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Outline

m \What are the gravitational form factors

m Light-cone wave functions/distribution amplitudes
m Form factor calculations at large t
m Implications

Threshold heavy quarkonium production
Mass distributions in coordinate space

m Discussions
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EM vs Gravitational Form Factors

Photon Graviton
q q
P P/ P Pl
EM current Energy-Momentum
current Kobzarev-Okun 1992;
S Pagels 1966; Ji 1997
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Where to study: through GPDs
d Wigner distributions (Belitsky, Ji, Yuan)

W(x,b, ,k,)

5 D Wigner distributions
~ ¢
[d'b, [d’k,

Fourier trf.
\ b’ bT A b& =
3D fz.k) f(x,b,) J H(x,0,t) {
transverse momentum impact parameter $=-A" generalized parton
distributions (TMDs) distributions distributions (GPDs)

exclusive processes

semi-inclusive processes

fdxxn-l ‘
&
A, () +4E A, (D + .

1 D f dllé;\_\\g / fdlb, Lfdx
| N

Jf(x) F (1)
parton densities form factors generalized form
inclusive and semi-inclusive processes elastic scattering factors

lattice calculations
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What do we learn
m My view: one aspect of the parton tomography in
hadrons, because they are part of GPDs
Proton spin sum rule is derived from these form factors
m C-form factors
Pressure, shear force: Polyakov-Schweitzer 2018
Momentum-current gravitation multipoles: Ji-Liu, 2021
m Reconstruct the proton mass
Ji 1996; Ji 2021; Ji-Liu 2021
Hatta-Rajan-Tanaka 2018; 1 B, PHOBy | o (o ARAY — gt

<P/, 3/|T5V(0)|P, 8> i ﬂs(Pl) Aa(t)’}/('upy)

A A
_ [Metz-Pasquini-Rodini 2020 _ :
. r:rr\rl |||| 6/1 3/22 + Ca (t)AgNV
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Form factors at large momentum transfer
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Perturbatively, one can compute the form

factors at large momentum transfer

Lepage-Brodsky 1980
Nycleon wave Efremov-Radyushkin 1980

function

Nucleon wave

Y
~ function
}‘2-
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Light-cone Wave Functions

Lepage-Brodsky 1980
m They are building blocks for the hadron structure

x1 P+ky

_ dx;d%k
P) = /|—|, v i kN c ik, N =
|P) %Z z\/x_i167r3¢n(xz Lis ANt @i, kg, Ag) iy e

x3P+ks

m Fock state of n-partons: momentum fractions, transverse
momenta, helicities

m Can be used to calculate the form factors, GPDs, and
hard exclusive scattering amplitudes, including near
threshold heavy quarkonium production
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Nucleon’s 3-quarks WF

Ji, Ma, Yuan, 2002
m According to the general structure, six independent light-
cone wave functions for three quarks component:

1 P+k1

Pty = [did2ds (5012,9) (=0

xo P+ ko

6abc o
x =l (1) (uf (2)d1.(3) — df (2)ul.(3)) |0) P4\ aypns
V6
[P )12 = /d[l]d[2]d[3] ((ki’—z'kif)z;(3>(1,2,3)+(k§_ikg)¢(4)(1,2’3))
Eabc
5T (el V()]s 3) = dhy (Ve @by 3) 100, L=

xo P+ ko
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Distribution amplitudes

m [ntegrate out the transverse momentum
Twist-three (leading-twist)

d2k’ d2/~c’ al2 =5 =
() = =2v/6 / MmO+ By + B)d0(1,2,3

Twist-four (Braun-Frles-Mahnke-Stein 2000)
V6 [ d%k11d%ks) d2ks,
CUQM (27’(’)6
xkay - [Bud®(1,2,3) + k069(1,2,3)] -
2v6 [ d2ky 1 d2ks d2ks )
SL’3M (27T)6
oy e xE@;[EiiaNLZ3)+Eu¢“KLZ3ﬂ.

r_rr_rf O/ 190144 10

8P (k11 + Koy + ks1)

\1’4(331’ Za, $3) =

8P (k11 + kot + ks1)

@4(302,371,153) =l &=




Form factor calculations

Compute the partonic scattering
amplitudes, convert to hadron’s
Leading-twist: direct integration of
K;, higher-twist: need ki-expansion

m Two gluon exchanges are needed to generate large
momentum transfer

m Helicity-non-flip has power behavior, F~1/t"2
m Helicity-flip amplitude has power behavior, F,~1/t"3

Brodsky-Lepage 1981 for F,
rr/l}l |||| 6/13/22 Belitsky-Ji-Yuan 2002 for F2 11
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A ational form factors:

No much difference, only some surprises
m Pion case > >

(P P =2 PHPY AT

1 v v s vt
+ §(A“A —g" AZ)Cg (t) + 2m? g G (1)

< <
e - 4m2—7r
Ag(t) =Cg(t) = ——C, () Tong-Ma-Yuan, 2103.12047:
dra,Cp . 1 1 Different from Tanaka, PRD 2018
-— /dwldy1¢ (y1)o(21) (xlil y1371) > May introduce difficulty in the

interpretation, since integral over
Ag=Cg!! t is not convergent

Cbar cancels between quarks and gluons  Polyakov-Schweitzer 2018

Freese-Miller 2021
= m Quark part from GPD quark at large-t reese-Miller
ceccer] w (Hoodbhoy-Ji-Yuan 2003)
\|
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m pee——
(P, '|T3 (0)| P, s) = ts (P)

