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• The LHC at CERN 

• Highlights from Run I 

• The discovery of the Higgs boson 

• Searches for new heavy resonances  

• Searches for Dark Matter in cascade (a.k.a. SUSY) 

• Searches for Dark Matter direct production (a.k.a. 
monojet, mono…) 

• Perspective for Run II 

• Conclusions
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The Large Hadron Collider
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Switzerland

France27 Km tunnel!
 filled with 
superconductive 8.3T 
magnets kept @~3 K!
Designed for 14 TeV  
pp collisions!
So far operated at 
7TeV and 8 TeV



the LHC Experiments
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Multipurpose !
(high-pT,HI, b physics)

Multipurpose !
(high-pT,HI, b physics) dedicated to b physics

Dedicated to 
Heavy Ions



Search for the Higgs boson 

Fully characterise EW symmetry breaking 

Explore the TeV scale 

Test SM with precision measurements (perturbative QCD, 
parton density functions, …) 

Improve precision on SM parameters (e.g., masses of W, Z, 
and top) 

…

Atlas&CMS physics Goal
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Highlights from Run I:!
discovery of the Higgs boson
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• There are mainly four production 
mechanisms 

• gluon-gluon fusion (Hgg) 

• vector-boson fusion (VBF) 

• in association with vector boson 
(VH) 

• top-top fusion (ttH) 

• While gg is dominant, all the 
mechanisms have been considered 

• redundancy 

• favourable S vs B for 
problematic channels 

Higgs boson production
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Hgg

VBF

VH
ttH
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P. Musella - Higgs propertiesMoriond/EWK '14

Production and decay modesProduction and decay modes

Production cross section and branching fraction of Higgs boson are a 
function of its mass.

At the LHC, search conducted in both fermionic (tt,bb) and 

bosonic(gg,WW,ZZ) final states.
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• Particularly for mH ~ 130 GeV there 
are several possibilities (i.e., we 
ended up in a lucky spot) 

• Four leptons (the golden channel) 

• Diphoton 

• WW 

• τ τ & bb: large background but 
needed to prove coupling to 
fermions

Higgs boson decay
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• The Higgs phenomenology is driven by the allowed decay modes 

• Depending on the Higgs mass, this can result in a more or less rich set of 
possibilities 
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Background is challenging
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σ(ttH)/σ(tt+X) ~ 10-4

σ(VH)/σ(V+X) ~ 10-4
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H→ZZ(*)→4l
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ZZ(4l) decay channelZZ(4l) decay channel

Golden channel:

Four isolated leptons.

Very small branching fraction:

~10-4

Extremely pure:

S/B ~ 2

Challenges for mass measurement:

Efficiency and resolution 
of low-p

T
 leptons

Energy and momentum 
scale linearity at low p

T



H→ZZ(*)→4l
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Require 4ℓ (ℓ=e,μ) isolated (not inside 
a jet) 

For bkg, this is expensive to produce 
(need W or Z) 

For signal, there is a (smaller) 
suppression due to Z→ℓℓ branching 
ratio 

This is a signal difficult to miss  

If we did not know about the Higgs 
boson, we would have found it  in 
this channel (but most likely with a 
less-tuned analysis, i.e. we did not 
have a discovery by now, w/o the 
underlying model)

14

P. Musella - Higgs propertiesMoriond/EWK '14

ZZ(4l) decay channel (2)ZZ(4l) decay channel (2)

Analysis strategy:

Maximize acceptance for low pT leptons

CMS: use m4l vs kin. Discriminant (KD) for S/B separation.
Only lepton flavor categorization used for mass measurement.
Use information on event-by-event mass resolution.

ATLAS: use m4l for S/B separation.
Categorize events into VBF-like, VH-like and untagged.
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H→ɣɣ

10
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Di-photon decay channelDi-photon decay channel
Clean signature:

Two isolated, high p
T
 photons.

Modest branching-fraction:

~0.2%.

Excellent mass resolution:

1-2%.

Large background from QCD 
processes:

S/B ~ 1/1 ÷ 1/20

Challenges for mass measurement:

Maintain good mass-resolution in 
high-pile-up environment 
(for both energy and angle).

Understand electron/photon 
extrapolation for E-scale 
(material, shower description, etc.).
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Select events with two photons 

Classify events according to the 
“goodness” of the photon 
reconstruction (high purity vs. high 
efficiency) 

Perform di-photon invariant mass fit 
in each category 

signal hypothesis from signal MC 

bkg from analytic function (tested 
on MC and QCD data control 
samples) 

Combine the categories
13

H→ɣɣ
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Di-photon decay channel (2)Di-photon decay channel (2)
Similar analysis strategy for both CMS and ATLAS.

Events categorized according to photon resolution and kinematics.

Additional exclusive channels targeting VBF and associated production.

Signal extracted from simultaneous S+B fit to all categories.

Background modeled with polynomials or falling power-law or exponentials.

Analytic signal model accounting for data/MC corrections and associated 
uncertainties. 

ATLAS-CONF-2013-012

CMS-PAS-HIG-13-001 
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H→WW(*)→2l 2ν

Electron

Muon



Select events with 2ℓ (ℓ=e,μ) and 
missing transverse energy 
(unobserved neutrinos should 
balance observed ℓs) 

Open kinematic in the final state 

Conservation of transverse 
momentum allows to guess the 
Higgs mass (with worse resolution 

We can “see” a signal, but we 
cannot measure the resonance 
mass with good accuracy 

Or we can use Machine Learning to 
15

H→WW(*)→2l 2ν

21
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WW(2l2WW(2l2nn) decay channel (2)) decay channel (2)
Analysis strategy:

Select two high p
T
, different flavor leptons plus 

missing E
T
.

CMS: categorize events in 0,1jet bins

ATLAS: no categorization in number of jets.

Hypothesis test from 2D template fit to 
data:

CMS: m
ll
 vs m

T

ATLAS: use two BDT discriminants (Df
ll
, m

ll
, m

T
)

BDT0 (discriminate SM from background)
BDTalt (discriminate alternative hyp from
background).

Tested alternative models:

CMS: 2+
m

  “graviton-like” and O-.

ATLAS: 2+
m

  “graviton-like”.

For 2+
m
 model both qq, gg production 

modes (and mixtures) are considered.
21
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• When you don’t know if you have 
a signal, you first try to exclude it 

• If the signal is there, your limit will 
be poor (and worse than 
expectation) 

• If it is much worse, you might 
have discovered a signal… 

• … or you might have discovered 
that your analysis is terrible 

• these plots are not the right plots 
to establish the presence of a 
signal

16

Trying to exclude a signal



To claim a discovery, you 
need to exclude the 
possibility that your 
background could mimic a 
signal 

To do so, you measure (with 
toy experiments) the 
probability that a bkg-only 
sample gives a result as 
signal-like as what you see 
on data 

The signal is stringer than 
the conventional 5σ 
threshold so… 

17

establishing a discovery
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establishing a discovery
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The Higgs boson mass

16
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CombinationCombination

Measurements obtained in the di-photon and four-lepton channels 
can be combined (under the hypothesis that the same state decays 
in both modes).

ATLAS CMS

125.5 +-0.2 (stat) +0.5
-0.6

(syst) GeV 125.7 +- 0.3(stat) +- 0.3(syst) GeV

(new ZZ(4l) not used)
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• The Higgs width (~4 MeV) was 
considered too small for the LHC to 
measure it (expected precision ~ 5 GeV) 

!

!

!

• It was pointed out how to exploit 
interference effects with ZZ events  

!

