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Quarks and leptons

= —€

n
m
.
m

Charm

Strange

Myon

SIS NS

Bottom

—

Tauon

BERGISCHE
UNIVERSITAT
WUPPERTAL

Structureless, point-like.
Fermions, carry spin %

Quarks carry electric, weak and colour
charge.

,Matter fields”
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Antiparticles
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= Every quark species and every lepton species have a partner, their antiparticles.

= Particles and antiparticles have exaktly the same mass.

= They have opposite charges (mirror charges).

Electron Antielectron = Positron
. a

Strange quark Antistrange quark
. a

Tau neutrino Tau antineutrino

n a



The Standard Model: a theory of interactions
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Most remarkable feature of the SM:
Interactions are predicted / derived as a consequence of local gauge symmetry!

O 10 O — O 1 0 O
Y — exp(i H(xu) . Ei) Y AMM=1]100 M= 0 O A3=| 0 —1 O
O 0O O 0 O O 0 O

\

Gauge symmetry: SU(3)c X SU(2). x U(1)y

0 | 0 91.2 GeV 80.4 GeV
° g o 0 Gauge bosons
1 1 ‘ 1 a mediate
interactions
Gluon Photon Z Boson W#* Boson
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Particles of the Standard Model
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mass — =~2.3MeV ~ 1.275 GeV ~ 173.2 GeV o ~ 126 GeV
charge — 2/3 2/3 2/3 0 ( 0 h
spin — 1/2 | y 1/2 L C/' 1/2 L y 1 o

Up Charm Top Higgs
Quark Quark Quark Gluon Boson

~ 4.8 MeV ~ 95 MeV ~ 4.78 GeV o

-1/3 -1/3 -1/3 o 7))

1/2 d , 1/2 S 1/2 b , 1 ‘ g
Down Strange Bottom Phot N
Quark Quark Quark oton o

~ 0.511 MeV ~ 105.7 MeV ~ 1.777 GeV 91.2 GeV m

-1 -1 -1 0 Q

8 1/2 e/ 1/2 [Il/ 1/2 1-/ 1 ‘ %D
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1/2 v} 1/2 Vy 1/2 V9 1 «
Electron Muon Tau
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Success of the Standard Model

Standard Model Total Production Cross Section Measurements status: July 2019
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The SM describes all known
particle physics phenomena with
high precision.

A great success of 20t century

science!

(Neutrino oscillations are an
exception to some extent)
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The astounding mass hierarchy quarks

= Quark masses exhibit a very pronounced mass hierarchy.
= Reason is unknown.

= Warning: Quark masses are a complex concept, since quarks are no free particles.

Up Down Strange Charm Bottom Top
() ) () )
| I I ||||||| I I ||||||| I I ||||||| I I ||||||| I I ||||||| I I |||||||
1 10 10° 10° 10* 10° 10°
mg [ MeV / c?]
Reference:

http://pdg.lbl.gov/2017/tables/rpp2017-sum-quarks.pdf
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The top quark

=  \Weak-isospin partner of the b-quark.
= Charge: +2/3 e
= Spin: %2

= The by far heaviest elementary particle: m; = 172.7 &= 0.5 GeV/c?
0,3% precision!
— large loop corrections

d
st 2" . .
1 Generations = Coupling to the Higgs boson: y; = 1 M QUARK MASSES

(Gevic2)
3 200

= No bound states: ~ < My )

top X M

tOp 150

Ttop X~ 4.7-1072°s

100

= Top quark decays as a quasi free particle

50

= Spin information and polarisation are accessible s

0.01 0.15 : b

up down strange charm bottom top

(Spin decorrelation time: 102! s for hadrons) Quarks
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Top-quark decay

b

= Viathe weak interaction

= |nvolves left-handed chiral fermion fields

W+ ¢L=%(1 — V)Y

= Since |[Vy| = 1,B(t > Wb) =1

< |M|2 > = Ztrace [y# (1= ¥) (prty, + mic) ¥ (1 — ¥5) (poy,, + mye) ] (g + —252%)

(m,,c)*

2 2

Jw €

< |M|2>=
M 4 m

(m? - m\Z/v) (me? + zmxzxv)

2
w
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Rg

Measurement r.-

I . (5) R 0 _ bb

co Aoy ,=0.02758 £ 0.00035 b — T

had

0,=0.118 + 0.003

FE m,,= 114...1000 GeV The parameter R) depends strongly on

the top-quark mass.
. Phys. Rept. 427 (2006) 257
0.221
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Top-quarks in loops: By — Bgs) MiXing oMvERSITAT
b qg=d,s
t
—0 0
Baisy W W B
t
qg=d,s b
» Loops with top-quarks lead to main contribution.
= |f all quark masses were degenerate, the amplitudes would cancel each other.
12
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BY mixing

candidates / (0.1 ps)

i ' e Tagged mixed
: S 3 o Tagged unmixed
4001 WA IR & — Fit mixed
i R, 2a,, e Fit unmixed
200[-
O I . | . | |
0 | 2 3

The mixing frequency is given by

decay time [ps’

Amg = 17.768 £ 0.023 (stat.) = 0.006 (syst.) ps™
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Tagged mixed =
different flavour at production and decay

Tagged unmixed =
same flavour at production and decay

13
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The top-quark and the Higgs

Discovery of the Higgs boson in 2012 and subsequent
measurements confirm the Brout-Englert-Higgs mechanism
as the source of the mass of elementary particles.

Potential of the Higgs field

Top-quark loops contribute
to the Higgs propagator.

Wolfgang Wagner, Challenging the Standard Modell ... 14



The running of the Higgs self-coupling

1

Vig) =3 0T+ 1

A= X¢°) J

1)\ (¢T¢)2

= The Higgs self-coupling A is not a constant.

= Loop corrections — dependence on
momentum scale u

= Main contributions from top-quark

= Condition for absolute stability of the
potential: 1(g%) > 0

mP°'e — 173.

My > 129.2 4+ 1.8 x (

as(Mz) —0.1184
— 0.5 x
0.0007

0.9 GeV

2 GeV)

):I:I.O GeV

Higgs quartic coupling A

0.10
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0.00

-0.02

—0.04]
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30 bands in
M, =173.1 £ 0.6 GeV (gray)
a3(My) =0.1184 + 0.0007(red)
M, =125.7 £ 0.3 GeV (blue)

103 10* 10'* 10 10%' 10'® 10%

RGE scale g in GeV

Wolfgang Wagner, Challenging the Standard Modell ...

15



BERGISCHE
UNIVERSITAT
WUPPERTAL

Vacuum stability

Degrassi et al., JHEP 1208 (2012) 098,
200 arXiv:1205.6497 [hep-ph] .
> 180
S 150 = 0
= > - Meta=stability -
g 8 - e L.
100 £ 175¢
g 10 S
Q i w
8 . g
= s0p g8 170
i 2
L £
0 50 100 150 200 115 120 125 130 135
Higgs mass M; in GeV Higgs mass M, in GeV

Top-quark mass is important parameter (value and uncertainty).

Wolfgang Wagner, Challenging the Standard Modell ... 16
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At leading order, the Higgs mass is given by the vacuum expectation value (minimum) of the
potential of the Higgs field:
my >~ v X~ 102 GeV
At higher orders, loop corrections shift the Higgs boson mass:
t m%{ — m%{ —+ 5777%[
H H
____________ A d4k
sm2, = g° ~ g2 N>

Integral diverges, is regulated by a cut-off A.

= All fermions to which the Higgs field couples contribute to the loop corrections.

= There can be cancellations between different contributions.

Wolfgang Wagner, Challenging the Standard Modell ... 17



The hierarchy problem and naturalness

=47 BERGISCHE
’ UNIVERSITAT
=’ WUPPERTAL

The Planck mass defines a maximum scale of validity for the Standard Model.

At energies close to the Planck scale, gravity has similar strength as the other interactions.

Mpianck = (87GNewton) /2 = 2.4 -10'8 Gev

New physics laws have to kick in at Mpj4pck-
In this sense A =~ Mp,,cx Would be a natural choice.

But M

—16
~ 10 GeV The hierarchy problem!
mMplanck

Could be solved by introducing new physics at a lower scale, ,close” to the Higgs mass.

