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Introduction

Top quarks are special Understanding the origin of
o Top quark mass mass is a major open prob-
e The heaviest known particle lem.
mMass : Moy =
173.21 £ 0.51 £ 0.71 GeV
o Pointlike particle with mass
of gold atom, 35x heavier

Mass in GeV/c?

than bottom quark —why? odie SRR IR
o Being heavier than a W S B it
boson, it is the only quark o Top quark lifetime:
that decays semi-weakly, i.e., r~5-10"2% g
into a real W boson and a b o I = 1411319Gev.
quark o Compare with
e It is the only quark whose hadronization scale
Yukawa coupling to the Higgs Agop = 250 MeV.

e A very short lifetime
and decays before
hadronization can

@ SDIN occur.
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Reasons to study

o Important consequence of top 7:
top decay before hadronization.

e Top = the only free quark = .
no bound states (e.g. toponium, . -
top mesons/baryons). =

e The only place where to study
property of bare quark. e

e Spin/polarization passed on to S oo wosen
decay productions without .
dilution/direct access to quark

properties.
o Particularly if new particle e An accurate knowledge of
couples to mass its properties (mass, cou-
e First place a new particle could be Plings, production cross sec-
observed tion, decay branching ratios,

etc.) can bring key infor-
mation on fundamental

interactions and beyond.
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Radiative corrections- Weak radiative

corrections - top mass

The main cause of the weak ra-

diative corrections is the W vac- !

uum polarization diagram, af- W W

fecting myw and myz.The contri-

bution of this kind of diagrams 5

is proportional to the difference .

of the squared masses of the M2

two fermions. P = W2 (LO)
7 cos? Oy,

Weak isospin symmetry breaking
by fermion doublets with large p =1+ Ap
mass splitting modifies the p pa-

rameter, which is unity in lowest

order.

my; + ..is a quadratic dependence
8m2/2

S. Gentile (Sapienza) ELEMENTARY PARTICLE PHYSIC! December 7, 2017



Top mass at Tevatron

The first measurements of top mass

gave been performed at Tevatron __ gt
By CDF & DO Collaborations in pp CoF depton N | mssaz 1029
collisions( [ £dt = 9.7fb71). rosc " o s
Using all data sample and taking the p— 07 ers s
correlated uncertainties properly the COFIMETas irag0.1as oo
Tevatron average mass of the top CORMponss g o caseam
quark is (2016): covoerioe B e
Miop = 174.30 & 0.35(stat) e
+ 0.54(syst) GeV | | ‘
165 170 175 180 185
m, (GeV/cd)

summing uncertainties in quadra-
ture:

Miop = 174.30 & 0.65 GeV

2CDF and DO Collaboration, Combination of
. . .. CDF and DO results on the mass of the top quark
corresponding to a relative precisionusing up to 9.7 fo=! at the Tevatron,

arXiv:1608.01881v1
of 0.37%.
le ( PARTICLE PHY December 7, 2017



arXiv:1608.01881v1 [hep-ex] 5 Aug 2016

Top quark production at LHC

We can do better.
Pair production:qq and gg-fusion

Table : Tevatron and LHC cross
section

BO0000060000 G0U060000600
t

Tevatron LHC
1.96 TeV | 14 TeV
090999009900 }

JDDBBQJJJJJJ

9 qq 85% 5%
g

gg 15% 95%
>ﬁm r@fm&< O'(pb) 7.0 pb 887 pb

Larger cross section
Figure : than Tevatron

Top quarks pair in the Born
approximation
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Top quark decays

@ Most of the time, the top
quark is produced in pairs tt.

_ b efuit/q
e Each quark ¢ or ¢t decays in a ¢ Ve, Vs Ve, G
W boson and b-quark g w+
~ 100% of the time. N w-
— t e, T q
@ Then the topology of tt events _ - =
b VesVus Vi, 4

is characterized by decay of
W-boson

S. Gentile (Sapienza) ELEMENTARY PARTICLE PHYSIC! December 7, 2017



Top quark decays

& Then the topology of tt events
is characterized by decay of W-
boson:

e Fully hadronic:
Both Ws decay into two
quarks.

@ Boosteed hadronic:
Boosted tops have their decay
products within a large-R jet.

e Dilepton channel:
Both Ws decay into a lepton
and a neutrino.

o Lepton + jet :
One W decays into two quarks
and the other one into a lepton
and a neutrino.

“alljets" 46v

wHets 1

s 15%

%
"lepton+jets™

Top Pair Decay Channels

electron+jets
muon+jets
tautjets

‘v s tau+tjets
'3 3" l muon+jets
N electron+jets
S|t wit| ud cs




Fully hadronic channel

S. Gentile (Sapienza)

o Advantages
e No neutrinos, both top decay
quarks can be reconstructed.
e Largest top decay channel
branching ratio ~ 46%.
' e Disadvantages
\ o 6 or more (due to initial and
b final state radiation) jets in
the final state
o Large multi jet QCD

/ background — Signal /bckg
~ 1/6.

e Background composition and
modelling.

e High combinatorial
background. Many ways to
combine jets to top-antitop
pair: 90 combinations

|
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Fully hadronic channel: Event selection

ATLAS Collaboration analysis:!
Event selection criteria

e At least 5 of the reconstructed central jets (n < 2.5) with pp> 60
GeV. Additional central jets must have pp> 25 GeV.

e Any pairing of jets must be separated by AR(j;, jx) > 0.6.
o No neutrino in the event: ERS< 60 GeV.

@ No isolated electrons with E1> 25 GeV and no isolated muon with
pr>20 GeV.

o At least two of the six leading transverse momentum jets are
tagged as coming from b quarks.

o Highest two b-weight jets must satisfy A¢(b;,b;) > 1.5.
e W candidate and associated b jets must satisfy A¢(b,W)< 2.

