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Introduction: heavy quark fragmentation

- HQ mg >> Agcp = production separated from hadronization in hadronic collisions
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What about bottom?

Table 6 Time-integrated mixing probability 7 (defined in Eq. (32)), and production fractions of the different b-hadron species in an unbiased
sample of weakly decaying b hadrons, obtained from both direct and mixing measurements. The correlation coefficients o between the fractions
are also given

(Juantity £ decays Tevatron ATLAS [51] LHCh [49]

Mixing probability Fi 012591 0.0042 0.147£0.011

Bt or Jr.'i":: fraction i'-u = _Ilrd 0407 0.007 0.3440.021 Heavy Flavor Averaging Group,
Ij'_;:: fraction s 0.101£ 0.008 0.115£0.013 Eur. Phys. J., C81, 226 (2021)
b-baryon fraction Jharyon 0.085x0.011 0.198x 0.046

Ju+ fa+ fs+ f-’:-arymt =1

» weakly-decaying b-hadron fractions: LEP(e*e") vs Tevatron(p-pbar) different!

» What's different between e*e-vs pp/p-pbar?
U e*e: a single string formed with limited phase space = not conducive to baryons

O pp: a muti-parton interacting / quark-rich environment = b-g-q coalescence

=» statistical coalescence hadronization

& relative chemical equilibrium (according to statistical weights) achieved
between different bottom-hadron species
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Part (I)

Bottom hadro-chemistry in
pp/pp-bar collisions:

augmented statistical hadronization

QM23, Sep.5 2023



Augmented SHM for bottom

« grand-canonical ensemble for mini.bias pp = thermal density for primary b-hadrons

Y.=0.6 -- strangeness suppression factor
nprimﬂ:}' _ d!' }’fITHTETHKE E

i 2
H

T,=160/170 MeV -- hadronization temperature

- PDG:58B,48B,, - RQM: 25 B, 20 B,, Ebertetal., PRD 84 (2011) 014025

A0 - L0 e TABLE Il Masses of the 'Ag (@ =e, b) heavy baryons  TABLE Il Masses of the ZQ (Q =e¢, b) heavy baryons
FEd 0 L (in MeV). (in MeV).
T L "1 5 the guark model prediction. Q =c Q =h 0= 0=h
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Strong decay systematics of excited states

« 3P, model: A> B + C via creating a g-gbar pair of JP¢=0**

meson baryon

B

Cape = Pync! '-."LI:E|3:IJ:EI-."L|"-"|r|a’1::|;

c ’ 1 '

-'."-‘.. i . . ._\H.-_

(a) (b)

» Branching Ratio o« # of possible diagrams once a decay channel opens up (mesons)

by
* %IJ b F/J%] P B-}///f J 3;

b S
U i k
T AR \\ Sk 5 Tk
i "
« probability of producing a g-gbar pair « exp(-2m/Ty)
2> exp(-2m,/Ty) : exp(-2my/Ty) = 1: 1/3 [m,~8, m;~100 MeV]
=» diagrams involving s-sbar counted as 1/3

. E.g. BR(B*>B-+m0%)= BR(B*->B%ar+1)=1/(1+1+1/3)=43%:
BR(B*->B0.bar+m0)=1/3/(1+1+1/3)=14%; BR(B.*>B+K)=1/(1+1+1/3)=43%
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Strong decay systematics: BR’s estimation

» Branching Ratio « # of possible diagrams once a decay channel opens up (baryons)

r 2 =
=~ 186
V,/L ] i;f- —,Eo—t-z” /U/{,{ j B
{7 % ] ® — LA
'

/12{ —“———‘35"”_'-[,{“ i A e
K)\j -]_Z"— — 27 +X s %\A
2 >
b N s l&
e //’?/ é" ha <5 o3
AL U = & % s
————-—5’—"_""5, g( — -M—é + K . = (28 ]A
;. e & |
’\\ 4 1 \A =

