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Overview
Introduction 10’

Proton structure: PDFs, αs
New physics searches with jets
Jets experimentally

Jet measurements 10’
Inclusive jets (PDFs, αs; CI+ED)
Dijet azimuthal decorrelations (ISR; Jet+X)
B jets (g>bb; H>bb)
Jet shapes (FSR; boosted t, H, Z/W)

Gluons 5’
Discovery (PETRA 3-jet)
Challenges in definition (Les Houches)
Challenges in identification (P8 vs H++, jet topics)
Challenges in calibration (P8 vs H++)
Prospects for a measurement
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New physics searches with jets 5’
high dijet mass
low dijet mass
top quark mass and vacuum stability

Conclusions 1’

Gluon density of a proton at high energy, PRL 117, 052301 (2016).

http://dx.doi.org/10.1103/PhysRevLett.117.052301
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Introduction
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CERN Twitter #PhotoOfTheWeek

https://twitter.com/hashtag/PhotoOfTheWeek?src=hash
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Proton structure
One clear motivation for jet measurements 
is to better understand protons
LHC collides these en masse, jets are 
background to everybody else’s searches

Precise modelling of pp collisions, and of jets, 
prerequisite for LHC physics programme
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CERN Twitter #PhotoOfTheWeek

May 15, 2019

https://twitter.com/hashtag/PhotoOfTheWeek?src=hash
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Calculating jet rates
Jet rate calculations factorize into convolution of matrix elements (Feynman diagrams) 
with proton structure functions, plus parton shower and multiple interactions modelling
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For robust experimental observables, essential physics already captured by the ME

Proton looks quite different 
depending on the energy scale
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Parton distributions
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review: arXiv:1111.5452

Parton distribution functions 
(PDFs) largely constrained by 
HERA data (ep collider)

Least known part is gluon PDF 
at high Bjorken x and high Q2

LHC jets can cover this well

arXiv:1607.08499

http://arxiv.org/abs/arXiv:1607.08499
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Strong coupling αS
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Matrix element calculations proportional to strong coupling αs at different orders (αs)n

Strong force becomes weaker at high energies, making perturbative calculations feasible
Inclusive jet and 3-jet measurements test running of αs to highest energy scales

CMS SMP summary plots

https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsCombined
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New physics with jets
Jets are background to 
many searches, but also a 
direct signal, e.g. X>qq

Vacuum stability has deep 
connection to jets

strong coupling αs controls 
all jet observables

most precise mt from jet 
kinematic measurements

if new physics, possible it 
decays to jets (X>qq,gg,qg)

Going deeper into the 
rabbit hole, all paths lead to 
gluons (more on that later)
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Jet composition

Quarks/gluons shower into tens of particles, 
whose detector response varies by type

Jet composition differs subtly for quarks and 
gluons, and depends on MC model
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Calibrating jets
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Jets are calibrated against a well-measured reference object by 
enforcing transverse momentum conservation in the full event

Combination of multiple channels (Z>μμ, Z>ee, γ, central jet, 
multijet recoil) allows for full phase space coverage

Residual data/MC corrections typically at percent-level

DP 2018/028 DP 2018/028

http://cms.cern.ch/iCMS/user/noteinfo?cmsnoteid=CMS%20DP-2018/028
http://cms.cern.ch/iCMS/user/noteinfo?cmsnoteid=CMS%20DP-2018/028
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Jet uncertainties
CMS uncertainties at 13 TeV 1–3% at |η|<2.5 and pT>30 GeV; similar on ATLAS for GSC

Dominant uncertainty is due to gluon jet response in “Jet flavor (QCD)”
same uncertainty as in Run I, very similar on ATLAS: comes from jet fragmentation modelling

Future progress will come from better parton shower + fragmentation modelling => data
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Jet measurements
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https://twiki.cern.ch/twiki/bin/view/AtlasPublic

http://cms-results.web.cern.ch/cms-results/public-results/publications/

ATLAS-PHO-Event-2015-059
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Inclusive jets
Inclusive jet production is one of highest cross section processes at the LHC
Measurements versus pT typically span more than 10 orders of magnitude
Several measurements by both CMS and ATLAS (13 TeV, 8 TeV, 7 TeV, 2.76 TeV)
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Inclusive jets vs NNLO
Data generally in agreement for small R=0.4 with new state-of-the-art NNLO calculations

