JET QUENCHING AND
SEARCH FOR DIFFUSION

WAKE

IN HEAVY TON COLLISIONS

Olga Evdokimov
University of Illinois Chicago

Highly energetic
jet (leading jet)

# <

Quark-gluon
plasma

Low energy jet
(subleading jet) Strong interactions with the medium



SOFT SECTOR MEASUREMENTS

- “Standard Model” of heavy ion collisions: a complex dynamics of intrinsically many-

body system
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E Hadronic interaction Elastic scattering
QGP and . and chemial freeze-out and kinetic freeze-out
Hydro expansion
Initial state
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pre-equilibrium

Bulk particle distributions
QGP hadronizes into soft hadrons; 99% of total yields
No direct access to details of QGP phase
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Mid-rapidity hadron ratios

(SHORT) SUMMARY OF “BULK” PROBES

« Bulk measurements provide experimental evidence of QGP formation in ultra-relativistic

HIN collisions: a strongly interactive thermalized partonic matter with (near) perfect

fluidity
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Initial temperature/energy density is above predictions for the phase transition

Chemical freeze-out at predicted phase boundary; thermalized medium

Hydrodynamics: strong radial and elliptic flow (in strange and charm sectors too!)

Partonic degrees of freedom are important at hadronization
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DIRECT PROBES OF QGP

- Soft sector measurements allow to infer many important conclusions about QGP
properties, but are always impacted by the entire evolution of the system.
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QGP and. and chemial freeze-out and kinetic freeze-out
Hydro expansion
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Need QGP tomography Bulk particle distributions
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. . QGP hadronizes into soft hadrons; 99.9% of total yields
To directly access plasma properties No direct access to details of QGP phase




WHY USE JETS FOR QGP

« What are Jets?

In theory: fragmented hard-scattered partons— collimated
spray of hadrons produced by energetic q or g

« Why Jets?

Jets are produced in the earliest phase of the collision

« Factorization of jet/particle production: yields described
by the convolution of

fa (xi, Q%)

£ (x,,0%) ® G(ij - kl) ® D} (2', p?)

 Jets are calibrated probes

STUDIES?
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JET PRODUCTION CROSS-SECTION

PRI 97 (2006)252001 PRL101(2008)062001 JHEP 09 (2017) 020
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Jets are well-calibrated probes: inclusive jet cross-sections described by NLO
calculations over orders of magnitude in py and +/s
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QGP PROPERTIES VIA JETS

Jet Tomography: What happens if partons traverse a high-
energy-density colored medium?

Production of jets is unmodified” — short-distance process

(6(ij = kl) — unchanged)

Jets are calibrated probes — well-understood (and
measured!) in pp

Jets studies allow to observe medium evolution and
equilibration and explore medium properties at different
scales

*except for nPDF effects

leading particle

leading
particle
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JET STUDIES, EXPERIMENTALLY

Choice (in me):

Jets in ete~ collision

Jets in AA collisions

Spectra/Production rates

Dihadron correlations

Jets/Dryjets

Pros:

ons.

straightforward
least differential

versatile

multiple BG sources,
no direct E measure

EJ.QI‘ ton

ambiguous,
tluctuations
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JET QUENCHING: EARLY RESULTS

PRL 91 (2003)
072303

PRL 91 (2003)
072304
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* Au+Au Central .
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A ¢ (radians)

« High p; hadron suppression:
d*N44 /dprdn
< Npin> d?NPP /dprdn

o Final state effect in AuAu collisions

Raa(pr) =

o Observation extended to all accessible py
range

« Signature two-particle correlation result:

o Evidence of quenching: disappearance of the
away-side jet in central AuAu collisions

o Evidence of non-quenching: eftect vanishes in
peripheral/dAu collisions
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DISCLAIMER ON THE

PRL 97 (2006)
162301

d+Au

“DISAPPEARANCE?”

_ Au+Au 20|—40%| _ Ap+Au .0'5%.
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E}Aq) (rad)lﬂl

8 <pe <15 GeV/e, p#5°>6 GeV/c

T

“Disappearance” is accidental!

(@)

(@)

(@)

Two high-p, hadrons (or high & low p
combination): reappearance of the away-
side jet.

R ecovering the away side:
Away-side yield suppression
Little modification of the near-side yields

No broadening on near- or away-sides
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JET-MEDIUM INTERACTIONS

« High p; correlations for early studies of medium-induced jet modifications

PRL 97
(2006) 162301 Near side, JA¢ -] >0.63  Away side, |JA¢ - 7| < 0.63
~ Y Yy c;+Au min bias — ,A :d-u-Au min bias
== = Au+Au 20-40%|L =  Au+Au 20-40%
- f ® Au+rAu 0-5% - ® Au+Au 0-526
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2 = p_(assoc) / p_(trig)

2 = p_(assoc) / p_(trig)

« Near-side: no dependence on z;

« Away side: suppression ~ level of R 4 ;
no zp dependance
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JET-MEDIUM INTERACTIONS
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« One high-p, one low-p, hadron:

Near side: the ridge
Central AuAu: cone-like + ridge-like
Ridge extends to very high An

Away-side: reemergence of the peak with
“shoulders.”

Production mechanisms for jet and ridge are

different

(mean-p, centrality-dependent behavior,
particle composition)

“Ridge” and “shoulders” show similar trends
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WHY MACH CONES IN THE QGP?

RHIC ridge and away-side double-peak dihadron
correlations prompted many theory developments

Models fell broadly into two classes:

o Hydrodynamic response models, in which jet energy—
momentum deposition produces Mach cones and
diffusion modes in the medium.

o Non-hydrodynamic alternatives, including Cherenkov
gluon radiation, deflected jets, or emission into
collective plasma modes

- Early jet quenching studies at RHIC showed that
energetic partons deposit energy into the medium

- If deposited energy thermalizes rapidly,

hydrodynamics predicts excitation of sound modes. <

Supersonic jets = Mach cones, with an angle
COS Oy ~Cs/Vjer

tri

ger trigger
xT

vent 1 EVC“
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EARLY MACH CONE PREDICTIONS

20

« A jet propagating through a hydrodynamic QGP medium should induce a Mach
cone

Stoecker, Nucl. Phys. A750(2005)121

Casalderrey-Solana, Shuryak, Teaney, J. Phys. 27(2005)22
Ruppert, B. Muller, PLB 618 (2005) 123
Renk, Ruppert, PRC 76 (2007) 014908

10 ¢

y [fm]
=

-10 +

From (3+1) ideal hydrodynamics: “The jet-induced shock front and a deflection of -

the jet in case of an EoS with phase transition to QGP is clearly visible.”

