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© W mass and width
@ Motivation
o At LEP Il
e M,, at Tevatron
e My at LHC
e My, at Tevatron
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© Top mass
@ Introduction

@ General technique

Lepton plus jets

Dileptons

Full hadronic

Single top

Pole mass M,,, measurements
Alternative M,,, measurements

Summary of M,,,
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Toq Quark introduction

w

@ Discovered at Tevatron in 1995 (> 20 years ago); - re
@ heaviest fundamental particle; S¥F N\ ]
e LY K
> weight as an atom of "Ovi little less than PI, or Au. .1 . . vy
¥ g - .-
. \/EM " o i P P e e
o Yukawa coupling G; = ——% ~ 1; 4 S0 eo 170 180 1%
. . l/ ':; Top Mass (GeVic)
@ it decays before hadronization: £

> B(t — bW) =~ 100%
* |Vl =1
N G,_—m?
£ 8vor

> Teop ~ 1077 s < moep ~ 107 s
> unique chance to study bare quark;

> I |th|2 ~ 1.5 GeV > /\QCD

10 150 00 280 o

Top Mass (Gc\".‘c")

Miop = 174 £10 *1} GeV

M, enters (quadratically) in basically all radiative corrections
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@ M., and vacuum stability [1]
1

SM L at tree level, in the Higgs sector, has a potential V(¢) = m*|¢|* + A|¢|* = §m2H2 + %AH4 +...
1
V2Gr

o if energy scale > v (eg plank scale),
use a single running coupling A(u):

1
V(p > v) = ZAmH'

where (H) = v = = 246.2 GeV and mj; = 2\v°

@ If for some (large) value of H A(u) < 0, .
the potential become instable (or
metastabl e) (a) stable (b) stable (c) metastable
@ Minimum closer to 0 is the EWK one. A Fi f Fa
second, deeper minimum can be there ¢
also. v

o If P-tunnel low (wrt age of universe):
metastable. otherwise unstable (d) metastable (e) unstable (f) unstable

@ Correction, and stability depends on My,
Miop, and as(Mz)
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2=
» bzl Vacuum stability vs M,,, and My,
Apparently we (the universe?) are very close to the metastbility region (yellow area)

M,o,[ GeV] — 173.1 —0.
Stability for My[GeV] > 129.5 + 1.4 ( topl GEV] ) —-05 <M)

0.1 [+
»
=
W N -
00s| W 0 Instability 922
RN 3 o= 3
WM T~ & 150 S z g
- WY Tl m, = 165GeV _ _ _ = S 2 )
= SN STl m = 165GeV. = R ‘ s
&4 NN 3 ) 2 )
N N Sy Tt~ __m=170GeV__ _] g 1005 < Stability E é
N £ g H
~0.05 S Sy e m—;Jz?ﬁy'»" A € g :
i) B
Wi !
-0.1 L / 0 i 165
10? 10* 100 108 10 102 10" 10'° 10'® 10% [ 50 100 150 200 115 120 125 130 135
win GeV Higgs mass M;, in GeV Higgs mass M), in GeV

Absolute stability is excluded at 98%C.L. for My < 126 GeV [1].

So, it is not just yet-an-other ingredient of the global SM fit.

Improving the precision of M,,, (and My) is crucial to understand the vacuum stability.
Th. computation rely on the assumption that the pole mass is the world average
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» bemd Experiment vs Theory

What are we talking about when we talk about M,,,? [2]

° Mexp Vs Mtheo
in QFT mass is a bare quantity that need to be renormalized to have physical relevance;

°
What we measure experimentally, from direct measurement, is the MC mass M, (eg via template method),

namely a mass of a theory prediction
My is related to the pole of the propagator M, in the £ but are not the same thing.

close, but different:
Mpole = Muyc + Qoleras(Qp) + - - ]

pole —

where Q, is a scale used in the definition of My, (~ 1 GeV in Pythia)
“The uncertainty on the translation from the MC mass definition to a theoretically well defined shortdistance

mass definition at a low scale is currently estimated to be of the order of 1 GeV [3].”

on the other hand, theoretically My, is typically evaluated in a given renormalization schema taking into
account the self-energy radiative contribution and a given cutoff;
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Experiment vs Theory (I1)

@ Theory definition of M,,, depends on renormalization schema
@ several schema are used, each with its own problems

MS : “modified minimal subtraction”, introduces an arbitrary mass scale in the theory, My;=

OS : “on-shell (pole) mass scheme” connection to the top quark’s kinematical properties physically limited for color
confinement

RGI

0 M(MS) = Mpoe(1+4/3as/m +...) (known up to O(as) [4])
e Note that M,,,(MS) — M,,,(pole) ~ 10 GeV

MSR “low-scale short distance masses” schema interpolates smoothly between pole and MS

> Mysr(R) k=0, Mpole, and Mysgr(R = Myzs) = Mys (R is infrared scale)

> with R ~ 1GeV, Msr is as close as possible to pole
° I\/It'\fpc = Mtl‘ng(R = 3%9) GeV which correspond to “...order of 1 GeV" [5]

@ Side remark: o, depends on M, so it can be used for direct M, measurement
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M(pole) vs M(MS)

MiopME = MiopMSR(3+6.5) GeV

mMSR(1)  mMSR(3) gy MSR(9) | () m‘l’}p ‘m;’]]p nz:‘:_:l , m';:p m,'z’}p "”;';1],,
172.52 172.20 171.58 162.62 | 170.14 171.75 17225 | 172.52 17267 172.78
172.72 172.40 171.78 162.81 | 170.34 171.95 17245 | 172.72 17287 17298
172.92 172.60 171.98 163.00 | 170.54 172.15 17265 | 172.92 17307 173.18
173.12 172.80 172.18 | 163.19 | 170.73 172.35 17285 | 173.12 17327 173.38
173.32 173.00 172.38 163.38 | 17093 17255 17305 | 173.32 17347 173.58
173.52 173.20 17258 163.57 | 171,13 172,75 17325 | 173.52 17367 173.78
173.72 173.40 172.78 163.76 | 171.33 17295 17345 | 173.72 17387 17398
173.92 173.60 17298 16395 | 171.53 173.15 17365 | 173.92 17407 174.18
174.12 173.80 173.18 164.14 | 171.72 173.35 17385 | 174.12 17427 174.38
174.32 174.00 173.38 164.33 | 171.92 173.55 17405 | 174.32 17447 17458
174.52 174.20 173.58 164.52 | 172.12 173.74 17425 | 17452 17467 17478
Table 2.1: Top quark MSR and MS masses at different scales converted at O(a?) for a,(Mz) = 0.1185.

Columns 5-7 show the 1, 2 and 3 loop pole masses converted from the MS mass 77(7). Columns 8-10 show the
1, 2 and 3 loop pole masses converted from the MSR mass m™®S(3 GeV). All numbers are given in GeV units.
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D
top production at Tevatron and LHC

Production mechanism:
@ qg — tt
> Dominant at Tevatron (85%-15%)
° gg — tt
> Dominant at LHC (90%-10%)
t

3

gq annihilation

0
& <

f
—t

t

9 BEO00

.\('L\(‘w(\ ,
gg fusion
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° [ O CMSalijets* 13 TeV (L= 253 ") 900 17

> 10 Preliminary

@ = |

= E 800F ry 33

E £ | 7
r NNLO+NNLL (pp) 700 17
r == NNLO+NNLL (p) b

10 Czakon, Fiedler, Mitov, PRL 110 (2013) 252004 13 fs[Tev]

NNPDF3.0,m,, = 17255 GeV, a,(M,) = 0.118  0.001

PR S S A S S RO ST
2 4 6 8 10 12

|

4
\s [TeV]

(stat)=£(syst)E(lumi)

oi(v/s =1.96 TeV) = 7.16 + 0.2 pb

ou(v/s=7 TeV) =173.0+2+8+6 pb

ox(v/s=8 TeV) =2415+1.4%%% + 6.4 pb

ow(v/s =13 TeV) = 818 + 8 + 27 + 19 pb (ATLAS ep)
oi(v/s = 13 TeV) = 815 + 2 4 25 + 20 pb (CMS ep)

NB: o(+/s) depends on Mﬁ;;’e
LI =2-10* em™?s™" =20 nb™'/s. Rate tf ~ 16 Hz

Fit SM Padova 15/03/2016

9/52



Q
~

w+
q* b
s-channel

b w
b

g t

b w
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tW-channel

s and t-channels seen at TeVatron

t-channel

all channels measured at LHC
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D
g Single top production also present

