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What this talk is

1. Full of new excesses (unfortunately)
2. A comprehensive list of results

What this talk is

A rather personal view of LHC non-SUSY DM searches

(hoping not to upset anyone in the process)



First things first: what you want to know
(or: take-home messages)

1. “Low-hanging fruit for DM @ LHC has been picked”
where do we go from here?
Overview of Mono-X searches
Next on the menu: long-lived particles (?)
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First things first: what you want to know
(or: take-home messages)

2. Mediator searches are a strength of the LHC
Highlighting complementarity among
visible/invisible LHC searches




First things first: what you want to know
(or: take-home messages)

3. We (already) have too much LHC data
What to do with it?
Let’s not discard and regret
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The main question for the LHC Run-1

Among the outstanding questions of the Standard Model:

- How do particles get mass?
- Higgs mechanism?

https://cds.cern.ch/record/874049

We should perhaps finish with an apology and a caution. We
apologize to experimentalists for having no idea what is the mass of the
Higge boson, unlike the case with charm 3)y4) and for not being sure of
its couplings to other particles, except that they are probably all very
small. For these reasons we do not want to encourage big experimental
searches for the Higgs boson, but we do feel that people performing expe-

riments vulnerable to the Higgs boson should know how it may turn up.

John Ellis
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https://cds.cern.ch/record/874049

A chart of searches (and discoveries)
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Many searches and measurements during Run-1: {9;
mapping the Standard Model at 7 and 8 TeV
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A chart of searches (and discoveries)

. Many searches and measurements during Run-1:
\ mapping the Standard Model at 7 and 8 TeV
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A chart of searches (and discoveries)

Discovery of the Higgs boson:
guided by clues from the Standard Model of particle physics

st nd rd electro-weak ! ' )
generatio symmetry breaking i ]

= |
ym
everyday matter exotic matter force particles (mass giving)
— s ~
S = |~

- b S \ - <r

< — = 4
! . fie)y — "2
[ 24m 127G 26 % 2 | ’ -

» o — ny

electron tau

SR ATRIIT XY
suojda) 9




Uncharted discoveries in Run 2

| Where to look for new physics?
=i Everywhere, starting with high masses

? Increase of LHC energy
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Example: production rate of excited quarks (q*)
with mass of 4 TeV would increase

by 56 times from Run 1 to Run 2 //1:,
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Where de did we go from here the LHC Run-1?

(Some) outstanding questions of the Standard Model:

LuminosityPublicResults
| | | | | | | T | | |
ATLAS Online Luminosity
w2011 pp Vs=7TeV
— 2012pp fs=8Tev RUN-1
— 2015 pp Vs=13TeV .
w— 2016 pp Vs =13 TeV Run 2
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- How do particles get mass?
- Higgs mechanism v
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- What is the nature of dark matter?
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LHC operating beyond its design luminosity!
We have the chance to answer
these questions with LHC Run-2 data
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https://twiki.cern.ch/twiki/bin/view/AtlasPublic/LuminosityPublicResults

Uncharted energies at the LHC Run 2
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Image from University of Uppsala
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Uncharted energies in (ATLAS) Tile (calorimeter)

Mass of this two-jet event: 7 Tera-electron volt

CATLAS
A EXPERIMENT
http://atlas.ch

Run: 280673
Event: 1273922482
2015-09-29 15:32:53 CEST
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Is this how Dark Matter looks like?

Yes, but wait until the last part of this talk

Mass of this two-jet event: 7 Tera-electron volt

CATLAS
A EXPERIMENT
http://atlas.ch

Run: 280673
Event: 1273922482
2015-09-29 15:32:53 CEST
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it has mass

’ *

most of the

Ordinary Matter

@ Dark Matter in the universe

Dark Energy
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(either that, or we need to rethink gravity)



many physicists are talking about it
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A. Belyaev
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1t constitutes
most of the
in the universe

\ 4

relic density

Ordinary Matter
@ Dark Matter

Dark Energy

This relic density can be explained with

- that interacts only weakly with known matter
- with mass in the range of current experiments

(Weakly Interacting Massive Particle)
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http://abstrusegoose.com/406
Assume a spherical cow of uniform density.
LUNDS
UNIVERSITET
.
assumptions...
...in a vacuum.
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How do you sleep at night?



http://abstrusegoose.com/406
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...we could discover Dark Matter!
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Dark Matter in different experiments

Dark Ordinary
Matter particles
SM DM
DM SM SM SM M
DM
DM SM DM DM SM SM
Indirect Detection Direct Detection Particle Colliders

Complementary experimental strategies
All looking for small signals
over large, complex backgrounds
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1. “Low-hanging fruit has been picked”
where have we been/where do we go from here?
Mono-X searches
Next on the menu: long-lived particles (?)
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Looking for Dark Matter at the LHC

