P1ON AND KAON PARTON DISTRIBUTION FUNCTIONS IN A
NUCLEAR MEDIUM

Parada Hutauruk !, Tan Cloet 2 and Anthony Thomas 3

1 Asia Pacific Center for Theoretical Physics (APCTP)
2Nuclear Theory Group, Argonne National Laboratory

3CSSM, University of Adelaide

Workshop on Progress on Hadron Structure Functions, November, 18-19, 2018

3pCk(

ParapA HutaurRUK (APCTP) Pion & Kaon PDFs in NUCLEAR MEDIUM KEK-Tsukusa, 18-19/11/2018 1/38



OUTLINE

@ IntrRODUCTION

Parapa H APC Kaon PDFs iN NUCLEAR MEDIUM



OUTLINE

© Pion & kAON PROPERTIES IN THE BSE-NJL MODEL

Parapa Hutauruk (APCTP) Pion & KaoN PDFs iN NUCLEAR MEDIUM



OUTLINE

© Parrton DistriBuTION FUNCTIONS

Parapa Hutauruk (APCTP) Pion & KaoN PDFs iN NUCLEAR MEDIUM



OUTLINE

@ PARTON DISTRIBUTION FUNCTIONS IN A NUCLEAR MEDIUM
@ Quark-meson coupling model
@ Parton distribution in a nuclear medium

Parapa Hutauruk (APCTP) Pion & KaoN PDFs iN NUCLEAR MEDIUM



OUTLINE

© Concrusion anp OUTLOOK

Parapa Hutauruk (APCTP) Pion & KaoN PDFs iN NUCLEAR MEDIUM



ProToN
= proton (qqq + gluons + sea quarks (intrinsic))
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MEsonN

= Focus on MESON (gq + gluons + sea quarks (intrinsic))

1
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InTRODUCTION: PDFs IN THE P1oN AND KAON

@ QCD, as underlying theory of strong interaction, is unable to directly
predict structure of hadrons. The solution:
» Lattice QCD: Large Momentum Effective Theory (LAMET)?
» QCD inspired models (mimicking features of QCD) such as NJL model,
DSE model, QCD Sum rules and Chiral effective models

@ To understand the partonic dynamics in a hadron internal structure, PDF
and FF are of fundamental importance and provide complementary
information

@ Pion and kaon structure is simpler than the nucleon, but not so simple. In
fact, we do not really understand the structure of the pion and kaon. Also
the pion and kaon are interesting due to the pion and kaon are both a
dressed quark-antiquark bound state and Goldstone mode associated with
DxSB in QCD. A great opportunity to gain useful information of the
dynamics of quarks to use it to understand the quark dynamics in the
nucleon, which is more complicated system

e From experimental side, next experimental data for the pion and kaon
will be coming from JLAB, J-PARC as well as (CERN-SPS) COMPASS

and EIC
ParapA HutaurRuk (APCTP) PioN & KaoN PDFs IN NUCLEAR MEDIUM KEK-Tsukusa, 18-19/11/2018 9/38




Pion AND KaoN IN THE BSE-NJLL MobDEL

The three flavor NJL Lagrangian —

8
L = Plip— Mgl + Gy [(&Aalbf + (@&’751/1)2}
a=0

8

— G Y [ ) + (DA 50)?] ()

a=0

Y = (u,d,s)” denotes the quark field with the flavor components

@ G, and G, are four-fermion coupling constants

@ )i, - -, Ag are Gell-Mann matrices in flavor space and g = \/g 1

e mg = diag(m,, mg, ms) denotes the current quark matrix
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Pion AND KaoN IN THE BSE-NJLL MobDEL

@ In the NJL model, the gluon exchange is replaced by four-fermion contact
interaction by integrating out the gluon field and absorbing into the
coupling constant <= quark effective theory

- G O(k*~A?)
Z(k)
12

@ NJL model has a lack of confinement (it can be simply seen quark
propagator has a pole). Therefore we regularize using the proper time

regularization to simulate confinement ( )
1 1 0 7
_ d (n=1) ,—7%
Zn (n—1)! /o e
1 Y myp—
- / drr(" Ve 2)
(n =1t Jyn3,

where and Ayy is determined.
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Pion AND KaoN IN THE BSE-NJLL MobDEL

@ NJL Gap Equation is determined using quark propagator in momentum
space S, 1(p) = p— Mq + ie

. .0

3G, e~
= mg—2G. () 3)
TM2

e

@ Chiral quark condensates is defined by (1/1/) = 27r2 {[dT

@ Mass is generated through interaction vacuum — (1)) # O
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NJL Gap EqQuATION

NJL and DSE gap equations PTPH et al., PRC94 (2016), C.D.Roberts, PPNP 61 (2008)

