Top Quark Mass
measurements at the
LHC

- standard methods -
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The top quark at LHC

(=5 million pairs per
experiment in 2012), each t decays =100% to

W+b
w e Characterized by leptons from W decays:
v N
2 o DIL, BR(DIL)~5%, low yield,
high purity
1= LJ, BR(LJ)=30%, golden
channel, good yield and good S/B
= AJ, BR(AJ)=45%, max yield,
Physics objects: large bkgd

- isolated energetic e or
- energetic jets

- b-tagged jets All of them useful for completeness and
- momentum imbalance (MET) with (some) uncorrelated systematics

e + single top EWK production
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Why measure M; 7

1) M free parameter of SM

- measurement strongly pursued in past 20 years

Indeed t is the most accurately measured quark
(better than 0.5% - 2014 world average)

- t decays well before hadronizing = measure M;

directly from decay products

We compare to Monte Carlo expectations, so

For theoretical interpretations see

TOP2015 - Ischia




Why measure M; 7

2) Participates in quantum loop radiative corrections to Mw
together with My
—

EPJC 74 (2014) 3046, arXiv:1407.3792

68% and 95% CL contours
"I fitw/o M, and m, measurements
fitw/o M, m and M measurements
I direct M, and m, measuremen ts

M,, world comb, = 1o
M, =80.385 » 0.015 GeV

M vs M correlations not shown
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Why measure M; 7

3) Mt is close to scale of EWSB, so t might play a

special role, or in like topcolor models for
EW dynamical breaking
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4) M related with My and

of SM (and
of Universe): near criticality |
of M+ e
arXiv:1307.3536

Higgs pole mass M), in GeV

When A becomes negative, o
Higgs potential becomes uf \ T
unbounded from below

Higgs quartic coupling A

N e M, = 1711 GeY

See arXiv:1307.3536

10 10 10° 10° 10" 10 10' 10' 10 10%
RGE scale g in GeV
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Measuring M

M: measurement:
- different techniques with complementary features
- starting point:

Important issues:

— choice of final state topology

— event selection

— mapping of physics objects to leptons/quarks in LO final state
(combinatorial ambiguities)

— dependence on detector modeling (e.g. energy calibration)

— unknown quantities (neutrino p; or the sharing of MET
between multiple v’'s) = underconstrained kinematics for DIL
channel
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Methods for measuring M

1) distributions of variables sensitive
to M, e.g., reconstructed Mireco from x2 fit to WbWDb

Pdf’s derived for MC events assuming
different MiMC; parametrized vs M

ATLAS
Simulation, \s= 7 TeV

Likelihood from pdf’s; outcome calibrated
for biases (pull-mean and pull-width of
pseudo-experiments)
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Mw templates for in-situ calibration of JES v i (GeV]

Possible to add constraints on b-jet JES

Relatively simple, fast, but
non optimal statistical
uncertainty
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Methods for measuring M

2) modification of template method using
multiple permutations with different weights

Starts from kinematical reconstruction, then computes event
likelihood as a function of M

Different pdf’s used for different jet-quark assignments
Event likelihoods (ideograms) are given by

L (event|my, JSF) = Z gof (1) {fs,g sig (m,, my 7 [my, ]SF) +(1- fsng) Bokg (mgt m'ﬁf,o)} Pgof=eXp(_X2/2)

i=1

L (sample|my, JSF) = H L (event|my, JSF)“event Wevent=2. PQOf(i)

PeigeP(miftIM;, JSF)

Fraction of entries/ 5 GeV

H ! A~
180200220 40 00 120 140 160 180200220 40

ey [GeV] mft, [GeV]
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Methods for measuring M

3) " (used for DIL)
- a given M; used to constrain the tt system (1 GeV
increments in range 100-600 GeV)

- inferring p¥ from MET and assuming values for
unobserved quantities

- multiple solutions for each assignment, and weights
assigned to solutions

The mass with highest sum weight becomes the mass
estimator (AMWT mass)

Templates are built from the AMWT mass

... and then there are alternative methods, see
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Systematic uncertainties

Statistical uncertainties becoming smaller and smaller
—%

Different sources of systematics, related to:
- Experimental effects

- Signal modeling

- Background modeling

- Features of the method

For every source, measurements performed (usually with
pseudo-experiments) with modified parameters; change of
M: = syst. uncertainty
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Systematic uncertainties

Experimental (i.e. imperfect

knowledge of).

- Jet Energy Scale (JES)

- b-Jet Energy Scale (bJES)

- jet energy resolution and
reconstruction

- MET scale

- b-tagging scale factor

- lepton energy scale and reconstruction
- pileup

- trigger

Background modeling (i.e.

uncertainty on):.

