ﬂ 521. WE-Heraeus-Seminar

(K 22

QCD at high and highest scales

Proton

GEFORDERT VOM

% Bundesministerium
fiir Bildung

und Forschung

ﬂ(IT

Klaus Rabbertz, KIT Karlsruhe Institute of Technology
Klaus Rabbertz Bad Honnef, 10.12.2012 521. WE-Heraeus-Seminar



ﬂ Today's Menu

(K

@ Introduction

@ The Observables
+ Anything
+ Particles
+ Shapes
+ Jets
+ Accompanying Bosons

@ The strong Coupling

@ Summary and Outlook
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ﬂ Components of a Collision

(LK 222

i Run : 138919
i Event : 32253996
Dijet Mass : 2.130 TeV

a Jet 1 p: 585 GeV

Proton Proton

Matrix Element Hadrons
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ﬂ The central Pixel resolved ...

Lk

Initial State Radiation

DI

S. Gieseke

Final State Radiation

Hadronization

PDF, Proton
structure

Not shown for simplicity:

Beam Remnants
Multiple Interactions
FSR off the hard partons

Klaus Rabbertz Bad Honnef, 10.12.2012
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Assuming here: L =10%3cm~s” 10" g
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Total cross section ok = 5
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30 years ago ...

10’ T T T T
L Detector dependent “Jets’;
1y LO Theory VA2
T + Shape not so bad actuallyh
3
‘i 107"~
NE 1072~
10‘3r
10-¢ i ] 1 1
10 30 50
Ey (Gev)

Fig. 6. Inclusive jet production cross section. The solid line
(ref. [6]) uses A = 0.5 GeV while A = 0.15 GeV would bring
the calculated rates in better agreement with the data. How-
ever various uncertainties preclude a determination of A

from the data {13]. UA2, PLB 118 (1982).
Klaus Rabbertz Bad Honnef, 10.12.2012
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Some Progress

e 22
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Anything

DOV

Anything

Proton Proton
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R

Cosmic ray shower

NASA (Apollo17) CERN DESY
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(i

Tl = (25.1 £ 1.1) mb
Oinel — (72.9 T 1.5) mb
Otot — (980 0T 25) mb

Related via optical theorem;
independent of luminosity if el. and
inel. can be measured for forward
scattering

Helps clarifying source of so-called
knee in energy spectrum of cosmic
ray showers above 10"°eV

LHC: High energy — 2.5 10'%eV
No indication of change in
fundamental cross sections

— other origin

See also: R. Engel et al., AnnRevNPS (2011).
Klaus Rabbertz

The total Cross Section

Bad Honnef, 10.12.2012
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Proton

Klaus Rabbertz

Charged Particles (Tracks)

High Multiplicity

N ANMAL Y 4y
Vi
% PR ::5/

<
Proton
444/ AAM R
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Charged Particle Density

R

22

Usually the first measurement performed, requires low to no pile up
Important to tune MC event generators!

Vs Dependence of particle density at central n

Ratios vs. 900 GeV
Extrapolation of tunes to higher

5 LA LA L L) BN B B B ) I B \'s give too low multiplicity
= | ¢ UAT(pP)NSD | power law fits = . \
g [| © UAS(pp) NSD ’ - —
6—| » STAR (pp) NSD — ALICE \ INEL>0 Inl<1
-0 8|\D/||; ((pﬁ))l}l\lss% . O e 0.9 TeV — 2.36 TeV
- | x PP - # —
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A PHOJET o =
i PYTHIA - L
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- a ISR (pp) INEL 7
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i * ALICE (pp) INEL>0 | /] PYTHIA _ =
O L1l L : I : ' /D6T | ! ! | :u ! | ! 1 L
102 10° 10* 0 20 40 60
ALICE, EPJC68 (2010). Energy\'s (GeV) pre-LHC tunes Increase (%)
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Underlying Event -
~ Traditional Approach

P
R. Field

High Pt Jet Production

Outgoing Parton MPI, BBR, ISR and FSR
not uniquely differentiable
Initial-State PT(hard) q y
Radiation ¥*=., , .
<— llllllllll Nyy =3 —
Proton | ; Proton
|
Underlying Event Underlying Event ]
— Leading jet . E—
Chglet #1 Region
. Direction T ransverse”
'-_ Final-State Rezgion‘
Outgoing Parton '_‘Radiation . ”
v Other “stuff
.y g ¢ et#
Measurement possibility: but the '
=l Charged partiC|e and stum hard scatter “Transverse” “Transverse” “Toward” Region
densities in transverse region of — —
leading jet of charged particles

“Transverse”

Region

“Away”
g . 0 Region
Balancing jet
Klaus Rabbertz

]

+1
n
Bad Honnef, 10.12.2012 521. WE-Heraeus-Seminar 14




Underlying Event -
Traditional Approach

KL

Ratio of MC to data, no MC worked really well!

Conventional UE analysis,
in the transverse plane.
Charged particle density

2-5_| 1T T T | 1T T 7 | T T 7 | T T 7 | T T T | T T ]
o - —PYTHIA-6Z1 CMS\Ns=7TeV -
S - ---PYTHIA-8 4C ]
— 2 PYTHIA-6 D6T -
®) . [l syst. |
> i syst. + stat. i
s 1.5y -
P ]
© i
~— i
Z% L& B
,—«% 0.5 - charged particles .
< " (p,>05GeV/c, n| <2[60° < A¢] < 120°) |
A - leading track-jet P, > 3 GeV/c .
_| L1 1 1 | L1 1 | | L1 1 | | L1 1 | | L1 1 | | L1 1 1 ]

00 5 10 15 20 25 30

CMS, JHEP09 (2011) Nch
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Shapes

ESlSS S @ s

Proton Proton
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Klaus Rabbertz

Event Shapes

222

Definition:

Transverse global thrust

Thrust

Thrust minor

) ﬁJ—a . ﬁT
17 4 = max 2 PL ‘
nr Z’L pJ_,’i
Redefine to get T1,g = 1 — TL,Q
——

linear ~ dijet
Tl,g —7 0

Bad Honnef, 10.12.2012

spherical ~ multijet
TLg—1—2/7

See also A. Banfi et al., JHEPO0G6, 2010
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Originally:
Event Shapes in e*e" (and ep)

Played a key role in the discovery
of the gluon at DESY in 1978!

Old but still-used definition since

collinear and infrared safe:

Thrust S Brandtetal, PL12(1964),
ust ¢ Farhi, PRL39 (1977).

Klaus Rabbertz

Event Shapes

linear ~ dijet

Bad Honnef, 10.12.2012

Definition:
Transverse global thrust

Thrust

Thrust minor

) ﬁJ—a . ﬁT
17 4 = max 2 PL ‘
nr Z’L pJ_,’i
Redefine to get T1,g = 1 — TL,Q
——

spherical ~ multijet
TLg—1—2/7

See also A. Banfi et al., JHEPO0G6, 2010

521. WE-Heraeus-Seminar 18
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Event Shapes

Definition:
Transverse global thrust

Originally:
Event Shapes in e*e" (and ep)

Played a key role in the discovery

of the gluon at DESY in 1978! Thrust
Old but still-used definition since Thrust minor
collinear and infrared safe: - =
Thrust S:Brandtetal., PL12 (1964), T _ Z’L ‘pJ—;@ ' nT‘
E. Farhi, PRL39 (1977). / 1l,g — HlaX Z »
nrT . J_’ )
At LHC: Transverse global thrust ! ’
~ In praxis, need to restrict rapidity Redefinetoget 7| , = 1-T g

range: |n| < n_._-
Transverse central thrust

-
linear ~ dijet spherical ~ multijet
1. — 0 TLg—1—2/7

See also A. Banfi et al., JHEPO0G6, 2010
Klaus Rabbertz Bad Honnef, 10.12.2012 521. WE-Heraeus-Seminar 19




