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Compressed Baryonic Matter 
‣ Physics program 
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Explore the QCD phase diagram
• equation of state at high net baryon density
• deconfinement phase transition
• QCD critical endpoint
• chiral symmetry restoration

Probes of the high-density phase
• open charm, charmonia
• low-mass vector mesons
• multistrange hyperons
• flow, fluctuations, correlations



Open charm and charmonia @ CBM 

‣ they are produced close to (nucleon-nucleon) threshold energies 
@ FAIR HI collisions

‣ hence, total and relative yields of hadrons with charm are very 
sensitive to the degrees of freedom in the early fireball

‣ predictions from hadronic transport model (HSD) vs statistical 
hadronization model (SHM) :
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assuming a complete dissociation 
of charmonium in QGP  

[ CBM Physics Book ]



CBM @ FAIR
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CBM @ FAIR

SIS-100 accelerator will deliver: 

- heavy ions (Au) up to 11A GeV 

   √s
NN

 = 4.7 GeV

- light ions (e.g. Ca) up to 14A GeV

    √s
NN

= 5.3 GeV

- protons up to 29 GeV

     √s
NN

= 7.5 GeV)

CBM 

SIS-300 accelerator will deliver: 

- heavy ions (Au) up to 35A GeV 

  

- light ions (e.g. Ca) up to 45A GeV

    

- protons up to 90 GeV

9

CBM

SIS-300
• heavy ions up to     

35 A GeV 
√sNN = 8.3 GeV

• light ions up to       
45 A GeV 
√sNN = 9.3 GeV

• protons up to 90 GeV 
√sNN = 13.1 GeV

SIS-100
• heavy ions (Au) up to    

11 A GeV 
√sNN = 4.7 GeV

• light ions (Ca) up to      
14 A GeV 
√sNN = 5.3 GeV

• protons up to 29 GeV 
√sNN = 7.5 GeV

[ M. Petrovici, EuNPC 2012 ]



FAIR today
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The Facility for Antiproton and Ion Research 

photos by the FAIR GmbH 
May 2013 
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FAIR in 2018
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FAIR in 2018

GSI

FAIR
CBM: 

Compressed 
Baryonic Matter

PANDA: 
Antiproton 

Annihilations

NUSTAR: 
Nuclear 

structure, 
Astro physics, 

Reactions

APPA: 
Atomic physics, 
plasma physics, 

applications

J. Heuser – Update on the FAIR project 
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First beam expected in 2018 with SIS-100



CBM challengers 
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[ F. Rami, Rencontres QGP-France 2013 ]

19 

CBM@FAIR 
MPD@NICA 

 Maximum net-baryon density reached at ~30 AGeV (√sNN ≈  8  GeV)  
 well within SIS300 range 

Density and Temperature at freezeout 
for different beam conditions  
(from hadron gas model) 

CBM Physics Book 



CBM challengers 
‣ Comparison @ √sNN = 8 GeV (⇒ case where SIS-300 is 

delivering heavy ions to CBM)
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[ J. M. Heuser, QM 2012 ]

Johann M. Heuser et al. - The CBM experiment at FAIR 3

Experiment Energy range
(Au/Pb beams)

Reaction rates
Hz

Observables, �sNN= 8 GeV

h
a
d
ro

n
s

flo
w

,
flu

ct
.,
 

co
rr

e
l.

d
ile

p
to

n
s

ch
a
rm

STAR@RHIC

BNL

�sNN = 7 – 200 GeV 1 – 800
(limit luminosity)

yes no no no

NA61@SPS

CERN

Ekin= 20 – 160 AGeV

�sNN= 6.4 – 17.4 GeV

80
(limit detector)

yes no no no

MPD@NICA

Dubna

�sNN= 4.0 – 11.0 GeV ~1000
(at design luminosity )

yes yes no no

CBM@FAIR
Darmstadt

Ekin= 2.0 – 35 AGeV
�sNN= 2.7 – 8.3 GeV

105 – 107

(limit detector) yes yes yes yes

Experiments on super-dense nuclear matter

heavy flavour

Timeline

BES-I : on-going
BES-II : 2018-2021

2009-2015

Not yet funded
> 2018 ?

Start 
(SIS-100) : 2018

[ F. Rami, Rencontres QGP-France 2013 ]



Expected yields 
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[ CBM Physics Book ]

Au+Au collisions @ 25 A GeV, 
based on HSD calculations

multiplicity in min. bias 
collisions

reaction rate
trigger 
needed acc x eff for 

central collisions

yield / s yield / 10 weeks



CBM modular design

Technically challenging ! 
‣ filter out rare probes at reaction 

rates of up to 10 MHz
‣ up to 1k charged particles / event
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Johann M. Heuser et al. - The CBM experiment at FAIR 11

The CBM experiment

Dipole
Magnet

Ring Imaging
Cherenkov
Detector

Silicon
Tracking
System

Micro
Vertex
Detector

Transition 
Radiation 
Detectors

Resistive Plate 
Chambers (TOF) Electro-

magnetic
Calorimeter

Projectile 
Spectator
Detector
(Calorimeter)

Target

two configurations: 
- electron-hadron 
- and muon setup

Muon
Detection
System
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full version



CBM modular design

Technically challenging ! 
‣ filter out rare probes at reaction 

rates of up to 10 MHz
‣ up to 1k charged particles / event

11Andry Rakotozafindrabe (CEA Saclay)

Johann M. Heuser et al. - The CBM experiment at FAIR 11

The CBM experiment

Dipole
Magnet
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full version

CBM Costs

30

two versions



Several scenarios : the example of 
the MuCh

‣ impact on performances ?

