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Preview

o Dark matter with m, < GeV is an exciting prospect

o Exciting upcoming MeV ~-ray telescopes could probe the dark
sector to unprecedented sensitivity

o New tools developed explicity for studying MeV physics
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Overview

@ Motivation
@ MeV Dark Matter

@ Primordial Black Holes

@ Future Work

@ Conclusions
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Why MeV Dark Matter?
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Motivation

@ For decades, WIMPs have been the de facto DM
candidates
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Motivation
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Motivation
@ For decades, WIMPs have been the de facto DM candidates
@ Natuarally produce DM with correct relic density via freeze-out

@ Expect new physics at EW scale (e.g. Natuaralness +
Hierarchy Problem)
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Motivation
@ For decades, WIMPs have been the de facto DM candidates
@ Natuarally produce DM with correct relic density via freeze-out

@ Expect new physics at EW scale (e.g. Natuaralness + Hierarchy
Problem)

® Models with NP at EW scale often accommodate EW scale DM
candidate (e.g. MSSM)

@ No evidence for WIMPs

® Experiments are putting tight constraints on WIMP
models
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Motivation
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Motivation
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Alternative to WIMPs: MeV DM

@ No WIMPs — Explore different mass ranges/mediators
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Alternative to WIMPs: MeV DM

@ No WIMPs = Explore different mass ranges/mediators

@ MeV masses much less constrained by current direct and
indirect detection experiments
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Alternative to WIMPs: MeV DM

detection experiments

@ No WIMPs = Explore different mass ranges/mediators
@ MeV masses much less constrained by current direct and indirect

® Exciting upcoming oppurtunities to probe MeV DM via
indirect detection: AS-Astrogam, AMEGO, GECCO
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GECCO

Incident photon flux is

Coded modulated while passing through
the Mask and creates an image

on the cdznTe detector plane.

Aperture Mask

Plastic scintillator
anticoincidence detector
above the CdZnTe Imager
provides protection against
charged cosmic rays

The cdZnTe Imager provides
detection of incident
photons with a position
resolution of <lmm and with
energy resolution of -1%.

Mask deployment
cylinder gs1 5-cm thick log

calorimeter measures
energy escaping from
CdZnTe Imager

Nuaacue:auumuucauuacauuuad:anuacu:@

BGO shield provides absorption of
natural background photons and
vetoes production of background

photons by charged cosmic rays

a) b)
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GECCO Sensitivity
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X

MeV Dark Matter:
From GeV to MeV

A. Coogan, S. Profumo, LM: arXiv:1907.11846
A. Coogan, S. Profumo, LM: arXiv:2104.06168
A. Coogan, A. Moiseev, S. Profumo, LM: arXiv:2101.10370
Logan A. Morrison (UCSC)
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Framework

o Dark Matter models with:

Annihilating-DM : 0.1 MeV < m,, < 250 MeV
Decaying-DM : 0.1 MeV S m, S 500 MeV
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Framework

o Dark Matter models with:

Annihilating-DM : 0.1 MeV < m, < 250 MeV
Decaying-DM : 0.1 MeV < m, < 500 MeV

(more on this later)
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Framework
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matching quark interactions onto the chiral Lagrangian
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Framework

Dark Matter models with:

©

Annihilating-DM : 0.1 MeV < m, < 250 MeV
Decaying-DM : 0.1 MeV < m,, S 500 MeV

©

Use simplified models with a new mediator connecting DM to SM

o Compute realistic spectra and branching fractions by matching
quark interactions onto the chiral Lagrangian

©

Developed public, open-source python package for
comprehensive analysis of MeV DM models
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o Large set of simplified models:

SHE/MAL
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o Large set of simplified models:

HS/MAS
» Scalar mediator: General MFV, Higgs-portal, heavy quark
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o Large set of simplified models:

o
R
o
o
*
o
o,
*,
",
",

» Scalar mediator: General MFV, Higgs-portal, heavy quark

» Vector mediator: General couplings to light-quarks/leptons,
kinetic-mixing, quark-only, GeV-Scale DM (coming-soon)
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o
0"
0

o Large set of simplified models: ; [ H ZM A—‘I‘
» Scalar mediator: General MFV, Higgs-portal, heavy quark

» Vector mediator: General couplings to light-quarks/leptons,
kinetic-mixing, quark-only, GeV-Scale DM (coming-soon)

» RH-neutrino, PBH & facilities for creating new models
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SHE/MAL

» Scalar mediator: General MFV, Higgs-portal, heavy quark

o Large set of simplified models:

» Vector mediator: General couplings to light-quarks/leptons,
kinetic-mixing, quark-only, GeV-Scale DM (coming-soon)

» RH-neutrino, PBH & facilities for creating new models

©

Computes branching fractions, partial widths, relic densities, etc.

©

Photon and positron spectra (neutrino spectra coming soon)

Constrainers for popular MeV telescopes: COMPTEL, EGRET,
Fermi, INTEGRAL, ADEPT, AMEGO, MAST, PANGU,
AS-Astrogam, GECCO (easy to implement new ones)
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SHE/MAL

» Scalar mediator: General MFV, Higgs-portal, heavy quark

o Large set of simplified models:

» Vector mediator: General couplings to light-quarks/leptons,
kinetic-mixing, quark-only, GeV-Scale DM (coming-soon)

» RH-neutrino, PBH & facilities for creating new models
o Computes branching fractions, partial widths, relic densities, etc.
o Photon and positron spectra (neutrino spectra coming soon)

o Constrainers for popular MeV telescopes: COMPTEL, EGRET,
Fermi, INTEGRAL, ADEPT, AMEGO, MAST, PANGU,
AS-Astrogam, GECCO (easy to implement new ones)

o Facilities to compute constraints from CMB and various PHENO
constraints
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Simplified Models
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Models: p 2 GeV
o Dark Matter: [SU(3). x SU(2)r, x U(1)y]-Neutral Dirac Fermion

Ly = ix(y"0y —my)x
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Models: p 2 GeV
o Dark Matter: [SU(3). x SU(2)r, x U(1)y]-Neutral Dirac Fermion

Ly =ix(V"0u — my)x
o Give portal to SM via a new mediator

95y SXX Scalar Mediator
- ingP)Z’ySX Pseudo-Scalar Mediator
x(int) v VuXxvHx Vector Mediator

GaxyAuxy*y’x  Axial-Vector Mediator
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o Give portal to SM via a new mediator
95y SXX Scalar Mediator
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Models: p 2 GeV
o Dark Matter: [SU(3). x SU(2)r, x U(1)y]-Neutral Dirac Fermion

