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aKkcnepumeHte CDF
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Top Quark Mass (GeV/c?)

History of the Top Quark Mass Measurements
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TagaTpoH n CDF

1.96 Tev » [MPOTOH-aHTUMPOTOHHbIE CTONIKHOBEHUS

>\Js =1.96 TaB
» ~10 fbt

N -
TS, can, o0 —
p soufce = p 3 Sk
P2 /[ Main Injector

‘e & Recycler

= —— iy —

;?-"3\3'5' - ..36x36 bunches

P * TpekoBasa cucrema
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Calorimeters ___=Muon chambers
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Tracking system



Reconstructed objects

Electrons:

- small hadronic energy

- isolated in calorimeter

- good EM shower shape
- well-matching good track

Muons:

- MIP in calorimeter

- isolated

- hits in muon chamber

- well-matching good track

Jets:

- cluster energy in cones of AR<0.4
- calorimeter signature must be inconsistent *<” ™
with electron signatures v
- b-tagging

displaced trock

Primary vix d

P et

-

. . & 'I.-’:Impact parameter
Missing Er: -
- energy imbalance in reconstructed event,

associated with neutrino
— .
Er=-Y Eb

muons

Hadran
Calorimeter

SecVix Tag Efficiency for Top b-Jets
Tight SecVix

Loose SecVix

- Top MC scaled to match data

E Only b-jets with nj1

TP IS IPIPP IPEPTP IPEPIPY PEPIPE IPAPr P

20 40 &0 -] 100 120 140 160 160
jet E, (GeV)
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Ton-kBapkK Ha TaBaTpoHe

IlapHOe poxaeHue

£ Total inelastic
=, 2
z 10
-
3 1* ° bb
g 6-10°
(T
107 - ub
W
1 4000
400
- nb
161° g
{f @
1612 b
q q
q t "
w+ W 10 N Higgs (ZH + WH)
-16
—, _ b t 10 100 120 140 160 180 200
q b g ; Higgs mass (GeV)/c2

One top pair per 10 billion inelastic collisions
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CUrHavsibHble coObITUS

Nal

(72}
S |3 |

._I_— -GJ E

5|2

£ 5|5

HEE
S |
'e T tau+jets
'S5 Q\ok muon+jets

N | .
'© S electron+jets
NP Tk ud cS

> Dilepton sample
- Two high-P; isolated leptons

- 2 Two high-E; jets

- Large missing transverse
energy

> Lepton+jets sample

- One high-P; isolated lepton
- >4 high-E; jets

- Large missing transverse
energy

> All-hadronic sample
- 26 high-E; jets



MeTop LabnoHoB

» BLIUMC/IATD /1S KXK0r0 COOLITHSA OLEHOUHYIO ITePeMeHHYIO,
pacripe/ieJieHue KOTOPOW UyBCTBUTEIHLHO K MtOp

> [onyunTs pacripefeneHns il CurHaaa ¥ (oHa
» OnpegennTs GYHKLUIO TIPABAONOA00Us
> TeCcTUpOBaTh B IICEBA0KCIIEPUMEHTaX MPOLIeAYPY U3MEPeHHs

> BBINOMHUTE (PUT JaHHBIX

£0.024
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E 0.022

2 0.02

4 p.018
=]
2 D.018
o
0.014
0.012
0.0
0.008
0.006
0.004
0.002

|:| M,,.=150 Gewie"
- M, =175 Gavie®
. M, =200 Gevie®
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150 200 250 300

reconstructed M, (GeV/c?)

