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The factorization approach

ALICE

i (ry. Q%)
Hard scattering: faln1.Q

- large quark mass provides hard scale
- pQCD can calculate cross sections down to low p.

PDF — from ep collisions
FF — from e*e collisions

fp(r2. Q%)

d hadrons
= K
dyd pr ab;i“'_ -

Factorization of QCD holds if the non-perturbative part can be “captured” in universal PDF and FF
- generally assumed that the fragmentation functions are universal
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Results in e*e” and ep collisions
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global analysis that include e*e
(B-factories and LEP), ep (HERA)

very nice agreement across collision
systems

no Tevatron measurement of /\C

What about LHC results?

L. Gadalin: Eur. Phys. J. C75 (2015) 19
M. Lisovyi et al.: EPJ C 76 (2016) no.7, 397


https://arxiv.org/search/hep-ex?searchtype=author&query=Lisovyi%2C+M

A Large lon Collider Experiment (ALICE)
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Open charm and beauty meson production
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> Cross section measured in wide p. range down to p_ = 0 for D° and D* meson
— NLO pQCD calculations (FONLL and GM-VFNS) describe cross sections down to low p..

with fragmentation fractions extracted from e'e” ALICE: JHEP 05 (2021) 220
FONNL: JHEP 1210 (2012) 137 5
Andrea Dubla GM-VFNS: EPJ C72 (2012) 2082



. Charm and beauty fragmentation to mesons

ALICE

JHEP 05 (2021) 220

> Ratio of fragmentation fraction (FF) to mesons with and w/o strange quark
content similar for charm and beauty
> No significant dependence on energy and collision system
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Beauty
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ALICE

Precise l\c measurements in Run 2
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First measurements of A_ down to p_. = 0 in pp and p-Pb collisions!
pQCD calculations underestimate data especially at low p..
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FF used by GM-VFENS includes new input from Belle measurements (phys. Rev. D 97, 072005)



How do MC generators perform at LHC?

ALICE
b T ! T
>, 1=  ALICE —e— pp, Vs =5.02 TeV
= ——— PYTHIA 8 (Monash)
T HERWIG 7
- POWHEG
—— GM-VFNS

o Hip

PRL127(2021)202301
PRC104(2021)054905

The MC generators

-  PYTHIA 8 with Monash tune and colour reconnection
Eur. Phys. J. C74 no. 8, (2014) 3024

- where hadronisation is implemented via
clusters Eur. Phys. J. C58 (2008) 639707

- matched to PYTHIA 6 to generate the parton
shower JHEP 09 (2007) 126

- GM-VFNS pQCD calculations — compute the ratios of
the A_ and DO cross sections with the same choice of
pQCD scales Phys. Rev. D 101 (2020) 114021

All implement fragmentation processes tuned on charm
production measurements in e*e” collisions, — predict a
value of the /\C/D0 ~ 0.1, with a very mild p. dependence.

Significantly underestimate the data at low p_ by a factor of

about 6-10, while at high p_ the discrepancy is reduced to a
factor of about 3.

Andrea Dubla



How do MC generators perform at LHC?

ALICE The MC generators
o R I - PYTHIA 8 with Monash tune and colour reconnection
AT ALICE —e— pp, s =5.02 TeV — Eur. Phys. J. C74 no. 8, (2014) 3024
= ——— PYTHIA 8 (Monash) - HERWIG 7 where hadronisation is implemented via
T HERWIG 7 | clusters Eur Phys. J. C58 (2008) 639-707

- ] rate the parton
Universality: where are you? } e ratios of

I H he choice of
0.5 H‘Iﬂ‘

' #| N.B. Further study by R. Maciula and A. Szczurek [ r"e*;?g[“a
i (Phys. Rev. D 98, 014016 (2018)) zndence

ACID data cannot be described by tweaking D and A, FF

0 1 1 1 | | 1 1 1 | 1 1 1 | J 7J ™ y a faCtor Of
5 10 about 6-10, while at high p_. the discrepancy is reduced to a
factor of about 3.

PRL127(2021)202301

PRC104(2021)054905 Andrea Dubla



Any model with different assumption?

ALICE

- PYTHIA 8: color reconnection (CR) allowed between partons from different MPIs.

- Statistical: total yields governed by mass of hadron states at a universal
hadronization temperature.

- Coalescence: combination of quarks close in phase-space.

10
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% A PYTHIA model with CR?

ALICE JHEP 1508 (2015) 003
- Colour reconnection mode with SU(3) topology weights + string-length minimisation.

- A dynamical “QCD-inspired” way for coalescence?