WIMPs are invisible to detectors

SM DM

Med.
9q ax

SM DM
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Looking for invisible Dark Matter at the LHC

Signature of Dark Matter:
missing transverse momentum

A
. MET

Y Plane transverse to
the beam direction

8

SM 99999) DM

XD-
A. Korn
A
SM DM
Invisible WIMPs:

Initial state radiation //\

makes them visible Excess of missing transverse momentum'%}"ﬁ
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A sample “monojet” result

SM DM

ATLAS-CONF-2017-060

= 107 LA BN L B IR I B BN BN B
o) ATLAS Preliminary ®  Data 201542016
B 108 Py ——— Standard Model
= s =13 TeV, 36.1 fb B 7o v) + jets
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Signature of Dark Matter: - - o
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momentum
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Can also use other radiated objects:
photon, W, Z, Higgs
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http://To%20be%20added...

Interlude: worst sociology

RIBBIT

FUN FACT: Ex-particle-physicists
make the worst biologists.
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AU Theory motivation PDF
Possibly proportional to number of:
- theory papers written
- theorists believing in it
- excesses predicted (ambulances chased)
not-so-well-motivated well-motivated
e 29
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AU Experimental difficulty PDF

Possibly inversely proportional to size of:

¢ lines of code to be understood/written

e systematic uncertainties

e problems if something goes wrong in data taking
that can be blamed on analysers

Other relevant factors that may come into play:

unexplored phase space
effectiveness/re-interpretability of other searches
return-on-investments (center-of-mass energy jumps)
friendly local theorists

upcoming conferences

v

very difficult easy

30
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A.U.
When will my model be tested

with experimental data?

= Theory motivation (x) 1/experimental difficulty

v

never soon




1. Back to WIMP searches at the LHC

32



A.U.

Mono-X DM searches pre-LHC-Run-2:
Theory motivation

WIMP lovers

too simple,
let’s look for SUSY DM!

SM DM

: :SM
DM

SM SM

EFT naysayers

»

L

not-so-well-motivated well-motivated
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A.U.

Mono-X DM searches pre-LHC-Run-2:

LHC beam background
making the most of control regions

Experimental difficulty

missing-energy expertise
fitting expertise

»
L

very difficult

easy
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A.U.

When (Mono-X) WIMPs are tested
with experimental data pre-LHC-Run-2

v

never

soon
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Results from 2015 data cMs-PAS-EX0-16-013
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-16-013/CMS-PAS-EXO-16-013_Figure_008-b.png
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Dark Matter Benchmark Models for Early LHC
Run 2 Searches Report of the ATLAS/CMS Dark

r formats

Slmp11f1ed models as bu11d1ng blocks for exper1menta11sts
(designing and performing searches) and theorists '
(building new theories, reinterpreting searches)
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Collider results: mass-mass plots

How to display interpretation of collider search using simplified models

1. Characterise all elements of the
simplified model

2. Vary mass of mediator and DM,
fix couplings (for a 2D plot)

3. Display perturbative validity
area, if present

4. Show relic density to guide
the eye
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Results from 2015 data

CMS-PAS-EX0-16-013 5 3 1y (13 TeV)
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-16-013/CMS-PAS-EXO-16-013_Figure_008-b.png

A (simplified) global picture of DIM | Dark Matter Working Group

How to display collider searches alongside DD/ID . o
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Results from 2015 data cMs-PAS-EX0-16-013
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-16-013/CMS-PAS-EXO-16-013_Figure_008-b.png

A.U.

WIMP waners

Mono-X DM searches mid-LHC-Run-2:

Theory motivation

WIMP lovers

»

not-so-well-motivated

L

well-motivated
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A.U.

“precision search”

Mono-X DM searches mid/post-LHC-Run-2:

Experimental difficulty

we’ve done it already...

»
L

very difficult

easy
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A.U.

When (Mono-X) WIMPs will be tested
with experimental data mid/post-LHC-Run-2

v

never

soon
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Results from 2015 and 2016 data
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ATLAS EXOT-2015-03
Results from 2015 and 2016 data ArLAS-CONF-2017-06@
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2015-03
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2017-060

ATLAS EXOT-2015-@3

Results from 2015 and 2016 data aTLAs-cONF-2017-060
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2015-03
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2017-060

Many other MET +X searches not covered here

Mono-X Diagrams of Direct DM Production  EikoYu's EPStalk
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https://indico.cern.ch/event/466934/contributions/2590187/attachments/1488910/2322003/20170706_shinshanyu_EPS.pdf

DM Mass [TeV]

Many other “generic” MET+X searches

ATLAS summary plots

ATLAS Preliminary July 2017
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CMS summary plots
CMS Preliminary EPS 2017
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https://twiki.cern.ch/twiki/pub/CMSPublic/PhysicsResultsEXO/DM-summary-plots-Jul17.pdf
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CombinedSummaryPlots/EXOTICS/index.html#ATLAS_DarkMatter_Summary

