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Probing QGP with jets

Vacuum fragmentation
(e.g. pp collisions)
Collimated sprays of hadrons resulting from

fragmentation and subsequent hadronization of
“high-energy” partons (quarks&gluons)
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Probing QGP with jets

Vacuum fragmentation In-medium fragmentation
(e.g. pp collisions) ‘ (e.g. Pb—Pb collisions)

Quenching— partons lose energy through
medium-induced gluon radiation and
collisions with medium constituents

Collimated sprays of hadrons resulting from
fragmentation and subsequent hadronization of
“high-energy” partons (quarks&gluons)

partons . hadrons
parton
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Jet quenching: an opportunity to study QGP

* Study structure of QGP by understanding jet modification from medium interactions (quenching)

* Several types of jet observables
- Jetyields and constituents — jet suppression and energy redistribution
- Jet fragmentation and substructure — modification of parton showers

- Angular correlation — jet deflection

Substructure modification Energy Redistribution (“loss”) Deflection
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Jet quenching: an opportunity to study QGP

* Study structure of QGP by understanding jet modification from medium interactions (quenching)
* Several types of jet observables

- Jetyields and constituents — jet suppression and energy redistribution

- Jet fragmentation and substructure — modification of parton showers

Focus on this talk today...
- Angular correlation = jet deflection . .

Substructure modification : Energy Redistribution (“loss”)

BN BN BN BN BN BN BN B B B m -

Study of different effects in a complementary way must yield consjstent picture .
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Charged-particle jet measurements in ALICE

Charged-particle&jet reconstruction

a. ITS SPD (Pixel)
b. ITS SDD (Drift)
c. ITS SSD (Strip)
d Voand T0 ‘S
e. ‘7-:"_ vy .“\’),‘-"

THE ALICE DETECTOR (9

® [ITS (Inner Tracking System)
e [#7|<09 0<qp<2rx

® Primary vertex reconstruction

. —
— - .
. LT -

® Charged particle tracking
o TPC (Time Projection Chamber)

2 ¢ © e |7 <09, 0<qp<2n

ITS

FMD, TO, VO
TPC

TRD

TOF

HMPID
EMCal

DCal

. PHOS, CPV
10. L3 Magnet
11. Absorber

12. Muon Tracker
13. Muon Wall
14, Muon Trigger
15. Dipole Magnet
16, PMD

17.AD

18. ZDC

19. ACORDE

OoNOOAEWNK

® Charged particle tracking

® Particle identification

e VO (VOC +VOA)
o -3 7<n<—-17,28<np<35.1
® Event trigger

® Event multiplicity, centrality determination
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Jet suppression and energy redistribution
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® Jet and high pr hadron suppression observed over extensive range
- Interplay between high pr hadron and jet results
® New ML-based techniques allow for the extension to lower jet pr+ and large R = 0.6

- Important since stronger quenching effects for low p jet
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Hadron-jet correlations

e Measurements of semi-inclusive jets recoiling from a high p+ hadron provide a good

handle on combinatorial background by varying the trigger track intervals

- access to low py jet quenching and intra-jet broadening

e Angle (Ag) of the recoil jet relative to trigger track axis provides additional insights
into QGP properties

1. L Chen, Phys. Lett. B 773 (2017) 672
2. Phys.Lett.B 763 (2016) 208-212

3. JHEP 01 (2019) 172

= |n vacuum: transverse broadening due to gluon emissions (Sudakov broadening)u

= |n mediums? additional broadening due to scatterings with medium constituentsi'2
* Transverse broadening due to multiple soft scatterings in the QGP

> Related to transport coefficient § ~ (kZ)/L ~ (A¢p*)/L

e large-angle deflection (A¢ < n) of hard partons off of quasi-particlers!?
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Hadron-jet correlations

 Measurements of semi-inclusive jets recoiling from a high pr hadron provide a good Tk

