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Paradigm	shift	

• large systems (AA): final-state interactions, QGP 
effects (multi-particle correlations, jet quenching) 

• small systems (pp, pA): initial-state effects, baseline?

- multi-strange hadron enhancement

- momentum anisotropies

• disentangling QCD dynamics & onset of collective 
medium response

2



K. Tywoniuk (CERN) LHeC & FCC-eh 2017

MULTI-STRANGENESS PRODUCTION

• smooth dependence

• overlapping strings change string 
tension = modified hadronization 
(rope model)

• string shoving: local pressure
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Enhanced production of multi-strange hadrons in high-multiplicity pp ALICE Collaboration
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Fig. 2: pT-integrated yield ratios to pions (p+ + p�) as a function of hdNch/dhi measured in |y| < 0.5. The
error bars show the statistical uncertainty, whereas the empty and dark-shaded boxes show the total systematic
uncertainty and the contribution uncorrelated across multiplicity bins, respectively. The values are compared to
calculations from MC models [30–32] and to results obtained in p–Pb and Pb–Pb collisions at the LHC [6, 10, 11].
For Pb–Pb results the ratio 2L / (p++p�) is shown. The indicated uncertainties all represent standard deviations.

The pT-integrated yields are computed from the data in the measured ranges and using extrapolations
to the unmeasured regions. In order to extrapolate to the unmeasured region, the data were fitted with
a Tsallis-Lévy [10] parametrization, which gives the best description of the individual spectra for all
particles and all event classes over the full pT range (Figure 1). Several other fit functions (Boltzmann,
mT-exponential, pT-exponential, blast-wave, Fermi-Dirac, Bose-Einstein) are employed to estimate the
corresponding systematic uncertainties. The fraction of the extrapolated yield for the highest(lowest)
multiplicity event class is about 10(25)%, 16(36)%, 27(47)% for L, X and W, respectively, and is negli-
gible for K0

S. The uncertainty on the extrapolation amounts to about 2(6)%, 3(10)%, 4(13)% of the total
yield for L, X and W, respectively, and it is negligible for K0

S. The total systematic uncertainty on the
pT-integrated yields amounts to 5(9)%, 7(12)%, 6(14)% and 9(18)% for K0

S, L, X and W, respectively. A
significant fraction of this uncertainty is common to all multiplicity classes and it is estimated to be about
5%, 6%, 6% and 9% for K0

S, L, X and W, respectively. In Figure 2, the ratios of the yields of K0
S, L, X

and W to the pion (p++p�) yield as a function of hdNch/dhi are compared to p–Pb and Pb–Pb results at
the LHC [6, 10, 11]. A significant enhancement of strange to non-strange hadron production is observed
with increasing particle multiplicity in pp collisions. The behaviour observed in pp collisions resembles
that of p–Pb collisions at a slightly lower centre-of-mass energy [11], in terms of both the values of the
ratios and their evolution with multiplicity. As no significant dependence on the centre-of-mass energy
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ALICE	arXiv:1606.07424

Partial summary
Including di↵ractive excitation is important for centrality observables.
Reproducing charged particle spectra well.
Functional ”Underlying Event” for heavy ions.
Signal processes can be added ”out of the box”.
Available in Pythia8 ”soon”.
Now: Microscopic model for QGP e↵ects: modelled as interactions
between Lund strings.

Christian Bierlich (Lund) PytHIa Aug 21, CERN TH 13 / 24

Bierlich,	Gustafson	and	Lönnblad,	arXiv:1612.05132	
Bierlich,	Christiansen:	arXiv:1507.02091	

Bierlich	arXiv:1606.09456
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COLLECTIVE RESPONSE

• fluctuating initial conditions (energy density)
- centred around nucleon positions

• do produced particles “feel" initial shape?
• decomposition of particle yield in the azimuthal angle
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The big picture Flow in small systems? What is needed? Proton substructure Back to the big picture Kinetic theory vs. hydro

Event-by-event shape and flow fluctuations rule!
(Alver and Roland, PRC81 (2010) 054905)

• Each event has a di↵erent initial shape and density distribution, characterized by di↵erent set of
harmonic eccentricity coe�cients "

n

• Each event develops its individual hydrodynamic flow, characterized by a set of harmonic flow
coe�cients v

n

and flow angles  
n

• At small impact parameters fluctuations (“hot spots”) dominate over geometric overlap e↵ects

(Alver & Roland, PRC81 (2010) 054905; Qin, Petersen, Bass, Müller, PRC82 (2010) 064903)

U. Heinz RETUNE2012, 20-24 June 2012 20(47)
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FLOW IN SMALL SYSTEMS

5

The big picture Flow in small systems? What is needed? Proton substructure Back to the big picture Kinetic theory vs. hydro

Collectivity in small systems

Collectivity in small systems!
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Whatever its origin, the “flow signal” represents a collective response
(to what?) of all particles!

