Relativistic Heavy lons |l -
How strong Is the coupling and can we understand the
Interactions?

By the end of today’s talk | aim for you to be able to discuss at
dinner :

What hard probes are and why we use them
What a jet Is to a nuclear physicist

What “jet quenching” is
Why heavy quarks interact differently with the QGP than light quarks



Recap of yesterday

Nuclear collisions and the QGP expansion

collision evolution particle

—
_—

expansion and cooling detectors

kinetic
freeze-out
lumpy initial hadronization distributions and

d ) i A correlations of
i energy density ks S SRR ced particles

=%
A
P

-

QGP phase

)h

degrees of freedom

\
Y

/,<—\

-’

collision #»
overlap zone ﬂuctuatlons

CGC  Hydrodynamics kinetic thee

; § uark and gluon
§ ..’ q g
<

T~ 0 fm/c w~1 fm/c T ~ 10 fm/c t ~ 105 fm/c
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Can we understand the nature of
QGP by studying how highly
energetic parton interact with it?



Defining a probe

Matter we want to study

Detectors

Energy released
In A-A collision

Helen Caines - Yale - NNPSS - July 2024



Defining a probe

Matter we want to study

Detectors

Self-generated &
calibrated probes M

Hard partons (q, g)
- High momentum particle
- Heavy flavor particle

Energy released
- Jet B 2 colision

Helen Caines - Yale - NNPSS - July 2024



Using “hard” particles as probes

'Hard’ processes have a large scale in calculation — pQCD applicable:
high momentum transfer Q2
high transverse momentum pr

high mass m (N.B.: since m>>0 heavy quark production
is ‘hard’ process even at low pr)

Schematic view of jet production
. . hadrons
Early production In parton-parton O %g
scatterings with large Q2 parice

o

leading particle///
'

hadrons

Helen Caines - Yale - NNPSS - July 2024 6



Using “hard” particles as probes

'Hard’ processes have a large scale in calculation — pQCD applicable:
high momentum transfer Q2
high transverse momentum pr

high mass m (N.B.: since m>>0 heavy quark production
is ‘hard’ process even at low pr)

jet production in quark matter

Early production in parton-parton rerons -

scatterings with large Q? /// particle
. . . . . 4

Direct interaction with partonic phases s

g

of the reaction i.e. a calibrated probe

47

Look for attenuation/ = q
absorption of probe

Helen Caines - Yale - NNPSS - July 2024 6



The LHC is a hard probes machine

CU'I)

An LHC Pb-Pb year: ol
1 mOnth — 106 SeCOndS ".-KE <« | Annual yields in ALICE
Need 104 events” in a year
to make a measurement:
inclusive jets ET < 200 GeV
di-jets ET <170 GeV
o pt <75 GeV
inclusive y pt<45 GeV
inclusive e pr<30 GeV RN

- 0¢c (LHC) ~ 10 o (RHIC) 03
- Opp (LHC ) ~ 100 oyp (RHIC) L "’”“g“

0 20 40 60 80 100 120 140 160 180 200

Hard probesareno | . = E"GeVorg Geve

P

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

or
=
1

cut

<oy T Pb+Pb minblas
Z 3 f binary scaling from p+p

K
ﬂ

T
Q
|

L=0.5/mb/s; 1year_10 s |
EMCAL Anqu)_1 4><110

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

[
<

Annual Yield (E >E
2,

[
<

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

Graph from P.Jacobs
longer rare probes
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Is charm a calibrated probe?

Collision System Hadron do,/dy [ub]
D’ 39+1+1
Au+Au at 200 Gev D 18x1+3
Centrality: 10-40% D, 15+2+4
O<py<8Gevic = 40 + 6 + 27"
Total 112 £+ 6 = 27
p+p at 200 GeV Total @ 130 + 30 + 26

Total charm production
. Cross section per
nucleon-nucleon In Au-
Au consistent with that
measured in pp
collisions:
Ncoil scaling of charm
production

Measurement required dedicated precision vertex tracking and coverage to pr = 0 GeV/c

Heavy flavor production is a calibrated probe

Helen Caines - Yale - NNPSS - July 2024
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What about the heavy quark mteract/ons’?
N — oD’ oA STAR Au+Au \|'s,, = 200 GeV
- AT DK L 0
- 3 55 % -
| @ STARD'  STAR Au+Au |5y, = 200 GeV ® 02| et
>~ —— TAMU c-quark diff 0-80% g -t i 1
- B TAMU no c-quark dift. § 01l @2@@ $H L I
D 02 Duke - 2nTD,=7 S gg?
O - BT 2 S
- I DHSD L 0 a)
% ~ — - 3D viscous hydroA 0 ; . — : .
al / p_ (GeVic)
> 0.1 < oD’ oA  STARAu+Au s, = 200 GeV
= @
O © t i) = @ a
% : @@Efﬁ% JOER
E O Dﬂ_i 0.05 _— Eﬂ? $ HE
> | B
A
B | | | | | | | | | l é 0 I b)
P, T
p_ (GeV/c) ©(m_-mp)/n, (GeVic?)

