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• SUSY results often reported in (m0,m1/2) or (mX, mLSP) plane

• Large missing transverse energy usually primary signature

• In exotica, search for particles and resonances not necessarily needed or 
predicted in supersymmetry

Shahram Rahatlou, Roma Sapienza & INFN

SUSY	VS	EXOTICA
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Conclusions	and	Outlook	

SUSY2016.					Davide	Costanzo	 Searches	for	Supersymmetry	with	ATLAS	 27	

²  The	LHC	Run	2	is	in	full	swing	
²  A	wide	range	of	13	TeV	analyses	based	on	3.3	Q-1	from	2015	published	

§  Higher	centre	of	mass	energy	
§  New	Pixel	layer	installed	
§  Improved	analysis		

²  Limits	improved	on	squarks,	gluinos,	stop,	sboboms	under	a	wide	variety	of	
assumpCons.	More	talks	this	week	

²  Looking	forward	to	the	2016	dataset!		
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SIGNATURE-	VS	TOPIC-BASED
• Same final state often probing very different models or topics

– 2 leptons, 2jets + MET, lepton+jet+MET

• Topological presentation requires jumping between very different models

• Mostly a topic-based approach in this talk
– easier to combine constraints  

on model from different topologies
– Same final state is not simple  

re-interpretation
‣often optimization redone to deal  

with acceptance for very different  
models
‣ different analysis strategy and  

signal extraction methods
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Dielectron Invariant Mass Spectrum

Figure: The observed dielectron invariant mass spectrum together with the SM 
expectation from Monte Carlo generated events. Final corrections have not 
been applied to either the data or the simulation.  The Monte Carlo 
expectation is normalised to the data in the region of 60 < m(ee) < 120 GeV.  
The largest invariant mass observed is 1 TeV.  The last bin includes the 
overflow.

Electron selection: 
• Good-quality isolated 

electrons with ET > 35 
GeV and |η| < 1.4442 
or 1.566 < |η| < 2.5.

• One electron must 
have |η| < 1.4442.

Event selection: a pair of 
electrons (no opposite-
sign requirement)

Shahram Rahatlou, Roma Sapienza & INFN

EXOTICA	TIMELINE
• Rich variety of theoretical models and new particles

• Two-body resonances from day one: leptons, photons, jets
– detector effects usually not critical
– sensitive to bumps right away

• increase complexity and multiplicity  
of final state
– better understanding and calibration  

of detector

• Final states with MET + X

• Really exotic signatures such  
as long-lived particles 
– control of detector conditions  

over longer period
– ultimate calibration and alignment
– optimisation of dedicated algorithms
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EXOTICA	IN	ONE	PAGE
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Figure 7: The observed exclusion region for the mass and proper decay length of the c̃0
1 in the

SPS8 model of GMSB supersymmetry.

These limits are the most stringent for long-lived neutralinos.239
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RESONANCES
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RESONANCES	AT	8	TEV
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Figure 9: Observed (solid) and expected (dashed) 95% CL upper limits on the product of the
graviton production cross section and the branching fraction of Gbulk ! WW (left) and Gbulk !
ZZ (right). The cross section for the production of a bulk graviton multiplied by its branching
fraction for the relevant process is shown as a red solid (dashed) curve for k/MPl = 0.5 (0.2),
respectively.

ity of the sample is not large enough to allow us to set mass limits on the bulk graviton models
with k/MPl = 0.2 or 0.5. Fig. 10 (right) presents also the local p-value of the significance of
the excesses observed in the data. No excesses with significances larger than two standard
deviations are observed.

8.2 Model-independent limits

The analysis as presented above is specific to the case of a narrow bulk graviton model, but this
is not the only extension of the SM predicting resonances decaying to vector bosons. Therefore
it is useful to allow the reinterpretation of these results in a generic model. In this section
we present the exclusion limits on the visible number of events after having introduced some
modifications to the analysis that greatly simplify its structure, at a moderate price in terms
of performance. Together with the upper limits on the number of signal events, we provide
tables with the reconstruction and identification efficiencies for vector bosons in the kinematic
acceptance of the analysis. Following the instructions detailed in Appendix A, it is possible to
estimate the number of events for a generic signal model that would be expected to be detected
in CMS with the collected integrated luminosity and to compare it with the upper limit on the
number of events.

To avoid the dependence on the assumptions in the construction of the separate categories, we
perform a simplified analysis, reducing the event classification to one single category. We do
this by adding the muon and electron channels and dropping the low-purity category (whose
sensitivity is much smaller than the high-purity category). The loss in performance is very
small over a large range of masses. The effect of dropping the LP category is visible only at
very high masses, where the upper limit on the cross section becomes 15% less stringent.

A generic model cannot restrict itself to narrow signal widths, hence we provide limits as a
function of both mass (MX) and natural width (GX) of the new resonance. The generated line
shape is parametrized with a Breit–Wigner function (BW) and its width is defined as the G
parameter of the BW. The BW line shape is convoluted with the double-sided CB introduced
in Section 6.2 for describing the detector resolution. While different values of GX are scanned,
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8.2 Model-independent limits

The analysis as presented above is specific to the case of a narrow bulk graviton model, but this
is not the only extension of the SM predicting resonances decaying to vector bosons. Therefore
it is useful to allow the reinterpretation of these results in a generic model. In this section
we present the exclusion limits on the visible number of events after having introduced some
modifications to the analysis that greatly simplify its structure, at a moderate price in terms
of performance. Together with the upper limits on the number of signal events, we provide
tables with the reconstruction and identification efficiencies for vector bosons in the kinematic
acceptance of the analysis. Following the instructions detailed in Appendix A, it is possible to
estimate the number of events for a generic signal model that would be expected to be detected
in CMS with the collected integrated luminosity and to compare it with the upper limit on the
number of events.

