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Tancredi Carli (CERN)

top mass measurement methods @ LHCGEE

Top mass measurement methods

Standard technique: Direct mass reconstruction ~ Reconstruct top decay products with kinematic fit
based on likelihood (ATLAS) or chi2 (CMS)

\ Example I+jet channel: Template method (e.g. ATLAS, CDF)
fit template of reconstructed top mass
from MC to data

Ideogram method (e.g. CMS)

Likelihood function to test compatibility of
event kinematics with top decay hypothesis
(all good permutations are used)

Matrix element method (e.g. DO)

to calculate signal and background probability
density for all parton-jet assignments

as function of Mtop and JSF

k&S and detector effect

Non-standard techniques
1) NLO QCD comparison to
inclusive and tt+jet cross sections (no MC used)

~mass defined in NLO QCD calculation 2D fitM,, and jet scale factor (JSF)
exploiting M constraint
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2) kinematic endpoints (no MC used)
3) B-hadron lifetime 3D fit M, JSF and bJSF (ATLAS 2013)

4) JIY final states (independent of JSF) ?e;i]icS)Ij:e;eflr?)tri:]/?lvtigggi?:gﬁi}jgng
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Top Quark Mass

Radiative corrections
connect mw, mt, and mH ... Juy 2010 .

1 —LEP2 and Tevatron (prel.)

OpP Mass 80.5 - LEP1 and SLD
measurement: 68% CL

[LEP EWWG]

Tevatron Run Il:

>
Top mass better than 1% 8
[Best measured quark mass] — 80.4 -
; -
S

-
"
-
-

Reached after 5+ years

LHC: top mass to :
better than 1 GeV 80.3 -
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> very challenging 150 | ] 175 M 200
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In-situ JES Calibration

Dominant uncertainty of top mass: Jet energy scale (JES)

|dea (for lepton+jets): hadronic top decay chain contains
decay W > qgqg’ with well-known W mass [23 MeV vs. > 10 GeV]

“In-situ JES calibration”: measure top mass and JES simultaneously
[JES from known W mass]

CDF Run Il Preliminary 4.3 fb" JES
—_ 3 T~ - T~ g r constraint
o \ | YERY K
S
w
w

ﬁ
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190 5 200 CDF Top Mass Measurement 2009
m, (GeV/c’) [http://www-cdf.fnal.gov/.../mtm3 p23 public/]
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http://www-cdf.fnal.gov/physics/new/top/2009/mass/mtm3_p23_public/

Likelihood Methods

Goal: estimate parameter p (e.g. top mass) from
set of measurements x = (x1, Xz, ...)

Known probability density distribution to observe
value xi for a given value of u: P(xi|u), e.g. Poisson distribution

Construct joint probability (“likelihood function”) for full set of
measurements x by multiplying individual probabilities

L(x]|p) = H P(x;| )

Find
maximum of L

dL(x|u) _

(e}
i
(o0}
o
(@)
Al
o
O
)
=
n
| .
)
9
o
@)
h—
©
(%))
Q
()
>
L
o
>
(@)}
|-
)
c
L
<
joX
I
©
-
c
o
£
—
)
o
x
L
©
(©]
c
(@)
-
©
28]
c
(®]
|_

Maximum likelihood method: get estimator for y from: du 0
In pictures: X1 X2
- ! — /\ X /\ X ...

pl—> u— u—

In practice: minimize — INL(X|x) = = " In P(x;|p)
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Matrix Element Technique

Matrix element technique (a.k.a. dynamic likelihood)

ldea: full parton kinematics contained in (squared) matrix
element for partonic subprocess
Likelihood using matrix elements ...
pbest possible use of event information

First application to top quark mass in lepton+jets channel ...
[D@, Nature 429 (2004) 638]

Restrictions:

Not all particles can be measured;
transfer function required [translation from partons to hadrons]
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Only LO matrix elements for signal and most important
background processes; higher order effects ignored

Numerical integration over unmeasured variables [order of 20]
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CDF Top Mass Measurement — lepton + hads

1 lepton + 2 b-jets + 2 jets from W decay —4 jets = 4x3x2 combinations

Example: CDF Top Mass Measurement ...

y: kKinematic quantities
X: parton:level quantities

1 top leptonic decay +
1 top hadronic decay

Normalization factor
Parameter to account for [probability = 1)

uncertainty in the jet energy scale Detector
f acceptance Weighting factor

[probability of consistence with tagging info]

[pr of the jets are scaled by (1 + Ajes x 0w

g .
. -
N v
s B
s o
; y
# _‘
"

L(yg|m A : zwL me, A jp
(§ | me, Agps) = N () "1(771{,A]Eq ' g | me, Ajgs)
. Parton level
with phase space ...

Li(§ | mu, Ajes) = / ( F)‘F( ) TF(7 | 7, Ajgs) |M(my, T)|? d®(T)
parton/jet
assignments Parton Distribution - j -
[24 possibilities(] Functions; FF: flux factor Matrix element for

top pair production ..
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Transfer function;

probability to observe |et at
momentum y for parton at x ...

CDF Top Mass Measurement 2009
[http://www-cdf.fnal.gov/.../mtm3_p23_public/]
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CDF Top Mass Measurement - 2

Example: CDF Top Mass Measurement ...

