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Introduction

QCD is complex:

Fixed order perturbative calculations: u*
* Hard scattering

Perturbative series resummation o + o™+
(DGLAP, BFKL): |
e Parton shower

* Parton density function (PDF) . M
evolution —= PDF —_@:

proton proton

Non-perturbative:
e PDF values
* Underlying event
e Hadronisation

* Multi-parton interactions This talk is dedicated
to measurements sensitive
LHC gives access to new regimes to non-perturbative

of all QCD processes QCD domain



ATLAS and CMS detectors
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Soft QCD



Soft QCD: introduction |

Study of QCD processes in the region where calculations from first principles are

not developed
* Input for tuning of phenomenological MC models to better describe data

Good quantitative description of soft QCD processes is very important for pileup
modelling

* (Good understanding of detectors in high-pileup environment

* Understanding of QCD backgrounds

|mpOSSib|e e perform SOft_QCD StUdieS W|th CMS Integrated Luminosity, pp, 2015, s = 13 TeV

high pileup 250
* Primary tracks are contaminated with
tracks from pileup
e Special low-pileup runs are needed

Data included from 2015-06-03 08:41 to 2015-08-25 05:56 UTC
250

~ W LHC Delivered: 205.76 pb '
| CMS Recorded: 175.17 pb '

) 200

CMS Preliminary Calibration

150 1150

100 1100

Low-pileup LHC data taken in Runll:
e “LHCfrun” (June 9-13, O(10nb1))

Total Integrated Luminosity (pb ')

 VdM scans (Aug 24 - 25, O(10nb 1)) *|“LHCf run”

« Some dedicated runs with o&ﬁ)"&' o

separated beams O A L C G
Date (UTC)



ATLAS-CONF-2015-038

Soft QCD: introduction Il
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On the next few slides:

Soft particle production

Underlying event

[Soft particle production in the presence of the
hard probe]

2-particle correlations

Bose-Einstein correlations



CMS 13 TeV dN/dn measurement
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Data is very well described by EPOS LHC (cosmic ray MC)
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ATLAS soft particle production

Preliminary results for wide variety of observables
were obtained by ATLAS with first 13 TeV data
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None of MC describes multiplicity well
EPOS shows best agreement for dN/dn and pr
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Underlying event

Preliminary uncorrected results at 13 TeV from ATLAS
Same dataset as on the previous slide
Leading track pr > 1 GeV

EPOS fails as the hardness of the probe increases

PYTH

A
3 2.5_
= L
©
~ 2
(3}
pZa
“o
V 1.5
toward C
Al < 60° 1

transverse
60° < |Ag| < 120°

transverse

60° < |A¢| < 120°

away
IAg| > 120°

T I T T T T I T T T T
Transverse region

p, > 0.5 GeV, l<2.5
p':ad >1 GeV

VR -

---- PYTHIA 8 A14

—e— DATA (uncorrected) == EPOS

ATLAS Preliminary -
s =13 TeV .

----------
momimim

PYTHIA 8 A2
= PYTHIA 8 Monash ]

<d’z p./dn d¢> [GeV]

n
3]

N
FrTTTTTTT

A and HERWIG++ show better agreement

—
)]
I T T

0.5

L L L L L L LA I L LR
Transverse region ATLAS Preliminary —

Vs =13 TeV

p, > 0.5 GeV, nl<2.5
p'fad >1 GeV

o | ]
== L) CELJ o0 P
......... Ll b By
—e— DATA (uncorrected) == EPOS ]
===: PYTHIA8 A14  =exuus PYTHIA 8 A2

- PYTHIA 8 Monash ]

| - N NI

None of MC show drastic disagreement with data
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2-particle correlations (ridge)
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Bose-Einstein correlations

