ArXiv e-prints,

1603.00464
Brooks, A. M., & Zolotov, A. 2014, ApJ, 786, 87
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Boson: deBroglie wavelength
λdB = 2π

mv . 1 kpc

mDM ≥ 1× 10−22 eV
Hu, Barkana, Gruzinov – 2000

Hui, Ostriker, Tremaine, Witten – 2016

Fermion: Pauli exclusion principle
⇒ can’t fit enough DM in dwarfs

mDM ≥ 410 eV
Tremaine, Gunn – 1979

Boyarsky, Ruchayskiy, Iakubovsky – 2008
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Figure 10: Dependence of ∆χ2 = −2 log L on the WDM mass mnrp. The values are
taken from Table 2, and the dashed line linearly interpolates between the points.

(NRP case) in the pure ΛWDM case.
The above derivation of frequentist bounds could be improved by studying more

values of the mass, finding the maximum likelihood with higher accuracy, and com-
puting the exact values of ∆χ2 corresponding to 95% and 99.7% bounds (for non-
Gaussian distributions, these are not exactly equal to 4 and 9). However, we believe
that our treatment is sufficient for concluding that values mnrp ! 8 keV are allowed
by present data at the 3σ level.

6.2 SDSS results for CWDM

In order to analyze the full ΛCWDM model, we performed extra GADGET-II sim-
ulations for a grid of points with mnrp = 5, 10 keV and Fwdm = 0.2, 0.5, 0.9. We
have seen that for such values of the mass, thermal velocities in the ICs can be
neglected. Hence, we treated the cold plus hot mixture as a single species with
no thermal velocities, distributed initially according to the appropriate linear power
spectrum computed by CAMB at z = 99. Including ΛCDM and ΛWDM models on
the edges, we have a total grid of 3 × 5 models with mnrp = 5 keV, 10 keV, ∞ and
Fwdm = 0, 0.2, 0.5, 0.9, 1. For each pair (k, z), we find the value of PΛCWDM

F at any
given point (mnrp, Fwdm) by bilinearly interpolating within this grid.

31

Boyarsky, Lesgourgues, Ruchayskiy, Viel – 2008
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Dark Matter
What we know

8. It is quite elusive!
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Figure 7: Observed Emiss
T distribution in the monojet (left) and mono-V (right) signal regions

compared with the background expectations for various SM processes evaluated after perform-
ing a combined fit to the data in all the control samples, as well as in the signal region. The fit
is performed assuming the absence of any signal. The last bin includes all events with Emiss

T >
1160 (750) GeV for the monojet (mono-V) category. Expected signal distributions for a 125 GeV
Higgs boson decaying exclusively to invisible particles, and for a 1.6 TeV axial-vector mediator
decaying to 1 GeV DM particles, are overlaid. The ratio of data and the post-fit background
prediction is shown for both the monojet and mono-V signal regions. The gray bands in these
ratio plots indicate the post-fit uncertainty in the background prediction. Finally, the distribu-
tions of the pulls, defined as the difference between data and the post-fit background prediction
relative to the post-fit uncertainty in the prediction, are also shown in the lower panels.

6.1 Dark matter interpretation

The results of the search are interpreted in terms of simplified DM models for the monojet and
mono-V final states, assuming a vector, axial-vector, scalar, or pseudoscalar mediator decaying
into a pair of fermionic DM particles. These results supersede those from the earlier CMS
publications in the same final states [19, 21].

The mediators are assumed to interact with the pair of DM particles with coupling strength
gDM = 1. The spin-1 mediators are assumed to interact with SM quarks with coupling strength
gq = 0.25. The spin-0 mediators are assumed to couple to the quarks through SM-like Yukawa
interactions with the coupling strength modifier gq = 1. The width of the mediators is deter-
mined assuming they interact only with the SM particles and the DM particle. The choice of all
the signal model parameters follows the recommendations from Ref. [78]. Uncertainties of 20
and 30% are assigned to the inclusive signal cross section in the case of the spin-1 and spin-0
mediators, respectively. These include the renormalization and factorization scale uncertain-
ties, and the PDF uncertainty.

Upper limits are computed at 95% CL on the ratio of the signal cross section to the predicted

JAE, Gori, Shelton – 2017
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Dark Matter
What it could be

The hunt for dark matter

[Tait]

T. Tait
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• WIMP Freezeout

• Hidden Sector Freezeout

• Sommerfeld Enhancement

• Vector Simplified Model

• Scalar Simplified Model

• Future Direction & Conclusions

Everything is preliminary!
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Thermal Freezeout in the Early Universe

• After reheating, universe expands and
cools adiabatically,

Expansion rate: H ∝ T 2

Mpl

• Rapid collisions keep SM in equilibrium

• Thermodynamics dictates properties,

nrelativistic ∝ T 3, nmassive ∝ (mT )
3
2 e−

m
T

Reheating

For Dark Matter, χ (any state with approximate Z2):

• Falling nχ ⇒ Γ∆# = nχ 〈σv〉χχ̄→SM < H

• Number changing ceases, and χ departs chemical equilibrium
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WIMP Miracle
Dark matter freezeout gives observed relic dark matter abundance for

〈σv〉χχ̄→SM ≈ 1 pb·c

WIMP miracle:

〈σv〉χχ̄→SM ≈
α2

weak

Λ2
weak

≈ 1 pb·c
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Equilibrium Density →

TeV scale mass and SU(2)L interaction can provide our dark matter!

