Scarching for the Heaviest
Particle in the Universe
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‘1'he Mystery of Dark Matter
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See also Gianfranco Bertone
Multimessenger fingerprint of Dark Matter’

Nick Rodd | The Search for Heavy Dark Matter talk last Friday




‘1'he Mystery of Dark Matter

'ROTATION CURVES

Standard
Model
16%

Dark Matter
84%

See also Gianfranco Bertone
“Multimessenger fingerprint of Dark Matter”

Nick Rodd | The Search for Heavy Dark Matter talk last Friday



‘1'he Mystery of Dark Matter

'ROTATION CURVES

Standard
Model
16%

Particle DM
84%

See also Gianfranco Bertone
“Multimessenger fingerprint of Dark Matter”

Nick Rodd | The Search for Heavy Dark Matter talk last Friday



‘1'he Dark Matter Landscape

vSM SM
neV eV 4 GeV EeV mp

What is the Dark Matter mass?

Nick Rodd | The Search for Heavy Dark Matter



'1'he Dark Matter Landscape

vSM SM
neV eV GeV EeV mp

Heavy Dark Matter

What is the Dark Matter mass?

Nick Rodd | The Search for Heavy Dark Matter




THE LANDSCAPE OF DARK MATTER

'T'he Search for Heavy Dark Matter

noM ~ 1074 (m;\4> particles/km®
neV eV GeV EeV mp
ol b Bl e e e T e T T e e e R T
Heavy Dark Matter

Nick Rodd | The Search for Heavy Dark Matter



THE LANDSCAPE OF DARK MATTER

'T'he Search for Heavy Dark Matter

_ mp
nDM 10 4(
mpM

) particles/km”

neV eV GeV EeV mp

Heavy Dark Matter

Nick Rodd | The Search for Heavy Dark Matter



THE LANDSCAPE OF DARK MATTER

'T'he Search for Heavy Dark Matter

DM 101 (

m
r ) particles/km”
mMpM

neV eV GeV EeV mp

Heavy Dark Matter

This 1s Indirect Detection

Nick Rodd | The Search for Heavy Dark Matter



THE SEARCH FOR HEAVY DARK MATTER

Outline

Goal is to answer three questions

Nick Rodd | The Search for Heavy Dark Matter



THE SEARCH FOR HEAVY DARK MATTER

Outline

1. Why consider heavy dark matter? UV and IR motivations

Nick Rodd | The Search for Heavy Dark Matter



THE SEARCH FOR HEAVY DARK MATTER

Outline

1. Why consider heavy dark matter? UV and IR motivations

2. How can we find it? Landscape of neutrino telescopes
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THE SEARCH FOR HEAVY DARK MATTER

Outline

1. Why consider heavy dark matter? UV and IR motivations

2. How can we find it? Landscape of neutrino telescopes

X V(—',De, - S; mX =2 EeV
10-1F —/— S =7/v. (NLR+ 2020)

_|_ 101 1073 1072 107! 100
x =2E/m,

Nick Rodd | The Search for Heavy Dark Matter [Bauer. NLR. WEhber 2020]
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WHY HEAVY DARK MATTER?

UV Motivation

neV eV GeV EeV mp
Colleege e m e T i T e e R T PO e R ] T

H Wimpzlla r

~limit on thermal dark matter

[Griest, Kamionkowski PRL 1990]

Non-thermal production

Freeze-in [Hall+ JHEP 2010], produced during reheating [e.g. Chung+ PRD
1998], gravitational particle production [e.g. Chung+ JHEP 2019], ...

Figure 7. Dark matter may be much more massive than usually assumed,
much more massive than wimpy WIMPS, perhaps in the WIMPZILLA class.

[Kolb-+ AIP 1998]

Decay through e.g. Planck suppressed

operators
For scaling see [Cohen, NLR+ PRL 2017]

Many recent ideas

[Contino+ JHEP 2019], [Babichev+ PLB 2019], [Kim+ PRL 2019], [Dudas+
PRD 2020], [Kramer+ 2020], [Hambye+ PLB 2020], [Garcia+ PRD 2020]. ...

Nick Rodd | The Search for Heavy Dark Matter



WHY HEAVY DARK MATTER?

IR Motivation

~IceCube ANTARES

~

+ many more existing and upcoming instruments

The search for Heavy Dark Matter is a
multi-messenger problem, see e.g.

