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* Overview of recent (and selected) results of hard QCD from the

4 LHC experiments:
— Jet production cross-sections

— Measurement of Og
— V+j studies

Complete list of public results:
CMS: http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP/index.html

ATLAS: https://twiki.cern.ch/twiki/bin/view/AtlasPublic/StandardModel PublicResults

LHCb: http://cds.cern.ch/collection/LHCb%20Papers?In=en
ALICE: https://twiki.cern.ch/twiki/bin/view/ALICEpublic/ALICEPublicResults

* Soft QCD — covered by Alessia Bruni's talk

Thanks to all physics coordination teams for their support
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Jet production cross-sections

Jet production cross - sections are excellent probes of QCD and its
modeling over many orders of magnitudes

LHC is (also) a jet-factory:

« Most typical high-pr object

 Different jet clustering algorithm radii used to probe interplay
between Hard and Soft QCD effect

« Perfect to measure jet rates, normalized cross sections, correlations
between jets and multi-dimensional differential cross sections

with Hera, Tevatron and LHC — covering scales from few GeV to
multi - TeV
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Inclusive jet cross-section

UPO -

Inclusive jet cross section, pp at 2.76 TeV

5.43 pb” (2.76 TeV)
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The double-differential inclusive jet cross section,

2013 data at 2.76 TeV

Jetp, (GeV)

Six |y| bins (0.0-3.0), pr range 74-592 GeV

Jets algorithm anti-k, R=0.7

Compared with theoretical predictions (NLOJET++)

for five different sets of PDF

CMS 2.76 TeV / 8 TeV ratio —
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A theory-normalized cross section ratio is
calculated using 2.76 TeV and 8 TeV
measurements.

Precise test of QCD at different Vs and input to PDF
fits [ATLAS 2.76TeV/7TeV[EPJC(2013)73 2509]

good agreement with NLO theory
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Inclusive jet cross-section
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Phys. Rev. D 91 (2015) 112012
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Charged jet differential cross sections at 7 TeV
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ALICE

Differential charged jet cross sections, jet fragmentation distributions, and jet shapes in minimum
bias proton-proton collisions.
Jets reconstructed from charged particle momenta with three different jet finders: sequential
recombination k, , anti-k, and the SISCone jet finding algorithms (R=0.2 to 0.6).

Differential jet production cross-sections are in agreement in the 20-100 GeV pr range.

In the high pT range, PYTHIA Perugia-2011 describes the data best, while in the low p_ range data
is best described by HERWIG and PHOJET.
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Jet azimuthal de-correlation v

CMS-PAS-SMP-14-015 Di-jet azimuthal de-correlation

19.7 fb™" (8 TeV)
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Two leading jets A® for seven regions ng‘E p,up to 2.2 TeV.
The di-jet azimuthal de-correlation is sensitive to the radiation of additional jets and probes the
dynamics of multi-jet production.
< Results are compared to perturbative QCD and to simulations using various Monte Carlo

including NP corrections (parton showers, hadronization, and multi-parton interactions)
¢ Good agreement with 3 -jet NLO calculation (NLOJet++)
¢ Multi-jet 2—4 MC (Madgraph +Pythia6) provides best description overall
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4-Jet cross-section

4-jet cross section differential in several
variables depending on jet momenta and
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Jets are reconstructed with anti-k¢ R=0.4

Differential cross sections compared to leading-order 4

(Pythia8, Herwig++, MadGraph5) and next-to-leading O
order calculations.

Overall excellent description of Njet/Sherpa

MadGraph+Pythia: good description of the variables —— -
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Jet cross-sections at 13 TeV!

UPO

ATLAS-CONF-2015-034

+ Inclusive-jet cross sections in |y[<0.5 for anti-k; jets with R=0.4, shown in a range of

350 <pr <840 GeV

<+ NLO pQCD predictions are compared to the data, where the predictions are calculated
using NLOJET++ with the CT10 NLO PDF set, (non-perturbative corrections applied)
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O measurements

s Og1s a fundamental QCD quantity which can be extracted from many
QCD measurements:
» Inclusive jet cross section, 3-jet mass, 3-jet to 2-jet cross
section ratio (R39), event shapes, tt cross-section etc.