- ATLAS+CMS Preliminary
LHClopWG

Single top-quark production
September 2019

AdEs

- * t-channel

s-channel

t-channel
B ATLAS PROS02014)112006 EPICTT (2017591 HEP 04 011086

CMS 6P 12 20121035, 1EP 05 (20141080, arxv-1812.10514

ATLAS+CMS sueros 2019088

ATLAS LB 716(2012)142, JHEP 012016)064, JHEPOLZ018)053
CMS PRL110 (2013022003, PRL 112(2014 231602, HEP 102018) 117
ATLAS+CMS smeros zois)oss

~omZ .

s-channel
B ATLAS msmseoiozs
® CMS wmerosiais)ozr
+ ATLAS+CMS smepos 2019088 {

- - - NNLO PLB 736(2014)58
scale uncertainty

=== NLO+NNLL PRD83(2011)091503,
PRD82 (2010)054018, PRD 81(2010) 054028
W t contribution removed
scale [ PDF (1 a, uncertainty

—— NLO NPPS205(2010) 10, CPC191(2015) 74
B 1= My
CT10nlo, MSTW2008nlo, NNPDF2.3nl0
W: p? veto for tf removal=60GeV and =65 Gev
I scale uncertainty
scale 0 PDF [ a, uncertainty

Fit SM

Vs [TeV]
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D
Single top vs anti-top

g

o In general o, # o}
@ measured for t—channel at different /s

@ Ot channel > OtW > Os—channel

Stefano Lacaprara (INFN Padova)

t-ch.t

O tent lo

R, =

- ATLAS+CMS Preliminary September 2019
24— LHCIop WG === 14 pro 93 eosey 2006
C NNPDF 3.0 3HEp 1504 (2015) 040
22 B B VMHT2014 epac 75 o1s) 200
TE NLO QCD NPPS 205 (2010) 10, CPC 191(2015)74
B m,,=1725GeV, p =u =m,,
2
18—
16—
[ stat.
14 C e ATLAS, 4.59 fb™, PRD 90 (2014) 112006
= B ATLAS, 20.2 fb™, epac 77 2017) 531
r m CMS(*), 19.7 o™, JHEP 06 (2014) 090
1.2 v ATLAS, 3.2 fb™, 3HEP 04 (2017) 086
B v CMS, 35.9 fb™, axiv:1812.10514 () Larger uncertainties are due to
C relaxed assumptions on PDF correlations
7! | | | | | |
8 9 10 11 12 13
Vs [Tev]
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B et s
« bl tf event signatures

9 In SM, B(t— Wb)~100% ,

-presence of b-quark

V . . .

» -final states with different S/B ratio
”et\/

b-jet

tau+ets P
t
{4
bojet BR~15% e ‘f“ _% @
v, c | ¥|9
L g § 5%
q - k3
jet o3 E
, 4(\% g |3 E
Jet
I v
Dojet "o o tautjets
dieptons (e % . 'S Q@ muon+jets
» ! » ‘v electron+jets
bijet 5/ BR~5% ‘i@dﬁ el ud cs
A
Lo Different decay channels are complementary

and have different sensitivity to systematics
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C BR~45%
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Jet
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» bzl General technique

@ [ssues:

complex final state: jets, b-tagging, leptons, MET;

combinatorics

The name of the game is: jet energy scale
@ Techniques:

kinematical fit to M(jj) = My, and M, = Mg;

kin fit also to reduce combinatorics;

use unconstrained W — jj decay to simultaneously fit JES ;

residual JES for b-jets can also be exctacted from a fit from data;
@ M,,, extractions:

Template Method (standard);

Matrix Element Method;

Ideogram Method;

Analytical Matrix Weighting Technique;
many alternative others ...

@ At Tevatron statistics is relevant, not much at LHC.

Stefano Lacaprara (INFN Padova) Fit SM Padova 15/03/2016  13/52



Lepton+jets channel

@ Semi-Leptonic decay.
@ Golden channel
> low background and high BR.
> one top fully reconstructed t — bW — bjj, one with missing nutrino t — bW — blv.
@ A critical element is the knowledge of Jet (and b-jet) Energy Scale
use a kinematical likelihood fit for full reconstruction.
o fit can be done in three ways:
> 1D fit reconstruct t — bjj: depends strongly on M

JES, bJES.

top!
> 2D fit reconstruct W — jj: strong dep. on JES, neglibible to M,,,, jJES
> 3D fit use an other variable strong dep. on bJES and weak on M,,, and JES
> eg:
b w
Ry = p7/PT b oMy
Pt e
R,ib — i /Erlnm
() N
a be mwr/
R2b _ Rreco _ Pth i + Pt ? 7
b — Ngb  — Jety 1 Jetw o
X pt + Pt >»mrop
@ 3D simultaneous fit to extract M,,,, JES, bJES
@ Use Template method .

Stefano Lacaprara (INFN Padova) Fit SM Padova 15/03/2016  14/52



Template method

Extensively used by Tevaton and LHC: similar to that used for M,
@ build an estimator sensitive to M,,,

> eg invariant mass of daughters t — bjj, or Pf or whatever;
@ build various template distribution for different values of M,,,;
> parametrize the estimator vs M,,, (mean M,,, in the example below);

@ Perform a maximum likelihood fit to the data;
@ extract M, (and uncertainty);

S| mmM=160Gev| ¢ 3
S mmM=170GeV | =
= mmM©=180GevV | 3 <
o~
wv) £ h
[
a-my+b ;
0 mmmmmmmmman

mC —— MC
mtextr Mg
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@ CDF: lepton-+jets: Template 2D

Consider separately 0,1,2 b-tags events, 2D fit (M,,,, JES) template fit on 3 distribution

nd .
Mreco Mreco,2 choice
'

(takes into account combinatorics), M

bjj bjj
d .
reco reco,2" choice i
My Mg M;;
140 200 _—

140 CDF Il Preliminary . CDF Il Preliminary 180 COF Il Preliminary
5120~ * Data (8.7 ") i ) + Data (8.7 o) 160 o Data (8.7 fo')
100 [7] signal+Bkgd 3100 + Signal+Bkgd E:;g Signal+Bkgd
g 80 Bkgd only g 80 Bkgd only 2100
Z 60 2 60 0-tag T 80
@ o s
&% g &

20- 20 :
%, i Yot -t % i Gz 5 ny 2 '/[ ' -
‘?on 150 200 251 300 0 POI] 150 200 250, 300 350 gﬂ 60 70 80 90 ,100 110 120
m{eee (GeV/c meo@ (GeVic) m, ( c’)
200 i

250 CDF Il Preliminary 180, CDF Il Preliminary R iminery
200 « Data (8.7 ) 160 « Data (8.7 b") * Data (8.7 ')
H [ 3140 [

8 8120

150
100 t 80
:,: :,; 60 / A

. . s
e assagsga, A 9 b e unaen
?00 1 2591 300 0 00 150 200 250, 300 350 90 ,
mreco (el mfeco(2) iralley m [(GaVie"\
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-D

homd  ATLAS lepton-jet: Template 3D [6]

3 5
3 E e Data Zejets k= E » Data Zijets. S as00]
< [CJH.m_ =172 Gev WWWZIZZ 2 2W0E it m_=1725Gev WwzZZ i 2
2 inglé top |l NPiake leptons. £ 2000 gy Singie top ENPrfake leptons H 4000} =
§ tiets B Uncenainty E § 1800f- B Wets B Uncertainty - i asoof E
o ATLAS Preliminary 7 * 1600F- ATLAS Preliminary " 3000) ATLAS Prelminary
{5=8 Tev, 202 1" 1400) {5=8TeV, 20215 = {5=3TeV, 202 15"
E 1200)
1000}
3 800)
E 500
E a00)
200
H B
) g
: g &
T W0 T80 18 170 180 190 200
me? [GeV] 200 [Ge ‘“‘
mreco ® mrece i (e reco R
top bq
- - T T T
E 0.035 é.miaﬁlmtuil.—aﬂw T im,, = 167.5GeV E ATLAS Simulation s ATLAS Slm\:\_aunn bSF = 0.96
2 oo [ ., = 1725 e < Preliminary, (5= 8 TeV/ H Preiminary, (s=8TeV &, jsr o 100
g g H [ buse =108
§ 0025 -
s - H
3o i i
g -
s
E 0.015 zg 3
001
0.005
K] g g
2 g 2
0]
055 70 80 90 100 110 1 15 H 25 R
o
mteco W (Ge) reco
bg
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ATLAS lepton+jet: results (8 TeV) [6]

My, = 172.08+0.39(stat) GeV  JSF = 1.005 + 0.001(stat) ~ bJSF = 1.008 = 0.005(stat)