Large NNLO sensitivity to scale choice (pTjet vs pTmax); now mostly settled from theory side

 14
 [GeV]

T
p

210 210×2 310 310×2
0.8
0.9

1
1.1
1.2
1.3
1.4 1.5<y||≤1.0  [GeV]

T
p

210 210×2 310 310×2

0.8
0.9

1
1.1
1.2
1.3
1.4 1.0<y||≤0.5  [GeV]

T
p

210 210×2 310 310×2

Th
eo

ry
/D

at
a

0.6
0.8

1
1.2
1.4
1.6
1.8

0.5<|y|

 [GeV]
T
p

210 210×2 310 310×2
0.5

1
1.5

2
2.5 3.0<y||≤2.5  [GeV]

T
p

210 210×2 310 310×2
0.6
0.8

1
1.2
1.4
1.6 2.5<y||≤2.0  [GeV]

T
p

210 210×2 310 310×2

Th
eo

ry
/D

at
a

0.6
0.8

1
1.2
1.4 2.0<y||≤1.5 ATLAS

-1fb3.2 --1nb81=L

 = 13 TeVs

=0.4R tanti-k

Data

NLO QCD

NP k⊗ EW k⊗

NNLO QCD

NP k⊗ EW k⊗

jet
T
p = 

F
µ = 

R
µ

NLO
MMHT 2014 NLO

NNLO
MMHT 2014 NNLO

arXiv:1711.02692



Istanbul 2019, Jet measurements at the LHC M. Voutilainen, U. Helsinki and Inst. of Physics

Dijets
CMS 8 TeV dijet measurement 
is arguably the single most 
precise LHC jet measurement

Benefits from the best Run I 
calibrations and techniques

Triple-differential cross section 
improves PDF & αs sensitivity

 15

y⇤
=

1 2
|y

1
�
y 2
|

yb =
1
2 |y1 + y2|

0 1 2 3
0

1

2

3

arXiv:1705.02628



Istanbul 2019, Jet measurements at the LHC M. Voutilainen, U. Helsinki and Inst. of Physics

Dijets
Centrally produced dijets well-modelled

Classifying dijet events by same-side versus 
opposite-side enhances sensitivity to PDFs

OS dominated by qq>jets, SS by gq>jets (xg<xq),
Central also some gq>jets (xg>xq)
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Azimuthal decorrelations
Dijet azimuthal decorrelations sensitive to additional jet production
Initial state radiation (ISR) reduces dijet angle from back-to-back configuration (Δφ=π)
Multileg MC generators (MadGraph) do generally well here, NLO ok for Δφ>5π/6
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Azimuthal decorr. zoomed
Zooming into back-to-back region 
at the limit of detector resolution

Measurement probes multiple scales 
from soft to hard

Here even MadGraph exhibits some 
differences, especially for inclusive 3-
jet case (inclusive 2-jet on the right)
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B-jet production
B-jet fraction is about 2–4% of inclusive jets, dominated by g>bb splitting (GS) at high pT

GS has often small bb separation, which ATLAS studies with Rsub=0.2 subjets within R=1.0

MC mismodels e.g. B (single b or ΔR(b,b)<0.2) vs L+C fractions and fragmentation z(pT)
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Jet shapes
Jets from boosted W/Z, t, h are a hot topic at the LHC

Number of subjets and (groomed) jet mass are important variables to separate QCD jets

Many other shape variables also studied in detail by ATLAS
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arXiv:1903.02942 
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Jet mass
Jet mass is important discriminator between boosted Z/W, t, h jets, and new resonances

pQCD predictions now available for mass of groomed QCD jets (background shape)

Recent measurements from both ATLAS and CMS
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Gluons

 22

https://twiki.cern.ch/twiki/bin/view/AtlasPublic

http://cms-results.web.cern.ch/cms-results/public-results/publications/
H. Mäntysaari and B. Schenke, Phys. Rev. Lett. 117, 052301 (2016).

