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" 'OCD at hadron colliders

QCD defines the hadronization process
of partons whatever interaction mediator
IS in the hard production vertex

Soft underlying even
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Evidence of the multi-component

structure (change of the slope at n~20) KNO scaling suppose the independence
Violation of the KNO (Koba-Nielsen-Olesen) of C, on the collision energy.

§caling In therange |n|<2.4
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Charged particle density
for Vs=0.9 TeV-8 TeV
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Measured NSD multiplicity is higher then most of the
predicted: new input to the dynamics of soft hadronic interactions
PRL 105(2010) 022002
23 CMS-PAS-FSQ-12-026 (accepted by EPJC) g
soa, CMS-PAS-QCD-10-024
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‘Long-range correlations
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/# Calorimeter jets (CaloJets):
Jet clustered from .
Calorimeter Towers
Subdetectors: ECAL,
HCAL e

C
b0 #le.
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CaloMET &

e

ParticleFlow jets (PFJets):
Jet clustered from Particle
Flow objects (a la generator
level particles) which are
reconstructed based on
cluster separation.
Subdetectors: .
ECAL,HCAL, N
Tracker, Muon :

. PFMET

S 02110/20145

Anti-Kt clustering

algorithm is applied

to the different
objects

All subdetectors
Participate in
reconstruction

The residual

jet energy
corrections is
applied on top
of all algorithms

Jets reconstruction

Tracker jets:
Jet clustered from Tracks

Subdetectors: Tracker

JetPlusTrack jets (JPTJets):
Starting from calorimeter jets
tracking information is added via
subtracting average response and
replacing with tracker

measurements.
Subdetectors:
ECAL,HCAL,
Tracker, Muon
_ TcMET
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Jet energy scale
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Fundamental test of QCD
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Discriminate PDFs to some extent,
in particular, gluon PDF at high x

The extraction of the strong coupling ag

Phys. Rev. D 87 (2013) 112002
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" 'PDF and as extraction from
Inclusive jets spectra

Combined fit of HERA DIS and CMS inclusive jets data is performed
using DGLAP evolution at NLO with two options:

% with fixed as(Mz)=0.1176 The correlation between g-pdf
< simultaneous fit of PDFs and as and cross-section is observed In
the central region and for g-pdf
1 oCMS Preliminary | QQI =1.9 GeV? In forward region:
: . [=3@ HERA DIS + CMS jets]|
|~ HERADIS ‘ O Significant improvement of gluon

4 Slight change of dva quark
distribution

as(Mz) is extracted for each
PDF set and from simultaneous
fit of PDFs and as

d’c
dprdy
16
CMS-PAS-SMP-12-028

OCC{g
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Multijet production (3 jets)
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3-jet over 2-jet cross section ratio
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os fit with top-pair production

Top pairs production is sensitive to

mP°%, as, g(x, u?). Fits are performed with fixing

one of the PDF sets.
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LHC at 7 TeV and 8 TeV
enables measurements
up to 2 TeV

Theory at NLO and
NNLO (tt cross-sections)
plus the additional
electroweak corrections

Typical uncertainty:
Experimental 1-2%

PDF 1-2%
Scale 4-5%
Non-perturbative

effects <1%

Other theory
uncertainties ?
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Summary

« CMS measures both hard and soft QCD processes in the different
phase space regions comparing with the wide range of LO and
NLO calculations

. CMS measurements are used for the combinations with other
experiments in global fits and in Monte-Carlo Models tuning. The
overall coverage of the phase space reaches 2 TeV

The data are, in general, in broad agreement with the perturbative
predictions. However, some discrepancies are observed.

