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TeV Scale DM

• Weakly Interacting Massive Particles (WIMPs) are economic and
simple models.
• Wino: 3TeV (This talk)
• Higgsino: 1TeV
• Minimal DM SU(2) Quintuplet: 10TeV

• Difficult to probe directly.

[Low, Wang]

Summary of Direct Detection Limits
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Figure 1: The mass reach in the pure wino scenario in the monojet channel with L =

3000 fb�1 for the 14 TeV LHC (blue) and a 100 TeV proton-proton collider (red). The

bands are generated by varying the background systematics between 1 � 2% and the signal

systematic uncertainty is set to 10%.

For reference, ignoring all systematics, at 14 TeV winos could be excluded at m�̃ ⇠
530 GeV and discovered at m�̃ ⇠ 380 GeV. At 100 TeV the exclusion reach would be

m�̃ ⇠ 1.8 TeV and the discovery reach would be m�̃ ⇠ 1.0 TeV.

Track length [cm]
0 20 40 60 80 100

Tr
ac

ks
 / 

1 
cm

1

10

210

310
 = 1 TeVχ∼m
 = 2 TeVχ∼m
 = 3 TeVχ∼m
 = 4 TeVχ∼m

-1
M

adG
raph5 + Pythia6 + D

elphes3, L = 3000 fb

Wino
 = 100 TeVs

 > 500 GeVtrack
T

p

 [GeV]χ∼m
1000 2000 3000 4000 5000

Tr
ac

ks

1

10

210

310

410

510

610
 > 10 cmtrackd
 > 20 cmtrackd
 > 30 cmtrackd
 > 40 cmtrackd

-1
M

adG
raph5 + Pythia6 + D

elphes3, L = 3000 fb

Wino
 = 100 TeVs

 > 500 GeVtrack
T

p

Figure 2: Chargino track distributions for the pure wino scenario showing the number of

tracks for a given track length (left) and the number of tracks for a given wino mass (right).

Only events passing the analysis cuts in App. A and containing at least one chargino track

with pT > 500 GeV are considered.

As mentioned, in the pure wino scenario, the mass splitting between the chargino and

neutralino is generated by loop e↵ects. The value of the splitting has been calculated at two-

loops to be � = 164.6 MeV in the large mass limit [83], though the mass splitting varies very

– 7 –

Monojet Wino Limit
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Indirect Detection

• High mass DM can be probed through annihilation to photons!

Indirect Detection Air Shower

• Can probe DM up to 20− 100 TeV scale.

• Gamma ray line provides clean signal.

HESS
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Indirect Detection

• Line searches put strong constraints on TeV scale DM.

H.E.S.S. Limits

Prediction
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• For uncored profiles, Thermal Wino well excluded.

• Large number of current and future experiments will push this further.

[Cohen, Lisanti, Pierce, Slatyer]

[Fan, Reece]
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Coring
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FIG. 4: The current bounds from H.E.S.S. [blue, solid] and Fermi [red, dashed] for Burk(0.5 kpc),

Einasto, NFW, and Burk(10 kpc) [bottom to top]. The green band is excluded by direct searches

at the LHC and the yellow shaded circle corresponds to the thermal wino scenario. The dotted

grey line demarcates where the DM fraction constitutes all of the relic density. The dot-dashed

black line represents the fraction of the DM predicted by a thermal cosmological history. All cross

sections are computed in the tree-level-SE approximation. One-loop e↵ects have been shown to

reduce the cross section to line photons by as much as a factor of 4 (see Sec. III B).

with rs = 20 kpc and � = 0.17. Finally, the Burkert profile [61]

⇢Burk(r) =
⇢0

(1 + r/rs)(1 + (r/rs)2)
(8)

is an example of a cored profile that results in a large range of predictions for the J-factor for

di↵erent choices of rs. The NFW and Einasto profiles are favored by N -body dark matter

only simulations,5 see for example [64], but there is observational evidence for shallower or

cored profiles in some dwarf galaxies [65].

These di↵erent density profiles are illustrated in Fig. 3 and the table lists the correspond-

ing J-factors in the H.E.S.S. region of interest, which is a 1� circle at the Galactic Center,

with the Galactic plane masked out (|b| � 0.3�). The J-factor can vary over several orders

5 These N -body simulations only include collisionless dark matter. Recent work suggests that baryonic

processes can substantially modify the inner structure of dark matter halos, either flattening or steepening

them. Milky-Way-like halos in simulations that model these processes have been found to possess NFW-

like profiles into ⇠ 2 kpc from the GC [62], although a larger ⇠ 10 kpc core has been found in one

simulation [63].
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• Limits can be evaded by coring.