[Ishiwata+ JCAP 2020]
[Cohen, NLR+ PRL 2017]

Nick Rodd | The Search for Heavy Dark Matter
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- The Indirect Detection Flux =

1 dN
b=—— | dE — d
47me7'/ dFE g s pom(s)

The Dark Matter flux in [v/cm?/s/sr]

M e IR e Wk UL R ey e g e, DI O S e FordetailS..see B e O
NiekRodd: | 'The-Seargh for Heavy-Dark Matter .+ 700w e 20 [ jsanti, NLR+ PRD 2018] .+ 3. o




1 dN

q):—/dE—x dspDM(S)
47 m., T dE
P Y

Particle Physics Astrophysics

R R e T I S R TS| eSS R For details, see S e N
NiekRodd: | 'The Seareh for Heavy Dark Matter .00 0w 0 200 Lisanti, NLR+ PRD 20181+ e R




1 dN

q):—/dE—x dspDM(s)
47 m., T dE
o

4®\ Astrophysics

R R N T T e N B L IR e e For details, see &l S
NickRodd: | 'The.Seareh for Heavy Dark Matter -« .70 w0 ™ 2 ) icanti NLR+ PRD 2018] ¢ t: &




1 dN

q):—/dE—x dspDM(s)
47 m., T dE
o

—Q D -factor
For detailé..see..

NiekRodd | Thic Scareh for Heavy Dark Mateer » . © © T Lisanti, NLRs PRD 20181 1 r




THE SEARCH FOR HEAVY DARK MATTER

i [Landscape

29
X — VvV
281
@97t
S
5
2
201
251
5 6 7 3 9 10 11 12 13 14 15

logy [mx/ GeV]

~GUT Scale

~Unitarity Limit

[Griest, KamionkowskKi
PRL 1990]

Limits reproduced from
[Esmaili, Ibarra, Peres JCAP 2012]

Nick Rodd | The Search for Heavy Dark Matter



THE SEARCH FOR HEAVY DARK MATTER

[Landscape

29
X — VUV
28| AMANDA
Antarctic o7

Detector
Array

3 9 10 11 12 13 14 15
logy [mx/ GGV]

Limits reproduced from
[Esmaili, Ibarra, Peres JCAP 2012]
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THE SEARCH FOR HEAVY DARK MATTER

[Landscape

29
X — VvV

281

logyq [7/5]

3 9 10 11 12 13 14 15
logy [mx/ GGV]

Limits reproduced from
[Esmaili, Ibarra, Peres JCAP 2012]

Nick Rodd | The Search for Heavy Dark Matter



THE SEARCH FOR HEAVY DARK MATTER

[Landscape

29

5 6 7 3 9 10 11 12 13 14 15
logy [mx/ GGV]

Limits reproduced from
[Esmaili, Ibarra, Peres JCAP 2012]
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THE SEARCH FOR HEAVY DARK MATTER

[Landscape

29

281

]
% 27t )
- 7
: %
2 % 4,
7 S
21
251
5 6 7 3 9 10 11 12 13 14 15

logyg [mx/ GeV]

Limits reproduced from
[Esmaili, Ibarra, Peres JCAP 2012]

Nick Rodd | The Search for Heavy Dark Matter



THE SEARCH FOR HEAVY DARK MATTER

Enhanced sensitivity due
to Glashow resonance

[Landscape

29

Hint of DM in IceCube data?
See Atri Bhattacharya “Probing Dark
Matter with IceCube” talk tomorrow

logyq [7/5]

logy [mx/ GeV]

Limits reproduced from
[Esmaili, Ibarra, Peres JCAP 2012]

& [IlceCube EPJC 2018]

Nick Rodd | The Search for Heavy Dark Matter



THE SEARCH FOR HEAVY DARK MATTER

[Landscape

29
X — VvV

IceCube (2018)

logyg [mx/ GeV]

Limits reproduced from
[Esmaili, Ibarra, Peres JCAP 2012]

& [IlceCube EPJC 2018]
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THE SEARCH FOR HEAVY DARK MATTER

[Landscape

29

IceCube (2018)

logyq [7/5]

logyg [mx/ GeV]

Limits reproduced from
[Esmaili, Ibarra, Peres JCAP 2012]

& [IceCube EPJC 2018]

Nick Rodd | The Search for Heavy Dark Matter



HEAVY DARK MATTER SPECTRUM

"I'he Calculation

Indirect Detection Flux

1 dN
b = dEl — x D
47me7'/ dE

Distribution of the
Dark Matter flux the signal flux over the sky
experiments can detect

Nick Rodd | The Search for Heavy Dark Matter



HEAVY DARK MATTER SPECTRUM

"I'he Calculation

Indirect Detection Spectrum

dN
dE

Nick Rodd | The Search for Heavy Dark Matter



HEAVY DARK MATTER SPECTRUM

"I'he Calculation

Indirect Detection Spectrum

dN 1 dF(
dE Ty dFE

Y = XX = S+..)