Charm hadrons also flowing
- significant rescattering

- at quark or hadronic level?
Helen Caines - Yale - NNPSS - July 2024

NCQ scaling of charm
- thermalization of heavy quarks

STAR: PRL 118 (2017) 212301 9



Even beauty is flowing

I

~memaw-sezee | Charm flows strongly
¢ ALICE prompt D, 30—-50% )
ATLAS c- |, 30—40%
3 ¥ CMS prompt D?, 30 #€% — . . . .
03 4 ALICEpnon-p Bt D, 30—50% BeaUty 1S partICIpatlng INn the
| e 30407 .~ bulk collectivity but not as
0o ¥ CMS non-prompt D°, 30 StrOng
g -
i 1 Suggests beauty only
partially thermalized
0.0 1 —
g e N Models suggests collisional
10° 10* : :
pr (GeV/c) iInteractions needed
ALICE: PLB 8 0 5054, arXiv:2307.1408, PR 0 520071, ATLAS: PLB 807 (2020)

Helen Caines - Yale - NNPSS - July 2024 135505 PLB B0 (2020) 135595, CMS PLB 816 (2021) 138253 arXiv: 2212 01363 10



High pr product/on a callibrated probe

. : Isolated direct phot tion (€) 2 =
O g o e
021 o antl-kt jets, R=0.4 o IYI <0.3 (x10) \ & E " — - o (m+n")/2 p+p 200 GeV
1 J‘Ldt=37 pb™', \V5=7 TeV C 0Bsh<006a0) = 5= | MV o _
(D A ,; ?'Z;M > ;? 5 183) — O Isolation cut condition = ! " (p+p)/2 pt+p 200 GeV
W 018_— - e - LSt W 0) — o 102:— 2 2 B ..
810" —_ A 28501<38 6109 2 [N nlereerees e %G —NLO pQCD AKK FF
- 8= < 3.6 (x - < V. =
>, 1 152 —a— ¢ YV 36<|y| <44 (x10°) O 5 N, ¢ — -
=2 01 = TN Y = 2 ‘ L 10T
M0 E T ———— - e = = 10 - PHENIX Data S =
§ g Frim - e T .- —= “a (a.‘)J 1072 L
=l = . . o) —
O 6 i —i - - e ® | NLO pQCD ey -3
10 = I i - a - -LcL)I 15 (by W. Vogelsang) o 107 E
= e k= .y — ~ | NNPDF3.0 PDF A =
1 T, T, e © GRVFF 5 404k
= iy i - = w=p./2,p.,2p © =
1 — o . — 107 7 Pp <Py L —
= Em —_—fl— i S = T T T T 10-5—_
1 0-3 = S stemati‘c =vs %sm & s 0.6 *- @ =
= i —¥= - | = - - -
6 = uncertainties 2 o E‘O 4_ " 6
10- ey NLOJET++ v -z -qc) . :— b 10 :E T
=0 (CT10, p=pT=) x — Q L —
-9 ; Non pert.cor ATLAS 3 l_c'u _8 . B
10 Lol 1 A 2l [ N et T SR T ¢ ¢ { | 1075—1 | | | | |
3 m 0__ —= - - - i - } I | | | | 1 | | 1 | | | | | | 1
20 30 1 02 %1 02 10 - [ commmmmmo——————————————— 0 2 4 6 8 10
p [GeV] _0-21_1 coa v by by by Transverse Momentum pT (GeV/C)
T 5 10 15 20 25 30
P [GeV/c]

Jet cross-section in p-p is well described by NLO pQCD
calculations over many orders of magnitude at RHIC and LHC

Jet and particle spectra
Minimum bias y production in p-p well modeled well calculated by pQCD

Minimum bias particle production in p-p also well modeled

ATLAS: PRD 86 (2012) 014022, PHENIX: PRL 130 (2023) 25, 251901 STAR: PLB 637 (2006) 161, 44

C AlhinAa ot Al NIDR 795K (ODNONER\ 1941
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Jets as tools to study QCD and the QGP

Collimated sprays of particles
- colored parton fragments and hadronizes into
colorless hadrons

<A
Connect measurable hadrons to z
unmeasurable partons /.

roxy for initial
ark or gluon

%

perturbative (p)QCD /

etection

Hadronization
Fragmentation ~ hadrons PE .

partons @)@ @ ...

e\
'\e

Credit: Eric M. Metodiev

Multi-scale complex dynamic objects
resulting from principles of QCD

Helen Caines - Yale - NNPSS - July 2024
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Start off simple - high pr particles

10

Pb-Pb \[S, =2.76 TeV

C CMS Experiment at LHC, CERN
N, | Data recorded: Sun Nov 14 19:31:39 2010 CEST

-
o
.

Run/Event: 151076 / 1328520

- 10° —— scaled pp reference S Lumi section: 249
102 e 0-5%
= o  70-80%
10E ALICE Jet 0, pt: 205.1 GeV

) (d®Ng,) / (dn dp_) (GeVic)?

Jet 1, pt: 70.0 GeV

—

-
o
w
L L L L R R e e
| | | [T | | |

1N, /(2 p,

| IIIIIII| | IIIIIII| | IIIIIIII | IIIIIII| | IIIII|,|| | IIIIIII| | IIIIIII| | IIIIIII| | IIIIIII| | IIIIIIII | IlIlIIII I IIIIIII| [ 1L

-8 | | | | | | | | | | | | | | | | | | |
10 5 10 15

o
N
o

P, (GeV/c)

Clear shape change at high Even visible by eye in event
pt for central collisions displays at LHC

p-p reference:
Interpolation of 0.9 and 7 TeV data
7 TeV data scaled by NLO QCD calc.