Ly = ix(y"0y —my)x

o Give portal to SM via a new mediator

95y SXX Scalar Mediator

r 5 ingP)Z’yE’X Pseudo-Scalar Mediator
x(int) v VuXxvHx Vector Mediator

GaxyAuxy*y’x  Axial-Vector Mediator

o Focus on scalar and vector mediator cases

o Also consider RH-neutrino with mixing with a single SM neutrino

_ [—tcosf sinf) (v
“\ isinf cosf )\ v
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Scalar Mediator: p 2 GeV

o Add SU(3). ® SU(2);, ® U(1)y singlet, scalar mediator S with
mass mg
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Scalar Mediator: p 2 GeV

o Add SU(3). ® SU(2);, ® U(1)y singlet, scalar mediator S with
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Scalar Mediator: p 2 GeV

o Add SU(3). ® SU(2);, ® U(1)y singlet, scalar mediator S with
mass mg

o Assume (S) sufficiently small

o Couple to fermions via diagonal interactions (avoid tree-level
FCNC): yijSfif; with y = diag(- )
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Scalar Mediator: p 2 GeV

o Add SU(3). ® SU(2);, ® U(1)y singlet, scalar mediator S with
mass mg

o Assume (S) sufficiently small

o Couple to fermions via diagonal interactions (avoid tree-level
FCNC): yijSfif; with y = diag(- )

o Include common dimension 5 operators from integrating out heavy

fields: SF),, F" and SG},GH*
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Scalar Mediator: p 2 GeV

o Add SU(3). ® SU(2);, ® U(1)y singlet, scalar mediator S with
mass mg

o Assume (S) sufficiently small

o Couple to fermions via diagonal interactions (avoid tree-level
FCNC): vi;Sfifj with y = diag(- )

o Include common dimension 5 operators from integrating out heavy

fields: SF),, F" and SG},GH*

S - ~ S mmmm—-
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Scalar Mediator: p 2 GeV

o Add SU(3). ® SU(2)r, ® U(1)y singlet, scalar mediator S with

mass mg
o Assume (S) sufficiently small

o Couple to fermions via diagonal interactions (avoid tree-level

o Include common dimension 5 operators from integrating out heavy
fields: SF),, F* and SGJ,GH*
1 _
L= Lsm + Ex - 5((9#5)2 - V(S) - QSXSXX

"
_SZQSfff+A<gSF i F;,LI/F# +gscha G’“”“)
f
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Higgs Portal: u = GeV

o Assume the scalar mediator mixes with SM Higgs

h __[cosf —sinf) (h
S)  \sin® cosé S
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Higgs Portal: u = GeV

o Assume the scalar mediator mixes with SM Higgs

N

h = cos@h — sin6S

o Induces interactions between SM and S

h - S -
Up, ¥ Uh, m
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Higgs Portal: u = GeV

o Assume the scalar mediator mixes with SM Higgs

N

h = cos@h — sin6S

o Induces interactions between SM and S

h - S -
——E m¢w¢+-~-—>—sin0—g mypp + -
Up, ¥ Uh, m

o Resulting scalar Lagrangian with dimension-5 operators for
w2 GeV

1 _
L=Lsyv+ Ly — 5(8MS)2 - V(S) - 9SxSXX

_ S Q , o
N SZ.%fff + A (gSFEVIFWF“ + zhiGZ’/GMVﬂ)
f pe

5
gsf = " sin 0, gsr= gsinﬂ, = —3sinf, A=w,

Uh
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Vector Mediator: p 2> GeV
o Add massive U(1) vector V,, via Stueckelberg (or SSB):

1 L1 , 1
— ZVMVV'“ + §<8MO' + mVV’u) — i

1 v 1 124
— 2Vu[(m+mr€)g“ - (1—5)8“8 ]Vy+---

(0, V" — Emo)”
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Vector Mediator: p 2> GeV
o Add massive U(1) vector V,, via Stueckelberg (or SSB):

1 L1 , 1
— ZVMVV'“ + §<8MO' + mVV’u) - i

1 v 1 v

(0, V" — Emo)”

o Charge SM and DM:

LD VugnrVixXa*x + Y aviVuf " f
7
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Vector Mediator: p 2> GeV
o Add massive U(1) vector V,, via Stueckelberg (or SSB):

1 L1 , 1
— ZVMVV'“ + §<8MO' + mVV’u) - i

1 v 1 v

(0, V" — Emo)”

o Charge SM and DM:

LD VugnrVixXa*x + Y aviVuf " f
7

o Vector Lagrangian for y 2> GeV
1
L= Lo+ Lo+ §VM[(D +mi ) g™ — |V,

+ g VXY x + D gv VA f
7
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Kinetic Mixing: p = GeV

o Introduce small mixing between new vector and SM photon

€
LD —§FWV’“’
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o Eliminate mixing at O(e?) by redefinition of photon field:
Ay — Ay — €V,
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Kinetic Mixing: p = GeV

o Introduce small mixing between new vector and SM photon

€
LD —§FWV’“’

o Eliminate mixing at O(e?) by redefinition of photon field:
Ay — Ay — €V,
o Induces coupling between charged SM fields and V),
GQAm/_W% — _BGQV/ﬂZ’Y'LLI/J + -
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Kinetic Mixing: p = GeV

o Introduce small mixing between new vector and SM photon
Lo —%FWV’“’
o Eliminate mixing at O(e?) by redefinition of photon field:
Ay — Ay — €V,
o Induces coupling between charged SM fields and V),
GQAm/_W% — _BGQV/ﬂZ’Y'LLI/J +e

o Result
L= Lo+ Lyt o 2) g — 90”
= Lomi+ Ly + 5V (O +m1 )9 Ve
+ g VX x + > gv VA f
!
gvf = —Ele
Logan A. Morrison (UCSC) Thesis Defense December 8, 2021
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RH-Neutrino: p 2 GeV

o Assume RH-Neutrino mixes with a single active neutrino: vy,
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o Assume RH-Neutrino mixes with a single active neutrino: vy,

o Low-energy Lagrangian just 4-Fermi Lagrangian
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RH-Neutrino: p 2 GeV

o Assume RH-Neutrino mixes with a single active neutrino: vy

o Low-energy Lagrangian just 4-Fermi Lagrangian

4GF _ 7 17
Eﬁ(int) = _W |:J/j—t]//“ +JP’ J“:|

Vi —sin 00 —i cos Qv
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RH-Neutrino: p 2 GeV

o Assume RH-Neutrino mixes with a single active neutrino: vy,

o Low-energy Lagrangian just 4-Fermi Lagrangian

4GF
Li(int) = 7

Charged Currents:

