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WHY DARK MAT TER?

Observations

o 21 om bydros? Galactic Rotation curves:
o™ ‘ Stars move faster
than expected
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Vera Rubin [928-2016
Established Rotation Curve anomaly
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- e 5 R (x 1000 ly)-

Colliding Clusters:
Gravitational wells

Cosmic Microwave nowhere near visible peaks|.

Background:
Fluctuations measure Dark Matter
as 27% of Universe’s energy (Planck)
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Gravitational wells |0~ parsecs
from matter concentrations!

Something like a neutrino!

|04-101%
Boson excluded Fermion Excluded » UIC—EIe[;/IVI
|0-43 eV 10-22 eV \ 100 eV 1019 GeV
AXion Tremaine- 102-107
GeV

[@20= [ e il

3 WIMP



WIMP MIRACLE

1 1 1 1
103(0v) Tom M prance  103{ov) TeV?

Qpm ~

IR ER R Tl

e

[
SW N

Increasing

Sleolelelolelelel®
L

Qront 10-
M, ~ TeV (10\/0&) \/ 107 <ov>
. 108 S
10-9
0-10 - Y
~11
8—m ~__ Y

€q
Ciml

| lllllll
1 10t 102 10°
m/T ime——=

WIMP can be simple addition
- DM density decreases:
to known pamdes & forces. 5y Aniiilation Bee ke

WHY? Y: Annihilation

4 See Dimopoulos PLB 246(1990):347-52



Weak Force

“Charges”

"HEAVY NEU IRINO"WIMP

QDM gl § 05

Measured Dark Matter
Density

Slmple Candidates!
Dark: Matter <= Weak Scale:
\/\/eakTr’
Weak Dou
\ Weak Quintuplet

plet "Wino'
plet: "Higgsino™

Naive Unitarity

@ehhcel

Density fixes My
N Wino: 3 TeV

- Higgsino: | TeV

P Quintuplet: 14 TeV

Dark Matter
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* Majorana ﬁ H

e Real Scalar .

n — plet

2107.096838: Bottaro et al.
Simple thermal relic masses
for real reps of SU(2)

“Minimal Dark Matter”
hep-ph/0512090: M. Cirelli, N. Fornengo, A. Strumia




FEHO OF [RE WIMP MIRACES

O(TeV) y
i N leads to
gl ) O(10%m)
3 . . light pool
Indirect Detection: on ground

Photons from Dark Matter Annihilation

H ESS/VERITAS/MAG I C can pFObe Schematic of air shower observed by Cherenkov Telescope
(spie.org)
Dark Matter Masses e

up to 30 PeV

» Stereoscopic Image
reconstructs particle location

* Brightness reconstructs
particle energy

» Jechnique first used to
detect Crab Nebula in 1989,

Successor CTAQO,
will iImprove sensitivity by Order of Magnitude

Crab nebula



EWVVARE SPREROIDAL GALACKIES

- As a complimentary target to galactic
center, one can also study dwarf
spheroidal galaxies (dSphs).

* Among the most dark matter-dominatead
objects In the Universe (mass-to-light
ratios (10-1,000+) higher than Milky
Way and other spiral galaxies (1-10)).

* Simpler backgrounds and easier
determination of dark matter
distribution from stellar kinematics.

-0.6Mly

Subaru Telescope

astro-ph/0/03308: Gilmore et al.
Mass-to-light vs Magnrtude
for several dwartf galaxies

Milky Way disk |
dE / dSph galaxy @
dlrr galaxy

dSph discoverd since 2005

(as of October, 2016)
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* WIMPs: 3 separate threats to perturbation theory!

* My/mw >> | = Long range force
(Sommerfeld, Bound States)

* My/mw >> | = Electroweak shower

* Log(|-zcut) = Detailled shape near Mwimp

* Proliferation of scales = Effective Field Theory

EFTs: Modified versions of Soft-Collinear Effective Theory
&
NRQCD



EFFEC TIVE FIELD THEORY PLAYGROUND

Center of Mass
Energy

Measured
Jet Mass

1 Soft radiation
scale

Electroweak
scale




HUGE ACCELERATION = CLASSICAL RADIATION

(Radiation)

I\ o

icks u
Charged particles in annihilation process I<|nemat|i enhaEcements

radiate (Y, VV, Z) from acceleration “Sudakov double log”
OV = 0V, EXP —2—7[ lOg(Ehlgh/ O]hnear)log(Ehlgh/ Elow

Above rate produces classical spectrum,
but hard to see in quantum perturbation theory

0977
r log(MVQVinO/m‘Q/V)Q ~ O-g Double log

T :
0 Large correction!