MUCH

   SIS-100 configuration    SIS-300 configuration

Start version 

10 A GeV Au+Au → J/ψ 

Iron absorber: 20+70+135 cm

3 detector triplets: 

GEM + GEM (!) + straw tubes

Full version

25 A GeV Au+Au → ρ,ω,φ,J/ψ  

Iron absorber: 

3x20+30+35+100 cm

6 detector triplets: 

2 GEM+2 micromegas (!)

            +2 straw tubes

   GEM - prototype
   Pad plane, housing

6 x 6 mm2 pads

   Stretching foil    Assembled GEM

GEM architectures Straw tubes architectures

Straw

 plane 

production

22
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[ M. Petrovici, EuNPC 2012 ]

Fe (absorbers) Detector triplets
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[ M. Petrovici, EuNPC 2012 ]

Fe (absorbers) Detector triplets

J/ψ Invariant mass spectrum 
with starting MuCh version 

Mult. = 6 ·∙  10-8  
Br.ratio = 5,93% 
Eff. = 43,34% 
  
J/ψ per 1 h = 6.4 

N  of  hits  in  MUCH  ≥  4 

4 * 1012 UrQMD p + Au @ 30 GeV 
  

[ V. Akishina, FAIRNESS 2012 ]
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[ C. Pauly, 2013 ]

Slide 15DPG Frühjahrstagung, Dresden, 07.03.2013

CBM performance (i):
Charm / charmonium

D0 →K π π π D±  →K π π π

Au+Au 25 A GeV (SIS300)

 J/ψ  → e+e- 4 ∙1010 
events 

● All performance simulations:
→ realistic detector geometry
→ event generator: UrQMD (+PLUTO)
→ GEANT3

● J/Ψ will be running at maximum event rate: 
→ 10 MHz minimum bias event rate

● Open charm at reduced rate: 
→ 100 kHz – 1MHz
→ limited by Micro Vertex Detector MVD 
→ reconstruction of displaced vertices
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‣ SIS-100 financed

‣ Substantial part of CBM start version 
financed

‣ SIS-300 ?

Outlooks 
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2013 2014 2016 2016 2017 2018 2019 2020 2021 2022 2024 2025

construction
Installation

commissioning 
experiments at SIS100 ?
experiments at SIS300

Cave ready SIS100 ready

CBM time line

CBM (FAIR MSV Module 1) 

SIS100/300

J. Heuser – The CBM Project at FAIR 37

[ J. Heuser, Advanced Studies Institute - 
Symmetries and Spin, 2013 ]

Construction of FAIR

201220112010 2013 201620152014 2017

foundation 
of FAIR 

company, 
4 Oct. 2010

building 
applications

preparation of 
construction site

start 
installation of 
accelerators 

and detectors

construction of 
FAIR – SIS-100

start of construction:
construction permit and
526 MEuro funding received

completion of 
structural works

tenders

2018:
data taking

8Johann M. Heuser et al. - The CBM experiment at FAIR



CHIC:	  Charm	  in	  Heavy	  Ion	  Collisions

F.	  Fleuret	  1,	  F.	  Arleo	  2,	  E.	  G.	  Ferreiro	  3,	  P.-‐B.	  Gossiaux	  4,	  S.	  Peigné	  4

	   	   1	  LLR,	  École	  polytechnique	  –	  IN2P3/CNRS,	  Palaiseau,	  France
	   	   2	  LAPTh,	  Université	  de	  Savoie	  –	  CNRS,	  Annecy-‐le-‐Vieux,	  France
	   	   3	  Universidad	  de	  SanOago	  de	  Compostela,	  SanOago	  de	  Compostela,	  Spain
	   	   4	  SUBATECH,	  université	  de	  Nantes	  –	  IN2P3/CNRS,	  Nantes,	  France
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Why the charm/charmonium at SPS ?

overall open charm production : (the?) 
reference, unmodified by the QGP

open charm

inclusive J/ψ
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Why the charm/charmonium at SPS ?

overall open charm production : (the?) 
reference, unmodified by the QGP

open charm

inclusive J/ψ

Sequential melting ?
χc is the missing piece for the 

charmonium family (30% of the 
prompt J/ψ yield)

high pT prompt J/ψ, inclusive ψ(2S)
ϒ(1S), (2S), (3S)

pr
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n	  
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J/Ψχc

3rd	  step

Ψ’

2nd	  step

Sequen6al	  suppression	  -‐	  screening
1st	  step

Temperature	  (Energy	  density)
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At SPS energies (Pb+Pb) : 
• J/ψ suppression occurs in 

the middle of the accessible 
energy density range

• negligible recombination
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Why the charm/charmonium at SPS ?

‣ SPS is the best place 
to study the color 
screening

‣ need open charm + 
χc measurements

overall open charm production : (the?) 
reference, unmodified by the QGP

open charm

inclusive J/ψ

Sequential melting ?
χc is the missing piece for the 

charmonium family (30% of the 
prompt J/ψ yield)
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At SPS energies (Pb+Pb) : 
• J/ψ suppression occurs in 

the middle of the accessible 
energy density range

• negligible recombination
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What is the expected suppression 
pattern for χc ?

p+A

4.37
1.04

4.90
1.24

6.65
2.04

7.65
2.53

8.83
3.19

9.43
3.76

L	  (fm)
ε	  (GeV/fm3)

S+U

QGP - χ
c  

Pb+Pb

comovers - χc

	  	  	  	  	  60% direct J/ψ
+ 30% χc → J/ψ+γ

+ 10% ψ’ → J/ψ + X

Inclusive J/ψ yield

Two scenarios :

