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Recipe to measure a jet observable

{@_ backgroud subtraction unfolding

event event-by-event unfolding of theoretical
measurement background subtraction detector effects model
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comparison with
theoretical models and
other experiments
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Recipe to measure a jet observable

event measurement

i

event-by-event
background subtraction
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Traditional unfolding

unfolding detector effects
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Traditional unfolding

Q: How would my observable look like
without detector effects?

* limited resolution
* inefficiency
« distortion or smearing

A: Statistical proceadure to deconvolute
detector effects from observables

unfolding detector effects
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Traditional unfolding

Q: How would my observable look like
without detector effects?

* limited resolution
* inefficiency
« distortion or smearing

A: Statistical proceadure to deconvolute
detector effects from observables

\m Binned porcedure:
* lterative Bayesian Unfolding (IBU)

m Unbinned procedure (with ML): unfolding detector effects

» density-based models: GAN's; VAE's; NF's V) V)
« classifier-based models: OmniFold | H]] —)
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Background subtraction

1. jet clustering

2. background subtraction

jet-by-jet

— OR

jet-by-jet event-wide

foflily || b e

, event-wide??
1. background subtraction j[

(better for jet substructure)

2. jet clustering

e.g.: area subtraction; CS; ICS
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Background subtraction

1. jet clustering

2. background subtraction

jet-by-jet

— OR

jet-by-jet event-wide

foflily || b e

, event-wide??
1. background subtraction j[

(better for jet substructure)

2. jet clustering

e.g.: area subtraction; CS; ICS
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Main sources of background:

* pp: pileup
« HI: underlying event (UE)
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The Underlying Event in HI

C, N CMS Experiment at LHC, CERN
Data recorded: Sun Nov 14 19:31:39 2010 CEST
Run/Event: 151076 / 1328520
Lumi section: 249

In HI, complex UE from quark-gluon plasma (QGP):

(formation + hydrodynamical evolution)

high-multiplicity interaction jet & QGP
thermal component

 jet quenching & UE modifies jet pr and

internal structure

collective flow effects . . »
(Vy, Vs, Uy, -..) * jet medium response modifies UE

initial state
fluctuations

(a) CMS PbPb {/sy = 2.76 TeV, 220 < NJI"™® < 260

1< p':g <3 GeV/c

1<pP*** <3 GeVic
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The Underlying Event in HI

C, N CMS Experiment at LHC, CERN
Data recorded: Sun Nov 14 19:31:39 2010 CEST
Run/Event: 151076 / 1328520
Lumi section: 249

In HI, complex UE from quark-gluon plasma (QGP):

(formation + hydrodynamical evolution)

high-multiplicity interaction jet & QGP
thermal component

 jet quenching & UE modifies jet pr and

internal structure

collective flow effects

(Vy, V3, Vs, ...) * jet medium response modifies UE
fi|nitia| s‘Fate Underlying event cannot be (a) CMS PbPb Sy, = 2.76 TeV, 220 < N < 260
uctuations separated from the hard event! 1<p <3 GeVic e
(UE is not additive) S <3Gew°, g
U s § 2.
HI background is ill-defined o3
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The Unde

rlying Event in HI

In HI, complex UE from quark-gluon plasma (QGP):

(formation + hydrodynamical evolution)

high-multiplicity
thermal component

collective flow effects
(vy, V3, Vg, ...)

initial state
fluctuations

interaction jet & QGP

 jet quenching & UE modifies jet pr and
internal structure

* jet medium response modifies UE

Underlying event cannot be
separated from the hard event!

How to deal with it?