1ATLAS Coll., Top-quark mass measurement in the all-hadronic tt decay channel at \/s= 8 TeV
with the ATLAS detector, submitted JHEP,arXiv:1702.07546v1
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Fully hadronic channel: variables

@ jets are sensitive to QCD
modelling, R parameters....
difficult objects.

e The myqp measurement is

: obtained from template fits
/ : to the distribution of the
top ratio of three-jet to

< dijet masses:

mij R3jo = myjji/mjj

b-jet

@ a partial cancellation of
systematic effects common
to myep and associated mw
boson, e.g.the significant
uncertainty on the Jet
Energy Scale (JES).

In each event the ¢ final state is
reconstructed using all the jets
from the all-hadronic ¢t decay

chain:tt — bWbW — b1j1j2b2j3j4
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Fully hadronic channel

R3jp = myjj/mjj

@ The three-jet mass is obtained from the three jets assigned to the
top quark decay.

o From the selected three jets the dijet mass is obtained using the
two jets assigned to the W boson decay.

o The jet assignment is accomplished by using a x? fit to the tf
system, so there are two values of R3/; measured in each. event.
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Fully hadronic channel : ¢freconstruction

tt event reconstruction:
tt — bIWbW — b1j1j2b2j3j4
To determine the mass a minimum x? approach is adopted:

- 2 o AyMCy2  _ A7MOy:
2 _ (M, My ja) I (M1, My™) 4 (M4 My™)
A o3 o2 o2

Amy;j ]\/[é\il’c MMC

o Two of the reconstructed jets are associated with the bottom-type
quarks produced directly from the top quark and antitop quark
decays (b; and by), the other four jets are assumed to be
u/d/c/s-quark jets from the W boson hadronic decay.

o All possible permutations of the six or more reconstructed jets
in each event.

e The permutation resulting in the lowest x? value is kept, assumed
consistent ¢t hypothesis.

e First term minimization tt, second and third Ws.
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Fully hadronic channel : background estimation

e Only leading order theory
calculations for final states 4 control region
with up to six partons. A,B,C,(background)

o —> dominant multi-jet
background determined

directly from the data A | B
(Data driven method) [
@ 4 control regions 0

@ The background is i
determined in the control
regions and extrapolated to
the signal region.

ABCD region and definition | Estimated signal fractio
@ 2 uncorrelated variables: Region || Ny, | (A¢(bW)) | tf MCldata [%]
A <2 | 220 206 = 0.02
Np,,,, number of b-tag B <2 | <20 260 = 0.2
. c 52| 220 2471 = 055
jets,< A¢(b, W) > average D 2| <20 3405+ 057

of the 2 angular

separations.
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Fully hadronic channel: background estimation

The estimated background in a given bin ¢ of R/, for
(SR) (N background) :

NOR C
N o background NSR B )
background,i — SR A : background,i
N background

©

The background in a given bin ¢ of the R3/; spectrum of control
region CR B (NSR Bbackground,i) is estimated after subtraction of the
signal contamination and after scaling by the ratio of the number
events in control regions (' (N ("background) and A (NSR Abackground)7
also after signal removal.
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Fully hadronic channel: top quark mass determination

>
K ATLAS  ows et E :“XTLL\‘S‘WMm‘m_u‘mm‘:
T = o ]
4 N [ - ]
‘S 2500F Nl e convacnes g [ ]
il NN [ cco vt ouavriven £ 800 -
i §] stat Syst. Uncertang w [ ]
2000F o | I s s oneenany r R ——
i i 600 ]
1500F E r ]
10000 ) E 400f ]
500 4 2001 ] FOF
c15 N N S P VAN IFAATEN VAN AU B
g <15
3 S 3 Sl SEN I . bkt
g JAR R L AN S Wittt
50555 70 80 50 00T 2o |
8 m, [GeV] 5057745 160 180 200 220 240 260 280 300
a8 GeV]

i

Flgur.'e : my; for W boson Figure : mj;; for top candidates
candidates
each tt event two Rj /2 are obtained, one for each top-quark

measurement. Dividing :

Rgjp = mjj;/mjj
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Fully hadronic channel: top quark mass determination

Uncertainty Ay [ GeV]
Monte Carlo Generator 0.8+ 021
Hadronisation Modelling 0
< AR e R AR SRARRARRRRR Parton Distribution Functions 0077 000
2 : Initial/Final-State Radiation 0102028
S ATLAS 4 oua Fzoev Underlying Event 0135016
¢ 1000F me:zo.z e [ v correcy - Colour 0.12+016
= « B v (ncorreen Template Method Non-Closure 0.06
g \ I v Ovon e Signal and Bkgd Parameterisation 0.09
800 [ oottt ata orven) Non All-Hadronic f Contribution 0.06
SE ABCD vz ABCDER 0.16
Trigger Efficiency 0.08 +0.01
600 Pile-Up Reweighting 0.01 %000
Lepton/E%™ Calibration 0022001
Overall Flavour Tagging 0,10+ 000
400 Jet Energy Scale (JES)
beJet Encrgy Scale (bJES) 0333002
Jet Energy Resol 0.10+0.04
200 Jet Vertex Fraction 0.03+001
Jet Reconstruction Efficiency | 0.0+ 0,00
P SO O I U B T PR B Total Systematic Lot
15 Total Statistical 0.55
£ Total [EH
3 . o " et
4 L) N ¥
3 TN
S05
2 16 18 22 24 26 28 32 34 . 2 .
g 2 A
8 Ras =y, Figure : Ry, before x* applied

Figure : Rg/o before x? applied
Largest uncertainties due to jet

energy scale and hadronisation.
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Fully hadronic channel: Template

R3/; = mjj;j/mjjis a
powerful magentatop quark °
mass estimator.