Helen Caines - Yale - NNPSS - July 2024 ALICE PLB696 (2011) 13




Initial or final state effects?

Helen Caines

A clear difference between p-p and A-A observed:

Caused by Initial state (quark/gluon shadowing)
or final state (energy loss in plasma) effects?

Initial State? Final State?

partonic
gluon saturation energy

loss
. ) =P VS 4—. .—>

To test need collisions where no final state effects due
to plasma but initial nuclear state effects present:

Use p-A (d-A)

- Yale - NNPSS - July 2024 14



Examine di-hadron correlations

p-p — dijet min. bias p-p collisions

B ettt
—~ 0 2_ A— p+p min. bias i
= el | i:‘ ]

SL 4<p. (trig)<6 GeV/c RIA
o - | | 7
E - || pr(assoc)>2 GeV/c Il 4
o - | | _
¢ 0.1 | 1Rl —
D - r I i
=L | i
= i | | i
- | H H bk -
ot | bt Y Ay
i trigger Phys Rev Lett 90, 082302
. o ' BT BN B

1 0 1 2 3 4
A ¢ (radians)

Trigger: highest pt track
A@ distribution:

Helen Caines - Yale - NNPSS - July 2024 STAR: PRL 90 082302 (2003) 15



Examine di-hadron correlations

-p — dijet central Au-Au collisions
B L L L L
- — p+p Min. bias -
= 0.2 —
< - - * Au+Au Centrg
S i
> i
'o -
5 0.1 | .
> i -
= i 1]
= X[ I
=~ - T

— —

A ¢ (radians)

A@ = 0: central Au-Au similar to p-p
A@ = 11 strong suppression in A-A

Helen Caines - Yale - NNPSS - July 2024 STAR: PRL 90 082302 (2003) 15



Examine di-hadron correlations

-p — dijet central Au-Au collisions

. e d+Au FTPC-Au 0-20% -

O
R
|

|
: M. — p+p min. bias STAR -

* Au+Au Central -

o
.
—
|
o-
_._ ——
|

1/Ny,1 5 AN/d(A0)

A ¢ (radians)

A@ = 0: central Au-Au similar to p-p
A@ = 1. strong suppression in A-A
Not in d-Au - its a final state effect

Helen Caines - Yale - NNPSS - July 2024 STAR: PRL 90 082302 (2003) 15




Observation of “Punch through”

8<pttig<15 GeV/c
d+Au Au+Au, 40-80% Au+Au, 0-5%

---------------------------------------------

0.3}

If use higher pr particles:

0.2 }

Away-side peak re-emerges

9> (oosse}d>t ¢ >(oosse)d>¢

S |
sl Smaller in Au-Au than d-Au
2 Virtually no background

High energy jets “punch
through” the medium.

Helen Caines - Yale - NNPSS - July 2024 STAR PRL 97(2006) 162301 44




How do partons interact with the QGP?

Nuclear Yield (A + A) Average number of p+p
Modification R,,(pr)=— collisions in A+A collision
Factor: Yield (p + p)x(N) —
R 1.4:
do ,, h2r R=1  No “Effect”
dE, o Hor " R < 1 at small momenta -
i R "hard” production from thermal
Av-Au oL bath
0.4: "SOft"
021 R =1 at higher momenta

B 00— 2 3 4 5 6 where hard processes
T

Tranverse Momentum (GeV/c) dominate

R<1 at high prif QGP
affecting partons’ propagation

Helen Caines - Yale - NNPSS - July 2024 17



Very strong coupling

2_IIIIIIIIIIIIII|IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII_
" ® h*, Pb-Pb (ALICE) @ h*, p-Pb \/STIN=5.02TeV, NSD (ALICE, prel.) -

1.8 A h*, Pb-Pb (CMS) % v, Pb-Pb \s, =276 TeV, 0-10% (CMS) -
|5 W=, Pb-Pb \'s . =2.76 TeV, 0-10% (CMS)

Sy = 2.76 TeV, 0-5%
1.0

1.4F

1.2

Reopp ’F?pr

A PRI EPRPETE AT R UTETITIN BN AT RPN P
OO 10 20 30 40 50 o660 /0 &80 90 100

p_ (GeV/c) or mass (GeV/c?)

Colorless objects should not
interact with colored QGP
show no suppression

Minimum p-Pb collisions
don’t form QGP
Rppb SNOWS NO suppressior

Hadrons are suppressed
INn central collisions
Huge: factor 5

Helen Caines - Yale - NNPSS - July 2024

sQGP - strongly coupled -
colored objects suffer large
energy loss




Very strong coupling

2 T
" ®m h*, Pb-Pb (ALICE) @ h
1.8 A h*, Pb-Pb (CMS) — % +.
- }m=2.76Tev,o-5% T 0
i V Z
1.4 o
= I
o 1.2
o 1o B8
_; 1r s ) g
0 3
O | —
D:D_ 0.8
0.6
0.4
0.2
O ' R A N R T N N N NN N N R N A
0 10 20 30 40

Helen Caines - Yale - NNPSS - July 2024

PHYSICAL
REVIEW
| ETTERS

14 January 2002

Volume 88, Number 2

o ! ' I '
Au+Au vs,, = 130 GeV
central 0-10% -
L m(h"+h )2
; .

