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incl. jets dijets trijets

jet shapes

High Er jet production at hadron colliders

e test perturbative QCD

e constrain structure of the proton

— parton distribution functions (PDFs) -

gluon (+ incl. jets)

heavy flavor («— W/Z/y*+HF)

e measure important backgrounds to
searches for Higgs, Supersymmetry,

and other new physics

e processes with large jet multiplicities
only calc. to LO — large uncert.

e provide data to constrain models, to
tune event generators to be used at

Tevatron and LHC

e especially important: W /Z+jets

e search for new phenomena in

W/Z + jets W/Z/~ + b/c jets
jet, W, Z, y, etc.
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signatures with jets (e.g. resonances)
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Outline

> jet reconstruction and energy scale calibration
» measurements of jet production

> inclusive jets, dijets, trijets

» a5 and PDF extraction

» searches for physics beyond the standard model

» measurements of W /Z/v* + jet production

> jets of any flavor
» b and c quark jets
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Jet reconstruction

jet

proton

antiproton
jet
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Run 162592 Event 5490755 Fri Oct 25 11:57:39 2002

ET scale: 190 GeV
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W/Z/~ + b/c jets

W/Z + jets

Jet reconstruction
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Jet reconstruction

» standard jet reconstruction
algorithm at Run Il: seeded,
iterative, midpoint cone algorithm

» use particles (calorimeter
tower) as seeds

> add particles within cone
using 4-vectors ( E-scheme)

> iterate until stable

» use mid-points between jets
as additional seeds
— improved infrared stability

» 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
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particle jet

parton jet
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Jet energy scale (JES) calibration
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incl. jets dijets

Inclusive jet production

trijets

—
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10
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10

jet shapes

W/Z + jets W/Z/~v + b/c jets

» kinematic reach in (x, Q2)

fractional contributions

w* 10?1t w?
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compared to HERA and fixed
target exp.: sensitive to PDFs
at large momentum fractions x
and scales @2

sensitive to gluon content of the
proton
X7 = 2p,/sqri(s)
005 0.1 0.2 0.4
ol J ‘ I
inclusive jets: Tevatron Run Il |
0.8 = |y|<0.4
06 [ qq — jets ]
04 gq — jets
02 | :
I gg — jets
% 50 100 200 400

pr (GeV)
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w* Inclusive jet pr cross sections

2
» measurements of dgTﬂy: 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 D@ Run I o |yI<0.4 (x32) = oSE
O 10 o 0.4<]y|<0.8 (x16) ° - —— CDF data (1.13 fb)
g = 0.8<|y|<1.2 (x8) 23 100 = [ Systematic uncertainty
S0 0 1.2<ly|<1.6 (x4) © E  —— Nopecp
oo 4 Le<lyl<2.0 (x2) = 0E T Midpoint: R=07,f =075
:\g 10 & 2.0<y|<2.4 ole 10 = - *++++ R Terge™
© 1 5 e T, i
N E ++$ ly|<0.1 (x10°)
s =1.96 TeV F —_
L=0.70 fo* :: $$$ 0.1<]y|<0.7 (x10%)
10°E Reone = 0.7 . 0.7<]y|<1.1

— NLO pQCD

non-perturbative corrections
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Phys. Rev. Lett. 101, 062001 (2008)
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w* Inclusive jet pr: data/theory, uncertainties

D@ Run Il Reone = 0.7 NLO pQCD p =p_=p,. ® Data
155 L=0.701fb" - F +non-perturbative corrections _ - Systematic uncer\_a-rlty 3
. 5-:2: LEesettetttaneny m_;ﬂ 7: _______ % ;..‘_..:W : Shdaciiais Trony |
» both measurements are in 2% yi<oa 04<pi<os 05<pi<12
. 2 E T E i + T e
agreement wit h NLO pQ CDh I ﬁ;@?ﬁf&f“ﬁ s | B K |
» both data sets favor o jestEeIy L 1
smaller gluon densities azayas fiecyezo frosyzs ]
. R 50 100 200 300 50 100 200 300 50 100 200 300 P, (GeV)
> exp. systematics (dominated
by JES uncertainty) < —
theory uncert. (mostly <o e uanas m