Where to go with simplified models: less simplified models

1. Simplest scalar models: Higgs portals, inert 2HDM

2. Add singlet mixing with SM Higgs, and DM Dark Matter Working Group
3. Introduce an additional Higgs doublet and a separate (pseudo-)scalar
- generalisation of scalar singlet mixing model

- 125 GeV spin-0 state SM-like (alignment/decoupling limit)

- mix extra spin-0 states with a singlet to mediate DM interaction

=> see 1404.3716, 1612.0347/5, 1509.01110, 1611.04593, 1701.07427

2HDM + DM collider phenomenology:

Substantial mono-h, mono-Z signatures

- different phenomenology, depending on hierarchy of scalar masses, e.g.
resonantly-enhanced mono-h, mono-Z

tttttt



Dark Matter Working Group 2

Summer 2015

https://arxiv.org/abs/1507.00966

[Dark Matter Forum] Reach consensus on a common set of benchmark
models for ATLAS and CMS early Run-2 searches

Winter 2015 Within the framework of the DMF simplified models, present results
and compare Direct Detection (DD) / Indirect Detection (ID) / collider
https:/arxiv.org/abs/1603.04156
searches
Winter 2016 Agree on how to present searches for mediators of DM interactions in

visible decays together with searches to DM particles, add lepton

http://arxiv.org/abs/1703.05703 .
couplings to DMF benchmark models

Spring 2017

https://arxiv.org/abs/1705.04664

Arrive at a joint estimation of theory uncertainties for precision DM
searches at colliders (e.g. mono-jet)

Fall 2017

Develop scalar sector and t-channel benchmark models

You're welcome to join and help define DM searches at the LHC!
http:/lpcc.web.cern.ch/Ipcc/index.php?page=dm_wg

subscribe to Ihc-dmwg@cern.ch at https://e-groups.cern.ch s
European | gs:tlaz:enai‘ilzn?on funding Lu N D
Commission for Researc h & Innova tion UNIVERSITY

51


http://arxiv.org/abs/1703.05703
https://arxiv.org/abs/1705.04664
http://lpcc.web.cern.ch/lpcc/index.php?page=dm_wg
mailto:lhc-dmwg@cern.ch
https://e-groups.cern.ch
https://arxiv.org/abs/1603.04156
https://arxiv.org/abs/1507.00966

Everything we don’t want to miss ;
bz thmkm& of WIMPs onlz !erle }:IRS.

Searches for Dark Sector particles
(no direct DM/SM interactions)
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http://en.wikipedia.org/wiki/Streetlight_effect
https://arxiv.org/abs/1407.0017

B. Francis’ TeVPA talk, Original drawing by Jamie Antonelli
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https://indico.cern.ch/event/615891/contributions/2666360/attachments/1505801/2346442/LongLivedParticlesCMS_TeVPA_v2.pdf

N examples: ATLAS/CMS searches

CMS long-lived particle searches, lifetime exclusions at 95% CL
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Organization attempt: LLP WG

Searches for long-lived particles at the LHC:
Second workshop of the LHC LLP Community

Following the groundwork laid by the LHC Long-Lived Particle (LLP) Workshop in April of
2017, the LHC LLP Community -- composed of members of the CMS, LHCb, and ATLAS
collaborations as well as theorists, phenomenologists and those interested in LLP
searches with dedicated LHC detectors such as milliQan, MoEDAL, and MATHUSLA --
convenes again to finalize the community white paper and assess the state of LLP
searches at the LHC.

This workshop is the second of two workshops devoted to producing an LHC
LLP white paper that proposes a set of simplified models for LLP searches; contains an
enumeration of gaps in the coverage of classes of BSM models that can produce LLPs;
proposes recommendations for new triggering strategies for LLPs in ATLAS, CMS, and
LHCDb; lists ideas for new searches for LLPs; and proposes a set of recommendations for
the presentation of search results to ensure future reinterpretation and recasting.
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https://indico.cern.ch/event/649760/
mailto:lhc-llp@cern.ch

2. Mediator searches are a strength of the LHC
Highlighting complementarity between
visible/invisible LHC searches
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Dark Matter mediators at the LHC

If there’s a force there’s a mediator:

SM DM
SM SM gm
S >ﬂ_d<
\AM SM SM SM

Particle Colliders

Can look for both invisible and visible decays of the mediator
(this talk: case in which the mediator is a new particle, but it can also be a known particle)

£ RVATSLE)
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Searches for DM mediators

SM DM

Med.

99 9x
SM DM

SM SM

Med.