To avoid the dependence on the assumptions in the construction of the separate categories, we
perform a simplified analysis, reducing the event classification to one single category. We do
this by adding the muon and electron channels and dropping the low-purity category (whose
sensitivity is much smaller than the high-purity category). The loss in performance is very
small over a large range of masses. The effect of dropping the LP category is visible only at
very high masses, where the upper limit on the cross section becomes 15% less stringent.

A generic model cannot restrict itself to narrow signal widths, hence we provide limits as a
function of both mass (MX) and natural width (GX) of the new resonance. The generated line
shape is parametrized with a Breit–Wigner function (BW) and its width is defined as the G
parameter of the BW. The BW line shape is convoluted with the double-sided CB introduced
in Section 6.2 for describing the detector resolution. While different values of GX are scanned,

ZZ hypothesis

WW hypothesis
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Combination

CMS-EXO-13-009

4Kristian Gregersen (University College London)  - Searches for diboson resonances with ATLAS  -  LHCP2016 in Lund, Sweden  –  Thursday 16.06.2016

Reminder of Run 1 excesses in diboson searches

● ATLAS : 2.5σ excess (MV' = 2 TeV) for fully hadronic W' → WZ [arXiv:1506.00962]
● significance decreases in combination with semileptonic channels [arXiv:1512.05099]

● CMS : 1.9σ excess (MV' = 1.8 TeV) for W' → WH → lvbb [arXiv:1601.0643]

● ATLAS : no excess in W' → WH → lvbb [arXiv:1503.08089]
● Less sensitive to high mass resonances with resolved jet analysis
● For Run 2: 

● Use boosted jet selection (large-R jets)

Introduction
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IMPORTANCE	OF	ENERGY	INCREASE

• 2015 data collected equivalent to 2012 dataset for Mx ~ 2-3 TeV
8

Status of EXO Analyses

• For high mass searches parton luminosity counts! 
• With 3 fb-1 all searches with Mx>2 TeV are competitive!

WHICH ANALYSES ARE SENSITIVE

7

1 fb-1 @ 13 TeV

3 fb-1 @ 13 TeV

10 fb-1 @ 13 TeV ~3
 T

eV

~2
 T

eV

<300 GeV

~4
 T

eV

200 pb-1 @ 13 TeV

Mx
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SPECTACULAR	PERFORMANCE	OF	LHC	IN	2016

• Kudos to
– LHC for outstanding delivery
– ATLAS and CMS detector teams 

for extremely quick availability  
for analysis

9

ATLAS online luminosity

CMS online luminosity

https://atlas.web.cern.ch/Atlas/GROUPS/DATAPREPARATION/PublicPlots/2016/DataSummary/figs/intlumivsyear.png
http://cms-service-lumi.web.cern.ch/cms-service-lumi/publicplots/int_lumi_cumulative_pp_2.png
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LHC	LAST	NIGHT
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https://op-webtools.web.cern.ch/vistar/vistars.php?usr=LHCLUMINOSITY

https://op-webtools.web.cern.ch/vistar/vistars.php?usr=LHCLUMINOSITY
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SENSITIVITY	WITH	2016	DATA	SO	FAR
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http://cern.ch/collider-reach

http://cern.ch/collider-reach
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HEAVY	RESONANCES
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BOOSTED	TOPOLOGY
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topology of a tt resonance

heavy resonances 
(M ~2 TeV):
• decay products pT~1TeV
• large Ɣ factor (>5 -10)
• jets overlap and merge
• special reconstruction 

techniques needed !

light resonances  
(M ~ 500 GeV): 

• “classical” event topology
lepton
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tt resonances: semi-leptonic [ATLAS-CONF-2016-014]

event selection
• three types of jets:

• small-R jets (R=0.4) 
• large-R jets (R=1) for top-tagging
• track jets (R=0.2) for b-tagging

• pT dependent lepton isolation
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tt resonances: hadronic

Z’

top jet

b
Wu

d

• top tagging
• subjet b-tagging

b
W u

d

top jet

[CMS-PAS-B2G-15-003]

NEW

background from data:
• invert substructure selection criterion on one jet (QCD region)
• measure mistagging probability of other jet
• parameterised in bins of b-tag and pT
• apply mistag rate in single t-tagged sample

Mx < 1 TeV

Mx ~ 2 TeV

see talks Monday afternoon 
covering these topologies  
in detail
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DI-LEPTONS

• 0.08 events expected above 2.5 TeV

14

CMS-PAS-EXO-15-005 ATLAS-CONF-2015-070

http://cds.cern.ch/record/2114855
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2015-070/
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LEPTON	FLAVOR	VIOLATION
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DI-JET	AT	13	TEV

• High pT trigger thresholds to cope with enormous cross section

16
24

high-mass dijet resonances
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T-TBAR

• see talks on Monday afternoon for details

17
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event selection
• three types of jets:

• small-R jets (R=0.4) 
• large-R jets (R=1) for top-tagging
• track jets (R=0.2) for b-tagging

• pT dependent lepton isolation
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tt resonances: hadronic

Z’

top jet

b
Wu

d

• top tagging
• subjet b-tagging

b
W u

d

top jet

[CMS-PAS-B2G-15-003]

