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Nonlocal EFT
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Local interaction including pi meson
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Nonlocal EFT

The Lagrangian is gauge invariant under the following transformation:

mt(y) = °Wrt(y), plz) > *Cp(z), d,(2) > Z,(2)

a(z) = [dad/(z — a)F(a)
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Nonlocal EFT
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Form Factors

Nucleon electromagnetic Form Factors

F. C. He and P. Wang, Phys. Rev. D97 (2018) 036007
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Form Factors

Nucleon form factors in traditional ChPT:
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Form Factors

Strange form factors
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Form Factors

Light sea quark form factors
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Form Factors

Light sea quark form factors
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Form Factors

Octet form factors
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Form Factors
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Form Factors
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Parton Distributions Functions
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Parton Distributions Functions

dbar - ubar asymmetry
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Parton Distributions Functions

s-sbar asymmetry
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Parton Distributions Functions
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Parton Distributions Functions

Generalized PDFs
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Parton Distributions Functions
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Parton Distributions Functions
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1

/_ drx H(x, £, 1) = AY(t) + (2£)%C9(1), /_ drx Bz, & t) = BY(t) — (26€)*C(t)
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Gravitational Form Factors

'Pf(TT/(Y( “ + "P.V(T “](. “ [ I(V -1 ”/( 2
nOvad ey () Dty — e

o N = ”l(f) R R .
W Tyulp) = 70 ma) 552 (P + 73 P) B (1) i

u(p, my)

. F? . F? .
S — fdjiy —q {T g Tr(D,U(D,U)Y) + T Tr(yUT + U\*)}

2 s

T(Tr?r.?) — : P
v (’) \/T(.I_')O.(]I”I(I) |J 1
. F? F? . . F? .
T (r) = = Te(DU(DU) + DUDU)) = 1 {T TH(DU(DLU)) + - T\ U + Uﬁ)}
Tph = i (U, DV + T, D, W — D, W, ¥ — D,W,¥) + gf (T 55,0 + Uy, 750, )
| R | R - JA = o :
— T 3 Vit D — 5 D Vi~ — mbr + o) Uy, U (19)
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How to calculate the gravitational form factors with nonlocal interaction?

Gravitational Interaction:

Electromagnetic interaction:
— Local translation invarance

local U(1) symmetry

L0 = By 0 —m)e ——  Ji(x) = ef(a)y b(a) ——> T (r)A(r)

Local translation: ¢:(x) — ¢/'(x) = v(2) 2 = gt 4+ GR(x)

Li(r) — i) [V(a") " 9u10(2) — (D0 (")) 0 (2")] — mab (2 ) ()
= i) [éi‘(.r".)“’.“('-):l,_L:‘(.{") — (O/’,['{.r'})1'”(,-.'(.:")} — m (2" (x")
—I—; [li‘(.]")f-ﬂt{)m(_'(.I‘I) — (9" li‘(.r’)‘)j“z,‘(.r")] b, (x).

To cancel the second line: 9 (x)in"h, (2)0" 0 (x) — g(hy, (2)0" 0 ()" (x)
. |
Transformation of h: 7, ()0, = | (2) = — 3.0, (x) | I,
g
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Lp(r) = _i('r]#,, + ghy () [U(2) "0 () — (070 (x))y b ()] — map(x)u(a)

2
= LY(x) + ghyu ()T ()
— % [&(J')?“D;.{-Li’(i-) — (DHL:'(J‘)),,;.H L(J)] - .rnt_'.'(i‘)gf'(i:)_
T (x) = L [0t 0le) - @F@ @] Dy = 0+ ghyula)?”

