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DAB-MOD: basics

“D and B mesons - modular code”

Heavy quarks evolve on the top of 2d+1 bulk profiles

Transport:
- parametric energy loss
- relativistic Langevin

Hadronization:
- fragmentation
- coalescence

No hadronic rescattering

Analyses: -- R,, vs. v, -- anisotropies with cumulants -- system size scan --

Phys. Rev. C 96, 064903 (2017) [1611.02965], Phys. Rev. C 102, 024906 (2020) [1906.10768], Phys. Rev. C 102, 041901 (2020) [1907.03308]



Hadronization

Each heavy quark propagates until it reaches
a cell where T< T, =160 MeV the « decoupling temperature »

We use a hybrid coalescence + fragmentation model
inspired by Cao, Qin, and Bass, Phys. Rev. C92, 024907 (2015)
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Peterson fragmentation function
Peterson, Schlatter, Schmitt, and Zerwas, Phys. Rev. D27, 105 (1983)

1
Weuse JB) X ST /a7

To obtain the fraction z of the heavy quark Eq+pg
taken by the daughter hadron E,, + p, = z(Eq + pg)

Parameters £_and g, chosen such as to reproduce
the D% and B mesons FONLL spectra in pp

f(z)
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Instantaneous projection of states
Dover, Heinz, Schnedermann, and Zimany, Phys. Rev. C44, 1636 (1991)

Heavy meson « M »

Coalescence probability P__[q,Q - M]
that a heavy meson of momentum p,, is formed by coalescence of
a heavy quark (py) and a light quark (p,)

PCO&I[Q? Q — M](pQ7 u) — N dgpq fM(pQ'a pQ) nq(pq: ua Td) 5(pM T pq T pQ)a

P \

glo_bal . probability density: momentum distribution
normalization projection of of the light quarks
factor the two quark states at hadronization

onto the meson state



Instantaneous projection of states
Dover, Heinz, Schnedermann, and Zimany, Phys. Rev. C44, 1636 (1991)

Heavy meson « M »

Coalescence probability P__,[q,Q - M]
that a heavy meson of momentum p,, is formed by coalescence of
a heavy quark (py) and a light quark (p,)

Pcoal[QaQ — M](pQ,U) — Nfdgpq fM(pQ7pQ) nQ(p(J7u7Td) (pM T pq T pQ)a

Fermi-Dirac distribution of the light quarks in medium cell frame

9q 9q
n (p » U, Td) — = ,
o I e pgeli\%rm?;/Td 11 ePa/Ta 41
Local medium light quark momentum
cell velocity in medium cell frame

=> P_,,[0,Q - M] depends on the local flow



Instantaneous projection of states
Dover, Heinz, Schnedermann, and Zimany, Phys. Rev. C44, 1636 (1991)

Heavy meson « M »

Coalescence probability P__,[q,Q - M]
that a heavy meson of momentum p,, is formed by coalescence of
a heavy quark (py) and a light quark (p,)

Pcoal[Qa Q — M](an u) — Nfdgan(pqv u7Td) 5(];)]\/[ — Pqg — pQ)v

Probability density: projection of the two quark states onto the meson state

(2/7mo)? _ 2 2
, — h — e Pre? ,
fr(Pg; PQ) = gm b Pk /,%‘/
simple harmonic oscillator
model for all the meson states

(Only s waves)

relative momentum of
the two quarks in the
center-of-mass frame



Instantaneous projection of states
Dover, Heinz, Schnedermann, and Zimany, Phys. Rev. C44, 1636 (1991)

Heavy meson « M »

Coalescence probability P__,[q,Q - M]
that a heavy meson of momentum p,, is formed by coalescence of
a heavy quark (py) and a light quark (p,)

Pcoal[Qa Q — M](an u) — Nfdgan(pqv u7Td) 5(];)]\/[ — Pqg — pQ)v

Probability density: projection of the two quark states onto the meson state

2 3
fu(Pgs PQ) = gm hvt ~——=5— ( fa) e Pre1d” (Only s waves)

/N

usual color-spin-isospin New “thermal” factor added by hand
statistical factor (explained in few slides)

?



