Jets in CDF

M. Mar'ﬁnez-Pérez

n.-f

"I-:--'ﬂ'-_l:';_

_--'""r

; —
_I-l giari 2

"'*ﬂJE’JiIM i 'mul!!“ﬁ[ s

- |
..:TJ, .w_wL... ue lll:




Tevatron, CDF
Jet Reconstruction in Run I/RunII

Jet Energy Calibration Procedure
- Calorimeter in situ calibration
- Tuning of Monte Carlo simulation
- Recipe for cone-based algorithms
- Modifications for K;

QCD aft large P+
- Inclusive Jet Production
- Dijet Production
- B-jet Production

Underlying Event Studies
- Energy Flows
- Jet Shapes

Z+jets Production

Final Remarks

Outline
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Top-specific jet corrections not
covered in this talk..



Tevatron

ar —te iy

- ——?ﬂ__ —

=i

Main Injector
QEW))




Tevatron Performance

Collider Run Il Peak Luminosity

I2E) 7 36 ‘_I|»-1200 e
o ; : ; i | : p"
32 -2 e-1 A o
200E+1 1 28 10 cm S o 2006 g
b = 000
U0E 8 0 (0E+) g
. '
) Ml &z
E JMEN L) 0B+ 5 5 S00
£ x
E 1aen e & 8
3 7]
i 3 g 600
—
o 12640 1 20E412 x &
0
8.00E+31 B 00E+3 4m
4 00E! 400E41
200
[,00E400 - — [ 00E+HI0
0 ; -“_'.-"'"_ ] i : i
0 50 100 150 2}00 250 300 350

Day

Tevatron delivered > 4 fb-!
(6-7 fb-! expected by end FY09)
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CDF operating well and

recording physics quality data with > b1
very high efficiency (~85%) collected > 3.2 fb-1 on tape

The experiment has already
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Tevatron Jet Physics

— — — — — —
-y —h s — _— "y
= = = = [ =] =
= = o = = [ ok o ok
= (%] (=] LY =] (=] =k 4]

—
=
] [

10 ¢

sl
T I — ]

ey —
= A

—
[

v
~Y orders o
magnitude

We are beginning to measure
cross-sections < 1 pb!

o(pr(jet) > 3235 GeV) = 10 fb!

SUSY

n 2 squarks

Higgs ED

1D0s0oN
slaptons




High P+ Jet Event m CDF

n = —In(tan )

E. =Esin6

antiproton

proton O
jet

Dijet Mass = 1.36 TeV
(probing distance ~10-1° m)

E; = 666 GeV
n= 043

E; =633 GeV
n =-0.19




SO JEF Results

Inclusive Jet cross section (DATA-THEORY)/THEORY
01<|p™|<07 =

nb/GeV
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o "51994-95 =y 10 : Rﬁn 1B (87 pb'l) <>
O 1992-93 - with run 1A results overlayed

* NLO QCD prediction (EKS)
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Run I dat dt cD NLO Observed deviation in tail ........
4 PArecya B was this a sign of new physics ?
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antiproton

Important GG and GQ contrib. at high- E

Relative Difference Between Data and NLO QCD
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Run I Cone algorithm

1. Seeds with Ey>16GeV
2. Preclustering..and ratcheting

3. Draw a cone around each seed and
reconstruct the "proto-jet”

E_‘j_e‘r _ Z EK,
k
N :ZkElT('nk ¢ it :ZkEIT('(I)k
Eﬁ]_e‘r ! E%e‘r

4. Draw new cones around "proto-jets” and
iterate until stability is achieved

5. Look for possible overlaps

merged if common ftransverse

energy between jets is more
than 75 % of smallest jet.....

In inclusive jet production:
pQCD NLO does not have overlaps
(at most two partons in one jet)

Therefore it uses larger cone
R' = Rsep x R to emulate
experimental procedure

-> arbitrary parameter




Pre- clusTermg and ratcheting

D Highest Et Seed

Pre-clustering:

- Adjacent seed towers are
clustered before algorithm
starts considering a window of
2Rx2R towers in CAL

- Centroid is now the new seed

. Seed Towers

. Energetic Towel

Ra’rche’rmg

During iteration, seed towers belonging
to a given cluster are always included in
the centroid calculation....and thus will
never leave the jet.....

