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Top quark mass

mass, GeV

Top quark is the heaviest known elementary

particle

Top quark mass is not predicted by SM

Can constrain SM Higgs boson mass
“* Important contribution in radiative correction of W

** Important test of SM
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Lepton+Jets channel, Matrix Element

« 5.6 fb"! data — 1263 events [ mm——

< We have additional NN based selection - — ramm
beside topology based selection e e
+ Transfer function was parameterized by ™~ -
eta and jet mass for bjetand lightjet ~ . 7T
* In situ JES calibration 13— !
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Result
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This is the best individual top mass measurement
in the world to date

173.0 £ 0.7(stat) = 0.6(JES) =+ 0.9(syst) GeV/c?
=1730 I |2 GeVlc:

ICHEP 2010 @ Paris, Hyunsu Lee,  The University of Chicago 4




AJ ES (G)

-0.2f

-0.6H

Th

Systematic

Uncertainties

CDF Run II Preliminary, 5.6 fb™

0.85

Systematic source

Systematic uncertainty (GeV/c%)

0.61
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Calibration 0.10

MC generator 0.37

ISR and FSR 0.15
Residual JES 0.49

b-JES 0.26

Lepton Pr 0.14

Multiple hadron interactions 0.10
PDFs 0.14

Background modeling 0.34
Color reconnection 0.37
Total 0.88

V/c 25
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173.0 £ 0.7(stat) = 0.6(JES) £ 0.9(syst) GeV/c?
=173.0 £ 1.2 GeV/c?
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Lepton+jets and Dilepton, Template Method

« 4.8 fb'data— 977 Lepton+jets(LJ)
344 Dilepton(DIL)

* Fully three dimensional PDF using three o

observables in LJ

% 3" observables is reconstructed mass using oot
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— M, = 162 (GeV/c")

e Mtop=1?2

2
— M, = 182 (GeV/c))

(GeVIc?)

kinematic fit with different combination of jet foo 70

to parton assignment (2"9 best fit)

* LJ only measurement

*172.0 =+ 1.5 GeV/c?

«» Complement technique, consistent result

« Simultaneously use LJ+DIL
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300 350
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171.9 + 0.8 (stat) £ 0.8 (JES) £ 0.9 (syst) GeV/c?
=171.9 + 1.5 GeV/c?
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Continue — Dilepton channel alone

 Two observables taking into account

il opicn. tagged 5ignal probatdl vy Illlw = 1780 G

correlation 3 I:”

< Reconstructed mass and m, R ‘ =

* Interesting observable m-, - T

< Quantity of transverse mass in two missing  _, -
particle system

1060 120 140 180 180 po0 | p20 240

mi™E (Gelic’)
% Originally introduced to measure the mass i
of new physics particles

A. Barr et. al., J.Phys.G 29 (2003) 2343
% CDF use m, in real data first time
Phys.Rev.D 81 (2010) 031102

LJ : 172.0 + 1.5 GeV/c? :
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170.6+ 2.2 (stat) £ 3.1 (syst) GeV/c?
=170.6 £+ 3.8 GeV/c?
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All jets channel, Template Method

| EtaMomvsEtQ |

2.9 fb-1 date, template method E
Two dimensional template wE e

*»» Reconstructed top mass and
reconstructed dijet mass

NN discrimination to reduce
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dominant QCD backgrounds COF Run I Prolminary 2 1)
% Jet shape to discriminate gluon + o
jet from quark jet ; B ritea

Fitted Bkg
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Ejet Ntower — J?jet
T

Events/(0.01)

#*/Ndof =14.4/15
Prob = 0.493

* 1btag S:B=1:4 (3452 candidates)
% 2btag S:B=1:1 (441 candidates)

I
09 0.95 1.05

174.8+ 1.7 (stat) £ 1.9 (JES+syst) GeV/(:2
=174.8 £ 2.7 GeV/c?
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CDF Combination and future

CDF Top Quark mass (*Preliminary)

All-hadronic
(Run ) 186.0+10.0+ 5.7
@
Dilepton
(Run I) 167.4+10.3+4.9

Lepton+jets

(Run I) 176.1£ 5.1+ 5.3

. —_— e —
Dilepton

(4.8 1Y 170.6+2.2+ 3.1

Lepton+Jets (Lxy+lepton pT)
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Q=
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(5.6 Y 173.0+06+1.1

All-hadronic

(2.9 b 1748+1.7+1.9

CDF Summer 10 173.1+ 0.7+ 0.9

-1
(up t0 5.6 fo™) (stat.) + (syst.)
x?ldof = 3.8/6 (70%)
| | | | | |
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M, (GeV/c?)

