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Goal of Hot QCD in a nutshell

Borsanyi et al.:JHEP 1011:077,2010

Number of degrees
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Number of degrees
of freedom
iIncreases by factor
10 at T~150 MeV —

quarks and gluons

Lattice calculations:
rapid smooth cross-
over at us ~0

T, = 156.5£1.5 MeV
€oc = 0.70 GeV/fm?3
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Goal of Hot QCD in a nutshell

Borsanyi et al :.JHEP 1011:077,2010 15

Number of degrees
of freedom

§ iIncreases by factor
= =
N © quarks and gluons
o
w E) " "
S 5 Lattice calculations:
H rapid smooth cross-
3

over at us ~0

T = 156.5£1.5 MeV
200 400 600 800 1000 &pc = 0.70 GeV/im3
T[MeV]

Such conditions can be created in Heavy lon collisions at RHIC and LHC
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Terminology of a heavy-ion collision

Non-central
collision

Picture: ©® UrQMD

Reaction

XZ - the reaction plane

plane /
Spectator

plane “peripheral” collision (b ~ byax)
“‘central”  collision (b ~ 0)

Number of participants (Npart):

number of incoming nucleons (participants) in overlap region
Number of binary collisions (Nys):

number of equivalent inelastic nucleon-nucleon collisions

Npin = Npart More central collisions produce more particles
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Wealth of data available

RHIC energies, species combinations and luminosities (Run-1 to 22)

O L O O I RHIC (beam energy scan, different nuclei):
\\ \ \ \ \ \ < U+U, Au+Au, Ru+Ru, Zr+Zr, Cu+Cu, O+0,
VALV ] Cu+Au, He3+Au, d+Au, p+Au, p+Al, p+p
RN B Mostly at 200 GeV but Au+Au from 3-200 GeV
[ ] TN § | L pt+p?
L NS \ || AL LHC Beams@ALICE Run 1 and 2 (2009-2017)
L NS N pi+Au =2
EEEE_ uELimE. Em dhu
100 11 oo % 10°
o %10 CutAu %% _ 10
"t —_ e o
%f.ﬁ % 0.1 \ \ \Au+Au ’é 1
% oL LT W T T T e £ 10
8 9 12 15 17 20 23 27 39 54 56 62 130193200410500510 3 10_2
Center-of-mass energy Vsyy [GeV] (scale not linear) 18:4
LHC (top energy, rare probes): 8
Pb+Pb, Xe+Xe, p+Pb, p+p s
A

For Pb+Pb mostly at 5.02 TeV
HUGE datasets

(significantly bigger at ATLAS and CMS)

© p+P p+pP porP

Complimentary datasets
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The phase diagram of QCD

Cross-over at low us

300 ILHC

Very hard to extrapolate RHIC The Phases of QCD
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The phase diagram of QCD

Cross-over at low s

300

Very hard to extrapolate The Phases of QCD
off us = 0 axis 250
Disfavor QCD critical % Quark-Gluon Plasma
point at us/T< 3 S 200
DO
Several calculations | 3 150
settling on CP at %
Q.
T~90-100 MeV GE) 100
50
Jsnn = 3-5 GeV Superconductor
CP might also not exist- ¢ 200 400 600 800 1000 1200 1400 1600

needs experimental answer Baryon Chemical Potential p (MeV)
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Do we create the necessary initial
conditions?



Energy density in central collisions
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Bjorken-Formula for Energy Density:

AET I 1 3dNgp
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€Bj = = pr
/ AV TR? 192 dn Pr)
. / Time it takes to
Radius of
medium R~71m thermalize system
— [\—
ntR?
— -
dz =7 ,dy
ALICE: PLB 726, 610 (2013), 7



Energy density in central collisions

® PHENIX 0-5% AusAu K Bjorken-Formula for Energy Density:
AET 1 13dN,,
10 — A CMS 0-5% Pb+Pb GB] — — <pT>
[ AV  wR?*7192 dn
o L
‘E — + /
S + Radius of Time it takes to
S I medium o7 m thermalize system
= | ; ¢
i ? ? — —
* - — R2
? — —
1 [ I I| I [ I| I [ I| I I
10 10 10°
| s\ [GeV]

e) (LHC) ~ 10 GeV/fm3

(pr) ~ 650 MeV ~75 times normal nuclear density

To ~ 1tm ~ 15 times > e,y (lattice QCD)
Helen Caines - Yale - Midsummer QCD School - July 2024 ALICE: PLB 726, 610 (2013), PHENIX: PRC 93, 024901 (2016) 14




10 GeV/fm3. Is that a lot?

In a year, U.S.A (known energy hog) uses ~100 quadrillion BTUs of energy
(1 BTU raises 1 Ib water 1° F = 1 burnt match = 1,055 J). What size cube would
you heed to pack this energy into to produce equivalent energy density?

A. A cube ~1 m high by 100 367 km? (approximately the area of Lapland)?
B. Acube ~1cm x ~30 cm x ~20 cm (approximately size of your laptop)
C. Acube ~1 mmx ~1 mm x ~0.1 mm (approximate size of snowflake)

D. A cube ~5 um x ~5 pm x ~5 pm (smaller than cross-section of your hair)

Helen Caines - Yale - Midsummer QCD School - July 2024



10 GeV/fm3. Is that a lot?

In a year, U.S.A (known energy hog) uses ~100 quadrillion BTUs of energy
(1 BTU raises 1 Ib water 1° F = 1 burnt match = 1,055 J). What size cube would
you heed to pack this energy into to produce equivalent energy density?

A. A cube ~1 m high by 100 367 km? (approximately the area of Lapland)?

B. Acube ~1cm x ~30 cm x ~20 cm (approximately size of your laptop)

C. Acube ~1 mmx ~1 mm x ~0.1 mm (approximate size of snowflake)

D. A cube ~5 um x ~5 pm x ~5 pm (smaller than cross-section of your hair)
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Temperature of chemical freeze-out

Number of particles of a given species related to temperature

Assume all particles described by
same temperature T and s

One ratio (e.g., p/p ) determines
us /T :

p 6_(E_MB)/T —Q,UB/T
p e E-up)/T _ °

A second ratio (e.g., K/ 1)
provides T — |

K e—EK/T

_— p— 6
T e Ex/T

Then all other hadronic ratios
(and yields) defined

—(EK—ET(')/T
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Temperature of chemical freeze-out

Number of particles of a given species related to temperature

Assume all particles described by

n n K K K ¢ p P A = T Z'Y d d °He ’FI' iH A “He 'FIE
same temperature T and s S — T T T T T T '

. — . o 100 o= A ALICE b-10% Pb. Pb, ysNN_276TeV E

One ratio (e.g., p/p ) determines 3 RN B et gl g IO P S I midrapiqty -
- - ‘ F 5 = P e | w@e ] L '

MB /T : — P A N I —

10" | § E L _

p & (E 'uB)/T _9 /T o a Model T (MeV) | V (fmd) ¥2/NDF BR:E.ZS% -

— = — € HB 10 "~ |=—THERMUS 3.0 155+2 | 5825411 45519 " (9" m | = | -

p e—(E—,uB)/T s [ {=+=SHARE3 156 +3 | 4476 +696  27.6/19|; F

10 - ----- Thermal-FIST (energy dep. BW) 155 + 2 4962 + 363 22_1/19§ : : -

A d f K / o7 - {-=- GSl-Heidelberg (S-Matrix) 157 +2 | 4175+380  17.1119| . ‘@ A:
Secon ra IO (e.g., -I-I' ) N : . . . . H . . . . . . . H .

provides T — | .
Chemical Freeze-out temperature Tech

K e Bx/T o peyr close to that of Tpc at top energies
— —_— € K 4

T e Ex/T

Then all other hadronic ratios
(and yields) defined

But this is the T at which hadronic ratios are fixed.

What about initial T?
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Quarkonia - QGP thermometers

Formed only in the very
early stages of the collision
due to their high masses

Color screening of static potential

between heavy quarks
(Matsui and Satz, PLB 178 (1986) 416)

T/Te  1/(r) (fm] Charmonia: J/y, ¥, xc
a Bottomonia: Y(1S), Y (2S), Y (3S)
2| | Y(15)
= Ebinding (GEV)
: Xb(lp) 0 64
1.2|gm| T/9(15) Y'(25) 0.05

0.2

_ w(2P)  Y'(3S)
Te %(1P) w'(25) 1.1

0.54

0.31

Color Screening

Suppression determined by T and binding energy

Helen Caines - Yale - Midsummer QCD School - July 2024
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Sequential melting of quarkonia

i "
--------
--------
-
-

—A

«10° pp 28.0 pb™’ (5.02 TeV)

:l | L I | I L I L L I LI L ] | L l | L L :

8 Pl < 30 GeV/c CMS —
TR Yoyl < 193 i
(Q\| = -
(D 5 :_ hTIab' < 2.4 _:
9., - + pp data -
< 4 E
1% - — Total fit -
- - —
g ° g
T 2:_ ----- ackgroun E

O [ T . ll 14444 1‘.:‘1 1 I Lo d o a g b
3 2 10 11 12 13 14

m,.. (GeV/c?)
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Sequential melting of quarkonia

x10° PbPb 1.61 nb™ (5.02 TeV)
[ ] | I | | ] | | | | I
10 -CMS p_<30GeVic e Data |
| yl<24 — Total fit

Centrality 0-80% +-+ Signal
== Background

%10’

Qo
W
5

N
o

Events / (75 MeV/c?)
W

10 10.2 104 10.6
m,, (GeV/c?)

Events / (75 MeV/c?)
(@)
l

§ 9T 11T 12 13 14

Lightly bound states almost completely gone
Tightly bound states have mostly melted at LHC energies
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Sequential melting of quarkonia

%x10° PbPb 1.61 nb" (5.02 TeV)
L T I L l ' | J I J N I N I O B B B N O Y N 1
10 —-CMS p_ <30 GeVic ¢ Data — 1.2 PbPb |s,, =5.02 TeV CMS -
| yl<24 - Total fit I i
- Centrality 0-90% -+ Signal s Supplementary |
1 1_ ___________________________________________________________________ ]
8 8 | ><103 e BaCkground - — @ v(2S)0-20%,16<ly|<24,3<p_<30GeV/c —
> | & 3.5 | - -
4)) 8 ' u — W Y(35)0-30%, y| <2.4,p_<30 GeVic _
2 6 g) 0'8__ — A — Y(25)0-5%, |yl <2.4,p_<30 GeVic __
Lf[\) 0 3 G::E i W Uy 0-5% Iyl <24,65<p_<30GeVic |
~ » - 0'6__ ¥ Y(15)05%,ly| <24,p_<30GeVic |
7)) 2 i |
< 4] €25 i ]
o T T e B P _
> = 10 10.2 10.4 10.6 | v(@S) vas)
LU | m,., (GeV/c?) . x _
pa o n Jy i
- o.2ﬁ —
B Y (2S) -
| R i @ & il

O ““‘L“l‘*“"h S Loz, [ T T T N NN N RN SN N NN AN SO N

C L
T R e P T TR ma
m, (GGV/Cz) Binding Energy (GeV)

Lightly bound states almost completely gone
Tightly bound states have mostly melted at LHC energies
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Sequential melting of quarkonia

x10° PbPb 1.61 nb™ (5.02 TeV)
_ UL ] I l U ] I I ! | J | | | | | | | | | | | | | | | | | | | | | | | | | 1T
10 ~-CMS p. <30 GeVic ¢ Data — 1.2 PbPb |s,, =5.02 TeV CMS -
| yl<24 - Total fit i S / 1
-~ [ tv 0-90% =+ Si i upplementary |
C\] S Centrallty 0 90 '/0 Slgnal 1_ __________________________________________ P R ________________ t_V___ 30-600/0 10_300/. 0_100/0 0-60./0)
8 8 ’ w1 03 -= Background _ — @ v(25)0:20%, 16 <ly| <2.4,3<p_<30GeV/c . 1.2F ' v ' g -
> ' <35 | - . | AutAu 200 GeV, [y| <1, 0<p <10 GeV/e &
Q O - — W Y(39)0-30%, ly| <2.4,p_ <30 GeV/c | lobal ancertaiaty .
E 6 g) 0'8__ A Y(25)05%ly|<24,p_<30GeVic | leTAR ........................................... ............. }
) B n 5 i ’ * Y(1S) ;
L\/ 8 3 | U::E ) 6__ — W Uy 05%ly|<24,65<p_<30GeVic - 0.8} a0 Y@S) -
—~— ' -5%, <24,p_< eV/c - ] i
> A i P - YR 1 o 0.6} ‘ ¥ Y(3S) (95% C.L.) | ]
= $ 25— i 1= 8 |
O W 10 102 10.4 10.6 04 e vis) | g.4f " n L m -
LU : m,, (GeV/c?) . i - , b !
2 » o u Jhy | Iwl! il
’ O.Zﬁ _ 0.2} - -
= s . B @ Y (2S) 7] " N_,, uncertainty =] . I
| R . B e 7 0 1 L 1 L L 1 L Y/
0 TR ORTITIT. ST T Sl M Sl P l ! A ) 4 . O_ L1 ' R R R A A R R T N R T T I T A I | 0 50 100 150 '200 250 300 350
8 9 10 11 12 13 14 0 02 04 06 08 1 1.2 I\
m (GGV/CZ) Binding Energy (GeV)
T

Lightly bound states almost completely gone and top RHIC
Tightly bound states have mostly melted at LHC energies

T>15Tc ~300 MeV

Helen Caines - Yale - Midsummer QCD School - July 2024 CMS: PRL 109 (2012) 222301, PLB 835 (2022) 137397, STAR: PRL 130 (2023) 11230
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Extracting the initial T: non-interacting probe

Di-leptons probe medium over its whole evolution.
Escape medium without interacting (no color charge)

Two for the price of one:

-

e Different di-lepton invariant mass ranges probe different times
e ¢e+
Production rate proportional to QGP temperature e

. Early time measurement

p

Quark—gluon  p spectral function broadens when sitting in hot bath.. Hadronic
plasma . Later time measurement matter

Helen Caines - Yale - Midsummer QCD School - July 2024 12



Extracting the signal

< 10
> STAR Au+Au |s,, = 27 GeV (0-80%)
CS\D T — ® > yee & m° —»ee n — yee “itp see & o > T ee
3 E == 1 — yee == >ee& ¢ > nee -+-H Jy — ee LOW mass range
210_1 { -~ cC>ee — DY —>ee —— Cockiail.Ge
ke, =
O & N
% E | - Data
T N ]! STAR Preliminary Intermediate mass range
10” 35 .... -*{ N
ﬁ( 5 ~“;‘,'~ '
::z: ...... \ A S, ) +
T ;J.T;;;;;;j\.;;;?g._f‘ iy | Clear enhancement for
et Y -MR and MR
0 0.5 1 15 > 55
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Extracting the temperatures

=— STAR Au+Au 54.4 GeV (0-80%)
o— STAR Au+Au 27 GeV (0-80%)
*— NAG60 In+In 17.3 GeV (chh/dn > 30)

STAR Preliminary

. _l. Y- F-4- ‘%
H i‘ ~
b .. %
fit by (a*BW+b*M ".v‘ff
Yvy

TC:ABAU 54.4 GeV =174 + 15 MeV
Tfﬂ;‘\u 27 GeV _ 167 + 20 MeV
T::};:;? 17.3 GeV =165 + 4 MeV
! 1 ] | ] ] ] | ] 1 ! | ] ] ] l . L L |
05 0.4 0.6 0.8 1 12,
M, (GeV/c®)

Low mass range: Similar mass spectrum, similar T,

iIn-medium p produced & broadened in similar heat bath from
Vsnn =17-56 GeV

| L L]

—A
S
(o]

ch

| I l"llllll
.

