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Plan for the lectures

» Basics of collider physics
* Basics of QCD
* DIS and the Parton Model
* Higher order corrections
* Asymptotic freedom
e QCD improved parton model
o State-of-the-art computations for the LHC
 Monte Carlo generators
* Higgs phenomenology
* Top phenomenology
» Searching for New Physics: EFT
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Fixed order computations

Going to higher orders
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Fixed order computations

Going to higher orders
A/ A/

Y >

A, -

We need to add real and virtual corrections to the hard scattering
dealing with singularities

Relatively straightforward at NLO (automated), complicated at NNLO (tens of
processes), extremely hard at NNNLO (handful of processes known)
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Structure of an NLO calculation

Q- X >31 FC K

SNLO _ d<d>0 n <d>0 n d<4> B

m m—l—l m

Virtual part Real emission part Born

Difficulties:

* Loop calculations: tough and time consuming
* Divergences: Both real and virtual corrections are divergent

 More channels, more phase space integrations
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Structure of an NLO calculation

Q- X >12 FC K

SNLO _ d<d>(, n <d>0 n d<4> B

m m—l—l m

Virtual part Real emission part Born

Difficulties:

Difficulty

Al

* Loop calculations: tough and time consuming

* Divergences: Both real and virtual corrections are divergent

 More channels, more phase space integrations
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How to deal with NLO in practice?

NLO corrections involve divergences: Divergences are bad for
numerical computations

7 NLO B » ;
do do (l({ ([(_I .\Jroo
L — ‘ +B T + L
)L »P1 > 1 » 0L
Wil i B ~4-Bv [dYR=4+L+R
LO NLO correction —00

ONLO = /dq><”>8+/dq><”>v+/dq><”+1>7z
Subtraction: _ / 1™ B 1+ / 1™ |y / gl 4 / 4o+ [R — 9]
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Subtraction techniques at NLO

Dipole subtraction

o Catani, Seymour hep-ph/9602277

 Automated in MadDipole, Sherpa, HELAC-NLO

FKS subtraction

* Frixione, Kunszt, Signer hep-ph/9512328

* Automated in MadGraph5_aMC@NLO and Powheg/Powhel

Detailed discussion of these could be another lecture course!
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A note about NLO

NLO is relative

Example: top pair production Which observables do we compute at NLO?

Total cross-section

I o — oT of a top quark
g . | [ Real .
9 Wba%:\ — pT of top pair
E t pT of hardest jet
Virt
I BBouTO » ‘

tt iInvariant mass

It is certain observables which are computed at NLO
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A note about NLO

NLO is relative

e compute at NLO?
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Why is this so important?

Need for higher-orders

Standard Model Total Production Cross Section Measurements status: March 2021
— 11 500 pb~t
9 107 ATLAS Preliminary
[ S— Theory
b 106 Vs =7,8,13 TeV
: LHC pp Vs=1
B 0 _ Data 3
10° F o
- LHC pp Vs =
10* E R Data 2
E LHC pp Vs =
3 E
10 E 0 Bl D s
[ o
2 | —ul
10° ¢ - o .
1 : o tcﬁal Lo o0
].O E_ -1 Pe )
" ICh VBF
N WH
1 F = (=] iCh
i =g
i (m |
-1L tH
10 E (t:0-4)
1072 E
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Reminder:

Level of experimental precision

demands precise theoretical predictions

Theorists are not simply having fun!!!
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Higher order computations

2
Tree l
24
1 -loop X ‘ + complex conj.
2—3 | |
2-loop X I + complex conj.
22 _H_
2
1-loop
2 — 2 From Gavin Salam’s lectures

Quy Nhon Vietnam 2018

Complexity rises a lot with each N!
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Status of hard scattering cross-sections

LO automated

NNLO: Several processes known (VV production, top pair production, all 2 — 1 processes)

NNNLO: only a handful of processes!

* Higgs in gluon fusion (Anastasiou et al, arXiv:1602.00695)
* Higgs in VBF (Dreyer et al, arXiv:1811.07906)

* Higgs in bottom annihilation (Duhr et al, arXiv:1904.09990)
* Drell-Yan (Duhr et al, arXiv:2001.07717, 2007.13313)

Eleni Vryonidou STFC HEP school 2024
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Progress In higher-order computations

TIMELINE FOR NNL

Antenna H+jet
: ' Z+j€t :
. g tat=pTiats -~ VH 'VH
q1 ; ete—>Jjets Yiets |
.. ep—>2jets ~ Z+tb-jet
N-jettiness : W+jet y+X
Y ZH ZZ WW WZ
i H 5
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: : : \V+jet :
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Hard scattering cross-section

Perturbative expansion

6 =g-om (1 Ot (%)20(2) + (%)30(3) + .. )

27T 27T
LO NLO NNLO N3LO

— LO NLO — NNLO — N3LO

Improved accuracy and precision
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2
10 T .975

7200 400 600 800 1000 1200 1400 1600
Q [GeV]

Dilepton production
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Higgs production arXiv:2203.06730
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Uncertainties in theory predictions

How do we estimate
uncertainties?

Vary the renormalisation and
factorisation scale

Typically pick some central scale

Mo and vary the scale up and
down by a factor of 2

Eleni Vryonidou

a/pb

50

40

30

20 -

10

— |mLO=NLO

l

—

I

HE NNLO ® NNNLO

pppppppppppp

0.5

STFC HEP school 2024

pimy

14



How do we actually compute all of these?

Y""’:} '-;v e L
g T W |
@l%‘r V(@) H

Theory

Eleni Vryonidou

Monte Carlo

Invisibles school 2022

Experiment
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Focusing on LO

How to compute a LO cross-section

Example: 3 jet production in pp collisions
1. Know the Feynman rules (SM or BSM)

2. Find all possible Subprocesses

97 processes with 781 diagrams generated in 2.994 s

Total: 97 processes with 781 diagrams
3. Compute the amplitude

4. Compute |M \2 for each subprocess, sum over spin and colour

5. Integrate over the phase space

_ 1 2
0= 5 / M|“dP(n)

Eleni Vryonidou
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LO calculation of a cross-section

How many subprocesses?
Amplitude computation (Feynman diagrams) Difficulty

Square the amplitude, sum over spin and colour

Integrate over the phase space

Complexity increases with
 number of particles in the final state

 number of Feynman diagrams for the process (typically organise these in
terms of leading couplings: see tutorial)

Eleni Vryonidou STFC HEP school 2024
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Structure of an automated MC generator

l.  Input Feynman rules

Il. Define initial and final state

lll. Automatically find all subprocesses

V. Compute matrix element (including tricks like helicity amplitudes)

V. Integrate over the phase space by optimising the PS
parametrisation and sampling

VI. Unweight and write events in the Les Houches format

Eleni Vryonidou STFC HEP school 2024
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Structure of an automated MC generator

l.  Input Feynman rules

Il. Define initial and final state

lll. Automatically find all subprocesses

V. Compute matrix element (including tricks like helicity amplitudes)

V. Integrate over the phase space by optimising the PS
parametrisation and sampling

VI. Unweight and write events in the Les Houches format

Next: Shower+Hadronisation

Detector simulation and reconstruction
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Output of LO MC generators
Les houches events
Example: gg>ZZ/

<event>

4 O +1.1211000e+00 1.89058500e+02 7.81859000e-03 1.15931300e-01

21 1 (] @ 502 501 |+0.0000000000e+00 +0.0000000000e+00 +4.6570159241e+01 4.6570159241e+01(|0.0000000000e+00|0.0000e+00 1.0000e+00
21

