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WHY DARK MAT TER?

Galactic Rotation curves:
Stars move faster
than expected
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Established Rotation Curve anomaly
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Colliding Clusters:
Gravrtational wells
nowhere near visible peaks

“Not modified gravity”




DARK MATTER ABUNDANCE
e =

Gravitational Driving

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

W. Hu 11/00 10

3 Animations from W. Hu
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WHY WIMPS!

Cosmic Expansion

—

DM density decreases:
Annihilation & expansion

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

WHY? Y: 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 : Elementary Fermion, Higgs!
NV Q: Clyeak!

<OV~ annihilation ™ C QZ/MXZ



T ARITY LR

* Dark matter relic abundance B
(Qh2 = 0.12 set by annihilation cross section

 Unitarity precludes too-large DM mass

£ 116 leV (Unenhanced In early

Universe)
T(2J + 1)
* < 194 TeV (Saturating Unrtarity r oA TR TE T e p?
throughout) G m(2J + 1)
J Jmax VYrel MifUrel

e arlicles with ov =< 2.5 x |02 cm?/s

| nsistent with rvation.
nconsistent with observatio K. Griest & M. Kamionkowski: PRL 64 (1990)



cVADING UNITARITY

» Unitarity limit assumes maximal coupling, but )
structureless particles.

 Heavier-mass DM allowed If abundance set
by multiple angular momentum channels. E.g..

- Capture to bound states

» Composite dark matter . .
.
: : , (OJ)maX Urel — M20 Z (2J e 1)
 (Geometric cross section observed in X o
hydrogen/anti-hydrogen scattering ~ 167 R vrel

(“rearrangement reaction”’)

Cf. 1808.0//720: Geller et al.



D FROIN | S IN REAVY DARK MAT

* Electroweak WIMPs (Specific models,
precise calculations, Effective Fiela
Theory crucial)

* Ultra-Heavy Dark Matter (UHDM)
(Bottom-up, precise cosmology
unspecified, model-buillding
opportunities)

- “Right here, right now” tests via
indirect detection

VERITAS Yy-ray telescope at dusk



FEHO OF [RE WIMP MIRACES

Y XO o
Indirect Detection: Sl
Photons from Dark Matter Annihilation O(10%m)
light pool
on ground
HESS/VERITAS can probe
Dark Matter Masses
Schematic of air shower observed by Cherenkov Telescope
up to 30 PeV e

Successor CTA,
will iImprove by Order of Magnitude

| | VERITAS event



FRONT :"HEAVY NEUIRINOWIMP

Weak Force
“Charges” |.

QDM gl § 05

Measured Dark Matter
Density

Weak Doublet: “‘H

3
.

Weak Quintu

Simple Candidates!
Dark:Matter <= Weak Scale:
WeakTriplet:“Wino"

g95IN0”
dlet

Naive Unitarity

@ehhcel

Density fixes My
Wino: 3 TeV

Higgsino: | TeV

Quintuplet: 14 TeV

Dark Matter

W

l

* Majorana ﬁ

e Real Scalar 3

n — plet

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




EFFEC TIVE FIELD THEORY PLAYGROUND

Center of Mass
Energy

Measured
Jet Mass

Soft radiation
scale

Electroweak
scale



* 3 separate threats to perturbation theory!
* My/my >> | = Long range force

* My/my >> | = Electroweak shower

* Log(l-zcit) = Phase space restriction

* Proliferation of scales — Effective Field Théofy '



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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bound states — Peaks

100 M, (TeV)

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

AwMy = nZ2 mw

Wavefunction at the origin




HUGE ACCELERATION = CLASSICAL RADIATION

(Radiation)

R\

9.

%\\ 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

aw
S 10g(M2 /m%/v)Q ~ O-g Double log

W1no
T

ion!
~ 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

b 1
pCL,W P S —
X > pA
pc,‘N /
| O
X <

2B, E.(1 — cos 0)

/

Keep modes with kinematic
enhancement (soft, collinear)

SCIEIE diele
Dark Matter annihilation

, , *Originally developed for study of QCD
[MB, Rothstein, |, Vaidya, V.: 1409.4415] hep-ph/0005275: Bauer, Fleming, Luke

| 8 hep-

ph/00 1| | 336: Bauer et al.



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.



