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• Introduction

• QCD uncertainties in selected powerful and
general BSM searches
- Dijet and Monojet searches (Mjj, χ, ETmiss)
- Dilepton resonant and non-resonant searches (Mll)

• QCD uncertainties when looking inside jets
- Quark-gluon separation
- Jet taggers, jet mass

• Summary and Outlook
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ATLAS and CMS Experiments 

Electromagnetic Calorimeter
σE/E ≈ 10%/√E(GeV)⊕0.7%⊕0.2GeV/E 

Pixels
σ/pT~ 1.5∙10-4pT(GeV)⊕0.005

Pixels,Si strips & Straw tubes
σ/pT~ 3.8∙10-4pT(GeV)⊕0.015

Electromagnetic Calorimeter
σE/E ≈ 2.9%/√E(GeV) ⊕ 0.5%⊕0.13GeV/E  
Hadronic Calorimeter
σE/E ≈ 120%/√E(GeV) ⊕ 6.9% 

Hadronic Calorimeter
σE/E ≈ 60-100%/√E(GeV) ⊕ 3% 

Muon Spectrometer
σpT/pT ≈ 1% for low pT muons
σpT/pT ≈ 5% for 1 TeV muons

Muon Spectrometer
σpT/pT <10 % up to 1 TeV muons

3.8 T 2.0 T
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The LHC Accelerator 
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• LHC Accelerator had so far a superb performance.
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Jet Reconstruction 
• Most analyses use the Anti-kt clustering

algorithm : with a cone R = 0.4 and 0.8 for
CMS and 0.4 and 1.0 for ATLAS, which is
infrared and collinear safe, geometrically
well defined, and tends to cluster around the
hard energy deposits.

• Calorimeter Jets :Clustering of Calorimeter
Towers composed of ECAL and HCAL
energy deposits.

• Particle Flow Jets: Clustering of Particle
Flow candidates constructed combining
information from all sub-detector systems.

• Jet taggers and jet - substructure :
several jet taggers and jet substructure
techniques developed.
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Theoretical Tools for Simulations  ⟺
Sources of uncertainties

• Non-perturbative corrections
for multi-parton interaction
and hadronization.

• Parton showering (PS)
effects

• Perturbative QCD calculations @ NLO

• LO QCD Monte-Carlo generators

PDFs

PDFs

Matrix 
Element Parton level

Particle level
Detector levelParton 

Showering
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Dark Matter Searches at the LHC : A key 
part of the physics search program
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• There is plenty of evidence for the existence of Dark Matter which we
have only seen so far gravitationally.

• Direct Dark Matter searches: Detect interactions of DM particle (or
particles) with terrestrial detectors

• Indirect Dark Matter searches: Detect DM-DM interactions in the
cosmos, ie DM-DM interactions at the centre of the galaxy

• Collider Searches : Produce DM and DM mediators in the Lab

DARK MATTER

OVERWHELMING EVIDENCE FOR DARK MATTER 
but we’ve only seen it gravitationally… 

COMPLEMENTARY STRATEGIES TO LOOK FOR DM 
Direct: look for interaction with terrestrial detectors 
Indirect: look for evidence in the cosmos, e.g. DM-
DM interactions at center of galaxy

Accelerator: create DM in the laboratory + 
search for dark matter mediators 

Thermal dark matter: simple, well-motivated; 
SM and dark matter in thermal equilibrium as 
universe cools, DM freezes out at critical density

(roughly MeV - TeV scale)

43

W&C Seminar – New Physics from CMS – JPC – Rutgers University – Friday, January 16th, 2015

DARK MATTER

• Strong reasons to prefer a particle interpretation to galactic 
dark matter observations

• WIMP interpretation suggests new particles at the EWK scale

4

19

Tim M.P. Tait



DARK MATTER SUMMARY
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mZ’ = 2mχ

mχ

mZ’N. Saoulidou Univ. of Athens, Greece

Dark Matter Searches @ the LHC : 
Complementarity between difference searches
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Monojet-monoV searches
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Access a broad range of new physics hypothesis

• Main Experimental Signature :
Ø A jet or a Vector Boson decaying

hadronically and Missing transverse
energy

• Main irreducible backgrounds:
Ø Z→vv+jets, W → lv+jets

Dark Matter Gravitons (ADD model) Higgs -> invisible

Dark Energy
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Monojet-monoV searches : 
Background estimation 
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• Background estimation : Data-driven, in order to minimize
dependence on simulation, and hence significantly reduce theoretical
systematic uncertainties.

• Five control regions are used, Z → ee, Z → μμ,W → eν, W → μν, top
(ATLAS) or γ+jets (CMS), to measure the ETmiss spectrum excluding
leptons and photons. The main assumption, for the CMS approach, is
that Z+jets and γ+jets behave similarly.

• Transfer factors, from simulation are used to predict the backgrounds
in the signal region. These, especially at the high end of the spectrum,
exhibit theoretical uncertainties due to:

• QCD renormalization and factorization scales
• QCD effects in γ+jets production being different than those in

W+jets and Z+jets ones.
• Mixed QCD-EW corrections
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Monojet-monoV searches :
Transfer Factors from simulation
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• The irreducible Z→vv+jets background could be measured from the Z →
ll+jets events.

• Due to low statistics, gamma+jets and W → lν+jets events are used
instead and the Z/gamma and W/gamma ratios from simulation.

