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Heavy quarks & heavy hadrons
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Heavy quark hadronization in pp collisions

* Heavy quark mg>>/Ayp = production separated from hadronization: factorization
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* b-quark hadronization: hadro-chemistry non-universal!
Ju—+ fa+ fs+ fbarymt =1

N\,/B vs pp system size
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Part (l)

Bottom hadro-chemistry
in minimum bias pp collisions

Grand-canonical Ensemble
Statistical Hadronization Model
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Statistical Hadronization Model (SHM)

» QCD hadronic population from partons: born into equilibrium = maximum entropy state
« Hadron yields governed by partition function of a free hadron resonance gas (HRG)

« Grand-canonical ensemble SHM for light hadrons in PbPb
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SHM for Bottom-hadrons in pp

« QCD hadronic population from partons: born into equilibrium = maximum entropy state

Khazeev & Satz, EPJC 52,187 (2007)

« Statistical Hadronization Model (SHM) for bottom-hadron production in pp

=>» bottom quarks produced in early hard processes, bottom-hadron yields not
in absolute equilibrium (unlike light hadrons)

=» relative chemical equilibrium achieved between different bottom-hadron species
primary production yields N, « statistical thermal densities

- Mass spectrum of bottom-hadrons: PDG incomplete? =» to be augmented by RQM
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Grand-canonical SHM for b-hadrons

« Grand-canonical ensemble =» thermal density for primary b-hadrons
Y=0.6 -- strangeness suppression factor

primary __ di m;

I
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T,=170 MeV -- hadronization temperature
- PDG: 5B, 4B, « RQM: 25 B, 20 B, Ebert et al., PRD 84 (2011) 014025
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Strong decay of excited states: Branching ratios

« 3P,model: A > B + C via creating a g-gbar pair of JF¢=0**
=» Branching Ratio « # of possible diagrams once a decay channel opens up

BR(B*->B0+110)=1/3/(1+1+1/3)=14%;
BR(B,*>B+K)=1/(1+1+1/3)=43%

by
B -/((# J? BR(B->B+m0)=1/(1+1+1/3)=43%;

(

(AL B+ p) =1/(3+2+1/3+2*1/3)=16%
BR(AY S =, + K) =2/3/(3+2+1/3+2*1/3)=11%

(AL BO+ A) =1/3/(3+2+1/3+2*1/3)=6%
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Ground-state b-hadron densities/ratios
» total density & production fractions of ground state b-hadrons @ T,=170 MeV

; — mpprimary . primary .
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—> Agree with Tevatron p-pbar

-\-T‘qu -: :- I I I I 1 1 I I 1 1 1 | 1 :
© OTE T e pp 5= 13TeV .
<o6fF + Pr70 24t - - production ratios at large dN_./dn:
b C I 7] Ch
05 + ++++_|__+_ RQM > RQM favored!
0af T ++++ | - —
s i 0, p— P0sp— (A0 —0,— ; D—
0.3F —::—_I_Jr PDG =>] /B~ B./B @XED =y~ /B
D]E—{’—— —}—ppﬁE}E—X. global uncertamnty: +12:"—E w004 0.3129 0.1000
ot 0 b renzi E RQM 0.9994 0.2699%0.5122 0.1623
E EE 1 1 1 I 1 1 1 I 1 1 1 | 1 E
0 2 4 6
LHCb, PRL132, 081901 (2024) NVELO/\JVELO,,
tracks’" ~ "tracks” NB

M.He@NUST 9" International HF Symposium Guangzhou, Dec.7 2024




Fragmentation & p-spectra

« FONLL b-quark p,-spectrum + fragmentation into all primary states + decay simulations

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

Dy g, (2) e 291 = z),
ag=49, 0g=29, Ay, =3 to tune the slope of spectra
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« Fitting meson spectra = predicting baryon & total dg?°a//dy= 39.3 ub for 5.02 TeV
mid-y based on SHM chemistry = baseline for b-hadron production in Pb-Pb collisions
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Part (ll)

System size (dN_ /dn) dependence of
bottom hadro-chemistry in pp collisions

Canonical Ensemble
Statistical Hadronization Model
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Canonical ensemble (CE) SHM

« Canonical ensemble partition function: strict conservation of quantum charges
(electric charge, baryon-number, strangeness, charm-, bottom-number)

—_—

am 5
. = '.':EJ _-_I I r . MNo. 7.4 J AT '
Z(5) = / @ EJQ‘LEKP[Z ,ﬂr_?”,tr.‘.:njﬁrb“wjﬁ 7] Q = (Q,N,S,C,B)
Jo .

