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Part I

Why a new fixed-target experiment for
High-Energy Physics now ?
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Why AFTER@LHC ?

Why a fixed-target experiment at the LHC ?

· ADVANCE OUR UNDERSTANDING OF THE LARGE-X GLUON, ANTIQUARK
AND HEAVY-QUARK CONTENT IN THE NUCLEON & NUCLEUS

· Very large PDF uncertainties for x & 0.5.
[could be crucial to characterise possible BSM discoveries]

· Proton charm content important to high-energy neutrino & cosmic-rays physics
· EMC effect is an open problem; studying a possible gluon EMC effect is essential
· 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

· DYNAMICS AND SPIN OF GLUONS INSIDE (UN)POLARISED NUCLEONS

· Possible missing contribution to the proton spin: angular momentum
· Test of the QCD factorisation framework
· Determination of the linearly polarised gluons in unpolarised protons

· HEAVY-ION COLLISIONS TOWARDS LARGE RAPIDITIES

· Explore the longitudinal expansion of QGP formation with new hard probes
· Test the factorisation of cold nuclear effects from p+A to A+B collisions
· Test the formation of azimuthal asymmetries: hydrodynamics vs. initial-state radiation
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Decisive advantages of Fixed-target experiments

Decisive advantages of Fixed-target experiments

Fixed-target experiments offer specific advantages that are still
nowadays difficult to challenge by collider experiments

They exhibit 4 decisive features,
accessing the high Feynman xF domain (xF ≡ pz

pz max
)

achieving high luminosities with dense targets,
varying the atomic mass of the target almost at will,
polarising the target.

which are essential assets to study
rare proton fluctuations at large x
vector boson production near threshold and other rare processes
nuclear dependence in heavy-ion collisions
observables involving gluons and the proton spin
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Part II

A fixed-target experiment using the LHC
beam(s): AFTER@LHC
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A bit of kinematics with the 7 TeV proton beam

Generalities

pp or pA collisions with a 7 TeV p+ on a fixed target occur at a CM energy
√

s =
√

2mNEp ' 115 GeV

In a symmetric collider mode,
√

s = 2Ep, i.e. much larger

Benefit of the fixed target mode : boost: γLab
CM =

√
s

2mp
' 60

Rather soft particles in the CM are in principle be detectable

Angle in the Lab. frame: tanθ = pT
pz,Lab

= 1
γβ
⇒ θ ' 1◦.
[Rapidity shift: ∆y = tanh−1β ' 4.8]

The entire forward CM hemisphere (yCM > 0) within 0◦ ≤ θLab ≤ 1◦

[yCM = 0⇒ yLab ' 4.8]

Good thing: small forward detector ≡ large acceptance

Bad thing: high multiplicity⇒ absorber⇒ physics limitation
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The target-rapidity region: the uncharted territory

Backward physics ?

Let’s adopt a novel strategy and look at larger angles

Advantages:
· reduced multiplicities at large(r) angles
· access to partons with momentum fraction x → 1 in the target
· last, but not least, the beam pipe is in practice

not a geometrical constrain at θCM ' 180◦

x1 ≃ x2

Hadron center-of-mass system Target rest frame

∼ 1◦

x1
x2

x1 x2

backward physics = large-x2 physics
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The 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/ψ suppression in pA collisions

?
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 Υ, but low stat.]
CMS/ATLAS: |xF |< 5 ·10−3; LHCb: 5 ·10−3 < xF < 4 ·10−2

If we measure Υ(bb̄) at ycms '−2.5 ⇒ xF ' 2mΥ√
s sinh(ycms)'−1
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If we measure Υ(bb̄) at ycms '−2.5 ⇒ xF ' 2mΥ√
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The target-rapidity region: the uncharted territory

First systematic access to the target-rapidity region
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Colliding the LHC beams on fixed targets

The extracted-beam option

H The LHC beam may be extracted using “Strong crystalline field”
without any decrease in performance of the LHC !

E. Uggerhøj, U.I Uggerhøj, NIM B 234 (2005) 31, Rev. Mod. Phys. 77 (2005) 1131

H Illustration for collimation

H Tests will be performed on the LHC beam:
LUA9 proposal approved by the LHCC

H 2 crystals and 2 goniometers already installed in the LHC beampipe
H CRYSBEAM: ERC funded project to extract the LHC beams

with a bent crystal
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Colliding the LHC beams on fixed targets

The beam extraction with a bent crystal

Inter-crystalline fields are huge

The channeling efficiency is high for a deflection of a few mrad
One can extract a significant part of the beam loss (109p+s−1)
Simple and robust way to extract the most energetic beam ever:
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Colliding the LHC beams on fixed targets

The internal target option

H The LHC beam may go through an internal gas target
without any decrease in performance of the LHC !

