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**This categorization scheme is largely based off of great

Jet quenChing talk by Jing Wangqg.

@ Impact of the medium on the jet — jet energy loss

Collisional
Weak ling limit 1
@ eax coupling fimi Hard Parton Jet
% Collisional . Radiative

. .y QGP Medium
% Radiative

AdS/CFT Drag

Strong coupling limit 4}%} S —i

% AdS/CFT drag force

QGP Medium

Variety of ways to implement each category —all theories won’t behave the same!
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https://indico.cern.ch/event/900973/attachments/2054497/3459962/20200623_CMS_LPCC_JingWang_v9.pdf
https://indico.cern.ch/event/900973/attachments/2054497/3459962/20200623_CMS_LPCC_JingWang_v9.pdf

**This categorization scheme is largely based off of great

Jet quenChing talk by Jing Wanag.

@ Impact of the jet on the medium — medium response

Recoll
Hole
@ Weak coupling limit
% Recoils (Kinetic based approach) I J>et
d d
II aa-‘
y
QGP Medium
Strong coupling limit Negative Wake Wake
% Wake (Hydrodynamics based approach)
\\ _>
% Includes positive and negative 5 o) g
contributions
QGP Medium

** Cartoon of the wake in

Focus of this talk: study medium response effects! position space
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Tools to search for the medium response

What tools exist to study the medium response?

)
&\"t\ (Groomed) jet

\ substructure
y/Z-jet Jet Shapes
R-dependent / (2o  Baryon-to- See Yeonju's talk
Inclusive jet Meson_ra;:tlo (Mon 2:30pm) for
measurements ( near Jets morel
Some tools are better than others!
Jet-Hadron New tools or a combination often needed!

correlations
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Energy energy correlators are a new emerging tool for heavy-ion collisions!

Can EECs be a new tool for the medium response?
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Energy Correlators

Define as the correlation of energy flow operator (V| &(1,)&(n,)---&E () | V)

where &(n,) = lim [dtrznfTOi(t, rn;)

r— 00

Characterizes the energy flux in the direction of i

In hadron collider environments, instead of 71, use

AR =1/ Ay* + Ap?
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Projected N-point Correlators

N
ENCR) =( [] Jdgzﬁk (R, = ARp) - ——— (&"(1)E"(1y).... 8" (1))
k=1 (Eje)™
0 - Moult et al.. PRL 130 (2023) 5. 051901
10 T ™ -
+ Charged Hadron EEC :
. % All shape information is integrated out,
Q| y ' keep longest side R, fixed
m : Free Hadron  Transition Quarks/Gluons I
3 e B
% 102 3 .i:i;!-'*' E RL
: f *
> -{-++ CMS 2011 Open Data ‘
1073 ' .l._l_'l'+ AKS Jets, ' < 1.9 ¥ 3
nLJ[]LJf Pr € ff;’(; e i % Projected correlators are useful for
oa e o isolating the scaling behavior!
107 10~ 107! 10°

Ry,

% Transition region happens roughly at AQCD/ PT jet
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https://arxiv.org/abs/2201.07800

Scaling of in-medium effects

dz/dé/(as/2m)

¥
/\

Hannah Bossi (MIT)

[Yang et al., Phys. Rev. Lett. 132, 011901]

10"
C'i =2 GeV?/fm: H=1 GeV
\\
~N
N
N\
‘\\
100 - ™
s -
\\
-== E=100 GeV, vacuum ‘\\
-== E=200 GeV, vacuum ™\
— E=100 GeV, L=4 fm
— E=100 GeV, L=8 fm
— E=200 GeV, L=8 fm
10! + T o
102 10~ 10°
6

d 3z
do

1

1.

|
dz( )med

[Andres et al. Phys. Rev. Lett. 130, 262301]

x 10~4

- M §=10GeV*fm!

Two—Point Energy Correlator

vvvvvvvvvvvvvvvvvvvv

~ E=100 GeV, L=2 fm

- B §=20GeVfm™!
- M §=30GeV*m!
.~ — Total =----- Vacuum
4 3 21 o
—:‘=‘E&|=‘_;
e e e R

Medium effects appear at a similar characteristic scale

What about higher orders of N? What if we also included the full shape

information?
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.132.011901
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.130.262301

Higher-Point Correlators

% Simplest example is the 3-point
correlator

L R Interesting to study both the shape (full correlator)
§ and the scaling (projected correlator)!

R % When N > 2 there are non-trivial shape
M dependencies in collinear limit.
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Higher-Point Correlators

% Simplest example is the 3-point
correlator

L R Interesting to study both the shape (full correlator)
§ and the scaling (projected correlator)!

R % When N > 2 there are non-trivial shape
M dependencies in collinear limit.

Visualize the shape in 3D space where the dimensions are

Ry = — ¢ = arcsin
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3-point correlator in vacuum

/)

% Let’s explore the 3-point correlator in vacuum at a fixed R; slice!

