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The goal is to go from proton-proton (or ion) collisions to the 
physics of our choosing — whether that be Higgs or Dark 

Matter or rare decays of heavy flavor hadrons. 

But we all need to contend with QCD….

The LHC is a QCD Laboratory



–Johnny Appleseed

“Type a quote here.”
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The QCD @ LHC Lab Tour Itinerary
• Soft and forward physics

• Partonic structure of the proton

• Multi-scale dynamics of jet-based observables  

• Measurements Sensitive to pQCD

�4

Highlighting a selection of results 

from the past year. 

Please visit the references for more 

information!



Experimental tools for probing QCD
• Building blocks:


• Charged hadrons from tracking detectors

• Calorimeters to capture full hadronic interactions


• Look at event level quantities or build jets:

• Made out of tracks, calorimeter deposits or combination 

of both

• Probe different physics by tweaking algorithmic 

parameters: effective radius, treatment of soft radiation

• Build sensitive quantities out of jet constituents


• Correct to particle level quantities by unfolding 
• Sometimes use high energy, colorless particles as 

probes:

• Photons, Ws, Zs
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The QCD @ LHC Lab Tour Itinerary
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Elastic p-p cross-section @ 2.76 & 13 TeV— TOTEM 
arXiv:1812.08610; arXiv:1812.08283 

Inclusive single diffractive dissociation — ATLAS 
ATLAS-CONF-2019-012 

Forward energy vs pseudo rapidity & track  
multiplicity— CMS 
Eur. Phys. J. C 79 (2019) 391; 
CMS-PAS-FSQ-18-001 

Underlying event in Z boson events—ATLAS 
arXiv:1905.09752 
Particle production vs UE activity  — ALICE 

Forward jet cross-sections in p-Pb — CMS 
JHEP 05 (2019) 043 
Dijet production with leading  proton — CMS 
CMS-PAS-FSQ-12-033  

 

 

 

  

= result presented here 

• Soft and forward physics

• Partonic structure of the proton

• Multi-scale dynamics of jet-based observables  

• Measurements Sensitive to pQCD



Forward and Soft QCD
• Realm of non-perturbative or semi-perturbative 

QCD:

• Low momentum transfer processes in a strong(er) 

coupling regime

• Important for understanding cosmic ray showers, 

proton structure, has theoretical connections to string 
theory [ref]  


• What’s interesting?

• Testing models of interactions via colorless exchange 

• Differential distributions of energy and particle 

multiplicities for generic pp collisions

• Properties of soft radiation accompanying hard 

processes (underlying event)
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Particle Zoo

https://arxiv.org/abs/hep-th/0603115


Forward and Soft QCD: Elastic and Diffractive processes
• ~20% of pp collisions are elastic, ~20% are 

inelastic but involve the exchange of colorless 
objects: diffractive processes


• Can study through tagging and measuring out-
going protons
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arXiv:1812.08610  
ATLAS-CONF-2019-012
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Forward and Soft QCD: Forward Energy Density 
• Measurements of forward energy flow relatively 

unexplored, particularly in “soft” phase space

• Inclusive measurements agree well with models but 

discrepancies exist in single diffractive phase space

• Data support limiting fragmentation hypothesis: 

forward energy flow independent of √s

Eur. Phys. J. C 79 (2019) 391

+ + +
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http://dx.doi.org/10.1140/epjc/s10052-019-6861-x
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Supports limiting 

