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Hadronization

Hadronization/confinement is nonperturbative ⇒ only models.

Main contenders: string and cluster fragmentation.

Begin with e+e− → γ∗/Z0 → qq and e+e− → γ∗/Z0 → qqg:

Y

XZ

Y

XZ
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The QED potential

In QED, field lines go all the way to infinity

since photons cannot interact with each other.

Potential is simply additive:

V (x) ∝
∑

i

1

|x− xi |
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The QCD potential – 1

In QCD, for large charge separation, field lines are believed
to be compressed to tubelike region(s) ⇒ string(s)

Gives force/potential between a q and a q:

F (r) ≈ const = κ ⇐⇒ V (r) ≈ κr
κ ≈ 1 GeV/fm ≈ potential energy gain lifting a 16 ton truck.

Flux tube parametrized by center location as a function of time
⇒ simple description as a 1+1-dimensional object – a string .
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The QCD potential – 2

Linear confinement confirmed e.g. by lattice QCD calculation
of gluon field between a static colour and anticolour charge pair:

At short distances also Coulomb potential,
important for internal structure of hadrons,
but not for particle production (?).
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The QCD potential – 3

Full QCD = gluonic field between charges (“quenched QCD”)
plus virtual fluctuations g→ qq (→ g)
=⇒ nonperturbative string breakings gg . . .→ qq
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String motion

The Lund Model: starting point

Use only linear potential V (r) ≈ κr
to trace string motion, and let string
fragment by repeated qq breaks.

Assume negligibly small quark masses.
Then linearity between space–time and
energy–momentum gives

∣∣∣∣
dE

dz

∣∣∣∣ =

∣∣∣∣
dpz
dz

∣∣∣∣ =

∣∣∣∣
dE

dt

∣∣∣∣ =

∣∣∣∣
dpz
dt

∣∣∣∣ = κ

(c = 1) for a qq pair flying apart
along the ±z axis.
But signs relevant: the q moving in
the +z direction has dz/dt = +1
but dpz/dt = −κ.

B. Andersson et a!., Patton fragmentation and string dynamics 41

____ ____ <V
-L/2 L12 X -p p~

Fig. 2.1. The motion of q and ~ in the CM frame. The hatched areas Fig. 2.2. The motion of q and ~ in a Lorentz frame boosted relative to
show where the field is nonvanishing. the CM frame.

M2. In fig. 2.2 the same motion is shown after a Lorentz boost /3. The maximum relative distance has
been contracted to L’ = Ly(1 — /3) L e~and the time period dilated to T’ = TI’y = T cosh(y) where y
is the rapidity difference between the two frames.
In this model the “field” corresponding to the potential energy carries no momentum, which is a

consequence of the fact that in 1 + 1 dimensions there is no Poynting vector. Thus all the momentum is
carried by the endpoint quarks. This is possible since the turning points, where q and 4 have zero
momentum, are simultaneous only in the CM frame. In fact, for a fast-moving q4 system the q4-pair
will most of the time move forward with a small, constant relative distance (see fig. 2.2).
In the following we will use this kind of yo-yo modes as representations both of our original q4 jet

system and of the final state hadrons formed when the system breaks up. It is for the subsequent work
necessary to know the level spectrum of the yo-yo modes. A precise calculation would need a
knowledge of the quantization of the massless relativistic string but for our purposes it is sufficient to
use semi-classical considerations well-known from the investigations of Schrodinger operator spectra.
We consider the Hamiltonian of eq. (2.14) in the CM frame with q = x

1 — x2

H=IpI+KIql (2.18)

and we note that our problem is to find the dependence on n of the nth energy level E~. If the
spatial size of the state is given by 5~then the momentum size of such a state with n — 1 nodes is

IpI=nI& (2.19)

and the energy eigenvalue E~corresponds according to variational principles to a minimum of

H(6~)= n/&, + Kô~ (2.20)

i.e.

2Vttn. (2.21)
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The Artru-Mennessier Model

1974: the first (semi-)realistic hadronization model
Assume fragmentation local, and string homogeneous.
Thus constant probability per unit string area of breaking.
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The Artru-Mennessier Model

1974: the first (semi-)realistic hadronization model
Assume fragmentation local, and string homogeneous.
Thus constant probability per unit string area of breaking.

But a string cannot break
where it has already broken
⇒ remove vertices
in forward lightcone
of another
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The Artru-Mennessier Model

1974: the first (semi-)realistic hadronization model
Assume fragmentation local, and string homogeneous.
Thus constant probability per unit string area of breaking.

But a string cannot break
where it has already broken
⇒ remove vertices
in forward lightcone
of another

⇒ dampening factor
exp(−PÃ),
where Ã is string area
in the backwards lightcone

Drawback: continuous
hadron mass spectrum
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The Lund Model

Combine yo-yo-style string motion with string breakings!

Motion of quarks and antiquarks with intermediate string pieces:

space

time
quark
antiquark
pair creation

A q from one string break combines with a q from an adjacent one.

Gives simple but powerful picture of hadron production.
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Where does the string break? – 1

Fragmentation starts in the middle and spreads outwards:

Here m2
⊥ fixed from hadron and p⊥ selection (unlike AM).

Lorentz covariant inside–out cascade.

Breakup vertices causally disconnected
⇒ iteration from ends inwards allowed!
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Where does the string break? – 2

Breakup vertices causally
disconnected
⇒ can proceed in arbitrary order
⇒ left–right symmetry

P(1, 2) = P(1)× P(1→ 2)

= P(2)× P(2→ 1)

⇒ Lund symmetric
fragmentation function:

f (z) ∝ (1− z)a exp(−bm2
⊥/z)/z

Lund–Bowler modified shape for heavy quarks:

f (x) ∝ 1

z1+bm2
q

exp

(
−bm2

⊥
z

)
.

Torbjörn Sjöstrand Intro to Particle Physics 4 slide 12/60



How does the string break?