Neufeld, PRC 79
(2009) 054909
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EXPERIMENTAL MACH CONE SEARCHES

« 3-particle A¢-A¢ correlations, expectationg’:
| | s | o o
tr; o tr2 o & & O O Jet deflection
]
ﬁentl EV&‘ 2“ 0_ ‘ ‘ ‘
% % 0 T A(|)1=¢1_¢trig
N
=
< ® 00
o
Mach-cone
‘ . ‘ shock wave
or® © O

0 T A(I)1
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EXPERIMENTAL MACH CONE SEARCHES

« 3-particle A¢-A¢ correlations: dAu

STAR PRL 102
(2009)52302

A(b2=¢’2-¢Trig
wldmN P l

A0 =0 -0

1  Trig

« STAR results indicated jet deflection (?)

 Sated experimental observation of conical emission:
O = 1.37 £ 0.02 (stat.)x 0.06 (syst.)

Constrains the speed of sound c¢q ~ 0.2

Central AuAu

mldmsz l
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NEAR & AWAY: DI-JET TRIGGER

Unmodified Jet*

S R N
m. 6350@5
0.6

“jet-axis” g _—* primary
trigger (T2) — sy, trigger (T1)
/

associates

0.4

0.2 —

2 1 0 1
Ap

« “2+1” correlations:
o Use di-jets to study jet-medium effects
o “Pin” the jet axis selecting back-to-back triggers

o Study correlation w.r.t. this axis

| Simulation &

u

e
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DI-JETS IN AUAU COLLISIONS

« 2+1 correlation results:

PRC 83 8< pr < 10GeV/c, pry >4GeV/c, Py igsoe. ~1.5GeV/c
(2011) 61901
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Central Aut+Au ~ d+Au. No
away-side suppression!

Surface emission bias?
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DI-JETS IN AUAU COLLISIONS

« Back-to-back high-p-hadron-triggered correlations projections:

PRC 83 _ STAR I?rellmlna _ .......................... *.? ..........................
! : ~
(2011) 61901 BN : >
TI] | ' < i N
N : JIY, T
5 < p,TMa’< 10 GeV/c T2 3
. . ~ [ 9
4 < pTTr|g2 < pTTr|g1 -~ i ’_ - 25
1.5 < pyfissec < 10GeV/e [ -
0
2 4 0 1 2 3 4 5
« Central AuAu ~ dAu A¢
« Shapes:

 STAR Preliminary

- Same dide
-V-Away de

No Mach cone evidence. No appreciable difference between the same and away sides.

« Spectra:

Significantly harder than an uncorrelated background
On both sides, associated hadron distributions from central AuAu are similar to dAu
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ANOTHER SIGNATURE RESULT: FLOWS

Ridge and shoulders:

jan| > 0.8

1.01—

C(Ag)

1+\4

py'? 2-2.5 GeVic

4_'. p:ssoc 1.5-2 GeVic
{ 4. pPb+Pb 0-1%
f +

‘t/ q\/’*****\/

‘t #«f

0.99|— + ALICE ¥

) Stﬂ'FiStilI::ll elrrc:rlonly

1.002

N
n=1

data/Z

0.998

l}la
P, B. Alver and G. Roland
5 ¥, > PRC 81
T ""1[, (2010 )054905
2
l}'d

One high-p, one low-p; trigger

* Full correlation structure descrlbed by
Fourier Coefticients v;,v,, V3,V4,V5

* Current Glauber-based picture: geometry
dominates the elliptic flow term; higher
harmonics reflect fluctuation in initial conditions

Multiple studies across RHIC/LHC indicated that these correlation features have a

flow origin
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MACH CONE THEORY DEVELOPMENTS

From Models to Dynamics
« What Controls Mach Cones? (2009-2015)

o Linearized hydrodynamics with realistic jet source terms — sound mode + diffusion wake.
o Microscopic derivations (pQCD-based sources) clarified energy vs momentum deposition.
o AdS/CFT showed Mach cones persist at strong coupling, but with strong diffusion wakes.

 Full (3+1)D expanding backgrounds revealed:

Radial flow and geometry distort cones,

Finite viscosity (1/S) smears or suppresses signals.

« Double peaks are not unique to Mach cones (flow harmonics, fluctuations).

« Mach cone, experimentally: for a time, the definitive Mach cone observation was deemed
unattainable
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JETS IN HEAVY TON COLLISIONS

« In Theory: jets are proxies for hard-scattered partons

CMS Experiment at LHC, CERN
¢ | Data recorded: Sun Nov 14 19:31:39 2010 CEST
/\| Run/Event: 151076 / 1328520
T—— | Lumi section: 249

« In Experiment: “Jet is what your jet-finder gives you” (PJ.) | Tk

E/(GeV) o S
P Leading jet MR e e
: : : 100 3 Pr:2051GeVle
 Jet is defined by the reconstruction algorithm: s 1 =iy | :: " |
60 2 Subleading jet . . |
1) What particles belong to a jet | o o T
. ) ) ) ] o T
2) How particle momenta are combined into jet pp 20 |

0

Particularly difficult for AA data due to UE background: R
choice dilemma

Small jet radius Large jet radius
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QUENCHING EFFECTS IN JETS

« Details of the energy loss: jet R ,, maps quenching effects in PbPb from 30 GeV to 1 TeV

