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Partonic structures of pion and kaon

Why 1s it interesting?

e Lightest gg bound states, and Goldstone bosons

e A simpler hadronic system than the nucleon

e Provide information on mass decomposition of
pion and kaon

e Spin-0 7 and K contrasting spin-1/2 nucleon

e Compared to nucleons, very little 1s known

experimentally for the partonic structures of mesons
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Partonic structures of pion and kaon
Spin-0 for 7 and K implies:
e No helicity distributions (Ag(x) =0, AG(x) =0)
e No TMDs such as Transversity, Sivers, Prezelocity distributions
(Boer-Mulders functions for 7 and K do exist)
Number of unpolarized partonic distributions 1s reduced from symmetry

consideration (charge-conjugation (C) and SU(2) flavor (I) symmetries)
— C

e u! ()= ()=d".(x)=d" (x) =V, (x)
C 1 C _
7 (W)=u_ (¥)=d_()=d_(x)=S5,(x)
For kaons, more PDFs are needed (breaking of SU(3) flavor symmetry)
ou . (x)#5 ., (x) (analogous to u, (x) # d, (x))
°u . (x)# JK+ (x) (analogous to u, (x) # c7p (x))
Many interesting questions can be raised on the comparison between pion

and kaon parton distributions



Meson partonic content from the
Drell-Yan Process

MASSIVE LEPTON-PAIR PRODUCTION IN HADRON-HADRON COLLISIONS AT HIGH ENERGIES*

Sidney D. Drell and Tung-Mow Yan
Stanford Linear Accelerator Center, Stanford University, Stanford, California 94305
(Received 25 May 1970)
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> ﬂ/i " prp—=(uruT)+ . (1)
_ T,_. "; 7 Our remarks apply equally to any colliding pair
p< B ¢ such as (pp), (pp), (ap), (¥p) and to final leptons
F— | (|U-+1U'_), (eg)) (.U'V), and (eb’)-
B

(4) The full range of processes of the type (1)
with incident p, p, 7, K, y, etc., affords the in-
teresting possibility of comparing their parton
and antiparton structures,




List of Drell-Yan experiments with 7~ beam
Experiments at CERN and Fermilab

_ P (GeV) Number of D-Y events

WAl 500 (semi-exclusive)
WA39 40 W (H,) 3839 (all beam, M > 2 GeV)
NA3 150, 200, 280 Pt (H,) 21600, 4970, 20000 (535, 121, 741)
NAI10 140, 194, 286 W (D,) ~84400, ~150000, ~45900 (3200, --,
7800)

E331/E444 225 C,Cu, W 500
E326 225 %
E615 80, 252 W 4060, ~50000

e Relatively pure 7~ beam; J/'¥ production also measured

e Relatively large cross section due to ud contents in 75




Attemps to extract the pion valence quark distri
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For a very long time, only four pion parton
distribution functions were available

* First: OW-P (PRD 30, 943 (1984))
— LO QCD
— Drell-Yan data from E537 and NA3

* Second: ABFKW-P (PL 233, 517 (1989))
— NLO QCD
— Direct photon data from WA70 and NA24
— Sea-quark distribution from NA3 Drell-Yan




For a very long time, only four pion parton
distribution functions were available

« Third: GRV-P (Z. Phys. C53, 651 (1992))

— Only valence and valence-like gluon at 1nitial
scale. Sea 1s entirely from QCD evolution

— Valence distribution from fit to direct photon data

* Fourth: SMRS (PR D45, 2349 (1992))
— NA10 and E615 D-Y data
— WA70 direct photon data

e Need new global fits to all existing data

e Need new experimental data with pion and kaon beams
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First Monte Carlo global QCD analysis of pion parton distributions

P. C. Barry,! N. Sato,? W. Melnitchouk,® and Chueng-Ryong Ji!

JAM Collaboration

PRL 121, 152001 (2018);
PRL 127, 232001 (2021)

Drell-Yan data from NA10 and E615

Leading-neutron tagged DIS from HERA
provides information on the pion PDFs at small x

The Q° evolution allows extraction of gluon
distribution

Uncertainties of the pion PDFs are determined



Implications of the JAM results

e

PRL 121, 152001 (2018)
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e The tagged-DIS data significantly reduce the uncertainty of the pion PDFs
e Further measurements of tagged-DIS can be pursued at JLab and EIC

JAM21, PRL 127,232001 (2021); PRD 103, 114014 (2021) |10




PHYSICAL REVIEW D 102, 014040 (2020)

