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The

380,000 years 200 million years 400 million years 10 billion years

First Light First Stars Galaxies & Dark Energy
The first Gas and dust Dark Matter Expansion

atoms form condense into stars Galaxies formin accelerates
dark matter cradles

« Above a critical temperature, T¢, quarks and gluons are no longer confined
 This state of matter is the "Quark-Gluon Plasma”

» Believed the universe was above Te for the first few microseconds after the Big Bang
Image credit to NASA
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https://science.nasa.gov/universe/the-universe-is-expanding-faster-these-days-and-dark-energy-is-responsible-so-what-is-dark-energy/

Phase diagram for QCD

> 7 trillion Kelvin!

'u, B 900 MeV

* Phase transition for low g Is not discrete but continuous
» Observatories and telescopes cannot probe this era of the universe

Eur. Phys. J. A 57, 136 (2021)
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https://doi.org/10.1140/epja/s10050-021-00354-6

-undamentals of heavy ion collisions

|

Nuclel at relativistic
energies become
Lorentz contracted
(from about 15 fm at
rest 1o less than
1 fm)

Initial quark Expansion of dense Elnergy—deniitfy S
production followed hydrodynamic matter oW @ﬂOLTQ or
by QGP formation comp etg
hadronization

Vorticity and Polarization in Heavy-lon
Collisions: Hydrodynamic Models
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https://link.springer.com/chapter/10.1007/978-3-030-71427-7_8
https://link.springer.com/chapter/10.1007/978-3-030-71427-7_8
https://link.springer.com/chapter/10.1007/978-3-030-71427-7_8
https://link.springer.com/chapter/10.1007/978-3-030-71427-7_8

Heavy flavor probes of QGP

Hard probes
Mygs <Te <m,<my,

Jets and color-neutral particles BE[Y(3S5)] < BE[Y(2S)] < BE[Y(1S)] =

You need good calorimetry
(electromagnetic and hadronic)

You need good calorimetry
and good tracking

You need good tracking

Credit to M, Ouchida
* Binding enerqy
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2 Making measurements at detectors




Vaking measurements, frames

 [ransverse momentum . Generic detector
Beam axis

pr = \/pi + py
« Azimuthal angle
_ -1Y _ —-1Py
¢ = tan " (or ¢ = tan px)
 Longitudinal angle
f = tan~1 22
p
» Pseudorapidity
1 (Ipl+ 'pz) 0
=—=In|— = —In(tan =
172 <Ipl — Pz (tan2)

« Rapidity (mass dependent, collapses to n for symmetric systems)

_1l (E+pz)
y—zn E—-p,

Collision point

>/

18/9/25 C. Dean, Experimental heavy flavor highlights 7



Making measurements, centrality

SPHENIX Au+Au \/S =200 GeV T
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« Centrality should not be measured in the same region as your physics signal
» Use charge deposited in endcaps

» /DC has increase then decrease in charge sum with increasing centrality
» More peripheral, more fragments get swept away. More central, less spectator neutrons
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Making measurements, nucl. modification factor

INST 9 PO900/
dNAA/
. = — T \where (Ty,) is the nucl lap funct
Ryis(pr) = Tam) %90 where (T4 4) IS the nuclear overlap function
« Depends on o N IRARARRREERAR
. Centrality/multiplicity 20f LHCb VELO
« Momentum resolution 80
* Impact parameter resolution g 70
« Momentum resolution driven by g
« Alignment, magnetic field, measurement points = 50
& length 2 40
* Impact parameter resolution: , 8" 30
e X X 20 ——2012data, 6=11.6+234/p_
o;p X —10.136 [— (1 + 0.0381n —) 10 —=— Simulation, 6 = 11.6 + 22.6/p .
pT XO XO OF+— v v by by T Ty
0 0.5 1 15 2 35,
lip., [Gchl]

r, is the distance to the first measurement point

X/Xq Is the material budget (thickness in radiation lengths)

18/9/25
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10.1088/1748-0221/9/09/P09007

Vaking measurements, flow from event plane

Counts

PP5TT1ADC
1-MIP events: 42% events, 22% particles

2-MIP events: 31% events, 32% particles
3-MIP events: 15% events, 24% particles
4-MIP events: 7% events, 16% particles
5-MIP events: 1% events, 4% particles
6-MIP events: 0% events, 0% particles

3 nMips

Number of particles in area is proportional to number of minimal ionizing
particles (NMips)

* nMips derived from Analogue-to-digital conversion (ADC) count
For STAR and sPHENIX event plane detectors, we can read each oval
Hence signal responses define event plane
Requires correction around phi to correct for different ADC response