• We are now in a regime where limits probe core sizes comparable with
simulation/ observational constraints
=⇒ factors of 5 matter for interpretation.

• Can we conclusively exclude the thermal wino (Higgsino)?

HESS Limit Cored Profiles

[Cohen, Lisanti, Pierce, Slatyer]

[Fan, Reece]
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Multiple Scales

Resummed Line Spectrum

• Particle physics predictions complicated by the presence of
hierarchical scales: mW � Mχ.

• Line cross section requires all orders resummation:

• Sommerfeld Effect: (αW Mχ/mW )k

• Sudakov double logarithms: αW log2(Mχ/mW )
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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

• Line cross section successfully analyzed
using EFT techniques.

[Ovanesyan, Slatyer, Stewart]

[Bauer, Cohen, Hill, Solon]
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Indirect Detection

Endpoint Spectrum

!11Nick Rodd - Precision Dark Matter Spectra for Cherenkov Telescopes
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• In reality, the situation is not so simple!

• Experiments cannot fully constrain recoiling state.

• Realistic prediction for experiment requires energy spectrum
=⇒ significantly more involved field theory setup.
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Outline
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Forecast Limits for Extended ROI

• Kinematics and Effective Field Theories

• Factorization Formula for the Endpoint Region

• H.E.S.S. Forecast and Core Constraints
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Kinematics and Effective Field Theories
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Kinematics

• We are interested in χχ̄→ γ + X

• X is final state other than observed photon.

Eγ = Mχ z , m2
X = 4M2

χ(1− z)

• Use a dimensionless variable z to characterize the final state.
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Three Different Regimes

• z measures the additional radiation in the final state.

z = 1 z → 1 (1− z) ∼ 1

Exclusive Inclusive
[Baumgart, Vaidya, Rothstein][Ovanesyan, Slatyer, Stewart]

[Bauer, Cohen, Hill, Solon]

• Exclusive and Inclusive cases considered in literature.
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HESS Resolution
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• HESS performs line searches, but has a finite resolution.

• To constrain to a single recoiling Z at Mχ = 500GeV (10 TeV) would
require z ' 0.99(0.9999)

• Resolution of HESS in these energies is equivalent to z = 0.83− 0.89

• Recoiling final state is a jet!

Fully ExclusiveJet
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Soft and Collinear Radiation

• For HESS resolution, (1− z)� 1 =⇒ mass of unobserved final
state is small.

• To have small invariant mass, m2
X = 4M2

χ(1− z), the final state X
can consist of radiation that is either

• Collinear: m2
X ∼ M2

χθ
2 ≡ 4M2

χ(1− z)

=⇒ θ ∼
√

1− z

• Soft: m2
X ∼ MχEs ≡ M2

χ(1− z)

=⇒ Es

Mχ
∼ (1− z)

• HESS resolution forces recoiling state into soft and collinear limits.
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Jets

LL

NLL

0.6 0.8 1.0

z = E�/M�

10�27

10�26

10�25

10�24

z2 d
h�

v
i/

d
z

[c
m

3 /
s]

Di↵erential Cross Section
M� = 3 TeV

• Heavy WIMP annihilation produces jets.

• A jet is a spray of collimated (electroweak) radiation.

• Perturbative Sudakov double logarithms appear: αW log2(1− z)

Electroweak Jet from WIMP Annihilation
Spectrum

• Need to be resummed to all orders to understand energy spectrum.

• Previous approaches only have δ(1− z).
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Summary of Scales

• Indirect detection is a complicated multi-scale problem:

• Sommerfeld: (αW Mχ/mW )k

• Electroweak: αW log2(Mχ/mW )

• Resolution: αW log2(1− z)

• Ideal for Effective Field Theory and Factorization!

BAPTS 2018 October 12, 2018 15 / 44



Summary of Scales

• Are all numerically large effects

• Sommerfeld: (αW Mχ/mW )k

• Electroweak: αW log2(Mχ/mW )

• Resolution: αW log2(1− z)

4

0.1 0.5 1 5 10

10-27

10-26

10-25

10-24
LL + SE

NLL + SE
Tree-level + SE

One-loop fixed-order

m� (TeV)

�
�
�
+

Z
�
/
2
v
(c
m

3
/s
)

One-loop + SE from H.I.