QGP : 
• current ψ’ data shows a nearly 

complete melting of ψ’ in central Pb+Pb 
• χc melting should start after ψ’ melting

• current inclusive J/ψ data suggests 
almost no χc remains in central Pb+Pb 

Alternative (no QGP) scenario :    
• suppression by comoving hadrons
• smooth suppression
• same suppression-starting point
• slopes related to binding energy :                        

Sψ’ > Sχ > SJ/ψ



CHIC design
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Instrumented Absorber : 
4.5 m thick Fe absorber
⇒ dimuon trigger rate ~ 0.3 kHz

Could be magnetized to 
measure muon momentum

Magnet : 
1m long 2.5 T dipole 

Calorimeter:
➡ ultra-granular EMCal  
➡ W + Si layers à la CALICE

- 30 layers
- 0.5 x 0.5 cm2 pads
- 24 X0 in 20 cm
- ΔE/E  ~ 15% /√E

Silicon Spectrometer  
covers 1.5 rapidity unit
Δp/p = 1% ⇒ J/Ψ mass resolution ~20 MeV/c²

Estimations based on NA60/
CERN telescope performances

• Measure charmonia in di-muon channel with very good mass resolution

• Measure photon from χc decay in high π0 multiplicity environment

• Muon absorber/trigger : minimize fake triggers from π/K decays



Performances in Pb+Pb

‣ Corresponds to ~1 week of data taking w/a 10% λI Pb target

19Andry Rakotozafindrabe (CEA Saclay)

1.7k χc
 

35k J/ψ 

acc x eff ~ 17.4%

acc x eff ~ 2.8%

200k J/ψ embeded in Pb+Pb min. 
bias events from EPOS + decays in
‣ di-muon (70%)
‣ χc + photon (30%)

after acceptance/selection cuts within yCMS ∈ [-0.5 , 0.5]
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• Typical 40-day Pb+Pb run (107.s-1 Pb beam  10% I Pb target) 

– ~ 180 000 J/+- recorded 

– 2 extreme numerical scenarios: 

• If c suppressed as J/ 

  

 
• If c suppressed as ’ 
  

 

 Statistics 

~180 000 J/
~ 1300 ’ 
~ 3000 c 

Eu
r.P

hy
s.

J.C
49

:5
59

-5
67

,2
00

7 

6774%16942   yield χ
periph.most 

c









4060.64%16942   yield χ
periph.most  

c









18.2
yield '
yield χ

 c 


%4~
yield J/Ψ

yield χ c

c as ’ c as J/ 
406 677 

530 1010 

495 1091 

421 1107 

336 1093 

647 1004 

240 1143 

3075 7125 

Expected number of  
events 

Expect 3000 < N𝝌𝒄 < 7000 
GDR PH-QCD - 26/11/2013 

NA50 data 

Possible c suppression pattern  

Frédéric Fleuret - LLR (fleuret@in2p3.fr) 12/18 
[ F. Fleuret, GDR PH-QCD 2013 ]
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A thorough p+A program is mandatory to study Cold Nuclear 
Matter effects as a reference to study Hot Nuclear Matter effects 

• Must control (understand) :  
– charmonium absorption by cold nuclear matter  A dependence 

– Shadowing/anti-shadowing (x2 scaling) 

– Energy loss, formation time (xF scaling) 

p+A program  Cold Nuclear Matter 

Mid-rapidity : yCMS  [-0.5 ; 1] Forward-rapidity : yCMS  [0.5 ; 2] 

 Need large yCMS range 

GDR PH-QCD - 26/11/2013 Frédéric Fleuret - LLR (fleuret@in2p3.fr) 14/18 

[ F. Fleuret, GDR PH-QCD 2013 ]
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Status and outlook
EoI submitted to the SPS Committe (Oct. 2012)
CERN-SPSC-2012-031

http://cdsweb.cern.ch/record/1488886/files/SPSC-EOI-008.pdf
http://cdsweb.cern.ch/record/1488886/files/SPSC-EOI-008.pdf


22Andry Rakotozafindrabe (CEA Saclay)

Status and outlook
EoI submitted to the SPS Committe (Oct. 2012)
CERN-SPSC-2012-031

MINUTES of the 108th Meeting of the SPSC (Jan. 2013)
CERN-SPSC-2013-008

The	   SPSC	  has	  received	   an	   expression	   of	   interest	   to	   study	   charm	   produc6on	  with	  
proton	  and	  heavy	  ion	  beams.	  The	  SPSC	  recognizes	  the	  strong	  physics	  mo6va6on	  of	  
a	   study	   that	   addresses	   central	   open	   ques6ons	   about	   the	   color	   screening	   of	  
charmonium	   in	   heavy	   ion	   collisions	  and	   about	   cold	   nuclear	   maIer	   effects.	   For	   a	  
comprehensive	  inves6ga6on,	  an	  extension	  including	  open	  charm	  produc6on	  would	  
be	  desirable.

For	   further	   review,	   the	   SPSC	   would	   require	   a	   leIer	   of	   intent	   with	   informa6on	  
about	  the	  experimental	  implementa6on	  and	  the	  collabora6on	  pursuing	  it.	  

http://cdsweb.cern.ch/record/1488886/files/SPSC-EOI-008.pdf
http://cdsweb.cern.ch/record/1488886/files/SPSC-EOI-008.pdf
https://cds.cern.ch/record/1517028/files/SPSC-108.pdf
https://cds.cern.ch/record/1517028/files/SPSC-108.pdf
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comprehensive	  inves6ga6on,	  an	  extension	  including	  open	  charm	  produc6on	  would	  
be	  desirable.

