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Why does Heavy-lon Physics matter?

Protons, neutrons, etc.
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% Heavy-lon Physics %

* Heavy-lon Physics provides a laboratory environment to study the Quark-
Gluon Plasma (QGP) — where quarks are deconfined over nuclear distances.
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% Heavy-lon Physics %

* Heavy-lon Physics provides a laboratory environment to study the Quark-
Gluon Plasma (QGP) — where quarks are deconfined over nuclear distances.
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Initial
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Q O A QO |osof overlapping proton + proton (or neutrons) collisions!
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& Heavy-lon Physics %

* Heavy-lon Physics provides a laboratory environment to study the Quark-
Gluon Plasma (QGP) — where quarks are deconfined over nuclear distances.

Time—>»

I F B

Hard Scattering QGP formation

Initial State :
— pre QGP and evolution

Lot’s of overlapping interactions
taking place — deconfined
quarks and gluons!

Only lives for 10-23 seconds!
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% Heavy-lon Physics %

* Heavy-lon Physics provides a laboratory environment to study the Quark-
Gluon Plasma (QGP) — where quarks are deconfined over nuclear distances.

Standard Model of Elementary Particles

three generations of matter interactions / force carriers

M

=0511 MeV/c’ =105.66 MeV/c? =1.7768 GeV/c? =91.19 GeV/c?

, i DIl O O @
. ] g LAVt :;-:' " . electron muon tau Z boson

. Hard Scattering QGP formation ERIC s LR A —J
I 1] |t| d I State . . . <22evi2 <17 MeV/2 <15.5 MeV/c2 =80.39 GeVic?
— fre QGP and evolution - @ D I @

' sectron || ey || nerano | | W boson |
We will focus on the charm

Heavy-quarks quark, and a hadron it
formed before QGP! forms, the D° (Cﬁ)!
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% Heavy-lon Physics %

* Heavy-lon Physics provides a laboratory environment to study the Quark-
Gluon Plasma (QGP) — where quarks are deconfined over nuclear distances.

ZAY &)

Hard Scattering QGP formation :
n detector

Initial State

— pre QGP and evolution Freezeout and hadronization Tracks i

Pions ~ 80% (light quarks)
* Kaons ~ 15% (light + strange quarks)
* Protons (light quarks)
* Electrons, photons, and muons

What we actually see in the lab! Only the very end of the collision!
A single heavy-ion collision can potentially produce ~1000 particle
tracks in the detector!
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final detected
particle distributions

Relativistic Heavy-Ion Collisions

made by Chun Shen Kinetic
freeze-out

. Hadronization

Initial energy
density

Heavy
quarks
produced!

l I ){ i
The D%-meson has a large mass (~1.8 GeV/c?) and a long lifetime (ct <120 um).

A measurement of a D%serves as a proxy for the charm quark it contains.
~ | ]

| i collision evolution
t~0fm/c T~1fm/c T ~ 10 fm/c T ~ 101 fm/c 10



How do we study something that only lives for
10723 seconds and produces thousands of
particles?!






@ Relativistic Heavy lon Collider (RHIC) &

- Various energies and species
« Au, p, Cu, U, He3, deuteron, etc.
« AutAu: . /syy = 200 GeV

* A\/SNN T 62 GeV -3 GeV.

R ; b | - Canrun in fixed-target mode to get to
. =" = lower energies.

fl - p+p:/s =200 GeV, /s = 510 GeV, etc.

- Baseline measurements for heavy-ion
collisions.

‘PHEN
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tkgs|s,f;&£v; P

BOngri'
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« Polarized proton beams.
« Hadronic structure.

RHIC is the world’s most versatile high-energy collider and
has been colliding particles for 20 years!
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% Solenoidal Tracker at RHIC (STAR) &

Magnet MTD TPC TOF vep | Bec | Time Projection Chamber (TPC)
* Main detector for “tracking” particles.

e Gives particle momentum (with a 0.5
T magnetic field parallel to the beam).

* |dentifies particles using energy loss
in the TPC gas.

DO
——-—-—-

~120 um

Heavy Flavor Tracker (HFT)

* Used for rejecting background in
reconstructing heavy-flavor mesons.

