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Heavy-ion collisions: high-T, high energy density, size, 
lifetime, Tch > Tkin 

QGP: v2 > 0, vn > 0 - hydrodynamical description with 
small η/s; Trouble: hydrodynamics describes any 
system with same/similar parameters … 

High-energy partons interact within QGP <=> high-pT 
particles suppressed (with respect to vacuum 
reference); jets are modified (jet quenching) - constant 
fractional energy loss - jet collimation and enhancement 
of soft components; ; subjets (elements of hard 
splitting) with larger ΔR interact as independent 
sources; large angle parton-parton scatterings (parton-
plasma) - homogeneity of the medium

until now…  2



Heavy-flavor in medium



Parton in-medium energy loss:  
elastic (collisional) and inelastic (radiative)…
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1.3.2 Perturbative description of jet-quenching

What we can learn from jet-quenching first relies on our understanding of the pertur-

bative aspect of the phenomenon [22]. If the probes themselves are well under control,

then we can make further statements on the nature and behavior of the medium. The

probe in discussion, namely the jets, are rather well understood in vacuum with the

methods discussed earlier in this section. One naturally attractive goal is then to in-

corporate the medium e↵ects into this picture. There are di↵erent formalisms based

on di↵erent set of assumptions or approximations, that attempt to implement this

calculation. In all cases, the system under discussion involves many particles, which

is easier to treat with MC generators, rather than analytical solutions.

A rough classification of the types of energy-loss may be the two components:

• energy transmitted to nearby medium constituents via elastic processes, referred

to as collisional energy loss,

• medium-induced radiation of partons out of the cone due to decoherence of the

parton wavefunction during the interaction with the medium, called radiative

energy loss,

Figure 1-9: Elastic and inelastic processes inside the medium. [3]

The collisional energy-loss is also referred to as energy-loss due to elastic pro-

cesses, since their description with diagrams have the same particles in the initial

37
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Reminder: at high-E radiative processes dominate…



RAA for different particle type

Is parton energy loss different  
for gluons, light-quarks and heavy-quarks? 

  
Expectation: ΔEg > ΔElight-q > ΔEheavy-q 

  

=> RAApions < RAAD-mesons < RAAB-mesons

Casimir (color factor) 
- gluons “glue” better 
to the medium than 

quarks

“Dead-cone” effect: 
mass of the parent quark  

=> radiation for angles 
θ<m/E is suppressed

 5

∆E ∝ αS CR q L2
CR = 4/3 for 
quarks, 3 for 
gluons

Reminder: at high-E radiative processes dominate…



Parton energy-loss:  
gluons vs. quarks
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Heavy Ion Collisions at the LHC - Last Call for Predictions 106

Figure 84: RAA for observable products of heavy quark jets at RHIC (electrons - left) and two
possible densities at the LHC (D and B mesons - right). There is considerable uncertainty
in the perturbative production of c and b jets. This shows up in the results for electrons
at RHIC in the large uncertainty band, ±0.1 or greater - as the ratio of c to b jets is very
uncertain. However, the uncertainty in D and B meson RAAs is small (approximately ±0.02) -
the different slopes on the individual spectra have very little effect on the meson RAA results.

6.10. Jet evolution in the Quark Gluon Plasma

H. J. Pirner, K. Zapp, J. Stachel, G. Ingelman and J. Rathsman
Jet evolution is calculated in the leading log approximation. We solve the evolution equation

for the branching of gluons in vacuum, using a triple differential fragmentation function D(x,Q2, p2⊥).
Adding an extra scattering term for evolution in the quark gluon plasma we investigate the influence
of the temperature of the plasma on the differential cross section of partons dN/dln(1/x) in a jet of
virtuality Q2 = (90 GeV)2. Due to scattering on the gluons in the plasma the multiplicity increases, the
centroid of the distribution shifts to smaller x values and the width narrows.

The evolution equation for the transition of a parton i with virtuality Q2 and momentum
(1,k⊥) into a parton j with momentum (z, p⊥) can be constructed in leading logarithmic
approximation [245]. In a dense medium they are modified due to the possibility that the
parton is scattered. The scatterings change the transverse momentum of the leading fast parton
by giving it q⃗⊥ kicks, but they do not change the mass scale or virtuality of the fast parton.
The lifetime of a virtual parton can be estimated as dτ = E/Q20(dQ

2/Q2) using the uncertainty
principle (E is the parton energy and Q20 is the infrared scale). Evolving along a straight line
path in a homogeneous plasma with a density of gluons ng we obtain a modified evolution
equation
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•  Energy'loss'depends'on'parton:'
–  Casimir'factor''(CR=3'for'gluons'
and'4/3'for'quarks)'

– Mass'of'the'quark'(dead$cone'
effect):'radiaBon'suppressed'for'
angles'θ'<'m/E'

•  Does'it'persist'at'lowFpT'as:'

R⇡
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AA < RB
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�E / ↵sCRq̂L
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Wicks,$Gyulassy,$Last$Call$for$LHC$predic8ons$

�E
gluon

> �E
quark

�Elight�q > �Eheavy�q

B$(mb$~$5$GeV)$

D$(mc$~$1.5$GeV)$

Prediction!



Heavy-flavor reconstruction  7
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Heavy-flavor - calibrated probes? 8
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Heavy-flavor suppression in QGP 9
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Heavy-flavor suppression in QGP 10
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Heavy-flavor - azimuthal anisotropy 11

•  Due$to$their$large$mass,$c$and$b$quarks$should$take$longer$
6me$(=$more$re9sca:erings)$to$be$influenced$by$the$collec6ve$
expansion$of$the$medium$
–  v2(b)$<$v2(c)$

•  Uniqueness$of$heavy$quarks:$cannot$be$destroyed$and/or$
created$in$the$medium$$
–  Transported$through$the$full$system$evolu6on$
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Heavy-flavor flows with the medium 12D-meson azimuthal anisotropy in Pb–Pb collisions at
p

sNN = 5.02 TeV ALICE Collaboration
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Figure 2: Average of D0, D+ and D⇤+ v2 as a function of pT at
p

sNN = 5.02 TeV, compared with the same
measurement at

p
sNN = 2.76 TeV [37] and to the p± v2 measured with the EP method [67,68] and with the scalar

production (SP) method [69].

of D0, D+ and D⇤+ are consistent with each other and they are larger than zero in 2 < pT < 10 GeV/c.
The average of the v2 measurements for D+

s mesons in the three pT intervals within 2 < pT < 8 GeV/c
is positive with a significance of 2.6 s , where s is the uncertainty of the average v2, calculated using
quadratic error propagation for the statistical and uncorrelated systematic uncertainties (signal extraction)
and linear propagation for the correlated systematic uncertainties (R2 and feed-down correction). The
average v2 and pT of D0, D+ and D⇤+, shown in the bottom panel of Fig. 1, was computed using the
inverse of the squared statistical uncertainties as weights. The systematic uncertainties were propagated
by treating the contributions from R2 and the feed-down correction as correlated among the D-meson
species.