NEW

background from data:
• invert substructure selection criterion on one jet (QCD region)
• measure mistagging probability of other jet
• parameterised in bins of b-tag and pT
• apply mistag rate in single t-tagged sample Z' mass [TeV]
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[ATLAS-CONF-2016-014]

results:
• fit mtt distribution to data
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benchmark Z’ model:
• narrow width 1.2%:   

excl  0.7 TeV < m < 2 TeV      (Run 1: <1.8TeV)
• width 3%:                  

excl  0.7 TeV < m < 3.2 TeV   (Run 1: <2.3TeV)

tt resonances: semi-leptonic
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[ATLAS-CONF-2016-014]

results:
• fit mtt distribution to data
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tt resonances: semi-leptonic
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TOP	PARTNERS

• Constraints in Run2 already competitive or better than Run1 
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ATLAS-CONF-2016-032
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vector-like quarks: single production [CMS-PAS-B2G-16-005]

T

H jet 
b

b
H

search for single T2/3→tH:
• all-hadronic final state
• boosted Higgs- and top-tags
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Figure 3: The HT (left) and M(T) (right) distributions after full event selection. The black
markers with error bars are the data. The various background components are shown as filled
histograms, and are estimated using simulations (tt+jets and W+jets) and the data (non-tt+jets
and non-W+jets multijets component). The T quark signal distribution for two T quark masses
are also shown. The signal s B(T ! tH) is set to 1 pb.

The jet energy and mass correction and resolution uncertainties affect the shapes of the M(T)
distributions for both the simulated signal and background processes. The jet energy scale and
resolution uncertainties are a few percent while the jet mass correction uncertainty is 10%. The
HT-reweighting has an uncertainty of 1 � 3%.

The subjet b tagging and the t tagging scale factor uncertainties also affect the M(T) shape. The
t tagging scale factor uncertainty is the largest at about 15 � 30% over the entire pT range. The
subjet b tagging scale factor systematic uncertainties are 2� 5% for subjets from b quarks, twice
that for those from c quarks, and about 10% for light quark subjets.

The uncertainty on the predicted multijet background arises from the statistical uncertainty
of the data sample used in the control regions as well as the above uncertainties which are
propagated while subtracting the tt+jets, W+jets, and the single top contributions. Thus, the
systematic uncertainties on the simulated backgrounds is anticorrelated with the data-driven
multijets background estimation.

7 Results

Given that no excess of events is seen over the estimated background, we proceed to set limits
on the production cross section of the T quark produced in association with a t or a b quark
through electroweak interactions. The shape of the M(T) candidate distributions for the back-
ground and the signal are fit to the data to obtain an upper limit on the production cross section
of a single T quark decaying to T ! tH . The systematic uncertainties are treated as nuisance
parameters with log-normal priors. A binned likelihood fit is used, with a Bayesian approach
to evaluate the best fit values of the nuisance parameters [54], to estimate the 95% confidence
level (CL) upper limit on the signal strength. The expected and observed limits are shown
in Fig. 4 for different T quark masses, and with left- and right-handed couplings to the 3rd
generation SM quarks.

A comparison is made with the simplified model framework for a singlet and a doublet T
quark. The former has the branching fraction ratios B(T ! bW) : B(T ! tZ) : B(T ! tH) ::
0.5 : 0.25 : 0.25. For the latter the ratios are B(T ! bW) : B(T ! tZ) : B(T ! tH) :: 0 : 0.5 : 0.5.

CMS-PAS-B2G-16-005

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-032/
https://cds.cern.ch/record/2160371
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DI-BOSON	FINAL	STATES
• Rich search program for both vector and scalar bosons
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Recent results – contents of the talk 

7 16. June 2016 Andreas Hinzmann 

 

•  Listing only latest (new/submitted) results covering TeV resonances 
•  8 TeV results indicated in italic 
•  More di-boson searches in context of SUSY/2HDM covered by Higgs BSM 

Signature Final state ATLAS CMS 
γγ γγ 

 
 
combination 

ATLAS-CONF-2015-081 
10.1103/PhysRevLett.113.171801 
10.1103/PhysRevD.92.032004 
arXiv:1606.03833 

CMS-PAS-EXO-15-004 
CMS-PAS-EXO-12-045 
10.1016/j.physletb.2015.09.062 
arXiv:1606.04093 

γZ γll 
 
γqq 
combination 

ATLAS-CONF-2016-010 
10.1016/j.physletb.2014.10.002 
ATLAS-CONF-2016-010 

CMS-PAS-EXO-16-019 
CMS-PAS-HIG-16-014 
CMS-PAS-EXO-16-020 
CMS-PAS-EXO-16-021 

WW/WZ/ZZ qqqq 
qqll 
qqlv 
 
qqvv 
combination 

arXiv:1606.04833 
arXiv:1606.04833 
arXiv:1606.04833 
 
arXiv:1606.04833 
arXiv:1606.04833 

CMS-PAS-EXO-15-002 
10.1007/JHEP08(2014)174 
CMS-PAS-EXO-15-002 
CMS-PAS-B2G-16-004 
 
CMS-PAS-EXO-15-002 

WH/ZH bbll 
bblv 
bbvv 
combination 

ATLAS-CONF-2015-074 
ATLAS-CONF-2015-074 
ATLAS-CONF-2015-074 
ATLAS-CONF-2015-074 

CMS-PAS-B2G-16-003 
CMS-PAS-B2G-16-003 
CMS-PAS-B2G-16-003 
CMS-PAS-B2G-16-003 

Combination of VV/VH CMS-PAS-B2G-16-007 

HH bbbb arXiv:1606.04782 CMS-PAS-EXO-12-053 

B0àK*0χ K*0ll LHCB: 10.1103/PhysRevLett.115.161802 Courtesy of 
Andreas Hinzmann 
(U Zurich)
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VV	AND	VH	PICTURE