2 AR ASARRRARRE T T > T T T T T ] T T T T T 3
& ATLAS Preliminary = dein, Hjels & 1800F ATLAS Preliminary  data, jets S 1a00E ATLAS Preliminary * dats. bets 3
~ 1200 {5=8 Tev. 20.2 16" [ Best fitbackground = 15=8 TeV, 202 " [ Best fit background % f5=8 Tev, 202 15" L Best fit background
2 £ 1600F —— estit £ 1600F [E= E
& 1000} 2 1400) B Uncertainty £ 1aoof- [ Urcertanty 3
w 3
800 1200 1200F- 3
1000 1000F- E|
600 500 soof- 3
400 600| 800F El
400) 400F E|
200 E|
200| 200) =

0530 1a0 180 160 170 180 180 200 o 05 T 75 2 Z5
mteco ez GVl Rreco RS

top bg

Mo, = 172.08 + 0.39 4= 0.82 GeV = 172.08 + 0.91 GeV

main systematics: JES (0.54 GeV), b-tagging (0.38 GeV)
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@ CMS: Ideogram Method [7]

@ Build a event likelihood based on templates derived from MC (Ideograms)

> build templates for M,,,, My, and background for different M,,, (7), JES(5)
> consider separately templates for correct permutation and wrong permutation, based on MC jet-parton match;

loop over all permutations;

kinematic fit to tt-hypothesis

> use goodness-of-fit to cut and as a weight

@ Simultaneous fit of M,,, and JES

Fraction of entries / 5 GeV

Stefano Lacaprara

24F T~
0.22F =

0.2F =
0.18f
0.16[

0.14F

0.1
0.08F
0.06F
0.04F
0.02F

PO() 150

(INFN Padova)

Simulation, 35.9 fo!,
T

Fraction of entries / 5 GeV

Simulation, 35.9 b, Vs

=13 TeV, p+jets

Simulation, 35.9 fb”, s = 13 TeV, p-jets
T

0.25( o JSF =086 B % 0.16 —&— JSF =
S S &
o~ 014 e eriie E
0.2 = T e tiscev
_E 0.12] - =
£ o E
0.15f g A
2 0.08] o% -
0.1 S 0.06 LY E
g o
= 0.04 # 3
0.05]- [ / b
0.02 & E
hiade L L L
‘900 %0 70 80 90 rec‘coo 110
m, [GeV]

Fit SM
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|Ideogram Method Likelihood

reco

L fit for every event (Mtko‘,f"t, Mw°) to 2D (M,,,, JES) templates from simulation.

L(Meop, JES|ev) ~ L(ev|Miyop, JES) = [ [ L(Meoy", Miz | Moy, JES)

LMy, M [Miop, JES) = Y £iP{(Migy | My, JES) x Py(Mi| Mo, JES)
J € permutation
& 13 & 1.3 %1‘3

1.0 \ X 1.0 X 1.0 ‘

0.7 0.7 0.7
100 175 250 325 100 175 250 325 100 175 250 325
Mt [GeV] Mt [GeV] Mt [GeV]

B high likelihood
low likelihood
\ (arbitrary units)

100 175 250 325
Mt [GeV]

Complication for correct and wrong permutations, background.
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|deogram Results: semi-leptonic [7]

Type of Fit (Prior on JES)

o 1D L(sample|M,,,, JES = 1)

e 2D L(sample|M,,, JES) JES free

e Hybrid L(sample|M,,,
jet-energy uncertainties

Results:

I\/ImP = 171.93 4+ 0.07(stat) £ 1. 09(syst) GeV

Mtop = 172.40 + 0.09(stat + JES) + 0.68(syst) GeV

= 172.25 + 0.08(stat + JES) * 0.62(syst) GeV
syst from ME generator, FSR, color reconnection modelling
Most precise LHC results so far

h yb

Stefano Lacaprara (INFN Padova)

JES = 1) JES constrained from

Fit SM

Mo, My before and after goodness-of-fit cut

x10° CMS Preliminary  35.9 fo (13 Tev)

x10*

CMS Preliminary ~ 35.9 fb (13 TeV)

150
100|
50}

Data/MC Permutations / 5 GeV

Data/MC  Permutations / 5 GeV

00F i ¢ ingle t € T Sindlet
[ ti correct [ Single i correct [ Single |
i Wajets it = Wriets
[t wrong =W 3t wrong :
250F Siummcned ERZES 3 Bl vrmaiorea LIS
« Data ) Diboson Data =1 Diboson
200F E| E

p

4 L L L L
Y 50 100 150 200 250 300

L L
100 200 300

400
mige (GeV] me [GeV]
x10° CMS Preliminary 359 fb” (13 Tev) CMS Preliminary 359 fo” (13 TeV)
R T =T > D000 g o T E e
G 140 EDtiwrong B Zvjets 1 G 70000F Emtt B 24jets 3
[t unmatched & i O Unmatched ad
Y 20F + paia Etomatiet 1 0 60000F & Data T |
g 1005 1 2500008 3
§ 8o 1 % 40000
5 E ] s
2 60 230000
S aof 1 & 20000
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— <m™> [GeV]

hyo
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m,

- <m"°> [GeV]

hyb
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m, X

CMS Preliminary 35.9 fb" (13 TeV)
T T

CMS Preliminary 35.9 fb" (13 TeV)
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D>
@ Matrix Element Method

Use all information from the event integrating over the least known variables

@ Observables: measured momentum of jets and leptons x.
@ Question: what is the most probable M,,, given the set of observables x?

@ Method: at parton level, we can compute the probability of having a set of pseudo-observables y (partons
4-momenta) given M,,, (matrix element). But we observe x (jets and leptons), need to relate x to y
(partons).

We have signal and background:

'DeV(X|MtOP) = ftOPPSgn(X|MtOP) +(1- ftOP)Pbkg(X)
Ppre(x) depends on decay channel, Pg,,(x|M,,,) is the key

Stefano Lacaprara (INFN Padova) Fit SM Padova 15/03/2016 23/52



-D
DO: Matrix Element Method [8]

Psgn(x|Myop) is the probability to have a set of kinematical variable x for a given M,,.

Can be calculated event by event.

Pogn(X|Mtop) =

(Mtop /d o y‘MtoP)dpldpz (pl)f(Pz)W(X y) J

1
@ ————— normalization: depends on M,,,.
J(,wtop) P

° / integrate over all unknown variables of initial state partons p;, p, and final state partons y.

d"o(y|M;.p) contains the LO matrix element of the process at parton-level (q§ — tt or gg — tt);

f(p) is PDF (parton density function)
W(x, y) is probability that parton-level y will be measured as a set of variables x
To include also JES: P, (x|My,,, JES)

> use Bayes' theorem to get P, (M,,, JES|x) for each events
> and then sum over all events M;(Pg,, (Mo, JES|X;)

Stefano Lacaprara (INFN Padova) Fit SM Padova 15/03/2016  24/52



ME in action

Transfer functions W (x, y)

< (a) D2 Run b2 MC S (b) D@ Run lIb2 MC

D 0<ni<0.4 E [GeV] D 04<ml <08 E [GeV]
@ 0.06- T30 | (@ 0.08F 2730
= =

Ilm0_04 IImO.Dd-

& &

x’ Y

~5.0.02 ~5.0.02

“fﬂ “fﬂ

w’™ L w’” RIS

< 0 50 100 150 % 50 100 150
z E [GeV] = E,. [GeV]
< (c) D@ Run lb2 MC 'y (d) D@ Run b2 MC

] 08<h<18E [GeV] T 16<NI<25E [GeV]
& 0.06F 730 | (0 0.06F 230
= =

Ilm0_04 II”’O.DH-

2 o

x

w002 w02

™ W

< 0% T

= E, [GeV] =

Separate for b-jets and b-jets with p inside

Stefano Lacaprara (INFN Padova)

D@ 9.7 fb!

otjots Run lla
L+jots Run lla

o+jots Run ib1
L+jots Run lib1
o+jots Run Ib2
L+jots Run lIb2
o+jots Run 163
L+jots Run lIb3

Iejots Run (9.7 f")

165 170

I+jets
177,65 +260

11267 2274
17454 :228
17376 2237
173,44 151
17446 151
17681 +1.15

17479 2123

<

% A2INgor = 5.317
175 180 185
m, [GeV]

17498 =058

D® 9.7 fb™!
1.04] Hjets
1.03
1.02
1.01,

Kyes = 1.025 + 0.005

172 173 174 175 176 1

m, [GeV]

