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Physics with Jets (and Photons) at the LHC

J. Terron (Universidad Autonoma de Madrid)

e Outline
— Jets and Jet Algorithms
— Jets with the ATLAS detector at the LHC
— First measurements of jet production aty/s = 7 TeV
— More+better measurements of jet production
— Multijet production and extraction of «
— Measurements of jet production at/s = 2.76 TeV
— Dijet azimuthal decorrelations
— Looking inside jets
— Inclusive photon, photon+jet and diphoton production
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What is a jet?

Run:event 4093: 1000 Date 930527 Time 20716Ctrk(N= 39 Sump= 73.3) Ecal(N= 25 SumE= 32.6) Hcal (N=22 SumE= 22.6)
Ebeam 45.658 Evis 99.9 Emiss -8.6 Vtx ( -0.07 0.06, -0.80) Muon(N= 0) Sec Vtx(N= 3) Fdet(N= 0 SumE= 0.0)
Bz=4.350 Thrust=0.9873 Aplan=0.0017 Oblat=0.0248 Spher=0.0073

| 200. cm. | | 510 20 50 GeV

Centre of screen is (  0.0000, 0.0000, 0.0000) \ [ FT \

ete~ — jet + jet (eTe annihilation)
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What is a jet (1I)? I

CDF: Highest Transverse Energy Event
from the 1988-89 Collider Run

sum of Transverse Energy = 752 Gel

Calorimeter lego plot
Two Jets, 424 Gey' and 371 Gely

pseudorapidity: n = —In[tan(6/2)]
0(n): 0° (400), 5° (3.13),90° (0)
LT cenma Tracking 175° (-3.13),180° (—o0)

#
pp — jet + jet + Anything (pp collision)
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What is a jet (lI)? I

UCAL transverse energy

ep — e + jet + Anything (NC DIS)
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Whatis a jet (IV)? I

40
UCAL “transverse energy

ep — jet + jet + Anything (photoproduction)
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pp — jet + jet 4+ Anything

What is a jet (V)? I

% EXPERIMENT

Run Number: 167576, Event Number: 69725215

Date: 2010-10-24 15:42:22 CEST
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What is a jet (VI)? I pp — jet + jet 4+ Anything

i CMS Experiment at LHC, CERN
il Run 133450 Event 16358963 P
Lumi section: 285 /
Sat Apr 17 2010, 12:25:05 CEST _,/

ET(GeVl
80
0 Jet 1
40
20 Jot 2=
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Jet 2

J. Terron TAE September 18th, 2013



Physics with Jets (and photons) 9

Some good reasons to study jef

Jet “7,9 \?*
alm 4 //r/ &
e \\\\ . "

e Studies of the strong interactions:
— measurements of the strong coupling constaniys)
— colour dynamics (e.g. the self-coupling of the gluon)
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Some good reasons to study jets (II

neutrino

Vi

— measurements of top quark production
— search for excited quarks

,/// e Study of and search for new heavy particles:
Jet
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Physics with Jets (and photons) 11

Some good reasons to study jets (IIII

guark
antiguark ;
—
Jet P \%\
Jet
P e Search for new heavy particles:

— new particles decaying to jets
— Higgs Boson
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Jet Algorithms
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How to find jets?'

e To reconstruct the final-state quarks and gluons /\

— Something more sophisticated than a bucket is needed!

= | JET ALGORITHM

— MEASURABLE!
— CALCULABLE!
— ACCURATE!

e Jet algorithm:
— Reference frame '

— Variables of the hadron

— Combining hadrons

J. Terron TAE September 18th, 2013



Physics with Jets (and photons) 14

Variables for Jet Search inete— annihilations I

e+

?

hadrons

d

-\

L

A
X !

4

e e e~ annihilations in the centre-of-mass system
e Invariance under rotations = Energies and angles

= Input to the jet algorithmE;, 8, andg; for every hadron

= “distance” between hadrorsandy: their angular separatiof ;

J. Terron TAE September 18th, 2013
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Variables for Jet Search inpp coIIisionsI //

v _ )

hadrons
p == ><<E p
\
- NS
) \&A hadrons

e pp collisions in thecentre-of-mass system

e However the initial-state parton-parton system is NOT at rest!

depending upon the momentum fractionsi,1 and x,2, wrt the parent hadrons
= the final-state partonic systemis BOOSTED along the beam axis

J. Terron TAE September 18th, 2013
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Variables for Jet Search inpp collisions (lI) I

e Angular separations are NOT invariant under boosts!
= a given set of hadrons will appear more collimated dependingpon the boost
e To treat on equal footing all possible final-state hadronic gstems
invariance under longitudinal boosts transverse momentum, rapiditand azimuthal angle

Rapidity 260 Rapidity 360 Under a boost:

Y =y + f(@p1,xp2)

= the difference iny

between hadronsandy
180Ay,, IS INVARIANT!

180

Azimuthal Angle
Azimuthal Angle

o o The “distance” defined a

0 0 7= \/AyE + A¢
is INVARIANT!
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Variables for Jet Search inpp collisions (l1) I
E=617 GeV

e Advantage of using transverse momenta: PT=615GeV
Large energy # small distance (hard scattering!) \ /
The beam remnant jets have huge energies, / 450 GV
but they HAVE NOT undergone  p ==& - =
a hard scattering! 3500 GeV 900 GeV \ S0 GeV
\

e Large momentum transfer = small distance (hard scattering!) \\ E=733 GeV
= large transverse momenta signal a hard interaction hadrons P =615 GeV

e The use of transverse momenta helps to disentangle betwetire products of the hard
interaction and the beam remnant jets/UE(absent ine™ e~ annihilations)

=> Input to the jet algorithmpr;, y; ande; for every hadron

= “distance” between hadronsandj: \/ Ayfj + A(b?j

J. Terron TAE September 18th, 2013
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The best choice for jet algorithm inpp coIIisionsI

e There is no best choice since, at the end, it is a question of¥iag the smallest uncertainty
for the given observable:
— the smallest theoretical uncertainties (higher-order cotributions)
— the smallest hadronisation/UE effects
— the smallest experimental uncertainties

e For most of the measurements the longitudinally invariant anti- k4 algorithm

(M. Cacciari, G. Salam and G. Soyez) p, [GeV] _ . antik,RE |

has been used for comparisons between
data and perturbative QCD at the LHC

— It is collinear and infrared safe
to all orders in pQCD

— it provides = circular jets
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The longitudinally invariant anti- k+ algorithm for pp colIisionsI

e The clustering procedure is as follows:
— List of particles (or calorimeter cells, clusters of calormeter cells, partons,. . .)
— For every object k and for every pair of objects, 3 the “distances” are evaluated
di = 1/p%, (distance to the beam)
d;; = min(1/p7.;,1/p7 ;) - ((y; — y;)* + (¢ — ¢5)*)/R?
— If, of all the values {d}, dZ,}, d7, , is the smallest, then objectsn and n are
combined into a single new object according to (e.g.)
Dij = Pi + Pj
— If, however, d3 is the smallest, then objeck is considered a “protojet” and is
removed from the list
— The procedure is iterated until the list of objects is empty
e From the list of “protojets” the are selected by imposing certain criteria:
— Jet rapidity in the range C < yjet < Cu
— Jet transverse momentum in the rangepr et > Pr,0
= the lower the pr o, the larger the theoretical and experimental uncertainties!
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‘ Benefits of the antik+ algorithm I

e The anti-kr jet algorithm provides
jets with better control on the shape
(= circular) and area (dictated by the
jet radius R) than other jet algorithms

e Essential to control and suppress the
energy contributions from particles that fall
Into the jet but originate from

— the “underlying event” (hadrons from the
same proton-proton collision but
unrelated to the hard interaction
(a proton is an extended object)

— additional soft proton-proton interactions
overlaid with the interesting one (pile-up)

Z — pTp~ event candidate
with 25 (!!) reconstructed vertices
High pile-up environment in 2012

J. Terron
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Jets with the ATLAS detector|
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The ATLAS detector'

http://atlas.ch

e Inner detector (ID): tracking and particle identification i n || < 2.5
e Calorimeters: electromagnetic (LAr) — barrel |n| < 1.475, endcapl.375 < |n| < 3.2,
forward 3.1 < |n| < 4.9; hadronic (scintillator/steel, LAr/Cu, LAr/W) — barrel |n| < 0.7
extended barrel0.8 < |n| < 1.7, endcapl.5 < |n| < 3.2 and forward 3.1 < |n| < 4.9

J. Terron TAE September 18th, 2013
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Jet reconstruction in pp collisions with ATLAS I

e Jet reconstruction using the antik7 algorithm with R = 0.4 or R = 0.6 (FASTJET)
In y — ¢ space; four-momentum recombination scheme
e Calorimeter jets: the inputs are topological calorimeter dusters (topoclusters)

J. Terron TAE September 18th, 2013
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Topological calorimeter clusterﬂ

e Topoclusters: groups of calorimeter cells designed to fadw ,
&
&y

the shower development (using the fine segmentation of the
ATLAS calorimeters) of a particle
e Algorithm:

x starting with seeds, cells with| Ecey;| > 40
(o0 = RMS of the noise)

* adding neighbouring cells with | E.ey| > 20

% all further immediate neighbours are also added

* clusters are split/merged according to the position
of local maxima and minima — to separate
showers from close-by particles

lopological clusters

= FEtopo = ) Ecenr; topocluster direction from
energy-weighted averages Ofi.e;; and ¢ e

= Topocluster 4-momentum (assumed massless)

J. Terron TAE September 18th, 2013
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Monte Carlo simulations]
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Monte Carlo simulations'

= To study the detector response for physics proces

e Event generators: from the hard subprocess to the
final-state particles (hadrons and leptons)
— PYTHIA, HERWIG, SHERPA,
ALPGEN+PYTHIA, MC@NLO + HERWIG, ...

e Simulation of the response of the subdetectors

e Output of the simulation chain: in identical format
to the output of the ATLAS data acquisition system

e \ery important tool for jet measurements
— jet reconstruction from topoclusters in a MC event paron

Collisions

— jet reconstruction from final-state particles in a MC eventie {

f(x,Q%) f(x,Q%)

— jet reconstruction from final-state partons in a MC event -

J. Terron TAE September 18th, 2013
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Event generators: How to go from here I

(Torbj orn Sjostrand’s talk at YETI'06-SM, IPPP, Durham, UK, March 06)

p/P

Hard subprocess: described by matrix elements

J. Terron TAE September 18th, 2013
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Event generators: through here I

C S
_|_
—
49
p N
p/P

Resonance decays: correlated with hard subprocess
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Event generators: through here I

. w. W

p/P

Initial-state radiation: spacelike parton showers
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Physics with Jets (and photons)
Event generators: through here I

fa]
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P/P

Final-state radiation: timelike parton showers
TAE September 18th, 2013
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Event generators: through here I

30000000000 0000

1 G800000000000

g .

p/P

Multiple parton—parton interactions . ..

J. Terron TAE September 18th, 2013



32

Physics with Jets (and photons)
Event generators: through here I
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p/P

... with its initial- and final-state radiation
TAE September 18th, 2013
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Event generators: through here I

Beam remnants and other outgoing partons
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Event generators: through here I

e i) “'"!
Taitit e 5y O tlo_la]o_[
T 1 et R i

- T
R

Everything is connected by colour confinement strings
Recalll Not to scale: strings are of hadronic widths

J. Terron TAE September 18th, 2013
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Event generators: through here I
/]
\

‘-‘;l"

L 2

The strings fragment to produce primary hadrons

\
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Event generators: up to here!I

Many hadrons are unstable and decay further

J. Terron
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Detector simulation.

These are the particles that hit the detector
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The role of event generators in the gaml

Event Generator Position

“real life”

Machine = events
LHC

produce
events

Detector, Data Acquisition

ATLAS,CMS,LHC-B,ALICE

“virtual reality”

Event Generator
PYTHIA, HERWIG

\ observe & store events /

~.

Detector Simulation
Geant4, LCG

/

what is

Event Reconstruction

knowable? ORCA, ATHENA “quick

and dirty”

compare real and

| Physics Analysis
simulated data ROOT, JetClu

!

conclusions, articles, talks, ...

J. Terron
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‘Jets of particles and partons in MC simulated eventi

e Jets of particles (“truth jets”):

" Vo
— jet algorithm applied to the final-state ._
particles with lifetime > 10 ps |

:“' N0 00C
— particles from overlaid pp interactions D &
(pile-up) excluded! -
=> Used to obtain jet energy and direction y/ ‘ \ /
corrections to topocluster-based jets;
jet properties restored to “particle” level ~
J;Ls}/!/;lrtons Jé{sk
/ Hadrons
a\y
'

J. Terron TAE September 18th, 2013
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‘Jets of particles and partons in MC simulated eventi

e Jets of partons (“partonic jets”):
— jet algorithm applied to the final-state
partons (after the parton shower) p \\ \
e Parton-to-hadron (hadronisation) and ._ \ A a/7
underlying event effects are
non-perturbative SN TT03

— estimated with MC simulations D SV

e Non-perturbative (NP) corrections: S

oiet (MC, particle — level, UE) j x \1 l
Ojet (MC, parton — level, no UE)

Cnp =

e NP corrections applied to theoretical —

calculations for jets of partons— so as to Jy/},/;nons JSESdR
: rons \
close the bridge between the measurements - \ ‘

(Jets of particles) and the pQCD calculationg |

J. Terron TAE September 18th, 2013
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Jet calibration in ATLAS |

J. Terron TAE September 18th, 2013
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\Jet calibration: from EM scale to “truth” I

e Topoclusters calibrated at electromagnetic (EM) scale: et tatard
the EM scale correctly reconstructs the energy deposited ‘

— established using test-beam measurements il /i
— corrected in situ usingZ — eTe™ events

e Corrections are needed to account for:

— calorimeter non-compensation (lower response to hadrons) / TPUTHJET

— energy losses in inactive regions (“dead” material) Q |
— particles with showers not contained S

n Tty
— particles clustered in the “truth” jet, but not in the
topocluster-based jet
— inefficiencies in jet clustering and jet reconstruction
— subtraction of the contribution from pile-up n Fingy
e Estimation of the uncertainties on the jet energy pzif
&

and validation with measurements in situ!

J. Terron TAE September 18th, 2013
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‘ Jet calibration (EM+JES scheme] ———— ;

¢

" '8 N
F/'/ N
. i I N4
\&/Xf/y-\ -...!,/_
%,

e The (simple) EM+JES calibration scheme applies
corrections as a function of the jet energy andy
to jets reconstructed at the electromagnetic scale

e Three steps:

— Pile-up correction: subtraction of energy Q |
due to overlaid proton-proton interactions S

— Vertex correction: jet direction corrected
such that it originates from the primary vertex

— Jet energy and direction correction jet energy
and direction corrected back to the jet of hadrons

J. Terron TAE September 18th, 2013
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‘Plleup correctlonl sy D00
- i ATLAS e

o - 7

. = 180 =

e The average additional energy due to = I: S -

i . : : =) 3 -
additional pp interactions is subtracted £ 140
from the measured energy using correction2 190

constants obtained in situ

= 10°

e Offset correction derived from minimum

II.“bllllll.llllll I

jo- @ PO

Constituent to
(@]
o

bias data as a function of Npy/, jet n and 60
bunch spacing: O (n, Npv, Tounch) 40 10
— applied to jet E+ at EM scale 20

ECO'I"T‘ — E’U,TLCO'I"T‘

—O(n. N Tron ) bbb cpuigt® | L
(11, Nov, Tounch) - g g D ™ 554
t

e Jet offset correction oc number of constituents towers in a jet ¢~ jet area) "
— equivalent number of constituent towers for jets built from topoclusters

e The multiplicity of calorimeter towers in jets depends on the internal jet composition and
pileup; the average can be measured in site— distribution of constituent tower
multiplicity for jets based on towers with p > 7 GeV as a function of jetn

J. Terron TAE September 18th, 2013
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‘ Pileup correction I S M L g
2. 60l Data 2010 IV O. 6 Data 2010 G PRV
,_,EIJ-U,_ 50;EM energy scale £+va=3 ELIJF 5; EM energy scale E+va=3
< - . o ;+NP\,:4 < - o o 148,24
— - © © 3 .. B c o}

O} - " ;$NPV=5 6 C o 9 a S 7619va=5
n 40¢ © ® o Q4 0@ e
S i s I v g e
& 30F e S, Wy 8 3 st AT
S L R e 3 :Oww‘vrvm wo BEAME
L viy N v C
a 201 ﬁvvﬁl‘&%& ve Y b A‘tvv f. v A
- A .
10/ A Y N A ;
Mﬁ-—;
OE\\\‘ \\\‘\\\\‘ \\‘\\ ‘ ‘ \\\‘\\\ ‘ ‘\\\\4
5-4-3-2-1012 3 45
ntower

e Calorimeter tower offset at EM scale derived by measuring tle average towerE for all
towers (non-noise suppressed) in events witNpy = 1, 2, ... and comparing with Npy =1
Otower (M, Npv) = (EX™"(n, Npv)) — (E?"*"(n, 1)) foreach Npy

e Tower off set extrapolated to an EM-scale jet offset:
Ojetitower (M NPv) = Otower (N, Npv) Alet  where A7¢*=jet area
— for jets built from towers = Adet = N7t
— for jets built from topoclusters = A7¢* = mean equivalent constituent tower multiplicity
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‘ Final jet energy correction'

e Final step of the calibration: from the reconstructed
jet energy ( ) to the truth jet energy (E};Je]f/f
— MC simulations without pileup

e Matching reconstructed jets and truth jets (AR = 0.3)
— jets must be isolated; no other jet withpr > 7 GeV

within AR = 2.5R

e Calibration parametrised as a function of
—

e EM-scale jet energy response*Rﬁfd =

Ep

B,
for each matched pair of calorimeter and truth jets
— calibration fcazib,k(EE\Z) In bin k of nges

e Final JES correction:

jet
EEM

jet
Feativ,k (Egag

jet _
EEM—l—JES _
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Final jet energy correction

Jet response at EM scale

Average JES correction

1= ATLAS S|mulat|0n -

L Barrel-Endcap Endcap-Forward :

[ Barrel Transition Endcap Transition Forward 7]

0.9 ]

;AAAAAAA atly JAhaaaaa, A, .

0.8 o (4 | a4 A NEWEN

L N _

|::, DDDDDDDD A DDDDDDDDDDDD A Al ]

O 7__ o H® o 00pg ]

= o o o _

— A —

QOOOOO =} AD n

0.6 | %o N =

;.... OOOO DDD :

1© ° o 00 -

- L] o) OO -
0.5 Y °

C e E=30GeV o E=400GeV

- ) o E=60GeV A E=2000GeV ]

0.4 Anti-k, R = 0.6, EM+JES —

i I Ll 1l I Ll 1l I Ll 1l I Ll 1l I Ll 1l I Ll 1l I Ll 1l I Ll 1l I L1

O 05 1 15 2 25 3 35 4 45
N,

e Average EM-scale jet energy response{’RJet ) =

e Average final JES correction,(

1

jet
Feativ,k (Egas

T T T T T 1T | T T LI | T T
2'_ e ATLAS simulation e 03<n[<0.8 ]
B s 21<n|<28 ]
B ° v 36<n<4.4
18- ° B
1.6/ . .
i N ° . ]
14__ v, a A R * ° o __
12__ T vAAAAAA:...°oooo__
| Anti-k, R = 0.6, EM+JES |
1 ) ) ) Lo ) ) ol )
20 30 10 2x10? 10° 2x10°
jet
EM :
<jT>’ as a function ofnget
Et'ruth

jet.