Instantaneous projection of states
Dover, Heinz, Schnedermann, and Zimany, Phys. Rev. C44, 1636 (1991)

Heavy baryon « B »

Coalescence probability P_.,[9,,9,,Q - B]
that a heavy baryon of momentum p; is formed by coalescence of
a heavy quark (py) and two light quarks (p,; and p,,)

probability density: combining
the two light quarks and the heavy quark
(includes the new thermal factors)

\

Pcoal [QL q2, Q — B] (an 11) =N f dspm dspcp fB(pq1 y Pgos pQ) Mg, (pqu u, Td)

X Ny (quv ude) (5(])3 — Pgi — Pg2 — pQ)v

g

glol.balt. Fermi-Dirac distributions
ietipneEllzElion of the light quarks
factor

in medium cell frame



About « combining order invariance » in baryonic case

The probability density (2/7)8(7109)3 2 e e s
— re rel2™ 2
for baryons writes: fB(pql » Pga> pQ) g hp (Q.;T)ﬁ e 1191 1292

in baryon center of mass frame

THJQ (piﬂ —|_ ptf’jz) o (7”/(}1 —l_ mq2)pr
Pre12 =
Mg, + Mgy, +MQ

bl

/ /
Mg Py, — Maqy Py
. Q2 g, q1 g
with Prell = — .
Mg, + Mgy

With these formulas one can combine the 3 quarks in any order and get the same result

But in Cao, Qin, and Bass, Phys. Rev. C92, 024907 (2015) : m; -> E;
EQCIIlﬁ](:'IIl o Efn’lﬁ;nl With these formUIaS:
Prell = 41 = Em 4 pem ’ Pcoal[ql'qZ'Q - B] is different if
L EM(Fem 4 pem) — (ECm 4 pem)jem we combine the two light quarks first
Prel2 = (2 = Ef™ + BES™ + Bom ' orthe heavy quark and a light quark first

=> Not invariant with combining order !

(Why one type of combination should be better than the other ?)



“Thermal” factors h,, and hg

Problematic:

Within the “basic” coalescence model (i.e. without the h,, and h; factors):
the prompt D*/D° and D**/DP ratios are only based on
the color-spin-isospin factors,
with the rest of the probabilities canceling out, e.g.

D" prompt _ D*4 + DS Br(D*T — D) _ 90 +03079p 4o
Dompt  DYair. + D Br(D*® — D) + Dit Br(D*" = DY) gp+1.677gp-
# experimental value
: _th‘;"'tzid e ~0.45-0.50 !!
- prompt = with feed downs include : _
- « dir. » = direct production from c [HEErs unlver-sal to pp, p'_A" ALAY
D% D* > g, =1/36 same underlying mechanism ?)
’ D

- D*O, D* > 8p+ = 1/]_2

Should we consider different radiuses or the differences in energy
to form excited states ?



Coalescence

“Thermal” factors h,, and hg

I)I

Proposition: Adding by hand new “thermal” factors “exp[- (Meited = Mground) /Tal”
between energy states of equal quark flavor content

e.g.: hpxo = exp[- (Mpxo - M o) /T4]

=> not only spin hierarchy but also mass hierarchy
between different energy states of equal flavor content

Approximate values Experimental “basic” With extra

at low pr (95, 100, 124127 coalescence thermal factors
direct ¢ — D in pp: 0.17 0.06 0.10
prompt ¢ — D in pp: 0.55 0.36 0.32
DT /DY 0.45-0.50 0.32 0.45
D** /DY 0.40 - 0.50 0.5 0.4
DT /DY 0.35 0.31 0.34
DI /DY 0.75 0.99 0.76
Af/D” @ RHIC: 1.2 - @ LHC: 0.7 0.74 0.94

TABLE III. The approximate low pp branching ratios or prompt hadronic ratios obtained with different
configurations of the coalescence model (using a typical |u| = 0.6) compared to the low pr experimental
data in AA collisions (or pp collisions if specified).

=> Better matches !
12



“Thermal” factors h,, and hg

Additional positive effects:

Natural justification for the non consideration of more excited states
(such as the J = 2 mesons and J = 5/2 baryons)
and antisymmetric states (such as the JP = 0* mesons and JP = 1/2~ baryons)
-> they are now suppressed by their larger mass

Notes:

- Motivation for these thermal factors : purely phenomenological,
i.e. to improve the ratio fits and the coalescence probabilities
- Need for theoretical justification
- Needs for further tests (e.g. A_.*/D° (p;) ratio, now limited by our fragmentation)

- Alternative to thermal factor ? We tried instead to use larger radiuses => larger
widths o for the excited states - not good

2./mo)d -
fm(Pg; PQ) = gv b ((\QFT)?}@ Pra””, o=1/\/pw



Global normalization factor N

We consider all the meson and baryon symmetric ground and first excited states

Higher excited states and P states not included



Coalescence

Global normalization factor N

T T T T T T T
1.0 —--= — 165MeV~0c |4
o — = 185MeV ~0.79¢

N is often chosen such that I\ ~ = 185 Mev - 079¢/
P.oailc = any hadron](p,=0) =1

assuming no fragmentation when p, =0

In Cao, Qin, and Bass, Phys. Rev. C92, 024907 (2015):

We assume instead that P, [c >any hadron](py, u) =1 whenv, =u

i.e. when the heavy quark is moving together with the light quarks surrounding it.
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Coalescence

LON™ s, 0.12 \
\ lu|=0, #=0 — |u]=0, =0
0.8 -===|u|=0.6, 6=0 0100 N7 5 ==== |u|=0.6, #=0
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0.2 T (a)

e ———

0 2 4 6 8 10
|pol (GeV) |pol (GeV)

- Larger medium cell velocity |u| tends to shift the maximum of P__,
toward larger |pg]|.

