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Jet propagation in the QGP medium

Jet-medium interaction

* Jet energy loss: Energy propagated outside the jet cone.
(Different from parton energy loss)

— ._._..-—""'*
* Medium response: some medium constituents get -~ /

excited by the jet. // —
B |eading paton - \

B Medium induced radiation

~ >
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B Recoiled parton (Jet induced mefium excitation) -
= = |nitial thermal parton (diffusion wake) \
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Where does the lost energy go ?

- The energy and momentum deposited by
the jet shower into the medium appear at

large angles away from the jet axis.
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Thermalization & Propagation

 Thermalization : How does the deposited energy thermalize?

Hard —w\,

a....
Parton T =93 fmlc
* Propagation: How does the deposited energy propagate?
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Background

* What are in the background of a reconstructed jet?

* Part of the medium background is correlated with jet (inside and outside the jet cone).

Showering part contribution
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Parton energy loss in QGP

» Jet weakly coupled to the medium
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Jet guenching models with medium response

* JEWEL [BDMPS-Z] : recoiled partons transported. (modified parton shower)
* LBT [HT] : recoiled partons transported. (shower + transport) Recoil-medium rescattering

« MARTINI [AMY] : recoiled partons transported. (shower + transport)

* CoLBT-hydro [HT] : Transport + Hydro parallel simulation. (shower + transport)
* Hybrid [AdS/CFT] : fully thermalized wake. (modified parton shower)
Energy momentum

« Coupled Jet-Fluid [HT] : solve Boltzmann equation + Hydro simulation deposition into Hydro

« EPOS3-HQ : YalJEM + Hydro parallel simulation. (modified parton shower)



Jet guenching models with medium response

modified parton shower + transport

* Matter [HT] + LBT [HT] : recoiled partons transported.

Recoil-medium rescattering
JETSCAPE « Matter [HT] + MARTINI [AMY] : recoiled partons transported.

Energy momentum
« Matter [HT] + ADS/CFT: Hydro simulation. deposition into Hydro

* AMPT
Particle scattering for both medium and jet

« BAMPS

* Linearized viscous hydrodynamics with source



A Linear Boltzmann Transport (LBT) Model

Parton shower Initial profile
Pythia Sherpa AMPT TRENTO

Local medium information € T u

Jet propagation Medium evolution
pl.afl (Xl’ pl) — El (Celastic + Cinelastic ) ? GﬂT " =0
* Rescattering e
Shower-thermal & recoil-thermal No feed back

* Back reaction
Track the initial thermal parton

Fragmentation Recombination Cooper Frye

gLvisc

Hadronic observables



A coupled LBT Hydro (CoLBT-hydro) Model

Parton shower
Pythia Sherpa

Jet propagation

pl.afl (Xl’ pl) — El (Celastic + Cinelas.tic )

* Rescattering

Shower-thermal & recoil-thermal
Parton above Pcut

Fragmentation | | Recombination

Initial profile
Real time feed back AMPT TRENTO

Local medium information € T u

Medium evolution
0T =j"

e Source term
Parton below Pcut

* Negative source
Initial thermal parton

logarithmically

W AP o o
=2 - X0(RL R )

L

Cooper Frye

/

CLvisc
Hadronic observables =



Jet Induced medium response __
EPOS3- HQ lurii Karpenko HP2018

[ 1.2

* Structure of medium response 0 7=4.0
Hydro : Mach cone as hydro response. — Moo ® -
Transport : Mach cone like structure. — 03 .‘

\% - 0.0 —

« Diffusion wake N - |
Unique structure of medium response ) I N
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Positive

Jet Induced medium response

* Structure of medium response in n-¢ plane.

* A naive picture of jet induced medium response.

I
I
I
Energy propagated to large open angle and a negative wake in the back direction. !
I
I

Negative
LBT !150 Yasuki Tachibana: Tuesday
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_ ) Particle recoil D
Particle recoil vs Hydro response ——

MATTER + LBT (w/ Recoil) : -

l)ill't(m ‘cu[

Edep=1 GeV for brick
Edep = 2 GeV for expanding
« Not much difference in brick. -

* Difference in an expanding medium. —p* P
* Fluid plays very important roles in energy diffusion process. S

dep

pﬂ Ij I)Z”.ll)n < IJ(’ul

E = I;(l(‘])

“parton “cut

Abhiiit Maiumder. Yasuki Tachibana. Chun Shen
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Single jet suppression ‘e ~
( ( )
NN 7
* The cone size dependence is quantitatively depended on jet energy loss. S ~
* Energy recovered at large angle via the inclusion of medium response.
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Single jet suppression ‘e ~
( ( )
IR 7
* Smaller cone size dependence » slower energy recovery. ~ ~
Hydro response ?
* Background subtraction.
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Jet shape (inside jet cone)
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Jet shape (outside jet cone)

- Energy lost by the hard parton is transported out of the jet

cone by soft particles.

- Medium response to jet generally lead to enhancement at

large angle.
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Missing pT (full picture)

- Energy is recovered at large angles in the form of soft particles.

- Adding medium response is essential for a full understanding of
jet quenching.

HYBRID z. Hulcher, D. Pablos, K. Rajagopal, JHEP 1803 010 (2018)
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y-hadron correlations (back direction)

A broaden peak at small pT range. 6o huthujetime. 4 Authujetonly *p+p
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Leading jet suppression In dijet event (diffusion wake)

* The effect of the diffusion wake could be observed
by looking at leading jet suppression in dijet events
with different rapidity configuration.
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Jet mass

- Decrease by jet quenching.

