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intro incl. jets - methods incl. jets - results as dijets - mass dijets - angular distr.

High Er jet production at hadron colliders

jet, W, Z, y, etc.

e test perturbative QCD o gartan el

e constrain structure of the proton

Hard process event

— parton distribution functions (PDFs)

parton

; . ; o P
in particular: inclusive jet
production sensitive to gluon PDF
e measure important backgrounds to
searches for Higgs, Supersymmetry, S —
and other new physics z oo [ u+d quarks
. . TR ‘s 06
e processes with large jet multiplicities £ o [ gluon
only calc. to LO — large uncert. § ook
e data to constrain models, to tune T o
generators for Tevatron and LHC S o2f
. . . . . Q F
e also important: jets in association S o4 CTEQGSE
. , . L F  Q=100Gevic
with W /Z (tomorrow’s topic) s

07 02 03 o4 05 08
e search for new phenomena in x = p(parton) / p(proton)
signatures with jets (e.g. resonances)
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New Physics vs. Standard Model: e.g. quark substructure?

» quark substructure would result in an increased cross section at large
Et (cf. elastic — inelastic ep scattering)
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» before one can claim discovery, need to fix:

> jet energy calibration
» gluon PDF at large x
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Jet reconstruction

Run 162592 Event 5490755 Fri Oct 25 11:57:39 2002 Run 162592 Event 5490755 Thu Oct 24 13:54:25 2002

ET scale: 190 GeV
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Jet reconstruction (see also Philipp’s lecture)

) e LHC: standard at ATLAS and CMS:
e Tevatron: standard in Runll: seeded, anti-kr algorithm

iterative, midpoint cone algorithm _ _ )
e sequential clustering: successive

e use particles (calorimeter tower) as recombination of particles using
seeds o _ distance measure
e add particles within cone using di = min(k72, k72)AR;/R
ij = - KT, ij
4-vectors (.E—scheme) — clustering: high — low pr
iterate until stable . e ~ cone-shaped jets of radius R
use mid-points between jets as e infrared and collinear safe

additional seeds
— improved infrared stability

e split/merge jets with overlapping
cones
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Jet production and measurements

o)
T

» unfold measurements to the hadron
(particle) level

» need jet energy scale calibration and
energy resolution

4

data-theory comparison at hadron
(particle) level

T

» correct parton-level theory for
non-perturbative effects
» fragmentation/hadronization,
underlying event

calorimeter jet
o3|
o]

e
=

ow],

particle jet

parton jet
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Jet energy scale (JES) calibration (see also Konstantinos’ lecture)

£ f 0.4 DG Runll -

» E. ... — Eal =0 ogof  Ml<0: 3
particle — T R.§ £ 7

» E..: measured energy 0.750 E
(calorimeter, at EM scale) 0.705 =

» O: offset energy: noise from F ]

: . ; | 0.655 A =1.8076 % 0.0341 =
electronics, uranium, pileup, E B =-0.1748+0.0216 E
multiple collisions 0.60— O S eos ]

» R: calorimeter response: E L ’ N

L L L il L I 1
20 30 40 100 200 300

fjetermlned from Et-balance E’ [GeV]
In y+Jjet events
» S: showering correction: net § a5k D@ Run Il
. SE Rears =07, 1_=0.0
E - cong Ll
flow of energy in and out of £ oo s - Showering
cone g 2.5F -- Response Offset
. . =2 =
» DO: JES uncertainties as low as R
1.2% for central jets with g 10
pr ~ 100 GeV £ o5 o .
« 7 years of work! %0 60 100 200 300 400
P (GeV)
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Parton to hadron correction

» parton-level prediction (e.g.
NLO pQCD) needs to be
corrected for non-perturbative
effects

» hadronization: particles
originating from parton go
outside jet cone (note: first
hard gluon emission is already
accounted for by NLO pQCD)

» underlying event contributes
energy to jet cone not
associated with hard scatter

» correction factor and
uncertainty estimated using
event generators (e.g.
(PyTHIA, HERWIG)

» e.g. midpoint cone, R = 0.7

Thomas Nunnemann, LMU Munich

Corrections

Parton to Hadron Level Corrections

as

0.

0.

0.

dijets - mass dijets - angular distr.

5

45 Parton to Hadron Level Corrections

) Underlying event
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Parton to hadron correction

25<|y|<3 Scale (W2 -2p)

FT T T T T T T T T LB 60 T T T T T T T T T LI
& © |y <05 Lyl <05 Total uncertaint ]
L.4n - 0.5<]yl<1 b - Yo
> < 1<|y|<15 woF L PDF (CTEQ6.6) ]
1.3 = 15<|y|<2 - —— NP (Pythia-Herwig++
. 2<|y[<25 .

