Analogy between gravitational and gauge field Wilson
line operators
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B UV arises from the ill-defined nature of the product of two local field operators at the same space-time
point.
B Nonlocal interactions ameliorate the UV aspects of QFT at short distances and small time scales.

E. Di Grezia,Mod.Phys. 6, 201-218 (2009)
L. Buoninfante, Nucl. Phys. B 944,114646 (2019)

B Nonlocal Regularization of UV Divergence

L™ [(x),4 ()] > L [I d*yF(x=y)$(y), ¢ ()]

!

gauge invaricne is violated




B Gauge transformation of scalar field
9'(x) =U(x)p(x)

B Gauge transformation of bilocal operator

' '(y)g'(x) m—) ¢' (U (1)U (x)¢(x)
B Introduction of the Wilson line

P (W (v, x)P(x)

B Gauge transformation of the gauge field Wilson line operator

W '(y,x)=U)W (x, U (x)



B With the help of Wilson line operator, nonlocal operator ¢T (y)W(y, x)¢(x) is gauge invariant.

B Parameterization of Gauge Field Wilson line operator : Solusion of Parallel Transport Equation

aw : : g
[Zf) 5 = —igd, (OWLy(0), 1wy W (v, )= PExpl-ig| d="4,(2)]




B Nonlocal fields

(D(x » i, A) — W(X » U, A)¢(x + a) Nonlocal fields have the same

(D—icd) —a.b auge transformation behaviors
Mx,a, A) = e TV h(x +a)  EVE

B Definition of the gauge Field Wilson operator

W (x,a,4) =" 0e " = Expl-ig[ " dz"4,(2)]



B Gravitational Parallel Transport Equation G. Modanese,Phys.Rev. D49 (1994)

d Ax” H. W. Hamber Phys.Rev.D76,2007
—V*+T"  —V° =0
dt g/
B Gravitational Wilson line operator Not consistent with double copy
u y . correspondence of gauge field
Wﬂ (X, ) =exp [L dzﬂrﬂﬁ (Z)] and gravity

Alternatively, gravitational Wilson line operator is defined in terms of the path length of a massive particle
in curved spacetime.

W(x,X,)= exp(imjy\/—gﬂvy&y& dr) ~ exp(i%jh”V&J&dsj

H. W. Hamber,Nucl.Phys. B435 (1995)
J. S. Dowker,Proc. Phys. Soc. 92 (1967)



O(x,a,A) =W (x,a,h)p(x+a)

b * aV —
Bx,a, A)=e"" e hx+a)~e 2 e P(x+a)

K‘hﬂv

g =n"" —kh” +0 (K‘Z),

n*" —— flat space-time backroud
Weak field ] ,
approximation V=g =1+ EKh +O(x7),
o —gu_K n 40 (k%) p# ——curvaed space-time backroud
a a 2 ai
B Gravitational Wilson a0-Enva0, _ K exta
line operator W(x,a,h)=e ~ e = EXP[_ZL h” (z)dz{ﬂﬁv}]



Nucleon -pion nonlocal PS interaction

L =[5 N7 D, N )= DN @7 NG - NN () + SN (0N ()]

10,7000 7(3) = mE () 7(x) + S (0700~ igN () T AN (),

Nucleon -pion nonlocal PS interaction in the curved space-time

Soontocal — jd 4x\/ — g(x)[é N(x)e* (x)y'V N (x) - % Vv ﬂN (x)e! (x)y“N(x)

—mN(x)N(x)+SmN(x)N(x) |+ j d*x-g(x)[£ 2(") nd,,7(x).0,,7(x)

—m’7(x).(x) +om m(x).m(x)]— zgj d*x j daF (a)\/ —g(X)N(x)Y’W(x,a,h)r.7(x +a)N(x),

Defination of energy—momentum tensor
o 2 0S8

Y K oh""




Energy-momentum tensor for Nucleon-pion PS interaction

T, (x)= g[ﬁm 7,0, N(x) =0, N(x) 7, N(x)] - n,,v[g N(x) 7“8, N(x)