In vacuum all emissions are correlated with

the same source (parton ShOWGI‘)’ M@D [Moult et al., PRL 130 (2023) 5, 051901]

(.006

g CMS 2011 Open Data
/ AKS Jets, [*t| < 1.9 B
g pr € [500,550] GeV 0,003

= JOLTIN o Charged Hadron EEEC
\\ : N : 025 0.004

R, ,
- R &b
S 0.003
RM \
Hard \A | - ().002
Scattering ko |
| -0),001]
0.0 \Z 0.2 ()4 06 0.8 0 0.000
When & is small, behavior similar for all ¢ ¢

In small angle limit, reflect 2-point correlator
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https://arxiv.org/abs/2201.07800

3-point correlator in vacuum

% Let’s explore the 3-point correlator in vacuum at a fixed R; slice!
[Moult et al., PRL 130 (2023) 5, 051901]

Ry »  Upper right corner is
~ 0.006 ° populated with

cMms 20 l Open aﬁ . . .
flets, |n < 1.9 \ 48— R,, equilateral triangles

prfe [500, 550] GeV 0.005
jarged Hadron EEEC
W ~ .25

(.00

(

().00) 3

0002 Bottom right corner is
populated with
“squished” triangles

L 0.00]

|
: = . (). 000
(1.0 ().2 ().4 (.6 S |.0) w

¢

These features are not prominent in vacuum!
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https://arxiv.org/abs/2201.07800

Exposing the wake with 3-point correlators

Idea: Study one type of medium response (wake) via its distinct shape
dependence in the 3-point correlator

Negative Wake Wake
QGP Medium
Ry R Wake should “fill in” region unpopulated in vacuum!
Still will have parton shower contributions, but now in addition
Iy have a broader and softer contribution from the wake.

Outline: first discuss an idealized case, then go over some practical
considerations for experimental applications!

Hannah Bossi (MIT) ECT* Workshop 10



Hybrid Model [JHEP 10 (2014) 019

To study the wake we will use the hybrid model! This is a jet quenching model where...

Impact of the medium on the jet Impact of the jet on the medium —
— Jet energy loss medium response
AdS/CFT Drag Negative Wake Wake
> —< Mo
\\\/}9‘ —<— < @
QGP Medium QGP Medium
Strong coupling limit Strong coupling limit
% AdS/CFT drag force % Wake (Hydrodynamics based approach)

See Krishna's (Mon 3:30pm) talk for a more comprehensive overview!

Hannah Bossi (MIT) ECT* Workshop 17


https://arxiv.org/pdf/1405.3864.pdf
https://indico.ectstar.eu/event/198/contributions/4372/

Projected correlators in vacuum

é'% ] (] ] ] ] (]

% Showing the projected 2 and 3 point correlators in vacuum as a function of jet py

O 30 '_l. - I - - ’ - ; T " I i 8 30 _l 1 1 1 I 1 1 1 1 1 1 1 l' I |

w Hybrid model, vacuum - WL Hybrid model, vacuum -

T el Hadrons, n =1.0 - B sl Hadrons, n = 1.0 -

o TF Full anti-k; jets, R=0.8 - N F Full anti-k; jets, R=0.8 -

S G gee, - 40<p_ <100GeVic - e I +40<p  <100GeVic -

s L T +100<p  <200GeVic c 2 - 100<p.  <200GeVic — —

z *s 200<p = <300GeVic - 2 [ eee, 200 <p; <300 GeVic -

< °. 300 <p; <400 GeVic - et e, 300 <p; <400 GeVic -

C 3 +400<p . <500GeVic - - Ceg +400<p. . <500 GeVic -

N . 500<p_ . <1000 GeVic - - ¢ 500 <p.. <1000 GeV/ic -

0 - .’ , jet B ol . T, jet e

E . ’...OQ-W!'Q‘,‘ E E s .2 E

51— oe® cessoelaslies — 51— LahhARAas - YN —

_00”” o ®® oo’ ’ﬂtttt‘#ttg . . - ..0”””. PP S A g eoe00slS. :::: *Sag -

o i Ag&ga*’*‘*ﬁ“*&; :::’“"1" ) Mt Hirsarane,

1072 107 1072 107"
R, R

Projected EEC Projected E3C

% Projected EEC and E3C show similar features.  What happens when we

% Peak position is roughly Aqgcp/Pr e include the wake?

Hannah Bossi (MIT) ECT* Workshop 12



Projected correlators w/ Wake

% Look at projected correlators in vacuum compared to jet + wake and jet + no wake

o 107 = o 107 =
m — Hybrid Model (Inclusive Sample) m — Hybrid Model (Inclusive Sample)
§ B Hadrons, n = 1 E B Hadrons, n = 1
S B Full anti-k; jets, R = 0.8 c_é B Full anti-k; jets, R = 0.8
& — S |
2 . +:=+++ __;__+++ 260 GeV/c < Pr e < 360 GeV/c 2 . i++ ++++ 260 GeV/c < Pi e < 360 GeV/c
= 44'—-% - Vacuum Jet C T ey - Vacuum Jet
— o —e- Jet + wake sl g —o— Jet + wake
B = ——Jet + no wake B _g::Q:qF —— Jet + no wake
u i“.ff,gt u -
- = = u —eo—lF
—o—
1 i 1 R
— g — e o
— M T — e T
— —— —o— B
- —{1 | —h— —{1
++ —1 ++
B - —h— —1 — - S — .
—A— —
ol Inclusive Jet EEC N ol Inclusive Jet E3C o
— o —
n | | | | | | | | | 1 | L1 n ] | ] | | | | | |1 | L1
1072 107" a1 107 107" .
L L
K\

% Scaling behavior at large values of R; different when wake is included!
% Wake shows up similarly to other medium effects.

