CHARGE SYMMETRY BREAKING EFrecTS IN P1oN AND KAON
STRUCTURE

Parada Hutauruk
: lan Cloet 2, Wolfgang Bentz 2 and Anthony
Thomas *

1 Asia Pacific Center for Theoretical Physics (APCTP)
2Physics Division, Argonne National Laboratory, Argonne, USA
3Department of Physics, Tokai University and Nishina Center, RIKEN, Saitama, Japan

4CSSM and ARC Centre of Excellence for Particle Physics at the Terascale, Australia

12t APCTP-BLTP JINR Joint Workshop

Parapa (APCTP) CHARGE SYMMETRY BREAKING Busan, 08/19-24/2018 1/42



OUTLINE

@ CSB anp Pion anp KaoN IN THE NJL MODEL

Parapa (APCTP) ’ MMETRY BREAKING



OUTLINE

© CSB ErrecTs oN EMFF

Parapa (APCTP) ’ MMETRY BREAKING



OUTLINE

© CSB errecTs oN PDFs

Parapa (APCTP) ’ MMETRY BREAKING



OUTLINE

© Summary anp OutLoOK

Parapa (APCTP) ’ MMETRY BREAKING



BACKGROUND

e QCD is the fundamental theory of the strong interactions (hadronic
system and interactions)

e Charge symmetry is u—and d— quarks are identical, my = my. In the
charge symmetry, the charge symmetry operator P is a isospin
rotation by 180° about the y-axis, where the z-axis related to charge

@ In QCD the sources of CSB comes originally from the
electromagnetic interactions and the mass difference between the
down and up quarks my # mg, 6m = mg — my, ~ +3MeV

At the quark level, P¢s acts on the two light quark flavors

Pcsld) = |u) and Pcs|uy=—|d) (1)

At quark level, the CSB effect is expected at a level 1 % or smaller

The charge symmetry is exact : e
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BACKGROUND

)

Ficure: Cartoon of the charge symmetry operation

e Empirically CSB effects are clearly evident in proton-neutron mass
difference, the differing masses between the charged and neutral pion
and kaon states

@ The QCDSF-UKQCD collaboration found inter alia that the QCD CSB
effects between kaons are much larger than between the proton and
neutron using dynamical lattice simulation of QED + QCD '

1Hars/ey, R, JPG43 (2016), 10LT02
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BACKGROUND

e In different area, CSB is important background in extraction of the
strange electromagnetic form factor and PDFs of the nucleon

@ CSB in the PDFs of the nucleon is vital to understanding the NuTeV
anomaly 2

e Beyond mass difference and effects in low energy nuclear physics,
such as the Nolen-Schiffer anomaly, the experimental study of CSB
effects is challenging. Definitive experiments are certainly needed

e Examples of promising experiments include parity violating deep
elastic scattering (DIS) on the deutron and 7 /z~ production in SIDIS
from the nucleon, which are planned at Jefferson Lab.

o Interesting possibilities exist at an electron-ion collider (EIC) such as
charged current reactions and using pion induced Drell-Yan reactions

2
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BACKGROUND

o CSB proposal in JLAB

Jefferson Lab PAC 37 Proposal

E12-09-002; Charge Symmetry Violating Quark Distributions via
Inelastic Scattering.

Precise Measurement of 7+ /7~ Ratios in Semi-inclusive Deep
December 1, 2010

P. E. Reimer, X. Zhan

Argonne National Laboratory, Argonne, IL

J. Arrington, R. Dupré, D. Geesaman, K. Hafidi (spokesperson'), R. J. Holt, D. H. Potterveld,
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CSB anp PioN anp Kaon IN THE BSE-NJL MobEL

The three flavor NJL Lagrangian —
3

8
S = id - mgly+ G Y [(BAap)? + (PAaysv)?]
a=0

8

- Gp Z [('/_’/la)"ul/’)z + (‘/_//137#751//)2] (2)

a=0

e ¥ = (u,d, s) denotes the quark field with the flavor components
e G, and G, are four-fermion coupling constants

e 14, -+, Ag are Gell-Mann matrices in flavor space and Ap = \/g]l

e My = diag(my, my, ms) denotes the current quark matrix

1 PH, lan Cloet, and A. Thomas, PRC94 (2016), 035201
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CSB anp PioN anp Kaon IN THE BSE-NJL MobEL

@ In the NJL model, the gluon exchange is replaced by four-fermion
contact interaction

— G O(k2-A2)
k'}

e NJL model has a lack of confinement (it can be simply seen quark
propagator has a pole)

e Therefore we regularize using the proper time regularization

|
1 1 0 1 2
. d n—1 e—TD R o n—1e—TD 3
D (n—1)!f0 ” BECEEN I P ®)
Ny

where Ajg ~ Agep = 0.24 GeV and Ayy is determined.