@m)5

correlation volume ~ system size
« Primary hadron yield: CE vs GCE

—~ I : - ro E _'_ —
(N;)CE — yNe; ,ﬁr,.ﬂaﬁ_ﬁr_;bjg_ (Q— qj)

's i i | _ —

= 2(@) chemical factor <1:
(N;)GCH Z(Q—qj _ canonical suppression for
- ) charged hadron with @; # 0

 E.g. exact baryon-number conservation requires: simultaneous creation
of a pair of baryon and antibaryon =» energy-expensive exp(-2m,/Ty)

e =» canonical suppression for baryon production
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Canonical suppression: chemical factors

CF Ve=5 fin’ 10 20 30 50 100 200

B’ 0.0097194 0.023927 0.058660 0.094845 0.16493 0.32591 0.56988
B~ 0.0075259 0.021863 0.056893 0.093168 0.16331 0.32438 (.56858
Bl 0.003992( 0.013624 0.045935 0.052725 0.15364 0.31546 0.56101
Ap 0.0049325 0.014844 0.047305 0.084415 0.15574 0.31768 0.56300
Che 0.0021863 0.0089128 0.037336 0.073498 0.14477 0.30720 0.55402
€ 0.000464% 0.0030092 0.019475 0.047296 0.11221 0.27231 0.52265

BY/B" 041072  0.56939 0.78307 0.87221 0.93155 0.96793 0.98443
Ay/B" 050749 0.62039 0.80643 0.89003 0.94427 0.97474 0.98793
=, /B 022494 0.37250 0.63648 0.77493 0.87776 0.94259 0.97217

At a small volume/system size,
* CF of B, & A, <B, canonical strangeness & baryon suppression

« CF of Q, <E <A,, increasing strangeness content despite common baryon
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Canonical suppression: chemical factors

CF Ve=5 fin’ 10 20 30 50 100 200

B’ 0.0097194 0.023927 0.058660 0.094845 0.16493 0.3259
B~ 0.0075259 0.021863 0.056893 0.093168 0.16331 0.3243;
Bl 0.0039920 0.013624 0.045935 0.082725 0.15364 0.3154
Ap 0.00449325 0.014844 0.047305 0.084415 0.15574 0.3176
Che 0.0021863 0.0089128 0.037336 0.073498 0.14477 0.3072
€ 0.0004649 0.0030092 0.019475 0.047296 0.11221 0.27231

0.56988 \
0.56858
0.5610

0.55402
52265

BY/B" 041072  0.56939 0.78307 0.87221 0.93155 0.96793 DME
Ay/B" 050749 0.62039 0.80643 0.89003 0.94427 0.97474 0.98793
=, /B 022494 0.37250 0.63648 0.77493 0.87776 0.94259 0.97217

As volume/system size increases,
 canonical strangeness & baryon suppression attenuates

« same residual CF at large V: common canonical bottom number suppression
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Ground-state b-hadron densities with feeddowns

na(-107° fm™%) Ve=5fm®> 10 20 30 50 100 200 @

1.1220 27920 69508 11.313  19.759 39.148 68534 12041
096934 26261 68105 11.181 19.635 39.038 68.452 12045
0.14641 047267 1.5299 27242 50273 10.285 18.263 32,513
0.29886 090201 2.8845 51551 9.5210 19.435 34.453 61.702
0.043883 017479 0.72393 14247 28132 59882 10.818 19.548
0.00028060 0.0018164 0.011755 0.028549 0.067730 0.16437 0.31548 0.63204

0.32307  0.41499 0.45568 (0.48186 (.49644 0.50271 J0.51243

- As volume/system size reduces, B/B, A,/B suppressed by a factor 2;
E,/B suppression stronger, two-fold role of baryon + strangeness

- All ratios tend to the corresponding GCE-SHM values at large system size
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Ground-state b-hadron ratios vs Volume
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- As volume/system size reduces, B/B, A,/B suppressed by a factor 2;
=,/B suppression stronger, two-fold role of baryon + strangeness

« All ratios tend to the corresponding GCE-SHM values at large system size
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B%./B vs chhldn

0.5 — DA
| I (@
0.4 i i
I - |
0.3} L _
EE B [.[I{"Il-.
[ meinibizs 7
joo 0.2 1 pp 13 Tev ]
| LHCb pp 13 TeV (0<p<20°GeV) 1 Vo/(Ve) = NYIEQ/(NYIE)ns
0 1 _ * |HCbpp13TeV (0<p <6 GeV) _ (Vo) = 22.6 e
CE-SHM (RQM) ] Data taken from LHCb Collab
- ata taken irom oilap.,
0.0 1 FE‘,SHM (E"DE} | PRL131 (2023) 061901

0 1 2 3 A 5 6 i
VELO VELO
NT,&: <5 I< N'rfa:-:i :'I'-IE.

