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CMS, /|
Motivation: Why measure m ?
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= Heaviest measured Standard Model particle & ...pmmmeome I
= 80.5 — [ fitw/o M, and m measurements 1il -0 =0.76 GeV ’ —

E; F fitwio M, m and M, measurements || — =076 ©0.50,,,GeV /,/f

direct M,, and m, measurements i P

= T(top decay) = 5 x 107> s < t(hadronisation)

= spin correlation conserved ss LT ey

= Check self-consistency of SM through
radiative corrections to M,, constraining M, e

(EPJC 74 (2014) 3046, arXiv:1407.3792)

",

- M, is related to the vacuum "
I p_— .. "1010:

stability of the SM / our universe et o

(arXiv:1307.3536)

Top pole mass M, in GeV

= The top mass is very close to the EWSB
scale, so the top might play a special role...

120‘ | ‘122| | ‘124‘ I ‘126‘ | ‘128‘ | ‘130‘ I ‘132
Higgs pole mass M; in GeV
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The Top Quark at the LHC

Large cross section + huge integrated lumi_Top Pair Decay Channels

= LHC is a Top Factory
Top Pair Production:

= 172pb @ 7 TeV J
= 249 pb @ 8 TeV _
= 832 pb @ 13 TeV t

Characterized by W decay mode
= all-jets: large yield, also large background
= dilepton: low yield, high S/B
= |epton+jet: good yield, good S/B, golden
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Important to measure in all channels, since some uncertainties are
uncorrelated and can cancel in a combination.

Single Top Production (o, ~ 0./3)

Many interesting different ways to study the top quark mass...
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CMS /|
Uncertainties

= Statistical uncertainties become negligible due to high luminosity of
the LHC and larger cross sections at higher energies

= Systematic uncertainties
= Experimental sources: eg. (b-)JES, MET scale, PU, trigger, ...

= Signal: eg. MC, hadronization, ISR/FSR, PDF, UE, CR,
b quark modelling ...

= Background: either data-driven or MC: normalization and shape
= Methodology: eg. regularization through parameterization, calibration

= |Im most cases, the systematic uncertainties are evaluated using
pseudo experiments, where the change of M. is studied for different

well (?) defined input parameter sets
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Measurements of m by CMS

= Comprehensive set of top quark mass measurements

Top Physics

TOP-15-008
TOP-15-015
TOP-15-001
TOP-16-006
TOP-15-014
TOP-12-030
TOP-13-004
TOP-14-022
TOP-12-022

TOP-11-017

TOP-11-027

TOP-11-016
TOP-11-015

TOP-11-002

Measurement of the top quark mass in the dileptonic tt decay channel using the mass observables My, M2,
and Mz, in pp collisions at /s = 8 TeV

Measurement of the jet mass in highly boosted tt events from pp collisions at /s =8 TeV

Measurement of the top quark mass using single top quark events in proton-proton collisions at /5 =8 TeV

M ement of the tt prod cross using events with one lepton and at least one jet in pp collisions

at /s =13 TeV

Measurement of the mass of the top quark in decays with a J/1/ meson in pp collisions at 8 TeV

Measurement of the top quark mass using charged particles in pp collisions at /s =8 TeV

4 h

M t of the tt prod Cross in the ept

TeV

| in proton-proton collisions at \/s = 7 and 8

Measurement of the top quark mass using proton-proton data at /s =7 and 8 TeV

Determination of the top-quark pole mass and strong coupling constant from the tt production cross section in
pp collisions at /5 = 7 TeV

ement of the top-quark mass in all-jets tt events in pp collisions at Ve =TTeV

of in the tt system by ki i dpoints in pp collisions at /5 = 7 TeV

Measurement of the top-quark mass in tt events with dilepton final states in pp collisions at /s = 7 TeV

ement of the top-quark mass in tt events with lepton+jets final states in pp collisions at /5 = 7 TeV

Measurement of the tt production cross section and the top quark mass in the dilepton channel in pp collisions at
V5 =TTeV
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CMS/ |
Top Mass from decays with a J/{y meson at 8 TeV | A

= |n leptonic final states that contain a J/y meson from a b hadron
decay, the mass of the J/y + | system is correlated with M,

= Low BR (1.5% 10™) but clear, nearly \\ :H[’“‘ _
background free signal due to three G
leptons in the event
(JHEP 12 (2016) 123)

e% s
CMS 19.7 fb" (8 TeV) CMS 19.7 fb" (8 TeV) H
S g T — T
E - ¢ Data (%5 120 ¢ Data )
Mt C Wt
0 i i o) B i
S 200 Single t — < 100 Single t il
g [ Background . *‘é’ B B Background il
2 sl 77, Uncertainties - L%’ 7/ Uncertainties |
= N
S E
i
100