), as a function of calibrated jetpy;

from about 2.1 at low jet energies in the central region

— less than 1.2 for high energy jets in the most forward region
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Final jet pseudorapidity correction

o —

2 ||||||||||||||||| | T T 1T | T T 1T | T T TT | LI | T T TT | T |: E O 06_ |||||||| | |||||||| | |||||||| | |||||||||||||| ]
S 1= ATLAS S|mulat|0n — 2 - ATLAS S|mulat|on -
7} C Barrel-Endcap Endcap-Forward ] = L oo i
s C Barrel Transition Endcap Transition Forward n , 0.04+ —
L 0.9 -] = B o L
+— - . o} I~ [eXe) [u] =
© V'VYWN Aty AA,slAaa Al ] = - A -
o ogl | T |aat e, | 4= 002k oo N -
2 ) it =R o A A AAA A 1 B ... O oo ° o A A —
g - o, % A g"f8Enog A Al B 0009005704, 507 4 4 i
Q. - ° o oo . - ,80% ovR A 5 AT AA 7]
o 0.7 ’ i = 0 g *
(4] R o o, o — | A o ADA |
% goooooo o Ao E - A Agot ]
S 06| °o E -0.02f =
mesees [ 7% oo o ] T .
- [ ] o) o . — —
0.5 . o° -

r ¢ e E=30GeV o E=400GeV 7 -0.04+ e E=30GeV o E =400 GeV
- ) o E =60 GeV A E=2000GeV B ) © E=60GeV A E =2000 GeV 7]
0.4 Anti-k, R = 0.6, EM+JES — ” Anti-k, R = 0.6, EM+JES ]

T I Ll 1l I L1 I L1l I Ll 1 I Ll 1 I Ll I Ll Ll I Ll I L] _O 06 | | I | I -l I | | I | | I 111 | I | I 1111 I 1111 I | | 11

O 05 1 15 2 25 3 35 4 45 0 05 1 15 2 25 3 35 4 45

n,/ I gl

e The origin-corrected jet nj is further corrected for bias due to poorly instrumented regons
— lower energy topoclusters— jet direction biased towards better instrumented regions

e Derivation of the n-correction from the average differenceAn = n¢rwth —
bins of B}, and nge; and parametrised as a function ofE% ;. ;s and nge:

= very small correction (An < 0.01) except in transition regions

Norigin In
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Jet energy scale uncertaintj

J. Terron
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‘ Uncertainty on the Jet Energy Scali

0.12 T LA B I N B | T T T T T T T

Anti-k, R=0.6, EM+JES, 0.3<|n | < 0.8, Data 2010 + Monte Carlo incl jets
ALPGEN+HERWIG+JIMMY v Noise thresholds —

0.1
[ X  JES calibration non-closure +  PYTHIA PERUGIA2010 ]
- O Single particle (calorimeter) = Additional dead material—

= Dominant systematic uncertainty for jets!

0.08[f7] Total JES uncertainty

0.3 < |n| <0.8

e Estimated by combining information from 0.06-

Fractional JES systematic uncertainty

_ _ ATLAS E
data and MC simulations o_o4m
— single-hadron response measured in situ ookt b ¢ _ 5o 3

— single-pion test-beam measurements o

C L. . 30 40 10 2x10? 10°  2x10°
— uncertainties on amount of detector material " [GeV]
— description of electronic noise

0.12 —— —

— MC model used in the event generation % i e e e E
2 - X JES calibration non-closure ~ +  PYTHIA PERUGIA2010 ]

e JES uncertainty for all jets with |n| > 0.8 s 0.08[ L pndeparicleCabrnete) = Addond dead mterl
determined relative to the central barrel region % 006 2.1 <ATL|AZ < 2.8 -
0.3 < |n| < 0.8 (very well known!) plus a ‘gjuj 0,043_0 -
contribution from intercalibration £ b s H
— by using dijet balance between a non-centrals 05 , ?, 2 , m Lo niiigg % M
jet and a central jet (in the same event) 00 w0 2 o -
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‘Single hadron responsj

% B | |‘r]|‘<‘016 | | ‘i
v 0.8— —e— Data2010({s=7TeV)

. . . . B [ Pythia ATLAS MC10 i
e The response (+uncertainties) for single particles ool | Ssematounceraimy et
interacting in the ATLAS calorimeters is used to I S E
derive the jet energy scale uncertainty (central region) & o E
— in-situ measurements ofFE /p for single particles < P iFAS i
E 1.1 =
— pion response measurements in combined test-beam§ ENREDENS 0 S S SO
. = T e
(pion beams between 20 and 350 GeV) oo ‘ —

] o _ _ 0.5 1 2 3 4567 10 20 30
= Significant reduction of the uncertainty PlGeV]
e Additional uncertainties: 1,03, Ol UNCEMaAIMY  —a CTB rosponse
. . - ATLAS —v— E/p response o clustering effec §

— Calorlmeter acceptance for |OWpT part|C|eS 1.025 v E/E acc%ptance * neuttra| h%dron;

— Calorimeter response to particlespr > 400 GeVy 101t

— Baseline absolute EM scale for particles in the
Kinematic range not measured in situ

— Calorimeter response to neutral hadrons

= In the central region (|| < 0.8), the JES 0.97F o OROTS - ]

. : 20 30 200 1000 2000
uncertainty due to that on hadron response is 1.5-4% 0 O oo
:

1

0.99

relative calorimettﬁet response

0.98
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‘ Uncertainty on the Jet Energy Scali

@ 1I— 1 ' T T T ]

g Log 3 Anti-k  R=0.6, EM+JES, 0.3 < || <0.8 E

e Uncertainty on jet calibration method: & b | PYTMANGY momne) Ereenss
% oL o PYTHIA MC10 (nominal), p . response -

— deviations from unity (non-closure) after 5 104 =
. . . . . . < - 7
application of the calibration to the jets in MC 102 E

— due to approximations, same correction applied . -
) ) ) 0.98 =

to E and pr (jet mass!), jet resolution, etc 0.06F E

= 2% at low pr and < 1% for pr > 30 GeV 0.94 ZZL:: i ifm-"?t-ligz T T
In the central region P [GeV]

A Ll —

e Uncertainties due to MC models: hadronisation, & os- Atkzoec?fwjnzsgosmog -
underlying event and other approximations in ¥ igj: L PYTHIAPERUGIAZDI0 E
event modelling 1_02; _
— comparison with PYTHIA Perugia2010 tune | SR ST S IEC S S
to account for soft-physics modelling 0981 o :
— comparison with ALPGEN+HERWIG+JIMMY, ~ °®} anassmusion
which uses different models for all steps T w0w 10 2a0 10° 2x10°

jet
P, [GeV]
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‘In situ m-intercalibration with dijets I Relative responsep?™® /pref = 1/c

1-2_' I""I""I'_"'I""I""I"_
e Response of ATLAS calorimeters to jets depends ATLAS;Q Data 2010 Anti-k, R=0.6, EM+IES |

. . . . . 1_1 30<p <40 GeV
on jet direction (different technologies, amount
of dead material)

:% iﬁﬁz =

Relative response
H

— m-intercalibration needed to ensure a uniform 0'9: o reg.jn_ethod
calorimeter response to jets B
— achieved by applying corrections derived from & 11_;__f__,____,_4_*—*———_,_—*—__—{—
MC simulations to be validated with data 3343210123%
e Relative jet calorimeter response and its 12
uncertainty studied by comparing the transverse g”:s v ANt R=06, EMHIES 1

momenta ofa well calibrated central jet and m

a jet in the forward region in events with only

Ly == i
_——'1’3— Vi _'!'_—'*'——_

Relative response
=

two jets at high pr (dijets) = pr balance | |
robe av :_ f: ll\:/:zer(iixcir;ttrhall)c:eference region method _:
e Asymmetry: A = (pr —PTf)/P ! o Lo
|n bInS Of ,r,p'robe and pa/vg (lfrlrefl < O 8) g 11:?’“_-“i- ....... -'-l .......... - ............ - ........... - ............. ‘ ..... i
0'9_ ......................................................................................................................................................... 4
Intercalib. factors c;x = (2 — (Aik)) /(2 + (Aix)) os N I S N R
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‘ In situ ny-intercalibration with dijets I

e Selection of dijet events

—» at least two jets withp?<* > 7 GeV
— p7’9 > 20 GeV and A¢(j1,J2) > 2.6 rad
— pr(j3) < max(0.15p7"?,7 GeV)

e Lowest p;."?-bins expected to be biased
— failure of assumption of dijet balance due

to residual low-pr jet effects

e Comparison of relative jet responses using this
method and a matrix method (higher statistics)

— compatible results

[ matrix method used to obtain final uncertainty
on the in situ n-intercalibration due to its higher

statistical precision ]

Relative response

Ratio

Relative response

Ratio

probe ; ref
Relative responsepr pr° =1/c
1_2 _I I 1T TT I 1T TT I T TT I 1T TT I 1T TT I T I_
ATLAS Data 2010 Anti-k, R=0.6, EM+JES 1
avg

1_1 30<p <40 GeV N
V—y— N
i :% :?:—+— s Bt i
% S

0.9 —+—

E -+ Fixed central reference region method ]
0.8—I_I I 1111 I 11 | I_Ivl_l Mlaﬁril)( Irrllelthlolcjl 11 I 1111 I 1111 I 1111 I I_I-
1.2 T I T T I L I LI I T 1T 1T I T 11T I T 1T I T 1T 1T I T 1T 1T I T
1.1_ ........................................................................... *Y ............................. _*_ .............. _{__

1:!“_“:f__ """ ¥—_""§ “_“'—1='_'f:'““::=Y """""" SRR -
09 e e e e e e e e

11 I 11 1 | I 11 1 | I 11 1 | I 11 1 | I 11 1 | I 11 1 | I 11 1 | I 11 1 | I 11

0.8 -4 3 2 1 0 1 2 3 4
r]det
1_2_I T I T 1T I T 1T I T TT I 1T TT I 1T TT I T TT I 1T TT I 1T TT I T I_
ATLAS Data 2010 Anti-k, R=0.6, EM+JES 1
avg i
1_1 60<p < 80 GeV .
- ]
Ly == @ ——. i
1_—_'1’3_ — _¢'_—_
0.9F -

- -+ Fixed central reference region method ]
0.8—I_I I 1111 I 11 | I_Ivl_l Mlaﬁril)( Irrllelthlolcjl 11 I 1111 I 1111 I 1111 I I_I-
1.2 T I T T I L I LI I T 1T 1T I T 11T I T 1T I T 1T 1T I T 1T 1T I T

1.1_ .........................................................................................................................................................
1w - — e v. V. v V.
09 e e e e e e e e e e e e e o]
0.8 11 I 11 1 | I 11 1 | I 11 1 | I 11 1 | I 11 1 | I 11 1 | I 11 1 | I 11 1 | 11
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‘n-intercalibration with dijets: data vs MC IReIative responsep? % /pref = 1/c

e Comparison of relative response between data ané 12;“:330“ o aReos Ewes |
several MCs (PYTHIA MC10 and Perugia2010, g aa i
HERWIG++, ALPGEN) ¢ M T

— normalization: average relative response in ¢ 0-9;‘_’_%5': + owaon, 5277 ;&;2:%:

1] < 0.8 equals uniy (or dataand MC) el T T

e Good description of the data by MC for =

pr > 60 GeV, at lower pr — differences between

data and MC, and different MCs (large spread) % i_;ﬂs\smv ey R=°-6"EM+JE'S_3

e Uncertainty on relative response: RMS deviation £ liziﬁkﬁﬂ:“:‘;:if

of the MC predictions from the data ¢ ok oo e

— athigh pr, small spread, reflection of the true %o om0 oo

difference between the response in data and sim§ W e

_, atlow py and large . physics modelling o RS
n
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‘ Jet Energy Scale uncertainty for non-central jetﬂ

w B T T T I T T T I T T T T T T I T T T | T ] w _I 1T I LI | I 1T 1T I IIIIIIII I 1T 17T I 1T 1T I 1T 17T I 1T I_
% 0.14ATLAS Data 2010 - 08s<in[<12 ] % 0.14F 5 20<p™ <30 Gev ATLAS Data 2010 —
© N - 12< 21 © " —v— 30<p?<45GeV 7
2 0.12F —— v bzshi=al 2 12 ", — o
2 - -~ 2.1<|n|<2.8 ] © - —— 45<p_ " <60GeV 3
S 0.1 —~— 2.8<|n<3.6 _] =3 0.1~ 60< pi“g <80 GeV B
g - - 36<|n<45 ] g [ - 80<p °<110GeV ]
? - — Anti-k, R=0.6, EM+JES - E\ - Anti-k, R=0.6, EM+JES —— v .
£ 006 - = £ 0.06 — =
(] - _—— ] (] L v _
&) L - A ——a— _ (8] L —A S—
S 0.04 e . ] S 0.04 . ¥ ——— ]
< C _ N < C —_—— N
c - ——p— c - — N ]
8 0.02 O o V- —é— i 8 0.02 O 5 B8 —_——— 7]
(@] ~ s = (@] ~ _$_ é n
S O B I L L I L L L I I L ‘T' | L S O _I Ll I L L I_I I_I j - I L Ll I Ll 11 I j - Ll I Ll 11 I j - Ll I Ll I_
LL 0 20 40 60 80 100 LL 0 0.5 1 15 2 2.5 3 3.5 4 4.

p*' [GeV] In,.|

e Uncertainty in the jet response relative to jets in the cental region || < 0.8
as a function ofpr and |n|

e Final uncertainty: total JES uncertainty in the central region 0.3 < || < 0.8
as a baseline plus uncertainty from the relative intercalivation (RMS deviation
of MC from data)
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‘ Summary of Jet Energy Scale systematic uncertaintii

0.3 < |n| <0.8
T T LI I T T T T T T T I
Anti-k, R=0.6, EM+JES, 0.3< |n | < 0.8, Data 2010 + Monte Carlo incl jets

ALPGEN+HERWIG+JIMMY v

JES calibration non-closure
Single particle (calorimeter) "

0.08 =] Total JES uncertainty

©
=
N

Noise thresholds

o
=
III|III

o X »

0.06
ATLAS

0.04

H

O
O
O
O

024 4 .

0.02-4 4 b g g ° §

:'xlngi %*ii**i*]**:
0 L N | 4

30 40 107 2x10° 10°  2x10°

p* [GeV]

PYTHIA PERUGIA2010 7]
Additional dead material-

Fractional JES systematic uncertainty

21 < |n| < 2.8

0.12 —
- Anti-k, R=0.6, EM+JES, 2.1<|n | < 2.8, Data 2010 + Monte Carlo incl jets
0.1 4 ALPGEN+HERWIG+JIMMY v  Noise thresholds ~ —
X JES calibration non-closure PYTHIA PERUGIA2010 ]
L O  Single particle (calorimeter) = Additional dead material -
0.08/— o Intercalibration [ ] Total JES uncertainty ]
0.06[— ]
B ATLAS 7]
- 5 .
0.04— ]
L o .
0.02—* 4 o g o o B8°5@ T
- R = ¢ L ¢ o© o o |
LI T R
0 1 " lg | ; 1 |’|
2 2 3
30 40 10 2x10 10
jet
p* [GeV]

e Fractional JES uncertainty in the central region: 2-4% for pr+ < 60 GeV and
2-2.5% for 60 < pr < 800 GeV; 2.5-4% for pr > 800 GeV
e Fractional JES uncertainty in the endcap region: up to 7% for pr < 60 GeV and

up to 3% for pr > 60 GeV

e Study repeated with R = 0.4, leading to similar results

J. Terron
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‘ In situ validation of Jet Energy Scale uncertaintiea

Q 11‘2‘_ ] — T ] eTestofthe jet energy calibration using
= 77 e Multi-jet ATLAS _ _cali i
§ 1%).81} Tackiel [amos gyt v 1 @ well-calibrated object
Loel s YetMPF " Daa2010and Monte Carloinetiey  —> COMparison to the momentum carried by
104 n tracks associated to a jet
102 -{»-#:I: i | J
e S — direct pr balance between a photon
822: =+ j;: B and a jet
0.941 - — photon p balance to hadronic recoil
0.92— i i- =0. — . .
CoL . JESuncerany | A R=0SFIEST s balance between a highpr jet and
' 10? 10° -
0 [Gev] a system of lowp jets

e All methods applied to data and MC simulations=- double ratios!
e The techniques rely on assumptions that are only approx. fdillled: e.g. perfect balance
— affected by the presence of additional highp+ particles — need to disentangle physics
and detector effects— variations of the event selection criteria— systematic uncertainties
e Double Ratio of p?* over referencepy in data and MC
= support the estimate of the Jet Energy Scale uncertainty
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‘ Example: multijet balance technique'

e Useful to assess the jet calibration in the TeV region
o Study of MJB = |p;c**"9| /| p.recoi|

y
M J B expected to be 1; close-by jets, soft-gluon emissio?[;, "

pile-up, selection criteria— bias
e Double ratio r = [MJBlgata/[MJB]nc

e Event selection: at least three jets withpr > 20 GeV and |y| < 2.8
— B > 1rad (no jets within |A¢| = 1 rad around leading jet

—a = |A¢p — | < 0.3rad

13

pr Leading Jet

p; non-leading jets

p; Recoil System

MJB

— phecett > 80 GeV
— pJet2 /precoil < 0.6 to ensure leading jetata |
higher scale than the non-leading jets 1

0.9

e Data 2010 3
ATLAS O PYTHIAMC10
Ns=7Tev O ALPGEN ]
JLdt =38 pb™ A HERWIGH

- antik R=0.6 EM+JES

e M J B study from 80 GeV up to 1 TeV o T

s E
M 1.05F

= the average value of data to MC ratio is within 3%2 &

8 0.95F

100 200 300 400 500 600 700 800 900 1000

D ook
=

p$ecoil [GeV]

J. Terron TA

E September 18th, 2013



Physics with Jets (and photons) 60

‘ Example: multijet balance technique'

e Useful to assess the jet calibration in the TeV region

o Study of MJB = |p;c**"9| /| p.recoi| 4\_
M J B expected to be 1; close-by jets, soft-gluon emission, *
pile-up, selection criteria— bias

e Double ratio r = [MJBlgata/[MJB]nc e

e Event selection: at least three jets withpr > 20 GeV and |y| < 2.8 "
— B > 1rad (no jets within |A¢| = 1 rad around leading jet
—a = |A¢p — | < 0.3rad

pr Leading Jet

reCOZl 1-15 T T 1T I T T 1T I T 1T I ||||| D|a;a|/ '\A|C LI I T T 1T I T T 17T I T 17T |_
% pT > 8 O G eV PYTHIA M Total statistical+systematic uncertainty ]
C10 X ]

. Total systematic uncertainty
) pJ et2 anti-k, R=0.6 M Analysis+modeling systematic uncertainty
T .

g ™
o C
/prece < 0.6 to ensure leading jet ata = 14 ewdes G e s e
higher scale than the non-leading jets @1 05)
=

e Taking into account systematic uncertainties

. . . . C ATLAS _;
= validation of the high-pr jet energy scale to oL Dm0l fLa-cep’ :
O 7 Tev —

within 5% up to 1 TeV 100200 300 400 500 600 700 800 900 1000

Rec0|l [G ev]
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\First measurements of jet production at the LHCI
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Jet production in pp colIisionsI
e In pp collisions, jet production is
the dominant high-pr process /
e First glimpse at the TeV scale ! ) /

Jet
e Measuremens of jet production P
allow
— tests of perturbative QCD
— determination of ag
— experimental information on PDFs

e Understanding jet production

for the benefit of other \
measurements and searches for p

new particles or interactions
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NLO pQCD calculations of jet production in pp colIisionsI

e Comparison of measurements of jet production (corrected tdhe “particle level”) and

— QCD predictions at fixed-order in perturbation theory corre cted for NP effects

— model predictions of Monte Carlo models (at particle level)with different levels of
sophistication: 2 — 2 LO matrix elements (ME) plus parton showers (PS) as PYTHIA anl
HERWIG, 2 — n LO ME + PS as SHERPA and ALPGEN, NLO ME+PS as POWHEG, ...

