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Outline

C Concept & methodology

C Review of currenstatus

To briefly reveal how do we exactly
measure the smallest scale physics

Disclaimer:
A Materials most relevant to LHC experiments
A A good digest of previous lectures assumed

A Focus given to introductory materials
A Frequently pick up figures/results from ATLAS experiment for lecturing

A Difficulty of material selection due to mixture of audience, can always
contact me via email for discussions
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Concept & methodology



Physics Scales at the LHC

Dark energy
accelerated
expansion

Structure

Cosmic Microwave 4
formation

Background radiation

Accelerators is visible

Inflation

LHC experiments
scrutinize physics
at QCD, EW, and
up to TeV scales

t = Time (seconds, years)
E = Energy of photons (units GeV = 1.6 x 1010 joules)
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The concept for the above figure originated in a 1986 paper by Michael Turner. PO rhcle DOfO GrOUp, I_BNI_ © 20] 5 SUppOI’Ted by DOE




Physics Studies In a Nutshell

Measurements (indirect searches)
=> optimized phase space for precision

test of the SM I
Direct searches

=> optimized phase space for searching

for BSM signals of particular types

—

Been carried out in a vast variety
of final states and phase spaces

As of today, no clear sigh of BSM
was found from collider studies

Expedition will continue with up to
ultimate O(1000) fB of data
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LHC, ATLAS and CMS

CMS DETECTOR STEEL RETURN YOKE

Total weight : 14,000 tonnes 12,500 tonnes. SILICON TRACKERS
Overall diameter :15.0m Pixel (100x150 ym) ~1m* ~66M channels
. Overalllength ~ :28.7m Microstrips (80x180 gm) ~200m* ~9.6M channels

Magnetic field  :3.8T
SUPERCONDUCTING SOLENOID
Niobium titanium coil carrying ~18,000A

MUON CHAMBERS
Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
Endcaps: 540 Cathode Strip, 576 Resistive Plate Chambers

PRESHOWER
& Silicon strips ~16m? ~137,000 channels

FORWARD CALORIMETER
~ Steel + Quartz fibres ~2,000 Channels

\ CRYSTAL

ELECTROMAGNETIC
CALORIMETER (ECAL)
~76,000 scintillating PBWO, crystals

44m

N HADRON CALORIMETER (HCAL)
{ " : Brass + Plastic scintillator ~7,000 channels

Two generapurpose detectors with
excellent performance and broad
physics potentials:

25m

Higgs and other SM measurements,
- \ WArhacroic enccap and direct search for new physics at EW
LAr electromagnetic calorimeters I' y. R ¢ S i é_ O I' f S é_ z X

Toroid magnets

Muon chambers Solenoid magnet | Transition radiation tracker
Semiconductor fracker
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From collisions to physics

T 7 [ [

< 10%0s 1019¢ 107s 106sc 1°s > 1s

Collision and short  Finatstate particles  Trigger decision Postprocessing of
range interactions:  interact with (L1ns, Highlevel: data: calibration &
Hard-scattering, detector and ms- s) and Data reconstruction (1
partor-shower, and generate electronic  acquisition 1 min), distribution
hadronization signals over network, and

physics studies
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.;.’ o ) g S mmin;l()() HZ Event Filter —“'rc farms
. ~sec
A sketch of collision events Detector signals Trigger scheme Offline computing
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Workflows

Data flow. detector
response, triggering,
DAQ, physics object
reconstruction and
calibration, data taking
and distributing

ATLAS

EXPERIMENT

2023 Aug.

SATLAS

Prediction flow. physics process
modelling, detector simulation,
physics object corrections

Standard Model Production Cross Section Measurements Status: February 2022

ATLAS Preliminary

Theory
Vs=5,7,8,13 TeV
LHC pp V5 =13 TeV
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Objects for Physics