• Limit obtained ~ 20 MeV (not there yet, 
but not that far)

20

The Higgs boson width

Caola & Melnikov  
http://arxiv.org/abs/1307.4935

30
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Interferometry - ZZ(4l,2l2Interferometry - ZZ(4l,2l2nn))
Constraint on total width can come from 
measurement of H* contribution to high 
mass pp → ZZ production.

Challenge: understand (destructive) interference 
with gg → ZZ continuum

Combine 4l and 2l2n decay channels.

Observed (expected) 95%CL limits: G < 8.5(4.2) x G
SM

.

See R. Covarelli talk for details.

New
New

CMS-PAS-HIG-14-002
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• Different channels probe different Higgs properties 
(e.g., spin, CP, etc)

21

Higgs properties
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ZZ(4l) decay modeZZ(4l) decay mode

Extremely rich channel in terms of angular information.

Best suited to study spin and parity.

Same event selection as for mass analysis.

Spin/parity hypotheses separated
using angular correlation between 
leptons.

CMS: build ME kinematic discriminant
for SM vs ALT hypotesis.

ATLAS: use BDT based discriminant.

Hypothesis test:

CMS: 2D fit of superKD(m
4l
xKD) vs KD(JP)

ATLAS: template fit of BDT score distribution.

26

P. Musella - Higgs propertiesMoriond/EWK '14

ZZ(4l) decay modeZZ(4l) decay mode
CMS: 8 alternative JCP hypotheses tested, for spin 0,1 and 2, 
including production-independent analysis.

ATLAS: 4 alternative JCP hypoteses tested for spin 0,1 and 2, 
considering qq, gg initiated productions (and mixtures).

Data favors SM hypothesis.

Tested spin-1 and O- excluded with 1-CLs>0.99%

Tested Spin-2 models excluded with 1-CLs>0.95%

New
New

(combination)

arXiv:1312.5353

PLB 726 (2013),120-144
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• Quantum numbers can be measured from angular 
distribution of the H decay products 
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coupling fit

4.3 Compatibility of the observed state with the SM Higgs boson hypothesis 15

SMσ/σBest fit 
-4 -2 0 2 4

 ZZ (2 jets)→H 
 ZZ (0/1 jet)→H 

 (VH tag)ττ →H 
 (VBF tag)ττ →H 

 (0/1 jet)ττ →H 
 WW (VH tag)→H 

 WW (VBF tag)→H 
 WW (0/1 jet)→H 

 (VH tag)γγ →H 
 (VBF tag)γγ →H 

 (untagged)γγ →H 
 bb (ttH tag)→H 
 bb (VH tag)→H 

 0.14± = 0.80 µ       
Combined
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 0.14± = 0.80 µ       
Combined
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VBF tagged
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Figure 3: Values of s/sSM for the combination (solid vertical line), for individual decay modes
or for sub-combinations of decay modes. The vertical band shows the overall s/sSM uncer-
tainty. The symbol s/sSM denotes the production cross section times the relevant branching
fractions, relative to the SM expectation. The horizontal bars indicate the ±1 standard devia-
tion uncertainties in the s/sSM values for the individual modes; they include both statistical
and systematic uncertainties. (Top) Sub-combinations by decay mode and by additional tags
targeting a particular production mechanism. (Bottom-left) Sub-combinations by decay mode.
(Bottom-right) Sub-combinations by targeted production mechanism.

• Established coupling to fermions and vector bosons 

• Couplings scale as expected in the SM 

• Deviations are possible (within errors) but cannot be of O(1) w/o introducing 
tension between different channels

ggF+ttHµ / 
VBF+VH
µ

0 1 2 3 4 5

ATLAS Prelim.

-1Ldt = 4.6-4.8 fb∫ = 7 TeV s

-1Ldt = 20.3 fb∫ = 8 TeV s
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Figure 3: Measurements of the µVBF+VH/µggF+ttH ratios for the individual final states and their combi-
nation, for a Higgs boson mass mH =125.5 GeV. The best-fit values are represented by the solid vertical
lines, with the total ±1� and ±2� uncertainties indicated by the green and yellow shaded bands, re-
spectively, and the statistical uncertainties by the superimposed horizontal error bars. The numbers in
the second column specify the contributions of the statistical uncertainty (top), the total (experimental
and theoretical) systematic uncertainty (middle), and the theoretical uncertainty (bottom) on the signal
cross section (from QCD scale, PDF, and branching ratios) alone. For a more complete illustration, the
likelihood curves from which the total uncertainties are extracted are overlaid. The measurements are
based on Refs. [3, 6], with the changes mentioned in the text.

means in particular that the observed state is assumed to be a CP-even scalar as in the SM (this
assumption was tested by both the ATLAS [15] and CMS [16] Collaborations).

The LO-motivated coupling scale factors k j are defined in such a way that the cross section � j and
the partial decay width � j associated with the SM particle j scale with the factor k2

j when compared to
the corresponding SM prediction. Details can be found in Refs. [14, 17].

In some of the fits the e↵ective scale factors kg and kg for the processes H ! gg and gg ! H, which
are loop-induced in the SM, are treated as a function of the more fundamental coupling scale factors kt,
kb, kW, and similarly for all other particles that contribute to these SM loop processes. In these cases
the scaled fundamental couplings are propagated through the loop calculations, including all interference
e↵ects, using the functional form derived from the SM. Similarly the scaling of the VBF cross section

8
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coupling fit
• Generalize couplings introducing multiplicative factors 
• One channel can be function of more than one parameter 

!
!
!

• Simplified analysis assuming universal fermion (𝛋f) and vector (𝛋V) 
deviations

Indirect Sensitivity to Fermion Couplings!
!
!
!
!
!
!
!
!
!
Note that if all fermion couplings are set to be 
equal, !
!

kt
2 = Γ tt

Γ tt
SM

kt
2 = gt

2

gt.SM
2

14"

kg
2 = kF

2

kγ
2 = 1.28kW − 0.28kt

2

Higgs"Couplings,"Moriond"2014,"Eilam"Gross"

Analysis Prod. Decay Analysis Prod. Decay

H 𝛋 𝛋 H 𝛋 𝛋
H 𝛋 𝛋 H 𝛋 𝛋

H 𝛋 𝛋 H 𝛋 𝛋
H 𝛋 𝛋
H 𝛋 𝛋



24

coupling fitVector and Fermion Couplings!
 This plot tells a story:  !    !

34"

CMS"PAS"HIGL13L005"
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γγ  is low (CMS)
µggF = kF

2

µVBF = kVBF
2

Vector and Fermion Couplings!
 This plot tells a story:  !    !
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The Higgs could give us 
access to new particles in the 
decay 

These particles could be 
invisible, and probed with W/Z
+invisible searches 

Beside constraining the BR to 
invisible, these searches have 
implication on DM models 

Any conclusion, on the other 
hand, is model dependente 
(i.e., mind the assumptions)
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Higgs And New Physics
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Run I marked the 
first success of the 
LHC program 

the Higgs boson was 
indeed found

274 Chapter 10. Standard Model Higgs Bosons

Table 10.5: Expected number of events from signal and background processes after all selections for an inte-
grated luminosity of 10 fb�1

mH (GeV/c

2) 120 130 140 150 160 170 180 200 250 300 400 500
N signal for 10 fb�1 1.9 4.6 11.7 14.1 7.8 3.8 8.7 36.4 29.1 19.4 18.0 9.6
N back for 10 fb�1 1.5 0.6 2.0 2.1 2.0 2.9 4.0 16.2 13.6 4.1 3.7 2.6
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Figure 10.9: Integrated luminosity required to obtain a significance of 5� using the
H! ZZ(?) ! 2e2µ channel, with and without the systematic uncertainty on the background esti-
mation taken into account.
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Figure 10.10: Number of expected events for signal and background for an integrated luminosity
corresponding to a discovery significance of 5�, for Higgs boson masses of 140 and 200 GeV/c2. The
results of a simulated experiment are also shown to illustrate the statistical power of the analysis and
the determination of the background normalisation from data.