Natural models like SUSY have perfect candidates (neutralino)!
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WIMP Schmiracle

Mass scales [GeV]
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WIMP Schmiracle

Dark Matter Z, Higgs Coupling Direct Status XENON1T Indirect (10�26 cm3/s)

Majorana Fermion �̄�µ�5�Zµ �SD ⇠ 1 m� ⇠ mZ/2 Yes �v ' small

or m� >⇠ 190 GeV Up to 440 GeV �v ' 2.1� 2.3

Dirac Fermion �̄�µ�Zµ �SI ⇠ 1 m� >⇠ 6 TeV Yes �v ' 2.1� 2.3

Dirac Fermion �̄�µ�5�Zµ �SD ⇠ 1 m� ⇠ mZ/2 Yes �v ' small

or m� >⇠ 240 GeV Up to 570 GeV �v ' 2.1� 2.3

Complex Scalar �† $
@µ�Zµ, �2ZµZµ �SI ⇠ 1 Excluded – –

Complex Vector (X†
⌫@µX⌫ + h.c.)Zµ �SI ⇠ 1 Excluded – –

Majorana Fermion �̄�H �SI ⇠ 1 m� ⇠ mH/2 Yes �v ' small

Majorana Fermion �̄�5�H �SI ⇠ q2 m� >⇠ 54 GeV No �v ' 0.0011� 3.4

Dirac Fermion �̄�H �SI ⇠ 1 m� ⇠ mH/2 Yes �v ' small

Dirac Fermion �̄�5�H �SI ⇠ q2 m� >⇠ 56 GeV No �v ' 0.0012� 1.7

Real Scalar �2H2 �SI ⇠ 1 m� ⇠ mH/2 Maybe �v ' 0.0012� 0.019

or m� >⇠ 400 GeV Up to 5 TeV �v ' 2.1� 2.3

Complex Scalar �2H2 �SI ⇠ 1 m� ⇠ mH/2 Maybe �v ' 0.0019� 0.017

or m� >⇠ 840 GeV Up to 10 TeV �v ' 2.1� 2.3

Real Vector XµXµH2 �SI ⇠ 1 m� ⇠ mH/2 Maybe �v ' 0.0018� 0.022

or m� >⇠ 1160 GeV Up to 15 TeV �v ' 2.1� 2.3

Complex Vector X†
µXµH2 �SI ⇠ 1 m� ⇠ mH/2 Maybe �v ' 0.0012� 0.0064

or m� >⇠ 2200 GeV Yes �v ' 2.1� 2.3

Table 1. A summary of the various classes of dark matter models that we have considered in this
study. For each case, we list (in the column labeled “Status”) the range of masses (if any) that is not
currently excluded experimentally. For those cases which are not already excluded, we state whether
XENON1T is anticipated to be sensitive to that model. We also present the range of low-velocity
annihilation cross sections that can be found in each case for masses within the currently acceptable
range.

5 Summary and Conclusions

In this study, we have systematically considered dark matter models which annihilate through
couplings to the Standard Model Z or Higgs boson. Overall, we find that the vast majority
of the parameter space associated with these models is ruled out by a combination of direct
detection experiments (LUX, PandaX-II, etc.) and measurements at colliders of the invisible
Z and Higgs widths. If no detection is made, we expect experiments such as XENON1T
to entirely rule out all remaining Z mediated models in the near future, with the exception
of fermionic dark matter heavier than ⇠500 GeV and with primarily axial couplings. Such
experiments are also expected to test all remaining Higgs mediated models, with the exception
of scalar or vector dark matter with masses very near the Higgs annihilation resonance
(mDM ' mH/2) or fermionic dark matter with a pseudoscalar (CP violating) coupling to the
Standard Model Higgs boson. Very heavy dark matter with a large Higgs portal coupling
(��H , �XH � 1) may also be beyond the reach of XENON1T, although LUX-ZEPLIN and
other planned experiments will be able to probe such models.

