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* History — Early Jet Tomography
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History — High Momentum Particle & Jet Correlations

FERMILAB-Pub-82/59-THY
August, 1982

Energy Loss cf Energetic Partons in Quark-Gluon Plasma:
Poaaible Extinction of High Pr Jeta in Hadron-Hadron Collisions,

J. D. BJORKEN
Fermi National Accelerator Laboratory
P.0. Box 500, Batavia, Illinois 60510

this effect. An interesting signature may be events in which the hard

Away-side
particles

oollision oaours near the edge of the overlap region, with one Jet
—

escaping without absorption and the other fully absorbed.
—

Away-side jets should be quenched
In central heavy-ion collisions

X.-N. Wang, M. Gyulassy, Phys. Rev. Lett. 68((1992) 1480.
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History — High Momentum Particle & Jet Correlations

FERMILAB-Pub-82/59-THY
August, 1982
Energy Loss cf Energetic Partons in Quark-Gluon Plasma:
Poaaible Extinction of High Pr Jeta in Hadron-Hadron Collisions,

J. D. BJORKEN
Fermi National Accelerator Laboratory
P.0. Box 500, Batavia, Illinois 60510

this effect. An interesting signature may be events in which the hard

oollision occurs near the edge of the overlap region, with one jJet
—

escaping without absorption and the other fully absorbed.

Away-side jets NOT quenched
In pp collisions

Away-side jets observed as quenched in

central Au + Au Not quenched in Hi Mult d+Au

STAR, Phys.Rev.Lett. 91 (2003) 072304

John Harris (Yale)

Away-side
particles

paﬂ%lep min. bias

* Au+Au Central

A ¢ (radians
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History — High Momentum Particle & Jet Correlations
L

Energy Loss cf Energetic Partons in Quark-Gluon Plasma:
Poaaible Extinction of High Pr Jeta in Hadron-Hadron Collisions,

J. D. BJORKEN
Fermi National Accelerator Laboratory
P.0. Box 500, Batavia, Illinois 60510

this effect. An interesting signature may be events in which the hard
Away-side
particles

oollision occurs near the edge of the overlap region, with one jJet
—

escaping without absorption and the other fully absorbed.

Away-side jets NOT quenched
In pp collisions

- — p+p min. bias

ide | - * Au+Au Central
Away-side jets observed as quenched in u+Au Lentra

central Au + Au Not quenched in Hi Mult d+Au

1/Np o AN/D(A0)

STAR, Phys.Rev.Lett. 91 (2003) 072304

Quenching of Away-side ‘jet” is a final state effect
John Harris (Yale) Puerto Vallarta, Mexico, January 2023




Relative Charge Dependence: 15t Jet Substructure Measurements!
Compare +- correlations to (++ & --)

STAR 200 GeV/nn

4 < p+(trig) < 6 GeV/c
2 < pr(assoc.) < pr(trig)

Au+Au central |
4 opposite sign
LJ  same sign

(- & -
p+p 2.7+-0.6
0-10% Au+Au 2.4+-0.6

i ' , opposite sign
Pythia/Jetset 2.6+-0.7 o5k | © samesign

A ¢ (radians)

STAR, Phys. Rev. Lett. 90 (2003) 82302

John Harris (Yale



Relative Charge Dependence: 15t Jet Substructure Measurements!

Compare +- correlations to (++ & --) Strong dynamical charge

correlations in jet fragmentation
— “charge ordering”

' " T T n’ T

(+)(++ & -
p+p 2.7+-0.6

0-10% Au+Au 2.4+-0.6
Pythia/Jetset 2.6+-0.7

y=0.

STAR, Phys. Rev. Lett. 90 (2003) 82302

John Harris (ale PT > 4 GeVlc particle production mechanism (jets) same in central Au+Au & pp



Where Does the Energy Go?

Color wakes?
J. Ruppert & B. Muller
Mach cone from sonic boom?

H. Stoecker
J. Casalderrey-Solana & E. Shuryak

Cherenkov-like gluon radiation?

|. Dremin
A. Majumder, X.-N. Wang

Medium-induced gluon radiation?

