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H.I. collisions @ LHC
unique opportunities to study QCD at µB ~ 0 in H.I. collisions via hard and 
electroweak probes
initial T and energy density : the highest achievable in the lab
large √sNN ➠ abundant production of hard probes
first principle methods (pQCD, Lattice Gauge Theory) most applicable
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« The top priority for future quark matter research in Europe is the 
full exploitation of the physics potential of colliding heavy ions in 
the LHC »
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of the European Strategy Preparatory Group for Particle Physics (ESPG)  
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« The top priority for future quark matter research in Europe is the 
full exploitation of the physics potential of colliding heavy ions in 
the LHC »

Conclusions of the Heavy-Ion Town meeting (June 2012, CERN), in the preparation 
of the European Strategy Preparatory Group for Particle Physics (ESPG)  

[ H. Appelshäuser, ESPG Symposium, Cracow, Sept. 2012 ]

‣ currently approved program (1 nb-1) : essential step 
towards an era of precision measurements

‣ extension to 10 nb-1 : full exploitation of LHC physics 
potential + experiments complementarity 

➡H.I. beyond LS3



LHC - short term (2013 - 2014)
p-Pb + Pb-p (Jan. 2013) : CNM effects

√s = 5 TeV, target luminosity 30 nb-1

22 days of stable beams
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Long Shutdown 1 (2013 - 2014) :

1 year ½  ⇒ LHC design energy (p+p 14 TeV, Pb+Pb 5.5 TeV)
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LHC - mid/long term

ALICE LoI (Sept. 2012) : upgrade ITS, TPC, Muon Arm, ...
✓ improve low pT tracking, vertexing, PID capabilities, reduce material budget

✓ many key observables do not allow low-level triggering ➠ high rate capability of detectors and 
readout system

ALICE LoI addendum : Muon Forward Tracker (MFT), VHMPID, FoCal
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ALICE&ITS&upgrade&

&
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new&ALICE&Inner&Tracking&System:&
&
!  7&SiClayers&(7&pixel&or&3&pixel&+&4&strip)&
!  low&material&budget&X/X0=&0.3%&per&layer&
&&&&&&&(currently&1.14%)&
!  improve&vertex&resoluMon&by&factor&3&
!  improve&low&pT&tracking&efficiency&
!  allow&for&50&kHz&readout&
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LimitaMon&of&the&present&system:&&

&Readout&rate&limited&to&3.5&kHz&due&to&GaMng&Grid&closing&Mme&

&C&Needed&to&prevent&ions&from&driving&back&into&the&driv&volume&
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& &&
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& &!&preserves&the&present&momentum&and&dE/dx&resoluMon&
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GG closed  
(ion coll. time in ROCs) 
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GG open  
(drift time) 
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MFT (Muon Forward Tracker)
Multiple scatterings in 
the absorbeur ∼60X0 
➾ blur track 
extrapolation to vertex
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The Muon Forward Tracker principle
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• utilization : match µ-tracks 
with MFT clusters

• secondary vertex 
measurement ➾ charm/
beauty separation

• prompt and non-prompt µ 
prompt separation ➾ 
additional π/K background 
rejection, S/B improvement
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• Limited mass resolution:

• σMass (φ) ~ 60 MeV/c2  (NA60~25 MeV/c2)

• Very high Background contribution coming π/Κ 
decays

• S/B ~ 10-2 in central PbPb 

• S/B ~ 1 in pp 

Low Mass vector mesons - limitations

PbPb @ 2.76 TeV

14

ALICE

NA60NA60

low mass vector mesons

prompt J/ψ
+ ψ(2S)

open heavy flavor 
with D/B separation

Dimuon spectrum in 2011 PbPb 

14 

  

Dong Ho Moon (Korea Univ.)   Hard Probes 2012 

CMS

RAA of prompt J/ψ vs Npart 

10 

  
•  ALICE (inclusive J/ψ) measured less  
    suppression and centrality dependence  
    than CMS at forward rapidity (2.5 < y < 4.0) 
    and low pT  down to 0.  
•  If regeneration, expected at low pT, thus  
    more in ALICE than in CMS. 

