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The Standard Model of Particle physics
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Interactions in the Standard Model




Top Quark

3rd generation

e Top Quark is special

B o Heaviest known fundamental particle in the Standard
- Model (approx 190 times proton mass)
. No top quark bound systems observed
. Decays immediately into lighter quarks
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The Higgs Boson

Quarks e lts is the quanta of Higgs field
which gives mass to fundamental

particles

e Higgs field is responsible for EWK

gauge boson masses

e Fermions obtain mass via Yukawa

interaction with Higgs field.

e Higgs was the last missing piece in the Standard Model
e Finally discovered in 2012

e Mass : Approx 125 times proton mass.



Spontaneous symmetry breaking

e EXxperience tells us that fundamental particles have mass.

e Adding a mass terms in the Lagrangian violates certain fundamental laws of

physics.

V=—u’p'¢+ o ¢)

e Fermions get mass through

Yukawa interaction
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Is the Standard Model complete?

e No Dark matter candidate.

5  No insights on Dark
e No Description of s Energy
Gravity
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 No explanation why Neutrinos

have mass.
 No explanation for Matter

antimatter asymmetry in the
Universe.



Are we living in a stable Universe?

Higgs
potential '/
* |s the electroweak vacuum stable.
e Assuming Standard Model is true: e T - -
/, IS \‘
7’ SN
. 7’ S a
e The observed Higgs Boson mass of P
125 GeV means we may be in a false Higgs field ‘ 5

vacuum.
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Top quark coupling with Higgs field is critical
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How to measure the top-Yukawa

e Being the heaviest SM particle, top-quark is H
expected to have the largest y, Ath D»——---

e Indirect constraints on top-yukawa coupling
are possible through Higgs production through g ¥

ggH and H — yy processes

o Current best fit coupling strength modifier (x)  _____ - b, W\
(assuming no BSM particles in the loop) H

K= —— = 1,02+01! v

G

Phys. Rev. D 101, 012002

o ttH is one of the direct ways to measure top-yukawa coupling.
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.012002

The Large Hadron Collider




If the LHC were in Stillwater...
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http://howlargeisthelhc.com

Colliding protons

A voltage generator induces an electric field Protons always
inside the RF cavity. Its voltage oscillates feel a force in the

°® Proton S are Circula.ted with a radio frecuency of 400 MHz. forward direction.

as bunches in the
LHC

& )

e ——— i —
e —

e At interaction points
these bunches are
squeezed to increase | |protons in LHC

N . ?rotons never fee! a ft_)rce
probability of collision. inthe bacimard direction

. Interaction
Point

Relative beam sizes around IP1 (Atlas) in callision
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Colliding protons

Q=100 GeV

CT14 NNLO

0.8F

o

e Proton collisions are effectively collisions
between “partons”

x f(x,Q) at Q = 100 GeV'
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S
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Parton distribution functions .



ATLAS Detector

Tile calorimeters
LAr hadronic end-cap and
forward calorimeters

LAr electromagnetic calorimeters

Muon chambers Solenoid magnet | Transitfion radiation tracker
Semiconductor tracker



Standard Model Total Production Cross Section Measurements fjj;“jazo
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LR AL LA LR AL)

o = 96.07 + 0.18 + 0.91 mb (data)
COMPETE HPR1R2 (theory)

o =95.35+0.38 + 1.3 mb (data)
COMPETE HPR1R2 (theory)

o =190.1+0.2 + 6.4 nb (data)
DYNNLO + CT14NNLO (theory)

o = 112.69 + 3.1 nb (data)
DYNNLO + CT14NNLO (theory)

o =98.71 + 0.028 + 2.191 nb (data)
DYNNLO + CT14NNLO (theory)

o = 58.43 +0.03 + 1.66 nb (data)
DYNNLO+CT14 NNLO (theory)

o = 34.24 + 0.03 + 0.92 nb (data)
DYNNLO+CT14 NNLO (theory)

o =29.53+0.03 +0.77 nb (data)
DYNNLO+CT14 NNLO (theory)

o = 826.4 =+ 3.6 + 19.6 pb (data)
top++ NNLO+NNLL (theory)

oc=2429+17+8.6 Eb (data)
top++ NNLO+NNLL (theory)

oc=1829+31+64 Eb (data)
top++ NNLO+NNLL (theory)

o = 247 + 6 + 46 pb (data)
NLO+NLL (theory)

oc=289.6+17+ 7.2-6.4pb (data)
NLO+NLL (theory)

o =68 + 2 + 8 pb (data)
NLO+NLL (theory)

o =130.04 + 1.7 + 10.6 pb (data)
NNLO (theory)

o =068.2+1.2+4.6pb (data)
NNLO (theory)

o =519+ 24+44pb (data)

