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Motivations for the jet measurements

 Test of pQCD, PDF constrains
- x—Q2 regions accessible at the fixed target, DIS, Tevatron and LHC are complementary
to each other
- only Tevatron incl. jet data provide significant constrain on gluon PDF at high x and high Q2
« New phenomena searches:
- searches for new phenomena are limited without proper understanding QCD background
- direct search with jet final states

Gluon distribution at Q% = 10* GeV?
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Corrections to particle level

In Run Il jet results, in most cases:
- data are corrected to particle level
- particle level measurements are

compared to NLO theory
- NLO theory is corrected to particle

level using parton shower MC

“calorimeter jet”

................ Crog = observable (particle level)
ad =
Theory observable (parton level)

“parton jet”

- There is also correction (Cue) for the underlying
events (MPI). Usually we run Pythia with a couple

of Tunes, Herwig+Jimmy and correct predictions
with MPI to that without.




Fractional uncertainty (%)

Jet energy scale calibration

« We do not “see” partons or particles in calorimeter, only ADC counts
« ADC counts --> cell energies
 Run jet cone algorithm (see Backup) with
AR = V(Ay 2+A® 2) < R_, .
Jet's E are corrected to the particle level using
the Jet Energy Scale (JES) setting procedure :
o Calibrate using y+jets (dijets and Z+jets)

* JES includes: Energy Offset (energy not from the main hard scattering
process); Detector Response, Out-of-Cone showering; Resolution

« Responses in the calorimeter for quark and gluon jets are different:
additional corrections are applied to convert y+jet — dijet JES.

Energy scale uncertainty: 1-2.5% (a lot of hard work of many people)!
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Inclusive jet production (CDF)

Inclusive jet measurements test pQCD over 8 orders of magnitude in 5 rapidity regions
up to jet pT ~600 GeV.

- CDF measured inclusive jet cross section with Midpoint cone algorithm (R=0.7) and
kT (D=0.4, 0.7, 1.0) algorithm.

- Data/Theory consistent for the cone and kT (for all D parameters) algorithms
=> they both can be successfully used at hadron colliders.

PRD78, 052006 (2008)
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Inclusive jet production

DO also measured inclusive jet cross section
using Midpoint algorithm in 6 rapidity regions.

Dominant systematic uncertainty is from JES:

Steeply falling spectrum:
=> Even small JES uncertainty leads to
large uncertainties on cross section

Typical JES uncertainty:
2-3% in CDF, 1-2% in DO

Total uncertainty on the cross sections:

15-50% in CDF, 15-30% in DO
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Inclusive jet production: Data/Theo

ry

35F o0 RS
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Inclusive jet production (DO): correlations study

- All systematic uncertainties in data compose 24 main groups
- Possibility to constrain PDF further using the provided correlation matrices
- Detailed paper on the measurement to be submitted soon to PRD
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Measurement of «s from inclusive jets (DO)

PRD 80, 111107 (2009)

e Cross section formula:

Ttheory () = [ Y~ alen, | @ f1@ fo
n \‘\

 Cn: perturbative coefficients (= pQCD matrix elements)
» f1, f2: PDFs of colliding p,p

do | parametrisation

Determine s from data: dp,

* Vary s until otheory agrees with gexper NLO QCD
: : measured
« ..for each single bin - value

e j.e. fit of theory to data (p. 29 in backup) using + ------------------------ i
21 NNLO PDF sets from MSTw2008 | | . <l

with s within 0.107-0.127 in 0.001 steps

e Only 22 points of 110 are used (with x<0.2)

e (5 NLO CTEQ®6.6M sets are also considered) ‘

as(Mz)
extracted 10

value



Running of as(pT)

« Combine points in different |y| regions at same pT
- Produce 9 Xs(pT) points from selected 22 data points

- 0, (p7) from inclusive jet cross section
) in hadron-induced processes
0.2 K O H1
— i A ZEUS
Q. r e D
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- y (DY clombilneoll fitl) S
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PRD 80, 111107 (2009)