PDF)
» thanks to precise JES

G on 0 ow o

1.6<lyl<2.1

» PDF sensitivity:
X x 2p1/+/S

» see also: inclusive jets with
kT, CDF, Phys. Rev. D, 75,
092006 15(2007)
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PDF

dijets trijets jet shapes

influence of Tevatron data

W/Z + jets W/Z/~ + b/c jets

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

1.5

inclusive jets

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

constraints

> 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?
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MSTW2008: Eur.Phys.J.C63:189-285,2009
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First LHC results

trijets

jet shapes

W/Z + jets

W/Z/~v + b/c jets

» inclusive jet cross sections based on first ATLAS and CMS data

» see Wednesday's talks by Nadia Pastrone and Brian Peterson and poster

session

> both ATLAS and CMS use anti-kt jets (default algorithm)
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. CMS preliminary, 60 nb1 V"‘-?‘T‘e‘v

LHC: PDF sensitivity §120j [ Total uncertainty lyl<0.5

£ |:|Abso|utep (+5%) ]

E‘100§ P Relative p_ (+1%) E

'§ 8OF W P resolution (+10%) E

. . g oo

> jet energy scale uncertainty largely S a0f E

dominates exp. systematics 20%—//:{//;{

A A o O e . ]

> conservative estimates: ATLAS: 7%, —— ]

. B ¥\‘—‘ ]

CMS (particle flow): 5% a0 g

> t . f t ts 500 AnII‘kRQSPF ) L
expect significant improvemen n, 05— ST T o

but remember long process at Tevatron 60— ——

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

» theory: NLO pQCD, uncert. dominated by

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

Scale (W/2-2p)

Theory uncertainty (%)
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LHC: PDF sensitivity

> jet energy scale uncertainty largely
dominates exp. systematics

» conservative estimates: ATLAS: 7%,
CMS (particle flow): 5%

» expect significant improvements soon,
but remember long process at Tevatron

» theory: NLO pQCD, uncert. dominated by

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

Thomas Nunnemann, LMU Munich
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LHC: PDF sensitivity

> jet energy scale uncertainty largely
dominates exp. systematics

» conservative estimates: ATLAS: 7%,
CMS (particle flow): 5%
» expect significant improvements soon,
but remember long process at Tevatron
» theory: NLO pQCD, uncert. dominated by
» low pr: non-perturbative corrections
» high pr: PDF uncertainty

» for central rapidities, cross section for fixed
xt =2p7/v/s x x: 0(LHC) <« o(Tevatron)

» Tevatron will still be more sensitive to
high-x gluon for several years.

Thomas Nunnemann, LMU Munich

W/Z + jets W/Z/~v + b/c jets
I 1w0F o ]
a 108 inclusive jet production
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a g from inclusive jets

proton

antiproton

» inclusive jet cross section directly
related to o measurement:
Utheory(as) = O'pert(as) * Chonpert

Opert(s) = , , S 10E D@ Run li . Iy\<0|-4| (x32)( )
alc « Y O q0¢ o 0.4<|y|<0.8 (x16
(Do adcn) ® fias) ® H(as) ﬁ.:gsz = 0.8<ly|<1.2 (x8)
. E o 1.2<|y|<1.6 (x4)
» ¢, NLO pQCD + 2-loop corr. 1{?{104%_ . 16<lyl<20 (x2)
S ook 2.0<lyl<2.4
> fio(0.): MSTW2008NNLO o 8 1%F L 2o
dependent fits: 108
as(Mz) =0.110 — 0.130 15 (5= 1.96 TeV
. 10" L=0.70 fb"
» keep only 22 (of 110) data points 102 Regne = 0.7
in kinematic region where PDF fit 10°F — NLO pacD
iS not dominated by Tevatron: 10»‘15— +non-perturbative corrections
-5 = =
Xmax S 0.25 :8_5 ICT‘Ec"G:sf‘”I Ha=he =P -
50 60 100 200 300 400 600

P, (GeV)
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w a g from inclusive jets

» measurement of running «; at
highest pr (together with CDF
Run 1)

» most precise determination of
as from hadron collider

as(Mz) = 0.116115-504

» uncertainties:

» experimental: "920%%

> theory: 50052

(tr/¢ variation, non-perturbative
corrections , PDF)