(UE is not additive)
U
Hl background is ill-defined

consensus: everyone uses the same

subtra

ction method

e.g.: ICS; jet grooming
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C, N CMS Experiment at LHC, CERN
Data recorded: Sun Nov 14 19:31:39 2010 CEST
Run/Event: 151076 / 1328520
Lumi section: 249

Jet 1, pt: 70.0 GeV/

| Jet 0, pt: 205.1 GeV|

(a) CMS PbPb |/sy, = 2.76 TeV, 220 < NJ¥'™ < 260

1< p'Trig <3 GeV/c

1<pP*** <3 GeVic
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The Underlying Event in HI

C, N CMS Experiment at LHC, CERN
Data recorded: Sun Nov 14 19:31:39 2010 CEST
Run/Event: 151076 / 1328520
Lumi section: 249

In HI, complex UE from quark-gluon plasma (QGP):

(formation + hydrodynamical evolution)

high-multiplicity interaction jet & QGP
thermal component

 jet quenching & UE modifies jet pr and

internal structure

collective flow effects

(0, Vs, Vs, ... * jet medium response modifies UE
fllnltla| s‘Fate Underlying event cannot be (a) CMS PbPb {5, = 2.76 TeV, 220 < N2 < 260
uctuations separated from the hard event! 1<p!® <3 GeVlc :

(UE is not additive) 1<P:“°°<3GeV/c-’ : T )
U 5 § 2.
Hl background is ill-defined g5 -

How to deal with it?

consensus: everyone uses the same

subtraction method
e.g.: ICS; jet grooming

adds subtraction
uncertainty *
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The Underlying Event in HI

C, N CMS Experiment at LHC, CERN
Data recorded: Sun Nov 14 19:31:39 2010 CEST
Run/Event: 151076 / 1328520
Lumi section: 249

In HI, complex UE from quark-gluon plasma (QGP):

(formation + hydrodynamical evolution)

high-multiplicity interaction jet & QGP
thermal component

 jet quenching & UE modifies jet pr and

internal structure

collective flow effects

(0, Vs, Vs, ... * jet medium response modifies UE
fllnltla| s‘Fate Underlying event cannot be (a) CMS PbPb {5, = 2.76 TeV, 220 < N2 < 260
uctuations separated from the hard event! 1<p!® <3 GeVlc :

(UE is not additive) 1<P:“°°<3GeV/c-’ : T )
U 5 § 2.
Hl background is ill-defined g5 -

How to deal with it?

consensus: everyone uses the same

subtraction method
e.g.: ICS; jet grooming

adds subtraction
uncertainty *

s there as simpler way?
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Background + detector deconvolution

event measurement

nulili

We can extend the unfolding of detector effects to
include background effects H_r’:

« combine deconvolution of background and
detector effects on observable

103093109p

« background is defined by simulation needed for compute observables directly
deconvolution o
 choice of background to deconvolute eliminates ‘:H:’ ﬂzﬂ:h

subtraction uncertainty W

deconvolute
background + detector effects

0 0
Lﬂ]ﬂm"
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Background + detector deconvolution

event measurement

nulili

We can extend the unfolding of detector effects to
include background effects H_r’:

« combine deconvolution of background and
detector effects on observable

103093109p

« background is defined by simulation needed for compute observables directly
deconvolution o
 choice of background to deconvolute eliminates ‘:H:’ Fﬂ:Fﬂ

subtraction uncertainty \V

* possible to use unfolding statistical procedures:
deconvolute
[IHI]D Binned: background + detector effects

* lIterative Bayesian Unfolding (IBU)
0 0
m Unbinned (with ML): —
* OmniFold
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U N fO | d | N g p roce d ures from Monte Carlo + simualtion

i
\m IBU: response .
[arXiv:1010.0632] /7 matrix
_ S" 0.0
x(1) = » P(Ti|M;) - x(M))
\— ] \— —5.0
true bin measured bin |
counts counts o
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Unfolding procedures

response

i, 1BU: .
[arXiv:1010.0632] /7 matrix

x(17) =) P(T\M,) - x(M;)
j

\— true bin \—measured bin

counts counts

\L\ OmniFold:

[arXiv:1911.09107,

arXiv:2105.04448] "response matrix”

over event space

x(t) = | dm p(t]m) - x(m)

\ measured event

\ true event
distribution

distribution

* easy to extend to higher dimensions
(up to whole event unfolding!)
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from Monte Carlo + simualtion

i

5.0

2.5

P(MIT)

