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Focus on new results published in 2018 and 2019

® Introduction

® Top quark production cross-section measurements
@ tt inclusive and differential cross sections
® Single top quark production cross sections
® Top+X production measurements

® Top quark properties measurements
® Top quark mass measurements, top decay width
® Top pair spin correlations, charge asymmetry

® New Physics searches
@® Flavour changing neutral currents from top-quark decays
@ Charged lepton-flavour violation in top-quark decays
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® The unique top quark

Introduction

® Most massive of known fundamental
particles ~ 173 GeV

® Mass is of order of the electroweak
symmetry breaking scale

@ large couplings to new resonances predicted
by New Physics models

@ large Yukawa coupling to Higgs boson

® The only quark that decays before it can
hadronise

@ opportunity to study a bare quark
@ access to its spin and polarization

® Important backgrounds to many precision

measurements and New Physics searches

® Huge top quark production cross

sections at the LHC

® >100 million top quarks produced in Run 2

Very interesting and important at the LHC
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tt inclusive and differential cross sections
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tt production cross sections
N

@ Core physics delivery of the LHC with o —
Stat|St|CS 0(1 OOO) t|meS Tevatron LHGtop WG o - summary, ¥s = 13 TeV Sept 2018

NNLO+NNLL PRL 110 (2013) 252004
My, = 172.5 GeV, (xs(MZ) = 0.118+0.001

® Unique test of QCD with massive partons and scdle ncenainy D,
H . scale @ ® oy uncertainty O, t(stat) £ (syst) & (lumi
constraints on QCD soft scale modelling

ATLAS, dilepton ep i 818+ 8+ 27 + 19 pb
PLB761(2016) 136, L =321b"

® Constraints on SM parameters (m;, ag) and

PDFs Seteh O IR A
@ Constraints on anomalous EFT terms oreoon sore, Loasspt T TE[ 1 B17+13£103£88p0
® Background for many BSM and Higgs signals | e e com e . -wmsob™* 746+ 58+ 53 + 36 pb

Top Pair Branching Fractions oo et samiesns M B15% 920382190
CMS, dilepton ep * e 803+ 2+ 25+ 20 pb

CMS-PAS TOP-17-001, L, =359 fb’, 25 ns

"alljets" 46%

CMS, I+jets e 888+ 22 +20pb
JHEP 09 (2017) 051, L =2.2 fo™! i
CMS, all-jets * e 834+25+ 118423 pb
CMS-PAS TOP-16-013, L =253 0"

t+jets 15% NNPDF3.0 JHEP 04 (2015) 040

| I MMHT14 EPJC 75 (2015) 5
* Preliminar:
Y CT14 PRD 93 (2016) 033006

ABM12 PRD 89 (2015) 054028
[ocs(mz) = 0.113]
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u+jets 15%

Good agreement between data and prediction
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tt inclusive cross sections

Tevatron combined 1.96 TeV (L < 8.8 fb™ " =
CMS dilepton, i+jets 5.02 TeV(( = b)1) ATLAS+CMS Preliminary Sept 2018

ATLAS ep 7 TeV (L =46 fb™) N
A R LHCIop WG

ATLAS eu 8 TeV (L = 20. 2 fp

CMS epsTeV(L =19.7fb")

LHC combined ey 8 TeV (|_ = 5.3-20.3 fb”) LHCtopWG
ATLAS ep 13 TeV (L = 3.2 fb

CMS en 13 TeV (L =2.210") |
CMS epn* 13 TeV (L=356fb"
ATLAS ee/up* 13 TeV (L = 85 ph’’
ATLAS I+Jets 13 TeV (L =85 pb )

CMS l+jets 13 TeV (L = 2. 2 1b
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® Single measurement precision: ~3.5%
@ Limited mainly by luminosity and signal model uncertainty.

Corfu 2019 Tuesday, September 3, 2019



| atest tt inclusive cross sections
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x10
® ATLAS, ATLAS-CONF-2019-041 § 20 ATLAS Preliminary _® D:a201vie T —
@ 200F  ys-13Tev,36.1 1" W 9 E
® 13 TeV, 36.1 fb-' data E . = éé:mm E
® events with an opposite-charge ep oo — powsgerve 3
pair and one or two b-tagged jets o - MO
® 2.4% precision " E
— . N
o,; = 826.4 + 3.6 (stat) = 11.5 (syst) & 15.7 (lumi) = 1.9 (beam) pb & '2[ = *""" .
Q
= .
5 1‘ 2 3 4
Nb-tag
® CMS, CMS-PAS-TOP-18-005 (LD cws Preliminary 359 1 (13 TeV)
' 1405 Gional-like +data
© 13 TeV, 35.9 fb-! data gy A S st s
— — b é B other
® events tt — (lvl)(Tth)bb - b 21 W single top
. ST e = B Weets
® measured cross section v, W Drell-Yan
[]dibosons
- = B multijet .
o = 781 £ 7(stat) £ 62(syst) = 20 (lumi) pb ~— [Juncertainty r
@ ratio of the partial width to the total width o % ' =
[(t - tveb)/ Totar é;é&tf&\\\&x\rmx sy .
= 0.1050 + 0.0009(stat) + 0.0071(syst) g0
a) 0 50 100 150 200 250
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tt differential cross sections - ATLAS
8

® Scrutinize tt production in many channels as a function of many
observables

@ precision tests of QCD in different regions of phase space

@ sensitive to BSM physics
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All-jets 36.1 fb?

