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Why particle dark 
matter?

• Why not just ordinary (dark) baryons? 

• A: BBN and CMB make independent measurements of the baryon fraction.  
Observations only accounted for with non-interacting matter 

20. Big-Bang nucleosynthesis 3
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Figure 20.1: The abundances of 4He, D, 3He, and 7Li as predicted by the standard
model of Big-Bang nucleosynthesis [11] − the bands show the 95% CL range. Boxes
indicate the observed light element abundances (smaller boxes: ±2σ statistical
errors; larger boxes: ±2σ statistical and systematic errors). The narrow vertical
band indicates the CMB measure of the cosmic baryon density, while the wider
band indicates the BBN concordance range (both at 95% CL). Color version at end
of book.
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Why particle dark 
matter?

• Make baryons non-interacting by binding 
DM into MaCHOs?

• A: looked for those and did not find them; 
eliminated MACHO range from 

2

where the δ
PBH

,δp and δr are the relative overdensities
of PBHs, Poisson fluctuations and radiation, respectively.
Since δp in Eq.(1)is observable and constant, one would
conclude that the quantity

S ≡ δ
PBH

−
3

4
δr = δp (4)

is gauge-invariant and conserved. Indeed this is the en-
tropy per PBH, which should remain constant as long as
the universe expands adiabatically (e.g. see Mukhanov
et al. 1992). The associated perturbations, generated in
this way are isocurvature(or entropy) perturbations, as the
curvature at large scales is not (immediately) affected by
the formation of compact objects at small scale.

As we are assuming that PBHs are the present day Cold
Dark Matter (CDM), the overdensity of CDM is given by

δ
CDM

(k) = Tad(k)δi,ad(k) + Tiso(k)S(k), (5)

where Tad(k) and Tiso(k) are the transfer functions for
adiabatic and isocurvature perturbations respectively. For
the following analysis we will use the analytical fits quoted
in Bardeen et al. 1986 to the transfer functions. Eq. (5)
leads to the following power spectrum

P
CDM

(k) = T 2
ad(k)Pi,ad(k) + T 2

iso(k)Pp. (6)

In this expression,Pi,ad(k) = Akn with n ≃ 1 is the adia-
batic power spectrum which is produced through inflation
(or an alternative method of generating scale-invariant adi-
abatic perturbations), while Pp is given in Eq.(2).

One can easily see that the isocurvature term on the
RHS of Eq.(2) contributes a constant to the power spec-
trum as both Pp and

Tiso(k) =
3

2
(1 + zeq) for k ≫ aeqHeq (7)

are independent of k (e.g. Peacock 1998). Note that this
is the simple linear growth due to gravitational cluster-
ing which is the same for adiabatic fluctuation. Since the
power spectrum of adiabatic fluctuations decays as k−3 at
small scales, one expects to see the signature of this Pois-
son noise at large k’s. Combining Eqs. (2),(6) and (7)
gives the power offset

∆P
CDM

≃
9M

PBH
(1 + zeq)2

4ρ
CDM

= 4.63

(

M
PBH

103M⊙

)

(Ω
CDM

h5)(h−1Mpc)3 (8)

which is also a lower bound on the matter linear power
spectrum.
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Fig. 1.— Linear power spectrum for different masses of the PBHs.
σ∗

8
is σ8 for the model without the PBHs and the amplitude of the

(initially) adiabatic modes is the same for all models.

Fig.(1) shows the linear power spectrum for different

masses of the PBHs. We see the Poisson plateau (Eq.
8) at large k’s which drops with decreasing mass. The
impact of this plateau on the Ly-α forest power spectrum
is discussed in the next section.

Fig. 2.— Influence of PBHs on the Ly-α forest flux power spec-
trum, PF (k). The black, solid curve shows our prediction for PF (k)
in a standard ΛCDM model (i.e., no PBHs) in which the amplitude
of the linear power spectrum, σ∗

8
, was adjusted to match the data

points from Croft et al. (2002). The other curves show the predicted
PF (k) when white noise power due to PBHs with various masses is
added. The Ly-α forest model parameters and σ∗

8
were not adjusted

to find a best fit for each mass so the disagreement between the PBH
models and the data points does not indicate that the models are
ruled out.

3. simulations of Ly-α forest

Afshordi, McDonald, Spergel
& 10�8M�

Sunday, October 5, 14



Why particle dark 
matter?

• Make baryons non-interacting by binding 
DM into MaCHOs?

• A: looked for those and did not find them; 
eliminated MACHO range from 

2

where the δ
PBH

,δp and δr are the relative overdensities
of PBHs, Poisson fluctuations and radiation, respectively.
Since δp in Eq.(1)is observable and constant, one would
conclude that the quantity

S ≡ δ
PBH

−
3

4
δr = δp (4)

is gauge-invariant and conserved. Indeed this is the en-
tropy per PBH, which should remain constant as long as
the universe expands adiabatically (e.g. see Mukhanov
et al. 1992). The associated perturbations, generated in
this way are isocurvature(or entropy) perturbations, as the
curvature at large scales is not (immediately) affected by
the formation of compact objects at small scale.

As we are assuming that PBHs are the present day Cold
Dark Matter (CDM), the overdensity of CDM is given by

δ
CDM

(k) = Tad(k)δi,ad(k) + Tiso(k)S(k), (5)

where Tad(k) and Tiso(k) are the transfer functions for
adiabatic and isocurvature perturbations respectively. For
the following analysis we will use the analytical fits quoted
in Bardeen et al. 1986 to the transfer functions. Eq. (5)
leads to the following power spectrum

P
CDM

(k) = T 2
ad(k)Pi,ad(k) + T 2

iso(k)Pp. (6)

In this expression,Pi,ad(k) = Akn with n ≃ 1 is the adia-
batic power spectrum which is produced through inflation
(or an alternative method of generating scale-invariant adi-
abatic perturbations), while Pp is given in Eq.(2).

One can easily see that the isocurvature term on the
RHS of Eq.(2) contributes a constant to the power spec-
trum as both Pp and

Tiso(k) =
3

2
(1 + zeq) for k ≫ aeqHeq (7)

are independent of k (e.g. Peacock 1998). Note that this
is the simple linear growth due to gravitational cluster-
ing which is the same for adiabatic fluctuation. Since the
power spectrum of adiabatic fluctuations decays as k−3 at
small scales, one expects to see the signature of this Pois-
son noise at large k’s. Combining Eqs. (2),(6) and (7)
gives the power offset

∆P
CDM

≃
9M

PBH
(1 + zeq)2

4ρ
CDM

= 4.63

(

M
PBH

103M⊙

)

(Ω
CDM

h5)(h−1Mpc)3 (8)

which is also a lower bound on the matter linear power
spectrum.

-1 -0.5 0 0.5 1

0

2

4

 No PBHs No PBHs No PBHs No PBHs No PBHs No PBHs No PBHs

Fig. 1.— Linear power spectrum for different masses of the PBHs.
σ∗

8
is σ8 for the model without the PBHs and the amplitude of the

(initially) adiabatic modes is the same for all models.

Fig.(1) shows the linear power spectrum for different

masses of the PBHs. We see the Poisson plateau (Eq.
8) at large k’s which drops with decreasing mass. The
impact of this plateau on the Ly-α forest power spectrum
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from 2005 talk by K. Griest
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Why particle dark 
matter?

• Why not 
modify 
gravity?

• A: Modified 
gravity 
theories tend 
to be sick

BBN
(baryons)

CMB
(curvature)

LSS
(matter)

Supernovae
(DE)

Galaxy curves
(matter)

A: Must get the entire range of 
observations right, not just 
galactic rotation curves
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Why particle dark 
matter?

• Why not 
modify 
gravity?

• A: Modified 
gravity 
theories tend 
to be sick A: Must get the entire range of 

observations right, not just 
galactic rotation curves

X-ray: NASA/CXC/CfA/ M.Markevitch et al.; 
Lensing Map: NASA/STScI; ESO WFI; Magellan/U.Arizona/ D.Clowe et al. 

Optical: NASA/STScI; Magellan/U.Arizona/D.Clowe et al
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Why particle dark 
matter?

• By contrast, it is easy to explain 
everything with particle dark matter

• From theoretical point of view, theories 
are compelling, testable. 

• As the proverb says:
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What Do We Know About 
the Dark Matter?

BBN
(baryons)

CMB
(curvature)

LSS
(matter)

Supernovae
(DE)

Galaxy curves
(matter)

Halo Shapes
Weakly Self-interacting

Direct Probes
Weakly Interacting with Us

FIG. 1: Allowed regions in (mX ,αX) plane, where mX is the mass of the dark matter charged
under the unbroken hidden sector U(1)EM with fine-structure constant αX . Contours for fixed
dark matter cosmological relic density consistent with WMAP results, ΩXh2 = 0.11, are shown

for (tan θh
W , ξRH) = (

√

3/5, 0.8), (
√

3/5, 0.1), (10, 0.1) (dashed), from top to bottom, as indicated.
The shaded regions are disfavored by constraints from the Bullet Cluster observations on self-

interactions (dark red) and the observed ellipticity of galactic dark matter halos (light yellow).
The Bullet Cluster and ellipticity constraints are derived in Secs. VIII and VII, respectively.

of the parameter space of these models are excluded because the predicted minimum mass
halo is in conflict with observations.

In this section, we analyze the kinetic decoupling of hidden charged dark matter. One
notable difference between the WIMP and hidden charged dark matter is that the charged
dark matter interacts not only through weak interactions, but also through EM interactions.
For the case of τ̃h dark matter, this implies that the dark matter remains in kinetic contact
not only through the weak process τ̃hνh ↔ τ̃hνh, but also through the Compton scattering
process τ̃hγh ↔ τ̃hγh. As we will see, at low temperatures, the thermally-averaged weak cross
section is suppressed by T h 2/m2

X , but this suppression is absent for Compton scattering,
creating a large, qualitative difference between this case and the canonical WIMP scenario.
Note also that, in principle, in the case of charged dark matter, bound state formation also
impacts kinetic decoupling. As we will see in Sec. V, however, very few staus actually bind,
and so this effect is not significant and may be neglected in our analysis.