- MC normalization and shape

- normalization and shapes of data-
driven backgrounds

Signal modeling (i.e. imperfect

knowledge of theory regarding).
- MC generator

- hadronization

- amount of ISR/FSR

- flavor-dependent hadronization
- b-quark fragmentation and BRs
- renormaliz./factoriz. scales

- PDF’s

- Color reconnection

- Underlying event

Features of the method (i.e.

dependence on):

- parametrization of pdf’s
- calibration
- MC statistics

Agreement between ATLAS and CMS is essential

See
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M: with ATLAS: lepton + jets

3D Template (mtec, myec Rpq) EPJC 75 (2015) 330,
(7 TeV, 4.6 fb-1) arXiv:1503.05427

ATLAS

Simulation, \s= 7 TeV [Jossr=o0ss

bJSF = 1.00
[ | busF=1.05

ATLAS
Simulation, Ys= 7 TeV
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Normalised events / GeV

miece strongly depends on bJSF (i.e. residual difference between
light-jets and b-jets, after JES corrections)

Large systematic uncertainty unless bJSF calibrated in-situ
Calibration based on Rpq i.e. b/W pt balance
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M: with ATLAS: lepton + jets

3D Template (M, Mw*®, Rpq) EPJC 75 (2015) 330,
w. in situ JSF and bJSF (7 TeV, 4.6 fb-1)

arXiv:1503.05427

e data, l+jets ATLAS e data, l+jets
6001 15=7 TeV, 4.6 fo! ===== Best fit background

_ 5 #====% Best fit background
—— Best fit \s=7 TeV, 4.6 10" —— Best fit SySt G eV

Uncertainty

Events / 0.03

Uncertainty

JES 0.58

b-tagging | 0.50

30 140 150 160 170 180 190 200 210 220 ISR/FSR 0.32
migy’ [GeV]

Mi=172.33+0.75(stat)+1.02(syst) GeV JSF=1.019+0.003(stat)

bJSF=1.003+0.008(stat)
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| M: with CMS: lepton + jets

Ideogram method (miec°, my,"ec°)
w. in situ JSF (8 TeV, 19.7 fb=1) = Submitted to PRD %

arXiv:1509.04044

Possible combinations treated separately:
- correct: 4 jets match the 4 quarks correctly
- Wwrong: wrong permutation
- unmatched: at least one quark does not match any jet

CMS lepton+jets, 19.7 fb™ (8 TeV) CMS lepton+jets, 19.7 fb™' (8 TeV)

- tt wrong -
1 t';aut:matched = m!m D multijet

[JDiboson

Data/MC Permutati

/ 50 100 150 200 250 300

my* [GeV]

- 2D or 1D fit: w. or w/o JSF calibration
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lepton+jets, 19.7 fb™' (8 TeV)
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300 400

mj* [GeV]

w. in situ JSF (8 TeV, 19.7 fb-1)

CMS  lepton+jets, 19.7 o' (8 TeV)

171.8 172 1722 172.4 172.6 172.8

m, [GeV]

M: with CMS: lepton + jets

reco reco
Ideogram method (myec°, myrec) .

arXiv:1509.04044

M=172.35+0.16(stat+JSF)+0.48(syst) GeV

weighting by Pgot=exp(-Xx2/2)

Pgoi=exp(—x2/2)>0.2
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bJES 0.32
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generator 0.12
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M: with CMS: lepton + jets

Ideogram method (mieco, my,"eco)
w. in situ JSF (8 TeV, 19.7 fb-1)

Submitted to PRD
arXiv:1509.04044 -

m""’,- <rn""°> [GeV]

MG + PYTHIA 6 Z2°
MG + PYTHIA 6 P11
MG + PYTHIA 6 P11noCR

POWHEG + PYTHIA 6 Z2*
POWHEG + HERWIG 6
MC@NLO + HERWIG 6
SHERPA

ndof=27

data well described by models

Kinematic quantities sensitive to modeling possible exception
POWHEG+HERWIG

comparison of differential measurements
with simulations, looking for biases
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M; with ATLAS: dilepton

Template (M)

EPJC 75 (2015) 330,
(7 TeV, 4.6 tb-1) arXiv:1503.05427

E giglﬁ;ion \se7Tey  LJbusF=0ss E ATLAS *  data, dilopton
g ' ‘ ok BIBF =100 ; \s=7 TeV, 4.61b" : :::: ::: background Sy St G eV
S ARHEN [ )busF=1.05 € 4 Unosrainty
g JES 0.75
£
) bJES |0.68

