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Motivation of W and top mass measurements

 Masses are not predicted and should be measured!!

« Radiative corrections of W boson due to heavy quark (top)
and Higgs loops (and some new physics particle)

 Indirect determination of Higgs boson mass

« Comparison with direct observation can be important test
of SM
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W boson mass (M,,) measurements
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W boson production at the Tevatron

Quark
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Event
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Lepton
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Quark-antiquark annihilation dominant (80%)
* Lepton p; carries most of W mass information ———
< Should be measured very precisely (0.01%) Faceorye: ool

 |nitial state QCD radiation is order of 10 GeV, soft
hadronic recoll in calorimeter
% 0.5-1% precision
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CDF detector

EM calorimeter

EMD WALL
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CAL.

provides precise E‘_f’:i
electron energy
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Calorimmeters measure
hadronic recoil particles
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DO detector

Highly-segmented. stable
Uranium-+liquid Argon
EM calorimeter provides
precise electron energy
measurement

Silicon and
Scintillating fiber
trackers provides
precise lepton track
position measurement

Calorimeters measure
hadronic recoil particles
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Electron energy scale at DO

Z — e e events provide

e bt « Correct for low-energy non-linearity

“* Energy loss due to upstream dead material
“* Modeling of underlying event energy flow
* Electronics noise and pileup

Underlying
Event

 Straight-line model for calorimeter
“ Using Z — ee with known Z mass from LEP

E > DO 4.3 fb"
O ol Eneasured = scale « (Etye — 43 GeV) + offset + 43 GeV
£ 019  Calibration procedure checked with
L L<0.72 closure test performed with GEANT
0.075 0.72<L<1.4
© 14<l<22 pseudo-data
= L}zzj,,.,J,...llu.lLH:
%7101 102 103 104 105
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/Z — ee data at DO
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m(Z) = 91.193 + 0.017 (stat) GeV _
« (Good agreement between data and parameterized Monte Carlo
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CDF electron and Muon measurement

« A complete detector simulation of all quantities measured
In the data
¢ Tracker Calibration
dAlignment of the drift chamber tracker using cosmic rays

dTrack momentum scale and non-linearity constrained using
J/W¥ - pupand Y - pu mass fits

dConfirmed using Z — uu mass fit

*» Electromagnetic Calorimeter Calibration

AFit the E/p spectrum which transfer drift chamber momentum
scale

QConfirmed using Z — ee mass fit

+** Hadronic recoil modelling
Use pr balance in Z — 1
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events / 0.5 GeV

Z — uu and Z — ee Mass Cross-check at CDF

f L df=22fb"

4000

2000

M, =(91180+ 12, ) MeV

x2/dof = 30 / 30

Muon
channel

110
m,, (GeV)

events / 0.5 GeV

1000

500

%

f L dt=2.2 b

0

" M, = (91230 = 30_,_) MeV

v2/dof = 42 / 38

Electron
channel

With modeling of track momentum and calorimeter
energy, we perform the Z mass fit for the confirmation

Results are consistent with PDG value
M, = 91188 + 2 MeV
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W mass fits at DO (4.3 fb1)
p.(e)

~ 70000
G 60000

< 50000
§ 40000
E 30000

20000

* Fit result * Fit result
e My, =80371+ 13 MeV (stat) e My, = 80343 + 14 MeV (stat)
Combined result Phys. Rev. Lett. 108, 151804 (2012)

My, = 80367 + 13 (stat.) + 22 (syst) MeV/c?
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W mass fits at CDF (2.2 fb1)

my fit deth.Zfb* my fit det=2.2fb‘1
£ 15000 o
s L Muon S Electron
10000 —
£ channel -l channel
3 o

10000—

My, = (80379 = 16_,_) MeV 50007~

i M,, = (80408 = 19_,_) MeV
5000—

x?/dof = 58/ 48 x?%/dof =52/48

A -

% 70 80 90 100 %o B - T 100
my(uv) (GeV) m,(ev) (GeV)

pr(w) fit : Er(e)fit:
My, = 80348 + 18 MeV((stat.) My, = 80393 + 21 MeV(stat.)
Neutrino transverse momentum fits are performed in both

experiments for the cross-check

Combined result Phys. Rev. Lett. 108, 151803 (2012)
My, = 80387 + 12 (stat.) + 15 (syst) MeV/c?
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Uncertainties