® Kinematic variables consistent with NLO QCD in general
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tt differential cross sections - CMS
2

CMS-TOP-17-014, JHEP 02 (2019) 149

CMS 35.9 fb” (13 TeV)
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prediction and data
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t @ NNLO+NNLL' (NNPDF3.1) m = 173.3 GeV

3
aN'LO (NNPDF3.0) m = 172.5 GeV
] NNLO+0L2W (LUXQED17) m = 172.5 GeV
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@ Data shows softer top p; than POWHEG+PYTHIA predicted in dilepton channel
@ still see the trend with higher order QCD and EW corrections

@ Other variables related to top p; are also in tension
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tt differential cross sections - multidifferential
X

® ATLAS: 2D differential cross sections as a function of lepton and dilepton kinematics
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Single top quark production cross sections
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Single top quark production measurements
12

® Top quark electroweak production @ 13 TeV
® t-channel: 216.99 pb, tW channel: 71.7 pb, s-channel: 10.32 pb, rare tZq production: ~ 1 pb

q q b W
q t
w t-channnel
t tW-channel w*
b t S-channel
g ; b g t q' b
- ATLAS+CMS Preliminary " A ES ]
- LHCtOpWG JHEP04 (2017086 ) ' .
i o Sustcmdl - 2018 updates
- Slngle tOp'qUark prOdUCﬁOn PLE 772(2017)752 ]
| November 2018 _Li_ O ATLAStW

PLB 716(2012) 142, JHEPO1 (2016)084,
JHEPO1(2018)063

o CMStw

A ATLAS s-channel

ATLAS-CONF-2011-118 95% CL,

t-channel PRL 110 (2013)022003, PAL 112(2014) 231802,
102 . » f;PéO::::;nalion, W ATLAS tW
# ________________ ATLAS-GONF-2016-023, GMS-PAS-TOP-15-018
e —i= 4= - Phys.J. C 78 (2018) 186
¥ CMS s-channel
X % tw . fEmmmme - CMS tW:
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https://doi.org/10.1140/epjc/s10052-018-5649-8
http://dx.doi.org/10.1007/JHEP10(2018)117

ATLAS and CMS Run1 Combination
EN

® Run1 ATLAS+CMS combinations on single-top-quark cross sections
and Vtb

© JHEP 05 (2019) 088

= ATLAS+CMS
2 |ATLAS+CMS u ATLAS LHCIopWG
p , | LHCtopWG e CMS " o
.% 10°0C ol ) —iﬁ-h ¢ ﬁ_lg-‘;‘;\)%gcms 2 ] If V| = GThZS.. from single-top-quark production
o [ hoded = Gpeo: NLO (- and s-channel), NLO+NNLL (tw)
' - - . 86, :scale ® PDF ® o, ® m ® E fotal theo.
2 i D e P R
— | I =
S u y m, = 172.5 GeV IV, * (meas.) * (theo.)
g [ -"NL(l)%Npl\llDIT:L@ rtaint | ;
= scale o, uncertainty ATLAS+CMS LHClopWG o
5 i o _ t-channel, /s = 7, 8 TeV 1.02 + 0.04 +0.02
g T R S [ scale uncertainty
[ scale ® PDF @ a_ uncertainty ] i
ATLAS+CMS LHCiopWG —— i @—f—1 + +
! W.Vs=7 8TeV 1.02 £ 0.09 £ 0.04
] ATLAS+CMS LHCIopWG | o+ i +0.15 +
! i s-channel, Vs = 8 TeV 0.97 £0.15 £ 0.02
e ATLAS+CMS LHCtopWG
B ] t-channel, tW, s-channel, Vs = 7, 8 TeV 1.02 £0.04 +0.02
; L | L L L | L L L I L L L | L L L | |
0.6 0.8 1 1.2 1.4
Vs [TeV] Iy Vol

Best V., direct determination to datel!
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https://link.springer.com/article/10.1007/JHEP05(2019)088

Top+X production measurements
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Top+X production in a nutshell
T

Becoming accessible with Run2 data

3
Z10° 3
o) )
s g
c T
o 10° 3
g o
o 10 CMS: most precise o(ttZ) to date, : : ; : : ;
n 15t differential cross sections, stringent premenennanannee=
- : : : ] |
g - limits on anomalous couplings :* : g ; 1
6 1 E CMS, arXiv:1907.11270 _._ E LE
S F PO T R
2 ATLAS: 15 13 TeV resul, 4t ro
10 15t differential cross sections i ' - : .
'8 ATLAS, EPJC 79 (2019) 382 X E T YA
; 1 ' 5
nl-:1 02 ] tt\:.:i‘th ttZ Lt\fq W, ; : *
CMS (77 fo'), observation > 5¢ y St ’\'l' '. .