Central Transverse Thrust

Basic description by MC ok > DL -
T1.c =1 —max
Some deviations visible nr Zz D1,
— QOOd for tunlng! l_a)_| EI T T | T T | T T | I'T T°1 | ' T 171 | I'T T1 | ' T 11 |E
E - ATLAS H,, > 250 GeV, Iyleadl-ﬂ .0 7
Great tools in e+e-, known to T 1'_ .['- I == Eata 2010 Vs=7 TeV
= — A3 AT =30 DD  veslmss erwi 3
NNLO+NLLA resummation = e O pgen :
— precise determination of a_ B coemine Pythia i
Dissertori et al, JHEP0908 (2009). 107 T - E
Also used successfully in ep - P ]
102k ik .
- o :
C [TAF, T i
In hh collisons: ol B i
- only NLO so far 107 o
- in praxis, need to restrict rapidity N U I P P T
range: |n| < =~ -
ange: |n| <n,,, a 0] S, v T EELT, o
— central transverse thrust ~ oe | D R o ;wmmw
— spoils resummation € "0 o005 01 015 02 025 03 035
Banfi et al., JHEPOG6 (2010). ATLAS, EPJC72, 2012 TJ_ =1- TJ_

Klaus Rabbertz Bad Honnef, 10.12.2012 521. WE-Heraeus-Seminar 20



Bundles of Particles

DI

CMS Experiment at LHC, CERN

Data recorded: Tue May 25 06:24:04 2010CEST
Run/Event: 136100 / 103078800

Lumi section: 348

Klaus Rabbertz Bad Honnef, 10.12.2012 521. WE-Heraeus-Seminar



Jet Algorithms

L 2222

Primary Goal: s Jop , 20'M
Establish a good correspondence - Deposited Energy:
between: / % Hadronic
- detector measurements . - = " a Electromagnetic
- final state particles and Track Hits
- hard partons =~ - ) 1045
. ~ a & S
Two classes of algorithms: £ Mesons: Jli[)f Baryons: —
1. Cone algorithms: "Geometrically S Kaons, Neutrons.
assign objects to the leading energy i e
flow objects in an event <10%m
(favorite choice at hadron colliders) & Quark
2. Sequential recombination: Repeatedly FC; o
combine closest pairs of objects e o Y -
(favorite choice at e*e” & ep colliders) Proton /AR Proton

Standard at Tevatron: MidPoint Cone

Standard at LHC: anti-kT
CDF also looked at kT; at LHC also kT, Cam/AC, SISCone in use  Jet1l

Klaus Rabbertz Bad Honnef, 10.12.2012 521. WE-Heraeus-Seminar 22



ﬂ Jet Algo Desiderata --- Today

L

@ Theory:

+ Infrared safety
+ Collinear safety

+ Longitudinal boost invariance
(recombination scheme!)

+ Boundary stability
(— 4-vector addition, rapidity y)

<+ Order independence
(parton, particle, detector)

+ Ease of implementation
(standardized public code: fastjet)

Many of these points were red,
i.e. not fulfilled, in times just
before the LHC!

Klaus Rabbertz

22222

@ Experiment:

=

=i

=i

Bad Honnef, 10.12.2012

Ease of calibration
Insensitivity to pile-up

Minimal resolution smearing and
angular biasing

Maximal reconstruction efficiency

Computational efficiency and
predictability

(use in reconstruction, trigger)
Detector independence

Fully specified

(fastjet) cacciariet al., EPJCT72 (2012).

Ease of implementation
(standardized public code: fastjet)

521. WE-Heraeus-Seminar 23



Jet Algorithms at LHC

P

Primary algorithm at LHC: k., [ RRE | pieew ‘Cam/AC CemAsson =]

.
-~ SISCone (“real” cone algo)
-~ Cambridge/Aachen

used in jet substructure, for

example in boosted top '|G§I 34 c

ne | SISCone, R=1, f=0.75 |

i

General interest to
work with all four!

Only “real” cone ~
algorithm!

KT, Ellis, Soper, PRD48 (1993),

Cam/AC, Dokshitzer et al., JHEPO8 (1997),
Wobisch, Wengler, arXiv:hep-ph/9907280, y

SISCone, Salam, Soyez, JHEPO05 (2007)
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Jet Areas

Measured jet area distribution @ Jet Areas can be measured!
k. algorithm with R = 0.6 :

T g _ @ More useful when not forced into
Naively expect for; cone algorithm fixed shape (cone) but adaptable
R=06->A=mR* =1.1 to event activity

< FT T T T T T
Sy gl M Prelminay Clow ] + Measure the underlying event (UE)
< F — PO E
5 13_ . Eytias ] % Subtract additional energy in jets
RS : o 3 due to pile-up collisions
= 10'F k., R=0.6 3
10_: Cone, R=0.6 _ _
: ignore outliers jet pT per area
109k _ (leading jets) \ /
; Vs =0.9 TeV ; - p _ )
107« Roos . p’'= median Ll
E i< 1.8, p,> 0.3 GeV T 3 / J € physical jets Aj \
Coo L b by ; | .
0 1 2 3 TR event-wise measure correction for
CMS-PAS-QCD-10-005 Jetarea A of UE activity empty events
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Underlying Event -
Jet Areas

Ratio of MC to data, no MC worked really well!

Conventional UE analysis, Jet Area UE analysis,
in the transverse plane. whole event analyzed.
Charged particle density Charged particle jets
2'5_| rrr | P | P | P | 'l_l P | CrT _ _'CE 3.0 | | | | | L | | L | | | LI | I
-F—-U - —PYTHIA-6Z1 CMS \Ns=7TeV - '0.8 E CMS Syst.+Stat. :
S [ ---PYTHIA-8 4C | = ol \S=7TeV B Syst. wio Unf. |
— 2 . PYTHIA-6 D6T 7 ~L charged-particle jets SEEREEE Pythia 6 Z1
@) 2 [ syst. | [ k,,R=06 - Pythia 6 Z2
= i syst. + stat. i 5 oL Mi<1.8,p > 0.3 GeV —em Pythia 6 D6T
- 1 5T | TF e Pyth|a 8 4C
O L _ B T
prd ‘ _ : ]
O - 1.5 —
~— i - m
A N N .
O - i B
ﬁa>a 0,5_— charged particles . E
< " (p,>05GeV/c, Il <2|60° < |Ad] <120°) | -
- - leading track-jet P, > 3 GeV/c - .
0_| ——— | O | ——— | L1 | 11| | L1 | i L1 1 1 | L1 1 1 | L1 1 1 | L1 1 1 | | I | | L1 1 1 | 1 ]
0 5 10 15 20 25 30 00 05 10 15 20 25 3.0
CMS, JHEPO09 (2011) Nch CMS, JHEPO8 (2012). p(GeV]
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Jet Energy Scale

&KL 22

Dominant uncertainty for measurements of jet cross sections ...
Enormous progress ... in two years LHC arrived where it took O(10) years at Tevatron!
QCD at hadron colliders is becoming precision physics.

ATLAS from 5/fb (2011)
(Z— ee)+jet channel)

jet >, 0.05
. — — .. = -1
Determine ,%0_045 =2 ATLAS Preliminary s =17 TeV, J- Ldt=4.7ftb
e g via o 0.04 - Total
.J. = = Stat.
. . —0.035 - 4 Extrapolations
jet pT balanCIng 9.9 0.03 ;W -—-#-- Pile-up jet rejection
03 % —-8- MC generators
\ZlerSUS phOtOﬂ Y; , -\ o Radiation suppression
— r... o 0.025 =\ ---3--- Width
(— HH), 0 Z, - 4 Outof-cone
— . 0.02F % Electron energy scale
0.015—
S 1% level
“ 0.01 gcg\‘\'“(;}:\\"
u D. Haitz 0.005 = ’*s&* Ry D - S O TR
o2 S S :qt%;:_:jiif::::q V:::|:::;&:::|:::Hﬂ:::::::é::::::::};’[jj*
20 30 40 50 60 100 200
ATLAS, CONF-2012-053; CONF-2012-063. pr’ [GeV]
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ﬂ Jet Energy Scale and Pile Up

R l‘ 222

But:
New situation in 2012 at 8 TeV
with many pile-up collisions!