Calculate likelihood for Acceptance All 24 jet
every event ... Normalization combinations
1 1

L(y | my, Ajgs) =

24
. w,-L,- J | m ,A
N(mt) A(mtaAJES) Z:l (y | t JES)

.. by summing over likelihoods

for all jet combinations ... with
L7 [ Ases) = [ LEED) 1p(| 3 A ) (M (me, 2 do@
.. using leading order (LO) Transfer Matrix element &
matrix elements ... PDFs function phase space
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Remark: Phase space integration 19-dimensional;

very CPU intensive ... CDF Top Mass Measurement 2009

[http://www-cdf.fnal.gov/.../mtm3_p23_public/]
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Tevatron Top Mass 2010

% Mass of the Top Quark
§ July 2010 (* preliminary)
o o
g CDF-I dilepton 167.4 +11.4(z103=49) 8 years Of Tevatron
(§ D@-| dilepton * 168.4 +12.8(-123-38) [Run & Run l]
‘CT’; CDF-II dilepton 170.6 + 3.8 -22-31) Con3|3tency across
rf; D@-I1 dilepton * 174.7 + 3.8 (- 29-24) top decay channels
= °
< CDF- | ' 1761+ 7.4 (251253 :
i Fplonmets . e Consistency across
il | DOl leptonsjets 1801253 (:a0-39 various analysis methods
£ CDF-ll lepton+jets* 173.0 £ 1.2 o711
£ | B
§ D@-II lepton+jets * 173.7 £ 1.8 z08=18)
LLI ' v
= CDF-I alljets 156.0 +11.5¢:100:57) U|t|mate preC|S|On
5 CDF-Il alljets 1748 + 2.5 - 17-19) Combination of results
5 CDF-Il track * 175.3 £ 6.9 -62-30) taking all known correlations
Tevatron combination * | 173.3+ 1.1 z06=09) Into account ...
(= stal = sysf) '
2/dof = 6.1/10 (81%) Total UﬂCertalﬂty: 0.75%
I I | I I I

150 160 170 180 190 200
m,,, (GeV/c?)
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Tevatron & LHC Top Mass 2014

o

G2 Top mass world average 2014

o

c LHC combination July 2012 September 2013

% World combination March 2014 arxiv:1403.4427 ATLAS + CDF + CMS + DO Preliminary

© | s

g : : CLDF_ZFI?L:nII I+jets - 0.6

8 Tevatron+LHC m_ indiv. comb. - March 2014, L'T"- 3S5M°-87M CDF Runll, di-lepton - 0.8

— ATLAS + CDF + CMS + DO Preliminary L, =56 ib" . '

g o et [P — 173.29+ 0.80(0.23+0.24+0.72 CDF Runll, all jets . 0.5
L, =581" misa . .

% g di-lepton [ S — 172,74 + 1.15(0.434 0,06+ 1.07 CDF Runll, E7**+jets . 0.4

> = ) L,=87m1" )

i g all jet _— 173.17 + 1.20 (0.65+ 0,30+ 0.9 D|O Runll l+jets - 10

>ﬁ " — miss e 2 nt 361 1

> S et - > ey 17393+ 1.8501.2641.05+086 DO Runll, di-lepton . 0.2

2 g CDF b g =y 173.19 + 1.00 (0.52+ 0.44+0.73 Af[&'éé&t l+jots '

- O i C » 017485+ 1.48(0.784+0.48+1.16 Ly = 4.7 107 - 0.8

e I T+ | . . 0./ ) 16 _in .

o e ATLAS 2011, di-lepton ' 0.2

T g ATLAS s bt S— 172.65 £ 1.44 (0.31£04121.34) (31M84278)1‘1 ot , ’

— , l+jets

ol g CMS e —— 173.58 + 1.03 (0.29+0.28+0.85 Ly = 4.9 1" I 0.2

I I e CMS 2011, di-lept

GE) O Tevatron — i — 173.58 £ 0.94 (0.44+0.36+0.74 L,y = 4.9 b Sepen - -0.6

= - ‘ i

o) = LHC L 173.28 + 0.94 (0.22+0.26 +0.68 Clr\vfllsﬂf?jj alljets ' 0.1

Q _________________________________________________________________________________ .

h World comb. 2014 s 173.34 + 0.76 (0.27+0.24+ 067

= 2.5 Tewatron March 2013 (Run +11) pee pegeg suy 173.20 + 0.87 (0.51+035 + 061)

8 §§ 173.29 + 0.95 Tevatron + LHC m, comb.

c 2 LHC September 2013 P et — 29+0.95(0.2340.26+0.68) March 2014 :

g | | ) | total | (stat. 1JES syst) | | | | I I I

m 170 172 174 176 178 180

= [Gev] -5 -4 -3 -2 -1 0) 1 2 3

c mlop

|9 Pull

Consistency x*=4/10

Myop = 173.34 £ 0.27 (stat) + 0.24 (1JES) + 0.67 (syst) GeV

Highest precision in [+jet channel
o Dilepton channel good precision
precisionon M _ 0.44% Fully hadronic channel respectable
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Top Mass Tevatron & LHC pdg 2017

Table 72.1: Measurements of top-quark mass from Tevatron and LHC. [ Ldt is
given in fb~1. The results are a selection of both published and preliminary (not yet
submitted for publication as of August 2017) measurements. For a complete set of
published results see the Listings. Statistical uncertainties are listed first, followed by
systematic uncertainties.

my (GeV/c?) Source | Ldt Ref. Channel
172.99 + 0.48 + 0.78 ATLAS 4.6 145] (-+jets+00
172.44 + 0.13 + 0.47 CMS 19.7 146 (-jets +06+AL et

173.72 £ 0.55 i 1.01 ATLAS 20.2 158] All jets
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172.25 4 0.08 & 0.62 CMS 35.9 159] (+jets
174.30 =+ 0.35 £ 0.54 CDF, DO (I+1I) <9.7 174] publ. or prelim.

