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Hybrid Model

® Simple but predictive model
® |ngredients

® State-of-the-art parton showers
(PYTHIA 8)

® Energy loss of partons in plasma —
® | osses according to a strong coupling rate

® No hard emissions. No hard scatterings Out of equilibrium
contribution

® |nclusion of resolution effects

® Medium back-reaction
(Local) Equilibrium

® Soft particles correlated with the jet Contribution
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® Tension with RHIC hadron suppression
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® Good agreement with LHC data

® Tension with RHIC hadron suppression
@Similar to other (perturbative) implementations andres et al.
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® Good agreement with LHC data

® Tension with RHIC hadron suppression
@Similar to other (perturbative) implementations andres et al.

@May point to importance of hard scatterings
Feal et al. ; Andres et al; Mehtar-Tani & Tykowniuk; Barata et al... ; GLV, HT, JEWEL..
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® Good agreement with LHC data

® Tension with RHIC hadron suppression
@Similar to other (perturbative) implementations andres et al.

@May point to importance of hard scatterings
Feal et al. ; Andres et al; Mehtar-Tani & Tykowniuk; Barata et al... ; GLV, HT, JEWEL..

@0Ongoing efforts to implement hard scatterings in hybrid
Hulcher, Pablos, Rajagopal
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Inner Jet Structure
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@No significant modification of the (groomed) splitting functions

® Consistent with the absence of additional hard shower partons
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Inner Jet Structure
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@No significant modification of the (groomed) splitting functions

® Consistent with the absence of additional hard shower partons

® But inner jet structure is modified

® Wider jets lose more energy

The medium can resolve the inner jet structure
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Inner-Jdet in Hybrid Model
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@Wider jets are made of more partons = more energy loss
@How many?
Depends on how the medium resolves transverse separation
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@Wider jets are made of more partons = more energy loss
@How many?
Depends on how the medium resolves transverse separation

® |t is only sensitive to the out of equilibrium contribution!

RHIC/AGS Meeting J. Casalderrey-Solana 08/06/2022




Inner-Jdet in Hybrid Model

no wake, all AR rzz=z
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@Wider jets are made of more partons = more energy loss

@How many?
Depends on how the medium resolves transverse separation

® |t is only sensitive to the out of equilibrium contribution!

Resolution effects in many other frameworks:

Mehtar-Tani, Salgado, Tywoniuk (&JCS); JCS, lancu; Arnold, Chang, Iqgbal, Gorda; Blaizot, Dominguez et al.; Barata
et al.; Caucal, lancu and Soyez ....
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RAA vs Jet Angular Size

@Jet suppression (at LHC) seems independent of R

RHIC/AGS Meeting
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RAA vs Jet Angular Size

CMS 0-10% PbPb 404 ub™, pp 27.4 pb
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@Jet suppression (at LHC) seems independent of R
® |[nconsistent (apparently) with larger suppression of wider jets
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RAA vs Jet Angular Size
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@Jet suppression (at LHC) seems independent of R
® |[nconsistent (apparently) with larger suppression of wider jets
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® However Raa is sensitive to soft particles!
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RAA vs Jet Angular Size
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@Jet suppression (at LHC) seems independent of R
® |[nconsistent (apparently) with larger suppression of wider jets

0.5

® However Raa is sensitive to soft particles!

Test of the medium back-reaction
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Expected Effect at Strong Coupling

@Energy lost quickly thermalises and creates a wake

Chesler&Yaffe 07
Energy Recovered from wake R
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@l ost energy Is recovered in thermalized particles along the jet
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Expected Effect at Strong Coupling

@Energy lost quickly thermalises and creates a wake

Energy density in wake particles Energy Recovered from wake R
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@l ost energy Is recovered in thermalized particles along the jet
® The fluid is pushed along the jet direction
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Expected Effect at Strong Coupling

@Energy lost quickly thermalises and creates a wake

Energy density in wake particles Energy Recovered from wake R
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= pp > 0 GeV, hybrid model

== ppr > 1 GeV, linearized hydro + flow
pr > 1 GeV, linearized hydro

== pr > 1 GeV, hybrid model

——————
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_____________________

@l ost energy Is recovered in thermalized particles along the jet

® The fluid is pushed along t

—>depletion of particles in t
“Negative particles”

ne jet direction

ne direction opposite to the jet
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Expected Effect at Strong Coupling