Uncertainty DO CDF

Lepton energy scale/resolution/modelling 17 7 Largely Stat. in
Hadronic recoil energy scale and modeling — [ origin — reduced
Backgrounds 2 3 with large sample
Parton distributions (PDFs) 11 10 Largely Theory in
QED radiation 7 4 —> origin —need
pr(W) model 2 5 Somfeggggs to
Total Systematic Uncertainty 22 15

W -boson statistics 13 12

Total Uncertainty 26 MeV | 19 MeV

PDF may be a single dominant uncertainty in the full data
set measurement
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Combination of W boson mass measurements

Mass of the W Boson

Measurement i M,y [MeV]

CDF-0/I = ; ® ' 80432+ 79
DE-| ——e—— 80478+83
DIl rom) —o— 80402 + 43
CDF-ll @2m) -—:.—- 803387 + 19
DO-Il  @3w + 80369 + 26
Tevatron Run-0/I/1l ..,.. 80387 = 16
LEP-2 '—.'I—' 80376 + 33
World Average -O- 80385+ 15

arXiv:1204.0042

| ! ! ! i J ! ! ! |
80200 80400 80600
My, [MeV] March 2012
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Scope for full data-set measurements

2-5 bigger data samples are available in both experiments

Most of the systematic uncertainties can be scaled down
with data statistics
** PDF is not the case unfortunately

PDF uncertainty would be a crucial source for the precision

New electroweak measurements at Tevatron and LHC can
further constrain PDFs

**» W boson charge asymmetry

** Z boson rapidity distribution

“* W — lv lepton rapidity distribution

“* W+charm production

K/

% ...

AM,y, below 15 MeV in each experiment and below 10 MeV
from Tevatron may be possible

Higgs and Beyond @ Sendai, Hyun Su Lee, Ewha Womans University
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Top quark mass (M,,,) measurements
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Production

Decay

t—bW ~100%

op quark production and decay at Tevatron

Pair production Single top production
\q \ . g t/ . >
~85% /OQgQ( Vs .3/
a i / W B . / %
~75 pb ‘ S -
///9 ' & ~3&_
~15% 74 /
15% ¢ \(”()Q() s channel~1 pb t N
N N channel~2 pb
< N
Lepton+Jets Dilepton All Jets
00000 1010104 v': ) r v:’ _
a t _ a t o ¥ q UNy a
34% 7% 44%
Hadronic tau : 15%




Jet energy scale (JES)
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£ Systematic uncertainties. Cone 0.4 ]
_E 0.081- A Quadratic sum of all contributions ]
o s === Absolute jet energy scale =1
g 0_06 + = Qut-of-Cone + Splash-out -
=] -~ Relative - 0.2<in|<0.6 .
:.g 004 <o+ Underlying Event 1
m —4
E ;
O 002 TR —
> .
o of L S A S ]
= - e e o D T D -]
: = “.‘ o ™
S 002 [ e L LTI T .
s F —
w 004 — g
-0.06 |— —
-0.08| —
0. ] [ L1 c b by by b by by .
20 40 60 80 100 120 140 160 180 200

Corrected jet P; (GeV)

v P .
¢ Measured JES uncertainty
p -—-;%\*;“17
b0 AW , . ,

2l a&;\: Dilepton : 2.9 GeV/c

(CDF 5.6 b, template method)

Lepton+jets : 1.0 GeV/c?

