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Why are Pions Important?

* Pions are the force carrier within the nucleus
(Yukawa, 1935).

* Nambu-Goldstone bosons of spontaneous
symmetry breaking of chiral symmetry SU(3); *
SU(3)g. The lightest QCD bound state.

* Pion cloud picture of nucleons is important in
understanding the flavor asymmetry of sea quarks
of nucleons.



Experimental Approach for
Proton PDFs
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Experimental Approach for
Pion PDFs
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No rest targets of pions! ,




Pion-induced Reactions

* Drell-Yan: m¥p — utu~ X (sensitive to valence
quarks)

* 10:qq > ptyu”

* NLO: q@ —» u* ™G, qG > u*u™q

* NNLO: qqG —» u*u™G,qG > u*u=qG, GG - u*u™qq
* Direct photon: m*p — yX (sensitive to gluons)

* L0:qq — vG,qG —> vq
* Jpsi: m¥p — J /WX (sensitive to gluons)

* LO:qq > cc - J/YX, GG - cc - J/YPX

* NLO: qq = ccG = J/YX, GG = ccG - J/YX, qG —

ccq = J/PX



OW pion PDF

[J.F. Owens, PRD 30, 943 (1984)]
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Fits to data of J/psi and DY production.



SMRS

[Sutton et al., PRD 45, 2349 (1992)]
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Pion PDFs (before 2018)
m-—mm

PRD 1984
ABFKW * * PLB 1989
SMRS * * PRD 1992
GRV * * /PC1992
GRS * EPJC 1999

* Valence quarks are well constrained by Drell-Yan data.

e Sea and gluons are constrained by the number of valence quarks
and the momentum sum rule.

* Direct photon and J/psi data help to better constrain the gluons
and thus sea quarks.

* GRS: relating sea quarks and gluons by a constituent quark model.


https://link.aps.org/doi/10.1103/PhysRevD.30.943
https://www.sciencedirect.com/science/article/abs/pii/0370269389913518
https://link.aps.org/doi/10.1103/PhysRevD.45.2349
https://link.springer.com/article/10.1007/BF01559743
https://link.springer.com/article/10.1007/s100529900124

Pion PDFs (before 2018)
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[ J
JAM 1 8 ¢ Include leading neutron (LN) electroproduction from HERA

[Barry et al., PRL 121, 152001 (2018)]
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 Uncertainties are much reduced
using DY+LN, as compared to DY

alone.
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Leading neutron (LN)
electroproduction from HERA
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Statistical approach

[Bourrely and Soffer, NPA 981, 118 (2019)]
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xXFitter:

[Novikov et al., PRD 102, 014040 (2020), arXiv:2002.02902]

Figure [3|shows the obtained pion PDFs in comparison
Normalization Normalization

Experiment atio ; 2 /Npoints to a recent ana.lysislby JP%M [26], and to GRVPI1
uncert?jlnt}, _ lactor ‘ ~ the only set available in the LHAPDF6 library.
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FIG|3. Comparison between the pion PDF's obtained in this work, a recent determination by the JAM collaboration [26],
and the GRVPI1 pion PDF set [22].

xFitter is consistent with JAM but disagrees with GRV. 13




Pion PDFs (2020)
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JAM * * PRL 2018
BS * NPA 2019

xFitter * * PRD 2020
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Pion PDFs: Valence Quarks
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At x>0.1, qv(x) of OW, ABFKW and GRV are significantly lower than others’.




Pion PDFs: Sea Quarks
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In the valence regions, the uncertainties of sea quarks are significant. 16



Pion PDFs: Gluons
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Pion PDFs from Lattice QCD

Z.H. Zhang et al., PRD 100, 034505 (2019)

Pion PDF

§ Not trivial to calculate in reality either

§ The first lattice exploratory study 1504 01483 (103
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&» Lattice-spacing, finite-volume, larger P, ...

MICHIGAN STATE Huey-Wen Lin — PIEIC2018

HW. Lin, JLAB pieic2018 workshop

UNIVERSITY
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https://wiki.jlab.org/cuawiki/images/2/25/Hwlin-PIEIC18.pdf

Dimuon Invariant-mass Spectrum
(COMPASS Pion-Induced 2015 Drell-Yan Run)
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Pion-induced J/psi Production
- Fixed-target Experiments

Paper Reference Year Collab E sqrt(s) Beam Targets
(GeV) (GeV)

