MITP Energy Correlators at the
Collider Frontier
SCIENTIFIC -
C M S PROGRAM July 8 19“ 2?24

@,w\ adicomitp i main derevent158

VANDERBILT
UNIVERSITY

Energy-energy correlators from PbPb and pp collisions at
5.02 TeV with CMS

Jussi Viinikainen
https://jusaviin.github.io

Vanderbilt University

for the CMS Collaboration

Energy Correlators at the Collider Frontier


https://jusaviin.github.io

How many Gtuons
do .ru 55:7

© Introduction

© Dealing with background

© Results

@ Model comparisons

Image credit: Jennifer James (Vanderbilt)

EEC @ Mainz 2/43


https://jusaviin.github.io

. %(unns
© Introduction do gou See’

Dealing with background
Results

Model comparisons

Image credit: Jennifer James (Vanderbilt)



https://jusaviin.github.io

Experimental definition of energy-energy correlator

dx 7 )e(

EEC(AI’) = Chorm Z Z Pr.i PT,j

>
jets€[pr,1,pT,2] pairs€[Ara,Ary) P jet

Chorm = Normalization factor

pr,i pr,j = Particle transverse momentum

pr.jet = Jet transverse momentum

Ar,p = \/(Ana,b)2 + (A, p)? = Angular distance between particles
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Different regions are explained in PRL 130 (2023) 5, 051901
Free hadron region: scaling from uniformly distributed hadrons

Transition region: break of scaling corresponding to confinement

region: perturbative interactions between quarks/gluons
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Energy-energy correlators in pp collisions by ALICE
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@ Higher pr jets peak at smaller opening angles between particles
o Higher initial virtuality, more energy to radiate to reach Aqcp

e Angular ordering = hadronization starts at later time!
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Energy-energy correlators in pp collisions by CMS
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@ Shift of peak in EEC continues until very high jet pr

o Different event generators give different predictions

@ No event generator can describe data over the whole jet pr range
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Simple energy loss model: pp spectrum shift in Pythia8

ATLAS: PRL 114 (2015) 072302
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o Estimating energy loss effects in data

o Shift the jet pr spectrum in Pythia8
e Find a shift that produces measured jet Raa around pr = 120 GeV
o Compare energy-energy correlators in shifted and reference pr bins

Jussi Viinikainen (Vanderbilt) EEC measurements EEC @ Mainz 8/43


https://doi.org/10.1103/PhysRevLett.114.072302
http://dx.doi.org/10.1103/PhysRevC.96.015202
https://jusaviin.github.io

Medium effects: jet pr spectrum shift
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@ Comparing distribution with higher initial jet pr to a lower one leads
to narrowing of energy-energy correlator
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Color coherence effects to the correlator shape

Andrés, Dominguez, Holguin, Kunnawalkam Elayavalli,
Marquet, Moult

JHEP 09 (2023) 088

Barata, Caucal, Soto-Ontoso, Szafron

arXiv:2312.12527

Two—Point Energy Correlator
Comparing Medium Models
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@ Color coherence effects expected to change the shape at large angles
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Jet wake effects to the correlator shape

Yang, He, Moult, Wang

PRL 132 (2024) 1, 011901
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@ Also jet wake effects expected to modify the shape at large angles
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Simulations used in this study

e Pythia8 (CP5)

e Study energy-energy correlators in vacuum
e Pythia+Hydjet

e Hard jet events generated by Pythia8 (CP5) are embedded into soft
underlying event generated by Hydjet (Drum5F)
o Select the 0-10% most central events based on UE energy density
e Jet energy loss is not simulated
e Jet reconstruction is done only using Pythia8 particles
= Particle from Pythia = signal
= Particle from Hydjet = background

Signal Pythia4+-Pythia  Signal+Signal

Pythia4+Hydjet ~ Signal+Fake
Background Hydjet+Hydjet ~ Fake+Fake
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Energy-energy correlator definition for this analysis

EEC(Ar) = Coorm > Sy PP

2
jets€[pr,1,pr,2] pairs€[Ara,Arp] P jet

1 1 "
EEC(Ar) = Wpairsg Z Z (pr,i pr,j)

jets€[pr.1,p1.2] pairs€[Ars,Arp)

@ Normalize with weighted number of pairs
= Integral over analyzed area is one

Bin width normalization: r = Ar, — Ar,
Do not add jet pr to the pair weight
e Improves resolution, no need for unfolding

@ Exponent n controls sensitivity to soft particles
@ Selects pairs within R = 0.4 from winner-take-all jet axis
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Energy-energy correlators as a function of jet pr
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@ The shape of the correlators are similar to pp data

e Regions for free hadrons, transition, and free quarks/gluons visible
e 0.4 < Ar: Acceptance drop outside of jet radius
o Higher pr jets peak at lower values of Ar
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Energy-energy correlators as a function of particle pr
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@ For lower particle pr cuts, enhancement close to jet radius
@ This is caused by background contributions

@ Is high particle pr cut enough to suppress background?
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Expected background from Pythia+Hydjet simulation
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The good @ The bad @ The ugly

e Significant background contribution with p$* > 1 GeV cut

@ Even with 3GeV cut, significant background around 0.2 < Ar < 0.4
@ Background subtraction needed in PbPb
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Mixed event background subtraction method

A Signal l Mixed 1 A Mixed 2

O(P O(P O(P

@ Three cones are used in this method
© Signal cone: this is around the studied jet
© Mixed cone 1: same location as jet cone in minimum bias mixed event
© Mixed cone 2: same location as jet cone in another mixed event
@ Three different pairings are made from the cones
© S+ M1: signal+fake together with mismodeled fake+fake
@ M1 + M1: properly modeled fake+fake
© M1 + M2: mismodeled fake+fake

e Extract background: BG = (S + M1) + (M1 4+ M1) — (M1 4 M2)
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Mixed cone decomposition in Pythia+Hydjet
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e (M1 + M1) — (M1 + M2) correction significant in central collisions

@ Less so in a region where signal+fake contribution dominates
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Mixed cone bkg vs. true bkg in Pythia+Hydjet

C=0-10% C =50 —-90%
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o Mixed cone gives accurate background estimate even for p$' > 1 GeV!