Polosa, C. Salgado

Many more

Azimuthal Anqgular Correlations

Lost energy of away-side jet is redistributed to rather large angles!
John Harris (Yale) WWND 2023 Puerto Vallarta, Mexico, January 2023




* [ et’s Back up for a Minute and Consider
High pt Single Particles
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High pr Charged Hadrons Are Su

274 pb™ (5.02 TeV pp) + 404 ub™ (5.02 TeV PbPb)

Rppp ~ 1 similar to pp

ALICE \s,, =5.02TeV
charged particles |7]< 0.8

ressed at LHC! N et

RAA = N particle

N

coll

27.4 pb™ (pp) + 35 nb™' (pPb) + 404 pb' (PbPb) 5.02 TeV

2T LN RLEL I LR LN :
- Il Rya :]T uncertainty CMS
[ &1 Rap . TAA uncertainty
; 5_—"1 | <1 [ pp lumi. uncertainty
. cM

—

Nuclear modification factor Raa

"llllllllllllll[ll

Near-head-on
collisions

P, (GeV)

— Pb+Pb suppression

Similar at 2.76 and 5.02 TeV

10°

1 .6 I I | I L I B B | I I I L I I i
- CMS .
14 -
~ [® ] CMS5.02TeV ¢ [ALICE2.76 TeV ]
19 o© v | ATLAS 2.76 TeV -
e Tapand lumi_uncertainty E

N ini<i + + ]

& 08 H
06 Pb+Pb ¢ E
0.4‘— P ST N
-[0-5% |M ]
O_I 1 1 1 | I | I I 1 1 L1 1111 I 1 1 7

— nearly goes away at highest p+

John Harris (Yale)

e 0.5 Rt o
[ ]
#m Pb-Pb,0-5% o T Pb+Pb
L P e mem Pb-Pb,70-80% I ®ee o

#2 p-PoNSD-0.3<n_ <1.3 1 0-100%
I [ R R S R R N R S B O 111111“110 111111111(1)2 | I |
10 20 30 40 50

Inclus?ve (all) 0 oGeV)
collisions T

— Pb+Pb suppression
central collisions more

p; (GeV/c)

suppression

WWND 2023

CMS arXiv: 1611.01664
— p+Pb not suppressed
slight enhancement
at high p+
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High p; Hadrons Suppressed at LHC & RHIC (also in BES)

SPS 17.3 GeV (PbPb) GLV: dN/dy = 400 STAR Preliminary

O ™ WA98 (0-7%) GLV: dN/dy = 1400 Stat. errors only 7.7GeV

GLV: dN,/dy = 2000-4000 11.5GeV
Not feed-down corrected 19.6GeV

RHIC 200 GeV (AuAu)
— YaJEM-D
O [°LPHENIX|(0-10%)

elastic, small P___ v 271GeV
% h* |STAR|(0-5%) .- elastic, large P_ ’ ¢ 39GeV

T YaJEM 62.4GeV

[ cms Jo-5% —
® |cmslo-5%) ASW 200GeV STAR(2003)
¢ [CanceTos%) PQM: <&> = 30 - 80 GeV/fm 2.76TeV ALICE

LHC 2.76 TeV (PbPb)

34 10 20 100 200

NAf:ff’C'e Enhancement at lowest energies Rep = Neentrat/Nperipheral
— N particle — Initial state effects
p (Cronin enhancement)

coll” " p = RAA
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PID — EM Probes Not Suppressed! .... and Particle Differences!