Fermilab
Branson PRL 23, 1331 1977  Princ-Chicago 225 205 mn-, mt, p C, 5n
Anderson  PRL 42, 944 1979 E444 225 20.5 -, i+, K+, p, ap C, Cu, W
Abramov  Fermi 91-062-E 1991 E&72/E706 530 315 n- Be
Kartik PRD 41, 1 1990 E672 530 315 n- C, AL, Cu, Pb
Katsanevas PRL 60, 2121 1988 ES37 125 153 -, ap Be, Cu, W
Akerlof PR D48, 5067 1993 E537 125 153 -, ap Be, Cu, W
Antoniazzi PRD 46, 4828 1992 E705 300 23.7 -, ot Li
Gribushin PR D53, 4723 1995 E672/E706 515 31.1 m- Be
Koreshev PRL 77, 4294 1996 E706/E672 515 31.1 n- Be
CERN
Abolins PLB 82, 145 1979 WA11/Goliath 150 16.8 m- Be
McEwen PLB 121, 198 1983 WA11 190 18.9 n- Be
Badier Z.Phys. C20, 101 1983 NA3 150 16.8 -, i+, K-, K+, p,ap H, Pt

" " 1983 NA3 200 19.4 m-, i+, K-, K+, p,ap H, Pt

" " 1983 NA3 280 229 7, m+, K, K+, p,ap H, Pt
Corden PLB 68, 96 1977 WA39 39.5 8.6 1+ K, K+, p,ap Cu
Corden PLB 96, 411 1980 WA39 395 86 -+ K, K+, pap W
Corden PLB 98, 220 1981 WA39 395 86 -+ K, K+, pap p
Corden PLB 110, 415 1982 WAA40 395 86 Tm-mn+ K-, K+, p,ap p,W
Alexandrov NPB 557, 3 1999 Beatrice 350 256 m- Si, C, W 20



Goals of This Work

* Color evaporation model
calculations of J/psi
production: LO/NLO

* Pion PDFs: SMRS, GRY, =
XFitter and JAM with <
different gluon strength
at large-x.

* Pion-induced o (/s, xr)
over a wide range of :
beam energy — [40, 515] 0 =02 04 06 08 1
GeV. X
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Model Dependence of
cc pair Hadronizing

 Colorsinglet model (CSM): only pairs with matched
guantum number of the charmonium.

* Color evaporation model (CEM): all pairs with mass
less than DD threshold. One hadronization parameter
for each charmonium.

* Non-relativisticQCD model (NRQCD): all pairs of
different color and spin sates fragmenting with
different probabilities — long-distance matrix elements

(LDMEs).

Parton emission o
from a proton (LD) Hadronization (LD)

@ ) O,

% perturbative
€ >>r:arton process (SD)




Color Evaporation Model

Parton emission e
from a proton (LD) Hadronization (LD)

o[AB = J [y X]
—ES [ ds{ dxdx, ., (%, ) F (%0 22 & CFH>
— iZj:me I (U8 Ty al WA He ) Tig Xy He % ———

parton process (SD)

o[1] = CCX (X, Py, X, Py, e, 145)6(S — X X,8)

=

LO/NLO calculations of &[ij — cCX]:
« P.Nason, S. Dawson and R.K. Ellis, Nucl. Phys. B303 (1988) 607

 M.L. Mangano, P. Nason and G. Ridolfi, Nucl. Phys. B405 (1993)507

23



pp: Data vs. CEM NLO

[Gavai et al., IIMPA 10, 3043 (1995)]
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https://www.worldscientific.com/doi/10.1142/S0217751X95001443

np: Data vs. CEM NLO

[Gavai et al., IIMPA 10, 3043 (1995)]
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https://www.worldscientific.com/doi/10.1142/S0217751X95001443

Data vs. CEM NLO

: Energy dependence
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GG dominatesat high energies while ggbar is important near threshold.
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Data vs. CEM NLO

: Energy dependence
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GG dominatesat high energies while ggbar is important near threshold.
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Data of do/dx

TABLE II. The J/y production datasets with 7~ beam used in
the analysis, listed in order of decreasing beam momentum.

Pb—cam
Experiment (GeV/c) Target Normalization® References
FNAL E672, E706 515 Be 12.0 [68]
FNAL E705 300 Li 9.5 [69]
CERN NA3® 280 p 13.0 1 70]
CERN NA3" 200 p 13.0 [ 70]
CERN WAL1° 190 Be - | 72]
CERN NA3" 150 p 13.0 1 70]
FNAL E537 125 Be 6.0 [ 73]
CERN WA39" 39.5 P 15.0 | 74]




Data vs. CEM LO/NLO

[7~ + Be — Jpsi + X at 515 GeV, PRD 53, 4723 (1996)]

m.=1.5 GeV, ugp=2m,, up=mg,
hadronization parameter F determined by the fit.
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e The GG contribution dominatesexcept at very forward or backward directions.
* The weighting of GG contributionis enhanced in the NLO calculations.
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Data vs. CEM LO/NLO

