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Hard Probes of Quark Gluon Plasma

Lifetime O(10-24s)

# James Bjorken (1982)
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QGP

X

Use Energetic Quarks to reveal
QGP structure at various length scales
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Probe the QGP with High Energy Quarks and Gluons

Proton + Proton

* Direct observation of jet quenching:
Asymmetric dijets in Lead+Lead collisions
* The stopping power (dE/dx) of the QGP is Strong

PRC 84 (2011) 024906

PLB 712 (2012) 176
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The First Indication of Medium Response: Missing p+!
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Interpretation of Missing p+!

Subleading jet direction Compiled by Dani Pablos
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Medium-induced Parton Cascade Hydrodynamic wake
Blaizot & Mehtar-Tani Casalderrey-Solana, Gulhan, Milhano, Pablos, Rajagopal
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« However, the interpretation includes both Medium-induce Parton Cascade and Hydrodynamic Wake.
« Since then, a lot of focus on the observables involving fully reconstructed jets (See Yi Chen’s talk)
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QGP Transport Properties and Structure with Jets
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* With the precise understanding of the
phenomena above, one could reveal the
QGP structure with Moliere scattering
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How do we make more progress?
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Inspiration: Medium Response to Hard Probes in QED

Bullet plowing through an apple Duck swimming through water

Apple Hole

Apple Jet 3
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Originally from Harold Eugene Edgerton _ Wikimedia::Daderot
More apple going in the bullet direction More water going in the duck direction

In Position Space
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Medium Response to Hard Probes in QGP

Quark plowing through the QGP Duck swimming through water
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In Position Space
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Medium Response to Hard Probes

Quark plowing through the QGP
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https://www.youtube.com/watch?v=TPRur72FGyk

More going in the jet direction
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Medium Response to Hard Probes

Quark plowing through the QGP Microfluidic Jet against viscoelastic droplet
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Medium Response to Hard Probes
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Theoretical Models
CoLBT Hydro Model

(Coupled Linear Boltzmann Transport and Hydrodynamics)

* pQCD-based energy loss model » Based on pQCD. Integrates the » Based on the AdS/CFT, combining
* High-energy partons scatter with Boltzmann transport equation with pPQCD shower and strong-coupling dynamics.
medium particles; Recoiled partons QGP hydrodynamic simulations. * Lost energy deposits a hydrodynamic wake
and [heles do not re-scatter with QGP < Introduces reheating, where parton in the QGP via 4-momentum conservation.
constituents. energy loss could heat and modifies the

QGP.

Reheating or Cooling

Parton Medium

Energy loss Hydro evolution

Casalderrey-
Solana et al.,
2016

Elastic scattering and Radiation
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Medium Response to Hard Probes in Momentum Space

Jet and Hadron correla;ﬁionYin thot?vr_];;Jet event Z° and Wake Hadron correlation in Hybrid model
QGP wake in CO L B T Lor?gganang’énga,nanléo)l(in-(la\llian ?/r\}lang J et Daniel Pablo, Krishna Rajagopal, YJL PO S I t I ve Wake
PRL 130, 052301 %023) |
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More QGP going in the jet direction, however, with complication from induced radiation

In Momentum Space
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Measure the “Depletion” due to Medium Recaoll

Jet and Hadron correlation in Photon-Jet event Z° and Wake Hadron correlation in Hybrid model
QGP wake in CO L BT Egr?ggaﬁagngéJ;,nahléokiﬁ?\:ig:?/r\}éng J et Daniel Pablo, Krishna Rajagopal, YJL PO S | tlve Wake

PRL 130, 052301 %023)
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More QGP going in the jet direction, however, with complication from induced radiation

Less QGP left behind in the opposite direction of the jet!!!
> Measure the Boson-side associated yield with Z°-Jet In Momentum Space
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Z% Boson and Charged Hadron Track Selection
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Z%-Hadron Correlation Function: Event Mixing

Average Signal pair distribution: Average Background pair distribution:

same event pairs i Z0 Event 1

N

S(A‘:P(:h,Z’Aych.Z)

\\/
N
)
/ \

N
M

1 dstame 1 dZNmix
S(A¢ch,z’ A:ych,Z) — B(A¢c I Ayc ) —
Nz quS ch,Z dAych,Z \ / e e Nz dA¢ch,Z dAych,Z

Aych,Z = Yz Nen
A(Pch,Z = @, Pcp

Demonstration with PYTHIA+HYDJET

~. (Generator level events)
Integral of the AN, correlation function will be ~0
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Mixed Event Subtraction in PYTHIAS8 pp Events

