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PRE-LHC — A FOCUS ON THE PEAKS OF HIGH ENERGY PHYSICS
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WE HAVEN'T FOUND NEW PRYSICS

» Further advances in accelerator physics are on long

timescales

ATLAS SUSY Searches* - 95% CL Lower Limits

ATLAS Preliminary

August 2023 Vs=13TeV
Model Signature  [£dt[fb™"] Mass limit Reference
T T T —r—TTT T T T —
G, G-t 0e,u 2-6 jets Ei‘“ 140 1.85 m(¥})<400 GeV 2010.14293
@ monojet  1-3jets EM* 140 | g [8x Degen] 0.9 m(g)-m(¥})=5GeV 210210874
= YN Oe 26jets EFS 140 |z 2.3 )= 2010.14203
S 8 &-q30 M i 4 m({1)=0GeV .
S " z Forbidden 1.15-1.95 m(7})=1000 GeV 2010.14293
3 fepu — 26jets 140 |z 22 m(¥))<600 GeV 2101.01629
° ee, ppt 2jets  EMS 140 |2 2.2 m(¥})<700 GeV 2204.13072
B gz goqqWZv) Oep  7-1jets EF® 140 |z 1.97 m(rY) <600 GeV 2008.06032
%‘, SSeu 6 jets 140 |2z 1.15 m(g)-m()??):ZOO GeV 2307.01094
S gzt 0-1en 3p  EPS 140 | & 245 m(¥})<500 GeV 2211.08028
SSe.u 6 jets 140 |2 1.25 m(@Fm(t)=300 Gev 1909.08457
biby Oe,u 2b EPss 140 | B 1.255 m(¥})<400 GeV 2101.12527
by 0.68 10 GeV<Am(b; ¥1)<20 GeV 2101.12527
95 bibi bbbt} Oe.u 66 EFS 1a0 |B Forbidden 0.23-1.35 Am(i8, £1)=130 GeV, m(¥})=100 GeV 1908.03122
s % 27 2b EMs 140 | B, 0.13-0.85 Am(E5,71)=130 GeV, m(¥})=0 GeV 2103.08189
§§ i, 1 —»x,?(,’ 0-1e,p >1ljet  EP™ 140 2 1.25 m(¥})=1 GeV 2004.14060, 2012.03799
c 5 A Wbt 1epu 3jets/t b EMS 440 |7 Forbidden 1.05 m(i) 2012.03799, ATLAS-CONF-2023-043
S5 A, hi—=Tiby, 11> 127 2jetsb EF™ 140 |4 Forbidden 1.4 m(7 2108.07665
= 2 Affoctt /e ok Oew 2c  EMS 361 |& 0.85 mer%)=0GeV. 1805.01649
ERS] Oc,u  monodet ENS 140 |7 0.55 (i EmiT)=5 GoV 2102.10874
171, i1l ¥ —Z/hi) 12ep 146 EMS 140 | 0.067-1.18 m(¥3)=500 GeV 2006.05880
by, bl +Z Bepu 1b  EPS 140 | & Forbidden 0.86 m(¥)=360 GeV, m(f,)-m(¥))= 40 GeV 2006.05880
TS via wz Multiple ¢/jets ) E]n'“‘: 140 |y " 0.96 . m@)=0, wino-bino 2106.01676, 2108.07586
ee, > 1 jet s 140 | X7 /%, 0.205 m(¥i)-m(&})=5 GeV, wino-bino 1911.12606
XX viaww 2eu Epss 140 R 0.42 m{¥)=0, wino-bino 1908.08215
XY via wh Multiple ¢/jets Ef™ 140 )g,*/i;' Forbidden 1.06 m(¥})=70 GeV, wino-bino 2004.10894, 2108.07586
- XX vialy /v 2eu ERS 140 | Xy 1.0 m(Z,7)=0.5(m(¥5)+m(¥})) 1908.08215
S 27 EP> 140 [ENFRFREIIN0sa 048 m(E)=0 ATLAS-CONF-2023-029
WS friig, Ioed) 2eu Ojets  EM™ 140 |7 0.7 mE?)=0 1908.08215
e, pyt > 1jet S 140 |7 0.26 m(f)-m(¥})=10 GeV 1911.12606
AH, H-hG|ZG Oeu >3b Ez‘“ 140 | & 0.94 Bﬂtij 5 hG)=A To appear
de,pu Ojets  E 1ss 140 H 0.55 BR()?A — Z 2103.11684
Oe,u > 2largejets EJT‘“ss 140 i 0.45-0.93 BR(Y| — ZG)=1 2108.07586
2epu >2jets  EP™ 140 | @ 0.77 BR(Y) — ZG)=BR(¥} — hG)=05 220413072
Direct ¥ ¥; prod., long-lived ¥ Disapp. ik Tjet — EP™ 140  [Jp 0.66 Pure Wino 2201.02472
3 X 0.21 Pure higgsino 2201.02472
0 N
= Q Stable g R-hadron pixel dE/dx EpS 140 4 2.05 2205.06013
> % Metastable g R-hadron, g—qg¥} pixel dE/dx EPS 140 |2 [(@ =10ns] 2.2 m(¥})=100 GeV 2205.06013
§§ w6 Displ. lep ERs 140 |&i 0.7 w0 =0.1ns 2011.07812
— ) 7 0.34 w0)=0.1ns 2011.07812
pixel dE/dx EMS 140 |7 0.36 w(0)=10ns 2205.06013
T s ze—teee 3eu 140 Pure Wino 201110543
XERT XS — wwyzeetevy 4ep Ojets  EMs 140 m(T3)=200 GeV 210311684
22, g-qa%), X\ - qqq >8 jets 140 2.25 Large A7), To appear
PO Multiple 36.1 m(E})=200 Ge, bino-like ATLAS-CONF-2018-003
& T, i-b¥i, X7 — bbs >4b 140 Forbidden m(¥})=500 GeV 2010.01015
i1, ii—bs 2jets +2b 36.7 0.61 1710.07171
iih, i—qt 2epu 2b 36.1 0.4-1.45 BR(7, —be/bu)>20% 1710.05544
1u DV 136 1. BRI(7, —q)=100%, cost;=1 2003.11956
T 1Y, 1) ,—tbs, X —bbs 12eu  26jets 140 |2 0.2:0.32 Pure higgsino 2106.09609
N N L P | L L L PR
*Only a selection of the available mass limits on new states or 107! 1 Mass scale [TeV]