-2 8, N (NG - mN NGO + SmEON() ]+ 26, 72().8,,7()

_ % [a“ 7(x).0 ,7w(x) —m’7(x)gr(x)+om. m(x)gr (X)]

_igj d4aF(a)n[—77W N(x)y.r.x(x+a)N(x)+ %J‘Ol dtN(x)a{ﬂav}ysr.ﬂ(x +a-— at)N(x)]



Definition of Gravitational Form Factors of Nucleon

, _ vuPy . P,0,.4° 4,9, ~ M4
(p'|T,, | p)=T, (p.q)=u(p',m[A(t) " +iB(t) ——"“—+ D(1) +——*

Fmce (¢ u(p,m
> ™ o (On,,, Ju(p,m)

Kinematic variables:

p_(ptD)

5 q=p —p,t=q"=-Q’

Gravitational Form Factos: A(t), B(l‘),D(l‘), E(t)

Gauge Invariance: q, 1" (p,q)=0 ‘ Z El (t) =0
l



Pion one loop correction to the Nucleon self-energy

oo d'k oy (p—k+m)y
) =—i3 5 > 9 (k mi _

Nonlocal regulator
(m2 = A*)
(k* — A* +i0)°

M.J. Musolf Z.Phys.C 61 (1994)
H. Forkel, Phys. Rev. C 50 (1994)

FRk) =

where ﬁ(k) = jd“aF(a)e‘ikﬂ

Mass counterterm and wavefunction renormalization constant

dx(p,m)
ap |, _,

Sm=2(p=m,m), Z~' =1




Loop corrections to the EMT
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(D --matter-gravity coupling vertex



N S
[Mena =u(p)l {“2 - — " (P—m)u(p)

[fen =" omu(p"u(p)

d'k
(27)

7@ -k-m) -0y - (P-k-m)} PR Py p)

. =-3ig'T(p) Dy (p=k)D,(p'~k)D, (k)

d'k

(2 )

LKk —(k k' =m? )™ ] 7s(p—k+m)ys u( p) k) FoK).

Cine =-3ig"a(p)) D, (k)D,(k"\Dy(p—k)



| R . Bigzﬁ(p')j d’ k {77’”7/5(10—k+m)7/5 | 77’”/7/5(}0 _k_l_m)%}ﬁ@(k)u(p)

fig2.e ~—

(27)* ~ D, (k)Dy(p—k) D (K)Dy(p"—k)

o d*k ¢y (p—k+m)y. 11 O ¢l
.  =3io’u(p 5 S| =k = dtF%k + gt
fig2.f lg M(p )j (272_)4 {Dﬂ (k)DN(p —k) [2 akv} IO ( q )]

v —k+myys 1, 0 _
IDﬂ(k)DN(p’—k)[Zk o | defe—qn) ] FRiow(p)

B Conservation of nonlocal EMT

v v uv v wo
qVFﬁgQ.b T quﬁch T quﬁg2.d T quﬁgz.e T quﬁgz.f =0



B [ cading order order Nucleon-pion interactions

S =[] U\ G DI B ey, B —5 N, Beoe e+l BB B

AL B, B N, Bk (0 Bl BB | j d'x|d'af d'IR)

C
2O PRI Y CeHBROW, (x5 x+a@)Dgfoc-+a)+he— 'j‘i j d'x j d'a J’ d'b j LIRQFBFD)
@

=GP0 ¢(5) P9 W, Cox-+aD o+ Hoe x-+B) doc+ D) e x+Dfc I, e x )R fox-+a)] §

Gravitainal Wilson line operator for vector field

W (x, y)zexp{jxy [a‘1Fq) —Z(S;h“ﬁ(zu)dz 8, ~T" (z+1)dz" ]}



B Next-leading order order Nucleon-pion interactions

(1)
SO = dem? j d'x j d*IF ()\J-g(x +1)p(x) p(x) + ¢, m] %ﬁ j d'x j d'a j d'b j d*IF (a)F (b)F (I)yJ-g (x + 1) p(x) p(x)
¢