Figure 2 shows that the average v2 of D0, D+ and D⇤+ at
p

sNN = 5.02 TeV is compatible with the
same measurement at

p
sNN = 2.76 TeV (Lint ⇡ 6 µb�1) [37], which has uncertainties larger by a

factor of about two compared to the new result at 5.02 TeV. Note that the vertexing and tracking
performance improved in 2015 and in [37] the correction for feed-down was made with the assumption
vfeed-down

2 = vprompt
2 . The assumption used in the present analysis, vfeed-down

2 = vprompt
2 /2, would increase

the values at
p

sNN = 2.76 TeV by about 10%.

The average D-meson v2 is also compared with the p± v2 at
p

sNN = 2.76 TeV measured with the EP
method [67, 68] and with the scalar product (SP) method [69]. The comparison of the D-meson v2 atp

sNN = 5.02 TeV and of the pion v2 at
p

sNN = 2.76 TeV is justified by the observation that the pT-
differential v2 of charged particles, which is dominated by the pion component, is compatible at these
two energies [52]. The D-meson v2 is similar to that of p± in the common pT interval (1–16 GeV/c)
and it is lower by about 2 s in the interval below 4 GeV/c, where a mass ordering of v2 is observed and
described by hydrodynamical calculations for light-flavour hadrons [69].

In Fig. 3, the average v2 of the three non-strange D-meson species is compared with theoretical calcula-
tions that include a hydrodynamical model for the QGP expansion (models that lack such an expansion
underestimated the D-meson v2 measurements at

p
sNN = 2.76 TeV in 2 < pT < 6 GeV/c [38]). The

BAMPS-el [48], POWLANG [49] and TAMU [42] calculations include only collisional (i.e. elastic)
interaction processes, while the BAMPS-el+rad [48], LBT [50], MC@sHQ [47] and PHSD [46] cal-
culations also include energy loss via gluon radiation. All calculations, with the exception of BAMPS,
include hadronisation via quark recombination, in addition to independent fragmentation. The MC@sHQ
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Case study: HF sensitivity to  
the in-medium energy loss
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Two regions (a qualitative selection) – light vs. heavy(charm)-flavor  
Lower pT : below 5 GeV (parton energy ~ 10 GeV?) => different v2 & 

different RAA (coll. E-loss) 
Higher pT : above 5 GeV (parton energy > 10 GeV) => similar RAA => 

radiative E-loss 

Case study: HF sensitivity to  
the in-medium energy loss



Case study: HF sensitivity to  
the in-medium energy loss
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Two regions (a qualitative selection) – light vs. heavy(charm)-flavor  
Lower pT : below 5 GeV (parton energy ~ 10 GeV?) => different v2 & 

different RAA (coll. E-loss) 
Higher pT : above 5 GeV (parton energy > 10 GeV) => similar RAA => 

radiative E-loss 
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Models corresponding to charm spatial diffusion 
coefficient of 2-12 for Tc-2Tc describe D0 RAA and 
v2. Lattice calculations consistent with this range. 

23 Zhenyu Ye 

 (GeV/c)
T

p
0 2 4 6 8

AAR

0

0.5

1

1.5

2

p+p uncert.

 @ 200 GeV 0-10%0 D→Au+Au 

 20140D
 2010/110D

DUKE
TAMU
SUBATECH

STAR Preliminary�

PRL 118 (2017) 212301 

 (GeV/c)
T

p
0 2 4 6 8

AAR

0

0.5

1

1.5

2

p+p uncert.

 @ 200 GeV 0-10%0 D→Au+Au 

 20140D
 2010/110D

DUKE
TAMU
SUBATECH

D0 RAA 	 Charm Quark Energy Loss 

Zhenyu Ye 12 

STAR Preliminary�

•  Significant suppression for D0 production at high pT in central 200 GeV 
Au+Au collisions. Results at low pT, other centrality and p/d+Au soon 
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•  High pT: significant suppression 
in central Au+Au collisions 

•  New Au+Au HFT results have 
improved statistical and 
systematic precision 

•  p+p precision to be improved 
using 2015 data 

Charm	RAA
RAA (D-meson) ~ RAA (h) at high pT ~> 4 GeV/c 
• significant suppression of charmed hadron RAA in central A+A collisions
• strong charm-medium interactions 
• mass effect expected important at low pT, dead-cone effects etc.
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Spa$al	diffusion	within	QGP	
needed	to	describe	the	data	
	
	
	
Electrons	from	B-hadrons	=>	
beauty	less	suppressed	than	
charm	(low-pT	<	5)	
-  Needs	beFer	precision(!)	

…more	measurements:	non-
prompt	J/y;	di-leptons	

Beauty?
• RAA (B->e) > RAA (D->e, h) @low pT
• B+ & b-jet ~ light hadrons & charm @high pT

STAR, QM17

Highly	desired:	
precision	measurements	
of	B	@pT ~O(mb)		
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Charm and bottom RAA!

•  b!e is less suppressed than c!e in 3.0-5.0 GeV/c in 
0-10% Au+Au.

•  c!e in 0-10% is more strongly suppressed than in MB.
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Models corresponding to charm spatial diffusion 
coefficient of 2-12 for Tc-2Tc describe D0 RAA and 
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Open charm at RHIC energies

!39

New D meson RAA

Updated results: RAA < 1 at all pT

Ds/D0 ratio Λ/D0 ratio

Ds and Λc production larger than pp

Charm redistributed over hadronic channels?



Transverse & longitudinal diffusion  
- consistent picture  

- temperature and/or density dependence?

 1911

peratures reached in the most central Au+Au collisions
at RHIC, and 2.2±0.5 GeV2/fm at temperatures reached
in the most central Pb+Pb collisions at LHC. Values of q̂
in the hadronic phase are assumed to be proportional to
the hadron density in a hadron resonance gas model with
the normalization in a cold nuclear matter determined by
DIS data [81]. Values of q̂ in the QGP phase are consid-
ered proportional to T 3 and the coe�cient is determined
by fitting to the experimental data on R

AA

at RHIC and
LHC separately. In the HT-M model the procedure is
similar except that q̂ is assumed to be proportional to the
local entropy density and its initial value is q̂ = 0.89±0.11
GeV2/fm in the center of the most central Au+Au colli-
sions at RHIC, and q̂ = 1.29±0.27 GeV2/fm in the most
central Pb+Pb collisions at LHC (note that the values
of q̂ extracted in Sec IV are for gluon jets and therefore
9/4 times the corresponding values for quark jets). For
temperatures close to and below the QCD phase tran-
sition, q̂ is assumed to follow the entropy density, and
q̂/T 3 shown in Fig. 10 is calculated according to the pa-
rameterized EOS [96] that is used in the hydrodynamic
evolution of the bulk medium. In both HT approaches,
no jet energy dependence of q̂ is considered.