Recoll jet

handle on combinatorial background by varying the trigger track intervals

- access to low py jet quenching and intra-jet broadening

e Angle (Ag) of the recoil jet relative to trigger track axis provides additional insights

into QGP properties

1. L Chen, Phys. Lett. B 773 (2017) 672
2. Phys.Lett.B 763 (2016) 208-212

= |n vacuums: transverse broadening due to gluon emissions (Sudakov broadening)va’ =

= In mediums? additional broadening due to scatterings with medium constituentsi'2
S | ALCE
* Transverse broadening due to multiple soft scatterings in the QGP% | 0-10% Pb-Pb |5y = 2.76 TeV

| Anti-ky charged jets, R =0.4

> Related to transport coefficient § ~ (kZ)/L ~ (A¢p*)/L o
e |arge-angle deflection (Ag < 7) of hard partons off of quasi-particlem? | ® ™™ =0 1r=amusaR080(Es
- W PYTHIA + Pb-Pb: o = 0.164+0.015(stat)

p - ]
2 T ' h-jet (ALICE Run 1) ]
oy [ror——————————————roreerm——) JIE e S E e = S5 _
iNo medium-induced broadening | T Statistical errors only _
3 L1 | L1 | | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | ] L1 | L1

iobserved 16 18 2 22 24 26 28 3
e JHEP 09 (2015) 170 Ag
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Medium response to propagating parton

acp Negative j

® |et loses energy due to interactions with medium S <

= medium modified by jets

® |nsert out-of-equilibrium probe — see how medium responds

= transport coefficients, equation of state
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Semi-inclusive jets recoiling from trigger track

® Semi-inclusive jets recoiling from a high p+ hadron can push the kinematics down to very Track
low pr and large R Recoilj

® Subtract uncorrelated background:yield difference between two exclusive trigger track-
classed distributions: ‘signal’ and ‘reference’:

— - - l l | ' ' ' ' I ' ' ' ' | ' ' ' ' : TTs|g 20 < pT,tI'lg < 50 GeV/c

S 1E cny =0.811+0.008 R=04,1 |<05
) —1 .
<) 10 -',......____._‘ 0-10 % Pb—Pb, \./SNN.= 5.02 TeV TTrert 5 < pT,trig <7 GeV/c
5 1072 < P + ¥y Ch-particle jets, anti-k+
2§ g

F 0t o Lo awy o e

Al = il . —

o[, 104 = T recoill = NAA qpch dAqpd Ref " NAA dpeh dAgd
td_)‘ 0_5 '.t 'i' — +++ N rig pTJGt qﬂ ”Jet pT,trigETTSig rig pT]Gt qa ”Jet pT,trigETTRef
© 0 - ——

A ZE 0° ___TT{5,7} reference e

1077 Integral = 1.750 £ 0.001
TT{20,50} signal
1078 " Integral = 1.748 + 0.002
107 —— A, (TT{20,50} - TT{5,7} )
! ! . . . . . . . ! ! ! I ! ! ! !
-50 0 50 00 150
reco
PRC 110 (2024) 014906 'D ch iet (GeV/C)
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Semi-inclusive jet energy redistribution

R =04

I — AI'eCOﬂ (p T) AA ;'.] Track
:" AA — A |

Recolil jet

recoil (PT)pp )

B IE | | | | | | | | | | | | | | | | | | | | | | | | |
C i ALICE - : .. : g :
A, —=— Data 1 ® First measurements of semi-inclusive recoil jet yields
H Ch-particle jets, anti-k- i .
- R=04,n 1<05 1 down to very low py (7 GeV/c) with ALICE
27 Ap-n<06 ]
C : TT[20,50] - TT[5,7] >
15— # + =
g e =
- —— —
o5f i T=TT -
- pT,jet ~ pT,trig -
B e | 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 B
OO : 20 40 60 80 100 120 140
pT,ch jet (GeV/C)
PRC 110 (2024) 014906
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Semi-inclusive jet energy redistribution