Wolfgang Wagner, Challenging the Standard Modell ... 18
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Regulation of the loop corrections

WUPPERTAL
t
H H
t
/’_\\
H i 4 ?i H
N " Addition of new particles lead to loop corrections which cancel
the divergences.
19
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Top-quark-antiquark pair production

Gluon-gluon fusion Quark-antiquark annihilation

3 t 3 t q t

t 24 t q t
~10% —_ONo At the LHC at
° 90% J5 = 13 TeV
Total cross-section: ¢ = 832 +20 (scale) + 35 (PDF and «)
Relative uncertainty = 5.5%
20
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Classification of top-quark events
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b Based on the decay
y modes of the W bosons
» 4 from top-quark decay.
,
t 3 1) Di-lepton (e, 1) % | o
2|5
|, g2 2) Lepton + jets S -g‘
t -
3) Tau channels S 2
Y, q1 4) All-hadronic
. tau+jets
muon+jets
W decay | eviuv | v qq’ electron+jets
ev/uv 5% 9% 30%
™™V — 1% 15%
qc_[’ — — 44%
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Single top-quark production

u (d)

I/V+

t-channel
(tg production)

d ()

b W~

g
tW production
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s-channel
(tb production)
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Chapter 2

The Large Hadron Collider and the ATLAS detector

Wolfgang Wagner, Challenging the Standard Modell ... 23



Peak luminosity in 2018

Peak Luminosity per Fill [10** cm2 s7]
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L: Luminosity
o: Cross section

Units: cm2 st

Same units as a particle current
density.

24
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The ATLAS detector %;y BenGIsoHe

Muon Detectors Electromagnetic Calorimeters 46 m Io n g an d 24 m h Ig h

Solenoid Forward Calorimeters .
Main components ( = sub-detectors)
= End Cap Toroid
)

* |nner detector
— tracks of charged particles

= Calorimeters
— photons
— electrons
— hadronic jets (quarks and gluons)

4 = Muon system

)N /
ay A A o A,
= \‘ —Jw § A i Z
— . & — > muons

e

|/
N "i 5 Magnet systems

=S =g—9 TN — bending of charged particles

i Inner Detector c ieldi
Barrel Toroid Hadronic Calorimeters SUGEITE

26
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The ATLAS Pixel detector

= 3 to 4 precise track hits up to |n|< 2.5:

= R® resolution: 10 um
= 1 (or z) resolution: 115 um
= 4 shells in central region

= 3 discs in forward region

0.43m

25 ) i A Existing B-layer new beam-pipe
gt oyfetigt-ie 3, ] | = 92 million pixel cells |

3 barrel-layers

3 end-cap discs (original installation)

= 4th layer installed in 2014.
= Radiation hard up to 2.4 X 10"® p/cm?

Wolfgang Wagner, Challenging the Standard Modell ... IBL mounted on beam-plpe
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Installation of the new pixel layer: the IBL

IBL =
Insertable B-Layer

Designed and produced with
vital contributions of the
Wuppertal HEP group:

1) Support structures
(carbon foam and carbon

fibre compound)
2) Detector readout

3) Detector monitoring and
control

“ ’J j

77

Vi 2014

AT 2\ \ N\ . A\ 3 28
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Components of the Pixel detector
WUPPERTAL
2) Front-end electronics T
1) Sensors |
oV . FE-14 RIO Chip
Front-end electronics LY 27 k Pixels
_'_'_'_'_ \ 87 M transistors
.oov | B > , :
n-type bulk .‘: Y
depleted |

i i
'Vbias

3) Mechanical support structures made
of carbon fibre compounds

29
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Secondary vertex reconstruction

WUPPERTAL
= |Important for top quark and Higgs boson physics
|dentification of Requirement of a secondary vertex:
» b-quark jets — strong reduction of the W + jets background in
» 1 leptons top-quark events
= Long liftetime: T (b-Hadron) = 1.5 ps — ct =450 um
T (t-Lepton) ~ 0.3 ps
dlsplaced track’ >, Impact parameter resolution is limited by multiple
iet scattering:
secondary J
veriex
nd A f I
---- , X 4[| mount of materia
= = XO
primary VerteXT ! x L Distance of the first measurement layer
impact parameter
31
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Top-quark-antiquark pair candidate event ... unvensiTa
... with two reconstructed Bun 178802 17 / // Missing £1 = 45 Gev

secondary vertices

CDF experiment at Fermilab

‘\\ —
‘ K\\ kY
—- |
Tagged J :Ef=111 GeV,Phi=79, L2d=7 mm
agged 2: Bt =88 GeV, Phi=355 L2d=1 mm

Wolfgang Wagner, Challenging the Standard Modell ... 32



Flavour-tagging with multivariate techniques

Use many discriminating features of b-jets,
c-jets and light-jets to identify them.

arXiv:1907.05120

10

Fraction of jets / 0.05

107

1072

10°

107
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A I LR I LI ] LI [ L I LI I LI I LI I LI I LI
- ATLAS Simulation =
E @ -_ 1 3 Tev, tf — b_jets E
- — - c-jets ]
- --- Light-flavour jets 4
:_lf_‘ ) Il - =
T E
3 e -
- l“ﬂ__h‘ - e _'_._r — -
: E
Ll I Ll l 1l l Ll l Ll l Ll I Ll l Ll l Ll I Ll

i -08 06 04 -02 0 02 04 06 08 1

DMV2
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Performance of flavour-tagging algorithms

< I A L L I o . . o .
= 108  ATLAS Simulation _ Multivariate tagger algorithms improve rejection of light-
0 = {s=13TeV, i - '\D"C/f - flavour jets by more than one order of magnitude.
o " Jetp._220GeV, m <25 IP3D 1
5 100 T sV E MV2 = Boosted Decision Tree (BDT)
3 - -- JefFitter DL1 = Deep Neural Network
£ 10°E \\\\ =
=S - Conventional tagging algorithms:
- el T TR i IP3D = Track impact parameter based tagger
10° = e TR N = = i
S SN N E SV1 = Reconstruction of a secondary vertex
- R ] JetFitter =
10 E
1_1 PR TR SR A TN SN WA AN SN TN SN N AN WO SO ST NN N N 1\\1~-
N 2T T T T T
§ 150 E
o FESSannnnnaa
S 05F [ E
@ b e T ]
o
0.5 0.6 0.7 0.8 0.9 1

b-jet tagging efficiency Wolfgang Wagner, Challenging the Standard Modell ... 34



Data Monte-Carlo comparison (calibration)

,_1065' L I LR B DL BN L NN B B
S EATLAS (s=13TeV, 80.5 b
W -
o -+ Data
S10°E b (bb)
- @b (bl + Ib)

—
o
>

—
o
w

102
%1.2— i
; 1_7__._"'"4‘--::"'-!:'.' +-..=====.__..=.=
= L @@MC stat. unc. -
8 0.8 qTotaI uncerta;inty : ' '
g | .
n
— 0.5 i
o
Qo

0

B (bl + Ib)
m ()

’T7-08 06 04 02 0

02 04 06 0.8 1
Jet D,
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0.9

b-jet tagging efficiency
o
09)

lIlIllIIlllIllllIll

—ttMC

T

ATLAS Vs=13TeV, 80.5fb
MV2, g, = 70% single-cut OP

=

—+— Data (stat. unc.)
Data (total unc.)

IlIllllIllllIIllllllllIll

L P T TR R S W
30 40 10°

2x10°

Jet P, [GeV

MC-to-data scale factor is close to 1.

Wolfgang Wagner, Challenging the Standard Modell ...
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Chapter 3

Direct searches for new particles
(So-called on-shell production)

- -

Mpew = Pup* = E> — P - P

Signal

SM background

Bump search

>

Myeco
36
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Prime example of a bump search:

Observation and subsequent
measurement of the SM Higgs
boson in the

H — yy

decay channel.