@ Mixed cone estimate is self-normalized, no additional scaling needed
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Signal extraction

in Pythia4+-Hydjet
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e Even with high background,
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Analysis flow

[ Data

Construct
correlators

Subtract background after
unfolding to deal with
jet reconstruction bias!

<ﬁ/ Single and pair track efficiency corrections/

Jet pr unfolding

Background
subtraction

—{ Final result J
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Truth P

Reconstructed P;

@ Jet energy corrections are derived such that for each truth pr, the
most likely reconstructed pr matches
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Jet resolution effects and unfolding

Truth p, Reconstructed p_

o
=

jal
o
-

—— —

pT ) Truth P,

Reconstructed P

@ Jet energy corrections are derived such that for each truth pr, the
most likely reconstructed pr matches

@ Steeply falling spectrum — for given reconstructed pr, the most likely
truth pr is shifted down

e Unfolding corrects for this by effectively increasing the mean pr in
each measured bin
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Signal-to-background ratio in Pythia+Hydjet
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The shift in peak position during unfolding
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EEC measurements

@ Position of the peak depends
on jet pr

o We fit the peak before and
after unfolding to determine
the turning point

@ Peak position after unfolding
can be related back to mean
jet pr
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Scaling factor for background
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EEC measurements

@ Knowing the mean jet pr

after unfolding, we can
determine the
signal-to-background ratio
We scale the background
estimate to match this ratio

In simulation, the extracted
signal matches well with
truth only if this method is
applied
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Energy-energy correlator distributions, pp
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EEC measurements

pp results have consistent
features with previous
measurements

Low Ar — free hadrons
Moderate Ar — transition
High Ar — free quark/gluon
Peak depends on jet pr
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Energy-energy correlator distributions, PbPb 0-10%

CMS-PAS-HIN-23-004

1.70 nb™ PbPb (5.02 TeV)
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EEC measurements

@ PbPb distributions have the
same features as in pp!

@ Regions for free hadrons,
transition and free
quarks/gluons clearly visible

@ Peak depends on jet pr
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Medium modifications in energy-energy correlators

CMS-PAS-HIN-23-004

1.70 nb™ PbPb (5.02 TeV) + 302 pb™pp (5.02 TeV)
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Medium modifications in energy-energy correlators
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EEC
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CMS-PAS-HIN-23-004
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EEC measurements

@ The jet peak moves towards
smaller Ar when going to
more central collisions

o Effect from energy loss —
more central jets have higher
initial virtuality
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Medium modifications in energy-energy correlators

CMS-PAS-HIN-23-004

1.70 nb™ PbPb (5.02 TeV) + 302 pb™pp (5.02 TeV)
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Medium modifications in energy-energy correlators
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Medium modifications in energy-energy correlators
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EEC measurements

@ The jet peak moves towards
smaller Ar when going to
more central collisions

o Effect from energy loss —
more central jets have higher
initial virtuality
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Medium modifications in energy-energy correlators
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Ll 54 PbPb 0-10% =X o . .

- = initial virtuality

1 T= @ Also the shape of the

r ~] distribution at large Ar is

[ PP | 7 modified!
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Ar
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CMS-PAS-HIN-23-004

1.70 nb PbPb (5.02 TeV) + 302 pb™ pp (5.02 TeV)

| CMS Preliminary 120 < jet p, <140 GeVv
L anti-k; R=0.4
[ n |<16

L jet

L pf‘ >1GeV, n=1
L M -

[ B PbPb 50-90%
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@ Peripheral distribution shows

only small modifications
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CMS-PAS-HIN-23-004
@ Peripheral distribution shows

1.70 nb PbPb (5.02 TeV) + 302 pb™ pp (5.02 TeV) o .
only small modifications

| CMS Preliminary 120 < jet p, <140 GeVv

1.5+ anti-k; R =0.4 @ Enhancement at low Ar due

[ 1.6
el < to energy loss

PbPb
pp
=
<

0.5+ = PbPb 30-50%
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PbPb to pp ratio, centrality evolution

CMS-PAS-HIN-23-004

1.70 nb* PbPb (5.02 TeV) + 302 pb™ pp (5.02 TeV)

| CMS Preliminary 120 < jet p, <140 GeVv

1.5+ anti-k; R=0.4
L <16
Eaamat pi>1Gev,n=1
o [
% % 1 E ;
o L 5= 4_..**
| == ppPb 10-30%
0.5+

1072

Jussi Viinikainen

(Vanderbilt) EEC measurements

Peripheral distribution shows
only small modifications
Enhancement at low Ar due
to energy loss

Change in trend around

Ar ~ 0.1 to enhancement at
large Ar
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PbPb to pp ratio, centrality evolution

