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Observational Hints of DM

• galactic rotation curve

• bullet cluster collision

• …
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Credit: Stefania.deluca
https://en.wikipedia.org/wiki/File:M33_rotation_curve_HI.gif

Credit: NASA/CXC/CfA/ M.Markevitch et al.
https://apod.nasa.gov/apod/ap060824.html



Detection Methods of DM

• Direct Detection

• scattering between DM and nucleons

• Indirect Detection

• DM annihilation/decay today in the sky

• Collider Searches

• missing energy/momentum carried by DM
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https://www.mpi-hd.mpg.de/lin/research_DM.en.html



No confirmed DD signal yet

• WIMP may couple weakly to light quarks

• If DM couple dominantly to heavy quark(s)

• what are the main properties?

• can it be tested in future experiments?
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[1608.07648, LUX]



Model: Top-flavored Scalar DM

• DM: real scalar 𝑆
• SM singlet, couple only to 𝑡𝑅
• Higgs portal, strongly constrained

• 𝜆𝑆𝐻𝑆
2 𝐻 2 turned off

• top partner: Vector-like (VL) fermion 𝑇
• (𝑇, 𝑡𝑅) same quantum number

• no chiral anomaly

• 𝑍2 parity to stabilize DM: 𝑆, 𝑇 are odd
• no mass mixing 𝑆, 𝐻 , (𝑇, 𝑡)

• 𝐵𝑟 𝑇 → 𝑆𝑡(∗) = 100%
• LHC searches for VL (𝑇, 𝐵) do not apply

ℒ = ℒ𝑆𝑀 + ℒ𝑆 + ℒ𝑇 + 𝓛𝒀 + 𝓛𝑮

𝓛𝒀 = −(𝑦𝑆𝑇𝑆 𝑇𝑡𝑅 + ℎ. 𝑐. )

𝓛𝑮 = 𝐶𝑆𝑔(𝑦𝑆𝑇 , 𝑚𝑆, 𝑚𝑇)
𝛼𝑠
𝜋
𝑆2𝐺𝜇𝜈 𝐺𝜇𝜈

ℒ𝑆 =
1

2
𝜕𝜇𝑆

2
−
1

2
𝑚𝑆

2𝑆2

ℒ𝑇 =  𝑇 𝑖𝐷 −𝑚𝑇 𝑇/
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[1306.4710, J. Cline et al]



Thermal Relic

• pair annihilation (𝑡-channel)

• 𝑆𝑆 → 𝑡  𝑡

• co-annihilation (𝑠/𝑡-channel)

• 𝑆𝑇 → 𝑡∗ → 𝑏𝑊+

• 𝑆𝑇 → 𝑡 + {𝑔, 𝛾, 𝑍, ℎ},  𝜎𝑣 𝑆𝑇 ∝ 𝑦𝑆𝑇
𝟐

• 𝑇 𝑇 → 𝑆𝑀 + 𝑆𝑀(′)

• loop coupling 𝐶𝑆𝑔
• [1502.02244, Junji Hisano et al]

• 𝑆𝑆 → 𝑔𝑔

• 𝜎𝑣 𝑔𝑔 ∝ 𝑦𝑆𝑇
𝟒 𝑔𝑠

4

• can be sizable when 𝑦𝑆𝑇~𝒪(10)
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∝ 𝑦𝑆𝑇
𝟒



Thermal Relic

March 6th, 2017, RISE, Toyama, Japan Peiwen Wu, KIAS, Heavy Quark Flavored Scalar DM 8

𝑟𝑡 =
𝑚𝑡𝑜𝑝

𝑚𝑆
,  𝑟𝑇 =

𝑚𝑇

𝑚𝑆

Real (Complex) Scalar DM:

s/p    (s) -wave chiral suppression

for fixed 𝒎𝑺

look at how 𝒎𝒇 matters 



Thermal Relic
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𝑟𝑆 =
𝑚𝑆

𝑚𝑡𝑜𝑝
,  𝑟𝑇 =

𝑚𝑇

𝑚𝑆

for fixed 𝒎𝒇

look at how 𝒎𝑺 matters 

1

𝑟𝑡
=



𝑆𝑆𝑔𝑔 Loop coupling

• no valence top quark in nucleon

• 𝐶𝑆𝑔 ∝ 𝑦𝑆𝑇
2 × 𝑓𝑙𝑜𝑜𝑝(𝑚𝑆, 𝑚𝑇, 𝑚𝑡)