Wolfgang Wagner, Challenging the Standard Modell ...
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> — T 1

@ [ ¢ Data ATLAS
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— | ---. Continuum background m,, = 125.09 GeV |
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Content of Chapter 3 Y vuvensma

Direct searches for

1) tt resonances

2) Supersymmetric partners of top quarks, bottom quarks and gluons decaying to tt pairs

)
)

3) Vector-like top quarks
)

4) Lepto-quarks decaying to 3rd generation quarks and leptons

Wolfgang Wagner, Challenging the Standard Modell ... 38
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Search for tt resonances

Higher symmetry than SM — more gauge bosons

> I T T T | T T T | T T T | 1T T I T T T | T T T |_ T T T | 1T
t & 10°E ATLAS Data [t =
g S © (s=13TeV,36.1 fo' EW+jets ElMultijet 3
g 5| [ ]Others 77 Uncertainty
w 107z E
e Important for |5 2 E
'V discovery if decay it il Eesolged e (cat. 2) :
—. ost-Fit E
to tt is enhanced. 5
10°% E
g t - ]
10 E
[ C L L B e e L - Py 3
€ 018 ATLAS Simulation, Vs=13TeV n ]
g 0-16;_ Boosted —; 10§— =
arXiv: 1804.10823 § 014 oL m(G,)=1.0TeV E - =
0-12:_ o m(GKK)=2'0TeV = ) 1l Y T T Y ! [ ! I ! I ! I ! I
B 7 ° E =
Eur. Phys. J. C 78 (2018) 565 SR MG )BTV | @ 1425 / % Z
0.08— it- ] — - 5 e 0 %/ ( 4 %
0.06] ;o 4 £ 08751 Naae ///////// Zik
VoL - ta . © V. 7 3
0.04 Ly - - 0.75 & : ' : ' : : : ]
0.0k e E 400 600 800 1000 1200 1400 1600 1800 2000
OE - li..rw.'-r-“'fw b :"'."I"r--.--,-.... b :':"_'.'-E mtrfeco [GeV]
0 05 1 15 2 25 3 35
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Search for top squarks and bottom squarks

£, and b, : the lightest eigenstates of the (scalar) supersymmetric top and bottom partners.

= Production of tt + X

= Events contain multiple leptons and jets, and large missing transverse momentum.

Wolfgang Wagner, Challenging the Standard Modell ... 40
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General strategy in (most) SUSY searches

= Do not attempt to reconstruct four-momentum of
supersymmetric particle (£, by, g, ...).

= Define global variables capturing the key features of
the signal events:

o Large missing transverse momentum EMIss
due to neutralinos in R-parity conserving SUSY
models.

o Large effective mass

Emiss

Meff = Zjets pr + Zleptons pr + LT

(scalar sum!)

Wolfgang Wagner, Challenging the Standard Modell ... 41



ATLAS two-same-sign-leptons search

BERGISCHE
UNIVERSITAT
WUPPERTAL

Define 5 signal regions with #*¢* pair and > 6 jets. arXiv: 1909.08457
SR Rpc2L2b:

SR Rpv2L: mqg > 2600 GeV

ET"° > 300 GeV and mq¢ > 1600 GeV no EMISS requirement
% — I I I.IIDa:tal I I = > -+ r 1 Tt Tt T T IDItI ] T
— — 'Y ata
O] 22 ATLAS V77 Total uncertainty 3 8 106 EA TLAS {7777 Total uncertainty ;_
L 20 :—\(_ 13 TeV, 139 fbrnIS c— Sf;e/non-prompt = = = {s=13 TeV, 139 fb" [ Fake / non-prompt =
> 18 ;—Rp02L2b before E_ selection g 7 — X 10° =—Rpv2L before m__ selection  I— :/fVZZ —=
= 16 - [ — tm)z Y E 2 - I:l- W .
= {(W)Z, ttVV, 3t, 4t = c 4 t(W)Z, tEVV, 3t, 4t
g s = ™ = c 10 = ) =
10E- B WW, ZZ, VH, VWV I — T — @ WW, ZZ, VH, VWV -
— T ] Charge fllp = 3 103 = @ Charge-flip -
1 0 :////////// / pEmEEE b b pI'Od b _>tW% E///////////——“/"‘ E EEEEEN aa prod., ’é—)tbd, E
8EZZ m(b,)-800 GeV, (3 J=S0GeV  TEees 102 = e o m@=1.6 TeV, mff)=1.2TeV
- 7 = =
a 10 =
L — 1
= - =
(2 ) ?/ °f //E--; - — wn 15 ........................... ’ .............................
Y ///////// AN ////////////=/// ) o L% g7 I 11T YN
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;‘ [ I I 1 I I 1 1 I I 1 1 I 1 I 1 I 1 I 1 I I 1 1 I 1 1 1 I 1 1 I | 1 |
& 2000~ ATLAS , - Expected Limit (+165)
= - Vs=13TeV, 139" . . susy. T
E 1800 All limits at 95% cL — Observed Limit (F16y,,) =
- SS/3L obs. 36 fo _
- [arXiv:1706.03731] _
1600{— —
1400 —
1200(— =
1000{— —
s00F- e = R-parity violating model
- . = SR Rpv2L
600[— —
- . . = g —tbd
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m(g) [GeV]
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Exclusion limits unversiTa
£, production, £ — tW*, 7, — W3 m(%,) = m(f)-275 GeV ; m(%,)=m({,)+100 GeV ; m(%,) = m(7.)
E L | L | L | LI | LI I IN,I Nll 1 I LI I L t W
% - ATLAS — pp->t, t, 7 W
— -1 . .
Is=13 TeV, 139 fb ---- Theoretical uncertainty p

All limits at 95% CL

—

777
TZ7T T TTT1

107" |

BR(t; — tW*(W )7)=100%

S

§~~
~

— Expected limit
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" Expected *+ 1o
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= R-parity conserving model
= SR Rpc3LSS1b
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Searches for vector-like top quarks

Pair production of vector-like top quark partners (T)

t.t.b

Pair production cross section does not depend on any
BSM couplings. It is pure QCD.

Wolfgang Wagner, Challenging the Standard Modell ...
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T quarks have spin %

Left-handed and right-handed states have
the same electroweak coupling = no need
to consider chiral states

Avoids exclusion of a simple sequential 4t
generation as obtained from Higgs
production cross sections at the LHC.

Contributions by T quarks dampen large
quadratic corrections to the Higgs boson
mass (propagator).

—> Solution to the naturalness problem

Occur in Little Higgs or Composite Higgs
models.
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Search in the TT — Zt + X with Z — v¥ channel

= exactly 1 charged lepton [ ]W-+jets x0.70]

[10thers

arXiv:1705.10751 JHEP 08 (2017) 052 tt control region with 30 GeV < m(W) < 90 GeV
Basic event selection: 2 1200 """ arias eData -
O : {s=13TeV, 36.1 b %4 Total pred.
= EMISS > 300 GeV & 1007 tf control region Bl x105 —
7 []Single top A
<
()
>
T

= >4 jets with (small) R = 0.4

= Re-cluster jets to large-R jets with R = 1.0:
> 2 large-R jets 40

/17

7.

S o e e AR RERRE NS BEEEEEREEE

© 1.5F E

al v"’ A 0 4_4 2% ' /A%'/ % A4

R z p 7 / 7 % 7 , :

g 0-5¢ | | +| | | | | :
300 350 400 450 500 550 600 650 700

E™° [GeV]

Wolfgang Wagner, Challenging the Standard Modell ... 46


https://arxiv.org/abs/1705.10751

=47 BERGISCHE
7 UNIVERSITAT
WUPPERTAL

Signal region

with m-(W) = 170 GeV

%3 10 ,IL\TI[_AIS | N Dlatal o %4 Tlota{I p;edl. o Region SR
©) L {s=13 TeV, 36.1 ! [Dtt2Lx105 @EAtE1LITx1.05
o Mt iLx1.05 [JSingletop - Observed events 7
= 8_— Signal region []W-jets x 0.70 [l Diboson  —
> | Ett+V _ Fitted bkg events 6.1 £1.9
o 6 . Fitted £ events 2.5+ 1.7
S m.=1.1 TeV i )
L i _- B(Zt, Ht, Wb)=(0.8,0.1,0.1) ] Fitted W -+ _]etS events 1.1 4+0.7
41 i__| o Fitted singletop events 1.14+0.7
| — i Fitted tt + V events 0.91 +0.20
2%{////%/// /l_ - _: Fitted diboson events 0.6 + 0.6
77 o, i MC exp. bkg events 6.5
0200 600 800 1000 1200

ET° [GeV]
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Exclusion limits on TT - Zt + X

Q' I = T quarks with m; < 1.16 TeV are
o 1= ATLAS — Observed limit — _ T ' .
= = (5= 13 TeV. 36.1 f" - - - Expected limit = excluded if B(T —» Zt) = 100% is
|~ C it at 95°/,CL. [ Expected limit £ 16 ] assumed.
~ 'mit a ° [ ] Expected limit £+ 2 6
T =—— TT production i = Account for other decay modes
Q T - Htand T - Wbh):
£ 10 B(7T—Zt)=100% ] 7= ~Wh)
© Zt+X 1+ET ] o Single model:
- mr < 0.87 TeV
- = o Double model:

_ ms+ < 1.05 TeV
1072 T

1400
m, [GeV]

L L L
800 1000 1200
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Single production of vector-like top quarks

Reconstructed mass distribution of the T(Y)

arXiv: 1812.07343 JHEP 05 (2019) 164 candidate
. 4
ﬁ —_ — - > _|||||||||||||I|||||I||||||||||||||||I_
T - Wb channel (and Y quarks with Qy 3) & 1a0] ATLAS . ous ]
/ 3 - Vs=13TeV,36.1 f0" ... Y1200 GeV (! + ¢ = 0.5)
q - . Q->Wb,Q=TorY f
q 5 120 i
"qc: ~ SR Bl single top
Li 100 - Post-Fit - W-jets
B |:| Multijets
/ - [] Other SM bkg.
M’f L % Uncertainty
Wb or sin 07,/ R - "f:v{J;/b or sinfr /g Wi, e

~CL/R ‘L/R
/ Y/T \
b

Data / Pred.