23

1 0 0 501 502 |-0.0000000000e+00 —-0.0000000000e+00 -1.9187776299%9e+02 1.9187776299¢+02 |[0.0000000000e+00|0.0000e+00 1.0000e+00
1 1 2 0 0 (+1.3441082214e+01 +1.3065682927e+01 -5.1959303141e+01 1.0661295577e+02|9.1187600000e+01|0.0000e+00 1.0000e+00
1 1

2 0 01=-1.3441082214e+01 —-1.3065682927e+01 -9,.3348300610e+01 1.3183496646e+029.1187/600000c+01(0.0000e+00 1.0000e+00

</event>

PDG Momenta Mass

All Information needed to pass to parton shower is included in the event

Eleni Vryonidou STFC HEP school 2024



Available public MC generators

Matrix element generators (and integrators);
 MadGraph/MadEvent

 Comix’AMEGIC (part of Sherpa)

« HELAC/PHEGAS

 Whizard

 CalcHEP/CompHEP

Eleni Vryonidou STFC HEP school 2024



Is Fixed Order enough?

Fixed order computations can’t give us the full picture of what we see
at the LHC

AN/

Studied so far -

Eleni Vryonidou STFC HEP school 2024
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An LHC event

| High-Q” Scattering = <195 - 2. Parton Shower
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3. Hadronization Sty 4. Underlying Event
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An LHC event
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Is fixed order enough?

SRL ¥
l-1 o, . i . i ,-' o
oL @e S 00, fel
. ) ® .‘.ri '¥.. y ‘9 .
L b ® o \\ e ﬁa‘% « ;
s N AR 4 » p
i. . '.x.. g ;ﬂ;ﬂnl-* o ’ "::*: o
:: .'w.\ ) .’r - ‘; ,!.
*~ > o  f/ .M\ o
- . o WV
o sy
o | : ®
[ | o m? ®- =
D - ® o O- i] i. f
y : .a:‘_!‘..d‘ ! %ﬁu*. ."'A"i @
e Particle multiplicity? A NV
* et structure! K 4 f .-,
e Hadrons! w ¥ In AN S
. ® .' .. @ . Y ¢

e Fixed order calculations involve
only a few partons

e Not what we see In detectors

e Need Shower and Hadronisation

Eleni Vryonidou STFC HEP school 2024
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A multiscale story

High-Q? scattering: process
dependent, systematically improvable
with higher order corrections, where
we expect new physics

Parton Shower: QCD, universal, soft
and collinear physics

Hadronisation: low QZ, universal,
based on different models

Underlying event: low O7, involves
multiple interactions

Eleni Vryonidou

energy
scale |
hard process 7 time
1 TeV l
100 GeV
10 GeV
1 GeV hadronisation
nKnpp..... KnnKnm
@@G.Salam
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Parton Shower

What does the parton shower do/should do?

* Dress partons with radiation with an arbitrary number of branchings

* Preserve the inclusive cross-section: unitary

* Needs to evolve in scale from Q~1TeV (hard scattering) down to ~GeV

Eleni Vryonidou STFC HEP school 2024
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Basics of parton shower

Collinear factorisation

Starting with one splitting |

small angle=collinear

* Time scale associated with splitting much longer than the one of the hard scattering
* This Kind of splitting should be described by a branching probability

* The parton shower will quantify the probability of emission

Eleni Vryonidou STFC HEP school 2024
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Basics of parton shower

Collinear factorisation

Starting with one splitting |

small angle=collinear

* Time scale associated with splitting much longer than the one of the hard scattering
* This Kind of splitting should be described by a branching probability

* The parton shower will quantify the probability of emission

Collinear factorisation: | |M,,,1|?d®,,.1 ~ |/\/ln\2d<1>n%dzd¢ (s

Pa—)bc(z)

2T 2T

Eleni Vryonidou STFC HEP school 2024
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Collinear factorisation and splitting functions
b

dt = do o
M ["d®niy = ‘M”‘Qd%?d’zzi o Larve(2) 3/4
C

e [1s the evolution variable

e {tends to zero in the collinear limit (this factor is singular)
7 enerqgy fraction transferred from parton a to parton b in splitting (z — 1 in the soft limit)

() azimuthal angle

The branching probability has the same form for all quantities 0°

» transverse momentum k; ~ 72%(1 — 7)°0°E?

. invariant mass Q° ~ z(1 — 7)0%E”*

Eleni Vryonidou STFC HEP school 2024
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Branching has a universal form given by the Altarelli-Parisi splitting

functions (as we saw in DIS)

Pq—>qg(z) = CF

—

At dé o
., Pa, C
r 2o gt ool »

Eleni Vryonidou STFC HEP school 2024
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1—z |

Pq—>gq(z) = CF

Altarelli-Parisi Splitting functions

1+ (1—2)* |
/

o,

=C}y {2(1 — 2)

| 1 — 2z

Z —



Altarelli-Parisi Splitting functions

Branching has a universal form given by the Altarelli-Parisi splitting
functions (as we saw in DIS)

Pysqg(z) = CF :11 _ZZQ: ) Pysgq(2) = CF :1 (12— )
& /
AN s

At dé o
., Pa C
£ g g L abel?) »

These functions are universal for each type of splitting

Eleni Vryonidou STFC HEP school 2024




Multiple emissions

How does this change with multiple emissions?

b d
2 .| 2
0,0 >0 X 7 O x b 6’
0’< 6 C e
At do a dt'  do a
2 2 S S
M ia|?d®, 10 ~ | M, alCIln,?alzz7T 27T_Pa_>bc(2) ><7dz’ 5 QWPb_nze(z’)

We can generalise this for an arbitrary number of emissions

lterative sequence of emissions which does not depend on the history
(Markov Chain)

Eleni Vryonidou STFC HEP school 2024
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Multiple emissions

How does this change with multiple emissions?

b d
2 .| 2
8,0 > 0 X 2 O x b 6’
0’< 6 C e
dt  do a dt'  dé' o
2 2 S S
M ia|?d®, 10 ~ | M, dq)”7d2277 27T_Pa_>bc(2) ><7dz’ 5 QWPb_nze(z’)

We can generalise this for an arbitrary number of emissions

lterative sequence of emissions which does not depend on the history
(Markov Chain)

>

Eleni Vryonidou STFC HEP school 2024

29



Multiple emissions

How does this change with multiple emissions?

b d
2 .| 2
8,0 >0 X 7 O x b 6’
0’< 6 C e
dt . do « dt’ ,do’ «
2 2 S S
|./\/ln_|_2‘ dq)n_|_2 ~ ‘./\/ln‘ quanZ o O Pa_>bc(Z) X 7d2’, o O Pb_>d€(z’)

We can generalise this for an arbitrary number of emissions

lterative sequence of emissions which does not depend on the history
(Markov Chain)

* No interference: Classical

Eleni Vryonidou STFC HEP school 2024
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Multiple emissions

How does this change with multiple emissions?

o L6 |2 | 2
a GC e 0.0 — 0 X g 0 X b B’
0 <0 C e

Dominant contribution comes from subsequent emissions which satisfy strong ordering
0>0>0"

For k emissions the rate takes the form:

Q qt [t ar T (k=1 a\
On+k OCCV];/Q 7 i 7 /Q2 t(k_l) X On (ﬁ) 1ng(Q2/Q(Q))

 (Jisthe hard scale and (J is an infrared cut off (separating non-perturbative regime)
» Each power of a, comes with a logarithm (breakdown of perturbation theory when large)