• sizable when 𝑦𝑆𝑇~𝒪(10)

• can be suppressed by large 𝑟𝑇 = 𝑚𝑇/𝑚𝑆
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[arXiv: 1502.02244, J. Hisano et al]



𝐵𝑟𝑐ℎ𝑎𝑛. to 𝜎𝑣 𝐹𝑂~3 𝑝𝑏 ⋅ 𝑐

• Ω𝐷𝑀ℎ
2 𝑦𝑆𝑇 , 𝑚𝑆, 𝑚𝑇 ~0.12

• given {𝑦𝑆𝑇 , 𝑚𝑆}, 𝑚𝑇 and 𝐵𝑟 are fixed

𝑦𝑆𝑇 = 0.3 𝑦𝑆𝑇 = 0.5

𝑦𝑆𝑇 = 1 𝑦𝑆𝑇 = 10
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𝑦𝑆𝑇 = 0.3

𝑆𝑆 → 𝑔𝑔

𝑆𝑆 → 𝑡  𝑡

𝑆𝑆 → 𝑔𝑔 𝑆𝑆 → 𝑡  𝑡

𝑆𝑆 → 𝑡  𝑡

𝑆𝑆 → 𝑡  𝑡

𝑆𝑆 → 𝑔𝑔

𝑆𝑆 → 𝑔𝑔

𝜎𝑣 𝒈𝒈 ∝ 𝑦𝑆𝑇
𝟒 𝑔𝑠

4𝜎𝑣 𝒕  𝒕 ∝ 𝑦𝑆𝑇
𝟒𝜎𝑣 𝑆𝑇 ∝ 𝑦𝑆𝑇

𝟐



• Ω𝐷𝑀ℎ
2 𝑦𝑆𝑇 , 𝑚𝑆, 𝑚𝑇 ~0.12

• given {𝑦𝑆𝑇 , 𝑚𝑆}, 𝑚𝑇 and 𝐵𝑟 are fixed

𝑦𝑆𝑇 = 0.3 𝑦𝑆𝑇 = 0.5

𝑦𝑆𝑇 = 1 𝑦𝑆𝑇 = 10
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𝑦𝑆𝑇 = 0.3

𝑆𝑆 → 𝑔𝑔

𝑆𝑆 → 𝑡  𝑡

𝑆𝑆 → 𝑔𝑔 𝑆𝑆 → 𝑡  𝑡

𝑆𝑆 → 𝑡  𝑡

𝑆𝑆 → 𝑡  𝑡

𝑆𝑆 → 𝑔𝑔

𝑆𝑆 → 𝑔𝑔

𝑆𝑆 → 𝑔𝑔 is small (large) for 𝑦𝑆𝑇 < (>) 𝒪(1)𝜎𝑣 𝑔𝑔 ∝ 𝑦𝑆𝑇
𝟒 𝑔𝑠

4

𝐵𝑟𝑐ℎ𝑎𝑛. to 𝜎𝑣 𝐹𝑂~3 𝑝𝑏 ⋅ 𝑐



Thermal Relic

• mass spectrum {𝑚𝑆, 𝑟𝑇 =
𝑚𝑇

𝑚𝑆
}

• when 𝑆𝑆 → 𝑡  𝑡 is open, 𝑟𝑆 > 1
• relaxed 𝑟𝑇
• larger 𝑦𝑆𝑇, even larger 𝑟𝑇
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𝑟𝑆 =
𝑚𝑆

𝑚𝑡𝑜𝑝
,  𝑟𝑇 =

𝑚𝑇

𝑚𝑆



Thermal Relic

• when 𝑆𝑆 → 𝑡  𝑡 is open

• suppressed 𝐶𝑆𝑔
• affect the direct detection

𝑆𝑆 → 𝑡  𝑡 , 𝑆𝑆 → 𝑔𝑔

𝑦𝑆𝑇 = 0.3 𝑦𝑆𝑇 = 0.5

𝑦𝑆𝑇 = 1 𝑦𝑆𝑇 = 10
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Direct detection