unde {(’mg

cvent
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max

DO dilepton channel

Source Uncertainty (GeV)
Jet energy calibration

 Matrix element method 5.4 fh-1
Phys Rev. Lett. 107, 082004 (2011) *

Liod/L

5 » — Overall scale
i DO 5. 4fb % DO 5. 4fb i Flavor dependence
£ 150} | Residual scale
Hi | g Signal modeling
w ISR/FSR 0.4
‘5 100 Am, Data | Color reconnection 0.5
05. g Higher order effects 0.6
£ cnl b quark fragmentation 0.1
g 50 PDF uncertainty 0.5
Object reconstruction
0l —ste—ens i N TS Muon pr resolution 0.2
i60 170 180 = 190 92 1.6 1.8 Electron energy scale 0.9
m, (GeV) Am, (GeV) Muon pr scale 0.2
2 Jet resolution 0.3
174.0 = 1.8 (stat.) £ 2.4 (syst.) GeV/c Tt idontification 03
. Method
D | | e pto n Calibration 0.1
Template statistics 0.5
* Template method + JES calibration Tota systematic eerEaey E

derived from lepton+jets

174.0 + 2.4 (stat.) + 1.4 ) GeV/c?
0% 2A4(stat) = LA(Syst) GeVIEs by s, Rev. D 86, 051103 (2012)

e Combine two results
M,,,=173.9 + 1.9 (stat.) £1.6 (syst) GeV/c?
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CDF lepton+jets with full data set

‘ Lepton+Jets \

requirement
Improvement

“» Employ neural network jet energy correction
* Include O-tag and loose 1-tag sample

8.7 tb1

8.7 fb1 data — 3989 candidate events

>
*» Five categories based on b-tagging and jets §150_

250

“©200

| * Data (8.7 o)
Signal+Bkgd

i G S

T P e

200 250 300
mee® (GeV/c")

“* Obtain approximately 25% additional gain in statistical precision

Template method
* Three variables : two of mass terms and one hadronic W mass (in situ JES

calibration) from kinematic fitter
* Most precise single measurement at the Tevatron

M

top

Phys. Rev. Lett. 109, 152003 (2012)

Higgs and Beyond @ Sendai,

Hyun Su Lee,

Ewha Womans University

350

=172.85 +0.71(stat.) +0.85(syst.)=172.85 +1.11 GeV/c?
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CDF lepton+jets with full data set

Leptc Source Systematic uncertainty
Residual jet energy scale 0.52 -
e 8.7 fb Sienal ‘]l‘l‘ i e « Data (8.7 o)
. . & lgllrl lll(_)( c lllg . (‘)."_)() S|gna|+Bkgd
“* FIV] Higher-order corrections 0.09 77 Bkgd only
req b jet energy scale 0.18 Tagged
* Imprc b t.aggiug <‘3ﬁ.icicnc.\' o ().():%
“ E Initial and final state radiation 0.06
204 . - . . . I
* EM Parton distribution functions 0.08 W vetasan .,
. , e . 250 300 350
% Inc|] Gluon fusion fraction 0.03 (GeVic)
< Obl Lepton energy scale 0.03 on
. Tem Background shape 0.20
P Multiple hadron interaction 0.07
“* Thil Color reconnection 0.21 bs (in situ JES
call MC statistics 0.05
T P T e = ) &5
e Most Total systematic uncertainty 0.85

M, =172.85 +0.71(stat.) £0.85(syst.)=172.85 £1.11 GeV/c?

Phys. Rev. Lett. 109, 152003 (2012)
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No lepton, Missing energy, jets with full data set

MET+Jets

8.7 tb1!

 Full Event Reconstruction

% Use kinematic fitter
% Only single W is missing

O Overconstrained system

« Template method

< Two reconstructed top masses

and dijet (W) mass
** In situ JES calibration

arXiv:1305.3339

M

top

e Data

1tag MET+Jets: 4 jets

\

yYdof: 24.64/21

0
100 200 300 400

mieee (GeV/c?)

=173.93 + 1.85 GeV/c?

W

W

+

e ;T
®
—
Ve,Vu, Vg

q
0/

o

Events/(16 GeV/c?)

(2}
o

n
o

N
o

VB\A missing W

CDF Il Preliminary (8.7 fb'ﬂ) 7
e Data

2tag MET+Jets: 4 jets

¥2/dof: 16.95/19

100 200 300 400
miece (GeV/c?)

= 173.93 £1.64 (stat.+JES)+0.87 (syst.) GeV/c?
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What mass? Pole, MS, or ... ?

* Measured M, corresponds to the mass implemented in the

simulation (M)

(MMC ~ Mpole??)