A M(total) GeV/c’

« Better than luminosity increase
« Current precision = 1.2 GeV/c?
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- CDF Top Mass Uncertainty
(projection from 680 pb™)

- 1fb" 2fb" 5fb" 10 fb"
I l
Y 4

T _u!* 47/4!?79/
" ¥ CDFResults " ’
- N Run lla LJ goal (TDR 1996)
- A(stat) scales as 1NL, A(syst) fixed
e A(total) scales as 1NL
N AM/M, = 1%

L1 | Lol | Lol

10? 10° 10°

Integrated Luminosity (pb™)

~0.67 %
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CDF Combination and future

CDF Top Quark mass (*Preliminary)

All-hadronic
(Run ) 186.0+10.0+ 5.7
@
Dilepton
(Run I) 167.4+10.3+4.9
@
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* '_.—_'
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y2/dof = 3.8/6 (70%)
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b CDF Results
N Run lla LJ goal (TDR 1996)

A(stat) scales as 1NL, A(syst) fixed

SEEETETERE AT A(total) scales as 1NT
.......... AM,/M, = 1GeV/e?

1o 1 Lol 1 N
102 10° 10°
Integrated Luminosity (pb'1)

« 1GeV/c? precision might be
possible without any improvement
at 10 fb
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Tevatron Combination

Mass of the Top Quark (*Preliminary)

. ®
CDF-I di-l 167.4+10.3+4.9
®
DO-I di-I 168.4+12.3+ 3.6
. ———
CDF-Il di-l 1706+2.2+ 3.1
. . ——
DO-11 di- 174.7+29+24
—————
CDF-I I+ 176.1£5.1+£5.3
—_———
DO-I 1+ 180.1+ 3.9+ 3.6
. @
CDF-Il 14 173.0£06+11
. . - -
DO-I1 1+ 173.7£08+ 1.6
®
CDF-I all-j 186.0+10.0+£5.7
. e ——t
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CDF-II trk ¢
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175.3+£6.2+3.0

173.3+£0.6+0.9
(stat) + (syst)

y2/dof = 6.1/10.0 (81%)
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experimental errors 68% CL:

LEP2/Tevatron (today)
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80.60

80.50
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80.40

80.3
SM
MSSM

80.20 B both models
B Heinemeyer, Hollik, Stockinger, Weber, Weiglein *107]
C_1 | | | | | 1 | | | | | | | 1 | | | | | | | 1
160 165 170 175 180 185
m, [GeV]

World average = 173.3 + 1.1 GeV/c?
~0.61 % Precision

All results are consistent each others
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Global EWK fit and Higgs constraints
LEP Electron Weak Working Group July 2010 Update

http: //Iepewwg web. cern ch/LEPEWWG/

6 Jul m; 158G V : : | : .
1 A - / . 1 —LEP2 and Tevatron (prel.)
5] —ozga;jsgio.oooss : ] 80.5 ~~LEPTand SLD
. %} . 0,02749:0.00012 [f 68% CL
4- % 4 incl low Q? data [ . ~
] 3
x - — e
=3 80.4
. =
- | €
1- — 80.3
0 | Excluded W Preliminary_ 1 (
30 100 300 150 175 200
m, [GeV] m, [GeV]

m, =89 GeV/c® m, <158 GeV/c* (95% CL)

m, <185 GeV/c® (95% CL)
With direct limit from LEPII
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|s top mass same with anti top quark?

 Measured top mass precision allows us to test the mass
difference top and anti-top quark

» (Good test of possible CPT violation
% CPT violation has not very well tested on bare quarks
“* Most of test was done for relatively low mass particles

< DO 1fb-! measurement using ME technique
AM = 3.8 + 3.7 GeV/c?

 We use template technique in the lepton+jets channel

0.12- — AM, =-10 (GeVic?)

5 o vl o---- AM =0 (Gevic?)
N Cha
C S AM,_ =10 (GeVic?)

o
—
|

o
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o
|
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0.06
ﬁ:n“m;?i « ’ 0.04/—
= 3 0.02—

1 v e b by b by
-150 -100 -50 0 50 100 150 200 —

nNO
QT T T [T T T [T T T TT1
Q_

ICHEP 2010 @ Paris, Am,,, (GeVic)