In Table 1, we summarize the various classes of dark matter models that we have
considered in this study, listing in each case the range of masses (if any) that is not currently
excluded experimentally. For those cases that are not already excluded, we list whether
XENON1T is expected to have the sensitivity required to test each class of model. We also
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WIMPless Freezeout
Minimal idea – keep thermal freezeout, lose the weak scale

Consider new, electrically neutral dark particle:

• Scalar, φ • Fermion, χ • Vector, V

Couple to standard model – allowable dim ≤4 couplings:

χHL
φH†H

q qqqqq qqqqq qqqq qqqqqqqqqqqqqqqqqqqqqqqqq qqqq qqqqq
qqqqqqq qqqq qqqqqq qqqqq qqqqq qqqq qqqqqqqqqqqqqqqqqq

No Z2, will decay if froze out

BµνVµν
|φ|2 H†H

Viable model, but constrained
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Majorana Fermion �̄�5�H �SI ⇠ q2 m� >⇠ 54 GeV No �v ' 0.0011� 3.4

Dirac Fermion �̄�H �SI ⇠ 1 m� ⇠ mH/2 Yes �v ' small

Dirac Fermion �̄�5�H �SI ⇠ q2 m� >⇠ 56 GeV No �v ' 0.0012� 1.7

Real Scalar �2H2 �SI ⇠ 1 m� ⇠ mH/2 Maybe �v ' 0.0012� 0.019

or m� >⇠ 400 GeV Up to 5 TeV �v ' 2.1� 2.3

Complex Scalar �2H2 �SI ⇠ 1 m� ⇠ mH/2 Maybe �v ' 0.0019� 0.017

or m� >⇠ 840 GeV Up to 10 TeV �v ' 2.1� 2.3

Real Vector XµXµH2 �SI ⇠ 1 m� ⇠ mH/2 Maybe �v ' 0.0018� 0.022

or m� >⇠ 1160 GeV Up to 15 TeV �v ' 2.1� 2.3

Complex Vector X†
µXµH2 �SI ⇠ 1 m� ⇠ mH/2 Maybe �v ' 0.0012� 0.0064

or m� >⇠ 2200 GeV Yes �v ' 2.1� 2.3

Table 1. A summary of the various classes of dark matter models that we have considered in this
study. For each case, we list (in the column labeled “Status”) the range of masses (if any) that is not
currently excluded experimentally. For those cases which are not already excluded, we state whether
XENON1T is anticipated to be sensitive to that model. We also present the range of low-velocity
annihilation cross sections that can be found in each case for masses within the currently acceptable
range.

5 Summary and Conclusions

In this study, we have systematically considered dark matter models which annihilate through
couplings to the Standard Model Z or Higgs boson. Overall, we find that the vast majority
of the parameter space associated with these models is ruled out by a combination of direct
detection experiments (LUX, PandaX-II, etc.) and measurements at colliders of the invisible
Z and Higgs widths. If no detection is made, we expect experiments such as XENON1T
to entirely rule out all remaining Z mediated models in the near future, with the exception
of fermionic dark matter heavier than ⇠500 GeV and with primarily axial couplings. Such
experiments are also expected to test all remaining Higgs mediated models, with the exception
of scalar or vector dark matter with masses very near the Higgs annihilation resonance
(mDM ' mH/2) or fermionic dark matter with a pseudoscalar (CP violating) coupling to the
Standard Model Higgs boson. Very heavy dark matter with a large Higgs portal coupling
(��H , �XH � 1) may also be beyond the reach of XENON1T, although LUX-ZEPLIN and
other planned experiments will be able to probe such models.

In Table 1, we summarize the various classes of dark matter models that we have
considered in this study, listing in each case the range of masses (if any) that is not currently
excluded experimentally. For those cases that are not already excluded, we list whether
XENON1T is expected to have the sensitivity required to test each class of model. We also
present the range of low-velocity annihilation cross sections that can be found within the
currently acceptable mass range. For those models with roughly �v >⇠ 3 ⇥ 10�27 cm3/s
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WIMPless Freezeout
Minimal idea – keep thermal freezeout, lose the weak scale

One-step more complicated than a standard WIMP:

Hidden sector freezeout χχ̄→ VV/φφ

Dark Matter Mediator Interaction Portal
Dirac χ Vector V gDVµχ̄γµχ εBµνVµν

Majorana χ Scalar φ yDφχχ ε |φ|2 H†H

............. ........ .......... ............ .............. ................ .................. ....................

....... ......................
ε thermalizes

with SM &
dumps entropy

back to SM

..................................................................................................................................................

................. .................
gD, yD sets

relic abundance

mχ > mV ,mφ

Pospelov, Ritz, Voloshin – 07; Feng, Kumar – 08; Feng, Tu, Yu – 08; ...