Final state particles from interesting physics
processes interact with detectors

g Po©
T - o
© 10 Vi \
= — e |9 Vertices
8 e evev, f
g 10°E -~ eV,
o = | 1 Inner tracks
= H+I~L geeg'e =
. ~ : :
10 jet LA\ Calorimeter
105 oo energy deposits
o N T
10" 100 150 200 250 muon tracks
M [GeV] £ miss
Example: Higgs decay channels to T All info.
final state particles (npT)
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E>xamples oPhysics Objects

Longitudinal view

B

ary v

fimary vefey —-=r——"

anti-k,, R=1

EXPERIMENT
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Predictions

.—;."'_'

L —
e\

\

¢ 2 RS HarddcatSingd
with high-Q?

x Parton distribution
function (PDF)

x Perturbative EW and QCD

X QCD showering and
hadronization

Underlying event,

Soft interactions
beam remnants

.....

2023 Aug.

A % Rely on MonteCarlo techniques to
f\r; . V Describe particle types and moment:
Jo\'@ on an eveniby-event basis
ﬂ V Provide production crossections
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Partonlevel

Parton-level generators (PDF @ Perturbative scattering amplitudes)

do B 1
dQ2dx1dx» N Fluxi

N fie we) fiGo p) x Y IMG. > kL))

J,k,...n

parton flavors helicities & colors

MSTW2008NLO
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Parton showering / hadronization

Events produced CD radiation ”
P Q Reach critical QCD scale,
by partonlevel along the ) :
: confinement dominates, color
generator with accelerated

: : neutral parton pairs hadronize
color information colored partons

non-perturbative,

perturbative QCD

calculable, approximately (j/ Implemented by

Implemented, accounting fcs@:@ phenological models,
b

well for collinear radiations parameterization required

() ‘

Showering String model (Pythia) Cluster model (Herwig)

Hadronization
2023 Aug. iISTERPY. Wu 13



To model a real event

Partortlevel generator: ¥ (GeV)
1 2 3
. L 102 g e = . =
- Precise determination
of final state kinematics
a given order 0" | Solid: MC@NLO ! E
o [ Dashed: Herwig
- Limited order for extra Dotted: NLO
radiations AW ' 3
Shower generator g
S a1 -
10
- Efficient simulation of S
QCD radiations o8 ]
(unlimited order) T M
- Tuning needed to be 558 ¢ s g ¢ I3 oo oy o5 [0
: 1 2 3
precise logm(p(-;_«B/GeV)

Generator purpose generator:
Matching and merging the two!

Key is to resolve the overlapped phase space
2023 Aug. ISTEFY WU 14

Up to NNLO+PS for
the time being




Market Survey

c
L
o
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©
herwiqg
f generator
ﬁ {%} powheg TE

tfune

qed Pgt

S

nlo -IME

sherpa

(D

Not cover electroweak calculation in this lectur

Y Importance for high pT physics, where EW
corrections become sizable

Many programs on the market,
often need to compare several
to make sure a good

understanding of the process
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Detector Simulation

ATLAS detector simulation is based@mant4
plus detector signal amplification and collection with analytical functions

Events produceé:; ... Detector simulation P
o tenells [3s 2 Shieldings \{r\mt :
by MC&\Q%“@‘{ N i///.//.;/ i
I\ Al N4 & . i
et T FE Al TV el et
e 5T %\% WO,

the largescale experiment

>1 mins per event Common interactions between particles and
Dominated by calorimeter materials simulated:

Faster simulation also deployed by - Ionization, pair production, scattering,
simplifying calo. simulation Bremsstrahlung, hadronic interactions

PaVaVaVal
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Measurement Channels

Sketch of a pp
collision event

2023 Aug.

Tracks
Hadrons
Protons

Jets
Photons

Photon + Jetg “‘“é
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proton - (anti)proton cross sections

WO

10° £ ——— T 10°

10° 3 o, » 4 10°
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Measurements and Predictions

[o]VET; 3

. Forces

Léptdhs i

Predictions

>
- Measurements

CMS 138107 (13 TeV) = , . , x102 CMS 1.21 7 (136 TeV)
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Particle mass (GeV) o8 ! '8 2 & ;