Considering the variation of the q̂ values between the
five di↵erent models studied here as theoretical uncer-
tainties, one can extract its range of values as constrained
by the measured suppression factors of single hadron
spectra at RHIC and LHC as follows:

q̂

T 3
⇡

⇢
4.6± 1.2 at RHIC,
3.7± 1.4 at LHC,

at the highest temperatures reached in the most central
Au+Au collisions at RHIC and Pb+Pb collisions at LHC.
The corresponding absolute values for q̂ for a 10 GeV
quark jet are,

q̂ ⇡
⇢

1.2± 0.3
1.9± 0.7

GeV2/fm at
T=370 MeV,
T=470 MeV,

at an initial time ⌧0 = 0.6 fm/c. These values are very
close to an early estimate [6] and are consistent with LO
pQCD estimates, albeit with a somewhat surprisingly
small value of the strong coupling constant as obtained
in CUJET, MARTINI and McGill-AMY model. The HT
models assume that q̂ is independent of jet energy in this
study. CUJET, MARTINI and McGill-AMY model, on
the other hand, should have a logarithmic energy depen-
dence on the calculated q̂ from the kinematic limit on the
transverse momentum transfer in each elastic scattering,
which also gives the logarithmic temperature dependence
as seen in Fig. 10.

As a comparison, we also show in Fig. 10 the value
of q̂

N

/T 3
eft in cold nuclei as extracted from jet quenching

in DIS [81] . The value of q̂
N

= 0.02 GeV2/fm and an
e↵ective temperature of an ideal quark gas with 3 quarks
within each nucleon at the nucleon density in a large
nucleus are used. It is an order of magnitude smaller
than that in A+A collisions at RHIC and LHC.
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FIG. 10. (Color online) The assumed temperature depen-
dence of the scaled jet transport parameter q̂/T 3 in di↵er-
ent jet quenching models for an initial quark jet with energy
E = 10 GeV. Values of q̂ at the center of the most central
A+A collisions at an initial time ⌧0 = 0.6 fm/c in HT-BW
and HT-M models are extracted from fitting to experimental
data on hadron suppression factor RAA at both RHIC and
LHC. In GLV-CUJET, MARTINI and McGill-AMY model, it
is calculated within the corresponding model with parameters
constrained by experimental data at RHIC and LHC. Errors
from the fits are indicated by filled boxes at three separate
temperatures at RHIC and LHC, respectively. The arrows
indicate the range of temperatures at the center of the most
central A+A collisions. The triangle indicates the value of
q̂N/T 3

e↵ in cold nuclei from DIS experiments.

There are recent attempts [92, 97] to calculate the jet
transport parameter in lattice gauge theories. A recent
lattice calculation [97] found that the non-perturbative
contribution from soft modes in the collision kernel can
double the value of the NLO pQCD result for the jet
transport parameter [98]. In the HT models such non-
perturbative contributions could be included directly in
the overall value of q̂. They can also be included in the
CUJET, MARTINI and McGill-AMY models by replac-
ing the HTL thermal theory or screened potential model
for parton scattering with parameterized collision kernels
that include both perturbative and non-perturbative con-
tributions.

One can also compare the above extracted values of q̂
to other nonperturbative estimates. Using the AdS/CFT
correspondence, the jet quenching parameter in a N = 4
supersymmetric Yang-Mills (SYM) plasma at the strong
coupling limit can be calculated in leading order (LO) as

Phys.Rev.	C90	(2014)	014909	

1.3.2 Perturbative description of jet-quenching

What we can learn from jet-quenching first relies on our understanding of the pertur-

bative aspect of the phenomenon [22]. If the probes themselves are well under control,

then we can make further statements on the nature and behavior of the medium. The

probe in discussion, namely the jets, are rather well understood in vacuum with the

methods discussed earlier in this section. One naturally attractive goal is then to in-

corporate the medium e↵ects into this picture. There are di↵erent formalisms based

on di↵erent set of assumptions or approximations, that attempt to implement this

calculation. In all cases, the system under discussion involves many particles, which

is easier to treat with MC generators, rather than analytical solutions.

A rough classification of the types of energy-loss may be the two components:

• energy transmitted to nearby medium constituents via elastic processes, referred

to as collisional energy loss,

• medium-induced radiation of partons out of the cone due to decoherence of the

parton wavefunction during the interaction with the medium, called radiative

energy loss,

Figure 1-9: Elastic and inelastic processes inside the medium. [3]

The collisional energy-loss is also referred to as energy-loss due to elastic pro-

cesses, since their description with diagrams have the same particles in the initial

37

q̂ê
RHIC	ó	LHC	complementarity	

Compare with Model Calculations 

Models corresponding to charm spatial diffusion 
coefficient of 2-12 for Tc-2Tc describe D0 RAA and 
v2. Lattice calculations consistent with this range. 
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Work in progress: complete parton shower in-(dynamic) medium 
evolution; inclusion of heavy-quarks (theory community - JETSCAPE 

Collaboration for example)



Quarkonia: 
q-qbar in medium



Charmonium suppression  21
QGP signature proposed by Matsui and Satz, 1986 
In the plasma phase the interaction potential is 
expected to be screened beyond the Debye length 
λD  (analogous to e.m. Debye screening): 
Charmonium(cc) and bottonium(bb) states with 
r > λD will not bind; their production will be 
suppressed (qqbar states will “melt”) 

Quarkonia and the Quark-Gluon Plasma
• Heavy quarks

‣ produced in the initial hard-scattering process

‣ Debye screening in QGP leads to melting of  quarkonia

• Different binding energy of  bound states lead to
sequential melting of  the states with increasing temperature

‣ also observable in the rates of  the ground state due to suppression of  feed down contribution

• The beginning: Matsui & Satz, PLB 178 (1986) 416

2

Ágnes Mócsy: Potential Models for Quarkonia 5

Fig. 5. The QGP thermometer.

In principle, a state is dissociated when no peak struc-
ture is seen, but the widths shown in spectral functions
from current potential model calculations are not physi-
cal. Broadening of states as the temperature increases is
not included in any of these models. At which T the peak
structure disappears then? In [27] we argue that no need
to reach Ebin = 0 to dissociate, but when Ebin < T a state
is weakly bound and thermal fluctuations can destroy it.
Let us quantify this statement.

Due to the uncertainty in the potential we cannot de-
termine the binding energy exactly, but we can never-
theless set an upper limit for it [27]: We can determine
Ebin with the most confining potential that is still within
the allowed ranges by lattice data on free energies. For
the most confining potential the distance where deviation
from T = 0 potential starts is pushed to large distances
so it coincides with the distance where screening sets in
[12]. From Ebin we can then estimate, following [28], the
quarkonium dissociation rate due to thermal activation,
obtaining this way the thermal width of a state Γ (T ).
At temperatures where the width, that is the inverse of
the decay time, is greater than the binding energy, that is
the inverse of the binding time, the state will likely to be
dissociated. In other words, a state would melt before it
binds. For example, already close to Tc the J/ψ would melt
before it would have time to bind. To quantify the dissoci-
ation condition we have set a more conservative condition
for dissociation: 2Ebin(T ) < Γ (T ). The result for differ-
ent charmonium and bottomonium states is shown in the
thermometer of figure 5. Note, that all these numbers are
to be though of as upper limits.