Parapa (APCTP) CHARGE SYMMETRY BREAKING Busan, 08/19-24/2018 11/42



CSB anp PioN anp Kaon IN THE BSE-NJL MobEL

NJL Gap Equation in the proper-time regularization takes the form

3G, e ™M
Mg = mq+M—3 de 72 “)

_ 3M —tM2

e Chiral quark condensates is defined by (/1) = -3 [ dré—>=

e Mass is generated through interaction vacuum — (/i) # 0

e The NJL model naturally describes the appearance of a non-zero
quark condensate, which is directly linked to dynamically generated

dressed quark masses, and pions and kaon as Goldstone bosons
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CSB anp NJL Gap EqQuaTtioN
Results for NJL gap equation “and DSE model °
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e The NJL model valid for very small p and work well in the low energy
of QCD

e Therefore the NJL model is an ideal tool with which to study CSB
effects in hadron structure because it is the dressed quark masses,
not current quark masses, that determine the size of CSB at scales
similar to Aqcp

2PH, lan Cloet, and A. Thomas, PRC94 (2016), 035201
3CD Roberts,PPNP61 (2008),50-65
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BETHE SALPETER EQUATION FOR THE PION AND KAON

<X X

@ In the NJL model, T-matrix is given by

@) = K+ [ EErsa+T@sk)

@ The solution to the BSE in the pion and kaon

To(Qab.co = [¥5dal o 1(q) [714]] ()
@ The reduced t-matrix in this channel take a form
-2iG,
(9 = e
-2iG q“q”
thY = — " g +2G,Ms(q° 6
@) - e (¢ 2@ ®
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BETHE SALPETER EQUATION OF THE PION AND KAON

e The bubble diagrams appearing read
> . d*k
M:(q°) = 6i WTFD [ysSi(k)ysSi(k +q)],

(o) = 6 [ e )4770[753/(k)755s(k+Q)]

(@) = o [ SEmirskyskral o)

@ The kaon and pion masses is given by the pole of the t-matrix

142G, M(k*=m2) = 0
14+2GNk(k2=m2) = 0 (8)
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PioN 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

T Mu Gr]-uu(mfzr) Md Gf”‘jdd(m?r)
5 ms m 1 2

Mg = |7+ |=——=+Ms-M °
K [MS M/] Gﬁfls(mi) (M ) ©

where 7 and I s in the proper time regularization scheme are defined by

T a( k2 _ f de —7(x(x—1)k2+xM2+(1-x)M2) (10)

where M, are the dressed quark masses that appear in the meson.
These results illustrate the Goldstone boson nature of the pion and kaon.
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THE MESON-QUARK-QUARK COUPLING CONSTANTS AND PION AND
KaoN Decay CONSTANTS

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

oN(q%)
oNk(q°)
Zk(q?) = TR lge=m2
(g%
Z(q) = - ;qz lgem? (11)

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

.= N¢ VZ:M f1 dxfﬂe—r(kz(xtx)Jer)
4r? 0 T

_ 1
fK = NC ZK[(1 —X)M2+XM1]f dXfﬂ-e_T(kz(Xz—X)“'XMg_(Xq)M12)
471'2 0 T

(12)

Parapa (APCTP) CHARGE SYMMETRY BREAKING Busan, 08/19-24/2018 17/42



REesuLT FOR THE CSB EFFECT ON PROPERTIES OF THE PION AND

KAON

Results for the current and dressed quark masses, neutral pion, kaon and

pT masses, neutral pion leptonic decay constant, meson-quark-quark

coupling constant and the model parameters that vary with m,/mg.

my/mg  my mg My My Myo Mk:  Mgo mp. fo Zyo Zy= Zx= Zyo Gy G, uv
0 0 329 387 412 137.84 483 507 77567 92.83 17.830 17.842 20.73 21.04 19.06 10.731 644.52
0.1 299 299 390 410 138.56 486 504 77544 9289 17.837 17.846 20.76 21.01 19.05 10.746 644.64
0.3 7.58 253 393 406 139.38 489 501 77519 9295 17.846 17.850 20.80 20.97 19.05 10.764 644.77
0.5 11.0 219 396 404 139.76 491 499 775.07 9298 17.850 17.852 20.83 20.94 19.05 10.773 644.83
0.7 13.5 19.3 398 402 139.93 493 497 775.02 9299 17.852 17.853 20.86 20.91 19.04 10.776 644.86
0.9 156 17.3 399 401 139.99 494 496 775.00 93.00 17.853 17.853 20.88 20.89 19.04 10.778 644.87
1 16.4 16.4 400 400 140 495 495 775 93 17.853 17.853 20.89 20.89 19.04 10.778 644.87