Nick Rodd | The Search for Heavy Dark Matter



HEAVY DARK MATTER SPECTRUM

"I'he Calculation

Approach before our work

dN 1 dr
dE Ty dFE

(x > XX — S4+...)

ATLAS

EXPERIMENT
http://atlas.ch

Nick Rodd | The Search for Heavy Dark Matter



HEAVY DARK MATTER SPECTRUM

"I'he Calculation

Approach before our work

dN 1 dr
dE Ty dFE

(X = Vele—> S+ ...)

ATLAS

EXPERIMENT
http://atlas.ch

) Ny, I
KNS e
S &
: $
s - o 3 -
& ' i—'l\\,: e
: AR\ ¢
(& 135NN
y 7 l A \ X N
| ‘\

Analogous to a collider event

For explicit model, see e.g. [Berghaus+

JHEP 2019], [Dudas+ PRD 2020]

Nick Rodd | The Search for Heavy Dark Matter [Bauer, NLR, WEhher 2020]




HEAVY DARK MATTER SPECTRUM

"I'he Calculation

Approach before our work

dN 1 dI'
(X = Vele—> S+ ...)

dE ~ Ty dE

X — Velle — S; My, = 2 EeV A
Used in [IceCube EPJC |
2018] + many more ll

B

g

I
I
I ]
’.
|

/-- S =~/v. (Pythia)

Sl Simulates LHC Events

gl - Validated for \/s < 10 TeV
2 - Should we trust the result 3
orders of magnitude higher? I

—

For explicit model, see e.g. [Berghaus+

JHEP 2019], [Dudas+ PRD 2020]

Nick Rodd | The Search for Heavy Dark Matter



HEAVY DARK MATTER SPECTRUM

"I'he Calculation

Approach before our work
dN 1 dI'

(X = Vele—> S+ ...)

dE ~ Ty dE

X — Velle — S; my = 2 EeV
| —/— S = ~/v. (NLR+ 2020)
/-- S =~/v. (Pythia)

Orders of magnitude
more detectable!

Nick Rodd | The Search for Heavy Dark Matter



HEAVY DARK MATTER SPECTRUM

"I'he Calculation

A new formalism

Fragmentation Function: dj-(x; LUV, HIR)

P Q0+

~ the probability j — ¢ with

energy fraction x as u = puyv — UIR

c.f. SCET calculations for
dark matter annihilation
INLR+ JHEP 2019]
[INLR+ JHEP 2018]
[INLR+ PRD 2017]

Nick Rodd | The Search for Heavy Dark Matter [Bauer, NLR. Wehher 2020]



HEAVY DARK MATTER SPECTRUM

"I'he Calculation

A new formalism

dIN
T = dfe(a:; My, 0) + d*ge(a:; My, 0)

Fragmentation Function: dj-(:v; LUV, HIR)

P Q0+

~ the probability j — ¢ with

energy fraction x as pu = uyv — UIR

c.f. SCET calculations for
dark matter annihilation
INLR+ JHEP 2019]
[INLR+ JHEP 2018]
[INLR+ PRD 2017]

Nick Rodd | The Search for Heavy Dark Matter [Bauer, NLR. Webher 2020]



HEAVY DARK MATTER SPECTRUM

"I'he Calculation

A new formalism

dN
m% — di(m3 My, 0) + dge($5 My, 0)

3 Steps

[
o

/ -
g

c.f. SCET calculations for

dark matter annihilation
INLR+ JHEP 2019]
[INLR+ JHEP 2018]
[INLR+ PRD 2017]

Nick Rodd | The Search for Heavy Dark Matter _




HEAVY DARK MATTER SPECTRUM

"I'he Calculation

A new formalism

dN
m% — di(m3 My, 0) + dge($5 My, 0)