phenomena is shown. Many of the limits are based on
simplified models, c.f. refs. for the assumptions made.

» But, collider experiments

are not dark matter experiments



PROTON COLLIDERS ARE COLORED PARTICLE MACHINES

» Direct constraints on electroweak multiplet states (to
which WIMP DM belongs) are comparatively weak
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WIMPS THROUGH INDIRECT DETECTION

» Relic abundance considerations for DM (generally)
DM svM npumlov) ~ H(Tg)

PDM — Pobs

DM SM (ov) ~ 3 x 107° ecm? /s

» Naive back-of-the-envelope for WIMPs:

47Tm% 3 S

2
OwkVfo > gik"'u‘QXT ¢ ~ 107%* e’ (10()]\56\/) o



WIMPS THROUGH INDIRECT DETECTION AT CHERENKOV TELESCOPES

» EW doublet and triplet states W§ § § §§ § 7

1 2 3 4 n-1n

Hisano, Matsumoto, Nojiri, Saito, 0412403

Rinchiuso et al 2008.00692
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» Cherenkov telescopes have (unique) sensitivity to such
weak dark matter Challenge #1
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WIMPS THROUGH DIRECT DETECTION

P Turh X T ¢ 10-24 cm?® /100 GeV\? DM N
Wi = dtm3, 3 S M

DM N
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DIRECT DETECTION — PURE STATES HARD T0 DETECT

» “Pure” neutralino does not 10-47]
couple to Higgs at tree 107 2
level, e.g. pure Wino or %10—49-
Higgsino or Bino ! fz. Hu Ha 1o

|
|

v
|

. ~ 110 115 120 125
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130 135

Hill, Solon 1309.4092

» One-loop: wino may be =% =3 10~

detectable with XLZD/ 1045
DARWIN IS U S s
. . . QE) 10—47
» It’s still important to finish the =
large-scale DD program to the 107
neutrino fog (Challenge #2) 107 = UM estimate
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DIRECT DETECTION — PURE STATES HARD T0 DETECT