Parton distribution functions of the charged pion
within the xFitter framework

- 1,2,% .3 : : 4 . _ 5 e ge e 6
Ivan Novikov®, Hamed Abdolmaleki®,” Daniel Britzger®.” Amanda Cooper-Sarkar®,” Francesco Giuli®,’
. 2% : 7 - 8 9 - 10
Alexander Glazov®,”' Aleksander Kusina®, A;_jmeszka Luszczak®.” Fred Olness®,” Pavel Starovoitov®,
_ | . : 12
Mark Sutton®,  and Oleksandr Zenaiev

(xFitter Developers’ team)

Drell-Yan data from NA10 and E615
Direct photon production data from WA70
Uncertainties of the pion PDFs are determined

Valence distribution 1s well determined, but not
the sea and gluon distributions
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A New Extraction of Pion Parton Distributions in the Statistical Model

Claude Bourrely?®, Franco Buccella®, Jen-Chieh Peng®

Physics Letters B 813 (2021) 136021

A‘{;XU:I?E'U ;‘”—HiU:IfE'U
U (2) = zD(z) exp[(z — Xv)/z] + 1 +exp(;1:/:ﬁ} +1
(7)
B _ ] N—1..by A I_..E'U
xU(x) =zD(x) = Ay (Xv) m_ Abr_ :
exp[(z + Xv)/Z] +1  exp(x/z) +1
(8)
- A[I:ITE'U
2S(z) = z8(z) = , | 9
zS(@) = 25(2) 2[exp(xz/z) + 1] )
+ba
xG(x) = AGJ; . (10)
exp(z/z) —1

e The statistical model describes
proton's PDF very well

e The antiquark's flavor structure is
related to quark's flavor structure

e The antiquark's spin structure 1s

related to quark's spin structure

e [t 1s not clear if the statistical model

also works for meson's PDFs
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With only a few parameters for
the pion PDFs, the Drell-Yan
data are well described by the
statistical model
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Comparison between proton and pion
PDFs 1n the statistical model
"-‘l{;}XéI:IbQ
exp|(z — Xé)fi‘] +1

Ay =0.776 =0.15 by =0.50040.02

Xy =0.756£0.0D (& =0.1063 £0.004

Ay =2.089+0.21 by =0.4577 +0.009

Q™ (z) =

Ac =31.17+1.7 be =1+by .

e The temperature, x = 0.106, found for pion 1s very close to that
obtained for proton, x = 0.090, suggesting a common feature for
the statistical model description of baryons and mesons

e The chemical potential of the valence quark for pion, X, =0.756,
1s significantly larger than for proton, X, =0.39
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Valence and gluon distributions for various pion PDFs
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Constraining gluon distribution of pion with
pion-induced J/¥ production

* The Drell-Yan data are not sensitive to the gluon
distributions in pion

* The J/¥Y production data are sensitive to the gluon
PDF 1n pion, which 1s poorly known and is of much
theoretical interest

J/W (g-gbar annihilation) J/W (gluon-gluon fusion)

q c :éé‘c E 5
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Constraining gluon distribution of pion
with pion-induced J/¥ production

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

Fermilab
Branson PRL 23, 1331 1977 Princ-Chicago 225 205 m-, m+,p C, Sn
Anderson PRL 42, 944 1979 E444 225 20.5 m-, i+, K+, p, ap C, Cu, W .
Abramov Fermi 91-062-E 1991 E672/E706 530 315 m- Be
Kartik PRD 41, 1 1990 E672 530 315 n- C, AL, Cu, Pb
Katsanevas PRL 60, 2121 1988 ES37 125 153 m-, ap Be, Cu, W
Akerlof PR D48, 5067 1993 ES37 125 153 m-,ap Be, Cu, W
Antoniazzi PRD 46, 4828 1992 E705 300 23.7 m-, m+ Li
Gribushin PR D53, 4723 1995 EG72/E706 515 311 m- Be
Koreshev PRL 77,4294 1996 E706/EG72 515 311 nm- Be
CERN
Abolins PLB 82, 145 1979 WA11/Goliath 150 16.8 n- Be
McEwen PLB 121, 198 1983 WA11 190 189 m- Be
Badier Z.Phys. C20, 101 1983 NA3 150 16.8 m-, i+, K-, K+, p,ap H, Pt