Create templates for
simulated signal and
Lo e modelled background.

e Use multi-jet background
derived from data (m;
independent)

Normalised Value

o Obtain an m; dependent
representation of template.

ool i i grer @ The top mass is obtained
) by fit R3/y distribution.
Figure : Template distributions
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Fully hadronic channel: Template

i F] T 3
< R R B SR 2 o620 E
e ATLAS |
S [ amas L owaEosTev ] F . — ¢ 10 Stat. Contour
~ 1000~ J'm:zu.zm" — Signal Fit B 0.61 ILd‘: 202 - x?2-0 Stat. Contour ]
I F — Background Fit 2 B
= —— Total Fit E
& soof 1 o 1
[ ] 0.59F 4
600, Xeindf =72.3/48 =151 | E
0.58]
400) 5
F 0.57 B
200 0.56]~ 4
A G LT 055E, | | | | =
16 18 2 22 24 26 28 3 32 34 173 1735 174 1745
Ry, = mm/m“ My [GeV]

Figure : Rg/, distribution total — Figure : The central point in the

fit(magenta) signal (red) multi-jet figure indicates the values obtained

background (blue). for m; on the x-axis, and the fitted
background fraction, Fypgd,
obtained within the fit range of the
R3/5 distribution on the y-xis
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ATLAS Top mass from full hadronic channel

From 20.2 fb=! of data at /38 = TeVATLAS determined from
all-hadronic decay channel of ¢t pairs:

Miop = 173.72£0.55(stat) £ 1.01(sys) GeV

ATLAS Preliminary m,, summary - May 2017, L= 35 pb*- 20.3 fb™*

Ll

T
2

v ]l b

rainty

At o ATLAS comb,
|

| |
170 175 180 185 190
mg, [GeV]
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ATLAS + CMS: Top mass from full hadronic channel

ATLAS+CMS Preliminary LHCtOPWG  my,, summary, {5=7-8 TeV  May 2017
World Comb. Mar 2014, [7)

stat

total uncertainty total stat

My = 173.34 £ 0.76 (0.36 + 0.67) GeV g 0l (st 2 ) G Ret
ATLAS, I+jets () 17231+ 155 (0.75 £ 1.35)  77ev (1)
ATLAS, dilepton (*) 173.00 + 1.63 (0.64 £ 1.50)  77ev [2]
CMS, Ijets 17349 +1.06 (043 £0.97)  77ev (3]
CMs, dilepton 17250 + 152 (0.43 £ 1.46)  77ev 4]
CMmS, alljets 17349 +1.41 (069 +1.23)  77ev (5]
LHC comb. (Sep 2013) 17329 +0.95 (0.35 £ 0.88) 7 7ev [5]

World comb. (Mar 2014)
ATLAS, I+jets
ATLAS, dilepton
ATLAS, alljets
ATLAS, single top
ATLAS, dilepton

173.34 £0.76 (036 £ 067) 1957 7ev [7
17233 £ 1.27 (0.75 + 1.02) Tev (6]
17379 +141(054£1.30)  77ev [5]
1751418 (14 £1.2) 7Tev (9]
172.2£21(0.7 £ 2.0) 8Tev [10]
172.99 £ 0.85 (0412 0.74)  s7ev [11]

ATLAS, all jets 17372 £1.15 (055 +1.01)  &7Tev [12]
ATLAS comb. (}:ga?"‘f) 172.84 +0.70 (0.34 £0.61)  7+a7ev [11]
CMS, I+jets HeoH| 172.35 + 0.51 (0.16 £ 0.48) & 7ev [13]
CMS, dilepton 172.82+1.23(0.19+1.22)  sTev 13
cMs, alljets 17232+ 064 (025 £059)  e7ev i3]

CMS, single top
CMS comb. (Sep 2015)

17295122 (0.77 £0.95)  aTev [14]

172.44 +0.48 (013 £047)  7a7ev (13]
() Superseded by results
shown below the line ¥ -

T I | IR AR

Il I
165 170 175 180
Mp [GeV]
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Boosted hadronic channel

When the top quark is produced with a very high momentum ,
its decay products are collimated, affecting the reconstruction
efficiency of each individual decay product(boosted regime).

@ A boosted topology study can complement a resolved analysis by
recovering events otherwise mis-reconstructed,

o Additional advantages: reduction of the combinatorial
background due to less final state objects.

e Property of boosted object decays: the decay products appear
collimated in the momentum direction of the boosted mother
particle in the rest frame of the detector. — the decay products
merge into a single large radius (large-R) jet with a characteristic
substructure
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Jet mass in boosted ¢t events(CMS)

CMS analysis:
@ Boosted top-quark became
collimated — reconstructed
/ q one large-R jet.
< o It needs a special jet

q treatment.

@ Select highly boosted
tt — (bjj)blv

2cMS Coll., Measurement of the jet mass in highly boosted tt events from pp collisions at at \/s=
8 TeV, EPJ C 77,7,467, arXiv:1703.06330v2
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Jet mass in boosted ¢t events(CMS)

Measaurement strategy:
tt — (bjj)blv

e A boosted leptonic top quark decay, where the lepton is close in
AR to the bjet.