No CR Old CR New CR

@ @ @) (@) (%)
@ ON>NERO

- Minimization of the string length over
all possible configurations

- CR allowed between partons

- _Partons created in from different MPls to minimize _ Junction reconnection — enhance
different MPIs do not string length
interact - used in Monash tune baryons
- Include CR with MPls and with beam
remnants

11
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Higher mass baryon resonance states?

ALICE

He and Rapp, pPLB 795 117-121 (2019)

- Same FF used by FONLL, tuned on D° ALICE data + scaling for mass.
- Feed-down from augmented set of charm-baryon states based on relativistic quark model

O PDG: 5 A (I=0), 3 .. (I=1), 8 E. (I=1/2), 2 Q. (1=0)=> missing baryons?!

RQM: 18 extra A, , 42 extra L, 62 extra =, 34 extra Q. up to 3.5 GeV
=» supported by lattice PRD 84 (2011) 014025; PoS LAT. 2014 (2015) 084; PLB 737 (2014) 210

ni (104 fm=3) DO Dt D D+ Ar EHO QO
PDG(170) 1.161 0.5098 0.5010 0.3165 0.3310 0.0874 0.0064
PDG(160) 04996 0.2223 02113 0.1311 01201 0.0304 0.0021
RQM(170) 1.161 05098 0.5010 0.3165 0.6613 0.1173 0.0144
RQM(160) 04996 0.2223 0.2113 0.1311 0.2203 0.0391 0.0044

Andrea Dubla

s/D°
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0.5

pp, Vs =5.02 TeV

M. He and R. Rapp: N
—— SH model + PDG

SH model + RQM




Coalescence in pp?

ALICE Catania: Transport model with hadronization via coalescence+fragmentation

- Quark-gluon plasma in pp collisions — quarks and gluons with thermal distributions
- Charm quark spectrum from FONLL
- Same first excited resonances as PDG

At p; = 0, a charm quark mainly hadronizes via coalescence, while at high p. fragmentation becomes dominant

o T T T T | T T T T ‘

e 1= -

< pp, Vs =5.02 TeV .

i Catania, fragmentation Fraq mentatlon Coa|eSC€‘nce
- Catania, fragm.+coal. 7 }v
0.5 n g : c/
oL PLB821(2021)136622
5 10 13

p, (GeV/c) Andrea Dubla EPJC(2018)78:348



A comprehensive comparison

- New CR tunes in PYTHIA 8 largely enhance
the baryon yield. Similar measurements and
prediction at different collision energy.

L : O ALICE Preliminary
[} ALICE (PRL 127 (2021) 202301)
PYTHIA 8 (Monash)
---------- PYTHIA 8 (CR Mode 2)
--------- HERWIG 7

Catania, fragm.+coal.

M. He and R. Rapp:
————— SH model + PDG

SH model + RQM

- also enhance the baryon yield
and better describe the data

- Catania is the model that enhances the
baryon contribution more thanks to the
i coalescence approach

| | | | | 1 1 1 | 1 1 1 ] | | 1 | 1

LY
PR
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ALICE

More differential....
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Enhancement observed for /\C/D0 from low
to high multiplicity
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More differential....
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Enhancement observed for /\C/D0 from low

- Pythia Mode 2: Multiplicity trend qualitatively in
line with data

to high multiplicity

no variation with mult. in default PYTHIA 8

(Monash) 16
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The complete plcture from pp to Pb-Pb

ALICE & ;[ ALICE” o0 | a<p, <scevicd
> [ [yl <0.5 1

R X
< 121 4 pp, {s=13Tev — stat. ]
L v pp, Vs =5.02 TeV [ syst.
r . p-Pb, {5 = 5.02 TeV extr.

0 8:— = Pb-Pb, |5, =5.02TeV RN total

as? ¥

N
\

.::l:::,::.,...,.::{:::l::w

: iy N N
04f i N} -
0.2F >
. AT Loy ey panl] v 1 el N Lol Lol Lol
1 10 102 10 10 102 10°
(AN /dM) <05 (AN /dm) <05

> no evident mult. dependence from very low (pp) to very high (most central Pb-Pb) multiplicity for p. >0
> no enhancement of total yield of A" _wrt D% in Pb-Pb wrt to pp collisions

- adense particle enwronment in pp: act as proxy for “collectivity”?