99 Yq
SM SM

Look for an inevitable LHC physics process: di-jet resonances |

ATias 7

European
Commission

oooooooooo
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IF IT BLEEDS IS PRODUGED FROM QUARK INTERACGTIONS

jet

No predators were harmed in the making of this presentation

WE CAN KHLH DISCOVER IT IN FINAL STATES WITH JETS



LU,N.DS
A Excited quarks: UNIVERSITET
A.U. Theory motivation
most of the

theorists | talked to

benefit of the doubt

»
L

not-so-well-motivated well-motivated
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N Dijet bump-hunt:
A.U. Experimental difficulty

“you can see
a bump by eye”

early data

v

very difficult easy

é%ghz 61



When high-mass dijet resonances are tested
N with experimental data

LUNDS
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A.U.

v

never soon



A.U.

When high-mass dijet resonances are tested
with experimental data

T [T T T T T
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Submission history

From: Atlas Publications [view email]
[v1] Fri, 4 Dec 2015 20:15:47 GMT (778kb,D)

e

Submission history

From: The CMS Collaboration [view email]
[v1l] Thu, 3 Dec 2015 20:49:43 GMT (1357kb,D)

v

never

soon
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Anatomy of a bump-hunt

Data-driven background fit
f@@)=pi1(1 - Z)p2ZP3+p4logz

invariant mass arXiv: highmassdijets

@ / ATLAS
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Wide mediators: angular distributions

CMS Preliminary 35.9 fb™' (13 TeV)

If the mediator is wide,
a fit is not effective
— use dijet scattering angle
to discriminate signal/background

[ NLO QCD+EW prediction
=== A[, (Cl) =13 TeV

————— A; (GRW) =10 TeV
o Mgz (nED =6 ADD) =8 TeV
Myeq (DM g,= 1.0)=4.5TeV

M i > 6.0 TeV

A
>

2 4 6 8 10 12 14 _1e

e rc Horizon 2020 xdijet

atias o TR G| s No signals of Dark Matter mediators  Guiversiy
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Visible/invisible DM LHC searches

How to display interpretation of collider search using simplified models

Wa gratefully acknowledge support from

Come'u University the Simons Foundation
Library and member Insututions
arXiv.org > hep-ex > arXiv:1603.04156 Search or Article ID All papers
(Help | Advanced search)
High Energy Physics - Experiment Download:
Recommendations on presenting LHC o formats
searches for missin transverse energy (icense)
signals using simplified s-channel models of Current browse context:
dark matter hep-ex
< prev | next >

Antonio Boveia, Oliver Buchmueller, Giorgio Busoni, Francesco D'Eramo, new | recent| 1603
Albert De Roeck, Andrea De Simcne, Caterina Doglioni, Matthew J. Dclan, Change to browse by:
Marie-Helene Genest, Kristian Hahn, Ulrich Haisch, Pnilip C. Harris, Jan hep-pn

f ! -
He!;lg, Valerio Ippo.\lyo, Felix Kahlhoefer, Valen;ln \.' Khoze. Sgchl.; References & Citations
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Visible/invisible DM LHC searches

Illustrative example
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Visible/invisible DM LHC searches

Illustrative example
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Visible/invisible DM LHC searches

Illustrative example

v 1, B Axial Vector mediator, Dlrag DM A
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Dijet searches for DM mediators

B ) Collider strength: searches for visible mediator decays
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Results on visible/invisible DM searches

DM Mass [TeV]

1.2

0.8
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0.4

0.2

]
:
;
:
-

DM Simplified Model Exclusions ATLAS Preliminary July 2017

N
»

25 3
Mediator Mass [TeV]

= Dijet

Dijet 8 TeV ¥5 = 8 TeV, 20.3 fo!
Phys. Rev. D. 91 052007 (2015)
Dijet ¥5 = 13 TeV, 37.0 fb™
arXiv:1703.09127 [hep-ex]

Dijet TLAYS = 13 TeV, 3.4 b’
ATLAS-CONF-2016-030

Dijst + ISR ¥E = 13 TaV, 15.5 fb™
ATLAS-CONF-2016-070

ET™*+X

ET™+y VS =13 TeV.36.1 fo
Eur. Phys. J. C 77 (2017) 393
ET+je1 ¥5 = 13 TeV, 36.1 fb™
ATLAS-CONF-2017-060
Er4z¥E=13TeV,36.1 b
ATLAS-CONF-2017-040
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Results of visible/invisible DM searches

DM Mass [TeV]

0.8
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However, sensitivity is a coupling-dependent statement

= Dijet

L

Dijet 8 TeV ¥5 = 8 TeV, 20.3 fb™
Phys. Rev. D. 91 052007 (2015)
Dijet Y5 = 13 TeV, 37.0 fb™'
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Visible/invisible DM LHC searches

Illustrative example

O 1, B Axial Vector mediator, Dlrag PM A
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Dijet searches for DM mediators
———— Low-mass dijet searches for DM mediators

s Motivating new searches for visible mediator decays

= R Horizon 2020
ATLAS "rc = S European I Esrr:::enan Union funding

EXPERIMENT — = Commission for Research & Innovation U NIVERSITY




3. We (already) have too much LHC data
What to do with it?

Let’s not discard and regret




Visible low mass DM mediators: interesting!