CMS-PAS-HIN-23-004

@ Peripheral distribution shows
1.70 nb* PbPb (5.02 TeV) + 302 pb™ pp (5.02 TeV)

| CMS Preliminary 120 < jet p, <140 GeVv + Only small modifications
1.5 anti-k;R=0.4 @ Enhancement at low Ar due
= s 1'21;‘\':“1:'? | to energy loss
Sla - s e Change in trend around
g gl +*++*M$+++ Ar ~ 0.1 to enhancement at
[ £ PbPb 0-10% large Ar
0.5] o Flat trend at few lowest Ar
L o bins — universal scaling for
1072 107 free hadrons
Ar
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CMS-PAS-HIN-23-004

1.70 nb PbPb (5.02 TeV) + 302 pb™ pp (5.02 TeV)

CMS Preliminary 120 < jet p, <140 GeVv
anti-k; R=0.4
n |<16

jet
pﬁh >1GeV, n=1

15

=+ PbPb 0-10%

0.5r

"R

EEC
e
T
o

o

i

i

Pythiag 5.02 Tev
P >3.0Gev

120 <jet p, <140 GeV (pp, no E-loss)

135 <jet p, <155 GeV (PbPb, before E-loss)

"

T
T

135 <jetp_< 155
120 <jetp_< 140

°
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PbPb to pp ratio and kinematic cuts

CMS-PAS-HIN-23-004

P > 1GeV pSt > 2 GeV
1.70 nb* PbPb (5.02 TeV) + 302 pb™ pp (5.02 TeV) 1.70 nb* PbPb (5.02 TeV) + 302 pb™ pp (5.02 TeV)
[ CMS Preliminary 120 < jet p, < 140 GeV + [ CMS Preliminary 120 < jet p, < 140 GeV
1.5+ anti-k, R=0.4 1.5 anti-k; R=0.4
m anl <16 | ﬁ;% Lﬂjal <16
E $ peh>1GeV r peh>2 GeV
o] L = T | ] o] L - T
55 1 = o 58 1 R
o i *1++ N tt o r +++++$++«—++++H
[ PbPb 0-10% ++ [ PbPb 0-10% ap
r PP W r PP '**w
0.5F En=t 0.5F =t
UL En=2 UL En=2
Lo L L L. L L
107 107 107 10t
Ar Ar

@ Sensitivity to low pr particles essential for large Ar enhancement!
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@ Model comparisons

Image credit: Jennifer James (Vanderbilt)
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Model comparisons with pp distribution

n=1 CMS-PAS-HIN-23-004 n=>2
CMS Preliminary 302 pb pp (5.02 TeV) CMS Preliminary 302 pb pp (5.02 TeV)
R : . o : 3
120 < jet p_ < 140 GeV F 120 < jet p_ < 140 GeV ]
10 Ly anti-k; R=0.4 3 . e anti-k; R=0.4
=l s <16 1 E e <16
E n=1 - Irl]etl 0 7 n=2 - Irl]ell .
r - ] .
[ e"s1cev e i Q@ [ ps1cev T, ]
W | ===ppdata *** _ W 1 E==pp data R E
E —— Pythia8 CP5 * . F—— Pythiag CP5 i’%_i* 3
[ —+ Herwig7 CH3 ] r —e— Herwig7 CH3 s
L Hybrid model i E Hybrid model =
il . . . . PRI . . | . . . TR | . . |
120 Data syst. unc. —— Datastat. unc. ] r _ | Data syst. unc. —— Data stat. unc. ]
Pl L ; S z
E 1= === I e =g T “maliie s = e
218 T == Se———— === ==
= = B Tede T ]
o8- 5 *++*+++;7
107 10* 107 10*
Ar Ar
@ Models agree with pp data within ~ 5% for n =1
@ Models predict too narrow shape for n = 2
e Hybrid vacuum = Pythia8 with MPI off
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Hybrid model comparison for PbPb 0-10%

CMS-PAS-HIN-23-004

CMS Preliminary 1.70 nb™ PbPb (5.02 TeV)
| 120 <jetp <140 GeV |
10 - - e
E g anti-k; R=0.4 3
S - N |<1.6 7 . [1] .
o o = e 1 @ Hybrid modelt™ with all
or psh > 1 GeV Y B : :
H | e ebeb ot0% —— three wake configurations
£ [ Hybrid, no wake E underpredicts the data at
r [ Hybrid, pos. wake ]
[ [ Hybrid, full wake ] large Ar
Ll . . . . TR | . . . -
15 Data syst. unc. — — Data stat. unc. —| o |nC|ud|ng wake brlngs
= g 15 e ~_ - prediction closer to data
o) - - ————— = =T — —
2 - i
= 1
05; L L ;
1072 10*
Ar

Pablos, Kudinoor, Rajagopal

1JHEP 09 (2015) 175, JHEP 03 (2017) 135, PRC 99 (2019) 5, 051901
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Perturbative calculation comparison for PbPb 0-10%

CMS-PAS-HIN-23-004
o Calculation with color

CMS Prelimina 1.70 nb™ PbPb (5.02 TeV) .
A d ‘ g coherence from Holguin +
120 < jet p_ < 140 GeV . .
10F anfi-k. R=04" collaborators is normalized
o ! 1l <16 7 to data in region
O [ C| ]
o T py>1Gev ! o 0.042 < Ar < 0.126
w ;| B PbPb0-10% ' |
£ ——Holguin, k=0.1 E @ k is constant of
[ — Holguin, k=0.3 ] . .
|+ Holguin, k=05 ] proportionality between
1.5 Data syst. unc. —7I‘Data.stat. unc. hydro temperature and q Of
D L i | 1 eikonalized scatters against
Slo T , P — the medium
L 1 1 ]
05F 4 @ Shape at large Ar close to

w0 ar data for 0.1 < k < 0.3

Holguin, Andrés, Dominguez, Marquet, Moult
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Hybrid model comparison for PbPb/pp ratio