% No track p cut included in this sample (will show effect later)
Hannah Bossi (MIT) ECT* Workshop 13



Ratio of projected correlators

E3C/EEC

Hannah Bossi (MIT)

2.4 Hybrid Model (Inclusive Sample)
B —0—
» 5 - Hadrons, n = 1 -
C Full anti-k jets, R = 0.8
21— 260 GeV/c < p_ <360 GeV/c
18 :_ -5 Vacuum Jet
T —— Jet + wake =
u —+ Jet + no wake —e—
1.6—
- Nl
— —r—
1.41— e
H Ak —{1 —0—
| N _D_—EI— o
1.2 I —I:I—:E_._—.—_._—._
u —A—+ =E=:U__._
— T g
= N e
— =
0.8 _—++++=|!==!'==a==a=
g
0.6—
T l l L1 | l l l l l l L1 | l l l l l l L1
) _1

Ratio ESC/EEC

ECT* Workshop

QL
/\

¥
/\

Can also elucidate the
wake using the ratios!

Beneficial if systematics
can be cancelled in the
ratio.

14



Shape dependence in vacuum

Can also visualize

this in 3D!

Hadrons, Vacuum

Hybrid Model (Inclusive sample)
n=1,06<R <0.7

Full anti-k jets, R =0.8
260 GeV/c < p. o <360 GeV/c

Normalized EEC

—

o

N
T
<
O
o
=
o
o
]
5
Q
[
(]
<
(4]
7
Q
3
=3
£

y
E
!
;
+

% All other shapes not
prominent in vacuum!

% All emissions correlated with the same source (parton shower)

Hannah Bossi (MIT)

ECT* Workshop
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Shape dependence in medium (with wake)

Normalized EEC
<
I\m c
(]
(]
(2]
Q
3
=3
e

HadrOnS, Wake = ON FU” anti'k-l- jetS, R = 08 10?*ﬁ&++13——%$ iﬂ'&cf‘i&g&ft
Hybl’ld MOdel (Inclus've Sample) 260 GGV/C < pT,jet < 360 GeV/C E :tfﬂf%{'— ——Jet + no wake
n=1,06<R <07 L e,

% Large rise in equilateral structures
due to the presence of the
uncorrelated wake!

% Dramatically different shape dependence when the wake is included!

Hannah Bossi (MIT) ECT* Workshop 16



Ratios to vacuum

Hadrons, Jet

Hybrid Model (Inclusive Sample
n=1,06<AR <0.7

No wake / vacuum

Med
Wake=0Off

/ Jet "%

anti-k., R=0.8

) 260 GeV/c < ijet <360 GeV/c

Hadrons, Jet"®®  /Jet"®

Wake=0n

Hybrid Model (Inclusive Sample)

Full anti-k; jets, R =0.8
260 GeV/c < P, " <360 GeV/c

Wake / vacuum

% Shape of medium response is encoded in these ratios!
Hannah Bossi (MIT)
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Normalized EEC

102

10 %*ﬁ!__!__._—i-_‘_

1

107"

—h—h——A—
—h— —h—

+I T TTTTT

Hybrid Model (Inclusive Sample)
Hadrons, n =1

Full anti-k; jets, R=0.8

260 GeV/c < Pt < 360 GeV/c
*-—‘—zg? -= Vacuum Jet

=& -o—Jet + wake
-3 ——Jet + no wake
==

_;-
o |-
IS
.
o -
—

¥
/\

Wake leaves
clear
signatures In
comparison to
vacuum!
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th R; (vacuum)
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Progression with R; (vacuum)

o 10°E
H — Hybrid Model (Inclusive Sample)
D B Hadrons, n =1
N
I B Full anti-k; jets, R = 0.8
E -
g I e __;__++ 260 GeV/c < pT,iet < 360 GeV/c
o g
10 ?_: T - Vacuum Jet
— $$ —o— Jet + wake
B —&- —— Jet + no wake
- = g
i 0
1 ' -0
— ——
— =F—EI—
- "
— il
B —|1
B +—A— _D__D__._
.+
- —A— —|1
—h—
107 = A
— —0—
T ] ] | | ] ] ] ] ] | | ] ] ] ] ] ] |
2 -1
10 10 RL1
Hannah Bossi (MIT) ECT* Workshop

Full anti-k; jets, R =0.8
260 GeV/c < p. o <360 GeV/c

Hadrons, Vacuum
Hybrid Model (Inclusive sample)
n=1,03<AR <04




Progression with R; (vacuum)

Hadrons, Vacuum Full anti-k_ jets, R =0.8
2 Hybrid Model (Inclusive sample) 290 GeVic <p,, <360 GeVie
" n=1,05<R <0.6

Hybrid Model (Inclusive Sample)
Hadrons, n =1

Full anti-k; jets, R = 0.8

260 GeV/c < Pi e < 360 GeV/c

Normalized EEC
+,
t

!

10 " =
-8 Vacuum Jet
ﬁf@f o Jet + wake
—&- ——Jet + no wake
s g
—1 1
0
1 I+

I ——

— -1+

- o

- +=E=:ﬂ:_—5—_+—o—

B —A—+ —D__D__._

—h—
B —A— 1F
—h—

107" — el

— —@—

T ] 1 1 1 | ] ] ] ] ] 1 1 | ] ] ] ] ] 1 1 1

-2 1
10 10 RL1
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Progression with R; (vacuum)

Hadrons, Vacuum Full anti-k_ jets, R =0.8
Hybrid Model (Inclusive sample) 260 GeV/c < Pra < 360 GeV/c
n=1,06<AR <0.7

Hybrid Model (Inclusive Sample)
Hadrons, n =1

Full anti-k; jets, R =0.8

260 GeV/c < Pi e < 360 GeV/c

= Vacuum Jet
== _e Jet + wake
—{+ —— Jet + no wake

Normalized EEC

]

[t}
v
I|:|I+
'

10

!