In summary, potential models utilizing a set of poten-
tials between the lower and upper limit constrained by
lattice free energy lattice data yield agreement with lat-
tice data on correlators in all quarkonium channels. Due
to this indistinguishability of potentials by the data the

precise quarkonium properties cannot be determined this
way, but the upper limit can be estimated. The decrease
in binding energies with increasing temperature, observed
in all the potential models on the market, can yield sig-
nificant broadening, not accounted for in the currently
shown spectral functions from these models. The upper
limit estimated using the confining potential predicts that
all bound states melt by 1.3Tc, except the Upsilon, which
survives until 2Tc. The large threshold enhancement above
free propagation seen in the spectral functions even at high
temperatures, again observed in all the potential models
on the market, compensates for melting of states (yielding
flat correlators), and indicates that correlation between
quark and antiquark persists. Lattice results are thus con-
sistent with quarkonium melting.

And What’s Next?

Implications of the QGP thermometer of figure 5 for heavy
ion collisions should be considered by phenomenological
studies. This can have consequences for the understanding
of the RAAmeasurements, since now the Jψ should melt
at SPS and RHIC energies as well. The thermometer also
suggests that the Υ will be suppressed at the LHC, and
that centrality dependence of this can reveal whether this
happens already at RHIC. So measurements of the Υ can
be an interesting probe of matter at RHIC as well as at
the LHC.

The exact determination of quarkonium properties the
future is in the effective field theories from QCD at finite
T. First works on this already appeared [14] and both real
and imaginary parts of the potential have been derived
in certain limits. In these works there is indication that
most likely charmonium states dissolve in QGP due ther-
mal effects, such as activation to octet states, screening,
Landau-damping.

The correlations of heavy-quark pairs that is embedded
in the threshold enhancement should be taken seriously
and its consequences, such as possible non-statistical re-
combination taken into account in dynamic models that
attempt the interpretation of experimental data [24].

All of the above discussion is for an isotropic medium.
Recently, the effect of anisotropic plasma has been con-
sidered [29]. Accordingly, quarkonium might be stronger
bound in an anisotropic medium, especially if it is aligned
along the anisotropy of the medium (beam direction).
Qualitative consequences of these are considered in an up-
coming publication [30]. Also, all of the above discussion
refers to quarkonium at rest. Finite momentum calcula-
tions are under investigation. It is expected that a moving
quarkonium dissociates faster.
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Figure 7: (Left): Dimuon invariant mass distribution in the ⌥mass region for minimum bias PbPb collisions. The dashed
blue line shows the line shape obtained from a fit to the spectrum in pp collisions at the same collision energy, normalized
to the ⌥(1S) peak. (Right): Minimum bias RAA for all quarkonia states measured by CMS. For ⌥(3S) the upper limit
(95% CL) is given. Points are from [8], [9], and [10].

medium properties, e.g., in particular the initial temperature. The sequential suppression of the
three ⌥(nS) states in the order of their binding energies is plainly visible in the comparison of
the pp line shape and the PbPb data, following expectations for their dissolution in a hot QCD
medium. The suppression relative to pp for the individual states was found to be about 2, 8,
and larger than 10, for ⌥(1S), ⌥(2S) and ⌥(3S) respectively.The dependence is further quanti-
fied in Fig. 7(right), which shows the RAA factors for the charmonium and bottomonium states
in minimum bias PbPb collisions as a function of their binding energies. Although a detailed
comparison will need to take the di↵erent pT cuts for cc and bb states into account, the expected
decrease of the suppression (i.e. increase in RAA) is once again observed for states with increas-
ing binding energy. Further experimental studies using data from a future pPb run at LHC will
be necessary to understand the possible cold nuclear matter e↵ects in the observed quarkonium
suppression and to allow quantitative evaluation of the underlying medium properties.

7. Summary

Using the high statistics data set collected in 2011, CMS has greatly extended the pT reach,
precision and scope of measurements related to the key properties of the strongly interacting
medium formed in heavy collisions. Ultra-central collisions provide a new testing ground for
models of the initial state and the hydrodynamic expansion, while high-pT anisotropy measure-
ments characterize the path length dependence of parton energy loss. Earlier jet quenching
measurements have been complemented by various studies of nuclear modification factors for
unsuppressed probes such as Z0’s and W’s, which provide a reference for the suppression seen in
inclusive jets and, for the first time, in b-tagged jets. The suppression of inclusive jets confirms
the results seen in inclusive charged hadrons, and complements the information from high-pT
dijet imbalance measurements. Modifications to the jet fragmentation properties have been stud-
ied with jet shape and fragmentation function measurements, which demonstrate a moderate, but

7
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medium properties, e.g., in particular the initial temperature. The sequential suppression of the
three ⌥(nS) states in the order of their binding energies is plainly visible in the comparison of
the pp line shape and the PbPb data, following expectations for their dissolution in a hot QCD
medium. The suppression relative to pp for the individual states was found to be about 2, 8,
and larger than 10, for ⌥(1S), ⌥(2S) and ⌥(3S) respectively.The dependence is further quanti-
fied in Fig. 7(right), which shows the RAA factors for the charmonium and bottomonium states
in minimum bias PbPb collisions as a function of their binding energies. Although a detailed
comparison will need to take the di↵erent pT cuts for cc and bb states into account, the expected
decrease of the suppression (i.e. increase in RAA) is once again observed for states with increas-
ing binding energy. Further experimental studies using data from a future pPb run at LHC will
be necessary to understand the possible cold nuclear matter e↵ects in the observed quarkonium
suppression and to allow quantitative evaluation of the underlying medium properties.

