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Introduction - QCD

* LHC is a discovery machine (- Higgs 1st anniversary)
* Why doing QCD measurements ?

- dominant process at LHC

- LHC provides previously inaccessable energy regime
- provides wealth of new measurements

- constrain PDFs — parton density functions

i - last but not least: main background for many searches
* Why measuring (QCD) Jets ?

- manifest confinement i.e. no free quarks
- reflect approximately interactions of partons
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Introduction - LHC

excellent performance of =~ = = msowemz s fia- zo::;
LHC over last years
- huge datasets to analyse 3 ..

40F

ATLAS 2012: ~21 fb

20F

2011: ~5fb S

sing

O O O :I Mean Number of Interactions per Cros!
[]

10 ATLAS Online 2011, \Js=7 TeV I Ldt=5.2 o'

varying levels of pileup
during run 1, from ~zero
up to almost 40 coll./xing!

Recorded Luminosity [pb ]

reqU|reS new teChnlqueS 0 2 4 6 8 10 12 14 16 18 20 22 24

ing

Mean Number of Interactions per Cross

to deal with pileup

- In active development

- some QCD measurements done with
low pileup data from (mostly) 2011
some even from 2010
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Jet Reconstruction + calibration

Jet Algorithm: iterative procedure to cluster particles to new pseudo particles based
on a measure of distance until a cut-off R is reached
now anti-k. recombination scheme commonly used

both ATLAS and CMS have non-compensating calorimeters for hadrons
requires dedicated jet energy calibration (JES)

(P Jet Reconstruction and Calibration

Fractional JES systematic uncertainty

Lucy Kogan

* Jets reconstructed from electromagnetic clusters of calorimeter cells
using Anti-k, algorithm with R=0.4and R=0.6

* Jet Energy Scale calibration applied:

Calorimeter jets
(EM+JES or
LCW+]ES scale)

Pile=upoffset

JES & eta
correction

calibration

Origin correction

* Jet Energy Scale (JES) dominant experimental uncertainty

0.12 I ——— — o 114 ey e e
Anti-k R=0.6, EM+JES, 0.3< | | < 0.8, Data 2010 + Monte Carlo incl jets = 412 |
0.1 4 ALPGEN:HERWIGHJIMMY v  Noise thresholds ] E 142 Multi-jet ATLAS il
X JES calibration non-closure PYTHIA PERUGIA2010 ] © [0 Track-jet Ldt=38 pb'\'s=7 TeV
[ o single particle imeter) . dead material ] 0 1.08a y -jet direct balance o
0.08 {1 Total JES uncertainty - 1.06/-~ v -jet MPF Data 2010 and Monte Carlo incl.jety

C ] 1.04 l N
0.06~ B 1.02— -
3 ATLAS ] B

R T e
r . 0.96
0024 4 499 °° RS 7 0.94— :F _
TR IINTER I, 0.92-  JES uncertainty anti-k, R=0.6, EM+JES—|
30 40 102 2x10? 10°  2x10° 0.9 152 153
jet
o [Gev] o (G

Uncertainties confirmed using
insitu response measurements

Uncertainties derived from single hadron
response and Monte Carlo simulation

EPSHEP 2013 : Inclusive and Dijet production measured with the ATLAS detector

CMS

Jet Reconstruction & Energy Scale Calibration

* Anti-k; clustering algorithm : Infrared and collinear safe. Used with R=0.5
and 0.7.

* Particle Flow Jets (PF Jets) : The CMS global event reconstruction (PF) is an
event reconstruction technique which reconstructs and identifies all stable
particles in the event, through the optimal combination of all CMS sub-
detectors. PF Jets are the output of anti-k; on the reconstructed particles.

charged
hadrons

* Forthe Jet energy scale calibration CMS adopted a Factorized approach.

- Offset Relative Absolute
Callz)r:ted — x Correction Correction Correction
2 & (pile-up) (vsn) (Vs py)

CMS : CMS preliminary, L=491b" __(s=7TeV

=10, c =7 TeV. L=35.9 pb'
JME-10-003 S ST Sos—*
JME-10-010 $9 " Extapalaton A
JINST 6 2011 g1 e S
3 ime stal =02+ E .
DP2012-006 Qs M_k'Hs:'F Jet p; resolution:
See also EPS talk: N ; Ml=0 01»’ | ~9% at 100 GeV
“Jet performance in 9 N\“*»&u\
CMS” by 1 T
H. Kirschenmann o5 00200 1000 050 00 200

