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Jets in Top Quark Measurements

tt pair lepton + jets decay
Jet 3 (anti-quark)
L1 All measurements of the top aq

quark rely on the measurement Jeelb) sy 4
of jets. e q
% Jet 4 (quark)

B Wb (~ 100%), W—jj (~ 67%)

L1 Jet energy scale (JES) is the
largest systematic uncertainty in antproton beam
the Run 1 CDF + DO combined .
result on the top quark mass:

proton beam

Y
Mmp =178.0 £ 2.7(stat.) £+ 3.3(syst.) GeV/c’ B2 wﬁ @ N

’ . @
(hep-ex/0404010) ! @ ? Jet 2 ()
JES = 2.6 GeV/c?

January 12 - 15, 2006 TOP 2006, Coimbra, Portugal 2



Jets at the Hadron Colliders

Why 1s the jet energy scale determination difficult?

calorimeter jet

Instrumental effects
® non-linear response to hadrons

® different response to electrons
and hadrons

Calorimeter
shower

' D ® un-instrumented regions

| ccays, = : =

1 interactions in ® large fluctuations in deposited energy
I . .

| material, especially for hadrons

Magnetic field

Physics effects
® fragmentation and hadronization

[
_ 41 Out of cone

1
1!
! partons ® spectator interaction energy
' f — 42 ® initial and final state gluon radiation
— +— ® flavor of parent parton
) & R B 2
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CDF and D0 Calorimeters

CDF: scintilating tile with lead/iron absorbers

In|<3.6.

[0 Non-linear response to hadrons (non-

compensating)

[0 Different response to electrons and hadrons [l

[0 Coarse granularity (AN XA ¢~ 0.1 x 0.26

in central)

DO: Uranium - liquid Argon calorimeter

n[<4.2.

Almost compensating (e/n<1.05 for
E>30 GeV)

Fine segmentation (AN XA ¢=0.1x
0.1)

Uranium noise

D LOW n()ise Electl/'OnS .. D@ LIQUID ARGON CALORIMETER e
0. e) ]3.5% EEEEEEEEEEEE
=0 = ®1.5% (CEM) =
by E; =
o, 16%
. bf = TE ® 1% (PEM)
=M.
1=3.0 ——|Pions : _oAEREen
c, 80% I
E JE
Electrons o,/ E=15%/~NE ®0.3%
Pions: o,/ E=~45%/NE ®4%
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Overview:
Jet Energy Scale Determination

Jets used in CDF & DO top quark measurements

CDF DO
Jet algorithm Cone, R,,,=0.4 Cone, R, =0.5
Main calibration  In-situ single track & Photon+jet P, balance
source(s) for test beam data +

absolute scale: jet fragmentation model
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D0 Jet Energy Scale

[0 Calorimeter jet — Particle jet (without underlying event)

=%

»

measured
E particle _ E jet - E 0

jet o
R Jjet ) S

E,: Offset — for Uranium noise, energy from previous bunch crossing, additional p-pbar
interactions, and underlying event. Determined from the min.-bias & zero-bias data.

R;,;: Jet response — Calorimeter response to jets.

Equalize jet response along 7 using Py balance in dijet events.
Absolute scale determined from P balance in photon+jet events.
EM scale determined using Z—ee mass.

S: Showering correction — for energy emitted outside jet cone due to detector effects
(does not correct for “physics” showering). Determined from energy density outside the
jet cone in data and MC.

Corrections mostly determined based on data using conservation of transverse
momentum.

Separate corrections for data and MC.
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CDF Jet Energy Scale

particle __ measured parton _ particle
ppeice - |p X fuy—MI|Xf,, PP = prid _UE + 00C

T,jet T,jet T,jet

corrections for physics effects
(some analyses use analysis-specific corrections)

corrections for detector effects

f..; Relative correction - make jet response uniform in . Determined from dijet P balance.
MI: Multiple interaction correction - for energy of other p-pbar interactions. From data.
f.ps- Absolute correction - for calorimeter response to jets. From simulated dijet events. The

single particle response in the simulation tuned to the in-situ single track & test beam data.
» particle jet (including UE)

O0O0

UE: Underlying event correction - for beam remnants, multiple parton scattering... From data.

0OO0C: Out-of-cone correction - for energy outside jet cone due to physics showering.
Determined based on the MC parton shower & hadronization model.