[7~ + Be — Jpsi + X at 515 GeV, PRD 53, 4723 (1996)]

m.=1.5 GeV, ugp=2m,, up=mg,
hadronization parameter F determined by the fit.
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e The GG contribution dominatesexcept at very forward or backward directions.
* The weighting of GG contributionis enhanced in the NLO calculations.
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Data vs. CEM NLO

[~ + Pt - Jpsi + X at 200 GeV, Z. Phys. C20,101(1983)]
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* To well describe the data for xF>0.2, an appropriate weighting of GG and qq contributions is necessary.
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Data vs. CEM NLO

[~ + Pt - Jpsi + X at 200 GeV, Z. Phys. C20,101(1983)]
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* To well describe the data for xF>0.2, an appropriate weighting of GG and qq contributions is necessary.
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Data vs. CEM NLO

[~ +p — Jpsi + X at 39.5 GeV, PLB 98, 220 (1981)]
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Data vs. CEM NLO

[~ +p — Jpsi + X at 39.5 GeV, PLB 98, 220 (1981)]
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e (Calculations of all four PDFs describe the data well.



Data vs. CEM Calculations

TABLE IlII. Results of F factor and y*/ndf value of the best fit of the NLO CEM calculations for SMRS, GRYV, xFitter, and JAM pion

PDFs to the data listed in Table II. The F* factor and 2 /ndf* are the ones corresponding to the fit with inclusion of PDF uncertainties for
xFitter and JAM.

Data SMRS GRV xFitter JAM

Experiment (Ppeym) F  y/ndf F  y?/ndf F F*  y/ndf  y*/ndf* F F*  y?/ndf  y?/ndf*
E672, E706 (515) 0.040 1.2 0.040 2.2 0.063 0.063 6.8 4.7 0.081 0.081 18.9 18.5
E705 (300) 0.052 2.3 0.053 1.9 0.073  0.076 3.2 1.3 0.086 0.086 16.1 15.9
NA3 (280) 0.046 1.5 0.049 2.0 0.067 0.069 5.0 3.2 0.081 0.081 10.4 10.3
NA3 (200) 0.046 2.1 0.050 2.2 0.065 0.066 5.0 1.3 0.081 0.081 7.7 7.6
WATT (190) 0.054 5.0 0.058 7.2 0.078 0.076 19.4 6.2 0.091 0.091 73.7 72.9
NA3 (150) 0.065 1.1 0.071 1.0 0.089 0.091 2.6 1.6 0.108 0.108 3.9 3.8
E537 (125) 0.044 1.5 0.049 1.5 0.065 0.065 3.1 1.4 0.083 0.083 3.5 3.5
WA39 (39.5) 0.068 1.3 0.079 1.4 0.073 0.072 1.1 0.8 0.080 0.080 1.2 1.2

 The hadronization F factoris stable across energy.

* High-energy J/{ datahave a large sensitivity to the large-x gluon density of pions.

* The valence-quarkdistributions playsa minor role if away from the threshold.

e CEM NLO calculationsfavor SMRS and GRV PDFs whose gluon densitiesat x > 0.1 are
higher, compared with xFitter and JAM PDFs.
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New Measurements at CERN

Timelines (meson PDFs only) 0

IRFU

+ Present: (2015 and 2018) data — improved knowledge: oS
- oﬁ‘*\jﬁ
= Pion valence PDF C
m Kaon/Pion u(x) ratio measurement: with an upgraded beam identification (CEDAR) in 2018

----------- Future options = ------------

+ Near future (No RF needed): 1 year n+/n— run immediately after LS2

: : . ent
m valence — sea separation of the pion PDFs {?eﬂ‘fﬂe
. ) . ) 1\1’ e.a
m direct photon production : measurement of g (x) NV
+ RF separation: dedicated runs with an intense kaon beam ent
m Kaon valence PDF yp@ﬂm
o Wew ©
m Kaon sea and/or valence strange distribution
m Direct photon production : measurement of gg(xX)
Letter of Intent writing has started. Ideas and contributions from COM;,SS

people outside COMPASS more than appreciated . A _/’
https://ngf-m2.web.cern.ch/ N

S. Platchkov, ANL pieic2017 workshop 36



http://www.phy.anl.gov/theory/pieic2017/platchkov.pdf
https://nqf-m2.web.cern.ch/