Eleni Vryonidou STFC HEP school 2024 30



Basics of PS

What we saw so far

* Collinear factorisation allows subsequent branchings from the hard
process scale down to the non-perturbative regime

* Different legs and subsequent emissions are uncorrelated
* No interference effects
» Captures leading contributions

 Resummed calculation

* Bridge between fixed order and hadronisation

Eleni Vryonidou STFC HEP school 2024 31



Sudakov form factor

We need to take the survival probability into account, i.e. a parton can split at
scale 7 if it has not branched at ¢’ > ¢

The probability of branching between scale ¢ and 7 + dt (with no emission before)
S: dt d$ as ,
Z /dz 2T 2 Fape(2)

The no-splitting probability between scale t and 1 + dt is 1 — dp(t)

The probability of no emission between Q2 and f Is:
@ =TT - Zdt‘“/d 0% prnel)| =

Q° dt' | dda @ '
exp —z/ - oo, &) =exp |~ [ dntt)
4

27‘(’ o7

Eleni Vryonidou STFC HEP school 2024
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Sudakov form factor

We need to take the survival probability into account, i.e. a parton can split at
scale ¢ if it has not branched at 1’ > ¢

The probability of branching between scale ¢ and 7 + dt (with no emission before)
S: dt d$ as ,
Z /dz 2T 2 Fape(2)

The no-splitting probability between scale t and 1 + dt is 1 — dp(t)

The probability of no emission between Q2 and f Is:
a@%0 =T |1- Zdt‘“/d 0% prnel)| =
Q / &S B Q2 ) / -
exp _Z/ dé ;Zi = P, pe(2)| = exp —/t dp(t")

Sudakov form factor = No emission probablhty

Eleni Vryonidou STFC HEP school 2024

Sudakov form factor
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Sudakovs

The Sudakov is used to create the branching tree of a parton

The probability of k ordered splittings form a leg at given scale is

dPi(t1) = A(Q% t1) dp(t1)A(t1, Q7).
dPy(t1,t2) = A(Q% t1) dp(t) A(t,t2) dp(ta) A(tz, Q)O(t1 — t2)
de(tl,...,t;;). ; Q Q?) H Oti_1 — t;)

The shower selects the 7; scales for the splitting randomly but weighted
with no emission probability (before or after)

Eleni Vryonidou STFC HEP school 2024
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Unitarity

The parton shower is unitary. Sum of all possibilities should be 1.
Probability of k ordered splittings:

de:(tla 7tk’) = A Q QO H tl 1 — tl)
Integrating this gives us: - P

2
O

Summing over all possible numbers of emissions (0 to ©0):

50 1 k

%0 CQ? T2
S P = AQ% QR) Zi, / p(t)| = Q@) | [ dplt)| =1
k=0 _

2 2
: 0 _ B 0
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Unitarity

The parton shower is unitary. Sum of all possibilities should be 1.

Probability of k ordered splittings:
APy (t1, ... 1) = A(Q? Q0f1

Integrating this gives us:
Py E/de(tl,... k) =

A(Q7, Qo)

O

| / Cj dp(t)

O(t;—1 — ;)

1 k

Vk=0,1,...

Summing over all possible numbers of emissions (0 to ©0):

O

k=0 0

Eleni Vryonidou

1k

e Q7
Zpk— Q2 Qo Zi, /2 dp(t)| =
k=0 i

A(Q?, Q2) exp

STFC HEP school 2024

| / 222 dp(t)_

0

=S Probability is conserved Q




Evolution parameter in parton shower

A parton shower is constructed:

* Within the simplest collinear approximation, the splitting functions are universal, and fully
factorised from the “hard” cross section

* Within the simplest approximation, decays are independent (apart from being ordered in a
decreasing sequence of scales)

Other variables can be used as evolution parameter:

- 2 2 2 ~2
® 0: HERWIG o Q p? q f
° O’ PYTHIA < 6.3, SHERPA.
® p,:PYTHIA > 6.4, ARIADNE, Catani-Seymour showers.

* g: Herwig++.
Same collinear behaviour, differences in the soft limit

Eleni Vryonidou STFC HEP school 2024



Ordered branchings

Angular ordering

\\
‘\
\

\‘\
\

ooooooooo
ty

Shower is based on ordered splittings  Emission with smaller and smaller angles
t1>>t2>>t3>>t4and t2>>té 61>92>93 9>H4

Note: Inside the cones partons emit as independent

- g? —> - 3 < charges, outside radiation is coherent as if coming

directly from the initial colour charge

Eleni Vryonidou STFC HEP school 2024
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Hadronisation

Colourless hadrons observed in detectors, not partons.

Hadronisation describes creation of hadrons in QCD at low scales where a, ~ O(1)

Requires non perturbative input

Two models: cluster and string

Eleni Vryonidou

Color-singlet parton pairs end
up “close” in phase space. This
Is called preconfinement.

Involves collecting gg pairs into
color-singlet clusters.

STFC HEP school 2024

Create strings from color
string, with gluons
“stretching the string”
locally. It uses non-
perturbative insights
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Hadronisation

String vs Cluster

Eleni Vryonidou

Sjostrand, Durham '09

program PYTHIA HERWIG
model string cluster
energy—momentum picture powerful simple
predictive unpredictive
parameters few many
flavour composition messy simple
unpredictive in-between
parameters many few

STFC HEP school 2024
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Summary: Parton shower

* A parton shower dresses partons with radiation such that the sum of probabillities is one.
* Predictions become exclusive.
* (General-purpose, process-independent tools

* Based on collinear factorisation and build around the Sudakov form factors provide a
resummed prediction

e Similar ideas can be used for the initial state shower (need to account for PDFs-
deconstruction of the DGLAP evolution, backwards evolution)

* Full description starting from hard scattering, shower and hadronisation (also underlying event)
 Move to hadronisation at a cut off at which perturbative QCD can’t be trusted
* Hadronisation is also universal and independent of the collider energy

Eleni Vryonidou STFC HEP school 2024



Parton shower programs

Current release  Hard matrix Shower _
: : Hadronization
series elements algorithms
Internal, Clusters
Herwig 7 libraries, QTilde, Dipoles  Eikonal .
(Strings)
event files
. Internal, Pt ordered, .
Pythia 8 event files DIRE.VINCIA Interleaved Strings
;“{ Sherpa 2 Internal, CSShower, Eikonal Clusters,
~ M P libraries DIRE Strings

Eleni Vryonidou STFC HEP school 2024

Herwig and Pythia use
LHE files e.g. produced
in MG5_aMC
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What do we see in the detectors?

CMS Experiment at the LHC, CERN
W Data recorded: 2016-May-29 22:35:55.226560 GMT
! "Run/Event /LS: 274199 / 548714092 / 285

Collimated sprays of particles: Jets!

Eleni Vryonidou STFC HEP school 2024
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2-jets

Eleni Vryonidou

same event!!

3-jets

How do we decide?

4-jets

STFC HEP school 2024

Jet algorithms:

A set of rules to project
information from the
hadrons we see In the
detectors onto a small
number of parton-like
objects

42



Jet algorithms

T T
e PN Y
K
jet 1 jet 2 jet 1 jet 2 jet 1 jet 2 jet 1 jet 2

VN N

Procedure needs to be IRC safe!