.+ E.g. BRALD I+ T DAL +21)=3/(3+2+2*1/3+1/3)=54%
BR(A-> B + p) =1/(3+2+1/3+2*1/3)=16%
BR(A > =, + K) =2/3/(3+2+1/3+2*1/3)=11%
BR(AY'-> BO.bar + A) =1/3/(3+2+1/3+2*1/3)=6%

 done for all RQM excited mesons/baryons (%, =" Q)
numbers comparable to (limited) results in PDG & computed in 3P, with full wave functions

X. Liu et al. ’07, Ferrettiet al., '18, Z. Wang et al., 23
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Ground-state b-hadron densities

» total density of weakly-decaying b-hadrons @ T,=170/ 160 MeV

na (1072 fm=%) B~ B B? AD Cra Q;
S : » PDG(170) 1.0094 1.0080 0.29308 0.31591 0.10097 0.002341
; — s Primary . PrIMmAary ) )
a = Ty T Z ; BR(i — a) PDG(160) 0.12655 0.12649 0.036622 0.034241 0.010520 0.00023076
RQM(170) 1.2045 1.2041 0.32513 0.61702 0.19548 0.0063204
RQM(160) 0.14567 0.14561 0.039664 0.061914 0.018819 0.00061087

 fragmentation fractions & ratios
Ju+ fa+ fs + fxg + fEn_ + fﬂh_ =1

- wil w ]l 0 =0, — S0 f e 50 _ frp— —
fa B B B, A, E Fe B°/B- BY/B~ A)/B- =) /B

PDG(170) 0.3697 0.3695 0.1073 0.1157 0.03698 PDG(170) 0.9995 (2004 02129 (01000
PDG(160) ﬂ 782 0.3780 0.1094 0.1023 0.03144 PDG(160) 0.0005 0.2804 0.2706 0.08313
RQM(170) 0.3301 0.3389 0.09152 0.1737 0.05503 RQM(170) 0.9994 02600 (5122 0.1623
RQM(160) 0.3533 0.3532 0.09620 0.1502 0.04565 RQM(160) 0.9996 0.2723 0.4250 0.1202

- PDG > RQM: A% & =% enhanced by ~50% ° PDG 2> RQM: B bar/B-reduced by ~7%

* baryonic ratios enhanced by ~ 60%
AL /B-~0.51 vs : LHCb 13TeV pp data
of f \/(f,+f4)=0.259 +- 0.018

» good agreement with Tevatron p-pbar data
f,=f4=0.340, f;=0.101, f,,,,=0.220
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Fragmentation & p-spectra

* FONLL b-quark pi-spectrum + fragmentation into all primary states + decay simulations

=» ground-state b-hadrons p;-spectra: z= p/p;
weight « primary density (relative chem. equilibrium)

Dy, (2) & 2%(1 - 2),
ag=49, ags=25, Uyyy0n=8 to tune the slope of spectra
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RQM: 7 TeV B x2, do™/dy=34.55 b ; i ° S
[~ — PDG: 13 TeV B x2, d™/dy=62.61 b . - A , ]
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«  PDG vs RQM equally well for mesons, but ~10% smaller o: reduction of b-content in baryon

« doPbbar/dy=34.55 ub for 7 TeV 2<y<2.5; 39.3 ub for 5.02 TeV mid-y =» baseline for AA
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Hadro-chemistry: p-dependent ratios

0.5 ———— . . — 10 ——m—m——r————r—r 71T
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I {g)
o “ 1 «  B®bar/B-: almost flat, reduced by ~10%
B — . =] d -
oal ROM: 13 Tev by RQM additional states
- — — PDG: 7 TeV 1
PDG: 13 TeV
@ 1 {1 * AY/B: PDG far off, gap overcome by
uf ~ : feeddown of “missing” baryons from RQM,
[ k : much larger than e*e- value
01 - - e
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D'E'c- 5 10 15 20
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Part (II)

Hadro-chemistry computed above in pp collisions = a controlled
reference for studying modifications in AA collisions =

Bottom hadro-chemistry in
PbPDb collisions:

diffusion + recombination in QGP

QM23, Sep.5 2023
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HQ diffusion in QGP

« Brownian motion by Langevin equations: b accuracy improved wrt c

Langevin + hydro simulation down to Tc=170 MeV dv. = P
fluid rest frame updates =2 boost to lab frame -

n'p, = —rij?,I}'Ti:f-’ - ..ll,-"._jcii! Dilp+Edp ;.