Evans (UIUC) The WIMP Next Door May 8, 2017 11 / 31



WIMPless Freezeout
Minimal idea – keep thermal freezeout, lose the weak scale

One-step more complicated than a standard WIMP:

Hidden sector freezeout χχ̄→ VV/φφ

Dark Matter Mediator Interaction Portal
Dirac χ Vector V gDVµχ̄γµχ εBµνVµν

Majorana χ Scalar φ yDφχχ ε |φ|2 H†H

............. ........ .......... ............ .............. ................ .................. ....................

....... ......................
ε thermalizes

with SM &
dumps entropy

back to SM

..................................................................................................................................................

................. .................
gD, yD sets

relic abundance

mχ > mV ,mφ

Pospelov, Ritz, Voloshin – 07; Feng, Kumar – 08; Feng, Tu, Yu – 08; ...

Evans (UIUC) The WIMP Next Door May 8, 2017 11 / 31



The Models

Minimal Hidden Sector Vector Model (ε� 1):

LZD = gDZD,µχ̄γ
µχ+

1
2

m2
ZD

Zµ
D ZDµ + mχχ̄χ+

ε

2 cos θ
ZDµνBµν

Free parameters: mχ, mZD , ε, gD ← fixed by relic abundance

Minimal Hidden Sector Scalar Model (ε� 1):

LS = −1
2

(yDS) (χχ+ h.c.) +
µ2

s

2
S2 − λs

4!
S4 − ε

2
S2|H|2

Free parameters: mχ, ms, sin θ ∝ ε, yD ← fixed by relic abundance

Probe Constraints (examples) Suppression
Relic abundance Planck, Supernova, BAO None
Indirect detection Fermi, AMS-02, Planck None
Direct detection LUX, CDMSlite, CRESST-II ε2

Colliders Atlas, CMS ε2

Precision LHCb, Belle, CHARM, (SHiP) ε2 (mediator)
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The Models
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Sectors Thermally Decouple

In both models, (mDM ,mmed , ε) parameter space is bounded:

Bound Reason
ε & 10−7 − 10−9 SM and hidden sector thermalize

mDM > mmed hidden sector freezeout
mDM . 50TeV unitarity
mmed > 2me do not disrupt BBN (and other constraints)

mmed/mDM > ? Direct Detection + ε bound
mDM > 500 MeV Current experimental sensitivity

mDM . 5 TeV Reliable freezeout with Sommerfeld Enhancement
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Sommerfeld Enhancement

Light mediators & Low velocities⇒ 〈σv〉 is Sommerfeld enhanced

SE: Non-relativistic QM effect from
particles feeling each other’s potential

Largest for:
• small velocity, v
• small mass ratio, R = mmed

mDM

• large coupling strength, α
ZD

ZD

ZD

χ

χ̄

σv |s−wave ≈ S0(α,R, v)σ0 +O
(

v2
)

σv |p−wave ≈ S1(α,R, v)σ1v2 +O
(

v4
)
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Sommerfeld Enhancement

〈σv〉s ≈ S0(vc)σ0 〈σv〉p ≈ S1(vc)σ1v2
c
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Affects:

• Annihilation at CMB – vc . 10−7

• The Milky Way – vc ∼ 1.7× 10−3

• Dwarfs – vc ∼ 10−4

• Freezeout – vc ∼
√

6T
mχ

Freezeout is greatly perturbed, reliability condition: α|w/o SE/α|w/ SE > 2
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Vector Model

LZD = gDZD,µχ̄γ
µχ+

1
2

m2
ZD

Zµ
DZDµ + mχχ̄χ+

ε

2 cos θ
ZDµνBµν

Free parameters: mχ, mZD , ε� 1, gD ← fixed by relic abundance
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Vector Model: Indirect Detection
Teaching us about pulsars since 1998

Several sources for indirect detection of annihilating dark matter:
• Photons at Fermi-LAT (dwarfs most sensitive!)

• Positrons at AMS-02 Elor, Rodd, Slatyer, Xue – 2015

• CMB spectral distortions at PLANCK, SPT, etc Slatyer – 2015

Fermi : use 41 dwarfs × 24 E bins
(dwarf 〈σv〉 constraint shown)

AMS-02 : use 〈σv〉×BR(ZD → ee)

CMB: combine all decay paths

mmed > 2me

Sommerfeld Condition 0.5 1 10 100 1000 10000
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Vector Model: Direct Detection

σχn =
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Vector Model: Direct Detection
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Vector Model: Direct Detection
Thermal Coupling
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Vector Model: Collider & Precision Constraints

Mono-X production of χχ̄ at colliders is very suppressed...

... but there are many constraints on the mediator!
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Vector Model: Collider & Precision Constraints
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How generic are the features of the simplified model?

