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Introduction

Prompted by previous discussions on fragmentation functions, which
assume clean separation of perturbative and nonperturbative physics:

DH/Q(xH = xQz , µ
2) = DQ/Q(xQ, µ

2, µ2
0)⊗ fQ(z)× Pflavour

H/Q

where DQ/Q evolves with µ2 according to DGLAP,

usually from DQ/Q(xQ, µ
2 = µ2

0 ≈ m2
Q) = δ(xQ − 1);

and the µ2-independent fQ(z) has 0 < z < 1.

Old knowledge seems lost to people of today, so time to remind that

fragmentation functions fail in hadronic collisions;

they are based on the concept of independent fragmentation,
which has been disproven in e+e− collisions; and

string and cluster fragmentation of a Q introduce a dependence
on the colour connections and momenta of nearby partons.
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Factorization breakdown in fixed-target π−p

Volume 305, number 4 PHYSICS LETTERS B 20 May 1993 

1830 M e V / c  2 and f rom 1900 M e V / c  2 to 2000 M e V /  
c 2, normal ized  to the amoun t  o f  background under  
the D + and D -  peaks. The cont r ibut ion  of  this back- 
ground was then subtracted f rom the D ÷ and D -  
candidates  xF distr ibut ions.  The  D -+ sample  thus se- 
lected consists o f  322 + 20 D + - - ,K-  rt + n + on a back- 
ground o f  57 and 449 + 23 D -  --,K +rt - r t  - on a back- 
ground of  51 f rom n -  interact ions,  and  9 2 +  11 
D+---,K;:n+-rt +- on a background of  12 from p 
interact ions.  

After  acceptance correction, the rat io of  D -  over  
D + at  posi t ive xv for the n -  beam sample  is 

D - / D +  =l .34+O.13.  

The ( D -  - D  + ) / ( D -  + D  ÷ ) versus xF dis t r ibut ion 
(fig. 2) shows that  this excess of  D -  over  D ÷ in- 
creases with xr.  A combined  z2-run test [ 9 ] indicates  
that  the probabi l i ty  that  the D -  and D + normal ized  
dis t r ibut ions  be two random samplings of  the same 
l imi t  d is t r ibut ion  is less than 1%. 
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Fig. 3. xF distributions from ~ -  interactions, (a) D +, (b) D - .  
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405 
(xF = p∗L/p

∗
L,max , L = longitudinal, ∗ = in CM)

WA82, Phys.Lett. B305 (1993) 402

Fragmentation function factorization

dND

dxF
=

dNc

dxF
⊗ f (z) , 0 < z < 1 , z ≈ xF,D

xF,c
≈ ED

Ec
≈ p+D

p+c

does not work! .
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Production asymmetries in fixed-target π−p

uu → cc pulls D forwards, while gg → cc can pull either D or D:

cc

string pullstring pull
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Asymmetry A(xF) = (σ(D−)− σ(D+))/(σ(D−) + σ(D+)):
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Asymmetry A(xF ) =(D− −D+ )/(D− +D+ )

qq→cc @ 400 GeV

gg→cc @ 400 GeV

combined

WA82 @ 340 GeV

E769 @ 250 GeV

E791 @ 500 GeV
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Charm hadron composition at the LHC

EPS-HEP 2021 | Highlights from the ALICE experiment | K. Reygers

Charm hadronization in pp (1):

26

More charm quarks in baryons in pp than in e+e– and ep collisions

Charm quarks hadronize into baryons 40% of the time

~ 4 times more than in e+e–

arXiv:2105.06335 talk Luigi Dello Stritto

K. Reygers, EPS-HEP 2021

EPS-HEP 2021 | Highlights from the ALICE experiment | K. Reygers

0 5 10 15 20 25
)c (GeV/

T
p

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.80
/D

+ c
Λ

ALICE
| < 0.5y|
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PYTHIA 8.243, Monash 2013

