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 (QCD processes are dominant at LHC.
LHC is a jet factory.

* Jet measurements @ LHC

provide a test of pQCD in a previously
unexplored energy region.

Check SM predictions at high energy
scales.

Measure and understand the main
background to many new physics
searches.

Provide constraints on PDF’s and
probe the highest energy transfers at
which to determine a..

Excellent place to study multi-jet
production.

Introduction
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CMS detector and Integrated Luminosity - '}

Electromagnetic Calorimeter (ECAL)

Return Yoke

CMS detector pseudorapidity coverage:
* Tracking: |n|<2.5

Calorimeter

* Central Calorimetry: [n]|<3
* Forward Calorimetry: 3<|n|<5

Inner vacuum Tube

Tracker

Superconducting

Magnet CMS Integrated Luminosity, pp

Data included from 2010-03-30 11:21 to 2012-12-16 20:49 UTC
Muon Chambers ‘ i .

Hadronic Calorimeter (HCAL) - 25 T 20i0 ; Telv 44_‘; - T 25
£ —— 2011: 7Te\l: s.1l fhp‘
.‘? 20 — 2012, 8 TeV, 23.3 b ' 120
Very successful LHC operation and CMS E | |,
data recording during Run 1 : 3
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Jet Reconstruction 4
* Anti-k, clustering algorithm : Infrared and collinear safe. neutra,?
Used with R=0.5 and 0.7 (for LHC Run 1). paden 5
« CMS Particle Flow Jets (PF Jets) : Clustering of Particle Flow phmf;”

candidates constructed by combining information from all
sub-detector systems.

CMS preliminary, L=49fb" (s=7TeV

&
0.
g . * PF Jet composition
5 e Ch d had =~ 609
4 8, arged hadrons = 60%
(]
g L 0. * Photons = 30%
s * Neutral hadrons = 10%
(@)

* Leptons=2%

30 100 200 1000
P, (GeV)
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Jet Energy Scale Calibration at 8 TeV
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* For the jet energy scale calibration CMS adopted a Factorized approach.

MC Calibrated
Jets

Applied to simulation ——

Pileup — corrects for “offset” energy
* Response — Make jet response flat on n and p

* Data/MC residuals — residual differences between data and MC
* Flavor (optional) — corrects dependence on jet flavor
19.7 b (8 TeV) 19.7 16" (8 TeV) 19.7 16" (8 TeV)
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g 1.3F —+—10<p<20 © 1.3F —+10<p<20 3 *g 1.3F ~4+-10<p<20 =
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Jet Energy Scale Calibration
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19.7 6™ (8 TeV)

[ EMS T ek Bl e i« Pileup @ subtracts offset energy from multiple pp collisions
e - Preliminary B Photons -
S L i neos ST 1 Prreco(WithPU) = Prpeo(NOPU)
Q 0.8+ @& Hadronic deposits -]
o~ Fo<u>=19 [©] Unassoc. charged hadrons ]
\j/. 3 Bl Charged hadrons 1 . .
< osb 1 ¢ Simulated Response : Flattens jet response vs n and p;
% ! ] Treco(MC) - PTpth(MC)
g o4 -
[ 1 » Residuals : Data/MC differences P (data) = P;,..,(MC)
0.2 . . . '
‘ * Relative (n) : derived from dijet balance

* Absolute (p;) : derived from y, Z + jet and multijets
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At LO in pQCD the two final-state partons are produced
back-to-back in transverse plane.

The production of a third jet leads to a decorrelation in
azimuthal angle.

2n/3 < A(pdijet <m

If more than three jets are produced, the azimuthal
angle between the two leading jets can approach zero.

o< A(pdiiet K71

The dijet azimuthal angular decorrelation probes the multijet pro-
duction processes without measuring jets beyond the leading two.

P.Kokkas, Univ. of loannina 9



The observable:
1 dogijjet
0 gijet AA@gijet

Jet pr > 100GeV, |y| < 2.5

Measured for seven regions of the
max

leading jet py

Systematics
 JetEnergy Scale: 7% - 1%
» Jet Energy Resolution : 5% - 0.5%
e Unfolding 1%

The A@gijet distributions are

strongly peaked at t and become

steeper with increasing p°* .
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The Measurement

arXiv:1602.04384 19.7 fb™ (8 TeV)
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PDFs

Calculations performed with NLOJET++
& FASTNLO.