» “Pure” neutralino does not 10-47}
couple to Higgs at tree 107} ™
level, e.g. pure Wino or \‘210—49-
HiggSino or Bino iij’ (r, Hy, Ho ) 10730 /
! 10-51L W
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Hill, Solon 1309.4092
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WHEN LOOKING FOR DM, USE THE SM AS A SPRINGBOARD

10723 eV 1 meV 100 GeV 1000 Mg

(deBroglie wavelength of galaxy) WIMP paradigm (Lyman-alpha forest)

1 Mg ~ 10°7 GeV

» Focus on WIMPs. Reason: weak forces have the right scale, for
abundance, cosmology and detection, and solve SM problem
(hierarchy problem)

» AXions

» Lighter WIMPs — 1-100 MeV DM (Boehm/Fayet ’05) and keV
sterile neutrinos



BROADENING THE SCOPE

10_23 eV 1 keV 100 GGV 1000 M@

(deBroglie wavelength of galaxy) WIMP paradigm (Lyman-alpha forest)

» Intermediate range where observation via particle
interactions with SM is still highly motivated though not
detectable with traditional WIMP experiments

» Hidden Sector/Valleys generically have complexity
» Qualitatively different observational signatures

» Arise generically in top-down constructions s vie swse k22000



. d 8 8
w2 \What’s in the hidden
valley?
/@“{b\ /\, ‘ G -3
SU(N) gauge group
& + quarks
§ 7T,;|_ M 7T87T,8
SEneE
Mass gap
Universe \ 4

QCP-like theory with F flavors and N colors Seiberg duality cascade

i i QCP-like theory with only heavy quarks KS throat
M a "V 1. h e O rle s W lfh QCP-like theory with adjoint quaqus

Remnant from SUSY breaking

H i Pure glue theory Partially higgsed SU(N) theory
1. h IS ST I’UOT U I’e. UV-fixed point = confining Banks-Zaks sector
N=4 SUSY Conformal Unparticles

RS throat



Slide 2007

A concrete example

. - Challenge #3: build out the suite of LHC searches for
* Z medlafor dark sectors

* SU(N) gauge theory with 1 light quark
Shower of v-hadrons L

u,d ’ '
>’\.f\/\/ : ‘ g
i,d 3 2SS

Cross Section in 1b

1000 | !
2.5 TelV
100 | STeV _
: Each pair reconstructs to low

/

10 10TeV | mass v-hadron

1l 22 —oprer | Reconstruct entire event
o § g to Z' resonance

] 2 3 4 5

/.’ mass



HIDDEN SECTOR / VALLEY

“DM Candidates of a Very Low Mass,” Reviews of Nuclear and Particle Physics, 2401.03025

>

Energy

» Theory landscape broadened; search strategies broadened

¢ QUARKS @@ LEPTONS @@ BOSONS (@@ HIGGS BOSON

Visible Sector

Inaccessibility

Meak

Light

>

pure glue, light flavors, heavy flavors,
quirky asymmetric dark matter, Strongly
Interacting Massive Particle (SIMP), Wess-
Zumino-Witten SIMP

Darkogenesis, Xogenesis, Hylogenesis,
Cladogenesis, ADM from Leptogenesis,
Dark Affleck-Dine

Dark photons, Freeze-in, WIMPless
miracle

Mirror Matter, Atomic Matter, Self-
Interacting Dark Matter, Magentic, Dark
Anapole and EDMs

Hidden Sector



BROADENING THE SCOPE — TOO MANY POSSIBILITIES?

10_23 eV 1 keV 100 GeV 1000 M@

(deBroglie wavelength of galaxy) WIMP paradigm (Lyman-alpha forest)

» Motivated searches: candidate whose relic abundance is set by same
interaction that gives rise to detectable signature

2
v g 5 € 1024 cm® (100 GeV
WREIO T T 4rmd 3 T S M



DIRECT DETECTION — MAPPING THE THEORY SPACE

T Ll L Ll L L Loy
0.001 0.010 0.100 1.000 0.001 0.010 0.100 1.000
m, [GeV] m, [GeV]

Lin, Yu, KZ 1111.0293
Lin, Knapen, KZ 1709.07882

» Collider, Stellar Cooling, and SIDM bounds all enter into
terrestrial direct detection space



