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Why fixed-target (FT) experiment?

High luminosity thanks to the high density of targets

Accessibility to the far backward phase space (explained later)

Large choice of the target nucleus

ECM = 115GeV (pp) , 72 GeV (AA) : energy between SPS and RHIC

Target can be polarized : precision study of spin physics

Collider Fixed-target

7 TeV 7 TeV 7 TeV At rest

ECM = 14 TeV ECM = 115 GeV

Despite the loss of ECM, fixed-target experiment has its own advantages:



Three options

Position target in beam pipe of LHCb

Position target in beam pipe of ALICE

Independent apparatus with new beam line

In any case, other LHC experiments will not be disturbed!

(c.f. SMOG@LHCb)

Beam halo is conducted to beam line with bent crystal
(application of the technology of beam collimation)



Kinematic coverage of bb production at AFTER@LHC

(Fixed target mode of LHCb)

x1 << x2 x1 x2 

Hadron center-of-mass Target rest frame

x1 x2 

θ semi-large

Let us estimate up to which x LHCb can cover with bb production off pp

Production threshold at CM:

Kinematics of bottomonium production:

Can access up to “x” = 1.4 with 
 LHCb in the fixed-target mode

LHCb rapidity coverage: [2,5]Lab frame = [-2.8,0.2]c.m.s. 

(√s = 115GeV  
 for fixed-target)

x1,2 =
mbb̄p
s
e±yc.m.s.
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x1x2s = m2
bb̄
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Expected performance with existing apparatus

rapidity coverage

6− 4− 2− 0 2 4 6
Center-of-mass rapidity

STAR (Collider)

PHENIX (Collider)

LHCb (Collider)

LHCb (Fixed Target)

ALICE (Collider)

ALICE (Fixed Target) Muon Det.

E-M Det.

Full PID Det.

FT shifts the rapidity
⇒ Access to far backward

Acceptances for:

(1) √sNN=115 GeV pp, pA (FT)
(2) √sNN=72 GeV pPb (FT)
(3) √sNN=14 TeV pp (collider)
(4) √sNN=5.5 TeV PbPb (collider)
(5) √sNN=8.8 TeV pPb (collider)
(6) √sNN=8.8 TeV Pbp (collider)



Charged particle multiplicity for heavy-ion collision
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Assumed max. instantaneous luminosity : 3x1028cm-2s-1 

Maximum of charged particles (for PbXe,√sNN=72GeV) is near ηlab=4

In any case, the multiplicity of AA collisions in FT mode 
 does not exceed that of PbPb in collider mode



Physics covered by AFTER@LHC

High-x physics

Spin physics

Heavy ion collision
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High-x physics

Hint to confinement in proton ? 

High-x region is interesting because

Accuracy of PDFs needed for BSM search

EMC effect, especially gluon EMC (almost unknown)

Intrinsic charm, bottom : nonperturbative enhancement at high-x

Relation with the short-range correlation suggested, but what about gluons?

High-x gluon : almost all momentum of the proton carried by one gluon

Applications:

High energy astrophysics :   
 cosmic ray spectrum, atmospheric neutrinos, etc     (see later)

u/d ratio : no consensus between models → What is the true picture?

High-x region is poorly known

Especially gluon PDF



2x
2−10 1−10 1

)2 c
 (G

eV
/

T
m

0

5

10

15

20

25

 (z=0)µ = 115 GeV, AFTER@ALICENNs pp
c < 8 GeV/

T
bottomonium, p

c < 12 GeV/
T

charmonium, p

c < 12 GeV/µ

T
 from charm, 4 < pµ

<4Lab2.5<y

2x
2−10 1−10 1

)2 c
 (G

eV
/

T
m

0

5

10

15

20

25

 = 115 GeV, AFTER@LHCbNNs pp
c < 15 GeV/

T
bottomonium, p

c < 18 GeV/
T

charmonium, p

c < 20 GeV/
T

D meson, p

c < 16 GeV/
T

B meson, p

<5Lab2<y

High-x physics

AFTER@LHC can uncover  
the high-x regime of 

Gluon PDF

Intrinsic charm PDF

Light quark PDF

Drell-Yan

Heavy quark production

LHCb-like ALICE-like

Inclusive D0 production

Improvement of light-quark PDF via Drell-Yan in AFTER@LHC
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Nuclear PDF

Nuclear PDF is poorly known at high-x

(Baysian-reweighting analysis, 
 assuming the luminosity 100 pb-1)

We see a remarkable 
 improvement at high-x

Projection of the nPDF accuracy

We must measure several mesons 
final states at once  
to remove nuclear systematics

Gluon PDF in Pb

AFTER@LHC can improve PDFs at high-x 
via Drell-Yan (u,d), heavy quark (g)



Spin physics

Proton spin decomposition:

Quark spin contribution to nucleon spin is small (～30%)

