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Part I: 

AFTER@LHC
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• Accessing high-x frontier (ycm<0 and parton momentum fraction x>0.5)

• Achieving high luminosity thanks to the high density of the targets

• Large number of target species with varying atomic mass number 

• Polarizing the target

What is AFTER@LHC?
AFTER@LHC is a proposal for a multi-purpose fixed target experiment using 

the LHC proton or heavy ion beams, with three main physics objectives:

• Advance our understanding of the large-x parton content in nucleons/nuclei 

• Advance our understanding of the dynamics and spin of gluons inside 
(un)polarised nucleons/nuclei

• Study heavy-ion collisions between RHIC and SPS energies towards large rapidities

Several advantages of the fixed-target mode wrt the collider mode:

‣ This can be realized at LHC in parasitic mode
‣ Fixed-target mode started at LHCb with a low-density gas target (SMOG)
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• Internal gas target

‣ can be installed in one of the existing LHC caverns, and coupled to existing experiments

‣ currently validated validated by the LHCb collaboration via a luminosity monitor (SMOG)

‣ uses the high LHC particle current: p flux = 3.4 x1018 s-1 & Pb flux = 3.6 x1014 s-1

• Internal wire/foil target [used by HERA-B on the 920 GeV HERA p beam and by STAR at RHIC]

• Beam line extracted by a bent cristal

‣ crystals successfully tested at the LHC for proton and lead beam collimation

‣ provides a new facility with 7 TeV proton beam but requires civil engineering

‣ the LHC beam halo is recycled on a dense target

- proton flux = 5 x108 s-1 & lead flux = 2 x105 s-1

• Beam splitted by a bent crystal

‣ intermediate option which reduces civil engineering

‣ might be coupled to an existing experiment

‣ similar fluxes as beam line

• Lumis with an internal gas target or a crystal-based solution are similar

• The beam line option is currently a little too ambitious (this could change with an FCC)

• The internal solid target & beam split option: similar possibilities; the latter is cleaner

• The gas target is the best for polarized target and satisfactory for heavy ion studies

Possible implementations
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Main kinematic features of AFTER@LHC

4

MAIN KINEMATICAL FEATURES

q Entire CM forward hemisphere (yCM > 0) within 0�< θlab < 1�
(high multiplicities à large occupancies)

q Backward physics (yCM < 0) : larger angle in the laboratory frame (lower occupancies)
Access to parton with momentum fraction x2à 1 in the target

Energy range

4

MAIN KINEMATICAL FEATURES

q Entire CM forward hemisphere (yCM > 0) within 0�< θlab < 1�
(high multiplicities à large occupancies)

q Backward physics (yCM < 0) : larger angle in the laboratory frame (lower occupancies)
Access to parton with momentum fraction x2à 1 in the target

Rapidity range

‣ Entire center-of-mass forward hemisphere (ycm > 0) within 1 degree
‣ Easy access to (very) large backward rapidity range (ycm < 0) and large parton momentum 

fraction in the target (x2)
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Main kinematic features of AFTER@LHC
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MAIN KINEMATICAL FEATURES
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q LHCb and ALICE muon arm become backward detectors in fixed target mode
q Half of the backward region covered for most of the probe à -1 < xF < 0
q ALICE central barrel very backward detector 

Example of acceptance for an 
LHCb-like detector : 2 <  ηlab < 5 

(1) pA collisions in fixed target mode, √ sNN = 115 GeV
(2) PbA collisions in fixed target mode, √ sNN = 72 GeV

(3) pp collisions in collider mode, √ s = 14 TeV
(4) PbPb collisions in collider mode, √ sNN = 5.5 TeV
(5) pPb collisions in collider mode, √ sNN = 8.8 TeV
(6) Pbp collisions in collider mode, √ sNN = 8.8 TeV
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Fixed target mode (1):
Negative ycms: x1 < x2: xF =x1 - x2 < 0

Quite special!
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• Due to its unique features (kinematics, high luminosity, targets, polarization) 
AFTER@LHC can address key challenges in QCD & Hadron 
physics

‣ Understanding the partonic structure of nucleons and nuclei from QCD

‣ Understanding the spin structure of nucleons and nuclei

‣ Understanding confinement & hadronization from QCD

• AFTER@LHC complementary to an Electron-Ion Collider 

‣ Drell-Yan process vs. Deep Inelastic Scattering

General Physics Motivations
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Light parton structure at high-x
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• Partonic structure of nucleons/nuclei at 
high-x (x>0.5) poorly known:
‣ >50% uncertainty on d(x) at x>0.6
‣ >50% uncertainty on g(x) at x>0.2
‣ very large uncertainties on quark sea

• Better understanding provides tests of 
models of hadron structure
‣ d/u→1/2 : SU(6) Spin-Flavor symmetry
‣ d/u→0    : Scalar diquark dominance
‣ d/u→1/5 : pQCD power counting
‣ Local quark hadron duality:

• Better understanding important for BSM 
searches of new heavy states

Partonic structure at high-x 

CJ15 global fit, PRD93(2016)114017

d/u !
4µ2

n/µ
2
p � 1

4� µ2
n/µ

2
p

' 0.42
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• Large-x behaviour: x fi(x,Q0) ~ (1-x)^bi

• Counting rule expectations: b_uv = b_dv = 3

• Currently only b_uv relatively well constrained

2.6 < b_uv < 3.4 

• Down valence quark less well known

1.4 < b_dv < 4.6 

• Exponents for the sea quarks and the gluon very 
poorly known

Ball, Nocera, Rojo, arXiv:1604.00024

Partonic structure at high-x 
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DRAFT. Please Do Not Redistribute. DRAFT.

moderate or small invariant masses M, we have x1 ' M2/(S |xF |), x2 & |xF |. For example, for xF = �0.8, M = 10403

(M = 15) GeV we have x2 ' 0.8 and x1 ' 0.01 (x1 ' 0.02). In this kinematic region the ratio of the DY cross section in pn404

collisions with the one in pp collisions is approximately given by (leading order, ū(x2), d̄(x2), s(x2), s̄(x2) ⌧ uv(x2), dv(x2),405

neglecting Z-exchange):406

R =
�DY(pn)
�DY(pp)

' 4ū(x1)d(x2) + d̄(x1)u(x2)
4ū(x1)u(x2) + d̄(x1)d(x2)

' 4d(x2) + u(x2)
4u(x2) + d(x2)

=
1 + 4rv

4 + rv
(3)

where d̄(x1) ' ū(x1) has been used to arrive at the third equality and rv = d(x2)/u(x2) ' dv(x2)/uv(x2). The PDFs vanish407

for x! 1 and generally, the large x behavior of the PDFs at the initial scale Q0 is parameterized as x fi(x,Q0) / (1 � x)bi408

where bi depends on the parton flavor ’i’. Currently, only buv is relatively well constrained with values in the range409

2.6 . buv . 3.6 which is in agreement with the expectation from counting rules [78] (buv = bdv = 3), whereas bdv is less410

well known and varies strongly between 1.4 and 4.6 for di↵erent sets of PDFs, see Figs. 2 and 5 in [79]. Furthermore,411

the exponents for the gluon and the quark sea are very poorly known. Therefore, rv can vanish, approach a finite value412

k, or diverge in the limit x ! 1 (see Fig. 8 in [79]). Consequently, we find in the limit x2 ! 1 that a measurement of R413

could constrain rv and provide important tests of di↵erent models of nucleon structure. Note also the bounds 1/4  R  4414

which are the same as the famous bounds for the ratio of deep inelastic structure functions, 1/4  Fn
2/F

p
2  4, derived by415

Nachtmann [80]. Experimentally, it is the ratio of cross sections in pd over pp collisions which is accessible:416

Rd/p(x2) =
�DY(pd)
�DY(pp)

= 1 +
�DY(pn)
�DY(pp)

' 5
1 + rv(x2)
4 + rv(x2)

. (4)

Consequently, we find in the limit x2 ! 1

Rd/p !

8>>>>>>>>><
>>>>>>>>>:

2 ; rv = 1

2.5 ; rv = 0

5 ; rv ! 1

, (5)

and a su�ciently precise measurement of the ratio will allow to determine rv(x) = d(x)/u(x) at large x. Of course, in417

practice, a full fledged QCD analysis at NLO or NNLO of the data will be performed.418

b. Drell-Yan pair production and PDFs In order to estimate the possible impact of the Drell-Yan lepton pair produc-419

tion in pp collisions at AFTER@LHC on the PDFs we perform a profiling analysis [81] using the xFitter package [82].420

For this purpose we use pseudo-data constructed out of predictions for the rapdity distributions using MCFM [? ] and pro-421

jected experimental uncertainties (I guess it is described somewhere. Refer to that section). The pseudo-data have been422

generated for several bins in the invariant mass of the muon pair (Mµµ 2 [4, 5], [5, 6], [6, 7], [7, 8] GeV and Mµµ > 10.5423

GeV) and have been constructed such that the central values of the “measurements” and predictions coincide. This is424

illustrated in Fig. 7 for the invariant mass bin 4 < Mµµ < 5 GeV. In some cases the uncertainties are smaller than the data425

19

A simple ratio in the limit xF → -1

• For example: 

xF = -0.8, M = 10 GeV gives x2 = 0.8, x1 = 0.01
xF = -0.8, M = 15 GeV gives x2 = 0.8, x1 = 0.02

•  In this limit with rv = d(x2)/u(x2) 

• Amusing to note: 1/4 < R < 4 

similar to the famous Nachtmann ratio for DIS 
structure functions 1/4 < F2n / F2p < 4
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where d̄(x1) ' ū(x1) has been used to arrive at the third equality and rv = d(x2)/u(x2) ' dv(x2)/uv(x2). The PDFs vanish407

for x! 1 and generally, the large x behavior of the PDFs at the initial scale Q0 is parameterized as x fi(x,Q0) / (1 � x)bi408

where bi depends on the parton flavor ’i’. Currently, only buv is relatively well constrained with values in the range409

2.6 . buv . 3.6 which is in agreement with the expectation from counting rules [78] (buv = bdv = 3), whereas bdv is less410

well known and varies strongly between 1.4 and 4.6 for di↵erent sets of PDFs, see Figs. 2 and 5 in [79]. Furthermore,411

the exponents for the gluon and the quark sea are very poorly known. Therefore, rv can vanish, approach a finite value412

k, or diverge in the limit x ! 1 (see Fig. 8 in [79]). Consequently, we find in the limit x2 ! 1 that a measurement of R413

could constrain rv and provide important tests of di↵erent models of nucleon structure. Note also the bounds 1/4  R  4414

which are the same as the famous bounds for the ratio of deep inelastic structure functions, 1/4  Fn
2/F

p
2  4, derived by415

Nachtmann [80]. Experimentally, it is the ratio of cross sections in pd over pp collisions which is accessible:416

Rd/p(x2) =
�DY(pd)
�DY(pp)

= 1 +
�DY(pn)
�DY(pp)

' 5
1 + rv(x2)
4 + rv(x2)

. (4)

Consequently, we find in the limit x2 ! 1

Rd/p !