[ﬁJ + JZJZ]

v, —sin v —i cos Oy,

Zu oul; —i—ZVCKMu oud;
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RH-Neutrino: p 2 GeV

o Assume RH-Neutrino mixes with a single active neutrino: vy,

o Low-energy Lagrangian just 4-Fermi Lagrangian

4GF _ 7 17
Eﬂ(int) = 7% [J:J# + ‘]/1 ‘]/J.:|

v —sin 0v—i cos Qv
Neutral Currents:

1 1 - =
Jl=—=—> gt flof+—> 5
L cw gf,Lf wf cw louf

7
9 =TF — Qrsiy
= —Qssiy

Logan A. Morrison (UCSC) Thesis Defense December 8, 2021 17 /67



Decent to MeV Scale

Logan A. Morrison (UCSC) Thesis Defense December 8, 2021 18 /67



Moving below 1 GeV

Now that we have the Lagrangians above 1 GeV, we need to determine
the Lagrangians below 1 GeV

£M>1GeV

L <1Ggev ~ LchiPT
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Moving below 1 GeV

[ |
10! —
I 0(e?)
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Moving below 1 GeV
o Below confinement scale no quarks - D.O.F. are pions, kaons etc.

E

@

Ur.rR, AL R, SL,R 323
Agep--1-------------------

Logan A. Morrison (UCSC) Thesis Defense December 8, 2021 19/67



Moving below 1 GeV
o Below confinement scale no quarks - D.O.F. are pions, kaons etc.

E

@

Ur.rR, AL R, SL,R 323
Agep--1-------------------

o Use an effective Lagrangian below 1 GeV : Chiral Lagrangian
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Chiral Lagrangian

o Need Lagrangian to describe pions, kaons, ect.
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Chiral Lagrangian

o Need Lagrangian to describe pions, kaons, ect.

o Need low-energy Lagrangian describing pions, etc. to obey the
symmetries of Eggél]g

ligh
Laen 0 4'6,D"q+q'6,D!g + -
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Chiral Lagrangian

o Need Lagrangian to describe pions, kaons, ect.

o Need low-energy Lagrangian describing pions, etc. to obey the
symmetries of Eggél]g

ligh _ it _
/;QgC]t:) 5 qTauD“q + qTauD“q 4.

o Symmetric under global suU(3);, ® SU(3)g symmetry in chiral limit

u U U u
g=|d| — eWir/2 | ¢ g=\|d| — WrN /2| q
S S S S
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Chiral Lagrangian

©

Need Lagrangian to describe pions, kaons, ect.

©

Need low-energy Lagrangian describing pions, etc. to obey the
symmetries of Eggél]g

ligh _ _t_ _
ﬁQgC]t:) 5 qTauD“q + qTUHD“q 4.

©

Symmetric under global sU(3), ® SU(3)z symmetry in chiral limit

©

Symmetry is broken by chiral condensate: SU(3);, ® SU(3)r — SUB)v

(qa+d'at) ~ Adep
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Chiral Lagrangian

o Need Lagrangian to describe pions, kaons, ect.

o Need low-energy Lagrangian describing pions, etc. to obey the
symmetries of Eggél]g

ligh _ it _
ﬁQgC]t:) 5 qTauD“q + qTUHD“q 4.

o Symmetric under global SU(3);, ® SU(3)z symmetry in chiral limit

o Symmetry is broken by chiral condensate: SU®3); ® SUB3)z — SUB3)v
(qa+d'at) ~ Adep

o CCWZ tells us how to construct bottom-up Lagrangian for
pseudo-Goldstones generated from symmetry breaking
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Chiral Lagrangian
The Chiral Lagrangian is

L= fﬂ(D ETD“E> + "Z Tr(XET oy )
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Chiral Lagrangian

The Chiral Lagrangian is
: t
I I
L= 1 Tr(DHE D E)—l—

where

> = eXp(}[Ha)\ ) ¥ — UrSU]
I1% are the NBG
A, Gell-Mann matrices
70 + %n V2nt V2K*
VoA, = | V2 %+ {n V2K
V2K~ V2K ,Vgn
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Chiral Lagrangian
The Chiral Lagrangian is

2
Y T w
£=1(D,2 D) +
where
DS =0,% — ir,% + i3,

and £, and 7, are left- and right-handed currents associated with
a local SU(3), ® SU(3) g symmetry

¢, - UL, U}
r, — Ugr, U},
DX — Ugr(D,Z)U}
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Chiral Lagrangian
The Chiral Lagrangian is

L= + JfTr(sz + EXT)

where
X = 2By(s + ip), X — URxU}S

and s, p are the scalar and pseudo-scalar current densities and

2

By = —" 9600 MeV
My + My

Without any external fields,

s = diag(my, mg, ms)
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Matching
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From p > 1GeV to u < 1GeV : Matching
o Below 1GeV Lqocp — LypT
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From p > 1GeV to u < 1GeV : Matching
o Below 1GeV Lqocp — LypT

o Enforce correlation functions of external fields match above and
below 1 GeV
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From p > 1GeV to u < 1GeV : Matching
o Below 1GeV Lqocp — LypT

o Enforce correlation functions of external fields match above and
below 1 GeV

o Match £,,,7,,s and p in both theories

o Operators that need to be matched:

SqGsqq, av" (¢, Pr + r.Pr)q, SGY,GMH
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Matching: SqGs,q

o Matching scalar current done in same fashion as mass term:
Spurion
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Matching: SqGs,q

o Matching scalar current done in same fashion as mass term:
Spurion

o Assume Spurion x transforms properly under SU(3)r ® SU(3):

X — URxUz
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Matching: SqGs,q

o Matching scalar current done in same fashion as mass term:
Spurion

o Assume Spurion x transforms properly under SU(3)r ® SU(3):

X — URxUz

o Let Spurion take its “vev”

X — 2B(M, + SGsq)
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Matching: SqGs,q

o Matching scalar current done in same fashion as mass term:
Spurion

o Assume Spurion x transforms properly under SU(3)r ® SU(3):

X — URxUz

o Let Spurion take its “vev”

X — 2B(M, + SGsq)

o Matched onto ChiPT mass term:

2
—q(My,+ SGsq)q — ‘%’r Tr {XET + c.c.}, X = 2B(M, + SGsq)
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Matching: qv*(€,Pr + r,Pr)q
o Current transform as

r, — Ugr, U, ¢, - UL, U}
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Matching: qv*(€,Pr + r,Pr)q
o Current transform as

r, — Ugr, UL, ¢, —»ULUS

o Matching currents is done using via a connection

DS = 8,8 — ir, 5 +i%L,
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Matching: qv*(€,Pr + r,Pr)q
o Current transform as
r, — Ugr, U, ¢, - UL, U}
o Matching currents is done using via a connection

DS = 8,8 — ir, 5 +i%L,

o Vector Mediator

" (V,Groa = Z](D,3)(D,)

eu =Ty = V,uGVq = Vudiag(g\/u»ngv ng)
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Matching: qv*(€,Pr + r,Pr)q
o Current transform as
r, — Ugr, U, ¢, - UL, U}
o Matching currents is done using via a connection

DS = 8,8 — ir, 5 +i%L,

o Vector Mediator
2

S (VuGrg)a — 12 [(0,)!(D,2)
eu =Ty = V,uGVq = Vudiag(g\/u»ngv ng)

o Additional term from chiral anomaly (Wess-Zumino-Witten):

2 0 2 0 2 0

(& ~ s (& ~ s €e ~ s
-——F,F"*Y— - ——F, F"Y— — —F, V¥ —
3272 fr 3272 fr 1672 * fr
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Matching: SGj, GH*

o Use trace anomaly and RG invariance of scale divergence:
o, dt = 01,
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Matching: SGj, GH*

o Use trace anomaly and RG invariance of scale divergence:

o, dt = 01,
o Scale divergence for u > GeV
B, ~ QiGz + 301 = gl + -
8 q
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Matching: SGj, GH*

o Use trace anomaly and RG invariance of scale divergence:
o, dt = 01,

o Scale divergence for u > GeV

$ q

o Scalar interaction is:

a S 2 S 2 S
QSGEKGQ — ——gﬁSG L Oud" + gsa Z meqq + - -
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Matching: SGj, GH*

o Use trace anomaly and RG invariance of scale divergence:

Oudt = Hﬁ
o Scale divergence for u > GeV
B, ~ QiGz + 301 = gl + -
s q

o Scalar interaction is:

aS o 2gsa S QQSG S

Baiied IG5 gt 4

QSG47TAG - 5o Aa Z maqq + -

o Matched onto ChiPT Lagrangian by computing 0,d"
2
O =~ T [(D, )N (D, 2)] - 2T [x3 + e
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Matching: Dictionary

L.>aqev O qru Y Prq + g€, Prq

DS = 9,5 —ir, % +iXe,
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Matching: Dictionary

L.>aqev O qru Y Prq + g€, Prq

D2 =8,% —ir, S + i,

ﬁ,u<GeV 2 Jif Tr [(DNE)T(DNE)}
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Matching: Dictionary

=2+ (1 o))
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Matching: Dictionary

c-om(i+ (- 2o

+ fj% Tr [XET + C.c.}
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Matching: Dictionary
+ @40;1_ Ga GHvsa

X:2Bo(s+(1—

_g%@ﬁ[(puz)T(DﬂZ)] + %@TT{XZT + C-C-}
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Matching: Dictionary

L,>cev O qr Y Prq + @€, Prq + qsq + @*G“ GHe
\—,_/

2
D3 = 0,38 —ir, X +1iX3L, x = 2By (s + <1 - ﬁ®>M )
0

Luccev D T T[(D,2)1(D,2)] + & Te[x S+ cc]

—EOTe[(D,)1(D,D)] + 220 Te[x B + c.c]
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From p > 1GeV to u < 1GeV : Matching - vector
o Below a GeV

Ly D gviVixv"x + D gviVuly*t
l

: f Iz t oyt
m Ix
+ T T((0,2)D.3) + T (xS + 2x)
with
D, = 0,5 — ir, 3 + i
X = QB(),S'
s = diag(my, mq, ms)
. 2 1 1 .
Ty = = —eAudlag 377373 + Vudlag(gvuang7ng)
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From p > 1GeV to u < 1GeV : Matching - vector

10° T T
_k ete”
—
? T
> 107
1<
S~—
&
m . . . .
Kinetic Mixing
) my = 375 MeV
1072~ ~
1072 -
1077 : : . ] . . . ;
100 120 140 160 180 200 220 240

o = = = T 9ace
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From p > 1GeV to u < 1GeV : Matching- scalar

o Below 1 GeV, we have

S -«
Ls D gsxSxXx + 9rv > mgll + 4}%\495F5F2
¢

+ ‘fTr((D,,,Z)TD,,E) + {fTr(XET + EXT)

+ 257(;5 (];7% Tr((DNZ)T(D“E)) + f2 Tr(XET + ZXT)>
with
DY = 8,5 — ir, S +i%
X = 2Bys

S

2 1 1
7>/1 — = —eAMdiag (3, —g, —3>
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From p > 1GeV to p < 1GeV :

Matching- scalar
100-
ete
>
/]\
=<
IS
IR
10}
= Y
Higgs Portal
mg = 375 MeV
100 120 140 160 180 200
my, [MeV]

=] F
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From p > 1GeV to pu < 1GeV : Matching- RHIN

Iz . .
L (int) = 1 Tr“@uﬁ —ar, 3+ zﬁﬁuﬂ

Currents:
8G 4G
T, = —TFGRR e, = \/25 (2GoL) + VL))
o sin(20) . 1o/ 2\,
L, = Tew Oik (ui ouv + c.c.) + —QCW ( 1+ 25W)Ei oul;
= sin 05;,015,,7

H_Cwiﬂl

Logan A. Morrison (UCSC) Thesis Defense December 8, 2021 30/67



From p > 1GeV to pu < 1GeV : Matching- RHIN

2
Lotin) = = Te[|0,% = im, 2 + i34, ]

4
Currents:
T, =2GRR), £, =2GLL) + V'L,
Sty
Gp = —-W diag(2,—1,—1
R e iag( )
1
G = —diag(l, -1, —1) + Gr
2w
0 Vua Vs
=10 O 0
0 0 0
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From p > 1GeV to pu < 1GeV : Matching- RHIN

100F

—
Sy
L

Branching Ratio

veeteT

VelVelVe

VeV, & Vevrvr

RHN, electron

10!

my [MeV]
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Validity of ChiPT
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Validity of ChiPT

o Chiral perturbation theory has a limited range of validity
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Validity of ChiPT

o Chiral perturbation theory has a limited range of validity

o The chiral expansion is

L=Lo+ Lot

2 2\ 2
p 2 p 4
M~<M>M”+<M>MU+M

X X

O

O(p?/A%) O(p*/A})

where A = 4w fr ~ 1.2 GeV
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Validity of ChiPT