0.5 1 10

10-27

10-26

10-25

10-24
NLL + SE

Tree-level + SE

HESS limit (NFW)
CTA projection (NFW)

m� (TeV)

�
�
�
+

Z
�
/
2
v
(c
m

3
/s
) One-loop + SE from H.I.

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

• Want to understand how to disentangle and incorporate at the level
of the spectrum.

• Once perturbative series has been reorganized (resummed), good
behavior of electroweak perturbation theory will be restored.
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Effective Field Theory

• Approach of Effective Field Theory:
• Focus on relevant degrees of freedom.
• Integrate out irrelevant degrees of freedom.

• Effective theory for long wavelength dynamics of soft and collinear
radiation in the presence of a hard scattering source
=⇒ Soft Collinear Effective Theory

• Separate fields for collinear Bµni⊥ and soft Aµ
us gauge bosons.

• Extended to Electroweak theory

[Bauer, Fleming, Pirjol, Stewart]

[Chiu, Fuhrer, Kelley, Manohar]

Hard Collinear Soft
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Soft Collinear Effective Theory

• Hard scattering is described by operators in EFT

p

p

b

W

Hard scattering operators

• Building blocks: collinear quark             gluon  
 

• Textbook approach to spin unnecessarily complicated

Oi

=
X

i

Ci⇥

�n,! Bn?,!

[Marcantonini, Stewart]

n = direction,       = energy (x2)!

QCD SCET

O1 = �̄n3,!3
n/2 �n4,!4

Bn1?,!1
· Bn2?,!2

H

O2 = �̄n3,!3
B/n1?,!1

�n4,!4
n4 · Bn2?,!2

H

O3 = �̄n3,!3
n/1n/2 B/n1?,!1

�n4,!4
n4 · Bn2?,!2

H

· · ·

X

diagrams

4

R

• Long wavelength dynamics of soft and collinear radiation described by
Lagrangian

Ldyn :

[Bauer, Fleming, Pirjol, Stewart]
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Field Redefinitions and Wilson Lines

• Leading power soft-collinear interactions can be decoupled by field
redefinition:

Y
(r)
n (x) = P exp

ig ∞∫
0

ds n · Aa
us(x + sn)T a

(r)


Baµn⊥ → Yab

n Bbµn⊥, χαn → Y αβ
n χβn

• Soft dynamics described by matrix elements of Wilson lines.

• Lagrangian and States factorize:

L(0) = L(0)
n + L(0)

s =⇒ |X 〉 = |Xn〉|Xs〉

[Bauer, Fleming, Pirjol, Stewart]
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Factorization

• After decoupling interactions, can write cross section as a product of
hard, collinear and soft matrix elements

)
Q
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H

dσ

dz
= H(Q2)

∫
dzJdzSδ

(
z − zJ − zS

)
J(zJ)S(zS)

[Bauer, Fleming, Pirjol, Stewart]
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Factorization and Renormalization

• Factorization allows cross section to be written as a product
(convolution) of simple single scale functions:

dσ

dz
= H(Q2)

∫
dzJdzSδ

(
z − zJ − zS

)
J(zJ)S(zS)

• Each function can be easily computed by itself (often in an expanded
limit).

• All logarithms predicted by renormalization group evolution:

d

d logµ
F (z ;µ) =

∫
dz ′ γµF (z − z ′;µ)F (z ′;µ)

• Offers powerful approach to multi-scale problems
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Aside: Natural Scales

• All single scale functions have a natural µ scale at which all
logarithms in their expansion vanish. e.g.

F (µ;Mχ) = 1− αW log2
(

µ
Mχ

)
+ c1αW +O(α2

W )

• At the natural scale, the function is a pure expansion in αW :

F (µ = Mχ;Mχ) = 1 + c1αW +O(α2
W )

• Scalings we worked out earlier are natural scalings:

• Hard: µ ∼ Mχ

• Jet: µ ∼ Mχ

√
1− z

• Soft: µ ∼ Mχ(1− z)

• Logarithms which invalidate the perturbative expansion are resummed
to all orders by RG evolution.

µ d
dµ

F = −αW log
(

µ2

(Mχ)2

)
F

=⇒ F (mW ) = exp
(
−αW log2

(
mW
Mχ

))
F (Mχ)
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A Complication

)

• Standard SCET can deal with a single measurement.

• Two cases considered previously in literature:

• Constraint on massless
final state radiation.

• Virtual corrections for
massive gauge bosons.

• Our situation is more complicated: Constraint on massive final state
radiation.

• Must simultaneously consider two measurements: (1− z) and mW .