20Heavy vector

scalar singlet

arXiv:1606.04833

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2016-01/
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γγ	SPECTRUM

• Use of data without magnetic field in CMS added 10% sensitivity
– outstanding detector and calibration work by ECAL team

• Spin-0 and Spin-2 hypotheses, with narrow and wide width as benchmark

21
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Figure 1: Observed diphoton invariant mass mgg spectra for the event categories used in the
analysis of the 13 TeV data: (upper row) magnetic field strength B = 3.8 T; (lower row) B = 0 T;
(left column) both photons in the ECAL barrel detector, (right column) one photon in the ECAL
barrel detector and the other in an ECAL endcap detector. The results of a likelihood fit to the
background-only hypothesis are also shown. The shaded regions show the 1 and 2 standard
deviation uncertainty bands. The lower panels show the difference between the data and fit,
divided by the statistical uncertainty in the data points.

limits and significance is studied for a subset of the hypothesis tests and is found to be about
10%. Thus the upper limits on the production cross section times branching fraction for the res-
onant production of two photons could be up to 10% higher, and the significance of an excess
over the SM up to 10% lower, than the results presented below.

The shape of the signal distribution in the likelihood function is given by the convolution of
the intrinsic shape, taken from the PYTHIA generator, with a function characterizing the CMS
detector response. The normalization is a free parameter of the fit. The intrinsic shape is gener-
ated for various mX values. The detector response is derived from a PYTHIA sample including
GEANT4 modeling using a coarser spacing in mX, assuming a small intrinsic width, and incor-
porating corrections derived from Z ! e+e� data. The intrinsic width and detector response
are interpolated to intermediate points using the “moment morphing” technique of Ref. [40].
At 13 TeV, the signal mass resolution, defined as the ratio of the full width at half maximum
(FWHM) of the distribution, divided by 2.35, to the peak position, is roughly 1.0 (1.5)% for the
EBEB (EBEE) categories.
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Figure 1: Observed diphoton invariant mass mgg spectra for the event categories used in the
analysis of the 13 TeV data: (upper row) magnetic field strength B = 3.8 T; (lower row) B = 0 T;
(left column) both photons in the ECAL barrel detector, (right column) one photon in the ECAL
barrel detector and the other in an ECAL endcap detector. The results of a likelihood fit to the
background-only hypothesis are also shown. The shaded regions show the 1 and 2 standard
deviation uncertainty bands. The lower panels show the difference between the data and fit,
divided by the statistical uncertainty in the data points.

limits and significance is studied for a subset of the hypothesis tests and is found to be about
10%. Thus the upper limits on the production cross section times branching fraction for the res-
onant production of two photons could be up to 10% higher, and the significance of an excess
over the SM up to 10% lower, than the results presented below.

The shape of the signal distribution in the likelihood function is given by the convolution of
the intrinsic shape, taken from the PYTHIA generator, with a function characterizing the CMS
detector response. The normalization is a free parameter of the fit. The intrinsic shape is gener-
ated for various mX values. The detector response is derived from a PYTHIA sample including
GEANT4 modeling using a coarser spacing in mX, assuming a small intrinsic width, and incor-
porating corrections derived from Z ! e+e� data. The intrinsic width and detector response
are interpolated to intermediate points using the “moment morphing” technique of Ref. [40].
At 13 TeV, the signal mass resolution, defined as the ratio of the full width at half maximum
(FWHM) of the distribution, divided by 2.35, to the peak position, is roughly 1.0 (1.5)% for the
EBEB (EBEE) categories.

The largest deviation from the background-only hypothesis is observed near a mass of 750 GeV, for
a k/MPl value of 0.23, corresponding to a local excess of 3.8 standard deviations. The width associated
with k/MPl = 0.23 at mG⇤ = 750 GeV is 57 GeV. The global significance evaluated using the search region
of 500–2000 GeV in mass and 0.01–0.3 in k/MPl is 2.1 standard deviations. The statistical uncertainty
from the number of pseudo-experiments is ±0.05 standard deviations. For k/MPl = 0.01, correspond-
ing to a narrow width signal, the largest deviation from the background-only hypothesis corresponds to
3.3 standard deviations local significance at a mass near 770 GeV. The change in the likelihood ratio
between the best signal-plus-background fits with a small k/MPl value and k/MPl = 0.23 corresponds to
a di↵erence of 1.3 standard deviations, assuming the asymptotic approximation.

Figure 6 shows the diphoton invariant mass distribution for the selection optimized for the spin-0 res-
onance search together with the best background-only fit (NS=0) using the functional-form approach.
The compatibility with the background-only hypothesis, quantified with the local p0-value expressed in
standard deviations, is shown in Figure 7 as a function of the hypothesized resonance mass and width.
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Figure 6: Distribution of the invariant mass of the diphoton candidates for the selection used in the search for a
spin-0 resonance with the best background-only fit. The di↵erence between the data and this fit is shown in the
bottom panel. The arrow shown in the lower panel indicates a value outside the range with more than one standard
deviation. There is no data event with m��> 2000 GeV.

As in the spin-2 resonance search, the largest deviation is observed near a mass of 750 GeV. It corres-
ponds to a local excess over the background-only hypothesis with a significance of 3.9 standard deviations
for a width of 45 GeV. The impact of systematic uncertainties on the significance of the excess is small,
corresponding to a change of about 0.1 standard deviations in the local significance. Only systematic
uncertainties related to the background modelling have a non-negligible contribution to this small di↵er-
ence. The global significance evaluated using the search region of 200–2000 GeV in mass and 0%–10%
in �X/mX is 2.1 standard deviations. The statistical uncertainty from the number of pseudo-experiments
is ±0.05 standard deviations.