CMS, PRL 122 (2019) 132003
ATLAS (36 fb"), 15! evidence: 4.2 (5.4) o obs (exp)
ATLAS, PLB 780 (2018) 557

CMS (36 fb- 1) evidence: 4.4 (3.0) o obs (exp)

1073 CMS, PRL 121 (2018) 221802
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tZqg observation
16 f
® Updates from CMS with 77.4 fb-1 data from 2016 and 2017

® Binned maximum likelihood fit to BDTs of three signal regions and the WZ/ZZ
control regions

CMS preiiminary 774fb (13 TeV) CMS Preliminary 77.41b" (13 TeV) CMS Prellmlnary 77417 (13 TeV)
™ LN B s vt e ) Tt ] m T T T3
A & Data -tZ — 100 & Data EatZq - L Q Data [ tZq i
(@] I Wz [ Multiboson o | Wz [JMultiboson | O 80 wz [ Multiboson _|
; L Emtz CIttAX ; Btz CttAX ~ -:rz o tix
2 o [ ZzH 2 [ @3x° =z £ [ mx" mzH
q>> 1001~ [ Nonprompte/u B Totalunc. | q>) [ 1Nonprompt e/u B Total unc. q>_) [ Nonprompt e/u  EZg Total unc. |
L I L L 60— —

2-3 jets, 1 b-tagged | >4 jets, 1 b-tagged I >2bh jets ]
50

'qo; 1 5_ [Cstat.unc.  [] Total unc. 3 8 15E |:*| tunc; [C] Total unc. l 8
Ql: 1 ® [} $ ] ¢ é % é ; é é i 3 * Qs: 1 (] 4 é , T % 1 + E Q‘:
S 05E8 i Sost ¢ J t ‘}—; 5
8 %55 0 05 1 8 %905 0 05 1 8 .
BDT output BDT output BDT output

® Measured cross section with 15% precision:

o(tZq—tl*"q)=111+13(stat) "' (syst) fb

® First observation with observed (expected) significance 8.2 (7.7) o
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Searches for standard model production of four top quarks

@ Tiny cross section in SM ~9fb @13 TeV
® Many BSM models probes an increase

® Searches performed in LHC with Run2 data

® ATLAS/CMS: single lepton and opposite-sign dilepton channels arXiv:1811.02305, CMS-
TOP-17-019

® CMS: same sign and multilepton final states CMS-TOP-18-003, using full Run2 data

Single lep. / OS dilep.

SS dilep. / trilep.

Combined

——
ATLAS

r 1 T
{s=13TeV, 36.1 fb”
{Ttt (SM)

E== Expected £ 1o
--- Expected + 20

—— Observed
e Exp?cted (u=|1)
6 8 10

95% CL limit on u = o™/ o,
Corfu 2019
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https://arxiv.org/abs/1811.02305

tt + bb
18 I

@ Important background to ttH(bb) CMS-PAS-TOP-18-011

cMS 35.9 17 (13 TeV)
production ibb all-jet
@ Different phase spaces compared to P,.:mry — - .

NLO MC simulations e

tE+jets: MG5_aMC@NLO + il . s gl B3

@ In general data exceeds the predictions =

= 2 C ‘ ] _
o5 107 aTLAS e chemnel el - =
he F .
© [ Vs=13TeV,36.110" > 2 brjets
le - * Data- f1X (X = HV) R - R —al
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==+ Powheg+Herwig7
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10 g - T Measurement I I I ! | | Ll alon ool il
r - sta,. 1 b eyl o 1 b b Bl b b b b e e Il il
[ 0.5 1 1.5 2 25 05 1 1.5 2 251 2 3 4 5 6 7
y 0_2 . T - i Fiducial PA G«Ens(pb) Fiducial PB csﬁbs(pb) Full Phase Space oﬂbs(pb)
- | , fresh results from CMS-PAS-TOP-18-002
T T T
S 1.5 3 o o
% 5 1 Preliminary 35.9 b (13TeV) 55 Preliminary 35.9 fb” (13TeV)
— e e — 3.5 S S
© | I O T T Q F 4= Bestfit Q L 4= Bestfit
0 o5E e e 3 & - CMS —— 68% CL contour & . CMS — 68% CL contour
' bfz=40; Fijets —— 95% CL contour b‘? i —— 95% CL contour
x : ; T L —@— POWHEG+PYTHIAS r —@— POWHEG+PYTHIAS
o = 1.5 Powheg+Pythia8 (RadHi)  --- Powheg+Pythia8 (RadLo) F B 3f ]
=8 1 L r
< A 351 ]
0O (. 5L— Powneg+Pythiag T T E L L _
. . . 25 i
. (=) T T L B
=0 b E
oo|S = 1.1 | a0l ]
° -8 1 [
9 | — ; [ ] ol i
8 = blN 09_ MGS_‘aMC@NLO+Py1h|a8 | . 1 [ ] |
2 3 24 S N I R I I P R R AN BRI R
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brjets R w5 /1 R w5 /1

