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Gravitational Evidence for Dark Matter

Observations
from starlight
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(km s-1)
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Simulations on NCSA by A. Kravtsov (U.Chicago) and A. Klypin (NMSU); visualization by A. Kravtsov




Dark Matter Candidate: Gross Features
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Dark Matter: Hunter’s Guide

Direct detection indirect detection
e

[ Scattering between DM particle
SM DM

and nuclei = recoil detection
Indirect detection
 Annihilation of DM pairs 2>
effects on particle distribution

Production at colliders

d Complementary to direct and SM DM

O Rich phenomenology production at
colliders

direct detection



Status of Direct Detection of Dark Matter
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Results for spin-independent (SI) interaction only

- but see later for spin-dependent (SD)
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Modelling the Dark Matter Production

Direct production of DM pair
O At LHC energies: explicit mediator

Signature
1 DM leaves no signal in the detector 2>
transverse momentum imbalance (p;™')
O Back-to-back DM pair is invisible = trigger

on recoiling SM particles >
“mono-X" search.

But also...
O Cascade decays (like SUSY)
O Searches with long-lived particles
O Limits on pure mediator production




The LHCC Dark Matter Working Group

Guidelines and recommendations

LPCC: LHC Physics Centre at CERN

for benchmark models

LHC DM WG: WG on Dark Matter Searches at HE WORKING GRO
the LHC WG Mecings

LHC x Direct and Indirect Detection

To subscribe to the general WG mailing list, used to distribute announcements about meetings and available
decuments, go to
http//simba3.web,cern.ch/simba3/SelfSubscription.aspx?groupName=lhe-dmwg

A second mailing list is used for more technical exchanges related to the ongoing work of the WG. To
subscribe, go to
http/simba3.web.cern.ch/simba3/SelfSubscription.aspx?groupName

the-dmwg-contributors

DM limits from mediator searches

The LHC Dark Matter Working Group (LHC DM WG) brings together theorists and experimentalists to define
idelines and reco lations for the benchmark models, interpretation, and characterisation necessary
for broad and systematic searches for dark matter at the LHC. As examples, the group develops and promotes
well-defined signal models, specifying the assumptions behind them and describing the conditions under
which they should be used. It works to improve the set of tools available to the experiments, such as higher
precision calculations of the backgrounds. It assists theorists with understanding and making use of LHC
results.
The LHC DM WG develops and maintains close connections with theorists and other experimental particle
DM searches (e.g. Direct and Indirect Detection experiments) in order help verify and constrain particle
physics models of astrophysical excesses, to understand how collider searches and non-collider experiments
complement one another, and to help build a comprehensive understanding of viable dark matter models.

Model evolution:

The WG activity builds on the experience of the previous ATLAS-CMS Dark Matter Forum, whose findings are
documented in this paper

WG documents and meeting agendas: see links in the right menu

spin-0, t-channel




Large Hadron Collider

LHC most powerfUI pa rtiCIE CMS Integrated Luminosity, pp, V5 — 7, 8, 13 TeV
collider in operation ~ 200 _m P fb
3 Four large experiments: ;im R -
ATLAS, CMS, ALICE, LHCb E
 Delivered ~150/fb of pp collisions g 1000 |20
at Vs =13 TeV to ATLAS and CMS %
in Run ::f: il >
[ Also used for HI studies g /—/ 0




Compact Muon Solenoid

EM Calorimeter (ECAL) Hadron Calorimeter (HCAL)
3.8 T Magnet

Forward
Calorimeter (HF)

Tracker
(Pixel and Strips)

Beam Scintillator Counters
(BSC)




MET = 1467 GeV

/ e

Jet pr= 1466 GeV

CMS Experiment at LHC, CERN

\, | Data recorded: Sat Oct 3 06:58:12 2015 CEST
\| Run/Event: 258159 / 550030997

| Lumi section: 434




LHC @ 13 TeV — A Harsh Environment

CMS Average Pileup (pp, Vs=13 TeV)
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Searching for DM at Collider Experiments

p;™'* signature CMS Preliminary 2018, 9.7 fo™, 13 TeV
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Missing pT Reconstruction
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http://dx.doi.org/10.1088/1748-0221/14/07/P07004
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EXO-16-048: DM + jet (1)

Monojet Mono-V

Baseline DM search analysis
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EXO-16-048: DM + jet (2)

LOW meiSS
O Systematically limited

O Lots of effort to model
V+jets background

O Challenge increases with pileup
High pymiss

O Statistically limited

O Improve slowly with luminosity

Precise predictions needed for both
regimes!

d NLO QCD + EWK:
https://arxiv.org/abs/1705.04664
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EXO-16-048: DM + jet (3)

3591 (13 TeV)
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EX0-16-048: Compare with DD / ID
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Collider search probes low-mass DM and pseudoscalar/axial mediators.



