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Physics potential of AMBER – Phase 1 (“DY” = Dimuon production)

u Three main advantages of CERN + COMPASS: 
n 1) mesons beams  (Amber phase-1: pions, later: kaons) 
n 2) both positive and negative – very important! 
n 3) Large and uniform acceptance spectrometer 

u Three main physics goals of AMBER phase-1:
n 1) Separate valence and sea pion PDFs
n 2) Access gluon distribution in the pion using J/! and !’ production
and
n 3) Study the flavor dependence of the nuclear mean field
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Only place in the world! 

Fall 2020: official approval by SPSC! 
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Goal  #1: 
Separate valence and sea contributions in the pion
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Properties of the lightest mesons (pion and kaon)

u Light meson properties
n How the (simplest) light mesons 

compare to the nucleon? 

u Help understanding the emergence of hadron masses
n Higgs mechanism can’t explain hadron masses
n EHM: explain the heavy nucleon and the light pion

► Meson PDFs: Important input 
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!"?
M (MeV):         938 135                  493
Rch (fm):   0.841(2)                0.659(4)        0.560(31)
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Present status of pion PDFs (global fits ≃ experiment) 
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valence                                   sea gluons

GRV
JAM

xFitter

Valence: must be checked and improved.  Sea and gluons:  nearly unknown 

Chang, Peng, SP, Sawada. PRD 102, 054024 (2020).

GRV
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Pion PDFs (very recent progress…) 
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gluons

First pion glue lattice QCD calculation
(April 2021)   

Z. Fan and H-W. Lin, arXiv:2104.06372 (2021).

global fit (JAM21)

First multidimensional global fit by JAM21 
(March 2021)   

N. Cao, P. Barry, N. Sato, and W. Melnitchouk, arXiv:2103.02159 (2021).

S. Platchkov



n Only measurement: NA3 (π−/ π+ on a 195Pt target) 
n ! – : 200 GeV ( 4.7k) 
n ! + : 200 GeV ( 1.7k)

► Insufficient statistics!

n Requirements for a new measurement
n Beams of  ! – and ! +

n Good control of σ(abs) normalization
n Statistics:    ≳ order of magnitude ! 

J. Badier et al.: Experimental Determination of the ~z Meson Structure Functions 285 
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Fig. 1. a ~-  200 GeV data. The data points represent F=(x,) as defined by (2) using nucleon structure functions from CDHS fit. Dashed 
curve represents the valence structure function of the pion obtained from our fit. Solid curve represent the (valence+sea) pion structure 
function as defined by (2). b The data points represent F=(x2) as defined by (3). Dashed curve represent the valence part of the nucleon 
structure function 1.6u(xz)+2.4d(x2) for ~r-. Solid curve represent the (valence+sea) nucleon structure function as defined by (3). The 
curves have been scaled up by a factor K--2.3 

T a b l e  4. Result of the fit of the pion vatence structure function with the 150 GeV and 280 GeV n -  
data at (Mu2,)=25 GeV 2. The ~z sea. and nucleon valence and sea structure functions are imposed 

a Correlation Systematical errors 
coefficients 

pion sea proton sea acceptance 

~z- - 150 GeV/c c~ = 0.41 0.05 
4.2 __< M~, __< 6.2 GeV /3~=0.92 0.04 0.90 

- - 280 GeV c~ ~ = 0.41 0.05 
4.2<M,,_-<5.8 GeV /3"=1.01 0.08 0.87 

-7-0.03 T0.0I - 
-7-0.01 -0.01 _+0.02 

_+0.02 +0.01 _+0.01 
-T- 0.03 - 0.02 _+ 0.07 

the  p a r a m e t e r s  of  the  d i f ferent  sources  of  sy s t ema t i -  
cal  e r ro rs  a re  t he  f o l l o wing :  