1 1
Opp—sjet+X = Z /o dxq fi/p(-’El,H%)/O dzs fj/p(T2, u5) Gij—rab

1,7,a,b
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First measurements of jet production inpp collisions aty/s = 7 TeVI

‘?Q_' 104 ? T T | T T T | T T T | T T T | T T T | T T T | T T T | T T T /\ 4 5 :_l |||||| | ||||||| | ||||||| | |||||| |_:
= oF ATLAS Online Luminosity \s=7 Tev é "“E ATLAS Online \s=7Tev =
2 10 3 [ LHC Delivered 42 AF- [ LHC Delivered —
8 102 L Q - .
& = |:| ATLAS Recorded L|>J 3.5 7
% 10 E  Total Delivered: 48.9 pb* = _;4\; 3 .
__ Total Recorded: 45.0 pb* 1 -
3 1 T 4 255 .
% 10°e E 2F
£ 10°F E 155
T 3 i -
S 10°F E 1
-4 L — :
10 = = 0.5F
10-5 Il 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 E E Nﬁl L[ || 1 an 1 L | L 1 | |
24/03 21/04 19/05 16/06 14/07 11/0808/0906/10 03/11 24/03 19/05 14/07 08/09 03/11
T Day in 2010 T Day in 2010

e First measurements with an integrated luminosity ofC = 17 nb—1
— data taken from March 30th to June 5th 2010

— first determination of the calorimeter jet energy response

— effects of pile-up— small

Reminder:
Ne'vents =0 X L
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First measurements of jet production inpp collisions aty/s = 7 TeVI

» . N g 106 E T T T T T T T T T T T T T T T T T T T T T
e Measurement of the inclusive jet > | | | /lm_As
. ) @) @~
cross sectiordo /dpr as afunction 3 10°= ® <28
Of pT for |y| < 2.8 '_'l_ ; e |:| Systematic UncertaintiesR = 0.6
. . ] é" 104 = —— - NLO pQCD (CTEQ 6.6) x Non-pert. corr.
— Every jetin |y| < 2.8 with IS ): i e, R0
10 ==

pr > 60 GeV defined using
the anti-kr algorithm with R = 0.6

IL dt=17 nb™  /5=7 TeV)

=
o
N
I IIIIIII| I IIIIIII| I IIIIIII|
|
|

(R =0.4)usingL = 17nb~1! 0 ——
e The measurements covethe range R
60 < pr < 600 GeV and 5 orders of 1= — —
magpnitude in the cross section o 2 |
= Exploration of new kinematic regimes E 15— i E
e Systematic uncertainties (due mostly to'z 0_51; e T e
JES) of about 40% S o 100 200 300 400 500 1 500
— NLO QCD calculations (NP corrected) agree well with the data p. [GeV]

= validation of the perturbative QCD description of jet produ ction at /s = 7 TeV
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First measurements of jet production inpp collisions aty/s = 7 TeVI

e Measurement of the inclusive jet %106§ I /lm_As
cross sectiondo /dpr as a function %105 3' ° <28 - 4—
of pr for Jy| < 2.8 R B

— Every jetin |y| < 2.8 with 5 ik jos, R04

pr > 60 GeV defined using 10°¢ = [rommm® gomrren -
the anti-kr algorithm with R = 0.4 12 :'__E_E 4
(R = 0.6)usingL = 17nb~1! 102_ e _

e The measurements covethe range ———
60 < pr < 600 GeV and 5 orders of 1= | ﬁ
magnitude in the cross section . 2'

= Exploration of new kinematic regimes E L5F . E

e Systematic uncertainties (due mostly to'z Oéw

JES) of about 40% S ot 100200 300 400 500 600

— NLO QCD calculations (NP corrected) agree well with the data p. [GeV]

= validation of the perturbative QCD description of jet produ ction at /s = 7 TeV
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First measurements of jet production inpp collisions aty/s = 7 TeVI

e Measurement of the dijet cross sectios”

1 018

| v 10'" = ATLAS R =0.6"

d?c /dm12d|y|masz as a function % LIS anek, s, k=0 e 21y, <28 (1)

of m, 5 for different ranges of |y|maz& [ Ns=7Tev, [Ldt=17np?  —s— L2l <21 (<10) ]

_ ><1013 - —+— 08<ly| <12 (x10% ]

Wh.ere |y|maw ir;ax( |y1 | ’ |y2 |) _g 11__ Systematic uncertainties g g3<y| <08 (x10)

using £ = 17 nb % 10 i- NLO pQCD (CTEQ 6.6) —+ Y|y <03 (x10) B

Eﬁ 109 —_ x Non-pert. corr. Xy _‘

— Two leading jets in |y| < 2.8, T\DS 10{ —_— o -+.E‘.Y.E

py? > 60(30) GeV defined using 5 o B

the anti-k7 algorithm with R = 0.6 107 ++_5_=D= R N

103F & —— on -

- —— . i N

e The measurements extendp to 10 Tt .

dijet masses~ 2 TeV 100 . L _H | N
2x10? 10° 2x10°

— NLO QCD calculations (NP corrected) agree well with the data my, [GeV]

= validation of the perturbative QCD description of dijet pro duction at /s = 7 TeV
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Dijetproduction' T "AT'LA'S':%

e Measurement of the dijet cross section PP
d?c /dm12d|y|masz as a function
of m4 4 for different ranges of |y|maz;

where |y|maz = max(|y1], |yz|)
using£L = 17 nb~1!

03<ly|,<08

Data / Theory

— Two leading jets in |y| < 2.8, 54 ooam i ?ti_.kt,-ets,'fe:o;ﬁ' ) '_*_'
py? > 60(30) GeV defined using 52 | s
5 ==

the anti-k1 algorithm with R = 0.6 > T TR =
m,, [GeV]

e The measurements extendp to
dijet masses~ 2 TeV

25E 12<ly|, <21

Data / Theory
N

—_——

0.5 I ) I I _]

— NLO QCD calculations (NP corrected) T e

ag ree We” Wlth the data % g%— I2.1<|y| <28 Systematic uncertainties —%

] ] ] Eo4E " -0 POCD (CTEQ 6.6) =

= validation of the perturbative QCD E o Mg cor )
description of dijet production at /s = 7 TeV -

2x10°
m,, [GeV]

10
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Dijet angular distribution I

quark e Dijet angular distribution do /d cos 6*
oo ek A In the parton-parton centre-of-mass system
sensitive to the spin of the exchanged particle
9|U0:1;<<<( quark

quark 500

e Dijet production dominated by gluon-exchange in

M., =150-250 GeV

400 - ® ppdata 4
t or u channels
do 1 Rutherford
ascos 0% — 1 E 300k scattering }

dcos0* (1 — cos 0*)?

— very steep increase due to massless-gluon exchang@®[ ‘legina-orerac

scaling curve

e For 2 — 2 hard collinear scattering - \
cos 0* = tanh| 1"Ya | including non-scaling
2

effects
e Transformation to variable y = 1¥cos0_ TR .

— l—cos0* 0 0.2 0.6 0.6 0.8 1.0
Rutherford scattering =- do /dx distribution is flat

Leading-order acn

Cos B
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Dijet angular distribution I s 50 T s ATLAS
% gg Vs =7 TeV, [L dt=17 nb*
e Measurement of the dijet cross section ; 30
d?c /dxdm.4 as a function ofx for different 5: o
ranges inm 2 in the region defined by ° 1% |
y* = w < %ln(30) and 1 10 \
Yboost| = |L21¥2| < 1.1usingL = 17nb~! = & .
S U= —e— 340 < m,, < 520 GeV
8 6E -5 520 <m_, < 800 GeV
) ] ) =, 5 408 <m, <1.2TeV
— Two leading jets in |y| < 2.8, E 4
py? > 60(30) GeV defined using g,
the anti-kr algorithm with R = 0.6 ] |
1 10
X
e Measurements of the dijet angular distribution - ] | ]
for dijet masses from340 GeV upto~ 1.2 TeV ¢ 121: Systematic uncertainties
&g o_gi— NLO pQCD (CTEQ 6.6) —i
e NLO pQCD calculations consistent with the data § os | —=  Nom-pert. cor =
= Rutherford scattering between quarks and gluons: 8‘2‘_ | E
up to the TeV scale - —

o
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More+better measurements of jet production at the LHCI
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More data...'

60— L [T [T

‘?_| B ] /\ : ||||||| | ||||||| | |||||||||||||| :
= - ATLAS Online Luminosity \s=7Tev ] 5 4'5;_ ATLAS Online Vs=7Tev E
%‘ 50 [ LHC Delivered . g 4;— [ LHC Delivered _;
_g - [ ] ATLAS Recorded L% 3.5( -
g 40 1otal Delivered: 48.1 pb* _Y< 3f— .
_;' [ Total Recorded: 45.0 pb* S =
S . o 25
I 30— -
;|
= 20¢ 1.5
[ - -
o B 1—
= 10 -
- 0.5
O_ ||||||| | R L ™ | O:
24/03 19/05 14/0 08/09 03/11 24/03 19/05 14/07 08/09 03/11
Day in 2010 Day in 2010

e Measurements with an integrated luminosity 2000 times largr (!) than first analyses
— Extension of the measurements to higher jepr and dijet mass

— Improved understanding of the jet energy scale uncertainty

= Exploration of new regimes with improved precision
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Inclusive jet and dijet production with the full 2010 data sample'

I'T T T 17T T 1T |IIII| IIIIIIIIIIII | IIIIIIII |IIII|IIII
Incluswe jet Cross sectlon kinematic reach —

- Summer 2010JJL dt =17 nb*

[ This analysis |L dt=37 pb™

T

jet p_ [GeV]
N
X
.Y
<

— Kinematic limit

anti-kt jets,R =0.6 —
Is=

7TeV _|

0O 05 1 15 2 25 3 35 4 45 5
jet rapidity |y|
e Extension in jet pr from (60 GeV, 700 GeV)to (20 GeV, 1500 GeV)
e Extension in jet |y| from (0O, 2.8)to (0, 4.4)
e Extension in dijet mass from 1.8 TeVto 5 TeV
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. . . - _ 0.
Inclusive jet production in pp collisions at 7TeV (R =0.4

e Measurement of the inclusive jet %102; SN IR
cross sectiord?o /dprdy as a 5 10%" Ef La-s7pb", \s-7 Tev m 0ncils oy =
i : 3 18 [=—u= R — 0.4 0O 12<py<21xx10%
function of pr for differentranges @ 10°E = __ s zrspi<28icio) 3
— —— B=lyl<3.6(x —
|n y (from |y| < 0.83103.6 < |y| < 4.4) -é\ 1 015 ::_e-_e__e__e_ _._—.—_._ V 365yl <4.4(x10° ::
my——— —S= '.'—.— —
— Every jetin |y| < 4.4 Q10T —=- e e 3
e —B— —]
with pr > 20 GeV defined using b 10° ;:EEE#_E__E_ —"-.-_______e_'e'-e-_e_ e i
g == == =
the anti-k+ algorithm with R = 0.4° 10° E = _E_—E-_E._E_ e T
— -‘-* -H- —
(R = 0.6) using £ = 37 pb~1 10 e, T, Te, T
— — - —0= —
e The measurements covetwo orders of 1==___ - —— =_ | 3
magnitude in jet pr, from 20 GeVto  10°H Syste?w?tti_?ﬁ T - * =
. | uncertainties @ —
~ 1.5 TeV and 10 orders of magnitude 10z woser | =5 =
- - - e ATLAS | =
In the CrOSS SeCtlon 10-9 ? INon-Ipert-l Colrr.l 1 | | | | | | 1L 1 1 1 | =
20 30 10% 2x10° 1(%; v
— NLO QCD calculations (NP corrected) agree with the data withn Pr [GeV

the experimental and theoretical uncertainties
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. . . - — 0.
Inclusive jet production in pp collisions at 7TeV (R = 0.6

e Measurement of the inclusive jet %102; SRR Y R
cross sectiord?o /dprdy as a S 107 Ef Laar o, Va7 Tev B 0o<l<15(i0f)
: ) 3 18 & e R — 0.6 0O 12<py<21(x10% 3
function of pr for differentranges @ 10°F ., s 215h<28(x10) 3
] 15 :_—@—_e_ ++ A 28<|y|<3.6 (><10_6) —
18 y (from |y| < 0.3103.6 < |y| < 4.4) %10 — —@—_e__e_ —.—_._-.- Y 36<|y|<44(x10 )_:
== -o- —
— Every jetin |y| < 4.4 Q10%E e _e_—e—_e_ﬁ e =
——i— —a— o .
with pr > 20 GeV defined using © 10°E e e, T, e
e —B=— B == —
the anti-k algorithm with R = 0.4° 10°E  ——__ T T P
— — - E=3 —
(R = 0.6)usingL = 37pb—1 10° ;:===A=_ﬁ_ ——, T, Tm T
= == e =H= —
e The measurements covetwo orders of 1= e *——EE =_ | 3
magnitude in jet pr, from 20 GeVto  10°H Systomatic <¥=__ %@@ ¥y =
~ 1.5 TeV and 10 orders of magnitude 107° oo toer == E
in the cross section 1079 E T Novpeteor | _ . ATLAG | =
20 30 10 2x10? 1(%; v
— NLO QCD calculations (NP corrected) agree with the data withn Pr [GeV

the experimental and theoretical uncertainties
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‘ Non-perturbative corrections to NLO QCD calculations'

ojet (MC, particle — level, UE)
Tiet (MC, parton — level, no UE)

e Non-perturbative (NP) corrections: Cnp =

e The NP corrections depend strongly onR 5 2.2—_|y|'<0_§ C T by Tunes (6425 ]
e The size of the correction and its uncertaintyg | ATLAS . ETe Rl ]
= I O AMBT2B-CTEQ6.L1 ]

depend on the interplay of hadronisation g 2: . ZéthiaSTunes?BJSO) ]
and underlying event 0 48F . . Ezr\;v(i)go?_T;nes(Z.SJ) -
— significant influence at lowpr = 1 6:— L 3 Uncertainty E
> T r .

e Corrections for R = 0.4: dominated by 31-4:— il - =
. . c - e anti-k, jets, R=0.6 -
hadronisation; 0.95 atpr ~ 20 GeV, 240k ]
closer to 1 at higherpr 1: }

e Corrections for R = 0.6: dominated by 0.81- lanti-kt jets, R=0.4 | -
underlying event; 1.6 atpr ~ 20 GeV, 20 30 102 2102 10°
between 1.0 and 1.1 fopy > 100 GeV p. [GeV]
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Improving the jet energy scale (JES) uncertaintﬂ

e JES uncertainty is dominant ¢3'5;' V<03 antik jots, R=06 [ \s=7 Tev-
e Reduced by up to a factor 2 (previous analyses) E 3F o owafLaare E
. . . - - p ]
— Improved calibration of EM energy scale Q 2.50 [ o wmrames Lo o E
: —I Data | Ldt=17 nb™
obtained from Z — ee events > oL © Joerme n -
~~
. . . . . (4] C Syst. uncertaintiesJ- Ldt=17 nb™ L] ]
— Improved determination of the single particle =150 o
energy measurement uncertainties from in situ O F - L %
and test-beam measurements 055 E nilNe=ntE
e Improvement confirmed by independent f
. . oF (GT10, popa) « 3
measurements: tracks associated to jets, momentum Non-pert. cor ATLAS
. ° . e _0.5_| 1 Lo 1 ! oo |
balance iny + jet, dijet and multijet events 20 30 102 25102 10°
p; [GeV

e Central region (|n| < 0.8): lower than 4.6% for all jets with pr > 20 GeV
and decreases ta< 2.5% for 60 < pr < 800 GeV; JES uncertainty largest for low-pr
(~ 20 GeV) jets in most forward region (|n| > 3.6) — 11-12%

e Comparison to previous measurements: good agreement with mch reduced uncertainties
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= 1_I|y| 03 o = 1"21 yi<28 = 1"36 vl <44 N
c r <V Total systematic uncertainty c L= < << Total systematic uncertainty c L~ s <% Total systematic uncertainty
-_'C_E 08__ - JES systematic uncertaint _.C_E 08-_ - JES systematic uncertaint, -o(_E 08-_ - JES systematic uncertaint
@ 'Y < 0.3 e o o - e Y o P e Y
8 06__ |:| JER systematic L.mcertath = 8 06:_ |:| JER systematic L.mcertath = 8 06;_ |:| JER systematic l.mcertamt?/ =
- L |:| Others systematic uncertainties . S - |:| Others systematic uncertainties _| S i |:| Others systematic uncertainties :
2 0.4F 1 2 o.4;u 2 041 ] E
Soef ', ] 8 0.2H— 1 Soof -
ﬁq:) Oiiﬁz: ﬁq:) 0:_ —I__ &) 0:_—|—' ' '—_:
i 5 1l L (I ey —
-0.2_‘_|_|_'_|_'_|_|_'_‘_|_‘_|_|_‘—|:_ O.ZTﬁ 0.2r . o
-0.4F ] 0.4f 3 0.4 f .
'0'6;_ILdt=37 pb!,  \s=7 TeVv E '0'6;_ILdt=37 pb,  \s=7 Tev B -O'G?JLdt=37 pb', \s=7 TeV E
ogbmkies A0e, ATLAS) 4 g gpant jeis AR08 ATLAS 3 ogfekiesAos ATLAS
20 30 107 2x10° 10° 20 3040 107 2x10° 20 30 40 5060 10
p, [GeV] p, [GeV] p, [GeV]
: : GeV JES JER Trigger Jet rec.
e Dominant systematics pr [GeV] v £&
. B _ +35%
— JES (jet energy scale) ~ 20-30 2128 T 1T% 1% 2%
. . B B +65%
— JER (jet energy resolutlon)20 30 3.6-4.4 ~50% 13% 1% 2%
— Trigger 80-110 <03  10% 1% 1% 1%
— Jet reconstruction
— Luminosity uncertainty (3.4%)
J. Terron TAE September 18th, 2013
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‘ Experimental uncertainties'

2.1 < |y| < 2.8

3.6 < |y| < 4.4




p, [GeV]
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\ Correlations of cross section measuremen's

ly| < 0.3 2.1 < |y| < 2.8

L 21<|y|<2.8
- anti-k, jets, R:

——— 1
3 ly| <0.3 I
10 :_ anti-k, jets, R=0.6 0.8

B J L dt=37 pb", 0.6
0.4

0.2
2L
2x10 0

p, [GeV]

= J L dt=37 pb,

2x10% F

10°[
-0.2
-0.4
-0.6
-0.8
0 A0 20 10 30 102 2x102

p; [GeV] p; [GeV]

e Study of the behaviour of sources of systematic

uncertainty in different parts of the detector
— their correlations across bins inpr and y

1075

30

30

ATLAS

e 22 independent sources of systematic uncertainty identifte
upon study ofy dependence— 87 nuisance parameters

Uncertainty Source

JES 1: Noise threshold
JES 2: Theory UE

JES 3: Theory showering
JES 4: Nonclosure

JES 5: Dead material
JES 6: Forward JES
JES 7: E/p response
JES 8: E/p selection
JES 9: EM + neutrals
JES 10: HAD E-scale
JES 11: High pr

JES 12: E/p bias

JES 13: Test-beam bias
Unfolding

Jet matching

Jet energy resolution
y-resolution

Jet reconstruction eff.

to describe the correlations over the whole phase space Luminosity

= Important information for PDF fits! I

JES 14: Pileup (u;)
Trigger (u,)
Jet identification (uz)

J. Terron TAE
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‘ Inclusive jet cross section R = O.G)I

vvvvv

RN, a

003
IRXRAZ IR
BRI KRRRES

-
X

ly] < 0.3

N T EATATEN T
~9=—@-—@—

— ,.v:vvv,‘"v‘
e TN e ;:;:;10? =
e e T Ve,

=
r—-—,—.»wa.'z‘.

