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Motivation

Calculate hadronic D-term using classical model
D(t) divergent for t=0 in Proton (QED effect for charged particles)
D(t) of Proton comparable to Neutron in the experimentally measurable t-range

Comparing results for EMT of Proton and Neutron

* Summary



Definition of EMT form factor for a nucleon

. 2
yqu + vaM A%(8) + L(aﬂva + avaM)Ap Ba(t) + A#AV + gm,A
2m dm

< p’| Tlﬁ,|p > = ﬁ[ D (t) + mZ‘“(t)gW] u elax

1 _ N e -
t=q°>=4A* P= ;@ ), A=@ —-p) OHlpw=0 = Tn= z To+ T
aq

« Y, A%(t), Y BA(t),Y D (t), X Cc%(t) —» renormalization scale independent
« ¥, A4%0) =1, ¥,B%0)=0,¥,5%t) =0 A%(t) + BA(t) = 2 (D),
* Constraints:
mass < A(0) = 1 (i.e.quarks and gluons carry 100% of nucleon momentum)

spin © B(0) =0 « J(0) = ;—(i.e. quarks and gluons carry 100% of nucleon spin)
D-term < D(0) = D « not fixed by spacetime symmetries



Interpretation of EMT

* In Breit frame where A* = (O,Z) defines the static EMT

R da3A
T*(r) = f(ZTt)32E

< p'lTW|P > p—iAT

* Components of the static EMT (same as in classical theory):
« T - energy density
« T% > momentum density
« T > energy flux
« TY > stress tensor



Interpretation of EMT (cont’d)

« [T°(#)d?(r) = M (mass of particle)
P iy
e TYU(r) = s(r) (TT—Z— :1,:&-]-) + p(r)d;; (stress tensor)
s(r) —» shear distribution
p(r) — pressure distribution
* D = D, = Dg > related to stress tensor

*D,=m[d*rr’p(r) —

e D, = _f—smfd?’r rzs(r) — & Important!! Will come back to this

_/



Illustration: Pressure and Shear Forces

T ] PoR
T p() = pob(r —R) ~5=6(r —R),  s(r) =y8(r — k)
(1) - ,\': ] Do = ZR%’% Kelvin relation
i
2T liquid drop model j
0 1 2 r

Figure 3. The pressure and shear
forces of nuclei (in units of po) as
functions of r (in units of nuclear
radius R4) in the liquid drop model.

(Polyakov, PLB 555 (2003) 57-62)




Why a classical model?

* Since the discovery of electron in 1897 people have tried to develop classical
models of a charged particle.

* First consistent relativistic model of an extended charged particle

* All previous model studies of hadronic D-terms included only short-range
forces (em forces are “negligible” in hardons).

* Only one model was studied using hadronic short-range forces and the
Coulomb long-range force

e Classical model reproduces QED for D(t), t=>0

New study

e Construct classical model of neutron and calculate D-term.



Classical Model of the Proton

e Used to study EMT form factors of proton with long range EM forces.

* D-term becomes positive and divergent due to the long-range force
fort—>0

 Divergence of D(t) visible at very small t and agrees with QED.

* Divergence due to QED effects for charged particles already known in
literature



Classical Model

* Dust: non-interacting pressure-less distribution
* Dust particles described by density normalized as fooo d3rp(r) =1
* Dust bound by interplay of classical fields: ¢, V¥, A#

+ Field equations in static case where V* = (V°,0), A*= (4°,0):
(A +my*)Vy=g,p
(_A + msz)d) =gs P

—AAy,=ep
pF = —pV(edy — gs¢ + g,V,) = 0 (equilibrium condition)
g5 _ 9 _ _ e 1 ) )
he 91.64 Pyl 136.2 a = dnhe 137 mgc? = 550 MeV, myc? =783 MeV

parameters from nuclear models (see for details)



. Static solution to the classical equations

r<Rregion: r > R region:
p(r) = fi(r) ;(fs(r)f o « p(r) =0

r —\r 2
edor) = e? ( -;C_%. — .z ) + 2Ep . edy(r) = 4e

- r
_ o i) £ b. (e

90) = 9 Cng =iz * g:0(r) = LreTme

fi(r f—(r b _ B
gv VO(T) - gg (k_2:-+m12, N kZ+m12,) * 9y VO(T) = 47:1‘ e m, (r—R)

__ dy sin(kqr) _B+D
fi(r) - 47T r ’ki - ZQZ

B = (gi—e*) mj — (g5 + e*)m
D = B? — 4e2Q? mZ m2,Q? = e? — g2 + g2

With by, bs, d,, d_, 2Eg, R, fixed from boundary conditions (No free parameters)
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(Mejia et al 2025 (in prep))

Energy Density and Mass

M = jTOO(?)d3(r) =m+E,

790 () MeV/fm™3] = 940MeV — 15.7MeV

350 Correct value for EM contribution to

mass difference between proton and
neutron:

300 — neutron

250 — proton
200
((MPCZ - MNCZ)EM = 095M€V

Lattice QCD + QED:1.00(07)(14)MeV

(Borsanyi et al, Science 347 (2015) 1452)

150
100

50

— r[fm]

15 20 (Myc? — Mpc?) prre = 1.29333236(46)MeV
l, due to m; > m,, isospin violation
(Navas et al. (Particle Data Group), PRD 110, 030001 (2024))

*No isospin violation in Bialynicki-Birula model*



N Pressure Distribution

24+
— neutron
r EB:I — proton °°
. f drr?p(r) =0
25 3.0 rifm]
0
1+
(Von Laue Condition, 1911)
2
* p(r) [MeV fm™ 1
, a
0.02¢ p(r) = ——— atlarger (exact and agrees with QED)
[ 6 4mr
0.01}
35 40 a5 0 ™
P ' ' ' ' D, = MJ A3rrip(r) » 4o
0,02}
f — neutron
-0.031 — proton
0045 (Mejia et al, 2025 (in prep))




Shear Force

Ps(r) [MeV fm™ 1]

(Mejia et al, 2025 (in prep))

i s(r) [MeV fm™! ]

5 — neutron i
I 0.3F
i [ — neutron
40 — proton -
; 02f — proton
3f [
f 010
2+ [
1_ '..|....|. L ,.|....|r[fm]
: - 20 & 3.0 3.5 4.0
PR N L N P B PR T T | r[fm] _0.1-_
0.5 1.0 1.5 2.0 25 3.0 i

l6m

1
s(r) = — E% at larger, ~ Ds=——"M | dr r*s(r) » +oo



* Proton: D, - o, D; —» oo (due to em)
* If Integrals convergent: D,, = Dg = D - always finite and equal
i.e. D(¢) = ¢Dy, + (1 — ¢)Ds = always the same for all ¢

* For proton, exists one value: ¢ = 2— such that
4
Dryegprot = D(Creg) =M f dr r? 9_[629(7") +s(r)] = _0-317(hc)2

D(t) (@)
0 :

classical model ——

Dyegl(1-tIm))? - D (t)exp.,proton ~

-0.1

-0.2

0.3}/
[ )

0 0.1 0.2 03 04 0.5 (-t)[GeV?]



Dterm
D(t)
0

Dneutron = —0.312 (hc)z

-01 Dreg,proton — _0-317(hc)2

proton Regularization = unique way of removing EM tails in

p(r) proposed in Varma, Schweitzer 2020

—0.2] ---- neutron _ o
Is this a reasonable regularization? Yes, because for
proton and neutron we get almost same result

’ (meets expectations) for |t|> 0.05 GeV?

—0.3 b/

0 0.2 04 0.6 (—-t)/GeV? (Mejia et al., 2025 (in prep))



summary

e Constructed a classical model of the neutron
 Strong forces simulated by classical fields + classical EM field

* Classical models for both proton and neutron capture particle size and EM-
mass difference.

* Proton D-term divergent at (probably) unmeasurably small |t].

* Neutron D-term finite, agrees numerically; confirms “reg. method” for |t|>
0.05 GeV*

* In DVCS and other experiments, proton and neutron will appear with
nearly the same D(t) form factor

* Could EIC measure the QED effect at small |t| for proton?



Thank You!
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Mpc2 + Ep = 940MeV — 15MeV (mass of bound dust)



2 -1 .
(n )M/d"rr s (36) Diverge due to s(r) — _ih_f_*_
asymptotic behavior: 4z r
> { g he
_ N . 2 —_
_M/d rrep(r), (37) p(r) P +
D =D, =D,

regularization method removes the divergences from Dp and Ds

Varma, Schweitzer 2020



Proton Model: Static solution to the classical equations

k% k2
. d_+ sin(k+1) B++VD
f+(r) ~ am r k+ - 2Q2

B = (g5—e*) mj — (gi + e*)mg

lim edoer) = [e? <f+k(zr) ~ f_,g ) >] + 2Ep
s , f- (1)
0= LLH‘}I k2 ] + 2Es Series

o d_ Expansion
_(r) = — S —— I
41 r

(Bialynicki-Birula 1993)

elor) = e? (f+(r) — f'(r)) + 2E5(= 0, e - 0 neutron)

— (k_ = 0,neutron)

D = B% — 4e2Q* mZ m, Q*=e* — g2 + g7

B++vD B+ +VB? B

k, = = = —
¥ 2Q% 2Q2 Q?
N B— VD B - VB2 0 & Indeterminatel
— — = - .
_ 2Q2 2Q2 naeterminate

Type equation here.

— Series
4e2Q2m m? Expansion
2=B-—-B
j‘—b X% k% =e%y?

2Eg = lim [— - 8myEp = lim[e *x d_]

e—0 4-71)( e—0
d_ sin(k_r 8myE
lim [f_] =lim (k)] _ lim[ 228y o yr]
e—0 e-0 |41 r J e-0 ednr

. f_(r) = constant
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QED study on GFF D(t) of electron
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