Thomas Nunnemann, LMU Munich

- 0g(p;) from inclusive jet cross section
i in hadron-induced processes
0.2 % o Hi
— L A ZEUS
& - e DY
= 015 dod
° DY@
01| 5 amp-01161 200
[, (DPcombinedf
~ 0.14 o
3012} 41#4 AL AI4 L1y
% S T ? IRAAASAA
S 01FE._ . ‘ Ll
2
10 10
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Phys. Rev. D 80, 111107 (2009)
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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%
D@, L =0.71b" 220<Mou<24000) 2161y <04 Foa<lyl <08 : :
16<ly|,,, <20 (x10% H lmax Imax x
s=1.96TeV  oizcpy . <to(xioh| 148 [aeen 3 . -
=07 =0.8<lyl,, L <1.2(x10%) 812 '
Reone = 004 <yl <05(x10) s —= o T Wl = =
olY] < 0 &+ o r=bE = =<
oa B F\s = 1.96 TeV + 3
0z o 20T Rene=07 L e THes Py P
M 12<yl, <18 F16<lyl,, <20 e F20<yl,, <24}
1.4r 3 :
1.20 £ . £ -
—NLO pQCD 1+ E E By —
+non-perturbative E E ~ ~ £ =
corrections 0.8
Mo =ko= (P +P,, )/2 0'670D1a/NLO £ £
i Ll 0.4- G E F **CTEQ6.6/MSTW2008
DS slematlc Uncertalnt z £ ari; aton
0_2 0_4 0.6 0.8 1 1_2 1_4 0oL Y Y22 MSTW2008 w/ Uncenalmy Mg W variat
M [TeV] 0204060811214 02040608 1 1214 02040608 1 1214V
arXiv:1002.4594 My, [TeV]
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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.
» mostly produced more centrally
» search for narrow mass resonance as

signal of physics beyond the Standard
Model (BSM), lower mass bounds, e.g.:

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

Thomas Nunnemann, LMU Munich

W/Z + jets

Data / Theory
~

W/Z/~ + b/c jets

o
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[ — PDF uncertainty
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Phys. Rev. D 79, 112002 (2009)
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LHC takes over...

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

» see Wednesday's talk by Brian Peterson

o) C ] —_ .
§ 10° . Dat 4 8 L ‘ ]
g F e ATLAS = ——-q"MC0s  ATLAS
r N 7 * Perugia0
e (900) re7Tev o 0% 3- MoOY  NF=7Tev 3
£ [ Ldr=315nb" 3 R + Expected limit [ 74 = 315 nb” 3
F ) ] RN L 1
ol | N =-- Observed limit
0% E H A\ 1
- : 10°E E
s E F 3
= ] i 1
E T 10 3
s *
o 0’.‘1“'."_'——-* H
Qb E P T R BTG >N
o, 50 50 500 1000 1500
Reconstructed m’ [GeV] Resonance Mass [GeV]

arXiv:1008.2461
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incl. jets dijets

trijets

jet shapes

w Dijet angular distribution

» measurement of

1/cdijet - do/dxdijet in bins of M;;

> Xdijet = exp(|y1

Xdijet = (I—cos 07)

» BSM: excess at large Mj; and

small Xdijet

Thomas Nunnemann, LMU Munich

= yal)
> massless 2 — 2 scattering:
(1+cos 0*)

W/Z + jets

W/Z/~v + b/c jets

B
-2 014 —— Rutherford Scattering
2 ---- QCD
kel 012F: ... New Physics
L o1
0.08 | ™
0.06 i, --——-'--'"..'..........-..—.._..
/.‘ Ll \.H Ll L f..\
4 6 10 12 11
/ xd“e[ = exp |Y1_y2|)
B*
L /]9*
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incl. jets dijets trijets

w Dijet angular distribution

» measurement of
1/0dijet - do/dxdijet in bins of M;;

> Xdijet = eXP(|Y1 - )’2‘)
> massless 2 — 2 scattering:

. _ (14cos6*)
Xleet — (1—cos6*)

» BSM: excess at large Mj; and
smaII Xdijet

» consistent with NLO QCD
limits on BSM mass scales:

» quark compositeness: ~2.9 TeV
> large extra dimensions ( ADD
(GRW) and TeV™!): ~1.6 TeV

Thomas Nunnemann, LMU Munich

jet shapes

PIC 2010, Karlsruhe, 1.-4.9.2010

W/Z + jets W/Z/~ + b/c jets
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Phys. Rev. Lett. 103, 191803 (2009)
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w Three jet mass

> 3-jet mass distribution do/dMsje; with pr1 > 150 GeV,
pr3 > 40 GeV, reaching Msj. > 1.1 TeV
» compared to NLO pQCD with MSTW2008 PDF

