Open charm in heavy-ion collisions

A Heavy-lon Seminar talk by Szymon Harabasz

Outline:

= Charmed hadrons

» Why charm physics?

= How to do charm physics

= QOpen questions on open charm:
= D mesons R,, at low p; at RHIC
= D mesons R,, compared to pions
= D mesons R,, compared to beauty
= v, of D mesons
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Charmed hadrons

Particle Quark Content  Mass (GeV/c?)

DO 0- cu 1.86 124 um

D* 0- cd/ cd 1.87 317 um

D0 | 1- cu 2.01 94 fm

D | 1- cd/ cd 2.01 1500 fm

s |0 cs/cs 1.97 140 um

AS |t udc 2.29 62 um
Reminder (mainly for the speaker): I I ‘ E 3.10 (I'=92.9 keV)
Q=I,+15Y P’ 1- cc 3.69 (I"~300 keV)

Relatively large mass of c-quark leads to breaking of SU(4) flavor symmetry
and to mass differences between multiplets’ components.
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Why is charm physics charming?

Mass of about 1.3 GeV is larger than:
—  Aqcp (about 0.2 GeV)
— QCD phase transition temperature (of the order of ~0.15 GeV)

— Typical temperatures at early stages of HIC
(about 0.3-0.4 at RHIC maximum energies)

\Z

produced mainly in initial N-N hard-scattering interactions

\Z

production described by pQCD

\Z

at the same time it is small enough to make charmed hadrons sensitive
to reinteractions in medium and c-quarks to reinteractions in QGP
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c-quarks are produced early in the collision (~ 1/2m_— t.=0.08 fm)

Charmed hadrons are produced late, at time scale comparable to
the lifetime of QGP 14gp ~ 5 fm/c (top RHIC energies)

Time scales for quark production
and hadronization are separated
— "Factorization"
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Why is charm physics charming?

They preserve the identity (cannot be created/destroyed)

- are propagated through the medium during its evolution

Oog = 1/2 [(TD+ + @+ @ + g+ T4, 1 ({T\C...]

Medium modifications may affect redistribution
of charm among hadrons, but not the total
production cross section

It is inconsistent with the charm conservation
to reduce all charmed hadron masses in the medium
— |t would increase cross section
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Moreover...

(mb/GeV/c?)

Data/Cocktail

Significant part of low-mass dileptons continuum (!!!)

Total charm rate is a reference for J/y

[H. Appelshauser, Trento 2013]

L _ cocktail sum
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1> eay
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Deconfinement phase transition at high net
baryon densitiy

How are the produced charm quarks propagating in the dense phase,
quark like or (pre-) hadron like?
= Hidden over open charm as indicator (J/y, g', D9, D)

= Charmed baryons important for a complete picture (A, =.)

‘NN — D ¢, N
_,)¢\l NN —> DD NN

= Are there indicators for collectivity?

—

5—|D ] ] ———
“'3‘5-1_“-.\ @ HsD _—f'——— ‘| NN —> J/\l] NN
e : ‘.
e '.'SHM\\
) W T~<
= S~
102 o \\*N\

e S A N N
s, (GeV)
[HSD: O. Linnyk et al., Int.J.Mod.Phys.E17, 1367 (2008)]
[SHM: A. Andronic et al., Phys. Lett. B 659 (2008) 149]
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Statistical hadronization predictions for open
and hidden charm at low energies

Model predictions without medium

modifications

100 x dN/dy
3

Vacuum masses

Charmed baryons play an

Important role

+

It IS crucial to measure them at 10" L%
SIS300 energies (CBM) 3[®
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What to look at
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Nuclear modification factor:

- dNpp/dpr
44 (Ncoll> dep/de

gives us an information (although no trivial

correspondence) about energy loss of a
heavy quark

= Charged pions, 1|<0.8, 0-10%

&‘f 2:""\""I""I""\""\""""I""
@ 4.8 Pb-Pb\Syy =276 TeV
- ALICE
16:_ . PRELT “IHARY
F « Average D’D" D™, |y|<0.5, 0-7.5%
1 -4; with pp p_-extrapolated reference
120 o Charged particles, n|<0.8, 0-10%
|

TN N T T T I IO Y
OU 5 10 15 20 25 30 35 40
pT(Gerc)

Elliptic flow coefficient:
v, = (cos(2¢))
Large values can appear only if thermalization of
the medium is rapid enough (initial free
streaming reduces spatial anisotropy and ability
to convert it to momentum anisotropy)

o Frrrprrryrrrprr T r T T o

04 G | ’_[1 Pb-Pb  |5,=2.76 TeV

- Centrality 30-50%
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pp @ 200, 500 GeV pp @ 7 TeV

-
‘Q

ALICE
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[STAR, PRD 86 (2012) 72013 (200 GeV)] E b
[J. Bielcik, Moriond2013] p, (GeVic)

[ALICE, JHEPO1 (2012) 128]

o
=
o

— Charm production in pp
IS reasonably described by pQCD

What if observed suppression

, comes not from hot QCD medium, ~®
{1 but from parton PDFs
i shadowing/saturiation/reduction
| in initial state?