« T-matrix resummation of lattice-constrained HQ potentlal MH, van Hees & Rapp, PPNP '23

b 1 | 1(rT) [IVIeV] . h# ii'}f
: Remnant 5 . ....... *eso ¢

) 05 ¢+ COHﬁning -, Y axiu-:'mg “‘“

T| = + (V) [T R

/ i w Y ]

0 j X _— ST oo i

i=9,g ey

0.12 178MeV o

194MeV »

Ib—qluarlk tl'ller;nall rellaxétio.n rétte,. T—Ima:crixlwitlh Iéttic;e L.J—pént. 05 | 229MeV
L E -uU. o e v
0.10 1 3 320MeV +
. — T=196 MeV [ j‘?‘gmg . ]
T=294 MeV 1 1 732IVIeV o r [fm]
— T=392 MeV

o

o

o
1

01 02 03 D4 05 06 0.7 08 09 1

« p-dependence: long-range remanant
confining force at low p = pQCD high p

| « X K-factor=1.6 for better phenomenology,
Riek & Rapp "11 ' also mimicking spin-dependent force

0 5 10 15 20 /radiative contributions Tang & Rapp '23
p(GeV)
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Hadronization: resonance recombination

* Resonance recombination model (RRM) Ravagli et al.”07, MH et al.’12

fu(Z.p) = M (p) / > prd*pa

) (27)3 fo(T,p1) fq(Z,p2) oM (s)vrel(P1: P2) 5° (P —p1— D2)
M L

O derived from Boltzmann eq., E-conserved & equilibrium limit encoded

d o,,(s) resonant cross section <--> T-matrix resonant interaction in QGP

« 3-body RRM: diquark correlations in heavy-baryons MH & Rapp °20

diquark type mass (MeV) wave func. charm-baryon
Scalar [Ll,d] 710 3colorgﬂavor0:;,in At‘-: C‘[Ud]
Axialvector {u,d} 909 f’»colorﬁﬂmrlspin Y. c{ud} " \
3 A3 13 —~ d /
Lo Eg(p) [ Epidpadps Balpra) , 2 o e e - |:>
fp(T,p) = ; — f1(Z, 1) a2, o) fa(Z, Pa)
['gmp (2m) ['ymy b

— — — —

X0 12(812)'1-’33(51113'2)0 B(Sd?:)t'!rde?i (1712,13'3)|ﬁ12:ﬁ‘1+ﬁ25 (P —D1—Da— Pa)
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RRM: space-momentum correlations

* Inhomogeneous distribution: SMCs =» recombination beyond momentum space

AN (X))

Langevin charm quarks p,=3.0-4.0 GeV,
at freezeout T =170 MeV
T T T ]’ﬁ_
0.00010
0.00008

0.00006
0.00004 {1

0.00002 | |-

0.0000g ~Hy

i, ) 5

dM2nprdprdy

107 ¢ T 3
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10 L - -L""-x--_ 3
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™ Ag
10k - \ 3
3 N S E
107} Y,
Ewithaut SMCs e Ew
o b - — P SM({'s
e é
107 £ , :
0 2 4 & &

priGeV)

» Left-over b-quarks: fragmentatlon in the same manner as in pp

10°

102

p(GeV)

E LHC Pb+Pb 5.02 TeV,20-40% direct A1

: RRM at T,
T~ excited state =~ ---- frag at T, 3
| ground state

.

3 ~.

E \.