SM DM
Med.
99 9x
SM DM
SM SM
Med.
99 Yq
SM SM

g = (g2 g2)1/?

Commission

'.. . Horizon 2020
ATLAS .'erc m European European Union funding
EXPERIMENT for Resear Innovation
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https://arxiv.org/abs/1503.05916

Q>QDM

UNIVERSITY

74


https://arxiv.org/abs/1503.05916

Signals and backgrounds with jets

Main challenge for jet searches: large backgrounds,
iImpossible to store all data

Number of events

A
Signal
A. Signal overwhelmed by background
if no discriminating power
poor sensitivity to new physics!
Background Mass of di-jet system
>  (~new particle mass)
ATLAS er 2 n Eg:':iggion Es'i’:‘iof;%j.'oi" e UNIVERSITY
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Signals and backgrounds with jets

Main challenge for jet searches: large backgrounds,
iImpossible to store all data

Number of events
A

Signal
A.Signal overwhelmed by background:

if no discriminating power
poor sensitivity to new physics!

B. Impossible to record all events fully:
(ATLAS trigger system needed)
statistical error harms sensitivity!

Background Mass of di-jet system R

> (~new particle mass) O

-:." Horizon 2020
ATLAS .'erc m Europe'an. ESrozpoenan Union funding u N D
EXPERIMENT Commission for Research & Innovation uNlVERS]TY 76



Data taking in ATLAS

E — Object
MeRLsEecton > reconstruction
(trigger) and calibration

Computing resources are essential for the full data taking chain

>

Trigger and data acquisition: select interesting events

LHC delivers data at 40 MHz (events/second)
First step: fast hardware selection (Level 1)
data taking rate: 100 kHz
Second step: computer farm (High-Level Trigger)
data taking rate: 1000 Hz

EurOp?an, European Union funding
Commission for Research & Innovation

UNIVERSITY
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Trigger Level Analysis technique (TLA)

(CMS: Data Scouting, LHCb: Turbo Stream)

Record only necessary information for jet search: jets
Use information already available to make the decision: trigger jets

Event size reduced to <<5% Reduced size -> increase number
of fully recorded event of events that can be recorded
— 9000 — - . :
. . I, i ATLAS Trigger Operation -- HLT Output Rate == Exr.Jress .
(T o 2ol peration g P00 7 Siream Rates (with 0verlaps) . sy o b LS

pp Data June 2017, Vs=13Te g 7000f pp DataJune 2017, vs=13 TeV mmm Other Physics  EEE Trigger Level Analysis

Main Physics (full EB)
@ B-physics and LS (full EB)
@ Express (full EB)
® Other Physics (full EB)
@ Trigger Level Analysis (partial EE
74.7% Detector Calibration (partial EB)

008:25 09:15 10:05 10:55 11:45 12:35 13:25

Time [h:m]
(573 g@wﬁ?\’é
[ERISBX )3
FRANNN ) A V)

Other ways to get to low masses (beyond +ISR, +VBF):
commisson | EE5m prescaled triggers/data parking/delayed stream
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N Low-mass (hadronic) resonances:
A.U. Theory motivation

why leptophobic?
why resonant?

oy

leave no stone
unturned!
(Run-2: dark matter!)

»
L

not-so-well-motivated well-motivated




A.U.
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Trigger-Level Analysis / Data Scouting:
Experimental difficulty

central experimental
trigger code, custom
calibration...

ajetisajetis ajet
(substitute with your
favourite object, once
you have confidence
in it)

v

........

very difficult easy
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When more low-mass resonances are tested
with experimental data
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The full (CMS) picture of mediator searches

SM SM
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The full (ATLAS) picture of visible/invisible searches
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Phys. Rev. D. 91 052007 (2015)
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LHCD in the future (Run-3)

“Triggerless” readout

LHCb Upgrade Trigger Diagram

30 MHz inelastic event rate
(full rate event building)

....................................

exclusive kinematic/geometric selection

[ Full event reconstruction, inclusive and ]
s

Run-by-run detector
calibration

dd offline precision particle identification
and track quality information to selections

2-5 GB/s rate to storage

:erc European Horizon 2020
TSt P e European Union funding
MEN I Commission for Research & Innovation

New physics at low mass

Same principle as dijets:
very large background
but good mass resolution online
—can discover new particles

Run-3 proposal: Dark Photon

D*— DA,

104

1075
10 ¢F
10 7
10}
10-%}

10~

10-1

A — ete™,

10°

arXiv:1509.06765 |-

2o 517
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http://arxiv.org/abs/1509.06765

Conclusions
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Where to look for DM and new particles?

