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Hardness of the interaction

The landscape of QCD
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Hadronization and MPI

Exclusiveness of the final state
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Theoretical predictions

- A lot of progress have been made in phenomenology
In recent years

- Many modern generators and analytical predictions
have been used to compare to measurements

- Monte Carlo event generators
* Pure shower models
* Pythia, Herwig
* LO multi leg + Parton Shower

= Madgraph + Pythia, Alpgen + Pythia/Herwig,
Sherpa

= NLO+Parton Shower
* POWHEG+Pythia/Herwig, MC@NLO+Herwig
- Parton level codes

* Fixed order calculations (NLOJet++, Blackhat,
JetPhox)

* BFKL inspired models (HE))



Inclusive jets
Di-jets

Forward jets
Inclusive photons
Photons+jets

Di-photons

Outline

1 EXPERIMENT

Run Number: 158548, Event Number: 2486978
Date: 2010-07-04 06:46:45 CEST

Multijet Event in
/ TeV Collisions

pr 501:18:00 2012 CEST

ent at LHC, CERN

9 /107592030




Inclusive jets

Phys. Rev. D 86, 014022 (2012)

Measurement of inclusive jets for two jet sizes (antiKt)

- Difference contribution of hadronization and UE corrections
= At 30 GeV NP~60% for 0.6, NP~10% for 0.4

perturbative (NP) corrections obtained with a shower MC
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Ratio wrt NLOJET++

Inclusive jets

- Comparison with several MC generators
- General good agreement
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- POWHEG NLO dijet predictions show dependency on the shower used
- Improved in newer versions

Ratio of data and theory vs

predictions of NLOJet++
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Inclusive iets
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http://arxiv.org/abs/1212.6660

Inclusive jets

- Very interesting comparison between 7 TeV and 2.76 TeV
- JES uncertainty cancel to large extent in the ratio

- Powheg is slightly below the data in the central region while the
agreement is very good in the forward region
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Inclusive jets

- This ratio had constraining power for PDFs

- Gluon becomes harder and the uncertainty gets smaller
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3-jets over 2-jets ratio

- Measurement of the ratio of events with 3 or more jets over events with 2
or more jets, as a function of average pt of the di-jet system

-

ets: pT > 150 GeV, CMS-QCD-11-003

ly|<2.5
- Provides a stringent test of hard gluon radiation and higher order effects
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3-jets over 2-jets ratio

- Similar result from ATLAS
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Di-jets with
rapidity gaps

- ATLAS studied di-jet events as a
function of the activity between
them

Observables: fraction of events
with additional jets above a
threshold QO

Gap fraction

- Powheg NLO di-jet gives a
generally good description
of data

- The agreement
becomes worse as the
rapidity gap increases

- The all order, BFKL inspired
description of HEJ gets
better and better as the
threshold Q is increased
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Jet substructure

- Study of jet mass via jet-substructure resolution techniques

- Three techniques studied, that are aimed at resolving boosted
objects decays

- Jet Filtering:

R = min[0.3, ARjy J2]
. . I’I"'.‘— N ﬁb\\\
- Jet Trimming: R=R,, .O .O.
\@ @/

\\\..‘-!—"','
® Pr/PE < fou

y o -
- Jet Pruning: o o

v O ,I

-~
"'l-a-_--'"

Initial jet O p /Pﬂ+ﬂ > Zeut or ARj, j, < Reut Pruned jet

- Relevant because they probe the accuracy of the shower 14
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- Effect of reduction of PU
dependence

ATLAS-CONF-2012-066
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- Other substructure variables
- N-subjettiness: a measure of how much a jet looks like made of N sub-
jets
= Constituents are reconstructed with kT algorithm forcing N jets
- MC tools are able to give nice description of jet substructure
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Inclusive photons

Test of QCD predictions with colorless (clean !) final state
Large compton scattering contribution probes gluon PDF
Measurement extracted from fit to the photon isolation or using converted photons

Main systematics UENTEITTETTS q
- Background a;
shape g AN T
- Photon Id Compton Scattering
Phys. Rev. D 85(2012)
21081 CMS Preliminary P+p—y+X
o7k Ve=7Tev L =35.0pb" — JETPHOX
c | —o—21<hl<25(X10°)
5 = —e— 157 <l <2.1 (X 10%
w 0.9 <l <1.44 (X 10%)
St = —a Il <09
‘\"U .
~ &L
102
= NLO pQCD JETPHOX ‘
— CT10/BFG I, p =y =u =E;
107 — MPland hadronFizatio: corrected L
| | | | | | | | | |

30 40 50 60 10?