String breaking modelled by tunneling:

P ∝ exp

(
−
πm2
⊥q

κ

)
= exp

(
−
πp2
⊥q

κ

)
exp

(
−
πm2

q

κ

)

• Common Gaussian p⊥ spectrum, 〈p⊥〉 ≈ 0.4 GeV.

• Suppression of heavy quarks,

uu : dd : ss : cc ≈ 1 : 1 : 0.3 : 10−11.

• Diquark ∼ antiquark ⇒ simple model for baryon production.
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Flavour composition

Combination of q from one break and q (qq) gives meson (baryon).
Many uncertainties in selection of hadron species, e.g.:

Spin counting suggests vector:pseudoscalar = 3:1,
but mρ � mπ, so empirically ∼1:1.

Also for same spin mη′ � mη � mπ0 gives mass suppression.
String model unpredictive in understanding of hadron mass
effects ⇒ many “materials constants”.

There is one V and one PS for each qq flavour set,
but baryons are more complicated, e.g. uuu⇒ ∆++

whereas uds⇒ Λ0, Σ0 or Σ∗0.
SU(6) (flavour×spin) Clebsch-Gordans needed;
affects surrounding flavours.

Simple diquark model too simpleminded; produces
baryon–antibaryon pairs nearby in momentum space.

Many parameters, 10–20 depending on how you count.
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The popcorn model for baryon production

B M

B
M M B

B
M

- z

6

t

SU(6) (flavour×spin) Clebsch-Gordans needed.

Quadratic diquark mass dependence
⇒ strong suppression of multistrange and spin 3/2 baryons.
⇒ effective parameters with less strangeness suppression.
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Heavy flavours: the dead cone

Consider eikonal expression for soft-gluon radiation

dσqqg

σqq
∝ (−1)

(
p1

p1p3
− p2

p2p3

)2 d3p3

E3

∝
(

2p1p2

(p1p3)(p2p3)
− m2

1

(p1p3)2
− m2

2

(p2p3)2

)
E3 dE3 d cos θ13

For θ13 small

dσqqg

σqq
∝ dω

ω

dθ2
13

θ2
13

(
θ2

13

θ2
13 + m2

1/E
2
1

)2

=
dω

ω

θ2
13 dθ

2
13

(θ2
13 + m2

1/E
2
1 )2

so “dead cone” for θ13 < m1/E1
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Heavy flavours: fragmentation data

But note that a heavy hadron decays to many secondaries,
filling up “dead cone” and
giving “normally-soft” light-hadron spectra.
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The Lund gluon picture – 1

A gluon carries one colour and one anticolour. Thus it can be
viewed as a kink on the string, carrying energy and momentum:

quark

antiquark

gluon

string motion in the event plane
(without breakups)

The most characteristic feature of the Lund model.
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The Lund gluon picture – 2

Gluon = kink on string

Force ratio gluon/ quark = 2,
cf. QCD NC/CF = 9/4, → 2 for NC →∞
No new parameters introduced for gluon jets!

so
• Few parameters to describe energy-momentum structure!
• Many parameters to describe flavour composition!

String piece ≈ dipole

One-to-one correspondence between how strings and how colour
dipoles are stretched between colour charges in NC →∞ limit.
Dipole: emission in perturbative regime.
String: “emission” in nonperturbative regime.
String picture 5 years ahead. . .
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Gluon vs. quark jets

Energy sharing between
two strings makes hadrons
in gluon jets softer, more
and broader in angle:

Jetset 7.4
Herwig 5.8
Ariadne 4.06
Cojets 6.23

OPAL

(1
/N

ev
en

t )
 d

n ch
. /

dx
E

xE

uds jet
gluon jet

k⊥ definition:
ycut=0.02

0. 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.
10

-3

10
-2

10
-1

1

10

10 2

0.5
1.

1.5

C
or

re
ct

io
n

fa
ct

or
s

0

0.05

0.1

0.15

0 5 10 15 20 25 30 35

gincl. jets
uds jets
Jetset 7.4
Herwig 5.9
Ariadne 4.08
AR-2
AR-3

nch.

P(
n ch

.)

(a) OPAL
 |y| ) 2

0

0.05

0.1

0.15

0.2

0 5 10 15 20

gincl. jets
uds jets
Jetset 7.4
Herwig 5.9
Ariadne 4.08
AR-2
AR-3

nch.
P(

n ch
.)

(b) OPAL
 |y| ) 1

Jetset 7.4
Herwig 5.8
Ariadne 4.06
Cojets 6.23

0. 10. 20. 30. 40. 50. 60.
0.

0.02

0.04

0.06

0.08

OPAL

(1
/E

je
t ) d

Eje
t /d
χ

χ (degrees)

uds jet
gluon jet

k⊥ definition:
ycut=0.02

0.5

1.

1.5

C
or

re
ct

io
n

fa
ct

or
s
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The string effect - 1

Particle flow in the qqg event plane depleted in q–q region
owing to boost of string pieces in q–g and g–q regions:

String fragmentation (SF) vs. independent fragmentation (IF),
latter (nowadays) straw model of symmetric jet profile.
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The string effect – 2
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Strings vs. perturbative dipoles
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Infrared and collinear safety of string fragmentation

Emission of a soft
or collinear gluon
only negligibly
perturbs string
motion/evolution.

Therefore string
fragmentation is
soft and collinear safe.