• for 𝑚𝑆 > 𝑚𝑡, where 𝑆𝑆 → 𝑡  𝑡 and 𝑟𝑇 =
𝑚𝑇

𝑚𝑆

• generally heavier 𝑚𝑇

• suppressed 𝐶𝑆𝑔 and 𝜎𝑆𝐼

𝑦𝑆𝑇 = 0.3

0.5

1

10 LUX

XENON − 1T

LZ
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Direct detection

• 𝐶𝑆𝑔 ∝ 𝑦𝑆𝑇
2 × 𝑓𝑙𝑜𝑜𝑝(𝑚𝑆, 𝑚𝑇, 𝑚𝑡)

• for 𝑚𝑆 < 𝑚𝑡,large 𝑦𝑆𝑇~𝑂(10)
• 𝑆𝑆 → 𝑔𝑔 dominate in light 𝑚𝑆

• 𝜎𝑆𝐼 locked by canonical 𝜎𝑣 ~1 𝑝𝑏 ⋅ 𝑐

• excluded by LUX-2015

𝑦𝑆𝑇 = 0.3

0.5

1

10 LUX

XENON − 1T

LZ
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Direct detection

• 𝑦𝑆𝑇 > 0.5
• light 𝑚𝑆 < 𝑚𝑡 can be tested at LZ

𝑦𝑆𝑇 = 0.3

0.5

1

10 LUX

XENON − 1T

LZ
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Indirect detection (𝛾-ray)

• current ID bounds are approaching canonical 𝜎𝑣 ~1 𝑝𝑏 ⋅ 𝑐
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[arXiv: 1503.02641, Fermi] [arXiv: 1506.00013, Fermi]

Dwarf continuous 𝛾-spectrum Galactic Center line 𝛾-spectrum 



Indirect detection (𝛾-ray)

March 6th, 2017, RISE, Toyama, Japan Peiwen Wu, KIAS, Heavy Quark Flavored Scalar DM 19

[1604.00014, Jennifer Gaskins]

• continuous spectrum

• no 𝑡  𝑡 ?

• rescale from others, e.g. 𝑏 𝑏

• 𝜎𝑣 𝑔𝑔 obtained from 𝑢 𝑢

[1511.04452 F. Giacchino et al]



Indirect detection (𝛾-ray)

• 𝒔-wave component in 𝜎𝑣
• only 𝑆𝑆 → 𝑡  𝑡 , 𝑆𝑆 → 𝑔𝑔 in today’s Universe

• no co-annihilation

• For a channel in Fermi’s plots,  when its 𝒔-wave

dominates in producing Ω𝐷𝑀ℎ
2~0.1

it is about to be constrained
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𝑆𝑆 → 𝑔𝑔

𝑆𝑆 → 𝑡  𝑡

𝒔-wave

𝒑-wave



Indirect detection (𝛾-ray)

• current bounds are about to be able to constrain

• sensitivities × 10 can cover wide regions in 𝑚𝑆 > 𝑚𝑡

• complementary to DD
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Dwarf continuous 𝛾-spectrum 

Galactic Center line 𝛾-spectrum 

𝑆𝑆 → 𝑔𝑔
𝑆𝑆 → 𝑡  𝑡

𝑆𝑆 → 𝑔𝑔

𝑆𝑆 → 𝑡  𝑡



Collider search (ATLAS 13.2 𝑓𝑏−1 @ 13 TeV)

• 𝑝𝑝 → 𝑇 𝑇 → 𝑡  𝑡 + 𝑀𝐸𝑇
• exclude 𝑚𝑇 from 300 (650)-1150 (1100) GeV for 𝑚𝑆 = 40 (400) GeV

• SUSY stop  𝑡 search: 200 - 850 GeV (smaller production cross section)
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ATLAS-CONF-2016-050



Quick Summary for Top-flavored Scalar DM

• perturbative 𝑦𝑆𝑇 > 0.5: just about to be tested in future

• complementarity between DD/ID for 𝑚𝑆 < > 𝑚𝑡

• collider signals are also promising

𝑦𝑆𝑇 = 0.5 𝑦𝑆𝑇 = 1
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DD ID

collider



Generalization: Top+Charm Flavored
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ℒ = ℒ𝑆𝑀 + ℒ𝑆 + ℒ𝑇 + 𝓛𝒀 + 𝓛𝑮

𝓛𝒀 = −(𝑦3𝑆 𝑇𝑡𝑅 + 𝑦2𝑆 𝑇𝑐𝑅 + ℎ. 𝑐. )