8>>>>>>>>><
>>>>>>>>>:

2 ; rv = 1

2.5 ; rv = 0

5 ; rv ! 1

, (5)

and a su�ciently precise measurement of the ratio will allow to determine rv(x) = d(x)/u(x) at large x. Of course, in417

practice, a full fledged QCD analysis at NLO or NNLO of the data will be performed.418

b. Drell-Yan pair production and PDFs In order to estimate the possible impact of the Drell-Yan lepton pair produc-419

tion in pp collisions at AFTER@LHC on the PDFs we perform a profiling analysis [81] using the xFitter package [82].420

For this purpose we use pseudo-data constructed out of predictions for the rapdity distributions using MCFM [? ] and pro-421

jected experimental uncertainties (I guess it is described somewhere. Refer to that section). The pseudo-data have been422

generated for several bins in the invariant mass of the muon pair (Mµµ 2 [4, 5], [5, 6], [6, 7], [7, 8] GeV and Mµµ > 10.5423

GeV) and have been constructed such that the central values of the “measurements” and predictions coincide. This is424

illustrated in Fig. 7 for the invariant mass bin 4 < Mµµ < 5 GeV. In some cases the uncertainties are smaller than the data425

19

DRAFT. Please Do Not Redistribute. DRAFT.

moderate or small invariant masses M, we have x1 ' M2/(S |xF |), x2 & |xF |. For example, for xF = �0.8, M = 10403

(M = 15) GeV we have x2 ' 0.8 and x1 ' 0.01 (x1 ' 0.02). In this kinematic region the ratio of the DY cross section in pn404

collisions with the one in pp collisions is approximately given by (leading order, ū(x2), d̄(x2), s(x2), s̄(x2) ⌧ uv(x2), dv(x2),405

neglecting Z-exchange):406

R =
�DY(pn)
�DY(pp)
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Charm parton content at high-x
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Is there charm in the nucleon?
• Standard approach: Charm entirely perturbative

• Heavy Flavour Schemes

• FFNS: charm not in the proton
keep logs(Q/m) in fixed order

• VFNS: charm PDF in the proton
resum logs(Q/m)

• Different Heavy Flavour Schemes = different ways to 
organize the perturbation series

• What is structure? What is interaction?
Freedom to choose the factorization scale

• However, charm not so much heavier than 
𝛬QCD

• There could be a non-perturbative intrinsic charm 
component (added to the VFNS or even FFNS)

• Important to test the charm PDF experimentally

  

LO NLO N2LO N3LO

Full ACOT

ACOT Extension to Higher Orders 29

Based on the Collins-Wilczek-Zee (CWZ) Renormalization Scheme
… hence, extensible to all orders

DGLAP kernels & PDF evolution are pure MS-Bar
Subtractions are MS-Bar

ACOT: mÆ 0 limit  yields  MS-Bar  

with no finite renormalization  
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• Large majority of global analyses:

Charm PDF is calculated, 
there is no fit parameter!

• Boundary condition for DGLAP evolution
calculated perturbatively: 
(matching condition when switching from nf=3 to nf=4 flavours)

c(x,Q=mc) = 0  @NLO, MSbar

Charm PDFs
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Models for intrinsic charm

• For a recent review see arXiv:1504.06287

• Most models are concentrated at large x and have 
a precise x-shape but do not predict the scale 
(BHPS, Meson cloud models)

• In some models c(x)=cbar(x) in others not

• In global analyses also phenomenological models 
with a sea-like charm (broad range in x) are 
analyzed
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BHPS model
2

Figure 1: Five-quark Fock state |uudQQi of the proton
and the origin of the intrinsic sea.

erated by gluon splitting, their PDFs are always softer
than those of the parent gluon by a factor of (1 � x).
In contrast, the high x intrinsic heavy quark contribu-
tions are kinematically dominated by the regime where
the |uudQQi state is minimally off shell, corresponding
to equal rapidities of the constituent quarks. The result-
ing momentum and spin distributions of the intrinsic Q
and Q can be distinct, e.g., s(x) 6= s(x) since the comov-
ing uudQQ quarks are sensitive to the global quantum
numbers of the proton.

A finite intrinsic charm contribution to the nucleon
has been extracted from lattice QCD. An analysis by the
MILC collaboration [9] yields a probability for the charm
matrix element hN |cc|Ni in the range of 5� 6%, consis-
tent with a four-loop perturbative QCD calculation [10].

While the first experimental evidence of intrinsic heavy
quarks came from the EMC measurement of the large x
charm structure function [11], a variety of other charm
hadron and charmonium measurments are consistent
with the existence of intrinsic charm. Open charm ob-
servables in hadroproduction include forward ⇤

c

produc-
tion at the ISR [12]1 and asymmetries between leading
and nonleading charm (D mesons which share valence
quarks with the projectile and D mesons which do not,
respectively) measured as functions of x

F

and p
T

in fixed-
target experiments, WA89 and WA82 at CERN; E791
and SELEX at Fermilab, see Refs. [13–15] and references
therein. Previous fixed-target J/ measurements also
give indications of important intrinsic charm contribu-
tions, particularly from the nuclear mass, or A, depen-
dence, as measured by NA3 at CERN as well as E772
and, later, E866 at Fermilab, see e.g. [16]. Indeed, the A
dependence, proportional to A↵, is quite different than

1 Similarly, the coalescence of comoving b, u and d quarks from the
|uudb̄b > intrinsic bottom Fock state in the proton can explain
the high xF production of the ⇤b(udb) baryon, as observed at
the ISR [12].

the ↵ ⇠ 1 expected from extrinsic-type production [17].
At large x

F

, there are indications of a A2/3 dependence,
consistent with a nuclear surface-type interaction instead
of the volume dependence of pQCD. In addition, the NA3
collaboration measured double J/ production at for-
ward x

F

in ⇡A interactions, difficult to explain without
an intrinsic charm mechanism [18]. All of these observ-
ables can be studied with higher energies and luminosi-
ties at AFTER@LHC, making precision measurements
possible for the first time.

In addition to the typical observables for intrinsic
heavy quarks, these intrinsic heavy quarks also con-
tribute to a number of more exotic observables and inclu-
sive and diffractive Higgs production pp ! ppH, in which
the Higgs boson carries a significant fraction of the pro-
jectile proton momentum [19, 20]. There are also impor-
tant implications for intrinsic charm and bottom quarks
in Standard Model physics, as in the weak decays of the
B-meson [21] and a novel solution to the J/ ! ⇢⇡ prob-
lem [22]. AFTER@LHC could also shed light on these
topics.

The rest of this paper is organized as follows. In Sec. II,
we give an overview of the theoretical models predicting
the x-shape (but not the normalization) of the intrinsic
charm and bottom parton distribution functions. In Sec.
III, we discuss the constraints on the normalization of
the intrinsic charm (IC) obtained in global analyses of
PDFs. Section IV is devoted to the intrinsic bottom (IB)
content of the nucleon for which there are currently no
quantitative constraints. In Sec. V we review collider ob-
servables sensitive to an intrinsic charm or bottom PDF.
Finally, in Sec. VI we present our conclusions.

II. THEORETICAL MODELS

The QCD wavefunction of a hadron can be represented
as a superposition of quark and gluon Fock states. For
example, at fixed light-front time, a hadron wavefunction
can be expanded as a sum over the complete basis of free
quark and gluon states: | 

h

i =

P
m

|mi 
m/h

(x
i

, k
T,i

)

where the color-singlet states, |mi, represent the fluctu-
ations in the hadron wavefunction with the Fock com-
ponents |q1q2q3i, |q1q2q3gi, |q1q2q3cci, etc. The boost-
invariant light-front wavefunctions,  

m/h

(x
i

, k
T,i

) are
functions of the relative momentum coordinates x

i

=

k+
i

/P+ and k
T,i

where k
i

denotes the parton momenta
and P the hadron momentum. Momentum conservation
demands

P
n

i=1 xi

= 1 and
P

n

i=1
~k
T,i

= 0 where n is
the number of partons in state |mi. For example, as pre-
dicted by Brodsky and collaborators, in the BHPS model
intrinsic charm fluctuations [5, 23] can be liberated by a
soft interaction which breaks the coherence of the Fock
state [24] provided the system is probed during the char-
acteristic time that such fluctuations exist.

Microscopically, the intrinsic heavy quark Fock compo-
nent in the proton wavefunction, |uudcci, is generated by
virtual interactions such as gg ! QQ where the gluons

(a) (b)

Figure 2. (a) CTEQ6.6c0 charm distribution function c(x,Q2) (solid lines) and the sum c0(x,Q2)+
c1(x,Q2) (triangles) where c0 is the radiatively generated CTEQ6.6 charm distribution and c1 is the
non-singlet evolved IC using the BHPS boundary condition (2.15) with the same normalization as
used for the CTEQ6.6c0 charm distribution. Results are shown for the input scale Q2 = Q2

0 = m2
c

and the scale Q2 = 10000 GeV2. Fig. (b) shows the ratio of the curves in (a).

e.g. 1% for CTEQ6.6c0. For convenience, we list below the first and second moments

(calculated at the input scale) for the sets referred to in the following.

R 1
0 dx c(x)

R 1
0 dx x [c(x) + c̄(x)] ⌘< x >c+c̄

CTEQ6.6 0 0

CTEQ6.6c0 0.01 0.0057

CTEQ6.6c1 0.035 0.0200

As can be seen the actual momentum carried by the charm in the CTEQ6.6c0 and CTEQ6.6c1

fits is equal to ⇠ 0.6% and 2% respectively.

In the following we compare our approximate IC PDFs supplemented with the central

CTEQ6.6 fit, which has a radiatively generated charm distribution, with the CTEQ6.6c0

and CTEQ6.6c1 sets where IC has been obtained from global analysis without the approx-

imations of Sec. 2.2.

In Fig. 2(a) the CTEQ6.6c0 charm distribution function c(x,Q2) is shown (solid lines)

for two scales, Q2 = 1.69 and 10000 GeV2, in dependence of x. The doted lines have

been obtained as the sum of c0(x,Q2) + c1(x,Q2) where c0 is the radiatively generated

charm distribution using the CTEQ6.6 PDF and c1 is the non-singlet evolved IC using

the boundary condition (2.15) with the same normalization as used for the CTEQ6.6c0

charm distribution. As can be seen in the ratio plot, Fig. 2(b), the di↵erence between

the sum c0 + c1 and the CTEQ6.6c0 charm distribution is tiny at low Q2, and smaller

than 5% at the higher Q2. In other words, the IC distribution c1 evolved according to

the decoupled non-singlet evolution equation is in very good agreement with the di↵erence

c� c0 representing the IC component in the full global analysis.