0.75

Production cross section scales with a coupling squared.

0.5 eV E Pyt oyt ispeeti
600 800 1000 1200 1400 1600 1800 2000 2200 2400
my, o [GeV]
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Searches for lepto-quarks

t,b
= Lepto-quarks occur in many extensions of the SM
based on a larger symmetry group. P
LQ3 / U, T
= Bosons - ’

= Carry colour charge and electrical charge.

LQg = U, T
= Connect quark and lepton sector. p | \

= Carry non-zero baryon and lepton numbers. t,b
= Decay into a lepton-quark pair. b,t
= Consider up-type lepto-quark LQ¥ and down-type p |
lepto-quark LQ4¢ LQY v, T

= Decay into fermions of the 3 generation.

Wolfgang Wagner, Challenging the Standard Modell ... b’ t 50
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Exclusion limits

arXiv: 1902.08103 JHEP 06 (2019) 144

g 1:I LI | | | 1T 11 I L T T 1 |". LI I L L :
T 09 :_ ':" ATLAS _:
S o /A\/s=13TeV,36.1fb" =
:L —_= .. § T~ . » —
S E
0.7 ==, — observed .
0.6 ----expected —

0.5 f_ miss _f

- —tt+E; °-07 =

04 —tt+ETmiSS-1f =
0.3 ttb + ET =

0.2 f_ —bebr miss _E

— .. . ‘ bb + ET _
0.1F="" *.\ -

:I | 1 1 | L1 1 1 | 1 1 1 | 1 1 1 | 1 1 I | | 1 1 1 |\“\ L 1 1 I 1 1 1 | L1 1 1 |:
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Indirect vs. direct Searches for New Physics

ATLAS Exotics Searches* - 95% CL Upper Exclusion Limits

= No evidence (yet) for on-she
production of new particles.

= Lower limits are growing.

= Will (soon) face steep drop |
parton luminosity.

Access higher mass scales
by deviations in coupling
measurements and search
for rare processes.
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ATLAS Preliminary

Status: May 2019 [Ldt = (32-139) fo! V5=8,13 TeV
Model ty Jetst EI' [rdti] Limit Reference
T T — T T T — T T T —
ADD Gkk +g/q Oe,pu 1-4j Yes 36.1 Mp 7.7 TeV n=2 1711.03301
;g ADD non-resonant yy 2y - - 36.7 Ms 8.6 TeV n=3HLZNLO 1707.04147
.S ADD QBH - 2j - 37.0 Min 89TeV n=6 1703.09127
g ADD BH high ¥ pr >lepu >2j - 3.2 My, 8.2 TeV n=6,Mp =3TeV,rotBH 1606.02265
= ADD BH multijet - >3] - 3.6 LYS 9.55TeV. n=6,Mp =3TeV.rotBH 1512.02586
S RS1 Gyk — yy 2y - - 36.7 Gk mass 4.1 TeV k/Mp; =0.1 1707.04147
© Bulk RS Gkx —» WW/ZZ multi-channel 36.1 Gkk mass 2.3TeV k/Mp; =1.0 1808.02380
g Bulk RS Gk — WW — qqqq Oeu 2J - 139 Gkk mass 1.6 TeV k/Mp; = 1.0 ATLAS-CONF-2019-003
w Bulk RS gkk — tt Tepu >1b,>1J/2) Yes 36.1 gkk Mass 3.8 TeV F/m=15% 1804.10823
2UED / RPP leu 22b,>23] Yes 36.1 KK mass 1.8 TeV Tier (1,1), B(A®D - tt) =1 1803.09678
SSM Z" — L 2epu - - 139 Z’ mass 5.1 TeV 1903.06248
» SSM Z’ - 17 2T - - 36.1 Z’ mass 2.42 TeV 1709.07242
g Leptophobic Z’ — bb - 2b - 36.1 Z’ mass 2.1TeV 1805.09299
&8 | Leptophobic Z" — ¢t leu 21b,>1J2) Yes  36.1 Z’ mass 3.0TeV r/m=1% 1804.10823
Q SSM W’ - tv lenu - Yes 139 W’ mass 6.0 TeV CERN-EP-2019-100
S SSMW >y 17 - Yes 361 | W’ mass 3.7 TeV 1801.06992
a HVT V' - WZ — qqqq modelB O e, u 2J - 139 V’ mass 3.6 TeV gy =3 ATLAS-CONF-2019-003
S HVT V' - WH/ZH model B multi-channel 36.1 V'’ mass 2.93 TeV gv=3 1712.06518
LRSM Wg — tb multi-channel 36.1 Wg mass 3.25 TeV 1807.10473
LRSM Wg — uNg 2u 1J - 80 W mass 5.0 TeV m(Ng) =0.5TeV, gL = gr 1904.12679
- Cl qqqq - 2j - 37.0 A 21.8TeV 1, 1703.09127
QO  Cltqq 2epu - - 36.1 A 40.0 TeV 7, 1707.02424
Cl tttt >1epu 21b,21j  Yes 36.1 A 2.57 TeV [Cael = 4m 1811.02305
Axial-vector mediator (Dirac DM) Oeu 1-4j Yes 36.1 Mmed 1.55 TeV 84=0.25, g,=1.0, m(x) = 1 GeV 1711.03301
S Colored scalar mediator (Dirac DM) 0 e, u 1-4j Yes 36.1 Mmed 1.67 TeV g=1.0, m(y) = 1 GeV 1711.03301
Q Wy EFT (Dirac DM) Oeu 14,<1j Yes 32 | M. 700 GeV m(x) < 150 GeV 1608.02372
Scalar reson. ¢ — ty (DiracDM) 0-1e,u 1b,0-1J Yes 36.1 my 3.4TeV y=0.4,2=0.2, m(y) = 10 GeV 1812.09743
Scalar LQ 1% gen 12e >2j Yes 36.1 LQ mass 1.4 TeV B=1 1902.00377
QG Scalar LQ 2" gen 1,2 >2j Yes  36.1 LQ mass 1.56 TeV p=1 1902.00377
= Scalar LQ 3 gen 27 2b - 36.1 LQ; mass 1.03 TeV B(LQ§ - br) =1 1902.08103
Scalar LQ 3" gen 0-1e,u 2b Yes  36.1 LQg mass 970 GeV BLQY - tr) =0 1902.08103
VLQ TT — Ht/Zt/Wb+ X multi-channel 36.1 T mass 1.37 TeV SU(2) doublet 1808.02343
8 VLQ BB —» Wt/Zb+ X multi-channel 36.1 B mass 1.34 TeV SU(2) doublet 1808.02343
T E VLQ T53Ts3l Tsjz > Wt + X 2(SS)/23eu>1b,>1) Yes 361 Ts/3 mass 1.64 TeV B(Tsj3 = We)=1, (T3 We)=1 1807.11883
3"‘:’ g_ VLQY - Wb+ X lepu 21b 21 Yes 36.1 Y mass 1.85 TeV B(Y — Wh)=1, cp(Wh)=1 1812.07343
VLQ B - Hb+ X Oeu,2y >1b>1j Yes 798 |Bmass 1.21 TeV kg=05 ATLAS-CONF-2018-024
VLQ QR — WqWgq 1eu >4j Yes 20.3 1509.04261
«w Excited quark ¢* — qg - 2j - 139 q* mass 6.7 TeV only u” and d*, A = m(q") ATLAS-CONF-2019-007
E g Excited quark g* — gy 1y 1j - 36.7 q* mass 5.3 TeV only u* and d*, A = m(q") 1709.10440
g '€ Excited quark b* — bg - 1b, 1] - 36.1 b* mass 2.6 TeV 1805.09299
U] & Excited lepton ¢* 3epu - - 20.3 A=3.0TeV 1411.2921
Excited lepton v* 3eurt - - 20.3 A=16TeV 1411.2921
Type Ill Seesaw 1epu >2j Yes 79.8 N° mass 560 GeV ATLAS-CONF-2018-020
LRSM Majorana v 2u 2j - 36.1 Ng mass 3.2 TeV m(Wg) =4.1TeV, g, = gr 1809.11105
§  Higgs triplet H** — ¢¢ 234epu(SS) - - 36.1 | H:* mass 870 GeV DY production 1710.09748
£ Higgs triplet H** — (1 3eut - - 20.3 DY production, B(H;* — (r) =1 1411.2921
(] Multi-charged particles - - - 36.1 multi-charged particle mass 1.22 TeV DY production, |q| = 5e 1812.03673
Magnetic monopoles - - - 34.4 monopole mass 2.37 TeV DY production, |g| = 1gp. spin 1/2 1905.10130
‘/_=13TeV V_=13TeV MR | L M S R | 1 1 MR | L L L
partial data full data 1071 1 10 Mass scale [TeV]