JHEP 04 (2019) 046
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https://link.springer.com/article/10.1007/JHEP04(2019)046

Top quark properties measurements
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Top quark mass measurement
2 -

® Top quark mass is a key parameter of the Standard Model, important
for electroweak vacuum stability

® Need to measure the top mass in all possible ways with highest possible
precision

@ Direct measurement of “Monte Carlo mass” mM¢
@ Extracted from invariant mass of decay products

® Indirect measurement of the pole mass m?°' from observables

depending on m;
@ E.g. inclusive or differential cross section ¢™¢%5%"¢ compared to gth¢°"y
® Measurement made in a given renormalization scheme

® Difference between mM¢ and m?*" could be ~ GeV
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Direct top mass measurement

2018 updates

ATLAS: arxiv 1810.01772

Lepton+jets channel 8TeV 20.2 fb-"
data

172.08+0.39(stat)+0.82(syst)

CMS: Eur. Phys. J._C 78 (2018) 891
Lepton+jets channel 2016 36 fb-'data

172.25 £ 0.08 (stat+JSF) £ 0.62 (syst
GeV

reached ~0.5 GeV precision
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ATLAS+CMS Preliminary

LHCtopWG

""""" World comb. (Mar 2014) [2]

Mip SUMMary, s =7-13 TeV  November 2018

[ —— total stat

total uncertainty m,, = total (stat £ syst) ¥s  Ref
LHC comb. (Sep 2013) LHctopwaG 173.29 £ 0.95 (0.35 £ 0.88) 7 Tev [1]
World comb. (Mar 2014) 173.34 + 0.76 (0.36 + 0.67) 1.96-7 TeV [2]
ATLAS, l+jets 172.33+1.27 (0.75+ 1.02) 7 TeV [3)
ATLAS, dilepton 173.79£1.41 (0.54 £ 1.30) 7 TeV [3]
ATLAS, all jets 175.1£1.8{1.4+1.2) 7 TeV [4]
ATLAS, single top 172221 (0.7 2.0) B TeV (5]
ATLAS, dilepton 172.99£0.85 (0.41£0.74) B TeV [6]
ATLAS, all jets 173.72£1.15(0.55+£ 1.01) B TeV [7]
ATLAS, l+jets 172.08+0.91 (0.39 £ 0.82) B TeV (8]
ATLAS comb. (Oct 2018) 172.69 = 0.48 (0.25 = 0.41) 748 TeV (8]
CMS, l+jets 173.49+1.06 (0.43£0.97) 7 TeV [9]
CMS, dilepton 172.50 £1.52 (0.43 £ 1.46) 7 TeV [10]
CMS, all jets 173.49 £1.41 (0.69 £ 1.23) 7 TeV [11]
CMS, l+jets 172.35£ 0.51 (0.16 £ 0.48) BTeV [12]
CMS, dilepton 172.82£1.23 (0.19£1.22) BTeV [12]
CMS, all jets 172.32 + 0.64 (0.25 + 0.59) B TeV [12]
CMS, single top 172,95+ 1.22 (0.77 £ 0.95) B TeV [13]
CMS comb. (Sep 2015) 172.44 £ 0.48 (0.13 £ 0.47) 748 TeV [12]
CMS, l+jets 172,25+ 0.63 (0.08 £ 0.62) 13 TeV [14]
CMS, dilepton 172,33+ 0.70 (0.14 £ 0.69) 13 TeV [15]
CMS, all jets 17234079
[ | [ 1 | | | | | | |

165 170 175 180 185
My, [GEV]
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http://dx.doi.org/10.1140/epjc/s10052-018-6332-9

Indirect measurement of the mp(’le in ATLAS

@ Recent indirect measurement of the pole mass m;

pole oxtracted from

differential measurement in ATLAS arXiv:1905.02302 and CMS

arXiv:1904.05237

CMS 35.9 fb' (13 TeV)
I 1 i I T I I | I I I T
ATLAS nfole + ﬁ1u1 014.
DO o' . V5=1.96 TeV a4 [N M(tt)’y(tt)]
PRD 94, 092004 (2016} - 1728 _ 3, GV + mf ole with total unc.
CMS o', NNPDF3.0, Ys=7+8 TeV
JHEP 08 <3016) 029 1738 *17 Gev —— data unc.
cMs ofl ,, V5= 13 TeV 57 PDF unc.
JHEP 09 (2017) 051 —_— 1708 755 GeV 1 unc
CMS o, Ys=13 TeV
arxn-.-f;;i.nszs? - 1705 +gg Gev — o £ 0.001 unc.
ATLAS ol . V5=8TeV
EPJC 77 (2017) 804 —— 173.2 +1 g GeV ABMP16 w
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most precise result so far
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https://arxiv.org/abs/1905.02302
https://arxiv.org/abs/1904.05237