DEFINING TARGETS

» Utilize DM Abundance as guide for interaction rates
Challenge #4: cover the abundance-driven light DM models in laboratory

detection experiments X X
/
/ A9 \
Freeze-in - 3 Asymmetric Dark Matter
Light Mediator € €
Near-
— -20
NE 10 collider+cosmo-+astro
2, bounds
g
5 102
A
“2 ' Halo DM'
o 1 0-30 Cosmic-Ray & Direct-Detection
@) Solar-Reflected Bounds
g DM Bounds
5
O -35
E. 10
—
3 Key |
E“ 10_40 Milestone "/
4 Far-term A
5 | a
1 0_45 | 1 O_ 47 'Ltimesc‘ale: §hoTl/mefii‘u!11_/!ong—leim (S(?lid{daAshFQ/fi@ed) ‘\ ‘A ‘ :\\Z&
' 1 10 10 103
keV MeV GeV
DM mass m, [MeV]

US Cosmic Visions 1707.04591



TERRESTRIAL EXPERIMENTS

» Probe dark sector via rare (tunneling) process at low energy

Standard Model Connector Dark Matter

Missing Mass/Momentum Experiments (Kinetic Mixing, m 4= 3m,)

1078} DarkLight
25 ~ <
5-4) recol 4 beam |
(e ———
\(
ECAL [~ XX
m, [MeV]
Izaguirre, Krnjaic, Schuster, Toro |_|g ht HCAL
Visible Sector Talensity Experiment>
| | Hidden Sector
| Dairect DYetection
Astrdphysical Probes
Inaccessibility
g 1



NEW IDEAS FOR DIRECT DETECTION

1 meV 1eV 1 keV 1 MeV 1 GeV 100 GeV
| | | | | |
| | | | | | v mass
< > < = ANRANNNENNNNNNNNNNNNNNNNN
Absorption Super-  Semiconductors  Traditional WIMP
conductors
Magnons SuperCDMS XENON1T
Dirac
o™ N . I
* Polar * Materials  pamic, SENSE LZ
< +Crystals# Superfluid
“2 =’ Helium Graphene
QCD axion, “ultralight frontier”
~meV energy  ~eV energy ~keV energy
resolution resolution resolution
Collective Electron ,
. . Nuclear recoil
excitation excitation



Hochberg, Lin, KZ 1604.06800,
COLLECTIVE EXCITATIONS Schutz, KZ PRL 160408206
Knapen, Lin, Pyle, KZ 1712.06598

» When deBroglie wavelength is longer

than inter-particle spacing, collective . ALO;
excitations are relevant degrees-of-
100 S
freedom
80 - — /<>4>Cé><7\/
~ OB /‘igf%g —
% :2 _4,—474 =
o000 't
—\_ ———
40 \ﬁEé_f, ﬁxﬁff =

M- -0-@-0-9 N
O | | | | | | | | | |
‘ ' L. BB B 2z T X QF Pt Z L P

‘ ‘ ' ‘ Knapen, Lin, KZ 1807.10291

Phonons

» Overarching goal is to find a target
with a strong Dynamic Structure
Factor



COLLECTIVE EXCITATIONS (rapen, Lin,Pye, K2 1712.06598

» When deBroglie wavelength is longer than inter-article
spacing, collective excitations are relevant degrees-of-

freedom
2.0 [ :
my =50 keV —  mode 30 (22%)
1.8 — mode 16 (50%) |
keV} — mode 4 (13%)

Electron transitions
T (typical semiconductors)

Single phonon excitations

(typical crystals)
3 . 1 1 |
=<
= B |- g |5 [ 0.0 0.2 0.4 0.6 0.8 1.0
el - = B E =2 |2 t/day
5 & |2 [ |5
< < < § . . .
- i . Directionality for free!
e

Trickle, Zhang, KZ, 1910.08092

» Overarching goal is to find a target with a strong Dynamic

Structure Factor



EFT OF DARK MATTER INTERACTION WITH QUANTUM MATERIALS

» Computing rates = lattice potential + eigenproblem

R = L Ax /d?’v () T'(v)

PT 1y

[ 1) =1 f)

crystal lattice

9lj(_q7 v) D Z lcgw) <eiq.ma>lj 4 CELIP) S, - <eiq.ma S¢,a>lj

(87

(¥) iq-To W) 4 iga
—|—68b SX . <e q-x v¢,a>lj + Cap m—w . <e qx Vop o X S¢>O‘>lj]

