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Dark Matter Detection

X X

Direct detection searches:
e Dark matter scatters off particle (nucleon,
photon, etc.) in detector material
o Measure recoil energy
e Search target: galactic dark matter

Kol
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Collider searches:
e Dark matter produced in high-energy
collision along with detectable particle(s)
e Search target: dark matter produced by
collision



Dark Matter Detection

X X
Direct detection searches: Collider searches:
e Dark matter scatters off particle (nucleon, e Dark matter produced in high-energy
photon, etc.) in detector material collision along with detectable particle(s)
o Measure recoil energy e Search target: dark matter produced by

e Search target: galactic dark matter collision



The ATLAS Detector = ‘

e General-purpose detector for
studying particles produced by
high-energy beam collisions atthe >
LHC

LAr hadronic end-cap and
\ forward calorimeters

e Used both for precision standard
model measurements and to search
for new physics

Inner Tracker

.~ EMCalorimeter
- Hadronic Calorimeter



The ATLAS Detector = ‘

e Showers initiated by quarks and gluons
referred to as “jets”

LAr hadronic end-cap and
\ forward calorimeters

e Jets reconstructed in cone of angular
radius R

e ‘“small-radius” jet: R=0.2—0.4
e “large-radius” jet: R=0.8—1.0




The ATLAS Detector (= ‘

e Neutrinos (v) and dark matter particles (y)
pass through undetected

LAr hadronic end-cap and
\ forward calorimeters

— Presence inferred from imbalance of

momentum transverse to the beam line,
miss

a.k.a. ET




Dark Matter Production Models for Collider Searches

Effective Field Theories
(EFT)

e Dark matter production
mechanism unspecified

Simplified Models

e First-order description
of new physics

e Bridge gap between
EFT and complete
models

q g X

gq gX

Complete Models

Dark matter predicted as
part of a complete
unified theory

Eg. Supersymmetry




Dark Matter Production Models for Collider Searches

Effective Field Theories Simplified Models Complete Models
(EFT)
First-order description e Dark matter predicted as
e Dark matter production of new physics part of a complete

mechanism unspecified Bridge gap between unified theory

EFT and complete e [EQ. Supersymmetry
models
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“Dark Higgs” Signal Model

e x: Dark Matter
o Mass fixed to 200 GeV for consistency with other LHC

® searches

@ e /' Vector boson in dark sector
q @ ® o  Mass not fixed in model
o Search region explores m, > 2m7, thus allowing for Z’ — yyx

SM decay
q \

oA e s: Higgs boson in dark sector (a.k.a. “dark Higgs”)
o Mass not fixed in model

10.1007/JHEPO4(2017)143 o Search region explores m_ < 2m , thus forbidding s — xx

decay



https://arxiv.org/ct?url=https%3A%2F%2Fdx.doi.org%2F10.1007%2FJHEP04%25282017%2529143&v=71a0bb87

Higgs BR + Total Uncert

Search with Dark Higgs Decay to WW

L S S ww EE
E E WW dominates §ensitivity5 E
- BR(s -)iWW) highest —% W
107" ! - = e Search for dark Higgs model in s — bb
“ g ] channel was completed in 2019
i i (ATL-PHYS-PUB-2019-032)
107 E
: . e s — bb decay has highest cross section for
/ : m_<135 GeV
7. . . . l . e s — WW dominates for high-mass dark higgs
10" ™S00 120 140 160 180 200

M, [GeV
Hl ] = Motivates dedicated dark matter search in

s — WW channel 10


https://cds.cern.ch/record/2686290/files/ATL-PHYS-PUB-2019-032.pdf

Inner Tracker

. EM Calorimeter
SearCh |n HadrOnIC Channel (WW —> qqqq) . Hadronic Calorimeter

Completed in late 2020
e https://arxiv.org/pdf/2010.06548.pdf
e Used full ATLAS Run 2 data

Signature in ATLAS detector:
e Hadronic jets in calorimeter recoiling against
missing transverse momentum from yy
e \WW pair boosted due to high-mass Z’ mediator

v
Dominant standard Z v
model background: q
Z+jets (where Z — vv) 4 .

q 11



https://arxiv.org/pdf/2010.06548.pdf

Search in Hadronic Channel (WW — gqqq)

Constrained dark Higgs model
parameters m_and m.,. in the 350
appx. range:

160 GeV < m,_ < 240 GeV

(s — bb coverage: 50 GeV <m_< 150 GeV)

https://arxiv.org/pdf/2010.06548.pdf

ATLAS i
Vs=13TeV, 139 fb!