- Jet is not free to explore the full

(M—0) space and ends having
“particular shapes”

Attached to CDF geometry and
impossible o emulate at hadron level !l
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Motivation for the Ky algorithm

jet

*  Run I cone-based algorithms is not '
infrared/collinear safe > Midpoint ® ?

“calorimeter

» Cone-based jet algorithms include an
“experimental” prescription to resolve
situations with overlapping cones

*+ This is emulated in pQCD theoretical
calculations by an arbitrary increase of

the cone size:R>R' =R *13 @

parton jet” “particle jet”

|

Nature (QCD ?) prefers to separate
partons into jets according to their
relative transverse momentum

a
K+ algorithm preferred by theory




In situ CAL Calibration vs Time

Electromagnetic Calorimeter

- Tower-fo-tower relative
calibration carried out using e/p
for electrons (cluster vs track)

{ M(ee) ) (GeV/c?)

- Absolute energy scale using
Z~>e+e- samples (Z-mass peak)

Hadronic Calorimeter:

- Using MIPs from W->u v and
J/Y¥ to test stability vs time

{Ecramma / (GeV)

Results
- 0.3% uncertainty in EM
- 1.5% uncertainty in HAD

> 0.5% uncert. on Jet Energy
(assumes 70% EM and 30% HAD energy)
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( E/p): Data-MC

Note on Monte Carlo Tuning

Lots of work invested to tune the

simulation of the calorimeter response

to single particles

Combination of test beam data and data
samples of isolated tracks (uses E/p)

Also a lot of work to tune the shower

profiles and parameters in GFLASH

uncertainties

CEp
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For the central calorimeter

Single track data N

Single track MC
Minimum bias data

Minimum bias MC

10

B (GeVic)

wh oh

Test beam data
Test beam MC

10

b (GeVrc)

-0.1 7 e Single track
i Minimum bias
~bL 2 Test beam
02k .
1 10

plus 1.9% (1.6%) uncertainty at the
boundary between towers for HAD (EM)

p1 ?CZBeV/c)




1.

2.

3.

4.

Jet Energy Corrections

(for a cone-base

Relative Corrections
- Jet response referred to central reg

- Imposing dijet balance in dijet events

- Bias on dijet definition (veto on third

Pileup

- Due to multiple pp collisions at high Inst. Lumi

- Remove a given amount of ftransverse
for each additional primary vertex

- Obtained using MB and random cones

Average correction to hadron level

- Bring the jet energy back to the hadron level

(correct for calorimeter response)
- Extracted using Monte Carlo samples

- Taken from Monte Carlo samples
- Used in fop mass measurements

Corrections "back to the parton level” ©®
- Not-well defined and model dependent

d jet algorithm)

ion

jets)

energy

in n—¢

“calorimeter jet”

“particle jet”
]

“parton jet”

N

P iet(R) = [ Pre/2(R) x fo (R) — MPI(R)] x f

(R) - UE(R)+OC(R)

abs




Bdijet
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Jet Energy Corrections (cont.)

(for a cone-based jet algorithm)
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jet

Pr

CDF does not use y/Z+jets data to  oosf

calibrate the calorimeter (it is

used just only as a check sample)  oos-

~ Tests with y/Z+jet

= E;leading jet > 25 GeV

p;Balance= p+_1 * E;(second jet) < 3 GeV

* Ad (Jet-y) >3

||||||||||||||||||||||||||||||||||||
| Data and MC agree within 2%

Cone 0.7

e Data ]
— Pythia -
— Herwig |

0.04F

0.02

po T by by by by s by g by by 3 Ty
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p-:_:l_o Iy pf'r_ 1

In MC ..very sensitive to details of the
hadronic final state (2nd jets veto, UE...)