Technically, tracing the
string motion for many
nearby gluons can
become messy,
prompting
simplifications.
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The Herwig Cluster Model

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

1 Force g→ qq branchings.

2 Form colour singlet clusters.

3 Decay high-mass clusters to
smaller clusters.

4 Decay clusters to 2 hadrons
according to phase space
times spin weight.

5 New: allow three aligned qq
clusters to reconnect to two
clusters q1q2q3 and q1q2q3.

6 New: allow nonperturbative
g→ ss in addition to
g→ uu and g→ dd.
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Cluster Model issues

1 Tail to very large-mass clusters (e.g. if no emission in shower);
if large-mass cluster → 2 hadrons then incorrect hadron
momentum spectrum, crazy four-jet events
=⇒ split big cluster into 2 smaller along “string” direction;
daughter-mass spectrum ⇒ iterate if required;
∼ 15% of primary clusters are split,
but give ∼ 50% of final hadrons

2 Isotropic baryon decay inside cluster
=⇒ splittings g→ qq + qq

3 Too soft charm/bottom spectra
=⇒ anisotropic leading-cluster decay

4 Charge correlations still problematic
=⇒ all clusters anisotropic (?)

5 Sensitivity to particle content
=⇒ only include complete multiplets
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String vs. Cluster

program PYTHIA Herwig
model string cluster

energy–momentum picture powerful simple
predictive unpredictive

parameters few many

flavour composition messy simple
unpredictive in-between

parameters many few

“There ain’t no such thing as a parameter-free good description”
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Heavy Ion Collisions

Conventional wisdom:
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initial state 

pre-equilibrium 

QGP and 
hydrodynamic expansion 

hadronization 

hadronic phase 
and freeze-out 

Heavy ion collisions 

• The only way we can create the QGP in the laboratory! 
• By colliding heavy ions it is possible to create a large (»1fm3) 

zone of hot and dense QCD matter 
• Goal is to create and study the properties of the Quark Gluon 

Plasma 
• Experimentally mainly the final state particles are observed, 

so the conclusions have to be inferred via models 

6 
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The three systems — understanding before 2012
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The three systems 
(understanding before 2012) 

Pb-Pb 

pp 

p-Pb 

Hot QCD matter: 
This is where we expect 
the QGP to be created 
in central collisions. 

QCD baseline: 
This is the baseline for 
“standard” QCD 
phenomena. 

Cold QCD matter: 
This is to isolate nuclear 
effects, e.g. nuclear 
pdfs.  

9 
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Strangeness enhancement

Signs of QGP in high-multiplicity
pp collisions? If not, what else?
A whole new game!
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The Core–Corona solution

Currently most realistic “complete” approach

K. Werner, Lund 2017:

11th MCnet School July 2017 Lund # Klaus Werner # Subatech, Nantes186

Core-corona picture in EPOS

Gribov-Regge approach => (Many) kinky strings
=> core/corona separation (based on string segments)

central AA

peripheral AA
high mult pp low mult pp

core => hydro => statistical decay (µ = 0)
corona => string decay

allows smooth transition. Implemented in EPOS MC
(Werner, Guiot, Pierog, Karpenko, Nucl.Phys.A931 (2014) 83)

Can conventional pp MCs be adjusted to cope?
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Ropes (in Dipsy model)

Dense environment ⇒ several intertwined strings ⇒ rope.

Sextet example:

3⊗ 3 = 6⊕ 3

C
(6)
2 = 5

2C
(3)
2

q2

q4

q1

q3

space

time
quark
antiquark
pair creation

At first string break κeff ∝ C
(6)
2 − C

(3)
2 ⇒ κeff = 3

2κ.

At second string break κeff ∝ C
(3)
2 ⇒ κeff = κ.

Multiple ∼parallel strings ⇒ random walk in colour space.

Larger κeff ⇒ larger exp
(
−πm2

q

κeff

)

• more strangeness (ρ̃)
• more baryons (ξ̃)
• mainly agrees with ALICE (but p/π overestimated)

Bierlich, Gustafson, Lönnblad, Tarasov, JHEP 1503, 148;

from Biro, Nielsen, Knoll (1984), Bia las, Czyz (1985), . . .
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Colour reconnection models

“Recent” Pythia option: QCD-inspired CR (QCDCR):

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.
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The charm baryon enhancement

In 2017/21 ALICE found/confirmed strong enhancement of charm
baryon production, relative to LEP, HERA and default Pythia.

Fragmentation fractions and charm production cross section ALICE Collaboration
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Figure 2: Left: Charm-quark fragmentation fractions into charm hadrons measured in pp collisions at
p

s =

5.02 TeV in comparison with experimental measurements performed in e+e� collisions at LEP and at B factories,
and in ep collisions at HERA [63]. The D⇤+ meson is depicted separately since its contribution is also included
in the ground-state charm mesons. Right: Charm production cross section at midrapidity per unit of rapidity as a
function of the collision energy. STAR [11] and PHENIX [66] results, slightly displaced in the horizontal direction
for better visibility, are reported. Comparisons with FONLL [13–15] (red band) and NNLO [67–69] (violet band)
pQCD calculations are also shown.

An increase of about a factor 3.3 for the fragmentation fractions for the L+
c baryons with respect to

e+e� and ep collisions, and a concomitant decrease of about a factor 1.4–1.2 for the D mesons, are
observed. The significance of the difference considering the uncertainties of both measurements, is
about 5s for L+

c baryons. This in turn decreases the fragmentation into D0 mesons at midrapidity by
6s with respect to the measurements in e+e� and ep collisions. In previous measurements in e+e� and
ep collisions no value for the X0

c was obtained and the yield was estimated according to the assumption
f (c!X+

c )/ f (c!L+
c ) = f (s!X�)/ f (s!L0)⇠ 0.004 [63]. The fraction f (c!X0

c) was measured for
the first time and f (c ! X0

c)/ f (c ! L+
c ) = 0.39 ± 0.07(stat)+0.08

�0.07(syst) was found [28]. A first attempt
to compute the fragmentation fractions in pp collisions at the LHC was performed in [63] assuming
universal fragmentation, since at that time the measurements of charm baryons at midrapidity were not
yet available. The measurements reported here challenge that assumption.