12

1.1

Non-perturbative corrections
IR R R
v b b b Iy
Theory uncertainty (%)
N
o
P IR ! ST

09F Anti-k, R=0.5 Jets

20 30 100 200 20 30 100 200
p, (Gev) P, (Gev)
> e.g. anti-k7, R=0.5 (CMS)
» near cancellation of hadronization and underlying event correction at
large jet pr1
» large uncertainties at low pt

| Anti-k; R=0.5 Jets |
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Inclusive jet production

» kinematic reach in (x, @?)
compared to HERA and fixed
target experiments

1

z 1

6 10 8 Atlas and CMS

= E — M 50 Jev:
Atlas and CMS rapidity plateau 7

OIO 7| [ DO Central+Fwd. Jets

F E=3 CDF/DO Central Jets

6 =
1o M1 Tev
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fractional contributions
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as dijets - mass dijets - angular distr.

» Tevatron: sensitive to PDFs at
large momentum fractions x
and scales Q2

» LHC: reaching even higher Q?
and low x

» sensitive to gluon content of the
proton

xp = 2p/sqri(s)

10.05 0.1 0.2 0.4
T T T

inclusive jets: Tevatron Run Il ]
ly|<0.4

qq — jets |

gq — jets

02 | q
I gg — jets
L 1

200 400

pr (GeV)
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intro incl. jets - methods incl. jets - results as

d%0

Towards a measurement of

dijets - mass dijets - angular distr.

dprdy for inclusive jet production

E—p;

» reminder: rapidity of particle with E, p,: y = % In <Eﬂ>

note: if p > m:
y~3in (Ilglltgi) =—In(tang) =1
n: pseudo-rapidity

- - This is basically a counting experiment:
Double differential -
cross section Number of jets Jet Energy Scale!
= N : mem: versusp T

Blns of transverse
momentum and rapidity

Events can move in
and out of p; bins
due to calorimeter
energy resolution

3 jets
(in different bins)

ingredients:

> trigger
event selection
background
subtraction

> jet energy calibration
(already discussed)

> jet energy resolution

> jet reconstruction
efficiencies

» unsmearing/unfolding
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intro incl. jets - methods

incl. jets -

Trigger: raw spectra

results

as

dijets - mass

dijets -

inclusive jet triggers are prescaled except for highest Et threshold
— for each pr bin: use fully efficient trigger with lowest possible

prescale

» determine trigger efficiency using trigger with lower threshold (or
minimum bias trigger for lowest threshold)

f 105; D@ Run Il preliminary
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P, (GeVic)

uncorr. fo/d

angular distr.

CMS preliminary, 60 nb™ \s =7 TeV
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intro incl. jets - methods incl. jets - results
Trigger efficiencies
- CMS preliminary, 11 nb* Ns=7Tev
e [ £ lyl <0.5
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- CMS preliminary, 60 nb* Ns=7Tev
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» use efficiency plateau to avoid trigger systematics

— sharp turn-on required for efficient data taking

» using a different jet definition for offline reconstruction than for online
triggering widens turn-on (e.g. particle-flow vs. calorimeter tower)

Thomas Nunnemann, LMU Munich
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Background sources

» physics background: other
sources of genuine jets
essentially negligible

» instrumental backgrounds, fake

jets
] . . . D@ Run Il s — ——
> spurious jets from noisy cells,  preliminary

EM objects: remove with jet
quality & shape cuts

» remaining source (DQ):
bremsstrahlung from cosmic
rays

180 (o

Thomas Nunnemann, LMU Munich Terascale Physics school, DESY, 27.9.-1.10.2010 14/37



intro incl. jets - methods incl. jets - results as dijets - mass dijets - angular distr.

Background sources

» physics background: other
sources of genuine jets
essentially negligible

» instrumental backgrounds, fake
Jets JT _125TT
» spurious jets from noisy cells, 2
EM objects: remove with jet
quality & shape cuts

t

£y =0.9932£0.0003 |y | <04
jet
Ecount = 0-9844 + 0.0004

count

» remaining source (DQ): 07k
bremsstrahlung from cosmic -
rays L
— cut on pr/ gt ratio 1ok~

» another common variable to
remove cosmic ray and beam
related bgd.: Ft significance

Br/v/> Er
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Jet ID efficiencies

» JetlD efficiency can be determined with the tag-and-probe method

» tag is a good jet (or a photon) and an opposite track jet
> probe is a reconstructed jet close to the track jet