e The current quark mass ratio r,g = my/mq is a free parameter, which

adjust to study CSB effects

e For give ryg we have my g = my = dm, where
om = mo(1 = rua)/(1 + rug).
e We find that mg = 356 MeV (M; = 611 MeV) and myg = 16.4 MeV

and therefore mg/mg = 21.7 (empirical 27.5 + 1.0)
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REesuLT FOR THE CSB EFFECT ON PROPERTIES OF THE PION AND
KAON

e For realistic current quark mass ratio of m,/my = 0.5, we have CSB
effect in the current quarks of (myg — my)/(my + mg) = 33 %

e For the dressed quark masses, we have (Mg — M)/ (M, + Mg) = 1
%. ltis clear that in the infrared dynamical chiral symmetry breaking
(DCSB) dramatically reduces the size of CSB effects that may be
expected from the current quark masses

e For the same m,/my ratio, we find m,;= — m_o = 0.24 MeV, which is
smaller than the empirical value of 4.59 MeV and is therefore in
agreement with expectation that this mass-splitting is dominated by
QED effects

e For the kaon mass we have (myo — mk=)/(Myo + mMk=) = 0.8 % with
myo — Mg+ = 7.8 MeV, which is twice the empirical splitting of 3.93
MeV and therefore QED effects must reduce in this mass splitting,
which is the finding of the lattice calculation

o CSB effects in f,,and g,qq are found to be negligible and the same is
found for the chiral condensate
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ForwM Factor IN NJLL MODEL

Diagrammatic representation of the electromagnetic current for the pion
and kaon

Feynman diagram for quark [left] and for the anti quark [right]
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Form FacTor IN NJL MODEL
The matrix element of the electromagnetic current for a pseudoscalar
mesons reads

Lp.p) = (p¥+p")Fu(@®)., a=mK (13)

where p and p’ denote the initial and final four momentum of the state,

¢® = (p - P)?2 = —-Q? and F,(Q?) is the pion or kaon form factor. The
pseudoscalar meson form factor in the NJL model are given by the sum of
the two Feynman diagrams, which are respectively given by

T , d*k : A
Kol p) = 2 [ Tt S(e + K)Qy'S(p + K)ysduS()

; , . d*k Ay , i
EaPp) = 2 [ G rsuS(k-p)Qy'S(k - p)ysaiS()
(14)

where the Tr is over Dirac, color and flavor indices. The index « labels the
state and the A, are the corresponding flavor matrices
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ForwM Factor IN NJLL MODEL

We will focus on the quark sector and total form factors for 7, K+ and K°,
we find

FOTo)(Q2) = (e, - eq)f!(Q?)
(@) = aff(Q%) - esf(Q%)
FOr(@?) = e4fi2(Q?) - esf(QP) (15)

The results are denoted as " bare” because the quark-photon vertex is

elementary result, that is, /\%bare) = Qy*. The quark-sector form factors

for a hadron «a are defined by
F.(Q%) = e,FY(Q%)+ edFI(Q?) + esFS(Q%) + - - - (16)

therefore the " bare" pseudoscalar meson quark-sector form factors are
easily read from the total form factor equation above
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ForwM Factor IN NJLL MODEL

The first superscript on the body form factors, f2°(Q?), indicates the struck
quark and the second the spectator, where

dr _T 2 1 y(1-x)Q2
0(Q?) = 4ﬂ2f f (Mz+x(1-x)Q%)

1-x
+4n2fdxf dzfdr

o T((x+2)(x+2- 1)m2+(x+2)Ma+(1-x-2)M2+x2Q?)

[(x + 2)m2 + (Ma = Mp)(X + Z) + 2Mp(Ma — Mp)]
(17)

X

Importantly, these expression satisfy charge conservation.
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ForwM Factor IN NJLL MODEL

In general the quark-photon vertex is not elementary ((ADy“) but instead
dressed, with this dressing given by the inhomogeneous BSE. The general
solution for the dressed quark-photon vertex for a quark of flavor g has the

form

Nolp'.p) = eqy”+(y”—%’)Fo(oz)ﬂ”ﬁo(oz) (18)

where the final result is used because the q“—f term cannot contribute to a
hadron electromagnetic current because of current conservation
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ForwM Factor IN NJLL MODEL

For the dressed u, d and s quarks we find

1
e
Y 26, NI(Q2)
. 1
*142G,N$(Q@2)