4

=reSat
1 o
— —0—
= =n="
— "
— +=i=:ﬂ:++—o—
— —{1
B ++ _D__D__._
——
| —h— —{ 1
—h—
107 = =l
— —o—
T ] ] 1 | ] ] ] ] ] ] 1 | ] ] ] ] ] ] 1
2 1
10 10 RL‘I
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Progression with R; (vacuum)

03< R <04 0.5 <R <0.6 0.6 <R <0.7

0.2 <R <0.3

0.8
< 360 GeV/c

;jets, A=
T,jet

260 GeVic<p_.

Full anti-k

Hybrid Model (Inclusive sample)
n=1,06<AR <07

Hadrons, Vacuum

0.8
<360 GeV/c

;lets, R

(Inclusive sample) 260 GeVi/c < pT,jet

n=1,05<R <0.6

Full anti-k

Vacuum

Hadrons,
Hybrid Model

Increasing Ry

At

Full anti-k
260 GeV/

% See perturbative features enhanced at large R}
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Hybrid Model (Inclusive sample)
n=1,02<AR <03
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Progression with R; (medium, wake)

Hadrons, Wake = ON Full anti-k jets, R =0.8
o 102 Hybrid Model (Inclusive Sample) 280 GeV/ic<p, . <360 GeV/c
L — Hybrid Model (Inclusive Sample) n=1,02<R <03
9 B Hadrons, n = 1
N
I B Full anti-k; jets, R = 0.8
CE) ;+++++ 260 GeV/c < P e < 360 GeV/c
— .4 -5~ Vacuum Jet
— $§§f —o— Jet + wake
= —& ——Jet + no wake
u < g
i -
1= ' T
= +=,:-EI—
— m ="
— S :ﬂ:_—a—_—O——o—
— —h— —o—
— A _D_—EI—
—h—
- —i— —|1
—h—
107! — —a—
— —®—
T ] ] | | ] ] ] ] ] ] | | ] ] ] ] ] ] |
2 1
10 10 RL1
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Progression with R; (medium, wake)

Hadrons, Wake = ON Full anti-k jets, R =0.8
o 102E Hybrid Model (Inclusive Sample) 280 GeV/ic<p . <360 GeV/c
L — Hybrid Model (Inclusive Sample) n=1,03<R <04
3 N Hadrons,n=1 |
e
= ~ Full anti-k- jets, R = 0.8 < e
% :‘__‘_—A——A——A—_‘_ 260 GeV/C < pT,iet < 360 GeV/C 001_: ..................................................
= 10 . i 1 T
— =ig=_ = Vacuum Jet 0.008-
— ﬁf@f -o— Jet + wake i
B m = —— Jet + no wake 0.006-
— —— :
- 555%4} 0.004-"
— —{1 -
1 — o 0.002
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Progression with R; (medium, wake)

Hadrons, Wake = ON Full anti-k jets, R =0.8

o 102p Hybrid Model (Inclusive Sample) 280 GeV/ic<p . <360 GeV/c
L — Hybrid Model (Inclusive Sample) n=1,05<R, <0.6
2 B Hadrons, n = 1
N
< B Full anti-k; jets, R =0.8 I
% ;+++++ 260 GeV/c < Pi e < 360 GeV/c 0_01—:
< 10 ¥=3==E==E=_!__!_+—_;_-+ ]

— = -8 Vacuum Jet 0.008+

— :U__:Ei —o- Jet + wake i

B m = ——Jet + no wake 0.006-

— —— :

- 5?;?;} 0.004

— —{1
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— i o~ gy
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— —o—
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2 1
10 10 RL1
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Progression with R; (medium, wake)

Hadrons, Wake = ON Full anti-k jets, R =0.8

o 102p Hybrid Model (Inclusive Sample) 280 GeV/ic<p . <360 GeV/c
L — Hybrid Model (Inclusive Sample) n=1,06<R <0.7
2 B Hadrons, n = 1
N
© i Full anti-k; jets, R = 0.8 :
Cg, ;+++++ 260 GeV/c < Pi e < 360 GeV/c 0_01_:
R T T e :

— ==k = Vacuum Jet 0.008-

— $$ —o— Jet + wake ]

= . ——Jet + no wake 0.006-

— —0— :

i 5?*:5::} 0.004

— —1

15 -~ o 0.002
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— e —D—_D_ —e—

B —A—+ 11 1 4

— —h— —{ ﬁ

—h—
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0.2 <

Hadrons, Wake = ON
Hybrid Model (Inclusive Sample)
n=1,02<R <03

Q]
/\

< 0.3

Full anti-k; jets, R =0.8
260 GeV/c < ijet < 360 GeV/c

Hadrons, Wake = ON
Hybrid Model (Inclusive Sample)
n=1,03<R <04

Full anti-k jets, R =0.8
260 GeV/c < P, o < 360 GeV/c

0.5 <R <0.6

Hadrons, Wake = ON
Hybrid Model (Inclusive Sample)
n=1,05<R <06

Increasing Ry

Progression with R; (medium, wake)
03 <R, <04

0.6 <R <0.7

Hadrons, Wake = ON Full anti-k; jets, R =0.8

Full anti-k; jets, R =0.8 260 GeV/c <p_ o< 360 GeV/c

260 GeV/c < p.. < 360 GeV/c Hybrid Model (Inclusive Sample)
" n=1,06<R <07

Wake effects populate regions unfilled, relative effect becomes larger
at large Ry

