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Introduction

Chiral quark-soliton model from the instanton vacuum
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“If both quark and pion momenta are smaller than 1/p, the S

dynamical mass M(k) can be approximated by M = M(0).”

C. V. Christov, A. Blotz, H.-C. Kim, P. Pobylitsa, T. Watabe, T. Meissner, E. Ruiz Arriola, and K. Goeke, Prog. Part. Nucl. Phys. 37, 91 (1996) 100+
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— Present M (k)

« Lattice M(k), chiral limit
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G. Burgio, M. Schrock, H. Reinhardt, and M. Quandt, Phys. Rev. D 86, 014506 (2012)

What if we revive the momentum dependence of quark mass?

D.l. Diakonov, V.Yu. Petrov, and P.\V. Pobylitsa, Nucl. Phys., B306 (1988) 809
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Introduction

Momentum dependent dynamical quark mass

1
M(k) = MyF2(kp),  F(kp) = 2t |I,(OK, (&) — I, )K,(1) — —1 (DK, (1)

1 _
M(0) = M, ~ 350 MeV t=5kp

Additional features from reviving M(k) :

- Natural regulator : other regularizations(PV, proper-time, ...) are not needed.
- Nonlocal interaction : momentum dependence of M(k) breaks the gauge invariance.

- No free parameter : the value of M(0) is given from the instanton vacuum.

K. Goeke, M. M. Musakhanov, and M. Siddikov, Phys. Rev. D 76, 076007 (2007)



Effective chiral theory

Theoretical framework

Effective low-energy QCD partition function in the Euclidean space

F = JQZUQZI//QZWT exp[ — SE)(T]

4 . . . = . Peg,
Sg,r=— [d'xy” (lyﬂdﬂ +im + i F(i0)M, UVSF(zd)> W oESTS S0 = - [d4x ' (i1,0,+ im + iMU™ ) y

m=5.5MeV and M() — 386 MeV : no free parameters!

K. Goeke, M. M. Musakhanov, and M. Siddikov, Phys. Rev. D 76, 076007 (2007)

Y. Choi and H.-C. Kim, Phys. Rev. D 111, 074023 (2025)



Effective chiral theory

Saddle-point approximation

In the large N, limit, [9U can be evaluated using the saddle-point approximation.

)
_(NcEval +Esea) =0= Mcl =NcEval[Uc]+Esea[Uc] O

5U .

N N
CXp [ o SE;(T] — EXP [ T ( N, cEval +Esea)T Valence part + Sea part
T — oo
Cn o ' 1+ y5 1 —ys ;
Hedgehog Ansatz U. = expl|i(n - 7)P(r)], U's = 5 U A 5 U

Y. Choi and H.-C. Kim, Phys. Rev. D 111, 074023 (2025)
C. V. Christov, A. Blotz, H.-C. Kim, P. Pobylitsa, T. Watabe, T. Meissner, E. Ruiz Arriola, and K. Goeke, Prog. Part. Nucl. Phys. 37, 91 (1996)



Effective chiral theory

Zero mode quantization

Saddle-point approximation : neglecting mesonic quantum fluctuations U — U,

Zero mode quantization :  U7s(x, ) = R(HU(x — Z(1))R' (1), J@U — [SZR?ZZ

i 7 _
eXP[ — SE)(T] —> exp| — ( NeEoygy +Egey )T — B JdtQ“(f}Qa(t) _

T — o

Y. Choi and H.-C. Kim, Phys. Rev. D 111, 074023 (2025)
C. V. Christov, A. Blotz, H.-C. Kim, P. Pobylitsa, T. Watabe, T. Meissner, E. Ruiz Arriola, and K. Goeke, Prog. Part. Nucl. Phys. 37, 91 (1996)



Effective chiral theory

Saddle-point approximation and zero mode quantization

In the lar Eyal [MeV] NcEva [MeV] Fsea [MeV] M [MeV]
This work (Mo=386 MeV) 168.2 504.7 534.8 1039
0 (N.E, Chiral limit(Mo=359 MeV) 152.6 457.7 529.7 087.4
ov YQSM (Mo=386 MeV) 223.3 669.8 588.0 1258
YQSM(Mo=420 MeV) 203.5 610.6 645.8 1256
Zero mode qu
L [fm]  Leea [fm] I [fm]  Ma_n [MeV]
This work (My=386 MeV) 1.0547 0.1244  1.1791 251.04
exp| — SE;(T] " Chiral limit(Mo=359 MeV) 1.0847 0.3147  1.3995 211.50
YQSM(My=386 MeV) 0.9487 0.2484  1.1971 247.26
oo s o rorane  XQSM(Mo=420 MeV) 0.7752 02553  1.0306 287.20