50 |-

0 ok
O 35 O SEI [0
=0 = e
*g 15 ‘g 15 L 3 i ‘If ook
o i a - e L -

0 0 1 1 | L 1 1 1 1 1
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CMS /1
Top Mass from decays with a J/y meson at 8 TeV |

= Fit of M with template method
= PDFs are derived from MC with different input parameters M, .
and parametrized as a function of M,
= The outcome is calibrated for biases (using the pull distributions in
pseudo experiments)
= Likelihood fit of PDFs to data gives the top quark mass

= Method allows to include additional templates for in-situ calibrations
= Simple and fast, but can be improved further (see later)

Source Value (GeV)

- R e SU It O.I: th e flt. = : : Expe.rimental uncertainties i

Limited size of the simulation samples

M=173.5+£3.0+£0.9 GeV e Lo

o5 CMS Simuiaton 8Tev) Modeling of the J/i meson candidate mass distribution +0.09
2 [ oy T Jet energy scale <0.01
m Al SO Stu d I ed th e S o - ?dzry o = ZrLEPS, - Jet energy resolution <0.01
é ik ' ,Z,f;;f RO ,Z,?zifp E A Trigger efficiencies +0.02
dependence of the £ .. ™ | Theoretal —
e - eoretical uncertainties
E of E Background normalization +0.01
eXt raCte d m aSS 0 n N 5 // i Matrix-element generator -0.37
':_1” -02- t Factorization and renormalization scales +0.12, —0.46
th e ave r ag e b Otto m % s 7 ; ¥[atching of matrix element and parton shower +0.12, —0.58
- H ] op quark transverse momentum +0.64
I 1 g % B b quark fragmentation +0.30
frag m e n tatl O n ratl O - 08 %(om GeVA1%) x ApS " (B)/p™"(jet)) E Underlying event 40.13
L L o IE Modeling of color reconnection +0.12
T 073 0735 074 0745 075 0755 076 0768 077 Parton distribution functions +0.39, —0.11
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CMS/ |
Mass Measurement in the dilepton channel

PRD 96 (2017) 032002

= In the dilepton channel, neutrinos prevent a full reconstruction.

= Latest analysis by CMS uses three kinematic observables, that are
sensitive to the value of M_and the jet energy scale = wm: i

--------------------------

, by ¢!
= the invariant mass M, of a b system R ‘
- the stransverse mass variable, M*_ constructed = =«
with the b and b daughters of the tt system b\gM
- the M_,-assisted on-shell (MAOS) reconstructed M,
L et eTv ox0®  eTev o ox10° 0 @TeY)
£ pof CMS | £ 35/ cms £ [cms
; 203_S‘fmu.’aﬁon i SOE_Sfmufaﬁon ; 14 - Simulation
S 18f ! ig@il?iiiéi g0 ﬁo‘l?‘éiﬁéiﬁ £ 12 Y S
2 160 ©=1785GeV o o5F °=1785GeV e | M - 1785 GeV
<t 14:_ Local shape sensitivity < :—Localshapesensmwty < 10_ Local shape sensitivity
E 20} C .
12F - 8¢
122 15; 6F
6- 10} 43
;: 5; 2] m
O:IIIIII‘IH"“"“"" 0-"|“'| e - 0|\|||\\|||||\||\\||
40 60 80 100 120 140M:,,?(039\1f?0 120 140 160 18“.(;)[-th [Gzeo\?] 100 150 200 25|\5«|wa [Ge\s}]oo
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CMS/!
Mass Measurement in the dilepton channel

= To model the three observables, the nonparametric and thus largely
model independent Gaussian process (GP) regression technique is

used
. |19|.7|fb|'1 (8 TeV)

R A

7

= Several different fits are performed: oms |
= the 1D fit uses M, and M*_; o

JSF is constrained to be unity

= the 2D fit also uses M and M*_; 2D fit

determines M, and JSF simultaneously

(value + stat + syst)

172.39 +0.17 22! GeV

0.85

171.56 £ 0.46 * 17! GeV

125

Hybrid fit 17222 +0.18 )% GeV

= the MAOS fit uses M*™_and M, ;
JSF is constrained to be unity MAQS fit 171.54£019 1, GeV
= The hybrid fit is a linear TN
combination of the 1D and 2D fit to Fr0%3 206 et | e ea

minimize the uncertainties

CMS combination
PRD 93, 2016, 072004

172.44 £ 0.13 + 0.47 GeV

- 1 1 | | | - |
160 165 170

I R R R R S
175 180 18t
M, [GeV]
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Top Mass from boosted top-pair events
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= In the lepton+jets channel where the semi-leptonic decay is used as
a tag, the products of the fully hadronic decay are reconstructed
using a single Cambridge-Aachen jet with distance parameter

R=1.2,and pT > 400 GeV.

