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Outline

I. Kinematics, possible implementations and luminosities

II. Physics motivation

III. Projection studies

IV. Summary

AFTER@LHC is a proposal for a multi-purpose fixed target experiment 
using the multi-TeV proton and heavy ion beams of the LHC
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Advantages of a fixed target 
mode with TeV beams

• access to large Feynman |x
F
| thanks to the boost 

• target versatility (easy to change) 

• possibility to polarize target
➢  ambitious spin physics program

• high luminosities with either dense targets or high intensity beams

• all this in a parasitic mode !
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Advantages of a fixed target 
mode with TeV beams

• access to large Feynman |x
F
| thanks to the boost 

• target versatility (easy to change) 

• possibility to polarize target
➢  ambitious spin physics program

• high luminosities with either dense targets or high intensity beams

• all this in a parasitic mode !

 With the LHC beams:
Energy range
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 Entire forward hemisphere – y
c.m.s.

 > 0 – within: 0° < θ
lab

 < O(1°) - large 
occupancy – more challenging (only possible with an absorber - NA60) 

 Backward region – y
c.m.s.

 < 0 – at large angles in the lab frame – low 
occupancy, no constrain from a beam pipe
• backward physics fully accessible for the first time
• access to partons with momentum fraction x 

2
 → 1 in the target (x

F 
 → -1)

Access to high x (backward physics)

Effect of boost
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 Entire forward hemisphere – y
c.m.s.

 > 0 – within: 0° < θ
lab

 < O(1°) - large 
occupancy – more challenging (only possible with an absorber - NA60) 

 Backward region – y
c.m.s.

 < 0 – at large angles in the lab frame – low 
occupancy, no constrain from a beam pipe
• backward physics fully accessible for the first time
• access to partons with momentum fraction x 

2
 → 1 in the target (x

F 
 → -1)

Access to high x (backward physics)

Effect of boost

 AFTER@LHC focuses on the backward region
 LHCb and the ALICE muon arm become backward detectors
 With the reduces s their acceptance grows and covers ~half of the backward region

mailto:AFTER@LHC
Cross-Out

Replacement Text
reduced
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✔ Internal gas target similar to SMOG at LHCb / inspired by HERMES 
at HERA

• can be installed in one of the existing LHC caverns and coupled to 
existing experiments (or in a new one), 
• currently validated by the LHCb collaboration via a luminosity monitor 
(SMOG)

• proton flux: 3.4 x 1018 p/s
• Pb flux: 3.6 x 1014 Pb/s

✔ Internal wire target
✔ Beam line extracted with a bent crystal

• The most ambitious solution, provides a new facility
• The LHC beam halo is recycled

• expected extracted p beam: 5 x 108 p/s 
(LHC beam loss: ~109 p/s)

•expected extracted Pb beam: 2 x 105
 
Pb/s

✔ Beam “split” with a bent crystal
• Intermediate option that reduces civil engineering
• Might be coupled to an existing experiment

• Similar flux

Possible implementations

High Intensity beams

Dense targets

 (used by Hera-B on the 920 GeV HERA p beam and by STAR at RHIC)

Cross-Out

Replacement Text
a new facility but requires significant civil engineering
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✔ Internal gas target similar to SMOG at LHCb / 
inspired by HERMES at HERA

✔ Internal wire target
✔ Beam line extracted with a bent crystal
✔ Beam “split” with a bent crystal

Luminosities

➔ Expected integrated luminosities:
•  Depends on the chosen implementation, pressure of the gas or target length ...

∫ℒ ~ 10 fb-1yr-1 ∫ℒ = 0.1 - 2 fb-1yr-1 ∫ℒ = 1 - 50 nb-1yr-1

✗ pp ✗ pA ✗ PbA

High Intensity beams

Dense targets
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✓ Motivated for collimation purposes

Beam extraction using bent crystal

✔ The LHC beam extraction with “strong crystalline filed”

Reduce the LHC beam loss 

 LUA9 test in the LHC complex
 Deflecting the beam halo at 7σ distance to the beam

 New beam line + new experiment
 Beam extraction – requires civil engineering
 Beam splitting – an intermediate option that can be used with 

an existing experiment 
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Beam splitting using bent crystal

 Reduced civil engineering
 Similar fluxes as for the beam extraction option
 Might be coupled to an existing experiment

