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Motivation 1:
D meson scaling
with system size

Can we understand system
size dependence of energy
loss?
Comparisons between soft
and hard sector?
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Motivation 2:
What makes theory match data?

ALICE PRL 120 (2018) 102301
| I | R ) I | L I Izl I | I | =R L I In=lrEng I LI I PR ) I | I | FEEL =) I | LR
30-50% Pb-Pb, | 5, = 5.02 TeV

we have all this theory
SN < B eI and data, but what 1s 1t
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i E*J B 1 Anne Sickles once said,
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actually telling us?
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Motivation 3:

SHELE: Soft-Hard Event Engineering

——————— Consequences:

1 .4 ; I no
[ Soft-Hard correlations: (Gossiax

Nucl.Phys. A967 (2017) 672-675
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Constraining soft first, then calculate
hard: S. Shi et al arXiv:1808.05461

Constraining 7, Andres et al arXiv:

902 652 5

- -
(00
T T T T T

20-30%

Flow within E loss models Brewer et

LHC PbPb 5.02TeV 1 alJHEP 1802 (2018) 015

0.6-
: v-USPhydro+BBMG/DAB-MOD Constraining ¢; Djordjevic arXiv:
o4 ... 1903.06829
0.4 0.6 0.8 1.0 1.2 1.4 ’
oft oft . |
Vo {245 ai{2} - 30-40%
SHEE: JNH et al Phys.Rev.Lett. 116 (2016) no.25, 252301; , 100 < p-r < 120 Ged
Phys.Rev. C95 (2017) no.4, 044901 jet |
Heavy: Prado et al (JNH) Phys.Rev. C96 (2017) no.6, 064903 V2 - See X-N Wang
'He et al, arXiv:1811.08975 +_h[
ALICE D meson SHEE: arXiv:1809.09371 ; +f+‘"’
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DAB-MOD

C. Prado, JNH, R. Katz et al, Phys. Rev. C96, 064903 (2017)

* Heavy flavor (D and B mesons) package that allows
for a variety of parameterized energy loss models or
relatinstic Langevin models.

o Coalescence A New additions

» Event-by-event relativistic viscous hydrodynamics
V-USPZTIYdI‘O JNH et al, PRC88(2013)n0.4,044916; PRCIO(2014)n0.3,034907

 pQCD FONLL calculations for initial quark
distributions



Initial conditions:

Oversampling ot heavy quarks

lrento/mckin No cold nuclear matter effects or
. Heavy Quark Sampling: shadowing
| QR IONLL

¢ [Gadfim’] A £ [GeV/fm”] £ [GeV/fm?]
- Ry, i-iu 100
1=0.6fm % =1fm 5 5
,“50 50
£
= )
y [fm] y [fm]
5 -5 5 -5
£ [GeV/fm3]
B 1100

1=3.5fm

Minimum 1000 1nitial conditions/centrality
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Initial conditions: 1rento vs. mckln

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

0.15f mckin trento +vUSPhydro
' n=2

e Trento like IP-Glasma | A

Moreland, Bernhard, Bass Phys.Rev. C92 (2015) no.1, N
011901 =
Hydro: Alba et al, Phys.Rev. D96 (2017) no.3,
034517

 mckin

Drescher et al, Phys. Rev. G74, 044905 (2006); Phys.
Rev. G76, 041903 (2007); Phys. Rev. G75, 034905
(2007)

Hydro: JNH et al, Phys.Rev. C95 (2017) no.4, 044901

Vn{4}/Vn{2}

e At LHC run 2, Trento

generally works best.

Centrality %
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Hydro evolution: v-USPhydro

Heavy quark evolution: Lither parameterized energy loss or
relativistic Langevin model

e g o L 1y

£ [GeV/fm?] £ [GeV/fm?]

