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* Introduction to top quarks

* Motivation to measure top quark mass
* Overview of mass measurement techniques
* Results from dileptonic channel

* Results from lepton+jets channel

+ Results from all-hadronic channel

* Combination
* Future prospects

+ Conclusions
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E%g%%INC{%%Y * Top quark discovered in 1995 at

Fermilab

* Top quark mass suprisingly large
% ~35x heavier than bottom quark
%5 orders of magnitude between top and
up quark masses

* As top quark 1s so heavy, it decays

before hadronization
%*can be observed as free quark

Three Generations of Matter
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* Top mass fundamental SM

W

U\ y \va ‘13?. ‘fl' g('y .‘\.v. )

parameter:

*tests SM predictions _ _ILEpl1 a,;d SLD -

*important in radiative 80.51 —LEP2 and Tevatron (prel.)
corrections 68% CL

*constrains SM Higgs mass

* Top mass close to scale of
electroweak symmetry breaking =

+ Constraints on SUSY models
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Silicon

Tracker Had cal

: H;- _'*"F < EM cal Muon

Main Injectn‘r '

3 * . . .
& Recycler Tevatron record instantanous luminosity:

2.9%10° cm™s™
» I will show results using ~1 fb™ of data
» New results with 2 fb™' coming this
summer

e

R T
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At Tevatron, top quarks are predominantly
pair produced via strong interaction

i

It events

6-10°

4000
400

g Total inelastic
< 10>
o, = 6.7 pb for m, =175 GeV/c* 2 lmb
(JHEP 0404:068 (2004)) 2 10" bb
_QF0 e
85% from qq - tt S 168 | b
~ 0 FEEN
15% from gg - tt o W
10'10- nb 7
tf
1612\
10" Higes (ZH + WH)
122¢ _
Rare at Tevatron: One top pair N
syps . . - - 100 120 140 160 180 200
per 10 billion inelastic collisions Higgs mass (GeV)/&
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tt events

BR(t— Wbh)~ 100%

= ttbar events can be
classified according to
W decays

N
U

.Im

4I

o =

et u+
T-leptons difficult to Lepton+jets channel
identify % [ lepton (e, u),
% partially included in other I neutrino, 4 quarks
categories * managable background
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N
RemTravaN
+ Neutrinos escape detector A
% partial information can be measured as (: { e
missing E, |7
\
* Quarks hadronize and form jets |]
% Measured energy of jets has to be
corrected back to parton level K o
% Many ways to assign a jet to a parton 15 Electron ‘
% B-tagging reduces number of possible ! Missing E

assignments, but also reduces statistics 1

T
4 Background processes mimic top > °r
events

Jet

Electron

s AN TN T N TV N A T N A O B

|
-1.5 -1 -0.5 0 0.5 1 1.5
X (ecm)
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SS measurements

CDF Results (*Preliminary)
Robust program of complementary o
Run 1 Dilepton 167.4 +10.3+ 4.9
measurements: o - =
) Run 1 LeptorJets 176.1+ 5.1+ 5.3
. &
* Many measurements in all the Run 1 Al-jts 186.0 £10.0 4 5.7
. . —_——
different channels Dilepton: Tempiae t . 168.1+ 3¢ +4.0
| — -
- consistency D':,igg%’;g“::?;'x Elementbtag 157 5+ 4.6+ 3.8
. . . Dilepton: Matrix Element
*» Different methods of extraction with (103000 ) 164.5+3.9+3.9
. o, e e Lepton+Jets?: L, 15.7
different sensitivity Cwmeesp) 7 183.9% 455 £50
. confidence ‘L?f:c;l?pitﬁj Matrix Element 1709+ 1.6+ 2.0
. Lepton: Jets: Mot Scomb.  168.9+ 2.2+ 4.2
? : -
Combine all channels and all Leptom et MW 25 17344 1.7+ 2.2
= top _-.__
methods Al-Jots: M+ W | 1711+ 2.8+ 3.2
+ precision All-Jets: Mici, 1745+22+4.8
(L=1020 pb ") = e =
CDF March 107 1705+ 1.3+ 1.8
I will only talk about the most precise (Gor a0 Fun ) 1709+ LI+ 13
and representative ones | | | | |

150 160 170 180 190 200
Tuula Miki Top Quark Mass (GeV/c?)



ethod

* Calculate a per-event observable that B-tagged signal templates

. . 20.0241
1S sensitive to M, a ¢
P §0.022-
2 0.02F

* Make templates from signal and 2 0018 M, =150 Gevic?

background events £ 0018} [ M., =175 Gevic?

