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Why the top quark?

e Inthe SM it's the only quark:

1. With a natural mass:

TTTTTTTTT

mtap — ?/tU/\/i ~ 173 Gev — Yp ] SPARTICLEZ 0

e Jop quark interacts strongly with the Higgs sector - special role in
EWSB?

2. That decays before hadronizing:

Thad ~ 2 X 10_248

Ttop = D X 107%°5

e Copious production rate at the LHC allows for precise tests of QCD
involving multiple scales (pT(top), m(top), m(b)).

ATLAS Top Measurements
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Why the top quark?

e (Corrections to the Higgs mass in the SM depend on the top
mass:

 Assume new physics enters at some high scale:

* |n effective theory approach: Am% ~ 3 Q?JtAQ

e For less than 90% cancellation: A< 3TeV

* Top quark could be the place we see new physics.

ATLAS Top Measurements
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Top production at the LHC

e [op pair production:

g t « oftt): test QCD predictions
« (Clean sample: properties
- measurements
g t

e Single top production:

q' q b w

« EW process: probe Wtb vertex

ATLAS Top Measurements
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Top decay modes

 SM top decays ~100% to W=b.
* Final states dictated by W boson decays.
e All hadronic:

e 2 Db-jets + 4 g-jets
 High Br

all jets

* |Large multijet background
o |Lepton- -|ets:
e e/U+V+2Db-jets + 2 g-jets
* Good Br
« Manageable backgrounds
e Di-lepton:
e ee/uu/ey+w + 2 b-jets
o Small Br

* Small backgrounds

ATLAS Top Measurements
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Reconstructing top quarks

* Must reconstruct top from decay products.

 Now dedicated algorithms for high prt top quarks:

Low top pt High top pr

Large-R jet, J

b

t=}+)+D

Use mass constraints to ‘ o
resolve combinatorics: Use ‘top-tagging’ to look for
m(j1 + j2) ~ m(W) structure within J and m(J) ~ m(t)

M(j1 + j2 + b) ~ m(t)

ATLAS Top Measurements



e
Top quark measurements

W polarization
I

mass
width
spin
charge
polarization

production cross-section

production mechanism
spin correlations

W V
\-) . Wtb vertex structure

Y

t
/ X
branching ratios (Wtb, rare decays)

2015 13 TeV (3_2 fb'1) associated production (H, W, Z, v)
2012 8 TeV (20 fb-1)

Focus today on most
recent results

ATLAS Top Measurements
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Dilepton top-pair event

ATLAS

EXPERIMENT

Run: 267638
Event: 193690558
2015-06-13 23:52:26 CEST
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Inclusive cross-section

 Use clean ep+2b+2v to measure
iInclusive cross-section.

» Cross-section and b-jet reconstruction & = oTiaTev,32ht o Uremey -
efficiency extracted from number of o000 =
events with 1 or 2 b-jets: o S D

Ny = Logeey, Zeb(1 — Cpep) + kag " Ny o e
Na = Loy eon Cocp? + NOKE “FE T N
g = st Ureer.

e Systematics associated with jets & MC & F— L=

modelling significantly reduced. : | 2 " N,

* Remaining systematics dominated by
luminosity & MC modelling.

O‘(tf) = 818 + 8 (stat) £ 27 (syst) =19 (lumi) £+ 12 (beam) pb

Phys. Lett. B761 (2016) 136
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http://arxiv.org/abs/1606.02699
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Inclusive cross-section o Glasgow
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O — O ATLAS l+jets* 13 TeV (L =85 pb) —
O A CMS l+jets* 13 TeV (L=2.3fb") i 1
~ — o CMSall-jets* 13 TeV (L =2.53 fb’ b 900_ .
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g qoep g =
n — 800 =
) — I _
O B - 4 1
< - 700 1 4
u NNLO+NNLL (pp) i 1
NNLO+NNLL (pp) SR 1 3
10 = Czakon, Fiedler, Mitov, PRL 110 (2013) 252004 Vs [TeV] _
— NNPDF3.0, m =172.5 GeV, (M) = 0.118 = 0.001 =
B | ] ] ] | ] ] ] | ] ] ] | ] ] ] | ] ] ] ]
2 4 6 8 10 12 14
(s [TeV]

* Agreement with SM predictions across energy range probed.
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Differential cross-sections

* Explore kinematics of top pair events:
* Probe QCD up to TeV scale (high pT tops).
e Deviations due to new physics?

* Define measurements at two levels:
« Parton-level: define ‘parton-tops’ directly before decay.
 (Compare to state-of-the-art QCD predictions for stable tops (NNLO).

