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Dark Matter Beyond the Weak Scale



Why X-ray lines?
• Sterile neutrinos are a natural 

extension of the SM 
• DM abundance if keV-scale 
• Dodelson-Widrow, Shi-Fuller 
• Observables? 
• Small-scale structure 
• Radiative decay to X-rays
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Credits: X-ray: NASA/CXC/SAO/E.Bulbul, et al.
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• Sterile neutrinos are a natural 
extension of the SM 
• DM abundance if keV-scale 
• Dodelson-Widrow, Shi-Fuller 
• Observables? 
• Small-scale structure 
• Radiative decay to X-rays



Credits: X-ray: NASA/CXC/SAO/E.Bulbul, et al.

Outline
• A decade of the 3.5 keV line 
• Was there a 3.5 keV line? 
• Looking forward to next-gen 

DM line searches



A decade of the 3.5 keV line

Bulbul et. al. ApJ (2014)

Discovery in 
• Perseus, stacked clusters [Bulbul+ 1402.2301] 

• M31 [Boyarsky+ 1402.4119] 

2014
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Discovery in 
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A decade of the 3.5 keV line
2014 Discovery in 

• Perseus, stacked clusters [Bulbul+ 1402.2301] 

• M31 [Boyarsky+ 1402.4119] 

Detected in 10 clusters [Boyarsky+ 1408.2503] 

Detected in Deep Fields [Cappelluti+ 1701.07932] 

Blank-sky observations exclude decaying 
DM interpretation [Dessert+ 1812.06976]

∼
2017

2018
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A decade of the 3.5 keV line
2018 Blank-sky observations exclude decaying 

DM interpretation [Dessert+ 1812.06976]
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A decade of the 3.5 keV line
2018 Blank-sky observations exclude decaying 

DM interpretation [Dessert+ 1812.06976] 

Blank-sky Chandra: no line [Bulbul+ 2008.02283] 

Blank-sky NuSTAR: no line [Perez+ 2207.04572] 

Blank-sky Swift: no line [Bulbul+ 2208.12271] 

6.7 6.8 6.9 7.0 7.1 7.2 7.3 7.4
ms [keV]

10°12

10°11

10°10

10°9

si
n2 (

2µ
)

1

2

3 4

5

6

7

8

9

10

95% limit (this work)

mean expected

1æ/2æ containment

2020

2022



A decade of the 3.5 keV line
2018 Blank-sky observations exclude decaying 

DM interpretation [Dessert+ 1812.06976] 

Blank-sky Chandra: no line [Bulbul+ 2008.02283] 

Blank-sky NuSTAR: no line [Perez+ 2207.04572] 

Blank-sky Swift: no line [Bulbul+ 2208.12271] 

[CD, Foster, Park, Safdi 2309.03254]: 
Was there a 3.5 keV line?
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The 3.5 keV line
Possible origins: 
• Sterile neutrino DM decay

Credits: X-ray: NASA/CXC/SAO/E.Bulbul, et al.



The 3.5 keV line
Possible origins: 
• Sterile neutrino DM decay 
• Nontrivial DM decay [Conlon+ 1404.7741]

Credits: X-ray: NASA/CXC/SAO/E.Bulbul, et al.
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The 3.5 keV line
Possible origins: 
• Sterile neutrino DM decay 
• Nontrivial DM decay [Conlon+ 1404.7741] 
• Astrophysics [Gu+ 1511.06557]

Credits: X-ray: NASA/CXC/SAO/E.Bulbul, et al.
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The 3.5 keV line
Possible origins: 
• Sterile neutrino DM decay 
• Nontrivial DM decay [Conlon+ 1404.7741] 
• Astrophysics [Gu+ 1511.06557] 
• Systematic Artifact?

Credits: X-ray: NASA/CXC/SAO/E.Bulbul, et al.



The 3.5 keV line

• Goals:                                   
• (i) reproduce original evidence 

for the 3.5 keV line                 
• (ii) examine robustness of 

evidence 

• Datasets: 
1. XMM/Perseus cluster 
2. XMM/Perseus cluster, Cored 
3. XMM/Stacked clusters 
4. XMM/M31 
5. Chandra/Perseus 
6. Chandra/Deep Fields

Credits: X-ray: NASA/CXC/SAO/E.Bulbul, et al.



Challenges in X-ray line searches

• Model signal line + 
continuum + lines over a 
wide energy range 
• Concerns: 
• Mismodeling 
• Likelihood optimization
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Background Mismodeling
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Background Mismodeling
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What about a real signal?
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Likelihood Optimization



Likelihood Optimization
Local optimizer starting in basin of local minimum



Likelihood Optimization
Global optimizer starting in basin of local minimum
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Perseus Cluster Reanalysis
Bulbul et. al. ApJ (2014)
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Perseus Cluster Reanalysis
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Perseus Analysis Issues?
Bulbul et. al. ApJ (2014)

1402.2301



Bright Clusters Reanalysis
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Bright Clusters Reanalysis
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Looking forward to upcoming searches

• No robust evidence for 3.5 keV line 
• Line could have arisen from 
• Unconverged optimization 
• Mismodeled backgrounds 
• Motivates searches at blank sky 
• Simple backgrounds, simple 
optimization 2 4 6 8 10 12 14

E [keV]

0

100

200

300

400

500

600

700

800

900

ct
s/

ke
V

Hitomi SXS: 171 ks
RX J1856.5-3754

5.895 5.900 5.905

E [keV]

0

2

4

6

ct
s

ø¬ = 5 · 1026 s

CD 2305.17160



Looking forward to upcoming searches
• XRISM has  — blank sky more important 
• Hitomi Perseus cluster:

ΔE ∼ 5 eV
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• Hitomi Blank Sky:



XRISM Early Data Results



Results Summary
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Perseus Cluster Reanalysis
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M31 Reanalysis
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M31 Reanalysis
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Chandra/Perseus Fits
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Chandra/Perseus Fits
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Chandra/Perseus Profiles
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XMM/M31 Fits
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XMM/M31 Fits
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XMM/M31 Profiles
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Bright Clusters Reanalysis
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Bright Clusters Reanalysis
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Chandra/Deep Field Fits
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Chandra/Deep Field Fits
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Chandra/Deep Field Fits
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Chandra/Deep Field Fits
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Chandra/Deep Field Profiles

°1.5 °1.0 °0.5 0.0 0.5 1.0 1.5

Line Flux [10°6 cts/cm2/s]

0

1

2

3

4

5

q

Deep Fields

2.4-7 keV

3-6 keV

2.99-3.99 keV

3.24-3.74 keV



XMM/Cored Perseus Fits
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XMM/Cored Perseus Profiles
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What about a real signal?
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What about a real signal?
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