- Anincreasing 6=| (v, u)| tends to lower the P_,, and restrict the
coalescence to heavy quarks with lower |pg|.

- With increasing |u| the meson production from coalescence tends to
decrease whereas the baryon production increases

16



Hadronization

I:)hadro A
1 _______________________________________________________
c—>others
Apfrag (pQ)
c—
APcc
C
APCc

> Pq

Monte-Carlo procedure to decide if fragmentation or coalescence
and into which meson/baryon.

If coalescence: hadron momentum given by the heavy-light quark system pq + p,.

17



Originates
from the
combination of

Hadronization
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- Thermal factors: reduce the P__, of excited states
- Global normalization factor N such as

P..ailc 2any hadron](py, u) =1 whenv, =u

mm) Mechanically increases the production of ground states

when coalescence probability is significant
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- ==Lang. M&T with “basic” coalescence |
—— with extra thermal factors

0-10%, Pb-Pb, \/snn = 5.02 TeV
MCKLN, Ty = 160 MeV
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pr (GeV)

With Trento & optimized coupling factors
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- == Lang. M&T frag. only —— | coalescence

0-10%, Pb-Pb, /snn = 5.02 TeV
Ty = 160 MeV -]

10 100

Thermal factors =>
smaller suppression
at low pT

Fragmentation
+ Coalescence

much better than
only fragmentation

Coalescence effects
extend up to 8 GeV

19
Ref data: arXiv:1708.04962
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- -=Lang. M&T with basic coalescence
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- == al'gow frag. only —— + coalescence |
- == Lang. M&T frag. only —— 4 coalescence

30-50%, Pb-Pb, \/sxn = 5.02 TeV ]
Ty = 160 MeV

Thermal factors =>
slightly more v,
at low p;

Coalescence
=>
increase v, and shift peaks

Coalescence effects
extend up to 15 GeV
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Ref data: arXiv:1708.03497



Vs

With Trento & optimized coupling factors
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Coalescence
=>
increase v; and shift peaks

Coalescence effects
extend up to 15 GeV
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Thank you !

All details and analysis on hadronization in DAB-MOD:
Katz et al., Phys. Rev. C 102, 024906 (2020) [1906.10768]

Roland Katz — ECT* HF transport in QCD matter — 28/04/2021
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Experimental meson ratios
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- Large oversampling of the HQs (statistics)
- Spatial -> following initial bulk densities; p;-> FONLL spectra
- No shadowing or cold nuclear matter effects

- Parametric Energy loss models af = —f(T,p,x) T'gow

dx
Where ['g,,, : takes into account the boosts

Parametrizations f(7,p,x) = a or f(T,p,x) = £T* -> Ry, trends ok
or

- Relativistic Langevin models dp;, = —I'(p)p;dt + \/%\/E,oZ

Two different parametrizations:
- "M&T": from Moore and Teaney, QCD+HTL model D « 1/(277T)
- "G&A" : from Gossiaux and Aichelin, QCD+HTL model

with running coupling and optimized propagator.

Refs: arXiv:1404.6378, arXiv:1609.05171, arXiv:0412346, arXiv:0802.2525



- Decoupling T;: 120 < T, < 160 MeV -> hadronization uncertainties

- Fragmentation: Peterson function f(2) o< [2(1 — 1/2 — eq/(1 — 2))]™"

to obtain the fraction z of the HQ Ey+p, taken by the hadron E,+p,

with or without

- Light-heavy quark coalescence
- Inspired by Dover et al.: instantaneous projection of states
- Coalescence proba. function of pg, local flow & angle between
- To better fit the observed heavy hadron ratios, we included:
thermal factors “exp[-(Mq,citedMeroung)/ Tgl” between energy states
of equal quark content => not only spin but also mass hierarchy
between energy states of a hadron type

- No final hadronic re-scattering

Details in: arXiv:1906.10768 Refs: arXiv:1804.09083v1, L. Vermunt SQM 2019 poster, arXiv:1505.01413



