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Jet as object and probe

® p+p:precision study of the perturbative and non-perturbative (NP) aspects
of QCD in vacuum

- What can we learn about perturbative interactions between g/g!
- What can we learn about the NP effects (hadronization)?

- What is the role of color charge and mass!?

® A+A: use the interplay between jet and the medium to probe the
properties of QGP

- How does the medium modifies the jet!

- What is the path-length dependence?! What is the role of parton color 2

charge and mass?

- properties of QGP: medium size, transport coefficient, coherence
length, quasi-particles!?

Yaxian MAO 5 BBNARIEYIEMTS, S, 2024F4F12-158

Central China Normal University

VAR A

f

Confinement

AR [A

Confinement




A (incomplete) roadmap of jet measurements

Different jet observables can

Jet cross
shed light on different

Differential section/Raa

Jet Shape questions!

p(r)

. Acoplanarity
Fragmentation /deflection

function f(z) Inclusive jets angle Ad,

Momentum
imbalance A,
or X;

Groomed/Ungroomed
Substructures
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Jet suppression and energy redistribution
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® |et and high pt hadron suppression observed over extensive range
- Interplay between high pt and jet results
® New ML-based techniques allow for the extension to lower jet pt and large R = 0.6

- improvements on background subtraction and systematics
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R dependence of jet quenching

® R dependence of jet Raa can be sensitive to medium response effect and help to disentangle energy

loss mechanisms

- competing effect between the amount/how energy redistributed and ability to recover it
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Larger radius more suppressed
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R dependence of jet quenching

® R dependence of jet Raa can be sensitive to medium response effect and help to disentangle energy

loss mechanisms

- competing effect between the amount/how energy redistributed and ability to recover it
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= Not exactly the same observables: R¢p vs. Raa

Larger radius more suppressed

- Different centre-of-mass energy and phase-space

Different types of jets: full vs. charge
— More detailed comparison

and future studies are needed
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Raa - substructure interplay
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® Strong r; dependence of RAa

® large r;jets are more suppressed

e At fixed jet pr, large R-jet has higher probability to have large 6, splitting
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Raa - substructure interplay
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® | :
Strong rg dependence of Raa —important to study the r; dependent
® large r; jets are more suppressed Raa with different R

e At fixed jet pr, large R-jet has higher probability to have large 6, splitting
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Jet substructure modifications
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Many jet substructure measurements at LHC show * narrowing’” in bGP but:-we cannot yet decide:
- Energy loss makes the jets narrower?
- selection bias

- g/g-fraction changes
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Jet substructure modifications
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® Many jet substructure measurements at LHC show “ narrowing’” in bGP but:-we cannot yet decide:
- Energy loss makes the jets narrower?
- selection bias — //Y-jet substructure can avoid selection bias

- g/g-fraction changes and q/g fraction differences
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Flavour/Color dependence of parton energy loss

Gluon-initiated shower Quark-initiated shower
——
\ Ca )
@

——

’* Casimir color factors

Gluon-initiated showers are expected |
| to have a broader and softer ‘i
fragmentation profile than quark- ‘
initiated showers "

| ——— e
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Flavour/Color dependence of parton energy loss

Gluon-initiated shower Quark-initiated shower Heavy-quark-initiated shower
.<54> ﬂ
\A Ca . 9 L vy "
C. 4 ‘

Mass effects -

Gluon-initiated showers are expected ' A harder fragmentation is expected in low
to have a broader and softer ' energy heavy-quark initiated showers due to

fragmentation profile than quark- ! ‘ the shensudis of a dead cone which :
initiated showers }‘ suppresses radiation close to the heavy-quark 5

1
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l

?
f
|

e I A A — ey — S
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® Flavor dependence involves: a) color charge differences; b) mass dependence (dominant at low pr

> EP

e Flavor dependence of energy loss: E£{O" > Fheht-quark - pe .

loss loss loss
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Flavor dependence of radiation:
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Caveat: “spectra steepness” plays a role!
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quark jet
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Flavor/Mass dependence of energy loss

Caveat: “spectra steepness” plays a role!

Flavor dependence of radiation:
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® Energy loss depends on color charge

® Energy loss predicted to depend also on quark mass: reduction of gluon radiation from heavy quarks at
small angles —*Dead Cone” effect
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Flavor/Mass dependence of energy loss

Caveat: “spectra steepness” plays a role!