Physical Review D 97, 092005 (2018)
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Fig. 8 Ratios of pT-distributions for various pp → V+jet processes
at LO, NLO and NNLO QCD. The NLO and NNLO QCD uncertainties,
estimated according to Eqs. (33), (35), and (38) are correlated amongst

processes as described in the text and combined in quadrature. At LO
only nominal predictions are shown

At very high transverse momentum, EW corrections are
strongly enhanced by Sudakov effects, and the inclusion
of higher-order Sudakov logarithms becomes mandatory in
order to achieve few-percent level accuracy. In the high-pT
regime, where all energy scales are far above the weak-boson
mass scale, higher-order virtual EW corrections to hard scat-
tering cross sections can be described by means of resum-
mation formulas of the type12 [63,64]

12 Here, in order to discuss qualitative features of Sudakov logarithms,
we adopt a generic and rather schematic representation of the asymptotic
high-energy limit. In particular, we do not consider some aspects, such
as the helicity dependence of the corrections or SU(2) soft-correlation
effects. However, in the numerical analysis all relevant aspects are con-
sistently included.

dσEW = exp
! " Q2

M2
W

dt
t

# " t

M2
W

dτ
γ (α(τ ))

τ

+χ(α(t))+ ξ
$
α(M2

W )
% &'

dσhard, (44)

where γ , χ and ξ are anomalous dimensions depending on
the EW quantum numbers of the scattering particles. The
hard cross section has the form

dσhard =
#

1 + α

π
δ
(1)
hard +

$α

π

%2
δ
(2)
hard + · · ·

&
dσBorn, (45)

and the correction factors δ
(k)
hard are finite in the limit

Q2/M2
W → ∞, while EW Sudakov and subleading high-

energy logarithms of type αm lnn
(
Q2/M2

W

)
are factorized

123
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Monojet-monoV searches : 
Guidance from Theory 
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Provided accurate theoretical predictions and detailed prescriptions on
how theoretical systematic uncertainties should be taken into account
in the experimental analyses.

Sim
ulated Transfer factors

Z+jet/W+jet
Z+jet/γ+jet

W-+jet/W++jet
W+jet/γ+jet
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Monojet-monoV searches :  Results
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Theoretical uncertainties (QCD+EW) account for ~ half of the 5%
uncertainty at the high end of the missing ET spectrum.
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Monojet-monoV searches : 
Interpretations
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This search is one of the most
“direct” probes for dark
matter at the LHC! Expecting
further improvements in
theoretical(and experimental)
uncertainties in the future?AT
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Dijets Searches

15

CLASSIC DIJETS

28

2 Robert M. Harris and Konstantinos Kousouris

q or g

q or g q or g

q or g

X

Fig. 1. Diagram of dijet resonance in the s− channel. The initial state and final states contain
two partons (quarks, anti-quarks or gluons) and the intermediate state contains a resonance X.

modeled the resonance shapes as a function of the dijet mass. In section 3.2 we
review the data of each experiment and how each experiment modeled the QCD
background. In section 3.3 we review the limits on dijet resonance masses published
by each experiment, discussing the experimental uncertainties, statistical proce-
dures, and the cross section assumed for each model. In section 4 we conclude with
a few observations. Also, in Appendix A, we include details of the cross-section cal-
culations for axigluons and excited quarks by ATLAS and CMS, which are necessary
to understand the mass limits on these models from the two experiments.

2. Theory

In this section we present the fundamental ingredients of the theory, which are
necessary for the better understanding of the experimental searches presented in this
review. In Section 2.1 we describe some basic features of Quantum Chromodynamics
(QCD), and in Section 2.2 we present the theoretical models that predict partonic
resonances and are quoted in the experimental searches. It should be noted, that
the purpose of this section is not to give all the details of the models presented, but
rather an overview of their features.

2.1. Elements of QCD

2.1.1. The QCD Lagrangian

Quantum Chromodynamics is the gauge field theory of the strong interaction be-
tween particles that carry the color degree of freedom. The underlying symmetry
group is the SU(3)C , which makes QCD a non-Abelian theory. The profound im-
plication of this property of QCD is that the gauge mediators (gluons) are colored
and thus self interacting. The QCD Lagrangian is written as:

LQCD =
!

i

q̄i,a
"

iγµ∂µδab − gsγ
µtCabG

C
µ −miδab

#

qi,b −
1

4
FA
µνF

µν,A, (1)

where qi,a represents the quark spinor of flavor i and color a = 1 → 3, GA
µν is the

gluon field associated with the generator tAab (A = 1 → 8), gs is the gauge coupling,
and FA

µν is the gluon field tensor:

FA
µν = ∂µG

A
µ − ∂νG

A
ν − gsfABCG

B
µG

C
ν . (2)

ACCESSES A RICH AND BROAD RANGE OF NEW PHYSICS MODELS…

Extra dimensional models, composite Higgs, extended Higgs sectors. 

MOTIVATED BY OUR PHYSICS DRIVERS

Access a broad range of new physics hypothesis

• Powerful: LHC is a dijet resonance factory at a new energy scale

• Broad: search for many sources of new physics in a single simple search
String resonances from string theory
Excited quarks from theories of quark compositeness
W’, Z’ and scalar diquarks from grand unified theory
Gravitons from the Randall-Sundrum model of extra dimensions
Axigluons, Colorons and Color Octet Scalars from other new models
DM mediators

• Model Independent: Search results are applicable to any model of narrow
qq, qg, or gg resonances.



Dijet searche in a nutshell

QCD

Physics observables
M(jj)  → Resonance Mass
Δη(jj) → Resonance Spin

(X rest frame)
θ*
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SM Background

X
#𝑞,𝑞, 𝑔

Resonance Signal

#𝑞,𝑞, 𝑔

#𝑞,𝑞, 𝑔

#𝑞,𝑞, 𝑔

#𝑞,𝑞, 𝑔

#𝑞,𝑞, 𝑔

#𝑞,𝑞, 𝑔

#𝑞,𝑞, 𝑔
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Access a broad range of new physics hypothesis



• Traditional Background Modeling (used in the past 25
years) : A fit with empirical parametrizations is performed
to the data, with its parameters treated as unconstrained
(in CMS) nuisance parameters in the final limit setting and
significance estimation procedure.

• Advantages : Well tested, well understood, significant
expertise gained in many years.

• Disadvantages : Less robust and less performant in
searches for wide resonances, or ones that might appear
at the high mass tail of the distribution where not enough
data exist to constrain the parametric fit.

17
N. Saoulidou Univ. of Athens, Greece

New Background Estimation Method
JHEP 05 (2020) 033
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One Signal & two Control Regions

• The signal region (SR) is defined
with |Δη| <1.1.