F direct A6 c—

. RRM at T, Tr~e—n ]
f —-—frag at T, e~ \
[ ——RRM+fragatTy, , . . . ooy o oL,
0 5 10 15 20 25

Excited state more massive:
recombination spectrum harder
than ground state (SMCs/flow)

RRM vs frag. crossing at p~14
GeV for A1 vs A6 at p>25 GeV

both much higher than charm
counterparts
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Modifications of hadro-chemistry

* Further complemented with hadronic phase diffusion

l:f 1 . 1 1 1l:| 1 1 1 l:'i 1 1 1
pp B=TH3 eV Bey<d.§ [ pRE=Ti13 Tal 20pa2S ! P =13 Tel Bapck§ PP s, 25,02 Tov
[a}l HCH Ir'“d B TTa¥ & 13TaV : [b:I A O/B- W LHCh T TeV r-.:'r.' : (CII FGRE 13 Tl :"Dh;clp; [y}0,8
B? bar/B- ROM: 13 TV 0l b + LHGCH 13 TaV 2%, 1+ - p4f - - PDG1ATeV -
nE | S FD 13 Tav . i ROM: 13 T . FGh: 500 Tad e
A 5.0 TeV [yiel,5 i M 13 T = 0-/B-
) PG 5,02 yl=0.5 [ 1 POG: 43 Ty ] =
ROM: 5402 TaW < {1 3 ]
& 1 i 1 @
___- |_'-4 __,._,_—n—-—._\_h\_\-\-\-\- r:_r __ﬂ
= . - L3 1il
——_— _ i il o
S e R MH & Rapp 23
) R - 1 ¥ - - Ya s - ™ e
~hin vy, =002 Tay a7 '_-_lll.lr=iuu'u' - e e R = e e, |
& CMSE R 0-00% <2 [ PEPY 1, =502 TeV ] - - -
FO-A07% 0,5 L e -4 [0S
|'|.|'_| L L L L L 1 L 1 L 1 L L L L L L L L L l..l.'l 1 L L L L L L 1 L 1 L 1 L |. L L L L 1 |‘.|-.| L L 1 L L L L L L L L 1 L 1 L L L L L
a 5 10 15 0 0 5 10 15 ol a 5 10 15 bl
PG o Gal') ey
* pp > PbPDb

d B./B — enhancement at low py: b coupled to equilibrated strangeness via recombination

d A./B - flow-bump at intermediate p;~5-15 GeV [significantly higher than c-sector]:
stronger flow push on baryons, captured by 3-body RRM with SMCs

d =,/B — enhancement more pronounced: combining two-fold role of containing
a s-quark & being a 3-body baryon
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b-hadron nuclear modification factors

+ Rpafor ground state b-hadrons: hierarchy of flow effects and suppression
driven by their quark content

ANAA Jdprdy = ANPPD/dy~0.9 for 0-10%
< Tsa > doPP/dprdy == reference from pp-SHM

Raa(pr) =

25 25

i BbPh *:'15.1,;=5|.U2IT[-;".-' -'_'1-1ﬁ-’:-fu'|y|«';u.!% | (b}:

 PoPb s,,=5.02 TeV 20-40% [yl<0.5 (a}

= CMS B70-100% |y|<2 4] ®m  ALICE non-prompt O°

¢ ALICE non-prompt O,

non-prompt O
non-prompt 0,

+ | .

P Yo

DI:I [ 1 1 M M 1 1 1 1 1 1 M M 1 1 1 M M M M i Dl:l [ M M M M 1 M M 1 1 1 1 M 1 1 1 1 M M M i

0 5 10 15 20 0 5 10 15 20
Pr(GeV) MH & Rapp °23 Pr(GeV}

« Bs: b-quark coupled to equilibrated strangeness via recombination
Ab: 3-body baryon recombination, RRM with SMCs
=b: combining two-fold role of being baryon + containing a s-quark

« Non-prompt D% & Ds: weak decays of all b-hadrons via PYTHIAS8
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Summary: transport coefficient D (2nT)

«  HQ spatial diffusion coefficient: D =T/m,A(p=0)=T/my
35

f === D-meson, HRG =~ ' = "~ * T 1
[ LO pQCD, o =0.4 ]
30 N .
[ T-matrix from U-pot.*K(=1.6) ]
25 -— = c-quark, used in He&Rapp '20 -

