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Dark Matter

e Dark matter (DM) is one of the best motivated new physics
searches at the LHC

* Astrophysical observations have indicated the existence of a
new type of matter, but never been directly observed
— Galactic rotation curves 300} | ' r

— Orbits in galaxy clusters
— Gravitational lensing

£

— CMB anisotropies

 Could be produced at the
LHC: stable, weakly
interacting, neutral particle
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Searches for dark matter
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Gravitational interactions o %%)l -
provided first evidence for
dark matter
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Search for weak
interactions with ordinary
matter
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Three types of searches

Collider searches 1045
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Direct Detection Indirect Detection
DM DM DM SM

e.g. Xenon, LUX e.g. IceCube
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Large Hadron Collider (LHC)

Overall view of the LHC experiments.

LHC has 4 detectors stationed at
different points along the ring

LHC Factoids

— 27 km circumference,

ESSSSS S

— Maximum instantaneous
luminosity achieved in \-/\«.7&_
Dec 2012: 7.7x1033 cm2s-1
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Missing Transverse Energy (MET)

% AT L A Candidate Event with a Z—pp and missing E.

EXPERIMENT

Run 167776, Event 129360643
Time 2010-10-28 10:41:18 CET




MET Performance
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* MET performance for Z=» L events

— Useful for studying MET reconstruction (low real MET)

— Good indicator of intrinsic resolution

https://cdsweb.cern.ch/record/2037904
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Production of DM at colliders
* Need visible particle in final state

21t ) — Visible particles produced in: initial state radiation
_ EFT Diagram,  ,, 7 (ISR) or in the DM interaction
1 H — Often search for a single particle: mono-X: X=jet,

b-jet, photon, W, Z, or a Higgs
 Modeling: Effective field theory or simplified
model frameworks

 N.B. EFTs are avoided where possible in new
ATLAS and CMS results because of the validity
X g 5 g .
complications that arise when using them

q — Dark Matter Forum
http://arxiv.org/abs/1507.00966

Y, W, Z X q Z

Contact Operator,
Simplified Model X ¢ Simplified Model N
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Production of DM in the mono-y/W/Z/H channel
g Z

* We don’t know how DM &
interacts with the Standard Y
Model

e |nitial state radiation is
dominated by the mono-jet X

q
channel :
hep-ex/1302.3619. L.Carpenter, AN,

 Other channels may dominate C.Shimmin, T.Tait, D.Whiteson

if DM particles interact P \

primarily through them | p

UV complete AN

model K
q | X
<




Analysis Strategy

Single particle is produced and recoils

against DM particles
— Xis the SM particle, might decay or might

Two types of selections:

Examples:

be final state particle

Require X and MET to be high quality

If Xis a W or Z, reconstructed mass within
a window

Ad(X,MET) should be large

Ad(jet, MET) should be large to remove
events with mismeasured MET

Veto events with extra particles




Outline

DM+Higgs (8 TeV)
— H=YY (ATLAS)
— H=>bb (ATLAS)

DM-+jets (8 and 13 TeV)

— mono-jet (ATLAS and CMS)

— di-jet (CMS)

— ttbar (heavy-flavor+MET) (ATLAS and CMS)
DM+W/Z (8 and 13 TeV)

— Z=>1l (ATLAS and CMS)

— W=>Iv (CMS)

— W/Z=>jj (ATLAS and CMS)

Many more channels have been explored...



heavy mediator (8 TeV analysis)

mono-H: yy channel
First study of Higgs coupling to DM through

Select events with
Diphoton trigger

Events / GeV

Diphoton mass within Higgs window, [105,160]

MET>90 GeV

photon p;>90 GeV
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mono-H: bb channel

 Two channels: two small-radius jets (resolved) or
one large-radius jet (boosted) (8 TeV analysis) —

* Forresolved (boosted), events must satisfy { MET
— Satisfy MET trigger, and large MET '

— 2 b-tagged small-radius jets (track jets ~

. 4 jets { jets) AR,,~2m,,/ Pr.bb
— jet py>100 (350) GeV
— Higgs mass [90,150] GeV
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mono-jet

