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The gene3|s to any measurement
s the questlon itself

Quarks 2
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Vaw e r The gene3|s to any measurement
- F 3 3B |s the questlon itself

'.’. | Dark matter?
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' Addltlonal part1cles7
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Forces

Compos1te H1ggs7 |

_ Gravity?
Who breaks electmweak symmetry7

Unified forces?

Why is 613 SO small7

_.eptons

Majorana vs. Dirac Why is neutrino mixing so large? : Theories beyond the Standard Model?
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138 fb™' (13 TeV)
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IS Is the detector’s resolution mm
Game over (?)

B uncertainty:

+1 SD
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Back to the drawing boarad

Jet
+ Search for a Higgs boson (or anything q g DM
else) decaying to dark matter \g /
- Dark matter doesn't interact (i.e. don't Missing energy
detect it) Hor? (MET)

- See only its ‘shadow’. Detect it via
MISSINg transverse energy

q DM



Detecting dark matter

CMS Experiment at the LHC, CERN
Data recorded: 2018-Aug-13 20:24:00.350720 T
Run/ Event / LS: 321219 / 504952772 / 344

MET |




Events / 50 GeV

Data / SM

Dark matter and the Higgs
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Events / 50 GeV

Data / SM

How do these actually connect”?

Number of events
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Cross section or couplings




Events / 50 GeV

Data / SM

How do these actually connect”?

Cross section or couplings

Number of events

107 - ATLAS | e Data2015
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How do these actually connect”?

Cross section or couplings

Events / 50 GeV

Data / SM

Number of events
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1o correct for all detector eftect (i.e unfolding)

lo predict the data




Events / 50 GeV

Data / SM

How do these actually connect”?

Cross section or couplings

Number of events

1o correct for all detector eftect (i.e unfolding)
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lo predict the data




Designing a measurement



Designing a measurement - some key ingredients

- What is the final state and how precisely can you reconstruct it”? IS it precise
enough for your question”

How large is the signal (what you want to measure/find) compared to
pbackgrounds with the same final state (other processes that are in your way)?

- What will be the dominate uncertainty”? Can it be controlled or constrained?



A brief aside... Experimentally not all particles are equal

Muons, electrons, photons are most precise, hadrons less so

Comes down to how particles lose energy
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A brief aside... experimentally not all particles are equal

+ Some examples
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Detector corrections

- Must account and correct for many effects - like pile-up, different detector
technologies, material budget
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Detector corrections
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- Often have strong n dependence, some corrections can be large
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A brief aside... Theoretically not all particles are equal

QCD dominates (i.e. we
oroduce a lot of jets)

For the W/Z decays to hadrons
dominate

For Higgs, decays to b-quarks
and taus dominate

Standard Model Total Production Cross Section Measurements

Status: February 2022

— 500 ub~!
11 A
-8_ ]'0 80 ub~*

| SRS |

S 10°
10°
10%

103

ATLAS Preliminary
\s=7,8,13 TeV

Theory

LHC pp Vs =13 TeV

BEl Daia 32-1391b!

LHC pp Vs =8 TeV

BE Data 20.2-20.3fb!

LHC pp Vs =7 TeV

BBl Data 45-46f!
F
O o0
VANl
total n “ O [}
A O
WH
[ =}
Wwww
5 . (m ] o o=
VH
A
i A
ttH n
(x0.3) I WW<2z
(><0.2)u

pp

H WW WZ ZZ t ttW ttZ tttt

s-chan WM_IV



As a general rule - A Higgs example

FProduction

More | ess

Y Y
W tb/z
Dec ay H =omee-s < H ==e=eee < [ PE—— < H == W H == b/t
W t/b/t
VZA v/Z



As a general rule - A Higgs example

FProduction

More | ess

Harder Easier

4 Y
W t/b/v
DeC ay H =eeees H eeeee= H ==eee= H =- 1% H == t/b/t
W t/b/t
VZA v/Z



In practice - measure them all

b/c

q q q W/Z tb b t
t/b/c

g
W/Z W7 oo
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In practice - measure them all

9

FProduction

q’ qa g H d
\\A;\ > DN—"/
Each measurement brings different experimental
and theoretical strengths and weaknesses
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+ How precisely can you
reconstruct the final state?
s It precise enough®




+ How precisely can you
reconstruct the final state”
s it precise enough®?

Missing energy is the weakest link
Relies on measuring everything else

The detector resolution of each other
object and the uncertainty on the
measurement of each other object is
propagated to the determination of
missing energy




Reconstructing the final state
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Backgrounds

How large is the signal compared to
backgrounds with the same final state”?