• Two control regions are defined

• CRmiddle with 1.1<|Δη|<1.5
used to estimate the
corrections to the simulated
transfer factor, constraining
systematic uncertainties

• CRhigh with 1.5<|Δη| <2.6
used to predict the dijet
mass distribution of the QCD
background

N. Saoulidou Univ. of Athens, Greece

JHEP 05 (2020) 033



• N is the number of events in each bin
of the data dijet mass distribution,
and R and Raux the transfer factors
from simulation.

• We constraint theoretical and
experimental systematic effects,
responsible for the differences
between the data and simulated
transfer factors, in a data-driven
way using CRmiddle

• For the final result a simultaneous fit
is performed in SR, CRmiddle and
CRhigh,

19

QCD Prediction for the invariant 
mass of the dijet system

Transfer factor

The Ratio Method in math

Transfer factor correction

N. Saoulidou Univ. of Athens, Greece
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• Transfer factors are flat as a function of dijet mass, and very similar between
data and simulation ; both the main and the auxiliary ones.

• Missing higher QCD orders from the simulation and electroweak effects are well
described by the functional form used, and can account for the differences seen
between data and simulation.

The Ratio Method in action

N. Saoulidou Univ. of Athens, Greece
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Dijet Mass prediction 
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• Fitting : Modified frequentist CLs
used for limit setting, performing a
binned fit with a background and
signal template.

• Systematic uncertainties:

Ø Related to signal modeling:

luminosity (log-normal constraints), jet
energy scale and jet resolution
(gaussian constraints).

Ø Related to background modelling:

Missing higher QCD orders and EW
effects, treated as freely floating
automatically evaluated via profiling.
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Narrow and Wide resonances :       
DM mediator limits

22

• Can further improve with more data and a better, more precise, QCD
NLO simulation including also EW effects.
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Dijet χ search

N. Saoulidou Univ. of Athens, Greece

• χ chosen since main QCD background is flat.

• Unique analysis with coupling limits extending to higher DM
mediator masses and larger DM mediator widths.

• Additional limits are placed to a variety of new physics models like
quark contact interactions, extra spatial dimensions, quantum
black holes, and Dark Matter models.

(X rest frame)
θ*

X
#𝑞,𝑞, 𝑔

Resonance Signal

#𝑞,𝑞, 𝑔

#𝑞,𝑞, 𝑔

#𝑞,𝑞, 𝑔
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Dijet χ Distributions

• Experimental uncertainties dominated by jet resolution and relative JES
(absolute cancels)

• Theoretical uncertainties dominated by non perturbative corrections
and renormalization and factorization scales.
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Dijet χ Limits

N. Saoulidou Univ. of Athens, Greece

Eur. Phys. J. C 78 (2018) 789

• This analysis is the only one being able to access so large
resonance widths.

• For full Run II result changed background estimate from NLO to
NNLO QCD prediction, which significantly reduces uncertainties
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Dilepton searches

N. Saoulidou Univ. of Athens, Greece

• Search for resonant and non-resonant signals in final states with a
pair of leptons, coming from a variety of new physics models:
Ø Grand unified theories (GUTs)
Ø Superstrings
Ø Left-right-symmetric models (LR)
Ø Dark Matter mediators
Ø Contact Interactions

Phys. Lett. B 796 (2019) 68
ATLAS-EXOT-2019-16
JHEP 10 (2017) 182
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Dilepton searches in a nutshell

N. Saoulidou Univ. of Athens, Greece

• Resonant analysis strategy :

Ø To estimate the background fit the simulated dilepton
spectrum with an empirical function, and use the
uncertainties on the arbitrary function parameters as
constraints in the data fit.

• Non resonant analysis strategy :

Ø To estimate the background fit the low mass end of
the dilepton spectrum and extrapolate to the high
end (ATLAS), or use Bayesian inference using the
simulation for the background template (CMS)

JHEP04(2019)114
CMS-PAS-EXO-19-019

Phys. Lett. B 796 (2019) 68
ATLAS-EXOT-2019-16
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Dilepton searches : uncertainties

N. Saoulidou Univ. of Athens, Greece

• Main (or among largest) uncertainties in the non-resonant
(resonant) search : PDF uncertainties!

Phys. Lett. B 796 (2019) 68         
ATLAS-EXOT-2019-16
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If DM mediator is leptophilic dilepton searches play a key role

Dilepton searches : results 
Phys. Lett. B 796 (2019) 68          ATLAS-EXOT-2019-16
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• Reduction of PDF uncertainties will
increase the sensitivity of these
searches!

• A nice suggestion already : Phys.Rev.D
99 (2019) “ A new method for reducing
PDF uncertainties in the high-mass
Drell Yan spectrum”.

Dilepton searches : results con’t
Phys. Lett. B 796 (2019) 68          ATLAS-EXOT-2019-16
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Looking Inside Jets ⟺
Sources of uncertainties

16

James Dolen Special B2G meeting - Fermilab - April 7, 2016

Jet grooming

3

7

Trimming, Filtering - Recluster jet with smaller distance 
parameter. Condition based subjet removal.

61

Recluster
small R

Remove soft 
subjets

Recluster
small R

Keep N 
hardest

Redo clustering
remove soft 
large angle
constituents

J. Dolen

4

Recluster 
small R

Trimming: 
Remove soft 

subjets 

Filtering: 
Keep N 
hardest 

Pruning - Recluster jet. Remove soft large angle particles. 

BDRS, MMDT, Soft Drop, JHU top tagger, CMSTT - 
Recursively decluster jet. Remove sub-clusters not 

satisfying algorithm condition. Stop declustering when 
both subjets satisfy condition.