173.34 + 0.27 £ 0.71 Tevatron+LHC <8.74<4.9 [2] publ. or prelim.
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Tancredi Carli (CERN)

VIS XXXVII INTERNA HONAL P
Top Mass @ 8 TeV, CMS CONFRINCEON

(0))
= New CMS top mass measurements at 8TeV
Al
_*qé Kinematic fit to reconstruct top decay product, Ideogram method (all permutations used) =
= Fit M, and jet scale factor exploiting M_ in I+jets and fully hadronic channel -
top w

§ classification using parton match in MC ﬁe{mﬁentt
S CMS Preliminary, 19.7 fb ™', \s = 8 TeV, I+jets CMS Preliminary, 18.2 fb™', Vs =8 TeV
% %) 3000 e - ttcorrect I """ : - Z+Je{s """"""" — 700 :_l L —:
p g - - twrong : [ Wdets 1 sook - {f correct Background E
.chj" g 000 | ? ; . tt other e Data :
= & 1000 N 500;_ fully hadronic TOP-14-00:
1% g 1 400t July 2014 .

D 5000 .
5 e 300}
= 1000 :
% 200}
£ 2000 ;
5 1 OOE
R T 1.5¢
© =
g g 1 + +§¢ "w...‘\‘”ﬂ*# +++ % + + ++ 1 ﬂ
S I TR 300" “200 0-5
= 1 OO 200 300f_ 400
= Top mass after kinematic fit m{* [GeV] Top mass after kinematic fit rnt't [GeV]

= 172044019 (stat+JSF) £0.75 (syst) GeV, | | m = 172.08=036(stat.+JSF) £ 083 (syst GeV,
precision: 0.45% precision: 0.53%
13
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Top Mass

DO, Tevatron

Tancredi Carli (CERN)

XXXVII INTERNATIONAL
CONFERENCEON

PHYSICS icep 2014

(o))
© New DO top mass measurement DO arxiv:1405.1756

t
c;) Mass of W-boson and top anti-top system after top mass fit aeeepiEa Y
= = [ Doarm s [ DB ArHm' t
5 Q - ; l+jets ~Data G 400 l+jets B Jata
= o 400- it : 0
3 Ly - 1 Other bgs 300" W Other bgs
. 4 i B W+hf : N Wehf
o = - W+If = e W+If
= £ 200 I Multijet [= 2°°; M Multijet
> ’ "' 100-
c i
L 5
= 0
£ - S 2
z < ® 1.5
qg) m O 5§ , ; 22 % . _ m o g:
3 0 100 200 300 200 400 600 800 1000
= W-boson mass Iy [GeV] Top anti-top system mass mﬁ [GeV]
O}
S Select 4 jets, 1 b-tag 2500 events Recent improvements:
a Blinded analysis - faster matrix element calculation by O(100)
1= Leading order matrix element to - large MC statistics —reduced fluctuations on
= calculate signal and background probability density systematic uncertainties to <10 MeV

- updated jet energy measurement uncertainties
- dedicated correction for b-jets
- constrain QCD radiation using Drell-Yan events

2d fit Mtop and jet scale factor (JSF)
exploiting M, constraint

Precision 0.43%

14
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Top Mass @ |LHC using Cross Sections

o CMS Phys. Lett. B 728 (2013) 496
% Comparing NNLO+NNLL QC Ss section to data ATLAS arXiv:1406.5375
S determine top mass in a welfgefiredTerormalisation scheme
3 (here: pole mass) and theory uncertainties
-
g 3‘ 350?‘L2I || I | | I | | I | | | | | | | L | | | | I [ I_
% = 3 t""*z. ATLAS e MSTW 2008 NNLO . Mtop dependence of measured
5(% = Rl iy — CTIONNLO - cross section -0.28%/GeV
" S 300~ i = NNPDF2.3 NNLO _ .
o "g - .. O \s=7TeV, 461 —/
> ~- 8TeV = 32fb _
o ?, B ) R s =8 Tel 20315 NNLO+NNLL cross-section
> 7 N P25, Prediction for various PDFs
E 8 250 f_..-.,:f (band scale uncertainty)
B S3g
= L -
I — s
s 200 771ev *
o _
£ B Combined result:
o
- l 5
g 150[ mP®C = 172,972 GeV
§ i
S B )
8 1 OO S IR ST NN T A N S N 1'| [ v I'I o v by oy
-g 164 166 168 170 172 174 176 178 180 182
= pole
1
mP”¢ = 1714+ 2.6 GeV (/s = 7TeV) m — [GeV]

mpole —174.1+26 QoV ( \/§ — 8 TeV) Largest exp. syst. (luminosity) uncorrelated for 7 and 8 TeV
t / Results consistent within 1.7 sigma 16
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Collection of top-mass measurements