Recent experimental data suggest the orbital angular momentum (OAM)

In fixed-target experiment, targets may be polarized: study of nucleon structure

OAM ⇒ Transverse motion ⇒ TMD (kT) or GPD

1

2
=

1

2
�⌃+�G+ Lg + Lq
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⇒ Proton spin puzzle (since 1980’s)

In AFTER@LHC, the gluon STSA is determined via c, b quarks

Probed with single transverse spin asymmetry (STSA)

We can also test the generalized universality 
(sign change of Sivers function in SIDIS and DY), 
strange quark helicity, transversity, …



Sivers function

PG
F

) Sφ 
− Pφ

si
n(

A
Q

C
D

C
) Sφ 

− Pφ
si

n(
A

LP
) Sφ 

− Pφ
si

n(
A

gx-210 -110
-0.5

0

0.5 proton

Cx-210 -110
-0.5

0

0.5 proton

Bjx-210 -110
-0.1

0

0.1 proton

Recently, COMPASS found nonzero gluon Sivers asymmetry :

⇒ 

COMPASS Collaboration, Phys. Lett. B 772, 854 (2017).

⇒ Hint of gluon OAM Lg ≠ 0 !

f?
1g 6= 0
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(gluon Sivers)
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(gluon Sivers)
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= 200 GeV (Phys. Rev. D 82, 112008 (2010))s
= 200 GeV (arXiv:1805.01491)s
⇥J/
(2s)⇥

= 115 GeVspp

-1= 10 fbppL = 0.8Peff. pol. 

Gluon Sivers can also be indirectly 
accessed with inclusive quarkonia 
with AFTER@LHC with a much better  
accuracy than PHENIX



Impact parameter b > Rp+RPb 

RPb 

Rp

b

Kinematics of UPC in fixed-target exp at LHC:

p
s�p,max =

q
2Emax

� mp ' 20GeV
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⇒ First opportunity to study UPCs in the FT mode!

(example of PbH)

⇒ Dominated by photon exchanges

Boost of photon in projectile:

Energy of photon :

C.M. energy of γp in fixed-target mode :

Eγ～1/RPb 
γ

ηc, J/ψ, …

�beam
lab = Ebeam/mN
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7000 for p 
2500 for Pb

Emax
� ' �beam

lab

RPb +Rp
' �beam

lab ⇥ 30MeV
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Access to gluon GPD via ultraperipheral collisions (UPCs)



Key figures of the UPC in FT at LHC (AFTER@LHC)

J.-P. Lansberg et al., JHEP 1509 (2015) 087



Key figures of the UPC in FT at LHC (AFTER@LHC)

J.-P. Lansberg et al., JHEP 1509 (2015) 087
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PbPb 276072 9 1.0

pPb 7000115 19 3.2



Gluon generalized parton distribution (GPD)

GPD

N N

x+ξ x-ξ

Gluon GPD = “Pomeron form factor”

Direct access to the gluon OAM with GPDs (Ji sum rule)

L
g
z =

Z
dxx[Hg(x, 0, 0) + E

g(x, 0, 0)]�
Z

dx H̃
g(x, 0, 0)
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F g(x, ⇠, t)
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Extraction of GPD from J/ψ photoproduction

J/ψ

γ

GPD

c

N N

with

Exclusive J/ψ photoproduction : direct probe of gluon GPDs (Hg, Eg)!

A. J. Baltz, Phys. Rep. 458, 1 (2008).

NB: to access Eg, one needs to polarize the proton

M =
23
p
⇡eeq✏⇤(p ) · ✏(p�)
M3/2
 

p
Nc⇠

· R(0)

2(Pn�)
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Number of J/ψ expected from 1 year run (LHCb, pH)
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Number of J/ψ expected from 1 year run (LHCb, PbH)

lab
y

1 2 3 4 5 6 7

 (n
b)

la
b

/d
y

σ
BR

 x
 d

1−10

1

10

-1 = 100 nbint = 72 GeV, LNNsPbH, 
no kinematic cuts

 > 0.4 GeV/cµ

T
 < 5, p
µ
η2 < 

 u
ni

t
la

b
Yi

el
d 

pe
r y

ea
r p

er
 0

.1
 y

1

10

210

 (GeV) pγW
10

 (GeV/c)
T

p
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

 (n
b/

G
eV

)
T

/d
p

σ
BR

 x
 d

1−10

1

10

210 -1 = 100 nbint = 72 GeV, LNNsPbH, 
no kinematic cuts

 > 0.4 GeV/cµ

T
 < 5, p
µ
η2 < 

Yi
el

d 
pe

r y
ea

r p
er

 0
.1

 G
eV

/c

1

10

210

310

( = Mψp )
(Simulated with STARLIGHT)



Projection of sensitivity to STSA (AN) with AFTER@LHC
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Projection of sensitivity to STSA (AN) with AFTER@LHC