-10.0 -75 =50 =25 0.0 2.5 5.0 7.5 10.0

T;
A =2
= »cm =
—=| = —
t - truth m - measured

observables observables
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OmniFold-HI

m We introduce OmniFold-HI: \L\

= Same as OmniFold __L_I_I __L_I_I
+ Acceptance and efficiency formalized = o) —
(rigurous proof of OmniFold from IBU) — e —
+ Correct estimation of fake and trash events 1| |= 1| | =
(important for fake jets from UE) = —

. . t - truth m - measured

+ Deconvolution of uncertainty observables observables

Acceptance: T trash event - true event that are not measured
Efficiency: F fake event - measured event without truth origin
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OmniFold-HI

m We introduce OmniFold-HI: \L\

= Same as OmniFold __L_I_I __L_I_I
+ Acceptance and efficiency formalized = o) —
(rigurous proof of OmniFold from IBU) — e —
+ Correct estimation of fake and trash events 1| |= 1| | =
(important for fake jets from UE) = —

. . t - truth m - measured

+ Deconvolution of uncertainty observables observables

algorithm tailored for background deconvolution I]
but useful for traditional detector unfolding o

o=—=ma

Acceptance: T trash event - true event that are not measured
Efficiency: F fake event - measured event without truth origin
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Setup

Data: (no real truth data available...) MC for deconvolution procedure:

detector
Truth: Herwig? simulation Generated: Pythia8
g
Measured: Herwig7 + background + Delphes Pythia8 + background + Delphes
Background: 0.008f e o7 0.035 | 0.7
« Thermal background: i;‘l‘;'ated . 106  0.030} 1 1oe
mU|tip|iCity = 7000 I_|| 0006 Measured A i 1
= 1.2 GeV o o5 _0.025 - los
(pT) = 1. e Q 5
= 10.4 = 0.020} 1 1o.4
< 0.004} e
= 10.3 = 0.015} 1+ 0.3
° =
2 0.002 10.2 0.010} T o2
| 0.1 0.005f 1 o1
‘_'ﬁ‘ 1 1 1 1 1 1
0.000,06" 400 600 800F T 900  0.000% 50 100F 1 90
pr [GeV] n

. (+ 6y, k1 g, M, Mg, Nq)
Truth/Measured: Herwig7 + thermal bkg. + Delphes

Smeared/Generated: Pythia8 + thermal bkg. + Delphes
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Setup

Data: (no real truth data available...) MC for deconvolution procedure:

detector
Truth: Herwig7 simulation | Generated: Pythia8
Measured: Herwig7 + background + Delphes Pythia8 + background + Delphes
Background: 0.008f e o7 0.035 | 0.7
. Therrngl .background: 3 i;‘l‘;'ated . 106  0.030} 1 1oe
multiplicity = 7000 T 0.006/ Measured _ |
— [} '05 c 0025 i '05
(pr) = 1.2 GeV $ 5
s 10.4 = 0.020¢ 1 104
o 0.004¢ >
2 lo3 Z0.015 It o3
> —
Goal: / 2 4.002 {02 o.010} It o2
deconvolute chosen =
101 0.005} i oa
background effects |
together with detector 0.000500 400 600 800F T 00 00007 50 100F 1 20
pr [GeV] n
effects (+ 6y, kr g, m, Mgq, Nsq)

Truth/Measured: Herwig7 + thermal bkg. + Delphes
Smeared/Generated: Pythia8 + thermal bkg. + Delphes
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Results: Background + Detector deconvolution

UniFold: one-dimentional OmniFold
MultiFold nD: n-dimentional OmniFold

1 D deconV()lution ° 0-008[~ Mea'sured = 12 'hardestJ:et in pp'@5.2OTe'V ' ,=, ' 0.10} ._. g g
’ - Truth 06 101 Rek:=0.4,1n| <2.8 17 le = i~ R