fragmentation hypothesis

http://dx.doi.org/10.1140/epjc/s10052-019-6861-x


RT =
Ninclusive

< Ninclusive >
<latexit sha1_base64="blxrF/1qB2TFIo0X6SZ8qNbKKUI=">AAACG3icbVDLSsNAFJ3UV62vqEs3g43gqiRxoQuVohtXUqUvaEOYTCft0MmDmUmhhPyHG3/FjQtFXAku/BunbRa29cDA4Zx7uXOOFzMqpGn+aIWV1bX1jeJmaWt7Z3dP3z9oiijhmDRwxCLe9pAgjIakIalkpB1zggKPkZY3vJ34rRHhgkZhXY5j4gSoH1KfYiSV5Oq2YTy6aT2DV7Drc4TTezelIWaJoCOSZSm8nBOuM8Nw9bJZMaeAy8TKSRnkqLn6V7cX4SQgocQMCdGxzFg6KeKSYkayUjcRJEZ4iPqko2iIAiKcdJotgydK6UE/4uqFEk7VvxspCoQYB56aDJAciEVvIv7ndRLpXzgqWpxIEuLZIT9hUEZwUhTsUU6wZGNFEOZU/RXiAVIVSVVnSZVgLUZeJk27Yp1V7Ae7XL3J6yiCI3AMToEFzkEV3IEaaAAMnsALeAPv2rP2qn1on7PRgpbvHII5aN+/f4ihGw==</latexit>

• Main contribution to UE is multiple parton 
interactions (MPI)

• RT can select hard scatterings with different 

MPI activity 

• Underlying event measures hadronic activity not related to 
the primary “hard” scattering process:

• Important for measurements sensitive to generic hadronic 

activity: W mass, rapidity gap based selections, etc.
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ATLAS-CONF-2019-012 
ALI-PREL-319229Forward and Soft QCD: Underlying Event Hard Process

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-012/
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W+charm @ 8 TeV — CMS— 
CMS-PAS-SMP-18-013  
W+charm @ 8 TeV —ATLAS —  
ATL-PUB-2019-016  
W+charm @ 13 TeV — CMS— 
Eur. Phys. J. C 79 (2019) 269 
W&Z  production @ 2.76TeV —ATLAS 
arXiv:1907.03567  

Forward top quark production — LHCb —  
J. High Energ. Phys. (2018) 2018: 174  

Double parton scattering(DPS)  in ZZ —ATLAS— 
Phys. Lett. 790 (2019) 595 
Evidence for DPS in WW — CMS —  
CMS-PAS-SMP-18-015 

 

 

 

• Soft and forward physics

• Partonic structure of the proton

• Multi-scale dynamics in jet-based observables  

• Measurements Sensitive to pQCD

= result presented here 



Partonic Structure of the Proton

• Experimental probes of the dynamics of 
protons:

• See into the proton using probes which are 

unique to the partonic structure  

• What’s interesting?


• Uncertainty in parton distribution functions 
critical in theory comparison for many cross-
section measurements


• Flavorful content of proton becoming important 
at LHC energies


• Multiple simultaneous parton interactions can 
be perturbative at LHC energies, allowing for 
precise comparisons with data

�12

DESY

http://www.desy.de/news/news_search/index_eng.html?openDirectAnchor=829


Partonic Structure of the Proton: Strange quark content 

• W+c production sensitive to strange quark 
content in proton:

• Tag with leptonic Ws and D* mesons 

• Can be used to constrain strange quark 

parton distribution functions

• Previous ATLAS measurements @ 7 TeV 

showed tension with global PDF fits on 
strange quark suppression

• Global fits include neutrino charm production 

data — neutrino-iron DIS and inclusive charm 
production measurements


• 2019 ATLAS update with inclusive W data at 8 
TeV maintains tension
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ATL-PUB-2019-016

rs =
s+ s̄

2d̄
<latexit sha1_base64="H0+VyBWIct0sQHATYwjn9vHSHDo=">AAACD3icdVDLSsNAFJ3UV62vqks3g40iCCGJoHYhFN24rGAf0IQymU7aoZNJmJkIJeQP3Pgrblwo4tatO//G6UPweeDC4Zx7ufeeIGFUKtt+Nwpz8wuLS8Xl0srq2vpGeXOrKeNUYNLAMYtFO0CSMMpJQ1HFSDsRBEUBI61geDH2WzdESBrzazVKiB+hPqchxUhpqVveN03RlfAMeqFAOJPwEHoBEpnM88ydsF6em2a3XLGtqu1Ujx34mziWPUEFzFDvlt+8XozTiHCFGZKy49iJ8jMkFMWM5CUvlSRBeIj6pKMpRxGRfjb5J4d7WunBMBa6uIIT9etEhiIpR1GgOyOkBvKnNxb/8jqpCk/9jPIkVYTj6aIwZVDFcBwO7FFBsGIjTRAWVN8K8QDpYJSOsKRD+PwU/k+aruUcWe6VW6mdz+Iogh2wCw6AA05ADVyCOmgADG7BPXgET8ad8WA8Gy/T1oIxm9kG32C8fgBemJup</latexit>