PLB 790 (2019) 108

E = T T T T | I — 2018 Pb+Pb 1.7 nb 2017 pp 260 pb
m E ATLAS E I T T T | T T T I T T T | T T T I T T T I T T I 4
09F 3 ATLAS Preliminar 5.02TeV -
£ anti-k, R=0.4 jels, [5,,75.02 TeV ] 1£—| —————————— L V_ -----
0.8 =
= : * -1.2
07 [ 1 g e —
08 ; R e Bl
0.5 F= = w8 ) L, =
)= ] - 08
0_43_" PbPb @ 5.02 TeV 1 :D:’:Dj:Dj:o:I:D: '
E —— Dala _E i
0‘35 p— 1 0-10%, [y < 2.1 3 [PLB 790 (2019) 108] '
0.2 SCETs g=1.2 = Inc. jet Y-jet i
S — i 2015 pp data, 25pb" 3 5[ aniik, R=04jets 5= 0-10% SE0-10% g
0E —— razm 2015 Pb+Ph data, 0.49 6™ [ p;SOGeV 'l <237 S 10-30% 7
E I | I I I L1 d T]J | <2.8, A0(y,jet) > n2 4+ 30-80% _
1 I 1 1 1 | 1 1 1 I 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1
100 200 300 S00 ” 900 0 80 100 120 140 160
p; [Gev] v-tagged jet p_[GeV]

||||||||||||I|||||||||||||||||||||||||||I||_
ATLAS E@LIDO model bets
Pb+Pb 2018, 1.4(1.7) 't @ LD mocetits 3
pp 2017, 260pb = valetal. bjets g
anti- k R 0. QJets ‘y| <21 Dai et al. inclusive jets .
sy = 5.02 TeV, Centrality 0-20% ]

El b-jets @ inclusive jets
....|...| P P P P P
80 100 1 0 40 160 180 200 220 240 260 280
p_ [GeV]

« Color-charge, mass, and/or flavor effects in energy loss:

1.8

0.8

0.6

0.4

0.2

0

T T T T

ALICE Preliminary

0-10% Pb-Pb |5, = 5.02 TeV

charged jets, anti-k;

e D%jet, R=0.3
3< P, < 36 GeV/c

e Inclusive je's, R = 0.2

TTIlITTlIITlll[TTlllTTlllT

T

%E

——

| |

o Photon-tagged jets (higher fraction of q-jets): less suppressed compared to inclusive jets

o b-jets (muon tagger):

less suppressed compared to inclusive jets

o DY-tagged jets — indications of smaller suppression compared to inclusive jets
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QUENCHING EFFECTS IN JETS

« Both sides of the dijet are quenched — dijjet collection is surface-biased — Use colorless
probes to reduce/change geometry bias

PLB 785 (2018) 14 PLB 789 (2019) 167 PRL 119 (2017) 082301
g 3 B e N BOE TR PUPLA e oAttt
X v 1 5 F ATLAS . :
~1.2F p; (60.80) GEWCE M 5.02TeV,040nb" g - E?niirﬁf;?f
oy . BPbPb0-30% { 3 12f pl=63.1798GeV 4 =2 O°L + . e A
:.?__ : o pp {Smeare‘d_} E “25 1:_ EFh+Ph 0-10%, _: 3.3,.__ -, - ang;l%g jeleHG— 3;3
e — - - N o . B 5 . eV/c
2._‘0.8 : oo IS JEWEL-PYTHA ] X {, | TR 216
= 06F . - r Hybrid 1 3 oa y A‘Pz:’%"
Tk e © ] 0.6F BDMPSZ ' J
= 04F I _— - " (G=2-8 GeV2ffm) qu -
"--.02:_ o Ld 3 UL SCET, 1~ "9 =1 i
— V.ef -Eﬂg. E 0.2 (g=2022) 1 - T
'____ - - —_——— F RiL —— . D..,...............|.=..=..|.........[-.
0 DT5' -‘|1 —— '1I5'"*ﬂ D_E 04 Gﬁ DB -1 12 14 15 13 o D2 04 06 08 1 1.2 1.4 1.6 1.8 2
_ ety = %! xz = PF/PY
jv_p’:pr th_plT Py

« Details of the energy loss: PbPb @ 5.02 TeV

Dijet, y-jet, Z-jet — energy balance 1s disturbed by QGP

(Centrality-dependent) changes in xj,, X; momentum balance
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& ©
MODIFICATIONS OF JETS oo
%o
oy : : T o e PSS : ] i
1.5+ 1 + 1 :
-
. . ——
* Jet shape modifications = ] .-
~ | — ‘*‘ | S = . .|—+ T 15w e 4
...... e e i -
PLB 730 (2014) 243 = .- =
0&5F TO0-100°% . i, Eﬂ-?;l]'?i: | 4+, 30-50% 4 1l]-3|ﬂ':!-f:| | 4 0-10% i
a o1 02 0320 a1 02 030 o1 02 030 01 02 030 01 02 043
; ; . . radius (r) radius (r) radius (r) radius (r)
« Changes in jet fragmentation functions
o owseoimnay e opem o sysemaicucenany § 3% I oNe WSZ
25f ™ 1 + = :
PRC 90 (2014) 024908 g i i {
T L .f b + ° i oL
o 1.5} : o F
o 15 — 1 ._'_.___E__¢_. _______ o _ _ _1] __‘ ________ o _ _ 1
é'jot‘l'.-o ® 04 0 ® LI ® s ,40"
05 50% - 100% ¥ 30%-50% T 10%-30% t 0% - 10%
0:| L 1 1 ! Mt § Lrurerud Lrvrrind Lrinined ninrinl Ll L S Lo oo L Lnrninl Lol Lo § Lrinied L] Lirinnd bnrinn Innnnl Lo,
0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
£ =In(1/2) £ =In(1/2) £=In(1/2) £=1In(1/2)

* Jets are not just “shifted”:
o Little/no medium eftects in peripheral events

o Enhancement at soft momenta and at large r in central collisions
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) dN/dA

evt

(1/N

Dijet momentum imbalance: A; =

QUENCHING BECOMES VISIBLE IN DIJETS

__ Pra1—DPT2
— PbPb 2.76 TeV
PT1tDT,2 @ .

: : in-cone
PRL 105 (2010) 252303 JHEP 01 (2016) 006 f out-of-cone
4 0-30% Central PbPb

2 76 TeV 0 1 00/0 - T I I I T I 11 | T I T I L | I T 1.1 1 YT YT T rrrrrryrrrryrrrre Ty T TrTT T
J [ cms ca | ¢ cell In-Cone QOut-of-Cone *h
) ATLAS qo] "o \B_mLTS Tl Iy — 05-1.0Gevie AR<08 L[ AR<08 ] ﬁ‘ﬁw _;_z%
3 Pb+Pb 1 det:G.?ub" i 4+ [ 11.0-20GeVic ’ ’ r %
+ 1] k . + 1 20-4.0Gevr - v __14[
Liy=1.7 ub™ I = e 1 R 1 =3
2 ._ + int™ ®Ph+PhData = % : - E — ' - ; S—
+ Opep Data s :
OHmG+PYTHIA - -
3 o -20
1 i
I 40k - i
i | arXiv:1102.1957 [nucl-ex]
[ =I.II.JIJ]JJIJIIIIlII.lII.]I.J I T — -1 I - ST T - - IlIlIJIJI.II.IlIlJI.I]IJIJI
00 0.2 0.4 0.6 0.8 1 o 0.1 0z 03 o4 X 0.1 02 03 04 0.1 0z =03 04
b - * - ' A J
AJ balanced jets unbalanced jets

« Di-jets in PbPb: back-to-back, but fraction of imbalanced dijets grows with
collision centrality (no modifications in pPb collisions)

« Momentum balance is preserved over the entire event; “missing” pr in hard sector
is balanced by soft hadrons away from jet-axis
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DECOMPOSING JET ENERGY “FLOW?”