LotV R=04 = Aecoil (PT)AA | Track
‘%..". " E :" AA T A . ( ) " Recoll jet
REX BXA R=04 “recoil \PT)pp . :
\} : Ié | | | | | | | | | | | | | | | | | | | | | | | | :
— ALICE — . . o . ol o .
S —=— Data 1 ® First measurements of semi-inclusive recoil jet yields
H Ch-particle jets, anti-k- i .
C . ACoaln 105 - down to very low p (7 GeV/c) with ALICE
21 Np-m<06 —
B TT[20,50] - TT[5,7] _ .
15 N + e at low pr+ — hint of energy
- _—— . recovery in low p+ jets?
1= l ------------ i A L — — / Pr ]
05 - @ Jetyield suppression at 20 < pr i < 60 GeV/c— Jet
N pT,jet ~ pT,trig ]
O B IE ] ] | ] ] ] | ] ] ] | ] ] ] | ] ] ] | ] ] ] | ] ] ] ] energy IOSS
0 20 40 60 80 100 120 140
Pr onjet (2EV/€) ® Rising trend with | ing jet p+ — Interplay of jet
PRC 110 (2024) 014906 g WwIth INCreasing jet pr nterpiay or je
quenching and jet production
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Semi-inclusive jet energy redistribution: model comparison

B (Pan

‘uo, :‘ .: 1 IAA = A . (p ) ‘: Recoil jet |
"oy 0-10% R — 0. 4 wrecoﬂ T/pp y | )
e sttt T ag
} B | | | | | | | | | | | | | | | | | | | | | | | | | | |
- ALICE . EYSCAPE (Matter+LBT) 1 ® First measurements of semi-inclusive recoil jet yields
2.5 - VS = 5.02 TeV — JEWEL (recoils off) -
- Ch-particle jets, anti-k — JEWEL (recoils on, 4MomSub) | .
F | Sreenicelets ant e (reco : down to very low py (7 GeV/c) with ALICE
oL C 7 et ' B No Elastic, No Wake _ e eeeee—— - —]
- |\ e -al<06 B No Blastic, Wake - JETSCAPE with Pb-Pb tune: |
- TT[20,50] - TT[5,7 astic, No Wake : \ |
- [20,50] = TT[5,7] Clastic. Wake - 11903.07706, Phys.Rev.C 107 (2023) 3 |
1.5 — — 'Multi-stage energy loss MATTER+LBT |
- | |
e - JEWEL:
- 5 arXiv:1311.0048, https://jewel.hepforge.org/
- : Includes collisional and radiative parton energy loss mechanisms in a pQCD approach.
0.5 — —] medium response effects via treatment of ‘recoils’
O B 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 ] .
0 20 40 o0 80 190 129 140 JT—IYE);ISZPI;)S;;) |75, JHEPO1(2019)172
V/ ’
'DT,C jet (Ge C) With/without elastic energy loss (i.e ‘Moliere’ scattering)
PRC 110 (2024) 014906 medium response via with and without wake.
pPQCD@LO + Sudakov broadening:
Phys.Lett.B 773 (2017) 672
Leading order pQCD, azimuthal broadening via jet transport coefficient
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Semi-inclusive jet energy redistribution: model comparison

.'}i‘ | — Al‘ecoil (pT)AA i’;
AAT A

Recoll jet

recoil (PT)pp )

B | | | | | | | | | | | | | | | | | | | | | | | | | | | :
- ‘| ALICE . EYSCAPE (Matter+LBT) 1 ® First measurements of semi-inclusive recoil jet yields
2.5 VS = 502TeV —— JEWEL (recails off) - .
- Cha'pOaTCI'; s, anticky T brid model o) down to very low py (7 GeV/c) with ALICE
B "7 et ' No Elastic, No Wak _
2 :_ |\ Ap - al <0.6 = Ng E|Z§Hg Wc;kea ° ]
: (20,500 = TTI5.7 Flastio, Wake 1 ® The rising trend is qualitatively described by all
- - predications
11 -
- 1 ® Hybrid model and |EWEL predictions overestimate
0.5 — __ : .
- - the suppression at high py
O B ] ] ] | ] ] ] | ] ] ] | ] ] ] | ] ] ] | ] ] ] | ] ] ] ]
0 20 40 60 80 100 120 140 , , ,
Pr oo (GeV/ic) ® Hybrid model with wake effect and JEWEL with
PRC 110 (2024) 014906 | recoils on capture the
— Medium response could be responsible for
enhancement
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Semi-inclusive jet angular distributions
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| _-El % 6 __ TCh je __
i 15 S A | + -
50 — - L-: Q"ql B il
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- = _ = —== A o - S -