𝓛𝑮 = 𝐶𝑆𝑔(𝑦3, 𝑦2, 𝑚𝑆, 𝑚𝑇)
𝛼𝑠
𝜋
𝑆2𝐺𝜇𝜈 𝐺𝜇𝜈

ℒ𝑆 =
1

2
𝜕𝜇𝑆

2
−
1

2
𝑚𝑆

2𝑆2

ℒ𝑇 =  𝑇 𝑖𝐷 −𝑚𝑇 𝑇



Before calculation, Quick Thoughts
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Top FCNC decays

• 𝑡 → 𝑆𝑇∗ → 𝑐𝑆𝑆 ∝ 𝑦3
2𝑦2

2

• 𝑡 → 𝑐 + 𝛾, 𝑔, 𝑍 ∝ 𝑦3
2𝑦2

2

0409342, J.A.Aguilar-Saavedra 



Before calculation, Quick Thoughts
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Top FCNC decays

• 𝑡 → 𝑆𝑇∗ → 𝑐𝑆𝑆 ∝ 𝑦3
2𝑦2

2

• 𝑡 → 𝑐 + 𝛾, 𝑔, 𝑍 ∝ 𝑦3
2𝑦2

2

Thermal relic

• 𝜎𝑣 ~ 𝑦3
4 … 𝑡  𝑡 + 𝑦3

2𝑦2
2 … 𝒕 𝒄 + 𝑦2

4 … 𝑐  𝑐 + 𝑪𝑺𝒈
2

• 𝑦2
4 … 𝑐  𝑐 takes over for 𝑚𝑆 < 𝑚𝑡/2

CharmTop

𝑺𝑺𝒈𝒈 Loop



Before calculation, Quick Thoughts
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Top FCNC decays

• 𝑡 → 𝑆𝑇∗ → 𝑐𝑆𝑆 ∝ 𝑦3
2𝑦2

2

• 𝑡 → 𝑐 + 𝛾, 𝑔, 𝑍 ∝ 𝑦3
2𝑦2

2

Thermal relic

• 𝜎𝑣 ~ 𝑦3
4 … 𝑡  𝑡 + 𝑦3

2𝑦2
2 … 𝒕 𝒄 + 𝑦2

4 … 𝑐  𝑐 + 𝑪𝑺𝒈
2

• 𝑦2
4 … 𝑐  𝑐 takes over for 𝑚𝑆 < 𝑚𝑡/2

Direct Detection:

• 𝑪𝑺𝒈
2
~ 𝑦3

2 … 𝑡 + 𝑦2
2 … 𝑐

2

• larger rate for light 𝑚𝑆

𝑐-loop dominates over 𝑡-loop

CharmTop

𝑺𝑺𝒈𝒈 Loop



Before calculation, Quick Thoughts
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Top FCNC decays

• 𝑡 → 𝑆𝑇∗ → 𝑐𝑆𝑆 ∝ 𝑦3
2𝑦2

2

• 𝑡 → 𝑐 + 𝛾, 𝑔, 𝑍 ∝ 𝑦3
2𝑦2

2

Thermal relic

• 𝜎𝑣 ~ 𝑦3
4 … 𝑡  𝑡 + 𝑦3

2𝑦2
2 … 𝒕 𝒄 + 𝑦2

4 … 𝑐  𝑐 + 𝑪𝑺𝒈
2

• 𝑦2
4 … 𝑐  𝑐 takes over for 𝑚𝑆 < 𝑚𝑡/2

Direct Detection:

• 𝑪𝑺𝒈
2
~ 𝑦3

2 … 𝑡 + 𝑦2
2 … 𝑐

2

• larger rate for light 𝑚𝑆

Indirect Detection:

• more 𝑠-wave components for 𝑚𝑆 < 𝑚𝑡/2

Collider signal

• MET + 𝑡  𝑡, 𝑡𝑗, 𝑗𝑗

𝑐-loop dominates over 𝑡-loop

CharmTop

𝑺𝑺𝒈𝒈 Loop



Preliminary Results
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Exotic Top decay
𝑟𝑆 =

𝑚𝑆

𝑚𝑡𝑜𝑝
,  𝑟𝑇 =

𝑚𝑇

𝑚𝑆



𝐵𝑟(𝑡 → 𝑇𝑆)
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• Γ𝑡,𝑆𝑀~1.5 GeV, current measurements still allow sizable deviation