MeTtoa maTpuyHOro afieMeHTa

e The matrix element method in the lepton+jets channel:

- maximize the probability for a set of events as a function of the top mass and overall

jet energy scale factor

Pevi = A(f)[§ 51g(x mtakJES) =+ (1_ )Pb‘ig(x kJES)]

acceptance
efficiency

signal fraction signal probability background probability

W (&, 5 kans)

e (%bs(mt,kms))/ Zmd‘h[f(q”f (@)

differential cross section

observed cross section
from the LO gqgq — tt matrix element

transfer functions 8

from reco x to gen y



OT60p COOLITUN:
- N301MPOBaHHbIN NenToH (e unn w) ET> 20 MaB

- MET>20 3B

- 24 a[IpOHHbIE CTpyU
- NOABLIOOPKN COOLITUIN B 3aBUCUMOCTW OT vncsia cTpyn ¢ b-metkammn 0, 1 n 2
- “MArKne” n “>xectkne” TpeboBaHna 0Tbopa yBenmumBaroT YNC/10 NOABLIOOPOK A0 5

I+]ets

O-tag 1-tagl. 1-tagT 2-tagl, 2-tagT
W tjets 703 + 199 170 + 60 102 + 37 11.6 £ 4.9 84+ 3.5
Z+jets 52.3 + 4.4 89 + 1.1 5.9 + 0.7 0.8 4+ 0.1 0.5 + 0.1
Single top 4.8 + 0.5 10.5 + 0.9 6.8 + 0.6 2.2 + 0.3 1.7 + 0.2
Diboson 60.3 + 5.6 111 + 1.4 85+ 1.1 1.0 + 0.2 0.8 + 0.1
Multijets 143 + 114 34.5 + 12.6 20.7 + 16.6 4.4 4+ 2.5 2.5 + 2.4
Background 963 + 229 235 + 61 144 + 41 199 £ 5.5 138 £ 4.2
tt signal 645 + 86 695 + 87 867 4+ 108 192 + 30 304 + 47
Expected 1608 =+ 245 930 + 106 1011 £ 115 212 + 30 318 + 47
Observed 1627 882 997 208 275
KnHemartnyeckass peKOHCTPYKLNSA:
~ 2 - 2 2
2 [T — pT] \U; — U] (M, — Mw)
X~ = + + —
o2 o2 o2
l,jets pT 1=x,y U; Mw
S 2 2 o 2
i (MJJ MW) n (Mlvy M’wp) (MJJJ MtOp)
2 2
O-MW O-Mtop O-Mtop



3D Wab/ioHbI:

0\ ¢ N
(np, —np)? Mg
El; = exp —0—) X H
205

P,

I+]ets

M treco ’ M We> J J ’ M treco(Z)
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[ Gy
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Events/(5 GeV/c?)
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40
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350
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« Data (8.7 fb™)
[ ]signal+Bkgd

Bkgd only
O-tag

60 70 80 90 ,100 110 120
m; (GeV/c?)

« Data (8.7 fb™)
[ ]signal+Bkgd

7 ¢

R e
Q0 _100 110

80 90 , 120
m; (GeV/c?)

10



I+]ets

=172.85 £ 0.71 (stat.+JES) £ 0.84 GeV/c? (syst)

M

top

1 2 1.0 2L P 029 L L P PO 0900 O 20 . A A A
- T — A og(l)=0.5 |
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Alogll) =45

-value of statistical uncertainty

300

250 CDF Run Il Preliminary (8.7 fb™)

200
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2
M, (GeVic))

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

1735 174 1745 175

Systematic GeV /c?
Residual JES 0.52
Generator 0.56
Next Leading Order 0.09
PDF's 0.08
b jet energy 0.10
b tagging efficiency 0.03
Background shape 0.20
gg fraction 0.03
Radiation 0.06
MC statistics 0.05
Lepton energy 0.03
MHI 0.07
Color Reconnection 0.21 11
Total systematic 0.84




OT60p COBLITUIA: Dllepton £k Fermilab Today
B8 NerTToHa (e i ) ET> 20 15

MET>25 3B EEEE [ .
>2 aflpOHHbIe cTpyn ET> 15 3B T e i TR Hei et e i

current world average, which includes

MET>50 N'sB ecnu A@e(MET, | or jet) < 20° Sl et T T ——

dilepton channel: 173.34 + 0.76 GevicZ,
MET significance > 4 MBY? gna Z kaHgnaaTos e
HT>200 B

Be noaBbI6OPKN COOLITUI B 3aBUCUMOCTU OT

yncna cTpyn ¢ b-metkamum (0, >1)

CDF Run II Preliminary (9.1 flb—1)

e

Dotk s
ey

Learn more

@ 60 1 10 Wb 10 MR w0
W™ [Gavie’)

The plot shows the fit to the dilepton data
samplke. The data are the points with emor bars.
The background (purple) and the signal plus the
background (cyan) for the reconstructed top
quark mass are normalized to the numbers
retumed by the fit.