ATLAS and CMS have studied mono-jet
MET triggered events with high-quality jet
Small-radius jet: quark/gluon radiation
Large-radius jet: boosted W/Z boson

monojet category 19.7 o' (8 TeV)

CMs
Preliminary

boosted category 19.7 o™ (8 TeV)

CMS
Preliminary
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https://cds.cern.ch/record/2036044
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mono-jet U

* mono-jet limits interpreted in terms of simplified p—)\‘é
models and EFTs \‘ MET

e CMS combined resolved, boosted, and small-R
 ATLAS reported small-R and large-R separately
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CMS Preliminary 2.1 0" (13 TeV)
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Di-jets
 CMS studied events with >2 jets with razor variables

* Razor variables: M and R
— M, represents energy scale of event
— Ris ™1 for co-linear jets, falls exponentially

i 18.8 b (8 TeV) ; 18.8 b (8 TeV)
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DM+ttbar

* Scalar dark matter interaction proportional to m,
 ATLAS and CMS have roughly similar sensitivity
* Semi-leptonic ttbar decays
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mono-W
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mono-Z: |l channel

 ATLAS and CMS published searches in this

channel

Select events with
— Leptonic trigger

q
— Large MET /
Z[v*
— Dilepton mass consistent with Z boson
— Momentum consistent with event topology
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mono-Z, Direct detection limits
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Limits on UV complete model AW
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mono-W/Z

1 0'4°>

> T UL B T
L 35k apn. emi — D5(u=d) x20
e Mono-W/Z & 35E sR:EM** > 500 Gev — DS(u=d) x20_
o ..F (u=-d)
Z 30
— Large radius jet £ o5F
o E
. O 20F
W/Z taggin
/Z tagging - / /// / :
Substructure 10 //
Grooming - Uz
% 60 70 80 90 100 110 120
m ., [GeV]
(\E‘ -.I-IDIE)I(ILJE[d)-ébISIIIIIII T Iolllllll ] _.I_l ll.llll| T T lllllll T T Illllll i 197fb_1 (8Tev)
o 10-36_ . . 90% CI_ ] D9:obs . ] . 10_35 .
‘E. -~ D5(u=d):obs D9: ATLAS 7TeV joc) | NE i I- Median Expected
o D5:ATLAS 7TeV j(xX) + //— S 10-36 gMSg Pre1/1mlnary U o p
© B 37 oM Jsm Monojet
107 T A, Pesaved
3 10 Vector —— V-tagged
3 1T spin-dependent ] — LUX
(@]
ZI -
X -

ATLAS 203" {s=8TeV

COUPP 212
10 (- - CoGeNT 20 I — SIMPLE 2011
| — XENON100 207 | —COUPP 2012 IceCube W'W'_|
| —CDMS Iow energy T — PICASSO 2012 IFeCube bb
10'46' 1 IIIIIII 1 IIIIIII| 1 IIIIIII| I 1 1 IIIIIII | 11 1111l 1 1 IIIIII|
1 10 10° 10°1 10 10° 10°
m, [GeV] m, [GeV] m.,, (GeV)
Phys. Rev. Lett. 112, 041802 (2014) https://cds.cern.ch/record/2036044
7 January 2016 HEP 2016 22



mono-W/Z
ATLAS search for mono-W/Z at 13 TeV
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Outlook/Summary

Colliders are an important part of the search for dark matter
— Complementary to direct detection and indirect detection techniques

ATLAS and CMS have explored many channels of dark matter
production

Dark Matter Forum provided common recommendations and
models for ATLAS and CMS during the shutdown
— http://arxiv.org/abs/1507.00966

13 TeV dark matter searches have just begun!
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CMS mono-jet
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CMS mono-Z
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ATLAS mono-Z, Direct detection limits
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 Transform limits on the EFT scale, M*, into direct detection
cross sections

e Complementary to the direct detection searches
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Excluded

ATLAS mono-Z, Collider limits
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* Limits range over an order of magnitude depending on the
operator under consideration

— Free parameters: m,, scale M*
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with

Razor Variables

Me = /(18] + [BLl)? - ()
R = l\ﬁ,
Mg

- p.L2)2 ,

—oJ')

PT + P

) .

\/Efr“w(pr +p2) F:T (f

M. represents energy scale
R is razor variable
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