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on what we actually

measure, and the role
of software tools,

especially simulation’.
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Grew up in Manchester, UK
BA in Oxford 1986-1989

DPhil also

Oxford, on the ZEUS

experiment in DESY, Hamburg,
Germany 19891992

Post doc Penn State, US (in Hamburg!)

19921995

Lectureship

at UCL 1995 and been

there ever since (with a lot of time
seconded to Hamburg and Geneva)

2005
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A Mainly ATLAS (CERN, LHC) since

A Monte Carlo convener 20078,
§tandard Model convener 20102012,
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Jets, jet substructure.
Monte Carlo (MCnet)
Model independent

measurements and their

(re)interpretation
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SM Higgs boson
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ATLAS ~Total

Run 1: Vs = 7-8 TeV, 25 fb”, Run 2: {s = 13 TeV, 36.1 fb”

ISt:at.l only

Ratio to SM

NI R

vl

Total  (Stat. only) ’ 10 102
Run 1 H—4/ 124.51+ 0.52 (  0.52) GeV Particle mass (GeV)

Run 1 H-yy 126.02 + 0.51 ( +0.43) GeV
Run 2 H—-4/ 124.79 + 0.37 ( £ 0.36) GeV
Run 2 H—yy 124.93 +0.40 ( +0.21) GeV

_________________________________ .l________._...____________...__________...__________
Run 142 H—4 124.714 0.30 ( +0.30) GeV

)

|

oWEAK SYMMETRY

v
“éuncfﬂg‘l»‘vg;

Run 142 H—yy 125.32 + 0.35 ( + 0.19) GeV
Run 1Combined ; 125.38 + 0.41 ( £ 0.37) GeV

Run 2 Combined ] 124.86 +0.27 ( £ 0.18) GeV

Run 1+2 Combined i 124.97 £ 0.24 ( £ 0.16) GeV
ATLAS + CMS Run 1 125.09 + 0.24 ( £ 0.21) GeV
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We are exploring the unknown
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The power of computing and

simulation

A Simulation, of our
detectors and of the
physics we probe with
them, Is an essential
and increasingly
powerful part of the
calibration, analysis,
measurement and
Interpretation process
at colliders.
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The Power: 1

A The role of Monte
Carlo event
generators and
dectector simulation
IN @ measurement

- S e S O o i i
! -
-

o e L T

O O W S W e W

I

%ﬂntﬁﬁssﬁv\nu 3

SMUST:

-
Ll
T i

g
]
R S M TV N A T

=
01 LM - I BT




- S o Ol O O N e 1 i1 S
! -
-

/3 Collider!
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J Detector &
Trigger

e
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Simulation andexperiment =

e B
J Event

Reconstruction
and calibration

I Analysis
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Simulationand Experiment™®
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CHENERGY
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3MCEvent '3 Event A

Generator 3 Detector & Reconstruction,
Trigger calibration,
Simulation scale factors

B Vecos B Analysis
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/3 MC Event
Generator
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J Detector &
Trigger
Simulation

N Vecors

e

Simulationand Experiment™®

g ™
J Event
Reconstruction,
calibration,

scale factors

I Analysis

Unfolding & Data Correction:
Test and evaluate
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?Detector effects D

' s

. A Efficiencies: there is a non-zero probability that a particle passing : L
: through a detector will not be reconstructed :

! A Fake backgrounds: there is a non-zero probability that a particle will :
 El wUl EOOUUVUUEUI Ewl YI OwUT OUT T wbUuhk
|

L

' A Smearing: the measured Keys —— tor

Electron

e Chiarged Hadron (e.g. Pion)

energies, momenta, angles T NvtaiHadron e Nearon

=== == Photon

s of the particles and jets

. Will be smeared due to the i

| intrinsic resolution of the i

" detectors i

N S

i Il

E | We need to know what = |

] | our detector is doing so

: we can account for it and .

B | in some cases reverse it ° ok ey s

| (the red arrow) r——
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/3 Collider!
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J Detector &
Trigger

Unfolding & Data Correction:
Make the measurement!

e

W%S

Simulation andexperiment =

e B
J Event

Reconstruction
and calibration

I Analysis
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What Is a final state particle-

A Colour triplets (or octets) are not final state particles

I Neither nature, nor our event generators, guarantee the
x] aUPEEODPUaA weOUwl YI CGWUE U lww W ¢

example

A Electroweak-scale particles (W, Z, H) are not final state

particles

I Decay lifetime is so short that coherence/interference

effects cannot be neglected

I As above. Focus on the leptons, hadrons, photons

A Operational definitions usually involve a lifetime cut
(10ps), and/or distinguish between pre/post

hadronization

I Choices to make about t, Bhadrons etc

A Algorithmic combinations of final state objects
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. What is a finaistate electron/mucm% 1

: i

: A Electrons/muons from hadron decays are typically removed in the data :

' analysis by isolation cuts / fake removal i o g

: V Candefine? x UO O x U w @Ibe?U00inmi A (& E U O O w tandieritya U2

; consider these : this is more robust and modetindependent than asking §

ol that the lepton comes from a certain propagator in the hard process :

, V Well defined in Rivet (see tutorial), but you may need to also implement it

: POwaOUUwl Bx1 UBPOI OUZUwWUOI UPEUI '

? A 61 wEOOZ UwUUUE O develisolafioB, Out rateEdOrtee) torO | ;

I inefficiencies of these requirements i

:- U It might be worth reconsidering this in specific analyses where proximity |

to jets has a large effect on results 3

] i

: ;

: :

: ;
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,  What Is a finalstate electron/muorﬁ%

. A Electrons and muons emit FSR photon radiation (and lots of it, especially in : |

! the collinear limit, especially for electrons). ?