I %

|| [T 17

e il

X s vore %
0 V%%l o0 ——E—— - AT
e R i T i s i1

ot X S, A e 9%
e A e AT :q.: ]

s |

(X
.. W=

RTTERS
9:9:9.9.90.90.0.9.90:0:¢.
S

Yo%

RO ;Av-v R, s A
paogpalchi @i g LIIE N EID5S

44444

j L dt=37 pb
\Vs=7 TeV

e Comparison to NLO QCD calculations
using different parametrisations of PDFs:
CT10, MSTW2008, NNPDF 2.1, ...

anti-k, jets, R=0.6

o Data with
statistical error

Systematic
uncertainties

NLOJET++ (u=p¢a") X
Non-pert. corr.

—__ MSTW 2008

NNPDF 2.1

HERAPDF 1.5

e The description of the data by NLO worsens
for very large pr and |y|; MSTW2008
follows the measured trend better

e Differences between data and calculations
lie within the experimental and theoretical
uncertainties

= Test of QCD at high momentum
transfers ~ 1 TeV

05 : .1'2.S U./|<.2.'1. ¥ . . .
3 . .
20 30 10° 2x10° b 1[%ev] = Potential to constrain the PDFs at largex
]
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‘ Inclusive jet cross section R = O.G)I

e Comparison to NLO QCD calculations

e {ATLAS? det=37 ob using different parametrisations of PDFs:
15 : J Vs=7Tev CT10, MSTW2008, NNPDF 2.1, ...
S T 1 anti-k, jets, R=0.6
0'5:_ - Data with .
1.5F -| ~* suisicalerr @ The description of the data by NLO worsens
s = sysemaic  TOr Very large pr and |y|; MSTW2008
I - uncertainties
0.5 e follows the measured trend better
r 28<|y|<3.6 71 NLOJET++ (u:p?a")x
1.5:_' R = Non-pert. corr.
| A E % CTH0 e Differences between data and calculations
el e E lie within the experimental and theoretical
' Wl__.— 1 —— MSTw 2008 L
SRS ] uncertainties
20 30 102 2x10? 10°
p, [GeV] --- \npDF2.1
= Test of QCD at high momentum
""" HERAPDF 1.5

transfers ~ 1 TeV
= Potential to constrain the PDFs at largex
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Dijet production in pp collisions aty/s = 7 TeV (R = 0.4)

e Measurement of the dijet cross sectiory’ 10%

— . Systematic l; g.gSy*:j:.g gx %81‘?2
. = Sy* ) x —
dZO'/dm12dy* as a function of the %_ 10*" uncertainties Z ggsy*<§g gx igiégf
— - sy:< : 6)
dijet invariant mass m. for different  10%E o wioserss L 29syis2s (%)
: C , U= 3y*)) x A 10<y* x 107
FANGES INY™ (omv* < 0.504.0 < 3 < 4.0 2 1085 L] oo e PU2 D5 682210 (108
g Y (romy* < <y <449 = 107 Non-pert. corr. ° y* <05 (x10%
— Two leading jets in |y?¢t| < 4.4 B 1085 ATLAS H
etl(2 —
piett () 5 30 GeV (20 GeV) © -

defined using the antik algorithm
with R = 0.4 (R = 0.6) using - @@e%e@@e%@*gg
L =37pb~1 :?.-—o—_._-a-'E"E'.E._E__E_** ==
e The measurements covetwo orders of 106; e O % ==
magnitude in dijet mass, from 70 GeV to 10°F ar““_‘; ftj RL:dtO-_“SY i ""..,. o
~ 5 TeV and nine orders of magnitude 1B, '.I ] .ptT i L
in the cross section 10" 2x10™ 1 2 3 4567
— NLO QCD calculations (NP corrected) agree with the data withn
the experimental and theoretical uncertainties (particubrly at low y*)

*i

(I)<I>

¢<I>

£ S
g0
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Dijet production in pp collisions aty/s = 7 TeV (R = 0.6)

e Measurement of the dijet cross sectiory’ 10%

i = t g0sycad a0
. = ystematic 5<y*<4.0 (x =
d?c /dmi2dy* as afunction of the 5 107 E[ |incerainties . g.gsi*gg-g (10,37
= = 55y <30 (x10,) 7

dijet invariant mass my» for different «  10**E s nioseres $ 2250558 Lo =

i © il CT10, p= 0.3 y*)) x A 10<y*<15 (x10%) _J

ranges iny™ gomv* < o.s04.0 < y* <19 N 108E oo ooy g 055y<10 G =
— Two leading jets in |y?¢t| < 4.4 S 101 ATLAS + =
piett @ 5 30 GeV (20 GeV) R - .

. : : : 107 E R =0.6 Ty ]
defined using the antik algorithm - ©. - =75

: . 10" = —-_ -e.'e'-e-e =
with R = 0.4 (R = 0.6) using S A = 5
o[ —— -, *ﬁ =

L =37 b_l 10°= Rl 7 o ]
= P — TV o, e

10° = g S S, == —

e The measurements covetwo orders of — ®oe, E%%%e =
: : . 3 Lo _ o, = I
maghnitude in dijet mass, from 70 GeV to 10" ar”“'kt jets, R=06 e e =

. . — \s=7TeV, |Ldt=237pb —]

~ 5 TeV and nine orders of magnitude 1, .I ] el

in the cross section 10" 2x10" 1 2 34567
— NLO QCD calculations (NP corrected) agree with the data witln My, [TeV]
the experimental and theoretical uncertainties (particubrly at low y*)
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Ratio wrt CT10

Physics with Jets (and photons) 84

_ s ATLAS 3 paow ‘Dijet mass cross sectiofz = O.G)I
1. _._' __'Tv._"?v Vs=7Tev

L2 vay oy . .
oo anti-k, jets, R =0.6
F @S OOP]
3 Ml S-S

Data with
statistical error

e Comparison to NLO QCD calculations using

o Sl | 5 %= different parametrisations of the proton PDFs:
' ' wowTer CT10, MSTW2008, NNPDF 2.1, HERAPDF1.5

Non-pert. corr.

m,, [TeV]
14F Tosy<is | 3 == ¢ Tendency in the data to be below the
B Seanseany | calculations at high dijet mass, specially for

‘- == :NNPDF2.1

E CT10 — better described by the other PDF sets

0.6 L wim
2x10"  3x10* 1 2 3 Il HERAPDF 15

e Differences between data and calculations lie within
the experimental and theoretical uncertainties

e R
e ”' e 0,00’ o 0‘.‘;;00’«:‘ SRR
S ’0.:,0«..;

= Test of QCD at high dijet masses~ 5 TeV

= Potential to constrain the PDFs at largex
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Ratio wrt CT10

Physics with Jets (and photons) 85

‘ Dijet mass cross sectiofR = 0.6) I

_|'L dt =37 pb*
Vs =7 TeVv

e r-0s @ COMparison to NLO QCD calculations using

A A AR T "Ei*&:?’iﬁ‘g_w fn{:@:?:g:??g I I I .
ENIESmeee o i different parametrisations of the proton PDFs:

statistical error

o4 e

smemaie & 110, MSTW2008, NNPDF 2.1, HERAPDF1.5

uncertainties

NLOJET++
(H=p_ exp(0.3y*)) x

e, @ T€NAENcy in the data to be below the
e oo calculations at high dijet mass, specially for

— = CT10 — better described by the other PDF sets

= = - NNPDF 2.1

=.a. HERAPDF 15

e Differences between data and calculations lie within
the experimental and theoretical uncertainties

= Test of QCD at high dijet masses~ 5 TeV
e e D e e Al A Ao
e S S S S ST
'_ ] ) L] .
0 ; ; = Potential to constrain the PDFs at largex
my, [TeV]
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Measurements of multijet production at the LHC I
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Multijet production in pp collisions'

e Multijetproduction in pp collisions
allows

— tests of perturbative QCD

— robustness of the predictions
of model predictions for high
jet multiplicities

— determination of g at much higher
energies than explored so far

— understanding multijet production
for the benefit of other measurements and Jet
searches for new particles or interactions Jet
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Multijet production in pp collisions aty/s = 7 TeVI

e Measurement of cross sections for
multijet production
p?fet > 60 GeV and |y7¢t| < 2.8
pe*47et > 80 GeV
defined using the antik algorithm
with R = 0.4 (R = 0.6) using
L =24pb1

”
&
Cn

S ‘ &/ 1\ g /)
Events with up to 6 jets are observed--{ ATLAS > 7/

e The measurements are compared to
— predictions of MC models based or2 — 2 matrix elements + parton shower (PYTHIA)
— predictions of MC models based or2 — n matrix elements + parton shower
with n up to 6 (ALPGEN and SHERPA)
— NLO QCD calculations (NLOJET++) for the ratio of the inclusi ve three-jet to two-jet

Cross sections; corrections for non-perturbative effectapplied
J. Terron TAE September 18th, 2013
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Multijet production in pp collisions aty/s = 7 TeVI

g 108 T | | 7 C
21— ATLAS | € o3
10°F ] ©
""‘""'"“""I 0.25
4l - C
3L ] -
10 R=0.4,I L dt=2.4 pb” ——— 0.15¢
| —e— Data (\/s=7 TeV)+syst. i C
107 R ALPGEN+HERWIG AUET1x1.11 Il‘ik—-—.—-i.‘"““_"” E 0-1:
[ oomeeeees PYTHIA AMBT1x0.65 ]
10F — — ALPGEN+PYTHIA MCO9’ x1.22 = 0.05
E -~ SHERPAKXL.06 | N
915 2 1.2
g | et R RO B S 1
= 0.5t | | | L = 0.8
2 3 4 5 6

Inclusive Jet Multiplicity

R=0.4, [ L dt=2.4 pb™

—e— Data (\'s=7 TeV)+syst.
== ALPGEN+HERWIG AUET1

--- PYTHIA AMBT1
— — ALPGEN+PYTHIA MC09’
-~ SHERPA

|
ATLAS

e T T, Y

Inclusive Jet Multiplicity (n)

e Measurement of cross section for inclusive jet multipliciy up to N, ets > 6

(MC predictions normalised to the measured inclusive two-t cross section)
e Data described by PYTHIA (2 — 24-PS) and SHERPA and ALPGEN (2 n+PS)
e Measurements of ratioso,, /o,,—1 have reduced uncertainties:
— the predictions of the MC models are consistent with the datavithin uncertainties
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Multijet production in pp collisions aty/s = 7 TeVI

pr Leading Jet pr Second Leading Jet
;'105 IANLEEL B LU ML IR IR IR ;105-'|""|""|""|""|""|""|""
(&) 45 ATLAS ] () 45 ATLAS
% 10 %!I Lo, R=o.4«,r[ L dt=2.4 pb™ 3 % 10 !L.'i R=0-4(\,I Ldt=2.4 pb™
- —=e— Data (JS=7 TeV)+syst. ] o -

o r —e— Data \'s=7 TeV)+syst.
—_ 3 L _ — 3 L
107 ¢ ‘ —imme ALPGEN+HERWIG AUET1x1.11 3 10 | e ALPGEN+HERWIG AUET1x1.11

o A PYTHIA AMBT1x0.65 ] o N S PYTHIA AMBT1x0.65

o 10%F s — — ALPGEN+PYTHIA MC09' x1.22 ] o 10%F — — ALPGEN+PYTHIA MC09’ x1.22
= - - 3 = E —Q- - -

b - =T ] E
B - e ] B —0— fets

S
©
Q
O
E |||||||||II|IIII|IIIIIrIIIIIIIIIIII
100 200 300 400 500 600 700 800 100 200 300 400 OI500 600 700 800
p, (leading jet) [GeV] P, (2" leading jet) [GeV]

e Measurement ofda/dpj:,?t for leading and 2nd leading jet in events With[Njers > 2
(MC predictions normalised to the measured inclusive two-t cross section)

e Reasonable description— PYTHIA ( 2 — 2+PS) predicts softer spectra

— SHERPA and ALPGEN (2— n+PS), tendency to predict harder spectra
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Multijet production in pp collisions aty/s = 7 TeVI

pr Third Leading Jet pr Fourth Leading Jet
104§| T | L | L | L | L | LI | LI IE 104§| T T | T T T | T 17T | T T T | T 17T | T 17T | T T | IE
% - ATLAS ] % ATLAS
% :]_O3 = | R=0.4«,r[ L dt=2.4 pb™ 3 % 103 3 R=0.4(\,/I L dt=2.4 pb* E
= Zf_ | i.—_— EE::GET:H?;/&\ZZS;QETMLH _ = 2: T.—_— 2E:GET;I=ZHEI¥)V\;2/?UET1X1.11 :
Q.|_10 3 ‘ e PYTHIA AMBT1x0.65 3 o 10 3 l -------- PYTHIA AMBT1x0.65 E
) C — — ALPGEN+PYTHIA MCO9' x1.22 ] ) C  — — ALPGEN+PYTHIA MC09' x1.22 ]
-g 10§_ _,,,5., ..... - fletsEZR;Axl.OG _ _g 10k ﬁ:;R‘lprl.oe ,
1? ———— _ 1— ------------------------ -
af S s i g s
10 % T T T T 10-15_ i 3
CU I A B | | I I | L1 ;‘:-i_I-I:-: CU - 1 |
3 150 3 15! e m—
Q 1'.'. e P :___:—;—iF-_-_T:T-{;_';_'; ___________________ Q e T R T T T s e g f___________ .
O e et O IlesmsgrersiiMawsimrusna
2 poav v by b | i"l"l"'l"l"i N BT R E I BN S A B B A SR AT E B R A
100 150 200 ZdSO 300 350 400 60 80 100 120 1t4th 160 180 200
P, (3" leading jet) [GeV] p, (4" leading jet) [GeV]

e Measurement ofda/alpjr_,?t for 3rd leading (IN,ets = 3) and 4th leading Jet (INjets > 4)
(MC predictions normalised to the measured inclusive two-t cross section)

e Reasonable description of the data by PYTHIA, ALPGEN and SHERPA

= Exploration of multijet production up to pr(4th jet)~ 200 GeV
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Multijet production in pp collisions aty/s = 7 TeVI

L I | | IS I
A c ATLAS
Q 10 ;L-l R=O.4‘\,/I L dt=2.4 pb™
=10° _ L._L—L—— - EESGETZH-I:F:&;—IS(‘;/?UEHXLM 3
A PYTHIA AMBT1x0.65 3
2L _— + ' x1. |
TSI L. T oo HANCOT 22 S
T 10 — gy et ?
r 77 =
0% 7 R —
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e The variable Hr (top, searches, ...):
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e Measurement ofdo /dHr for Njets > 2,3,4
(MC predictions normalised to the measured inclusive two-¢t cross section)
e Reasonable description (with caveats) of the data up tdd+ ~ 1.6 TeV
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pTi™ > 60 GeV, ptf2? > 80 Gev
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Multijet production in pp collisions aty/s = 7 TeV (R = 0.6)

pTi™ > 110GeV, p}f29 > 160 Gev

e The ratio R3,2(p'®®) of the inclusive three-jet to two-jet cross section

— reduced experimental(sys. unc.~ 5%) and theoretical uncertainties
— sensitive probe of modelling of high order contributions aml o,

e ALPGEN and SHERPA describe the data well up top’e® ~ 800 GeV

II
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P, (leading jet) [GeV]

while PYTHIA fails (also in the case of using other PDFs and tanes)
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pTi™ > 60 GeV, ptf2? > 80 Gev

(Ieadlng jet) [GeV]

pTi™ > 80GeV, ptf29 > 110 Gev
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200 300 400 500 600 700 800
(Ieadlng jet) [GeV]

Multijet production in pp collisions aty/s = 7 TeV (R = 0.6)

pTi™ > 110GeV, p}f29 > 160 Gev
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e The ratio R3,2(p'®®) of the inclusive three-jet to two-jet cross section
— reduced experimental(sys. unc.~ 5%) and theoretical uncertainties
— sensitive probe of modelling of high order contributions aml o,

e NLO QCD (NP corrected) describe the data well up top’e*® ~ 800 GeV
except first bin (the description improves upon increase of cut ops*®
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Multijet production in pp collisions aty/s = 7 TeV (R = 0.6)

e The comparison with the NLO QCD

. . (./\\: O.5I— | T T T | T T T T T T T T T T T T I_
calculations can be more stringent by @;
measuring R/, as a function oer}z) o 0.4f
2 O [
H,} ) — p%lgad + p%nd lead go o :
— similar experimental uncertainties o - 1
—s reduced theoretical uncertainties :I;0 2 == R=06, [ La=24p0 ;
B 0 1: g - Data (\'s=7 TeV)+syst. ]
o V.1~ ]
e Good description of the data by the NLO - 5" NLO+non.pert.+syst
QCD calculations uptoHr_S?) ~1.2TeV g B " — '1'
except for first bin due to limitations in the g
o O
regionH:(rz) < 160 GeV,whereNLOis googlite 1 vt 1 vty 1
S 7200 400 600 800 1000 1200

effectively LO H? [GeV]

= A compelling test of perturbative QCD in multijet productio n at LHC energies
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Measurement of R3, and determination of o, I

% l | T 1 | T T | T T | T 1 ‘ T T ‘ T ‘ I 7\
Y 0.2~ CMs —
: Vg = 7 TeV : —_— T 1T 1T T T T T 1T 1T | T T T T 1T T ‘
— anti-k, R=0.7 — - —
0.18; T 2 gw 0.24¢ CMS R,, : 0((M )=0.1148"2%%5 -
- — — V4 -0.0023 _
- 1 38 022 . CMS Ry, B
0.16 f i : TR ] 0 2; | A DO inclusive jets _:
Y, /e ~ 7 T F o DO angular correlation 7
0.14 0.18[— s HA =
- 0.16 v ZEUS =
0.12- sl N 0.141 —
0.1- i 0.12 -
- ] 0.1 —
0.08 L Data (Int. Lumi. = 5.0 fb™) _ 0.08 f_ g
- — ——— NNPDF2.10,(M) = 0.106 - Min. Value . ]
B NNPDF21 ‘IS(MZ) - 0-119 B 0.06 j 11 | | | | | 11 | | | | | | L 111 ‘ i
0.06 I _ _ _ NNPDF2.1a(M)=0.124 - Max. Value _ 2 3
I z i 10 10 10
I - Q (GeV)
0-04 | | [ | | [ | I | || ‘ I ‘ I ‘ [

200 400 o600 800 1000 1200 1400
p,, ) (GeV)