®» parent parton

OO

Systematic uncertainties:
LR Differences between MC and data.
®  Uncertainties from the method used to obtain the corrections.
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Jet Energy Corrections
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DO0: Response Function, R;

jet

R,,, obtained from data and MC separately using
missing E,projection fraction (MPF).

In photon+tjet events: (for absolute jet response) Eft
E T Ert =0 theoretically Jet N
R E ++ R, E 4 wr ET in practice | T E,
% After EM energy calibration, R ,=1.
(in back-to-back y * E]}: |

photon+jet events)

% Perform the study as a function of In dijet events: (for relative jet response)

E'= E; COSh(nJet) " ﬁcentml jet
R. = R A

» EyY, 1, better measured than E,

> less sensitive to jet energy resolution
» map from E’ to E, Vs 1) non-ceniral jet

E central jet
T
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DO0: Response Function, R,

d

Relative jet response vs 77

jet

[0 Corrections from dijet events

[0 Cross-checked in y+jet events at low P

Absolute jet response vs E

ij

0.85

| Linear E fit summary ‘pTcmb’ | Esamples
— E-0GeV
ol ..... E=100 GeV
2 E = 200 GeV
m T ] I 1| T Sy Lavi| R ERPE E - 300 GV
E = 400 GeV

1.1

0.8

0.75

Saiemen]

0.7

0.65

0.6

0.55

[0 Corrections from y+jet events

IC1:F" = 09948 + 0.0028
B |C:F =09854+0.0028

IC2:F’ = 0.9966 + 0.0041
® FC1:F =1.0004 +£0.0044

,,.r
® EC2: F =1.0004 +0.0044 %/ﬁ/

e EC3 F = 10004 +0.0044 }j’

¥
/ I:ict:)ne =07
s p_=0.74716+0.00258

p, = 0.07325 £ 0.00306
p_ =-0.003987 + 0.001581

=N

VR B L I UL I
Y

=
[

A,

a p,+ P, log (E/E) + p, logf(E'/E )

0 20 30 100 200

— T

Eo [GeV]
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D0: Showering Correction

Shower particles can leak outside the jet clustering cone.

®» Measure the energy flow vs distance from the jet axis, R.
®» Subtract “offset” energy due to noise, UE etc.
®  Subtract the physics showering contribution estimated from MC.

| Energy density (| 1 [<0.4) | [ Corrections factors |
1.1 |n |<0.4
3 L R — Cone 0.7
Z2000
T 7 . -
%‘ - e 1_.:.5If:|_ — Cone 0.5
o E(0.7) 2 0.0979 +j0.0094 C
1500 EfL0) —
21500 R
[= - —
< - C
= - C
21000 0.950
] i C
= B -
Yo 0.9F
500 TE
Mg -
- 0.851
'} _.-L._ e e o I R I e S e SR on IR DE S :
_I 11 111 111 111 111 111 111 111 111 111 1 D B_I 1 L1 I 1 L 1 1 I L1 1 L I 1 1 L 1 I L1 1 1 I 1 1 1 L
0 02 04 06 08 1 12 14 16 18 2 “0 50 100 150 200 a5 300

r (nxd)
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DO0: Closure Test — Hemisphere Method

Hemisphere variable:

—»]/

2 orose nemil P
Probe hemi

r " Hy
H = —_'_’J/
ZTag hemi | PT . nT

®» All corrections lead to “closure” in data and MC?

Cuvin JCCA: Hemispherns w3 E', ALL

NIC meal JCCA: Hemisphare v F, ALL

EM Tag Object

hemisphere

Tag

%

Probe
hemisphere

Probe Jet
Jet

\\\ Tag Axis

Felabve differsnce, dobta - Monbe Cado

115 . ALt 115 - - Alletz 0.1
: |k - T lde E
: sk 19 AT [
114 . 11_§+i_ + 17 E 1
' s G caw | 3
R P Py T
1_!.-..*! e Fo -’f e -t g ; -4
pmais . Wi 1 ,_._.—o—r'—i"—
aesf LT l T Lesf g Pras +—
aof.Data agf - MCL afData-MC :
T, et R 3 i 4. Ny
E (5 E (5= E (32
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DO0: Total JES Uncertainties

_E; Relative error vs. E
.: 0.1 4 __ ............ : ........ : ........................................................................................
8 o1oF —To’[al ..............................................
k - = i i
O | - Response
Q 0.1\ " --Showering
= p.os}: ~ Offset
0.06 b
0.04
0.02

0

® The results are not final yet.