CMS-PAS-FSQ-13-002

2-5_||l||||||l|l||||||||||||l||||l|l||||l|| I_
- CMS Preliminary
2F
1.5
‘I__ &/
-7 JHEPO5(2011)029 |
B M Data- |s=276TeV A Data -_\"S=0-9 Tev 7
0.5+ — - Fit- |s =276 TeV ===Fit- |s=09TeV
i @® Data- |s=7Tev O Data -J"s =7TeV
- —— Fit- fs=7Tev s Fit - s = 7 TeV
O_IllllllllllIIIIIIII|IIII|IIII|]IIIIIIIIIIIII|I_
0O 5 10 15 20 25 30 35 40 45
N
(N )
CMS preliminary nl <1
T PBPo Ve, S 276 TeV 1]
6 o pPb, Vs = 5.02 TeV T !
- -a- pp,Vs=7TeV w7
5[ > PP, Vs =2.76 TeV e B
—o— pp, Vs = 0.9 TeV .-
‘/v*('/ e @
‘T T e B
e T
i
S A T ]
'/' :‘6_/'55“' :__:

"~ CMS-PAS-HIN-14-013

all ky
1 1 1 I

100 150

200 250

Ntracks

300

Studies of correlations of identical boson can give
information about the size of production region (R)

Size R increases with increase of multiplicity

CMS: similar size in pp, pPb and PbPb
reactions at low multiplicity

ATLAS observed saturation of R for nch>55

R [fm]

arXiv:1502.0794%, submitted to EPJC
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http://arxiv.org/abs/1502.07947
http://cds.cern.ch/record/1754947?ln=en
http://cds.cern.ch/record/1703272?ln=en

Soft QCD summary

First 13 TeV measurements start to appear

MC generators tuned using Run | data
show reasonable agreement with13 TeV results

Find more details in SM-QCD 3 parallel talks:

ATLAS: Stewart Martin-Haugh
CMS: Ekaterina Kuznetsova
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PDF probes: introduction |

NNPDF 3.0 set:
Knowledge of PDF is - "LHCdata_— _\
necessary for calculation of OE| . S e e
any process at hadron g e A
collider N%Jog— o AASHGNSS
S
o E O CMSWC RAT :
, . 107 O e e e
PDFs are determined from fits to -
various observables using LO, = ;

NLO or NNLO calculations T T 1é e e
NNPDF collaboration, arXiv:1410.8849

LHC provides an access to previously unexplored
parton kinematics region
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http://arxiv.org/abs/1410.8849

PDF probes: introduction Il

Gluon—gluon luminosity, Vs =13 TeV, 68% c.l.

A number of PDF sets is available 131

| o | |
Different in fitting method and iz — ;E::ELSNLO / 5
data used ; IR NNPDF3.0 NNLO //
Large PDF uncertainty g
in high-x region: "o
Limitation for BSM -
heavy mass searches
PDF uncertainty in medium mass | NEERANN
region is a limiting factor for )
precise SM parameter studies "
Good knowledge of PDFs
in low-x region is important for o TE . N\

pQCD resummation tests : :
S. Dulat et. al. (CTEQ), arXiv:1506.07443
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http://arxiv.org/abs/1506.07443

PDF probes: introduction lli

Large number of ATLAS and CMS Run | measurements
can be used to constrain PDF’s

ATLAS

Measurement

V'8, year of data, Lin

W, Z rapidity

7 TeV, 2010, 36 pb ™"

High mass Drell-Yan
Low mass Drell-Yan
Z Arp

7 TeV, 2011,4.9 fb~ !
7 TeV, 201142010, 1.6 fb~1+35 pb~*
7 TeV, 2011, 4.8 fb~*

CMS

W +charm production
W +beauty production
W +beauty production
Z+beauty production
Z+beauty production

7 TeV, 2011,4.6 fb~ '
7 TeV, 2010, 35 pb~*
7 TeV, 2011,4.6 fo~ !
7 TeV, 2010, 36 pb~*
7 TeV, 2011,4.6 fb~!

Z pr 7 TeV, 2010, 40 pb™—*
Z pr 7TeV, 2011,4.7 fb~!
W pr 7 TeV, 2010, 31 pb~*
Z+jets 7 TeV, 2010, 36 pb ™"
Z+jets 7 TeV, 2011, 4.6 fb~*
W +jets 7 TeV, 2010, 36 pb~*
W +jets 7TeV, 2011,4.6 fb~!
Rjets (Wjets/Z+ets) 7 TeV, 2011, 4.6 fb—*
Inclusive jets 7 TeV, 2010, 37 pb~ "
Inclusive jets 7 TeV, 2011, 4.5 fb~*