•  Note: RAA of prompt J/ψ could shift down  
    by ~11 % due to ~10 % b-fraction  
    at low pT in pp at ALICE. 
 

Dong Ho Moon (Korea Univ.)   Hard Probes 2012 

JHEP 1205 (2012) 063 
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correlations
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1 nb-1 Pb-Pb @ √sNN = 5.5 TeV
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First measurement of Z-jet 
correlations

[ H. Appelshäuser, ESPP Symposium, 
Cracow, Sept. 2012 ]

1 nb-1 Pb-Pb @ √sNN = 5.5 TeV

J/ψ polarisation p-p @ 7 TeV
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sPHENIX

14Andry Rakotozafindrabe (CEA Saclay)

EBIS = Electron Beam Ion Source [ PHENIX decadal plan 2011-2020 ]

[ J. Haggerty, QM2012 ]
[ sPHENIX, arXiv:1207.6378 ]

‣ Emphasizes jet physics observables with 
calorimetry initially

‣ Full jet reconstruction
‣ Compact detector
‣ Data acquisition capable of recording 

> 10 kHz



sPHENIX

15Andry Rakotozafindrabe (CEA Saclay)

EBIS = Electron Beam Ion Source [ PHENIX decadal plan 2011-2020 ]

upgrade option # 1 :
‣ separation of ϒ states (add. tracking)
‣ extend up to pT > 50 GeV single γ from 

π0→γγ separation (preshower)

[ J. Haggerty, QM2012 ]
[ sPHENIX, arXiv:1207.6378 ]



sPHENIX - ePHENIX

16Andry Rakotozafindrabe (CEA Saclay)

‣ upgrade option # 2
‣ also Cold Nuclear Matter studies, spin physics

Forward sPHENIX 

J. Seele (RBRC) - QM2012 9 

• Extension/modification of the central solenoid for B field 
• GEM based tracking 
• Diamond pixel for heavy flavor tagging 
• Restack of current PHENIX EMCal  
• RICH based PID (pi/K/p) 
• HCal for jet energy reco 
• Muon identification 
 

Optimized for jets and photons/DY over a large range in rapidity (η~4) 
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[ J. Seele, QM2012 ]
[ sPHENIX, arXiv:1207.6378 ]



STAR
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FHC$(E864)$

~$6$GEM$disks$
Tracking:*2.5*<*η*<*4*

RICH/Threshold$$
Baryon/meson*
separa9on*

proton* nucleus*

W<Powder$EMCal$

FHC$(E864)$

Pb<Sc$HCal$

Forward$Calorimeter$System$(FCS)$

[ H. Z. Huang, J. Nagle, QM2012 ]

also designed for evolution into EIC detector 

STAR Inner TPC Readout
Improved tracking and dE/dx PID

Extend η coverage 1.0-1.7



LHeC / eRHIC : electron-ion colliders

18Andry Rakotozafindrabe (CEA Saclay)

[ A. L. Deshpande, C. Marquet, A. Stasto, 
J.H. Lee, QM  2012 ]

RHIC @ BNL
up to 140 (90) GeV ep (eA)

INT Report: arXiv:1108.1713v2 

LHC @ CERN
up to 2 (1.2) TeV ep (eA)
CDR arXiv:1206.2913
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Figure 1.8: Top: The schematic of eRHIC at BNL: will require construction of the electron
beam facility (indicated in RED) to collide with the RHIC blue beam at three interaction points.
Bottom: The schematic of the ELIC at JLab: will require construction of the ELIC complex
(red and black in the center) and its injector (shown in green, top right) next to the 12 GeV
CEBAF.