. o, my (GeV)
Quantum field structures, : ‘
. N Couplings, : Detector
symmetries and intrinsic . : Crosssections
. Interactions observable:
properties, model parameters

o
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Measurement Methodology

Motivated to study a physics process, use MC simulation to
understand the features of the signals and background

|

Decide on the final states to study, aogtimize theselection
criteria to reach a good signral/er-background ratio

|

Use collision data to calibrate the simulation
and reconstruction of physics objects

|

Estimate the background contributions and use data control
regions to validate, calculate signal selection efficiencies, and
then derive physics results with uncertainties

Measurement of physics quantitie% > Statistical test against background

or crosssections of a process only or new physics hypothesis
2023 Aug. ISTERY. Wu 19



Detector response

A schematic view of detector effects

True event happened Reconstruction from the detector signals

Backgrounds
Detector
inefficiency
and smearing

J 7/
N

t KéEaAaOa aiddzRASa UNER G2 NBY2@QS
physics process (differential cressctions, parameters, etc.)
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Crosssection and Phase spaces

N — N Signal phase spaces
o(x) = obs bkg in physics analyses
LXAXCXB
Total Phase Space
o(x): to be measured cross-section A
or physics parameter Fiducial

Nops, Nprg: number of observed C\‘

data events and estimated Reco
background events

To have a precise measurementsobr x
(physics goal), requirements for all the terms

A: signal acceptance V Large datasets
gi Ligi:;tl:‘gcﬁzgti:z?';‘;Zcess o V Optimized selection for S/B ratio
' V Stable estimation of backgrounds

L: integrated luminosity of the data

final states : _ ) _
V Good calibration of simulation
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Likelihood

Practically, interpretation of physics results are
usually done withikelihood functions

Profile loglikelihood ratio
test statisticsC detection )
AAIYATFAOIyOSS

N n; M
j 2
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' : E L 10
Signal: s= $(q) ' SR ,
Background: b= h(q) e 3 8f-
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uncertainties §8ese U RTINS .
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0

Example of a binned histogre
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Q! yT2f Ré

Differential measurement
Gdzy ¥F2f RA Y 3

Reconstructed distribution: R(X)

V4

0 KS { NXzi K

y. efficiency
R(x) = M(x,x") xe(x")xXT(x")

Detector smearing matrix

£

To deal with instability of matrix inversion:
AUGSNI GAODS FeSasz aany

Truth distribution at fiduciategion T(x)

2023 Aug.

3

i
=
§ 25 10000
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1.5 elilv]
D00
05 000
O 05 1 15 2 25 IY,,,?
Example of the smearing matrix
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(Brief)Review of current status



Data processing and Reconstruction

CMS Integrated Luminosity, pp, Vs = 7, 8, 13 TeV

Data included from 2010-03-30 11:22 to 2018-10-26 08:23 UTC
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Tremendous efforts from
LHC, detector teams to
make the data collection
smooth, and available
for measurements

2023 Aug.

Physics successes owing to precise understanding
of e, m jets, EMsS and tagging of heavijavor jets

Permil to percentageprecision achieved in many
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Orders of Measurements

Standard Model Production Cross Section Measurements

E 1011
5 100
10°
10*

103

107!
1072

1073

Status: February 2022

AQ total (x2)

inglasfic
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0

ATLAS Preliminary
\s=5,7,8,13 TeV

Theory

SM measurements
over > 14 orders of
magnitudes:

Consistency with

prediction observed
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Wh ere we are (L H C&ore: https://twiki.cern.ch/twiki/bin/view/AtlasPublic/

p:/lcms-results.web.cern.ch/cmsesults/publicresults/publications/

Precision Top mass precision (k5 GeY- new record
W mass16 Me\},i Q& (1.5: ) approaching records
2-3%unc. for W/Zbdlinclusives, focus on multdim. differential
Lepton universality-m(1%) - new record
Charge, forwarebackward asymmetries, polarization, sjmorrelation

Measurement / | ./ Exploration
Dibosons precision %9 FE

Observation of raré&/BS
processes (WW, WZZ \\g),
g A WW, tZq, tri-bosons

Evidence for raréour-top,
VBS gprocesses

Single tops precision (tchannel }
7% Wt¢ 10%,evidence for schn.)