Eleni Vryonidou STFC HEP school 2024
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Sequential recombination algorithm

Example of jet algorithms

Bottom-up: combine particles starting from .
closest ones

How? Choose a distance .
measure, iterate recombination

until few objects left, call them

jets

Usually trivially made IRC safe, but their
algorithmically complex

Examples: Jade, kt, Cambridge/ Aachen,
anti-kt ...

Cone:

Top-down approach: find coarse regions of
energy flow.

How? Find stable cones (i.e. their axis
coincides with sum of momenta of particles in
it)

Can be programmed to be fairly fast, at the
price of being complex

Examples: JetClu, MidPoint, ATLAS cone,
CMS cone, SISCone

Eleni Vryonidou STFC HEP school 2024 44



IR safety and cone algorithms

Example:Take the hardest constituent of event as seed for jet cone

Ty pr
q

collinear splitting of
hardest constituent

R l R
> >
AR = 0.5 AR = 0.5
, , new seed!! , ,
| -jet configuration 2-jet configuration

Sensitive to collinear emission! Not IRC!

Eleni Vryonidou STFC HEP school 2024

45



Example of jet algorithm
KT algorithm

Steps:
oz 2251 Find th lest of d.., d.
Distance dij :mln(pTiaij) RQJ ] Ind the smallest o 1]’
measure
dip = p>. . If 1 recombine them

2
3. If 1B call 1 a jet and remove from particles
4. Repeat from | until no particles left

Minimum distance between jets is R

Number of jets above pr; is IR sate

Eleni Vryonidou STFC HEP school 2024

46



Example of jet algorithm
KT algorithm

b

|
0 > Py
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Example of jet algorithm
KT algorithm

> P |
0, X 0 )Px
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Example of jet algorithm
KT algorithm

PyA

A
ST
O ol 0 ¢’
|

>
0 PX (I) )Px 0 »PX
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Example of jet algorithm
KT algorithm

PyA

A
or o} 0 ¢ 0
|

>
0 PX (I) )Px 0 »PX
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Example of jet algorithm
KT algorithm
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Example of jet algorithm
KT algorithm

Py 4 Py A Py 4
of oL oL
5 > Px 5 > P, 5
PyA
0
5 > P,
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Example of jet algorithm
KT algorithm

Py 4 Py A Py 4
O ol =
5 > Px 5 > P, 5
Py 4 Py A
O =
5 > P 5 > Px
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Example of jet algorithm
KT algorithm

Py 4 Py A Py 4
O ol =
5 > Px 5 > P, 5
Py 4 Py 4 Py 4
ol ol ol
(I) - P (I) > B (I) > Py
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Example of jet algorithm
KT algorithm

Py 4 Py A Py 4
Or o o
5 > Px 5 > P, 5
Py A Py 4 Py 4 Py 4
or O ol ol
(I) —> P (') > P, (I) > T (|) > p,

Eleni Vryonidou STFC HEP school 2024



Example of jet algorithm
KT algorithm

Py 4 Py A Py 4
Or o o
5 > Px 5 > P, 5
Py 4 Py 4 Py 4 Py 4 Py A
O O ok o ok
(|) - p (l) > P, CI) > (|) > CI) - P,
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Example of jet algorithm
KT algorithm

Py 4 Py A Py 4
of oL oL
5 > Px 5 > P, 5
Py A Py 4 Py 4 Py A Py 4 Py 4
or O ol ok ol ol
(I) > P (I) > P, CI) > (') —> CI) (') >
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Example of jet algorithm
KT algorithm

Py 4 Py A Py 4
of oL oL
5 > Px 5 > P, 5
Py A Py 4 Py 4 Py A Py 4 Py 4
or O ol ok ol ol
(I) > P (I) > P, CI) > (') —> CI) (') >

4-jets found!

Eleni Vryonidou STFC HEP school 2024 47



Example of jet algorithms
KT algorithm

p, [GeV] k,, R=1 P, [GeV] Cam/Aachen, R=1

203 T T —
AR;; . | S —

— in(n2 M2 \
dZ] — Inin (p t’L ) p t ] ) R2 g (5) 4 ..... A
P R R N 3 SRR

KT algorithm e \

dip = p t 4 ? 4

............................................................................................................................... Shape independent

Anti-KT algorithm 2 Pi; |
g — ! soft jet / P :

Pti more 2
circular 2 W N

LN of jet pT

Cambridge/Aachen di; = — dip =1 : | hardjer
2 | «— more
1 ! circular

(G. Salam
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Summary so far

* We try to Improve cross-section computations by going to higher
orders: LO, NLO, NNLO etc

* We try to describe collinear radiation with the parton shower
* We identify jets using IRC jet algorithms

Eleni Vryonidou STFC HEP school 2024
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Summary so far

* We try to Improve cross-section computations by going to higher
orders: LO, NLO, NNLO etc

* We try to describe collinear radiation with the parton shower Q
* We identify jets using IRC jet algorithms Q
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Fixed order vs parton shower

Parton shower describes soft and collinear radiation: not appropriate for hard
emissions

For hard radiation we need input from the matrix element
Two directions of improving parton shower Monte Carlo

 ME+PS merging: include higher multiplicity (but leading order) matrix
elements

 NLO+PS matching: include NLO corrections to the matrix elements to
reduce theoretical uncertainties and then match to the parton shower

Eleni Vryonidou STFC HEP school 2024
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Parton shower results

W +jets, LHC 7 TeV.

Inclusive jet multiplicity (electron channel)

o - | | | | E
= =t —e— ATLAS data -
% i —— Hw++ :
T 03 L —— Hw++-Powheg |
Z - ¢ -
NI - _
+ - —
= + -
\6/ 102 |— —
107 = —

- | | | | =

- | | | | =

1.4 — -

£ 12 2
o - -
< 1F -
@) — _
S 08 = —
0.6 — | —]

) 1 2 3
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Z

(@)
-

do/dp, [pb/GeV]

MC /data

10

10

10

1.5

0.5

2

p of 2nd jet (electron channel)

Er+— —e— ATLAS data —
- — Hw++ E
N | —4— —— Hw++-Powheg |
AT VRNV
——— -
__I | | | | | | I | | | I | I | I__
0 40 60 80 100 120

p 1 (2nd jet) [GeV]

STFC HEP school 2024

Parton shower can’t

describe high multiplicity

hard jet events
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Parton shower results

W +jets, LHC 7 TeV.

Inclusive jet multiplicity (electron channel) p of 2nd jet (electron channel)
:31 | | | | ; N I | I I I | I I I | I I I | I I ]
= ‘ —e— ATLAS data S 10t =t —e— ATLAS data IE
) —— Hw++ Ry - —— Hw++ s
g S —
. _— Hw++-Powheg — B _+_ e HW++-POWheg _
> = - —
A 10 - E
+ 13 : * -
= t . -

S 107 = 1077 T E

» ) ;_ —
£ 12 = £ 15
o R -
~ 1 ~ 1
O = O -
> 08 = — = - .