Jets are modified...

o Strong suppression in jet R,

o Softening of jet fragmentation functions
o Broadening of jet shapes
®

...and show significant reshuffling of energy in PbPb events compared to pp

To get a coherent picture, we developed the jet-track correlation technique
Difterential studies of energy flow (shapes and fragmentation)

Extension to large radii/interplay with medium changes

Yy I A$93.1102 SU00)IEY)
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JET-TRACK CORRELATIONS

« Construct 2D AnA¢ correlations about jet (or each side of a dijet)
« Correct for pair acceptance by the Mixed Event technique*

« Use a data-driven approach to remove underlying event UE correlations

(*also correct for tracking, background fluctuation, jet swapping, fragmentation bias)

1(2.76 TeV) PbPb 166 ub™ (2.76 TeV),

120 < P < 300, P, > 50 GeV/c, A, > 5m/6
’ ’ ’ PbPb 169 ub (2.76 TeV) Centrality 0-10%

0-30% Central é@ assoc P, ,>120 GeV/c \1<p2**°<2 GeV/e
1 R
= g g
1 LLJ e
c S4 =
3o —4 :
i ~ull =
= q | ;é
3 39 3% 3
@ 1
Vg 0 0
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JET SHAPES, FULL FLOW

« Multi-differential reanalysis of 2.76 TeV data

A, Inclusive
pp 5.3 pb™ (2.76 TeV)

SublLeading Jet Shape
PbPb 166 ub™(2.76 TeV)

Leading Jet Shape
PbPb 166 pb™ (2.76 TeV)

A, Inclusive
pp 5.3 pb(2.76 TeV)

3
)

o @ - 0
JHEP 11 % JppépRﬂesfregcer ' PbPb Cent. 0-30% > p%?dgm,g?:ﬁmmary PbPb Cent. 0-30%
108 refiminary 10
(2016) 055 Q Q
= 3
z ! 2
107" 101 AI—'_/'%
10°2 2 107 3
...I...I...l......;. 1 | | | PRI T S S TN TSR S MR | | | 1
0 02 0'4ﬂ.r0'6 0.8 of A 0 02 U.-’-INU.B 0.8 of
o5« pE< 1 GeVie . 5-_ _\\\-\Q N [ Jos <p=< 1 GeVie . 5f
[ ]1<p™=<26evic = | {%&\%& [ ] 1<p™=<20evic Eg _
[ 2 <p==< 3 GeVic = 4 RNSNNNNNN [ 2 < p===<3Gevic = 4
— - R ---.,J:I B
N s - pI*< 4 GeVic ,..E 3- . lé\%% I -« P < 4 GeVic ,.E 3:- |
- 4< p;ssuc. < 8 GeVic S of %‘%%g* I - p;sm-< 8 GeVic 5 2F R et
F5E0C. = - L 3550C. = [ g
o S A B o cove O
ST Total p7> 0.5 GeVie g | | | | = Total p2%°> 0.5 GeVie s | | | .
I, l<24 0.2 0'4ﬂr0'6 0.8 I J<24 0.2 0.4m0.6 0.8

(DIN) AOWINOAAT VHTIO

‘ OV
0¢ TIXddV >

9¢c0¢

» Jet shapes at large radial distances: Capture the full extent of medium-induced changes

*Compared to earlier/traditional measurement in light blue




JET-MEDIUM INTERACTIONS

« Full jet evolution in QGP with hydrodynamic medium response

PRCY5 4 [ Inclusive, PbPb (2.76 TeV) (b)]
(2017) 044909 [ Ggo= 1.7 GeVZm 1
08 | Pew= 1.0 GeVie i
o @ R=03 (CMS, 0-5 %)
= R=0.3 (Shower+Hydro) 4
m—— R=03 (Shower) 1
B == R=0.6 (Shower+Hydro)
= R=0.6 (Shower) 1
— R=0.9 (Shower+Hydro} :
L === R=009 (Shower)
0 5I0 1I00 1I50 2;]0 250
i (GeVic)
« Jet Ryue
o Inclusion of the jet-induced
medium flow decreases suppression
O

The eftect 1s small for small cone sizes,

JHEP 11
(2016) 055

102

101

100

p(r)

1071

102

102

while large cones are challenging

T T

(a) Leading Jet
P> 120 GeVie
P> 50 GeVie
Agy 5> Swi6

T T
2.76 TeV, R=03

®  PbPb(CMS, 0-30 %)
— PDPb (Shower+Hydro)
=== PbPb (Shower)

PbPb (Hydro)

g~ 1.7 GeV¥/m -
o= 1.0 GeVic [ SS—
rFE= 0.5 GeVie
1 1 1 1
02 04 06 08

I
* Jet Shapes:
o Soft shower thermalization — more collimated core
o Medium-induced radiation — broader shape

PLB 782
(2018) 707

pr+Ph/ pp+ P

3

25}
[ = LBT0-30% w/o. medium response

o
in

(]
T

05"

Jet shape

[ === LBT 0-30% w. medium response

- pl>80GeV
L (s=2.76TeV
- R=03

o p:';'\\nr >1GeV

s s 1 GeV

............

(b)

| I M|

0

0.15 0.2 0.25 03

*

0.05 0.1

o Jet-induced medium flow — critical at large r

* Years of technical advances, yet no experimental way of extracting/separating the wake signal
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BACK TO (FOR?)
MACH CONES AND WAKES

OR: one more time about the importance of theory &
experiment cross-pollination
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T = 12 fm/c Ae (GeV/fm?)