If assuming a signal with a narrow width, the largest deviation from the background-only hypothesis is
found for a mass near 750 GeV and it corresponds to a local significance of 2.9 standard deviations. The
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Details in parallel talks on Tuesday afternoon
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THE	400-SOMETHING-THEORY-PAPER	BUMP

• Outstanding performance of LHC makes the next update interesting
– both experiments shooting for updates with at least same luminosity
– each experiment with almost x3 luminosity recorded so far
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Figure 12: Upper limits on the fiducial cross section at
p

s = 13 TeV of a spin-0 particle as a function of the
assumed mass mX , for di↵erent values of the decay width divided by the mass. In (a) a narrow-width signal, with �
= 4 MeV, is assumed.
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Γ = 4 MeV Γ/m = 6%
glu-glu 1.5 σ 1.2 σ

q - q 2.0 σ 2.1 σ

ATLAS compatibility with 8 TeV

18 A Supplemental material
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Figure A.6: Fraction of events selected by the analysis categories for 0.5 < mX < 4.5 TeV and
GX/mX = 1.4⇥ 10�4. Curves for both spin-0 and RS graviton resonances are shown, on the left
for the 3.8 T sample and on the right for the 0 T one.
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combined analysis of the 8 and 13 TeV data sets. The left (right) plot corresponds to the scalar
(RS graviton) signals. The 8 TeV results are scaled by the expected ratio of cross sections in each
scenario.

Global significance (13TeV+8TeV)  
Narrow width: 1.6 σ

Global significance (13TeV)  
Narrow width: 2.9 σ

arxive: 1606.04093arxive: 1606.03833

http://arxiv.org/abs/1606.04093
http://arxiv.org/abs/1606.03833
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Daily diphoton theory report
updated 8 Jul, 00:17 Melbourne time 

http://jsfiddle.net/adavid/bk2tmc2m/show/
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Daily diphoton theory report Game of Thrones: 750 GeV Edition
updated 8 Jul, 00:17 Melbourne time 

http://jsfiddle.net/adavid/bk2tmc2m/show/
http://resonaances.blogspot.com.au/2016/06/game-of-thrones-750-gev-edition.html
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29 

Warped Geometries Example: 750 GeV Graviton KK-state 

!  750 GeV G1 diphoton rate 

!  Naturally fits excess w/ IR-physics at few TeV 
!  1st KK should be visible in other channels 

!  Gauge 1st KK ~ 566 GeV very weakly coupled 
!  `Light’ RS KK states accessible @LHC w/ natural 

hierarchy solution! 

ZZ Production 

Hewett, Rizzo 1603.08250 
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Figure 2: Observed mZg invariant mass spectra in the 13 TeV data, for the e+e�g channel (left)
and the µ+µ�g channel (right). Data are shown as black markers, in bins of 20 GeV, and the
fitted function is represented by a red line, with the 68% uncertainty band as gray shade.

as the difference between the true and fitted yields, divided by the statistical uncertainty, and
its median is required to be below 0.5 in the full search region. This criterion is equivalent to
requiring that the uncertainty on the mean background yield, which is subdominant compared
to the purely Poissonian term, is modelled with an accuracy better than 10%. In order to achieve
this, the background uncertainty is inflated by a small term, which amounts to about 5 · 10�3

events/GeV at mZg = 600 GeV, and smoothly falls to about 5 · 10�4 events/GeV around mZg =
2 TeV.

The observed mZg invariant mass spectra in 13 TeV data are shown in Fig. 2, for the e+e�g (left)
and µ+µ�g (right) channels. The data are shown as black markers, and the result of the fit with
its uncertainty are shown with a red line and a grey band. No event with invariant mass larger
than 1.4 TeV has been selected.

4 Signal Modelling
Scalar resonances decaying to Zg are generated with PYTHIA [20, 21]. Several samples were
generated with masses ranging from 200 (350) GeV to 1.2 (2) TeV, in the 8 (13) TeV signal gen-
eration. We focus on ‘narrow’ signal models, where the intrinsic width of the resonance is
negligible compared to the experimental resolution.

The signal distribution in mZg is obtained from fits to the generated events which pass full
selection criteria. The adopted fitting function is the sum of a Gaussian and a Crystal Ball func-
tion [22] for the 8 TeV analysis, and a function with a Gaussian core and two power-law tails,
an extended form of the Crystal Ball function, for 13 TeV. The best-fit values of the function
parameters are measured on the simulated samples at each mass point, separately for the elec-
tron and muon channels, and then interpolated through polynomial fits to generic mZg values
in order to have smoothly-varying signal shape parametrizations. The typical mass resolution
for signal is 1–2%.

The expected signal acceptance times efficiency in the analysis of 13 TeV data rises from about

4 3 Background modelling
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Figure 1: Observed mZg invariant mass spectra in the 8 TeV data, for the e+e�g channel (left)
and the µ+µ�g channel (right). Data are shown as black markers, in bins of 20 GeV, and the
fitted function is represented by a red line, with the 68% uncertainty band as grey shade.

3 Background modelling
Based on simulated events, the dominant background after the full event selection is expected
to be due to initial-state radiation (ISR) SM Zg production. The background fraction due to ISR
in Z boson decays is 80-90%, while the rest is mostly due to the contribution from Z plus jets,
where the jet is misreconstructed as a photon. The m``g distributions are steeply and smoothly
falling with increasing mass. The non-resonant background is measured directly in the data,
through an unbinned maximum-likelihood fit to the observed mZg distributions, separately in
the e+e�g and µ+µ�g channels.