» reasonable description, but again: data prefer lower bound on theory

—— NLO pQCD+non-perturbative
ct‘)rrecllons“ Mo =M :‘ 1/3 (pn+‘ P, * pﬂ‘)

prediction
o L8 T T T T
g
216 i<0.8 IF Iyi<L6 I Ii<2.4 9
E 14 El El E
T T T 3 - E| E
D@ Preliminary p, 150 GeV, p_>40 GeV3 e
y > =
*ly|<0.8 08 El t 3
.M%Ii 5 0.6 D@ Preliminary, L = 0.7 fit I — et dopendence 1 q
alyl< - =
V1<2.4 (xt) 0af P;?150 GeV. p, 240 Gev U Uncenamy = HE1B0,+ Py, P ]
'y =| 0'6.4 05 06 07 08 09 10 1.4 0.6 0.8 10 12 14 4 06 08 10 12 14
A 3 My, (TeV) My, (Tev) My, (TeV)
L=0.71b", R;;,=0.7 k| 18 T T T T T T T T T T T T T T T
w E| S
. . 3 2 4 v 1F 7 v 1F 1 Vv 1
Systematic uncertainty 3 gls p,,>40 Ge! p,,>70 Ge p,,>100 Ge
El 1.4 El3 Eld E|

10K
0.4 0.6 0.8 1.0 1.2 14 a 5
Myt (TEV) 0.6f D@ Preliminary, L = 0.7 fit b — scale dependence q
DO Note 6043-CONF (2010) . T 7 Syst uncertainy T o
‘6.4 06 08 10 12 14 4 0.6 08 10 12 14 4 06 08 1.0

12 14
Mg, (TeV) My (TeV) My, (TeV)
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incl. jets dijets trijets

jet shapes W/Z + jets W/Z/~ + b/c jets

w R, ratio of inclusive 3-jet to 2-jet production

e test of QCD, less dependent
on PDFs, probes as

e well described by SHERPA
v1.1.3

e CKKW matching of matrix
elements and parton shower
e here: MEs up to 4 partons

e PYTHIA: large dependence on
tunes, generally too many
3-jets (except for BW)

e both for Q2 and pr ordered
parton shower

e tune BW cannot describe
e.g. dijet azimuthal
decorrelation

— hampers as extraction

Thomas Nunnemann, LMU Munich

PyTHIA: Q2-ordered shower

—— SHERPA

PYTHIA:
tune A
tune DW
tune BW

D@ preliminary

o7t
L, =0.7 10

Y Prmin = 50 GeV &7 Pryn=T70GeV|
s b s b L & Ty
100 200 300 500 100 200 300 500 100 200 300 500
Prmax (GeV)
PyTHIA: pr-ordered shower
i A —— SHERPA
D@ preliminary PYTHIA:

tune Pro-pTO
tune Perugia hard
tune Perugia soft

o7t
L, =0.710

Prmin = 50 GeV Prmin = 70 GeV 5
s b s brmn s P
100 200 300 500 100 200 300 500 100 200 300 500
Prmax (G&V)

DO Note 6032-CONF (2010)
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incl. jets dijets trijets jet shapes W/Z + jets W/Z/~ + b/c jets

O Jet shape measurements
e 1-W(r)

» jet shape is dictated by multi-gluon emission
from primary outgoing parton

» plus contributions from initial state radiation \\ //
and underlying event 7
» allows to distinguish quark/gluon jets wiy- 1y R(0,r)
. ry=— jets piet ;A P
» sensitive to generator tunes Niets R™(OR)
o~ 04
—~ 7 { [ Midpoint Algorithm (R=0.7)
o T el @ DATA
~ o ¢
S o0sh — PYTHIA Tune A
o - 5 0‘3: } ...... "
< ° Lo § g
9' S o 0.1<IY*1<0.7
0.6/ p#>277Gev/c i .
r PTid < 304 GeV/c 045 & ‘.
0.4 [T N B L Ezmauom" CNg L T
0 0.5 11 o1} RO
r/R 0.05 |- o
0' 1 Il Il Il Il Il M%\q‘mm
50 100 150 200 250 300 350
Phys. Rev. D 71, 112002 (2005) P/ (GeV/c)
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incl. jets dijets trijets jet shapes W/Z + jets W/Z/~ + b/c jets

O Substructure of high Er jets

» massive boosted jets comprise
important background for high-pr
top, Higgs and various BSM
searches