- different hadronization mechanisms for baryons and mesons act in different momentum ranges?

effect of system expansion?
Andrea Dubla
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% HF in jets: to look into fragmentation

H LICE -‘C&= 5._I T T T l T T T T l T T T I T T T T I | . ; T T I T T T T—]
L] ~ ALICE Preliminary, pp, Vs = 13 TeV .
Py % i A¢ (and charge conj.) in charged jets with 0.4 < zﬁ“ <1 C ]
2 4 B anti-k;, R =0.4, | Mt < 0.5 — i
1 - Ci —
AC i 3 L T<ipy, jot < Sange syst. unc. -
- - 3<p, . <15GeVic l o POWHEG + PYTHIA 6 g
3__ ¢ PYTHIA 8 (Monash) ol
B ¢ PYTHIA 8 SoftQCD, mode 0
- | y—
o= % % = O
- 0t
- Data point toward a softer fragmentation w.r.t. s | ]
classic in vacuum fragmentation models in the : Z
Iopr,ch_jetrange(beyond Leading Color ol b b v b v Lo Ly
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fragmentation needed) Zh

ALI-PREL-337688
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% Heavier charmed baryons:

) L L A L
HLICE e : ALICE ) g;tinc ] o 0.6 [ l T I T I T ' T I T i
ROV S [ AUCE C 0 R
L 0.5 i ode B = = ' i
0 3_ vl < - E&::ngc’geg ] % 05F K/Ffji c 13TeV , zypo b
S 7 Catania (coal.+fragm.)__ B SHM+RQM i
C % SHMEFACH ] é 0.4F 7 Catania (coal.+fragm.)
P ' “TL o mmea QCM -
0.2 %/ % 7 & - ]
- iy, - S - PYTHIA 8.243 -
. ] é O 3 — Monash -
(e) I I Mode 0 i
P - $$ - Mode 2 ]
®© 02+ - — — Mode3 ]
m ’ N il .
WAN - -
0.5 s - B
. ) B —: ------------- ./0 /”/7/) :
-  New PYTHIA CR tunes do not describe the measurements X :-.'::--_-.--aum-.\_...’,”_g’f” e .
of EOC baryons. No strangeness enhancement in PYTHIA. [) Lcemnenandeosenpmmproespevipss i L L
Additional modelling is needed 0 2 4 6 8 10 12 14
-  SHM+RQM also don't describe the data: not enough baryon P (GeVic)

resonances?
- Catania is the model that gets closer to the data also in this

case. Indication of coalescence in pp collisions?
19
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% ...and QOC BR(Q' — 7'Q") = (0.51 £ 0.07)% [Eur. Phys. J. C 80, 1066 (2020)]

6-\ T T T | ] T T T T T T T T ? 6\0 3 T T T T T T T T T T T T E
H LICE [a) ALICE Preliminary PYTHIA 8 3 Q) = ALICE Preliminary PYTHIA 8 3
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BR(QIc S0 n+)|= (0.51 i—IO.07)% [EIPJC 80, :066 (202|0)] a E BR(Q? - Q%) = (0.51+ 0.07)% [EPJC 80, 1066 (2020)] 3
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- Large enhancement observed with enhanced CR tunes

- OnIy Catania gets closer to the data Belle: Phys. Rev. D 97, 072005 (2018)
Ratio ALICE (pp@13 TeV) Belle (et e~ @10.52 GeV)
2 < pr<12GeV/c visible

BR(Q - Q= 7t) x 0(Q0)/o(AT) (1.96+£0.42+0.13) x 1073 (9.7041.27£0.66) x 1073
BR(Q? » Q7)) x 6(Q0)/0(EY) (3.99+£0.96+0.96) x 10~3  (5.824+0.78 £1.34) x 10~*
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Charm fragmentation fraction at LHC

ALICE H. fle — Ho[%] =2 | l | | i
DO 39.14 1.7(stat) 23 (syst) I [ "ALICE. pp. ¥s=5.02TeV ]
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D 17.3 4 1.8(stat) ", (syst) i +LEP, ¢'e", V5 = m, |
DS 7.3+1.0(stat) "} ] (syst) i * HERA, ep, DIS

0.6—<>+ o HERA PHP
AF  20.4+1.3(stat) ) S(syst) [ 8 SRk

2x EY 8.0+ 1.2(stat) 32 (syst) .

Tl Pl iy 04 7] -

> D**feeds into the D’ and D" mesons 0.2 B %E‘: 3 Cﬁ _:

fle—EY/f(c — Af) = 0.39 +0.07(stat) 7005 (syst) I | | & | Yo | [+] |
M. Lisovyi et al.: EPJC76(2016)n0.7,397 D° D* D! A 0 D*

fle =B/ flc—= A = f(s = E7)/f(s — A ~ 0.004
Andrea Dubla

PRD105,L011103(2022)
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Charm production cross section at LHC

HLICE 3 T |||||| T | T T T TTT T T T ||I|I|
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5 - ALICE y
Y10° | f |
= - o PHENIX =
R - < STAR
L>b B P
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10 | ——— NNLO _
:I | I | | | | IIII[| | | | IIIII| :
4x1072 107'2x10™ 1 2 34 10
s (TeV)

PRD105,L.011103(2022) Andrea Dubla

New FF allowed to update the charm
cross section measurements previously
published at 7 and 2.76 TeV

New measurements are 40% higher
than the previous ones.

