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Introduction: heavy quark fragmentation

- HQ mg >> Agcp = production separated from hadronization in pp: factorization
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Peterson, PRD27, 105 (1983)

- Hadronization: fragmentation function, including fragmentation weights
constrained by e*e- data, then applied to pp = universal?

Dg(z) =
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Charm quark fragmentation: A /D

Charm fragmentation fractions non-universal e*e- - mini.bias pp

f(c> A\,) 1 vs f(c>D°) | > AJ/D much enhanced!

ALICE, PRL127(2021)202301; PRC104(2021)054905

ALICE

ALICE, PRD105(2022)L.011103
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Bottom quark fragmentation: A, /B

N\,/B vs dN_/dn: system-size scan of pp collisions

LHCDb Collab., PRL132 (2024) 081901

LHCb pp Vs=13TeV :
p,=0 54 ¢ ‘ E

/ + %—1—} Mini.bias sa] uration
+-+ T
- + > : +15% -

+ pp—bb + X, global uncertainty:

-16% ]

E 1 1 1 | 1 1 1 | 1 1 1 | 1
0 2 6

NE’ELD N

» decreasing from saturation value in mini.bias toward smaller size
- tending to e*e" value at very low dN,/dn

tracks ‘JB
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Bottom-hadrons: Statistical Hadronizaton Model

* 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

* Grand-canonical vs canonical ensemble

=» for large enough system size/high enough dN_/dn, relative fluctuation of quantum
charges small - grand-canonical ensemble SHM, e.g., mini.bias pp

=» for small system-size with low multiplicity dN,/dn, exact conservation of quantum
charges important - canonical ensemble SHM
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Grand-canonical SHM for b-hadrons

» grand-canonical thermal density for primary b-hadrons (Boltzmann)

d v . v.=0.6 -- strangeness suppression factor
= Ly YmiT K, —
211.3 }’ it HM2 B

primary
i

T,=170 MeV -- hadronization temperature

- PDG: 5B, 4B, - RQM: 25 B, 20 B,, Ebertetal,, PRD 84 (2011) 014025
SN, 2%,45,1Q, 30,46 %, 75=,,42Q,
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Strong decay systematics of excited states

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

meson baryon

~1 L n

Cpe = Qe '-."u:E|::fJ:E'-."u"-"|r|='1l::|;

o 1 e

(a) (b)

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

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

b S
Y e Al ,.
i "
« probability of producing a g-gbar pair o« exp(-2m/Ty)
> 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-+10)= BR(B*>B%ar+m)=1/(1+1+1/3)=43%:
BR(B*->B0.bar+10)=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)

7 N

= | &

j'L e ) . /&{

/1.2{ —-——VL{’[J & &iﬂj‘g—!‘z /@f--——?-———c"ﬁ} &® 2L +A
i

TSR T

A
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AD*’ -//’7/ ,_{_':.?'o B <: 5
 oegtead e ol /e > H]/\
'\\a Tie= \A

.« E.g. BRAY D S+ T DAL +21)=3/(3+2+2*1/3+1/3)=54%
BR(AL'> B + p) =1/(3+2+1/3+2*1/3)=16%
BR(AL =, + 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 func.

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

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

; _ Pri_]']_]_;l,]_':rr ; primzlr}' . f )
Mg = Nk + E n; BR(i — a)
1

O O B0

ne (1072 fm=%) B~ B  B? A Z) Q,
PDG 1.0094 1.0089 0.29308 0.31591 0.10097 0.002341
RQM 1.2045 1.2041 0.32513 0.61702 0.19548 0.0063204
LHCb Collab., PRL132 (2024) 081901
_E T I I I | I I I | I I I | I B
07 ¥ rH® pp 5=13TeV E ¢ : : | N /dn:
So0gh 1 ppo0 54 * fragmentation ratios at large dN_,/dn:
F ] RQM favored!
oaf £ ' ; g/~ B/~ (\3/B) 20 /B"
B z —~
0.3F gl PDG—> PDG 0.9995 "0=QQ4 0.3120  0.1000
0200 ppsbh+ X. global uncertiaty: "% RQM 0.9994 0.26990.5122 0.1623
[}Ilf— -— '1:1 e*e—Z'—bb —
{]IE T | | | | | | | | | | | |

. 4‘9’ELD 1r|.e']:_,’{li_ﬂ[]l
Ntracks "'I{"Ntra::ks '}NB
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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)

29 fja(,;'