CMS-PAS-HIN-23-004

1.70 nb™ PbPb (5.02 TeV) + 302 pb™pp (5.02 TeV)

*CMSPrellmmary 120 <jetp, <14OGeV = .
15 antik, R = 0.4 Li o Hybrid modell!] does not

m . '%'“-6 2 predict enough enhancement

ala [ = .l. I A
1 = r r
Ze — at large

=== PbPb 0-10% / pp

= PhPD O10% [P @ Only configurations with

0.5 h > 1 GeV . . .
[ E=3 Hybrid, pos. wake Pr
- R e oy wake give same qualitative
1.5 Data syst unc. —7Data stat. unc. behawor
P C .
SlE [ —— @ Turn-on angle for wake is
gL 1 larger than in data
05— -
1072 107
Ar

Pablos, Kudinoor, Rajagopal

1JHEP 09 (2015) 175, JHEP 03 (2017) 135, PRC 99 (2019) 5, 051901
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Perturbative calculation comparison for PbPb/pp ratio

1.5]

CMS-PAS-HIN-23-004

1.70 nb™ PbPb (5.02 TeV) + 302 pb™* pp (5.02 TeV)
T

T
CMS Preliminary 120 < jet P, < 140 GeV
anti-k; R=0.4
nl<16

7

0.5

7

o| o, b FET

1
=== PbPb 0-10% / pp 1
—s— Holguin, k=0.1

h
—e— Holguin, k=0.3 ps"> 1 GeV
—— Holguin, k=0.5 n=1
t L
Data syst. unc. — - Data stat. unc.

Jussi Viinikainen (Vanderbilt)
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Holguin, Andrés, Dominguez, Marquet, Moult

EEC measurements

e Calculation again normalized
to data in region
0.042 < Ar < 0.126

@ Underprediction at large Ar

@ Turn-on angle is similar in
calculation and data

@ Best description of data with
03<k<05
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CoLBT model comparison for PbPb/pp ratio

CMS-PAS-HIN-23-004

1.70 nb™ PbPb (5.02 TeV) + 302 pbpp (5.02 TeV)

CMS Preliminary 120 <jet p_ < 140 Gev . @ g-parameter in COLBT[Z]
15 antlk R=04 I; del d ib th
1< 1648 model describes the

ﬁ‘a ) 7 8 minimum virtuality for
2|0 4 . .
al” [ - 1 vacuum splittings
[ #&8 PbPb 0-10% / pp 1 .
05[] CoLBT, =0.5 PS> 1Gev . @ g = 0.5 does not describe
[ EHColBT.q=10  nl ] the data well
1.5 Data syst. unc. —__Data stat. unc. ! i i
>l & ] @ g = 1 is better, but earlier
O+ s
g < 1;‘;53’-1;::1\\* turn-on and less
osl ] enhancement than in data
16’2 16’1
Ar

Yang, He, Wang

2PLB 777 (2018) 86, PLB 810 (2020) 135783, PRL 128 (2022) 2, 022302
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Different model comparisons for PbPb/pp ratio

CMS-PAS-HIN-23-004

1.70 nb™ PbPb (5.02 TeV) + 302 pb™ pp (5.02 TeV)

CMSPrellmlnary 120 <jetp, <14oeev ¥
antlk R=04
In J<l6 /&

15 e Similar qualitative features

between all models and data

- 1
%‘% 1 ] e Small Ar narrowing turns
i +Eb§rbido-%l?l%vv/apk% to large Ar enhancement
OAS;EEB‘;,'LQB”'T”‘J 103 s°“1>1GeV ] e Differences on turn-on point
1.5; Datasyst unc. ——Dalastat unc. ‘ *: and magnitUde Of |arge AI’
%% 17 1 er.1hancement .highlight
Slo T different physics effects
osE ‘ modeled
107 Ar 107

Pablos, Kudinoor, Rajagopal
Holguin, Andrés, Dominguez, Marquet, Moult
Yang, He, Wang
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Hybrid model comparison for double ratio

T
Pbe/pp (p;h >1 GeV)

4k
i

PbPb/pp (p" > 2 GeV)

Theory
Data

CMS-PAS-HIN-23-004

1.70 nb™ PbPb (5.02 TeV) + 302 pb™pp (5.02 TeV)

g
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=
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o
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=
3]

i

- In l<16

CMS Preliminary 120 < ]et p, <140 GeV |
antl k; R=0.4 ~

ey 4

=== Data
] Hybrid, no wake
= Hybrid, pos. wake PPbPb0-10% =
|:|Hybr|d, ull wake n=1
il . . . TR | . .
Data syst. unc. — — Data stat. unc.

[,

| ——=—==

0.5

10

107
Ar

Pablos, Kudinoor, Rajagopal

@ Isolate the effects of
soft-hard correlations with
double ratio

o Hybrid modell!]
underpredicts the effect

@ Again, same qualitative
features only with wake

1JHEP 09 (2015) 175, JHEP 03 (2017) 135, PRC 99 (2019) 5, 051901
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Hybrid model comparison for double ratio, other bins

160 < pr jor < 180 GeV C =10 — 30%
1.70 nb™ PbPb (5.02 TeV) + 302 pbpp (5.02 Tev) 1.70 b’ PbPb (5.02 TeV) + 302 pb pp (5.02 TeV)
|~ T | T .
E E 1.4 CMS Preliminary 160 < Jet p, < 180 GeV % % 1.4 CMS Preliminary 120 < Jet p, < 140 GeV
0|10 ¢ antik; R=04 ] 0|0 ¢ anti-k; R=04 1
N[ g |r] |<1.6 N 2 In |<1.6
NN L et ] AN L et ]
S_H6_ P A S_HG_ = ey, A
o | o o | o