NNLO (theory)
oc=0617+28+4.3- 3.6 pb(data)
LHC-HXSWG YR4 (theory)

o=27.7+3+ 23-1.9pb (data)
LHC-HXSWG YR4 (theory)
oc=221+6.7-53+3.3-27 pb (data)
LHC-HXSWG YR4 (theory)
o =94+ 10+ 28 - 23 pb (data)
NLO+NNLL (theory)
o=23+13+ 3.4-3.7 pb (data)
NLO+NLL (theory)
o =16.8+29+ 3.9pb (data)
NLO+NLL (theory)
o=51+0.8=%23pb(data)
MATRIX (NNLO) (theory)
o =243+0.6+0.9pb (data)
MATRIX (NNLO) (theory)
oc=19+14-13+1pb(data)
MATRIX (NNLO) (theory)
o =17.3+0.6 + 0.8 pb (data)
Matrix (NNLO) & Sherpa (NLO) (theory)
oc=73+04+04-0.3pb(data)
NNLO (theory)
c=67+07+05-
NNLO (theory)
oc=48+08+1.6-1.3pb(data)
NLO+NNL (theory)
o = 870 + 130 + 140 fb (data)
Madgraph5 + aMCNLO (theory)
o 369 + 86 — 79 + 44 fb (data)
MCFM (theory)
o = 950 + 80 + 100 fb (data)
Madgraph5 + aMCNLO (theory)
o = 176 + 52 - 48 + 24 fb (data)
HELAC-NLO (theory)
o =0.65+0.16 -0.15 + 0.16 — 0.14 pb (data)
Sherpa 2.2.2 (theory)
o =0.55%+0.14 + 0.15 - 0.13 pb (data)
Sherpa 2.2.2 (theory)

0.4 pb (data)
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Detector subsystems and particle identification

Muon
Spectrometer
Hadronic
Calorimeter
Electromagnetic
Calorimeter p———
e &: m;x
Solenoid magnet s X 3338
Transition  CHHHNGH 3t !
Radiation N at
Tracking € Tracker 3 z
Pixel/SCT
detector
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The dashed tracks
are invisible to
the detector
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“Pileup”

Multiple collisions

EXPERIMENT

SATLAS

Run Number: 266904, Event Number: 25884352
Date: 2015-06-03 13:41:54 CEST
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N —_— — _

(f'r S
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ATLAS data taking and computing
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ATLAS data taking and computing
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Database
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Database)
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ATLAS data taking and computing
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ATLAS data taking and computing

Name: electronLooseEta
Status: Green
Algorithm: AlgChiComp_Basic
Num. of Entries: 20275

Configuration Parameters:

ChiSqPerNdof

XXXXXXXI
XXXXXXX

1 2

Results:

ChiSqPerBin: 0.2256
ChiSqTotal: 14.44
ChiSqUsedBins: 64

loose electron Eta

E Data

Reference

0 2
n

Irun_1/eb_1/Electron/ElectronAODCollection/Loose/Obs/electronLooseEta
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ATLAS data taking and computing
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* High data taking efficiency

e Successive improvement in efficiency in every passing year.
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General principle of analysis

P-P collision
q q
wo,e”
w+t 7
v pt, et
) q’

Theory
prediction

\ Tile cclonme'rers
\ LAr hadronic end-cap and
\ N forword calorimeters
\ Pixel detector
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Muon chambers Solenoid magnet | Transition radiation fracker
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General principle of analysis

e Qut of all the data collected select a sub sample of events of interest.

e Compare the selected events with a simulated theory model.

Z/ * + .- > 1 i t —— Data
vicee)+=21je MC Stat. ® Syst. Unc.

ATLAS 3 Z— ee, SHERPA 2.2
@ Diboson

-1 . .
13 TeV, 3.16 fb mmmm Top quark e Sometimes in case where
3 Multijet .
= Z— 11, W ev the rate of production has
to be measured we fit the
simulated theory to the

observed data.

—h
o
~

—
o
»

>
)
o
Q\
~—
2
C
o
>
LLJ

e The fit parameters can be

e simple normalization

L 10 factors, or.

