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Top Quark Physics - Introduction

Higgs quartic coupling A(u)

The top quark is the heaviest known fundamental building block
Its mass is a free fundamental parameter of the Standard Model (SM)

World combination 2014 of Tevatron and LHC data
* m, =173.34£0.27 (stat) £ 0.71 (syst) GeV, total: 0.6% (arXiv:1403.4427)

to
Mo is an important ingredient for the consistency of the SM

to
e especially in conjunction with the mass of the Higgs Boson

e alow LI around 125-130 GeV leads to a stable vacuum
if the Higgs quartic coupling A is small at the Planck scale (~10*° GeV)
* itdependson M iges and LI at which scale A becomes small (or negative)
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https://arxiv.org/abs/1403.4427
http://link.springer.com/article/10.1007/JHEP08(2012)098
http://link.springer.com/article/10.1007/JHEP08(2012)098
http://arxiv.org/abs/1311.4979

Top Quark Mass - Direct Measurements

In ATLAS, direct measurements of the top quark are all performed with
the template method

Choose a reconstructible quantity which depends on the top quark mass
e thisis the estimator for the top quark mass measurements

Construct templates (histograms) with the estimator at various Monte
Carlo (MC) input top quark mass values

Fit the templates with suitable functions (gauss, landau, novosibirsk, ...)
Linearize the parameters of these functions (gauss mean, width, ...) as a
function of the Monte Carlo input top mass

Perform a combined log likelihood fit to the distribution of the estimator
in data and extract the top quark mass

The measured mass is the one defined in the MC generator

Its exact theoretical definition is not yet defined
* expected to be close to the pole mass (within about 1 GeV)
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Dilepton channel at 8 TeV  axwissomr ﬂﬂ\\\m

AN

* Low branching ratio ~4%, very clean: background <1%
e Select events where both W’s decay leptonical (ev or pv)
* Underconstrained final state due to 2 neutrinos
e Partially reconstruct final state and use invariant mass of
lepton-b-jet pairs (mlb) as top quark mass dependent estimator
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mi° [GeV] e (Gev]

mep = 172.99 +0.41 (stat) = 0.74 (syst) Gev ot Uncertainty:
+0.84 GeV (0.48%)

e Also measured at ECm =7 TeV: Eur. Phys. J. C (2015) 75:330



http://link.springer.com/article/10.1140/epjc/s10052-015-3544-0
https://arxiv.org/abs/1606.02179
https://arxiv.org/abs/1606.02179

Dilepton channel at 8 TeV yﬁ\\\“{{
7N

 Optimization of systematic (and statistical) uncertainties

* An additional cut on a minimal average P16 of the two lepton—b-jet pairs
* increases the fraction of correctly reconstructed top quark pairs
* reduces the number of unmatched or wrongly reconstructed pairs

* Acleaner event reconstruction leads to reduced systematic uncertainties

* Minimize total uncertainty by scanning the p_, cut
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* Most precise measurement in the dilepton channel to date

e Largest uncertainties from (b-)jet energy scales
e 0.54and 0.30 GeV




Lepton + jets channel at 7 TeV &w-Phys.J.C (2015 75:350

l-l+
e Branching ratio ~30%, clean with background O(few %) ok ,
e Select events where one W decays leptonically (ev or pv) g ,

e Fully reconstruct final state and apply a 3D template method . b
with Moo My and qu as estimators b, - q

Q|

* In addition to top quark mass, determine a (b-)jet scale factor (JSF)

* decreases (b-)jet energy scale systematic uncertainties

* m,, is sensitive estimator to determine JSF Rreeo Zpl%—tagged .jets
* The “bto light jet ratio” R, _is used for bJSF ! 3 pirtageed jets

ATLAS
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Total Uncertainty:
+1.26 GeV (0.73%)
e Uncertainties from (b-)jet energy scales: 0.58 and 0.06 GeV

m S~ 17233 +0.75 (stat + JSF + bISF) = 1.02 (syst) GeV
y
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http://link.springer.com/article/10.1140/epjc/s10052-015-3544-0
http://link.springer.com/article/10.1140/epjc/s10052-015-3544-0

LeptOn - ]etS Channel at 7 TeV Eur. Phys. J. C (2015) 75:330
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* Branching ratio ~¥30%, clean with background O(few %) - ,

e Select events where one W decays leptonically (ev or pv) g

* Fully reconstruct final state and apply a 3D template method . b
with Moo My and qu as top quark mass dependent estimators b, - q

