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OUTLINE

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
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THE STANDARD MODEL OF PARTICLE PHYSICS, PRE-HIGGS
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THE STANDARD MODEL OF PARTICLE PHYSICS, PRE-HIGGS
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We should perhaps finish with an apology and a caution. We

apologize to experimentalists for having no idea what is the mass of the
ERFEY.

N

Higgs boson, unlike the case with charm 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
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suojdaj 9
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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.
hfmqgrdﬁ cern ch/record/874049
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https://cds.cern.ch/record/874049

NARROWING THE SM HIGGS BOSON MASS RANGE

Strong hints of where to search for the new boson:

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

M,, <07 Mev
excluded by neutron -electron scattering
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accessible in m-p~Hn at low energies ?

accessible in K-m+H decay?

500 MeV <M, <1500 MeV
accessible in moderate
energy (p°p) experiment ??

1500 MeV< M, <4000 MeV
accessible in pp—(uu)+X

at high energies ??
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http://arxiv.org/abs/1107.0975

Theory uncertainty
—— Fit including theory errors
---- Fit excluding theory errors
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Given the strong performance of the LHC and its experiments, with already over 1 fb™! inte-

grated luminosity accumulated at the date of this paper, the present analysis might be among

the last global electroweak fits working with Higgs limits only. In case of a Higgs discovery, the


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

..THEN WE FOUND THE HIGGS BOSON

| BOSONI DI HIGGS

DOPO QUASI 50 ANNI TROVATA LA RICETTA




THE STANDARD MODEL OF PARTICLE PHYSICS NOW
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SOME MISSING PIECES OF THE STANDARD MODEL

* Dark matter (DM) * Large difference in
scales of forces

" Dark energy (hierarchy problem)

Matter vs antimatter * Fine-tuning needed

. .
Neutrino masses * Free SM parameters

Preferred mass range for answers: TeV-scale
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EVIDENCE FOR DARK MATTER

Ry -_;S(I)_urc'e-i NASA -

F. Zwicky — Coma cluster: mass vs light output
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EVIDENCE FOR DARK MATTER

V. Rubin — Velocity of gas near Andromeda galaxy

-_;Sdurc'e-i_ NASA -
; i v(kmls)

Source: NOAO

Expected
from
luminous disk

10 R(kpc)

M33 Rotation Curve

F. Zwicky — Coma cluster: mass vs light output




EVIDENCE FOR DARK MATTER

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

14
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EVIDENCE FOR DARK MATTER

Dark Matter

Chandra/Hubble (NASA) — Visible mass of bullet cluster Planck — Dark matter vs
vs dark mass inferred from gravitational lensing standard ratter composition
S e T T PR using Cosmic Microwave

; . ' ' b Background fluctuations

After Planck
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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

E

- ifj‘r‘\" | j; .
(100l New s/ Complementary Dark Matter experiments

Indirect detection Direct detection Colliders

X X X

SM SM
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SIGNATURE-BASED SEARCHES AT COLLIDERS

Preferred mass range for answers: TeV-scale

J e lZ:'”J .,Jﬁ:: % ﬁok
hﬂ? we 0 a U’d

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
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SIGNATURE-BASED SEARCHES AT COLLIDERS

Further motivation for model-independent searches:

I The Standard Model of particle physics Il.ieptuns | Theorised/explained
0s0ns

Years from concept to discovery Quarks | Discovered
K
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Muon neutring | |

Down

I 1
Strange 11
Up | I
Charm =
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Bottom =

Guon . ; LHC: discovery machine

W bosan i |

Z boson I 1 Prepare for the unexpected,
Top | | especially if New Physics couples

Tau neutrino | { to quarkS and gluons
HIGGS BOSON | |

Source: The Economist
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SIGNATURES OF MISSING MATTER: MONO-X

Invisible DM particles escape detection:

tag events using recoiling object,
measure missing transverse momentum (E/T)

, } Mono - X
7
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SIGNATURES OF MISSING MATTER: MONO-X

Invisible DM particles escape detection:

tag events using recoiling object,
measure missing transverse momentum (E/T)

A\
, Mono - X é

| ~

4
Dark Matter signature: excess in tails ofETdistribution

(search also sensitive to many other models!)
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SIMPLIFIED MODELS OF DARK MATTER

Effective Field Theory: Simplified model:
contact interaction “‘ e.g. s-channel exchange
of mediator particle

Simplified model approach nec o
when mediator mass is low!

M.t



SIGNATURES OF NEW PARTICLES: RESONANCES

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

22



SIGNATURES OF NEW PARTICLES: RESONANCES

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

54 Fon TN 9 h1J).

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

mediator
(search also sensitive to many other models!)
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THE DEVELOPMENT OF A HADRONIC JET

pMp Parton level
Quarks and gluons
! q‘ from the hard scattering

‘—I- ]
\ Particle level
\ Particles from the hadronization of

| quarks and gluons

O
S aale --:{’._:__\_‘r Calorimeter level
‘ ~ Energy deposited in the calorimeters

]
=

~
“““““

Jet finding and calibration needed to match
kinematics at calorimeter level to underlying kinematics



ATLAS AND CMS DETECTORS AT THE LHC

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

26



ATLAS AND CMS DETECTORS AT THE LHC

/ event with 25 reconstructed vertices

Total Integrated Luminosity [fo]
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ATLAS
Preliminary
[[]LHC Delivered
[ ]ATLAS Recorded
[l Good for Physics