‘ theory:NLO+2-loop threshold
corrections

Compare to HERA results
from H1 and ZEUS
- consistency

- our results extend pT reach of
HERA results to pT range of

50-145 GeV

- About same precision as HERA
jets (0.1189 +0.0032)

- The only Run Il result on s

- Strong improvement as
compared with Run |
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Dijet mass cross section measurement (DO)

|—|1 015
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- 40—60% difference between PDFs

(MSTW2008/CTEQ6.6) at high masses

- Data/QCD in good agreement in

central region

- Data lower than central pQCD
prediction at higher rapidities

PLB 693, 531 (2010)

Measurement of dijet mass in six rapidity
bins, |Y|max = Max(lyy], [y.])

Non-perturbative corrections (-10%, 23%)
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Dijet mass cross section measurement (CDF)

PRD 79, 112002 (2009) Study dijet events in |y|<1.0
= 10° ; (uses same dataset as the inclusive jets)
o 10 —®- CDF Runll Data (1.13 b ') =>New physics expected to be produced more
2 102 [__] Systematic uncertainties centrally & expect better S/B in central region
S 10 5 NLO pQCD, CTEQ6.1M
2 1 oy corrected to hadron level Total uncertainty: +13
[ 0
g= 10" ﬂ@ﬂ_ == P7 (et1,2)2 12 % at low m,
T 1072 -@-_@_ )
g 10° . JTZS% at high m,
10" o=
10° T %
o NI pQCD fits to data: x2/ndf = 21721

(syst. uncertainties and non-perturbative corrections all

g

Systematic uncertainties

—— PDF uncertainty

Data / Theory
N
N o

PARTON-TO-HADRON LEVEL CORRECTION

Pythia (TuneA) central value; Herwig PS taken as uncertainty
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Dijet mass: searches for new physics (CDF)

PRD 79, 112002 (2009)

Dijet mass tests pQCD but also sensitive to presence of new physics via dijet resonances
=> UUse uncorrected jet data to maximise sensitivity to resonances

No significant evidence for resonant structure has been observed, so set limits

[pb/(GeV/c)]
5.2333%

I

m..

—e— CDF Run |l Data (1.13 fb )
----- Fit
—— Excited quark (f=f =1, =1)

- 0.04

= 0.02

- oo t

- -0.02 ®

E_ -0.04 200 300 400 500 600 700

; ‘ o*—

= (b)

200 400 600 800 1000 1200 1400

m, [GeV/c]

Observed mass
exclusion range Model description

260-870 GeV/c?

260-1100 GeV/c?

260-1250 GeV/c?

290-630 GeV/c?

280-840 GeV/c?

320-740 GeV/c?

Excited quark - qg (f=f'=f.=1)
P techni-rho
Axigluon/coloron

E, diquark

W' (SM couplings)

Z' (SM couplings)
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Angular distributions: dijet X (DO)

- Measure X = exp(|y1 - y2]) in 10 regions of
dijet mass with M. >250 GeV (last bin: >1.1TeV)
- Good agreement with NLO pQCD(MSTW2008)
- Data are used to set limits on the models of

Quark compositeness: ~ 3 TeV,

TeV-1 extra dim. : ~1.6 TeV

ADD extra dim. :~1.3-1.9 TeV (dep. on Ned)

1/6 g0 A/ i

Large excess at small Ay is expected
in QC and ED models

f 0.14 — Rutherford Scattering
= y P s QOD
g FEFE e New Physics
L 01
0.08 [, *
006 [ =mm-amrmiie
MERE g S gl el el pgadpy 53
2 4 6 8 10 12 14 16
xdijet = GXD(IYrYgl)

PRL 103, 191803 (2009)

0.2|5 < ij/T|eV < 0.3 |

—— DO 0.7
—— Standard Model

- - - Quark Compositeness
A=22TeV (n=+1)