VBF V, ttegfW/Z s precision $-20%)

Record precision iatudying three
body vertices Sensitivity irfour-body

A high energy behavior of vertices

anomalous tripleboson couplings; Searcled for rare decays
CKM|V | (599 top FCNCs
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SM Parameter Measurement

19 free parameters

or 26 parametes (including neutrino sector with masses)

Parameters Relative Error (PDG
| ,OE+,| 1010, 104,102
a (@ )a 104(10°), 103
a ,a ,a 104, 101, 107
a ,a ,a 1010, 108, 104
a ,a ,a 1072, 102, 107

CKM 3 mixing angles ¢ 104 - 10?2
1 CRviolating phase

Strong CP violating < 10°
phase

Those sensitive for EW & TeV scale colliders
to measure are marked irmed

2023 Aug. iISTERY. Wu

Measuring these parameters at
different exp. offers

- stringent test of SMnternal
consistency

- high sensitivity to new physics

- probe of running nature of
fundamental couplings

H/Z/y S H

w AVAVAVAVAVAVAVAVAVAY
: MAA{ACE\H/AZZ
ww@«wy w
b

Example of other particles in
loops that impact W boson
propagator and its mass
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SM Parameter Measurement

OE+

ATLASCONR2018037

ATLAS Preliminary
LEP-1 and SLD: Z-pole ' '

LEP-1 and SLD: A%s
SLD: A,

Tevatron

LHCb: 748 TeV
CMS: 8 TeV
ATLAS: 7 TeV
ATLAS: ee..+up oo
ATLAS: ee..
ATLAS: 8 TeV

"1 0.23098 + 0.00026

"1 0.23080 + 0.00120
"] 0.23119 + 0.00049

| 0.23140 £ 0.00036

0.232

0.231
sinfel,

023

0.23152 + 0.00016

0.23221+ 0.00029

0.23148 + 0.00033

0.23142 + 0.00106

0.23101+ 0.00053

0.23166 = 0.00043

r

PRL114 (2015) 191803 Q

ATLAS H—yy == = Total
M Hry boed Stat.
[ Syst.
ATLAS H—ZZ -4l —e—
CMS H—ZZ 4] ———
ATLAS+CMS yy |
ATLAS+CMS 4/ ———r ATLAS and CMS
ATLAS+CMS yy+4l LAC Run 1
b b b b,
124 125 126 127 128
my, [GeV]

Providing
competitive/most
precise precisions

LHC comb. (Sep 2013) LHCiopwc
World comb. (Mar 2014)

ATLAS comb. (Oct 2018)

CMS, single top
CMS comb. (Sep 2015)

173.29 £0.95 (0.35 = 0.88)
173.34 + 0.76 (0.36 + 0.67)

17295 £ 1.22 (0.77 £ 0.85)
17244 : 0.48 (0.13 £ 0.47)

ATLAS+CMS Preliminary Myge SUMmary, \s = 7-13 TeV June 2023
LHClopWG ;
"""" World comb. (Mar 2014} [2] + a
B stat total stat
tolal uncertainty M + tolal (stal * syst + recoil) s Rei

7TV [1

1.96.7 TeV [2]

ATLAS, l+jets. 17233 + 1.27 (0.75 + 1.02) 7Tev [3]
ATLAS, dilepton 17379 + 141 (0.54 £ 1.30) TTev [3
ATLAS, all jets 1751 18(144£1.2) TTev [4
ATLAS, single top 1722 £21(0.7£20) 8Tev (5]
ATLAS, dilepton 172,99 + 0.85 (0.41+ 0.74)
ATLAS, all jets 17372 + 1.15 (0.55 + 1.01)
ATLAS, l+jets 172.08 £ 091 (0.99 + 0.82)