Inclusive jets (+ 7 TeV ratio)
Dijets
Dijets
Trijets

2.76 TeV, 2010, 0.2 pb~*
7 TeV, 2010, 37 pb~*
7 TeV, 2011, 4.6 fb~*
7 TeV, 2011, 4.5 fb~*

- inclusive production
~ inclusive production
y+jets

7 TeV, 2010, 35 pb—*
7 TeV, 2011, 4.6 fb~*
7 TeV, 2010, 37 pb~*

tt incl (single lepton, dilepton)
tt incl (dilepton)

tt incl (single lepton)

tt incl (dilepton)

tt incl (e/u + 7)

tt incl (tau-+jets)

tt incl (e b-tag jets)

tt differential

tt differential

7 TeV, 2010,2.9 pb ™'

7 TeV, 2010, 35 pb~*

7 TeV, 2010, 35 pb~*

7 TeV, 2011, 0.70 fb—*

7 TeV, 2011, 2.05 fb~*

7 TeV, 2011, 1.67 fb~*
748 TeV, 2012, 24.9 fb—!
7 TeV, 2011, 2.05 fb~*

7 TeV, 2011,4.6 fo~*

WW, Z — 71, tt xsec

7 TeV, 2011, 4.6 fb~ !

Measurement V8, Ling
Selected measurement
High and low mass Drell-Yan | 7 TeV, 5 b1 . '
High and low mass Drell-Yan | 8 TeV, 20 fb~? are presented In this talk
Drell-Yan AFB 7TeV,5fb~"
W asymmetry 7TeV, 36 pb~ !
W e asymmetry 7 TeV, 880 pb~*
W p asymmetry 7TeV, 4.7tb 1 . .
W, Z production and rapidity | 7 TeV, 3 pb_1 More deta| |S |n SM—QCD 2
W, Z inclusive production 7 TeV, 36 pb~*
W, Z inclusive production 8 TeV, 19 pb~! p aral | el tal kS
Z pr and rapidity 7TeV, 36 pb~ !
Z pr and rapidity 8 TeV, 19.7 fb~*
Inclusive jets 7TeV,5fh !
Dijets TTeV, 5 ! ATLAS: Mark Stockton
Three-jets 7TeV,5 b1
Three-jets/Di-jets ratio 7TeV,5tb !
W +charm 7TeV,5fb ! ]
Zbeauty TTev.S b CMS: Matthias Arthur Weber
~ inclusive production 7 TeV, 36 pb~ !
Y+jets 7TeV,2.1fb !
tt inclusive 7TeV,23fb !
tt differential 7TeV, 5.0 b
tt inclusive 8 TeV, 1.14 fb~* ' '
(inclusive STev L Comprehensive review of LHC
tt inclusive 8 TeV, 2.4 fb~ ! I I .
tt differential 8 TeV, 19.7 fb* data ImpaCt on PDF ﬂtS'

J. Rojo et. al. (PDF4LHC workgroup),
arXiv:150%7.00556
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http://arxiv.org/abs/1507.00556

Selected measurements are presented in this talk:

Inclusive |et cross-section and cross-section ratios
Inclusive vector boson production
W+charm production
Drell-Yan production
Op pair production cross-section

18



Inclusive jet production |

Inclusive jet production cross-section - an important
class of observables used for PDF fits
e Constraint on quark and gluon PDFs in wide
range of x and Q2

High statistics ATLAS and CMS measurements
of inclusive jet cross-section on the full 7 TeV datasets

are available = up to 2 TeV reach in pr
[ATLAS: doi:10.1007/JHEP02 (2015) 153 ]
[CMS: d0i:10.1103.PhysRevD.87.112002]