The physics-driven requirements on the EIC accelerator parameters and extreme de-293

mands on the kinematic coverage for measurements, makes integration of the detector into294

the accelerator a particularly challenging feature of the design. Lessons learned from past ex-295

perience at HERA have been considered while designing the EIC interaction region. Driven296

by the demand for high precision on particle detection and identification of final state par-297

ticles in both e-p and e-A programs, modern particle detector systems will be at the heart298

of the EIC. In order to keep the detector costs manageable, R&D e�orts are under way299

on various novel ideas for: compact (fiber sampling & crystal) calorimetry, tracking (NaI300

coated GEMs, GEM size & geometries), particle identification (compact DIRC, dual ra-301

11

Geometric
 

Scaling

Y 
= 

ln
 1

/x

no
n-

pe
rtu

rb
at

iv
e 

re
gi

on

ln Q2

Q2
s(Y)saturation

region

Λ2
QCD

αs <<  1αs ~ 1

BK/JIMWLK

DGLAP

BFKL



A rough timeline*

19Andry Rakotozafindrabe (CEA Saclay)

√sNN (TeV)

time

2.76

5.50

2008-09 13 18 22

0.017
0.039

0.200

LS1 LS2 LS3
LHC

(CERN)

0.115

SPS 
(CERN)CHIC

STAR, PHENIX

ALICE, ATLAS, 
CMS, LHCb

16

(*) focusing on AA, pA, eA, collisions only

upgrade
ALICE1.00 LHeC LHeC

(CERN)

STAR, sPHENIX
eSTAR, ePHENIX

RHIC
(Brookhaven)

upgrade
LHC

major upgrades ATLAS, CMS

AFTER  
(CERN)

AFTER

e



CHIC : 𝝌c at SPS
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Sequential melting ?

high pT J/ψ, ψ(2S)
ϒ(1S, 2S, 3S) A fixed target experiment at SPS, specialized in dilepton 

measurement
Charmonium family as a thermometer at SPS energy

sequential melting ?
𝝌c is the missing piece (30% prompt J/ψ yield)

Cold Nuclear Matter effects at SPS
high luminosity in p-A
wide (xF) rapidity range -0.5 < ycms < 2
charmonia, open charm

Binding energy
compact detector
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Sequential melting ?

high pT J/ψ, ψ(2S)
ϒ(1S, 2S, 3S) A fixed target experiment at SPS, specialized in dilepton 

measurement
Charmonium family as a thermometer at SPS energy

sequential melting ?
𝝌c is the missing piece (30% prompt J/ψ yield)

Cold Nuclear Matter effects at SPS
high luminosity in p-A
wide (xF) rapidity range -0.5 < ycms < 2
charmonia, open charm

Binding energy
compact detector

E. Ferreiro, F. Fleuret



Long term prospectives

fixed target experiment that will « recycle» the LHC halo, LS3 
horizon
extend RHIC physics to the high x region for gluons
era of precision measurement : quarkonium observatory 
(102-103 x projected RHIC yields)
complementary to LHeC
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• first paper on physics opportunities Phys. Rept. 522 (2013) 239
• webpage after.in2p3.fr 

http://after.in2p3.fr/
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A Fixed Target ExpeRiment at LHC
Use LHC beams on fixed target :

• LHC 7 TeV proton beam 

‣ √s ∼ 115 GeV : p−p, p−d, p−A

• LHC 2.76 TeV lead beam 

‣ √s ∼ 72 GeV : Pb−p, Pb−A
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• A dependence (better than <Ncoll>) thanks to target versatility

Andry Rakotozafindrabe (CEA Saclay)

Physics in p−A and Pb−p

23

Precision studies of the 
nuclear matter : 

[ PHENIX, arXiv:1204.0777 ]

<Ncoll> dependence ➾ A dependence (à la NA50, NA60)
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Physics in p−A and Pb−p

23

Precision studies of the 
nuclear matter : 

• nuclear PDF from intermediate to high xB : antishadowing, EMC region, 
Fermi motion. Extraction using for e.g. isolated photons, photon-jet. 

• Cold Nucl. Matter effects on heavy quarkonium production, from nPDF 
or not (Cronin effect? energy loss? ...). Extend to open charm and open 
beauty.

