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ID above 10 TeV: Overview

Nick Rodd - Spectra for Heavy Dark Matter

• Imagine EeV DM that can decay to neutrinos
• What is the prompt* spectrum of stable particles?

*Note the spectrum at Earth can be quite different; [Cohen, Murase, NLR, Safdi, Soreq 1612.05638], 
[Murase, Beacom 1206.2595], [Esmaili, Serpico 1505.06486]

{�, ⌫, e, p}

<latexit sha1_base64="HAFa4IjuadpdSimyxTesgpbC5oA=">AAAB+3icdVDLSsNAFJ3UV62vWJduBovgooREq3VnwY3LCvYBTSiT6aQdOjMJMxOxhPyKGxeKuPVH3Pk3Th+CzwMXDufcy733hAmjSrvuu1VYWl5ZXSuulzY2t7Z37N1yW8WpxKSFYxbLbogUYVSQlqaakW4iCeIhI51wfDn1O7dEKhqLGz1JSMDRUNCIYqSN1LfLfuYPEeeo6ou0SqqJn/ftiuucePWzWh3+Jp7jzlABCzT79ps/iHHKidCYIaV6npvoIENSU8xIXvJTRRKEx2hIeoYKxIkKstntOTw0ygBGsTQlNJypXycyxJWa8NB0cqRH6qc3Ff/yeqmOzoOMiiTVROD5oihlUMdwGgQcUEmwZhNDEJbU3ArxCEmEtYmrZEL4/BT+T9rHjldzTq9rlcbFIo4i2AcH4Ah4oA4a4Ao0QQtgcAfuwSN4snLrwXq2XuatBWsxswe+wXr9AOdHlF8=</latexit>

. . .

e+
e�

p

�
�

�

<latexit sha1_base64="9Y30ORvTmHx6sR34J6jp1BsLPJo=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkRY8FL56kgv2ANpTNdtMs3d2E3Y1QQv+CFw+KePUPefPfuGlz0NYHA4/3ZpiZFyScaeO6305pY3Nre6e8W9nbPzg8qh6fdHWcKkI7JOax6gdYU84k7RhmOO0nimIRcNoLpre533uiSrNYPppZQn2BJ5KFjGCTS0MSsVG15tbdBdA68QpSgwLtUfVrOI5JKqg0hGOtB56bGD/DyjDC6bwyTDVNMJniCR1YKrGg2s8Wt87RhVXGKIyVLWnQQv09kWGh9UwEtlNgE+lVLxf/8wapCW/8jMkkNVSS5aIw5cjEKH8cjZmixPCZJZgoZm9FJMIKE2PjqdgQvNWX10n3qu416s2HRq11X8RRhjM4h0vw4BpacAdt6ACBCJ7hFd4c4bw4787HsrXkFDOn8AfO5w8F7o5G</latexit>

⌫

<latexit sha1_base64="zXfSBz/4di9tBaGOE9qVkG+D7qg=">AAAB6nicdVDLSgNBEOz1GeMr6tHLYBA8LbMxWZNbwIsniWgekCxhdjJJhszOLjOzQgj5BC8eFPHqF3nzb5w8BBUtaCiquunuChPBtcH4w1lZXVvf2MxsZbd3dvf2cweHDR2nirI6jUWsWiHRTHDJ6oYbwVqJYiQKBWuGo8uZ37xnSvNY3plxwoKIDCTvc0qMlW47Mu3m8titVHDR8xF2SxgX/Iol+LxQ9n3kuXiOPCxR6+beO72YphGThgqiddvDiQkmRBlOBZtmO6lmCaEjMmBtSyWJmA4m81On6NQqPdSPlS1p0Fz9PjEhkdbjKLSdETFD/dubiX957dT0y8GEyyQ1TNLFon4qkInR7G/U44pRI8aWEKq4vRXRIVGEGptO1obw9Sn6nzQKrld0SzfFfPV6GUcGjuEEzsCDC6jCFdSgDhQG8ABP8OwI59F5cV4XrSvOcuYIfsB5+wTTII43</latexit>



4Nick Rodd - Spectra for Heavy Dark Matter

• Imagine EeV DM that can decay to neutrinos
• What is the prompt* spectrum of stable particles?
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*Note the spectrum at Earth can be quite different; [Cohen, Murase, NLR, Safdi, Soreq 1612.05638], 
[Murase, Beacom 1206.2595], [Esmaili, Serpico 1505.06486]
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ID above 10 TeV: Experiments
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ID above 10 TeV: Experiments
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IceCube Pierre Auger
2010-present 2008-present

ID above 10 TeV: Experiments
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• How are the collaborations getting their spectra?
• IceCube: Pythia up to EeV [1804.03848]

• HAWC: Pythia up to 10 PeV [NLR+ 1710.10288]

• HESS: Pythia up to 20 TeV [1012.5602]

• LHAASO: PPPC4DMID up to 100 TeV [1910.05017]

• CTA: PPPC4DMID up to 10 TeV [1408.4131]

• Pierre Auger:* DGLAP to GUT scale, e.g. [Kalashev, Kuznetsov 1606.07354]

*See also: [Barbot, Drees 2002, 2003] for a full treatment in the MSSM

[1012.4515]

ID above 10 TeV: Cutting Edge
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• How are the collaborations getting their spectra?
• IceCube: Pythia up to EeV [1804.03848]

• HAWC: Pythia up to 10 PeV [NLR+ 1710.10288]