ATLAS Z — pp candidate
with 25 reconstructed primary vertices:

CMS from 5/fb (7 TeV, 2011) CMS from 1.6/fb (8 TeV, 2011)
. 10CMS preliminary, L 4.9 fb1 E 7 Tev _ 10CMS preliminary, ‘I‘_ =16 fb‘1 _ u‘_s‘,l .‘8 Tev
§ . —Total uncertalnty ] ﬁ i —Total uncertainty
> 9 - Absolute scale ? = 9 H "-\ — Absolute scale
£ gk * Relative scale g 8l | ~+Relative scale
© - Extrapolation : . S - Extrapolation .
'a:, 7— = Pile-up, NPV=8 - P|Ie'up ) = -= Pile-up, NPV=12
o =~ Jet flavor = O f = Jet flavor ]
S 6 -Tmestabity 1 €ffect S 6% - Time stability -

5F = 55 =
8 5 Anti-k; R=0.5 PF ] L E Anti-k; R=0.5 PF ]
R m}etl=o = A4 mJE‘l 0 E
3 5
2| 24 E
OE SSoo6 RS il amn 1 O: s s Aa- : 1 YRR

20 100 200 1000 20 100 200 1000

CMS, DP2012-006
p, (GeV) p, (GeV) CMS, DP2012-012
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Jet Analysis Uncertainties

e 2222

@ Experimental Uncertainties @ Theoretical Uncertainties:
(~ in order of importance): + PDF Uncertainty

+ Jet Energy Scale (JES) + pQCD (Scale) Dependence

= Noise Treatment % Non-perturbative Corrections

= Pile-Up Treatment + PDF Parameterization

% Luminosit
u y + NLO-NLL matching schemes

+ Jet Energy Resolution (JER) + Electroweak Corrections

% Tri Effici '
rigger Efriciencies + Knowledge of a (M,)

%+ Resolution in Rapidity

) )
%+ Resolution in Azimuth
% Non-Collision Background T
o eee There is a lot to learn here from

Comparison to actual measurements!
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Proton

Klaus Rabbertz

All Inclusive

DI

High transverse Momenta

Proton

$ AT\LAS

1 EXPERIMENT - Evenyjét cdunts
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Agreement with predictions of QCD over many orders of

(K

Inclusive Jets

magnitude up to 2 TeV in jet p.

For the use with PDFs see
talk by M. Cooper-Sarkar.

anti-kT, R=0.6, 7 TeV, 2010

Klaus Rabbertz

— —I T T T T T 1TT T T T T T T T —
1024 | T =
% o1 E anti-k, jets, R=0.6 ® |y|<0.3(x10® —
O 03<ly<0.8(x10%
(\D 10 u _[Ldt =37 pb”, \'s=7 TeV [ .8s|y|:1.2(><103) —
O 18— * —— O 12<ly|<21(x10% T
Q_10 - —e— A 21<ly|<28(x10°% _J
— 15 F=—e= e A 28<|y|<3.6 (x10‘Z) —
%10 = —8= ® —— o Y 36<|y|<4.4(x10°)
o —_o- .- =
F4AI2E ™ —a— —O0— O .- i
Q 10°E .- o o - _
= 9 i —m— —o- .= ]
B 107 = - -0 . -3
© 0P T — e e - =
il e _E_-E-_E_ —m— =
10— T Sy w3
— == iy =0 Ells —
1 s —A— *** —E-E- -
== == =t =a= —
10 3 all Systematic = _ = &= =
6 | uncertainties A —
O - NLOJET =g —
10 == (CT10,u:;[‘r‘a")>< —
9! Non-pert. corr. ATLAS =
10 1 1 | 1 1 1 1 1 11

2 2 3

20 30 10° 2x10 10
p, [GeV]

15
% 10
=
11
ﬁ._ 10
>
< _10’
o
RS
o) 3
5 10
10"
pQCD ®
non-perturbative 5
corrections

ATLAS, PRD 86 (2012) 014022
CMS, PAS-QCD-11-004 (2012)

Bad Honnef, 10.12.2012

d?o

dprdy

anti-kT, R=0.7, 7 TeV, 2011
CMS Prellmlnary L= 4 7 fb1 Vs = 7 TeV anti-k; R =0.

| | | ‘—F
e |y <0.5(x10%
m 05<|yl<1.0(x10%
A 1.0<|yl<1.5x10%_]
(
(

~

v 15<|y <20 (x 109
0 20<|yl <25 (x1093

NNPDF2.1 Mo =M, =P,
— NLO ® NP

0.2 0.3

Jet P, (Te
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ﬂ Non-perturbative Corrections

e

Recipe used at Tevatron & LHC:

- take LO parton shower (PS) MC

- derive corr. for non-pert. (NP) effects,
i.e. multiple parton interactions and
hadronization

— assume PS effect small on NLO

— assume NP effects similar for LO,NLO

2222

w 3.5

£ -

2 [

8 2011 Y o
Ny | i - NLO
5 31— \s=7TeV e

= B lyl<0.5 PS
5 B *xC

e L anti-k R =0.7 nLo
[«]

O 25

NP effect: C"*
PS effect: CPSEENLO

N

-
3]

J T TR e

0.5

POWHEG+Pythia Z2, |y| < 0.5, R=0.7
! I R T | 1 ! R B T R A

2x102 3x1072 10"

2x10" 3x10™ 1 2
Jet P, (TeV/c)

§ L .. Pythiatune Z2,|y| < 0.5, R=0.7
'% 8 Ys=7TeV _m__cNP
S B lyl <0.5 Bppp LO
o | anti-k, R=0.7 i C:cs’
A NP effect: C"* |

TIT T

! k
Iy
/

PS effect: C™ |

<+ 4
- ot L,

20 GeV
Observations:

1TeV

2x107 3x107 2

1Te
Klaus Rabbertz

Jet - (TeV/c)

Bad Honnef, 10.12.2012

- assumptions fine at central rapidity
(not shown here)

- comparison to data ok

- NP corrections larger for R=0.7 than 0.5
- for |y| > 2 PS effects visible

Figures courtesy of S.Dooling, H.Jung,
P.Gunnellini, P.Katsas, A.Knutsson
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ﬂ Inclusive Jet Ratios of 2.76 / 7

(i

New result from ATLAS: E
- cross sections at 2.76 TeV O
-ratiosto 7 TeV g
- ratio to 7 TeV divided by theory o
prediction (NLO, CT10, X NP) &
Shown -~
- study on PDF impact :
(@

At least partial cancellation
of uncertainties
— more precise comparisons

Remark:

Other interesting ratios ...
different jet sizes

ATLAS, CONF-2012-128

Klaus Rabbertz Bad Honnef, 10.12.2012
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ATLAS

Preliminary
j L dt=0.20pb™

2.76TeV / G?TeV

p= Gjet jet

anti-k, R =0.6

Data with
—eo— statistical
uncertainty

Systematic
uncertainties

]

NLO pQCD
X non-pert. corr.