3 Steps

c.f. SCET calculations for
dark matter annihilation
INLR+ JHEP 2019]
[INLR+ JHEP 2018]
[INLR+ PRD 2017]
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HEAVY DARK MATTER SPECTRUM

"I'he Calculation

A new formalism

dN
m% — di(m3 My, 0) + dge($5 My, 0)

3 Steps

c.f. SCET calculations for
dark matter annihilation
[NLR+ JHEP 2019]

[NLR+ JHEP 2018]
[NLR+ PRD 2017]

Nick Rodd | The Search for Heavy Dark Matter



HEAVY DARK MATTER SPECTRUM

"I'he Calculation

A new formalism

dN
T = di(az; My, 0) + dge(m; My, 0)

3 Steps

o

Full unbroken Standard

Model - includes effects
missing in Pythia

G o
Qv

c.f. SCET calculations for
dark matter annihilation
INLR+ JHEP 2019]
[INLR+ JHEP 2018]
[INLR+ PRD 2017]

Nick Rodd | The Search for Heavy Dark Matter [Bauer, NLR, WEhher 2020]



HEAVY DARK MATTER SPECTRUM

DGILAP Evolution

dzi;e(@ My, My ) = 517:765(1 — )

— =0 — = —i=h |

0 — =y — =W

100}
107!}

1072}

' (z; EeV, EeV)

1
Ve

0 100 00 00 107 G010
r = 2E/mDM

Nick Rodd | The Search for Heavy Dark Matter



HEAVY DARK MATTER SPECTRUM

DGILAP Evolution

&, (5 mymy) = 55,5(1 — )

102§ I Ve
 — =0, — = — i=h
0 =y — =T
100} :
§‘ .M‘:“\‘
~ 107tk 3 >
] o ] & .
5 10 / 3
.N\§ \
= 10—3 /
10—4 /
v 07 1070 102 100 10

106 -
r — ZE/mDM

Small-x suppression
due to soft coherence

Nick Rodd | The Search for Heavy Dark Matter [Bauer, NLR, Wehher 2020]



HEAVY DARK MATTER SPECTRUM

"I'he Results

Rich Spectrum of Final States

100 e S T
X — Velle — S, my = 2 EeV X Vele — S, My = 2 EeV
10_1;_ Ve — v, U- '
Y et —p
:§§ 102
=,
=
"L 1077
10~
0 10~ 1073 1072 1071
r=2E/m,

Nick Rodd | The Search for Heavy Dark Matter



HEAVY DARK MATTER SPECTRUM

"I'he Results

Dramatic difference for the experimental flux

X — Velle — S, my = 2 EeV X Vele — S, My = 2 EeV
10_1;_ Ve — vy 10_1;_ —— S = /v, (NLR+ 2020)
E et —p . /-- 8 =+/v, (Pythia) |
| L |
_ _ I
g 07 0 i
Z [ ,l|
3 H I
: o L
L ///’ \\ II I
10~ 1074 P N
b -7 - AU
-7 7 [
107 1077 .
104 1073 1072 107! 10~ 1073 1072 107! 100
r=2E/m, r=2FE/m,

Nick Rodd | The Search for Heavy Dark Matter



HEAVY DARK MATTER SPECTRUM

"I'he Results

Why the large disagreement?

Pythia is missing 10" ¢ L
i electroweak self- X — Vel — S m, = 2 EeV
€ interactions [
10-11 J— S = /v, (NLR+ 2020)
Manaa /-- S =~/v. (Pythia)
X 5 1072} 1
O f \ E ,’ I
009.9A° . % I :
L1073 ' :
1,’ b I
0 1 I I I
i _-" o I
10_4 3 DESS - \\ II I
§ -7 N
Z/ -7 b4 [
F I
10—5 R i
1074 1077 1072 107! 10
r=2FE/m,

Nick Rodd | The Search for Heavy Dark Matter [Bauer, NLR, Wehher 2020]



HEAVY DARK MATTER SPECTRUM

"I'he Results

Key electroweak double logs not resummed

0 ————
Ve X — Vele — 5; my = 2 EeV
10-1L —/— S =7/ve (NLR+ 2020)
/-- S =~/v, (Pythia)
~§ 10_25 |
~ i I
I ]
s i
L1070 I
: I
. o ;!
. . - :
10—4_ //// \\ II :
- --7 N
:’/,—” <, |
| |
107° e
1074 1073 1072 101 10°
a::QE/mX

Nick Rodd | The Search for Heavy Dark Matter [Bauer, NLR, Wehher 2020]