Flavor dependence of radiation:
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® Energy loss predicted to depend also on quark mass: reduction of gluon radiation from heavy quarks at
small angles —*Dead Cone” effect

® | ess suppression of b-jets than inclusive jets in most central collisions
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Flavor/Mass dependence of energy loss
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® DO-tagged jet and D meson Raa similar to inclusive jets/hadrons
® Mass dependence of energy loss is found between B and inclusive hadrons/
jets, but not charm and light flavors
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Flavor/Mass dependence of energy loss
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flavor hadrons can explain the flavor dependence of hadrons pr (GeV)
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First observation of dead-cone effect in pp
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- PYTHIA 8
—— SHERPA - .. SHERPA LQ/ inclusive
no dead-cone limit
0.37 0.22 0.14 0.08 ¢ (rad)
N | 1 1 | I | 1 1 | I | I | | | I | I | |
m | 5 < ERadiator < 10 GeV
1.5F 1
Nature 605 (2022) 7910
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proton—proton /s = 13 TeV

Charged jets, anti-k;, R = 0.4

C/A reclustering Fully reclustered jet

> > 3
pch.,leadl.ng t.rack > 928 GeV/c 0 f 4
T,inclusive jet Epadiator - Charm
3 quark
— Charm quark
Dead-cone effect ,
’ Gluon emission vertex Gluon emissions are /
~ Emitted gluon suppressed inacone  /
with Udc - mO/ERadiator
0,>6,>..>0
ERadiator,1 > e 2 ERadiator,S
e
DY%ets inclusive jets
| R(O) L e 1 dn ] |
! NDV%ets dln(l /9) Ninclusive jets dln(l / 6)) k1,ERadiator |
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S _EBNsEYIEINYS, SE, 2024F4H12-15H |2



First observation of dead-cone effect in pp

B ALICEData =-- PYTHIA 8 LQ / inclusive
no dead-cone limit

- PYTHIA 8
—— SHERPA - .. SHERPA LQ/ inclusive
no dead-cone limit
0.37 0.22 0.14 0.08 ¢ (rad)
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proton—proton /s = 13 TeV

Charged jets, anti-k;, R = 0.4

C/A reclustering

Fully reclustered jet

[\

R(0)

S > 3
. R o
pch.,leadl.ng t.rack > 928 GeV/c 0 j 4
T,inclusive jet ‘ Epadiator - Charm
. quark
= Charm quark
- e Dead-cone effect |
~ Emitted gluon suppressed in a cone
with ()dc -~ mO/ERadiator
01 > 02 p TS, < 05
ERadiator,1 > e 2 ERadiator,S
DY%ets inclusive jets
i | dn" 1 dn ]
{

. WW WW |kTaERadiat0r ’]

.-\» -

® Significant suppression of small-angle emissions using Lund plane
analysis of jets that contain a soft D% meson
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Dead-cone effects for charm quark

B ALICEData =-- PYTHIA 8 LQ / inclusive

no dead-cone limit

op ¥s =13 TeV

charged jets, anti-k;, A=0.4

pch,leading track > 2 8 GeV/c

T,inclusive jet

— PYTHIA 8
—_— - - - SHERPA LQ /inclusive .
SHERPA 0 dead-cone limit C/A reclustering |nlab| <0.5 9 (rad)
037  0.22 0.14 0.08 ¢ (rad) 0.22 0.14 0.08 022  0.14 0.08  0.05
[ B | o | U | U 11 | P11 | I [ | I [ | 11 | r 1 1 | | 11 | P11 |
5 < Eggiaor < 10 GeV 10 < Eg_giator < 20 GeV 20 < Eg yiator < 35 GeV
1.5F + mm====- ¢ == -E==s

0

Nature 605 (2022) 7910
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® Suppression of small-angle emissions is vanished when going to high energy radiator In(1/6)
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0