1=0.6fm

€ [GeV/ fm3] € [GeV/ fm3]

100 100

5 1=5.5fm 5 1=8.5fm

Hydrodynamic parameters tuned to reproduce sott observables
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Updates to hydro Beware
ditferent hydro

background

parameters

mckln Trento

; | JNH et al, Phys.Rev. C95 (2017) no.4, 044901 Alba et al, Phys.Rev. D96 (2017) no.3, 034517
~ « Equation of State: S95n-v1 * Equation of State: EOS2+1
2 (from 2009) from Lattice QCD

b . Viscosity #/s = 0.05 e Viscosity /s = 0.047

‘;5 e [reeze-out TFO — 120 MeV e lreeze-out TFO — 150 MeV

i B] Phys.Rev. D96 (2017) no.3,
-+ PDGOS = 1100 -

‘8 mckin lower 1 , shorter At . Trento higher 1y , longer Az.
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Heavy Quarks in a hot QGP

» Parameterized Energy
loss model

dL

&
— = —f(T,p, L)Crﬂow

e Parameterized Energy

loss fluctuations ¢
Betz&Gyulassy JHEP 1408 (2014) 090

e Meds

1um contribution

1_‘flow =

13

 Langevin Model

(OCD+HFEI
dp; = — T(P)pdt ++/dt\/xp,
x = 2T%/D

Daiftusion coeflicients from:

e M&T D « 1/Q2xT)

Moore & Teaney Phys. Rev. G71, 064904 (2005)

1 —vg,, cos(¢, — qbﬂm)] G&A running coupling

Gossiaux & Aichelin, Phys. Rev. C 78, 014904 (2008)



Energy loss a5

| —unif(:rm —_—g = (0.3
- : = |inear
fluctuations 12|
E Betz&Gyulassy JHEP
Gaussian Ve 1408 (2014) 090
0.6 :
1
f(E) = exp [— (¢ — 1)*/20°|] 03
210 .
0 1 2
Uniform
D" mesgn, al'gd,, 30-50%, Pb-Pb, /sy = 5.02 T,
=05 For 0<¢<2  |2fbs | e —migy
Linear | *@* Ty =120 MeV |
0.1F _
1=’ (/9%
for |
107 10!
T GeV

0<( <>
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Hydro particlization: Cooper-IFrye+decays
Heavy quark fragmentation: Petersen fragmentation
function+light/heavy quark coalescence

£ [GeV/fm?] £ [GeV/fm?] £ [GeV/fm?]

1=0.6fm
50

£ [GeV/fm?] £ [GeV/fm?]

100

1=3.5fm 5 1=5.5fm

Semi-leptonic decays done in Pythia3
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Path length dependence

Correlate 1 high py particle

with 1(+) soft particles @ More high p7 particles are

emitted aligned with the
~é event plane

@ High pr particles sensitive
to the path length (initial
state)

Participant plane

First suggested in early 2000’s

Xin-Nian Wang Phys.Rev. C63 (2001) 054902 ; Gyulassy,
Vitev, Wang Phys.Rev.Lett. 86 (2001) 2537-2540
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Azimuthal anisotropies (hard/heavy)

Scalar Product [1]- 1 soft+1 hard particle correlation

soft \,hard soft . hard
val SPY(p7) = (vse" vhard (pr) cos(n[vs°" —¢p@@(pr)]))

J(Cen)?)

Rapidity gap to suppress non-flow

Averaging over events [2] (~ 5% effect theoretically [3])

@ Calculated in 0.5% centrality bins
@ (---) — multiplicity weighing
@ 0.5% rebinned into 5% or 10%

uzum an 1trault e = : , betz, INoronha, ulass s.nev.L.ett. HO-20)
1] L d Olh 1t PRC87 (2013 4,044907; JNH, Betz, N ha, Gyulassy Phys.Rev.Lett. 116 (2016 Zy
257501
[2] Bilandzic et al, PRC83(2011)044913; PRC89(2014)no.6,064904
[3] Gardim, Grassi, Luzum, Noronha-Hostler, Phys. Rev. G 95, 034901 (2017); JNH, Betz, Gyulassy, Luzum, Noronha,
Portillo, Ratti Phys. Rev. C 95, 044901 (2017)
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PbPb results



Can D mesons “see” the difference between
mnitial conditions?