HEAVY DARK MATTER SPECTRUM

"I'he Results

Key electroweak double logs not resummed

Ve X — Vele — 5; my = 2 EeV
10-1L —/— S =7/ve (NLR+ 2020)
/-- S =~/v, (Pythia) |
_ 3
§ 0 I
~ i I
I ]
s i
R 1070F I
: I
_ o o
L - AN |
10_4-' ,’// \\ II :
- --" o |
:”,—’— Ny |
| |
X 1074 1073 1072 101 10°
a::QE/mX

Missing contributions of the form

exp[ag In*(m, /qw )] ~ 1000

Nick Rodd | The Search for Heavy Dark Matter [Bauer, NLR, Wehher 2020]



HEAVY DARK MATTER SPECTRUM

"I'he Results

1 —4 \ ) )
O 10~* 1073 1072 1071 10V

r=2E/m,

Nick Rodd | The Search for Heavy Dark Matter



github.com/nickrodd/HDMSpectra
HDMSpectra

Dark Matter Spectra from the Electroweak to the Planck Scale

Adopted by IceCube [Liu+ JCAP 2020]

See Jeff Lazar “Searching for Dark Matter
from the Sun with Ten Years of IceCube Data”
talk on Tuesday



Conclusion

Experiment

1073 102 1071
r=2E/m,

o,

4
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HEAVY DARK MATTER SPECTRUM

[Looking Forward

Many directions to build on these results

e Improve soft coherence (required for NLL)

e Coherent showering (e.g. B/W? mixing)
e Propagation effects (what spectrum reaches Earth?)
e Additional UV input (e.g. charged DM, SUSY threshold)

1072 : :
X — Velle — 7; my = 2 TeV
thiswork .l )
— — Pythia ’
1073 e PPPC4DMID . - T
R 7

2?dN/dz

1074 L

10—5 _ ‘ / - , , 1.
107° 1074 1073 1072 1071 10°

r=2E/m,

Nick Rodd | The Search for Heavy Dark Matter [Bauer, NLR, WEhher 2020]



HEAVY DARK MATTER SPECTRUM

Photon Landscape

LHAASO

- -

ATHENA

—————s

18
167
14

/.2 gm0/ 3] 5oy

Nick Rodd | The Search for Heavy Dark Matter




HEAVY DARK MATTER SPECTRUM

"I'he Results

Logarithmic shift in peak
position related to soft
coherence
[Fong, Webber 1989,1990]

Low energy photons
primarily from 7% — yy

Slowed evolution due to
analogy between
DGLAP and diffusion

Hard photons arising
from e.g. FSR - not in
pure QCD DGLAP

Nick Rodd | The Search for Heavy Dark Matter [Bauer, NLR, WEhher 2020]



HEAVY DARK MATTER SPECTRUM

DGI.AP < Diffusion

Expand near z ~ 1

(s ) & 292 | ¢(2) =2 =<<3>( 0 ) o dGs

Oln T (2)81nx Olnx

Like diffusion equation with = In i

Also why in truth we evolve from low scale up,
otherwise evolution is unstable

Nick Rodd | The Search for Heavy Dark Matter [Bauer, NLR, WEhher 2020]



HEAVY DARK MATTER SPECTRUM

DGILAP Evolution

Nick Rodd | The Search for Heavy Dark Matter



HEAVY DARK MATTER SPECTRUM

DGILAP Evolution

Dominant effect from
1 — 2 splittings

Nick Rodd | The Search for Heavy Dark Matter [Bauer, NLR, WEhher 2020]



HEAVY DARK MATTER SPECTRUM

DGILAP Evolution

Dominant effect from
1 — 2 splittings

Nick Rodd | The Search for Heavy Dark Matter [Bauer, NLR, WEhher 2020]



HEAVY DARK MATTER SPECTRUM

DGILAP Evolution

Dominant effect from
1 — 2 splittings

u@d(w; p) = Q/x %P(Z‘)d(w/% p) — —d(z; u)/O dz P(z)

Z

2F

Mx Need result for the full Standard Model -
L 2,204 coupled Fragmentation Functions
x/

Build on efforts for a 100 TeV collider,
e.g. [Manohar, Waalewijn JHEP 2018], [Bauer, Webber JHEP 2019]

and push on to the Planck scale

Nick Rodd | The Search for Heavy Dark Matter [Bauer, NLR, WEhher 2020]