See Patrick’s talk on SMOG @ LHCb

H So far succesfully used for luminosity monitoring

H Proposition to test it over extended periods of time

During proton and lead runs
To check the behaviour of the gas
To rule out any possible interferences on the other experiments

H ? : question mark on the limit on the gas pressure
Limitations likely not from a beam lifetime reduction
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Luminosities

Luminosities with extracted-proton beams

Expected proton flux Φbeam = 5×108 p+s−1

Instantaneous Luminosity:

L = Φbeam×Ntarget = Nbeam× (ρ× `×NA)/A
[ `: target thickness (for instance 1cm)]

Integrated luminosity:
∫

dtL over 107 s for p+ and 106 for Pb
[the so-called LHC years]

Target ρ  (g.cm-3) A L  (µb-1.s-1) òL (fb-1.yr-1)

1m Liq. H
2 

0.07 1 2000 20

1m Liq. D
2

0.16 2 2400 24

1cm Be 1.85 9 62 .62

1cm Cu 8.96 64 42 .42

1cm W 19.1 185 31 .31

1cm Pb 11.35 207 16 .16

For pp and pd collisions : LH2/D2 ' 20 fb−1y−1

3 orders of magnitude larger than RHIC
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Luminosities

Luminosities with extracted-lead beams

Instantaneous Luminosity:
L = Φbeam×Ntarget = Nbeam× (ρ× `×NA)/A

Φbeam = 2×105 Pb s−1, ` = 1 cm (target thickness)

Integrated luminosity
∫

dtL = L ×106 s for Pb

Expected luminosities with 2×105Pb s−1 extracted (1cm-long target)
Target ρ  (g.cm-3) A L  (mb-1.s-1)=òL (nb-1.yr-1)

1m Liq. H
2

0.07 1 800

1m Liq. D
2

0.16 2 1000

1cm Be 1.85 9 25

1cm Cu 8.96 64 17

1cm W 19.1 185 13

1cm Pb 11.35 207 7

Planned lumi for PHENIX Run15AuAu 2.8 nb−1 (0.13 nb−1 at 62 GeV)

Nominal LHC lumi for PbPb 0.5 nb−1
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Luminosities

Luminosities with internal gas target

Instantaneous Luminosity: L = Φbeam×Ntarget = Nbeam× (ρ× `×NA)/A

Φp+ = 3.2×1014p+×11000Hz = 3.5×1018p+ s−1 [ 1/2 Ampère !]

ΦPb = 4.2×1010p+×11000Hz = 4.6×1014Pb s−1

Usable gas zone `, up to 100 cm

Target density : ρ

P = c = A
22400bar−1g cm−3⇒L = Φbeam× ( NA

22400 ×P× `)
[1 mole of a perfect gas occupies 22 400 cm3 at 273 K and 1 bar]

For P = 10−9 bar [15 times larger than SMOG in 2012, the ’vacuum’ is 10−12 bar], L = 10µb−1 s−1

Provided that the runs can last as long,
similar than pA with the extracted beam (up to 60 µb−1 s−1)

To get 10 fb−1y−1 for pp, P should reach 10−7 bar↔ target storage cell ?
which could be polarised

A specific gas target could provide a viable alternative to the beam extraction
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Part III

AFTER@LHC: my (biased) selection of
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Gluon and heavy-quark distributions

Key studies: gluons in the proton

Gluon distribution at mid, high and ultra-high xB in the proton

Not easily accessible in DIS

translates into very large uncertainties

Accessible thanks gluon sensitive probes,

quarkonia
see a recent study by D. Diakonov et al., JHEP 1302 (2013) 069

Isolated photon
see the recent survey by D. d’Enterria, R. Rojo, Nucl.Phys. B860 (2012) 311

jets ( PT ∈ [20,40] GeV)

Multiple probes needed to check factorisation

Large-x gluons: important to characterise
some possible BSM findings at the LHC
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Gluon and heavy-quark distributions

Key studies: heavy-quark content of the proton

Heavy-quark distributions (at high xB)

Pin down intrinsic charm, ... at last

DGLAP

BHPS

Sea-like
3 sets from CTEQ6c
(Pumplin et al.)

c(x) & b(x) & the 5-flavour scheme at large x
for BSM studies F.Maltoni,..., JHEP 1207 (2012) 022

requires

several complementary measurements
good coverage in the target-rapidity region
high luminosity to reach large xB

T. Stavreva
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Gluon contribution to the proton spin

Key studies: gluon contribution to
the proton spin

Gluon Sivers effect: correlation between
the gluon transverse momentum & the proton spin

Transverse single spin asymetries
using gluon sensitive probes

quarkonia (J/ψ, Υ, χc , . . . )
F. Yuan, PRD 78 (2008) 014024; A. Schaefer, J. Zhou, PRD (2013)