Q|

* In addition to top quark mass, determine a (b-)jet scale factor (JSF)

* decreases (b-)jet energy scale systematic uncertainties
S — e Zpl%—taggedjets
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e Th e ub te = s=7 TeV. 4.6 fb" {55 Best fit background

£ 5001 : —— Best fit o2pr
2 Uncertainty e LA o A
> 0.0450 ! T =
§ 0.04312?‘:23 - 400 + oV [ lbusr=095 -
2 E b JSF = 1.  |busF=100
S 0.035c s 5
§ o.osi—DJSF:"% , e [Jossr=105
2 o0025- E
€ 0020 200 ]
o C il
Z 0.015 ; -
0.005 24 : ]
O P30 140 150 160 170 180 190 200 210 220 .. . . . ..
M. [GEV]
Hbq
P+iets Total Uncertainty:
. = 172.33 £0.75 (stat + JSF + bJSF) + 1.02 (syst) GeV
P +1.26 GeV (0.73%)

e Uncertainties from (b-)jet energy scales: 0.58 and 0.06 GeV


http://link.springer.com/article/10.1140/epjc/s10052-015-3544-0
http://link.springer.com/article/10.1140/epjc/s10052-015-3544-0
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Combination 2016 arXiv:1606.02179 ﬂ;//\‘\\ﬁ

* Top quark mass measurements in the dilepton channelatE__=7-8 TeV
and the lepton+jets channel at E__ =7 TeV have been combined

 Combination is performed using the “Best Linear Unbiased Estimate”
(BLUE) method - webpage

S Q8T s g g T T T T T T T
8 C | 8 r :
= 960 atLas | 1 = 0% amas : E
2 0.4F | 4 @ 04f =
r e g B - ' o i
= o2f =~ * 1 2 02 g + ° 7
N -y 1 F 4 o E
i e '# 5 %
_0.2:— —-+— g -0.2F | h
0.4F = 0.4f =
-0.61- ep=+1 7 - - +p=+1
- | =p=-1 ] 06/ | opz -1
_0-8_| — I o I —— | ~a— i —— I —— | L | —— '_ _0'8__| 11 1 I 11 1 | 1 11 | 11 1 i 11 1 | 11 1 | 1 1 1 | 11 1 ,__
08 -06 04 -02 0 02 04 06 08 08 06 04 -02 0 02 04 06 08
I+jets g
mge (7 TeV) [GeV] mgl (7 TeV) [GeV]

* The uncertainty components determine the corresponding correlation
between the impact on the measurements (+ 1)
* Dilepton and lepton + jets analyses use different methods

e this leads to smaller correlations compared to dilepton
atE__=7and 8 TeV which use identical methods
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http://blue.hepforge.org/
https://arxiv.org/abs/1606.02179
https://arxiv.org/abs/1606.02179

Combination 2016

* Table shows the single input measurements, the determined correlations
per uncertainty component and the result of the respective combinations

e Combinations:

* dilepton and lepton+jets at 7 TeV,;

dilepton at 7 and 8 TeV; all

T

ZIAN

Vs=TTeV s =8 TeV Correlations Combinations

o [Gev] | milh [Gev] | milll [GeV] por | poz | pra || mipY [GeV] | miy, [GeV] | mil, [GeV]