@ The NJL constituent quark mass is a constant up to certain p ~ 0.6 GeV
and it drops in higher p region

— my = 0 MeV

100

- my =5 MeV

<mee mg= 15 MeV
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@ The NJL model can be used for low momentum p and low energy E
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BETHE SALPETER EQUATION FOR THE PION AND KAON

Mesons in the NJL model are quark-antiquark bound sates whose properties
are determined by solving the BSE

@ In the NJL model, .7 -matrix is given by
d*k
T(@) = A+ [ it Sa+ T @)S(K)

@ The solution to the BSE in the pion and kaon

Ta(@)abcd = 1520l tal@) [1eML] “)
@ The reduced t-matrix in this channel take a form
—2i
to P ————
@ = o @
-2iG gtq”
@ = 520 (@) s
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BETHE SALPETER EQUATION OF THE PION AND KAON

@ The bubble diagrams appearing read
5 [ d*k
M() = 6i [ Goya o lsSiksSik + ).

() = 61 [ o T baSi(knsSi(k + a)l,

[ d*k
ne(e?) = 6 f i TSR Skt 0l (©
@ The kaon and pion masses is given by the pole of the t-matrix

1426, N (k*=m2) = 0
1426, Nk(k*=m%) = 0 @)
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PioNn AND KAON MASSES

The meson masses are defined by the pole in the corresponding t-matrix and
therefore the kaon and pion masses are given by

- il
T M/ GTI//(mgr
5 ms —m 1 2
= |44+ —| —— M, - M 8
me = i+ ) C T, (Me = M) ®)

where Z;; and Zjs in the proper time regularization scheme are defined by

1 2 2 2
Iab(kz) — 3/0 dX/dTe_T(X(X_l)k +xM;+(1-x)M3) 9)
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THE MESON-QUARK-QUARK COUPLING CONSTANTS AND Pron
AND KaoN DeEcAY CONSTANTS

The residue at a pole in the gg t—matrix defines the effective meson-quark
-quark coupling constants:

_OMg
Z7r(q2) = acg )|q2:
_on q?
2@ = T |
3|_|
2@ = D, (10)

Pion and kaon decay constant in the proper time regularization is given by

f — NC\/ M/ / dT k2 X —X)+M2)
fk = Nci VZK[(l —x)My + XMl]/ dx/dTe—T(kQ(X2—X)+X’V’22—(X—l)’V’f)
472 0 T

(1D
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PARTON DISTRIBUTION FUNCTIONS IN THE
BSE-NJL MODEL J

Elastic Scattering DIs DES (GPDs)

transverse quark longitudinal fully-correlated
distribution in quark distribution quarkydis'rribuﬁon in
coordinate space in momentum space both coordinate and

momentum space
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PARTON DISTRIBUTION FUNCTIONS

The valence quark distribution functions of the pion or kaon are given by the
two Feynman diagrams

k+p

The operator insertion 7+ (k™ — xp*) P,, where P, is the projection
operator for quarks of flavor g:

o 1/2 1
Pu/d — 5 <3]]. :l:)\3 + \/§A8>
N 1 1
P, = Z1-— 12
s 3 \/§>\3 (12)
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PARTON DISTRIBUTION FUNCTIONS

The valence quark and anti-quark distributions in the pion or kaon are given by

ga(x) = iZa/(;l7rl)<45 (k+ —Xp+)

X Tr [1sAL (07" PaS(K)3sXaS(k — )]
d*k
Gu(x) = —iZa/(27T)4(5(kJr + xp™)
X Tr [152a (k)7 PaS(k)ysALS(k + p)] (13)

To evaluate these expression we first take the moments

1
_ n—1
m_éwxqm (14)

where n = 1,2 3, - - - is an integer.
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PARTON DISTRIBUTION FUNCTIONS

Using the Ward-like identity S(k)y*S(k) = 7gﬁk) and introducing the
Feynman parameterization, the quark and anti-quark distributions can then be
straightforwardly determined. For the valence quark and anti-quark

distributions of the K+ we find:

QK(X) _ 3ZK /dT 7T[X(X 1)m2 +xM2+(1— x)Mz]
_1 ,
X }x(l — x) [mK —(m; — Ms) H
= 3Z —7|x(x— X —x
d(x) — ng / dre—TIX(x=D)m2+xMP+(1-x)M2]
1
<X ) [~ (- Y| (15)

= Results for the 7T are obtained by Ms — M, and Zyx — Z,, giving the
result u,(x) = dr(x)
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PARTON DISTRIBUTION FUNCTIONS
The quark distributions satisfy the baryon number and momentum sum rules,
which for the K™ read:

/dx[uK+ X) = T (x /[SK+ J—se ()] =1 (16)

for the number sum rules and at the model scale the momentum sum rules is
given by

/Oldxx[uK+(x)+BK+(X)+§K+(X)+sk+(X)] -1 an

Analogous results holds for the remaining kaons and the pions.
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Kaon PDFs ResuLts

Results for the valence quark distributions of the 7+ and K™ evolved from
model scale to @* = 16 GeV/2 using NLO DGLAP equations3 and compared
empirical data for the pion valence PDF.

