
Drell-Yan measurements at AMBER 
Studying the hadrons structure

Márcia Quaresma on behalf of the COMPASS++/AMBER working group

1. Pion structure with pion beams and a C target
2. Nuclear PDFs with pion beams and C and W targets
3. Nucleon structure with an anti-proton beam and a 

proton polarised target
4. Kaon structure with kaon beams and a C target



Studying the different hadrons
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easier to access using a proton
 as a beam and/or a target

more difficult since there are no pion or kaon targets

pion or kaon
 beam

light isoscalar 
target

π+ K+



Pion PDFs - measurement of the sea
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sea is the most unknown contribution

GRV: Z.Phys.C 53 (1992) 651
SMRS: PRD 45 (1992) 2349
JAM: PRL 121 (2018) 152001
NA3: Z.Phys.C 18 (1983) 281

GRV and SMRS analyses (1992):
 DY data from NA10 and E615 (no uncertainties)

 direct photon data from WA70 and NA24

NA3 Drell-Yan data with        and         : 
published fit coefficients and correlation matrix

(direct access to valence and sea)
NOTE: NA3 data was not used in other global analyses

 because the cross-sections were not published

JAM analysis (2018): 
DY data + leading neutron DIS (ZEUS and H1 from HERA)

 strongly model dependent (pion cloud)

inconsistent results among the different groups

π−

π− π+

sea content
GRV - derived from momentum conservation

SMRS - three different scenarios (10%, 15% or 20%)



Pion induced Drell-Yan 
available data & predicted statistics
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ratio 3:1 between       and       due to the cross-section diff.
 and the hadron beam composition at cern M2 beam line

2 years of data taking: 213 days of       and 67 of  π−π+ π−
π+

heavy nuclear target
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Σsea

Σvalence
=

4σπ+C − σπ−C

−σπ+C + σπ−C

no impact in the measured region

from proposal

what is the impact of 
using NLO instead of LO 

in the cross-section calculation?
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Nuclear dependence studies
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More than 30 years ago - the EMC effect
the parton distributions in a bound nucleon differ from those in a free nucleon

Contrary to DIS, Drell-Yan may probe the quark flavour 
involved and see if the nuclear effects depend on it

this may have a strong effect on global fits of nuclear PDFs

10 P. Paakkinen et al. / Physics Letters B 768 (2017) 7–11

Fig. 4. The different LO valence-quark contributions to R−
W/D (upper panels) and the 

valence quark nuclear modification factors (lower panels) at factorization scale Q =
5 GeV. Solid lines correspond to the EPS09 (blue) and nCTEQ15 (green) central sets 
and dotted lines indicate the error sets 25 and 26 of the nCTEQ15. The uncertainty 
bands are shown as green (nCTEQ15) and blue (EPS09) bands. (For interpretation 
of the references to color in this figure legend, the reader is referred to the web 
version of this article.)

at factorization scale Q = 5 GeV. We find that EPS09 and nCTEQ15 
agree on RW

V-isoscalar, which is well constrained in both analyses, 
but there is a slight disagreement on RW

V-nonisoscalar . In addition, we 
see that nCTEQ15 has significantly larger error bands in both of 
these components. To study this difference in more detail, we plot 
in Fig. 4 also the nCTEQ15 error sets 25 and 26, which give the 
largest deviations from the central-set predictions. We can make 
two observations: First, from the lower panels in Fig. 4, we see 
that these two error sets are related to the nuclear modifications 
of u and d valence quarks with set 25 giving the most extreme dif-
ference, and set 26 being closer to uniform modifications. Second, 
from the upper panels in Fig. 4, we find that the deviations from 
the central prediction are in the same direction for both RW

V-isoscalar
and RW

V-nonisoscalar (upwards for set 25, downwards for set 26), and 
combine additively in Equation (11) thereby explaining the larger 
error bands seen in Fig. 3.

It is now evident that the studied observables are sensitive to 
the mutual differences between u and d valence quark nuclear 
modifications. On one hand, the EPS09 error sets underestimate 
the true uncertainty because flavor dependence of valence quark 
nuclear modifications was not allowed in that particular analysis. 
On the other hand, the nCTEQ15 error bands are large since the 
flavor dependence was allowed, but not well constrained in their 
analysis. The size of nCTEQ15 error bands suggest that the pion–
nucleus Drell–Yan data can have some constraining power on the 
difference of valence modifications. Indeed, in Fig. 5 we plot the 
predictions using the nCTEQ15 error sets 25 and 26, and observe 
that the most extreme deviation from identical nuclear modifica-
tions of u and d quarks given by set 25 is disfavored by NA3 and 
NA10 data.

In addition to the NA3, NA10 and E615 data we have stud-
ied also the results from the Omega experiment [26]. The data 
at 

√
s = 8.7 GeV as a function of the lepton pair invariant mass 

are shown in Fig. 6 for xF ≡ 2p∗
L√
s

> 0, where p∗
L is the longitudinal 

momentum of the lepton pair along the beam line in the center-of-
mass frame. We find that the data disagree with theory predictions 
in bins around the J/ψ peak. Furthermore, at low invariant masses 

Fig. 5. As Fig. 3, but with only normalized results shown and the nCTEQ15 error 
sets 25 and 26 (dotted lines) plotted.