—A
<
~J

I Illlllll

(d2N=°®*5/dM/dy)/(dN /dn) (20 MeV/c?)’

—A
S
(o4}
T
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Extracting the temperatures

. STAR Au+Au 54.4 GeV (0-80%)
. STAR Au+Au 27 GeV (0-80%)
NAGO In+Iln 17.3 GeV (chh/dn > 30)

=— STAR Au+Au 54.4 GeV (0-80%)
e— STAR Au+Au 27 GeV (0-80%)
*— NAGO In+In 17.3 GeV (dN_/dn > 30)

STAR Preliminary

"
fit by (a*BW+b*M 'v‘f?
Yry

| L L]

+«

I UL lllllll

ch N
<
(@)

| llllllll | llllllll |
J
’
.
J#;

—A
S
(o)

fit by M*? x e™T

L cov =338 + 59 MeV

)
1
U )
-
o

ch

| | l"llllll
)

Tﬁ;l;Au 27 GeV =301 + 60 MeV

—A
<
(0 )
%

—4
<
~J

dzNE’“‘eSS/dM/dy)/(dN /dn) (20 MeV/c?)"

(d2N=°®*5/dM/dy)/(dN /dn) (20 MeV/c?)’

—- Y RS
T Au+Au 54.4 GeV T NG .
2 =174 + 15 MeV . r Tf‘ =
: TAU+AU 27 GeV - 167 i 20 Mev = ‘:: - E_ . '
LMR RN = STAR Preliminary rry
" Toam oY =165 +4 MeV l Y, N y !
-8 10"
10 = 1 1 1 | 1 1 1 | | . | | A 1 . l . | | | = ' T | 1 T [ | 1 I |
0.2 0.4 0.6 0.8 1 1.2:2 0.5 1 1.5 2 2 5
M, (GeV/c?) M, (GeV/c?)

Low mass range: Similar mass spectrum, similar T,

iIn-medium p produced & broadened in similar heat bath from
Vsnn =17-56 GeV

Intermediate mass range: T(Vsnn=54.6) = 338 + 59 MeV ~ T(\snn=27) = 301+ 60 MeV
T(Vsnn=17) ~ 246 MeV Different medium below 20 GeV?
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Phase diagram summary

Q) 350 * IMR X LMR STAR

= O IMR O LMR NA60 (In+in)

~300

— vV LMR HADES *
250 m LMR STAR BES-| O
200 o

o™ |¢ G Y >

150 . %ﬁ *
100 ]

T, SCE

50

0
10 10°

Initial T above Tpc for Vsnn> 20 GeV

u_ (MeV)

Higher chemical potentials at
lower Vsnn

Hadronization occurs at ~1/70 MeV
Toc from lattice
(chemical fits and dileptons)

At top RHIC energies (and LHC)
Initial temperature >300 MeV
(Quarkonia and photons)

Above Vsnn ~ 30 GeV

Initial temperature >300 MeV
Potentially dropping below 20 GeV
(dileptons)

Helen Caines - Yale - Midsummer QCD School - July 2024
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How hot is ~200 MeV ?

A. Approximately the same as the hottest recorded T in Finland (~37.2 °C
Liperi, July 29, 2010)

B. Approximately that of molten gold (~1000 °C)
C. Approximately that of the center of the sun (~15 million °C)
D. Approximately that of a supernova (~10 billion °C)

E. Even hotter

Helen Caines - Yale - Midsummer QCD School - July 2024
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How hot is ~200 MeV ?

A. Approximately the same as the hottest recorded T in Finland (~37.2 °C
Liperi, July 29, 2010)

B. Approximately that of molten gold (~1000 °C)
C. Approximately that of the center of the sun (~15 million °C)
D. Approximately that of a supernova (~10 billion °C)

E. Even hotter ~0.1 trillion °C

Helen Caines - Yale - Midsummer QCD School - July 2024
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QGP: fluid or gas or plasma?

Pb + Pb,b=7fm P 1.6¢
y t Eo 014 51(;)_.13010?
T t2fe
Z8 o.sf—
Wl _____________ 0.6/
N j 0 i x(f1r(l)rl) >% 0.5 1 15 2 25 3
O1a6™ piane (rad)
Almond shape overlap ) Interactions/~ Anisotropy In
region in coordinate space Rescattering momentum

space
dN/d¢p < 1+2 v4(pr)cos(¢p-WRr) + 2 vo(pr)cos(2(¢p-PR)).... ] ¢=atan(p,/px)

V4. directed flow, v,: elliptic flow
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QGP: fluid or gas or plasma?

Pb + Pb, b = 7 fm o
y 1 Em'{ """ - o § 1457 A 10-31 %
~ % 2 2 .+ 0-10 %
1 -
v O 5 X(;’c')“) >4 0.5 1 15 2 25 3
¢Iab-\Pplane (rad)
Almond shape overlap ) Interactions/ ) Anisotropy In
region in coordinate space Rescattering momentum
space
100us 600ps 1000us 2000ps

1000000000 @ ¢

—M. Gehm, S. Granade, S. Hemmer, K, O’'Hara, J.

—— || € Thomas - Science 298 2179 (2002)
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QGP: fluid or gas or plasma?

- Pb + Pb, b =7 fm @ 1-5} """""" T ++
Elliptic flow observable sensitive to early evolution of system ﬁ
Mechanism is self-quenching .
Large v, is an indication of early thermalization |
‘blab'\{ilane (raii)
Almond shape overlap ) Interactions/~ Anisotropy In
region in coordinate space Rescattering momentum
space
100us 600ps 1000us 2000us

L

r’*'\ ,-f*\ ,-—'-\ ';,,' \ | :,O' Y | ';o' .. | /'4._‘. /'J._‘ ’/'J._
p N e o » " . . . 5 % b Y5
’ | ( ' : " 's ; .s ; .s : : :
| ; : ! F 3 - ! 4 » ] > 3 k¢
U U GO
Al | N N N : s !
i . : . [ . \‘ - \ N '.‘ . Sl ﬁ ‘,' f \' f
(W (N L 4 .”,' \ ”'o e ”,o \.ﬁ'.g‘ \'.\"g‘ \..\'-’

Ti —M. Gehm, S. Granade, S. Hemmer, K, O’'Hara, J.
— T e Thomas - Science 298 2179 (2002)
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Its a fluid

0.25 ————————FT——T——T—TT— T ——————
L »{2} Pb+Pb 5020 GeV 20-30% -
W vs{2} | 2nd-order viscous hydro “  Data well described by
B R va{2} n/s =0.12 . 1 hydrodynamical models with
F —-—- vs{2} ~ 1 very low viscosity to entropy ratio
g 0.15 - ALICE -
N i
= - A near-perfect fluid!
= 0.10 ”,,zj
,’/” [ % .
”’ ® 7 -z
o -] & : e ) . e
0.05 - oo ® 7 Higher odd vn terms dominantly
: - ,-/_““‘b.) 1 due to event-by-event geometrical
0.00 W B - B R N BN fluctuations
0.0 0.5 1.0 1.5 2.0

Helen Caines - Yale - Midsummer QCD School - July 2024 B. Schenke, C. Shen, P. Tribedy PRC 102, 044905 (2020) 18



Evidence for partonic degrees of freedom

Elliptic flow is additive

If partons are flowing the
complicated observed flow
pattern in v,(pt) for hadrons

d’N
dprd¢

142 v,(p; ) c0s(20)

should become simple at the
quark level

pr — pr/n
Vo — Vo /N
n = (2, 3) for (meson, baryon)

0.3
0.2

0.1

e 1 (PHENIX) <= p (PHENIX)
m K (PHENIX) O A (STAR)

K2 (STAR)

b
aryons é ECbCD
2

@

4

&

= (STAR)

é};@d},_gd’q

em °m

mesons

i Au-Au 200 GeV
O | | | | | | | | | | l | | | | | | |

@

oL

O

1

2

m+ - my (GeV)
mr = \/p +m?

3

Helen Caines - Yale - Midsummer QCD School - July 2024
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Evidence for partonic degreeg 'oflf'rlelelqlprlr]l. .

Elliptic flow is additive 0.1 1 e rn(PHENIX) - p (PHENIX)

If partons are flowing the - EO(TSTE/L\IF?)() o2 S’Iﬁg)’
complicated observed flow >
pattern in v,(pt) for hadrons

d°N om .*
o 1+2 v cos(?2 o 1 ¢“
ded(I) 2(pT) ( (I)) EN 0O .05 é-# Cll) ¢
> B

should become simple at the -
quark level

pr — pr/n

Vo — Vo /N O 7 ]
n = (2, 3) for (meson, baryOn) | :. | 1 1 I | 1 1 1 |Alu-|Alu l2|OOl lGel\/l —

0 0.5 1 1.5 2
(M- my)/n, (GeV)

mTZ\/pzTer%
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Constituents of QGP are partons




Charm quarks are also thermalized

L 03 oD oA  STARAU+AU |sy, = 200 GeV - @ STARD' _
qi; : AE- DKS ) é '_‘10_400/0 - SUBATECH STAR AU+AU V SNN 200 Gev
© oL o2gBg 9 SN b —— TAMU c-quark diff. 0-80%
© ol MA i = L7 — TAMU no c-quark diff.

@ - Dt *:l | o =
< oE e " Q 0.2 |-— Duke-21TD=7
g_ 1 @@@ $ $H $ D — === LBT
8 ] % - - PHSD
A — a) — _ — - 3D viscous hydro | -
S s
e s w ¥ $ N
P (GeV/c) ~ 01 _ -

o Q_ N Sgly =t ‘o
= oD° oA  STAR Au+Au |y, = 200 GeV ®) 7o .
>" AT oK 10-40% > ) IR X
= 0.1 s wi 8
2 Lo = % T 2 — "=
§ 0.05 |- “ﬁﬁﬁ@@du . ET i E 0
S | . !

g

405; 0 g ......................................................... b) _ | | | | | | l | | | | | |

g 0 1 2 3 4 5 6 7
0 0.5 1 1.5 2 2.5 p (GeV/C)

(m_-mg) /n, (GeV/c?) .
| NCQ scaling of charm
Clear mass ordering pt < 2GeV/c - thermalization of heavy quarks
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Disappearance of partonic collectivity

Hadronic
interaction

(v2/nq)

NCQ scaled v

o -0.02

0.08 |
0.06 |
0.04 -

0.02

-0.02

0

lllllllllll

IIIIIIIIIII

32GeV +KIAm T

vK'Op
oA

lllllllllll
L ) L) L

'''''''''''

'''''''''''

-
OF
o

Au+Au Collisions, Centrality: 10-40%

Mid-rapidity: -0.5 <y <0

{  Partonic
—H collectivity

-I-Kg AT -?
YK T
t I 4 SR A
+ Tt Tk At a1 a8 I
ﬁﬁ """"" 1 "&‘}33?&'*&’5&""?# Sl fef 2 Sttt
+ A+ A - ot
lllllllllll L 1 | RN RN SR S S | L . 1 . 1 .. .1 .1 L . 1 .1 .. .1 . L . 1 . 1 . .1 .1
O 02 04 06 08 10 02 04 06 08 10 02 04 06 08B 1 0 02 04 06 08 10 02 04 06 08 1

NCQ scaling:

Fails at Vsnn = 3.2 GeV and lower
Gradually restores up to Vsnn = 4.5 GeV

Evident from Vsnn = 7.7 GeV onwards

NCQ scaled E, [(mT-mo)/nq(GeV/Cz)]

Partonic : Vsnn > 5 GeV
Hadron dominated : Vsnn < 3.2 GeV
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Speed of sound in QGP

Simple but elegant analysis CMS Preliminary _ ___PbPb (0607 nb') 5,02 TeV
; p>0 GeV (extrapolated) I I<05 s ]
2o dP _ dInT _ din{py) 1025 T> o "
de  dlns  dInN ch 1.02 — - Fit to extract (cS/c:)2
_ % - --- Trajectum
Focus on ultra-central events - avoid NOPE - Gardimet. al.
geometry fluctuations % 1.01f
Q.
V 1.005 |
1 ‘:’~ *5 ..‘-_.. _.. _-. :f'_.!_'.’.‘.:.! 2.0.9.4_ ‘__.‘..:.‘;':;;‘ g o _i
08 085 09 0.95 1 1.05 111 115 1.2
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Speed of sound in QGP

Simple but elegant analysis

Focus on ultra-central events - avoid
geometry fluctuations
0,25 CMS PbPb (0.607 nb™) 5.02 TeV
noninteracting limit f
0.3 il
0.25 _
No(l)
0.2 _
\ ® CMS Ultra-Central Data ]
0.15| Lattice Quantum Chromodynamics —
I TRAJECTUM Hydrodynamic Slmulatlon
_ Nat. Phys. 16 (2020) 615
0.1——-

.=

5 d_P_dlnT din(p)
> de dlns dlnN,,

150 200 250 300 350
Toq (= (p,)’/3) or T (MeV)

_CMS Preliminary PbPb (0.607 nb) 5,02 TeV.
1 095 [ p.>0 GeV (extrapolated), InI<O 5 i
- e Data I ,‘{ i
1.02F — - Fit to extract (c /c)° S b
32 B . S b ~ O .’./, y
o - ---- Trajectum '/
NOBE Gardim et. al. | F ;

(C /C) = 0.241+0.002 (stat) +0.016 (syst .f",'/ _
at Toer = (p7)¥/3 = 219 +8 (Syst)MeV I ‘e —

; i = i

n e _

0.995 O O ]
L l | —— e l 1 1 L 1 l 1 " 1 1 ' 1 l L 1 L 1 l llllllll l L 1 L 1 l 1 1 L

Data in excellent agreement
with IQCD EoS

New data from ALICE suggest picture
might be a bit more complicated
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Is there a Critical Point?