2.1. Benchmark Channel: H ! �� 27

Table 2.8: Performance in the six categories for MH = 120 GeV/c2.

Category Signal % LLR %
0 27.8 48.0
1 16.1 24.8
2 21.7 11.9
3 16.6 9.7
4 9.0 4.1
5 8.8 1.5

2.1.5.7 Results of the optimised analysis

The same estimates of systematic error are used to obtain the results in the optimised analysis
as are used in the cut-based analysis. Most of the development and studies have been made
for a Higgs mass of 120 GeV/c2. For this mass, a 5� discovery can be made with about 7 fb�1

luminosity. A 1% background normalisation uncertainty corresponds to an increase of the
luminosity needed for a 5� discovery from 7 fb�1 to 7.7 fb�1.
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Figure 2.10: Integrated luminosity needed for a 5� discovery (left) and discovery sensitivity
with an integrated luminosity of 30 fb�1 (right) with the optimised analysis. The results from
the cut-based analysis in 12 categories are also shown for comparison.

There is a great deal of uncertainty in this benchmark estimate of luminosity due to our
poor understanding of the backgrounds we will contend with when the LHC starts running,
however, this is not considered here as a systematic error on a discovery since it is proposed
to measure the background from the data. Figure 2.10 shows the luminosity needed for a 5�
discovery and the discovery sensitivity with an integrated luminosity of 30 fb�1 for several
Higgs masses, both for the fully optimised analysis and for the cut-based analysis using 12
categories described in Section 2.1.4.4. It seems possible to discover, or at least have strong
evidence for a low mass Higgs in the first good year of running.

Discovery Lumi for 14 TeV collisions (where S/B is 
more favorable)

Two things to keep 
in mind!

It arrived earlier than 
expected!

we knew what to 
search for, and this 
helped A LOT

This was fast!!!



Highlights from Run I:!
search for heavy resonances
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Many models predict new resonances, coupling to fermions 
and/or vector bosons 

New gauge interactions 

Extra dimensions 

Compositeness 

Analyses are generic (i.e., not tuned on a model) and quite 
simple  

select two objets  

look for a bump in diobject mass spectrum

28
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Dilepton Search
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Figure 2: Dimuon invariant mass (mµµ) distribution with statistical uncertainties after final selection,
compared to the stacked sum of all expected backgrounds, with two selected Z′SSM signals overlaid. The
bin width is constant in log mµµ. Bottom inset: The black points show the ratio of observed to expected
events with statistical uncertainty, while the shaded band indicates the mass-dependent systematic uncer-
tainty on the sum of the backgrounds.

number of events observed compared to the expected background. Figure 2 and Table 2 reflect this
information for the dimuon channel. Good agreement between the data and the background expectation
is found.

5 Systematic uncertainties

The treatment of systematic uncertainties in this analysis is simplified by the fact that the backgrounds
are normalized to the data in the region of the Z peak. This procedure makes the analysis insensitive
to the uncertainty on the measurement of the integrated luminosity as well as other mass-independent
systematic uncertainties. Instead, a mass-independent systematic error of 5%, due to the uncertainty on
the Z/γ∗ cross section in the normalization region, is assigned to the signal expectation. In addition,
all systematic uncertainties estimated to have an impact ≤ 3% on the expected number of events are
neglected in the statistical analysis having a negligible impact on the limit setting.

Mass-dependent systematic uncertainties include theoretical effects due to the PDF, QCD and elec-
troweak corrections, as well as experimental effects, namely lepton efficiency and resolution. These
uncertainties are correlated across all bins in the search region. The mass-dependent theoretical uncer-

7

μμ

Limits on spin-1 Z′

Figure 3 shows the 95% C.L. observed and expected exclusion limits on σB for the dielectron and
dimuon channels, using the Z′SSM width for the signal templates. It also shows the theoretical cross
section times branching ratio for the Z′SSM and for the two E6-motivated Z′ models with the highest and
lowest σB. Figure 4 shows the 95% C.L. exclusion limit on σB for the combination of the electron
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Figure 3: Median expected (dashed line) and observed (solid red line) 95% C.L. limits on σB and
expected σB for Z′SSM production and the two E6-motivated Z′ models with lowest and highest σB for
the dielectron (left) and dimuon channel (right). The limits are conservative for the E6-motivated Z′

models due to their narrower intrinsic width. The inner and outer bands show the range in which the
limit is expected to lie in 68% and 95% of pseudo-experiments, respectively. The thickness of the Z′SSM
theory curve represents all theoretical uncertainties and holds for the other theory curves.

and muon channels, assuming an equal branching ratio. The combination is performed by defining the
likelihood function in terms of σB(Z′ → ℓ+ℓ−) in both channels.

The rise of the σB limits at high invariant mass is due mainly to the fast fall of the parton luminosity
at high momentum transfer which enhances the low-mass tail, causing a distortion in the resonance peak
shape. The effect is reduced for narrower resonances like the Randall-Sundrum graviton G∗ . The 95%
C.L. limits on σB are used to set mass limits for each of the considered models. Mass limits obtained
for the Z′SSM are displayed in Table 4. The combined mass limit for the Z′SSM is 2.86 TeV (observed) and
2.85 TeV (expected). The combined mass limits on the E6-motivated models are given in Table 5.

Table 4: e+e−, µ+µ− and combined 95% C.L. mass limits on Z′SSM.

Z′SSM → e+e− Z′SSM → µ+µ− Z′SSM → ℓ+ℓ−

Observed mass limit [TeV] 2.79 2.48 2.86
Expected mass limit [TeV] 2.76 2.52 2.85

Limits on spin-2 Randall-Sundrum gravitons

Figure 5 shows the 95% C.L. observed and expected exclusion limits on σB(G∗ → e+e−) and σB(G∗ →
µ+µ−), obtained with a k/MPl = 0.1 signal template, together with the theoretical cross section times
branching ratio for couplings (k/MPl) in the range 0.01-0.1. The curves for the different k/MPl cases are

10
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Dijet Searchthe significance is plotted as positive (negative). In certain cases, the significance for individual bins is

not plotted. 2
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Figure 1: The reconstructed dijet mass distribution with statistical uncertainties (filled points with error

bars) fitted with a smooth functional form (solid line). The bin-by-bin significance of the data-fit differ-

ence in Gaussian standard deviations is shown in the lower panel, using positive values for excesses and

negative values for deficits. If a p-value greater than 50% is found the corresponding significance is not

shown (see text).

The choice of dijet mass binning was motivated by the absolute resolution of the signal in the dijet

mass distribution. The m j j resolution was evaluated using Monte Carlo as described in Ref. [3] and it

was found to improve from 7% at 1 TeV to less than 4% at 3 TeV. The analysis of the mass spectrum

begins with this distribution normalised to events per bin. The maximum-likelihood fit to determine the

four parameters of the smooth function is intended to be applied to a distribution in events per GeV,

while retaining integer bin contents to account for Poisson statistics. The bin-width correction required

to bridge these units is performed within the fitting procedure.