3-jet NLO calculation (3-4 partons):
* NLO precision : 27/3 < A@gjjer < T
* LO precision : /2 < A@gjjer < 27/3

Normalization to dijet cross section:
* NLO: 271'/3 < A(pdijet <T
* LO: /2 < A@gijer < 27/3

Scale choice : p, = pg = pp"
Base set Refs. N¢ as(Mz)
ABMI1 [30] 5 0.1180
CT10 31] <5 0.1180
HERAPDF15 [32] <5 0.1176
MSTW2008  [33] <5 0.1202
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Comparison to fixed-order NLO calculations in pQCD

arXiv:1602.04384

19.7 o' (8 TeV)
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Comparison to fixed-order NLO calculations in pQCD _} ?
%”&;ﬁ"f‘“;‘f;‘ﬁ.
cMS 19.7 ! arXiv:1602.04384
« Scale uncertainty : varying independently b oo ‘ %%':?EEO o
1/Q and p/Q from % to 2, and get maximal 1:: : Iheory CTIONLO POF

PDF & o, uncertainty
ABM11

NNPDF2.1
MSTW2008
HERAPDF1.5

deviation.

* PDF uncertainty : following prescriptions of
CT10 set, varying eigenvectors up and down.

900 < p:m < 1100 GeV

* o, uncertainty : vary os(M, ) by £0.001.

|
J

Ratio to Theory (CT10 PDF)

o o _ A a4
Qo @ o N A~ O
L LU LU DL LN A L

* Nice agreementforA(pduet> except S o

1.8F 1B
for the highest p1@* region. ref 7+ 00 <5 <so0 o] 00 <5 < 700 GV
14:—+ ++ . —;-++ .-
2E b, 3F
2 For— < AQ@gijet <2 systematlc discre- e
0.8 I
panC|es are exhlblted that diminish with T
max 1.8 i )= 3
increasin i :
& pT 1.6 200 < p™ < 300 GeV ;_’{‘“+ 300 < p™ < 400 GV 3
raf, E|s E
1.2 e 4 4 . E
. For— < A@gijet < = same pattern but with N VU | SRR, SR PR
o8f o 48 .~  E
less S|gn|f|cance. 06E- El E
/I2 2I/3 57|:I/6 — ;5;5/52 27clf’3 I5:/6 7
" " Aq)ciijet(ra ) EAq)duet(rad)
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« MC generators used:

Generator | Calculation _ Tune

Pythia6
Pythia8

Herwig++

MadGraph

Powheg

LO dijet
LO dijet
LO dijet

LO2to4
partons

NLO dijet

pT-ordering
pT-ordering

angular
ordering

Pythiab

Pythia8

ﬂ.ﬂlhla#‘- '
'S'f;wte 22\

[n]
oy § A‘ﬁr %
Comparison to MC generators HE . MK
25 &5
e T
(o' arXiv:1602.04384 19.7 o™ (8 TeV)
E w-ems 00 Pythiée zo _
- - mmme=e=e- Herwig++ ]
3| B = ]
gﬁ g 108 |— Pythiag CUETM1 -
© — ——m- MadGraph + Pythiaé Z2* —
v—|t;{'-’? 10" -~~~ Powheg + Pythia8 CUETM1 =
— Antik, R = 0.7 -]
nl v P> 1100 GeV (x10%) e
107 4 900 <p™ <1100 GeV (x10") RRL _:E’
O 4 700 <p. ™ < 900 GeV (x1 08) ] e ]
10°— © 500 < p'Tnax <700 GeV (x10%) . gg‘?" -
T = 400<p ™ <500GeV (x10°) wE .
C o 300<p]™ <400 GeV (x10%) e ‘_—"' =
/2% 107 ®  200<p™<300GeV (x107) == e =
. == s e
= o - ]
5 —]
CUETM1  10°; = e 4
— e =N - __|
- e - 4
EE3C 10° = L we e =
r L A *‘ o
— kit -_.1‘ .’.’-& —
i EREEm AR o !,'U'"v i
10 — B d :g:'?"., ‘.:
" "7 =aa=aa - |
/2 * B ———— T mnﬂgn ....-F"—-. 7
10° spns ]
;.a--t...:',..-.--F-. e ]
-5 _|
107 E ] ] | ! l ]
0 /6 /3 /2 2n/3 5n/6 T
A ra
¢dijet( )
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Comparison to MC generators 18 A
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CMS arXiv:1602.04384 19.7 b (8 TeV)

ok o F’ythiélaﬁ 72 o E_ Exp. uncertainty L _
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o 05F ™ > 1100 GeV . . . o > 1100 GeV . . . 3

.. . T e o B ‘ E
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0;: :%-,::L#gw : +++: fé*mmﬁf

* Similar behaviour for the NLO dijet 4}' e 1 500<'pm<7[;069\,_§
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1F Tty 3 e mﬁﬂwﬁﬁ*ﬁ
Pythia8. T o

2-:?: 400<p <500GeV I e 400<p""5"<500GeV_§
* Best description by the tree-level e :?—*"Cﬂwﬂw ?:pj;i+**ZﬂﬂﬁwﬁmM§

05F E
1 L F L L ]
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. . 15F—— —— 09,03 soopsg E RE I

T T e
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Summary R A
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* CMS has an excellent understanding of the jet reconstruction and energy
calibration and together with the high data quality make jet measurements
PRECISION PHYSICS.