          PYTHIA 8.243, CR-BLC:
Mode 0 Mode 2
Mode 3

SHM+RQM
Catania
QCM

ALI-DER-493847

Charm hadronization in pp (3)

28

 ratio in pp significantly different than in e+e–Λ+c /D0
arXiv:2011.06079

Charm quark fragmentation not universal!

e+e−
Standard PYTHIA 8 below data

Fair description by 
‣ PYTHIA 8 with CR 
‣ Coalescence + fragmentation (Catania) 
‣ SH mode + RQM  

(T = 170 MeV, additional states crucial)

Measurement of charmed hadrons down to 
unprecedentedly low pT at midrapidity

Λ+c (udc) → pK−π+

→ pK0s

arXiv:2106.08278

Would require Pflavour
H/Q

to depend on p⊥ and process
(+ multiplicity, more?).
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QCD-based Colour Reconnection

Christiansen & Skands(2015): QCD-inspired CR (QCDCR, CR-BLC)

Possible reconnections

Ordinary string reconnection

(qq: 1/9, gg: 1/8, model: 1/9)

Triple junction reconnection

(qq: 1/27, gg: 5/256, model: 2/81)

Double junction reconnection

(qq: 1/3, gg: 10/64, model: 2/9)

Zipping reconnection

(Depends on number of gluons)

Jesper Roy Christiansen (Lund) Non pertubative colours November 3, MPI@LHC 10 / 15

Stefan Gieseke, Patrick Kirchgaeßer, Simon Plätzer: Baryon production from cluster hadronization 3

referred to as a mesonic cluster

3 ⌦ 3̄ = 8 � 1. (5)

In strict SU(3)C the probability of two quarks having
the correct colours to form a singlet would be 1/9. Next
we consider possible extensions to the colour reconnec-
tion that allows us to form clusters made out of 3 quarks.
A baryonic cluster consists of three quarks or three anti-
quarks where the possible representations are,

3 ⌦ 3 ⌦ 3 = 10 � 8 � 8 � 1, (6)

3̄ ⌦ 3̄ ⌦ 3̄ = 10 � 8 � 8 � 1. (7)

In full SU(3)C the probability to form a singlet made out
of three quarks would be 1/27. In the following we will
introduce the algorithm we used for the alternative colour
reconnection model. In order to extend the current colour
reconnection model, which only deals with mesonic clus-
ters, we allow the reconnection algorithm to find configu-
rations that would result in a baryonic cluster.

2.3 Algorithm

As explained before the colour reconnection algorithms in
Herwig are implemented in such a way that they lower
the sum of invariant cluster masses. For baryonic recon-
nection such a condition is no longer reasonable because of
the larger invariant cluster mass a baryonic cluster carries.
As an alternative we consider a simple geometric picture
of nearest neighbours were we try to find quarks that ap-
proximately populate the same phase space region based
on their rapidity y. The rapidity y is defined as

y =
1

2
ln

✓
E + pz

E � pz

◆
, (8)

and is usually calculated with respect to the z-axis. Here
we consider baryonic reconnection if the quarks and the
antiquarks are flying in the same direction. This reconnec-
tion forms two baryonic clusters out of three mesonic ones.
The starting point for the new rapidity based algorithm is
the predefined colour configuration that emerges once all
the perturbative evolution by the parton shower has fin-
ished and the remaining gluons are split non-perturbative-
ly into quark-antiquark pairs. Then a list of clusters is
created from all colour connected quarks and anti-quarks.
The final algorithm consists of the following steps:

1. Shu✏e the list of clusters in order to prevent the bias
that comes from the order in which we consider the
clusters for reconnection

2. Pick a cluster (A) from that list and boost into the
rest-frame of that cluster. The two constituents of the
cluster (qA, q̄A) are now flying back to back and we
define the direction of the antiquark as the positive
z-direction of the quark axis.

3. Perform a loop over all remaining clusters and cal-
culate the rapidity of the cluster constituents with re-
spect to the quark axis in the rest frame of the original
cluster for each other cluster in that list (B).