) e— j
0.6 — ] E
| |

0 ) 100 12
Njet p 1 (2nd jet) [GeV]
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Parton shower can’t

describe high multiplicity

hard jet events

Need input from the
matrix element
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Towards LO merging

4

|. Fixed order calculation

2. Computationally expensive

3. Limited number of particles

4. Valid when partons are hard and
well separatec

5. Quantum interference correct

6. Needed for multi-jet description

Eleni Vryonidou

4

Resums logs to all orc

ers

Computationally chea

Sl —

and/or soft

D

. No limit on particle multiplicity
. Valid when partons are collinear

5. Partial interference through

angular ordering

6. Needed for hadronization

STFC HEP school 2024
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Towards LO merging

Eleni Vryonidou

+

N N

. Fixed order calculation Resums logs to all orders

.
2. Computationally expensive 2. Computationally cheap
3. Limited number of particles 3. No limit on particle mu|t|p||.C|ty
4. Valid when partons are hard and 4. Valid when partons are collinear
well separatec and/or soft
5. Quantum interference correct >. Partial interference through
6. Needed for multi-jet description angular ordering

6. Needed for hadronization

STFC HEP school 2024
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Double counting

Parton shower

Wzgmgm
/
<

Matrix elements

e
e
g

Eleni Vryonidou

Overlap between ME and PS: double counting

Apply a cut In phase space: a merging scale

()° to divide the shower and matrix element
regions

Ensure the transition Is smooth between them

The matrix element should look like the parton
shower at the cutoft

STFC HEP school 2024
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Double counting

Parton shower
kr < Q¢
o
kr > Q¢
kr > Q¢

Matrix elements

Eleni Vryonidou

Overlap between ME and PS: double counting

Apply a cut In phase space: a merging scale

()° to divide the shower and matrix element
regions

Ensure the transition iIs smooth between them

The matrix element should look like the parton
shower at the cutoft

STFC HEP school 2024
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Example: MLM merging

o &~ b

k
3 / Zm@f [M.L. Mangano, 2002, 2006]
kT3
N\

Q> [J. Alwall et al 2007, 2008]

KT

. Generate parton configuration from matrix element

Shower the event without any restriction (shower from Q)

Cluster jets with a clustering algorithm

Match partons and jets

Reject if not all partons and jets match or if additional jets have been produced

Eleni Vryonidou STFC HEP school 2024
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Exp vs Theory

Merged results

Z p | reconstructed from dressed muons , CMS Vs =7 TeV L =49 fb~!
— 10_1 — — 10 =
— = e —
I% ——= o v _ﬁu :% — —e— (CMS Data
3 _r | - g g B . —— SHERPA Z + o jets
S0 F . < = —— SHERPA Z + 1 jet
S - “a, t : , —— SHERPA Z + 2 jets
~ — — .
5103 —e— 1 1 SHERPA Z + 3 jets
E E = *x E &
— ~ —e— ATLAS Data < - |
104 - —— SHERPA Z + 0 jets —— S 10 = .
- —— SHERPA Z + 1 jet -
_s | —— SHERPA Z + 2 jets o[
10 7 & SHERPA Z + 3 jets = o=
10_6 ] I I T I R R N 0 O s s B 10_3 _I I I N I N I N [ I I N |
1.4 — 1.4 —
% 1.2 :— :_\:I_‘ ..g 1.2 :—
g 1 E — g 1
S 08— M ==Ra | S 08 = | | |
0.6 :— | | 0.6 :— | ' |
I I T I I [ N e N A A S S S | I | I | I I N I I N I N |
1 2
1 10 10 1 2 3 4 5 6
p (up) [GeV] Exclusive Jet Multiplicity

ATLAS, Phys. Lett. B 705 (2011) 415; CMS, Phys. Rev. D 91 (2015) no.5, 052008

Much better agreement with experiment!
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Summary: LO merging

* (Good description of both hard and soft/collinear regimes

* Double counting problem is solved by throwing away events where
the matrix element partons are too soft or the radiation from the
parton shower Is too hard.

* Better agreement with data in high-multiplicity regions

Eleni Vryonidou STFC HEP school 2024
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Summary: LO merging

* (Good description of both hard and soft/collinear regimes

* Double counting problem is solved by throwing away events where
the matrix element partons are too soft or the radiation from the
parton shower Is too hard.

* Better agreement with data in high-multiplicity regions Q

Eleni Vryonidou STFC HEP school 2024

56



Is LO merging enough?

We have seen the importance of higher-order corrections to predict
rates and distributions and reduce uncertainties

Need at least NLO to describe the data!
107 CMS, 5.Ofb'1at\/§=7TeV/ LO

|1I_—| _I T | T T | T 11 | T T | T 11 | T 11 | T 11 | T I_
> 14— Dilepton Combined e Data —
8 - — MadGraph i
— 2 €« = MC@NLO
_8‘*—_8_'— L --- POWHEG <@ N LO
o 100 | e E
8- ﬁ .
6 .
af .
- ..ﬁ::.:l :
2 B
_I 1 1 1 | I | | L 111 ﬂﬂ—w—#—*—-’—l—l—i—*—;
0 50 100 150 200 250 300+_ 350 400
p'T' [GeV]
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Is LO merging enough?

We have seen the importance of higher-order corrections to predict
rates and distributions and reduce uncertainties

Need at least NLO to describe the data!
107 CMS, 5.0fb‘1at\Fs=7Tev/ LO

L 14" Dilepton Combined ~ » Data 4=

8 E —— MadGraph i

— 12 ¢ = MC@NLO

g --- POWHEG ﬁ o

me 19 - NLO Let’s match NLO predictions
I : to the parton shower
0 50 100 150 200 250 3(I)DO$|_ C|:3(5;|Oe \;IJOO
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Higher orders and PS matching

Issues with matching NLO+PS

T N : NLO has divergences in virtual and real

: . >MN | corrections
4000-—; — |

L\ % The real emission has to be integrated over
2000:— / “NLO”

zm the full phase-space to cancel the IR poles
| against the virtual corrections

ansverse tnomentum (Sev] Our trick of introducing a cut (merging scale)
like we did for LO merging cannot work

Note: Fixed order calculation makes

no sense In the small prregion We need a new procedure to match NLO
matrix elements with parton showers

Eleni Vryonidou STFC HEP school 2024
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Double counting @NLO

rarton shower Double counting between the shower
and the real emission matrix element
Born+Virtual: >WW zwv :gfm
/ / / Overlap between virtual corrections
Real emission: ZVW 2W and the Sudakov suppression in the

Zzero emission probability

The Sudakov form factor is the no-emission probability, defined as
A = 1 — P where P is the probability of branching

That means A contains contributions from the virtual corrections

qDouble counting

Eleni Vryonidou STFC HEP school 2024
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NLO+PS

How to avoid double counting?

Two main methods:
MC@NLO: Frixione, Webber 2002
POWHEG: Nason 2004

also
KRKNLO, Vincia, Geneva

Eleni Vryonidou STFC HEP school 2024
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MC@NLO matching

To remove the double counting add and subtract the same term to m
and m+1 configurations

do i )
Mggmo _ |d®,,(B + / V4 / 4, MCY| 18 (0)
i loop

+|d®i1 (R — MC) ) Ie ™ (0)

MC are the contributions of the PS to Qo from m bc;dy Born final state to the m+1 real
emission final state: Shower subtraction terms
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MC@NLO features

Good features of including the subtraction counter terms

* Double counting avoided: The rate expanded at NLO coincides with the total NLO cross
section

 Smooth matching: MC@NLO coincides (in shape) with the parton shower in the soft/
collinear region and it agrees with the NLO in the hard region

o Stability: weights associated to different multiplicities are separately finite. The MC term
has the same infrared behaviour as the real emission.

Not so nice feature:

 Parton shower dependence: the form of the MC terms depends on what the parton
shower does exactly. Need special subtraction terms for each parton shower to which we
want to match: updates in showers might not be compatible with MC terms

Eleni Vryonidou STFC HEP school 2024
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Summary: NLO+PS

Higher order computations matched to parton showers allow us to
have useful features from both!