For	   further	   review,	   the	   SPSC	   would	   require	   a	   leIer	   of	   intent	   with	   informa6on	  
about	  the	  experimental	  implementa6on	  and	  the	  collabora6on	  pursuing	  it.	  

Apparatus :
Tracking
• Needs low detector occupancy ⇒ silicon technology

• Welcomes group with expertise !
Calorimetry
• Need ultragranular calorimetry à la CALICE
• Expertise at LLR - Ecole polytechnique (France)
Trigger
• Instrumented (magnetized) Fe Absorber  
• Welcomes group with expertise !

http://cdsweb.cern.ch/record/1488886/files/SPSC-EOI-008.pdf
http://cdsweb.cern.ch/record/1488886/files/SPSC-EOI-008.pdf
https://cds.cern.ch/record/1517028/files/SPSC-108.pdf
https://cds.cern.ch/record/1517028/files/SPSC-108.pdf
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charmonium	   in	   heavy	   ion	   collisions	  and	   about	   cold	   nuclear	   maIer	   effects.	   For	   a	  
comprehensive	  inves6ga6on,	  an	  extension	  including	  open	  charm	  produc6on	  would	  
be	  desirable.

For	   further	   review,	   the	   SPSC	   would	   require	   a	   leIer	   of	   intent	   with	   informa6on	  
about	  the	  experimental	  implementa6on	  and	  the	  collabora6on	  pursuing	  it.	  

Apparatus :
Tracking
• Needs low detector occupancy ⇒ silicon technology

• Welcomes group with expertise !
Calorimetry
• Need ultragranular calorimetry à la CALICE
• Expertise at LLR - Ecole polytechnique (France)
Trigger
• Instrumented (magnetized) Fe Absorber  
• Welcomes group with expertise !

Many opportunities to join

http://cdsweb.cern.ch/record/1488886/files/SPSC-EOI-008.pdf
http://cdsweb.cern.ch/record/1488886/files/SPSC-EOI-008.pdf
https://cds.cern.ch/record/1517028/files/SPSC-108.pdf
https://cds.cern.ch/record/1517028/files/SPSC-108.pdf
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about	  the	  experimental	  implementa6on	  and	  the	  collabora6on	  pursuing	  it.	  

Apparatus :
Tracking
• Needs low detector occupancy ⇒ silicon technology

• Welcomes group with expertise !
Calorimetry
• Need ultragranular calorimetry à la CALICE
• Expertise at LLR - Ecole polytechnique (France)
Trigger
• Instrumented (magnetized) Fe Absorber  
• Welcomes group with expertise !

Expected timeline
T0 (3 labs involved) + approx. 5 Years 

full simulation and final design (2 years) 
construction and installation (2 years) 
commisionning (1 year)

[ F. Fleuret, GDR PH-QCD 2013 ]

Many opportunities to join

http://cdsweb.cern.ch/record/1488886/files/SPSC-EOI-008.pdf
http://cdsweb.cern.ch/record/1488886/files/SPSC-EOI-008.pdf
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A Fixed Target ExpeRiment using LHC beams

‣ √s ∼ 115 GeV : p−p, p−d, p−A (using LHC 7 TeV p beam)

‣ √s ∼ 72 GeV : Pb−p, Pb−A (using LHC 2.76 TeV Pb beam)
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A Fixed Target ExpeRiment using LHC beams

‣ √s ∼ 115 GeV : p−p, p−d, p−A (using LHC 7 TeV p beam)

‣ √s ∼ 72 GeV : Pb−p, Pb−A (using LHC 2.76 TeV Pb beam)

comparable to RHIC energies

between SPS and top RHIC energies



More details

‣ in Phys. Rept. :

‣ on the website :
after.in2p3.fr

24Andry Rakotozafindrabe (CEA Saclay)

[S. Brodsky, F. Fleuret, C. Hadjidakis, J.P. Lansberg, Phys. 
Rep. 522 (2013) 239 ]

http://after.in2p3.fr/
http://after.in2p3.fr/
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Test the high x frontier of QCD
x = 0.3 − 1

• Nucleon partonic structure (PDF) 
➠ gluon at high x, intrinsic charm/beauty 
at high x, proton vs neutron 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) 
➠ gluon at high x, intrinsic charm/beauty 
at high x, proton vs neutron 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

• complementarity with JLAB (intermediate to large x) and 
LHeC (very low x)

(x" = x2)

(xF ! �1) , (x" ! 1)

x

"

high luminosity
&

scan in xF



Bottomonium studies: from RHIC to AFTER
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[ Bielcik for STAR, HP2013]

From thermal photon pT spectra :
Tavg = 221 ± 19 (stat) ± 19 (syst) MeV 
(0-20% AuAu) [ PHENIX, PRL. 104 (2010) 132301 ]

Today :

‣ inclusive ϒ(1S + 2S + 3S) RAA vs centrality

‣ the most central point is compatible with a complete 
melting of (3S) and a very strong suppression of (2S), 
with Tinitial ~ 430 MeV in this model

Pb−A
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The dreamed measurements :[ Strickland et al., NPA 879 (2012) 25-58 ]

R
AA

y

R
AA

Npart

decompose this model 
into each state

need more stat in AA 
+ very good resolution

reminder 
STAR : ~200 ϒ
CMS : ~1k ϒ

[ Bielcik for STAR, HP2013]