op 1 1 | I I 1 I ) | 1 | I | | | | 1 | I I I 1
% | " Top quark pole mas from cross-secton |
o )
X ATLAS .
£ compared to direct measurement
=
g +5.9
) DO approx NNLO: MSTW08, 1.96 TeV 2009 ¥ 169.1
% +g; NLO+NNLL
4 DO approx NNLO: MSTWO08, 1.96 TeV 2011 ¥ 167.5 4'7
g’ e
= 3.0
= CMS NNLO+NNLL: NNPDF2.3, 7 TeV 2013 V- 176.7+2 6 )
9 =&
o
'_JCCJ ATLAS NNLO+NNLL: PDF4LHC, 7 TeV 2014 —V— 1714 = 2.6
= > NNLO+NNLL
g ATLAS NNLO+NNLL: PDF4LHC, 8 TeV 2014 -y 1741 =+ 2.6
()
= 25 =
5 ATLAS NNLO+NNLL: PDF4LHC, 7-8 TeV 2014 — 172.9?‘26 IR
S .
LU
3 Direct reconstruction LHC+Tevatron 2014 - 173.3 = 0.8
§ 1 1 I 1 1 1 1 I 1 1 1 1 I | 1 1 1 I 1 1 1 I 1 | 1 1
- 140 150 160 170 180 190
l_
pole
m [GeV]

Recently also first determination of top mass Recently new techniques proposed

from single top cross section arxiv:1406.4402 e.g. based on ttbar+jet cross section

However, low sensitivity Alioli et al. EPJ C73 (2013) 2438 17
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Top quark mass in the dilepton analysis

In the ttbar 2-lepton channel both W’s decay leptonically
Pbs: pa.iring and gugssing (tf — b+ v hi- )

energies of 2 neutrinos

2 neutrinos in the final state pt™ss associated to the sum of

momenta of 2 neutrinos.

Overcome this problem by using mre, also known as

‘'stransverse mass’, used in topologies with 2 pair-

produced particles decaying into a pair of undetected

particles.
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- I 2
mr2 (Minyis) = (Il{]ln(q){max[mT(minviSa ﬁ% ))a mt(Minyis» ﬁ{“ ))]}
T - Pr
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Stranverse mass - 1

. 2
mt2(Minvis) = (llll)lln(ar{maX[mszmws, P )) mt (Minyis r{* ))]}
' ﬁ . T o7 N

-’
’¢
o’

Kinematically allg)yve'd trial values of the invisible particles’
transverse mementa

4
4

'—.

i'
: mT('man189 {*)) —

2 - (1)
m _|_ m i + 2(EVISEII]VIS . p¥ls p )

“vis” stands for “lepton” in this case, “invis” for missing unknown
neutrino energy
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2
| e 20, i P

means “guess’” the undetected neutrino energy and pair it to each of
the 2 leptons; take the larger value
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Stranverse mass - 2

o (1) (2)
. mr2(Mipyis) = MmIN_{max mT(manSap ), mT(mlIlV189 )
g (1) -(2) T Pr
= T » Pt
L Vary g1, py” over al Use MC to get templates for
= kinematically allowed different topimass :
% ' . > 02 I 2 S L A =
& values, constraints: g - g AS_Pre,,mmary I
% 0 ) 9 0. 16§— Simulation " e Gev‘\ f
N P +Pp = = s “’014;— | -190GeV I
- Eo0.12 % =
g LlJ 0. 1:_ e e ,' _:
= © ~ -
: P‘E/l | Pgé:) ton P(lz et § 0-085 | E
: P b= & 0.06 E
= E 0.041 B =
0.02F- =] | B -
Qb e L1 = -
0 50 100 150 200 250
My, [GeV]
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Stranverse mass — Closure test

Average value of mr2 130
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N rryrrnrnrprrn1r1r[7 117111 rr1r 1t 1 11T T T 7T T T T T 7 T 1T T
| | | | | | |

S S L L L
E 145 ATLAS Preliminary
<« E Simulation
' |E 140 P
AR det=4.7fb
135
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125
m+, and m,., linearl Linear fit parameters
2 top y 120 Slope = 0.629 + 0.005
correlated Offset = 19.9+ 0.9 GeV
115
| I N I I | I I | I | I I I I I | I I I I |
150 160 170 180 190 200
Moy [GeV]
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Results on miop for the 2-lepton an

L}
YSIS
\ \

mtop — 175 .2
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T ATLAS Praiminay e ok

B [Jft m=172.5 GeV -

— JLdt:4.7fb 2 B Single top —

n P Dibosons _

N 7 U Z4jets —

_ ., /%///Aé [ Fake leptons ]

- g + % Norm. uncert. ]

B 7. 7

- 2 { % + :
60 80 1 00 120 140 160 180 200 220

m., [GeV]

Figure 7: mT2 distribution of the selected events.

Source Uncertainty [GeV |
tt generator model —1.3/+1.3
Parton shower -0.9 /+0.9
Colour reconnection —-1.2/+1.2
ISR/FSR —0.5/+0.5
PDF —0.1/+0.1
Fakes norm. and shape | —0.3 / +0.3
Calibration curve -0.3/+0.3
Underlying event -0.2/+0.2
Jet energy scale —1.4/+1.6
b-jet energy scale —-1.2/+1.5
Jet energy resolution -0.5/+0.5
Leptons -0.1/+0.2
E™S and jets ~0.1/+0.1
b-tagging —-0.4/+0.3
Syst. uncertainty -2.8/+3.1
Stat. uncertainty —-1.6/+1.6
Total uncertainty -3.3/+3.5

1.6(stat. )” a(syst.) GeV

Physics at Hadron Colliders



Bias in mrop determination

As mentioned in Section 2 the samples used to build the calibration curve are processed with ATLAS
fast simulation. However, the nominal 77 sample used for the analysis is generated with the full GEANT
detector simulation (full simulation). The effect of using fast simulation instead of full simulation is
estimated by computing the value of mt, for the nominal 7z sample and obtaining the top-quark mass
from the calibration curve. This results in a top-quark mass of 173.7 £ 0.3 GeV where the expected value
is 172.5 GeV. This observed bias of 1.2 GeV is used to correct the extracted top-quark mass from the
calibration curve.