Back to the phase diagram

300 e

RHIC
050 B,
- r Quark-Gluon Plasma
o 200 NS
> _ BESy
HI |
o ~ollder, RHIC Ex
3 150 L X
©
(b
o
S 100
(b
|_

as Color
50 Hadron =

0 200 400 600 800 1000 1200
Baryon Chemical Potential p (MeV)

1400

The Phases of QCD

Superconductor

1600
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Searching for a Critical Point

Critical Points: or T =0 14
divergence of susceptibilities ol S
e.g. magnetism transitions | Hf
divergence of correlation lengths ‘ ! opon: Ny
e.g. critical opalescence 2l f%im ‘f
| {af“ﬁ%%@ 1= —
Lattice QCD: 0o L% | | T [MeV]

200 250 300 350 400 450

Divergence of susceptibilities for conserved
quantities (B,Q,S) at critical point
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Searching for a Critical Point

Critical Points: 100
divergence of susceptibilities 80|

e.g. magnetism transitions

6.0
divergence of correlation lengths e
N 4.0 - Ul Ne=
e.g. critical opalescence
2.0 -
A
Lattice QCD: 0.0 ' ' T [MeV]
. Cr mmyw 15 200 250 300 350 400 450
Divergence of susceptibilities for conserve APPSO R PO S .
quantities (B,Q,S) at critical point 0F s ¥ 77Gev
A m11.5GeV
10°E e 39GeV °
o) STAR Preliminary
S1F L} E
Divergences of conserved quantities may 2 1ok [X) 5
survive Iin the final state 2 :
105— I. E
Non-gaussian fluctuations of net-baryon density ol L/ BRI
20 -10 O 10 20 30 40 50

Net-proton
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Searching for CP

Particle number density, N/V = n, (T, 1;.) fd?’* : = (Op/Ouy,) 1

—1)7F " fexp(( \/p +my—py,)/T)

Theoretically susceptibilities of conserved quantities (B,Q,S) can be calculated :

XBSQ B{~+~m+n (p/Ti)
T (g /T) 0us /T)" g /T)" 6N =N - (N)
: M = (N) = VT,
Experiment measure event-by-event e (V) X1 X
distribution of conserved quantities variance: 0% = <(5N ) > = VI7x,,
((6N)”) VT®x.
Focus on net-proton as proxy for net-baryon skewness: S = 3 VT ;3,..:2 a
Take ratios to remove volume and T dependence | togis: k= o ) o (“//:X4)2 |
7 X2

Helen Caines - Yale - Midsummer QCD School - July 2024 M. Stephanov. PRL 107:052301(2011) 26



Searching for CP

Particle number density, N/V = n, (T, 1;.) fd?” : = (Op/Ouy,) 1

—1)7F " fexp(( \/p +my—py,)/T)

Theoretically susceptibilities of conserved quantities (B,Q,S) can be calculated :

XBSQ 6/*77177 (p/Ti)
T Qg /T) Ous/T)" g /T)" oN =N - (N)
; M= (N)=VT?3
Experiment measure event-by-event e (V) X1’3
distribution of conserved quantities variance: 0% = <(5N ) > = VI x5,
((6N)”) VT®x.
Focus on net-proton as proxy for net-baryon skewness: S = 3 VT )33,..:2 ,

Take ratios to remove volume and T dependence |.,irtosis:  « — <(51\i ) 3 Vifxii
7 (VTJX'z)
(Kurtosis - 4th moment - "tailiness” of distribution)

2 7

Kurtosis x Variance? ~ @/ x(2)
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Presence of Critical Point?

1200 1 A ;
- M. Stephanov. P 3 _
o - Correlation lengths

107:052301(201
diverge —

80
60 -
40
20
O:

0L ?
-04 -02 00 02 04 06

<
<

Net-p ko2 diverge

Helen Caines - Yale - Midsummer QCD School - July 2024 27



Presence of Critical Point?

1200 1 A ]
- M. Stephanov. P 3 _
 Correlation lengths

100+ 107:052301(201

30 - :
L 60 diverge —
<40
20 Net-p ko2 diverge
0 | — T T
0 : ! S Most Central Au+Au collisions
-04 -02 00 02 04 06 -3 Net-proton -
/ N 3 §§ 0.4<p_<20GeVlc, lyl <05
. e £ o
Top 5% central collisions: 2 - ® STAR Data -
: : C o A9 Projected BES-Il  —.
Non-monotonic behavior g 3 { stat.uncertainty
Enhanced pr range — enhanced signal [ E S A g 5
: : D i _
Not see in peripheral data Z L smnpxa § 3
O ___:___;____’ ____________________________ _
y : 4 %:‘f o7 UrQMD ]
UrQMD (no Critical Point): i GO -
shows suppression at lower energies 2 5 1020 50 100 200
- due to baryon number conservation Collision Energy ys,, (GeV)
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Presence of Critical Point?

120 xxxxxxxxxxxxxxxxxxxx -

M. Stephanov. P : .

100 407- . Correlation length - " -
- 107:052301(201 Co .eato engtns Hints of Critical fluctuations
diverge — More data needed

30 -

L 60
< 40 |
20 Net-p ko2 diverge
0 4 — T
0 : ! S Most Central Au+Au collisions
-04 -02 00 02 04 06 - s Net-proton -
/ N 3 §§' 0.4<p_<20GeVlc, lyl <05
.. e £ e
Top 5% central collisions: Y s ® STAR Data -
: : - W o Projected BES-Il  —|
Non-monotonic behavior S < stat.uncertainty
Enhanced pt range — enhanced signal [ E . B
: : QD
Not see In peripheral data Z
cy : - *E:‘f o7 UrQMD
UrQMD (no Critical Point): i GO -
shows suppression at lower energies 2 5 1020 50 100 200
- due to baryon number conservation Collision Energy ys,, (GeV)
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BES-ll data released this month

. Au+Au Cdllisions at RHIC @ BES-II: 0-5% .
2 Net-proton, lyl < 0.5 O BES-I: 0-5%
N 0.4 <pT <2.0 GeVrc O BES-II: 70-80%
O O BES-I: 70-80% i
X
2 .
IS T iy | o o
o O
— -
-
©
-
E Oy =
8 = Hydro
- cC Vv el SN HRG CE —
O >
, "é v UrQMD: 0-5%
é Lk 3 HRG CE: P. BMunzznger et al, NPA 1008, 122141 (2021)
_1 - — Hydlro V. Vovchenko et al, PRC 105, 01 49|04 (2022) —
3 10 30 100

Collision Energy |sy, (GeV)
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BES-ll data released this month

| | | | | D | | | | | | B | |
| Au+Au Collisions at RHIC @ BES-II: 0-5% B
2 Net-proton, lyl < 0.5 O BES-I: 0-5%
N 0.4 <pT <2.0 GeV/c o BES-II: 70-80%
O i O BES-I: 70-80% i
O-:r STAR
o 1 %
= P N . e
E Q O O“QO__éQ--%'Q O
2 [ 9 ¢ ‘
S L
-
E O ———— —
8 = Hydro
- cC Vv el SN HRG CE —
O >
"é v -~ UrQMD: 0-5%
é o 2 HRG CE: P. B Munzinger et al, NPA 1008, 122141 (2021)
_1 - — Hydro: V. Vouchenko et al, PRC 105, 01 49|04 (2022) —
3 10 30 100

Collision Energy |sy, (GeV)

Residuals in C,/C,

©O 4. NN W

i
—

" Au+Au Collisions at RHIC

Net-proton: 5% collisions
lyl <0.5,0.4 < p. <20 (GeV/c)

S Non-critical B UrQMD (5% collisions)
I : References &~ HRG-CE NPA1008(2021) —
@ Hydro PRC105(2022)
/I F-..:::%:..:..'_.._‘
N

C4 / Cza’ata. _ C4 / Czl"ef.

Oiot.
| | | | | | 1 | | | |

O Data: 70-80% collisions

lllllll |

2 5 10 20
Collision Energy

50 100 20
\'Sy (GeV)

C4/C2 (ko2) minimum around ~20 GeV comparing to non-CEP models and 70-80% data

Maximum deviation: 3.2 — 4.7¢ at ~ 20 GeV
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Can we understand the nature of
parton interactions with the QGP?



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) % (N o) —
R 1.4:
do ,, h2r R=1  No “Effect”
dE, o Hor " R < 1 at small momenta -
08 S "hard” production from thermal
Au-Au 0'6: bath
0.4: "SOft"
02 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
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Strong “jet quenching” observed

2

1.8

1.61

1.2

Reopb ’f?pr

0.8

0.6

0.2

1.4

1]

- = h*, Pb-Pb (ALICE)
- A h*, Pb-Pb (CMS)
L \S\y = 2.76 TeV, 0-5%

_IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII_
® h, p-Pb \/SNN=5.02TeV, NSD (ALICE, prel.)

* v, Pb-Pb \s . =2.76 TeV, 0-10% (CMS)

| 5 W*, Pb-Pb \s =276 TeV, 0-10% (CMS)

V Z° Pb-Pb \s,, =276 TeV, 0-10% (CM‘S,preI.)/

+‘i """" (. %? """ i :

|
40 50 60

p. (GeV/c) or mass (GeV/c?)

Colorless objects should
not interact with colored

QGP
show no suppression
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Strong “jet quenching” observed

2 L L B L B L B B LB
" m h*, Pb-Pb (ALICE) ® h*, p-Pb \/STJN=5'02 TeV, NSD (ALICE, prel.) 1
1.81" A 1, Pb-Pb (CMS) (| % v, Pb-Pb |5, =276 TeV, 0-10% (CMS) - Colorless objects should
1.6 }Mzm EEOER] g We Popb |5, =276 eV, 0-10% (CMS) not interact with colored
i ¥V Z° Pb-Pb \s,, =2.76 TeV, 0-10% (CMS, prel.) QGP
1.4F ; -
g 1ol * | / show no suppression
o 1.2 ) _ T -
_.;: 1 e L e o — T %? """ *
S |
al | . . :
o O \ | ; Minimum bias p+Pb
0.6 Q i @ i $ - collisions don’'t form QGP
o ﬂ@@ﬁ% ; H. 3 Rppb ShOWS NO
ggﬁ suppression
0.2
o b b b e b b b b b e by | :
% 10 20 30 40 50 60 70 80 90 100 QGP opaque to colored objects

p_(GeV/c) or mass (GeV/c?) - Its a strongly coupled medium
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What about charmonia?

> LR T 1Tt rrrrrrrrrrrrrrrrr
< B = [ ]
& 2F @ AuAu®544GeV,p >0.2 Gevic, eer, |y[<1.0 4 Much more suppression at
% 1ab B Ru+Ru&Zr+Zr@200 GeV, p_>0.2 GeV/c, e, |y|<1.0 E RHIC than at the LHC!
m<E " *  p+Au@200 GeV, p_>0 GeV/c, uu~, |y |<0.5, PLB2022 .
16 p+Au@200 GeV, p_> 5 GeVT/c, e'e, |y|<1.0 _
- ¢ Au+Au@200 GeV, p_>0.15 GeV/c, u'u-, |y|<0.5, PLB2019 -
1.4 |- Pb+Pb@2.76 TeV, p_>0 GeV/c, e'e, |y |<0.8, ALICE, PLB2014 ]
‘o i '% 7 Pb+Pb@5.02 TeV, p_>0.15 GeV/c, e'e", |y [<0.9, ALICE, NPA2021 ’
i . T Global uncertainty ‘
i I ] % :
0.8 - ﬁ I — i -
0.6 F @ ~ B
B b i q ;
- ¢ X
0.2 |- . -
-~ STAR Preliminary J/lIJ -
0 C L |

. PRI N SR T SN TR NN SR T S S N (e N SN TN W SN N SN TN N SN A MO SR TR S AN N N
50 100 150 200 250 300 350 400 4

)
o)

0

~—

<Npart

RHIC LHC
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What about charmonia?

> T T T rrrrrrrrrrrrrrrrrrrr ]
mg- 2 — ® Au+Au@54.4 GeV, pT>O.2 GeV/c, e'e™, |y|<1.0 ]
X 18 } B Ru+Ru&Zr+Zr@200 GeV, p_> 0.2 GeV/c, e'e”, |y|<1.0 i
m< B *  p+Au@200 GeV, p_>0 GeV/c, wu-, |y[<0.5, PLB2022 -
16 F p+Au@200 GeV, p_> 5 GeVT/c, e'e, |y|<1.0 _
- ¢ Au+Au@200 GeV, p_>0.15 GeV/c, u'u, |y|<0.5, PLB2019 -
1.4 |- Pb+Pb@2.76 TeV, p_> 0 GeV/c, e‘e”, |y |<0.8, ALICE, PLB2014 —
‘o i 7 Pb+Pb@5.02 TeV, p_>0.15 GeV/c, e'e”, |y |<0.9, ALICE, NPA2021 ’
N _ Global uncertainty ‘
1F ‘$ I A | ml I

| 1
- il v i :
0.8 - ﬁ I — i -
- @ i -
0.6 F @ - =
i O i
: . i q ;
: d :
0.2 . N
-~ STAR Preliminar J/YP 5
O_ L e
0 50 100 150 200 250 300 350 400 45
<Npart>

RHIC

Much more suppression at
RHIC than at the LHC!

J/p melts but also regenerates

RHIC much less regeneration in
the medium
(only a few ¢ quarks created, once
melted don’t reform)

LHC
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What about looking at jets?

p and E MUST be conserved even with quenched jets

Can we restore "quenched” energy by looking at jets?

-
="
.-
-
P '
PR
PR

Study nuclear modification factor (Raa) of jets

Helen Caines - Yale - Midsummer QCD School - July 2024 ATLAS: PLB 790 (2019) 108 33



What about looking at jets?

p and E MUST be conserved even with quenched jets

Can we restore "quenched” energy by looking at jets?