*Only a selection of the available mass limits on new states or phenomena is shown.
tSmall-radius (large-radius) jets are denoted by the letter j (J).
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Chapter 4
Indirect searches / searches for anomalous couplings

u(c) e (L)

Parameterise new physics (full theory) by
effective couplings at vertices.

Ve(V)

— Recall Fermi theory of nuclear beta decay

8 b

Wolfgang Wagner, Challenging the Standard Modell ... 33
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Decays via flavour-changing neutral currents (FCNC) ~ #88 tuvenaie

WUPPERTAL

= Do not exist at tree (Born) level in the SM
= Very strongly suppressed at next-to-leading order (loop level): GIM mechanism = CKM unitarity
= Suppression is lifted by non-degenerate quark masses.

= Branching ratios are extremely small.

u(c) .
w Brii 1) Brii—q2) Br(t — q9)
t D b g=u 3.7x 10716 8 x 10717  3.7x 10714
ZIy g=c 4.6x 1071 1 x 107" 4.6 x 10712

Wolfgang Wagner, Challenging the Standard Modell ... >4



FCNC in theories beyond the SM

Branching ratios of top-quark decays in SM and BSM theories:

Process SM 2HDM(FV) 2HDM(FC) MSSM  RPV RS
t—Zu Tx10717 - — <1077 <1076 -
t—Zc 1x107H <107 <1071 <1077 <107% <10°°
t—gu 4x10714 — E <1077 <106 =
t—ge 5x10712 <104 <107® <1077 <107% <1071©
t—~yu 4x10716 = - <107% <107 E
t—=ve 5x1071 <1077 <107° <107% <107° <107°
t—hu 2x10717  6x 106 - <1075 <1079 -
t—=he 3x107% 2x1073 < 107° <107° <107° <1074

Snowmass Workshop 2013, arXiv: 1311.2028

Strong enhancement!

Any FCNC signal is evidence for BSM physics!

Wolfgang Wagner, Challenging the Standard Modell ...
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Even Hollywood knows: FCNC are exiting!
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Status of FCNC limits

t—Hc

t—=Hu

ATLAS+CMS Internal
LHCtopWG

September 2019

Each limit assumes that
all other processes are zero

t—yc

t—yu

t—gc
t—gu
t—Zc

t—=Zu

95%CL upper limits €@ ATLAS <—@ CMS

[1] JHEP 05 (2019) 123 [2] JHEP 02 (2017) 079

[3] JHEP 06 (2018) 102 [4] arXiv:1908.08461 (LH only)

[5] JHEP 04 (2016) 035 [6] EPJC 76 (2016) 55

[7]1 JHEP 02 (2017) 028 [8] JHEP 07 (2018) 176

[9] CMS-PAS-TOP-17-017 [10] JHEP 07 (2017) 003

Theory predictions - SM 2HDM(FV) E2HDM(FC)
from arXiv:1311.2028 [CJMSSM [[]RPV EIRS

16—16 1073

107'° 1077 10 10"
Branching ratio

Wolfgang Wagner, Challenging the Standard Modell ...
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Latest ATLAS analysis
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Searchfort - gH with H — yy

= Select tt candidate events.

= Assume one top-quark decays viat — gyy and one via the SM mode t —» Wb

= ConsiderW —qq'and W — $v

Entries / 5 GeV

200 :I LI I LU | LI | LU | IIIIIIII | LI L | LI | LU | LI I—
1g0 ATLAS s=13TeV,36.11b" -
160 f_ ' +| Hadronic selection _f
- : e Data -
140 # *# t - cH(yy) B =5%
120 5 + SHERPA VY] (scaled) _T
- : + . iy -
100 — : .
80F —
60 —
40 —
20 H
I 8
OO 50 100 150 200 250 300 350 400 450 500

m.,[GeV]
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arXiv: 1707.01404
JHEP 10 (2017) 129

Reconstruct top-quark mass:

m(yyj) and m(jjj)

Place mass window cuts.

58
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Limitsont - gH with H - yy

%i

——— T = Look at m(yy) spectrum.

> -
8 12 ATLAS (s=13TeV,36.1fb" —
~ - Hadronic category 1 |  ® Normalise background to data in side bands.
% 10— e Data —
B t = cH(yy) B=0.2% ' TR
2 - : A SM Higoe 1 = Obtained limits:
8 __ SHERPA VY] (scaled)
- 1 Bty . B(t—>cH) <2210 3%and B(t > uH) <2410°3
6 ¢ ! ' —
| e ) ® — P 1 T T T T T T T T T T T
414 | ] O ATLAS 's=13TeV, 36.1fo" J
i ] t = cH(yy) )
2 : ro (IR 2K —_ 10_1__ _
u | | ] - 5% 3
fo 140 150 160 - ]
m., [GeV] i i
102 = E
E —e— Observed E
|~ --&- Expected ]
1o
B + 26 ] .
m 1 1 1 1 1 1 1 10_
10° i 2 3 4 5

Wolfgang Wagner, Challenging the Standard Modell ... >9
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Searchfort —» gH with H —» t7 1~
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= 7 leptons are reconstructed in their leptonic and hadronic decay modes arXiv: 1812.11568
= Boosted decision trees (BDTs) are used to separate signal and background. JHEP 05 (2019) 123

One of the input variables to the BDT: A AP AAAMA Rass B

. - L —— Data i

The reconstructed Higgs boson mass. S Ay g6 ! HE EoWbHG (B=1%) |

@ L [ 1Faker

> 450 T T T | T T T | T T T | T T T | T T T | T T T ] GC) 103 :_tqH(TT) SearCh ‘:I tt (real hThad) _:

8 - ATLAS —— Data ] kT E ThagThagr 24 g Z-tr 3

o 400-Vs =13 TeV, 36.1 fb’ -tFt;L\éV?HC (%B=1%) 7 - Pre-Fit [ Other ]

E 3505_tqH(TT) search % Top reha(il Thad _E B 7 Total Bkg unc. |

£ Thad%hao 24 ey : 10° -

o 300:—Pre Fit 7/ Total Bkgunc. - * g

250/ = = _

150?— —f ; \—\——l_ﬁ 2

100; = I l -

WM _I_ = 125 F
91250% 50751///////% W%

m ©
— 1 a

% 0.75/ W%W 05—1 —08 —06 —04 —02 O 02 04 06 08 1

© s BDT discriminant

40 120 140 160 60

m [GeV] Wolfgang Wagner, Challenging the Standard Modell ...