Measurements barely compatible with
the upper edge of the FONNL and
NNLO calculations

STAR: Phys. Rev. D 86 (2012) 072013
PHENIX: Phys. Rev. C 84 (2011) 044905
FONLL: JHEP 1210 (2012) 137

NNLO: JHEP 03 (2021) 029
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% Non-prompt A _ in pp collisions

H LICE OD CT T 7 L LI LN BB LU E OD L LN I L I Y I B L B B
< 18b ALICE Preliminary ly| <0.5 - = 180 ALICE Preliminary ly| <0.5 -
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- Almost all the A_" originate from /\b0 decays (B-meson contribution is minor)
- Measurement underestimated in case of b-hadron FF from e*e™ and in case of PDG decay table

LHCb: PRD100(2019)n0.3,031102 23
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Conclusion

Charmed baryons studies at the LHC were a big surprise: we were looking for a baseline in pp to
then look at an enhancement in Pb-Pb and we found something different from e*e” and ep
Dependence of fragmentation fractions on collision systems is firmly established!

The access at low p_ allow us to test hadronization models in the LHC parton rich environment

Andrea Dubla
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%{% Conclusion

- Charmed baryons studies at the LHC were a big surprise: we were looking for a baseline in pp to
then look at an enhancement in Pb-Pb and we found something different from e*e” and ep

- Dependence of fragmentation fractions on collision systems is firmly established!

- The access at low p_. allow us to test hadronization models in the LHC parton rich environment

— 7 K —
dyd pT abcd-‘-_ dt

The LHC is a perfect laboratory to study the dependence of the fragmentation fractions on the
surrounding parton rich environment

25
Andrea Dubla



ALICE

BACKUP

Andrea Dubla



s

Historical shapshot

ALICE

Fragmentation fractions of charm quark used as default
inputs in a standard factorization approach

H, | fle=H)[%] | fb— He)[%] |

o 542 + 2.4 +£ 0.7 | 58.7 £ 2.1 + 0.8

Bt 225+ 1.0+05[223+11+05

DT 92 +08+05 [ 138+ 09 + 0.6

AT 57+ 06+03 | 73+08+04
D*T, rate 234 +07+03[233+1.0+0.3
D*¥, double-tag | 244 £ 1.3 +£0.2 [ 17.5 £ 2.0 £ 0.1

| D**, combined | 23.6 +£ 0.6 + 0.3 | 22.1 + 0.9 & 0.3 |

flc = EF)/flc = AF) = f(s = E7)/f(s = A®) ~ 0.004

[
o

flc — H,)

0.4

0.2
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L. Gadalin: Eur. Phys. J. C75 (2015) 19
M. Lisovyi et al.: EPJ C 76 (2016) no.7, 397

T T l T

I

[ |

B factories, e'e”, ¥s = 10.5 GeV

LEP, e'e”, Ys=m,

I
e HERA, ep, DIS |
= il HERA, ep, PHP ! 1
— ¢ N
- + : -
I . ! |
B . 8]
! ‘ ﬁ ? |
L ¢ , |
| | | [
+ +
D D} A = D
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https://arxiv.org/search/hep-ex?searchtype=author&query=Lisovyi%2C+M

AR Precise A, measurements in Run2
ay
=Y L R [ T 1 1A A SEAR Eo sl RALEN RAREN RELES EEAL) REEES EALL) LEsE)
ALl pp. {5 = 5.02 TeV T 15 p-Pb s, =502TeV 12 17 pPbsy=502Tev
- ALICE, [y < 0.5 1< ALICE I e D < 12GoVIc
CMS, ly| < 1.0 (PLB 803(2020) 135328) 0.8 = 0%6<y <004 — 0.8 LHCZT
: LHCb (JHEP 02 (2019) 102) ] i ——2<p. <10 GeV/c
06__ H:H —9—1.i;y<4.025 R 06__ T
B or -45<y<-2 i L
OSJHLJ& | 04: H JM_ ] 04:J$L J&L JE[
| ] A 0k ngn — N
b | 1 et Sy
— 1 o2l il . - 0.2t
e'e’ [ i ] I
I i 0' T T 0_....|....|....|....|.1..|....|...11....|....|..
I H (R - R 0 10 20 5 4-3-2-10 1 2 3 4
p, (GeVic) P, (GeV/c)
More precise measurements highlight a strong p, dependence (CMS reaches higher p.).
- Low p, significantly higher than e’e’
- High p_ the /\C/D0 ratio approaches the value measured in e*e”
Comparison with forward/backward rapidity measurements (LHCb) shows some interesting trend
- All experiments agree with the picture of higher baryon-to-meson ratios with respect to e*e
28
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Similarities or accidents