5

Decluster 
iteratively

Stop when 
both subjets 
satisfy soft 

drop  
criterion

3

Decluster 
iteratively

Stop when 
both subjets 
satisfy soft 

drop  
criterion

Decluster 
iteratively

Remove sub-
clusters not 
satisfying 

some 
criterion

Stop when 
both subjets 

satisfy 
criterion

ATLAS CERN-PH-EP-2015-204  
arxiv:1510.05821

CMS HIG-13-008 
H → WW → lνqq

Boosted W jet mass 
after grooming

QCD jet 
mass after 
grooming  

Number of Reconstructed Primary Vertices

5 10 15 20 25 30

 [
G

e
V

]
〉

M〈

0

50

100

150

200

250

300
ATLAS Simulation

=8 TeVs

| < 1.2Truthη|

 < 500 GeV
Truth

T
350 < p

 R=1.0 jets
t

anti-k

=0.2)
sub

=5%,R
cut

Trimmed (f

W-jets Ungroomed

Slope=1.9 GeV/vertex

Multijets (leading jet) Ungroomed

Slope=1.7 GeV/vertex

W-jets Groomed

Slope=0.1 GeV/vertex

Multijets (leading jet) Groomed

Slope=0.0 GeV/vertex

Figure 8: The average jet mass hMi as a function of the number of reconstructed primary vertices for W-jet signal
and multijet background, before and after grooming using anti-kt, R = 1.0 trimmed with fcut = 0.05 and Rsub = 0.2.
The slopes of straight line fits are provided in each case: for ungroomed jets this is ⇠ 2 GeV per vertex, while for
trimmed jets it is flat.

as the mass, will have a distribution for a given jet. The Q-jets configuration optimised in Ref. [26]
is adopted in this study. The high mass in W-jets tends to persist during the re-clustering while the
mass of QCD jets fluctuates. A sensitive observable to this trend is the coe�cient of variation of
the mass distribution for a single jet, called the volatility [25, 26], ⌫↵Q. The superscript ↵ denotes the
rigidity, which controls the sensitivity of the pair selection to the random number generation used
in the clustering.

For all 27 jet collections and grooming algorithms described in Sect. 6.1, the full list of substructure
variables described above are computed. The distributions of the three variables ⌧wta

21 , C(�=1)
2 and D(�=1)

2 are
shown in Figs. 10–12 for anti-kt, R = 1.0 jets trimmed with fcut = 0.05 and Rsub = 0.2, after applying the
68% signal e�ciency mass window requirement. This grooming algorithm is referred to in the remainder
of this paper as ‘R2-trimming’. At this stage no jet mass calibrations have been applied for any of
the grooming configurations. Also shown are the correlations between the jet mass and each of these
variables, shown separately for the W-jet signal and multijet background, in both cases before applying
the 68% signal e�ciency mass window requirement. No truth-matching between the subjets and the
quarks from the W decay is required, such that the signal sample contains both full W-jets and jets made
of fragments of the W-decay, generally because the W-decay is not completely captured in the R = 1.0 jet.
The background jets within the signal sample are particularly visible in the low-mass region of Fig. 10(b),
where the distributions echo those seen in the background sample.

22

Algorithmic jet substructure techniques designed to remove isolated 
soft radiation in jets (contamination from ISR, UE, pileup)
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Figure 20: Top row: W jets. Bottom row: QCD jets with invariant mass close to mW . The
coloring and labeling is the same as in Fig. 1. The title of the plot gives the calculated value of
τ2/τ1, and generically W jets have smaller τ2/τ1 values than QCD jets of comparable invariant
mass.

is given by the distance to hardest (softest) candidate subjet. Further studies of boosted

object identification using different values of α and β would be interesting, since studies

of jet angularities have shown that additional information about jet substructure can be

gleaned by combining different angular information [29].

B. Additional Event Displays

To further demonstrate our subjet finding method and the distinguishing power of N -

subjettiness, we compare W jets and QCD jets in Fig. 20 and compare top jets and QCD

jets in Fig. 21. The discriminating variable τN/τN−1 measures the degree to which the jet

energy is aligned along the N candidate subjet directions compared to the N−1 candidate

subjet directions.
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Figure 21: Top row: top jets. Bottom row: QCD jets with invariant mass close to mtop. The
coloring and labeling is the same as in Fig. 4. The title of the plot gives the calculated value of
τ3/τ2, and generically top jets have smaller τ3/τ2 values than QCD jets of comparable invariant
mass.
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Figure 20: Top row: W jets. Bottom row: QCD jets with invariant mass close to mW . The
coloring and labeling is the same as in Fig. 1. The title of the plot gives the calculated value of
τ2/τ1, and generically W jets have smaller τ2/τ1 values than QCD jets of comparable invariant
mass.

is given by the distance to hardest (softest) candidate subjet. Further studies of boosted

object identification using different values of α and β would be interesting, since studies

of jet angularities have shown that additional information about jet substructure can be

gleaned by combining different angular information [29].

B. Additional Event Displays

To further demonstrate our subjet finding method and the distinguishing power of N -

subjettiness, we compare W jets and QCD jets in Fig. 20 and compare top jets and QCD

jets in Fig. 21. The discriminating variable τN/τN−1 measures the degree to which the jet

energy is aligned along the N candidate subjet directions compared to the N−1 candidate

subjet directions.
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Quark – Gluon Separation

JHEP07(2017)091

• Identification of quark initiated
vs gluon initiated jets is key for
many BSM searches : often
signals are dominated by
quarks whereas backgrounds
by gluons

• Radiation patterns of quark
and gluon jets are not well
understood, and their modelling
is dependent on parton-
shower generators.

• “LHC measurements are the
best near-term strategy to
constrain quark/gluon radiation
patterns and enable quark/gluon
discrimination to become a
robust experimental tool.”

Quark-gluon discriminant (angularity)
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Four different parton 
shower generators
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Jet taggers (1)
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• Many two-prong taggers have been developed. These are very important
tools as we move into probing lower resonance masses, and lower
couplings.

• Their performance depends on the non-perturbative effects, and some are
more robust (resilient) than others.

• “Keeping more radiation in the jet or putting tighter constraints on soft
radiation at larger angles typically leads to more efficient taggers but at the
same time yields more sensitivity to the regions where hadronisation and
the Underlying Event have a larger impact, hence reducing resilience.”
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Jet taggers : 
A machine learning example
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• Parton shower uncertainties, and soft radiation related ones (hadronization)
are large, both for the ML cases, and for the “traditional” substructure ones (n-
subjetiness)

• “…cautious and detailed studies of uncertainties…” are needed in order for
these methodologies to be successfully applied to data analyses.
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Jet taggers looking into the future : 
Unsupervised learning

SciPost Phys. 6 (2019) 3, 030

• Another way one can overcome
large parton showering and
hadronization uncertainties in
ML jet taggers is to use
unsupervised leaning and use
real data to “teach” the tagger
QCD jets.