MC calibration

Results

CDF Il Preliminary

,__Residuals: Otag+tagged 160
> F &1 ndf 11.16 /10 @ CDF Data (561"
%' 1.5C Prob 0.3453 1401 . Background ]
- p0 10.05801+0.09662 | | Vo \
; 1 S 120 {6, -oceve) f o\ & Mreco ta0gEd
2 05 + ] '} O 400l []f(aM,, =-4 Gevic?) /¢ |
£ Oi I I + + + .l E ]
-0.5C ! T + + } E 50
- T 60—
-1: @
-1.5§ u>J 40—
BT I 5 '1|o'2 20
A My (GeVie') 950 -100 -50 0 50 100 150
.y Am, (GeVicY)
e ~ 20 deviation from Standard Model rece
-3.3 £ 1.4 (stat) = 1.0 (syst) GeV/c?
=-3.3 + 1.7 GeV/c?
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Why top quark width ?

 ltis intrinsic parameter of SM
“* Very precise estimation using NLO calculation (~1% precision)

o of . .-wﬁ.-):( ,,.-w;—,,-)[  2a (zwf _f)}
L l,(| m? I +-m;“ | dm\ 3 2
% 1.4 GeV at M, = 172.5 GeV/c?

« Deviation from SM indicate new physics
% Charged Higgs decay, FCNC, and other exotic models

b c dors
t t t

top quark decay top quark decay top quark decay
« Resolving Top quark life time

T =— Short life time (decay before hadronization)

ICHEP 2010 @ Paris, Hyunsu Lee,  The University of Chicago
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How we can extract top width?

Entries

HEPG top mass Reconstructed top mass
0.2 R T - T=15GeV
- - 0.02f _ T=10.0 GeV
015:_ Ftop = 1.5 GeV - !
- % oots- 4 % [=20.0 GeV
o —_ (4v]
ol Ip =10.0 GeV g
i a ooif
i I'  =20.0GeV :
0.05] top
L 0.005
o L A
% 100 150 200 250 gbo T , %0
hepg M,(GeV/c") mie°(GeV/c")

Lepton+Jets channel

« Top width can make different shape of reconstructed
top quark mass (RMS)

 After detector response, the effects were smeared but
still we have information about top quark width
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Results

—— data fit

r?wgas. (GeV) 10
* Insitu JES calibration using 2D template (m;¢°, Wj)

 First direct lower bound (68% CL) was set

Liop < 7-4 GeV @ 95% CL

0.3< I}, <4.4GeV@ 68% CL
1.5 € 8< Ty, < 2.2 €724 8< Tpq ®3.3 €724 S
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Conclusion

* 0.67% (0.61%) precision of top quark mass from
CDF(Tevatron)
My, = 173.1 + 1.2 GeV/c?* ,CDF Comb.

M, = 173.3 £ 1.1 GeV/c?, Tevatron Comb.

* 1% resolving and observing approximately 2o deviation
(but, still consistent) of the mass difference from CDF

AM. =-3.3 £1.7GeV/c?

top

» First direct lower bound of top quark width from CDF
0.3<I, <4.4GeV@ 68% CL

top

ICHEP 2010 @ Paris, Hyunsu Lee,  The University of Chicago
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Backup
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Top quark decay

« Pair production is predominated

W+ b
 ~100% decay to W boson plus b quark \/’
» Decay topologies rely on the decay of 0 N ;E_.p
W boson t
% two jet (70%) or lepton and neutrino (30%) _ ‘/\ W
1 b '

2 Totalnclastic Important to look all channel \ ‘\
11 - mb ** New physics would make different Y g
" phenomena for different channel .

10" L b
o L «0 Challenge for mass measurement
400
5o ‘ < Up to six jet - Jet energy scale, jets to parton
% e - ® assignment

_,;E_"“‘-——————____ % Up to two neutino — Missing energy — Event
"l 1iggs (& + W reconstruction
L R o ase oy 2 % Large QCD backgrounds
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displaced
tracks
Secondary
vertex

Prlmary .

T

prompt tracks

b-tagging

* EX) lepton+jets channel
*» 24 (0-btags), 6(1-btags), 2(2-btags)

B hadron can be identified by long
displacement

b tagging reduce # of jet-to-parton assign.

b tagging improve signal to background

ratio significantly — 40% effi., 0.5% fake

Sample Di-lepton Lepton+-jets All Hadronic
(e,u) (e i) NN selection
0-b-tags S/B 1:1 1:4 1:20
1-b-tags S/B 4:1 4:1 1:5
2-b-tags S/B 20:1 20:1 1:1
Events in 1 fb™! 25 180 150 (2 b-tags)
(= 1 b-tag) 4

Z
(===




Jet energy scale

0.1

-a,. LN A L B L B B T LA L B I B B B B I ]
c F Systematic uncertainties. Cone 0.4 1
_E 0.08 ;. Quadratic sum of all contributions ~ —]
3 - ‘,‘ === Absolute jet energy scale 1
e 0061— " v =+ Qut-oi-Cone + Splash-out —
= — ". Relative - 0.2<Inl<0.6 7
:.% 0.041— .‘0, -+ Underlying Event 1
E - P ., —
= e,
02— e —
> T, ]
n 7] S T e ey S P 1
E _' """"""""""""""""" :
c = -]
B N e -
S 004 -
0.06 |— —]
- . -
-0.08 —
5 ]
0. U v v v v by vy e v b b b by oy 5 7

20 40 60 80 100 120 140 160 180 200
Corrected jet P; (GeV)

=
P
e

Measured JES uncertainty

=
o
~I Te\

aS

Lepton+jets : 1.0 GeV/c?
%j Dilepton : 2.9 GeV/c?