Ulrich Heinz (Ohio State) Hydrodynamics for Heavy-Ion Collisions CERN, 8/23/2016 25 / 59

•collective response from many (all) particles in the system!
•(when) does hydrodynamics apply?
•universal feature of quantum theories?

OBS: events chosen according to the same multiplicity
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“COLLECTIVITY” VS INTERFERENCE

• correlations in small systems observed
- long-range in rapidity - related to initial state?
- possible in eA?

• correlation from QCD interference
- CGC
- color domains
- multi-parton interactions

6

Altinoluk,	Armesto,	Beuf,	Kovner,	Lublinsky	arXiv:1503.07126	,	arXiv:1610.03020		
Lappi,	Schenke,	Schlichting,	Venugopalan	arXiv:1509.03499	

Blok,	Jäkel,	Strikman,	Wiedemann	arXiv:1708.08241

Figure 2. The 16 diagrammatic contributions to the 2-gluon emission spectrum from 2 sources.
In each of the 16 diagrams, contributions from the amplitude (complex conjugate amplitude) are
on the left (right) hand side of the dotted line. Averaging (summing) over the initial (final) state
closes the color flow as illustrated by the dashed arrows in the top left hand diagram. This color
flow implies that the eight diagrams in the third and fourth row vanish.

The two-gluon emission spectrum (2.3) can then be calculated for any given probability
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JET QUENCHING

• suppression of yield in AA compared to pp :: large effect

• external probes of the underlying medium (jet tomography)

• q ̂transport coefficient :: analog to shear viscosity

• small jet quenching = small final-state interactions?
7
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MEDIUM INDUCED RADIATION
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RADIATIVE ENERGY LOSS

9

• single color charge + soft gluons
• modest intra-jet modification of splitting function

Energy	loss	dominated	by	typical	emitted	energy	(large	medium)

Baier,	Dokshitzer,	Mueller,	Schiff	(2001)

Resummation	of	multiple	(primary)	emissions	=	Poisson	distribution
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NEIGHBORING JET ENERGY LOSS

10

• affects splittings w/short formation 
time              

• delay due to finite resolution 
power of the medium
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QUENCHING OF HIGH-PT JETS

11

• mismatch of real and virtual ::  
different amount of energy-loss

• mismatch greatest for
• logarithmic enhancement w/ jet scale
• coherence play an important role!

tf ⌧ L

quenching	of	total		
colour	charge

Sudakov	suppression		
of	jet	substructure	fluctuations

+

Rjet = Q1(pT )⇥C(pT )

Y.	Mehtar-Tani,	KT	arXiv:1707.07361	

q̂ = 1 GeV2/fm

L = 2 fm
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RESCATTERING IN THE NUCLEUS

12

Yacine Mehtar-Tani                                                      /28                                    Heavy-Ion Jet Workshop 2016

Coupling to the medium 

• The jet couples to the medium via (local) transport coefficients

9
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hierarchy of scales: 
correlation length ≪ mean 
free path ≪ L

Relevant scale is 
size of nucleus RN

Similar picture emerges

q̂cold � 1

50
q̂hot � 0.05GeV2/fm
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GLUON EMISSION IN DIS

• higher-twist effects: detailed study of broadening

• full eA jet study?

13

Qiu,	Sterman	Int.	J.	Mod.	Phys.	E12	(2003)	14	
Aurenche,	Zakharov,	Zaraket	arXiv:0804.4282

Figures

Figure 1.

Figure 2.
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FORWARD-CENTRAL JETS IN AA

• final-state interactions in high-
energy (kT) factorization

• treatment of initial- and final-
state effects on same footing

• possible development in the 
future

14

opens for an interesting exploration of the nuclear wave-function in tandem with medium ef-
fects. Such a framework would be of general interest for providing a consistent cross-referencing
of observables calculated across various hadronic colliding systems, especially proton-nucleus
and nucleus-nucleus collisions. Finally, it makes new use of jets as tomographic probes of the
rapidity profile of the QGP.

The framework which allows us to study from the first principles the full angular dependence
of decorrelations of jets in vacuum is the High Energy Factorization [14]. In this approach, the
kinematics is treated exactly from the outset, the matrix elements are off-shell and the incoming
partons carry longitudinal and transversal momenta which allow for the decorrelation of final
state jets. In order to calculate cross sections, the matrix elements need to be convoluted
with transverse momentum dependent (TMD) parton density function (PDF). The PDF could
be provided by the BFKL [15–17] equation, when the longitudinal momenta are low but the
system is dilute enough so that it obeys linear dynamics, or by the KMRW framework, when
the longitudinal momenta are moderate. The latter framework allows for a transformation of
the collinear gluon density to the TMD PDF by the so called Sudakov resummation. In the
more extreme situations, i.e.m when the parton densities are probed at low-x, one needs to
account for eventual saturation effects [18]. This complicates the factorization formula since,
besides taking into account the dipole gluon density which is a solution of the Balitsky-Kovchegov
equation [19–21], one also needs to take into account the Weizsacker-Williams gluon density [22].