® The final JES results expected to come out in spring.
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CDF: Single Particle Response

12 |

1.1

1.05

0.05 [

ng L

Electromagnetic particles
(electrons, photons, 7t %)

115 |

W— ev MC ]
W— ev Data 3
Jhy— e’e" MC
Jhy— e*e Data -

In-situ

= [ ® 0O

N i et

Shape due to Z & J/V¥ selections

20 40 60
p (GeVic)

LEip}

LEipy

0.g

0.6

04

0z

0.8

0.6

04

0z

o

+ [est beam data

s Test beam MC

Charged hadrons
| _gm® ®  Single track data ]
——
i o Single track MC B
: . g Minimum bias data
- In-situ Minirmurm bias MC
'1 1;:1 1;:11_. N
P (GeVic)
] b % L
. test beam ]

1

10

2
}1:? (GeVic)

Currently extending in-situ calibration to higher p
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CDF: Absolute (Response) Correction

O O

correction.

Map calorimeter jet P with particle jet P.
Take the most probable value for the

®» After this correction, jets are independent

of the CDF detector.

Absolute Correction
w
(8]

Cone 1.0
""""" Cone 0.7
—Cone 0.4

T 1 1

50 100 150 200 250 300

350 400 450 500
p_tlz_alo (GeV)

Uncertainties on absolute JES

E:II::]E' L ] L] L L] L L] L L] L L] [ A L

Quadralic sum af all conldbulions

0.045 ' — Caloimeter smulation hadrons B
0.04 _ eename= Calofmelsr smukEton EM patidas

[ ==t Fragmenlation

0035 Calonmeler sl=bilily =

0.03EF -
0.025 | :
0.02 |
0.015 f
0.01k

plpps] = / ------------ -
|::| I P T T IR SN I | P IR TR S|

50 100 150 200 250 300 350 400 450 500
p_p}artlde-jet { GEU.-"C]I

Uncertainty in single particle response
measurements (in-situ and test beam)
& tuning of the CDF simulation:
dominant uncertainty at high Pt

January 12 - 15, 2006
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CDF: Corrections for Non-Central Jets

[1 The single particle response tuning is limited in
precision in non-central regions due to detector
geometry/tracking coverage.

®» dijet P, balance method

f _ APT - pimbe ptT"lgge” IB _ pirobe _ 2 + <fb>
b P;ve ( pprobe trtgger ) / 2 p?’gger 2 - < f b>

B =Pt /Pt"" = (2 + <APIF> )/ (2 - <APIF>) | R=0_7
e 1.3 — : _ : _ :
1.2

1.1

1
0.9
0.8

07 e Data | 008 E- Y.
0.6 — - .................... ............. - MC (PYTH|A : :

0.5

-3 -2 -1 0 1 2 3 3 2 -1 [ 1 2 3 g
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CDF: Underlying Event (UE) Tuning in MC

Dutgoing Parton

[0 Underlying Event: particles not
associated with the hard scatter.

®» Beam remnants

PT(hard)
nili al-5tate Badiation

" AntiProton

nderlying Event

®  Multiple parton Interactions Underlying Exent
®» [nitial state soft radiations

[0 Tune charged particles in MC in the
“transverse” region (sensitive to UE)

Final-State

Outgning Parton Radiation

Transverse

1
Region

mn dl_] et events. | "Transverse” PT_,, v& Pztn:har-ued jet1} I
5
= — | m COFMin-Bias
Jet #1 Direction E 45F | O cCOFJETIO it
i | =—HER#15
Away Region T g |- 1smET
|;_|l'| —
“Toward-Side” Jet — - =r===PYTHIA G115
Transverse g 35 ==
Region o 3 == ]
EgEEEE lllllll= E E +
E 2 :— *i'+'é . "
E g ,'. b )
Toward Region . - 1.5 —
N, N B AN E :
=]
=
=
=

‘Away-Side” Jet

Away Region DH|||||||||||

1_1 I L1 1 1 I 111 | I L1 1 1 I 111 1 I 111
5 10 15 3 K 40 45
PTiEn:tI]ﬂa n:_:|.'='-c|2 jﬁéﬁ VG E'ql".' cl
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CDF: Out-0f-Cone Correction & Uncertainty