19




D MESONS*: MGKLN VS
TRENTO

D0 meson, 0 10%, Pb-Pb, ,/TNN = 5 02 TeV
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_Lo—| o CMS

T; =160 MeV
10!
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S

Nuclear modification factor
robust regardless of mitial

conditions

* no coalescence

12}

Elliptical flow sensitive to mitial

0.2

0.1

0

conditions below

< 10 GeV

DY meson, 30-50%, Pb Pb /SNN = 5.02 TeV

- aI‘ﬂow w/ MCKLN —— w/ Trento

-==Lang. M&T w/ MCKLN —— w/ Trento —
Td = 160 MeV

e CMS




Initial temperature

e Both mckln and TRENTO start at 75 = 0.6 fm

e Mckln mitial temperature less (outdated EOS) from
Irento, lrento gives smaller V2

8 (onnectionbetween 7, and v, but I, also
matters, EOS must be correct!

See also:

Andpres et al, arXiv:1902.03231

S. Shi arXiv:1808.05461
. Ke et al, arXiv:1810.08177




Mult1 particle cumulants

Correlate 1 high pr particles with n-1 soft particles.

vo{4}(P7) _ val{4} |, (vn{2}>4<<vs> <vﬁvnvs(pr)>>

val2}(P7)  Vai2} Vni4} (VY2 (VEX(Va Vi (PT))

soft—hard fluctuations _
t tuat )

It there are no ditterence between soft and hard fluctuations
Vald}(p7)  Vni4}

vo{2}(pT)  va{2}

JNH et al Phys.Rev. C95 (2017) no.4, 044901

04/



v2 fluctuations of D mesons

Soft sector: fluctuations 1n Heavy sector: still driven by
elliptical flow primarily drive by initial conditions
initial conditions Very ditferent behavior

B 6, 2] —fluctuation Less B cted for central collisions

,,,,,,,,,,,,,,,,,,,,,,,, ﬂuctuatlons Y0 meson. Pb- Pb \f 5.02 TeV

8 ATLAS 2.75TeV pr>0.5GeV | o UepTTTTTTTTT AMRRRARARNARRAR AR T
_RN0 % 1:06E MmaT 8 < p_ <40 GeV integrated
, 55-60% > 4 04f= T E
~— . — _
I eliival2h 1 102 solid: MCKLN =
..... N — ) .
@ > ol dashed: Trento E
~— 4 0.98;— flow _;
O 0.96F =
0.94F frinnn =
2/ 0.92F ERNTTIITE
0.9F
I 0. 88?« ----- T4 =160 MeV e reeneeaeis
cao v b v by by vy vy v vy by 1y
0.00 0.05 0.10 0.15 0.20 MOI‘G R T TR J /s TR T RSN

; Centrality %
ﬂuctuatlons ol

Z.U
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8 about the meso scale

Scales probed by mnitial conditions

A (fm)

c 0(10) gma,cro ~ RPb

SOIWBUAPOIPAH

~ 1 /Q JNH, Noronha, Gyulassy
° Phys.Rev. C93 (2016) no.2,
024909

Fluctuations tell us

Can we learn about Qsat?




(Can we constrain small scale

structure?

-.t.“.”.. ....H-.‘. -.,f.._r. Y ._- . ' .-f -_’ \ \
,_.,ﬁ,_,,.ﬁ.“. LAY

LY \ ..._. b ,._.. ) | (]
WY, Y /..,.,. W \
L \ _l .\ -l. rl -I \

.

RHIC Jet Probes
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Can we move
beyond the cartoon?
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Can D mesons “see” the difference between
initial conditions?