CT10
— MSTW 2008

- - - NNPDF 2.1

- . -HERAPDF 1.5
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Dijets

High Masses

Proton
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Dijet Mass

LK 0%
i i . 2
Again agreement with predictions of QCD d“o 2
- X ¥
over many orders of magnitude! N S
dMJJdHy‘maxa Yy ]
anti-kT, R=0.6, 7 TeV, 2011 anti-kT, R=0.7, 7 TeV, 2011
— 1017_ | T T : ; ; — T ,—\1 010 [T T T T T T T T T —
= — Systematic vV 20=<y'<25 (><10:) — = 9 ® |y <05(x 10%) |
o 1015 | uncertainties O 1.5£y: <2.0 (X104) — Q 107 ¢ _CMS O 05<|y <1.0(x10") ]
t B A 1OSy <15 (X10) - O — VIS_7TeV max ]
o) — NLOJET+4 O 0.5<y"<1.0 (x10%) A< - B W 10<lyl,, <15(x10) 7
2 107 CT10,u=p_exp(0.3y") x ® y' <05 (107 o) - L=50fb" 015 <y, <2.0(x107) 7
( »u=p_exp(0.3 y7)) o 6| AN - 4
* - Non-pert. cort — = 107 antik . 2.0 < Y| ., <25 (x10")]
> a1l pert. corr. N - CMS Preliminary |
_DN 10 - eﬂg Sm ] ?é — ——— _'_+ |
I = = & - —— == =
- I e Ceg, _ — —_— -
5 10 B T, See %E ] > 10°F - T . —
< - - O, = - —e— T == —_
© L e -, o = — = = - - O _ VT —
o 10°F === e B — —_— = -
°© e, T LN == S F e T e e
5[ == S * “o ] - -
10°E - == - — ™) 1 - - - = —
B - e W B ] = B - - W o —— |
s e %, m - © - - = :
10°E o, =T . R — B - —
— ATLAS Preliminary "'-o-. gﬂﬂ == = 3l "’_._ = W B
10 antik jets, R=0.6 ".'. B 107+ — | = pave - T ]
= : e = E — M=M= Py * 4
4 Vs=7TeV, [Ldt=481b" ' ] - <
10F 3 — NNPDF2.1® NP Corr. - =
2011 Data == - 6| . i
10—3 1 1 1 L] 1 1 1 1 1 10 B | 7
-1 | [ | | |
3x10 1 2 3 4 567 200 1000 2000
ATLAS, CONF-2012-021 (2012). m,, [TeV] CMS, PAS-QCD-11-004 (2012) M, (GeV)
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Dijet Angular

(LK 222

1+ |cos®* ~ flat

E C B S
5 0.7~ —+— Data CMs X = exp(2y”) = exp(|y1 — y2|) =
:..Ef -~ [ QCD prediction \s =7TeV 1 — | COS @*| for QCD
% | —— Ajre=7TeV(NLO) L=22fb"
3 06— w3t w09 Agreement with predictions of QCD —
& —__.é-,.#p Set lower limits on contact interaction scale A
" 05 24<M; <3.0Tev  (+0.4) \
%d;# NLO CMS
I \'s=7TeV
- AlLURR : _
0'4_ 19 <My <24Tev  (+0.3) NEW: ~ = ] L=22fb"
i NLO means ClI ALLRR N | — Observed
- 1.5 <Mj <1.9TeV (+0.25) i N S A T S T o Expected
o3l e —=  corrections to LO 2 Expected +1o
o oo e o2l grotey D QCD at NLO A Urr =1 Expected +2c
- 1.0<M; <1.2Tev  (+0.15) - .
W - N A
0.2 . on| Decreases limits! | TUURR st
g PP GPUC DA S AVvina i
- 06<M, <08Tev (009 | Gaoetal, PRL106, 2011 - ]
ol T T ;.4:% <0.6 TeV IWAA ]
 eeee—eee—e—s———=*= Also other N
_I | 1 1 1 | I 1 1 | I 1 1 | 1 1 | 11 1 | I 1 1 | I 1 1 searches, See I | | |
2 4 6 8 10 12 14 16 further talks 9 10 15 20
CMS, JHEPO5 (2012). X gier A [TeV] lower limit
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Dijets separated in Rapidity

L 2222

Quantities sensitive to potential deviations from DGLAP evolution at small x
Some MC event generators run into problems ... but also BFKL inspired ones!
Large y coverage needed, also useful for WBF tagging jets.

Most forward-backward dijet selection

All possible dijet pair distances over

Data 2010 leading dijet pair distance
E ATLAS HEJ (parton level) CMS \g =7 TeV
(qv] Forward/backward selection ==== POWHEG + PYTHIA o 5_|||||||||I||||||||||||||||||||:|p|p|’|||||||||||_
O Q, = 20 GeV =ini POWHEG + HERWIG £ - |I| 2010 data .
E’* as 4.5 PYTHIAG6 22 dijets —
o C p.>35GeV 7]
D - arnnnennen PYTHIAS 4C T ]
c 4 ly| < 4.7 i
— Beadaad e HERWIG++ UE-7000-EE-3 ]
= C i HEJ + ARIADNE ]
1 prrerrrrens e +oey —| ! : 3'5:_ ------- CASCADE B
............... T SRR T M R n L : .
0.5 210 < P, <240 GeV Trre N Tl ] 3F . \ BECEETER ]
N B e 1I- 2.5F BFKL inspired e
0.5|— 180 < B, <210 GeV TR ] 2F : —— g ]
. : _ C ---|"' — -i-r g i E
| : 1.5 L1 el . —
T I ' P : . - PR -
<P < l,_,_,;""'-“"-E - DGLAP ]
0'5_150_p:r 18066\{ ) ) : """ N 1_|||||||||||||||||||||||||||||||||||||||||||||_
0 1 ) 3 4 5 6 0 1 2 3 4 5 6 7 8 9
ATLAS, JHEP09, 2011 Ay CMS, arXiv:1204.0696 (2012). Ay
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Jet Substructure

Jet shape (left) and subjet multiplicity (right) sensitive to
differences in quark and gluon initiated jets

Can help also in differentiating boosted jets of heavy objects
like Z' or t' ... see searches talks for more on such tools.

CMS Preliminary Lint=36 pb" \s=7TeV

% i kr R=0.6 Syst. Uncert.
v 4 p2*'> 97GeV e Data
oy Iyl <1.0 Herwig++ 2.3 (Gl
0.3 | T T T T | T T T T | T T T T | T T T T T T T T T T T T ] : Elll.- Unfolded PFJetS erw!g++ r: uon}
- anti-k jets R=0.6 ] 3.5 "5k Herwig++ 2.3
0.05 £ E s gluons Herwig++ 2.3 (Quark)
| 1yl<28  patajLdt=07nb'-3pb" et Y T Pythia8 4C (Gluon)
ool — PYTHIA-Perugia2010 e s Lenliov I
S f Jr ----------- Perugia2010 (di-jet) ] I of. Ty PYMESAC(QuEr
- L. . ] i a’= - -
L 0.15 - _ _+_ gluon-.|n|t|ated J.et.S = , 5_,,,",”,; .
_____ _ ] e Tl " " ...
T T mmed e L, g e,
T 0.1 L — _+_ g J ] - %“m_ = -.-'.
u . _Ll ....................... ] 2__ T bl i.'i"' i
005 - - -_-+ @ T e niry : quarks -”””:HIIIT”“% i?‘ R . .
B ATLAS -------------------- : : -””ruIIL_"“"II”m“n'”1||1||||1%-A|||_-”“““”I”““”
0 C e e b e by b by ] 1_5_| \ , . \ , . . \ |
0 100 200 300 400 500 600 102 3

10
p, (GeV) Jet p_(GeV)

ATLAS, PRD83, 2011 CMS, PAS-QCD-10-041(2012).
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(Di-)Photons

22

To Higgs or not?
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Signal Process Fractions

& 20

Inclusive Isolated

Tevatron, pp — v, _+X @\'s=1.96 TeV, y=0 (R, =04 EP<2Gev) Tevatron, pp — v, _+X @\/s=1.96 TeV, y=0 (R, =04,E" <2 Gev)

Tevatron

Cooion: o g — CoMpPLoAGIgE G

Annhiiation=2qig =g
Annihilation=qiq=>72q

subprocess fraction
subprocess fraction

LN LISE R0

10 20 30 4050 100 200 300 10 20 30 4050 100 200 300
E; (GeV) E; (GeV)
LHC, pp - 7,_ +X @\'s=14 TeV, y=0 (R, =04 E™ <4Gev) LHC, pp > v_ +X @\'s=14 TeV, y=0 R, =04 E™<4GeV)

LHC 14 TeV

15 Corlgiom: o o — 15
Background:  £os] o
) ] n
» 0.5- n
Non-prompt g e 8
© 0.4- O 2] =Y e
Photons from  5,. g
(7] ] n
Decays, e.g. 2. Annihilation: q'q— .0
0 e Fragmsnizion
m, N | g /
0" g1 20 3040 100 200 300 0810 20 3040 100 200 300 1000
Er (GeV) E! (GeV)