A simplified model is only as interesting as it is general

Modification Effect Comments
Additional Heavy States No effect Can thermalize, if connected to SM

Additional DM (global sym) Increased FO coupling gD → gD
√

N ⇒ stronger DD
Vector→V-A O (1) corrections Qualitatively identical
Dark Higgs Can be irrelevant Could also dominate the story

Pseudo-Dirac Reduced DD Inelastic dark matter
Majorana Reduced DD

New Z2 Light States Additional DM or DR Changes DM story, constraints
Other New Light States Depends Can change things a lot

ZD →invisible Weaker ID bounds Additional light states

In short, the simplified model is for the freezeout story!

Changes that modify this minimally have less impact

Need dark vector and dark matter as the lightest states of the sector
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Scalar Model

LS = −1
2

(yDS) (χχ+ h.c.) +
µ2

s
2

S2 − λs

4!
S4 − ε

2
S2|H|2

Free parameters: mχ, ms, sin θ ∝ ε, yD ← fixed by relic abundance
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Scalar Model: Indirect Detection

Fermionic dark matter annihilating to scalars is p-wave: 〈σv〉 ∝ v2

Υχ

s

χ

χ

An, Wise, Zhang – 2016

ms <
1
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2
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FIG. 2: Scalar mediator mass dependence in the bound state
formation cross section at very low DM velocity, v ⌧ m�/mD.
This is the cross section to be constrained by the CMB ob-
servation. In this plot, the yellow shaded region is excluded.
The magenta dot-dashed line is the appoximate envelop of
the blue curves using Eq. (11).

the numerical solution of total cross sections times ve-
locity for the monopole and quadrupole transitions are
shown as the red and blue curves in Fig. 1 respectively.

For v > m�/mD, �v goes like v�1 and agrees with the
result from the Coulomb potential scattering states which
is shown by the brown line in Fig. 1. For v ⌧ ↵D, the
Coulomb scattering wavefunction takes the approximate
form

Rp`(r) ' 4⇡

s
2` + 1

4pr
J2`+1

�p
4↵DmDr

�
. (7)

In this limit, the monopole transition cross section times
velocity can be written as

(�v)M
n` =

24`+7(2` + 1)n2`�2�(n� `)⇡2↵5
D

9�(n + ` + 1)e4nm2
Dv

�
L2`+1

n�`�1(4n)
�2

,

(8)
where L is the associated Laguerre polynomial, and here
we have used Eq. (7.421 (4)) of [21]. For the ground state
(n = 1, ` = 0) formation, it can be simplified to (�v)M

10 =

128⇡2↵5
D/(9e4m2

Dv). The quadrupole piece is, (�v)Q
10 =

512⇡2↵5
D/(45e4m2

Dv). The v�1 behavior originates from
the Sommerfeld enhancement.

Due to the potential barrier, the contributions from
incoming partial waves with ` > 0 are suppressed when
v < m�/mD. This causes the sharp drop-o↵ in the
smaller v direction in the curve for quadrupole transi-
tions in the region v . m�/mD, which is roughly 10�4 in
Fig. 1. The only transition that does not get suppressed
by the barrier is from ` = 0 to ` = 2, which causes the
blue curve to plateau at the small v region. However, its
value is suppressed by the phase space since the ` = 2
bound state starts from n = 3.

In the case of finite m�, the Huthén potential can
be used as an approximation to the Yukawa potential.

This is a useful approximation for S-wave scattering. For
m� ⌧ ↵DmD, the incoming S-wave function can be ap-
proximated as [20]

Rp0(r) =

r
4⇡

↵DmDr

����
�(a�)�(a+)

�(1 + 2iw)

���� J1

�p
4↵DmDr

�
,

(9)
where w = mDv/(2m�), a± = 1 + iw(1 ±

p
1� x/w)

and x = 2↵D/v. One can get an analytic solution of the
monopole transition into the S-wave bound state. In the
limit v ⌧ m�/mD

(�v)M
n0 =

26⇡↵4
D

9n3m2
D

����
�(a�)�(a+)

�(1 + 2iw)

����
2

e�4n
�
L1

n�1(4n)
�2

,

(10)
This simplifies to,

(�v)M
n0 =

26⇡3↵5
De�4n

�
L1

n�1(4n)
�2

9n3mDm� sin2
⇣
⇡
p
↵DmD/m�

⌘ , (11)

unless the value of
p

↵DmD/m� is very close to an in-
teger. The divergence one encounters in the cross sec-
tion (�v)M

n0 using the expression above will be regularized
by the small imaginary parts of a±. For values of m�,
where an S-wave state crosses threshold a peak appears
in (�v)M

n0. This structure is depicted in Fig. 2, where the
approximate lower envelop corresponding to Eq. (11) by
sending the sine square factor in the dominator to unity
is also shown as the magenta dot-dashed curve.