Jrless objects should not
ract with colored QGP
DW NO suppression

imum p-PDb collisions
't form QGP
Pb ShOWS NO suppressior

adrons are suppressed
central collisions
Huge: factor 5
P - strongly coupled -
2d objects suffer large
energy loss




Strong suppression of high pr particles

I I ' I ' I

- ., 0
. "2 _ 500 GeV e PHENIXR,, 0-10% 1°, Au+Au
1.2 STARR_, 0-10%/60-80% '+1 , Au+Au

¥*
——  Theory, dN%dy=1050, W-S participant density
[mg

L PHENIX R,, 0-10% m,, Cu+Cu
] Theory, ng/dy=250, W-S participant density
|._
o 0.8

0.4H ! -
i8]
-
0.2_ - x X I =
| | | |
% 4 < 12 16

High pt hadrons hadronize

at RHIC: from quarks

at LHC: from gluons
(larger color charge!)

Helen Caines - Yale - NNPSS - July 2024

Collisions of heavier ions results
IN more quenching

I I | I I I o I
o 1| CMS 0-5/50-90% :I: | T
— 2 e _,_+++ | —— |
mO !,.W::::::::.- b T, o _..’—f— |
et 0 T ++T' -IHT[»...;C
’. ; ”0000"";?-- — +'0? 'f"'... _.‘_._._...-o-_?_ ' | I —— | |
o A .-0-‘ + N —— ]
ul '*_+ § _
_ [
- 10 A - | 7
"0" ‘ -o-_f_ | h]‘<25
02 ATLAS Preliminary o= _
= PbtPb |5 =2.76Tev  —— (90-60)% 1 (60-80)7%
Data 2010 + 2011 —— (30-40)%/ (60-80)%
Ly, =0.15nb" —— (0-5)%/ (60-80)%
[ 1 | | | | | | | I I | I | l [ 1 1 1 I
2
1 0} fGevy 10

Both quarks and gluons strongly
coupled to the medium




What about charmonia?

PAuU

Ran R

18
16
14
12f

0.8}
0.6 |
0.4 F

0-2 - STAR Preliminary

0 50

® Au+Au@54.4GeV,p_>0.2 GeVlc, e'e’, |y|<1.0

B Ru+Ru&Zr+Zr@200 GeV, p_> 0.2 GeV/c, e'e”, |y|<1.0

* p+Au@200 GeV, p_>0 GeVi/c, wu, |y <0.5, PLB2022
p+Au@200 GeV, p_>5 GeVrc, e'e’, |y|<1.0

¢ Au+Au@200 GeV, p_ > 0.15 GeV/c, u*u-, |y |<0.5, PLB2019

Pb+Pb@2.76 TeV, p_ > 0 GeV/c, e'e, |y <0.8, ALICE, PLB2014
Pb+Pb@5.02 TeV, p_>0.15 GeVic, e'e", |y |<0.9, ALICE, NPA2021

=5

g b ‘

¢

Global uncertainty
i n

i

'l

100

J/Y melts but also regenerates
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<Npar’[

Much more suppression at
RHIC than at the LHC!

LHC

| RHIC
J/P —;

PRI [T T T S N T S T T (NN T T ST S AN SN T TN T N S SO S -
150 200 250 300 350 400 450

a Development of
Start of wllision quark-gluon plasma Hadronization
Low
(RHIC) i — = A — ® D
Co

! - N9 o7\ o oA ﬁ @Db D
o © LN o
High POEA" | Re s o te e @D@
(LHC) /% —> N oo f \g — e e
energy -« A /O O\ @D@D @D
¥ %S v @D

Image: P. Braun-Muzinger, J. Stachel, Nature 448 (2007) 332

)
RHIC much less regeneration in

medium (few ¢ quarks created,
once melted don't reform)

20



Precision quenching measurements

< 2F
- Dat HG-PYTHIA :
(€1 gl = Ruhy o AutAu " Ru+R Raa (Npart>20) decreases with
— =@ Zr+/r —=— d+Au .- _
1-6:_ op uncertainty —— Cu+Cu =& ;n Lreer Npart
1.4
12F Same Raa at same Npart
1F- - regardless of system
0.8
0.6/ Deviation from trend starting
e STAR vﬂeliminary | at Npart =20
0.2 Isobar \'s, =200 GeV - . .
Lo temepssiceve - Evgnt selection bias In
10 107 (N ) peripheral events causes
Tong Liu par

artificial suppression?

Jet quenching linear with log(Npart)

Helen Caines - Yale - NNPSS - July 2024 STAR: PRL 91, 172302 (2003), PRL 91, 072304 (2003), PRC 81, 054907 (2010) Loizides & Morsch, PLB 773 (2017) 408-4 21



What'’s expected from A-A jet spectrum [

4

*
- -
------------------------------

p and E MUST be conserved even with quenched
jets
Study nuclear modification factor (Raa) of jets ]

If jet reconstruction complete and unbiased Raa=="1

Energy shift?

