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OUTLINE

• Motivation for New Physics

• Exotic searches

• Dark Matter at Colliders

• Long-Lived Particles

• Supersymmetry (maybe)
• Prospects at 13 TeV and beyond
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LHC:	A	DISCOVERY	MACHINE

• Higgs discovery the best known objective of LHC
– Solve the mass puzzle
– explain generation of mass for ALL particles in Standard Model

• But new particles might be right around the corner

• Center of mass energy highest ever achieved in laboratory
– Einstein equation tells us: E = mX c2

– New heavy particles can be produced

• What do we expect to see and why?
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• Neutrinos have very small but non-zero mass

• Astrophysical proof of existence of cold dark matter and we also 
need a large amount of yet-to-be-understood dark energy

• Mass hierarchy and mixing structure

• Almost complete absence of anti-matter  
in the universe

Shahram Rahatlou, Roma Sapienza & INFN

HINTS	OF	NEW	PHYSICS
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PLANCK	SCALE
• Mass with same Compton wavelength and Schwarzschild radius

• Compton wavelength: defines length scale where quantum mechanics must 
be used
– decreases with for lager mass
– e.g. for a photon the corpuscular nature of light becomes relevant

• Schwarzschild radius is the radius in which a confined mass object  
becomes a black hole
– classically radius such that escape velocity equal to speed of light

– increases for larger mass

• Planck mass or scale defines the scale at which quantum and gravitational 
effects are both relevant and comparable
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formulette

lunghezza d’onda Compton
• massima variazione della lunghezza d’onda del fotone nello 

scattering Compton: scala di " alla quale si manifesta la natura 
corpuscolare del fotone nell’interagire con una massa m.

• data una massa, minima distanza che può essere sondata da un 
fotone (di pari ") prima di essere in grado di produrre altre 
particelle identiche: scala alla quale la particella va trattata con 
la meccanica quantistica relativistica.

raggio di Schwarzschild 
• velocità di fuga uguale alla velocità della luce. “Classicamente”: 

E = mc 2,E = h! " mc 2 = hc
#
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mc
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mercoledì 11 novembre 2009
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scala di Planck

"C diminuisce con la massa, rS aumenta.

a quale scala diventano uguali? 

notiamo che queste sono la massa e la lunghezza che 
si possono costruire con le grandezze fondamentali;

insieme al tempo 
costituiscono la scala di Planck

    

 

rS ! "C # !
mPc

= GmP

c 2
$ mP = c!

G
=1.2 %1019GeV /c2

    

 

! P = "
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tP = ! P /c = G" /c 5 = 5.4 !10"44 s

mercoledì 11 novembre 2009
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HIGGS	MASS

• We know that mh ~ 100 GeV for consistency of Standard Model
– Precision EW tests at LEP and direct measurement at 125 GeV 

• Nature sets mh0 at Planck scale and we observe the physical mass after 
all higher order correction terms

• For Higgs mass to be finite at EW scale, corrections must balance the 
bare mass over 16 order of magnitude

• This is not a consistency problem for the theory but requires incredible 
fine-tuning of parameters to achieve such precise cancellation

• Such accidental features although possible are extremely unlikely 
• Nature generally prefers rules and symmetries to accidents
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CORRECTIONS	TO	HIGGS	MASS
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• Propagator of Higgs mass affected by higher order corrections

• Such terms change the bare Higgs mass. Regularization is needed to keep 
corrections finite
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WHAT	IS	A	NATURAL	SCALE?
• We could afford corrections of the order of the Higgs mass

– fermion mass corrections are proportional to their mass
‣ approximate chiral symmetry

• If Λ = 1 TeV the Higgs mass fine tuning would be natural

• This implies that new particles and processes to be discovered  
at LHC!
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⇤ ⇠ ?

Sh. RahatlouShahram Rahatlou, Roma Sapienza & INFN

SCALE	OF	NEW	PHYSICS?
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Why Not?

If you look at energy scales...
why should there be a desert?