Annihilation decay. In the simple model of Eq. (1), there
exist two ground states with quantum numbers JPC =
1�� and 0�+. The 1�� state, once formed, is stable due
to the C-parity symmetry. It is part of the dark matter.
The 0�+ state, on the other hand, can decay. It is easy to
verify that systems made of 2 and 3 real scalars are parity
even. Because in this model, the Yukawa interaction also
preserves parity, the leading decay channel of the 0�+

state is into 4�’s, and the decay rate is,

�(0�+)!4� =
F | B(0)|2↵4

D

192⇡2m2
D

, (12)

where F ' 0.01 has been determined numerically.

CMB constraint. The 0�+ bound state is spin-singlet
and 1��, spin-triplet. Therefore, in this simple model
(1) only 1/4 of the dark bound states can decay. In the
Coulomb limit, the ground state wave function at the
origin is,  B(0) =

p
↵3

Dm3
D/(8⇡). Thus, the lifetime of

the 0�+ state is very short compared to the cosmologi-
cal time scale during the recombination era. As a result,
during recombination, the total formation rate of the 0�+

bound states is equal to their overall decay rate. The en-
ergy injection rate due to DM annihilation via the bound
state channel is proportional to the 0�+ bound state for-
mation cross section [1]. (The 1�� state is stable and
these bound states are part of the DM today.)

Evans (UIUC) The WIMP Next Door May 8, 2017 24 / 31



Scalar Model: Indirect Detection

Υχ

s

χ

χ

An, Wise, Zhang – 2016

ms <
1
4α

2
Dmχ

3

CMB excl.

mD=5 TeV, aD=0.27, v=10-8

0.2 0.5 1.0 2.0 5.0

10-23

10-22

mf HGeVL

Hsv
L CM

B
Hcm

3
êsec
L

FIG. 2: Scalar mediator mass dependence in the bound state
formation cross section at very low DM velocity, v ⌧ m�/mD.
This is the cross section to be constrained by the CMB ob-
servation. In this plot, the yellow shaded region is excluded.
The magenta dot-dashed line is the appoximate envelop of
the blue curves using Eq. (11).

the numerical solution of total cross sections times ve-
locity for the monopole and quadrupole transitions are
shown as the red and blue curves in Fig. 1 respectively.

For v > m�/mD, �v goes like v�1 and agrees with the
result from the Coulomb potential scattering states which
is shown by the brown line in Fig. 1. For v ⌧ ↵D, the
Coulomb scattering wavefunction takes the approximate
form

Rp`(r) ' 4⇡

s
2` + 1

4pr
J2`+1

�p
4↵DmDr

�
. (7)

In this limit, the monopole transition cross section times
velocity can be written as

(�v)M
n` =

24`+7(2` + 1)n2`�2�(n� `)⇡2↵5
D

9�(n + ` + 1)e4nm2
Dv

�
L2`+1

n�`�1(4n)
�2

,

(8)
where L is the associated Laguerre polynomial, and here
we have used Eq. (7.421 (4)) of [21]. For the ground state
(n = 1, ` = 0) formation, it can be simplified to (�v)M

10 =

128⇡2↵5
D/(9e4m2

Dv). The quadrupole piece is, (�v)Q
10 =

512⇡2↵5
D/(45e4m2

Dv). The v�1 behavior originates from
the Sommerfeld enhancement.

Due to the potential barrier, the contributions from
incoming partial waves with ` > 0 are suppressed when
v < m�/mD. This causes the sharp drop-o↵ in the
smaller v direction in the curve for quadrupole transi-
tions in the region v . m�/mD, which is roughly 10�4 in
Fig. 1. The only transition that does not get suppressed
by the barrier is from ` = 0 to ` = 2, which causes the
blue curve to plateau at the small v region. However, its
value is suppressed by the phase space since the ` = 2
bound state starts from n = 3.

In the case of finite m�, the Huthén potential can
be used as an approximation to the Yukawa potential.

This is a useful approximation for S-wave scattering. For
m� ⌧ ↵DmD, the incoming S-wave function can be ap-
proximated as [20]

Rp0(r) =

r
4⇡

↵DmDr

����
�(a�)�(a+)

�(1 + 2iw)

���� J1

�p
4↵DmDr

�
,

(9)
where w = mDv/(2m�), a± = 1 + iw(1 ±

p
1� x/w)

and x = 2↵D/v. One can get an analytic solution of the
monopole transition into the S-wave bound state. In the
limit v ⌧ m�/mD

(�v)M
n0 =

26⇡↵4
D

9n3m2
D

����
�(a�)�(a+)

�(1 + 2iw)

����
2

e�4n
�
L1

n�1(4n)
�2

,

(10)
This simplifies to,

(�v)M
n0 =

26⇡3↵5
De�4n

�
L1

n�1(4n)
�2

9n3mDm� sin2
⇣
⇡
p
↵DmD/m�

⌘ , (11)

unless the value of
p

↵DmD/m� is very close to an in-
teger. The divergence one encounters in the cross sec-
tion (�v)M

n0 using the expression above will be regularized
by the small imaginary parts of a±. For values of m�,
where an S-wave state crosses threshold a peak appears
in (�v)M

n0. This structure is depicted in Fig. 2, where the
approximate lower envelop corresponding to Eq. (11) by
sending the sine square factor in the dominator to unity
is also shown as the magenta dot-dashed curve.