R Jet Cross-section ratio
AA

1
Absorption? >

d(j Jet
dE,

Helen Caines - Yale - NNPSS - July 2024 22



Full-jet reconstruction in HI collisions

Au+Au 0-20% p:‘?:t ~ 21 GeV
p+p JP trigger P ~21GeV !

o STAR preliminary
STAR preliminary

r arid cell IGeV1

p: per arid cell [GeV1

In p-p jet clearly visible In A-A more challenging

Underlying event background a significant challenge -
magnitude and fluctuations

Helen Caines - Yale - NNPSS - July 2024
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Challenging background in A-A events

Central Pb-Pb events has produces several thousand particles
- Most of these are not from hard scatterings

Event-by-event basis:
pr (Jet Measured) ~ pr (Jet) + pA + 0 VAg

P - background energy per unit area
A - et area ~ TTR?

p (GeV

100 GeV of uncorrelated background
at the LHC in cone R=0.4 (at RHIC
about factor 2 smaller)

N.B. are also large fluctuations

Unfolding needed to obtain initial jet pr

FastJet k, (p;“"' =0.15 GeV/c)
- Fit: (-3.320.3) GeV/c + (0.0623:0.0002) GeV/c x Nj

|1o°
?--

200—

100 |

0-10%

OE:-"i-l 1

Pb-Pb \s =2.76 TeV

——

B

20000
0
L
-
5
0

1 1

0

1 l 1
1000

1 l 1 1
2000

JHEP03 (2012) 053

1 1 l 1 1
3000

raw
input

= 10°

10°

10

from any A-A measurement

Helen Caines - Yale - NNPSS - July 2024
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Full energy still not recovered

& | ATLAS anti-k, R = 0.4 jets y| <21 T I
' [510-10%, [5p. = 2.76 TeV [PRL 114 (2015) 072302 : : 201.8 Pb-Pb, s, = 5.02 TeV, 0-10% ALICE Prehmmary i
+ |0 -10%, \/TNN =502 TeV - anti-k, R=03,A,>02,|n <0.6 : |
1‘"'"-'"3'0‘"4‘06/;"W""z"ﬁe"fév [PRL 114 (2015 072302 I~ 0.8~ Ch-particle jets a
- 30 400/0 \/? = 5. 02 TeV _ S plead > 3 GEV/C -
llll (T ,,» and luminosity uncer. - ] |
0.6 (rel. to unbiased pp) |
+¢ _’_fi | + b i [ ® ]
—¥ . _ o o 4[ 135GeVi : ]
b [ & Je . %T % } } -
i . ¢ T a
; 1, @ *f + |+ + & B %%‘ L= .
005: _ ______________ N O | | N l 0.21— #STAR Au+AU, |5, = 200 GeV, —
4 e = I —% R =03, p=*°>5GeVic :
' of unbiased Pb-Pb 5 ¢ Rev.C 102 (2020) 5, 054913 -
| | | | | | | | | | | | | |
40 60 100 200 300 500 900 Pa ale fua ¢ 2 £as 3 288 5 # 8 5 8 5 9
p_[GeV] 0 20 40 60 80 100
T p;“jet (GeV/c)

Quenched energy not recovered for R=0.4

Raa(5 TeV) ~ Raa(2.76 TeV) ~ Raa(200 GeV)
Compensating effects of higher quenching and flatter pt spectra

Helen Caines - Yale - NNPSS - July 2024 ATLAS: PLB 790 (2019) 108 25




Does quenching depends on parton flavor?

3
0

2018 Pb+Pb 1.7 nb™", 2017 pp 260 pb™, |/s,,, = 5.02 TeV

B | | | | | | I | | | I I | | | | |
1.2 — ATLAS il
- anti-k, R = 0.4 jets Phys. Lett. B 846 (2023) 138154 )
- |77 <28 " -
e e - ——|- —
0.8 —
T l. ol * + + N | =
0.6 [ =" * " _
L e @] ) @)

- T o H i N
i T _
0.4 " -
- For y-tagged jets [PLB 790 (2019) 108] B
0.2 - p- >50GeV, |n'| <2.37 Inclusive jet . y-jet -
_ Ad(y.jet) > Tn/8 0-10% 0-10% N
O B | | | | | | | | I | | | | I | | | | | | | | | | l—

50 100 150 200 250 300
Jet P [GeV]
Energy loss dependence AR

E

on color charge shown

At LHC:
Photon tagged ~ quark jet
Inclusive ~ gluon jet

Caveat: Steepness of
spectrum plays a key role

GLV approximation:

' :2 1 dNY 2F
AL dy L ln p? L

r~/
~/

Helen Caines - Yale - NNPSS - July 2024

M. Gyulassy et al. PRL 86 (2001) 2537
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Di-jet energy (im)balance

Are the getting fully quenched or does
each loose a little bit of energy?

A . pT/]- o ple
] —
P11+ P12

ldeally since p and E conserved
Aj=0

6 7 8 S 10 11 12 13 14 15

P, (Gevie) Using jet finder some energy missed

Even for p-p Ay #0

Compare Ay in p-p and A-A

Helen Caines - rvaie - NNFOO - July zuz4



Di-jet momentum imbalance

40-100% 20-40% 10-20%

0-10%

J

'''''''''''''''''

40-100% |

) dN/dA
evt

(1/N

llllllllll

. Z\fsNN=2,76 TeV 0-10%
1o ATLAS |
1P O Pb+Pb

++ L =17 ub’15
¢ ':

nnnnnnnnnn

) dN/dAG

ev

(1/N

10°

1t Op+p Data
1F OJHUING+PYTHIA

o
-
-
>

vvvvvvvvvvvvvvvv
[ ® Pb+Pb Data

Energy lost of jet-by-jet
basis

Helen Caines - Yale - NNPSS - July 2024

bEr1 — Ero 7
— ; A > —
bEr1 + Ero 712

Aj :