By combining the HEF with final-state rescatterings in a hot and dense medium created
during nucleus-nucleus collisions, we propose a framework which allows for well controlled studied
of the full azimuthal dependence of the cross section and for investigations of the longitudinal
structure of QGP at the same time. Encouraged by the success of HEF in describing various
data [23, 24] we shall apply it to central-forward dijet production in heavy-ion collisions by
including effects relevant for jets passing through a hot and dense QCD medium into the HEF
Monte Carlo generator KaTie [25]. We argue that dijet observables in HEF are more suitable
to study rapidity/rapidity-azimuthal structure of the quark-gluon plasma formed in a heavy-ion
collisions. Owing to the factorization of soft, medium-induced radiation from the hard vertex,
the final-state modifications are then implemented as energy loss probabilities affecting final
state particles [26, 27].

Recently, the importance of jet substructure fluctuations on the di-jet asymmetry and the
generic energy loss mechanism have been pointed out [28, 29]. In this exploratory study, we
will however not consider further details of jet fragmentation. We structure the paper in the
following way. We present the details of the framework and implementation of medium effects
in Sec. 2. Numerical results for the production of central-forward di-jets in heavy-ion collisions
at the LHC are presented in Sec. 3, and finally we discuss our results and provide a brief outlook
in Sec. 4.

2 General framework and implementation of medium effects

In order to calculate the cross section for the double inclusive jet production with medium effects
included one needs to generalize the vacuum framework, which in our case refer to proton-proton
collisions. The optimal vacuum framework formally valid for configurations when one of the jets
is produced in forward rapidity region while the other in central rapidity region is the hybrid
HEF [30,31]. In this framework, one resumes logarithms related to the hard scale αs as well as
αs ln 1/x. The formula for the hybrid HEF reads [30]:

dσacd
dy1dy2dpt1dpt2d∆φ

=
pt1pt2

8π2(x1x2S)2
|Mag∗→cd|

2
x1f

Pb
a/A(x1, µ

2)FPb
g/B(x2, k

2
t , µ

2)
1

1 + δcd
, (1)

2

L

(a) (b)

Figure 1: Illustration of jets passing through the nuclear medium. Length the jets pass through the
medium L. (a) The azimuthal cross section of the nuclear medium. (b) Longitudinal cross section of the
nuclear medium.

with

∆(L) ≡ exp

(

−
∫ L

0
dt

∫ ∞

0
dω

dIR(χ)

dωdt

)

(5)

being the Sudakov form factor that represents the probability of not radiating between 0 and L.
Concretely, we will use the numerical implementation utilized in [27]. Hence one can generalize
the HEF formula as

dσ

dy1dy2dpt1dpt2d∆φ
=
∑

a,c,d

∫ ∞

0
dϵ1

∫ ∞

0
dϵ2 Pa(ϵ1)Pg(ϵ2)

dσacd
dy1dy2dp′t1dp

′
t2d∆φ

∣

∣

∣

∣p′
1t
=p1t+ϵ1

p′
2t
=p2t+ϵ2

, (6)

which takes into account the effect of energy loss of the final-state jet particles (Fig. 1), one of
which is a gluon.

We will work with the harmonic approximation, consisting in writing n(s)σ(r) ≈ q̂(s)r2/2,
as a simple model for interactions in the QGP. One of the crucial elements of the formula for
incorporating the medium effects comes from transport coefficient q̂. Assuming a thermalized
QGP, it is associated to the local temperature and parametrically q̂ ∼ g4T 3, where g is the
in-medium coupling. In our studies we use a model linking it with the energy density described
in [41], see also [42]. It reads,

q̂ = 2K ε3/4 , (7)

where K is a constant quantifying the deviation from expectations in a weakly-coupled QGP.
The energy density ε is parameterized according to the data of bulk particle production, and
reads

ε = εtotW (x,y;b)H(η) (8)

where ϵtot is a free parameter [42, 43]. We have updated the model in order to describe the
rapidity distribution of particle production at LHC, as

H(η) =
1√

2π (a1 b1 − a2 b2)

[

a1 e
−|η|2/(2 b21) − a2 e

−|η|2/(2 b22)
]

, (9)

with fitting parameters a1, b1, a2 and b2 [44]. Since the distribution (9) is normalized, ϵtot
corresponds to the total energy density distributed in the whole rapidity range. Finally, we
assume a simplified geometry of the QGP, having all particles traversing the same length L in
the medium so that q̂ is only a function of the rapidity, see Fig. 1a. This amounts to putting
W (x,y;b) → 1 and neglect the sampling over production points and impact parameters. We
choose a realistic value of L = 5 fm.

In the numerical calculations we have used the following values of the parameters. First,
we fix K = 1 demanding that the value of q̂ at mid-rapidity corresponds to 1 GeV2/fm. This
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OUTLOOK

• “small systems”: relating QCD dynamics to “collectivity”
- onset of thermalization

• jet modification as proxy for final-state interactions
- importance of jet substructure fluctuations

• jets in eA DIS an interesting topic - deserves dedicated 
study
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