P, (GeV) P, [GeV]

for 2012 new calibration and new pileup subtraction schemes are being developed
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Inclusive Jet Cross Section at 8 TeV

CMS SMP-12-012
JES dominating experimental systematic uncertainty

_ Vs=8TeV anti-k; R=0.7 L=10.71fb" CMS Prelimina ey amik o7 Lo 0710
10 [ T T ]
:_ | | T T T T T 1 T T '5 185 & DataThaory 0.0 <ly|<0.5 3
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— good agreement over several orders of magnutide !
differences data — MC mostly smaller than systematic uncertainties
NLO PDF sets agree well with data (except ABM11 — not shown here)
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Ratio of Jet Cross Sections at
2.76 TeV and 7 TeV arasaxiv: 1s0s4730

correlations reduce systematic uncertainties such that PDF can be constrained
Vs=2.76TeV, L=0.20pb?, anti-k, with R=0.4 and R=0.6

X, =2p,/Vs

X, and p, have both advantages, p, lower experimental systematics due to
common uncertainty on JES - p_ preferred observable
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this ratio becomes sensitive to constrain PDF — next slide

p(y, pT) ratio wrt NLO pQCD (CT10)
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Gluon contribution to PDF

ATLAS arXiv: 1304.4739
in general well constrained by

PDF fits from HERA data R T T T
gluon momentum distribution R0k T ATLAS -
below x<0.01 less well known oF \ -
in this analysis due to large 15 =
NP uncertainties, jets below -/ .
45 GeV excluded in fits 1 Q% — 1.9 GoV? =
2.76 TeV and 7 TeV considered 050 = HERAI fi E
A i i ; "~ —— HERA+ATLAS jets R=0.6 fit .

fUlIy COITElated In JEt Callbratlon », ZIII! HERA+ATLAS jets 2.76 TeV R=0.6 fit .
~ e 0 i HERA+ATLAS jets 7 TeV R=0.6 fit -
2 £ ATLAS 1 o € T

- . S 1.1E // =
0.8— — S = =
- ] _ 1= =
- - D — -
0.6 = = 0.9 \\\\ E
I 0.4 Q?=1.9GeV? — B 107 107 T
~ [ HERAIfit 7 X
0.2~ == HERA+ATLAS jets R=0.6 fit -
[ Ii:i: HERA+ATLAS jets 2.76 TeV R=0.6 fit ]

0‘_ v HERA+ATLAS jets 7 TeV R=0.6 fit N . .
e, 5 -1 — Harder gluon spectrum after including ATLAS data
8 115 // = As a result, sea quark momentum spectrum softer
2 093— \\ _i

) 10° 107 107 E
X
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Ratio of Jet X Sections — different R

CMS PAS SMP-13-002
R(0.5,0.7) = o(R=0.5) / o(R=0.7) ratio of unfolded cross sections

CMS preliminary, L =5 fb” {s =7 TeV CMS preliminary, L =5 fb” /s =7 TeV
’I;N B T T T | T T T T T T | : K\ : I T I | T T T T T T | :
@) 1 o - lyl<0.5 ]
¥ ER: R E
S oo ST |
x 9 1 09 g
- 1 0850 e -
;— —; 0.8 =
- ERRA ®Data E
- ] - 4 NLO®NP (G.Soyez) _
O.7-e #NLORNP 4 O07Rem L PYTHIA6 Z2 E
- ] - - HERWIG++ ]
0.65- E 0.65 — POWHEG 7
: 1 1 [ | 1 | | : : 1 1 || | 1 1 1| | :

60 100 200 1000 60 100 200 1000
Jet P, (GeV) Jet P, (GeV)

R=0.5 jets show bigger deviations (not shown here) -
non-perturbative corrections needed to improve description of jets with small radi
partonshowers in modern Monte Carlo generators mimick the NP corrections well
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. Ratio of Jet X Sections — different Njet

ATLAS CONF-2013-041

both R,, and N, have sensitivity to o

Y. (doy _,/dp; )

lead
lead dON >3/dp - N ( alljets)_ i
— —— ' Ry, (pr™)= s2\Pr )=
.. lead Z (d o /d )
k: - ATLAS Preliminary doy .,/dp; N,>2! AP |
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B 1 g 14f\vs=7TeV — 20 : 20 4 Z14p\s=7TeV — 20 : 20 o
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0.4+ q‘F: |I|Datago1o - E13¢ w10 p 20 o E 130 1.0 : 20 T
- NLOpQCD,PDF ] £ . F 10 : 05 § £, f 1.0 : 05 1
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3 ' o - 1 © O ]
S S 0.9 S B2 X RN ]
\E" . & I S DR | - o ; B o ]
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Qo 2 N et . 8 C .
= v | ATLAS Prellmlnary Simulation 0.7 . ATLAS Preliminary Simulation]
] 200 400 600 800 1 000Z 200 400 600 800 1 OOO
100 200 300 1000 P [GeV] ple) [Gev]
pl-lt_aad [GeV] T T
N, has lower sensitivity to variations in scales
— used to determine o shown on next slide
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G 0.24F
N
S 0.22