0.0141 .

L . M, =200 GeVvic
. 0.012
* Use pseudo-experiments to check the 0.01E
method works 0.008]
0.0065
*» Fit data to templates using maximum 0.004
. . 0.002
likelihood o
1

00 150 200 250 300
reconstructed M,,, (GeV/c?)
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ent method

* Calculate probability density for each event

X vector of
measured variables

+ Use LO Matrix Element and transfer functions to calculate

differential cross-section ] ] .
Differential cross-section

from LO matrix element

(x|M fdqldQZfPDF(q1)fPDF(qz)|M p, | HT p,)J

Initial state Transfer function: probability to
measure j when parton-level p was
produced
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element method

* Evaluate differential cross-sections for backgrounds
* Weld together the signal and background pieces to get expression for M,

posterior distribution

P(x|M,)=P (x|M,)p,+P, (x)p,,+P,,(X)p,,-.

* Multiply the event probabilities to extract the most likely mass

N
Probability
Y
Probability
Probability

>
=
o
©
o
)
p -
o

T 1t

Top Mass Top Mass Top Mass

12
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t method

* Calibrate the method using simulation

- = -z
S 200 = .
Q 4 - 18-=--.e-... -
9 =2 _
n 190 = ]
0 I R, - ot Yol U R (I - R -
‘E" i — 1= Mean pull = 1.13 1
2 180! 8
|2 E 1.4
- ]
@D
2170 1.2
j-:,_-, ]
2 166 1
o 1
3 4 -
@ 150] OB i v v 65 0 0 30 R S 0 e .

150 160 70 180 190 260

155160165170175180185190195,
Input Top Mass [GeV/c] E‘1 [93“-'&“ ]

* Matrix element methods are computationally heavy
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e I-L- Lepton

9
(111

* Event signature:
*two high p, leptons (e or )
*at least two jets
*large missing E

* Backgrounds:

*+ Advantage for top mass:
*low background
*only two possible jet-parton
assignments
* Challenge for top mass:

*Drell-Yan : oy
: : *under-constrained for top mass fitting
* W+jets where a jet fakes lepton ..
: * low statistics
*diboson

Tuula Miki Europhysics Conference on High Energy Physics, July 19"-25" 2007 14



template

— bckg

- - |+jats data (o = 192 GaVic)
* Top mass can be reconstructed 9, i_gijj;jjm
. . > )
assuming a top mass independent S [
distribution S % M wear o
- |
4 te ~20L
Use P 2"
* Integrate over the distribution 10f
w [ L/
*» Select most probable reconstructed M, o
-600 -400 -209 0 200 400 600
* Treat b-tagged and non-tagged events ps (GeVic)
Separately CDF Run Il preliminary (1.2 fb™
S
=
a
Y]
=10 \
a [ |70 data events
L% - — signal+bckg
|

0 1 P AT A i A B |
vep - 100 150 200 250 300 §50
Tuula Méki Reconstructed Mass ( GeV/c”)



Tuula Miki

emplate

Systematic uncertainties

Source AM,, (GeV/c?)
Jet energy scale +2.9
B-jet energy scale +0.5
Lepton energy scale +0.2
Generator +0.3
ISR +0.2
FSR +0.4
PDF +0.6
Background modeling +0.3
Template statistics +0.5
Total +3.1

Europhysics Conference on High Energy Physics, July 19"-25" 2007
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ith o, constraint

* Theoretical o, has exponential CDF Run Il Preliminary (1.2 fb")
-
dependence on top mass 2 16
l:;"= 14 - theoretical L

* Include theoretical o, in the

template method 12
*measured top mass depends on 10
kinematics and number of events

measured o -

L

measured I'u"lhp, no o - dep.