1 TeV
100 GeV
10 GeV
1 GeV

100 MeV
10 MeV
1 MeV

100 keV
10 keV
1 keV
100 eV
10 eV
1 eV

100 meV
10 meV
1meV

ewsb, ?
t, Z, W
bb, B, cc

tau, N, rho,...
muon, pion, ...

nucl BE
e

atomic BE

nu’s

c.c.

9

• Since birth of particle 
physics experiments have 
explored many orders of 
magnitude in energy

• Different phenomena have 
appeared at different scales

• Standard Model and EW 
breaking occurs up to TeV 
scale

• How to determine scale of 
new physics beyond 
Standard Model?
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DIRECT	SEARCHES	AFTER	THE	BOSON	DISCOVERY
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DIRECT	SEARCHES	AFTER	THE	BOSON	DISCOVERY

• At a cross road with relatively light new boson 

• Higgs is light because of new physics
– Higgs couplings different from Standard Model
– Observable phenomena at ~TeV 
‣ SUSY: light third generation squarks
‣New Gauge bosons and resonances
‣Compositeness: top partners with odd charge

– Searches at 8 TeV and underway at 13 TeV
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DIRECT	SEARCHES	AFTER	THE	BOSON	DISCOVERY

• At a cross road with relatively light new boson 

• Higgs is light because of new physics
– Higgs couplings different from Standard Model
– Observable phenomena at ~TeV 
‣ SUSY: light third generation squarks
‣New Gauge bosons and resonances
‣Compositeness: top partners with odd charge

– Searches at 8 TeV and underway at 13 TeV

• Higgs is light regardless of new physics
– Higgs couplings annoyingly predicted by Standard Model
– Best scenario
‣ Split SUSY: new long-lived particles
‣ Possible dark matter candidate

– Worst (and somewhat boring) scenario
‣ Standard Model for a long time
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Split SUSY

Standard Model

Or living unnatural?

If New Physics has nothing to do with making 
the Higgs light, we still expect it to give a DM 
candidate, and possibly unification

the Higgs couplings (signal strength & BRs)  
are  SM-like

We will keep setting 
limits on new physics for 
a while

O(100 TeV)
~g~  ~!0 !+

~q

O(100 GeV)

SM

SM

long-living particles, stopping 
gluinos, displaced vertices

5
Tuesday, February 26, 13
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BEYOND	STANDARD	MODEL
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BEYOND	STANDARD	MODEL

• Indirect searches and precision measurements
– Measure deviations in precise predictions

‣ Higgs couplings constants: needs precision of 1%
– Enhanced decay and production rates for rare processes

‣ Bs →µµ branching ratio: prediction of 10-9

– Rare or extremely suppressed processes
‣ Lepton flavor violation in μ→eγ: predicted rate of 10-55

11

B0(s)→µ+µ–

Branching fractions well predicted in the SM:

A bit of theory

• B0

d,s ! µ+µ� decays expected to be very rare in Standard Model

• Branching fractions very well predicted, most up to date values are⇤:

B(B0

s ! µ+µ�)CP = (3.34± 0.27) · 10�9

B(B0 ! µ+µ�)CP = (1.07± 0.05) · 10�10

• Due to finite B0

s system width di↵erence CP average at time zero are di↵erent
from time-integrated B

B(B0

s ! µ+µ�)hti =
1 + ysA��

1� y2

s

⇥ B(B0

s ! µ+µ�)CP SM
= (3.56± 0.29) · 10�9

• The measured branching fraction (3.2+1.4
�1.2(stat)

+0.5
�0.3(syst)⇥ 10�9) after the

reverse correction becomes:

B(B0

s ! µ+µ�)CP = 2.7+1.3
�1.0 · 10

�9

where a correction to the e�ciency (discussed later) is also included

⇤Using the new HFAG average of ⌧B0
s
= 1.516 ± 0.011ps.

F. Dettori (Nikhef) Search for B0
d,s ! µ+µ� decays... Tuesday Meeting 9/7/13 5 / 40

Due the finite width of the B0s system the time integrated BF is:

Probe for models with an extended Higgs sector

FCNC decays Rare di-muon decays b ! s`+`� decays Summary Spares

Physics in Flavour changing neutral currents (FCNC)

Small SM prediction... NP can compete at equal level !