• An example of a dark shower
model, with dark mesons
identified through a peak in the
jet mass distributions.
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Jet taggers in action (ATLAS)

https://cds.cern.ch/record/2630864

• Hunting for Dark Higgs with novel jet taggers in ATLAS.

• Theoretical systematic uncertainties due to PDF , renormalization and
factorization scales, among dominant ones

ATLAS-CONF-2020-036/

New algorithms developed that combine 
tracking and calorimeter information to 

calculate large-R jet substructure observables
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Jet taggers in action (CMS)
JI
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• Hunting for vector-like quarks in CMS

• Main QCD background estimated in data-driven way. All background
uncertainties related to the lack of knowledge of the QCD background (freely
floating parameters of empirical function used), and the jet tagger efficiency and
background rejection.
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DeepJet : jet-tagger using DNNs is utilized to tag b-
jets, together with  a dedicated double b-jet tagger



Summary  and outlook

• QCD related uncertainties concerning PDFs, parton-
showering, non-perturbative effects (hadronization and
multi-parton interactions), higher orders, enter and play a
key role in many powerful BSM searches.

• These uncertainties play a key role in developing
sophisticated jet taggers, that can significantly increase
the LHC discovery potential.

• Many efforts from the theory side in collaboration with
experiments aim to improve on these, and significantly
enhance the LHC discovery potential.

38N. Saoulidou Univ. of Athens, Greece
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Thank you!

Backup slides follow
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Jet Pileup Per Particle : PUPPI
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JHEP 1410 (2014) 059

• PUPPI assigns a weight to particles of unknown
origin to be coming from pileup interactions, using
it to rescale the particle’s four-momentum.

• By applying corrections at the particle level,
before jet clustering one can simultaneously
perform pileup jet mitigation, and jet four-vector
and shape corrections.

Secondly, in low pileup environments, there is less information available locally just due to

the lack of pileup. This means the ↵ distribution is not as well populated and the uncertainty

on �

PU

is larger.
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Figure 7: Jet p
T

resolution vs. p
T

(left) for n
PU

= 80 for |⌘| < 2.5 and jet p
T

resolution vs.

number of pileup interactions (right) for jets with p

T

between 100 and 200 GeV for |⌘| < 2.5.

4.2 Jet Shapes

Similar to our study of p
T

distributions, we can study resolution and its pileup dependence

for jet shapes. Here we show results for jet mass which is considered a reasonable proxy

for generic jet shapes and is used in many applications such as boosted object tagging (see

[34–36] and references therein).

Figure 8: The single jet mass resolution for n
PU

= 80 for jets with 100 GeV < p

T

< 200 GeV

and |⌘| < 2.5 for plain jet mass (left) and trimmed jet mass (right).

First we look at jet mass for central jets with 100 GeV < p

T

< 200 GeV. The distribution

is shown in Fig. 8 (left). Here we see that PUPPI is not only able to correct the mean of

– 15 –
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PILEUP PER PARTICLE ID, PUPPI

19

collinear QCD radiation

vertexing information

asymptotic behavior

precision timing

Bertolini, Harris, Low, NT, arXiv:1407.6013

A general framework, that assigns on a per 
particle basis a weight for how likely a particle is 
to be from pileup 

key insight: using the QCD ansatz to infer neutral 
particles as pileup}

PUPPI DEMONSTRATES LARGE GAINS, EVEN FOR CURRENT 2016 DATASET
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Jet Quality
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CMS-PRF-14-001

Particle flow jets, described by:

- Energy fractions
- Neutral and charged particle

multiplicities
- Pileup weights per particle

provide several handles on
noise, pileup, and mis-
reconstruction rejection.
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Figure 23. Jet energy composition in observed and simulated events as a function of pT (top left), ⌘ (top
right), and number of pileup interactions (bottom). The top panels show the measured and simulated energy
fractions stacked, whereas the bottom panels show the di�erence between observed and simulated events.
Charged hadrons associated with pileup vertices are denoted as charged PU hadrons.
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Figure 23. Jet energy composition in observed and simulated events as a function of pT (top left), ⌘ (top
right), and number of pileup interactions (bottom). The top panels show the measured and simulated energy
fractions stacked, whereas the bottom panels show the di�erence between observed and simulated events.
Charged hadrons associated with pileup vertices are denoted as charged PU hadrons.
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A priori it is not clear whether it is better to have regular (‘soft-resilient’) or less regular (soft-
adaptable) jets. In particular, regularity implies a certain rigidity in the jet algorithm’s ability to
adapt a jet to the successive branching nature of QCD radiation. On the other hand knowledge
of the typical shape of jets is often quoted as facilitating experimental calibration of jets, and
soft-resilience can simplify certain theoretical calculations, as well as eliminate some parts of the
momentum-resolution loss caused by underlying-event and pileup contamination.

Examples of jet algorithms with a soft-resilient boundary are the plain “iterative cone” algo-
rithm, as used for example in the CMS collaboration [6], and fixed-cone algorithms such as Pythia’s
[7] CellJet. The CMS iterative cone takes the hardest object (particle, calorimeter tower) in the
event, uses it to seed an iterative process of looking for a stable cone, which is then called a jet.
It then removes all the particles contained in that jet from the event and repeats the procedure
with the hardest available remaining seed, again and again until no seeds remain. The fixed-cone
algorithms are similar, but simply define a jet as the cone around the hardest seed, skipping the
iterative search for a stable cone. Though simple experimentally, both kinds of algorithm have the
crucial drawback that if applied at particle level they are collinear unsafe, since the hardest particle
is easily changed by a quasi-collinear splitting, leading to divergences in higher-order perturbative
calculations.1

In this paper it is not our intention to advocate one or other type of algorithm in the debate
concerning soft-resilient versus soft-adaptable algorithms. Rather, we feel that this debate can be
more fruitfully served by proposing a simple, IRC safe, soft-resilient jet algorithm, one that leads
to jets whose shape is not influenced by soft radiation. To do so, we take a quite non-obvious route,
because instead of making use of the concept of a stable cone, we start by generalising the existing
sequential recombination algorithms, kt [1] and Cambridge/Aachen [2].