Dark Higgs model JHEP 04 (2017) 143
gq = 025, gx =1 ; 0=0.01 . mx =200 GeV

—— QObserved limit

Expected limit I
(10 and +20) |

..... Relic density |

25 3.0
m [TeV]
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https://arxiv.org/pdf/2010.06548.pdf

Inner Tracker

. EM Calorimeter
SearCh |n Seml|eptOnIC Channel (WW —> qqZV) - Hadronic Calorimeter

Ongoing — search began last February
e Using full ATLAS Run 2 data

Signature in ATLAS detector:
e Hadronic jets + lepton in calorimeter
recoiling against ETrniSS from yy

o) ETImiSS includes contributions from yy
and v

Semileptonic:
One W now

13

decays to {+v




Z v
Semileptonic vs. Hadronic Channel q
g q
Z+jets bkg
Pros Cons
e 1-lepton requirement reduces some e vin final state:
backgrounds compared with hadronic o adds additional (non-dark-matter)

o prevents direct reconstruction of dark
e Ability to reconstruct hadronically-decaying higgs candidate
W boson — can select for mass window m Developed a minimization

near on-shell W mass (80.4 GeV) Efgr]ag;:gr%/;g; ?epé)(;cggaéeagz;g)

14




e,
W v
Semileptonic Channel: Transverse Mass ’
g
q q
W+jets bkg
miss\ _ miss . .
mT (67 ET ) - \/QPT,EET (1 cos QZ’E%HSS) 108 ATLAS Work in Progress - WHjets Triboson
SR Preselection (Simulation) ttbar [ Diboson
Signal Scaled x3000 Z+Jets [ my=360, mz=500
e Expectation for standard model background (for -y
on-shell W): 106 —

mT(E’ ETmiSS) < mW

e  Dark matter in signal model adds E.™** with different

cosez, ETmiss distribution

104

e Selecting m(f, ET”“SS) > 200 GeV substantially reduces
standard model backgrounds, especially W+jets 10

e Interesting feature: Remaining W+jets background is
mainly events with very off-shell W mass (>> 80.4 10°- 200 = .

GeV) m_(¢, MET) [GeV]
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Semileptonic Channel: Analysis Regions

/Resolved Category \ (Merged Category \

e Less-boosted e More-boosted
e Hadronized quarks reconstructed e Hadronized quarks reconstructed
as two resolved small-radius jets as large-radius jet
SVVVV 1 s _--""—W/_q
BN T W

\_ )L M,




No signal scaling

Semileptonic Channel: Analysis Regions

250 . .
ATLAS Work in Progress R Wets Tr_'b°5°“ 601 ATLAS Work in Progress _— Wi+)ets Tr.'boson
SR Resolved (Simulation) ttbar [ Diboson SR Merged (Simulation) ttbar [ Diboson
Z+Jets 1 m¢=360, m»=500 Z+]ets [—1 ms=360, m»=500
stop 1 ms=260, mz=500 stop 1 mg=260, mz=500
2001 . VHbb [ mg=160, mx»=500 50 mmm VHbb 1 mg=160, mz=500
40
1501
30
100
20
50
10
0! 0! J - i
200 300 400 500 100 200 300 400 500
Reconstructed dark Higgs mass [GeV] Reconstructed dark Higgs mass [GeV]
Resolved category: Higher stats, lower Merged category: Lower stats, higher

signal/background signal/background



Summary

e Ongoing search for dark matter production with WW+ETmiSS in final state
e Motivated and optimized with “dark Higgs” simplified model
e Exclusion limits have been set in WW — qqqq final state

e Search in WW — qqgfv final state ongoing
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Backup Slides
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Definitions

Transverse Mass

e Reconstructed mass of two final-state objects in the plane transverse to the LHC beam line
e Transverse mass between lepton and ETmiss is defined assuming lepton and ETm‘SS—producing object(s) are appx.
massless:

mT(e, E%rﬁss) . \/QpT’eErli‘niSS(l — COS HE’E%niss)

Missing Transverse Energy (E_"*%)

e Total momentum of undetected final-state objects in the plane transverse to the beam line
e Two-dimensional vectorial sum over all visible final-state objects in the transverse

B = =N " fi + By
LHC Run 2 '

e Data collected at the LHC from 2015-2018 at a proton-proton collision energy of 13 TeV
20



Definitions, cont.