¢ dilepton sample Nearly 30 years ago, the first pair of

Source Tagged events 0O tag events protons and antiprotons collided in the
Tevatron. Ten years later the CDF and
W v 0.57 &= 0.15 16.4 &= 3.6 1. DZero experiments announced the
discovery of the top quark, the heaviest
w= 0.12 + 0.03 5.2 4+ 1.0 These scientists are the primary analysts for this known member of the Standard Model.
z = 0.20 + 0.06 3.0 + 0.5 result. Top row, from left: Julian Budagov and Its mass, comparable to that of an atom
° ” N ° Wladimir Glagolev, bath from JINR, Dubna. of gold, is a fundamental parameter of
DY/Z A.4 + 0.4 51.2 +— K.0 rst Second row, from left: Igor Suslov (JINR, Dubna) 5 the Standard Model. It contributes

5 and George Velev (Fermilab). A 3 :
rtist 2 { h valuable information needed to constrain

Total background 13.9 + 2.8 o97.2 + 14.5
tt (o = 7.4 pb) 227.2 4= 168.2 1v3.2 = 13.3 g | Today's New Announcements ‘
Total SM expectation 241.1 &+ 16.4 27v0.3 + 26.4

Oteerve OnTummsauns no OTHOLLEHUIO
COF Run 1 Pretiminery 01 ) K 00LLEeN oLLnNbKe n3mepeHns

tto Ir+2Jets+E,

3o L - “TMGPUAHas” NepemeHHan Ans aHanmsa
_'E‘ 5:—' ---&-- Non-JES systematic uncertainty —:

g E Expected total uncertainty -

3 4:_ is analysis _: h b —_— reco a]-t
. MWD — - MFe© + (1 —w) - M
E EA_\- . .. . . m " = -E

E 2 B Tl - " £y * s e s e e ._;

S SR A S Y N N SRS
Ee_l!ll!!oleII0|4III;6IIIO.IS""II_ Ly, - oy, 12

Optimization Par;':\meter



Dilepton
PHI-meTon (Neutrino ¢ weighting method)

v HCII0J/Ib3YEeTCA OLI€HOYHAdA I1IepeMeHHasd 11
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Dilepton
PHI-meTon (Neutrino ¢ weighting method)
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CDF Run Il Preliminary (8.8 fh'1)

70F
- 603— tt I'T+2Jets+E,, tagged events
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CDF Run Il Preliminary (9.1 fb'1)
60 _
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© 40 __Le o -
530 i D00y
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Dilepton

=171.5 % 1.9 (stat) £ 2.5 GeV/c? (syst)

top

_— -1 ;
CDF Run Il Preliminary (9.1 fb ) CDF Run II Preliminary (9.1 fb™ 1)
= - -t Mtop Measurement in the tt Dilepton Final State
Source Uncertainty (GeV/c?)
tt— |+|'+2Je[5+ET a Jet energy scale 2.17
- NLO effects 0.67
Statistical uncertainty only 3 Monte Carlo generators 0.50
— Lepton energy scale 0.41
— 2 - J
Mmp_171'46 +1.91 GeVic - Background modeling 0.39
—: Initial and final state radiation 0.38
= gg fraction 0.31
= b-jet energy scale 0.30
3 Luminosity profile (pileup) 0.27
] Color reconnection 0.24
3 MC sample size 0.20
7 Parton distribution functions 0.16
- b-tagging 0.05
3 Total systematic uncertainty 251
] Statistical uncertainty 1.91
[] 1 [] I 1 [] 1 I 1 | 1 [] 1 I [] 1 [] I 1 : 'Ibtal 3'15
‘Pﬁﬁ 168 170 172 174 176
2
M,,, (GeV/c?)
16

Phys. Rev. D 92, 032003 (2015)
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CDF Run Il - All Hadronic M, - Preliminary (9.3 fio™)
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All Hadronic