0.2
0.18

0.08

0.16}
0.14f
0.12f

0.1f

Determination of Running of a_

ATLAS CONF-2013-041
T | T T T T T TTT ‘ T T T 1T 17717 |_
~ e ATLAS 2010N,,
—4+— D@ inclusive jet
—— DOR,

—a— H1 inclusive jet
—— ZEUS inclusive jet

s PDG 2012 world average
0s(M )= 0.1184+ 0.0007

~ ATLAS Preliminary t

|- | | | 1 1 L1 11 ‘ 1 1 1 1 L1 11 | i
10 10? 10°
Q [GeV]

ATLAS:

0.24
0.22

0.2y

0.18
0.16
0.14
0.12

0.1
0.08
0.06

arxXiv: 1304.7498

CMS Ry, : 0tg(M,)=0.1148"" "%
CMSR,,

DO inclusive jets

DO angular correlation

H1
ZEUS

<= [m] o] =3 -

ag(M,)=0.111+0.006 (exp) **'°(theory)

—0.003

previous measurement from CMS with similar technique:

as(M,)=0.1148+0.0014 (exp)+0.0018 (PDF ) 9999 (scale)

—0.0000
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o, measurement from Jet Masses

CMS SMP-12-027
. 2
=(p,*+p,*+p;)

ymax:SIgn(|maX(J’1aY2:Y3)|_ mm()’l:)’2a)’3)|)'max(
CMS preliminary L£L=50fb1\/s=7TeV )
s G — — 1] unfolded spectra agree well with theory over
| N 3 —o— [ylmax <1 five orders of magnitude and up to m, of 3 TeV
"é 10 T TS | —0— 1< [ylmax <2
§ 10! """"""""""""""" """""""""""""" """""""""" CMS preliminary L£=50fh" \/_ = 7TeV
o (U S SR S S S 0.22 e R : —— JADE 4Jet rate
B 0Bk S S & '[—C— LEP event shapes
S 0.20 ‘| —O— DELPHI event shapes |
SG 10T e TR |—O0— ZEUS inc. jets
OO b 0.18 —{1+ H1DIS |
6 Anti-kt R =0.7 ’ —/— DO inc. jets
10~ _MSTWZOOSNLO """"""""""""""" """""""""" | —V— DO angular cor.
10~7— : : 0.16 — 0.1184 + 0.0007 (world avg.)
5102 103 2.103m o 1100097 ot ey
i 3 0.14 ‘
running of alpha_s agrees well with o1 g g Y - - ]
prediction up to Q ~1.4 TeV | o 1P TRRRE -

0.10 /== cMsRazrato |- - e . ---------- ]
it ; I —— CMS ¢ prod. ' ' ; 3 ;
initial studies show sensitivity of m, to B IS N U B B

Q [GeV]
+0.0025 +0.0068
a,(M;)=0.1160 *00° (exp,PDF,NP) 1 > (scale)
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K, splitting scales in W->lv