. 1.
Leading order: 1, (x) = h,,(2") — EaHH,,(I)

1

. 1. ,
Next-to leading order: h.w(ur)—>h.1,,/(r’)—Eaﬁ,e,,(hr)— D) — =0,0,(x)| 076, (x)

g

[t is interesting that the tensor j}”’(;r) is not exactly the same as the energy-
momentum tensor obtained by the Nother theory from the global translation symmetry.
This is different from the electromagnetic case, where the electromagnetic current in the
interaction A, (x).J*(x) obtained from the local U(1) symmetry is the same as that obtained

from the global U(1) symmetry.
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: : : iy .
TE () — TEe(2') (0} + 08, () hwuﬂﬁmn—+kuq_%&pq1yuq
q

1

A (z) " (x) — i&ﬂ—;dﬂﬂ]ﬂ@j

1

hy () = hy, (). 9" h(x) =0, 0"h,(r)=0
Lr(x) = L(x) + ghy (x)TE ()

Belinfante-Rosenfeld , - o i - =
EM tensor: Ip"(2) = ("0 + 97" 0")) = (0" PP + (8" ") — 0" Ly

EF('T) — EF('?J) + &(U,UHV(I) - (.)uH,u('r)) l:{.(.rl),,;p(-)lua“_‘(.rf) - ((.)”}afi("'f))’\l#l':‘('r!)]

i

+(0,0"(x)) {E ['Li(,z")j"i),’,ﬂ"(‘L") — (D b(a"))y” L(z')] — nw(‘z")u(‘z")}

Invariance under the symmetric and traceless

transformation:
.0, (x) =0,0,(x), 0,0Mx)=0
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1 | P
[:g = " p — —m>p°

2 2
1 LM 1 22 0 Y 1 2 T P
Ly = §D“OD ¢ —Smd" = Ly + ghTE + §g by, 2 OP 0050
fé“’ = M b 18 = 0"¢pd" d — f;’“’[lg
Leading order: g, 74" Next-to-Leading order: Jg¢°/,,,h"" 0760,
1 m?
0 ‘ L AV L
C’Naive - _5()“‘41/0! AY + 7:‘1“:1"
Lo = —Sp A piar + "4 an— g b0 L2 peoge a0, Av
Naive — _5 pLty AT+ A AT = Lnaive T 90w L Ngive — Eg Luph Svtad
Tfﬁ:ivo = _0’,‘—11)(.)’}‘—117
1
Proca L= - F,,F"
Lagrangian:
1

EV - _E(D,u*i_lu - DJ/J_lp)(D#flV - DU.LF‘)

[S—y

HY__ pp Y
T = —Fregr A,

2

1 1,
Fu F* + ghy TE — =2 (hy 0P A Oy Ay — hyyh"? 0F A, 0y AF)
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If replacing F),, with F,, + gh,,F} — .r/h,,pﬁf("

1
C\- = —_—L(F;W -+ _(}‘hﬂpf;f) — .(]h;;p}‘_;i))(lrﬁ”’ + '(}/I“'UF: . ghuaFf:)
, 1

1 / L 2 o ’ o ’
— —EE”,_F‘” + ghy Ty — 5_{1‘([},”}1;“ FPEgy, — hy,h" FﬁfF;,}

w Lp v ']‘ L o LV ‘ o AV
TE_\I - FILFFF) + 1”; ‘F‘,‘JUFI- — T\" +df-J(F"(fl J

= L._“j.li(f]',,,, + ghy ) (0" +ie A ) — man)
L0 — 1(‘) h,e O WP — O,h" O h,, + O,h0, " — 1(‘) hot'l
0 = 50uhps0"h dyuh v + O hOLh 5 Ouhd"l

The above Lagrangian is the same as the linear approximation of general
relativity where huv is a weak field. It is only invariant under the infinitesimal local

translation.

1 1
L = 5 Duhyg DW= Dyl Dhy, + DyhD W — S D,hD'l

pu
= [:2; + ghu TE + '7(hm,ff'“’i)"'/:’m('_),,ffm — by, WO hO,h

,0 ,H'l’1

=20y, D 1y O7 R A 20,1, OP I 7R

] L= OMhpe 0V hPT — OMhD” h = 20" WO hy, + OV RO, h + 0" hO b
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Lror = (x)y" (8, + ieAu(2))(x) + ghyu (2)TE — mid(z)(x)

]‘ T L’ g 2 i i I )i
— B P 4 ghy T~ J?(fwhﬂ,_,,aﬂAvamv — hyphye 0P A% A
1 1 .
50l @ W = DIy + DN = OO D+ ghy, T

2
+% (hah ™ "W Dby — ho B B — 20 007
+2h, g ORI O,

Equatipn Héw + f]Hiw + y?Héw —q (Tléf.v + T{}V) _ g‘_)(hMPFngua + h‘pUFHPFUU)
of motion:
HYY = O — " Oh — 9 9,h" — 9", hP + 0" h + 1" 9,0, h*”

HIY = 20,177 01" + 2177 0,0, — 21" 0,07 Oph — 20" 1?7 0,0 h
— 20,h7" Dy h™ — 200,05 h™ — 20" h g PR — 2h g0 DB
4 DO B+ h0,0" b+ 1 0 has0 WP + 1 b0, d° ho
4 WD, I+ WD+ 1 O O o + 1™ B 0,0 oy — TH.