1 I + BUID i 1™ : L o.08l P Es

3 observables deconvoluted g 0008 e D) o8l 3 1
. = o = 30
5 1 = 10.4 2 0.06 I loa 52

independently & 0.004| 04 % 4 B L
= — o 2

2 g ! ] S 004} 2§

— = 2

£ 0.002} i 102 o 10.2 3 102 = &

S 2f - ] £ 0.02f ] -

| z 3

0.000 ; HEE=0.0 0 ~=={0.0 o.oo—oh—— ; =00 § 2

o, 1.2 I 212} I o 1.2} P42z

] — prav] = <

22000 — A IV G ves = ER) f=— 2z

£ 0.8} I+ ©< 0.8} I £% 0.8} c S A

200 400 600 800 F T 00 0l 02 03 04FT 0 20 40 60 FT 9=

pr [GeV] 6, kr,q [GeV] g h

ALEXANDRE FALCAO 22 HP2024 | NAGASAKI




Results: Background + Detector deconvolution

UniFold: one-dimentional OmniFold
MultiFold nD: n-dimentional OmniFold

. 0.008F" - - 12 — \ i [ — 0.10F : w o
1D deconvolution: Messured [ nardestjet n pp@S20TEY i - | i3
° ol Truth | | O 6 10 L Rakt_0'4' Inl <28 AL ] 06 '_I'T‘ i | 06 % E

! i 4+ 1BU 1D ] : > 0.08} ]

3 observables deconvoluted g 0008 T ot (10) o 8l 3 1
. = o = 2
= i > 10.4 = 0.061 1k 104 s &

independently & 0004l 04 3 g Foosr_ *
‘27; g 4l ] 2 004f 35

= 0.002f It q0.2 o102 3 102 2 7
g N ] S 0.02f ] ng

| 53
0.000 - H00 0 +=10.0 o.oo—oh—— : =00 £ 2
.12 I o 12} A o 1.2} E; o ig

o5 1.0f = 25 1.0 1= ©51.0f k| SE— =

5 ey N puiied = ~ +
e~ 0.8} | 8508l I ©“ 0.8} E I -
200 400 600 800 F T 00 01 02 03 04FT 0 20 20 0 FT 92

pr [GeV] 6, kr. g [GeV] .

Vs.
. = T T 12— T T T T — T T T T —

3D d@COﬂVOlUtlon: 0.008 Measured — gard_est‘jlet in pg@S.ZOTeV — 0.10} 1= § g
o Truth | {06 10F ak=0.4,|n|<2.8 1 los '_I"— los % =

3 observables deconvoluted L 0.006} + 18U > 0.08} iz
8 =+ MultiFold-HI 3D < 8f 1G] £

—_ ° — 0]
together s {0.4 = {04 20.06] 1 Joa 52
S0.004f 3 6 < 2z

= 3 1\3 Q 5
= = z S 0.04} = D&

g o2 | o2 3 lo2 27

£ 0.002| e 24 2g:
* better performance : 2} & ] S 002 it
| 5 3
0.000 +~=F10.0 om —==0.0 o,oo—L—‘ . Hr=mloo 2 2
« agreement between ! 00 5 .3 e o0 oo 5 ¢
2510} == R0l e 2510} == £
procedures 55 08l il A 55 oal = 220 ™ 2.
200 400 600 800 F T 00 01 02 03 04FT 0 20 40 0 FT g2

pr [GeV] 64 kr,q [GeV] 5 “

[}
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Results: Background + Detector deconvolution

/D deconvolution: 0.008 MR e e e e o o100 = es
— Rak,=0.4,|n|<2.8 gyl =

7 observables 7 Truth L Jos 10 fee =041 I Jos los & =
% 0.006f ' 1BU3D ] > 0.08} g3

d | d h (i J MultiFold-HI 7D < sl ] & ?e
econvolute toget er S ] = s
5 04 2 o joa  20.06f I 04 82

§ 0004} ] S 6f ] 3 83

H = > > L = o 2

(too computionaly 3 2 4 - g 0.04 25
. 2“"0002. 40 '02 [ '02 2n>; r '02 g+
expensive for IBU) S 2 - | 2 002} ] B2
= :—m L 5 3

0.000 ’ HE0.0 0 +=10.0 0.00 : o0 £ 2
2. 12t EI I 212} EI I S 12f o1 2Z
25 1.0t e (== 2510 M--—m S35 1.0t —={ =]

