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Heavy-flavour production

dgPP~Hq , , dat=1 5 PH,
gy e G ) X (xl'XZ»Mf)XquHq(Zq:E'“f)

Parton distribution Hard scattering cross  Fragmentation function
functions (PDFs) section (pQCD) (hadronisation)

Test pQCD-based calculations and study hadronisation with heavy-flavour (HF)
hadron production measurements

» Cross section of charm- and beauty-hadron production is typically calculated in a
factorization approach

« Fragmentation functions are constrained from ete™ and e”p measurements

» Typical assumption: fragmentation functions apply universally across e"e™,
e p, pp, p—Pb and Pb—Pb collision systems

> Yield ratios of charm/beauty hadrons are sensitive to heavy-quark
hadronisation
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Heavy-flavour production
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Test pQCD-based calculations and study hadronisation with heavy-flavour (HF)
hadron production measurements

» Cross section of charm- and beauty-hadron production is typically calculated in a
factorization approach

« Fragmentation functions are constrained from ete™ and e”p measurements

» Typical assumption: fragmentation functions apply universally across e™e™,
e p, pp, p—Pb and Pb—Pb collision systems

> Yield ratios of charm/beauty hadrons are sensitive to heavy-quark
hadronisation
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e~ p collisions
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https://arxiv.org/abs/2105.06335

The ALICE experiment

Time Projection Chamber (TPC):
Tracking, PID via dE/dx
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PID via time of flight

O —_ —
R A (udc) - pK-mt, pKY
D*(dc) » K™ m*m* To** (ddc, uuc) —» Afn—t AR YE=BBNEY = L~ 18 n_bl_l
7 pp: +s=13TeV - Li;; ~32nb
D**(dc) » Dt » K ntrmt 20 (dsc) » E-etv,, 2wt p—Pb: \/Syny = 5.02 TeV > Liy ~ 287 pub~1

m—tt

Di(sc) » dnt » K ntm™ =& (usc) »
Df (sc) » D**K? - DOntnn*
Di¥(sc) » D*KY » Dottt

Annalena Kalteyer — 28.03.2023 — HP 2023 — New insights into heavy-quark hadronisation with charm and beauty hadrons in hadronic collisions with ALICE



Charm and beauty meson production c.b D¥,D°
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Meson-to-meson yield ratio:

> D*/D° yield ratios are independent of meson py for prompt and
non-prompt measurements

» Charm and beauty meson-to-meson yield ratios are well
described by model calculations, based on the factorization
approach assuming fragmentation functions from e*e~
collisions

FONLL: JHEP 05 (1998) 007 f. - D: Eur.Phys.].C75 (2015) 19

Non-prompt

Prompt
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https://link.springer.com/article/10.1007/JHEP05(2021)220
https://iopscience.iop.org/article/10.1088/1126-6708/1998/05/007
https://arxiv.org/abs/1404.3888

. + N0 +
Strange charm meson production b D7, D%, D
T I T T
~08——mmm—7m——F——F————————— LEP e'e™ 0.5xf,/f, VS =m,|— le  — PYTHIA8 |
i . . ] average >0
A [ALICE Preliminary lyl <0.5 | LAY aveeg I Pr
- i {s=1.96TeV [— . —
-+ 07__pp B COF. PP (B)>7 GeVic |
o ; Non-prompt D mesons - " |
D - ATLAS 0.5xf /f,, pp Vs =7 TeV |— - _|
\\-106__ O \Vs=5.02 TeV p,(B)>8 GeVic :
+ B =
0 0.5 ¢ s=13TeV Py I~ iy
i ] LHCb, pp Vs =13 TeV |— fe- —
04:_ _: p,(B) >4 GeV/c |
i . ALICE, pp Vs =5.02 TeV |— [lltheory sys —L‘°— =
: : pT(D)>ZGeV/c, p; constant fit Ly .|. T
0_3_— 0 % ] 0 0.05 0.1 0.15 0.2 0.25
- $ i beauty fJ/(f +f )
0'2:_ EEEEF | ¢ — Meson-to-meson yield ratio:
0. 1‘ ‘ > D&/(DY + DY) yield ratios are also independent of meson py
- BR unc. not shown
I

—— > Consistency between center-of-mass energies
0 3 10 15 20
pT (GeV/C) > fs/(fut fq) ratio for non-prompt is found to be the same as

beauty in eTe™ results

Annalena Kalteyer — 28.03.2023 — HP 2023 — New insights into heavy-quark hadronisation with charm and beauty hadrons in hadronic collisions with ALICE


https://link.springer.com/article/10.1007/JHEP05(2021)220

Charm baryon-to-meson yield ratio c A¢/D°
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https://arxiv.org/abs/2211.14032
https://link.springer.com/article/10.1007/JHEP08(2015)003
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https://www.sciencedirect.com/science/article/pii/S0370269321005621
https://arxiv.org/abs/2211.14032
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Charm baryon-to-meson yield ratio c A¢/D°
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M. He, R. Rapp: PLB 795 (2019) 117-121