More results can be found in back-up slides and in CMS public web
pages.
https:/ftwiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSMP
“https:/itwiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsFSQ
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Inclusive Jet AK5/AK7 Cross-section ratio

Measurement at 7 TeV with different jet sizes R=0.5 (AK5), 0.7 (AK7)
Ratio of cross sections R(0.5, 0.7) vs p, and rapidity
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Several systematic uncertainties cancel in ratio
The ratio gradually increases towards unity with increasing Jet-p..
Powheg (NLO+PS) prediction has the describes the data best

CMS-PAS-SMP-13-0022
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' Dijet production: Ap,An

Sensitivity to the initial and final state Good agreement of the dijet

radiation. . : -
. angular distribution with NLO
NLO QCD (NLOJet++) + NP corrections QCD + NP corrections. A lower limi:

disagree with data at small A¢ N : : |
where multi parton radiation effects on the contact interaction scale

dominate. 5.6 TeV(+), 6.7 TeV(-) is obtained.

L=29pb' \s=7TeV |yl<1.1 ) 0_7__ —+— Data CMS
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- | 1 o ..
", 140 < p™** < 200 GeV 0.l X diet 14<M, <18Tev (+0.3)
L. — : . __\ \ |
= J e — — =t =
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3 4 4 T Sl T W . -
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1:_ 0i0ne. 8 ® @ S g § e i i R
F A ' | : ) N fEPET EPEPTE PRI PRI PO (U SRR
/2 2n/3 5n/6 T 2 4 6 8 10 12 14 16
u . u Scale Dt.ependence A(Pd,m [rad ] Xdijet
PDF Uncertainty . ?L%
2 Nort:Bex. Uncertalnty Phys. Rev. Lett. 106 (2011) 201304
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Dijet Mass and Jet substructure

Differential distributions in jet mass for inclusive dijet events, defined

through the anti-kr algorithm for a size parameter of 0.7 for jets groomed

through filtering, trimming, and pruning.
Benchmark for them
Massive particles search:

W, Z, massive particles
are produced with large
Filtering: boost resulting in

recluster jet with CA with R=0.3, take massive” jet
the 3 highest subjets, re-estimate the 4-vector of jet from 3 subjets

After initial clustering

Trimming:
Ignores particles falling below dynamic threshold

Recluster with KT with Rsub (0.2) and keep subjets with pT sub > fcut
X Ahard; fcut = 0.03

Pruning:
Recluster jet with CA, using the same distance as initial algo but with
additional parameters

JHEP05(2013)090
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CMS, L=51b"at {5 =7 TeV, AK7 Dijets Pruning algorithm
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Dijet Mass and Jet substructure

Groomed jets are stable
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" Jets properties: charged particles multiplicity, shape

g 05| cms _l.Ldt=36pl;‘1 - % “IHERWI | - - ( ): ( ) ( )
: g | £ [HERWIGH e | (ORy (P )= (00, \Pr )+ (01, APy
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........ hia Tune D6T ] I . ata (\s = 7 TeV) - 2
N, e i T ;%gjﬁﬁ:?ﬁ‘ ] _Z(Xi (X)) B
b Integral e, | s e : Z Pr
15 —Jetshape : r ] ie jet
s T I
S i : : . .
: s : A Unfolding to particle jets is done
setp GV 0% i o with bin-to-bin and Tikhonov
regularization method with the
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2 o oms [Lar-ssp’ A T PP\S=TTeV CMS |Ldt=36pb" :
E 1% omf o 1 DemMsl ] Jets become narrower with
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g Z . ey 3 . .
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~Results gives impact to modeling PDFs, parton showering,
~fragmentation function 26
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7TeV, 36 pb-1 -

Color coherence

f’fOutgoing partons produced in the hard interaction continue to interfere with each other

during their fragmentation phase.

(I)z'(l)g

parton2

y4

Ingoing parton
Observable:

§03_¢2j
Nz —#>

L= arctan[

partonl

0 0211002014

Ingoing parton

LHC days in Split, 27 September-4 October,

In the presence of the
color coherence third
parton tends to be in the
plane defined by beam
and the second parton
e.g. p->0 or B->n

In the absence of the
color coherence there
IS no preferred direction
In the emission of the
third parton around
radiating parton

CMS-PAS-SMP-12-010
27



Color coherence

< 7 TeV, 36 pb
Analysis of the color coherence — p

LI N T T T T T T T T L T
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Small-x QCD

Connection between various scales in QCD (for instance, between PDF and the high-

momentum scattering) is performed via evolution differential equations.