https://arxiv.org/abs/1612.03016
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2019-016/


Partonic Structure of the Proton: Strange quark content

• 8 TeV CMS measurements:

• Cross-section agrees with global 

PDFs, although high

• Ratio of W+/W- disagrees with 

global PDFs 

• 13 TeV CMS measurements:


• Good agreement with PDFs except 
ATLAS-derived one


• Note: parameterization uncertainty 
for ATLAS PDF not used in the 
comparison, recent paper shows 
CMS and ATLAS data not in 
tension*
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CMS-PAS-SMP-18-013  
Eur. Phys. J. C 79 (2019) 269

13 TeV

8 TeV

�(W + c)
<latexit sha1_base64="KiGs7YO+pDu7VQ/K7TENYx4Ykus=">AAAB/HicdVBdSwJBFJ21L7OvLR97GdLACGR2K9M3qZceDTIFFZkdZ3VwZneZmQ1ksb/SSw9F9NoP6a1/06waVNSBC4dz7uXee7yIM6UR+rAyS8srq2vZ9dzG5tb2jr27d6vCWBLaJCEPZdvDinIW0KZmmtN2JCkWHqctb3yZ+q07KhULgxs9iWhP4GHAfEawNlLfzheLXcWGAsNSCx5DclQs5vp2AZVr1Qo6dSEqI1R1UcWQM+TUnBp0jJKiABZo9O337iAksaCBJhwr1XFQpHsJlpoRTqe5bqxohMkYD2nH0AALqnrJ7PgpPDTKAPqhNBVoOFO/TyRYKDURnukUWI/Uby8V//I6sfarvYQFUaxpQOaL/JhDHcI0CThgkhLNJ4ZgIpm5FZIRlphok1cawten8H9y65adk7J77RbqF4s4smAfHIAScMA5qIMr0ABNQMAEPIAn8GzdW4/Wi/U6b81Yi5k8+AHr7RPWbJJO</latexit>

�(W+ + c̄)/�(W� + c)
<latexit sha1_base64="3RhHnotRxgzB5FPMINUNducDDDo="></latexit>

*Phys. Rev. D 98, 014027 (2018)

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-18-013/index.html
http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-17-014/index.html
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• Soft and forward physics

• Partonic structure of the proton

• Multi-scale dynamics in jet-based observables  

• Measurements Sensitive to pQCD

Eventshapes —CMS 
JHEP 12 (2018) 117  
Jet Fragmentation In Z Events — LHCb 
arXiv:1904.08878 
Jet Fragmentation, Quark Gluon Properties— ATLAS 
arXiv:1906.09254  
Gluon splitting to b-quarks — ATLAS 
Phys. Rev. D 99 (2019) 052004  
Charm-quark jet properties — ALICE 
arXiv:1905.02510 
Azimuthal separation of 2&3-jet events —CMS 
arXiv:1902.04374 
kT splitting scales — ALICE— 
ALI-PREL-310018-43 
Measurement of Lund Plane—ATLAS 
ATLAS-CONF-2019-035  
ΛC+ production — ALICE 
JHEP04(2018)108 
Ks & Λ0 production in  t-tbar — ATLAS  
arXiv:1907.10862  
Jet cross-sections versus anti-kT jet size — CMS 
CMS-PAS-SMP-19-003 ;  
ALICE — ALI-PREL-315682-725 
Substructure for Dijet, W and Top jets — ATLAS 
arXiv:1903.02942

 

 

 

 

 

 

 

= result presented here 



Multi-scale dynamics in jet-based observables
• Exploring the evolution of high energy quarks and 

gluons into hadrons

• Multi-scale problem which straddles perturbative and 

non-perturbative effects

• Good understanding necessary for precise control 

over observables in many physics analyses  

• What’s Interesting? 