2011,Ns =7 TeV

Delivered: 5.46 fb”'
Recorded: 5.08 fb”
Physics: 4.57 fb”

P\QY 5\,\\ 00\

yo  pot

2012, s =8 TeV

Delivered: 22.8 fb'
Recorded: 21.3 fb™
Physics: 20.3 fb™

W oct
Month in Year
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THE ATLAS CALORIMETERS

Subsystem technology and granularity follows shower characteristics

Energy deposits grouped in noise-suppressed 3D topological clusters

Cluster .ETEE== in units of
g (T 5 Bz 0 |E|/Onoise
Tile biurrel Tile 7x’rended barrel E\Q%=.\ﬁ% 3

- Er

[To |1!.!’1 0
HEN1c=E1 0N

0ENEo o 0@

.=.=....

e -.._ Not a

NEeEee

1 1 I I Cluster

LAr electromagnetic o - < “ iV} Petteni

e

LAr hadronic
end-cap (HEC)

LAr eleciromagnetic

barrel
LAr forward (FCal)
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JET FINDING IN ATLAS AND CMS

CMS: particle flow jets
using both tracking and calorimeter info

parton level jet particle level jet

ATLAS: calorimeter jets
using topological clusters as input

calorimeter level jet



JET FINDING

BaSIC algorlthm event dlsplay + physicist

30



JET FINDING

Basic algorithm: event display + physicist

B =
; f’ B s

S S T ‘-‘\“
g P e
N ‘\-..4 A

A\ 7
X
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Needed for communication of results:
® Specification of algorithm and parameters
®* How to group input objects (recombination scheme)

ATLAS: Anti—kt algorithm as default (4-vector recombination)
Distance parameters: R=0.4/0.6
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JET FINDING IN ATLAS (AND IN LUND)

r.m_m‘, M Idea:
‘ 1 1  AR? Pld.,=d.. @) P b)
E di,j — mzn( 2 ] 2 ) D2 dﬂ'lln dAE,Enam
! Pr; Pt ‘
a4 B [= y Y] [= v
P o " d)
drn.n=dc.e..:~am
jdt
AR 3 y AR 3 ¥

Arin = MIN

(&,j} d;,béam)
It dmin = di,; recombine objects |
Else i is a jet, remove it from listd
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SELECTING JETS ONLINE: THE TRIGGER SYSTEM

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 e Level-2 Event Filtfer
Coarse jets - Simple jets . Full-fledged jets

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



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. threshold

(smaller fraction for lower thresholds)

1/fraction = prescale weight
(statistical power suffers)
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Number of jets / 0.05

35

IDENTIFYING JETS

Energy deposits in calorimeters — jet
But: energy deposits in calorimeters = always real jets
— experiments need criteria toremove fake jets

% 106 EI 1 1 T I T T 1 1 I T T T 1 I T T I 1 T T lé
e rerr e e e et et T s = Co [C] Fake jets sample 3
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: / 2
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ATLAS: various cut definitions, different efficiencies ahd
purities + rejection of jets from pile-up



ATLAS JET CALIBRATION

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

Electromagnetic showers Hadronic showers
€ h

Grupen,

Particle Detectors

Cambridge University Press (1996)

— calibration needed to restore jet energy scale

Calorimeter jets Pile-up offset an : Ca;::n-:j;;rjfts
(EM or LCW scale) correction’ Origin correction’ m&m W] : Aldy (SEERIDD

Corrects for the energy Changes the jet direction to  Calibrates the jet energy Residual calibration derived
V& offset introduced by pile-up.  point to the primary vertex. and pseudorapidity to the using in situ measurements.
arXN' 1406.0076 Depends on g and Ney. Does not affect the energy. particle jet scale. Derived in data and MC.

Derived from MC. Derived from MC. Applied only to data.


http://arxiv.org/abs/arXiv:1406.0076

PILE-UP SUBTRACTION

Calorimeter jets
(EM or LCW scale)

==

Derived from MC. Derived from MC.

Calorimeter jets
Energy &'n wﬁﬂrﬂiﬁ! (EM+JES or
calibration: LCW+JES scale)

Corrects for the energy Changes the jet direction to Calibrates the jet energy
offset introduced by pile-up. point to the primary vertex. and pseudorapidity to the
Depends on p and Ney. Does not affect the energy. particle jet scale.

® Pile-up: effects of additional
interactions within the same or
neighboring bunch crossing
— Need torestore jet/MET
energy scale and resolution
® Event-by-event calibrations for
jets and MET (based on jet
areas/tracks)

® |dentification of jets from pile-up:

Jet Vertex Fraction

) [GeV]

reco  ..true
T pT

RMS(p

—
—

Residual calibration derived
using in situ measurements.
Derived in data and MC.
Applied only to data.

L anti-k, LCW R=0.6 —m— (W), NPV) correction
[ 20< pflf“e <30 GeV —a— pxA correction

T ml<24

I\l\\I\ll\l\ll\l\‘I\II‘IIIIIII
- ATLAS Simulation Preliminary

[ Pythia Dijet\'s=8 TeV —— uncorrected

m\lm N Ia)\lcol\O

37




38

ORIGIN CORRECTION

. . Calorimeter jets
E;‘“"Tg:;r JEtIS Pile-uploffset Energy &' Residual insitu (EM+JES or
LS T GG calibration calibration LCW +JES scale)
Corrects for the energy Changes the jet direction to |l Calibrates the jet energy Residual calibration derived
offset introduced by pile-up. point to the primary vertex. and pseudorapidity to the using in situ measurements.