00< |T]d . | <0.4 4 y+et TagAndProbe
Jet
,I_—_e—l 4+ Dijet TagAndProbe D@ Run |l
§1.04_— ® Inclusive jets preliminary
) ) E; E o Dijets
Calorimeter jet — g 1oz
] C
3 T
i a r
Charged track jet —— 3 ooaf

JetlD everywhere
98—99% efficient
for p; > 50 GeV/c

L P PP
100 150 200 250
<P {GeV/cE

-’—T'I'l—l'llllAl-ll

Y
.
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intro incl. jets - methods

incl. jets - results Qs

Jet energy resolution

» defines migration true pt < reco pr

» from simulation:

reco

9T _ 5| PI

PT pT

ptcl

reco pr vs. particle pr

ptcl
PT

tail at underestimated pT° due to

punch-through

— PT,1—PT,2
PT1+PT 2

from measured dijet asymmetry A

[zl
= T \ﬁOA

requires corrections for soft radiation

(unreconstructed soft jets) and particle level

imbalance (e.g. fragmentation fluctuations,

primordial kr of partons inside proton)

Thomas Nunnemann, LMU Munich

Terascale Physics school,

dijets - mass dijets - angular distr.
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i e

Il L ‘L Il

0.5 1 15

pTlpT

DESY,
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:ﬁ=7Te\/ . ‘CMS 0 1 -
Jet energy resolution [ Goenizas e Rm0S) ]
230 < [ < 300 Gev 3
» defines migration true pr < reco pr 3
» from simulation: reco pr vs. particle pr
o pr eco 7pl>tc E
— =0 = ptclT =
pT PT P | ‘ T;
. . ! +
tail at underestimated p% due to e S A ol
T o

punch-through 05 1 Lo
» from measured dijet asymmetry A NE=T Tev cs .
— (o2 [ 7
A — PT,1—PT,2 PT — 20_ 03 (Anti-k R=0.5) b
prathre . PT V20 g ohes
requires corrections for soft radiation Foal b & ey N
Foap T ]
(unreconstructed soft jets) and particle level £ Lo, e 1
imbalance (e.g. fragmentation fluctuations, goif Treg a“j;s ‘ .
primordial kr of partons inside proton) S

» CMS: improved resolution using particle ) S R

-10

flow (especially at low pT) R K
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Unsmearing/unfolding

N
» need to unfold/unsmear for resolution N
and efficiency
: S YEERY
» steeply falling spectrum — mostly
migration to higher p1 AN
» several unfolding techniques O
» (iterative) bin-by-bin unsmearing Py
» Bayesian unfolding < 200f
. S . [ E DG Run Il
> regularized matrix inversion Q 180p I |:|
» most popular (for incl. jet meas.): 5 ¢
bm—correct.lon. u5|.ng- ansatz function g 120? conn [ ]
» true distribution: f(p7) R S
> reco distr.: 8L ...opoE = .
F(pr) = J5° F(P)R(Pr — prio)dpy oo LiBRET T
with smearing function R(p’s — pr;0) ;2; ;‘:‘9‘3' o
— unfolding correction Ct;m'f"?m?[\mmmmm\mwm
20 40 60 80 100120140160 180 200
Cws(pr) = f(pT)/F(pT) Measured Jet p_ (GeV)
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Unsmearing/unfolding

1CMS preliminary, 60 nb? \/s =7 TeV
s ¥ :
§0.95? 7
S 0.9F .
O - E
20851 E
=} o 1
2 08 ly| <05 g
. ° 05<|y|<1.0 1
S0.750 . 10<[y[<15
E o 15<|y|<20 ]
0.7 . 20<lyl<25 ]
0.65 ¢ 255lyl<30 S
Antl k; R=0. S(FALO ]

0. 620 30 100 200 1000
b, (GeV)

Thoma

Unfoldlng Correction

as

dijets - mass

dijets - angular distr.

1CMS preliminary, 60 nb1 \s =7 TeV
0.95F 3
0.9 3
0.85] 3
08 lyl <0.5 E
r o 05<|y|<1.0 |
0.75¢ . 10<ly[<15 -
s = 15<]|y|<20 ]
0.7 . 20<lyl<25 ]
0.65F « 25<]y|<3.0 E
Antl k; R=0.5 F"F ]

0. 620 30 100 200
. (GeV)

» CMS: smaller unfolding correction for particle flow compared to
calorimeter jets thanks to improved resolution

s Nunnemann, LMU Munich

Terascale Physics school, DESY, 27.9.-1.10.2010
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intro incl. jets - methods

incl. jets - results

as dijets - mass

w* Inclusive jet pr cross sections

» measurements of Iprdy -

&0 tests of pQCD over 8 decades

> sensitive to new physics at high pr(jet)
» benefits from increased Runll energy (1/s = 1.8 — 1.96 TeV), e.g.
cross section x5 at pr(jet) = 600 GeV