ADD LED (GRW)

- + byttt M, = 1.4 TeV
i --- TeV'ED
0.3 <M;/TeV <04 M_=1.3 TeV
R .:—E
¥ W—

M—t" = S

04<M/TeV<0.5|

0|.5 < ij/TleV < 0.6 |

S S P, R Al SR e

_+1_|.O < ij/TleV <1.1 |

FoF ez

?-.rq-_

| MjJ/Tle'V > 1.1 |
5 10 15 5 10 15
Xduet exp(ly‘] y2|)
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Three jet mass cross section (DO)

Preliminary

———————3 Differential measurements of 3-jet mass:

<10 = = vy L R B R
E 10° wpre”minary pT1>'|50 GeV, pT3>40 GeV_ pTIead> 150 GeV, pT3rd >40 GeV: ARjj>1'4
@103 °|y|<0.8 1 - Studies Invariant masses > 1 TeV !

B E mly|<1.6
S10°F x Alyl<2.4 (x4) - Measurement is done in 3 rapidity and pT
g 10g Intervals of 3" jet.

\s=1.96 TeV
L=0.7 fb ,R =0.7 °

cone

- Three-jet calculation available @NLO
Used NLOJET++ 4.1.2 with MSTW2008
Default scale mu = 1/3(pT1+pT2+pT3)

Systematic uncertainty

o 9
1111| ||||rm| |||||rll] |||||rl|] |||||rll|
| P
lllll_LLLI.IJJll_I_I_LLlIIJ_LLLLUJﬁ_LLLLLIlll_LLIJlllll IIIILIIIl IIIILII|

103 — NLO pQCD+non-perturbative
correctlonsu _u _1/3(p +p +p.) 10— T T T T " T
10% . 1, | T R R IDES Preliminary p. >150 GeV, |y|<2.4
0.4 0 6 0 8 1.0 1.2 1.4 '8_103 — AP >40 GeV (x2
MSjet (TeV) — s .pT3>70 GeV
E‘ﬁ_l 02 ' ° pT3>100 GeV
T ?rrTITL'_L.—l_._ x
8 10 u
- NLO non-perturbative corr.: -3%,+6% - \'s=1.96 TeV .
£ L-071" R, ~0.7 . 5
- Total systematic uncertainty: 20-30% . Systematic uncertainty . -
(dominated by JES, p, resolution and lumin.) 19 — NLO pQCD-+non-perturbative E
ot ot e 3 6y Py,
0.4 0.6 0.8 1.0 1.2 1.4
MSjet (TeV)
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Three jet mass cross section (DO)

z : s

S 8 :

S ;

5 5

= S eqp . W | R ]

.(__U — }

)

c 5 - P E 5

Q 0.6 D@ Preliminary, L=0.7 fb . J— Scale dedaendence ] ]

- . : 2008 uncertaint ] - ]

qq_) 0.4F p,>150 GeV, p, >40 GeV e Syst unEarainty y : w=1/3(p_ + P, + P, :

:.l: 0 AMIPENIPE PR IPEPEPEPE IPEPEREPE EPEPEPEPE EPEPEPETE IR PR RN T TN TN T T N T TN N N TN SN T TN TN TN NN T [ TN SN TN [N TN TR TN [N TN TN TN T TN T T [N T T T

)] '6.4 05 06 0.7 08 09 1.0 1.4 0.6 0.8 1.0 1.2 14 4 0.6 0.8 1.0 1.2 1.4
My, (TeV) Ms; (TEV) Mg, (TeV)

- > 1.8 T T T T T T T 1 T T
o] C

_S' é’ 1.6 p_>40 GeV - 1F p..>100 GeV .

w4k E £1d )

-— = 1.4: . .

- 0ok = 1k 3

© ' - .