Isolated Prompt Photons

(K 22

- Sensitive to the gluon density in the proton. set el R RO 2t02

- In agreement with NLO (JetPhox) from

~25 up to 400 GeV, |n| < 2.5 S0 o X +4- Data 2010JLdt—35 o' 3
. ugn . . . . [0} & = p 3
- Limiting factor: Scale uncertainties in theory S Ly ]
2 10% ¥ + Data 2o1oj Ldt = 0.88 pb
— F ¥ 3
' ' L ' ' = LT JETPHOX NLO (w.o. scale unc.) -
10° | CMS Vs=7TeV Prp-7+X . 5 102k S E*°(AR=0.4)<4GeV -
7 |- L,,=36pb", E®°<5Gev — JETPHOX - = : . ;
10°F ! —o-21<In|<25(X10° | 3 10k — MW creqes
—e— 157 <[n| <21 (X109 - B msTw 2008
S . —A— 0.9 <] <1.44 (X107 L *_._ W NNPDF20 ]
() — E E
0] 10 & [n| <0.9 - g
~ _| —
o) ] 107F n|<0.6 E
= i = ATLAS )
_g 10 — 102 \fsl=7TeV | | N
[ ] > 15 T T T T T 1
L_Ié — ]_ SIS 1?‘“M=o=o_ . *
< . . <[°
© -2 —— 0.5 +—+——————+——————————————+——1 f } i
%5 10° - > 1D
| | | Sl 1 M—o——o— .
" NLO pQCD JETPHOX = £I° 5 !
- CT10/BFG Il u_=u=y_=Ey = %‘91'5”'IHHI””IHHII” ' l ' '
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Di-Photons

LK 22
- Irreducible background to Higgs — vy New from ATLAS:
- In agreement with NLO in p_, and Now much better described by 2yNNLO

mass spectra above ~50 GeV up to 400 GeV -
_ 2 ATLAS 3
CMS \s=7TeV,L=36pb’ ootk Gs=7Tev }.
| < 2.5, ET:Y > 20, 23 GeV 3 E —e— Data2011, | Ldt=4.9f" $ 3
; L e e e s I A O © T S\ DIPHOX+GAMMA2MC (CT10) +,’/§§ ]
() - — Theory DIPHOX + GAMMA2MC— L %/% 2yNNLO (MSTW2008) _’_-:/-;é%‘é i

Q) = —#— Measured . P
= 3 == Stat. uncertainties 10 —— AN =
o] 1L = —— Stat. @ syst. uncertainties | = —— //%§ -
o - | B 'Fl;}&eForencal scalte urt'lcertalntles 3 - 7‘;%&%\ -
= + 05 uncertainties ] __J— o NN 7]
E?‘?- : o o= : ke ///////////%%/%//////////////// w |
S} I | 1w\%&&§\ =
_8 1 L= I R R

107 -
N : : 5 sE A 3
_____ 1 ] % 2.2 == ' = _+_+++ =
i [ i c 2F H,. 2
[ — 1 8 15E =
T 7Rl w\\\\\\x&w&x&&x&&g
- 0.5 £ 3
10 2 = S S 0E : =
- ] S s | | | | 3
i i 2 25F 3
L & 2F E
8 1.57— g,
1 0—3 Lo b b b b by 3 1 %//// //) W//WWWW%/%W%//;’ 3
0 50 100 150 200 250 300 3 , , , , 5
0 0.5 1 1.5 2 2.5 3

CMS, JHEPO1, 2012 m,, (GeV) ATLAS, arXiv:1211.1913 (2012). 80_[rad]
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Boson + Jets

2222

Proton Proton
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ﬂ W/Z + Inclusive Jet Multiplity

(K 22

In general agreement between data and theory @ NLO up to 4 jets

CMS = 10'¢ | | | 5
) | | | = = Dot 201057 TeV
-— — - = — o | >, at f = _
_GI_)‘ 10_1 === ! [ ] 36 pb 1 at \S = 7 TeV % B v ACF?GEN NS € |
(=l = = . A SHERPA
- £oee 3 N
+ — jet A Zﬁ E T— -~ E
b D g i —— Y — |
102 E T 10°F 2 E
E e data — E E E
B energy scale L _I_ . | L J.Ldt=36 pl:)'1 '_4‘ -
- [ unfelding ] 10 anti-k, jets, R=0.4 & -
10°E  —— MadGraph z2 : = = P30 GeV, |y|<4.4 —*%
E --- MadGraph D6T “17 3 - :
= — - Pythia Z2 o _ - N
| | | L=y =
Py @
_|= N | | T . g
n|lo | _ )
o[ 03[ _ > . | |
2= 5 T—% i \ (7
Sl 0.2 = Joi A A |
AE 7 =
A4 . -- p——-___ —] i
ﬁ,:l' L ] 050 >1 >2 >3 >4
o1 |
e 0 7 5 3 2 Inclusive Jet Multiplicity, Nig,
CMS, JHEPO1 (2012) inclusive jet multiplicity, n ATLAS, PRD85 (2012)
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Multijets and a_

a_at High Scales

Proton

Proton \

k
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ﬂ 3-Jets and a_

&KL 22

@ Avoids direct dependence on
PDFs and the RGE of QCD

@ Use cross-section ratios!

@ — reduces other theor. and exp. —_— <:> (X
uncertainties along the way

M. Wobisch

@ — eliminates luminosity
dependence (normalization)

@ Choices of CMS:

<+ Ratio of inclusive 3-jet to 2-jet Ray — d03+/de O (Q)
production 32 — doay /dpt 8
+ Average dijet p. as scale
PT1 T P12
Q= {pr12) = ——

@ Other 3-jet observables possible,
see e.g. propositions by D0 DO, PLB718 (2012) 56-63
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ﬂ Measurement of Ratio R,,

Qe 2222

m% O .2 :l_ | |C|M|S |Prtellir;lir|lalry| | | | | | | | | | | | | |_:

@ Integrated luminosity: L;,+ = 5.01 - \s=7TeV g =124 -
0.18~ antiK R=0.7 ¢ .

@ Minimal jet pT: pr > 150 - N
@ Maximal jet rapidity: |y < 2.5 016 S S
@ Agreement within uncertainties 0.14 T \
12 - NS

<% Scale uncertainty: — 0 0.121 s

% PDF uncertainty: 1.5— 2.3% 0.1 :_ _:

@ Fits only above 400 GeV to avoid )
threshold effects 0.08- | bal L, o) =

B : NNPDF OLS(MZ)—O.106 - Min. Value i

- NNPDF o,(M_)=0.119 -

0.06- NNPDF 0,(M,)=0.124 - Max. Value

- — |||||||||||||||||||||||||||
NNPDF21: o (M,) =0.1143£0.0064  0.045, 3= a0 80077000 1200 1400

CT10: a(M,) =0.1130 £ 0.0080 N GeV)

Y
MSTW2008: a_(M,) = 0.1135 £ 0.0096 Not used 11,2

CMS-PAS-QCD-11-003 (2012).
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http://cdsweb.cern.ch/record/1493557

e

Determination of a_ (NLO)

2222

O 024 |

Comparison to s 0.22F CMSR,,: ay(M)=0.11430%% 7
SYz -0.0067

extractions from 0oF e CMSR, E
other hadron collider s A~ DOinclusive jets =
. 0.18F @) DO angular correlation 7
experiments = O hr ]
0.16 = —

Although only one 014F- E
point shown here E -
extraction works 012 =
equally well in e.g. 0.1 —
four subranges 0.08 =
0.06 :T 11 I | I 1 I I_I:

CMS-PAS-QCD-11-003 (2012). CMS Preliminary

10

I 3
10 Q (GeV)

PDF uncertainty: Repeat fit for each replica — get estimators for y and o
Scale uncertainty: Repeat fit for all six variations — get maximal deviation

X g (Mz) = 0.1143 £ 0.0064 (exp) _

Klaus Rabbertz Bad Honnef, 10.12.2012

- 0.0019 (PDF) -

- 0.0050 NLO!

~0.0000 (scale)
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a_from inclusive Jets (NLO)

CDF: . (Mz) = 0.1178 £ 0.0001(stat) "9 poss (expt.syst)
DO:  a.(Mz)=0.11611) 0044 (total)
M/S: as(Mz) = 0.1151 £ 0.0001(stat) & 0.0047 (expt.syst) 0003 (pT, R, i1, PDF, NP)

Attention:
Evolution of PDFs from low to high Q assumes the validity of the
renormalization group equation (RGE).

o (ps) from inclusive jet cross section
0.18 s\l .