®
®

®©

Latest top mass measurement in CMS

@ Measure top mass m, from boosted
jet mass (mjet) observable

CMS-PAS-TOP-19-005

using highly boosted hadronic top
quark decays produced in tt events

reconstruct highly-boosted top quark
decays with a novel XCone jet
algorithm JHEP11(2015)072

the normalized differential cross
section as a function of jet mass is
compared to predictions from
POWHEG with different values of m,

extract a value of the top quark mass
of 172.56 = 2.47 GeV

Corfu 2019

359" (13 TeV)
T>0-044"""'||||"+
| O r i
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https://arxiv.org/ct?url=https%3A%2F%2Fdx.doi.org%2F10.1007%2FJHEP11%25282015%2529072&v=b44b66e8

The running of top mass measurement in CMS
24y

® First measurement of the running of the top quark mass from CMS
® CMS-PAS-TOP-19-007

CMS Preliminary 35.9 b (13 TeV) CMS Ppreliminary 35.9 b (13 TeV)
T [ ~ T
S - - - 2 Bk
E':: 300— — + data unfolded to parton level g - ABMP16_5_nlo PDF set
:E'z: C o o ,\5. 1 0sF- o= 476.2 GeV
'°|'o 250(— T NLO predictions in MS scheme \E:_ C
- H,o=H =m(m) :
200(— ABMP16_5_nlo PDF set he
150 — mt(mt) =162 GeV 0.95—
C —_— mt(mt) =164 GeV C
C —_— mt(mt) =166 GeV 09
100— C NLO extraction from differential Gy
- C Reference value (u = uref)
L 0.85— NLO extraction from inclusive Oy (same data)
S01— - - ] Evolved uncertainty, RGE at one loop (5 flavours)
—I 11 I 11 | ] 1 1 | I 11 1 | 11 1 l 1 11 | 11 1 I 11 | I 11 | I 11 1 f—
200 400 600 800 1000 1200 1400 1600 1800 2000 08— 250 TR 4(')0 TR 6(;0 L séo TR 10‘00 '
m; [GeV] 1 [GeV]

@ differential tt production cross section as a function of m,; at the parton level, compared
to NLO predictions in the MS scheme obtained with different values of m,

@ extract the running of the top quark mass (evolution of the top quark mass as a function
of the scale), compared to the prediction from renormalization group equations (RGE)
solved with one-loop precision assuming five active flavours.
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Top pair spin correlations

® Top quarks in tt production are mainly unpolarized, but the top pairs are strongly

correlated

® Some BSM scenarios would lead to different top spin correlation

@® Leptons from top decay carry the most spin information of the parent top

® The easiest observable is the azimuthal opening angle A¢ between [*1~

@ In ATLAS and CMS, unfolded parton-level differential cross sections for A@(I*17) are

compared to different generator predictions

IIII|l|||||l||||||l|IlIIIIIIIlIIIIIIIII||II||IIII

B

E 1.6:— ATLAS Inclusive _:
=  F \s=13TeV,36.1 10" .
STAT 1, =1.25+0.08 [

O+~ i ]

o= r a
Z1.20 =‘=|.-T_':
.'O L .

—o 4 i .

e

0.8

0.6

|

—— Powheg (SM spin) ]
—— Powheg (No spin) ]
¢ Data I

---- Fit result .

04 IIlI|lIII|IIIIIIIIllllIIIIIII|IIIIIIIII|IIII|IIII_

"0 010203040506 070809 1

arXiv:1903.07570 Part

on level A¢(I",I)/n [rad/x]

=05
8=

©
0.4

0.3

0 6 w3

CM'S T T

359 fb" (13 TeV)

¢ Unfolded data
| —POWHEGV2 + PYTHIA8

L -- MG5_aMC@NLO + PYTHIA8 [FxFx]
---NLO, SM

L -- NLO, uncorrelated
[ -~ NNLO, SM

72 2mn3 56

arXiv:1907.03729

stronger spin correlation in data comparing to NLO prediction
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https://arxiv.org/abs/1907.03729

Top decay width and top pair charge asymmetry
2 f

@ Direct measurement of the top decay 8 oo, T2 ST o0, “amon
width I, in dilepton events in ATLAS 4 30000" —smany —aocev

with full Run2 data
® ATLAS-CONF-2019-038

® Compare data to MC templates with
different I', assumptions

® The measured width is [,=1.9+0.5 GeV o 11
1.05 E
SR - :
® Top pair charge asymmetry is o 50 oo e
measured in ATLAS using full Run2
data <00.014;—- NNLOQCD + NLOEW  ATLAS Preliminaryé
© ATLAS-CONF-2019-026 N o
® The inclusive tt charge asymmetry is 0_008§_ E
measured as 0.006*
A-=0.0060+0.0015(stat+syst.) 0,004 E
® 4 o deviation from zero 0.002~ g
ke

Inclusive
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New Physics searches
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t—Hc
t—>Hu
t—>yc
t—>yu
t—gc
t—gu
t—>Zc

t—>Zu

Flavour changing neutral currents from top-quark decays

In SM, quark flavours can only change at tree level via charged currents (W+/- bosons)

FCNC processes occur via loops in the SM, highly suppressed by GIM mechanism

An observation of FCNC would be unambiguous evidence of BSM.