Depends on y and Ney. Does not affect the energy. particle jet scale. Derived in data and MC.
Derived from MC. Derived from MC. Applied only to data.

Point the jet to the primary collision vertex,
rather than to the center of the detector

r
jet
t centroid
rgy clusters
".rl '__I-n]'
(0,0,0) «——> z

primary vertex
(origin)
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ENERGY AND ETA CALIBRATION

Calorimeter jets

LCW +JES scale)

Calorimeter jets Pile-up offset ~ . _
(EM or LCW scale) gmggﬂgm> Origin correction| I 39 (T I (iD (EM+3JES or

Corrects for the energy Changes the jet direction to  @Calibrates the jet energy Residual calibration derived
offset introduced by pile-up. point to the primary vertex. and pseudorapidity to the using in situ measurements.
Depends on y and Ney. Does not affect the energy. particle jet scale. Derived in data and MC.
Derived from MC. Derived from MC. Applied only to data.

Compensate for energy losses in e.g. out-of-cone, dead material...

Jet response at EM scale
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RESIDUAL IN-SITU CALIBRATION

Calorimeter jets
(EM or LCW scale)

Corrects for the energy
offset introduced by pile-up.
Depends on g and Ney.
Derived from MC.

Pile-up offset
>

Origin correction

Energy &7
calibration

Residuallin situ
calibration

Changes the jet direction to
point to the primary vertex.
Does not affect the energy.

Calibrates the jet

particle jet scale.
Derived from MC.

and pseudorapidity to the

energy

Applied only to data.
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Calorimeter jets
(EM+JES or
LCW +JES scale)

Residual calibration derived
using in situ measurements.
Derived in data and MC.

Use well-measured objects to check the scale of the calibrated jets
Compare balance in data and MC — combine. correct for differences

anti-k, R=0.4, EM+JES
Data 2011

o Z+jet
= y+jet
& Multijet

— Total uncertainty

Il Statistical component
| !

ATLAS
\§ = 7 TeV, nj<1.2
[Ldt=4.710"

........................................
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IIII|IIII|:II{I|IIII|:IIII
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o b 4
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& T
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0.85"
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JET ENERGY SCALE UNCERTAINTY

Milestone of 1% baseline JES uncertainty
reached by ATLAS and CMS after 1 year of data
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Full set of bin-by-bin correlations available
(also: R=0.4/0.6, 2010 vs 2011 datasets...)
Correlations with CMS available ari-prys-pus-2014-020


http://arxiv.org/abs/arXiv:1406.0076

JES UNCERTAINTY FOR PRECISION PHYSICS

Knowledge of JES uncertainty

correlations crucial for:

Fits of Parton Distribution Functions
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LHC/Tevatron NOTE

ATLAS-CONF-2014-008
CDF Note 11071
CMS PAS TOP-13-014
DO Note 6416

March 17, 2014

SDS

Combinations of top measurements

http://arxiv.org/abs/1403.4427

First combination of Tevatron and LHC measurements of the top-quark mass

Mtop = 173.3+0.3(stat)+0.7(syst) GeV

CMS combination 172.2+ 0.1+ 0.7 GeV
March 2014 (value + stat + syst)
Tevatron combination . 173.2+ 0.6 + 0.8 GeV
Phys. Rev. D86 (2012) 092003 (value * stat + syst)
World combination 2014 . 173.3+ 0.3+ 0.7 GeV
ATLAS, CDF, CMS, DO (value + stat + syst)

| | I I | I N | | I N | [

CMS TOPSummaryPlots

m, [GeV]

Zogl EPJC(2013)732509 pt pen —
9 25 - ---..'.'::-:-::..\‘ ATLAS .
2~ |\ =
1.5 —
115 ) . —

7 Q°=1.9 GeV ]

0 5:_ 1 HERAI fit ]
"~ T HERA+ATLAS jets R=0.6 fit 1

¥ 12220 HERA+ATLAS jets 2.76 TeV R=0.6 fit .

0 it HERA+ATLAS jets 7 TeV R=0.6 fit ]

paal ! ) raal ! ' A | ! Lo =

v F ' ' | £ 3
§ 1.15— _E
1= —
o = =
0.9 \_\ =
102 10 1

X

C. Doglioni, Springer Theses

Mtop = 172.2+0.1(stat)+0.7(syst) GeV

http://arxiv.org/abs/1405.1756

FERMILAB-PUB-14-123-E

Precision measurement of the top-quark mass in lepton+jets final states

Mtop = 175.0+0.6(stat)+0.5(syst) GeV



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
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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
Mons - X
é\S 4’\ 9 w,gng X
% ’
9 X
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DIJET RESONANCE SEARCH: 8 TEV RESULTS ... 1001

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

,'I__' : T I T T T | T T T I T I
2 teeeess s s e s s o
=10k ATLAS o __
8 § ©  Normal stream only 3
E e Delayed stream added
3 =n =
107 ot =
102 =
10° = =
= \s=7 TeV \s=7 TeV
N 2010 2011 |
1 0'4 1 I 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 I 1 1 1 I 1 1 1 |
200 400 600 800 1000 1200 1400

Reconstructed m,[GeV]


http://arxiv.org/abs/1407.1376
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DIJET RESONANCE SEARCH: 8 TEV RESULTS ... 1001

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

f(ﬂi?) _ ’Pl(l _ E)PQ$P3—|—P4 Inx


http://arxiv.org/abs/1407.1376
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DIJET RESONANCE SEARCH: 8 TEV RESULTS ... 1001

Observable: central, back-to-back dijet mass spectrum
Data-driven background estimation

Search phase: is there a local excess?