• Testing showering and hadronization models against 
event shape and individual jet observables


• Measuring how these variables evolve in a wide 
range of phase-space and with different jet flavors


• Probing the structure of hadronic resonances
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fig ref

⇤X
<latexit sha1_base64="/ecC5V37wIDVmv6s7+d+NKgKs4A=">AAAB+HicdVDLSgMxFM3UV62Pjrp0E+wIrobMqLXdFd24cFHB1kI7DJk0bUMzD5KMUId+iRsXirj1U9z5N2baCip6IHA451zuzQkSzqRC6MMoLC2vrK4V10sbm1vbZXNnty3jVBDaIjGPRSfAknIW0ZZiitNOIigOA05vg/FF7t/eUSFZHN2oSUK9EA8jNmAEKy35Ztmyelc63sd+1plalm9WkF2vVdGJC5GNUM1FVU1OkVN36tDRSo4KWKDpm++9fkzSkEaKcCxl10GJ8jIsFCOcTku9VNIEkzEe0q6mEQ6p9LLZ4VN4qJU+HMRCv0jBmfp9IsOhlJMw0MkQq5H87eXiX143VYOal7EoSRWNyHzRIOVQxTBvAfaZoETxiSaYCKZvhWSEBSZKd1XSJXz9FP5P2q7tHNvutVtpnC/qKIJ9cACOgAPOQANcgiZoAQJS8ACewLNxbzwaL8brPFowFjN74AeMt0+SYJJl</latexit>

⇤parton
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http://alicematters.web.cern.ch/?q=content/node/1025


Multiscale Dynamics: Event Shapes
• CMS analysis uses event shape 

variables calculated using 3-jet events

• Evaluated versus average of 2 highest pT 

jets (HT,2) in order to reduce theoretical 
uncertainties


• Modeling:

• Transverse flow variables well described 

by all MC models

• Total flow variables best described by 

Herwig++ (angular ordered parton 
shower) not well described by Pythia8 
(pT ordered shower).  Madgraph (matrix 
element approach) is more accurate than 
Pythia


• Distributions (including transverse 
thrust and jet broadening) in bins of HT,2 
evaluated in detail in paper!
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JHEP 12 (2018) 117 

Transverse Total 
Jet Mass

Total Jet Mass

HT,2 =  (pTj1 + pTj2)/2

http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-17-003/index.html


Multiscale Dynamics: Jet Constituent Characteristics
• LHCb analysis uses charged hadron 

properties of jets in Z+jet events in the 
forward region:


• Sample is light quark dominated — 
useful for q/g discrimination studies

�18

arXiv:1904.08878

z =
~pjet · ~phadron

|~pjet|2
<latexit sha1_base64="SDmxrbpi0Um2pn61vh6FMH0+Z8Y="></latexit>

http://arxiv.org/abs/1904.08878
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Higher pT jets have more 

consituents and populate 

lower z values

http://arxiv.org/abs/1904.08878


Multiscale Dynamics: Jet Constituent Characteristics
• By exploiting the fact that forward jets tend to 

be quark dominated, can extract in situ quark 
& gluon distributions

• Utilize ML technique, topic modeling, to extract 

distributions without dependence on MC models


• Paper has detailed comparisons of jet 
fragmentation quantities in forward and central 
regions, compares q/g distributions extracted 
with MC fractions to N3LO predictions 

�19

arXiv:1906.09254 

Phys. Rev. Lett. 120, 241602 (2018)

https://arxiv.org/abs/1802.00008
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2017-16/
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arXiv:1906.09254 

Phys. Rev. Lett. 120, 241602 (2018)