A._
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Why is charm physics charming?

Parton energy loss:
_ - __ydﬁ@’ — gluon radiation
g: colour triplet _ _
u,d,s: m~0, Cz=4/3 — collsions with gluons
Depends on:
g: colour octet
g: m=0, Cx=3 — color charge
— mass of particle
Q: colour triplet P

¢: m~1.5 GeV, Co=4/3 AEg>AEC>AEb

b: m~5GeV, C.=4/3
Forward emission suppressed in
the forward "dead cone, ® < @, = —*:

1
—-& [@2 + (mQ/EQ)Z]2

‘QCD medium’

Also colissional energy loss depends on 1/mg
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Predictions for energy loss

TECHNISCHE
UNIVERSITAT
DARMSTADT

1.0

RAA

04

T L B N
o = 0.4
— Gharm dN_idy = 1750 |
— Bottom dN joy - 1750 -
— - Gharm dN_/dy - 2900
— - Bottam dN Jdy = 2900 |

———————————————

0.0 a

0.8

06+

Raa

04+

0.2+

o=
-
a
-
o
5]
o
]
o

- (GeV)
[Wicks, Gyulassy, "Last Call
for LHC Predictions" Workshop 2007]

Djordjevic
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[Greco et al., "Last Call

for LHC Predictions" Workshop 2007]

— Pions (at LHC below 10-15 GeV) originate mainly

— Gluons fragmentation and their softer p; spectrum

counterbalances larger energy loss

— Be careful when interpreting Ry, !!!
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Semi-leptonic decays
y (non-photonic electrons)
N 1Y, — cannot disentangle ¢ from b
. \!\‘ — higher branching ratio
o v +
K DY K
pointing angle® .

—— == 0
K [9ﬂight fine—, __--- o *D reconstructed momentum

-:; 3 \ T ""-H.‘K-
primary . secondary vertex

eV

T

[D. Kikola, from D. Tlusty]

Direct reconstruction

— inner tracker needed
to avoid "wrong" pairs

— lower branching ratio
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How to measure open charm

[arXiv:1111.1553]
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D mesons R,, at RHIC

£ -+= Gossiaux 0-80% -

é I | ' I0 ' I ' E
21 Au+Au— D"+ X @ 200 GeV y10+y1T| =
o B ® 0-80% . ‘f‘ B UsU193GeV, lyl<l, a.ﬂ:pr-r:ﬁ.ﬂ GeV/c
DQ - 0 3-1(3;/;00/ 1 1.5 @ Au+Au 200 GeV, lyl<1, 3.0<p_<B.0 GeV/c
=== He o
151 — He 0-5% 1 P+p
| norm

—i

E Gy .

L
O "0 200 30 00
{Npu:m}J
SuppreSSion at hlgh pT (no secondary vertex reconstruction,
Enhancement at IOW pT: but huge statistics ~800M events)

coalescence? radial flow?
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— 2-5GeV/c — D seems to be above =

1

= Charged pions, m|<0.8, 0-10%
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D mesons Ry, at LHC UNIVERSITAT
Below 2 GeV/c no di ison & F T T
— Below eV/c no direct COMPAnSoN o | of oy by s _ 276 Tev P
to pions (they do not scale with N,  6F 2= E
R4 definition does not apply) 1'4; e Average D°D*,D", |y|<0.5, 0-7.5% 1
a: 0O with pp p_ extrapolated reference :
1.2F o Charged partlcles M|<0.8, 0-10% 7

F

— Above 5-6 GeV/c — D comparable with
pions

- Is this compatible with color charge
dependence?

0.8
0.6

0.4 _’ :

0.2

O "5 70 15 20 25 30 35

P, (GeVl/c
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Low-p; D, enhancement expected if c-quarks do coalesce
Data look intriguing, although not conclusive
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D and B mesons R,, at LHC

qﬂ.'q'IIII|IIII|IIIIIIIII|IIII|IIII|IIII|IIII
CC{ i m  ALICE Preliminary D mesons
| 8<pT<1 6 GeVlc, |y|<0.5
1.2 I Correlated systematic uncertainties
- (] Uncorrelated systematic uncertainties
- ® CMS Preliminary Non-prompt J/y
- 6.5<pT<30 GeVlc, ly|<1.2 S
0.8 H [ Systematic uncentainties - Mass dependence of energy loss?
- CMS-PAS-HIN-12-014 -
0.6/ H E| -
0.4 El o -
02 B ®E-
: Pb-Pb, \Snn = 2.76 TeV :
0lIJIIJIlJIlIJJ]Jlllllllllllllllllllllll