Fig. 2. Representation of rapidity based colour reconnection
where the quark axis of one cluster is defined as the z-axis
in respect to which the rapidities of the constituents from the
possible reconnection candidate are calculated. (A) and (B)
are the the original clusters. (C) and (D) would be the new
clusters after the reconnection.

Fig. 3. Configuration of clusters that might lead to baryonic
reconnection. The small black arrows indicate the direction of
the quarks. A reconnection is considered if all quarks move
in the same direction and all antiquarks move in the same
direction.

4. Depending on the rapidities the constituents of the
cluster (qB, q̄B) fall into one of three categories:

Mesonic: y(qB) > 0 > y(q̄B) .
Baryonic: y(q̄B) > 0 > y(qB) .
Neither.

If the cluster neither falls into the mesonic, nor in the
baryonic category listed above the cluster is not con-
sidered for reconnection.

5. The category and the absolute value |y(qB)| + |y(q̄B)|
for the clusters with the two largest sums is saved
(these are clusters B and C in the following).

6. Consider the clusters for reconnection depending on
their category. If the two clusters with the largest sum
(B and C) are in the category baryonic consider them
for baryonic reconnection (to cluster A) with probabil-
ity pB. If the category of the cluster with the largest
sum is mesonic then consider it for normal reconnec-
tion with probability pR. If a baryonic reconnection oc-
curs, remove these clusters (A, B, C) from the list and
do not consider them for further reconnection. A pic-
ture of the rapidity based reconnection for a mesonic
configuration is shown in Fig. 2 and a simplified sketch
for baryonic reconnection is shown in Fig. 3.

7. Repeat these steps with the next cluster in the list.

We note that with this description we potentially exclude
clusters from reconnection where both constituents have
a configuration like y(qB) > y(q̄B) > 0 w.r.t. the quark
axis but assume that these clusters already contain con-
stituents who are close in rapidity and fly in the same
direction. The exclusion of baryonically reconnected clus-
ters from further re-reconnection biases the algorithm to-
wards the creation of baryonic clusters whose constituents
are not the overall nearest neighbours in rapidity. The ex-
tension to the colour reconnection model gives Herwig an

Triple-junction also in
Herwig cluster model
(2017).
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Bottom production asymmetries

Asymmetries predicted and observed also for charm and bottom hadrons
at the LHC, but full picture not yet clear.

A = (σ(Λ0
b)− σ(Λ

0
b))/(σ(Λ

0
b) + σ(Λ

0
b))

uncertainties on the Pythia models shown here are only due to the limited sample size
of about 12.5 million events. The results of the Pythia hadronisation model describing
the data best, along with the predictions of the heavy-quark recombination model are
presented in Fig. 11. The uncertainties on the heavy-quark recombination model are the
systematic uncertainties given in Ref. [5]. Overall, the predictions from the heavy-quark
recombination model are consistently higher than the 8TeV measurements, but remain
within uncertainties. For Pythia, only the model CR1 shows a good agreement with
the

p
s = 7 TeV measurements but it is also consistently higher at 8TeV. The two other

tested settings predict asymmetries that are too large, exhibiting the strongest deviation
at low transverse momentum.
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Figure 10: Comparison of the ⇤0
b production asymmetry predicted by the various Pythia

models, where CR1 refers to the QCD-inspired model and CR2 refers to the gluon-move model,
and the measured production asymmetries. Results versus ⇤0

b (left) rapidity y and (right) pT are
shown for centre-of-mass energies of (top)

p
s = 7 TeV and (bottom)

p
s = 8 TeV. Uncertainties

on the predictions are due to limited simulation sample sizes.

9 Conclusions

The most precise measurements of the ⇤0
b production asymmetry in

p
s = 7 TeV and 8 TeV

proton-proton collisions have been presented. A new method to estimate asymmetries in
the interaction of protons and antiprotons with the detector material has been developed.

21

LHCb, 2107.09593

Enhanced Λb production at low p⊥, like for Λc, dilutes asymmetry?

