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Motivation

• WIMP DM paradigm is very well motivated and 
scrutinized 

• No discovery so far ➾ O(1-100GeV) wimp models are 
subject to stringent constraints  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WIMPs not detected so 
far

Bagnaschi 2017

XENON collaboration [1805.12562]

101 102 103 104

DM Mass (GeV/c2)

10�27

10�26

10�25

10�24

10�23

h�
vi

(c
m

3
s�

1
)

bb̄

Pass 8 Combined dSphs

Fermi-LAT MW Halo

H.E.S.S. GC Halo

MAGIC Segue 1

Abazajian et al. 2014 (1�)

Gordon & Macias 2013 (2�)

Daylan et al. 2014 (2�)

Calore et al. 2015 (2�)

Thermal Relic Cross Section
(Steigman et al. 2012)

Fermi-LAT collaboration [1503.02641]

Maybe the DM is heavier than what we would have liked!



M. Vollmann — Resummed 𝛾-ray spectrum from DM annihilation 

Motivation

• WIMP DM paradigm is very well motivated and 
scrutinized 

• No discovery so far ➾ O(1-100GeV) wimp models are 
subject to stringent constraints   

Turn attention into above-TeV wimps
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Motivation
• Heavy (O(1-100TeV) ) DM → Indirect detection 

• Spectral-line feature in gamma ray spectrum is a smoking-gun 
signature of WIMP DM annihilation 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Motivation
• Current- and next-generation gamma-ray telescopes will search for such 

spectral lines 

• Particularly promising is the Cherenkov Telescope Array (CTA) with ~1 
order of magnitude improved sensitivity w.r.t. current technology  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Motivation

• Annihilation cross section computations for heavy wimps 
can be intricate (because the hierarchy MDM >> MSM) 

• Non-perturbative effects such as the Sommerfeld effect 
play a major role in their determination 

• On top of this, large electroweak Sudakov double 
logarithms invalidate the perturbative expansion and need 
to be resummed 

• In this work we focus on the latter (but also systematically 
treat the former)
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Gamma rays from dark 
matter annihilation
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ɣ rays from dark matter 
annihilation. Multi-scale problem
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ɣ rays from dark matter 
annihilation. 1st factorization
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ɣ rays from dark matter 
annihilation. 1st factorization

Instrument/observation 
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any scale
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ɣ rays from dark matter 
annihilation. PP term
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ɣ rays from dark matter 
annihilation. Endpoint spectrum
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ɣ rays from dark matter 
annihilation. Endpoint spectrum
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ɣ rays from dark matter 
annihilation. Endpoint spectrum
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Naive computation of 𝜎vᵧᵧ
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Naive computation of 𝜎vᵧᵧ
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Naive computation of 𝜎vᵧᵧ
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Naive computation of 𝜎vᵧᵧ
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Naive computation of 𝜎vᵧᵧ
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Solution: resum all ladder-like diagrams by matching 
onto a non-relativistic effective theory
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Sommerfeld effect 
(Scattering states in 1D QM)
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Naive computation of 𝜎vᵧᵧ
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Naive computation of 𝜎vᵧᵧ
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Sudakov double 
logarithms
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Standard solution: resum soft virtual and 
real emissions by solving renormalization 

group eqs. in a (soft-collinear) effective field 
theory

Sudakov-log resummation
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Soft-collinear effective theory 
(SCET). Method of regions
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SCET. Momentum regions
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SCET. Momentum regions

 qs(’)Ifull = + qh +

 qhc  qhc+ —
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SCET. Factorization 
(narrow resolution)

 qs(’)

 qhc

 qh

Interpret each expansion as a Feynman diagram of the SCET
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Factorization (after including all diagrams)
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SCET-II (narrow resolution)
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Interpret each expansion as a Feynman diagram of the SCET
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Jet 
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ideally would 
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Factorization (after including all diagrams)
Breakdown of the factorization 

• can be cured by introducing a regulator  
 

e. g. rapidity regulator: 
 
 
 
 

Z
dDq

(2⇡)D
1

(q2 �m2
W )[(k � q)2 �m2

W ]n · q
⌫⌘

|n · q|⌘



M. Vollmann — Precise predictions for 𝛾-ray production in dark-matter annihilation 

NRDM×SCET for DM 
annihilation

Integrate out hard modes of the relevant fields but leave  
hard (anti)collinear and non-relativistic degrees of freedom:
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NRDM×SCET for DM 
annihilation
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NRDM×SCET for DM 
annihilation

After several steps one can prove that: 

d

dE�
[�v] = | (0)|2 ⇥ |C|2(µ)⇥ Z�(µ, ⌫)⇥ J(µ, ⌫)⌦W (µ, ⌫)

Resummation is achieved by solving

• an appropriate Schrödinger equation 
• μ and ν renormalization group equations for every piece of 

the factorization formula
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Outline