MC@NLO: subtraction term avoids double counting between NLO and
parton shower

Other NLO+PS method:

POWHEG: overall k-factor and modification of first emission to fill hard
region of phase-space based on the real emission matrix elements

Eleni Vryonidou STFC HEP school 2024
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do/dps [pb/GeV]

Showered results

Higgs production NLO+PS

=, Higgs production in gluon fusion: 0812.0578 -
: RLL '
10-2 |- 3 — POWHEG h- -
: h“k ---POWHEG h=my=400 GeV °
"-C} ----POWHEG h=120 GeV '
10_3 —
1074 + LHC
: m;—>oo
_ _ H Ll
MRr=Mp=I7 NG
e EE L
10-5 R B E N I '_:.lni'.
0 200 400 600 800
pr [GeV]
h2 2
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do/dp | (H) [1/GeV]
o

‘ IIIIIIII‘ IIIIIIII‘ \
1I-|

Ratio to MC@NLO
N
Ul
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Higgs boson p |

—— MCatNLO

- — = KrkNLO
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e Ry
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101
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do/dps [pb/GeV]

Showered results

Higgs production NLO+PS

Higgs boson p |

. Higgs production in gluon fusion: 0812.0578 z ,f/—\ﬁ herwig?
LY ' R
o2 |1, — POWHEG h-eo . T o100
: Ttg}}hq ---POWHEG h=m;=400 GeV : S 3
DR ----POWHEG h=120 GeV N
X © 1071 %—
10-3 L F —— MCatNLO
107% = _ _ _ KrkNLO
B e Powheg (Default)
107 = Powheg (Original)
10_4-_ 9 4;_ IIIIIII| I I S I I I S I I
z 3
O 2.5 2—
z 2 ;— ------- Jh-l-‘!.lll |
S 15 5=, Al 14l
10~9 S 1E S — e
° S 05F |
01 10" 107 103
p1(H) [GeV]
( h° il ) R(S) 1 R(F)
R=TR | — + .. . -
P2 +h T p2+h2 Original Powheg was giving too hard tails

Improved Powheg very close to MC@NLO
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Merging@NLO
Best of both worlds

To improve both high multiplicity regions and rates
Two main methods of merging@NLO

¢ FXFX

« MEPS@NLO

Make MC@NLO calculation exclusive in more jets by vetoing additional radiation and
resumming the dependence on the merging scale

- CKKW-L approach (i.e. Sudakov rejection based on shower kernels)

Used in Sherpa’s “MEPS@NLO”

CKKW from hard scale down to the scale of the softest jet not affected by veto;
 MLM-type rejection from there down to merging scale

Used in MadGraphd_aMC@NLO with Pythia or Herwig: “FxFx merging”

Eleni Vryonidou STFC HEP school 2024
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Merging@NLO

[Hoeche et al., 1207.5030] [Frederix, Frixione, 1209.6215]

Inclusive Jet Multiplicity IIIIIIVIbI
= I l I I I = - pp - H @ LHC 8 TeV in pb/bin |
z —— ATLAS data ] ER 2 TS i=0 3
S MePs@NLo . osopR- " TET, i=1 —
- ot . Mh‘pS@NLO /2. 20 -

Al = — MExNLoPS =
- [r— MENLOPS u/2...2u 1 0.10 k
= ¢ o Mc@NLo 7 005:
10} - . —_— i ;u ! ."E...
= jet = - L - ' -
—— 20 GeV 3 aMC@NLO ; .
——c—— T pl(ilO) . 20_:::!::::!::::!::::!:::i!:::f!::::!::::,::_
. - " | Ratio over N=2: ----H - H+1j H+2j 3
P’f > 30GeV - | e
10? - + - e s - e e
‘. S | — 1 = =
0" b -
—— i 0.50 0.75 1.00 125 150 1.75 2.00 R2.25
' ' ' ' ' ' logyo(dy/[GeV])

W + jets: up to 3—jéts@NL€3 H + jets: up to 2-jets@NLO
Jet multiplicity Differential jet rate

Good agreement with LHC data Very mild merging scale dependence
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Is this progress relevant?

R

> Nir), Z — e e, p (jet) > 30 GeV, |y | < 4.4

¢

- b
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[ |||||||
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\\\\\\‘\\\\\\\\‘\\\\\\\\\\\\!\\\\
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Merging at LO
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Is this progress relevant?

_ t,=
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Merging at LO NLO+PS
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Is this progress relevant?
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Merging at LO NLO+PS NLO+PS merging
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Is this progress relevant?

- 0(> Ng), Z = et e, p(jet) > 30 GeV, |y | < 4.4
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LHC status

Rediscovering the SM Searching for the unknown

Standard Model Total Production Cross Section Measurements status: March 2021 ATLAS Heavy Particle Searches* - 95% CL Upper Exclusion Limits ATLAS Preliminary