* In the important parts of the phase space JEC uncertainties are of the order of 1%.

 The measurements of dijet azimuthal decorrelation at 8 TeV is presented
* Presented for the first time in the whole phase space : 0 < A@gjjer < T

* Comparison to fixed order NLO calculations show an overall agreement to data
(some systematic discrepancies are exhibited)

e Best description of data by the tree-level multiparton event generator MADGRAPH
* The observations emphasizes the need to improve predictions for multijet production.

http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-14-015/index.html

P.Kokkas, Univ. of loannina 15
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SPARE SLIDES
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Jet reconstruction algorithm requirements  :: ??

Infrared safety
* Ajetalgorithm is infrared safe if, for any
n-parton configuration, adding an infinitely

sdft radiation may cause
soft parton does not affect the result at all. merging of 2 jets

Collinear safety B
 Ajetalgorithm is collinear safe if, for any
n-parton configuration, replacing any \ .
massless parton by an exactly collinear
pair of massless partons does not affect n Collinear safety
the result at all.

i

Same jet algorithms for data and theoretical predictions.
* so that perturbative calculations can be compared to experiments.

Detector independence.
Not too sensitive to underlying event and pile up.

P.Kokkas, Univ. of loannina 17



The algorithm first defines for each protojet its beam distance: d;z =K;
and for each pair of protojets i,j their relative distance :

A
ki)

d; =min(

n
ti !

R:
D 2

whee AR = (yi —Yj )2 + (€0i — )2

with D a jet radious resolution parameter being of the order of unity and k,;, y; and

k; and anti-k; : Sequential Recombination ey
Zz 2>

i N yo

Algorithms -2

@; the transverse momentum, rapidity and azimuth of particle i, respectively.

« Inasecondstep,if d;>d; the protojet i is defined as a jet and removed from
the list, otherwise the two protojets i and j combine into a single object.

* k;algorithm is defined for n=2 and favours clustering of low p; protojets.
* anti-k; algorithm is defined for n=-2 and favours clustering of high p; protojets.
* Both algorithms are infrared and collinear safe.

pt[GeV]_i ) - =] kT Jets

seen | antik; Jets

AR

18



Data/MC

S
1" cMS

- Anti-k, R=0.5

<u>=19

RRARNRRRRNRAREN
128 %

S

5 -4 3 -2

5
n

Al X
Pilup offset corrections 4 )
S
* The Pileup offset corrections:
IIIl\llla;rlktla#sl:l[)létela,lAil:;c?;rzajj:-;/llisIT?I\?  determined from simulation (QCD) with and
B PHotons without pileup
I EM deposits
o eutral hadrons ] * Parametrized vs:
B Crarged hadrons * The offset energy density p
e Thejetarea A
e Thejetn
* Thejet p;
* Residual differences between data-MC vs n
 Determined using the Random Cone (RC)
I N method on minimum bias events
" PFACHS o~
hﬁ; * PFchsjets:
""16451',,4'{ * Charged Hadron Substruction (CHS) method

remove tracks originated from pileup
vertices.

P.Kokkas, Univ. of loannina 19



wHINGy,
D'S":; WAL EE

Simulated jet Response 4 )
ﬁf&;ﬁwmnﬁg.

Y g0t o

a) 9IM§ TTT | TTTT | TTTT | TTTT | TTTT | T I“IIgl-Tlflbl-'il I(I8IT|e\\{2 * SimUIated jet response CorreCtionS:
2 12- 2012 JES: Anti-k, R = 0.5, PF+CHS| « Determined from Pythia6 Z2*
o L 4
Q. 4o Barrel Endcap ~ Forward - * Detector simulation with GEANT4
® "' BB EC1 [EC2 | HF .
% na E e Corrections have:
o [ P | - ] * Stable response in barrel
_|G_|.) 0-9'!'“ .......OOOOoOOOOOOOOOOOOOO | - .
© - d i oo | ] * Lower response in endcaps
S B o... 6600 g 7
£ 08¢ R A  HF performance similar to endcap
N - eee0e®® o .
0.7F | o] * Uncertainties:
: [ ] — O — g o . . .
06 . BT _ ;g gzx . ST - gggoaggv r * Modelling jet fragmentation (comparison
F . j 100 GeV lT N to Herwig++ EE3C)
0-5 1111 1111 L 111 1111 1111 1111 L 111 L 111 | | | . . .
0 05 1 15 2 25 3 35 4 45 * From detector simulation using the CMA

Jet In)| fast simulation
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Residual n (Relative) corrections R )
Vgt
. ) . Barrel Jet (|n|<1.3)
* Residual Relative corrections: \ ? /
* Determined by dijet events.
* The dijet p; balance technique is employed Probe Jet
taking the barrel jet (|n|<1.3) as reference / \ atanyn

and the other jet (probe jet) at any n.