@Energy lost quickly thermalises and creates a wake

Energy density in wake particles Energy Recovered from wake R

0.18
Io.15 141
0.12 121

0.09 —~ 10
=
D)
0.06 D s
£0.03 SN
K
0.00 a .
~0.03
2_
~0.06

‘‘‘‘‘

— pr > 0 GeV, linearized hydro + flow
pr > 0 GeV, linearized hydro

= pp > 0 GeV, hybrid model

== ppr > 1 GeV, linearized hydro + flow
pr > 1 GeV, linearized hydro

== pr > 1 GeV, hybrid model
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_____________________

@l ost energy Is recovered in thermalized particles along the jet

® The fluid is pushed along t

—>depletion of particles in t
“Negative particles”

ne jet direction

ne direction opposite to the jet

Also observed within the LBT framework
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Expected Effect at Strong Coupling

@Energy lost quickly thermalises and creates a wake

Energy density in wake particles Energy Recovered from wake R
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— pr > 0 GeV, linearized hydro + flow
pr > 0 GeV, linearized hydro
= pp > 0 GeV, hybrid model
== ppr > 1 GeV, linearized hydro + flow
pr > 1 GeV, linearized hydro
= = pr > 1 GeV, hybrid model

——————
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_____________________

@l ost energy Is recovered in thermalized particles along the jet

® The fluid is pushed along t

—>depletion of particles in t
“Negative particles”

ne jet direction

ne direction opposite to the jet

Also observed within the LBT framework
Generic expectation from hydro response
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R=0.2/R=0.4

RHIC/AGS Meeting

1L
10 : peripheral (60-80%)

R-Dependence at RHIC

® Apparent inconsistency with LHC results

--> ~ UNBIASED

k- STAR, p™n

[ Au+Au \'Syy = 200 GeV 7 STAR, biased region 1

Charged jets, anti-kT - Herwig (p+p)

— - PYTHIA (p+p)

=5 GeV/c|
lead

- central (0-10%)

>~ UNBIASED

BT, prin =5 GeV/c
T,lead
Hybrid model
I SCET (tull jets)
I NLO paCD (full jets)

10 15 20 25 30 35 40

5 10 15 20 25 30 35 40

h
pT, jet r p'(I:' jet (GGV/C)

® Narrow jets are more suppressed
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R-Dependence at RHIC

® Apparent inconsistency with LHC results

--> ~ UNBIASED E --> ~ UNBIASED

---------

R=0.2/R=0.4
i
i
[
i
I

i
T
1l
|
H .
' |

- 1
~-~ _ 1 . : ,
- STAR, pI™" =5 GeV/c Ulier, prin =5 GeVic
[ Au+Au s, = 200 GeV 7 STAR, biased region | Hybrid model
10 charged jets, anti-k; ==~ Herwig (p+p) . SCET (full jets)
: peripheral (60-80%)  __ _ PYTHIA (p+p) E central (0-10%) . NLO pQCD (full jets)

-|||||||||||||||||||||||||||||| |||||||| "||||||||||||||||||||||||||||||||||||||||-
O 5 10 15 20 25 30 35 40 5 10 15 20 25 30 35 40

h
r p% o (GeV/e)

P T, jet

® Narrow jets are more suppressed

® Hybrid model solution to the apparent contradiction
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R-Dependence at RHIC

® Apparent inconsistency with LHC results

# ||||Il|||I||||I|||||||||I||||I||||I||||I| ||||I||||I||||I||||I||||I||||I||||I||||I|
o : :
T 1 -->~ UNBIASED 1 -->~ UNBIASED
G |- EERTCIREERERY EERMESEEPCRREELEORERES el ILLUL RO RS -
S~ 1
S @G@ﬁﬁf e B
T [ s =B aE P B e
m \&d‘ - E . 1 P : )
min  _ min  _
- STAR, pI™" =5 GeV/c Ulier, prin =5 GeVic
[ Au+Au s, = 200 GeV 7 STAR, biased region | Hybrid model
’ 0_1 charged jets, anti-k; === Herwig (p+p) . SCET (full jets)
: peripheral (60-80%)  __ _ PYTHIA (p+p) central (0-10%) . NLO pQCD (full jets)
-||||| |||||||| [N NS NS NS R "||||||||||||||||||||||||||||||||||||||||-

0510152025303540 5 10 15 20 25 30 35 40

h
pT, jet r p_(;_ jet (GGV/C)

® Narrow jets are more suppressed

® Hybrid model solution to the apparent contradiction
® RHIC di-jets are more back-to-back (kinematics, not hybrid)
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R-Dependence at RHIC