Hannah Bossi (MIT)

ECT* Workshop
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Progression with R; (wake/vacuum)

o 10°E
Hj — Hybrid Model (Inclusive Sample)
2 B Hadrons, n = 1
N
I B Full anti-k; jets, R = 0.8
E -
g I e __;__++ 260 GeV/c < P ey < 360 GeV/c
=1 - i
10 = e s -5~ Vacuum Jet
— $$ —o— Jet + wake
B —&- —— Jet + no wake
- = s
i A
1
1 ' —+
— ——
— _g
= "
B —A—=E=:ﬂ:++—0—
u B +_D_—D—_D_+
+
| —h— —|1-
—A—
107 = A
— —0—
T ] | I | ] ] ] ] ] |1 | ] ] ] ] ] | I
2 1
10 10 RL1
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Med V.
© / Jet "%
Wake=0n

Hybrid Model (Inclusive Sample
n=1,02<R <0.3

Hadrons, Jet

______
______
______
.-

P
P

-----

______
______

-----

______
______
- ..

Full anti-k; jets, R =0.8
) 260 GeV/c < p. o <360 GeV/c

P e




Progression with R; (wake/vacuum)

o 10°E
m - Hybrid Model (Inclusive Sample)
2 B Hadrons, n =1
N
'c—;c B Full anti-k; jets, R = 0.8
o I e 260 GeV/c < pT,iet < 360 GeV/c
— = -8 Vacuum Jet
— $$ —o— Jet + wake
B m = —— Jet + no wake

4

1
1 o
— ——
- =F—EI—
— "
B +=i=:ﬂ:++—o—
+
- —A— {1+
+
107 = el
— —o-
NSNS | | | L1 L | | | I T B
-2 -1
10 10 R,

Hannah Bossi (MIT)

Hadrons, Jet)” /Jet’™ Full anti-k, jets, R = 0.8
Hybrid Model (Inclusive Sample) 290 GeV/ic<p <360 GeV/c
n=1,03<R <04 _— .7
P .
83X
R

ECT* Workshop



Progression with R; (wake/vacuum)

Hadrons, Jet!™ _ /Jet'™ Full anti-k- jets, R = 0.8

Hybrid Model (Inclusive Sample

) 260 GeV/c < p. oS 360 GeV/c

—
o
N

Hybrid Model (Inclusive Sample)

Hadrons, n =1
Full anti-k; jets, R =0.8
o i 260 GeV/c < pT,jet < 360 GeV/c

Normalized EEC

—o—A— = Vacuum Jet
:g_?ift _e Jet + wake

—E- —— Jet + no wake

IIIII[H+

f

!

t
i

1072 107" 1
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Progression with R; (wake/vacuum)

Hadrons, Jet’l‘/”vzzezm / Jet"®° Full anti-k.. jets, A = 0.8
Hybrid Model (Inclusive Sample) 290 GeV/c<p <360 GeVic

2 n=1,06<AR <07 __— .~

o 10°E L=
Hj — Hybrid Model (Inclusive Sample), ~_—"" "
5 - Hadrons,n=1 | e
N N e
® B Full anti-k; jets, R=0.8 o N
% ;++++ . 260 GeV/c < p_ ot < 360 GeV/c 1897 N
= 10 e e .63 T

— - - Vacuum Jet 143N

— :g_?ift -o— Jet + wake B R

B —& —+ Jet + no wake 1.277 e

= B Ty
i T, =
i 0 0.8
11— : o TF 0.6

— —g—1"

— —A— oo 2

— e O [ le 0.

B Eal 0 0

+
B —— 1
| 1.4
107" —— = ﬁ
— —0—
T l 1 1 | l l l l l 1 1 | l l l l l I 1 1
107 107" 1 3
A
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Progression with R; (wake /vacuum)
0.2 <R <0.3

Hadrons, Jet

/]
/\

Med

Wake
Hybrid Model (Inclusive Sample)
n=1,02<AR <03

Vac
—on / Jet

Full anti-k; jets, R =0.8
260 GeV/c < P, ot < 360 GeV/c

0.3 <R <04

Full anti-k_ jets, R =0.8
260 GeV/c < ijet <360 GeV/c

Hadrons, Jet

Hybrid Model (Inclusive Sample)
n=1,03<AR <04 :

Hadrons, Jet

Med

Increasing Ry

Wake
Hybrid Model (Inclusive Sample)
n=1,05<AR <0.6 .

Vac
—on / Jet

0.5 <R <0.6

Full anti-k jets, R =0.8
260 GeV/c < ijet < 360 GeV/c

0.6 <R <0.7

Med
Wake=0n

Hybrid Model (Inclusive Sample)
n=1,06<R <07

Hadrons, Jet

Clear observable for isolating and exploring the medium response!

Hannah Bossi (MIT)

ECT* Workshop

Full anti-k; jets, R =0.8
260 GeV/c < [ o <360 GeV/c
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Experimental considerations

We presented an idealized case, but experimental measurements will have
some differences...

% Wake effects will be largest for large R (we showed R = 0.8), but this is more
difficult to measure experimentally

—® Detector acceptance and large
background contributions o R?

% No cut on the constituent p, often necessary Iin
experiment due to worsening resolution effects.