In small-x region standard
approach to NLO QCD
perturbative calculations.
DGLAP (expansion in terms

of power of ag In(Q?)) is predicted to

be not sufficient. An alternative
approach is BFKL (expansion in
terms of In(1/x)).

Non perturbative effects,
Multi Parton Interaction
(MPI) etc. models have to
be tuned to data.

0211002014
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Inclusive forward jets production

Jet 3<|n|<5
CMS,pp—jet,  +X\s=7TeV, L =3.14pb" . .
T [ ' T @S ome —1 1. DGLAP evolution + parton showering (PYTHIAG6/8,
NLO @ NP . .
3 10° ——rmsea 1 HERWIG 6) with the different UE tunes
- F 1  seesesens (Tune 1) .
2 ol = = FOWHED WPYTHIAG) DGLAP with angular ordered shower (HERWIG++ 2.3)
5 ;_—_-.;g;sme' | 2. NLO (POWHEG)+PYTHIAG6 or HERWIG 6
8 10°} 3. NLO (NLOJET++)+NP corrections
% 4. CCFM/BFKL evolution (CASCADE,HEJ) + uPDF
102- '—1—‘2—"1
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T T NLO cal_culatlons are sygtematlcally o
p. (GeVic) overestimate cross-section in all rapidity
, . bins. A . :
CMS, pp — @t o+ X. & =7 TeV, L, =214 pb” CMS pp — et g+ X s =7 TeV, L, =3 14pd"’ CMS pp —+ Py + X s=TTeV, L, =214 pb’'
o r T v ! A ™ o [ ey " " y 1" o r 1 v T Y T ‘
= ®  CMS Dnta = %] CMSDau = $ | CMS Dxa
@ 14 + CT10 © NP, WPOF CLES - @ 1.4/ CTH © NP, 4 POF CLES - @ 14 CT10 & NP, APOF CLEE -
- MSTW200E & NP [ 1. METW2006 O NP - + HERAPDF10G NP 1
E NNPDF21 O NP ?_ NNPDF2 1O NP E ABKMOE © NP
3] - - = HERAPDFIO® NP 9 3 « MNP Scal) 3] MNP & Scale)
512 B ABKMIS © NP ‘6“1.2 5 12
- - -d
= = =
o o o
5 o\ 1[5 mt jsiSE 5
3 | Pt : 7 B = | 3
[+ = 19 o= AN RN 40
os [ SECEIEE as [ SECEREEE 08
06 - 4 0.6 - i 08 3
AMJ\,JR:O.S. 3.2< :-.4.7 ) i - MH,IR:O.S.S.? sy <47 : AM-&,IR:O,S 32A~ Yy « 4.? i 1
50 100 150 50 100 150 50 100 150
p, (GeVic) p, (GeVic) p,(GeVic) 30
..02’/10/201‘.4; LHC days in Split, 27 September-4 October, ‘ JHEPO6 (2012)036



-

Poldp.dn(MC) / Fo/dp dre(data) I

)
4]
=2
Q<
5,
[
Q
°
(=]
o
3)
=
[t
B
[
)
0
- %6

gl === PYTHIAG (22)

CMS,pp — jet_+jet +X\s=7TeV,L =314 pb’
T T T T T T

B L] Data
PYTHIA 6 (DET)

-----------

PYTHIA 8 (Tune 1)
— = POWHEG (+PYTHIA 6)
- CASCADE

C)/ dzcsl/dedﬁ1 (datla)

' Foldp_d'(M

100 120 140
central jet P, (GeV/c)

(a)

. « 1
CMS, pp — jetw+ jet_+ XA\s=7TeV,L =3.14pb
T T L3 1 T

central jet p_ (GeV/c)

— T
3l ® | Data 1
....... HERWIG 6 (+JIMMY) 2
——— HERWIG++ ’g’_

- POWHEG (+HERWIG) 18

------- HEJ ©

ol 1o
&)