7. Summary

Using the high statistics data set collected in 2011, CMS has greatly extended the pT reach,
precision and scope of measurements related to the key properties of the strongly interacting
medium formed in heavy collisions. Ultra-central collisions provide a new testing ground for
models of the initial state and the hydrodynamic expansion, while high-pT anisotropy measure-
ments characterize the path length dependence of parton energy loss. Earlier jet quenching
measurements have been complemented by various studies of nuclear modification factors for
unsuppressed probes such as Z0’s and W’s, which provide a reference for the suppression seen in
inclusive jets and, for the first time, in b-tagged jets. The suppression of inclusive jets confirms
the results seen in inclusive charged hadrons, and complements the information from high-pT
dijet imbalance measurements. Modifications to the jet fragmentation properties have been stud-
ied with jet shape and fragmentation function measurements, which demonstrate a moderate, but
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J/! at high pT

!44
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J/! suppression at high pT driven by parton energy loss?
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More recent results - bottomonium 28
Bottomonia melting
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ALICE,  arXiv:1805.04387

Clear hierarchy of suppression, but no sudden turn-on

- T does not change rapidly with centrality

- Average over system

- Melting sets in for T < Tm

TAMU, X. Du et al PRC 96, 054901

Overviews: R Ma and E Ferreiro

B. Krouppa, et al PRD 97, 016017

M. van Leeuwen
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pPb - no jet quenching  30
Constraints on jet quenching in p-Pb collisions measured 
by the event-activity dependence of semi-inclusive hadron-
jet distributions (Phys.Lett. B783 (2018) 95-113)

Limit on jet quenching in pPb 
ΔE < 0.04

First Results from Pb+Pb collisions at the LHC 13
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Fig. 7: Nuclear modification factor RAA as a function of pT for a variety of particle species together with theoret-
ical predictions. Experimental error bars correspond to the total error (statistical and systematic errors added in
quadrature). a) Low momentum region pT < 20 GeV; b) Entire momentum range measured at LHC. The curves
show the results of various QCD-based models of parton energy loss [124, 125, 126, 127, 128]. For details, see
text.

the decay of bottom quarks, closed diamond) in Fig. 7, are almost as strongly suppressed as inclusive
charged particles. A similar conclusion can be drawn from the measurement of leptons from heavy
flavour decays [115]. This seems contrary to the expectation that gluons, which are the dominant source
of inclusive charged particles at LHC, should suffer twice as much energy loss as light quarks and that, in
addition, the energy loss of heavy quarks should be even less than that of light quarks because of the mass
dependence of radiation (“dead-cone” effect [109]). The strong suppression found for hadrons containing
c- and b-quarks confirms observations made at RHIC and may indicate that the energy loss rate depends
less strongly on the parton mass than expected for radiative energy loss. Reasons for this behaviour
could be nonperturbatively large elastic energy loss in the strongly coupled quark-gluon plasma or heavy
meson formation within the medium [124]. More data and a quantitative comparison with models will be
required to see how the small, with current statistics not very significant, difference between light hadron
and heavy quark suppression can be accommodated by theory.

Above pT ⇡ 8 GeV/c, the suppression becomes universal for all particle species (with the possible ex-
ception of the non-prompt J/yoriginating from B-meson decays shown in the left panel). With increasing
pT , RAA rises gradually towards a value of 0.5 (see right panel), a feature which was not readily apparent
in the RHIC data. Isolated photons and the Z boson are not suppressed, within the currently still large
statistical errors. This finding is consistent with the hypothesis that the suppression observed for hadrons
is due to final-state interactions with the hot medium.

The observed rise of RAA with pT allows a better discrimination between competing models of energy
loss than the rather flat high pT dependence observed at RHIC. The rise can be understood as a decrease
of the parton fractional energy loss with increasing pT , reflecting the weak energy dependence of pQCD
radiative energy loss on parton energy. At RHIC this trend is compensated by the softening of the
underlying parton spectrum, whereas at LHC the spectrum stays hard up to the highest measured pT
which remains much farther away from the kinematic threshold than at RHIC.

The observed trend is semi-quantitatively described by several models implementing the perturbative
QCD (pQCD) formalism for energy loss [124, 125, 126, 127, 128]. The rate of induced gluon radiation
in pQCD is governed by the rate of transverse momentum broadening, encoded in the jet quenching
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Particle production as a function 
of multiplicity

×31

Strangeness - striking continuous 
evolution with event multiplicity 

from pp to AA

All this while jet quenching is not 
present in pPb collisions…  

Limit obtained using hadron-jet 
correlations (ΔE < 0.04)

Probing(novel(long,range(correla/on(phenomena(
in(pPb(collisions(with(iden/fied(par/cles(at(CMS(

Zhenyu'Chen'(Rice'University)'
for'the'CMS'Collabora:on'

'
Hot'Quarks'Workshop'2014'

'
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16$23/05/16$ Maxime$Guilbaud$–$Latest$news$on$high$mul*plicity$p6p$$collisions$at$CMS$–$IS2016$
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Multi-particle correlations - 
similarities in pA and AA 1807.11321

http://arxiv.org/abs/1807.11321v1


pPb - no jet quenching 
however, signal for collectivity 
(v2>0) for heavy-quarks and j/

psi



Collectivity - j/psi  33

09/21/17 A. Dobrin - IS2017 38

J/Ψ v
2
 

Cvetan Valeriev Cheshkov, 20/9, 15:50

● v2 for pT<3 GeV/c is compatible with zero 

● v2 in 3<pT<6 GeV/c is positive with a total significance of 5σ

● Comparable to values from central Pb-Pb collisions 

ALICE, arXiv: 1709.06807

Recently new result from pPb…

Black: AA 
Red: pA

5 TeV

8 TeV



Collectivity - j/psi 34

3.2264d0

Sept. 21st, 2017 You Zhou @ Initial Stages 2017

J/Ψ v2 in p-Pb

❖ Significant v2 in central and semi-central Pb-Pb collisions

❖ In p-Pb collisions (combined 5.02 and 8.16 TeV data),
• For 3<pT<6 GeV/c, v2J/Ψ{2,sub} are found to be non-zero with a significance about 5σ
• Results are comparable with those measured in Pb–Pb collisions

• indication of the same underlying mechanism?

14

Details: 20/9 UPC/Charmonium

ALICE, arXiv: 1709.06807

J/ψ flow similar in magnitude in p-Pb as compared to PbPb 
Similar mechanism? MPI dominance in high-multiplicity collisions ? 



Rise of heavy-quark production  
with multiplicity of the events <=> 

multiple parton interactions

 35



v2>0 and no jet-quenching 
- some theory developments

 36

Solutions to the “Flow w/o quenching” puzzle in pp / pA

Ø 1. Quantitative Explanation: maintain that vn result from final state interactions

Ø small jet quenching effects must be seen in pp/pA
.

Ø Theory improvements needed to relate jet quenching 

and vn signals.

Ø 2. High-density Scenario: azimuthal correlations from a saturated initial state (“CGC”)

Ø UE (underlying event) physics in pp multi-purpose MC 

event generators based on dilute system of up to 

O(10) MPIs (multi parton interactions)

Ø If saturated initial state needed to describe pp UE, then 

dramatic implications: Torbjorn go home.
Ø One needs to understand whether initial density 

effects are necessary for azimuthal correlations.

Altinoluk, Armesto, Beuf, Dumitru, Gotsman, Jalilian-Marian, Iancu, Kovner, Lappi, Levin, 
Lublinsky, McLerran, Skokov, Schlichting, Venugopalan, ….

for techniques to detect them, see e.g.  Mangano, Nachman arXiv:1708.08369

… solutions to the “Flow w/o quenching” puzzle, cont’d...

