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Jets are collimated sprays of hadronic particles produced in proton-proton collisions 
at the Large Hadron Collider.
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Jets: what are they?
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Jets: why are they important?
Jets are (by far) the  most dominant Þnal state objects  produced in the proton-proton 
collisions at the Large Hadron Collider.
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Jets: why are they important?
Jets are (by far) the  most dominant Þnal state objects  produced in the proton-proton 
collisions at the Large Hadron Collider.
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Jets are key ingredients to study physics (test the Standard Model, search for new 
phenomena, etc.) in the proton-proton collisions at the Large Hadron Collider.
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Jets: why are they important?
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Jets: why are they important?
Jet energy calibration (scale) & resolution  are the important systematics  in many of 
these physics analyses.
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Energy measurement: example

Calorimeter
! +

E = 90 GeV

Consider injecting a beam 
of pions with precise 
energy into a calorimeter

The ATLAS calorimeters 
are non-compensating: 
hadrons are measured on 
average with less energy 
compared to electrons 
and photons
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1. Calibration: scale 
measurement to true 
value (on average)

The ATLAS calorimeters 
are non-compensating: 
hadrons are measured on 
average with less energy 
compared to electrons 
and photons

Energy measurement: example
Consider injecting a beam 
of pions with precise 
energy into a calorimeter

Calorimeter
! +

E = 90 GeV
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Energy measurement: example

1. Calibration: scale 
measurement to true 
value (on average)

2. Resolution: the 
standard deviation 
(approx. gaussian)

Calorimeter
! +

E = 90 GeV

Consider injecting a beam 
of pions with precise 
energy into a calorimeter

The ATLAS calorimeters 
are non-compensating: 
hadrons are measured on 
average with less energy 
compared to electrons 
and photons
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ATLAS calorimeters
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ATLAS calorimeters
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ATLAS calorimeters
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 13 m
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p
<latexit sha1_base64="DXkmTd8ELuE/4hdk5qNHI9ZIXuc=">AAAB53icdVBNS8NAEJ3Ur1q/qh69LBbBU0il0PZW8OKxBWOFNpTNdtKu3XywuxFK6C/w4kHFq3/Jm//GbRpBRR8MPN6bYWaenwiutON8WKW19Y3NrfJ2ZWd3b/+genh0o+JUMnRZLGJ561OFgkfoaq4F3iYSaegL7Puzy6Xfv0epeBxd63mCXkgnEQ84o9pIvWRUrTl2OwdZkWajIO06qdtOjhoU6I6q78NxzNIQI80EVWpQdxLtZVRqzgQuKsNUYULZjE5wYGhEQ1Relh+6IGdGGZMglqYiTXL1+0RGQ6XmoW86Q6qn6re3FP/yBqkOWl7GoyTVGLHVoiAVRMdk+TUZc4lMi7khlElubiVsSiVl2mRTMSF8fUr+J+6F3badXqPWaRVplOEETuEc6tCEDlxBF1xggPAAT/Bs3VmP1ov1umotWcXMMfyA9fYJGdqNUA==</latexit><latexit sha1_base64="DXkmTd8ELuE/4hdk5qNHI9ZIXuc=">AAAB53icdVBNS8NAEJ3Ur1q/qh69LBbBU0il0PZW8OKxBWOFNpTNdtKu3XywuxFK6C/w4kHFq3/Jm//GbRpBRR8MPN6bYWaenwiutON8WKW19Y3NrfJ2ZWd3b/+genh0o+JUMnRZLGJ561OFgkfoaq4F3iYSaegL7Puzy6Xfv0epeBxd63mCXkgnEQ84o9pIvWRUrTl2OwdZkWajIO06qdtOjhoU6I6q78NxzNIQI80EVWpQdxLtZVRqzgQuKsNUYULZjE5wYGhEQ1Relh+6IGdGGZMglqYiTXL1+0RGQ6XmoW86Q6qn6re3FP/yBqkOWl7GoyTVGLHVoiAVRMdk+TUZc4lMi7khlElubiVsSiVl2mRTMSF8fUr+J+6F3badXqPWaRVplOEETuEc6tCEDlxBF1xggPAAT/Bs3VmP1ov1umotWcXMMfyA9fYJGdqNUA==</latexit><latexit sha1_base64="DXkmTd8ELuE/4hdk5qNHI9ZIXuc=">AAAB53icdVBNS8NAEJ3Ur1q/qh69LBbBU0il0PZW8OKxBWOFNpTNdtKu3XywuxFK6C/w4kHFq3/Jm//GbRpBRR8MPN6bYWaenwiutON8WKW19Y3NrfJ2ZWd3b/+genh0o+JUMnRZLGJ561OFgkfoaq4F3iYSaegL7Puzy6Xfv0epeBxd63mCXkgnEQ84o9pIvWRUrTl2OwdZkWajIO06qdtOjhoU6I6q78NxzNIQI80EVWpQdxLtZVRqzgQuKsNUYULZjE5wYGhEQ1Relh+6IGdGGZMglqYiTXL1+0RGQ6XmoW86Q6qn6re3FP/yBqkOWl7GoyTVGLHVoiAVRMdk+TUZc4lMi7khlElubiVsSiVl2mRTMSF8fUr+J+6F3badXqPWaRVplOEETuEc6tCEDlxBF1xggPAAT/Bs3VmP1ov1umotWcXMMfyA9fYJGdqNUA==</latexit>