To test the degree of global consistency between the data and the fitted background, the p-value of

the fit is determined by calculating the χ2-value from the data and comparing this result to the χ2 distri-

bution obtained from pseudo-experiments drawn from the background fit, as described in the previous

publication [1]. In the current analysis, the χ2/NDF = 15.5/18 = 0.86, corresponding to a p-value of

0.61, showing that there is good agreement between the data and the fit.

The BumpHunter algorithm [14, 15] is used to establish the presence or absence of a localised res-

onance in the dijet mass spectrum, assuming Poisson statistics, and taking proper account of the “look-

elsewhere effect” [16], as described in greater detail in previous publications [10, 17]. Furthermore, to

prevent any new physics signal from biasing the background estimate, the region corresponding to the

2 In mass bins with a small expected number of events, where the observed number of events is similar to the expectation,

the Poisson probability of a fluctuation at least as high (low) as the observed excess (deficit) can be greater than 50%, as a result

of the asymmetry of the Poisson distribution. When the significance is below zero in a bin, it is not meaningful, and the bar is

not drawn in this case.

3

most significant local excess is excluded if the p-value of the fit is below 0.01 and a new background

fit is performed. For the current dataset, no such exclusion is needed and no significant excess has been

found.

3.2 Limits on excited quark production

In the absence of any observed significant discrepancy with the zero-signal hypothesis, the Bayesian

method documented in the original study [1] is used to set 95% C.L. upper limits on σ × A, for a

hypothetical narrow new particle decaying into dijets. As in the original study, MC samples at 8 TeV

have been generated for a set of discrete q∗ masses ranging from 1000 to 6000 GeV with Pythia 8 [18]

using the MC12 AU2 tune [19] with the CT10 PDFs [20]. The acceptance includes reconstruction and

trigger efficiencies, which are typically near 100%. For q∗, the acceptance A ranges from 11% to 54%

for mq∗ varying from 1 TeV to 4.25 TeV, and is never lower than 48% for masses above 2 TeV. The main

impact on the acceptance comes from the rapidity selection criteria.

The summary plot from the limit-setting analysis is shown in Fig. 2. The observed (expected) lower

limit on the mass of excited quarks is 3.84 TeV (3.70 TeV). The worsening of the limit at the 5 TeV mass

point can be explained by the change in shape of the simulated q∗ signal, due to the rapidly decreasing

parton luminosities as the dijet mass approaches the kinematic limit.
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Figure 2: The 95% C.L. upper limit on σ×A as a function of dijet resonance mass (black filled circles).

The black dotted curve shows the expected 95% C.L. upper limit and the green (darker) and yellow

(lighter) bands represent the 68% and 95% contours of the expected limit, respectively. The blue dashed

curve represents the excited-quark σ ×A prediction.

3.3 Limits on simplified Gaussian models

As in Ref. [1] we also set limits on simplified Gaussian models, to facilitate comparisons with other

new physics (NP) models beyond those considered in the current studies. Gaussian distributions of

reconstructed dijet mass are added to the background estimation, for various means and widths. Upper

95% C.L. limits on σ×A are set taking into account systematic uncertainties. The behaviour of the limits

4



Jet substructure is now a common approach to 
look for boosted objects reconstructed as 
single jets 

Several techniques implemented. But a cut on 
the “right” jet mass is still the strongest 
ingredient for bkg rejection in NP searches (at 
least for Ws and Zs)

From Jets to boosted objects

low boost

high 
boost

jets have better fractional mass resolution (⇠ 5 � 10%) than the pruned jets, especially for

those jets with grooming applied after the C/A algorithm. The trimmed jet mass resolu-

tion also remains fairly stable across a large pjet
T

range, with equivalent performance for

anti-k
t

and C/A jets.

5.1.3 Signal and background comparisons with and without grooming

Leading-pjet
T

jet distributions of mass, splitting scales and N -subjettiness are compared for

jets in simulated signal and background events in the range 600 GeV  pjet
T

< 800 GeV.

As seen in figures 29–31, showing distributions for the two-pronged decay case, and in

figures 32–35 showing comparisons for the three-pronged decay case, better discrimina-

tion between signal and background is obtained after grooming. In these figures, the

ungroomed distributions are normalized to unit area, while the groomed distributions have

the e�ciency with respect to the ungroomed large-R jets folded in for comparison. This

is especially conspicuous in the C/A jets with mass-drop filtering applied as mentioned

previously.
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Figure 29. Leading-pjet

T

jet mass for simulated HERWIG+JIMMY Z ! qq̄ signal events (red)
compared to POWHEG+PYTHIA dijet background events (black) for jets in the range 600 GeV 
pjet

T

< 800 GeV. The dotted lines show the ungroomed jet distributions, whereas the solid lines
show the (a) trimmed and (b) mass-drop filtered jet distributions. The trimming parameters are
f
cut

= 0.05 and R
sub

= 0.3 and the mass-drop filtering parameter is µ
frac

= 0.67. The groomed
distributions are normalized with respect to the ungroomed distributions, which are themselves
normalized to unity.

The mass resolution of the simulated Z ! qq̄ signal events shown in figure 29 dra-

matically improves after trimming or mass-drop filtering for anti-k
t

jets with R = 1.0 and

C/A jets with R = 1.2, respectively. Mass-drop filtering has an e�ciency of approximately

55% and therefore fewer jets remain in this figure. After trimming or mass-drop filtering,

the mass peak corresponding to the Z boson is clearly seen at the correct mass. Note that

– 43 –

The right mass comes 
from grooming. We are 
still exploring 
possibilities 

This is the Run II Jet 
R&D
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Validation With Data
boosted tt reconstructed as one b-Jet+1lepton recoiling 
against one bjet and one jet (the W candidate) 

Peak in the jet mass: we are seeing boosted Ws 

Study substructure variables data vs MC  

MC get substructure quite right (~5% systematic on 
predicted efficiency)

CMS-PAS-JME-13-006 ATLAS arXiv 1306.4945
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Figure 52. Substructure variables (a) arctan(m
13

/m
12

), (b) m
23

/m
123

, and (c) mW for
HEPTopTagger-tagged top candidates using the default filtering parameters and a jet size of
R = 1.5.

by the simulation.

The e�ciency of the HEPTopTagger is measured as a function of the transverse mo-

mentum of the generated top quark, and is the product of the large-R jet finding e�ciency

and the e�ciency to tag the jet correctly: "(total) = "(large-R jet)·"(tag). Figure 53 shows

"(total) for four di↵erent filtering configurations of the HEPTopTagger as a function of the

generator-level true top-quark p
T

for the tt̄ MC sample. The e�ciency for the default

settings is 20% at 250 GeV and reaches a plateau of 40% at 500 GeV. Below 400 GeV

the e�ciency can be improved by 5% by using a larger radius parameter of R = 1.8. The

maximum e�ciency for the tight filtering settings is 30%.

The fake e�ciency, shown in figure 54(a), is defined in exactly the same way but

is evaluated using the PYTHIA inclusive jet sample. The p
T

of the leading-pjet
T

anti-

k
t

jet with R = 0.4 has been chosen to compute the e�ciency as it provides a measure

for the energy available in the event and is easily comparable between di↵erent tagging

– 61 –



A double-tag event
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ZZ/ZW/WW searches

• Technique applied 
to jj (WW/WZ/ZZ), 
jl𝜈(WW/WZ) and 
jll(WZ/ZZ) final 
states 

!