T IIIIIIII T lllIlIlI T T Illllll

ALICE Pb-Pb, |5, = 5.02 TeV, 0-10%
e mw« K «+ p Phys. Rev.C101 (2020) 044907
K° + ¢  aXiv:2106.13113
= ch. particles JHEP 11 (2018) 013

PHENIX Au+Au (central collisions):
Direct y
ﬂ:O
n
GLV parton energy loss (dN’/dy = 1100)

llllllllllllll_

Y CMS Coll., JHEP 07 (2020) 116

&

Normalization uncertainties

. = K, p, K® ¢
- ch. particles

lllllllllllllllllll'llllllllllllll

1 10 10°
P; (GeV/ce)

-
0

— Notice differences in R,, distributions for various particles
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* Flavor Dependence
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Flavor Dependence of Inclusive Hadron Su

350.68 ub™' (5.02 TeV PbPb)

- CMS

"t Preliminary

uncertainty

IIIIIII|IIIIIII|IIIIIIIIII

Tap + lumi.

e charged hadrons |y| < 1.0

= D%|y|<1.0

Centrality 0-100% +_+_

i

| llllllll | llllllll

10 10
P, (GeV/c)

— Initially no flavor dependence
seen in 5.02 TeV Pb-Pb inclusive data

CMS-PAS-HIN-16-001
CMS arXiv: 1611.01664

John Harris (Yale)

350.68 pub™ (5.02 TeV PbPb)
- CMS charged hadrons |y| < 1.0

0
“L Preliminary DIy <1.0
B ly| <2.4

nonprompt J/y 1.6 < |y| <2.4 (2.76 TeV)

Tpp + lumi.
uncertainty nonprompt J/y |y| < 2.4 (2.76 TeV)

rT 1T rrrr |7 r— [ r— 1 [ T [ T T T ] 171
l l l l l I

| llllllll | lll[llll

10
P, (GeV/c)

— Flavor dependence was seen in
2.76 TeV inclusive data for p+ < 10 GeV/c

CMS J/y arXiv: 1610.00613
WWND 2023 Puerto Vallarta, Mexico, January 2023




Flavor De endence of Charm and Beauty (Centrality Selected

llllllll RS
L ATLAS

oupb, 500TeV, 246 b ; Flavor dependence seen in 5.02 TeV data for pr < 10 GeV/c

[ pp,5.02TeV, 1.17 pb”

; o il Pb-Pb, |s,, = 5.02 TeV
PP L% (eop)] (bop) I [l ’ Centrality 0-10%

IIIIIIII

DREENA-B (c—>D%— )/ (b—B°—u)
—DAB-MOD (c—D%—pu)/ (b—B°—p)

T

Average D°, D*, D**

nt

Charged particles

L | . Jhy, 0-20%, |y| < 0.9

Pb+Pb, 5.02 TeV, 246 pb" ] . o Prompt J/y, |y| < 2.4, CMS

| pp,5.02TeV, 1.17 pb” i Non-prompt J/y, ly| < 2.4, CMS

£
S
=]
s}
o

IR

charm

R

lllllllllllllllllll

¢ (cou)/ (b—p)
DREENA-B (c—>D%—p1)/ (b—B°—u)
—DAB-MOD (c—»D°—u)/ (b—B°—p)

ALICE, arXiv:2211.04384 [nucl-ex] (2022)
ATLAS, Phys. Lett. B829, 137077 (2022)
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Flavor Dependence of Inclusive D and B Hadron Su

Previous Data

350.68 ub' (5.02 TeV PbPb)

u — 2015, centrality 0-100%
- CMS e charged hadrons |y| < 1.0 - CMS e h' <1
A .. _ Preliminary ’

- Preliminary . D lyl<
¢ B ly<24
+ Bly<24

2017-18, centrality 0-90%
L .
B, (visible kin.)

5.02 TeV PbPb (0.37-1.6 nb™") + pp (27-302 pb™)

= D%|y|<1.0

TAA +lumi. g B* ly| <2.4
uncertainty

: 5 Statistics
Centrality 0-100% +_+_

——
ﬁd Inclusive

_+_

||II‘IIllllllllllllllllllll

III|IIIIIIIIIII]IIIIIIIIII

| [Illllll | Illlllll

10 10
P, (GeV/c)

CMS, EPJ Web Conf. 259, 12011 (2022
Note also B9, (2022)
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High pt Jets

-

Jets Are Quenched to Highest p

2.76 TeV

¥Sun
-5%) Inl <2
i

jet (0
|]‘ 4
Is there a flavor independence?