[ PHENIX, PRL 107 (2011) 142301 ]

J/ψ in dAu @ 200 GeV

y
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STAR prelim. 

EPS09 LO
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[ E.G. Ferreiro et al., arXiv:1110.5047 ]

ϒ in dAu @ 200 GeV, 
STAR and PHENIX



• A dependence (better than <Ncoll>) thanks to target versatility

Andry Rakotozafindrabe (CEA Saclay)

Physics in p−A and Pb−p

23

Precision studies of the 
nuclear matter : 

• nuclear PDF from intermediate to high xB : antishadowing, EMC region, 
Fermi motion. Extraction using for e.g. isolated photons, photon-jet. 

• Cold Nucl. Matter effects on heavy quarkonium production, from nPDF 
or not (Cronin effect? energy loss? ...). Extend to open charm and open 
beauty.

• test QCD factorization in charmonium production at high xF

• these studies are needed to clear the current picture of heavy 
quarkonium as a hard probe of QGP from SPS to LHC energies, 
RHIC-like energies being a key step



• For e.g. quarkonium studies, a threefold improvement w.r.t. RHIC 

‣ much higher statistics compared to RHIC @ 62 GeV

Andry Rakotozafindrabe (CEA Saclay) 24

Physics in Pb−APrecision studies of the 
deconfinement at RHIC energies : 

 200 GeV
62 GeV

[ M. Rosati for PHENIX, QM2012 ]

J/ψ in AuAu 1.2 < |y| < 2.2

39 GeV
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Physics in Pb−APrecision studies of the 
deconfinement at RHIC energies : 

• also jet quenching, direct photon ...

‣ much better control of Cold Nuclear Matter effects

‣ measure excited states, especially 𝝌c and 𝝌b with improved EMCal

[ Frawley et al., EMMI2011 ]

1.2 < |y| < 2.2

|y| < 0.35

J/ψ in AuAu @ 200 GeV

 200 GeV
62 GeV

[ M. Rosati for PHENIX, QM2012 ]

J/ψ in AuAu 1.2 < |y| < 2.2

39 GeV



Detector : could be inspired by PANDA

Barrel + forward detector, 2 magnets
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« Faster, Higher, Stronger »

26Andry Rakotozafindrabe (CEA Saclay)

Olympic games, London, 2012

and 
complementary !



EXTRA



NSAC report

http://science.energy.gov/np/nsac/reports/ 
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http://science.energy.gov/np/nsac/reports/
http://science.energy.gov/np/nsac/reports/
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Test the high x frontier of QCD
x = 0.3 − 1

• Nucleon partonic structure (PDF)

• Correlations between partons 
(spatial position, momentum, spin ...)  
➠ nucleon 3D structure

QCD near the high x frontier
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Test the high x frontier of QCD
x = 0.3 − 1

• Nucleon partonic structure (PDF)

• Correlations between partons 
(spatial position, momentum, spin ...)  
➠ nucleon 3D structure

QCD near the high x frontier

A Fixed Target ExpeRiment @ LHC :

• very energetic unpolarised p beam 

• polarised or unpolarised nuclear target, where 

• full backward access, up to 

‣ the target rapidity region corresponds to high

(x" = x2)

(xF ! �1) , (x" ! 1)

x

"

high luminosity
&

scan in xF
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Physics in p−p(d)
Nucleon partonic structure : 
test the high xB frontier of QCD

xB = 0.3 − 1 
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µ = 100 GeV

gluon PDF 
uncertainty

gluon PDF at high x :
with large uncertainties for proton, 
unknown for neutron

exp. probes :
‣ heavy quarkonia
‣ isolated photons
‣ high pT jets (pT >20 GeV)
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gluon PDF 
uncertainty

gluon PDF at high x :
with large uncertainties for proton, 
unknown for neutron

exp. probes :
‣ heavy quarkonia
‣ isolated photons
‣ high pT jets (pT >20 GeV)

DGLAP BHPS sea-like

x=0.1 x=1

intrinsic charm

[ Pumplin et al., PRD 75 (2007) ]

charm PDF at high x :
discriminate all charm PDFs currently 
in agreement with DIS data

exp. probes :
‣ open charm, open beauty
‣ new open c, b hadrons at high xF ?