Effective chiral theory

Saddle-point approximation and zero mode quantization

In the larg
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GXP[ SE)(T] — Chiral limit(Mp=359 MeV)

Y. Choi and H.-C. Kim, Phys. Rev. L
C. V. Christov, A. Blotz, H.-C. Kim, F
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Effective chiral theory

Conserved electromagnetic current

(N(p',817,(0) [ N(p, S)) = u(p’, S’)(}/,,,F (q%) + io,, Y Fz(q2)>u(p, S)
N
(> )
.o A N N N O N |
L=V }/ﬂQl// is not conserved due to M(k). o= _ —5<gl+f> : Quark charge matrix
\ 3)
. . od[V]
F(id) — F(io — QV) => Ju = is conserved.
M. M. Musakhanov and H.-C. Kim, Phys. Lett. B 572, 181 (2003) 5V'u V:O
- _ i, AL F A BE 4 i FMAGOE — " T 1O 177 oF(k)
=\ QH iF ,OMUSE + iFMyUSQF , |y =w'l [Q; USly F)=—
y (2

Local Nonlocal



Electromagnetic form

Electric form factors

factors

1
63,4 =5 (6L + 6L )

1
G (g = > <G§j§’(qz) Gy M(cf))

i — -« — .
- NC . R i — — — <n |Z> 1+ lF4}/4UC},/5F+lF}/4Ug5F4}<Z|na)>
Gg—o(qz) — ?Jd3Z]0( 1g||Z]) | z,y(Val] Z)({l +iF v, USF + zF}/4UC7,'5F4>(Z | val) + [ 5 Z

ngo(O) = 1 : electric charge is conserved with nonlocal effect.

- NC . -
GI-(g?) = chﬂz]o( GNZD) |2

(val | ZHYt“(Z |n){n|t*|val) 1
Z E _Eval

w + ik, ()

Ny

— Ezval(val | Z)YT“(Z | val)

(w+ iE (w))(w+iE, (w)) 2

ngl(O) = ] : iso-vector electric form factor is properly normalized.

(| ZYNZ | my(m|1*|n) 1 (| Z)TZ|n)
[ Z JZm Z

w + ik, ()

@ =l i F e UBF + iFy,UseaF ), 9 =
=T LI YT Up T 1 Yabet Iy -

— — — - <« —
Fy, Ut F 1y + 2F y,t°UBTF y + F 47,707 USF




Electromagnetic form factors

Electric densities, results(Preliminary)

Electric density, proton
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Electromagnetic form factors

Electric form factors, results(Preliminary)

Electric form factor, proton Electric form factor, neutron
1.0 0.10
— Gg(Q?)
°°'~-N GZ%’XQSM(QQ) 0.09 |
08 i W.Bartel et al. (1973) 0.08
M. E. Christy et al. (2004)
07 } L A Qattan et al. (2005) 0.07
J. Arrington et al. (2007)
—~0.6 I t J.C.Bernauer et al. (2014) —0.06
N N
\Q),O.S — \®,0.05
U SR
O 04 | O 0.04
0.3 |- 0.03 - GE(Q2) ¢ C.Herberg et al. (1999)
_______ an XQSM(QQ) Y I Passchier et al. (1999)
02 L 0.02 b 4 R.Schiavilla et al. (2001)
. . ¢ G.Warren et al. (2004)
¢+ B.Plaster et al. (2006)
0.1 F 0.01 ¥ S.Riordan et al. (2010)
0.0 | | | | | | | | | 0.00 | | | | | | | |
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Electromagnetic form factors

Charge radii(Preliminary)

s YQSM Experiments
, dGE(qz) ri—o [fm®] § 05510 § 05234 | 0.597 £0.008
(rz) = — 6 2 rp_y [fm?] | 0.8695 0.9629 | 0.817 & 0.008
q e rp [fm]  § 08428 | 0.8621 | 0.8409+0.0004 Poe
ra [fm®]  §  -0.1593 3 -0.2197 | —0.110 = 0.008  andN. sparvers, Nature Gomm. 12,1750 2031)
This work
SU(2) yYQSM(My = 386 MeV) POV | A
SU(3) xYQSM(Mo =420 MeV) \ 4
— Bernauer 2010 (ep scatt.)
Beyer 2017 (H spect.) —_—
— Zhan 2011 (ep scatt.)
CODATA-2018 —0=
— CODATA-2014
Bezginov 2019 (H spect.) —_—
PRad-Il projec’lcion | == | | | | |
0.78 0.80 0.82 0.84 0.86 0.88 0.90 0.92

Proton charge radius rp [fm]
J. Arrington et al., Prog. Part. Nucl. Phys. 127, 103985 (2022)



Electromagnetic form factors

Magnetic form factors

g - =
Ui iF g, USF + iFy,UCF,

Electric form factors

i

4+ iF 7, 2°USF + iFyUtF,
4¥47T U + ZF}/4UC T F4

A S pu e — — A =
rs(n X 0) = Fap L USF — FyUPL F

magnetic form factors

’ A — < A —> <« N —
}/5(71 X G)ZTZ —r Zly4LszUg5F - F 7/4UgSTzLZF 4

v N

Local contributions Nonlocal contributions
appear due to M(k)




Summary

* We are investigating electromagnetic form factors of nucleons within

the effective chiral theory derived from the QCD instanton vacuum.