)
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Jet 0, pt

Jets quenched — to largest jet pt
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. EPJC 72 (2012) 1945
Jets Are Quenched to Highest pr LB 715 (2012) 66

High p; Jets PLB 710 (2012) 256

= "Z (0-100%) |y| <2 CMS *PRELIMINARY PbPbys_ =2.76 TeV
j L dt = 7-150ub™

—n— W (0-100%) p:> 25 GeVic, n*| <21

—»— Isolated photon (0-10%) In| <1.44
2[— ==@== Charged particles (0-5%) [n| <1 —a— *Inclusive jet (0-5%) |n| <2

= *B s Jiy (0-100%) |y| <24 —au— *bqet (0-10%) n| <2

Jets quenched — to largest jet pr Is there a flavor independence?

John Harris (Yale) WWND 2023 Puerto Vallarta, Mexico, January 2023



Jets in p-Pb & Pb-Pb at LHC

T T T TTTT T T T TITT] T T T T £ [T T T T T T

[ \s = 5.02TeV, charged particles ALICE \s, = 5.02TeV
p-Pb Pb-Pb,0-5% charged particles I771<0.8

4 ALICE —e- ALICE
-~ CMS = CMS *%g0 +

| e sot
1 fﬁr;tm .‘T +

IZI | | T
S
3

- Flle
.

l L1 1 l L1 1 l

.—.__.

D'.
o

—e—

1 [ 11 | l 1 | 1 [ | 11 l 1 | 1 [ | 11 l 1

=e== [ePb-Pb,0-5%
L P —e— Pb-Pb,70-80%
ALICE In1<0.8 (p-Pb-0.3<n__<1.3), CMSI7nI<1.0 —4— p-PbNSD -03<7, <13 |

1 IIIlIIlI 1 Illlllll | llllIIlI IIIII|IIII|IIIIIII]I|]III|

P, (GeV/c) P, (GeV/c)

T T T l T T T | T T T l T T T | T T

L1 1 I L1 1 | L1 1 I L1 1 l L1

Rpp-pp (jEt)<<1

~ CMS: R jet) = 1
p-po (6 Jets quenching increases with centrality
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Jets & High p; Charged Particles Measured over Large p- Range

1.2F

0.4

0.2F

< e i | I
= 1.4 Pb-Pb 0-10% |R =04 jets

ALICE  |s,, = 5.02 TeV [PRC 107 (2020) 034911]
ATLAS |s,, =5.02 TeV [PLB 790 (2019) 108-128]
ATLAS |s,, =2.76 TeV [PRL 114 (2015) 072302]
CMS s, =276 TeV [PRC 96 (2017) 015202]

See publications for: Met’ Pt lead

Correlated uncertainty
Shape uncertainty

See publications for full description of uncertainties

John Harris (Yale)

<
<
C

2¢
18
16}
14F
1.2

1F
08
06
04!

0.2 5

0

WWND 2023

ALICE |s, = 5.02 TeV

Charged particles Jets, anti-k;, R =0.4
0-5% 0-10%
B ALICE ALICE
CMS ATLAS
| ! T - | L1
10 10° 10°
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Jets: y-tagged and inclusive jefs  ATLAS-CONF-2022:019

2018 Pb+Pb 1.7 nb™", 2017 pp 260 pb™

ATIEAS Preliminary

Photon (y)
P

[PLB 790 (2019) 108]
Inc. jet

anti-k; R = 0.4 jets —6— 0-10% ~® 0-10%
pl >50 GeV, 'l <2.37 4 10-30%
M <2.8, Ad(y,jet) > n/2 4 30-80%

Centrality dependence
100 120 140

y-tagged jet P, [GeV]

0-10% central: Raa (y-tagged jets) > Raa (inclusive jets)
Gluons more suppressed than quarks - color factor!
v-tagged jet spectra harder than inclusive! -> larger Raa

But check: Quark/gluon fractions!
John Harris (Yale) WWND 2023 Puerto Vallarta, Mexico, January 2023



Jets: »-tagqged and inclusive jets ~ ATLAS-CONF-2022-019

2018Pb+Pb1.7nb’1,2017pp260pb'1 [T T T rrrp o T T T T T T T T T
T T T T T N I R —ATLAS Simulation Preliminary Vs =5.02 TeV