2 10°E DB Run Il o |yI<0.4 (x32)

9 10 o 0.4<|y|<0.8 (x16)
2 = 0.8<|y|<1.2 (x8)
< 10 0 1.2<|y|<1.6 (x4)
'gklo 2 1.6<|y|<2.0 (x2)
% 10 A 2.0<ly|<2.4

%6 1

\ls = 1.96 TeV
L=0.70 fo*
Reone = 0.7
— NLO pQCD

non-perturbative corrections

CTEQ6.5M Mo =H =P,

“'5060 100 200

Phys. Rev. Lett. 101, 062001 (2008)

Thomas Nunnemann, LMU Munich

300 400 600
p, (GeV)

dijets - angular distr.

= 108 F 1y

) E —— CDF data (1.13 fb™)
23 100 ; [ Systematic uncertainty

Q - —— NLO pQCD
=107 PQ

= F - A

o — - Midpoint: R=0.7, f

LT 10 . T

T
L)

S F g —

.
. 0.7<ly|<1.1

e (10°
1.1<|y|<1.6 (x10%)

1.6<|y|<2.1 (x10°)
P PR R

i

Q
R
S
T

merge’

_—
— ly|<0.1 (x10%)

— 0.1<|y|<0.7 (x10%)

=0.75

M-
0 100 200 300

PN N B |
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Phys. Rev. D 78, 052006 (2008)
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intro incl. jets - methods

incl. jets - results

as dijets - mass

w* Inclusive jet pr: data/theory, uncertainties

» both measurements are in
agreement with NLO pQCD

» both data sets favor

smaller gluon densities

> exp. systematics (dominated .

by JES uncertainty) <
theory uncert. (mostly
PDF)

» thanks to precise JES
» PDF sensitivity:

x o 2p7 /5

Thomas Nunnemann, LMU Munich

dijets - angular distr.

® Data

DBRUNII  Rene=07 § NLOPQCD =i =p,
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1-07'—‘—»—771_@4‘# ssanssi ol Lesssssihga_

h

ot S 25K O
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Z E T F 3 + T |

£ | =33 NLO scale uncenainty == CTEQS.5M with uncertainties .
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R ™ FesRaTIag SRR E
0.5 v ES EX 3 1]
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0.05 ESSosaw ESSy E|
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3.5
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Midpoint: R=0.7,

piET (GeVic)
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PDF Uncertainty

MRST 2004 / CTEQ6.1M
Systematic uncertainty
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=0.75
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intro incl. jets - methods incl. jets - results as dijets - mass dijets - angular distr.

2 Correlation of uncertainties

» using correlation
information in global
PDF fit should reduce
the effective uncertainty
of the measurement

» main uncertainties are
from JES

» 23 correlated systematic
uncertainties considered

Thomas Nunnemann, LMU Munich
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intro

incl. jets - methods incl. jets - results

PDF influence of Tevatron data
» MSTW2008 and CT10 (also CT09) PDF fits include Tevatron Runll

Ratio to MSTW 2008 NLO

0.5

0.1

Thomas Nunnemann, LMU

07E

inclusive jets

as

dijets - mass

» Runll data lead to softer high-x gluons and provide more precise

constraints

dijets - angular distr.

> no visible reduction in PDF uncertainty due to new fit procedures
» Runll data more consistent with DIS measurements than Run |

Gluon distribution at Q% = 10* GeV?

MSTW 2008 NLO (90% C.L.)

£4422: MRST 2004 NLO e
< SRS
NN CTEQB.6NLO

oS
%S N
oot Sasoteenes
05 RS
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23X
o
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X

X
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X
X R
ot 253505
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X

MSTW2008: Eur.Phys.J.C63:189-285,2009

Munich

Ratio to reference fit(CTEQ6.6)

o
o
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CT10: arXiv:1007.2241
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()2 |G,
-
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incl. jets - methods

First LHC results

incl. jets - results

as

dijets - mass

dijets - angular distr.

» inclusive jet cross sections based on first ATLAS and CMS data
» both ATLAS and CMS use anti-kt jets (default algorithm)

» CMS: 3 methods to reconstruct jets using different detector information:
tracks, particle flow

calorimeter, calorimeter corrected w.