Statistical Hadronisation Model

Replaces complexity of hadronisation by thermo-statistical
weights, governed by the masses of hadrons at a universal
hadronisation “temperature”.
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Feed-down from an augmented set of excited charm
+

baryons necessary to describe /];—f)

- PDG states: 5 A, 32, 8 ., 2 Q.

« RQM states: additional 18 A, 42 X, 62 Z., 34 Q.
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https://www.sciencedirect.com/science/article/pii/S037026931930382X?via%3Dihub
https://arxiv.org/abs/2211.14032
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https://journals.aps.org/prc/abstract/10.1103/PhysRevC.97.064915
https://arxiv.org/abs/2211.14032
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> Catania describes the Q2 /D° yield ratio best, when including higher mass resonance decays (*) -| -|

> Catania describes the =2 27 /DO shape down to pr = 2 GeV/c
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.127.272001
https://link.springer.com/article/10.1140/epjc/s10052-020-08619-y
https://link.springer.com/article/10.1140/epjc/s10052-020-08619-y
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https://arxiv.org/abs/2211.14032
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https://arxiv.org/abs/2111.11948
https://arxiv.org/abs/2011.06079
https://arxiv.org/abs/2011.06079
https://arxiv.org/abs/1910.14628
https://arxiv.org/abs/2112.08156
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https://link.springer.com/article/10.1007/JHEP08(2015)003
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FONLL calculations for beauty quark production (FONLL: JHEP 05 (1998) 007)

Non-prompt A{ and D? are well
described by model calculations
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https://iopscience.iop.org/article/10.1088/1126-6708/1998/05/007
https://arxiv.org/abs/1902.06794
https://arxiv.org/abs/1410.3012
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https://journals.aps.org/prc/abstract/10.1103/PhysRevC.101.064906
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.101.064906
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» Non-prompt D° Rpy, is in agreement with measurement of B* from CMS

> pr-integrated non-prompt D° Ropp is in agreement with measurement of B*, and non-prompt ] /4 from LHCb
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» Study shadowing for beauty and for charm
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0.6

0.4

0.2

0.0

I I I

= ALICE, pp, Vs =5.02 TeV

(PRD 105, LO11103 (2022)) il
= ALICE Preliminary, p-Pb, \{% =5.02TeV |
+ B factories, e'e”, Vs = 10.5 GeV i
+LEP, e'e’, \s=m, .
e HERA, ep, DIS ]
o HERA, ep, PHP

D" DY A} =0

» pp and p—Pb results are compatible

» Significant baryon enhancement in pp and p—Pb w.r.t.

ete™ and e p collisions

ALICE

Results are on
the upper edge of
FONLL and NNLO
calculations

PRD 105, LO11103 (2022)
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https://arxiv.org/abs/2105.06335

Total charm cross section

o (ub)

-

—
<

do<C/dy

10°

10

FONLL
——— NNLO

e ALICE (pp, lyl <0.5), PRD 105, L011103 |
o ALICE Preliminary (p—Pb/A, -0.96<y<0.04)
¢ PHENIX (pp, lyl <0.5)
% STAR (pp, lyl <1.0)

10" 1 10
s (TeV)

Measured at midrapidity as a sum of ground
state charm hadron cross sections

do_ / dy (ub)

10

ALICE

104§—
10° £

10% E

. _ Poster:
ALICE Preliminary _ Michele
pp, Vs =13 TeV Pennisi

[ ]
= == <
] Results are on
1 the upper edge of
3 E FONLL and NNLO
. FONLL CTEQ6 open point: reflected ] calculations
3 unc. tot. o (My.p. )PYTHIASt 3
unc. scale T 3
unc. mass (Meer p_ ) PYTHIAG fit i @
_ unc. pdf " Phys. Lett. B788 (2019) 505 £TR
:llIIlIllIIIIlIIlIIlIIlllIllllllllllllllllllli D—’/'{‘E‘l'
-4 -3 -2 -1 0 1 2 3 4 ‘
r @
Dielectron: PLB 788 (2019) 505 [,f’-;.

