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Heavy quarks & heavy hadrons
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Heavy quark hadronization in pp collisions

 Heavy hadron production cross section: factorlzatlon
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» Hadronization: heavy quark conservation fu + fi + fs + fearyon = 1

hadro-chemistry: universal? = non-universal!
A,/B vs pp system size
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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)
P.B.-Munzinger et al., Nature, 561 (2018) 321

» Grand-canonical SHM for light hadrons in Pb-Pb Ope PPl ceTeT o caaly
E T e, E

29T, V, pg) = Tr[e P Zura)] oy TE
gV & ), nm, T

=N B 272 ; n Army Kol T ) h 0 ""--.,3He . E

10 f_ ® Data from the ALICE Collaboration rt‘,:.-A_‘ 'é

10—5:— Statistical hadronization *-

* High-energy pp collisions = light-quark-rich environment L S il 9

=» stochastic/statistical coalescence of c¢/b with surrounding q 0 05 10 15 20 25 30 35 40

« SHM for heavy-hadrons in pp

Heavy hadrons ‘thermal’ production at ‘universal’ T~ 170 MeV

Relative chemical equilibrium =» primary yields N, « thermal densities n,
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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
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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

by

- 15, JB oppess sz

2 . < ) BR(B*->B0,+10)=1/3/(1+1+1/3)=14%;
d k2 \\
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BR(B,*>B+K)=1/(1+1+1/3)=43%

AL > AL +2)=3/(3+2+2*1/3+1/3)=54%
AL B+ p) =1/(3+2+1/3+2*1/3)=16%
AL I, + 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 .

ne (1072 fm=%) B~ B® B A} E fa B~ B B Ay =y
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RQM 1.2045 1.2041 0.32513 (L1702 0.19548 0.0063204 RQM 0.3391 0.3389 0.09152 0.1737 0.05503
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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)
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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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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)

—_—
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correlation volume ~ system size
« Primary hadron yield: CE vs GCE
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" 2(@) chemical factor <1:
(N;)GCH 4(Q —4q; _ 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)

o =» 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
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[ 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

0.8 [ T I T | T | T | T I ! | ' i
r ® | HCbpp 13 TeV (p>0) :
07k (b)
: CE-SHM (RQM) :
0.6 [~ — -CE-SHM (PDG) } ;]
- RQOM :
0.5 Q —
o 0.4 f : :
Fosl _PDG __ ___ :
3 | Vo/(Ve) = NYEO/ NV e
0.2 . -
; 1 (Vo) = 22.6 fm*®
[ 7 i
0.1 ] ; Data taken from LHCb Collab.,
0.0 [ . | . I . I . I . , . I PRL132 (2024) 081901
0 1 z 3 < 5 G 7

VELD VELD
I= NT’-EH_.":E * NB

M

Tacxs

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

* RQM strongly favored by data
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Summary: b-quark hadronization

« Bottom quark hadronization: non-universal, but environment dependent!

=> A,/B: GCE saturation limit (mini.bias pp & PbPb) VS vacuum fragmentation limit (e*e")

« Statistical hadronization of b-quarks: grand-canonical - canonical ensemble

=>» exact conservation of quantum charges leading to canonical suppression

* Role of many “missing” heavy-baryons highlighted

=» awaiting measurement & confirmation
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Back-up: ¢(2S)/J/gp vs dN_,/dn in pp collisions

LHCb pp Vs=13TeV

b =

[a— — [Rm— —
5 .

Normalised Gy s/ Oy

e e
N N o ©

: AR
:+pr0mpt SRR m
é-}—non—pmmpt N
[ ]co-mover model

u 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1

l 2 3 4

PV PV
N“'ﬂCkSKN tracks>NB

LHCD collab.
JHEP05(2024)243
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