- ATLAS Preliminary =5. S E 4] m*l <2.8

lIIIIIIlI

+

* I

%

C

Quark Jet Fraction

Inc. jets y-jets
-©- @ Pythia

[PLB 790 (2019) 108]

Inc. jet y-jet

—antlk R =0.4 jets —©— 0-10% —m- 0-10%
B p >50 GeV, In'l <2.37 —4— 10-30%
- m,etl <2.8, Ab(y jet) > /2 o - 80% Ad(y,jet) > m/2 = & Herwig

[ R T T D B S T T S T R T B T I B T T T B T T c e e e e e e

60 80 100 120 140 160 60 80 100 120 140 160 180 200
v-tagged jet p_ [GeV] Jet p"™™" [GeV]
T

"'|"'|.¢+"'

For y-tagged jets
p. >50 GeV, Il <2.37 —— —+— Sherpa

lllllllllllll[Illlllllllll

IIII|IIII|II\[|\II

0-10% central: Raa (y-tagged jets) > Raa (inclusive jets)
Gluons more suppressed than quarks - color factor!
v-tagged jet spectra harder than inclusive! -> larger Raa

But check: Quark/gluon fractions!
John Harris (Yale) WWND 2023 Puerto Vallarta, Mexico, January 2023

Quark Jet Fraction (y-tagged jets) >> (inclusive jets)
More quarks in y-tagged jets than inclusive jets




*Jet Fragmentation and Jet Broadening
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Fragmentation Functions in pp for y-tagged vs Inclusive Jets

ATLAS |
pl = 80-126 GeV, p’f‘ = 63-144 GeV

& pp (x10°), y-tag
B8 pp, inclusive jets, p'°' = 80-110 GeV

¥
i ‘Ehhh!nh!uh!ﬂ\}‘.}ﬂU-.Hh}'-f

—a—
PYTHIA8 A14 NNPDF23LO
wmmn SHERPA CT10
Herwig H7ZUE MMHT2014lo

Q
Q
(@®)]
Y
T
e
fo)
©
o

John Harris (Yale)

pp interactions:

R (inclusive jets) / (y-tagged jets)
R (inclusive jets) / (y-tagged jets)

Quark Jet Fraction (y-tagged jets) >> (inclusive jets)
Harder spectrum (y-tagged jets) than inclusive!

WWND 2023

PYTHIA8 A14 NNPDF23LO

sHERPA CT10
Herwig H7UE MMHT2014lo
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Remember: Initial Parton Scattering Differences vs Vs

RHIC vs LHC

0.8

—— R —
— RHIC Vs = 200 GeV n?, y=0
_ LHC s =55TeV NLO (CTEQ6M, DSS)

o
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oy

- g ki A(j_g_

qq
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Jets: Fragmentation Functions in Pb-Pb Collisions

et

by ® 1< 2.1 antik, R=0.4 jets by~ 1<2.1 antik, R=0.4 jets

< pf' < 158 GeV < pf < 158 GeV
.o et = < p® <

< pr < 251 GeV < pf’ < 251 GeV
< pf < 398 GeV < pf < 398 GeV

PD+PD, |5,y = 5.02 TeV, 0.49 nb™", 0-10% PD+PD, {5y = 5.02 TeV, 0.49 nb™, 0-10%
pp . {s=5.02TeV, 25 pb™ _ pp ., (s =5.02 TeV, 25 pb™’

Enhancement at low and high z and p+ Intermediate z and pr medium int’s -> move lower
Suppression at intermediate z and p+ High z and p; dominated by leading hadrons —
Also large initial parton virtuality -> less int’s