I The Standard Model of particle physics we Leptons | Theorised/explained

" Bosons
Years from concept to discovery Quarks | Discovered

1880 90 1900 10 20 30 40 50 60 70 80 90 2000 12

Electron -

Photon | |

Muon

Electron neutrino

Muon neutrino

Down
Strange
Up

Charm
Tau I

Bottom I 1

Gluon | {

W boson i |
Zboson } |

Top | |

Tau neutrino '_1
HIGGS BOSON | |

Source: The Economist

Everywhere!
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Looking forward to more searches

https://cds.cern.ch/record/874049
We should perhaps finish with an apology and a caution. We
apologize to experimentalistes for having no idea what is the mass of the
DM particle., unlike the case with the Hi&és‘\ and for not being sure of
its couplings to other particles, except that they are probably all very
small., For these reasons we do wet want to encourage big experimental
searches for Dark Matter , but we do feel that people performing expe-

riments vulncrable to  park Matter should know how it may turn up.

Experimentalists worldwide

{ rc n Euro Horizon 2020
pean E Union fundi
ATLAS Commission | for essarch & Innovation UNIVERSITY
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https://cds.cern.ch/record/874049

Thanks for the
invitation and for
your attention!

http://abstrusegoose.com/406

Assume a spherical cow of uniform density.

...in a vacuum.

CAN'T,
BREATHE.

bastard theoretical physicists

How do you sleep at night?

LUNDS

UNIVERSITET
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For further discussion

1. Where do we go from here?
Are we missing something?
Pro domo mea: LHC Dark Matter Working Group
Long-Lived Particle Working Group
2. What makes the interpretation of a search “DM”?

How seriously should we take relic density (many ramifications)?

3. Connections with astrophysics

See next slide
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Further complementarity: astro/cosmo?

Is the relic density a "guide for the eye” in the
WIMP paradigm, or more? How should its (precise)

Relic density .
measurement influence DM searches?

Is it possible to introduce different models and
assumptions in simulations, or are those too fine-

Galaxy formation grained to make a difference?

Could astrophysics help shedding light on the nature
of DM? Growing interest (also in the direction of black

Nature of DM holes) -> anything colliders can do?

We discovered a new particle: what is the role it
Role of the Higgs  played in the early universe?

erc European Horizon 2020 _
ATLAS TR N European Union funding
EXPERIMENT Commission for Research & Innovation UN]VERS]TY 91
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A not-too-motivational slide