° is selected, which is assumed to
originate from the hadronic top quark decay

@ A veto on additional jets is employed which ensures that the
hadronic decay is

@ An event selection on reconstruction level objects is carried out
ensuring high efficiency for events in the fiducial region.

e Finally, the mje distribution is unfolded for experimental effects
and compared to different predictions on particle level.

e A measurement of the normalised mje; distribution is performed as
well
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Jet mass in boosted ¢t events(CMS)

Event selection:
tt — (bjj)blv

e Channel ¢ + jets channels.

e Only one electron or muon pr> 45 GeVand |n|< 2.1.

o At least one jet with pp> 400 GeV in |n|< 2.5 originate from the
t — Wb — q¢'b decay, merged into a single jet.

@ A second jet with pr > 150 GeV from the fragmented b quark of
the leptonic decay leg.

e A veto on additional jets with pt > 150GeV .

e The distance between the lepton and the second jet AR<1.2 .
This, together with the veto on additional jets, ensures that the
top quarks were produced back- to-back in the azimuthal angle ¢.

@ The invariant mass of the leading jet and leptonhas to be greater
than the invariant mass of the combination of the second jet and
the lepton. This improves the choice of the leading jet to originate
from the fully hadronic top quark decay.
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Jet mass in boosted ¢t events(CMS)

Results:
19.7 fb* (8 Te
o 1403H“HH‘HH‘HH_(HY} 19.7 o (8 TeV)
2 r
5§ “F cms +oaa | T ‘ ‘ ‘
o 120F 1 B S —4- Data
L W W+ets 0] i
100k snget = 0.015 v M =178.5 GeV
L Multiiet © E"i _
sl Towune, o|§ — m=172.5 GeV
r P, > 500 GeV et m,=166.5 GeV
60: 0.01 b
40}
20F
E 0.005 [~ b
Q 15 ‘
2 = oy
% 1 fff e ? TT | LMIM..,,
=) 05F | | T ST T SO T WA N R
P ull ANTSRSRINTINN BAVRR SRR BARNRNININ BRI 0150 200 250 300 350
0 100 200 300 400 500 Leading-jet m, [GeV]

Leading-jet mJet [GeV]
At left the normalised ? particle-level tf differential cross section in
the fiducial region as a function of the leading-jet mass. The
measurement is compared to predictions from MadGraph+PYTHIA for
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Jet mass in boosted tt events(CMS): top quark mass

derivation

Mmep = 170.8 £ 6.00(stat) £ 2.8(sys) £ 4.6(model) +
4.0(theo) GeV
Migp = 170.8 +9.00 GeV

Precision not comparable with other methods.
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Lepton + jets channel

S. Gentile (Sapienza)

tt — (Wb)(Wb) — (Lvb)(qabd)
@ One of the channels with the

\- v most precise measurements.
b o Still requires template fit
modelling.
/ : @ The presence of neutrino

implies not all decay
products are
reconstructed.
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p + jets channel

tt — (Wb)(Wb) — (uvb)(qaqbd)
. e Exactly one p with pp> 25
/ % GeVand |n|< 2.1
< o At least 4 jets with pp> 30
‘ GeVand |n|< 2.4. The response

/ b/ and the resolution of the jets is

< q corrected to match the data
q

o Exactly two b-jets among
the among the four leading
ones.

tt events, the parton-jet assignments: correct permutations (cp), wrong
permutations (wp), and unmatched permutations (un), where, at least
one quark from the ¢t decay is not unambiguously matched with a
distance of AR< 0.3 in the 1 — ¢ space to any of the four selected jets. 4

4cMs Coll.,Measurement of the top quark mass with muon-+jets final states in pp collisions at
Vs8=18 TeV,CMS PAS TO-16-022
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p + jets channel

W top
- Ccms Proliminary 2.2 o' (13 Tev) CMS Preliminary ~ 2.2fb™ (13 TeV)
° I tt correct I Single t > " mmttcorrect | | mmSinglet
(5 25001 tt wrong [ Wejets | 8 1400F [ tt wrong [ Wijets
o W Z+jets © 1200p [Jttunmatched [ Z+jets
~ 2000F [ QCD multijet g e Data [ QCD multijet
P @ 1000 %
2 1500 S g00
= ©
el
2 1000 2 9
5 500 5 400
a
& 200
Q2 s g
8 1 Lo 3 .
© 0.5 | | | i ) © 05 ! | |
=} 0 100 150 200 250 300 o 700 200 300 400

Figure : Invariant mass my® of  Figure : The invariant mass mie®

the two untagged jets .black the two untagged jets and one
of the b-tagged jets after the b
tagging requirement




o + jets channel: fit

The compatibility of an event with the tf hypothesis and to
improve the resolution of the reconstructed quantities, a
kinematic fit is applied to the events. Inputs for each event:

o four-momenta of the lepton.

e four-momenta of the four leading jets.

e the missing transverse momentum,pi'™®

with their resolution.

Constrains:The fit constrains these to the hypothesis of the
production of two heavy particles of equal mass, each one decaying to a
W boson with its invariant mass constrained to 80.4 GeV and a b quark:

o m(t — fvb) = m(t — qqb)
o m(lv) = My
o m(qq) = Mw
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o + jets channel: after fit

W top
- CMs Prelimfnary 2»2] fo! (13 TeV) CMS Preliminary 2.2fb" (13 TeV)
50001 I-‘nco‘rrecl T ‘-‘Smgl‘el' T > 2400F T ing E|
& % Mo e S 200 Mot ot o
O 4000F [Jttunmatched [l Z+jets - o 2000F [ Jttunmatched [ Z+jets E|
— e Data, [1QCD multijet —_ 1800F « Data ; []QCD multijet
[0} 4 » E 2 E
& 3000F ] 5 E E
5 5 120 -
S 2000 e = 3 3
E E e00 :
& 1o000f E S 3 3
g s i g
L 2 faa 1 1
O 0 50 100 150 200 250 300 o 100 200
Figure : The reconstructed W Figure : the fitted top quark mft

boson masses myy°

after the goodness-of-fit selection
and the weighting by
goodness-of-fit probability for the

kinematic fit
The remaining background consists mostly of single top quark events
(3.0%), while W-jets, Z+jets, and QCD multijet contributions are

found to be negligible
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p + jets channel: Ideogram fit

Jet energy scale (JES) and and top quark mass are derived with a
joint likelihood fit.

myy © before it is constrained by the kinematic fit, as an estimator

for measuring in situ a JSF(jet energy scale factor).