» standard E-scheme for mass
calculation: vector sum over
(E, px, py, p>) of towers (with
m = 0) in jets oo e

P > 100 GeVie, m™ < 100 GeVic® 8, <4
e D

CDF Run Il Preliminary

» data in agreement with PYTHIA L\ — Prira
d. . ‘5 0.00: Systematic Uncertalnties
pre Iction E A Theory Curve (ghions)
= Theory Curve (quare)
» data between quark and gluon %i[‘;g"m L, = 595 fb"
prediction (80% quarks from jet e
shapes) : e
» also other jet shapes measured: ot T Ee—a
m* [GeV/c?]

angularity, planar flow
CDF/PUB/JET/PUBLIC/10199 (2010)
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incl. jets dijets trijets jet shapes

W /Z + jets production

» W/Z + jets: critical background at
Tevatron and LHC for top, Higgs,
Supersymmetry, many BSM scenarios

Thomas Nunnemann, LMU Munich

W/Z + jets W/Z/~ + b/c jets
~
q
g
—— A~

W/Z
3 D@ Run II, 310 pb'
4 « Data
L B W/Z+jets,tt
2 7iSUSY
5
>
I

5
Hr (GeV)
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incl. jets dijets trijets jet shapes W/Z + jets

W /Z + jets production

W/Z/~v + b/c jets

w
» W/Z + jets: critical background at
Tevatron and LHC for top, Higgs,
Supersymmetry, many BSM scenarios b
» in particular: W/Z + bb 2
2 -
§ 220 D2 Preliminary W+ 2jet/2btag
w 200:_ L=5.0fb" CJW+jet
E B Multi Jet
180F Elwbb/ct
E (=
160 -sitop
140F- il
120:— 115 GeV (x10)
100F-
8of-
605
40F
205
%50 100 150 200 250 300 350 400
Dijet Mass (GeV)
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incl. jets dijets trijets jet shapes W/Z + jets W/Z/~ + b/c jets

W /Z + jets production
w
» W/Z + jets: critical background at
Tevatron and LHC for top, Higgs,
Supersymmetry, many BSM scenarios b

» in particular: W/Z + bb 7

— matching of LO-MEs (up to 6 partons) and 20
PS in ALPGEN, SHERPA event generators %

. . b
— correct modelling essential
> iX- i 2 F -
Matrix Elem.en.t .calculat|ons (ME) for each 2 oo 0 Preliminary W+ 2ie25ag
parton multiplicity @ pf L=50f0" CIWijet
E B Multi Jet
180F- EIwbb/ct
> works well for- large apgles and pr - - =tsi-topc
» NLO calculations available up to 3 jets : TIDiboson
E = WH
E 115 GeV (x10)
» parton showers (PS, PyTHIA, HERWIG) 1200
100F
> successive radiation ¢ — gg etc. sof
» works well for small angles and pr 60F-

50 100 150 200 250 300 350 4
. . . i Dijet Mass (GeV)
— validation with data essential
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* Z/v*(— ptu~) + jets production
incl. jet multiplicity incl. jet pr distr. for > 1 jet

CDF Run Il Preliminary CDF Run Il Preliminary

10 10°g
= E —e— CDF Data L= 6.03fb’ = —e— CDF Data L= 6.03fb"
=, E [ sytematic uncertainties § C [ sytematic uncertainties
[ ————— —&— LO MCFM CTEQ6.1M Eo—e
e —e— NLO MCFM CTEQ6.1M ® 0? == NLO MCEM CTEQS LM
s F a1 =8 Corrected to hadron level
== Corrected to hadron level = o 2, 2 _
S 10° 1= M + pi(2), R, =13 s F - 1= + i), R,y 713
E W= 205 1= /2 — L = W= 20y =12

C ---- PDF uncertainties By q -+ PDF uncertainties

n . = ——

r —_— -

L S E ——

3 L
——
F ziy*- u'w) + >N jets inclusive F ZIy(— p'w) + 21 jet inclusive
L —_— r
P 230 Gevie, Y| <2.1 10t pi' 230 GeVic, Y| 2.1
_
10
o 1.2F
| = l 2 E
- T o 1F
© (3] £
T 1 £ o8F
(a] -
| Il 0.6 |
1 2 3 8 30 100 200
et
2Niels p¥' [GeVic]

CDF note 10216
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incl. jets dijets trijets jet shapes W/Z + jets W/Z/~ + b/c jets