0 50 100 150 200 2_50 300 . 350 400
(N_ weighted with N )
part coll
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Non-photonic R,, at LHC
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© o o o
R = O o

Clear centrality dependence

ATLAS-CONF-2012-081
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p, (GeVic) <Nour>
(pITl‘adron ~ zplepton)

Central and forward rapidity comparable
No p; dependence
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D mesons v, at RHIC (STAR)

>N0-25_"'I""I""I""I'"'I""I"I i
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0.1 gﬁ o :% E
L $ ; :
0.05? 3 =
Op- :
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Increase at high p-
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D mesons v, at LHC

N4 T "~ 7 " T “ T g " T " T T 0 ::.0.35
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0 ﬁ; | : 0.25
0.2 P iRy
AL, i "
o
f 29 5 a4

Of- | = 0.1
| & Charged particles, v.{EP.IAnj>2} ‘J 1 0.05
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T 1 A l 1 — | - l ~ l aRENE EREE LIIIIIIIIlIIt|I1III|II

0 2 4 6 8 10 12 14 16 18 -0.05
ALICE, PRL111(2013)102301 p, (GeVic)

Pb-Pb collisions, |s,, =2.76 TeV, centrality 20-40%

._-_ heavy-flavour decay p* in 2,5<y<4
——a—— heavy-flavour decay e in |y|<0.7

PRELIMINARY

") o 0.15

TE[]II!IIF]IT I I]IIF L I-Tll T

Not clear what is the origin of v,. Coalescence? c-quark flow?
Need more data
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Models for LHC energies
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Heavy Flavor decay electrons:
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Instead of Summary — Outlook

Heavy Flavor Tracker at STAR

“STAR |

D meson Rp

LHCb?

T
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Heavy quark interactions in medium

Perturbative QCD vs. resonance model
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o —-Res. u-channel | model the angular distribution is more
gL —-pQCD qc scatt. | . . . .
= T — pQCD g scatt isotropic, which makes it more
= \ ) efficient in thermalizing heavy quarks.
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T-matrix approach

Q Q Q Q Q

Interaction potential can be taken from lattice QCD. To the two-particle propagator enters a quark self-energy
related to the T-matrix and to interactions with gluons:

| = |Xg * T
, , . °F ' " sing. T=13T, —— ]
In light-quark sector this self-consistency problem [ swave sing. T=1.5T_ :
has been solved by numerical iteration 7t rip. T712 T ==-em ]
i trip. T=1.5 T,

For heavy quarks its effect is expected to be weaker
and self-energies can be approximated

by constant thermal mass corrections

Numerical calculations show dominance of attractive
meson and diquark (color-antitriplet) channels _
and suppression of repulsive sextet and octet 1}
— T=V+VGV+VGVGV+... :
Resonance-like structure in the vicinity of the critical 0 )
temperature E_, (GeV)

-

-lm T{GeV ™)
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Heavy quark transport

Start from a very generic Boltzmann equation:

(% + 2T = () \7p> fi 5,6 = leon(f1)
Assume:

- That the mean-field term can be neglected

- That the medium is uniform

Integrate over spatial coordinate

Applying to the heavy quark case, when momentum transfer k is much smaller that quark momentum
(Brownian motion) one can expand collision term to the second order in k and get Fokker-Planck
equation:

dfo(,t) 0 a2
ot ap; Ai(p)+apj Bij(0) | fo (0, 1)

A, describes average momentum change per unit time — friction

B;; describes average momentum broadening per unit time — momentum-space diffusion
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0~

]
o
T
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[a—
o
T T T T

charm

0&520.3-0.5

Tthermal - Y_

80—

= = - charm, pQCD

—— charm. reso (I'=0.4 GeV) + pQCD

----- bottom. pQCD

e, -=-- bottom. reso (T'=0.4 GeV) + pQCD

——
——
—_— -

Coefficient Ai involves momentum transfer k, which is small in forward pQCD

emission and larger in isotropic resonance model

At high temperature thermal energy is well above the energy optimal for D-meson

formation and resonance ar less efficient in c-quark scattering
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Solving the Fokker-Planck equation

Langevin simulation: changes of position and momentum
In small time interval dt:

-

5% = wﬁat, 55 = —A(t, B + 68)p 6t + 6W (6,5 + 67),
1%

where oW is distrubited according to the Gaussian noise:

(B™1) W/ sW*
46t '

P(6W) x exp |—
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Langevin simulation