NLL RESUMMED PHOTON SPECTRUM FROM WINO
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Spectra M, =3 TeV
— Line
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| MB, N. Rodd, . Slatyer; and V. Vaidya: 2309
i Same result for any real SU(2) representation |
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Factorization holds to NLL!

cross section, which is given by

11562

MB et al.: 1808.08956

Soo and so+ are Sommerfeld

factors




CUMULATIVE RESUMMED ANNIHILATION RATES

" Thermal Wino
2| Cross Section

H.E.S.S. Resolution

0.5 0.0 0.7 0.8 0.9 1.0
<eut

Thermal relic wino rate vs. Energy fraction

MB et al.: 1808.08956

B0 FIERMAL RELIC MASSES
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Thermal relic quintuplet rate vs. Energy fraction

MB, N. Rodd, T. Slatyer; and V.Vaidya: 2309.1 | 562
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* There are 4 operating “Imaging Air-Cherenkov Telescopes”
in the world today (HESS, MAGIC,VERITAS, CTAO North)

» VERITAS is located outside Green Valley,AZ
8 ohe s

€ Hhitle rangeiob Gey to 50+ eV

3.5° field of view

& Ehiergy resolution 15-25%
e Ular pesolution =0 at | leV

e Peak effective area, 10> m2

» 638 hours of observation time on Dwarf Spheroidal
Galaxies (dSphs), promising dark matter targets
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VERITAS event
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dé x exposure
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“RITAS Summer 2023 Meeting
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Likelihood method

| Limit= 0=
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eVPA 2023
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logL = NysslogB—S —(1+a)B+ Zlog (aBpyi + Sps.i),
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Non: the total number of events from on region

Nos: the total number of events from off regions
S: the expected number of the DM signal from dSphs, which is a function of the DM cross section
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VERITAS dSphs LIMITS
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=== This work (wino: 638 hours)
= HAWC (2020: 1038d)

~|* I Thermal wino mass
PREEEEEY Wino prediction

Pre\iminary‘ oy Preliminary
T oo /

(EN AR
dindaininininisindnining o

{

=== This work (Quintuplet; 638 hours)
= HAWC (2020; 1038d)
MAGIC (2022; 354h)
=== H.E.S.S. (2020; 82h)
7 Thermal quintuplet mass
----- Quintuplet prediction

MAGIC (2022; 354h) -
H.E.S.S. (2020; 82h) 1072° -

109

Paper under VERITAS internal review

101

M, (TeV)

M : ."||2" = . 10_27 — | | , , — ] ] . : . . . III.. ..__.:.,,.I
10 100 101 102

M, (TeV)

* Comparable limit to MAGIC (2022), HESS(2020)
which used older, more aggressive J-factors

Uncertainty dominated by |-factors

» The wino is cornered.

* Limits become much stronger than
MAGIC/HESS = |0 TeV. Our calculation

includes continuum photons from signal.
15 MB, O. Calcerano, C. McGrath, E. Pueschel, |. Quinn, & D. Tak



CHERENKOV TELESCOPE ARRAY (CTAO)

CTA Sites e
The next-generation imaging air-cherenkov
telescope, CTAQ, is under construction e mesa -
- : ; : =% CTA-North
(and partially running!) in Spain (19 "=~ LaPalma (Spain) "

Geteciors) & Chile (100+ detectors)

| Ox the effective area and sensitivity of the "~
current |ACTs P

Paranal, CHILE

Will confirm or demolish the electroweak |
I vl N CTA-South
WIMP h)’POthGSlS T ‘ ESO/Paranal (Chile) _

i e
™ T T R e U e
I e
e | W T R

~ull operation in 2030s.




e D CIAO GALACTIC CENTER ETE
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- CTAO Reach for Real WIMPs ¢ Line
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20 04N Road, B, 5aldi, V. Xu 250/.15937: MB, 5. Bottaro, Dl Redioole, IN. Road : Sisair =i



LF INEAT

 The simplest models of WIMP Dark Matter are all alive, but will be hunted down In he next decade. Ve will soon

know if Nature realized its simplest option for Dark Matter. Complete EFT analysis of complex representations.