.9 T ||||||| T T ||||II| T T I||||I| T T T T T T7TT
ALICE £ [ Ak T T emiesen  arxivi201106078 |
N PP, e -096<y__<0.04
c pp, Vs =5.02 TeV Y oms
s | vi<o5 y1<08 1 a0 arXiv:2011.06079 |
£ - AYD° o Ks —o— A/KS, PLB 728 (2014) 25-38
Iy 3 pln 'FJ’/RL 111 (2013) 222301+  —a— p/x, PLB 760 (2016) 720 E
= 7 PRC 101, 044907 (2020) ™ bLB 760 (2016) 720
s L
oy
g L
I W | -
0.5~ o .||I.-,,| '

T3]
LG

5. (GeV/c) . (GeV/c)

Comparison of the baryon-to-meson ratio in the heavy and the light sector show remarkably similar properties
- The /\C/D0 ratio is consistent with the /\/KOS both in magnitude and shape.
- Similar p; trend observed for p/s.

Hadronisation mechanisms similar for light and heavy quarks?
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Similarities or accidents

ALICE

Baryon-to-meson ratio

Comparison of the baryon-to-meson ratio in the heavy and the light sector show remarkably similar properties
- The A /D ratio is consistent with the A/K®

0.5

| ALICE

pp, Vs =5.02 TeV pp, ¥s =7 TeV
0.5 v <05
= IyI/; N A/Kg
Afn E/RL 111 (2013) 2223011

7 PRC 101, 044907 (2020)

o
l: llllm '

T3]
LG

PLB 760 (2016) 720

T T T TTT | T
p-Pb, Ys,y = 5.02 TeV
-096<y__<0.04

1 —=—AyD°

—e— A/KY, PLB 728 (2014) 25-38

—a— p/z, PLB 760 (2016) 720

cms

arXiv:2011. 06078

arXiv:2011.06079 |

- Similar p; trend observed for p/s.

. (GeV/c)

Rdo’/dp

both in magnitude and shape.

25

LHCb, Phys Rev. D99, (2019) 052011

LHCb
[ 5y = 8.16 TeV

+B°/B+

4+ AYB°

pr 25<y<35

_E_

=

Hadronisation mechanisms similar for light and heavy quarks?
LHCb measurement of /\b/B0 show also similarities in the beauty sector
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ALICE

Similarities or accidents

5<Q*<25 GeV?

g [ a ZEUS, Eur. Phys. J. C 51, 1-23 (2007)
% 1= o, V5 = 5,02 TeV pp, Vs =7 TeV T ;Q 0.6 B L B L L B L ]
2 <05 lAy/|K<05 + > - e ZEUS 121 pb” ]
E o ;,‘,,QD +PRL111 (2013) 222301 - 0.5 |- ——
E PRC 101 044907 (2020) +ELB760 (2016) 720 z : ~ AR R RNARRRRRNNRNY ] f
o + - a —
P = = ]
s Z B ¥ ]
_j LEPTO (0.3) -
:_ == ARIADNE (0.3) _:
i niie - ARIADNE (0.22)

Note in e*e” and ep (DIS) for the LF sector this was apparently already there...

Illlllllllllllllll

1 1.5 2 2.5
LAB

(GeV)

- larger values seen already at HERA in strange sector
- in e’e’(ep) baryon-to-meson measurements limited to p_ < 2 (2.5) GeV/c
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ALICE

More differential....

Baryon-to-meson ratio

: T T T T I T T T T ] T I T T T T I T T T T :: T T T T I T T T T I T T T T I T T T T I T T T T :
0.9F ALICE o ES o E
3 /s = 13 TeV N, multiplicity classes T Pyow Multiplicity classes E
0'85 E,F|)< 0.5 (dNy/dm): ¥ (dN,/dm): ]
0.7;— ’ - 3.1 AZ/DO —E— —.— 4.4 A;/ D° _;
osE —— 37.8 i —— 315 E
F = 38 A+M/KY T 'B‘ —8— 46 A+ X)/(2K0 1
0.5 ik _B_ ps NS E3 25 TS E
04t E o :
0.3fa —* ==, Eﬁ - . 3
i % it - 7 Ly ]
0.2F — t E:: 5 fl E
: 1 I 1 1 1 1 l 1 1 1 1 l 1 1 1 1 I 1 1 1 1 _: 1 1 1 1 I 1 1 1 1 I 1 1 1 1 l 1 1 1 1 I 1 1 1 1 :
5 10 15 20 5 10 15 20
P (GeV/c) P (GeV/c)

Similar p_-trend of baryon/meson ratios in HF and LF sectors and similar evolution with
multiplicity is there a common kinematic scale / mechanism?
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More differential....