Results 172.33 173.79 172.99 172.99 173.04 172.84
Statistics 0.75 0.54 0.41 0 0 0 0.48 0.38 0.34
Method 0.11 + 0.10 | 0.09 £+ 0.07 | 0.05 £ 0.07 0 0 0 0.07 0.05 0.05
Signal Monte Carlo generator 0.22 +0.21 | 0.26 +0.16 | 0.09 + 0.14 || +1.00 | +1.00 | +1.00 0.24 0.10 0.14
Hadronisation 0.18 +0.12 | 0.53 +£0.09 | 0.22 +£0.08 || +1.00 | +1.00 | +1.00 0.34 0.24 0.23
Initial- and final-state QCD radiation 0.32 + 0.06 | 0.47 +£0.05 | 0.23 +£0.05 || —1.00 | —1.00 | +1.00 0.04 0.24 0.08
Underlying event 0.15 + 0.07 | 0.05 +0.05 | 0.10 £ 0.11 || —1.00 | —1.00 | +1.00 0.06 0.10 0.02
Colour reconnection 0.11 + 0.07 | 0.14 +£0.05 | 0.03 £ 0.11 || —1.00 | —1.00 | +1.00 0.01 0.03 0.01
Parton distribution function 0.25 + 0.00 | 0.11 +0.00 | 0.05 £+ 0.00 || +0.57 | —0.29 | +0.03 0.17 0.04 0.08
Background normalisation 0.10 £ 0.00 | 0.04 £0.00 | 0.03 £0.00 || +1.00 | +0.23 | +0.23 0.07 0.03 0.04
W /Z+jets shape 0.29 + 0.00 | 0.00 4+ 0.00 0 0 0.16 0.00 0.09
Fake leptons shape 0.05 + 0.00 | 0.01 +0.00 | 0.08 + 0.00 || +0.23 | +0.20 | —0.08 0.03 0.07 0.05
Jet energy scale 0.58 +£ 0.11 | 0.75 £ 0.08 | 0.54 £+ 0.04 || —0.23 | +0.06 | +0.35 0.41 0.52 0.41
Relative b-to-light-jet energy scale 0.06 £ 0.03 | 0.68 £0.02 | 0.30 £ 0.01 || +1.00 | +1.00 | +1.00 0.34 0.32 0.25
Jet energy resolution 0.22 + 0.11 | 0.19 £ 0.04 | 0.09 £ 0.03 || —1.00 0 0 0.03 0.08 0.08
Jet reconstruction efficiency 0.12 £ 0.00 | 0.07 £0.00 [ 0.01 & 0.00 || 4+1.00 | 4+1.00 | +1.00 0.10 0.01 0.04
Jet vertex fraction 0.01 £+ 0.00 | 0.00 &£ 0.00 | 0.02 £ 0.00 || —1.00 | +1.00 | —1.00 0.00 0.02 0.02
b-tagging 0.50 + 0.00 | 0.07 &£ 0.00 | 0.03 £ 0.02 || —0.77 0 0 0.25 0.03 0.15
Leptons 0.04 £ 0.00 | 0.13 £0.00 | 0.14 £0.00 || —0.34 | —0.52 | +0.96 0.05 0.14 0.09
LRiss 0.15 + 0.04 | 0.04 +£0.03 | 0.01 £ 0.01 || —0.15 | +0.25 | —0.24 0.08 0.01 0.05
Pile-up 0.02 + 0.01 | 0.01 +0.00 | 0.05 £ 0.01 0 0 0 0.01 0.05 0.03
Total systematic uncertainty 1.03 £0.31 | 1.31 £0.23 | 0.74 + 0.25 0.77 0.74 0.61
Total 1.27 +0.33 | 1.41 +0.24 | 0.84 + 0.25 || —0.07 0.00 0.51 0.91 0.84 0.70
.

combination: successive reduction of total uncertainty
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Combination - Summary

ﬂwa

ATLAS Preliminary = m,, summary - Aug. 2016, L = 4.6 fb™' - 20.3 fb”

' m,, = tot (stat. =JSF =bJSF = syst)
all jets E“'"':T;?;; GraEema1m 1 pe - g 1751 = 18 (14 £12 )
; + CONF-2014-055 = ” ! =
single top L“=20,3;b" - ' 1722 = 21 (o7 + 20 )
(]
— |+jets E:’;Tﬁ;;cmm‘s]m l—l—llbll—l-:-l 1723 + 13 (02 =02:07 =10 )
{ ]
o Eur. Phys. J. C75 (2015) 330 .
dilepton LAt 1' & 1738 = 14 (o0s £13)
— dilepton :”":-’;ﬁsgﬁ'ﬁ?”g _—— 1730 = 08 (o4 £07)
n ]
1
iate* CONF-2016-064 L
all jets L"=2|J.21lb" , 1738 = 1.2 (os +1.0)
‘
1
{ ]
; Eur. Phys. J. C74 (2014) 3109 et 25
oftf) dilepton L, 4620315 = 1729 = ¢
3. 4 iapy JHEP 10 (2015) 121 - L= . 23
o(tt+1-jet) L, =460 b = 4 173.7 = 3,
1
1
ATLAS Comb. June 2016 (arxiv-1606.02179) 0 === World Comb. = 10
172.84 = 0.70 " ".": . = stat. uncertainty
World Comb. Mar. 2014 (arxiv:1403.4427) ¢ ~—— stat. ® JSF ® bJSF uncertainty
173.34 = 0.76 3 ———— ftotal uncertainty
Tevatron Comb. Jul. 2014 (arxiv-1407 2682) ! *Preliminary, —Input to ATLAS comb.
174.34 = 0.64 -
I | : | |
165 170 175 180 185
Myp [GEV]

Miop

New combination: dilepton at 7 + 8 TeV, |+jets at 7 TeV
172.84 + 0.34 (stat) + 0.61 (syst) GeV.