19.7 fb™ (8 TeV)

c SR B BRI B ! E
O 1.18-cms Anti-k; R=0.5 PF+CHS
S 1.16- -
g 1.14-p (et =
=112 60 GeV . * Residual Relative corrections:
© L. E _
= 117 . 120 Gev ] * Increases at low p; in endcaps.
£L1.08- — . .
& 06:__240 GeV + E e Large 10% residual in HF
1,047 480 GeV -
1.02" =
1B ________________________________________________ i
1 1 1 1 1 | 1 I | | 1 | 1 I
0.9 1 2 3 4 5
mi
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Residual absolute corrections:

* Usingy,Z + jet (30<p;<800 GeV)
* Using multijets (p;>800 GeV)

Methods

* The MPF (missing E; projection fraction)

* And the p; balance 5 1.08———— —
. _ = [ CMS p® MPF
* Both methods exploit the balance in O 1.06[ — —+ Multijet
the transverse plane between the y, Z | oa M1 020350 = o yajet
0. . L - -o- Zee+jet
and the recoiling jet o o Zup+jet

Final result from a global fitto y,Z + jet

and multijet data.

Residual Absolute Scale Correction ?*I

HCAL

19.7 0™ (8 TeV)
T T T T T 1 | ]

—

o

N
T T T

Shifted jet response (
o
©O
Q0 —

o

©

>
T

- After global fit |
— %2 /NDF = 107.5 /92 -
B | | | 1 | ]

L1 1 1 1 | L1 \Il
40 100 200 1000

©
({o]
=
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JEC uncertainty [%]

Total JEC uncertainties

JetFlavorQCD is the dominant JEC for inclusive jets
Time stability dominant at high p; (excluded if whole 8TeV sample is used )
Pileup uncertainty is small due to absorption into residual n+p; corrections

Other main uncertainties are absolute and relative scale
Minimum of 0.32% at p;=200 GeV and |n|=0 (excluding flavour and time)

Minimum of 0.60% at p;=400 GeV and |n|=0 (all uncertainties)

19.7 o' (8 TeV)
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MET/SumET selection cut

 Optimization of background in small A(pdijet

19.7 o' (8 TeV) 19.7 o' (8 TeV)
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Comparison to fixed-order NLO calculations in pQCD :: & ::
;%'&;%umﬂﬁg.
cMs oy arXivi1602.04384
* 3-jet NLO calculation (a¢, 3-4 partons): E ooy : gijfgo“
* NLO precision : 2m/3 < AQgjjer < T 3 3 Soe umvenalnty

PDF & o, uncertainty

» LO precision : /2 < AQgjjer < 2T/3 €t - %[++++*: ﬁi;“éé\:m
5 °°F, | .3 17T fErarorts
* Normalization to dijet cross section: I E|d aco < E
[E : :_'7% <ql <11ooeeVE
* NLO: 277,'/3 < A(pdijet <T g;: iE + E
+ L0: /2 < AQgjjer < 27/3 € = M
0.ﬁz_l | | _;:_I | | _E
1.8 + 4F =
16 400 < p:a" <500 GeM [ 500 < ™ < 700 GeV
* Improved description of dataat /2 < 14-+ - |3 ST E
A@gijer < 21/3 by normalizing with LO dijet " e St JE

cross section. Avoids artificially increased ot + T3E -
0.6 == -
scale uncertainties see: e
° JHEP 12(2015) 024 1-6;_++ 200<p$“<300<3e\?§ ;_’{“w}* 300<p$“<4ooeev—;
1.4 = -
*  Nucl.Phys. B 513 (1998) 269 S (e LN 3
T | —rra =g
o8 . e | + =
Oez_l | | _zz_l 1 | —i
/2 — 2n/3 — Sn/gq);i]et(;’adr)cn/E — 2n/3 — SEIAGAGJ;Jet(II’adT)E
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http://link.springer.com/article/10.1007/JHEP12(2015)024
http://www.sciencedirect.com/science/article/pii/S0550321397007116