Conservation of momentum
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pref
T

pprobeT

!
pi

T = 0

!
pf

T = pref
T ! pprobe

T = 0

! pref
T = pprobe

T

! ! = "

p p

Probe 
want to study its calibration & resolution

Reference 
well-measured

(ideally)
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pref
T

pprobeT

Conservation of momentum

Any momentum imbalance  between a 
well-measured reference particle & a 
probe jet attributed to resolution of 
our jet energy measurement .

Z/ !

jet

! ! = "

proton ÒbunchÓ

V+jet event
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pref
T

pprobeT

Conservation of momentum
jet

jet
! ! = "

The reference can also be a jet as long 
as we are sure it is Òwell-measuredÓ.

proton ÒbunchÓ

Any momentum imbalance  between a 
well-measured reference particle & a 
probe jet attributed to resolution of 
our jet energy measurement .

dijet  event
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In-situ measurement

A ⌘ pprobe
T � pref

T

pavg
T

DeÞne the asymmetry  of the dijet system:

(pref
T , ! ref )

(pprobe
T , ! probe )

|! | = 0 .8

well-calibrated 
detector region

Study this quantity in jet transverse momenta & detector region : (pavg
T , ! probe )



Perfect balance  (calibration + resolution) will always give zero asymmetry .!

1.5! 1! 0.5! 0 0.5 1 1.5

Asymmetry
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Jet energy resolution

! A =
!

! pT

pT

"

ref
!

!
! pT

pT

"

probe
<latexit sha1_base64="m+aJuyn/7jBEQhISp40rBo7doQo="></latexit><latexit sha1_base64="m+aJuyn/7jBEQhISp40rBo7doQo="></latexit><latexit sha1_base64="m+aJuyn/7jBEQhISp40rBo7doQo="></latexit>



Perfect balance (calibration + resolution) will always give zero asymmetry.!
We observe a width  around zero due to energy resolution .
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Jet energy resolution

1.5! 1! 0.5! 0 0.5 1 1.5

Asymmetry

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

no
rm

al
iz

ed

0.000± = 0.000µ
0.001± = 0.213"

 [GeV] < 195
avg

T
145 < p

 < 0.8
ref

!
 < 0.8

probe
!-0.8 < 

2016 data

fit

ATLAS work-in-progress 
2016 data!
√s = 13 TeV, 33 fb-1

! A
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!
! pT

pT

"
=

! A!
2

(|" probe | < 0.8)
<latexit sha1_base64="3RGF/XHQFI0v06gQBYvQPiNG8lo="></latexit><latexit sha1_base64="3RGF/XHQFI0v06gQBYvQPiNG8lo="></latexit><latexit sha1_base64="3RGF/XHQFI0v06gQBYvQPiNG8lo="></latexit>