Di-jet rate not significantly
reduced

Significant momentum
imbalance in most central
events

Little to no azimuthal

decorrelation - likely energy
loss In small steps

ATLAS, PRL 105 (2010) 252303 g
CMS. PRC 84 (2011) 024906



Quantifying the energy loss

12

Measure fractional momentum <=0 LHC-ALICE
10 @ R=0.2 } Pb+Pb 2.76 TeV
loss - +R=04 :
O 8 — x R=0.5 : *
< B ;
6 / . t d f R % _ PYTHIA-6 STAR tune pp reference
pT pT I n S ea O M Q) 6 - PYTHIA-8 pp reference +
54 : B
D_I_ B @N E : o % E *
< 2 %o '
— O _ o | ! : :
:p;:et:10-20 GeV/c Ip °h :10-20 GeV/c ! pf,‘jet:15-25 GeV/c : pT: :10-20 GeV/c : pTh -60-100 GeV/c
% _o B STAR F’rellmlnary i arXiv:2006.00582 |PRC 96 (2017) 024905I JI—iEPog (2015) 170
— 46
o 10
g Y, Het nO+jet Inclusive jet h+jet h+jet
O
107 -~ o 60—ATLAS Pb+Pb Centrality 0-10% —]
; (.2. [ anti-k; R=0.4jets == Inclusive jets -
QI— 50 = 1% < 2.8 ---= Inclusive jets (corrected for isospin+nPDF) -
— For y-tagged jets = y-tagged jets _
oL T = —=
107 | . o N | C p!’ >50 GeV ---- y-tagged jets (corrected for isospin+nPDF) ™ =
6IIII7IIII8IIII9IIII.IOIIII‘I‘IIIII12III|13||||14-IIII15 30 :_In|<2_37 _:
p. (GeV/c) - Ag(y jet) > 7n/8
125 e PR Py P L L LLY.
20 [ ucreass iSRS
Apt (RHIC) < Apt(LHC) 10 B _

APT (quark) <ApT (g) Y00 120 140 160 180 200 220 240 260 280 300

Jet p_[GeV]

Helen Caines - Yale - NNPSS - July 2024 PHENIX: PRC 87, 034911 (2013), ATLAS: PLB 846 (2023) 138154 29




Energy loss vs energy density

ELoss from shift of pt spectra

) 5.02 TeV -

§ i S . |

PEREE auce )] 4 Approximate energy density from:
trmme e T |

dNch/dn —> dS/dy —>
st Tf= dS/AY/AT = Sinit Tinit
Einit = 3/4 Sinit Tint

| g Preliminary :
e Correlation between Eoss and
T €init over different species and
More details on estimates see 2308.05743 J. Harris & B. Muller COI I IS I on ene rg |eS
N.B. Link between entropy GLV approximation:
and charged particle density AE . 9Cgma;

1 11, 2E
N AILEln u2L+

Helen Caines - Yale - NNPSS - July 2024 M. Gyulassy et al. PRL 86 (2001) 2537 30

very sensitive to viscosity. E



Jet-hadron correlations Au-Au vs. p-p

2'5:_ 10 < pjet,rec <15 GeV/e e Au+Au, 0-20%
T

As wf 05<p<1Geve PP Broadening of recoll-side
Trigger jet :

Softening of recoil-side

Q
.
K E remai ated
Ox L remalins correlale
VE 4<p™™<6GeVie S = 200 GeV to Jet axis but at Iarge
0.6
C N\ 7] v, and v, uncertainty an g I es

High Tower Trigger (HT): S F trigger jet uncertainty
t 0.05x0.05 = =
Veimeét> 5_2 GeVde}) Z 0-45_ | detector uncertainty

AP=Pet — PAssoc. éﬁ 0'35
duet = jet-axis found "t
by Anti-kt, R=0.4,
ptcut>2 GeV and

pt rec(jet)>20 GeV

Fragmentation modified
as expected

Helen Caines - Yale - NNPSS - July 2024 STAR: PRL 112 (2014) 122301 31



What about at the LHC?

Reconstruct jet recoiling from high pr

/T

" 604Gi:vi:séﬁt'l<':‘;n:t; ﬁf,f d R 3;/_ photon
g e | i " J- since photons don’t interact “know” initial
g 2 o won T o *-
L o | parton energy
| - Examine fragmentatlon hadrons
Q “f T '
Q : I .
o 1 ? 2 7 (Atrk | =Y
% 1_+*“'-*+_ _________ _.____;____._-__v_- __________ [ | I /( T)]
[ I :
0.5} T ; .
R e - take ratio Pb+Pb/p+p
3 3
Most of the “lost™ hard - Jet substructure is highly modified
particles emerge as - Particles emerge at large R and low pr
multiple soft particles

Helen Caines - Yale - NNPSS - July 2024 CMS: PRL121 (2018) 242301 32



Searching for quenched energy at LHC

A,>0.22 anti-k, R =0.3 p,,>120;p_, > 50 GeV
5.3 pb' (2.76 TeV) 166ub (2.76 TeV) 'ﬂ”ﬂ'<06 A¢ >5ﬂ/6
......................................... e
. CMS pp PbPb 30-100% PbPb 0- 30%
— 0
>
O
O,
=g-zo L :
L Opp (pT) #Pbe (p )
-40/=F -
= PP <5»T>[0 A PbPb <PT>[0 N =
e L e e
05 1 1.5 5 (PbPb30-100%) - pp T (PbPb 0-30%) - pp -
| — ™
<wT>p;_rk,A [GeV] l :O:';' '_: |
0.5'1 .O O 3 . ; b : —
1.0-2.0 - i
2.0'4.0 - —
Bl 4.0-8.0 [ OPbPb-pp (p), I '
B 8.0-300.0 | | | 1 1 |
In1 kI <24 0.5 1 1.5 0.5 1 1.5
' A A
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Balancing only occurs
when looking VERY far
from jet axis

At LHC quenched
energy spread over
entire hemisphere!