From thermal photon pT spectra :
Tavg = 221 ± 19 (stat) ± 19 (syst) MeV 
(0-20% AuAu) [ PHENIX, PRL. 104 (2010) 132301 ]

Today :

‣ inclusive ϒ(1S + 2S + 3S) RAA vs centrality

‣ the most central point is compatible with a complete 
melting of (3S) and a very strong suppression of (2S), 
with Tinitial ~ 430 MeV in this model

Pb−A



ϒ(1S + 2S + 3S) @ RHIC
AuAu@200GeV (STAR run 2007, PHENIX run 2010)

pp@200GeV (run 2006)

<10 ϒ 

[ Leitch for PHENIX, QM2009]

[ Reed for STAR, JPG 38 (2011) 124185]

~200 ϒ 

[ STAR, PRD 82 (2010) 012004]
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preliminary

~60 ϒ 

7.9 pb-1

500 µb-1

[ Whitaker for PHENIX, poster 
at QM2012]

~20 ϒ 

preliminary

sequential melting @ LHC
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total PbPb fit
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pp shape
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Serious candidate for a « textbook-like » plot 
at the recent Hard Probes 2013 conference

PbPb ~ 1k events

pp ~0.1k events 

[ CMS, PRL 109 (2012) 222301 ]

From thermal photons pT spectra :

 Tavg ~ 304 ± 51 MeV (0-40% PbPb)

[ Alice,  NPA 904 (2013) 573c ]
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yield / unit of y @ y = 0
integrated luminosity

( nb−1 year−1) 

AFTER : inclusive ϒ yield in PbA @ √s = 72 GeV
AF

TE
R

LH
C

RH
IC

[S. Brodsky, F. Fleuret, C. Hadjidakis, J.P. Lansberg, Phys. Rep. 522 (2013) 239 ]

RHIC lumi. from 
PHENIX decadal plan
(run plan 2011-2015)
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yield / unit of y @ y = 0
integrated luminosity

( nb−1 year−1) 

PbA : at y = 0 within 
one unit of y

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

AFTER : inclusive ϒ yield in PbA @ √s = 72 GeV
AF

TE
R

LH
C

RH
IC

102 x RHIC @ 62 GeV

[S. Brodsky, F. Fleuret, C. Hadjidakis, J.P. Lansberg, Phys. Rep. 522 (2013) 239 ]

RHIC lumi. from 
PHENIX decadal plan
(run plan 2011-2015)
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Towards a Cold Effect reference : 
gluon nPDF

p−A

Pb−p

• A dependence thanks to target versatility

[ PHENIX, arXiv:1204.0777 ]

<Ncoll> dependence ➾ A dependence (à la NA50, NA60)
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Towards a Cold Effect reference : 
gluon nPDF

p−A

Pb−p

• A dependence thanks to target versatility

• nuclear PDF from intermediate to high x : 
antishadowing , EMC region , Fermi motion 

• extraction using quarkonia, isolated 
photons, photon-jet correlation

nuclear modification of g PDF in Au

y
-2 -1 0 1 2

dA
u

R
0.2

0.4

0.6

0.8

1

1.2

1.4 data
 7.8% global err.±PHENIX 

STAR prelim. 

EPS09 LO
quark-like EMC
min. EMC
max. EMC

[ E.G. Ferreiro et al., EPJ C73 (2013) 2427 ]

ϒ in dAu @ 200 GeV, 
STAR and PHENIX
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Towards a Cold Effect reference : 
gluon nPDF

p−A

Pb−p

• A dependence thanks to target versatility

• nuclear PDF from intermediate to high x : 
antishadowing , EMC region , Fermi motion 

• extraction using quarkonia, isolated 
photons, photon-jet correlation

nuclear modification of g PDF in Au

complementary with LHeC 
(focus at low x)

nuclear modification of g PDF in Pb

with the 
LHeC inputs

[ LHeC CDR, J. Phys. G 39 (2012) 075001 ]



Bottomonium : a cleaner QGP probe ?
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✦ better applicability of pQCD

✦ in QGP : at RHIC energies, negligible 
regeneration effects 

➡ no dilution of the « thermometer-
like » behaviour of the 
bottomonium family
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✦ better applicability of pQCD

✦ in QGP : at RHIC energies, negligible 
regeneration effects 

➡ no dilution of the « thermometer-
like » behaviour of the 
bottomonium family

[ Benhabib for CMS, HP2013 ]

pPb vs. pp: excited states 
suppressed more than the ground 

state in pPb compared to pp 
collisions (significance < 3σ)

(1S)ϒ(2S)/ϒ (1S)ϒ(3S)/ϒ

pp
(1

S)
]

ϒ
(n

s)
/

ϒ
 / 

[
xP

b
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S)
]

ϒ
(n

s)
/

ϒ[

0

0.2

0.4

0.6

0.8

1

1.2

1.4
CMS Preliminary

 > 4 GeV/cµ

T
p

 = 5.02 TeVNNspPb 
| < 1.93

CM
µη|

 = 2.76 TeVNNsPbPb 
| < 2.4

CM
µη|

95% upper limit

ϒ(2S)/ϒ(1S) ϒ(3S)/ϒ(1S)

pPb/pp

PbPb/pp

But : Cold effects (i.e. not QGP) 

✦ non-trivial effects seen in pA

✦ need more studies and precise 
measurements 

➡ can be beautifully addressed by 
AFTER p−A Pb−p



First systematic access to the target-rapidity region, down to xF → -1
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Precision studies of the 
nuclear matter : 

p−AThe uncharted negative xF regionThe target rapidity region: the uncharted territory

First systematic access to the target-rapidity region
(xF !�1)