Ø 3. High-density Scenario: strongly coupled fluid paradigm (à la AdS/CFT) for pp/pA

Ø 4. Low-density Scenario: fluid dynamics negligible,                                              
azimuthal correlations from escape mechanism

Ø small jet quenching effects must be seen in pp/pA .

Ø UE model radically different from that in MC generators

Liang He et al., Phys. Lett. B753 (2016) 506-510;   AMTP

• mechanism to be understood quantitatively outside a MC code

Ø small jet quenching effects must be seen in pp/pA .

Ø mild extension of UE model of multi-purpose MC generators

Ø 5. Low-density Scenario: Collectivity from interference
B.Blok, C. Jäkel, M. Strikman, UAW, arXiv:1708.08241

• No initial density and no initial asymmetry, no final state interactions
• Contribution to vn from QM interference & color correlations? 

Ø does not imply jet quenching in pp/pA .

Ø natural extension of UE model of multi-purpose MC generators

IS2017, Krakow, 21 Sept 2017

Urs Achim Wiedemann
CERN TH Department

Collectivity from Interference

based on: B. Blok, C. Jäkel, M. Strikman and UAW, arXiv:1708.08241

Some time last year…



v2>0 and no jet-quenching 
- some theory developments

 37

Flow without a liquid

!7

More particles moving in    x-direction+-

Initially isotropic
momentum distribution

Kurkela, Wiedemann, Wu, arXiv:1803.02072 

Can you have flow with a few scatterings?

‘anisotropic escape’ mechanism

Anisotropic density converted  
into anisotropic momentum distribution by few scatterings

Scattering randomises directions; more scatterings to ‘out-of-plane’
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Flow without a liquid

!7

More particles moving in    x-direction+-

Initially isotropic
momentum distribution

Kurkela, Wiedemann, Wu, arXiv:1803.02072 

Can you have flow with a few scatterings?

‘anisotropic escape’ mechanism

Anisotropic density converted  
into anisotropic momentum distribution by few scatterings

Scattering randomises directions; more scatterings to ‘out-of-plane’
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2018

… by a few scatterings (no liquid) 
=> possibly a very small effect for 

high energy partons  
=> no/small jet quenching  
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Long	range	rapidity	correla0ons	are	a	chronometer	

Long	range	correla0ons	sensi0ve	to	very	early	0me		
(frac0ons	of	a	femtometer	~	10-24	seconds)		dynamics	in	collisions	

Do	we	understand	the	Ini0al	Stages?	
Raju	Venugopalan		

	BNL	

IS	2017	Krakow,	September	18-22,	2017	



v2 in more elementary collisions? 39

Cumulants from in e-p data from ZEUS

!13

J Onderwaater

Familiar behaviour: non-flow dominates at small multiplicity and without eta-gap

No flow-like signal seen in high-multiplicity, large eta gap for c2, c3, c4

No flow with ‘single string’ ⇒ Need multiple interactions to set up initial geometry

c2 c3 c4

Switching off the flow: e+e-

!12

<10 

10-20 

20-30 

>30 

>35 

Talk: J-Y Lee

ALEPH e+e- thrust axis N ≥ 35

High-multiplicity events

Low T; ‘multi-jet’ High T; ‘di-jet’

10 < N < 20

No evidence of long-range correlations  
beyond Pythia expectation 1.6 < Δη< 3.0

e+e- collisions: 
no extra 

correlations 
(beyond known 
MC / physics)

ep collisions: no 
collective signal 

in high-
multiplicity 

events

Quark Matter 2018, M. van Leeuwen



AA at high energy: 

collective behavior (v2>0) 

parton-medium interactions: light and heavy-flavor suppression; jet 
quenching 

pp, pPb at high energy: 

collective behavior (v2>0) - even for heavy-flavor 

parton-medium interaction: (hydrodynamics works…) droplets of QGP? 
vs. few scatterings kinetic effect vs. string melting; there is no 
(measurable Today) suppression - no “medium” in hot QGP sense… 

Any system at high-energy: 

collectivity signal (v2>0) - hydrodynamics ’works’ (possibly 
“everywhere” where collective effects present - not in ep & ee) 

particle production: part of a smooth evolution with particle 
multiplicity (number of sources, MPIs)

Putting a few things together
 40

look forward to eIC!?



Ultra-peripheral collisions 
selected topics



Ultra-peripheral collisions  42

UPCs: heavy nuclei carry strong electric and 
magnetic fields 
-fields are perpendicular => nearly-real virtual 

photons Emax=γch/b 
-photo nuclear reactions 
-two-photon interactions

Energy AuAu 
RHIC

pp RHIC PbPb LHC pp LHC
Photon energy 
(target frame)

0.6 TeV ~12 TeV 500 TeV ~5,000 TeV

CM Energy 
Wgp

24 GeV ~80 GeV 700 GeV ~3000 GeV

Max gg 
Energy

6 GeV ~100 
GeV

200 GeV ~1400 GeV

■  The energy frontier for electromagnetic probes 
◆  Maximum  CM energy Wγp ~  3 TeV for pp at the LHC 

✦   ~ 10 times higher in energy than HERA 
◆  Probe parton distributions in proton and heavy-ions down to  

✦  Bjorken-x down to a few 10-6 at moderate Q2 

■  Electromagnetic probes have αEM ~ 1/137, so are less affected by 
multiple interactions than hadronic interactions 
◆  “Precision” measurements,  
◆  Exclusive interactions 

■  Two-photon physics & couplings at the energy frontier 
◆  New particle searches (axions), γγ->W+W-, etc. 

S. Klein, QM2017, https://indico.cern.ch/event/433345/contributions/2321627/
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!37

UPC process:

gg -> m m

Heavy flavour background subtracted with DCA, momentum balanceElectromagnetic hard probes: muon pairs

!37

UPC process:

gg -> m m

Heavy flavour background subtracted with DCA, momentum balance

Small effect, but measurable with di-muons
Is this EM tomography of the QGP?

Acoplanarity

Induced <kT2> ≈ 70 MeV

Back to back muon pairs with 
small accoplanarity 

=> as a function of centrality 
of AA collisions(!)
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σ[PbPb(γγ) -> (Pbe-) Pb e+] ~ 280 b @ LHC 

Single-electron lead has charge:mass ratio 
reduced by 1/82 

The (Pbe-) beam strikes the beampipe 135 m 
downstream from the magnet 
At L = 1027/cm2/s, the beam deposits                   

23 Watts 
LHC magnet quench from BFPP       

demonstrated! 
Lmax=2.3*1027/cm2/s 

Luminosity limit for LHC & potentially FCC 
Some mitigation possible by orbit bumps. 

