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Gravitational form factors (GFFs)
Physics motivation(s) s
Fundamental properties of hadrons _— i
N(P) N(P’)

Relation to GPDs
Previous work

(Gluon) GFFs on the lattice [Pefkou DH Shanahan 2022]
Pion, nucleon, p meson, A baryon at M,; = 450 MeV

Spatial densities of energy, pressure, shear forces

[cf. talks from Tuesday morning GPD session]


https://arxiv.org/abs/2107.10368

Motivation 1: Gravitational/EMT form factors (GFFs)

= symmetrize e.g. al“b"} = L (a#b” + aVb*
For (symmetric) EMT, T4} = T 4 37 7147} () = symmerize .. alfb) =7 (arb” + )

Gluons Tg{”v} = 2 Tr[G¥HG V%] Quarks T{“ v = = Py HiDVhy D= (D= D)z
Not conserved
GFFs decompose hadronic matrix elements of T, e.g. for nucleon: 2qCq+Cg =0
el , (] i plegvie A, A*AY — gV A? ,
<N(P,S)|T |N(P,S)>—u(29 s') [Agq(£) y PV + B, (1) 3 + Dy 4(t) Y, + Mg*lu(p, s)
u,u = Diracspinors P=(@ +p)/2 A=p —p t=A*
PhySiCS: [Polyakov Schweitzer 2018]
Ay 4(t) ~ momentum of constituents em: 9, Jby =0 (N'|Jb|N) — Q= ;ggggggggg% x 1071°C
, p = 2. BN
— Momentum fraction Aq,4(0) = (x)q g weak: PCAC (N'|J“_|N) — ga = 1.2694(28)
1 gp = 8.06(55)
]Cl,g (t) — E (Aq,g (t) + Bq,g (t)) ~ angU|ar momentum gravity: 0, Tkray =0 (N'|Thav|N) — m = ?38.272013(23) MeV/c?
—>Tota|](0)=% b]:g
D, 4(t) ~ pressure and shear forces b o s e g e T sl

current and ga or gp are strictly speaking defined in terms of transi t ion mat rix ele: ment s in the neutron S-decay or muon-capture.

Total D(O) ”the |ast g|0b8| unknown” The values of the properties are from the particle data book [107] and [108] (for g,) except for the unknown D-term.
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https://arxiv.org/pdf/1805.06596.pdf

Motivation 2: Generalized Parton Distributions (GPDs)

Lattice approaches:

e.g. nucleon

e.g. LaMET/SDF jdx x Hy g (x,6,8) = Ag g (£) + £2D, 4 (£)

e.g. Compton amplitudes

This work: GFFs = lowest Mellin
moments of (unpolarized) GPDs

Experimental access:

Quarks:
JLAB: proton D term extracted from DVCS
[Burkert Elouadrhiri Girod 2018]

Belle: pion GFFs extracted fromy*y -«
[Kumano Song Teryaev 2017]

OT[O

Glue:

Future: gluon GFFs frome.g. J/} and Y
leptoproduction
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dy(t)

fdx X Eqg(x,&,t) = By g(t) —&*Dy 4(t)
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https://arxiv.org/pdf/1805.06596.pdf

Nucleon quark

P rEVi O u S WO r k [ETMC 2020, RQCD 2019 (fig: 2006.08636)] Many results for quarks, few for glue at t # 0
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https://arxiv.org/abs/1001.3620
https://arxiv.org/abs/1908.10706
https://arxiv.org/abs/1812.08256
https://arxiv.org/abs/2006.08636
https://inspirehep.net/literature/756155
https://arxiv.org/abs/1810.04626

Lattice calculation

Ensemble:
323%96 lattice, ML ~ 8.5
Gauge action: Luscher-Weisz
Fermion action: 2+1 Wilson clover
Stout links, tree-level tadpole cq,,
a=0.1167(16) fm
M, = 450(5) MeV
— p, A are stable
2820 configs, = 235 sources/config
Two source/sink smearings

Compute glue GFFs only

Neglect mixing w/ quark GFFs under
renormalization — expected around
few % level < stat uncertainties
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Results: pion [ A0+ 40 =