Three main types of backgrounds

Sackgro
(.e. Z 10

Sackgro
(I.e. mult

jet proc

unds from the same final state
neutrinos + |ets)

Backgrounds where an object was
outside the acceptance or not
reconstructed (l.e W decays to leptons)

Jnds due to misconstruction

uction)

Events / 50 GeV

Data / SM
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q

Uncertainties E
X

Z

Strong Zjj q

- What will be the dominate
uncertainty”? Can it be controlled

q
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EW Zjj Z q
Uncertainties e B
q Z q g
Strong Zjj q Zz
- What will be the dominate uncertainty”? Can it be
. q (c) q g (d) q
controlled or constrained”?
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Defining the phase space



Defining the phase space

| he detector has a
certain kKinematic
region (i.e. it's not a 4rt
detector and it can't
measure pl = 0)

Fiducial phase space
IS a criteria applied to
final state ‘truth’
particles

Proton+PDF
Initial state
Hard Process
PS+Hadronization
Hadron Decay

Underlying event



Unfolding - Correcting for detector effects



Unfolding - the basics

Measurement
Measured Distribution Truth Distribution
0.40 0.40
0.35 0.351
0.30 0.30
0.25 0.25
0.20 0.201
019 Go to page 93 0-19
0.10 0.101
0.05 0.051
0.00 0.00
0 2 8 10 0 2 8 10

4 6 4 6
pr [GeV] pr [GeV]

Unfolding




Unfolding - the basics

Migration matrix - maps truth to

reconstructed object

Fewer migrations is better
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Unfolding - the basics

Additional corrections for

Events In truth phase that are
not at detector level
(matching efficiency)

Events at detector-level but In
truth the phase space (shows
as the fiducial fraction,
fraction where an event IS In

both)

Closer to 1.0 is better

Matching Efficiency

1.2
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Unfolding - the basics

Measurement
Measured Distribution Truth Distribution
» But what happens if the MC/simulation
» model is not very good?

4 6 4 6
pr [GeV] pr [GeV]
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A poor MC/simulation model example

From master’s thesis of Mathias Backes
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A word of caution

[GeV]

miss
pT
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Particle level p

+ We use Iterative unfolding to reduce dependencies on the underlying model
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These are more susceptible to model dependencies and therefore

the optimal phase space and measurement definition for the
question at hand is critical




A real example with all the pieces In place

Jet

/

My question - Does DM Missing energy
- | Hor? (MET)

couple to the Higgs?



A real example with all the pieces in place

My question - Does DM

couple to the Higgs? Jet

q -c' 9 DM

L o
3 9
i Q '
,‘ }

: Q ,
N ‘ "
\S 3
;3 P
B Y -
\’ N - -

My measurement -
the process will be rare —

ISsing energy
Focus on jets (high cross | Hor? (MET)
section) f?
Backgrounds will be large — Wil
measure them via control regions | \\
| q DM

Jets are imprecise — Will reduce
the uncertainties via a ratio



A real example with all the pieces in place
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A real example with all the pieces in place

My question - Does DM
couple to the Higgs?

My measurement -
the process will be rare — Focus
on jets (high cross section)

Backgrounds will be large — Wil
measure them via control regions

Jets are imprecise — Will
reduce the uncertainties via
a ratio
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A real example with all the pieces in place
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A real example with all the pieces in place
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A real example with all the pieces in place
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This Is the detector’s resolution sy
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An Impossible width
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Particle vs. Propagator
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Particle vs. Propagator

On-shell _ ~

2 2
pp->H-ZZ ochgggHZZ 10
on-shell erH

- 107°

=,
g 107"

. 3
Wldth 10'5

dependence

107°
107

JHEP 04 (2014) 60

— — 31 Off-shell
4—-lepton production, CMS cuts, Vs=13 TeV §
qq - 4leptons |~
gg » h - 4leptons _ = 77
4lept w1 doPPhi™ 2 a9F
L gg - 4lep ons daoﬁ—shell o IHgg9H 7z
- gg - 4leptope(total) - d (m2, — m2)>2
= E Mzz Mzz — My
- T .
- 3 Coupling, mass
- dependence
i L1 1 I | | 1 1 1
100 1000 2000



1039'MS' — 78 b (13 TeV)

tting | - 41,D,_ >0.6 §
B > T bk _

Fitting 1t all together : 9 . Observed :
i Total, no off-shell

1025_ gg+EW SM total =

- Other SM .

lenter here... a huge amount of R ]

measurement fanciness]

Events / bin
o

-
£+

—+

Fit 117 categories together Iin both on-
shell and off-shell to extract the width i3 =
S 20 E
T garethibep g
<ot
220 400 600 800

m,, (GeV)



Obtaining the width
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Mass hierarchy The genesis to any measurement
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