= 10~ T =
5 ATLAS E .
§ . aras ATLAS Eur. Phys. J. C (2013) 73:2432
H’D E ﬁ:?TeV » 3
. F [ Ldt=36pb" - - : .
S0 Woe k_ jet algorithm:
3] E T
o F —e— Data (Syst + stat unc.) 2
L o4 L — ALPGEN+HERWIG A R
- E ——— SHERPA (MENLOPS) d = ] ( 2 2 ) J A RZ _< )2+ (q) q) )2
Y MC@NLO j— MNPy, Pr )= i—\Yi—Y; i~
= -~ - POWHEG+PYTHIA8 _ 2 R
105 - POWHEG+PYTHIA8 diB_ pT
s k. recombination approximates QCD evolution
o T B =
= Ei
Q 1E === . . . . . .
2 o Sl partial cancelation of systematic uncertainties in ratio
Bl of splitting scales
+/dn [GeVl
o 4 T T | — — 3 3
ko] o 3 — C T T [ —— o C T T I
5 35 —— Data (Syst + stat unc.) ATLAS -% R _ ATLAS l% S . ATLAS
S Y L ALPGEN+HERWIG Data 2010 (v/5 = TTeV) T L5 gata(syslt_'+5tat”"°) Data 2010 (y/5 = ?TeV)_ T 5 gata (Syslt_fsm unc.) Data 2010 (y/5 = TTeV)_
— E J Ldt =36pb™" 2 — —— ALPGEN+HERWIG Lot = 365 I — —— ALPGEN+HERWIG [t~ 365"
® 3 -~ —— SHERPA (MENLOPS) /do > 20 GeV 5 - —— SHERPA (MENLOPS) i GeV 1 % T —— SHERPA (MENLOPS) 5 GeV ]
o S Mc@NLo T o2 - Mc@NLo vy > 20 Ge - ) M Mc@NLo vz > 20 Ge .
= 25— W — ev - b F ] © F ]
- £ ——— POWHEG+PYTHIAB = -~ - —— POWHEG+PYTHIAG W—ev = - ——— POWHEG+PYTHIA6 W—ev i
2 ——- POWHEGJ'PY_TELA?-——, 15 ——— POWHEG+PYTHIA8 15[ ——— POWHEG+PYTHIA8 o e M
8 It I e, ol S e =T
15 ' ——— F - e
10 1 —= =
05— 05 -
0 E T
g 15 =
S 5 -
g o 3) E______]
= 05 2 05
107! 1 101 1071 1
/dq/dg \/da/da

hard QCD regime better described by multi-leg generators ALPGEN+HERWIG | SHERPA
HERWIG PS gives better description for +vd1/d0 (two hardest branchings)

August 11-17, 2013 R. Seuster Recontres du Vietnam 2013 13
- — e S S




| Colour Coherence

CMS PAS-SMP-12-010

B:|atan2 (A D,;, Aﬂ23)|
anti-kT with R=0.5

colour coherence suppresses particle emission around pi/2

t
¢

' Q

and enhances emission at O, pi

N

»
H AL AL B NN RN BRI BRI B R NN AL LA L R B L L B R WL O Tl
0.1 CMS Preliminary L= 36 pb" Vs=7TeV _| 0.1 CMS Preliminary L= 36 pb”" \s=7TeV _]
[ <08 0.8<Mh)<25 )
0.08|— — 0.08—
[rel =% -
T T .
> > 0.06 —
T o i ]
= [ = i i
= o004 — = 0.04 —
a Pythia6 D6T B g Pythiaé D6T i
i - —--- Color Coherence On u - —-- Color Coherence On ]
0.02- —— Color Coherence Off _| 0.021— —— Color Coherence Off _|
—e— Unfolded Data —e— Unfolded Data .
I [ ] Ll ] ] ] [P | ] L
130 3 13F E
1.2 : 1.2 3
ﬁ 11E E ﬁ 1.1E
8 1p=====-"= e i L g 1f=====--~ -+
0.9k = 0.9
= 0.8k - -=-- Color Coherence On 1 = 0.8 - «- - Color Coherence On
0.7E —— Color Coherence Off 3 0.7 —— Color Coherence Off
0 05 1 15 2 25 3 0o 05 1 15 2 25 3
B

— colour coherence in MC improves description, but still
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does not describe it fully

can be used for new tuning of MC to further improve description
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. Flavour Composition of Di-Jets

ATLAS Eur. Phys. J. C (2013) 73:2301

classify jets according to initial flavour: light quarks (U) and heavy quarks (C) and (B)
6 combinations for di-jets BB, CC, UU and mixed CU, BU, BC

create 2D templates in two kinematic variables for found vertices in jets and fit
simultaniously all 6 combinations

'_°| 94_ T T T T T T '_°| L T T T T T T '_o' T T T T T [ T T
a o ® Data stat uncert. only &, 20F e Data stat uncert. only 1 & 1o @ Data stat. uncert. only ]
c 92 [ Pythia 6.423 c . [ [ Pythia 6.423 1 g 10 [ Pythia 6.423
2 onf O Herwig++ 2.4.2 2 18F o H 242 2 O Her 2.4.2
S 90F g++ 5 r erwig++ 5 L erwig++
® r v Powheg + Pythia 6.423 S g ¥ Powheg + Pythia 6.423 @ . v Powheg + Pythia 6.423
= 88F Total error 4 = - Total error = 8k Total error -
) 1 0D E ) L i
) 86; . @) 14 g L i
- ; 1ok i —0——¢—
84r - | 6—
82, - —— 1098 ! fpf = —E%*éi
80F —o— ] 81 4:§: -
78- EI : i |
| 761 . AL E 2 -
- ATLAS - ATLAS - ATLAS ]
74_Data 2010 \s= 7 TeV, JLdt 39 pr 2r Data 2010 \s= 7 TeV, JLdt 39 pbF Data 2o1o \s= 7 TeV, JLdt 39 pb‘j
72t 50 1 00 200 300 0" 50 1 00 200 300 0 50 1 00 200 300
Jet P, [GeV] Jet P, [GeV] Jet [N [GeV]