12 1+ H e + B
ol|la [ ] ola [ ]

S| Sos- =R, K S| Qo8 =R K
S | S ¢ mHybrid, no wake = S |8 b mHybrid, no wake =
@ |@ [ EHybrid, pos. wake PbPb0-10% & @ |@ [ EgHybrid, pos. wake PbPb10-30% 5
o | 0_67:|Hybr|d ull wake n=1 — o (o 067:|Hybr|d ull wake n=1 —
ol r , L 0 , b oo r L ) b
1-5j Data syst. unc. — — Data stat. unc. ] 1-5j Data sysl. unc. —— Datastat.unc.
g | A e T ]
2 g 1 m— — 2 g 1 —
= L CMS-PAS-HIN-23-004 ] = L Pablos, Kudinoor, Rajagopal ]
0.5 B 0.5~ 1

1072 10™ 1072 10
Ar Ar

o Hybrid modell!] predicts the double ratio accurately for higher jet pr
selection and more peripheral bins

1JHEP 09 (2015) 175, JHEP 03 (2017) 135, PRC 99 (2019) 5, 051901
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Summary

@ Free hadron, transition, and free quark/gluon regions visible in PbPb
@ Energy loss leads to narrowing of the shape

@ Interesting modifications are seen at large Ar region
e Important to include low pr particles

@ Wake needed in Hybrid model to describe data qualitatively
e Also good quantitative description for double ratio

e Calculation by Holguin+co and CoLBT show same qualitative features
as data with different turn-on points

1.70 nb™ PbPb (5.02 Tev) + 302 pb* pp (5.02 TeV)

oo 502 ) - 202 502 T L7005 POPD (502 Te) + 302 0% pp (502 TeV) 170" PbPb (5.02 TeV) + 302 piy pp (502 Te)
PP (502 Tev + 302 502 Te <=
120<jetp, <140 Gev 2 |2 1 CMSpreimoay 120<jetp, <140 Gev]
. anti-k; R=0.4 oo antik; R=04
10 s, <16 15 NIRRT S <164
| = \n‘,l\ A|A hed
= T pes1cev e A &
= = el - =
8 CMSpreliminay = 2y p E|Bosfmpus
8 L2 4 = 5 | 3 % S rybria.nowake S
= )-: — T il [ 3 Hybrid. pos. wake PbPb 10-30%
w PoPD 0-10% = o e % | S osf SHyona Rirwake® n=1 E
= Popy 0100 et glg
. 3 b st Data syst. unc. —- Datastat. unc. 255 s Data syst. unc. —- Data stat, unc.
1 = o5f =n! 2| 2
X B E:E — S
= B - - 8 = &8
= — 10 o 0sk ] osf- ]
10~ 10~ 107 10° 107 107
Ar Ar Ar
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Back-up

Image credit: BOOST 2022 conference logo
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Disclaimer about the model comparisons in back-up

o All the data is from CMS-PAS-HIN-23-004, this is not repeated in
every slide

@ Title of the slide specifies the model, centrality selection, p%h cut, and
the exponent n

@ The illustration below shows how different jet pr bins are positioned

in each slide
120 < prjet < 140 GeV 140 < prjet < 160 GeV
160 < prjet < 180 GeV 180 < prjet < 200 GeV
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PbPb to pp ratio, Holguin, 0-10%, p$* > 1GeV, n=1

1.70 nb™ PbPb (5.02 TeV) + 302 pb pp (5.02 TeV) 1.70 nb™ PbPb (5.02 TeV) + 302 pb* pp (5.02 TeV)

CMS Preliminary 120 < jet p' < 140 GeV
anti-k; R=0.4
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CMS Preliminary 140 < jet pT <160 GeV
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1.70 nb™ PbPb (5.02 TeV) + a0z pb pp (5.02 TeV) 1.70 nb™ PbPb (5.02 TeV) + a0z pb pp (5.02 TeV)
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CMS refiminary 180 < jet p, <200 GeV
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PbPb distribution, Holguin, 0-10%, p%h >1GeV, n=1

CMS Preliminary 1.70 nb™ PbPb (5.02 TeV) CMS Preliminary 1.70 nb™ PbPb (5.02 TeV)
[ 120 <jetp, <140 GeV | [ 140 <jet p, <160 GeV |
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1.70 nb™ PbPb (5.02 Tev) + w02 pb" pp (5.02 Tev)

CMS Preliminary 120 < jet pT < 140 GeV
anti-k; R=0.4
Rl <16
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£== PbPb 0-10% / pp
1 Hybrid, no wake
Hybrid, pos. wake
Hybrid, full wake  n=1

15F " mmm Datasyst. unc. —- Data stat. unc.