10k - |®0.08
5L o fo0s
E ,L |H 0.04
— 0.02
MACH CONE: THEORY ADVANCES® s; Ho
-10 Het-Fluid Yasuki, Chang, Qi -0.02
PR? 95|(201|7) 4,|044€f09 ’
-15 -0.04
-15-10-5 0 5 10 15
« Jet-Induced Medium Response: a broader range of jet wake phenomena X (fm)
. . . . Co-LBT Chen, Cao, Luo, Pang,
o Mach cone in the direction of propagation w(;ng DLB 777 (2018) 86.90
. . . . . . 71 et + Medium | y-jet + Medium Excitation |7
o Diffusion wake (dominant depletion behind jet) i L N
5/ 2.8 ' o BE
. 0.5
o Coupling to background flow 3 124 | oall {3
2 0.3
e : 1 5 02{] 11
;m_]__ 1.2 ] gé 1.1
31 0.8 » .' g » . —0.1 1-3
« State-of-the-art frameworks developed: A | ; [ = |
o LBT, CoLBT-hydro, Hybrid, ... Tt | rt=48fm/ej(@ = 71=4.8fm/c|7
7 5 3 -1 1 3 5 7 -7 5 3 -1 1 3 5 7
Casalderrey-Solana, Milhano, Pablos, Rajagopal, Yag JETSCAPE framework Tachibfna, Shen, Majumder
° N b bl . JHEP 05 (2012“1_ 230 PRC 106 (2022), L021902
CW ODSCTVADIES. | JETSCAPE Framework
L. . . ] [MATTER+LBT/MARTINI+CausalDiff.+ MUSIC]
o Rapidity—azimuth correlations 61
4_
o Y—jet correlations, Z-jet correlations _ o] .
: : £ oy
o ML-assisted jet tomography? 8
74_
—6 1 b - .
g o
—10 A

10-8-6-4-20 2 4 6 & 10
y (fm)
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JET-MEDIUM VS MEDIUM-JET

+ Jet-medium: medium-induced gluon radiation in the jet direction
« Medium-jet: medium response produces soft-hadron excess in the jet direction
No unambiguous way to disengage the two!

« BUT: 2D jet tomography consistently indicates that diffusion wake trailing behind the
jet is an unambiguous medium response signal — soft-hadron yield depletion

CoLBT, y-jet CoLBT, y-jet Hybrid Model, Z-jet
PRL 130(2023) 052301 EPJC (2023) 83:652 ) Pablo, Rajagopal, Lee
pr=0-2GeV/c e
=- T 12.0
s 100
‘D !
T80
% 6.0
"2‘“* - 4.0
oT 20
~ 0.0
3
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WAKE SEARCH WITH COLORLESS PROBES

« Idea: remove the jet-medium/medium-jet ambiguity by removing jet! (on one side)

« Correlations measured for y-jet:

= T L T LBLELE I 5 BN AL BLELELELE ELELELELE BLELELELE ELELELELE I
§1'GE;ATLAS 03<x, <08 T 9(3::,{::-:15{)69\: 06<x, <08 1 D.E-r:xJ_r-r:‘I.D-E
PRC 111 > 1.06 - Pb+Pb {5, =5.02TeV. 1.72 nb” T 0 > 40Gev + :
(2025) 044909 __ 1_G4E_Cernrality 0-10% __ A gljet,track) > n/2 T ]
§1.02f |

>“ 1;___ +

G.QSE—

0'95;_ T I ]

0.94F T T ;

092 . o ottt e e e b e L T e e e e L 1

lAn(jet, track)l |An(jet, track)l |An(jet, track)l

« ATLAS: data indicate no significant diffusion wake in jet and hadron correlation within the
uncertainties in yY-jet events (but expected signals are small; not inconsistent with wake predictions).

« Large uncertainties due to analysis complexity (S/B) and low cross sections for y-jet events
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WAKE SEARCH WITH COLORLESS PROBES

« Idea: remove the ambiguity between jet modification and jet-induced medium response by removing
jet! (on one side)

« Correlations measured for Z-jet events:

CMS PbPb (pp) 5.02 TeV 1.67 nb™' (301 pb™)
4F 40<p’<350 GeV 1<pfrh<2 GeV 2<p™'<d GeV 4<p$“<1 0 GeV
PLB 874 -
™ 3 E IYZIQA + +~ PhPb 0-30% Reflected & FbPb 0-30%
(2026) 140120 _E' 2:_ = pp Reflected == pp
z 1§ + =0 =0 -
o e 3 O >
}h": 05_ il+ .DI_I._+ *t. J'IU b 3 !:D
Zz° T Bogtoee Teone PgEttocesttane® =
N v C S
2
_3;_II|IIIIIIIIIIIIII|IIII|IIIIIIIIIIIIIII|IIIIIIIIIIIIIIlIIIIIIIIIIIIIIIIIIIIIIIIIlIIIIIIIIIIIII
-1 0 1 2 3 4 -1 0 1 2 3 4 -1 0 1 2 3 4
A A A
. ¢|ch,,2 ¢ch,2 q)c:h,Z

« CMS: shows the depletion 1n Z boson and hadron correlation in Z-jet events (first evidence in data
with > 30 significance).

« Large statistical uncertainties (due to low cross sections of Z-jet events)

The first evidence of the negative QGP wake!
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- Hybrid
- - Hybrid No wake

Z-JET: MODEL PREDICTIONS

Hybrid no-wake and
(dashed) underpredict
magnitude at low hadron pt

Z-tagged PYTHIAS8 does not
describe the data for hadron pT
<4 GeV

Hybrid with wake,
and (solid) show

better agreement with data

PbPb - pp d(ANch)fqu)ch‘Z

[ T % N <

o

|
-y

)+ ]

Lo TP % ]

|
-

()™ ]

*Sidenote (for later):

PLB 874
CMS (2026) 140120

Jewel v2.2.0
Jewel No recoil
CoLBT

PbPb (pp) 5.02 TeV 1.67 nb™ (301 pb™)

E_ |'1l"2|‘-':2-4 1-:p:_hc:2 GeV

E_ 40{p${350 GeV

E-r:pih-.:ll GeV

« PbPb 0-30% Reflecled

« PbPb -
: I-r?uﬂl?nn 30% 4{D=h¢10 GeV
- - Hyerio Mo wake
- - PYQUEN
Jewelv2.2.0
Jewel No recoil
— Co-LBT .
- - PYTHIAB p?>20 GeV ;.