– 8 –

which, however, is very small for bottom quarks.6 We will perform numerical checks of the

validity of our approximations in Sec. 2.5 after having discussed the boundary conditions

for the intrinsic heavy quark distribution.

2.3 Modeling the boundary condition

The BHPS model [13] predicts the following x-dependence for the intrinsic charm (IC)

parton distribution function:

c1(x) = c̄1(x) / x2[6x(1 + x) lnx+ (1� x)(1 + 10x+ x2)] . (2.15)

Conversely, the normalization and the precise energy scale of this distribution are not

specified. In the CTEQ global analyses with intrinsic charm [24, 25] this functional form

has been used as a boundary condition at the scale Q = mc leaving the normalization as a

free fit parameter.

We expect the x-shape of the intrinsic bottom distribution b1(x) to be very similar

to the one of the intrinsic charm distribution. Furthermore, the normalization of IB is

expected to be parametrically suppressed with respect to IC by a factor m2
c/m

2
b ' 0.1.

Therefore, because the scale of the boundary condition is not fixed, the following two

ansatzes for b1 can be considered

Di↵erent Scales : b1(x,mb) =
m2

c

m2
b

c1(x,mc) , (2.16)

Same Scales : b1(x,mc) =
m2

c

m2
b

c1(x,mc) . (2.17)

In the following we use the Same Scales boundary condition, Eq. (2.17), which remains

valid at any scale Q.

In this case, since c1 = c�c0, it is possible to construct the IB PDF from the di↵erence

of the CTEQ6.6c and the standard CTEQ6.6 charm PDFs at any scale without having to

solve the non-singlet evolution equation for the IB PDF. We will compare the two boundary

conditions in Eqs. (2.16) and (2.17) in Sec. 2.5. Finally, let us note that it would be no

problem to work with asymmetric boundary conditions, c̄1(x) 6= c1(x) and b̄1(x) 6= b1(x),

as predicted for example by meson cloud models [16].

2.4 Intrinsic heavy quark PDFs from non-singlet evolution

For the purpose of this analysis we used the approximation of Sec. 2.2 to produce standalone

IC and IB PDFs that can be used together with any regular PDF set sharing the same

values for the QCD parameters, such as the strong coupling or the quark masses. For the IC

PDF we used Eq. (2.15) to define the initial x-dependence at the scale of the charm mass,

and fixed the normalization to match the one predicted by the CTEQ6.6c0 fit [25]. The IB

PDF was generated using the Same Scales boundary conditions of Eq. (2.17) together with

the same x-dependent input of Eq. (2.15). If not stated otherwise, the normalization for the

6It is also acceptable in case of charm provided that the allowed normalization of IC is not too big.

– 6 –

• Light cone Fock space picture

• |uudQQbar> state with heavy quarks connected to valence 
quarks, fundamental property of wave function

• Intrinsic contribution dominant at large x and on the order 
O(𝛬2/mQ2) 

• A finite IC contribution has been extracted from the lattice:
Probability for the <N|c cbar|N> ME of 5 to 6%
[MILC collab., arXiv:1204.3866]

The x-dependence predicted by the BHPS model, unknown at which scale:

Typical moments;
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A global fit by CTEQ to extract IC

11 

Blue band corresponds to CTEQ6 
best fit, including uncertainty 

Red curves include intrinsic charm of 
1% and 3% (χ2 changes only slightly) 

A global fit by CTEQ to extract intrinsic-charm  

No conclusive evidence for intrinsic-charm  11 
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Parton-Parton Luminosities: Charm

Figure 10. Ratio of cc̄ luminosities (left) and cg luminosities (right) at the LHC14 for charm-
quark PDF sets with and without an intrinsic component as a function of

p
⌧ = mH/

p
S. The

ratio for the cc̄ luminosity (solid, green line) in the left figure reaches values of 50 at
p
⌧ = 0.5. In

addition to the curves with 1% normalization (red, dashed lines) we include the results for the 3.5%
normalization (green, solid lines) which was found to be still compatible with the current data [25].

constraints on the IB normalization, in Fig. 11 we also include an extreme scenario where

we remove the usual m2
c/m

2
b factor; thus, the first moment of the IB is 1% at the initial

scale mc.

For the 1% normalization the cc̄ luminosity ratio grows as large as 7 or 8 for
p
⌧ = 0.5,

and for a 3.5% normalization it becomes extremely large and reaches values of up to 50.

From these figures we can clearly see that the e↵ect of the 3.5% IC is substantial and can

a↵ect observables sensitive to cc̄ and cg channels. As expected, in the case of IB the e↵ect

is smaller but for the bb̄ luminosity the IB with 3.5% normalization leads to a curve which

lies clearly above the error band of the purely perturbative result. In the extreme scenario

(which is not likely but by no means excluded) the IB component has a big e↵ect on both

the bb̄ and bg channels.

4 Discussion

We have demonstrated that the scale evolution of intrinsic heavy quark distributions (both

charm and bottom) is governed by a non-singlet evolution equation to a very good approx-

imation. Furthermore, the small intrinsic heavy quark distribution does not significantly

influence the other parton distributions or the sum rules of a global analysis. This observa-

tion holds to a very good precision for the intrinsic bottom case, but also works reasonably

well for the intrinsic charm case (if the momentum fraction is not too large). Therefore, it

is possible to perform a standalone analysis of the intrinsic heavy quark distribution and

to combine it with the PDFs of a standard global analysis with dynamically generated

– 16 –

arXiv:1504.05156

Tuesday 17 April 18



Recent PDFs with fitted charmPDFs with fitted charm or intrinsic charm (IC)

2017-03-22 5

Several studies conclude that IC 
may carry no more than 1% of the 
proton’s momentum

Constraints depend on data 
selection (e.g., on whether the EMC 
𝐹𝐹2𝑐𝑐 data are included) and 
methodology (CTEQ vs. NNPDF)  

Jimenez-Delgado et al., 
1408.1708 

arXiv:1605.06515

NNLO

NLO

NLO

PoS DIS2015 (2015) 166
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• F2c at EIC:

probing larger x-values (x~0.3)

• Fixed target experiments using the LHC 
beam (AFTER@LHC): √S=115 GeV

would be ideal to probe large-x IC in 
hadronic collisions

How to probe the high-x charm?
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Inclusive D meson production at LHCb
INTRINSIC CHARM: LHCB

CTEQ6.6c1/CTEQ6.6
p p � D0 X
GM-VFNS
�S = 7 TeV
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CTEQ6.6 updated:
BHPS, 3.5 % (c + c̄) at µ = 1.3 GeV high-strength sea-like charm

‹ large effects expected at large rapidities

H. Spiesberger (Mainz) DIS, 27. 3. 2012 30 / 37

arXiv:1202.0439, arXiv:0901.4130
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Probing IC with 𝛾+Q at AFTER

Problems: Photon efficiency and photon isolation
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A-dependence of parton structure
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A-dependence of the partonic structure

13

Figure 5: �2 function relative to its value at the
minimum, ��2 = �2 � �2

0, plotted along the 16 error
directions in the eigenvector space, z̃2

i

. We display the
true �2 function (solid lines) and the quadratic

approximation given by Hessian method ��2 = z̃2
i

(dashed lines). The eigenvector directions are ordered
from the largest to the smallest eigenvalue.

present for the {u, d} PDFs. On the other hand, the A-
dependence of {u

v

, d
v

} distributions is reduced relative
to the other flavor components.

Finally, Figs. 7 and 8, show our nPDFs (fp/Pb) for a
lead nucleus together with the nuclear correction factors
at the input scale Q = Q0 = 1.3 GeV and at Q = 10 GeV
to show the evolution e↵ects when the PDFs are probed
at a typical hard scale. We have chosen to present results
for the rather heavy lead nucleus because of its relevance
for the heavy ion program at the LHC. In all cases, we
display the uncertainty band arising from the error PDF
sets based upon our eigenvectors and the tolerance crite-
rion. It should be noted that the uncertainty bands for
x . 10�2 and x & 0.7 are not directly constrained by
data but only by the momentum and number sum rules.
The uncertainty bands are the result of extrapolating the
functional form of our parametrization into these uncon-
strained regions.

Some comments are in order:

• As can be seen from Fig. 7 (a), our input gluon is
strongly suppressed/shadowed with respect to the
free proton in the x . 0.04 region. In fact, it has a
valence-like structure (see Fig. 7 (b)) which van-
ishes at small x. Consequently, the steep small
x rise of the gluon distribution at Q = 10 GeV
(see Fig. 8) is entirely due to the QCD evolution.

Figure 6: nCTEQ15 bound proton PDFs at the scale
Q = 10 GeV for a range of nuclei from the free proton

(A = 1) to lead (A = 208).

However, we should note that there is no data con-
strints below x ⇠ 0.01 and the gluon uncertainty
in this region is underestimated. In addition, our
gluon has an anti-shadowing peak around x ⇠ 0.1
and then exhibits suppression in the EMC region
x ⇠ 0.5. However, the large x gluon features wide
uncertainty band reflecting the fact that there are
no data constraints.

• In our analysis we determine the ū+ d̄ combination
and assume that there is no nuclear modification
to the d̄/ū combination (see Sec. II and Table V).
As a result the ū and d̄ PDFs are very similar, the
small di↵erence between the two comes from the
underlying free proton PDFs.

• In this analysis we do not fit the strange distribu-
tion but relate it to the light quarks sea distribu-
tion, see Eq. (2.7). As a result the strange quark
distribution is very similar to the ū and d̄ distribu-
tions.
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As a result the ū and d̄ PDFs are very similar, the
small di↵erence between the two comes from the
underlying free proton PDFs.

• In this analysis we do not fit the strange distribu-
tion but relate it to the light quarks sea distribu-
tion, see Eq. (2.7). As a result the strange quark
distribution is very similar to the ū and d̄ distribu-
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Figure 5: �2 function relative to its value at the
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0, plotted along the 16 error
directions in the eigenvector space, z̃2
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dependence of {u
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} distributions is reduced relative
to the other flavor components.