https://arxiv.org/abs/1812.11568

Z%7 BERGISCHE
UNIVERSITAT
WUPPERTAL

Search fort — gH with H — bb

g 3000 :_IA |1-LIIAIS|| TTTT I TTTT I ITTT | I_;_[ |D-Ila:|ta|.| I'TTT | T'TTT | TT II_:
@ - Vs =13TeV, 36.1 fb"' Il tto>WbHc (B=1%)
c B — [ tt+light-jets 7
Combine several kinematic L - 4j, 3b I tt+>1b g
variables with a likelihood ratio. - Pre-Fit [ Non-tt )
20001— v Total Bkg unc. _]
N % . i
> Psig(X) 1500 i .
L(x) = —£ - -
Psig(X)+Ppkg (X) -
1000 = 777 -
500 —
o 05!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! ..... -
5 125 F =
.
s
© 0.75 —// /é
® s
0 01 02 03 04 05 06 07 08 09 1
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Upper limits on B(t — gH)

H—bb H—bb

HHTT (TlepThad’ ThadThad) HHTT (TlepThad’ ThadThad)

" « ATLAS ATLAS
H—-WW*tt,ZZ" 2rss,3¢) [~ {s=13TeV, 36.1fb" H—-WW*tt,ZZ* 2rss,3¢) — {s =13 TeV. 36.1 fo' |
B(t— He) =0 B(t - Hu) = 0
H-yy — ] H-yy —
— Observed — Observed
gk Expected £+ 16 #=: Expected *+ 16
Combined (— ---Expected £ 20 — Combined ---Expected * 26 |
el e e e e IX1073 T T T T P T S [ O B
o 12 3 4 5 6 7 8 9 10 o 1.2 3 4 5 6 7 8 9 10

95% CL limit on %(t - Hu) 95% CL limit on %(t —» Hc)

B(t »uH) <12 -1073 B(t - cH) < 1.1 - 1073

Wolfgang Wagner, Challenging the Standard Modell ... 62



Search for ty FCNC

ty production

t — gy decay

Wolfgang Wagner, Challenging the Standard Modell ...
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Postfit distributions

= Train neural networks wot separate signal and background.
= Use control regions for two backgrounds.

= Consider different chiral couplings:

[$,]

10

Events / bin

10*E

10°

10?

—
o

—
o
N
(3}

1
0.875

Data / Pred.

| ATLAS ¢ Data 7 Uncertainty

3 E;1L3HTGV’ 81fo" _ Signal (x10) .W+y+jets E
- SF{’ . e—y fake . Z+y+jets 3
| Post-Fit [ Jiovfake [l Other prompt |

<
L1 IIIIII|

//%W/%///M;WW W%//

0.75

0 01 02 03 04 05 06 0.7 08 09 1

NN output

Events / bin

Data / Pred

1.075

0.85

left-handed and right-handed.

AR R RN RN AR AR AR RARRN RS
1075_ ATLAS ¢ Data 7/ Uncertainty =
- Vs=13TeV, 810" __ g (x10) W Wysiets ]
s tuy, LH _
10 % CR W+y+jet .e—w fake .Z+y+jets ?
- Post-Fit [ Ji=vfake [l Other prompt y]
10° E
10* —;
10°
10
0
0.925 s

0 01 02 03 04 05 06 07 08 09 1
NN output
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arXiv: 1908.08461

E 106_ ?TLAS ¢ Data %Uncertainty_

& = {s=13TeV, 81 fb" ot o take

% ; tgé, IZ_:',Y =;\:ytj:atts Ej—wyf;kke ;

m 105 Post-Fit [T other prompt -
10* —;
10°

B1.025 ¢

o

095,030 40 50 60 70 80 90 100 110 120
Y

p; [GeV]
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ty FCNC results

Observable Vertex Coupling Obs. Exp.
CWr+C Mty LH 019 022700
chy) + BV fuy RH 027 027700
Co + e tey LH 052 0577,
)+ tcy RH 048 0.597) ¢
o(pp — ty) [ib] tuy LH 36 52f}1
o(pp — ty) [fb]  tuy RH 78 757
o(pp — ty) [fb]  tcy LH 40 497
o(pp = ty) [fb]  tcy RH 33 52t
Bt — qy)[107°]  tuy LH 28 407"
Bt — qy)[10°]  tuy RH 61 597¢
Bt — qy)[1075]  tcy LH 22 274
Bt — qy)[1075]  tcy RH 18 2847
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Upper limits on ...

—— Effective operator coefficients

=  (Cross sections

=—  Branching ratios

65
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Chapter 5

Precision measurements of top-quark properties

Discussed analyses:

PRECISION VS ACCURACY 1) Measurement of tt cross-section in the
electron muon channel
@ @ 2) Measurement of tt cross-section in the
lepton+jets channel
VPrecnsuon X Precision X Precision «/ Precision 3) Charge asymmetry in tt events
X Accuracy v/ Accuracy X Accuracy v/ Accuracy

4) Spin correlations in tt events
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Pushing the frontiers of complexity

tt  tq tW th ttw tiZ tfy tZ tIH tWZ tH
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“rareness” of process
o

Total cross-
section

Fiducial
cross-sections

Differential
cross-sections

Complexity of
analysis
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Precision measurement of a(tt)

w

= Use electron-muon final state.

x10
N - I I | —
c 220 . ® Data 2015+16 —
= Low background e o ATLAS Prellm1|nary 1 PowhegsPY8 3
L = \s=13TeV, 36.1 b mm Wt =
= Counting experiment 180F- mm Z+jets =
160 ® ] Biboson =
= Determine b-tagging efficieny by using La0E R— mm Mis-ID lepton E
the 1-tag and 2-tag rates. 120E- — Powheg+PY8 E
- ---- Powheg+PY8 RadUp™
bk 100 Powheg+PY8 RadDn_-
Ny = Ling 0(tt) €0y 2 €p (1 — Cpep) + Ny ° 80 - aMC@NLO+PYS =
2 bkg 60 E
N, = Lip o(tt) €ey Cp €y + N, 40 —
20 —
: : - : : 0 , , . | —
" The lepton isolation efficiency is recalibrated S oF == stat uncert R
in the context of this analysis. Q 1L I . 5
e TS

o - b e e .
= 08 T, .

ATLAS-CONF-2019-041 0 1 2 3 > 4
Nb-tag
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Total cross-section result

o(tt) = 826.4 + 3.6 (stat) + 11.5 (syst) + 1.9 (beam)

Inclusive tf cross-section O: [pb]

Ratio wrt PDF4LHC

10

102
1.1
1.05

0.95

0.9

ATLAS Preliminary
ey + b-tagged jets
Vs=13TeV, 36.1 fb”
Vs=8TeV, 20.2fb"
Vs=7TeV,46fb"

== NNLO+NNLL (pp)
Czakon, Fiedler, Mitov, PRL 110 (2013) 252004
m=172.5 GeV, PDF+ay uncertainties from PDF4LHC

1
CT10 {::::221 QCD scales only

1 1 1 1
£ZzZz2a NNPDF23 [xXX3I MSTW

VA VaVaVavy SIS
O 0 0 00020202020 20202020 202020202020 202020 202020 20 20 0 %0 20 w:
9.90.0.0.0.9.0.90.0.9.0.9.0.9.0.9.0.9.0.9.0.

IRt tete sl et te el ettt st tetete e

2.4% precision
Precision of theory prediction @ NNLO: 5.5%

'5‘ _l T I T T T I T L IIIIIIlIllIIIIIlIIIIIIIIIIII_
= 4 1001 ATLAS Preliminary —
v F * \s=13TeV,36.1fo" 1
S 1000 —
2 - .
& - .
& 900 =
S ¢ bbb '
5 n + ¢ .
'::800_—++ AL IR RE
(O] - |
= - -
n - —
=2 700 —]
= [== CT14 NNLO+NNLL ]
600— Czakon, Fiedler, Mitov, PRL 110 (2013) 252004 —
IlIIllIIlI|IlIlllIIIIlIIlIlIlIllllllIlI

164 166 168 170 172 174 176 178 180 182

m’ [GeV]

Extract the pole mass from the dependence
of o(tt) on m;:

mP'® = 173.1+29 GeV
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> SEry T T | LU L B > = | T T T T T T T
& 40000F ATLAS Preliminary S 400005 ATLAS Preliminary -
2 35000 \s=13TeV, 36.1 fb" - = = \s=13TeV, 36.1 fb" =
P = ® Data 2015+16 . & SOV00E ® Data 2015+16 E
5 30000:_ 1 tt Powheg+PY8 = 3 30000 [ tt Powheg+PY8 7
it - = Wi = - B Wi -
25000 mm Z+jets = 25000 3 Z+jets S
- 2 Diboson - = 2 Diboson =
20000~ B Mis-ID lepton = 20000 FE- B Mis-ID lepton =
15000 — Powheg+PY8 = 15000E- — Powheg+PY8 E
- - Powheg+PY8 RadUp T ~ - Powheg+PY8 RadUp
- ey Powheg+PY8 RadDn _J - ey Powheg+PY8 RadDn 4
10000 . aMC@NLO+PY8 ] 10000F . aMC@NLO+PY8 E
5000 — 5000 —
) o ——— E ) o :
T 1'2: Stat. uncert. I
a) N =)
= | S =
O ¥ O
= 0.8 '_ . . . . . . . . _ = . . . et .
20 40 60 80 100 120 140 160 180 200 50 100 150 200 250

Electron P [GeV]
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Dilepton quantities
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IIIIIIIIIIIIII

lllllllIIIIIIIIIIIIIlllllllll

ATLAS Preliminary J
\s =13 TeV, 36.1 fo

Data 2015+16
tt Powheg+PY8
Wi

Z+jets

Diboson

Mis-ID lepton

Powheg+PY8

- Powheg+PY8 RadUp
Powheg+PY8 RadDn
- aMC@NLO+PY8

|

Stat. uncert.