. Yes, but not muchin R44  and v, 12} calculations, much more in

Vo 14}/vy12]

26




How do energy loss models compare to
Langevin?

27




Energy loss vs. Langevin

DY meson, 0-10%, MCKLN, Pb-Pb. ,/syx = 5.02 TeV

I_I_I_l_l_l_l_l T
e CMS — al'gow = Langevin M&T
1 — ET?T'gow — Langevin G&A

0.8
< | >
< 0.6 /KL
Qi V] //
0.4 | > /
0.2 \\- — — . -
L’ band: 120 < Ty < 160 MeV ]

0
10!

No energy loss fluctuations p [GeV] No Coalescence
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Energy loss vs. Langevin

DY meson, 30-50%, MCKLN, Pb-Pb, /syy = 5.02 TeV
' | ' I ' I ' |
o CMS — al'gow = Langevin M&T
— £T?Tgow —— Langevin G&A

band: 120 < Ty < 160 MeV

0 ! I ! I ! I ! I

0 10 20 30 40
No energy loss fluctuations  p [GeV] No Coalescence
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Energy loss vs. Langevin

DY meson, MCKLN, 30-50%, Pb-Pb, ,/TNN = 5.02 TeV
0.12 |_- | ' | ' I

o CMS — oy Langevm M&T
0.1 — ET?T gow — Langevin G&A
0.08 -_ -3 — band: 120 < T4 < 160 MeV
. _ -
<= 0.06 -
S L
0.04 ol BN (.
0.02 | \( ’
O |
0 10 20 30 40

No energy loss fluctuations pr [GeV]  No Coalescence
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How do energy loss models compare to
Langevin?

Daitterent pictures emerge at ditterent p'l scales.
At low p'l; Langevin generally produces a larger R,, and v, {2},
closer to experimental data.
- At high pT, a constant energy loss model produces nearly the same
R, 4 as Langevin, but produces a larger v, {2} , more closely
| matching experimental data.

gl



What roles does coalescence play?




Influence of coalescence on RA A

DY meson, 0-10%8dMCKLNE Pb-Pb, /sy = 5.02 TeV

O CMS ===alg.w —— w/ coalescence
I - ==Lang. M&T —— w/ coalescence
0.8 P ’
E 0.6
= 0.

Td = 160 MeV

Langevin 10! Energy loss not
improves with pr |GeV]| influenced by
coalescence 33 coalescence




Azimuthal anisotropies and

coalescence
DY meson, 30—50%@Pb—Pb, VSNN = 5.02 TeV
' I ' | ' [
0.2 I_ ®CMS ---algow —— w/ coalescence

-==Lang. M&T —— w/ coalescence

-.
0.1 [}y
L\ \~ I |
\~~ + | i
0 | ! | ! | ! |
0 10 20 30 40



Azimuthal anisotropies and

coalescence

DY meson IMCKLN§30-50%, Pb Pb, \/TNN = 5.02 TeV
0.12 |

® CMS ===algow —_— W / coalescence

0.1 -=-=Lang. M&T —— w/ coalescence
0.08 e - Td = 160 MeV
,—H ja——

= 0.06 I

= ‘k

0.04
0.02 ’ g
|

or—i

,._,II

B e e

0 10 20 30 40
Shifts to higher p'T, pt |GeV]

increases magnitude 35
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What roles does coalescence play?