ATLAS Exof

s Searches” - 95% CL Exclusion

Exotics

ATLAS Proliminary

LUNDS
UNIVERSITET

LQ1(ej) x2
LQ1(ej)+LQ1(vi)
coloron(jj) x2

Multijet

E Leptoquarks
0 1 2 3

[£dt=(32-203) b VE-8,13TeV L3t @ coloron(4j) x2 Resonances
Model Ly Jetst EP fraun) Limit Reference Ls 2 gluino@) x2
ey Single LQ1 §—=t1%  moriond 2016 PP =83 § =% morionazo16
e focdrt glino(io) x2 S o T T e S T T
o 4 Tev 0 1 2 3 4 Tev 8 ™ECMS Prtiminay  —ovsonved ~Expecies 8 "ECMS proimnay  —Ossenves -~ Expeced 3 *ECMS prtinnary  —Ovsoned - Expecios
ey ~ oumte 2ty E| b —sus-15.002 (479,23 ' (1 Tov) E 3 E
e ;. R 3 SUS-15-003 (Mr). 23 fb* (13 TeV) E|
e, i RS Graviton: A - - 5US-15-004 (Razon, 211 (15 ToV) E
H e RS10), k-0.1 S Craviions R Large Extra Eakbam 3 TR (e E
st RS1(eeuh), k0.1 ADD +MET) nED=4, MD i g 1200p = SUS-14.011 Razor). 1931 Te) 1
e Dimensions LEyEe 2wt aten E E|
e RS1(), k=0.1 ADD (ee), D=4, M5 e R 1000 E
o Toawleron E
§ e EZ:Ei;iZ:Z o 1 2 3 4 Tev ADD (yy), nED=4, MS oo E 800} B ]
§ “2E CMS Preliminar vy I ] ]
s Cow ek y QBH, HED=6, MD=4 TeV
410 00| E| 400 3 E|
- R BH, D=6, MD=4 Tev
5 s o ot Tor 200 El 200) k| E|
g e ssMz(m | 0 1ED-4 DT | TS - | Ll |
. o - — L ! JetExtinction Sele o800 1000 1200 1400 1605 a0 o 0082040 Te0o e B0 7000 1200 1400 160000
B Mo San o0, s esnae' ™ SR e ssMZG) | o sty ms[GeV] my[GeV] my[GoV]
S S —=. ssmze | ’
2 ] AnTeV iy SSMZ(eelZ () | PP — 85 §— Q3% moriona 2016 pp =T Tt worond 2016 PP >G4, G —=>q¥;  Morind2016
. s T ARSRRRES AR = T T T S 1000ET T T T T T
- e SSMWG) | 3 160 CMS preiminary  —Otsaes —boutos | 8 i CMS preiminary  —obwanco —60ses 1 @ gof OMS Pretminary  —Oosenca — Bxoses
§ s SsMw | diets, A+ LURR T ook, ~SUS 15002 (), 23 01 (15 TeV) ~SUS- 15002, Odep (9, 23 15" (13 TeV) U130 010 B 231" (TN
i) 0 1 2 3 4 5 Tev dijets, A- LL/RR SUS- 3 1 Jep (M), 23 16" (13 TeV) - &
e ~SUS-16-007 HPTT, 0-ep stop, 2.3 fo” (13 TeV).
e T A ) o dimuons, A+ LLIM ‘=SUS-16:007 HETT, 06p stop, 23 10" (13 TeV)
§§ Somaany 5 - L ‘Satev ey} o . gimuons, A- LLIM 1 aock. ~SUS 1592, ummlzm 13 TeV)
88 oy gz R i o Excited dielectrons, A+ LLIM 250f soo)
Ectedipon sl Ao e Fermions dielectrons, A- LLIM E
e w T ) 200 0
e, a T b single e, A HiCM 4
8 e o e single 1, A HACM Compositer E =9
et ST e inclusive s, A+ 10 0
- VE= 1TV - t 0 1 2 3 4 5 6 Tev inclusive jets, A- 3 50 100f
10" 1 10
e o edo iy Mass scale [TeV] 012345678 0910111213141516171819 TeV. - L L L L L bbb b oo L L L L
E d o~ T006 1200 1a00 00 500508408 500600700 05600 W w2
Exotica Physics Group Summary — LHCP. 2016 ms [GeV] m [GeV] mgy[GeV]
ATLAS SUSY Searches"® - 95% CL Lower Limits
i i * _ 950, i " N e s N o oy Jets BTV frem Mavs it
ATLAS Long-lived Particle Searches* - 95% CL Exclusion ATLAS Pt CMS long-lived particle searches, lifetime exclusions at 95% CL
Status: July Jrdt=(184-209 0" Vs v SUSY T bl o SRS -
Model Signature _fraun) Lifetime limit Refer APV SUSY. T+ bl mll) = 420 Gl ] e 4w ™
— T T T 87ToV, 197" (dsplaced lptons) AR =
Fr— = - o] . . -
camg - 26 ashesces 23 | QN ) =T =0T s H = XX (10%), X - ee, m(H) = 125 GeV, m(X) = 20 GeV _ Long-llved partlcles —~— 5
8TeV, 19.6 1" (displaced leptons) L ~
T —rr )= s50Gov w o= —
| [P RE R, —m P o H XK10%), X~ i miH) = 125 GeV, m(¥) = 20 GeV. I 2n . -
. 8TeV, 205" (displaced leptons) ~
ausn onsinig ooy 03| iweime F—T T Eyry— I -
) GMSB $PS8, 7 &y, m(7) =250 GeV -
S susy sonswces 195 | Seimo o) = sncey | 1 A v
1o, 167" (d-sroncom) | . -
2 5, - 8y, miz) = 250 Gel v - =X
[t Hons ZOMGwices 195 s seme S ) - 6o - 8TeV, 19.1 5" (cisp. photon tming) | h e carm =
2 -
§ tnznozeex  zepks 203 | RN Bt xom = omer| 140 . : - -
§ " oo RPV SUSY, m(@) = 1000 GeV, m(i’) = 150 GeV. - —
A X 2o 3 | raeine ot Xomby = oow| 10 8TV, 18515 (displaced dets) - —
G| e e, 2w v 3|  ossom ) = 25 6oV e RPV SUSY, m(@ = 1000 GeV, m(z) = 500 GeV. - - -~ -
E‘j HdenVoley W x7,  2IDMSerioss 195 |, atme D ) - 25 v 1500 8TeV, 1851b” (displaced diets) -
Bl merenex  rescie wo e — [PETSS . AUSB 7.7 7+ m(Z) = 200 6oV -
8TeV, 195" (disappearing tracks) -
5 P o, ZovElF v 203 | [ — TR eI --
& 8TeV, 18615 (sopped parce) - .
SR itonValor @~ . 2 low EWF vadiess o 203 |, et L osam ECETY e N
83 AMSB 7, tan(B) = 5, > 0, m(7) = 800 GeV
1 [P F-. — e o rer, tha oo o0 o
LR T T P [T ECRT T AISB 7., an() =5, 10, ) =200 GeV £ - o
S| wrewean  apuswim w3 | serne L e 388 1ph i) = 50 GoV 5 8TV, 181" (racker + TOF) &t e -
! | . )
1 % 6 8 10 - 0 s
001 o 10 100 ¢ [m] 10* 102 1 10% 10* 10 10 10 10" e — =
cr[m]