CMS: JHEP 01 (2016) 006

33



An Initial interpretation

w=XE
Jet quenching = Gluon radiation: %00 gosounees
Multiple final-state gluon radiation =~ E  ¢¢ w=(1-x)E
off of produced hard parton Production S0, § % 2§ &
Induced by traversing dense : Medium
colored medium
Jet in vacuum Jet in medium
E{’,ﬁiuum EI\JAeeJ[dium=E§j/2tcuum Jet broadening
........... =

" Suppression of
> high-pr particles

Jet quenching/
gluon radiation in QGP

Enhancement of
low-pr particles

Increased particles at low pt and large angles
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What about heavy quarks? 1o

. ALICE

“F 0-10 % Pb-Pb \/s,, = 5.02 TeV
1.4] charged jets, anti-k;

I I -~ 4 D’jets, A=0.3,3<p__ <36 GeV/c
Dead cone effect Implles less heavy 12l nclusive jets, R=o.g,T’3rXiv:2303.00592 &
qguark energy loss in matter: I +;§t’:iz;l’:; 04 a2 1 D-tagged jets
o8- , -
0.65— - :
- NEN T N n
04 o T T g O QT LI
o.2f—ﬂ B —E{D’Q‘-H:H—ﬁ—lﬁ'—ﬁ -
0: Lo ! ! R T T R I2
2 AR . pmcacwsis
X " pp+Pb 2018, 1.4(1.7) nb” [CJLIDO model light-jets ]
_ pp 2017, 260 pb _82= g: g:' i?%ﬁfgive jets
1.2~ anti-k, R = 0.2 jets, |y | < 2.1 | el
- S, = 95.02 TeV, Centrality 0-20% i
b less suppressed than ¢ - L y E
" 1 Db-tagged jets
less suppressed than o8- ! 4 DTE9SEH
gluons j35 = -
04— —
ke ® |b-jets O | inclusive jets -
Caveat: Steepness of AT P U PUUT s v P e A D T U

80 100 120 140 160 180 200 220 240 260 280
SpeCtrum playS d key role Eur. Phys. J. C (2023) 83:438 p_ [GeV]

Helen Caines - Yale - NNPSS - July 2024 Dokshitzer and Kharzeev, PLB 519 (2001) 199 35




Pathlength dependence to energy loSs

Raa()

ALI-PREL-7891

1

0.5

- Centrality 30-40% @ e Inplane
o O Out-of-plane

N ALICE Preliminary

N .’ .‘ Pb-Pb at \ s\=2.76 TeV

® e .
* e
e ¢

_: .’ . ‘ ‘ ’

@ o o o

o ®eo 0 @

lllllllllllllllllllllllllllllllll 11

EFRY
P, (GeV/c)

V2 remains finite
vz =10

14 16

Consistent with path
length dependent ELoss
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More suppression for charged hadrons
exiting out-of-plane

- lonaer averaae nath lenath in medium

CMS 404 pb'1 (5.02 TeV PbPb)
- v, CUJET3.0 Centrality: 0-5% 5-10% 10-20% |
0.2f 4 v,{SP)
-V, SHEE, lin. | 3
L J
.'., . %"‘
Da S LN
: . Y et X L7
L. L AT i Q) LP‘” -
6‘. - -~ - g &\, - - - ® ) ek -~

50-60% |

0.2} .
® »
a a
> 0.18% a
o O ’ “.-
ty:k‘.‘m?a'. . ?b ~'~.-":.:.- --- = :~L-£--
D/Qp—SiENigs =N
R AT TG CaOen LRI PSS B ST S I PSR RO A At o ol ooy B TS e PRERTS ITTSR TaETe Bee
20 40 60 80 20 40 60 80 20 40 60 80 20 40 60 80
pr (GeVic) pr (GeVic) pr (GeVic) pr (GeV/c)

GLV approximation:
AFE QCRWOL:S3
E "7 4

CMS: PLB 776 (2018)



Determining QGRP transport properties

12

10

3

A

E =100 GeV, 0-10% central data
Prior 90% Credible Interval (Cl)
Jet Raa: Posterior 90% CI

Jet Raa + substructure: Posterior 90% Cl

JETSCAPE Preliminary

T
0.15

T T I T T T
0.20 0.25 0.30 0.35 0.40 0.45

T (GeV)
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T
0.50

Advances continue - especially via
JETSCAPE (but not only) - exploit
bayesian inference

Now includes jet Raa and substructure
measurements

a = Q2/L Q- mtm transfer to medium

L - path length
Most precise estimate to-date

Does the T evolution explain differences at
RHIC and the LHC?