C(2)
(W (x,x +a)d(x+a)|[W (x,x +b)d(x +b)]' +c, ;’; 2 j d'x j d'a j d'b j d*IF (a)F (b)F(I)yJ-g(x +Dg™ (x +1)g"" (x +1)
M- Jy

3)
| POV, Y, p(x) + YV, 5(x) p(x) | W2, x + @)D g(x + @)W (x,x +b)D,d(x +b)]' +e, ijz [d*x[a‘a[d*b[d‘IF(a)F (b)
¢

2

F(D\=g(x+D)p(x)g" (x+1) p(x) W5, (x, x + @)D, d(x + a)][W)] (x,x + b)Dy(x +b)]'

B Nucleon-gravity nonminmal coupling

non

s = j d*x j d*IF (I)\J-g(x +1) {%8 R(x+1)B(x)B(x)+i %R‘”’ (x+1)| B(x)e" (x +1)y,V,B(x)

— VVE(x)eZ (x+1)y B(x)



B Pion mass depenency of Nucleon mass
om,,

om’
Nex-leading order low-energy coupling constants (LECs) can be fitted to the Lattice data

0 . 2
my=m—4m c, +2(p=m,m) O _y =M _

A. Walker-Loud. Phys.
Rev. D 79 (2009)
S. Aoki Phys. Rev. D

79 (2009)
.[].IU []:1 []:2 []:3 []:4 []:5 []:6 []:7 | 0.0 0:1 0:2 0:3 0:4 0:5 U:ﬁ 0:?
Local Renormalization(EOMS method) Nonlocal Renormalization



Determination of LECs with EOMS renormalization

m(GeV) c1(GeV—1) co(GeV—1) c3(GeV™) o-nMeV) | y?/d.o.f
m = 0.886 + 0.011|¢; = —0.83 £ 0.10|c9 = 3.68 = 0.72|c3 = —2.41 + 0.83]46.358 4+ 0.012| 0.18[6]
m = 0.871+0.005|¢1 = —1.08 +0.04|c9 = 2.94 +0.44|c3 = —4.03 + 0.39|58.383 4+ 0.006|0.037[65]
Determination of LECs 1n nonlocal framework
m(GeV) c1(GeV—H) co(GeV™1) c3(GeV 1) oxn(MeV) |\?/d.of

m = 1.228 £ 0.029

c1 = —0.22 £ 0.02

co = —0.43 £ 0.02

c3 = —0.11£0.07

45.223 £ 0.003

0.18[64]

m = 1.311 £ 0.049

¢1 = —0.12 4 0.04

o = —0.88 4 0.03

cg = —0.2240.13

50.454 £+ 0.003

0.37[{'}:}]

B In the nonlocal case, next-leading order LECs are very small compared to local one.




Q° -dependency of local gravitational form factors 4(0%), B(0*),D(Q*) and angular momentum J(Q?)
compared with lattice data

71 : : : : ~0.20 : : :
0.00 0.05 0.10 0.15 0.20 100 0.05 0.10 0.15 0.20
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O’ -dependency of nonlocal gravitational form factors 4(Q°), B(Q"),D(Q°) and angular momentum .J(Q?)
compared with lattice data

1.2 ] 0.3
1.0} '

%zj E D. C. Hackett,
0.2| Phys. Rev. Lett.
080. : .0.2. , .0.-4.‘:.22.0.6. , .0.8. . .10 132 (2024)

B In the nonlocal case,Q° -dependency of gravitational form factors are in good agreement with lattice
data over momentum transfer region 0<Q’ <IGeV:



B The gravitational and gauge field Wilson line operators are derived from nonlocal field operators 1n an
analogous way.

B With the help of gravitational Wilson line operator , the nonlocal EMT 1s still conserevd.

B In the nonlocal framework, LECs proved to be smaller than their local counterparts.

B Nonlocal renormalization the improves ©°-dependency of gravitational form factors in the large
momentum transfer region.



Thanks !
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