Extract mass from cross section measurements

T T 1% I IV 2L ,'I 1T 1 I T

I

III]IIIII

DO, L=5.3 fb

Lepton+Jets

.
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.
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.
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.
.
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‘e
-
-
.
e
. N
.
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-
-
e

'.._:.
»

e
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—e— Measured o(pp— ti+X)
—— Measured dependence of ¢

..
Rl T
-
.........
-----
LT

—— Approximate NNLO
NLO+NNLL
1 1 1 l 1 1 1 l L L : B | l 1 | I | I 11 1 1 l 1
150 160 170 180 190

Top quark pole mass (GeV)

Pole Mass
Theoretical prediction | mP™'® (GeV) AmP* (GeV)
MC mass assumption |[mM© = -m.f*”l“ mMC = m{”ﬁ
NLO [12] 1648725 —3.0
NLO+NLL [13] 166.5753 —2.7
NLO-+NNLL [14] 163.0751 ~33
Approximate NNLO [15]| 167.5%52 —2.7
Approximate NNLO [16]| 166.77;2 —2.8
MS Mass
Theoretical prediction -m.f‘? (GeV) .-'_\-m.{"ﬁ (GeV)
MC mass assumption |m}C = mP™ mMC = m}s
NLO+NNLL [14] 154.555% —2.9
Approximate NNLO [15]| 160.0%35 —2.6

Phys. Lett. B 703, 422 (2011)
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Combination of top mass measurements at Tevatron

* A joint CDF and DO working group

Mass of the Top Quark

performs the combination of top March 2013 (*preiminary)
guark measurements o
. ®
D@- dilepton 168.40 12,82 (+1230+ 3.60)
¢ Using Best Linear Unbiased - - -
CDF-II dilepton 170.56+3.79 (+2.19:+ 3.00)
.
Estimator (BLUE) D@-1l dilepton e osare s i
. —_———
CDF-I lepton+jets 176.1047.36 (£5.10+5.30)
. 2 D@-| lepton+jets 180.1045.31 (£3.90+ 3.60)
M, =173.20 + 0.87GeV/c ]
p CDF-Il lepton+jets 172.85+1.11 (£0.52+ 0.98)
& . = -
Q‘O(\"\ DG'“ |ept0l1+jetS 174.94 +1 .49 (£0.83 + 1.24)
& ) P
§ < March 2013 CDF-I alljets 186.00+11.51 (+10.00+ 5.70)
T o5 Preliminary ) ——
£ CDF-II alljets 172.47+2.07 (+1.43+ 1.49)
E Full Tevatron o
c 04 Run II data set CDF-Il track 166.90£9.46 (£9.00+ 2.90)
[=]
o —e—
- CDF-Il MET+Jets *
T 03— © . 173.95+1.85 (£1.35+ 1.26)
> o °
g arXiv:1305.3939 T |
2 02l o‘"\\\ < Tevatron combination 173.20+0.87 (:05150.71)
.; . \‘b éx \\0@ . (= stat = syst)
£ 00@ Q@\e § € . ¥Pidof = 8.5/11 (67%)
E 0.1 N *QPQ \\0'90‘\ \@Q‘@o g\e‘? oox\z‘ .\QQ\PO & ‘_o“ | | | |
N oy X < S d\e\ \\eq‘ X »d? &\eﬂ
- & & P 0 150 160 170 1 82 190 200
> 0
S Analysis Mhop (GeVich)
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Outlook of final words from Tevatron