Fig. 6. Comparison of the Omega data with predictions using the GRV (blue) and 
SMRS (red) pion parton distributions together with the EPS09 nuclear modifications 
combined to the CT14 proton PDFs and also from using the nCTEQ15 (green) nuclear 
PDFs with the GRV pion PDFs. (For interpretation of the references to color in this 
figure legend, the reader is referred to the web version of this article.)

the choice of pion PDFs becomes significant and that especially to-
wards larger invariant masses the data are not precise enough to 
discriminate between the nuclear PDFs. Hence it is not reasonable 
to include this dataset into a global nPDF analysis.

5. Conclusions

We have studied the prospects of including NA3, NA10, E615 
and Omega pion–nucleus Drell–Yan data to global analyses of nu-
clear parton distribution functions. The NA3, NA10 and E615 data 
are compatible (modulo NA10 normalization at lower beam ener-
gies) with modern nPDFs and can thus be used in a global analysis 
without causing significant tension. The Omega data is not com-
patible with the NLO theory predictions and not precise enough to 
be useful in the nPDF analysis. The cross-section ratios used in the 
experiments are largely independent of pion parton distributions 
and hence the inclusion of these data will not impose significant 
new theoretical uncertainties to the analysis. Some sensitivity to 
baseline proton PDFs however still persists. When implementing 
these data to a global analysis, one needs to take into account 
the isospin correction and normalization uncertainty in the NA10 
datasets. This can be done as described above. Motivated by this 

nCTEQ15 global fit with no quark 
 flavour constrains 

EPS09 global fit imposes the same  
nuclear modifications for u and d RW

uV
≡

uV
p/W

uV
p

RW
dV

≡
dV

p/W

dV
p

nuclear modification factors

PLB 768 (2017) 7-11

PRC 83 (2010) 042201

isoscalar data
N>Z in gold
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Nuclear PDFs - impact of our projections
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Work ongoing: re-weighting the nuclear PDFs with AMBER projected uncertainties

C
Au (~W)

awaiting for the 
EPPS16 re-weighted PDFs 

from the authors
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Impact of the re-weighting in the nNNPDFs 
(using independent replicas in the re-weighting process):

The re-weighting of nCTEQ15 and 
EPPS16 is not straightforward since 

they provide Hessian errors



anti-proton and kaon beams at AMBER
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RF1	 RF2	
beam	transport	 beam	stopper	

L red - unwanted particles
green - wanted particles

Momentum limits with current technologies due to the length (1.1 km) of the M2 beam line: 
kaon beam 
anti-proton beam

∼ 75 GeV/c
∼ 108 GeV/c

Further R&D should allow to increase these beam energies

Standard high-energy hadron beam have low content of kaons and anti-protons. 

This can be overcome by the use of the Radio-Frequency (RF) separation technique.

↪



anti-proton and kaon induced Drell-Yan
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TMD PDFs with anti-proton induced Drell-Yan
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Study the nucleon Transverse Momentum Dependent (TMD) PDFs 
as studied in COMPASS with Drell-Yan and SIDIS processes

Boer-Mulders function expected to take a major role at low pT data (in our accessed region)

Asin(2ϕ−ϕS) ∝ h⊥q
1,p̄ ⊗ hq

1,p

Boer-Mulders transversity

advantages in the measurement of the 
Boer-Mulders with respect to COMPASS: 
• avoid the pion beam related uncertainties in 

the case of COMPASS Drell-Yan
• avoid the Cahn effects present in COMPASS 

SIDIS Boer-Mulders related asymmetry
−−

Note: In case of no polarised target the measurement of the unpolarised asymmetries from 
different particle beams induced Drell-Yan is still useful (study the effects for low-pT data)



kaon structure - available data & predicted statistics
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the kaon valence distributions are nearly unknown
there’s no data on sea and gluon kaon distributions

NA3: PLB 93 (1980) 354

only 700 kaon events

pion and kaon data are collected simultaneously



kaon structure - valence distribution
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Phys. Rev. D93 (7) (2016) 074021

      faster decrease than      for large x
as confirmed by NA3

PLB 93 (1980) 354

uK uπ



kaon structure - sea/valence separation
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σK+C

σK−C − σK+C

the sea distribution is unknown and can be determined by:

here the time sharing is equal between        and
as                      the statistical uncertainty can be improved by a better time sharing 
at the price of reducing the significance of                        - a compromise is needed

σK+ < σK−

K+ K−

Higher beam energies allows to access lower       values with a better precision

uK(x)/uπ(x)

xK



pion/kaon structure - other measurements
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pion/kaon structure with lepton beams:
✤ at JLab - will cover 
✤ at EIC - will cover lower     values

0.4 < x < 0.95
x

based on the meson cloud model

model dependent
 pion/kaon flux determination

neutron tagged DIS
 (Sullivan process)

Drell-Yan + HERA data on leading neutron (LN) DIS:
Phys. Rev. Lett. 121 (2018) 152001

AMBER
JLabEIC

pion/kaon induced Drell-Yan
 is the most direct way 

to access the pion/kaon structure
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• AMBER aims to measure pion induced Drell-Yan with positive and 
negative beams and to learn more about the pion sea distribution

• In parallel to the pion studies, the nuclear PDFs can be studied with 
impact on the current nPDFs uncertainties

• The possibility to use anti-proton and kaon beams with RF separation 
technique would open a new window on the study of the structure of the 
kaon (and the proton TMD PDFs)

• The kaon structure is little known, mostly derived from the knowledge 
on the pion

• In addition to the meson-induced Drell-Yan measurements, the study of 
pion and kaon structure can be complemented by other indirect ones 
(meson cloud interactions), like at JLab and EIC
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Thank you 
everybody for your 

attention
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Impact of NLO/LO for sea/valence
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Impact of NLO/LO for nPDFs
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Impact of re-weighting nNNPDF
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