: U For muons we measure the charged particle track, photon energy is not |

E included 3

] U For electrons we cluster calorimeter cell: S s

i . ] third laver hadronic calorimeter

Y be included in the energy measurement A rgmt s A2

"- second layer

= AnxAp=0.025x0.0245

I

i first layer (strips)

; AnpxAp=0.0031x0.098

L

I presampler

'
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What is a finalstate electron/muorﬁ%

A Electrons and muons emit FSR photon radiation (and lots of it, espeC|aIIy in
the collinear limit, especially for electrons).
U For muons we measure the charged particle track, photon energy is not
included
U For electrons we cluster calorimeter cells and most collinear radiation will
be included in the energy measurement

A We can define lepton momenta as:
1. Born leptons ¢ as if FSR never happened (not what we measure)
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What is a finalstate electron/muorﬁ%

A Electrons and muons emit FSR photon radiation (and lots of it, espeC|aIIy in
the collinear limit, especially for electrons).
U For muons we measure the charged particle track, photon energy is not
included
U For electrons we cluster calorimeter cells and most collinear radiation will
be included in the energy measurement
A We can define lepton momenta as:

1. Born leptons ¢ as if FSR never happened (not what we measure)

2. Bare leptonst after all FSR (closest to muon measurement)
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. What is a finaistate electron/muorﬁ%
. A Electrons and muons emit FSR photon radiation (and lots of it, espeC|aIIy in : |
' the collinear limit, especially for electrons). A

: U For muons we measure the charged particle track, photon energy is not |

! included ;

' U For electrons we cluster calorimeter cells and most collinear radiation will :

" be included in the energy measurement .

1 A We can define lepton momenta as: i

' 1. Born leptons ¢ as if FSR never happened (not what we measure) :

! 2. Bare leptonst after all FSR (closest to muon measurement) i

: 3. Dressed leptonst with the momenta of close-E a wx T OUOOU w? EJO
| the lepton momenta (closbeasrtem electron measurement) :

' dressedtypicallya R <0.1 ;

: born cone is used, but a jet algorithm

i may be better ]

: ;'-.

: ;
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U But electrons = muons

U We may want to retain sensitivity to differences (cf LHCbo )

U Perhaps it is better to measure both and publish correlations between
uncertainties, and make choices that are best for each individual channel

L TR S T TR N R T R

A Similarly, fiducial phase space cuts often harmonized for the two,
requiring a small extrapolation in phase space for one

BT A O W T e e N T BT R

What is a finalstate electron/muori% ~~~~~~~~~

sA Electron and muon final states can be very different for bare leptons,
but much closer for born and dressed leptons: see Rivet tutorial

A 1t is often argued that dressed should be used for both to allow for easy
combination of final statesd\lso bare versus dressed is much closer for
muons than bare versus dressed for electrons

) ‘--m!-‘

.

S R U .
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What is a finalstate tau? w%

]

Recall: unstable

LR - G
—

= Leptonic decays

A The final state particles are

2 . d,s electrons/muons and neutrinos
A Define fiducial phase-space with

S u,u those (but we careful to check lepton
efficiencies as e.g. impact parameter cuts can
be less efficient for leptons from taus)
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What is a finalstate tau?  -§@- ;
i
i S
i
| Recall: unstable(=0.1mm i
I o Vq :
i f'f ° ° :F
T — to i P, P !
; - t'A pn
; w0 tAP PPN )
B :%-x._t o to A Pppn
; = Vo Y tApppp
: Hadronic decays !
| A Final state particles are hadrons @ jets) and neutrinos :
- A Such a definition alone is complicated due to the large number of hadrons not
; from taus ]
' A Experimental cuts reject backgrounds based on features of the jets, which are :
! hard to replicate at the particle-level i
: A In this case a compromise might be best: require a hadron in the jet to have  §
] EOOI wi UOOWEwWxUOOx UwU E WuwdaWwi ElIUELEE)JLULE@@(U
. A There is not much experience here, more detailed studies would be mterestlng .
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#A Analyses usually measure prompt, isolated photons

"A Recall: Prompt means notfrom -a-hadron-decay
1A In the calculation, prompt photons can be further divided into those from the