=10

) 1021’7

= 19
@1817
%1015
gio°
B 10"
%5 10°
107
10°
10°

10
107
10°

ATLAS-CONF-2010-050
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Q & o, [MSpreliminary, 0nb” S =7 Tey
= LHC: PDF sensitivity & 120F = Total uncertainty Iyl<05
[ [ Absolute p_(¢5%) ]
E‘ 100? P Relative p T(ﬂ%) E
'§ 8OF W P resolution (+10%) E
. . g oo
> jet energy scale uncertainty largely S aof E
dominates exp. systematics 20%_//:—f_//d:€
. . O - .
> conservative estimates: ATLAS: 7%, P N E
. - o ]
CMS (particle flow): 5% a0 g
. e . Anti-k; R=0.5 PF ]
» expect significant improvements soon, 605 e

but remember long process at Tevatron B0

ly] <0.5 [ ] Total uncertainty
a0l - PDF (CTEQ6.6)
—— NP (Pythia-Herwig++)

» theory: NLO pQCD, uncert. dominated by

Scale (W/2-2p)

» low pr: non-perturbative corrections
» high pr: PDF uncertainty

Theory uncertainty (%)
S
T

oF
-201
-401-
‘ Anti-k; R=0.5 Jets |
20 30 100 200
P, (GeV)
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() [CMS,
gf e e . CMS preliminary, 60 nb™ \/s =7 TeV
iy~ . —~ et
s LHC: PDF SenSItIVlty & 120F T%talluncen?inty) ly| <0.5
[ [ Absolute p_ (5%
%‘ 100? Relative pTT(tl“/u)
‘g o[- M P resolution (+10%)
. . [0} E
> jet energy scale uncertainty largely g 6o
. . o L
dominates exp. systematics 400
20F
» conservative estimates: ATLAS: 7%, 0

CMS (particle flow): 5%

|

16
"
~
14
)
e been b b b b b e 3D B b b b e b e e B 1

» expect significant improvements soon, -4 Anick; R=05 PF
B0L—— PR
but remember long process at Tevatron . 1879%Sagre‘limmqr‘y1"r‘%%nbzr‘rn G
. o : + Cal
» theory: NLO pQCD, uncert. dominated by 8 16- . gp1 vl <05
- 1.4i ¢ PF
> low pT: non—perturbatlve corrections ] 125
. . © L
> . a b
high pr: PDF uncertainty BE
0.8F
0.6
0'4? —— Theory uncertainty
OZ;IZIExp.uncenainty
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L L T Ll L L T PR |
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Q¢ Cms, |
%= LHC: PDF sensitivity

> jet energy scale uncertainty largely g 1‘;;: inclusive jet production
dominates exp. systematics i 123: yi<o4
» conservative estimates: ATLAS: 7%, NE 1322
CMS (particle flow): 5% E
» expect significant improvements soon, 135
but remember long process at Tevatron 10 4 Tevairon  sqri(s)-1.98 TV %,
lg sf "=== LHC sqrt(s)=14 TeV ‘..

» theory: NLO pQCD, uncert. dominated by

Tevatron Run Il / LHC

» low pr: non-perturbative corrections
» high pr: PDF uncertainty

ratio
n
S
s

» for central rapidities, cross section for fixed 005 o ) "f o 04
X7 = 2p+/sqri(s
x7 =2p7/V/s x x: ¢(LHC) < o(Tevatron) !

» Tevatron will still be more sensitive to
high-x gluon for several years.
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‘ Inclusive jets: SIS cone vs. midpoint cone

hadron level parton level

1.02f £

t Iyi<01 g 0.1<ly|<0.7 3
= E

. E yl<0:1 0.1<lyl<0.7

o ; -~ , o o e

0.94f £
g 0.7<lyl<1.4 3 11<lyl<1.6 T
% E . 7<ly|<1. A<ly|<1. Y
2 ff__——— g r 0.7<lyl<.1 r 14<lyl<16
£ oo 2 — o —
g0 ’ § Pt
o o4 ©

200 a0 00 00 00 500

102 Loyleat P, (GeVic) ; P, (Gevic)

. 1.6<lyl<2.1

: e 1+

06 1 Midpoint: R =07, f,, =075 T Midpoint: R, 0.7, f, =075

. - 099
0. Hadron-level Correction (MP — SIS) Parton-level Correction (MP — SIS)
200 400 500 200 700 500
b, (GeVic) p, (GeVic)

= effect on data/pQCD comparison < 1%
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jet

w a g from inclusive jets

proton

antiproton

» inclusive jet cross section directly
related to o measurement:

Utheory(as) = O'pert(as) * Chonpert
Tpert(@s) =
(O, aden) ® fias) ® f(as)

» c,: NLO pQCD + 2-loop corr.