1 =0,0 =0,7m — mm phase shifts
300
—— SU(3) ChiPT NLO

‘.“{
250 - **M

200

150

54 (deg)

100 4

50 4

400 600 800 1000 1200
ECM (MGV)

=} [ = A
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Validity of ChiPT

1074

LO + <T2>7{,

-
-
-
-
-
-
-
-
-
-

Logan A. Morrison (UCSC)

LO + <r2)";
T LO
VD fit e"e™
108
my [MeV]
[m] [l =

Thesis Defense

10*
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Validity of ChiPT

600

Mediator Mass (MeV)
N w
8 8

100

0 100 200 300 400 500
Dark Matter Mass (MeV)

600

4O «F»r 4«

> <

>

DA
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Indirect Detection

o Gamma ray flux observed by detector
do AQ

1
= = == [aa [ aep|-T
dE, ~ 4wmg [AQ/ LOS ’)X] dE,

Logan A. Morrison (UCSC) Thesis Defense

an

December 8, 2021

34/67



Indirect Detection

o Gamma ray flux observed by detector

o  AQ [ 1 ¢ . AN
| {AQ/dQ.LostpX] o

Integral along detector’s “Line-of-sight” of dark matter density of
target with angular size AS)

a = 2 for annhilating DM

a =1 for decaying DM

dE, - 47ng‘<

[MeVZem—Psr—1] [MeVem™2sr—1]
Target J(1) J(5°) D(1) D(5°)
Galactic Center (NFW)  6.972 x 1032 1.782 x 1030 4.84 x 10?6 1.597 x 1026
Galactic Center (Einasto)  5.987 x 103%  4.965 x 1031 4.179 x 1027  2.058 x 10%6

Draco (NFW) 3.418 x 1030 8.058 x 1026 5.949 x 10%°  1.986 x 10%*
M31 (NFW) 1.496 x 1031 1.479 x 1027 3.297 x 1026 4.017 x 10%*
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Indirect Detection

o Gamma ray flux observed by detector
do AQ 1 dN
— = == [ dQ depl| T —
dE, ~ 4wmg [AQ / ros  * X] dE,

DM interaction rate:

. . agv
Annhilating DM : ' = u
2fx
) 1
Decaying DM : I' = —
T
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Indirect Detection

o Gamma ray flux observed by detector
do AQ 1 dN
— = == [ dQ dept| T —
dE, ~ 4wmg [AQU/ LOS ’&] dE,

Photon spectrum per annhilation/decay:

= BR(yy — ~v 4+ X)—XxX7rra
iE, > BR(xx =7 +X) dF,
X
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Indirect Detection

10t

=
=3 /
%E 103 ! '
?ﬁf Higgs Portal i ‘\\\\
m, = 250 MeV ! 4 \“\
107 mg = 375 MeV St O

= =) E E DA
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Indirect Detection

10*

10°

Kinetic Mixing
07F m,, = 250 MeV
my = 375 MeV

1074
10!
= =) E E E
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10°

Indirect Detection

1071

= 2Efy/m,7

Logan A. Morrison (UCSC)
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=
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Indirect Detection
o Gamma ray flux observed by detector

do ANY

1
_— = = [ dQ2 dep®| - T
dE,  4mme [AQ / LOS px]

X

o Including detector energy resolution

dd

/dER (81 By) g

do
dE,

Logan A. Morrison (UCSC) Thesis Defense
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Indirect Detection

o Gamma ray flux observed by detector

d® AQ dN
— = == [ dQ dept| T —
dE, ~ 4wmg [AQ / ros  * X] dE,

o Including detector energy resolution

/dER E|E)dq)

Detector energy resolution ~ Gaussian:

- 2
~ 1 1 1/F—-F
RlBr[Br) ~ o P (‘2(@7) )
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Indirect Detection

o Gamma ray flux observed by detector

do AQ dN
— = [/dQ dﬁp;]'F-
dE, 47Tm§1< AQ LOS dE,
o Including detector energy resolution
do do
— dE R.(F. E
dE, / i )dE
o Observed photon count in energy bin (Eﬁ?n, EI(J;LX)
EQ dd
N:/_ AE. Tope Acit (E,) -
T ey, e g,
Logan A. Morrison (UCSC) Thesis Defense December 8, 2021
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Constrianing

o For telescopes with reported data, constrain by asserting DM signal no
greater that twice the upper error

5

high dd . .

/(‘) dE,, ﬁ <o 42500, i€1,..., Noins
B R

low
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Constrianing

[¢] < 60, |b] < 20

== INTEGRAL t {. €] < 360,20 < [b] < 60
'ia 107 % 0] < 360,8 < [b] < 90
" L] 6] < 30, 1] < 15
Ke » .
| -
E A +WW%
€ t % EGRET 1
1078t HF Fermi
g ++
e %
S COMPTEL i 1
1072 10T 107 107 107 10° 107 107
E. [MeV]

Logan A. Morrison (UCSC) Thesis Defense

[m]

& = E E
December 8, 2021

DA
35 /67



Constrianing

107!
Higgs Portal
m, = 250 MeV

- ,| INTEGRAL

Fermi

4_§4—§—|—§—!—§—:—§_|
EGRET

T 10
= i
= .
— . + Limits (ov)
@ i v -
= +++r% 3.1x10% c¢m? 57!
oy 10 5.4x10°" cm?® 57!
|3 ~ | 7 3
C\]Lﬂk COMPTEL j 1.9%10%7 cm?® 571
4.8x10% cm?® 571
10702 101 100 o 102 10° 10"
E, [MeV]
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Constrianing

o For telescopes with reported data, constrain by asserting DM signal no
greater that twice the upper error

5@
high dd . .
dE, S0 | < 0l 4 9250 i €1, ..., Npins
[[E(z‘) v dEv] SHE K ‘ pins

low

o For projecting constrains we maximize the SNR w.r.t. upper and low
energy range and restrict the result to be less then 5 o

Ng(a,b
5 > max s(a.b)

a,b \ kag(aﬂ b)

Logan A. Morrison (UCSC) Thesis Defense December 8, 2021 35/67



Constrianing

o For telescopes with reported data, constrain by asserting DM signal no
greater that twice the upper error
@)

E.

high d® i i )

[/E(i) dEWdE’z] <o) 4250, i€1,..., Noins

low

o For projecting constrains we maximize the SNR w.r.t. upper and low
energy range and restrict the result to be less then 5 o