ATLAS+CMS Preliminary 95%CL upper limits <—@ ATLAS <—@ CMS
LHCtopWG [1] ATLAS-CONF-2018-049 [2] JHEP 02 (2017) 079
[3] JHEP 06 (2018) 102 [4] JHEP 04 (2016) 035
September 2018 [5] EPJC 76 (2016) 55 [6] JHEP 02 (2017) 028
[7] JHEP 07 (2018) 176 [8] CMS-PAS-TOP-17-017
Each limit assumes that [9] JHEP 07 (2017) 003 —
all other processes are zero Theory predictions —SM 2HDM(FV) ZHDM(FC)
from arXiv:1311.2028 Rmssmrpv Brs
T ____7777/% T = =T
0 =
R @ 2]
—9 M
—eo B
—@0 [4]
7z NN
ey NN
Z N —9 4l
—e 6]
\ —e
N —e9 6]
N\ —e
\ —e @
N —e m
NN 9
Y [N RN N N B B AN A <19 Y
—16 -13 —10 - _ _
10 10 10 1077 10 10~
Branching ratio
Corfu 2019

Events / bin

Data / Pred

® Latest update from ATLAS gives

improved limits

® Search for tqy FCNC in single top + vy
events using 81 fb~! 13TeV data

® arXiv:1908.08461

AR R AR AR EARRN AL AR R LARN AR ]
ATLAS

I¢ Dalla % Unceﬂainl‘y ]

10° :UE’Y:WLSHTeV, 810" — Signal {x10) .Wwﬂets 3

SH’ .e—)’y fake DZ-H‘[ﬂ'elS 1
Post-Fit

10

DJ—)‘[ fake . Other prompt ~,£

10°

10°

10

1.125

;(/’“/'W///WMW/WW%WM

0 01 02 03 04 05 06 07 08 09 1
NN output

0.875
0.75

e B(t—>uy) < 2.8 x1050bs
4.0x10%exp

» B(t—>cy) <22 x 1050bs
27 x 105 exp
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Search for charged lepton-flavour violation in top-quark decays

® Test BSM models that allow the local non-conservation of charged lepton
flavor

® E.g. minimal extension of the SM explaining neutrino mass

® Latest results ATLAS-CONF-2018-044 from ATLAS use 79.8 fb-! data collected from
2015 to 2017

® Search for t - 11" g decay in tt with the other top decays semileptonically

® Use binned maximum-likelihood fit on BDT discriminant to test for the
presence of the signal events 10" T 13

C ATLAS Preliminary #Dam CNonprompt
[ Vs=13Tev, 798" LJWz  WZZ

1oL Signal region M Others 77 Uncertainty |

E Pre-Fit — Signal  ---Signal t-veto §

Events

@ The observed exclusion on cLFV decay ok f
branching ratio is ;

B(t — €0'q) < 1.86 x 107> (observed).

Data / Pred.

/%/W/

-0.6 —0 4 -0.2 0.6

BDT discriminant
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Summary

3y
® LHC Run-2 data is taking a central stage in top physics studies, a broad range
of new results were updated by ATLAS and CMS

@ precision measurements of top production and decay, top quark properties
@ tt, single top, top+X cross sections
@ top quark mass, decay width, top pair spin correlations, charge asymmetries
@ challenging and rare production/decay modes are exploited
@ four-top-quark production, tZq observation
® improved limits on various new physic searches
® FCNC, cLFV
® new studies on running of top mass, tW and tt interference models, jet shapes etc.

@ data results are generally consistent with theoretical predictions with a few
exceptions that need further investigation

® some differential distribution in tt, tt+ bb, top pair spin correlations

® More potential and excitement for top quark physics with the upcoming results
using full Run 2 data

@ larger statistics ~150 fb-', improved MC models and theoretical calculations
® new BSM interpretations, access to rare processes, new physics searches etc.
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tt inclusive cross sections

Tevatron combined 1.96 TeV (L < 8.8 fb™)

CMS ep”
CMSen7TeV (L=

51b)

5.02TeV (L=27.4pb")

—_
o
w

—_
o
N

Inclusive tt cross section [pb]

10

HOFKEDOPO4a0m O <

* Preliminary

CMS I+]e15 7TeV (L=231")
CMS all-jets 7 TeV (L=3 54 ™)

CMS ey 8 TeV
CMS IHjets 8 T

v

_1971b
L=19.6

)b)