> fio(as): MSTW2008NNLO a
dependent fits:
as(Mz) =0.110 — 0.130

» keep only 22 (of 110) data points
in kinematic region where PDF fit
is not dominated by Tevatron:
Xmax S 0.25

s
o
o

o |y|<0.4 (x32)
o 0.4<|y|<0.8 (x16)
= 0.8<|y|<1.2 (x8)
o 1.2<|y|<1.6 (x4)
4 1.6<|y|<2.0 (x2)
A 2.0<|y|<2.4

\s = 1.96 TeV
L=0.70 5"
Reone = 0.7
— NLO pQCD
+non-perturbative corrections

CTEQ6.5M Mo =K =P,

iy oo | L L L ! L
10750 60 100 200 300 400 600
P, (GeV)
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a g from inclusive jets

. - 0g(p;) from inclusive jet cross section
» measurement of running o, at i in hadron-induced processes
highest pr (together with CDF 02K o H1
Run 1) ~ i A ZEUS
. .. R i * D
» most precise determination of o 0151
as from hadron collider r
L _ +0.0041
as(Mz) = 0.1161f8‘88§é 0.11" B3 a,(M,)=0.1161 _55045
' [, (DPcombinedf
> uncertainties: ~ 0.14F
; . +0.0034 E A
> experlmenta|. —0.0033 gfn 0.12 ; 4 +¢+ _¢+ A + } +‘1r‘1r+‘1’#%+
] r
. +0.0023 0.1 i ]
> theory: o035 2
o , 10 10
(u,/,r variation, non-perturbative pT (GeV)

corrections , PDF) Phys. Rev. D 80, 111107 (2009)

Thomas Nunnemann, LMU Munich Terascale Physics school, DESY, 27.9.-1.10.2010 27/37



intro incl. jets - methods incl. jets - results as dijets - mass dijets - angular distr.

w Dijet mass cross section

> measurement of in 6 rapidity bins up to M ; ~ 1.3 TeV

d?c
dMJJd‘y‘max
max = max(|y1], [y2]), pri2 > 40GeV

> central rapidities: data well described by pQCD
» forward region: data below prediction
» reminder: MSTW2008 includes Runl incl. jets
» discrepancy w.r.t. CTEQG6.6 even larger

M, dijet mass,

= -1 a20 2.4 (x10%
DO, L =0.7fb7 220<bh, <28 0000 216k 1y <04 Foa<lyl_ <08 } ;
16<ly|,,, <20 (x10% H lmax max x
NS=196TeV  siocy” <romoy)| 2145 [ b ; )
=07 =0.8<lyl,, L <1.2(x10%) 812 '
Reone = 004 <yl <OB(x10) s —= o T s = =
olY] < 0 &+ o e =i E = ES
oa B F\s = 1.96 TeV + 3
0t Z0T0 | [ Pene=07 L st G P2
18 125y, <18 1E<lyl,, <20 s [ 20<Iyl,, <24
1.4r 3 :
1.20 £ . £ -
—NLO pQCD + E E B —
+non-perturbative E E ~ ~ P =
corrections 0.8
Mo =ko= (P +P,, )/2 0'67'D1a/NLO £ £
- s 0.4- 224 E E -*CTEQS.6/MSTW2008
DS slematlc Uncertalnt B E ari amn
0.2 o.4 0.6 o.a 1 1.2 1.4 0.2t Y 22 MSTW2008 w Uncertainty} iy i; Vanai
M [TeV] 0204060811214 02040608 1 1214 02040608 1 1214
arXiv:1002.4594 % My, [TeV]
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* Dijet mass: searches for resonances

g
=] —q

» dijet mass distribution for jet rapidities = R gravton
lyl <1 ,

» sensitive to new particles decaying into TR w0 0w i
dijets: g*, W/, Z', pr, axigluon, - '
Randall-Sundrum-graviton, etc. é 10k " o corunoma1 190

» produced more centrally 5 N ., e
s-channel production vs. t-channel 513213%
1 o 10°F 700 Gevic’
scattering (QCD) s ST,

» search for narrow mass resonance as wEL@ oot
signal of physics beyond the Standard T oef ggg
Model (BSM), lower mass bounds, e.g.: & oif ;ggg +

,‘E 0.2 200 300 400 500 600 700
8 of ./\/S/:bfi*% -+
» M(q*) > 870GeV P I
200 400 600 800 1000 1200 140
» M(axigluon) > 1.25TeV m (Gevic]

Phys. Rev. D 79, 112002 (2009)
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* Dijet mass: searches for resonances

» dijet mass distribution for jet rapidities
lyl <1
» sensitive to new particles decaying into
dijets: g*, W/, Z', pr, axigluon,
Randall-Sundrum-graviton, etc.
» produced more centrally
s-channel production vs. t-channel
scattering (QCD)
» search for narrow mass resonance as
signal of physics beyond the Standard
Model (BSM), lower mass bounds, e.g.:

» M(qg*) > 870 GeV
» M(axigluon) > 1.25TeV

This is history by now...