....... =

oo o B S M e s RO Y 0P rin Ay L =
m-l_————-"’""" ............. g’-
e m%-e--2 @ » ? NS

B

n<28 'Qb

40 60 80 100 120 140

n
(4]

N

b
B H
|

0.5

W
T

—
T

. . 1
CMS, pp — jet, +jet + XA\s=7TeV,L  =3.14pb
T T T T T T
[® ] Data
PYTHIA & (D6T)
— v w PYTHIA 6 (Z2)
L PYTHIA 8 (Tune 1)
w— == POWHEG (+PYTHIA 6)
- CASCADE

-----------

- 32<n|<47
60 80

100 120 140
forward jet P, (GeV/c)

(b)

. . 1
CMS, pp — jetm-a- jetwﬂ+ X\s=7 TeV, le =3.14pb
T T T T T

T
| [ ® | Data
HERWIG 6 (+JIMMY)
——— HERWIG++
« POWHEG (+HERWIG)
HEJ

--------------
..............

- 32<n <47
40 60 80

100 120 140
forward jet P, (GeV/c)

LHC days in Split, 27 September-4 October,

Central-forward dijets

One jet |n|<2.8
Second jet 3<|n|<5

HERWIG6, HERWIG++ agrees
both with central and forward
jets flow

HEJ shows the reasonable
agreement with dijet data

All PYTHIA tunes and
NLO contributions from POWHEG
overestimate data

Valuable test of pQCD; possibility:
to constraint models |

31
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Dijet production vs Ay separation

>=2)lo(N,,=2)

u

= o(N.,
Run (Muelller Navelet dljetS)— only jets with highest and
lowest rapidities are considered

Probe small x regime:
BFKL evolution:
k; factorization

PYTHIA MC agrees with data while HERWIG predicts higher MC ratio.
BFKL motivated generators (CASCADE and HEJ+ARIADNE) predict significantly

stronger rise then observed.

CMS, pp.\s =7 TeV CMS, pp.\ns=7TeV
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Angular correlations of jets

- Events with at least two jets passing cuts: p.>35 GeV in |n|<4.7.
For a pair of jets with the largest An (Mueller-Navelet dijet) the angular distance is
calculated: Ap = ¢1 — @2

« We study Ao distributions for different An, and correlation factors C1, C2, C3

and its ratios C,/C_, C,/C,

CMS Prellmlnary \s=7TeV, Jldt 5pb

. =< - > 141 ‘
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Double parton scattering

W+
The measure of the
. Size of DPS contribution

o~

09
Mo, *o
Ot — 2ADPSB
O ptB ,
) q
g
Double parton scattering Single parton scattering
o 35[ e-CMs Preliminary (W + 2 jets)
i .. E | =ATLAS (W +2jets)
Template fit of the sensitive observables to G a0 TCDE
f|nd O . - -‘:}-Correc{ted.ClDF (1 + 3 jets)
eff o5 — DO (y + 3 jets)
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il,ﬁ(tﬁ[tMi'nBiaS (MB) eventSS‘eil'ction

Trigger System

BSC1 - ).JL=2,=E=JI - BSC1

HF+ +10.9m" —— ~ -10.9m HF-
BSC2 +11.2m HT;__M-TI' -11.2m BSC2

BPTX BPTX
+175m -175m

Trigger :
Beam crossover
Activities in forward calorimeters & scintillators

Offline event selection :
rejection of the beam halo & beam background
3 selection of main primary vertex

some diffraction rejection cuts if needed i

i : A LHC days in Split, 27 September-4 October,
|///02/10/2014+
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Acceptance |n|<2.5

= T0B BEES TEC
HERIE (S R e
- . TERRERRN
» [——sistripdetdctors | | | | | |
= R T a1 A Al
= ey i 0 R P
ool =iy L 1 2 e
1| Sipixels detectors Single
& : i Double