* Mixed event subtraction is also performed in PP analysis

"12.0
10.0
- 8.0
6.0
- 4.0
2.0
- 0.0

 Tight correlation between charged hadron in jet and Z° not
only in A¢ but also Ay due to Z° p; and rapidity selection

« The procedure suppresses the uncorrelated egati 'v"\?ak;o
“Multi-Parton Interaction (MPI) ridge” at fixed An (Ay) P
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1D Projections of the Theoretical Predictions
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Results

Can we see an unambiguous evidence of the QOGP wake created by a fast moving quark?
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Azimuthal Angle Distributions in pp and 50-100% PbPb

/2> CMS Preliminary PbPb (pp) 5.02 TeV 1.67 nb™' (301 pb"
@@ 4 40<p§-=:350 GeV 1<p:_h-=‘-'2 GeV 2<p:_h-=:4 GeV 4-=:pf‘<1 0 GeV
<24
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and pp reference are consistent within experimental uncertainties

The QGP is relatively small, resulting in a less pronounced jet quenching effect
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Azimuthal Angle Distributions in pp and 30-50% FPbPb

@ CMS Preliminary PbPb (pp) 5.02 TeV 1.67 nb! (301 pb™)
%‘?ﬁ\/ 4| 40<pZ<350 GeV 1<p2'<2 GeV 2<pT'<4 GeV 4<p"<10 GeV
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N z ~ PbPb 30-50% Reflected o PbPb 30-50%
P - pp Reflected -i- pp ‘
o
=
53
- E..I:FD

CMS-PAS-HIN-23-006 A(I)

Low Charged Hadron p- High Charged Hadron p;

PbPDb: Jet side peak (A¢=1r) reduced due

PbPb: Clear relative depletion in Z° side (Ad=0) to jet quenching at high hadron p
.
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Azimuthal Angle Distributions in pp and 0=30% PbPb

PbPb (pp) 5.02 TeV 1.67 nb”' (301 pb™)

@f«\ CMS Preliminary
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“ 4
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Low Charged Hadron p-

PbPb: Clear depletion in Z° side (A¢=0)
and enhancement in jet side (A¢=1r)

(I)ch Z

CMS-PAS-HIN-23-006

High Charged Hadron p;

PbPDb: Jet side peak (A¢=1r) reduced due
to jet quenching at high hadron p;

PbPb: Effect reduced in the
intermediate p; region (2-4 GeV)
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Azimuthal Angle Distributions in pp and 0=30% PbPb

s CMS Preliminary PbPb (pp) 5.02 TeV 1.67 nb™' (301 pb™)
%‘?ﬁ\/ 4 40<p§«:350 GeV 1<p:_h<2 GeV 2<p:_h-=:4 GeV 4=:p;“<1 0 GeV
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Now we have seen a deeper dip structure at A¢~0 -
How about rapidity distributions? <- 2 oo G
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Azimuthal Angle Distributions in pp and 0=30% PbPb

}ﬂm) CMS Preliminary PbPb (pp) 5.02 TeV 1.67 nb™' (301 pb™
6% 40<pZ<350 GeV 1<pi'<2 GeV 2<p'<4 GeV 4<p'<10 GeV
3 |y2|{2'4 ~ PbPb 0-30% Reflected ® PbPb 0-30%
5 <= pp Reflected - pp

HoOooee s
© 0-30%
| | | PETE AN AT A B R R AT B AU A A A AN A AT AN AN A AN AT A AT A | EFETETEE S B TR EE N AR AT BUETAT AT AT S A
2 3 4 -1 0 1 2 3 4 -1 0 1 2 3 4
A
CMS-PAS-HIN-23-006 A(I)Ch,z A(I)Ch,z r________(l_)f?_f]g_z
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Let’'s focus on the 7° side (Ad< 11/2) and then look at the Ay spectra
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Rapidity Distributions in pp and 50-100% PbPb

/2> CMS Preliminary PbPb (pp) 5.02 TeV 1.67 nb™' (301 pb™)
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Rapidity Distributions in pp and 20-50% FPbPb