100 120 14o 160 hadronization | 0.53

mee [GeV]

Underconstrained so the
Mi-sensitive quantity is the ~ M=173.79+0.54(stat)+1.30(syst) GeV
¢-b invariant mass
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M; with CMS: dilepton

AMWT method Submitted to PRD
(8 TeV, 19.7 ftb-1) arXiv:1509.04044 %

Dilepton, 19.7 tb™ (8 TeV) Dilepton, 19.7 fb™ (8 TeV)
® Dot :1bead AMWT Method
M B

M oreit-van j 2 b-tagS

M single t

[ wets

—- . syst |GeV

scales | 0.75

b-frag | 0.69
g 166 168 170 172 174 176 178 bJES |0.34
100 150 200 250 300 ;SSMW:O[OGG\:;O ml [GeV]
data (=1 b-tag) well described Mi=172.82+0.19(stat)+1.22(syst) GeV

by simulations
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M: with CMS: all-jets

Ideogram method (m¢'ec, m,y"eco)
w. in situ JSF (8 TeV, 18.2 fb-1)  submitted to PRD %

arXiv:1509.04044

Alljets, 18.2 fb" (8 TeV) oo, 18 2% (B Tov)
g Bl & correct 429, [ |Background SySt GeV
Te} e Data
% Atter B, selection bJES 0.29
g
JES 0.26
bckgd 0.20
71 72 1725 173
m, [GeV]
= Pgor=exp(—x2/2)>0.1 Mi=172.32+0.25(stat+JSF)+0.59(syst) GeV

- AR(bb)>2.0
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M: with ATLAS: all-jets

Template (Ra) EPJC 75 (2015) 158,

(7 TeV, 4.6 fb-1) arXiv:1409.0832

ATLAS Simulation g ATLAS Simulation
' \s=7TeV

Ldt=4.6fb"

\s=7 TeV sv \s=7 TeV

Myp = 170 GeV _ My = 175 GeV e Data

xindf = 1.31 X ",'...T?‘,A," *indf = 1.11
o g — — Background
—— Signal+background

o o
———d [

T}
S
o
~

»
Q2
=
c
L

uF “ 96182 22242628 3 323436

ATLAS Simulation

\S= 7 TeV

® i Simulation
m,, = 180 GeV

Gaussian

x°/indf = 1.02
e Landau

— Gaussian + Landau
(Separate fit)
Combined fit

1618 2 22242628 3 3234 3.6

syst |[GeV

bJES 0.62

JES 0.51
hadronization | .50

R"3/2

Rao=m¢eco/myreco templates:

- Gaussian for correct combinations Mi=175.1+1.4(stat)+1.2(syst) GeV

- Landau for combinatorial bckgd

Data-driven bckgd using control regions in
F)Teth'jet and thag
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M: with ATLAS: single top

Template (mp) ATLAS-CONF-2014-055
(8 TeV, 20.3 fb-1)

g
o
g

® |s=_8TeVdata

Best fit: m,, = 172.2 + 0.7 (stat.) GeV § ;
I Single-top t-channel signal SySt G e V
L

Events / 5 GeV
2
o

-

o
p=3
S

1
tf signal

Background fro 73 172"?':[&‘11114

Events / 2.5 GeV

g

ATLAS Preliminary

JES 1.5

hadronization | Q.7

W+jets bckgd | 0.4

S0 140
m(lb) [GeV]

m(l b) [GeV]

Use t-channel (0=84 pb)

- 1 high-pr lepton, large MET .
->=92 h|gh_p_|_ jets, 1 btag \V= 722107(Stat)120(8y3t) GeV

Neural Network selection
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ATLAS 7 TeV combination

Combination of LJ+DIL (7 EPJC 75 2015) 330,
TeV) results computed with AEREESS
the Best Linear Unbiased
Estimator, accounting for
correlations p in the

systematics N ++
(p signs are relevant for large o + :zdf ;md
systematics) . b

|+jets

Amy,,, " [GeV]

Allowing for anti-correlations
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Fine break-down of

CMS Run1 combination

Submitted to PRD
arXiv:1509.04044 -

CMS 2010, dilepton NN 175.50 + 4.60 + 4.60 GeV

systematics and study of et N

correlations p

CMS 2011, dilepton . R 172.50 + 0.43 + 1.43 GeV
EPJC 72 (2012) 2202, 5.01fb" NN (value + stat + syst)

CMS 2011, all-hadronic '_-.-_' 173.49 + 0.69 + 1.21 GeV
EPJC 74 (2014) 2758, 35fb" RN (value + stat + syst)