We follow Refs. [54, 55] to determine the temperature of kinetic decoupling for the dark
matter particle. In the hidden sector, the Boltzmann equation governing the evolution of
the dark matter particle’s phase space distribution is

df(p⃗)

dt
= Γ(T h)(T hmX△p⃗ + p⃗ ·∇p⃗ + 3)f(p⃗) , (6)

6

Feng, Tu, Yu
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How Dark is Dark 
Matter?

BBN
(baryons)

CMB
(curvature)

LSS
(matter)

Supernovae
(DE)

Galaxy curves
(matter)

Consider All Epochs!

McDermott, Yu, KZ 
1011.2907
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How Dark is Dark 
Matter?

• Which probe is the most constraining?

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.

The thermally averaged momentum transfer per unit time is

d⟨δp2X⟩/dt =
∑

b=e,p

nb

∫

d3vBd
3vXf(vB)f(vX)dΩ∗

dσXb

dΩ∗
vrelδp

2
X , (11)

where dσXb/dΩ∗ is given by Eq. (2), nb is the number density of the baryon, and δp2X is the
momentum transfer after one collision:

δp2X = 2µ2
bv

2
rel(1− cos θ∗). (12)

Note that this quantity is reference frame independent. The thermally averaged momentum
squared of the DM particle in its comoving frame is

⟨p2X⟩ =
∫

d3vXf(vX)(mXvX)
2 =

3

2
m2

Xv
2
0 = 3mXT (13)

for a DM particle in a thermal Maxwell distribution. To evaluate the thermal average for
v2rel, we derive a general formula. For a given function of g(vrel), we have

∫

d3vad
3vbf(va)f(vb)g(vrel) =

∫

dvrelv
2
rel

4√
π

1

(v20a + v20b)
3
2

e
− v2rel

v2
0b

+
v2relv

2
0a

(v20a+v2
0b

)v2
0b g(vrel), (14)

7

McDermott, Yu, KZ 
1011.2907

d�

d�
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Constraint on DM charge ε
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Super-Weakly 
Interacting

Standard Model Dark Matter

Gravitational Interactions

?
Mp � 1 GeV

Mpl � 1019 GeV

Inaccessibility

En
er

gy

Weak Interactions
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Super-Weakly 
Interacting

• Gravitational Coherence ....

• Helps us learn about aggregate 
properties of dark matter

• Particle properties much harder

... on cosmological scales!
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Super-Weakly 
Interacting

• Astronomy and 
Cosmology can give 
aggregate properties, 
but we need particle 
physics to go beyond 
that

Standard Model Dark Matter

?
Mp � 1 GeV
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Particle Physics 
Provides Some Ideas

• Fundamental 
premise: DM 
has interactions 
other than 
gravitational

Standard Model
Dark Matter

?Mp � 1 GeV

Weak Interactions

Sub-weak Interactions
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• Abundance of new stable states set by 
interaction rates

Why the (sub-)Weak 
Scale is Compelling

Γ = nσv = H

Measured by CMB + LSS

=⇒ σ ∼
1

(100GeV)2

Freeze-out

Sunday, October 5, 14



Idea Focus: 
Supersymmetry

• Provides sharp predictions

• Must be neutral.  

• Options sneutrino, bino, wino, higgsino

• Sneutrino scatters through Z

• Neutralino scattering through Z spin-
dependent or velocity suppressed

�̃ B̃, W̃3, H̃
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Sub-Weakly Interacting 
Massive Particles
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DAMA/I

DAMA/Na

CoGeNT

CDMS (2010/11)
EDELWEISS (2011/12)

XENON10 (2011)

XENON100 (2011)

COUPP (2012)
SIMPLE (2012)

ZEPLIN-III (2012)
CRESST-II (2012)

XENON100 (2012)
observed limit (90% CL)

Expected limit of this run: 

 expectedσ 2 ±
 expectedσ 1 ±

FIG. 3: New result on spin-independent WIMP-nucleon scat-
tering from XENON100: The expected sensitivity of this run
is shown by the green/yellow band (1�/2�) and the result-
ing exclusion limit (90% CL) in blue. For comparison, other
experimental results are also shown [19–22], together with
the regions (1�/2�) preferred by supersymmetric (CMSSM)
models [18].

the benchmark region fluctuates to 2 events is 26.4% and
confirms this conclusion.

A 90% confidence level exclusion limit for spin-
independent WIMP-nucleon cross sections �� is calcu-
lated, assuming an isothermal WIMP halo with a lo-
cal density of ⇢� = 0.3GeV/c3, a local circular veloc-
ity of v0 = 220 km/s, and a Galactic escape velocity of
vesc = 544 km/s [17]. Systematic uncertainties in the en-
ergy scale as described by the Le↵ parametrization of [6]
and in the background expectation are profiled out and
represented in the limit. Poisson fluctuations in the num-
ber of PEs dominate the S1 energy resolution and are
also taken into account along with the single PE resolu-
tion. The expected sensitivity of this dataset in absence
of any signal is shown by the green/yellow (1�/2�) band
in Fig. 3. The new limit is represented by the thick blue
line. It excludes a large fraction of previously unexplored
parameter space, including regions preferred by scans of
the constrained supersymmetric parameter space [18].

The new XENON100 data provide the most strin-
gent limit for m� > 8GeV/c2 with a minimum of
� = 2.0 ⇥ 10�45 cm2 at m� = 55GeV/c2. The max-
imum gap analysis uses an acceptance-corrected expo-
sure of 2323.7 kg⇥days (weighted with the spectrum of a
100GeV/c2 WIMP) and yields a result which agrees with
the result of Fig. 3 within the known systematic di↵er-
ences. The new XENON100 result continues to challenge
the interpretation of the DAMA [19], CoGeNT [20], and
CRESST-II [21] results as being due to scalar WIMP-
nucleon interactions.

We acknowledge support from NSF, DOE, SNF, UZH,
Volkswagen Foundation, FCT, Région des Pays de la
Loire, STCSM, NSFC, DFG, Stichting FOM, Weizmann
Institute of Science, and the friends of Weizmann Insti-
tute in memory of Richard Kronstein. We are grateful to
LNGS for hosting and supporting XENON.

⇤ Electronic address: ajmelgarejo@astro.columbia.edu
† Electronic address: marc.schumann@physik.uzh.ch

[1] N. Jarosik et al., Astrophys. J. Suppl. 192, 14 (2011);
K. Nakamura et al. (PDG), J. Phys. G37, 075021 (2010).

[2] G. Steigman and M. S. Turner, Nucl. Phys. B253, 375
(1985); G. Jungman, M. Kamionkowski, and K. Griest,
Phys. Rept. 267, 195 (1996).

[3] G. Bertone, D. Hooper, and J. Silk, Phys. Rept. 405, 279
(2005).

[4] M. W. Goodman and E. Witten, Phys. Rev. D31, 3059
(1985).

[5] E. Aprile et al. (XENON100), Astropart. Phys. 35, 573
(2012).

[6] E. Aprile et al. (XENON100), Phys. Rev. Lett. 107,
131302 (2011).

[7] M. Aglietta et al. (LVD), Phys. Rev.D58, 092005 (1998).
[8] E. Aprile et al. (XENON100) Astropart. Phys. 35, 43

(2011).
[9] E. Aprile et al., Phys. Rev. C79, 045807 (2009).

[10] X. Du et al., Rev. Sci. Instr. 75, 3224 (2004).
[11] E. Aprile et al. (XENON100), (2012), arXiv:1207.3458.
[12] E. Aprile et al. (XENON100), Phys. Rev. D84, 052003

(2011).
[13] S. Yellin, Phys. Rev. D66, 032005 (2002).
[14] G. Plante et al., Phys. Rev. C84, 045805 (2011).
[15] E. Aprile et al., Phys. Rev. Lett. 97, 081302 (2006).
[16] M. M. Szydagis et al., JINST 6, P10002 (2011).
[17] M. C. Smith et al., Mon. Not. R. Astron. Soc. 379, 755

(2007).
[18] Combined region using C. Strege et al., JCAP 1203,

030 (2012); A. Fowlie et al. (2012), arXiv:1206.0264;
O. Buchmueller et al. (2011), arXiv:1112.3564.

[19] C. Savage et al., JCAP 0904, 010 (2009).
[20] C. E. Aalseth et al. (CoGeNT), Phys. Rev. Lett. 106,

131301 (2011).
[21] G. Angloher et al. (CRESST-II), Eur. Phys. J. C72, 1971

(2012).
[22] Z. Ahmed et al. (CDMS), Science 327, 1619 (2010);

Z. Ahmed et al. (CDMS), Phys. Rev. Lett. 106,
131302 (2011); E. Armengaud et al. (EDEL-
WEISS), Phys. Lett. B 702, 329 (2011); J. Angle
et al. (XENON10), Phys. Rev. Lett. 107, 051301 (2011);
M. Felizardo et al. (SIMPLE), Phys. Rev. Lett. 108,
201302 (2012); E. Behnke et al. (COUPP) (2012),
arXiv:1204.3094; D. Y. Akimov et al. (ZEPLIN-
III), Phys. Lett. B 709, 14 (2012); E. Armengaud
et al. (EDELWEISS) (2012), arXiv:1207.1815.

Scattering through the Z boson: ruled out

Next important benchmark:
Scattering through the Higgs

�n ⇠ 10�39 cm2

�n � 10�45�46 cm2
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Are there ways around 
for the Neutralino?