HEAVY DARK MATTER SPECTRUM

Additional Results

1072 Ce
[ ¢mP
X
1073
=
=
=,
~ w
= 4
10~
<
V2
N\
X —ee =y,
-5 el . el . el L
10 1074 1073 1072 1071 10V
r=2E/m,

Nick Rodd | The Search for Heavy Dark Matter

1071y

r=2E/m,




HEAVY DARK MATTER SPECTRUM

Soft Coherence

\
\
§ O

/,
N /,
Q 4, 0

07 100 107 100 107 10 10
r = 2E/mDM

Nick Rodd | The Search for Heavy Dark Matter [Bauer, NLR. Wehher 2020]



HEAVY DARK MATTER SPECTRUM

Soft Coherence

dzi;e(@ My, My ) = 517;765(1 — )

1025 Ve
 — =1, — = —1=h
101;’—227 — 0 =W"
100k :
g H“:““
- 1 3
> 1077 3
O [ 0
m [ /,
e 10_2;'
1077
10 4 |
10_5 -—6. | ....-.1_5. | .-..--1_4. | “““I—3. | “““I—Ql | “““I—ll T 0
10 10 10 10 10 10 10
r = 2E/mDM

Nick Rodd | The Search for Heavy Dark Matter



HEAVY DARK MATTER SPECTRUM

Soft Coherence

dzi;e(@ My, My ) = 517;765(1 — )

1025 Ve
L — =1, — =0 — 1=h
101;’—227 — =W

(x; EeV, qw)
=

1
Ve
—_
=
DO

1074 .’
| O — T
10_5 6 ......._5. | ......._4. | ......._3. | HMI—QI | ......._1. o0
10 10 10 10 10 10 10
r = 2E/mDM

Nick Rodd | The Search for Heavy Dark Matter



HEAVY DARK MATTER SPECTRUM

Soft Coherence

&, (5 mymy) = 55,5(1 — )

10% =

— =0 — = — i=h

0 =y — =T

100}

\
\
§ O

101}

10—2 / : : 3

10—3

”iﬁ) 00 w0

d, (z; EeV, qw)

TR U TR
r = ZE/mDM

Small-x suppression

due to soft coherence -
destructive interference!
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HEAVY DARK MATTER SPECTRUM

Soft Coherence

e [Bassetto, Ciafaloni, Marchesini 1983]

e This result satisfies a DGLAP equation, but with:

0.20

Impact of Soft Coherence; m, = mp

— DGLAP

— 0.151 +m, — xmy

% 010l We also factor out the
5 SU(2) double logs from
A the substitution

0.051

0.00

107° 1074 1073 1072 1071 10
r=2E/m,
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HEAVY DARK MATTER SPECTRUM

Soft Coherence

e Where should it be applied?
g
=
=
&
8 % T
R X — bb — v; m, =2 EeV
104t/ —— Default (small-z high)
/
;e No small-z
== Global small-z
107° = — — — — —
0% 10° 1w0* 10°% 10?* 107 1°
r=2E/m,

X — bb—e7;my, =mp
—— Default (small-z high)

"""" No small-z

- — Global small-z

107 =5 5 - 3 =) 1 0
10 10 10 10 10 10 10

r=2E/m,
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HEAVY DARK MATTER SPECTRUM

Importance of Polarization

!
- Polarized decays; m, = mp
 — GZ — e
10V _ _
N : BR — €
= _
=
= 0
< 10
g
1072 T /
1073

100 10t 100 102 10t 10
r=2FE/m,
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HEAVY DARK MATTER SPECTRUM

Weak Matching

e Exploit FF convolution property

1
B dz _
d(x; mx,qW) — / 7d(z; mx,q‘}})d(aﬁ/z; qxj/vaqW)

= d(z; my, qif) @ d(; gy, qyy)
e Most states do not evolve, EW scale states (Z, W, h, t) decay
e Must account for polarized decays, all analytically

ni t+—>bff b | n t_—)bff b |
b — f — f
t 2 — 7 — 7
3 B W+ 3
S ; S
SYDA! &9
1 1
0 : : : — 0 : : :
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
X xT
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HEAVY DARK MATTER SPECTRUM

Weak Matching

Impact on the spectra
d(x; my, gy ) = d(x; my, qy) @ d(; gy, qyy)

102

' (z; EeV, qw)
=

s|§
1073
10~
10_5 —6. . “““I—B. . ......._4. . ......._3. . “““I—Z. . ......._1. T 0 10_5 —6. . ......._5. . ......._4. . ......._3. . ......._2. . ......._1. T 0
10 10 10 10 10 10 10 10 10 10 10 10 10 10
:1::2E/mDM x:2E/mDM
_I_ R
qW qW
Matching
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HEAVY DARK MATTER SPECTRUM

Propagation Effects

Will a photon make it to Earth?