CDF Run Il - All Hadronic M,,, - Preliminary (9.3 fb™) CDF Run Il - All Hadronic M, - Preliminary (9.3 fb™)
Lo E G 120F
% 400;— 1-tag events ‘53 i = 2-tag events
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AJES

All Hadronic
m=175.07£1.19(stat)£1.57(syst) GeV/c2

CDF Run 11 - All Hadronic M1.;.p - Preliminary (9.3 fb™)

1.5F Source O Mop O Ajgs
L -Ln(L'L__) Contours , 1+ = 2-tag events (GeV/c2)
1 Generator (hadronization) 0.29 0.273
E Parton distribution functions +0.-28 o oes
0.5 Initial / Final state radiation 0.13 0.232
i Color reconnection 0.32 0.101
I Ajgs fit 0.97 ——
D__ Mtop ﬁt —_ 0207
B Other free parameters of the fit 0.41 0.040
_,15:_ % Fitted Values T_emplates sample size 0.34 0.071
[ L tt cross section 0.15 0.034
C— -Ln(LL,_)=4.5 .
L L {UL“‘“ 20 Integrated luminosity 0.15 0.032
A — -elbL ) =2 Trigger 0.61 0.188
[ — -Ln{lL_)=03 Background shape 0.15 0.014
0 | I S S T T S i b-tagging 0.04 0.018
168 170 172 174 176 ”ﬁ b-jets energy scale 0.20 0.035
M, [GeVie] Pileup 0.22 0
Residual JES 0.57 ——
CDF Run Il - All Hadronic M top ~ Preliminary (9.3 fo™) . . . . . .
O O e (U TG, a5 w8 Residual bias / Calibration +0.27 o0
> p2f - kP
G g M Total R + o188
3 0.16F
E 0.14F
& o2k
o oif
‘% 008
E 0.06F
0.045—
0.02;—
o L e Phys. Rev. D 90, 091101 (2014)
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MET+Jets

OT60p COOLITUN:

- online: =4 knacTepoB B KasiopumeTpe ¢ ET>15 MB n XEr >175 I'B
- 3anpeT Ha NenTOHbI

- 4,5 1 6 agpoHHbIX cTpyin ET>15 3B
- MET significance > 3 MaB"?

- N0ABbIGOPKM COOLITUI B 3aBUCMMOCTU OT Ymnc/ia CTpyin ¢ b-metkamm 1 n 2

- NN ot60op

CDF Run Il Preliminary (8.7 fb')

—a— Data

D Signal (I'\||t = 172.5 GeVic?)
- Background

1tag MET+Jets Events

100 |

50 |

CDF Run Il Preliminary (8.7 fb™)

—&— Data

Er = Er/\ /¥ Br

0 0.5 1
NN output NN output
CDF II Preliminary 8.7 fb~!
b-tagging | jet-multiplicity tt Background | Total Expected | Observed
ltag 4 jets 427 £ 50 | 262 £ 22 690+ 55 761
5 or 6 jets 801470 450429 1251 + 76 1341
Stag 4 jets 179423 43411 222 +26 225
| 5or 6 jets 373 + 37 125423 498 + 44 550 20
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MET+Jets

3D LabnoHbI:
Mtreco’ MW, Mtreco(Z)

72,fit 7,meas\ 2 fit meas\2
2 (pT — Pr ) (UT, _UT/ )
-y @l WRUR
1=4jets v k=x,y
4 (M;; — Mw)? 4 (M missing — Mw)?
'y 'y
(Mp missing — m3°°°)? | (Mp;; — mjee°)?
: 1
+ T2 + % (D
nw N o roco(2 . Teco(2
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-0.6

173.9 = 1.6 (stat.+JES) = 0.9 GeV/c? (syst)
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[
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ICDIF III Prelulmluna.w ﬁ.?l .ﬂ:’ll‘I 1 | 1 1 1

170

172

174

A Source Uncertainty (GeV/c?)
— AlogiL) = 0.5 i i
e A log) ~ 20 Residual jet-energy scale 0.44
: MC generator 0.36
------ Alog(L) = 4.5
: B Color reconnection 0.28
= gg fraction 0.27
’ Radiation 0.28
- PDFs 0.16
B ] b-jet energy scale 0.19
- Background 0.15
] Calibration 0.21
& ] Multiple hadron interaction 0.18
.................. e Trigger modeling 0.13
. il3 . - Total systematic uncertainty 0.87
17
M,,, (GeVic?)

