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Medium Response to Hard Probes in QGP

Quark plowing through the QGP Duck swimming through water

To = 200 MeV, v=0.999
Ae (GeV/fm?)

15 0.1
10 0.08
r" 0.06
| 0.04
0.02
0
-10 -0.02
-15 -0.04
1510 -5 0 5 10 15

x (fm)
Betz, NoronhaTorrieri Gyulassy

Tachibana, Shen, Majumder
PR®5(2017)4,044909 PRC 106 (2022), L021902 PRT9(2009)034902

JETSCAPE Framework

[MATTER+LBT/MARTINI+CausalDiff.+ MUSIC]

y [fm]

A ON S O 2N ow
.

£
-

—
(=]

~y-jet + Medium ~-jet + Medium Excitation {7

8
6
4
2
0
2

3 5 7 -7 5 3 - -10-8-6-4-20 2 4 6 8 10
y (fm)
CoLBTChen, Cao, Luo, Pang, Wang Casalderrey5olana, Milhano,

PLE777(2018)86-90 Pablos Rajagopal Yao
JHERS5 (2021)230

More QGP going in the jet direction More water going in the duck direction
In Position Space
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Medium Response In Different Jet Configurations

Receive back reaction effect No back reaction from the Receive some back reaction
from the away side jet electroweak boson from the away side jet
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Medium Response In Different Jet Configurations

Receive back reaction effect
from the away side jet
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The First Indication of Medium Response at LHC: Missing p4!

Subleading jet direction R < (0.8 aR > 0.8
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The First Indication of Medium Response at LHC: Missing p4!

Subleading jet direction I L B B
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Leading jet direction 0.5-1.0 :
1.0-2.0
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Interpretation of Missing

Subleading jet direction Compiled by Dani Pablos
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Leading jet direction Medium-induced Parton Cascade Hydrodynamic wake
Blaizot & Mehtar-Tani Casalderrey-Solana, Gulhan, Milhano, Pablos, Rajagopal
Int.J.Mod.Phys.E4 (2015)11, 1530012 JHER3(2017)135

A However, the interpretation includes both Medium-induce Parton Cascade and Hydrodynamic Wake.

A The attention was turned to individual jet shower

. . . . . ) - CMS, |
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Excess In Jet-Hadron Correlation
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Depletion of high pcharged Enhancement of lowp
particles at larggr charged particles at larger

Interpretations of the low p; enhancement at large gR include
medium response, medium induce radiation / splitting, and
vacuum-like emissions out of the medium
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Inclusive Jet EEC and hN-Jet

10 < pJet-cz 20 GeV
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Models suggest: Medium response dominates the jet shape at large r
Medium response or induced radiation carried by low p; particles; they could

form low p; charged jet
Models with very different mechanisms give reasonable description of the

Inclusive jet shape and many other observables
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Medium Response In Different Jet Configurations

No back reaction from the
electroweak boson
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Medium Response to Hard Probes iIn Momentum Space

Jet and Hadron correlation in Photon-Jet event Jet Z° and Wake Hadron correlation in Hybrid model
QGP wake in CO L B T Lor?ggangnlgz’ing,nanlélo),(inElian \?\?a’mg e Daniel Pablo, Krishna Rajagopal, YJL 11
PRL 130, 052301 %023) Positive Wake
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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 nDepletil ono

Jet and Hadron correlation in Photon-Jet event 7° and Wake Hadron correlation in Hy b rid model
_ CO L B T Zhong Yang, Tan Luo, _\Nei_Chen, J t Daniel Pablo, Krishna Rajagopal, YJL LR
QGP wake in Longgang Pang, and XinNian Wang e PO S t lve Wake

PRL 130, 052301 %023)
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More QGP going in the jet direction, however, with complication from induced radiation Negative Wake
Less QGP left behind in the opposite direction of the jet!!!
A Measure the Boson-side associated yield with Z°%-Jet In Momentum Space
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Recent Searches for Negative Wake

0_
Z°-Jet Photon-Jet
CMS Supp[ementary ﬁ 502 TeV Pbe 1 7 nb‘ pp 304 [.2)|D1
: . Pbe T cent 30 500/0 [ [T Cent 0 30°/° . é‘ _I 1 I | | I I I I | | I I I | | 1 I I I | | I 1 I I | | 1 I I | | -.II I:
= 20:— o pp —_ E 0.14 - ATLAS Pb+Pb vSNN =5.02 T'E'V, 1.72 nb ]
£ 15 p7 > 30 GeVic { o _ Centrality 0-10% 90 < p’ <180 GeV _
e - Py 1 GeVie i ] O 0.12 [ Ag(jet track) > /2 * > 40 GeV
. : : §e o - -
t : ° 0.1 -
- * ¢ g £ o 7] L ]
O O — -
e E 0.08 |— —
H B ]
T Hybrid I CoLBT - — .
T Dwiowake : 0.06 [~ [ 90% CL Tgwr = 1.033
w/ wake — 95% CL 7]
0.04 [ EH95% -
- ---- CoLBT-hydro .
0.02 |- -
0 :I 1 I 1 | 1 1 I 1 l 1 1 I 1 1 1 | | 1 1 1 1 | 1 I:
T TR TR U Vi S T T T T W T -0.03 -0.02 -0.01 0 0.01 0.02 0.03
0O 05 1 15 2 25 3 05 1 15 2 25 3 b
A¢trk,2 (rad) A(l)trk,z (rad) dwr
Yeonju Go rSearch for the diffusion wake via measurementsofjet-t r ack corr el ati onsc
- CMs, |
v Yen-Jie Lee (MIT) Experimental Medium Response Signal and Insights from Theoretical Models 14 Mgy Reosratoryfor | %

K S
e Ut esty o Tawese sy



/-Hadron Correlation

Can we see an unambiguous evidence of the QGP wake created by a fast moving quark?