1.70 nb™* PbPb (5.02 TeV) + a0z pb™ pp (5.02 TeV)

CMS Preliminary 160 < jet pT <180 GeV'
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1.70 nb™ PbPb (5.02 TeV) + 302 pb* pp (5.02 TeV)

CMS Preliminary 140 < jet pT <160 GeV
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1.70 nb™ PbPb (5.02 TeV) + a0z pb pp (5.02 TeV)

CMS Preliminary 180 < jet pT <200 GeV
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PbPb to pp ratio, Hybrid, 10-30%, p* > 1GeV, n =1

1.70 b PbPb (5.02 TeV) + 302 pb™* pp (5.02 Tev) 1.70 b PbPb (5.02 TeV) + 302 pb™* pp (5.02 TeV)

CMS Preliminary 120 < jet p <140 GeV CMS Preliminary 140 < jet p' <160 GeV
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1.70 nb™ PbPb (5.02 Tev) + %02 pb*pp (5.02 TeV) 1.70 nb™ PbPD (5.02 Tev) + sz pb*pp (5.02 Tev)
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PbPb to pp ratio, Hybrid, 30-50%, p* > 1GeV, n =1
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PbPb to pp ratio, Hybrid, 50-90%, p* > 1GeV, n =1
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PbPb to pp ratio, Hybrid, 0-10%, p$' > 2GeV, n = 1
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PbPb to pp ratio, Hybrid, 10-30%, p%h
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PbPb to pp ratio, Hybrid, 50-90%, p* > 2GeV, n =1
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PbPb to pp ratio, Hybrid, 0-10%, p$* > 1GeV, n = 2
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PbPb to pp ratio, Hybrid, 10-30%, p$* > 1GeV, n = 2
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PbPb to pp ratio, Hybrid, 30-50%, p$* > 1GeV, n = 2
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PbPb to pp ratio, Hybrid, 50-90%, p$* > 1GeV, n = 2
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PbPb to pp ratio, Hybrid, 0-10%, p$* > 2GeV, n = 2
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PbPb to pp ratio, Hybrid, 10-30%, p$* > 2GeV, n = 2
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PbPb to pp ratio, Hybrid, 30-50%, p$* > 2GeV, n = 2
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PbPb to pp ratio, Hybrid, 50-90%, p$* > 2GeV, n = 2
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PbPb distribution, Hybrid, 0-10%, p%h >1GeV, n=1
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PbPb distribution, Hybrid, 10-30%, p$* > 1GeV, n=1

CMS Preliminary
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PbPb distribution, Hybrid, 30-50%, p$* > 1GeV, n = 1

CMS Preliminary

1.70 nb™ PbPb (5.02 TeV)

120 <jetp, <140 GeV |
I anti-k; R=0.4
F =1 e Ml <16 3
8 P> 1 Gev
w £ PbPb 30-50%
[ Hybrid, no wake
r [ Hybrid, pos. wake Bl
L [ Hybrid, full wake 4
o e N
15F Data syst. unc. —- Datastat. unc. |
1S | ]
2|5 = = 1
= L ]
osf- ]
107 10™
Ar
1.70 nb™ PbPb (5.02 TeV)
160 <jet p, <180 GeV |
anti-k; R=0.4
r n=1 T el <16 3
Q P> 1 Gev . 1
w £ PbPb 30-50% -
[ Hybrid, no wake
[ Hybrid, pos. wake
L [ Hybrid, full wake ]
: ;
151 Data syst. unc. —- Data stat. unc. |
2 E ]
ISE] B
2|8
=

Jussi Viinikainen (Vanderbilt)

EEC measurements

1.70 nb™ PbPb (5.02 TeV)

CMS Preliminary

140 <jet p, <160 GeV |
Ee e antik, R=0.4 3
=1 = Nl <16 3
pe" > 1 GeV T B
L == PbPb 30-50%
E [CHybrid, no wake
r [@Hybrid, pos. wake
L [ Hybrid, full wake
o e N
151 Data syst. unc. — - Data stat. unc. |
) L
g% i1 S
Zlo T o
= L
o0sf |
10 10"
Ar
CMS Preliminary 1.70 nb™ PbPb (5.02 TeV)
. 180 < jet p_ <200 GeV |
S T 4
- anti-k; R=0.4 3
E et - Ml <16
8 L peh>1GeV 1
w £=2 PbPb 30-50%
[T Hybrid, no wake
[ Hybrid, pos. wake ]
[T Hybrid, full wake 4
: ;
151 Data syst. unc. —— Data stat. unc. |
) L
o E -
218 =
=

EEC @ Mainz

66 /43


https://jusaviin.github.io

PbPb distribution, Hybrid, 50-90%, p$* > 1GeV, n = 1
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PbPb distribution, Hybrid, 0-10%, p%h >2GeV, n=1
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PbPb distribution, Hybrid, 10-30%, p$* > 2GeV, n =1
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PbPb distribution, Hybrid, 30-50%, p$* > 2GeV, n = 1
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PbPb distribution, Hybrid, 50-90%, p$! > 2GeV, n = 1
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PbPb distribution, Hybrid, 0-10%, p$* > 1 GeV, n =2

CMS Preliminary 1.70 nb PbPb (5.02 TeV) CMS Preliminary 170 nb PbPb (5.02 Tew

F 120 < |et p, <140 GeV q 140 <]el p, <160 GeV

anti-k; R=0.4 10 annk R= 0477
n=2 ‘”m' <16 A |”‘e.| <163
Q ps"> 1 Gev Q@ r pef>1Gev ]
w = PbPb 0-10% w E= PbPb 0-10% E
£ [Hybrid, no wake E [CHybrid, no wake ]
r [ Hybrid, pos. wake r [ Hybrid, pos. wake .