(W'
[
i ., J
» l il
. - " B
L- - A o

_llllllllllllllllllllllllllllll

ll]lllljllll]llIIJIIIIIIIIIIIII

ll]lllllllll]llll]llll]llllllll

-1 0 1 2
A
¢Ich.2

-1 0 1 2 3 4
A
q:'nc:h.Z

-1 0 1 2 3 4
A
¢ch.2

CoLBT predicts a smaller wake dip than Hybrid
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HOW ABOUT JET WAKE WITH (DI)JETS?

S === nodiff. wake
S\, — rapidity gap

« Recent theory advances paved the way for wake discovery in  ®) _
. — no rapidity gap

dijet events: ANgp
PRI 135 (2025) 7, 072302 by Zhong Yang and Xin-Nian Wang

« The idea is simple and elegant:

o Back-to-back jets dilute/mask the diffusion wake signal g

\\\\\\\\

o If we separate two back-to-back jets in pseudorapidity space, ©) /—\

we can measure the diffusion wake signal
\/ An
ANch(nogap) - ANcn(gap)

Diftusion wake effect from one jet (side) to

another jet (side) in the jet-hadron correlations
(b) Red (blue): dijets with (without) rapidity gap
(c) The rapidity asymmetry of red-blue
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SEARCH FOR JET WAKE WITH DIJETS

* Jet-triggered 5.02 TeV datasets of pp and PbPb collisions
« Anti-k; R=0.4 jets

« Well-established 2D jet-track correlations technique:

“Symmetric”
No gap
| Anptd21<0.5

1 d2Ncorr 3 1 dstig ME(An =0, A¢gp = 0)
Ndijet dAV] dA¢ B Ndijet dAi’] dA¢ 1 d®Npiy
Ndijet dAn dAg

Leading jets: p>130 GeV, |n|<1.0
Subleading jets p>50 GeV, |n|<2.0 “Asymmetric”

Variable gap
| Anpta2] € (0.5-1.0), (1.0-1.5) (1.5-2.0)

[nucl-ex]

2602.19431
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SEARCH FOR JET WAKE WITH DIJETS

« 2D correlations measured: 5.02 TeV pp

[nucl-ex]

2602.19431
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SEARCH FOR JET WAKE WITH DIJETS s

[ « 2D correlations measured: 5.02 TeV PbPb

PbPb (0-30%)  “%-,
)

— I\

AY

AY

The underlying event is subtracted using the long-range correlations from 1.5<An<2.5
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SEARCH FOR JET WAKE WITH DIJETS S

2602.19431

Emergence of the wake signal:

« Near-side projections: centrality evolution

pp peripheral PbPb central PbPb
CMS Supplementary 299 pb™', 5.02 TeV 4 CMS Supplementary  0.66 nb™, 5.02 TeV 4 CMS Supplementary  0.66 nb™, 5.02 TeV
I 1 | I I L] Ll | I 1 I I | I 1 I I | I I L I I T I I T I L T I T I T T ] T T T T | T T T T I L I | I L] 1 I | I I 1 I | I I 1 I | 1 I 1 L] |
I i i | PbPb (50-80% - ] [ PbPb (0-30% - ]
[ PP N -m/2 < Aq)':h'J "< - : ) -2 < A M 2 - m( ) -n/2 < A " 2
[ 1<p; <2GeV b 3l 1<p <2GeV h - 1<p'<2GeV B
g Telan™"™|<05 {2 Lelan™"™|<0s 1 & Lelan™"|<0s |
e i o |l = L 1 = 5 ]
"5- 2._¢|An""’“'2|e(1,5,20) ] °<;]- 2._¢|An'e""e"|e(1.5,2.n) 1°= 2._¢|An’e""e5|e(1.5,2,0) ]
8 i 1 B - E ¢ | g i a8 |
Z | Py Z | Z |
T | T | °  }
s 1 1 =2 T P 1 &8 T -
5 | * & s | S | P
% ! s @ % . $ o, % ; o’ 3
Ossssssses® $0-00-00-09 0 ey = a 23084388 Ut ™ <Ji— 2339808
i W | o9 -'®
i i soee
_1-| L | | L 1 L | | L | | | | L | | l | | | | l- _1-| 1 l L ' L L l L 1 1 L ] 1 L 1 L J 1 1 1 1 I- _1-| | l | L | | l | | L | l | | L | | L | L L |-
-2 -1 0 1 2 -2 -1 0 1 2 -2 -1 0 1 2

ch, jet, ~ ch, jet, ~ ch, jet,
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[nucl-ex]

2602.19431

SEARCH FOR JET WAKE WITH DIJETS

« Characterizing the wake “strength” at different hadron p:

CMS 0.66 nb™ (Pbe) 299 pb™! (pp) 502 TeV
" @PbPb 50-80%

.Pbe 30-50%

[ jet _jet ]
[R™ |an "] €(1.0,15)
2< pCh<4GeV

Clear depletion in the central 0-30% PbPb collisions wrt. to pp
Depletion strength decreases with increasing centrality and hadron p-

1.0 <ph<2.0 GeV

2.0 <ph<4.0 GeV
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SEARCH FOR JET WAKE WITH DIJETS s

« Rapidity gap scan — does the depletion follow dijet separation?

CMS 0.6 nb™ (PbPb), 299 pb ™ (pp), 5.02 TeV CMS 0.66 nb™ (PbPb), 299 pb™ (pp), 5.02 TeV CMS 0.6 nb™ (PbPb), 299 pb ™ (pp), 5.02 TeV
T T T T T T T T T T T T T T T T T T T T T | T T T T T T T T T T T T T
[Data(0-30%) © ' | ': Data(O 30%) @ ] Data(0-30%) ® | | |
S os| - S 05 8 S os| .
e ad i e -
b * & £ | + * | L ++
€ | ‘ € ] ‘
= + = + + &
b e e R et YL S S — wt g
R - [ + o + ++ +4 ﬂ
= | + o [ e = +
: g | 44,4
a [ a ++
|_0_5, - J—O.5* N J—O.5* N
o} ; Q - h o}
% i p°h €(1,2) GeV % p; €(1,2) GeV % p°h €(1,2) GeV
o : asym IA jet J I (0-5,1-0): (al : asym IA jet J I (1 -071-5): o asym IA jet J I (1 -5,2-0):
| - -1 n 1 -
oo v by by Ly 11 oo e by b By 1 |9 TR IR SR ST N ST WA N S S S N N R R R
2 — 0 1 2 -2 —1 0 1 2 2 — 0 1 2
ch, jet ch, jet ch, jet
An T An An T

It does! The signal becomes stronger for larger gaps, hinting at some interference effects
between the near-side positive wake/shower evolution and the away-side jet negative wake
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SEARCH FOR JET WAKE WITH DIJETS s

CMS  0.66 nb” (PbPb), 299 pb™ (pp), 5.02 TeV
i Finally, iSOlating the Signal: Pbe_pp | I | | | | | | I | | | | | I | | | | | I | |

Data(0-30%) ®

« Model comparisons:

2 -PYTHIA — :

> 0.5 -

m B .