Data topic 2 (gluon-like) matches 

topic 2 extracted from MC, but 

not parton matched MC due to 

some quark contamination 

https://arxiv.org/abs/1802.00008
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2017-16/


Multiscale Dynamics: Gluon splitting
• Select sample rich in g➛bb by large radius 

jet with 2 small radius sub-jets, at least 1 
b-tag

• Probe quantities related to b-b system


• Data shows significant deviation from models 
in angle related to gluon polarization (largely 
unconstrained from prior data)

�20

Phys. Rev. D 99 (2019) 052004

Large R

Small R

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.052004


Multiscale Dynamics: Resummation Effects
• Accurately modeling parton 

showers requires resummation of 
soft gluon emission

• Need measurements sensitive to 

these effects 

• For 2 & 3-jet events, look at Δφ of 

2 leading jets in back-to-back 
topology

• Cross-section dominated by soft 

gluon emission in this phasespace 

•   Models deviate for Δφ ≳ 177°


• Different combinations of Npartons & 
parton showers describe data best 
in various jet pT ranges

�21

arXiv:1902.04374

Δφ

http://arxiv.org/abs/1902.04374
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Δφ

http://arxiv.org/abs/1902.04374


Multiscale Dynamics: Shower Evolution
• Soft-drop method removes soft 

radiation not fulfilling minimum pT 
requirement (zg) [ref,ref]

• Relates to parton splitting function


• Sources of R-dependence of zg: 


• Perturbative: δpt ∼ ln(R)

• Hadronization: δpt ∼ -1/R


• ALICE measures cross-section as 
a function of kT splitting scale for 
different cone sizes & pT to probe 
these effects

• more asymmetric splitting for larger 

R at low pT


• larger zg values at low pT for small R

zg = min (pT1,pT2)
pT1+pT2

> zcut
<latexit sha1_base64="/rXismlSH46SmNSi1FC6FSDaJqo="></latexit>

fig

R = 0.230 GeV<pTjet<40 GeV

ALI-PREL-310018-43
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https://arxiv.org/abs/1307.0007
https://arxiv.org/abs/1402.2657
http://alice-figure.web.cern.ch/preliminary_fig_pub


Multiscale Dynamics: Lund Plane
• New proposal to represent 

internal structure of jets*: 

• Lund Plane: ln(1/z) vs ln(1/θ) 


• Recluster jet using Cambridge/
Aachen alg, plot history


• Utilize tracks associated to anti-
kT (R = 0.4) jets, recluster with 
C/A, plot history


• Powerful test of MCs against 
shower and hadronization 
history

• Can distinguish perturbative and 

non-perturbative effects in same 
measurement


• Can be used in ML-based jet 
discriminants 

�23* J. High Energ. Phys. (2018) 2018

ATLAS-CONF-2019-035

https://arxiv.org/abs/1807.04758
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-035/


The QCD @ LHC Lab Tour Itinerary
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• Soft and forward physics

• Partonic structure of the proton

• Multi-scale dynamics in jet-based observables  

• Measurements Sensitive to pQCD

Inclusive photon production — ATLAS 
ATL-PHYS-STDM-2017-29 
Differential Isolated photon production  @ 8 TEV—CMS 
arXiv:1907.08155  
  
W&Z cross-sections — CMS 
CMS-PAS-SMP-17-010  

Z+heavy flavor — CMS 
CMS-PAS-SMP-19-004  

Inclusive Z  cross-sections  —  ATLAS 
arXiv:1907.06728 

Photon cross-section ratios at 8/13  TeV —ATLAS 
JHEP 04 (2019) 093 

 

 

= result presented here 



Measurements Sensitive to pQCD
• Comparison of QCD phenomena with precise theoretical calculations


• Choose hard, colorless probe and measure cross-sections and properties

• Many searches for new physics (e.g. deviations in Higgs pT measurements) rely 

on precise theoretical pQCD calculations

• What’s interesting:


• Testing state of the art (NLO, NNLO) calculations against data

• Tests of resummation in parton showers at NNLL

�25fig ref
+….NLO

+ +….