Preliminary CMS measurement at 8 TeV
[CMS-PAS-FSQ-12-031, CMS-PAS-SMP-12-012]

Preliminary ATLAS measurement at 13 TeV
[ATLAS-CONF-2015-034]

Dijet/Trijet measuments:
ATLAS: do0i:10.1140/epjc/s10052-015-3363-3
doi:10.1007/JHEPOS (23014) 059
CMS 2015, doi:10.1140/epjc/s10052-015-33'76-y

Grigory Safronov 19
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p\Vs=8TeV
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--0.0 <lyl< 0.5 ( x 10%)
-+ 0.5 <lyl< 1.0 ( x 109
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open: L =5.8pb™ (low PU runs)
int

filled: L, = 10.71 fb™ (high PU runs)
— NNPDF 2.1 NLO®NP

10°

—_
o
[\

d20/de dy [pb/GeV]
3

107

21 30 40

11 | 1
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[ATLAS-CONF-2015-034]

- T T
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- 13 TeV, 78 pb"
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ATLAS Preliminary

F~ o Data ° =
Systematic *
uncertainties °
NLOJET++ (CT10) x ®
Non-pert. corr.
[
Relative uncertainty of 9% in the integrated luminosity not included
1 1 1 1 1
4x10° 5x10°? 6x10°  7x10° 8x10°
p, [GeV]


http://link.springer.com/article/10.1007%2FJHEP02%282015%29153
http://journals.aps.org/prd/abstract/10.1103/PhysRevD.87.112002
http://cds.cern.ch/record/1564932?ln=en
http://cds.cern.ch/record/1547589?ln=en
http://cds.cern.ch/record/2038145
http://cds.cern.ch/record/1564932?ln=en
http://cds.cern.ch/record/2038145
http://link.springer.com/article/10.1140%2Fepjc%2Fs10052-015-3363-3
http://link.springer.com/article/10.1007%2FJHEP05%282014%29059
http://link.springer.com/article/10.1140%2Fepjc%2Fs10052-015-3376-y

Inclusive jet production i
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Jet production ratios |

Ratios of inclusive jet cross-section at different energies
First performed by ATLAS with 2011 7 TeV and 2.76 TeV data (0.2 pb-1)
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Inclusive W, Z production

Cross section is used in PDF fits since Tevatron
Constraint on quark content

Preliminary result for inclusive W,Z production
at 13 TeV is available from ATLAS
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W + charm production |

Direct constraint on
strange quark PDF

CMS, full 7 TeV dataset, 5 fbo-1 = *2L.
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Top pair production cross-section

Constraint for gluon PDF with large Many measurements from
X complimentary to inclusive jets Runl at ATLAS and CMS