Thomas Nunnemann, LMU Munich

dijets - mass

dijets - angular distr.

Arbitrary
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e
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Phys. Rev. D 79, 112002 (2009)
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Y Dijet event with M; = 2.55 TeV

PT1= 420 GeV
n = 1.51
PT2 = 320 GeV
m = 2.32

EXPERIMENT
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ams |
'2 dijet event with M;; = 1.92TeV

Run : 142664 Run : 142664
| Event : 29100333 e | Event: 29100333
Dijet Mass : 1922 GeV Z‘.L A\|Dijet Mass : 1922 GeV

m =

Er(GeV)

300 et 1 p.:804 GeV
200 ) Pr

100
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incl. jets - results as dijets - mass

Dijets: QCD vs. g* signal

QCD, 875 < Mj; < 1020 GeV

QCD events in.i pb”'

ATLAS Preliminary

©

A‘W‘

i

:

o2

Signal events in 1 pb™'

il

S==

ATLAS Preliminary

signal, M(g*) = 1TeV

i i

dijets - angular distr.

i

| ﬂ,"‘{/]/‘ i

jramiie

» maximize S/v/B by requiring |n12| < 2.5 and |1 — 12| < 1.3
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32/37



intro incl. jets - methods

Q

wera»

incl. jets - results as dijets - mass

Dijet resonances: LHC takes over...

» with just 0.0003fb~! LHC exceeds Tevatron sensitivity
» M(g*) > 1.26 TeV

dijets - angular distr.

L e [
& 10k a -8_ r T ]
- . Eiffa ATLAS 1 T | ——-gq"MG09  ATLAS |
[ * 7 X 4l q* Perugia0 B
10° —=— q'(800)  \5=7Tev o g 10%¢ - 4" MG09’ 5= 7TeV e
E a,(800) [ Lér=315nb™" 3 5 - Expected limit S
r —+— §*(1200) 1 [ mit [ 147 =315 nb™ ]
102 o r - Observed limit q
i 1 10°%¢ 3
10 E E E
1= < F i
; T 10 3
22 E f 1
o 0’.‘1“'.’-_'——-* e 3

Qb E P RN B

t 2 500 1000

500 1000

Reconstructed m’ [GeV]

Thomas Nunnemann, LMU Munich

1500

arXiv:1008.2461

Terascale Physics school, DESY, 27.9.-1.10.2010
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s, |
'2 Dijet mass resonances

2025 T T T T — ‘
= r . : 7 2 10" & o e ---- String 3
% L CMS Simulation i & E 95%CL UpperLimits =~ Excited quark E
[ R » 7 5 L —=— gluon-gluon Axigluon ]

_8 02; gluorglion _ 8106% —e— quark-gluon —- Esidiquark 3
E L s quark-gluon il .,<<( Si —e— quark-quark o \2/ j
L - quark-quark ] %10 § RS Graviton §

L N * 4 ; . . ;

0.15— - _5 10 E CMS Data (836 nb™) E

L 1 =] = N 3

r Mges = 1.2 TeV i 8 10° E e \E=7TeV 4

[ 1 90 E i Jetin,n| <25, |An<13 3

01; nf<25,|an<13 7 $102? -

A ] g E

r 1 O 10 3
0.05 - e 4

s : 1 i : 4

[ .- R 1 10 E CMS Preliminary . El
oleat- RN P PR o T T T i I B
400 600 800 1000 1200 1400 1600 500 1000 1500 2000 2500

Dijet Mass (GeV) Resonance Mass (GeV)

» preliminary search with similar sensitivity as ATLAS
» studied generic qq, qg, and gg parton resonances
» wider mass spectrum for gg resonances due to steeply rising gluon
PDF at low x

— less stringent limits for gg
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incl. jets - results

w Dijet angular distribution

» provides sensitivity for NP without
mass resonance or resonance mass

above kinematic reach

» measurement of

]-/Udijet . do—/dXdijet in bins of M

> Xdijet = exp(|y1 - }’2‘)

/o dc/dxdiiet

> massless 2 — 2 scattering:

(1+cos 6*)

Xdijet = (T—cos67)

» BSM: excess at large Mj; and

smaII Xdijet

Thomas Nunnemann, LMU Munich

Terascale Physics school, DESY, 27.9.-1.10.2010

dijets - angular distr.