172,69 = 0.48 (0.25 = 0.41) 748 TPV'LS

ATLAS, leptonic invariant mass 174,41+ 0.81(0.39 + 0.66 + 0.25) 3Tev 9]
ATLAS, dilepton (*) 17221+ 0.80 (0.20 + 0.67 +0.39) 13 TeV [10]
CMS, l+jets 17349 + 1.06 (0.43 + 0.87) Tev [11]
CMS, dilepton 172,50 + 1,52 (0.43 + 1.46) 7Tev [12]
CMS, all jets 17349 + 141 (0.69 % 1.23) 7Tev [13]
CMS, I+jets. 172.35 £ 0.51 (0.16 % 0.48)
CMS, dilepton 17282 + 123 (0.19 4 1.22)
CMS, all jets 172.32 + 0.64 (0.25 + 0.59)

> [ ATLA

0.10—

0.08—

0.06— |\ a,m)
R S S |

O. 1 6 [ T T T Ko ) I T T T T T T | § I T l_
» CMS i s DR 5 D@incl. jet =

arXiv:1307.1907 arXiv:1207.4957 arXiv:0911.2710 —

0.14 . CMSM, vy CMSR,, ¢ CMSincl.jet ]
. | arXiv:1412.1633 arXiv:1304.7498 arXiv:1609.05331 |
B o ATLASR,, , TEEC7TeV -

il arXiv:1805.04691 arXiv:1508.01579 ]

o TEEC8TeV |

NNLO pQCD; MMHT 2014 (NNLO)
- ag(m,) =0.1175 :;’0"13: (TEEC Global) -
=0.1179 + 0.0009 (PDG 2022)

arXiv:1707.02562

TEEC13TeV 7]

1 PR S S T T | L 1

CMS, I+jets 172,25 + 0.63 (0.08 0.62)
CMS, dilepton 172.33 +0.70 (0.14 +0.69)

CMS, all jets 17234 £ 0.73(0.20 = 0.70)

CMS, single top 17213 + 0.77 (0.92 £ 0.70)

CMS, l+jets 171.97 £037 13TeV [20]
CMS, boosted 17276.4081(0.22+ 0.78) 13 Tev 1)
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W mass Measurement ATLATONE022004

Overview of m, Measurements

I%Ezfmbgna‘;%. ATLAS Preliminary = 8= 3 . fATAs T W o ooan
,,,,,,,,,,,,,,,,,,,,,,, F=rTevaew' | Q B805pPrelminary B tososam ]
ERCESUR&U;g)BOA(zum) 3-: . - Eg L [ 68/95% CLOfmwandml ]
| : 80.45F -
COF RN e ; L e i .
7777777777777777777777777777777777777777777777777777777777777777777 80.4~ -
H-ég:ngngezéozz. - :., - :__________________________ _____________________________E
80.35 =
ATLAS 2017 : [N : — .
EPJ-C78-2, p110 (2018) ® Measurement : | e C i
DStat. Unc. 80.3 C — 68..'95% CL of Electroweak A
ATLAS 2023 Wi Total Unc. : t - o eren T 22 5014 st ]
s wori " "ISM Prediction T C ]
______________________ | Ll i 80.25 o L
50200 30300 80400 165 170 175 180 185
mW [IVIeV] mt [GeV]
my = 80360 + 5(stat.) + 15(syst.) = 80360 + 16 MeV
Better consistency with electroweak pitediction
FUTURE:

more precise, independent measurements fréfiLAS, CMS, LH@Iill be desired (in
view of discrepancies w.r.t. CDF resuld)more precise calibrations, better pT
modelling, better PDF modelling (more relevant PDF measurements at the LHC)
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-004/

Normalised to unity

Var./Nom.