« Assumption is response should be uniform over a whole run

4/1/2025

[ T j T j T T T T T
L SPHENIX Preliminary o raw

o recentered + flattened

n
o
o
S
S
I
|
I

[2]
c 4
é [ Au+Au  \sy, =200 GeV, 0-70% I o recentered

sEPD South ¥, SEPD North W,
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Making measurements, flow from correlations

CMS L, = 3.9ub" PbPb \Sy = 2.76 TeV 3.0<p. <3.5GeVic 1.0 < p™** < 1.5 GeVic
A 0-5%

o PPC’s are well established
e |n HF sector, can we determine flow
this way

« People discuss using D° /D" for this
e Problems:
* Yield decreases to the power 2
» [wo-track efficiency becomes four-
track efficiency

Eur. Phys. C 72 (2012) 10052
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https://doi.org/10.1140/epjc/s10052-012-2012-3

NVaking measurements, particle reconstruction

K— 1
e (Green and blue lines are ~mm

long
o (Can't be seen in detectors

* Red lines are meters long
« All leave signals in trackers

« Momentum conservation of red
ines gives DY and B mass

B = (Px Py P2 E)
where

E=Jp£+p§+p§+m2

Au

QGP
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NVaking measurements, particle reconstruction
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Beam crossing (106 ns / crossing)

Left - dE /dx of tracks, middle - K2 particle, right - ¥~ invariant mass / crossing
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3 Detectors and Accelerators




Relativistic Heavy lon Collider
. |n operation, 2000 — 2025 (/)

* 5 Major experiments 0
. STAR, QOOO Y SPHENIX 5

PHOBOS, 2000 — 2005 |ea et
BRAHMS, 2000 — 2006
PHENIX, 2000 — 2016
SPHENIX, 2023 — now

Max. particle energy 100 GeV/nucleon
! *
Nominal. beam eNerdy 000 KJ The size of RHIC, overlayed over
Max. bunches per beam | 111 Erice
Particles per bunch 1019 for protons, 10° for Au *Equivalent of around 28 Erice cable cars
N traveling at 5 ms™
Max. collision rate 3 MHz for pp, 25 kHz for AUAU NIV-A 490 (2005) 245-263
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https://doi.org/10.1016/S0168-9002(02)01938-1
https://doi.org/10.1016/S0168-9002(02)01938-1
https://doi.org/10.1016/S0168-9002(02)01938-1
https://doi.org/10.1016/S0168-9002(02)01938-1
https://doi.org/10.1016/S0168-9002(02)01938-1

The BRHIC detectors

SPHENIX oHCAL

MAGNET

sEPD

MinBIAS ©
|
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The Large Hadron Collider

* In operation, 2009

— NOW Left - 450 GeV
. - - beam shots from e

4 major experiments neses e B

* ALICE " A numbers refer to £28

e ATLAS 2"l012 4’30 8"1012/6"10 the no. of protons B

e Right — Outline of &=

* CMS g5 the LHC in Geneva ¥4

« [HCDb |
Max. particle energy 5.4 TeV/nucleon

i *
Nominal. beam energy 362 MJ *Equivalent of around 18000
Max. bunches per beam 2808 Erice cable cars traveling at
, 5ms’

Particles per bunch 101" for protons, 108 for PbPb
Max. collision rate 40 MHz for pp, 8 kHz for PbPb
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The Large Hadron Collider

* In operation, 2009

— NOwW Left - 450 GeV
. - : beam shots from
4 major experiments e SRS, The
o ALICE numbers refer to
o ATLAS the no. of protons |
Right — Outline of [ =nie @
* CMS the LHC in Geneva|
o | HCD
Max. particle energy 5.4 TeV/nucleon
i *
Nominal. beam energy 362 MJ *Equivalent of around 18000
Vax. bunches per beam 2808 Erice cable cars traveling at
, 5ms’
Particles per bunch 10 for protons, 108 for PbPb
Max. collision rate 40 MHz for pp, 8 kHz for PbPb
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The LHC detectors

barrel New Small Wheel (NSW)

barrel toroid magnet
muon chambers muon chambers g

Tracking
Chambers

endcap

muon chambers inner detectors

endcap toroid
magnet

endcap calorimeters

barrel electromagnetic calorimeter

solenoid magnet
barrel hadronic calorimeter

ATLAS

EXPERIMENT
CMS DETECTOR STEEL RETURN YOKE

Total weight : 14,000 tonnes 12,500 tonnes SILICON TRACKERS

Overall diameter :15.0 m Pixel (100x150 pm) ~1m? ~66M channels
Overall length :28.7m Microstrips (80x180 ym) ~200m? ~9.6M channels
Magnetic field ~ :3.8T

