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\Vedium response

QGP

correlated background, medium response, wake, recoils, Mach-cone,

jet-induced medium flow, backreaction

R. Cruz-Torres 2



\Vedium response

Jets traversing QGP transfer QGP
momentum to medium

Hard
parton

correlated background, medium response, wake, recoils, Mach-cone,

jet-induced medium flow, backreaction
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\Vedium response

Medium partons acquire QGP
additional momentum that
correlates their direction
with the jet
Hard
parton

This creates a wake

correlated background, medium response, wake, recoils, Mach-cone,

jet-induced medium flow, backreaction
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\Vedium response
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wake
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Medium partons acquire QGP N
additional momentum that
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Wake

Hard
parton

This creates a wake

correlated background, medium response, wake, recoils, Mach-cone,

jet-induced medium flow, backreaction
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\Vedium response

Background-subtraction QGP Negativ
. wake
techniques do not (should \ =
not) remove the momentum
component acquired through \ P,
the medium-jet interaction \

Wake

Hard
parton

correlated background, medium response, wake, recoils, Mach-cone,

jet-induced medium flow, backreaction
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\Vedium response

QGP Negatl

Finding jets (or knowing their wake

direction) can be used to
study medium response

correlated background, medium response, wake, recoils, Mach-cone,

jet-induced medium flow, backreaction

R. Cruz-Torres



\Vedium response

y Larger
Negativ radius jet
Finding jets (or knowing their ~ QGP wake Wake :“'
direction) can be used to N T ;o
study medium response
Hard e >
parton P
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Large-radius jets capture
more of this effect
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correlated background, medium response, wake, recoils, Mach-cone,

jet-induced medium flow, backreaction
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VWhy study medium response’?

Shear viscosity Velocity of sound

- Full characterization of QGP

- Better understanding of observables in
medium

- QGP bulk properties of the (velocity of
sound, viscosities)

- thermalization: how fast is the jet energy
IS propagated and thermalized with the
rest of the QGP?

See talk by S Schlichting

—-10 ~i 0 5 10 —lOl“.—SIIUO.lHSHHIO
x [fm]

PRC 79 (2009) 054909
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Handftul of theoretical models

Deposited Eas  Boltzmann-

Recoills Hydro response perturbation  equation based

See talk by:

Y Tachibana, {
A Majumder

X-N Wang {

D Pablos Alfonso

@
@
@
@
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G-Y Qin

See more details and references here.
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https://indico.cern.ch/event/656452/contributions/2899747/attachments/1652159/2645023/tachibana_qm_18.pdf

What is the right model for medium response?
how (hon)perturbative are the interactions?

How much do recoils thermalize?


https://indico.cern.ch/event/656452/contributions/2899747/attachments/1652159/2645023/tachibana_qm_18.pdf

R. Cruz-Torres

VWhere can we see the medium-response effect”
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VWhere can we see the medium-response effect”

Substructure
modification
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VWhere can we see the medium-response effect”

Substructure Jet energy “loss”
modification (redistribution)
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R. Cruz-Torres

VWhere can we see the medium-response effect”

Substructure Jet energy “loss” Hadrons recoiling from
modification (redistribution) high-pr trigger
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Substructure
modification

Overview

Jet energy “loss”
(redistribution)

Hadrons recoiling from
high-pr trigger
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Jet shapes

CMS, PLB 730 (2014) 243

Describes how energy inside (and outside)
jets is distributed in the radial direction

track
( ) 1 1 Ztrackse[ra,rb) Pr
p(r) = —— —
57” Njet jets pr[e

1.6;

0.4

0.00

Coupled jet-fluid : shower

- Coupled jet-fluid : shower+hydro
- = MARTINI: without recoill

= MARTINI: with recoil (pcyt = 4T)
Hybrid: no backreaction

Hybrid: backreaction

CMS (0-10%)

VSny = 2.76 TeV
R=0.3

-—__-_____. -—---—

P!> 100 GeV/c, plrack > 1 GeV/c
iInclusive-jet transverse-momentum profiles

0.05 0.10 0.15 0.20
I

Fig adapted from PRC 95 (2017) 4, 044909, JHEP 03 (2017) 135, & NPA 982 (2019) 643