- N u c l e o n  sea  s t r u c t u r e  f u n c t i o n :  C F S  c o l l a b o -  
r a t i o n  [12]  d e t e r m i n e d  a n o n  SU2  s y m e t r i c  n u c l e o n  
sea s t r u c t u r e  f u n c t i o n  (~4:2t). U s i n g  this  resul t ,  we  
o b s e r v e  a v a r i a t i o n  on  7 ~ only.  A7 ~ =  - 0 . 3 .  
- E r r o r  o n  re l a t ive  l uminos i t i e s  ~ -  a n d  ~z +" a var i -  
a t i o n  o f  + _ 2 ~  on  the  l umi no s i t i e s  r a t io  g ive  the  
f o l l o w i n g  v a r i a t i o n  on  the  p a r a m e t e r s :  

A c ~ =  _+0.03 A/?~= + 0 . 0 2  A ~ =  _+0.7 A ~ g ~ ) =  _+0.04 

F i g u r e  l a  and  b s h o w  the  d i s t r i b u t i o n  F~(xj) Eq.  (2) 
a n d  Fu(x2) Eq.  (3) w h i c h  v i sua l i se  the  p i o n  a n d  
n u c l e o n  s t ruc tu re  f u n c t i o n  respec t ive ly .  

W e  o b t a i n  K = 2 . 3 + 0 . 5 .  T h e  q u o t e d  e r ro r  in-  
c ludes  a r e l a t ive  e r ro r  o f  20 ~ c o r r e s p o n d i n g  to  the  
u n c e r t a i n t y  o f  the  ~z v a l e n c e  s t r u c t u r e  f u n c t i o n  (spe- 

c ia l ly  on  c~); u n c e r t a i n t y  o f  12~o on  the  l u m i n o s i t y ;  
a n d  an  e r ro r  o f  4 ~o on  the  accep tance .  

4.3. 150 GeV and 280 GeV Data 

A m o r e  de t a i l ed  analys is  o f  the  v a l e n c e  s t ruc tu re  
f u n c t i o n  o f  the  p i o n  can  be  d o n e  us ing  o u r  h igh  
s ta t is t ics  d a t a  at  150 and  280 G e V / c .  S ince  we  h a v e  
no  7c + d a t a  a t  these  energies ,  we  c a n n o t  d e t e r m i n e  
the  p i o n  sea and  we  use the  v a l u e  o b t a i n e d  at  
200 GeV.  

In  o r d e r  to  c o m p a r e  the  t w o  samples  of  d a t a  at  
t he  s a m e  a v e r a g e  mass  s q u a r e d :  2 _ (Muu)  - 25 G e V  2, 
we a p p l i e d  a mass  cu t  4 .2<Muu<6.2GeV on  the  
150 G e V  d a t a  a n d  a mass  cu t  4.2 =< M , ,  < 5.8 G e V  on  
the  280 G e V  data.  In  this  analysis ,  we a lso  used  Q2 
d e p e n d a n t  n u c l e o n  s t ruc tu re  func t ions .  T h e  resul t  o f  
the  fit is g iven  in T a b l e 4 .  T h e  m a i n  sources  o f  

Pion sea/valence : the only available results (NA3, 1983)
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Val

Badier et al., Z.Phys. C18, 281 (1983).

E = 200 GeV

Val + Sea

The available !+ statistics will be increased to ≳ 20 000 

1700 π+ events

S. Platchkov



Drell-Yan: available data and expected statistics
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Amber advantages

ü 12C (3 x 25 cm) target
- control reinteraction

ü Improvement in statistics:
n π− : x 19
n π+ : x 18

S. Platchkov



Expected results, emphasizing valence/sea separation
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Σsea
πD = 4σ π +D −σ π −D

Σval
πD = −σ π +D +σ π −D

no valence

only valence

COMPASS resolution

AMBER resolution

20% sea

10% sea

S. Platchkov



Goal  #2: 
Access the gluons in the pion using charmonium production
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Charmonium production: pros and cons

u Extremely attractive observable, linked to the gluon distribution 
n J/ψ has large cross sections:  factor of 30-50 larger than Drell-Yan

n AMBER will measure xF, pT, ! distributions with huge statistics (> 1 M events)

n Fixed target energies:  production is dominated by 2 --> 1 process

n AMBER@CERN: simultaneous measurements of ("+ and p) and "−

n No new FT data since two decades! 