> New measurement of cc and bb cross section at forward rapidity

GeV

via dilepton spectra at my,, > 46—2

> Update of c,c - e*e™ will be released soon, with an updated BR
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https://arxiv.org/abs/1805.04407

SUmmOry §2 LI L L L L I L L N L B I

© [ ALICE ly| < 0.5]
0-10% Pb-Pb, |s,, = 5.02 TeV -
15 e  Non-prompt D’ (arXiv: 2202.00815) |

Heavy flavour hadrons 7 syst. from data

1 L L 1 l 1 1 1 1 l

» Modified hadronisation mechanisms could be needed w.r.t. |
the vacuum string fragmentation picture to describe the W
heavy-flavour baryon measurements [ E rh
0.5!“5‘* - —— "'—.‘.‘.|- fff _ -",'.'__. lllllll .
» Or additional charm baryon states should be considered - Iw *%‘ """ .
\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\ llllllll1loll111151111210111121511113101l1131511
21— ALICE Preliminary pp, Vs =13 TeV p. (GeV/c)
1PN <05, 1Al <1 —e— Average D’, D", D** .
— L EPJ C 82 (2022) 335 i JHEP 12 (2022) 126
o —-— AZ
£ % 3<p> ™ <5GeV/ | : :
et <Py <o Revic . Non-prompt D mesons to investigate
D assoC . . .
& 1 %5 03<pP™<1GeVic | beauty-quark interaction in the QGP
O - o, o n
o | tgj "o scale unc. % % | ] )
1=l | | o440
>3 Ee EL &
© w F =¢==i=EiE i ]
- + L] [ [ . L .
S T ———— as = - Additional information on charm hadronisation by
i | ] studying A¢-h correlation measurements in
. | | s comparison to D-h correlations.
0 0.5 1 1.5 2 2.5 3
Ag (rad)
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https://arxiv.org/abs/2202.00815

Outlook

LHC Run 3, 4 and beyond ALICE
» Higher data taking rate and upgraded TPC and ITS § L L L L=
. . .8 : |: :
» Direct reconstruction of beauty mesons and baryons = -
o 10 E
w - s ]
» Measurement of charm and beauty cross section and - .
fragmentation fractions from pp to Pb—Pb - . .
1= : +Hc_f 3
> Reconstruction of complex decays like Z8:* - e .
B ~ALICE 3 Study —
» Better constraints to theoretical models of the strongly 1o E FUEZCZZ;;:;:LT:LO _
interacting medium and hadronisation - Particle + antiparticle §
—ARSSANAN - L asnt” .
I I R N B R RN B B
- 0 2 4 6 8 10 12 14
WamaeL, - _ p. (GeV/c)
el .A %},‘ N e T
L e, Lol ALICE 3: arXiv:2211.02491

;"

21

Annalena Kalteyer — 28.03.2023 — HP 2023 — New insights into heavy-quark hadronisation with charm and beauty hadrons in hadronic collisions with ALICE


https://arxiv.org/pdf/2211.02491.pdf

ALICE

Backup
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Doubly strange charmed baryon production  €¢/b°

09, 'o D;la S AL'ICE' BR(QO N .Q._1'[+)X.QO/DO
O () Catania (coal.+fragm. C C

Exe 1 Catan:a Ecoal.:f:agm.lres.) pp, Vs =13 TeV

<3 10—1 QCM ly| < 0.5

= PYTHIA8 CR-BLC

X102 |- [IMonash [IMode2 BR(Q - Q') = 0.51% "5 41
=
|

" aLICE

"BR(Q? - Q™) = (0.51 + 0.07)% is not measured — use
calculation for scaling Y. Hsiao et al. EPJC 80, 1066 (2020)

Ratio

ALICE (pp 13 TeV) Belle (eTe~ 10.52 GeV)
2<pr<12GeV/c visible

BR(Q? - Q1) x 6(Q0)/c(AT)

(1.96+£0.424+0.13) x 1073 (2.2440.2940.16) x 10~*
(3.994£0.964+0.96) x 1073 (8.584+1.154+1.98) x 10~*

€ B6E groosm | T " 3 BREOQ Q1) x0(Q)/c(2)
« 4 = BR unc. not shown —T1T—7 3
S LE  -E= E
= oF 3 Belle: PRD 97, 072005 (2018)
p - 1 " 1 N 1 " 1 " 1 N 1 " -
g 0 2 4 6 8 10 12 14
P, (GeV/e)

» Catania comes closest to data and describes baryon-to-meson

yield ratio when including higher mass resonance decays
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fragmentation fraction ~7%

Sizable Q2 contribution to charm
production at LHC energies?
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https://link.springer.com/article/10.1140/epjc/s10052-020-08619-y
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.072005