- — b-quark, used in He&Rapp 23 .
20 E c-quark, Tang&Rapp SCS w/ spin-depen. force '23

s (2nT)

 lattice QCD o
01 e A quenched g
2+1 flavor, HotQCD PRL 23

10 F

0 [ 1 . L . 1 . L . 1 . L . L . 1

0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
T/T

c

models & lattice D,(2nT)~1-3 near T,, x10 smaller than pQCD
scattering rate I'_,, ~3/D; ~1 GeV > Mq,g = thermal partons melt, Brownian markers survive

e

coll

maximum coupling strength near T_, significant remnant of confining force?!
=> insignificant (little) screening of HQ potential HotQCD: 2308.16587
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Back-up: Summary

« High-energy pp collisions: relative chemical equilibrium assumed
Q “missing” bottom-baryons (in particular) essential
U fragmentation fractions & pr-dependent ratios decently predicted
O b-bbar cross section determined

=» a controlled baseline for bottom probes of PbPb

* heavy ion collisions: same b-hadron spectrum used

0 baseline hadro-chemistry deployed into strongly coupled HF transport model
O modifications of p;-dependent b-hadro-chemistry quantified
O collective behavior of b-hadron R,, from diffusion + recombination identified

=> role of b-quark as probes of QGP identified

QM23, Sep.5 2023
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Back-up: fragmentation b-> B

10’
pp 5.5 TeV, FONLL fit b-quark spectrum
==> then Metropolis sampling

b-quark
then FONLL-frag.--> B-meson
. norm=100 M;
10 E b up to 40 GeV ensures that B up to 30 GeV is fine!
-
S 7
©
-D -
10° 4
101% ' I ' | ' I v | ' 1 ! 1 v I 1
0 5 10 15 20 25 30 35 40

p, (GeV)
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b-quark transport as probes of QGP

T [fm/c]

—3j

b-bbar pQCD 7

production b-quark Brownian T~T, _
Tharg™ 1/20 diffusion in QGP hadronization: Hadronic
< Tromr0.6 fin/e T~ Tt FMy/m, brq(s) > B(B)  Pnase
~ 20 fm/c diffusion
b+tq+q 2> A,

>> 10 6p~ 6 fm/c

> m>>N\qcp = controlled baseline calculable via pQCD
> Thaq~1/2m, = color test charge experiencing full evolution of medium
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Landscape of T-matrix HQ & quarkonium interactions

Remnant confining force Accelerates thermalization
g . Resonances form near T, 08 oo ATCS THCT IR IZaton
10F  T=0.194GeV ; T T 0194 Gav | ol Strong .
i ] 30F - s
050 : o5 — T=0.258 GeV :
> 0 B — T=0320Gev]
% . 0: Q 200 — T=0.400 GeV : € 03l
! ] = 15f ] X
S i ® o o F(Lattice) E : D Meson Resonance 02k
050 [ — y(Weak) =m=-= F(Weak) sf Z ok
X = V/(Strong) ==== F(Strong) 0-5 f— 1 [ ]
'1'00_'0---'2--6'4-6'6-6'8---1'---1'2;--1'4--' 10 15 20 25 30 35 40 00 o Tom om0
0 02 04 0. r(frr..) 0 12 1. -
J/y survives in QGP Coupling strength < HQ v,
o+ |+~~~ ..Tr .11 0.12‘\\\\\\\‘\\\\\\‘\\\\\‘\\\\\\
- — T=0.1MGeV T i —_— ]
; | oossey | Pb-Pb, 5.02TeV, 30%-50% SUrong
[ || — T=0.320GeV 1 0.10+
By — T=0.400GeV ] ek
[ || _ x 0.08]
i () L
. | ] L
g of g 0.06
_ @ 004"
osf g
- 0.02]
oo /L L 0.00
2.0 2.5 3.0 35 4.0 45 . , ,
E(GeV) Liu & Rapp, ’18; MH, van Hees & Rapp, PPNP '23
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Back-up: Langevint+RRM equil. limit check