✓ Beam splitting: an intermediate option
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SMOG@LHCb

✓ System for Measuring Overlap with Gas
✓ Direct gas injection to VELO (Vertex Locator) motivated for a precise 

luminosity determination
✓ No specific pumping system
✓ Preferred gas targets:

 So far only noble gases 
(NEG filter)

mailto:SMOG@LHC
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SMOG@LHCb - a working example
 Successful running, pA and AA data taking
 No decrease of LHC performances observed in 

the test runs
 Fixed target collisions can be separated 

→  no need for dedicated physics runs
 Good performance:

✗ Target polarization is not possible with SMOG
✗ So far only noble gases

➔ However internal gas target can be polarized, like HERMES target

https://twiki.cern.ch/twiki/bin/view/LHCb/LHCbPlots2015

mailto:SMOG@LHC
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Polarised target – HERMES system
 Dedicated pumping system
 Polarised H and D injection in open-end storage cell - polarisation of ~80%
 Possibility to inject polarised 3He or unpolarised heavy gas (Kr, Xe)

Adv. High Energy Phys. 2015 (2015)
463141
E. Steffens, PoS (PSTP2015) 019
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Internal gas targets

Two possible implementations

J.P. Lansberg, Physics Beyond Colliders Kickoff Workshop, 
6-7 September 2016, CERN



AFTER@LHCFebruary 28th, 2017 15

Physics Highlights: 
AFTER@LHC
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Physics Highlights: AFTER@LHC

➔ Physics Reports 522 (2013) 239; 
Few Body Syst. 53 (2012) 11-25.

http://after.in2p3.fr/after/index.php/Recent_p
ublished_ideas_in_favour_of_AFTER@LHC

➔ Heavy-ion physics

➔ Exclusive reactions

➔ Spin physics studies

➔ Hadron structure

➔ Feasibility study and technical 
ideas

➔ Many more ideas for a fixed target 
experiment at LHC in a Special Issue in 
Advances in High Energy Physics

Expression of Interest in preparation
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Physics Highlights: AFTER@LHC

➔ High-x frontier

✔ Nucleon partonic structure
● Gluon pdf in the proton – large uncertainties at high x > 0.5 
● g

p
(x) = g

n
(x) ?

 Advance our understanding of the large-x gluon, 
antiquark and heavy-quark content in the nucleon 
and nucleus
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Physics Highlights: AFTER@LHC

➔ High-x frontier

✔ Nucleon partonic structure
● Gluon pdf in the proton – large uncertainties at high x > 0.5 
● g

p
(x) = g

n
(x) ?

✔ Heavy-quark distribution at large x in the proton

• Proton charm content important to high-energy 
neutrino and cosmic-ray physics

 Advance our understanding of the large-x gluon, 
antiquark and heavy-quark content in the nucleon 
and nucleus
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Physics Highlights: AFTER@LHC

 Advance our understanding of the large-x gluon, 
antiquark and heavy-quark content in the nucleon 
and nucleus

✔ Nucleon partonic structure
● Gluon pdf in the proton – large uncertainties at high x > 0.5 
● g

p
(x) = g

n
(x) ?

✔ Heavy-quark distribution at large x in the proton

• Proton charm content important to high-energy 
neutrino and cosmic-ray physics

✔ Nuclear structure – gluon distribution
● Complementary to EIC, LHeC
● Large uncertainty in nuclei at large x, unknown gluon EMC 

effect
● Relevance of nuclear PDF to understand the initial state of 

heavy-ion collisions
● Search and study rare proton fluctuations where one gluon 

carries most of the proton momentum

➔ High-x frontier
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Physics Highlights: AFTER@LHC

 Advance our understanding of transverse dynamics and 
spin of gluons inside (un)polarised nucleons

✔ 3D mapping of the proton momentum

✔ Missing contribution to the proton spin: gluon and 
quark Orbital Angular Momentum

➔ Spin physics

✔ With a polarised target:
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Physics Highlights: AFTER@LHC

 Advance our understanding of dynamics and spin of 
gluons inside (un)polarised nucleons

✔ Test of the QCD factorisation framework

✔ Determination of linearly polarised gluons in unpolarised 
protons:  h

1
g⊥ , “Boers-Mulder” effect

➔ Spin physics

✔ Missing contribution to the proton spin: gluon and quark 
Orbital Angular Momentum
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Physics Highlights: AFTER@LHC