77

M,,, = 174.98 + 0.58(stat + JES) + 0.49(syst) GeV
= 174.98 =+ 0.76 GeV

main systematics:
residual JES (0.21 GeV), hadronization (0.26 GeV)

Fit SM

Padova 15/03/2016

25/52



Dileptons channel [9]

. E : A'.ILLAS’ ‘ rln;675Ge\/ :
@ very clean signal, almost no background o Simuaten “msce
K . 2 o —177.5GeV  _|
@ but not possible full event reconstruction g T ]
@ Template method on M,, £ oo .
£ r 4
@ correct match (£b from same top) as well as wrong match (25%) 2 | 1
2 uF ——
o - .
NE ]
40 60 80 100 120 140 160
mise [GeV]
3 ‘ ‘ ‘ ATL‘AS ‘
& S E);::ackground (5=8 Tev, 20.2 fb™
E — Best fit
§ 400 Uncertainty
w

N 2]
S} <3
S =3

T T T T T T T T T T T
£
-

=
1)
S

o

L
40 60 80 100

Myop = 172.99 £ 0.41 £ 0.74 GeV = 172.99 £ 0.84 GeV syst uncert from b-JES

Stefano Lacaprara (INFN Padova) Fit SM

L L T
120 140 160

mg* [GeV]
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» .\bzmd Dileptons: neutrinos reconstruction

Analytical Matrix Weighting Technique (CMS) [10] [CDF did something similar]

@ Assume pure tt signal;
@ kin-fit underconstrained

> 2v X 3 = 6 variables _
> p,=0=p,, M(p)= M(lv) =My, M, = Mg: 5 constraints

scan over possible M,,,;

for each M,,, we have 0,2, or 4 solutions (intersection of two
ellipses), plus permutation (2b, 2¢);

for each solution build a weight taking into account the LO
matrix element

take M,,, corresponding to highest Z w: Maywr

likelihood fit to extract mass;

Miop = 172.8 £ 0.2 £ 1.2 GeV (syst dominated by JES)

Stefano Lacaprara (INFN Padova) Fit SM

« For every hypothesized m, value pT of top and antitop are

constrained to ellipses in the p,-p, plane
Daitz & Goldstein, PRD 45, 1531 (1952)

BB =B
Pt =i - \)

- Satisfied at intersections of ellipses
= 00r2or4solutions

CMS ___Preliminary 197 1" (8 TeV)
@ T T T
€
S 000} ope E
w @ Drell Yann
8000} SEsingle Top |
=
3 Multi-bosons
7000 ncertainty |

)*++00.o¢4"*"’»,*+++§+++++*+T**T+

B S S S S I
100 150 200 250 300 350 400 450

AMWT mass [GeV]
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« bzl Full hadronic

Large background;
not trivial to trigger (no lepton, purely jet-like, high threshold);

independent data sample;

no MET, no dependence on MET modelling;

full reconstruction but large combinatorics;

@ color reconnections;

e JES, bJES,...
> Ideogram 1D (M,,,) and 2D (M,,, + JSF) or Hybrid (JSF gaussian constraint)

* different weight for correct/uncorrect combinations

> Template fit from R3,, = M(bjj)/M(jj)

top

Stefano Lacaprara (INFN Padova) Fit SM Padova 15/03/2016  28/52



D
CMS Ideogram method 2D at 8 TeV

* Selected objects:

» =4 light jets, 2 b-tagged jets
» Same methods as |+4jet (2D fit)

» BJES (0.36), signd modelling (0.29 GeV)
b JSF-1 =+40.7 +1.1%(syst.+stat)

® Purity 78%with narrow signa peak
» cut on goodness-of-fit + AR(b,b)>2.0

CMS Preliminary, 18.2 b,

1.018
1.016

JSF

1.014

is=8TeV

Stefano Lacaprara (INFN Padova)

Events / 5 GeV

Data/MC

_Cms Prellmlnary 13 2 fb' ls=8TeV
L e

. tt correct D Background
. tt other * Data ]
CMS myftt

(kinematic fit +cuts) 7

1 ‘”IH,‘ ¢++++ B MM
K I O M Tf | fﬂ
0.50——L -
00 200 300 400

mf* [GeV]

mc =172.1 +0.4(stat) +0.8(syst) GeV |

Fit SM

,=
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-D
CMS Ideogram method 2D at 13 TeV [11]

o trigger:

event)

> N > 1 jets b-tagged

> N > 6 jets (pr > 40 GeV)

> HT > 450 GeV (scalar sum of hadronic energy in

@ selection:
> 6 Jets
> 2 b-tagged
> pr(jets) > 40 GeV
> AR(bb) > 2.0
(.
CMS 35.9 fb (13 TeV) CMS 35.9 b (13 TeV)
2 ! ' ! 3 1000F T T T
018007 W correct [muitier 4] W correct [Jmuttijer
312337 [ twrong { pata iﬂ' 800 .liwrungz } pata ]
§1200 4 g 7,
i &

Data/MC
Iy

Data/MC

100 200 300 400
it Gev]

Stefano Lacaprara (INFN Padova)

110 120
G [Gev]

o kin-fit: M, M, _ = M, (PDG) and M, = M;

wt = My

(]
o
X
[0s}
®

combinatorics! Select best X2 of kin-fit

CMS simulation ___ 35.9 fb” (13 TeV)
T T

CMS simulation __ 35.9 fb” (13 TeV)
T T

E 700) W correct E 1200 W correct
© ool [ it wrong o 1000} Wriwrons
2 ol 2 a0
2 0 reco 2 o fit

300 resolution resolution

200 140Gev{ ™ 8.8GevV

100) 200

o 100 200 300 400 o 100 200 300 400
miee [GeV] mt [GeV]

@ Ideogram fit (1D, 2D, hybrid)
o M,,, = 172.3440.20(stat+JSF)40.76(syst) GeV

@ syst from Color Reconnection, bJet correction

Fit SM Padova 15/03/2016
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-D
Full hadronic ATLAS: Ry, [12]

@ All hadronic final states.
@ Use the Rj), distribution as the estimator for M,,, instead of m;;

my;  JES - bJES
> More protected from JES variation: Ry, = o 222
m::

JES
> T g S
O 1000 ATLAS —4— Daa \5=8Tev i o [ ATLAS —4— Daa 5=8Tev ]
® L B . [ v correey 4 % 1000 _ 1 [ v correey -
2 [ _[ Lat= 20\_2 fo B < vec ncorrect ] 2 r I Ldt=20210 . B 7 vec ncorrect) ]
S gook N [ R g t \ B v vonvacnes
& 3 f [0 o watier arsriveny ] 800~ [0 o wtiet arsorveny ]
[ Stats syst. Uncerainty | r Stat syst. Unceramty |
6001~ 7] 600 ]
400 — 400 ]
2001 J 2000 J
<15 c15
2 2
3 A . R 3 s e L]
T IRttt ittty 3 OISR 3 entrprs Loty
o o
& s b
50-5-745 160 180 200 220 240 260 280 300 505618 2 22 24 26 28 37 34
o my; [GeV] o Ry = my/my

My, = 173.72 + 0.55 + 1.01 GeV
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» bzl M,,, from single top production

Method:

; Sl‘mula‘llon (? TeY

19.7 fb" (8 TeV)
AARaRaLat

%174’C‘MS‘ >
e Se00- CMS -
@ decay channel: t - bW — uv. 172 EAe:
1 Ts00F =
@ production: mostly t-channel 1:2 2.k — tchannel+ g
Ry S S W otal bkg
o Requires: 1ut (o, > o3), MET, 1 b-jet (plus 166 4 %a0of nomtop 3
other forward jet |n;| > 2.5 - associated prod- ). | ¢ 1 a00f E
162 — E
o Template method on M,,,, or My, 160 1™ 3
o 1é6 1&8 1“/0 1‘72 1“/A 1‘76 1;8 1%0 150 200 250 300 354 0
i (Gev) o (GeV)
> 1800 T T T T
8 | e is=8Tevdata 2 4
a2 [ Bestfitm,,=1722+07 (stat) GeV * , 1 Results:
:'2 L Single-top t-channel signal e ] .
g wnof! et e CMS [13]
[ ATLAS Preliminary ++; ]
[ [0 M,op = 172.95 + 0.7715%, GeV = 172.95 + 1.24 GeV
500 -
L ] syst: JES (0.68 GeV), bkgn (0.39 GeV), fit (0.39 GeV)

ATLAS [14] M,,, = 172.2 + 0.7 + 2.0 GeV

m(lb) [GeV] <
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.
yé Bele T DO: Pole mass M measurements
top

@ Indirect pole mass measurement can be extracted from a x-section measurement, total or differential.
o Compare o, with NNLO+NNLL prediction [15] a function of MC M,,,.