» Complete VERITAS dSphs search for wino and quintuplet signals for limits independent of Milky Way halo modeling.
Already competitive. Combine all dSphs data a la Glory Duck?

- [ake more data (VERITAS running until 2028), e.g. Ursa Major lll, new competitive dSph with 100x the J-factor of
o (sl 1461 |2 M. Crnogorcevic & [ Linden).

 Representations larger than 3 incompatible with string theory? N
(2412.13192 MB, P. Christeas, |. Heckman, R. Hicks).

s, ermi

» Beyond WIMPs, what's our next move with Dark Matter? GLORY DUCK

» Geometric cross sections at high mass, really? (Lattice & Schrodinger calculations: B. Assi, MB, D. Stolarski, M.
VWagman)

* How to realize UHDM with complex structure as thermal or nonthermal relic?

| 8



DARK MAT TER ABUNDANCE

. Decay High-| fluctuations show

and radiation-to-matter transition
Gravitational Driving

Cosmic Microwave
Background:
Fluctuations measure Dark Matter
as 27% of Universe’s energy (Planck)

W. Hu 11/00 10

19 Animations from W. Hu



BT RINOS, | HE ORIGINAL DARK M.

At the Earth’s surface, neutrino flux is 65 billion
(6.5 x 10!9) per second per cm?!

Electrically neutral, nearly (but not exactly!) massless.

Presently ~10-3 of the Universe’s energy density.

Originally explained energy non-conservation In Circa 1970: Neutrino event in bubble
nuclear beta decays: Chamber

i ’ptrtetV,

Now a fundamental part of Standard Model along R
with quarks, charged leptons, Higgs, and S Fawsc s
SU(3)xSU(2)xU(1) gauge bosons R

PARTICLES OF THE STANDARD MODEL

20



WHY WIMPs!

Cosmic Expansion

—

DM density decreases:
Annihilation & expansion

Annihilation

o—0

X L

A
A AN

X \ Y

<OV->annihilation ™~ & QZ/MXZ

WIMP: Weakly-Interacting Massive Particle

2



STARTING SIMPLE W/ WIMPs

v Maybe we already know
A everything here except X!
—H X: Z-boson, Higgs!
A AN : Fermion, Higgs, Gauge boson?
NV A Olweak!

<OV~ annihilation ™ C QZ/MXZ

V)



BT HEL SON-MORLEY EXPERIMIERSS

mr:':!M
e Aether wind,
&'1 velocity v
S /” — - ! Shift in interference
Metallized My 'rl”i N ges:
E vl
: oo

"Ihe result of the hypothesis of a stationary
ether Is thus shown to be Incorrect.”

-A.A. Michelson (1881)

Figures from A.P. French, Special Relativity

| 9th Century Physicists thought light waves
p”opagated N a medium,

the luminiferous aether.

23

—0.05\ Noon
e _:0.00\-/
0.05— |
- Night
w pa 1
N -0.00A
S E S
W N
1/8 X Theoretical
Experimental

* But, there is no aether |
- speed of light the same |
L in all reference frames |

special relativity! |




FICGS@L HC: NO-LOSE SCEINATRISS

WATLAS

12 EXPERIMENT

Before the LHC, particle physics had a no-lose

SCCRaklo.

|: Find a Standard Model-like Higgs, -
Sl el perlicle N over decade, L
electroweak symmetry breaking (excrting)

2: Find even more exotic weak-scale physics

(low-scale supersymmetry, technicolor,

composite Higgs, -

bosons, violate qua

89S Trip

et, composite W

Allim mecanics. . )

Nature chose Option |. We are in same

position right now with WIMP dark matter...