http://dx.doi.org/10.1103/PhysRevLett.117.052301
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Discovery of gluons
Gluons discovered at DESY in 1979 by TASSO and other experiments at PETRA [1]

Evident as 3-jet events in e+e- collisions

 23
From G. Salam, Towards Jetography

[1] https://arxiv.org/abs/1409.4232
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Ambiguity of gluons
Yet what amounts to a gluon jet remains a bit slippery concept

Parton shower is g>gg branchings with g>qq splittings, so answer depends on pQCD order

 24
From G. Salam, Towards Jetography
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Les Houches quark/gluon

 25

What is a Quark Jet?
From lunch/dinner discussions

A quark parton

A Born-level quark parton

The initiating quark parton in a final state shower

An eikonal line with baryon number 1/3 
and carrying triplet color charge

A quark operator appearing in a hard matrix element 
in the context of a factorization theorem

A parton-level jet object that has been quark-tagged 
using a soft-safe flavored jet algorithm (automatically 
collinear safe if you sum constituent flavors)

A phase space region (as defined by an unambiguous 
hadronic fiducial cross section measurement) that yields 
an enriched sample of quarks (as interpreted by some 
suitable, though fundamentally ambiguous, criterion)

Ill-Defined

Well-Defined What we mean

What people 
sometimes 

think we mean

Quark 
as adjective

Quark 
as noun

arXiv:1704.03878 

https://arxiv.org/abs/1704.03878


 [GeV]jet
T

p

〉
trkn〈

5

10

15

20

25

30
ATLAS

| < 0.8η R=0.4, |tanti-k

Extracted from 2011 Data
 = 7 TeVs, -1 L dt = 4.7 fb∫

Pythia Dijets
+jetγPythia 

Extracted

Closed symbols: Quarks
Open symbols: Gluons

 [GeV]jet
T

p
50 100 150 200 250 300 350

Ex
tra

ct
ed

 D
at

a/
M

C

0.8
1.0
1.2

Istanbul 2019, Jet measurements at the LHC M. Voutilainen, U. Helsinki and Inst. of Physics

Gluon-jet identification

 26

6

Discriminating variables

Validation on Z+jets events of the discriminating variables used in training
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Data-MC comparisons, for jets with 80 < pT < 100 GeV and |⌘| < 2 in

Z+jets events, of the three input variables used in the discriminator: multi-

plicity (left), pTD (center) and �log(�2) (right). The data (black markers)

are compared to the MADGRAPH/PYTHIA simulation, on which the di↵er-

ent components are shown: quarks (blue), gluon (red) and unmatched/pileup

(grey).

CMS-DP-2016-070

Observables and discriminator 

Main differences are:
• the particle multiplicity is higher in gluon jets than in light-

quark jets;

quark

gluon

jets from light-flavor quarks      jets from gluons6=

• gluon jets are less collimated than quark jets. 

• the fragmentation function of gluon jets is considerably 
softer than that of a quark jet;

A discriminator capable of distinguishing between quark- and gluon-like jets is built:

• pdf's of the observables are multiplied to give the total likelihood

• the likelihood is determined for several           bins (from       > 30 GeV  and across the whole η 
detector acceptance)

• training studies performed in simulated QCD dijet training events (PYTHIA 8)

• CMS Collaboration, Performance of quark/gluon discrimination in 8 TeV pp data,                   
CMS-PAS-JME-13-002 

⌘/pT pT

2

8 TeV ref. CMS-PAS-JME-13-002
Suitable observables for gluon identification are e.g. Nptcl, jet width, hardest particle pT

Requires non-perturbative QCD, difficult to model, but can reweigh based on data
Dijet, γ+jet and Z+jet channels each have different quark/gluon fractions
Quark/gluon more similar in data than in Pythia 6 (or Pythia8), but less similar than in Herwig++
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Figure 3: (a) The simulated fraction of jets originating from gluons as a function of jet pT for the more forward
jet (down triangle), the more central jet (up triangle), and the di�erence between these two fractions (circle). The
fractions are derived from P����� 8 with the CT10 PDF set [24] and the error bars represent the PDF and matrix
element uncertainties, as discussed in the text. The uncertainties on the fraction di�erence are computed from
propagating the uncertainties on the more forward and more central fractions, treating as fully correlated. (b)
The measured values of

⌦
nq,g

charged
↵
. The next-to-next-to-next-to-leading-order (N3LO) pQCD calculation [25, 26] is

normalized to the data in the second pT bin. Both plots are reproduced from Ref. [22].