-
-
PLas
.-
-
P '
PR
Piae
.-
PR

Study nuclear modification factor (Raa) of jets

& | ATLAS ' antik, R=04jets  |y|<21
' = |0-10%, \/STN=2.76 TeV [PRL 114 (2015) 072302]
=10 -10%, |syy = 5.02 TeV
T30 40%, \s\y = 2.76 TeV [PRL 114 (2015) 072302] I'l'
Quenched energy not RRRE (7 s mnosty uncer
recovered | _
1,
_ _ T
Raa(S TeV) ~ Raa(2.76 TeV) e | |
| - = {144
. . = :t.:l. ¢ ¢ ¢
Compensating effects of higher 0.5y = [ -
Eioss and flatter pr spectrum '
40 60 100 200 300 500 900

p_[GeV]
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Opaqueness/stopping power of QGP

Measure fractional momentum loss
Opt/pt Instead of Rua

10" E

Helen Caines - Yale - Midsummer QCD School - July 2024 ATLAS: PLB 846 (2023) 138154 34



Opaqueness/stopping power of QGP

. — N.Sahoo (STAR) HP LHC'ALICE
Measure fractional momentum loss | =<  Pb+P 2.76 ToV
: - +R=04 E
6pT/pT iInstead of RAA = 8 %R=05 5 *
10 = % B PYTHIA-6 STAR tune pp reference E
a Q) 6 :_ PYTHIA-8 pp reference + E
: - — I ' : o :
24— : i : :
.l o | oe 5 ¢ E sF i
107 = < 2 S ! : E E
- — . * | ! :
. 0F- x| ' 5 :
> - Au + Au :pf’}etﬂ 0-20 GeV/c Epﬂ”jet:m-zo GeV/c .E p‘]j:et:15-25 GeV/c .: pi’?jet:1 0-20 GeV/c E pihjet;60_1 00 GeV/c
-g_l_ 10° _9 — STAR Ilbreliminary | arXiv:2006.00582 '|PRC 96 (2017) 024905; JHEPO9 (2015) 170
§ E 6pT/ pT ydir+jet rO+jet Inclusive jet h+jet h+jet
O I
107 = g
108;' \V4
_I [ 1 1| | I I | | [ 1 1 1 | [ 1 1 1 | [ 1 1 1 | [ 1 1 1 | [ 1 1 1 | [ 1 1 1 | [ 1 1 1

6 4 8 9 10 11 12 13 14 15
P_ (GeV/c)
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Opaquenesslstoppmg power of QGP

Measure fractional momentum loss

Opt/pt Instead of Rua

10‘4E
10'55—
= - Au+Au
Q_1O_65_
S OPr/Pr
O i
1075— g
0'8:— \V g
1 E b b b b b b b b

6 7 8 9 10 11 12 13 14
pT(GeV/C)

15

Apt (RHIC) <Apt(LHC)
ApT (quark) <Apt(Q)
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T,jet
1N » (o)

_Ap
N

O

N.Sahoo (STAR) HP

LHC-ALICE
 Pb+Pb 2.76 TeV

100 120 140 160

Jet pT [GeV]

ATLAS: PLB 846 (2023) 138154

180 200 220 240 260 280 300

— oR=0.2 :
— + R=0.4
— % R=0.5 : *
B PYTHIA-6 STAR tune pp reference E
[ PYTHIA-8 pp reference + E
- : f . o 5
- : . l :
— oe | ' 1 , *
— #o ! i 5 :
B | * : ! :
. x i : :
_pf‘ :10-20 GeV/c 'pCh :10-20 GeV/c ! pi“j :15-25 GeV/c : p"hJ 10-20 GeV/ic pih :60-100 GeV/c
| jet l T,jet : Jjet
— STAR Prellmlnary i arXiv:2006.00582 IPF{C 96 (2017) 024905I JHEPO09 (2015) 170
Y, Het n+jet Inclusive jet h+jet h+jet
2018 Pb+Pb 1 7 nb 2017 pp 260 pb \]sNN = 5 02 TeV
—T T T ] - | | =
60 —ATLAS Pb+Pb Centrallty o 10% -
0 — anti-kt R=0.4jets == Inclusive jets -
S = 17 < 2.8 -- Inclusive jets (corrected for isospin+nPDF) —
— For v-tagged jets = y-tagged jets ]
40 — p! >50GeV ---- y-tagged jets (corrected for isospin+nPDF)
— 1;I <2.37 -
30 = Ag(y jet) > 7/8 _—
20 Fuecnnr o= =
10 BT —=
SN R I N S S R B
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So what is happening?

Jet quenching understood to arise from o =xE
elastic and inelastic interactions of partons F'au B ‘u
with QGP, with coherence effects Hard €S . o=(1XE
playing an important role Production %qw E
A Medium
Modification of Jet Structure
Evacuum Eieaun=Evaem  Jet broadening
f /
‘ ,. \ # Suppression of
Y | / high-pt particles
Jet quenching/
gluon radiation In Enhancement of
QGP

low-pr particles
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Where does the energy go?

. . et
p! > 60 GeV/c antik_ jet R =03 p" >30GeVic ¢ >
S
4 "CMS Cent.30-100% 1 Cent. 0 - 30% -
- Supplementary *
o - @ PbPb I ¢ j
=, 3 3 10 pp (smeared) T .
: » O o)
B 2 N em T ¢ " L *
: 1 O -
Z | = o ~ ]
1F ) ol S O
"o I =8 :
’-J.ll ] | | -‘Plelllll | | 11111.‘
1 l | | ML I AL B
2'_ 1 o
Q. I 1 +Z
o : 1
~ 15 T -
0. i ‘ T »
e 1L N SN .. .......... B E—____ [ ]
D_ + " " 1 - - |
: T ® :
0.5¢ T -
PR T B R S P N S B S

Reconstruct jet recoiling from high pt photon

- since photons don't interact “know" initial
parton energy

Examine fragmentation hadrons
Gr = In[—|p1[*/ (Pr™ - P1)]

- take ratio Pb+PDb/p+p

"Lost” hard particles emerge
as multiple soft particles

- Jet substructure is highly modified
- Particles emerge at large R and low pr

Helen Caines - Yale - Midsummer QCD School - July 2024
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Determlnmg QGP transport properties

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

3

A

JETSCAPE Preliminary

Jet Raa + substructure: Posterior 90% Cl

0 = T T T T T T

0.15 0.20 0.25 0.30 0.35 0.40 0.45

T (GeV)

Helen Caines - Yale - Midsummer QCD School - July 2024

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?
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Determlnmg QGP transport properties

E = 100 GeV. 0-10% central data Advances continue - especially via
Prior 90% Credible Interval (Cl) JETSCAPE (but nOt Only) eXplOIt
10 7 Jet Raa: Posterior 90% ClI

bayesian inference

Jet Raa + substructure: Posterior 90% ClI

Now includes jet Raa and substructure

3

= e measurements
4- a Q2/L Q- mtm transfer to medium
L - path length
| JETSCAPE Preliminary Most precise estimate to-date
Tols o2 ons 0-'3T° ( G;-\'-}S) 40 045 050 Does the T evolution explain differences at

RHIC and the LHC?

Some physics missing?
Uncertainties incorrect?

Theory uncertainty critical®?
All of the above?

Some tension when include hadron Raa

Helen Caines - Yale - Midsummer QCD School - July 2024



Unexpected physics found along
the way




Is charm fragmentation universal?

1.0
= ALICE, pp, Vs = 5.02 TeV
¢+ B factories, ete-, Vs = 10.5 GeV
0.8 LEP, ete-,Vs =m,
e HERA, ep, DIS
o HERA, ep, PHP
o064 .
IO
1
o
04— | =
3 +*
0.2 —
* .
TS :
0 | + l + | + | () *+
D D DE A 20 D

Helen Caines - Yale - Midsummer QCD School - July 2024

Heavy-flavor yields computed in pQCD via
convolution of
PDFs + partonic cross-section + FF

FF: typically parametrized from ete- / ep
measurements
Assumption that charm hadronization universal

f(c — Hc¢) from p+p collisions different to e*e-
and ep data

>3x more charm baryons than than in e*e— and
€p

Assumption of universal (charm)
fragmentation is not valid

Note: LHC cC cross-section is consistent with
pQCD predictions (although at upper limit)

ALICE: PRD 105, L011103 (2022) 39



First observation of anti-He4!

N

ang magar==c S0y | 1
- O 1y + Matter and antimatter
B 1g¢ ! formed at same rate
c S ol d o d Y
% 0 1 g )
<10} i
g0 i ‘He |
>10°r “He ¢ 1 Now know rates we
£ %}_13.8; _— ey Should see anti-matter
3 E10°) ' 1 In space experiments
S10"F ¢
BIniaaoan | i | %10.11ﬁ | | | 1 1
2 2.5 3 3.5 4 4.5 -6 -4 -2 0 2 - 6
Mass (GeV/c?) Baryon Number

Fact that we are in a matter Universe not due to “problem” creating anti-matter

Helen Caines - Yale - Midsummer QCD School - July 2024 STAR: Nature 473 (2011) 353 40



(anti)Hypernuclel are also created

16 %FI STAR preliminary
14 Au+Au 200 GeV | S:17.0:4.7 B:5.0+0.3
193 GeV SNS+B: 3.6

U+U
12 Ru+Ru 200 GeV
10 Zr+Zr 200 GeV | equiv. Gauss N : 5.5

Counts

X |
5 |||||||~ﬂ‘| MH{ 1IRIBI
: 1. lnhiﬂ”lﬁlul

986 38é' 3.9 3.92 394 “3.96 3.98
‘He + n* invariant mass (GeV/cz)

average A. Gal (2021)
A
o STAR preliminary
- J. D. Parker (2007)
o H. Outa et al (1995)

200 250 300 350 400 450
“He Lifetime [ps]

Helen Caines - Yale - Midsummer QCD School - July 2024

Anti-Hyper-

Hydrogen-4

Evidence of formation
of excited hypernuclel
states in heavy ion
collisions

Hyper-Helium-4
ifetime
measurement in
heavy ion collisions

clei) / Yield(Nuclei)

Yield (Hypernu

107

— ® 0-10% - With tH* feed-down
O 10-40% No %H* feed-down
STAR Preliminary 4 4
AH/"He

Au+Au 3 GeV, lyl<0.5 Thermal model

Assuming B.R.("Y H—""He+n )=25%(50%)

it

1 2 3
Mass number A

4
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fo(980) quark content

Longstanding question “is the fo a diquark, molecular, or tetraquark?”

Difficult/impossible question to answer @ @ @
theoretically - up to experiments to answer @ 0 e

Diquark meson-meson
molecule

g
00

Tetraquark

Helen Caines - Yale - Midsummer QCD School - July 2024
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fo(980) quark content

Longstanding question “is the fo a diquark, molecular, or tetraquark?”

Difficult/impossible question to answer @ @ @ (@ @
theoretically - up to experiments to answer a @ @ 0 ‘a
pr ﬁ 8. 16 TeV (1 85 < N?rflzlme < 250) Diquark meson-meson Tetraquark
- CMS (I)’rellmlnary 0(980) | - molecule
0.15- oKs 2A b @ NG=2 hypothesis —
- 2 0Q —4 hypothesis - In p-Pb
o 5 CMS Collaboration, i o
E 01__ Phys. Rev. Lett. 121 (2018) 082301 - E”|pt|C ﬂOW:
S i ol ¢ : Scales when ng = 2
N AN i = i
= 0.05- g ~ -
& ] : Suggests that fo is a diquark
O * - .
; L 21 . Low energy results suggest otherwise
E;/n, (GeV) - debate continues

Helen Caines - Yale - Midsummer QCD School - July 2024 42



What carries baryon number?

4 @) ~ Quarks as baryon
00 carriers?
A wid

If barg\/bn/humber carried by:
Valence quarks - B/Q =A/Z
Baryon junctions - B/Q >A/Z

Use Isobar data from STAR;:

/ Baryon-junction as
baryon carrier?

Ru+Ru: A=96,7Z=44
Zr+/r: A=96,7 =40

B = (N, — N3) + (N, — N)
Q = (N + N+ + Ny ) = (N + Ny + Ny)

AQ = Qpru - Qzx Measure B/AQ
N =ZRy -2z Calculate AZ/A

Helen Caines - Yale - Midsummer QCD School - July 2024
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ber?

What carries baryon num

4 @) ~ Quarks as baryon
00 carriers?
A wid

If barg\/bn/humber carried by:
Valence quarks - B/Q =A/Z
Baryon junctions - B/Q >A/Z

Use Isobar data from STAR;:

Ru+Ru: A=96, Z=44
Zr+/r: A=96,7Z =40

B = (N, — Nj) + (N, — Np)

Q = (N + N+ + Ny ) = (N + Ny + Ny)

AQ = Qru - Qz
N = ZRu = ZZr

Measure B/AQ
Calculate AZ/A

Baryon-junction as

baryon carrier?

20 F

—
)
—T

B/AQ x AZ/A
o
—

0.5 F

STAR Preliminary
Isobar (Ru + Ru, Zr + Zr)
/s =200 GeV, Iyl <0.5 H
8
®
e V-
PaN
< 4 Data
Trento
7= UrQMD
~='= HERWIG 7 p+p

0.0

Data currently favor baryon junctions

Helen Caines - Yale - Midsummer QCD School - July 2024
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Small system complexity

% ,|_ ALICE Preliminary mproved template fit | |njtjally thought p+A - “cold” matter baseline
Vv 027 b Pb |5, =5.02TeV
g VOA, 0-20% - ﬁ % i But:
< 015 E E % — | | |
y E% . é Clear collective motion signals now observed
& 0.1 EEE@ ' E 4 at LHC and RHIC
> E%% % Intermediate pt - NCQ scaling
0.05 EEH art Gt
%‘H = K* +p(D)
v K2 ¥|A(R)
% > 8 4 5 6

Helen Caines - Yale - Midsummer QCD School - July 2024 ATLAS: PRL 131 (2023) 072301



Small system complexity

o~ | | | | |
< ALICE Preliminary Improved template fit
Vv 021 pPb |5, =5.02 TeV -
g VOA, 0-20% @ % i
< 0.15[ E g _
& 0.1 5 E E@ H ¢ Q _
S g
~1=Enln
0.05 @ S ol [o]h'
1K® [#p{P)
° WKy AR
0 - | | | | |
0) 1 2 3 4 5 6

No clear signs of jet quenching reported

Initially thought p+A - “cold” matter baseline

But:

Clear collective motion signals now observed
at LHC and RHIC

Intermediate pr - NCQ scaling

0
(A
—

1.3

0.9

Do we make a very small QGP in
more central p+A events?

1.1

i

0.8}

[ ATLAS
" pp, Vs =5.02 TeV

lll

|

A¢ch,jet <m/8 +

1 22_ p+Pb 0-20%, s\, = 5.02 TeV

T pp,2.7nb'-3.6 pb’
1 p+Pb 0-20%, 0.025 - 0.36 nb’’

— E=== ANGANTYR, EPPS16 (NLO), p*' >60 GeV
- &=== ANGANTYR, EPPS16 (NLO), p*' >30 GeV
=== ANGANTYR, no nPDF, p’* > 60 GeV

T == Data, p’:t > 30 GeV

-~ = = 1.4% Parton Energy Loss (90% CL)

L I -
Ap  >Tn/8 -
ch,jet —

== Data, p’: 'S 60 GeV —

L

4 567 10

20 30 40

ps" [GeV]

4 567810 20 30 40
P [GeV]
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The spinning QGP

IL| ~ 103 in peripheral collisions

spectators \4’ S
oy
Ir.r:‘,.__ '.|:“ nll " : H

—— E— — — — - - L 1 H_ e -_ i
4 M o il F A _

PR e - Spectators create a large magnetic field
| e i participants

after collision (D’ # O ﬁ o O

. s ~_\ I =gy — 7j4
How does that affect fluid/transport? —7 | | AN
Vorticity - local spinning motion 1 . Y L1 .\

/ \
—_ y \a

— 7 f
— | New_aot r A o
W X | Ne—e: VA e
‘~"‘g§_. J A,
b,

Viscosity dissipates vorticity to fluid at larger scales

Can we see any manifestation of this in the data?