u However!
n The J/# production mechanism is not well known
n Fixed-target energies: pT ⩽ M(J/#) ; for LHC pT >> M(J/#);

n Additional effects may contribute 

EHM-V, April 2021 11S. Platchkov
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π PDF: GRV (1992) π PDF: JAM (2018)
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Strong dependence on the pion PDF parametrization ! 

g-g fusion

S. Platchkov



GRV(1992) vs JAM(2018) pion PDFs
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150 GeV  pi- + A=  1 GRVPI1 /cteq6l1 K=0.389 M=1.5 L=0.20                bupv   

 pi-  GRVPI1 M=1.5 bupv
bdnv
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bglu

150 GeV  pi- + A=  1 GRVPI1 /cteq6l1 K=0.389 M=1.5 L=0.20                bupv   
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150 GeV  pi- + A=  1 JAM18Pi/cteq6l1 K=0.389 M=1.5 L=0.20                bupv   

 pi-  JAM18P M=1.5 bupv
bdnv
bups
bglu

150 GeV  pi- + A=  1 JAM18Pi/cteq6l1 K=0.389 M=1.5 L=0.20                bupv   

The two global fits provide different PDFs: valence, gluon, sea

valence

glue

sea
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FIG. 6. Comparison of the NLO CEM results for the SMRS, GRV,
xFitter and JAM PDFs, with the d�/dxF data of J/ production
off the hydrogen target with 200-GeV/c ⇡� beam from the NA3 ex-
periment [68]. The total cross sections, qq̄ and GG and contributions
are denoted as black, blue and red lines, respectively.

length of 8.9 cm. Thanks to the open spectrometer geometry426

used, an excellent J/ mass resolution, � = 31 MeV/c2, was427

achieved. The large spectrometer coverage in dimuon open-428

ing angles made possible measurements at xF values from429

-0.35 to 0.75, in bins of 0.10. About 38000 J/ events were430

reported in the mass range between 3.00 and 3.18 GeV/c2, in-431

cluding 7% background. The same experiment had previously432

measured the feed-down contribution from the �c decays. In433

the cross sections shown this contribution was subtracted. For434

consistency, the reported feed-down contributions were added435

to the prompt cross section values shown, using the described436

procedure in reverse order.437

The comparison of the NLO CEM calculations with the438

WA11 data is shown in Fig. 7. The resulting �2/ndf values439

are larger than for the NA3 data, pointing to additional sys-440

tematic errors either in the original data or in the procedure441

of retrieving them. Not surprisingly however, the overall con-442

clusions are similar to the ones made previously for the 200443

GeV/c data. The calculations with SMRS and GRV are in444

better agreement with the data than xFitter and JAM.445

F. CERN NA3 experiment, 150 GeV/c446

The NA3 data at 150 GeV/c were taken with a 30 cm long447

hydrogen target. The statistics is large, as 16952 events were448

reported. The original data cover the xF region between 0.025449

and 0.975, in bins of 0.05. The data retrieved from the pub-450

lished figures extend to xF = 0.925.451

The comparison with the NLO CEM calculation is shown in452
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FIG. 7. Comparison of the NLO CEM results for the SMRS, GRV,
xFitter and JAM PDFs, with the d�/dxF data of J/ production
off the beryllium target with 190-GeV/c ⇡� beam from the WA11
experiment [70]. The total cross sections, qq̄ and GG and contribu-
tions are denoted as black, blue and red lines, respectively.