Fatima Soomro (LNF - INFN) Rare decays at LHCb, Rencontres de Blois 28 May 2013 3 / 26

Experimental Status
LHCb reported the first evidence of Bs→µ+µ– 
decay with a 3.5 σ significance:

best upper limit on B0→µ+µ– (ATLAS+CMS+LHCb):

B(B0
s ! µ+µ�) = (3.2+1.4�1.2(stat)

+0.5
�0.3(syst))⇥ 10�9

[PRL 110, 021801 (2013)]

[Eur. Phys. J. C72 (2012) 2172]

[arXiv:1207.1158]

3

B(B0 ! µ+µ�) < 8.4 · 10�10 @ 95% CL
[LHCb-CONF-2012-017]

B(B0 ! µ+µ�)hti = (3.56± 0.30) · 10�9

4.1 Extrapolation Strategy 13
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Figure 10: The best fit of the Higgs boson coupling parameters are shown, with the correspond-
ing 68% and 95% CL intervals, and the overall p-value (pSM) of the SM Higgs hypothesis is
given. The result of the fit when extending the model to allow for BSM decays, while restricting
the effective coupling to vector bosons to not exceed unity (kV  1.0), is also shown.

be increased in BSM scenarios like the MSSM.

4.1 Extrapolation Strategy

In this summary only measurements that have been made public by CMS as measurements ap-
plied to the 7 and 8 TeV data are used. The results are extrapolated to larger datasets of 300 and
3000 fb�1 and a center-of-mass energy of 14 TeV by scaling signal and background event yields
accordingly. In order to study the precision of future measurements, a number of assumptions
are made. As stated in the introduction, the underlying assumption of the extrapolations is
that future CMS upgrades will provide the same level of detector and trigger performances
achieved with the current detector in the 2012 data taking period. The extrapolations do not
take into consideration those channels that were not utilized in the currently available dataset,
and there is no attempt to optimize the measurement in order to minimize the uncertainties
on Higgs coupling measurements. Extrapolations are presented under two uncertainty scenar-
ios. In Scenario 1, all systematic uncertainties are left unchanged. In Scenario 2, the theoretical
uncertainties are scaled by a factor of 1/2, while other systematic uncertainties are scaled by
the square root of the integrated luminosity. The comparison of the two uncertainty scenarios
indicates a range of possible future measurements. The extrapolation without theoretical un-
certainties is also presented, to illustrate the importance of reducing those uncertainties in the
future. Systematic uncertainties are inputs to the fits. They can be further constraint by the data
when extracting the signal strength, coupling modifier or ratios of such. Similar extrapolations
have been discussed in [3].

4.2 Search channels

Higgs cross sections and coupling measurements are obtained by combining information from
many Higgs production and decay channels. Table 1 lists the main features of these channels,
namely the exclusive final state and the approximate instrumental mass resolution. The simul-
taneous analysis of the data selected by all individual analyses accounts for all statistical and
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BEYOND	STANDARD	MODEL

• Indirect searches and precision measurements
– Measure deviations in precise predictions

‣ Higgs couplings constants: needs precision of 1%
– Enhanced decay and production rates for rare processes

‣ Bs →µµ branching ratio: prediction of 10-9

– Rare or extremely suppressed processes
‣ Lepton flavor violation in μ→eγ: predicted rate of 10-55

• Supersymmetry
– complete theory with few free parameters
– Rich and well defined phenomenology with new particles

‣ Possibly new long-lived particles

– Primary background from rare Standard Model processes
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BEYOND	STANDARD	MODEL

• Indirect searches and precision measurements
– Measure deviations in precise predictions

‣ Higgs couplings constants: needs precision of 1%
– Enhanced decay and production rates for rare processes

‣ Bs →µµ branching ratio: prediction of 10-9

– Rare or extremely suppressed processes
‣ Lepton flavor violation in μ→eγ: predicted rate of 10-55

• Supersymmetry
– complete theory with few free parameters
– Rich and well defined phenomenology with new particles