HLICE o - T LA B B T T T I
0O o9E ALICE, |y| < 0.5 E
e 085—. pp, (s =13 TeV - —
< v = = pp, (s =5.02 TeV - — ]

0.7E ¢ p-Pb, \5y=502TeV_— E
0.6 > IH =
0.5 @EI ] . =
oab [l E
- PYTHIA 8.243 .
0.3 Monash 2013 e Sl =
0.2 CR-BLC Mode 0 [ syst. E
Tk CR-BLC Mode 2 extr. :
0.1E CR-BLC Mode 3 ]
AE_ =
: 1 1 1 1 l 1 1 1 1 | 1 1 1 1 l 1 1 1 1 I 1 l:

0 10 20 30 40
<dNch/dn>|n|<0.5

- Pythia Modes: increase of baryon-to-meson yield ratio depends on multiplicity
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% More differential....

HLICE o 1_' T N L B TR B R B T B [N AL B LA 'l —t— |l —— |l| T l'l H
() I i |
~ L ALICE o PYTHIA 8.243 Y. Chen and M. He i
+ 0 - pp, /s =13 TeV, |y| < 0.5 + = Monash CE-SHmodel -
< 08 N,,, multiplicity classes i CR-BLC Mode 0 .

i (dN,/dn): ALICE; PYTHIA; SH model T #7224 CR-BLC Mode 2 7
B - 3.1; 29; 3.1 o CR-BLC Mode 3 &
- —— 378, 406, 37.8 J
0-6 g E ﬁ _
= T -
of T ]
il T T ]
a8 ria _
— m —
SN T — |

L I 1 1 1 L I L 1 1 1 I 1 1 1 i | I 1 1 1 1 T 1 1 1 1 I 1 L 1 L I 1 1 1 1 I 1 1 1 1 I L 1 1 1

2 10 15 20 5 10 15 20

P (GeV/c) P (GeV/c)

- SH model with Multiplicity dependence derived from reduced volume size towards
smaller multiplicity.

- Pythia Mode 2: Multiplicity trend qualitatively in line with data - no variation with muilt. in
default PYTHIA 8 (Monash)
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ALICE

Factorization a very successful framework

LHCb D°
Vi=13TeV

POWHEG+NNPDIG.0L |

27.4po"(5.02 TeV pp)

28.0 pb” (pp 5.02 TeV)

107

Tt o Do 3
v ] FONLL 107 CMS D°+ D ECcMS B
3 10 aMVENS e <10 2 F ™ am (s Daa
S 5 ok m—ro
- ﬁ; 10 %ﬂiﬁ - E — yl <2
2 ® 107F % E Giobal uncert. 3.8%
€ AT _;-ha @ - —
= RS A a0 —— 2 10k
v g |‘1 10 FONLL gk
28 T I 10 CJGMVANS — e E —_——
5 10 - F
510 3 10p Global uncert. 25% 8I8 u
B0 NS 10
= 25E E —
B 105 =2 1 2E B
210 86 ot 3 :
7 []= Z 15
w07t 22 g B
] & F
0505 &9 sl h=q31 ol B il
o 35 0 30 30 50
P, (GeVk) P, (GeVic)
o 1 T T T T T T T T T | | 8t 1.2 T T /| T T T T T T T
= S ] 0.30F = T T T
= ALICE pp, \s=7 TeV ] + [ = ALCE ” ] . 2 SSiice
* 4 (total unc.) .
o <05 4 & 1 ===z FonLL D™*/D° 3 < 025 2 oL ke x4
r D+/DO ] [ ===  GM-VFNS ] < 020 R gh
C 7 B N 7 =~ — E extr. unc. -

0.81 0.8~ ===u= LO Kk, fact. - © 0.15 [~ LHCb (total unc) i ]
g : % 010 - ¢ -
0.6 0.6[- i 103 —— NLO(MNR) =

E E * 0.05F 3 E J
0.4F 0.4fF = 0.00 Belle + £ ; #
] i 2 B 1+ O [ Babar/CLEO + 35 1.0 5
F - - & » 20<y <25 + L S 4
gk B ik i 0.05 + 25<y<30 1ol :usmrmw
B 4 - L L " E J £653 (pA)
[ + 2 7 / BR uncenamty not shown ] - - 0 7/ BR uncertalnty not shown ] 0 95 4 6 8 10 14 E F 3 v E743(:A:
S S I [0 PR PO TR F- = -7 R 10 R PO TR - - pr [GeV/c] L' v a7 o)
p; (GeV/c) B (GeV/c) ) 4 4 NAIS (pA)
g S0 T
Bl | L 4 9
10 107 10° . 10!
/s (GeV)

Plethora of data indicating that open-charm and open-beauty meson production
- vs. p;andy (wide range covered)
- at very different collision energies
- charm meson species relative abundances

is described by pQCD calculations
relying on the factorisation approach
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/ Is it really the case?