- B'/B vs dN_,/dn increasing from small multiplicity to saturation at large size
« RQM a bit smaller than PDG
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A/B vs dN_,/dn

D-B i ! | ! | ! | ! | ! | ! | !
& |HCbpp13 TeV (p,>0) _
0.7 F (b} 3
: CE-SHM (RQM) ]
0o b~ — - CE-SHM (FDG) } .
: ROM ]
0.5¢ Q —
04| : :
Foal _PDG _____ _
N | Vo/(Ve) = NYEO/(NYER)we
0.2 . -
; 1 (Vo) = 22.6 fm*®
-y i
21 _ ; Data taken from LHCb Collab.,
oot vy .y PRLI32(2024) 081901

0 1 2 3 4 5 B 7
N, VELDgop  VELD

fracks fracks NB

* A,"/B vs dN_,/dn increasing from e*e- value with small multiplicity to
saturation/GCE limit at large size

* RQM strongly favored by data
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Part (lll)

Hadro-chemistry computed above in minimum bias pp collisions
= a controlled reference for studying modifications in heavy-ion collisions =

Bottom hadro-chemistry in
Pb-Pb collisions:

b-quark diffusion + recombination in QGP

% = M.He@NUST 9" International HF Symposium Guangzhou, Dec.7 2024
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b-quark diffusion & hadronization in QGP

0 0.5 5 10

b-bbar pQCD 7 v v

T [fm/c]

production b-quark Brownian T~T, _
Tharg™ 1/20, diffusion in QGP hadronization: Hadronic
<< Tform~o.6 fm/c Teqb _ Teqc *mb/mc b+q(S) 9 B(Bs) g!::fase.
Iffusion
~ 20 fm/c b+q+q > A,

@)) M.He@NUST

>> Togp~ 6 fm/c

* my>>Nqcp, T =2 controlled baseline via pQCD & number conservation
* Thag~1/2m, =» color test charge experiencing full evolution of medium

oth International HF Symposium Guangzhou, Dec.7 2024
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HQ interaction & diffusion in QGP

« Heavy quark Brownian motion simulated by Langevin equations

Langevin + hydro simulation down to Tc=170 MeV dx; = P dr.
fluid rest frame updates = hoost to lab frame E

I'If],l' = —l“ipjp_;dr -+ -.ll,-"llja:” ] |JI'J‘-|- E{“J‘| ]P.,
g

c 5 sQGP @ * momentum transfer
¢ =qo—4" =—q’
Q//\ QG”&Z/zmQ<<|‘§|

« Q-g/g soft scatterings: T-matrix resummation of lattice-constrained HQ potential

g
Q AN Z - i
T =)+ [T]  odn-= T
Q.98 pd Ly

Tpi=Voi +1 Vo DypD; Ty D=1/[o- a,-Hak)]
quark propagator

scattering amplitude
Review: MH, van Hees & Rapp, PPNP 23
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HQ thermal relaxation rate in QGP

« T-matrix resummation of lattice-constrained HQ potential =» relaxation rate
y=A~[|T,? (1-cos0) f
HQ potential U F + TS % Resonance formation near T, — Accelerating thermalization

F | | o 0.6 - | | |

301 — T=0.194 GeV _ Strong

255 —— T=0.258 GeV ] ] Weak L
3 — T=0320 GeV : 04 weesens 5xpQCD —f
g 205‘ — T=0.400 GeV ] E 035—/ --....__
= IS¢ E T 0 X5, _,..-"":
£ Al D Meson Resonance SRR [P P ]
= 10_ — 02_— ",- -'",,..-P _

5| 0E memmT ] 7

0= o —————. ] 00:.|....|....|....|.||.|:

1.0 1 20 25 30 35 40 ~ 020 025 030 03 740

w(GeV) T(GeV)

* Non-perturbative enhancement atlow p & T; pQCD at highp & T

« x K-factor=1.6 for better phenomenology, also mimicking spin-dependent

AN force/radiative contrlbutlons
N2/ M.He@NUST h International HF Symposium Guangzhou, Dec.7 2024




Hadronization: resonance recombination

Recombination: @

Ay '
d, vs. Fragmentation: o i I Q H
.m <
Gg 90 @ l@“z
| |

l | a

« 2->1 Resonance Recombination via Boltzmann equilibrium limit =» energy conservation
p"oy fu(t, X, p) = —mT fu(t, X, p)+ p"B(X, p)

d
.~ ) [ Epdipa, . oo R 7 |:>
fu(Z,p) = fo(@,p1) f3(Z,P2) opr(s)vre(P1,P2)0° (P —p1 —D2) b