Pb 

Pb 

γ 
e+ 

81+Pb 

IP 
82+Pb 

81+Pb 

S. Klein, QM2017, https://indico.cern.ch/event/433345/contributions/2321627/



Looking forward…



An appetizer… Heavy-ion perspective  
on FCC but also high-luminosity LHC
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tt → bb + + 2 jets+ET

L.	Apolinário,	G.	Salam	(CERN),	C.	A.	Salgado	
(USC)	(IST),	G.	Milhano	(IST	and	CERN),	

✦ Reconstructed W Jet Mass: 

✦ “Antenna” model only:

Time Dependent Energy Loss
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Depending on the chosen pT, the antenna may still lose some energy.  
Knowing the energy loss, it is possible to build the density evolution profile of the medium!
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An	“antena”	scenario:	

h2p://www.int.washington.edu/talks/WorkShops/int_17_1b/People/Apolinario_L/Apolinario.pdf	

Jet Reconstruction
✦ Event with at least:

15

t
W

b

q

qbarν

μ

b

W
tbar

Missing energy 
requirement?

✦ 1 (isolated) muon, pT > 25 GeV, |η| < 2.5. 

✦ 2 b jets (assumed 70% efficiency each) 

✦ >= 2 non-b jets

“Time” tomography of the medium with 
boosted tops (accessible at sLHC but 
also some at high-luminosity LHC) 
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LHC: new instrumentation for saturation physics 47
ALICE Forward Calorimeter (proposal & R&D)

R
� p
P
b

pT

EPPS16

ALICE pseudodata

EPS09mod

p+Pb

p
sNN = 8.160TeV

4 < ⌘ < 5

Isolated

R = 0.4
⌃ET < 2GeV

1 2 3 4 5 6 7 8
kT [GeV]
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R
p
A

y = 3
y = 4
y = 5

p + Pb/ p + p ! � + X,
p

s = 8 TeV

CGC 
Calculation:
Ducloué, Lappi,  
Mäntysaari,  

1. prove or refute gluon saturation 
• compare saturation models with linear QCD
• depends on saturation model implementation and flexibility of PDF 

analytical shape
2. show invalidity of linear QCD at low x 

• can all potential measurement outcomes be absorbed in a modified 
PDF?

3. constrain the PDFs at low x 
• nuclei, also protons

• main observable: nuclear modification factor RpA of direct photons
• saturation stronger in nuclei 
• possibly non-existent in protons (calculation of reference in 

models?)
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http://after.in2p3.fr/after/index.php/Talks#Talks_on_AFTER

AFTER @ LHC

A fixed-target programme at the LHC for heavy-ion, 

hadron, spin and astroparticle physics

Daniel Kikoła
AFTER@LHC Study group: http://after.in2p3.fr/after/index.php/Current_author_list 2

Why a fixed-target experiment at the LHC?

● High luminosities →access to rare probes (heavy quarks)

● High precision Heavy-Ion program between SPS and RHIC 
top energy

● Access to high Feynman x
F
 domain (|x

F
| = |p

z
|/p

z max
 → 1)

● Variety of atomic mass of the target, 

● Large kinematic coverage

● Polarization of the target → spin physics at the LHC

8

Kinematics

● p+p or p+A with a 7 TeV p on a fixed target

● A+A collisions with a 2.76 TeV Pb beam

√s≈72GeV

yCMS=0→ yLab=4.3

√s=√2mN Ep≈115GeV

yCMS=0→ yLab=4.8

9

Boost effect → access to backward physics

backward physics = large-x
2
 physics ( x

F
 < 0 → large x

2
 )

12

How to make fixed-target collisions with the LHC beams?

● Internal (solid or gas) target + existing detector
– gas target (unpolarized/polarized) and full LHC beam

– beam splitting by bent-crystal + internal (solid, pol.?) target 

– internal Wire/Foil target (directly in the beam halo)

● Beam extraction by bent-crystal
– new beam line + new experiment

27

Constraining quark nPDF with Drell-Yan

Large Drell-Yan yields, wide kinematic reach (x
2
 →1 ), various targets

Expected improvement with AFTER@LHC data
Few Body Syst. 58 (2017) no.4, 139

LHCb-like

x x

Also: ideal test of the extrapolation of initial state effects in pA to AA

Drell-Yan => improvement in PDF
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Electron-Ion Collider: Goals

Central themes: 
• Probing the momentum-dependence of gluon densities and 

the onset of saturation in nucleons and nuclei  
• Mapping the transverse spatial and spin distributions 

(imaging) of partons in the gluon-dominated regime 
• Provide novel insight into propagation, attenuation and 

hadronization of colored probes

!1

Investigate with precision universal dynamics of gluons 
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White Paper documents the physics case of an EIC 
Eur.Phys.J. A52 (2016), 268; arXiv:1212.1701 

T. Ullrich 
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US Electron Collider: Realization
• eRHIC (BNL) 
‣ Add e Rings to RHIC facility: Ring-

Ring (alt. recirculating Linac-Ring) 
‣ Electrons up to 18 GeV   
‣ Protons up to 275 GeV 
‣ √s=30-140 √(Z/A) GeV 
‣ L ≈ 1×1034 cm-2s-1 at √s=105 GeV 

• JLEIC (JLab) 
‣ Figure-8 Ring-Ring Collider, use of 

CEBAF as injector 
‣ Electrons 3-10 GeV 
‣ Protons 20-100 GeV 
‣ e+A up to √s=40 GeV/u 
‣ e+p up to √s= 64 GeV 
‣ L ≈ 2×1034 cm-2 s-1 at √s=45 GeV 

!5eRHIC: arXiv:1409.1633, JLEIC: arXiv:1504.07961

3-12 GeV

8-100(400) GeV

8 GeV

T. Ullrich 

EIC PID needs are more demanding then your ‘normal’ collider detector 
EIC needs absolute particle numbers at high purity and low contamination

White Paper documents the physics case of an EIC: Eur.Phys.J. A52 (2016), 268; arXiv:1212.1701 
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https://fcc.web.cern.ch/Pages/default.aspx
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Heavy-ions at FCC:  
https://arxiv.org/abs/1605.01389 

https://twiki.cern.ch/twiki/bin/view/LHCPhysics/HeavyIons

https://arxiv.org/abs/1605.01389


LHC Run-3 (Run-2 ends 2019) 

10/nb AA data (1011 events!) 

Potentially another pPb run (202X?) 

RHIC: new sPHENIX experiment 

Continued Beam Energy Scan 

High rate jet detector (high statistics jets) 

Electron-Ion collider? 

A USA based machine (RHIC? JLAB?) 

Construction 2025++ (significantly beyond 2025) 

LHeC - conceptual work ongoing 

Future Circular Collider? 