Helen Caines - Yale - Midsummer QCD School - July 2024
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Measuring A Global Polarization

Global polarization (alignment of spin with collision system angular momentum)

Direction of L: B L
Estimate from 1st order reaction plane

/\ Polarization
Self analyzing

Decay p preferentially emitted in A spin
direction

Decay anti-proton preferentially emitted
against anti-/A spin direction

reaction plane

N\ and anti-A spins aligned with L — Vortical or QCD spin-orbit| Pyorticai = %(PA + Pj)

* Sigma feed-down tends to dampen the effect
/\ anti-aligned, anti-A aligned with L — un - B coupling Pry = %(pA — P;)

* Sigma feed-down goes with the primaries
Helen Caines - Yale - Midsummer QCD School - July 2024
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Global A polarization

Precision measurements have now

L L - STAR Au+Au 20%-50%
s STAR Preliminar - .
" o D Y Nature548.62(2017) @A O A been made from 3-5000 GeV:
B 3 GeV PRC76.024915(2007) ® A OA
B (A) PRC98.014910 (2018) ® A OA
PRC104.L061901 (2021) ® A Highly vortical fluid:
O~ STAR prelim. W ~1022 g-1
A A+A oA OA
ALICE PRC101.044611 (2020)
— + + A 5 A Pb+Pb 15-50%
N | HADES prelim. SQM2021
— A Au+Au 10-40%
FXT ‘d) A Ag+Ag 10-40%
7.2 GeV
(A) & J
R P #
AMPT, A 19.6 GeV (A + A) I
n primary primary+feed-down |
UrQMD-+VHLLE, A a, =-o =0.732
| —— primary - - primary+feed-down
| | | L 1 111 | | | | L 1 111 | | | | L 1 111 | | | | |
10 107 10°

\ S\ [GEV]
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Global A polarization

Precision measurements have now

L | - STAR Au+Au 20%-50%
o o D STAR  Frelminary  \awresss62 (2017) @A  OA been made from 3-5000 GeV:
~ 3GeV PRC76.024915 (2007) ® A  OA
B (A) PRC98.014910 (2018) ® A OA
PRC104.L061901 (2021) ® A ngh|y vortical fluid:
O~ STAR prelim. - W ~1022 g-1
B A A+A A OA
ALICE PRC101.044611 (2020)
" . + A & A PoiPb1550% How fast is that compared to the
. | AP AusAu 10-40% most powerful tornado?
FXT ~ ‘d) A Ag+Ag 10-40%
7.2 GeV
" . . a) slower
Of— - -
AVPT.A 188GV (A ) | % b) about the same
- primary primary+feed-down
UrQVD+VHLLE, A - o, =-o =0.732 C) 1000 times faster
_ —— primary - - primary+feed-down
| | | 1 1 111 | | | | N I I | | | | 1 1 111 | | | | 1 . . .
0 e e d) billion times fast

\Sw [GeVl ) even faster
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Global A polarization

Precision measurements have now

L | - STAR Au+Au 20%-50%
Y o ] STAR  Prolminary o iresas62 (2017 @A O been made from 3-5000 GeV:
~ 3GeV PRC76.024915 (2007) ® A OA
B (A) PRC98.014910 (2018) ® A OA
PRC104.L061901 (2021) ® A ngh|y vortical fluid:
O~ STAR prelim. - W ~1022 g-1
B A A+A A OA
ALICE PRC101.044611 (2020)
" . + A & A PoiPb1550% How fast is that compared to the
. | AP AusAu 10-40% most powerful tornado?
FXT ~ ‘d) A Ag+Ag 10-40%
7.2 GeV
" . . a) slower
Of— - -
AVPT.A 188GV (A ) | % b) about the same
- primary primary+feed-down
UrQVD+VHLLE, A - o, =-o =0.732 C) 1000 times faster
_ —— primary - - primary+feed-down
| | | 1 1 111 | | | | N I I | | | | 1 1 111 | | | | 1 . . .
0 e e d) billion times fast

\Sw [GeV] (o) "even faster
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Splitting of hyperon polarization

SN - — |1 Late stage magnetic field should cause splitting
E : | 0.2} - iIn (anti)/\ polarization
1.5 | 1 ¥s | -
dlf : 0f g | | No splitting observed over wide range of beam
H Uil | | energies
0.5 il & BTy T ? o . .
| WL I 1 At 95% confidence level late stage magnetic
0 T e @ | field
| e T © B (Initial field 1014-1016 T)
_05 scaled using ap=0.73 *
: 4 STAR 20-50% Au+Au, BES-II | - B(19.6 GeV) <9.4x1012 T
_1q <4~ STAR 20-50% Au+Au, BES-I | -
: <& ALICE 15-50% Pb+Pb
_15] ! B (27 GeV)<1.4x1013 T
. 101 B 162 N 163 N 10%
SNN Does magnetic field die away too quickly?

Can we probe at earlier time?

Helen Caines - Yale - Midsummer QCD School - July 2024 48



Can we detect new physics via
UPC?




UPC: Explosion in studies over past 10 Years

: : . 2023: Entanglement
2017: Light-by-Light  2021: Breit-Wheeler Enabled Interference

Pb Pb® Science Advances Article Metrics
AVAAAS | e Share |

Tomography of ultrarelativistic nuclei with polarized photon-
€
4_’__!- gluon collisions
Y ) n Scientists See Quantum
y = Y2 h € Interference between Diflerent
t‘—;_ Kinds of Particles for First Time
v L

A newly discovered interaction related to quantum entanglement between dissimilar

OUTPUTS FROM PHYSICAL REVIEW LETTERS particles opens a new window into the nuclei of atoms

Pb Pb €Y

Open Access | Published: 14 August 2017 I ;

Evidence for light-by-light scattering in heavy-ion o
collisions with the ATLAS detector at the LHC of 37,322 outputs

ATLAS Collaboration

Nature Physics 13, 852-858 (2017) | Cite this article

41k Accesses | 185 Citations | 521 Altmetric | Metrics

Exploiting both yy and y-A collisions

Helen Caines - Yale - Midsummer QCD School - July 2024 310




Evidence for gluon saturation

CMS PbPb 1.52nb" (5.02TeV) ] /L|) photo-production:

IIII|IIIIIIIIIIII|IIII|IIII|II|,J.--|-'1"TII|II

ok e {1 - CMS (and ALICE) recently accessed new W

g (photon-nucleon CM) range
ég i - Shape of coherent oya-upa (W) not predicted
RN e e —me | Dy models
010 & . -- LTAWS -- bBK A E : : . .
o g DarEmosresd T e worw | - @Gluon saturation? black disk limit?
© | 4 A LHCb* (-4.5 < y < -3.5) -- CD_GBW ~-'- GG-hs :
j Syst.exp. . CD_IIM - = Impulse approx. |
Syst. v flux i
11 | L1 1 1 | | I I | L1 1 1 | L1 1 1 | | I | I . | | 1 1 1 | [l

0 50 100 150 200 250 300 350 400
Pb
WY (GeV)

Helen Caines - Yale - Midsummer QCD School - July 2024 CMS: PRL 131 (2023) 262301,



Evidence for gluon saturation

PbPbis2nb7(5.02TeV) J/\) photo-production:

10| e - CMS (and ALICE) recently accessed new W
g (photon-nucleon CM) range
ég - - Shape of coherent oya—upa (W) not predicted
T 7 s —sacon by models
§ § oacEcosy<ey s e 3 - Gluon saturation? black disk limit?
I el S | STAR s, =200 GeV, NN — n°z°X
jSYSt'mX : 2'6<“<4’A¢E[g’%]
0 50 100 150 WIZDEO(Gef;S)O 300 350 400 ptTri9=1.5-2 GeV/c
! . pese=1-1.5 GeV/c

. . . . P=-0.09 + 0.01
Suppression of di-m® correlations in p+A ke

- Dependence on A as predicted
- No broadening, not as predicted 0.5 B

Hints of saturation at RHIC and LHC . P A AU

1 3 S
1/3

Helen Caines - Yale - Midsummer QCD School - July 2024 CMS: PRL 131 (2023) 262301, STAR: PRL 129, 092501 (2022) 1
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Anomalous magnetic moment of z lepton

Recent ay (ai= 1/2(g — 2)|)
measurements challenge SM
predictions.

If new physics and due to massive new
particle, then r would be much more

sensitive

From p+p:
a,= 0.0009 + 0.031 - 0.0021
(consistent with SM)

First uses of hadron-collider data to
test EM properties of

Results are competitive with existing
lepton-collider constraints

Helen Caines - Yale - Midsummer QCD School - July 2024

CMS 138 fb~' (13 TeV)
® Observed —68%CL —95% CL
LB R BB R R L A [
OPAL §
ee > Z — 11y :
PLB 434 (1998) 188 E
L3 §
ee —» Z — 11y —_——
PLB 434 (1998) 169 §
DELPHI i
vy — 1T (y from e) i
EPJC 35 (2004) 159 SM
ATLAS

vy — 1 (y from PDb)
PRL 131 (2023) 151802

CMS
vy — 11 (y from PDb)

PRL 131 (2023) 151803

CMS
Yy — 1t (y from p)

This result

CMS: arXiv:2406.03975
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Summary

Wealth of high quality data across Vsnn, species and centralities has conclusively shown
that a QGP Is formed are allowing detailed studies that highlight underlying physics we
could previously gloss over

Much is now understood about this unique state of matter

We have uncontrovertibly established that:

- the QGP is a dense and opaque and initially very how

- the QGP is highly vortical

- the QGP flows almost as a perfect liquid (very small shear and bulk viscosity)
- the relevant degrees of freedom are those of quarks and gluons

- equilibration/thermalization is first achieved in the QGP and persists through to
chemical freeze out

Helen Caines - Yale - Midsummer QCD School - July 2024 93



Outlooks

Bright future ahead
Next few years: New data from sPHENIX, STAR forward, LHC Run-3
Next-to-Next few years: EIC, ALICE-3, and CBM@FAIR

Lots left to discover!

Of the open questions that remain are:

- What are the minimal conditions to create a QGP?

- Is there a Critical Point in the QCD phase diagram?

- Can we see evidence of chiral restoration?

- Can we determine additional properties such as its heat capacity, compression
modulus, electric conductivity, color conductivity?

- What is the magnitude of the initial magnetic field?

- How is baryon number carried?

Helen Caines - Yale - Midsummer QCD School - July 2024



Timeline of a heavy-ion collision

c e 4 . . final detected
Relativistic HCGVY'ION Collisions particle distributions

made by Chun Shen Kinetic
freeze-out

Hadronization

B—

;
:

Initial energy
density

\ Q6P p

pre-.
equilibrium

namics viscous hydrodynamics free streaming

collision evolution

t~0fm/c T ~1Ffm/c t ~ 10 fm/c T ~ 1012 fm/c

Helen Caines - Yale - Midsummer QCD School - July 2024

Can only measure final
state particles and
photons

How to probe the earlier
stages?




The phase transition in the laboratory

T, K, p, ...

time

n, K, p, ... \ A 4 i
f
.-'i-" / i/Tch
A 3 P
.‘g 7/
>

Hydrodynamic
Evolution Pre-Equilibrium
Phase (< 1)
|
a) without QGP b) with QGP

AR\

Chemical freeze-out:
(Ten < To): inelastic scattering ceases

Kinetic freeze-out:
(Tt < Ten): elastic scattering ceases

Helen Caines - Yale - Midqum/mer QCD School - July 2024\8
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The phase transition in the laboratory

T, K, p, ... :
time f Chemical freeze-out:
A f - (T < To): Inelastic scattering ceases

Kinetic freeze-out:
(Tt < Ten): elastic scattering ceases

Mid Rapidity

Energy density is a necessary but not
sufficient condition

e(Ns =7 TeV pp LHC) >>
e(Vs =200 GeV Au-Au RHIC)
Hydrodynamic

Evolution Pre-Equilibrium

Phase (< 1) Thermal Equilibrium =

a) without QGP b) with QGP z many constituents

7 |\

Helen Caines - Yale - MidslAm/mer QCD Scheol - July 2024\8




Establishing the “basics”: Kinetic freeze-out

LN L L L L L L L L) LI LI BN N J. -
200f ST T3 Stronger collectivity at higher s
180__ ¢ Au+Au 200 GeV —
- o7 Au+Au 62.4 GeV o
160K © AurAu3e GevV 3 (Central collisions:
< 1408 anet 1 Lower T— higher 3
O B iy -
= 120F [ —
Fro0- o R I § i
80F = I 2 ]
D AUTAG 10.6 Gov : 150 -
60 e Au+Au 11.5GeV ~ — - _
- B Au+Au 7.7 GeV - > B _
40 1 9 1001 ; -
0.1 02 03 04 05 08 07 =Y " n 3
< 3 > — - Ten Tiin i
501 © ® World data _
- @ m STARBES -
I --- T Andronic et al. _
0 B -- T, Cleymans et al. |
Tk|n~TCh beIOW \/S ~ 7 Gev | L 11111l L1 11111l L1 11111l L
1 10 100 1000

\ S\ (GeV)
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Varying trajectory through the phase diagram?

With BES-II statistics and new TPC acceptance can explore rapidity dependence

0.18 L
— STAR, PRC 44904 g = | | '
S 0.175 T y=[-0.1,0.1] — | | | ® l
O This Work < d '
- A nn ooe ~ | | i | | A
:\vo165 | L | T i I | |
. - - .. , 012 : ‘ " n ]
R4 { . o 4 | Pa sa prewsos | Higher rapidity —>
0.16 ; ‘ ' | . y=[0.10. R
T Al This Work
2 3 I i1 1 I owork larger ug, similar Tch
0.155 ; | ' : - I |
. . 8]
0.15 STAR Preliminary 0.08/-| STAR Preliminary
T Au+Au Vsnn=27GeV
01450~ —55" 00 750 200 250 300 350 0.06, T T RS T e R
<"‘V/uu‘/> <N/)m'/>

Next step: Compare mid-rapidity/low Vsnn and high rapidity/high Vs

Chemical freeze-out parameters match but initial conditions differ.
Can we see the difference imprinted elsewhere?