> in semi-leptonic and di-leptonic channels
@ the fit to extract the o is based on a signal which depends on I\/It'\c/,’pc

. mc
> so we measure o for different My, .

Or from differential o,;(p7)
12 [ D0 9.7 fb™! —
. o 1
. $ Measured ofpp+ is) en_'_ 100 (b) DO Preliminary, 9.7fb
r ~ ® Data vs. NNLO (MSTW2008)
10 — Measured dependence of ¢ —
[ ’ = Scale uncertainties
S — NNLO+NNLL = .
g a;‘%\ §’ o Fit 2,.: 2.39 .
E N 50 .
3 3
3 £
. e} L]
ar- € [ \/
L * ‘ * - * L 8 0k 1 1 L L
160 170 180 190 T T T T T T
Top quark pole mass (GeV) 160 170 180 190
m, [GeV]
Mg = 172.8 + 1.1(th) 5] GeV MES = 169.1 + 2.5(total) GeV
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arzd Pole mass Miop

ATLAS [16, 17, 18], CMS [19, 20, 21]
@ Inclusive o, 74+8+13 TeV
o Utt_'+jet 7+8 TeV

o Differential

(N
VS PT, PT 5

measurements at LHC

Me,, ... for tt — ey + X events 8+13 TeV

ATLAS+GCMS Preliminary My, from cross-section measurements

LHCtopw Sep 2015

F—r—— Mygp * tOt (stat £ syst + theo) Ref.
total stat

o(tt) inclusive, NNLO+NNLL

ATLAS, 7+8 TeV —. 1729 %8 o

CMS, 7+8 TeV ——— 1738 4§ @

CMS, 13 TeV —— 169.9 57 (0115 1)

ATLAS, 13 TeV —— 1731 % “

o(tt+1) differential, NLO

ATLAS, 7 TeV H—e—H 1737 77 (15£14 38 g
CMS, 8 TeV —t——t 169.9 “'5 71 35 6]
ATLAS, 8 TeV e 1711 ‘1‘5 0409 %) m

o(tt) n-differential, NLO
ATLAS, n=1, 8 TeV

CMS, n=3, 13 TeV (o]

1732+16(09+08%12) g
1709 £0.8 ]

My from top quark decay Epac 74 ore 3108
CMS, 7+8 TeV comb. [10]
ATLAS, 7+8 TeV comb. [11]

155

Stefano Lacaprara

\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\
9

160 165 170 175 180 185

(INFN Padova)

Fit SM

Summary (march 2018, last meas.
from CMS [21] not included)

Top-quark pole mass measurements March 2018
DO oftf), 1.96 TeV 5.20
PLB 703 (2011) 422 @ 167.50 >0 4 70 GeV

MSTWO8 approx. NNLO

DO oftt), 1.96 TeV

Do Note B453- CONF (2015)
MSTWo08

DO oftt), 1.96 TeV

PRD 94, 092004 (2016)
MSTWO08 NNLO

—— 169.50*330 5 4 Gev

——— 172807340 5, Gev

ATLAS oftt), 7+8 TeV ° 172.90+2.50 v
EPJC 74 (2014) 3109 %0 -2.60 €

ATLAS tt+j shape, 7 TeV +2.28
JHEP 10 (2015) 121 ®— 17370 216V
CMS oftt), 748 TeV

+1.70
JHEP 08 (2016) 029 —@— 17380 -1.80 GeV
NNPDF3.0

CMS oft) 13 Tev 270
JHEP 09 (2017) 051 —— 170.607%77 5 70 GeV
CT14

CMS tt+ shape, 8 TeV ° 160.90 452 (. Gev

TOP-13-006 (2016)

World combination
ATLAS, CDF, CMS, D o
arXiv:1403.4427, sldnddrd measurements

173.34%0.76 oo GeV

. . .
150 160 170 180
m, [GeV]

MEo¢ = 173.34 + 0.76 GeV

v
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D )
. bzl Alternative methods

Incomplete list of M,,, measurements technique ' s
. . . L-v c’
@ Extract M,,, in well defined renormalization v
schema, eg via template method va o

o Observables/final states sensitive to different

systematic uncertainties: endpoints

@ in particular, less sensitive to JES and bJES.
dilepton channel

End Point [22];
Mz, /MAOS [23];

Events/5 GeV

M;, [24]; L
bJet Energy (E,) [25]; T T e
dilepton pr [26] b—JAp (pro| eutic)

lepton+jets channel
boosted top: e/pu+jets [27];
Bi-Event Subtraction Technique (BEST) [28]
dilepton and lepton+jets channels
B-hadron lifetime [29]; '
lepton + Secondary Vertex Mass [30]; |
lepton+b — J/1) exclusive decay[31];

Events / (0.2 GeV)

- [GeV]
Stefano Lacaprara (INFN Padova) Fit SM Padova 15/03/2016  35/52



-D
CMS: kinematic End Point [22]

o+ o'
b s df ¢ ,

o Using di-lepton decays, usual selections; w* _ X

i -

t -
@ possibly sensitive to DM candidates (WIMPS) (not really) | ¢ o o . .
E:” N J\:X N TN

@ basic idea similar to M+ = in W — lv decay:

2 2 2 ¢ 0
> M7 = m, + m, + 2(EYET — p7PT)
0 _miss
> where pr = pT
» M+ < My, always. For each event not so important, but for an ensamble of events the endpoint is sensitive to

My,
e based on My, (p%, p5, p7'**) using “min-max’ strategy for two identical decay chain

It is always true max(M3, M2) < Miop-
but p?,?b cannot be know separately, only the sum p}';— +‘ p;[;—
— MISS

cons.ic!er all po.ss.ible partition such that p_;,?— + p_;,?.— = pr  and take t.he mir?imum.
sensitive to minimum parent mass M consistent with observed event kinematics

Yyvy VoY

o b
My, = min (max{M?,—, M+ )
—~a , b __ - miss
Py THPy T=PT

> My, endpoint is related to the unseen parent mass (v or WIMPS)

Stefano Lacaprara (INFN Padova) Fit SM Padova 15/03/2016
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D
. Abzmd Observables and results

p
Three observables can be used to extract three masses M,,,, My,
and M, wivp

@ [ge
> considering the wt decays only, and the v as lost child particles;
max
> pge o< My
@ [pp

> considering the tf decays only, and considering W as lost child
particles;
> pbh . < Mgy
> sensitive to JES
] Mbl
> third variables

2
> My =/ (pp+ Pe)
combinatorial problem: which b goes with wich ¢7

My ~ 3/ My, — Miyy ~ 153 GeV
Results: m> = —556 + 473 & 622 GeV,
Miop = 173.9 + 0.9(stat) 5] (syst) GeV [22]
syst from JES

v

v

A

o

Upstream

Visible Child

Upstream

Visible

Child

Stefano Lacaprara (INFN Padova) Fit SM

Padova 15/03/2016

37/52



Observables: M,

b, o
¢ brrmmnmnn! s
t >
NN\
b, .

My = (pb + pe)”

" Invariant mass of b jet,
lepton pairs.

=  Kinematic endpoint at
[M2-M, 212 ~ 153 GeV.

®  \We use an algorithm for
selecting bl pairs.

= 2 or 3 pairs are chosen
for each event.

events per 1.9 GeV

= Pairs are not necessarily
“correct”, but guaranteed

to fall below the
kinematic endpoint.

Stefano Lacaprara (INFN Padova)

Approval

«102  PAS Figure 1 197 5 (8 TeV)
Fems 1 ——daa |
F - [ signal ]
25 3 Preliminary . 4 mistag bkg
r [Jtau decays 7
2 [ ] had. decays
F [ non-ttbar bkg ]
1.5 =
1B =
0.5 E
0
g.s b [ uncertainties ¢ ++++H
T Apontnseetmtsemmmton et T
S
0.5 -
40 60 80 100 120 140 160 180
L, [GeV]
— 29 July 2016 5
Fit SM
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Observables: M,

N oF .
M, Wt PAS Figure 3 197" (8 TeV)
WAV 1 > RN |RAREE RARRE N AR RAARE T
© 450FCMS ——daia
(O} . [ signal
b — @ [ 1 mistag bkg
My I_) : W - ~ 350 [_Jtau decays
[ B o 300 [ had. decays
o non-ttbar bk
@ 250 , L 9
My = min_ [max{M¥, Ml}}] S
5{""511’:;’;1!““" %

M+, is the minimum parent
mass consistent with the
observed kinematics.