B & D meson production

γ, γ-jet, γ− γ A. Bacchetta, et al., PRL 99 (2007) 212002
J.W. Qiu, et al., PRL 107 (2011) 062001

the target-rapidity region corresponds to high x↑

where the kT -spin correlation is the largest

In general, one can carry out an extensive spin-physics program

J.P. Lansberg (IPNO, Paris-Sud U.) AFTER@LHC December 16, 2014 18 / 33



Gluon contribution to the proton spin

Key studies: gluon contribution to
the proton spin

Gluon Sivers effect: correlation between
the gluon transverse momentum & the proton spin

Transverse single spin asymetries
using gluon sensitive probes

quarkonia (J/ψ, Υ, χc , . . . )
F. Yuan, PRD 78 (2008) 014024; A. Schaefer, J. Zhou, PRD (2013)

B & D meson production

γ, γ-jet, γ− γ A. Bacchetta, et al., PRL 99 (2007) 212002
J.W. Qiu, et al., PRL 107 (2011) 062001

the target-rapidity region corresponds to high x↑

where the kT -spin correlation is the largest

In general, one can carry out an extensive spin-physics program

J.P. Lansberg (IPNO, Paris-Sud U.) AFTER@LHC December 16, 2014 18 / 33



Gluon contribution to the proton spin

Key studies: gluon contribution to
the proton spin

Gluon Sivers effect: correlation between
the gluon transverse momentum & the proton spin

Transverse single spin asymetries
using gluon sensitive probes

quarkonia (J/ψ, Υ, χc , . . . )
F. Yuan, PRD 78 (2008) 014024; A. Schaefer, J. Zhou, PRD (2013)

B & D meson production

γ, γ-jet, γ− γ A. Bacchetta, et al., PRL 99 (2007) 212002
J.W. Qiu, et al., PRL 107 (2011) 062001

the target-rapidity region corresponds to high x↑

where the kT -spin correlation is the largest

In general, one can carry out an extensive spin-physics program

J.P. Lansberg (IPNO, Paris-Sud U.) AFTER@LHC December 16, 2014 18 / 33



Gluon contribution to the proton spin

Key studies: gluon contribution to
the proton spin

Gluon Sivers effect: correlation between
the gluon transverse momentum & the proton spin

Transverse single spin asymetries
using gluon sensitive probes

quarkonia (J/ψ, Υ, χc , . . . )
F. Yuan, PRD 78 (2008) 014024; A. Schaefer, J. Zhou, PRD (2013)

B & D meson production

γ, γ-jet, γ− γ A. Bacchetta, et al., PRL 99 (2007) 212002
J.W. Qiu, et al., PRL 107 (2011) 062001

the target-rapidity region corresponds to high x↑

where the kT -spin correlation is the largest

In general, one can carry out an extensive spin-physics program

J.P. Lansberg (IPNO, Paris-Sud U.) AFTER@LHC December 16, 2014 18 / 33



Gluon contribution to the proton spin

Key studies: gluon contribution to
the proton spin

Gluon Sivers effect: correlation between
the gluon transverse momentum & the proton spin

Transverse single spin asymetries
using gluon sensitive probes

quarkonia (J/ψ, Υ, χc , . . . )
F. Yuan, PRD 78 (2008) 014024; A. Schaefer, J. Zhou, PRD (2013)

B & D meson production

γ, γ-jet, γ− γ A. Bacchetta, et al., PRL 99 (2007) 212002
J.W. Qiu, et al., PRL 107 (2011) 062001

the target-rapidity region corresponds to high x↑

where the kT -spin correlation is the largest

In general, one can carry out an extensive spin-physics program

J.P. Lansberg (IPNO, Paris-Sud U.) AFTER@LHC December 16, 2014 18 / 33



Gluon contribution to the proton spin

Key studies: gluon contribution to
the proton spin

Gluon Sivers effect: correlation between
the gluon transverse momentum & the proton spin

Transverse single spin asymetries
using gluon sensitive probes

quarkonia (J/ψ, Υ, χc , . . . )
F. Yuan, PRD 78 (2008) 014024; A. Schaefer, J. Zhou, PRD (2013)

B & D meson production

γ, γ-jet, γ− γ A. Bacchetta, et al., PRL 99 (2007) 212002
J.W. Qiu, et al., PRL 107 (2011) 062001

the target-rapidity region corresponds to high x↑

where the kT -spin correlation is the largest

In general, one can carry out an extensive spin-physics program

J.P. Lansberg (IPNO, Paris-Sud U.) AFTER@LHC December 16, 2014 18 / 33



Gluon contribution to the proton spin

Key studies: gluon contribution to
the proton spin

Gluon Sivers effect: correlation between
the gluon transverse momentum & the proton spin

Transverse single spin asymetries
using gluon sensitive probes

quarkonia (J/ψ, Υ, χc , . . . )
F. Yuan, PRD 78 (2008) 014024; A. Schaefer, J. Zhou, PRD (2013)