R. Cruz-Torres
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Jet shapes %

102 | | | | | . .
- (a) Leading Jet 2.76 TeV, R=0.3 Coupled jet-fluid model
> 120 GeV/e ® PbPb(CMS, 0-30 %) - PRC 95 (2017) 4, 044909
101 | piet> 50 GeV/e = PbPb (Shower+Hydro)- CMS-PAS-HIN-15-011
A¢1,2> 51/6 === PbPb (Shower)
| PbPb (Hydro) : §q.0= 1.7 GeV#/fm
100 | T PP (PYTHIA) . .y = 1.0 GeV/e
S ' | - P> 0.5 GeVl/e
Q
107 | . -
Medium-response contribution
: ey -
o o :---—---__ <4— Shower
: Medium response dominates jet
103 L | | shape at very large angles from the
0 02 R 04 0.6 0.8 1 jet direction.

R. Cruz-Torres 18



ANngle petween jet axes

- collinear radiation
- Standard axis:

coordinates in (y, @) of jet clustered with anti-k; algorithm
and combined with E-Scheme
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P Cal et al., JHEP 04 (2020) 211

Substructure observable: AR, ... = \/ (Y, — y1)2 + () — (p1)2 between two axes

R. Cruz-Torres
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ANngle petween jet axes

- collinear radiation
- Standard axis:

coordinates in (y, @) of jet clustered with anti-k; algorithm
and combined with E-Scheme

—“
- -
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- Groomed axis: No¥riizaiet
standard axis of groomed (with Soft Drop) jet o T -

\\ \

P Cal et al., JHEP 04 (2020) 211

Substructure observable: AR, ... = \/ (Y, — y1)2 + () — (p1)2 between two axes

R. Cruz-Torres

Groomed

Standard
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ANngle petween jet axes

- collinear radiation
- Standard axis:

coordinates in (y, @) of jet clustered with anti-k; algorithm
and combined with E-Scheme ! WTA

Groomed
M - Standard
- Winner-Takes-All (WTA) axis:

- recluster jet with CA algorithm \
-2 — 1 prong combination by taking direction of harder A

X
prong and pr o = Pr,1 + Pr,2
- Resulting axis insensitive to soft radiation at leading power

- Groomed axis:
standard axis of groomed (with Soft Drop) jet

P Cal et al., JHEP 04 (2020) 211

Substructure observable: AR, ... = \/ (Y, — y1)2 + () — (p1)2 between two axes

R. Cruz-Torres
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\Vedium response at large angles from et

JEWEL, Pb—PDb

== recolls off

= [€COIlS ON (N€eg. recomb.)

p;“-iet €[80,100] GeV/c

Very small differences between recoils on/off

small R, grooming

WTA
I: SD (0.2,0)

R=0.2

0.02

I
0.04 0.06
AR

axis

0.08 0.1

large R, grooming

WTA
I: SD (0.2,0)

R=0.4

0.05 0.1
AR

0.15 0.2

axis

Grooming systematically removes soft wide-angle radiation

R. Cruz-Torres
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\Vedium response at large angles from et

JEWEL, Pb—PDb

== recolls off

== [€COIIS ON (Neg. recomb.)

p;“-iet €[80,100] GeV/c

R. Cruz-Torres

small R, grooming

L

WTA

SD (0.2,0)

small R, no grooming

—L

R=0.2

Standard

WTA

I
0.02 0.04 0.06

0.08 0.1

large R, grooming

WTA
230 < §
2 m‘“
Cla SD (0.2,0)
O 20

R=0.4

% 0.05 0.1 0.15 0.2

axis

Small-radius jet excludes wide-angle
radiation (e.g. medium response)