The distributions of mf* and mig are obtained from simulation

for five different my and five different JSF values.

From these distributions, probability density functions P; are
derived separately for the different permutation cases j: cp, wp, un
These functions depend on my and JSF and are labeled
Pj(mf*|my, JSF) and P;(mie®, JSF) respectively for the ith
permutation of an event in the final likelihood.

The most likely m and JSF values are obtained by maximizing
—2In[L(m, JSF|sample)].
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o + jets channel: Ideogram fit

[L(my, JSF|sample) =

P(JSF) ’ Hi]\ievents (Z?:l PgOf(i) ( Zj fjjjj(mgt|mt7 JSF) X

Wevent
ﬂ(ma%6°,JSF>)>

e n denotes the number of permutations in each event, j labels the
permutation cases, f; relative fraction.

® Pyor Probability of goodness of fit.

@ Wevent,reduce the impact of events without correct permutations,
where c is a normalization constant.

e P(JSF) is chosen to reflect the knowledge on the jet scale factor
from the CMS.
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p + jets channel: Mass quark top

The top mass and JSF are measured simultaeously.

CMS  Preliminary 221" (13 TeV)

- log(L) =1
22 10g(L) = 4

[]-2a 109() =9

172
Figure : The
likelihood(—2Alog(L))measured
for the muon-jets final state.The
ellipses correspond to contours of
—2Alog(L) = (1,4, 9) allowing the
construction one (two, three) o
statistical intervals of myqp.
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dilepton channel

tt — (Wb)(Wb) — (Lvb)(Lvb)
@ One of the channels withthe

\ i most precise measurements,
b

@ Doesn’t require require
template fit modelling.

>D_MQ

@ The presence of neutrino
implies not all decay
products are
reconstructed.
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dilepton channel
tt — (W+b)(W—b) — (£+uvb) (£~ b)

U = ee,ep, pp (including 7 — ep)
Preselection

e Electron E1>25 GeVand |n| <2.47, transition region barrel-endcap
excluded

e Muon pr>25 GeV|n| <2.5

@ Isolation criteria to reduce the contamination by leptons from

heavy-flavour decays inside jets or from photon conversions (non

prompt lepton,NP).

Jets pr>25 GeV|n| <2.5.

The identification of jets containing b-hadrons, b-tagging

Exactly two oppositely charged leptons are required

Same-lepton-flavour channels, ee and pup, EXS5> 60

GeV,myp > 15 GeV, out of Z mass within 10 GeV

5

5ATLAS Coll.,Measurement of the top quark mass in the tt—dilepton channel from /s=8 TeV
ATLAS data, Physics Letters B 761 (2016) 350,arXiv:1606.02179
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https://arxiv.org/abs/1606.02179

dilepton channel

tt — (W+b)(W~b) — (£Tvb) (£~ b)
0 = ee,ep, pup (including 7 — ep)
Preselection (cont)
@ ey channel scalar sum of pr of the two selected leptons and all jets

> 130 GeV.

o At least two jets with pp> 25 GeV and |n| < 2.5.
o At least one of these jets has to be b-tagged.

Assuming a top quark mass of my = 172.5 GeV, the predicted number

of events is consistent with the one observed in the data within
uncertainties.
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dilepton channel

> \ After preselection
§ B ey Eg‘"mg'e‘;;mev The smallest uncertainty in
=1 I NP/fake leptons Z+jets
2 iz ATLAS m is obtained for:
2 Is=8 TeV, 20.2 fo™* = prep > 120 GeV
(1%%) additional selection criterion
+
30 GeV < mj;*° < 170 GeV
% (2nd) addltlonal selection criterion
[a]

0 50 100 150 200 250 300 3 400
Py, [CEV]
Applying both restrictions, the matching efficiency and the sample
purity are much improved. Using this selection, and the objects
assigned to the two lepton-b-jet pairs, the kinematic distributions in
the data are well described by the predictions.
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Entries / 5 GeV

Data/MC

Entries / 5 GeV

Data/MC

channel

T T T
[t m, =1725Gev

B single top

Z+jets

IBanaasansssancs
[ .m, =1725Gev
B single top

ZHjets

Entries /0.2

ATLAS
Vs=8 Tev, 20.2 fb™

ATLAS
/s=8 Tev, 20.2 fb™

Data/MC

50 100 150 200 250
b-jet P, [GeV]

T T

[T m,,,=172.5 GeV

ncertainty I single top

[ NPitake leptons Zjets
Wwwzizz

After final selection
the objects assigned to the two
lepton-b-jet pairs, the kinematic
distributions in the data are well

ATLAS
(s=8 TeV, 20.2 fb™

described by the predictions.