Finally, Figs. 7 and 8, show our nPDFs (fp/Pb) for a
lead nucleus together with the nuclear correction factors
at the input scale Q = Q0 = 1.3 GeV and at Q = 10 GeV
to show the evolution e↵ects when the PDFs are probed
at a typical hard scale. We have chosen to present results
for the rather heavy lead nucleus because of its relevance
for the heavy ion program at the LHC. In all cases, we
display the uncertainty band arising from the error PDF
sets based upon our eigenvectors and the tolerance crite-
rion. It should be noted that the uncertainty bands for
x . 10�2 and x & 0.7 are not directly constrained by
data but only by the momentum and number sum rules.
The uncertainty bands are the result of extrapolating the
functional form of our parametrization into these uncon-
strained regions.

Some comments are in order:

• As can be seen from Fig. 7 (a), our input gluon is
strongly suppressed/shadowed with respect to the
free proton in the x . 0.04 region. In fact, it has a
valence-like structure (see Fig. 7 (b)) which van-
ishes at small x. Consequently, the steep small
x rise of the gluon distribution at Q = 10 GeV
(see Fig. 8) is entirely due to the QCD evolution.
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Nuclear modifications of DIS structure functions

Shadowing 

Anti-Shadowing 
(pion excess) Fermi motion effects 

EMC region 

Nuclear dependence of the 
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Can we translate these modifications into universal nuclear PDFs?
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Figure 14: Comparison of the nCTEQ15 NLO theory predictions for R = �A

DY/�
A

0

DY with data for several nuclear
targets from the Fermilab experiments E772 (left) and E866 (right). The error bands show the uncertainty from the

nuclear PDFs.

values are within the experimental uncertainty.16 Fitting
the single inclusive pion production has the added com-
plication that it depends on the fragmentation functions
(FFs). As mentioned in Sec. II, pre-computed grids of
convolutions with the free deuterium PDFs and a set of
FFs are used to speed up the NLO calculation.

In Fig. 15a, PHENIX and STAR data are com-
pared with predictions from the nCTEQ15 fit using the
Binnewies-Kniehl-Kramer (BKK) fragmentation func-
tions [84]. As the PHENIX data are more precise than
the STAR data, the former will have a correspondingly
larger impact on the resulting fit.

The EPS09 analysis [12] also used this data and we
compare with their result in Fig. 15b. Our central pre-
diction for R⇡

dAu di↵ers from EPS09 but lies within their
uncertainty band; however, our estimate of the PDF un-
certainties di↵ers substantially from EPS09.17 The main
reason for this di↵erence is the fact that EPS09 chooses to
include the single inclusive pion data with a large weight
(⇥20) to enhance its importance, and this choice leads
to the suppression of the corresponding uncertainties.

16 We note that the EPS09 analysis obtained similar normaliza-
tions.

17 The EPS09 analysis uses a di↵erent asymmetric definition of un-
certainties given by
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To make this comparison consistent, we adopt the same definition
when comparing with the EPS09 prediction.

Another source of di↵erence can arise from the choice
of the fragmentation functions. The EPS09 analysis uses
the Kniehl-Kramer-Pötter (KKP) fragmentation func-
tions [85] whereas the nCTEQ15 fit is based on the BKK
FFs. To investigate the e↵ect of di↵erent fragmentation
functions, we have calculated R⇡

dAu using the KKP FFs
but still using the nCTEQ15 nPDFs obtained employing
the BKK FFs (see Fig. 16a). As can be seen, the choice
of di↵erent fragmentation functions yields only minor dif-
ferences.
In a second step, we have also performed a complete

reanalysis of the nuclear PDFs using the KKP fragmen-
tation functions in both the fit and also for the calcula-
tion of R⇡

dAu and this is shown in Fig. 16b. The use of
the KKP FFs does not change the central prediction for
R⇡

dAu but slightly changes the nPDF uncertainties in the
high-p

T

region.
In summary the use of two di↵erent sets of fragmen-

tation functions, BKK and KKP, has only a minor e↵ect
on the resulting nPDFs. This does not exclude a possi-
bility that a larger e↵ect on nPDFs is possible if other
fragmentation functions are used [86].

C. Fit without inclusive pion data (nCTEQ15-np)

To further analyze the impact of the newly added in-
clusive pion data and because the pion data introduce
an unwanted dependence on fragmentation functions, we
performed an alternative analysis which does not include
the RHIC inclusive pion data (nCTEQ15-np).
In Fig. 17, we compare the results of the nCTEQ15 fit

with the ones of the alternative analysis nCTEQ15-np.
When examining the nuclear correction factors (left pan-
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F

A
2 /F

A0
2 : # data

Observable Experiment ID Ref. # data after cuts �

2

C/Li NMC-95,re 5123 [50] 25 7 5.56

Ca/Li NMC-95,re 5122 [50] 25 7 1.11

Be/C NMC-96 5112 [63] 15 14 4.08

Al/C NMC-96 5111 [63] 15 14 5.39

Ca/C NMC-95,re 5120 [50] 25 7 4.32

NMC-96 5119 [63] 15 14 5.43

Fe/C NMC-96 5143 [63] 15 14 9.78

Sn/C NMC-96 5159 [64] 146 111 64.44

Pb/C NMC-96 5116 [63] 15 14 7.74

Total: 296 202 107.85

Table II: The DIS FA

2 /FA

0

2 data sets used in the
nCTEQ15 fit. We list the same details for each data set

as in Tab. I.

�

pA
DY/�

pA0
DY : # data

Observable Experiment ID Ref. # data after cuts �

2

C/H2 FNAL-E772-90 5203 [65] 9 9 7.92

Ca/H2 FNAL-E772-90 5204 [65] 9 9 2.73

Fe/H2 FNAL-E772-90 5205 [65] 9 9 3.17

W/H2 FNAL-E772-90 5206 [65] 9 9 7.28

Fe/Be FNAL-E886-99 5201 [66] 28 28 23.09

W/Be FNAL-E886-99 5202 [66] 28 28 23.62

Total: 92 92 67.81

Table III: The Drell-Yan process data sets used in the
nCTEQ15 fit. We list the same details for each data set

as in Tab. I.

R

⇡
dAu/R

⇡
pp : # data

Observable Experiment ID Ref. # data after cuts �

2

dAu/pp PHENIX PHENIX [67] 21 20 6.63

STAR-2010 STAR [68] 13 12 1.41

Total: 34 32 8.04

Table IV: The pion production data sets used in the
nCTEQ15 fit. We list the same details for each data set

as in Tab. I.

that each process helps constrain di↵erent combinations
of parton distributions. The bulk of our data are from
DIS which help pin down the valence and sea distribu-
tions, however they are not very sensitive to di↵erent
quark flavors and gluons. The DY data can be used to
di↵erentiate between u and d quark flavors, and the in-
clusive pion data have a potential to better constrain the
gluon distribution.9

9 Note that the inclusive pion production observable is di↵erent in
the sense that it has an additional dependence on a fragmentation
function.

Figure 1: Kinematic reach of DIS and DY data used in
the presented nCTEQ fits. The dashed lines represent the
kinematic cuts employed in this analysis (Q > 2 GeV,
W > 3.5 GeV). Only the data points lying above both

of these lines are included in the fits.

Figure 2: Approximate x-range for the pion data with
the Binnewies-Kniehl-Kramer fragmentation function.

We introduce kinematic cuts on the included data
which limit possible e↵ects of higher twist contributions
and target mass corrections and at the same time are
compatible with the kinematic cuts used in the underly-
ing free proton analysis. The cuts used in this analysis
are:

• DIS: Q > 2 GeV and W > 3.5 GeV,

• DY: 2 < M < 300 GeV,
(where M is the invariant mass of the produced
lepton pair)

• ⇡0 production: p
T

> 1.7 GeV.
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values are within the experimental uncertainty.16 Fitting
the single inclusive pion production has the added com-
plication that it depends on the fragmentation functions
(FFs). As mentioned in Sec. II, pre-computed grids of
convolutions with the free deuterium PDFs and a set of
FFs are used to speed up the NLO calculation.

In Fig. 15a, PHENIX and STAR data are com-
pared with predictions from the nCTEQ15 fit using the
Binnewies-Kniehl-Kramer (BKK) fragmentation func-
tions [84]. As the PHENIX data are more precise than
the STAR data, the former will have a correspondingly
larger impact on the resulting fit.

The EPS09 analysis [12] also used this data and we
compare with their result in Fig. 15b. Our central pre-
diction for R⇡

dAu di↵ers from EPS09 but lies within their
uncertainty band; however, our estimate of the PDF un-
certainties di↵ers substantially from EPS09.17 The main
reason for this di↵erence is the fact that EPS09 chooses to
include the single inclusive pion data with a large weight
(⇥20) to enhance its importance, and this choice leads
to the suppression of the corresponding uncertainties.

16 We note that the EPS09 analysis obtained similar normaliza-
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tions [84]. As the PHENIX data are more precise than
the STAR data, the former will have a correspondingly
larger impact on the resulting fit.

The EPS09 analysis [12] also used this data and we
compare with their result in Fig. 15b. Our central pre-
diction for R⇡

dAu di↵ers from EPS09 but lies within their
uncertainty band; however, our estimate of the PDF un-
certainties di↵ers substantially from EPS09.17 The main
reason for this di↵erence is the fact that EPS09 chooses to
include the single inclusive pion data with a large weight
(⇥20) to enhance its importance, and this choice leads
to the suppression of the corresponding uncertainties.

16 We note that the EPS09 analysis obtained similar normaliza-
tions.

17 The EPS09 analysis uses a di↵erent asymmetric definition of un-
certainties given by
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To make this comparison consistent, we adopt the same definition
when comparing with the EPS09 prediction.

Another source of di↵erence can arise from the choice
of the fragmentation functions. The EPS09 analysis uses
the Kniehl-Kramer-Pötter (KKP) fragmentation func-
tions [85] whereas the nCTEQ15 fit is based on the BKK
FFs. To investigate the e↵ect of di↵erent fragmentation
functions, we have calculated R⇡

dAu using the KKP FFs
but still using the nCTEQ15 nPDFs obtained employing
the BKK FFs (see Fig. 16a). As can be seen, the choice
of di↵erent fragmentation functions yields only minor dif-
ferences.
In a second step, we have also performed a complete

reanalysis of the nuclear PDFs using the KKP fragmen-
tation functions in both the fit and also for the calcula-
tion of R⇡

dAu and this is shown in Fig. 16b. The use of
the KKP FFs does not change the central prediction for
R⇡

dAu but slightly changes the nPDF uncertainties in the
high-p

T

region.
In summary the use of two di↵erent sets of fragmen-

tation functions, BKK and KKP, has only a minor e↵ect
on the resulting nPDFs. This does not exclude a possi-
bility that a larger e↵ect on nPDFs is possible if other
fragmentation functions are used [86].