Fig. 8. The calculated �2/ndf values are rather small, pointing453

to somewhat overestimated experimental error bars. Never-454

theless, they remain larger for the two most recent PDF sets.455

The overall trend previously observed is confirmed.456

G. Fermilab E537 experiment457

The E537 experiment at Fermilab has measured J/ pro-458

duction cross sections induced by a hadron beam of 125459

GeV/c containing 82% negative pions and 18% antiprotons.460

Three different targets have been used: beryllium, copper461

and tungsten. An experimental mass resolution of � = 200462

MeV/c2 for the Be target is reported. The 2881 collected463

events with the Be target in the region of the J/ peak cover464

the xF region between 0.05 and 0.95, in bins of 0.10. The465

normalization uncertainty on the cross sections is 6%.466

The NLO CEM calculation and the E537 data are shown467

in Fig. 9. The �2/ndf values are good for all calculations,468

although again slightly better for SMRS and GRV. For values469

of xF ' 0, the magnitude of the qq̄ term is similar to that of470

the GG term. We also observe the relatively quick decrease471

of the GG term for the calculation with the JAM gluon PDF.472

H. CERN WA39 experiment473

The CERN WA39 Collaboration measured the J/ pro-474

duction cross section with a 39.5 GeV/c hadron beam mo-475

mentum. Data for the 67 cm long liquid hydrogen target476

NLO CEM calculation for a H2 target  (NA3)

u NLO CEM calculation for J/! cross 
section
n pion beam, E = 200 GeV
n Target = Hydrogen 

u 4 different pion PDFs:  
n SMRS, GRV, xFitter, JAM 
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Result: very different magnitudes of the "#" and gg contributions

Chang, Pen, SP, Sawada, Phys.Rev. D102,054024(2020)

S. Platchkov



Polarization

u J/! is a 1− − particle; its third component is Jz = 0,+1, −1. 
n " = +1  : 100% transverse polarization (Jz = ± 1) 
n " =   0  :  unpolarized
n " =  -1  :  100% longitudinal polarization (Jz = 0) 

u Polarization is a fundamental observable
n angular momentum, chirality, parity conservations preserve the properties of the J/!: 

from production to the 2µ decay
n Nature wants to help us, for #$#: " ≃ +1, but for &&: " ≃ −1
n Key variable for understanding the bound state formation
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CHAPTER 5

8% for mc and approximately 2.4% for mb) that can be very significant for quarkonium rates that are

proportional to a large power of the mass.

Many of the largest uncertainties in the theoretical predictions, as well as some of the experimental

uncertainties, cancel in the ratios of cross-sections. Examples in charmonium production are the ratio

Rψ of the inclusive cross-sections for ψ(2S) and J/ψ production and the ratio Rχc of the inclusive

cross-sections for χc1 and χc2 production. These ratios are defined by

Rψ =
σ[ψ(2S)]
σ[J/ψ]

, (5.9)

Rχc =
σ[χc1]
σ[χc2]

. (5.10)

Other useful ratios are the fractions FH of J/ψ’s that come from decays of higher quarkonium states H .
The fractions that come from decays of ψ(2S) and from χc(1P ) are defined by

Fψ(2S) = Br[ψ(2S)→J/ψ + X]
σ[ψ(2S)]
σ[J/ψ]

, (5.11)

Fχc =
2∑

J=0

Br[χcJ(1P )→J/ψ + X]
σ[χcJ(1P )]

σ[J/ψ]
. (5.12)

The J = 0 term in (5.12) is usually negligible, because the branching fraction Br[χc0→J/ψ X] is so
small. The fraction of J/ψ’s that are produced directly can be denoted by FJ/ψ .

Another set of observables in which many of the uncertainties cancel out consists of polarization

variables, which can be defined as ratios of cross-sections for the production of different spin states of
the same quarkonium. The angular distribution of the decay products of the quarkonium depends on the

spin state of the quarkonium. The polarization of a 1−− state, such as the J/ψ, can be measured from the
angular distribution of its decays into lepton pairs. Let θ be the angle in the J/ψ rest frame between the
positive lepton momentum and the chosen polarization axis. The most convenient choice of polarization

axis depends on the process. The differential cross-section has the form

dσ

d(cos θ)
∝ 1 + α cos2 θ, (5.13)

which defines a polarization variable α whose range is −1 ≤ α ≤ +1. We can define longitudinally and
transversely polarized J/ψ’s to be ones whose spin components along the polarization axis are 0 and
±1, respectively. The polarization variable α can then be expressed as (1 − 3ξ)/(1 + ξ), where ξ is the
fraction of the J/ψ’s that are longitudinally polarized. The value α = 1 corresponds to J/ψ with 100%
transverse polarization, while α = −1 corresponds to J/ψ with 100% longitudinal polarization.