1.0t :
0.8+
g '
%?065 ----- L =4kpc }
= [ \
5 04) L=83kpe (GO)}
- . ,'
I \ / ] L - ®,1) = (0,0)
02) -—-- - L=20kpc \ ; ] :
» \, o ] o5l ——— - (b, 1) = (1/6,0)
I ) Nt s ] i e O
0.0i - o oo > 5 | (b,1) = 0, 7/2) |
10 10 04 10 100 1000 104
E, [TeV] E, [TeV]
[Esmailia, Serpico 1505.06486]
10_6:"""'| T T T T "'”_
I DM—-bb DM Mass: ]
What we actually See: Timvioh |
| 1 EeV (10'%) |
10‘75— —12ev a0 4

E2d®[dE [GeV/cm?/s/sr]

10—9 vl il sl AT T B SR
10 10 102 10° 0t 10°

E [GeV]

INLR+ PRL 2017] [Bauer, NLR, Webber 2020]
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HEAVY DARK MATTER SPECTRUM

Uncertainties

e Missing a complete treatment of (soft) QCD single logs

e Large corrections for a,L ~ 1,ie. x~e /% ~ 1074
e Simple argument, only an estimate of where results break

Ve — S; my = 2 EeV
= /v, (this work)
= /v, (Pythia)

-_—
-—
-
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HEAVY DARK MATTER SPECTRUM

Uncertainties

e Size of missing aL logs at higher dark matter masses

w— - :

logyg(my, [GeV])

NB: include running couplings
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HEAVY DARK MATTER SPECTRUM

Electroweak Double [Logs

Terminals on DGLAP equations

0 (s ) = @ / " de P()d(w )% 1) — Sd(a ) / 4z B(2)
8:“ x 7T 0

T

1 otherwise c.f. SCET) treatment of the same physics

. { 1 — m‘,/“ for U (1)3,7 SU(2) Origin of the EW double logs
Imax L
[Manohar, Waalewijn 1802.08687]
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HEAVY DARK MATTER SPECTRUM

Momentum bk ractions

1.0 1.0 - —
X — bb

08} 08} e T
S s — -—- Uy
5 5
CS S [ p ........ VT
2061 =061
E E
g 047 = 04f
= =
&) c  —_— s e e e e ===
= 0.2 = 0.2

0= 6 s 10 12 12 16 18 0005 8 10 12 14 16 18

10glo(mx [Ge\/]) 10glo(mx [GGVD
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HEAVY DARK MATTER SPECTRUM

Hadronic Results

|
—31 \
10 X — qq — 7; mX:1016GeV \‘
—— this work “
- — — Kalashev+Kuznetsov |
10—4 R R, N, N L
107° 10~* 1073 1072 107! 10"

r=2E/m,
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HEAVY DARK MATTER SPECTRUM

Explicit Model: Glueball

e (Glueballs: lowest lying state of a hidden sector containing only
a confining SU(N) gauge theory (dark QCD)

e Naturally long lived and thereby a DM candidate

e Mass at the confinement scale - for SU(3) unifying with the
SM can get m~100 TeV

e | owest order coupling to the standard model is dim-6

A Iy | 72 /A?QCD’ 2
LD FGH/VGM ‘H| — A A2 ¢G’|H‘

e The lifetime then comes out as:

s (B " A\ [100TeV
N 41 )N mMpl AQCD’

See e.g. [hep-ph/0008223], [1402.3629], [1605.08048], [1609.02151]
Recent examples, [1811.06975], [1812.03516], [1906.00981], [2003.02846], [2003.04900], [2003.04936]
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Heavy Dark Matter

noM ~ 1074 (T;np> particles /km®
1= =SaN 1 eV 10%8 eV
i e ol e b i B R T T T e T T
Heavy Dark Matter
Black Hole .
ADM ~ & ABH ~ MDM
MDM

mpm = mp ~ 10%°® eV ~ 0.02 ug

Composite or Black Hole DM could be even heavier
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