Fiup(Q®) =

Fis(Q?) =

(19)

where the explicit form of the bubble diagram is

2 1
nP@Q?) = 3,%[0 o f %X(hx)e‘f“”g““*"’z] (20)
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ForMm FacTor IN NJL MODEL
The dressed quark form factors obtained as solutions to the

inhomogeneous BSE:

= e
= >

=
=

o

Dressed Quark Form Factors
= )
= @

=

In the limit Q2 — oo these form factors reduce to the elementary quark
charges, as expected because of asymptotic freedom in QCD. For small
Q? these results are similar to expectations from vector meson
dominance, where the dressed u and d quarks are dressed by p and w
mesons and the dressed s quark by ¢ meson.
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ForwM Factor IN NJLL MODEL

The complete results for the pseudoscalar meson form factor — with a
dressed quark-photon vertex — read

Fre (Q%) = Fiu(Q@)Y(Q) - Fip(Q%)1%(@?), (21)
Fr+(Q%) = Fiu(Q%) 5(Q%) - F1s(Q?) f.(Q?), (22)
Fio(Q%) = Fip(Q?) f35(Q%) — F15(Q%) £55(Q%), (23)
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ELasTtic Form FacTtorR RESULTS

Results for CSB effects between the u quark sector form factors in the K™
and the d quark sector form factors in the K°

1.04 | ———
~1qq k=" -
[N my/ma = .
e mafmg =0 R
&7 1.02
=
g;1,01
o<
1.00
0.99 :
: 0 1 2 3 4 5 6 7 8 9 10
Q* [GeV?) Q* [GeV?)

— We find the ratio Fy2, (Q%)/F%,(Q?) < 1 and the CSB effect grow with
increasing Q?

— For the kaon, these effects are about twice that of the pion for large Q2.
We therefore find that r,., > rgo, which is in agreement with the
expectation from the fact that M, < My
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ELasTtic Form FacTtorR RESULTS

Results for CSB effects between the u quark sector form factors in the K™
and the d quark sector form factors in the K°

e — e my/mg=03
......... my/mg =0

0 1 2 3 rin F(;(\,Vf]) 7 8 9 10 0 1 2 3 4Q2 [)G CV(; 7 8 9 10

— For my/my = 0.5, we find the CSB effects in the quark radii is about 0.6
%, which is almost similar to that found in the pion

— Comparison between the s quark sectors in K+ and the K°, which is a
measure of the environment sensitivity for the s quark in both mesons.
These effects are an order of magnitude smaller that the CSB effects
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EvLasTic PioN ForMm FacTOrR RESuLTS

Results for ratio of the u and d quark sector form factors in the n* for
various values of m,/mgy

————— myfma = 0.7
[ - mu/ 5
07 + "

0 1 2 3 4 5 6 1 8 9 10 o 12 3 4 5 6 7 s 9w
Q [GeV?] @ [Gev?]
— We find the ratio decreases from unity as m,/mgy gets smaller. This
reflects r > rﬂ (my/mg < 1, we have M, < My and the lighter dressed
u—quark has larger probability to be further from the charge center of the
at)
— For realistic value of m,/mgy = 0.5, we have find the CSB effects of the
size about 7 % and increasing the Q2 we find the CSb effects increase
substantially, reaching about 8 % at Q° = 10 GeV?
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RESULT FOR THE QUARK SECTOR RADII

Results for the quark sector radii in the 7, K+ and K° given in units of fm.

my/mg Y rd, re, rgo re. re

0 0.634 -0.608 0.650 0.625 -0.436 -0.438
0.1 0.632 -0.610 0.647 0.627 -0.436 -0.438
0.3 0.628 -0.614 0.644 0.631 -0.437 -0.438
0.5 0.625 -0.616 0.641 0.633 -0.437 -0.437
0.7 0.623 -0.618 0.639 0.635 -0.437 -0.437
0.9 0.621 -0.620 0.638 0.636 -0.437 -0.437
1 0.621 -0.621 0.637 0.637 -0.437 -0.437

o We predict that the CSB effect from the u and d quark mass
difference should initially increase with Q2, then at scales Q >> Aqcp
when the effect perturbative QCD start dominate, they should begin
to decrease and then vanish in the asymptotic limit
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VALENCE QUARK DISTRIBUTION IN THE
CONFINING NJL MODEL J
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VALENCE QUARK DISTRIBUTION

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

k+p

k=p

The operator insertion y*6 (k* — xp™) Py, where Py is the projection
operator for quarks of flavor g:

A 1(2 1
Pyda = =[z1+23+ —=21
o 2(3 3*@8)
A 1 1
P = -1-—2 24
s 3 \/58 (24)
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VALENCE QUARK DISTRIBUTION