» LHC allows the evolution of the strong coupling in the TeV region to
be explored

QCD@LHC 2015 - London R. Arcidiacono 11
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O measurements

Eur. Phys. J. C 75 (2015) 288
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O measurements

MultiJet transverse energy—energy correlation and its asymmetry
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W, Z inclusive cross sections @ 13 TeV

UPO
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Vector Boson + jets production

V+jets probe different aspects of QCD calculations

Sensitivity to:
— soft physics description
— merging techniques in soft/mid-scales
— QCD/QED corrections at harder scales

Larger cross-sections at LHC and larger integrated luminosity, different
Bjorken-x, parton densities and subprocesses

High experimental accuracy — Runl discrepancies observed have been used

to improve calculations
— NLO calculations up to W+5 partons
— NNLO for W/Z+1 parton

— NLO MC matched to Parton Showering

QCD@LHC 2015 - London R. Arcidiacono 17
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WIZ , ZIy + jets ratios

MC / Data MC / Data NLO /Data

Eur. Phys J. C (2014) 74: 3168
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Differential cross-section ratio of Z+Jets over
ytjets for central bosons @ 8 TeV (Z — pup)
Theory tends to overshoot the data

Differential cross-section ratio of W+jets and Z+jets
(Rjets) (@ 7 TeV (electron and muon channels combined)
The agreement with theory improves in Rjets wrt
single measurements, but significant discrepancies
remain in some regions of phase space
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V + jets summary ATLAS NN
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Vector Boson + X Cross Section Measurements

ofd(y+X) [l <1.37]
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o"(Z - ee, up)
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- [njet 2 2]
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fld(
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Status: March 2015
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Observed/theory Ratio for
several single-boson production
cross section measurements

* theoretical expectations all
calculated at NLO or higher

* the dark-color error bar
represents the statistical
uncertainly.

* the lighter-color error bar
represents the full uncertainty
(systematics and luminosity
uncertainties)
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V + jets summary CMS

Mar 2014 CMS Preliminary

Q B 07 TeV CMS measurement (L <5.01b ™)
2 10t _
© SRS 48 TeV CMS measurement (L <19.6 o™ =
- [ —7 TeV Theory prediction N
5 1 03 = —8 TeV Theory prediction —
o) — - - —
o b - N
A 107 o . =
o — - -
[ ¥ _
© - o
c 10k . —
O = !! =
5 . -
- B [ * ] -
©
o 1 =
S F NN H - z
10 = 7 =
W =1 22 =3j =4f =5 =6 1c 2o Z  =1j =22 =3 =4 =1b =2b 1 2j 3

Fiducial W and Z as with W—lv, Z—ll and kinematic selection
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Z +jets @ 13TeV

Fresh from the press !

ATLAS-CONF-2015-041

Cross section for the production of a Z boson in association with jets (up to 4) at 13 TeV

o) F T ]
.9.—1045_Zall+1ets. . —e_ Data -
’\% = ATLAS Preliminary ¥ Sherpa 3
Q + -1 3
% . 13 TeV, 85 pb —& Madgraph ]
Ik anti-k, R=0.4 7
N o2t T P> 30 GeV
E jet 3
. = ly <25 ]
10 S E
1 :_ m_:
5. ] l l —
©1.2
. \
E N K ‘\_\_\_\_" "SANNVRNNN \} R
g 0.8 I | 1 I I
>0 >1 >2 >3 >4 N

T 20.45
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T 035
© 03
T 025
0.2
0.15
0.1
0.05

N+N

—_

Z
jets

o(Z(— )+ N,

L | | ]
E_Z% 'l + jets e Data _E
- ATLAS Preliminary -¥ Sherpa B
- 13 TeV, 85 pb'” -+ Madgraph
3 NE
: W“ :
| e E
: anti-k, R=0.4 ]
E_ p'ft > 30 GeV _E
~ V<25 4
= | | | | 3
>1/>20 =22/21 =23/22 =4/23
(N +1)/N
jets jets

Good agreement between data and MC predictions, i.e. Sherpa
(ME+PS@NLO) and Madgraph (LO)
MC events normalised to inclusive Z at NNLO.
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V + jets (heavy flavor) a4

Theoretical uncertainties on W/Z+heavy flavor jets are larger than for
light jets, because of:

» heavy-quark content in the proton

+ modeling of gluon splitting (initial state, final state)

» massive vs massless b-quark in calculations

Important processes to be studied — background to Higgs and new
physics searches

Allow the test of QCD predictions with various implementations
(LO multileg+PS, NLO, NLO+PS)
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W + jets (heavy flavor)

W + light-jet, W + b and W + ¢ in forward region LHCb ,
arXiv:1505.04051

Results SM prediction
7TeV 8 TeV 7TeV 8 TeV

ol x 102 0.66+0.13+0.13  0.78+0.08+£016 0.747017  0.77707
x10°  580+£0.44+0.75 5.62+028+073 5027980 531108

a%Wﬂ%
a(Wi)

o(W*q) —a(W—
A(Wb) 0514+0.20+£0.09 027+0.13+009 027738  0.28+09 A(Wq) = GEWJrg n HEW‘E;
AWe) —0.09 4 0.08 +0.04 —0.01+0.05+0.04 —0.153992 —0.143502
%‘fz—g)ﬂ 1049+ 0.28 £0.53  9.44+0.19+0.47  9.9079%  9.487018
U 6.614+0.19+0.33 6.02+0.13+030 57922  552+013