C. Fit without inclusive pion data (nCTEQ15-np)

To further analyze the impact of the newly added in-
clusive pion data and because the pion data introduce
an unwanted dependence on fragmentation functions, we
performed an alternative analysis which does not include
the RHIC inclusive pion data (nCTEQ15-np).
In Fig. 17, we compare the results of the nCTEQ15 fit

with the ones of the alternative analysis nCTEQ15-np.
When examining the nuclear correction factors (left pan-

8

F

A
2 /F

A0
2 : # data

Observable Experiment ID Ref. # data after cuts �

2

C/Li NMC-95,re 5123 [50] 25 7 5.56

Ca/Li NMC-95,re 5122 [50] 25 7 1.11

Be/C NMC-96 5112 [63] 15 14 4.08

Al/C NMC-96 5111 [63] 15 14 5.39

Ca/C NMC-95,re 5120 [50] 25 7 4.32

NMC-96 5119 [63] 15 14 5.43

Fe/C NMC-96 5143 [63] 15 14 9.78

Sn/C NMC-96 5159 [64] 146 111 64.44

Pb/C NMC-96 5116 [63] 15 14 7.74

Total: 296 202 107.85

Table II: The DIS FA

2 /FA

0

2 data sets used in the
nCTEQ15 fit. We list the same details for each data set

as in Tab. I.

�

pA
DY/�

pA0
DY : # data

Observable Experiment ID Ref. # data after cuts �

2

C/H2 FNAL-E772-90 5203 [65] 9 9 7.92

Ca/H2 FNAL-E772-90 5204 [65] 9 9 2.73

Fe/H2 FNAL-E772-90 5205 [65] 9 9 3.17

W/H2 FNAL-E772-90 5206 [65] 9 9 7.28

Fe/Be FNAL-E886-99 5201 [66] 28 28 23.09

W/Be FNAL-E886-99 5202 [66] 28 28 23.62

Total: 92 92 67.81

Table III: The Drell-Yan process data sets used in the
nCTEQ15 fit. We list the same details for each data set

as in Tab. I.

R

⇡
dAu/R

⇡
pp : # data

Observable Experiment ID Ref. # data after cuts �

2

dAu/pp PHENIX PHENIX [67] 21 20 6.63

STAR-2010 STAR [68] 13 12 1.41

Total: 34 32 8.04

Table IV: The pion production data sets used in the
nCTEQ15 fit. We list the same details for each data set

as in Tab. I.

that each process helps constrain di↵erent combinations
of parton distributions. The bulk of our data are from
DIS which help pin down the valence and sea distribu-
tions, however they are not very sensitive to di↵erent
quark flavors and gluons. The DY data can be used to
di↵erentiate between u and d quark flavors, and the in-
clusive pion data have a potential to better constrain the
gluon distribution.9

9 Note that the inclusive pion production observable is di↵erent in
the sense that it has an additional dependence on a fragmentation
function.

Figure 1: Kinematic reach of DIS and DY data used in
the presented nCTEQ fits. The dashed lines represent the
kinematic cuts employed in this analysis (Q > 2 GeV,
W > 3.5 GeV). Only the data points lying above both

of these lines are included in the fits.

Figure 2: Approximate x-range for the pion data with
the Binnewies-Kniehl-Kramer fragmentation function.

We introduce kinematic cuts on the included data
which limit possible e↵ects of higher twist contributions
and target mass corrections and at the same time are
compatible with the kinematic cuts used in the underly-
ing free proton analysis. The cuts used in this analysis
are:

• DIS: Q > 2 GeV and W > 3.5 GeV,

• DY: 2 < M < 300 GeV,
(where M is the invariant mass of the produced
lepton pair)

• ⇡0 production: p
T

> 1.7 GeV.

‣Only 92 DY data points in 
global analysis
‣Need more precise DY 

data at high-x. Important 
for flavor separation of 
EMC effect
‣ AFTER@LHC can greatly 

contribute with different 
targets
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Flavor separation of EMC effect?
nCTEQ15, arXiv:1509.00792

28

Figure 24: (upper panel) Comparison of the full nuclear lead distributions, fPb = 82
207f

p/Pb + 207�82
207 fn/Pb, for

nCTEQ15 (blue), EPS09 (green) and HKN07 (red) at Q = 10 GeV. Lower panel shows the same distributions
compared to the lead PDF, fPb, constructed of free proton distributions. The wide spread of the ratios at large x

are an unphysical artifact due to the vanishing of the PDFs in this region.

distributions of the nCTEQ15 fit are in very good agree-
ment with the EPS09 results, and have substantial (but
not complete) overlap with HKN07.23

Of course, as the data can only constrain the full nu-
clear PDF in the combination fA = Z

A

fp/A + A�Z

A

fn/A,
we conclude that better separation of u

v

and d
v

distri-
butions require more data on non-isoscalar targets. We
also note that the currently available DIS data use a num-
ber of non-isoscalar targets and would have the potential
to partially distinguish u

v

and d
v

distributions; unfortu-
nately many of these data sets have been corrected for
the neutron excess and in turn lost this ability.

23 The DSSZ set (not show) is similar to HKN07 in that it has
substantial (but not complete) overlap.

V. SUMMARY AND CONCLUSIONS

In this paper we have presented the first complete anal-
ysis of nuclear PDFs with errors in the CTEQ framework.
The resulting fit, nCTEQ15, uses the available charged lep-
ton DIS, DY and inclusive pion data taken on a variety of
nuclear targets. The uncertainty of this analysis is pre-
sented in the form of error PDFs which are constructed
using an adapted Hessian method.
Within our framework we are able to obtain a good

fit to all data. The output of the nCTEQ15 analysis is a
complete set of nuclear PDFs with uncertainties for any
A = {1, ..., 208}. A selection of nuclear PDFs for the
most common nuclei are made publicly available,24 but

24 The nPDF sets for the current nCTEQ15 analysis as well as for

fPb/fPb0

‣ F2 ~ 4 u + d  at high-x : with uPb = (82 up/Pb + 125 dp/Pb)/207, dPb = (82 dp/Pb + 125 up/Pb)/207
Note: separation into up/Pb, dp/Pb tricky! The real thing are the full nPDFs for lead 
‣ For flavor separation (at high-x) need more observables!

DIS with weak currents (neutrino DIS, charged current electron DIS), 
non-isoscalar targets, FL (gluon), DY (sea quarks) ...
‣ gluon, sea quarks have huge uncertainties at high-x (where these PDF flavors get ver small)
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Drell-Yan lepton pair production in pp
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a. Kinematic coverage of lepton pair production As is well-known, at leading order the cross section for Drell-Yan385

(DY) lepton pair production is given by the following expression:386

d2�

dx1dx2
=

4⇡↵2

9S x1x2

X

i

e2
i

h
qA

i (x1)q̄B
i (x2) + q̄A

i (x1)qB
i (x2)

i
, (2)

where ei is the electric charge of the quark (in units of e) and the sum runs over all active quark flavors. Therefore, it387

is clear that this process provides information on the (light) quark sea. Existing Drell-Yan data which are used in global388

analyses come from fixed target experiments at Fermilab (E866/Nusea, E605) and the LHC.389

Experimentally, the cross section is usually given as a function of the invariant mass of the lepton pair M (at leading390

order M2 = x1x2S ) and Feynman xF = x1 � x2 from which the momentum fractions x1,2 can be recovered using the391

relation x1,2 = (
q

x2
F + 4⌧ ± xF)/2 where ⌧ = M2/S .392

In Fig. 6 the kinematical reach for DY lepton pair production is shown assuming pp collisions at a cms-energy of393

p
s = 115 GeV with an integrated luminosity of 10 fb�1 and an acceptance of 2 < ⌘µ < 5 and pT,µ > 1.2 GeV. It should394

be noted that each cell contains at least 30 events. For comparison, the kinematic coverage of existing DY data (E605,395

E866/Nusea) used in global proton PDF analyses is depicted.3 The Nusea data have been obtained in 800 GeV pp and396

pd collisions (
p

S = 38.8 GeV) covering the di-muon mass ranges from 4.2 to 8.7 GeV and 10.85 to 16.85 GeV and the397

Feynman-xF range from -0.05 to 0.8. (IJS: check sign of x

F

!) As can be seen, AFTER@LHC will be able to extend398

the coverage up to even larger x-values close to one. Furthermore, while the Nusea data are dominated by statistical399

uncertainties reaching 100% at the kinematic boundaries, AFTER@LHC will considerably improve the precision due to400

the higher center-of-mass energy and the high luminosity. Question (by IJS): Can’t we go higher in M than Nusea?401
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FIG. 6 Kinematical reach for DY pair production at AFTER@LHC in pp collisions at
p

s = 115 GeV with an
acceptance of 2 < ⌘µ < 5 and pT,µ > 1.2 GeV compared to the existing DY data [74, 75, 76, 77] used in current
global PDF fits. (Each cell contain at least 30 events). (For the data points both x are plotted. Change the label
x2 to x.)

The DY measurements at AFTER@LHC provide important tests of nucleon structure. In the limit xF ! �1 and402

3 We are grateful to V. Bertone from the NNPDF collaboration for providing us the points.

18

Kinematical plane of DY at AFTER

AFTER:
• Extend kinematic plane to very large x (and smaller x, M > 10 GeV)
• Much higher statistics in the region covered by NuSea (E866)
• Data points used in global analysis of NNPDF
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DY pseudo data compared to NLO theory

• Pseudo-data for the rapidity 
distributions using MCFM and 
projected experimental uncertainties 

• Performed reweighting analysis using 
the XFitter package
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FIG. 8 Impact of the Drell-Yan lepton pair production in pp collisions at
p

s = 115 GeV on the PDF uncer-
tainties. Plotted are the u, d, ū and d̄ PDFs from CT14 as a function of x at a scale Q = 1.3 GeV before and
after including AFTER@LHC pseudo-data in the global analysis using the profiling method.