Uncertainties on JES

o1._Uncertainties

Cuadratic sum of all contributiocns

-------- Absolute jet energy scale

0.08

===-=-=- Cut-of-Cone + Splash-out
I Relative - 0.2<n|<0.6
0.06 | L

Uinderlying Event

hadron->parton correction very sensitive to details |
on the energy-flows in the final state..

004 3

0.02 |

50 100 150 200 250 300 350 400 450 500
Py (GeVic)



Uncertainties on JES
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No relative correction applied

Dijet Balance and Bisector Method
employed to test MC simulation

4,

AR’

= min(P* ,P* >

Notes on Jet Correction for K+

(average response and resolution)

Some weighting of MC needed

Pileup correction applied differently

- still using the number of primary vertices

but correction factor per vertex is
obtained by requiring the measurement
to be independent on Inst. Lumi.

For D=0.7 > 1.9 GeV/c per vertex

Detector > hadron level correction
taken from Monte Carlo

Same uncertainties applied as in the cone

* g = RMS of the ﬁp.q.

AP
T % appgp = RMY of the ApEERP
bisector axis 2
* Op = "Jﬁ — GPERP
1.3
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i #ﬂm—tt 1 Ratio Data/MC before corrections
L = il Sttty —+—— Ratio Data/MC after corrections
0.8F fit after corractions
07 | o) - 8% Systematic uncertainty
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100 200 300
JET

average p; ., (dijet) [GeVic]




High Pt Jet Ph

Jet

Under
event

Big increase in x-section
thanks to new \/E

\‘Hﬂ

fragmentation
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107 &
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jet

10 9)

104
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ysics at 2 TeV
Q*(GeV*)

- D@ Central + Forward Jets (In| < 3.0)
£ | CDF/D@ Central Jets (jn| < 0.7)

AAAAA ZEUS 95 BPC+BPT+SVTX &
H1 95 SVTX + H1 96 ISR

[ ] zEUS 96-97 & H194-97 prel
/| E665

CHORUS

[ ] ccrr

[ ] aNrR-1HEP

[] aaB E97-010

[ ] Bcoms
(7] nmc
] sLAC

Huge step forward in Run IT

* Pt range increased by 150 GeV/c

- Measurements in wide rapidity region
» Use of Ky and cone jet algorithms

* Inclusion of non-pQCD contributions



Dijet Mass
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Ratio to CTEQ6.1M

Inclusive Jet Production

—_ 10° CDF Run 11
: . Ty _ JET
* Inclusive Ky algorithm 2. K D=07 01cly 07
2 s ata
AR 3 | -
. : 2_ . 2_ ~ 10 Systematic uncertainties
d/j = min(P%r,;,Pr,) D2 5 1& —— NLO: JETRAD CTEQS.1M
2 g 1 vy corrected to hadron level
G=(BF NU Rl N meemeei,
. CDF Run 11 _g_ 3 et ------ PDF uncertainties
10 e
T K, D=0.7 0.1<|y’"|<0.7 m e R
e Data | N '-'% 10-3 \.:_H
25— Systematic uncertainties g 4 \QH
- -- - PDF uncertainties o 10 S
F - |_L=2x|.1,]=ma){p'.f.ET ﬁ-'b 105 ~3
2L MRST2004 TR
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1.5 __ 10-7 I;_‘\:I
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; N 0 100 200 300 400 500 600 700
3 pIET [GeVic]
sk o * Good agreement Data vs Theory
0 100200 300 400 500 fgf 700 * Data uncer'TainTy -> 2-2.70/0 e-scale
pr [GeVic] )
NLO pQCD is corrected for * pQCD uncertainty -> PDFs
Hadronization & Underlying Event * K+ robust in hadron collisions

(this is important at low Pt) - relevant for LHC strategies



Measurement in five |Yi¢f| ranges

CDF Run 1l
10 2
:1 0 B K‘T D=7 Q (Ge\/z)
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Forward jet measurements further
constrain the gluon PDF in a region in
P+ where no new physics is expected
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Ratlo to CTEQS.1M