Events: W— v with 2.0<n#{<4.5 and 2.2<|niet|<4.2 and ppe>20 GeV 7 TeV + 8 TeV

* W+c¢/W+j and W+b/W+j ratios consistent with NLO QCD (4 - flavor scheme
MCFM with CT10 PDF)

* Charge asymmetry for W + ¢ lower than predicted:
— larger strange - quark contribution or ss;,. asymmetry?
* All measurements in agreement with SM
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Production of a Z boson in
association with at least one b-jet

Z — ee, pp

Studies of observables

characterizing the b jet and Z boson

kinematics

ATLAS Z+b jets 7 TeV
— JHEP10(2014)141

———
Datays =7 TeV, 4.6 fb” (stat.)
Data\s = 7 TeV, 4.6 fb” (stat.®syst.)

ATLAS
Z+>1 b-jet

O....1....2...3....4..

o(Zb) [pb]

(%]

b
T

dlo(Z+b) / o(Z+)] / dp

Theory / Data

CMS-PAS-SMP-14-010

CMS Preliminary 19.8 fb™' (8 TeV)

10
= —4a— DATA
- Z/y* + atleast 1 b jet MadGraph 5FS + Pythia6
87 anti-k; (R = 0.5) jets MadGraph 4FS + Pythia6
— pft > 30 GeV, | < 2.4 Powheg + Pythiaé
6 —
2 H—
0 —
S S S S S S S S S S S S
12 F—=—
L e S e St S S é 23 é
0.8 — I\I/IadGraph 5FS + Pythia6, normalized to Syyo ) X ..
12—
A & & A & & A A -} 4 %
0.8 — MadGraph-4FS + Pythia6, normalized to 6, o
12— - I
e T e e e o 3 4 3
0.8 — Fl'owheg + Pythia6, nolrmalized tooyo . ) 1
50 100 150 200

250 300
leading b-jet P, [GeV]

Cross section ratio R for the leading pr jets between
Z(1b) and Z+jets compared to MadGraph 5FS,
MadGraph 4FS and POWHEG:

< MadGraph 4FS fails in reproducing the shape

< All other distributions of inclusive Z+jets (b
included) are in good agreement
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Surmrmary

* Runl LHC data allowed our knowledge on QCD to be pushed forward
on many fronts, exploring a wide kinematic range

— scale dependence of as tested to the TeV energy scale

— Jet production to multi- TeV scale

— Vjets to high jet multiplicity
* New results continue to flow in from Hera, Tevatron and LHC, more and
more precise, prompting further theoretical developments on QCD

* With the expected Runll data (statistics and energy range)
— provide further insight on QCD dynamics ( higher x PDFs, probe
higher order pQCD corrections ...)

Looking forward to LHC RunlI full fledged results
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Backup slides
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Jet charge studies

Inclusive dijet events, average jet charge as a function of the more forward jet p_ (for

k=0.3, 0.5, and 0.7)

ATLAS-CONF-2015-025

— L A e — | ]
= 0.14]- ATLAS Preliminary =
2 - \s=8TeV, 20.3fb" ]
5 012~ - 0.5, More Forward Jet o % .
5 o4 Pyhia8.175AU2 g ¥ E
- T " A ]
> - v B -
© 0.08— g ]
o L _
e |
< 0.06F g ]
L -¢-Data o
0,04 g O CTEQ6L1 ]
" - & MSTWO08LO -
B O MSTW2008NLO ]
0.02; * A CT10 —
C ‘ # NNPDF21 NLO B
ot~ | -
g 1.21
Q & I 1 ¥
3 1 &
° |oF T il A K 4
o K & ®
= g A7
% 1.2r
Q . D o z 7
3 s 4 o g + = N ' !
2 [ o ¥
0.8 5(')0

1000 1500
Jet P, [GeV]

Jet charge: momentum-weighted sum of the charges

of tracks associated to a jet
Qs

1 Z gi X (pr)*

= K
(PT]) i€Tracks

> sensitive to the charge of the initiating quark or
gluon

> depends on jet flavor, energy-dependence of PDFs
and fragmentation functions

~ can provide constraint on models of jet formation.

<— Average jet charge for the more forward jet

compared with theory predictions with
various PDF sets.
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Heavy Flavor Production s 43

Charm and beauty production in ALICE detector

CERN-PH-EP-2015-091
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*  Prompt D meson and non-prompt J/y yields studied as a function of the
multiplicity of charged particles.

» D-meson relative yield is found to increase with increasing charged-
particle multiplicity.

* The fraction of non-prompt J/y in the inclusive J/y yields shows no
dependence on the charged-particle multiplicity at central rapidity
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