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Dark Matter and New Physics 
with hadronic jets at  the LHC

1. The heart of the matter

2. The heart of the dark matter

3. An overview of hadronic jets in ATLAS

4. New Physics searches with jets

5. A look to the future



The heart of the matter
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The standard model of particle physics, pre-Higgs
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The standard model of particle physics, pre-Higgs

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

https://cds.cern.ch/record/874049
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Narrowing the sm higgs boson mass range

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

1975 2012

http://arxiv.org/abs/1107.0975

Strong hints of where to search for the new boson:

https://cds.cern.ch/record/874049
http://arxiv.org/abs/1107.0975


7

...then We found the higgs boson
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The standard model of particle physics now

hh
higgshiggs
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some missing pieces of the standard model

Preferred mass range for answers: TeV-scale

● Large difference in 
scales of forces 
(hierarchy problem)

● Fine-tuning needed
● Free SM parameters
● ...

● Dark matter (DM)
● Dark energy
● Matter vs antimatter
● Neutrino masses
● ...
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The heart of the dark matter
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Evidence for dark matter

F. Zwicky – Coma cluster: mass vs light output

Source: NASA

Source: NOAO



13

Evidence for dark matter

F. Zwicky – Coma cluster: mass vs light output

V. Rubin – Velocity of gas near Andromeda galaxy

Source: NASA

Source: NOAO
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Evidence for dark matter

Chandra/Hubble (NASA)  – Visible mass of bullet cluster
vs dark mass inferred from gravitational lensing
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Evidence for dark matter

Chandra/Hubble (NASA)  – Visible mass of bullet cluster
vs dark mass inferred from gravitational lensing

Planck – Dark matter vs 
standard  matter standard  matter composition

using Cosmic Microwave 
Background fluctuations
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Looking for dark matter

Preferred DM candidate  to match observations: 
dark, stable, cold, weakly interacting with SM particles,

mass of up to a few TeV

Complementary  Dark Matter experiments
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signature-based searches at colliders

Preferred mass range for answers: TeV-scale

S. Worm, DM@LHC Workshop, Oxford, 2014

We have only hints of what we're looking for
 design generic searches, based on → signature 

of new particles in detector, 
covering one or more generic models  

http://indico.cern.ch/e/DM-LHC2014


18

signature-based searches at colliders

Further motivation for model-independent  searches:

LHC: discovery machine

Prepare for the unexpected, 
especially if New Physics couples 

to quarks and gluons



tag events using recoi l ing object,
measure missing transverse momentum (E

T
)
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Signatures of missing matter: mono-x

Invisible DM particles escape detection:



tag events using recoi l ing object,
measure missing transverse momentum (E

T
)
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Signatures of missing matter: mono-x

Invisible DM particles escape detection:

Dark Matter signature: excess in tai ls of E
T 

distr ibution

(search also sensitive to many other models!)
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simplified models of dark matter

   Simplif ied model:
e.g. s-channel exchange 

of mediator particle

   Effective Field Theory: 
contact interaction

Simplified model approach necessary 
when mediator mass is low!
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Signatures of new particles: resonances

Invisible DM particles can be mediated 
by other particles coupling to quarks and gluons
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Signatures of new particles: resonances

Invisible DM particles can be mediated 
by other particles coupling to quarks and gluons

Signature of mediator:  excess of central dijet events
with invariant mass = M

mediator

(search also sensitive to many other models!)