John Harris (Yale) WWND 2023 Puerto Vallarta, Mexico, January 2023



| BN B (NN R S R NS N Trrrrr[rrrr[rrrrriqrrrrr[rrrr[rrrr[rq[rrrrr[rrrr[rrrr T

5 anti-k; jets: o CMS -
L Pget> 100 GeVic 1 Vsyy =2.76 TeV PbPb/pp |
0.3<|nlt <2

. ! 55 PbPb Jet Shapes:
- — Broadening

incredsing centrality
70 -100% 4 50 -70% 4 30 -50% 1 -

041 02 030 041 02 030 01 02 030 01 02 030
r ¥ r I

anti-k; jets: CMS
P/t > 120 GeVic Vsyy = 5.02 TeV PbPbl/pp

In et < 1.6
0.7 > pirack > 300 GeV/c

w
-

N

Broadening beyond

—A

Q.
Q.
—
S
N’
Q.
—
e}
o
el
0.
—
L S
N’
Q

50 —100% 30 -50% 10 - 30%

O> P | P | 1 1 (U M| [N W W O Y N St PR TR W AT U T S WU NN T O Y W Gl MO S MO AT o O O
0 02 0T4 06 08 0 o OT4 06 038 0 02 OT4 06 0.8 0 02 014 06 08 1

Rr RT RTr R

r —t—tt T —t—t T+ + ! Tt + I +—t+—+ T —t—tt T —t—tt T —t—tt
'CMS 50 -100% I 30-50% I 10-30% 1

sy = 5.02 + P,”>60GeVic T antik; jets: &
: I In7| <1.44 I P¢et>30 GeVic 1
B PbPb/pp T p.rack > 1 GeVlc _ Iniet < 1.6

Y PYTHIA8/pp 1 T Adpjet> /8

PR T S S

0.1 0.2
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PbPb b-Jet Broadening

VS = 5.02 TeV, PbPb 1.7 nb™, pp 27.4 pb™, anti-k_ jet|(R = 0.4)]p*" > 120 GeV, m <16

b-jets broader than inclusive jets
-> increases with centrality
also beyond R!

Wake for b-jets vs inclusive?

=1 b (PbPb)/incl.(PbPb)

2 &1 b (op)incl.(op

Indication of Dead-cone in PbPb?

0.2 0?4 06 08 1 0.2 OT4 06 038 1 02 04 06 0.8 1
R r L CMS, PAS-HIN 20-003 (2022)

John Harris (Yale) WWND 2023 Puerto Vallarta, Mexico, January 2023




* Jet Substructure
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Groomed Jet Substructure

Soft Drop Approach attempts to reconstruct the
shower history of the jet, to try to determine
parton energy loss mechanisms in the medium

PT subleadin g

- -
” PT leading + PT,subleading

- Reconstruct jet with anti-k;

- Re-cluster with C/A to get angular

ordering inside the parton shower.

- Undo the last clustering step and check
Z > Zoyt (AR/RO)B

- Discard softer subjet and repeat.

courtesy: ALICE

Splittings described by the
z, - momentum fraction of 1%t splitting
R,- angular separation of 15t splitting

Soft Drop:
M. Dasgupta et al. JHEP 1309 (2013) 029.
A. Larkoski et al, JHEP 1405 (2014) 146.
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No observable modification of the z,
distribution in Pb-Pb compared to pp

John Harris (Yale)

Soft Drop Z, in PbPb

p T,subleading

pT,leading + pT,subleading

® pp

ALICE s, =5.02 TeV

m Pb-Pb 0-10% Charged-particle jets
Sys. uncertainty A =0.2, | njet| <0.7

WWND 2023

60<p. <80GeV/c
T, ch jet
Soft Drop z_,=0.2, =0

-0.87, " -0.88

tagged

cut

pp
f tagged

JETSCAPE JEWEL, recoils off
Caucal JEWEL, recoils on
Pablos, L, =0 Chien

Pablos, L, =2/aT ==Qin

Pablos, L, =

Puerto Vallarta, Mexico, January 2023



Soft Drop 8, in PbPb

p T,subleading

pT,leading + pT,subleading

o oo ALICE s =5.02 TeV

m Pb-Pb 0-10% Charged-particle jets
Sys. uncertainty R =0.2, | njetl <0.7

60<p_  <80GeV/c
T, chjet
Soft Drop z,,=0.2, =0

pp AA
fro o = 088, frn o = 0.89

. . . . JETSCAPE ' JEWEL, recoils off
»  Observe narrowing of the 6, (= R,/R) distribution in Caucal JEWEL, recolls on
Pablos, L = 0 Yuan, gL = 5 GeV?