MTop determination with the lepton+jets channel
Best method at LHC

tt — (vby q1qobpag with ¢ = e, u
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Topology: 4 jets (2 b-tagged), 1 lepton, missing energy
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Description of the methods

2 different methods:
1 dimensional fit of “Ra2”

. . . In the ratio some
2 dimensional fit mTop & JES

systematics cancel (JES)

Event selection:

1 lepton with pt>25(20) GeV for electrons(muons)
Etmiss>20GeV

Njets >=4 with pt>25GeV
At least 1 b-tagged jet

Definition of R39 =

Here myig,” and myy ™ are the per event reconstructed

invariant masses of the hadronically decaying top quark
and W boson, respectively.
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The 1 dmensional method

tt — Lvby@q1qobnag) with ¢ = e,

reco reco
Mign and myy

Problem: There are 4 jets in the ocondon
event, mw and Mtop IMplies Vertex
identifying which 3 jets to use. This /
IS done with a kinematical fit which
maximizes the event likelihood
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tt — vby q1q501.4 with ¢ = e, I
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The 1 dimensional method

The likelihood is defined as a product of transfer
functions (7)), Breit-Wigner (B) distributions, and a
weight Whiae accounting for the b-tagging information:

T ( Jetl ‘Ebhad) . T (Ejet2 ‘Ebe) ) T (Ejet?){é’;l\'% geﬂelrator

predicted
A . R e ~‘ . R -t-t
T (Bjeo,|Bgs ) - T (B2 [py) ST YER™p,,) - O

T (Ee Ee) e+jets _ Transfer function derived by MC
T (pT,u ﬁT,u) ptjets
B m(q1 g2)|mw . FW] Blm(lv)mw, ['w]-
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B m(qy go bhad):" reco, like v top} e perevent top quark mass

S mmmma =" maximizing the likelihood
*“reco Jdike b
B |m(Cvbe)iin Mooy rtOpW
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The performance of the fit (using MC events where
we know all the thruth)

----------------------------
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(a) e+jets channel
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Ras2Is a superposition of signal and background

Once you you know the kinematics of your event you compute
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(@)
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@
£ reco d reco
: Micn and myy
2 Oop
g ~— 0.18_ [ | L I I T T I | L | 1T T | | ]
Q O. B . . 7 0.3— | | I . T T
O - ATLAS Simulation m. =160 GeV - < B ! | | ]
—— =~ — to — B ]
g 12 0'162 ’"toi =170Gev | 2 - ATLAS . Background -
o = : [ m, =180GeV | o -
%’ |.C|I>JJ 0.14r M., =190 GeV | = 0-25r j L dt = 1.04 fiy" — Puyg .

B _ > ~ . ]
S T 012 - W o2k e+jets
o @ - B [ — - .
L N - : @ - 5
5 © 0.1 -1 N N N
N £ | 5o =
iy o B g - - .
S > 0.08[ ] o - ]
= - 1 Z 01 -
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= g B 0.055 -
; /' Background :
© B ] B e e e e |
@ 0.02r - =35 2 2.5 3 3.5 4
(o] B R
— 32

o | 1 1 | | 1 1 | | L1 | | [ [ L1
1.5 2 2.5 3 3.5 R 4 (b) e+jets channel
32

You can check your method using MC, check you reconstruct the same mtop you
generated
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Ras2 In data, fit the data
as superposition of signal & background

2

0

— i 5 Y O ) L L L L L B B BB O B B BB B A S L L e D
% S E ATLAS Z * \s=7TeV data E S 240; ATLAS ¢ \s=7TeV data =
= » 140~ 2 Bt =172.5 GeV 1 o 220:_ I B (i m,, =172.5 GeV -
= e - ] single top mtop=172.5 GeV 4 < 200 [} - single top mmp=172.5 GeV:
® g - T Z+jets . C|>J - :I: T Zijets -
o0 120 WW,ZZ,WZ - 10 180 WW,ZZ,WZ =
IS, - W-+jets 7 a W-jets .
O 160 .
= 100— B QCD multijets . - B CCD multijets -
8 - 77777] Uncertainty - 140:— 77777] Uncertainty -
£ 80:_ j Ldt=1.04f" - 120;_ j Ldt=1.04f" -
S 60— e +jets  — 100E" u+jets 7
(m - . 801 E
S 40~ = 60 =
= B ] - 7
5 20~ S o -
g B ® . HS 20__ _f
o) - | e ? - - 64 5 ]
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© Rs» R,,
§ (a) e+jets channel (b) p+jets channel

5

l_

[:(R,?,Q‘mtop) — Eshape(RSQ‘mtop) X Lbkg(RBQ)

2 fit parameters: miop and fraction of top events
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Results of the Rz2 method