An overview of Hadronic Jets
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The Development of a hadronic jet

Parton level
Quarks and gluons 

from the hard scattering

Particle level
Particles from the hadronization of 

quarks and gluons

Calorimeter level
Energy deposited in the calorimeters

Jet f inding and cal ibration needed to match
kinematics at calorimeter level to underlying kinematics
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CMS

ATLAS

 ATLAS and CMS  physics with jets,  leptons,  photons→
General-purpose experiments, covering ~ full solid angle
Excellent tracking, calorimetry, muon spectrometer

Atlas and cms detectors at the lhc
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CMS

ATLAS

Z event with 25 reconstructed vertices

Atlas and cms detectors at the lhc
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The atlas calorimeters

M. Petteni

Subsystem technology and granularity follows shower characterist ics

Energy deposits grouped in noise-suppressed 3D topological clusters
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Jet finding in atlas and cms

CMS: particle flow jets
using both tracking and calorimeter info

ATLAS: calorimeter jets
using topological clusters as input
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Jet finding

Basic algorithm:  event display + physicist



31

Jet finding

Basic algorithm:  event display + physicist

Needed for communicat ion of results:
 Specification of algori thm and parameters

 How to group input objects (recombinat ion scheme)

ATLAS: Ant i-k
t
 algorithm as default (4-vector recombination)

Distance parameters: R=0.4/0.6
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Jet finding in atlas (and in lund)
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Selecting jets online: the trigger system

Very high QCD jet rates  use → prescales to control total rate

ATLAS trigger system in 2012:  
from 20 MHz collisions to 400 Hz recorded to disk 

+ 200 Hz delayed stream, recorded but reconstructed later

Level-1
Coarse jets

Level-2
Simple jets

High Level Trigger

Event Fi l ter
Full-fledged jets
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Selecting jets online: the trigger system

Very high QCD jet rates 
 use → prescales to control 

total rate of jet events

 

Only save a fraction of events
above a given E

T
 threshold

(smaller fraction for lower thresholds)

1/fraction  = prescale weight
(statistical power suffers)
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Identifying jets

Energy deposits in calorimeters  jet→
But: energy deposits in calorimeters != always real jets

 → experiments need criteria to remove fake jets

e.g. No tracks from 
charged particles 

behind the jet 

ATLAS: various cut definitions, different eff iciencies and 
purit ies + rejection of jets from pile-up
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Atlas jet Calibration

Hadronic showersElectromagnetic showers

  → calibration needed to restore jet energy scale

Hadronic component of showers of particles in jets
involves invisible particles/processes (to non-compensating calorimeters)

arXiv:1406.0076

http://arxiv.org/abs/arXiv:1406.0076
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Pile-up subtraction

 Pi le-up:  effects of addit ional  
interact ions within the same or 
neighboring bunch crossing

 → Need to restore jet /MET 
energy scale and resolut ion

Event-by-event calibrations for 
jets and MET (based on jet  
areas/tracks)
Identification of jets from pile-up: 
Jet Vertex Fraction
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Origin correction

   Point the jet to the primary col l ision vertex , 
rather than to the center of the detector
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Energy and eta calibration

Compensate for energy losses in e.g. out-of-cone, dead material...
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Residual In-situ calibration

Use well-measured objects  to check the scale  of the cal ibrated jets
Compare balance in data and MC  combine, correct for differences→
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Jet energy scale uncertainty

Full set of bin-by-bin correlat ions  available 
(also: R=0.4/0.6, 2010 vs 2011 datasets...)

Correlat ions with CMS available ATL-PHYS-PUB-2014-020

Milestone of 1% baseline JES uncertainty
reached by ATLAS and CMS after 1 year of data

arXiv:1406.0076

http://arxiv.org/abs/arXiv:1406.0076
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jes uncertainty for precision physics

EPJC (2013) 73 2509

Knowledge of JES uncertainty 
correlat ions crucial for:

Fits of Parton Distribution Functions

C. Doglioni, Springer Theses

http://arxiv.org/abs/1403.4427

Mtop = 175.0±0.6(stat)±0.5(syst) GeV

http://arxiv.org/abs/1405.1756

CMS TOPSummaryPlots

Mtop = 172.2±0.1(stat)±0.7(syst) GeV

Mtop = 173.3±0.3(stat)±0.7(syst) GeV

Combinations of top measurements

http://www.springer.com/alert/urltracking.do?id&L2d4cdf6Mcdd52cSa99
http://link.springer.com/book/10.1007/978-3-642-30538-2
http://arxiv.org/abs/1403.4427
http://arxiv.org/abs/1405.1756
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsTOPSummaryPlots


Jets in new physics searches
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Searches with jets

Once we have jets and uncertainties under control: search!