Hannah Bossi (MIT) ECT* Workshop
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Introducing a constituent cut

E3C/EEC
N
N

2.2

1.8
1.6
1.4

1.2

0.8

0.6

QL
/\

Hadrons, Jet ™ /Jet"™ Full anti-k jets, R = 0.8
Hybrid Model (Inclusive Sample) 260 GeV/ic <p T jet <360 GeVic
T T I I | T T T 1] I I | T T T T N=1.06<R <0.7 pT _>1GeV/c
— Hybrid Model (Inclusive Sample)— ’ L il
= Vacuum Jet Hadrons, n =1 _
e Jet+wake Full anti-k; jets, R = 0.8 ===
— -+ Jet + no wake —o—
[ 180 GeV/c < [ 280 GeV/c  _|
E p, . >1 GeV/c E
[ = _
[ A
- ++$$ -
- e Y
| —k— g 0O _
- ++ —Q—ZW:_._ —
— A s T —
N A e _
A e
- ++ +—D—_D_ —_
| A _._+—D— ]
— A g _
"_ﬂ_‘_:g::a:@:ﬁ::ﬁz Z
n Lo L H
-2 —1
10 10 RJ

Size of signal is reduced with a p cut.

Ratio iIs the ideal observable to use in experiment to maximize signal!

Hannah

Bossi (MIT)

ECT* Workshop
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What dials can we turn?

There are a few dials we can turn to maximize experimental signal!

&% Can use different energy weighting (ex: n = 0.5) to amplify
features!

N

A |
ENC(R)) = (H [dgzﬁk) O(R, — AR;) - E)TD (&"(n))&"(ny)... 8" (ny))

=1

% Use gamma-tagged jets!

y\/\/%//»é?\v >

5_—
Hard Parton Jet

Hannah Bossi (MIT) ECT* Workshop 23



y-tagged 2 point correlors

102

O — O
L — Hybrid Model (Inclusive Sample) H B o y- tagged
9 B Hadrons, n=1 .. e ST :t;r_-—”‘———‘ = Hadrons,n=1
8 [ e RTA=o"2 SO S ’
c_és Full anti-k; jets, R =0.8 — == =0 _ Full anti-k; jets, R = 0.8
5 | A, 260 GeV/c < p_ ot < 360 GeV/c g It = 260 GeV/c < p’ < 360 GeV/c
Z = A ’ - il —— =
10 b2 e = e -= Vacuum Jet
— —.—_A = Vacuum Jet O
- e —o- Jet + wake - g -+ Jet + wake
— - O
- $:gi: —»— Jet + no wake e -+ Jet + no wake
B + 10— - o
ﬂz%—ck = *,
| — -9
0 = sy A S
=1 i %00 oo
1= —o—T+ - -
— =.=—EI— - -
— = 4 -0
— —— :ﬂ:_—EI—_—O——o— Vi
—h— —o—
| —|1
+—A— - 10 4 e
— —h— - =
—h— 2
107 = A o
— —0— -
n | ] ] ] ] | I | | ] ] ] ] ] | I | 1 1
10_2 10_1 1 — 11 1 | 1 1 1 11 1
Al 1072 107"

Inclusive Jet EEC y-tagged jet EEC

y-tagged jets dramatically increases difference between wake + vacuum!
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Shape of y-jet w/ track pT cut

Hadrons, Jet, ™ /Jet™ Full anti-k. jets, R = 0.8
. - tagged 260 GeV/C<p, <360 GeV/c

n=1,06<R <0.7 p. >1GeVic

.
.
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-
-
.
-
.
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-
.
.
.
.
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With a track py cut - still large

differences with the vacuum
case!

What else can we do?
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Changing the energy weighting

O | I L | | I I | | L | I | | I I L
LLl Hybrid Model, y- tagged
= 10° == = Vacuum Jet y Y-1agg =
@ = e Jet + wake Hadrons, n =0.5 -
‘S — 4 Jet + no wake Full anti-k; jets, R = 0.8 —
g B 260 GeV/c < p! < 360 GeV/c N
Z 10 === —
:iﬂ:w_iiizﬁzi Py in > 1 GeV/c =
— & _
- & S =
B —O— — —
-, [
I —— ]
1 — ii_m_—m— =
— = -
- = — —
— == O _
| —g- ++—D—_D_ _
—h— —.—_._:W:
10_1 — +—A— :W:_—
— —k— —
L —h— —
[ —A—  _]
B —{F
— —0—
107 = =
1T | | I | | | | | | | 1 1 | | | | | | | I I
-2 1

10 10 RL1

y-tagged, n = 0.5, w/ track cut

Normalized EEC

i | b | | | | | b | | | | | | I I:
| Hybrid Model (Inclusive Sample) —
B Hadrons, n =1 n
| _‘__‘_—A—A——A—_‘_ s Lo _ ]
10 E“:ﬁfﬁi :ﬁ::ﬁzmﬁ$—‘— Full anti-k; jets, R = 0.8 =
== R 180 GeV/c <p__ <280 GeV/c ]
u :w::W: p. >1 GeV/c;l -

| E@E T,min
%g_m_ -
1 = == —
— = -
- == p —

—— g
—k—
107" = =
- -
— -= Vacuum Jet o
— e Jet + wake =
102 ——Jet + no wake

:I | | 1 1 | | | | | | I | | | | | | |1 I:
1072 107" 1
R

Inclusive, n = 1.0, w/ track cut

Energy weight can increase size of the wake signal!
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Summary & Conclusions

% We have presented the first exploration of the shape dependence of full

higher point energy correlators in heavy-ion collisions!
% l|deal way to study the shape of the medium response! T

s We did this using the hybrid model with a Do \ :::§   ;
hydrodynamical wake as the medium response effect. = e

% When comparing in-medium distributions to vacuum,
we see a large and clear wake signal

Hannah Bossi (MIT)

Hadrons, Jet ™ /Jet"* Full anti-k. jets, R = 0.8
260 GeV/c < P, " <360 GeV/c

This Is a new promising tool to expose and
characterize the medium response!