CMS Preliminary

May 2019 |

CMS all-jets 8 TeV (L = 18.4 1b
CMSen13TeV (L=43 pb 50 ns)
CMSep13TeV L= 221b% p
CMS dilepton 13 TeV (L =3 be )
CMS l+ets* 13 TeV (L = 42Pb 50 ns)
CMS I+ets 13 TeV L 231th

CMS all-jets* 13 TeV (L=253 1b )

800

. MMHT14+

—.NNPDFS.O
£S5 NNLO+NNLL (pp) [Wcris [Jaemie | -
=—— NNLO+NNLL (pp) : ! : :

Czakon, Fiedler, Mitov, PRL 110 (2013) 252004 13 Vs [TeV] _|

600

NNPDF3.0, m
top

I

=172.5GeV, o, (M)

=0.118 + 0.001 [oy(M)=0.113] 3

I

6

8

10

12

14

Vs [TeV]

® Single measurement precision: ~3.5%
@ Limited mainly by luminosity and signal model uncertainty.
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Probing interference between tW and tt production

® Treatments of the tW and tt NLO
interference effects:

® Diagram removal (DR): remove doubly resonant

diagrams from Wtb matrix element

@ Diagram subtraction (DS): subtract gauge-
invariant term from Wtb matrix element

® arXiv:1607.05862 for details

® New study from ATLAS testing different
models

® Phys. Rev. Lett. 121, 152002 (2018)

® Use variable sensitive to interference effects

minimax _—

mb.{? = min{max(mblﬁa mbzfg )3 maX(mbl {75 mbgﬁ )}

® Results provide an important constraint on
interference models and will guide future
model development and tuning.

Corfu 2019

[1/GeV]

minimax
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tZg measurements
355
® tZq rare production

® unique sensitivity to some EFT operators due to Wb — tZ vertex
® Challenging large SM backgrounds

® Pl’eVIOUS reSUItS CMS result with 2016 data ATLAS result with 2016 data
o120 Phys. Lett. B 779 (2018) 358 _ Phys. Lett. B 780 (2018) 557
2 CMS 359" (13TeV) ] s F1 Tamas T T a7
o 50— 4 4
_g 100 1bjet % E N {5 =13 TeV, 36.1fb - gfrw E
@ : 40 N Z+jets ]
T Diboson 7
L

- B (EVHTHAWZ ]
30— e Uncertainty . —

20 f— N —f
$M@N
- ——

o

%&\\\\$\\W\W\ SR N&‘&%\\%&\\K\\\%\\\

Data / Pred.

Pulls

0

1 | | | | 1 1 1 1
0 01 02 03 04 05 06 07 08 09 1
ONN

BDT output
p=1.31""(stat) 7°(sys) 1=0.75+0.21(stat) +0.17(sys)
3.7 (3.1) o Obs.(Exp.) 4.2 (5.4)0 Obs.(Exp.)

Both measurements with about 35% uncertainty
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Single lepton channel

== NLO Pred.
¢ Data (Stat.)
¢ Data (Stat.+Syst.)
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JHEP 11 (2017) 086
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Events / bin
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tt +y
-
® Photon emitted by ISR, FSR from top quark

® Important background to ttH(yy) production or BSM processes
® Probe ty EW coupling

j > Fr 1 7 LA B L B A B 3
ATLAS I TOta.| . § EATLAS e Unfoldeddata E
— Statistical = [ 1s-18Tev.seri! T MASEMG RS
% gt e ; iy MGS_aMC + —
v/s=13TeV, 36.1 fb~! Theory Bla~ 107 &= Normalized cross-section s aMC + Pythiag (A14 Up) =
o [ Single lepton MG5_aMC + Pythia8 (A14 Down) |
: Total  (stat sys) —lo -OL ----- Powheg + Pythia8 tt A
B [ Stat. B
e+jets v 1.07 1009 (+0.03 +0.08) 2L " Stit@Syst. _
] i 07 008 (-0.03 -0.08) 107 e E
1 = i |
f ! +0.09 (+0.03 +0.09) C 7
pjets ) 101 509 (-0.03 —-0.08) B iﬁ::H—- ]
i 449 *0-13 (+0.09 +0.10) 0 0 T _
K H_._HI 1 012 (-0.08 -0.08) g —— 3
I - samssssssss
i +0.08 (+0.05 +0.06) C =
eu :H'.'H 109 508 (-0.05 —0.06) B ]
! +0.14 (+0.10 +0.10) :
ee Pt 100 513 (-0.09 —0.09) o
1 ®
. ! 1 +0.08 (+0.02 +0.08) &)
Single-lepton |T|q—| 105 " roe (L002 ~0.08) =
{ g
: 1 +0.08 (+0.04 +0.06) o
Dilepton ! 109 507 (-0.04 —0.06)
! .
. +0.06 (+0.02 +0.06) E
Combined (5 channels) !-H-l 106 “506 (002 —0.06) S
0.0 05 1.0 15 2.0 2 ;
NLO o 50 100 150 200 250 300