_ * The D-meson travels about 120 um

e LS, ™ . before decaying into a K and a 7.
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Relevant kinematic variables $

v

+1

=
Il

Azimuthal Angle = ¢

n:O Beam direction Beam direction
A
6=00° /‘q=0.88
0=45°
: e=1oq__.——‘)n=2.44
9=0°_>n=oo .
X Transverse Momentum:
0 | — |2 2
Pseudorapidity:n = —In [tan (E)] ' Pr 1/px t Dy
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What about an observable?



% Jets T E—

When partons interact at high energy, they can annihilate and form back-to-back
sprays of particles called “jets”.

Ap

Jets « Number of particles in jet.

W e Total energy.
@ @ ; @ @ * Angular distribution (shape).

* And many others!

» We can also study particular types of quarks (i.e. charm) by studying the jets
containing those quarks.
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Jets

Jet production //

ﬁ/ ¢ jI;elitghly energetic

“near-side”

Quark-gluon
plasma

Low energy jet
Strong interactions with the medium

/

Energy loss due to collisions with other
partons, or radiation of gluons.

“away-side”

e0— Qo
Q@ Q@

proton+proton collision

¢
o

Heavy-ion collision

Finding these individual jets in a heavy-ion
event is a major experimental challenge!!
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Studying heavy-flavor jets using correlations!



L7 Heavy Flavor Correlations L7

* Heavy flavor quarks are produced early, evolve into hadrons which then decay
outg[de of the QGP medium — they are sensitive to the evolution of the entire
medium.

Correlations just count

The D%-meson as a \

trigger serves as a 0 /

proxy for a charm-jet. . /7« /

N 7
] : J
N\ v
SAN €
pairs of particles to look

X3
.
Or 7 N
Y~ R
for statistically

and hard to find in In this case, D%+hadron
the collisions! pairs.

A// o significant structures!
The D%-meson is rare /7 j
¥ r ks
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Jet-Shape Results
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——+— Pythia D°-Hadron
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STAR Preliminary
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pythia 50-80%

Centrality (%)
Increasing >
Centrality
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GNS, An
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An - longitudinal
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20-50% 0-20%
Centrality (%)

pythia 50-80%

DO

Associated

The jet containing the charm-quark gets

“PYTHIA” simulates proton + proton collisions.

broader as the system-size (overlap) gets larger!
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® Number of associated particles? &

T TTTT

T

O F

@ [ & Pythia D*-Hadron

> L

8 | —¥— DPHadron AuAu 200 GeV

— ——
«© = .. e
E STAR Preliminary ¥
» 10

< —

0 ¥

Z —

| | |
pythia 50-80% 20-50% 0-20%
Centrality (%)

' Increasing > '
Centrality

Number of associated
particles increases with
system size! - More
interactions!

Near-side

(Ad < 11/2)

DO

Associated
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Comparison with light-flavor quark correlations



& Jet-Shape Comparison #

A¢ - transverse An - longitudinal
2— 2* feng 2.5
& 1 8: —e— di-Hadron, Mean Trigger p_ = 5.7 GeV/c 1] < i A¢
el n
bz E — e di-Hadron, Mean Trigger P, = 2.56 GeV/c[1] bz i /
1.6F oL
~ 4 Pythia D-Hadron, Mean D° p, =3 GeV/c = \
1 '4;_ —y— D°-Hadron AuAu 200 GeV, Mean D°p_=3 GeV/c r + 477
1.2 STAR Preliminary 1.5— STAR Preliminary 1 |
1- i x|
0.8;* _ _E_ = - I DO
0.6/ X e .
04 * ft: — 0.5 — +
- - ¥ .
0.2~ i Associated
- | | | 0 — | |
pythia 50-80%  20-50%  0-20% pythia ~ 50-80%  20-50% ~ 0-20%

Centrality (%) Centrality (%)

' Increasing > '
Centrality

Similar change in shape for jets containing light- and charm quarks!

[1] PRC 91 064910 (2015)
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@ Comparison of associated particles @

% - —e— di-Hadron, Mean Trigger p,= 57 GeV/c [1]

'>—_ — —e— di-Hadron, Mean Trigger p_ = 2.56 GeV/c [1]

- - —+— Pythia D"-Hadron, Mean D’ p_= 3 GeV/c

beb) - —¥— D’-Hadron AuAu 200 GeV, Mean D° p_= 3 GeV/c

— ——

© —

'g STAR Preliminary X

w 10 l |
2 -

< |
P B

Z L

—e— | 5%|

]

| | |
pythia 50-80% 20-50% 0-20%
Centrality (%)

Increasing >
[1] PRC 91 064910 (2015) Centrality

For a similar momentum particle, the
light-flavor and charm evolve the same
way with collision system size!!