— e 1_2# O||||

- 1.6 1.8 2 22 24 26 2.8 3

0=

-2 A (rad)
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PRC 110 (2024) 014906 A 1 d"Niei . 1 d"Niei
il — Ref
B ]\]’[ﬁg dp T JetdA(pdn]et : ]\]’[ﬁg dp T JetdA(pdn]et

pT,trigETTSig

e Get the recoil p; vs Agp 2-dimensional distributions for two trigger track p; intervals

A distributions measured for the two TT classes using 2D projections
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Semi-inclusive jet angular distributions

XL AF k=04 T = Arecoil (PT)AA S
el CAATOA t

Recolil jet

recoil (PT)pp )

..'.9‘0
0-10% R=04 e
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. . — — T T
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PRL 133 (2024) 022301
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0-10%
10 < prjer <20 GeV/e

10<p. <20GeV/c
T,ch jet

1
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—— —

ool (GEV/C x rad)
S

|
n

A
o

R=0.4,1n <05

Semi-inclusive jet angular distributions

R =04

20 < pp e < 30 GeVic

RS 30 GeV/c

20< pT,Chj

—e— Pb-Pb 0-10%

D Sys. uncertainty

recoil (p T) AA Track

YRRE
A

Arecoil (PTpp

30 < prje <50 GeVic

RS 50 GeV/c

F ALICE

T V5, = 5.02 TeV
{ Ch-particle jets, anti-k;
TT[20,50] - TTI[5,7]

30 < pT,ch

PRL 133 (2024) 022301
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Recolil jet

for
pr € [10,20] GeV/c

® No significant deviation for

pr € [20,30] GeV/e

® |ets yield suppression for

pr € [30,50] GeV/c
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Recoil jet azimuthal modifications: model comparison

‘

10 < prjer <20 GeV/e

20 < pp e < 30 GeVic
' ]

R =04

recoil (p T) AA

an =

30 < prje <50 GeVic

 Arecoit (Ppp

- Multi-stage energy loss MATTER+LBT

D -1
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) -+ e —l—
-3 1 —i— ——— -
Q: 10 E—— ==
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10 = = JEWEL (recoils on, 4MomSub)% = = » JETSCAPE (Matter+LBT) E3 Hybrid model E
= = JEWEL (recoils off) T pQCD@LO + Sudakov broadening B No Elastic, No Wake
_ 1 1) = 13 GeV? I No Elastic, Wake
T L) =13 GeV’ Elastic, No Wake
1 === (q L) =26 GeV Elastic, Wake

Ag (rad)

PRL 133 (2024) 022301
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Recolil jet

JETSCAPE with Matter+LBT tune: | - |
1903.07706, Phys.Rev.C 107 (2023) 3 |

JEWEL:

arXiv:1311.0048, https://jewel.hepforge.org/
Includes collisional and radiative parton energy loss |
mechanisms in a pQCD approach. medium response effects via |
treatment of ‘recoils’

Hybrid Model:

JHEP 02 (2022) 175,JHEPOI1(2019)172

‘With/without elastic energy loss (i.e ‘Moliere’ scattering)
medium response via with and without wake.

pPQCD@LO + Sudakov broadening:

Phys.Lett.B 773 (2017) 672
Leading order pQCD, azimuthal broadening via jet transport
coefficient
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Recoil jet azimuthal modifications: model comparison