Let’s go looking for this large signal in data/models!

ECT* Workshop
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Shape of inclusive sample w/ track pT cut

Med Vac . .
Hadrons, Jet"*®  /Jet"* anti-k. R =08 Hadrons, Jet . /Jet Full anti-k jets, R =0.8
Wake=Off 560 GeV/ic < b <360 GeV/c Hybrid Model (Inclusive S | 260 GeV/c<p_ <360 GeV/c
Hybrid Model (Inclusive Sample) P e y usive Sample) T
n=1,06<R, <0.7 p, ..>1GeVic n=1,06<R <0.7 Pr e

No wake / vacuum
Wake / vacuum

Hannah Bossi (MIT) ECT* Workshop



Prominence of the wake with p

10

Normalized EEC

107"

1072

1073

B
_.__.“-Q-‘m B o &

—e— 40 < Pr ot < 100 GeV/c
—+—100<p_ <200 GeV/c
+ 200 < pT’ o < 300 GeV/c
300<p_ . <400 GeV/c

—+400<p_ " <500 GeV/c

T, jet

—IIIHWI

1 1 11 I 1 1 1 1 1

I | | I I I

Hybrid model, wake
Hadrons, n=1.0
Full anti-k; jets, R=0.8

500 < p. <1000 GeV/c

1 11 l | |

o

>

¢
IIHHM lllHMbH’H&Hd llHHM lllHMll

—

1072

107"

AL

Normalized E3C

10

107"

102

107°

_l | 1 1 1 1 1 | | | | | | | | | I_
_ Hybrid model, wake -
- Hadrons, n = 1.0 -
b-&m*’vvvv_v_ Full anti'k-r jetS, R=0.8
§_o o0 ®® ’”MAA’;‘;QA_‘ _E
i”.’."“"‘0"”””"'Oﬁzaaff!t"“ -
L “’,00 Aggzﬂstz:“"”_
!‘0’ A‘:::Egtt"g
- ~e-40<p_ <100 GeVic e
- —e— 100 < pT ot < 200 GeV/c g
= - 200 < pT’ o < 300 GeV/c E
- 300 < pT’ ot < 400 GeV/c =
i —o— 400 < pT’ o < 500 GeV/c i
3 500 < pT’ o < 1000 GeV/e E
_l. 1 1 11 I 1 1 1 1 1 1 11 I 1 | l—
1072 107"
R

Wake signal is more prominent at low p+!

Hannah Bossi (MIT)
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Prominence of the wake with R

O 1 | 1 1 1 I 1 1 | | | ] | | I ] ] ]
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Hybrid Model, Hadrons n = 1, wake

llll I I

—

|

Very small differences with R!
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Search for the medium response

Difficult to experimentally separate
% Modification of parton shower (broadening)

% Medium response effects (even harder to separate wake vs. recoils)

[CMS, PRL 128 122301 (2022)] o8 ATLAS-CONF-2023-054]
IIUIIllllIllll'lllllllllllllll t e
O

6 [ Hybrid " |ColLBT
w/o wake

O ATLAS Preliminary 0.3 < X3, <0.6
R 1.06 Centrality 0-10%

% 4 i}_ 1.04F Dol o 20C
2 .h | 5 1.02
g of" Tipm | 1 CRCEOTOn
-2 o _ 0.98F
4 \ |€4——No Wake 0.9
05 1 15 2 25 3 094 3 5
A%z (rad) IAn(jet, track)|
Z-hadron clean probe! Low A¢@ Current y-jet data not experimentally
consistent with CoLBT (w/ MPI) sensitive to negative wake

Hannah Bossi (MIT) ECT* Workshop


https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.128.122301
https://cds.cern.ch/record/2870221/files/ATLAS-CONF-2023-054.pdf

Introducing a constituent cut

IIIIII| I I T 1T T 1T

N

| | I | | |
Hybrid Model (Inclusive Sample)

O - O -

@ N Hybrid Model (Inclusi _ 2.4
L] | ybrid Model (Inclusive Sample) _| Ll B _
§ B Hadrons, n = 1 ] EJ«% 5 5 - B Xafuum [(Jet Hadrons, n =1 -
. L el + wake -y e
© 10 = gy A, Full anti-k; jets, R = 0.8 — — R Full anti-k; jets, R = 0.8 T
= iy A e o, e =2 S = ~ =+ Jet+nowake =
5 :‘_—Fﬁ _!_:A_I—z—ﬁ_: 180 GeV/c < ijet < 280 GeV/c _ o— 180 GeV/c < pT,jet <280 GeV/c —
2 e ] _ B _
— $ﬁ—|ﬂ— mein >1 GeV/c ] B pT,min >1 GeV/c _
B == ] 1.8— —]
Rl S — == _
1= :t-—:i_@ — — -
- —A—::Q: ] 1.4 __ +++_D_—D—+ =
B —— T I el 07 e —
— —h e S —
1071 = =5 — A oS _
= - 1.2 S =
— -5 Vacuum Jet N 1= +—.—++$—EF ]
-o— Jet + wake 08 u _‘__‘_—A—:EE—D—_D_ ]
2 — O a4 - ]
10 =+ Jet +no wake = :k - :ﬁ::a::ﬁizﬁ::a: B
— — 0.6— —
- | I | I | | | | | I | I | | | | | L 11— — I L1 | | I | | | L1 | | I—
1072 107" 1 102 10~ 1
R, 0 0 R,