1

<ﬂ(p’)\T e V}‘ﬂ(p)> = Ag(£) 2PHPY + Dy (1) = (AHAY — ghVA?) + 2M2 ghv

0.6 00 tripole

. 0.0

s ﬂ% % n z-expansion o
é 0.4 %%HH; % g mE ¢ % §§+ = %§§
o { H* V044 +§§§
03 *ﬁ } = #é *
g0 M\LH € -06; } #
o 0.2 = e
if" §° 0.8 /{}

> —1.07 00 tripole

0.0 1 _12- Z-expansion
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Tripole: (Modified) z-expansmn 2(t) = Y tcut—t—y/tcut—to
VEcut—t+/teut—to
G(t) =
G(t) = K 2O 6 = te(X — VI 2 GeV)Z/toy)
k=0 teut = 4'M7%
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Not conserved },, ¢, + C; = 0

Results: nucleon [ A A0 =

AMAV — g.uvAZ j/

uv
+ Dy (t) Ty +c,(0)Mg ]u(p, s)

i p{uav}pAp
2M

(NG, 50| N, 9)) = 7@, 51 [Agm y PV + B, (1)
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Glue vs total monotonicity?

() i PlgVIPA, AFAY — gHv A2
<N @', S’)|Tg“ |N @ S)> =u(p',s’) [Ag(t) Y¥PY + By (£) ——7—+ Dy (£) M + o (OMg* u(p, s)
054 0.01 / P
0.0 - + ® —0.51

C

=2GeV)
&
)]
—@— j
|‘_._|
E
=2GeV)
|
(@)

> 3
2 . \
g {' € _15]
= -15 .
= =
Q = —2.01 q
—2.01 0 tripole a g
s z-expansion 25 q+g
0.00 025 050 075 1.00 125 150 1.75 2.00 0'0 0'5 1'0 1'5 2'0
¢ [GeV?] : : 0 . :
—1 [GeV~]
(Modified) z-expansion: 2(t) = Y tcut—t—/tcut—to
1 2 Vtcut—t+y/teut—to
— k
G(t) = " ay [z(B)] to = teut(1 — I+ (2 GeV)2/teur)
1 — —) k=0
AZ tcut == 4M72C

March 10, 2022 - CPHI - Dan Hackett



In progress

Compute both quark and glue GFFs on a Nucleon

different ensemble ) JI I PRELIMINARY i il
Quantify systematics in glue GFFs due to % i, } 1 Py iis I Z
a # 0, unphysical M., mixing with quark GFFs < E 7z s tsx3iiidfii ;i

Compute total GFFs = non-conserved trace

GFFs cancel ] ]

EZ{ z L 5 % ;ﬁihiiﬂi I}

g

Ensemble [“a091m170”] s YT
Gauge action: Luscher-Weisz
Fermion action: 2+1 Wilson clover, stout links = . A U D
M, = 170 MeV =4k & 'IT?’EI”I“'“ il

T — s )

a = 0.091 fm (from wy) S ] PRELIMINARY
483 X96 0.0 0.5 1.0 15 2.0

—t (GeV?)

p, A unstable = N, m only
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Results: p meson fA<o>~<x>g €. TqAog(0) + Agg(0) = 1

) o , a' pa 1 , Pa’Pa
(0@, 1)1 |0, 1)) = B ', 20 {ZP{ﬂpv} [_ 9% Aoy () + ——— Ay (t)] + 5 (B8 — ghA2) [g“ “ Dyg (6) + ———Di, (t)]
{u ,vH{a'pa} a{u via' a2 _ a'{u avypa a{uavipa' _ 4 uvpapa’
(Polarization vector] / +/,(t) 8P gVHa pal 4 [ (1) (gt gVIe A2 — 2 g% HAVIPY + 2 g@HAVIPY — 4givpap®)
! 1 / — ! ! N
Y Jq(0) +J4(0) = 1 } +M? (29“ hgvie — - goe g”") fa () + g |g*® M? + PEPe ]}Ea(p,/l)
=] = INot conserved, £q fy + fy = 0
> 04+ W)
o 2 1o ol = s
§ 0.3 |u|3|: 0.8 % % % é 0.0 % } +§ , % ; Ezzi Iy %
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https://arxiv.org/pdf/1912.08749.pdf

Results: A baryon / “A(t)” i.e. A(D) ~ (x)g
aa' -9 A® i g AMAV_QMVAZ aa' -9 A* i g
( F,() + oM F(t) )+ Y —g** F;,(t) + oM ()