AN T N Nei Noj _—ig;-d

219 = K (2m)5 Llp[} :ﬁ-“-*' e Y e V2]
i E _;I

. NH o2.. 1Ty 5 AT '
z; = (2J; + 1] mjhg[T—I‘;} Q = (Q,N,S,C,B)

correlation volume ~ system size

* Primary hadron yield: CE vs GCE

—y

.."'h",j:ﬁ-“""-u_;iu E[Q —*’fﬂ
b =i =

=

<_I,1|I.lrj}{'j.": — 'H:r' o

chemical factor <1:
canonical suppression_fpr
charged hadron with @5 7 0

« E.g. exact baryon-number conservation requires: simultaneous creation
of a pair of baryon and antibaryon =» energy-expensive exp(-2my/Ty)
=» canonical suppression for baryon production
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Canonical suppression: chemical factors

CF Vo=5 fm® 10 ) 30 50 100 200

B° 0.0097194) 0.023927 0.058660 0.094845 0.16493 0.32591 0.56988
B~ 0.0078259) 0.021863 0.056893 0.093168 0.16331 0.32438 0.56858
B 0.00399204 0.013624 0.045935 0.082725 0.15364 0.31546 0.56101
Ap 0.00493254 0.014844 0.047305 0.084415 0.15574 0.31768 0.56300
=he 0.0021863) 0.0089128 0.037336 0.073498 0.14477 0.30720 0.55402
2y 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/BY 050749 0.62039  0.80643 0.89003 0.94427 0.97474 0.98793
=, /B" 022494 037250 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 ©, <E, <A,, increasing strangeness content despite common baryon
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Canonical suppression: chemical factors

CF Vo=5 fm® 10 ) 30 50 100 / .:mn\
B’ 0.0097194 0.023927 0.058660 0.094845 0.16493 0.3259 DJG[}BE
B 0.0078259 0.021863 0.056803 0.093168 0.16331 0.3243% 0.56858
B! 0.0039920 0.013624 0.045935 0.082725 0.15364 0.31546 0.56101
A} 0.0049325 0.014844 0.047305 0.084415 0.15574 0.3176% 0.5630

=he 0.0021863 0.0089128 0.037336 0.073498 0.14477 0.3072(R 0.55402
2y 0.0004649 0.0030092 0.019475 0.047296 0.11221 0.27231 \).52265

R0/ BY / T HROAL TRaAT rig 2155 0.96T¢ [\/
BY/B" 041072  0.56939 0.78307 0.87221 0.93155 0.96793 0.98443
Ay/BY 050749 0.62039  0.80643 0.89003 0.94427 0.97474 0.98793
=, /B" 022494 037250 0.63648 0.77493 0.87776 0.94259 0.97217

As volume/system size increases,

 canonical strangeness & baryon suppression attenuates -
CF of B, A, &, Q, increase

» same residual CF at large V: common canonical bottom number suppression
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CE-SHM densities with feeddowns

ne(-107° fm ™) Ve=5fm® 10 20 30 50 100 200 \GCE
B" 11220 27920  6.9508 11.313 19.750 30.148 68534 12041
B~ 0.96934 26261 6.8105 11181 19.635 30.038 68452 12045
B! 0.14641 047267 15200 27242 50273 10.285 18.263 32.513
Af 0.20886  0.90201 2.8845 51551 9.5210 19.435 34.453 61.702
=he 0.043883 017479 0.72393 14247 2.8132 59882 10.818 19.548
0 0.00028060 0.0018164 0.011755 0.028549 0.067730 0.16437 0.31548 0.63204

).13049\  0.16929 0.22010 0.24080 0.25443 0.26273 0.26648f0.27002
0.26635 ] 0.32307 041499 0.45568 0.48186 0.49644 0.50271 0.5124.

0.062602 0.10415 0.12594 0.14238 0.15296 0.15785\0.1623

* 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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Ground-state b-hadron ratios vs Volume

08—
0.7 | CE-SHM (RAM) AE
. [N =1L
0.6 Lcanonical BEQE:. ;
0.5  suppression A /B T v /B

=./B /

]E;_:;hD.d _l \
To3f B./B ¥ GCE limits

0.2

0.1 E

oob o
0 50 100 150 200

V, (fm®)