• Make the Neutralino a 
pure state -- coupling 
to Higgs vanishes

• However, Wino and 
Higgsino pure states 
can be probed by 
indirect detection

g̃ q

q̃

(a)

W̃ qL, ℓL, H̃u, H̃d

q̃L, ℓ̃L, Hu, Hd

(b)

B̃ q, ℓ, H̃u, H̃d

q̃, ℓ̃, Hu, Hd

(c)

Figure 6.3: Couplings of the gluino, wino, and bino to MSSM (scalar, fermion) pairs.

interactions of gauge-coupling strength, as we will explore in more detail in sections 9 and 10. The
couplings of the Standard Model gauge bosons (photon, W±, Z0 and gluons) to the MSSM particles are
determined completely by the gauge invariance of the kinetic terms in the Lagrangian. The gauginos
also couple to (squark, quark) and (slepton, lepton) and (Higgs, higgsino) pairs as illustrated in the
general case in Figure 3.3g,h and the first two terms in the second line in eq. (3.4.9). For instance, each
of the squark-quark-gluino couplings is given by

√
2g3(q̃ T aqg̃+ c.c.) where T a = λa/2 (a = 1 . . . 8) are

the matrix generators for SU(3)C . The Feynman diagram for this interaction is shown in Figure 6.3a.
In Figures 6.3b,c we show in a similar way the couplings of (squark, quark), (lepton, slepton) and
(Higgs, higgsino) pairs to the winos and bino, with strengths proportional to the electroweak gauge
couplings g and g′ respectively. For each of these diagrams, there is another with all arrows reversed.
Note that the winos only couple to the left-handed squarks and sleptons, and the (lepton, slepton)
and (Higgs, higgsino) pairs of course do not couple to the gluino. The bino coupling to each (scalar,
fermion) pair is also proportional to the weak hypercharge Y as given in Table 1.1. The interactions
shown in Figure 6.3 provide, for example, for decays q̃ → qg̃ and q̃ → W̃ q′ and q̃ → B̃q when the final
states are kinematically allowed to be on-shell. However, a complication is that the W̃ and B̃ states
are not mass eigenstates, because of splitting and mixing due to electroweak symmetry breaking, as
we will see in section 8.2.

There are also various scalar quartic interactions in the MSSM that are uniquely determined by
gauge invariance and supersymmetry, according to the last term in eq. (3.4.12), as illustrated in Fig-
ure 3.3i. Among them are (Higgs)4 terms proportional to g2 and g′2 in the scalar potential. These are
the direct generalization of the last term in the Standard Model Higgs potential, eq. (1.1), to the case
of the MSSM. We will have occasion to identify them explicitly when we discuss the minimization of
the MSSM Higgs potential in section 8.1.

The dimensionful couplings in the supersymmetric part of the MSSM Lagrangian are all dependent
on µ. Using the general result of eq. (3.2.19), µ provides for higgsino fermion mass terms

− Lhiggsino mass = µ(H̃+
u H̃−

d − H̃0
uH̃

0
d ) + c.c., (6.1.4)

as well as Higgs squared-mass terms in the scalar potential

− Lsupersymmetric Higgs mass = |µ|2(|H0
u|2 + |H+

u |2 + |H0
d |2 + |H−

d |2). (6.1.5)

Since eq. (6.1.5) is non-negative with a minimum at H0
u = H0

d = 0, we cannot understand electroweak
symmetry breaking without including a negative supersymmetry-breaking squared-mass soft term for
the Higgs scalars. An explicit treatment of the Higgs scalar potential will therefore have to wait
until we have introduced the soft terms for the MSSM. However, we can already see a puzzle: we
expect that µ should be roughly of order 102 or 103 GeV, in order to allow a Higgs VEV of order
174 GeV without too much miraculous cancellation between |µ|2 and the negative soft squared-mass
terms that we have not written down yet. But why should |µ|2 be so small compared to, say, M2

P,
and in particular why should it be roughly of the same order as m2

soft? The scalar potential of the
MSSM seems to depend on two types of dimensionful parameters that are conceptually quite distinct,
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Figure 38: Tree level diagrams for neutralino annihilation into gauge boson pairs.
From Ref. [319].

U =

(
cosφ− − sinφ−
sinφ− cosφ+

)
(181)

and

V =

(
cosφ+ − sinφ+

sinφ+ cosφ−

)
, (182)

where

tan 2φ− = 2
√

2mW
(µ sinβ + M2 cosβ)

(M2
2 − µ2 + 2m2

W cos 2β)
(183)

and

tan 2φ+ = 2
√

2mW
(µ cosβ + M2 sinβ)

(M2
2 − µ2 − 2m2

W cosβ)
. (184)

The amplitude for annihilations to Z0-pairs is similar:

A(χχ→ Z0Z0)v→0 = 4
√

2 βZ
g2

cos2 θW

4∑

n=1

(
O′′L

1,n

)2 1

Pn
. (185)

Here, βZ =
√

1 − m2
Z/m2

χ, and Pn = 1 + (mχn/mχ)2 − (mZ/mχ)2. The sum is

over neutralino states. The coupling O′′L
1,n is given by 1

2 (−N3,1N∗
3,n +N4,1N∗

4,n).
The low velocity annihilation cross section for this mode is then given by

σv(χχ → GG)v→0 =
1

SG

βG

128πm2
χ

|A(χχ → GG)|2, (186)

where G indicates which gauge boson is being considered. SG is a statistical
factor equal to one for W+W− and two for Z0Z0.

It is useful to note that pure-gaugino neutralinos have a no S-wave annihi-
lation amplitude to gauge bosons. Pure-higgsinos or mixed higgsino-gauginos,
however, can annihilate efficiently via these channels, even at low velocities.
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Are there ways around 
for the Neutralino?

• Make the Neutralino a 
pure state -- coupling 
to Higgs vanishes

• However, Wino and 
Higgsino pure states 
can be probed by 
indirect detection

Ovaneysan, Slatyer, Stewart ’14

Data!
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FIG. 2. Left panel: Our NLL+SE cross section for �0�0 annihilation to line photons from �� and �Z, compared to earlier
results. Right panel: current bounds from H.E.S.S and projected reach of 5 hours of CTA observation time, overlaid with our
(and previous) cross section predictions, for an NFW profile.

Treating Sommerfeld e↵ects at tree-level the ratio of cross
sections is given by the Sudakov form factors

�NLL+⇢⇢SE
�+��!X

�tree
�+��!X

= |⌃1|2,
�NLL+⇢⇢SE

�0�0!X

�tree
�+��!X

= |⌃1 � ⌃2|2 . (16)

This nonzero result for �0�0 ! ZZ, Z�, �� at short
distances starts at NLL in |⌃1 � ⌃2|2, and occurs be-
cause there is a Sudakov mixing between the W+W� and
W 3W 3 from soft gauge boson exchange. This is similar
in spirit to the Sommerfeld mixing of the initial states.

In Fig. 1 we plot |⌃1|2 and |⌃1 �⌃2|2 as a function of
m�. To obtain theoretical uncertainty bands we use the
residual scale dependence at LL and NLL obtained by
varying µm� = [m�, 4m�] and µZ = [mZ/2, 2mZ ]. The
one-loop fixed order results of [5] are within our LL un-
certainty band. Our NLL result yields precise theoretical
results for these electroweak corrections. To test our un-
certainties we added non-logarithmic O(↵2) corrections
to C1,2(µm�), of the size found in [5], and noted that the
shift is within our NLL uncertainty bands.

Indirect Detection Phenomenology Combining
Eqs. 8 and 14 with the standard Sommerfeld enhance-
ment (SE) factors s00 and s0±, we can now compute
the total cross section for annihilation to line photons
at NLL+SE and compare to existing limits from indirect
detection. We sum the rates of photon production from
�0�0 ! ��, �Z, as the energy resolution of current in-
struments is typically comparable to or larger than the
spacing between the lines (see e.g. [6] for a discussion).

In Fig. 2 we display our results for the line cross sec-
tions calculated at LL+SE and NLL+SE. Our theoretical
uncertainties are from µm� variation. (The µZ variations
are very similar. Since both cases are dominated by the
variation of the ratio of the high and low scales we do

not add them together.) In the left panel we compare to
earlier cross section calculations, including “Tree-level +
SE” where Sudakov corrections are neglected, the “One-
loop fixed-order” cross section where neither Sommer-
feld or Sudakov e↵ects are resummed (taken from [7]),
and the calculation in [5] where Sommerfeld e↵ects are
resummed but other corrections are at one-loop. At low
masses, our results converge to the known ones (except [5]
which focused on high masses and omits a term that be-
comes leading-order at low masses). At high masses, our
NLL+SE result provides a sharp prediction for the anni-
hilation cross section with ' 5% theoretical uncertainty.

In the right panel of Fig. 2 we compare the NLL cross
section to existing limits from H.E.S.S [23] and projected
ones from CTA. In the latter case we follow the prescrip-
tion of [6], based on [24], and in both cases we assume an
NFW profile with local DM density 0.4 GeV/cm3. We
assume here that the �0 constitutes all the DM due to a
non-thermal history (the limits can be straightforwardly
rescaled if it constitutes a subdominant fraction of the
total DM). For this profile, we see that H.E.S.S already
constrains models of this type for masses below ⇠ 4 TeV,
consistent with the results of [6] (which employed the
tree-level+SE approximation), and that five hours of ob-
servation with CTA could extend this bound to ⇠ 10
TeV. Any constraint on the line cross section should be
viewed as a joint constraint on the fundamental physics
of DM and the distribution of DM in the Milky Way [25].

The method we developed here allows systematically
improvable e↵ective field theory techniques to be applied
to DM, and enabled us to obtain NLL+SE predictions for
the DM annihilation cross section to photon lines. This
enables precision constraints to be placed on DM.

Note added: As our paper was being finalized two pa-
pers appeared [26, 27] which also investigate DM with
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Are there ways around 
for the Neutralino?