Helen Caines - Yale - Midsummer QCD School - July 2024 o8



Probing (grand)canonical production

06 T _«: ] Things change at Vsnn = 3 GeV
| Au+Au O —. uramp'  CE 1 (fm) o
| oo { vt T 22 Collision energy:
| - Ar+ & ] — —
X O o P, - 4.2 below threshold for =
= Al+Al K -- 6.2
S I : very close to threshold for ¢
0.2 - .. - ¢I Pb+Pb 0-7.2% o _
- T R _ _
j (‘5 | @ Local treatment of strangeness conservation crucial
o T ] =
I @ AurAu, 0-10% ﬁg Small strangeness correlation radius preferred
I[I] - l: E L% ’ rC < 42 fm
%‘ i E ¢. AQ"' olo " . — "
- akol () %; oS CE cannot simultaneously describe ¢/K- and ¢/=- ratios
1B . o %’ x\> — . . g . : "
Rl I PraE significant change in strangeness production at this low
i . it
- Mt b
0 — = Ten=72.9 MeV and pg =701.4 MeV
2 3 S 10 20

Collision Energy \'s\, (GeV)

Helen Caines - Yale - Midsummer QCD School - July 2024 99
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Strange resonance production

Resonance/non-
resonance probes
hadronic phase between
chemical and kinetic
freeze-out

Regeneration gain
1 K

> <

K T

Kinetic Freezeout

Re-scattering loss

Chemical Freezeout

¢

qu ~ 45 fm/c

>

Medium lifetime
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Strange resonance production

Resonance/non-
resonance probes
hadronic phase between
chemical and kinetic
freeze-out

Kinetic Freezeout

—

Chemical Freezeout

centrality —

>

Medium lifetime

Helen Caines - Yale - Midsummer QCD School - July 2024
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Strange resonance production

Chemical Freezeout

>

Medium lifetime

Kinetic Freezeout

Resonance/non-
resonance probes
hadronic phase between
chemical and kinetic
freeze-out

—

centrality —

Helen Caines - Yale - Midsummer QCD School - July 2024

Particle Yield Ratios

—h
<

1072

-

—
i
hh - ------

----------------------- c7=1.3 fm
po/ﬂ: (x12.0)

7

)

c7=46.4 fm-
/K (x0.05) ]

0 2 4 6 38 10 12 14

1/3
(dN_ /dn)

ALICE Preliminary
¢ p-Pb |5, =5.02 TeV

O Pb-Pb |5y, =2.76 TeV

7P Pb-Pb ys,, = 5.02 TeV

* Xe-Xe |sy, = 544 TeV
ALICE

X pp Vs =2.76 TeV

® pp Vs=7TeV

* p-Pb \s,, =5.02 TeV

B Pb-Pb ys,,\ =2.76 TeV

+ Pb-Pb s, =5.02 TeV

* Xe-Xe \sy, =5.44 TeV
STAR

X pp Vs =200 GeV

2% Au-Au \s,, = 200 GeV

EPOS3

16 P-PbPb-Pb

— — UrQMD ON

------ UrQMD OFF
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Strange resonance production

Chemical Freezeout

Resonance/non-
resonance probes
hadronic phase between
chemical and kinetic
freeze-out

Kinetic Freezeout

—
-—

only regeneration __---~

pp baseline

centrality —

>

Medium lifetime

Particle Yield Ratios

Ratios suggest hadronic phase is long,
rescattering cross-section also important

Helen Caines - Yale - Midsummer QCD School - July 2024

—h

—h
<

—
i
~ T o r m Emw

----------------------- c7=1.3 fm
po/ﬂ: (x12.0)

c7=4.17 fm

S**/A (x0.6)

A(1520)/A

" c7=22 fm

ﬁ@ [\ﬁ =*/Z (x0.06)

K*/K (x2.0) |

c7=5-5.5

c7=12.6 fm_

ALICE Preliminary

¢ p-Pb ys,, =5.02 TeV

O Pb-Pb |5y, =2.76 TeV

7P Pb-Pb ys,, = 5.02 TeV

* Xe-Xe |sy, = 544 TeV
ALICE

X pp Vs =2.76 TeV

® pp Vs=7TeV

* p-Pb \s,, =5.02 TeV

B Pb-Pb ys,,\ =2.76 TeV

+ Pb-Pb s, =5.02 TeV

* Xe-Xe \sy, =5.44 TeV

STAR
X pp Vs =200 GeV

- c7r=46.4 fm-

- $/K (x0.05) 2% Au-Au \s,, = 200 GeV

_I ] ] | ] ] ] | ] ] ] | ] ] ] | ] ] ] | ] ] ] | ] ] ] | ] ] I_ Pb PbEPbPOS3

0o 2 4 6 8 10 12 14 1/:136 PP PP D ON
<dN Ch/ o 77> ------ UrQMD OFF
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Softening of Equation of State

Fermi-Landau initial conditions with ideal hydro expansion :

cs2= 0 for a sharp phase transition _Pfﬁ.wﬁ
Softest Point: minimum in cs2 o
dn Ksjlv/fv _Z{Tﬁ - 8 ¢’ ln( Js 105
i 2 © 2o 2m L
d)’ \/27T6y s \ N ) .
Minimum observed at \s = ~7 GeV 09

Minimum in the speed of sound?
C32 ~ 026

Indication of softening of E0S?

0.8

||r|r|r|]|1|1|1r|r|r|r|]|1|1|1r|r|r|r|]|1|14_

T
O
a
o
(¢))

()
0
=
Ol

Cs2 = OP/og

1 |
Dale Observable

E895
m NA4O &
+ STARBES
+ BRAHMS &

aTAR PRELIMINARY

¢

All rapidity density spectra have been
fit with single Gaussian Functions.

!
10

ks

E895: J. L. Klay et al, PRC 68, 05495 (2003)

10°
¥ Sam |

NA49: S. V. Afanasiev et al. PRC 66, 054902 (2002)

BRAHMS: |.G. Bearden et al., PRL 94, 162301

NAG61/SHINE see minima in similar place for pp data

Confirm csin other ways?

Helen Caines - Yale - Midsummer QCD School - July 2024
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Significant enhancement above cocktail

10

. STAR Au+Au |'s,, =27 GeV (0-80%)

—— Data

STAR Preliminar

..... 1 > yee & 1° >ee -~ n —> yee “imi @ —ee &> Toee
‘,:‘.l ___..n|_>,.,,ee -.---d)_)ee&d)_)‘r]ee - Vv — ee
-=: CcC — ee — DY > ee —— Cocktail Sum

s LY
1.5 2 2.5 3 3.5
M, (GeV/c?)

Low mass range

Intermediate mass range

Clear enhancement for
LMR and IMR
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Significant enhancement above cocktail

10

. STAR Au+Au |'s,, =27 GeV (0-80%)

----- > yee & 10 —Hee vt > yee =t ) —ee JeP T ee
p —' = o yee == o —>ee& ¢ > nee T3 v — ee
o i1 -~ cC >ee — DY > ee —— Cocktail Sum

—— Data

STAR Preliminar

1.5 2

3

4
.

N

3.5

M, (GeV/c?)

When Mee above pion mass:

no collectivity exhibited

Low mass range

Intermediate mass range

Clear enhancement for
LMR and IMR

~n 0.15¢
>

Ag+Ag Siin=2- 55 GeV 10- 40%
HADES work in progress

III|IIII|IIII—||

We’'ve identified a penetrating probe with no boost

oL

0.6 0.7 0.8 0.9
M., (GeV/c?)
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Estimating the initial temperature

Direct Photons:

* NO charge or color — don't interact with medium
* emitted over all lifetime — convolution of all T

10’

—
OO

dN /d°q [GeV ]

<N ch>=800
lyl<0.35

Theory well developed

~10"
) — Hadron Gas
o 107 — QGP (T,=370MeV)
6 initial pQCD (pp)
10 — sum

2
q, [GeV]

QGP dominates: 1< pt< 3 GeV/c

Helen Caines - Yale - Midsummer QCD School - July 2024
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HIC: surpass critical temperature

=~ 10°

PHENIX: |

—L

Ed®N/dp*(GeV2c®) or Ed’o/dp° (mb GeV?c?
o

AUAU 0-20%
(x100)

102
10°F .
10 v
5L ~
o ras Mial
s NLO pQCD =
107 E
= .t*"-b:_*__
10_7-|1 C L | 11|111||1.|.:.1‘.g1‘\*
1 2 3 5 6 7
P (GeV/c)

After background subtraction:

Emission rate and shape
consistent with that from a
hot thermally equilibrated
medium

Hydro models fit to data

Truic = 300 - 600 MeV
>2%T¢

T=0.15-0.6 fm/c

Large uncertainty due to
correlated pair background
l.e. Jets

Helen Caines - Yale - Midsummer QCD School - July 2024

PHENIX: PRL 104 (2010) 132301
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HIC: surpass critical temperature

=~ 10°
NO

> 10°

_a —
w— o %
.

<

Ed®N/dp*(GeV2c®) or Ed’°o/dp® (mb Ge
LU % <%

—L
=)
N
[

PHENIX: |

)

AuAuU 0-20%
pp Fit scale (x100)
W
: s :;_:_:_._.:.:\ +p
- ‘Ki p
- NLopacD T e
—I L1 | N A 1--[...1*:1::.1:%“*
1 2 3 5 6 7

p_(GeV/c)

After background subtraction:

Emission rate and shape
consistent with that from a
hot thermally equilibrated
medium

Hydro models fit to data

Truic = 300 - 600 MeV
>2%T¢

T=0.15-0.6 fm/c

Large uncertainty due to
correlated pair background
l.e. Jets

Even hotter temperatures extracted at the LHC

Helen Caines - Yale - Midsummer QCD School - July 2024
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Presence of a Critical Point?

1207
Critical Points: 100+
divergence of susceptibilities 30
e.g. magnetism transitions s 60;—
and divergence of correlation lengths 40|
e.g. critical opalescence 20;—
0+
-o-———r S U S B

| . -04 =02 00 02 04 06

In HI: | % 01 VS (GeV) /7 ;% ~ . Au+Au Collisions -

Large event-by-event fluctuations of > L .77 \/ ‘, YR 04 0% ge\r;/tral -

conserved quantities (Q,B S) as the non- 5 oo~ * 1'% SSRGS <Py sd BEHEL M < 05

equilibrium correlation length, &, diverges 8 ,sF o 196 | 'Yl -

= — o 27 —

< 0.04— s 39 —

: : ﬂl’ - + 544 -

Correlation lengths diverge — T 002 x 624 —

) g @ 200 _

Net_p KO—Z d|verge 2 Of-+-+-4 .4-.'.':. v Siadiaade d Lo S o e it PEE S-SR n i se s Tl e

-10 0 10 20 30 40

Net-proton (AN, = N, - Ns) STAR: PRL 126, 092301 (2C

STAR: PRL 126 (2021) 92301

STAR: PRL 127 (2021) 262301 65
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Net-proton cummulants at LHC

| | 0 2 4 6 8 eB/M;
Lattice calculations suggest 181 y2(eB, T.(eB) % No=8
suscepltibilities sensitive to initial X(0, T,c(0) + Neml2
EM field 1.6 [ H.-T. Ding et al., arXiv:2208.07285 o
1.4}
Lo o4 % :
s & 2 v .
1.0 =% }% ----- % B S hiltiohi
08,00 002 004 006 008 010 012 014 016
eB [GeV?]
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Net-proton cummulants at LHC

peripheral events - B-field largest

| _ 0 2 4 6 8 eB/M;
Lattice calculations suggest 181 y2(eB, T.(eB) % N,=8
suscepltibilities sensitive to initial X(0, T,c(0) + Neml2
EM fleld 1.6 H-T Ding et al., arXiv:2208.07285 | |
Ta) 1.05 o 1+ 1 1< 1 v °r > 1 7 1 1.4ar
ala - - :
' _ ALICE Preliminary o -
% ;—l © Po-Pb, (5, = 5.02 TeV 06<p<15GeV/c 1 12} g i i i %
S~ . /<08 e [1.5<p<28GeVic _ e 3 s
e R =
- BH H 1 °%00 002 004 006 008 010 012 014 016
0.95} . _ eB [GeV?]
. E : : % : - : 1 First measurement above 2 GeV/c
0ok o ° ¢ © 1 Fluctuation in high p range increases in

T T T T T R T More discussion with theory and
0 10 20 30 40 50 60 70 80 90 measurement in pp needed
Centrality (%)
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66



Nuclear modification of light species

- STAR: PRL 121 (2018) 32301 o m7.7 Gev
11.5 GeV

14.5 GeV

v 19.6 GeV

27 GeV

= 39 GeV

o 62.4 GeV

10

R.p [(0-5%)/(60-80%)]

£
&

For Vsnn > 27 GeV suppression observed

Helen Caines - Yale - Midsummer QCD School - July 2024
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Nuclear modlflcatlon of Ilght species

nnnnnnnnnnnnnnnnnnnnnnnnnnnnn

IIIIIIIIIIIIIIIIIIIIIIIIII AII'II_;_AGIIIIIIIIIII 10:

11 5 GeV
$ 14.5 GeV
v 19.6 GeV

27 GeV

39 GeV
62.4 GeV

10

(A
o
m ‘E‘.- W “
1’— -- :‘_ k< BRI

10 STAR, Au+Au
* K0
0-5% o As A

40-60%
L ) +._.

R.p [(0-5%)/(60-80%)]

0-10% © Q+Q
40-60% o O

For Vsnn > 27 GeV suppression observed

Differences for baryons and mesons

Helen Caines - Yale - Midsummer QCD School - July 2024



Nuclear modlflcatlon of Ilght species

10

R.p [(0-5%)/(60-80%)]

nnnnnnnnnnnnnnnnnnnnnnnnnnnnn

YYYYYYYYYYYYYY

T T

S 5

Rep (0-10%/40-60%)

|III|III|III|III

Au+Au collisions

A A A A STAR Preliminary -
m BESI7.7GeV A .
¢ BESII14.6GeV =
¥ BESI19.6GeV A .
A 200GeV 0-5%/40-60% g

@ 200 GeV: Phys. Rev. Lett. 99 (2007) 112301

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII 10—
- STAR: PRL 121 (2018) 323013‘3"“77%\, :
11.5 GeV
= $ 14.5 GeV
B v 19.6 GeV o
B 27 GeV (@)
) 39 GeV o
- 62.4 GeV 1: :r‘
""" 10¢ STAR, Au+Au
t " KO
EEEF 0-5% o AR
IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII 40-600/0 ’ +
1 2 3 4p(G56V/C)6 7/ 8 9 10 1
0-10% © Q+Q
. 40-60% ¢ 0
O ,...11...1211.1,5....41....1“,‘

For Vsnn > 27 GeV suppression observed

15 2 55 3 35 4 45 5
pT(GeV/c)

Differences for baryons and mesons

¢ _data indicate mass not baryon/me

Is flow hiding Ejoss?