[ Chang and Peng, PLB 704 (2011) 197 ]
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Dependent PDFs, 
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Physics in p−p(d)
Nucleon partonic structure : 
test the high xB frontier of QCD

xB = 0.3 − 1 

µ = 100 GeV

gluon PDF 
uncertainty

gluon PDF at high x :
with large uncertainties for proton, 
unknown for neutron

exp. probes :
‣ heavy quarkonia
‣ isolated photons
‣ high pT jets (pT >20 GeV)

need high luminosity to reach large xB

+ detailed studies on heavy QQbar prod. before 
using them for gluon PDF extraction 

+ spin physics :
asymetries, 
Transverse Momentum 
Dependent PDFs, 
quark and gluon Sivers effect ...

‣ if using a polarized target
‣ Drell Yan as a probe of quark PDF 

DGLAP BHPS sea-like

x=0.1 x=1

intrinsic charm

[ Pumplin et al., PRD 75 (2007) ]

charm PDF at high x :
discriminate all charm PDFs currently 
in agreement with DIS data

exp. probes :
‣ open charm, open beauty
‣ new open c, b hadrons at high xF ?

[ Chang and Peng, PLB 704 (2011) 197 ]
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Heavy Quarkonium yields in pH, pA

yield / dy ( fb−1 year−1) @ √s = 115 GeV
AF

TE
R

ALICE
LHCbLH

C
RH

IC
J/ψ ϒ 

detector geometrical acceptance ~ 8% for J/ψ (4π)→µ+µ−  
from simulations with ALICE detector (−4< y <−2.5) used as fixed target exp. at LHC

[ Kurepin et al., Phys. Atom. Nucl. 74 (2011) ]

[S. Brodsky, F. Fleuret, C. Hadjidakis, J.P. Lansberg, arXiv:1202.6585 ]
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yield / dy ( nb−1 year−1) @ √s = 72 GeV
J/ψ ϒ 

Heavy Quarkonium yields in PbA
AF

TE
R

LH
C

RH
IC

[S. Brodsky, F. Fleuret, C. Hadjidakis, J.P. Lansberg, arXiv:1202.6585 ]
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yield / dy ( nb−1 year−1) @ √s = 72 GeV
J/ψ ϒ 

PbA :

same stat. w.r.t. RHIC 
@ 200 GeV and LHC

Heavy Quarkonium yields in PbA
AF

TE
R

LH
C

RH
IC

[S. Brodsky, F. Fleuret, C. Hadjidakis, J.P. Lansberg, arXiv:1202.6585 ]
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yield / dy ( nb−1 year−1) @ √s = 72 GeV
J/ψ ϒ 

PbA :

same stat. w.r.t. RHIC 
@ 200 GeV and LHC

Heavy Quarkonium yields in PbA
AF

TE
R

LH
C

RH
IC

[S. Brodsky, F. Fleuret, C. Hadjidakis, J.P. Lansberg, arXiv:1202.6585 ]

102 x RHIC @ 62 GeV
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LHC beam extraction

Use strong crystalline field in bent crystals :
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Ge, Si crystal 

• mature technique 
‣ successful for proton beam : RD22 @ SPS (1990), ...,Tevatron (2005), 

UA9 @ SPS (2008)

‣ test @ LHC approved by LHCC ☛ LUA9 (2013)

‣ ion beam : test at SPS

[ W. Scandale et al., JINST 6 (2011) 10002 ]

[ W. Scandale et al., PLB 703 (2011) 547 ]
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• for extraction and collimation
‣ extremely small emittance : beam size 950m after the extraction (in the 

extraction direction) ~ 0.3mm
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Ge, Si crystal 