= Minimization conducted [ uncertainties

M_.%° uses two b jets as the
visible system.

5
Q'
over neutrino py values. % R )
1 sy
2 ‘WMm Wy
-GU

il

= W bosons are treated 120 140
as invisible particles.

Kinematic endpoint at M..

Stefano Lacaprara (INFN Padova) Fit SM

160

180 200
M [GeV]
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Observables: MAOS M, o MAOS M*"

M .-Assisted On-Shell reconstruction technique @ blv inv mass
- a @ the neutrino ptis obtained,
Mg = min [max{M M }] event per event, as the results
B Pl =P e 03 PAS Flgure4 197fb (8 Tev) L 0
= E of minimization of M75
8 "Fems: Edatal I > M itive to M
. . . Preliminary signal E T2 sensitive to My,
" g&!{l'zuets ge?;élrlbcl) pﬁl’ﬁﬁ“{')'r‘i"tzl"t:"s ~ & [Imistagbkg > equivalent to assume null
put by T2 alg "N g [taudecays 4 neutrino masses
= Takes leptons as the o [Jhad. decays 7
visible system. g 4 [CInontharbkg 3 | @ applies My, constraint to get
= Applies W mass on-shell e 3 E pL
constraint to get neutrino p, @ E L
values. ® o 4 | @ 8-fold ambiguities
Quadratic equation yields “
2 solutions for each 3 | @ peaked around M,,,
neutrino p,. 0 = | @ not very sensitive to JES
= 2 leptons x 2 bl matches. J5F ] Mu
rainti T2
= 8 values of M, areused E |, ) rcones - \ ( y,
for each event. g b T
" MAOS M, distribution contains sk ]
a peak near M,. 100 150 200 250 300
M, [GeV]

Stefano Lacaprara (INFN Padova) Fit SM Padova 15/03/2016  40/52



Mg, M2, and MAOS M dependence on M,,, and sensitivity

Arbitrary units

Avrbitrary units

x107 (8Tev) " x10° (8Tev) " x107 (8Tev)
T T T T T
22E-CMS £ 3BEcms ‘é cMs
E simulaiion S Simulation S 14F simuiation
' wn;esseev 2 30F | weeissscey 2
181 simsce 15 s
16F 178 £ £ 85
14F —_— Loca\ ;hape wnsmwxy / < < —— Local shape sensitivity
\.. | /\\
\ —
I f . . .
40 60 80 100 120 140 160 180 120 140 160 200 200 250 300
3 [Gev] My, [GeV]
Sensitivity to Jet Scale Factor
x10° LB Te\ x107° (8 Tev)
165 @ Qe e
CMS 4 JSF 097 z CMS 4 JsF=097
14f Siuaton } o100 4 5 Simuaton 1 100
N 200 !
wE \ 3sE=103 3 E 15F= 108
10F 3 E 3 sf E
o E| <
6l 3 10| B
a= |
e E
pa E
% 60 80 100 120 140 160 180 110 120 130 140 150 160 170 180,190 200
M, [Ge' M [GeV]
+0.89
Moy = 172.22 + 0.18*55) Gev
Fit SM

Stefano Lacaprara (INFN Padova)

CMS: My, M+, and MAOS My, observables [23]

fit: 1D (only Myyp), 2D (M, and

JES) hybrid 1/2D linearly combined

10.7 b (8 Tev)
cms " ybrid fit 160
p=-0.40 140
120
100
80
60

W

0

L L
1705 171

10.7 16" (8 TeV)

it

D

Hybrid it

MAOS fit

172392017 3% Gev

1

17156:2046° 2 Gev

172222018°5% Gev

17156201971 Gev

CMS combination

CMS 2012, diepton

— 1728220192122GeV]

It

0135047 Gev

I
160 165

I
170

I
180

17‘5 1
M, [GeV]

L L L
1715 172 1725 173

M, [GeV]

5
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D
@ M., from B-jet energy spectrum [25]

4 N\
@ Di lepton channels: e + p
@ top produces W on-shell, so
t / 2 2 +2
m, = Eres + my, — my + Eres
o t
@ measure of b-quark energy in the top rest frame E;~
and get M,,,
@ possible if assume top to be unpolarized
\Mtop = 172.29 + 1.17(stat) £ 2.66(syst) GeV )
4 N\
_ 19.7 6(8 TeV) 19.7 b™'(8 Tev)
g ,.L CMS weanie 1 £ F CMS Vean 05743
8 *E Preliminary o 2% 00t 8800 Breliminary RMS 003808
3%22— + S 700F
F 201~ | Se00F- s
§ 185 Uncahbraslseﬂz Measurement 4 geuo ﬁ%:inainty
= b m"“nou el E gsoo—
1o Caltrated Msasurement B 400F-
m 17229‘!17Gev EI'300—
12
‘-‘Ei + 200F
§§q§\+*++ +++++ ++‘H’+* +é 100 .
42 a4 40 log(E) 82 Eur:ergy peua?( pcsitignsuncerta\'nty [Ge\}]2
(.

Stefano Lacaprara (INFN Padova)

Fit SM

.
19.7 fb(8 TeV)
o [T T T T T T ]
%  CMS ® Data w e
o L imi Ww+Jets v ]
5 250 Preliminary Esingeop oY ]
3 r Wi Qco ]
&
> L ]
Z 5L 7
w ]
S ]
5 w g anl
®s12 Ny
D‘E N S A Ny P L. 25
L RIS
35 4 45 55 6 65 7
log(E)
. J
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@ M., from leptonic observables [26]

( N\ ( N\
19.7 o (8 TeV)
. > e LA
@ Di lepton channels: e+ u & =»-CMS +bua
i . . ; sooo - Frefiminary L
@ using only leptonic observables not sensitive to JES/bJES gk , v
systematics @
a AL e 2000 E
o Using pr(£7¢") as observable ok E
o compute first and second moment of pr(¢£7¢") distribution 1o E
1,2 ] E =
0™? also from shape analysis S0} 3
1,2 i : : = EE—
o 02 gensitive to M., (and production mechanism: tt, tW) § =
. L - T
8 * 20 40 60 80 100 120
P, (') [GeV]

- - S

O 20.0040.01

é E| N

5

Mo, = 171.7 £ 1.1(stat) £ 0.5(exp)
+ 3.0(th)*$5 (pr(top)) Gev
s [GeV] e [Gev] syst dominated by theo uncertainties on modeling )

(N J
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CMS: Boosted top e/u+jets [27]

@ Selection is: 1 e/p, > 2 narrow jets, > 2 fat jets, MET
@ top boost is such that the W — jj decay is not resolved into two different jet, but in a “fat” one.

@ Sensitive quantity is the fat jet mass

differential o uncertaities

19.7 fb* (8 TeV)
T

CMS 19.7 fb™ (8 TeV)
o T T < L e o e 2
> CMs —4— Data °g 140F Stat [ model 7
O o015+ m=1785GeV £ ok — Statstcal ]
[S) EE z o B, scales
| —— m =1725GeV g RTF
x=l
o S 100p == Parton shower 4
<eie M 21665 GeV 5
— ~ Choice of m,
0.01 1 2 gl ‘ 1
ks —— PDF
[
© eof 9
0.005p |+ ET 1 40 ]
20f
ol I I 1 0 = e
150 200 250 300 350 150 200 250 300 350

Leading-jet mje[ [GeV]

Leading-jet mle‘ [GeV]

Mop = 170.8 & 6.0(stat) + 2.8(syst) & 4.6(model) + 4.0(th) GeV = 170.8 + 9.0 GeV
Not yet competitive: need more data, better modelling, and higher order calculations
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D
@ M,., Bi-Event Subtraction Technique (BEST) assisted [28]

e N N
19.7 0 (8 Tev) 19.7 0 (8 Tev)
. . . . T 3
@ Measurement is based on semileptonic events, using g s |8 sl Py
— s —-data 2 200 - data - BEST
M;y, and Rs/, = Ms/M;; observables gt Bsoe 2 o
. ) N £ ol = £
e BEST is a data-driven background-estimation o = £
. .. . o r o
technique, originally developed for squark searchs in -t &
SUsY . S SO
. . . . R ot titttth B
@ Basic idea is to mix jets from different events to A ’ o o it
estimate combinatorial background. T T e T T T e
- - 19.7 b (8 TeV) - 19.7 1™ (8 Te\
o Template fit on M3, and R3/, to extract M,,, H ey | S = iy
~ ak ~saa £ b D
e N | W sigral 3 W sional
§ Weest § 1000)
E - Jever ”%“H‘v“m QE Z} ¥ T+t
OO® OO SRS [ ¥ FURAA
/My Myl
(. J 1 Y,
'd )
Mo, = 171.61 £ 0.57(stat) £ 0.90(syst) GeV
syst dominated by JES for my; and background (BEST)/model/pr(top) for R;/»
(. J
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@ CMS: b-hadron lifetime [29]

o t — Wh: in the top rest frame, the b momentum is linearly dependent on top mass p ~ 0.4M,,,

the (transverse) decay lenght of the b depends on b boost 7y, ~ 0.4(M,.,/M,)

— ~ b
ny B foﬂbCTb 0.4MtOP/MbBbCTb ( CMS Simulation, s=8 TeV
given ¢y, ~ 500um, M.,/ M, ~ 34.5: T Boref

—— ep-channel
074 —— pejets-channel
+— etjets-channel

AL, /M, ~ 50um/GeV
Template method based on L,, (median)

> Statitstics is high .-
> no jet-related measurement
> main syst: top prmodelling, b-fragmentation and hadronization

o still a long way to go. ..