F
x

-0.4 -0.2 0 0.2 0.4 0.6 0.8

α

0.75

0.8

0.85

0.9

0.95

1

1.05

1.1
HERAB 920 GeV

E866 800 GeV

NA50 450 GeV

NA60 400 GeV

NA3 200 GeV

NA60 158 GeV

J/y suppression in pA collisions

xF

�1 �.8 �.6 �.4 �.2 0 +.2 +.4 +.6 +.8 +1

Phenix@RHIC

?
xF systematically studied at fixed target experiments up to +1
Hera-B was the only one to really explore xF < 0, up to -0.3
PHENIX @ RHIC: �0.1 < xF < 0.1 [ could be wider with ⌥, but low stat.]
CMS/ATLAS: |xF |< 5 ·10�3; LHCb: 5 ·10�3 < xF < 4 ·10�2

If we measure ⌥(bb̄) at ycms '�2.5 ) xF ' 2m⌥p
s sinh(ycms)'�1

J.P. Lansberg (IPNO, Paris-Sud U.) Key figures for AFTER February 3, 2013 4 / 17

J/ψ suppression in pA
• HeraB down to xF = -0.3

• PHENIX @ RHIC :  

|xF| < 0.1 

(could be wider with ϒ, 
but low stat.)

• CMS/ATLAS : |xF| < 5.10-3

• LHCb : 5.10-3 < xF < 4.10-2
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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 

RHIC lumi. from 
PHENIX decadal plan
(run plan 2011-2015)

[S. Brodsky, F. Fleuret, C. Hadjidakis, J.P. Lansberg, Phys. Rep. 522 (2013) 239 ]
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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 

pp : 100 x RHIC, 
comparable to LHCb

pA : 102-103 x RHIC

RHIC lumi. from 
PHENIX decadal plan
(run plan 2011-2015)

Recycle 50% of the LHC beam loss → a luminosity comparable to the LHC itself !

[S. Brodsky, F. Fleuret, C. Hadjidakis, J.P. Lansberg, Phys. Rep. 522 (2013) 239 ]



From beam collimation ...
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standard collimation

beam core

beam halo

absorbers

primary
secondaries
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beam core

beam halo

crystal
channeling

absorber

crystal-based collimation (ideally)

standard collimation

beam core

beam halo

absorbers

primary
secondaries

RD22 @ SPS (1990 - 95)
E853 @ Tevatron (1993 - 98)

@ RHIC (2001 - 2005)
@ Tevatron (2005 - 2011)

UA9 @ SPS (2008 - ...)
LUA9 @ LHC (approved by the LHCC in end 

2011)

Bent crystal channeling

[ W. Scandale, Joint LUA9-AFTER meeting, Nov. 2013 ]



‣ CRYSBEAM

‣ AFTER @ LHC

From beam collimation ...
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beam core

beam halo

crystal
channeling

absorber

crystal-based collimation (ideally)

standard collimation

beam core

beam halo

absorbers

primary
secondaries

... to beam extraction

RD22 @ SPS (1990 - 95)
E853 @ Tevatron (1993 - 98)

@ RHIC (2001 - 2005)
@ Tevatron (2005 - 2011)

UA9 @ SPS (2008 - ...)
LUA9 @ LHC (approved by the LHCC in end 

2011)

Bent crystal channeling

[ W. Scandale, Joint LUA9-AFTER meeting, Nov. 2013 ]



UA9 @ SPS
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[ W. Scandale, Joint LUA9-AFTER meeting, Nov. 2013 ]

~45m / Δμ=60°

Medipix pixel detector in a Roman pot:
! Intensity, profile and angle of the deflected beam
! Efficiency of channeling (with multi-turn effect) 

(needs information on circulating beam current)

channeling

amorphous

Direct view of channeled beam
~ 67m / Δμ=90°

~ 45m / Δμ=60°

Medipix in a 
Roman pot

absorber
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[ W. Scandale, Joint LUA9-AFTER meeting, Nov. 2013 ]

~45m / Δμ=60°

Medipix pixel detector in a Roman pot:
! Intensity, profile and angle of the deflected beam
! Efficiency of channeling (with multi-turn effect) 

(needs information on circulating beam current)

channeling

amorphous

Direct view of channeled beam
~ 67m / Δμ=90°

~ 45m / Δμ=60°

Medipix in a 
Roman pot

absorber

Multi-turn channeling efficiency 
70÷80% for protons 
50÷70% for ions



UA9 @ SPS
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[ W. Scandale, Joint LUA9-AFTER meeting, Nov. 2013 ]

~45m / Δμ=60°

Medipix pixel detector in a Roman pot:
! Intensity, profile and angle of the deflected beam
! Efficiency of channeling (with multi-turn effect) 

(needs information on circulating beam current)

channeling

amorphous

Direct view of channeled beam
~ 67m / Δμ=90°

~ 45m / Δμ=60°

Medipix in a 
Roman pot

absorber

A complete crystal collimation prototype 
is installed in the SPS

Multi-turn channeling efficiency 
70÷80% for protons 
50÷70% for ions



LUA9 @ LHC
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A minimal prototype system has been designed for 
LHC :
• integration studies on-going
• probable physical installation in 2014
• first tests with beam possibly in 2015/2016
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A rough timeline*
√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
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Gluon PDF

µ = 100 GeV

gluon PDF 
uncertainty

gluon PDF at high x :
with large uncertainties for proton
need high luminosity to reach large x

exp. probes :
‣ heavy quarkonia (gg fusion at high energy)
‣ isolated photons (gq fusion)
‣ high pT jets (pT >20 GeV, accessible up to 40 GeV)

p−p

[ D. Diakonov, M. G. Ryskin, A. G. Shuvaev, JHEP 1302 (2013) 069]

for heavy quarkonia :