Total Uncertainty:
+ 0.70 GeV (0.40%)
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Normalised Value

o
o

-

o

Ratio to 172.5 GeV

All hadronic channel at 8 TeV I

High branching ratio 46%, very large QCD initiated background: ~50%
Large background is estimated from data (ABCD method)

Select events where both W’s decay hadronically
The final state can be fully reconstructed
Use R

ratio reduces depence on jet energy calibration

3/2

= mjjj/mjj as top quark mass dependent estimator

_IIllllllll[lll||||III|III|III|!II|IIIII
ATLAS Simulation
Preliminary

tt MC, /s = 8 TeV

.......... Myp = 167.5 GeV
—_— My, = 172.5 GeV
----- My, = 177.5 GeV

/I‘IIIII]llll!llllllllll]llllll

IIIIIIIILllIIIIIIIIIIIII!IIIIII

Illlll]llllllll]llllll]llI[II

o . uo

16 18 2 22 24 26 28 3 32 34

HS/Z

Myop = 173.80 £0.55 (stat.) + 1.01 (syst.) GeV

u

_ll\Il||f|1lll[|1l|ll\‘llll\\lllf\‘llll\_

ATLAS Preliminary i Data (=8 TV
j Ldt = 20.2 fo” —— Signal Fit
—— Background Fit
—— Total Fit

mit, = 173.80 +0.55 GeV
Fhgs = 0.584 +0.012
x%/ndf = 72.3/48 = 1.51

I|\II| \I‘ ‘I\Illl\‘ l\\ll }\‘
1.6 1.8 2 22242628 3 3234

Ryp = my/m,
Total Uncertainty:
+1.15 GeV (0.7%)
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Andreas Wildauer, Max-Planck Institut fur Physik, Munchen
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All hadronic channel at 8 TeV I

ZN ©
e
3 - . . . . . . (@)
* Sixjets in final state — combinatorial bkg. due to wrong jet parton assignment s
. . . =
 Reduce combinatorial background by computing m, and m,; for all N,
permutations and minimising a y~ function =
o
| .
ﬂ' CT | T TT | TTT | TTT | TTT I TTT I TTT ] TTT | TTT ] TTT T] Uncerrainty ” Amf()[) [ GeV] E
Q L < Monte Carlo Generator 0.18 +0.21 5
S . ATLAS Preliminary + Iim i s Hadronisation Modelling é
» 1000+ 5 [ timc correcy - L : 17
o L .[ Ldt=20.2 b . i Parton Distribution Functions 0.04 £ 0.00 C
= L MG (ncomect) i Initial/Final-State Radiation 0.10 + 0.28 =
|_|CJ B 7 Underlying Event 0.13z0.16 —5
800 B QCD Multi-jet (Data-Driven) | Colour Reconnection 0.12+0.16 =
- [ ] stato syst. uncertainty Template Method Non-Closure 0.06 L
N ] Signal and Bkgd Parameterisation 0.09 D.'
600 L 4 Non All-Hadronic # Contribution 0.06 <>é
- 1 ABCD vs. ABCDEF 0.16 >
400 B N Trigger Efficiency 0.08 = 0.01 o
- - Pile-Up Reweighting 0.01 = 0.00 ]
i 1 Lepton/EX™ Calibration 0.02 = 0.01 =
L ‘ Overall Flavour Tagging 0.10 + 0.00 ie)
<M QCD background - Jet Encrgy Scale (IES) =
: 7 b-Jet Energy Scale (bJES) 0.34 + 0.02
1 [ | 8 0 0 0 8 5, 9 |||||_ JetEnergyResolution 0.10 + 0.04 %
1.5 7 : : ; ; : Jet Vertex Fraction 0.03 + 0.01 o
k3] ..i . ’_. . ‘.‘ " T . + Jet Reconstruction Efficiency 0.00 + 0.00 '8
T Tpavitesrtieamtetnttatane tttantint i Total Systematic o1 =
= ost i i i Total Statistical 0.55
g7 16 18 2 22 24 26 28 3 _32 34 Total I 1.15
[ Ryp = mmlmjj