FIG. 9 Same as in Fig. 8 on a linear scale highlighting the large x region.

over the rapidity range 2 < ⌘` < 5 and imposing a cut p`T > 10 GeV on the transverse momentum on the W-decay lepton444

using FEWZ [98]. For convenience, the cross sections at NLO and NNLO along with the event numbers and the PDF445

uncertainties are summarized in Tab. I for a selection of p`T cuts.446

In Fig. 10, we show NNLO predictions for the di↵erential cross section for W+ production in pp collisions at AF-447

TER@LHC as a function of the transverse mass MT for the case of a cut p`T > 10 GeV (left) and the transverse momentum448

p`T of the produced lepton (right). The yellow band represents the PDF uncertainty and the error bars represent the uncer-449

tainty due to renormalization/factorization scale variation by a factor 2 up and down. As can be seen, the PDF uncertainty450

dominates over the scale uncertainty for MT > 20 GeV. It is also interesting to note that the MT distributions peaks at451

pp W+ W�
NLO NNLO Counts/year NLO NNLO Counts/year

pl
T > 10 GeV 22.5+4.8

�4.3 25.9+4.8
�5.0 259 ± 49 5.5+1.3

�1.3 6.2+1.1
�1.4 62 ± 13

pl
T > 20 GeV 1.9+1.2

�0.7 2.3+1.3
�1.1 23 ± 12 0.38+0.29

�0.20 0.50+0.25
�0.25 5 ± 2.5

pl
T > 30 GeV 0.28+0.91

�0.27 0.27+0.72
�0.24 2.7 ± 4.8 0.035+0.091

�0.039 0.04+0.09
�0.04 0.4 ± 0.7

TABLE I Cross section at NLO and NNLO integrated over the rapidity range 2 < ⌘µ < 5 and imposing a cut
pµT > 10 GeV in [fb]. The results have been obtained for pp collisions at

p
s = 115 GeV with FEWZ [98] using

the CT14 PDFs [99]. The asymmetric uncertainties have been calculated using the error PDFs. The expected
number of events has been obtained with a yearly luminosity of 10 fb�1.
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number of events has been obtained with a yearly luminosity of 10 fb�1.
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FIG. 13 Kinematical reach for DY pair production at AFTER@LHC for pXe collisions with an acceptance of
2 < ⌘µ < 5 and pT,µ > 1.2 GeV compared to existing DY data [109, 110] used in global PDF fits. (Each cell
contains at least 30 events).

measured it p-H collisions (talk slide in /references/Astroparticle)536

[Pasted Text (by JPL) (from Punchline on Googledocs) : High xF and astrophysics

Plots:

1. D cross section vs xF

2. neutrino flux with denoted contribution from charm and its uncertainty

3. proton PDF and nuclear PDF to show larger uncertainty at high xF

4. Q2 vs x diagram with marked regions where AFTER could contribute

(also remember ultra-peripheral collisions)
]

537

538

539
[Pasted Text (by JPL) (from Punchline on Googledocs) : Probes:
-isolated gammas from Compton type (gluon PDF) and q-qbar annihilation (anti-quark PDF) processes
-heavy flavor production
-di↵erent types of quarkonia (J/psi,  0, �c, ⌘c) to consider di↵erent formation processes of final state mesons
-double quarkonia, same-sign D and B meson production as a probe for intrinsic charm and bottom in the
nucleon ]

540

541

542
[Pasted Text (by JPL) (from Punchline on Googledocs) :
Tools:
- perform analysis to translate the (mass, pT, rapidity, luminosity) information from the di↵erent measurements
into the x, Q2 parton (gluon, anti-quark and intrinsic heavy quark) densities including expected uncertainties
before and after AFTER data. ]

543

26

Kinematical plan of DY in p-Xe

AFTER:
• Unique acceptance compared to existing DY pA data used in global analyses of 

nuclear PDFs (E866 & E772 @Fermilab)
• Extremly large yields up to x2→1 [plot made for p-Xe with a HERMES like target]
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Impact of DY pA pseudo data on nCTEQ15 NPDFs

AFTER@LHC
A Fixed-Target Experiment Using the LHC Beams

I Would be certainly very useful for PDF/nPDF determination
I allow to collect data on di↵erent targets: Pb, W, Xe,...
I e.g. Drell-Yan lepton pair production
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Drell-Yan
Unique acceptance (with a LHCb-like detector) compared to existing DY pA data used for

nuclear PDF �t (E��� & E��� @ Fermilab).
Extremely large yields up to x� � [plot made for pXe with a Hermes like target]
Same acceptance for pp collisions
No existing measurements at RHIC
Decrease of the proton PDF uncertainties : new FoM using the Bayesian reweighting

technique
as well as the nuclear PDF uncertainties

On-going theory study forW production accounting for threshold resummation

pW case

J.P. Lansberg (IPNO) AFTER@LHC November ��, ���� � / ��
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Unique acceptance (with a LHCb-like detector) compared to existing DY pA data used for

nuclear PDF �t (E��� & E��� @ Fermilab).
Extremely large yields up to x� � [plot made for pXe with a Hermes like target]
Same acceptance for pp collisions
No existing measurements at RHIC
Decrease of the proton PDF uncertainties : new FoM using the Bayesian reweighting

technique
as well as the nuclear PDF uncertainties

On-going theory study forW production accounting for threshold resummation

pW case

J.P. Lansberg (IPNO) AFTER@LHC November ��, ���� � / ��

L=150/pb
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W boson production
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• W production close to threshold never 
been measured

Proxy for heavy resonance searches at the 
LHC

• Potential to provides constraints on light 
quark sea and the valence quarks
(flavor separation)

Motivation
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A simple ratio in the limit of large x1, x2

• W-production at AFTER is close to the threshold
(In fact, it’s dominated by off-shell W bosons)

•  Both, x1 and x2 are large. In this limit:

• At  y*=0, x1=x2 on has access to rs= dbar(x)/ubar(x)
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MT ⇠ 25 GeV far below MW .452

FIG. 10 NNLO Cross section in [pb/GeV] for W+ production in pp collisions at AFTER@LHC as a function
of a) the transverse mass MT and b) the transverse momentum p`T of the produced lepton. The cross section
has been obtained by integrating over the rapidity range 2 < ⌘` < 5 (in the laboratory frame) using FEWZ [98].
For the MT -distribution (left) a cut p`T > 10 GeV has been imposed. The yellow bands represents the PDF
uncertainty and the error bars represent the uncertainty due to renormalization/factorization scale variation by
a factor 2 up and down.

In the following, we illustrate that even a rough measurement of the W cross section at AFTER can provide interesting453

information on the large x behavior of the light sea quarks. The leading order cross section for W boson production reads454

d�
dy
=

2⇡
3

GFp
2

X

i, j

|Vi j|2
h
qA

i (x1)q̄B
j (x2) + q̄A

j (x1)qB
i (x2)

i
, (7)

where the momentum fractions x1,2 are related to the (cms) rapidity of the W-boson in the usual way, x1,2 = (MW/
p

S )e±y.

Assuming a diagonal CKM matrix and neglecting the contribution from the sc-channel one can easily derive the following

ratio of cross sections:

RW =

d�
dy (pn! W+ +W�) � d�

dy (pp! W+ +W�)
d�
dy (pn! W+ +W�) + d�

dy (pp! W+ +W�)
= 1 � 2

d�
dy (pp! W+ +W�)
d�
dy (pd ! W+ +W�)

=
[u(x1) � d(x1)][ū(x2) � d̄(x2)] + [ū(x1) � d̄(x1)][u(x2) � d(x2)]
[u(x1) + d(x1)][ū(x2) + d̄(x2)] + [ū(x1) + d̄(x1)][u(x2) + d(x2)]

. (8)

At central rapidity, x1 = x2 = x, the ratio reduces to the remarkably simple expression 7455

RW (y = 0) =
(1 � rv)(1 � rs)
(1 + rv)(1 + rs)

(9)

where rv(x) = d(x)/u(x) and rs(x) = d̄(x)/ū(x) at x ⇠ 0.3. Therefore, even a rough measurement of this ratio with about456

7 At central rapidity in the cms, y = 0, one has x1 = x2 = MW/
p

S . However, as shown in Fig. 10, most W bosons are
produced o↵-shell. In that case one can e↵ectively replace x1 = x2 ⇠ M⇤/

p
S with M⇤ ⇠ 35 GeV.
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For the MT -distribution (left) a cut p`T > 10 GeV has been imposed. The yellow bands represents the PDF
uncertainty and the error bars represent the uncertainty due to renormalization/factorization scale variation by
a factor 2 up and down.

In the following, we illustrate that even a rough measurement of the W cross section at AFTER can provide interesting453

information on the large x behavior of the light sea quarks. The leading order cross section for W boson production reads454

d�
dy
=

2⇡
3

GFp
2

X

i, j

|Vi j|2
h
qA

i (x1)q̄B
j (x2) + q̄A

j (x1)qB
i (x2)

i
, (7)

where the momentum fractions x1,2 are related to the (cms) rapidity of the W-boson in the usual way, x1,2 = (MW/
p

S )e±y.

Assuming a diagonal CKM matrix and neglecting the contribution from the sc-channel one can easily derive the following

ratio of cross sections:

RW =

d�
dy (pn! W+ +W�) � d�

dy (pp! W+ +W�)
d�
dy (pn! W+ +W�) + d�

dy (pp! W+ +W�)
= 1 � 2

d�
dy (pp! W+ +W�)
d�
dy (pd ! W+ +W�)

=
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FIG. 8 Impact of the Drell-Yan lepton pair production in pp collisions at
p

s = 115 GeV on the PDF uncer-
tainties. Plotted are the u, d, ū and d̄ PDFs from CT14 as a function of x at a scale Q = 1.3 GeV before and
after including AFTER@LHC pseudo-data in the global analysis using the profiling method.

FIG. 9 Same as in Fig. 8 on a linear scale highlighting the large x region.

over the rapidity range 2 < ⌘` < 5 and imposing a cut p`T > 10 GeV on the transverse momentum on the W-decay lepton444

using FEWZ [98]. For convenience, the cross sections at NLO and NNLO along with the event numbers and the PDF445

uncertainties are summarized in Tab. I for a selection of p`T cuts.446

In Fig. 10, we show NNLO predictions for the di↵erential cross section for W+ production in pp collisions at AF-447

TER@LHC as a function of the transverse mass MT for the case of a cut p`T > 10 GeV (left) and the transverse momentum448

p`T of the produced lepton (right). The yellow band represents the PDF uncertainty and the error bars represent the uncer-449

tainty due to renormalization/factorization scale variation by a factor 2 up and down. As can be seen, the PDF uncertainty450

dominates over the scale uncertainty for MT > 20 GeV. It is also interesting to note that the MT distributions peaks at451

pp W+ W�
NLO NNLO Counts/year NLO NNLO Counts/year

pl
T > 10 GeV 22.5+4.8

�4.3 25.9+4.8
�5.0 259 ± 49 5.5+1.3

�1.3 6.2+1.1
�1.4 62 ± 13

pl
T > 20 GeV 1.9+1.2

�0.7 2.3+1.3
�1.1 23 ± 12 0.38+0.29

�0.20 0.50+0.25
�0.25 5 ± 2.5

pl
T > 30 GeV 0.28+0.91

�0.27 0.27+0.72
�0.24 2.7 ± 4.8 0.035+0.091

�0.039 0.04+0.09
�0.04 0.4 ± 0.7

TABLE I Cross section at NLO and NNLO integrated over the rapidity range 2 < ⌘µ < 5 and imposing a cut
pµT > 10 GeV in [fb]. The results have been obtained for pp collisions at

p
s = 115 GeV with FEWZ [98] using

the CT14 PDFs [99]. The asymmetric uncertainties have been calculated using the error PDFs. The expected
number of events has been obtained with a yearly luminosity of 10 fb�1.
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Predictions for W-boson production at AFTER
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MT ⇠ 25 GeV far below MW .452

FIG. 10 NNLO Cross section in [pb/GeV] for W+ production in pp collisions at AFTER@LHC as a function
of a) the transverse mass MT and b) the transverse momentum p`T of the produced lepton. The cross section
has been obtained by integrating over the rapidity range 2 < ⌘` < 5 (in the laboratory frame) using FEWZ [98].
For the MT -distribution (left) a cut p`T > 10 GeV has been imposed. The yellow bands represents the PDF
uncertainty and the error bars represent the uncertainty due to renormalization/factorization scale variation by
a factor 2 up and down.