 To respect charge conservation, the nonlocality of the dynamical mass M(k)

IS not negligible.

* Predictions for electric observables (form factors, charge radii, etc.)

are consistent with experiment.

» Calculations of the magnetic form factors and related physical quantities are in

progress.
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Introduction

Chiral quark-soliton model from the instanton vacuum

The dynamical quark mass M(k) is parametrically small : -
_ 2 _2 200 « Lattice M (k), chiral limit
pIR~ 1/3 = Mp ~ O(p/"R°) < 1 |

In the range of quark momenta kK > 1/p, M(k) vanishes.
171 4 ) | §§§§ §

If both quark and pion momenta are smaller than 1/p, the YFdnedaed,
dynamical mass M(k) can be approximated by M = M(0).” A o
C. V. Christov, A. Blotz, H.-C. Kim, P. Pobylitsa, T. Watabe, T. Meissner, E. Ruiz Arriola, and K. Goeke, Prog. Part. Nucl. Phys. 37, 91 (1996) G. Burgio, M. Schrock, H. Reinhardt, and M. Quandt, Phys. Rev. D 86, 014506 (2012)

Chiral quark-soliton model

D.l. Diakonov, V.Yu. Petrov, and P.\V. Pobylitsa, Nucl. Phys., B306 (1988) 809



Additional slide

_ a...ay 7,
I = N1C B Ve ;0 Wayy 1, ()
X

N

c 1
I.(T) = (0| J (0, T/2)J7(0, — T/I2)|0Y ~ | DU 0.7/2 0, — T/2) ¢=Sex
V(T = (0] Jy( ) )1 0) J H< \D[U]\ ) e

— CXP| — (NcEval +Esea )T

e S

Valence part Valence part + Sea part

Initial profile function . Energies & wave - _ o P . Self-consistent profile function P(r)
P(r functions E,, , New profile function P(r)

Is M, converge enough? Energies and wave functions £ , y/,

Solve Dirac equation Solve equation of motion Nucleon mass M,




Effective chiral theory

Zero mode quantization

Zero mode quantization :  U7s(x, 1) = R(HU(x — Z(1))R" (1), JQZU — [QZR@Z

: Translational quantization : Rotational quantization

Iab y
(7)) — exp[ — (NeLoyar tEge )T — —JdtQ“(t)Qb(t)] [=1%=1.179fm

T — o 22

Y. Choi and H.-C. Kim, Phys. Rev. D 111, 074023 (2025)
C. V. Christov, A. Blotz, H.-C. Kim, P. Pobylitsa, T. Watabe, T. Meissner, E. Ruiz Arriola, and K. Goeke, Prog. Part. Nucl. Phys. 37, 91 (1996)
9/17



Electric form factors

Electromagnetic form factors

=0, 2 _ Ne | 3. 1= T US4 iy USE
G (Q)=? Ljy(1 g1 Z]) | zyalVal | Z) (1 HiF yy U F + iFyUPF )(Z| val)

~ O(N?)

t“YZL|n)(n|t*|val)

) N, o (val|Z)
GE (gD = jd%o( GNZ) |2 Y

En R Eval

~ O(N:) /

== iEval(a)v)

w=—iE ,(®,) n

2

w

GgZO(O) = 1 : electric charge is conserved with nonlocal effect.

] Z>[ ! Himwﬂ i‘FnUzﬁ)kz 7,)°
+[_ y -

w + iE (w)

1
-~ Za(val | Z)T"(Z | val)

W=— iEya] (a)u)

j § — - —
t* =\t HiF y,r*USF + iFyUSTF ), <

n,m

+1J‘d_a)z (n|ZXtL|m)y(m|t*|n) 1 J' dw
2 ) 2n (w + iE (w))w + iE (w))] 2

27l

(n| Z)T*Z |n) |
2.

w + iE (o)

ad - V5 -0 Cl_) - afyry Cl—> - a.a }/_>
1% = Fy,UStt"F gy + 2F yy o Ut Fy + F 79t US F
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