Let’s try with large R and no grooming
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\Vedium response at large angles from et

small R, grooming 40 large R, grooming

40 WTA a0 WTA
— c’éso — a
S5 I: SD (0.2,0)| Ol= I: SD (0.2,0)
© © 20
~1Z 20 -z

JEWEL, Pb—Pb R=04

10
== racoils Off 10
== [€COIIS ON (Neg. recomb.)
| small R, no groomin large R, no groomin
pS*t €[80,100] GeV/c 40  NO'Y g 30 geR,nog g
30 WTA 25 WTA
z[f z[F20
OS5 Standard Ol5 Standard
|§ 20 |§ 15
R=0.2 - R=0.4
10 -
| |
% 0.02 0.04 006 0.08 0.1 % 0.05 0.1 0.15 0.2

AR

axis

R. Cruz-Torres axis 24



Angle between Standard and WTA axes

ALICE
R=0.2 More grooming
pst it e [40,60] GeV/c — — >
">’-<’ = ALICE Preliminary ® oo 2 :
B |~=C 45 | @ 50 -
S| ob VSw=5.02TeV " PbPoO-10% | O % : See talk by M Verwel| @{‘
‘.‘ © 35 ;_ Ch-patrticle jets, anti-k; Sys. uncertainty 40 :_ . .”77
“ (b : |0 B
S VE _Wg - .
. 25F Moo = WTA - Standard S
. 3 e WTA - SD (0.2,0)
s 0F o - 20 ® ®
. 15 : »
. ~ . B
’ = 3 .
“. Y P : ® 10 T : ®
> a - _...1...1...1...1.-. & _...1.1.1..11...11..
M ~" T [ — JEWEL, recoils off - JEWEL, recoils on - 0 L s JEWEL, recoils off - JEWEL, recoilson 1
’ -+’ & S 2 — :)é%rill?m q/ g/)ébﬂi)(Mb?g%rggning & o 2 === Hybrid Hybrid (Moliere)
al 15 B, | — MATTER+EBT T E al 15 -] — MATTER+LBT
WTA | :
Standard Groomed (SD) :
O 002 004 006 008 _ 0.1 % 002 004 006 008 - 0.1
ARaxis A axis
-narrowing trend observed -Insensitivity to grooming

_Modification larger at lower p< 1!

T -Insensitivity to medium response for R=0.2

20
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Pb—Pb (0-10%)

pst it e [100,140] GeV/e
WTA

Standard Groomed (SD)

o dAR axis

Pb-Pb (R=0.4)/(R=0.2)

14
12
10

o O

_)b_

M
- ALICE Preliminary R=0.4
3 W R=02
- Sy = 9.02 TeV Sys. uncertainty
e B
: WTA - Standard
. i
- =
= ]
0

S B T B = = ———— ST B P

- JEWEL, recoils off JEWEL, recoils on

e MATTER+LBT

2 SRR T .

o

No pp baseline -> higher precision

R. Cruz-Torres

AR

04

0.5
/R

axis

©
S

F

© dARaxis

Pb-Pb (R=0.4)/(R=0.2)

ore grooming

20
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14
12
10

N &~ OO O

2D results (No pp baseline)

ALICE Preliminary
|'Syy = 5-02 TeV

WTA - SD (0.2,0)

0.5
/R

axis

04
AR

0.3

Sensitivity to medium response for large R and no grooming
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R. Cruz-Torres

Substructure
modification

Overview

— ey —— —
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Jet energy “loss”
(redistribution)

Hadrons recoiling from
high-pr trigger
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Jet Raa ratios vs K

CMS JHEP 05 (2021) 284

CMS 0- 10% Pbe 404 ub PP 27.4 pb :

: 400 < p " 500 GeV J 500 < p e 1000 GeV 1 anti- k-, M t| < ?
o : - : je
C"><15' 1 - CMS 0-10%
I 1 = PYQUEN
- PYQUEN w/ wide angle Rad
< 1~ JEWEL
| | = JEWEL w/o recoi

0'5;_ (S = 5.02 TeV 5
I

02 04 06 08 102 04 06 08 1
Jet R

- Data: Raa little dependence on R

- Larger R — larger medium response effect
R. Cruz-Torres 28



Jet Raa ratios vs K

CMS JHEP 05 (2021) 284

CMS 0-10% PbPb 404 ub™' pp 27.4 pb™
400 <p <500GeV | 500 <p?' <1000 GeV
g £ H
| <
oC
D:<
N~
3
o
0'5;_ (S = 5.02 TeV 1 -