12]

e Largest uncertainties due to jet energy scale and hadronisation




Single Top t-Channel at 8 TeV ATLAS-CONF-2014-055

e Use single top t-channel to measure top quark mass
e Select events where W decays leptonically (ev or uv)
* Main background from top pair production and W + jets

e Reduce background to <30% by use of neural network

e Use invariant mass of lepton b-jet system as estimator

e Largest uncertainty from
* jetenergy calibration: 1.5 GeV, hadronisation: 0.7 GeV

>1800_ T T T T T T T T T T T T T T T T T T T T

8 [ ] % 1500 T T T T T T T T T T 17 T T T T T T T T T
© 1600~ ATLAS  Simulation Preliminary g m,=165.0 GeV — S - e {s=8TeVdata 2 - : i
S = — | . Y -
2 1400 Bl M,=1725GeV O o i Best fit: m, = 172.2 £ 0.7 (stat.) GeV ~ ,f i
s Bl m,,=180.0 GeV L | I Single-top t-channel signal ; |
S .
1200 g tf signal
1000 [— —
- Background fro 73 172rhflso7p [Ge\1/]74

1000 ATLAS Preliminary

800

J Ldt = 20.3 b

600 500
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http://cdsweb.cern.ch/record/1951323
http://cdsweb.cern.ch/record/1951323

Top Quark Pole Mass via Cross Section

Cross-section [pb]

350

300

250

200

150

The top quark pair production cross section

depends on the top quark pole mass: ott(mt,pole
* measure the cross section and extract the mass

O is measured in dilepton final state with opposite-charge eu pairs

Largest systematic uncertainties due to
e particle distribution function: 1.7 GeV
* baseline PDF is CT10, with PDF4LHC approach to derive systematic unc.
e uncertainty could be reduced by using more recent PDF sets
* uncertainty on integrated luminosity itself: 1.8% (2.8%) atE__ =7 (8) TeV
 leadsto 0.7 (1.2) GeV uncertainty on m,,, at E. =7(8) TeV
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error bars include statistical and systematic errors
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http://link.springer.com/article/10.1140/epjc/s10052-014-3109-7
http://link.springer.com/article/10.1140/epjc/s10052-014-3109-7

Top Quark Pole Mass - tt + 1 jet  ueeio0s 121

Select top quark pair events in the lepton + jets channel
Study events of top quark pairs with at least one additional jet
Normalized differential cross section of tt + 1 jet system
| dorisy- jet ole 2m0
RO py) = m*C,p,) ps = ——
r ‘ Tir1get AP : VSti+1-jet
is sensitive to top quark pole mass
B Largest uncertainties from
o7 45 ATLAS ti+1-jot at NLO+PS for m’™= - Statistical: 1.50 GeV
% — \5=7 TeV, 4.6 fo el | — Jet energy scale: 0.96 GeV
B e == TRree et 2 Theory (scale variation, PDF): 0.5 - 1.0 GeV
3 —
25F- == E
of g e - ml,"")le =173.7 + 1.5 (stat.) + 1.4 (syst.)i(l,:g (theory) GeV
15F- =
13 e E Total Uncertainty:
0.5_— R ——
e T SRl i E +2.1GeV (2.7%)
= 1.3r .
D bt == OO T
~ * _______________ Measurement is
w075 0.2 0.4 0.6 0.8 1

P (barton level)

currently
repeated atE_ =8 TeV
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http://link.springer.com/article/10.1007/JHEP10%282015%29121
http://link.springer.com/article/10.1007/JHEP10%282015%29121

Summary and Outlook

The top quark mass is a free parameter of the Standard Model

Precise measurements of the top quark mass are of great importance for
theoretical predictions in conjuntion with the Higgs Boson and beyond

ATLAS has measured the massatE__=8TeV
e directly in the dilepton and all hadronic top quark pair production channels
e directly in the single top t-channel
* indirectly via cross section measurements

AtE__=7TeV, the top quark mass has been measured in all top quark pair
production channels and via cross section measurements
A few more analyses using Run 1 data are in preparation

The ATLAS collaboration will continue to perform precise measurements
of the top quark mass at E_=13TeV
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