• Motivation 

• Gamma rays from DM annihilation  

• Sommerfeld and Sudakov resummation 

• Factorization formulas for the wino model 

• Conclusions
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The wino-like/MDM triplet 
model

�LWino =
1

2
�̄(i�µDµ �m�)�

SM + Majorana SU(2) triplet
Q=0 Majorana DM 
Q=1 Dirac chargino

EW

• m𝜒±-m𝜒0 ≈ 164MeV 
• DM stable through a Z2 symmetry 

• Suitable WIMP for m𝜒0 ≲ 3TeV 
• Super-partner of the SU(2) gauge bosons in the MSSM
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The wino-like/MDM triplet 
model
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Beneke et al  
arXiv:1601.04718 

• suppressed direct-detection  
cross sections (below the  
so-called neutrino floor) 

• too heavy for the LHC

https://arxiv.org/abs/1601.04718
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Factorization theorem. 
Sommerfeld effect
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see e.g. Beneke et al arXiv: 1411.6924 
Hisano arXiv: hep-ph/0412403

https://arxiv.org/abs/1411.6924
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Factorization theorem. 
Sommerfeld effect
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1D QM (revisited) 
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1D QM analog 

Factorization theorem. 
Sommerfeld effect
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1D QM analog 

Factorization theorem. 
Sommerfeld effect
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1D QM analog 

Factorization theorem. 
Sommerfeld effect
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Factorization theorem. 
Sommerfeld effect

d(�vrel)

dE�
=
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Assumptions on the 
energy resolutions

The variable Eres = m𝜒 - E𝛾 
plays a decisive role in the 
factorization problem 

We investigated two 
situations 

Eres ~ mW2/m𝜒 (1805.07367) 

Eres ~ mW (1903.08702)

d[�v]

dE�

{

�E� =
m2

Z

4mDM

See also Baumgart et al  
(1712.07656 and 
1808.08956)                      
for the Eres ≫ mW case

https://arxiv.org/abs/1805.07367
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Energy resolution

C TA projected 
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Factorization theorem. Exclusive 

Wino 𝛘𝛘→𝛾+X annihilation
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Factorization theorem. Exclusive 

Wino 𝛘𝛘→𝛾+X annihilation

This is highly non trivial!! 
E.g. all (N>2)-body phase-space integrals 

reduce to the convoluted J⊗W form 
(modulo power corrections)  

The SCET formalism is such that proving 
this result amounts to performing a (in the 
SCET language) trivial multipole expansion

Jet functions are universal: they can be used 
in several contexts 

For invariant masses of the order of the EW 
breaking scale, computed the neutral 

components of the EW jet function for the 
first time
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Energy-integrated cross 
section
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Energy-integrated cross 
section
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Energy-integrated cross 
section
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Energy-integrated cross 
section
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Energy-integrated cross 
section
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Energy-integrated cross 
section. Remarkable matching
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Energy-integrated cross 
section. Remarkable matching
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Not an obvious result 

Can be understood by  
expanding our factorization 
formulas at fixed orders
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Energy-integrated cross 
section. Remarkable matching
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Factorization-theorem dependent

• Coefficients are (by definition)  
of O(1) but dependent on Eɣ 

• When evaluated outside the  
range of validity of the Fact. Th. 
they can become large 
• (and contribute to the (m+1)  

term instead)
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Energy-integrated cross 
section. Remarkable matching
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O(1) for EƔres ~ mW2/m𝛘 but parametrically large for EƔres ~ mW 

After reshuffling the logs you get

[�v]nrw(NLO)

(+�)(+�)
= [�v]int(NLO)

(+�)(+�)
+O(↵3

2
)

<latexit sha1_base64="1KLKc07psG0I2xisoYoBH1bFgxc="></latexit>

Not even α23×log terms!!

2 2

2 2
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Further applications of our 
fixed-order expansions
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𝛘𝛘→𝛾+X cross sections (Eres ~ 
mW)
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Effect of the Sudakov 
resummation

O(0.1%)!!
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Further technicalities 
addressed 

Photon jet function (by definition) 
sensitive to the lowest scales in the 
SM 

In particular, large QCD effects on 
the wave-renormalization of the 
photon field are tackled by using 
dispersion-relation methods

𝛾 𝛾
g

Z-pole singularity can be cured by 
Dyson-resumming the Z propagator 

Z

…
Z Z Z Z
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Summary

Sudakov is the new Sommerfeld for indirect DM detection
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FRESH RESULTS!! 
Higgsino DM
Higgsino DM in a nutshell: 

• Minimal DM pseudo-Dirac doublet 
• Hypercharge ≠ 0 
•  

• EWSB → 2 Majorana             and 1 chargino 
• Thermal production hypothesis: 

 