Annihilation decay. In the simple model of Eq. (1), there
exist two ground states with quantum numbers JPC =
1�� and 0�+. The 1�� state, once formed, is stable due
to the C-parity symmetry. It is part of the dark matter.
The 0�+ state, on the other hand, can decay. It is easy to
verify that systems made of 2 and 3 real scalars are parity
even. Because in this model, the Yukawa interaction also
preserves parity, the leading decay channel of the 0�+

state is into 4�’s, and the decay rate is,

�(0�+)!4� =
F | B(0)|2↵4

D

192⇡2m2
D

, (12)

where F ' 0.01 has been determined numerically.

CMB constraint. The 0�+ bound state is spin-singlet
and 1��, spin-triplet. Therefore, in this simple model
(1) only 1/4 of the dark bound states can decay. In the
Coulomb limit, the ground state wave function at the
origin is,  B(0) =

p
↵3

Dm3
D/(8⇡). Thus, the lifetime of

the 0�+ state is very short compared to the cosmologi-
cal time scale during the recombination era. As a result,
during recombination, the total formation rate of the 0�+

bound states is equal to their overall decay rate. The en-
ergy injection rate due to DM annihilation via the bound
state channel is proportional to the 0�+ bound state for-
mation cross section [1]. (The 1�� state is stable and
these bound states are part of the DM today.)

CMB: combine all decay paths

mmed > 2me

Sommerfeld Condition

α > 1 0.5 1 10 100 1000 10000

0.001

0.01

0.1

0.0005

0.005

0.05

0.5

1

mχ (GeV)

ms

mχ

Evans (UIUC) The WIMP Next Door May 8, 2017 24 / 31



Scalar Model: Indirect Detection

Υχ

s

χ

χ

An, Wise, Zhang – 2016

ms <
1
4α

2
Dmχ

3

CMB excl.

mD=5 TeV, aD=0.27, v=10-8

0.2 0.5 1.0 2.0 5.0

10-23

10-22

mf HGeVL

Hsv
L CM

B
Hcm

3
êsec
L

FIG. 2: Scalar mediator mass dependence in the bound state
formation cross section at very low DM velocity, v ⌧ m�/mD.
This is the cross section to be constrained by the CMB ob-
servation. In this plot, the yellow shaded region is excluded.
The magenta dot-dashed line is the appoximate envelop of
the blue curves using Eq. (11).

the numerical solution of total cross sections times ve-
locity for the monopole and quadrupole transitions are
shown as the red and blue curves in Fig. 1 respectively.

For v > m�/mD, �v goes like v�1 and agrees with the
result from the Coulomb potential scattering states which
is shown by the brown line in Fig. 1. For v ⌧ ↵D, the
Coulomb scattering wavefunction takes the approximate
form

Rp`(r) ' 4⇡

s
2` + 1

4pr
J2`+1

�p
4↵DmDr

�
. (7)

In this limit, the monopole transition cross section times
velocity can be written as

(�v)M
n` =

24`+7(2` + 1)n2`�2�(n� `)⇡2↵5
D

9�(n + ` + 1)e4nm2
Dv

�
L2`+1

n�`�1(4n)
�2

,

(8)
where L is the associated Laguerre polynomial, and here
we have used Eq. (7.421 (4)) of [21]. For the ground state
(n = 1, ` = 0) formation, it can be simplified to (�v)M

10 =

128⇡2↵5
D/(9e4m2

Dv). The quadrupole piece is, (�v)Q
10 =

512⇡2↵5
D/(45e4m2

Dv). The v�1 behavior originates from
the Sommerfeld enhancement.

Due to the potential barrier, the contributions from
incoming partial waves with ` > 0 are suppressed when
v < m�/mD. This causes the sharp drop-o↵ in the
smaller v direction in the curve for quadrupole transi-
tions in the region v . m�/mD, which is roughly 10�4 in
Fig. 1. The only transition that does not get suppressed
by the barrier is from ` = 0 to ` = 2, which causes the
blue curve to plateau at the small v region. However, its
value is suppressed by the phase space since the ` = 2
bound state starts from n = 3.

In the case of finite m�, the Huthén potential can
be used as an approximation to the Yukawa potential.