CMS

SUPERCONDUCTING SOLENOID
Niobium titanium coil carrying ~18,000A

MUON CHAMBERS
Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
Endcaps: 540 Cathode Strip, 576 Resistive Plate Chambers

PRESHOWER
Silicon strips ~16m? ~137,000 channels

FORWARD CALORIMETER
© Steel + Quartz fibres ~2,000 Channels

CRYSTAL
ELECTROMAGNETIC
CALORIMETER (ECAL)
~76,000 scintillating PBWO, crystals

HADRON CALORIMETER (HCAL)
Brass + Plastic scintillator ~7,000 channels
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SHIC vs LHC

RHIC before sPHENIX
RHIC after sPHENIX
ez LHC before upgrades
LHC after upgrades

!
RSB

Raa reach

b-jets

18/9/25 C. Dean, Experimental heavy flavor highlights



NPDF models and constraints




—PPS updates for (NNPDE's o

A. Kusina, 1IS25

« New inputs for (NNDPF3.0:

« pPb D-meson data from

LHCb (Run ) y
« pPb prompt from ATLAS (Ru £+
1) ; Lo
» PPb Z data from CMS (Run Il * T — ket
ALlCE (Run | Run ”) LHGb == uNNPDF30 (10 LHC D)
(Run 1) e
« pPb W= data from ALICE (Ru i
|) 51.0
» pPb diet data from CMS (Ru * azmoe
|) 10710710 1;3?;7 ClLo—a T B T e (=TT e

xr

* Neutral current DIS data for
deuteron
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https://doi.org/10.1140/epjc/s10052-022-10417-7
https://indico.cern.ch/event/1479384/contributions/6663070/

)

°S updates for nNNN

PDE'S

FEPJC (2022) 82: 507
A. Kusina, 1525

« New inputs for "NNDPF3.0;

* oPb D-meson data from

LHGb (RUH |) Lep v an\ILr?S(;zTPb paf 1.4f
* oPb prompt from ATLAS Re ] "7

”) S%1.0 Al
e pPb Z data from CMS (Run Il *5— - Zi

ALICE (Run I, Run Il), LHCb L |

(Run 1) K R Lap
* pPb W= data from ALICE (Ru | o 12

|> 3%‘1:0\_// - \\ 1'07 .
« pPb dijet data from CMS (Ru | Z: i

0.6 6F 6

|> 107107107 100100 T 107010 10 101077 10T L 1070 100 107 10 10710 1
« Neutral current DIS data for

deuteron
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https://doi.org/10.1140/epjc/s10052-022-10417-7
https://indico.cern.ch/event/1479384/contributions/6663070/

UPC J/P at LHCDb

JHEP

06 (2023) 146

Coherent charmonia production is
a good probe of gluon
distributions

Twist approximation (LTA) and
NPDF model (EPS09) show a
decrease in relative conerent
P(2S) production at hign'y
Current results are statistically
lacking to say whether this is the
case

0,40 : LI
0.35 F
0.30 F
S 025

LHCb

PbPb /syy = 5.02 TeV
Coherent v(25)/.J /1 production

ﬁ.-‘—-‘_k,_p,‘_k*_‘_‘_‘__‘\t_‘ e
\ - -
~

0.10 F

0.05 F

0.00 : Ll 1 1l
0

&) - ~0 90 9-09-0 9-0 9-090-¢- @ >
= 0.15 F
b -

1 1

i

P ip
/@\
A A

14 NI

mechanism

® data

stat. unc.
[Jsyst. unc.
mmmm STARIight

LO pQCD (GKSZ):
S LTA

== 1 EPS09

Colour-dipole:

--=- bCGC+BG (GMMNS)
-~ bCGC+GLC (GMMNS)
-—- IP-SAT+BG (GMMNS)
-~ IP-SAT+GLC (GMMNS)
=== No fluct. +BG (MSL)
--=- GBW+BT (KKNP)
--=- GBW+POW (KKNP)
---- KST+BT (KKNP)

--~- GG-hs+BG (CCK)

Coherent J/ production
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https://doi.org/10.1007/JHEP06%282023%29146