« Need MC to extrapolate from jets & leptons to parton-level, often in full
phase-space.

Full phase space: all top-quark
pair events produced in
collisions

ATLAS Top Measurements
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Differential cross-sections 2 e

* Explore kinematics of top pair events:
* Probe QCD up to TeV scale (high pT tops).

e Deviations due to new physics?

* Define measurements at two levels:
« Parton-level: define ‘parton-tops’ directly before decay.
 (Compare to state-of-the-art QCD predictions for stable tops (NNLO).

« Need MC to extrapolate from jets & leptons to parton-level, often in full
phase-space.

Full phase space: all top-quark

Pass selection at detector level pair events produced in

O collisions

ATLAS Top Measurements
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Differential cross-sections Clase

* Explore kinematics of top pair events:
* Probe QCD up to TeV scale (high pT tops).

e Deviations due to new physics?

* Define measurements at two levels:
e Particle-level: build ‘pseudo-tops’ from stable particles.
 (Close connection to particles observed in detector.

 Reduced dependence on MC for measurement: smaller uncertainties.

 Compare to MC models (hadron-level predictions).

Full phase space: all top-quark
pair events produced in
collisions

Pass selection at detector level

Inside detector volume at
particle level

ATLAS Top Measurements
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e Differential cross-section measurement in resolved and
boosted lepton-plus-jets events:

Resolved Top Boosted Top

« 1 electron or muon.

« 1 or more small-R jets

- 1 top-tagged large-R jet

-« MET > 20 GeV

« MET + m7(W) > 60 GeV

- Hadronic top reconstruction.|

pt(t) > 300 GeV

- Either small-R and large-R

jets b-tagged (77% eff.).

« 1 electron or muon
b -+ 4ormore jets
(at least 2 b-tagged)
- Hadronic and leptonic

top reconstruction.

pr(t), ly(t)], pr(tt), m(tt), |y(tt)]

ATLAS Top Measurements
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Resolved lepton-plus-jets event & g Clasgow

Run: 266919
proton-proton collisions at Event: 19982211
13 TeV centre-of-mass energy 2015-06-04 00:21:24
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131eV. Boosted lepton-plus-jets event & g Clasgow

* Run: 271516
Event: 7786087
2015-07-13 09:38:38 CEST

EXPERIMENT
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Differential cross-sections

* Top pT, reconstructed in the detector:
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13 TeV . . . 0 ey
° Differential cross-sections Clase

* Top pl, correct for detector effects (resolution, efficiency):
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& 1800F ATLASPrellmlnary Elt?ata -
g - s=13TeV,3.2f0" &g Single top E
*2 1600: Resolved %Vﬂ?ts .
C mm Z+jets =
L(|1>.|) 1400 Diboson =
: -ttv : > 1__IIIIIlIlIIIlIlIllllllllIIIIIIIIIIIIIIIIIIIIIIIIII
1200 i - = o A 3
- ///-//I\Sntlajlltt.lféilst. Unc. 8 = ATLAS Preliminary Fiducial phase-space =
1000F . - [ Vs=13TeV, 3.2fb’ e Data m
800 E S 107 ="Resolved PWG+PYBh, =m 3
600 = o = e PWG+PYS hy, =2m, radHi =
Z B T I PWG+PY6 hy,,,=m, radLo ;.
400 — o 102 — —— PWG+PY8 hy,, =m, _
200 = ° - ey, 00 meees PWG+H++ hy, . ,=m, =
] B Y e == aMC@NLO+H++ -
. - - Stat. unc. 7
2 12 ; 107 - Stat.+Syst. unc. =
S 1 - —
o sz & _ - = =
& O0.8F . . ¥ . . E — - 7
5 400 600 800 1000 ol n ]
p:"¢ [GeV] = 5 =
> L L B B T T __
& 10’ ATLASPreliminary =~ —+Data = =
2 | Boosted Wiets ] ) —
o 10° g m Z+jets = 5ls —
> = Diboson 3 = =
w = - tl\t/|V| . o0
B Multijets - 3
10 i Stat.J+Syst. Unc. 3 o
7 c
1 E Ol
] Ol
» 9|3
107 = o
3 o
1072
. 1.4 , :
3 1.2 2 - _
S o8 s % % ATLAS-CONE-2016-040
5 %9500 1000 1500

ATLAS Top Measurements


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-040/

M Universit
13 TeV 7 of Gl asgox}\;

Differential cross-sections

* Top pl, correct for detector effects (resolution, efficiency):
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8 TeV

Differential cross-sections

* Same trend for top pT seen at 8 TeV:
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II|lIII|IIII
ATLAS

Vs =8 TeV, 20.3 fb™

¢ Data
— PWG+PY6 hdamp=mt

L B
Full phase-space

NNLO arxiv:1511.00549
Stat. unc.
Stat.+Syst. unc.

* Agreement improved when using NNLO predictions.

arxiv:1511.04716
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Differential cross-sections

* [nvariant mass & pT of top-quark pair system:
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ttV Production

* |Large datasets give access to rare tt+W and tt+Z processes.
e ttZ: Direct probe of top-Z coupling (new physics?).

e {tW: Important background to new physics searches.

* Use multi-lepton final states to reduce background:

e 2 same-sign charge leptons, 3 or 4 lepton final states.

ATLAS Top Measurements
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ttV Production

e 2 same-sign charge leptons, 3 or 4 lepton final states.
* Split selected events according to lepton-pairings & number of b-jets.
e Use control regions to constrain WZ & ZZ backgrounds.

2 | | 2 1 1 B
o — ATLAS Preliminary 4-Data [ |74 . § 10° = ATLAS Preliminary 4-Data Wiz E
i ~ {s=13TeV,3.2fb" MW mwz @ = {s=13TeV,3.21" W mwz =
Post-Fit Zz tZ ~ Post-Fit zZz tZ ]

10% = twz [ iz — . twz WttH B

- [ Other Fake leptons ] 10 = B Other Fake leptons 3

B 7, Uncertaint T - ¢ 7, Uncertainty -

L i WM v y : s 24 .

- 10 - ‘ - =

10 < — B

—_— . B
§ " ;/////7?9///77/%/////////Q/////////f/ Silss55554% M 2 § o %7/////”//%%/ L s ///7%// ////‘W/jﬁ/ %%
- 0 F 3L Wz~c/9 4‘22.0/;' L‘"ozebl s : ] T e /:L/ZZ “CR ZQIMLZ 7b4 2 eb:f 0.2 SFugp o, % DRIbL DF‘E’b
o(tTW) = 1.4+ 0.8 pb o(tZ) = 0.9+ 0.3 pb
osm (ttW) = 0.57 £ 0.06 pb osm(ttZ) = 0.76 + 0.08 pb

e Statistics limited - big scope improvements with 2016 dataset.
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t-channel event

ATLAS o
Event: 279124678

EXPERIMENT 2015-06-05 02:24:03 CEST
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* Largest single-top production mode, directly sensitive to Wtb u d
coupling.

e Select events with 1 muon, 2 jets (1 b-jet) and missing transverse W
momentum.

e Significant backgrounds from top-quark pair and W+jets b ¢
production.

 Combine multiple variables together in Neural Network to
separate signal from background.

100 200 300 400 500
m(ivb) [GeV]

——
% ATLAS Prellmlnary (s=13 TeV,3.2 fb™" 4
G 4000 SRM ¢ Data g
o Bl iqfqg
™ I i, Wi,tb ]
; [ W+jets 1 > 2 P TS
= [ Z+jets,diboson O 4000 ATLAS Prellmlnary F_13 TeV 3.21b™]
o) Bl Multijet Q) - SR u* ¢ Data
> 7/, Post-fit uncertainty — o , B (g.iq :
L {1 «N 3000k 7 W (1, Wi th ]
; [ [ W+ets -
- - [] Z+jets,diboson
GC.) L I Multijet
Lﬁ 2000_‘ 7///, Post-fit uncertainty ]
3 1.2f LE .
= ] S e 4.3 1000
& o8k R A R R -
£ 0 200 400 600 i
° m(b) [Gev] . O ,
3 121- I s +++ +-
i ppeegyationpoCoodocon b b il i byl I
E 0.8;- ‘ ) 3
©
= 0
a
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t-channel cross-section & i

e Largest single-top production mode, directly sensitive to Wib u d
coupling.

e Select events with 1 muon, 2 jets (1 b-jet) and missing transverse W
momentum.

e Significant backgrounds from top-quark pair and W+jets b ¢
production.

 Combine multiple variables together in Neural Network to
separate signal from background.