�LHiggsino = �̄(i�µDµ �m�)�+ Ldim�5
<latexit sha1_base64="B46XbMzkfMaf5NMuKC1+LM3A2lc="></latexit>

�0
1, �

0
2

<latexit sha1_base64="ASiIzQZPmrFm/EOc1x2ilVjwZZE=">AAAB/HicbZDNSsNAFIVv6l+tf9Eu3QSL4KKUpAq6LLpxWcG2QpOGyXTaDp1MwsxECKG+ihsXirj1Qdz5Nk7TLLT1wMDHufdy75wgZlQq2/42SmvrG5tb5e3Kzu7e/oF5eNSVUSIw6eCIReIhQJIwyklHUcXIQywICgNGesH0Zl7vPRIhacTvVRoTL0RjTkcUI6Ut36y6eEJ9Z2DX3XqOzYHtmzW7YeeyVsEpoAaF2r755Q4jnISEK8yQlH3HjpWXIaEoZmRWcRNJYoSnaEz6GjkKifSy/PiZdaqdoTWKhH5cWbn7eyJDoZRpGOjOEKmJXK7Nzf9q/USNrryM8jhRhOPFolHCLBVZ8ySsIRUEK5ZqQFhQfauFJ0ggrHReFR2Cs/zlVeg2G855o3l3UWtdF3GU4RhO4AwcuIQW3EIbOoAhhWd4hTfjyXgx3o2PRWvJKGaq8EfG5w+uGJN+</latexit>

�+
<latexit sha1_base64="3tG1oZHwL6xVFKJX9QWqlu2zWYg=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRZBEMpuFfRY9OKxgv2Adi3ZNNvGZpMlyQpl6X/w4kERr/4fb/4b0+0etPXBwOO9GWbmBTFn2rjut1NYWV1b3yhulra2d3b3yvsHLS0TRWiTSC5VJ8CaciZo0zDDaSdWFEcBp+1gfDPz209UaSbFvZnE1I/wULCQEWys1OqREXs465crbtXNgJaJl5MK5Gj0y1+9gSRJRIUhHGvd9dzY+ClWhhFOp6VeommMyRgPaddSgSOq/TS7dopOrDJAoVS2hEGZ+nsixZHWkyiwnRE2I73ozcT/vG5iwis/ZSJODBVkvihMODISzV5HA6YoMXxiCSaK2VsRGWGFibEBlWwI3uLLy6RVq3rn1drdRaV+ncdRhCM4hlPw4BLqcAsNaAKBR3iGV3hzpPPivDsf89aCk88cwh84nz8eD47T</latexit>

m� ⇡ 1TeV
<latexit sha1_base64="XKPbO0EkwIVhUarL6EevprMQd4Y=">AAACA3icbVDLSsNAFJ34rPUVdaebwSK4kJJUQZdFNy4r9AVNCJPptB06jzAzEUsouPFX3LhQxK0/4c6/cdpmoa0HLhzOuZd774kTRrXxvG9naXlldW29sFHc3Nre2XX39ptapgqTBpZMqnaMNGFUkIahhpF2ogjiMSOteHgz8Vv3RGkqRd2MEhJy1Be0RzEyVorcQx4FeEADlCRKPkA/OMsCxWGdNMeRW/LK3hRwkfg5KYEctcj9CroSp5wIgxnSuuN7iQkzpAzFjIyLQapJgvAQ9UnHUoE40WE2/WEMT6zShT2pbAkDp+rviQxxrUc8tp0cmYGe9ybif14nNb2rMKMiSQ0ReLaolzJoJJwEArtUEWzYyBKEFbW3QjxACmFjYyvaEPz5lxdJs1L2z8uVu4tS9TqPowCOwDE4BT64BFVwC2qgATB4BM/gFbw5T86L8+58zFqXnHzmAPyB8/kDPJ+XQA==</latexit>



M. Vollmann — Resummed 𝛾-ray spectrum from DM annihilation 

FRESH RESULTS!! 
Higgsino DM

Factorization:
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𝛘𝛘→𝛾+X cross sections (Eres ~ 
mW) for Higgsino DM
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Result can change by 50%  
if you change Eres!!! 

NLL’ resummation is crucial
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Conclusions
• Heavy WIMP region will be probed by indirect detection observations in 

the near future. Theory input is urgent! 

• Tackled the technically/conceptually involved problem of correctly 
predicting cross sections that are relevant for spectral multi-TeV ɣ-ray 
line searches in two regimes: narrow and intermediate energy resolution 

• Employed these methods on wino and Higgsino DM  

• Reduced theoretical uncertainties down to the permille level for the 
(intermediate) energy resolutions of the CTA at the interesting mass 
range of 1-10 TeV 

• Observed a remarkable matching of the two factorization formulas in 
the “transition” region (narrow <—> intermediate resolutions)