Ratlo to CTEQG.1M

Ratlk to CTEQS.1M

Ratio Data/pQCD NLO

01y

|«0.7

—————

3 ||||||||||||||
b o] 400 &0
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CDF Run |l
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- : Systematic uncertainties
B i T~ | FDF uncertainties
_"_—1_L__/ ——————— |_|=E:-‘.|.IU=rnEL:¢p}|Er
D T RN seeeeeeeeee- MRSTZ2004
=]
pr [Gevic]

Data uncertainty smaller than that on pQCD NLO
CDF contribution to a better knowledge of gluon PDF



=10 GeVY)

xe(x, Q°

xg(x, @* = 10 GeV?)

102

(March 2007)

New Gluon (MRST/MSTW)

1071

— Fit Tevatron and HERA jet data
— Fit only Tevatron jet data
............................... - Fit only HERA jet data
——— Fit pseudogluon and A, (~ MRST2004)
————  Fit without any jet data

/

102

107

0.1

— — — - Include CDF Run I + D0 Run I inclusive jet data
———— Include CDF Run II + D0 Run I inclusive jet data
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o
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0.01

Tevatron data is the only

constrain for gluon PDF for x>0.3

[l oo central + Forward Jets (In| < 3.0)

CDF/D@ Central Jets (In| < 0.7)

ZEUS 95 BPC+BPT+SVTX &
H195SVTX + H1 96 ISR

ZEUS 96-97 & H194-97 prel
E665
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[ ] anr1HEP
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10 £ [[]]]] Nnmc
SLAC
1
-1
10
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107 107° 107 1072 1072 107t
X

New data prefer less gluons
at high-x (significant change)



Non-pQCD Contributions

l/ Y /

- Non-pQCD contributions
— - Underlying Event

B (remnant-remnant interactions)

/ Fragmentation into hadrons

CDF Run I1

fragmentation

u% 136 F K, D=0.7 0.1<]y’" [<0.7
Jet 1.3 %_
Underlying Event and Fragmentation 125 F
contributions must be considered before  12p

comparing to NLO QCD predictions 115
(only way to perform a fair comparison) 1.1 7'

1.0
Precise measurements at low Pt require 4 :
good modeling of the non-pQCD terms CE

FParton to hadron level correction

Monte Carlo Modeling Uncertainties

u_gzlllI|IIIIIIIIIIIIIIlIIIIlIIIIlIIIIIII
0 100 200 300 400 500 600 700

pr ' [GeVic]

Dedicated measurements are needed
to validate the Monte Carlo modeling
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As D increases the required non-perturbative corrections increase at low P+
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Parton to radmn level correction
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Results from ZEUS / DORun I

do/dEf! (pb/GeV)

10

- NLO(AFG) @ HAD
Jet energy scale uncertainty
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Dijet Production (b_b) D “
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Dijet Production (bb)

d?c/dn dM [pb/(GeV/c?)]
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O prediction closest to the data

(once again one needs UE contribution to
bring NLO predictions to the data)



Non-pQCD Contributions

l/ Y /

- Non-pQCD contributions
— - Underlying Event

B (remnant-remnant interactions)

/ Fragmentation into hadrons

CDF Run I1

fragmentation

u% 136 F K, D=0.7 0.1<]y’" [<0.7
Jet 1.3 %_
Underlying Event and Fragmentation 125 F
contributions must be considered before  12p

comparing to NLO QCD predictions 115
(only way to perform a fair comparison) 1.1 7'

1.0
Precise measurements at low Pt require 4 :
good modeling of the non-pQCD terms CE

FParton to hadron level correction

Monte Carlo Modeling Uncertainties

u_gzlllI|IIIIIIIIIIIIIIlIIIIlIIIIlIIIIIII
0 100 200 300 400 500 600 700

pr ' [GeVic]