In the 8 TeV analysis the background shape is parametrized with the sum of three exponential
decay functions. The fit is performed over the range 150 < m``g < 1600 GeV. The potential bias
on the background measurement is studied by using pseudo-data generated from different
functional forms and fitted with the function under test. The results of these fits are used to
determine an appropriate model for background, such that the bias introduced on the limit of
the signal strength measurement is smaller than a fifth of the background statistical uncertainty.
A triple exponential function was found to satisfy this criterium across the search mass range.

The observed mZg invariant mass spectra in 8 TeV data are shown in Fig. 1, for the e+e�g (left)
and µ+µ�g (right) channels. The data are shown as black markers, and the result of the fit is
represented by a red line, with the 68% uncertainty band as grey shade.

The 13 TeV search employs a strategy similar to the 8 TeV search. The fit is performed over the
mZg > 200 GeV range. The adopted fitting function in the background estimate:

f (mZg) = ma+b log mZg

Zg , (2)

has proven to describe well the background shape on the simulation and to be particularly
robust in shape-induced bias studies. The latter has been tested by fitting a large number of
pseudo-datasets generated from different truth models, and measuring the difference between
the true and fitted yields in different mZg windows: in each window a pull variable is defined
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Z(qq)+γ	SPECTRUM

• Merged jets and substructure analysis to reconstruct Z
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Figure 4: Left: 95%-confidence-level upper limits on the 13-TeV cross section s13 TeV(A ! Zg)
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NO	STONE	UNTURNED:	LOW-MASS	DI-JET

• Dedicated triggers and data parking techniques to explore low-mass dijet
– use trigger-level jet objects
– dedicated jet calibration and corrections
– not suffering from pre-scales due to huge hadronic trigger rates
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low-mass dijet resonances

NEWresults:
• empirical function to fit the background spectrum
• analyse all possible mass intervals for excess
• most discrepant interval 574-685 GeV (0.8 σ)
• excludes gaussian excess with cross sections  

3 pb (450 GeV) to 0.7 pb (900 GeV)

[ATLAS-CONF-2016-030]
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low-mass di-b-jet resonances

NEW

[ATLAS-CONF-2016-031]

hot from the press:
• search in mass region  

570 - 1200 GeV

• b-tagged triggers  
→ full offline analysis
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No Signal Yet
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X	+	MET

• Radiated by initial partons necessary to trigger the event

• Presence of high energy photon/W/Z/Higgs or jet(s) in addition to large 
missing transverse energy

• Results interpreted in terms of cross section on nucleons
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Figure 1: Dark matter production in association with a single jet in a hadron collider.

3.1. Comparing Various Mono-Jet Analyses

Dark matter pair production through a diagram like figure 1 is one of the leading channels
for dark matter searches at hadron colliders [3, 4]. The signal would manifest itself as an excess
of jets plus missing energy (j + /ET ) events over the Standard Model background, which consists
mainly of (Z ! ⌫⌫)+ j and (W ! `inv⌫)+ j final states. In the latter case the charged lepton ` is
lost, as indicated by the superscript “inv”. Experimental studies of j + /ET final states have been
performed by CDF [22], CMS [23] and ATLAS [24, 25], mostly in the context of Extra Dimensions.

Our analysis will, for the most part, be based on the ATLAS search [25] which looked for mono-
jets in 1 fb�1 of data, although we will also compare to the earlier CMS analysis [23], which used
36 pb�1 of integrated luminosity. The ATLAS search contains three separate analyses based on
successively harder pT cuts, the major selection criteria from each analysis that we apply in our
analysis are given below.3

LowPT Selection requires /ET > 120 GeV, one jet with pT (j1) > 120 GeV, |⌘(j
1

)| < 2, and events
are vetoed if they contain a second jet with pT (j2) > 30 GeV and |⌘(j

2

)| < 4.5.

HighPT Selection requires /ET > 220 GeV, one jet with pT (j1) > 250 GeV, |⌘(j
1

)| < 2, and events
are vetoed if there is a second jet with |⌘(j

2

)| < 4.5 and with either pT (j2) > 60 GeV or
��(j

2

, /ET ) < 0.5. Any further jets with |⌘(j
2

)| < 4.5 must have pT (j3) < 30 GeV.

veryHighPT Selection requires /ET > 300 GeV, one jet with pT (j1) > 350 GeV, |⌘(j
1

)| < 2, and
events are vetoed if there is a second jet with |⌘(j

2

)| < 4.5 and with either pT (j2) > 60 GeV
or ��(j

2

, /ET ) < 0.5. Any further jets with |⌘(j
2

)| < 4.5 must have pT (j3) < 30 GeV.

In all cases events are vetoed if they contain any hard leptons, defined for electrons as |⌘(e)| < 2.47
and pT (e) > 20 GeV and for muons as |⌘(µ)| < 2.4 and pT (µ) > 10 GeV.

The cuts used by CMS are similar to those of the LowPT ATLAS analysis. Mono-jet events
are selected by requiring /ET > 150 GeV and one jet with pT (j1) > 110 GeV and pseudo-rapidity
|⌘(j

1

)| < 2.4. A second jet with pT (j2) > 30 GeV is allowed if the azimuthal angle it forms with
the leading jet is ��(j

1

, j
2

) < 2.0 radians. Events with more than two jets with pT > 30 GeV are
vetoed, as are events containing charged leptons with pT > 10 GeV. The number of expected and
observed events in the various searches is shown in table I.