In this note the approach taken in Ref. [22] is used to calibrate the systematic uncertainties on the tagger
described above. In brief, Ref. [22] presents a measurement of the average charged-particle multiplicity
inside jets as a function of jet pT. Those data were further analyzed to extract the average quark and gluon
jet charged-particle multiplicity separately, by exploiting the rapidity dependence of the quark/gluon jet
fractions. The results of the extraction procedure applied to the unfolded data are shown in the right plot
of Figure 3. The nominal fractions f f,c

q,g are taken from P����� 8 [27, 28] with the CT10 [24] PDF set. In
addition to the experimental and statistical uncertainties associated with the measurement, two additional
uncertainties are included in the right plot of Figure 3. The CT10 eigenvector variations are used as
an estimate of the PDF uncertainty and the comparison between P����� 8 and H�����++ [29] is used
as an estimate of the uncertainty on the quark/gluon fraction due to the ME calculation. Both of these
uncertainties are added in quadrature to the other uncertainties to form the uncertainty bands in the right
plot of Figure 3. Since the PDF set in H�����++ is CTEQ6L1 [30] and the default in P����� 8 is CT10,
the LHAPDF library [31] is used to re-weight P����� 8 from CT10 to CTEQ6L1 in the estimation of this
uncertainty. The uncertainties that go into the right plot of Figure 3 are summarized in Tables 1 and 2 for
gluons and quarks, respectively.

6

arXiv:1405.6583 ATL-PHYS-PUB-2017-017
ATL-PHYS-PUB-2017-009

(also:                                                                       )

https://arxiv.org/abs/1405.6583
https://cds.cern.ch/record/2275641/files/ATL-PHYS-PUB-2017-017.pdf
https://cds.cern.ch/record/2263679/files/ATL-PHYS-PUB-2017-009.pdf
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Gluon-jet calibration
Both ATLAS and CMS calibrate gluon jets with Pythia MC, uncertainties vs Herwig++

CMS Particle Flow (PF) and ATLAS Global Sequential (GS) calibration both use tracks

Observed, highly correlated, quark/gluon difference from fragmentation to neutral hadrons?

 27
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Gluon-jet fraction
High pT gluon-jet production 
mostly from gqv>gqv scatter

Sensitivity to high-x gluon 
PDF could be enhanced with 
gluon-jet tagging

Requires robust data/MC 
scale factors for gluon ID and 
response + (N)NLO theory

 28

Results and Discussion 20
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Figure 5.2: Variation of the dominance of all the LO Feynman diagrams as a function
of pT

Figure 5.3: PDFs of some of the dominant species inside a proton, as a ratio of gluon
(right) and as their normal values (left).
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Figure 5.4: Flavor fractions from all algorithms

5.1.3 Analysis of the Performance of Algorithms

The performance of QCDaware and Hadronic Definition can be measured again in terms
of the similarity of their stack plots to the benchmark set by the Physics Definition (Table
5.4). The di�erences make the following features apparent:

• Hadronic definition: The manner in which this definition proceeds can be vi-
sualized as stacking the b and c fractions first. The algorithm is made to tag any
jet with b(c) hadron as b(c) flavored, making it quite biased towards these heavy
flavors in the light of gluon splitting, g æ bb̄ and g æ cc̄ during parton showering.
With increasing pT , gluon splitting only increases, leading to an even more abun-
dant production of b and c jets at high pT . By construction, physics definition is
blind to gluon splitting.