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

Q(X) = iZy f %6(k+—xp+)
X Tr|ysAiS(k)yt PaS(k)ysdaS(k - p)|
@) = iz [ Sha(t )
X Tr|ysdeS(k)y " PeS(k)ysA}S(k + p)] (25)

To evaluate these expression we first take the moments

1
An = f dxx"q(x) (26)
0
where n=1,2,3,- - - is an integer.
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VALENCE QUARK DISTRIBUTION

Using the Ward-like identity S(k)y*S(k) = 52} 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) — % dTe—‘r[x(x—1)m2K+XM§+(1—x)M,2]

X —%x(1 - X) [mi —(m - Ms)z]_

= SZde —T[XX 1)m2 +xM2+(1-x)MZ]

X >%x(1 — ) [~ (- Me?]

(27)

Results for the 7 are obtained by Ms — M, and Zx — Z,, giving the result

Ur(X) = dr(x)
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VALENCE QUARK DISTRIBUTION

The quark distributions satisfy the baryon number and momentum sum
rules, which for the KT read:

[ o -ae0] = [ Bet-sel=1 (@
0 0

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

f1 axx [uk+(X) + Uk+(X) + Sk+(X) + s+ (x)] = 1 (29)
0

Analogous results holds for the remaining kaons and the pions.
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REesurrs For CSB 1IN THE VQDFs

Ratio of the u quark distribution in the K™ to the d quark distribution in the
KO, after QCD evolution to a scale of Q® = 5GeV?, for various values of
current quark mass ratio m,/my. Right side: Ratio of the s quark
distribution in the K™ to the same PDF in the K at a scale of

Q? = 5GeV>2. This ratio is a measure of environment sensitivity effects

1.05
1.10

100 pudss 1.05

1.00

o
©
&

i &) o )
(z)/3K0(x)

Sk+

0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1

— We find that these CSB effects are at the few percent level, making
CSB effects in the kaon PDFs much smaller than these effects in the pion,
which is opposite with what we found for the pion and kaon EMFFs
— For the realistic m,/mgy, we find the CSB effects at the few percent
level, that are greater than unity and maximal when x — 1.
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REesurrs For CSB N THE VQDFs

Ratio of the u quark distribution to the d quark distribution in the 7, after
QCD evolution to a scale of Q® = 5GeV?, for various values of current
quark mass ratio m,/my. Right side: Ratio of the u quark distribution to
the d quark distribution in the neutral pion, at a scale of Q% = 5 GeV?

— We find that the ratio uo(x)/d,0(x) is always greater than unity when
CSB effects are included. In contrast to the 7™, this implies that the lighter
u—quark carries more lightcone momentum in the #° than the heavier
d—quark
— In general, we find that the CSB effects in the PDFs are much smaller
than in the EMFFs at Q2
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RESULT FOR THE QUARK SECTOR RADII

Results for moments of the quantities: 6q,+(x) = d,+(X) — U+ (X),
80,0 (X) = dpo(X) — upo(x) and gk (x) = dko(x) — uk+(x).

my/mg < X8Qe+ > <0Qp > < XO0Qp > <XO0qgk >

0 0.0174 -0.0532 -0.0266 0.0086
0.1 0.0143 -0.0435 -0.0218 0.0070
0.3 0.0094 -0.0286 -0.0143 0.0046
0.5 0.0058 -0.0177  -0.0089 0.0029
0.7 0.0031 -0.0094 -0.0047 0.0015
0.9 0.0009 -0.0028 -0.0014 0.0005

1 0 0 0 0

e These results are at the model scale of Q%2 = 0.16 GeV?, where there
are no sea quarks, so the first moments of 6qg,+(x) and 6gx(x) must
vanish, and are therefore not tabulated
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SuMMARY AND OUTLOOK

o We have calculated the form factor and parton distribution of the kaon
and pion in the confining NJL model
= Our results on FF and PDF of the kaon and pion are excellent
agreement with the available experimental data

o We have observed the CSB effects in the pion and kaon
= we found that the effect of CSb arising from the light quark mass
differences is surprisingly large in the quark sector elastic form factors
at large Q?
= For the realistic value of m,/mg = 0.5, one finds CSB at the 15 %
level in ratio Ft, (Q%)/FS,(Q? at Q% = 10GeV?. The analogous
changes in the PDFs are considerably smaller in magnitude, reaching
3 % as x — 1 in the pion ratio u,+(x)/d,+(x), compared with just 1 %
in the ratio ux+(x) dko(x) for the kaon.

o Testing these predictions presents considerable experimental
challenges.
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