3 Both ATLAS and CMS impose additional isolation cuts, which we do not mimic in our analysis for simplicity and
since they would not have a large impact on our results.
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36 pb�1 of integrated luminosity. The ATLAS search contains three separate analyses based on
successively harder pT cuts, the major selection criteria from each analysis that we apply in our
analysis are given below.3

LowPT Selection requires /ET > 120 GeV, one jet with pT (j1) > 120 GeV, |⌘(j
1

)| < 2, and events
are vetoed if they contain a second jet with pT (j2) > 30 GeV and |⌘(j

2

)| < 4.5.

HighPT Selection requires /ET > 220 GeV, one jet with pT (j1) > 250 GeV, |⌘(j
1

)| < 2, and events
are vetoed if there is a second jet with |⌘(j

2

)| < 4.5 and with either pT (j2) > 60 GeV or
��(j

2

, /ET ) < 0.5. Any further jets with |⌘(j
2

)| < 4.5 must have pT (j3) < 30 GeV.

veryHighPT Selection requires /ET > 300 GeV, one jet with pT (j1) > 350 GeV, |⌘(j
1

)| < 2, and
events are vetoed if there is a second jet with |⌘(j

2

)| < 4.5 and with either pT (j2) > 60 GeV
or ��(j

2

, /ET ) < 0.5. Any further jets with |⌘(j
2

)| < 4.5 must have pT (j3) < 30 GeV.

In all cases events are vetoed if they contain any hard leptons, defined for electrons as |⌘(e)| < 2.47
and pT (e) > 20 GeV and for muons as |⌘(µ)| < 2.4 and pT (µ) > 10 GeV.

The cuts used by CMS are similar to those of the LowPT ATLAS analysis. Mono-jet events
are selected by requiring /ET > 150 GeV and one jet with pT (j1) > 110 GeV and pseudo-rapidity
|⌘(j

1

)| < 2.4. A second jet with pT (j2) > 30 GeV is allowed if the azimuthal angle it forms with
the leading jet is ��(j

1

, j
2

) < 2.0 radians. Events with more than two jets with pT > 30 GeV are
vetoed, as are events containing charged leptons with pT > 10 GeV. The number of expected and
observed events in the various searches is shown in table I.

3 Both ATLAS and CMS impose additional isolation cuts, which we do not mimic in our analysis for simplicity and
since they would not have a large impact on our results.

γ/W/Z/H + MET gluon(jet) + MET

hadronic jet

missing 
energy

photon / W / Z / Higgs

missing 
energy
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X	+	MET	INTERPRETATION
• Original intent

– complementary approach  to 
direct searches at low mass 

• Criticism to use of 
effective theories
– mediator mass assumed to be 

negligible at LHC 

• Suggestions to use SUSY 
approach
– simplified models for final 

state
– provide 2D constraints in  

(mX, mmediator) plane

34

LHCP2016, 17-Jun-2016 Bo Jayatilaka

Benchmark signatures for LHC DM searches
• Searches for DM at the LHC look for ETmiss+X


• X = jet, W, Z, γ, H, tt, bb, t, etc.

• Run 2: Adopt simplified models to interpret results (arXiv:1507.00966)


• Assume new massive particle which mediates DM-SM interaction

• DM particle is a Dirac fermion χ

• Keep to a minimal set of parameters


• Mmed, mχ, gSM, gDM, Γmed

3

18 atlas+cms dark matter forum

V, A(Mmed)

q̄

q

c̄(m
c

)

c(m
c

)g

gq gDM

Figure 2.1: Representative Feynman
diagram showing the pair production
of Dark Matter particles in association
with a parton from the initial state via
a vector or axial-vector mediator. The
cross section and kinematics depend
upon the mediator and Dark Matter
masses, and the mediator couplings to
Dark Matter and quarks respectively:
(Mmed, m

c

, g
c

, gq).

Lvector = gq Â
q=u,d,s,c,b,t

Z0
µ

q̄g

µq + g
c

Z0
µ

c̄g

µ

c (2.1)

Laxial�vector = gq Â
q=u,d,s,c,b,t

Z0
µ

q̄g

µ

g

5q + g
c

Z0
µ

c̄g

µ

g

5
c. (2.2)

The coupling gq is assumed to be universal to all quarks. It is also
possible to consider other models in which mixed vector and axial-
vector couplings are considered, for instance the couplings to the
quarks are axial-vector whereas those to DM are vector. As men-
tioned in the Introduction, when no additional visible or invisible
decays contribute to the width of the mediator, the minimal width
is fixed by the choices of couplings gq and g

c

. The effect of larger
widths is discussed in Section 2.5.2. For the vector and axial-vector
models, the minimal width is:

GV
min =

g2
c

Mmed

12p

 

1 +
2m2

c

M2
med

!

bDMq(Mmed � 2m
c

) (2.3)

+ Â
q

3g2
qMmed

12p

 

1 +
2m2

q

M2
med

!

bqq(Mmed � 2mq),

GA
min =

g2
c

Mmed

12p

b

3
DMq(Mmed � 2m

c

) (2.4)

+ Â
q

3g2
qMmed

12p

b

3
qq(Mmed � 2mq) .

q(x) denotes the Heaviside step function, and b f =

r

1 � 4m2
f

M2
med

is the velocity of the fermion f with mass m f in the mediator
rest frame. Note the color factor 3 in the quark terms. Figure 2.2
shows the minimal width as a function of mediator mass for both
vector and axial-vector mediators assuming the coupling choice
gq = g

c

= 1. With this choice of the couplings, the dominant con-
tribution to the minimal width comes from the quarks, due to the
combined quark number and color factor enhancement. We specif-
ically assume that the vector mediator does not couple to leptons.
If such a coupling were present, it would have a minor effect in in-
creasing the mediator width, but it would also bring in constraints
from measurements of the Drell-Yan process that would unneces-
sarily restrict the model space.
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X	+	MET	SIGNATURES	AFTER	RUN1
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LHC Searches for WIMP Dark Matter
EFTs and simplified models [arXiv:1507.00966] [arXiv:1506.03116] [arxiv:1603.04156]

Assume dark matter has very small couplings to
the SM.
Use information from astrophysics, detection
experiments to focus search.
Need a model for comparisons with
astrophysics.
The LHC can investigate and characterise the
interaction between DM and SM.
For Run-2, focus on simplified models, with
mediator.