• Tune away the coupling 
to the Higgs

• Smaller cross-sections 
correspond to more 
tuning in the neutralino 
components

Cheung, Hall, Pinner, Ruderman

m� condition signs

M
1

M
1

+ µ sin 2� = 0 sign(M
1

/µ) = �1
M

2

M
2

+ µ sin 2� = 0 sign(M
2

/µ) = �1
�µ tan � = 1 sign(M

1,2/µ) = �1⇤

M
2

M
1

= M
2

sign(M
1,2/µ) = �1

Table 1: Table of SI blind spots, which occur when the DM coupling to the Higgs vanishes
at tree-level. The first and second columns indicate the DM mass and blind spot condition,
respectively. All blind spots require relative signs among parameters, as emphasized in the
third column. ⇤For the third row, the blind spot requires that µ and M

1

(M
2

) have opposite
signs when M

2

(M
1

) is heavy.

of any of neutralino to the Higgs boson can then be obtained by replacing v ! v+h, as dictated
by low-energy Higgs theorems [45, 46]:

Lh�� =
1

2
m�i(v + h)�i�i (13)

=
1

2
m�i(v)�i�i +

1

2

@m�i(v)

@v
h�i�i +O(h2), (14)

which implies that @m�i(v)/@v = ch�i�i [47, 48].
Consider the characteristic equation satisfied by one of the eigenvalues m�i(v),

det(M� � 1m�i(v)) = 0. (15)

Di↵erentiating the left-hand side with respect to v and setting @m�i(v)/@v = ch�i�i = 0, one
then obtains a new equation which defines when the neutralino of mass m�i(v) has a vanishing
coupling to the Higgs boson1:

(m�i(v) + µ sin 2�)

✓
m�i(v)�

1

2
(M

1

+M
2

+ cos 2✓W (M
1

�M
2

))

◆
= 0. (16)

The above equation implies that for regions in which ch�i�i = 0, m�i(v) is entirely independent
of v. At such cancellation points, m�i(v) = m�i(0), so the neutralino mass is equal to the mass
of a pure gaugino or Higgsino state and m�i(v) = M

1

,M
2

,�µ. As long as Eq. (16) holds for the
LSP mass, m�1(v), then the DM will have a vanishing coupling to the Higgs boson, yielding a
SI scattering blind spot. It is a nontrivial condition that Eq. (16) holds for the LSP, rather than
a heavier neutralino, because for some choices of parameters the DM retains a coupling to the
Higgs but one of the heavier neutralinos does not. We have identified these physically irrelevant
points and eliminated them from consideration. The remaining points are the SI scattering

1
We have checked that Eq. 16 can also be derived using analytical expressions for bilinears of the neutralino

diagonalization matrix from Ref. [49].
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When Should We Start 
Looking Elsewhere?

• Cannot kill neutralino DM, but 
paradigm does become increasingly 
tuned

• Somewhat below Higgs pole -- 
Neutrino background?

• Well-motivated candidates that are 
much less costly to probe

• Light WIMPs
Sunday, October 5, 14



Terra Incognita10 Direct Detection Program Roadmap 39

1 10 100 1000 104
10!50
10!49
10!48
10!47
10!46
10!45
10!44
10!43
10!42
10!41
10!40
10!39

10!14
10!13
10!12
10!11
10!10
10!9
10!8
10!7
10!6
10!5
10!4
10!3

WIMP Mass !GeV"c2#

W
IM
P!
nu
cl
eo
n
cr
os
ss
ec
tio
n
!cm2 #

W
IM
P!
nu
cl
eo
n
cr
os
ss
ec
tio
n
!pb#

7Be
Neutrinos

  NEUTRINO C OHER ENT SCATTERING 
 

 
 

 
  

 
NEUTRINO COHERENT SCATTERING

(Green&ovals)&Asymmetric&DM&&
(Violet&oval)&Magne7c&DM&
(Blue&oval)&Extra&dimensions&&
(Red&circle)&SUSY&MSSM&
&&&&&MSSM:&Pure&Higgsino&&
&&&&&MSSM:&A&funnel&
&&&&&MSSM:&BinoEstop&coannihila7on&
&&&&&MSSM:&BinoEsquark&coannihila7on&
&

8B
Neutrinos

Atmospheric and DSNB Neutrinos

CDMS II Ge  (2009)

Xenon100 (2012)

CRESST

CoGeNT
(2012)

CDMS Si
(2013)

EDELWEISS (2011)

DAMA SIMPLE (2012)

ZEPLIN-III (2012)COUPP (2012)

SuperCDMS Soudan Low Threshold
SuperCDMS Soudan CDMS-lite

XENON 10 S2 (2013)
CDMS-II Ge Low Threshold (2011)

SuperCDMS Soudan

Xenon1T

LZ

LUX

DarkSide G2

DarkSide 50

DEAP3600

PICO250-CF3I

PICO
250-C3F8

SNOLAB

SuperCDMS

Figure 26. A compilation of WIMP-nucleon spin-independent cross section limits (solid curves), hints
for WIMP signals (shaded closed contours) and projections (dot and dot-dashed curves) for US-led direct
detection experiments that are expected to operate over the next decade. Also shown is an approximate
band where coherent scattering of 8B solar neutrinos, atmospheric neutrinos and di↵use supernova neutrinos
with nuclei will begin to limit the sensitivity of direct detection experiments to WIMPs. Finally, a suite of
theoretical model predictions is indicated by the shaded regions, with model references included.

We believe that any proposed new direct detection experiment must demonstrate that it meets at least one
of the following two criteria:

• Provide at least an order of magnitude improvement in cross section sensitivity for some range of
WIMP masses and interaction types.

• Demonstrate the capability to confirm or deny an indication of a WIMP signal from another experiment.

The US has a clear leadership role in the field of direct dark matter detection experiments, with most
major collaborations having major involvement of US groups. In order to maintain this leadership role, and
to reduce the risk inherent in pushing novel technologies to their limits, a variety of US-led direct search

Community Planning Study: Snowmass 2013

CF1 Snowmass report, 1310.8327
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Baryon and DM Number 
Related?

• Standard picture: freeze-out of 
annihilation; baryon and DM 
number unrelated

• Accidental, or dynamically 
related?

nDM � nb

�DM � 5�bExperimentally,
Mechanism

mDM � 5mp
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Asymmetric DM
“Integrate out” heavy state

Higher dimension operators:

Standard Model
Dark Matter
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Dark Forces and DM 
Interactions

• Dark Forces Very Important for 
Asymmetric Dark Matter!

• May also be important for structure of 
DM halos

• May be important for DM direct 
detection and collider searches
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FIG. 2: Magnetic dipolar DM �
1

annihilates to ��, �Z,ZZ (Left), while ff̄ occurs by coannihilation only with �
2

(Right).

• In the early Universe, the thermally-averaged coannihilation cross section is suppressed by a Boltzmann factor
exp(��m/T ). For �m ⇠ T

f

, the coannihilation rate becomes moderately suppressed, requiring larger couplings to
reproduce the correct thermal relic density.

• In the present Universe, �2 is not populated, and therefore �1�2 ! f ¯f does not contribute to any indirect detection
signals. However, direct annihilation �1�1 ! �� can occur, and the rate can be enhanced due to the large couplings
required for thermal freeze-out.

Ultimately, within a given model, there will exist a preferred parameter region for �m and couplings that can simultaneously
explain the relic DM density and the observed � signal. In this section, we first discuss some preliminaries for computing the
DM relic density, closely following Ref. [53], and then we consider specific models in parts A and B.

Similar to single species freeze-out, the relic DM abundance for a general coannihilation scenario is computed by solving a
Boltzmann equation
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= �h�e↵vi
�
n2
�

� (neq
�

)

2
�

(2)

where n
�

⌘ P
i

n
�i is the total �

i

density. In writing Eq. (2) in terms of only n
�

, we assume the individual densities n
�i are in

chemical equilibrium due to rapid �
i

f $ �
j

f and �
i

$ �
j

f ¯f processes, such that

n
�i

n
�

⇡ neq
�i

neq
�

=

g
i

(1 +�

i

)

3/2
exp(�x�

i

)

ge↵
⌘ r

i

. (3)

We have defined x ⌘ m1/T , �
i

⌘ (m
i

�m1)/m1, and ge↵ ⌘ P
i

g
i

(1 +�

i

)

3/2
exp(�x�

i

), with g
i

degrees of freedom for
�
i

. The thermally-averaged effective cross section is h�e↵vi ⌘ P
i,j

r
i

r
j

h�
ij

vi, where �
ij

is �
i

�
j

annihilation cross section
and its thermal average is

h�
ij

vi = x3/2

2

p
⇡

Z 1

0
dv v2 (�

ij

v) e�v

2
x/4 . (4)

The DM relic density today is given by
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where mPl ⇡ 1.22 ⇥ 10
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GeV is the Planck mass and g⇤ is the number of degrees of freedom in the thermal bath during

freeze-out. The freeze-out temperature T
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= m1/xf

is obtained by solving x
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0.038 ge↵m1mPl h�e↵vi /pg⇤xf
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, which

can be done iteratively. Alternately, one can directly solve Eq. (2) numerically; for the cases we consider below, we find that the
agreement with Eq. (5) is better than ⇠ 1� 3% depending on the mass splitting.

Now, we discuss two models which give rise to the Fermi line signal and a correct relic density with the coannihilation effect
in the early Universe.2

2 To be clear, our models rely on the mass splitting �m to suppress h�
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• In the early Universe, the thermally-averaged coannihilation cross section is suppressed by a Boltzmann factor
exp(��m/T ). For �m ⇠ T

f

, the coannihilation rate becomes moderately suppressed, requiring larger couplings to
reproduce the correct thermal relic density.

• In the present Universe, �2 is not populated, and therefore �1�2 ! f ¯f does not contribute to any indirect detection
signals. However, direct annihilation �1�1 ! �� can occur, and the rate can be enhanced due to the large couplings
required for thermal freeze-out.

Ultimately, within a given model, there will exist a preferred parameter region for �m and couplings that can simultaneously
explain the relic DM density and the observed � signal. In this section, we first discuss some preliminaries for computing the
DM relic density, closely following Ref. [53], and then we consider specific models in parts A and B.