[ measured Mhp' - dep.

8
e
D e s
. . ° %\\\\ s A\
Dominant systematics na
Jet energy scale +15 2 - /
5 - + :
Luminosity +1.1 o ﬁ....|....|....|....|....
Number of bckg events +0.9 950 155 160 165 170 175 180 185 190 195 200
B-jet energy scale +0.9 M, (GeVic)

most precise

M, = 170.7-55(stat.) 2.6 (syst.) £2.4 (theory) GeV | ¢*
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+ Likelihood calculated for each

event using signal and background

differential cross-sections
% leading order tthar

®Z/y* + jets

*#W + 3 jets

®* WW + jets

* Integrate over all unmeasured
quantities and experimental
resolutions

*In 1.0 b, 78 events with S/B=2/1

Tuula Miki Europhysics Conference on High Energy Physics, July 19"-25" 2007

Probability Density

0.16

0.14

0.12

0.1

0.08

0.06

0.04

0.02

trix element

Dominant systematics

¢

: & :
|A.|.|.||||

Jet energy scale +3.5

Generator +0.9

Sample composition +0.7

Background MC +0.7
........... T R A

|||||.|D|i.|.||.A|-|

—
Qe

150 155 160 165

170 175 180 185,
M, (GeV/c)
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+ Golden channel for top mass

* Event signature:
*one high p, leptons (e or i)
*at least four jets
*large missing E

measurements: § §

*reasonable statistics

*reasonable background

*in-situ calibration from

* Backg rounds: hadronically decaying W
*Wjets * reasonable number of possible jet-
* QCD where a jet fakes lepton parton assignments

*top mass can be fully constrained

Tuula Miki Europhysics Conference on High Energy Physics, July 19"-25" 2007 19



* Top mass reconstructed for each

event 3
*+ Fitter contains W mass g
constraints and two top masses :

equal

* Jet-parton assignment with T
smallest X* selected :

Dominant systematics

Residual JES +0.7
b-jet energy scale +0.6
ISR +0.5

Tuula Miki

: template

CDF Run Il Preliminary (680 pbq)

16
14

[
= NN E-N

2-tag: 38 events

. Data
[ signal + Bkgd
@Bkgd only

150 20 T
me° (GeVic)

100 150 200 250 300 350 400

1-tag(L): 61 events

miee (GeVic')

Events/{15 GeV/c’)

Events/{15 GeVlc’)

30

1-tag(T): 105 events

25
20
15
10

0 0 150 200 250

me= (GeV/c')

O-tag: 97 events

24
22
20
18
16
14
12
10
8
6
4
2
0

700 150 200 250 300 350 400
mre= (GeV/c')

A.JEs (Gc)




* Likelihood calculated for each
event using leading order ttbar and
W+jets differential cross-section

* Integrate over all unmeasured
quantities and experimental
resolutions

*» Fit simultaneously M., JES, and

signal fraction

top?

Dominant systematics

FSR +0.8
ISR +0.7
b-JES +0.6

Tuula Miki

atrix element

105 L o N S _____________ i
T R N NN SO\ -
| Aln L=0.5

| Aln L=2.0
0.95 b - 80 _____________
160 170 180
M _ (GeV/c?)
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g
Jlaaele

* Advantage for top mass:

*no neutrinos in final state

. 1 .
Event signature: xlarge statistics

*at least 6 jets (=1 b-tagged) *in-situ calibration from hadronically
* Backgrounds: decaying W

*QCD multijet *» Challenge for top mass:

*large background
* 90 possible ways to assign a jet to a parton

Tuula Miki Europhysics Conference on High Energy Physics, July 19"-25" 2007 22



plate method

CDF Run Il preliminary

* Top mass reconstructed for each T i
event e | '
+ Jet-parton assignments selected using gL | M., = 155 Govic?
kinematic fitter ot I = e gevie:
. - i 7’ M, = 195 GeV/c?
* Neural network to improve S/B S .
+In 1.0 fb', 772 events with S/B=1/2 ot ]
CDF Runll preliminary L=1.02 fo™ _
S .
a') a0
O 150 m \
= .
Dominant systematics %100 T e
I Data
Jet energy scale +4.5 [ ettt bacigrouna
Generator +1.0 ol ] et - crergrons
0