Dead-cone effects for charm quark

no dead-cone limit

B ALICEData =-- PYTHIA 8 LQ / inclusive

op ¥s =13 TeV

pch,leading track > 28 GeV/c

T,inclusive jet

[ = = light / inclusive

= = [ight / inclusive

= = light / inclusive

— PYTHIA 8 charged jets, anti-k+, A=0.4 Kt > Agep » Agep = 200 MeV/ce
SHERPA LQ / inclusive .
— SHERPA == .
no dead-cone limit C/A reclustering mlab' <0.5 6 (rad)
0.37 0.22 0.14 0.08 ¢ (rad) 0.22 0.14 0.08 0.22 0.14 0.08 0.05
3 —r—Tr —TrT —TT —TTT —TT1 —TT1 1T T T g T 1 r—TT""T
g_ = - Pb+'Pb inclusive jelts (SHELL) ' 4 - PbLPb inclusive jlets (SHELL) l Pb'+Pb inclusive j'ets (SHELL) l -
5 i Pb+Pb D’ tagged jets (SHELL) :: Pb+Pb D’ tagged jets (SHELL) Pb+Pb D’ tagged jets (SHELL) :
Z
o , - = == Pb+Pb light quark initiated jets (SHELL) T ===' Pb+Pb light quark initiated jets (SHELL) = = = = Pph+PDb light quark initiated jets (SHELL) 1
i Vs=502TeV feeeees Vs = 5.02 TeV Vs=502TeV |
5<E.. <10GeV T 10<E,,.<20GeV 20<E, . <35GeV -
1 = charged jets anti-kT R=04_] charged jets , anti-kT R =04 charged jets anti-kT R=04_
- 1 arXiv: 2205.14668
— | R S—— SR S SN S M S ST S S e s s } } }
e ------- " F ™ = - E- - '- mEmme=e= N OB B B O O . P -:
m (N - _——_—_-——_-—- T gemmRRERE=s Y pmmmmmm- - —
0.5 [ D’ tagged / inclusive — D’ tagged / inclusive — D’ tagged / inclusive

1 1.5 2 2.5 K
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IN(1/6) In(1/6) IN(1/6)
Predictions in AA!
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Medium response to propagating parton

® Jet lose energy due to interaction with medium e L
= medium modified by jets a3

'...
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L 4
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I
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xpectations: ‘wake effects”
Enhancement around jet

Depletion opposite jet

PRL 103 (2009) 152303
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Medium response to propagating parton

QGP Negative W ‘,»

® Jet lose energy due to interaction with medium wakell \Wake

= medium modified by jets Hard

(a) (b)
pt = 0-2-GeV/c pt=0-2GeV/c

©-112.0 S 1120

S t10.0 S 1100

6.0 6o

S0 010% i) 3¢

=> 4.0 / = 4.0

T OT 20
- - 0.0

4/7 S -3
PRL 103 (2009) 152303 PRL 130 (2023) 052301
- (b)
® ColLBT-Hydro predicts double peak structure in y-hadron H
. . .« Je . g
correlations as a function of rapidity and azimuth (valley from 3 |
. o . < — p'pY<0.6
diffusion wake, ridge from MPI) = Y10
= 0-10% Pb+Pb Tt T
VSnn = 5.02 TeV 00 - === Pr/pr € (06,1.0)
® Depth of the diffusion wake valley increases with increasing jet A T
N =Nn— Niet An=nn Niet
energy loss as characterized by y-jet asymmetry
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Medium response to propagating parton

® Jet lose energy due to interaction with medium

= medium modified by jets

QGP

Hard
parton

pr=0-2GeV/c
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[dAndA
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e®
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T 60
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:_ Centrality 0-10%
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— | _trackj |
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ATLAS-CONF-2023
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xpectations: ‘wake effects” () (b)
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'2:{:12.0
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—1.5 : L O] Ct)1.08
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PRL 103 (2009) 152303
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® ColLBT-Hydro predicts double peak structure in y-hadron . 0098
. . .« Je . g
correlations as a function of rapidity and azimuth (valley from 5« 096
diffusion wake, ridge from MPI) S, 094

® Depth of the diffusion wake valley increases with increasing jet
energy loss as characterized by y-jet asymmetry
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Semi-inclusive yield of jets recoiling from high-pt hadron

/ . 1 0 | I 1 1 || ' | I | I | 1 | I | | I ' | 1 | l | | | I | 1 ||
r » Lrigger
hadron ALICE Preliminary pp Vs = 5.02 TeV TT(5,7) reference
1 ® Un - Integral = 1.351 + 0.002
correc TT(20,50) signal
10! & Ch-particle jets, anti-k;, A= 0.4 ® Integral = 1.489 + 0.010
: ¢, = 0.977 £0.007 o A, I[TT(20,50) - (5,7)]
10
O -
= 10°E ® e
.cl— s
Q (P ° °
2 10% 4 - =
% R - 3
2 10 s__ [P —= ]
> ’ =
~ 10° ¢
: t 4
C
107 P > 0.15 GeV/c, |r7je'| < 0.5
A -t <0.6
10 8 | I 1 | 1 l 1 1 | I | | 1 l 1 1 1 l | 1 1 l 1 1 1 l 1 | 1
0 20 40 60 80 100 120 140

poorrch — precou .ch pA (GGV/C)