= The mjetdistribution Is unfolded at the particle level and is used to
test the modelling of highly boosted top quark production

= The peak position of the mjetdistribution IS sensitive to the top quark
mass M.. The data are used to extract M. and assess this sensitivity.

my =170.8 £+ 6.0 (stat) i 2.8 (syst) i 4, 6 (model) +4.0 (theo) GeV

10 Fred
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CMS, !
Measurement using single top events B

| | EPJC 77 (2017) 354
= Single top event selection:

= 1 positively charged muon
(S/B improved due to ~twice the higher cross section)

= 2jets (1 b jet, 1 forward jet || > 2.4)

= Reconstructed with the template method using the invariant mass of
the muon, MET and b jet to estimate the top quark mass

-1 -1
o 19.7 fb™ (8 TeV) 19.7 fb™ (8 TeV)
> 8F T T T T T = ¢ data > T T T T T 7 ¢ data
8 2L CMS _| M t channel 8 600 CMS — B t channel
S 1  schannel 9 i s channel
; 6~ __ tW channel ; 500 __ =] tW channel
T 5r - tt T = —
GCJ ] GCJ 400 tt
= Al _lZ+jets > 'lZ+jets
ek 300
A W jets i W W +jets
4 l diboson 200 ; = . diboson
2r 7| aco I 4 acp
1 100
?0 150 200 250 300 350 400
My (GeV)
&) 1.8 ) 3
S 12 | = e
= =
2Nl e g 2 baathypipbpylpld]
g oot ey g ;
0.8
O'TOO 150 200 250 300 350 400 71100 150 200 250 300 350 400
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Measurement using single top events

= Fit of the combined top-, top-pair-, and background contributions
yields a top quark mass of 172.95 + 0.77 (stat)fgjgg (syst)

Simulation (8 TeV) Source Subcategory Uncertainty (GeV)
ESOO:—I SE e T ClMS—‘ In-situ correlation group +0.20, —0.21
i ] Inter-calibration group +0.05
500 = Jet energy scale Flavour-correlation group +0.40
*24005— — tchannel +bkg - 8y Pileup pr uncertainty +HUls,. 010
“Hied TTRIRVIRE NG TR total bkg ; Uncorrelated group +0.48, —0.40
- S R RRLE e e E Total +0.68, —0.61
200 = b quark JES and hadronisation model +0.15
E ] Jet energy resolution +0.05
100 & Muon momentum scale (.05
0: L AN . P?iss +0.15
0 50 100 150 200 250 300 35(0G \c};)( Pileup +0.10
m e
Ba b tagging efficiency +0.10
19.7 fb>1 (8 TeV) Fit calibration +0.39
T G il T CMS 3 Shape +0.10
g . ] Normalisation +0.14
e = Background estimate ur and pr scales U 18
£ E — tchannel + bkg Matching scales 40.30
400t el e R A S e =
i - total bkg = Total +0.39
w fse eI S e =l SRS PSS non-top u
200 = Generator model +0.10
200 4  Signal pg and pE scales =023
F ] Underlying event +0.20
L2 S e B, 5 B Colour reconnection +0.05
o ! A AT T D S Bl s Parton distribution functions 4+0.05
0 50 100 150 200 250 300 350 400
My (GeV) Total +0.97,—-0.93
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Combination of measurements using alternative
techniques

= The combination of the alternative top
quark mass measurements results in I o

m =172.58 £ 0.21 (stat) + 0.72 (syst) Ge\ | wesi. N 7958202019 7o
__.%_.

172.29 + 1.17 + 2.66 GeV

Dilepton kinematics

Wlth a preC|S|0n Of 0_4% TOP-16-002 (2016)

171.70 £ 1.10 *268 o Gev

Single top enriched
TOP-15-001 (2016)

= This is in very good agreement with the 2

TOP-15-008 (2016)

published CMS Run | combination and
gives an independent confirmation P

RO 172.60 £ 0.77 *0-97 ) oo GeV
0.88
17222+ 0.16 *088 | Gev

e e 173.50 + 3.00 + 0.90 GeV

Kinematic endpoints Ae 173.90 + 0.90 +1.70 GeV
CMS-PAS-TOP-15-012 i NE

( ) b hadron lifetime = 173.50 + 1.50 + 2.91 GeV

TOP-12-030 (2013)

Dilepton M, A 172.30 + 0.32 +1-24 v

TOP-14-014 (2014) "% b e e

BEST backgrounds 172.61% 0.57 £ 0.90 GeV

TOP-15-011 (2015)

CMS alternative comb.
TOP-15-012 (2016)

+0.21+0.72 GeV

CMS Run |
PRD 93 (2016) 072004

172.44 £ 0.13 £ 0.47 GeV

CMS Run | + Alt. techniques
TOP-15-012 (2016)

172.43 £ 0.13 £ 0.46 GeV

% 0. 0. 2.