107 [ Hybrid, full wake [ Hybrid, full wake
! A o ! .1
mm Data syst. unc. — - Data stat. unc. 15| s Data syst. unc. — — Data stat. unc. 7]

Theory
Data
A

10"

»-\
2
=
S

107

Ar
CMS Preliminary 1.70 nb PbPb (5.02 TeV) CMS Preliminary 1.70 nb PbPb (5.02 Tew

160 < |et p, <180 GeV 180 <|e| P, <200 GeV

anti-k; R=0.4 0L annk R= 047
n=2 Nl <16 E n=2 Nl <16 3
@ peh>1Gev g r peh>1Gev ]
w == PbPb 0-10% w E== PbPb 0-10%
[7] Hybrid, no wake E [CHybrid, no wake
- [ Hybrid, pos. wake - [ Hybrid, pos. wake
[] Hybrid, full wake [ Hybrid, full wake
oy ; E E ;
e Data syst. unc. — - Data stat. unc. 7| 15— mmm Datasyst.unc. —— Datastat. unc. —|
> 1 [
ISE] ] £
gl 3
[ r

107

Jussi Viinikainen (Vanderbilt) EEC measurements EEC @ Mainz 72/43


https://jusaviin.github.io

PbPb distribution, Hybrid, 10-30%, p$* > 1GeV, n =2
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PbPb distribution, Hybrid, 30-50%, p$* > 1GeV, n =2
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PbPb distribution, Hybrid, 50-90%, p$* > 1 GeV, n =2
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PbPb distribution, Hybrid, 0-10%, p* > 2 GeV, n =2

1.70 nb PbPb (5,02 Tev)

CMS Preliminary
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PbPb distribution, Hybrid, 10-30%, p$* > 2 GeV, n =2
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PbPb distribution, Hybrid, 30-50%, p$* > 2 GeV, n =2
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PbPb distribution, Hybrid, 50-90%, p$* > 2 GeV, n =2
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PbPb to pp double ratio, Hybrid, 0-10%, n =1

1.70 nb™* PbPb (5.02 TeV) + 302 pb™* pp (5.02 Tev) 1.70 b PbPb (5.02 TeV) + 302 pb™* pp (5.02 TeV)
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PbPb to pp double ratio, Hybrid, 10-30%, n =1

1.70 nb™* PbPb (5.02 TeV) + 302 pb™* pp (5.02 Tev) 1.70 b PbPb (5.02 TeV) + 302 pb™* pp (5.02 TeV)
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PbPb to pp double ratio, Hybrid, 30-50%, n =1

1.70 b PbPb (5.02 TeV) + 302 pb™* pp (5.02 Tev) 1.70 b PbPb (5.02 TeV) + 302 pb™* pp (5.02 TeV)
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PbPb to pp double ratio, Hybrid, 50-90%, n =1

1.70 b PbPb (5.02 TeV) + 302 pb™* pp (5.02 Tev)
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1.70 b PbPb (5.02 TeV) + 302 pb™* pp (5.02 TeV)
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PbPb to pp double ratio, Hybrid, 0-10%, n = 2

1.70 nb™* PbPb (5.02 TeV) + 302 pb™* pp (5.02 Tev) 1.70 b PbPb (5.02 TeV) + 302 pb™* pp (5.02 TeV)
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PbPb to pp double ratio, Hybrid, 10-30%, n = 2

1.70 nb™* PbPb (5.02 TeV) + 302 pb™* pp (5.02 Tev)
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1.70 b PbPb (5.02 TeV) + 302 pb™* pp (5.02 TeV)
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PbPb to pp double ratio, Hybrid, 30-50%, n = 2

1.70 nb™* PbPb (5.02 TeV) + 302 pb™* pp (5.02 Tev)
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1.70 b PbPb (5.02 TeV) + 302 pb™* pp (5.02 TeV)
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PbPb to pp double ratio, Hybrid, 50-90%, n = 2
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pp distribution, p$* > 1GeV, n =1
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pp distribution, p$* > 2GeV, n =1

CMS Preliminary 302 pb™ pp (5.02 TeV) CMS Preliminary 302 pb™ pp (5.02 Tev)
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pp distribution, p$* > 1GeV, n =2

CMS Preliminary

302 pb™ pp (5.02 TeV)

120 <jetp, <140 GeV 3

= anti-k, R=0.4_|
n=2 - In |l <1.6
Q peh> 1Gev ]
w B pp data
—— Pythia8 CP5
r —— Herwig7 CH3
Hybrid model
wm Data syst. unc. —— Data stat. unc.
2ls B L
2|8 =i =
= *”:*1.”»
107
Ar

CMS Preliminary

302 pb™ pp (5.02 TeV)

Epmtm—e—

E -
n=2

Q peh> 1Gev

w B pp data

—— Pythia8 CP5
b —— Herwig7 CH3
Hybrid model

10”

160 <jet p, < 180 GeV q
anti-k; R=0.4
In_ <16

et

Data syst. unc.

N
o

— - Data stat. unc.

Theory
Data

o
@

T

el

Jussi Viinikainen (Vanderbilt)

10™

EEC measurements

Theory
Data

o

CMS Preliminary

302 pb™ pp (5.02 TeV)

140 < jet p_< 160 GeV ]

[omt=t—ema
T antik, R=04_|
e <16 3
[ pe>1Gev ]
== pp data 3
—— Pythia8 CP5 Fe, ]
——Herwig7 CH3 ‘113—
Hybrid model E
! .1
Data syst. unc. — — Data stat. unc
—_— _
= S|
S
]
107 107
Ar

CMS Preliminary

B== pp data
—— Pythia8 CP5
b ——Herwig7 CH3

302 pb™ pp (5.02 TeV)
180 <jet p, <200 GeV q
antik, R=0.4_|

n=2
peh> 1Gev

Hybrid model

— — Data stat. unc

Data syst. unc

EEC @ Mainz

90/ 43


https://jusaviin.github.io

pp distribution, p$t > 2 GeV, n

CMS Preliminary
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e Small, medium, large I

Jet energy scale

Jet energy resolution

Jet pr prior for unfolding

Number of iterations for unfolding
Track selection

Track pair efficiency

Background subtraction

Signal-to-background ratio scaling
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Unfolding the measurement, how is this done in pp?