.
(A I T L T N

7000 8000 3000
Mass[GeV]

2000 3000 4000 5000 6000


http://arxiv.org/abs/1407.1376

DIJET RESONANCE SEARCH: 8 TEV RESULTS ... 1001

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

Data-driven background estimation

Search phase: is there a local excess?

L Model and Final State
If not, setlimits on

95% CL Limits [TeV]
Expected Observed

various a° a9
s& = gg
resonances W' — qq’
Systematic Leptophobic W* — ¢g’
T Leptophilic W* — q¢’
uncertainties: QBH black holes
fit funCtion, JES (¢ and g decays only)

BrAckMAX black holes

uncertainty, luminosity /" jecays)

3.99
2.83
2.01
1.93
1.67
0.82

5.7

4.09
2.72
2.45
1.75
1.66
0.82

=
Y]



http://arxiv.org/abs/1407.1376
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DIJET RESONANCE SEARCH: 8 TEV RESULTS ... 1001

n 9 T I T T
= 10° E
5 | ATLAS
10 , “ )
o 15=8 TeV, L dt=20.3 fb”
D 107 o
D, s
© 10
; 5
& 10
c_(g 4 N“"%
¢ 10 —e— Data X
T 1tf — Fit
a 10 I
—o-- g, m=0.6 TeV
10°
—o-- g, m=2.0TeV
10 g*, m=3.5TeV
o | &
E 1 =
g o U E
ﬁ -1 _;
= 2 —
> 0 =
(7] D) _;

N
(6)]

03 04 05 1 2 3
Reconstructed m, [TeV]

——_ g

Observed 95% CL upper limit
Expected 95% CL upper limit
\ 68% and 95% bands

N\ m(q*) > 4 TeV

jL dt =20.3 fb’
Vs=8 TeV

T T
KM

—|-III| ] IIIIIII| ] IIIIIII| ] IIIIIII| ] IIIIIII| | IIIIIII| | IIIIIII| LI H

N
IIII|IIII|IIII|I\\II

1 2 3 4 5
m,; [TeV]

No discoveries yet=» limits on many new resonant physics models
Reinterpretable results on generic resonances


http://arxiv.org/abs/1407.1376
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SEARCHES FOR DARK MATTER IN ATLAS

)MOM‘X
® No discoveries yet

X - limits set

e Monojet (jets+MET) on dark matter candidates

- Work with theorists on

* Monophoton (photon+MET) _ _
models and interpretations

* Mono-W/Z (vector boson + MET)
- Initiate discussions with

| astroparticle community
* W: Leptonic decays — establish common ground for
* Z: Leptonic decays: complementarity

* W/Z, Hadronic decays

* Heavy flavor quarks + MET
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THE ATLAS MONOJET SEARCH it

Mono-jet: look for excess of Dominant systematics:
events with high pT jet(s), JES uncertainty
high missing transverse momentum 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)

ATLAS Preliminary

E- JLdl=1G.5ih' | E— W(—JI\']rialEs =
E T Z(—=0)+jet 3

[Events/GeV]
EN

. \E=8TEU | Dbnsclns

=i . & lop
T ADD 2 M =3 Tev

+--- 05 M=B0Ge V. M=670GeV

"""" S cwmugRY
53

dN/dET™®
S
T III| TT

Background estimation (main: Zvv+jets):
use transfer factors from W/Z data control regions —— .

VA r LU —'—jﬂt W—};w—i—jet Z —=vr ](‘*T m1§

Data/ BG

300 400 500 600 700 800 900 1000 1100 1200
E7 " [GeV]


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

Suppression scale M, [GeV]

THE ATLAS MONOJET SEARCH o

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

E o I o -—--10—29 fTqu T T T I E— ﬁi?:rev’ :JI,_? Fb|1’|9|qcﬁ’|cl:
500 Operator D11, SR3, 90%CL  XENON1002012  —e— D1: G- 10
- = Expected limit (£ 1+ 26, ) 2.10°%" ---- comSsll low-energy —s— D5: qg— j(?ﬁf)m o
45{]5_ " Observed limit (£ 10,,,q,,) | 15 jo8L CoGeNT 2010 —— D11:gg— j(xX)
400 — Thermal relic ;"; E -~ D5:CDF qg~ 1000 g _
C ,.r"; w 10—35 -
350 2 _—

300

)|

||||||||||||||||||||||||||||||||||||||||||||
MP- n cros m?
o
&

ogop 7 AT TTEHIIRELY el
EDDf_ F:E Tev j
C |Ldt=1051f0" Y -
150 ///eﬁecti'm theur:.rw“ﬂ g
- L not valid Spin-independent 7
‘IDD_ | - 1 1 PRI | ol 1 L
10° 10° 10 10°
WIMP mass m, [GeV] WIMP mass m, [ GeV ]
Limit on suppression scale of EFT M* Comparison to DD experiments

assuming EFT framework (from 7 TeV)

_ M 2(100 GeV)6
DIl — % 10~ cm? X
o0 = 383107 em (1 GeV) M.