N, b
5 > max ﬂ
ab  /Npkg(a,b)

b dq)g,bkg
N big(a, b) =/ dEy —7p—
3

a
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Constrianing

o For telescopes with reported data, constrain by asserting DM signal no
greater that twice the upper error

5@
high dd . .
dE, S0 | < 0l 4 9250 i €1, ..., Npins
[[E(z‘) v dEv] SHE K ‘ pins

low

o For projecting constrains we maximize the SNR w.r.t. upper and low
energy range and restrict the result to be less then 5 o

N, b
5 > max S(a7 )

ab  /Npkg(a,b)

o For targets away from Galactic center we use empirical power-law
background fit to COMPTEL

de E, \ 2
— =274 X 1073( 7 ) MeV lem s lsr!
dE MeV

Logan A. Morrison (UCSC) Thesis Defense December 8, 2021 35/67



Constrianing

o For telescopes with reported data, constrain by asserting DM signal no
greater that twice the upper error

5@
high dd . .
dE, S0 | < 0l 4 9250 i €1, ..., Npins
[[E(z‘) v dEv] SHE K ‘ pins

low

o For projecting constrains we maximize the SNR w.r.t. upper and low
energy range and restrict the result to be less then 5 o

N, b
5 > max S(a7 )

@b/ Noig(a,b)

o For targets away from Galactic center we use empirical power-law
background fit to COMPTEL

de E, \ 2
— =274 X 1073( 7 ) MeV lem s lsr!
dE MeV

o Use more sophisticated model for Galactic center with bremsstrahlung,
70 and inverse-Compton computed with GALPROP.
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Constrianing

107!
— 1072
EE' 1073

1074

Power-law Fit (Away from GC)

Background Models

Galactic Center

10!

E, [MeV]
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Constrianing

102F
GECCO Limits (ov)
- 10'F - NoE :
F|'> 5.6x10%° cm?® s7*
% 10°F 1.5x10%" cm? 7!
‘—; 101k
1
'U‘Eg 1072k
X AMEGO
¢ 3L
< 10
é 10-1[ Higgs Portal
& Lf ™y = 250 MeV
Tops = 10% s
107015 0 0 0z 3
10 10 10 10 10
E. [MeV]
& = = T 9ace
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Higgs Portal Constraints
107%

Existing
1072 Fe

= 107
~
=
g, 107
<
=

S 10731
=
\b/ 10—33
Astrogam
Lo ~ Gecco
- .,;,_ffé 104 Amego
10-37 . ms = 0.5my .
107! 10° 10! 102 103
m,, [MeV]
=] E z 9ac
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Higgs Portal Constraints

10—23
Existing B
/”
1075 ~~"A
r, ”’: I,
\ - — -
\ "= == -]
10—27 L \:——————”:’/’ -

wn
=
=
—29
= 10
<
=

S 10731
=
\b/ 10—33
Astrogam
L0-5 Gecco
Amego
. mg = 0.5m,
107 0T 10° 10! 102 10%
m,, [MeV]
= = = = = 9ace
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10—23

Higgs Portal Constraints

10725

o
g

g, 107
[a=)

Existing
1077

|>>§ 10731
=
s

~ 10733 <

L0-5 Gecco
Amego
Lo . . mg = 1.5my
1071 10° 10! 10?
m,, [MeV]
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Kinetic Mixing Constraints

—
. . s
10-24 Existing 2 e
o
X pete _
{ U P QX ”¢ -
ST T ——— il i "_J’::_;’—‘_
— s=—— _ =
o < - ! ’_—-—’—
= \_PHENO ___-~-=""_ -
R e N —— o=
== | I T P Ay
=
152
= 10-%f
S
~

Astrogam
Gecco
Amego
my = 3m,
107 107 107
m,, [MeV]

—
-
s
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RH Neutrino Constraints

- l=e

10 | *—— GECCO(GC 5°, Eiasto)
—— GECCO(GC 5°, NFW) \3,
F . GECCO(M315°) Al
i -’\_;y-ray Felesh{)pes ) \

1077
1026
IR
1024k
1023k

10%

21
10301

my [MeV]
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Model Independent Constraints

Brx(ov), o [em®/s]

Brx(ov) g, o [em®/s]

my [MeV]

1030

Logan A. Morrison (UCSC)

10%
my [MeV]

104

Thesis Defense
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my [MeV]

CMB (p-wave)

CMB (s-wave)
GECCO(Draco 1)
GECCO(GC 1, Einasto)
GECCO(GC 1, NFW)
GECCO(M31 1')
EGRET

INTEGRAL

Fermi

COMPTEL
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Model Independent Constraints

1077 10% il
1026 1030 o
=
[ 1029 4
o 10
E 28
= 10%% 4
&
=102
= / 1027 4
=]
10% 1026 4
102 10%
10°! 100 10!
my [MeV] my [MeV]

1026

1025

BT

DM lifetime 7 [s]

10%

1022
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Primodial Black Holes

A. Coogan, S. Profumo, LM: arXiv:2010.04797
A. Coogan, S. Profumo, LM: arXiv:2101.10370
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Hawking Radiation

@ Can MeV telescopes be used to probe Hawking radiation for PBH?
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Hawking Radiation
@ Can MeV telescopes be used to probe Hawking radiation for PBH?

@ Primary emission rates

PN 1 T(E,M) oo M
OE;0t  2meBi/Tn — (—1)2s’ T 8r My
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Hawking Radiation

@ Can MeV telescopes be used to probe Hawking radiation for PBH?

@ Primary emission rates
BN 1 D(E;,M) M2

- - Te —
OE;0t 2w eli/Tu — (—1)2s’ H STMpy

107!

Blackhawk

fermion

xr = E/TH
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Hawking Radiation
@ Can MeV telescopes be used to probe Hawking radiation for PBH?