* A joint CDF and DO working group

Mass of the Top Quark

performs the combination of top March 2013 ( pretminany)
CDF-I dilepton 167.40 £11.41 (£10.30+ 4.90)
quark measurements _ .
D@-1 dilepton 168.40 +12.82 (+12.30+ 3.60)
o : : : |
% Using Best Linear Unbiased COFldiepien = — 70565370 camesos
Estimator (BLUE) D1l dilepton e iare sames e
. —
CDF-I lepton+jets 176.10£7.36 (25.10+ 5.30)
2 D@-1 lepton+jets 180.1045.31 (£3.90+ 360)
oM., < 0.8 GeV/c I |
p CDF-Il lepton+jets 172.8541.11 (£0.52+ 0.98)
¢°°"\E~ D@-Il lepton+jets I 174.94+1.49 (20.83: 1.24)
»*
5 & CDF-l alljets 186’00111.51 (+10.00:+ 5.70)
E | [
3 °° With reduced CDF-Il alljets ¥ 172,47 +2.07 (+1.43+ 1.49)
E [ ] o
S 0 systematic uncertainty CDF-I! track . 166905046 w900- 250
[=]
2 . -
T 03 8Mtop < 0.7GeV/e? CDF-Il MET+Jets 173.95+1.85 (41354 1.26)
KT N -
o Tevatron combination * 173.2040.87 (+05140.71)
5 0.2 (= stat = syst)
5 ¥/dof = 8.5/11 (67%)
S 01 o | | | |
I~ s 150 160 170 180 190 200
s ° Analysis Mop (GeVr‘cz)
Higgs and Beyond @ Sendal, Hyun Su Lee, Ewha Womans University




est of Electroweak Quantum Loops

= 80.5 1 1 I 1 | 1 1 1 1 I 1 1 I I | LI I 1 | I 1 1 Py I 1 I I
- - - . ! —
7 - [} 68% and 95% CL fit contours my" Tevatron average + -
g B w/o M,, and m, measurements d 7
E; 80.45 — 8% and 95% CL fit contours A
- w/o M, m and M, measurements ’ -
— 1 - —_
— world average + 1o =

80.4 i ;
80.35 — ]
80.3 — —
80.25 |- .7 . —
- & ' fitter|sff -
_"I" ] 1 ] ] ] ] ] ,'1' ] ] 1 I'" | I 1 ] | 1 ] ] ] | ] ] 1 1 B
140 150 160 170 180 190 200
m, [GeV]
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M,, [GeV]

80.60

80.50

80.40

80.30

Current My, and M,

BE l T I I l I 1 I I 1 I I I I I I I 1 I I I T

-

experimental errors 68% CL.:
LEP2/Tevatron: today

M, =123 .. 127 GeV,
: MSSM

SM[M,, =127 GeV MSSM, M, = 123..127 GeV

SM, MSSM [

1 l 1 1 1 [ 1 1 1 l 1 1 1 l 1 1 1 l 1 1 1 I 1

Heinemeyer, Hollik, Stockinger, Weiglein, Zeune '12

168 170 172 174 176 178
m, [GeV]
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Future with half uncertainty?

80-60 I 1 1 1 I I 1 1 l 1 I 1 ] I 1 1 ] 1 1 I I 1

- experimental errors 68% CL.: )

LEP2/Tevatron: today i

I M, =123 ..127 GeV, |

80.50 — . ¥ -

| MSSM|

=) s .
()

O, . .

= i i
=

MH =123 GeV -

80.30 | °MIMy =127 GeV MSSM, M, = 123..127 GeV. 1

i SM, MSsm T |

Heinemeyer, Hollik, Stockinger, Weiglein, Zeune '12
—l l 1 1 1 J 1 1 1 l 1 1 1 l 1 1 1 l 1 1 1 l 1 1 ]

168 170 172 174 176 178
m, [GeV]
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Summary

My, and My, are very interesting parameters to measure with
Increasing precision and have been measured precisely at Tevatron

Tevatron combinations are
M,, = 80387 + 16 MeV/c2
< World average of M, = 80385 + 15 MeV/c?

Moy = 173.20 + 0.87 GeV/c?

New global electroweak fit M;; = 94757 GeV/c? is consistent with
direct measured My~125 GeV/c? within 1 standard deviation

Precision W boson and top quark mass measurements are still
on going at the Tevatron

Higgs and Beyond @ Sendai, Hyun Su Lee, Ewha Womans University 31



Backup
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CDF lepton momentum scale