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

THE MONOPHOTON SEARCH  xrias-conr-2014-05

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

Background estimation (main: Zvv+Y):

combined fit with control regions estimates
Data-driven fake photon estimation
Validation region (VR)

Dominant systematics:
Fake rates, MC modelling
(large SR statistical uncertainties)

Signal region (SR):
Cut and count analysis,

53

pT(y) > 150 GeV, MET > 150 GeV)

Process Event yield (SR) Event yield (VR)
Z(—=wW)+vy 380 +£36+ 10 153 £+ 16 £ 10
W(— tv)+vy 82.5+53+34 67+5+5
W/Z + jet, tf, diboson 83+2+28 47+ 2+ 14
Z(= ) +y 20+02x0.6 29+£03x0.6
Y + jet 04+82 25“21'2
Total background 557 £ 36+ 27 272 + 17 + 14
Data 521 307
E E ATLAS Preliminary """"'_;_"[)ét'al"""""'E
g 10° E_J-Ldt-20.3 ' \s=8TeV =z:€\§(—_>:’|3)) —
: W/Z+jettop,diboson
2 402 . v+Z(-1) |
c et =
g ///// uncertainty 3
m —
o 1.5F y )
8 1§ ¢ & 2
S Ogg— y TI777 y 7 /[é
150 200 250 300 350 400 450 500 550

E™MiSS 1GeV]


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

THE MONOPHOTON SEARCH

r—

v-N cross-section [cnP

—
|
w
[{¢]

More interpretations: Extra Dimensions, SUSY, WIMP simplified model
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| —@— D5: ATLAS 8TeV g=41 90%CL
-6 - D5: ATLAS 8TeV g=1 90%CL
- D5:ATLAS 7TeV y(xX)

ATLAS Prelimin

T ] CoGeNT, 99%CL [ CDMS, 16 ¥+
H ] CDMS, 20 CDMS, low mass—+
— LUX 2013 90%CL — Xenon100 90°/oCL_

I IIIIIII| LI T IIFI'III
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le’[ =
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http://cdsweb.cern.ch/record/1950353

NOT JUST MONO-X: EFT WIMPS WITH DIJETS >
(SEARCHES IN DIJET ANGULAR DISTRIBUTIONS)

Analysis of dijet angular distributions probes contact interactions

A
_1

—
>
(I8

New Physics )

dijet mass m;

[F. Ruehr, LPCC Workshop on Higgs/BSM]

—— —
4,8 Ws=7 TeV ATLAS

r = = ] Total Systematics
0.05F -

07 L + M|
Tarxiv:1103.3864 10

Y
> >
J X = exp ly;-y

— can reinterpret constraints
In terms of
EFT framework for DM

Excluded by Monojet Searches
1.5
Excluded by Perturb y
\\
05
arxiv:1303.3348
0 1 2 3 4 ] 6 7 a8 2] 10