As usual, one introduces distances dij between entities (particles, pseudojets) i and j and diB

between entity i and the beam (B). The (inclusive) clustering proceeds by identifying the smallest
of the distances and if it is a dij recombining entities i and j, while if it is diB calling i a jet and
removing it from the list of entities. The distances are recalculated and the procedure repeated
until no entities are left.

The extension relative to the kt and Cambridge/Aachen algorithms lies in our definition of the
distance measures:

dij = min(k2p
ti , k2p

tj )
∆2

ij

R2
, (1a)

diB = k2p
ti , (1b)

where ∆2
ij = (yi − yj)2 + (φi − φj)2 and kti, yi and φi are respectively the transverse momentum,

rapidity and azimuth of particle i. In addition to the usual radius parameter R, we have added a
parameter p to govern the relative power of the energy versus geometrical (∆ij) scales.

For p = 1 one recovers the inclusive kt algorithm. It can be shown in general that for p > 0
the behaviour of the jet algorithm with respect to soft radiation is rather similar to that observed
for the kt algorithm, because what matters is the ordering between particles and for finite ∆ this
is maintained for all positive values of p. The case of p = 0 is special and it corresponds to the
inclusive Cambridge/Aachen algorithm.

1This is discussed in the appendix in detail for the iterative cone, and there we also introduce the terminology
iterative cone with split–merge steps (IC-SM) and iterative cone with progressive removal (IC-PR), so as to distinguish
the two broad classes of iterative cone algorithms.

2

p=1 kT
p=0 CA
p=- Anti-kT

Anti-kT Algorithm

Figure 1: A sample parton-level event (generated with Herwig [8]), together with many random soft
“ghosts”, clustered with four different jets algorithms, illustrating the “active” catchment areas of
the resulting hard jets. For kt and Cam/Aachen the detailed shapes are in part determined by the
specific set of ghosts used, and change when the ghosts are modified.

the jets roughly midway between them. Anti-kt instead generates a circular hard jet, which clips a
lens-shaped region out of the soft one, leaving behind a crescent.

The above properties of the anti-kt algorithm translate into concrete results for various quanti-
tative properties of jets, as we outline below.

2.2 Area-related properties

The most concrete context in which to quantitatively discuss the properties of jet boundaries for
different algorithms is in the calculation of jet areas.

Two definitions were given for jet areas in [4]: the passive area (a) which measures a jet’s
susceptibility to point-like radiation, and the active area (A) which measures its susceptibility to
diffuse radiation. The simplest place to observe the impact of soft resilience is in the passive area for
a jet consisting of a hard particle p1 and a soft one p2, separated by a y − φ distance ∆12. In usual
IRC safe jet algorithms (JA), the passive area aJA,R(∆12) is πR2 when ∆12 = 0, but changes when
∆12 is increased. In contrast, since the boundaries of anti-kt jets are unaffected by soft radiation,

4
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Jet clustering requirements

l Collinear safety :collinear splitting should not change jets

l Infrared safety : soft emissions should not change jets

N. Saoulidou (Univ. of Athens, Greece)
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Figure 1. The left diagram shows a contributing diagram for mono-jet production with an (axial)
vector mediator at a hadron collider. The process is characterised by Mmed, mDM, gDM and gq,
which are the mediator and dark matter masses, and the mediator couplings to dark matter and
quarks respectively. The right diagram shows the corresponding scattering process relevant for
direct detection, which is characterised by the same four parameters.

also been discussed elsewhere in the literature [8, 11, 16, 32, 42–55]. Although the collider

phenomenology of the vector and axial-vector mediators is similar, at direct detection

experiments they are very di↵erent. In the non-relativistic limit the vector interaction

gives a spin-independent interaction that is coherently enhanced by the number of nucleons,

while the axial-vector interaction gives a spin-dependent signal which is not. In general it

is also possible to have mixed vector and axial-vector couplings (so that e.g. the quarks

have vector couplings while the dark matter has axial-vector couplings). At tree-level, the

mixed interaction is spin-dependent and velocity-squared suppressed [56] (where v
DM

'
10�3c) so the loop-level spin-independent contribution, which is not velocity suppressed,

dominates [57]. A treatment of the loop-induced contribution is beyond the scope of this

work so we do not consider the case of mixed vector and axial-vector couplings further.

As both hadron collider and direct detection searches for dark matter primarily probe

the interactions of dark matter with quarks, we set the mediator interactions with leptons

to zero; the lepton couplings play no role (at tree-level) in the phenomenology in either

hadron collider and direct detection searches [58, 59]. While setting the mediator couplings

to leptons to zero often introduces anomalies into the theory [60], this does not have to

be the case [44, 61–64]. If leptonic mediator couplings are introduced, di-lepton resonance

searches will provide further constraints on the space of MSDM models.

As has been discussed in the literature [11, 12, 32], the mediator width �
med

plays an

important role in mono-jet searches. In our MSDM models, we calculate the width from

the four free parameters in the simplified model. We assume that no additional visible or

invisible decays contribute to �
med

so that the total width is

�
med

⌘ �(Z 0 ! �̄�)⇥ (M
med

� 2m
DM

) +
X

q

�(Z 0 ! q̄q)⇥ (M
med

� 2mq) (2.3)

where the individual contributions for the vector and axial-vector cases are

�(Z 0 ! �̄�)
vector

=
g2
DM

M
med

12⇡

✓
1 +

2m2

DM

M2

med

◆s

1 � 4m2

DM

M2

med

(2.4)
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Dark Matter Searches@ the LHC: 
Simplified Models
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Narrow resonances: cross section limits
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Systematics vs Statistical Uncertainties
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Higher h means increased Dh, which makes the Dijet mass higher

 

M 2
jj = 2pT1pT 2 cosh(Dh)- cosDf[ ]» 2p2T cosh(Dh)+1[ ]

 

y =1/2 ln [(E +pL)/(E - pL)],| y |= max(| y1 |,| y2 |)

N. Saoulidou Univ. of Athens, Greece
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Dijet  Angular Distributions

• Parton-parton scattering in QCD is t-channel dominated.