( ! I ‘ RN OURIER Reporting on international The results (see figure) are compared with the expectations obtained from perturbative
C high-energy physics

QCD calculations and Monte Carlo event generators. None of the models reproduce the
dataindi_catiig tkﬁt ttﬁfr:ﬁme_mati_on (1 chim ﬂarﬁ is 5 not L'ell 1nde_rsto_od. A
similar pattern is seen when comparing the Z°./D° baryon-to-meson ratio with
Physics v | Technology ~ | Community ~ | In focus~ | Magazine predicted values (see figure, right), where the latter have a sizable uncertainty due to

the unknown branching ratio of the decay.

P STRONG INTERACTIONS | NEWS These two results suggest tE( cﬁmﬁd iﬁrycﬁ foinati_on Eight_nowe ﬂiveisal, and
2 ALICE investigates charm-quark hadronisation that the baryon/meson ratio depends on the collision system. Hints of non-universality
16 February 2018 of the Egrﬁmﬁonﬁunc_tior;are_als;sen;wlzn c?mp?rin-g beauty-baryon
= production measurements at the Tevatron and LHC with those at LEP. The ratios
, V5= 7 TeV
= 1.4 IF:I oA Auce measured in pPb collisions are similar to the result in pp collisions.
o AUCE pp, V5= 7TeV S ah ALICE
129 ™ briias (Monash) 1071 |y1<0s 773 PYTHIAS Monash [64)]
10 = s CRuese) -1, fa - S02 T é. PYTHIAS (CR, Mode0) (28]
. b - 096 <y<0.04 10'7! 3
2 0.8 ) » AUCE G ‘ 2 = R
. @
(" " T A 7
04 U T_g & W 1044 ///’/’////////////////////////////M
A | Bt et Nt 1 1] 1 1
o e TR e 0 2 4 6 8
0 T T pr (GeV/c)
ka O 5
N Py (GeV/e)

(Left) The A*./D° baryon-to-meson ratio measured in pp and p-Pb collisions as a function of
transverse momentum, compared with different event generators for pp collisions. (Right) The
ratio of the pydifferential cross-sections of Z° baryons (multiplied by the branching ratio into e*
ve =) as a function of transverse momentum, showing the large uncertainty on the Z° — e* v =~
branching ratio (shaded bands).
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% A sensitive quantity: A_/D°

HLICE JHEP 1804 (2018) 108 A;/D" £ stat. £ syst.  System /5 (GeV)
i=) aial. : /I\Llc;E RS eE CLEO [43] 0.119+£0.021£0019  ee 10.55
-Zo i 5 e pp, Vs=7TeV, lv] < 0.5 ] ARGUS [42,98] 0.127+0.031 ee 10.55
12|~ = p-Pb, |s,, =5.02TeV,-0.96 < y < 0.04 = LEP average [80] 0.113£0.013£0.006 ee 91.2
1 03 4 ZEUS DIS [51] 0.124+0.034°093  ep 320
0.8 - S 0.220+0.035'0937  ep 320
[ ’ HERA 1 [49]
; ZEUS w. 0.107 £0.018*3 013 ep 320
%: ) HERA 11 [50]
0.4 - T—
0.2 e*e- o] - no drastic change between pp and p-Pb
0 T - "tension" with e*e"and ep results (p; integrated)
b 5 10 - Do the Vs and/or the collision system play a role?
P, (GeV/c)

"fragmentation to heavy-flavour baryons is not well understood"
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% Meson-to-meson yield ratios

H LIC E OD Y (U W | I | L | I L L T 1 1 T 1 1 ‘ | P YD | ‘ T T 1 | L :\ 0_8 N T T T I T T T I T T T ‘ T T T I T T T I T T T I T ]
< 1oL ALICE ly| <0.5 ] Q [ ALICE pp, (s=5.02TeV |y|<0.5 °
+ = o o — —
o [ pp,Vs=5.02TeV - o 07 Prompt Non-prompt .