S 1F ]

5 . — -

5 0.6F D@ Preliminary, L = 0.7 ft' v — Scale deé)endence = =

: 2008 uncertaint : ]
= 0.4F P;>150GeV, Jy|<2.4 r Syst uncertainty J = 13(p,, + pT2 + Py e
D 0 IR PR R PR B B PR T T [ TN T T T N T T N T | L | PRI R T N [ T TN A Y'Y ]
'8.4 0.6 0.8 1.0 1.2 1.4 4 0.6 0.8 1.0 1 2 1 4 4 ) . 1.0 1.2 1.4

Ms,, (TeV) My (TEV) My, (TeV)

- Reasonable agreement seen between data and NLO
(scale uncertainty: variation of the default scale by a factor 2)
- More 3-jet variables can be studied in future with this dataset.
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Ratio of 3 to 2 jet production cross sections (DO)

- First measurement of ratios of multijet cross-sections at Tevatron
- Test of QCD almost independent of PDFs
- Many experimental uncertainties also cancel in the ratio Rs2.

Preliminary

- Measure as a function of two momentum R, ,(Prax Prmin) = P(3™ jet | 2 jets):
Prax — l€ading jet p; (common between 2- and 3-jet productions)
P:.in — SCale at which other 1-2 jets resolved

- Probes running of a, in Tevatron energy regime up to p; of 500 GeV

. P i L I | — SHERPA
gz E F s 3 preliminary |E ST
G, r ’ 0 - AR >1.4; |y|<2.4 all jets B '
& u K g D - ---- tune A
© £ "_'. N = PR T m—
~ 015 : % e g s b N
o - : - rE Ty - T
¥ - - i -
? 0.1 = i £ "3, N
S A L =0.7fb" I D
oc 0.05 Ly 2 -
E Prmin = 50 GeV E £ Prmin = 70 GeV ;
1 1 1 PN I T T 1 1 PR [ T N T I l i
0 100 200 300 500 100 200 300 500 100 200 300 500

Prmax (GEV)
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Ratio of 3 to 2 jet production cross sections (DO)

e F T ’ . - —— SHERPA
L 02 [ - IDE3 preliminary |- PYTHIA:
-c“.“i ; E AR;>1.4; |y|<2.4 all jets E ---- tune Pro-pTO
E 015 E . ™ e tune Perugia hard
B : N A %Y ~ ---- tune Perugia soft
o : : -i' L \;'.. : e
° 01 F = ; . 5o,
o B B B I" .= ..,\\';,
) = S - 7 . ~
o 0.05 — — 2 !
. Prmin = D0 GeV|t 7 Prmin = 70 GeV|| i Prmin = 90 GeV
[ 1 1 1 MR BT e e l L 1 P I I B | 1 1 l PR I T N T I
0 100 200 300 500 100 200 300 500 100 200 300 500

Prmax (GeV)

- Experimental corrections small everywhere: (-10%,+20%)
Dominated by systematics below pTmax 250—300 GeV :
JES 3—5%, model-dependent corrections 2—6%, pT-resolution 1.5%

- Excellent agreement to Sherpa 1.1.3 (MSTW2008 LO)

- Pythia tune QW, re-weighted to describe the dijet x data (slide 15),
does not describe the R3,2 data;
tension with the azimuthal decorrelation results [PRL 94, 221801 (2005)]:
Tune DW does not work here, while BW works.

- Future studies: NLO pQCD comparisons (coming); extract a . (pT)
19



b-bbar Dijet Production (CDF)

- Preliminary cross section results with L = 260 pb-1

- jet pT>35 and 32 GeV, |eta|<1.2

- The purity of b-bbar events is calculated using SVT
track mass; purities in the mass/A® bins are 75-90%

- Comparison with Pythia (tune A), Herwig+Jimmy and
MC@NLO+]Jimmy:

Data: o = 5664 + 168(stat) £ 1270 (syst) pb
Pythia: o = 5136 + 52(stat)
Herwig: o = 5296 + 98(stat)

MC@NLO: o = 5421 + 105(stat)

- Tested: lead.jet pT, dijet mass, A®; good agreement
- Discrepancy with MC gen. predictions at small A®.