B & D meson production

γ, γ-jet, γ− γ A. Bacchetta, et al., PRL 99 (2007) 212002
J.W. Qiu, et al., PRL 107 (2011) 062001

the target-rapidity region corresponds to high x↑

where the kT -spin correlation is the largest

In general, one can carry out an extensive spin-physics program

J.P. Lansberg (IPNO, Paris-Sud U.) AFTER@LHC December 16, 2014 18 / 33



Gluon contribution to the proton spin

Distribution of linearly polarised gluons in unpolarised protons

Low PT C-even quarkonium production is a good probe of the
distribution of linearly polarised gluons in unpolarised protons: h⊥g

1

Affect the low PT spectra:
1
σ

dσ(ηQ)

dq2
T

∝ 1−R(q2
T ) & 1

σ

dσ(χ0,Q)

dq2
T

∝ 1 + R(q2
T )

(R involves f g
1 (x ,kT ,µ) and h⊥g

1 (x ,kT ,µ))

The boost is of great help
to access low PT P-wave quarkonia

h⊥g
1 is connected to the Higgs transverse-momentum

distribution D. Boer, et al. PRL 108 (2012) 032002
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Distribution of linearly polarised gluons in unpolarised protons

Low PT C-even quarkonium production is a good probe of the
distribution of linearly polarised gluons in unpolarised protons: h⊥g

1

Affect the low PT spectra:
1
σ

dσ(ηQ)

dq2
T

∝ 1−R(q2
T ) & 1

σ

dσ(χ0,Q)

dq2
T

∝ 1 + R(q2
T )

(R involves f g
1 (x ,kT ,µ) and h⊥g

1 (x ,kT ,µ))

The boost is of great help
to access low PT P-wave quarkonia

h⊥g
1 is connected to the Higgs transverse-momentum

distribution D. Boer, et al. PRL 108 (2012) 032002

 0

 0.1

 0.2

 0.3

 0.4

 0.5

 0.6

 0.7

 0.8

 0  0.5  1  1.5  2  2.5  3

qT           

σ
-1

dσ / d (GeV
-2

)

〈 pT
2
 〉 = 1 GeV

2

qT
2

(GeV)

 h1
⊥ g

 =    0)(

χ0

 0

 0.1

 0.2

 0.3

 0.4

 0.5

 0.6

 0.7

 0.8

 0  0.5  1  1.5  2  2.5  3

qT           

σ
-1

dσ / d (GeV
-2

)

〈 pT
2
 〉 = 1 GeV

2

qT
2

(GeV)

 h1
⊥ g

 =    0)( χ2

 0

 0.1

 0.2

 0.3

 0.4

 0.5

 0.6

 0.7

 0.8

 0  0.5  1  1.5  2  2.5  3

qT           

σ
-1

dσ / d (GeV
-2

)

〈 pT
2
 〉 = 1 GeV

2

qT
2

(GeV)

 h1
⊥ g

 =    0)(

ηQ

J.P. Lansberg (IPNO, Paris-Sud U.) AFTER@LHC December 16, 2014 19 / 33



Gluon contribution to the proton spin

Distribution of linearly polarised gluons in unpolarised protons

Low PT C-even quarkonium production is a good probe of the
distribution of linearly polarised gluons in unpolarised protons: h⊥g

1

Affect the low PT spectra:
1
σ

dσ(ηQ)

dq2
T

∝ 1−R(q2
T ) & 1

σ

dσ(χ0,Q)

dq2
T

∝ 1 + R(q2
T )

(R involves f g
1 (x ,kT ,µ) and h⊥g

1 (x ,kT ,µ))

The boost is of great help
to access low PT P-wave quarkonia

h⊥g
1 is connected to the Higgs transverse-momentum

distribution D. Boer, et al. PRL 108 (2012) 032002

 0

 0.1

 0.2

 0.3

 0.4

 0.5

 0.6

 0.7

 0.8

 0  0.5  1  1.5  2  2.5  3

qT           

σ
-1

dσ / d (GeV
-2

)

〈 pT
2
 〉 = 1 GeV

2

qT
2

(GeV)

 h1
⊥ g

 =    0)(

χ0

 0

 0.1

 0.2

 0.3

 0.4

 0.5

 0.6

 0.7

 0.8

 0  0.5  1  1.5  2  2.5  3

qT           

σ
-1

dσ / d (GeV
-2

)

〈 pT
2
 〉 = 1 GeV

2

qT
2

(GeV)

 h1
⊥ g

 =    0)( χ2

 0

 0.1

 0.2

 0.3

 0.4

 0.5

 0.6

 0.7

 0.8

 0  0.5  1  1.5  2  2.5  3

qT           

σ
-1

dσ / d (GeV
-2

)

〈 pT
2
 〉 = 1 GeV

2

qT
2

(GeV)

 h1
⊥ g

 =    0)(

ηQ

J.P. Lansberg (IPNO, Paris-Sud U.) AFTER@LHC December 16, 2014 19 / 33



Gluon contribution to the proton spin

Access to h⊥g
1 : II

Accessing the Transverse Dynamics and Polarization of Gluons inside

the Proton at the LHC
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Q

γ

Gluon B-M can also be accessed via back-to-back ψ/Υ + γ associated
production at the LHC. Also true at AFTER@LHC !

