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What are the

. Realistic 1mpact
physics we

of the background

measure
. on E3SCs and how
with the ESC "
we remove 1
observables
 Compare JEWEL w/ and w/o recoils for  Embed PYTHIA di-jet events into
inclusive jets at fixed energy multiple PYTHIA minbias events
* Insights into the nature of jet * How does this uncorrelated
modification and energy loss from background contribute to the
different combinations of E3C observables related to E3Cs

observables ¢« How can one remove this

* Invariant in jet structure! background and at what precision?
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Recap - what we learned from E2C

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

4 I 4 :CMS Preliminary 120 < jet p, <140 GeV
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e We now have evidence of PbPb ¢ Impact of medium response/wake, elastic 2-2
jets starting at higher virtuality scatterings/recoils/Moliere/Rutherford and

coherence-decoherence transition
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https://indico.cern.ch/event/1339555/contributions/6040817/attachments/2932677/5150446/jussi_energyEnergyCorrelators_hardProbes2024.pdf

What are 3-point correlators?

[Komiske et al., PRL 130 (2023) 5, 051901] R; R Upper right corner is
z . 0.006 s populated with
- CMS Z011 Open Data R

fets, 77 < 1.9 equilateral triangles
e [500, 550] GeV 0.005 M

0.004

().003

0.002 Bottom right corner is
‘- populated with “flat”
-0.001 M triangles

—0.000 RL
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Compilation by Hannah Bossi and Ananya Rai

_ Rq . (R, — Ryy)”
= — ¢ = arcsinq [l — ——
Ry, \ R2

* Projected 3-point correlators onto the larger
angle side RL can asymptote to 2-point

. » ¢ and & are sensitive to different shapes of
” particle fragmentation within jets
RKE, SoftdJets 2024 _



RL, Rs, R

JEWEL 2.4.0 + PYTHIAy/s = 5.02 TeV

Pb-Pb I, 0-10% 006 Brai
o 0091 relimina
Pb-Pb nr, 0-10% ioE e, Y
P-P R 0.07 — Y e
— — -
" L 0.06 = :#+ Y ———
vacuum Y 4 0'05;_ i e .
Q2-evolution 0'04;_ . +=.= ++
/// P 0.03 —+—+ S
’ 4 \'*iii;;;:;:,.\\ \ - ’ — —e— +:l: Y
J EW E L \\ | . e ;i+ :::_'_
= oo+ antl kT R O 4 Jets A
elastic scattering i.nelastic seieea il . Q. 35 E
. > el Without Q%-evolut S8 T3E
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w/ recoils + thermal subtraction T
01:
107

w/0 recoils

Similar behavior to 2-point correlators with slight difference at the larger
angles - enhancement seems to be smaller with 3-particles!

RKE, SoftJets 2024 Note: these are from unique triplets!



RL, Rs, R

JEWEL 2.4.0 + PYTHIA\/s = 5.02 TeV

Pb-Pb r, 0-10% S 000 e Prelimi
. . oo E i g reliminary
Pb-Pb nr, 0-10% 5 b +
p-p 0.07 ;— _+_ +:::+1_++
o.osé— _+__+—+ +_._+ e
2 _+_ —— ++ ——
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\ 0.03 i— :*:—cp— _._':::—'—28:::__,_ e |
J EW E L 0.02 ;ﬂ__"_ . +_._+++++
o= anti-kt R=0.4 Jets .
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. LPM-suppression 3 al” 2§:¢ 120 < PT < 140 GeV
: : jEET . e
w/ recoils + thermal subtraction  —— =SS et
. 0= | ' I | |
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* As we go to smaller distances - Ru - we see enhancement start to creep up
again! Deviation from w/o recoils happens at larger angles...
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RL, Rs, R

JEWEL 2.4.0 + PYTHIA /s = 5.02 TeV

Pb-Pb I, 0-10% 5 oql_ o
Pb-Pb nr, 0-10% iR Preliminary
P-pP 0.08 ::,_i_‘__._i—-—
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~ | - anti-k B
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2E- +++
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: 0= ' N | |
w/0 recolls 10 10 A,

» [ argest enhancement reserved for the smallest side of the triangle! And also
showcases the deviation goes to smaller angles!!
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Sensitive to particle p7?

JEWEL 2.4.0 + PYTHIA\/_ 5.02 TeV

% 0.1 —+—¢—+ Pb-Pb I, 0-10% 8 0.1 4——*—_"_
N Pb-Pb nr, 0-10% s .
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* Increasing the track pr results in reduced enhancement at large Rs
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Sensitive to particle p7?

