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Lecture 4:
Introduction to Analysis



A word on ‘Monte Carlo’ samples

[ Generation
; =20 [ Simulation
Data&) [ Digitization

[ Reconstruction

Dedicated lectures on this later in the school....

For a given physics process, obtain the
4-vectors of all outgoing particles

Simulate what happens when these
outgoing particles interact with the
material of the detector

Given the material interactions, what
digital signals will be generated in the
detector (like actual data)

Use the digital signals to reconstruct what
particles were seen in the detector.
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Muz2
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Njets
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Jet2
Jet3
Jet4

other information

1 event or 1 collision
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Event counts

N=L o BA ¢

N is number of events (of a given process)
L is integrated luminosity (amount of data)
o is the cross section of that process

B is branching fraction

A is acceptance

e is efficiency



Event counts

N=L o BA ¢

N is number of events (Z to Il at the LHC)
L is integrated luminosity (amount of data)
o is the cross section of that process (pp~> Z)

B is branching fraction (Z- II)

A is acceptance (Z»ll events within detector coverage)

e is efficiency (of those how many are identified)



Number that pass ‘selections’

Acceptance =
p Total number



Number that pass ‘selections’
Total number

Acceptance




Number that pass ‘selections’

Acceptance =
p Total number

Detector acceptance :
the fraction of events that do interact with detector
and thus can potentially be reconstructed

Kinematic acceptance :
The fraction of events that pass kinematic selections one
may require ( pr > 50 GeV, Ay;>2.0)
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Efficiency =

Number that are correctly identified

Number that can be identified
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Efficiency =

Electrons
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Number that are correctly identified
Number that can be identified

A track that matches a calorimeter cluster How good should the match be?
Energy/Momentum close to 1 How close to 1?
Negligible HCAL deposit How negligible?

Shape of shower as expected

Isolated

How close to expected?

How isolated?
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Acceptance x Efficiency

Acceptance x Efficiency=

Number that pass selections and can be detected X Number that is detected
Total number produced Number that pass selections and can be detected

_ Number that is detected
Total number produced

N=L o BA ¢

Number we will see = amount of data X rate of production
X whether we reconstruct/identify the events.



An example of acceptance

Consider looking for collisions which are from WZ production
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An example of acceptance

Consider looking for collisions which are from WZ production

All events with 3 muons with pT > 20 GeV each
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An example of acceptance

Consider looking for collisions which are from WZ production
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Measure cross section

We know Z exists. We know one possible decay is Z —uu

Is the cross section calculated by human beings the correct value?

18



Measure cross section

We know Z exists. We know one possible decay is Z —uu

Is the cross section calculated by human beings the correct value?

Let us nail down some particulars.

What quality requirements should we make to select muons?
Say we require some selections (q) for muons.
In addition we also require some kinematical conditions (k)



Measure Z cross section

N=L o BA ¢

cB=N/(LA g)

N is the observed events in data passing selections.

L is the integrated luminosity of our dataset.
A is the acceptance of our selections, depends on k

e is the efficiency of our selections, depends on g

Fiducial cross section
(GB)ﬁd =N / L
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Measure Z cross section

cB=N/(LA ¢)

Invariant Mass
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(Two muons, each with pr>20 GeV, |n|<2.4 etc.)



How do we determine A?

Invariant Mass

10°
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How do we determine € ¢

Number that is detected
Number that pass selections and can be detected

We calculate efficiency (effect of q) for one muon, ¢,
Then the total efficiency of the eventis e=c¢,.¢,

Here q includes all the reconstruction and identification requirements.

Stick all numbers in...

cB=N/(LA ¢)

23
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Let us now see some performance
plots to get a sense of the numbers
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Tracking Efficiency

Efficiency

CMS simulation

J. Instrum. 9 (2014) P10009
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http://dx.doi.org/10.1088/1748-0221/9/10/P10009
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Z-tagging (leptons)

We saw how one can tag an event as having a Z boson

Typically select events with at least two leptons,

If their invariant mass is consistent with that of Z

(i.e. within some window), then the event has a Z
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W needs us to reconstruct missing pr

P1

32



What about W ?

i

W needs us to reconstruct missing pr

Before reconstructing pTmiss:
Cleaning: remove anomalous spikes
Filtering: remove noisy events
(electronic noise, beam halo muons,
poorly ID’ed muons)
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Count

34

30000 ]
25000 —
- _m : -
200001 uon M, using PF MET B
- B Muon M, using Puppi MET ]
c [ .
315000/ —
(&) - . . |
- Simulation .
10000} W+ets -
3
160iﬂol T T T T T T T LI B — T T T 7T | — |__ E E
- - 5000 -
140~ — E E
N ] %550 to0 150 200 250 300
120— —
B — Muon M_with PF MET (Data) ] Muon M,
1001~ Muon M, with Puppi MET (Data) -
80 =
C Data ] M miss ¢ £ vZ)
- , ] T= [Z T T (1-cos(A ]
60: Single  events . P P ( ( q)))
- :
20— -
0_| [T N N N R RN N o Ly
0 50 100 150 200 250 300

Muon M,



Back to analysis
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Counting experiments

Counting experiment
Looking for some process (We call this signal).
Make an event selection that we like.
Other SM processes will also pass selection (We call this background)
Predict number of background events
Check data, observation.
Does the observation match background prediction?