F'M (27‘1‘)3
| | | ﬁBreit-Wigner> o(s) = go 1:: (Em)z —
« 321 RRM: diquark correlations in heavy-baryons (0 — o

diquark type mass (MeV) wave func. charm-baryon

Scalar [Ll\_d] 710 :_)lccﬂoréﬂavoro;;in AC’-: C‘[Ud]

Axialvector {u,d} 909 Bcolorbfiavor Lipg, Lot cf{ud} u\ .ﬂ
fo(2,p) = Es(p) [ @pid*pad®ps Eq(pra) d /a o

7)) fo(Z, 7o) f3 (T,
Tama (270 T, f(@,p1) fa(Z, p2) f3(Z, 13)
X 019(512) Vet (P 2) 0 B (5a3) Vst (Br2: B3 7= +70° (F — 01 — P — ) b

SEWN Ravagli et al.’07, MH et al.’12, °20
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Recombination: space-momentum correlations

« Inhomogeneous distribution: SMCs =» recombination beyond momentum space

i) M.He@NUST

AN (xY)

0]

0.00008

0.00006

10° g

00010 et

Langevin charm quarks p_.=3.0-4.0 GeV,

at freezeout TCZWQ_M_Q
T T

0.00004 {1
0.00002 ||

0.0000G, ~~EHx

§]

« Left-over b-quarks: fragmen

LHC Pb+Pb 5.02 TeV, 20-40% ' direct A;1 T T T S
excited state " RRMat T,
——————— fragat Ty

—— RRM + frag at T]

] 7

r “ground state™

dMNZnprdprdy

107 g

3 ; L l ' ' ' 3
;__ _F'I:il_' Fh B = 502 TeV, 0-20% I:E:l
10°F e with SMCs 1
F_ - ]
10k ~ 4
- T -
~ . - -H.HH — ""'E-
107 RN 1
. T .

10°F P e
3 " . E
E without SMCs = ]
%[ 0 - ]
10°F - -D . 3
: + . 3

[ — — Ap _

107 : : : '
¥ 2 4 B B

priGeV)

0
tation in the same manner as in pp

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

e T gl « RRM vs frag. crossing at p;~14 GeV for A1
e e vs /.6 at pr>25 GeV
pr(GeV)
oth International HF Symposium Guangzhou, Dec.7 2024 24



Modifications of hadro-chemistry

T — T — S —
pp E=TH3 ToV 2<y<d.5 i ppe=TI13 Tel 2op2S ) pp =13 TaY 2opis FoPD s, =502 Tov
@ ] [ T B L P P o
— RO 13 Tal on- _ # LHCH 13 TaW 2%, &t +|_:| - 04 - = = PLE= 13 ey E
e - BOS/B' FOG 13 Ta - : AbO/B ROM B3 TeY g —— RGN 5,02 TaV [yi<i,5

R 5.0 Tal Jypel.5

POG: 13 Tey o
ROM: 502 Tel <5 A

04
: - _* -=.='T\_r=.ﬁ-""\-ﬁ--
. . - 1 = ¥
I:"E ™ it Ky Tl - 7 " i TR = = ¥
PR =0 02 TaY 02 P o in e il . )
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* pp = PbPDb

4 B./B — enhancement at low p+: b coupled to equilibrated strangeness via recombination

4 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

4 =,/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

* R, : hierarchy of flow effects and suppression driven by their quark content

ANAA Jdppdy =~ = dNPPP2r/dy~0.9 for 0-10%

Raalpr) =
" < Tya > doP?P/dppdy = pp reference from SHM
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« Bg: b-quark coupled to equilibrated strangeness via recombination
N\,: 3-body baryon recombination, RRM with SMCs
=,. 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 (21rT)

« HQ spatial diffusion coefficient: D =T/m,A(p=0)=T/myy = <x*>~Dt

¥F/—Bmison ARG T T ' T

f —— LO pQCD, %T/// ]
30k ] D,2aT) = (n/s)dn * (1-2.5)

F T-matrix from U-pot.*K(=1.6)

25 = = c-quark, used in He&Rapp 20 -
r — b-quark, used in He&Rapp 23 .
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* models & lattice D (2nT)~1-3 near T,, x10 smaller than pQCD =¥ collisional rate
[eon ~3/Ds~1 GeV > M, , = thermal partons melted, Brownian markers/HQs survive

* maximum coupling strength near T, =» small D, & n/s =» strongly coupled QGP
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Summary: b-quark hadronization

« Statistical hadronization of b-quarks in high-energy pp collisions:
grand-canonical - canonical ensemble

=>» bottom hadro-chemistry well described in mini.bias & system-size scan — non-universal!

 role of many “missing” heavy-baryons highlighted

=» awaiting discovery!

» b-quark diffusion + hadronization in QGP created in heavy-ion collisions

=» probe of hadro-chemistry modifications & QGP transport properties
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