Similar to single species freeze-out, the relic DM abundance for a general coannihilation scenario is computed by solving a
Boltzmann equation
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Now, we discuss two models which give rise to the Fermi line signal and a correct relic density with the coannihilation effect
in the early Universe.2
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Low Energy Accelerator 
Constraints

sions. Constraints from past experiments and from neu-
trino emission by SN 1987A are presented in Section III.
In Section IV, we describe the five new experimental sce-
narios and estimate the limiting backgrounds. We con-
clude in Section V with a summary of the prospects for
new experiments. More detailed formulas, which we use
to calculate our expected search reaches, and a more de-
tailed discussion of some of the backgrounds, are given
in Appendices A, B, and C .

II. THE PHYSICS OF NEW U(1) VECTORS IN
FIXED TARGET COLLISIONS

A. Theoretical Preliminaries

Consider the Lagrangian

L = L
SM

+ ✏

Y

F

Y,µ⌫

F

0
µ⌫

+
1
4
F

0,µ⌫

F

0
µ⌫

+ m

2

A

0A
0µ

A

0
µ

, (3)

where L
SM

is the Standard Model Lagrangian, F

0
µ⌫

=
@

[µ

A

0
⌫]

, and A

0 is the gauge field of a massive dark U(1)0

gauge group [1]. The second term in (3) is the kinetic
mixing operator, and ✏ ⇠ 10�8 � 10�2 is naturally gen-
erated by loops at any mass scale of heavy fields charged
under both U(1)0 and U(1)

Y

; the lower end of this range
is obtained if one or both U(1)’s are contained in grand-
unified (GUT) groups, since then ✏ is only generated by
two-or three-loop GUT-breaking e↵ects.

A simple way of analyzing the low-energy e↵ects of the
A

0 is to treat kinetic mixing as an insertion of p

2

g

µ⌫

�p

µ

p

⌫

in Feynman diagrams, making it clear that the A

0 couples
to the electromagnetic current of the Standard Model
through the photon. This picture also clarifies, for ex-
ample, that new interactions induced by kinetic mixing
must involve a massive A

0 propagator, and that e↵ects
of mixing with the Z-boson are further suppressed by
1/m

2

Z

. Equivalently, one can redefine the photon field
A

µ ! A

µ+✏A

0µ as in [37], which removes the kinetic mix-
ing term and generates a coupling eA

µ

J

µ

EM

� ✏eA

0
µ

J

µ

EM

of the new gauge boson to electrically charged particles
(here ✏ ⌘ ✏

Y

cos ✓

W

). Note that this does not induce
electromagnetic millicharges for particles charged under
the A

0. The parameters of concern in this paper are ✏

and m

A

0 .
We now explain the orange stripe in Figure 1 — see

[3, 4, 5] for more details. In a supersymmetric theory,
the kinetic mixing operator induces a mixing between
the D-terms associated with U(1)0 and U(1)

Y

. The hy-
percharge D-term gets a vacuum expectation value from
electroweak symmetry breaking and induces a weak-scale
e↵ective Fayet-Iliopoulos term for U(1)0. Consequently,
the Standard Model vacuum can break the U(1)0 in the
presence of light U(1)0-charged degrees of freedom, giving
the A

0 a mass,

m

A

0 ⇠ p✏g

D

p
g

Y

m

W

g

2

, (4)
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FIG. 2: A

0 production by bremsstrahlung o↵ an incoming
electron scattering o↵ protons in a target with atomic number
Z.
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where g

D

, g

Y

, and g

2

are the the U(1)0, U(1)
Y

, and
Standard Model SU(2)

L

gauge couplings, respectively,
and m

W

is the W-boson mass. Equation (4) relates
✏ and m

A

0 as indicated by the orange stripe in Figure
1 for g

D

⇠ 0.1 � 1. This region is not only theoret-
ically appealing, but also roughly corresponds to the
region in which the annual modulation signal observed
by DAMA/LIBRA can be explained by dark matter,
charged under the U(1)0, scattering inelastically o↵ nuclei
through A

0 exchange. We therefore include these lines for
reference in our plots.

B. A

0 Production in Fixed-Target Collisions

A

0 particles are generated in electron collisions on a
fixed target by a process analogous to ordinary pho-
ton bremsstrahlung, see Figure 2. This can be reli-
ably estimated in the Weizsäcker-Williams approxima-
tion (see Appendix A for more details) [38, 39, 40].
When the incoming electron has energy E

0

, the di↵er-
ential cross-section to produce an A

0 of mass m

A

0 with
energy E

A

0 ⌘ xE
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d�

dxd cos ✓

A

0
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where Z is the atomic number of the target atoms,
↵ ' 1/137, ✓

A

0 is the angle in the lab frame between the
emitted A

0 and the incoming electron, the Log (⇠ 5� 10
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FIG. 1: Left: Existing constraints on an A

0. Shown are constraints from electron and muon anomalous magnetic moment
measurements, ae and aµ, the BaBar search for ⌥(3S) ! �µ

+
µ

�, three beam dump experiments, E137, E141, and E774,
and supernova cooling (SN). These constraints are discussed further in Section III. Right: Existing constraints are shown in
gray, while the various lines — light green (upper) solid, red short-dashed, purple dotted, blue long-dashed, and dark green
(lower) solid — show estimates of the regions that can be explored with the experimental scenarios discussed in Section IVA–
IVE, respectively. The discussion in IV focuses on the five points labeled “A” through “E”. The orange stripe denotes the
“D-term” region introduced in section IIA, in which simple models of dark matter interacting with the A

0 can explain the
annual modulation signal reported by DAMA/LIBRA. Along the thin black line, the A

0 proper lifetime c⌧ = 80µm, which is
approximately the ⌧ proper lifetime.

energy e

+

e

� colliders are a powerful laboratory for the
study of an A

0 with ✏ & 10�4 and mass above ⇠ 200
MeV, particularly in sectors with multiple light states
[32, 33, 34, 35, 36]. Their reach in ✏ is limited by lu-
minosity and irreducible backgrounds. However, an A

0

can also be produced through bremsstrahlung o↵ an elec-
tron beam incident on a fixed target [34]. This approach
has several virtues over colliding-beam searches: much
larger luminosities, of O(1 ab�1

/day) can be achieved,
scattering cross-sections are enhanced by nuclear charge
coherence, and the resulting boosted final states can be
observed with compact special-purpose detectors.

Past electron “beam-dump” experiments, in which a
detector looks for decay products of rare penetrating par-
ticles behind a stopped electron beam, constrain & 10
cm vertex displacements and ✏ & 10�7. The thick shield
needed to stop beam products limits these experiments to
long decay lengths, so thinner targets are needed to probe
shorter displacements (larger ✏ and m

A

0). However, beam
products easily escape thin targets and constitute a chal-
lenging background in downstream detectors.

The five benchmark points labeled “A” through “E”
in Figure 1 (right) require di↵erent approaches to these
challenges, discussed in Section IV. We have estimated
the reach of each scenario, summarized in Figure 1
(right), in the context of electron beams with 1–6 GeV
energies, nA–µA average beam currents, and run times
⇠ 106 s. Such beams can be found for example at the

Thomas Je↵erson National Accelerator Facility (JLab),
the SLAC National Accelerator Laboratory, the electron
accelerator ELSA, and the Mainzer Mikrotron (MAMI).

The scenarios for points A and E use 100 MeV–1 GeV
electron beam dumps, with more complete event recon-
struction or higher-current beams than previous dump
experiments. Low-mass, high-✏ regions (e.g. B and C)
produce boosted A

0 and forward decay products with
mm–cm displaced vertices. Our approaches exploit very
forward silicon-strip tracking to identify these vertices,
while maintaining reasonable occupancy — a limiting
factor. At still higher ✏, no displaced vertices are re-
solvable and one must take full advantage of the kine-
matic properties of the signal and background processes,
including the recoiling electron, using either the forward
geometries of B and C or a wider-angle spectrometer (e.g.
for point D). Spectrometers operating at various labora-
tories appear capable of probing this final region.

We focus on the case where the A

0 decays directly to
Standard Model fermions, but the past experiments and
proposed scenarios are also sensitive (with di↵erent ex-
clusions) if the A

0 decays to lighter U(1)0-charged scalars,
and to direct production of axion-like states.

Outline

In Section II, we summarize the properties of A

0 pro-
duction through bremsstrahlung in fixed-target colli-
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sions. Constraints from past experiments and from neu-
trino emission by SN 1987A are presented in Section III.
In Section IV, we describe the five new experimental sce-
narios and estimate the limiting backgrounds. We con-
clude in Section V with a summary of the prospects for
new experiments. More detailed formulas, which we use
to calculate our expected search reaches, and a more de-
tailed discussion of some of the backgrounds, are given
in Appendices A, B, and C .

II. THE PHYSICS OF NEW U(1) VECTORS IN
FIXED TARGET COLLISIONS

A. Theoretical Preliminaries

Consider the Lagrangian

L = L
SM

+ ✏

Y

F

Y,µ⌫

F

0
µ⌫

+
1
4
F

0,µ⌫

F

0
µ⌫

+ m

2

A

0A
0µ

A

0
µ

, (3)

where L
SM

is the Standard Model Lagrangian, F

0
µ⌫

=
@

[µ

A

0
⌫]

, and A

0 is the gauge field of a massive dark U(1)0

gauge group [1]. The second term in (3) is the kinetic
mixing operator, and ✏ ⇠ 10�8 � 10�2 is naturally gen-
erated by loops at any mass scale of heavy fields charged
under both U(1)0 and U(1)

Y

; the lower end of this range
is obtained if one or both U(1)’s are contained in grand-
unified (GUT) groups, since then ✏ is only generated by
two-or three-loop GUT-breaking e↵ects.