02 04 06 08 1 02 04 06 08 1
Jet R

- Data: Raa little dependence on R
- Larger R — larger medium response effect

———

R. Cruz-Torres

(* Some models describe the RﬁA/Rﬁzo'z but...}

S = —— — —  — —— = = = — =

anti-k., i _| <2

et
®-CMS 0-10%

— Hybrid w/ wake

— Hybrid w/o wake
Hybrid w/ pos wake

— MARTINI

LBT w/ showers only

LBT w/ med. response

= ”///
29



Jet Raa

CMS JHEP 05 (2021) 284

CMS (S = 5.02 TeV, PoPb 404 ub™, pp 27.4 pb :

1
0.8
506
0.4
0.2F . .. s CMS 0-10%
°300 1000 200 1000 200 1000
p’T (GeV

- N R JMARTINI * == LBT w/ showers only
they don't desc;{rlbe | + — Hybrid w/ wake LBT w/ med. response
the individual RAA ) — Hybrid w/o wake 8- CCNU coupled jet fluid w/ hydro

/i
Y/

N~ aA % Hybrid w/ pos wake - CCNU coupled jet fluid w/o hydro .,

R. Cruz—Torres




Jet Raa %

1 | | | | | | I | | | | I | | | | |

Coupled jet-fluid model Inclusive, PbPb (2.76 TeV)  CMS-HIN-13-005
" g,0= 1.7 GeV*/fm
08 - @cut™ 1.0 GeV/e i
' pik-yd> 1.0 GeV/e
PRC 95 (2017) 4, 044909
0.6 - -
- _
- without medium response (- - ): weak jet A
cone-size dependence s | |
‘I
v ® R-03 (CMS, 0-5 %)
. . : = R=0.3 (Shower+Hydro) -
- with medium response (—): _ Ry Esqower;’ -
- Jet partially recovers lost energy — 0.2 - — R=0.6 (Shower+Hydro) ~
increase of Raa _ S RE (. _
: : : R=0.9 (Shower+Hydro)
- Increase of the jet cone-size dependence - ——= R=0.9 (Shower) ]
Of RAA 0 A B R I

50 100 150 200 250

pe (GeV/c)

31
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Jet Raa

Ch-particle jets, anti-k-
Bl 7 ,, normalization uncertainty

ALICE Preliminary
0-10% Pb—Pb \'s,, = 5.02 TeV

E —I I I | | | | | | | | | | | | | | | | | I | | I— é _l I | | | l | | | I | | | | | I | | | | | I | | I— § _I I | | | | | | | | | | | | | | I | | | I | | I_
T 12 - Ty - T2 -
- . R=02,In |<0.7 ’ - R=04,|n | <0.5 - - R=0.6,n | <0.3 -
... %22 _ N N N _
) #)ML-Based i i 5] ML-Based Y i @]ML-Based ]
oo R=0.2 1 R =0.4 1o R=06 :
o.a_I . 0.61 - 0.6 -
= : : T = - = S = - - )
04 ¥ — /-+/+ 1 o4l — + % 4 o4 e -
- ¢ - | s =
ol . W= : : : mul
0.2_— — 0.2_— . a - 0_2__ e -
0_ | ) I | | | I | | | I I | | | l | ) | | 1 l— O_I | | | | I | | | | | | | | I | | | | I | | l— 0_1 | | | | I | | 1 I | | | | | | | I | 1 1 | | 1
20 40 60 80 100 120 140 20 40 60 80 100 120 140 20 40 60 80 100 120 140
p T, ch jet (GGV/C) p T, ch jet (GGV/C) p T, chjet (GeV/C)

ML-based background estimator
Measuring down to lower p+ and larger R

R. Cruz-Torres

Hybrid Model w/ Wake
W JEWEL w/o Recolls
" JEWEL w/ Recoils

LIDO
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Overview

/ = — — = e ———— ——

Substructure Jet energy “loss” /' Hadrons recoiling from
high-pr trigger

modification (redistribution)