• Background 
determined with 
shape fit (as Hgg) 
or with absolute 
prediction from jet 
sideband

5
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Figure 2: Distribution for (left) pruned-jet mass mj and (right) jet N-subjettiness ratio t21 in data,
and in simulations of signal and background events. All simulated distributions are scaled
to match the number of events in data. MADGRAPH/PYTHIA and HERWIG++ refer to QCD
multijet event simulations.

We achieve additional discrimination against multijet events by considering the distribution
of jet constituents relative to the jet axis. In particular, we quantify how well the constituents
of a given jet can be arranged into N subjets. This is done by reconstructing the full set of jet
constituents (before pruning) with the kT algorithm [56] and halting the reclustering when N
distinguishable protojets are formed. The directions of the N jets are used as the reference axes
to compute the N-subjettiness [5, 57, 58] tN of the original jet, defined as

tN =
1
d0

Â
k

pT,k min(DR1,k, DR2,k, . . . , DRN,k), (1)

where pT,k is the pT of the particle constituent k of the original jet, and DRn,k is its angular
distance from the axis of the nth subjet (with n = 1, 2, . . . , N). The normalization factor d0
for tN is d0 = Âk pT,kR0, with R0 set to the distance parameter R of the original CA jet. To
improve the discriminating power, we perform a one-pass optimization of the directions of the
subjet axes by minimizing tN [3, 57]. By using the smallest DRn,k to weight the value of pT,k
in Eq. (1), tN yields small values when the jet originates from the hadronization of N quarks.
We therefore use the ratio t21 = t2/t1 as a discriminant between the two-pronged W ! qq0 or
Z ! qq decays and single jets in multijet events. The discriminating power of t21 for different
resonance models can be seen in Fig. 2 (right). The MC simulations of multijet background and
the data peak near ⇡0.8, whereas the signal distributions have a larger fraction of events at
smaller values of t21.

Differences are observed in signal distributions predicted with HERWIG++ (for GRS), with PYTHIA
(q⇤, W0), and with JHUGEN/PYTHIA (Gbulk), for the mass mj of pruned jets and for t21. These
differences arise from unlike polarization of the vector bosons in the various signals models and
from differences between HERWIG++ and PYTHIA in the modelling of the showering and had-
ronization of partons. In particular, values for the polarization of the vector bosons are related
to different predictions for t21 in the GRS and Gbulk models as noted in Ref. [3]. Differences in
the modelling of the small mj regions for pruned jets have been observed previously [55]. The
showering and hadronization differences are taken into account in the estimation of systematic

9

expected contributions from q⇤ and GRS resonances for respective masses of 3.0 and 1.5 TeV,
scaled to their corresponding cross sections, are given by the dash-dotted curves.
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Figure 6: Distribution in mjj, respectively, for (upper left) singly-tagged LP events and (upper
right) HP events, and for (lower left) doubly-tagged LP events and (lower right) HP events. The
solid curves represent the results of fitting Eq. (2) to the data. The distribution for q⇤ ! qW
and GRS ! WW contributions, scaled to their corresponding cross sections, are given by the
dash-dotted curves. The corresponding pull distributions ( Data�Fit

sData
, where sData represents the

statistical uncertainty in the data in a bin in mjj) are shown below each mjj plot.

We quantify the consistency of the data with the null hypothesis as a function of resonance
mass for the benchmark models through the local p-value. The largest local significance in the
singly W/Z-tagged sample is observed for the hypothesis of a q⇤ ! qW resonance of mass
1.5 TeV, and is equivalent to an excess of 1.8 standard deviations. The largest local significance
in the doubly tagged event sample corresponds to an excess of 1.3 standard deviations for a
GRS ! WW resonance of mass 1.9 TeV. Using the Gbulk ! WW/ZZ model, where the LP and
HP categories contribute in different proportions compared to the case for the GRS ! WW
model, yields no excess larger than 1 standard deviation. We estimate the impact of possible
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expected contributions from q⇤ and GRS resonances for respective masses of 3.0 and 1.5 TeV,
scaled to their corresponding cross sections, are given by the dash-dotted curves.
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Figure 6: Distribution in mjj, respectively, for (upper left) singly-tagged LP events and (upper
right) HP events, and for (lower left) doubly-tagged LP events and (lower right) HP events. The
solid curves represent the results of fitting Eq. (2) to the data. The distribution for q⇤ ! qW
and GRS ! WW contributions, scaled to their corresponding cross sections, are given by the
dash-dotted curves. The corresponding pull distributions ( Data�Fit

sData
, where sData represents the

statistical uncertainty in the data in a bin in mjj) are shown below each mjj plot.

We quantify the consistency of the data with the null hypothesis as a function of resonance
mass for the benchmark models through the local p-value. The largest local significance in the
singly W/Z-tagged sample is observed for the hypothesis of a q⇤ ! qW resonance of mass
1.5 TeV, and is equivalent to an excess of 1.8 standard deviations. The largest local significance
in the doubly tagged event sample corresponds to an excess of 1.3 standard deviations for a
GRS ! WW resonance of mass 1.9 TeV. Using the Gbulk ! WW/ZZ model, where the LP and
HP categories contribute in different proportions compared to the case for the GRS ! WW
model, yields no excess larger than 1 standard deviation. We estimate the impact of possible
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ZZ/ZW/WW searches

14 6 Modeling of background and signal
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Figure 7: Final distributions in mWW for data and expected backgrounds for both the muon
(top) and the electron (bottom) channels, high-purity (left) and low-purity (right) categories.
The 68% error bars for Poisson event counts are obtained from the Neyman construction as
described in Ref. [75]. Also shown is a hypothetical bulk graviton signal with mass of 1000 GeV
and k/MPl = 0.5. The normalization of the signal distribution is scaled up by a factor of 100
for a better visualization.
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ZZ/ZW/WW searches
high-purity low-purity

6.1 Background estimation 15
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Figure 8: Final distributions in mZZ for data and expected backgrounds for both the muon (top)
and the electron (bottom) channels, high-purity (left) and low-purity (right) categories. Points
with error bars show distributions of data; solid histograms depict the different components
of the background expectation from simulated events. The 68% error bars for Poisson event
counts are obtained from the Neyman construction as described in Ref. [75]. Also shown is a
hypothetical bulk graviton signal with mass of 1000 GeV and k/MPl = 0.5. The normalization
of the signal distribution is scaled up by a factor of 100 for a better visualization. The solid line
shows the central value of the background predicted from the sideband extrapolation proce-
dure.
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Interpretation
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8.2 Model-independent limits 19
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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,

8.2 Model-independent limits 19

 [GeV]GM
1000 1500 2000 2500

 W
W

) [
pb

]
→ 

bu
lk

 B
R

(G
× 

95
%

σ

-310

-210

-110

1
 observed

S
Frequentist CL

σ 1± expected 
S

Frequentist CL

σ 2± expected 
S

Frequentist CL

 = 0.5PlM/k WW), → 
bulk

 x BR(GTHσ

 = 0.2PlM/k WW), → 
bulk

 x BR(GTHσ

CMS  = 8 TeVs at  -1L = 19.7 fb 

800
 [GeV]GM

1000 1500 2000 2500

 Z
Z)

 [p
b]

→ 
bu

lk
 B

R
(G

× 
95

%
σ

-310

-210

-110

1

600

 observed
S

Frequentist CL

σ 1± expected 
S

Frequentist CL

σ 2± expected 
S

Frequentist CL

 = 0.5PlM/k ZZ), → 
bulk

 x BR(GTHσ

 = 0.2PlM/k ZZ), → 
bulk

 x BR(GTHσ

CMS  = 8 TeVs at  -1L = 19.7 fb 

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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Highlights from Run I:!
search for DM in cascade 