Or does it match background + some additional signal?

36



Top discovery

t - Wb is 100%

37

w+ DECAY MODES Fraction (I';/T)

Ty [b] (10.86+ 0.09) %
et v (10.71+ 0.16) %
ptv (10.63+ 0.15) %
Tty (11.38+ 0.21) %

hadrons (67.41+ 0.27) %




Top discovery

38

Select a certain class of events from

all collision events
(lepton+jets, with b-tagged jets)

Expect some known processes (at that point) to contribute [WW,Wc].
Is the data completely explained by the known processes or not?



Top discovery

Select a certain class of events from all collision events
(lepton+jets, with b-tagged jets)

Expect some known processes (at that point) to contribute [WW,Wc].
Is the data completely explained by the known processes or not?

Niig = Nie = L(0B) (AL )it Is the observation, Nobs
consistent with N, or with

kag‘l'Nsig Nobs ; kag

kagz = L(GB)bZ(AS)bQ Nobs ; kag + Nsig

Nikg: = L(0B)pi(Ae)in

Nbkgs = L(0B)b3(A€ )13
Nike = 22 Nipkgi
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Top discovery

Select a certain class of events from all collision events
(lepton+jets, with b-tagged jets)

Expect some known processes (at that point) to contribute [WW,Wc].
Is the data completely explained by the known processes or not?

Nsig = Nie = L(0B) (A€ )1t Is the observation, Nops
consistent with N, or with
Nikg: = L(0B)pi(Ae)in N+ Na ?
bke Ve Nobs f kag

Nbkgo = L(GB)bZ(AS)bQ Nobs = Nbkg + Niig
Nbkgs = L(0B)b3(A€ )13
Nike = 22 Nipkgi

As we shall see, backgrounds can be estimated from data too....



Top discovery

observed | observed | background
N;et | events | SVX tags | tags expected
1 6578 40 50 + 12
2 1026 34 21.24+6.5
ey 3 164 17 5.2+ 1.7
>4 39 10 1.5+ 0.4

Table 1: Number of lepton+jet events in the 67 pb™' data sample along with the
numbers of SVX tags observed and the estimated background. Based on the excess
number of tags in events with > 3 jets, we expect an additional 0.5 and 5 tags from

tt decay in the 1 and 2 jet bins respectively.

SVX tag = b-tag Phys. Rev. Lett. 74, 2626 (1995)
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Top discovery

Phys. Rev. Lett. 74, 2626 (1995)

Channel: SVX SLT Dilepton

observed 27 tags 23 tags 6 events
expected background 6.7+21 1544+2.0 13403
background probability 2 x 107> 6 x 1072 3 x 107

The probability that background fluctuated to give
this observation is 10°¢, which is 4.8 ¢

Since observation is not explained by background,
there is additional signal present.. in this case the
top quark!




A bump hunt

Bump hunt
Looking for some process (We call this signal).
Make an event selection that we like.
Other SM processes will also pass selection (We call this background)
Predict awmber distribution of background events
Check data, observation.
Does the observed distribution match background prediction?

Or does it match background + some additional signal?
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Some bump hunt
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Higgs search
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Higgs search
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—\s =7 TeV

[ CMS preliminary
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With 13 TeV
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http://dx.doi.org/10.1016/j.physletb.2020.135425

Limits...

What happens when the observation matches the background?

Thus no signal is found (obviously)... but can we say something
about the signal?
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Limits...

What happens when the observation matches the background?

Thus no signal is found (obviously)... but can we say something
about the signal?

Two options

(a) Model for signal does not predict reality OR
(b) Collider not producing enough events model says.

Leads to constraints on model, or ruling out some parameter space for models.
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DATA

BKGD

51



DATA

But there are uncertainties involved, certainly in the

background prediction... but also inherent in the data.
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DATA

But there are uncertainties involved, certainly in the

background prediction... but also inherent in the data.

What is the maximum amount of signal that could be
hidden in the data without us noticing?
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Nlim
The number
Nsig .
theory is
> predicting.

Some signal property
(like mass)

54



o(pp — H™ H )x BR(H™ — p* ut) [fb]
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At each point, compare

Nlim and Nsig.

A
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Some signal property

(like mass)
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At each point, compare
Nlim and Nsig.

Wherever Niig > Niim, We
rule out the signal. @

A

Auadoud reubis

1210 aWoSs

Some signal property

(like mass)



Some other

signal property

2.D Limits
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Some signal property
(like mass)

At each point, compare
Nlim and Nsig.

Wherever Niig > Niim, We
rule out the signal. @

Draw a contour around
what is excluded.
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m(x,) [GeV]

Examples

gg production, B(g — qq z:’)=100%
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