HYY = K70l y0p (W — 1" h) + hap0?h Dy (B — 1 h) + haph® 0P 0,(H" — o h)
— 20, (W hya®” ) + Op(W BT D h) + 1™ 0 (hpaho 507 hP) — PP WP D hs

+ WP hd,h + 207 WP Dyhas — hpeO” P07 — hyed”h™ O . .



Dhﬁ’,’) — "' Ohyy — 0" (")f_,hf";] - d”'()phf[‘,') + 0" hy + r;“”c"),,c’)ghfﬁ} =gl

_—[%w _ rlle _ _l_;b()p ({,{7,&. [’\,"KA,-P]}L.‘) + ”,uu[:% .(]2 = 167G

1zt d=zY . . (-
T (r) = /-m( ‘ oY x —z(7))dr ,[ﬂ?u(.r) =M% (x)

dr dr

The equation is comparable with that for the metric huv in the linear approximation of
general relativity, where huyv = guv — nuv and gpv is the metric tensor of curved

spacetime.
Py = . 0"hy, =0 By = hyp. 20,0 = 0"h
=V2hig) + V?h) = WrGM® (x), ~V (!l((}l[ll) - ;h(n)) = WrGM&® (x),
—V2hihy = V)" + 9 he) = 0. 2 (/sz-,) + %/un’) = 0.

The solutions for the above equations are

1 [GM . 1[G (M. Miix o 1 jam o 1 [GM
'\E_ oy =1 t(f"“f 3 ) ""l:)f>>—§ — o Moy =5\

oV & ‘o) = 4V 7 ] T

00
hm) =



dzFd="

I)m‘ icle = —n ’11/+(h w) 53 T Ir
particl _/(]" J")(leT{

With variational principle, the equation of motion for the particle is expressed as

where

I, = (" + gh* )(0,9hue + Osghy, — Ough,s).

b —

This equation is similar to the geodesic equation in general relativity case.

dr

3GMR 3GMar*R
AP, = — 3 + v | pidr
2Vt + R? 2V r? + R?2

. 3GMR 3GMr*R 4G'M
Py("' - +OO) =P 3 T+ B dr = — I

pY(r = +00) P,(x = +o00) 4GM

v q.
RJ- = (U,rw + gh;m)py where ])V =& dRL = %aﬂ hp(,ppd:’a-

—0C
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2GMR [* 2GMR AGM

dPy = —————p"dx Py(x =+o0) =—p" [ ———dr= P
' Vil 4+ R? ' —oo Va2 + R? i
2 00 l - \/j <(3) . i)l[z
—V h(l) — 5 ])(1) = —l T (7.1‘.[() (X) — —lG )
Z Tor
: TR GM? .
—Vz (hz{) + 3()”]1(1)) =2G ?FJ"I‘".

w 1[G (M GM? ;1[G (M 2GM? . GM?,
,1“) = 5 ,':| ,l_ + ,'—2 3 h(l) - E ; TO' + 2 o+ A €T

With the same method. we obtain

Y 2GMR 6G2M2R 4GP M?2*R
P,(r=4o00) = —p + dx
(4G

= + -
Vit + }?23 Va4 122 Va2 + R?

M TGP
= — 1.
R A

AGM 7w G*M? ) ,
Ao = —p—+ 5 = 175"+ 1.0" x 10"-5

Translation gauge field theory of gravity in Minkowski spacetime, H. Li and P. Wang, Chin. Phys. C
(Accepted). 40



There are some major differences between ours and previous gauge gravity theories :

1)

Our Lagrangian is invariant under the finite translation transformation, while the previous
Lagrangian is invariant under the infinitesimal transformation. As a result, the corresponding
transformation of gravitational field huv in this manuscript is always associated with the derivative.
The transformation of huv itself can be obtained order by order.