Pbe/pp Pablos, L, =2/xT - Yuan, med q/g

Pablos, L = o Yuan, quark

— Expected due to color coherence

* E-loss models reproduce narrowing of 6, distribution
— Also by those without color coherence by
E-loss induced change in q/qg fraction

John Harris (Yale) WWND 2023 Puerto Vallarta, Mexico, January 2023



Groomed Jet Substructure — Dead-cone Iin Collisions

ALICE, Nature 605 (2022) 440-446
|ldentify D-jet & Recluster -> Angular ordered D-jet

Fully reclustered jet
3

E Radiator

—  Charm quark |
9 . Dead-cone effect
Gluon emission vertex Gluon emissions are

Emltted gluon SL.JDDTOSSOd IN acone
91 > 92 > > 95 ""A"'iH‘ 0{'1(‘ ”l{\)/bl{mi)(/mr

ERadiator,I DU ERadiato;;5
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Groomed Jet Substructure — Dead-cone Iin

Collisions

ALICE, Nature 605 (2022) 440-446

pp Vs =13 TeV

Fully reclustered jet

B ALICE Data --- PYTHIA 8 LQ / inclusive
no dead-cone limit

5 - charm

quark
- S

Dead-cone effect
Gi s are

— PYTHIA 8 charged jets, anti-k;, R=0.4
- Charm quark
Gluon ecr]nission vertex
Emitted gluon
0,>0,> ....> 0;

Eadiator1 > +++ > Epadiator;s

- .. SHERPA LQ/ inclusive

— SHERPA no dead-cone limit

C/A reclustering

0.37 0.22 0.14 0.08 0.22 0.14 0.08

pch,leadihg t.rack > 2.8 GeV/c
T,inclusive jet

k; > 200 MeV/c

Inlabl <0.5 6 (rad)

0.22 0.14 0.08 0.05

LI I LI | L I UL

5<E <10 GeV

IIIIIIIIIllIIIII]II

10< E <20 GeV

Radiator Radiator

IIIIIIIIIIIIIIIIIII

20 < Epagiator < 35 GeV

{.7Tc

lllllllllllllll
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IllIIlIIIllllllllll
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Ratio D-jets to inclusive : 2

dninclusive Jjets

R(6)

1 dpPliets / 1
)

— NDOjetS dln(l/@ Ninclusive jets dll’l( 1/9)

kT 3 ERadiator
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ATLAS Preliminary ©

VS = 5.02 TeV

Pb+Pb, 0.49-2.2 nb™

pp, 25-260 pb™

0.8

0.6

0.4

r-tagged jets and b-jets

R=0.4, Inclusive jets, Cent. 0-10%, ly1<2.8
R=0.4, y-tagged jets, Cent. 0-10%, ly1<2.8
R=0.4,0 <r <0.02 ets, Cent. 0-10%, lyl<2.1
R=0.4,0.26 < Fg < 0.4 jets, Cent. 0-10%, lyl<2.1

0.2 O R=0.2, Inclusive jets, Cent. 0-20%, lyl<2.1
R=0.2, b-jets, Cent. 0-20%, lyl<2.1

0
50 60 70

John Harris (Yale)

102

2%x10°2

3x10?

WWND 2023

Raa (y-tagged) ~ Raa (narrow jets)
Raa (inclusive) < Ry (y-tagged)

Raa (Wide jets) < Rpa (Narrow jets)

Raa (b-jets) ~ > Rpa (inclusive)
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Substructure and Large Radius (R = 1) Reclustered Jets

Procedure:
* Re-cluster all found anti-kt R = 0.2 jets into
R =1 jets also using anti-kt.

 The large-radius jet constituents are further
re-clustered using the kt algorithm to
obtain splitting parameters to get the p+
and O for the hardest splitting in the jet.

Note kinematic range of 158 < pr < 1000 GeV.

Production of R = 1 re-clustered inclusive jets is
suppressed more than R =0.2 or R = 0.4 jets.