Figsures from F. Gianotti 2012 ATLAS Higgs discovery talk

rst new
nderstand

h—YY event at ATLAS

Higgs Boson discovery in 2012
at 1o ey

24

Local Significance

__I_ T T T 1]
10: ATLAS Preliminary 2011 +2012 Data -
gl T Obs s=7TeV: [Ldt=46-481" -
- Exp. s=8TeV: |Ldt=585.9f" |
6 . —
.................................. Expected from |-.......{5g
B SM Higgs 5
4 B R R atgivenmy | ] 4o
" "":.‘ sEmmEes ""'""‘"""""‘"""""""""":\::""_30
2 _-_' _______________________________________________________ ~_*_s~_._20

e R o B T A 1o

0o

------------------------------------------------ —+1o

Dl 126

300 400 500 600
m,, [GeV]



RDIREC T DETECTION TARGE S

Extra -
. Galaxy/

~..Cluster

- Can attempt indirect detection with many probes

. . . ~~100 M
(photons, neutrinos, electrons, light nuclel). -
5 ° ° W
* Primary photons offer near-straight-line
propagation from origin. ; Isoftropic

» Point telescope to region with high concentration of

: : . CMB, Neutrino, X-ray, etc
dark matter; like Milky Way Galactic Center.

Image Credrt: K. Ichikawa

£ (. alclic Center Challenges

95% <o v>Ut [cm®/s]

* Nontrivial astrophysical backgrounds
MAGIC

* 2 order of magnitude Dark Matter profile - Galactic Center Limits
uncertainty (inner | kpc very baryon-dominated} 102 — e 22| 210520

Wino prediction (<ov>,, + 1/2 <ov>, ) ]

Thermal wino DM (2.7 - 3.0 TeV)

29| 3 ]
10 E|| | 1 | | L1 ||| | | | | L1 3

1 10 102
5 mpy [TeV]




THELOOFRU e

* Indirect detection must assume

something about DM distribution in its
target

* Ve take a cored Einasto
(pure Einasto I1s cusped) profile

« Ask what size core is needed for

consistency with DM limit, is that size
constrained?

 Use a mix of targets (l.e. dwarf spheroidals
(dSphs) in addition to Milky Way Center)

26

Cusp vs. Core

\We are here = 8.5 Xp¢




DIGITAL SIGNAL PROCESSING
AND QUANTUM FIELD THEORY

n

Effective Field Theory:
Syst

matically decouple

N-Energy Physics

Dropping high-frequency —

CDI\:ACT
dise

DIGITAL AUDIO

| min

10 MB

modes can suffice

T

Quantum relativist terminology:
Energy=Mass=Momentum=Frequency



MODERN EFFECTIVE FIELD THEORY

<Inemati

“liminate modes
MP3: Psychoacoustics
—ffective Field Theory:

HES

|00/.0/58: MB, Marcantonini, C., Stewart, |.

Shower of radiation:
Less Low-energy and Collinear

enhancement

Freq. |

28

Hz




SOMMERFELD ENHANCEMEN T

..llll“‘

'Bohr ~~ |/O-MX rRange > = "Bohr

= Bound state forms
"Bohr 'Range

No bound state

For wino
Mmw — O.\/\/MX @ MX = 24 Te\/

Transrtion from short to long-range force leads to resonance
s



WINO NR COMPUITATION

Yellow: y,_
Blue: yj
S=|y(0)]?
n=|
10* n=2
n=3

1000

100

10

/

O/( hermab 10 50
Relic
Zero-energy

<0 Xo! ioa X (XOXO)S> = 4v/2 M, 500 ;

bound states — Peaks

100 M, (TeV)

\ <0 X+ ioe Xy (XOXO)S> = 4 M, so+

AwMy = nZ2 mw

30

Wavefunction at the origin




SOF[/COLLINEAR ENHANCEMENT

Soft radiation: [ime-scales
much longer than annihilation

a
e, W .~

L For a pedagogical |
| Introductionto |
SCEFanai=REs
see |
i Petrov & Blechman |

Collinear Radiation: Narrow splitting
of one particle into 2

p*, W p b’ v X i = 1 Effective Field Theories ;
X— p% 2By E.(1 — cosf) L S
pcm /A/
| ¢
X «

Keep modes with kinematic
enhancement (soft, collinear)

Soft-Collinear Effective Theory for

Dark Matter annihilation *Qriginally developed for study of QCD
hep-ph/0005275: Bauer, Fleming, Luke
[MB, Rothstein, |, Vaidya, V.: 1409.4415] LRI S SR SalLieh it el

3



SOF [-COLLINEAR EFFECTIVE THEORY

Lightcone momenta
ket = KO kS
k- = kO _ k3

» Large scale-hierarchies can
arise within one field

Jet of T pL<<Q
energy Q -~

* We can use Renormalization

Group to resum kinematic

logs )\ZQ AQ Q

Integrate out hard modes, separate fields for those
collinear to null directions and soft momenta.