R. Cruz-Torres 33



1 d°N,
Ny dp%h dA¢

Y

Charged particles recoiling against a Z

Ypy,_pp
Y

Ipp =

R. Cruz-Torres

Christopher McGinn's QM22 presentation

EEEEEEEEEE
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Charged particles recoiling against a / )

ATLAS
2 ey [ [ [ I [ [ I [
_ 1 d Nch ] _ YPb_Pb S s |
— _h— AA — y Q - ATLAS 0-10% @{‘
C K D"
NZ de dA¢ pp \SE 3 : PRL 126 (2021) 072301 Y,
E ‘ 15-30 30-60 >60 pZ [GeV]
2.5 i 6| @ [ Data
Hybrid w/ wake

Hybrid w/out wake

4 2

11.5

.
- - - - - [ N BN SN BN AN NN NN NN S SN NN NN EE S N NN BN BN SN SN BN SN BN SR SN SN SN BN SN S BN SN BN SN SN SN SN BN S SN SR AR SR W W W AR W -

- Hybrid model with wake qualitatively describes
rising trend at low ps"

NN A
-‘“-““““‘
— WD

-
- - e
~——
i [ |

- .“-
e —— i . =

- Hybrid model without the wake does not
describe the Iow-p%h excess in data peh [GeV]

Christopher McGinn's QM22 presentation

R. Cruz-Torres
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recoil p_™

Charged particles recoiling against a Z

CMS

VSnn = 5.02 TeV, PbPb 1.7 nb™, pp 304 pb™"  Z-tagged FF

vvvvvvv

- S . - .

| I | | I | | I I D | I F XA | D I | I B
- | IR B | | ]

SCET,

—_
lllIlllIIllllIllllIllllIllll

5 10

15 20 25

ptTrk (GeV/c)

Kaya Tatar's QM22 presentation

S

SNEpEEpEEMENEN RN R SRR EN BRI EEE R R M B W R PR R e R e
I | | | | | | | | I -

- Cent. 0-30%

. pZ > 30 GeV/c .
A0 > K -
trk,Z 8 K

-lllllllllIllllIllllIllllIllllllllllllllllllllllll-

T 1 2 3 4 5
track
trk.Z. __ 1 P T
High ¢ = —— Low
p%ac pT p%'ac
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Charged particles recoiling against a Z

CMS Supplementary ﬁ 5.02 TeV, PbPb 1.7 nb™!, pp 304 pb \

RS A AL LT REEER R : :
1 Cent. 0-30% - Qualitative agreement between
-’.g T @4 i models with medium response and
= L T e22 Qﬂ measured distribution
= {
£l E mm" E
Z LC)l ]
T |3 DI A¢t k.Z
g ey P r— *. o b I'K,
P‘Z o 3-0 < i 7
P N N P N N
'_-l | % | | LI I LI I LI I LI I | B R R I
T Hybrid B ColLBT
w/0 wake -
8_‘ w/ wake
0
0
L - TN L
0
1--_! [ ] | l L1 1 1 I L 1 1 l L1 11 l L1 i1 I 1 | ] | IT
05 1 15 2 25 =3
e Aq’trk,z (rad) Kaya Tatar's QM22 presentation



Semi-inclusive yield of jets recoiling from high-p hadron

2 ATA

n — 1 d ]\]‘]etIA } 3 _I | | | | | | | | | | I | | | | | | | | | I | | | | i
- NAA dpjet dn. ~ - ALICE Preliminary @/‘ y

h - .
He T e 2 5 :_+ ch.-particle jets, anti-k- —#— Data e 2 _E
. R=04.1n |<05 |lt-Adl<0.6 " JETSCAPE 34  _
Aecoil = n(TT81g) Cref * MCT TReg) - A Inlet‘ <09, [ - A4l < 0.6 ¥
o[ TT(20,50)- TT(5,7) -
7= Arecoil(Pb _ Pb) 15 B s
AA = D =
Are(:oil(pp) - + -
L i _._—-E__'“‘r*# “““““““ .
| = . ?..... ------- -
# o S | = TP .
, p?admn rig 0.5 JETSCAPE prediction in __
jet %, & i agreement with measurement  _
pT Ch O _I | | | | | | | | | | | | | | | | | | | I | I | I I I I