(aka SUSY searches)

38
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There was nothing behind the corner

Run I forced us to look for “new” paradigms 

- this was  somehow expected (e.g. EW 
precision, flavour) 

- Now we know it as a fact
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Natural SUSY
~ g

~ t

~ b

!
χ 

±

!
χ 

0

~

~

t ➝ bχ± 
~~

t ➝ tχ0 
~~

b ➝ tχ± 
~~

b ➝ bχ0 
~~

g ➝ tbχ± 
~~

χ± ➝ W*χ0 
~~

g ➝ bbχ0 
~~ _

g ➝ tt χ0 ~~ _

!
- Rather than focusing on one signature, we decided to design an 

inclusive search 
- Rather than focusing on the tail of some kinematic distribution, we 

decided to use a loose selection: more signal, but also more 
background

- Multijet final states 
with many b quarks 
(4t, 3t1b, 2t2b, 1t3b, 
4b) from gluinos 

- High-pT leptons from 
W decays  

- Same/opposite 
charge lepton pairs, 
with same or different    
flavour 



Gluino is a model killer if kinematically accessible 
large xsec 
rich final states 

Loose sensitivity if gluino (LSP) heavier than 
~1300 (~600) GeV 

As long as this is not the case, squarks produced 
in cascade are also largely excluded (limits 
robust vs intermediate squark masses)
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Search For Gluinos
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Search for Squarks
Both inclusive and exclusive searches 

sbottom and stop excluded up to m~750 for large 
mass splits 

reduced sensitivity for heavy LSP or for split ~ mtop
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Search for EWinos
Search for Ewkino direct production more 
challenging 

smaller xsec 

limited kinematic handles (particularly at small splits) 

Use combination of several final states, including 
Higgs bosons (now that we know the mass)
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A Few Remarks
• Simplified models are very useful to design searches 

• But they can be misleading if the results are generalised 

• Typically 

• 100% BR is assumed for a given decay mode 

• A string constrain with this assumption can vanish for generic BRs 

• Two limits with 100% BR assumption can be contradicting and difficult to 
combine 

• The cross section is computing assuming other sparticles are decoupled 
(ignored many t-channel diagrams). This can underestimate/overestimate the 
cross section 

• The SMS limits are ballpark right, but they cannot be taken literarily 

• In other words, we did not see any SUSY but the limits could be much more 
relaxed than what Simplified Models imply
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Highlights from Run I:!
search for DM production 

(aka monojet)

45



• DM can be produced at the LHC with a 
similar process than scattering in 
underground experiments 

• But DM is invisible with our detectors, 
so these events don’t even pass the 
trigger 

• We then exploit Initial State Radiation 
to look for 2DM+jet production 

• These events look like a jet recoiling 
against nothing 

• The main SM background (e.g., Z(nn)
+jets) can be studied with data (e.g., 
Z(mm)+jets)
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Invisible and monojetDark Matter Mono-X Mono-Jet Mono-W(`⌫) Mono-W/Z(qq) Mono-Z(``) Mono-Photon Mono-Top Conclusion

Dark Matter candidates at the LHC

• Cosmological indications for “invisible”, Dark
Matter (DM):
� Rotation velocities of galaxies
� Gravitational lensing
� Cosmic microwave background (CMB)

• Search at hadron collider:
� Could be produced as a WIMP
� DM would be seen as missing energy

• E↵ective field theory (EFT):
� Mediator too heavy to be generated directly
� Contact interation with suppression scale

M? ⇠ Mp
g�gSM

, with g� and gSM the

couplings to Standard Model (SM) and
DM, and M the mediator mass

• Simplified models:
� Specified massive mediator
� UV-complete (no validity issue)

Name Initial state Type Operator

D1 qq scalar
mq

M3
?
�̄�q̄q

D5 qq vector 1
M2
?
�̄�µ�q̄�µq

D8 qq axial-vector 1
M2
?
�̄�µ�5�q̄�µ�5q

D9 qq tensor 1
M2
?
�̄�µ⌫�q̄�µ⌫q

D11 gg scalar 1
4M3
?
�̄�↵s(G

a
µ⌫)

2

Philippe Calfayan, LMU Munich Moriond EW 2014, March 15-22 2/22
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Invisible and monojet

dark matter searches
at the lhc

Philippe Calfayan

Ludwig-Maximilians Universität, München

On behalf of the ATLAS and CMS Collaborations

XLIXth Rencontres de Moriond

Electroweak Interactions and Unified Theories

March 15-22, 2014



• Reject the QCD background by 
kinematic cuts (large missing ET, 
large jet pT) 

• Left with W/Z+jets and tt 
production 

• Measure the background in 
control samples (1 lepton, 2 
lepton, etc) 

• Use the MC to scale the observed 
data yield to the 0lepton sample: 
(1-ε)/ε  

• Compare prediction to observation
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Search Strategy
Dark Matter Mono-X Mono-Jet Mono-W(`⌫) Mono-W/Z(qq) Mono-Z(``) Mono-Photon Mono-Top Conclusion

Search in the mono-jet final state [ATLAS, CMS]

• Preliminary results at
p
s = 8TeV:

CMS-PAS-EXO-12048 L = 20 fb�1

ATLAS-CONF-2012-147 L = 10.5 fb�1

ATLAS 7TeV, 5 fb�1: JHEP 04 (2013) 075
CMS 7TeV, 5 fb�1: JHEP 09 (2012) 094

• Event selection:

� Trigger: 6ET [ATLAS] or 6ET+jet [CMS]

� Central leading jet, at most 2 good jets

� To suppress QCD multi-jet events:

· ATLAS: ��( 6ET , jet2) > 0.5
· CMS: ��(jet1, jet2) < 2.5

� Veto on e and µ [ATLAS, CMS]
Explicit ⌧ veto [CMS]

� Inclusive signal regions (SR):

· ATLAS: both lead jet pT and
6ET> 120, 220, 350, 500GeV

· CMS: lead jet pT > 110GeV and

6ET> 250 to 550GeV (step 50GeV)

• Main background: Z ! ⌫⌫

� Estimate with W/Z [ATLAS] or Z
[CMS] lepton data control regions (CR)

� Transfer CR to SR via simulation
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More rare objects than a jet could be radiated (i.e., less background) 

Depending on the object, one could be sensitive to different models 
(e.g. DM coupling more to 3rd generation quarks, etc)
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More than Monojet

Dark Matter Mono-X Mono-Jet Mono-W(`⌫) Mono-W/Z(qq) Mono-Z(``) Mono-Photon Mono-Top Conclusion

Search in the mono-top final state [CMS]

• Preliminary result at
p
s = 8TeV:

CMS-PAS-B2G-12-022, L ⇠ 20 fb�1

• Scenario:
� top produced in association with DM

(not from ISR)
� top decays hadronically
� FCNC considered

• Main backgrounds:
� Z(! ⌫⌫)+jets (from data CR)
� W(! `⌫)+jets (from data CR)

� t

¯

t (NNLO, top pT reweighting)

• Event selection
� SR trigger: 6ET

� Exactly 3 jets: pT > 60, 60, 40GeV,
1 b-tag, m3 jets

inv < 250GeV

� Veto on electron and muon
� 6ET > 350GeV
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Monotop

Dark Matter Mono-X Mono-Jet Mono-W(`⌫) Mono-W/Z(qq) Mono-Z(``) Mono-Photon Mono-Top Conclusion