‣ Possibly new long-lived particles

– Primary background from rare Standard Model processes

• New particles and forces (exotica)
– Clean experimental signature in mass of new particles
– Many models and many signatures but no comprehensive theory
– Typically very good signal to noise
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EVOLUTION	OF	PARTICLE	COLLIDERS
• Direct production of new particles 

typically searched at hadron colliders
– Increase of energy to access new  

production channels
‣ Lack of discovery implies new particles 

are heavier

– Accumulating data (high luminosity)  
to probe weakly interacting  
particles 
‣ Particles are produced but have small  

cross section to be detected

• Alternatives
– Lepton colliders if we know  

where to look for
– Fixed target if we know what  

to look for
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PARTICLE	IDENTIFICATION

• Detectors record signals from hadrons, charged leptons, and photons

• Simple kinematics with momentum and energy

• Energy and momentum conservation used to discriminate signal and 
background

14

X



Shahram Rahatlou, Roma Sapienza & INFN

JETS	AND	MISSING	TRANSVERSE	ENERGY

• Conservation of Energy in transverse plane to estimate missing energy 
from measured visible energy deposits

15

HC
AL

CO
NE

EC
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Missing  
Transverse Energy
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EXPERIMENTAL	CHALLENGES
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• Missing transverse energy (MET) measurement
– correct for instrumental effects and reduce tails
– verify correct MET resolution and tail description with known control 

samples
‣ Electroweak events: small missing energy
‣ di-jet and QCD events: no intrinsic MET only instrumental effects

• Background estimation
– after kinematic requirements typically remain with
‣ t-tbar
‣W/Z + jets
‣WW and ZZ production
‣ tt + γ/W/Z/H

– Cross sections sometimes known at 5-10% level
‣ directly affects exclusion limits and discovery potential

– background kinematics also affected by PDF uncertainties
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MISSINGTRANSVERSE	ENERGY
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• D0 experiments in early part of Run II
– Lots of new physics caused by instrumental effects!



Shahram Rahatlou, Roma Sapienza & INFN

REAL	AND	FAKE	MET	BACKGROUND

18

Bkg To Fight
mismeasured jet

Fake MET

mismeasured jet

MET

QCD with fake MET
related to pathological events
require understanding of rare 

detector-related effects

SM processes with real MET, e.g. Z(νν)+jets
measurable from control samples defined 

on data

ν

ν

_

Wednesday, November 16, 11
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MET	AT	LHC	AFTER	3	MONTHS!

• Excellent understanding of bulk and tails after few weeks of 
operation

• Very promising for SUSY and New Physics searches already with 
50 pb-1
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6 4 E/ T Performance in Minimum-Bias and Dijet Events
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(a) caloE/ T distribution
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(b) calo� ET distribution
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(c) tcE/ T distribution
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(d) pfE/ T distribution

Figure 3: calorimeter E/ T (caloE/ T), calo� ET, track-corrected E/ T (tcE/ T), and particle-flow
E/ T (pfE/ T) distributions in the minimum-bias data compared with Monte Carlo simulation.

In addition to the event with anomalous HF signals mentioned above, the highest pfE/ T event
has a high pT forward muon due to poor track reconstruction of the associated track in the
central tracker, which will be fixed in future analysis. The other events do now show obvious
anomalous signals, and they appear to be QCD jet production events with some jet energies
mismeasured. The mismeasured jets tend to be at the boundaries between different sections
of the calorimeters. Therefore, the high E/ T tail is no longer dominated by events with anoma-
lous calorimeter signals after the anomalous signal cleaning procedure, and the high E/ T tail is
reasonably well described by the Monte Carlo simulation.