D, [NHO At CMS & TOTEM CMS-PAS-HIN-25-002

C

J. Lang, 1525
,CMS 1.34 nb™ (PbPb 5.36 TeV) CMS 1.34 nb™' (PbPb 5.36 TeV) CMS (.34 nb IPbPb 5.36 TeV)
L RN N U A T T
S 3L XnOn + (y— -y) OnXn (D°+DY2 S - XnOn + (y— -y) OnXn (D°+DY2 { > ~ XnOn + (y— -y) OnXn (D° + D9%/2
8 £ Norm. uncert. £ 6.44% 2<p.<5GeV ] o 0-3_‘ Norm. uncert. + 6.44% 5<p.<8GeV | o - Norm.uncert. + 6.44% 8 <p_<12GeV -
Y 3 T = (2 i T i (2 0.04- T _
g : r | 1 <o [ —_— IN-IS —
£ 2.5¢ o 4 £ 0.o" o { E P
— E ~— | | ~ .
Q.'_ 25— — Q_'_ i o ) Q_'_ | -
= 15 ' ' E= — 1 2 002" — .
S 2 ot - e
e L 1 L g | D o
© F ] o} - i G
05- § Data g - ] - @ Data — —
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L N n . L B e e
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[ e CGC C . [ e CGC
© [ o L a1 o L
= 2r 1 ® 2r EI: i ;
(] r (@] r 1 0 i . - . ]
~ -~ 1 - E - -~ 1 PR A B [P I -
- 1 - E:I::::I::::I::::W*E - 1
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= i = : 1 F i
2 2 1
C S vmvvrvrvrrYy. e (——. R [ - x
1 C- T P Koo - #oo . L ] 1 L7 ° ".if.-.-.i._.'f-.f._.'.: .'.‘::,:j::,::f:;:::,:i‘.:.-.-.-.::.s.-.:._.'.'.:.‘il::&:::l:::ﬁ: """"""" ]
| | | \ | E o L | A e | | L | | |
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y y
« Moving to higher DY py, disagreesment with CGC models
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https://cds.cern.ch/record/2930669?ln=en
https://cds.cern.ch/record/2930669?ln=en
https://cds.cern.ch/record/2930669?ln=en
https://cds.cern.ch/record/2930669?ln=en
https://cds.cern.ch/record/2930669?ln=en
https://cds.cern.ch/record/2930669?ln=en
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https://cds.cern.ch/record/2930669?ln=en
https://indico.cern.ch/event/1479384/contributions/6663052/

LHCb nPDF in pPb

JHEP 1710 (2017) 090

h“i 2.5 B T I 1 T T I 1 1 1 I T T 1 I I 1 1 I 1 é 2 i T T T I T T T I T T T I 1 T T I T 1 T

b — LHCb prompt D’ LHCb . Wall! —4 LHCb LHCb i
[ 8 LHCD prompt J/y s.. =5TeV 1 = HELAC-EPS09LO S.. . =5TeV -
P Smacme, e sp Ao T
—_— - < eV/c D0 .- - N

: -~ HELAC-nCTEQ15 p T ] N HELAC-nCTEQ15

1.5, BB CGC2
1 Fts

0.5F

- - I Forward
ol v v 1] 0'...|...|...|...|..

4 2 0 > 4 0 > 4 6 g 10
y* p. [GeV/c]

« [V datais consistent with several NnPDF models (LO, NLO and nCTEQ15)
« Data points are compatible with CGC2 but consistently lower for CGCT

o (CGCT uses large-x gluon splitting

o (CGC2 uses running Balitsky-Kovchegov equations
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https://doi.org/10.1007/JHEP10%282017%29090

LHCb nPDF in pPb

JHEP 01 (2024) 070

ﬁ T T T T T T T T T T 1 T T T I T T T OQ 0.8 T T I T T T T T T T T T T T T T T

o ~ ——%— LHCb prompt D" LHCb 7 2 R -

~ ——4—— LHCb prompt D N o | LHCb 5.02 TeV i

- —=3%—— LHCb prompt D’ pPb s =5.02 TeV 7 L 0< p_<10GeV/c -

2F | | EPPS16 D' backward, 2.5 < |y*| < 4.0 — I : _

| ) ncTEQIS b | 0.6 _ —+ pPb forward 1

I EPPS16 D’ | | —— pPb backward ]

| [ nCTEQI5 DY | | ¢ i

[~ 1]

~ = 04 — 1 o L1 =

_ i B |

I e L
= — ; -

7 | _ 4

a i 0.2 —

B [] [] [] I L [] [] I [ [] [] I [] [ [ I [] [] L ] L 1 I 1 '] 1 1 I 1 1 L 1 I 1 L 1 1 ]

0 2 4 6 8 10 2 3 4 5

P, [GeV/c] [y*|

New LHCb analysis shows consistent behaviour between DO and D *
However, D+ shows consistently more suppression compared to D
Possibly indicates different hadronization processes in open charm