20 40 60 30 100 120 140

Need to compare models with(out) plet (GeV/c)

medium-response effects down to low pr

R. Cruz-Torres

See talk by P Jacobs
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Semi-inclusive yield of jets recoiling from high-p hadron

ALICE
; Flg Courtesy of D Pablos Alfonso
: NO ElaStlc NO Wake _ : < 3 | | | | | | | I | | | I | | | | | | | | | | | | |
5 b : Hybrid model No Elastic, With Wake mmmm | < E+ ALICE Preliminary .
: : o 5! ch.-particle jets, anti-k; —%— Data o
) _ - E R=04 |,7]et|<05 w- A9| <0.6 "t JETSCAPE 3.4 E
: TT(20,50)-TT(5,7), anti-kr R = 0.4 5[ TT(20,50) - TT(5.7) b
< 15[ PbPb 0-5%, 5 =5.02 ATeV - - -
~ 1.5 & =
With wake - + .
]. f/ : ‘_‘_‘_------.u““ .:
1 :i:"""_;'lf_;;;;;:"“"r*""" """""""""" .
= 7..-“ llllll ]
05 — _ : ‘e, ﬁ"’:‘ :
r ™ QU
OO_ 4IO | 6IO | 8IO | 1010 1210 | 140 O:I | | | | | | | | | | | | | | | | | | | | | | I‘I?? :
G 20 40 60 80 100 120 140
= Fasy] pJet (GeV/c)

Without wake

R. Cruz-Torres 39
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VWhat should we do with this”/

(my take as an experimentalist)

- |ldentification of new medium-response-sensitive observables

- Systematic study of medium-response models

- Bayesian inference to constrain parameterized medium response model

40



summary

- Detailed description of jet-induced QGP medium response:
- necessary for full characterization of QGP
- can be sensitive to bulk properties of and thermalization mechanism in the QGP

R. Cruz-Torres
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summary

- Detailed description of jet-induced QGP medium response:
- necessary for full characterization of QGP
- can be sensitive to bulk properties of and thermalization mechanism in the QGP

- Reviewed experimental observables with sensitivity to medium response implemented in models

Substructure Jet energy “loss” Hadrons recoiling
modification (redistribution) from high-pr trigger

R. Cruz-Torres
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summary

- Detailed description of jet-induced QGP medium response:

- necessary for full characterization of QGP
- can be sensitive to bulk properties of and thermalization mechanism in the QGP

- Reviewed experimental observables with sensitivity to medium response implemented in models

1.6- - = Jet Coupled Fluid: shower CMS (0-10%)
- . - ' - |et Coupled Fluid: shower+hydro
- In many cases models only agree qualitatively with o MARTINI without recoil VS = 2.76 TeV
1.4- = MARTINI: with recoil (pcyt=4T) R=0.3
' Hybrid: no backreaction +

measured data Hybri: o backre
ybrid: backreaction

- models disagree among themselves -

- constrain models from experimental data where there’s

no significant medium response (e.g. smaller R,
groomed) and then test medium response elsewhere

P!t > 100 GeV/c, ptrack > 1 GeV/c

0800 0.05 0.10 0.15 0.20 0.25 0.30
r

R. Cruz-Torres



summary

- Detailed description of jet-induced QGP medium response:

- necessary for full characterization of QGP
- can be sensitive to bulk properties of and thermalization mechanism in the QGP

- Reviewed experimental observables with sensitivity to medium response implemented in models

- In many cases models only agree qualitatively with

measured data

- models disagree among themselves

- constrain models from experimental data where there’s
no significant medium response (e.g. smaller R,
groomed) and then test medium response elsewhere

- . === — _ — — — —_—-— ______ P — ‘_

/ ——

\ Cautlon other effects can have srmllar S|gnature to medlum response (e g. wrde angle radlatlon)
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[ hank you
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