• many hopes in quarkonium studies to extract gluon PDF
• but ... production puzzles ⇒ quarkonium not used any more in global fits

To restore its status :
✓ need systematic studies
✓ check factorization, especially at high xF

✓ start with the use of C-even charmonia (chic2, etac) and bottomonia (chib2)�c2 �b2⌘c
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[ D. Diakonov, M. G. Ryskin, A. G. Shuvaev, JHEP 1302 (2013) 069]

for heavy quarkonia :

• many hopes in quarkonium studies to extract gluon PDF
• but ... production puzzles ⇒ quarkonium not used any more in global fits

To restore its status :
✓ need systematic studies
✓ check factorization, especially at high xF

✓ start with the use of C-even charmonia (chic2, etac) and bottomonia (chib2)�c2 �b2⌘c

‣ isolated photons (gq fusion)
‣ high pT jets (pT >20 GeV, accessible up to 40 GeV)
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Gluon : proton vs neutron ?

µ = 100 GeV

gluon PDF 
uncertainty

gluon PDF experimentally unknown for neutron
exp. probes :
‣ heavy quarkonia
‣ isolated photons
‣ high pT jets 

p−p p−d

p−n

?
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Gluon : proton vs neutron ?

µ = 100 GeV

gluon PDF 
uncertainty

gluon PDF experimentally unknown for neutron
exp. probes :
‣ heavy quarkonia
‣ isolated photons
‣ high pT jets 

p−p p−d

p−n

?
Pioneering measurement by E866 @ Fermilab :
‣ using ϒ
‣ at Q2 ~ 100 GeV2 similar gluon distribution in 

proton and neutron
could be extended using J/ψ :
‣ to (~10x) lower x
‣ to lower Q2

Need high luminosity.

[ E866, PRL 100 (2008) 062301 ]
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‣ high pT jets 

p−p p−d

p−n
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Pioneering measurement by E866 @ Fermilab :
‣ using ϒ
‣ at Q2 ~ 100 GeV2 similar gluon distribution in 

proton and neutron
could be extended using J/ψ :
‣ to (~10x) lower x
‣ to lower Q2

Need high luminosity.

[ E866, PRL 100 (2008) 062301 ]

target
yearly 

lumi(fb-1)

1 m Liq. H2 20 4.0 108 8.0 105

1 m Lid. D2 24 9.6 108 1.9 106

Bll
dNJ/ 

dy

����
y=0

Bll
dN⌥

dy

����
y=0

[ Lansberg et al., FBS 53 (2012) 11]
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Gluon : proton vs neutron ?

µ = 100 GeV

gluon PDF 
uncertainty

gluon PDF experimentally unknown for neutron
exp. probes :
‣ heavy quarkonia
‣ isolated photons
‣ high pT jets 

High energy + deuteron target : 
rare opportunity, feasible in AFTER

p−p p−d

p−n
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• unknown distribution of linearly polarised 
gluons in unpolarised N

• tool to determine if Higgs is a scalar or 
pseudo-scalar boson

• can be accessed by modulations of the 
transverse-momentum distribution of JPC = 0±+ 
quarkonia (ηc , ηb , 𝝌c0 , 𝝌b0)

AFTER : large quarkonium yields + modern 
calorimetry (𝝌Q detection)

p−pGluon momentum tomography − Boer-Mulders

kT

unpol. N.
kT

− Boer-Mulders function :
Correlation between gluon kT and gluon transverse spin

[ Boer, Pisano, PRD 86 (2012) 
094007 ]

double-node structure (unknown magnitude) and sign 
difference between scalar and pseudo-scalar

[ Boer et al, PRL 108 (2012) 032002  ]
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Gluon momentum tomography − Sivers effect

• Non zero gluon Sivers effect ? SSA in 
J/ψ production

• with AFTER, extension with more 
exp. probes sensitive to gluons

‣ quarkonia ( J/ψ , ϒ , 𝝌c , ... )

‣ B & D meson production

‣ γ and γ-jet

‣ γγ

p−p↑

kT

transv. pol. N.

kT

−
Sivers function :
Correlation between gluon kT and nucleon spin

[ Bachetta et al., PRL 99 (2007) 212002 ]

[ Qiu, Schegel, Vogelsang, PRL 107 (2011) 062001 ]

[ Anselmino et al., PRD 70 (2004) 074025 ]

A non-zero gluon Sivers function will produce 
a finite SSA for color-singlet J/ψ production.

[ Yuan, PRD 78 (2008) 014024 ]
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Heavy quark PDF

DGLAP BHPS sea-like

x=0.1 x=1

intrinsic charm

[ Pumplin et al., PRD 75 (2007) 
054029]

charm (and bottom) 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 ?