G Z/v*(— ptu~) + jets production

incl. jet multiplicity incl. jet pr distr. for > 2 jet
10* CDF Run Il Preliminary CDF Run Il Preliminary
= E —e— CDF Data L = 6.03 fb* = 10? —e— CDF Data L = 6.03 fb*
= £ [ sytematic uncertainties °Q [ sytematic uncertainties
[ —————— —&— LO MCFM CTEQ6.1M % F e~ NLO MCFM CTEQ6.1M
s —o= NLO MCFM CTEQ6.IM o (i Corrected to hadron level
== Corrected to hadron level = —0 2 2,2 _
S 13 1 = ME + pE(2), R, =13 g 10 = Ho =Mz * Pr(@). Ry =13
E W= 20y = 2 = — H= 21y 1= 12
C ---- PDF uncertainties 3 -+ PDF uncertainties
£ I —— =X —e=
r —_— -
L I
107 .
F ziy*- u'w) + >N jets inclusive [ ZIy*(- u'w) +22jets inclusive
L —_— .
pi 230 Gevic, [Y™| 2.1 10" pf' 230 Gevre, Y521
10 L. v ‘ A
(@] E 14
= 15f " 1 2 12F
= F T I E
g e I
8 % F 0.8
E - E
£ ) e 0.6 |
1 2 3 8 30 100 200
et
2Niels p¥' [GeVic]

CDF note 10216
= good agreement with NLO pQCD (MCFM)

» scale uncertainties: 10-15%
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incl. jets dijets trijets jet shapes W/Z + jets W/Z/~ + b/c jets
w Z/v*(— ete™) + jets: jet pr spectra

> 1)o7y -doz/-/dpr(jet;) in events with > / jets, | = 1,2, 3
e.g. > 2 jets, pr(2™ jet), ratios to NLO QCD

= F DO Run II, L=1.04 fb’! —#— Data at particle level =+ Data ='=PYTHIA SO
8 10 B === MCFM NLO == HERWIG+JIMMY
SR ) 925 © parton shower
o gror generators
3 %» ZIy (- ee) + 2jets + X =10
© 65 < M,, < 115 GeV )
x Incl. in p? / y* % [
FL;) R =05, Iy <25 g0s
=+ Data =+ Data === SHERPA
== MCFM NLO ==MCFMLO ==ALPGEN+PYTHIA — Scale unc.
— Scale unc. —— Scale unc. —~ Scale unc.
025 Q25
220 ® 3 20F (d’)fﬂiii — ME+PS
= 1 S LS e ——
5 5 | I T generators
= 1 =10 .
e r L [ emm————
g .t g b — —
gosr- gosr- PLB 678, 45 (2009)
= s s N R | s L s s N | s
20 30 40 50 60 100 200 20 30 40 50 60 100 200
P, (2" jet) [GeV] P, 2" jet) [GeV]

» shape of pr distribution well described by ME+4PS generators, but large scale
uncertainties (+— LO MEs)

» parton shower generators predict too soft spectrum
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incl. jets dijets trijets jet shapes W/Z + jets W/Z/~ + b/c jets

w Z/v*(— ptp) + jets: angular observables

= [oo=iom? . < [ eonpaa — PYTHIA Perugia*
g mj; ® Data o & 3[ = -HERWIG+JIMMY = = PYTHIA Tune QW
e observables § [ —NLOpQCD +cor. 5
g [ - sHERPA s 2t
£ : 5102 2 §
(] Aq)(Z,Jth), %:N E '. [:4 () 0 l'n
shown = gl o @ 1 e
hd AY(Z~ jotl) E 27 e5<m<1i5Gev orr LT
1 10 Iy"| < 1.7, p > 25 GeV 05-
d 2 (}/Z + Yjet ) E Reone=0.5, P >20 Gev, [ <2.8 | SHERPA scale unc. ©
1 L L Ll L L 1 L L L L L 1
. x ® Data g ® Data — ALP+PY Perugia*
e further constrains & sf —nopaco  --Lopaco E 3l L AbHER - - ALPPY Tune OW
k|nemat|cs % — Scale & PDF unc. - - Scale & PDF unc. %
2 2p 2 2
e avoids systematics of =
. - $ 7= 1
jet energy scale ; = i
07t , 07f
F LA F
1 - 0.5f / 051
o flxed Order pQCD L SHERPA scale unc. ®) L SHERPA scale unc. @
predlctlons not valid S S v S ST S T I v S
(2, jet) (rad) M2, jet) (rad)
for small A¢