Pseudorapidity

e Describes angle of particle relative to beam axis (z-axis)
e Changes Ay in pseudorapidity are Lorentz invariant under
boosts along the longitudinal axis

0

=—In|t =
Ui nan2

e AN/Ang is approximately constant for || < 5
o N: number of charged tracks in pileup events

Muon chambers

Solenoid magnet | Transition radiation fracker

Semiconductor tracker

LAr hadronic end-cap and
forward calorimeters

21



Dark Matter Detection

Sudbury, ON

Direct detection searches:
e Low energy (~keV)
e Low background

Collider searches:
e High energy (~TeV)
e High background

22



Dark Matter Detection

Sudbury, ON

Direct detection searches:
e Low energy (~keV)
e Low background

Collider searches:
e High energy (~TeV)
e High background
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Search in Hadronic Channel (WW — qqqq)

e Most sensitive in the “merged” regime
e None of the jets can be resolved into

individual small-radius jets — all
reconstructed within a single large-radius jet

}w

> 60 rrr~r .~ 1.~~~ 1 T 1 T ]

%) - ATLAS —— Data -

O 50~ Vs=13TeV, 139fp" 1 Z+jets =

8 - SR merged £/ Wﬂe,ls =

midy T EMss . 500 GeV [ tt + single top =

o 40= 7 [ Diboson + VH —

= C N\ Background Uncertainty -

q>) 30— e Pre-fit Background T

L - | — - Dark Higgs s(VV) =

ke mz=1TeV, m =160 GeV I

20 NN |  m=200Gev —

= | S Ogignal = 2 X 214 b =

- | M E

0 S— B —

= 1.5 -t 't e 3
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Reconstructed Dark Higgs Mass [GeV]

https://arxiv.org/pdf/2010.06548.pdf
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https://arxiv.org/pdf/2010.06548.pdf

Search in Hadronic Channel (WW — qqqq)

Merged Category Intermediate Category
e Most boosted regime e Less-boosted regime
e None of the jets can be resolved into e Some of the jets can be resolved into
individual small-radius jets — all individual small-radius jets

reconstructed within a single large-radius jet
yo ’
} W % } W

W

25



Search in Hadronic Channel (WW — qqqq)

Merged Category Intermediate Category
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https://arxiv.org/pdf/2010.06548.pdf

Search in Hadronic Channel (WW — qqqq)

e Most sensitive in the “merged” regime
e None of the jets can be resolved into

individual small-radius jets — all
reconstructed within a single large-radius jet
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https://arxiv.org/pdf/2010.06548.pdf

Analytical Solution of mg in s — WW — qqfv System

e Idea: Find the minimum mg consistent with observed WH and £ momenta and W mass
constraint mW=80.4 GeV.
1. Inframe where { travels along the z axis and W, is in the xz frame:

2
mé = (pw, + p1 + Dv)
2 _ 2
e = (EWH +E +E,) - (pWHx + E,, sin 8, cos ¢,,)
2
—(Ey sin 6y, sin¢,)? — (E; + pw,,, + E, cos 6;y,)

2. Determine ¢ and 6, that minimize mg
o ¢ =0,and @, can be solved for numerically.
3. Eliminate E using W mass constraint for W — {v system, then rotate back to lab frame.

28



The TAR Algorithm

Use excellent angular resolution
. of the ATLAS tracker system

:"* i ‘* pt;ack.new 2 pl_;ack.old » ﬁ

icf
"
"
\ Non associated track } J
Trac?k Callibrated Recluster input Match tracks to Rescale fracks to Calculate
Assisted small-radius jets =8 jets to trimmed = constituent =p P;of Itlhe g.‘atc.h‘fsd =)  substructure
large-radius jets small-radius jets SUEICILS 1S from tracks

Reclustering

*  tracks i ¢ Tracks
¢
small-radius jets ‘
9 &’é

reclustered .
large-radius jet




Asimov Signal Significance

Expected Asimov signal significance Z used in optimizing selection cuts. Defined as:

2=\ (50T ) o ()