(CDF 4.8 b, template method)

=1
O
o .J/

] I
LIPS :I_Jlr. |

event
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Measurement technique (Matrix element technique)

Try to extract as much information as possible from every
event using theoretical prediction for ttbar production and
decay

Integrate over unknown parton energies given a
measured jet energy

For each event, we calculate probability to be ttbar with

certain mass MtOD (aISO JES)‘I’ranSfer function between parton

and detector response

JES) o j ME xTF x PDF._

ttbar Matrlx element Parton distribution
function

Background probability is also calculated using
background matrix element

Perform the likelihood fit using event probability
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Measurement technique (template method)

» Identify variables X sensitive to M,,, (or JES)

 Using MC, generate signal distribution of X as a function of
Mo, (Or JES)

« Parametrize templates in terms of probability density function

then assign the probability for certain mass and JES
Reco. Top Mass (1-tag(T)) Reco. W Mass (2-tag)

0.14— CDF Run Il Preliminary
[ M_:
C top
< fele. [ 145 Gevic? <
> 0t [ 165 Gev/c? >
(5 C 2 o 7 ]
o Buos| P(X;M,,,, AJES)
.5 0.06:— -.§. Op
© C 2
= 0.04- £
0.025
o- 10‘ 150 200 250 300 cb 20 40 60 80 100;120 140 160
mreeo(GeVic?) m,(GeV7e )
i, fit i, measy 2 D*f“ o U"_r‘r:eas)?
. 2 {PT Pr ) ( b
Event reconstruction | X~ = Zi=tjets 72 +Zjegy— 72
L] . ?' :Ir
mn the lept0n+JetS (ﬂrj—rjj . i,wufw)z (ﬂffy - ﬂfﬁ-")z (ﬂjbjj . m;’cco)? (ﬂrfb.fy _ mieco)?
2 T2 + 2 + T2
W W t i

~+ Construct likelihood based on probabilities 24



Dilepton channel, Matrix Element

« 2.0 fb"! data, Matrix element method COF Runi Preliminary 2.0/
-E-’ WMTMW
» Event selection was optimized for top L%’oz' D
: 10°F [ PASTITRE
guark mass measurement using NN : Do
« More sensitive analysis than template _ a "]
method 1o -
Ij; - . "”80 1E
o . 2703 04 05 06 07 08 09 1
0 - 60 | Neural Net Output
':15'5;"1'6(':"1'65"'1'?6"1'?5"1’30"1’35"ij'?f'f'g’? o mf,;,,té;lw;z)

171.2+ 2.7 (stat) £ 2.9 (syst) GeV/c?
=171.2 £ 4.0 GeV/c?

ICHEP 2010 @ Pairis, Hyunsu Lee, = The University of Chicago 25



M5

Introduced to measure the mass of

new phySiCS particle) |Vr:rbff’frmfsmm
“* Most of new physics predict long-live /
stable particle — dark matter candidate
. . . . . SeEEEEE Ill.'* QrEEEEEEARLR
“* We expect missing particle at the final ‘:
state
“ If we consider pair production of new frf |
physics particle, it will have two Invisible
missing particle e

Top dilepton channel have exactly M+, = Min[max(M-y,Myx)]
same final state gr+py=missing p;

Alan Barr, Christopher Lester and Phil Stephens

[ Phys. G Hucl. Tart., Phys, 29 (2003 234325623
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Event Reconstruction

« We modified nominal kinematic fitter to get mass
difference

(pg:fit B jjé:-rneas)g . ([*jfit _ L,T;j?lﬂﬂﬂ)ﬁ
‘5"1'2 =,y "Tf
(Mj; — Mw)* | (Mg — Mw)?
2 2
[y Iy

(Mp;j; — (1725 4+ dMyeeo/2))*  (Mpey — (172.5 — dMyee0/2))?

2=t 4jets

+ —+ ;
I2 I'?
&?TE-I‘EED — _Qzﬂptﬂﬂ >< {]:\ "',-TE'EI:"

« This variable is corresponding to top quark mass minus
anti-top quark mass in reconstruction level
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