B9



|-FACTOR COMPARISON

GS+15 and Ando+20 integral J factor comparison

1el9
— == Ursa Major Il (GS15) e A
g Seque 1 (GS15) ,/’
- 7
— —— Ursa Major Il (Ando20) .7
IE Segue 1 (Ando20) /’
V4

et /

N 6 | /

2

O ’

=, /

S R

D 4 - 7

2 y

) d

/

QDEO //

— 2 A v

/
V4
b 4
//
2l
O I/r | | | | | |
0.0 0.1 0.2 0.3 0.4 0.5 0.6

Theta [deg.]

From |. Quinn

-



SCE [ OBSERVABLES

J Factorized Hilbert Space:
EFT Benefit:
S |X> — ‘Xcollinear> |Xsoft> S & | representation independent
Compute once and for all.

do = H(Q) J(Q; Zcollinear) oY S(ZSOft)

o

Squared Wilson T
coefficient & Sommertelds S = <O‘(YY) 5[f(zsoft)] (YY)‘O>

Collinear Gauge field \
e Soft Wilson Line

A= <O|BnJ_5[f(Q7 Zcollinear)} ‘Xn><Xn|BnJ_|O>

Bl



BEARCH & BACKGROUNES

* We follow CTAO dark matter “line” search 107 ——
strategy detailed in 2403.04857/ |

* ROl in inner 2" of galaxy with plane masked,
9 observation regions totaling 500 hours.

* Background dominated by cosmic rays, we
use CTAQO’s public model. (Alpha
Configuration, CTAO South only)

Ed®/dE [TeV/cm?/s/st]

- —— Misidentified CR
10~V — Astro. Diffuse

* For anisotropic diffuse emission, we take 0 100 e

simplified GDE scenario 2 from E, [TeV]
2008.00692: L. Rinchiuso et al.

55



10%

Biad Blaniciii

: HUSS%%

- 2 kpe core

— FKinasto ]
Thelma |

— Romulus

100
r [kpc]

10!

1019_

1016

0.0

—— (Cored Einasto
Thelma

- —— Romulus

Hussein+

We consider a model excluded when its |-factor requires

a cored radius larger than 2 kpc
25U L1868 Fllsseln ef al.

36



EIE CROSS SEC TICHES

10_21 . 10—21 i '
10-22/ 3; My =2.86700 Te\/1 10-2 5 M, = 13,71*3;§Te\/1
1072} ] 10-23 | 1
Mz 10—24 ; 10_24
| | | é :E
* WIMP annihilation signal dominated b i o
g >/ T 108 g S0
1027} = 10-27 |
[ J [ J =
—s| & —28
line-like feature L s | ) |
107 : , = 1072 bt - - . -
5 10 15 20 5 10 15 20 25 30
M, [TeV] M, [TeV]
102! : 107% ' ‘
. 0 — +25
-2 7, M, = 48,81 TeV 10-2} 8; 10 = 113", TeV |
r 1
[ ) [ ) [ [ ) [ )
. adlative corrections significant
= -25
s g 10
ep ete exclusive rate gur
10727 1
10728 1
-29 ) . . 10—29 " . L L )
0750 40 60 80 100 60 80 100 120 140

M, [TeV] M, [TeV)

* |hese contributions come back in real- e e

10—23 L

emission processes (z<|)

10727}

1028}

» Nontrivial structure at higher-reps from R T T I

bound states in spectrum... Real-rep exclusive cross-section to y
near thermal relic masses

57



|-FACTOR

* Flux & spectrum of observed photons
depends on:

* Underlying particle physics/QFT
» Dark Matter density in target
» Observational region

- Star line-of-sight velocities and dSphs’
surface brightness fed into Jeans Equation
to determine underlying mass-distribution

and Ppwm.

Astrophysical

measurement/
modeling

do)™ ~ {ov) dN(E) AL
dE  8aM3,, dE

J(AQ) = [ dQ rods Pom(7(s, 0))?
A€ 0

2.1 1956

H: Ando

etal |

SIS ii m
A TR

200

log-uniform

Ca\"\na

praco

porne”

\eo?