Aq(t)y P Nucleon case

iP(NO-V)PAp APAY — g,Ll,I/A2 — > > > >
+ Ba(t) =5 + Ca(t) n ‘ % B
+ Ca()Ag™ |uy(P), ™
m No contribution from three-gluon vertex diagram

m A~1/102
m B,, C,scale as 1/t"3,Cbar, scales as 1/t"2

A2 a2 C? T; + Y
A= SB(I i o i ] —|—I) I = —
372 s +iz ), T
e ﬂ‘ Tong-Ma-Yuan, 2103.12047
ceeeerd) "l 6/13/22 13
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Important cross checks

m Cbar from quarks and gluon
cancel out

m A, form factors agree with the

GPD calculations at large-t
Hoodbhoy-Ji-Yuan, 2003
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Applications: Threshold photoproduction of
heavy quarkonium



Different methods have been applied

nb

BT L3 ATIPTPeN
‘(':

bebecnssnnmansasnnsdeansans

* Which gravitational form factors < .| GlueX. PRL 2019
contribute F— . .
— VDM: scalar gravitational form
factor, Kharzeev and others

o(yp — Jpp)

.............................
.................
...........
.....

- HO|0graphiC mOdeI and QCD 12?:212ZIIIIIIIIIZEIIIIIIIIIII'".III o %::::: '

analysis: all form factors, maybe EA— -

dominated by C-form factor, o Y| === = Kharzeev etal x 2.3
. L S0 | —— JPAC P;(4440)
Hatta et al’ Jl et al’ Zahed et aI .. ....... / ...... ',' ..... .............. ............ ........... ..... = ik

Y VA : BERY g 29 exch. Brodsky et al
* Two-gluon or three-gluon? L 3g exch. Brodsky et al

8 9 10 £, Gev 20
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Large momentum transfer is relevant

* We can compute both the cross section and the form factors
separately in perturbative QCD, then we can check that if there
is/not a direct connection between the near threshold
production and the gluonic gravitational form factors (and
how)

12 500
g 12 401 % Y
¥ J///// ik
'oan 10+
Y 7 \ | ‘ — WYD

10.5 11.0 11.5 12.0
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Near threshold production: kinematics

(K, &) J/(ky, €4)
i Photon-J/y M@”
Part:
P2
m Two limits -
Threshold: x = M‘éﬂé:? ]’\}?V - 1, (1-x) a small parameter, Brodsky et
al 2001

Heavy quark limits

plknyplkTPNM‘Q/
2 2 . -

J «.\ nyp MV>> ( t)>>AQCD ) ka',pr2kf¢<<M‘2/
ceceer?) ) 6/13/22
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m NRQCD for heavy quarkonium production Bodwin-Braaten-Lepage 1995

m Propagators are of order heavy quark mass, ~1/M,,
m Take transverse polarization for the incoming photon

6Ny (€5 - ey W + 5, - kWY + W |
ky - kyko - k

e Leading

WEY = —k1 - kyky - kyg"” — ki - kokb K % terms

pvo
M¢,ab o

+ky - kykyk? + ko - kykTEE
Wi” = k1 - kyes kb + ko - kyeb k]

WE =~k ko (kv - yerf'e + by - eyl el

rr’r_r_}| .I‘.‘| +kq - G:Uk:d; + ko - G;Zk’sez,) :
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Vanishing of three-gluon exchange

’Y(kv)

m Suggested by Brodsky et al,
2001, and widely accepted by

00000000000

exp. and claimed that . =
1 2 O
Two-gluon exchange suppressed Gl
by (1-x)2, where three-gluon NpJf 9 J )N<p2)
dominates at threshold / 9\

m Due to C-parity conservation,
there is no contribution from the | ¢/*e"™"T{T7 Ty, oc d**
three-gluon exchange

* \| 6/13/22 20



Couple to the Nucleon

m Additional gluon 7(ky) J/P(ky)
exchange to ——
generate large-t

= Nucleon spin k1 k2
configurations

Helicity conserved V(P ) " [ )N (p2)

Helicity-flip

creeee?) | 6/13/22 21
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Partonic scattering: |

g g
T —5 T - 1+ s . L1+
! . o - l U(pQ)nyU(pl)Tr[ 9 p2fy 5
t - t

klg ke g ﬂ:{} I 0 pPY
4 5 3 4 (p2)7 (pl)
! > !

(o, -]

1 - 1
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Partonic scattering: Il
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000000,
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0490010000,

!
T
T

!
T
T

1—*_75 .« o o ch--l—i—’ys
g P27 2

U(p2)~°U (p1)Tx [

o]

ﬂ:> ﬁ(Pz)’YMU(pl)PV

m k; attaches the helicity-down quark line
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Final amplitude

Az = (J/(ey), Nt|v(ey), Ny) m Similar structure as

« 1 A_ form factor or
p— d d @ 9 9 @ b} b} g
/[ 7] [dy] (21, T2, )7 (31, 2 y3)(—t)2 GPD H, contribution

X T (p2) ko Ur(p1) M (4, €, {mi}, {wi})

8e.eq®

v(ky) T/ (ky)

M(3) == 6::0 g 6’7 wj (O) (2H3 —|_ Hl3) N(p1) \ i / N(ps)
27, [3M] e
e o e 1
Hz=Ths+Isn+ Do+ Is2, Lij = 7

ceeece?) ﬂ 6/13/22 24
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Amplitude squared

[ As[* = (1 = X)GyGia(t)Gpa(t) ~eu=imf = =™ 005
8% "
Gra(t) = g5 [ dalldya (s} B5({y}) [2Ha + ]
m Suppressed at the threshold, x> 1

m This behavior is similar to Hy contribution to J/y production

in the GPD formalism with 1-¢ suppression factor

Hoodbhoy 1996, see also, Koempel-Kroll-Metz-Zhou 2012, Guo-Ji-Liu
2021

- H Rower behavior of 1/t*4

ceceoed) { 6/13/22 25
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Twist-four contribution
Ag = (J/P(ey), