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What to do with single top
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Single top cross-section and Vtb determination

t-channel - Vs = 8 TeV LHC combination
Eur. Phys. J. C 77 (2017) 531 JHEP 05 (2019) 088
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vs. indirect determination: |V;p| = 0.999105 + 0.000032


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2015-05/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2017-16/

Spin and anqular properties




Single top polarization

Top polarization in t-channel, V=13 TeV
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2018-10/
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2016-02/

PY ® P , -B E BESRE RISENERTES RESRY RIS R DLLRY AR SR RE SN LILE Y RO A
Top pair spin correlation B oo
= [ Vs=13Tev,36.11b" |
£140 ¢, - 1252008 _,_,_:
e Spins of tops in T events predicted °, 35, o m:':l:
to be correlated ’ -—f | ]
o measurement of angular distance between 2 leptons . itﬂzﬁE )
in 28 tt decay — sensitive to spin correlation 087 T — Powheg (SM spin)
i —— Powheg (No spin) ]
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I ] with NLO predictions in Ag,,
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. —— Powheg Pythia8 === Powheg Pythi ] i~ti i+ ;
il e poptas Moy “rwegpynies | o NNLO predictions seem to mitigate the discrepancy
. === MG5.aMC@NLO Pythia8 |
-_— Phys. Rev. Lett. 123, 082001 (2019)
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2016-10/
https://arxiv.org/abs/1901.05407
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Top pair charge asymmetry S [ e

@ ® W',Z' ¢

e pp — tt charge symmetric @LO

o small asymmetry appears @NLO M a,d P
... possibly increased by BSM S

. \ CLLLT Y / K /
e Charge asymmetry assessed measuring :

. g . asymmetric QCD asymmetric BSM
rapidity difference between tand ¢ t{ ]'f | '
13 TeV, {+jets, inclusive and differential q 7
ATLAS-CONF-2019-026 >
0.07 . n  Alyl =1yl = lyzl

<‘00.014:—- NNLOQCD + NLOEW ~ ATLAS Preliminary < 0:06;- NNLOQGD+NLOEW ATLAS Preliminar N(Alyl > 0) . N(Alyl & 0)

0,012;- Powheg+Pythia8 Vs=13TeV, 139 fo! _f 0.05 E_- Powheg+Pythia8 Vs =13 TeV, 139 fo'! AC -

[ ¢ Data(stattotal) . ] 0.04 ¢ Data (stat./total) N A > 0 + N A < 0

0.008F- g 0.02E

0-008F ' — s ___! _______ In pp — tf (@Tevatron): same asymmetry

0004 1 ook (visible as “forward-backward asymmetry”)

] ~0.02F deviation from SM prediction...

05 Inclusive - _0'03: <500 I [500,750] I [750,1000] I[1000,1500]I > 1500

m, [GeV]



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-026/

Top quark mass
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Importance of top quark measurement

t
e m,, m,, m,measurements — over-constraintstoSMfits /N i
o direct measurements can be compared h h p
to indirect results to probe validity of SM 7
m indirect = from loop corrections in propagators w
e m,important to determine SM vacuum stability 5

; C T T {7 T l T 1 ] T T | T T T T | I E B lm (l:omlb . 10‘ T T T T { T |_
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https://arxiv.org/abs/1407.3792
https://arxiv.org/abs/1707.08124

Direct vs. indirect top mass measurements

extraction from total or partial invariant
mass of top decay products
= "Standard Method"

o data compared with MC simulation with different input values of m in MC
o relying on jets, parton showers (LO), non-perturbative effects
= measuring "m M¢"
(still controversial, see e.g. arXiv:1712.02796 [hep-phl)

Wait... Why so complicated?
e Indirect measurements of m,from cross-sections - top is a quark, i.e. coloured state

(inclusive or differential) - mass of a quark Is not well defined
. . o - effects like colour (re)connection,
o in a well-defined renormalization scheme, e.g. mt'°°Ie parton shower, hadronization