100 200 ) ébo 400
Fitted M, (GeV/c?)
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assisted template

: Dominant systematics
* Get per-event top mass from matrix element

+ First all-hadronic result with 1in-situ JES , FSR 115
- . enerator +1.
»In 0.94 fb', 72 events with S/B~4/1 Background shape 09
st precise Residual JES +0.7
2
M, =171.1+3.7(stat.+JES)£2.1(syst.)GeV/c
CDF Runll preliminary L=943pb" CDF Runll preliminary L=943pb”
10__ Doublele Tags 15:_ Single Tags
v Data - ¥ Data
- [ signal+Bakground b - Signal+Bakground
B__ I Background

. [ Background

-
o

o

Double Tags Events/10(GeV/c’)
(=} ]

)
>
(U]
=]
g 12
o
]
n
[=1)
L]
l—
L1}
o
£
[Ty

180 200 220, ol
Event Top Mass (GeV/c) 140 160 180 200 220 5
Event Top Mass (GeV/c)
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1ation

+ CDF measurements combined to impl‘OVe Mass of the Top Quark from CDF (*Preliminary)
precision: e
. Dilept
% Account for correlations R 167.4+10.3+ 4.9
# Use BLUE (Best Linear Unbiased Estimator), Lapton+ Jels ¢
NIM A270 110, A500 391 (Ran) 7oA o153
o 186.0+10.0 4 5.7
2
—_ Dilepton: Matrix EI t
M, =170.5+1.3(stat.)+1.8(syst.)GeV/c gy clemer 164.5+ 3.9+ 3.9
®
et 183.9+ 157 +56
_ —o—
Lepton+Jets: Matrix Element
. . . 1 1709+1.6+ 2.0
* To improve further, combine with DZero (540p07) i
‘All-Jets: MP_+W—s jj
measurements: See next talk for Dzero top mass (gfsib"; i 171.1£2.8+3.2
measurements! CDF March ‘07 B
(1030 p6") 1705+ 1.3+ 1.8
(stat.) + (syst.)
2
M, =1709=x1.1 (stat.)+1.5(syst.)GeV [c y2idof = 5.5/6 (51%)
| | | | | |

150 160 170 180 190 200
M,, (GeVic’)
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)spects

* CDF top mass measurement

already more precise than the .
y . p CDF Top Mass Uncertainty
goal set 1n 1996 (l+] and l+j channels combined)
10 1
. o] 1’ 2" 41" 8fb”
* All-hadronic channel not > \ % i
included in the prediction on O
right 8
o , , o Y CDF Results ¥ gy
% prediction will be even more precise = 11 "o, Y14
ith i + Runll | (TDR 1996
with it a A e pomb )
{— Scale a(stat) /L, Fix a(syst)
. . ] (assumes no improvements)
* We are working to improve s i AR
sophistication of systematic e O O e eererrs
eITOrS 10° 10° 10°

Integrated Luminosity {pb'1}

Tuula Miki Europhysics Conference on High Energy Physics, July 19"-25" 2007 26



* Top quark mass is an important

parameter in Standard Model
% Places constraints on SM Higgs

1 I ] ] 'I ] I ) I
1-- LEP1 and SLLD
80.5 1-- LEP2 and Tevatron Run I (2000)
68% CL
S
(4b]
O, 80.4-
=
=
80.3 -
150 175 200
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* Top quark mass 1s an important

parameter in Standard Model
% Places constraints on SM Higgs

* Excellent results from all decay

channels
* Combined CDF top mass (~1 fb”):

M,,=170.5+1.3(stat.)+1.8(syst.)

* New top mass results using 1.7-

of data coming soon

GeV /¢

2.0 fb

{1 —LEP1 and SLD
80.5 1 — LEP2 and Tevatron (prel.)

68% CL

475 200
M, [GeV]

Tuula Miki Europhysics Conference on High Energy Physics, July 19"-25" 2007 28