(A", ENT," |Alp, §)) =

/ AYAY ) | iplkamea,
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+ o (Blrg N 7% — guvpep” — galngVan2) £ (1) — 299 W g MES (6)| ua(p, §)
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https://arxiv.org/abs/2011.00292
https://arxiv.org/abs/2011.00292

Comparison: glue momentum fraction

Tripole and z-expansion A(t) same w/in error
— Little model dependence
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Comparison: glue spin fraction, D terms

Tripole

Modified z-expansion
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Energy, pressure, and shear force densities

Idea:
Fourier transform to get spatial EMT density Ty,,,(r) = FT[ T,,,(4) ]
Identify e.g.: T (r) = €(r)
riri 1
Tij(r) = (r_zj - 351'1') s(r) + 6;p(r)
— Spatial densities of energy €(r), pressure p(r), shear forces s(r)
Complication 1: physical interpretation?

Complication 2: frame dependence
3D Breit frame (BF3): A = 0,P = 0

“Traditional” frame, but recent work questions interpretation as spatial density
[see e.g. Panteleeva Polyakov 2102.10902, Freese Miller 2102.01683, Jaffe
2010.15887, Lorce 2007.05318, Lorce Moutarde Trawinski 1810.09837 etc.]

2D Breit frame (BF2)
Infinite momentum frame (IMF): A-P =0, P, > oo

Different identifications of e(r), p(r), s(r) with GFFs in each
frame

Complication 3: No trace GFFs ~ ¢
See [2107.10368] for details, expressions

L d3Ae—iA‘r » .
T grs(r) = 2Py (h(p,s)| T |M(©',5")) | p_,
d2AJ_e—iAJ_-r

2P0 (27)2

v dzA_Le_iAJ-'r v P,— oo
E?IMF(T):/W<h(p7 s)| T} |h(p/a8/)>}p.zzo

Tzfng2 (T) = <h(p7 8)| Ti'uy |h’(p,1 S,> {PZO


https://arxiv.org/abs/2107.10368

Results: pion densities
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0.20- Tripole Fit
BF3 rzeg(r)
0.15 - 0 BF2rn Sg(fl)
q, g IMF r eg,’(rl)
o E 0.10 4
a ¢
° o =
= 5005
- 2
0.00 A
0.20 1 Z-Expansion Fit
BF3 rzeg(r)
0.15 - 0 BF2rn Sg(fl)
Q- E IMF rleg,’(rl)
> E 0.10 4
O
N 50051
a
0.00 A

0.00 0.25 0.50 0.75 1.00 1.25
r [fm]

March 10, 2022 - CPHI - Dan Hackett

1.50 1.75  2.00

Density [GeV/fm]

Density [GeV/fm]

Pressure

0.15 A

0.10 1

0.05 1

0.00 A

—0.05 -

Tripole Fit
BF3 rng(r)
0 BF2 rupg(ry)
IMF r, pg,’(rJ_)

0.15 A

0.10 1

0.05 1

0.00

—0.05 -

Z-Expansion Fit
BF3 rng(r)
0 BF2 rupg(ry)
IMF r, pg,’(rJ_)

0.00

0.75 1.00 1.25 1.50 1.75  2.00

r [fm]

Shear forces

0.3 1

0.2 1

0.1 1

Density [GeV/fm]

0.0 1

—0.1 A

Tripole Fit
BF3 rzsg(r)
[ BF2r. sg(rl)
IMF r sg,’(rl)

0.3 1

0.2 1

0.1 1

Density [GeV/fm]

0.0 1

—0.1 1

Z-Expansion Fit
BF3 rzsg(r)
[ BF2r sg(rl)
IMF r sg,’(rl)

0.00

0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.0(

r [fm]

16



Results: nucleon densities

Tripole

Z-exp

Density [GeV/fm]
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Results: (partial) p monopole densities
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Results: (partial) A monopole densities
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Summary

Physics:
GFFs encode fundamental, global properties of hadrons
GFFs are a window into GPD physics

Computed nucleon, T GFFs
Experimental results = need lattice results to test against
Future: complete (quark + glue) calculation ongoing

Computed p, A gluon GFFs
First-of-kind results for p, A
No experimental results = need lattice results to test against

Spatial densities (from first principles!)



Sketch of calculation [2107.10368] o s itens
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