Dedicated measurements are needed
to validate the Monte Carlo modeling



Underlying Event Studies

2n Jet #1 Direction

Away Region

“Toward-Side” Jet
Transverse

Region

Leading
¢ Jet

Toward Region

Jet #3
Transverse

Region

Away Region “Away-Side” Jet

+1

p;rack > 05 GeV, | nfr'ack |<1

Transverse region sensitive to
soft underlying event activity

Good description of the underlying event
by PYTHIA after tuning the amount of
initial state radiation, MPT and selecting
CTEQBL PDFs (known as PYTHIA Tune A)

ETsum Density: dET/dnd¢
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CDF Run 2 Preliminary

bt data corrected
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e
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Gluons radiate
more than quarks
(QCD color charges)

l

Gluon jets Broader

o) 1-¥(r)

Jet shape dictated by multi-gluon /
emission form primary parton ST R

Test of parton shower models and
their implementations

Sensitive to quark/gluon final state

mixture and run of strong couplin 1 Y2 0’,—-
g coupling w(ir) - 3 .T( )
N % PF(0,R)
Sensitive to underlying event Jets T '

structure in the final state



antiproton

v(r/R)

1T @ DATA
- PYTHATune A -
0.8 A .
------- gluon-—jet
e Quark=jet
0.6
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0.2
o |
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@ | ®DaTA
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> .
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0.6
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b 40)

0.05

Quark and Gluon Jets

1-¥(r) Jet narrows as Pt increases

» gluon/quark mixture
* running coupling

Midpoint Algorithm (R=0.7)

73% gluon
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A gluon—jet
........... qugrk—jet

0.1 <Y <0.7

-
-
s aa
..........

27% quark .,

1 W(r) o o, (P
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P/ (GeV/¢)



Jet shapes

x

® DATA
\b — PYTHIA Tune A , 1 - LI’(/")
> -~ PYTHIA

0.8| ... PYTHIA (no MPI) .72
~ HERWIG 4

0.6
37 < P < 45 CeV/c
04 Midpoint Algorithm (R=0.7)
0.1 <IY*1<0.7
y @ DATA
—PYTHIA Tune A
----- PYTHIA
% 0.2 0.4 0.6 0.8 o2 % PYTHIA (no MPI)
/RN HERWIG
®* PYTHIA Tune A describes the data > 0.1 <1Y"| <07
(enhanced ISR + MPI tuning) 0.15
* PYTHIA default too narrow R s S
* MPT are important at low Pt > ot
* HERWIG too narrow at low Pt 0.05
| |

We know how to model the UE at © 50 100 150 200 250 L0 3%
2 TeV for QCD jet processes P (GeV/c)



QCD & New Physics

channel with the best sensitivity
to mSUGRA at the energy frontier

- QCD

* Z> VvV + jets

- W>ev+ jets
* W= TV + jets
- Top

- WW....

Backgrounds

Good knowledge of Boson+jet(s) needed

\

/

10

1u‘|d

1 '?

1n'?

oM

107°

109

10 @

i0”

109

0%

1g°

1g?

102
10

1

15

SUSY and Background Cross-Sections
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— background reduction
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jet electrons

Z/y*+jet(s) Production

0 10° E 1
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¥(r)
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Soft radiation in Z+jet(s)

Z boson $=0

\

transverse
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Under
event

fragmentation

 jet

CDF Run Il Preliminary

p.(et) = 25 GeV/c
IY(jet)] < 2.1

__1_ 5 Pidon)
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Integrated Jet Shape

Z— e'e +jets

—s— Data

— Pythia Tune A

— Alpgen+Herwig

— MadGraph+Fythia Default
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Statistical errors only
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Statistical uncertainties only

L—ee + jets

66 < M., < 116 GeV/c?
ES > 25 GeV, Inf| < 1 1
gl <1 I 1.2<ng| < 2.8 |
P > 30 GeVie, [y < 2.1
AR(ejet) > 0.7

Calorimeter towers with |y| < 0.7

—e— Data

—— Pythia Tune A

0.5 1 1.5 2 2.5 3

Ad(Z, tower)|

Implementation of proper modeling
of UE still needed in new W/Z+Jet(s)
Monte Carlos....very important

LHC will use "extra jets" veto in
Higgs analyses to reduce QCD bckg.