Phys. Lett. B 682, 370 (2010)

» shape of angular observables well described by SHERPA, but large scale
uncertainties
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incl. jets dijets trijets jet shapes W/Z + jets W/Z/~ + b/c jets

. Q z Q z
* Z + b jet I H
g Q g Q
» probes b-quark PDF and q z q Q
fragmentation [ 0 M z
- q 3 q Q
» Z+band Z+ bb = 1 s
T o 7 1:6; +  CDFData a)
» bb from gluon splitting can & WoF aund o E
collapse in one jet S E - vorm a'sa 3
ols osE E
» measurements require > 1 b-jet S8 osf E
5 04 3
. . ey B 0af —t— E
> for jets with £7 > 20GeV, [ < 1.5 A" .~ . et
o(Z+b) 0 Er* [GeV]
Frheh = (208£033x034)% M
E s 'I' «  CDF Data a) 4
» MCFM (NLO, not complete for 2 14f i ALPGEN almger?, =
- s 12F e
V4 + (bb)ljet): 1.8 — 22% fx 15 =+ PYTHIA E
oz 0.8 E
» large difference between i E
ALPGEN/PYTHIA ‘ﬁﬁ w2p Pt : =
» different scales ° % a0 a0 stma:;Gev]ﬁ w0 s 100

» only g — bb/b-PDF Phys.Rev.D79, 052008 (2009), L=2fb~!
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incl. jets dijets trijets jet shapes W/Z + jets W/Z/~v + b/c jets

£ Z +b jet
o F — - 800 — ~
£ L DO Run Il Preliminary, 4.2 fb > L DO Run Il Preliminary, 4.2 fb
$500 o |
I S oLt
g ! — D £ 600 - D
400~ ata = ata
E — b+c+NT data 4 F — b+c+l
L = NT data uT] . ! | jet
B c jet MC L ' - c jet
F _ b jet MC 400 —_ b jet
[ F 7
200 r .
F 200 ,
100+ rre
o 5 10 15 20 40 60 80 100

DO Note 6053-CONF rLiP Jetp . (Gev)

» jet flavor fractions determined from fit to jet lifetime probability tag

» templates: b, c: ALPGEN+PYTHIA, light g, g: negative tag data
» jet pr distribution well described
> for jets with pr > 20GeV, [y < 1
o(Z+b
FEEEL = (1.76 + 0.24(stat) + 0.23(syst))%
» consistent with NLO QCD
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incl. jets dijets trijets jet shapes W/Z + jets W/Z/~v + b/c jets

O W 4 b jet

» b-jet fraction determined from
fit to vertex-mass distribution

Vertex Mass Fit

N290} CDF Run Il Preliminary - 1.9/fb
Mvert > F H + Data
OBO; I bottom contribution
> measu rement Of gmi X charm contribution
= F — LF contribution
O‘( W + b) X B( W —_— EV) %50; Summed contribution
A b= 71.3+ 4.7(stat) + 6.4(syst) %]
50— c= 159+ 55(stat) %
> with pf >20GeV, |nf] < 1.1, g LF= 126 a5(sta %
v R 40 KS Prob = 84.8%
P > 25 GeV, E
E?i'"" > 20GeV, |n|b7iet < 2 o
20~
> (2.74+0.27 +0.42) pb =
» NLO QCD: 1.22 +0.14pb

3.5 4 45 2
(Campbell, Febres Cordero, Reina) Mg (GeVIC ™)
~ 30 smaller Phys. Rev. Lett. 104, 131801 (2010)

» ALPGEN+PYTHIA: 0.78 pb
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incl. jets dijets trijets jet shapes W/Z + jets W/Z/~v + b/c jets

w* CDF note 10089
W +c Jet CDF Run Il Preliminary, 4.3 fb"
-l =
» s+ g fusion: ~ 90% contribution e . 29,
I ) Wecharm
— probes g and s PDFs at high Q? 1o || T
> c-jet identified by soft lepton wf A Tl
» CDF, 4.3fb~! e, L
> cjet: pr > 12GeV, |n| < 1.5 of ARt
> (T(W + C) X B(W — gl/) = 0 & E 1F;mﬂelectrorzf,l’r
(33.7 £ 11.4(stat) & 4.7(syst)) pb o2 DD
> NLO: 17.8 + 1.7 pb o1ef L=1m?
—1 =014 - Alpgen (v2.05) + Pythia (v6.323)
» DO, 1fb g :&m; l
» jet: pr >20GeV, |n] <2 == oaf —_
oc(W+c) _ g ‘§008? r [_
o(WHjet) — ° 006? 777777777
(7.4 4+ 1.9(stat) T2 (syst)) % 22:: —
» ALPGEN+PYTHIA: 4.4% e
jetpT[GeV]