ATLAS+CMS Preliminary o, summary, /s =7 TeV TOPLHCWG Sep 2014 ATLAS+CMS Preliminary o summary, Vs =8 TeV TOPLHCWG May 2015
"""" NNLO+NNLL (Top++ 2.0), PDF4LHC, m‘Op =172.5 GeV - stat. uncertainty
[ scale uncertainty —— = — fotaluncertainty | | "¢ E\,NL?:I'\;I\ZILSL((ST:\FI) ++2.0), PDF4LHC -_ stat. uncertainty
scale ® PDF @ ag uncertainty 0 (stat) =(syst) =(lumi) L scale uncertainty — — — total uncertainty
. o . =(stat) =(syst) =(lumi)
scale ® PDF ® ag uncertainty tt
ATLAS, l+jets =i 179+ 4+ 9=+ 7 pb Ly=0.7 fb
ATLAS, dilepton (*) = 173=6*1* Spb Ly=0.7 fb"
ATLAS, all jets ()  Immmfc® | o] 167182782 6pb L, =101’ ATLAS, lepton+jets 260+ 1" g? +8pb
. -1 -
ATLAS combined 17733+ 7 pb Ly=0.7-1.0 fb” arXiv:1504.04251, L;,=20.3 fo
CMS, I+jets (*) e 164+ 3+ 12+ 7 pb L,=0.8-1.1 b
CMS, dilepton (* — 170+ 4+ 16+ 8 pb Ly=1.1 b CMS prel., lepton+jets +29
pton (*) P p p | |1— ° 22819_26¢1Opb
CMS, 1, +u (%) — i 149+ 24+ 26+ 9pb Ly=1.1 b CMS-PAS TOP-12-0086, L,,=2.8 fb
CMS, all jets (*) —_ ° 136+ 20+ 40+ 8 pb Ly=1.1 o
CMS combined —e 166+ 2+ 11+ 8 pb L,,=0.8-1.1 b
CMS, lepton+t, —— 257+ 3+24+7pb
LHC combined (Sep 2012) 173+ 2+ 8+ 6pb L,=0.7-1.1 fb" PLB 739 (2014) 23, L,,=19.6 i
’ n .
ATLAS, I+jets, b —=Xuv —ie 165+ 2+ 17+ 3 pb Ly=4.7 b
ATLAS, dilepton e u, b-tag 1 182.9=3.12 4.2+ 3.6 pb L=461b" ATLAS, dilepton eu 2424+ 1.7+55+75pb
ATLAS, dilepton e u, Nims-E?iss - 1812528737433 pb L,=a6m" EPJ C74 (2014) 3109, L,,=20.3 fb”
ATLAS, 1, ,+ — 186+ 13+ 20+ 7 pb =21 b
ATLAS, 1, Hets o——d———— 194:18x46pb L7 b CMS, dilepton (ee, uu, ew) —e 239.0+2.1+11.3+6.2pb
ATLAS, all jets i o i 168+ 1278+ 7 pb Lo=4.7 fo JHEP 02 (2014) 024, L,,=5.3 fb"
CMS, I+jets == 158+ 2+ 10+ 4 pb L,=2.2-2.31b"
CMS, dilepton Fe- 1619225721236 pb L,=2300" .
° LHC combined eu (Sep 2014) 241.5 + 1.4+ 5.7 = 6.2 pb
CMS, 7, ———i— 143+ 14+ 22+ 3 pb Ly=2.2 fb" CMS-PAS TOP-14-016
CMS, 1, Hets —e 152+ 12+ 32+ 3 pb L=3.9 fb" ATLAS-CONF-2014-053
CMS, all jet ———i— 139+ 10+ 26+ 3 pb =351 _ -1
alljets P Ln=3.5 b L,,=5.3-20.3 fb
} Effect of LHC beam energy uncertainty: 3.3 pb Effect of LHC beam energy uncertainty: 4.2 pb
(*) Superseded by results shown below the line (not included in the figure) (I‘IO'( included in the figure)
III|IIII|IIII|I I|IIII|IIII|IIII|II IIII|IIII|IIII III|IIII|||||
50 100 150 200 250 300 350 100 150 200 300 350 400
o, [pb] o, [pb]

ATLAS-CONF-2015-033 CMS-PAS-TOP-15-005
ATL-PHYS-PUB-2015-017 CMS-PAS-TOP-15-010

Recent Run Il results:
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Conclusions

CMS and ATLAS collaborations deliver first
soft QCD results from 13 TeV collisions

A wide variety of measurements probing PDFs
were performed in Runl;
Many of them were used in global PDF fits

PDF-sensitive measurements at 13 TeV from Run Il start to appear
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Diffractive processes

Total cross section

:'E g % Diffractive processes
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ﬁ % Many measurements by CMS and ATLAS
ATLAS 2012, doi: 10.1140/epjc/s100523-0123-1926-0
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CMS 2013, doi: 10.1103/PhysRevD.87.012006
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Lepton production: ¥ p

ATLAS 2015, d0i:10.1016/j.physletb.2015.0'7.069
CMS 2012, d0i:10.1007/JHEPO1 (3012)052

Exclusive WW pair production:
CMS 2013, d0i:10.1007/JHEPO0'7 (2013)116
CMS 2015 (preliminary), CMS-PAS-FSQ-13-008
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