=

Correction: e ' 3
. 131 - 17 S SN _ Cone 1.3-Cone 0.4 _E
Add energy of particles T o b e B E
leaking outside the jet cone i, 'f —
due to physics showering. wE e 3
Some analyses use the ek ; : ' = 3
analysis-specific correction. 5 o b Cone 1.3 - Cane 0.7 E
i ; —
Uncertainty: N e E
[0 Differences in energy I x SN
. . B 008 f =
OutSIde the _]Ct cone up to G om B ) e Cone 1.2 - Cone 1.0 3
R=1.3 in data and MC O o e e E
= - s o b - =m=:
samples in photon+jet Y el T e =
events. Bl S E
_ T 3
[l Main uncertainty at low PJ<t. 2 “ K " o loavie
--—--- OQC uncertainty & Herwig o Pythia
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Photon-jet and Z-jet Balancing

=
Data PYTHIA HERWIG
0  Good samples to test JES as photon/Z .::_1:. 7 -0.019 -0.001  -0.040

energy 1s well measured ooal Cone 0.4 |

e Data
— Pythia
-~ Herwig ]

[0 Results depend on event selection cuts,
e.g. 2nd jet P and photon/Z-jet opening
angle. Data and MC disagree to 2% ool
even with tight cuts.

00z} .
012} -
Data PYTHIA HERWIG Cone04 |
0026 0016 -0.032 st
Ll p, balance = pX* /p’ —1
008}
0.04] P
0.02] :
(W a
1 -08-06-04-02 0 02040608 1
p, balance = p¥' / p% -1 o2
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CDF: Total JES Uncertainty

1o Central jets

Cuadratic sum of all contributions

7y
LLl
=3
E mmmmmmms Alheolubs jot enengy scals
o 0.08 At high Pt, dominated by
a1y e Cut-of-Cane + Splash-out . . . .
= uncertainty in single particle
= - . . . . .
‘T (.06 Al Ll response measurements (in-situ
E B Underlying Event & test beam) and tuning of
= B the CDF simulation
— 004 & -
0.02 [ " i

|::| ooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooo

50 100 150 200 250 300 350 400 450 500
At low Pt, dominated by p‘%':'” (GeV/c)
out-of-cone uncertainty

(physics modeling uncertainty)
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Constraining JES with Dijet Mass
Resonances & b-jet Energy Scale
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W Mass Resonance in 77 Events

Lepton+jets channel {(CDF+D0 combined)

[1 Both CDF and DO use W—jj mass in #¢

O Statistical uncertainty . |
. . JES systematic uncertainty (from M,, only)
eVel’ltS tO COIlStI'aIIl JES 1n M 5+ Remazfning gystematic unger[anties w oy
top —— Total uncérainty

measurements 1n lepton+jets channel.

Projected Am, (GeV)
I

[ M,,, measurement sensitive primarily to

b-jet energy scale; however, most 2|
uncertainty 1s shared by “generic” jets &
b-jets.
L l —
16 —— Total MC Prediction 09 -
1aF [ Signal M, = 172.5 GeV/c? 3}8; i .
F : -y- 06 |
12:_ ‘: Background 05 - . o . e
10~ —¥— Data:63 events 10 1 10

~- Integrated Luminosity (fb l)
# -‘L— - [ The uncertainty reduces with
increasing integrated luminosity ©.

Events/(10 GeVic?)

- | -Y-

1 : . [ “One point” calibration: cannot
T == Sovunusonen S . B, constrain JES over wide P range.
0 20 40 60 80 1 12{.‘12 140

Maximum Likelihood M, — jj (GeV/c")
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b-jet Energy Scale

DE ! I LN LA L DL AL LR
OO0  b-jets have different characteristics from el S
eneric jets j: :
g ‘] . E_n—l:l"d': el py _:
®» Harder fragmentation = [ ]
o3 <
® B hadron decays 5 | :
0.2 -
[0 CDF and DO use MC to model b-jet response. 0.1 E
In M,,,, measurements, use: of | T i
— . 0 EQ 00 150 200

® Generic jet energy corrections P (Gevic)
® Additional corrections (from MC) to correct N AREEE RS FARRARARARE
. [ -jE't colTesian i
b-jets back to the parent b-quark 0.5F —1=0.25 3
B ----11=0.75 ]
= — : 2, UA4F ——1=1.25 .
[0 Additional uncertainties for b-jets (0.6%) £ - =175 :
based on constraints from other experiments ;M; st E
do.2f E
Work in progress: N E
[0 Test b-jet energy scale directly in data, with of . . . £
photon—b-jet P, balance & Z— bb P i T
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CDF: Extraction of Z—bb Signal