> — rr r 1 r . 1 T r°r T ]
[ L ATLAS Preliminary {s=13 TeV, 3.2 fo" UL L
& 4000F gg .- + Data ] o ATLAS Preliminary {s=13 TeV, 3.2 fb"
[ . tq,t - 3 -
& [ =tcfl,vit,tE ] = SRu’ ¢ Data
> 3000F ] Weets 1 = ~ 4000 mmiglq .
= - [ Z+jets,diboson [0) ATLAS Prellmlnary F_13 TeV 3.21b™] 2] i W tt, Wit tb i
S i B Multijet (O] 4000 " SR u* ¢ Data I= [ W+jets
Lﬁ 2000 7/, Post-fit uncertainty = 8 [ y B i9.iq : ) [ Z+jets,diboson
3 1 < 3000F e ] AT B Multijet ]
1000} 2 : [ Z+jets diboson | 7/, Postfit uncertainty
L L Il Multijet
L%) 2000'_‘ 7///, Post-fit uncertainty ]
4 5 ;
i 1000 -
£ 0 200 400 600
a .
m(b) (GeV] .
o o
a o .
o S~ .
5 400 500 £ 0 02 04 06 0.8 1
m(ivb) [GeV] o

NN output
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t-channel cross-section

* Largest single-top production mode, directly sensitive to Wtb u d
coupling.

e Select events with 1 muon, 2 jets (1 b-jet) and missing transverse W
momentum.

e Significant backgrounds from top-quark pair and W+jets b ¢
production.

. . . | | fiv - Vsl = 1.03 £ 0.11
 Combine multiple variables together in Neural Network to

separate signal from background.

AL AL LR R BN L LA B
ATLAS Preliminary \s=13 TeV, 3.2 fb™
[ SR ¢ Data ]
4000 Bl qtqg =
I W {t,Wttb ]
[ WH+jets
[ Z+jets,diboson
B Multijet |
7///. Post-it uncertainty

Events /0.10

Data / Pred
o —
[o o J\ V]
""1"'"!"'"1""'
A

0 02 04 06 08 1
NN output

e Largest systematics: MC modelling & b-tagging
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13 TeV

W1t cross-section

« Second largest production mode at LHC.

« At NLO QCD, interferes with top-quark pair-
production.

e Select events with an ep pair and split by jet
multiplicity:

e 1b1j, 1b2j: signal regions; 2b2j: ttbar control region

 Combine multiple variables together in BDT to
separate signal from ttbar background.

c00—r———"T——T—— T T T T 112000 ¢
Q ATLAS Preliminary —e— Data 2015 ] 5
=800 Da 9
2 Vs=13TeV, 3.2 fo" _— 410000 o
§700 ” o — E+jets ] g
>600 mmm Fakes <8000 b
H Diboson i
wyy Total unc.

o(Wt) =94 4+ 10 (stat. ) (syst ) pb

: ogm(Wt) =717+ 3.8 pb
% 1@%/*//,)///@4%%”;%/@4%%%% % O i ///%
& 08L, v v [ T
0.6 0.8 1 12 14 05 1 1.5
BDT (1j1b) response BDT (2j1b) response 2j2b yield
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Single-top cross-sections

~ ATLAS+CMS PreliminaryLHCIOPWG = ATLAS t-channel i

. . PRD90(2014) 112006, ATLAS-CONF-2014-007,
- Single top-quark production ATLAS-CONF-2015-079 .

® CMS t-channel
June 2016 JHEP12(2012) 035, JHEP06 (2014) 090,
- CMS-PAS-TOP-16-003 -

..._H._... O ATLAS Wt
= PLB716(2012) 142, JHEP01(2016) 064 —

O© CMS Wt
PRL110(2013) 022003, PRL112(2014) 231802

*  LHC combination, Wt
ATLAS-CONF-2016-023, CMS-PAS-TOP-15-019 —

) o

----------- A ATLAS s-channel
ATLAS-CONF-2011-118 95% C.L.,

PLB756(2016) 228

¥ CMS s-channel
— arXiv:1603.02555 95% C.L. —
x  7+8 TeV combined fit 95% C. L.

M
A X
d = -%-% %. 4-. NNLO PLB736(2014) 58
0 % = scale uncertainty ]

- == NLO+NNLL PRD83(2011) 091503,
10 — T PRD82 (2010) 054018, PRD81(2010) 054028 _

— Wi: tt contribution removed 7
scale @ PDF & o uncertainty

:

Inclusive cross-section [pb]

CT10nIo MSTW2008nlo, NNPDF2.3nlo
Wt: p veto for tt removal=60GeV

and .= =65 GeV
scale uncertainty

| : : —— NLO NPPS205(2010) 10, CPC191(2015) 74 i
""" il i el I M= W= Mgy,

scale ® PDF @& a4 uncertainty

Mip= 172.5 GeV

/s [TeV.
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The top quark mass
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* Jop quark mass critical to understanding self-consistently

of SM:

; B | | ] | I | | | | I | | | | | : : ] | | | | | | I,_
8 — 68% and 95% CL contours ™ "I;’:r:": ;’;’_’::'GZ\;" .
— 80.5 — ' fitw/o M, and m, measurements - 0 =0.76 GeV . —
E; u fit w/o M,,, m and M, measurements | —0=076 ®0. 904peq ;GeV d
B direct M, and m, measurements / ]
80.45 — —
80.4 |- |
— M, world comb. =+ 1o —
80.35 [— m,, =80.385 = 0.015 GeV —
80.3 — ~
B K _
I , ]
80.25 - ot N
C T 7] | L
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Unlver51ty
8 TeV 7 of Glas
OW
The top quark mass
* Dilepton channel: two neutrinos in the final state, system is under-constrained.