Smaller yield (14 TeV→ 115 GeV) compensated by an access to lower PT
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Gluon contribution to the proton spin

SSA in Drell-Yan studies with AFTER@LHC

ß Relevant parameters for the future proposed polarized DY experiments.
S.J. Brodsky, F. Fleuret, C. Hadjidakis, JPL, Phys. Rep. 522 (2013) 239
V. Barone, F. Bradamante, A. Martin, Prog. Part. Nucl. Phys. 65 (2010) 267.

Experiment particles energy
(GeV)

√
s

(GeV)
x↑p L

(nb−1s−1)
AFTER p + p↑ 7000 115 0.01÷0.9 1
COMPASS π±+ p↑ 160 17.4 0.2÷0.3 2
COMPASS
(low mass)

π±+ p↑ 160 17.4 ∼ 0.05 2

RHIC p↑+ p collider 500 0.05÷0.1 0.2
J–PARC p↑+ p 50 10 0.5÷0.9 1000
PANDA
(low mass)

p̄ + p↑ 15 5.5 0.2÷0.4 0.2

PAX p↑+ p̄ collider 14 0.1÷0.9 0.002
NICA p↑+ p collider 20 0.1÷0.8 0.001
RHIC
Int.Target 1

p↑+ p 250 22 0.2÷0.5 2

RHIC
Int.Target 2

p↑+ p 250 22 0.2÷0.5 60

P1027 p↑+ p 120 15 0.35÷0.85 400-1000
P1039 p + p↑ 120 15 0.1÷0.3 400-1000

ß For AFTER, the numbers correspond to a 50 cm polarized H target.
ß `+`− angular distribution: separation Sivers vs. Boer-Mulders effects

M. Anselmino, ECT*, Feb. 2013 (Courtesy U. d’Alessio)
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Gluons in nuclei

pA studies: large-x gluon content of the nucleus

Large-x gluon nPDF: unknown

Gluon EMC effect: unknown
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Hint from Υ data at RHIC

Strongly limited in terms of statistics
after 10 years of RHIC (now 3 points from STAR):

DIS contribution expected for low x mainly
projected contribution of LHeC:
AFTER allows for extensive studies of
gluon sensitive probes in pA

Unique potential for gluons at x > 0.1
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Physics with lead-ion beam

Physics with the lead-ion beam

Design LHC lead-beam energy: 2.76 TeV per nucleon

In the fixed target mode, PbA collisions at
√

sNN ' 72 GeV
Half way between BNL-RHIC (AuAu, CuCu @ 200 GeV) and
CERN-SPS (PbPb @ 17.2 GeV)
Example of motivations:

quarkonium sequential melting

Enough stat to perform the same study as CMS at low energy
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Physics with lead-ion beam

More details in
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Advances in High Energy Physics

Special Issue on

Physics at a Fixed-Target Experiment Using the LHC

Beams

CALL FOR PAPERS
Fixed-target experiments (FTE) have brought essential contributions to particle and
nuclear physics. �ey have led to particle discoveries (Ω, J/ψ, γ,...) and evidence
for the novel dynamics of quarks and gluons in heavy-ion collisions. In accessing
high xF and in o�ering options for (un-) polarised proton and nuclear targets, they
have also led to the observation of surprising QCD phenomena. �ey o�er speci�c
advantages compared to collider experiments: access to high xF, high luminosities,
target versatility, and polarisation.

�e LHC 7 TeV protons on targets release a c.m.s. energy close to 115 GeV (72 GeV
with Pb), in a range never explored so far, signi�cantly higher than that at SPS and
not far from RHIC. �e production of quarkonia, DY, heavy �avours, jets, and γ in
pA collisions can be studiedwith statistics previously unheard of and in the backward
region, xF < 0, which is uncharted. High precision QCD measurements can also
obviously be carried out in pp and pd collisions with H2 and D2 targets. With the
50 TeV protons of the future circular collider (FCC), the c.m.s. energy could reach
300 GeV for original studies of W and Z boson, and perhaps H0, production in pp
and pA collisions.

With the LHC Pb beam, one can study the quark-gluon plasma (QGP) from
the viewpoint of the nucleus rest frame a�er its formation. �anks to modern
technologies, studies of, for instance, direct γ and quarkonium P-waves production
in heavy-ion collisions can be envisioned.