IIIII’:IIIII_

> T T ‘e DT Tttt > [
[ - T ] o —
S 55000 o ATLAS Prellm_1|nary_ & m
= B \s =13 TeV, 36.1 fb N K 30000
P n - P -
€ 20000— ® Data 2015+16 — € 25000
2 B [ tt Powheg+PY8 _ Q -
- . — . * 200000
- mm Z+jets ] —
150001 1 Diboson - —
- BB Mis-ID lepton _ 15000/ &
10000— — Powheg+PY8 ] -
B - Powheg+PY8 RadUp- -
. I Powheg+PY8 RadDn 7] 10000:
5000— - aMC@NLO+PY8 — —
£ ] 5000;
% 1.2 Stat. ulncert. ----- - % 1.2
) O T T, thes e - o C
a 1_ ........... L | B R . g 1)_";
N I S ] O o
= 08f , , , , E = 08F
0 50 100 150 200 250 0 50

Dilepton p:” [GeV]
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Angular distributions

Events / 0.25

MC / Data

L L
80000¢- ATLAS Preliminary =
— -1 -
- ® Data 2015+16 -
60000 (] tt Powheg+PY8 —]
- mm Wit -
50000 B Zijets —
= 2 Diboson B
40000 Bl Mis-ID lepton =
- — Powheg+PY8 =
30000 Powheg+PY8 RadUp—]
e Powheg+PY8 RadDn 3
20000 - aMC@NLO+PY8
10000~ —
O;_ . . ! ]

1.1 Stat. uncert.
1;------"""" --------------

0.9F | | | -

0 0.5 1.5 2 2.5

e

Dilepton |y “|

MC / Data
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L L L I I
ATLAS Preliminary
\s=13TeV, 36.1 fb"

|IIII|IIII|IIII|IIII|I

- Powheg+PY8 RadUpZ

Data 2015+16
tt Powheg+PY8
Wi

Z+jets

Diboson

Mis-ID lepton

Powheg+PY8

Powheg+PY8 RadDn]
aMC@NLO+PY8 ]

Stat. uncert.

15 2

2.5 3
e
Dilepton A¢ g [rad]

Discrepancy between MC prediction and data

(more on this later).
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Differential cross sections
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Apply the
tagging
equations
bin-by-bin in a
distribution.

Data are softer
than predictions
by MC
generators.

T T I T T T T | T T T T | T T T T | T T T T | T T T T

T
—h
<

N

1/6 do/dp_ [1/GeV]

T |IIIII|

ATLAS Preliminary
\s =13 TeV, 36.1 fb”
® Data 2015-16
total uncertainty

Q

— Powheg+PY8 D"'._
---- Powheg+PY8 RadDn L
-------- Powheg+PY8 RadUp |
3

L

L
) [1/GeV]

- aMC@NLO+PY8

MC / data

MC / data

150 200 250 300
Lepton p'T [GeV]
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ATLAS Preliminary
\s =13 TeV, 36.1 fb™

® Data 2015-16

— Powheg+PY8

---- Powheg+PY8 RadDn |

-------- Powheg+PY8 RadUp
- aMC@NLO+PY8

total uncertainty

P

IIIIII|

150 200

550300 350 400
Dilepton pi+pi [GeV]
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_I T T T I T T T T | T T T T | T T T T T T T T T T T T I_ . . .
" ATLAS Preliminary . Difference in the azimuthal angle ¢
C \s=13TeV, 36.1 fb" : between electron and muon
B ® Data 2015-16 I
- total uncertainty Y Transverse p|ane:
 — Powheg+PY8 —
~ - Powheg+PY8 RadDn ] Y A
I Powheg+PY8 RadUp -
- aMC@NLO+PY8 e~ ] N
L e i pr(e™)
e o [ _
— = >
N ] X
Ag(e, 1)
i 15 2 25 3 .
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Double differential cross-sections

1/6 d®N/dly*™|dm®* [1/unit |y| GeV]

MC / data

107"

—
- O

o
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o
IIIII IIII|

m" < 80 GeV

lllllllllll T I T T T T I 1 T T T l T lll T I T 1 T T ' T T LI |
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total uncertainty
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o
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I v 1 v 1 ' I I ! I Y 1 i 1 i ] ' I ' I v I v | I ——

[
1l

T ey |

Inn

Ob---8 - e

i 20 i 50 1 5
Dilepton |y™|

Wolfgang Wagner, Challenging the Standard Modell ...

BERGISCHE
UNIVERSITAT
WUPPERTAL

Some discrepancies
for higher m(eu) and

[yl
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Goodness of fit

x? values

x? probabilities

Generator pT n‘] pr m™ |y AT pr+pp  E°+EF
Naos 10 8 8 11 8 9 7 9
POWHEG + PYS8 437 19.5 8.6 443 114 144 32.5 18.4
POWHEG + PY6 CT10 36.1 7.9 9.3 330 162  16.2 21.9 30.5
POWHEG + HW7 34.8 15.9 11.5 62.7 94  17.3 23.0 14.7
POWHEG + PYS8 pp rew. 20.2 14.7 2.3 38.3 84 127 9.4 14.0
POWHEG + PY8 RadDn 40.0 24.2 6.1 44.3 9.2  16.3 29.0 20.1
POWHEG + PY8 RadUp 33.0 16.3 21.9 353 12.3 6.4 26.7 16.5
POWHEG + PY8 pp g X 2 46.5 21.6 6.2 42.6 85  16.5 28.9 17.1
POWHEG + PY8 pp i x 0.5 39.8 17.3 11.4 380 10.7 109 27.6 14.2
POWHEG + PY8 PDFALHC15 43.4 14.6 7.4 39.0 6.2 135 28.0 15.9
POWHEG + PY8 CT14 44.1 9.3 7.6 37.0 82 135 28.5 18.2
POWHEG + PY8 MMHT 41.2 17.7 6.9 39.0 6.3  13.2 26.3 14.3
AMC@NLO + PYS8 26.2 25.7 11.4 197 167 13.2 12.5 14.0
AMC@NLO + PY8 CT10 24.9 11.7 10.6 169 100 134 12.0 19.0
AMC@NLO + PY8 HERA2 17.1 96.6 6.9 260 685 12.5 6.1 38.4
POWHEG + PY8 4-107° 0.012 037 6-10° 018 0.11 3-10° 0.030
POWHEG + PY6 CT10 8.107° 0.45 032 5-100% 0.039 0062 3-10° 4-107"
POWHEG + HW7 1-107* 0.043 018 3-107Y 031 0045 2-107° 0.098
POWHEG + PYS8 pp rew. 0.028 0.065 097 7-107° 039  0.18 0.23 0.12
POWHEG + PY8 RadDn 2.107° 2.107° 064 6-100° 032 0060 1-107* 0.017
POWHEG + PY8 RadUp 3-107* 0038 5-10° 2.100* 014 07 4-107" 0.057
POWHEG + PYS8 pip g X 2 1-100° 6-107° 062 1-100° 039 005 1-107" 0.048
POWHEG + PY8 pp g % 0.5 2.10° 0.027 018 8-107° 022 028 3-10°" 0.12
POWHEG + PY8 PDF4LHC15 | 4-10°° 0.067 049 5-100° 062 014 2-107° 0.068
POWHEG + PY8 CT14 3.10°° 0.32 047 1-100* 042 014 2-10* 0.033
POWHEG + PY8 MMHT 1-107° 0.024 055 5-100° 062 015 5-107* 0.11
AMC@NLO + PY8 3.10% 1.107° 0.18 0.049 0.034 0.15 0.086 0.12
AMC@NLO + PY8 CT10 5.-10°° 0.16 0.23 011 027 0.15 0.10 0.025
AMC@NLO + PY8 HERA2 0.073 0 054 6-10° 0 0.19 053 1-107°
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o(tt) in the lepton+jets channel