The updated fragmentation fractions obtained for the first time taking into account the measurements of
D0, D+, D+

s , L+
c , and X0

c at midrapidity in pp collisions at
p

s = 5.02 TeV, allowed the recomputation of
the charm production cross sections per unit of rapidity at midrapidity in pp collisions at

p
s = 2.76 and

7 TeV. The L+
c /D0 ratios measured in pp at different collision energies, as well as the X0

c/D0 ratio, are
compatible [25, 28, 56]. The charm cross sections were obtained by scaling the pT-integrated D0-meson
cross section [1, 3] for the relative fragmentation fraction of a charm quark into a D0 meson measured
in pp collisions at

p
s = 5.02 TeV and applying the two correction factors for the different shapes of the

rapidity distributions of charm hadrons and cc̄ pairs. The pT-integrated D0-meson cross section was used
because at the other energies not all charm hadrons were measured and the D0 measurements are the
most precise. The uncertainties of the fragmentation fraction (FF) were taken into account in calculating
the cc production cross section as was the uncertainty introduced by the rapidity correction factors. The
BR of the D0 ! K�p+ decay channel was also updated, considering the latest value reported in the
PDG [47].
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Figure 1: Transverse-momentum integrated production cross sections of the various charm meson [4, 5, 48] and
baryon [24, 25, 28] species per unit of rapidity at midrapidity normalised to that of the D0 meson measured in pp
collisions at

p
s = 5.02 TeV. The measurements are compared with PYTHIA 8 calculations [36, 49] (left panel)

and with results from a SHM [35] (right panel) (see text for details). For J/y the inclusive cross section was used.
The J/y/D0 ratio, as well as the model calculations for the W0

c/D0 ratio, are multiplied by a factor 30 for visibility.

gates are measured as well and the results are averaged. The cross sections of D0 and D+ mesons were
measured down to pT = 0 [5]. The cross sections for D⇤+ and D+

s mesons were measured down to pT = 1
GeV/c, corresponding to about 80% of the integrated cross section [4]. The L+

c baryon cross section was
measured down to pT = 1 GeV/c, corresponding to about 70% of the integrated cross sections [24, 25].
The X0

c baryon was measured down to pT = 2 GeV/c, corresponding to about 40% of the integrated cross
section [28]. The systematic uncertainties of the meson and baryon measurements include the follow-
ing sources: (i) extraction of the raw yield; (ii) prompt fraction estimation; (iii) tracking and selection
efficiency; (iv) particle identification efficiency; (v) sensitivity of the efficiencies to the hadron pT shape
generated in the simulation; (vi) pT-extrapolation for the hadrons not measured down to pT = 0. In
addition, an overall normalisation systematic uncertainty induced by the branching ratios (BR) [47] and
the integrated luminosity [46] were considered.

Figure 1 shows the pT-integrated production cross sections per unit of rapidity of the various open- and
hidden-charm meson (D+, D+

s , D⇤+, and J/y) [4, 5, 48] and baryon (L+
c and X0

c) [24, 25, 28] species,
obtained in pp collisions at

p
s = 5.02 TeV, as the average of particle and antiparticle, and normalised to

the one of the D0 meson. When computing the ratios between the different hadron species, systematic
uncertainties due to tracking, the feed-down from beauty-hadron decays, the pT-extrapolation, and the
luminosity were propagated as correlated. For the X0

c baryons, the additional contribution to the beauty
feed-down systematic uncertainty due to the assumed X0,�

b -baryon production relative to that of L+
b

baryons [28, 29] was considered as uncorrelated with the uncertainties related to the beauty feed-down
subtraction for the other charm hadron species. In the J/y/D0 ratio all the systematic uncertainties
were propagated as uncorrelated, with the exception of the luminosity uncertainty. The treatment of the
systematic uncertainties is also the same for the computation of the other quantities reported here.

In the left panel of Fig. 1 the experimental data are compared with results from the PYTHIA 8 genera-
tor, using the Monash 2013 tune [49], and tunes that implement colour reconnections (CR) beyond the
leading-colour approximation [36]. In the Monash 2013 tune, the parameters governing the heavy-quark
fragmentation are tuned to measurements in e+e� collisions. The CR tunes introduce new colour re-
connection topologies, including junctions, that enhance the baryon production and, to a lesser extent,

3

The QCDCR model does much better, with junctions ⇒ baryons.
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Charm baryon differential distributions
Measurement of prompt D0, L+

c , and S0,++
c production in pp collisions at

p
s = 13 TeV ALICE Collaboration
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Figure 2: Prompt-charm-hadron cross-section ratios: L+
c /D0 (left), S0,+,++

c /D0 (middle), and
L+

c  S0,+,++
c /L+

c (right), in pp collisions at
p

s = 13 TeV, compared with model expectations [25–
27, 29] and (left) with data from pp collisions at

p
s = 5.02 TeV [3]. The horizontal lines reflect the

width of the pT intervals. The PYTHIA Monash 2013 curve is scaled by a factor of 10 in the middle
panel.

verse of the quadratic sum of the relative statistical and uncorrelated systematic uncertainties as weights.
The total systematic uncertainty of the averaged Sc cross section varies from 20% at low pT to 13% at
high pT. The cross-section ratios L+

c /D0 and S0,+,++
c /D0 are compared with model expectations in Fig. 2

(left and middle panels). In the ratios, the systematic uncertainties of the track-reconstruction efficiency
and luminosity, considered as fully correlated, cancel partly and completely, respectively. The feed-down
uncertainty is propagated as partially correlated, while all other uncertainties are treated as uncorrelated.
The L+

c /D0 ratio decreases with increasing pT and is significantly larger than the⇡0.12 values observed
in e+e� and ep collisions at several collision energies [12–15, 45–47]. The values measured in pp colli-
sions at

p
s = 13 TeV are compatible, within uncertainties, with those measured at

p
s = 5.02 TeV [3, 4].