® Apparent inconsistency with LHC results

# ||||Il|||I||||I|||||||||I||||I||||I||||I| ||||I||||I||||I||||I||||I||||I||||I||||I|
o : :
T 1 -->~ UNBIASED 1 -->~ UNBIASED
G |- EERTCIREERERY EERMESEEPCRREELEORERES el ILLUL RO RS -
S~ 1
S @G@ﬁﬁf e B
T [ s =B aE P B e
m \&d‘/ E . 1 P : )
min  _ min  _
- STAR, pI™" =5 GeV/c Ulier, prin =5 GeVic
[ Au+Au s, = 200 GeV 7 STAR, biased region | Hybrid model
’ 0_1 charged jets, anti-k; === Herwig (p+p) . SCET (full jets)
: peripheral (60-80%)  __ _ PYTHIA (p+p) central (0-10%) . NLO pQCD (full jets)
-|||||||||||||||||||||||||||||| |||||||| "|||||||||||||||||||||||||||||||||||||||| |

0510152025303540 5 10 15 20 25 30 35 40

h
pT, jet r p_(;_ jet (GGV/C)

® Narrow jets are more suppressed

® Hybrid model solution to the apparent contradiction
® RHIC di-jets are more back-to-back (kinematics, not hybrid)
@ “Negative” contribution from sub-leading jet
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R-Dependence at RHIC

® Apparent inconsistency with LHC results

# ||||Il|||I||||I|||||||||I||||I||||I||||I| ||||I||||I||||I||||I||||I||||I||||I||||I|
o : :
T 1 -->~ UNBIASED 1 -->~ UNBIASED
G |- EERTCIREERERY EERMESEEPCRREELEORERES el ILLUL RO RS -
S~ 1
S %@ﬁﬁf e B
T [ ..E S AT %_— R o S
m \&d-/ E . 1 P : )
min  _ min  _
- STAR, pI™" =5 GeV/c Ulier, prin =5 GeVic
[ Au+Au s, = 200 GeV 7 STAR, biased region | Hybrid model
’ 0_1 charged jets, anti-k; === Herwig (p+p) . SCET (full jets)
: peripheral (60-80%)  __ _ PYTHIA (p+p) central (0-10%) . NLO pQCD (full jets)
-|||||||||||||||||||||||||||||| |||||||| "|||||||||||||||||||||||||||||||||||||||| |

0510152025303540 5 10 15 20 25 30 35 40

h
pT, jet r p_(;_ jet (GGV/C)

® Narrow jets are more suppressed

® Hybrid model solution to the apparent contradiction
® RHIC di-jets are more back-to-back (kinematics, not hybrid)
@ “Negative” contribution from sub-leading jet

—>over-subtraction in the leading jet
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Z-hadron Correlations
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_ Phys. Rev. Lett. 128 (2022) 122301
® Jet wake: soft particles at large angles
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Z-hadron Correlations
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_ Phys. Rev. Lett. 128 (2022) 122301
® Jet wake: soft particles at large angles

® Soft enhancement
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Z-hadron Correlations
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_ Phys. Rev. Lett. 128 (2022) 122301
® Jet wake: soft particles at large angles

® Soft enhancement
® Large angle (softer) medium particles well described
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Z-hadron Correlations
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_ Phys. Rev. Lett. 128 (2022) 122301
® Jet wake: soft particles at large angles

® Soft enhancement
® Large angle (softer) medium particles well described
® Too few small angle (semi-hard) particles
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Z-hadron Correlations

d
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_ Phys. Rev. Lett. 128 (2022) 122301
® Jet wake: soft particles at large angles

® Soft enhancement
® Large angle (softer) medium particles well described
® Too few small angle (semi-hard) particles

“Too many negatives”
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An Implementation Problem

® Monte Carlo analysis: millions of events
® Full hydro analysis of back-reaction:

Simulating an event is very time consuming
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An Implementation Problem

® Monte Carlo analysis: millions of events

® Full hydro analysis of back-reaction: Hard to combine
Simulating an event is very time consuming
We need approximations!
® Up to now in hybrid: oversimplified back reaction
® Fixed only by total energy and momentum lost

® Strictly valid only for very soft (and large angle) particles

®Does not include transverse flow
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An Implementation Problem

® Monte Carlo analysis: millions of events

® Full hydro analysis of back-reaction: Hard to combine
Simulating an event is very time consuming
We need approximations!
® Up to now in hybrid: oversimplified back reaction
® Fixed only by total energy and momentum lost

® Strictly valid only for very soft (and large angle) particles

®Does not include transverse flow

We need to do better
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Step 1: Hydro Solutions