Meop = 172.9 £ 1.550a¢ £ 2.5yt GeV  (1d e+jets),
Miop = 175.5 £ 1150 £ 2.65y¢ GeV  (1d p+jets).

o
- L e

2 S [ ATLAS . Data .

o > 120~ B Signal ]

o) = B Background 7

= © 100 _

= o f m,,=1729+ 15 GeV

g G _: 1ld-analysis 2d-analysis

2 - ILdt:LMﬂ,—l i P_rocess e+jets p+jets e+jets p+jets
3 60— - | tt signal 990+ 40 | 14504 50 | 3400+£200 | 51004 300
5 aoF e +I8 1| Single top (signal) 43+ 2 53+ 3 [ 100Ef 10 | 280F 20
38 - | Z+jets 12+ 3 8+ 3 83+ 8 100 8
2 oob- | ZZ/WZ/WW 2+ <1 2+ <1 11+ 2 18+ 2
D; - o | W+jets (data) 80+ 60 100+ 70 700 £ 500 | 11004800
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(b) p+jets channel
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The 2-dimensional fit

; Likelihood computed for all N events

; Lshape (m ;g‘f)%ntop, JSF, nbkg Fit parameters:

'(% l: N\;‘_~ """""""" m’[OIO, ‘JSF! %

é I_f tol;(m};g‘f)o|7'n...t,op,_.]SF‘,-n..bkg).,; X background

: i=Tveee’ L events

5 3 PWan{;%COUSF,-'n..bkg),,; ,

Y with: T Method tested

E ¢-~

E.J' Ptlop —_ (N - Izl)kg) Ptcl)%)(772t0p ]SF) + USIHQI\/PCS)eLJdO

= o-J

% bkg recg

: bk Prop (mtop' I.mtop‘ I5E)i experiments:

: Py = (N — npyg) - Po® (mse° | JSE), + good linearity
Nbkg * P\lng(m{ffCOU SE); . found
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ikelihood fit

The shapes used in the

analytical function fitting the MC points

Gaussian (bckg) and Landau (signal)
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The 2-dim fit results & summary

o
1|_ I [ ] _ & & -
b Miop = 174.3 £ 0.8gtar = 2.3syst GeV  (2d e+jets),
o
Y
—_ _ r’ _ - Y - -
g Miop = 175.0 £ 0.7gpar = 2.65yst GeV  (2d p+jets).
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= 300F ~ 400 - JSF = 0.986 + 0.006 .
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Summary of the lepton+jets analys

1
IS

o . . ' '
5 Fit results compatible, similar errors
o
S ld-analysiy o 4 = wdcanalysis Corgbinations Correlation
*GC-J' ~Tjets f—l—jets et+jets | pt+jers < - 1d ._Ec'{ . p
= Measured value of m¢op ‘~1’_72.93 17554 | 174.30 | 175.01 ﬂ:174.35 174.53 W
2 Data statistics TTUS F = kB = DS [= =074 || S8H 4 = DT
2 Jet energy scale factor na na 0.59 0.51 na 0.43 0
3 Method calibration 0.07 | < 0.05 0.10 | <0.05 || < 0.05 0.07 0
© Signal MC generator 0.81 0.69 0.39 0.22 0.74 0.33 1
3 Hadronisation 0.33 0.52 0.20 0.06 0.43 0.1~ 1 '
2 Pileup <0.05 | <0.05 | <005 | <005 || <005 | <0.0§ rlfela'“OﬂS'
0; Underlying event 0.06 0.10 0.42 0.96 0.08 0.59 1
o Colour reconnection 0.47 0.74 0.32 1.04 0.62 0.55 1
ljcj ISR and FSR (signal only) 1.45 1.40 1.04 0.95 1.42 1.01 1
- Proton PDF 0.22 0.09 0.10 0.10 0.15 0.10 1
% W +jets background normalisation 0.16 0.19 0.34 0.44 0.18 0.37 1
IS W +jets background shape 0.11 0.18 0.07 0.22 0.15 0.12 1
o QCD multijet background normalisation 0.07 | < 0.05 0.25 0.33 || < 0.05 0.20 (1)
% QCD multijet background shape 0.14 0.12 0.38 0.30 0.09 0.27 (1)
a Jet energy scale 1.21 1.25 0.63 0.71 1.23 0.66 1
L b-jet energy scale 1.09 1.21 1.61 1.53 1.16 1.58 1
@ b-tagging efficiency and mistag rate 0.21 0.13 0.31 0.26 0.17 0.29 1
S Jet energy resolution 0.34 0.38 0.07 0.07 0.36 0.07 1
g Jet reconstruction efficiency 0.08 0.11 | < 0.05 | <0.05 0.10 | < 0.05 1
= Missing transverse momentum <’_0!O.5 w (). 85w = w2 0,16 || <OQ5= = -0.13..: 1
2 Total systematic uncertainty e” 246 2.56 2.31 2.5 ? 250 231 | &
Total uncertainty e 2.86 2.80 2.46 2.63 J‘Q 2.66 2.39 (¢

LI Il p——

Miop = 174.4 £ 0.9gpar = 2.55yst GeV  (1d-analysis),
Miop = 174.5 £ 0.6gpar = 2.35yst GeV  (2d-analysis).
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Top Properties @ LHC
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W Helicity from Top Decays

The angle theta® is defined as the angle between
the charged lepton and -direction of the b-quark from the decay of the top quark. All
boosted to the W test frame