DO

Associated
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i Conclusions e

' Increasing > .
Centrality

Peripheral Central

e Charm-quark correlations from peripheral Au+Au collisions look similar to what is predicted
by PYTHIA.

* Peripheral collisions “look” like individual proton + proton collisions = less likelihood of QGP formation.

* The charm-containing jet is strongly modified by the QGP medium in both shape and yield.

* Evidence of jet broadening with charm quarks previously seen in light-flavor correlations.

* Observation of a substantial increase in the jet yield as a function of centrality = indication of partonic
interactions.

 Comparisons to light-flavor correlations indicate that charm-quarks at similar momentum
experience similar net interactions in the medium!
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Thank you!
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2D Angular Correlations

o

Same event (p)

Associated: h*

An

Mixed event (ppe)

Ap = @po — @p+

An =1Npo — My

Y QA A bins SE . 1
ZAn,Ago bins ME NME

Agp
\\ — _1
= (
Correlation measure: An
Psg — APME Ap PsE
Ccorr.= — = —1
APME APMmME  APME

n=+1
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# DY + hadron correlations #

20-50%

mix

a .
Highly energetic E_

jet (leading jet)

ear~side”

Quark-gluon
plasma

Low energy jet
(subleading jet) Strong interactions with the medium

) J—

> DO p;=2-10 GeV/c, h* p;>0.15 GeV/c
» Au+Au collisions \/syy = 200 GeV

PYTHIA (proton + proton simulation) 200 GeV
data sample (10M events) for D%+hadron
correlations (D° py = 2-10 GeV/c).
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® Asimple modelto fitthe data @

* Fitting is done with a simple model with 8 parameters:

1 An 1 A(p 1 An2 1(Ap-Tr)2
262, T —#
* Ay + 24p{2D}Cos(2Ap) + Ayse NS ke 20500 + Ajce “7ASEN x e T 74SAe 4 periodicity for A@ Gaussian

Constant-offset Quadrupole Near-Side 2D Gaussian Away-Side 2D Gaussian

arb. units

arb. units

50 ‘¢

Ao{2D} = v} {ZD}v {ZD}
(details in backup)

1 Anz 1 Ag?
ﬂ dAndA@Ayse 20%san 5 ¢ 2ONsag

(th_r (cent)

NS Associated Yield =

41T
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Fit results

50-80%

o

L)

| -

13

>

@)

| -

rts

o

g 20-50%

P

a0

c

‘»

e

Q

| -

(@)

=

0-20%
v
data — fit

Si A ;A = 1
nSigma(An, Ag) uncertainty(data)

no resid.

no resid.

no resid.
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Deriving our D°-Hadron correlation measure

(arXiv:1701.06060)

STAR Au+Au @ 200 GeV, 0-80%

x10°

Apsignai= Bpposn + APpg+n + App-

—
(@)]
>

Where “Ap” refers to the number of true correlated pairs (e.g. Ap = psg —

N . o
NSE *2 pyi), and o = Nﬁ “signal” refers to pairs with triggers from the red-
ME

Counts/(10 MeV/c?)
o S
| |

band, BG refers to BG triggers from the invariant mass spectrum and the D*

1< p; < 1.5 GeV/c

- —e— unlike-sign

° = like-sign
° — mixed event

term refers to the DO + Tsof¢ Pair from a D* decay. 17 18 19 >
my. (GeV/c?)
Appoyp Apsignatl AppG+h App+
Corr.= = — —
PME,D°+n  PME,D°+h PMED°+h  PME,D%+h
Apsignal . asignalpME,signal Apsignal ~ S+B Apsignal
PME,DO+h PME,D%+h AsignalPME,signal S AsignalPME,signal
Appe+n _ ABc+nMEpGin AppG+n -~ E ApBG +h ~ E Apsp+n
PME,DO+h PMEDO+h  XBG+hPMEBG+h S XBG+hPMEBG+h O XSB+hPME SB+h
A’OD*_’DO'HTsoft _ ap*Pmep* ABppr S+ B ap*pyep App+
PME,D®+h PME,DO+h ap+MEp- S asignalMEsignal Xp+PME,D*
Apsignat S+ B Apsignai B Apspin S+B  ap-pygp App:
PME, DO%+h " S.\ (ISLgnalpME signal S aSB+hMESB+h S asignalpME,signal Xp*PME,D*
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Derivation of pseudorapidity

Pseudorapidity is the longitudinal rapidity in the high energy limit
(E > m,E = p).