® Linearized hydrodynamic perturbation on-top of Bjorken flow

% (n, = 0) ou(ns = 0)

10 4 0.0495 10 0.03900

<. 0.0405 o 0.03191

6| 0.0315 . 0.02482

0.0225 0.01773

N L0.0135 Y L0.01064

— 2 2 ’

_§ N 0.0045 g ] . 0.00355
- —0.0045 - L 0.00355
. —0.0135 R —0.01064
—41 —0.0225 4 —0.01773
—6 —0.0315 —6 —0.02482
—8 —0.0405 —8 —0.03191
- —0.0495 S —— —0.03900

~10-8 -6 —4-2 0 2 4 6 8 10 ~10-8 6 -4-20 2 4 6 8 10
y (fm) y (fm)
Disadvantages:

Valid semi-hard momenta
Hydro fields from lin. superposition

(Only depends on deposition time)

No transverse flow
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Incorporating Transverse Flow

® An “approximate” procedure
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® Compose wake from linearised Bjorken solutions by
locally boosting to a frame with no transverse flow
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® Transverse flow from hydrodynamic without jet (VISHNU)
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® Compose wake from linearised Bjorken solutions by
locally boosting to a frame with no transverse flow

@ Correct for the direction of the jet after this boost

® Compute time between deposition time and freezeout
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@Flow fields are generated fast
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Incorporating Iransverse Flow

® An “approximate” procedure
® Transverse flow from hydrodynamic without jet (VISHNU)
® Assume that perturbations are small (linearised)

® Compose wake from linearised Bjorken solutions by
locally boosting to a frame with no transverse flow

@ Correct for the direction of the jet after this boost

® Compute time between deposition time and freezeout
depending on transverse flow
@Flow fields are generated fast
@Library of cases for each deposition time + linear superposition
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Calibration Against Full Hydro
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(f) y distribution for E; = 10 GeV. (g) v distribution for E; = 50 GeV.

®Reduction of “negatives” Non-linear hydro response from Music

Other non-linear response: Tachibana et al.; CoLBT
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Calibration Against Full Hydro
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@Very good agreement
with non-linear hydro

@Spectrum is harder and
more narrow than before

@Reduction of “negatives”
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Calibration Against Full Hydro
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Calibration Against Full Hydro
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with non-linear hydro

@Spectrum is harder than
before

@|ntricate angular structure
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Calibration Against Full Hydro
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®Intricate angular structure Non-linear hydro response from MUSIC

Manifestation of sound waves in rapidity (for certain configuration)
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Average over events
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Average over events
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(dAN/dy)

Average over events
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Conclusions

® The Hybrid model is a simple but predictive model

®lts few ingredients can be constrained by different measurements

@ An important piece of the framework is medium response

®©Soft medium particles affect many jet observables

®@This is a complementary way to study thermalization

@However, full hydro response is computational expensive

®We have found a set of “approximations” that capture the
main physics of the non-linear response

®We are now ready for a Monte Carlo implementation

And for a more stringent comparison with RHIC and LHC data
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Too simple=Too Soft & Too Wide

JCS, Gulhan, Milhano, Pablos and Rajagopal 16 .
B A e R ARG SR AR Associated Jet
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® The simple back-reaction implemented in hybrid model:
® Captures the general features of the energy-degradation
® Produces too many soft particles at large angles

® |n this talk: first steps towards a better description of back-reaction
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Approximation in the Hybrid Model

 ® Particle production via Cooper Fry at fixed proper time

dAN 1

H h(y —
ool ] e[ et

ut = (1, 6u”, 6u?, ou") =perturbed velocity

®Valid for small perturbations as long as thermalisation is achieve
N

d

J
~

e _ — —
® Approximation in the hybrid model: e ™ ~1+ qu

® No need to know the perturbed flow, only Eloss.

® Strictly valid for soft particles
@ We expect modifications for pt> T

\_
-~

AN

® Here we use the expression without expanding in momentum
®|t requires the explicit form of the flow fields
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Inner-Jdet in Hybrid Model

! no wake, all AR rzzz 1

[ no wake, AR < 0.1 rzzz | R=0.4, 80 < P,f}get < 120 GeV

L no wake, AR > 0.2 rz72 ¢ ’
2F all AR e T
L | Lres =0 AR < 0.1 wm 1 Lres = 00

Fres AR > 0.2 wwwm
1.5 } T
et ittt |

1/]vjets dN/ng (Pbe/pp)

1 L P VI A S 4 ”'l ///// et R R e Bl
L 0.5 - , ,7//77/7*///*/—77/77'// A7 __
res : 1 0—10%
0 I T S . -
0.1 0.2 0.3 0.4 0.1 0.2 0.3 0.4 0.5