T et T et

2NTAA
1 d NJet
recoﬂ — JATAA ch
Ntrlg de Jetdmet

PT trig ETTSig

— CRef

1 AN
AA h
Ntrlg dpCT .]etdnJet

® Measurements of semi-inclusive yield of jets recoiling from a high pt hadron can push the
kinematics down to very low pt and large R

access to low pr jet quenching and intra-jet broadening
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Semi-inclusive yield of jets recoiling from high-pt hadron

/,/ tri ger 10 | I 1 1 | l J I | I | | | I J ) | I | | | l | J | I 1 1 1 2 AA 2 AA
ha%ron ALICE Preliminary pp Vs = 5.02 TeV TT(5,7) reference A - 1 d Njet — CRef - 1 d Njet
1 Integral = 1.351 + 0.002 recoll = NJAA g,ch . © AA J,ch .
® Uncorrected TT(20.50) signal N trig de,JetdnJet DT trig €T 10 Ntrlg de’Jetdn_]et P trig €T TRef
10! & Ch-particle jets, anti-k;, A= 0.4 e Integral = 1.489 + 0.010 3

= B A A (R R A
Oy = 0:077 20,007 ® A, [TT(20,50) - (5,7)] A|~ [y ALICE Preliminary -
10°* . _ID é 25 '_+ ch.-particle jets, anti-k; —%— Data |
~ 1030 o T =% F  R-04m <05 m-s0i<0s JETSCAPE 3.4
2._ —— § < o[, TT(20,50)-TT(5,7) _‘.
1\3 10 4 8? ._._ ® H < : - b o~ :
% i —o— - = i i / Energy ~
=2 S < 151 \ | |
F 10 —— —+— L 5E \recovery , + :
~ 10° ¢ 1 C_ O o ‘_-
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F | mo-m<os 0.5 T r
10 | I 1 | 1 l 1 1 | I | 1 | l 1 1 | I | Ll l 1 1 | I 1 | 1 i;f ’Ch :
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P = I - pA (GeVic) 60 80 100 120 140

T jet T, jet pl t G V/

® Measurements of semi-inclusive yield of jets recoiling from a high pt hadron can push the Pr g, (GeV/C)
kinematics down to very low pt and large R
- access to low pT jet quenching and intra-jet broadening
® |ncrease of low pt yields —hints of energy recovery for very low pt jets
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Semi-inclusive yield of jets recoiling from high-pt hadron
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® Measurements of semi-inclusive yield of jets recoiling from a high pt hadron can push the plet
kinematics down to very low pt and large R

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

® |ncrease of low pt yields —hints of energy recovery for very low pt jets

® Rising trend: interplay of jet quenchlng effects on hadron and jet production?
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Medium response: redistribution of lost energy

N, CMS sy =502TeV, PbPb 1.7 nb", pp 304 pb!

< B 4
< B ALICE o Daa - A e na ———————— "
25 | ftrre e feoison = Hybrid MM SsceT, Hvbf'd B CoLsT 3
E ChN%artlcle jets, anti-k _‘I{E\tl)\ﬁl_rr(ygedceﬁns on. 4MlomSub) E W/O wake -COLBT i W/ o wake -
Jewel — 'Z 0.4 "70'6<05 B No Elastic, Wake. __ w/ wake e L w/ wake
/ recoil 4 Ap - af < Elastic, No Wake - : :
W - TT{20,50} - TT{5,7) Elastic, Wake 1 = 1 |
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w/ wake & 1 1
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| ] 10- | Z
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ol ybrid SUNTTUUTTUUTIRRTTNE B TR e R
w/owaE@ 40 60 80 100 12()(GI \1/;10) 5 19 |5 20 D25 193¢ 05 | 185 2 9B 13
ev/C
Pron jet p"k (GeV/c) A (rad) PRL 126 (2021) 072301
. . T . . . trk Z 35; l IATLIAS(I)-1I0°/cl> Ill I —E
® [ow pr excess and high pt suppression —energy redistribution due to } 3l e :
jet quenching —es \fl Ao
: .| [ [ Hybrid w/wake -
. . . 28 ~ 1 ] [ Hybrid w/out wake ]
= Jet-fluid model can describe the enhancement of jet shape at large r N $ :
= Hybrid and JEWEL w/ wake (recoil on) can capture the enhancement o e O e E
- ¢ + —
for low p- jet ost | \ wres
o | T —
. . . . 1 e &2 29587 IV 20 30
= JETSCAPE captures the rising trend of high p jets P [GeV]
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Recoil jet Ao modifications: anqular broadening