: 0.16 ¢ i in hadron-induced processes “";T B T % P _
<07 EL o1 | ' 0.2 o Hi o 0.16 - o e O<ly<03 |
Ny i =012 | ) + i 3 - =i = 03<]|y|<08
016 | ‘gn : w.w— g A ZEUS - g: 08<|yl<1.2 A
2 B 01 ~ 0.14— f=H v o12<ly|<2.1 —
S o b 0.08 Eodoecl ol Qo i e DY B S o 21<lyl<28
200 0 50 100 150 200 250 300 350 400 450 > 0.15 B r B C 28<|y|<36
Som kb +‘¢ 0.12~ 36<lyl <44
S ! N : .
5 o013 | | +0.0041 I
3 : ##q-’. 0.1 F B3 a,(M,)=0.1161 "5504s 0.1 w3 -
g 012 :7 ‘“ * i Il 11 | (DG CIombllrled\ fltl) L 1 11 | : ! i + :
& 3 Seete o + —~, 0.14 | 0.08— —

N ~*4 = oq2p d e, b4 . :
01 ~ ) | I "1%-' ? +++++%‘1”l'+ 006; 7
[ 5 0.1 | I 1 I TR | ’ — ‘ ‘ L USlng ATLAS 2010 data"
10 |- 2
o T, Systemanc unée/r{a/é/t/les///// 10 10 10° 10°
T TR R R pr (GeV) P [GeV]
CDF, PRL88, 2002 DO, PRD80, 2009 Malaescu/Starovoitov, EPJC72, 2012
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a_ World Summary

LK 22
. o.(Q) from jet and event shape data )
S. Bethke, 2012: non 2 3
' i ® DO RAH U
-I----|----I----|---- B .Dglncljets 5
I 0.2

'E—decays O a:(Mz)=0.1197 + 0.0016 : ¢ ALEPH evt. shapes 5
. I 0.18 | < JADE evt. shapes | —
[attice 0] a=(Mz)= 0.1185 = 0.0007 [ A ZEUS incl. jets §
I —~ 0.16 |- ¥ H1 incl. jets D
DIS —O— asMz)=0.1151£00022 O s J o
s 014 |- o
ete™ annihilation |—o-:—| as(Mz)= 01172 £ 0.0037 - %

0.12 |

Z pole fits |—:-O—| as(Mz)= 01197 + 0.0028 i

.I....|...I.I....|.... il Z—E RGE for
o o.(M,) =0.1184 + 0.0007
0.11 0.12 0.13 0.08 _ll[[ ls !z 1 11 Illl L L 1 111
oL (M ) 10 20 50 100 200 500
S Z Q (GeV) (compilation by DO)
as(Mz) = 0.1184 + 0.0007 PDG2012 T

But: Jet data from hadron colliders not included! Tevatron limit, published this year
Jets at NNLO urgently needed!
In progress by at least groups of

Th. Gehrmann et al. and N. Glover et al. LHC from jets starts here ... |
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ﬂ Summary

(K DD

@ We have a powerful accelerator and beautifully working detectors

@ Data quantity and quality at the LHC open up new regimes in phase
space and precision to be exploited

+ New measurements at highest scales and up to high y
%+ PRECISION measurements

@ We have a plethora of new N?LO calculations (plus showers) and only
start to exploit all the new possibilities

@ Interplay between strong and electroweak interactions becomes
interesting at the TeV scale

@ Carefully check everything for new features!
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ﬂ Concluding Remark

L 2222

@ Some people describe the LHC as a
+ SUSY search machine
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ﬂ Concluding Remark

R 22

@ Some people describe the LHC as a

+ SUSY search machine
=+ Higgs-like boson discovery machine
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ﬂ Concluding Remark

Qe 2222

@ Some people describe the LHC as a

+ SUSY search machine
=+ Higgs-like boson discovery machine
+ top factory
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ﬂ Concluding Remark

(i 222

@ Some people describe the LHC as a
+ SUSY search machine
=+ Higgs-like boson discovery machine
+ top factory
2 | hope | could convince you that it Is also a
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Concluding Remark

(i

@ Some people describe the LHC as a

+ SUSY search machine
=+ Higgs-like boson discovery machine
+ top factory
2 | hope | could convince you that it Is also a

- high-scale jet laboratory

Make your choice and have fun.
Thank you for your attention!
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IC-SM Problem

&KL 22

Iterative Cone with Split/Merge (IC-SM)
— not all objekts end up in jets, e.g. when no starting cone close enough (dark jets)

— collinear-unsafe because of minimal seed pT
— infrared-unsafe ...

jet jet jet jet jet
soft divergence
W W W
(a) (b) (c)

Fix Trial: MidPoint Cone — Additionally investigate all mid-points between seed cones

— again unsafe, shows up in more complex topologie
Found late: Safe cone algorithm: Seedless Infrared-Safe Cone (SISCone)

— needs ~ 2 orders of magnitude more computing time — rarely used
Jetography, G. Salam, hep-ph/0906.1833

Klaus Rabbertz Bad Honnef, 10.12.2012 521. WE-Heraeus-Seminar 28




anti-k_— hh

yes
Input objects
p; 1=1.. no
— calculate all dlstances — combine objects i, j with decl biect i
d;; dig minimal distance: - a?‘fnzfee(: jectli
— find minimal distance d___ P, =RS(p, p) J
A
Hard objects
are clustered
yes first!
-2 -2 AR%'ZJ'
d;; = min (pT Z,pT’J) 72
2 2 2 2
dip = Pr AR = (i —y;)° + (¢i — ¢5)
Output jets ’
P; i=1,...n; 0 S n Recombination scheme (RS):

4-Vector addition: p, = p, + p, Cacciari, Salam, Soyez, JHEP04 (2008).
Klaus Rabbertz Bad Honnef, 10.12.2012 521. WE-Heraeus-Seminar 99



Kinematic Plane

ElE @ E E s 222222

Kinematic plane of process scale? vs. x

(q\] [ T IIIIHII T TTIIIHI T IIIIHII T T TTTTIT T T TTTTIT T T TTTTIT T |I|I||J:
%10 8 [ Atlas and CMS (7 TeV) 1
o ? (] Atlas and CMS rapidity plateau
010 7; E DO Central+Fwd. Jets
E CDF/D0O Central Jets
100, B9 m
C [
1055
&
104 o
107 .
- y= vy .
2 , : / ‘
10 M =10 GeV
E 1L 3
B opnne ] |
1 1l ‘H
10 E 1l ‘H =
E 1 II]II;Il | J\Illl\l | IIIII\Il | IJIIII]l 1 II]II\Il | \IIHI\] 1 IIIIIH:>
07 10° 10”7 10t 107 10?7 107

Q.
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Photons and PDFs

LK

Kinematic plane including photon data

108

1

NNPDF2.1 dataset + Isolated-photon world data |

m Deep Inelastic Scattering
Drell-Yan (FT), W, Z (Tevatron)

Inclusive jets (Tevatron)

Isolated photons ('s=2.76,7 TeV)

<

Isolated photons (Vs=1.8,1.96)

>

Isolated photons ('s=200-630 GeV)

T
[N O B B B B B I
" EEER

- Y RS

Ty S ..’&?.

I

S

107
d'Enterria, Rojo, arXiv:1202.1762

10%  10°

Klaus Rabbertz

10
X

102

1072

Bad Honnef, 10.12.2012

10"

1

202

- Were abandoned for PDF fits due to
discrepancies with fixed target experiments
atE___of 20 — 40 GeV

- new investgation without inclusive data and
AtE_ > 200 GeV

- Moderate reduction in uncertainty of the gluon
density at x around 0.02 by ~ 20%

1.15

o
©
A

Ratio of Gluon PDFs

o
©

0.85

'LHC 7 TeV isolated-y data |

Q% = 100 GeV?