J Great tool to test b-jet energy scale and for extraction of bb resonances (H =bb)
O Use two b-tagged jet events, apply kinematic cuts to improve S/B
U Fit signal and background (direct QCD production) templates, and vary JES

CDF Run 2 preliminary - L=333 pb™ 2 _ L
Selected events | Total x* as a function of data/MC JES |
Background 1105_
Z signal: 3394 + 515 events 105E
Fit result 100 =
- - O
> 8000 — S oof
L © u
9 - ~ ssf
@ 6000 | 80F-
£ . 75F
o i E
i 4000 — o e
- 0.8 0.9 1 1.1 1.2
2000 Data/MC relative b-jet scale
03 Current status:
S U U S * Evaluating systematic biases (if any)
0 50 100 150 200 250

* Integrating more data

Dijet invariant mass GeV/c?
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O O

Conclusions

The jet energy scale 1s the dominant uncertainty in many measurements of
the top quark.

CDF and DO use different approaches to determine the jet energy scale and
uncertainty:

® CDF: Scale mainly from single particle response + jet fragmentation model.
Cross-checked with photon/Z-jet P balance etc.

® DO: Scale mainly from photon-jet P balance.
Cross-checked with the closure tests in photon/Z+jet events etc.

CDF achieved ~3% uncertainty in Run 2. Further improvements in progress.
DO new result in Run 2 (uncertainty ~ 2%) will come out soon.

In-situ M, calibration has been successfully used to improve JES by both

CDF and DO in M, ; measurements.

Expect result on the b-jet energy scale from photon—b-jet P, balance &
Z—bb soon.
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Backups
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CDF Jet Energy Correction Scheme

Corrections for detector effects

For central jets:
[0 Tune the detector simulation to the real calorimeters.

® Response to individual particles of each type, =
momentum and direction

[0 Simulate “jets” using a jet fragmentation model.
®» Particle composition, momentum and
multiplicity distributions in a jet
Run them through the detector simulation

[0 Cluster particles (particle jet) & calorimeter towers
(calorimeter jet), use P, correlation for correction.

For non-central jets

calorimeter jet

[0 Dijet P; balance Out of cone
| partons
Corrections for physics effects _
[0 Tune MC generator to data in the “transverse” region @—b * — °
which is sensitive to UE. K
[0 Correlate P of the particle jet and its parent parton in ) &4 ! B &

the tuned MC generator.
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Need to simulate jets properly: particle

composition, multiplicit
b » IMUALIPICLEY, 1 PO
momentum distribution etc Yiy)=—2. . s
N. " P’(0,R
. Jjets T ( ’ )
€.8. 2 hadrons with p, = 50 GeV/c =
. el o ) _
# 20 hadrons with p, = 5 GeVie Midpoint Algorithm (R=0.7)
: : : o @ DATA
due to calorimeter non-linearity % . %— Y(r)  VTHIA Tune A
g .| ® DATA | ——- PYTHIA
;"J — PYTHIA Tune A o = o255 e PYTHIA (no MPI)
- PYTHIA e
0.8 ... PYTHIA (no Mp|.)“___;.’;’:;;",'j‘-—. osL - M. T HERWIG
~HERWG 0.1 <1Y*|<0.7
0.6 0.15
37T L<PH <45 GeV/c
0.4 L L
01<IVI<07 T
oz 0.05
% o2 04 06 S 1' ° 5|0 100 150 200 250 i 300 SgO
/R P/ (GeV/c)

Tuned MC, PYTHIA tuneA (enhanced ISR + MPI), describes the data
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CDF: Particle Jet to Parton Corrections

[1 Correct particle jet to the parent
parton. Correcting for two
effects:

® Underlying event energy

®  Energy that leaks outside the jet
clustering cone (out-of-cone)

[1 The corrections determined from
PYTHIA tuneA dijet MC events.
Many analyses determine
corrections from their process
samples; the corrections depend
on process & parent parton type.

o o -

Particle-level jet to parton correction
=
'..‘J

— —
w
™ —

—
n

—UE +00C Cone 1.0
Cone 0.7

—Cone 04

50 100 150 200 250 300 350 400 450 500
DEJ_ElrtidE (GEVfC)

More energy from UE in the cone
than energy leaking outside the cone
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