T+ o0.8F ] " 0.8 C*o0.8F ] T8
X X A\ X L X X X X X L X X X X L + 2
200 400 600 800 F T 0.0 0.1 0.2 0.3 04 F T 0 20 40 60 F T 8 -rgD'
pr [GeV] 8, kr. o [GeV] 27
5 0.041 10.6 0.03| 1 {06 T 0.020 {0.6 | | b {06
C [S 0.015] ]
[ ]
8 0.03} s 20.015 s
P loa %)0.02— T joe F 194 Z o010} 104
s 002} 3 3 0010 3
3 ] - [ ~ 1] < | = ]
§ 001l __,_:_‘ 1 0.2 0.01 .y 0.2 g0.00S’ ] 0.2 0.005F 1 0.2
L —

0.00 i HE+=0.0 0.00 i - HE=10.0 0.000 ‘ Hi=0.0 0.000 ‘ HE+=10.0
2g12) ol fgi2 - -] 2532 ] -
£3 — 235 1.0f — 235 1. *—Aﬂ—u———v———ﬂm—»—:— 85 = -
€508 i €808 i £ o8} I £ 08} ]

0 25 50 75 100FT 0 25 50 75 100FT 0 25 50 75 100FT 0 25 50 75 100FT
m [GeV] n msy [GeV] Nsq
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Results: Background + Detector deconvolution

7D deconvolution:

0.008 Measured [ hardest jet in pp@5.20TeV = 0.10t 115 § g
Rok = 0.4, 2.8 —_ 83
7 observables T Truth los S los 7 los & =
% 0.006 T 1BU3D > 0.08} &3
deconvoluted together g R g
5 {0.4 {04 20.06¢ 104 =
. S 0.004 3 B 23
(too computionaly 3 g 0.04f 25
. 2‘” 0002 1 02 1 02 2n>; 7 02 g +
expensive for IBU) = - : 5 0.0z 5
= 5 3
0.000 ==10.0 _._._::m-q_ —=10.0 O.OOﬂ—L_“ ' HE—=F10.0 % %
8,12 : 2} + S 12f 4 2Z
2510 g 2] . -%--—: o5 1.0¢ 1 g
€08 . : - 1 ¥ 0.8} i . g
Both unfoldlng technlques 200 400 600 800 F T 00 01 02 03 04FT 0 20 20 60 F T g3
. pr[GeV] g kr,q [GeV] =i
o
succeed at deconvoluting E
background effects o e - rae —
o 0.04f {0.6 0.03} los 5002 {0.6 | {0.6
'> % t‘0.015*
M M g < 9 0.015 4
OmniFold-HI scales easily 8003 . .. g I, s |
€ 04 2o 04 B 04 =010} 04
. . s I 3 T 0.010 3
with deconvolution 5 002 g 3 k
d, . 25001 - 10.2 0.01f 102 34008 102 7 g.005t 10.2
Imension =00 = B
0.00 e —=10.0 0.00 i HE=10.0 0.000 ‘ Hi=0.0 0.000 HE+=10.0
212} 212} b8 8 1.2} 4 812} 1
2510} —_— 25 1.0} Jp—= 95 1.0} = PR g51.0} {p—=
©*0.8f 1 ©*0.8f 1F ©*0.8F 1 ©+0.8F 1F
0 25 50 75 100FT 0 75 100 F T 0 25 50 75 100 F T 0 25 50 100 F T
m [GeV] msq [GeV] Nsq
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. : Comparison with
Results: Background + Detector deconvolution MP ,
original OmniFold
MultiFold 7D
-+ MultiFold-HI 7D
7D deconvolution: 0.008F" ———— e e { 2512 ] Iz
ol Truth i | 10_Rakt=o-4r|n|<2-8 11 i ‘_I'._' Eb 0_8-‘ ‘ . T =
7 Observables L 0.006 4+ 1BU 3D 0.6 . 0.6 3 200 400 600 800 F T 5§
deconvoluted together g R g 8 2 | priGeV] 5
50004 1% %> 6 it 1%4 g %fig-‘lﬂ; __;...a-*—u—'q\_" = :é:
(too computionaly 3 2 4 - 2 EEB08 7 | e
. £ 0.002 10-2 o102 3 0.0 0.2 04FT |+
expensive for IBU) S 2t - : 5 6, :
O0.010(2J t —H+=40.0 . 12_,_,_:::% r==10.0 . ¢ 8;12»' . . r%
21 £ 2c-12¢ EI I S|l 238 10} S —= | &
%glo :+;W--—=- %gl.o-%-_:- %g ©5 08} ‘ ‘ ] B
. . £ 0.8 . . \1 I = 0.8'. . . . I = 0 20 40 60 FT g
« Both unfoldlng technlques 200 400 N \Zoo 800 F T 00 0.1 %.2 03 04 FT kr,q [GeV] ? 2
succeed at deconvoluting o ’ Egi,ﬁil_,Mj;;‘ r
©S0.8F I
background effects A o s = I I, = %5 s
T 0.04¢ 1 0.6 0.03| 1 0.6 70'020 m[GeV] Ho.6
5 5
*  OmniFold-HI scales easily S oo e Lol T 12l T o
with deconvolution So002 : S oot 8508} | ot
di . ool = I oz Toof = 0.2 :;0005 0 50 100 F T foz
imension S0 - = o n
. olog . e . +—7o.0 . 0.10(2)" . '—‘-—'— ——==10.0 ooologi 8_{: 1_2_' " iE | 700
| g gE50 T e |
b OmanOld-Hl Outpe rfo rmes 0 25 50 75 100 F T 0725 50 75 100 F T 0 25 50 75 10 0 50 100 E T |
original OmniFold in fake e ’ e (O Msq [GeV] =
g . . S 1.2 N . ]_2
and trash estimation 2510 ]
© = 0.8} - ] e 10
\ - . 0.8
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Summary