Combination computed with Tt e oo

BLUE, accounting for

JHEP 12 (2012) 105, 5.0 6" NN (value + stat + syst)

CMS 2012, dilepton " R 172.82 + 0.19 + 1.22 GeV
This analysis, 19.7 fb” NN (value + stat + syst)

correlations and possible | oo KL

anti-correlations

Mi=172.44+0.13(stat)+0.47(syst) GeV

wgt=72.5% cms 2012, lepton+jets NS 172.35 + 0.16  0.48 GeV
This analysis, 19.7 5" N Walue  stat £ syst)

B

CMS combination 17244 £ 0.13 + 0.47 GeV

(value + stat + syst)

Tevatron combination (2014) | o 174.34 + 0.37 + 0.52 GeV
aXiv:1407.2682 NN (value + stat + syst)

World combination 2014 173.34 £ 0.27 + 0.71 GeV
ATLAS, CDF, cMS, D0 arXiv: 1403 4427 (value + stat + syst)

175 180

m, [GeV]
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Conclusions

Level of precision reached (<0.3%) in measuring M
impressive but comes from 20 years of continuous
iImprovements

Even better precision expected from Run2

Help to explore fundamental issues like:
— cosmological models for inflation

— vacuum stability of SM

— physics beyond SM

e.g. those related to theory and signal modeling

TOP2015 - Ischia
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Outlook

being completed
= published soon

== Std. meth. s Endpoints

CMS preliminary projection _ = _

w

expected merging
measurements/experiments,
accounting for correlations and
taking advantage of improvements in
MC modelling

rtainty [GeV]

unce
= N

4
St
3f
5
2f

Total m,

Differences between MiMC and theoretical definitions (pole mass,
lagrangian mass):
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Backup
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Lepton+jets:
- one isolated e () with ET>25
(pr>20) GeV, | n | <2.1

- >= 4 jets with pr>25 GeV,
In| <25

- at least 1 b-tagged jet
- MET>30 (20) GeV for e (1) + MW

Dilepton:
- two oppositely-charged isolated e
(1) with Er>25 (p1>20) GeV,
In | <2.1

- Mi>15 GeV and | Mi-MZ | >10

- >= 2 jets with pt>25 GeV,
In| <25

- 1 b-tagged jet
- MET>60 GeV for ee/pu
- HT>130 GeV for ep

ATLAS event selection

All-jets:

- no high-P+ lepton, no MET
- >=5 jets with pr>55 GeV,
| n | <2.5; >=6 with pr>30 GeV

- C=3pr1/Maljets>0.6
- 2 b-tagged jets among the 4
leading jets

Single top:

- one isolated e () with pr>25 GeV,
In | <25

- 2 jets with pr>30 GeV, | n | <4.5

- 1 b-tagged jet
- MET>30 GeV
= Neural Network discriminant
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CMS event selection

Lepton+jets: '
. J& _ All-jets:
- o|ne ||soI2at1ed e (M) with pr>33 GeV, - no high-Pr lepton
nl<e - 4 jets with pr>60 GeV, | n | <2.4
- >|= 4| JetZS XVIth pr>30 GeV, - 2 more jets with pr>30 GeV,
n |l <2. In|<2.4

- 2 b-tagged jets (medium) - 2 b-tagged jets (tight)

Dilepton:
- two oppositely-charged isolated e or u
with pr>20 GeV, | n | <2.5 (2.4) for e (n)

- >=2 jets with pr>30 GeV, | n | <2.4

- at least one1 b-tagged jets (loose)
- MET>40 GeV for ee and pu
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Methods for measuring M

4) The method computes the probability
to obtain the observed set x of variables given an
assumed top quark mass and a generated set y of
variables

The full event information is used and compared to what
derived from the matrix elements, the PDF’s and the
transfer functions W(x,y)

> (tF; My) o / S dgdg, PP L2 UM p s f0) Wz, )dy

dy

lavors

An event probability is defined in terms of P(it) and
P(bkg), then a total likelihood is computed and maximized
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What mass are we measuring ?

The mass measured so far is the mass used as input in the MC generation
(typically LO or NLO) and is affected by several perturbative/non-perturbative
sub-1% uncertainties

The increasing level of accuracy requires to relate this to theory-based
guantities like:

— the pole mass, universal but theoretically ambiguous by amounts O(Aqcp)
due to soft gluon radiation (infrared renormalon problem)

— lagrangian masses, theoretically unambiguos but not universal, like the MS
mass which is defined only in perturbation theory

These masses can be derived from a comparison of the measured cross
section to theoretical predictions of oi on Mt

Of course one has to make assumptions on what MtMC is equal to
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