dijets - mass
014 —— Rutherford Scattering
F: ==== QCD
0.12 Fi e New Physics
01 [
0.08 |\,
0.06 f - EmmE
/.‘ P I P O I f..\
2 4 6 10 12 11
Agijer = EXP Iy1 ¥l
/e* " P
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d

35/37



intro incl. jets - methods incl. jets - results

w Dijet angular distribution

» provides sensitivity for NP without

mass resonance or resonance mass
above kinematic reach

» measurement of

l/O'dijot . do’/dXdijot in bins of M

> Xaijet = exp(|y1 — y2|)
> massless 2 — 2 scattering:

. _ (14cos6*)
Xdijet = (1—cos 6%)

» BSM: excess at large Mj; and

small Xdijet
» consistent with NLO QCD
limits on BSM mass scales:

> quark compositeness (contact
interaction scale A): ~2.9 TeV

> large extra dimensions ( ADD
(GRW) and TeV™1): ~1.6 TeV

Thomas Nunnemann, LMU Munich

/0 jjer dOTdX e

as

0.1

dijets - mass

X*

dijets - angular distr.

——Dg 07f"
— Standard Model

- -- Quark Compositeness

0‘4<M”lT‘eV<05‘

L ogsemreveos | ATeaTer ()
E e ADD LED (GRW)

E 4 M, = 1.4 TeV

i --- TeV'ED

P 03<M/Tev<04 M, = 1.3 Tev

0 3

Rigre e o ot
E

05 < MTeV <06

{

0‘6<M”/T‘ev<07‘

=N

*

E 07<M/Tev<08

0.8 <M. /TeV<0.9

B 3

O.Qt M./TeV <1.0

Nt

XY

+10<MlTeV<11

oS METEY ST H‘\HMJIITFY?‘I?
5 10 15 5 10 15
Xaijor = EXPAY1Y])

Phys. Rev. Lett. 103, 191803 (2009)
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e

x distribution

incl. jets -

results as dijets - mass

QA LHC has taken over again...

centrality ratio R¢

dijets - angular distr.

_§0.22:\ x\‘/' T ;4\()\\ <20 e ] 0:02'5*‘ L L B A N | R L RS
=~ 02 {Ld;T::‘:foog)ﬁev . 520< m <800 GeV (+0.03) —| r ATLAS 1
Zwo 18:* A 800< m <1200 GeV (+0. 05)5 [ ]
T UL ° "‘5;‘;";1‘:&0"9’ 1 2.0 J'Ldt=3.1 pbil\s=7 Tev 7
’\>0 16F i [ Theoretical Uncertainties ] - . g
[ Total Systematics ] r— QCb Prediction ]
_— . . 1~5f Theoretical Uncertainties b
I _é_‘—('s—T'_ré E [ == Total Systematics ]
0.1== ) R [~ A=20TeV ]
0.08; = B é 1.0F « pata I B
0.06 "~ ) : 1 JF ]
| 1 7..-—..* Iy pi—
0.047=+=_, —— 0.50%% ““"*"_-}'1 T =
r B — i 1 3 b
0.02- ATLAS - ,
ot I . J 007“\‘”\”‘\”‘H‘m” .
1 10 ’ 400 600 800 1000 1200 1400
X = e|y1>y2| m“- [GEV]
»  distribution: limit on contact interaction scale A > 3.4 TeV
(expected 3.5 TeV)
» centrality ratio Rc = N([j12| < 0.7)/N(0.7 < |j1 2] < 1.3):
A >2.0TeV (expected 2.6 TeV) — less sensitive
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Conclusions

» rich physics program with jets ranging from QCD to searches

» understanding of high Et jet production significantly advanced over
the last years at Tevatron and now also LHC
» inclusive jet cross section
> precise jet energy scale calibration is crucial
— precision measurement of running as
— stringent constraints on gluons at high x
» LHC: need improved calibration and higher luminosities

» multijets

» agreement with NLO QCD, but Tevatron data prefer lower bound on
theory

» dijet mass and angular distribution sensitive to various new
phenomena
» LHC sensitivity has already surpassed Tevatron
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Conclusions

>

>

rich physics program with jets ranging from QCD to searches

understanding of high Et jet production significantly advanced over
the last years at Tevatron and now also LHC

inclusive jet cross section
> precise jet energy scale calibration is crucial
— precision measurement of running as
— stringent constraints on gluons at high x
» LHC: need improved calibration and higher luminosities
multijets
» agreement with NLO QCD, but Tevatron data prefer lower bound on
theory
dijet mass and angular distribution sensitive to various new

phenomena

» LHC sensitivity has already surpassed Tevatron
Stay tuned for rapidly improving precision, sensitivity to new
phenomena and maybe discoveries!
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