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® [op quark mass
e [op quark properties
e Jet pull
e Single top
® |[nterference with di-top
e BSM with top quarks
e stops in SUSY




Why is the top quark special?

e\ery heavy (mass ~ 175 GeV)
e Decays ~100% of the time to bW (W on-shell)
e Quadratic contributions to Higgs boson mass

eShort lived (lifetime ~ few 10-2° g)

All jets 44%

e ~Doesn’t form hadrons

T+jets 15%

+T 1%

T+u 2%
+¢ 2%

u+p 1%

u+e 2% +jets 15%
e+e 1% it v

e+jets 15%


https://www.quantumdiaries.org/tag/top-quark/

ldentifying top quark final states



Top quark mass

e \MC mass methods

ATLAS+CMS Preliminary Miep SUMMAary, Vs=7-13 TeV  November 2018
LHCtopWG
. . R World comb. (Mar 2014) [2] I l l |
®* Mj; INn semi-leptonic -
total uncertainty i M, * total (stat = syst) Is  Ref.
LHC comb. (Sep 2013) LHCtopwG I—H-I—I 173.29 = 0.95 (0.35 = 0.88) 7 TeV [1]
" " . World comb. (Mar 2014) HH 173.34 = 0.76 (0.36 = 0.67) 1.96-7 TeV [2]
® Mp/ M di-lept =
bl T2 I n I e O n I C ATLAS, l+jets H—-—H 172.33 + 1.27 (0.75 = 1.02) 7 TeV [3]
ATLAS, dilepton —f=—— 173.79 + 1.41 (0.54 = 1.30) 7 TeV [3]
ATLAS, all jets E: : - — 1751+ 1.8 (1.4=1.2) 7 TeV [4]
. S p 'I: f d y ATLAS, single top I —a— i 172.2+ 2.1 (0.7 = 2.0) 8 TeV [5]
e C ra O e C a ATLAS, dilepton H—-H 172.99 = 0.85 (0.41+ 0.74) 8 TeV [6]
ATLAS, all jets —— 173.72 = 1.15 (0.55 = 1.01) 8 TeV [7]
ATLAS, l+jets e | 172.08 + 0.91 (0.39 = 0.82) 8 TeV [8]
p ro d U CtS ( e g J / ) ATLAS comb. (Oct 2018) H*H: 172.69 + 0.48 (0.25 = 0.41) 748 TeV [8]
' ' \|I CMS, l+jets = 173.49 + 1.06 (0.43 = 0.97) 7 TeV [9]
CMS, dilepton —tt= 172.50 = 1.52 (0.43 + 1.46) 7 TeV [10]
CMS, all jets |—|—-o—|—| 173.49 = 1.41 (0.69 = 1.23) 7 TeV [11]
® CMS, I+jets HeH 172.35 + 0.51 (0.16 + 0.48) 8 TeV [12]
et CMS, dilepton et 172.82+£1.23 (0.19 £ 1.22) 8 TeV [12]
CMS, all jets HeoH : 172.32 + 0.64 (0.25 = 0.59) 8 TeV [12]
CMS, single top H—o—-—H 172.95 + 1.22 (0.77 + 0.95) 8 TeV [13]
CMS comb. (Sep 2015 He 172.44 = 0.48 (0.13 = 0.47) 748 TeV [12
¢ Pole mass methods mb. (Sep 2015)
CMS, l+jets e 172.25 + 0.63 (0.08 = 0.62) 13 TeV [14]
CMS, dilepton o : 172.33 + 0.70 (0.14 = 0.69) 13 TeV [15]
. CMS, all jets o+ 172.34 + 0.79 (0.20 = 0.76) 13 TeV [16]
e 1001t e 1806 01 4b
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: [6] Phys.Lett.B761 (2016) 350 [12] Phys.Rev.D93 (2016) 072004
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Top quark mass
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https://arxiv.org/pdf/1707.08124.pdf
https://arxiv.org/pdf/1803.01853.pdf

Top quark mass: lepton + jets
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Use templates to fit mjp, constrain jet energy with fit to m;


http://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-17-007/index.html

Top quark mass: lepton + jets
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https://arxiv.org/pdf/1304.5783.pdf

Top quark mass: dilepton

Neutrinos reduce
the sensitivity
(+ lower stats to
begin with), but
less background.
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http://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-15-008/index.html

MC-template-based top quark mass

Warning: the “kinematic mass”, aka MC mass is not
the pole mass (or any well-defined mass in QFT)

here is a O(1) GeV ambiguity between the
guantity we measure (which is MC-dependent)
and the top quark mass in the Standard Model.

2D approach

om?P SJSF?P

[GeV] [%]
Experimental uncertainties
Method calibration 0.05 <0.1 Underlying event —0.10x0.08 +0.1
JEC (quad. sum) 0.13 0.2 Early resonance decays —022+0.09 +0.8
— InterCalibration (—0.02) (<0.1) Color reconnection +0.34 £0.09 —-0.1
— MPFInSitu (—0.01) (<0.1) Total systematic 0.72 1.0
— Uncorrelated . (=0.13) (+0.2) Statistical (expected) 0.09 0.1
Jet energy resolution —0.08 +0.1

b tagging 4+0.03 <01 Total (expected) 0.72 1.0



Alternative approaches

How would you measure the mass?



Alternative approaches

How would you measure the mass?

T | T T T | T T | T T T T | T T T
Top quark pole mass from cross-section

ATLAS

compared to direct measurement

+5.9

DO approx NNLO: MSTWO08, 1.96 TeV 2009 169.1 51

DO approx NNLO: MSTW08, 1.96 TeV 2011 167.5??5
CMS NNLO+NNLL: NNPDF2.3, 7 TeV 2013 176.7?2'.2
ATLAS NNLO+NNLL: PDF4LHC, 7 TeV 2014 1714 + 2.6
ATLAS NNLO+NNLL: PDF4LHC, 8 TeV 2014 1741 + 26
ATLAS NNLO+NNLL: PDF4LHC, 7-8 TeV 2014 172'932
Direct reconstruction LHC+Tevatron 2014 1733 + 0.8
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One possibility is to use the inclusive cross-section.
This Is the safest approach, but least sensitive.
Would be nice to have a energy scan in e+e”!


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2013-04/fig_08a.pdf
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2013-04/fig_08a.pdf

Alternative approaches

How would you measure the mass?

. — T — — T — T
ATLl AS | Top quark plole méss from cl:ross-section |
compared to direct measurement

DO approx NNLO: MSTWO08, 1.96 TeV 2009 169.1 +:

DO approx NNLO: MSTWO08, 1.96 TeV 2011 167.5_+i'§

CMS NNLO+NNLL: NNPDF2.3, 7 TeV 2013 176.7?2:2
ATLAS NNLO+NNLL: PDF4LHC, 7 TeV 2014 1714 £ 2.6
ATLAS NNLO+NNLL: PDF4LHC, 8 TeV 2014 1741 + 2.6
ATLAS NNLO+NNLL: PDF4LHC, 7-8 TeV 2014 172.9?2:2

Direct reconstruction LHC+Tevatron 2014 173.3 + 0.8
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Another possibility is to use
differential cross-sections.
These require unfolding to
parton level in order to
compare with calculations™.

ATL_AS m{aole + Atot
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*also true for the inclusive cross
section, but less sensitive.


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2013-04/fig_08a.pdf
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2017-09/fig_04.pdf
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Alternative approaches

How would you measure the mass?

What about combining theoretical soundness

T T | T T T T | T T T T | T T T T | T T T T | T T T T
Top quark pole mass from cross-section
ATLAS .
compared to direct measurement
+5.9
DO approx NNLO: MSTWO08, 1.96 TeV 2009 169.1 o1
DO approx NNLO: MSTW08, 1.96 TeV 2011 167.5_+i5
CMS NNLO+NNLL: NNPDF2.3, 7 TeV 2013 176.7?2'2
ATLAS NNLO+NNLL: PDF4LHC, 7 TeV 2014 1714 = 2.6
ATLAS NNLO+NNLL: PDF4LHC, 8 TeV 2014 1741 = 2.6
ATLAS NNLO+NNLL: PDF4LHC, 7-8 TeV 2014 172.9?2'2
Direct reconstruction LHC+Tevatron 2014 173.3 + 0.8
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+ kinematic shape + jet substructure ?7?


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2013-04/fig_08a.pdf
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2017-09/fig_04.pdf
https://arxiv.org/pdf/1708.02586.pdf

Beyond the mass

The top quark has many interesting
poroperties that can be measured at the LHC.

% 1.6:— ATLAS Inclusive ] _ . _

S | (s=13TeV, 364 fb" | | Spin correlations via angular
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512 =
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2016-10/

Beyond the mass

The top quark has many interesting
poroperties that can be measured at the LHC.

Inclusive

Events / 0.06
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200

— ATLAS u+jets
1801— P e Data2011
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40F 4
20k
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We are quite sure of the
charge now, but early In
the LHC, it was
fashionable to rule out
exotic electric charges.

(requires methods for
estimating the “jet charge”)


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2016-10/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2011-13/fig_07b.pdf

Beyond the mass

The top quark has many interesting
poroperties that can be measured at the LHC.
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are gg dominated.



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2016-10/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2011-13/fig_07b.pdf

As top-quark pair
production is a
background for many
searches, it is Important to
study the kinematic tails.

Long-standing
observation that the
spectrum iIs harder Iin
simulation than data.

This seems to be partially
accounted for at NNLO,
but full story still under
investigation.

Prediction Prediction Prediction
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2016-01/
https://arxiv.org/abs/1511.00549

Boosted top quarks 19

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

| At high pr, dq,n'{"[ get 3 isolated
i / jets from hadronic top quark

EXPERIMENT

(where does this come from?)



Boosted top quarks
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Jet substructure tagging is
therefore important part for
SM measurements, not just
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2016-01/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2016-09/

Tops as a source of color singlets

As the W bosons produced from top quarks are on-shell, top
quark pairs offer unique LEP-like laboratory for QCD studies.

One can identify (‘tag’) events using the leptonic W decay and
the study (‘probe’) the structure of the hadronic W decay.
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Tops as a source of “singlet jets”

The only way to get a clean sample of jet
originating from a singlet decay (since LEP)

Zs¢)::¢)__¢J1
J2

Legend

= Pull Vector P,

=» Jet Connection Vector
Op Pull Angle (J1 w.r.t. J2)

e Constituent of Jy
(size weighted by pr)

—)
Ay =y —y,,

Step 1: How singlet-like is it?

Tool: Jet superstructure -

the interplay between jet

substructure and global
radiation / kinematics.

y_))(]) _ Z ‘Al”i

=N p

[
pT -
7 Al”i

T

Question: how much does
the radiation from one jet
lean towards the other?


https://arxiv.org/abs/1506.05629
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https://arxiv.org/abs/1506.05629

Hadronic Correlations: Jet Superstructure

Events

Data/ MC

""""" I I I BN IR IR I LS
_ATLAS Preliminary *, 5 E
- /s =13TeV, 36.1fb™" - Slngle—top, tt+ V/H 1
— V+jets, Diboson —
- B NP/Fake leptons -
- Syst. Unc. =
S E
| [ |
- . . —
- -
_.. ...................................... (e ® i, Y |

0O 01 02 03 04 05 06 0.7 0.8 09 1

Charged particle 6p (j{V, 3") [rad]/=

peak at O - W daughters
are “connected”

Events

Data/ MC

IIIIIIII | T T | T T | T T T T | T T | T T T T T T 1 I_
~ATLAS Prellmlnary ¢ Data =
- /s =13TeV,36.1fo" 1 - Slngle-top, tt+ V/H =
- V+jets, Diboson ]
- B NP/Fake leptons 7
- Syst. Unc. ]
E_ o . . . . _:
L e 5 ————y—

O 0.1 0.2 0.3 04 05 0.6 0.7 0.8 09 1
Charged particle 6p (j?,j2) [rad]/=

no peak - b’s are
not connected


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2017-13/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2017-13/

Jet Pull for MC Tuning
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Challenging
measurement, but we
can reach to the 1%-

level for precision.

Interestingly, there is a
rather large spread In
the MC predictions.

(useful for tuning!)



Jet Pull: Much more to learn!
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Eg; 15 Vs=13TeV,36.1tb7" | paig -
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— & - —~— Powheg+Pythia8 ]
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| | S E
An important message: if we B x ) E
artificially make W’s in Pythia -3 : .
; T C T T
Octet_llke’ then We Only _HHHHHHHHHHHH'_I
marginally prefer the singlet. ;s ”’f e R — T -
. . ?DE 0.95 e o v

clearly there is something we 0.9

can learn for here!

How do we know the W is not an octet?
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Charged particle 6p (j{¥, V) [rad]/=



Back to top properties: decays

ATLAS+CMS Preliminary 95%CL upper limits €@ ATLAS <—@ CMS
LHCIopWG [1] ATLAS-CONF-2018-049 [2] JHEP 02 (2017) 079
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eptember 2018 [7] JHEP 07 (2018) 176 [8] CMS-PAS-TOP-17-017 .
Each imit assumes that (9] JHEP 07 (2017) 003 anyt hin g other than
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Diagram credit: Markus Cristinziani, Top 2013



Dominated by
gqg production

Powerful tool for
EF] etc.

Pred./Data

Other/Nom.
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<
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ATLAS
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Normalized cross-section

e Unfolded data
—— MGS5_aMC + Pythia8
—— MG5_aMC + Herwig7
MG5_aMC + Pythia8 (A14 Up)
MG5_aMC + Pythia8 (A14 Down)
----- Powheg + Pythia8

Stat.

Stat @ Syst.

250 00
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2017-14/

Associated production: photons

Warning: any electrically charged
object can radiate a photon!

c 1
2 | Vs=13TeV, MG5_aMC 2.2.1

“Top Decay

~Not from Top

Decay

50 100 150 200 250

300 350
Photon P, [GeV]



Associated production: W/Z
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Hooey,  Hong Hory Tomy H22g,

Also a significant background for BSM (both for same-

sign lepton searches and for top + ME

(Z ->Vvv))


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2016-11/fig_11b.pdf

Associated production:

Fraction / bin

0.4

0.3

0.2

Another interesting
probe of EFTs with a
diversity of final states.

0.1F
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i Total background E
3 — tttt (SM) B
e titt via Cl - 7
B : (current sensitivity is
e E ~few x Standard Model
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Number of jets


https://atlas.cern/updates/physics-briefing/producing-four-top-quarks-once-explore-unknown
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2017-11/fig_02a.pdf

Single top
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Interference with pair production

g W
Many searches where top-
%QQ—=< b pairs are a background are
n S finding that Wtb is a significant
M residual background.
g b
However, beyond leading
g Wt order, single top and top
%"L=>=<f\ , pair production interfere!
[T e This makes the modeling of

Q9099 ——— this process complicated!
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https://arxiv.org/abs/1806.04667

Top quark width

?5 b_bbar_41 events, varied ', : : .
off ok 133 GoV  mm Theory um In fact, this region is rather

e by ~+-1.00GeV -.-1.66 GeV sensitive to the top quark width!
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https://arxiv.org/abs/1903.10519

Top quark width
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independent limits on the BSM
e e branching ratio.
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https://arxiv.org/abs/1903.10519

Last topic: BSM with top quarks

D Top quarks feature
i 0 prominently in many
- I searches, either as the target
~ or as the main background.

'll brietly discuss the interplay VAVAVA
between the stop search and
SM top measurements.


https://www-d0.fnal.gov/Run2Physics/top/top_public_web_pages/top_feynman_diagrams.html

BSM with top quarks
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| won’t motivate why SUSY/stops - see Beyond SM tomorrow



BSM with top quarks
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BSM with top quarks
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BSM with top quarks
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In this “stealth” region, the neutralinos have little momentum.



BSM with top quarks

tt, production, t—» bff ¥ /t> c¥, /t>Wb% /t—>t%,  Status: ICHEP 2016
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Stop ~ top
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2014-07/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2013-04/

Warning: sneaky light stop
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A light stop could

— SM Only
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320 " SM+SUSY top mass measurement.
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Status today
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Summary and overview

The top quark is unigue In
the Standard Model.

Many of its properties are
being studied for precision at
the LHC for the first time.

In many ways, It produces the
most BSM-like phenomenology
and by studying it more detall,
we can learn about QCD as well
as prepare for the unknown.




Questions?