« Experimental measurement of jet observables

* background subtraction + detector unfolding
« Background is ill-defined in HI collisions
« Deconvolution of background effects can be combined with detector unfolding

 Unfolding techniques can be used:
- |IBU
*  OmniFold-HI

(upgrade to OmniFold + formal approach to acceptance and efficiency)

Next steps

« Better HI simulation to study use in real data
* hydrodynamic background + jet quenching

e Increase number of observables

« Study use of deconvolution after subtraction
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BACKUP
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. . MultiFold nD: n-dimentional OmniFold
O m n I F O | d VS o O m n I F O | d = H | UniFold: one-dimentional OmniFold

Unfolding detector effects only

" [ — 12 T X i [ — " " " [ — 0.04F " " " I — w =
Data — hardest jet in pp@5.20TeV — — 0.10F ] — —_ % §
7 0.008 Truth 1t s 10f ok =04 Inl <28 T oodus LT s 7 lis 5 =
2 MultiFold 7D - v g8l 2 0.03 29
G) -+ MultiFold-HI 7D | S 8 ) ) Qe
= 0.006 s = = g5
%“ 11.0 3 6l 11.0 & 0.06f 11.0 £0.02 11.0 g ;
= 0.004 8 s s 22
S = Z 0 = Z 0.04 = 3 = =2
3 10.5 - 10.5 3 105 3 10.5 =<
= 0.002 of ] £ 002 S5 29
m + 2
0.000 + H+—+40.0 0 0.0 0.00 ¥ + HF+—0.0 0.00 +—+40.0 0 S
212} | 212t | 212t E| 812t I 258
.SE 1.0f —= e 7’%—— .g*él.o-f-—.— = | —] g‘él.o-—mm--—— g‘él.o-r"——m@“——' §
©+ 0.8} == | ; ©+ 0.8} ©+ 0.8} E13 ©+ 0.8} B3 ;
200 400 600 800 F T 00 01 02 03 04FT 0 20 40 60 F T 0 25 50 75 100F T
pr [GeV] 6y kr,g [GeV] m [GeV]
0.04r - 0.05 - ' -
] a ] 0.05f 1t ]
0.03 1.5 > 0.04} 1.5 ] 1.5
5 Q < 0.04 = } }
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