 Advance our understanding of dynamics and spin of 
gluons inside (un)polarised nucleons

✔ Test of the QCD factorisation framework

✔ Determination of linearly polarised gluons in unpolarised 
protons:  h

1
g⊥ , “Boers-Mulder” effect

✔ With a polarised target: 

• Single Spin Asymmetries (STSA) in hard-scattering processes, 
with a transversal polarised hadron: indirect access to the orbital 
motion of partons

• STSA: left-right asymmetries in parton distributions Sivers effect

• non-zero quark/gluon Sivers function → non-zero quark/gluon OAM

➔ Spin physics

✔ Missing contribution to the proton spin: gluon and quark 
Orbital Angular Momentum
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Physics Highlights: AFTER@LHC

✔ Precise estimation of Cold Nuclear Matter effects from pA and AB – test of the 
factorization

•  In PbA, different nuclei, A-dependent studies

✔ Quark-Gluon Plasma studies in heavy-ion collisions

✔  Heavy-Ion collisions from mid to large rapidities

✔ A complete set of heavy-flavour studies between SPS  and RHIC energies
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Physics Highlights: AFTER@LHC

✔ Explore the longitudinal expansion of QGP formation
• Quarkonia, HF jets quenching, low mass lepton pairs, direct 
photons

✔ Test the formation of azimuthal asymmetries: 
hydrodynamics vs initial-state radiation

✔ Precise estimation of Cold Nuclear Matter effects from pA and AB – test of the 
factorization

•  In PbA, different nuclei, A-dependent studies

✔ Quark-Gluon Plasma studies in heavy-ion collisions

✔  Heavy-Ion collisions from mid to large rapidities

✔ A complete set of heavy-flavour studies between SPS  and RHIC energies
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Feasibility studies
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Projection studies 
 

✔ Includes:  
➔ Drell-Yan
➔ J/psi, Upsilon
➔ Open Heavy Flavour

✗ Not covered here:
➔ Azimuthal anisotropies 
➔ Photon related observable
➔ W+/-  boson
➔ Other quarkonia, C-even
➔ HF pairs, associated production
➔ Ultra-peripheral collisions
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Charge particle multiplicities in 
a fixed target mode

✓ Charge particle multiplicities, for all possible fixed target modes, p+Pb, Pb+H, 
Pb+Pb, are smaller than the ones reached in the collider modes. A detector with the 
LHCb capabilities is able to reconstruct all event centralities up to Pb-Ar.

Advances in High Energy Physics, Volume 2015 (2015), Article ID 986348
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Acceptance for LHCb-like 
detector
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Projection studies with full 
background

✓ Signal: 
➔ Quarkonia:
➔ Drell-Yan pairs:

✓ Background sources:
➔ Correlated background:

➔ Uncorrelated background: 
   μ mostly from  π/K decay

Advances in High Energy Physics, 
Volume 2015 (2015), Article ID 986348

• Separate simulations to have under control input p
T
 and y distributions 

and normalization of different sources

• Di-muon simulations

HELAC-Onia 
(LO generator)

hadronisation, initial/final 
radiations, and resonance 
decays

PYTHIA 8

PYTHIA 8
full minimum-bias 
Pythia 8 simulation

Fast simulation
➔ Realistic detector resolution
➔ Particle identification

p-p simulation

➔ Input:
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Projection studies with full 
background

Advances in High Energy Physics, 
Volume 2015 (2015), Article ID 986348

• Di-muon simulations

Fast simulation
➔ Realistic detector resolution
➔ Particle identification

LHCb-like detector setup
➔ momentum resolution: Δp/p = 0.5% 
➔ μ identification efficiency: 98% 

• Single μ cuts:
➔ 2 < η

μ
lab < 5

➔ Minimum p
T

μ > 0.7 GeV/c
➔ μ misidentification (with π or K)

F. Achilli et al, JINST 8 (2013) P10020 
arXiv:1306.0249

HERMES-type target
➔ Polarisation: 80%

pA, AA studies:
➔ Nuclear scaling factor to pp 
cross-sections (accounting for a 
number of binary collisions) 
➔ R

pA,AA
 = 1 – absence of hot/cold 

nuclear and isospin effects
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Drell-Yan simulations