Notes on Ungrlying Event at LHC
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Final Notes

* We reviewed the CDF standard procedures to
define corrected jet energies and uncertainties

* Inclusive Jet measurements in Run IT
carried out over a wide rapidity range
using different jet algorithms

» Contribution to a better understanding of
gluon PDF thanks to forward jet results

* Proper Modeling of the Underlying Event

* Boson+jet(s) results validate background
estimations in searches for new physics

» TeVDLHC activities important to transfer
the experience from Fermilab to CERN

"Just checking."






Backup Sides



Three-jet Production at NLO

a0

Fixed-order pQCD NLO calculations rely
on exact cancellations of collinear and
soft singularities between diagrams

NLO virtual (14oop) NLO real (Bogh)

5 B0

O3 jetsl Smind (1

2 jets

3 jets _m:
(con‘rmbu‘res)\ jet l jet (removed)

f H{ *
i :
i \After AR > 1.0 /

Infrared/collinear unsafe clustering leads

B -

L cone algorithm 135

-~ W. Giele, W. Kilgore (1997)

{c) =  Subftraction hMethod, lterative cone.
s Subtraction Method, Iterative cone, A Rj» 1.0

----------------- cross section Fa _
31" .

1g@ 107 1 pE
Smin (GeV?)

to partial cancellations and infroduces  Slicing method parameter Smin = min(Mij)
logarithmic dependence on soft emission (flat for well defined NLO calculation)
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3-jet production vs NLO pQCD
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Notes on Run I Jet algorithm

5 2
doyer =d® | M [ Frey
Cone algorithm not infrared safe:
The jet multiplicity changed
after emission of a soft parton

Cone algorithm not collinear safe: " 7

o .,

Y )
Ll -

¢, "Ttaaaammmammnt®t e

Replacing a massless parton by
the sum of two collinear particles T I

the jet multiplicity changes
below threshold above threshold

(no jets) (1 jet)

Fixed-order pQCD calculations will contain not fully cancelled infrared divergences:

-> Inclusive jet cross section at NNLO o
-> Three jet production at NLO three partons inside a cone

-> Jet Shapes at NLO



Run IT -> MidPoint algorithm

1. Define alist of seeds using CAL
towers with ET >1GeV #

2. Draw a cone of radius R around
each seed and form “proto-jet”

Jef ZEK PJef ZPK

(massive  jets Py Je’ )

3. Draw new cones around “proto-
jets" and iterate until stable cones

4. Put seed in Midpoint (n—¢) for
each pair of proto-jets
separated by less than 2R and
iterate for stable Jefs Cross section calculable in pQCD

5. Merging/Splitting (75%)
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Inclusive K_Algorithm

1. Compute for each pair (i j) and for Separation in transverse momentum...

each particle (i) the quantities: Inspired by pQCD gluon emissions.
(a) (b)
d, = min(P? P ) 2R s e
D *é/%] Beam JAe’t,’% Beam
di = (PT,i)

2. Starting from smallest {d_ij ,d_i}: (©) @ -

3. Ifitisad_ithenitiscalledajetand =7 Beam — Beam
is removed from the list Jet = jet \

4. Ifitisad_ijthe particles are jet

: I e (e) (f)
combined in "proto-jets” (E scheme) / i
5. TIterate until all particles are in jets jet

@ No merging/splitting needed!

Infrared and Collinear safe to all orders in pQCD



o«
B

do/dE-[pb/GeV]

—

10
10
10
10t

10°

W+jet(s) Production
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CDF Run Il Preliminary
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- Background top, Higgs, SUSY...
- Stringent test of pQCD predictions

- Test Ground for ME+PS techniques

(Special matching > MLM, CKKW to avoid
double counting on ME+PS interface)

(W—ev) +2>2 jets CDF Run Il Prelimina
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Di-jet A R(jetjet,)

Affected by cutoff and soft radiation



W+J6T(S) Production
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Good agreement with pQCD NLO calculation (includes non-pQCD effects)
At low P+ Monte Carlo needs a better modeling of UE (ALPGEN+PYTHIA)