Search in the mono-W/Z(! qq) final state [ATLAS]

• Published: PRL 112, 041802 (2014)p
s = 8TeV L = 20 fb�1

! see P. Azzi’s talk: “Boosted object searches”

• Scenario:
� W/Z radiated from u or d quark
� W and Z hadronic decays

• W/Z decay reconstructed as single
massive “fat” jet of mass mjet

(Cambridge-Aachen, R = 1.2)

Validation in top CR: includes W peak
and tail due to b jet from top decay

• Event selection:
� 6ET trigger
� � 1 central fat jet with pT > 250GeV

and 50GeV < mjet < 120GeV

�  1 jet (R = 0.4) away from lead fat jet

� Veto on electron, muon and photon
� 2 SR: 6ET > 350GeV or 500GeV

d

u
+

W

χ

χ

d

u

+
W

χ

χ

•• Main backgrounds:

� Z(! ⌫⌫)+jets and W(! `⌫)+jets

� Determined by extrapolating a data
muon CR using simulation
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MonoZ/W

Dark Matter Mono-X Mono-Jet Mono-W(`⌫) Mono-W/Z(qq) Mono-Z(``) Mono-Photon Mono-Top Conclusion

Search in the mono-photon final state [ATLAS, CMS]

• Published with L ⇠ 5 fb

�1 and
p
s = 7TeV:

PRL 110, 011802 (2013) [ATLAS]

PRL 108, 261803 (2012) [CMS]

• Main background: Z(! ⌫⌫) + �

� ATLAS: extrapolated from �+µ+ 6ET CR
� CMS: estimation from simulation (NLO)

• Event selection

� Trigger: 6ET [ATLAS], photon [CMS]

� Central photon, pT > 150GeV [ATLAS]
pT > 145GeV [CMS]

� 6ET > 150GeV [ATLAS], 130GeV [CMS]

� Veto on electron and muons

� ATLAS: allow up to one jet. Photon, jet and
6ET well separated.

� CMS: veto significant hadronic activity
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• So far, result interpreted in terms of 
EFT, integrating out some heavy 
mediator 

• Different kinds of mediator imply 
different operators 

• This allows to project our results on the 
same plane as the underground 
experiment… 

• … but is an EFT with mediator masses 
< 1 TeV and collision energy 8 TeV 
reasonable? 

• Work ongoing to adopt more specific 
models (e.g. SUSY simplified Models)
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Interpretation

Dark Matter Mono-X Mono-Jet Mono-W(`⌫) Mono-W/Z(qq) Mono-Z(``) Mono-Photon Mono-Top Conclusion

Dark Matter candidates at the LHC

• Cosmological indications for “invisible”, Dark
Matter (DM):
� Rotation velocities of galaxies
� Gravitational lensing
� Cosmic microwave background (CMB)

• Search at hadron collider:
� Could be produced as a WIMP
� DM would be seen as missing energy

• E↵ective field theory (EFT):
� Mediator too heavy to be generated directly
� Contact interation with suppression scale

M? ⇠ Mp
g�gSM

, with g� and gSM the

couplings to Standard Model (SM) and
DM, and M the mediator mass

• Simplified models:
� Specified massive mediator
� UV-complete (no validity issue)

Name Initial state Type Operator

D1 qq scalar
mq

M3
?
�̄�q̄q

D5 qq vector 1
M2
?
�̄�µ�q̄�µq

D8 qq axial-vector 1
M2
?
�̄�µ�5�q̄�µ�5q

D9 qq tensor 1
M2
?
�̄�µ⌫�q̄�µ⌫q

D11 gg scalar 1
4M3
?
�̄�↵s(G

a
µ⌫)

2
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Dark Matter Mono-X Mono-Jet Mono-W(`⌫) Mono-W/Z(qq) Mono-Z(``) Mono-Photon Mono-Top Conclusion

Search in the mono-jet final state [ATLAS, CMS]

• Total uncertainties on Z ! ⌫⌫:

� CMS: 4.5-15.6%
� ATLAS: 3.3-20%
� Main: low CR statistics at high 6ET

• Limits:

� Lower bound on EFT scale M? (⇤)
extracted from limit on signal rate

� Thermal relic density from WMAP
compared to M? bounds

(If M? above relic line, results not
consistent with WMAP, assuming
one WIMP species produced via one
given operator)

� EFT scale bounds translated into
�(�-nucleon) upper limits

� More in backup
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Why Going to Higher Energy?
• Going higher in energy we gain faster than integrating more data 

!

!

!

!

!

!

• As a thumb rule, increase energy by X is like increasing lumi by X2 

• And there are things which could be just too heavy to be produce at 
low energy
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Perspectives for 13 TeV

Similar extrapolations from CMS

Exo:c&Resonances&
•  Direct&discovery&probe&of&new&physics&at&highest&mass&scales&

–  Narrow&weak&resonances:&Z’&bosons&&in&extended&electroweak&sectors&
–  Broad&strong&resonances:&KK&gluons&in&models&with&extra&dimensions&

•  For&concrete&comparisons,&assume&Z’&with&SM&couplings&
•  Dielectron&reach:&7.8&(6.5)&TeV&w/&3000&(300)&YL1&(muons&similar)&

J.&Nielsen&(UCSC)& Snowmass&Energy&Fron:er&LL&2013/07/01& 29&
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Exo:c&Top&Quark&Resonances&

•  KK&gluons&(broad)&or&topcolor&Z’&(narrow)&highLmass&resonances&

•  Top&quark&signature&tagged&with&an:LkT&1.0&“hadronic&top&jet”&
–  Mass&from&lepton&+&jets&signature&(good&for&narrow&resonance)&

•  gKK&mass&reach:&6.7&(4.3)&TeV&w/&3000&(300)&YL1&

–  Typical&observa:on&that&more&complex&signals&benefit&from&larger&dataset&

J.&Nielsen&(UCSC)& Snowmass&Energy&Fron:er&LL&2013/07/01& 30&
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Searches&for&Squarks&and&Gluinos&
•  Full&study&to&characterize&sensi:vity&to&stronglyLproduced&SUSY&

–  Dominated&by&physics&backgrounds&Z(νν)+jets&and&top&pairs&
–  Large&missing&energy&requirement&robust&against&pileup&

J.&Nielsen&(UCSC)& Snowmass&Energy&Fron:er&LL&2013/07/01& 27&
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tt resonance
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July 1, 2013 

Gluinos, Sbottoms, EWKinos 

J. Olsen – Snowmass Energy Frontier Workshop 35 

y Two approaches 
y “conservative” and “optimistic” similar to 

stop scenarios (more details in backup) 
y Analysis methods assumed unchanged 

y 5V discovery reach 
y Guino:  up to 1.7 TeV 
y Sbottom: ~600 – 700 GeV 
y EWK-ino: ~500 – 600 GeV 
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J. Olsen – Snowmass Energy Frontier Workshop 35 

y Two approaches 
y “conservative” and “optimistic” similar to 

stop scenarios (more details in backup) 
y Analysis methods assumed unchanged 

y 5V discovery reach 
y Guino:  up to 1.7 TeV 
y Sbottom: ~600 – 700 GeV 
y EWK-ino: ~500 – 600 GeV 

Gluino 

sbottom 

EWK-ino 

Similar 
extrapolations 

from ATLAS

- Extrapolated with pessimistic (same systematics as now)  
  and optimistic (scale systematics with luminosity) models 
- The true value should be in the middle 
- 5σ discovery reach shown