= 1.5

Q Measured
5 o« U=

S .
£05 SM predicted

95 100 105 110
m,.. [GeV]
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n [ ] q t
Top Quark pair production at LHC
ire)
= 10° ® ATLASep Vs=13TeV, 3.2fb"
c -
9 W ATLASep Vs=8TeV, 20.3fb” s
0 q 10% t
0 A ATLASep Yys=7TeV, 46fb™
7
0
o
=
g
3 g t
=
——— NNLO+NNLL (pp)
Czakon, Fiedler, Mitov, PRL 110 (2013) 252004
My, = 172.5 GeV, PDF @ a4 uncertainties according to PDF4LHC
d t
90%

e Between 2015 and 2018 ATLAS several Millions of ttbar events.

o Rare top processes like ttH, ttW, ttZ and even processes like tftf are now
becoming accessible at the LHC.
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Top Quark pair production at LHC

B-jet

ATLAS

EXPERIMENT

Muon

N IX /.
N

=

i
‘ "
"Qh“ v
N -7 ~ / /
N N - .
; Yy

Electron

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




The Challenges

e Though ~10 top quarks are produced every second, all of them may not be seen in
the detector due to efficiencies and acceptances.

e (Calibration of the detector. Understanding the difference between simulation and
real data

e Theory uncertainties: Limited by available technologies for calculations.
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Understanding electrons in the detector
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ATLAS Temperature
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Understanding Jets

ATLAS
(s =13 TeV, 44 fb”, dijets
Anti-k, R = 0.4 (PFlow+JES)

Jet energy scale
TRTPIS A, & p‘3
------- : Physics modelllng
— - Pile-up et rejection
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Total systematic uncertainty
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Experimental challenges in measuring ttH

Standard Model expectation: ~507 fb: About 1% of total Higgs cross-section.
e Many final states

* Tiny signal and large backgrounds

Background

Higgs Branching ratio

tt+jets

tty



ttH multileptons

Major Irreducible backgrounds

\\

ttH (Signal)

...and many other
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ttH multileptons

Reducible backgrounds

Semileptonic
b-decay

bfﬂk‘#

35

Non-prompt lepton
&fake T

bfaket’* ] fake 1




Multilepton signatures

e Events are classified into
several different categories to
optimize signal selection

Signal Fraction [%]

e Machine learning algorithms
(boosted decision trees) are
used to separate signal from
background

Ass SISk Uz, Y2, 88,108, Sy Tho,

e *h T h
Pleg eq 'aq hay o haq

Nry /C heo’
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Modeling agreement in data: Control regions

| | | I | | |

- ATLAS Preliminary —4— Data B (iH (n=0.58)
- {s=13TeV, 79.9 fb ttw tt(Z/y*)(high)
_ Post-Fit tty*(low) Diboson

; B QMisID I Mat Conv
Non-prompt e Non-prompt
Other ) Fake 1, .

./, Uncertainty - = =+ Pre-Fit

Events / bin

Data / Pred.




Modeling agreement in data: Signal regions

| | |

: T T T
- ATLAS Preliminary ~4-Data Bl {tH (1=0.58)

| {s=13TeV,79.9fb" (W Fake Ty

| Post-Fit ti(Z/y*)(high) [ tT*(low) _
: Diboson Non-prompte
Non-prompt 1 [ll Multi Non-prompt:
B QMisID I Mat Conv ‘
Other Uncertainty

---+ Pre-Fit

Events / bin

Data / Pred.




Problem with 7 W Modeling

e A large mis-modeling in 1t W process was
observed.

e At NLO W is a quark gluon initiated
process.

e Gluon initial states become important at
higher orders.

d t
\ g
A&jw< )
. /W W+

LO
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Events / bin

Data / Pred.
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b1 -O_MisID thw
[ t#(Z/y *)(high) [ tty*(low)
[ | Diboson B Mat Conv

Post-Fit I Non-prompt e [ Non-prompt
[ | Other Uncertainty
---- Pre-Fit
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The 1t W case

Anatomy of inclusive ##W production at hadron colliders

Stefan von Buddenbrock?, Richard Ruiz?, Bruce Mellado®©

4School of Physics and Institute for Collider Particle Physics, University of the Witwatersrand, Wits, Johannesburg 2050, South Africa
bCentre for Cosmology, Particle Physics and Phenomenology (CP3), Université catholique de Louvain, Chemin du Cyclotron, Louvain-la-Neuve, B-1348, Belgium
¢iThemba LABS, National Research Foundation, PO Box 722, Somerset West 7129, South Africa

The simplest of them all: téW* at NLO accuracy
] ] ] in QCD
Stimulated discussions among

the theory community

Giuseppe Bevilacqua,* Huan-Yu Bi,® Heribertus Bayu Hartanto,® Manfred Kraus? and
Malgorzata Worek?

e MTA-DE Particle Physics Research Group, University of Debrecen, H-4010 Debrecen,

PBox 105, Hungary

bInstitute for Theoretical Particle Physics and Cosmology, RWTH Aachen University,
D-52056 Aachen, Germany

¢Institute for Particle Physics Phenomenology, Department of Physics, Durham University,
Durham, DH1 SLE, UK

4 Physics Department, Florida State University, Tallahassee, FL 32306-4350, USA

Subleading EW corrections and spin-correlation effects
in ttW multi-lepton signatures

Rikkert Frederix*! and Ioannis Tsinikos?