• QCDaware definition: If one quark from a qq̄ pair falls within the jet radius of
a gluon quark (to which it did not belong), QCDaware will think of this as a hard

A. Abhishek, MSc Thesis (available on request)



Full Run 2 Exotic Searches
• Search for high-mass di-jet resonances with 139 fb-1 at 13 TeV.

• Highest mass central dijet event observed to date: m(jj) = 8.02 TeV

20-May-19K. Einsweiler - LBNL 8
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New physics

 29

Mjj = 8.02 TeV !

https://twiki.cern.ch/twiki/bin/view/AtlasPublic

http://cms-results.web.cern.ch/cms-results/public-results/publications/
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High dijet mass
ATLAS and CMS both scan dijet mass spectrum for resonances

No evidence for new physics, both now have highest Mjj at 8 TeV 
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Figure 1: The reconstructed dijet mass distribution, mj j , is shown for events with pT > 150 GeV for the two leading
jets, with |y⇤ | < 0.6, and mj j greater than 1.1 TeV (filled points). The solid line depicts the background prediction
from the sliding-window fit. The vertical lines indicate the most discrepant interval identified by the B���H�����
algorithm [48, 49], for which the p-value is reported in the figure. The expected contributions for q⇤ signal with a
mass of 4 and 5 TeV are overlaid, normalized to 0.1 times their predicted cross section. The lower panel shows the
bin-by-bin significance of the data-fit discrepancy, based only on statistical uncertainties.

on the signal sample acceptance, described in Section 4, are considered in the limit-setting procedure.
These uncertainties are incorporated into the limits by varying all of the uncertainty sources according to
Gaussian probability distributions.

Confidence intervals are then calculated from the resulting profile of the parameter-of-interest of the
likelihood. The limit obtained on q⇤ signal cross-section is shown in Figure 2(a). Thus, q⇤ signals with
mass below 6.7 TeV (6.4 TeV) are excluded (expected to be excluded) at 95% CL.

Exclusion limits are also expressed on the cross-section times acceptance times branching ratio to two jets,
� ⇥ A⇥ BR, of a hypothetical signal modeled as a Gaussian peak in the particle-level mj j distribution (as in
Ref. [9]). Gaussian signal models are tested for di�erent mass hypotheses, mG , and di�erent possible widths
of the signal, �G , at the detector reconstruction level. Signal widths range from the detector resolution
width of approximately 3%, which would correspond to the case of a resonance with an intrinsic width
negligible with respect to the detector resolution, up to a relative width of �G/mG = 15%. For resonances
broader than the considered widths the presence of the signal would significantly a�ect the background
estimation obtained using the sliding-window fit. To evaluate the e�ect of systematic uncertainties on the
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8 TeV dijet mass events
Both CMS and ATLAS highest Mjj 
dijet events are quite spectacular

most common event type is two 
narrow jets back-to-back

CMS event is particularly curious, as 
it is composed of two wide jets 
with mass mj=1.8 TeV each

rare event type (MadGraph<<1%), 
but MC could underestimate rate

2nd highest Mjj=7.9 TeV is regular dijet

 31

Full Run 2 Exotic Searches
• Search for high-mass di-jet resonances with 139 fb-1 at 13 TeV.

• Highest mass central dijet event observed to date: m(jj) = 8.02 TeV

20-May-19K. Einsweiler - LBNL 8
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Exclusion limits

 32
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Figure 2: The 95% CL upper limit obtained from the dijet invariant mass (mj j) distribution on cross-section times
acceptance times branching ratio to two jets, � ⇥ A ⇥ BR, as a function of (a) the mass of a q⇤ signal (m⇤

q) and
(b) the mass of a hypothetical signal that produces a Gaussian-shaped contribution to the mj j distribution. For
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Gaussian-shaped signal with a relative width of 15% are set up to mG = 6 TeV due to the poor background estimation
when a broad signal overlaps the upper end of the mj j spectrum.

limit-setting procedure for Gaussian-shaped signals a Gaussian is fitted to the nominal and systematically
varied q⇤ signals. The associated uncertainty is set to the shift in the mean of the Gaussian.