Phys. Rev. D 88, 011101(R) (2013)
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Tevatron & LHC combination

CDF Runll, l+jets

Tevatron+LHC m,, combination - March 2014, L =35fb"-8.7 fb”

ATLAS + CDF + CMS + D0 Preliminary

DF Fur - bt et 172.851 1.12(0.52+0.49+0.86)
CLBfEEETII: d-lepton | o 17028+ 3.69(1.95  +3.13)
CLBFSEiﬂlls a“@S [P S——— 172.47 1 2.01(1.43£0.95+ 1.04)
CPF;L:)”'L EF+jets bttt 173.93 1 1.85(1.26+ 1,05+ 0.86)

DL?‘ quar::l l+jets ittt 174.94 1 1.50(0.83+£0.47£1.16)
Dﬂ i.“a”,!'f di-lepton - o 1174.00£ 2.79 (2.36 £ 0.55+ 1.38)
ALTLﬁf‘Oﬁ’ I+jets —_— e — 172.31+1.55(0.23£0.72+ 1.35)
ALT‘”‘L]?%OH, di-lepton e @bt 173.09+1.63(064  +150)
CLM,SL,E,?T’ l+jets NP 173.49 4 1.06 (0.27 + 0.33+ 0.97)
CLM,SA.E,?T’ di-lepton [P — 172.50 £ 1.52(0.43 +1.46)
CMIS 2011, aljts e @it 173.49+1.41069  +1.23)
W;rld cormb. 2014 %, /v 4510 -1 173.34 £ 0.76(0.27£0.24 £ 0.67)

';é'g;;v;l;rg;M;;gh'goyy(;;;,;u”; """""" N 173.204 0.87 (051£0.36£061)
5O LHC September 2013 — O = 173.29 1 0.95(0.23+0.26 + 0.88)
o | | | total ~ (stat. syst)

165 170 175 180 185
My, [GeV]
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Tevatron combination

Mass of the Top Quark

Tevatron combination *

July 2016 (* preliminary)
CDF-I dilepton ¢ 167.4+11.4  (#10.3% 4.9)
DO-I dilepton * 168.4+12.8 (x123+ 3.6)
CDF-II dilepton B 1715432 19+ 25
DO-1l dilepton * B | 173.50+1.56 (+1.31%0.84)
CDF-I lepton+jets * 176.1+ 7.3  (£5.1% 5.3)
DO-I lepton+jets __.Tg';p_r 53 (£36+ 3.9
CDF-Il lepton+jets 1 172.85+1.12 (£0.52+ 0.99)
DO-Il lepton+jets y 174.98+0.75 (+0.41+ 0.63)
CDF-1 all-jets 186.ai11.5 (£10.0% 5.7)
CDF-II all-jets I B 175.07 +1.95 (+1.19+ 1.55)
CDF-II Lxy * 166.90+9.43 (+9.00+ 2.80)
CDF-Il MET+Jets n B 173.93+1.85 (+126+1.35)

L]

174.30£0.65 (+0.35+0.54)

(% stat £ syst)
x2/dof = 10.8/11 (46%)

150 160

170 180 190 200

m, (GeV/c?)
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Combinations

CDF (Mar 2014)

DO (Jul 2016)

CMS (Apr 2016)

ATLAS (Sep 2017)

ATLAS Combination

[ stat. uncertainty
total uncertainty

ATLAS Preliminary

m,, * stat. + syst.

173.16 £ 0.57 £ 0.74

H-e-+ 17495 + 0.40 = 0.64

172.44 £ 0.13 £ 0.47

172511 0.27 £ 0.42

stat. uncertainty
total uncertainty

165

I
170

|
175 180
Mg, [GeV]
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