Figure 3(b) shows the calo� ET distribution (see Appendix A for tc� ET and pf� ET distri-
butions). We find an improved agreement between data and Monte Carlo simulation using
PYTHIA 8 compared to the studies in Ref. [14] using PYTHIA 6 D6T tune[15]. Traditionally,
� ET has been considered to be a difficult quantity to correctly simulate due to its sensitivity
to details of the calorimeter simulation, in particular, to the noise treatment, and also to the
generator-level modeling of soft QCD physics. The PYTHIA 8 Monte Carlo simulated events
tend to have a somewhat softer � ET, although the observed agreement is acceptable given the
various difficulties mentioned above. It is important that the event � ET, i.e., the total visible
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MET	AT	LHC	IN	2012
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MET	@	13	TEV
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DIFFERENCE	BETWEEN	EXOTICA	AND	SUSY
• Fine line between SUSY and Exotic searches

• Historically searches with large missing energy classified as SUSY 
searches
– fully hadronic
– lepton + jets + MET
– dilpeton + MET
– trilepton

• Signatures of resonances and new particles commonly go under 
exotic searches
– very high pt spectrum for leptons and jets
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• SUSY results often reported in (m0,m1/2) or (mX, mLSP) plane
– Relation between mass of supersymmetric particles

• Large missing transverse energy usually the primary signature

• In exotica look for particles and resonances that are not necessarily 
needed or predicted in supersymmetry

Shahram Rahatlou, Roma Sapienza & INFN

SUSY	VS	EXOTICA

24

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!		

mNLSP
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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)
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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

26
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EXOTICA	IN	ONE	PAGE
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1 in the

SPS8 model of GMSB supersymmetry.

These limits are the most stringent for long-lived neutralinos.239
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EXOTICA	SUMMARIES…
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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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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,

ZZ hypothesis

WW hypothesis

13

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
32

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

33

ATLAS online luminosity

CMS online luminosity
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SENSITIVITY	WITH	2016	DATA	SO	FAR

34
http://cern.ch/collider-reach
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HEAVY	RESONANCES

35
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EXTENDED	GAUGE	SYMMETRIES
• New gauge bosons predicted by many extensions of the Standard Model with extended 

gauge symmetries
– ZSSM in Sequential Standard Model with same Z0 coupling 

as in Standard Model
– Z’ψ , Z’χ , Z’η models from E6 and SO(10) GUT groups
– Left-Right symmetry model (LRM) and Alternative LRM (ALRM)
– The Kaluza-Klein model (KK) from Extra Dimension
– Little, Littlest Higgs model

• No precise prediction for mass scale of gauge bosons

• Discrimination of different models requires measurement of
– cross section: limits with very little data
– mass: exact value requires a visible peak
– width: about same amount of data as for for mass
– backward-forward asymmetry: requires high statistics in order to divide events in categories

• Backgrounds
– relatively clean with good S/B 
– mostly tails of SM processes

• Experimental challenges
– detector resolution can be a key player
– 1.3% - 2.4% for electrons and 7% for muons at 1 TeV mass

• extra care for energy/momentum reconstruction above 1 TeV
36
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DI-LEPTONS

37
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LEPTON	FLAVOR	VIOLATION

38
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TAU-TAU
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EXCLUSION	LIMITS
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NEW	W-LIKE	BOSON

• Look for heavy W-like Jacobian peak in transverse mass

• Dominant  background: W production in Standard Model

• Take into account interference with SM 
41
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LEPTON	+	MET	SPECTRUM
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DI-JET	AT	13	TEV

• High pT trigger thresholds to cope with enormous cross section

44
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QUARK	vs	GLUON
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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

46
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BOOSTED	TOPOLOGY
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heavy resonances 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• decay products pT~1TeV
• large Ɣ factor (>5 -10)
• jets overlap and merge
• special reconstruction 

techniques needed !
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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
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top jet
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• top tagging
• subjet b-tagging

b
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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
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T-TBAR
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tt resonances: hadronic
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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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[ATLAS-CONF-2016-014]

results:
• fit mtt distribution to data
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TOP	PARTNERS

• Constraints in Run2 already competitive or better than Run1 
50

ATLAS-CONF-2016-032
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vector-like quarks: single production [CMS-PAS-B2G-16-005]
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• all-hadronic final state
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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
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DI-BOSON	FINAL	STATES
• Rich search program for both vector and scalar bosons

52

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)

Many results updated with 2016 data  
for ICHEP in early august
See references on last page