good agreement between data and MC prediction for all 6 combinations except BU
which is higher for p.>100GeV than LO and NLO MC predictions
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Jet Shapes in Light & b Quark Jets

1.8 fb* collected beginning of 2011 ATLAS arXiv: 1307.5749

use tt events as source of clean b (from t) and light (from W) jets:
di-lepton and single-lepton channels show compatible results and were combined

mild dependence on pseudorapidity of jet; strong dependence on p_ of jet
. L _ - A )
calculate differential jet shape: _ 1 prlr—Ari2,r+Ar/2
pP\r)=——"
Ar Dr (0, R)

Y N S L B B B B BRI I AN T I I I I IR I BRRES A g T T T T
< 1ol ATLAS \s=7TeV JLdt=1_8fb-1 4 =0 ATLAS 1s=7TeV det=1_8fb-1 E 216;_/ ATLAS 1s=7TeV JLdt=1_8fb-1 E
v [ _ ] . 1 v ]
b b-jets : 7 b-jets ] 14 b-jets —
8 2Mkx Data (stat @ sys)' ] 107" MR Data (stat @ sys) -] /A MR Data (stat @ sys) .
/- --®- MC@NLO+Herwig | - --® - MC@NLO+Herwig T 12“»3}:\\} --® - MC@NLO+Herwig
Nl % - PowHeg+Pythia B 8 Y PowHeg+Pythia — 10 z PowHeg+Pythia =
- N light jets - . light jets i - light jets ]
C 244~ Data (stat @ sys). ] 6W 24444 Data (stat ® sys) — 8— e 4% Data (stat @ sys) -
LS N —&— MC@NLO+Herwig | - . —&— MC@NLO+Herwig co A —&— MC@NLO+Herwig 7
B <<= —A— PowHeg+Pythia ] a4l == —A— PowHeg+Pythia _ 6:_ —A— PowHeg+Pythia B
ol o ] - . aF ’ =
i N\ i _ - r ]
© 30GeV<p <40Gev AR ] - ] 2F E
I O, . 1 N | | Ll | L] :— _..'.—'f 0fr =]
k) E ] I E ] ] = 3
T 4oL . T 4oL . 8 4o =
g 1.2? 32035 g 3 g,”._» g 1.2p ]

- — 2 | 1

Z X b4 % z -

8 S Qos
= = s 1
o o s F .
8 S S 127 SRSSELS
g g S et
£ o5 1 Zos :
0 005 01 015 02 025 03 035 04 0 005 01 015 02 025 03 035 0.
r r

- light jets are narrower than b-jets and is more pronounced at low jet p. .

\_A“gitl.l.' well MC description of the measurement L



Other, New Results not shown

» Jet Substructure

- grooming, trimming, more aimed pileup suppression
as well as searches and investigating heavy particles

ATLAS: arXiv: 1306.4945 (submitted to JHEP)
CMS: JHEP 05 (2013) 090

» other Vector Boson + Jets

|
- complete list of (all) publications available at:
AT LAS : https://twiki.cern.ch/twiki/bin/view/AtlasPublic/StandardModelPublicResults#Jet_Physics
C M S : https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSMP
\\ August 11-17, 2013 R. Seuster Recontres du Vietnam 2013 17



https://twiki.cern.ch/twiki/bin/view/AtlasPublic/StandardModelPublicResults#Jet_Physics
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSMP

Summary and Conclusions

many interesting new results in QCD

In general good agreement with theory
predictions

few exceptions e.g. heavy and light flavour
QCD production

running of strong coupling constant confirmed
well above 1 TeV scale

QCD well understood at LHC !

\\_ August 11-17, 2013 R. Seuster Recontres du Vietnam 2013 18




	Slide 1
	Slide 2
	Slide 3
	Slide 4
	Slide 5
	Slide 6
	Slide 7
	Slide 8
	Slide 9
	Slide 10
	Slide 11
	Slide 12
	Slide 13
	Slide 14
	Slide 15
	Slide 16
	Slide 17
	Slide 18