= a,(Mz) = 0.1148 £ 0.0014(exp) £ 0.0018(PDF) 120050 ;;q)¢)
— First determination from measurements at energy scales beyd 0.6 TeV
— Test of the evolution ofas(Q) beyond 0.42 TeV
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Measurement of three-jet mass cross section and determinan of o, I

o CMS preliminary L=50fb™/s="7TeV
CMS preliminary L=50fb's=7TeV — — : : — —
— . — . : S o SR [ —— JADE 4et rate
% 101 IR ] —— Theory s . : : : '[—=C— LEP event shapes
@) : ; ] <1 0.20 Rl e e Feeeeeeees DUUUURT | —O— DELPHI event shapes |
DN U S TR L] o Wimax = ] : : : : |—O— ZEUS inc. jets
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B 03f i TN S Y 014 : TNRO s (Mz) = 011607072 (3-jet mass)
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IR (U S 012 b L A S ]
10-° 20 C o T uh‘;‘ Ol b
L0-6  Anti-kt R =07 ! 0.10 €= gmz RS2 rzﬁo ------ e fee B BRSO e
E T A T OTIATANAG  NTT S LTIy —— tt prod. . . . = .
: MSTW2008 - NLQ f | —@— CMS3jetmass| - - o TS
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5-10? 103 2-10° 5-10° 100 2-100  5-10' 10%2 2-102° 5-102 103 2-10%
m3 [GeV] Q [GeV]

e Measurement of the 3-jet cross sectiod?o /dmzdy,ax

— at least three jets withpr > 100 GeV and |y| < 3 using anti-kr algorithm R = 0.7
— the measurements coved50 < ms < 3.1 TeV

e NLO QCD calculations describe well the measurements

= as(Mz) = 0.11607 0 0oza (exp, PDF, NP) ) 005% (scale)

— Test of the evolution ofas(Q) up to 1.4 TeV
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Measurements of jet production at/s = 2.76 TeVI
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‘ Inclusive jet cross sections ipp collisions aty/s = 2.76 TeVI

e Measurement of the inclusive jet cross ;1026:_ _ - . —
sectiond?o /dprdy as a function of & 10% = o Lo ozopt : lgylg(ifg(glg gf -
pr for different ranges in y 3 107E gt anikR=0s . %z |:yy|:§8:{ 11022)) =
(from |y| < 0.310 3.6 < |y| < 4.4) U;lolsg—o— _._]i_: 0.6 v Se<iyj<aaci0” E

— Every jet with pr > 20 GeV and %'_1015 = —— T —— =

ly| < 4.4 defined using the antikr NE 10* EE_'_=-=__=_O__O_—@?_%§++—-— —
algorithm with R = 0.4 (R = 0.6) 10° f_EﬁEEaE_EE_._*—-—____@_"@'—@! -
in pp collisions aty/s = 2.76 TeV 10°==—_,__ =~ . T
using £ = 0.2 pb—1 100=—_ *——E.E—EZEZ% =

e Measurements with the_same detectoat 1 . 7 e — T =
different /s — stringent tests of the theory 10°F FE= - -
since dominant systematic uncertainties are 105 . = @ ATLAS| -
correlated 30 40 10° 2><102p (GeV]

= Simultaneous fit (or ratios) of measurements at/s = 2.76 TeV and 7 TeV
benefit from reduced uncertainties
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‘ Inclusive jet cross sections ipp collisions aty/s = 2.76 TeVI

26 26
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10 B 1 1 1 Lo 1 | 1 | 1 N 10 B 1 1 1 Lo 1 | 1 | 1 N

2 2 2 2
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e The measurements span jepr from 20 GeV to 430 GeV in the region |y| < 4.4
and cover seven orders of magnitude in cross sectich> comparison with NLO QCD
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Ratio wrt NLO pQCD (CT10)

1.5

1.5

n ly] <0.3

0.3<|y]<0.8

Ratio wrt NLO pQCD (CT10)

Inclusive jet cross sections ipp collisions aty/s = 2.76 TeV (R = 0.6)

2.1<ly|<2.8

2.8<|y|<3.6

ATLAS

L dt = 0.20 pb*
\'s = 2.76 TeV
anti-k, R =0.6

Data with
—e— statistical

uncertainty

|:| Systematic
uncertainties

0.8<ly]<1.2 3.6<ly|<4.4 NLO pQCD [
non-pert. corrections
CT10
30 40 102 2x10° —__ MSTW 2008
p_[GeV] ...
S T --. NNPDF2.1
e Good description by NLO QCD
ciy - — HERAPDF 1.5
| within uncertaintes 7
2 2 N T ABM 11 NLO
30 40 10 leg Gev] ® Data (R = 0.6) systematically
! lower than predictions in forward region
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Inclusive jet cross sections ipp collisions aty/s = 2.76 TeV (R = 0.4)

—e— statistical
uncertainty

Ratio wrt NLO pQCD (CT10)

L y1<0.3 AE o 2 E 1< lyl<2.8 ' AT LAS
" — -
1.5 RE 5 15
= L dt = 0.20 pb™
..i 8 \'s =2.76 TeV
"""" 8’ anti-k, R = 0.4
_L Zj 28=lyl<36 Data with
=
je)
©
04

|:| Systematic
uncertainties
36<ly|<4.4 NLO pQCD O
non-pert. corrections

-
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII'I'IrIIIIIIIII

E_ CT10
1.55—1.2s|y|<2.1 |_._ 102 2x10° —__ MSTW 2008
- p_[GeV] ...
AN — T ___ NNPDF2.1
e Good description by NLO QCD
. o ~ '~ HERAPDF 15
within uncertainties
" ABM 11 NLO

e Data (R = 0.4) systematically
lower than predictions everywhere
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‘ Ratios of jet cross sections at different\/EI

e Invariant cross section< inclusive jet double differential cross section
d3o 1 d?o
dp3  2mpr dprdy

e Dimensionless scale-invariant cross section:

d3c p3. d*c S d?o LT = 2PT/\/§I
F(y,xr,Vs) = Pﬁ}Ed—pg == = —ay

- 2wdprdy 87 Tdaidy
in the quark parton model F'(y, xt,+/s) does not depend on s

QCD — scaling violations; main effects: scale dependence of PDR&ad o

F(y,xzT,2.76 TeV)

F(y,xr,7 TeV)
scaling violations— deviations of p(y, 1) from unity!

e Cross section ratiop(y, 1) =

o(y,pr,2.76 TeV)

U(ya Pr, 7 TeV)
since JES uncert. dominant— systematic uncert. significantly reduced in ratio (samepr)

e Cross section ratiop(y, Pr) =
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‘Theoretical uncertainties on the ratiosp(y, 7) and p(y, pr) I

Cross section a.76 TeV

w
o

- NLO pQCD (CT10)
20k Vs=2.76 TeV
 anti-k, R=0.6

[ |y|<0.3

Relative uncertainty [%6]

ATLAS Simulation]

30k

2x10°?
p, [GeV]

102

T

Relative uncertainty on p(y,x_) [%]

p(ya CE‘T)

T NLO pQCD (CT10) A-|LLAS Simulation]
_ [s=2.76 TeV / |/s,=7 TeV _
T anti-k, R=0.6 -
~ lyl<0.3 =

2x10t
XT

101

Relative uncertainty on p(y,pT) [%0]

100 |
-15F

20t

p(Y, Pr)
e
- NLO pQCD (CT10) ]
— (s =2.76 TeV / \s,=7 TeV E
C anti-k, R=0.6
- |y<0.3

1
T T TET T yror[r

- —— PDF -
I ag ATLAS Simulation
1 1 1 I 1 1 1 N

30 40 10°  2x10?

p, [GeV]

e Theoretical uncertainties: terms beyond NLO (scales), PD&and o

e Theoretical uncertainties on ratios estimated by simultaeous variations:
— significantly reduced (few %!) for p(y, 1)
— uncertainty on p(y, pr) below 5% for pr up to 200 GeV in central region
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‘ Non-perturbative corrections to the ratios p(y, 1) and p(y, pr) I

. /\'_ : T T I T T‘ T { T T T : A'_ : T T I T T. T { T T T :
® N P COI'reCtIOnS for p (y’ pT) g 11 ATLAS Simulation R O 4_, g 11- ATLAS simulation R O 6_—
Q - p— . a - — ]
) = tp(y,pr),R=04] % | p(y,pr), R=10.6;
— similar pr dependence for S 1 s 1 g
— 3 L == [5=2.76 TeV / 5,7 TeV S L ﬁ (5=2.76 TeV / \5,=7 TeV
R - O . 4 an d O . 6 % 0.9 :_Elz—D— anti-k, R=0.4 ] % 0-9:’ % anti-k, R=0.6 7:
. . 8 - ly|<0.3 8 s ly]<0.3 ]
— below l since the corrections = 0.8F —&— Pythia 6 AMBT2B CTEQ6LL — > 0.8Fo— —S— Pythia 6 AMBT28 CTEQBLL —

e —=— Pythia 6 AUET2B LO* —a— —=— Pythia 6 AUET2B LO**

£ C —4&— Pythia 6 Perugia 2010 £ Tt —&— Pythia 6 Perugia 2010

L] S B S B
are blgger fOr 7 TeV than % 0.7+ —¥— Pythia 8 4C ] g 0.7 —%— Pythia 8 4C ]
[oX B —— Herwig++2.5.1 UE7000-2 ] o —8— Herwig++2.5.1 UE7000-2 ]
c - —m— Pythia 6 AUET2B CTEQ6LL - = - —m— Pythia 6 AUET2B CTEQ6LL -
for 2 " 76 Tev 2 06:_ Uncertainty t g 0.6 :__._ Uncertainty ]
30 40 10°  2x10°? 30 40 10 2x10°
p, [GeV] p, [GeV]
e NP corrections for p(y, 1) e R e T Sty ey ~
: 3 11 1 3 vy p(y,zT), R ={0.6
— different 1 dependence for s - p(y,zr), R = 0.4 S :
— - s I e, i %
R=0.4 and 0.6; for samer s b mpET 1 s :
§ 0 9;'_::: . O (SR2T8TeV/ ST Tev - § 0.0k [5,=2.76 TeV / {5,=7 TeV -
= . =-=E!E anti-k, R=0.4 i = ~L anti-k, R=0.6
S 2 8 i—ﬂ—_m_ ly]<0.3 ] 8 B ly|<0.3

mT — p T / \/g i .g 0.8F —&— Pythia 6 AMBT2B CTEQ6L1 — .g 0.8 —&— Pythia 6 AMBT2B CTEQ6LL —
8 B —=— Pythia 6 AUET2B LO** ] _g i ——— Pythia 6 AUET2B LO* ]

5 B —aA— Pythia 6 Perugia 2010 5 N —A— Pythia 6 Perugia 2010
_ c 0.7 —%— Pythia 8 4C o c 0.7 —¥— Pythia 8 4C ]
pT (7 TeV) — (7/2 . 76)pT (2 . 76 TeV) $— C —@— Herwig++ 2.5.1 UE7000-2 T GQJ. C —— Herwig++ 2.5.1 UE7000-2 7
g - —m— Pythia 6 AUET2B CTEQ6LL - S - —m— Pythia 6 AUET2B CTEQ6LL -
§ 0.6 c QTLAS Uncertainty ] % 0.6 E ATLAS Uncertainty ]

L Simuylation ) ] | Simulation ) )
2x10 10" 2x10™ 2x107 10" 2x10*

and NP correction at high pr is flat Xr x;
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‘ Ratio p(y, xr) of /s = 2.76 TeV and 7 TeV inclusive jet data'

30

(o2}
o

ATLAS

I T o\ E T T T
L dt=0.20 pb™ [ ATLAS L dt=0.20 pb™ — 200E J' L dt =0.20 pb™* ATLAS
ol _ = - P -
20 [5,72.76 TeV /5,7 TeV 401 [5,=2.76 TeV /s,=7 TeV z 150F V5,=2.76 TeV /\[s,=7 TeV
anti-k, R=0.6 1 anti-k, R=0.6 a " anti-k, R=0.6
10 lyl<0.3 ] 2.1<ly|l<2.8 & 100F 3.6<|y|<4.4

50k

0

10 -100F =

-150F-

Relative uncertainty on p(y,x_) [%]
Relative uncertainty on p(y,x_) [%]

Relative uncertainty on p
(o)
o

_40: ..............

- JER —— Unfolding

................ ] — Unfolding 200k " JER —— Unfolding 3

—— JES - Others i —— JES - Others R —— JES - Others
! ! ! ! oo | ! ! _60 ! ! ! ! ! ! Coa _250_ ! ! ! 1
2x107 10t 2x10% 2x107 107 2x107 3x10?  4x107°
X1 X1 X1

e Systematic uncertainties due to jet reconstruction and cabration are considered
as fully correlated

— others are treated as uncorrelated (added in quadrature)

e Uncertainty for p(y, x;) with R = 0.6

— 5-20% in the central region

— T2999% in forward region

e Similar for R = 0.4, except— +15% for central jets at low pr
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e Measured ratio 1.1 < p(y,xr) < 1.5
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‘ Ratio p(y, ) of /s = 2.76 TeV and 7 TeV inclusive jet data'
- ly| < 0.3 . T E 2.1<|y| <28 ' _+_ ATLAS
< 2F 4 X 25
> L | 1 X 3 L dt = 0.20 pb*
Z 1.5F - % - Z 25_‘—\__ 52.76TeV
G R . - i 3 et
S : R == = p= [2 77$eT3V] et o
1__ =] 1.=_
3:_ <ly|<0.8 EI_: - 28<ly|<36 3 anti-k; R = 0.6
- . 3E = Data with
2E ~ 25_ E —e— statistical
1:_ — * _: E_'_' ____________ é uncertalnty
- . E E Systematic
= ] 2 = B - corainties
2:_0.8S|y|<1.2 _: 35_ 3.6S|y|<4.4_5 NLO pQCDD
- I . é—’_’_‘ = non-pert. corr.
u oo S [ 2 = CT10, u=pm®
1 5:—0——‘_. 0 —9— ﬁ:‘:’ ] N E ( H=p;™)
- Ee3 - = | ]
1= , ] C . 3
5 E_ 12<ly|<21 ' _E 2%1072 10t ox10'L
E — EE$ : Xy

— approximately constant behaviour

2%10 100 2x10 = reflecting the asymptotic freedom of QCD
X1 e Good description of the ratio by NLO QCD
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‘ Ratio p(y, pr) of v/s = 2.76 TeV and 7 TeV inclusive jet data'

e Systematic uncertainties due to jet reconstruction and

calibration are considered as fully correlated

— others are treated as uncorrelated (added in quadrature)

e Significant reduction of uncertainty for p(y, p:)
— well below 5% in the central region

—s forward region: +70% for R = 0.6, T70°% for R = 0.4 2

e Comparison of the measured ratiop(y, p:) with NLO QCD
— experimental uncertainty generally smaller than theoretcal
— measurements slightly higher than theory in central region

— measurements lower than theory in forward region
— sensitivity to PDFs

N
o

L dt=0.20 pb™*
\5,=2.76 TeV /\[s,=7 TeV
10 anti-k‘ R=0.6
ly|<0.3

T

Relative uncertainty on p(y,p_) [%0]

ATLAS

- V§1:2.76 TeV /\{?ZZ7 TeV
20 anti-k, R=0.6
L 2.1<|y|<2.8

Relative uncertainty on p(y, pT) [%]

'10?- Total B
_15;:' ~ JER —— Unfolding =
r—— JES - Others .
Il Il Il Il Il Il Il ‘ Il Il
30 40 102 2x10°
p, [GeV]
40r ; —
- B 1 ATLAS
o ILdt—O.ZOpb

'20- Total
= the measurements may contribute to constrain PDFs 30 IR — Unfolding
in a global NLO QCD fit O ws 1 a0
p, [GeV]
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‘ Ratio p(y, pr) of v/s = 2.76 TeV and 7 TeV inclusive jet data'

p (Y, pT) ratio wrt NLO pQCD (CT10)

_: § 21<ly|<28 1 ATLAS
q - E 1
1 © ] IL dt = 0.20 pb
4 0 r
_: 8 b p= c).jZe.t76TeV / c).j7e'lt'eV
. o .
@) ; _
F 0.3<|y|<0.8 maliE = 28<y|<36 1 anti-k, R =0.6
— E . Data with
_ 1 3 2 - —e— statistical
R ~ SN % 3 . uncertainty
. - . ~ - ] Systematic
0.6 + — a 0'5: - ] uncertainties
- 08<|y|<12 i = = 36<ly| <44 3
1.2F =V 4 3 135t Y 37 NLOpQCD O
Y 3 3 non-pert. corrections
] B CT10
E 30 40 107 2x10° "~ T wmsTw 2008
= GeV ---
3 pT [ ] --- NNPDF 2.1
3 : _ HERAPDF 1.5
| 3 e Small experimental uncertainties
2 2 L e — i, ABM 11 NLO
30 40 100 210 — Further constraints to PDFs
p_[GeV]
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‘ NLO QCD analysis of HERA and ATLAS jet data I

e Inclusive jet production at low/moderate pr 325— S = AfL'A'ém_;
— sensitive to the gluon distribution function E E

e Strong correlation of systematic uncertainties between 1? | E
inclusive jet measurements at/s = 2.76 and 7 TeV st/ Qg E
— increased sensitivity when bothare included e
in a NLO QCD fit of the PDFs B e

— proper treatment of correlations (specially JES)! S o9t N -
e NLO QCD combined fit of HERA I (Q2 > 3.5GeV?) ~ " " =
and ATLAS jet data (pr > 45 GeV) g § ATLAS -
— independent fits for R = 0.4 and 0.6 0% E
= Very good fit quality Zj v E
= harder gluon distribution and smaller uncertainty 02f = remAissrosn :
when including ATLAS data — softer sea distribution o— e o S
e Including only one ATLAS data set,2.76 or 7 TeV, _ 11‘ S
— the impact on xg is largely reduced o \\ 3
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‘ NLO QCD analysis of HERA and ATLAS jet data I

=) L y1<0.3 _lE &) 25—2.ls|y|<2.8 ' ATLAS
N [ a — =
5 1.5F ] 6 1.5F —O—l
= : ] = E_“_- o e L'aﬂ:‘m:““‘=‘:h—nJF=‘=' L dt = 0'20 pb-l
@) i s ] O 1:.._ LS N _;:-:__.zﬁ.
8‘ - , : g é , anti-k, R =0.6
=) 1_5:—0.3s|y|<0.8 ’:;‘ E = 2F 28<ly|<3.6 Data with
% o |- § 1-5;—_‘_‘_ RS —e— statistical
_.__._ N N —_— X -| ] :'-_--_--_-‘_________,___i.._-__r-—— ! i
_% A HINLANRNN A RN R s 1 _% i1 =N S |_ ! uncertainty
o . @ 0.5E : Systematic
__ E ] uncertainties
—: 2 36<ly|<4.4 NLO pQCD O
] 15— non-pert. corrections
. | e et .'.!:-_-._.i
- 05F T = _,_l CT10
1 3 30 40 102 2x10? - HERA+ATLAS
N GeV -
’—!"‘.—' pT[ ] ~ T HERAI
Lk
- e Good description of the data with fitted PDFs

— Improved description in the forward region
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‘ NLO QCD analysis of HERA and ATLAS jet data I

1.2

p (Y, pT) ratio wrt NLO pQCD (CT10)

H
N
1
<
N
o
w

.................