ATLAS
Pb+Pb 1.72 nb™, pp 257 pb™, 5.02 TeV

Re-clustered R=1.0 single sub-jet (this analysis)
Re-clustered R=1.0 multiple sub-jets (this analysis)
R=0.2 jets (this analysis)

R=0.4 jets (PLB 790 (2019) 108)

l (T, uncertainty

l This analysis and PLB 790 (2019) 108 lumi. uncer.

100 200 300 400 500 600700 900
p, [GeV]

ATLAS, arXiv:2301.05606v1 (2023)

£an (Multiple sub-jets) << /2,4 (Single sub-jets)
-> jets with hard internal splittings lose more energy!
-> role of color decoherence in the jet quenching?

John Harris (Yale)
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Substructure and Large Radius (R = 1) Reclustered Jets

* Rua Of large-radius jets with — _ .
ATLAS [ 111 TAA,,.; and lumi. uncer. ATLAS

single sub-jet compared with Pb+Pb 1.72 nb”, pp 257 ply™", 5.02 TeV Pb+Pb 1.72 nb”, pp 257 pb™!, 5.02 TeV
. . . ¢ 0-10% ¢ 0-10% [WEENN(T,,) and lumi. uncer.
the Rap for large-radius jets with » 10-30% ? » 10-30%
* 30-50% * 30-50%
a more complex substructure ol ¥ 50:80% #5080

having a non-zero AR,.

« Consistent with scenario in
which the medium cannot
resolve partoniC fragments | y|<2.0 200< pT <251 GeV | | y|<2.0 200< p_ <251 GeV

Re-clustered R =1.0 jets Re-clustered R ='1.0 jets

below a certain transverse 100 150 S 02 04
scale! ATLAS, arXiv:2301.05606v1 Vdz [GeV]

AR12 = Ay%z +A¢% , \/ = min(pTl,pTz) X ARlz.

Is there a limit?
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Summary 1

“Early History”
« 1982 — Bjorken, FNAL Pub 82/59-THY predicted energy loss of partons in QGP
« 1992 — Wang & Gyulassy, PRL 68 (1992) 1480, Gluon Shadowing and Jet Quenching in AA
« 2003 - STAR, PRL 90 (2003) 82302 on relative charge dependence, “1st Jet substructure in AA” IMHO
« 2003 - STAR, PRL 91 (2003) 072304, Disappearance of Away-side Jet in AuAu
Lost energy of away-side jet redistributed to larger angles
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2001-2023:

Summary 2

Jets & High p; Charged Hadrons Are Suppressed at RHIC (down to low \s) and LHC(to high p) in AA
EM Probes NOT, pANOT
Flavor Dependence (Hierarchy) of Inclusive Hadron Suppression (q, g, s, ¢, b) in AA
PbPDb: Ry, (inclusive jets) < Raa (v-tagged jets) -> Gluons more suppressed than quarks - color factor!
Jet Fragmentation & Shapes
Intermediate z and p; medium interactions -> move to lower z and py
High z and p; dominated by leading hadrons — also large initial parton virtuality -> fewer interactions
Quark and gluon fractions of initial parton scatterings differ in NLO
Jets broaden with increased centrality vs pp, spread beyond R
b-jets broader than inclusive jets (wake?), dip at smallest r (dead-cone?)
Jet Substructure
Observe narrowing of the 8, (= Ry/R) distribution in PbPb/pp -> expected due to color coherence
Dead-cone observed for Charm Jets
Broader jets more suppressed than narrower ones
b-jet suppression ~ inclusive jets
R = 1 re-clustered inclusive jets more suppressed than R =0.2or R = 0.4 jets
R =1 multiple sub-jets more suppressed than R = 1 single sub-jets
Jets with hard internal splittings lose more energy -> Role of decoherence?

Outlook -> Disentangle/understand time evolution of jet splittings: info on parton energy loss & int's w. QGP
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Thank you for your attention!

Thanks to Hannah Bossi, Laura Havener and Berndt Miiller
for stimulating discussions/contributions for this presentation!
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