2x10%> 3x10°
E; [GeV]

hx

IYlYIIl[II

Data/Theo
© N

1.2

0.8

0.6

0.4

---------- G- 00000000 ~@Bnnn
g q
T~ q ELLLLLLL R
Annihilation Fragmentation

CMS Preliminary
i <0.9,Vs=7TeV,L =35.9pb"
—e— Data / JETPHOX

Stat. + syst. uncertainty

Scale uncertainty
PDF ® o, uncertainty

|NII|

|II

|||I|||I||1I\|\I

30 40 5060 10? 2x10?

Phys. Rev. D 84, 052011 (2011)

[GeV]

17


http://prd.aps.org/abstract/PRD/v84/i5/e052011
http://prd.aps.org/abstract/PRD/v85/i9/e092014

data data data
theory

data
theory

theory

theory

OPLNVE DA DRNE DoV

Inclusive photons

- Measurement of inclusive photon production extended up to 1
TeV

- Slight underestimation of the cross section by the NLO calculation
at low pT
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Inclusive photons

- New LHC data ( with RHIC, Tevatron..

uncertainty on the gluon PDF.

.) can be used to reduce the

- This turns out in a potential reduction of one of the main source of
theoretical uncertainty in many LHC analyses
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Photon + jets

- Jet pt > 30 GeV, |n|<2.4
- Good agreement with NLO QCD CMS-QCD-11-005

- Also good agreement with Sherpa

- Including extended matrix element + parton shower approach to
photons
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Photon + jets

- The contribution of fragmentation versus direct photons was studied in
detail as a function of scattering angle 6" in the photon-jet rest frame or

my¢
- Shower MC can get the right differential shape with tuning of the two
contributions ATLAS-CONF-2013-023
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Photon + jets

- Effects of fragmentation are also put into evidence by requiring the jet
and the photon to have opposite rapidity signs
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photon+jet

- The effect of including ATLAS photon+jet data in the PDF fit is negligible
due to the large uncertainties on jet energy scale

- An exercise assuming half the current uncertainty shows a potential of

further reduce the gluon PDF uncertaint
J YEPL 101(2013) 61002
- NNPDF2.1

Q “| NNPDF2.1 +y-jet 7 TeV pseudo-data

\\\\\\\\\
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Photon + jets

- Rapidity measurements in Z ory + jet CMS-SMP-12-004
- In case of y, probes very similar physics as ATLAS 6Y
- Significant differences between Sherpa and Madgraph
- maybe due to the different matrix element-parton shower matching
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Diphoton

- Both ATLAS and CMS measured the

diphoton differential cross section as a
function of Adyy myy PTyy and |cos6(]
using 4.9 fb-1 and 36 pb-1 of 7 TeV data

respectively

- Main background in the SM H-> diphoton

searches
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Fair description SHERPA, PYTHIA fails
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Conclusion

- ATLAS and CMS exploited the LHC Run 1 to make
a large amount of QCD precision measurements

- Ranging from low pt to high pt and from
Inclusive to exclusive observables

- Still more measurements are in the works

- These measurements have improved
significantly our understanding of QCD in several
ways

- Comparison to the recent, most precise event
generators

= \With experimental errors that in several
cases are comparable or smaller than the
corresponding theoretical predictions

- Improvement on our knowledge of PDFs
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Jet reconstruction

- Jets are reconstructed with the anti-kt algorithm, with
radius of 0.5 or 0.7

- 3 available algorithms for jet reconstruction
- Calo-Jets: use only the calorimeter towers

- Jet-Plus-Track Jets: improve the calorimeter jets
using the tracks in the jet cone

- Particle-Flow jets: uses particle flow candidates as
Input to the clustering algorithm

= Particle flow reconstruction:
= global event reconstruction

= |dentifies muons, electrons, taus, photons,
charged hadron, neutral hadrons

= Combines the information from all detectors
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Jet reconstruction

- Jets are reconstructed with the anti-kt algorithm, with
radius of 0.5 or 0.7

- 3 available algorithms for jet reconstruction
- Calo-Jets: use only the calorimeter towers

- Jet-Plus-Track Jets: improve the calorimeter jets
using the tracks in the jet cone

- Particle-Flow jets: uses particle flow candidates as
Input to the clustering algorithm

= Particle flow reconstruction:

= global event reconstruction

= |dentifies muons, electrons, taus, photons,
charged hadron, neutral hadrons

= Combines the information from all detectors
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Jet energy scale

- We use a multi-step procedure to correct the energy of our
jets

raw

p;ﬂ?' =C- Pu C = CfoSEt(prTaw) ’ CMC(F"T! ?7) ’ Crel(’?) ' Cabs(pa{)