* 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

Sep.23, HP2024 14



B%/B vs AN, /dn

D.E [ I ! | ! I I ! I L I
1 (a)
: —— i
0.3} [ S, S I
EQ e
= l.rlD E i minibins 7
oo L. pp 13 Tev ]
_ n [HCb pp 13 TeV (O<p <20-GeV) _
01k * [HCbpp13TeV (0<p.<6 GeV) i
[ CE-SHM (RGM) -
oo~ 7 ~CEsHM (PDG) .
0 1 2 3 < 5 B T Data taken from LHCb Collab.,
WELD WELD
N, VBN VEOs PRL131 (2023) 061901
ro sy . aVELO jrar VELOY ro Y s
Vi / {L C } = NViracks / ::l-"‘II"'tIél-:']-::i /NB {1{} — 22.6 fm

* B"/B vs dN_,/dn increasing from small multiplicity to saturation at large size

« RQM a bit smaller than PDG
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ALYB vs chh/dn

D-B T
[ = LHCbpp13 TeV (p>0) |
07F

: CE-SHM (RQM) ]
0.6 [~ = ~CE-SHM (PDG) _]_ :
r M 5

0.5 ¢ .
Ro04F :
=1 r ]
<03} E
0.2 :
0.1F ;
D_D : L | N | L | L | L | L ] L ]
0 1 2 3 4 5 3] 7
N VE L{:',.f-c: N VELO,, Data taken from LHCb Collab.,
Tacks Facks NE PRL132 (2024) 081901
PN T V ELD VELOW ro i 3
Ve/(Ve) = Nacks / {Niracks /NB (Vo) = 22.6 fm

* 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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Summary

Bottom-hadron production in high-energy pp collisions:
relative chemical equilibrium via statistical hadronization

System-size dependence of A,/B: canonical suppression of A,
arising from exact conservation of baryon number toward smaller size

role of many “missing” heavy-baryons highlighted
—> awaiting discovery!

Sep.23, HP2024
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Back-up: SHM for light hadrons in e*e

e Canonical ensemble SHM for light hadrons in e*e-

Z(Q) = (21)\, / dVp '

g 3 X Ngj —/P2+m32 [Ti—iq;-¢\ %1
X exp [W¥(283+1)/dp log (1 = Nese™V j %)

« strict conservation of quantum charges Q =

EST !*_g 0
3 feeVs=91.2GeV 1
Fa [ .

£ f“ sp

ERR

=

(Q,N,5,C,B)

* hadron yield
Z(Q)

< N; >F=< N, >

Becattini, Nucl.Phys. A702(2002)336

0 h{lﬁﬂﬂ}F o .E*Df T=159.340.8 MeV
VT°=27.54+0.87
5 egt ¥=0.66410014
0 F o0 §°=118.1/24 dof
Ll Lol vl o vl il
0”10 10 1 10

Multiplicity (therm. model)
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Back-up: Boost-invariance in pp collisions

gzﬂuu ] W AN = 5.02TeV

e .

< R

Z'-i

5 W p-Pb, 0-5%
pp, INEL =0

60 -
Data (symmetrised)

40 Reflected

Uncorr. syst. unc.

Corr. syst. unc.

First, the ALICE measurement of charged-particle multiplicity dNch/dn in 5.02
TeV minimum bias pp collisions [PLB845(2023)137730] indeed shows a rather flat
behavior in a rather wide rapidity window, from n=0 up to n=+4; see the blue curve
in the following figure copied from Fig.1 of ALICE PLB845(2023)137730 (the dip
at pseudo-rapidity n=0 disappears when translated into rapidity y using the
appropriate Jacobian, and the narrower rapidity distribution in PbPb collisions is
due to the QGP interaction/thermalization that reduces the kinematic spread).

Sep.23, HP2024
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Back-up: Boost-invariance of Lb/B in pp

= D.E LI B | T 1 T T T T T — T T T T T T

EL | | " LHCh
- i §
(.15 — .

: : B :t:::
0.1 v -
D{:Ij :_+T TeV data _:
B +3Ta‘|.l'dﬂm i
0 i A R B B

2 2.5 3 3.5 4

!.{I_r_"‘-.-
L

Second, LHCD has directly measured the A/B (multiplied by the pertinent branching fractions) at
varying rapidity slices for y=[2, 4.5] in 7 and 8 TeV minimum bias pp collisions, as shown in the
following figure (copied from Fig.6 of LHCb Chin. Phys. C40, No.1(2016) 011001), where

ADYB(AL— I/ pK ™)

R\';—; (BtJ) B(B— JPE") ’

which translates to A,/B ~ 0.5 (i.e. the grand-canonical saturation value shown in Fig.2(b) in our
manuscript) when plugging in the pertinent branching fractions. This ratio is indeed roughly
constant in the whole range of rapidity covered by the measurement.