CDF Il preliminary r Ldt=22f"

o '
= r Scale correction = (-1.299 = 0.022) x 10°
<q Slope = (0.8 + 6.4) x 10° GeV
00012 _+_ CDF MUONS
| * 3 +-b¢_.d'_+i
0.0014|— 3+
i Jhy - pp data CDF Il preliminary rf_d.r-z.z b
N .
-0.001§, 02 ' 04 0.6 § I'P'.
<1/p,> ‘g1m_ . | App=(1.185:002_)x10°
) I I' 1 y2/dof = 48 / 38
1DWO_ I
. . . [ 1 "
With this p-scale measured Z=2 uu ! L—' \ {
mass is: 7 £ 12 MeV below PDG S000 e ™
T —s 70
Upsilon Mass
Higgs and Beyond @ Sendal, Hyun Su Lee, Ewha Womans University




CDF E/p modeling

CDF Il preliminary f Ldt=22fb"
s [ ipt
= :
ey a "
& 20000—
£ | 1
o i J v2/dof =18 /22
10000 — J
i 1
"I.t-'
T —
i . MMW
u --rr"_f L | |'\l" J L 1 L
1 1.2 1.4 1.6
E/p (W—ev)
Higgs and Beyond @ Sendal, Hyun Su Lee, Ewha Womans University



Systematic Uncertainties on my fit (MeV)

Source

CDF mr(w, v)

CDF mr(e, v)

DO mr(e,v)

Experimental — Statistical power of the calibration sample.

Lepton Energy Scale 7 10 16
Lepton Energy Resolution 1 4 2
Lepton Energy Non-Linearity 4
Lepton Energy Loss 4
Recoil Energy Scale 5 5
Recoil Energy Resolution 7 7
Lepton Removal 2 3
Recoil Model 5
Efticiency Model 1
Background 3 4 2
W production and decay model — Not statistically driven.
PDF 10 10 11
QED 4 4 7
Boson pr 3 3 2
Higgs and Beyond @ Sendai, Hyun Su Lee, Ewha Womans University
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B-tagging

« Top quark is almost always decay to a b quark and W boson

asaces ¢ B hadron can be identified by long
f:;z:"aw displacement of secondary vertex

« B tagging reduce the number of jet-to-parton

Prlmary 2

assignment
‘ « B-tagging improve signal to background ratio

prompt tracks *» Usual B-tagging efficiency~40% with 0.5% fake
Sample Di-lepton Lepton-jets All Hadronic
(CDF example) (e.ut) (e,n) 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)

Higgs and Beyond @ Sendai, Hyun SuLee,  Ewha Womans University 36




Measurement technique (Matrix element technique)

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

Integrate over unknown parton energies given a
measured jet energy

For each event, we calculate probability to be tt with

certain mass M top Transfer function between parton
and detector response

/
JES) o j/l\/lE xTF x PDR._

tt Matrix element Parton distribution
function

P(X: M

top !

Background probability is also calculated using
background matrix element

Perform the maximum likelihood fit to extract My,

Higgs and Beyond @ Sendai, Hyun Su Lee, Ewha Womans University 37



Measurement technique (template method)

Identify variables X sensitive to M, (or JES)

Using MC, generate signal distribution of X as a function of
Mop (O 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 0.1 4:_ CDF Run Il Preliminary
- Moy - JES:
0.12- = A2 =
< % 145 GeV/c? O @-3 o,
> of [ 165 GeV/c? > ot O-1cc
S 0.08" [ 185 Gevre? @ 0.08 Bic.
E’ L e L .3 G
500 2 0.06
© o N
£ 0.04 i 0.04
0.02 0.03
100 150 200 250 300

e

%20 40 60 80 100 120 140 160 180
oo 2 m (GeV/c?)
m{ec°(GeV/c") i

P(X; My, AJES)

« Construct likelihood based on probabilities

Higgs and Beyond @ Sendai,
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t and t mass difference

 |f CPT Is conserved, AM
should be zero (SM)

* We test this assumption by

measuring AM,,,

 We use similar technique
with mass measurements

I\/IE technique but

allow different mass

of top and anti-top

3.6 tb1

Lepton+Jets

top

eV
W
=]
=]
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[ ]t (0 Gevicy
Background

All
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and template fit

AM,,, = +0.8 + 1.9 GeV/c?
Phys. Rev. D 84, 052005 (2011)
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Kinematic reconstruction

AM,,, = -1.95 + 1.26 GeV/c?

Phys. Rev. D 87, 052013 (2013)
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