10 < prjer < 20 GeV/c 20 < prjjer < 30 GeV/c 30 < pT,jer < 50 GeV/c 50 < prjer < 100 GeV/c % - STAR Preliminary | R=|0.5 §
= 10° 10<p, <20 GeVic 20<p__ <30GeVic 30<p__ <50GeV/cFALICE 50<p_ <100 GeV/c . 1§_ Au+Au v sy = 200 GeV, 0-15% E
© o o o (5 =5.02TeV N LF e et .
é 10-2 e . Ch-particle jets, anti-k; 8 10 §_ —u— n'+jet /: _§
N —_— = L = 20,50} - TT5.,7) = - — — PYTHIA-8 s
o == 2 4102 = _
S10° “ == S - -
g —— =+ 23 T~ ~
<107 —— Pb—Pb 0-10% +—4 == 5 [T - // :
e —— == PP :t s = 10-4 B ;/ anti-k;, R=0.5 ]
105 EAF=0.4,1n,1<0.5 } [ Sys. uncertainty — o] E 11<Ef°<15GeV 3
. , , , , , , , , , A2 o5l 10<p™ <15GeVic -
e e T T T =
2T UEWEL (recoiisofy s Basie Nowake  @rXiv:2308.16128, arXiv:2308.16131 e — T T T T
== :  JEWEL (recoils on, 4MomSub)_ [ No E!astic, Wake . o0 10 . —
RQCD@LO + Sudakov broadening Elastic, No Wake = =
= ég 8 : ;g ggﬁ Elastic, Wake (] <_( - f
| T I
_________________ Q|- L] =
) 10_1 3 A A | A | \ A A \ | A E
I 2 2.5 3
3 Ao (= - rad
Ao (rac) ¢ ( g ¢jet) [rad]
® Broadening of h-jet azimuthal correlations for soft jets
® Similar observation was also found by STAR for y/T®- triggered recoil jets
e Hybrid model w/ wake captures the yield enhancement at low p- but not broadening
® |EWEL with recoil on captures both features
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Ratio

Baryon to meson enhancement around jets

PLB 837 (2023) 137638
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® Strong enhancement of B/M ratios for associated particles at

® Enhancement of jet-induced B/M ratios is stronger at intermediate
pT (2-6 GeV/c)for larger distance because the lost energy from

intermediate pt around the quenched jets, due to the coalescence of

jet-excited medium partons

quenched jets can diffuse to large angle.
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Hadron chemistry and charm quark fragmentation

Ly T ——— T &= 6F, T T T B R ALCE V5= 18TV 5 avtagged jots —
& | ALICE p-Pb F‘502 Tev 1 ALIGE Preliminary § Dg-tagged jets - g 4.5 - charged jets, anti-k;, R = 0.4 - D°-tngZdeth E
< 1-Jet: anti-k;, R = 0.4, n | <035 e Inclusive — % 5: pp Vs =13 TeV 7 D'taggedjets 1 3 4;_7<p$tch<15GewC,|n <05 E
+ - o - ~ charged jets, anti-k-, R=0.4 _ T = ! =
111 <0.75 - Perp.cone 1 — |- charged] 1 <2355 3<p'<15GeVic, |y"] <0.8 =
=< Vs in jets . 2.0_9. 4_ 7<p]etch<1SGeV/C |'7,ec <05 = 5 .35_ P+ eV/c, [y _§
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® B/M ratio inside jet cone doesn’t show a peak as inclusive case at intermediate pt
® Charmed-jet fragmentation is slightly different when containing a strangeness quark hadrons
® Charm quarks have a softer fragmentation into Ac* baryons compared to D% mesons
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Jet physics at EIC: one example

arXiV: 2210.09311

. Two-Point Energy Correlator
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N-point energy correlators inside

jets as a way to probe parton —
hadron transition
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® N-point energy correlators can used to explore the transition between perturbative and non-

perturbative dynamics inside jet

® EIC will provide a cleaner environment and energy scale selection leading to discovery physics about

non-perturbative effects and hadronization within jets
Yaxian MAO

Central China Normal University

E_BEBNSEYIENYSR, S, 2024F4512-15H

20



Summary

® [arge number of jet results based on full Run 2 LHC data sample (many more not covered here)
- More precision, extending to low pr/large R, more differential, new analysis

® Understanding the transition from perturbative to non-perturbative QCD is crucial in order to

interpret jet measurements
- Understanding jet quenching effects in HI collisions
- Tlest accuracy of high-order perturbative calculations

® Recent LHC jet measurements explore the expected breakdown of perturbative calculations
in the non-perturbative regime

- Provide guidance or future measurements — ongoing LHC + sPHENIX&EIC !
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anks for your attention!
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First Pb-Pb collisions
in Run 3!
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