Little/no support for fragmentation function approach in hadron colliders.
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Fragmentation models

Consider hadronization in e+e− → γ∗/Z0 → QQ:

Q

(a)

Q

(b)

Q

(c)
(a) Independent Fragmentation: each parton fragments separately

along an axis stretching out from the CM origin;
ideological underpinning of fragmentation functions.

(b) String Fragmentation: string stretched from the Q via intermediate
colour-ordered gluons to the Q, with hadrons formed along its length
(and an occasional g → qq leads to the break of a string in two).

(c) Cluster Fragmentation: force all final gluons to split by g → qq
to give smaller and simpler clusters that decay to two hadrons
(and massive clusters are split into smaller along “string” direction).
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The string/JADE Effect

independent fragmentation

θ

q

q

g string fragmentation

q

q

g

θ

qg

qg

3 jets energy-
ordered.
JADE (1980,
1983)
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Jets are crooked

(E ,p) not preserved when massless partons become massive jets!

In the string model the
reconstructed q and q jet axes
are shifted in the g direction:

q

q

g

jq

jq

jg

qg

qg

Clear PETRA/LEP evidence
that independent fragmentation
does not work (in e+e−).

Torbjörn Sjöstrand Fragmentation Function Fallacies slide 10/14



b and B fragmentation spectra

Study e+e− → Z0 → bb at Ecm = mZ with shower and hadronization;
exclude events with additional g → bb branchings

0.0 0.2 0.4 0.6 0.8 1.0
x
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2.0

2.5

3.0

3.5

f(x
)

Inclusive x spectra
xE b quarks
xE B hadrons
xp b quarks
xp B hadrons

xE = 2E/mZ and xp = 2|p|/mZ

similar, except at small x values.
Red: b quarks after shower.
Blue: B hadrons after hadronization.

0.0 0.2 0.4 0.6 0.8 1.0
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0.80
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z
=

x B
/x

b

Average ratio of hadron-to-quark energy
zE ratio
zp ratio

Here ⟨z⟩(xb) with z = xB/xb.
Large xb: “deceleration” in b → B.
Small xb: “acceleration” in b → B.
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Environmental dependence

b

Given a b quark after the
shower, draw a R = 0.5
cone on the unit sphere
around it, and find other
partons inside the cone. 0.0 0.2 0.4 0.6 0.8 1.0

xB

0

1

2

3

4

5

6

7

8

f(x
B
)

xB hadron spectra for clean or dirty partonic environment
clean background
dirty background

Study bin 0.78 < xE ,b < 0.80 and define xcone = 2
∑

i∈cone Ei/mZ

Red: xcone < 0.05, ”clean” background
Blue: xcone > 0.15, ”dirty” background
Harder xB in dirty case! “Reabsorption” of emitted energy.
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Environmental dependence — caveat

Results not translated to hadron level:

B

π−
K+

π−

p

Same procedure as before,
but now a B hadron at
center and other hadrons
in a cone around it.
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)

xB hadron spectra for clean or dirty hadronic environment
clean background
dirty background

Still study parton-level bin 0.78 < xE ,b < 0.80. (Unphysical!)
Reversed order “clean” ↔ “dirty”, since now energy lost in b → B
contributes to background.

Torbjörn Sjöstrand Fragmentation Function Fallacies slide 13/14



Issues and conclusion

Naively dσ(D) = dσ(c)⊗ f (z = EB/Eb)× Pflavour(c → D).

Such factorization is strongly broken in hadron collisions,
as manifested by beam drag “speedup”, D (and B) asymmetries,
and an environment-dependent charm hadron composition.

PETRA and LEP data disprove Independent Fragmentation.

Fragmentation functions are static. They may work
for some simple tasks, but do not offer a full picture.

Event generators with strings/clusters are not perfect,
but they offer a more realistic and dynamic approach.

Generator uncertainty from many issues: NnLO, PDFs,
mc,b, αs, shower, match&merge, colour reconnection, . . .
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