➔ Extremely large yields  up to x
2
 → 1

➔ Unique coverage towards large x  in pA, 
the same acceptance for pp collisions

 Unique acceptance  (with a LHCb-like detector) 
compared to existing Drell-Yan pA data used for 
nuclear PDF fits (E866 and E772 @ Fermilab)
 Projection for a Hermes like target

p
+

X
e
 1

1
5
 G

e
V

p
+

p
 1

1
5
 G

e
V
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Drell-Yan simulations with full 
background

➔ Charm and beauty backgrounds can be 
reduced (a secondary vertex cut),

however interesting on their own
➔ Combinatorial background under control

➔  easily subtracted, one can refine with 
mixed-event technique (needed for PbA 
systems) 

➔ At backward rapidities quark-induced 
processes are favoured 

→ background gets smaller

p
+

X
e
 1

1
5
 G

e
V

➔ No existing measurements at RHIC

p
+

p
 1

1
5
 G

e
V

Combinatorial background subtracted  
with the like-sign method
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Drell-Yan simulations with full 
background

➔ Drell-Yan measurements also in heavy-ion 
collisions
➔ Reasonable combinatorial background (S/B)

➔  Can be extracted with mixed-event 
technique 

➔ At backward rapidities quark-induced 
processes are favoured 

Uncertainties for the combinatorial background 
subtraction not taken into account

P
b

+
X

e
 7

2
 G

e
V
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Drell-Yan projections

 Precise measurement of R
pA

DY up to high x
F
 

 Nuclear Modification Factor 

➔ Statistical uncertainties smaller than nPDF 
uncertainties – good discrimination power 

 Novel constraints on the quark nuclear PDF 
with DY in pA collisions

p
+

X
e
 1

1
5
 G

e
V

● Combinatorial background subtracted  with 
the like-sign method
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 Test of (linear) factorisation of initial-state effects 
in pA collisions to AA collisions  

● Electromagnetic probes, like Drell-Yan  
(produced from initial-state partons, immune to 
final-state effects)

● Needs to be performed in a broad x
B
 range, 

where nuclear modifications are expected to be 
more significant in p-A 

● Combinatorial background subtracted  with the 
like-sign method

 Precise measurement of R
pA

DY up to high x
F
 – 

nPDF constraints

P
b

+
X

e
 7

2
 G

e
V

➔ Precise measurements with AFTER@LHC – 
probe initial-state effects on quarks in different 
AA collisions

Drell-Yan projections

 Nuclear Modification Factor 

p
+

X
e
 1

1
5
 G

e
V

Highlight
not sure what it could be else than f(x1) * f(x2) ?

Highlight
I don't like x_B (strictly defined only for DIS). x is fine
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p
+

p
 1

1
5
 G

e
V

c

●  Large yields of quarkonia
➔  J/ψ and ψ(2S) signals can be studies up to 
~ 15 GeV/c, (nS) up to ~ 10 GeV/c 
➔ Down to 0 GeV/c
➔ Similar p

T
 reach expected for pA

➔  J/ψ / ψ(2S): 2 < y < 5
➔  (nS) is ~  2.5-3  < y < 5 

 Aim is to measure a complete set of 
heavy-flavours to use them as tools 
(gluon luminometers, TMDs, PDFs, nPDFs – 
QGP effects)
 Unique opportunity to access C-even 
quarkonia  + associated production

Quarkonium simulations with full 
background 
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Quarkonium simulations with full 
background – heavy-ion collisions 

P
b

+
X

e
 7

2
 G

e
V

➔  First simulations for PbXe at 72 GeV with the full 
background, and baseline pp, pA collisions at 72 GeV
➔ Good handle on the background 

➔ Good separation of different 
Upsilon states

➔ No nuclear effects assumed  
➔ Combinatorial background subtracted  with the like-sign method

c

●  Large yields of quarkonia
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Quarkonium projections
p

+
P

b
 1

1
5
 G

e
V

Combination of measurements of (nS), J/ψ and ψ(2S)  for -3 < y
CMS

 < 0 

will allow to pin down the gluon EMC and antishadowing effect

c

statistical uncertainties from the signal yield only

charm

beauty

Excellent statistical precision

 Nuclear Modification Factor 
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Open Heavy Flavour simulations
D0 → K- 