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

ATLAS Exotics Searches* - 95% CL Exclusion

Status: ICHEP 2014

ATLAS Preliminary

[Ldt=(1.0-20.3) b

\5=7,8

Model &,y Jets ET*™ [rdim™) Mass limit Reference
AL ! ! o ' ! L ! ! L
ADD Gkk + g/q - 1-2 M, 4327V 1210.4491
ADD non-resonant ¢£ 2¢ o z ATLAS-CONF-2014-030
ADD QBH — (g 14 / S TH 1311.2006
‘é’ ADD QBH 1 “r*. to be submitted to PRD
.§ :Bg :: ::gh Neri 2pu & n Article Talk b i 1.5 TeV, non-rot BH 1308.4075
o gh X p1 >1 " b = 1.5 TeV, non-rot BH 1405.4254
£  RS1Gk = 26 " & 0.1 1405.4123
S RS1 Gk - WW - tvty 2 Nk 01 1208.2880
,;. Bulk RS Gk — ZZ — (lqq_ 26 —— E . d f b 1.0 ATLAS-CONF-2014-039
W BukRS Gix — HH - bbbb 1 WIKIPEDI A viaence or apsence 10 ATLAS-CONF-2014-005
Bulk RS gik — tt 16 25 ATLAS-CONF-2013-052
S'/z, ED 24  The Free Encyclopedia _ . . 1209.2535
UED > From Wikipedia, the free encyclopedia ATLAS-CONF-2012-072
w SSMZ it 26 ) 1405.4123
S SSMZ o o Mainpage Not to be confused with Absence of evidence. ATLAS-CONF-2013-066
Q SSM W’ — v 14 ATLAS-CONF-2014-017
g EGM W’ - WZ - &v ' 3e, = 1406.4456
® EGM W’ - WZ - qqlt 2e,pu 2j/1J ATLAS-CONF-2014-039
8 LRSM W — tb 1epu 2b,0-1j Yes 14.3 ATLAS-CONF-2013-050
LRSM W}’? — tb Oe,u >1b,1J - 20.3 to be submitted to EPJC
Cl gqqq - 2j - 4.8 1210.1718
[§) Cl qqtt 2eu - - 20.3 e =-1 ATLAS-CONF-2014-030
Cl uutt 2e,u(SS) 21b,>21j Yes 14.3 ICl=1 ATLAS-CONF-2013-051
S  EFT D5 operator (Dirac) Oeu 1-2j Yes 105 = at 90% CL for m(y) < 80 GeV ATLAS-CONF-2012-147
Q  EFT DY operator (Dirac) Oep 1J,<1) Yes 203 at 90% CL for m(y) < 100 GeV 1309.4017
Scalar LQ 15t gen 2e >2] - 1.0 LQ mass 660 GeV p=1 1112.4828
9, Scalar LQ 2" gen 2u >2]j - 1.0 LQ mass 685 GeV p=1 1203.3172
Scalar LQ 3 gen tepu, 1t 1b1j - 4.7 LQ mass 534 GeV p=1 1303.0526
Vector-like quark TT — Ht + X ey >2b>4j Yes 14.3 T in (T,B) doublet ATLAS-CONF-2013-018
§~j’<’ Vector-like quark TT - Wb+ X 1eu >1b>3j Yes 14.3 isospin singlet ATLAS-CONF-2013-060
S § Vector-like quark TT — Zt + X  2/23e,u  >2/>1b - 20.3 T in (T,B) doublet ATLAS-CONF-2014-036
I & vectorlike quark BB » Zb+ X 2/>3e,u  >2/>1b - 20.3 Bin (B,Y) doublet ATLAS-CONF-2014-036
Vector-like quark BB - Wt + X 2e,u(SS) >1b,>1j Yes 14.3 B in (T,B) doublet ATLAS-CONF-2013-051
o @ Excited quark g — qy 1y 1j - 20.3 only u* and d*, A = m(q") 1309.3230
.-“_-’ © Excited quark g* — qg - 2j - 20.3 only v* and d*, A = m(q*) to be submitted to PRD
u% g Excited quark b* — Wt 1or2e,u1b,2jor1j Yes 47 b* mass 870 GeV left-handed coupling 1301.1583
%= Excited lepton ¢* — ¢y 2e,u 1y - - 13.0 A=22TeV 1308.1364
LSTC a7 —» Wy leuly - Yes 20.3 to be submitted to PLB
LRSM Majorana v 2epu 2j - 2.1 m(Wg) = 2 TeV, no mixing 1203.5420
'CT) Type Ill Seesaw 2epu - - 58 | Ve|=0.055, |V,|=0.063, | V;|=0 ATLAS-CONF-2013-019
£ Higgs triplet H** — ¢ 2e,u(SS) - - 4.7 H** mass 409 GeV DY production, BR(H** — (£)=1 1210.5070
S Multi-charged particles - - - 4.4 multi-charged particle mass 490 GeV DY production, |q| = 4e 1301.5272
Magnetic monopoles - - - 2.0 monopole mass 862 GeV DY production, |g| = 1gp 1207.6411
10 1 10 Mass scale [TeV]

*Only a selection of the available mass limits on new states or phenomena is shown.
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SEARCHES AT THE LHC RUN-II

LHC Run-Il, /s = 13 TeV, 0o(100) fb™'

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

8 I I

Increased center of mass Ton SRR
energy: higher reach for new ?___Eigqimé ....... R

massive particles
and scales of new
interactions

Larger dataset:
more sensitive to rare processes

system mass [TeV] for 13.00 TeV, 300.00 bl

0 0.5 1 1.5 2 2.5 3 3.5 4
system mass [TeV] for 8.00 TeV, 20.00 bl
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KEEP SEARCHING AT LOWER DIJET MASSES

| ] L] [} L] L] l
Coupling vs mass limits for generic leptophobic Z
o |
— UA2 --=--CMS 5/tb »
2.5— ' ©
n ; ---- CDF Run | — CMS 20/fb &
= —— CDF 1.1/fb = ATLAS 1/fb S
- ----CMS0.13/fb  ---- ATLAS 13/ib 5
ol ------- CMS 4/ib — ATLAS 20.3/fb g
- : 2
L ' E
15— 3
. 2
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- F;
1| ) — >
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<
0.5 ATLAS Internal 5
- ?oon in:arxiv: 1407.1376 <
| | | | | 1 | | | | | | | | 1 | | | | | | | | |
500 1000 1500 2000 2500
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Sensitivity at low masses driven by available statistics


http://arxiv.org/abs/1407.1376

KEEP SEARCHING AT LOWER DIJET MASSES

as]
(@]

N yd
25 B — UJAZ2 2
L ---- CDF Run | — 8
- | |1 —CDFib e Y 4 S
B : -+ = CMS 0.13/fb . j
ol I CMS 4/fb — ’ x 5
L ' N £
: S
- : - ":5
- — 2
- : @
1.5— (1 %
- /5 o\, | | :
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L 9 2
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05 ATLAS Internal 3
T | | | So|on in: arxiv: 14?7.1376 <
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500 1000 1500 2000 2500
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Blind spot (due to jet trigger rates and prescales),
but promising for DM mediator searches
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http://arxiv.org/abs/1407.1376
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DATA SCOUTING AND TRIGGER-LEVEL ANALYSIS

Level-1 g Level-2 Event Filtfer
Coarse jets - Simple jets . Full-fledged jets

__High Level Trigger  #&
Use Event Filter jets for dijet resonance search:
Bandwidth = rate * event size = decrease event size, increase rate

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

CMS-DP-2012-022

2) gain sensitivity in blind spot


http://cds.cern.ch/record/1480607/

DATA SCOUTING: CMS RESULTS

do/dm (pb/GeV)

Residuals

10°
10

1
107
102
10
10*

-5

10

Ol mhoam

CMS-DP-2012-022

Test Feasibility of Data Scouting in 2011:
Dijet Resonance Search (0.13 fb")