FEIO TONS FROM WIMPOINICHS

Electroweak

long-range force
— bound state “ VWimponium

capture
£ Important for
arger reps
- Multiple attractive
channels, multiple Recoill jet
lal waves

Dart

: SvEle

VVelvE L

<

llegiie it

Hard annihilation photon

dartial
nitarity

i ey . .. i

Wavefunction at the origin factor 2309.11562: MB, N. Rodd, T. Slatyer,V.Vaidya
52



T BREAKDOVWN BY CONTRIBUTICHS

1022 4 -

— o~ i .
2 e 2 o : :
S~ ~ . / - HE
mM mM . A ' i
g ] L - i
U O 10-24 4 2/ NG 4 ;
. nl ! ¥ 1 :!: :
S ~ i/ f & 2ol :
——~ —~ 2 p £y T :
> > —— pooko i :
. - L " f.'ll L !
b b L] :: L% n':- %
~~ ~ - 2 A T -
iy o+ la x

.

— Line ] /: ==+ Line
Line + End-point i Line + End-point
— Al ] m— A

10726 4 1 Thermal wino mass 10726 1 71 Thermal quintuplet mass
""" : it : ----- Wino prediction ] ----- Quintuplet prediction
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BARYON ABUNDANCE

LLow Baryons High Baryons

CMB even(compression)/ odd(rarefaction) fluctuations distinguish
baryons from dark matter

Iniual Conditions

.(’.’\1;\\imal Rarefaction) .
Baryons in the Power Spectrum I:\ch

Peaks

AT=()
High
Baryons
| Odd
Peaks

—

Maximal

Conclusion: Significant portion s
of the Universe’s mass has feeble
TR coupling to photons!
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"MINIMAL DARK MAT TER"

SU(2) quintuplet (Y=0) has neutral DM candidate.
» Charged and doubly-charged states with narrow mass splitting.

Keeps SU(2) Landau pole above GUT scale

Cosmologically stable just under SM symmetries

\ AM = 164 MeV-"
Odecay = %Xabcd LaHbHcHd = \

S



PROJECTED HESS GALACTIC CENTER WINO LIMITS
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Rinchiuso et al.: 1808.04388
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Update to HESS 201 3
analysis projected to rule out by 30x,
halo loophole 1-1.5 kpc
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More aggressive analysis with
better galactic center understanding,
halo loophole closes, r.>2.5 kpc

Hooper: 1608.00003 limit of 2 kpc
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MAKIN'IT ATl THE LRC?! NO

Disappearing Tracks

| N S S S B EEN SR S S S E—

100 TeV, 30 ab~1

100 TeV, 3 ab~ |

Find Winos i

: : 4 I 14Tev,3ab7 !
by their charged partners 2 e

w500 % bkg

disappearing track |
My > 270 GeV i

s
— — —

| | \ 1 ! L 1 1 L 1 | ! ! Il | 1 | 1 L
0 A 1000 2000 3000 4000 5000 6000

, X17 decaying into X"+
M, [GeV]
From Cirelli et al. 1407.7058
high-p; charged particle
A interacting with TRT material
| low-p charged particle scatterec >00 .Gev’
\ \ in materials resulting in badly LHC Wino reach
\ | measured track p
\ ".‘
| ‘ . .
\I ' reconstructed track nggsmo reach
| | true particle track may not improve
| | | | |
over LEP: 110 GeV

P02 S (AT EAS) Han et al: 1401.1235
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SOF [ REFACTORIZATION

S: Perform matching

@ I\/X\/< | _ZCUJ[) Match to SCET Refactorize Jet and Soft Functions
S = Hs(MyV(I-zcur)) S(mw) e m,
227
£ e~ myV1—z
Remaining soft:
(P+»I;\-’PL)~"’}I(\2\J\J\) jmm (1 2
BUT ne
what about measurement SCETy
fu nc t|on? Increasing Rapidity I
N N N
% é 2
Xg = XS

(z — 1)*w ~ 1

(1_’2):4;@ 7 4M2 (pr+ Zp@)

e X 1€X

= (1 — z5) + (1 — 2zc) + O(X?) 46