1E-10 0.8 —r— "
F LHC Pb+Pb 5.02 TeV, 20-40% m,=0.33, n,=0.45, m,=4.88 13V . LHC Pb+Pb 5.02 TeV, 20-40% m,=0.33 Ja=T45, m,=4.88 BeV
1E-11 _r hydro equil. Cooper-Frye T4170 MeV o7 L hy Yequil. Cooper-Frye T 3170 MeV
i with dN,/dy=1.853E-8 [ ith dN,/dy=1.853E-8
1E-12 - sk
i —B", dN,/dy=3.30E-10 “E B, <v,>=0.1427
ek oM» - 1 M.
. B ’bar, AN, /dy=2.0PE-10 05k B, bar, <v,>=0.1429 ]
° [ '
& —AL AN dy=9TeE, P e —— Ay, <v,>=0.1434
] i 04 F . ]
STESE R ] o
& S N
Z B Ry e 03 F . . ]
T Fractframea abhve RRM with laraa T=2/M8 hanaavit h.atiarke:=:.3 [
A7 rrestfralrnedektayzNRF/{cli\A V\;Itgslglrigzr =2ff Langevm b-quarks ] 0o restframe ebye RRM with large T=2/fm ]
_ normaiizea o FERESES N T, f Langevin b quafks normalized to dN, /dy=14853E-8
1E-18 r B, dNg/dy=3.44E-10 ) .! . 5 . i ]
L 0 _ B
1E19 B, bar, dN,,../dy=2.16E-10 ] 00: . B bar .
j ’ = - s 0 gt et
e b Ay AN, p/dy=9.83E-11 . : . . | AL | . e
0 2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20
pr{GeV) p(GeV)
22

QM23, Sep.5 2023



RRM with SMCs: coal. vs frag.

105 . — ——

LHC Pb+Pb 5.02 TeV, 20-40% m,=0.33, m=0.45, m,=4.88
20M sampling girect B6 direct B1
= = RRMatT,  ----- RRM at T,

—-=fragatT, - fragpt Ty

e T =TS
10° p—r—r—r— —————r7 — ——
0 + -40% m_=0.33, m_=0.45 m_=4.88 {3eV
10 ground state RRM, but their frag spectra almost the same LHC Pb Plb 5.02 TeVI, 20-40% My s b
f > excited state RRM-vs-frag crossing point is much higher than-grgund M sampling  gjrect A8 direct A1
- . . N B . I 2
1o Loz gxcited sfatg total v, dgmipated by RRM-cpmp. ppyto vety high pf! 10 ~ — RRMatT, atT,
0 5 10 15 20 25
—-=fragatT, -——- tTy

GeV
pr{GeV) 10" +frag at T,

dN/2rp,dp dy
2

=,

—

excited state p-spectrum RRIVI iSTerel narder than correspondmg

-2
10 ground state RRM, but their frag spectra almost tﬁt;fs
--> excited state RRM-vs-frag crossing point is much h|gher th‘an'g und statel
0% L= gxcjted sfate total v., dgminafed by RRM-comp. ypyto very high p}!
0 5 10 15 20 25

p(GeV)

QM23, Sep.5 2023 23



	Slide Number 1
	Introduction:  heavy quark fragmentation
	What about bottom?
	Part (I)
	Augmented SHM for bottom
	Strong decay systematics of excited states
	Strong decay systematics: BR’s estimation
	Ground-state b-hadron densities
	 Fragmentation & pT-spectra
	Hadro-chemistry: pT-dependent ratios 
	Part (II)
	HQ diffusion in QGP
	Hadronization: resonance recombination
	RRM: space-momentum correlations 
	Modifications of hadro-chemistry
	b-hadron nuclear modification factors
	Summary: transport coefficient Ds(2πT)
	Back-up: Summary
	Back-up: fragmentation b B
	b-quark transport as probes of QGP
	Landscape of T-matrix HQ & quarkonium interactions
	Back-up: Langevin+RRM equil. limit check
	RRM with SMCs: coal. vs frag.