1 IIII| LLLa __hlll| | IIIII|
w

T T T LI L
E_ —&— CMS Preliminary (0.13 fb"} _E
- J— QCD Pythia ]
g Jet Energy Scale Uncertainty
E
Lo D:{U.? Tev) .3 EXO-11-094 P
- PP
= - psTeV) ™\
EW\(0.7 TeW) .
L -
- | l | =]
g =7 TaV _
o 2J~58-T;ﬁﬂ' <Scouting approach extended
- the dijet search below 1 TeV
E ] : ' ' -
: :
3 |
3 v
00 1000 1500 2000 2500

3000
Dijet Mass (GeV)

A (pb)

Cross Section x B x

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

10

——f=— Observe d 95% CL Upper Limit

=— - == Expected 85% CL Upper Limit
CMS Preliminary (0.13 fb™)
Expected Limit = 1o
Vs =7 TeV
Expected Limit £ 2c
Wide jets
| | | | l | | | |

IIII|IIII|IIII|IIII_
E; Diquark
--wl

550 800 650 700 750 800 850 900 950 1000105

qq Resonance Mass (GeV)

CMS-PAS-EXO-11-094
last two days of 2011 data
using data scouting
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http://cds.cern.ch/record/1480607/
http://cds.cern.ch/record/1461223?ln=en
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THE FUTURE OF COLLIDERS

Future machines will depend on LHC discoveries orackof
FCC Website

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


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—l data taklng (only a small subset from ATLAS searches shown)

Higgs boson discovered, Dark Matter still at large
— |ooking 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

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

riments vulnerable to new particles should know how they may turn up.

Soon ready to analyse a larger dataset ata higher center of
mass energy withupgraded detectors

Run-II discoveries will show the path to future colliders!




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

For the ATLAS

|,:l. . .'|.|

e =

-

Conditons )

'The ATLAS trigger system]

[

L=

Hardwai

20 MHz

Hunch ci

6.4x10

INEracTIiSS

15 kHz

Lol 1l

AL

CALD  MUON TRACKING

Lwl1

| Pipeline memories

— Derandomizers
—] Readout drivers

—Readout buffers

Software

Event
Filter

qirzam [siored

Full-event buffers

Processor sub-farms
Lok Farm 1

il D Ho s
avg. rate, including
00 MBS

1 3
delayed sirean

A. Sfyrla
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MANY MODELS OF DARK MATTER

Less Complete Both model-
independent and

targeted LHC
searches needed to

Effective Field Theories

cover spectrum
of possibilities

Simplified

Models
Models

UV Complete
Models

“Sketches of Models”
Little
Higgs More
Tim Tait's talk at DM@LHC workshop 2013 Complete



https://kicp-workshops.uchicago.edu/DM-LHC2013/depot/talk-tait-tim.pdf

DISPLAYING EFT VALIDITY
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1200 ' / " ""ATLAS Preliminary |

y5=8 TeV J-Lclt =105 fb"

—
=
(=]
=]

800

600

Operator D5, SR3, 90%CL

Suppression scale M,, [GeV]

400 £-4 Expected limit (£ 1+ EGEIP}
— Observed limit (£ 16,,.,,)
200 —— Thermal relic effective theory|
not valid / N
11 | 1 1 1 L1 I
10® 10°

WIMP mass m, [GeV]

. . . V..
This region only considers validity
due to kinematic constraints and
theory perturbativity

More appropriate (stronger) constraint:

Qr < A°

(coupling/operator-dependent statement)

[ UNIVERSITE

‘oeceneve (. Doglioni — DM and exotics at ATLAS

ACULTE DES SCIENCES

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
Rtot _ Oeff [Qur <A
A p—
O eff

http://arxiv.org/abs/1402.1275, with J. Gramllng (Uane)

% 3000 Vs=8 TeV = ATLAS Limit D11
o — R, =75% ---- Rypy = 75%
<

2500 RA _ 500/0 R‘h”\ _ 50(%) . , ,
— R, =25% ---- Ry, = 25% L

%A < ?mDM ._A < 2:1

1500 b

2000

1000

———— R e a0t
otz ;;";;";"c'a"wf% e e



http://arxiv.org/abs/1402.1275

EXAMPLE: EFT VALIDITY FOR Db OPERATOR

2 100l
& 100ATLAS Simulation :
5= [ Preliminary -
T 8o ]
60 — -
40 ]
: \'E =8 TeV A :
- m, = 50 GeV IL=20fb |
201 — ET*>400GeV
- — ET** > 600 GeV _
i — ET"*° > 800 GeV .
U L T S T Y O S S B S
1 1.5 2 2.5 3

gSMgDM



QUESTIONING THE EFT VALIDITY

@ Effective Field Theory: interaction between SM and
DM particles mediated by very heavy particle —
simplest possible model, governed by scale M™

ay.Z,orWw

Unige, Melbourne

Mono-X topology:
MET + a recoiling
high-pr object

UNIVERSITE

72

oeceneve  C. Doglioni — DM and exotics at ATLAS - 29/08/2014 — CoEPP Meeting, Freiburg