One short-coming of the NRQCD factorization approach is that, at leading order in v, some of the
kinematics of production are treated inaccurately. Specifically, the mass of the light hadronic state that
forms during the evolution of the QQ̄ pair into the quarkonium state is neglected, and no distinction is

made between 2m and the quarkonium mass. While the corrections to these approximations are formally

of higher order in v, they can be important numerically in the cases of rapidly varying quarkonium-
production distributions, such as pT distributions at the Tevatron and z distributions at theB factories and

HERA near the kinematic limit z = 1. These effects can be taken into account through the resummation
of certain operator matrix elements of higher order in v [10]. The resummation results in universal
nonperturbative shape functions that give the probability distributions for a QQ̄ pair with a given set of

quantum numbers to evolve into a quarkonium with a given fraction of the pair’s momentum. The shape

functions could, in principle, be extracted from the data for one process and applied to another process.

Effects from resummation of logarithms of 1− z and model shape functions have been calculated for the

286

S. Platchkov
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n ICEM xF-dependent predictions

n with minimal model-dependence 
!"#$ ≈ +0.4 for -.-
!"#$ ≈ −0.6 for 11

n The difference between the two 
predictions results from the different 
amount of -.- and 11 contributions 
as a function of xF. 

Polarization: expected results   (Cheung and Vogt, priv. comm. )
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Stat. errors estimates using 
2015 Compass data

The polarization value as a function of xF is sensitive to the shape 
differences between 11 and -.- contributions to the cross section

JAM18

GRV

S. Platchkov



J/ψ  measurements at COMPASS++/AMBER 
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Multidimensional analysis of both cross section and dilepton decay angles should 
provide constraint on the !! and "#" fractions

CHEUNG AND VOGT, 
PRIV. COMM., 2020 
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Estimated J/! statistics

Comments

Cross sections not published, only plots available

xF and pT cross sections available 

Only ratios of cross sections available

Only A-dependent studies of total cross sections

Only A-dependent studies of total cross sections 
xF and pT cross sections available
…

Estimations based on Compass preliminary numbers

18
Largest statistics ever (between 0.5M and 1.8 events/target/beam)

EHM-V, April 2021S. Platchkov



!’ production

u Pros
n No feed-down contributions. Consequences:

n "#" and $$ contributions could reach their 
maximum polarization values

n Measure: xF and pT distributions + polarization 
n AMBER could provide the largest !’ data set 

ever. 

u Cons
n Lower cross section (~1/7) smaller BR (~1/8):
n Ratio  (!’/J/!) ≃ 0.018 !
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The Charmonium System

Requirements: Good mass resolution ( ≤ 100 MeV ) – need vertex detectors 
and/or dedicated runs without absorber (AMBER II) 
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!’ production – expected statistics

u AMBER – 6 complementary measurements!
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Target Energy Beam Nb of !’

12C 190 GeV "+ 21 600

"− 32 400

p 27 000

184W "+ 9 000

"− 12 600

p 12 600

Improved statistics on two targets and 
with three different beams

J/cp1p2 mass spectrum using a two-Gaussian resolution
function for the signal and a fifth-order polynomial for the
background yields 224644~stat!620~syst! background-
subtracted combinations. The c(2S) mass obtained from the
fit is ~3.68460.002! GeV/c2. The systematic error in the
number of c(2S) combinations reflects the uncertainties in
the background and signal shapes.
The c(2S) differential cross section as a function of xF

and pT
2 is shown in Fig. 13 and tabulated in Table II. These

distributions were obtained by fitting the J/cp1p2 mass
spectrum in bins of xF and pT

2 . The resulting background-
subtracted signals in each bin were corrected for acceptance
and reconstruction efficiency, including the effects of the
Rpp requirement. The differential distributions were normal-
ized to the branching ratio times the measured integrated
cross section ~discussed below!. Other measurements of the

c(2S) differential cross section have employed the dimuon
decay mode using 150 GeV/c @18# and 253 GeV/c @19# in-
cident pions, and 800 GeV/c incident protons in the central
xF region @20#.
The solid curves in Fig. 13 represent the parametrizations