∝ 𝑦3
2



𝐵𝑟(𝑡 → 𝑇∗𝑆 → 𝑐𝑆𝑆)
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• 3-body decay, smaller than 2-body 𝑡 → 𝑇𝑆

∝ 𝑦3
2𝑦2

2



𝐵𝑟(𝑡 → 𝑐𝛾)
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∝ 𝑦3
2𝑦2

2



𝐵𝑟(𝑡 → 𝑐𝑔)
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∝ 𝑦3
2𝑦2

2



𝐵𝑟(𝑡 → 𝑐𝑍)
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∝ 𝑦3
2𝑦2

2



𝑟𝑆 =
𝑚𝑆

𝑚𝑡𝑜𝑝
,  𝑟𝑇 =

𝑚𝑇

𝑚𝑆New Annihilation Channels
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Thermal Relic
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Top Flavored Top+Charm Flavored



Thermal Relic
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Top Flavored Top+Charm Flavored



Annihilation Contribution
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Top Flavored Top+Charm Flavored

𝑆𝑆 → 𝑡  𝑐𝑆𝑆 → 𝑐  𝑐

𝑆𝑆 → 𝑡  𝑡

𝜎𝑣 ~ 𝑦3
4 … 𝑡  𝑡 + 𝑦3

2𝑦2
2 … 𝒕 𝒄 + 𝑦2

4 … 𝑐  𝑐 +⋯ 𝑦2 = 1.0
𝑦3 = 0.5



Annihilation Contribution
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Top Flavored Top+Charm Flavored

𝑆𝑆 → 𝑡  𝑐𝑆𝑆 → 𝑐  𝑐

𝑆𝑆 → 𝑡  𝑡

𝑦2 = 0.5
𝑦3 = 0.5

𝜎𝑣 ~ 𝑦3
4 … 𝑡  𝑡 + 𝑦3

2𝑦2
2 … 𝒕 𝒄 + 𝑦2

4 … 𝑐  𝑐 +⋯

𝑆𝑇 → ⋯



Annihilation Contribution

March 6th, 2017, RISE, Toyama, Japan Peiwen Wu, KIAS, Heavy Quark Flavored Scalar DM 41

Top Flavored Top+Charm Flavored

𝑆𝑆 → 𝑡  𝑐𝑆𝑆 → 𝑐  𝑐

𝑆𝑆 → 𝑡  𝑡

𝑦2 = 0.5
𝑦3 = 0.1

𝜎𝑣 ~ 𝑦3
4 … 𝑡  𝑡 + 𝑦3

2𝑦2
2 … 𝒕 𝒄 + 𝑦2

4 … 𝑐  𝑐 +⋯

𝑆𝑇 → ⋯



Annihilation Contribution
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Top Flavored Top+Charm Flavored

𝑆𝑆 → 𝑐  𝑐

𝑦2 = 0.1
𝑦3 = 0.1

𝜎𝑣 ~ 𝑦3
4 … 𝑡  𝑡 + 𝑦3

2𝑦2
2 … 𝒕 𝒄 + 𝑦2

4 … 𝑐  𝑐 +⋯

small couplings, need co-annihilation

𝑆𝑇 → 𝑔𝑐

𝑆𝑇 → ⋯



Direct Detection
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Top Flavored Top+Charm Flavored

charm-loop



Indirect Detection
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Top Flavored Top+Charm Flavored

s-wave in

𝑆𝑆 → 𝑐  𝑐



Conclusion
• No confirmed DD signal, DM may couple dominantly to heavy quark(s)

• Top flavored real scalar DM 𝑆, a colored fermion mediator 𝑇

• Yukawa interaction ℒ = −𝑦3𝑆  𝑇𝐿𝑡𝑅 + ℎ. 𝑐.