• Stringent test of pQCD with no dependence on PDFs.

• New physics would show deviations from expectation at large
scattering angles.

Jet1

Jet 2

p pcos(q*)

N. Saoulidou Univ. of Athens, Greece
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Dilepton searches : uncertainties

N. Saoulidou Univ. of Athens, Greece

• Resonant CMS
search.

• Among largest
uncertainties are
the PDF related
ones.

JHEP04(2019)114
CMS-PAS-EXO-19-019
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Dilepton searches : uncertainties

N. Saoulidou Univ. of Athens, Greece

• Resonant ATLAS search.
• Among largest uncertainties are the background modeling related

ones depicted in the “spurious” signal category.

Phys. Lett. B 796 (2019) 68         
ATLAS-EXOT-2019-16
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Figure 20: Top row: W jets. Bottom row: QCD jets with invariant mass close to mW . The
coloring and labeling is the same as in Fig. 1. The title of the plot gives the calculated value of
τ2/τ1, and generically W jets have smaller τ2/τ1 values than QCD jets of comparable invariant
mass.

is given by the distance to hardest (softest) candidate subjet. Further studies of boosted

object identification using different values of α and β would be interesting, since studies

of jet angularities have shown that additional information about jet substructure can be

gleaned by combining different angular information [29].

B. Additional Event Displays

To further demonstrate our subjet finding method and the distinguishing power of N -

subjettiness, we compare W jets and QCD jets in Fig. 20 and compare top jets and QCD

jets in Fig. 21. The discriminating variable τN/τN−1 measures the degree to which the jet

energy is aligned along the N candidate subjet directions compared to the N−1 candidate

subjet directions.
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Figure 21: Top row: top jets. Bottom row: QCD jets with invariant mass close to mtop. The
coloring and labeling is the same as in Fig. 4. The title of the plot gives the calculated value of
τ3/τ2, and generically top jets have smaller τ3/τ2 values than QCD jets of comparable invariant
mass.
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Figure 20: Top row: W jets. Bottom row: QCD jets with invariant mass close to mW . The
coloring and labeling is the same as in Fig. 1. The title of the plot gives the calculated value of
τ2/τ1, and generically W jets have smaller τ2/τ1 values than QCD jets of comparable invariant
mass.

is given by the distance to hardest (softest) candidate subjet. Further studies of boosted

object identification using different values of α and β would be interesting, since studies

of jet angularities have shown that additional information about jet substructure can be

gleaned by combining different angular information [29].

B. Additional Event Displays

To further demonstrate our subjet finding method and the distinguishing power of N -

subjettiness, we compare W jets and QCD jets in Fig. 20 and compare top jets and QCD

jets in Fig. 21. The discriminating variable τN/τN−1 measures the degree to which the jet

energy is aligned along the N candidate subjet directions compared to the N−1 candidate

subjet directions.
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calculations and resummation techniques (see, e.g. recent work in Ref. [29, 30]) compared

to algorithmic methods for studying substructure. Finally, N -subjettiness gives favorable

efficiency/rejection curves compared to other jet substructure methods. While a detailed

comparison to other methods is beyond the scope of this work, we are encouraged by these

preliminary results.

The remainder of this paper is organized as follows. In Sec. 2, we define N -subjettiness

and discuss some of its properties. We present tagging efficiency studies in Sec. 3, where we

use N -subjettiness to identify individual hadronic W bosons and top quarks, and compare

our method against the YSplitter technique [2, 3, 4] and the Johns Hopkins Top Tagger [6].

We then apply N -subjettiness in Sec. 4 to reconstruct hypothetical heavy resonances de-

caying to pairs of boosted objects. Our conclusions follow in Sec. 5, and further information

appears in the appendices.

2. Boosted Objects and N-subjettiness

Boosted hadronic objects have a fundamentally different energy pattern than QCD jets

of comparable invariant mass. For concreteness, we will consider the case of a boosted

W boson as shown in Fig. 1, though a similar discussion holds for boosted top quarks or

new physics objects. Since the W decays to two quarks, a single jet containing a boosted

W boson should be composed of two distinct—but not necessarily easily resolved—hard

subjets with a combined invariant mass of around 80 GeV. A boosted QCD jet with an

invariant mass of 80 GeV usually originates from a single hard parton and acquires mass

through large angle soft splittings. We want to exploit this difference in expected energy

flow to differentiate between these two types of jets by “counting” the number of hard lobes

of energy within a jet.

2.1 Introducing N-subjettiness

We start by defining an inclusive jet shape called “N -subjettiness” and denoted by τN .

First, one reconstructs a candidate W jet using some jet algorithm. Then, one identifies

N candidate subjets using a procedure to be specified in Sec. 2.2. With these candidate

subjets in hand, τN is calculated via

τN =
1

d0

!

k

pT,k min {∆R1,k,∆R2,k, · · · ,∆RN,k} . (2.1)

Here, k runs over the constituent particles in a given jet, pT,k are their transverse momenta,

and ∆RJ,k =
"

(∆η)2 + (∆φ)2 is the distance in the rapidity-azimuth plane between a

candidate subjet J and a constituent particle k. The normalization factor d0 is taken as

d0 =
!

k

pT,kR0, (2.2)

where R0 is the characteristic jet radius used in the original jet clustering algorithm.

It is straightforward to see that τN quantifies how N -subjetty a particular jet is, or

in other words, to what degree it can be regarded as a jet composed of N subjets. Jets

– 3 –

• Main discriminating variables between a
”uniform” jet and one experiencing inner
“sub-structure” are the N-subjetiness
ones
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Figure 2: Distribution of the N-subjettiness t21 (left) and b tagging discriminator output (right)
after the kinematic selections on the two jets, for data, simulated background, and signal. The
distributions are normalized to the number of events observed in data. The dashed vertical
lines represent the boundaries between the categories as described in the text.