JEWEL 2.4.0 + PYTHIA \/_

5.02 TeV
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 Even going to pt > 2 GeV we still see modification - which we did not see in E2C!

RKE, SoftdJets 2024



11

How about the ratios of lengths? ¢&

—— Pb-Pbr, 0-10%

Upper right corner is

populated with 0.1

equilateral triangles g 0.09; Pb-Pb nr' 0-1 Oo/o
Bottom right corner is 008 i_
popuI?:ieacg] g\}/\llgcg “flat” 0.07 ;_
o.osf—
— —— ++¢=C=+
R | (R, — RM)z 0.05 ;— —-—_._:,:—_::,:
R E = . ¢ = arcsin4 [ 1 > = +_:E$_='E$EE;,;
M R: 042 : ==
e anti-kt R=0.4 Jets
0.02%—._ 120 < pT < 140 GeV
« Shows an enhancement at smaller & - E Preliminary
we see larger smaller RS in heavy ions o oW/ recoils + thermal subtraction
compared to pp - expected from having Sl 1:6; w/o recoils
more lower pr particles in the pbpb jet! e
-
o 0'80:' - '01.1' - '012' - '013' - '014' - '01 o '016' - '01 T '018' - '019' T
What about ¢? ” ! :
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1.3

Double Ratio
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Double ratios!

PbPb PbPb
- (R; > 0.2)/ (0.01 < R; < 005)_
—, PP PP
B |_ Large RL Small R
1~ 1120 GeV < Jetp_< 140 GeV!
- anti-kt R=0.4 Jets USSR S
- -+—_+_—+— T JEWEL 2.4.0 + PYTHIA4/s = 5.02 TeV
:l L 1 1 | L1 1 1 | L1 1 1 | | 1 1 1 | L 1 1 1 | L1 1 1 | L1 1 1 | L 1 1 erelllmInar)/ll ‘
0 01 02 03 04 05 06 07 08 09 221
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e Selection on RL seems to
iIndicate a shape we are
familiar with!

e These are ofcourse
normalized so the integral is
consistent
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Controlling the shape of our triangles

rKimal..PRL130(2:2::15(;0:>;?:11 y f&% Upgg:)lrjg’:; g.(\)/\r/ﬂﬁr is EEEC(¢ Pb-Pb r, 0_1 00/0
_ e Ty Ry o dlelerEEngles s = Pb-Pb nr, 0-10%
% 0.09;— p-p
i 008
0.072— anti'kT R=O4 JetS
2 o0s=—120 < p1 < 140 GeV PENSE
R £ = Ry B . \/ (R, — Ryp) — gt
L = ¢ = arcsin4 [ 1 005 —e—a—="
e JEWEL 2.4.0 + PYTHIA /s = 5.02 TeV
0.03—
* Very surprising! Potential invariant - W/ recoils + thermal subtraction
under JEWEL'’s energy loss soiE- W/O recoils Preliminary
Sla 1155 e
* Why does this happen so? Is it a 22 1055,

_ _ , S S S S
cancellation effect with change in 0955 - RS
jet pt and possible quenching? | S

¢
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Controlling the shape of our triangles

Upper right corner is
populated with

eduilateral triangles EEEC(9) jet p. €[120-140] / EEEC(9) jet p.€[160-180], 0%-10%
S : (15 relminary 1
- anti-kt R=0.4 Jets —
1.1
- [120-140] / [160-180] GeV
RS . \/ (RL_RM)2 [
R, E=— ¢ = arcsin4 | 1 1.5 e
Ry R 4 + 4 + 4
e
» \ery surprising! Potential invariant 0.95] +-
under JEWEL's energy loss 0_95_ JEWEL 2.4.0 + PYTHIA4/s = 5.02 TeV
| D e ... W/ recoils + thermal subtraction
 Why doe_s this happe_n so? Is it a - = W/0 recoils
cancellation eﬁgct with change in e T T R S O e
jet pr and possible quenching? ¢
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How to see modifications 1n phi?

PbPb PbPb
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s -
E "5 1120 GeV < Jetp_ < 140 GeV. |— Large R, / Smll RJ 4
o 1.2
0 - . ——
1.15 antl'kT R=0.4 Jets o
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P = arcsin\

- (RL— Ry’

R¢

e Selection on RL seems to
Indicate an enhancement of

larger ¢

* Relatively small effect - if you
have larger RL, you end up with

larger ‘equilateral’-like triangles...

* These are ofcourse normalized
so the integral is consistent
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How to see modifications 1n phi?