CDF Run Il Preliminary

Preliminary
CDF Run Il Preliminary
+

—h— 2 3VT-tag jets sample

1000

1
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Structures of high pT jets (CDF)

Preliminary, July 2010

» Motivation: (a) test of QCD, tuning parton showering mechanism
(b) such jets are significant background to new physics searches with
a heavy resonance decay (Higgs, neutralinos, high pT top-quarks)
=> See also Steve Ellis' talk yesterday at LPC on the related topic.
« Mass is calculated using standard E-scheme: 4-vector sum over towers in a jet,

which gives (E,px,py,pz)

« Angularity and planar flow variables study the jet substructure; quite robust
against soft radiation, less dependent on the jet algorithm used.
» Selections: =1 jet with pT>400 GeV, 0.1<|y|<0.7: 3136 (3621) events, jet R=0.4(0.7)
anti-top: m_jet2<100 GeV and S_met < 4 and pT jet2>100 GeV

; dN,
N dm’™

400<pT<500 GeV, anti-top cuts

[1/GeV/c?
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Mass of high pT jets: comparison with theory (CDF)

- Good agreement between data and LLA QCD and Pythia predictions over
jet mass range 70-250 GeV and for both jet cones, R=0.4 and 0.7.

- Data interpolate between QCD predictions for quark and gluon jets; about 80%
of jets are caused by quark fragmentation.
(Please see more on the theory in 0807.0234, 0810.0934)

R=0.4 R=0.7
5 005 CDF Run Il Preliminary CDF Run Il Preliminary
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Angularity and planar flow (CDF)

- Angularity: sum over calorimeter towers:

. I . .
(R, pr) = Z ®; sin“ 6; | 1 —cos E‘l,-]l ‘s
I j

Yot — | ;
;6

Ly i< jet

= jer
where w_i is energy of a jet tower (particle)
- It is sensitive to the degree of symmetry in the energy deposition inside a jet:
can distinguish jet originating from regular QCD production of light quarks and
gluons from boosted heavy particle decay.
- Data show fewer jets at lower anqgularity, i.e. prefer more 'spherical’ jets.
- Jet planar flow (see slide 31 for definition) was also studied: at high jet masses (140-200)

data prefer more aplanar configuration than QCD prediction.
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Summary

« A few last Tevatron jet results are presented: current level of understanding jet ID,
systematics and jet energy scale leads in many cases to experimental uncertainties
similar or lower than theory uncertainties.

 Inclusive jet cross-sections: precision measurement due to well-calibrated JES,
extended to higher rapidities and transverse momenta up to 600 GeV
- results are used to limit high x gluon PDF

- 0.0041
- extracted &s(Mz) = 0.11617

- detailed studies of the effect of different jet algorithms: can be important for LHC

* Dijet measurements of (dijet mass and angular): good agreement with pQCD,
limits on quark compositeness, extra dimensions and other models

* Three-jet mass: reasonable agreement with NLO QCD

« Ratio of 3-to-2 jet cross-sections: good agreement with Sherpa and Pythia tune BW
(the 'best' tune is not consistent with other DO dijet angular measurements)

* Di-b-jet production: good agreement in pT, mass, but some discrepancy with
the considered MC predictions at small A®.

« Mass of high pT jets: data show more aplanar and spherical jets than QCD predicts.
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Fermilab Tevatron Run Il

Vs = 1.96 TeV
Peak Luminosity: 3.5x103? cm=s!
About 6.7 fb! delivered

Experiments typically collect data
with 80-90% efficiency

Peak Luminosity

Weekly Integrated Luminosity (pb)
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DO Runll Midpoint Jet Cone Algorithm