Inclusive Jet E3C w/ pr cut E3C/EEC Ratio w/ py cut

Q)

% Size of signal is reduced with a p cut.
Ratio Is the ideal observable to use Iin experiment to maximize signal!
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Shape dependence in medium (no wake)

Full anti-k- jets, R =0.8
260 GeV/c < p. o <360 GeV/c

Hadrons, Wake = OFF
Hybrid Model (Inclusive Sample)
n=1,06<AR <07

O =
H - Hybrid Model (Inclusive Sample)
o C 1
@
N L
g jets,
(2’3 +++++ __;__++ G pT,jet G
g |
Rz 'i'*—% & Vacuum Jet
—o— Jet + wake
ﬁfi* -+ J wak
=
=0
1 =F_D_—D—
— —e—
o
_ —
_.‘::E_% oo N
o~
- -
.
—h— —1
+
107 = =l
~ —o—|
| | L1 | | 1 1
10 10 RL1

2,

« Similar features to the vacuum
case with peak slightly shifted
due to energy loss.

% Could this be a good way to isolate effects from medium response?

Hannah Bossi (MIT)
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Progression with R; (medium, no wake)
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Hadrons, n=1

Full anti-k, jets, R = 0.8
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-g- Vacuum Jet
-o- Jet + wake
- - Jet + no wake
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Hadrons, Wake = OFF
Hybrid Model (Inclusive Sample)
n=1,02<R <03

0.0}

0.0081 s

o
R o »,\
0.006 |54
- -
R

0.004--

0.002

Full anti-k, jets, R =0.8
260 GeV/c < P 360 GeV/c




Progression with R; (medium, no wake)
02 <R <

Hadrons, Wake = OFF
Hybrid Model (Inclusive Sample
n=1,02<A <03

0.3 03< R <04

Full anti-k; jets, R =0.8

) 260 GeV/c < ijet < 360 GeV/ Hadrons, Wake = OFF

Hybrid Model (Inclusive Sample)
n=1,03<AR <04

Full anti-k; jets, R = 0.8
260 GeV/c < P, o <360 GeV/c

0.5 <R <0.6

Hadrons, Wake = OFF
Hybrid Model (Inclusive Sample)

Increasing Ry

n=1,05<AR <06

Full anti-k; jets, R =0.8 Hadrons, Wake = OFF
260 GeV/c <p, <360 GeVic Hybrid Model (Inclusive Sample)
n=1,06<AR <07

% Similar features to the vacuum case, positions shifted due to quenching

Hannah Bossi (MIT)
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0.6 <R <0.7

Full anti-k jets, R =0.8
260 GeV/c < ijet < 360 GeV/c




Progression with R; (no wake /vacuum)

Hadrons, Jet"“‘"" / Jet"* anti-k. , R =0.8

ake=0ff
Hybrid Model (Inclusive Sample) 260 GeV/c < P, . <360 GeVic

n=1,02<R <03
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R
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1 llll”g+ LR
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Hybrid Model (Inclusive Sample)
Hadrons, n=1

Full anti-k; jets, R=0.8

260 GeVic < p_ o S 360 GeV/c
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Progression with R; (no wake /vacuum)
0.6 <R <0.7

0.5 <R <0.6

Hadrons, Jet"¢?

Hybrid Model (Inclusive Sample)
n=1,05<R <06 _— .

0.2 <R <0.3

Hadrons, Jet"®?

Hybrid Model (Inclusive Sample)
n=1,02<R <03

0.3 <R <04

Hadrons, Jet"®

Hybrid Model (Inclusive Sample)

anti-k., R=0.8

anti-k; , R=0.8 260 GeV/c < Py < 360 GeV/c

anti-k;, , R=0.8
260 GeV/c < P, <360 GeV/c |

260 GeV/c < P, ., <360 GeVic

Increasing Ry

Hannah Bossi (MIT) ECT* Workshop

Hadrons, Jet"®?
Wake=0Off

/Jetvac anti-kT ,R=0.8

260 GeV/c < p. ot < 360 GeV/c

Hybrid Model (Inclusive Sample)
n=1,06<R <0.7 —

Distributions appear to be very similar other than small guenching differences.




Jets as a probe of the QGP

—® High pt parton is expected

to lose energy In interactions
with the hot and dense
medium Iin heavy-ion

collisions (jet quenching).

—P Jets are a colored probe of
the colored QGP medium!

oJo Heavy-lons (Pb—PDb)

—P Use pp, where jets are measured in vacuum, as a reference for no QGP.
Hannah Bossi (MIT) ECT* Workshop



Jet quenching models

Impact of the medium on the jet

As of now, no clear Weak coupling Strong coupling
winner for best Collisional Radiative AdS/CFT drag force
deSC”pJ.“On of Jet L JEWEL w/ Recoils
quenching effects! 3

&J LBT

Different models

| , |
are different! Mehtar-Tani et. al

LIDO
MARTINI

Wake

We will come back Hybrid model

to these later!

Impact of the jet on the medium

Factorization
JEWEL w/0o Recoils

Hannah Bossi (MIT) ECT* Workshop

None Strong coupling Weak coupling