Polarising the target allows one to study single-spin correlations including the Sivers
e�ect, hence, the correlation between the parton kT and the nucleon spin.

We intend to publish a special issue on the physics at such a FTE using the LHC or
FCC beams. �e editors welcome original research articles and review articles from
both theorists and experimentalists.

Potential topics include, but are not limited to:

Heavy-quark and gluon content at large x
TMDs and single-spin asymmetries
Heavy-�avour studies in pA and AA collisions at FTEs
W, Z, and H0 production near threshold
Target polarisation
Secondary beams
Simulation tools for high-energy physics
Beam collimation and extraction with bent crystals
Machine feasibility and radiological aspects
Connection between UHECR studies and FTEs
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first simulations

First simulation: is the boost an issue ?

LHCb has successfully carried out pPb and Pbp analyses at 5 TeV

We have compared the number-of-track distribution as function of η

measured in the collider mode by LHCb (
√

s = 5 TeV) vs. that
expected in fixed target mode (

√
s = 115 TeV) using a LHCb-like

detector (simulation with HIJING)

non-official

Despite the boost, the number of tracks in the LHCb acceptance [ forward η ]
is lower in the fixed mode than in the collider mode

Very encouraging indication that the boost is not issue, but really an asset
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first simulations

  Simulations with Pythia 8.185 

  LHCb detector is NOT simulated but LHCb reconstruction parameters are 

introduced in the fast simulation (resolution, analysis cuts, efficiencies…) 

 

6 

FAST SIMULATIONS FOR QUARKONIA (pp √s = 115 GeV) 

USING LHCB RECONSTRUCTION PARAMETERS  

Requirements 
Momentum resolution : Δp/p = 0.5% 

Muon identification efficiency: 98% 
 

Cuts at the single muon level 
2 < ηµ < 5 

pT
µ > 0.7 GeV/c 

 
Muon misidentification 

If π and K decay before the calorimeters 

(12m), they are rejected by the tracking 
Else a misidentification probability is applied 

 
 

 

 
 

 

Performance of the muon identification at LHCb,  
F. Achilli et al, arXiv:1306.0249 
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first simulations

J/Ψ µ+µ-  IN MB pp @ 115 GEV 

  For 1m of H target and few tens of seconds of data taking 

7 

B. Trzeciak, July 2014, Orsay 

Misidentified 
pions is the 

dominant source 
of background 
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first simulations

8 

J/Ψ µ+µ-  IN MB pp @ 115 GEV (BINS IN RAPIDITY) 

  For 1m of H target and few minutes of data taking 

B. Trzeciak, July 2014, Orsay 
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first simulations

Accessing the large x glue with quarkonia:

• J/Ψ→ μ+μ- - PYTHIA 
pp at √s = 115 GeV
1 month
5% acceptance

MSTW gluon uncertainty

PYTHIA simulation 
σ(y) / σ(y=0.4) 
statistics for one month
5% acceptance considered

Statistical relative uncertainty
Large statistics allow to access 
very backward region

Gluon uncertainty from 
MSTWPDF 
- only for the gluon content of 
the target
- assuming 

xg = M J/Ψ/√s e-yCM

J/Ψ
yCM ~  0  → xg = 0.03
yCM ~ -3.6  → xg = 1

Y: larger xg for same yCM

yCM ~  0  → xg = 0.08
yCM ~ -2.4  → xg = 1

 ⇒ Backward measurements allow to access large x gluon pdf

C. Hadjidakis

Assuming that we understand the
quarkonium-production mechanisms
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Conclusion and outlooks
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Conclusion

Both p and Pb LHC beams can be extracted without disturbing
the other experiments

Extracting a few per cent of the beam→ 5×108 protons per sec
This allows for high luminosity pp, pA and PbA collisions at√

s = 115 GeV and
√

sNN = 72 GeV
An internal gas target inspired from SMOG@LHCb is

a viable alternative
Large potential for spin physics

in unpolarised pp collisions→ access to gluon h⊥g
1

SSA for a number of HF systems→ access to gluon Sivers fct
SSA for DY also possible

Large potential for heavy-ion physics

excellent baseline with precise proton-nucleus studies
uncharted kinematical region (nucleus rapidity region)
high-potential with excited-state quarkonium studies

A wealth of possible measurements:
DY, Open b/c, jet correlation, UPC... (not mentioning secondary beams)
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Further readings

Hadronic production of Ξcc at a fixed-target experiment at the LHC
By G. Chen et al.. [arXiv:1401.6269 [hep-ph]]. Phys.Rev. D89 (2014) 074020.

Quarkonium Physics at a Fixed-Target Experiment using the LHC Beams.
By J.P. Lansberg, S.J. Brodsky, F. Fleuret, C. Hadjidakis. [arXiv:1204.5793 [hep-ph]].
Few Body Syst. 53 (2012) 11.