=
T
{
{
¢
[
L

I
I
)
f
)
I
1

IIIIII IIII[IIIII:

ATLAS

IL dt = 0.20 pb

2.1<ly| <2.8

d

— ~2.76TeV 7TeV
P=0 [ Oy

anti-k, R = 0.6
Data with

—e— statistical
uncertainty

|:| Systematic
uncertainties

NLO pQCD [0

non-pert. corrections

2.8<|y|<3.6

T

3.6<|y| <4.4

p (y, p.) ratio wrt NLO pQCD (CT10)

CT10

162 2x10° e HERA+ATLAS
P, [GeV] L

HERA

e Good description of the ratio with fitted PDFs
— Improved description in the forward region
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Dijet azimuthal decorrelations|
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Dijet azimuthal decorrelations in pp collisions aty/s = 7 TeVI

e Azimuthal decorrelations between the two b1 = —2.8, 05 = 0.3 — A = 3.1
central jets with highestpr are sensitive
to the dynamics of multiple jets
— Events with only two high-pr jets: A¢ ~ 7
— Events with A¢ <K 7. evidence of multiple jets

3181152

e QCD prediction: A distribution narrows with
Increasing jet pr

e Test of QCD for multijet production without
requiring the measurement of additional jets

e A detailed understanding of dijet production
with A¢ <K 7 Is relevant for searches for
new physical phenomena
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Dijet azimuthal decorrelations in pp collisions aty/s = 7 TeVI
e Measurement of normalised differential "
cross section(1/o)do /dA ¢ with & - R
A ¢ computed from the two leading jetsgJ - ':;]-Elf(ﬁi F\EO__(Z Tev =o=|+j
intheregionw/2 < A¢p < 7 "L; 104 P,>100GeV Jy|<2.8 —~
Anti- k algorithm with R = 0.6 sk ;ﬁi‘f?fot"é%{ftsz IvI<0-8 ——
— Requirements on all jets: € .0 Dg‘tagL_dt:% pb™* > ='=I=._I*I*L§
pr > 100 GeV and |y| < 2.8 = 10 . isigi ’
— Further requirements on leading jets: - 2‘51 izi M
both |y| < 0.8 and p‘%ftl > pita® 107 = PYTHA E
e Measurement in nine regions ofp7** - Y .
starting at 110 GeV and up to 800 GeV 104 ) £ _*_%
e The azimuthal decorrelation increases - Z ]
when a third high-pr jet is required:; . -
additional jets lead to a wider distribution 1 T(}Z 2T|[/3 5T|[/6 | T
A@ [radians]

e Now, let’s forget the additional jets and focus on the two leding jets...
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‘ Dijet azimuthal decorrelations'

of L
. Measurement of normalised differential % 18% ’:‘J'Eﬁ ?:OE‘ ;;ﬁ)\c{ee\/ Y108 ,,,j
cross section(1/o)do /dA ¢ with 3 £, Data p;g;j; . ot _;;_+s<§“§
A ¢ computed from the two leading jets §10 gf 0P 00 GV Eigi T :gf‘i "
nthe region /2 < Ag < S o R
e Leading sources of systematic uncertainty: 3 10° EC ;igzg%z% 310 Gev Eig; “‘%’%_A_,A_ﬂﬁ X
JES 2-17%, unfolding 1-19%, JER and = 10%Fo 160< p*'< 210 GeV (x10) T ****** !
JAR 0.5-5% (range A¢ ~ 7, 7w/2) 103; e Ge_wzl““ﬁ‘:;**a EEE‘\%
e Increase slope of theA ¢ distribution as 102; — f“s&gﬁﬁ.‘.ﬂ'§
pne® is observed 10E ST e
e Comparison to NLO QCD calculations Corrected g . * QQQ'Q R s’;
for non-perturbative effects (smaller than 3%) 101; M*@‘ - ) E
= they describe the general characteristics, = _F % ;
In particular the increasing slope with p7+® ; 7/ PDF & q, un[f(a“)]gi
and the shape nearA¢ ~ /2 (where 1072 Sca'e unc. E

multijet events make a considerable contribution)

I ! !
W2 2Tr/3 5Tr/6 Tt
A [radians]
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‘ Dijet azimuthal decorrelations'

O(a3) O(ay) O(ay)

e O(a?) (2 — 2) = A¢ = = (Dirac’s delta)

e O(a?) (2 — 3)=2w/3 < A¢ < m, 1st non-zero contribution in this region

e 02— 4)=>n/2< Ap< 7

= 1st QCD correction in the region27 /3 < A¢ < 7 = NLO QCD calculation

= 1st non-zero contribution in the regionn /2 < A¢ < 27 /3 = an effective LO QCD calc
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‘ Dijet azimuthal decorrelations'

e Comparison to NLO QCD O(a?)
calculations (NP corrected)

— calculation fails for A¢ ~ T,
which is sensitive to multiple soft
collinear emissions

— scale uncertainties larger in the
regionn/2 < A¢ < 2m/3

1/ o da/dAg [ratio to NLO pQCD]

N

[EEN

o
o

ATLAS \/s=7 TeV
I L dt=36 pb™

— NLO pQCD [0(a%)]

Wscale unc.

) \\ \\

160< p_TaXs 210 GeV

/ PDF & ag unc. 3
\ N NE
h\

N

~ anti- K, Jets R= 06
p. >100 GeV ly|<O0. 8

210< pmaX< 260 GeV

O\ \\5_\\ NONT TR
: : i NT \
e In most regions, NLO QCD is 0.5; \T ) 1
_ _ ' 260< pmaX< 310 GeV | 310< pT™< 400 GeV | 400<p™™< 500 GeV
consistent with the data — % R AL N
— the prediction is relatively low in the z.o§. :
range 110 < p7'** < 160 GeV forthe
central region in A¢, where the : N
. 0.5 1 ! !
scale uncertainties are small [ 500<p7™'< 600 GeV | 600<pT™<800 GeV | pI™> 800 GeV
w2 2w3 5W6 1 2wW3 5W6 T 2wW3  5me T
Ag [radians]
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‘ Dijet azimuthal decorrelations'

- | T | T T
| 0 10°F ATLAS \s=7 TeV
e Comparison to MC generators E 1085 antik, jets R=os.;6 pT>1eOO GeV |y|<0.8
PYTHIA, HERWIG and SHERPA 2 = Data JLdt=36 po” .
< 107 s00<phz 800 Gev (+10)
— the leading-logarithmic approximations %’ 1065 + 500<p7™™< 600 GeV (x10%)
_ o E A 400<p™*< 500 GeV (x10°)
In the parton shower lead to a good IS 05k f310<5%axs 400 GeV (x10%)
. i £°0 260<p"™< 310 GeV (x10%)
description of the datain A¢ ~ o 5 : Ezmﬁ < 260 GeV (x10)
— 10% o 160< py'< 210 GeV (x10° )
_ - @ 110<p™< 160 GeV (x10°)
— the measurements int /2 < A¢p < 57 /6 103?'
(multijets!) distinguish between the 1025
generators 10L
. 1F E
e SHERPA (with up to 2 — 6) performs well! 10_1: -
10'2; ) SHERPA é
e PYTHIA and HERWIG (having been tuned to o L PYTHIA ]
previous ATLAS measurements) also descrlb]eO 3 L 5
A [radians]
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‘ Dijet azimuthal decorrelations'
ATLAS \s=7TeV % — pyTHiA " anti-k_jets R=0.6 |

_36 ot E - HERWIG >100 GeV |y[<0.8 ]
JLat=36pb™ % o SHERPA stat. unc. Pr v

e Comparison to MC generators
PYTHIA, HERWIG and SHERPA

=
o

— the leading-logarithmic approximations
In the parton shower lead to a good
description of the datain A¢ ~ o

1/ o do/dAg [ratio to SHERPA]
N o
o o1

=
o

— the measurements inr /2 < A¢p < 57/6
(multijets!) distinguish between the

0.5¢ ]
[ 260<p™'< 310 GeV | 310<p™< 400 GeV | 400<p™*< 500 GeV |

generators 200
e SHERPA (with up to 2 — 6) performs well! | #
" 500< p?axs 600 GeV T 600< p:‘axs 800 GeV p:‘ax> 800 GeV
_ W2 2W3 5we T 2wW3 5m6 T 2mW3 b5we T
e PYTHIA and HERWIG (having been tuned to 2 [radians]
previous ATLAS measurements) also describe
the data
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Looking Inside jets
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Looking inside jets produced inpp collisions aty/s = 7 TeV

Run Number: 166466, Event Number: 78756195

Date: 2010-10-08 08:05:57 CEST
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Looking inside jets produced inpp coIIisionsI
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Looking inside jets produced inpp CoIIisionsI

e Integrated jet shape:
Z pT(Oa ’I“)
pT(Oa R)

1
Njets .

jets

U(r) =

Average fraction of the jet’s transverse momentum that lies
Inside a circle in they-¢ plane of radius r» concentric with
the jet axis

e Differential jet shape: QO 4
1 pr(r — Ar/2,r + Ar/2) A <
p(r) = >
ArNjets e pT(O, R) Q

Average fraction of the jet’s transverse momentum that lies
inside an annulus of inner (outer) radiusr — Ar/2 (r + Ar/2)
concentric with the jet axis
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Looking inside jets produced inpp colIisionsI

e Information about the transition parton —jet W
e At sufficiently high pr the jet shape is calculable in pQCD
— multiple parton emissions from the primary parton
e QCD predicts that gluon jets are broader than quark jets
= Yovuarks(r) > Yervons(r)
e QCD predicts that jets from bottom quarks are broader
than jets from u, d, s, c = Wy 4,5,c(7) > Pp(r)
e At lower pr non-perturbative effects play a role
— hadronization and underlying-event effects W(r) |
e Measurements of jet shapes allow
— tuning of models for soft contributions
— tests of pQCD calculations
e Among others, jet shapes are being investigated vigorousty
search for new physics— highly boosted particles decaying
Into multiple (close-by) jets

. QUARKS

GLUONS
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Jet shapes inpp collisions aty/s = 7 TeVI

e Measurement of jet shapesp(r) and ¥ (r),
for jets with 30 < pr < 600 GeV and |y| < 2.8
(anti-k7 algorithm with R = 0.6) using £ = 3 pb—1
e Events with at least one jet withpr > 30 GeV and |y| < 2.8
and exactly one primary vertex(to suppress pileup!)
e Reconstruction of the jet shape using calorimeter topologil
clusters — corrected to particle level using MC simulations
e p-correction factors between 0.95 and 1.1 as increases
e Systematic uncertainties p(r)):
— absolute jet energy scale of individual clusters3-15%)
— model of the calorimeter showers in MC 1-4%)
— remaining JES uncertainty (3-5%)
— model of parton shower, hadronization, UE in MC (2-10%)
— no significant dependence oiC;,,s; = pileup effects negligible
e Cross checks using tracks or calorimeter towers({.1 x 0.1 in y X ¢)
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Jet shapes inpp collisions aty/s = 7 TeV I
~ 10— 71— 7 T T T T T T T T T T T T T T T T T g ~ 10— T T T T T =
2 E ATLAS anti-k, jets R = 0.6 3 S s E
E— 30 GeV <p_ <40 GeV i - i
- —A— lyl<28 (@ | - : (@ |
1= 3 = 1= =
c e Data fL dt=0.7 nb™*- 3 pb™* . C ATLAS ]
N PYTHIA-Perugia2010 . ]
L HERWIG++ L anti-k, jets R =0.6 el Rl
Jotb ALPGEN B il 110 GeV < P, < 160 GeV a
- -~~~ PYTHIA-MC09 | | 3 - lyl<28 | | | 3
g 1.2—. . ) - 0 — g I . ' T —
S I S R— :

< Wi S S -1 < -]

0 0.1 0.2 0.3 0.4 05 0.6 0.6
r r
. = 10— T T T T T 3
e Dominant peak at small — most of the = F :
momentum is concentrated close to the jet axis : (b)

1 ‘.-:..'..:..&..'.-...'—.:-

e At low p’°* more than 80% of the transverse

momentum within » = 0.3; this fraction increases

ATLAS

anti-k, jets R = 0.6
400 GeV < p, < 500 GeV

. 1 101
up to 95% at very high p?<* = Ivi<zs
Q 1.2
= Jets become narrower ag? "’ increases Sos
r
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Jet shapes inpp collisions aty/s = 7 TeVI
80-3_""I""I""I""I""I""_ 80-3_""I""I""I""I""I""_
(ﬁ 025:_ _ anti-k, jets R = 0.6 (a) _: (ﬁ 025:_ anti-k, jets R = 0.6 (b) _:
5 : ly|<28 . 5 : ly|<2.8 :
rl| 0.2:_ i e DataflL dt=0.7 nb®- 3 pb?! _: F'| 0'2:_ o Datafl dt= 0.7 nb*- 3 pbt _:
- $ PYTHIA-Perugia2010 . - + PYTHIA-Perugia2010 .
015 ', :Esxﬁﬁ - 015 "' e PYTHIA-Perugia2010 without UE
F - g3 - -~ PYTHIA-MC09 . - éc 4 ~ - PYTHIA-DW -
0.1~ R - 0.1 e -
- - ] - e ]
B _ B —=_ & _
0.051~ b, kel 0.05[~ Y, Y
: © ATLAS .
%0 ~~"T00 200 300 400 500 600 %0 ~""T00 200 300 400 500 600
p, (GeV) p, (GeV)
ot .
= Jets become narrower agr,. "~ increases

e PYTHIA-Perugia2010 gives a reasonable description of theata

e HERWIG++ predicts broader jets at low and high pﬁ_'ﬁt

e ALPGEN is similar to PYTHIA-Perugia2010 at low pZ_'ret, but jets are narrower than in
the data at high p%*
e PYTHIA-Perugia2010 without underlying event — jets too narrow at low p‘{ﬁt

= sensitivity of the jet shape inp‘i}et < 160 GeV to underlying event effectgtuning!)
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Jet shapes inpp collisions aty/s = 7 TeVI

O_3||||

e Comparison to the predictions of PYTHIA- &
Perugia2010 for quark- and gluon-initiated < o0.25
jets (by matching particle-level jets iny-¢
to the final state partons in the QCD2 — 2

-y

—

0.2

| T T T T | T T
anti-k, jets R=0

ly|<2.8

T
.6

Data L dt = 0.7 nbt-3pb?
PYTHIA-Perugia2010
Perugia2010 (di-jet)
gluon-initiated jets

0.15 e
hard process): I S Perugia2010 (di-jet)
01 —+—_+_ guark-initiated jets
— The measured jets at lowp’<* are gluon like it SR
: . 0.0 S N S
as expected from the dominance of gluons in ATLAS  Teee— .
the final state 0% ~""100 200 300 400 500 600
- P, (GeV)
— At high p7~" (smaller impact of the underlying event) the trend observedn the data

IS mainly attributed to a changing admixture of quark- and gluon-initiated jets

(convoluted with the effects of the running coup

ling constat)

= All in all, potential of the jet shape measurements to constiin the current
phenomenological models for soft gluon radiation, underling event and fragmentation
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‘ Shapes of b-jets and light jets inpp coIIisionsI

neutrino

neutrino

\\§A j |i9ht—iet’7/

H= neutrino light-jet
e Dilepton channel oftt production: very pure source of b-jets
e Single-lepton channel oftt production:
— source ofb-jets (from top decays) andlight (u, d, ¢, s) jets (from W decays)
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‘ Shapes of b-jets and light jets inpp coIIisionsI

e Anti- kr algorithm with R = 0.4
Jet > 25 GeV and |773€t| < 2.5 1500

ATLAS

Jets /10 GeV

Single lepton I Ldt=1.81fb"

—— DataVs=7TeV

o Charged leptons:ps** > 25 (20) GeV o =5 E
e Dilepton sample: two isolated charged leptonsee, pp, ep) | — P :

00: [l Single top —:

Emss; at least two jets and at least one b-tagged jet
e Single-lepton sample: one isolated charged leptore( 1) 0750 100 750 200 250300 380

. . . [GeV]
E7**##; at least four jets and at least one b-tagged jet "
e Jet shapes;p?s* > 30 GeVandAR;; > 0.8 107 atLas -
: _ % 800:— —— Data s =7TeV -
e b-jet sample: b-tagged jets s &2 Jra-rem
600 = —
-l Multi-jet
e Light-quark jet sample: pair of (non- b-tagged) jets with oo mm ange o
m;; closest tomyy, 200
e Single-lepton sample:purity of b-jets — 89% S

0 20 40 60 80 100 120 140

purity of light-jets — 66% m, [GeV]
e Dilepton sample: purity of b-jets — 99%
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‘ Shapes of b-jets and light jets inpp collisions aty/s = 7 TeVI

.\ rrrr|rrrryrrroprrrrp rr T rr Tttt

—_

\Z 10 ATLAS Vs=7TeV

\%
b-jets

T

#

light jets

N
glllll
vy,

ol =gl
- R Tk
. 30GeV< p, <40 GeV g‘#&ﬁ%

JLdt: 1.8fb

s> Data (stat ® sys)
-~ - MC@NLO+Herwig
--m - PowHeg+Pythia

<4<~ Data (stat ® sys)
—A&— MC@NLO+Herwig
%:g;.\; —A&— PowHeg+Pythia

+

Illl\llllll

PowHeg/Data MC@NLO/Data

PowHeg/Data MC@NLO/Data

o
o
o
o
o;
-
o
bk
o
o
o

= b-jets are broader thanlight jets

025 03 035

<¥(r) >

0.8

0.6

0.4

0.2

(@) -y

o —
® o N

_| T 1T I T T TT I T T TT I T T 1T I T T TT I T T TT I T T TT I T T TT I TT |_
- ATLAS \s=7TeV -
- 30 GeV < p_<40 GeV N
N b-jets ]
C B Data (stat @ sys) 7
I A 2 MC@NLO+Herwig _|
I A PowHeg+Pythia i
- light jets ]
- A Data (stat @ sys) ]
L p —— MC@NLO+Herwig _
— j Ldt=1.81b PowHeg+Pythia ]
il 11 | I 11 1 | I 11 1 | I I I 11 1 | I 11 1 1 I 11 1 | I 11 1 | I 11 Ii
~i¢‘i ----- e
L
0 005 0.1 015 02 025 0.3 035 04

-

30 < pit < 40 GeV

e MC predictions (MC@NLO+HERWIG and POWHEG+PYTHIA) with NLO matrix
elements plus parton shower give a good description of both easurements
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‘ Shapes of b-jets and light jets inpp collisions aty/s = 7 TeVI

.\ rrrr|rrrryrrroprrrrp rr T rr Tttt

—_

E 14 ATLAS Vs=7TeV

b-jets

SRR Data (stat @ sys)
--® -- MC@NLO+Herwig
- - - PowHeg+Pythia
light jets

4 Data (stat ® sys)
—4&— MC@NLO+Herwig
—aA— PowHeg+Pythia

70 GeV < p, <100 GeV

Q
12_ 7
10 .
LSRR
gr=l -~k
- 2z
4t SOk
2:_ #‘ﬁ‘;_

PowHeg/Data MC@NLO/Data

o
o
gt
o

= b-jets are broader thanlight jets

02 025 03 035

<¥(r) >

PowHeg/Data MC@NLO/Data

0.8

0.6

0.4

0.2

—
(S

o
o)

o —
® o N

ATLAS |s=7TeV

70 GeV < p, <100 GeV
b-jets

B Data (stat @ sys)
————— MC@NLO+Herwig
----- PowHeg+Pythia
light jets

A Data (stat @ sys)
—— MC@NLO+Herwig
PowHeg+Pythia

’
"
"
"
"
"
"
-I

det=1.8fb'1

II|III|III|III|III|III|III
Il|lllllllllllllll|lll|lll

1~----i ----- Al lll~
~ﬁiﬁi ----- PR lll~
0 005 01 015 02 025 03 035 04

-

70 < pit < 100 GeV

e MC predictions (MC@NLO+HERWIG and POWHEG+PYTHIA) with NLO matrix
elements plus parton shower give a good description of both easurements
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Photon
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Photon production in pp collisions at LHC I
q; photon

e Photon production in pp collisions allows P d
— tests of perturbative QCD
— experimental information on the proton PDFs

g
g \
e Possibilities to study inclusive production of photons Ey)y) \\
or in association with jets P \

Jet
e Prompt photons represent a cleaner probe /J
of the hard interaction H photon
q
P

e Diphoton production is of special interest as

the major background to H — ~~ E)/\
photon
q

P
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Other sources of photoni

e Quarks and gluons are sources of Tt
photons

m0->yy

T{+
guark/gluon TI0—>\

— Quarks and gluons fragment mostly - .