More on W mass

0.09E- ATLAS Simulation [ Nominal
\s=7 TeV, pp— WEEX —— A my=-50 MeV

- A my,=+50 MeV

Lengthy estimation of
uncertainty effects

1.01 —
0 9; __'__'__'_* BE Combined Value | Stat. Muon Elec. Recoil Bckg. QCD EW PDF Total | y?/dof
30 3‘2 3‘4 3‘6 3I8 4'0 4'2 4'4 4 5 4 8 50 categories [MeV] | Unc. Unc. Unc. Unc. Unc. Unc. Unc. Unc. Unc. | of Comb.

p [GeV] mr, W*, e-u 80370.0 | 123 8.3 6.7 14.5 9.7 94 34 169 309 2/6
T mt, W™, e-u 80381.1 | 13.9 8.8 6.6 11.8 102 9.7 34 162 305 7/6
my, W=, e-u 803757 | 9.6 7.8 55 13.0 83 96 34 102 251 11/13

Pelel |eve| underStandlng W+, e-p 803520 | 9.6 6.5 8.4 2.5 52 83 57 145 235 5/6

t’
Pt
. . . o
P W™, e 80383.4 | 10.8 7.0 8.1 2.5 6.1 81 57 135 236 10/6
Of a dIStrIbUtlon needed to pg, W=, e-u 803694 | 7.2 6.3 6.7 2.5 4.6 83 57 90 187 19/13

reveal O(10) MeV mass shifts . w=. 803472 99 00 148 26 57 82 53 89 231 45
mr, W, e 803646 | 135 00 144 132 128 95 34 102 308| 85
mepl, W e 803454 | 117 00 160 383 74 83 50 137 274 15
mr-pb, W, e 803594 | 120 00 151 39 85 84 49 134 276| 85
mr-ph, We e 803498 | 90 00 147 33 61 83 51 90 229 121

ph W 803823 | 10.1  10.7 0.0 25 39 84 60 107 214 7
mr, W, u 80381.5 | 13.0 11.6 00 130 60 96 34 112 272 3/7
mr-pt, W u | 80364.1 | 114 124 0.0 40 47 88 54 176 2712 5/7
mr-pl, W™, u | 80398.6 | 120 13.0 0.0 4.1 57 84 53 168 274 3/7
mr-pt, W*, | 803820 | 86 107 00 37 43 86 54 109 21.0| 10/15

mr-pl, W+ ey | 803527 | 89 66 82 31 55 84 54 146 234 713
mr-ph, W, e | 803836 | 97 72 78 33 66 83 53 136 234 1513

mr-pt, W, e | 80369.5 | 68 66 64 29 45 83 55 92 85| 2927
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Precision V measurements

Precision differential

measurements of W or:Z
- Parameter determination (e.g.,
W massandag); Understanding

of QCD (V+jets); Search for ney
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https://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-20-003/index.html

Measurement of strong coupling

Utilize the
abundant
productio
n of jets
and V+jets

2023 Aug.
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Transverse energsgnergy
correlation (TEEC)

dated back to e+e to explore
multi-jet FSR correlation
affected by

» j modifies the strength of
ISR, and therefore affects{Z)

e p{Z) is one of most precisely
measured distribution at LHC
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(1/0) dZ/d(cos o)

Measurement of strong coupling
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Smulationresults for TEEC
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Demonstration of ZpT and relationship
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Multiboson Measurement

C Study ofmultibosons- an essential piece in LHC physics progral

proton - (anti)proton cross sections
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Only precisely accessible at LHC
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Electroweak Theory

1 eV AN
A S .

A _:‘} F[w F;-y . e
+ (EDy +he B0 . .
* %3 pp] Selfinteractions due to

W Re-VE) Non-abelian Gauge Theon
| | ORAOG2a2y X UN

o Electroweak Symmetry Breaking
(H4 VV, vectobosonscattering)

A Precision test of the
Standard Model

A Sensitive to new physics
(SUSY, Little Higgs,
DN} A2y 5|
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Multiboson Pasf, Recent

PRL 107 (2011) 041802

2023 Aug.

First diboson measurements at ATLAS
(GNSRA&AO2USNEE 2F St SO

NLO QCD + shower simulation was new and
sufficient to describe the data

Many multiboson channels not/less
explored in the past (LEP, Tevatron)

Differential s with
precision

A Challenging
NNLO QCD + NLO
92 LINBRAOI
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