1.15

Double Ratio

—
—L

1.05

0.95

0.9

0.85

PbPb

Pb
R, > 0.2)/

Pb
(0.01 < R; < 0.05)
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— PP PP JewEL 2.4.0 + PYTHIA /5 = 5.02 TeV . ( RL — RM)2
- 1120 GeV < Jet p_< 140 GeV :;a’gi SL/’ ::: ;ﬁ. e ¢ = arcsm\ 1 — T
- anti-kr R=0.4 Jets —— |7 s

- R, > 0.3 |

- e .  Example of a cancellation

B —9— —— _

- T . effect that results in an RL
:.— —.—++ —— BinE . .

T TT7| T ++ T integrated ¢ showing up as
3 T4 T unmodified...

— —9—

_ —o— ——

— —9— ++ —9— ye

T 4 T T  Would be very interesting if
- —r— .

S 0.01 < R, < 0.05 different methoFis of energy
_—lPI:ellIn?lqa,yl | | | | | | | | | | | | | | | | | | | | | | | | IOSS ShOW up dlﬁerently In

0 0.2 0.4 0.6 0.8 1 1.2 1.4 N SUCh ObserableS!
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What are the
physlics we
measure
with the E3C
observables

» Compare JEWEL w/ and w/o recoils for
inclusive jets at fixed energy

* Insights into the nature of jet
modification and energy loss from
different combinations of E3C
observables

* |nvariant in jet structure!

RKE, SoftdJets 2024

Reallistic 1mpact
of the background
on E3Cs and how
we remove 1t

* Embed PYTHIA di-jet events into
multiple PYTHIA minbias events

e How does this uncorrelated
background contribute to the
observables related to E3Cs

e How can one remove this
background and at what precision?

17



Expected background in PbPb collisions

- — , , _
B e i o Different pairings in the simulation
| Pythia+Hydjet 5.02 TeV ++¢+++* _ o All pairs
= Cent: 0-10% LT - - - -

- 120 <jetp <140 GeV++++ +++ : ° S!gna|-|—5|gna| pairs _
O - p">1.0GeV U o Signal+background pairs
- Nas L ] o Background+background pairs
10 S = o _
=, o = All combinations @ Background contributions dominant
- o e Pythia-Pythia _
- T . Pythia-Hydjet - at large Ar
. + Hydjet-Hydjet :
102k N | _ @ Background subtraction needed
107 10°

The good @

Jussi Viinikainen (Vanderbilt)

RKE, SoftdJets 2024

Ar

The bad @

EEC measurements

The ugly

Hard Probes 2024 8/16
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Background subtraction method

A Reminder of the 2-point method

| Minimum bias

Minimum bias | |
I event - M2

| event - M1 |

Jet triggered

—> p

S + M1: signal+fake together with mismodeled

fake+fake
e SS + SB + BB - thats what we start with in Data

« M1+ M1: properly modeled fake+fake
e SM1 + M1IM1 - M1M2 - gives us the

background we need the subtract! e M1+ M2: mismodeled fake+fake

RKE, SoftJets 2024 Note: these are from unique triplets!
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Dealing with triplets!

E3C pp; Npu =200; 120 < p. < 140 GeV

10 — I I I I I I I I | I I =
3 ] MW“‘O
= PR
- —— +-|-'|' i
—— ++-|- --{
107 & —— 4
§ —— ,_l_;-l-:""
- —— T
refa
2 B ¢ '_+_:-+-| "
107" e e —
— = *%WW —
A = ’ e e =
B = oS —
LL] _ e _
= o PYTHIA-8 =
B anti-k. R=0.4 Events ~
1074 & . all particle p_>1 GeV —
— . » m  Jetcone only -
B e Signal + signal + signal _
10—5 _ ¢ SSB —
— + SBB =
B * BBB _
10—6 > | | | | I 1 | |
10° 10~
Ar

RKE, SoftdJets 2024

SSS Good
S S B Bad

SBB  Weir
BBB  uay

Note: these are from unique triplets!
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Dealing with triplets!

E3C pp; Npu =200; 120 < p. < 140 GeV

107

X

107

5

Jet cone only

x + o 0o B

PYTHIA-8
anti-k; R=0.4 Events
all particle p, > 1 GeV

Signal + signal + signal
SSB
SBB
BBB

107°
1072

RKE, SoftdJets 2024

 Estimate the impact of
the heavy ion underlying
event with multiple pileup
minimum bias events

e Significant correction
needed especially when
one considers the amount

e Lets try with the existing

bkg sub method and see
If we can expand it!