Ry 4 Increases L.angevin, not relevant for energy loss
v, {2}  Shifts peak to higher pT

v3{2}  Shifts peak to higher pT and increases magnitude

See also Nahrgang et al Phys.Rev. C91 (2015) no.1, 014904

36



Best fit

e pI'<3 GeV: Langevin (Moore & leaney)

+coalescence

o pI'>3 GeV: Constant Energy loss+Gaussian
Energy Loss fluctuations+coalescence

a7



SYSTEM SIZE



i FOSAL FOR COLLISIER
4OAV4OAV 160160

y arXiv:1812.06772 CERN-LPCC-2018-07

S December 18, 2018

Future physics opportunities for high-density QCD
at the LHC with heavy-ion and proton beams

Report from Working Group 5 on the Physics of the HL-LHC, and Perspectives at the HE-LHC

Hydro already worked well with XeXe collisions

gg)Giacalone,JNl—I, Phys.Rev. C9/ (2018) no.3, 034


http://arxiv.org/abs/arXiv:1812.06772

[ HC system size scan
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XE DEFORMATION MEASURED

v-USPhydro sensitive to deformed nucleus
Giacalone, JNH et al. Phys. Rev. C 97,034904 (2018)

h o n=2 154 IPrediction
A n=3 O CMS (preliminary)
3 . — A ATLAS (preliminary)
o -==n=2 spherical 0 144 4 O ALICE

= 144 Q. -

ey _Hydrodynamics dampens deformation effects 7 , ;.
§ c 134 -
, w 8 AAAAANA S
. - \ ST et an 121
E v 12{\o “aaty, v
: xl:} ' A .)_(. 1.1 h

S N
~ 10 O -

: g O Jo 0,0
| 0.9 d;]
é 0 10 20 30 a0 50 60

centrality [%)] centrality [%]
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TYP'C AL 6 PbPb R=6.5 fm 6 XeXeR=6.0fm’
4L ‘ 4:
2 2
EVENTS Eo Eo
- _ > )
_2: _2:
PbPb and XeX X X
‘R s=as 6 Trpax460 Me =6 Tpge410 MeV |
‘events larger, more 6-4-20 2 4 6 6-4-20 2 4 6
| elliptical. x [fm] x [fm]
6 X 6 00 Re39fm
- ArAr R=5.3 fm ' - =5.91m
. ArAr and OO . | 4
smaller and rounder. 5 5
| E o E o
Small systems > 2 =
are hotter -4: -4
_6 Tmax~480 MeV | _6 Tmax"'500 MeV i
6-4-20 2 4 6 6-4-20 2 4 6
X [fm] X [fm]

Sievert, JNH, arXiv:1901.01319 1


https://arxiv.org/abs/1901.01319

SOFT SECTOR: UNIVERSAL
SCALING VS, HIERARCETE

Slevert JNH, arXiv: 1901.01319

Universal Scaling Size Hierarchy
,;‘ * o | - 0.14 : S .
200 &, trento+vUSPhydro 012 trento+vUSPhydro
sy PbPb 5.02 TeV
s Y — =— XeXe 5.44 Tev
o o \ -« == ArAr 5.85TeV
(£ 0.5" \ -=== 006.5TeV
o.of R -
Npart Npart
Vv, {4
w2l wid] () wiz)
' 12}
NSC(m, n) 312} Event plane correlations

L


https://arxiv.org/abs/1901.01319

Comparing are best fit PbPb to XeXe collisions
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D mesons 1n XeXe collisions

DY meson, Trento, Langevin, frag. & coal., Ty = 160 MeV

0.08 ——— prolate Xe-Xe 5.44 TeV
- = = spherical Xe-Xe 5.44 TeV
== Pb-Pb 5.02 TeV
0.06
——
& D mesons are
s 0.04 sensitive to Xe
deformation!
0.02




D meson v2 suppressed in “small”

system
DY meson, Trento Langevin, frag. & Coal Td = 160 MeV

- . —— prolate Xe-Xe 5.44 TeV  _
U.15 7=\ - - = spherical Xe-Xe 5.44 TeV

4 \ — .= Pb-Pb 5.02 TeV

No detormation
dependence 1n

30-50%




RHIC

See Xin Dong (STAR/sPHENIX) and Kazuya Nagashima’s
(PHENIX) talks on Monday



sSPHENIX predictions (B v2{2})