Charm baryon-to-meson yield ratio ¢ A¢/D°

o BN TT T T T T T T T T T T T » Af/DO as a function of py for different multiplicities ’HLICE
o [ ALICE pp, Vs =13 TeV |
S~
. y1<05 & [T T
< Ny multiplicity classes |~ 14F ALICE Vsy =5.02 TeV, lyl <0.5-
- dN _ /dn): . < - -
0'8__ <—Iih g>1 i 1.2 4 pp ~
| & 2105 | 1:_ L A arXivi2211.14032 B
0 6‘_\ & 22.6 ] - =l A+ PRL127 (2021) 202301 ]
L ——37.8 | 0.8 Pb-Pb (PLB 839 (2023) 137796) ]
[ PYTHIA 8.243 | : = 0-10% Z
0.4 — — Monash - 0.6:— L ° 30-50% _:
i CR-BLC Mode 2 1 - T -
i | 0.4 % ' -
0.2 %m . n B ]
] 7. | 0.2~ i ~
_TT_u-—.Tu AT BRI B ||—|_|-T|/_ O:I L 'é' L I‘IIOI L '1|5' L I2|OI L ':
0 5 10 15 20
p. (GeV/c) P, (GeV/c)
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Charm baryon-to-meson yield ratio ¢ A¢/D°
ALICE

o~ 1 -2 i L L | L L L | L L L | O | |
IO_D'_ - - U L DL L
OD ] B —— CMS Preliminary, |A<1 ] Prompt A, / D° (CMS) PbPb 5.02 TeV 0-10% lyl < 1 .
= - | - ® Prompt A, / D° (ALICE) PbPb 5.02 TeV 0-10% lyl <0.5 -
.? i —— ALICE, PRL 127 202301 (2021), Iyi<0.5 | | |
- . : L . 1.5 -
i) 08 __ —+—— ALICE, arxiv 2211.14032, 1y1<0.5 _— i |
L CMS, global uncertainty = 6.6% | 5 i )
0 6?& } 12 1t .
Hﬁ 1 < ] i
0.4 jf‘ ﬁ . L -
[ gi 1 0.5 ﬁﬁl ﬁL -
0.2 1 —— 7 : :
I i I - [ ,di i
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Total charm and beauty cross section

ALICE

—_ T TTT T T T T T T TTT |
ff: - - o qPEF T T
T =2 - ALICE Preliminary
~ 103 = * @ S N
o C AN = © PP, Vs=13 TeV
& - NNLO > EE R
5 i o ] 19 3 e E
© I - IR Results are on
i § 10 i : ) the upper edge of
o | | - FONLL CTEQ6
10 - . [ unc. tot. open point: reflected FONLL and NNLO
: i 1k unc. scale o (Myyp, . J)PYTHIAS it - calculations
: e ALICE (pp, lyl <0.5), PRD 105, L011103 : ; unc. mass . Mo P ) PYTHIAG fit ] B
o ALICE Preliminary (p-Pb/A, -0.96<y<0.04) ] I unc. pdf Phys. Lett. B788 (2019) 505 1 '\<
10 OPHENIX( 10_ __lllllllllllIIIIlllllllllllllllllllllllllllll—r B ax:
— pp, lyl <0.5) — b
- o STAR (5o, Iyl < 1.0 - 4 3 2 -1 0 1 2 3 4 e
B L 111 1 1 1 I | | 1 1 1 | | | N y lx" B
107" 1 10 D: é
Vs (TeV) AN\
o
Measured at midrapidity as a sum of New measurement of cc and bb cross section at

ground state charm hadron cross sections forward rapidity via dilepton spectra at M,,, > 4GeV/c
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Nuclear modification factor c AfE?

g B I I I | I 1 I | I 1 I | I I I | I I I 8 2 B ALICE P| Il . | | H LIC E
*a [ ALICE Preliminary =% AL refiminary
T 35¢ Y o e - o~ | p-Pb, s, =5.02TeV,-0.96 <y < 0.04
- p-Pb, sy =5.02 TeV _ — acm - = 0 NN
: —096 <y<004 POWHEG + PYTH|A6: & - D : JHEP 12 (201 9) 092
3 | vEPPSIBnROR ] 1.5 - AfarXivi2211.14032
- ] - Jhp: JHEP 06 (2022) 011
2.5 - _
2 [ T _: B
- I i . -t —
B 1 B
1.5 ”m’ _ i — -
N — i -
L . 0.5 -
0.5 “ S 5%: +35% BR unc. not shown _: :
+4.3% lumi. unc. not shown 2 |
B 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 ] |
0 2 4 6 8 10 12 0 |

P, (GeV/c)

> Total charm Rypy, is in agreement with unity

» Goal: Study modifications also in Pb—Pb collisions
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