NNLO

http://inspirehep.net/record/1208578?ln=en


Measurements Sensitive to pQCD
• ATLAS measurement of inclusive photon production up to EγT ~1 TeV with < 

10% experimental & theoretical uncertainties

• Excellent NLO & NNLO agreement with data; NNLO uncertainties 

comparable to data uncertainties
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ATL-PHYS-STDM-2017-29

|ηγ|<0.6 0.6<|ηγ|<1.37

1.56<|ηγ|<1.81 1.81<|ηγ|<2.37

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2017-29/


Measurements Sensitive to pQCD
• CMS measured W&Z production cross-sections as a function of pT & y. 


• Compare to resumed NNLL at  low pT and NLO, NNLO at high pT 

• Important for W mass measurements
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Geneva 
(NNLO +NNLL)

Resbos 
(NLO+NNLL)

aMC@NLO 
(NLO+FxFx)

CMS-PAS-SMP-17-010

https://cds.cern.ch/record/2675022


Conclusions 
• The LHC is a rich QCD laboratory probing physics 

at a huge range of energy scales


• Experimental measurements are increasing in 
precision and informing models of non-perturbative 
physics as well as providing stringent tests of 
detailed perturbative calculations


• LHC future is trending towards indirect searches → 
precise QCD predictions will be critical. Effort 
needed now to improve our predictions. 


• Stay tuned for more Run 2 results!  
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Jet Energy Scale: ATLAS 
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JETM-2018-006
ATLAS-CONF-2017-063

 

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/JETM-2018-006/
http://arxiv.org/abs/1310.8197


Jet Energy Scale: CMS 
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CMS-DP-2018-028
ATLAS-CONF-2017-063

 

http://cds.cern.ch/record/2622157?ln=en
http://arxiv.org/abs/1310.8197


Forward and Soft QCD: Forward Energy Density 
• When normalizing to the energy flowing events with < 10 central tracks (first 

bin uncertainties decrease significantly and discrepancies arise
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CMS-PAS-FSQ-18-001 
arXiv:1812.04095

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FSQ-18-001/index.html
http://cms-results.web.cern.ch/cms-results/public-results/publications/FSQ-15-006/index.html


Forward and Soft QCD: Diffractive processes
• ATLAS single diffractive measurement t-dependence well 

described by exponential 

• Slope parameter of B = 7.60±0.32 GeV-2


• Fractional proton dissociation well described by triple pomeron 
Regge trajectory with slope α(0) = 1.07±0.09
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ATLAS-CONF-2019-012

(Δη)

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-012/


Forward and Soft QCD: Underlying Event

• ALICE: Measure                             in 
transverse region defined by highest pT 
track in event [ref]

• High RT corresponds to high UE activity 

• Track  spectrum harder in higher UE 

activity events
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RT =
Ninclusive

< Ninclusive >
<latexit sha1_base64="blxrF/1qB2TFIo0X6SZ8qNbKKUI=">AAACG3icbVDLSsNAFJ3UV62vqEs3g43gqiRxoQuVohtXUqUvaEOYTCft0MmDmUmhhPyHG3/FjQtFXAku/BunbRa29cDA4Zx7uXOOFzMqpGn+aIWV1bX1jeJmaWt7Z3dP3z9oiijhmDRwxCLe9pAgjIakIalkpB1zggKPkZY3vJ34rRHhgkZhXY5j4gSoH1KfYiSV5Oq2YTy6aT2DV7Drc4TTezelIWaJoCOSZSm8nBOuM8Nw9bJZMaeAy8TKSRnkqLn6V7cX4SQgocQMCdGxzFg6KeKSYkayUjcRJEZ4iPqko2iIAiKcdJotgydK6UE/4uqFEk7VvxspCoQYB56aDJAciEVvIv7ndRLpXzgqWpxIEuLZIT9hUEZwUhTsUU6wZGNFEOZU/RXiAVIVSVVnSZVgLUZeJk27Yp1V7Ae7XL3J6yiCI3AMToEFzkEV3IEaaAAMnsALeAPv2rP2qn1on7PRgpbvHII5aN+/f4ihGw==</latexit>