@Wider jets are made of more partons = more energy loss
@How many?
Depends on how the medium resolves transverse separation
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Inner-Jdet in Hybrid Model

! no wake, all AR rzzz 1

[ no wake, AR < 0.1 rzzz | R=0.4, 80 < P,f}get < 120 GeV

L no wake, AR > 0.2 rz72 ¢ ’
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L | Lres =0 AR < 0.1 wm 1 Lres = 00

Fres AR > 0.2 wwwm
1.5 } T
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res : 1 0—10%
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<g <g

@Wider jets are made of more partons = more energy loss
@How many?

Depends on how the medium resolves transverse separation
® |t is only sensitive to the out of equilibrium contribution!
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Inner-Jdet in Hybrid Model

25 ———— Yy
[ Lres =0 m— Lres =0 m— Lres =0
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0 I T T SR | P T T TR | P T T T ]

@Wider jets are made of more partons = more energy loss
@How many?

Depends on how the medium resolves transverse separation
® |t is only sensitive to the out of equilibrium contribution!

1/Njets dN/dz, (PbPb/pp)
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Inner-Jdet in Hybrid Model

25 ———— Yy
[ Lres =0 m— Lres =0 m— Lres =0
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1 Xt A AAFATATATAX [ KR R A A AAAANAAAAAARK X IOOAAAAAANANANAN
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< LreS 0— 10% R = 04, 80 < Pf“?jet < 120 GeV
0 I T T SR | P T T TR | P T T T ]

@Wider jets are made of more partons = more energy loss
@How many?

Depends on how the medium resolves transverse separation
® |t is only sensitive to the out of equilibrium contribution!

But it is sensitive to medium properties: In particular Lres

1/Njets dN/dz, (PbPb/pp)
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Inner-Jdet in Hybrid Model

25 ———— Yy
[ Lres =0 m— Lres =0 m— Lres =0
[ Lios = 2/7T s~rsa | Lies = 2/7T o~z | Lies = 2/7T o~ ]
L 2_' Lios =00 ex2 T Lies = 00 mxxxx T Lios = 00 mxxxxg ]
res : I I i
s all AR I AR < 0.1 I AR > 0.2 .
[ 1 2 1 ]

1 ATttty RATATATAX KR A A A AAAAAAAAAAR X X OOANAAAAAANNN
05 L I I —— ]

< LreS 0— 10% R = 04, 80 < ch{g-et < 120 GeV
0 I T T SR | P T T TR | P T T T ]

@Wider jets are made of more partons = more energy loss
@How many?
Depends on how the medium resolves transverse separation
® |t is only sensitive to the out of equilibrium contribution!
But it is sensitive to medium properties: In particular Lres

Resolution effects in many other frameworks:

Mehtar-Tani, Salgado, Tywoniuk (&JCS); JCS, lancu; Arnold, Chang, Iqgbal, Gorda; Blaizot, Dominguez et al.; Barata
et al.; Caucal, lancu and Soyez ....

1/Njets dN/dz, (PbPb/pp)
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RAA vs Jet Angular Size

@Jet suppression (at LHC) seems independent of R

RHIC/AGS Meeting
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RAA vs Jet Angular Size

CMS 0-10% PbPb 404 ub™, pp 27.4 pb
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@Jet suppression (at LHC) seems independent of R
® |[nconsistent (apparently) with larger suppression of wider jets
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RAA vs Jet Angular Size

CMS 0-10% PbPb 404 ub™, pp 27.4 pb
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@Jet suppression (at LHC) seems independent of R
® |[nconsistent (apparently) with larger suppression of wider jets

0.5

® However Raa is sensitive to soft particles!

RHIC/AGS Meeting J. Casalderrey-Solana 08/06/2022




RAA vs Jet Angular Size
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@Jet suppression (at LHC) seems independent of R
® |[nconsistent (apparently) with larger suppression of wider jets
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® However Raa is sensitive to soft particles!

Test of the medium back-reaction
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RAA vs Jet Angular Size
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@Jet suppression (at LHC) seems independent of R
® |[nconsistent (apparently) with larger suppression of wider jets
® However Raa is sensitive to soft particles!

Test of the medium back-reaction
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RAA vs Jet Angular Size
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@Jet suppression (at LHC) seems independent of R ?
® |[nconsistent (apparently) with larger suppression of wider jets
® However Raa is sensitive to soft particles!

Test of the medium back-reaction
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