As shown in Fig. 2 (middle), the S0,+,++
c /D0 ratio is close to 0.2 for 2 < pT < 6 GeV/c, and decreases

with pT down to about 0.1 for 8 < pT < 12 GeV/c, though the uncertainties do not allow firm conclusions
about the pT dependence to be made. From Belle measurements (Table IV in Ref. [24]), the S0,+,++

c /L+
c

ratio in e+e� collisions at
p

s = 10.52 GeV can be evaluated to be around 0.17 and, thus, the S0,+,++
c /D0

ratio can be estimated to be around 0.02. Therefore, a remarkable difference is present between the
pp and e+e� collision systems. Although rather approximate, such comparison is corroborated by the
fact that a simulation performed with the default version of PYTHIA 6.2 reasonably reproduces Belle
data [24], while the default version of PYTHIA 8.243 (Monash 2013 tune) severely underpredicts ALICE
data, despite the very similar modelling of charm fragmentation in the two simulations. Figure 2 (right)
shows the ratio L+

c  S0,+,++
c /L+

c as a function of pT, which quantifies the fraction of L+
c feed-down

from S0,+,++
c . In order to better exploit the cancellation of correlated uncertainties, this is calculated as

the weighted average of the ratios measured separately in the L+
c ! pK�p+ and L+

c ! pK0
S decay chan-

nels. The pT-integrated value in the measured pT > 2 GeV/c interval is 0.38 ± 0.06(stat)± 0.06(syst),
significantly larger than the ratio S0,+,++

c /L+
c ⇠ 0.17 from Belle data and the ⇠0.13 expectation from

PYTHIA 8 (Monash 2013) simulations. This indicates a larger increase for S0,+,++
c /D0 than for the

direct-L+
c /D0 ratio from e+e� to pp collisions. The larger feed-down from S0,+,++

c partially explains the
difference between the L+

c /D0 ratios in pp and e+e� collisions.

As shown in Figure 2, the CR-BLC (for which the three variations defined in Ref. [25] are considered),
SHM+RQM, and Catania models describe, within uncertainties, both the L+

c /D0 and S0,+,++
c /D0 ratios.

The QCM model uses the L+
c /D0 data in pp collisions at

p
s = 7 TeV to set the total charm baryon-

6

X0
c production in pp collisions at

p
s = 5.02 TeV ALICE Collaboration

PYTHIA 8 event generator previously described. All PYTHIA 8 tunes underestimate the measured
pT-differential X0

c/D0 ratio. The Monash tune significantly underestimates the data by a factor of about
21–24 in the low pT region and by a factor of about 7 in the highest pT interval, as also observed for the
L+

c /D0 ratio [17]. All three CR modes yield a similar magnitude and shape of the X0
c/D0 ratio, and de-

spite predicting a larger baryon-to-meson ratio with respect to the Monash tune, they still underestimate
the measured X0

c/D0 ratio by a factor of about 4–5 at low pT. The models with CR tunes describe better
the L+

c /D0 and the S0,+,++
c /D0 ratios than the X0

c/D0 one [9, 17, 19, 26], which involves a charm-strange
baryon.

The measured X0
c/D0 ratio is also compared with a SHM calculation [32] in which additional excited

charm-baryon states not yet observed are included. The additional states are added based on the rela-
tivistic quark model (RQM) [34] and lattice QCD calculations [35]. Charm- and strange-quark fugacity
factors are used in the model to account for the suppression of quarks heavier than u and d in elementary
collisions. The uncertainty band in the model is obtained by varying the assumption of the branching
ratios of excited charm-baryon states decaying to the ground state X0,+

c , where an exact isospin symme-
try between X+

c and X0
c is assumed. This model, which was observed to describe the L+

c /D0 ratio [17],
underestimates the measured X0

c/D0 ratio by the same amount as PYTHIA 8 with CR tunes.

The QCM model [36] underpredicts the X0
c/D0 ratio by the same amount as it does for the X0

c-baryon
production cross section. The Catania model [37, 46] implements charm-quark hadronisation via both
coalescence and fragmentation. In the model a blast wave parametrisation [71] for light quarks at the
hadronisation time with the inclusion of a contribution from mini-jets is considered, while for charm
quarks the spectra from FONLL calculations are used. The coalescence process of heavy quarks with
light quarks, which is modelled using the Wigner function formalism, is tuned to have all charm quarks
hadronising via coalescence at pT ' 0. At finite pT, charm quarks not undergoing coalescence are
hadronised via an independent fragmentation. The Catania model describes the X0

c/D0 ratio in the full
pT interval of the measurement.

This new X0
c measurement therefore provides important constraints to models of charm quark hadronisa-

tion in pp collisions, being in particular sensitive to the description of charm-strange baryon production
in the colour reconnection approach, and to the possible contribution of coalescence to charm quark
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Figure 6: Left panel: pT-differential production cross section of prompt X0
c baryons in pp collisions atp

s = 5.02 TeV compared with model calculations [28, 31, 36]. Right panel: X0
c/D0 ratio as a function of pT

measured in pp collisions at
p

s = 5.02 TeV compared with model calculations [28, 31, 32, 36, 37] (see text for
details).
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Charm-hadron yield ratios versus multiplicity in pp at
!

s = 13 TeV ALICE Collaboration
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Figure 5: Ratios of pT-integrated yields of !+
c and D0 hadrons as a function of "dNch/d"# in pp collisions at!

s = 13 TeV. Measurements performed in pp and p–Pb collisions at
!

sNN = 5.02 TeV from Ref. [13] are also
shown. Statistical and systematic uncertainties are shown by error bars and empty boxes, respectively. Shaded
boxes represent the extrapolation uncertainties. The corresponding PYTHIA predictions [20, 22] are also shown.