A simple way of analyzing the low-energy e↵ects of the
A

0 is to treat kinetic mixing as an insertion of p

2

g

µ⌫

�p

µ

p

⌫

in Feynman diagrams, making it clear that the A

0 couples
to the electromagnetic current of the Standard Model
through the photon. This picture also clarifies, for ex-
ample, that new interactions induced by kinetic mixing
must involve a massive A

0 propagator, and that e↵ects
of mixing with the Z-boson are further suppressed by
1/m

2

Z

. Equivalently, one can redefine the photon field
A

µ ! A

µ+✏A

0µ as in [37], which removes the kinetic mix-
ing term and generates a coupling eA

µ

J

µ

EM

� ✏eA

0
µ

J

µ

EM

of the new gauge boson to electrically charged particles
(here ✏ ⌘ ✏

Y

cos ✓

W

). Note that this does not induce
electromagnetic millicharges for particles charged under
the A

0. The parameters of concern in this paper are ✏

and m

A

0 .
We now explain the orange stripe in Figure 1 — see

[3, 4, 5] for more details. In a supersymmetric theory,
the kinetic mixing operator induces a mixing between
the D-terms associated with U(1)0 and U(1)

Y

. The hy-
percharge D-term gets a vacuum expectation value from
electroweak symmetry breaking and induces a weak-scale
e↵ective Fayet-Iliopoulos term for U(1)0. Consequently,
the Standard Model vacuum can break the U(1)0 in the
presence of light U(1)0-charged degrees of freedom, giving
the A

0 a mass,

m

A

0 ⇠ p✏g

D

p
g

Y

m

W

g

2

, (4)
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0 production by bremsstrahlung o↵ an incoming
electron scattering o↵ protons in a target with atomic number
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channels.

where g

D

, g

Y

, and g

2

are the the U(1)0, U(1)
Y

, and
Standard Model SU(2)

L

gauge couplings, respectively,
and m

W

is the W-boson mass. Equation (4) relates
✏ and m

A

0 as indicated by the orange stripe in Figure
1 for g

D

⇠ 0.1 � 1. This region is not only theoret-
ically appealing, but also roughly corresponds to the
region in which the annual modulation signal observed
by DAMA/LIBRA can be explained by dark matter,
charged under the U(1)0, scattering inelastically o↵ nuclei
through A

0 exchange. We therefore include these lines for
reference in our plots.

B. A

0 Production in Fixed-Target Collisions

A

0 particles are generated in electron collisions on a
fixed target by a process analogous to ordinary pho-
ton bremsstrahlung, see Figure 2. This can be reli-
ably estimated in the Weizsäcker-Williams approxima-
tion (see Appendix A for more details) [38, 39, 40].
When the incoming electron has energy E

0

, the di↵er-
ential cross-section to produce an A

0 of mass m

A

0 with
energy E
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is
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where Z is the atomic number of the target atoms,
↵ ' 1/137, ✓
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0 is the angle in the lab frame between the
emitted A

0 and the incoming electron, the Log (⇠ 5� 10
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FIG. 1: Left: Existing constraints on an A

0. Shown are constraints from electron and muon anomalous magnetic moment
measurements, ae and aµ, the BaBar search for ⌥(3S) ! �µ

+
µ

�, three beam dump experiments, E137, E141, and E774,
and supernova cooling (SN). These constraints are discussed further in Section III. Right: Existing constraints are shown in
gray, while the various lines — light green (upper) solid, red short-dashed, purple dotted, blue long-dashed, and dark green
(lower) solid — show estimates of the regions that can be explored with the experimental scenarios discussed in Section IVA–
IVE, respectively. The discussion in IV focuses on the five points labeled “A” through “E”. The orange stripe denotes the
“D-term” region introduced in section IIA, in which simple models of dark matter interacting with the A

0 can explain the
annual modulation signal reported by DAMA/LIBRA. Along the thin black line, the A

0 proper lifetime c⌧ = 80µm, which is
approximately the ⌧ proper lifetime.

energy e

+

e

� colliders are a powerful laboratory for the
study of an A

0 with ✏ & 10�4 and mass above ⇠ 200
MeV, particularly in sectors with multiple light states
[32, 33, 34, 35, 36]. Their reach in ✏ is limited by lu-
minosity and irreducible backgrounds. However, an A

0

can also be produced through bremsstrahlung o↵ an elec-
tron beam incident on a fixed target [34]. This approach
has several virtues over colliding-beam searches: much
larger luminosities, of O(1 ab�1

/day) can be achieved,
scattering cross-sections are enhanced by nuclear charge
coherence, and the resulting boosted final states can be
observed with compact special-purpose detectors.

Past electron “beam-dump” experiments, in which a
detector looks for decay products of rare penetrating par-
ticles behind a stopped electron beam, constrain & 10
cm vertex displacements and ✏ & 10�7. The thick shield
needed to stop beam products limits these experiments to
long decay lengths, so thinner targets are needed to probe
shorter displacements (larger ✏ and m

A

0). However, beam
products easily escape thin targets and constitute a chal-
lenging background in downstream detectors.

The five benchmark points labeled “A” through “E”
in Figure 1 (right) require di↵erent approaches to these
challenges, discussed in Section IV. We have estimated
the reach of each scenario, summarized in Figure 1
(right), in the context of electron beams with 1–6 GeV
energies, nA–µA average beam currents, and run times
⇠ 106 s. Such beams can be found for example at the

Thomas Je↵erson National Accelerator Facility (JLab),
the SLAC National Accelerator Laboratory, the electron
accelerator ELSA, and the Mainzer Mikrotron (MAMI).

The scenarios for points A and E use 100 MeV–1 GeV
electron beam dumps, with more complete event recon-
struction or higher-current beams than previous dump
experiments. Low-mass, high-✏ regions (e.g. B and C)
produce boosted A

0 and forward decay products with
mm–cm displaced vertices. Our approaches exploit very
forward silicon-strip tracking to identify these vertices,
while maintaining reasonable occupancy — a limiting
factor. At still higher ✏, no displaced vertices are re-
solvable and one must take full advantage of the kine-
matic properties of the signal and background processes,
including the recoiling electron, using either the forward
geometries of B and C or a wider-angle spectrometer (e.g.
for point D). Spectrometers operating at various labora-
tories appear capable of probing this final region.

We focus on the case where the A

0 decays directly to
Standard Model fermions, but the past experiments and
proposed scenarios are also sensitive (with di↵erent ex-
clusions) if the A

0 decays to lighter U(1)0-charged scalars,
and to direct production of axion-like states.

Outline

In Section II, we summarize the properties of A

0 pro-
duction through bremsstrahlung in fixed-target colli-
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FIG. 2: Magnetic dipolar DM �
1

annihilates to ��, �Z,ZZ (Left), while ff̄ occurs by coannihilation only with �
2

(Right).

• In the early Universe, the thermally-averaged coannihilation cross section is suppressed by a Boltzmann factor
exp(��m/T ). For �m ⇠ T

f

, the coannihilation rate becomes moderately suppressed, requiring larger couplings to
reproduce the correct thermal relic density.

• In the present Universe, �2 is not populated, and therefore �1�2 ! f ¯f does not contribute to any indirect detection
signals. However, direct annihilation �1�1 ! �� can occur, and the rate can be enhanced due to the large couplings
required for thermal freeze-out.

Ultimately, within a given model, there will exist a preferred parameter region for �m and couplings that can simultaneously
explain the relic DM density and the observed � signal. In this section, we first discuss some preliminaries for computing the
DM relic density, closely following Ref. [53], and then we consider specific models in parts A and B.

Similar to single species freeze-out, the relic DM abundance for a general coannihilation scenario is computed by solving a
Boltzmann equation

ṅ
�

+ 3Hn
�

= �h�e↵vi
�
n2
�

� (neq
�

)

2
�

(2)

where n
�

⌘ P
i

n
�i is the total �

i

density. In writing Eq. (2) in terms of only n
�

, we assume the individual densities n
�i are in

chemical equilibrium due to rapid �
i

f $ �
j

f and �
i

$ �
j

f ¯f processes, such that

n
�i

n
�

⇡ neq
�i

neq
�

=

g
i

(1 +�

i

)

3/2
exp(�x�

i

)

ge↵
⌘ r

i

. (3)

We have defined x ⌘ m1/T , �
i

⌘ (m
i

�m1)/m1, and ge↵ ⌘ P
i

g
i

(1 +�

i

)

3/2
exp(�x�

i

), with g
i

degrees of freedom for
�
i

. The thermally-averaged effective cross section is h�e↵vi ⌘ P
i,j

r
i

r
j

h�
ij

vi, where �
ij

is �
i

�
j

annihilation cross section
and its thermal average is

h�
ij

vi = x3/2

2

p
⇡

Z 1

0
dv v2 (�

ij

v) e�v

2
x/4 . (4)

The DM relic density today is given by

⌦dmh
2
=

1.07⇥ 10

9
GeV

�1

g1/2⇤ mPl

hR1
xf

x�2 h�e↵vi dx
i , (5)

where mPl ⇡ 1.22 ⇥ 10

19
GeV is the Planck mass and g⇤ is the number of degrees of freedom in the thermal bath during

freeze-out. The freeze-out temperature T
f

= m1/xf

is obtained by solving x
f

= ln

�
0.038 ge↵m1mPl h�e↵vi /pg⇤xf

�
, which

can be done iteratively. Alternately, one can directly solve Eq. (2) numerically; for the cases we consider below, we find that the
agreement with Eq. (5) is better than ⇠ 1� 3% depending on the mass splitting.

Now, we discuss two models which give rise to the Fermi line signal and a correct relic density with the coannihilation effect
in the early Universe.2

2 To be clear, our models rely on the mass splitting �m to suppress h�
e↵

vi, which is dominated by large �
1

�
2

and �
2

�
2

annihilation cross sections. This is
distinct from models where �

1

�
1

annihilation is itself too large, and h�
e↵

vi can be suppressed by 1/g
e↵

by having a “parasitic” species �
2

that does not
annihilate strongly (see, e.g., [54, 55]).
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Figure 5: (Left) Constraints on mediator mass mφ and coupling to electrons ge for mφ < mX . The shaded region
is excluded from electron anomalous magnetic moment, beam dump experiments, and supernova cooling [65]. The
red dashed line shows the ge value used to derive the corresponding red dashed line (“C”) in the right plot. (Right)
Constraints on electron scattering from Fig. 4. The boundaries A, B, and C are discussed in more detail in the text.

labeled as “Decay before BBN” in Fig. (4).
For reference, we also give the lower bound on the cross section in the case where mφ ≫ mX . Here

DM annihilation occurs directly to SM final states through φµ, with annihilation cross section ⟨σv⟩ =
4αXg2nm

2
X/m4

φ. Since the same combination of parameters enters in both the annihilation cross section and
the nucleon scattering cross section, we can directly apply the relic density constraint to obtain

σn ! 5× 10−37 cm2

(

1 GeV

mX

)2
( µn

0.5 GeV

)2
. (36)

This is the “mφ ≫ mX” line in Fig. (4). However, this scenario is ruled out by the direct detection limits
on the cross section.