" I\ =
AMTA

...."
0-10%
10 < prjer <20 GeV/e

R =04

20 < pp e < 30 GeVic

30 < prje <50 GeVic

Bt (Pan

recoil (PT)pp )
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o 10 F 10<p. <20 GeVic = 20<p. <30 GeVic = ALICE 30<p. <50 GeVic
(U T,ch jet = T,ch jet - T,ch jet
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O 1072 ‘ === =_55_ . Ch-particle jets, anti-k;
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S —— ¥ — i TT[20,50] - TT[5,7] =
q) = + -H—ﬂ- _
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. D Sys. uncertainty
10" = EJ E
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= = JEWEL (recoils off) T pQCD@LO + Sudakov broadening T B No Elastic, No Wake
_ 1 1) = 13 GeV? + I No Elastic, Wake
- T L) =13 GeV’ T Elastic, No Wake
== (q L) =26 GeV Elastic, Wake

- — iy !

AL R AR NN

PRL 133 (2024) 022301

Yaxian MAO

Central China Normal University

ICHEP2024, Prague, 19/07/2024

Recolil jet

® All predictions can reasonably
describe the data trend

® |EWEL with recoils-on
describes the laa in all pt bins,
including the broadening effect

® Hybrid model captures the

but no broadening effect
predicted even including
elastic and wake component
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Recoill jet azimuthal modifications: different R

....:": 10_1 T 1 | T T T 1 T T T 1] l_l I I | | I D | L | I JAL'CEI I I I | rr 11 | I
f } = R=02 1 {5 =502 TeV, Pb-Pb 0-10 %
+ + = R=04 t Ch-particle jets, anti-k;
f | —R=05 | TT{20,50} - TT{5,7}
A | |
| +1 t 1 |
:E T | # +| l | | | | ‘
— +I L } | ' | * ¢
1.—'"+ """"""" +'"'{"+’r""f-.- """"""" - +4"Jo"1"+'*'“""" """ "L"'Jr"“"l"l":
| ¢ + } | T o | g
[ + * f ++1{|'i|.:: #*H-”'
I + b
1O<pTC " o <20 GeV/c | 20<pTC " o <30 GeV/c | 30<pTchjet<50 GeV/c |
oo v v v b e v bbby by b b v b by
2 2.5 3 2 2.5 3 2 2.5 3
A (rad) A (rad) A (rad)

e Transition to broadening from R = 0.2 to R = 0.4 for 10 < PT.chiet

® Characteristic of medium response

® soft radiation is recovered partially with increasing radius
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Recolil jet

7 = Arecoil (p T)AA
{ AA - A if.
 Biecoil (P)pp
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Recoil jet azimuthal modifications: model comparison

s OO

v* .i‘
| | |
|

I
Yay =
& .
N
.'.’0
a

® All features of distribution reproduced by JEWEL with recoils on ...
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10 < pT,jer < 20 GeV/c
| | | | I |

<20 GeV/c |

20 < pTjer < 30 GeV/c
1 1 1 I |

T - R=0.2 JEWEL:
] = R=04 - + = recoils off
—+—R=05 — recoils on, 4MomSub T

I Vs =5.02 TeV, Po—Pb 0-10 %
T Ch-particle jets, anti-k
1 TT{20,50} - TT{5,7}

<30 GeV/c |

30 < prje < 50 GeV/c
| | | |

ALICE

<50 GeV/c .
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Recoil jet azimuthal modifications: model comparison

s &0
““‘ : ‘. R Trigger
‘%‘.“ =L:> 10 < PT,jet < 20 GeV/c 20 < PT,jet < 30 GeV/c 30 < PT,jet < 50 GeV/c Trlack
".,..: s S . T T T T 1 T T T T 1

a0 10 B 1 | ALICE i Recoll jet
: I = R=02 JEWEL: I Vs =5.02 TeV, Pb-Pb 0-10 % .Y’
1 =R=04 °°° recofls off T Ch-particle jets, anti-k
+— R=05 - recoils on, 4MomSub TT{20,50} — TT{5,7}

I = Arecoil (p T)AA
A =T

10<p <20 GeV/c | 20<p <30 GeV/c | 30<p < 50 GeV/c . IR UES (2924) 22810

T T T N N A N ,Thjlet RTINS NN TN ST N M NN N Tl,Ch|jet| T R N N TN N N M B N Tl,Ch|jet| N
2 2.5 3 2 2.9 3 2 2.5 3
Ao (rad) A (rad) A (rad)

® All features of distribution reproduced by JEWEL with recoils on ...