Extremely high statistical precision in 
pp, pA and AA collisions

p
+

p
 1

1
5
 G

e
V

SMOG

p-Ne
√sNN = 110 GeV,

p-Pb L
H

C
b

➔ With a LHCb-like detector the background is well under control

➔ Charm can easily be measured 
down to 0 p

T

➔
 
Over a wider rapidity coverage


  
Charm-anticharm asymmetry accessible

 Unique handle on the charm content in the  
proton at high x - long standing debate: 
perturbative vs non-perturbative origin
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Open heavy-flavour projections
P

b
+

P
b

 7
2
 G

e
V

What is the source of the heavy-quark energy loss ?  QGP properties
Collisional vs. radiative energy loss

D0 → K- 

 0-10% centrality

y
cms = 0

y
cms = -2.5

Excellent statistical precision, also for azimuthal anisotropies (v2) measurements

statistical uncertainties from the signal yield only

RAA vs y and pT → 

 Nuclear Modification Factor 
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Spin physics - projections

➔ DY pair production on a transversely polarised 
target of interest of many experiments
➔ Check the sign change in A

N  
DY vs SIDIS

➔  Process dependence predicted:

 Drell-Yan SSA →   Quark Sivers effect

● With a highly polarised gas target:  from an 
exploration phase to a consolidation phase

➔  Precise measurements of A
N

DY at high x  

Single spin asymmetry (SSA)

p+p 115 GeV

P – effective 
polarisation
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 Gluon Sivers effect essentially unconstrained

Single spin asymmetry (SSA)

Spin physics - projections

✔ Can be measured via A
N
 of gluon sensitive probes

✔ Theoretical complication suggest to analyse multiple probes

✗ Only existing measurement
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p+p 115 GeV

D0 → K- 
Excellent statistical 
precision at a per-cent level

 Open charm SSA →  Gluon Sivers effect and quark-gluon correlations

Single spin asymmetry (SSA)

Spin physics - projections

 [First hint by COMPASS that Lg  ≠ 0, J. Phys.: Conf. Ser. 678 012055]

[NPRD 78, 114013 (2008)]

➔ D0 collected with a transversely polarised target
➔ Access to the tri-gluon correlation and (indirectly) the gluon Sivers effect (→ L

g
)

➔ Unique study: A
N
 of D0 vs D0→ access to C-odd correlators
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p+p 115 GeV

Excellent 
statistical 
precision

Single spin asymmetry (SSA)

 Quarkonia SSA →  Gluon Sivers effect (hint from COMPASS)

Nev
er

 m
ea

su
re

d 

➔ A
N
 for all quarkonia can be measured with great precision

➔ Unique access to C-even quarkonia and associated production
➔ Completely new perspective to study the gluon Sivers effect

➔ Similar statistical precision with polarised 3He target

Spin physics - projections
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AFTER@LHC is a proposal for a multi-purpose fixed target experiment 
using the multi-TeV proton and heavy ion beams of the LHC

✔ Three main subjects push for a fixed-target program at the LHC 
(no interference with other programs)

● The high-x frontier: new probes of the confinement and connections with 
astroparticles
● The nucleon spin and the transverse dynamics of the partons
● The approach to the deconfinement phase transition: new energy, wide 
rapidity domain and new probes

✔ 2 ways towards fixed-target collisions with the LHC beams
• A slow extraction with a bent crystal
• An internal gas target inspired by SMOG@LHCb/Hermes/...

✔ New papers:

 An Expression of Interest to be submitted to the LHCC is being written

Conclusions

after.in2p3.fr
Thank you !

Highlight
what do you mean ? 

Highlight
Add: 
AFTER@LHC has been included as a core subject in the CERN "Physics Beyond Colliders" initiative (one working group on the fixed-target mode at the LHC)
http://pbc.web.cern.ch/
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BACKUP
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The LHCb detector

✔ PYTHIA 8.185, fast simulations with 
LHCb-like reconstruction parameters
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Open Heavy Flavour in pA collisions

➔ Heavy quarks in pA
Cronin effect ?
Collective effects ( radial flow)? 

„Possible evidence for radial flow of 
heavy mesons in d+Au collisions” Phys. 
Lett. B731 51-56 (2014)

d+Au 200 GeV

p+A 115 GeV

AFTER → definitive answer

D0 → K- 
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Ideas in favour of 
AFTER@LHC
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Future Reading
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Future Reading



AFTER@LHCFebruary 28th, 2017 52

Future Reading
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Future Reading
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http://www.hindawi.com/journals/ahep/si/354953/
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