First results of my work on jet energy resolution  in data collected in 2016 .!
Monte Carlo simulations also studied for comparison.
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Jet energy resolution
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<latexit sha1_base64="aJYA4lf2CsQs8HrSwGamI0hLs88=">AAACL3icbVDLSsNAFJ34rPUVdekmWAQXUlIRrOCi4EKXFawtNKFMpjft0MmDmRuxpP0kN36KbhRU3PoXTtsg2vbAwOGcc7lzjxcLrtC234yFxaXlldXcWn59Y3Nr29zZvVNRIhnUWCQi2fCoAsFDqCFHAY1YAg08AXWvdzny6/cgFY/CW+zH4Aa0E3KfM4paaplXjgAfBw4gbaUOwgPKIJXgD4eO5J0uDo7nBWIZefAbubCL5ZZZsIv2GNYsKWWkQDJUW+az045YEkCITFClmiU7RjelEjkTMMw7iYKYsh7tQFPTkAag3HR88NA61Erb8iOpX4jWWP07kdJAqX7g6WRAsaumvZE4z2sm6JfdlIdxghCyySI/ERZG1qg9q80lMBR9TSiTXP/VYl0qKUPdcV6XUJo+eZbUTornRfvmtFApZ23kyD45IEekRM5IhVyTKqkRRh7JC3knH8aT8Wp8Gl+T6IKRzeyRfzC+fwBDV6xJ</latexit><latexit sha1_base64="aJYA4lf2CsQs8HrSwGamI0hLs88=">AAACL3icbVDLSsNAFJ34rPUVdekmWAQXUlIRrOCi4EKXFawtNKFMpjft0MmDmRuxpP0kN36KbhRU3PoXTtsg2vbAwOGcc7lzjxcLrtC234yFxaXlldXcWn59Y3Nr29zZvVNRIhnUWCQi2fCoAsFDqCFHAY1YAg08AXWvdzny6/cgFY/CW+zH4Aa0E3KfM4paaplXjgAfBw4gbaUOwgPKIJXgD4eO5J0uDo7nBWIZefAbubCL5ZZZsIv2GNYsKWWkQDJUW+az045YEkCITFClmiU7RjelEjkTMMw7iYKYsh7tQFPTkAag3HR88NA61Erb8iOpX4jWWP07kdJAqX7g6WRAsaumvZE4z2sm6JfdlIdxghCyySI/ERZG1qg9q80lMBR9TSiTXP/VYl0qKUPdcV6XUJo+eZbUTornRfvmtFApZ23kyD45IEekRM5IhVyTKqkRRh7JC3knH8aT8Wp8Gl+T6IKRzeyRfzC+fwBDV6xJ</latexit><latexit sha1_base64="aJYA4lf2CsQs8HrSwGamI0hLs88=">AAACL3icbVDLSsNAFJ34rPUVdekmWAQXUlIRrOCi4EKXFawtNKFMpjft0MmDmRuxpP0kN36KbhRU3PoXTtsg2vbAwOGcc7lzjxcLrtC234yFxaXlldXcWn59Y3Nr29zZvVNRIhnUWCQi2fCoAsFDqCFHAY1YAg08AXWvdzny6/cgFY/CW+zH4Aa0E3KfM4paaplXjgAfBw4gbaUOwgPKIJXgD4eO5J0uDo7nBWIZefAbubCL5ZZZsIv2GNYsKWWkQDJUW+az045YEkCITFClmiU7RjelEjkTMMw7iYKYsh7tQFPTkAag3HR88NA61Erb8iOpX4jWWP07kdJAqX7g6WRAsaumvZE4z2sm6JfdlIdxghCyySI/ERZG1qg9q80lMBR9TSiTXP/VYl0qKUPdcV6XUJo+eZbUTornRfvmtFApZ23kyD45IEekRM5IhVyTKqkRRh7JC3knH8aT8Wp8Gl+T6IKRzeyRfzC+fwBDV6xJ</latexit>

both jets in  
reference region

jet transverse momentum

!
! pT

pT
"

! E

E
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" Detailed understanding of ATLAS detectorÕs jet energy measurement is crucial for the 
experimentÕs physics analyses.!

" Work is ongoing to determine the jet energy resolution in-situ using 2015-2017 data.
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Summary

Thank you



Backup
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Strictly speaking, a dijet event in data is a one which exhibits dijet topology: this is not 
necessarily a true dijet event!
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“Dijet” event?