S: expected number of signal events (based on simulation)
b: expected number of background events (based on simulation)

o, uncertainty associated with expected number of background events
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Search with Dark Higgs Decay to bb

e | L

|
& 140~ ATLAS Preliminary _
E; - Vs =13TeV,79.8fb "
3 s(bb) + Ef's¢: dark Higgs model b
120+ -
[ gq=0.25,g, =1.0, m =200 GeV
ol —— Observed lmit 1 e Search completed in 2019
s (5 ara 120) ‘ o ATL-PHYS-PUB-2019-032
80__ ..... Relic density a O Used partlal ATLAS Run 2 data
=i 1 e Placed upper limits on m,, in dark Higgs
500 1000 1500 2000 5000 3500 model for 50 GeV < m_< 150 GeV
mz [GeV]
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https://cds.cern.ch/record/2686290/files/ATL-PHYS-PUB-2019-032.pdf

Higgs BR + Total Uncert

Search with Dark Higgs Decay to WW

10"

1072

=i, o WW =]
- -l &
C E WW dominates sensitivity - §
i i > i
- BR(s™ WW) highest 1%
| TT : e —
g d zz E
“4 1 -
1 -
" | i
i | :
1
= ! =
I 1 L A A L L A 1 A l L
100 120 140 160 180 200
M, [GeV]

s — bb decay has highest cross section for
m_ <135 GeV
s — WW dominates for high-mass dark higgs

= Motivates dedicated dark matter search in
s — WW channel
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The ATLAS Detector

e General-purpose
detector for studying
particles produced by »
high-energy beam
collisions at the LHC

e Used both for
precision standard
model measurements
and to search fornew  \___.e \
physics

LAr hadronic end-cap and
forward calorimeters

Toroid magnets gNetic calorimeters

Muon chambers Solenoid magnet | Transition radiation fracker

Semiconductor tracker
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The ATLAS Detector

e General-purpose
detector for studying
particles produced by »
high-energy beam
collisions at the LHC

e Used both for
precision standard
model measurements
and to search fornew  \___.e \
physics

LAr hadronic end-cap and
forward calorimeters

Toroid magnets gNetic calorimeters

Muon chambers Solenoid magnet | Transition radiation fracker

Semiconductor tracker
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The ATLAS Detector

Tile calorimeters

LAr hadronic end-cap and
 forward calorimeters

35



The ATLAS Detector =

e Inner tracker detects charged particles (leptons

. \ ¥ vl W
- — 7 = 5 X ‘:t\\

C | J /= » 24" - N

A\l / o el T R
and hadrons) | A s O 2 :
/
[/ \ \ forward calorimeters
--------------------- Toroid magnets gRgtic c«
N n n
r
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The ATLAS Detector (= ‘

e Inner tracker detects charged particles (leptons
and hadrons)

e Electromagnetic (EM) calorimeter detects
electrons and photons (y) via EM showers

LAr hadronic end-cap and
\ forward calorimeters



The ATLAS Detector [

e Inner tracker detects charged particles (leptons N 7
and hadrons) (O TR \ wmmmgf"

e Electromagnetic (EM) calorimeter detects -, \
electrons and photons (y) via EM showers

e Hadronic calorimeter detects hadrons which
pass through the EM calorimeter via hadronic
showers

e Showers initiated by quarks and gluons are
referred to as “jets”

Jets reconstructed in cone of angular
radius R

R =/A¢? + Ar?

e ‘“small-radius” jet: R=0.2—0.4
e ‘“large-radius” jet: R=0.8—1.0
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The ATLAS Detector = [

e Inner tracker detects charged particles (leptons
and hadrons) _
e Electromagnetic (EM) calorimeter detects L -
electrons and photons (y) via EM showers R
e Hadronic calorimeter detects hadrons which C—1
pass through the EM calorimeter via hadronic
showers
e Muon spectrometer detects muons, which pass

through the calorimeters

LAr hadronic end-cap and
\ forward calorimeters
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The ATLAS Detector

Inner tracker detects charged patrticles (leptons
and hadrons)

Electromagnetic (EM) calorimeter detects
electrons and photons (y) via EM showers
Hadronic calorimeter detects hadrons which
pass through the EM calorimeter via hadronic
showers

Muon spectrometer detects muons, which pass
through the calorimeters

Neutrinos (v) and dark matter particles (y) pass
through undetected

— Presence inferred from imbalance of

momentum transverse to the beam line, a.k.a.
miss

ET

LAr hadronic end-cap and
\ forward calorimeters
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