1l (E+pz) 1l (p+pz)
==lo - —lo
Y2 = 209E—p,) T2 \p =0,

and p, = pCos(0)
longitudinal rapidity

B ; ) (p + pCos(0) ) 1 (1 + Cos(0) )

0
p —pCos(0) 2 1—Cos(0) 0\ |1 —cos(6)
and tan (E) B \/1 + cos(8)
B 1l 1—Cos(0) , 1 —cos(0)
-T2 (1+Cos(9))_)_ °g 1+ cos(8)

— _log <tan (g)) - |n=-log (“m @)
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Calculating NS Associated Yield from Fit Parameters

ApDO _ ZNevents (npairs,same (Aﬂ; AQD) _ lgnpairs,mix (Anr A(p))

pvlﬂ)eof - 2Nevents{npoXMhadrons) (1_ |An| )

NA(p NAn ﬁ],accep

To get the NS associated yield, we want to integrate the NS peak.

A
<

v

Oan

Saq

f = mixed event norm.

Npgp, Ny = number of Ag andAn bins

ﬁ],accep =2

STAR acceptance

Neyents{npo) = total D%s

_ N A(pN An ZNeventS (npairs,same (An,Ap) — B Npairs,mix (An, A‘P))
2Nevents<nDO)<nhadrons>AnA(p:NS Peak (1 . |An| )
fn,accep
\
|
Npairs,NS peak
Npairs,NS peak _ 2{Mpadrons) z [APDOI
N n ~ N,,N Do
events(Mpo) | ApTAn AnA@:NS Peak Pref NS Peak
|
NS Associated yield
ApDO
1 An? 1 A?
2<nhadrons> 1 JJ 252 " 242 ( |AT||
Y, = dAndApAyce “%sstn x g “sshe 1-
NS,Assoc. NAcp NAn 5Ago SAn nafpAys n,accep
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DY Invariant Mass Background Subtraction

STAR Au+Au @ 200 GeV, 0-80%
Phys. Rev. Lett. 118, 212301(2017)

x10°

1<p_<1.5GeV/c * The signal region:
15 S lieeign e contains both real D% and background Kt
— mixed event pairs.

* Background correlations:

» estimated using Kt pairs from sidebands in the
invariant mass distribution.

Counts/(10 MeV/c?)
=
[ |

17 18 19 2 21
2
m, . (GeV/c?)

These normalized sideband correlations are then
Early Career Research Symposiusml:lIRFE@OSE%QZ&EQAI‘IQ(J-etrtt]sgse C0m|ng from the SIgnaI reglon'
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Bringing All the Contributions Together

STAR Au+Au @ 200 GeV, 0-80%

3
(arXiv:1701.06060) ~ e ; . ; . .
Py 3 £ _ [ Au+Au @ 200 GeV, 0-80% ]
& o x10 > T1F . E
(&) 1<p.<1.5GeV/c § E ~900M Events #D =7047 +205 E
; 15 T unlike-sign H 6F 2<p, <10GeVie =748 x107GeV/c?
D . - s _F
— like-sign SsE N E
= — mixed event % F M P E
S 10 E4F ° e genee E
e 3 _ .'::" —4— Right Sign(RS) _
@ E o —}— Mixed Event(ME) ]
< 5 2F B E
= F - —4— RS-ME E
8 1F STAR Prelimineary
1.7 oF AN g ;
014  0.145 15 0155 0.6 0,165
me-mKn(GeV/cz)
L 'l A
f 1 | LI | 1

S+B  Apsignai B Apsg 5+ B  ap-pumgp: App-

Appon (An, Ag) = b
, —
PME,D%+h S asignalpME,signal S XsBPME,SB S asignalpME,signal Xp*PME,D*

R

oos ] L . 005 . - X . ‘
0.04 T et 0.04 - R i
003 ) -

0.02
[l

ol- -
001
.02
003 )

"o

dp 0

R
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Digression: Centrality ww s s 4 1oem