— Observed broadening consistent with medium response rather than
Moliere scattering
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Recoll jets vs. inclusive jets modification

recoil (pT)A Q’ i

recoil (p ) -

<20 GeV/c |
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T,ch jet
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A (rad)
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Inclusive jet

® |EWEL with recoil on can describe /, , but not R,

| | | | | | | | | | | | | | | | | | | |
- 2018 Pb-Pb, {{s,,, = 5.02 TeV, 0-10%  ALICE Preliminary -
- anti-k;, H=03,A,>02, |7 <06 [ .
 Ch-particle jets N
- o p=*9>3GeVic (rel. to unbiased pp) .
- 135 GeV/c 1 gt "
i = JETSCAPE (MATTER+LBT) _|
- Mehtar-Tani et. al, g+g _
) ] MARTINI _
- JEWEL (recoils on) i
s unbiased Pb-Pb JEWEL (recoils off) —
|_ l l | l l | l l | I l l | l l I |_
0 20 40 60 80 100
ch
pT!jet (GeV/c)

RAA

Recolil jet

dNjgi; /dprdy

" (Tan) o™ /dp.dy

jets

® ...but no model incorporating medium response describe all measured
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Summary and outlook

® First observation of recoil jet yield enhancement and medium-induced acoplanarity broadening
at low-py with ALICE

— Medium response is favored instead of Moliere scattering as the cause for both effects

< B | | | | | | | | | | | | | | | | | | | | | | | | | _I | | | 1 I 1 1 1 1 I 1 | | | I |
o ALICE = Data - 101 1 PRL 133 (2024) 022301
s — Pb—Pb 0-10% = ===== :JJE;I/'VSECIJ_APE (I_\|/Iattfefr+LBT) = I ]
. [ — r T
- VS =5.02 TeV — JEWEL &Zﬁﬂé gn) AMomSub)
- Ch-particle jets, anti-k+ Hybrid model -
2 | A-0en <05 mm o Eustc No vake - |
B Ag — n| <0.6 — Elastic, I\Ilo Wake i
15 B TT{20,50} — TT{5,7} Elastic, Wake _
1= -
0.5 - _
N | 1O<pTchjet<20 GeV/c .
O B | | | | | | | | | | | | | | | | | | | | | | | | | | | | _I | | | | I | | | | I | | | | I |
0 20 40 60 80 100 120 140 2 25 3
GeV/c
pT,ch jet ( ) A (rad)
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at low-p+ with ALICE

— Medium response is favored instead of Moliere scattering as the cause for both effects

Summary and outlook

} B | | | | | | | | | | | | | | | | | | | | | | | | | 1
~ - ALICE —=— Data ]
— Pb—-Pb 0-10% = ===== JETSCAPE (Matter+LBT) —
2.5 /5 = 5.02 TeV —— JEWEL (recoils off) ]
B San = - © — JEWEL (recoils on, 4MomSub) _
— Ch-particle jets, anti-k+ Hybrid model .
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21 fi=04, |77jet| <05 e No Elastic, Wake —
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1.5 -
i -
0.5 —

O B | ' | | T N T TR M (NN N S B _I

0 20 40 60 80 100 120 140
GeV/c

P T,ch jet ( )

10:-

T,ch jet

10<p <20 GeV/c .

PRL 133 (2024) 022301

® Full interpretation requires description within a consistent theoretical

framework! Future global analyses with multiple observables — stay tuned!
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® First observation of recoil jet yield enhancement and medium-induced acoplanarity broadening
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