Sep.23, HP2024
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Bottom quark fragmentation

Bottom fragmentation fractions non-universal e*e- 2 pp

Heavy Flavor Averaging Group, EPJC 81, 226 (2021) LHCD Collab., PRL132 (2024) 081901

1.0 [ |+ _ T T T :&: S T T T T T 7 T T T ] T
[ m LEPe’e b 07C T 1mb pp 5=13TeV E
Tevatron ppbar + LHCb pp ; I -0 54 ﬂ;,'l ]
0.8 1 S06F F Pr | E
[ l b I ]
I 0sF F + [ | -

0.6 i ] — I = |

- 0.4 - _:_ +++++ -
[ - I H AYBvsdN,/dn: :
04 ' - Dj T T b ch . h
- 1 - EZ.I. scan of pp system size .
i : 0.2F # + + pp—bb + X_ global uncertainty: +19:f’ -
0.2 i -] B 16% 3
I - f 1 0.1F + : e*e—Z"—bb -
= CI. - ]

00 i 1 1 1 1 - D - . 1 1 1 | 1 1 1 | I I 1 I 1

B B, Ay g, all-baryons 2 6
1i\a’EILJD'

N Ntra::ks NB

Ju+ fa+ fs+ fbm'ymt =1
e*e” = mini.bias pp:
b-> baryons enhanced vs
b—>B reduced

* increasing with dN,/dn toward saturation
at mini.bias value,
- tending to e*e" value at very low dN,/dn
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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 Pb-Pb

108 T;: Pb-Pb |5y, =2.76 TeV, 0%—10% centrality i
GC - —B(H-_; 1o, Qi : . K+ 3
ZC(T,V, pug) = Trle PH ZiraQi)] I - ki
: "‘u P A 3
Ge 10 F R 3
logZ (T, V,pq) = ) _10gZi(T,V, pq,) : . = =
; 10° b g 4
= = 1"1_15'2_ E
« one-particl ition fi ' 0t E =X E
particle partition function 3 3 o 5
Va [ S 102 E B i 3
l0gZi(T, V, i) = 29; / p?dplog[l + he PP] 3 P.B.-Munzinger et al., Nature, 561 (2018) 321
= 0 10° " 3 =
“*He 3
Vg, =~ (£1)" nm; s e SH 3
- 27‘?2 2:1 ( 'n) )\:‘m? K2( T ) 10"'— @ Data from the ALICE Collaboration 't',g._,
n= - T
10~= g Statistical hadronization
* hadron yleld i Total (after decays) " *He
1075
F eeemeee= Primordial Ty~T~156 MeV f
VT S (1)t : EPEPETE PRI EPEPEPI IPIVEFETE EPETETEPE BN PR APITETE AP
< N; >= géﬁ (£1) A?mEKg(n;L’) mr?u 0.5 1.0 1.5 2.0 25 3.0 as 4.0
Mass (GeV)
22
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SHM for Bottom-hadrons in pp

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

=» hadron thermodynamic state not reached by dynamical collisions
among hadrons/partons, but rather a generic fingerprint of hadronization

_ . Khazeev & Satz, EPJC 52,187 (2007)
= SHM applicable to pp collisions

* Applying SHM to 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
production yields N, x statistical thermal densities

* Grand-canonical vs canonical ensemble

=>» For large enough system size/high enough dN_,/dn, relative fluctuation of quantum
charges small - grand-canonical ensemble SHM

=» for small system-size with low multiplicity dN/dn, exact conservation of quantum
charges important - canonical ensemble SHM

Sep.23, HP2024 23



Ground-state b-hadron fractions

- fragmentation fractions f., + fa + fs + f;kg + foo.- + fg;rf— =1

""iD El]. —

fa B~ BY B" AY "

PDG 0.3697 0.3695 0.1073 Q1157 (L0369
RQM 0.3391 0.3389 0.09152 0.1737 0.05503

1.0 . . . .
I Tevatron ppbar + LHCb pp
| % SHM-RQM
08k * SHM-PDG
06l « PDG - RQM:
:F? Tl N & =0~ enhanced by ~50%
= 04l ] < RQM: good agreement with
- ﬂ . mini.bias p-pbar & pp data
! S
0.2} - 4 -
- W -z‘zf B .
- *
00 1 1 1 1
B B. Ay Zp all-baryons
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