This is a useful approximation for S-wave scattering. For
m� ⌧ ↵DmD, the incoming S-wave function can be ap-
proximated as [20]

Rp0(r) =

r
4⇡

↵DmDr

����
�(a�)�(a+)

�(1 + 2iw)

���� J1

�p
4↵DmDr

�
,

(9)
where w = mDv/(2m�), a± = 1 + iw(1 ±

p
1� x/w)

and x = 2↵D/v. One can get an analytic solution of the
monopole transition into the S-wave bound state. In the
limit v ⌧ m�/mD

(�v)M
n0 =

26⇡↵4
D

9n3m2
D

����
�(a�)�(a+)

�(1 + 2iw)

����
2

e�4n
�
L1

n�1(4n)
�2

,

(10)
This simplifies to,

(�v)M
n0 =

26⇡3↵5
De�4n

�
L1

n�1(4n)
�2

9n3mDm� sin2
⇣
⇡
p
↵DmD/m�

⌘ , (11)

unless the value of
p

↵DmD/m� is very close to an in-
teger. The divergence one encounters in the cross sec-
tion (�v)M

n0 using the expression above will be regularized
by the small imaginary parts of a±. For values of m�,
where an S-wave state crosses threshold a peak appears
in (�v)M

n0. This structure is depicted in Fig. 2, where the
approximate lower envelop corresponding to Eq. (11) by
sending the sine square factor in the dominator to unity
is also shown as the magenta dot-dashed curve.

Annihilation decay. In the simple model of Eq. (1), there
exist two ground states with quantum numbers JPC =
1�� and 0�+. The 1�� state, once formed, is stable due
to the C-parity symmetry. It is part of the dark matter.
The 0�+ state, on the other hand, can decay. It is easy to
verify that systems made of 2 and 3 real scalars are parity
even. Because in this model, the Yukawa interaction also
preserves parity, the leading decay channel of the 0�+

state is into 4�’s, and the decay rate is,

�(0�+)!4� =
F | B(0)|2↵4

D

192⇡2m2
D

, (12)

where F ' 0.01 has been determined numerically.

CMB constraint. The 0�+ bound state is spin-singlet
and 1��, spin-triplet. Therefore, in this simple model
(1) only 1/4 of the dark bound states can decay. In the
Coulomb limit, the ground state wave function at the
origin is,  B(0) =

p
↵3

Dm3
D/(8⇡). Thus, the lifetime of

the 0�+ state is very short compared to the cosmologi-
cal time scale during the recombination era. As a result,
during recombination, the total formation rate of the 0�+

bound states is equal to their overall decay rate. The en-
ergy injection rate due to DM annihilation via the bound
state channel is proportional to the 0�+ bound state for-
mation cross section [1]. (The 1�� state is stable and
these bound states are part of the DM today.)

CMB: combine all decay paths

mmed > 2me
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Scalar Model: Direct Detection
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Scalar Model: Direct Detection
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Scalar Model: Direct Detection
Thermal Coupling
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Scalar Model: Direct Detection
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Scalar Model: Collider & Precision Constraints
Mono-X production of χχ at colliders is very suppressed...

... but (again) there are many constraints on the mediator!

From exotic Higgs decays

Curtin, et al – 2013
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Scalar Model: Collider & Precision Constraints

Mono-X production of χχ at colliders is very suppressed...

... but (again) there are many constraints on the mediator!

and direct searches for the
mediator!

Krnjaic – 2015

Flacke, Frugiuele, Fuchs, Gupta, Perez – 2016
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Scalar Model: Collider & Precision Constraints
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How generic are the features of the simplified model?

A simplified model is only as interesting as it is general

Modification Effect Comments
Additional Heavy States No effect Can thermalize, if connected to SM

Dirac DM O (1) corrections Qualitatively identical
DM mass indep of VEV Small correction Small effect for light scalars, TD larger

Additional DM (global sym) Increased FO coupling yD → yD
√

N ⇒ stronger DD
CPV Scalar Turns on ID May complicate SM

New Z2 Light States Additional DM or DR Changes DM story, constraints
Other New Light States Depends Can change things a lot

s →invisible Weaker collider bounds Additional light states

Again, the simplified model is for the freezeout story!

Changes that modify this minimally have less impact

Need dark scalar and dark matter as the lightest states of the sector
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The Future

Tons of interesting future directions!

• Construct simplified models for HS scalar DM

• Phenomenology of thermally decoupled sectors

• Cosmology of light dark matter

• New bounds on light, Higgs-mixed scalars

• Proper thermal field theory treatment of thermal (de)coupling

• Direct detection under the influence of bound states

• And many more!
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Summary

• The WIMP next door is a simple, plausible story for dark matter

• These simplified models are:
• Minimal
• Bounded
• Constrained
• General
• Simple
• Complete

• Thermal coupling mandates sufficient connection to the SM

• Direct detection can access cosmological lower bound on portal

• A lot of opportunities for future experiments to access this sector
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