Many ATLAS searches with jets have been published, shown here:
generic, model- independent searches

Dijet resonance search Mono-x searches
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Dijet resonance search: 8 TeV results

Observable: central, back-to-back dijet mass spectrum
Use delayed stream data to increase low-mass statistics

arxiv: 1407.1376

http://arxiv.org/abs/1407.1376
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Dijet resonance search: 8 TeV results

Observable: central, back-to-back dijet mass spectrum

Data-driven background estimation: 
fit to empirical function motivated by LO QCD, 

unable to accommodate local bumps

arxiv: 1407.1376

http://arxiv.org/abs/1407.1376
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Dijet resonance search: 8 TeV results

Observable: central, back-to-back dijet mass spectrum

Data-driven background estimation

Search phase: is there a local excess?

arxiv: 1407.1376

Statistical significance of deviation data/fit

http://arxiv.org/abs/1407.1376
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Dijet resonance search: 8 TeV results

Observable: central, back-to-back dijet mass spectrum

Data-driven background estimation

Search phase: is there a local excess?

arxiv: 1407.1376

If not, set l imits on 
various 

resonances
Systematic 

uncertainties:  
fit function, JES 

uncertainty, luminosity

http://arxiv.org/abs/1407.1376
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Dijet resonance search: 8 TeV results

No discoveries yet  l imits → on many new resonant physics models
Reinterpretable results on generic resonances

m(q*) > 4 TeV

arxiv: 1407.1376

http://arxiv.org/abs/1407.1376


50

searches for dark matter in atlas

● Monojet (jets+MET)

● Monophoton (photon+MET)

● Mono-W/Z (vector boson + MET)

● W/Z, Hadronic decays

● W: Leptonic decays

● Z: Leptonic decays: 

● Heavy flavor quarks + MET

Work on interpretat ions

 → efforts with theorists towards 
complementari ty of 

col l iders and other DM 
experiments

 → proposal to set up 
LHC-wide forum

No discoveries yet

- l imits set 
on dark matter candidates 

    -  Work with theorists on 
models and interpretat ions

   -  Initiate discussions with 
astropart ic le community  

 establish common ground for →
complementarity
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Mono-jet : look for excess of 
events with high pT jet(s),

high missing transverse momentum 

Background est imation (main: Zvv+jets):  
use transfer factors from W/Z data control regions 

Dominant systematics:
JES uncertainty

Theory uncertainties
MC statistics (8 TeV, 10 inv fb)

Signal regions:
Cut and count analysis,

varying jet pT and MET thresholds
(e.g. SR4: pT > 350 GeV, MET > 350 GeV)

SR3

ATLAS-CONF-2012-147
arXiv: 1210.4491The Atlas monojet search

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2012-147/
http://arxiv.org/abs/1210.4491


No excesses  set limits on new physics models→
Model-independent and interpretations : ADD, gravitino, WIMP (EFT)

Limit on suppression scale of EFT M* Comparison to DD experiments
assuming EFT framework (from 7 TeV)
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ATLAS-CONF-2012-147
arXiv: 1210.4491The Atlas monojet search

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2012-147/
http://arxiv.org/abs/1210.4491
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The monophoton search

Mono-photon: look for excess of 
events with high pT photon,

high missing transverse momentum 

Dominant systematics:
Fake rates, MC modelling

(large SR statistical uncertainties)

Signal region (SR):
Cut and count analysis,

pT(γ) > 150 GeV, MET > 150 GeV)

MET distr ibution in SR:

Background estimation (main: Zvv+γ) :   
combined fit with control regions estimates

Data-driven fake photon estimation
Validation region (VR) 