[Chiu, Fuhrer, Kelley, Manohar]
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Borrowing from Jet Substructure

• Must extend SCET to deal with multiple measurements.

• Similar problem has appeared in jet substructure.
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Groomed D2 Distribution

• Can apply recent advances in field theories for jet substructure!

[Larkoski, IM, Neill]
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Non-Relativistic DM EFT

• Incoming DM particles are slow, v ≤ 10−3.

• Describe interactions using non-relativistic EFT.

• Interactions with soft radiation decoupled via Wilson lines.

• Leads to standard non-relativistic Lagrangian

L(0)
NRDM = χ†v

(
i v · ∂ +

~∇2

2Mχ

)
χv + V̂ [χv , χ

†
v ](mW ,Z )

• Sommerfeld effect described by matrix elements:〈
0
∣∣∣χ3 T

v iσ2 χ
3
v

∣∣∣(χ0χ0
)
S

〉
= 4
√

2Mχ s00 ,

〈
0
∣∣∣χ+T

v iσ2 χ
−
v

∣∣∣(χ0χ0
)
S

〉
= 4Mχ s0±

• Decouples into a multiplicative factor.

• Resonances when αWMχ ∼ n2mW

4
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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

V (r)

The wino potential
evolution equation for 
two-particle state

evolution preserves total charge; need 
only consider Q=0 two-body states

potential V(r) for initial-state winos couples χ0χ0 and χ+χ- states through 
W exchange; χ+χ- state experiences Z and photon exchange

χ0

χ0 χ+

χ-

W+

χ+

χ-

χ+

χ-

γ ZLines from potential-
enhanced annihilation

For general final states, two interfering sets of ladder diagrams, distinguished by 
annihilating state at “last rung” of ladder: χ0χ0 vs χ+χ-. 

Overall amplitude is the sum of these terms, each one built from the hard matrix 
element + a Sommerfeld factor: 

Sommerfeld “s” factors describe wavefunction distortion. At low DM mass, where 
potential is perturbative, s00 >> s0± (~1 vs O(αW)). But at high DM mass, they are of 
the same order - lifts suppression for annihilation to photons.
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… +
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Sommerfeld factors 
determined from 
wavefunction at origin

s00 =  N (0), s0± =  C(0)

Lines from potential-
enhanced annihilation

For general final states, two interfering sets of ladder diagrams, distinguished by 
annihilating state at “last rung” of ladder: χ0χ0 vs χ+χ-. 

Overall amplitude is the sum of these terms, each one built from the hard matrix 
element + a Sommerfeld factor: 

Sommerfeld “s” factors describe wavefunction distortion. At low DM mass, where 
potential is perturbative, s00 >> s0± (~1 vs O(αW)). But at high DM mass, they are of 
the same order - lifts suppression for annihilation to photons.
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s00 =  N (0), s0± =  C(0)
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Factorization Formula for the Endpoint Region

H

Jn

Jn

H
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The Factorization Formula

In
cr
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n
g

V
ir
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al
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y

H H

• Full factorization derived through a multistage matching procedure.

dσ̂LL

dz
= H(Mχ, µ) Jγ(mW , µ, ν) Jn̄(mW , µ, ν)S(mW , µ, ν)×

HJn̄(Mχ, 1− z , µ)⊗ HS(Mχ, 1− z , µ)⊗ CS(Mχ, 1− z ,mW , µ, ν)

• Provides an all orders description, and operator definitions
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The Factorization Formula

dσ̂LL

dz
= H(Mχ, µ) Jγ(mW , µ, ν) Jn̄(mW , µ, ν)S(mW , µ, ν)×

HJn̄(Mχ, 1− z , µ)⊗ HS(Mχ, 1− z , µ)⊗ CS(Mχ, 1− z ,mW , µ, ν)

• Hard:

• Soft:

• Jet:
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Renormalization Group Evolution

• All large logarithms are resummed by renormalization group evolution

• Compute all functions at their natural scale: F = 1 + c1αW + · · ·
• RG evolve to a common scale (s Laplace conjugate to Mχ(1− z)).

• e.g. Hard function: µ d
dµH = −8CA α̃W log

(
µ2

(2Mχ)2

)
H

=⇒ H (mW ) = exp
(
−8CA α̃W log2

(
mW
2Mχ

))
H(2Mχ)
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Resummed Spectrum at LL

• Obtain simple analytic formula for leading logarithmic spectrum:

(
dσ

dz

)LL

= 4 |s0±|2 σ̂LL
line δ(1− z)

+
2αW

π

σ̂LL
line

1− z
e

4 αW
π

L2
J (z)

{
F1

(
3 LS(z)− 2 LJ(z)

)
e

−3 αW
π

L2
S (z) − 2F0 LJ(z)

}
.