50 100 150 200 250
Lepton P, [GeV]
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dilepton channel: template fit

o Kinematics are

E [ ATLAS Miop
under-constrained due to the o p Smee Timscer
presences of neutrinos. g T .

e The templates are simulated % oot~ 7
distributions of my;°, 2 ]
constructed for a number of g R — i
discrete values of mg. A ——

e GeV)

@ The resulting template fit
function has m; as the only = Figure : Simulated signal templates

free parameter. A sum of with statistical uncertainties

Gaussian and a Landau (histograms) for different values of m;

function gives a good together with the template fits
(curves).

description of shape m;.
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dilepton channel: template fit

o An unbinned likelihood
maximisation gives the value of
my that best describes the
data.

o A Gaussian distribution and a
Landau function gives a good
description of the shape of the

reco
M-

Events /2 GeV

Data/MC

: . ! ! | :
. oata T dm,=1725 Gev
3 Uncertainty 3 Corréét match =
[ Wrong /no match [l Single top |
[ NPffake leptons Zijets E

ATLAS

TP T [T I I
@
®
3 H
@
=<
)
o
[N
3

60 80 100 120 140 160
me [GeV]

e The background distribution is Figure : The mj;* distribution
independent of m;, and a observed in data with statistical

Landau function is fitted to it. uncertainties in comparison to the
prediction. The background

o The sum of the signal template

contributions are too small to be

at my = 172.5 GeV and the  distinguished

background is compared to
data .
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dilepton channel: template fit

o The expected statistical

> [T T T T ]
precision as well as all S 5005 2 T background ArTLsATSev 20217

o [ = Bestfit
systematic uncertainties are g 0% 1 uncertainty ]
obtained from 1000 00- A ]

. y by ]
pseudo-experiments generated 200 1
per mass point from MC 1o0F :
simulated samples mimicking e T RO R T .
ATLAS data. e (GeV)
o The expected statistical Figure : The mj;®® distribution is

uncertainty is obtained from  shown for data with statistical
the distribution of the uncertainties together with the fitted
statistical uncertainty in the Pprobability density functions for the
fitted my of the background alone (barely visible at the

bottom of the figure) and for the sum
of signal and background. The
uncertainty band corresponds to the

pseudo-experiments. Value
obtained m; = 172.99 + 0.41
(stat) GeV.
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dilepton channel: Final results

i
H
e

T
ATLAS
s=8 TeV, 20.2 fb™

L L
1725 173 1735
my, [GeV]

Figure : The logarithm of the likelihood corresponding to the fit in previous
figure as a function of my.

The statistical uncertainty in m; is my = 172.99 + 0.41 (stat) GeV

Miop = 172.99 £ 0.41(stat) £ 0.74(sys) GeV
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ATLAS + CMS: Top mass from full hadronic channel

ATLAS+CMS Preliminary LHCtOPWG  my,, summary, {5=7-8 TeV  May 2017
World Comb. Mar 2014, [7)

stat

total uncertainty total stat

My = 173.34 £ 0.76 (0.36 + 0.67) GeV g 0l (st 2 ) G Ret
ATLAS, I+jets () 17231+ 155 (0.75 £ 1.35)  77ev (1)
ATLAS, dilepton (*) 173.00 + 1.63 (0.64 £ 1.50)  77ev [2]
CMS, Ijets 17349 +1.06 (043 £0.97)  77ev (3]
CMs, dilepton 17250 + 152 (0.43 £ 1.46)  77ev 4]
CMmS, alljets 17349 +1.41 (069 +1.23)  77ev (5]
LHC comb. (Sep 2013) 17329 +0.95 (0.35 £ 0.88) 7 7ev [5]

World comb. (Mar 2014)
ATLAS, I+jets
ATLAS, dilepton
ATLAS, alljets
ATLAS, single top
ATLAS, dilepton

173.34 £0.76 (036 £ 067) 1957 7ev [7
17233 £ 1.27 (0.75 + 1.02) Tev (6]
17379 +141(054£1.30)  77ev [5]
1751418 (14 £1.2) 7Tev (9]
172.2£21(0.7 £ 2.0) 8Tev [10]
172.99 £ 0.85 (0412 0.74)  s7ev [11]

ATLAS, all jets 17372 £1.15 (055 +1.01)  &7Tev [12]
ATLAS comb. (}:ga?"‘f) 172.84 +0.70 (0.34 £0.61)  7+a7ev [11]
CMS, I+jets HeoH| 172.35 + 0.51 (0.16 £ 0.48) & 7ev [13]
CMS, dilepton 172.82+1.23(0.19+1.22)  sTev 13
cMs, alljets 17232+ 064 (025 £059)  e7ev i3]

CMS, single top
CMS comb. (Sep 2015)

17295122 (0.77 £0.95)  aTev [14]

172.44 +0.48 (013 £047)  7a7ev (13]
() Superseded by results
shown below the line ¥ -

T I | IR AR

Il I
165 170 175 180
Mp [GeV]
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@ Single top
@ single top production: t-channel
@ single top production: s-channel at 7-8 teV

e single top production: tW-channel at \/s= 8 TeV
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Single top production

t-channel tW channel s-channel
q q g q t
w
Golden char;E t Observed at LHC S Challenging at Ln>v<
g B b t q' b

Processes involving single top quarks provide direct probes of
electroweak interactions:

o Important tests of the SM predictions — excellent opportunities
for searching for New Physics(NP).

e Matrix element |Vjp| can be determined from measured cross
sections.

@ measurement of b-PDF

December 7, 2017




Single top production

t- and s-channels, specific to pp collisions, is the difference between
production cross sections of single ¢ and ¢ that results from a
difference in parton distribution functions (PDF) of incident up
and down quarks involved in the hard scattering. The ratio of
over t production cross sections in the t-channel (R(¢/t)) is
therefore sensitive to the PDFof the up- and down-type quarks
in the proton.

Sensitivity of (R(t/t )) to physics beyond the SM manifesting as
anomalous couplings in the Wtb vertex.

u,c d;s dss u,c
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Single top production teoretica prediction

NKidonakis, NLO+NNLL calculations:

t-channel total cross section  m=173 GeV.