Note: these are from unique triplets!
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l | Minimum bias
event-M2

. Minimum bias
| event - M1

Jet triggered
jevent

- ,

 What you measure = SSS + SSB + SBB + BBB

« TJotal Background = SSB + SBB + BBB [SSM1]
+ SBB + BBB [SM1M1] + BBB [M1M1M1] -2 *

BBB [M1M1M2] - SBB - BBB [SM1M2] + BBB
M1 M2M3]

Minimum bias |

RKE, SoftJets 2024 Note: these are from unique triplets!
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Performance of the subtraction

E3C pp; NF>U =200; 120 < p. < 140 GeV

10 § I I I I I I I I | I I I §
L e - 4 * These are all the relevant
= ' e N combinations
107 = e s 1*
: T et e 4 ¢ There is a specific
102 - T e condition that we need to
(L")) % * '_‘_:'—v—' '—xa*::***m +-'*'+I+M+ §
Y ol T e e - correct for -
= —— H—s—aﬁ:}:* ' | PYT_H IA-8 §
- M Apaticep > 106y -
104 =, L = ey = ¢ The mere fact that you do
S P Jetsmiediomiedt jet finding results in your
oE= BT T background estimate
10_6 _ | | | o +  Mixed 1 +Imixed1 +Imixedl1 | needing tO be adjusted
107 A 107

RKE, SoftJets 2024 Note: these are from unique triplets!
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Performance of the subtraction

E3C pp; NPU =200; 120 < p. < 140 GeV
| |

1/ Npairs
[
|

* \ery good estimate of the

T, background through the

1 entire region of accessibility
(experimentally)

PYTHIA-8 o

anti-k; R=0.4 Events

 Sub percent non-closure until
we get to the large angular
region (which is the region of
10 Corrected interest for wake physics)

all particle p_> 1 GeV

e  Signal + signal + signal

e RS, RM, RL should be
measurable similarly!

(£, @ not clear at this point..)

-
— o e - o o o om— e - - - —-—

I|III_!|LIII|IIII
+
§
.
¢
¢®
I|III|III|IIII

| HO

o
o

—h

<

1 log10(Ar)

RKE, SoftJets 2024 Note: these are from unique triplets!



EEEC(®)

PbPb
PP

0.1 —— Pb-Pbr, 0-10%
009 —— Pb-Pb nr, 0-10%
0.082— — P-p
" RE
TE L,
0.05;— +—o—:.:| +I _—o—._:.:
0.04?_ . * =‘=;E§E:.:$
& anti-kT R=0.4 Jets
et 120 < pT <140 GeV
0.01;—
1s5s—————=W/ recoils + thermal subtraction
e w/orecoils
1265,
| S i = S e e
08067 02 03 04 05 06 07 08 09 §1
o _
1.1_—
.
1.05F
. s *
1
0.95:%
0.9 ¢
085b—_1 1 | 1+ 1 |
0 0.2
o

.
|
+
_+_
.
_+_
+

Conclusions

itios: PbPb/pp(¢) [Large (Small) RL] / PbPb/pp(¢) [all RL], 0% - 10%

— Large F%L [AINR

< Jetp_< 140 GeV.l
T — Small R _/ Al R

l ] | |

++ RL>33 +

$h

OOl <R SO0

i

I | | |

0.4 0.6 0.8 1 1.2

E3Cs offers a rich trove of
observables sensitive to different
aspects of jet modifications

RKE, SoftdJets 2024

1.4

4) O
Jet triggered
event

>n

« SSS + SSB + SBB + BBB

« SSB + SBB + BBB [SSM1] + SBB + BBB
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()

Minimum bias
event - M1

event - M2

O

Minimum bias

()

Minimum bias

E3Cpp;N = [SMIM1]+BBB[MIM1M1]-2*BBB
@ | —PU, [M1M1M2] - SBB - BBB [SM1M2] + BBB event - M3
g [M1M2M3] . . .
< Working on a software package incoming!
r | B ot
1= |> llll .
PYTHIA-8 ]
L.
anti-k; R=0.4 Events L[L ]
all particle p.> 1 GeV LL
L_
e  Signal + signal + signal L
10_1 | Corrected ]
|
- ~ ]
N o o N
1 — + ________ .+_ _____ = . B VS P _"_'._*_.}.*_r.'.l._'._l._!._._ o _.9_“_ _;%_ --—
Z ® _
0.98— .
- L LT
107 107

log10(Ar) R

Each of the distances can be
background subtracted with
sensitivity to interesting physics!