‣ γ + c , γ + b production

[ Chang and Peng, PLB 704 (2011) 197 ]

p−p

dominant diagram : photon 
couples to initial quarks

[T. Stavreva, Physics at AFTER using LHC beams, ECT* Trento, Feb. 2013]

~1 count

cross section : 
good sensitivity 

to intrinsic charm



Sequential melting in QGP
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melting of the 
direct ϒ(1S)

Td/Tc

ϒ(1S)

2

1.2

ϒ(2S)

χb(2P)
ϒ(3S)

1.4

Tc ~ 150 - 175 MeV

1

4

χb(1P)

1.1

[ Mocsy et al., Int.J.Mod.Phys. A28 (2013) 1340012 ]

Dissociation 
temperatures from 

lattice QCD (+hydro)
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Y Suppression

Energy Density
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Energy density (∝T4)

melting of the excited states 
that feed-down the (1S)

0.51

χb(1P) ϒ(1S)ϒ(2S)ϒ(3S) χb(2P)
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‣ Bottomonium family : richer, broader range 
in T (compared to charmonium)

‣ Less necessary to measure χb(1P) state

Sequential melting in QGP
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Sequential melting @ LHC

Binding energy [GeV]
0 0.2 0.4 0.6 0.8 1 1.2
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R

0
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0.8
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1.2

1.4

 < 30 GeV/c, |y| < 1.6)
T

(2S) (6.5 < pψInclusive 

(3S) (|y| < 2.4), 95% upper limitϒ

(2S) (|y| < 2.4)ϒ

 < 30 GeV/c, |y| < 2.4)
T

 (6.5 < pψprompt J/

(1S) (|y| < 2.4)ϒ

(1S)Υ

ψJ/

(2S)Υ
(3S)Υ

(2S)ψ

CMS Preliminary
 = 2.76 TeVNNsPbPb 

0-100%

state RAA ± stat ± syst

ϒ(1S) 0.56 ± 0.08 ± 0.07

ϒ(2S) 0.12 ± 0.04 ± 0.02

ϒ(3S) <0.10 at 95% CL

R
AA

⌘ �
AA

hN
coll

i�
pp

• (3S) completely melted ?
• (2S) very suppressed
• direct (1S) not affected

[ Velkovska for CMS, HP2013 ]

[ CMS, PRL 109 (2012) 222301 ]
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Sequential melting @ LHC
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[ Alice,  NPA 904 (2013) 573c ]

[ Strickland et al., NPA 879 (2012) 25-58 ]

If the sequential suppression is due to 
QGP effects only, what is the temperature 
reached @ LHC ?

‣ rough guess 1.4 Tc (~230 MeV) < T< 
4 Tc (~600 MeV)

‣ lattice QCD + hydro evolution : 
Tinitial ~ 550 MeV > T

Measurement (thermal photons, dominant 
at low pT) : Tavg ~ 304 ± 51 MeV (0-40% PbPb)

• (3S) completely melted ?
• (2S) very suppressed
• direct (1S) not affected

[ Velkovska for CMS, HP2013 ]

[ CMS, PRL 109 (2012) 222301 ]
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[ S. Montesano, Joint LUA9-AFTER meeting, Nov. 2013 ]
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[ S. Montesano, Joint LUA9-AFTER meeting, Nov. 2013 ]

A complete crystal collimation prototype 
is installed in the SPS



One�new�possibility:
LHC�dump,�IR6

(IR7�and�IR3�to�be investigated)

U.I.	  Uggerhoj	  (University	  of	  Aarhus)	  @	  LBL	  (Berkeley)	  seminar	  (June	  2012)



S.	  Montesano	  (CERN	  -‐	  EN/STI)	  @	  ECT*	  Trento	  workshop,	  Physics	  at	  AFTER	  using	  the	  LHC	  beams	  (Feb.	  2013)

Simone Montesano - February 11th, 2013 - Physics at AFTER using the LHC beams

Crystal resistance to irradiation

30

NA48 - Biino et al, CERN-SL-96-30-EA

A"
er
%ir
ra
di
a)

on
%

Biryukov et al, 
NIMB 234, 23-30

de
fle

ct
ed

 b
ea

m

• IHEP U-70 (Biryukov et al, NIMB 234, 23-30):

• 70 GeV protons, 50 ms spills of 1014 protons every 9.6 s,
several minutes irradiation

• equivalent to 2 nominal LHC bunches for 500 turns every 10 s

• 5 mm silicon crystal, channeling efficiency unchanged

• SPS North Area - NA48 (Biino et al, CERN-SL-96-30-EA):

• 450 GeV protons, 2.4 s spill of 5 x 1012 protons every 14.4 s, one year 
irradiation, 2.4 x 1020 protons/cm2 in total,

• equivalent to several year of operation for a primary collimator in LHC

• 10 x 50 x 0.9 mm3 silicon crystal, 0.8 x 0.3 mm2 area irradiated, channeling 
efficiency reduced by 30%.

• HRMT16-UA9CRY (HiRadMat facility, November 2012):

• 440 GeV protons, up to 288 bunches in 7.2 μs, 1.1 x 1011 protons per bunch 
(3 x 1013 protons in total)

• energy deposition comparable to an asynchronous beam dump in LHC

• 3 mm long silicon crystal, no damage to the crystal after accurate visual 
inspection, more tests planned to assess possible crystal lattice damage

• accurate FLUKA simulation of energy deposition and residual dose

ECT* 

Trento



Luminosities using :
7 TeV proton beam

pp, pd, pA √s = 115 GeV
2.76 TeV lead beam

Pbp, Pbd, PbA √s = 72 GeV

Instantaneous luminosity :
L = Nbeam x Ntarget = Nbeam x ( ρ . e . NA ) with e = target thickness

Planned luminosity for PHENIX :

• @ 200 GeV run14pp 12 pb−1, run14dAu 0.15 pb−1

• @ 200 GeV run15AuAu 2.8 pb−1 ( 0.13 nb−1 @ 62 GeV)

Nominal LHC luminosity PbPb 0.5 nb−1

extracted beam Nbeam = 5 .108 p+/s
9 months running / year ⇔107 s

extracted beam Nbeam = 2 .105 Pb/s
1 month running / year ⇔ 106 s
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