ATLAS
\s=
\s=

7TeV, 45-4.7fb"
8TeV,20.3 0"

EW singlet
— - SM
— Obs. 95% CL: x%<0.12

Exp. 95% CL: x°<0.23

ATLAS Summary Plots CMS Summary Plots

T

T T T

Can you point to the dark matter searches?
or: what makes a search a Dark Matter search?
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A motivational slide
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Experiments analysed only 1% of the planned LHC dataset so far
...rich program of measurements and searches

up to 2035!
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Dark Matter Working Group

ATLAS, CMS and theory, within LHC Physics Centre (LPCC)
e Mandate:

e Define guidelines and recommendations
for the benchmark models, interpretation
and characterisation for broad and
systematic DM searches at the LHC

e Example: agree on classes of
benchmark models used for
experimental searches

e Example: improve tools available to the
experiments, such as higher-precision
calculations of signals/backgrounds

e Connect with broader DM community
towards comprehensive understanding of
viable dark matter models
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Data volumes at the LHC

Sounding balloon )

3% LHC: if everything was recorded... (30 km) —a Y D stack with
* up to 4@ million collisions/second (MHz) 7 1year LHC data!
2k 1-1.5 MB/data per collision c2okm
2K 40 MHz*1MB = 40 TB/s

3k 40 TB/s * 10e+6 s/year = 0.05 ZB/year (15 i°n2‘§e\
3K Facebook:
3k 600 TB/day ~ 20@ PB/year fcebooq —
(4.8 km)
LHC experiments need to: i

1. process all data, fast
2. select only interesting events

(after selecting interesting eve\q%;; =7

@E ;;E -:. B Horizon 2020 I ‘
ATLAS .'erc m European ESrozpoenan Union funding u N D
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https://code.facebook.com/posts/229861827208629/scaling-the-facebook-data-warehouse-to-300-pb/

Introduction Dark Matter and TLA Differently timed analyses Triggering outside the box
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Timing of LHC analyses

Time to ATLAS/LHCf
Joint measurements
aCCess
data
for
analysis Delayed data analysis
CMS ATLAS
Data Parking Delayed Stream
—
Standard data analysis
ATLAS/CMS ALICE ATLAS/CMS/LHCb
Trigger-Level Compressed Fully reconstructed data
Analysis and reconstructed data
Data Scouting
http://arxiv.org/abs/1604.08907 Monltorlng
ATLAS
TAg Data Analysis
LHCb
Turbo Stream/TESLA

http://arxiv.org/abs/1604.05596

v

Data complexity/size o7



http://arxiv.org/abs/1604.05596
http://arxiv.org/abs/1604.08907

Introduction Dark Matter and TLA Differently timed analyses Triggering outside the box| .
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Limitations to recording all dat

Limited by:

fast read-out of 0o(10@M) detector channels
computing resources (reconstruction)

disk storage (saving for further processing)

everyone else’s favourite physics channel

andwidth 1limit = Event rate x Event size

LHC: 40 MHz (Reconstructed)
ATLAS: 1 kHz ATLAS: o(MB)
LHCb: 12.5 kHz LHCb: ~100 kB
CMS: 1 kHz CMS: o(MB)

Also to keep in mind: it's not all about bandwidth,

erc  1t's also about implementation (—> outside the box)
ATLAS & 78
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Data Scouting / TLA

Bandwidth = Event rate x censue
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Data parking / delayed stream

Bandwidth limit = Event rate x Event size

Extra bandwidth = Event rate x Event size
processed later

ATLAS Trigger Operation 2012

I

600 | Jets/missing E_ (delayed)
500 " |B-physics (delayed)
. Minimum Bias
If computing resources for wp Electrons/photons
300

reconstruction limited: .
park the raw data and wait (delay) = ,,
until everything else is processed

Jets/taus/missing E_

Rate in Hz

-Muons/B-physics

0 T T :
April June August October December

ATLAS '€ % 100

EEEEEEEEEE



Introduction Dark Matter and TLA Differently timed analyses Triggering outside the box
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ATLAS delayed stream results

4 Number of events

L L) 1) ] Ll L] L] l L] 1 L) I T L] L ] 1] Ll T l L L) L
ATLAS .

Normal stream only o .
Delayed siream added ° arXiv:1407.1376
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Signal Actual recorded
events from
delayed triggers
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Actual events
recorded with
standard trigger
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% y;r (58 ToV,[L :g“:i, Reconstructed m[GeV]
% r o } : Other analyses using delayed stream in ATLAS/CMS:
S 2 SUSY search for RPV stops

E q'.m=2.0TeV : .o .

F qum=35Tev : Dijet angular analysis...
L . Higgs - bbar
5 Fully hadronic top

psotosT i 2 8 DM searches... 1017 101



http://arxiv.org/abs/1407.1376

ATLAS Trigger Level Analysis results

Data-driven background fit
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