Azimuthal asymmetries in lepton-pair production at a fixed-target experiment using the
LHC beams (AFTER)
By T. Liu, B.Q. Ma. [arXiv:1203.5579 [hep-ph]]. Eur.Phys.J. C72 (2012) 2037.

Polarized gluon studies with charmonium and bottomonium at LHCb and AFTER
By D. Boer, C. Pisano. [arXiv:1208.3642 [hep-ph]]. Phys.Rev. D86 (2012) 094007.

Ultra-relativistic heavy-ion physics with AFTER@LHC
By A. Rakotozafindrabe, et al. . [arXiv:1211.1294 [nucl-ex]]. Nucl.Phys. A904-905 (2013)
957c.

Spin physics at A Fixed-Target ExpeRiment at the LHC (AFTER@LHC)
By A. Rakotozafindrabe, et al. .[arXiv:1301.5739 [hep-ex]]. Phys.Part.Nucl. 45 (2014) 336.

Physics Opportunities of a Fixed-Target Experiment using the LHC Beams
By S.J. Brodsky, F. Fleuret, C. Hadjidakis, J.P. Lansberg. [arXiv:1202.6585 [hep-ph]].
Phys.Rept. 522 (2013) 239.
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Simone Montesano - February 11th, 2013 - Physics at AFTER using the LHC beams

Crystal resistance to irradiation
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NA48 - Biino et al, CERN-SL-96-30-EA

Biryukov et al, 

NIMB 234, 23-30
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• 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
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Overall

A few figures on the (extracted) proton beam

Beam loss: 109 p+s−1

Extracted intensity: 5×108 p+s−1 (1/2 the beam loss) E. Uggerhøj, U.I Uggerhøj, NIM B 234 (2005) 31

Number of p+: 2808 bunches of 1.15×1011p+ = 3.2×1014p+

Revolution frequency: Each bunch passes the extraction point at a rate of
3.105 km.s−1/27 km' 11 kHz

Extracted “mini” bunches:
the crystal sees 2808×11000 s−1 ' 3.107 bunches s−1

one extracts 5.108/3.107 ' 15p+ from each bunch at each pass
Provided that the probability of interaction with the target is below 5%,

pile-up is not an issueExtraction over a 10h fill:

5×108p+×3600 s h−1×10 h = 1.8×1013p+ fill−1

This means 1.8×1013/3.2×1014 ' 5.6% of the p+ in the beam
These protons are lost anyway !

similar figures for the Pb-beam extraction
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Overall

AFTER@LHC: A dilepton observatory ?
ß Region in x probed by dilepton production as function of M``

  

ϕ
J/ψ « family »

ϒ « family »

ϕ
J/ψ « family »

ϒ « family »

ϕ
J/ψ « family »

Z boson

ϒ « family »

Þ Above cc̄: x ∈ [10−3,1]
Þ Above bb̄: x ∈ [9×10−3,1]

Note: xtarget (≡ x2) > xprojectile(≡ x1)
“backward” region

Þ sea-quark asymetries
via p and d studies

- at large(est) x : backward (“easy”)
- at small(est) x : forward (need to
stop the (extracted) beam)

ß To do: to look at the rates to see how competitive this will be

ß Interesting to check the negligible cos2φ dependence in pd compared to π

induced DY
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Overall

AFTER, among other things, a quarkonium observatory in pp

Interpolating the world data set:
Target òL (fb-1.yr-1) N(J/Ψ) yr-1

= ALBσΨ

N(ϒ) yr-1

  =ALBσϒ

1 m Liq. H
2

20 4.0 108 8.0 105

1 m Liq. D
2

24 9.6 108 1.9 106

LHC pp 14 Tev
(low pT)

0.05 (ALICE)
 2 LHCb

3.6 107

1.4 109

1.8 105

7.2 106

RHIC pp 200GeV 1.2 10-2 4.8 105 1.2 103

1000 times higher than at RHIC;comparable to ALICE/LHCb at the LHC

Numbers are for only one unit of rapidity about 0

Unique access in the backward region

Probe of the (very) large x in the target
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Overall

Need for a quarkonium observatory
Many hopes were put in quarkonium studies to extract gluon PDF

in photo/lepto production (DIS)
but also pp collisions in gg-fusion process
mainly because of the presence of a natural “hard” scale: mQ
and the good detectability of a dimuon pair

Production puzzle→ quarkonium not used anymore in global fits
With systematic studies, one would restore its status as gluon probe
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Overall

