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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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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!
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WIMP MIRACLE
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<OV-~>annihilation ™ C CJ~2/|\/‘X2

CQpMm
M, ~ TeV (10\/604) \/0.27

WIMP can be simple addition
to known particles & forces.
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DM\ density decreases:

(2: Anniilation & expansion
: Annihilation

See Dimopoulos PLB 246(1990):347-52



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



"HEAVY NEU IRINO"WIMP

Weak Force
“Charges” |.

QDM gl § 05

Measured Dark Matter
Density

Weak Doublet: “‘H
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Weak Quintu

Simple Candidates!
Dark:Matter <= Weak Scale:
WeakTriplet:“Wino"
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Naive Unitarity
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Density fixes My
Wino: 3 TeV

Higgsino: | TeV

Quintuplet: 14 TeV

Dark Matter
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2107/.09688: Bottaro et al.
Simple thermal relic masses
for real reps of SU(2)




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



VERITAS OBSERVAICHEE

* [here are 3 major operating Imaging Air-Cherenkov
Telescopes in the world today (HESS, MAGIC,VERITAS)

 VERITAS Is located outside Amado, Arizona
E opecs
E 0 ance B0 eV to 30+ eV

* 3.5° field of view

® Liero resolution |5-25%

'

VERITAS

€ el Eesolution =0 at | eV ~

e Peak effective area, 10> m2

» 638 hours of observation time on Dwarf Spheroidal
Galaxies (dSphs), promising dark matter targets

\/ E R|TAS event IceCube



EWVVARE SPREROIDAL GALACKIES

* As a complimentary target, one can also
study dwarf spheroidal galaxies (dSphs).

* Among the most dark matter-dominated
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

* My/my >> | = Electroweak shower

* Log(l-zcit) = Detalled shape near bump

* 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

Soft radiation
scale

Electroweak
scale



SOMMERFELD ENHANCEMEN T
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'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
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WINO NR COMPUITATION
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HUGE ACCELERATION = CLASSICAL RADIATION

(Radiation)
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%\\ Perturbative factor

icks u
Charged particles in annihilation process I<inemati5 enhaEcements

radiate (Y, VV, Z) from acceleration “Sudakov double log”

//

OU = 07q |€XP { o 1Og(Ehlgh/E'lovv log Eh1gh/Ecolhnear }

Above rate produces classical spectrum,
but hard to see in quantum perturbation theory
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Y Large correction!




SOF[/COLLINEAR ENHANCEMENT

Soft radiation: [ime-scales
much longer than annihilation

a
e, W .~

Collinear Radiation: Narrow splitting
of one particle into 2

’ 1 1
o W P’ S,
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| 0
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Keep modes with kinematic

SCET for enhancement (soft, collinear)

Dark Matter annihilation
[MB, Rothstein, |, Vaidya, V.: 1409.4415]

*Originally developed for study of QCD
See also:; 1409.7392: Bauer et al. hep-ph/0005275: Bauer, Fleming, Luke

| 409.8294: Ovanesyan, Slatyer, Stewart 5 hep-ph/00| | 336: Bauer et al,



NLL RESUMMED PHOTON SPECTRUM FROM WINO
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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
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CUMULATIVE RESUMMED ANNIHILATION RATES
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Thermal relic wino rate vs. Energy fraction

MB et al.: 1808.08956
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VERITAS Summer 2023 Meeting

[Typical Analysis|

Likelihood method
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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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(ov) (cm?3/s)
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PRELIMINARY VERITAS dSphs LIMIT

(ov) 95% UL curve

|

we= This work (638 h)
) « HAWC (2020: 1038d)
|} Bt MAGIC (2022: 354h)

=== H.E.S.S. (2020; 82h)
0 Thermal WINO mass
—-= WINO prediction

Preliminary| .

104

MB, O. Calcerano

*  Our new dSphs search for the wino!

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

»  Uncertainty dominated by |-factors.

Binned ana

. experimen

»  The wino is cornered, but still viable

* Limits become much stronger than

MAGIC/HESS = 10 TeV. Our calculation
includes continuum photons from signal.

ysis with bin size set by
al resolution

, C. McGrath, E, Pueschel, |- ©uimnsEslis

& VERITAS



T TURE DIREC TS

 Simple, electroweak thermal relic dark matter...is alive!

- Under pressure Iin the galactic center; dSphs offer an orthogonal probe

- Straightforward to extend for quintuplet. Naively, our bound looks stronger than MAGIC at thermal relic mass (14 TeV)
* Our simple analysis already competitive with MAGIC & HESS

» Can we push to thermal relic exclusion?

- [ake more d5Sphs data (Ursa Major lll as new, attractive target)

! xlend spatial region

@, ermi

- Gaussian process modeling for background as in 2405.13104: N. Rodd, B. Safdi, W. Xu. aiony DUCK

» Combine with other telescopes (a la Glory Duck). MAGIC and VERITAS so close individually, maybe we get there
together along with HESS.

20
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|-FACTOR COMPARISON

GS+15 and Ando+20 integral J factor comparison
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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 = \

U



EROIEC TED QUINTUPLET EIFE.

. 16,
14: Estimated Core Sensitivity
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X. Ou, A-C. Ellers, L. Necib, A. Frebel: 2303.12838

Some evidence for few-kpc core in Milky Way
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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.

26



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 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>

aT




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 — 2.) + O(\%) 28