Decay t >~ Wb governed by weak force, i.e. V-A decay”? charged lepton

SM prediction: no “right-handed” W bosons d/s quark
from top decays

LY, = —9/va W bry ts top boost
Observable: cos 67 irection

..e. angle between lepton and
top boost direction in W rest frame ...

neutrino
u,c quark
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lllustration that the top mass

cannot decay into a right-
handed W-boson

Left-Handed Longitudinal

Aght-Handdd  Foridden

in Standard Model
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W Helicity from Top Decays

Differential cross section decomposed into helicity states:

dc((j)(; o ™ 2(1 — cos60*)? FLy + §(1 — c0s? 0*) Fiong + 2(1 +C0S 0*)? FrH
left-handed longitudinal right-handed

SM prediction for helicity fractions [LO, mo = O]

m;

2 2
ms +2my,

FLH = ~ 03 Hong - ~ 07 FRH ~ 0

Physical picture:
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Top quark: large mass > large Higgs (Yukawa) coupling

Longitudinal d.o.f. of W bosons generated by Higgs mechanism

Thus: top quark prefers to couple to longitudinal W ...
[see later]
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W Helicity from Top Decays at the Tevatron

_*g‘ CDF I’GSUH US%Qﬂ?SOd CDF Run I Prellmlnary (2.7 fb’ )

B 2D fit to Fong and Friy  Feesrmsr-1 '
g one | 1 Confidence Intervals
o) T i

% Flong = 0.88 +'O 13 Tatat +syst.] i —68.27% CL
E: FrH = 20 -‘l-é_ 34 O 09 istat +syst.] I N 90% CL

s 05|

| LHC expectations (1 fo™):

; Reduoe ungertamtles . |

= "[O 0.04-0.05 [stgt +syst.] 0

: I = 1,
5 More detailed studies of anomalous tWb coupings ...

S Combination of top pair and single top measurements

[already tried at DQ: Phys. Rev. Lett. 102 (2009) 092002]

CDF; Measurement of W Helicity Fraction
[http://www-cdf.fnal.gov/physics/new/top/2008/tprop/\Whel_ME/]
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W-Boson polarization

0 T R T |
-

Anomalous couplings compatible with O

g l
= W-Boson Polarization - /
& Probes Witb vertex for anomalous couplings i
I : t ety T} 3
£ Two analyses combined: F,: fractions of longitudinally
.. i olarized (F;), left- (F,) and right-
S Helicity fraction template fit Eanded (F(R)"z,v_bosﬁ,;g 2 /
o
% 1 dU 3 3 3 I T I I I T I I I I T I I T I T
% sdeosfr 4 (1 — cos” 9*) Fo + 3 (1 — cos 9*)2 Fr + 3 (1 + cos 9*)2 Fr g 0.16F ATLAS Simuiation singleleptolnchannels—:
n . - - F,template
2 Angular asymmetries %0-‘45‘ ety —F, tompinte 3
o AL — N (cosf* > z) — N (cos0* < z) EOJQ:
? TN (cosB* > z) + N (cos0* < z) S 0.1F
c . . -
- New: LHC combination (ATLAS-CONF-2013-033) 0.08
£ 0.06F |
© o
= Results 004 -
5 o s
] ATLAS combination 0.02F-+-
i .
=
S
©
m
c
kS

~
Fo=0.67 £0.03 (stat.) £ 0.06 (syst.)
F.=0.32 +£0.02 (stat.) £ 0.03 (syst.)
9 Fr=0.01 £ 0.01 (stat.) £ 0.04 (syst.)
JHEP 06 (2012) 088 I dilepton and I+jets I 100" @ 7 TeV ] [* A. Czamecki, J.G. Komer and J.H. Piclum
Phys. Rev. D 81 (2010) 111503] ’
Main Systematics (F,)
JES (0.026) . Fake lepton estimate (0.020) . My, (0.016) . ISR/FSR (0.0195)
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Comparison data / MC of cos(theta®)

102 ..(22000 —_ | | 1 I I | I I | | 1 I | I I | | 1 I _— -.(2 | | | | | 1 I | | | | | I I | I I o
i ch - ATLAS single lepton channels 4 QC) ~ ATLAS dilepton channels ]
5 > = _ = > 600 , -
& 1111800 ILdt:1.041b' Do - Ll - JLdt=1_04fb' Rl }
© C ---- SM exp. . - ---- SM exp. 3
§ 1600 - - Bkg best fit ] 500 . Bkg best fit —
g 1400F W [7] Unc. best fit - - [7]1 Unc. best fit -
S u - - _
5 1200 = 400 ~=#= :
O m . 77 i
T 1000F ra- = : :
= 7 z 0 | :
(7))

2 800 - .
o - 7 2 2 o ]
> 600F; = 200 B
o Zee . - §
5 400 - : ;
2 : : 1000 -
T 200 e S = ' :
E I R SR T TR AN W WA NN N NN T TR SN A N TN S SN S __IT_I_r ..... T T e S o omedereeodenieeegoe]
= 0 0

2 -1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1
£ cos 0" cos 6"
3

LU

o

(&)

S

o

m . " . . . :

= Figure 4. Distributions of the reconstructed cos #* used in the template method for data (markers),
o

l_

fitted background (dotted line), the Standard Model prediction (dashed line) and the best fit value
(solid line) for the (left) single-lepton and (right) dilepton channels. The total uncertainties on the
helicity fractions for the best fit values are represented by the grey band. For the dilepton channels,
each event contributed with two entries, corresponding to the two leptonic decays of the W bosons.
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Top polarization