= reasonable agreement Phys. Lett. B 666, 23 (2008)
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incl. jets dijets

trijets

w* v+ b/c jet

. E — = -
% F D@, le— 1.0fb ° yvyfm >0
O 10¢ o myWye <0
= E y+c+X
= L w e NLO QCD
EA ; a e CTE? GV.GM
5' ik - . Mo Pr
210 Eyeoex ® -
>Q_’- L [ ] L3
T 102 F ] u (x3.0)
J E
S £ (x1.0)
% 193k W1 <10 *
E ]
Fy¥<os o (x0.3)
104 F ;if‘ > 15 GeV " (x0.1)
N N N N R R AR B
0 20 40 60 80 100 120 140

P} (GeV)
Phys. Rev. Lett. 102, 192002 (2009)

jet shapes W/Z + jets

W/Z/v + b/c jets

§18too,L, =100 [y <08
Er6f yy>0 <10
S A P > 15 Gev
g1,

7= e e

osb ] L
—e— data/theory
CTEQ6.6M PDF uncertainty
== IC BHPS / CTEQ6.6M
e |C sea-like / CTEQ6.6M
Scale uncertainty

0.6

EyWetso

y+o+X 3
ab E
25F 3

40 60 80 100 120 140 40 60 80 100 120, 140
P} (Gev)

» again: sensitivity to heavy flavor and gluon content of proton

jet

> ol

> 15GeV, 30 GeV < p} < 150 GeV

> ~ + b: agreement over full pJ range
» ~+ c: NLO QCD underestimates rate at large pJ., some

improvement for PDF sets with inclusive charm
» CDF: v+ b in agreement with NLO QCD, Phys. Rev. D81, 052006 (2010)

Thomas Nunnemann, LMU Munich
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Conclusions

» understanding of high Et jet and W/Z+jet production significantly
advanced over the last years
» inclusive jet cross section
» high precision due to precise jet energy scale calibration
— precision measurement of running as
— stringent constraints on gluons at high x

» multijets

» agreement with NLO QCD, but data prefer lower bound on theory
» dijet mass and angular distribution

» best limits on quark compositeness, extra dimensions, etc.
> Z/W /vy + jets(s)

» test pQCD, help generator modeling/tuning

» crucial for SUSY and Higgs searches (in particular for b-jets)
» W + b, v+ c: some tension with theory

» Tevatron expects 12fb~! until 2011 (and prospects beyond)
» extend measurements to higher pr, Mj;; and multiplicities
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* Inclusive jets: kr vs. midpoint cone

lv|<0.1 0.1<|y|<0.7

E
0
4
/
:

Cross Section Ratio (k; / Midpoint)

0.7<|y|<1.1 3 1.1<|y|<1.6
16| Py (GeVic)
14F
12
) gt g ——=—— Data corrected to the hadron level
| emslZlor

sl I:l Systematic uncertainty on data

NLO pQCD corrected to the hadron level
1.6<y|<2.1 P

04

o3

= = == PYTHIA hadron level

PIET (GeVic)
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' Inclusive jets: SIS cone vs. midpoint cone

102 = n
T <0 3 0.1<ly|<0.7 Yol
E F yl<0.4 0A<lyl<07
o ‘IH.-—; 3 JJJ_‘_.-F r e
& 107 E = F
g ! 0.7<lyl<1.1 14<lyl<1.6 g,
a
2 £ a 0.7<lyl<1.4 14<lyl<1.6
£ 3 ‘_.r"—'/' s T — —
£ B e
© osd E £ ooy &
20 00 a0 0 0
102 (GeVrc)
B ©odpiezt b, (Gevic) ) p, (Gevic)
098 1.6<lyl<21
v ‘,r"'” Midpont: B 07, 1,075 s Midpoin: R 07, 1075
E 039
0.4 Hadran-level Correction (MP - SIS) Partonlevel Correction (MP - SIS)
20 w0 00

w0 w0
b, (Gevic) p, (GeVic)

= effect on data/pQCD comparison < 1%
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