Knapen, Lin, KZ, 1712.06598 Trickle, Zhang, KZ, 2009.13534



MATERIALS COMPARISON — SI INTERACTION

Griffin, Inzani, Trickle, Zhang, KZ, 1910.10716

0™ 7y <
1Nn—34 ‘\: : : G
R 1
_ Freeze — In
10-%6F 1§ | e e ]
- A Y Ay \ N I N N
__0_38 l : _,———”'/ ,-——”"—:——:
— 1 | - - ”,—’—’ ’——:::: :::
NE 10~ Il N /T Tt
& ) : Q\\\\ /T _ ,::: — _:_ :_:::::— = .
Ibg) —_0_42 |‘ \}\\: ””””””” P ::’:’:’,_—_’ ———— — Sl
1 N \\——-_ et F—
1 A—44 ‘\\ *\—‘:"::5’?—/« s XENONIO Ge
10 N e memm DarkSide — 50 T Csl
10—46F g s XENON100 = AlO3
. o mmmm SuperCDMS T CaWo,
10—% memm SENSEI e Si0
mmmm DAMIC === InSb
1072 1072 107! 1 10 107 10° 104

m, [MeV]



CM-TARGET COMPARISON

» Overall, standard materials fare well

10—36 Trickle, Zhang, KZ, 2009.13534
W /\\\ —6 T T T T T —3 T T L
10797 prechs i i .
7] !
—38 107"
10 3 Y GaAs .- i
—39 B N
S 10—40 l‘ g Bi0y e
00 >t
N o \\ o e
ST ¥ A
- - YIG -
\ | o — RuClj ) _3 o ‘ |
10~43 Z1r'Tes ] Magnetic Dipole 10 o — RuCl; Anapole 3
Stellar SiOQ [ 9n=0,9,=—0ge 1 [ gn=0,9p=—gc 1
10 102108 102 1072 107! 1 10 102 1072 107! 1 10
m, [keV] m, [MeV] m, [MeV]
X 10-14, 1 107 B .
Mitridate, Trickle, Zhang, KZ, 2202.11716 Foy 5 .. Fifth Force
- G ET e T
10715t AT N -
. A/\Sa“ 10705 T~ /= /,x\f\{/*\
- 2
210716} Sl i) S
i = 2o,
i 10717 GaAs
107175_ GaAs 8102
f SiOQ 10718_
ALO; ALO; Mitridate, Trickle, KZ, 2308.06314
10 10° 10° 10 102 10°
my [meV] my [meV]

PhonoDark and PhonoDark-abs fully implement EFT and publicly available



HEAVIER DARK MATTER

10723 oV 100 GeV 10" GeV 1000 M,

(deBroglie wavelength of galaxy) WIMP paradigm (Lyman-alpha forest)

g Wik C _,,cm’ (100 GeV) ?
OwkVfo = o > 1007 —
4tm7, 3 S M
» Heavier dark matter: setting relic abundance through
interactions with Standard Model is challenging (NB:
exceptions), so detection through Standard Model
interactions is (generally) not motivated by abundance

» Gravitational means to detect structure?



DARK MATTER SUBSTRUCTURE

Grand Challenge #5: Observe Smaller Scale DM Substructure

” . 1000 ! \

0 CMB

= 00
1 I

P yo P77

N

~ 10 |

<) 11

(a \ \
0.1 | . .

10 100

0.001 0.01 0.1 1
k (h Mpc!)

Axion miniclusters

df /dlog(M)

PEE T T T T A AT TN T T TN TN W AT TN TN U N TN NN NN NN R RNN A |
1071610712 10°% 100* 1 10* 10%® 10'2
M [ M)

Particle Imprints of DM~ CDM

Huge pay-off for theories of DM which leave particle imprints on small scales



SEARCHING FOR SMALLER SCALE STRUCTURE

0
0 I I I | 10 n .
| PBH 1072 T
) i
i 107 .
g -4 _ ]
ei: [ CMB y/u Z 107 -
o < PTA i
2 -6 ]
| 10°F CMBTT Ly ]
‘Sm__ CMB 71 o 10-10L ]
= B i i
_10 " " " . . . " " 1'7- L " " " L " " " 10—12 1 1 1 1 1 1 ] 1 1 ] 1 1 ]
4 -2 0 2 ! ° 10 102 10 102 10 10° 10° 10"
log;o[k/Mpc™'] 1
k [Mpc™]

Tilburg, Taki, Weiner 1804.01991 o )
Lee, Mitridate, Trickle, KZ 2012.09857

P(k) [Mpc?]