given by Eqs. ~4.1!–~4.3! with the c(2S) mass substituted
for the J/c mass, and the values for a ,k ,b ,c from the fit to
the J/c differential spectra reported in Sec. IV. The observed
agreement demonstrates that the shapes of the measured
J/c and c(2S) differential distributions can be described by
similar parametrizations. We use these parametrizations in
the evaluation of acceptance and efficiency in the following
c(2S) analyses.
Based on a signal of 224644~stat!620~syst! detected

c(2S)’s, we obtain B„c(2S)!J/cp1p2…s„p2Be
!c(2S)1X…/A5@7.461.5~stat!61.2~syst!# nb/nucleon
for xF.0.1. The systematic uncertainty quoted assumes the
J/c and c(2S) xF distributions are described by the same
parametrization, and takes into account variation in the mea-
sured J/cxF distribution @a variation of 60.4 in the value of
k 52.2 in Eq. ~4.1!#. It does not account for possible contri-
butions due to the Rpp requirement.
Using the branching ratios B(J/c!m1m2)50.0597

60.0025 and B„c(2S)!J/cp1p2…50.32460.026 @10#,
the ratio of the inclusive cross sections, s„p2Be
!c(2S)1X…/s(p2Be!J/c1X), is 0.1560.03~stat!
60.02~syst!. This ratio is consistent with results obtained at
lower energies, as shown in Fig. 14, and exhibits little varia-
tion over the As range currently accessible.
The fractional contribution of all c(2S) decays to the

observed J/c signal is given by

f c~2S !5
Nc~2S !!J/cp1p28 3B„c~2S !!J/cX…
NJ/c!m1m23B„c~2S !!J/cp1p2… k1 ,

~6.1!

TABLE II. Differential cross sections for c(2S) production in
515 GeV/cp2Be interactions. Quoted uncertainties reflect statisti-
cal errors only. The normalization uncertainty is 616%.

xF bin ds/dxF pT
2 bin ds/dpT

2

~nb/nucleon! @~GeV/c)2# @nb/nucleon/~GeV/c)2#

0.0–0.5 4.261.4
0.10–0.24 23.169.3 0.5–1.0 3.861.4
0.24–0.38 13.964.4 1.0–1.5 3.261.2
0.38–0.52 8.863.2 1.5–2.0 2.461.3
0.52–0.66 5.662.1 2.0–2.5 0.461.2
0.66–0.80 1.461.0 2.5–3.0 0.861.0

FIG. 13. Product of B„c(2S)!J/cp1p2… and c(2S) differ-
ential cross section as a function of ~a! xF ~nb/nucleon!, ~b! pT

2

@nb/nucleon/~GeV/c)2#. The solid curves are the parametrizations
given by Eqs. ~4.1!–~4.3! using the values of the parameters deter-
mined by fits for J/c production, and substituting the c(2S) mass
in the t calculation. The shape of the fitted inclusive J/cxF distri-
bution is shown as a dashed curve in ~a! for comparison. The curves
are normalized to the c(2S) branching ratio times the inclusive
cross section.

FIG. 14. Dependence of the ratio of inclusive c(2S) and J/c
cross sections on As for p2-nucleon interactions ~uncertainties are
statistical and systematic errors added in quadrature!.
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direction, for events containing reconstructed dimuons in the
mass range 2.8 – 3.4 GeV/c2, is shown in Fig. 2.
Dimuons contributing to this analysis came from events

with primary vertices in the beryllium targets, and had
dimuon Feynman-x (xF52pz /As) in the range 0.1
,xF,0.8. Figures 3 and 4 show the reconstructed opposite-
sign dimuon invariant mass distributions for the full mass
range and in the J/c region, respectively. A fit to the high-
mass sample yields 96006105~stat!6200~syst! J/c ’s with
a full width at half maximum ~FWHM! mass resolution of
160 MeV/c2, and 270635~stat!650~syst! c(2S)’s. This fit
used resolution functions for the J/c and c(2S) resonances
determined by Monte Carlo simulations, plus the sum of two
exponentials for the continuum background. The J/c mass
obtained from the fit is ~3.097560.0003! GeV/c2. The
c(2S) mass was fixed at the Particle Data Group value @10#.
The systematic uncertainties in the number of J/c and
c(2S) events take into account variations in the shapes as-
sumed for the signal and background distributions.
To determine overall reconstruction efficiencies and ac-