- Increase by including medium response.

MARTINI c. park, S. Jeon, C. Gale ('18)
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Jet mass m*=| > p

i€ jet

* Decrease by JEt quenChlng' HYBRID Casalderrey, Milhano, Pablos, Rajagopal arXiv:1907.11248

- Increase by including medium response.

Daniel Pablos: Wednesday

025'|I|||||||| | T T
. Lo =0r=n | .
0.2 L w/ wake Lyes = 0 1 R=04 0—10%
; PYTHIA |
5 - ALICE Data R=0.4 —e—
= 0.15 | . | 1 | | _.
= | } 60 < Py, <80 GeV | 80 < PI*, < 100 GeV 100 < P, < 120 GeV |
'EE: | ) 4 i ] 1 ,//,. 1 ) 3 -
= 01f % { I
= | - I
0.05 | } { 1

0 D 10 15 20
A/[ch (GCV)




1/NdN/d(M,/PX") (PbPb/pp)
/ ! 1 N | ! I I

\/(El + E2)2 _(ﬁl + rjz)2

y M
Groomed jet mass o=

T T

'CMS arXiv:1805.05145

- Enhancement of the large mass range. PbPD 404 ub (5,02 TeV). 0 27.4 ob" (5,02 TeV)
:CMS anti-k, R = D4h1|-=:13'
- The rise in large mass tail is caused by medium - Soft Drop z, ,—D;Hﬁ =00
- - 20 12
[ === Data Centrality: 0-10% ]
response in JEWEL, LBT and Hybrid. [ Data ool off oY ]
- - Jewel (Recaoil on) .
' - QPythia -
Daniel Pablos: Wednesday LBT Luo, Cao, He, Qin, Wang 10~ v Fi
” | 0. f w/ Wlakﬂ Lres'=0 | " Z,, :0,1 | 160<p » <180 GeV | o | 140 <p <160 Ge\{ﬂ::‘"_,l.'_'_rj_.—gqﬂ__
w/ wake, Ly = 00 mmmm | ﬂ =0.0 —wlo recoﬂ E E 1%Z 0
St Fres = 00 s — — w. recoil =8 T S
. 4r . = 160-::p -::180 GEV i
O v =01.8=0 1 & | Not smeared » E s = |
. |l 2 10 e
A - -
5 Not smeared s Z 180 < P < 200 Gev S ]
: 2+ . i i -
| il T
5 HYBRID H"‘"--. R D A S e o — i 200 <p, <300 GeV ]
arXiv:1907.11248 | | L e
0 0.05 0.1 015 02  0.25( % 0.1 0.2 v 0.1 0.2

e / 24
M,/ PI" M,/p, M, Pr o



Particle ratio inside jet

e Strange baryon-to-meson ratio in jet increases at intermediate pT range in Pb-Pb
collisions.

* Sensitive to the deposition energy cut pfut between hard and soft.
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Summary

* To achieve a consistent description of jet-medium interactions with
total energy momentum conservation we need to include the jet
Induced medium response.

* Two ways for the implementation of medium response.
(Particle recolil vs Hydro response)

e Medium response effect in various jet observables especially on the
enhancement of the soft particles at the large angle around jets.



Summary

e What do we learn ?

Ran Bi: Wednesday
'CMS  Cent.0-10%
- Supplementary )

- M Data
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* Unique identification of medium response effect in jet
Diffusion wake, Particle ratio inside the jet
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Outlook

Intermediate pT range - Searching for Mach Cone
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Yasukl Tachlbana 032

! I

27.4 pb” (5.02 TeV pp) + 404 ub” (5.02 TeV PbPb)
2| T T TTTTT IIIIIII T \III\IIl T T T

CMS SPS 17.3 GeV (PbPb) LHC 5.02 TeV (PbPb)
1 8 * 19WAS8 (0-7%) [ * | CMS (0-5%)

1.4
1.2

0.315

# * h*STAR(0-5%) [|||]Blanchi etal.(0-10%) ]
LHC 2.76 TeV (PbPb) === CUJET 3.0 (h*+n’, 0-5%)
O ALICE (0-5%) = Andrés et al. (0-5%) :
v ATLAS (0-5%) == v-USPhydro+BBMG (0-6%)}
© CMS (0-5%) ]

LR T A A
_\\\\\

-u""‘-“‘“-.h

— 0.31

] »
= 1t NA49 (0-5%) Models 5.02 TeV (PbPh) ] 3 [ - T
RHIC 200 GeV (AuAu) SCET, (0-10%) ] —
. i
O 0 PHENIX (0-5%) Hybrid Model (0-10%) | 2 | LA

y fm

. s — 0.305
A+ o/

_‘zrr\\ ‘\&\x_ 03
-3 —‘_ | I 0.295
4 |

4 -3 -2 -1 0 1 2 3 4
iL’fIIl 28

0.8
0.6
0.4
0.2

III<'III|III|III|III[I\\‘III|III|III|III

III|III|III|III|IIIII
1
N




Outlook

. Jet Interference
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« JETSCAPE: “Framework” of Event Generator for heavy ion collisions JEISEﬂFE
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Single jet suppressmn
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 Effect of medium response (black vs red)

« Effect of diffusion wake (red vs blue)
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