Fx
0.35− 0.3− 0.25− 0.2− 0.15− 0.1− 0.05− 0

NA

0.2−

0.15−

0.1−

0.05−

0

0.05

0.1

0.15

0.2

 < 0.6 GeV/cψJ/
T

0.4 < p

 < 0.8 GeV/cψJ/
T

0.6 < p

 + pψ J/→ + p γ

 > 0.4 GeV/cµ

T
 < 5, p
µ
ηeff. pol. P = 0.8, 2 < 

-1 = 10 fbint = 115 GeV, LNNsAFTER@LHCb, pH, 

Assuming a target polarization of 80% 
 (compatible with H-jet system from RHIC or HERMES-like storage cell)

few % accuracy

Fx
0.35− 0.3− 0.25− 0.2− 0.15− 0.1− 0.05− 0

NA

1−
0.8−

0.6−

0.4−

0.2−

0
0.2
0.4
0.6
0.8

1

 > 0.4 GeV/cµ

T
 < 5, p
µ
ηeff. pol. P = 0.8, 2 < 

-1 = 100 nbint = 72 GeV, LNNsAFTER@LHCb, PbH, 

 + pψ J/→ + p γ

 < 0.6 GeV/cψJ/
T

0.4 < p

 < 0.8 GeV/cψJ/
T

0.6 < p

10% accuracy

PbH is better than pH since we know the source of emitted photon

Might be feasible with a polarized deuteron target 

E. R. Berger et al., Phys. Rev. Lett. 87, 142302 (2001)
⇒ probe deuteron GPD

A�p
"!J/ p

N / (1 + ⇠) Im (Eg⇤
H

g)
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Heavy-ion physics

Objects:
Nature of the QCD phase transition

Thermodynamic properties of hot QCD medium (transport properties, etc)

Interaction of hard partons with the medium

Important observables:
Azimuthal angular distribution of hadrons in the final state

Nuclear modification (RAA, RpA)

Advantages of AFTER@LHC:
ECM between those of RHIC and SPS

Large rapidity coverage



Heavy-ion physics : AFTER vs QCD phase diagram
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Heavy-ion physics : AFTER vs QCD phase diagram

Baryon chemical  
potential

Temperature

Quark-gluon plasma

Color superconductivity

Hadron phase

1st order transition?

Crossover

Critical 
end-point?

phase

Early 
Universe

Neutron star ?

(deconfined quarks and gluons)

(confined 
 quarks and gluons)

Nuclear matter 
(900 MeV)

LHC

RHIC

AFTER

⇒ “Rapidity scan”!

Central Pb-Pb collision 
Hadron resonance gas model

yc.m.s.

y  yc.m.s.



Astrophysics and cosmic rays

CR source  
(SN, pulsars, DM?)

Earth

Primary CRs

Secondary CRs

Scattering with  
interstellar mater

Extragalactic CRs

Galaxy

Charged particle cosmic rays 
 are partially confined 
 by the galactic magnetic field

Charged particle cosmic rays 
 propagate to earth by loosing energy 
 through synchrotron radiation and  
 collision with interstellar matter



Application to astrophysics :cosmic antiprotons, neutrinos

Supernova 
 remnants

Dark matter 
decays/annihilations

p

4He

Primary CR

Secondary CR

Hard reactions with  
interstellar matter 
(mostly p and 4He)

DM

DM

p

p

AMS-02

IceCube

Atm
os

ph
er

e

p,4He, 12C, 14N, 16O,…

16O

14N

p

p

unstable 
hadrons

Neutrinos

Hard reactions 
 with atmospheric 

 matter (mostly 
 14N and 16O)

(from  
 intrinsic charm?)



Cosmic antiprotons and antihelia

Antiprotons are secondary CR (created by scattering of high 
energy CR with interstellar protons or nuclei)

⇒ Good probe of CR generation mechanism, especially DM

Problem :  
 Accuracy of the creation production cross section

antiproton/proton ratio, AMS-02 (2015)



Inverse kinematics in the antiproton production in FT mode

p beam to 4He targets can probe 4He beam to p targets with inverse kinematics

4Hep p

“Normal” frame:

4Hep

p

Inverted frame:

X

High energy p

Slow energy p

X

p+4He -> p+X

ALICE can measure slow antiproton!



• AFTER@LHC : we are promoting fixed-target experiment 
using LHC beam. 

• Keywords : large rapidity, heavy quarks. 
• Three important motivations:  

(1) High-x physics,  
(2) Spin physics,  
(3) Heavy ion physics. 

• High-x physics : reduce gluon PDF uncertainty, probe 
intrinsic heavy quarks. 

• Spin physics : probe parton OAM, indirectly with TMD, 
directly with GPD via UPC. 

• Heavy-ion physics : rapidity scan can access finite 
density QCD. 

• Application to astrophysics : cosmic antiproton 
spectrum, atmospheric neutrinos.

Summary
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