ATLAS-CONF-2014-051

http://cdsweb.cern.ch/record/1950353
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The monophoton search
ATLAS-CONF-2014-051

More interpretations: Extra Dimensions, SUSY, WIMP simplified model

http://cdsweb.cern.ch/record/1950353


55Not just mono-x: EFT wimps with dijets 
(searches in dijet angular distributions)

arxiv:1303.3348

Analysis of di jet angular distr ibut ions  probes contact interactions

       → can reinterpret constraints 
in terms of 

EFT framework for DM

arxiv:1103.3864

http://arxiv.org/abs/1303.3348
http://arxiv.org/abs/1103.3864


56



The future...
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searches at the lhc run-ii

Comparison of (new physics) mass reaches 
with full 8 and 13 TeV  datasets

Increased center of  mass 
energy: higher reach for new 

massive part ic les
and scales of  new 

interact ions

Larger dataset : 
more sensitive to rare processes

LHC Run-II , √s = 13 TeV, o(100) fb -1



59

keep searching at lower dijet masses

Coupling vs mass limits for generic leptophobic Z'

59

Sensit ivi ty at low masses driven by avai lable stat ist ics

Soon in: arxiv: 1407.1376

http://arxiv.org/abs/1407.1376
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keep searching at lower dijet masses

Blind spot (due to jet trigger rates and prescales), 
but promising for DM mediator searches

60

Soon in: arxiv: 1407.1376

http://arxiv.org/abs/1407.1376
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Data scouting and trigger-level analysis

Use Event Fi l ter jets  for dijet resonance search:
Bandwidth = rate * event size  decrease event size, increase rate→

Advantages:
1) spot new physics early (data scouting mode)

 

2) gain sensitivity in blind spot

Level-1
Coarse jets

Level-2
Simple jets

High Level Trigger

Event Fi l ter
Full-fledged jets

CMS-DP-2012-022

http://cds.cern.ch/record/1480607/
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Data scouting: cms results

CMS-DP-2012-022

CMS-PAS-EXO-11-094
last two days of 2011 data

using data scouting

CMS : data parking (from 2012)
data scouting (from end of 2011) 

http://cds.cern.ch/record/1480607/
http://cds.cern.ch/record/1461223?ln=en
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The future of colliders

Start thinking about benchmarks, jets, calorimeters now
to answer the questions still left open by the LHC

Future machines will depend on LHC discoveries  (or lack of)

FCC Website

Linear Collider website
HL-LHC website

http://tlep.web.cern.ch/
http://www.linearcollider.org/
http://hilumilhc.web.cern.ch/
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conclusions

A wealth of physics results  brought to the HEP community 
by LHC Run-I  data taking  (only a small subset from ATLAS searches shown)

Higgs boson discovered, Dark Matter still at large 
 looking for a DM particle candidate at the LHC→

Model- independent searches needed for LHC discoveries:
hadronic jets  promising signatures at hadron colliders

Performance of jets  and objects used crucial for searches, 
now and in the future 
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conclusions

Soon ready to analyse a larger dataset at a higher center of  
mass energy with upgraded detectors

 

Run-I I  discoveries will show the path to future col l iders!

new particles the Higgs

new particles

new particles they may turn up.
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Thank you for your attention!
(Looking forward to joining the lund atlas group!)
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Backup slides
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Selecting jets online: the trigger system

A. Sfyrla
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many models of dark matter

Both model-
independent  and 

targeted LHC 
searches needed to

cover spectrum
of possibilities

Tim Tait's talk at DM@LHC workshop 2013

https://kicp-workshops.uchicago.edu/DM-LHC2013/depot/talk-tait-tim.pdf
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C. Doglioni – DM and exotics at ATLAS  - 29/08/2014 – CoEPP Meeting, Freiburg

This region only considers validity 
due to kinematic constraints and 

theory perturbativity

More appropriate  (stronger) constraint:

(coupling/operator-dependent statement)