" " 1983 NA3 200 194 @, n+, K-, K+, p,ap H, Pt

" " 1983 NA3 280 229 nm-,mn+, K-, K+, p,ap H,Pt
Corden PLB 68, 96 1977 WA39 39.5 86 m-,mn+ K-, K+, p,ap Cu
Corden PLB 96, 411 1980 WA39 39.5 86 m-,n+, K-, K+, p,ap W
Corden PLB 98, 220 1981 WA39 39.5 86 m-,n+ K-, K+, p,ap p
Corden PLB 110, 415 1982 WA40 39.5 86 mn-,n+ K-, K+, p,ap p,W

Alexandrov NPB 557, 3 1999 Beatrice 350 25.6 - Si,C, W



Different models for quarkonium production

LO

A. Petreili et al. /Nuclear Physics B 514 (1998) 245-309

A. Peireili er al

NLO

./ Wuclear Physics B 514 (1998} 245=309 287
qq M M /4\“?<

Fig. 8. Diagrams for the real coections 1o the gg channel I
of fermion lines always implied.

annels. Permutations of outgoing gluons and/or reversal

are
Do
b a
M EE R ] AR AN ——— 286 A. Petrelli et ai./Nuclear Physics B 514 (1998) 245-309
G G ! A8 8RR —— AR
b Q ——
e s b E q :’
Dy D; D3

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

* Non-relativistic QCD model (NRQCD): all pairs of
different color and spin sates fragmenting with

different probabilities — long-distance matrix elements
(LDMES).
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Comparison between data and NLO CEM
calculations for different pion PDFs

do/dx . [nb/nucleon]

do/dx, [nb/nucleon]

m+p at 39.5 GeV/c, NLO
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Chang, Platchkov, Sawada, JCP, PRD 102 (2020) 054024 | "




Comparison between data and calculations for
different PDFs

da/dx_ [ub/nucleon]

da/dx, [ub/nucleon]

n+Be at 515 GeV/c
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« At the highest available
beam energy (515
GeV), GG fusion
dominates at wider
range of x, for all PDFs

e JAM and xFitter GG
fusion contribution falls
off rapidly at large x,

Chang, Platchkov, Sawada, JCP, PRD 102 (2020) 054024
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Comparison between J/¥ do/dx; data and
NRQCD calculations for different pion PDFs

m +Beat 515 GeV
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Chang, JCP, Platchkov, Sawada, PRD 107, 056008 (2023)

« The SMRS and GRYV give smaller y? than JAM and
xFitter

It would be very important to include the J/¥ data in the

global fit to better constrain gluon distribution in mesons N



Pion PDFs using DY and J/¥ data in the
statistical model

PHYSICAL REVIEW D 105, 076018 (2022)

Pion partonic distributions in a statistical model from
pion-induced Drell-Yan and J /W production data

Claude Bourrely .' Wen-Chen C hang .2 and Jen-Chich Peng 3
YAix Marseille Univ, Université de Toulon, CNRS, CPT, Marseille, France
2 Institure of Physics, Academia Sinica, Taipei 11529, Taiwan
?’Deparnnem of Physics, University of Illinois ar Urbana-Champaign, Urbana, Illinois 61801, USA

® (Received 23 February 2022: accepted 6 April 2022: published 26 April 2022

We present a new analysis to extract pion parton distribution functions (PDFs) within the framework of
the statistical model. Starting from the statistical model first developed for the spin-1/2 nucleon, we extend
this model to describe the spin-0 pion. Based on a combined fit to both the pion-induced Drell-Yan data and
the pion-induced J /¥ production data, a new set of pion PDFs has been obtained. The inclusion of the J /¥
production data in the combined fit has provided additional constraints for better determining the gluon
distribution in the pion. We also compare the pion PDFs obtained in the statistical model with other existing
pion PDFs.
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Pion PDFs using DY and J/Y¥ data

Phys.Rev.D 105 (2022) 076018 ; arXiv: 2202.12547
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Inclusion of the J/W data
gives larger G(x) at x>0.1
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What do we know about the kaon PDF (very little!)

o(K™ +Pt)/o(xn~ +Pt) Drell-Yan ratios

dN /dx, |k

L

700events K~
2ie20 v -

0.2F4.1 s M85

1 L 1 1 1
0O 02 04 06 08 10 X,

R o,y (K™ + D)
o py (™ + D)

From NA3; 150 GeV, Pt target

ALV () + AV (X)) (06) + 7 (x)s, (3,) + 58, (x)V (x,) T (x,)