EEEEEEEEEEEEEEEEEE



73

QUESTIONING THE EFT VALIDITY

@ Effective Field Theory: interaction between SM and
DM particles mediated by very heavy particle —
simplest possible model, governed by scale M~

gy, Z oW

q X
Caveat on Effective Field Theories:
validity problems due to high momentum transfer at col-
liders, problematic when comparing to complementary di-
rect/indirect detection experiments
Unige, Melbourne
q X

Problems with EFT:
momentum transfer
surpasses cut-off scale

UNIVERSITE

oeceneve  C. Doglioni — DM and exotics at ATLAS - 29/08/2014 — CoEPP Meeting, Freiburg

EEEEEEEEEEEEEEEEEE
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QUESTIONING THE EFT VALIDITY

@ Effective Field Theory: interaction between SM and
DM particles mediated by very heavy particle —
simplest possible model, governed by scale M~

Caveat on Effective Field Theories:

validity problems due to high momentum transfer at col-
liders, problematic when comparing to complementary di-
rect/indirect detection experiments

@ Simplified models: adding an explicit mediator to the
theory: parameterize theory via couplings,

Solution: simplified mpn, Mmed — Active collaboration
models with mediator experiments/theorists, e.g. 8 TeV Mono-Z paper

mediator could bring in
additional signatures

UNIVERSITE

oeceneve  C. Doglioni — DM and exotics at ATLAS - 29/08/2014 — CoEPP Meeting, Freiburg

EEEEEEEEEEEEEEEEEE
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QUESTIONING THE EFT VALIDITY

@ Effective Field Theory: interaction between SM and
[ Sambridge DM particles mediated by very heavy particle —
see 00's ta *
simplest possible model, governed by scale M

Caveat on Effective Field Theories:

validity problems due to high momentum transfer at col-
liders, problematic when comparing to complementary di-
rect/indirect detection experiments

@ Simplified models: adding an explicit mediator to the
theory: parameterize theory via couplings,
mpn, Mmed — Active collaboration
experiments/theorists, e.g. 8 TeV Mono-Z paper

Full SUSY models: not
covered here @ Specific, UV-complete theories: e.g. SUSY, with

Lightest Supersymmetric Particle as DM candidate —
optimise sensitivity for certain models

UNIVERSITE

oeceneve  C, Doglioni — DM and exotics at ATLAS - 29/08/2014 — CoEPP Meeting, Freiburg

EEEEEEEEEEEEEEEEEE
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MOVING TO SIMPLIFIED MODELS

Less Complete Remove the EFT validity
problem by specifying
explicit mediator

EFT remains useful
benchmark!

Effective Field Theories

Models

UV Complete
Models

Additional handles at colliders

in presence of mediators Liccle @
Higgs M
ore
_ Comvplete

@ Direct searches for mediators
@ Existing constraints on existing mediators
@ More signatures (e.g. dijet+MET)

t ATLAS - 29/08/2014 — CoEPP Meeting, Freiburg



https://kicp-workshops.uchicago.edu/DM-LHC2013/depot/talk-tait-tim.pdf
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SIMPLIFIED MODELS OF DARK MATTER

Many possibilities for building blocks:

- qg/gg initial state
- s-channel/t-channel exchange

- Scalar or fermion or vector DM, real or complex

- Scalar or vector mediator

Currently prioritizing
studies on fermion DM:
- qq initial state
- s-channel, vector mediator
- t-channel, scalar mediator

Correspondence between
EFT operators
and simplified models
(e.g. vector mediator, s-channel
vs D5 EFT operator)

M* [TeV]

Other interesting possibility:
- Higgs as SM/DM mediator
(Higgs portal)

UNIVERSITE . .
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MONOJET PROSPECTS

Early DM searches: what do we gain/lose from CoM increase?

significance [o]
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@ Current monojet analysis: systematically limited at low MET, statistically
limited at high MET — How high can we reach in Mx* at 14 TeV?

@ Will we have problems with the EFT validity at a higher CoM energy?

Increase of CoM energy = increase in reach (MET cut)
Marginal increase with luminositv (but decrease of syst. unc. needs time/statistics!)

|

ATLAS Simulation Preliminary
Is=14 TeV J.Ldt=25fb'1
D5, m = 50 GeV

T < \ 9emIom < 4r

5% systematic

ATL-PHYS-PUB-2014-007
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Discovery potential for 50 GeV D5 WIMP

=
O]
S,
=
©
©
O
(]
c
S
2]
2]
o
S
o
Q.
=}
w

3000

2500

2000

1500

1000

500

D5, m, = 400
5% syst

SM™DM

Tc<\§g g <4rm

- ATLAS Simulation Preliminary

GeV

>
®

IIIIIIIIIlIIIIlIIIIIIIIIII

.

—o— MET > 400 GeV

—#— MET > 600 GeV

—— MET > 800 GeV

Limit on suppression scale for 50 GeV D5 WIMP
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MONOJET PROSPECTS i cuvseimonicn

Early DM searches: what do we gain/lose from CoM increase?

@ Current monojet analysis: systematically limited at low MET, statistically
limited at high MET — How high can we reach in Mx* at 14 TeV?

@ Will we have problems with the EFT validity at a higher CoM energy?

Somehow counterintuitive results! Competing effects: Quw < VgsmgpmM™
@ Higher MET = higher Qtr (weak correlation: MET smeared by detector)

@ Increase of reach in M* = higher limits to start with = increased validity
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http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2014-007/

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

— /. Leptonic decays: PRD 90, 052005 (2014)

* Heavy flavor quarks + MET:
In preparation (public results)
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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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