(Meop = 173.5+ 1.5(stat) + 1.3(syst) + 2.6(top pr) GeV P I 1 1 4
Median Ly, [cm ] Channel m [GeV ]
Channel 4 t
Data MC MC (signal only) q
muontets 0.6690 £ 0.0013 0.6679£ 00004 07173 £00004  Touontjets 173.2 £ 1.0star &= 1.65yst 3.3,

electron+jets  0.6536+0.0013 0.652940.0004  0.7177 = 0.0004 electron+jets 172.8 £ 1.0stat = 1.76yst + 3.1, (y)
electron-muon  0.682+0.004  0.6789 4 0.0003  0.6840 = 0.0002 electron-muon  173.7 + 2.0sa = Ldgyse 2.4, ¢
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CMS: Lepton + secondary vertex [30]

@ Semi or full-leptonic t — W/(— (v)b decay;
> different categories SL e + jets, pu + jets and FL ee, ey, ppt
b decay produces a secondary vertex displaced wrt primary and
reconstructed;
@ M,,, sensitive variable is the invariant mass M,,:
> ( from W
> the secondary vertex tracks

it is similar to the £ + J/i) method (next slide)

much larger statistics (inclusive vs esclusive b decay)

does not relies on jet reconstruction so no JES scale issue

M,,, = 173.68 + 0.20%}%, GeV

syst dominated: b-quark fragmentation, top prmodelling,
o(tt + HF), ME, £ energy scale, SV modelling . ..

Stefano Lacaprara (INFN Padova) Fit SM

Ratio wrt.
172.5 GeV

<
n

19.7 fb? (8 Tev)

™

e Data

m, = 166.5 GeV.
m, = 172.5 GeV.
—m = 1785 GeV

ﬂc’*u‘u\‘m‘u\‘m‘m‘m‘m‘m‘u o

50000 0%0

, L L L s L
80 100 120 140 160 180 200
m, [GeV]

Different final states and num tracks

categories considered:
CMS

Sh78]
e

1061 (8 Tev)
1§

Combination

;HH

en

e

erjets

utjets

175
74
173

1%
awe 4wk Sk
1
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CMS: Lepton +J/i) [31]

CMS 19.7 b (8 Tev)
~—~ L ‘ L ‘ T T T ‘ L ‘ L
@ Decay channel is: E 101" 1 = (173.5 £ 3.0) Gev :§4 ‘ 1
t— W(—= )b — (Jb(— pp) + X) = L 3 1
> B(W — ) ~ N, - 10% S el T ]
> B(B — JpX) ~0.1% £ H i
> BUM — pupr) ~ 6% g of 1
60 — o, 1%0 1é0 —
[ S * m, Gev) |
: ¢ Data :
40 — —— Fitresult -
r Statistical uncertainty
N gamma component 7
r Gaussian component -
20— —
. . L f to ]
o double and single top production I A B O PR Crver
o Limited statistics (666 ev in 19.7fb ") -
@ Template method based on M(J/i) + £)
> Purely leptonic quantities MtUP =173.5+£3.0£0.9GeV
> no jet related ones! (JES, bJES, etc) Limited statitics, top prmodelling and QCD

scales
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Alternative
CMS Preliminary May 2019
bhadronlifetme g . 173502150+ 291Gev
CMS-PAS-TOP-12-030 (2013)
Kinematic endpoints o 17390090270, Gy

EPJC 73 (2013) 2494

bietenergypeak g . . 17220:117+266Gev
CMS-PAS-TOP-15-002 (2015)

Lepton+J/¥ —— @ 173.50 £ 3.00 £ 0.90 GeV/
JHEP 12 (2016) 123

LeptonsSecvix @— 173682020 158 . Gev
PRD 93 (2016) 092006 : 097

Dilepton kinematics . 17170+ 110 %288 o Gev
CMs-PAS-TOP-16-002 (2016) - 309

Stefano Lacaprara (INFN Padova)

single top enriched 17260 +0.77 4097 | - Gev
EPJC 77 (2017) 354 -0~ 093
My,/MAOS observables ° 17222£018 4089 _ ey
PRD 96 (2017) 032002 N 093¢
BEST backgrounds e 172,61+ 0,57 £ 0.90 Gev
CMS-PAS-TOP-14-011 (2015)
Dilepton My, —.— 172304032 *124 | 5 Gev
CMS-PAS-TOP-14-014 (2014) = 129 Ge!
CMS Run 1 \eqary , oaas ey
e e . 172.44 0,13  0.47 GeV
standard measuremens

FERTIN E RN S RRIN NA R

160 170 180 190
m, [GeV]

CMS

CMS: alternative M,,, measurement summary
Standard

September 2019

Dilepton
JHEP 07 (2011) 049, 36 pb ™

Dilepton
EPIC 72 (2012) 2202, 5.0 b

Alljets
EPJC 74 (2014) 2758, 35 10

Lepton+jets
JHEP 12 (2012) 105, 5.0 o™

Dilepton
PRD 93 (2016) 072004, 19.7 b

Alljets

17550 £ 4.60 =

— — 17250+0.43%

173.49 4069

—@el73.49£0.43

—— 17282£019%

4.60 Gev

143 GeV/

1.21Gev,

098 Gev

1.22 Gev,

@~  172324025%059Gev
PRD 93 (2016) 072004, 18.2 fo* ©
Lepton+jets . @+ 17235:016+048Gev
PRD 93 (2016) 072004, 19.7 fb
CMS Run 1legacy L& 17248+0182047Gev
PRD 93 (2016) 072004
Dilepton —@~ 1723310247066 ;. Gev
EPJC 79 (2019) 368, 35.9 b 072
Lepton+jets - 172.25+0.08 + 0.62 GeV.
EPJC 78 (2018) 891, 35.9 fo* s ©
All-jets —@~  172.34+020+0.70 GeV
EPIC 79 (2019) 313, 35.9 b e
Lepton+jets, all-jets 172,26 £ 007 £ 061 GV
EPIC 79(2019) 313, 35.9 b | 60,07 2061 Ge
Single jet, p, > 400 GeV.
TOP-19-005 (2019), 35.9 b 7256 + 0,415 2.44 Gev
Tevatron combination
anxiv:1608.01881 (2016) 430+ 035 £ 054 Gev
ooty Se- mausomsonices
03.4427 (2014)
L1l L1l ‘ I ‘ L1l L1
165 170 175 180
m [GeV/1
Fit SM

M

pole

CMS Preliminary June 2019
11+ shape, 8 TeV a2
TOP-13-006 (2016), 19.7 fo* —@—— 16990 -3.66 eV
NLO

o(th), 7+8 Tev.