0.01 0.0
X

521. WE-Heraeus-Seminar

0.1

0.002 0.2
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Transverse Thrust

2222

Comparison of unfolded data, CMS 3.2/pb and ATLAS 35/pb,

to various MC event generators

Basic description ok, but
iIimprovements necessary

7,0 =1 —max

Z@' ‘ﬁJ_,i ) ﬁT‘

T D iDL

_|
:IIII|IIII|IIII|IIII|IIII|IIII|IIII|:
0.25j I A B A B B R B B O R g - ATLAS H, , > 250 GeV, |y |<1 0 ]
i < 1 3 ] O i === Data 2010 \s 7TeV
B n B —=Z TRsgns IL dt = 35 pb™’ ruemes HerW|g++
: llllllllll Pythia8 : [ e PYthia
Q [ mm==- Herwig++ 1 ] 10-1 E_ HH 3 |
— - ! * - b
c 0.15— MadGraph+Pythia6 ] I i gin
5 IR Alpgen+Pythia6 { N 102k i B
= L l - = T
= C e Data L-u-: | = et o -
o - — A
-z 0.10_ .i . -3_ 2
B . 107 ¢ umnimu@
0.05—  wermmieees F ] « 1_5.HH|:H:|m=|m=|::::|:m|:m|
L CMS E : fDU 1 .O “lllllq" |.|:|é“." : - Igmmnumm:
7 S=7TeV,L=32pb"  iws - g TR sl —
000 [ | L | [ | uuuuuuuuuu | | 1 O 0_5—|| [ R N A N R B B A A B A ||'|“|“|'|"T"'T"| [
' -12 -10 @ -6 -4 -2 = 0 005 01 015 0.2 025 03 0.35
CMS, PLB699, 2011 1C ATLAS, EPJC72, 2012 T, = 1- Tl
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ﬂ The “Particle Flow” Concept

L 2222222

v
~10% ‘H had. Calo - E HcAL
* : Clusters
neutral . .
hadron ! T W detector
: P¥s
] = o
‘. O
: A
' o elm. Calo - E ECAL
~ 25% Clus
Tracker, B — pT

crarses | Qamde-ﬂow m
~65%

+ Combine measurements of different detector components
+ Account for detector particularities with respect to particle type

Klaus Rabbertz Bad Honnef, 10.12.2012 521. WE-Heraeus-Seminar 63
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Inclusive Jet Measurements

satistying the selection criteria

All jets 1n the event

d?o

dprdy

= Jet Efficiency
= FEvent Efficiency

N jlets

O‘u,'n.sm
e - LEApr - Ay -

/

Bins of corrected Jet Pt
and Jet iapidjty

l

22

Master Equation

Unsmearing correction
(due to the finite detector
Pt resolution)

Luminosity, common
uncertainty to all
measurements

Klaus Rabbertz

The JES dominates the
total uncertainty of the
measurement

Bad Honnef, 10.12.2012

K. Kousouris
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Inclusive Jets

o) (7) 49, > |
— s
E — q,q; — jets |-
- (3) 99,99 — jets, x; > X, _
o — jets
5 0.75 B
Q
= C ]
3
2 os L | Xt = 2p;/sqrt(s) |
8 005 0.1 0.2 0.4
[ | I I I | I I I I l
| | 2 Inclusive jets: Tevatron Run Il ]
(1) 9g — jets 2 0.8 ly|<0.4 ]
0.25 tNLO 2 ' 1
as = 0 -
Inclusive Jets = 0.6 qq — Jets n
" Anti-k;, R=0.5 1 S ]
LHCVs=7TeV 0.0<|y|<0.5 = 04 N
0 1 11 11 I| 1 1 1 11 1 Ill 1 1 C — =
107~ 10" = : :
O
c 0.2 .
T TXT T [ gg—jets
0 i 1 | | | | | | | |
50 100 200 400
350 GeV 1 TeV pr (GeV)

65

521. WE-Heraeus-Seminar

Klaus Rabbertz Bad Honnef, 10.12.2012



ATLAS jet and substructure measurements

Jets @ Vs = 8 TeV

£ T T T 1 —3 — 10 L LR L B LR BN
% o* ~+Data (s=8TeV, [Lct=581" - 2 = ~+DataVs=8TeV, [Lat=581" -
g 1 B [ 1Pythia8 ys =8 TeV _5 T} [ ]Pythia8 Vs =8 TeV ]
= = =
& 10°F Scaled t0 5.8 ib™: = S Scaled 10 5.8 fb™: i
= B —~+DataVs=7TeV, [Ldt=48f" 3 = 1 —~+-DataVs=7TeV, [Ldt=481f" _|
g_ 10° [ ]Pythia6 Vs =7 TeV = Y = [ ]Pythia6 s =7 TeV 3
- 3 =3 - ]
= - L _
s . 3 3z -1 i
‘ ) S, E 10 T LI -
10 . - - ATLAS Preliminary 4 3
| ATLAS Preliminary v - E anti, jots, =04 I L + :
10 anti-k, jets, =04, lyl <2.8 4 = - y'<15lyl<28 | -
| 1 1 1 | I 1 | 1 1 | L | L | | | 1 1 L N -2 1 Il A1 l A1 L 1 l 1 1 L | L 1 L I. 1 - I L 1 1 | 1 Il L J L 1 1 L I

500 1000 1500 2000 2500 10 3000 4000

pT [GeV] m;, [GeV]

« Inclusive jet pT (left) and dijet mass (right) spectrum for pp collisions at Vs = 8 TeV
for anti-k; R=0.4 jets.

« Comparison with Vs = 7 TeV 2011 data and to Pythia 6 (Pythia 8) MC predictions at
Vs =7 TeV (Vs = 8 TeV).

— lower center of mass energy in 2011; therefore, lower cross section.

Bertrand Chapleau



KL

Ratios to NLO NLOJet++ times NP

Magenta squares: NLO POWHEG
— agreement as expected

Black circles: Data
— fine within uncertainties

New tool:

POWHEG NLO + matched parton

showers using

Red triangles: Pythia tune AUET2B

Ratio wrt NLOJET ++

Green squares: Pythia tune Perugia2011

Blue triangles: Herwig tune AUET2

— discrepancies to be understood

NLOJet++, Z.Nagy, PRD68 (2003), PRL88 (2002),
POWHEG, S. Alioli et al., JHEP 1104 (2011),
Pythia, T. Sjostrand et al., JHEPO5 (2006),
Herwig, G. Marchesini et al., CPC67 (1992).

Klaus Rabbertz

1.5F ATLAS _
- II L dt=37 pb™
;;;;";;'Avi-.va‘v P — 2 " @~ ' ;
1 e o-eg g 0o s ®s g | \s=/TeV
- {1l - anti-k, jets, R=0.6
0.5 ly| < 0.3 . Data with
- = - statistical error
1.5 ] Systematic
I uncertainties
g:?"ﬁ:;:::fw ' e e AT X ‘
1 el i o e Lo NLOJET++
(CT10, p=p7*) x
0.5 Non-pert. corr.
1.5 POWHEG
. A (CT10, u=p$°"‘) ®
Sl —o—_ N 3 PYTHIA AUET2B
I R e e S T e e e
o= as 1 2d POWHEG
" 1 | = (CT10,p=p>") ®
0.5~ 08=sWk<i2 — PYTHIA Perugia2011
1.5¢ ] POWHEG
[ 2l 1| v CTiou=pm e
1 L e o e o N HERWIG AUET2
= L POWHEG fixed order
0.5  12shi<a 4 o (CTI0u=prx
"~ —— — '3 Non-pert. corr.
20 30 10° 2x10 10
p, [GeV]
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Electroweak Corrections

e 2222

20 F 1 I | | | | T — |

@ Net effect on dijet mass cross
sections at the LHC in red

% here O(8%) at high mass low y*

o [%]

<% negligible at higher y* 0 [
-5 F e -
—10 &= 1 1 [ [ [ -
Yyr — Y2
i — ‘ | geeLtl‘II)ei)O(gyntalk 0 500 1000 1500 2000 2500
2 — ' M [GeV]
pp_>JJ+X&t\/§=8TeV 2 F J J T T T -
. 20 <y* <25
x 0 F -
T— 1-loop %
weak -1 F
-2 f e
—— 5tree . . . . T
EW
0 500 1000 1500 2000 2500
: 1-loop Mis [GeV]
5t1ee —]—5 o
EW weak

S. Dittmaier et al., JHEP11 (2012).
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Dijet Mass ATLAS

e 2222

do ~ o2 New choice for binning in rapidity by ATLAS = pTeO'3’9*
dM j;dy* / Also new choice for scale setting —>

1 + | cos ©F|

1 1
Y= §|y1 —Yo| = 2 In Attention: Figure somewhat misleading ...