: | I |

PYTHIA (PYTHIA+HYDJET): 3 _ + r+_ H ]
Flatlines to a zero-signal baseline, as expected @ 1] e—a— L N

The signal in the data is very robust with little L3 I + _+;++ |

sensitivity to JES and JER uncertainties % I '+7+1++ I

| 0.5 -

®] = 4

al i p" € (1,2) GeV i

e = -;s m jet jet 1

a | R |an 72| € (1.5,2.0)

1+ _

AN A N TN T N TN M N M NN TN SN SN SN NN SN M N A

—2 —1 0 1 2

ch, jet1

An
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SEARCH FOR JET WAKE WITH DIJETS

+ Finally, isolating the signal: PbPb-pp

« Model comparisons:

- PYTHIA (PYTHIA+HYDJET):

Flatlines to a zero-signal baseline, as expected

The signal in the data is very robust with little
sensitivity to JES and JER uncertainties

Same trend for higher hadron p selection

PbPb — pp (R™" - R™)

o
)

(=)

O
3

[nucl-ex]

2602.19431

CMS 0.66 nb™' (PbPb), 299 pb™* (pp), 5.02 TeV

I
—
T T T

I Data(0-30%) @

PYTHIA = :
T eteee :
p<" € (2,4) GeV ]
jet ,jet >
Rasym |A1’]Je 1€ 2| c (1 0’1 5)_
AT NN TN TN TN AN T TN ST N TN NN AN NN M S N N
2 1 0 1 2

ch, Jet1

An
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SEARCH FOR JET WAKE WITH DIJETS S

« Finally, isolating the signal: PbPb-pp

« Model comparisons:

- CoLBT:

Shows observed negative/positive wake structures;
Overpredicts the magnitudes (?)

(not tully “apples-to-apples,” prediction for 0-10%
centrality; strong centrality dependence is seen in
the data

B Rsym)

£
>
7
@©

PbPb —pp (R

o
)

I
—

O

0.5/

2602.19431

CMS 0.66 nb™' (PbPb), 299 pb™* (pp), 5.02 TeV

I Data(0-30%) @
-CoLBT(0-10%) ==

pih e (1,2) GeV

asym |

jet jet
R™™ | An 2| € (1.5,2.0)

-2 —1 0 1 2
ch, jet
An 1
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[nucl-ex]

2602.19431

SEARCH FOR JET WAKE WITH DIJETS

. . ) , CMS 0.66 nb™' (PbPb), 299 pb™' (pp), 5.02 TeV
» Finally, isolating the signal: PbPb-pp — T T

I Data(0-30%) @
-CoLBT(0-10%) ==

« Model comparisons:

O
3

« CoLBT:

ym Rsym)

o

(DIN) AOWINOAAT VHTIO

N
(0.)

Shows observed negative/positive wake structures; @ T Soeepy.
Y _
o o ]
(not tully “apples-to-apples,” prediction for 0-10% < I l
centrality; strong centrality dependence is seen in _C|2_0'5_ N
the data % I p?h € (2,4) GeV |
= i t " t -
B [ Rasym |A1’]Je 1Je2| €(1.0,1.5)]
On-the-data for higher hadron p selection _1: N T |_-
—2 — 0 1 2

ch, Jet1

An
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SEARCH FOR JET WAKE WITH DIJETS 55,

2602.19431

CMS 0.66 nb™' (PbPb), 299 pb™* (pp), 5.02 TeV

» Finally, isolating the signal: PbPb-pp R I e e e A
Mode] . ‘Data(0-30%) ® /N :
« Model comparisons: — [ LYBRID - |
> 0.5 -
m B 2
d | I ]
Hybrid: e _ _
Shows observed negative/positive wake structures; @ 0*. ............................. ;
Closer to the data for the negative wake L3 A :
Q. I -
Overshoots (by a lot) the positive excess o I ]
| 0.5 -
o) - 4
al a pe" € (1,2) GeV i
Q B ! jet jet 3
o | R |an " 2| € (1.5,2.0).
1 i
AR AN AN ST [N T TN TN T AN S S M T N TN N W M
—2 —1 0 1 2

ch, Jet1

An
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SEARCH FOR JET WAKE WITH DIJETS s

CMS 0.66 nb™ (PbPb), 299 pb™" (pp), 5.02 TeV

® Finally, iSOlating the Signal: Pbe_pp | I | 1 | | I | I | I I | I I I | | I | I | |
:Data(0—30%) ®

« Model comparisons:

£~ |HYBRID == .
& 0.5 .
m = =
3. | I |
Hybrid: e _ _

Shows observed negative/positive wake structures; & I T a—_
: ' - -
Closer to the data for the negative wake ~ ! i
Q. i 4
Overshoots (by a lot) the positive excess o I l
| 0.5 .
T | p € (2,4) GeV |
O = Lsym jet jet 1
a | R |an 72| € (1.0,1.5).
On-the-data for higher hadron p selection for wake _1: e |__
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OBSERVATION OF WAKE WITH DIJETS e

CMS 0.66 nb™ (PbPb), 299 pb™ (pp), 5.02 TeV

N : : : e . ‘. liet ie [ et e
Diffusion wake (negative) “yield”: Q| AT < (1.04.5) [Ar" ™| € (1.5.2.0).
. ch o
Integrated over the region -2.2 < An < -0.6 | Py € (1:2) GeV © |
o) P> e (2,4) GeV [ | O
CMS 066 nb” (PbPb), 299 pb™ (pp), 5.02 TeV o O [T 7
[T T T T T ] Ie) i |
_ i aa( = o) D-
€ sk ] ~ B |
oy ke H
| B i
[ + Q
S P o = | Iﬂ |
© 0?- . T -
| 051 . @® a -
0 L
o P e (12) GeV ;
o : Rasym |Anjet1Je|2| €(1'512.0): C - -
_1-_ | | | L |_ 9 B 7]
.._2,..._1..‘.0....1...‘2 N @
ch,]et1 =S = n
y—
g
o 2 | | ]

 Diftusion wake yield is stronger for 50-80% 30-50% 0-30%
Centrality (%)

o More central events

o Lower hadron py * Over 50 separation between central PbPb and pp baseline!

o Larger rapidity gap * First unambiguous observation of diffusion wake with dijets
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« Bonus feature: what about the wake from the leading jet??