18/9/25 C. Dean, Experimental heavy flavor highlights 25


https://doi.org/10.1007/JHEP01(2024)070

Phys. Rev. D99 (2019) 052011

OS - 2 : T T T T | T T T T | T T T T | T 1 I I : . ﬁ 2 : T | T T T | T T T | T T T I T I I | 1 :
<% 1.8F LHCb ~+pPb 1 R~18fp LHCD pPb/Pbp  4-Data E
X 1 6F P =816TeV +Pp 1.6F P =816TeV At TEols
1 4F - 2< p.< 20 GeV/e EPPS16* e

- Nonprompt J/y -
—] 1 . 2 e BT T —

m S
m E 14?
i

...................... H_ Y ]
0.8F
= 0.6F B
- 0.4F
: 25<kl <35 ; 0.22
i TR TN SR W NN TN TR TN TN NN S S SN SUN SN SH S S S C L1 L1 L1 L1 ]
% 5 10 15 20 R 2 0 2 4

pT‘ [GeV/c] y
« Forward coverage of LHCb allows probes of nPDF at high rapidity
* Results show deviations > 20 between beauty baryons and mesons in lead-
going direction
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https://doi.org/10.1103/PhysRevD.99.052011

Flow to constrain the initial state




DY vs h* v,

CMS-PAS-HIN-24-015

0.607 nb™* (PbPb 5.02 TeV) 0.607 nb™" (PbPb 5.02 TeV)

v,/(v,) (DY)

0.607 nb™' (PbPb 5.02 TeV)

_  Centrality

. . 4= .
3 CMS Preliminary Cent: 20-30% - CMS Preliminary  Centrality
F iyl <1 2<p <4 GeVic 3f <1 50-10% [410-20%
2.5 -
B Slope: 1.00 = 0.06 (stat) = 0.04 (sys) N v 20-30% [© 30-40%
2 i Intercept: -0.03 = 0.06 (stat) = 0.04 (sys) 2 ; 0 40-50%
x = 1
1.5 o>
B (@) C
. g O e
1? % E » *
- -1=
0.5F -
- —20 1
of -
- -3
_0'5;\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\ _4:_‘“|““\““\““\“\\\\\\\l
0 02040608 1 12141618 2 5 10 15 20 25 30
Vol(v,) () p. (GeVre)

T bl<1

CMS Preliminary

B 0-10% A 10-20%

v 20-30% [© 30-40%
8 40-50%

« Slope and intercept consistent with 1 & O respectively

* |nitial geometry may define flow in charm
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Heavy flavor electron flow

PRC 112 034902 (2025)

- NOIQSZ ~— O HF—> e, |n|<0.35 (PRL98.172301) ]

Both lepton flavors exhibit > [ PHIENIX g .cedhadon 12<n<20
similar flow characteristics A A e oY ® HF—>p, 1.2<]nj<2.0 B
* |n different rapidity regions ) .
Clear mass hierarchy 0.5 o ’ -
Secondary vertex tagging - . % o VI
reduces charmonia . . H @ o
contributions - ﬁ%g % g & (.
Hard to disentangle open T HH $ .
charm and beauty - -
contributions Y T I ST D
pT (GeV/c)
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https://doi.org/10.1103/ptpm-jtt8

Non-prompt D flow

PLB 850 (2024) 138389

CMS

PbPb 5.02 TeV (0.58 nb™)

0.2

-+ Prompt D° (PLB 816 (2021) 136253) i
+D’ from b hadron decays

>C\I
Centrality 0-10% | i 10-30% | 30-50%
0.05F HH }HHH , -HH&
> @Hﬂﬂ == i ’-' TN
om ﬂgﬂr ......... Hﬁ |
o""é'"'1'd"'1'5'"'2'd"'2'5""-""é""1'o""1'5'"'2'0'"'2'5""-""é""1'o""1'5""2b""2'5""
P, (GeV/c) P, (GeV/c) P, (GeV/c)
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https://doi.org/10.1016/j.physletb.2023.138389

g b-hadron mechanisms




b — J /i production

R. Nouicer, IS25

= 0.4
= = p+P Sy =200 GeV | @ PHENIXp+p (5=200 GeV lyl<0.35
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https://indico.cern.ch/event/1479384/contributions/6663073/
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At low pr, are we seeing coalescence with low momentum light quarks as a
(dominant) production mechanism?®
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https://doi.org/10.1103/PhysRevLett.132.081901