Starting from the simplest functional form, an iterative procedure based on the Fisher F-test [60]
is used to check at 10% CL if additional parameters are needed to model the background dis-
tribution. For most categories, the two-parameter functional form is found to describe the data
spectrum sufficiently well. However, in more populated categories, with loose b tagging or
low purity, three- or four-parameter functions are preferred. The results of the fits are shown
in Figs. 3 and 4 for the W and Z mass regions, respectively. Although the fits are unbinned, the
binning chosen to present the results is consistent with the detector resolution. The event with
the highest invariant mass observed has mVH = 4920 GeV and is in the W mass, low purity,
tight b tag category.

The shape of the reconstructed signal mass distribution is extracted from the simulated signal
samples. The signal shape is parametrized separately for each channel with a Gaussian peak
and a power law to model the lower tail, for a total of four parameters. The reconstruction
resolution for mVH is taken to be the width of the Gaussian core, and is 4% at low resonance
mass and 3% at high mass.

Dedicated tests have been performed to check the robustness of the fit method by generating
pseudo-experiments after injecting a simulated signal with various mass values and cross sec-
tions on top of the nominal fitted function. The pseudo-data distribution is then subjected to
the same procedure as the data, including the F-test, to determine the background function.
The signal yield derived from a combined background and signal fit is found to be compatible
with the injected yield within one third of the statistical uncertainty, regardless of the injected
signal strength and resonance mass. These tests verify that the possible presence of a signal and
the choice of the function used to model the background do not introduce significant biases in
the final result.

7 Systematic uncertainties

The background estimation is obtained from the fit to the data in the considered categories. As
such, the only relevant uncertainty originates from the covariance matrix of the dijet function
fit, as indicated by the shaded region in Figs. 3 and 4.

The dominant uncertainties in the signal arise from the H jet and V jet tagging. The b tagging

JHEP 1103:015,2011
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Two main methods for jet grooming: Pruning [Phys.Rev.D80,05150 (2009)]
(recluster) and Softdrop [JHEP05(2014),146] (decluster).
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Figure 1: Distribution of the soft-drop PUPPI mass after the kinematic selections on the two
jets, for data, simulated background, and signal. The signal events with low mass correspond
to boson decays where one of the two quarks is emitted outside the jet cone or the two quarks
are overlapping. The distributions are normalized to the number of events observed in data.
The dashed vertical lines represent the boundaries between the jet mass categories.

are defined for the H jet, depending on the value of the b tagging discriminator: a tight category
containing events with a discriminator larger than 0.9, and a loose category requiring a value
between 0.3 and 0.9. Similarly, two categories of V jets are defined using the subjettiness ratio: a
high purity category containing events with t21  0.35, and a low purity category having 0.35 <
t21 < 0.75. Although it is expected that the tight and high purity categories dominate the
total sensitivity, the loose and low purity categories are retained since for large dijet invariant
mass they provide a nonnegligible signal efficiency with an acceptable level of background
contamination.

Two further categories are defined based on the V jet mass, by splitting the mass interval.
Events with V jet mass closer to the nominal W boson mass value, 65 < mj  85 GeV, are
assigned to a W mass category, and those with 85 < mj  105 GeV fall into a Z mass category.
Even if the W and Z mass peaks cannot be fully resolved, this classification allows a partial
discrimination between a potential W0 or Z0 signal. The signal efficiency for the combination
of the eight categories reaches 36% at mX = 1.2–1.6 TeV, and slowly decreases to 21% at mX =
4.5 TeV. The N-subjettiness and b tagging categorizations are shown in Fig. 2.

6 Background estimation

The background is largely dominated by multijet production, which accounts for more than
95% of the total background. The top quark pair contribution is approximately 3–4%, de-
pending on the category. The remaining fraction is composed of vector boson production in
association with partons, and SM diboson processes.

The background is estimated directly from data, assuming that the mVH distribution can be
described by a smooth, parametrizable, monotonically decreasing function. This assumption
is verified in the V jet mass sidebands (40 < mj < 65 GeV) and in simulation. The expressions
considered are functions of the variable x = mVH/

p
s, where

p
s = 13 TeV is the center of mass

energy, and the number of parameters pi, including the normalization, is between two and
five:

p0

xp1
,

p0 (1 � x)p1

xp2
,

p0 (1 � x)p1

xp2+p3 log(x)
,

p0 (1 � x)p1

xp2+p3 log(x)+p4 log2(x)
.
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Figure 8: The average jet mass hMi as a function of the number of reconstructed primary vertices for W-jet signal
and multijet background, before and after grooming using anti-kt, R = 1.0 trimmed with fcut = 0.05 and Rsub = 0.2.
The slopes of straight line fits are provided in each case: for ungroomed jets this is ⇠ 2 GeV per vertex, while for
trimmed jets it is flat.

as the mass, will have a distribution for a given jet. The Q-jets configuration optimised in Ref. [26]
is adopted in this study. The high mass in W-jets tends to persist during the re-clustering while the
mass of QCD jets fluctuates. A sensitive observable to this trend is the coe�cient of variation of
the mass distribution for a single jet, called the volatility [25, 26], ⌫↵Q. The superscript ↵ denotes the
rigidity, which controls the sensitivity of the pair selection to the random number generation used
in the clustering.

For all 27 jet collections and grooming algorithms described in Sect. 6.1, the full list of substructure
variables described above are computed. The distributions of the three variables ⌧wta

21 , C(�=1)
2 and D(�=1)

2 are
shown in Figs. 10–12 for anti-kt, R = 1.0 jets trimmed with fcut = 0.05 and Rsub = 0.2, after applying the
68% signal e�ciency mass window requirement. This grooming algorithm is referred to in the remainder
of this paper as ‘R2-trimming’. At this stage no jet mass calibrations have been applied for any of
the grooming configurations. Also shown are the correlations between the jet mass and each of these
variables, shown separately for the W-jet signal and multijet background, in both cases before applying
the 68% signal e�ciency mass window requirement. No truth-matching between the subjets and the
quarks from the W decay is required, such that the signal sample contains both full W-jets and jets made
of fragments of the W-decay, generally because the W-decay is not completely captured in the R = 1.0 jet.
The background jets within the signal sample are particularly visible in the low-mass region of Fig. 10(b),
where the distributions echo those seen in the background sample.
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