Status: July 2021 _ -1 _
Ldt=(3.6-139) fb = 8,13 TeV
L 500 ub~1 i
11 H Emiss -1 P
O 10 A0, .. Model £,y Jetsi EI™ [Ldt[fb7] Limit Reference
Q 80 /Jb ATLAS Prellmlnary - A G T 1. 11 I T T T T T 1 11 I T T T T LI B I T T T T
DD +g/q Oeput,y 1-4j Yes 139 | Mp 11.2TeV n=2 2102.10874
< KK
— Theory S ADD non-resonant yy 2y - - 367 |Ms 86TeV  n—3HLZNLO 1707.04147
ADD QBH - 2] - 37.0 M, 8.9 TeV n==6 1703.09127
< N )
b 106 \/g = 7,8, 1 3 TeV QE> ADD BH multijet - >3] - 3.6 Mg, 955TeV n=6, Mp=3TeV,rot BH 1512.02586
£ RS1 Gkk — yy 2y - - 139 Gkk mass 4.5 TeV k/Mp = 0.1 2102.13405
LHC pp Vs =13 TeV S | BukRS Gyx — WW/ZZ multi-channel 361 | Gux mass 23 TeV KM = 1.0 1808.02380
8 BukRS Gkk —» WV — tvqq 1eu 2j/1J  Yes 139 | Gk mass 2.0 TeV k/Mp =10 2004.14636
X Bulk RS gkx — tt le,u >1b,>1J/2) Yes  36.1 gKK Mass 3.8 TeV r/m=15% 1804.10823
1 :
n} _ Data 3.2 -139fb 4™ ouep/ ReP Teu >2b>3j Yes 361 |KKmass 1.8 TeV Tier (1,1), BAM — ) = 1 1803.09678
5 Ao SSM 2’ — ¢t 2e 2
10 7 - - 139 | 2’ mass 5.1 TeV 1903.06248
SSM Z’ - 1t 27 - - 36.1 Z’ mass 2.42 TeV 1709.07242
() .
0 8 Leptophobic Z" — bb - 2b - 36.1 Z’ mass 2.1 TeV 1805.09299
A o LHC pp Vs =8 TeV S Leptophobic Z/ — tt Oeu >1b,22J Yes 139 |Z/mass 4.1 TeVv /m=1.2% 2005.05138
S ssMwW -y 1eu - Yes 139 | W’mass 6.0 TeV 1906.05609
® SSM W’ — 1v 17 - Yes 139 | W’ mass 5.0 TeV ATLAS-CONF-2021-025
4 A Data 20fb! D  SSMW' —tb - >1b>1J - 139 | W’ mass 4.4TeV ATLAS-CONF-2021-043
S ;
© HVT W’ - WZ — tvqgmodel B 1 e,u 2j/1J Yes 139 W’ mass 4.3 TeV gy =3 2004.14636
S HVT Z’ — ZH model B 0-2e,u 1-2b Yes 139 Z’ mass 3.2TeV gy =3 ATLAS-CONF-2020-043
HVT W’ — WH model B Oe,u  >1b,>2J 139 W’ mass 3.2 TeV gv =3 2007.05293
- LRSM Wk — uNg 2u 1J - 80 Wg mass 5.0 TeV m(Ng) =0.5TeV, g, = gr 1904.12679
LHC pp Vs =7 TeV (Ne)
103 n g: ??qq - 2j - 37.0 A 21.8TeV 7, 1703.09127
- — qq 2e,u - - 139 A 35.8 TeV m 2006.12946
_ Data 4.5fb7! QS  Cleebs 2e 1b - 139 |[a 1.8 TeV g =1 2105.13847
Cl pubs 2u 1b - 139 A 2.0 TeV g =1 2105.13847
A [m | Cl tttt 21eu 21b,21] Yes  36.1 A 2.57 TeV |Catl = 4n 1811.02305
9 1% O Axial-vector med. (Dirac DM) Oeu, 7,y 1-4j Yes 139 Mped 2.1 TeV 84=0.25, g,=1, m(y)=1 GeV 2102.10874
Pseudo-scalar med. (Dirac DM) Oe,u, 7,y 1-4j Yes 139 Med 376 GeV gq=1, =1, m(x)=1 GeV 2102.10874
S
O ok AN O | Vectormed. Z’-2HDM (Dirac DM) 0 e, u 2b Yes 139 | Mmea 3.1 TeV tanB=1, gz=0.8, m(y)=100 GeV | ATLAS-CONF-2021-006
O 0 Pseudo-scalar med. 2HDM+a  multi-channel 139 Mpmed 560 GeV tanpB=1, g,=1, m(y)=10 GeV ATLAS-CONF-2021-036
A A A Scalar reson. ¢ — ty (DiracDM) 0-1e,u  1Db,0-1J VYes 36.1 my 3.4TeV y=0.4, 1=0.2, m(y)=10 GeV 1812.09743
n total n o0 Scalar LQ 1t gen 2e >2j Yes 139 | LQmass 1.8 TeV B=1 2006.05872
10 1 Scalar LQ 2™ gen 2u >2] Yes 139 | LQmass 1.7 TeV B=1 2006.05872
5 fp-1 N O 9‘ Scalar LQ 3fj gen 17 2b Yes 139 ::85 mass 1.2 TeV B(LQ§ - br) =1 ATLAS-CONF-2021-008
Scalar LQ 3" gen Oe,pu >2j,>2b  Yes 139 mass 1.24 TeV BLY; - tv)=1 2004.14060
ICh_VBF A Scalar LQ 3™ gen >2eu,21721),21b - 139 | LQZ mass 1.43 TeV BLQY - tr) =1 2101.11582
WH AN Scalar LQ 3" gen Oe,u,>170-2j,2b Yes 139 LQ3 mass 1.26 TeV .’B(LQg - by)=1 2101.12527
[ m | VLIQTT - Zt+ X 2e/2u/>3eu 21 b, 21 - 139 | Tmass 1.4 TeV SU(2) doublet ATLAS-CONF-2021-024
1 n A n e §~j’<> VLQ BB —» Wt/Zb+ X multi-channel 36.1 B mass 1.34 TeV SU(2) doublet 1808.02343
n 8§ VLQTssToalTss > Wet X 288)23eu21b21] Yes 361 [Tspmass 1.64 TeV B(Tsj3 — W)= 1, o TsjsWe)=1 1807.11883
ZH VH A T2 VLQ T — Ht/Zt le,u  >1b,>3] Yes 139 | T mass 1.8 TeV SU(2) singlet, k7= 0.5 ATLAS-CONF-2021-040
m | vLQY - Wh leu >1b, 21 i Yes 36.1 Y mass 1.85 TeV B(Y — Wh)=1, cp(Whb)=1 1812.07343
A VLQ B — Hb Oeu >2b,>1j,>1J - 139 | B mass 2.0 TeV SU(2) doublet, k= 0.3 ATLAS-CONF-2021-018
10—1 ttH S ‘é’ Exc@ted quark g* — qg - 2j - 139 q* mass 6.7 TeV only u* and d*, A = m(q") 1910.08447
(x0.4) g S Exc!ted quark ¢* — qy 1y 1] . - 36.7 q* mass 5.3 TeV only u* and d*, A = m(q*) 1709.10440
. §<> IS Exc!ted quark b* — bg - 1b,1] - 36.1 b* mass 2.6 TeV 1805.09299
I} 3,:, Excited lepton ¢* 3epu - - 20.3 A =3.0TeV 1411.2921
“ Excited lepton v* 3eut - - 20.3 A=1.6TeV 1411.2921
) Type Il Seesaw 234ep  22] Yes 139 |'N®mass 910 GeV ATLAS-CONF-2021-023
10 LRSM Majorana v 24 2j — 361 | Ngmass 3.2 TeV m(Wg) = 4.1TeV, g = gr 1809.11105
+  Higgstriplet H** - W*W=* 2,34 e, (SS) various  Yes 139 | H** mass 350 GeV DY production 2101.11961
D Higgs triplet H** — ¢¢ 2,34e,u(SS) - - 36.1 H** mass 870 GeV DY production 1710.09748
&  Higgstriplet H** — (7 Seut - - 203 |H**mass 400 GeV DY production, B(H;* — {r) = 1 1411.2921
Multi-charged particles - - - 36.1 multi-charged particle mass 1.22 TeV DY production, |g| = 5e 1812.03673
Magnetic monopoles - - - 34.4 monopole mass 2.37 TeV DY production, |g| = 1gp, spin 1/2 1905.10130
v-=13Tev v-=13Tev L1 11 I L 1 L 1 L1 11 I 1 1 L 1 Ll 1 1 | 1 1 1 1
_ - — artial data full data -1 1 1
PP W Z tt t Wit H WW WZ ZZ t tiw ttZ  wwz _ _ | — 10 0 Mass scale [TeV]
WWW tttt *Only a selection of the available mass limits on new states or phenomena is shown.
t-chan s-chan +Small-radius (large-radius) jets are denoted by the letter j (J).

Good agreement with the SM
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Higgs phenomenology

Higgs production
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Higgs phenomenology

Higgs decays

|
HIGGS XS WG 2013

gs BR + Total Uncert
o

—
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 Weath of decay channels for 125
GeV, rich phenomenology

e \ery narrow!