SCE [ OBSERVABLES

J Factorized Hilbert Space:
S |X> e ‘Xcollinear> |Xsoft>

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

e

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

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

20



SCET W/ 2 EXPANSIONS

2

Center of Mass
Energy

Measured
Jet Mass

Soft radiation
scale

Electroweak
scale



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 —25) + (1 — zc) + O(X?) 22



FULLY FACTORIZED THEORY

H(my, p) - Hy, (my, (1 = 2), 1) - Hg(my, (1 = 2), p)

: JW(mWnu)V) : S(mWnua V) ' CS(mX7 (]- P Z)ameua V) : Jn(mWnuaV)

E:

Alternate collinear-soft scaling:
(P+P-P1)~M(I-Zcu) (A%, [,A)
}\. = m\/\//MX< | —Zcut>

Factorization holds to NLL!
MB et al.: 1808.08956

Collinear soft modes account for radiation
along photon direction,
but contribute to recoll jet mass

L5



FERESUMMED PROTON SPECT RS

do  majy sin® Oy 3[‘ 20>(W) ¥ log? (*37* ) | Fo + F i
2 g M 5 ]-
d > 2M>%U ( ; 1) ( )

& (CQ(W)W i (4M§(1 — Z)) e[cz(W)O;—‘;V 10g2<4Mé\4(f—Z)>:| ) i
an

M? e

Squared Wilson Linear combination
. MB et al: 171207656

Coefficient for of Sommerfeld
wino annihilation . factors




CUMULATIVE RESUMMED ANNIRILATION RATE

<eut

Thermal relic wino rate vs. Energy fraction
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 Thermal Wino =

i . 0P

, Cross Section o=

| 7p

'- 3

1 %

O- ................. m .
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MB et al.: 1808.08956




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¢




1072

10728

HESS WINO LIMITS

Rinchiuso et al.: 1808.04388
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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



"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 = \

28



el FOR QUINTURE RS

* Naively, redoing analysis for any Soft capture photon
electroweak VWIMP just seems to involve e
shuffling group theory factors from o)

WINO.

* In practice, capture to and annihilation of
bound states contributes to “endpoint”
photons.

* Narrow-width approximation allows

separation of this process from direct Hard annihilation photon

o do
annihilation. = = o(xoxo = B + Yus)

Lalbip o5
I dz

2



WHAIT ABOU I WINO-ONIUM!

SU(2) symmetric

ellellallon:

e-8n suppress|

P-wave —
vanishes

1 0—24 L

1 0—26 o

1 0—28 -

1 0—30 o

1 0—32 o

1 0—34 -

16007617 Piasad) 198 et ai,
Wino Annihilation & Capture rates

Direct anninilation v

Bound-state captures

BR to y <% for all
these channels




FA N TUPLE L 15 S TICKHESS

SU(2) symmetric
calculation:
2-3 order of

magnitude
enhancement

over wino

) attractive
channels In 3x3

potential
P-wave = |5
exiIsts

Reeoll et

ATl s, a'a dkt
_:{ 5 | pab b}JW/

dz 47.T 2T

Wavefunction at the origin factor

J E‘m /

- |

®@® \imponium

Hard annihilation photon

23040000¢ MB, N. Rodd, T Slatyer v Valdh e
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FRUOINT 2 Ul R
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YxY — tt

| —.— VERITAS-like
-1—-— CTA-North

Using compositeness
to evade Unitarity limit,
VWe can bound size of

UHDM at a given mass
with ON/OFF maximum
likelihood analysis

Projected Limits from
observing Segue |

2208.1'1.740: D Tak, MB, IN. Roda B e afi

Using HDMbSpectra (2007.15001): C. Batier, IN. Rode, & i ciinei
34 for signal



EETING DARK MAT TER 1O 30 PEV, TS

102 5

5—101

101 - Excluded region

R [1/GeV]

10_13

Limits on DM size given mass and annihilation channel
VERITAS data for 4 DSphs

2302.08/784.: D. lak, MB, N. Rodd, E. Pueschiel, et
55
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 Higgsino also isn't a simple reshuffling of group theory factors 2107k ‘/‘
* Low thermal-relic mass (| TeV) means poor convergence in EFT I e i

o _,7, ,|1_ p“; ¢ '°I” 21 5, Inlesl,izlual baczklgroulnd Ion:yl | ,1,
* Power-suppressed operators may be needed N T

2008.00692: Rinchiuso et al.

» Combine VERITAS DSphs data with wino and quintuplet signals for limits independent of
Milky Way halo modeling

* Model Building challenges for UHDM
» Geometric cross sections, really?

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

36



B EC T DETECTICHE

T
-
-
-
-
-
-

7T 13p || 135, ]

5 - Iib 20 o 5OI
M, [TeV]

210/7.09688: Bottaro et al.
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2205.04486: Bottaro et al.
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