4V (x WV (x,) + 55, (x )V (x,) + 5V, (x,)S, (x,) V.(x;)

R=(1-x)""""" = softer u-valence in kaon than in pion
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(K™~ +Pt)/(x + Pt) ratios for J/'¥ production
From NA3; 150 GeV, Pt target

Ratios for D-Y Ratios for J/¥

N /dx, | K™
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Similar behavior at large x,. for D-Y and J/'¥ production?
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Extraction of kaon partonic distribution functions from Drell-Yan and J /y

production data

Claude Bourrely ““+*, Franco Buccella”, Wen-Chen Chang ¢, Jen-Chieh Peng ¢
Phys. Lett. B 848 (2024) 138395
Pion PDFs Kaon PDFs
AUXUX‘-"U ﬁUxBU AUKXUKxbUK jUKxEUK
)= — + — : xXUg(x)= - + - :
exp[(x — Xy)/X]1+1  exp(x/x)+1 expl(x — Xyg)/Xl+ 1  exp(x/x)+ 1
AU(XU)_lxbU AUxbU _ AUK(XUK)_lxbUK A~UKXBUK
X)= — + — . xUg(x)= — + — :
expl(x + Xg)/X]+1  exp(x/x)+1 expl(x + Xyg)/X]+ 1 exp(x/X)+ 1
Ay xbu Ace X bsk A by k
X) = UX_ : XS (x) = SKASKX - + UKX_ :
2[exp(x/x)+ 1] expl(x — Xgg)/X]+1  2[exp(x/X)+ 1]
A xbe , Acwv (X o) lybsk Arr o xPUK
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I R ] G = . b =14+by .
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o |- The K~ /7~ D-Y data
oal NA3, K /7~ D-Y150 GeV .
| can be well described N




Extraction of kaon partonic distribution functions from Drell-Yan and J /y
production data

Claude Bourrely “*+*, Franco Buccella”, Wen-Chen Chang ©, Jen-Chieh Peng °

1.2

.

o dxy{E) an axyfn)
o
@

0.6 -

o4

,_.
@

i

(K )

0.5 -

Phys. Lett. B 848 (2024) 138395

Prap 150 GaWV KA 7 J/9% NLO

et

4 1.2}

Fip 200 GeV K/ /% NLO

The K™ /7 and K™ / 7" J/V¥ data
can also be well described by the

statistical model (red curves)
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The dashed curves use the
recent PDFs obtained in the

"Maximum Entropy" approach
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Extraction of kaon partonic distribution functions from Drell-Yan and J /y

production data

Claude Bourrely *‘*'B’*, Franco Buccella®, Wen-Chen Chang ¢, Jen-Chieh Peng ¢
Phys. Lett. B 848 (2024) 138395

Comparison between the pion

and kaon valence distributions

T T T T T T T T T T T T T
Valence PDFs at Q° = 10GeV®
xSy
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0.2t i
0 1 1 1 1
0.2 0.4 0.8 0.8 1

x

Comparison between the pion

and kaon gluon distributions
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Sea and Gluon PDFs at Q2 = 1DGQV2

107

1
1072 107t
X

Momentum fractions of valence quarks, sea quarks, and gluons for z~ and K~
at the scale Q% = 10 GeV? obtained in the statistical model.

u Valence d Valence s Valence all Sea Gluon
- 024240004 024240004 - 0.188 +0.004 0.326+0.015
K- 022040002 - 0276 +0.001 0.162+0006 0.331+0.018

S, >U_>U,;; G, =G,
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AMBER (Phase-I was approved)

Physics Beam Beam | Trigger | Beam Earliest
Program Goals Energy | Intensity | Rate Type Target | start time,
[GeV] | [s'] | [kHz] duration
muon-proton Precision high-
elastic proton-radius 100 4-10° 100 u pressure 2022
scattering measurement H2 1 year
Hard
exclusive GPD E 160 | 2-10 10 T NH 2022
reactions 2 years
Input for Dark | p production | 20-280 | 5- 10° 25 p LH2, 2022
Matter Search | cross section LHe I month
p-induced Heavy quark 12,20 | 5-107 25 p LH2 2022
spectroscopy exotics 2 years
Drell-Yan Pion PDFs 190 7-10 25 T C/W 2022
1-2 years

* Expect new Drell-Yan and J/Y¥ production data
with pion (kaon) beams in the near future !
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Exclusive Drell-Yan and J/W¥ production with pion beam