Highest pT 
track

http://inspirehep.net/record/1429670?ln=en
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-012/


Partonic Structure of the Proton: Double Parton Scattering
• Double Parton Scattering: two pairs of partons 

from one single pp collision interact 


• DPS measurements test universality of σeff


• ATLAS: measure lower limit on σeff (≥ 1mb) in ZZ 
events, consistent with DPS interpretation


• CMS: Evidence for DPS in same sign WW 
production (3.9σ) at 13 TeV

�35

Klundert

�DPS
AB =

k

2
· �A�B

�eff
<latexit sha1_base64="L6ivNB1BNZ6TRpMjwTMI2kI75rU="></latexit>

CMS-PAS-SMP-18-015 
arXiv:1811.10021

Factorized

W±W±
Pythia 8 (N)NLO Measured

�(pb) 1.92 0.87 1.41± 0.28(stat.)± 0.28(sys.)
Significance 5.4 2.5 3.9

�e↵ 20.7 12.7+5.0
�2.9

<latexit sha1_base64="BbkEZT1YpldMu2V0RiaH6hLxggU="></latexit>

http://moriond.in2p3.fr/QCD/2019/ThursdayMorning/Klundert.pdf
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-18-015/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2017-15/


Hadronization and Fragmentation: jet flavor 
• Select sample rich in c-

quarks by tagging track 
jets with D mesons 
(ALICE)

• Study cross-sections for 

fragmentation 
distributions and overall 
production; good 
agreement within 
uncertainties 


• Note: ALICE can access 
low energy jets  and 
give unique information 
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arXiv:1905.02510

D
Kπ

https://arxiv.org/abs/1905.02510


Q/G Jet Extraction
• Topics  converge to quark/gluon 

definitions  in the case that  there 
are some bins in the dataset 
which are  purely quark or purely  
gluon

• Basically true for quarks,  not 

quite true for  gluons, but 
converges  at high pT


• Only true for Nch

• Extraction relying on MC 

fractions shows good agreement 
with N3LO at low pT, diverges at 
high pT 

• Used for Nch & fragmentation  

variables
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arXiv:1906.09254 

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2017-16/


ATLAS & CMS PDF  Compatability
• Using ATLAS & 

CMS inclusive   
W&Z data 


• All datasets 
have good chi2 
w.r.t. fits


• ATLAS data 
more  
constraining for 
s-quark content


• CMS data 
prefers slightly 
higher anti-u/d 
contributions
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Phys. Rev. D 98, 014027 (2018)

https://link.aps.org/doi/10.1103/PhysRevD.98.014027


Multi-scale: Jet production
• CMS measures jet cross-sections as a function of anti-kT jet clustering parameter, R, w.r.t. R= 0.4 default


• Experimental jet corrections extrapolated from R = 0.4 


• Compare to MC generators and QCD calculations at different orders

• Need both higher fixed order and non-perturbative effects to describe data

�39

CMS-PAS-SMP-19-003  

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-19-003/index.html


Multi-scale: Jet production
• CMS measures jet cross-sections as a function of anti-kT jet clustering parameter, R, w.r.t. R= 0.4 default


• Experimental jet corrections extrapolated from R = 0.4 


• Compare to MC generators and QCD calculations at different orders

• Need both higher fixed order and non-perturbative effects to describe data
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CMS-PAS-SMP-19-003  

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-19-003/index.html


Multi-scale: Jet production

• ATLAS selects hadronic top, W and dijet events and compares jet 
substructure variables for data and standard generators
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Dijet  
Selection

Top 
Selection

W 
Selection

arXiv:1903.02942

https://arxiv.org/abs/1903.02942


Multi-scale: Jet production

• ATLAS selects hadronic top, W and dijet events and compares jet 
substructure variables for data and standard generators
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https://arxiv.org/abs/1903.02942