New Measurements at JLAB

Pion TDIS Measurement in Hall A
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W2 invariant mass squared, Q2 virtuality exchanged photon, x Bjorken x

t = 4-mom transfer squared at nucleon vertex = k2 = (p-p’')2

proton momenta
t must be small to extrapolate to pole (| t
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Access to both neutral and charged meson clouds

R.A. Montgomery, JLAB pieic2018 workshop
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https://wiki.jlab.org/cuawiki/images/9/9f/Montgomery_TDIS_PIEIC_240518ss.pdf

of Glasgow Kaon TDIS Measurement in Hall A
’ e kaonTDIS event
H(e,e’A)X " Detecte'
2 -
" r-"r - /
L_.r_'l__ﬂ ,
[ — X
K.aon "_-z-_—_::_:;_ "
ndetected) @ ;o Pion oo =
K / 180 s -
’ o - A = o
Proton T @ 9 Detec_t proton o ]
(H target) h and pion to 100) 1 |
i T . !
ST Lambda & . reconstruct o) '
Uncharged and decays, mmm lambda o
un-measured 2 L
Proton e i 1
Ireariond Mass [May '\cil

Lambda reconstructed from p1r-invariant mass and track/vertex

F'r-::nmn and pmn mostly emitted back to back, with angular and time correlation

Protons, pions again low momentum in sim lar rang ge as pion TDIS

Kaon T[:'|":‘a cil_-uj buc,kg_]n:mmd to pion TDIS (also e.g. &D »p11r- and 20--A0y—pT1r- etc in pion
exchange model) - would be useful to study

Event generator written for kaon TDIS using chiral effective theory for strange quark
asymmetry (arXiv:1610.03333 (2016)), splitting functions, all Feynman diagram contributions
to s(bar) PDF in nucleon (K. Park, see proposal for details)

R.A. Montgomery, JLAB pieic2018 workshop

New Measurements at JLAB

| J.l Um'-. ersity
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https://wiki.jlab.org/cuawiki/images/9/9f/Montgomery_TDIS_PIEIC_240518ss.pdf

New Measurements at JLAB

| J.l Ulm ersity
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Projected Results

t-dependence for different xg;
Fz2tmel(t Ax)/F2P for momentum
100 - 400MeV/c

F2E Mt Ax)/F2p for momentum
<100MeV/c

Statistical errors included

As low a momentum reach of
mTPC as possible essential
for extrapolation to obtain
shape of curve

Projected valence quark
distribution as a function of Xmk
Results from Drell Yan EG15
GRV-P parameterisation and
DSE for pion only

5% systematic uncertainty in
pion flux assumed, total
systematic uncertainty of §.4%
included

R.A. Montgomery, JLAB pieic2018 workshop
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New Measurements at EIC

EIC — Versatility is Key

. _— on=shell point
Do E, (X, 0°)
/ Shmrad
*

t

# ~0.1 GeV?

dojd]..] » EJ’-.-‘\»'I,-\-}?

F

€ + Obtain F," by tagging spectator proton from
o e-d, and extrapolate to on-shell neutron to
’Y;TE'_ correct for binding and motion effects.

s + Obtain F,* and F,¥ by Sullivan process and

:.*’ .z extrapolate the measured t-dependence as
compared to DSE-based models.

- Need excellent detection capabilities,

and good resolution in -t

..Jeffersc-n Lab

R. Ent, DIS 2018

40


https://indico.cern.ch/event/656250/contributions/2909136/attachments/1634161/2606532/3_Ent-pion-kaon-EIC-DIS2018.pdf

New Measurements at EIC

Detection of 'H(e,e’K*)A, A decay top + 7
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— = :
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b
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Pion can not make 2" Dipole

= == — p(beam)
- -
pi-

Proton can be detected before 3 Dipole
Pion can be detected before 31 Dipole

DENERGY |0 O Jefferson Lab

R. Ent, DIS 2018
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https://indico.cern.ch/event/656250/contributions/2909136/attachments/1634161/2606532/3_Ent-pion-kaon-EIC-DIS2018.pdf

Summary

* Pion PDFs have been determined by the Drell-Yan,
direct photon, J/psi and recently leading-neutron data.
Nevertheless discrepancy of valence quark and gluon
densities at x>0.1 is seen.

e Within the color evaporation model, the high-energy
large-x. J/psi data are shown to be sensitive to the pion
gluon distribution at x>0.1. The current data favor the

MRS and GRV pion PDFs, containing relatively larger
gluon content at large x.

* With the coming new data of meson-induced J/psi from
COMPASS/AMBER and Tagged-DIS from JLAB and EIC,
could be used to improve the less-known gluon/sea
distributions in pion/kaon PDFs.