3 Production and polarization




M

Pl production on heavy flavour

A. Tavira Garcia, 1IS25

New ALICE results on DPS production
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https://indico.cern.ch/event/1479384/contributions/6663071/

J/ polarisation

B. Sahoo, 1S25
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« Fast charmonia production could enable polarization from initial EM field
* Improved colour-evaporation model (ICEM) considers direct J/ production
without feed-down
 Polarization experimentally consistent with O in pp

18/9/25 C. Dean, Experimental heavy flavor highlights 36


https://indico.cern.ch/event/1479384/contributions/6663069/
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* Improved colour-evaporation model (ICEM) considers direct J/ production
without feed-down
~+ 3.90 deviation from O for polarization seen in heavy ion collisions
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https://indico.cern.ch/event/1479384/contributions/6663069/

Y polarisation

K.

K. Pradhan, IS25

» ALICE measurement of polarization is o5E T 1 .
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https://indico.cern.ch/event/1479384/contributions/6663070/

Y production

K. K. Pradhan, 1S25

ALICE pp Ys=13 TeV
Y(1S), Y(3S) » u'u,25<y <4

O Data = 3-pomeron CGC

= PYTHIA8.2 ==PYTHIAS8.2 (no CR) .comovers

dN,, / dn

INEL>0

AN, /dm gt

ALICE pp Vs =13 TeV

corr
1< N2 <8

6<m., <13(GeV/c?

= My

Counts per 50 MeV/¢?
(6]
o
o

» Data
—Y(1S)
—Y(2S)
—Y(3S) N
- - Background: VWG
— Total

Ny sy = 2030 £73

S/\(S+B), ,(30) = 28.6: 0.8

Ny s) = 562 + 60

S/V(S+B)Y(zs)(3c) =

Ny as) = 332 £ 54

S/V(S+B)r(ss)(30) =

11+1

7 +A1

6 ¥ s 8 9

5000

Events/(0.1)
S
o
o
o

3000

2000

IIIIIIIIIIIIIIIII

1000

ALICE Performance

+ Data
pp, Vs=13.6TeV — Fit
p,<30.0 GeVic — Y (18)
25< y<4.0, MCH+MID —Y @S
L — Y (3S)
Y (nS) — wu ----Background

N

1 1 l 1 1 1 1
12 13
M (GeV/c?)

» ALICE measurement of production could favour comover model
* [he full run 3 sample could shed light on this
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= Using collision systems to constrain IS




Nuclear shapes from SMOG

C.Shen, QM25
C. Lucarelli, 1IS25
W. Van der Schee, 1IS25
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https://indico.cern.ch/event/1334113/contributions/6289808/
https://indico.cern.ch/event/1479384/contributions/6663093/
https://indico.cern.ch/event/1479384/contributions/6632044/

System size dependence

EPJ 296 (2024) 09003

15 e D
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« STAR observes no significant Raa difference 05@ L! EHHHH% o e
pbetween isobar and AuAu collisions
» Observations consistent with radiative and 1of T
collision losses R i |
onlosees AP E
- Little, if any, initial state dependence oshy [| HBOF 870N B
e However, can we use isobars as probes of 0
oroton structure such as the baryon junction®? | ”
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https://doi.org/10.1051/epjconf/202429609003

g 2robing the final state




Vv, probe of EM field

PRL 123, 162301 (2019)

0.1 Au+Au |5, =200 GeV, 10-80%
p.>1.5 GeV/c

[ orentz force of an initial EM field
can induce larger v, for heavy
guarks compared to lignt

« Charge-conjugation operator
induces a splitting between
guarks and antiguarks

e Higher statistics samples
needed 1o really probe initial EM
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https://doi.org/10.1103/PhysRevLett.123.162301
https://doi.org/10.1103/PhysRevLett.123.162301

D° mixing and D° - K*m~

Phys. Rev. D. 9/.031101
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.031101
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.031101

A~ flow
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PRC 99 (2019) 034908
JHEP 01 (2022) 174
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https://doi.org/10.1103/PhysRevC.99.034908
https://doi.org/10.1007/JHEP01%282022%29174
https://doi.org/10.1016/j.physletb.2018.05.074
https://indico.cern.ch/event/1139644/contributions/5539919/
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https://doi.org/10.1007/JHEP01%282022%29174
https://doi.org/10.1016/j.physletb.2022.136986
https://doi.org/10.1016/j.physletb.2023.137796

Non-prompt electron production

PRC 109 (2024) 044907
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https://doi.org/10.1103/PhysRevC.109.044907