Shahram Rahatlou, Roma Sapienza & INFN

Z/W/H	IDENTIFICATION
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VV/Vh/hh Resonance
24

• Search for VV/Vh/hh resonance in leptonic/hadronic 
decay channels using large-R jets with jet 
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WZ	EXCESS	IN	RUN	1
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Figure 5: Background-only fits to the dijet mass (mj j) distributions in data (a) after tagging with the WZ selection,
(b) after tagging with the WW selection, (c) after tagging with the ZZ selection, and (d) for events passing any of
the three tagging selections. The significance shown in the inset for each bin is the di↵erence between the data
and the fit in units of the uncertainty on this di↵erence. The significance with respect to the maximum-likelihood
expectation is displayed in red, and the significance when taking the uncertainties on the fit parameters into account
is shown in blue. The spectra in the three signal regions are compared to the signals expected for an EGM W 0 with
mW0 = 1.5, 2.0, or 2.5 TeV or to an RS graviton with mGRS = 1.5 or 2.0 TeV.

The dijet mass distributions after all three tagging selections are well-described by the background model
over the entire mass range explored, with the exception of a few bins near m j j = 2 TeV which contain
more events than predicted by the background model. Approximately 20% of the events selected by
either the WW, WZ, or ZZ selection are shared among all three signal regions. The fraction of events
common to the WZ and the WW or the WZ and the ZZ selections are 49% and 43% respectively. After
requiring that m j j > 1.75 TeV, 5 out of 25 events are common to all three signal regions. The statistical

15



Shahram Rahatlou, Roma Sapienza & INFN

WH	EXCESS	IN	RUN	1

55
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Table 2: Observed and expected yields in the signal region together with statistical uncertain-
ties.

en+H-jet µn+H-jet
Observed yield 9 16
Expected total background 11.3 ± 3.1 14.9 ± 3.1
W+jets 4.7 ± 2.9 7.0 ± 3.1
Top 6.3 ± 1.1 7.3 ± 0.4
VV 0.4 ± 0.1 0.6 ± 0.2
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Figure 4: Final distributions in MWH for data and expected backgrounds for electron (left) and
muon (right) categories. The 68% error bars for Poisson event counts are obtained from the
Neyman construction [77]. The hatched region indicates the statistical uncertainty of the fit
combined with the systematical uncertainty in the shape. This figure also shows a hypothetical
W0 signal with mass of 1.5 TeV, normalized to the cross section predicted by the HVT model B
with parameter gV = 3 as described in Section 8.2.
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VV	AND	VH	PICTURE

56Heavy vector

5.3 Limits on heavy vector triplet (W0 + Z0) 19
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Figure 5: (top left) Observed (black solid) and expected (black dashed) exclusion limits at 95%
CL on s(pp ! V0 ! WV/VH) (V0 =W0,Z0 and V=W,Z) as a function of the resonance mass ob-
tained by combining the 8 TeV diboson searches. The curve corresponding to the cross sections
predicted by the HVT model B is overlaid. (top right) Observed (black solid) and expected
(black dashed) exclusion limits at 95% CL on s(pp ! V0 ! WV/VH) as a function of the
resonance mass obtained by combining the 13 TeV diboson searches. The curve corresponding
to the cross sections predicted by the HVT model B is overlaid. (bottom) Exclusion limits at
95% CL on the signal strength as a function of the resonance mass obtained by combining the 8
and 13 TeV diboson searches. In all the three plots the different colored lines correspond to the
searches entering the combination.
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γγ	SPECTRUM	IN	2015

• 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
57
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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

19
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THE	400-SOMETHING-THEORY-PAPER	BUMP

• Outstanding performance of LHC in 2016 to verify the ‘bump’
– each experiment with x4 data analysed
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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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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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Bruno Lenzi (CERN) Search for a high mass diphoton resonance using the ATLAS detector 05/08/2016

Signal efficiency and limits on cross sections

• Limit setting based on fiducial cross-section to minimise model 
dependence


• Fiducial volume: ~same kinematic selection, isolation at particle level 


• Limits extended from 2 to 2.4 TeV with 2016 data
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