lation factor. The fraction of extrapolated yield from the lowest to the highest multiplicity interval is
about 39% (31%), 28% (22%), 20% (16%), and 15% (13%) for !+

c (D0). The procedure was repeated
considering also the CR-BLC Mode 0 and Mode 3 as well as two different functions fitted to the spec-
tra (a Tsallis-Lévy [60] and a power-law function). The fits were performed considering the statistical
and pT-uncorrelated sources of systematic uncertainties, and also shifting up and down the data by one
sigma of the pT-correlated systematic uncertainties. The envelope of the extrapolation factors obtained
with all the trials was assigned as the extrapolation uncertainty on !+

c and D0, and it was propagated
to the !+

c /D0 ratio, resulting in a value that ranges from 2% to 21% depending on multiplicity. The
same procedure was used to estimate the pT-integrated D+

s yields and D+
s /D0 yield ratios in the different

multiplicity intervals, reported in Ref. [50]. The !+
c and D0 pT-integrated yields are also reported in

Ref. [50], together with the pT-integrated !+
c /D0 yield ratios in the visible pT range, and the tables with

the numerical values of the pT-integrated ratios. The pT-integrated !+
c /D0 yield ratio as a function of

"dNch/d"# is shown in Fig. 5, where the systematic uncertainties from the extrapolation (shaded boxes,
assumed to be uncorrelated among multiplicity intervals) are drawn separately from the other sources of
systematic uncertainties (empty boxes). The sources related to the raw-yield extraction, the multiplicity-
interval limits, the high-multiplicity triggers, the multiplicity-independent prompt fraction assumption,
and the statistical uncertainties on the efficiencies are also considered uncorrelated with multiplicity. The
other systematic uncertainties are assumed to be correlated. The measurements performed in pp and p–
Pb collisions at

!
s = 5.02 TeV [13] are also shown. The result does not favour an increase of the yield

ratios with multiplicity, as also observed for the !/K0
S ratio in Ref. [39], and the trend is compatible

with a constant function. This suggests that the increasing trend observed for the 1 < pT < 24 GeV/c
range comes from a re-distribution of pT that acts differently for baryons and mesons, while this is not
observed in the meson-to-meson ratios, as shown in Fig. 3 for D+

s /D0 and in Ref. [54] for K/# . The
results are compared to the pT-integrated PYTHIA predictions. The measurements exclude the Monash
prediction in the whole multiplicity range, and tend to be significantly below the CR-BLC Mode 2 for
the three highest multiplicity intervals.

13

QCDCR does well
for some distributions,
less so for others.
Improvements needed,
but good starting point.
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Beam drag effects

Colour flow connects hard scattering to
beam remnants. Can have consequences,
e.g. in π−p:

A(xF) =
σ(D−)− σ(D+)

σ(D−) + σ(D+)
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Asymmetry A(xF ) =(D− −D+ )/(D− +D+ )

qq→cc @ 500 GeV

gg→cc @ 500 GeV

combined

WA82 @ 340 GeV

E769 @ 250 GeV

E791 @ 500 GeV

Beam drag e↵ects (E. Norrbin & TS, 2000)
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If low-mass string e.g.:
cd : D−,D∗−

cud : Λ+
c ,Σ

+
c ,Σ

∗+
c

⇒ flavour asymmetries

Beam drag e↵ects (E. Norrbin & TS, 2000)
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Can give D “drag” to
larger xF than c quark.
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Bottom asymmetries

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

A(y),A(p⊥) =
σ(Λ0

b)− σ(Λ
0
b)

σ(Λ0
b) + σ(Λ

0
b)

CR1 = QCDCR, with no enhancement at low p⊥.
Enhanced Λb production at low p⊥, like for Λc, dilutes asymmetry?
Asymmetries observed also for other charm and bottom hadrons.

Warning: fragmentation function formalisms unreliable at low p⊥.
May lead to incorrect conclusions about intrinsic charm.
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Decays

Unspectacular/ungrateful but necessary:
this is where most of the final-state particles are produced!
Involves hundreds of particle kinds and thousands of decay modes.

• B∗0 → B0γ: electromagnetic decay

• B0 → B
0

mixing (weak)

• B
0 → D∗+νee

−: weak decay, displaced vertex,
|M|2 ∝ (pBpν)(pepD∗)

• D∗+ → D0π+: strong decay

• D0 → ρ+K−: weak decay, displaced vertex, ρ mass smeared

• ρ+ → π+π0: ρ polarized, |M|2 ∝ cos2 θ in ρ rest frame

• π0 → e+e−γ: Dalitz decay, m(e+e−) peaked
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Problems with the Standard Model

There are 25 free parameters.

Unnaturally (?) large scale ratios:
me/mν ∼ 107, mW /me ∼ 105, mPl/mt ∼ 1017

where Planck mass mPl =
√

~c/GN = 1.22 · 1019GeV/c2

is the scale where gravitational strength is of O(1).

Why are there three generations?

Why do we have SU(3)C × SU(2)L ×U(1)Y ?
Nature could have picked any symmetry!

Why are the left-handed fermions in SU(2) doublets
and the right-handed in singlets?

Why is there charge quantization, so that Qp + Qe ≡ 0?
In principle Y in U(1) could be anything.

Where is the antimatter?

What is dark matter?

Where does gravity fit in? What is dark energy?
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Fine-tuning

There is a problem with the Higgs mass!
Just as couplings are renormalized to be scale dependent,
so are masses, e.g. fermions in QED:

m→ m0

(
1 +

α

3π

∫ ∞

m2
0

dp2

p2
+ . . .

)
→ m0

(
1 +

α

3π
ln

Λ2

m2
0

+ . . .

)

where Λ is some cutoff scale, like mPl.
Assuming the Higgs mass at the scale Λ is mH(Λ),
considering only the top loop H → tt → H we have

m2
H(mZ ) ∼ m2

H(Λ)− g2
t (Λ2 −m2

t )

where gt ∼ 1.
If there is no physics below mPl, that means mH(mZ ) ≈ 125 GeV
comes from the subtraction between two huge numbers, requiring
fine-tuning of order (mH/mPl)

2 ∼ 10−34.
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Beyond the Standard Model

Consensus that there must be something
beyond the Standard Model! But what?
Here consensus ends and countless suggestions begin, e.g.