40TeV PbPb Collisions (100 TeV pp machine)

Notes on the future
 53



Beam energy scan at RHIC: looking for critical point on 
QCD phase diagram; physics of finite baryon density 
programs (NA61, FAIR, …) 

Di-lepton measurements in AA collisions: messengers of 
the dynamics; signals for chiral symmetry restoration 

Search for Chiral Magnetic Effect, vorticity in HIC, 
balance functions, jet hadrochemistry, details of the so-
called underlying event - soft-QCD, … 

Novel work on HIC and QGP 

Extraction of QGP parameters with a Bayesian analysis 

Machine learning - quickly developing for HIC: 

hydrodynamical evolution 

jets and jet quenching quenching

What we did NOT talk about?  54



Thank you! 
Drop me an email in case of 
questions: mploskon@lbl.gov



Additional Slides



Detector requirements from physics 
- an EIC example

 57

hadrons are  
boosted 

more and more 
to �η 

lepton beam energy 

hadron beam energy 

influences  
max. hadron energy  

at fixed η

Hadron-PID:  
1T-Magnet => pT > 200 MeV 
3T-Magnet => pT > 500 MeV 

  
p/K ratio 3-4  

K/p ~ 1  
-5 < eta < 2:  

 0.1 GeV < p < 10 GeV 
 2 < eta < 5:  

 0.1 GeV < p < 100 GeV 
 => impact on choice of technology



Unexpected novel 
effects…

 58



Quem mandou isso? 59

Long range correlations are intimately related to initial stages - early times - ~10-24s. 
Do we fully understand initial stages of nuclear collisions? - No (!). 

ALICE: + (not shown) indication of v2>HF (?) in p-Pb collisions (muon-hadron correlations)

Long-range correlation 
structure in high-

multiplicity pp 
collisions

Δ!	azimuthal	angle	difference	
-	angle	in	the	transverse	plane	

Δη	-	longitudinal	-	pseudo-
rapidity	distance		

Similar observations made by ATLAS & LHCb

ALICE INTERNAL ONLY 8

Fig. 3: Left: Associated yield per trigger particle in Dj and Dh for pairs of charged particles with
2 < pT,trig < 4 GeV/c and 1 < pT,assoc < 2 GeV/c in p–Pb collisions at

p
sNN = 5.02 TeV for the 0–20%

multiplicity class, after subtraction of the associated yield obtained in the 60–100% event class. Top
right: The associated per-trigger yield after subtraction (as shown on the left) projected onto Dh averaged
over |Dj| < p/3 (black circles), |Dj �p| < p/3 (red squares), and the remaining area (blue triangles,
Dj <�p/3, p/3<Dj < 2p/3 and Dj > 4p/3). Bottom right: as above but projected onto Dj averaged
over 0.8 < |Dh |< 1.8 on the near side and |Dh |< 1.8 on the away side. Superimposed are fits containing
a cos(2Dj) shape alone (black dashed line) and a combination of cos(2Dj) and cos(3Dj) shapes (red
solid line). The blue horizontal line shows the baseline obtained from the latter fit which is used for
the yield calculation. For comparison, the subtracted associated yield applying the same procedure on
HIJING shifted to the same baseline is also shown. The figure shows only statistical uncertainties.
Systematic uncertainties are mostly correlated and affect the baseline. Uncorrelated uncertainties are
less than 1%.

|Dh | < 1.2; b) the residual near-side peak above the ridge is also removed from the away side
accounting for the general pT -dependent difference of near-side and away-side jet yields due
to the kinematic contraints and the detector acceptance, which is evaluated using the lowest
multiplicity class; and c) the lower multiplicity class is scaled before the subtraction such that no
residual near-side peak above the ridge remains. The resulting differences in v2 (up to 15%) and
v3 coefficients (up to 40%) when applying these approaches have been added to the systematic
uncertainties.

The coefficients v2 and v3 are shown in the left panel of Fig. 4 for different event classes. The
coefficient v2 increases with increasing pT, and shows only a small dependence on multiplicity .
In the 0–20% event class, v2 increases from 0.06±0.01 for 0.5 < pT < 1 GeV/c to 0.12±0.02
for 2 < pT < 4 GeV/c, while v3 is about 0.03 and shows, within large errors, an increasing trend
with pT. Reference [33] gives predictions for two-particle correlations arising from collective
flow in p–Pb collisions at the LHC in the framework of a hydrodynamical model. The values
for v2 and v3 coefficients, as well as the pT and the multiplicity dependences, are in qualitative
agreement with the presented results.

DRAFT v0.84 $Revision: 631 :$ $Date: 2012-12-01 16:02:43 +0100 (Sat, 01 Dec 2012) :$

Long-range correlation 
double structure in 
high-multiplicity pPb 

collisions

ALICE
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Long range correlations are intimately related to initial stages - early times - ~10-24s. 
Do we fully understand initial stages of nuclear collisions? - No (!). 

ALICE: + (not shown) indication of v2>HF (?) in p-Pb collisions (muon-hadron correlations)

P. Bozek et al., Phys Rev Lett 111, 172303 

Hydrodynamics?: mass splitting 
However: also qualitatively 
reproduced in UrQMD (non-

flow)
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!  Low$mul*plicity$subtrac*on$applied$

!  Clear$mass$splimng$observed$up$to$2$GeV/c$

!  Clearer$effect$in$p6p$than$in$p6Pb$(or$Pb6Pb)$

! Where'does'this'come'from?'
"  Connected$to$radial$flow$
"  p6p$is$a$more$explosive$system$

 (GeV)
T

p0 2 4

2v

0.0

0.1

0.2

0.3

0
SK
Λ/Λ

±h

CMS
1− = 35 nb

int
 = 5.02 TeV, LNNspPb 

 < 220trk
offline N≤185 

(0.006-0.06%)

 (GeV)q/nTKE0.0 0.5 1.0 1.5 2.0

q
/n 2v

0.00

0.05

0.10

0
S

Polynomial fits to K

 (GeV)q/nTKE
0.0 0.5 1.0 1.5 2.0

D
at

a/
Fi

t

0.5
1.0
1.5

Blast-wave fits - different freeze-
out among systems (s0.5 caveat); 

however, events with similar Tkin need 
further understanding/investigation



Particle production as a function 
of multiplicity

×61

Strangeness - striking continuous 
evolution with event multiplicity 

from pp to AA

All this while jet quenching is not 
present in pPb collisions…  

Limit obtained using hadron-jet 
correlations (ΔE < 0.04)
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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

4

Multi-particle correlations - 
similarities in pA and AA

1807.11321

http://arxiv.org/abs/1807.11321v1
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Kinematic coverage: collider vs fixed target 

LHCb: 2 < hlab < 5

(1) fixed target, √s
NN

 = 115 GeV; (2) fixed target, √s
NN

 = 72 GeV; 

(3) collider mode, √s = 14 TeV; (4) collider mode, √s
NN

 = 5.5 TeV, (5),(6)  √s
NN

 = 8.8 TeV

LHCb detector

https://lhcb.web.cern.ch/lhcb
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Kinematic coverage: collider vs fixed target 

(1) fixed target, √s
NN

 = 115 GeV; (2) fixed target, √s
NN

 = 72 GeV; 

(3) collider mode, √s = 14 TeV; 

ALICE: Muon Det.: 2.5 < hlab < 4, 
 TPC: |hlab| < 0.9

ALICE detector

for Z
target

 ~ 0

http://aliceinfo.cern.ch