AFTER: also a quarkonium observatory in pA
Target A òL (fb-1.yr-1) N(J/Ψ) yr-1

= ALBσΨ

N(ϒ) yr-1

  =ALBσϒ

1cm Be 9 0.62 1.1 108 2.2 105

1cm Cu 64 0.42 5.3 108 1.1 106

1cm W 185 0.31 1.1 109 2.3 106

1cm Pb 207 0.16 6.7 108 1.3 106

LHC pPb 8.8 TeV 207 10-4 1.0 107 7.5 104

RHIC dAu 200GeV 198 1.5 10-4 2.4 106 5.9 103

RHIC dAu 62GeV 198 3.8 10-6 1.2 104 18

In principle, one can get 300 times more J/ψ –not counting the likely
wider y coverage– than at RHIC, allowing for

χc measurement in pA via J/ψ + γ (extending Hera-B studies)
Polarisation measurement as the centrality, y or PT
Ratio ψ ′ over direct J/ψ measurement in pA
not to mention ratio with open charm, Drell-Yan, etc ...
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Overall

What for ?

The target versatility of a fixed-target experiment is undisputable

A wide rapidity coverage is needed for:
a precise analysis of gluon nuclear PDF: y ,pT ↔ x2
a handle on formation time effects

Strong need for cross checks from various measurements

The backward kinematics is very useful for large-xtarget studies

What is the amount of Intrinsic charm ? Is it color filtered ?
Is there an EMC effect for gluon ? (reminder: EMC region 0.3 < x < 0.7)

One should be careful with factorization breaking effects:

This calls for multiple measurements to (in)validate factorisation
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Overall

AFTER: also an heavy-flavour observatory in PbA

Luminosities and yields with the extracted 2.76 TeV Pb beam
(
√

sNN = 72 GeV)
Target A.B òL (nb-1.yr-1) N(J/Ψ) yr-1

= ABLBσΨ

N(ϒ) yr-1

  =ABLBσϒ

1 m Liq. H
2

207.1 800 3.4 106 6.9 103

1cm Be 207.9 25 9.1 105 1.9 103

1cm Cu 207.64 17 4.3 106 0.9 103

1cm W 207.185 13 9.7 106 1.9 104

1cm Pb 207.207 7 5.7 106 1.1 104

LHC PbPb 5.5 TeV 207.207 0.5 7.3 106 3.6 104

RHIC AuAu 200GeV 198.198 2.8 4.4 106 1.1 104

RHIC AuAu 62GeV 198.198 0.13 4.0 104 61

Yields similar to those of RHIC at 200 GeV,
100 times those of RHIC at 62 GeV
Also very competitive compared to the LHC.

The same picture also holds for open heavy flavour
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Overall

What for ?

Observation of J/ψ sequential suppression seems to be hindered by
the Cold Nuclear Matter effects: non trivial and

... not well understood

the difficulty to observe directly the excited states
which would melt before the ground states

χc never studied in AA collisions
ψ(2S) not yet studied in AA collisions at RHIC

the possibilities for cc̄ recombination

Open charm studies are difficult where recombination matters most
i.e. at low PT

Only indirect indications –from the y and PT dependence of RAA–
that recombination may be at work

CNM effects may show a non-trivial y and PT dependence . . .
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Overall

SPS and Hera-B
– J/ψ data in pA collisions

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

NA60 Phys.Lett. B 706 (2012) 263
NA 50 Eur.Phys.J. C48 (2006) 329
NA 3 Z.Phys. C20 (1983)
HERA-B Eur.Phys.J. C60 (2009) 525

– χc data in pA collisions

HERA-B PRD 79 (2009) 012001, and ref.
therein
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Overall

LHB
Our idea is not completely new

B-factories: 1 ab−1 means 109BB̄ pairs
For LHCb, typically 1 fb−1 means ' 2×1011BB̄ pairs at 14 TeV
LHB turned down in favour of LHCb mainly because of the fear of a

premature degradation of the bent crystal due to radiation damages.
Nowadays, degradation is known to be ' 6% per 1020 particles/cm2

1020 particles/cm2 : one year of operation for realistic conditions
After a year, one simply moves the crystal by less than one mm ...
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Overall

Further key studies ?

(Multiply) heavy baryons:

Λb→ ΛJ/ψ

dσ(b)/dy |y=0 & 100 nb

N (b)/year ' 2×100×106×20 = 4×109

B(b→ Λb)×B(Λb→ J/ψΛ) = 5.8±0.8×10−5

(B(J/ψ → µµ) = 6%)

15 000 Λb→ J/ψΛ→ µ+µ−Λ events: enough to perform a
polarisation measurement see e.g. LHCb arXiv:1302.5578 [hep-ex]

discovery potential ? (Ξcc ,Ω
++(ccc), ...)

Ξcc , ..., cross sections in the central region are being calculated
with the MC generator GENXICC

C.H. Chang, J.X. Wang, X.G. Wu. Comput.Phys.Commun. 177 (2007) 467

they should also be calculated for xF →−1
where IQ could dominate
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