B. Electron Scattering

We consider scattering off electrons for DM in the mass range 1 MeV < mX < 1 GeV. The DM-electron
scattering cross section is

σe = 4αXg2e
µ2
e

m4
φ

. (37)

The lower bound on the scattering cross section can be derived in the same way as in the nucleon case,
taking mφ < mX . Here both CMB and relic density constraints apply, since mX < 1 GeV and the energy
deposition efficiency f ≈ 1 for decay to electrons. We take the bound on the annihilation cross section in
Eq. (16) with cf ≈ 1, giving a lower limit on αX :

αX ! 4× 10−7
( mX

10 MeV

)

√

ln

(

40 GeV

mX

)

. (38)
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Figure 4: (Left) Nucleon scattering through a vector mediator. The green shaded region indicates the allowed
parameter space of direct detection cross sections. The lighter green region imposes the bound of thermal coupling
between the two sectors (“large width”) while the larger shaded region only requires mediator decay before BBN.
Also shown is the lower bound for the heavy mediator (mφ ≫ mX) case. (Right) Electron scattering through a vector
mediator, for mφ < mX (green) and mφ ≫ mX (red); the intersection of the two regions is shaded brown. We show
the projected sensitivity of a Ge experiment, taken from [64]. Beam dump, supernova, and halo shape constraints
apply here and carve out the region of large σe at low mX . For more details, see the text. In the lighter green region,
the condition of thermal equilibrium between the visible and hidden sectors is imposed.

in this mass range if φµ decays dominantly to electrons, for which the efficiency factor is f ∼ 1. For φµ

coupling primarily to quarks, f ≈ 0.2 and CMB bounds don’t apply above mX ∼ 2 GeV. Then the minimum
annihilation cross section is ⟨σv⟩ ≈ πα2

X/m2
X ≈ 10−25cm3/s, giving a bound of αX ! 5.2× 10−5(mX/GeV).

Requiring thermal equilibrium between the hidden and visible sectors, we take the bound on gq in Eq. (26),
with

√
geff ≈ 9. Combining the limits above results in a lower bound on the nucleon scattering cross section:

σn ! 10−48cm2 ×
( mX

GeV

)4
(

GeV

mφ

)6
( µn

0.5GeV

)2
. (34)

Since mφ < mX , this quantity is saturated for any mX if we set mφ to its maximum value of mφ ∼ mX .
This bound is indicated by the “Large width” line in Fig. (4). Coincidentally, the lower limit here is similar
to the best achievable sensitivity for WIMP-nucleon scattering if the dominant irreducible background is
coherent scattering of atmospheric neutrinos off of nuclei [71–73]. However, these studies focused on WIMP
DM; for light DM, solar neutrinos become much more important and the best achievable sensitivity may be
several orders of magnitude weaker.
The lower bound on σn given in Eq. (34) is derived by requiring the two sectors be in thermal equilibrium.

We may relax this assumption, and just demand the mediator decay by nucleosynthesis. This gives gq !
1.6 × 10−11

√

1 GeV/mφ, as discussed in Section IVB. For such gq the two sectors are decoupled through
freezeout; then the relic density calculation is slightly more complicated and depends on the thermal history
of the sectors. The change in the relic density then modifies the bound on αX . We have checked that the
full calculation generally only changes the bound on αX by an O(1) factor [33], so here we take the bound
on αX from the large φ width case for simplicity. In this limit, the lower bound on σn is given by

σn ! 5× 10−54cm2 ×
( mX

GeV

)

(

GeV

mφ

)5
( µn

0.5GeV

)2
(35)

15

Lin, Yu, KZ 1111.0293

0.001 0.010 0.100 1.000
mφ [GeV]

10-9

10-8

10-7

10-6

10-5

10-4

10-3

10-2

g e

0.001 0.010 0.100 1.000
10-9

10-8

10-7

10-6

10-5

10-4

10-3

10-2

 

 

 

 

 

 

 

 
    

0.001 0.010 0.100 1.000
mX [GeV]

10-55

10-50

10-45

10-40

10-35

σ
e [

cm
2 ]

C

A
B

m
φ >> m

X

Large widthDecay before BBN

0.001 0.010 0.100 1.000

10-55

10-50

10-45

10-40

10-35

 

 

 

 

 
    

Figure 5: (Left) Constraints on mediator mass mφ and coupling to electrons ge for mφ < mX . The shaded region
is excluded from electron anomalous magnetic moment, beam dump experiments, and supernova cooling [65]. The
red dashed line shows the ge value used to derive the corresponding red dashed line (“C”) in the right plot. (Right)
Constraints on electron scattering from Fig. 4. The boundaries A, B, and C are discussed in more detail in the text.

labeled as “Decay before BBN” in Fig. (4).
For reference, we also give the lower bound on the cross section in the case where mφ ≫ mX . Here

DM annihilation occurs directly to SM final states through φµ, with annihilation cross section ⟨σv⟩ =
4αXg2nm

2
X/m4

φ. Since the same combination of parameters enters in both the annihilation cross section and
the nucleon scattering cross section, we can directly apply the relic density constraint to obtain

σn ! 5× 10−37 cm2

(

1 GeV

mX

)2
( µn

0.5 GeV

)2
. (36)

This is the “mφ ≫ mX” line in Fig. (4). However, this scenario is ruled out by the direct detection limits
on the cross section.

B. Electron Scattering

We consider scattering off electrons for DM in the mass range 1 MeV < mX < 1 GeV. The DM-electron
scattering cross section is

σe = 4αXg2e
µ2
e

m4
φ

. (37)

The lower bound on the scattering cross section can be derived in the same way as in the nucleon case,
taking mφ < mX . Here both CMB and relic density constraints apply, since mX < 1 GeV and the energy
deposition efficiency f ≈ 1 for decay to electrons. We take the bound on the annihilation cross section in
Eq. (16) with cf ≈ 1, giving a lower limit on αX :

αX ! 4× 10−7
( mX

10 MeV

)

√

ln

(

40 GeV

mX

)

. (38)
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Cut-out gives combined constraints of beam dump + supernova + g-2
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The Road Ahead

• Direct Detection 
experiments will 
continue to probe 
down to Higgs 
mediated scattering

• Higgs pole will be 
covered within 5 - 
10 years
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The Road Ahead

• Direct Detection 
experiments will 
continue to probe 
Higgs mediated 
scattering

• Higgs pole largely 
covered within 5 - 
10 years
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Figure 26. A compilation of WIMP-nucleon spin-independent cross section limits (solid curves), hints
for WIMP signals (shaded closed contours) and projections (dot and dot-dashed curves) for US-led direct
detection experiments that are expected to operate over the next decade. Also shown is an approximate
band where coherent scattering of 8B solar neutrinos, atmospheric neutrinos and di↵use supernova neutrinos
with nuclei will begin to limit the sensitivity of direct detection experiments to WIMPs. Finally, a suite of
theoretical model predictions is indicated by the shaded regions, with model references included.

We believe that any proposed new direct detection experiment must demonstrate that it meets at least one
of the following two criteria:

• Provide at least an order of magnitude improvement in cross section sensitivity for some range of
WIMP masses and interaction types.

• Demonstrate the capability to confirm or deny an indication of a WIMP signal from another experiment.

The US has a clear leadership role in the field of direct dark matter detection experiments, with most
major collaborations having major involvement of US groups. In order to maintain this leadership role, and
to reduce the risk inherent in pushing novel technologies to their limits, a variety of US-led direct search

Community Planning Study: Snowmass 2013
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The Road Ahead

• PAMELA / Fermi / 
AMS and cosmic ray 
positrons

• Fermi photons

• Data rich! Many 
experiments 
collecting data
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FIG. 4: The spatial templates (in galactic coordinates) for the Galactic di↵use model (upper left), the Fermi bubbles (upper
right), and dark matter annihilation products (lower), as used in our Inner Galaxy analysis. The scale is logarithmic (base
10), normalized to the brightest point in each map. The di↵use model template is shown as evaluated at 2 GeV, and the dark
matter template corresponds to a generalized NFW profile with an inner slope of � = 1.3.

These cuts on CTBCORE have a substantial impact
on Fermi ’s PSF, especially at low energies. In Fig. 3,
we show the PSF for front-converting, Ultraclean events,
at three representative energies, for di↵erent cuts on
CTBCORE (all events, Q2, and Q1). Such a cut can
be used to mitigate the leakage of astrophysical emission
from the Galactic Plane and point sources into our re-
gions of interest. This leakage is most problematic at
low energies, where the PSF is quite broad and where
the CTBCORE cut has the greatest impact. These new
event classes and their characterization will be further
detailed in an upcoming paper, which will be accompa-
nied by a data release of all-sky maps for each class, and
the instrument response function files necessary for use
with the Fermi Science Tools [40].

Throughout the remainder of this study, we will em-
ploy the Q2 event class, corresponding to the top 50%
(by CTBCORE) of Fermi ’s front-converting, Ultraclean
photons, except at energies above 10 GeV, where we do
not apply any additional cuts to CTBCORE.

IV. THE INNER GALAXY

In this section, we follow the procedure previously pur-
sued in Ref. [8] (see also Refs. [41, 42]) to study the
gamma-ray emission from the Inner Galaxy. We use the
term “Inner Galaxy” to denote the region of the sky that
lies within several tens of degrees around the Galactic
Center, excepting the Galactic Plane itself (|b| < 1�),

which we mask in this portion of our analysis.