ceptances, we generated 33105 Monte Carlo J/c events.
The xF and pT

2 distributions of the generated Monte Carlo
J/c’s were taken from our previous measurement @8#. We
assumed that J/c’s decay isotropically ~consistent with ob-
servations to be described in the next section!. These Monte
Carlo events also contained additional charged tracks with an
average multiplicity consistent with the data. The dimuons
and associated particles were propagated through a GEANT
simulation of the Meson West spectrometer, which incorpo-
rated measured spectrometer chamber efficiencies and instru-
mental noise determined from our data. The dimuon events
were then processed with the same tracking programs used
for the data. We have evaluated the J/c reconstruction effi-
ciency and geometrical acceptance as a function of three
variables: ~i! xF , the J/c Feynman-x; ~ii! pT

2 , the square of

the J/c transverse momentum; and ~iii! cosu , the cosine of
the Gottfried-Jackson decay angle between the m1 and the
beam axis in the J/c rest frame. The product of acceptance
and reconstruction efficiency, aJ/c!m1m2•´J/c!m1m2, was
calculated ~a! as a two-dimensional surface over the xF and
pT
2 plane ~see Fig. 5!, and ~b! as one-dimensional distribu-
tions averaged over the other variable using an iterative tech-
nique @see Figs. 6~a! and 6~b!#. ~In the second method, the
input Monte Carlo xF and pT

2 distributions for a given itera-
tion were weighted to match those of the data corrected by
the acceptance and reconstructing efficiencies determined in
the previous iteration. The iterations were stopped once sta-
bility was achieved.! The two methods gave consistent cross-
section results. The product of acceptance and efficiency as a
function of cosu , integrated over the xF and pT

2 spectra, is
shown in Fig. 6~c!.

IV. J/c DIFFERENTIAL CROSS SECTIONS

J/c candidates consisted of opposite sign dimuons with
invariant mass between 2.8 and 3.4 GeV/c2 originating from
the primary vertex. The background accounts for 8% of the
combinations in the J/c mass range, and this fraction does
not change appreciably as a function of xF or pT

2 . Fits to the
dimuon mass spectra, similar to the one described in Sec. III
and shown in Fig. 4, for different regions of xF and pT

2 indi-
cate that the variation in the background contribution is less
than 61% of the total number of combinations in the J/c
mass region. With the constraints that the m1m2 invariant
mass be 3.097 GeV/c2, and that both muons come from the
same vertex, a two-constraint kinematic fit was carried out
for each J/c candidate to improve the muon momentum
resolution. The resulting xF resolution for fitted J/c ’s var-
ied from 0.005 at xF50.2 to 0.03 at xF50.7. Because of this
constrained fit and the observed background stability, we did

FIG. 3. The invariant mass distribution of m1m2 pairs produced
in p2Be interactions ~data were collected with varying dimuon
trigger processor mass thresholds!. The inset displays the data in
semilog form.

FIG. 4. The invariant mass distribution for m1m2 pairs in the
J/c mass region. The solid curve is a fit to the data, the dashed
curve shows the background contribution, and the dotted curve il-
lustrates the background under the c(2S) signal.
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EMC effect – a longstanding nuclear physics issue 
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”Thirty years ago, high-energy muons at CERN revealed 
the first hints of an effect that puzzles experimentalists 
and theorists alike to this day.”
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This article reviews our current understanding of how the internal quark structure of a nucleon bound
in nuclei differs from that of a free nucleon. The interpretation of measurements of the European
Muon Collaboration (EMC) effect for valence quarks, a reduction in the deep inelastic scattering
cross-section ratios for nuclei relative to deuterium, and its possible connection to nucleon-nucleon
short-range correlations (SRCs) in nuclei are focused on. This review and new analysis (involving the
amplitudes of non-nucleonic configurations in the nucleus) of the available experimental and
theoretical evidence shows that there is a phenomenological relation between the EMC effect and the
effects of SRCs that is not an accident. The influence of strongly correlated neutron-proton pairs
involving highly virtual nucleons is responsible for both effects. These correlated pairs are temporary
high-density fluctuations in the nucleus in which the internal structure of the nucleons is briefly
modified. This conclusion needs to be solidified by the future experiments and improved theoretical
analyses that are discussed herein.
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u Cloët, Benz and Thomas (2009): 
n use nuclear matter within a covariant Nambu–Jona-Lasinio model 
n Compute the flavour-dependence of the nuclear PDFs 

n “...for N≠Z nuclei, the u and d quarks have distinct nuclear modifications. ”