New fOf
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Use kinematic variables in 3 channels

> 4 jets and = 1 b-tag

x10°

8 :I T | T T T T | T T T T | T T T T | T T T T | T T T T I T ]
S 18000 ATLAS Preliminary -¢-Data [t
~ - Vs=13TeV, 139 fo'' [l Single top I W+jets
2 1600 I+ets Other  [tIX
4 - SR1 [ Multiiet 72 Uncertainty
L 1400~ Pre-Fit

12007

1000

800
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|||||'III|III|III|III|III|III|III|III|III|I

|

04 05 06
Aplanarity (jets)

o
—
o
o
o
w

=4 jets and = 2 b-tags

x10°
> 250—I T T | T T T | T T T | T T T | T T T | T T T | T
8 | ATLAS Preliminary -¢-Data [t ]
o - Vs =13 TeV, 139 fo'' JllSingle top I W+jets .
A 200__ l+jets Other BitX |
(2} - SR2 Il Multijet 72 Uncertainty -
S [ Pre-Fit i
Lﬁ L _
150 ]
100— —
50— —
. oF N
§e) o
21.075
o 1
©
50.925 %‘2
0'850 40 60 80 100 120 140

mi" [GeV]
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Events /0.2

150

100

x10

ATLAS-CONF-2019-044

> 5 jets and = 2 b-tags

3

L L L L EL L L L

— ATLAS Preliminary -¢-Data []tt

_ Vs=13TeV, 139 fo'' [l Single top I W+jets
Other B ttX

Il Multijet 727 Uncertainty

2 25 3

) avg
Aijj, max pT
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Profile likelihood fit

Uncertainties are reduced as a result of the fit.
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o(tt) result

o(tt) = 830.4 + 0.4 (stat.)

4.6% precision

Theory prediction:

o(tt) = 832 *23 (scale) + 35 (PDF + ay)

Dominating uncertainties are due to modelling of
the tt process by event generators.

+ 38.2
—37.0

(syst.)

BERGISCHE

UNIVERSITAT
WUPPERTAL
Category AO(-); ‘Zd [%0] % [o]
Signal modelling
tt shower/hadronisation +2.1 -1.9 +2.7 -2.7
1t scale variations +2.0 -1.8 +2.5 -2.6
Background modelling
MC background modelling +1.8 —1.7 +1.6 -1.8
Multijet background +0.5 -0.6 +0.6 -0.7
Detector modelling

Jet reconstruction +2.4 -2.3 +2.5 -2.3
Luminosity +1.8 —-1.7 +1.8 -1.6
Flavour tagging +1.4 -1.4 +1.5 -1.4

E7" + pile-up +0.3 -0.2 +0.5 -0.5

Muon reconstruction +0.4 -0.6 +0.4 -0.5
Electron reconstruction +0.4 -0.2 +0.2 -0.4
Simulation stat. uncertainty  +0.7 -0.6 +0.9 -0.9

Total systematic uncertainty  +4.1 -39 +4.6 -4.5

Data stat. uncertainty +0.05 -0.05 +0.05 -0.05

Total uncertainty +4.1 -3.9 +4.6 —4.5

79

Wolfgang Wagner, Challenging the Standard Modell ...



# UNIVERSITAT
WUPPERTAL

Charge asymmetry in tt production

= Top-quarks are produced slightly more forward
than top-antiquarks. LHC
— central-forward asymmetry

"= Only the qq initial state contributes. t

d(l".'dy

= Quantum interference effect involving NLO
amplitudes, in particular ISR and FSR for qqg — ttg.

= QObservable:

4 — NQIy>0)-N@lyl<0) I oSN T
¢ N(ly|>0)+N(A|y|<0) | ' .

with Alyl = |ve| — |y:l (Effect strongly exaggerated for illustration)

= SM Prediction at QCD NLO + EWK NLO precision: » SM effect is quite small, but
@7TeV: A, =0.0123 + 0.0005 » Sensitive to new physics contributions
@8TeV: A, =0.0111 + 0.0004

» Tevatron observed large forward-backward asymmetries (pp
@ 13TeV: A, = 0.0 +0.000

initial state), but tensions have eased in the meanwhile.
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Impact on BSM physics
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Tested models:

= W’ boson

" Heavy axi-gluon G,

= Scalar isodoublet ¢

= Colour triplet scalar w*

= Colour sextet scalar Q*
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Charge asymmetry: results

%i

= Use fully Bayesian unfolding (FBU)

" |ntegrate out nuisance parameters of systematic
uncertainties in the likelihood function

O - . . p—
., < 0.014-F NNLOQCD + NLOEW  ATLAS Preliminary-
I ]

2 ATLAS Preliminary | —— Mean N 4 ]
7 ; === Powheg+Pythia8 - -
2000 Inclusive e NNLO OCD + NLO EWK 0.01E ¢ Data (stat./otal) E
Posterior R -
3 - -
£ 1500 0.008 .
0.006F -
1000 - B ]
0.004 = =
500 B _
0.002F E

025 000 025 050 0.75 1.00 1.25 1.50 ok

Ac value [x 1072 Inclusive
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Differential results
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Longituc_iinal boost of the tt system along ATLAS-CONF-2019-026
the z axis = B, (tt) m(tt)
< O — NNLO QCD + NLOEW ATLAS IPreliminaryE S I 0w ATLAS Preliminaryd
0.025E E 0.06 ;_- NNLO QCD + NLO E re |m|nary_;
- [ Powheg-+Pythiag Vs =13TeV, 139 fb™ 0.05 ] Powheg+Pythias ls=13TeV, 139 fb" 3
0.02— — N =
- ¢ Data (stat./total) ] 0.04F ¢ Data (stat./total) —
0.015F F 0.03E- E
0.01- l : = 0.025- 1 l =
e = F== B
= 1 E -0.01 =
—0.005 — _0.02E E
_0.01E | : _0.03E | | ' ' E
[0,0.3] [0.3,0.6] [0.6,0.8] [0.8,1] ' <500 [500,750] [750,1000] [1000,1500] > 1500
b, ; m, [GeV]
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Spin correlations between top-quark and top-antiquark
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,No spin“ hypothesis is clearly rejected. -
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Normalised differential cross-section
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Detector-level (reconstructed) distribution Normalised differential cross-section
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Uncertainties are too large to test the predictions. o _
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Comparison to fixed-order calculations
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Main difference of B+S compared to MCFM and Powheg+Pythia: direct perturbative expansion of 49
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Powheg+Pythia8 and
NLO fixed-order
MCFM) calculations do
not describe the data.

NNLO result is closer
to the data, but still no

good description.

NLO calculation by
Werner Bernreuther
and Zongguo Si
describes data well!

do
o dA¢

Other differences: choice of renormalisation and factorisation scales, electroweak corrections and PDFs.
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Latest cross-checks
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Fresh from Top2019: Talk by Alexander Mitov - N0 e amias
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Fiducial cross-sections

At the fiducial level NNLO describes the data well.
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Behring, Czakon, Mitov, Papanastasiou, Poncelet arXiv:1901.05407

Points to the Monte-Carlo-based acceptance corrections as the cause of the difference.
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Comparison ATLAS and CMS
WUPPERTAL
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= In A¢(e, u) both experiments observe a slope with respect to the Powheg prediction.
= |n ATLAS the slope is slightly larger (1.03 — 0.97)/m versus (1.025 — 0.975) /.
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Summary and Conclusions

= The top-quark plays an important role in the SM,
mainly through loop corrections.

= The LHC is a copious source of top quarks. Run 2 provides us with millions of
reconstructed top-quark events.

= The SM is challenged by direct and indirect searches, as well as by precision

— b1)

B(LQ

measurements.
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