CMS Preliminary 36.3 b7 (13 TeV)

@ Example from
CMS-PAS-SMP-22-015

@ Three-dimensional
unfolding with variables:

e Jet pr |
0.4

o Energy weight PXyPT.i
T Jjet -0.6

e Pair opening angle Ar ) s

0 20 40 60 80 100 120 140 160 180 200 220
p *x, bin index

e Multidimensional unfolding in heavy ion collisions is difficult

e Worse jet resolution compared to pp
e Use of vacuum reference questionable

@ Is there a way to simplify the unfolding procedure?
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Does my observable need unfolding: jet pr

@ Jet pr has significant
resolution effects

@ Gaussian smearing with
o = 0.16 applied for jet pr to
estimate resolution effects

@ Resolution combined with
steeply falling spectrum =
correlator shifts to right

@ Conclusion: jet pr needs

unfolding

Jussi Viinikainen (Vanderbilt)
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Does my observable need unfolding: Ar

Ar (original)

@ Resolution model: certain
probability Ar moves to

H
2
L

=
2

2|

102 10!
Ar (after resolution)

neighboring bin

PN w s O N o ©

10

EEC

=

Pythia+Hydjet

Cent: 0-10%

3.0 <track P,

160 < jet p_< 180
—Nominal gen result

—Gen with smeared Ar

t

-

IR
N

Smeared
Nominal
.

14
o

Fpespent

D

o

107 107"

Ar

e Particle pair Ar resolution effects only important at very small Ar

@ Conclusion: when very small angles are avoided, no unfolding needed
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Does my observable need unfolding: Ar

Ar (original)

@ Resolution model: certain
probability Ar moves to

e Particle pair Ar resolution effects only important at very small Ar
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@ Conclusion: when very small angles are avoided, no unfolding needed
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Does my observable need unfolding: pr1 pr2 weight

@ Particle pr resolution generally
good

e Gaussian smearing with
o = 0.024 applied for pr1 pr2
to estimate resolution effects

@ Conclusion: no unfolding
needed

Jussi Viinikainen (Vanderbilt)
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Unfolding jet pr as binning variable

e Unfolding with RooUnfold

Response for 0-10%, 3.0 < track p_

e Since unfolding deals with P -
distributions, need to T PRAAAAAA
combine jet pr bins and Ar ol . ,’;;222;;;?
axis PR

o Create response matrix from 3 L 22//,/;/; o :;ﬁ/
matched reconstructed and g 52: P :/ff "
generator level jets AR

o Use generator level particles S ;,/j, p
for both = Ar axis is T —
diagonal Reco (Ar O jet pT)

@ This construction allows unfolding jet pr bins without touching the
other variables for which resolution effects are small
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Particle density with respect to jet axis in Pythia8

@ E-Scheme axis has a dip in
particle density around jet

radius

@ In correlation measurements,
good to avoid sharp structures

like this

Jussi Viinikainen (Vanderbilt)
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Energy-energy correlator axis comparison in Pythia8
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Background estimation: reflected n cone

@ Reflect jet n coordinate, require at least twice the cone radius distance
from original axis to avoid overlapping cones

o if |77jet‘ >R = Nreflected = —Tljet
o if —-R < MNjet < 0 = Nreflected = Njet + 2R
e if 0 < Tiet < R= Tlreflected = Tljet — 2R

@ The background estimation is constructed by pairing all particles from
the signal cone with all particles in the reflected cone

n
O & O
OO~ O
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Normalization of reflected 1 cone background

@ Even when one reflected cone per event is used to estimate
background, this still needs to be normalized

Assume 10 background particles in signal cone and 10 in reflected cone

True background: 9 +8 + --- + 2+ 1 = 45 pairings

Reflected cone estimate: 10 +9 + --- + 2 4+ 1 = 55 pairings

There might be a random jet in the reflected cone

= Estimate the effect on total normalization from MC by taking ratio of
background pairs in signal cone and all pairs in reflected cone
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Fake+fake background within reflected 1 cone
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@ Pairing reflected cone particles reproduces fake+fake contribution

within signal cone
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Signal+fake background estimation with reflected 1 cone

10~

EEC

(Jet+ref) / BG

@ Pairing signal particles from jet cone with reflected

i

Pythia+Hydjet
Cent: 0-10%
3.0 < track P,
160 < jet p, < 180
— Signal+fake pairs
— Jet (Pythia) + ref (Hydjet)

L+,
+
+
u
+

reproduces signal+fake contribution
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Fake+fake background estimation with reflected 1 cone

++ =S -
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[ = e =
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@ Pairing background particles from jet cone with reflected cone does
not reproduce fake+fake contribution. Missing local correlations
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Overall performance of reflected n cone

EEC

EEC

wlp = loo<ietp, £ _-
- T
% ‘ T ++T++++ . %‘ EHt ; ++$ I ,{ ;'_7 ' it
Toed T i I I TR
10% o 10" 10 o 10 107 o 10"
o Left: pairing reflected cone particles reproduces fake+fake

contribution within signal cone

e Middle: pairing signal particles from jet cone with reflected cone

particles reproduces signal+fake contribution

@ Right: pairing background particles from jet cone with reflected cone
does not reproduce fake+fake contribution. Missing local correlations.

= Restrict analysis to region where fake+fake contribution is small
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Determine region of validity for reflected n cone

EEC Signal

Extracted
True

EEC Signal

Extracted
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track pp > 0.7 GeV

track pp > 1 GeV

track pp > 1.5 GeV
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@ Better than 5% closure at pp > 2 GeV and 1% at pr > 2.5 GeV
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