@ Primary emission rates

O°N _ 1 T(Ei,M) - M2
OE;0t 2w eli/Tu — (—1)2s’ 8 My

® Total photon spectrum

2 FSR
0 Ni,primary dNy

2N B 82N,Y’primary + Z /dEl

OE, 0t  OE,0t et OE;0t  dE,
92N, . d N decay
dEZ 7,primary ¥
* Z / oE;0t dE,

i=pt 70t
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Hawking Radiation: Photon Spectrum

62 Ni,primary dN')ljSR
dEOt  dE,

02N O%N., .
g = gy [ag,
Y Y i=et it wt

82 N d Ndecay
d Ez 7, primary ¥
| OBt dE,

i=pt w0t
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Hawking Radiation: Photon Spectrum

2 FSR
0 Ni,primary dN'y

82N _ azNﬁ)/’prirnal'y' + Z /dEZ

OE,0t  OE,0t oE;0t  dE,

i:eiuu'iJri
82NZ‘ . deecay

dE. ,primary ¥
iy / ' 9Bt dE,

i=pt w0t

Primary spectra:

82J\f'y,primary _ i F(E'yv M)
OE, 0t 21 eBr/Th — 1
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Hawking Radiation: Photon Spectrum

= Moy [ Pty
OE, 0t OE,0t ek " 9E0t  dE,

deca;
/ dE 82Ni,primary dN’y Y
- OFE;0t dE,

1/171'0

FSR: (z = E,/E;)

f
aNFSR OEM 1—=x
— = P, i(x)|log -1
O0E, 2nE; re-il@) u2 PRI N
2(133 m)’ i = ﬂ_i’
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Hawking Radiation: Photon Spectrum

2 FSR
0 Ni,primary dN'y
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Hawking Radiation: Photon Spectrum
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Constraining fpgn

o Given a fraction of DM in the form of (monochromatic) PBHs
feea = Qper/QcpM observed gamma-ray spectrum is:

de, 1/ 82]\77
dE, 47 JLos OE,0t

PDM
M

fPBH
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Constraining fpgn

o Given a fraction of DM in the form of (monochromatic) PBHs

feea = Qper/QcpM observed gamma-ray spectrum is:

dq>7_1/ a0 PNy o pou
dE, ~ 4r Jos  0E,0t" PN M

o As with decaying DM, number of observed photons:

Emax dd
NW:Tobs/ dE, Aeg/dE R.(E,, E, aE
Emin
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Constraining fpgn
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Constraining fpgn

feeu
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Future Work
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Extending Hazma to GeV

o Currently we are limited to m, < 250 MeV (< 500 MeV for
decaying DM)
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Extending Hazma to GeV

o Currently we are limited to m, < 250 MeV (< 500 MeV for
decaying DM)

o Can we extend this? Yes! (in some cases)
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Extending Hazma to GeV

o Currently we are limited to m, < 250 MeV (< 500 MeV for
decaying DM)

o Idea: assume DM couplings to quarks via

LY gveVudrq
q
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Extending Hazma to GeV

o Currently we are limited to m, < 250 MeV (< 500 MeV for
decaying DM)

o Idea: assume DM couplings to quarks via

LY gveVudrq
q

o We can exploit ete™ collision data to extract vector form factors
using vector meson dominance

M ~ (had] Ji 0) (O [x)

A‘e7f¢i
had| J& |0) = ST+ -
thad| Jey [0) ; m? — s +iy/s[i(s)
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Extending Hazma to GeV

o Currently we are limited to m, < 250 MeV (< 500 MeV for
decaying DM)

o Idea: assume DM couplings to quarks via

LY gveVudrq
q

o We can exploit ete™ collision data to extract vector form factors
using vector meson dominance

M ~ (had] Ji 0) (O [x)

A‘e7f¢i
had| J& |0) = ST+ -
thad| Jey [0) ; m? — s +iy/s[i(s)

o How much does this change?
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Extending Hazma to GeV
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Conclusions
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Conclusions

o Without including non-pertubative effects, it is crucial to restrict
use of chiral Lagrangian to /s < 500
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Conclusions

o Without including non-pertubative effects, it is crucial to restrict
use of chiral Lagrangian to /s < 500

o Recipe for translating models from quark-level to chiral
Lagrangian is straight-forward

o Hazma: New open-source, user-friendly python package to
explore/constrain MeV DM models

o Upcoming MeV telescopes could increase sensitivity to MeV DM
models by factor ~ 100

o MeV telescopes could also detect Hawking radiation for
MPBH ~ 1015 — 1018 g
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Thanks

Thanks to everyone who has helped and encouraged me throughout
Graduate School...
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Happy Holidays!
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Honorable Mentions

Large-Nightmare

One-Loop Charge Breaking 2HDM

Asymptotic Analysis of Boltzmann Equation
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Large- Nightmare Dark Matter

Stefano Profumo, Dean J. Robinson, LIM:
arXiv:2010.03586
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Theory

o Consider an SU(N) gauge theory with a single dark (effectively
massless, my < A) “quark”

o We take N >> 1 and assume ggari ~ 1/v'N (large-N limit)
o Two stable states: 7' (gq) and A (N§)
o The 77 is very light while the A very heavy

State Mass Lifetime U(1)y

fz’ ~ A/\/N stable 0
A ~ NA stable N
@ ~A N2/A 0
G ~few A N2/A 0
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Interactions

o Interactions for the 7 are roughly:

353‘)\1|2 g7 . )\2 \
0’277_>2ﬁ(8) ~ W, U2ﬁ—>4ﬁ(8) 48A16N4‘ 0 + 2‘
o Interactions for the A :
e*?CN 471_3
%niaa(8) ~ GrrNEAR 7555409~ Fy
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Interactions
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Thermal Evolution of Dark Sector

Qo

©

©

If a theory is thermally decoupled from the SM, it may have a
different temperature

Total entropy in dark and SM sector will be conserved

Ratios of entropies densities are then constant:

s5q ha(Ta)T3
const = = s
ssm hsm(Tsm)Tgy

We can determine dark temperature at late times if we know ratio at some early time

o 1/3
_ Ty _ (hsm P o
Tsm) = — = | 7oo 75— 3
Tsm hsm{ hq (gTSM)

As long as dark sector is in thermal equillibrium, it becomes exponetially hot relative
to SM bath

h(z = m/T) ~ 23 K3(z) ~ 2%/2277, (z — o0)
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Thermal Evolution of Dark Sector

> P ——— log(Yy)
RS log(¢§ = Ta/Tsm)

SM
f — f['.o.%

MO — 9ZdI]

/ Frozen-out: redshift

Dark sector becomes hot
relative to SM due to \
entropy bottleneck \

log(z = myy/Tsm)
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Cosmic Evolution

@ High temperatures: dark
quark-gluon plasma

@ T ~ A: dark quark and
gluons confine to 77 and
A

@ na initially suppress due
to difficulty in forming

@ As are frozen in via
27 — AA

® 7’ annihilate via
47 — 21

Dark i
F - F -
quark/gluon  Dark PT '“ge in reeze-out
plasma n

T ~

|
T <
|
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Experimental Handels
o Measurements from bullet cluster and shapes of halos put tight
constraints on self-interaction cross section

barn
osT S GoV
€

o BBN and CMB constrain the effective number of neutrino
constraints:

AN.g < 0.3
o If the 7/ is in equilibrium for too long, we affect Nyg

NCMBN3O46+§ E 4/3 CMB§4 NBBNN3+§ BBN€4
eff . 7\ 9a CMB> eff 79d BBN
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Relic Densities

o 7 relic density can be approximated using entropy conservation
and instantaneous freeze-out

53

8

gooa Y~’ ~ -

hSM 100 SSM xdf

o Putting together:

1 ~ V([ A N\3/2
o255 )3
ZTd,f +1 10 20 MeV 10

o A relic density from direct integration of Boltzmann equation:

QAh2 ~ (const.)N3/2e_2(C+1)N
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Minimal (A = 1,0 = 0, & = 1072)
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10!