(corresponding to o .
definition of free  Make the two definitions different
cjtheor.(a m!| PDF ) vs gmeas. el

s " , 'UF' 'UR' particle mass)

m, = parameter in the SM

m "O(1 GeV) difference" between mt""C and mtpo'e



https://arxiv.org/abs/1712.02796

Direct measurements

Normalised events / GeV

Ratio

e Best channel: tt +jets
o reconstruct system from final state, assigning jets to tops and W
m  without assuming mt value
o toreduce sensitivity to jet energy scale uncertainty,
fitting at the same time mtopreco, m,/°< + eventually other vars, e.g. ryeco =
o and fit 3 free parameters:
= m,JSF * BJSF ™ *: (byet-energy-scale-Facton)

bhad + pblcp

PT 5 P
(9, and g, light jets assigned to W)

T T f i T T 7 R ——— £ | | -
ATLAS Simulation %y 4675601 B FiT i usF =096 ATLAS Simulaton 3 S = ATLAS Simulation CipusF-096
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< B - 0 L n c .04 o 3
e [ Jm,,=177.5Gev] § 0.04[[ ]usF=r0s 4 £ E [ JossF=10s  J .
R ] 8 13 F : 8 TeV, ti t+jets
3 b L E -
= % 0.03 1 = i 1 Eur. Phys. J. C 79 (2019) 290
1k 13 o0t 3 e  combined with dilep
i = 0.02 — = e
3 o E ? E'm =172.69:0.48 GeVl
o 2 &
= = 1.4
-------------------------------- & 1'51 g 1.21
s 0.5 e st s o A A gg """"""""""""""""
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2017-03/

Direct measurements with alternative methods

e Alternative methods developed to reduce sensitivity to jet reconstruction and energy scale
e Example: using prompt-lepton - soft-muon invariant mass, m,,:
o partial top-decay reconstruction
m still direct meas. (from top decay)
o purely leptonic observable
m reduced systematics from jets
o modelling of b-hadron production and decay critical

2 FOIIEECET TR T ma LR T ) Bansa[ERUL RO T e el T Bl L T i B
(914000__ ATLAS Preliminary & Data = [ ATLAS Preliminary # Data ]
- [ Vs=13TeV,36.1 b’ [Jtf (smTfromb/c) | 2 | Vs=13TeV,36.1fb" [t (smT from b/c) |
£12000 OS selection W (surfromw) - £ | SS selection [tT (smT fake)
L% [ Post-Fit [T (smT fake) ] 3 8000— Post-Fit @ Single top = .
100001 [l Single top 1 i [[Other backgrounds | + +
N DOtherbackgrounds: L 72 Uncertainty i 13 TeV’ z Jets SOﬂ muon from B
8000 g ey - e & i ATLAS-CONF-2019-046

mt"”c =174.48 £ 0.78 GeV
(0.40 stat. + 0.67 syst.)

Data / Pred.
Data / Pred.



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-046/

° 500:'\ 3 BRES R R R RS
Indirect measurements ss05\  ATLAS worinpragess -
400F “\\ j Ldt=2.05fb" E
PY Idea: 350:' \ —— approx. NNLO _
; , : 300 ANk mee scale + PDF unc. -
o measure top cross-section (tf or single top, total or differential) = 300;. " Sl
] ) = 250F: 5 —+— Measurement 3
o use know theoretical dependence of cross-section on m, > G . ]
200F . E
= extract mt - =
: . 150 = B
o ideally independent on top decay & mM¢ : S —
190: CERN-THESIS-2012-082 55 3
- : —— 50t -
‘29 E 7 AS Simnlation 140 150 160 170 180 190 200

"3 0-2[ e ref. fit Powheg+PY6 m =172.5 GeV m &’ [GeV]

_ o [ o alt fit Powheg+PY6 m =165 GeV — 185 |

Best measurement (in ATLAS): 0.1 = expected stat. error 13 ¢ ATLAS | ' MGFM NLO fixed-order, y=m /2 ;
dilep tt, 8 TeV g I + 180 ls=8Tev, 2021 E
Eur. Phys. J. C 77 (2017) 804 £ o) = F 3
e several differential - T -
cross-sections Od T T e 7oF } { =
vs. NLO calculations : - e CT14 =
0.2 165— . '\NllmygFfio —
R RN B AR BRI BV E | total uncertainty v HERAPDF 2.0 7
50 100 150 200 250 300 160[— 1 statistical uncertainty <D> ABM 11 -

Lepton p_ [GeV]

- = world-average direct reconstruction
| 1 1

NNPDF nojet
| |
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https://cds.cern.ch/record/1460132/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2015-02/

Top mass

measurement summary

ATLAS+CMS Preliminary My, SUMMary, Vs=7-13TeV March 2022
LHCtopwaG ATLAS+CMS Preliminary My from cross-section measurements
------- World comb. (Mar 2014) [2] LHC{opWG September 2021
st fotal st ‘—4———0—| My, * tot (stat + syst + theo) Ref
. top — X X .
totaliunceriainty M, * total (stat + syst) Vs  Ref. total stat ®
LHC comb. (Sep 2013) LHciopwa 173.29 + 0.95 (0.35 + 0.88) 7TeV [1] = -
World comb. (Mar 2014) 173.34 + 0.76 (0.36 * 0.67) 1,967 TeV [2] o(tf) inclusive, NNLO+NNLL
ATLAS, l+jets 172.33 £ 1.27 (0.75 £ 1.02) 7TeV (3] ATLAS, 7+8 TeV 172.9 +2265 (]
ATLAS, dilepton 173.79 + 1.41 (0.54 + 1.30) 7TeV [3] "7
ATLAS, all jets 1751 1.8 (1.4 £1.2) 7TeV [4] CMS, 7+8 TeV 173.8 43 21
ATLAS, single top 172.2 £ 2.1 (0.7 £ 2.0) 8 TeV [5] +1.9 1.2
ATLAS, dilepton 172.99 + 0.85 (0.41+ 0.74) ETC [ CMS, 13 TeV —H— 169.9 L7 (0.1£1.5 45) 3]
ATLAS, all jets 173.72 £ 1.15 (0.55 £ 1.01) 8 TeV [7] ATLAS, 13 TeV 173.1 jr22_~1° [4]
ATLAS, l+jets 172.08 + 0.91 (0.39 * 0.82) 8 TeV [8] _
ATLAS comb. (Oct 2018) 172.69 £ 0.48 (0.25 + 0.41) 748TeV [8] o(tt+1j) differential, NLO
ATLAS, leptonic invariant mass (*) 174.48 + 0.78 (0.40 £ 0.67) 13TeV [9] +2 3 + +1.0
CMS, l+jets 173.49 + 1.06 (0.43 + 0.97) 7 TeV [10] ATLAS’ 7 TeVv 173.7 (1 51 4 ) 8]
CMS, dilepton 172,50 + 1.52 (0.43 + 1.46) 7TeV [11] CMS, 8 TeV 169.9 f;'75 (1.1 +25 +366) 6]
CMS, all jets 173.49 + 1.41 (0.69 + 1.23) 7TeV [12] +1 P +0 7
CMS, l+jets 172.35 % 0.51 (0.16 % 0.48) 8 TeV [13] ATLAS, 8 TeV 1711 45 (04 £ 0 9 %23) 71
CMS, dilepton 172.82 £ 1.23 (0.19 + 1.22) 8 TeV [13] = = =
CMS, all jets 172.32 £ 0.64 (0.25 + 0.59) 8Tev [13] o(tt) n-differential, NLO
CMS, single top 172.95 +1.22 (0.77 + 0.95) 8TeV [14] ATLAS, n=1, 8 TeV 173.2+£1.6(09+0.8+1.2) g
CMS comb. (Sep 2015) 172.44 +0.48 (0.13 + 0.47) 7+8 TeV [13]
CMS, l+jets 172.25 + 0.63 (0.08 + 0.62) 13TeV [15] CMS, n=3, 13 TeV o] 170.5+0.8 9]
CMS, dilepton 172.33 £ 0.70 (0.14 £ 0.69) 13 TeV [16]
CMS, all jets 172.34 + 0.73 (0.20  0.70) 13TeV [17] Miop from top quark decay [1] EPJC 74 (2014) 3109 [5] JHEP 10 (2015) 121 [9] EPJC 80 (2020) 658
i 2] JHEP 08 (2016) 029 [6] CMS-PAS-TOP-13-006 PRD 93 (2016) 07200
8“2 ks)ggéfe?")et mass 1;2-:5:?205-7(; ffzzj)ojm 1213 Eg CMS, 7+8 TeV comb. [10] {3} EPJC 79 :2019; 368 HJHEP 11 (2019) 150 mEPJc 79(<2o?;) 27:o '
’ J commmme ATLAS, 7+8 TeV comb. [11] [4] EPJC 80 (2020) 528 [8] EPJC 77 (2017) 804
o gmemvs,  Eegm A A Nl I R A IR I
" Preliminary asEnmiE,  mepisam  mononn | 165 160 165 170 175 180 185 190
{61PLB 761 (2016) 350 {131 PRD 93 2016) 072004 AR RSO,
[7]JHEP 09 (2017) 118 [14] EPJC 77 (2017) 354 m [Gev]
N B R R R I T T S S R NN N top
165 170 175 180 185

Miop [GeV]




Top events as a tool for other measurements
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Top events as a tool for...

Measure electron & muon

MC tuning / identification performance
_________________ Jet .

\\i\\ Out

PDF extraction

Measure c-tagging Jet !

performance \
Study modelling of (b)quark
fragmentation to jets




b-tagging efficiency determination  fuwfnsscrocomen

> = — T ——
§ 0.9- ATLAS Vs=13TeV, 805 fb' =
o tfdilepton events (ep) £ | M2 ¢ =70%single-cut OP .
. o : . , 0.8 =
well identifiable even without requiring b-tagging = F ]
. . : 8 r
= can be used to calibrate b-tagging algorithms g 07
Q2 C ]
2 0.6f ]
e Calibration procedure: NS e :
o select tf ep events i TPy I
. . . . 2
consider a jet (most likely a b-jet) 30 40 6 20, p. [GeV]

@)
o checkif it gets b-tagged
O

1.15—————————— —
measure fraction of times _ i £ ATLAS Vs=13TeV,80.5fb"
: piopaced MV2, ¢, = 70% single-cut OP
these jets get b-tagged
— b-tagging efficiency Secondary

o compare with MC simulation
— b-tagging Scale Factors ,

. . —4— Scale factor (stat. unc.)

(I. e. correction factors / : [ Scale factor (total unc.)

to be applied to MC simulation)

b-jet tagging efficiency SF

30 40 102 2x10?
Jet P [GeV]



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/FTAG-2018-01/

Associated top production
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Top and Higgs - ttH production

e Top has the strongest coupling with Higgs
e Yukawa coupling y, can be extracted “indirectly” from
gluon-gluon fusion production and yy decay

o indirectly means assuming no BSM particles... ! .
e Direct y, measurement = tfH production measurement i &
¢ %
u Fu “VBF” . CCOO YY
99 g Higgs BR /292; oob

e Several possible ttH final states
o depending on Higgs decay

o  bb also accessible (thanks

to tt distinctive signature)

g mmms>_
9 000000~ ggoy,

“VH b



ttH with H — bb decay

e Largest available statistics
e \Verylarge background from tt + b-jets production
= challenging channel:
o sophisticated machine-learning algorithms needed
o simultaneous fit of several control and signal regions

to constraint background in situ & OBO00 N ————
3 ' ' " eDaa = mtH 5 as  eData  mtH
ATLAS D i s ATLAS 5 {
Phys. Rev. D 97 (2018) 072016 o S=13Tev, 364 fo"  Lfi+light Otf+>1c @ s=13Tev.36.4fo!  Lfi+light Otf+>1c
S Wit+>b @i+V = Wi+ >b [@+V
c ————————— w  400r 3'"96'19 Lepton CINon-tf 7~ Total unc. ] :ﬁ) 400 S'"galje Lepton CNon-tf 7~ Total unc. |
2 10°} ATLAS ¢Data  [fH [t + light 5 SRi -1tH (norm) SRy -1fH (norm) ]
gz Vs=13TeV,36.1tb" [Jti+>1c [@ti+>1b mtt+ Vv o Post-Fit --- Pre-Fit Bkgd. -
3 10" F Single Lepton [INon-tt *// Total unc. ---ttH E 300}

Pre-Fit

: _ N rerw———
10 o gl
© 125 o 125

%W%%%W% . | N T————
£ - 25 -
5] // g o - g o Z
5 °7° a o5 a o5
o os 0 50 100 150 200 250 300 350 -1 -08 -06 -04 02 0 02 04 06 08 1

mi'®® (reco BDT) [GeV] Classification BDT output


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2017-03/

Y ‘\; <o

ttH with multi-lepton final states

e Targeting H— WW and H — tt, with leptonic decays
= same-sign dilepton and 2 3 lepton final states
o smaller statistics
o difficult to reconstruct Higgs Phys. Rev. D 97 (2018) 072003

&
b

_R R

TTT T T

H 'E _I| T I TT1T ] I TTT I TTT | T I_l I T ]

(due to neutrinos) s L LML S ;

o smaller background € [ e=tsTevaeimiow iz ]

L%’ | 2SS [ Diboson [l Non-prompt |

3| Post-Fit Mg mis-id  [JOther |

10 g 77 Uncertainty --- Pre-Fit Bkgd. 3

3 ]

5 \ 7

° 2 10° E

[ 3

- ]
£
=
z

10
1 E
1 O o o

T iz + E

n‘: ]

0 S 'E % ?//#//# A,( ! é

T 075 F + E

a : E

05
1 2 3 4 -1 -08 -06 -04 -02 0 02 04 06 08 1

Number of light leptons BDT output



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2017-02/

[ J [ J > =) T LA e S B =

ttH combination 5 i

0 g, o Continuum Background Vs=13TeV,79.8fb"  J

N - ---- Total Background my, = 125.09 GeV 3

_.\tg 25:_ ——— Signal + Background All categories _:

e Other clean channel: 5 sof- n(1+S/8) weighted sum -

o H—yychannel % - -

5 c ]

@10k -

Phys. Lett, B 784 (2018) 173 50 R
710720 130 140 150 160

T T T T I T T T T I T T T T I T T T ¥ | T T T T | T T m‘YY [GeV]

ATLAS le- Total | | Stat. [ Syst. — SM
Vs=13TeV, 36.1 - 79.8 fb
Total Stat. Syst.

tiH (bb) I-é-l 079+ g5 (* o2 ,+0.53)

- e Combining channels
metiepten i — ttH process observation in 2018
ftH (vy) - 139+ 08 (+ 082 4 0%)
ttH (22) Je <1.77 at 68% CL
Ccomones S 1aedm (sots.e 7 )



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-13/
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Top + W/Z/y

e Associated production
with SM vector bosons
also important to study
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Multi-top production

e Rare and spectacular processes at LHC:
o tftf production g

e ¢{+jets, dilepton and multi- Ieptofphfjnal states
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New physics with top
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Top-pair resonance searches

e New physics can manifest if heavy particles with strong coupling with top
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FCNC in top (production and decay)
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Summary and Outlook

e The top quark is special
= studying top-quark physics is exciting

e Alot of efforts being put to study
all the properties of top quark
and its with other
Standard Model particles

o see more ATLAS results here:

e We could discover New Physics
by looking (more carefully?) at the top quark
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