1.0 Prompt Non-prompt ] - 0 6:— e Data = Data E
I e Data s Data i o C FONLL + PYTHIA8 Dec. 7
_ 0 FONLL FONLL + PYTHIA8 Dec. | . D; < B%+B*+B+A, g
0.8 7 "~ D; < B:;+B+ .
; 6? ] 0.4 D: < B, .
. —r—t ] - :
| e :
| By 0.3 | | -
I [mt ] 0.2F ? -
L R r ]
0.2f ) ot $‘$EE = = =
- +1.9% BR uncertainty not shown ' [E .
_\ | | | 111 | L1 1 ‘ 5 o | 1 L1 1 | L1 ‘ | G A | ‘ L1 1 | l_ 1 1 1 | | 1 1 | 1 1 1 ‘ 1 1 1 | 1 1 1 | 1 1 1 | | 68

0 2 4 6 8 10 12 14 16 0 2 4 6 8 10 12
P, (GeV/c) P, (GeV/c)

- D-meson production ratios compatible with pQCD with fragmentation fractions extracted from e*e
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Integrated yield - model comparison

ALICE Oe 10 L | | | | | o]
T i

I~ = ALICE, pp, (s =5.02 TeV

- PYTHIA 8: JHEP 08 (2015) 003
—— Monash 2013 —
------- CR Mode 0
------------- CR Mode 2 .
0.8 - ___ CRMode3

1

0.6

: I e i x 30
0.4 |- i v (%]

il N % 30 e litin)
0.2 N . . 7]

0 l | \ s
D* D* D! A =0 0 Jh

- open charm meson ratios the PYTHIA 8 generator predictions with the different tunes are
fairly similar and describe the measurements within uncertainty

- Significant differences in the PYTHIA 8 predictions are observed when comparing them with

the measured baryon-to-meson ratios. 29
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ALICE

Integrated yield - model comparison

OD L I I | I I |
~ 1.2~ = ALCE, pp, /s =5.02 TeV =
L - PYTHIA 8: JHEP 08 (2015) 003 1
1~ —— Monash 2013 —
IEREEEE CR Mode 0 ]
[ CR Mode 2 .
0.8 - ___ CRMode3 .
0.6 - -
0.4 :—m m
0.2 | n
0 0 | |

D+ D*+ D+

S

H, / D°

1.2

0.8

0.6

0.4

0:2

T

* ALICE, pp, Vs =5.02 TeV

SHM: Phys. Lett. B 795 (2019) 117-121
------- PDG, T, = 160 MeV

............. RQM, T, = 160 MeV

~-- PDG, T, = 170 MeV

T

I I I I I I

1

| | | I L | I L1 1 l

- —— RQM, T, =170 MeV

“@"‘%’ --------------------- x 30 |

__ X 30 1

S 1 ] :

_ | I | |.”_'"f"_“."1"'."_"‘_”_‘f| | i
D* D** D; A;' Eg Q®  J

two hadronisation temperatures leads to small variations in the meson-to-meson ratios, which are
described by the model calculations — significant variations are observed in the baryon sector.

The additional baryon states in the RQM almost double the fraction of the ground-state A_ in the system

relative to the PDG scenario.

=° /D ratio is also observed to increase by a factor 1.3
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DO and Lc FF in e+e-

ALICE .
PDG 2019 fragm. funct. review, and Belle, PRD 97, 072005 (2018), PRD 73, 032002 (2006)
references therein BaBar, pRD 75, 012003 (2007)
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Are there model calculations?

0.5 — 0.03 . : 0.03 — @ 25
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ALICE

Strange-charm baryons

C"E ALIICE| o o 06_ — T T T T T T T T T T T T ]

1) 0.4 PP, V{s=5.02 TeV ] E i ALICE ) Eg/DO BR unc. ]

<05 e c 05F PP, Is=13TeV | gy -

0.3F PYTHIALB Monash2013 —| 8 B Iyi <05 ]

0.2F %L . g 0.4 Monash —

L i - : Lo+ :

o1 4 1 5o03f .

I v i W N Y NN a . . -

0 2 4 6 8 10 m 0.2LC N _‘

p, (GeVic) r ' — 7,?, ]

Monash tune significantly underestimates the databy (.1 [ H = -

a factor of about 20 in the low p_. region and by a Z N i

factor of about 7 in the highest p_ interval 0 - o e g S ]
0 2 4 6 8 10 12 14

E*C measured to be consistent with EOC PT (GeV/c)
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Beauty production cross section at LHC
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— Measurements described over a
wide range of energy by FONLL
and the more precise NNLO
calculations

ALICE Non-prompt D: arXiv:2102.13601
ALICE Non-prompt J/w: JHEP 11 (2015) 065
ALICE b—e: PLB 721 (2013) 13-23

ALICE Dielectrons: arXiv:2005.11995
PHENIX: PRL (2009) 103, 082002

UA1: PLB 256 (1991) 121-128

CDF: PRL 91 (2003) 241804

FONLL: JHEP 1210 (2012) 137

NNLO: JHEP 03 (2021) 029
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