CERN-EP-2018-302 Tt/ ity p,(¥) [GeV]

® ATLAS updated 13TeV results of inclusive and differential cross-sections for tt + y with
2015+2016 data, recently submitted to EPJC

® All measurements are in agreement with the theoretical predictions.
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Phys. Rev. D 97 (2018) 112003

@ Some tension found between data and prediction for reconstructed hadronical top p; in
4-jet exclusive configuration in both ATLAS and CMS

® POWHEG+PYTHIA also has difficulties simultaneously reproducing Njets and p;(tt)
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http://dx.doi.org/10.1103/PhysRevD.97.112003
https://doi.org/10.1007/JHEP10(2018)159

tt+W/Z

® Important background to ttH production or BSM processes

@ Could be increased by BSM effects
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e e b b by s |
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JHEP 08 (2018) 011

® Results are in agreement with the standard model.

® Constrained the anomalous EFT operators
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http://dx.doi.org/10.1007/JHEP08(2018)011

Indirect top mass measurement

40 b
JHEP 09 (2017) 051

CMS: 13 TeV data, L = 2.2 fb!; lepton+jets final state

Measure differential cross section wrt min(m,,) in

categories of Ny, and Ny !

o = 888 + 2 (stat) + 27(sys) + 20 (lumi) pb
Extract pole mass from cross section:
m,°'® = 170.6 + 2.7 (tot) £ 1.01 (syst.) GeV
ATLAS: 8 TeV data, L= 20.2 fb1, dilepton with 1 or 2 b-jets 2000

8 differential fiductial cross sections measured:
py, [nll, pe*, me¥, [yeH|, AdeH, p e+p H, Ee+EH

m.P°'¢ extracted from combined fit to templates or

distribution moments
m,P°'= 173.2 + 0.9 (stat) + 0.8 (syst) + 1.2 (theo) GeV

mP* [GeV]
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Top Width measurements

ATLAS: direct measurements from a CMS: direct measurement gives
partial kinematic reconstruction of the top 0.6 GeV<T,<2.5 GeV at 95% CL
decay [ TOP-PAS-16-019 ]
- Fit to m(lb) and AR;,(j,b) CMS also derived I, from t-channel
+ Width extracted assuming m,,,=172.5  single top production
GeV q q’
2 | amas smuaton ]
E’ 5000F s =8 TeV, 20.2 fb" _?‘:?gfg:\/—: Cich. r(t _)Wb)
(1| C p+ets = 2btags -‘-Ft=3.0GeV . rt = . ™ W
4000[- Ml > 1 ‘ - B(t — Wb) Ut-c%(.)r-
3000; —f
£ & 7O '
1000; — b
SO0 . SRS PERCPIRUL U DY S 1o B(t—Whb) is separately measured:
= R L [ PLB 736 (2014) 33 |
o 1| e e
B(t— Wb
0850 40 60 80 100 120 140 160 180 200 BE‘[%—VV; =1.014+£0.003(stat) + 0.032(sys)
[EPJC 78 (2018) 129] b [GeV] q
Finally, combined with previous CMS t-
T, =1.76 +0.33(stat)**7 (sys) channel single-top-quark cross section:

[, =1.36 £ 0.02(stat)*) 1 (sys)
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Top charge asymmetry
4294

[ JHEP 04 (2018) 033 ]

At Tevatron, measure Ag. At LHC, LHC A; measurements ruled out a number
measure Ag: of theories explaining the Tevatron A
anomaly -
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NI 25N SN S
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Flavour changing neutral currents from top-quark decays
43y

® In SM, quark flavours can only change at tree level via charged currents (W+/- bosons)
® FCNC processes occur via loops in the SM, highly suppressed by GIM mechanism
@ An observation of FCNC would be unambiguous evidence of BSM.

ATLAS+CMS Preliminary 95%CL upper limits <—@ ATLAS <—@ CMS
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https://doi.org/10.1007/JHEP07(2018)176
https://doi.org/10.1103/PhysRevD.98.032002
https://cds.cern.ch/record/2639676
http://dx.doi.org/10.1007/JHEP06(2018)102

Search for charged lepton-flavour violation in top-quark decays
449

Variables used in the multivariate analysis, sorted according to the method-specific ranking.

Variable Separation (%)
OSSF lepton pair invariant mass 11
cLFV top mass 10
pt of the electron associated to the cLFV decay 9.1
pt of the muon associated to the cLFV decay 8.5
pr of the lepton associated to the SM decay 8.3
Scalar mass of all jets and leptons in the event 7.6
Same-sign electron pair invariant mass 6.9
Missing transverse momentum 6.8
Number of b-jets 6.7
W transverse mass associated to the SM top lepton 6.6
AR between the cLFV electron and the cLFV light jet 6.5
SM top mass 6.4
AR between the cLFV muon and the cLFV light jet 6.3
BDT discriminant 44
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