Theta is the polar angle between

Top Polarization the charged lepton in the parent top

Top quarks almost unpolarized in SM quark’s rest frame ' y
cos(6,) distributions measured via template fit i ./? Ny i
From fit: o, p o [ , £
a. spin analyzing power (= 1 for charged lepton) ) 4 \b
p: polarization 17/

A complete reconstruction of the tthar  wicos(:)) ~ 1+ ai-p - cos(6:)
system is needed!
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82500__IIIlIIIIIIlllllllllllllllll:bét'a. """
Results & ATLAS Preliminary  __Fjt
A CP tion i ducti = So000L  Jra=esn’ - ap=0
ssume conservation In proauction (a,- Ptop = & pantitop) = : By e+ets agp—+]
e
1500
o; p =-0.060 + 0.018 (stat.) 0046 _ ., (syst.)
\. 1000
| ATLAS-CONF-2012-133 I I+jets I 471 @7 TeV ] |
5007 5
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Top spin correlation

_NAD+NAD-NTD-NAD
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(0))

b SM description of production and A < Nie = N it

2 | | | =

5 decay predicts spin correlation A Nie N uniike

S Azimuthal angle A¢,,,(analyzer,, analyzer,)

g [Mahlon and Parke, Phys. Rev. D 81, 074024 (2010)]

e ;

3 Dilepton channel A¢,(lepton,, lepton,):

5 aep= £ 1, No full reconstruction needed

O

2 Template fit: SM correlation, uncorrelated ¢+ pairs

2 £ 900-
c >

f - 800
% Results 700F
=3 . First observation (5 o exclusion of no spin hypothesis) 600E
a 500
E A, =040+ 0.04 (stat.) 008  _ (syst.) 400
) i

@ PRL 108, 212001 (2012) I dilepton | 2.1 fol@ 7 TeV ] 300F
é * Bernreuther and Zi, Nucl. Phys. B837, 90 (2010)] 200E

NAD+NAD+NAD+NAD

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIT‘

™ data ATLAS ]
- It (SM)
f Ldt=2.1fb"

(| uncorrelated)
I smqle top

wmZ/y *+jets
diboson
W fake leptons

—— -

_____

Main Systematics (A;.) 100
Jet reconstruction (0.04) T(_emplate Stat_IStICS (0.03) O
Fake lepton estimate (005 ,,,) - Signal modeling (0.02) A¢
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Top charge: is it -4/37

(0)) -

oy No direct measurement so far

S Instead: Exclusion of possible alternative: -4/3 e

O

S Lepton+jets channel combination:

5 Weighted jet charge method

3 a7 -7 " qi : track charge Weighted b-jet charge

g Qb_Jet — ~ - 1 3‘:jet axis 'N_. 35__| [T T T T 1 |—1| 1 7 -I 1 .| Ilhltalzolrll I__

2 i) P p; : track momentum 2 - f'— dt=0.70fb €+|etS [ rtbar .

= — . . »n 30 )\ [ Single top

= Qcomb. = Qb—jet * Qlepton Kk : separation tuning factor = - 5 ﬁfgs o) -

Scj LI>.I 25:_ T unceriainty —:

< Soft muon method - Ny = Cewde 1

T 201 @7 - ATLAS

g - Z L ’iﬁﬂ' ., Preliminary 1

= Result 15 ALY E

: e A 10} ) + -

E Exotic charge of -4/3 e - £ Gl :

© - oL - ]

S excluded by > 5 o > _e + it ) i

N / Ol it L[]

5 ATLAS-CONF-2011-141 | I+jets 0.7 @7 TeV -1 -0.5 0 0.5 1
Qoomb

Main Systematics (<Q,,,,,> [%])
ISR/FSR (13.8) - Jet/E{™** reconstruction (7.2)
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Rare Top Decays

— Strategy in flavor physics: Penguin diagram
- Probe high-energy phenomena 7
i Vvia l0op effects [see later] 4 [CERN-OPEN-2008-20
= N 95% C.L. -
21| Example: i b e EXCLUDED -
8 Flavor changing neutral currents ~ ®107 Eg5r REGIONS 5
% Extremely small in the SM, 102 ATLAS (1 fb-) , ZEUS -
£ e.g. BR(t > Zg) = 1014 A (a=u only):
£ 9. Q) = i, P
i , . 10-3 : > (q=u only}:
= Enhanced in many new physics bl
: i 4
- scenarios, up to 10 104 ,(ggg)
E Tevatron: only weak limits, :
e.g. BR(t = Zg) < 3.7x1072 [@95% C.L] 106 oo o il M
| 105 104 103 102 107 1
LHC: improve by 2-3 orders ... B(t—vaq)
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Additional Slides
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m, vs myy In pdg 2017

10. Electroweak model and constraints on new physics

go.40| I direct (10
I indirect (10)
80.39| I 2!l data (90%)

80.38

80.37

M,, [GeV]

80.36
80.35
80.34

80.33
168 169 170 171 172 173 174 175 176 177 178

m, [GeV]

Figure 10.5: One-standard-deviation (39.35%) region in My as a function of my
for the direct and indirect data, and the 90% CL region (Ax? = 4.605) allowed by
all data.
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