• HESS: Pythia up to 20 TeV [1012.5602]

• LHAASO: PPPC4DMID up to 100 TeV [1910.05017]

• CTA: PPPC4DMID up to 10 TeV [1408.4131]

• Pierre Auger:* DGLAP to GUT scale, e.g. [Kalashev, Kuznetsov 1606.07354]

*See also: [Barbot, Drees 2002, 2003] for a full treatment in the MSSM

No Ideal Option
•  Pythia: no electroweak TGC, difficult to run above ~PeV
•  PPPC4DMID: Stops at 100 TeV, only LO electroweak
•  DGLAP: can evolve arbitrarily high, but just done for b

[1012.4515]

ID above 10 TeV: Cutting Edge
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Our Approach

dij(x; Q, 0)
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• Basic question: probability for an initial particle j to 
produce a particle i carrying momentum fraction x

• General description given by a fragmentation function
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• Basic question: probability for an initial particle j to 
produce a particle i carrying momentum fraction x

• General description given by a fragmentation function

• Calculate in three steps:
• 1.                : DGLAP evolution using the full unbroken SM

• 2.                  : integrate out weak states (                            )

• 3.               : low energy showering and hadronisation in Pythia

Our Approach

Q ! q+W
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Step 1: DGLAP
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Spectra

Initial Condition

d(x; Q, Q) = �(1� x)
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*Suppressing particle indices. In truth 1740 coupled FFs 
In truth should have     , where j can take values:

10�6 10�5 10�4 10�3 10�2 10�1 100

x = 2E/mDM

10�5

10�4

10�3

10�2

10�1

100

101

102

di ⌫̄ e
(x

;
E

eV
,

E
eV

)

i = ⌫̄e

i = b

i = �

i = W�

i = h

15

Step 1: DGLAP

�...
⌫e ⌫̄e

e

W

Nick Rodd - Spectra for Heavy Dark Matter

Spectra

Evolve with DGLAP,* using all interactions in the unbroken SM

dji
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Lots of interesting physics, including electroweak double 
logs and polarisation generation
For detail see [Bauer, Provasoli, Webber 1806.10157], 
[Bauer, Webber 1808.08831]
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Step 1: DGLAP
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Final result at EW scale
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ū

d

⌫e ⌫̄e
e

W

e

e

e

Z

Z

�

W

W

t

t̄

Nick Rodd - Spectra for Heavy Dark Matter

Step 1: DGLAP

10�6 10�5 10�4 10�3 10�2 10�1 100

x = 2E/mDM

10�5

10�4

10�3

10�2

10�1

100

101

102

di ⌫̄ e
(x

;
E

eV
,
q W

)

i = ⌫̄e

i = b

i = �

i = W�

i = h

Spectra

What about purely soft emissions? 
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Soft gluon resolves combined color = 0, cannot emit!

Generically destructive interference; “color coherence”
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What about purely soft emissions? 
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Soft gluon resolves combined color = 0, cannot emit!

Generically destructive interference; “color coherence”

• Trick to improve low x DGLAP prescription from 
[Bassetto, Ciafaloni, Marchesini 1983]

• Ruins momentum sums at ~10% level
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What about purely soft emissions? 

Soft gauge boson radiation suppressed

• Low x emission suppressed

• Improved treatment target for future work
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Integrate out weak scale states
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Step 2: Weak Matching

d(x; Q, q�W ) =

Z 1

x

dz

z
d(z; Q, q+W ) d(x/z; q+W , q�W )

= d(x; Q, q+W )⌦ d(x; q+W , q�W )
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• Exploit FF convolution property
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• Exploit FF convolution property

• Most states do not evolve, EW scale states (Z, W, h, t) decay
• Must account for polarised decays, all analytically
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Step 2: Weak Matching
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d(x; Q, q�W ) = d(x; Q, q+W )⌦ d(x; q+W , q�W )
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Impact on the spectra



• Use Pythia for showering and hadronization below EW scale

• Caveat: Pythia’s treatment of photon FSR
• Implement emission (& momentum corrections) analytically
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Step 3: Convolve with Pythia

d(x; Q, 0) = d(x; Q, q�W )⌦ d(x; q�W , 0)
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Prelim
inary

Prelim
inary

• All together obtain spectra for all stable final state particles
• Impact for hadronic channels less pronounced
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Results

m� = 2 PeV
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• We have results for arbitrary unbroken initial states
• Can also go to higher energies than are practical in Pythia
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m� = 2 TeV
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• Larger impact for electroweak dominated final states
• Differ from existing results even at lower masses
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• Larger impact for electroweak dominated final states
• Differ from existing results even at lower masses
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• Larger impact for electroweak dominated final states
• Differ from existing results even at lower masses
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• There is a robust experimental program sensitive to HDM decay 
• Spectra currently used are known to be wrong
• Our results represent a significant improvement

• Spectra will be made publicly available, à la PPPC4HDMID
• Future goal: obtain NLL accuracy with soft coherence
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Breakdown of our Results
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• We are missing a complete treatment of (soft) QCD single logs
• Our result breaks down for
• i.e.
• Simple argument, only an estimate of where results break

↵sL ⇠ 1
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m� = 2 EeV
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Breakdown of our Results
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• Know the expected distribution due to color coherence      
[Fong, Webber 1989,1990]

• Important for
• At EeV energies

3 ln(1/x) ⇠ ln3/4(Q/⇤)
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Pythia Spectra vs Energy
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