Our gravitational field huv has nothing to do with the metric. The metric guv in our Lagrangian is
always nuv. The gravitational field huv is an independent quantity. Due to the translation
invariance of the Lagrangian, one can choose different “gauge” for huyv. While in previous gauge
theories, the gravitational field was proved to be vierbein (tetrad) field and related to the metric.
Based on the local translation invariance, the interactions between hpv and matter fields with spin
0, 1/2 and 1 are obtained. Except the interaction between huv and spin-1/2 field, there exist high-
order interactions. In particular, the interaction between hpv and electromagnetic field Ay is not
locally U(1) invariant. In addition, our Lagrangian for the gravitational field is obtained from the free
Lagrangian for spin-2 field with the requirement of locally translation invariance. The obtained
Lagrangian is also different for previous gauge theories.

We describe gravity in the same frame as that for the other interactions in the standard model. The
result obtained with our Lagrangian is different from that with general relativity. While previous
gauge theories of gravity lead to the so called “new general relativity”, which is teleparallel
equivalent to the Einstein’s general relativity. The “vierbein” approach can be regarded as another
formalism to derive Einstein’s equation.



The action for delocalized meson field in curved space-time is given by

Snonlocal _ CBB¢ f F(a)da/d4$‘ /_g\IJ,Yﬂnrseﬁ:‘Ijau[G(l‘,l’ + a)¢'(5€ + G)]

where Gz, + a) represents Gravitation Wilson line operator and is defined as

r+a
Gr.r+a)= Exp{g[ d="h,, (z)0"}

()0 = [h;w(:v') - éa,ﬁy(x)] %,

§ // \\ // \\ ,/ \\ // \\
-@ o> +
(@) (b) (°)§ g (d) §

s

-~ =~ /\\ ,/\\ \,
// \ / \ \ ) \ ] \ ,
+ / \./
§ ) § (f>§ (@) (h
Zkl/_l_qll

%m[ﬂk +q) — F(k)] »




LO Meson |Nulceon KR Tadpole
Tree KR Tadpole|Buble Total LO
contributions rainbow| rainhbow additional additional
A(0) 1.16 | 0.07 0.41 |—0.08 0.09 0 0 0 1.16+0.5
B(0) 0 0.15 -0.28 0 0.13 0 0 0 0
NLO NLO Tadpole Total
NLO Tadpole NLO Bubble
contributions additional NLO
Coupling
c1 (&) c3 (8] (&) (&1 [&] c9 c3
constants
A(0) 0 0.44 0 0 —1.31 0 0 1021 0 -0.66
B(0) 0 -0.44 0 0 0.65 0 0 [-0.21] 0 0

Total A(0) =1, Total B(0) =0
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Nonlocal behavior is general for all the interactions?
Nonlocal EFT (Nucleon structure, FFs, PDFs)
Nonlocal QED (lepton g-2) , Nonlocal Gravity (Gravitational FFs)
A'(q) ﬁ
|
p P
m |
a
-

aSM = 116591810(43) x 1011
;\”ENAL _ ”ENAL _ ”ﬁM — (230 +69) x 1011 Aay, = ”ENAL-I—BNL _ ”Exl = (251 £59) x 107

aSM = 1159652182.032(720) x 1012

AaP = a®P — ¢5MB — (87 4+ 36) x 10714 AatBB = P _ SMLKB _ (4R 4 30) x 10714

€ € € €
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The local QED Lagrangian is

£ = i) (i) = m) 0() = e ) AL) ) = TF () Fp ()

We start from a “minimum” extension of the standard
model. The nonlocal QED Lagrangian for studying lep-
ton anomalous magnetic moments can be written as

Lo = [ dta[d@)iD - m)(a)
P @Fu @t aR@], ()
where the covariant derivative D, = 3;_., + ieA, (a: +
a)Fj(a). In the above Lagrangian, Fj(a) and F,(a) are
the correlation functions. If they are chosen to be 4 func-
tions, the nonlocal Lagrangian will change back to the

local one. The above Lagrangian is invariant under the
following U(1) gauge transformation