JHEP 08 (2016) 029, 5.0 + 19.7 fb™*
NNLO+NNLL, NNPDF3.0

o(ti), 13 Tev 210
EPJC 79 (2019) 368, 35.9 fb* —— 17320 230GeV
NNLO+NNLL, NNPDF3.1

triple-differential oftt), 13 TeV

arXiv:1904.05237 (2019), 35.9 b

NLO, HERAPDF2.0

triple-differential ofti), 13 TeV'

arXiv:1904.05237 (2019), 35.9 hd
)

NLO, 3 fit (™", a, P

CMS Run 1 legacy
PRD 93 (2016) 072004
m, from standard measurements

+170
—@— 17380 *170 o Gev

o 17083 072 1, Gev

+0.80
17050 1080 o Gev

160 180

Alternative techniques are
competitive with standard ones
multi-differntial pole measurement
also

Different systematics, important
cross check
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-D

g

Belle I

%

Tevatron
Mass of the Top Quark

Summary of M,,, measurement

ATLAS

July 2016 (- preliminary) . .
COF o Run I+1l combination (2018)
-l dilepton 1674114 (1032 49)
DO-I dil 123+ P .
0-1 dilepfon 1684128 (1232 36) ATLAS Preliminary  m,, summary - November 2018, L_=4.6 fb*- 20.3 b
CDF-II dilepton 1715+32 19+ 25) Mo b oL (sat s ISF DISE 2 sy
alljots B s Nttt 1751 £ 18 (14 s12)
DO-Il dilepton * 17350£1.56 (1312084 single top {74s o mnass ] 1722 £ 21 (o7 s20)
CDF-l lepton+iets 161573 54253 —_— 1723 £13 (02 202s01 10)
.. 1738 + 14 (05
DOl leptonjets 1801£53 36+ 39) ———— 1730 + 08 (o4 07
CDF-Il lepton+jets 172854112 cos2:080) d —_— 1737 12 (0 s
s 1721 508 (08
DO-Il lepton+jets 174.98£0.75 (2041£063)
CDF-l alljets 10015 o o) cilepton & S o e —_—— 1729 £ 3
Oiferental offs1jen) 209 —_— a7+ 3
CDF-lalljets 175074195 1102159 Oferental o) aiepton (8 ist) & STy gy 32 <16
CDF-Il Lxy (9.00 2 2.80)
166.9020.43 ¢ ! ATLAS Comb. October 2018 iwuvisiocrrs World Comb & 1o
—— For roe st uncerainy
CDF-Il MET+Jets 173934185 (1255135 World Comb. Mar. 2014 waviamssn = Stat, [ JSF (1 bISF uncertainty
. Tevation Comp. 3. 2014 e —— ot uncerai
Tevatron combination 17430£0.65 o —— *Preliminary,  Input to ATLAS comb.
B | | | |
y2ldof = 10.8/11 (46%) 165 170 175 180 185
| | | | | | My, [GeV]
150 160 170 180 190 200
m (GeV/c?) 172.69 + 0.48 GeV

174.30 £ 0.35 + 0.54 GeV

Stefano Lacaprara (INFN Padova)

Fit SM

CMs

CMS Run 1 legacy
PRD 93 (2016) 072004

September 2019

172,44 £ 013 2047 Gev.

2015, muonjets 172624038 2070 GeV
TOP-16.022 (2017), 22 1
Lepton+jets

72254008
EPJC 78 (2018) 891, 35.9 " 17225 0082 062 Gev

Dilepton 172332024085 Gev]
EPIC 79 (2019) 368, 35.9 " * 072

Alljets . 172340202 0.70 Gev
EPIC 79 (2019) 313,359 1

Leptonsiets, alljets 72264007+
EPIC 79 (2019) 313, 359 0 17226 007 £ 061 Gev
single jet, p, > 400 Gey
TOP-19-005 (2019), 359 1"

172,56+ 0.41% 2.44 Gev

ankiv:1a

100 L
165 170 175

Run | combination (2016)

172,44 +0.13 + 0.47 GeV

Weighted avg (uncorrelated):
172.38 £ 0.23 GeV
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D
- Summary of M,,, measurement

Tevatron+LHC m,,, combination - March 2014, L _=3.5 fol-8.7 bt
ATLAS + CDF + CMS + DO Preliminary
CDF Runil, kjets -t 172.85 + 1.12(0.52+ 0.49 £ 0.86)
CDF Runil diepton 170.28 +3.69 (195  +3.13)
CDF Runll, alljets

L sam - ———t 172.47 +2.01(1.43+0.95+ 1.04)
C‘fo‘w”‘w e ro—— 173.93 + 1.85 (1.26 + 1.05 + 0.86)
DO Runil 1+jets Pttt 174.94 + 1.50(0.83 £ 0.47 + 1.16)
DO Runil, di-lepton e gt 174.00 + 2.79 (2.36 £ 0.55 + 1.38)

L, =531
ATLAS 2011, l+jets

. . — e — 172.31+ 1.55(0.23+0.72+ 1.35)
ATLAS 2011, di-lepton ————— 173.09 + 1.63 (0.64 +1.50)
CMS 2011, I+jets ——et— 173.49 + 1.06 (0.27+ 033+ 0.97)
CMS 2011, di-lepton —————t 17250+ 1.52(043  +1.46)
CMS 2011, alljets ————t 17349+ 141060  +129)
World comb. 2014 X —ei— 173.34 + 0.76 (0.27 + 0.24 £ 0.67)

g £ Tevatron March 2013 (Run I+Il) et 173.20 + 0.87 (0.51+ 0.36 + 0.61)
3 S Lhe September 2013 — 0t —t 173.29 + 0.95(0.23+0.26 £ 0.88)
= ) ) ) total _(stat. syst)
165 170 175 180 185
My, [GEV]

World combination (2014): M,,, = 173.34 £0.27 £ 0.71 GeV
PDG (2020): M,,, =172.9+ 0.4 GeV (PDG combination)

)
INFN
C
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el Summary of M,,, measurement

ATLAS+CMS Preliminary
LHCIOpWG
World comb. (Mar 2014) [2]
stat

My, summary, Vs = 7-13 TeV  May 2019

total stat

total uncertainty m,,  total (stat+ syst) 5 Ref
LHC comb. (Sep 2013) Lhctopwe 17329+ 0.95 (0.352 0.88) 77ev [
World comb. (Mar 2014) 173.34% 0.76 (0.36 + 0.67) 1.96-7 TeV [2]
ATLAS, I+jets 17233+ 127 (0.75% 1.02) 7Tev (3]
ATLAS, dilepton 17379+ 141 (0.54+ 1.30) 77ev 3]
ATLAS, all jets 1751+ 1.8 (1.4 1.2) 7TeV [4]
ATLAS, single top 172.242.1 0.7+ 2.0) 8Tev [5]
ATLAS, dilepton 172.99+ 085 (0.41+ 0.74) aTev 8]
ATLAS, all jets 17372+ 115 (0.55% 1.01) 8Tev [7)
ATLAS, I+jets 172.08+ 091 (0.39+ 0.82) 8Tev [3]
ATLAS comb. (Oct 2018) 172,69+ 0.48 (0.25+ 0.41) 7+8TeV [8]
CMS, Hjets 173.49+ 1.06 (0.43+ 0.97) 77ev (9]
cms, dilepton 172550+ 152 (0.43+ 1.46) 77ev [10]
CMS, all jets 173.49+ 141 (0694 1.23) 7Tev [11]
CMS, Hjets 172.35+ 0,51 (016 0.48) 8Tev (12]
CMS, dilepton 17282+ 123 (0.19+ 122) 8Tev [12]
CMS, all jets. 172.32+ 0.64 (0.25+ 0.59) 8Tev [12]
CMS, single top 172,954 122 (0774 0.95) 8Tev [13]
CMS comb. (Sep 2015) 17244048 0,13+ 0.47) 7+8Tev [12]
CMS, Hiets 172.25+ 063 (0.08+ 0.62) 137ev [14]
CMS, dilepton 172.33£0.70 (0.14+ 0.69) 13Tev [15]
CMS, all jets 137Tev [16]
T IS N SR T

165 170 175 180
Moy [GeV]

Many new measurement available, no world combination update yet. ATLAS in 2018, CMS in 2015

J
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Results of the EW fit

Measurements 68% confidence levels
Tevatron PDG
+ LHC LEP EW WG

~—— Gfitter, incl. M

II\I|ILII|IIII|

4 Tevatron + LHC (searches or meas.)
|

2000 2005 2010 2015
Year

Fit SM
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Global EWK fit for My, and M,,,

I~ I L B B 7 L SRR o, 00— —— T T
3 r 68% anfj 95% CL contours B M :‘Wibw:g‘; cov ) g 9 é 777777777777777777777777777777777777777777777777777
-—g- 80.5 — | | F!l w/o M,, and m measurements i Zig:g geDVSD Ge’v’” — E l:l SM fit /o m, measurements
= - Fitwio M, m and M, measurements |\ | oo = )
[ B Direct M, and m measurements i E SM fit w/o m, and M, measurements
80.45 — B = -8~ ATLAS [ATLAS-CONF-2017-071]
F ‘ 6 -8 CMS [PRD 93, 072004 (2016)]
80.4 — 5 E —- DO [PRD 95, 112004 (2017)]
E CDF [CDF 11080 (2014)]
M b. £ 1 e
80.35 — 30579+ 0,013 Gev 4 E 20
3t
80.3 2E
1
80.25 E =
F 1) S R M e S S B AR B
170 172 174 176 178 180 182
m, [GeV]
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