L2 Theoretical Particle Physics, Department of Astronomy and Theoretical Physics, Lund
University, Solvegatan 14A, SE-223 62 Lund, Sweden

April 22, 2020




ttH multileptons results

3¢

4¢
17 + 2-q1ad

2SS + 1Thad

37 + 1-q1ad

combined

e Cross-section

e Consistent with Standard Model (within uncertainties)

o ttW contributions scaled between 1.2 and 1.7 than Standard Model expectation

ATLAS Preliminary

W

W=
W=
W=
u=0.49

\s =13 TeV, 79.9 fb™

=0.38

0.93
0.52
0.30

(tot)

+0.57
-0.54

+0.58
-0.52

+0.93
-0.72

+1.01
-0.90

+0.94
-0.82

+1.10

( stat)

+0.45
-0.43

+0.48
-0.44

+0.88
-0.68

+0.77
-0.64

+0.83
-0.71

+1.04

7

best fit p = 6™/olt for m, = 125 GeV

(Measured: 294

+182
—162

fo Standard Model expected: 507

41
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Measurement uncertainties

Uncertainty source Afi
Jet energy scale and resolutlon +0.13 -0.13

ttw modellmg (extrapolatlon) +0.05 -0.05
ttH cross section +0.05 -0.05

Other background modellmg +0.04 -0.04
Other experimental uncertainties +0.03 -0.03
Luminosity +0.03 -0.03
Diboson modelling +0.01 -0.01
Charge misassignment +0.01 -0.01
Template fit (non-prompt leptons) +0.01 -0.01
Total systematic uncertainty +0.25 -0.22
Intrinsic statistical uncertainty +0.23 -0.22
ttW normalisation factors +0.10 -0.10
Non-prompt leptons normalisation factors (HF, material conversions) +0.05 -0.05
Total statistical uncertainty +0.26 -0.25

Total uncertainty +0.36 -0.33
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The future
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The LHC Schedule

J|FIMAM ]| |A|S|ONID{]|FIMAM[]|]|A[S|ON|Dy] |FIMAM[]|J|A[S|OIN|Dy ] |FIMAIM|] [J |A|S|OIN|D{ ] |[FIMAIM| ][] |A|S|OIN|D{J [FIMAM J|] [A|S|ON|DJ] [FIMIAM|J|J |A[S|O|N(Dy] |FIMAM[J | J |A[S|OIN|Dy ] |FIMIAIM ] [J |A|S|OIN|D

Shutdown/Technical stop

Protons physics

Ions

Commissioning with beam

Hardware commissioning/magnet training

e LHC will increase its instantaneous luminosity over several phases.

e ATLAS will also upgrade its detector components to cope up with this increased luminosity.




LS2: ATLAS Calorimeter upgrade

e |n Run-3 LHC will deliver up to 1.5 times Run-2 instantaneous collisions.

e This will increase the pileup

LAr hadronic
end-cap (HEC)

LAr electromagnetic
end-cap (EMEC)

LAr electiromagnetic

barrel
LAr forward (FCal)
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ATLAS Calorimeter upgrade

Current readout: NEW readout:

Trigger Tower: Super Cell:
AnxA¢=0.1x0.1 4 layers, 10 SCs ANXAG=
(Typical case) 0.025x0.1

AnxA® = 0.1x0.1 ; AI]XA(:[):

0.025x0.1
ANXAd=
0.1x0.1 o

1 Layer 1
AnxA® = 0.025x0.1
7
ayer
nx = 0.1x

10

ATLAS
Information granularity for the trigger system will be Simulation

increased i \s =14 TeV,yt = 80
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Electron efficiency = 95%
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This will enable a lower threshold for triggers.

 Meaning better signal acceptance.
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Conclusion

e Associated production of top-quark pairs with Higgs bosons is an important
process to probe top-Higgs interaction in the Standard Model.

e With more data coming from the LHC, a very good understanding of low rate
processes like 1t W is becoming crucial for precise determination of rate of

processes like ttH

e Future detector developments will help in improving the ability to perform
measurements with multi leptonic signatures at ATLAS.
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Previous 11 H-multileptons result
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Higgs Couplings ATLAS \s=13TeV,245-79.8fb"
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ATLAS ttH combinations

ATLAS Preliminary ——
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