A particle -level isolation criteria is necessary to replicate the isolation applied at

reconstruction-level
Note in principle this could also be done for prompt leptons, but it is much less important
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What is a finalstate photon? A
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What is a finalstate neutrino? - !
!
o
" Invisible in the detector and existence inferred b 1
i miss a
i Pr I
_' E_rpiss — _ Z p_?_ Z p)’ _ Z pie — Z p - Z piet _ Z ptrack | '
i T T T T T
: selected accepted accepted selected accepted unused 1
L electrons photons T-leptons muons jets tracks l
i i E}]‘i}iss, e E}piss,y Emiss, Thad E}]\jiss, M E};ﬁiss,jcl Emjs& soft ;
i I hard term : soft term ! l
2 :
L] . . .. . ]
I A Sometimes the momenta of (prompt?) invisible * particles are summed '
E 1
I
« A An alternative is to take ¢ the sum of all the visible particles within :
: detector acceptance, which is closer to what we measure but can be a ]
: bit complicated. E.g. what p; of hadrons are we actually sensitive to? :
Y (More on this later) ;
: ;
; :
H '
: *neutrinos are indistinguishable from BSM invisible particles §
'; i
El'-rhu A O A T o O T R O B B s “
& - - Shee— C— -T:H




T

O O O W B

Qg sl R B0

F

A Partons radiate more partons which hadronize.

A Run a jet algorithm on the final -state particles
U Form a list of particles (this would be clusters / tracks at reco-level)

a, |
i

scatter

What IS a flnalstateparton’>

N A ~

Iterate
’ A Algorithms assign each hadron to a jet. The energy/momentum of the
E jet represents the energy/momentum of the parton from the hard

(R ENC N L

wUT I wUOEOOI

: A Think carefully about what is included as inputs: Muons? Neutrinos?

Note: Depending on the reconstruction
code, an electron will often form a jet
initially. We remove these jets using
overlap removal at both reco- and truth -
level (e.g. remove any jets with R<0.4
from a prompt electron)

W R Y BN W8N 8

B T N A T A D L T s S S )

e ;

i

:

’

N

N N < \ A A s N as ~ A ’
UUwxEDUWEEEOUEDOI (
'

)

!

I

i

;

b, [GeV] N anti-kt.d 1ooe+1oo|

e e—

0y "\ JHEP 0804:063,2008

160-
140
120 —
100 N\

80- l ,
60
40
20
0 35

R T O T W P T T 6 N N TS NN R S R T T R S R 4




r

I S R R

O S B U o S 1 S i W

o e L T

-'|- e O S O R B

TR III‘I‘I|1

LW

U S I I N Y ) T N R T

JALE R

What IS a flnalstate lajet’?

R T N

b jet

-==--=- b hadron \

impact
para

28 secondary
vertex

do.~ ¥
Se_- primary vertex

A Decay length for a 20 GeV bhadron ~2 mm, they are therefore unstable
and not included as final state particle

A However we select them experimentally by making displaced vertex
selection cuts

A" OOOOOWREOOxUOODPUI 2 nobihal stddeubkadron® t6 RtE
A If a jet contains a b-hadron it is considered a particle -level b-jet
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What is a fiducial
Cross section?

Unfold
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Inaccessible. Removed by
Kinematics cuts.

Not part of the fiducial cross
section

Theory extrapolation done
separately or (better) fiducial cuts

@8 implemented in the theory
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Irrespective of detector efficiencies and resolution,
there are particular Kinematic regions that we just

Frducral phasespace
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A fiducial phase -space is a
set of selection criteria that
can be applied to final -
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e.g.. Select events with one

(and only one) muon

with p;> 25 GeV,| ¢ 24

and p{™ss> 30 GeV.

b T WL I e I I BT R

/

A I )

T O I




: r A A e N s e N NS S N TR N 17T oy e N B XA RO W O W
:
I
i &
Recap ;
i 5
: i
i A . : L
- 1
: O u tI ine Of m ak » The SHG generator (or LHE) event 3
! record is often called “truth” — a i
i dangerous phrase. .
n
i » We're doing quantum mechanics: there is :
u no unambiguous truth! .
— = event records are half-physics, . ONE DOES NﬂJ :
i JCollider! half-debug-info...and zero indication of SIMPLY 3
. amplitude interference ;N '
: » It gets worse: kinematic frames aren’t l
defined (until the final-state) & B
: momentum isn’t necessarily conserved at i
g - | &
\ vertices! AN dy B, i
' » BEWARE!! yesterday 2
:
: . . §
I 4
i A Defining what we measure
A 1
] . . . . 3
; I (Choice of) final state particles ]
; I Definition of fiducial phase space !
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« A A bit more on unfolding
_ A Background (subtraction?)
| 1 AJets and substructure

| I
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. Unfolding to Particle Level-@- |
, Alf you
w1 Have already calibrated the :
! detector/reconstruction :
! 1 Defined the final state carefully :
: I Used this to define a fiducial phase space :
: I Used a simulated prior that describes all relevant :
distributions _!
EAGwUTiGw?U@iOOED@T?wDUH
i A Several standard techniques and
i implementations available




‘ l“ "ll.-.-w-w‘.-w 11 R o, OO 1o L i1, S ol NP
' ] -
~1 -

O S O

O e O W R - B

S

(Examples)

arXiv:1711.08341

arXiv:2103.01918
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