TECHNISCHE
UNIVERSITAT
DARMSTADT

"reso" means combination of resonance interaction
(restricted to light antiquark from the medium)
and pQCD (dominated by thermal gluons)

With resonance interaction, plateau shape in v2 is
compatible with univeral number of constituents
scaling, which indicates, that c-quarks may
participate in the collective expansion

of the medium @ [ereprew cppeenn) O
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Hadronization

At high p; parton production occurs at time scale of 1/p; and is rather independent
from hadron production with time scale of 1/Aqcp

Fragmentation function of parton i into hadron h, Dy, {(z), z = p,/p; < 1 for light
guarks is a broad distribution centered around z=0.5

N
z(l—l/z—eQ/(l—z))2

For heavy quarks it becomes peaked close to 1 and sometimes is approximated by

Example: Peterson fragmentation function: Dy, o(z) =

a Dirac & function

At low momenta quark coalescence in position and momentum space can be
applied (as it explains constituent quark number scaling and large baryon-to-
meson ratios)

Formation of baryons containing strange quarks is often neglected
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Hadrons in medium
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Comparison to RHIC results
(electrons from heavy-flavor decays)

Electron spectra from selimeptonic decays (e.g. D—Kev) closely follow those of D-mesons

Contributions of D and B-mesons have not been separated experimantally

TTTH TrrrrrryrrrTr T T T T T T T T T T T T T T T T el 1
[~ central Au-Au — c+breso 1 r ® PHENIX prel (min bias) = c+breso 1
. - . T — ] _ - — Ty 4
L3 Vs=200 GeV — g I‘BS%QCD ] 15 Au-Au Vs=200 GeV (b=7 fm) c¢+b pQC Dj
I ’ ® PHENIX prel (0-10%) | f ]
. @ STAR prel (0-20%) — 10f
< 1 S
< b = I
o | s L
0.5 1 N ez T
[ N Fi b B gL 0
i : :
0_. Ll P _sL L - | |
0 1 2 4 5 6 7 8 -0 1 2 3 4 5
[iaxrl o lioatrl
S Prreey
T rrrrrrrrTTTT T T T T T T T T T T T T T T T 20_'"'\""l'."“l""l""_
[~ central Au-Au — c+breso 1 r ® PHENIX prel (min bias) — ct+breso QU al’k
I . .y - i C . —
L51 Vs=200 GeV — g I.ES%QCD | 151 Au-Au Vs=200 GeV (b=7 fm) ctb pQC Di
I . ® PHENTX prel (0-10%) | [ _ - . coalescence
i ® STAR prel (0-20%) 1 — 10 : E .
< 15 =0 -== i} :
S = | s switched off
- 5k » AT .
0.5 Ny
i 0; L ¢
0 _u | | | I T _q: | T | TR | B
0 1 2 3 4 5 6 7 8 0 1 2 73 4 5
pr [GeV] P [GeV]

30.01.2014 | Szymon Harabasz | 35



TECHNISCHE
RHIC results from Au+Au @ 200 GeV UNIVERSITAT
DARMSTADT
Strong coupling to the medium > S AR E
(s (a)  0-10% central = Armesto et al. (l) —
At p; = 4 GeV R,, approaches the one of 14 [[] vanHeesetal. Il) =
0 : oF wmimm ) 3/(2nT) Moore & =
7Y, however bottom quarks contribute 12 %121'{2“1-) Teaney ()
significantly there ! B
0.8 —
High v, indicate, that c-quark relaxation e, =
time is similar to time scale of flow 04— -
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Open charm in ALICE
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Solves Boltzmann eq. o ' ' o g meson - 1
T 02 i mh'q* e romecfifzonm b ‘o1 E
Takes scattering cross-sections from leading-order pQCD 8 107}y Sy e f mggﬁﬁg’mg T
ﬁ 1074 & 3 Zam muon from c and b «=eeeee 4
(including Debye screening in t channel) £ 10
Employs running coupling constant N

e from pr?ﬁ
e from [ and b prel. -
muon from c and b

Uses Peterson fragmentation function

Does not include radiative processes and quantum statistics

— instead multiplies elastic cross section by a factor K 15 20
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In future BAMPS wants to investigate radiative processes
for heavy quark
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A bit more on Fokker-Planck

When the medium is isotropic (particularly when it is thermalized) coefficients can be expressed as:

pip pipP;j
A;(p) = y(®)pi, Bij(p) = [5ij ; ]]Bo( )+ ; LB, (p?)
In case of momentum independent (which is not true) coefficients it gives a simpler form of equation:

My 9 9

where diffusion and friction coefficients are related to the medium temperature by Einstein’s formula:

D
V=
Tmg
This holds even for momentum-dependent coefficients in the limit of p — 0, which allows to cross-check

computed coefficients with the ambient medium temperature
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Fireball expansion
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