Throughout our analysis, we make use of the Pass 7
(V15) reprocessed data taken between August 4, 2008
and December 5, 2013, using only front-converting, Ul-
traclean class events which pass the Q2 CTBCORE cut
as described in Sec. III. We also apply standard cuts to
ensure data quality (zenith angle < 100�, instrumental
rocking angle < 52�, DATA QUAL = 1, LAT CONFIG=1).
Using this data set, we have generated a map of the
gamma-ray sky, smoothed to 2 degrees full-width-half-
maximum. We apply the point source subtraction
method described in Ref. [42], using the 1FGL catalogue
and masking out the 200 brightest sources. We then per-
formed a pixel-based maximum likelihood analysis on the
map, fitting the data in each energy bin to a sum of spa-
tial templates. These templates consist of: 1) the Fermi

Collaboration p6v11 Galactic di↵use model (which we
refer to as the Pass 6 Di↵use Model),1 2) an isotropic
map, intended to account for the extragalactic gamma-
ray background and residual cosmic-ray contamination,
and 3) a uniform-brightness spatial template coincident
with the features known as the Fermi Bubbles, as de-
scribed in Ref. [42]. In addition to these three back-

1 Unlike more recently released Galactic di↵use models, the p6v11
di↵use model does not include a component corresponding to
the Fermi Bubbles. By using this model, we are free to fit the
Fermi Bubbles component independently. See Appendix D for a
discussion of the impact of varying the di↵use model.

10 GeV the positron fraction decreases with increasing
energy as expected from the secondary production of
cosmic rays by collision with the interstellar medium.
The positron fraction is steadily increasing from 10 to
!250 GeV. This is not consistent with only the secondary
production of positrons [17]. The behavior above 250 GeV
will become more transparent with more statistics which
will also allow improved treatment of the systematics.

Table I (see also [13]) also presents the contribution of
individual sources to the systematic error for different bins
which are added in quadrature to arrive at the total system-
atic uncertainty. As seen, the total systematic error at the
highest energies is dominated by the uncertainty in the
magnitude of the charge confusion.

Most importantly, several independent analyses were
performed on the same data sample by different study
groups. Results of these analyses are consistent with those
presented in Fig. 5 and in Table I (see also [13]).

The observation of the positron fraction increase with
energy has been reported by earlier experiments: TS93
[18], Wizard/CAPRICE [19], HEAT [20], AMS-01 [21],
PAMELA [22], and Fermi-LAT [23]. The most recent
results are presented in Fig. 5 for comparison. The accu-
racy of AMS-02 and high statistics available enable the
reported AMS-02 positron fraction spectrum to be clearly
distinct from earlier work. The AMS-02 spectrum has the
unique resolution, statistics, and energy range to provide
accurate information on new phenomena.
The accuracy of the data (Table I and [13]) enables us to

investigate the properties of the positron fraction with
different models. We present here the results of comparing
our data with a minimal model, as an example. In this
model the eþ and e# fluxes,!eþ and!e# , respectively, are
parametrized as the sum of individual diffuse power law
spectra and the contribution of a single common source
of e$:

!eþ ¼ CeþE
#!eþ þ CsE

#!se#E=Es ; (1)

!e# ¼ Ce#E
#!e# þ CsE

#!se#E=Es (2)

(with E in GeV), where the coefficients Ceþ and Ce#

correspond to relative weights of diffuse spectra for posi-
trons and electrons, respectively, and Cs to the weight of
the source spectrum; !eþ , !e# , and !s are the correspond-
ing spectral indices; and Es is a characteristic cutoff energy
for the source spectrum. With this parametrization the
positron fraction depends on five parameters. A fit to the
data in the energy range 1–350 GeV based on the number
of events in each bin yields a "2=d:f: ¼ 28:5=57 and the
following: !e# # !eþ ¼ #0:63$ 0:03, i.e., the diffuse
positron spectrum is softer, that is, less energetic with
increasing energy, than the diffuse electron spectrum;
!e# # !s ¼ 0:66$ 0:05, i.e., the source spectrum is
harder than the diffuse electron spectrum; Ceþ=Ce# ¼
0:091$ 0:001, i.e., the weight of the diffuse positron flux
amounts to !10% of that of the diffuse electron flux;
Cs=Ce# ¼ 0:0078$ 0:0012, i.e., the weight of the com-
mon source constitutes only !1% of that of the diffuse
electron flux; and 1=Es ¼ 0:0013$ 0:0007 GeV#1, corre-
sponding to a cutoff energy of 760þ1000

#280 GeV. The fit is
shown in Fig. 6 as a solid curve. The agreement between
the data and the model shows that the positron fraction
spectrum is consistent with e$ fluxes each of which is the
sum of its diffuse spectrum and a single common power
law source. No fine structures are observed in the data. The
excellent agreement of this model with the data indicates
that the model is insensitive to solar modulation effects
[24] during this period. Indeed, fitting over the energy
ranges from 0.8–350 GeV to 6.0–350 GeV does not change
the results nor the fit quality. Furthermore, fitting the data
with the same model extended to include different solar
modulation effects on positrons and electrons yields simi-
lar results. This study also shows that the slope of the
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FIG. 4 (color). (a) Stability of the measurement in the energy
range 83.2–100 GeVover wide variations of the cuts fitted with a
Gaussian of width 1.1%. (b) The positron fraction shows no
correlation with the number of selected positrons.
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FIG. 5 (color). The positron fraction compared with the most
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and [13]), and the horizontal positions are the centers of
each bin.
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FIG. 2. Left panel: Our NLL+SE cross section for �0�0 annihilation to line photons from �� and �Z, compared to earlier
results. Right panel: current bounds from H.E.S.S and projected reach of 5 hours of CTA observation time, overlaid with our
(and previous) cross section predictions, for an NFW profile.

Treating Sommerfeld e↵ects at tree-level the ratio of cross
sections is given by the Sudakov form factors

�NLL+⇢⇢SE
�+��!X

�tree
�+��!X

= |⌃1|2,
�NLL+⇢⇢SE

�0�0!X

�tree
�+��!X

= |⌃1 � ⌃2|2 . (16)

This nonzero result for �0�0 ! ZZ, Z�, �� at short
distances starts at NLL in |⌃1 � ⌃2|2, and occurs be-
cause there is a Sudakov mixing between the W+W� and
W 3W 3 from soft gauge boson exchange. This is similar
in spirit to the Sommerfeld mixing of the initial states.

In Fig. 1 we plot |⌃1|2 and |⌃1 �⌃2|2 as a function of
m�. To obtain theoretical uncertainty bands we use the
residual scale dependence at LL and NLL obtained by
varying µm� = [m�, 4m�] and µZ = [mZ/2, 2mZ ]. The
one-loop fixed order results of [5] are within our LL un-
certainty band. Our NLL result yields precise theoretical
results for these electroweak corrections. To test our un-
certainties we added non-logarithmic O(↵2) corrections
to C1,2(µm�), of the size found in [5], and noted that the
shift is within our NLL uncertainty bands.

Indirect Detection Phenomenology Combining
Eqs. 8 and 14 with the standard Sommerfeld enhance-
ment (SE) factors s00 and s0±, we can now compute
the total cross section for annihilation to line photons
at NLL+SE and compare to existing limits from indirect
detection. We sum the rates of photon production from
�0�0 ! ��, �Z, as the energy resolution of current in-
struments is typically comparable to or larger than the
spacing between the lines (see e.g. [6] for a discussion).

In Fig. 2 we display our results for the line cross sec-
tions calculated at LL+SE and NLL+SE. Our theoretical
uncertainties are from µm� variation. (The µZ variations
are very similar. Since both cases are dominated by the
variation of the ratio of the high and low scales we do

not add them together.) In the left panel we compare to
earlier cross section calculations, including “Tree-level +
SE” where Sudakov corrections are neglected, the “One-
loop fixed-order” cross section where neither Sommer-
feld or Sudakov e↵ects are resummed (taken from [7]),
and the calculation in [5] where Sommerfeld e↵ects are
resummed but other corrections are at one-loop. At low
masses, our results converge to the known ones (except [5]
which focused on high masses and omits a term that be-
comes leading-order at low masses). At high masses, our
NLL+SE result provides a sharp prediction for the anni-
hilation cross section with ' 5% theoretical uncertainty.

In the right panel of Fig. 2 we compare the NLL cross
section to existing limits from H.E.S.S [23] and projected
ones from CTA. In the latter case we follow the prescrip-
tion of [6], based on [24], and in both cases we assume an
NFW profile with local DM density 0.4 GeV/cm3. We
assume here that the �0 constitutes all the DM due to a
non-thermal history (the limits can be straightforwardly
rescaled if it constitutes a subdominant fraction of the
total DM). For this profile, we see that H.E.S.S already
constrains models of this type for masses below ⇠ 4 TeV,
consistent with the results of [6] (which employed the
tree-level+SE approximation), and that five hours of ob-
servation with CTA could extend this bound to ⇠ 10
TeV. Any constraint on the line cross section should be
viewed as a joint constraint on the fundamental physics
of DM and the distribution of DM in the Milky Way [25].

The method we developed here allows systematically
improvable e↵ective field theory techniques to be applied
to DM, and enabled us to obtain NLL+SE predictions for
the DM annihilation cross section to photon lines. This
enables precision constraints to be placed on DM.

Note added: As our paper was being finalized two pa-
pers appeared [26, 27] which also investigate DM with
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The Road Ahead

• Higgs discovered

• Many models 
covered

• Many models still 
buried → 
theoretical and 
model input
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New Theoretical 
Landscape

Standard Model

Our theoretical tools have broadened ....

From a single, stable weakly 
interacting particle .....

(WIMP, axion)

...to a hidden world 
with multiple states, 

new interactions

Models: Supersymmetric light DM sectors,
Secluded WIMPs, WIMPless DM, Asymmetric DM .....

Production: freeze-in, freeze-out and decay, 
asymmetric abundance, non-thermal mechanicsms .....
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