• mature technique 
‣ successful for proton beam : RD22 @ SPS (1990), ...,Tevatron (2005), 

UA9 @ SPS (2008)

‣ test @ LHC approved by LHCC ☛ LUA9 (2013)

‣ ion beam : test at SPS
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• for extraction and collimation
‣ extremely small emittance : beam size 950m after the extraction (in the 

extraction direction) ~ 0.3mm
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[ A. Baurichter et al., NIM B 164 (2000) 27 ]

[ W. Scandale et al., PLB 703 (2011) 547 ]

• Proposal : insertion in the halo (7σ) of the proton LHC beam 
‣ here with a deflection 0.275 mrad

‣ extraction eff. (multi pass) ~ 50% LHC beam loss ➾ 5.108 p/s extracted

‣ yearly luminosity (1 cm thick target) : 0.1 to 0.6 fb-1 in p−H(A), 7 to 25 nb-1 in Pb−A 

[ E Uggerhoj and U.I. Uggerhoj, NIM B 234 (2005) 31 ]

[S. Brodsky, F. Fleuret, C. Hadjidakis, J.P. Lansberg, arXiv:1202.6585 ]
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• mature technique 
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UA9 @ SPS (2008)

‣ test @ LHC approved by LHCC ☛ LUA9 (2013)
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• for extraction and collimation
‣ extremely small emittance : beam size 950m after the extraction (in the 

extraction direction) ~ 0.3mm
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[ A. Baurichter et al., NIM B 164 (2000) 27 ]

[ W. Scandale et al., PLB 703 (2011) 547 ]

• Proposal : insertion in the halo (7σ) of the proton LHC beam 
‣ here with a deflection 0.275 mrad

‣ extraction eff. (multi pass) ~ 50% LHC beam loss ➾ 5.108 p/s extracted

‣ yearly luminosity (1 cm thick target) : 0.1 to 0.6 fb-1 in p−H(A), 7 to 25 nb-1 in Pb−A 

[ E Uggerhoj and U.I. Uggerhoj, NIM B 234 (2005) 31 ]

[S. Brodsky, F. Fleuret, C. Hadjidakis, J.P. Lansberg, arXiv:1202.6585 ]

no performance decrease of the LHC



Harald&Appelshäuser,&Quark&Ma2er&2012,&Washington&DC&

detector&upgrades&C&ATLAS&

LS1(2013C14):& &C&addiMonal&pixel&layer&(Insertable&BClayer,&IBL)&
& & &&&!&improve&bCtagging&&

&

LS2(2017C18):& &C&fast&tracking&trigger&(FTK)&
& & &&&&!&improve&highCmulMplicity&tracking&

& & &C&calorimeter&readout&and&trigger&upgrade&
& & &&&&!&improve&selecMvity&of&photon&and&electron&trigger&

& & &C&new&forward&muon&detectors&
& & &&&&!&improved&muon&triggers&

&

LS3(2022):& &C&replacement&of&inner&detector&(pixel&and&strips,&

& & &&&reduced&material&budget)&
& & &&&&!&improve&tracking&and&resoluMon&
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Harald&Appelshäuser,&Quark&Ma2er&2012,&Washington&DC&

detector&upgrades&C&CMS&

By&end&of&LS2: &C&new&pixel&vertex&detector&
& & &C&upgraded&trigger&
& & &C&extension&of&forward&muon&system&

& & &C&refurbishment&of&hadron&calo&electronics&

& & &C&DAQ&upgrade&

&

Important&for&HeavyCion&running&at&50&kHz:&

& & &C&HLT&input&limitaMon&(3kHz)&requires&0.95&rejecMon&at&Level&1&&

& & &&&&(0.5&achieved&so&far)&

& & &!&dedicated&R&D&effort&started&on&Level&1&upgrade,&&
& & &&&&&largely&driven&by&HI&needs&and&HI&community&

&

LS3&(2022): &C&new&inner&tracker&
& & &C&trigger&and&DAQ&

& & &C&...&
14 
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