Dark Matter with ...

Photon
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Dark Matter Summary Plots
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Dark Matter + Higgs Boson (1)

- 35.9 b (13 TeV) - ‘ 359 fb‘“(13 TeV)
5 10 ‘ o -ngggl;oson-z+1ets E () R ‘ ¥Data‘ o T
= 3 [0} L CMS fi | M
2 10 s ot ST e o All different H decay channels
g B: Z'+Da13500 G V- Sysf] (lgmi/ E g % nW+J'e1s E
—— Baryonic m, = eV, m = e ] . .

"o o= 24518 (x 100 @ B sroet Q bbbar, with AK8 and CA15 jets

1 = I SMh . . )

- E o e ::;2“;23“7 U yy, in bins of pymiss

102

U tr, with both 1and 2 7,
U WWandZzz

073

o B kT .

= . N . f = WW in evuv channel only

S s
(;U i:ﬁm - T T T T T .
o5 o o5 200 300 400 500 €00 700 BOG S0 1000 * Z7Zin4e, 4p and 2e2p channels
MVA discriminant Pr
35. 9 fb“ (13 TeV) 35.9 fb' (13 TeV) 35.9 fb” (13 TeV)

c S S > 1o - SRS LS

5 10° cMS I Higgs boson -Z+X © L CMS 4 Observed 8 ;L CMs —+ Observed [[]Z- 1t )

2 10 I Others S - Nonres. background pdf g ut, [ Diboson [ W + jets/multijet

21 Z5DM+h(ZZ) -+ Data @Syst unc. o 14 - backg 2 [ ]Other DY [l h—>tt/WW

N Z"-2HDM: m, = 1200 GeV, m, =300 GeV > [ DM +h(yy) B sa § 10 ot Bkg. uncertainty

. e E 12~ p]**>130 GeV £2sd. u “ieieien Z-2HDM, m =1200 GeV, m, =300 GeV

10° —— Baryonic Z: m, =500 GeV, m = 1 GeV SFE o 100 M, m,; M=
? oxB=0.30fH Lﬁ C =+ SM h contribution - Baryonic 2, m,=100 GeV, m_ =1 GeV
1 = 10—~ Total background pdf

8-
o
4 DTt dem o Lyl b
2 1.5]

Data / MC

miss 19
pre [GeV]

AR J

110 120

140 150 160 170 180

m,, [GeV]

Obs./MC

°
@
T

or

50 100 150 200 250 300 350 400 450 500
MO [GeV]



Dark Matter + Higgs Boson (2)
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Interpretations in terms of different benchmark models
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Dark Matter and Nonprompt Jets (1) m
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Dark Matter and Nonprompt jets (2) m

Interpretation in terms of GMSB model (gluino + gravitino only)
L Efficiency up to 35% for 2.4 TeV gluino, 1 < ¢ty < 10m
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Missing p; + Z(ll) y

Benchmark model with massless yp

O New U(1) symmetry

O Dark photon X photon mixing

O Could be recast in terms of dark matter model
Main background is WZ

O Control regions:

eun, WZ and ZZ

Event selection
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Dark Matter and Leptoquarks 2016+2017
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Conclusions...

The quest for dark matter is one of the next goals of the LHC
O Complementarity between collider and direct and indirect detection

The LHC DM WG: guidelines and recommendations
O Benchmark models
L LHC results together with other experiments
L Comparison with visible mediator searches
CMS is well underway on its analysis of the Run 2 data
U Different channels considered
O Techniques under continuous refinement
O Reinterpretations and new ideas




... and Outlook
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HL-LHC CIVIL ENGINEERING:

LHC Run 3 will bring ~ additional 150/fb.

HL-LHC in the horizon...
O ... with all the challenges of PU 200.

Direct detection experiments reaching the neutrino floor soon.

Exciting times ahead!
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