How to disentangle?

ct?
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Precision quenching measurements

2 Yield( A+ A
s Data HG-PYTHIA R, (pr)=—; ( )
(T 1 g -= Ru+Ru —— Au+Au ~ Ru+Ru Yield(p + p) x <N coll>
~ 0 Zr+Zr —=— d+AU by  Zea7r
1.6:— pp uncertainty —— Cu+Cu 4 27t Raaln 0-60% central events
140 (Npart>20) decrease with Npart
1.25— . Same Raaat same Npart regardless of
1:__ RSB a5 G GO G oo o System
0.8 A - .
. —5‘5 i Deviation from trend starting at Npart =20
0.6:— ] Event selection bias in
0.4 . peripheral events causes
- | S't')'AR Pffi/"z'ggaéyv v artificial suppression?
0.2f sobar \s=200 Ge - HG-PYTHIA qualitatively gets trend but
- (h"+h)/2 p_>5.1 GeV/c .
o——— * ST ' ' predicts steeper drop
1C 10° (N )
Tong Liu part

Jet quenching linear with log(Npart)

STAR: PRL 91, 172302 (2003), PRL 91, 072304 (2003),

Helen Caines - Yale - Midsummer QCD School - July 2024 PRC 81, 054907 (2010) Loizides & Morsch, PLB 773 (2017) 408-4



Diffusion Wake or Not?

2018 Pb+Pb 1 7 nb - \/ 5 02 TeV

S | | ]
% - ATLAS Prellmlnary :
CII:1 -08 Centrality 0-10% 0 -

~ o6 F- Ag¢(jet,track) > m/2 :
S U F 05<p*™<20GeV :
= track |

- I < 2.5 -

ih 1.04 — —
S - .
> 1.02 - —
=~ - il T I ’
o i CIFA P R T A R AL I S _‘
§ 1§ﬁi ; ii%**§*+ .+““ ]
] _

A><>“O.98 — it —
S - ’
2 0.96 — " —

N [ 90 < p! <180 GeV In'1<2.37, 111 <25

\E 0.94 — p’et > 40 GeV A¢(y,jet) > 3n/4 —
o B ] ] ] ] | ] ] ] ] | ] ] ] ] | ] ] | ] ] ] ] | ] ] ] ] i

> 0 : > 3 4 5 6

IAn(jet, track)l

Lost jet energy generates diffusion wake
—> Depleted particle production in y direction
—> \Wake larger when xy smaller

At 95% CL wake < 0.8% perturbation of bulk
(note CoLLBT predicts 0.2%)
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Diffusion Wake or Not?

2018 Pb+Pb 1 7 nb - \/ 5 02 TeV

o 1.1[C | | _
% - ATLAS Prellmlnary :
C,,’>1.O8 Centrality 0-10% 0 ]
~ . Ag¢(jet,track) > m/2 :
S '06: 0.5 < pl*™* <2.0 GeV -
= track
- n I<25 -
ih 1.04 — —
S - :
> 1.02 - ) —
S - il T I} LT T ’
o B Pl PRSP FARA AL T +- ____________ _‘
PN et :
] —
A><>“O.98 — it —
S - ’
2 0.96 — " —
N [ 90 < p! <180 GeV In'1<2.37, 111 <25
\E 0.94 — p’et >4O GeV A¢(y,jet) > 3n/4 —
o _I ] ] ] | ] ] ] ] | ] ] ] ] | ] ] ] ] | ] ] ] ] | ] ] ] I—
> 0 : > 3 4 5 6

IAn(jet, track)l

Lost jet energy generates diffusion wake

—> Depleted particle production in y direction
—> \Wake larger when xy smaller

At 95% CL wake < 0.8% perturbation of bulk
(note CoLLBT predicts 0.2%)

<
<C
—

Jets recoiling off of a high pr trigger hadron

Shape of Iaa best reproduced when wake included
Shape not sensitive to Moliere/elastic scattering

Different sensitivities?
Proposal better to look at groomed substructure?
| What is wake and what's soft gluon emission

2.5

2

1.5

1

0.5

B [ I I o L [
- ALICE —=— Data i
— Pb—Pb 0—-10% = ===== JETSCAPE (Matter+LBT) -
- _ —— JEWEL (recoils off) ]
- Sy =902 TeV — JEWEL (recoils on, 4MomSub)
— Ch-particle jets, anti-k; Hybrid model -
- R =0.4, |77 | <05 B No Elastic, No Wake ]
- e No Elastic, Wake —
- Ap -l < 0.6 Elastic, No Wake 7
B TT{20,50} — TT{5,7} Elastic, Wake + _
IR 7 ARt e i :+ """"""" g - - - - ]
B 1 | | | | | I 1 I | | I | | | | | | | | | I T
0 20 40 60 80 100 120 140
GeV/c

'DT,ch jet ( )
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Selection Bias Rather Than Decoherence?

X, > 0.4
JY "
,,,,,,,,,,,,,,,,,,,
—&— Data CMS

1.4+ | Hybrid no elastic, no wake *  Hybrid elastic, no wake —
—-| M | Hybrid no elastic, wake A Hybrid elastic, wake -
o - — — ' 1
0lQ. 1 I T | }
- S
0.8 e ¢ S— —

0.6 0
0 4 N B S B T ]

"0 0.05 0.1 0.15 0.2

Groomed jet radius Rg

PbPb

PP

X, > 0.8
JY -
T r sy Tty r ¥ s 17 © £ &%
16 ~—¢— Data CMS
"7 [£| | Hybrid no elastic, no wake * | Hybrid elastic, no wake
1.4 : W | Hybrid no elastic, wake A | Hybrid elastic, wake —:
— —
11 , ; | .
0.8 ¢ =
0.6 i =
0.4 -
02 - .
0 0.05 0.1 0.15 0.2

Groomed jet radius Rg

v-jet: Use photon to select initial not quenched energy

“All” xy: No biasing on amount of ELoss, N0 Rg dependence in PbPb/pp ratio
Balanced xy: Bias towards jets with ELoss=0, wide R jets disfavored

Helen Caines - Yale - Midsummer QCD School - July 2024
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Selection Bias Rather Than Decoherence?

3 jy jy = < I 1T T TT I I I | T T 7T I I |

- - -7 7 < 1.2[CATLAS 0-10%
_£3= Data CMS ] , 5% Data CMS ERE - pp 5.02 TeV, 260 pb” |
1.4 T Hybrid no elastic, no wake *  Hybrid elastic, no wake —] "7 [£| © | Hybrid no elastic, no wake *  Hybrid elastic, no wake 1__Pb+Pb502 TeV 172nb1 _________________________ |
-8 | Hybrid no elastic, wake A | Hybrid elastic, wake ) 1.4 : W | Hybrid no elastic, wake A | Hybrid elastic, wake —: i anti-k, R = 0.4 jets |
1.2 ] - | - B 2.1 A
O - ] - L0 1.2 ) —_ _8 |.y| < <. -
%|% S S e o SR : %|% —— 1 " F=OB L0
a 1 = { L I Iﬁﬁ ol 1 - ——— - L : g Inclusive
0.8 (—— — 0.8 - - = 0.6~ X . __
E - 0.6 * . - R B :
0el . ’ OF = 04"__.-p1:t>158(39V I .
r ) 0.4 | = s jet &

N - - . - =158 < p° <200 GeV '
S ‘ T ‘ ' m o :
0 0.05 0.1 0.15 0.2 0 0.05 0.1 0.15 . 0.2 0.2_— 200 < pP; < 315 GeV -
Groomed jet radius Rg Groomed jet radius Rg - 315< p” <501 GeV -

| L1 1 11 I | | | | I N | | | 1
. ) = mg 0%03 0.01 0.02 0.1 0.2

v-jet: Use photon to select initial not quenched energy r,

“All” xy: No biasing on amount of ELoss, N0 Rg dependence in PbPb/pp ratio
Balanced xy: Bias towards jets with ELoss=0, wide R jets disfavored

Inclusive: select via jet prt after quenching

Inclusive jet: wide Rq jets disfavored. ELoss higher so shifted to lower jet pT

Now we know there is a bias, can we use it to
Helen Caines - Yale - Midsummer QCD our faVOr dsS haS been dOne at RHIC? M. Park 70




Where does lost energy go?

Trigger jet
Au+Au 0-20%
High Tower Trigger
Aq) 1 tower

| iet 0.05x0.05 (nxd)
ReCOI\ J€ with Ex> 5.4 GeV

\ Jet trigger:

Anti-KkT,

R=0.4,

ptrec(jet) using
pt(particle)>2 GeV

Helen Caines - Yale - Midsummer QCD School - July 2024 STAR:PRL 112 (2014) 122301 [ 1



2.5

e Au+Au, 0-20%

10 < pj;t’rec <15 GeV/c
A p+p

05< paTSS"c <1GeV/c

ffffff
rrrrrrrrr

aaaaaaaa
rrrrrr

\ Sy = 200 GeV

] v, and v, uncertainty

trigger jet uncertainty

detector uncertainty

Helen Caines - Yale - Midsummer QCD School - July 2024

Where does lost energy go?

Trigger jet

Au+Au 0-20%
High Tower Trigger
1 tower

il iet 0.05x0.05 (nxd)
ReCOl\ J with Ex> 5.4 GeV

Jet trigger:

Anti-kr,

R=0.4,

pt rec(jet) using
pi(particle)>2 GeV

Ag

Away-side: Broadening
Softening

E remains correlated to jet
axis but at large angles

Direct measurement of modified
fragmentation due to presence

of QGP

STAR:PRL 112 (2014) 122301
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Probing energy flow in je

N-point Energy Correlators

1 2
O O | IIIIIII| | IIIIIII| | T T T T 11 | L
LI — ha
LL — + [] %
n n . " - ] O
U — NI @
I qJ O N X + RN
N .=-\ N N
= 10 — N + TR NN
— N N N d
@ — N + e N 3* : “l
& — - TR O
S — O\ m A * [ ] | <
o . 00T
. \“ o = ".‘,
Z * N N - i, ML
[ N | Q L 4 '
O N/
O @ ¢
1= do> L
— T . @
— + @
- N )
107 == |
— STAR Preliminary: s = 200 GeV, 15 < Full Jet p, <20 GeV/c
— . STAR Preliminary: s = 200 GeV, 20 < Full Jet p, <30 GeV/c
[ —@ STAR Preliminary: fs = 200 GeV, 30 < Full Jet P, < 50 GeV/c
[ : . ALICE Preliminary: fs = 13TeV, 20 < Charged Jet p, < 40 GeV/c
[ —f ALICE Preliminary: fs = 13TeV, 40 < Charged Jet p, < 60 GeV/c
| —l ALICE Preliminary: fs = 13TeV, 60 < Charged Jet p, <80 GeVic
. ALICE Preliminary: s =5.02TeV, 20 < Charged Jet p, < 40 GeV/c
. ALICE Preliminary: s = 5.02TeV, 40 < Charged Jet p, <60 GeVic
1 0—2 — )( ALICE Preliminary: fs = 5.02TeV, 60 < Charged Jet p_ < 80 GeV/c
— ' = CMS Preliminary: fs = 13TeV, 97 < Full Jet p_< 220 GeV/c
— : z-z CMS Preliminary: fs = 13TeV, 220 < Full Jet P, < 330 GeV/c
— : 4> CMS Preliminary: fs = 13TeV, 330 < Full Jet p, <468 GeV/c
[ - -E- CMS Preliminary: fs = 13TeV, 468 < Full Jet P, < 638 GeV/c
— . CMS Preliminary: fs = 13TeV, 638 < Full Jet P, < 846 GeV/c
| . D CMS Preliminary: fs= 13TeV, 846 < Full Jet P, < 1101 GeV/c
- CMS Preliminary: fs = 13TeV, 1101 < Full Jet p, < 1410 GeV/c
a5 CMS Preliminary: fs = 13TeV, 1410I< Full Jet p_< 1784 GeV/c |
1111 ] L1 1 1 111 T L1 1 1 111 ] L1 1

107 107° 1072 107"
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Probing energy flow In jets

N-point Energy Correlators
Perturbative region grows as jet princreases

Scaling by jet pt: universal transition point
- HF jets’ transition point affected deadcone

Scaled EEC

1.4

1.2

0.8

0.6

0.4

0.2

+= H ¢ 3 0

11 I_t_l_*'*m_l_

—
<
N}

107
( P, jet) AR [GeV/c]
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Probing energy flow In jets

N-point Energy Correlators

STAR Preliminary: {5 = 200 GV 30 < Full Jet p_ <50 GeVie
ALICE Preliminary: fs = 5.02 TeV, 20 < Charged Jet p, < 40 GeV/c
ALICE Preliminary: ¥s = 13 TeV, 60 < Charged Jet p, <80 GeV/c
CMS Preliminary: ¥s = 13 TeV 97 < Full Jet p, <220 GeV/c

CMS Preliminary: ¥s = 13 TeV, 1410 < Full Jet p, <1784 GeVl/c

11 I_t_l_*'*m_l_

{

Ratio of 3-point/2-point correlators:

107

p. ) AR [GeV/c]

T, jet

Decrease In slope at large AR with increasing jet pr

O u
H 1.4_—
Perturbative region grows as jet princreases £ b
Scaling by jet pt: universal transition point 3
- HF jets’ transition point affected deadcone 081
0.6—
13 [ AL Preliminary o - _
b§ b§1 8— ppVs=13TeV 60 < P Je <80 GeVie — 0.4—
°'™® - anti-k;, ch-particle jets "'40<P(;h'1m<60 GeV/c B
16— R=04,1n |<0. -t 20 < p~"* < 40 GeV/c - i
e e
1.4— | |
1,2; xx:‘ig - 1072

0.8W§E—‘-** _

0.6 | _

o.2h | | |

10°

—

Free hadron
scaling region

consistent with running of as

ENC behavior understood in vacuum from 15 -1784 GeV

Helen Caines - Yale - Midsummer QCD School - July 2024

72




Sensitivity to medium effects

First study using static toy model and no background
Oc - decoherence angle, 6. - where formation time longer than L

0, > 0.(E<gL? o, < 0. (E>qL?)
Two—Point Energy Correlator Two—Point Energy Correlator
Multiple Scatterings: HO 1 Multiple Scatterings: HO
l i i
1 Medium-induced
1 10-11 10~ . 1
B 107 L e - S i 1. Geviim- radiation effects only at
3 :E ®§=2. GeV*m™' WG =2 GeVifm™ Sma” ang|eS
N 1077 m§=3.GeVim™ N\s 1072 m§=3.GeVifm~ g -
— Total ----- NLL \#acgomn QL —q Total ---r- eOnSGt Independent Of q
| fS0Gev. LS e h || E=S00Gev, ISt
L S R "0 V-5 4
In 6 A3 (1) vac 1
do 01—

Collaborations hard at work on these

" m . - f? .
How does more realistic simulation look measurements, expect first results soon
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Directed flow difference