 Diphoton and 4lepton final state are
the cleanest signatures

 Hadronic channels are hard at the
LHC because of the backgrounds,
but accessible through boosted
techniques!
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Higgs measurements

ATLAS
Vs=13TeV,245-79.8fb"
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Knowns and Unknowns
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Knowns and Unknowns
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Knowns and Unknowns
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Knowns and Unknowns
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Knowns and Unknowns
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Higgs self-coupllng

Higgs potential:

Fixed values in the SM: A=A, =

Eleni Vryonidou

V(H)=> LA+ +4xHHHHH4

M,i, Measuring Annn and
9 \/2 AqHHH tests the SM
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Higgs self-coupllng

Higgs potential:

Fixed values in the SM:

V(H)=— M2H2+7»HHH VH® + = ?\,1,,1,,4,1,H4

4

}\'HHH = 7\‘HHHH =

M,
2V

|Frederix et al. “14]
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10"

1072

1073

Measuring Aqnn and
AHHHH tests the SM

HH productior) at pp colliders at NLO in QCD

My=125 GeV, MS
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P
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e E

TW2008 NLO pdf (68%cl)
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MadGraph5 aMC@NLO
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Vs[TeV]

O'H:55pb
O'HH:44fb

At 14 TeV from gg fusion:

OHHH — 110 ab
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How to extract the Higgs self-coupling

| I -
| " HH production at 14 TeV LHC at (N)LO in QCD - | , I ,
~~~~~~~~~~~~~ MH:125 GeV, MSTW2008 (N)LO pdf (68°/'oC|): 1 — /\ L _1 % )\SI\,I Cimimimimta
T‘ I . mtm i, o , )\ I 0 X )\Sh',I T TR LTI
a = ": po DLl -:.!5
% = } 6 E'; .rrrl_..r ﬁﬁ'ﬂ_:?.. )\ — 1 e AS].\I -----------
§ -7 f _“o/,/ \ O. 1 _:.. [r) ] aueran _ |.Ll|:-l ¢
3 Py } O L i A = 2 X Agy e
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Frederix et al. arxiv:1401.7340 12 e T
| | | | | | | -\-tip-.'r. l-
4 3 2 1 0 1 2 3 4 ‘ . 1-’..;-:L i
Misu 0.001 my = 125 GeV T
Dolan et al arIXiv:1206.5001 | | |
0 100 200 300 400 500
SM cross sections ‘
Js  13TeV | 14TeV | 27TeV | 100 TeV PT h GeV]
o(HH)[fb] 31.0522% | 36.69 724% | 139.9 T1-3% | 1224 ¥9-7%
Grazzini et al arXiv:1803.02463 Need for differential information
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How to extract the Higgs self-coupling

10 ATLAS BB CWMS

ATLAS and CMS HL-LHC prospects

3 ab-1 (14 TeV)

PLB 801 (202%)113€521?2 bbVV(iviv)
30 (37
CME.PAS I 26 20l bbZZ(4)
22 (20 .
CMS-PAS-HIG-2(1-OOg Multilepton
5.4 (8.1
ATLAS-CONF-20§2-035) bbbb
arXiv:32.2%2.((ZDé§7) bbbb resolved
CMS-PAS-Igaé%-gg-b?)g bbbb boosted
4.7 (3.9)
ATLAS-CONF-2021-030
3.3 (5.2) bbtr
CMS-PAS-HIG-20-010
2 (5.7)
arX|v 2112.11876
4 (5.5 bbyy
JHEP 03 (2021) 25
Summary of 1 10 102

Run 2 results 95% CL upper limiton u = ol

Eleni Vryonidou

12 "
_| | l| . apa i :
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How to extract the Higgs self-coupling
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A challenge even for the HL-LHC
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Higgs width

The SM Higgs width is 4MeV. How can we measure it?

On-shell/Oft-shell : gg—7Z7Z—4leptons

o
o
Q

[y
o
d

| | | | | I L |
4—lepton foroduction, CMS cuts, Vs=8 TeV
qq - 4leptons
gg » h - 4leptons

A | A(gg — h) |?| A(h = ZZ) |? 0 ﬂr: o dloptons(ietan
0(gg—>h—>ZZ)~/ds _)‘2‘2 ( > )| g
(s —m;)? + I'imy S i
E 107 ]
200022 12 (1rr2 g .
« On-shell: (g9 — h — z7)m ~ “elT0z ) AN
772}7]‘—\’7 107 llfl)Or 2(|)0 | | 5(I)O — l10|00 201
my[GeV]
K2(s)K%(s)
e Above: (g9 —h— ZpZL)"" ~ / ds—2 17 beware: model dependent
1V 7
_ 2.4
O_above/o_on peak Iy CMS: Ty = 3.2J_r1.7 MeV
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LHC is a top factory

Rich phenomenology:
Doty |
pair production A single

associated
production

@ - - TO00) 2 — ————
top loops ﬁ_— 1] A>, QMT L
< TO000" R Q0000 —

* connection to Higgs physics
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Top physics

Why study the top quark ?

1. Heaviest known particle: Strong coupling to the Higgs
2. Portal to new physics: e.g. EWSB, composite Higgs

3. LHC is a top factory: precise access to top properties through a lot
of production channels

Eleni Vryonidou SMEFT school 2022
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Top has a special place in the Universe

Stability of the vacuum

Higgs potential: e N e

200 | Instabili I I - _— .- . 3

: J — > | Instability - “ = T Meta=stability. - -~

S 150+ /&‘0\\\\% Z g 175=—"— .- , , | i

= I -§ L r NG ’2-’ ) O AR 1

2 100 | Stability » S - . N :

= - =, S 170 e .

= i = L E 12 i

201 “ s r 19 Stability :

1 1 1 —' gt . . :

V(H) = §M12{H2 + AgapvH?® + Z)\HHHHH4 o[l ] 65 = Degra§.3| et al arX!v:1l2015.6149|7 ]
0 50 100 150 200 115 120 125 130 135

Higgs mass M;, in GeV Higgs mass M, in GeV

Need A to be positive (and remain positive)!
3

dk(ﬂ) 1| 5 9 4 3 2 12\ 2 4 2 2 /2 2_
— 12\ — — —3h, — 3\g° — =)\ PN
dog2 1672 | 787 T 16 (97 +67)" —3hi = 349" = 9 A (g7 +7) + 6AN;

h+(M,;) = 0.93587 + 0.00557 (é\ﬁ/ 173.15) .. £0.002000,  Top Yukawal!
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Top quark is a special quark

Spin Correlations M W

The top decays before hadronising
b

Thad = h/Agcp = 2¢10-24 s

N i A i op ~ 1/ Tiop =1/(GF mg3 [Vtb|2/87V2) = 5¢10-25
Spin information is preserved! g;;thh:6fgm_2g Ge@ts)\ 2/8m72) s

: 1 dI 1+ pk;cosb ]
— Al d I b

- ' dcos@ 2 o 1 1 032 039
o NLO: 0999 097 -031 -0.37

Top Spin effects

Lepton+ or d emitted in the fop spin direction Spin analysing power

We can check how the top is produced!
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Weak interaction and W polarisation

D i vl |
g e { \/5 1q/ o) / Only left-handed tops in the decay!
%%

\

U — — e || — A -« R s

longitudinal left-handed right-handed

Helicities of W bosons

? ? ?
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Weak interaction and W polarisation
Extract W polarisation by looking at thelyV decay products:

—— . M€g. direc-
b W+ " tion of top b
\

- 172 !
!

Angular distribution of [™:

=y NEE. direc-
" tion of top

]_ dN([[ } ZV) o.l I [ | 1 ' A | 1 '.;.'.l rrrrrr bl ol A,

_ .2 o 2 2 T v S R Y Ry Ry ¥ R
N oo = K [fosin®0 + fr,(1 —cos0) + fr(1+ cosf)’] cos6
2 2
m 2m _
fl=—t—~T70% f=—~30% fi~0% form,=0

2mg, + m? 2mg, + m?

Check of Wtb interaction!
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Status of top measurements

Top Quark Production Cross Section Measurements

Status: March 2022

ATLAS Preliminary
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See here for all cross section summary plots Light colored bars: 7 TeV, Medium bars: 8 TeV, Dark bars: 13 TeV, Black bars: theory prediction
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Status of top measurements

Top Quark Production Cross Section Measurements

Status: March 2022

ATLAS Preliminary
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