Charmonia flow

Phys. Rev. C 112, 014904

2

N 0 " Forward rapidity (0 — 50% Centrality) o 0'25: VSyy =200 GeVAu+Au-J/Y+X .
= T @ +/Syy = 200 GeV Au + Au - J/y + X (PHENIX) 02:_ 1.2 < |y| < 2.2 (10 — 60% Centrality) Run 14 + Run 16
PHE[\”X I’eSU|J[S 015~  J/snyn = 5.02 TeV Pb+ Pb - I /3 + X (ALICE) "E e pr(GeV/c): [0.0 - 1.0], [1.0 - 2.0], [2.0 - 3.0], [3.0 - 5.0] ]
- - - 0.15 —
consistent with no flow oAb - -
- - . 0.4 -
Consistent with STAR F * - -
- - 0.05 —
Contradicts ALICE - ™ | - -
| S 1] e ok =
CoM dependence : - E
. n ~0.05F =
or statistics” ~0.051 * : :
N —0.1— = = initially produced —
PHEN'X reSU|J[S fa\/Our ~0.1— = purely thermalized cc ]
C T —0.15F s initial + coalescence —
COa|eSeﬂCe 5 152 E reesees initial + coalescence —Y ]
—0.15— 02K , , Al 3
L % Systematic Uncertainty 0.25 Systematic Uncertainty P H///\\\E N I X ]
N Coc b b o o b e b b L
_020 | ‘llllIlélllléllllillllgllllél II;IIIIéIIIIéI]II'IO _0250 05 1 15 2 25 3 35 4 45 5
pr (GeV/c) pr (GeV/c)

18/9/25 C. Dean, Experimental heavy flavor highlights 50


https://doi.org/10.1103/6pmd-6dwr

UpSHOﬂ prOdUCJ[iOﬂ PRL 130 (2023) 112301

Phys. Bev. D 112, 032004
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« New STAR pp results show lower than average combined Y(2S5) + Y(3S) production
 Individual productions consistent with average
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https://doi.org/10.1103/PhysRevLett.130.112301
https://doi.org/10.1103/bsyx-qtjp

Conclusion

» Charm and beauty quark masses are above the critical temperature
* Produced in the initial collision
» Experience the full evolution of QGP

* Heavier b-guark mass compared to c-guark means less likely to be
‘oushed around” by QGP (“Brownian”-like motion)

* EXperimental measurements are challenging

« Small decay lengths mean close to the background
« Small cross-section means lots of run time is reguired

e EXperimental measurements are
« Key Inputs to theoretical models
» Key tests of theoretical models
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Open charm at SMOG

EPJ C83 (2023) 541
EPJ C83 (2023) 625
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o [HCLb's SMOG system allows low density gas injection into collision point
« SMOGT, at collision point, limited statistics, has to run when LHC is quiet
o SMOG2, before collision point, huge statistics, can run in parallel with LHC
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Open-peauty ratios

PRL 132 (2024) 081901
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At low pr and high charged-particle multiplicity, LHCb sees a higher cross-
section ratio than in ete” baselines
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https://doi.org/10.1103/PhysRevLett.132.081901

A~ flow
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Az Ran

JHEP 01 (2024) 128
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p-hadron modification in p

e

PRL 134 (2025) 111903
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E —+— Stat. Unc. g —#- Stat. Unc. 14 ;_ i st Hog.
1L == [ Syst. Unc. 25 []Syst. Unc. 13 |+:|Syst. Unc.
= F HE_ P 816 ToV, I (B)i<1.8 F N{110,250) / N [2,60) 12 3<p; (B") <50 (GeV)
[O) Global Unc. 4.7% - =
© 10°¢ 2 < Ny < 250 4 - .
el _— - = 15 _+_ o 1 —E}] """ ETIEI """""""""" ﬁ]
T ol — - 1% == 09F
g e 0ot
i3 osf 07
: L 0.6
10‘10' — '1|0' '2|0' 3|0' '4|0' '5|0' 00_ ' '1|o' — Iglol — |3|0| = |4lo| = I5|()I I 0'5_1!5I — é — I2.|5I fli I3!5
p.(B") (GeV) p_(B") (GeV) Nen AN o Dow
R. = (dUB+/dPT)high/(dUZ/dPT)high
HL —
(dog+/dpr)iow ! (doz/dpr)iow
High & low refer to charged-particle multiplicities
/-boson production scales with N, and has no medium effect, clean probe
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https://doi.org/10.1103/PhysRevLett.134.111903

AT /DY ratios

ALICE Figure
JHEPOB (2023) 132
PRL 124, 172301
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e Does baryon—to—meson ratio decrease
with more peripheral events”