— Tt
Into pions and, by isospin symmetry,1/3 E\L =

are 79’s, which decay into two photons -
= ~’s are produced copiously inside jets!

o0—->yy

— Quarks have electric charge and radiate

photons Y
= fragmentation function D, (2, 1) quark 9i d 9i

= Distinct feature: photons inside jets, i.e. not isolated!
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Photon isolation.

ISOLATION CONE

P o PHOTON

Direct-photon Fragmentation

e It is essential to require the photon to be isolatedlt is achieved by requiring
Ei° =Y. EL < ET°® with the sum over the particles (except the photon!) inside
a cone of radiusR centered on the photon in then — ¢ plane

e The isolation requirement suppresses the contribution of potons inside jets:
70 (as well as other neutral mesons) decays and the fragmentati contribution
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Photons with the ATLAS detector]
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Photon reconstruction in the ATLAS LAr Calorimeter I

e Layout of the ATLAS electromagnetic calorimeter (Lead-liquid Argon)
— barrel section, |n| < 1.475

— two end-cap sections1.375 < |n| < 3.2
— three longitudinal layers

— First layer: high granularity in n
direction, width 0.003-0.006 (except for

1.4 < |n| < 1.5and |n| > 2.4)

— Second layer: collects most of the energ AK\‘

granularity 0.025 x 0.025In71 X ¢

— Third layer: used to correct for leakage

e Cluster of EM cells without matching track:

— “unconverted” photon candidate

e Cluster of EM cells matched to pairs of tracks(from
reconstructed conversion vertices in the inner detector)
— “converted” photon candidate
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\ Photon identification in the ATLAS LAr Calorimeter I

e To discriminate signal vs background:shape variables from the
lateral and longitudinal energy profiles of the shower in the
calorimeters; “loose” and “tight” identification criteria .
e “Loose” identification criteria:
— leakageRnqqa = E2*¢/Er (1st layer hadronic calorimeter)
— R, = E527/E$§7, S2=second layer
— RMS width of the shower in n direction in S2

e “Tight” identification criteria:
— Ry = E523/E3><7
and shower shapes in the first layer (to discriminate singlgshoton
showers from overlapping nearby showers, such as® — ~~)
— e.g. asymmetry between the 1st and 2nd maxima in the energ
profile along n (S1)
e Estimated efficiencies:97% for “loose” and 85% for “tight”
photons with Er > 20 GeV

™ =y
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\ Photon isolation in ATLAS I

the calorimeter cells (EM and HAD) [ | . | JAEXPERIMENT
in a cone R = 0.4, but excluding (Y | B o s et

the contributions from 3 x 5 EM
cells around photon

e The leakage of the photon energy
outside that region is subtracted
(few %)

e The underlying event and pileup
contribute to E’s°!
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\ Photon isolation in ATLAS I

%12000%— I.°“I°. | IATLIAS - —

e E%° is corrected by subtracting the estimated 2 ,.c = °. frat=gsonn’ B
contributions from the underlying event and g F -, T DAREMONEETTY
pileup; the correction is computed on an ’ 60005_ ’ ~ 3
event-by-event basis (to avoid the large fluctuation§()005_ : E?EZZ“SZ’V”S E
using the jet-area method (M. Cacciari et al.) 20005_. ° 1
= ambient transverse-energy density 0;’. SESSETRIAIOTS 3;?"1'”‘2"’5’,‘“‘5

040 MeV (m R = 0.4 Cone) fOI’ events Wlth at leaSt Ambient Transverse Energy Density [GeV/Unit Area]

one photon candidate withEr > 15 GeV and 3 900- 4 e

) = ]

exactly one PV (+170 MeV for each extra PV) 7 S00F + (s =7TeV. ﬁdt:%o ot

: - P TR S 700F =

e After the correction the E’s° distribution g4 =060 7 z

_ _ _ 6005— + 25 GeV < E; < 30 GeV E

IS centered at zero with a width of1.5 GeV 500} « Data, y passes tight ID cuts

in simulated signal events w00 T spaayfaistghiDans

300F ot =

e A photon candidate is considered isolated if so0E = X, E

. = o ﬁ*ﬁiﬂ_ E

E%X%° < 3 GeV 100F" =, " :
O+ | v by 1oy

-5 0 10 15 20 25 30 35

e Residual background still expected
Isolation [GeV]

J. Terron TAE September 18th, 2013



Physics with Jets (and photons) 143

‘ Background subtraction I 2 e

e Residual background still expected even after  uiiges| D
the tight identification and isolation requirements
e A data-driven method necessary to avoid relying
on detailed simulations of the background processes
e The two-dimensional sideband method: e A ®
— photon identification vrp vs E4° plane TN B T T
— four regions are defined _ £50 [Ge]
— region A (signal): tight and isolated photons E#%° < 3 GeV)
— region B (bkg): tight and non-isolated photons E5° > 5 GeV)
— region C (bkg): non-tight and isolated photons E25° < 3 GeV)
— region D (bkg): non-tight and non-isolated photons E£%° > 5 GeV)
e It is assumed that for background eventghere is no correlation betweenyrp and E,jfo

NUFa — kg = IN 4~ = INA B NPk

further assuming that signal contamination is small in B, C and D
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‘ Background subtraction'

e The effects of the small signhal contaminations can be accoted for

bkg bkg sig stig
% — N% — Na—Ny - NC_ECNA.
S S
NBg NDg NB—EBNAg ND—EDNAg
where the leakage fractionséx, K = B, C, D)

are estimated using MC samples of sighal s = - =

. . S 0.9E- +_._—o—_._ - =

processesex = Nz7 /N7 Soss o ATLAS =

8 06Ee e Data2010\s= 7TeV,I Ldt =880 nb ™=

T 05E In'<0.6 _ . =

0_42_ E$o< 3 GeV systematic uncertainty _;

e Purity of the sample as a function of E}. = ' =

for different ranges in || fosp ’ E

S8 0.7 —.— _é

— purity = 90% for E]. > 40 GeV 2000 o | plie1a7 =

0.4E* Er° <3 GeV =

0.3 . . . —

) é 15— r-—+~ 1~ rr7r T T T T T T T T ';' LIS S N L S S '_

e Results cross-checked using another methodg est T —— -

c VOF = E

based on isolation template fits B otk —- 3

0 05Ee 1.52<n’|<1.81 E

— good agreement 04r  EF<3Gev 5
o '2|O' - '3|0' - '4|0' - '5|0' - '6|0' - '7|0' - '8|0' - '9|0' - 1_00

Ey [GeV]

J. Terron TAE September 18th, 2013



Physics with Jets (and photons)

145

Inclusive photon production|
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‘ NLO QCD calculations for inclusive photon production'

1 1
Opp—y+X = Z/O dz; fi/p(wl,ufr)/o dzs fi/p(®2, BF) Fijosvat

7’9.770’

1 1 1
Z / dz Dg(z,u?c)/ dxq f'i/p(wla Iﬁr)/ dzs fj/p(w% H?r) Gij—ab
iG.a,b Y Zmin 0 0
e The calculations includes NLO corrections for both directphoton and fragmentation
contributions; bewarethe components are notistinguishable beyond LO
e The calculations implement the photon isolation requiremat at “parton” level:
E$° calculated with the (few) final-state partons in the perturbative QCD calculation
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‘ NLO QCD calculations for inclusive photon production'

e proton PDF set— CTEQ6.6, CT10, MSTW2008
e fragmentation function — BFG set |l

— Corrections for hadronisation and underlying event needed

e Theoretical uncertainties:

— higher-order terms (beyond NLO); estimated by varyinQur, e, tf

— PDF-induced uncertainties; estimated using set of PDF eiggectors

— uncertainty on a; estimated taking into account correlation with PDF

— uncertainty on non-perturbative correction; estimated with different MC and tunes
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Corrections for non-perturbative effects; photon isoIationI

e The measurements are corrected for
detector effects to the “particle” level ISOLATION CONE
— to isolated photons, whereE?s°
IS calculated using all the final-state 0
particles and the jet-area method is also
applied (= EL5°*)

This is performed using MC simulations

PHOTON

n
e Corrections for non-perturbative effects (hadronisationand underlying event)

o~+x(MC, particle — level, UE)
o~+x(MC, parton — level, no UE)

CNP —

— Less dependence on the modelling of the final state by havinged the jet-area method
to subtract the “extra” transverse energy contribution to E’5°
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‘ Inclusive isolated-photon production inpp collisions aty/s = 7 TeVI

Y| < 0.6 0.6 < |n| < 1.37 1.81 < |n| < 2.37
‘_I'|_‘ | |||||||| | TTTT | TTTT | TTTT | 1T | TTTT F|'|_| | TTTT | IIIIIIIIIIIIIIIIIIIIIIII F|'|_| | TTTT | IIIIIIIIIIIIIIIIIIIIIIII
>102L 3 >102|:ll 4 >1 ZE E
N e Data 2010J' Ldt = 35 pb " N e Data 201OI Ldt = 35 pb 4 N e Data 201OI Ldt = 35 pb 4
2 . ] 2 . ] 2 . ]
‘:'-"_ 10 ;_ -~ luminosity uncertainty ‘i"_ 10 ;_ e luminosity uncertainty ':'-"_ 10 ;_ - T luminosity uncertainty _;
5 F - JETPHOX CTEQ 6.6 S F .= JETPHOX CTEQ 6.6 S F JETPHOX CTEQ 6.6 E
~ C E;°(AR<0.4) < 4 GeV ~ C ——— E;°(AR<0.4) < 4 GeV ~ - E;°(AR<0.4) <4 GeV ]
3 - ATLAS S ATLAS S = ATLAS |
1F = E 1 == E 3 3
== ]
107F E 107F E 107F E
- [n|<0.6 o ; - 0.6<|n|<1.37 — - 1.81<|n|<2.37 ]
102k - 102F - 102F E——
EO|HHiHH“HHIHHHHiHHMHf EO1HH{HHhHW=HWHH{HHth bo1uuh=uhuﬂ=uﬂuuiuuhuf
1.4} i 1.4 14
S P as e S e
o8 Sog 0 Sos
© 0.6-| 1111 | | - | | - | | - | | - | 1111 | 111 I- © 0.6-| | - | | - | | - | 1111 | 1111 | 1111 | | - © 0.6-| | - | | - | | - | 1111 | 1111 | 1111 | | -
50 100 150 200 250 300 350 400 50 100 150 200 250 300 350 400 50 100 150 200 250 300 350 400
E; [GeV] E; [GeV] E; [GeV]

e Measurement ofdo /dE7. for 25 < E7. < 400 GeV and different ranges inn using
L = 35 pb~1! of pp collision data at/s = 7 TeV

e Good description of the data by NLO QCD calculations (correted for NP effects)
In the new energy range opened by the LHC
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‘ Impact of inclusive isolated photon measurements at LHC on DFSI

. e Analysis by D. d’Enterria and J. Rojo (NPB860,2012,311)
: | o Study of the impact on the gluon density of existing

10°F . .
: o Isolated-photon measurements from a variety of
‘g 107 orvan 7, 2 vt experiments, from+/s = 200 GeV up to 7 TeV
— = Inclusive jets (Tevatron) . .
B10E o ttodproons (52767 o) — those at LHC are the more constraining datasets
NE E v Isolated photons (/s=1.8,1.96) . .
3 102] + s meroc — reduction of gluon uncertainty up to 20%

e

— localised in the rangex =~ 0.002 to 0.05
: e = improved predictions for low mass Higgs production in
e a0 e a0r a0r a0 1 gluon fusion, PDF-induced uncertainty decreased b0%

| LHC 7 TeV isolated-y data |

[LHC 7 TeV isolated-y data |
5

- 19

[LHC 7 TeV isolated-y data |
5

- 1)
[ NNPDF2.1 NLO
: NNPDF2.1 NLO + IsoPhotons

LHC 7 TeV isolated-y data | 1.3 C
[ ooemmmeeeees NNPDF2.1 NLO + IsoPhotons (Q? = 10 GeV?)

1.2F ——— NNPDF2.1 NLO + IsoPhotons (Q% = 100 GeV?)
C NNPDF2.1 NLO + IsoPhotons (Q? = 10000 GeV?)

1.15
[ NNPDF2.1 NLO

1.1 NNPDF2.1 NLO + LHC7 IsoPhotons

F I NNPDF2.1NLO
3 NNPDF2.1 NLO + IsoPhotons

-
ey

s
=)
a

1.1

1+

Ratio of Gluon PDFs
=}
©
a

Ratio of Gluon PDFs
Ratio of Gluon PDFs

0.9F

54
©

Q% =10 GeV?

Q2% =10* GeV?

o
)
a

0.85 0.002 0.01 0.02 0.1 0.2 0.002 0.01 0.02 0.1 0.2 0.002 0.01 0.02 0.1 0.2
X X X

g(x,Q?) error relative to NNPDF2.1

0.8

07: ol Lol Lol L
" 0.0002 0.001 0.010.02 0.1 0.2

X
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Inclusive isolated-photon production with 2011 datﬂ

Y Y
E; > 100 GeV 500 < E4 < 600 GeV
10°
200 >_(| TT || |||||||| Il ||Iy| TTT I TTTT I TTTT Iyl TTT I TTTT I TTT |_ S‘ 0-2 |||||||| ||||||| ||||||||||||I||||I|||||||||I||||
- E;>100 GeV |n'|<1.37 Q) ) - ~ b) - . .
180 [ 1 0 Data 2011 Vs=7 TeV - S|gna| purity
C ] — -
» — L i Y
160 :— .. Data 2011 V§:7 TeV — f_g 015 PhOtOﬂS N Iyr] |<137 ? 1.1:\ LN L L L L L T T 1T T T 1T
140 R o tight y ] = - — 100<E;<125 GeV 2 C ATLAS Preliminary .
- . [J non-tight y ] 7 . 500<E¥<600 GeV T = 1'05; B
120 |- 4 ¢ 1 5 - ]
C - ] < 0.1 __ __ n I Pz N \\i
100 — - w . -
- * IL dt= 4.7 o ] I ILdt: 470" ] 0.95[ ¥% : #%¢E§ \
80 - . - ] ?lf \
- d . r 7 0.9
0 . ATLAS Preliminary - 0.05 ATLAS Preliminary g N ]
C 7 i ] r - -1 ]
OE . ’.. E . 0.85¢ IL dt= 4.7 Data 2011 Vs=7 TeV
- Sou, E i C ¥ nl<1.37 ]
00 Cooss : ok ; t t. 1 $ 0.8 & 1.52<|n|<2.37 =
. T e - ]
O;ﬁ_d.huﬂ:ﬁjﬁ] o EENE ENENE FREEE N ENE FEE ERELE L o ]
10 5 0 5 10 15 20 25 30 35 40 40 5 0 5 10 15 20 25 30 35 40 105206300 "406"206" 806505806905 1000
ES° [GeV] E7’ [GeV] E! [GeV]

e Measurement of inclusive isolated-photon production forE). > 100 GeV
using £L = 4.7 fb—! of pp collision data at+/s = 7 TeV (higher pileup during 2011)

e Photon isolation requirementE,ij < 7 GeV in order to optimize the signal purity
and the photon reconstruction efficiency at highE
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Inclusive isolated-photon production with 2011 datﬂ

EJ] > 100 GeV

400 ———————————— ,
moy +Data2011 F -7Tev T
- E;>100 Gev —— PYTHIA (MRST 2007 LO%)
---------- HERWIG (MRST 2007 LO*)

300 NLO (CT10)

== Total uncertainty
—— Scale uncertainty
----- NLO (MSTW2008nlo)

IL dt= 47"

+

.............

100

ATLAS Preliminary

25
In'|

Theory/Data

10 - 2
- —e— Data 2011 Vs=7 TeV 3 [}
—— PYTHIA (MRST 2007 LO¥) 7 =
1 4 HERWIG (MRST 2007 LO*)  — -
E E w
= NLO (CT10) 3 o°
. == Total uncertainty =
101 o
:E —— Scale uncertainty E: o
T NLO (MSTW2008nlo) .
102 b =
10 e =
F ATLAS Preliminary 3
10
E <137
-5
124E|||||||| ©
’ ©
12 " 3_ [a}
[T wwasae—— W Py ® >
e o B 5]
0.6 = ~

100 200 300 400 500 600 700 800 _ 900 1000

E! [GeV]

101

10

10°

10

10°
14
1.2
1
0.8
0.6

152<|77'7|<237

—8— Data 2011 Vs=7 TeV
— PYTHIA (MRST 2007 LO¥)

--------- HERWIG (MRST 2007 LOY) —
- NLO (CT10) 3
== Total uncertainty
:E .............. —— Scale uncertainty E:
C - = NLO (MSTW2008nlo) .
E 3
EE ATLAS Preliminary EE
E -
C 1.52<|n"|<2.37
?...I....I....I....I....I....I....I....I....I...:
OO S — — E
e A k4 I ST =

100 150 200 250 300 350 400 450 500 550 600
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e Measurement ofdo /dE7. and do /d|n”| for EJ. > 100 GeV and different ranges
in 7 using £ = 4.7 fb~! of pp collision data aty/s = 7 TeV; E%°* < 7 GeV

e Good description of the data by NLO QCD calculations up to~ 1 TeV

e Tendency in the data to be above NLO QCD at lowE?.
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Photon+jet production|
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~ + jet production in pp collisions aty/s = 7 TeVI

e Further experimental information can be

. PHOTON PHOTON
extracted from photon production data by \ \

measuring the recoiling jet and /‘ '\
e Measuring v + jet for different angular T T
configurations (same side vs opposite side) SAME SIDE OPPOSITE SIDE

and different ranges in |yet|
= allows the separation of contributions from different « values
z1 = EJ(et +etv™)/\ /s  zy=EJ(e™ +eV")/\/5
= allows the comparison with theory in regions where fragmenration contributions are
different: fragmentation contribution in OS is 20-50% higher than in SS
e Measurement ofdo /dE7. in the phase-space region defined bf). > 25 GeV,
7| < 1.37, p’S* > 20 GeV and three ranges inyiet: |yiet| < 1.2,
1.2 < |y°t| < 2.8 and 2.8 < |y°t| < 4.4 (leading jet, reconstructed using the
anti-k; algorithm with R = 0.4), both for OS and SS;E5°* < 4 GeVandAR.; > 1
e The measurements cover the regior > 1073 and 625 < Q? < 1.6 - 10° GeV?
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Systematic experimental uncertaintiej
. . . . < 20:'_'|""|""|""|""|""|""|"":
e Distorted material: simulation of the detector ¢ na ATLAS  YI<12,0y"20
geometry (photon conversions and EM showersg 1o £
1-23% depending onE7. and |y °t| 5 5= :
e Photon simulation: PYTHIA vs HERWIG; 0%'=4 :
-5 -
direct-photon vs photons radiated off quarks; 1oF — Dsoteanaera —— Pronsmaaton E
4-16% depending onE7. and || 15 oo — b 3
e Photon energy scale and resolution: negligible 20%-56~"100 150 200 250 300 350 400
e Jet energy scale: mostly 1st binE.; 3-7% (9- 20%) . Er (Gev]
for central/forward (very forward) jets g - ATLAS  28<ly <44, 0y 20 ]
£ 20— .
g T :
§ 10 =
> :
—— ;
I .
e Trigger efficiency: 0.6% (0.4%) oE — Dsorwdme o
for E). < 45 GeV (> 45 GeV) 28 e — oo
e Luminosity uncertainty: 3.4% 30205080 100 120 140 160 180 200
E! [GeV]
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NLO QCD calculations and non-perturbative effectﬂ

e NLO QCD calculations of v 4+ jet production
— CT10 proton PDFs
— NLO photon fragmentation function (BFG set Il)