L I | | | | | | | | | | | |
160 170 180 190
m, [GeV]
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Top quark mass from muon+jets at 13 TeV

Preliminary 13 TeV result: CMS-PAS-TOP-16-022
= Kinematic fit to the top-quark-pair hypothesis

Permutations are weighted according to P

CMS Prellm/nary

2.2 (13 TeV)

% I -tt correct I-I Silngllet' 5
(v 2500 mmttwrong I W+jets =
To) - [ Jttunmatched [l Z+jets 1
— 2000f © Data [ 1QCD multijet
0 i % ]
= - ]
2 1500} ]
© K ]
2 1000} :
o) E :
o 500f ;
O Sl i
2 1 5 T /' =T T T Tl EEr=T ] [PeEE )
] 1 - W - %
-'CB, O 5 L //1 = | il | |

O 0 50 1 OO 150 200 250 300

mee [GeV]
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Data/MC Permutations /5 GeV
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Ideogram Method

L(event|my, JSF) = 37 Pyor ()P (m{}, mifes

lm¢, JSF), 7 permutation

j=1
L(sample|mg, JSF) ~ [ [ovents £(event|mg, JSF)
1.3 w13 1.3
&, ] S ]
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]
1.3 |
AN |
y /& ® o B high likelihood
2 - S ol low likelihood
NaiRreie X ,,., = 10 % (arbitrary units)
\ N . T
. N - Rh‘“‘“-mx
C.7 T
100 175 250 325
Mt [GeV]
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Top quark mass from muon+jets at 13 TeV

Fit result is consistent with the Run | results.

CMS Preliminary 221" (13 TeV)

(LI/S 1 008 . -2A log(L) =1

— 1.006 22 tog(L) = 4
1.004 [[]-2alog(t) =9

1.002

0.998
0.996
0.994
0.992
0.99
0.988
172 173 174

m, [GeV]
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CDF, lepton+jets
PRL 109 (2012) 152003, 8.7 fb™

D0 matrix element, lepton+jets
PRD 91 (2015) 112003, 9.7 fb™

ATLAS 2011, lepton+jets
EPJC 75 (2015) 330, 4.6 fo™

CMS 2011, lepton+jets
JHEP 12 (2012) 105, 5.0 fb™

CMS 2012, lepton+jets
PRD 93 (2016) 072004 , 19.7 fb™

CMS 2015 prel., lepton+jets
TOP-16-22 (2017) , 2.2 fb™

CMS Run 1 combination
PRD 93 (2016) 072004

World combination
ATLAS, CDF, CMS, DO
arXiv:1403.4427 (2014)

172.85 +1-10 |0 GeV
174.98 +0-76 . GeV
172.33 *127 |, GeV
173.49 +1:07 _ _ GeV
172,35 +0-51 - GeV

172.62 +0-80 .. Gev
172.44 049 | o GeV

173.34 +0-76 . GeV

| | |
160

| | | | | |
165 170

175

| | |
180
m, [GeV]




CMS,/ |
Top pole mass measurement

Events / 15 GeV

CMS-TOP-16-006

= The precise measurement of the top-pair
production cross section allows to

¥ emen Submitted to
determine the top-quark pole mass : CMJSHE"
= In final states with one isolated
electron or muon and at least one jet e o
are selected and categorized according |
jet multiplicity g TR 5;”1;;‘1;5%{ Y
= From the invariant mass distribution L o T
of the isolated lepton and b jet, =
the cross section 2 joms o
is measured. [ | e **+ o
= Using the expected  © N c * Fnlbeiont
dependence of the - '
cross sectiononthe  \ ./ /= ¢
pole mass of the el Tl S )

Ratio

top quark Mt IS found to be 170-6 Gev o 50 100 150 200 250+300 § ;.9:05+Q5: 100 1’5:++20+0 TZT;OT '100
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Conclusions
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Systematic effects need to be better understood
= Correlations between different analysis methods

CMS top quark mass precision has reached an impressive level
The 13 TeV data set will decrease the statistical uncertainties further

= |[mprovements in the theoretical uncertainties are needed

18 Fred Stober, QCD@LHC 2017, Debrecen

More work on mass calibration needed
Interesting 13 TeV results are incoming for TOP 2017
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