(from 1503.05916)

Assocated production:
Scalar/Pseudo-scalar model

Higgs signatures

Vector model

James Frost (University of Oxford) LHCP 2016 Thursday 16th June 2016 3 / 46
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DM+b/bb/tt

• Search for DM recoiling against jets with b quarks

• Sensitive to tt+DM production as well


• 1-tag: ETmiss> 200 GeV, tagged jet pT > 50 GeV, up to 1 additional jet

• 2-tag: ETmiss> 200 GeV, two tagged jets pT > 50 GeV, up to 1 additional jet


• Recovers efficiency of tt+DM

• In both cases, veto events with isolated leptons
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X	+	MET	INTERPRETATION
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LONG-LIVED	OBJECTS
• Most exotic part of exotic program

• Search for long-lived particles relies on detector features more than 
other exotic searches
– dedicated trigger
‣ stopped particles

– dedicated reconstruction algorithms
‣muon reconstruction: heavy stable charged particles
‣ tracking: disappearing tracks

– dedicated detector calibration
‣ calorimeter time calibration

• Many searches in Run1 but no discrepancy or excess

• So far only the classic heavy stable charged particle search at 13 TeV
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OUTLOOK
• Extensive direct search program now starting to probe 

new territories beyond Standard Model
– Only most basic and simplistic theories  
probed at this point

– many assume strong coupling

• Some old bumps from Run 1 are gone

• At least one interesting one has appeared

• Impressive LHC performance in 2016

–data should address γγ bump  
by end of year
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PROSPECTS
• These next two years critical for future of searches

– Happy Ending: New particles discovered
‣ if mass not too large, accumulate data with high-luminosity LHC to study 

properties and define next step
‣ if heavy, aim at upgrade of energy 

– No particles found
‣ Indirect search through Higgs couplings becomes critical
‣Maybe new particles weakly coupled to known particles
‣Use high-luminosity LHC to probe weakly coupled scenario

39
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FIG. 1. Leading experimental limits in the coupling gB versus mass MZ′

B
plane for Z ′

B resonances. Values of gB

above each line are excluded at the 95% C.L.

would also push sensitivity to lower couplings in

the several hundred GeV mass range.

The plot is not extended above gB = 2.5,

because the U(1)B coupling constant is already

large, αB = g2B/(4π) ≈ 0.5, so that it is diffi-

cult to avoid a Landau pole. For that large cou-

pling, the current mass reach is around 2.8 TeV.

The 14 TeV LHC will extend significantly the

mass reach, and can probe smaller couplings once

enough data is analyzed. Note that couplings of

gB ≈ 0.1 can be viewed as typical (the analogous

coupling of the photon is approximately 0.3), and

even gB as small as 0.01 would not be very sur-

prising.

We also present the coupling–mass mapping

for colorons in Figure 2. For clarity, we only

show the envelope of the strongest tan θ upper

limits from all available analyses at each coloron

mass. This mapping is performed again using

leading order production. The NLO corrections

to coloron production have been computed re-

cently [47], and can vary between roughly −30%

and +20%. We do not take the NLO corrections

into account as we do not have an event gen-

erator that includes them; furthermore, there is

some model dependence in the NLO corrections

at small tan θ (for example, they are sensitive to

the color-octet scalar present in ReCoM [34]).

20 New Particles Working Group Report

In the context of supersymmetry, Z 0 can play an important role, such as the solution of the µ problem and
the mediator of the supersymmetry breaking. Z 0 decaying into superpartners can be an important discovery
channel.

In addition to Z 0 minimal gauge couplings to the Standard Model fermions discussed here, gauge-invariant
anomalous (magnetic moment type) couplings with the known fermions could also be present. The dilepton
final states, like e+e� and µ+µ�, are still the most clear channels. The reach of this scenario at hadron
colliders have been presented in [70]. For example, with integrated luminosity of 3 ab�1, pp collider at 14(33)
TeV can discover such a Z 0 up to 6(13) TeV.

1.3.3.2 New hadronic resonances
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Figure 1-16. Hadronic resonance discovery sensitivity at hadron colliders. Left panel: Z0
B . Right panel:

Octet coloron.
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Figure 1-17. Left panel, the discovery reaches for KK-gluon in minimal UED model at hadron colliders.
Right panel, the discovery reaches for KK-gluon in next-to-minimal UED model at hadron colliders.

Hadron colliders are also ideal for searching for new leptophobic resonances by looking for a peak in the
dijet invariant mass distribution. Aside from serving as a standard candle for understanding experimental
issues such as jet energy resolution, these searches are strongly motivated in theories with a new U(1) baryon
number gauge symmetry, coloron models, and models of Universal Extra Dimensions (UED). The discovery
reach in the coupling–mass plane [96] for LHC and HL-LHC, a 33 TeV pp collider, and a 100 TeV pp collider
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