Flavor-dependence of the EMC effect
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Flavor Dependence of the EMC Effect 
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Mean-field calculations predict a flavor dependent EMC effect for N≠Z nuclei  

Cloët, Bentz, and Thomas, PRL 102, 252301 (2009) 

uA =
Zũp + Nd̃p

A
dA =

Zd̃p + Nũp

A

d0 =
Zdp + Nup

A
u0 =

Zup + Ndp

A

Medium modified  
quark distributions 

Free nucleon  
quark distributions 

Isovector-vector mean field (ρ) causes u (d) quark to feel 
additional vector attraction (repulsion) in N≠Z nuclei   

Experimentally, this flavor dependence has not been observed directly 

uA quarks

dA quarks

EHM-V, April 2021

Cloët, Bentz and Thomas, PRL 102, 252301 (2009)

Can be accessed ONLY through parity-violating DIS (JLAB) or with AMBER@CERN

u Isovector-vector mean-field force  
n Appears in nuclei with N ≠ Z 
n u quarks feel additional attraction,        
d quarks feel additional repulsion 
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AMBER – expected results
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Figure 19: Drell-Yan cross-section ratio for positive-over-negative pion beam polarity, shown
vs. x2 (right) and double ratio for positive-over-negative pion and negative-over-positive
pion at NLO and LO calculations (left). The shown statistical accuracy is the same as in
Fig. 24 (top) from proposal.

Compass had some problems with beam-charge asymmetries especially with running at dif-
ferent beam intensities for opposite beam charges. The DY program presented here heavily
relies on direct comparison of cross section for di↵erent beam charges.

Question 2.2.1: Is this actually expected to be of a lesser problem for those charge asymmet-
ries presented in Eq. (21) and (22)? And if so, why?

One might actually expect that the situation is worse for hadron beams compared to muon
beams as the hadron beams of opposite charges are much more di↵erent, e.g., a much larger
proton contamination in the pi+ beam compared to the anti-p contamination in pi- beam.

The separation of valence and sea PDFs requires the subtraction of cross sections obtained
with hadron beams of opposite charges. We first recall the present status and the lessons
learned from the past measurements with muon beams of opposite charges. Then, we turn
to hadron beams, where the situation will be more favourable, thanks to similar intensities
of h+ and h

� beams.
µ
+ / µ

�
data for DVCS

In 2016, µ+ and µ
� data were taken with intensities that di↵ered by 20% (7.6⇥ 107 µ

+

per 5s spill, and 20% less for µ�). The analysis is still ongoing but the situation today looks
rather good. µ

+ and µ
� results for DIS events, where only the outgoing muon is detected,

agree well within less than 1% (Fig.16 in Compass report to SPSC [16] in June 2019 for
periods P6 and P7) for Middle and Ladder triggers. The extraction of F2 from DIS events is
in agreement with the NMC parametrization in the kinematic region where the acceptance
is well mastered. This agreement was obtained thanks to large e↵orts in the MC. Still for
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LO vs NLO 
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LO/NLO: minimal effect
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Summary

u Map out the pion parton structure at large x, x > 0.1
n 1)  DY data : separate valence and sea distributions in the pion  
n 2) J/! and !’ data : study pion-induced production –

infer pion valence and gluon distributions
► AMBER@CERN is unique for these meson PDFs measurements

u Nuclear dependence at large x 
n Improve our knowledge of the EMC effect – first look at the flavor dependence of the  

nuclear mean field  
► AMBER@CERN is unique for this nuclear stricture measurement

EHM-V, April 2021 25

These three fundamental measurements will be achieved using the same data set
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