“particle” = {experiment: calorimeter towers / MC: stable particles / pQCD: partons}

three parameters: Reone = 0.7, prmn = 8GeV, overlap fraction f = 50%

® Use all particles as seeds
— make cone of radius AR = \/(&yf + Ad?) < Reone around seed direction
— proto jet: add particles within cone in the “E-scheme” (adding four-vectors)
— iterate until stable solution is found with: cone axis = jet-axis

® Use all midpoints between pairs of jets as additional seeds — infrared safety!!!
— (repeat procedure as described above)

@ Take all solutions from the first two steps:
— remove identical solutions
— remove proto-jets with p7ee < P7 min
® | ook for jets with overlapping cones:
— merge jets, if more than a fraction f of prj. is contained in the overlap region

— otherwise split jets: assign the particles in the overlap region to the nearest jet
(— and recompute jet-axes)
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Difference between quark and gluon responses

Responses in the calorimeter for quark and gluon jets are different
=> Different corrections are need depending on final state
(dijet events are dominated by the gluon jets, ttbar ones are quark dominated, etc)

0.90 JCCA - midpoint cone R=0.7
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+‘JCCA ¥+9 go< I <0, J
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Fit Method [- backup]

« Minimize chi2 (used in many PDF fits, dijet angular PRL)

2
o | [ﬂr; —fgi;-.f?f_’_kf;l (I—I—ZJ fﬁjj[:fj;l)}
X 'LE-*-'J'JZZ o2 12
1,stat. i, NNCOrT.

DIED
J k

- 23 experimental correlated sources of uncertainty
- non-perturbative corrections uncertainties
- PDF uncertainties

Separate treatment for renormalization and factorization
scales (convention from LEP, HERA):

e perform fits for fixed scale

e repeat for scale factors 2.0, 0.5

 quote differences as 'scale uncertainty'

- does not assume Gaussian distributed scale uncertainties

2

.'I'u'
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cross saction fbin (arbitrary scale)

X-min / x-max distributions
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————
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Bt

miin

Every analysis bin is one plot
Each plot: x-min & x-max distributions
X-min/max = min/max (x1, x2)

e What is the x-value for a given incl.
jet data point @(pT, |y|) ?

- Construct 'test-variable' (treat as if
other jet was at y=0):

x-test = xXT[ exp(|y|) +1 1/ 2
 (Cut on test-variable x-test < 0.15
=22 data points remain
- It corresponds to data points with
X-max peaking at x-max<0.2

->The data points have small
contributions from x>0.2-0.3

< Only data points above green line
are used
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alphas dependence of PDFs

Compare cross section interpolations for MSTW2008 and CTEQ6.6

) interpolation of cross section

For MSTW2008:
nice & smooth interpolation

[

'S
2. m—— MSTW2008NLO 21 points

CTEQ6.6 points 1-5
-=== CTEQ6.6 points 1,3,5
....... CTEQ6.6 points 2,34
== CTEQG6.6 points 1,245

CTEQG.6:
Significant differences between
- different interpolations.

27 - No obvious preference
__,_...--/ (maybe points 1,3,5 because

d’c / dp- dly|
o

f|IIII|IIII|IIII

be justified)

-

L ‘_.v|"é4o <pr <265 GeV |y| <04
0.11 0.12 0.13

W11

0.5

o (M)
- Can not justify to use CTEQG6.6
- But MSTW2008 is 0.k. = provide NNLO

of monotonic behavior - but can’t
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Angularity and planar flow (CDF)

- Planar flow is another jet substructure variable:

I
Iy

Pik
!
1.i" r.

kl
JK —

Yo
[

Pi.l

11L||I

4

3

tr(lw)

LILI.HK[“ J' -

4k

(A +A)?

where w_i is energy of a jet tower (particle), p i,k is a k-th component of transverse

momentum relative to the jet momentum axis; A_1,2 is eigenvalue of the matrix |_w.

- Pf should vanish for linear shapes and close to unity for isotropic depositions of energy.

- At high jet masses (140-200 is considered) data prefer more aplanar configuration
than QCD prediction (anti-top cuts are applied).
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