2000 2200 2400 2600 28BO(

Standard tracking down to 100 MeV

Dedicated low pt tracking used for some measurements

Particles identification is available for low-pT hadrons via energy losses in:

pions, kaons, protons

0211002014+

LHC days in Split, 27 September-4 October,

36



||

. |

¥
x4

. &
|"'« £ T
I i BR . =
(] S T
|' “l | R e p-> 4 §
I‘,‘.Ivy I'l ‘ O K . 8
VE §
; ; R
I‘.‘l"l‘ y 5 m
W P2 e |
[ - S = 2]

i Everythlng in event that is not hard interaction (ME):
I soft&seml hard interactions which are not described

"Wlth pQCD
| ’B’eém remnénts (BF{) vyhel't r’em,am's éﬁer the

-"I'

RN ‘-.- . — ey ;.. . ¥

,lmu.a,l (181?}),&::10‘ f,m'aL.(FSR)‘kg)tate radJatlon S 'f

I ’ I

‘ Multlple Parton JnieracianS CMPJ) P b1gher pt_ g

mtetactIO,nS _>ADgu6]e Parton’ SCajtermg %

f r'.‘l“‘l'.'r'.l' 1"

‘Underlying eve

mter’ae’tlng pﬁr-t’ons Iéft ‘the haidfon . '“_

- —‘.‘- '—‘..p-

»

Jets Transverse Transverse

<,

UE activity is typically studied
in the transverse region in pp
collisions as a function of the
hard scale of the event, and at
different centre-of-mass
energies (Vs):

Particle production in MinBias
events or events with high
energy track or jet (hadronic
events)

Drell-Yan events




Two notes towards
jet production measurement

NLO calculations are corrected
to particle level for fragmentation

Measurements are corrected to and MPI effect with and without
particle level via either unfolding Including parton showering
procedure or bin-to-bin corrections using LO+PS generators
Detector s lap —— 3
5 16E PythiaZ2 3
@ =~ F — Herwig2.3++ =
Ww 4 cF —— Systematic Error 1.o5<lyl<2 3
 1F 3
‘ 2 4 1: 3
. -.6 ) 3 E
' J e 1 B _:
ekl FsE O 1.2 E
‘ e {(f{‘{ g 14 . E
-, © : e scronmssesesecs
3 3 :3:""}7‘ 15 1: _____ -
8~ M%&{,ﬁ £ 09f =
;\(‘/ﬁ\\w—«_ ) &. 0.8F —E
) \ c g E
O 0-7 Ll III L 1 1 L Ll 1 II 1 1
>’~/< = %60 100 200 1000 2000
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Jet clustermg techmques

-

lterative cone

“~ Fixed cone algorithms:

lterative Cone (CMS) / JetClu (ATLAS)
Midpoint algorithm (CDF/DO0)

Seedless Infrared Safe Cone (SISCone)

Successive recombination algorithms:
g

d; mln(k2IO k2P .
R

ti "M

diB:kﬁp

|f(d <dg)addito]
and recalculate P,

p=1->k. jet algorithm
i p=0 ->CA jet algorithm
p=-1->“Anti-k;” jet algorithm
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Jet energy corrections schema

Required Optional

Factorized approach for jet energy corrections:

1 “Offset” - removes unwanted contribution from
| noise and pileup
‘Relative” - removes variation of response

vs n W.I.t the central region We correct for:
(in-situ: dijet p, balance) Calorimeter response
“‘Absolute” - removes variation of jet response . .
vs jet p, Magnetic field
(in situ: Photon+jet p; balance, MPF method) Electronic noise/tower
' "Residual” - remove the residual difference thresholds

between JES in MC and Data _
Dead materials and cracks

Longitudinal leakage
ey | Shower size, out of cone#oss

i LHC days in Split, 27 September-4 October,
0211020147 1
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use of tracker detectors
decreases the value of
the residual corrections.

The better we know
response function the
more exact
measurements
deconvolution we can
perform
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CMS results consistent with existing results at low Vs. Spectra also
~ measured differentially in bins of particle multiplicity, to further constrain

hadron production models.
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