§ STAR Preliminary § STAR Preliminary § - x ¥ STAR Preliminary
- I - [ - ,_
> 04 L >" (g ® | 200 GeV > !
) $ t t A A 200Gy | & OfFF E ¥ A E + o+ % S .
< * “ ’ A < _ ¥ X ¥ $ A < Le A a
: M ¢ O A 27 GeV ¥ “‘ % 27 GeV L8 A K R
5 X ¢ O + “ x A P T Diff t effect
| , of "R ifferent effects
¥ - 19.6 GeV i 27 GeV -
| ., e o % .0 | can/do dominate
- oEE i = ¥ : ] S, . .
1ol. A L ; | ° in different
: e p,.>0.2 GeV/c, p < 1.6 GeV/c 46 Gev 19.6 GeV .
oo reAuSTARBESH | : regimes - Have
; ' : -0.1 [a . 1Cl
| * l |+ 2006ev P-P precision to
-15 + - A 27 GeV X .
! n . Tc ‘ - () 19.6 GeV | p,>0.4GeV/c,p<2GeV/c X hopefuuy
! 0.2 GeV/c, 1.6 GeV/ . ¢ 146 GeV : .
P e R Gy M | 7.7 Gev | disentangle
_20 l 11 1 l 1 1 1 l 1 1 1 l 1 1 1 I 1 _0.1 I 11 1 l 1 1 1 1 l 1 | l 1 l | 1 l | 1 l 1 1 1 l 1 1 1 l 1
0 20 40 60 80 0 20 40 60 80 0 20 40 60 80

Centrality (%) Centrality (%) Centrality (%)

@ @ @ @ @ @

Difference in particle-anti-particle slope:
Increases with decreasing centrality - Higher B-field
Increases with decreasing beam energy - Increasing crossing time
Has species dependence - transported vs created quarks
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Speed of Sound: ALICE

w _l I | | I | I | | | | | | I 1 I | | | | | | 1 | | | | | | L
E —  ALICE Preliminary E (p >0.15 GeV/c) N, (p —0 GeV/c) -~
® 05 Pb-Pb, |5, =502TeV @ I oV -
O - _
© B ¢ ®x |V % Vi ~ Observable Label Centrality estimation (pr) and (dNg,/dn) n gap
X - CMS + Vi 7 I <0.8 <0.8 0
0.4 - n| < n| <
L - m X - Ny in TPC Il 0.5<|n|<0.8 n|<0.3 0.3
_ - . I11 n| <0.8 n|<0.8 0
0.3 x — Erin TPC Y 0.5<|n<0.8 n|<0.3 0.3
_ Lattice QCD at T = 222 MeV _ , M n] <0.8 N <08 0
0.2— _ Niacklets 1n SPD VI 0.5<|n|<0.8 nl<0.3 0.3
-0 X ~ VII 0.3<|n| <06 nl<0.3 0
- + - VIII 0.7<n|<1 nl <03 0.4
0.1— - — Nep in VO IX -37<n<-17+428<n<5.1 n|<0.8 1.7
O'_l I | | | | I | | | | I | | | | I | | | 1 I | | | 1 I | | | 1 I | | T
0 0.5 1 1.5 2 2.5 3

Minimum |An|

Summary plot of extracted cS2 with different centrality estimators and various # separations between
particles used for (pr) and centrality

The extraction is heavily dependent on the choice of centrality estimator
A significant difference in forward versus midrapidity centrality determination and from the bias of the centrality estimator
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What carries the baryon number?

‘o Quarks as baryon
| @@ | carriers”

Baryon-junction as
baryon carrier?

ZDCE
(1n) Study photonuclear events:

VPDI Very clean process

(Gap)
- Cacivyy | Baryon number in 3 valence quarks - no stopped
baryons
A -)*4- Baryon junctions - produce midrapidity proton
T ctivity
ZDCW
(Xn)
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What carries the baryon number?

/@\ Quarks as baryon ﬂ
s s carriers? —

ZDCE
(1n)

VDD
(Gap)

(Activity)

3

%é /FEW - Baryon junctions - produce midrapidity proton
[ (Activity) ' o | ! | |
Au STAR Preliminary

ZDCW o) A

(Xn) ' i ¥ * * |

stronger rapidity dependent stopping
In Y+Au than peripheral Au+Au at
approximately same multiplicity

Baryon-junction as
baryon carrier?

Study photonuclear events:
Very clean process

Baryon number in 3 valence quarks - no stopped

baryons

1.2

—
—

o s o R O O O e e

—

O
©

O
o

number & how it is stopped

O
~
T

(P/P)yiau/ (P/P) AusAv 60-8

Path towards a microscopic

+Au sy = 54.4 GeV (y+Au-rich), n|<1.0

Statistical Uncertainty Only

understanding of what carries baryon

0.4 0.6 0.8 1

Pt (Ge\//c)
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-0.7<y<-0.3
-0.3<y<-0.1
-01<y< 0.1
0.1<y<0.3
03<y<05
0.5<y<0.7
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Sma

Il syste

m flow

%) T ' | i
~ 53k ALICE Preliminary ol o ot N
V _ § _ -
= - p-Pb s, =5.02 TeV B K; * p(P) ]
=1, - 20-40% (VOA) ¢ K ¥ A(A) .
,\_/_ 0ol Template fit N
— + pP-Pb -
O + + _'* + T
q § ¥ | .
ST L i g
S 5 : Y i
e _
_:;; . _
0 o om0 i, e o 10 1 O SST0 S  0 Si —
= ] ] ] ] ] :
0 2 4 6 8 10
P, (GeV/c)

Low pT - mass ordering

Intermediate pt - NCQ scaling
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B. Schenke, M.Zhao
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Small system flow

- 03— ALICE Preliminary —_— _— 1 Low PT - MAasSS ordering
— [ pPbys,=502TeV wk  #pp) -
Vo et e ¥ 1 Intermediate pr - NCQ scaling
G F > ¥ & + p-Pb : 0.08} « PHENIX,v,(p {EP}
& [ ®e @ + i « STAR,v,(p. {5P)
01 B ' 3 : . A,_O'O6 p-Au@ 200 GeV
- .i . : S;',0.04
N L S ; 0.02
. | | | l ] 0
0 2 4 6 8 10 0
P (GeV/c)
vz and vs differences at RHIC largely due 098} 3 CNes Phenix defiiion
to use of different rapidity ranges __ 0.06 *V6(P, XS} (STAR definfipn) Jf
\%_004 d-Au@ 200 GeV
.y : >
3+1D Hydro critical for comparisons 0.02
- medium not boost invariant over o}(&-
large rapidity ranges 0
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Substructure of oxygen

1.0 1 TTIT] 1 1 1 I TTITI

v2{2} - sensitive to fluctuations

Quark Nucleon

i TRENTO Glauber Glauber 82{4}/82{2}

— .iim — Woods-Saxon(w/o cluster)

. / v2{4} - reduced sensitivity to fluctuations

— .iiim — NLEFT(w cluster)
e

\
|

.-
g —
g’ —

o
(o3
|

: Data:
B In central event but fluctuations

- enhanced, (v2 reduced overall)
- 0+0 |5, = 200GeV -

V{4}vA2} (e{4}/eA2})
T

- STAR Preliminary @ v.{4, 2-sub.}/v{2,|1AnI>1.0, subtr.}

] A N Theory:

10

o
S
|

1

TPC Centrality(%)
160 160

Alpha clusters enhance fluctuations

Data strongly favor alpha-clustering

Woods-Saxon a-cluster
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Energy loss vs energy density

Pb--Pb 5.02 TeV
ALICE _ -T-

Xe--Xe 5.4 TeV
Pb--Pb 2.76 TeV
Au--Au 200 GeV

ru-Ru200Gev O TAR —

Zr--Zr 200 GeV
Cu--Cu 200 GeV //./0/.
20 - Au--Au 200 GeV

cu—cu200cev PHENIX %

2.5 1

2040
l
l

<>

(-
(9 )
A

4 /

Energy Loss (GeV)

-
-
I

0.5 1

0.0 1

Preliminary

10 20 30 40 50
Energy Density (GeV/fm?)

More details on estimates see 2308.05743 J. Harris & B. Muller

Helen Caines - Yale - Midsummer QCD School - July 2024

ELoss from: shift of pr spectra

Approximate energy density from:

dNch/dn —> dS/dy —> sf 11 = dS/AY/AT = Sinit Tinit

Sinit = 3/4 Sinit Tint

Given number of approximations
reasonably reasonable correlation
between ELoss and €init over different

species and collision energies

Link between entropy and charged particle
density very sensitive to viscosity.

Maybe worth more careful calculation?

T. Hachiya, S. Schlichting
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Energy Ioss to p(d)-Au medium?

n 22
O o
< 1.8
1.6
1.4
1.2
1
0.8
0.6
0.4
0.2

0

E_ *>~4: """"""""""""""" _E
- (suq = 8.16 TeV, 165 nb! E
— a |k R 04 p+Pb =
I | BN | o | | T
4><1o4 1o 2><1o3 102 2x1072 107" 2x10~ 1

<xp> ~

(2/s\) x P,

. e >cos.h Ky*™))

ATLAS di-jet studies: centrality
dependence of jet yield initial (xp), not
final, state effect!

CMS: no di-jet imbalance, no Eioss
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1
0.8

Energy loss to p(d)-Au medium?
%01_2 - A _ ATLAS di-jet studies: centrality
16 dependence of jet yield initial (xp), not
14E final, state effect!

CMS: no di-jet imbalance, no Eioss

:III‘III‘III‘III‘

0.6
0.4 ATLAS p AN A" ™= S BN L ENLI BNLNL I BRI LI IR BLINLEN RLENL I L
0.2 ﬂkj 183'16015\2+1P6b5 " - > :
0 L il il L s Ll 1 ---- { % --------------------------- -
4x10* 107° 2x107° 1072 2x1072 107" 2x10~ 1 3 E ® + ) |
(Xp) ~ (25 XD pug e"“cosh((y") o C0.9}- ) + -
. . 08__ PHENIX i
Show usual techniques to determine Npin : +- :
SO now determine by forcing Rdau Y to unity 0.7] d+Au |sy =200 GeV -
Strong suppression of %in high multiplicity events o °<Pr<'0GeVe .
Not clear there’s a consistent picture 0 2 46 810121416 1§XP
across collision energies yet N
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Nuclear modlflcatlon of jets

: 2018 Pb Pb \,sNN 502 TeV 0- 10/
- anti-k, R=0.3, A, >02, |7/ <0.6
0-8__ Ch-patrticle jets

- p'Tead >3 GeV/c

0.6— (rel. to unbiased pp)

- 135 GeV/c|

0.4} ;g{%j?q } } %

RAA

—r
unbiased Pb-Pb

0.2— J +STAR Au+Au, |5, = 200 GeV, —
R =0.3, p' d>5(3eV/c

Phys.Rev.C 102 (2020) 5, 054913

ALICE Prellmmary

Ill|lll|ll||ll

F a9 2 le T a4 ¢« # £ a 5 57

| | | | | I

0 20 40 60

p:‘jet (GeV/c)

80 100

Charged jet results at same pt for RHIC and
LHC (N.B. scale by ~1.5 to get to full jet
equivalent pr)

Similar Raa for both collision energies
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Nuclear modlflcatlon of jets

|

- 2018 Pb- Pb \,sNN 5.0 TeV 010%  ALICE Prellmmary
L anti-ky, R=0.3,A, >02, |7/ <06 .
0-8__ Ch-particle jets -
- e p'Tead >3 GeV/c -
0.6— (rel. to unbiased pp) =
s - l -
135 GeV/c 2
T 04 | % T } } % J _
0.2 J +STAR Au+AU, S, = 200 GeV, ]
] —: R =03, p**>5GeVic _
of unbiased Po-Pb 5 ¢ Rev.C 102 (2020) 5, 054913 -
I_ | | | I | | | I | | | I | | ] | | | | I—
0 20 40 60 80 10(

ch
Pl (GeV/c)

Clear difference in Raa for
Inclusive and y-tagged jets

RAA

Charged jet results at same pt for RHIC and
LHC (N.B. scale by ~1.5 to get to full jet

equivalent pr)

Similar Raa for both collision energies

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

B | | | | |
12— ATLAS

In both cases interpretation
complicated due to differing
slopes of pp baselines

B antl k; R=0.4jets i
- 1% <2.8 m -
1B - - - S
0.8 — ﬁ —]
= _
_:EE Ok - | -
- Smm 2" 'y ]

0-6 n - o ] ) @
- ﬁw ’
0.4 — —
- For y-tagged jets [PLB 790 (2019) 108] ~
0.2 — p.>50GeV, In'l <2.37 Inclusive jet v-jet —
" Al jet) > 78 0-10% 0-10% ]
O B | | | | | | | | | | | | | | | | | | | | | | | | | I—

50 100 150 200 250 300

Jet P [GeV]

~ 40—50 % quark jets
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Kinematics after last scattering

light
Q\

M

T

l/mT dN/me

purely thermal
source
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Kinematics after last scattering

3
= light
7z
=
g %\
purely thermal
N

explosive

source
source
light
eavy

4— Tﬁ—»

< 1/m; dN/dmy

My = pT2 + m2)”

Different spectral shapes for
particles of differing mass
— strong collective radial flow
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Kinematics after last scatterin

M
purely thermal
source
explosive
source - .
light
W X
- Taﬁ_> %
= | heavy
' | Ny 5 -

Mt = (P12 + M2)”

Different spectral shapes for
particles of differing mass
— strong collective radial flow

1 1

PHENIX
STAR
PHOBOS
BRAHMS
Hydro

Kolb, Rapp,
PRC 67
044903 (2003)

4 | Central AutAu @ 200 GeV
RHIC data preliminary

0 1 2 3
pt (GeV/c)

T~ 100 MeV
< [31' > ~0.55¢C

Good agreement with hydrodynamic explosively
expanding source
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Kinematics after last scattering

(

g light
D 3 \
£ heav
v— M-
purely thermal
source
explosive
source - ight
Lo ‘\
- T!ﬁ_> %
= | heavy
' | Ny 5 o

1

NN

mr = (pr? + M2)

Different spectral shapes for
particles of differing mass
— strong collective radial flow
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o00F LA DL LI LB LR
B Pb+Pb 2.76 TeV
180__ ¢ Au+Au 200 GeV
N =7 Au+Au 62.4 GeV
160_— O Au+Au 39 GeV
S140F el |
O - e )
\2_/120__ 5-1-"1
- B ) = ]
<100F =
= 100: i ?%%
B i 7V 1 J_
S0F Au+Au 27 GeV -
_ O Au+Au 19.6 GeV
60 e Au+Au 11.5 GeV
- B Au+Au 7.7 GeV
40_IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
0 0.1 02 03 04 05 0.6 O.

(B)

Good agreement with hydrodynamic explosively
expanding source

STAR: PRC 96, (2017) 044904

/
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