Grand Unification. Motivates gauge group structure.

Supersymmetry. Stabilizes the Higgs potential
and provides a Dark Matter candidate.

Technicolor. Models Z0 and W± as composite states under
a strong force similar to QCD. These states would be the
equivalents of π0 and π±, so-called pseudo-Goldstone-bosons.

Extra Dimensions. Assume further curled-up dimensions
on sub-mm scales, which can show up as new excited states.

Superstrings. Extra dimensions on the Planck scale, unifying
the SM with gravity. Allows for O(10500) different sub-models.

Hidden Valleys. Assume that the dark matter can have a rich
structure, like normal matter. Does not address SM problems.
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Grand Unified Theories

Symmetry breaking in the Standard Model:
SU(3)C × SU(2)L ×U(1)Y → SU(3)C ×U(1)em
Imagine that, at a high scale, all three forces are united into one,
under a common larger symmety group GGUT.
For some reason this group is then spontaneously broken

GGUT → SU(3)C × SU(2)L ×U(1)Y

by a Higgs mechanism.

SU(5) is

• the simplest possible group that can be broken to the SM,

• invented by Georgi and Glashow 1974, and

• excluded by data — but still instructive.

Other alternatives include SO(10).
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The basic multiplet

The basic multiplet is given by
a colour triplet and a weak doublet
in an (anti-) quintet.

Since the weak doublet is left-handed,
the quarks need to be left-handed and
weak singlets, so we use the d̄ .

U5 =







d r

dg

db




(
e−

νe

)




L

Other fermions in a U5, a U10 and a U10, times 3 generations.
Group generators are traceless N × N matrices,
where the diagonal generators will give the charges, and thus
∑

colour =
∑

I3 =
∑

Y =
∑

Qi = 0.

This gives us charge quantisation and 3Qd̄ + Qe = 0,
and for the 10 e.g. Qu = Qd + Qe+ , which explains why
Qp + Qe ≡ 0.
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The unification scale

The running of couplings suggest a unification scale ∼ 1016 GeV.

But not perfect, hinting at more. . .

Big drawback: 52 − 1 = 24 gauge bosons,
whereof the 12 new can violate baryon and lepton number,
notably p = uud → X+4/3d → e+dd = e+π0.

Estimate τp ∼ 1031±2 years, but data tell that
τ(p → e+π0) > 1034 years. So SU(5) is dead!(?)
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Supersymmetry (SUSY)

Postulate a symmetry between fermions and bosons,
with an operator Q changing one into the other

Q|bi 〉 = |fi 〉 and Q̄|fi 〉 = |bi 〉

but leaving any other quantum number unchanged.
The transformation is actually defined in terms of an algebra

{Q, Q̄} = QQ̄ + Q̄Q = 2σµPµ

{Q,Q} = {Q̄, Q̄} = [Q,P] = [Q̄,P] = 0

where Pµ = i∂µ is a translation and the σµ Pauli matrices.

SUSY relates internal spin to external spatial translations!
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Partner particles

Need new particles that match existing ones except for spin,
so that # bosonic = # fermionic degrees of freedom.
MSSM = Minimal Supersymmetric extension to the SM.
Also includes an extra Higgs doublet = 4 further states.

Fermion partners,
spin 0:

normal partner

qL q̃L squark
qR q̃R (can mix)

`L ˜̀
L slepton

`R ˜̀
R (can mix)

νL ν̃L sneutrino

Boson partners, spin 1/2
normal partner

g g̃ gluino

γ (γ̃)

Z 0 (Z̃ ) (photino zino higgsino)
h0 all mix together into

H0 (H̃) four neutralinos χ̃0
i

A0

W± W̃± (wino higgsino) mix into

H± H̃± two chargino pairs χ̃±i
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Desperately seeking SUSY

SUSY is a broken symmetry, since otherwise e.g. mq̃ = mq.
The Higgs mass fine-tuning problem goes away for light sparticles,
since m2

H(mZ ) ∼ m2
H(Λ)− g2

t (m2
t̃
−m2

t ).

R-parity is defined as R = (−1)L+3B+2S ,
where L is lepton number, B is baryon number and S is spin.
All ordinary particles have R = +1 and their spartners R = −1.
If R-parity is conserved, sparticles can only be produced in pairs.
A heavy sparticle can decay to a lighter one plus ordinary particles,
giving a wide array of possible decay patterns.

The lightest super-symmetric particle (LSP) would be stable,
and an excellent candidate for the Dark Matter particle.

No sign of SUSY, in spite of many searches over decades.
MSSM considered dead by many/most, but in total it involves
> 100 parameters, so maybe still some wriggle room?
SUSY as such still possible, but then little predictive power.
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BSM at the LHC

BSM particles usually short-lived, or weakly interacting (like DM).
Then visible final state consists of hadrons, leptons and photons,
just like ordinary processes.

p

p

q

g

q ⇒ jet
q ⇒ jet
q ⇒ jet
e
\p⊥

BSM

q

g

q̃

g̃
q

q̃

q

q̃
q

!W ẽ
e

γ̃

νe
γ̃

Can be as easy to model as SM processes.
Unfortunately, it may require detailed understanding of rare signals
and huge backgrounds, limited by QCD modelling accuracy.

In addition, BSM physics can raise “new”, specific QCD aspects,
for production, parton showers, decay, hadronization, . . . .
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1. Hidden Valleys: motivation

M. Strassler, K. Zurek, Phys. Lett. B651 (2007) 374; . . .

Courtesy
M. Strassler

L. Carloni & TS, JHEP 1009, 105; L. Carloni, J. Rathsman & TS, JHEP 1104, 091
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Hidden Valleys setup

Hidden Valleys (secluded sectors) experimentally interesting
if they can give observable consequences at the LHC:

coupling not-too-weakly to our sector, and

containing not-too-heavy particles.