R e e M EEmme e
P
100E e 4
B
3 °F NNLO approx E
-+ scale and paf|
.+ Do
< cor -
- s ¥
‘ n s, t-channel LHC | ¢ | T | Total
7 TeV 43.0755+08 | 229405707 | 65972110
LI B NN S U 8 TeV. 564555 £ 1.1 | 807207297 | 872ffEg
s (Tev) 14 TeV 15474 £33 9472%2 2487578
1o
2
g
®
s
s-channel LHC | ¢ | i | Total
7 TeV 3.14+0.0619 73 1.42 £0.0113:0% 4.56 £0.071515
01g, I I AT 8 TeV 3.79£0.07=0.13 | 176001008 | 5.55+0.08 £0.21
T A s 6 7 8 9 10 112 1514 o o | . o1 N 0.4
6 5 (Tev) 14 TeV 7.87 £ 0.141950 3.99 +0.0510 31 11.86 £ 0.191035

SN Kidonakis. Differential and total cross sections for top pair and single top production.

arXiv:1205.3453v1; t-channel: PRD 83(2001) 091503, s-channel PRD 81 (2010) 054028, tW-channel PRD
82(2010) 054018



https://arxiv.org/pdf/1205.3453

single top production: t-channel

t-channel ,

q

Golden channel t
b

g b

o(8 TeV) = 87.773-2pb
o (13 TeV) = 217. 0+9 1pb

Golden t-channel

@ has the largest S/B.
Discovered at Tevatron 2009
Observed at LHC 2011

S. Gentile (Sapienza)

Has the largest cross section.

dI1StriDUtIons.
ELEMENTARY PARTICLE PHYSIC!

@ An example of signal with
leptons, Missing Transverse
Energy (MET), b-tag & jets.

e Good agreement with SM
prediction. Leading
systematics:Parton
shower,b-tagging efficiency.

2‘2fb“(13 ‘TEV)

AR RSN ARS AR RaRs]

CMS ¢ Data

2jets-1-tag u* .trchanne\
Ot w

\ Wwiztiets =

Oeco -

NPost-fit unc. —

0.2

Events /

-1 -08-06-04-02 0 02 04 06 08
MVA output

B,

Figure : Neural network dlstrl butions.
The ratio between data and simulated

C\ ALl
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single top production: t-channel

The CMS results on t-channel cross section of single top-quark o 7.

o(t—ch.,t) =154+ 8(stat) £ 9(exp) + 19(theo) £ 4(lumi)pb

— 154 + 22pb,
o(t —ch.,t) =85+ 10(stat) £ 4(exp) £ 11(theo) £+ 2(lumi)pb
— 85 + 16pb,
o(t—ch.,t+1t) =238+ 13(stat) + 12(exp) £ 26(theo) + 5(lumi)pb
— 238 + 32pb
R(t/?) = 1.81 £ 0.18(stat) + 0.15(syst)

TATLAS Coll., Fiducial, total and differential cross-section measurements of t-channel single
top-quark production in pp collisions at 8 TeV wusing data collected by the ATLAS detector,Eur.
Phys. J. C 77 (2017) 531,arXiv:1702.02859
ATLAS Coll.,Measurement of the inclusive cross-sections of single top-quark and top-antiquark
t-channel production in pp collisions at /s = 18 TeV with the ATLAS
detector,JHEP04(2017)086,arXiv:1609.03920
CMS Coll.Cross section measurement of t-channel single top quark production in pp collisions at t
/s = 18 TeV,Submitted to Phys. Let. B,arXiv:1610.00678
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https://arxiv.org/abs/1702.02859v2;
https://arxiv.org/abs/1609.03920
 https://arxiv.org/abs/1610.00678

single top production: t-channel

53

Tevatron 1.96 TeV (L<9.7 ")
Phys. Rev: Lett. 115 (2015) 152003

CMS 7TeV (L =117/156 %) 7|
JHEP 12 (2012) 035

5

= CMSBTeV (L=19.7fb")
JHEP 06 (2014) 090

t-channel total cross section (pb)

° CMS13TeV (L=221b")

NLOYNNLL QCD: (scale [ PO¥
Kidonalis, Phys. Rev. D 83 2011 091503
L I

L L !
2 4 6 8 10 12 14
/s (TeV)

Figure : The summary of the most
precise CMS measurements for the
total t-channel single top quark cross
section, in comparison with
NLO-+NNLL QCD calculations. The
combination of the Tevatron
measurements [56] is also shown.

cMs 2.2b" (13 Tev)
T T T

cms
1,81+ 0.18 (stat)  0.15 (syst)

cTia
ABMIL
ABM12
MMHT14
HERAPDF 2.0

NNPDF 3.0

H
12 13 16 18 2
er:h =Oren 1 /o,

t-ch.f

Figure : Comparison of the measured
R;_.p.(dotted line) with the prediction
from different PDF sets.For the
measurement, the inner and outer
error bars correspond to the statistical
and total uncertainties, respectively.




Vib

Matrix element |V |can be determined from measured cross
section.

The presence of a Wy, vertex allows for an interpretation of the
cross section measurement in terms of the parameters
regulating the strength of this coupling, most notably the
CKM matrix element |Vjp|.