Xiao, Dai, McQuinn 2401.08862

k [Mpc™]



DETECTING DARK MATTER SUBSTRUCTURE IS AN EXTREMELY IMPORTANT PROBLEM

» Pulsars, observed over decades, are accurate clocks

1 1
O(t) = do +vt+ St + —it’ + ...

Seo
~——

Pulsar

Optimistic

1073 Bayesian
—————— Frequentist Lee, Taylor, Trickle, KZ 2104.05717
1072100100107 105 107 100 107 10 F 107 102 10 1 10 102

M[Mg)

» These projections were done in absence of SMBHB. Are
there promising ideas to beat this background?



UNDERSTANDING DM SUBSTRUCTURE WILL BE IMPORTANT

» What are realistic
constraints on DM (elastic)
self-interactions?

» If DM interactions are
dissipative, can easily sink to . \ o \
10 50 100 500 1000 5000
the center of a halo, v ms)

eventually forming Super
Massive Black Holes

(oVv)/m (cmz/g x km/s)

» It’s not currently known
how SMBHs form

log(dn/dlogL [Mpc > dex'])

» Could Dark Matter play a
role?

| ERDF : power—law

log (L. [erg/s])
Xiao, Shen, Hopkins, KZ, 2103.13407



DISCUSSION

» A wide net has been cast.

» The theory frameworks and ideas have been proposed,
e.g. QCD axion, hidden sector/valley

» The theoretical ideas for experiments to search for these
theories are available, e.g. collective excitations

» There is a well-defined and exciting experimental program
that, in some cases (e.g. axions), is limited by funding

Dark Matter Candidates Snowmass 2021 White Paper Axion Dark Matter
T — T T T TTTT T T T T T T
g Vector Bosons Vector Bosons
- e U Scalar Bosons (gauge coupling) (kinetic mixing)
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\ 3Be N R 10-22 10718 10714 10710 1076 1072
E TN~ aaks = I I I I 1 I
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- A, . ) Particle Mass (eV/c?)
) k e REDTOP, 1017p0t, noA'Y Spin Based Sensors |
10 _E €op E_ Optical Inter (incl. GW detector: ) Broadband Reflectors 1—4'_‘
= — [ ] [ ]
- NA64, SXIOIZEO . n . R Haloscopes (cavity, plasma, dielectric) |>
107 Atom Interf bit o)
ELDMX, 16 GeV, 10”’7“ F E: [ tom Interferometers | ‘ Qubits | U
= = 2 ] 'L oscillators Quantum Materials —
10—6 =— F\S‘L‘[ SHiP, lﬂzopot E Atomic, Molecular, Nuclear Clocks &~
E OER2, 3 0 ’ = ]
= b = Tor‘sion Balan‘ces ‘CBVitY - Cavity/at. & mol. t"aﬂs‘- Molecular Absor?tion b%
—7 Mechanical Resonators —
107 e May / E | : ;
= !11351‘.,\200, 3 apt NA62, 10"pot 3 EP Tests (E6t-Wash + MICROSCOPE)
~ - T I ]
10—8 Lol Ny L NIRRT [ 1
1 10 10 10° 0 : : : : : :
InA'(I\/Ie B 0 1 1 10 10 S S S B S R S R S|
Compton Frequency (Hz) \“/\\Q/\\Q/\ 107 407 407 407 407407 40 40 40 100 400 107 407 40" 40" 40" 1O

mg [eV]



DISCUSSION

» There is a range of important astrophysical observations
to make

» What is the nature of the GCE? Challenge #6

» Can we separate baryonic effects from DM sufliciently
to make definitive statements on SIDM?

» Observe DM substructure below Dwarft Mass Scales
» Map the cosmic history of the Universe

» Where should the important contributions from high
energy theory going forward come from?

» Support for experimental program ... (and?)



OUTLOOK

» A wide net has been cast, and the experimental landscape
is sure to look radically different in 10 years
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