Here: no attempt to construct a specific model,
but to set up a reasonably generic framework.

Either of two gauge groups,
1 Abelian U(1), unbroken or broken (massless or massive γv ),
2 non-Abelian SU(N), unbroken (N2 − 1 massless gv ’s),

with matter qv ’s in fundamental representation.

Times three alternative production mechanisms
1 massive Z′: qq→ Z′ → qvqv ,
2 kinetic mixing: qq→ γ → γv → qvqv ,
3 massive Fv charged under both SM and hidden group,

so e.g. gg→ FvFv . Subsequent decay Fv → fqv .
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Hidden Valleys showers

Interleaved shower in QCD, QED and HV sectors:
emissions arranged in one common sequence of decreasing
emission p⊥ scales.
HV U(1): add qv → qvγv and Fv → Fvγv .
HV SU(N): add qv → qvgv , Fv → Fvgv and gv → gvgv .

Recoil effects in visible sector also of invisible emissions!
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Hidden Valleys decays

Hidden Valley particles may remain invisible, or

Broken U(1): γv acquire mass, radiated γv s decay back,
γv → γ → ff with BRs as photon (⇒ lepton pairs!)

SU(N): hadronization in hidden sector,
with full string fragmentation setup, giving
• off-diagonal “mesons”, flavour-charged, stable & invisible
• diagonal “mesons”, can decay back qvqv → ff

Even when tuned to same average activity, hope to separate
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2. R-hadron motivation

Now different tack: R-parity conserved.

Conventional SUSY: LSP is neutralino, sneutrino, or gravitino.
Squarks and gluinos are unstable and decay to LSP,
e.g. g̃→ q̃q→ qχ̃q.

Alternative SUSY: gluino LSP, or long-lived for another reason.

E.g. Split SUSY (Dimopoulos & Arkani-Hamed):
scalars are heavy, including squarks ⇒ gluinos long-lived.

More generally, many BSM models contain colour triplet or octet
particles that can be (pseudo)stable: extra-dimensional excitations
with odd KK-parity, leptoquarks, excited quarks, . . . .

⇒ Pythia allows for hadronization of 3 generic states:

• colour octet uncharged, like g̃, giving g̃ud, g̃uud, g̃g, . . . ,

• colour triplet charge +2/3, like t̃, giving t̃u, t̃ud0, . . . ,

• colour triplet charge −1/3, like b̃, giving b̃c, b̃su1, . . . .
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R-hadron formation

Squark
fragmenting to
meson or baryon

Gluino
fragmenting to
baryon or glueball

Most hadronization properties by analogy with normal
string fragmentation, but
glueball formation new aspect, assumed ∼ 10% of time (or less).
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R-hadron interactions

R-hadron interactions with matter involve interesting aspects:

b̃/t̃/g̃ massive ⇒ slow-moving, v ∼ 0.7c .

In R-hadron rest frame the detector has v ∼ 0.7c
⇒ Ekin,p ∼ 1 GeV: low-energy (quasi)elastic processes.

Cloud of light quarks and gluons interact with hadronic rate;
sparticle is inert reservoir of kinetic energy.

Charge-exchange reactions allowed, e.g.

R+(g̃ud) + n→ R0(g̃dd) + p.
Gives alternating track/no-track in detector.

Baryon-exchange predominantly one way,

R+(g̃ud) + n→ R0(g̃udd) + π+,
since (a) kinematically disfavoured (π exceptionally light)
and (b) few pions in matter.

. . . but part of detector simulation (GEANT), not Pythia.

A.C. Kraan, Eur. Phys. J. C37 (2004) 91; M. Fairbairn et al., Phys. Rep. 438 (2007) 1
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3. R-parity violation in SUSY

Baryon number violation (BNV) is allowed in SUSY superpotential.
Alternatively lepton number violation, but proton unstable if both.
BNV couplings should not be too big, or else large loop corrections
⇒ relevent for LSP (Lightest Supersymmetric Particle).
dummy text

Note: m(b̃) > m(!̃0)

!̃0

b

b̃

c

d

What about showers and hadronization in decays?

P. Skands & TS, Nucl. Phys. B659 (2003) 243;

N. Desai & P. Skands, arXiv:1109.5852 [hep-ph]
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The junction

What string topology for 3 quarks in overall colour singlet?
One possibility is to introduce a junction (Artru, ’t Hooft, . . . ).

Junction rest frame = where string tensions Ti = κpi/|pi | balance
= 120◦ separation between quark directions.
This is not the CM frame where momenta pi balance,
but in BNV decay no collinear singularity between quarks,
so normally junction is slowly moving in LSP rest frame.
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Junction hadronization

Each string piece can break,
mainly to give mesons. Always
one baryon around junction;
junction “carries” baryon number.

Junction baryon slow
⇒
”smoking-gun” signal.
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The junction and dipole showers

Normal showers:
each parton can radiate.

Dipole showers: each pair of partons,
with matching colour–anticolour, can
radiate, with recoil inside system.
But here no simply matching colours!

Solution: let each three possible dipoles radiate,
but with half normal strength.
Gives correct answer collinear to each parton,
and reasonable interpolation in between.
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Summary

String model most common approach to hadronization,
with strong support in data and lattice QCD.

String space–time picture well confirmed, e.g. in 3-jet,
but flavour composition less well so.

Main alternative is cluster models.

LHC data has revolutionized the picture of soft physics:

Goodbye jet universality!

This has led to a renewed phenomenology interest:

Welcome new mechanisms!

Many models for physics beyond the SM (GUT, SUSY, . . . ),
with no consensus among theorists.

No convincing signs of BSM so far, except for Dark Matter,

but Hope Springs Eternal.
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