In the following, we illustrate that even a rough measurement of the W cross section at AFTER can provide interesting453

information on the large x behavior of the light sea quarks. The leading order cross section for W boson production reads454

d�
dy
=

2⇡
3

GFp
2

X

i, j

|Vi j|2
h
qA

i (x1)q̄B
j (x2) + q̄A

j (x1)qB
i (x2)

i
, (7)

where the momentum fractions x1,2 are related to the (cms) rapidity of the W-boson in the usual way, x1,2 = (MW/
p

S )e±y.

Assuming a diagonal CKM matrix and neglecting the contribution from the sc-channel one can easily derive the following

ratio of cross sections:

RW =

d�
dy (pn! W+ +W�) � d�

dy (pp! W+ +W�)
d�
dy (pn! W+ +W�) + d�

dy (pp! W+ +W�)
= 1 � 2

d�
dy (pp! W+ +W�)
d�
dy (pd ! W+ +W�)

=
[u(x1) � d(x1)][ū(x2) � d̄(x2)] + [ū(x1) � d̄(x1)][u(x2) � d(x2)]
[u(x1) + d(x1)][ū(x2) + d̄(x2)] + [ū(x1) + d̄(x1)][u(x2) + d(x2)]

. (8)

At central rapidity, x1 = x2 = x, the ratio reduces to the remarkably simple expression 7455

RW (y = 0) =
(1 � rv)(1 � rs)
(1 + rv)(1 + rs)

(9)

where rv(x) = d(x)/u(x) and rs(x) = d̄(x)/ū(x) at x ⇠ 0.3. Therefore, even a rough measurement of this ratio with about456

7 At central rapidity in the cms, y = 0, one has x1 = x2 = MW/
p

S . However, as shown in Fig. 10, most W bosons are
produced o↵-shell. In that case one can e↵ectively replace x1 = x2 ⇠ M⇤/

p
S with M⇤ ⇠ 35 GeV.
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Note: the production 
is mostly off-shell!

work in 
progress
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FIG. 10 NNLO Cross section in [pb/GeV] for W+ production in pp collisions at AFTER@LHC as a function
of a) the transverse mass MT and b) the transverse momentum p`T of the produced lepton. The cross section
has been obtained by integrating over the rapidity range 2 < ⌘` < 5 (in the laboratory frame) using FEWZ [84].
For the MT -distribution (left) a cut p`T > 10 GeV has been imposed. The yellow bands represents the PDF
uncertainty and the error bars represent the uncertainty due to renormalization/factorization scale variation by
a factor 2 up and down.
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Heavy-flavour studies: kinematical rangesHeavy-�avour studies : kinematical ranges
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• Huge data sample over a wide kinematical range gives a unique handle on the 
charm content in the proton at high x

• Longstanding debate in the QCD community: perturbative vs. non-perturbative origin

• Relevant for cosmic neutrinos [not well constrained by lack of inputs]

Open charm projections

DRAFT. Please Do Not Redistribute. DRAFT.

as inclusive D meson production [108, 109] or the associated production of a heavy quark with a photon [110] or Z + c543

production [111]. However, in these examples, one has to go to large transverse momenta or to very forward rapidities544

to expect a sizeable e↵ect. To illustrate this statement we show in Fig. 15, the relative yield uncertainty for inclusive545

D0 meson production at AFTER for three rapidity bins (2 < yLab < 3, 3 < yLab < 4, 4 < yLab < 5) as a function of546

the transverse momentum (pT ) of the D0 meson. An integrated luminosity of 10 fb�1 has been assumed to compute the547

expected yields –accounting for the expected e�ciency and the branching ratio– from the theoretical cross section which548

have been obtained using the setup described in [106]. From these yields, we derived the expected uncertainties shown549

in the figures As can be seen, even for pT . 15 GeV the expected precision of the measurement will clearly allow to550

considerably constrain the intrinsic-charm model, by up to an order magnitude. As such, the corresponding uncertainty551

on the neutrino flux would become negligible.552
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FIG. 15 Impact of the uncertainties on the charm content of the proton on the D0 yield as function of PT

compared to projected uncertainties from the measurement of the D0 yield in pp collisions at
p

s = 115 GeV
in the LHCb acceptance. [Systematical uncertainties of 5% are included and the statistical uncertainty for the
background subtraction is assumed to be negligible which is reasonable assuming LHCb-like performances
(see [? ]).

b. Antiproton cross section and UHECR Monte-Carlo tuning Among the cosmic rays, the antiprotons ( p̄) are the553

object of a specific attention, since they are almost of secondary origin, i.e. created by the scattering of primary cosmic554

rays o↵ interstellar matter. As such, they are in principle good probes in the indirect detection of dark matter. The creation555

process of secondary antiprotons comprises the reactions (p or He)+ (p or He)! p̄+X. As for now, the large uncertainty556

on the p̄ production cross section [? ] renders the intepretation of p̄ CR data intricate.557

Indeed, as for many other production and inelastic cross sections, data are scarce or simply missing. The only mea-558

sured p̄ production cross section is that of proton-proton one, while all the reactions involving helium have no laboratory559

data in the useful antiproton energy range (⇠ 0.1-1000 GeV) [112, 113, 114]. It would be important to have data for the560

cross section for p+He, with particular interest for the channel ! p̄ + X, for antiprotons energies from 100 MeV to at561

least 0.5 TeV. The optimal precision would be few %, in any case not exceeding 10%. Remark (by JPL): Ok but it is for pp! p̄X562

that we can make the measurement down to the lowest energies.563

Data on the cross section for �-rays from the neutral pions produced in the p+He scattering is of relevance for the564
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‣ Systematic uncertainties of 5% are included and the statistical uncertainty for the background 
subtraction is assumed to be negligible
‣ Even for pT<15 GeV the expected precision of the measurement will allow to constrain the IC 

model by up to an order of magnitude
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Probing gluons at high-x in nuclei
Probing gluons at high x in the nuclei
�e extraction of gluons nPDF necessitates :
Multiple gluon-sensitive probes to disentangle the nPDF from other e�ects
A good pp reference [challenging for SMOG]
Multiple colliding systems to probe the A dependence
All this is available with the �xed-target mode

nCTEQ uncertainties vs. projected statistical uncertainties
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Clear decrease of the nPDF uncertainty in the EMC region:
uncharted for gluons ! [current uncertainty : result of pure extrapolation]
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Reweighting analysis

Probing gluons at high x in the nuclei

�e extraction of gluons nPDF necessitates :
Multiple gluon-sensitive probes to disentangle the nPDF from other e�ects
A good pp reference [challenging for SMOG]
Multiple colliding systems to probe the A dependence
All this is available with the �xed-target mode

nCTEQ reweighting uncertainties: main uncertainties is the scale
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RCP for D0 production in p-Pb

DRAFT. Please Do Not Redistribute. DRAFT.

30% precision could provide valuable information on the barely known ratio rs = d̄/ū at large x.458

TODO (by IJS): Here, a reweighting analysis would be good.459

Another interesting aspect is that a measurement of W boson production close to the threshold could serve as a proxy460

for searches of heavy W 0 resonances at the LHC. The current mass limits for such heavy resonances are typically on the461

order of 3 to 4 TeV depending on the model. With increasing statistics even higher resonance masses will be probed462

and we are coming close to the region of the production threshold. In this region the large x PDFs are probed and463

the PDF error becomes the dominant theoretical uncertainty in precision calculations [86, 87]. Furthermore, soft gluon464

resummation e↵ects are expected to become important [86] which could be tested at AFTER.465

d. The gluon TODO (by IJS): Need to see how competitive we are in view of extractions of the large x gluon using top data (arXiv:1611.08609).466
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FIG. 11 (a) Illustration of the dominance of the gg fusion channel vs the qq̄ for J/ +� production. TODO (by JPL):

Could be converted in a FoM ? Problem is the � e�ciency? We should probably speak about the isolation ? (b) Projection of the statistical
uncertainty for the Central to Peripheral nuclear modification factor for D0 production in pPb collisions.[88]

Isolated J/ + � hx2i ⇠ Q �p
s e�Y �gg [fb] �qq̄ [fb] Counts/year

|Y �| < 0.5 0.1 93 0.23 930

�1.5 < |Y �| < �0.5 0.25 52 0.23 520

�2.5 < |Y �| < �1.5 0.6 7 0.04 70
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2. Nuclear structure471

As a fixed target experiment, AFTER@LHC allows to study pA collisions with di↵erent nuclei A and some funda-472

mental open questions can be addressed in this case. More than 30 years ago, the EMC collaboration discovered that473

nuclear structure functions in deep inelastic scattering (DIS) are suppressed compared to the prediction from the naive474

combination of free proton and neutron structure functions in the large x region [3]. The physics mechanism behind this475

EMC e↵ect is still not fully understood and subject of an active experimental program at Je↵erson LAB [89, 90]. A476
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Projection of the statistical uncertainty for the central to 
peripheral nuclear modification factor for D0 production in pPb 
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Heavy flavour + Gamma

Tuesday 17 April 18



Associated production of J/Psi + gamma
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30% precision could provide valuable information on the barely known ratio rs = d̄/ū at large x.458
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Dominated by gg fusion
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23/31AFTER-LHC, ECT* Trento, Feb'13                                                                    David d'Enterria (CERN)

(x,Q(x,Q22) map of AFTER isolated-) map of AFTER isolated-  gg

■  p-p kinematics at fixed-target LHC:

   To access x > 0.3 one needs isolated-g with: p
T 
= x

T
√s/2 > 10-20 GeV/c

[D.d'E & J.Rojo, NPB 860 (2012) 311]

AFTER region: pp → g  X

x > 0.3 (p,Pb)

x >1 (Pb)
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28/31AFTER-LHC, ECT* Trento, Feb'13                                                                    David d'Enterria (CERN)

Isolated-Isolated-gg  in p(7 TeV)-p(rest):  in p(7 TeV)-p(rest): √√s ~ 115 GeVs ~ 115 GeV

■  p-p photon kinematics at fixed-target LHC (backwards rapidities):

   To access x > 0.3 one needs isolated-g at:  p
T 
= x

T
√s/2e-y > 10 GeV/c

■  JETPHOX NLO 

    pQCD calculations:

    p-p at √s=115 GeV 

    0<y<-3., p
T
>20 GeV/c

    Isolation: R=0.4, E
T

had<5 GeV

PDF: CT10 52 eigenval. (90% CL)

Scales: µ
i
 = p

T 

FF = BFG-II

x-section uncertainties(*) of ±170%

~1 count

(*) (68%CL)/(90% CL) ~ 1.65

    L (10 cm H
2
-target) ~ 2∙103 pb-1/year

(preliminary)
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Part III: 

Conclusions
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• Three main themes motivate a fixed target program at the LHC 
which will be complementary to an EIC in many respects

• The high-x frontier 

• The nucleon spin and the transverse dynamics of the partons

• The approach to the deconfinement phase transition

• 2 ways towards fixed-target collisions with the LHC beams

• A slow extraction with a bent crystal

• An internal gas target inspired from SMOG@LHCb/HERMES,...