@ CMS Preliminary PbPb (pp) 5.02 TeV 1.67 nb™' (301 pb™)
%‘?ﬁ\/ i 40<p$<350 GeV 1<p$‘<2 GeV 2<p;“==4 GeV 4<p;"==10 GeV
o 24 K
N 1 i lyZl.: ’ IAq)Cth{z - PbPb 30-50% Reflected o PbPb 30-50%
E" - = pp Reflected 3= pp
> 0.5 —
q -
2 o

g—o.sf— _D;
Lo : _ I
aF + @ 30-50%

-3 2 -1 0 1 2 3 -3 2 -1 0 1 2 3 -3 2 -1 0 1 2 3
CMS-PAS-HIN-23-006 Aych Z ‘ AyCh Z AyCh Z
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i 2boratorvior — Yen-Jie Lee (MIT) Evidence of Medium Response to Hard Probes with Z°-tagged Hadrons in PbPb at 5.02 TeV 37

l Nuclear Science



Rapidity Distributions in pp and 0-20% PblPbH
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PbPb: Effect reduced in the
intermediate p; region (2-4 GeV)
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Comparison with Theoretical Models: Reminder
CoLBT hydro Model

(Coupled Linear Boltzmann Transport and Hydrodynamics)

* pQCD-based energy loss model » Based on pQCD. Integrates the » Based on the AdS/CFT, combining
* High-energy partons scatter with Boltzmann transport equation with pPQCD shower and strong-coupling dynamics.
medium particles; Recoiled partons QGP hydrodynamic simulations. * Lost energy deposits a hydrodynamic wake
and [heles do not re-scatter with QGP < Introduces reheating, where parton in the QGP via 4-momentum conservation.
constituents. energy loss could heat and modifies the

QGP.

Reheating or Cooling

Parton Medium

Energy loss Hydro evolution

Casalderrey-
Solana et al.,
2016

Elastic scattering and Radiation
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Azimuthal Angle Distribution in 0-30% PbPb vs. Theory w/o Medium Response

. and CMS Preliminary PbPb (pp) 5.02 TeV 1.67 nb™' (301 pb™)
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Azimuthal Angle Distribution in 0-30% PbPDb vs. Theory

e and
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Rapidity Distribution in 0-30% PbPb vs. Theory without Medium Response

CMS Preliminary PbPb (pp) 5.02 TeV 1.67 nb™' (301 pb’)
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Rapidity Distribution in 0-30% PbPb

vS. Theory

CMS Preliminary

PbPb (pp) 5.02 TeV 1.67 nb™' (301 pb')
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Implication and Outlook

Unambiguous evidence of the QGP wake created by a fast moving quark
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Implications from the Z-hadron Signal

o from the away side jet from the away side jet
N Lading rack p_» 10 Ge\
Er:§0.752 T =
0.7- X - |An|<=1 -
0.65- % A1 -
« Challenge the calculations / models based on 0.6 z
Independent jet shower 0.552_ I E
+ Could change the way we compare Photon / Z+jet 0.5~ I s e E
and dijet measurements 0.45 %ﬂ—%% -
« Could impact the comparison of inclusive / dijet 04 E
measurements with different R and n acceptance 0.35- HYBRID model
:\ L1 1 ‘ I | ‘ I I | I I | I I | | [ I:
100 150 200 250 300 350 400
° ... Leading Jet P, (GeV)

Daniel Pablo, Krishna Rajagopal, YJL
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Effect of Shear Viscosity iIn Simulation

z / Ideal hydrodynamics Viscous hydrodynamics
n's=0 n/s = 0.08
n/s =0.0 n/s =0.08 T=5.7 fm
vl 77

E

-
Alver and Roland (MITHIG)
“Collision geometry fluctuation” —10 =5 0 3 10 -10 =3 0 5 10
PRC82 (2010) 039903 x [fm] x [fm]

Animation from L. G. Peng
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Effect of Shear Viscosity iIn Medium Response
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Effect of Shear Viscosity iIn Medium Response
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Effect of Shear Viscosity iIn Medium Response
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Sensitivity to Specific Shear Viscosity and EoS

Jet and Hadron correlation in Photon-Jet event

QGP wake in CO L B T Zhong Yang, Tan Luo, Wei Chen,
PRL 130, 052301 (2023) Longgang Pang, and Xin-Nian Wang
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QGP Transport Properties and Structure with Jets
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Jet broadening effects from multiple soft

scattering (§) -——— and medium induced
radiation

 Contribution from medium response

* Reveal medium recoil (the propagation of

D N St N mhatel S oL -

a \ \ \ H 1
PN T R S N S — ~,
’ I r-22 ) = AW 11s oY) 1e Zomy V= e -,
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* With the precise understanding of the
phenomena above, one could reveal the
QGP structure with Moliere scattering
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- The first direct evidence of CMS Preliminary CMS Preliminary
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Backup Slides
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What We Still Want to Learn from Experimental Data

How correlated is the negative wake with
the jet axis?