• Non-trivial combination of perturbative logarithms and Sommerfeld
factors.

• Formula at higher logarithmic orders remains functions of logarithms
and Sommerfeld factors (but much less compact).
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Resummed Spectrum at LL

• Obtain simple analytic formula for leading logarithmic spectrum:

(
dσ

dz

)LL

= 4 |s0±|2 σ̂LL
line δ(1− z)

+
2αW

π

σ̂LL
line

1− z
e

4 αW
π

L2
J (z)

{
F1

(
3 LS (z)− 2 LJ(z)

)
e

−3 αW
π

L2
S (z) − 2F0 LJ(z)

}
.

• Perturbative Logarithms:

σ̂LL
line =

π α2
W sin2 θW

2m2
DM v

exp

[
−4αW

π
ln2

(
mW

2mDM

)]

LJ(z) = ln

(
mW/mDM

2
√

1− z

)
Θ

(
1− m2

W

4m2
DM

− z

)
,

LS(z) = ln

(
mW/mDM

2 (1− z)

)
Θ

(
1− mW

2mDM

− z

)
,
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Resummed Spectrum at LL

• Obtain simple analytic formula for leading logarithmic spectrum:

(
dσ

dz

)LL

= 4 |s0±|2 σ̂LL
line δ(1− z)

+
2αW

π

σ̂LL
line

1− z
e

4 αW
π

L2
J (z)

{
F1

(
3 LS (z)− 2 LJ(z)

)
e

−3 αW
π

L2
S (z) − 2F0 LJ(z)

}
.

• Sommerfeld Effects:

Lines from potential-
enhanced annihilation

For general final states, two interfering sets of ladder diagrams, distinguished by 
annihilating state at “last rung” of ladder: χ0χ0 vs χ+χ-. 

Overall amplitude is the sum of these terms, each one built from the hard matrix 
element + a Sommerfeld factor: 

Sommerfeld “s” factors describe wavefunction distortion. At low DM mass, where 
potential is perturbative, s00 >> s0± (~1 vs O(αW)). But at high DM mass, they are of 
the same order - lifts suppression for annihilation to photons.

χ0

χ0

χ+

χ-

SM

SM
…

χ0

χ0

χ0

χ0

SM

SM
… +

A�0�0!X = s00A
0
�0�0!X + s0±A0

�+��!X

Sommerfeld factors 
determined from 
wavefunction at origin

s00 =  N (0), s0± =  C(0)

Kinematic enhancements
Soft radiation: radiate low-energy particles from final state, energies much 
lower than mχ / timescales much longer than annihilation 

Collinear radiation: narrow splitting of one particle into two, small angle θ 
between particles 

Both give rise to kinematic enhancement - dominate diagrams with extra 
radiated particles. 

Such processes can have rates comparable to or larger than the line signal.

�0

�0

�0

�0

�

W

W

W

pa pb

pc

/ 1

p2
a

⇡ 1

2EbEc(1 � cos ✓)

neglecting W mass

F0 =
4

3

∣∣s00

∣∣2 + 2
∣∣s0±

∣∣2 +
2
√

2

3

(
s00 s

∗
0± + s∗00 s0±

)
,

F1 = −4

3

∣∣s00

∣∣2 + 2
∣∣s0±

∣∣2 − 2
√

2

3

(
s00 s

∗
0± + s∗00 s0±

)

s0± =⇒ Pure Endpoint
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Energy Spectrum

LL

NLL

0.6 0.8 1.0

z = Eγ/Mχ

10−27

10−26

10−25

10−24

z2
d
〈σ
v
〉/

d
z

[c
m

3 /s
] Differential Cross Section

Mχ = 3 TeV

• Provides first resummed prediction for the energy spectrum for heavy
WIMP annihilation.

Energy Spectrum for Wino Annihilation

• Strongly peaked at endpoint.

• Non-trivial spread due to additional radiation.

• Once resummed, EW perturbation theory converges very well.
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Energy Spectrum
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0.6 0.8 1.0

z = E�/M�

10�27

10�26

10�25

10�24

z2 d
h�

v
i/

d
z

[c
m

3 /
s]

Di↵erential Cross Section
M� = 3 TeV

LL

NLL

0.5 0.6 0.7 0.8 0.9 1.0

zcut

0

1

2

3

4

5

6

7

8

〈σ
v
〉×

10
26

[c
m

3 /s
]

Thermal Wino
Cross Section

H
.E

.S
.S

.
R

es
ol

u
ti

on

• HESS resolution much larger than line width
=⇒ integrates flux over a window.