« Does pp data shed light on color-recombination”

Baryon/Meson Ratio

(A} + AY/(D"+D°)

e CMS results consistent with no coalescence but limited

at low pr
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https://alice-figure.web.cern.ch/node/34087
https://doi.org/10.1007/JHEP06%282023%29132
https://doi.org/10.1103/PhysRevLett.124.172301

AT /DY ratios

M. Peters, 1IS25

4/3/2025 200 04/06/2025
%J _} 3 Datrla i % T ¢ |5ata | | sPHEI\|IIX Prelilminary:
= \ } — Fit ) = - Fit p+p Vs =200 GeV
= 500 D— Kt + c.C. 7] 2 180p Ai—spKtec.c, V72280 =aMeV =

0 0 Comb. Bkg. Yield = 101 = 33
L - T © 160~ —
3 400k 1 S 1
5 4001 - 5 | -
o ; i O i i
- SPHENIX Preliminary - L i
300~ p+p Vs=200GeV — 1 20—| || l | | * ‘ ]
- Early Calibration - ‘ T i
- u=1862.6x2.1 MeV . iT T T r ‘ i
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« sSPHENIX has entered the heavy flavor game
« First AT inpp at RHIC
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https://indico.cern.ch/event/1479384/contributions/6663072/

DY Transverse Single Spin Asymmetries

Phys. Rev. D78 (2008) 114013

0.25 | 0 & SRR R AR ERREE AR RERRE RRRES RN LR

3 D" meson 0.03  sPHENIX BUP2024 Projection, p'+p'—D%D", P = 0.57 —
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0.15 | 0.02 ¢ 6.8pblstr. p+p —

01 - - Kang, PRD78, 1, = A,=0 ]

z F 0.01  seressesees Kang, PRD78, ), = -\, = 70 MeV —
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-0.05 | 001 =

0 _0.02F =

Eea v b by v b b b b by

y
Predicted Ay with no trigluon contribution (dashed), trigluon
contributions with positive (solid) and negative (dotted) correlations T

* Significant TSSAs (Ay) in DY would be a strong indication of trigluon
correlations
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https://doi.org/10.1103/PhysRevD.78.114013

Heavy flavor In oxygen systems

 ATLAS . 05<pr<5GeV -
0.06— ® 0+0O 5.36 TeV o Ne+Ne 5.36 TeV —
-« Pb+Pb 5.02 TeV = Xe+Xe 5.44 TeV -
i o & iﬁ L @ X __
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0.15- a
: R
0.1:—Qgg@%‘@@W@@Ua__
0.05 = .
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* Energy loss sensitivity at high pr
* Momentum diffusion sensitivity at low pr
e Predictions were

* V,(OO) < vo(PbPD)
* V5(O0) ~ v5(PbPb)
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A. Mazeliauskas, 1S25
N. Strangmann, 1525
A. Dimri, 1IS25
A. Baty, 1IS25

arXiv:2103.01939

18/9/25

C. Dean, Experimental heavy flavor highlights

62


https://indico.cern.ch/event/1479384/contributions/6632054/
https://indico.cern.ch/event/1479384/contributions/6663130/
https://indico.cern.ch/event/1479384/contributions/6663131/
https://indico.cern.ch/event/1479384/contributions/6663132/
https://doi.org/10.48550/arXiv.2103.01939

tt as a new “‘heavy flavor™”? QS PAS-HN-24.02

A. Stahl, 1525

CMS Preliminary 1.58 nb™'(v/snn =5.36 TeV)
L L L L L L L L
Bl Total unc.

» Top quarks are not seen as | Tusuz1 NNLO " Stafisticalunc.

neavy flavor due to lack of ANNPDF30 NNLO

obound states nNNPDF10 NNLO
e However, can probe gluon nNNPDF10 NLO

PDF's EPPS21 NNLO

e Cross-section is consistent EPPS21 NLO
with ATLAS measurements
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6(PbPb = tf) [ub]
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https://cds.cern.ch/record/2942160?ln=en
https://cds.cern.ch/record/2942160?ln=en
https://cds.cern.ch/record/2942160?ln=en
https://cds.cern.ch/record/2942160?ln=en
https://cds.cern.ch/record/2942160?ln=en
https://cds.cern.ch/record/2942160?ln=en
https://cds.cern.ch/record/2942160?ln=en
https://cds.cern.ch/record/2942160?ln=en
https://cds.cern.ch/record/2942160?ln=en
https://indico.cern.ch/event/1479384/contributions/6663083/