• 〈𝜎𝑣〉 benefits from 𝑚𝑡𝑜𝑝, co-annihilations are important

• DD via 𝑆𝑆𝐺𝜇𝜈𝐺𝜇𝜈; ID via 𝑆𝑆 → 𝑔𝑔, 𝑡  𝑡; future DD and ID can test 𝑚𝑆 < > 𝑚𝑡𝑜𝑝

• 𝑡  𝑡 + 𝐸𝑇
𝑚𝑖𝑠𝑠 exclude wider 𝑚𝑇 range than  𝑡 in SUSY

• Top+Charm flavored ℒ = −𝑦3𝑆𝑇𝐿𝑡𝑅 − 𝑦2𝑆𝑇𝐿𝑐𝑅 + ℎ. 𝑐.
• 𝑡 → 𝑐 + {𝑆𝑆, 𝛾, 𝑔, 𝑍}

• easier to get 𝜎𝑣 ~1𝑝𝑏 ⋅ 𝑐 for 𝑚𝑆 < 𝑚𝑡, better projections in future DD/ID

• more collider signals

• Future experiments are promising in testing heavy quark flavored DM
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Thank you for your attention
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Back up
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Higgs Portal-Relic Density
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[arXiv: 1306.4710, James Cline et al]



Higgs Portal-Relic Density

March 6th, 2017, RISE, Toyama, Japan Peiwen Wu, KIAS, Heavy Quark Flavored Scalar DM 49

[arXiv: 1306.4710, James Cline et al]



Higgs Portal-DD
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[arXiv: 1306.4710, James Cline et al]



Higgs Portal-DD
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[arXiv: 1306.4710, James Cline et al]



Scalar / Fermionic / Vector DM: Annihilation

• velocity averaged cross section
• s/p-wave contribution

• mass ratio: 𝑟𝑞 = 𝑚𝑞/𝑚𝜒

• s/p-wave different when 𝑟 → 0
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[arXiv: 1307.8120, S. Chang et al]



Scalar / Fermionic / Vector DM: Direct Detection

• Different low energy effective operators
• Scalar: no SD scattering

• Majorana: no vector current term
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Real Scalar Majorana Real Vector

[arXiv: 1502.02244, J. Hisano et al]



Heavy top partner / Vector-like Fermion
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D. Yamaguchi, ATLAS H. Tholen, CMS



Loop coupling 𝐶𝑆𝑔 [arXiv: 1502.02244, Junji Hisano et al]
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SSgg Loop coupling
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[arXiv: 1502.02244, J. Hisano et al]



Direct detection

• parton effective coupling
• ℒ𝑒𝑓𝑓 =  𝑝=𝑞,𝑔 𝐶𝑆

𝑝
𝒪𝑆
𝑝

• 𝒪𝑆
𝑞
= 𝑚𝑞𝑆

2  𝑞𝑞

• 𝒪𝑆
𝑔
=

𝛼𝑠

𝜋
𝑆2𝐺𝐴𝜇𝜈 𝐺𝜇𝜈

𝐴

• nucleon effective coupling

• ℒ𝑆𝐼
(𝑁)

= 𝑓𝑁𝑆
2  𝑁𝑁

• 𝑓𝑁/𝑚𝑁 =  𝑞=𝑢𝑑𝑠 𝐶𝑆
𝑞
𝑓𝑇𝑞
(𝑁)

−
8

9
𝐶𝑆
𝑔
𝑓𝑇𝑔
(𝑁)

• nucleus scattering

• 𝜎 =
1

𝜋

𝑚𝑡𝑎𝑟

𝑚𝑆+𝑚𝑡𝑎𝑟

2
|𝑛𝑝𝑓𝑝 + 𝑛𝑛𝑓𝑛|

2
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Direct detection

• General formalism
• refer to 1502.02244

• Effective Langragian

• DM-parton coupling
• 𝐶𝑆

𝑝
= 𝐶𝑆

𝑝
(𝑦𝑆𝑇, 𝑚𝑆, 𝑟)
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Direct detection

• DM-nucleon coupling
• 𝑓𝑁 = 𝑓𝑁(𝐶𝑆

𝑞
, 𝐶𝑆

𝑔
)

• scattering cross section
• 𝜎 = 𝜎(𝑓𝑁, 𝑚𝑆)
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Direct detection

• mass fraction 𝑓𝑇𝑞
𝑁

• quantum mechanics

• expectation value 
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Direct detection
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[0803.2360, G. Belanger et al]



Direct detection
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[0803.2360, G. Belanger et al]



Indirect detection

• General formalism, two factors

• astrophysical

• particle physics

[arXiv: 1108.2914 A.G. Sameth et al]
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Indirect detection (gamma-ray)

• line: galactic region
• [arXiv: 1506.00013, Fermi]

• conversion from 𝑔𝑔 to 𝛾𝛾
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Indirect detection (𝛾-ray)
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[1604.00014, Jennifer Gaskins]