— QAhz = Q[)Mh2
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One-Loop Charge-Breaking Minima in the
Two-Higgs Doublet Model

Pedro Ferreira, Stefano Profumo, LM:
arXiv:1910.08662
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Tree-Level Charge-Breaking Minima in the THDM

o Possible to show that tree-level THDM potential with softly
broken Zs yeilds either an EW or CB minimum, but not both

Logan A. Morrison (UCSC) Thesis Defense December 8, 2021 60 /67



Tree-Level Charge-Breaking Minima in the THDM

o Possible to show that tree-level THDM potential with softly
broken Zs yeilds either an EW or CB minimum, but not both

VO(@) = m3| |01 ]2 + my|Bs[* — m?, [ @] 5 + hc.
1 1
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Tree-Level Charge-Breaking Minima in the THDM

o Possible to show that tree-level THDM potential with softly
broken Zs yeilds either an EW or CB minimum, but not both

VO(@) = m3| |01 2 + my|Bsf? — m?, [ @] + hc.]
1 1
4—5Aﬂ¢1ﬁ+-§Aﬂ¢2ﬁ4—Aﬂ¢ﬂ%¢2P4—AM®I¢ﬂ2

+ %)\5 [(@I@z)z + h.C.]

> 1 fatic o 1 fegt+ic
P\ i) 27 /2 \ry+idg
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Tree-Level Charge-Breaking Minima in the THDM

o Possible to show that tree-level THDM potential with softly
broken Zs yeilds either an EW or CB minimum, but not both

VO(@) = m3| |01 2 + my|Bsf? — m?, [ @] + hec.]

1 1
+ 5)\1|(I>1|4 + 5)\2|(I>2|4 + )\3|CI)1‘2’(I)2|2 + )\4|@J{(I)2’2

+ %)\5 [(@I@z)z + h.C.]

BWi (e = (i) L (@)= \1@ (g)
B -
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Tree-Level Charge-Breaking Minima in the THDM

o Possible to show that tree-level THDM potential with softly
broken Zs yeilds either an EW or CB minimum, but not both

VO(@) = m3| |01 ]2 + my|Bs[* — m?, [ @] 5 + hc.
4 %/\1]<I>1|4 4 %Agycmrl | ®1[2|Ps|? + M| @7 s ?
+ %/\5 [(@}%)2 + h.c.]
o Difference between vacuua
Mi ) [(111771 — vyi)? + a%ﬂ

Ves — Vaw = ——H5
CB EW 2(?]%—1—1)%
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Tree-Level Charge-Breaking Minima in the THDM

o Possible to show that tree-level THDM potential with softly
broken Zs yeilds either an EW or CB minimum, but not both

VO(@) = m3| |01 ]2 + my|Bs[* — m?, [ @] 5 + hc.
1 1
+ A @r[* 4 S Aa|Baft 4 Ag[B1[2[Daf + A D]y

+ %/\5 [(@}%)2 + h.c.]

o Difference between vacuua

M3, _ _
VCB — VEW = Wj—v%) [(1}17)1 — 1121)2)2 + Ot%)ﬂ

o Does this hold at 1-loop?

Logan A. Morrison (UCSC) Thesis Defense December 8, 2021 60 /67



One-Loop Corrections

o One-loop corrections are included using the effective potential:

Vet (8) = Viree(9) -
N % ;(4)25% [M2(9)] {mg(Miy)) B Ci]
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One-Loop Corrections

o One-loop corrections are included using the effective potential:

V() = Vil _
+ iz D 120 o (M) e

112

o Results: there exists parameters with simultaneous CB
and EW minima
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One-Loop Corrections

o One-loop corrections are included using the effective potential:

Vet (8) = Viree(9) -
N # Xi:(fl)z‘”m (M) {log(w> - C]

112

o Results: there exists parameters with simultaneous CB
and EW minima

o Tend to occur when Ve ~ Vew
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One dimensional slices of the effective scalar potential

o(t) = (1 —t)prw + técs
#(0) = ¢Ew,

¢(1) = écB

0.6
t

(a) Verr(¢rw) < Verr(dcB)

06
t
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0.3 7

Vet (9cB) < Vet (PEW)
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Effective Potential

Ver(¢pw) < Ver(écB)
Tree-Level Potential x10°
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Asymptotic analysis of the Boltzmann equation
for dark matter relic abundance

Hiren H. Patel, Jaryd F. Ulbricht, LM:
arXiv:2009.04012
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Asymptotic Analysis of the Boltzmann Equation

@ Dark Matter relic abundance determined using first moment of
Boltzmann equation

L @) [Y? Y]

de
_ meMph( 1dh>
M@=\ 357 5 \1 T 3pa) (70
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equation)
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Asymptotic Analysis of the Boltzmann Equation

@ Dark Matter relic abundance determined using first moment of
Boltzmann equation
dY

o= M@ [V Y,

_ meMph( 1dh>
M@) =\ 502 NG L+ 35z ) (oomel)

@ Numerical solutions are time consuming/difficult (very stiff
equation)

® Standard analysis of Gondolo, Gemini makes estimating errors in
appoximations difficult
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Asymptotic Analysis of the Boltzmann Equation

@

Dark Matter relic abundance determined using first moment of
Boltzmann equation

L @) [Y? Y]

de
_ meMph( 1dh>
M@=\ 357 5 \1 T 3pa) (70

Numerical solutions are time consuming/difficult (very stiff
equation)

Standard analysis of Gondolo, Gemini makes estimating errors in
appoximations difficult

Asymptotic analysis gives method for arbitrary accurate results
with error estimates
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Asymptotic Analysis of the Boltzmann Equation
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Asymptotic Analysis of the Boltzmann Equation
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