- C accounts for detector noise and pile-up

offset

- The method uses correction factors extracted from the
full simulation of CMS, CMC

- Residual differences with respect to data are accounted
for as further scaling factors

= C_ accounts for non-uniformity in eta. It is obtained

applying on data and MC the di-jet balance method
o Cabs accounts for residual absolute scale differences

between data and MC. It is obtained applying on data
and MC the y+jet and Z +jet pT balancing

- In this MC + residual method effects like the presence
of additional radiation spoiling dijet or y+jet and Z +jet

balancing enter only at second order
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Jet energy scale

- Total systematic uncertainty on the energy scale
for particle-flow jets

_ 10CMS preliminary, L = 11 fb™ Is=8 TeV
- The main sources of < 10 IR R
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Fractional JES uncertainty
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- Determined with di-jet and y+jet pT balance

resolution

Jet energy resolution

- Plots show two example regions in n
- Resolution is of the order of 10% around 50 GeV
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Ratio wrt CT10

It is interesting to compare different jets sizes
Difference contribution of hadronization

Inclusive jets

From 20 GeV to 1.5 TeV

and UE corrections
Main systematic: jet energy scale

Data are compared with the predictions at

NLO, including non-perturbative (NP)
corrections obtained with a shower MC

Good agreements NNPDF and CT10
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Ratio wrt CT10 Ratio wrt CT10 Ratio wrt CT10 Ratio wrt CT10

Ratio wrt CT10

Di-jet mass

- Measured in up to 5 TeV in bins of rapidity
- Jet pT > 20 GeV, |n|<4.4
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Di-jet mass

- Measured in up to 5 TeV in bins of rapidity
- Jet pT > 20 GeV, |n|<4.4
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Azimuthal decorrelatlon

- Ap between the two

leading jets in the event

- It is very sensitive to
additional radiation
effects (hence to
higher order

corrections) but also to
MPI and hadronization

AQgije =T AQgjjey < T

- Comparison to NLO QCD
- Good agreement over

the entire range
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http://prl.aps.org/abstract/PRL/v106/i12/e122003

Azimuthal decorrelatlon

- Comparison to
shower MC

- Good description
of all models
chosen

- Sherpa, with LO
multileg matrix
elements agrees
very well with the
data in the high
end of the
spectrum

- Also pure shower
models (Pythia8,
Herwig) tuned to
previous
measurements
agree well with the
data

PRL 106 (2011) 172002
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http://prl.aps.org/abstract/PRL/v106/i17/e172002

Event shapes

- Very nice
agreement with
pyre shower
models, like Herwig
and Pythia6

- Comparison to LO
+ PS programs, like

In Tm,C

Data/MC
Data/MC

Data/MC
Data/MC

AlpGen and g
Madgraph shows  # i °
deviation from the :2 IMadGraIlph+F’y'ihia6 | Ma(‘iGrapth‘Pythiael
data e 3

- Overtuning of
the standalone
Parton Shower?

L A L A
Alpgen+Pythia6 Alpgen+Pythiab

Data/MC
Data/MC
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Photon + jets

The contribution of fragmentation versus direct photons was studied in

detail as a function of scattering angle 6 in the photon-jet rest frame
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Shower MC can get the right differential shape with tuning of the two
contributions
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MasSes

Data with
statistical error

Systematic
uncertainties
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Di-jet mass

- Powheg NLO dijet showered with Pythiab with dedicated
LHC tune gives the best description of data

- Fixed order NLO tends to slightly overestimate large
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1 dN/dr,

MC / Data

Event shapes

- Distributions of central transverse thrust

and thrust minor, using central jets as £ 2
input, in the transverse plane J
TJ_C=1_maXZ'|pJ_i'”T|
J1 M
- The modeling of Pyth|a and Alpgen seem to 8
be better than that of Herwig in this
observable
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Di-jets with rapidity gaps

- Configuration
with a central
and a forward
jet

Best
comparison is
obtained with
angular ordered
Parton Shower
(Herwig and
Herwig++)

- The
normalization is
overestimated
in NLO di-jet
powheg

Good
description

from all order
BFKL inspired
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Diphoton

- Fragmentation enhanced
regions ( costheta*->1) not well
described

- SHERPA does a reasonable job (

as before ) -
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http://link.springer.com/article/10.1007/JHEP01(2013)086

Diphoto

- Fragmentation enhanced
regions ( costheta*->1) not well
described

- SHERPA does a reasonable job (
as before )

- Especially relevant for the
measurement of spin in yy

JHEP 01 (2012) 133
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