Correction factor

1.15

1.05

1_2 IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
—e— Pythia, AMBT1 tune

—s— Pythia, Perugia 2010 tune

ATLAS Simulation =~ Hemwig++
Envelope (central values)

11

[ Envelope (central values + errors)

— photon-isolation requirement at parton level Oogz
E$°(partons)< 4 GeV 0.85 v1<12,y" >0
e Corrections for non-perturbative effects 08) 56" "106 150 200 250 300 350 400
(hadronisation and underlying event) using e E[Gevl
PYTHIA (AMBT1 and Perugia2010 tunes) and & 4o ATLAS Simulation
HERWIG (UE7000-2 tune) g oo :
e Theoretical uncertainties 5 ol
— terms beyond NLO (variations of ugr, ptr, e +) _13:?41__— A
— PDF-induced uncertainties 20 - =
— correspondence parton/particle-level isolation . F "5?:‘35%5‘?#‘]_’&7>Tev>§
— non-perturbative correction 505l 'E',pf ;50200 ' '2;;('; ' |'<g;od 'n'y\s,5do' o
E! [GeV]
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10 T

~ + jet production: same siden? -yt > 0

[yt < 1.2 1.2 < |y°f| < 2.8

2.8 < |yt < 4.4

E S 3 S )
E ® = ) _
1 € 1 8 s E
K ATLAS 1 2 b ATLAS 1 2 - ATLAS E
102 = — > E 3 >
g . 3 8 = . 1 %Y 1o -
g Data 2010, Vs= 7 TeV,I Ldt=37pp’ 3 - Data 2010,\'s= 7 TeV,J’ Ldt=37pp’ | 3 = Data 2010,\'s= 7 Tev,J' Ldt=37pb" 3
0k y*I<1.2,0%" 2 0 - 10 1.2<y™|<2.8,n"y* 2 0 E 1 2.8<y"|<4.4,n"y" 2 0 —;
E E - ] ; E== seTPHOX CTEQ 10 ;
L - JETPHOX CTEQ 10 — 1 o - JETPHOX CTEQ 10 - . - bata _
1= —e— Data 3 B —e— Data 3 10 E E
- . 10 = 2L ]
10 E - E T E
: ] , ; n L
I T R S T R R B 10 E T ) % 10_3 =
2 = T T T T T T T — E‘ 2 .y E\ 2 —
E 3 o [=]
15k 4 & 1s5F 2 15F
] ]
05 8 o5 M 4 8 os
0 5I0 160 15‘0 260 25‘0 360 Bé 400 0 5I0 160 15‘0 260 25‘)0 360 35‘)0 400 0 4I0 6b Sb 160 12‘0 1:10 1éO léO 200
E! [GeV] E) [GeV] E) [GeV]

e NLO QCD calculations corrected for non-perturbative effeds are in fair agreement
with the measurements within the uncertainties except folE}. < 45 GeV

e Data consistently lower than the calculations forE. < 45 GeV
— Inadequacy of the NLO QCD calculations at lowE?7.? higher-order effects?
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~ -+ jet production: opposite side,n” - y'¢t < 0

jet jet jet
|lylet| < 1.2 1.2 < |y° < 2.8 2.8 < |y < 4.4
— — T T g e e L oA e e o — T

B %‘ i %‘ 10? —

] Q ) Q E

, ATLAS 2 10 3 ATLAS 3 2 ATLAS .
10 E é :— - = :_ * i
= = % C s ] % 10 = . 3

- Data 2010, Vs= 7 Tev,J' Lit=37pp” | F oL Data 2010, Vs= 7 TeV,I Ldt=37pb" | 3 = Data 2010, Vs= 7 TeV,I Ldt=37pb" 3
WE y™i<1.2, 0y <0 = g 125y |<2.8, 'y < 0 . e 2.84y"|<4.4,ny" <0 -
" i 1 = = E
1 E== JeTPHoX CTEQ 10 - E E== setPHOX CTEQ 10 3 - B E== serPHOX CTEQ 10 N

= —e— Data 3 - —e— Data h E —e— Data 3

C 7 10t = = ]

al | = 3 B N
107 E C : 0% 5
- : 0% E - E
0%, ; Eo 10% . =
2F > 2T > 2F ! —

E o E o E 3
15 2 15 2 15 E

5 1 5 1
T T
. [a)] 0.5 [a) 0.5

0 5I0 160 15.0 260 25.0 360 3é0 400 0 5I0 160 15.0 260 25.0 360 35.0 400 0 4I0 ﬁb Sb 160 12.0 1&0 1('.30 1é0 200
E! [GeV] E! [GeV] E! [GeV]

e NLO QCD calculations corrected for non-perturbative effeds are in fair agreement
with the measurements within the uncertainties except folE}. < 45 GeV

e Data consistently lower than the calculations forE} < 45 GeV
— Inadequacy of the NLO QCD calculations at lowE,].? higher-order effects?

e The data have the potential to contribute to the determinaton of the proton PDFs
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Dynamics of~ + jet production in pp collisions at/s = 7 TeVI

e Study of the~ + jet dynamics by measuring 103E_ .g;t;\5<@=7TeV'37pb'l>§
; ; . . NLO QCD (Jetphox) O NP: ]
the differential cross sections as functions of —— — PDF: CTEQ6.6 -

——— - = = PDF: MSTW2008hnlo
a. e PDF: CT10

E- E

[pb/GeV]

Y
T
[EnN
o
N

do/dE

— Photon: E.
. Jet e -
— Jet: pl, yet 1

}

— Photon+Jet: A¢pY?, mY, cos 077
where cos 677 = tanh 2 (y/°* — n7)

077 = scattering angle in centre-of-mass frame
for 2 — 2 hard collinear scattering |
e Measurements in the phase-space region definétl **Ss—s—r-ssoms 0360400
by: EJ) > 45 GeV, |n7| < 2.37 (excluding the region1.37 < |n7| < 1.52)E'VF[GeV]
p?fet > 40 GeV, |y°t| < 2.37 for the leading jet (anti-k; algorithm with R = 0.6)
Ef°* < 4GeVandAR,; > 1
e Comparison to NLO QCD calculation (JETPHOX) corrected for non-perturbative effects
e Small experimental and theoretical uncertainties:~ 10%
e Good description of the measuredio /dE;. by the NLO QCD calculations

O QCD/Data
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Dynamics of+ + jet production in pp collisions'

- — . . - —. 3500~—m7m™m—F——————F—————F——————————— — , ————
= 1 o) r a3 o) I
8 10° ATLAS (s =7 TeV, 37 pb ) - = C ATLAS (Vs =7TeV,37pb™) J o ATLAS (Vs =7TeV,37pb™) |
< E ® Data 3 _— 3000; e Data . = 4|
g i NLO QCD (Jetphox) ONP: 1 C NLO QCD (Jetphox) ONP: & 10F epaa e
e 2 J— . _ ol C J— . ST el
5 107 == PDF: CTEQ6.6 5 % 2500 PDF: CTEQS.6 E s - PYTHIA Py
o g —— - - = PDF: MSTW2008nlo E = e ol - = = PDF: MSTW2008nlo b T «1= HERWIG _
3 e PDF: CT10 . TH' PHF JTTT PDF: CT10 ] 10°E = - SHERPA ks E
- 10g g =5 2000~ +- = ] ©  NLOQCD (Jetphox) ONP:  .:@u
- 3 C ; + ] - = PDF:CTEQ66 ... o
= . C o i oL = _
1L ] E 1500: “?‘_ . ] 10 = @ E
g 3 - ? X ] c Y ~ 3
E! > 45 GeV ] 10005 P > 40 Gev = - T P> 40 Gev
1 T e S L T + ..... [ 2 — T
107 = C 7 10 5 ool m =T -
2 E E E} > 45 GeV B Of gt Ey >45GeV 3
g ] 500F - :
20 | C 1 C ]
107E . L] . . 3 O L L L L ] ) S O S S SR
© — _ < . . . . . . . .
g 14F = theoretical uncertaint T L4F mm theoretical uncertainty 5 E
S 12 Q 12 8 15
[m) a S
9 1 9 1 = 1
S 08 5 08 g, o5E-
z 06 . z 06 . . . . Q . .
50 60 70 80 100 200 300 400 0 0.5 1 15 2 " g 0 1 2 3
jet je Vi
p, [GeV] Iy | Z " [rad]

e Good description of the measured:la/dpjﬁt and do /d|y'°t| by the NLO QCD
calculations both in normalisation and shape

e Not unexpectedly NLO QCD calculations fail to describedo /d A ¢ with up to
three final-state particles, the photon and the leading jetannot be in the same
hemisphere in the transverse planes> A¢Y? > 7 /2

e PYTHIA and SHERPA MC models give a good description ofdo /d A ¢7?
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‘Selection of unbiased region to measure the:?? and 077 distributions I

T VL U VLR R R RRRET E;,1000 .
°F E éi 900
155 ';E 800
15 700
0.5 — 600
ofj 500
0.5 E_ 400
-13— 300
150 200

_25_ 100
) 6 0.1 0.2 0.3 04 0.5 06 0708 0.9 1

Icos 0]

Y 4+ y9°t| < 2.37 , |cos0I| < 0.83 , mY > 161 GeV
e First two requirements: avoiding the bias induced by cuts ony™ and y7¢;
slices ofcos 877 have the same length along thg” 4+ y?¢€t axis
e Third requirement: avoiding the bias due to E7. > 45 GeV in (| cos 77|, m??) plane
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Dynamics of+ + jet production in pp colIisionsI

; 102 T T T T T T 1: _E
o ATLAS (Vs =7TeV,37pb™) 3
Q e Data ]
g 10k NLO QCD (Jetphox) ONP: _|
= - —— PDF: CTEQ6.6 E
_g C - = = = PDF: MSTW2008nlo ]
5 1= o PDF: CT10 -
© E Ol E
10t ——n E
- jet Y 3
L p_ >40 GeV, E_> 45 GeV s

o T T
107E 2| jet E
E |cos 0''1<0.83, |n' +y*|<2.37 E
10° E E
o . .

T 14 theoretical uncertainty L0000 3
S 12 :
o =
o . J
= 06 =

200 300 400 500 600 700 1000

mY [GeV]

do/d|cos 6] [pb]

NLO QCD/Data

25001

o jet Y
1500} pT > 40 GeV, ET > 45 GeV

L eData

NLO

| IATLAS (Vs = I7 TeV,37pb™)
QCD (Jetphox) [0 NP:
PDF: CTEQ6.6

PDF: MSTW2008nlo
PDF: CT10

- m''> 161 GeV, | +y*®| <2.37 i

1000F
: [
500 :—i'-""'"""' = .
0 | ! ! ! | | ! |
theoretical uncertainty

0.2 0.4

0.6 0.8
|cos 6"

e In the selected (unbiased) region the angular distributiorincreases ag cos 877 | increases
e Good description of the data by the NLO QCD calculations withn the (small)
experimental and theoretical uncertainties=- validation of the description of the

dynamics of~ + jet production in pp collisions at(’)(aemag)
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Dynamics of+ + jet production in pp colIisionsI

e Angular distribution do /d| cos 877 18000 T T ]
- _ - ATLAS (Vs =7 TeV, 37pb™) A
sensitive to the spin of the exchanged .
(virtual) particle: quark(1/2) vs gluon(1)

10000~ ®Data -
LO QCD (Jetphox) [ NP:
— Direct photon (x1.7)
--- Fragmentation (x80)

do/d|cos 0" [pb]

direct-photon process .
do/d| cos 07| ~ (1 — |cos0Y|)~1 [

5000— —]

fragmentation.process | 5 o2 04 06 08
do /d| cos 87| ~ (1 — | cos §77]) 2 [cos ")

e Measured angular distribution closer to that of direct-photon processes than fragm.
= consistent with the dominance of processes in which a virtdauark is exchanged
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Understanding the~ + jet background to H — 77'

2500_ """""""""""""" I""I""I""I.”"I"."— A L L B AL B B LU BN B LA '3'10000:' T T I T T T I T T T I I T T T .
- 6 JDPat=a02+0(182M) —— zo:wcyal anaIyS|s: o P =0 (SM) —— Background : =3 900 o:_ ATLAS ( s = 7 TeV, 37 pb -1) E
2000 Background = J 02 — JP =2 (100% gg) ------ JP=2" (100% qq) ] ';; g ® Data =
C pr— e ] ” 8000 NLO QCD (Jetphox) [ NP: =
g - E - . 1 0 = —— PDF: CTEQ6.6 E
1500F 1 157 : % 7000: - = PDF: MSTW2008nlo
C ] C 1 ©® 6000F_ e PDF: CT10 =
C ] N I = 13 ? E
500:_ ATLAS Preliminary _: 05: ; 7: 40002_ i i i _z
C Data2012, [Ldt=20.7fb% vs=8Tev —e— | [ ATLAS Preliminary S e M 3000 p"®' > 40 GeV =
T R T S T " Data 2012, Vs = 8TevJ'|_dt 20.7 b —— = E
0 01 02 03 04 05 06 07 08 08 1 (L. R 2000E- 3
lcose| O 0102 03 04 05 0.6 07 08 08 1 - Er > 45 GeV g
|cos8*| 1000 =
DR S ! ! ' _
. . . g 14 theoretical uncertainty =
e v + jet production is the 2nd largest source of S
O
o
background to H — ~y~ g 3
TR . - - 0 0.2 0.4 0.6 0.8 1
e cos 0™ distribution used to determine the spin of N

the Higgs-like particle discovered in 2012
e Measurement ofdo /d| cos 877 | without additional requirements (no cut onm™7!)
e Good description of the measurement by NLO QCD calculations
= precise understanding of this background both in normalizaion and shape in terms
of the Standard Model
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Photon pair production|
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|solated-photon pair production in pp coIIisionsI — ’\1"/';“0”
q

p
e Measurements of the procespp — ~v~v + X with the aim

of testing pQCD andunderstanding the irreducible N)\hoton
o

background to new physics processes involving photons —
or H — ~v

e Measurement of differential cross sections as
functions of

— diphoton invariant mass, 1.~

— diphoton transverse momentum,pr -~

— azimuthal separation in LAB frame, A¢~~

— cosine of the polar angle of highestE+ photon

In the Collins-Soper diphoton rest frame,cos 0.
In the phase-space region defined by:
EA’l’2 > 25(22) GeV, |n7| < 2.37 (excluding
the region1.37 < |n7| < 1.52), AR, > 0. 4
and E5°* < 4GeVusingL = 4.9 fb—1

GATLAS

*4 EXPERIMENT
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Isolated-photon pair production in pp collisions aty/s = 7 TeVI

e Comparison to theoretical calculations 5 aFe T
e Fixed-order QCD calculations (NP corrected) ‘E; - *‘{.& 57 Tev _1 i
— 2oNNLO program; NNLO calculation of : R a R
direct-photon contribution (no fragm.) 1o 1‘%& SO RETE 3

— DIPHOX program; NLO calculation of .t e -
direct-photon and fragmentation contributions; ’ _ | _

box diagram gg — ~~ (at NLO) included 10
using GAMMA2MC
e Matrix-elements plus parton shower calculation

[ T IIIIII|
i *
NN i

data/DIPWOX
N
N O1 W
sy

-t ' +
— PYTHIA(2 — 2+ PS) 18 §w<&’@”&§@¢%w
— SHERPA (2 — 2(3,4) + PS) o -
e The contribution from H — ~~ is neglected 1 %) 0 3 ;
s 2 E
8  15H.4 + 3
3 1%%&#%7%/@%%%%@%%&

05F

100 200 300 400 500 600 700 _ 800
m,, [GeV]
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data/SHERPA

data/PYTHIA
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Isolated-photon pair production in pp collisions aty/s = 7 TeV

K
My DT~ A A Dy cos 0
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e Comparison to matrix-elements plus parton shower calculabns of PYTHIA and SHERPA
— MC normalisations rescaled by 1.2 to compare shapes
— A¢~~ ~ mand low pr ~~ (soft gluon resummation important): both MCs do well
— low A¢-~ and low m.~: PYTHIA fails
— SHERPA performs well except for highm
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Isolated-photon pair production in pp collisions aty/s = 7 TeV
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e Comparison to fixed-order calculations of Z2ZNNLO and DIPHOX+GAMMA2MC
— no re-scaling of the normalisations! (absolute prediction)
— A¢p~~ ~ mand low pr -~ (soft gluon resummation important): both fall
— DIPHOX+GAMMA2MC predictions underestimate the data
— inclusion of h.o. (2yNNLO) improves dramatically the description of the data
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2012 dat
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Even more data (with more pile-up) being analysed'

ATLAS Online 2012, Vs=8 TeV J'Ldt:21.7 fot

30— ATLAS Online Luminosity \s=8TeV

- LHC Delivered
[ ] ATLAS Recorded

25 @ <p> =207

Total Delivered: 23.3 fi!

Total Integrated Luminosity [fb ]
Recorded Luminosity [pb™/0.1]
=
o
o

20 Total Recorded: 21.7 fi* B

15 -
g 60

10 =
] 40

5 =

(00]
o
T T | TTT | T TT | LI | TTT | LI | T T | T

OI ||||| I T R N N | I R R I T R N N
26/03 31/05 06/08 11/10 17/1 5 10 15 20 25 30 35 40 45 50

Day in 2012 Mean Number of Interactions per Crossing

OO

e An integrated luminosity of ~ 20 fo—1 of pp collisions aty/s = 8 TeV
— Mean number of interactions per crossing(u) = 20.7 (harsh environment!)

= Exploration of the high tails in jet pr and dijet (multijet) invariant mass
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Even more data (with more pile-up) being analysed'

1A EXPERIMENT

Run Number: 201269, Event Number: 80898559 [~
Date: 2012-04-14 22:30:13 CEST

e A high-mass central dijet event collected in 2012m,5 = 4.23 TeV
1stjet: pr = 1.36 TeV,n = —1.02; 2nd jet: pr = 1.29 TeV, n = 1.06
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Summary of jet measurements inpp collisions at the LHC I
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e EXxploration of jet dynamics in pp collisions up topr ~ 1.5 TeV and dijet mass~ 5 TeV
e Wealth of measurements: inclusive jet, dijet, multijet, j& substructure, ...
e Perturbative QCD succeeds in describing the data; determiations of a; at the TeV scale!
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But this Is not yet the en

e The “jet” saga continues
— L ~ 20 fb~! of 2012 data
— forthcoming LHC runs at /s = 13(14) TeV

CMS Experiment at LHC, CERN
{ Run 133450 Event 16358963
Lumi section: 285

Sat Apr 17 2010, 12:25:05 CEST
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