Perspectives for 13 TeV

July 1, 2013 

Discovery Potential: Stops 
y Two approaches (analysis assumed unchanged) 

y Pessimistic: assume same systematic uncertainties as 8 TeV analysis 

y Optimistic: scale Vbkg  like stat. unc., but require Vbkg > 10% relative 

y Can discover (5V) stops up to 750-950  GeV w/300 fb-1 (14 TeV) 

J. Olsen – Snowmass Energy Frontier Workshop 34 

t~

t~

t 

t 

Search in final state with ℓ + jets + MET 
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dictions for string resonances [2], excited quarks [4], axigluons [5], colorons [6], E6 diquarks [7],
new gauge bosons W 0 and Z0 [9], and Randall-Sundrum gravitons [8].
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conducted on random samples of events generated from our smooth background parameter-
ization. The use of wide jets instead of AK7 jets improves the expected upper limits on the
resonance cross section by roughly 20% for gg, 10% for qg, and 5% for qq resonances.
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Figure 5: The 95% CL upper limits on s ⇥ B ⇥ A for dijet resonances of type gluon-gluon (open
circles), quark-gluon (solid circles), and quark-quark (open boxes), compared to theoretical pre-
dictions for string resonances [3], E6 diquarks [5], excited quarks [6], axigluons [8], colorons [9],
new gauge bosons W0 and Z0 [10], and Randall-Sundrum gravitons [11].

Table 2: For each model we list the observed and expected upper values of the excluded mass
range at 95% CL. The lower value of the excluded mass range from this search is 1 TeV.

Model Excluded Mass (TeV)
Observed Expected

String Resonances 4.00 3.90
E6 Diquarks 3.52 3.28

Excited Quarks 2.49 2.68
Axigluons/Colorons 2.47 2.66

W’ Bosons 1.51 1.40

In Fig. 5 we compare the observed upper limits to the model predictions as a function of reso-
nance mass. The predictions are from lowest-order calculations [24] of the product s ⇥ B ⇥ A
using CTEQ6L1 parton distributions [19]. New particles are excluded at the 95% CL in mass re-
gions for which the theory curve lies above our upper limit for the appropriate pair of partons.
We also determine the expected lower limit on the mass of each new particle by comparing the
expected cross section limits to the model predictions. An example of the expected limits is
shown in Fig. 6 where for qg resonances we compare the expected limits and their uncertainty
bands to both observed limits and model predictions. Our search starts at a resonance mass
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Figure 5: The observed 95% CL upper limits from the high-mass analysis on s ⇥ B ⇥ A for dijet
resonances of the type gluon-gluon (open circles), quark-gluon (solid circles), and quark-quark
(open boxes), compared to theoretical predictions for string resonances [1, 2], E6 diquarks [3],
excited quarks [4, 5], axigluons [6, 7], colorons [8], s8 resonances [9], new gauge bosons W0 and
Z0 [10], and Randall-Sundrum gravitons [11].

previous exclusion of 0.5 < M(S) < 4.0 TeV [12, 13]. For excited quarks the expected lower
mass limit is 3.43 TeV and we exclude masses less than 3.19 TeV due to an upward fluctuation
in data; this extends our previous exclusion of 0.5 < M(Q*) < 2.49 TeV [12, 13] and extends
the ATLAS exclusion limits at 2.99 TeV [16].

For E6 diquarks the expected exclusion is 1.0 < M(E6) < 4.12 TeV and we exclude masses in
the range 1.0 < M(E6) < 4.28 TeV; this extends our previous exclusions at 3.52 TeV [13]. For
axigluons or colorons the expected lower mass limit is 3.55 TeV and we exclude masses less
than 3.28 TeV due to an upward fluctuation in data; this extends our previous exclusions of
0.50 < M(A, C) < 2.47 TeV [12, 13] and confirm the ATLAS limit 3.32 TeV [16]. We note that
the new exclusion limits takes in account the NLO scale factors [7].

For the s8 color octet model the observed exclusion is 1.0 < M(s8) < 2.66 TeV in agreement
with the expectation; this extends the previous ATLAS exclusion between 0.9 < M(s8) <
1.92 TeV [16].

For W0 bosons the expected lower mass limit is 1.92 TeV and we exclude the mass ranges 1.0 <
M(W0) < 1.74 TeV and 1.97 < M(W0) < 2.12 TeV; this extends the CDF exclusion of 0.28 <
M(W0) < 0.84 TeV from the dijet mass spectrum [32] and the previous CMS exclusion limit
1.00 < M(W’) < 1.51 TeV [12, 13]. Finally we exclude the presence of the Z0 bosons between
1.00 < M(Z0) < 1.60 TeV and the Randall-Sundrum gravitons between 1.00 < M(Z0) <
1.36 TeV in agreement with the expected values.

- Unexplored territory 
left behind when the 
luminosity increased 
!
- Trigger improvements 
compensated the (slower) 
rate increase after 
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The Dijet Data Scouting

•   Special strategy to look at the data that CMS

 cannot normally record on tape due to trigger

 rate constrains 

–  explore new physics channels that need very

 low trigger thresholds 

–  possibility to extend the standard trigger setup
 for core physics or data parking in case

 something interes0ng shows up in the data

 scou0ng analyses 

•  First implementa0on: new physics searches in

 hadronic final states at “low jet pT  / HT” 

•   Novel trigger and data acquisi0on strategy

 applied to physics analysis  

–   Trigger:  HT>250 GeV , high event rate (~10
3 Hz)  

–   Reduced event content (i.e. store calo jets

 reconstructed during High Level Trigger online

 processing, no raw data from CMS detector,    

 no offline reconstruc0on of data possible)  

–   Bandwidth (rate x event size) under control 
5 

Data Scou0ng 

EXO-11-094 PAS 

Test Feasibility of Data Scouting in 2011:  

Dijet Resonance Search (0.13 fb-1) 

Scouting approach extended  

the dijet search below 1 TeV 

In 2012, we can benefit from almost 

the full integrated luminosity (>15 fb-1) 
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Figure 7: The observed 95% CL upper limits for the low-mass analysis on s ⇥ B ⇥ A for dijet
resonances of type gluon-gluon (open circles), quark-gluon (solid circles), and quark-quark
(open boxes), compared to theoretical predictions for E6 diquarks [3], s8 resonances [9], new
gauge bosons W0 and Z0 [10], and Randall-Sundrum gravitons [11].

Figure 8: The observed 95% CL upper limits for the high-mass analysis on s ⇥ B ⇥ A for dijet
resonances of type gluon-gluon (open circles), quark-gluon (solid circles), and quark-quark
(open boxes), compared to theoretical predictions for string resonances [1, 2], excited quarks [4,
5], axigluons [6, 7], colorons [8], E6 diquarks [3], s8 resonances [9], new gauge bosons W0 and
Z0 [10], and Randall-Sundrum gravitons [11].

- 16 hour Run at the end of 2011 run (7TeV) 
- Collected ~4 times the statistics we had in 2010   

(35 pb-1) with equivalent trigger 
- Improved the limit published in 2010 by one order 

of magnitude 
- 18 fb-1 results@8TeV to be released soon
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Conclusions

• The first LHC run was a big success, per se and in perspective 

• We achieved more than expected (e.g., early Higgs discovery) 
despite the lower energy 

• The achievement is a consequence of progresses in 
experimental techniques (e.g., jet tagging, kinematic variables, 
pileup suppression, bandwidth extension with scouting and 
delayed reprocessing…) 

• We know what to do. Let’s start the accelerator again, and let’s 
see what comes out 
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