• Significant contribution from non-line photons.

• Additional photons can be used to strengthen limits.

• Allows real experimental resolution function to be used.

Energy Spectrum Integrated Cross Section
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H.E.S.S. Forecast

BAPTS 2018 October 12, 2018 35 / 44



H.E.S.S. Analysis

• We* performed a realistic H.E.S.S. forecast using our prediction for
the photon spectrum.

• Goals:
• Effect of the full endpoint spectrum on constraints.
• Using a wider ROI to improve sensitivity to core size.

*Our H.E.S.S. collaborators Lucia
Rinchiuso and Emmanuel Moulin
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Review: Computing the Flux

• Quick Review:
• Flux at the detector can be written

• DM density enters as J-factor:

dΦγ

dE
= J

〈σv〉
8πM2

χ

dNγ
dE

J =

∫
ROI ds dΩ ρ2

DM(s,Ω)∫
ROI dΩ

• Can place limits on EITHER
• 〈σv〉 for a fixed profile.
• J-factor.
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Cross Section Limits

• Provide updated limits using our spectrum.

Limit on 〈σv〉

 [TeV]DMm
1 2 3 4 5 6 7 10 20 30 40

]
-1 s3

 [c
m

lin
e

〉
 vσ〈

28−10

27−10

26−10

25−10

24−10

23−10

Expected limit
68% Containment w/ syst.
95% Containment w/ syst.
NLL cross section

Einasto, 250 h

T
he

rm
al

 W
in

o 
D

M

Forecast Cross Section Limits

 [TeV]DMm
1 2 3 4 5 6 7 10 20 30 40

]
-1 s3

 [c
m

lin
e

〉
 vσ〈

28−10

27−10

26−10

25−10

24−10

23−10

Einasto, 250 h

(i)line 

(ii) + endpoint (i)

(iii) + continuum (ii)

Forecast Cross Section Limits

〈σv〉 vs. mDM 〈σv〉 vs. rc

• Inclusion of endpoint photons strengthens limits.
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Core Size Constraints

• Can reinterpret as core size constraints for cored Einasto profile.

 [deg.]θ
0 5 10 15 20 25 30 35

]
-1

sr
-5

cm2
 [G

eV
Ω

dJ
/d

2310

2410

2510

2610

Einasto

 = 0.3 kpccr

 = 1 kpccr

 = 3 kpccr

 = 5 kpccr

 Galactic Center J-Factor

ρDM(r) = ρ0 exp

[
− 2

α

((
r

rs

)α
− 1

)]

• Simulations give flattened cores of O(1) kpc for Milky-Way sized
galaxies [e.g. Chan et al. 2015]

• Observations of stellar motion suggest ≤ 2 kpc core [e.g. Hooper 2017]
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Core Size

• Due to Sommerfeld enhancement, for Thermal Wino DM, probe cores
of O(1.5) kpc.

 [TeV]DMm
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-1 s3
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 = 150 pccr  = 2 kpccr
 = 300 pccr  = 3 kpccr
 = 500 pccr  = 5 kpccr
 = 1 kpccr NLL cross section

Forecast Limits vs Core Size

Wino Implications
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Forecast Core Size Limits

[HDMA 1808.04388]

Thermal wino

[Beneke et al `16]

m� = 2.9 ± 0.1 TeV

〈σv〉 vs. mDM 〈σv〉 vs. rc

• Beginning to enter interesting region!
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Extended R.O.I.

ROI number
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J-factor in ROIs

• To improve sensitivity to core size, we performed a forecast with an
extended R.O.I.

• Extend from 1◦ → 4◦, but use standard H.E.S.S. analysis.
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Extended R.O.I.

• Extended R.O.I. significantly improves reach for core size.
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Forecast Limits for Extended ROI
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cross section

〈σv〉 vs. mDM 〈σv〉 vs. rc

• Probes cores of O(5) kpc for Thermal Wino DM!
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Conclusions

H
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Forecast Limits for Extended ROI

• EFTs provide powerful techniques for
complicated multiscale problems.

• Derived factorized description allowing first
calculation of resummed spectrum for indirect
detection.

• HESS forecast with increased ROI allows to
probe ∼ 5 kpc cores.
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NNLO Amplitudes

Thanks!
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