V(@) = Ch(z), Au(z) > Au(e) — ,a'(@), (6)
where

a(z) = /.ddaa'(:r +a)Fy(a). (7)



_ig#p

photon propagator: D, (k) =

Fy*P(0) = —2ie? f j—":{}‘!(’“
;n')' F‘r(k]
2m} + mik? — 2mik - p — 2(k - p)?
k2(k? — 2k - p)2m?

and
o [ d'k 1 ul F2 (k)
L(p) = —ie [ @0 “p—F—mi K F (k)

d'k F2(k) (k- q)*

— 1 :'2 I

_(K* + 2k - p)mi — 3(k - p)?
k2(k% — 2k - p)®m?

(k2 + i) F (k)
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FIG. 3. The /s dependence of the cross section of eTe™ —
pTp~ at leading tree level with 4 and Z exchanges. The
solid line is the SM result. The narrow band is the result of
nonlocal QED with A, =1 TeV and A; > 1 TeV.
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FIG. 4: The calculated discrepancy of lepton anomalous mag-
netic moment Aa?l versus lepton mass m; with A, =1 TeV
and A; = A,. The small figure at the corner is for the result
at small lepton mass.

x 1072 x 1073

.5 rtrr|]+rrrrJ1]rrrrJ]rrrr0r 11 ] 325
- - 3.20
14 1
_ i 4315
F:cjl- 13 :
<1 -
43.10
12 f
: 13.05

I T T TR T TN T [ TN TN T S (TR T T T T T
1.10.5 2 4 6 8 10

A, (TeV)

FIG. 5: The calculated discrepancy of anomalous magnetic
moment Aa?! versus A~. The solid line is for the upper limit
of Aa? with A, = 2A,, (right axis), while the dashed line is

for the lower limit with A, = %‘“— (left axis).

Solution of lepton g—2 anomalies with nonlocal QED, H. Li and P. Wang, J. Phys. G (Accepted).
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£ — /d4aLT) (.L’ | %) I (z, T+ %) (z(ﬂ — m) WY (.L‘ — %) 1 (1'”1; - %) Fi(a)
- e/d4ad4b¢_" (,t' - %) I (.,L €T+ %) Alx +b) ((r — %) I (.1'1 xr— g) Fy(a)Fy(a.b)

— }1 /cl‘i(lF“”(;i')FW(.a: + d)Fy(d)

where the gauge link

Y
I(r,y) =exp (icfd4c/ d="A,(z + c)F3(a. c))

f d*aF, (a) = f d*bFy(a,b) = f dcFy(a,c) = f d*dFy(d) = 1
Y(z) = e FP(x), Au(r) = Au(z) - éﬁpa'(a'},

a(z) = /d"b&'(:r +b)Fy(a.b) = fd“m'{:r + ¢)F3(a,e)
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o fd"‘ﬂu‘_:' (:.'.'—I- ‘—21) e—:'n{:r-r%lf(_r,.r + %) exp (—ir. (—%) fdiclr+*dﬂ3”a’{z OFsa, r]) y
(id — m) e =By (r — %) 1 {:,z - %) exp (ie (—é) fn’"cj;r_i d:="a,a'(z + C}Fa.{ﬂ.ﬂ‘]) Fi(a)

— g tla(z+g)-alr—3)l, fd"ﬂd"iw; (I + %) I (.r,.r + %J Alz + by (.r - %) I (.r. T - %) Fi(a)Fs(a,b)x
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Summary
Nonlocal Lagrangian is constructed by introducing the correlation function and the gauge link.
Correlation function generates the relativistic regulator and the loop integral is convergent.
Gauge link guarantees the locally gauge invariance and generate additional diagrams.
When Lambda goes to infinity, all the formulas are the same as those in the local case.

The nonlocal Lagrangian can be applied to study hadron properties at relatively at large Q2.

EM form factors, strange form factors, light sea quark form factors, octet form factors, gravitational
form factors, unpolarized PDFs, polarized PDFs, GPDs, TMDs ... ...

Without fine-tuning, the agreement between the calculation and experiment is very good.

The nonlocal behaviour could be the general property for all the interactions.

Lepton g-2 anomaly can be explained in nonlocal QED.

Gravity can be described in the same framework as other interactions in SM.
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