Determining QGRP transport properties

12 4
10 =
8 —

m
~
~
<O

Area-normalized

Some tension when include hadron Raa

O
00

O
o

O
N

0.0

1 Jet

JETSCAPE
Preliminary

J

Hadron
1 Had. pPr = 30 GeV

1 Had. pr =30 GeV

= 200 MeV
= 100 GeV
Posterior

e

4

6

qIT?
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8

o

Advances continue - especially via
JETSCAPE (but not only) - exploit
bayesian inference

Now includes jet Raa and substructure
measurements

a = Q2/L Q- mtm transfer to medium

L - path length
Most precise estimate to-date

Does the T evolution explain differences at
RHIC and the LHC?

Some physics missing?
Uncertainties incorrect?
Theory uncertainty critical?
All of the above?




Does medium respond to the jet?

>

Enhancement of particle
"Positive wake”

Depletion of particle
qﬁ% ‘ “Recoil” Posi
41 - 0 \,\?ad(éﬂsﬁ “QGP hole” osition space
P e 2 B negative wake Credit: Yen-Jie Lee

Z° and wake hadron correlation in Hybrid model

Daniel Pablo, Krishna Rajagopal, YJL
Momentum space
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Diffusion Wake or Not?

7> Jet Lost Jet energy generates
diffusion wake

Credit: R. Ehlers

—> Depleted particle

2018 Pb+Pb 1.7 nb™ VSNN =5.02 TeV

2 T ATLAS Profiminary AR : production in y direction

T 1.08 — Centrality 0-10% . - o
Aj Z_ A¢(jet,tr;/ck)>n/2 _Z > Wake Iarger When XJ

S 1'06: O.5<ptTraCk<2.OGeV - Sma”er
ST - 1" < 2.5 T
A : At 95% CL wake < 0.8%
< b G g PR | perturbation of bulk

S BEFY el IFIEIEAFARARIL I IRARNT 1O L == A 7 _

5 ikt A + in TR (note CoLBT predicts 0.2%)
50.98 — o [T —

E 0.963— " et _f
X ool prodocev S ety 2 - Don’t yet have sensitivity to
o e b b b wake effects

IAn(jet, track)l
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Summary of studies using hard probes
Hard probes verified as calibrated probes via p-p data

Charm and beauty have significant rescattering in the medium
Large suppression of high pt hadrons in presence of a QGP

Jets reconstructed in A-A show strong suppression and modified
fragmentation patterns

Energy loss depends on parton color charge, flavor, path length through
the medium, and the medium’'s energy density

No clear evidence of medium response to energy loss

Results can be explained as due to significant partonic
energy loss in the QGP before fragmentation

Tomorrow: The unexpected and unplanned physics from RHIC and the LHC
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And the background fluctuates

* Backgroundis NOT uniformly distributed within a event.

* [t fluctuates from point-to-point.

* [t 1s also correlated with the global characteristics of the
events: 1 dependence; correlation with the event plane

Erieny s Jet Energy Resolution
— ? ALICé .I " Po-Pb \[S_NN=2I.76 Tev§
c T “. Centrality: 0-10%
D 10" S p*>0.15GeVic . E : track
2 E .. ... Rangozrnogones : 5 pT — pT - p X A
§ . L e 0~7.2 GeV/c tor R =0.3
= *amm—te) Charged jetS
L o e Can be unfolded if known
10° o = °
'GE | l*l l L1 1 l L1 | l L1 T*l*ﬁ I*T l+l 1 ? preC1sely
40 20 0 20 g:) ih ( éoev/(;;o
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Background - central Au-Au collisions

Event-by-event basis: =~ 120k
1200
SHs
pr (Jet Measured) ~ pr (Jet) + pA £ 0 VA & b
>
. 8 80—
P - background energy per unit area = F
A - jet area “F
a0
- - Epg~ 45 GeV for Rc=0.4
14— 20% 20— 9 |
- AuAu 0-20% -~ (S/B ~0.5 for 20 GeV jet)
12 -e-p > 0.1 GeV N T P ST PR T P S I
T A P> 1 GeV 9300 350 400 450 500 550 600 650 700 750
§ 10 o ptcut >2GeV 0 o " Multiplicity
s | e Substantial region-to-region
s b - background fluctuations
5 | AN
5 6 A e
= et .
I £ 0 - comparable magnitude from
5 .- f/‘/*,/ FastJet and naive random cones
(@) -
m [ (] [ (]
= o_lllllllllllllllllllIllll|llll|llll|llll|llll|llll BOthreducedSIinflcantly
0 01 02 03 04 05 06 07 08 0.9 1

R by increasing preut
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Modlification of the fragmentation

p and E must be conserved so quenched energy must appear
somewhere

Prediction that the fragmentation function is modified in the
presence of a QGP - more and softer particles produced

d_Nh(g,T) - MLLA: good description of
d¢ - vacuum fragmentation (basis
= OPAL.Vs5=192-209 GeV of PYTHIA)

14—, vacuum, E;=100 GeV
* Introduce medium effects at

12 -- 1n medium, E;;=100 GeV
* TASSO; Vs=14GeV parton splitting Borghini and
Ot . in vacuum, Ej =7 GeV Wiedemann, hep-ph/0506218
8 I —-—=1n medium, Ejet=7 GeV;"
6 - Look at A-A
. Frag. Fnc.
' . especially low z

)

EZIH(EJ et/ phadron)
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