; - 50 100 150 200 250 300 350  <Npat>
- L) L] L L L L]
5 !
3 10" In<1
@,/
1072 &,
participants i
-7
before collision after collision I ' z :
10°F v &
E [ O' '
° . . . . o ' m '
Centrality: a measure of the overlap of the colliding nuclei via track [ '
multiplicity or deposited energy. We cannot directly measure the L 50 70 80 90 9(5,,(" ' (%) \
. 0
|mpact parameter’ b_ 10_‘ AT TR P T T PR FET RS PYATA FRURE FUR T FUOTS A 'Y
0 400 800 1200 1600 2000
Nch

Lower percent fractions (e.g. 0-20%) - more nuclear overlap (central collisions).
Higher percentages (e.g. 50-80%) — less overlap (peripheral).
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Digression: Centrality LER s e 4 zoam

§ 50 100 150_200 250 300 350  <Npart>
- L) L] L L L]
1
3 107 In|<1
/
10-2: "9’77«-
participants i
-7
before collision after collision I : £ ,
10°F &
' o !
H T I rm
Centrality: a measure of the overlap of the colliding nuclei via track . '
multiplicity or deposited energy. We cannot directly measure the - 50 70 80 0 Bt (%) \
. 0
Impact parameter’ b. 10_‘ Lljlljllllljll‘Alllllxlllllllllllllljlllllll LA L
0 400 800 1200 1600 2000
Nch

Lower percent fractions (e.g. 0-20%) - more nuclear overlap (central collisions).
Higher percentages (e.g. 50-80%) — less overlap (peripheral).

Centrality is related to both system-size and the initial geometry of the collision!
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What do the correlation structures mean?

Quadrupole Near-Side 2D Gaussian

arb. units

e
oo _
LTy

arb. units
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Aty

Related to initial geometry (is
maximum in mid-central collisions,
which have an elliptical overlap).

iy e
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arb. units

Away-Side 2D Gaussian
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What do the correlation structures mean?

Quadrupole

arb. units

1 7L __‘_‘ﬁﬁ;_;_;_a_a_i_i_i.i.‘.-
SOl Wikt
] lllA‘“““ q

Related to initial geometry (is
maximum in mid-central collisions,

which have an elliptical overlap).

TR
wettioguy
\““.‘-‘-‘l“““
oSS
AT
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e
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Near-Side 2D Gaussian

arb. units

e
oo _
LTy

e
[
T I

AX ) ‘~1\\

!/ «q“‘\\.‘
A

I
~
P

0.2

Related to the jet containing the charm-
quark.

Trigger

Associated Near-side

(A <1/2)

Away-side
(A > 1/2)
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Away-Side 2D Gaussian

arb. units

Related to the recoil jet containing
the charm-quark — experiences
more of the medium than the
near-side.

corr. (arb. units)
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What do the correlation structures mean?

Quadrupole Near-Side 2D Gaussian Away-Side 2D Gaussian

arb. units

o
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LTy

““
SOOCCTT
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STy
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4 A
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Related to initial geometry (is Related to tlfe jet containing the charm- Related to the recoil jet containing

o
N}
|

4

A\ 4
soh

4

maximum in mid-central collisions,
which have an elliptical overlap).

the charm-quark — experiences
more of the medium than the
near-side.

quark.

The integral of NS Gaussian = average number of particles correlated with the D°!

Related to fragmentation and interactions in the medium!
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What do the correlation structures mean?

Near-Side 2D Gaussian Away-Side 2D Gaussian

Quadrupole

arb. units

v

Y, TN
} Y
1 //»O""‘ )
) 20O\
’ 2
4¢ ! 0

BN\
Related to initial geometry {is Related to the jet containing the charm- Related to the recoil jet containing
maximum in mid-central collisions, quark. the charm-quark — experiences
which have an elliptical overlap) more of the medium than the

near-side.

The evolution of these structures with system-size (centrality) can indicate

how the charm-correlations are affected by the presence of more medium.
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Correlations in Heavy-lon Collisions

proton-proton * In heavy-ion collisions, new structure is observed, and the
correlations can be studied as a function of collision system size.

corr. (arb. units)

corr. (arb. units)

* The correlations change as a function of the size of the nuclear overlap -> size of the QGP medium!
The STAR Collaboration, Phys. Rev. C 86, 064902 (2012)
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