» Exclusive Drell-Yan with meson and
antiproton beams are the time-like
processes complementary to the deeply

virtual meson production at JLab,
HERMES and COMPASS

» Exclusive Drell-Yan with meson beam at
J-PARC will also complement the
program at FAIR using antiproton beam

Takahiro Sawada, Wen-Chen Chang, Shunzo Kumano, Jen-Chieh Peng,
Shinya Sawada, Kazuhiro Tanaka, Phys. Rev. D93 (2016) 114034
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DEMP versus exclusive Drell-Yan

Y +N >71+N

T+N >y +N

Deep Exclusive Meson Production

space-like photon

Longitudinally polarized dilepton 1s expected

Exclusive Drell-Yan

(d)
time-like photon

1



Evidence for longitudinally polarized dilepton
in meson-induced Drell-Yan at large x?

7AW >+ + X 80 GeV
PRL 55 (1985) 2649

do . (14+ Acos” 0)
dQ

A =1: transversely polarized

A =—1: longitudinally polarized

I l I | 1
04 05 06 O7 08 09 |
X1

As x_ — 1, inclusive Drell-Yan becomes exclusive Drell-Yan!
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Evidence for longitudinally polarized dilepton
in meson-induced J/W¥ at large x:?

wl 7 AW ->J/VY+X 252 GeV 7
N PRL 58 (1987) 2523

d—aoc(1+/lcos2 0)

{ dQ)
P A =1:transversely polarized

oi+++++++++++

A =—1: longitudinally polarized

OQ. b bet f.___f___i%

0.25

As x,. — 1, inclusive J/'¥Y becomes exclusive J/'V!
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Can one test the predicted sign-change from DIS
to D-Y for pion’s B-M function?
1) From NA10 pion Drell-Yan data, one deduces that the product
of the pion valence quark B-M function and the proton valence

quark B-M function 1s positive. Using u-quark dominance, we have:
hJ_DY(p) " hJ_DY(ﬂ_) ~0
Therefore, either a) i,."" (p) > 0; i;7”" (7) >0 (sign —change)
or b) hlfL;DY (p) <0; hlizDY(ﬂ') <0 (nosign—change)
2) Inpolarized 7 — p D-Y, the sin(¢ + ¢, ) modulation 1s sensitive
to the sign of /;;”" () (being measured at COMPASS)
3) Need to measure the sign of pion's B-M function in DIS

HOW?
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Boer-Mulders functionh.” @ - &

e 1 represents a correlation between quark's k. and

transverse spin in an unpolarized hadron (analogous to Collins function)

e /1 is a time-reversal odd, chiral-odd TMD parton distribution

1 7. L
e /i~ can lead to an a21muthal dependence with v oc (hl j(hjl? j
‘ ‘ ‘ ‘ 1

0.4

/ |

0.3 | ] M M, >

k2 — —aTkT
o:z [ : h’l (x ) CH k2 M(zj Jpl (x)
0.15 2 2

M

=16k, Or .
e (O +AM(Y’

Q1 [GeV]

Boer, PRD 60 (1999) 014012 x=0.47, Mc=2.3 GeV

v>0 implies valence BM functions for pion and
nucleon have same signs 35



SIDIS on the meson cloud of proton at EIC
TSIDIS (Tagged Semi-Inclusive DIS)

TSIDIS

e_+p—>e_'+n+7ri+x
underlying process:
e+ e+ +x
1) An independent check of pion's PDF
2) Could allow valence-sea flavor separation
Detected 7~ is most likely from u (ord) sea in 7~

Detected 7" is most likely from valence u (ord ) in z*

3) Pion B-M function 1s extracted from cos2¢ modulation
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Summary

e Parton distributions of mesons represent
* an interesting topic for theories and experiments
* unique opportunities at AMBER, JLab, JPARC and EIC

e J /¥ production provides useful information on the quark

and gluon contents of mesons
* Existing data should be included in the global fits for better

constraining the gluon distributions in pion and kaon
* First results on the extraction of meson PDFs in the framework of

statistical model have been obtained using both the Drell-Yan

and the J /¥ dat
* It would be very interesting to extend the study using other approaches

for the global fits
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Summary

e Future opportunities include
* Inclusive J / ¥ and Drell-Yan production with meson beams at AMBER
* Exclusive J / ¥ and Drell-Yan production with meson beams at EIC
* Sullivan process at JLab and EIC

* Probing meson PDFs, Distribution Amplitudes, and Boer-Mulders functions
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