BY meson, 0-70%, AuAu, /sxy = 200 GeV

02 | 1 1 1.1 |
— ol'gow === uniform
===g =(0.3 ===linear
- — T o — MT -
—~— If line: T4 = 120 MeV
N
HC:IJ 0.1 band: 120 < Ty < 160 -
-~
0
10V

Also have v3, RAA,

muons, and electrons



sSPHENIX predictions (B v3{2})

Results with
coalescence
¥ coming soon

BY meson, 0— 70%, AuAu, /sy = 2()() GeV

—_— ol 'gow === umform

===g =(0.3 ===Ilinear
T €T2Fﬂow — MT

If line: T4 = 120 MeV
band: 120 < T4 < 160




CONCLUSIONS



Conclusions and Outlook

 DAB-MOD 1s a modular heavy flavor code that can compare
energy loss vs. Langevin directly with the same hydrodynamic

backgrounds

» Langevin works best at low p'l' and Energy loss at high pI'
e Comparing PbPb to XeXe collisions:

* D mesons sensitive to deformed nucleus

e v2 of D mesons suppressed in smaller system

» Explore hard probes 1n a system size scan of PbPb, XeXe, ArAr,
and OO collisions. More RHICG/sPHENIX results to come.

Jl
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Fragmentation & Coalescence

e Create D mesons at decoupling temperature 7, > T,

* Fraction of heavy quarks z from Peterson {rag.

function f(2) [Z (1 = Z))

33



{m} /v {SP}

\"
2

—
aN

—i
N
L} L

p.[GeV]

10

40

—dE/dL~L,T,=160MeV,n/s=0.05
-== dE/dL~L,T;=160MeV,n/s=0.12
--=dE/dL~L? T;=160MeV,n/s=0.05
dE/dL~L,T;=120MeV,n/s=0.05

a
-~
.~.

L
m g
-.-.

Frm.,
....... -.
.......... .......-----I
‘.\.
- o~ i 30 100

pr |GeV]

p. dependence of v _{4}/v_{2}

from soft vs. hard fluctuations
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pl dependence of fluctuations

= = = nniform = {Tz Naow
— Langevin M&T

— Langevin G&A
PbPb 5.02'1eV

va{d}/va{2}

| Different than charged particles,
. heavy flavor requires physics
beyond just hydro across all p'I

55




Multiparticle cumulants

Reconstructing the v, distribution with cumulants

Vn{2}2 — <Vr27>7

nfa)t = 2027 — (V).

n(6)° = 1| (v8) 90 (vh) + 12(12)%].
va{8}° = 31—3_144<v,§>4—144<v,§>2<v,‘7‘>+18<v,f,‘>2

£ 1602 (V) — (V)]

where collectivity — vp{2} > vp{4} ~ v,{6} ~ v,{8} but there
are differences between higher order cumulants!
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Soft-hard multi particle cumulants

Scalar product, v»{2}(p7) = vo{SP}

Avoids well-known problems with the event-plane method

comparing between theory and experiments.
See Luzum and Ollitrault PRC87 (2013) no.4, 044907

vn{2}(p71) Two particle correlation (one soft, one hard)

(vaot vhar (pr) cos (n [ — i (pr)] )

J{e#97)

vo{4}(p7) Four particle correlation (three soft, one hard)

2(|vEoM B) (vsot vl (pr) cos [n (w52 — wha(pr)|)) — ((vso™)3vha (pr) cos [n (w5 — whed(pr)] )
(violt {4})3/4
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Constraints on 1nitial conditions

Ollitrault Phys.Rew.
C95 (2017) no.d,
054910

>

I
o [ OALICE ] ATLAS
Pk
Giacalone, JNH, 2 e
= )T

[

Trento Glauber

L]

O Trento
A
¢

o

n
Illllllllll

[ ]

o -

Lo S,

Illl'il II
t‘i‘.v:i’l;l;i:_ SRR RRRRRRRRL

IP-Glasma
Trento mckin
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