• Based on fast simulations, the AFTER@LHC study group has made FoMs for 
LHCb and ALICE in the FT mode which clearly support a full physics program

• In synergy with & under the advice of the Physics Beyond Colliders (PBC) 
study group at CERN we now prepare a document on the fixed-target physics 
at the LHC

Conclusions
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• This talk: focus on the (unpolarized) 
partonic structure at high-x

• Many interesting observables in pp 
and pA collisions providing novel 
information on the partonic structure 
of nucleons/nuclei at high-x

• Drell Yan lepton pair production

• W production

• Heavy Flavour Studies

Conclusions
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Internal gas target: SMOG in LHCb

9Cynthia Hadjidakis       PSTP2017, Daejeon, Republic of Korea   October 2017

SMOG/LHCb (System for Measuring the Overlap with Gas) 
– Gas injecting into Vertex Locator (VELO) vacuum chamber: P ~1.5 10-7 mbar 
– LHC vacuum ion pump stations located ±20m on both sides 
– Noble gas already injected: He, Ne, Ar  
– Use full intensity of the LHC proton and lead beam without decrease of the beam lifetime 
– Limited running time: so far, at most 1 week 
– Typical integrated luminosities: pAr, 17h of data-taking: Lint ~ 3.75/nb

VELO (+SMOG)
System for Measuring the Overlap with Gas (SMOG): high precision lumi measurement
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Internal gas target: gas-jet

10Cynthia Hadjidakis       PSTP2017, Daejeon, Republic of Korea   October 2017

Polarised H-jet polarimeter at RHIC-BNL  Zelenski et al. NIM A 536 (2005) 248 
- Used to measure the proton beam polarisation at RHIC 
- 9 vacuum chambers: 9 stages of differential pumping 
- Polarised gas: free atomic beam source (ABS) crossing the RHIC beam: H, D 

and 3He possible 
- Holding field in the target vacuum chamber 
- Diagnostic system: Breit-Rabi polarimeter 

~3
50

 c
mDensity 

- Polarised inlet H↑ flux: 1.3 1017 H/s  
- Areal density ϑH↑ = 1.2 1012 atoms/cm2 (7-15 × SMOG) 
- Higher flux can be obtained for 3He↑ (x100) and H2 (x1000) 
- Gas target profile at interaction point: gaussian with a full width of ~6 mm 

Luminosity 
- Using nominal LHC bunch number [2808 bunches for proton and 592 for 

lead] and for 1 LHC year [107s proton beam and 106s lead beam] 
- !p-H↑ = 4.5 1030 cm-2s-1 [t = 107s: !p-H↑ = 45/pb] 
- !p-H2 = 1033-1034 cm-2s-1 [t = 107: !p-H2 = 10-100/fb]
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Internal gas target: storage cell

11Cynthia Hadjidakis       PSTP2017, Daejeon, Republic of Korea   October 2017

HERMES/DESY T-shape internal storage cell target:  
- Vacuum chamber target ~ 72 cm x 50 cm and pumping system 
- Polarised gas: atomic beam source 
- Holding field in the target chamber 
- Diagnostic systems: target gas analyzer and polarimeter 
- Unpolarized gas via capillary 
- Proposal for LHC using an openable storage cell of 1m long 

and 2.8 cm wide: C. Barschel et al. Adv.High Energy Phys. 2015 
(2015) 463141 

Density 
- Polarised inlet H↑ flux: 6.5 1016 H↑/s  
- Areal density ϑH↑ = 2.5 1014 atoms/cm2 (~100 × gas jet) 
- Unpolarised gas pressure limited by beam lifetime 

Luminosity  
- !p-H↑ = 0.9 1033 cm-2s-1 [t = 107s: !p-H↑ = 9/fb] 
- !p-H2 = 5.8 1033 cm-2s-1 [t = 107s: !p-H2 = 58/fb] 
- !Pb-Xe = 3 1028 cm-2s-1 [t = 106s: !Pb-Xe = 30/nb] 
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Slow beam extraction using bent crystal

12Cynthia Hadjidakis       PSTP2017, Daejeon, Republic of Korea   October 2017

Extracted proton and lead flux 
- Proton flux ~5 x 108 p/s (LHC beam loss: ~109 p/s) 
- Lead flux ~2 x 105 Pb/s  

Luminosity  
- Assuming 5 mm target length 
- !p-H = 1.3 1031 cm-2s-1 [t = 107s: !p-H = 0.1/fb] 
- !Pb-W = 3 1027 cm-2s-1 [t = 106s: !Pb-Xe = 3/nb] 
- Similar luminosities as the internal storage cell if larger target thickness 

Luminosity if slow beam extraction is coupled with polarised target e.g. COMPASS NH3 
- !p-NH3↑ = 1033 cm-2s-1 [t = 107s: !p-H = 1/fb] 

Bent crystals studied by UA9  
- For collimation purpose at the LHC 
- Beam extraction: new beam line possible (long-term projet) 
- Beam splitting 

- Crystal located ~100 m downstream the target 
- Solid target internal to the beam pipe close to an existing 

experimental apparatus 
- Absorber ~100 m upstream the detector

S.Redaelli, Physics Beyond Collider Kickoff workshop, 
CERN, Sept. 2016

Tuesday 17 April 18



Nuclear modifications: l-A DIS

nCTEQ15, arXiv:1509.00792

18

Figure 12: Comparison of the nCTEQ15 NLO theory predictions for R = FSn

2 /FC

2 as a function of Q2 with nuclear
target data from the NMC collaboration. The bands show the uncertainty from the nuclear PDFs.

Figure 13: Ratio of the F2 structure functions for iron and deuteron calculated with the nCTEQ15 fit at
(a) Q2 = 5 GeV2 and (b) Q2 = 20 GeV2. This is compared with the fitted data from SLAC-E049 [57]

SLAC-E139 [51] SLAC-E140 [59] BCDMS-85 [56] BCDMS-87 [60] experiments and results from EPS09 and HKN07.
(The data points shown are within 50% of the nominal Q2 value.)

and we include only the data measured at central rapid-
ity to exclude potential final-state e↵ects (this criterion
excludes any data from BRAHMS). Additionally, we fit
the normalizations of the RHIC data and obtain 1.031

and 0.962 for PHENIX and STAR, respectively. These
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DRAFT. Please Do Not Redistribute. DRAFT.

points and therefore not visible. 4 As can be seen, the band showing the uncertainty of the theory prediction due to the426

CT14 error PDFs is much larger than errors of the simulated data.427

FIG. 7 Drell-Yan lepton pair production cross-section in pp collisions as a function of the muon pair rapidity in
bins of the invariant mass. The NLO theory predictions obtained using CT14 PDFs are overlaid by pseudo-data.

The e↵ect of the profiling analysis, showing the decrease of the PDF uncertainties after including these data in a PDF428

global fit, is presented in Figs. 8 (logartihmic in x) and 9 (linear in x) for the light quark ( f = u, d, ū, d̄) distributions. To429

be precise, for each of these PDFs the upper and lower curves delimiting the bands are defined as430

Rf (x,Q) = 1 ± 1
2 f0(x,Q)

sX

i

[ fi+(x,Q) � fi�(x,Q)]2 , (6)

where f0(x,Q) is the central PDF and fi±(x,Q) are the ’i-th’ error PDF in the plus or minus direction and a sum over431

all eigenvector directions is performed. Remarkably, Figs. 8 shows a sizable reduction of the PDF uncertainties in the432

intermediate and small x region (x ⇠ 0.1 . . . 10�4). The e↵ect is largest for the u and ū distributions but it is also substantial433

for the d and d̄ PDFs. The main focus of this section is the large-x region which is highlighted in Fig. 9. Here it can be434

seen that our knowledge of the valence quark distributions can be considerably improved for x & 0.4 where the e↵ect435

is again more pronounced for the up quark. However, even some information on the light quark sea at large x can be436

obtained.437438439

c. W boson production close to the threshold Due to the high center-of-mass energy of 115 GeV it is possible to440

study the production of W bosons close to the production threshold.5441

Assuming a yearly integrated luminosity of 10 fb�1 we expect roughly 250 W+ and 60 W� events before taking into442

account the experimental e�ciencies. 6 These event numbers are based on NNLO cross sections calculated by integrating443

4 Note that the covered rapidity range in the center-of-mass system is from �2.8 < y < 0.2 such that there are no
generated data at rapidities y > 0.2.

5 Note that the cross section for Z boson production is too low to be accessible at AFTER@LHC.
6 These numbers are for one leptonic decay channel. In a more realistic estimate it will be necessary to sum up the

electron and muon channels taking into account the di↵erent e�ciencies.
20
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/  flavor asymmetry from Drell-Yand u
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6 

Gluon distributions in proton 
versus neutron?   

E866data: ( ) / 2 ( )p d X p p XV V� ob � ob

Lingyan Zhu et al., 
PRL, 100 (2008) 
062301 (arXiv: 
0710.2344) 

If gluon distributions in proton and neutron are different, then 
charge-symmetry is violated at the partonic level 

s
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26 26 

Cloet, Bentz, and Thomas, arXiv:0901.355  
(see also Kumano et al.) 

Isovector mean-field generated in Z≠N nuclei 
can  modify  nucleon’s  u and d PDFs in nuclei 

How can one check this prediction?

Flavor dependence of the EMC effects ? 

• SIDIS (Semi-inlusive DIS) and PVDIS (Parity-violating DIS) 

• Pion-induced Drell-Yan  
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