C Yen-Jie Lee (MIT) Experimental Medium Response Signal and Insights from Theoretical Models 15 Mgy resratoryfor |

R 5
R N
o Tt Ba L & oo Tty




CMS Experiment at the LHC, CERp \ ‘ [ : [ Z : / ;
Data recorded: 2018-[\.lov%8‘§%178: ﬁse?\em \ l l
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Z%-Hadron Correlation Function: Event Mixing

AverageSignalpair distribution: AverageBackgroundpalr distribution:
same W\ 20 Event 1 mixed event pair N
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Demonstration with PYTHIA+HYDJET
~. (Generator level events)
Integral of the g\, correlation function will be ~0
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Mixed Event Subtraction in PYTHIA8 pp Events

Diffusion wake in CoLBT
PRL 130, 052301 (2023) Jet
Zhong Yang, Tan Luo, Wei Chen

Longgang P;‘(E.);jd Xin-Nian Wang
Pt =0-2Ge

A Mixed event subtraction is also performed in pp analysis

dN/dAndAg

A Tight correlation between charged hadron in jet and Z° not
only in g «but also pydue to Z° p; and rapidity selection

A The procedure suppresses the uncorrelated i MP |  rait d d @ & e d
Hole
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Predictions from Models in pp for Charged Hadron p; 1-2 GeV

PYTHIAB8+MADGRAPHaMC@NLO HYBRID

ANCh(A(l)Ch‘Z ’AyCh,Z)
ANCh(A(pch,z’Aycn,z)

0 0

1 g 2 -1 4 o T
MY iz 4 3 AY 2

A NLO event generator gives a broader jet peak than PYTHIAS
A Identical subtraction procedure between MC model results and data analysis
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Predictions from

HYBRID — |,
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A HYBRID: QGP wake creates a Z-side dip structure and significantly enhance the jet peak
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Predictions from Models for Charged Hadron p+ 1-2 GeV

“._ PbPb 0-30%
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A HYBRID: QGP wake creates a Z-side dip structure and significantly enhance the jet peak
A JEWEL: recoil partons are responsible for the effects
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Azimuthal Angle Distributions In pp vs. Theory

35 40<p$<350 GeV 1<p;“<2 GeV 2<p$‘<4 GeV 4<p§h<1 0 GeV
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gives the best description of the data
based calculations predicts a sharper jet peak
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Azimuthal Angle Distributions in pp and 0=30% PbPb

@ CMS Preliminary PbPb (pp) 5.02 TeV 1.67 nb™* (301 pb™)
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Low Charged Hadron p+ High Charged Hadron p-
PbPb: Clear depletion in Z° side (o «=0) PbPb: Effect reduced in the PbPb: Jet side peak (op & ) reduced due
and enhancement in jet side (g «=" ) iIntermediate p; region (2-4 GeV) to jet quenching at high hadron p;

a . . . . . . I n == | aboratory for CMS §
Yen-Jie Lee (MIT) Experimental Medium Response Signal and Insights from Theoretical Models 23 I ||| Nuclear Seience |

-~

K S
e Ut esty o Tawese sy



Azimuthal Angle Distributions in pp and 0=30% PbPb

PbPb (pp) 5.02 TeV 1.67 nb' (301 pb™

;@7\ CMS Preliminary
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Now we have seen a deeper dip structure at @ «0 in data s
How about rapidity distributions? N
Quark (Gluon)
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Azimuthal Angle Distributions in pp and 0=30% PbPb

@ CMS Preliminary PbPb (pp) 5.02 TeV 1.67 nb' (301 pb™
%@ 4F 40<pZ<350 GeV 1<p'<2 GeV 2<pZ'<4 GeV 4<p7'<10 GeV
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CMS-PAS-HIN-23-006

Rapidity Distributions in po vs. Theory
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High Charged Hadron p-
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Rapidity Distributions in pp and 50-100% PbPb

/75 CMS Preliminary PbPb (pp) 5.02 TeV 1.67 nb”' (301 pb™)
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Rapidity Distributions in pp and 20-50% PbPb

@ CMS Preliminary PbPb (pp) 5.02 TeV 1.67 nb”' (301 pb™)
%@ L 40<pZ<350GeV  1<pI'<2 GeV 2<p'<4 GeV 4<p='<10 GeV
- |y [<2.4 <&
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-3 2 -1 0 1 2 3 -3 2 1 0 1 2 3
CMS-PAS-HIN-23-006 AyCh Z AyCh Z
PbPb: Indication of depletion around the Z <_Z_0____;

(p¥0) and the effect reduces at higher qpy
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Rapidity Distributions in pp and 0-20% PbPb

7CMS
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QMS Preliminary

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

[ 40<p’<350 GeV 1<p2'<2 GeV 2<pS'<4 GeV 4<pZ'<10 GeV
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PbPb: Clear depletion around the Z (g y0) PbPb: Effect reduced in the <_Z_0____;
and the effect reduces at higher qpy iIntermediate p; region (2-4 GeV) i
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Azimuthal Angle Distribution in 0-30% PbPb vs. Theory w/o Medium Response

A and CMS Preliminary PbPb (pp) 5.02 TeV 1.67 nb™ (301 pb™)
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Theory Comparison: Azimuthal Angle Distribution in 0-30% PbPb

A and

(dashed lines)
underpredict magnitude at low
hadron p-

APYTHIAS 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.

APYQUEN, a model without
4-momentum conservation, fails to

describe generally the data
CMS-PAS-HIN-23-006

Quench
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Approx.
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