The precise angular and p;
spectra of medium recoil / negative wake
hadrons

How does the medium response vary
with jet shower shape and the p- of the
hard probe?

What is the correlation between medium
response and hydrodynamic flow?

What is the correlation between negative
and positive wakes?

CMS Preliminary

CMS Preliminary
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2D Results (PYTHIA+HYDJET 0-90% - PYTHIA )

Charged Hadron p; =1-2 GeV 2-4 GeV 4-10 GeV

0.3

Ao
Ao

2
-

0.2

0.1

-0.1

0 0 0

-0.2
-1

-1 -1

4 3 2 1 0 1 2 3 4 o3 4 3 =2 1 0 1 2 3 4 © 4 3 =2 1 0 1 2 3 4

Ay =V, - Ntrack Ay =Yz = Ntrack Ay =Yz = Ntrack

« Embed PYTHIA8 in HYDJET event (model the underlying event in PbPb collisions at 5.02 TeV)
« The background subtracted results with and without PbPb underlying event agrees well:
- The subtraction method removes the uncorrelated UE.
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Predictions from Models in pp for Charged Hadron p; 1-2 GeV

PYTHIA8+MADGRAPHaMC@NLO Hybrid pp

(PYTHIAS)

AI“CI'I(A(l)Ch’Z ’AyCh,Z)
ANCh(Aq)Ch’Z ’AyCh,Z)

-1

1
-1 3 2 —1 -2
DY iz 4 3 Y 2

« NLO event generator gives a slightly broader jet peak than PYTHIAS
* |dentical subtraction procedure applied to both MC model results and the data analysis
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Predictions from Models for Charged Hadron p+ 1-2 GeV

PbPb 0-30%

-

Hybrid Ne-wake |-

- 0.5
o 0.1y
S |
4
| 3
2 | 2 4
qg | ;1 2 3 qﬁ | 1
o 0 0 06 | | |
e g 2 7 L
z : 5 —4 YA

« Hybrid: QGP wake creates a Z-side dip structure and significantly enhance the jet peak
(pQCD parton shower + AdS/CFT drag + hydro medium response)
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Predictions from Models for Charged Hadron p+ 1-2 GeV

"\ PbPb 0-30%

ANCh(A(')ch Z’Aych,Z)

3
2
qg 1
o 0

2

4
5 2 3 qg A 0 1
1 -2 < -1 _q —2
4 3 AY iz -4 3 AY
« Hybrid: QGP wake creates a Z-side dip structure and significantly enhance the jet peak
. recoll partons are responsible for the effects (pQCD with no re-scattering)
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Possible Path Forward

Jet broadening effects from multiple soft

scattering (§) -——— and medium induced
radiation

« Contribution from medium response
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Extract from y/Z+Jet and hadrons at * Reveal medium__ _reCOi|1(the propagation of
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AAAAA

low p; +...

* With the precise understanding of the
phenomena above, one could reveal the
QGP structure with Moliere scattering
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Possible Path Forward

Jet broadening effects from multiple soft

scattering (§) -——— and medium induced
radiation

—

« Contribution from medium response —\

N

Extract from EEEC, h+jet »
+...
Extract from y/Z+Jet and hadrons at # Z Reveal medlum _reCO" (the propagatlon of
low p; +... GG ERhe e sE AN egativeRwake)

* With the precise understanding of the
phenomena above, one could reveal the
QGP structure with Moliere scattering
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Possible Path Forward

j> Jet broadening effects from multiple soft

scattering (§) -——— and medium induced
radiation

e

Extract from EEEC, h+jet » « Contribution from medium response
+...
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* With the precise understanding of the
phenomena above, one could reveal the
QGP structure with Moliere scattering
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Possible Path Forward

Jet broadening effects from multiple soft
:> scattering (§) -—»—— and medium induced
radiation

Extract tromEEEC, hirjet » - Contribution from medium response =\
+... /
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Extract from y/Z+Jet and hadrons at » * Reveal medium _recoil1(the propagation of
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N
“““““

. o * With the precise understanding of the
Sub-jet multiplicity, jet substructure » n 2 d  th
v/Z+hadron at intermediate p; phenomena above, one could reveal the

+ QGP structure with Moliere scattering

We have a clear path forward!
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. . . . CMS /|
I Nicdoar Science Yen-Jie Lee (MIT) Evidence of Medium Response to Hard Probes with Z°-tagged Hadrons in PbPb at 5.02 TeV 63



2D Distribution (pp PYTHIA)

Track = 1-2 GeV 2.4 GeV 4-10 GeV

Ao

A

Deltaeta=eta ch-y Z

Low Track p; High Track p;
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Systematics