The presence of anomalous couplings at theWy, vertex can
produce anomalous form factors, with parameter F, that would
modify the interaction strength.

o Assuming |Vyql, |Vites| < |Vil,
e Considering top-quark decay branching fraction into Wb, B ~ 1:

Ot—cht+t
th
Ot cht+f

|F x V| =

that several scenarios beyond the SM predict a deviation
of the measured value of F from 1.
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Vip at 13 TeV

|F x V| = 1.07£0.01(stat) £ 0.09(sys) £+ 0.02(theo) + 0.01(lumi) =
= 1.07 £ 0.09 ATLAS
|F x V| = 1.05 £ 0.07(exp) £ 0.02(theo) CMS
can be directly compared with:
Vi| = 1.009 £ 0.031 PDG2016

Summary of all top LHC mesurements can found in LHCTopWG
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https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCTopWGSummaryPlots

single top production: s-channel

s-channel ¢ s-channel at 7-8 TeV

Challenging at LHC
ging W

q b

(8 TeV) = 5.6 + 0.2pb

(13 TeV) = 10.3 % 0.4pb
Challenging channel Measurements ~With simulation for

have been performed for s-channel; ~ distributions of the BDT

CMS discriminants in the 2-jets
o7V =71 £ 8.1(stat + syst)ph &>
USTeV = 13.4 + 7.3(stat + Syst)prlmlted by stat., signal

ATLAS and tt modelling

o3V — 4.8 +0.8(stat) +16 ; (syst)pb

S

S8ATLAS Coll., Evidence for single top-quark production in the s-channel in proton-proten collisions at.
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https://arxiv.org/abs/1511.05980;
https://arxiv.org/abs/1603.02555

single top production: tW-channel at y/s= 8 TeV

tW channel

Observed at LHC

b t
o(8 TeV) =22.4+ 1.5pb

(13 TeV) = 71.7 + 3.8pb

|

AN

Observed at LHC. * Signatures:
@ 2 opposite sign isolated leptons
T
Emiss

1 high Pr b-tagged jets

from 2 neutrinos

e Main backgrounds tt, X+ Jets

Leading systematics: tt
normalization, jet
reconstruction, ISR/FSR

2*ATLAS Coll. ,Measurement of the production
assoctiation with a W boson at 8 TeV with the AT
JHEPO01(2016)064,arXiv:1510.03752
CMS Coll. Observation of the Associated Productio
Boson in pp Collisions at \/s= 8?2¢2TeV,
Phys. Rev. Lett. 112, 231802,PRL112,231802
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https://arxiv.org/abs/1510.03752
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.112.231802

single top production: tW-channel at y/s= 8 TeV

0
3
S
2
€
o
=
]

Data/Pred.

gtw

Otw

Combination LHCtopWG:~ 10% improvement on measurement.

ATLAS

+ Data
Vs=8TeV, 203" wt
b5 1det1-tag mi

W Others
77 Uncertainty

LA

ST

03 02 01 0 01 02 03 04
BDT Response

= 23.0 + 1.3(stat) 32 (sys)
+1.1(lumi)pb(ATLAS)
= 234+ 5.4pb(CMS) — £24%

ATLAS+CMS Preliminary

LHCtopwG May 2016

Data 2012, 5= 8 Tev, m, = 1725 GeV.

total stat

NLOYNNLL (PRDE? (2010) 054018)

MSTW2008,,,,
M scale uncertainty
scale [ PDF uncertainty

ATLAS, L =203 fb"
arxiv1510,03752

oms, L =122
PRL 112 (201) 231802

LHC combined (May 2016)

ATLAS-CONF-2016-023,
CMS-PAS-TOP-15-019

0 (stat) +(syst) +(lumi)

e 230£13235:11pb

e 234£20£460.7pb
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single top production: tW-channel at /s

ATLAS performed as well preliminary measurement at /s 13 TeV.
Using 2 separate BDT, trained in two signal region 1jetl b-jet and
2j1b-jet. 9

ow = 94.0 + 10(stat) T2 (sys) £ 2(lumi)pb(ATLAS)

T T
ATLAS —e— Data 2015

V5=13TeV, 3.2 fb"

i
Z+jets

I Fakes

Diboson

e

1.4
BDT (l]lb) response BDT (2j1b) response 2j2b yield

Pre-fit distributions of the signal and control regions 1j1b(control), 2j1b (control), and

()j‘)h(Qignn]\

9ATLAS Coll. yMeasurement of the cross-section for producing a W boson in association with a
single top quark in pp collisions at s?=13TeV with ATLAS,
JHEPO01(2016)064,arXiv:1612.07231
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https://arxiv.org/abs/1612.07231

single top production: Summary of cro

measurements

[ Single top-quark production
[ May 2017

*f

o

t-channel

Inclusive cross-section [pb]

T
>

«

10 |

s-channel

[ATLAS+CMS Preliminary LHCtOPWG = ary

_____ L et =

AS t-channel
PRD90(2014)112008, arXiv:1702.02859,
JHEPM(znﬂ)ue

CMS t-channel

an(zmz)oas JHEP 06 (2014)090,
arKiv:1610.00678

mvmzmz) 142, HEPO12016)064.
anv 16 072

cms
FRL 110 20190022005, Pt 112 2014y 281602
LHC combination, Wt
ATLAS-CONF-2016.:023, CMS PAS-TOP-15.019

ATLAS s-channel
ATLAS-CONF-2011-118 95% CL,
PLB 756(2016)228

CMS s-channel

JHEP 09 (2016)027 98%CL

7+8 TeV combined fit 95% CL

-~ NNLO PLB 736(2014)58

scale uncertainty

NLO+NNLL PRD83 (2011091503,

PRD 32 (2010)054018, PRD81(2010) 054028
W f contribution removed

Scale [ PDF O a, uncertainty

NLO rpsz0s(201010, CPCtaiEnis) 4
CT10rio, MSTW2008rlo, KNPDF2 30
60Gev.

P eto for  removal
mayesce |

M= 172.5Ge

7 8 13

Summary of all top LHC mesurements can found in LHCTopWG

Vs [TeV]



https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCTopWGSummaryPlots
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