* Optimised selection on pT(lb) to reduce uncertainties.

* Use m(Ib) as top mass sensitive variable.

> . I . . . . I : . r > B I I I I I | I I I I 1 I I I I I | I I 1 I I ]
st A @ L ATLAS ]
ATLAS Miop 5 - e Data ]
E‘D) : Simulation _:gzg gex : (a\] 500: ...... 1% background \/§=8 TeV, 20.2 fb-1 .
~ L — . e | ~ B ) .
£ o1 —1775GeV | £ wob. = Best fit -
& | o ~ | Uncertainty -
> > B i
> - 1 W - .
8 I ] 300 E
o 5 -
= 0.05 _ g :
E i b - _
S - - 200 7
Z - 1 : :
-_,C:) 14F ; ' ' = 100 — —
5 tep —— E - .
S G — e o
0.6 , ) ) ) ) ) ) =
40 60 80 100 120 140 160 40 60 80 100 120 140 160
mee° [GeV] e [GeV]

Largest systematic uncertainties: JES, bJES, MC modelling.

Most precise measurement in
Mmop = 17299 +0.41 (stat) + 0.74 (syst) GeV. dilepton channel to date

arxiv:1606.02179
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7+8 TeV

The top quark mass
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ATLAS Preliminary

My, Summary - Aug. 2016, L = 4.6 fb™ - 20.3 b

' me, = tot. (stat.=JSF +bJSF = syst.)
alljets © Eur. th;8be1 C75 (2015) 158 | e ——— 1751 = 1.8 (14 £12)
|
|
single top* CONF-2014-055 — | — 1722 = 21 (07 + 20 )
9 P L, =20.3 b I
|
— l+jets ™" F;hffb{ C75 (2015) 330 — e = 1723 + 1.3 (02 =02%07 =10 )
|
— dilepton Eur. P4h¥3fb{ C75 (2015) 330 b 1738 = 1.4 (o5 £ 13 )
|
— dilepton Ein_v:;ggﬁf-gfﬂg —_ = 1730 = 0.8 (04 £ 07 )
int — . 1
|
all jets* CONF-2016-064 | I 173.8 + 1.2 (06 + 1.0
J L, =20.2 b I * ( )
|
1
|
|
O‘(t{) d||epton Eur=zh6)i520‘]3(f)b7? (2014) 3109 _#}I— 1729 «+ gg
|
|
(tt+1 Jet) JHEZLOfé%O15) 121 e — 173.7 =+ g?

ATLAS Comb. June 2016 (arxiv:1606.02179)
172.84 = 0.70

Relative precision: 0.4%
| |

ATLAS Comb. + 10

stat. uncertainty

stat. ® JSF @ bJSF uncertainty
- t{otal uncertainty

*Preliminary, —Input to comb.
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Summary

The top quark is (still) the heaviest fundamental particle.
* Top sector could be linked to BSM physics.
 Jop quark allows us to study a ‘bare’ quark.

First set of top measurements at 13 TeV, so far in good
agreement with Standard Modal.

No signs of new physics in top measurements yet - looking
forward to results from 2016 data and beyond.
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Spin correlations Ditis

e Since top quark decays before hadronising, spin information is transferred to
decay products.

« SM predicts a correlation between the spin directions of the top-quark in pair-
production.

 New physics (e.g. stop quarks) could alter the correlation.

* Observable in the Ad distribution between the two leptons from the top decay.
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Spin correlations = e

 (Good agreement with SM. Use this measurement to set
[imits on stop quarks (‘stealth stop’):

T, production, T— b f %, /T— c %, /T> Wb % /T~ t %]

;‘ 450L L | T T 1 | 1T T 1 | T T 1 | T T 1 | T T 1 I T 1 I_
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The top quark mass Che

e Jop quark mass critical to understanding it SM is valid to
high scales:
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et
The top quark mass Cle

« New measurement in the dilepton channel at 8 TeV.

 Apply cut on pT(lb) - increases fraction of events where
correct pairing of lepton & b are selected & reduces total
uncertainty.
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