Figure 2(b) shows the observed limits on the Gaussian signal models obtained for a mean mass mG and
di�erent widths. For a given mG mass, the expected limit is indicated for a Gaussian-shaped signal with a
width of 3%, comparable with the detector resolution. These limits are set for mG in the range 1.1–7.0 TeV,
with the lowest value of mG separated from the lower mj j threshold by at least the corresponding �G .

7 Conclusion

This note presents a search for BSM phenomena producing a localized excess in the dijet invariant mass
spectrum using the dataset collected between 2015 to 2018 by the ATLAS experiment from the Large
Hadron Collider proton-proton collisions at

p
s = 13 TeV, corresponding to a total integrated luminosity of

139 fb�1.

No significant excess has been observed over a smoothly-falling background prediction. The data are found
to be in agreement with a background only hypothesis with p-value of 0.8. This analysis excludes q⇤

models with masses below 6.7 TeV at 95% CL. It also sets 95% CL upper limits on the cross-section times
branching ratio for new processes that would produce a Gaussian-shaped contribution to the dijet mass
distribution. These results substantially extend the excluded ranges by around 700 GeV for mass limits of
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No significant deviations present anywhere, but 8 TeV expected limits still high
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Low mass dijets
Low mass dijet resonances accessible with trigger-level analysis (“scouting”) and hard ISR

scouting stores only partial information (e.g. 1 kB vs 1 MB for full event) on-line with low prescale
hard ISR causes resonance to be boosted into a single jet, which is analysed with jet substructure

Both are impressive techniques; can e.g. reconstruct Z/W>qq resonance!
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Top quark mass
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Planck scale?
There is now non-negligible 
chance that new experimental 
measurements will converge at 
(αs=0.120, mt=171.6 GeV)

No new physics required in SM 
(and none seen so far), and  
EW vacuum is stable up to   
the Planck scale

Dark matter to be explained, 
but axions offer an elegant 
alternative to SUSY / WIMP

Need more precise jet 
measurements to confirm!
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Conclusions
Jets offer great prospects for precision measurements and new physics searches

Hints of new resonances at the highest energies ?
Or converging to vacuum stability limit, ruling out all new physics below Planck scale?

Jet measurements will tell! The beauty (quark) and the beast (gluons, FSR) are the key
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Figure 1: The reconstructed dijet mass distribution, mj j , is shown for events with pT > 150 GeV for the two leading
jets, with |y⇤ | < 0.6, and mj j greater than 1.1 TeV (filled points). The solid line depicts the background prediction
from the sliding-window fit. The vertical lines indicate the most discrepant interval identified by the B���H�����
algorithm [48, 49], for which the p-value is reported in the figure. The expected contributions for q⇤ signal with a
mass of 4 and 5 TeV are overlaid, normalized to 0.1 times their predicted cross section. The lower panel shows the
bin-by-bin significance of the data-fit discrepancy, based only on statistical uncertainties.

on the signal sample acceptance, described in Section 4, are considered in the limit-setting procedure.
These uncertainties are incorporated into the limits by varying all of the uncertainty sources according to
Gaussian probability distributions.

Confidence intervals are then calculated from the resulting profile of the parameter-of-interest of the
likelihood. The limit obtained on q⇤ signal cross-section is shown in Figure 2(a). Thus, q⇤ signals with
mass below 6.7 TeV (6.4 TeV) are excluded (expected to be excluded) at 95% CL.

Exclusion limits are also expressed on the cross-section times acceptance times branching ratio to two jets,
� ⇥ A⇥ BR, of a hypothetical signal modeled as a Gaussian peak in the particle-level mj j distribution (as in
Ref. [9]). Gaussian signal models are tested for di�erent mass hypotheses, mG , and di�erent possible widths
of the signal, �G , at the detector reconstruction level. Signal widths range from the detector resolution
width of approximately 3%, which would correspond to the case of a resonance with an intrinsic width
negligible with respect to the detector resolution, up to a relative width of �G/mG = 15%. For resonances
broader than the considered widths the presence of the signal would significantly a�ect the background
estimation obtained using the sliding-window fit. To evaluate the e�ect of systematic uncertainties on the
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