A truncation procedure
can be implemented (e.g. before 

converting EFT limits to DM-
nucleon cross-section plot)

Fraction of events in EFT validity region

http://arxiv.org/abs/1402.1275, with J .  Gramling (UniGe)

Displaying eft validity

http://arxiv.org/abs/1402.1275
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Example: Eft validity for d5 operator
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C. Doglioni – DM and exotics at ATLAS  - 29/08/2014 – CoEPP Meeting, Freiburg

Unige, Melbourne

Questioning the eft validity
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C. Doglioni – DM and exotics at ATLAS  - 29/08/2014 – CoEPP Meeting, Freiburg

Unige, Melbourne

Questioning the eft validity
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C. Doglioni – DM and exotics at ATLAS  - 29/08/2014 – CoEPP Meeting, Freiburg

Unige, Melbourne

Questioning the eft validity
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C. Doglioni – DM and exotics at ATLAS  - 29/08/2014 – CoEPP Meeting, Freiburg

Cambridge
(see TJ Khoo's talk)

Questioning the eft validity
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C. Doglioni – DM and exotics at ATLAS  - 29/08/2014 – CoEPP Meeting, Freiburg

Tim Tait's talk at DM@LHC workshop 2013

Remove the EFT validity 
problem by specifying 

explicit mediator

EFT remains useful 
benchmark!

Addit ional  handles at col l iders
in presence of mediators

 Direct searches for mediators
 Existing constraints on existing mediators

 More signatures (e.g. dijet+MET)

Moving to simplified models

https://kicp-workshops.uchicago.edu/DM-LHC2013/depot/talk-tait-tim.pdf
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C. Doglioni – DM and exotics at ATLAS  - 29/08/2014 – CoEPP Meeting, Freiburg

Many possibi l i t ies for bui lding blocks:
- qq/gg initial state
- s-channel/t-channel exchange
- Scalar or fermion or vector DM, real or complex
- Scalar or vector mediator

Correspondence between 
EFT operators  

and simplified models
(e.g. vector mediator, s-channel

vs D5 EFT operator)

Currently prioritizing 
studies on fermion DM:

- qq initial state
- s-channel, vector mediator
- t-channel, scalar mediator

Other interest ing possibi l i ty:
- Higgs as SM/DM mediator 

(Higgs portal )

simplified models of dark matter

ATL-PHYS-PUB-2014-007

http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2014-007/
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Increase of CoM energy  increase in reach (MET cut)→
Marginal increase with luminosity  (but decrease of syst. unc. needs time/statistics!)

Discovery potential for 50 GeV D5 WIMP Limit on suppression scale for 50 GeV D5 WIMP 

ATL-PHYS-PUB-2014-007

Monojet prospects

http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2014-007/
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Somehow counterintuitive results! Compet ing ef fects :
 Higher MET  higher Q→

tr

  (weak correlation: MET smeared by detector)  

 Increase of reach in M*  higher limits to start with  increased validity→ →
 

ATL-PHYS-PUB-2014-007

Simplified models 
still focus for WIMP searches 

at the LHC Run-II

Monojet prospects

http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2014-007/
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Mono-x searches in atlas: references

● Monojet (jets+MET):
ATLAS-CONF-2012-147

● Monophoton (photon+MET): ATLAS-CONF-2014-051
● Mono-W/Z (vector boson + MET)

–W/Z, Hadronic decays: PRL 112, 041802 (2014) 

–W: Leptonic decays:
 JHEP 09 (2014) 037

– Z: Leptonic decays: PRD 90, 052005 (2014)
● Heavy flavor quarks + MET:

In preparation (public results)

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2012-147/
http://cdsweb.cern.ch/record/1950353
http://prl.aps.org/abstract/PRL/v112/i4/e041802
http://dx.doi.org/10.1007/JHEP09(2014)037
http://dx.doi.org/10.1103/PhysRevD.90.052005
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2014-01/
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