; } ﬁjf LE{ ‘ 0 = 16CeV?
g 03 | P { {E}}i p
MY AN
To2l 4 N ?E.
E ~ K
k| —_— @ o Ny
<01 - ~ < ;
2 k(@ o \&
) J. S. Conway et al., PRD 39, 92 (15‘1‘%0)\ N

0 0.2 0.4 0.6 0.8 1
T

= At model scale, the momentum fraction by the v and s quarks in the K™,
< xu >=0.42 and < xs >= 0.58

= The flavor breaking effects of [< xs > — < xu >]/[< x5 > + < xu >] ~
16% which is similar to that seen in masses [Ms — M,]/[Ms + M,] ~ 21%.

3
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Kaon PDFs ResuLts

Results for the valence quark distributions of the 7+ and K™, evolved from
the model scale using NLO DGLAP equations.

3 ‘ } i ‘ ‘ 0> L 16Gev?
Sosf H % H%}‘fﬁ; ]
E I’ S H}H

T2l 4 So hf

g ~ 1N

E i N ’{H

= 0.1 ~ R
X

- ) onway et al., PRD 39, 92 (l&?\BQ)\ A

0 0.2 0.4 0.6 0.8 1
z

— SU(3) flavor breaking at the model scale uk (x) peaks at x, = 0.237 and
Sk peaks atthe x; =1 — x, = 0.763

— This implies flavor breaking effects of around [xs — x,]/[xs + xu] ~ 53%.
For the pion the peak at x = 0.5 when m, = my.
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Kaon PDFs ResuLts

The ratio of the u quark distribution in the K™ to the u quark distribution in
the 71, after NLO evolution to Q2 = 16 GeV?>

Q* = 16GeV? |

»

PDF ratios

e 05 () 1 ()
02 | = = = ug()/s(z)
J. Badier et al., Phys. Lett. B 93, 354 (1980)

— The ratio of ux/ur — 0.434 ~ M, /M;s as x — 1, which is in a good

agreement with existing data.
— The x-dependence differs from much of data in the valence region. This
may lie with the absence of the momentum dependence in the NJL Bethe

Salpeter vertices, or with data itself.
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Kaon PDFs ResuLts

12 . - - - 5
Q% = 16 GeV?
I

PDF ratios

t al., Phys. Lett. B 93, 354 (1980)

0 0.2 0.4 0.6 0.8 1
T

— The ratio ux(x)/sk(x) approaches 0.37 as x — 1. It is evident that the
flavor breaking effects have a sizable x dependence, being maximal at large x
and becoming negligible at small x where the perturbative effects from

DGLAP evolution dominate.

— The Drell-Yan-West (DYW) relation, F(Q?) ~ len &

q(x) ~ (1 — x)?"~1. For the pion, F; ~ 1/Q? and the DYW relation implies
g=(x) ~ (1 — x). Kaon PDF do behave as the pion.
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Kaon PDFs ResuLts

12 F T T T T 3
Q? =16 GeV?

PDF ratios

() fun ()

02 f = = = ug(z)/sx(z)
J. Badier e al., Phys. Lett. B 93, 354 (1980)

0 0.2 0.4 0.6 0.8 1
E3

— As reflection of the expectations of may be expected by DYW like
relations, uk/sk < lasx — land | F£/F5 |< 1for Q% >> Agcp.
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Kaon PDFs ResuLTs
Moments PDFs of the s quark in the kaon

1 & - Q% =0.16 GeV?
> Q? =4 GeV?
08 | = @ =8 GeV?
e © Q? = 12 GeV?2
& 06 | A5 Q% =16 GeV?
= =20 GeV?
b
~ 04
0.2 D
o
0 1 1 I N ::; ‘&x
0 1 2 3 4 5 6

moments (n)
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Kaon PDFs ResuLTs
Moment PDFs of the u quark in the kaon

& Q2 =0.16 GeV?
0s L K Q=4 GV |
H Q% =8 GeV?
- © Q? = 12 GeV?2
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LaGranGiaAN QMC MODEL
The effective Lagrangian for a symmetric nuclear matter in the QMC model:

Zome = ¥ [i7,0" — My(0) — g, 7uw"] ¢ + Lm, (18)

The free meson Lagrangian density:

1 1 1
L = 3 ((%08“0 — m?,az) = 50u (OHw” — 0"wH) + Emiw“w#

Nucleon structure in QCD Bag model

‘\S\Vs o ¢ 5

Ve ki (nen)

N peturbace QD vacwm

awtring buyciitn

Ficure: The QCD picture of the nucleon and the bag model 4

4
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LaGranGiaAN QMC MODEL

@ In the QMC model, the nuclear matter is treated as a collection of the
nucleons that are assumed to be non-overlapping MIT bags

@ The Dirac equation for the light quarks inside the bags are given by

o=t 12+ 36)) (1)) -

)

)

. 1 Ya(x)

iy 0x — (mg — VI) F °<vq—vq>} =0

[ gl (mg = V&) F )

: s(x)
iy O — mg =0, 19
[iv ] < (%) (19)

where the effective current quark mass my is defined as

my = mg — V], (20)

where my is the current quark mass, where ¢ = (u, d, s) and V/J is the
scalar potential.

ParapA HutaurRUK (APCTP) Pion & Kaon PDFs in NUCLEAR MEDIUM KEK-TsukuBa, 18-19/11/2018 32/38



LaGranGiaAN QMC MODEL
The effective nucleon mass:

My (o) = My — g, (o) o, 21

Total energy per nucleon:

4 m202  g2p
E“"Azi/dkek — |k|)y/ M2 k2  —2— 4 Swl'B

(22)

TABLE: Parameters of the QMC model and the obtained nucleon properties at saturation density

po =0.15 fm—3 for two quark mass values in free space, mg = 5.0, and 16.4 MeV. The mq, M;\‘I, and K
are given in units of MeV. The parameters are fitted to the free space nucleon mass My = 939 MeV with
Ry = 0.8 fm (input), and the nuclear matter saturation properties.

mq gg /A gfj /AT BL/4 Zyy My, K
5 5.393 5.304 170.0 3.295 754.6 279.3
16.4 5.438 5.412 169.2 3.334 752.0 281.5

ParapA HutaurRUK (APCTP) Pion & Kaon PDFs in NUCLEAR MEDIUM KEK-TsukuBa, 18-19/11/2018 33/38



LaGranGiaAN QMC MODEL
Energy per nucleon (E*'/A — My), effective nucleon mass M}, and effective
quark mass (mj) and the quark potentials (V] and V) for symmetric nuclear
matter in the QMC model for the current quark mass my = 16.4 MeV (

)

1000

My, (MeV)

400

(Fuot/A) — My (MeV)

200

0 0.5 1 15 2

pB/po
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IN-MEDIUM PION PROPERTIES (NJL+QMC)

@ Using the in-medium properties corresponding to mg = 16.4 MeV
calculated in the QMC model,

e we calculate the effective quark mass M}, in-medium pion decay
constant, in-medium quark condensate, and in-medium 7wqq coupling
constant using the NJL. model.

@ The in-medium dressed quark propagator:

K+ VOt M
(k4 V)2 — M; + i€’
where the medium modification enter as the shift of the quark
momentum through (k*)u — k* 4+ V# where vector potential,

VE = (s5VO, 0)3. The asterisk denotes the in-medium quantity
@ The in-medium NJL gap mass in the proper-time regularization scheme:

Si(K) = (23)

3G M’ oo dr 2
* * T g —7(M
Mq = mq+ > /1 ze( ( q) ) (24)
A2

uv

5
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NUMERICAL RESULTS OF PDFs OF THE PION AND KAON IN A
NUCLEAR MEDIUM

PDFs of the pion and kaon in nuclear medium (

o 3 ] s

=025 py

=030 py

Pion & kaon v

06

pn=100p

(%) €F = €F Vo
X —_ Xag = —Xg — —
I+ Xa Er 9K+ a Er a

25
£ (25)
where ep = ,/kEJng:I: W = EF £ V.
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NuUMERICAL RESULTS OF PDFs OF THE PION AND KAON IN A
NUCLEAR MEDIUM

Ratio of uk+(x)/uy+(x) in nuclear medium ( )

1o F = 000y 1o f0) 12 F© 5 =050 pu
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CONCLUSION AND OUTLOOK

@ We have studied pion and kaon PDFs in vacuum as well as in medium.

@ Our prediction on pion and kaon PDFs are in good agreement with
existed data

@ Strange quark distribution in the kaon affects significantly the quark
distribution of the kaon

@ We have extend our study on the in-medium modifications PDFs of the
pion and kaon in order to understand the feature of PDFs of the pion and
kaon in the medium. The result looks very interesting and promising.

o It would be interesting to extend the calculation to the generalized parton
distributions (GPDs) of the pion, kaon, and p meson in medium

!
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