« Away-side projections of the same “symmetric”’ correlations

1

ch, jet

1/, dN/dAT

CMS Supplementary 299 pb™, 5.02 TeV CMS Supplementary  0.66 nb™", 5.02 TeV CMS Supplementary  0.66 nb™, 5.02 TeV
6 :L T T T T | T T T T | T T T T | T T T T - | \ T T T T _1: 6 :L T T T T ‘ T T T T ‘ T T T T ‘ T T T T - ‘ \ T T T T _1: 6 :L T T T T | T T T T ‘ T T T T | T T T T - ‘ \ T T T T _l:
- ni2 < Ap™ ™ < 3m/2 ] - n2 <A™ ™ < 3m/2 1 - 2 <A™ < 3m/2 1
SF 1<p<2GeV = SF 1<p™<2GeV 3 St 1<pl'<2GeV B
r iet! jel 1 & r iet! i 1 % ‘ jet! jet :
4i |AT1| t1vlt2|<0.5 j -CIC_J: 4i |A’I]] 11,1H2|<0.5 j ::% 4i |A1]J ol 2|<0-5 j
C & pp data ] °= [ ® PbPb data (50-80%) 1 °<= - ® PbPb data (0-30%) ]
3[=PYTHIAS 1 F  3f=PYTHIAS+HYDJET 1 g 3| PYTHIAG+HYDJET B
- (smeared) i = - (smeared) 1 = - (smeared) .
ol 1 © o[ 1 O o~ HYBRID w/ wake E
- ] o 1 ©  “[—HYBRID w/o wak 1
- 1 % - 1 8 [ o i
1 1 £ 1 1 £ 1 =
- 1 v - 1 C .
0 - ] 0 C ] 0 e T ]
_1:| 1 1 L 1 | 1 L L L | 1 L L 1 | L L L 1 | 1 L 1 1 |: _1:‘ L 1 1 L ‘ 1 1 L L ‘ L 1 1 L ‘ 1 1 L 1 ‘ 1 1 L L |: _1:‘ L L L 1 | L L 1 1 ‘ 1 L 1 1 | L 1 1 L ‘ L L 1 1 ‘:
-3 -2 -1 0 1 2 -3 -2 -1 0 1 2 -3 -2 -1 0 1 2

ch, jet ch, jet ch, jet

An 1 An ! Am 1

No depletion signal on the away-side for the leading jets of non-separated dijets, as expected
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« Bonus feature: what about the wake from the leading jet??

« Away-side projections of the same “asymmetric”’ correlations!

CMS Supplementary 299 pb™ 5.02 TeV CMS Supplementary  0.66 nb”, 5.02 TeV CMS Supplementary  0.66 nb™, 5.02 TeV
6 i T T T T | T T T 7T ‘ T T T 7T | T T T 7T - | T T 171 J: 6 :L T T T ‘ 1T T T | T T T ‘ T T T T - ‘ 1T T T i: 6 :L LI | | LI | LI | | T . | 1 LI _l:
- 2 < Ap™ ™ <3m2 ] - 2 < A" < 3m/2 1 - w2 < AT < 3m2
5 g 5t 1. % E
o} - 1<p®<2G6ev ] & - 1<p<2Gev ] & - 1<pf<2Gev ]
§_ 4 |an™" ™| c(1520) ] S - 4 |an™"™| e (1.520) ] © - ar |an™"™| e (1.5,2.0)
% 31_ @ pp data B % 3 o ® PbPb data (50-80%) _g 31_ @ PbPb data (0-30%) B
= B = PYTHIA8 1 3 C —PYTHIA8+HYDJET | = : *, — PYTHIA8+HYDJET ]
© oF (smeared) 1 © 2F (smeared) 4 O o (smeared) ]
o T ] ° °r - ] ° T N
5 . 5 - ] 5 ]
= 1E 1 2 1E 3 Z ]
S~ - - S— - . ~~ .
~ r 1 v r 1 - .
02T Veoegssaans : O gy : :
_1:‘ L1 1 | | L1 1 | ‘ | | L1 1 | | | |: _1:| I - ‘ | | I - ‘ L1 1 | ‘ | ‘: 1 |:
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ch, jet ch, jet

Tn 1 Am 1

Depletion signal on the away-side for the leading jets from rapidity-separated dijets!
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« Bonus feature: what about the wake from the leading jet??

« Away-side projections of the same “asymmetric”’ correlations!

1

ch, jet

1Ny, dN/dAn

CMS Supplementary 299 pb™ 5.02 TeV
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CMS Supplementary  0.66 nb”' 5.02 Tev
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CMS Supplementary
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4 |an™""| e (1.5.2.0)
i ® PbPb data (0-30%) -
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Hybrid: no-wake — similar to Pythia; with wake - on the data in the wake region
CoLBT: No calculations available; we’re looking forward to future comparisons
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SUMMARY AND OUTLOOK

Jet quenching has many manifestations: energy balance shift in two-prong
probes, energy redistribution in jet shapes, fragmentation functions,
modification of jet splitting functions, etc.

 Full understanding of medium properties and dynamics is impossible without
studying jet-induced medium response.

« A unique 3D structure of diffusion wake is predicted by the theory advances
on medium response/jet tomography

« CMS reports the first unambiguous observation of diffusion wake in dijet
events from 5.02 TeV PbPb collisions

« Only theoretical models w/ jet energy loss and medium response show trends
similar to data — looking forward to detailed studies/comparisons

Special thanks to Xin-Nian Wang, Zhong Yang, and Yen-Jie Lee
for inspiration and theory calculations from our research team!
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THANK YOU!

The UIC HENP Group’s work is supported by the US DOE-NP
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