Systematics related to associated yield
Tracking efficiency: 2.4% for pp and 5.0% for PbPb (of the associated yield)

PU (pp only): Difference between nPV = 1 and inclusive sample

Centrality (PbPb only): max absolute difference between nominal and varied (up
and down) hiBin definition provided by global observable group

Muon efficiency: vary the Z selection efficiency correction by 12 different
variations in PbPb and 4 in pp, as defined by Dilepton / Muon mini-POG

Muon-track matching: turn on or off the muon track - charged particle angular
matching rejection (negligible)
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Analysis Workflow: Event-Mixing

MC: embedded MC: embedded
Data: PbPb Data: PbPb
Correlated Uncorrelated
with Z1 with Z1
“Excess
— — corrglation”
Uncorrelated Uncorrelated it
with Z1 with Z1
Event 1 Event 2

Correlated with Z Normalize to O by construction
in event 2, but Shape of correlation function across
not correlated measurement range
with Z in event 1 - e.g. small A vs large Ad
. Combining with expected number of particles
reproduces event mixing result
. Apply same procedure on pp data to quantify
effect from QGP

Same population of events
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Results: Azimuthal Angle Distribution
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Results: Rapidity Distributions
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Theory Comparison on A¢ Spectra
PbPb (pp) 5.02 TeV 1.67 nb™” (301 pb™)
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Theory Comparison: Azimuthal Angle Distribution in 0-30% PbPb

e and

(dashed lines)
underpredict magnitude at low
hadron p+

* PYTHIAS8 lower p; Z-tagged
events, can approximate jet
guenching (similar to no-
wake/recoil models with only

the jet shower). It fails to describe
data for hadron p; < 4 GeV.

* PYQUEN, (no 4-momentum
conservation), fails to describe
generally the data
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Theory Comparison: Rapidity Distribution in 0-30% PbPb
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Predictions from Models for Charged Hadron p+ 1-2 GeV

HYBRID
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Predictions from Models for Charged Hadron p+ 1-2 GeV
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Particle Azimuthal Anisotropy
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Fourier Decomposition:

2t dN e
Ndp 1+ ) |2v,lcos[n(¢p —¥,)]

n=1

Alver and Roland (MITHIG)
“Collision geometry fluctuation”
PRC82 (2010) 039903
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The First Indication of Medium Response at LHC: Missing p!

Subleading jet direction | AR < 0.8 AR > 0.8
Gev LI B | LENEL IR L D DL R L I LI L | mrr LI I nri LI 1 11 | L
<PT>ptTrk’A [ ] | (©) | Iln-Cone 1 @ | | | Out-lof-Cone ]
0.5-1.0 40'_ E:SP:?;%_Z 76 Tev AR<0.8 | AR>0.8
1.0-2.0 ILdtzﬁ_mba el
AR 2.0-40 _ 20f + -
4080 3 | e e s
Bl 8.0-300.0 S ©
= [ ]
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) i 7
_40:_ |
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* Quenched energy fully recovered via low p; particles
« They are distributed from near to far away from the (di)-jet axis (AR>0.8) PRC 84 (2011) 024506
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Excess In Jet- Hadron Correlation
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Interpretations of the low p; enhancement at large AR include
medium response, medium induce radiation / splitting, and
vacuum-like emissions out of the medium
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PYTHIA8 Z%+Jet Event with Different Z° p Thresholds

AN, Spectra with Charged Hadron 4 < p; <10 GeV

Z0p; > 20 GeV Z0p; > 40 GeV Z%p; > 60 GeV

ANCh(Aq)Ch,Z’AyCh,Z)
ANCh(A(pch,Z’Aych,Z)

 Tighter correlation between charged hadron in jet and Z° not only in A¢
but also Ay with higher Z° p; selection
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Azimuthal Angle Distributions In pp vs. Theory
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gives the best description of the data
based calculations predicts a sharper jet peak
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Rapidity Distributions in po vs. Theory
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Generally, and describe the pp data very well.
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Theory Comparison: Azimuthal Angle Distribution in 0-30% PbPb

e and

(dashed lines)
underpredict magnitude at low
hadron p+

* PYTHIAS8 lower p; Z° events,
can approximate jet quenching
(similar to no-wake/recoil models
with only the jet shower). It fails to
describe data for hadron p; < 4
GeV.

* PYQUEN, a model without
4-momentum conservation, fails to
describe generally the data
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40 GeV jet 2UeN°
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Theory Comparison: Rapidity Distribution in 0-30% PbPb
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