! ! ! "
<latexit sha1_base64="9Ko5+mng/IKmIKZzqvjxPxL4Lu8=">AAAB+3icbVBNS8NAEN34WetXtEcvi0XwVBIRrLeCHjxWMLbQhLLZTtqlm2Td3Qgh1L/ixYOKV/+IN/+N2zYHbX0w8Hhvhpl5oeBMacf5tlZW19Y3Nitb1e2d3b19++DwXqWZpODRlKeyGxIFnCXgaaY5dIUEEoccOuH4aup3HkEqliZ3OhcQxGSYsIhRoo3Ut2v+NXBNfDFi2OfwgH3B+nbdaTgz4GXilqSOSrT79pc/SGkWQ6IpJ0r1XEfooCBSM8phUvUzBYLQMRlCz9CExKCCYnb8BJ8YZYCjVJpKNJ6pvycKEiuVx6HpjIkeqUVvKv7n9TIdNYOCJSLTkND5oijjWKd4mgQeMAlU89wQQiUzt2I6IpJQbfKqmhDcxZeXiXfWuGw4t+f1VrNMo4KO0DE6RS66QC10g9rIQxTl6Bm9ojfryXqx3q2PeeuKVc7U0B9Ynz9y2ZQo</latexit><latexit sha1_base64="9Ko5+mng/IKmIKZzqvjxPxL4Lu8=">AAAB+3icbVBNS8NAEN34WetXtEcvi0XwVBIRrLeCHjxWMLbQhLLZTtqlm2Td3Qgh1L/ixYOKV/+IN/+N2zYHbX0w8Hhvhpl5oeBMacf5tlZW19Y3Nitb1e2d3b19++DwXqWZpODRlKeyGxIFnCXgaaY5dIUEEoccOuH4aup3HkEqliZ3OhcQxGSYsIhRoo3Ut2v+NXBNfDFi2OfwgH3B+nbdaTgz4GXilqSOSrT79pc/SGkWQ6IpJ0r1XEfooCBSM8phUvUzBYLQMRlCz9CExKCCYnb8BJ8YZYCjVJpKNJ6pvycKEiuVx6HpjIkeqUVvKv7n9TIdNYOCJSLTkND5oijjWKd4mgQeMAlU89wQQiUzt2I6IpJQbfKqmhDcxZeXiXfWuGw4t+f1VrNMo4KO0DE6RS66QC10g9rIQxTl6Bm9ojfryXqx3q2PeeuKVc7U0B9Ynz9y2ZQo</latexit><latexit sha1_base64="9Ko5+mng/IKmIKZzqvjxPxL4Lu8=">AAAB+3icbVBNS8NAEN34WetXtEcvi0XwVBIRrLeCHjxWMLbQhLLZTtqlm2Td3Qgh1L/ixYOKV/+IN/+N2zYHbX0w8Hhvhpl5oeBMacf5tlZW19Y3Nitb1e2d3b19++DwXqWZpODRlKeyGxIFnCXgaaY5dIUEEoccOuH4aup3HkEqliZ3OhcQxGSYsIhRoo3Ut2v+NXBNfDFi2OfwgH3B+nbdaTgz4GXilqSOSrT79pc/SGkWQ6IpJ0r1XEfooCBSM8phUvUzBYLQMRlCz9CExKCCYnb8BJ8YZYCjVJpKNJ6pvycKEiuVx6HpjIkeqUVvKv7n9TIdNYOCJSLTkND5oijjWKd4mgQeMAlU89wQQiUzt2I6IpJQbfKqmhDcxZeXiXfWuGw4t+f1VrNMo4KO0DE6RS66QC10g9rIQxTl6Bm9ojfryXqx3q2PeeuKVc7U0B9Ynz9y2ZQo</latexit>

pile-up !
multiple interactions from bunch crossing

out-of-cone radiation 
particles veering outside jet cone!
sometimes leading to >2 jets

JVT( j 1, j 2) > 0.59
<latexit sha1_base64="PiiUUjcE07LTx1LY9fdCAgYwQ3A="></latexit><latexit sha1_base64="PiiUUjcE07LTx1LY9fdCAgYwQ3A="></latexit><latexit sha1_base64="oVEH+7SE9r5VSCpDpUuOzsRWi5Y="></latexit><latexit sha1_base64="oVEH+7SE9r5VSCpDpUuOzsRWi5Y="></latexit>

! ! (j 1, j 2) > 2.5

pj 3
T /p avg

T < 0.4
<latexit sha1_base64="a6xrO0+uu7lJYTseDwmWWkUF0zI="></latexit><latexit sha1_base64="a6xrO0+uu7lJYTseDwmWWkUF0zI="></latexit><latexit sha1_base64="a6xrO0+uu7lJYTseDwmWWkUF0zI="></latexit>

more realistic picture:

dijet event 
what we want to study

consequence: these selections introduce systematics that must be carefully studied.



Resolution of a sampling calorimeter typically take the form
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Why the slope?
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Noise : processes independent of jet energy 
electronic noise!
pileup!

Constant : calorimeter design & parameters 
calorimeter dimensions!
dead material!

Stochastic : statistical ßuctuations 
shower!
sampling!
signal

CERN-PH-EP-2012-191

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/PERF-2011-04/


Dijet event asymmetry will exhibit resolution e#ects from both reference (well-calibrated) & probe 
(want to study resolution) detector regions.
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Probing other detector regions?
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already determined 
(pg. 20) 

then put in here

ATLAS work-in-progress 
2016 data!
√s = 13 TeV, 33 fb-1



Perfect balance (calibration + resolution) will always give zero asymmetry.!
Measurements requiring calibration  will be centered away from zero .
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What about calibration?
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/JETM-2017-008/
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cell

﹡topo-cluster input jets

angular resolution negligible relative to that of 
energy for jets measured in ATLAS
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