— * - -
1 — | cos ©F| Negative NLO cross sections appear

= 10%°F S R P when checking scale uncertainties p = /2
I~ AV . X 1
2 = Systematic vV 35< ;* p 40 (x10')
= 27 _

O 10 O uncertainties u 3.0Sy*<3.5 (X101§)__ — 4.5_1 rTrr[yrrrrJyrrrryrrrorrrrr | rrr T T T T ]

=" il A 25<y*<3.0 (x10)) T Q - N o .. . .

o4 Y 20<y*<25 (x10% — — Factorization and renormalization scale for dijet cross section -

\ 107" E NLOJET++ O 15<y*<20 (><1oj) s Q9 4— _p " (binned —]

go) - (CT10, u=p_ exp(0.3 y*)) x A 10<y*<15 (x 102) - o - T n= pT ( ) =

3 1021 - Non-pert cgrr O 05<y <10 (x10) = - e

£ = pert. corr. ° Yy <05 (x10°) 033. 3.5 -.- w= m,,/2cosh(0.7y*) R

< = E —— -~ - ‘,‘ —]

o0 10°= ATLAS wqi%'? 3 § 3 - u=p, e =

1015 :_ ** =] —: q6 :_ ,"\"’ _:

| - so *‘E-% 5 o 2.5: —b -

2 =Y ] — — —

10°E e, S, ] CCCU o~ Follows plateau region —J

O = ey, = T = s stable cross section

107 —o— - o, 2 - 1 5: =

== —— =N == ~ ol -]

(o°E —o-_.__.__._ -aeﬁa""-.'.-q;e-ggs 5 = ]

l "'*.,.%9%5%9 = 1| Skt S RO LR L e EL R L LI EL LN EL L EL LLTEL EL L LU CLEOE L PL L LLELOET —~

10° = anti-k, jets, R=0.6 "0.... = - : 5_ _ -

1 5= 7TeV, IL dt = 37 pb” - — i 0_5:— ATLAS Negative NLO cross section =

__I | | | | 1 I | | | | | | I__ : :

- - 0 L 1 | 1 L 1 1 | 1 1 1 1 | L L 1 L | 1 1 1 1 | L 1 L 1 | 1 1 1 1 | 1 L 1 1 I 1 1 1

107 2x10" 1 2 3 4567 0 05 1 15 2 25 3 35 4
m,, [TeV] y
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(i

No result from LHC yet: Here D0

3-Jet Mass DO

222

| ® Data/Theory (MSTW2008)

Range of y, ; variations
PDF uncertainty 68%CL

{BE= CT10/MSTW2008

E lyl<24 pry>70GeV If
L1 1 I 1 ! | 1 L

E M, =M= (Pry + Prp + Pr3) / 3
T T T T T T |

1.4 [
12 |
+ Sensitive to a_ beyond 22 N
- 08 |
process S o6 |
= 04
% Known at NLO (NLOJet++) 5 14 F
T F
+ Sensitive to PDFs -2
+ Involves additional “scale” p_, cop
’ 04 b lyl<24 pT3>4o|Gev_E
- - Prg > 40 GeV. -
10 D@ ® |y|<2.4 (x4)|E ® p..>40GeV (x4)(6 08 1.01.2
< 10 = |y[<16 u O prg > 70 GeV (x2)
@ 3: A |y|<0.8 2 ¢ pry > 100 GeV
3 1 3 E
el 0 Prg > 40 GeV |F ly| < 2.4
. 10 2F E
& : E S A
= 10 |
2 @ (b)
S 10'1:_ Vs = 1.96 TeV — NLOpQCD
© L_07fb plus non-perturbative corrections
10 2_ - | W =t = (Pry + Prp i Pr3)/3
04 0506 08 1012 15 04 0506 08 1012 15
DO, PLB704 (2011)| M3er (TEV) My, (TeV)

Klaus Rabbertz

Bad Honnef, 10.12.2012

04 0506
Mje (TeV)

0.8 1.0 1.2 0.4\0.5 0.6

do3jet

08 1.01.2

Most PDFs work ok, CT10 is off
DO investigated 3 different
lower pT thresholds p. ,and

3 max. rap. y

3

dM3et

521. WE-Heraeus-Seminar
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ﬂ Dijet Azimuthal Decorrelation

2222

e

Dijets in pp collisions:

Ap dijet=1T —
Exactly two jets, no further radiation

A dijet small deviations from T —
Additional soft radiation outside the jets

A dijet as small as 211/3 —
One additional high-pT jet

Ao dijet small — no limit —
Multiple additional hard jets in the event

Klaus Rabbertz Bad Honnef, 10.12.2012 521. WE-Heraeus-Seminar 71




ﬂ Dijet Azimuthal Decorrelation

1

deuet
dijet dA(P

107

107

L

T IIIIIII| T T TTTT T T TTTII

IIIIIII

g

pI™* > 300 GeV (x10%) CMS

200 < pI™ < 300 GeV (x10%) 1
140 < prTnax <200 GeV (x10?) )
110 < p["™ < 140 GeV (x10)

<

>

m]

o 80 <p™ < 110 GeV 7 e
L=29pb"
\s=7TeV N
lyl<11 o
_D_
_D_
_O__O—

QCD Predictions

/2

CMS, PRL106 (2011), arXiv:1101.5029.
Klaus Rabbertz

e LO
- — NLO
=0 wo=u =pr
- CTEQ 6.6
B 1 1 I | | I | |
2n/3 5n/6 T
A [rad]
dijet

1/6 do/dA¢ [rad ]

10°
10°
10’
10°

10*
10°
10°
10

1
10
10

107

2222

III|T|T|I IIII|'|T|I TTIT

| - T

ATLAS \s=7 TeV
anti-k; jets R=0.6 p_>100 GeV |y|<0.8
Data [Ldt=36 pb’

+ pMax 800 GeV (x10°

)
¢ 600< pM*< 800 GeV (x10°)
+ 500< "< 600 GeV (x10°)
)
)

o

1

;‘;H‘
t}
|

+§

4

ﬁ*
v ERRET.

A 400< p"@*< 500 GeV (x10°

4+HH

>3
b’ g
111

(
4 310< ph< 400 GeV (x10°
00 260< p@*< 310 GeV (x10°
(
(

Y

)
m 210< p"™< 260 GeV (x109)

0 160< p%aXs 210 GeV ><1o;)
)

i

o

o 110<pM™< 160 GeV (x10

b
f

— NLO pQCD [O(a)]
PDF & o, unc.
scale unc.

=1 ool cond vl 11w

1 l L
2n/3

/2 5n/6
A¢ [rad]

ATLAS, PRL106 (2011)

Bad Honnef, 10.12.2012

521. WE-Heraeus-Seminar 72



	Title
	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
	Slide 19
	Slide 20
	Slide 21
	Slide 22
	Slide 23
	Slide 24
	Slide 25
	Slide 26
	Slide 27
	Slide 28
	Slide 29
	Slide 30
	Slide 31
	Slide 32
	Slide 33
	Slide 34
	Slide 35
	Slide 36
	Slide 37
	Slide 38
	Slide 39
	Slide 40
	Slide 41
	Slide 42
	Slide 43
	Slide 44
	Slide 45
	Slide 46
	Slide 47
	Slide 48
	Slide 49
	Slide 50
	Slide 51
	Slide 52
	Slide 53
	Slide 54
	Slide 55
	Slide 56
	Slide 57
	Slide 58
	Slide 59
	Slide 60
	Slide 61
	Slide 62
	Slide 63
	Slide 64
	Slide 65
	Slide 66
	Slide 67
	Slide 68
	Slide 69
	Slide 70
	Slide 71
	Slide 72

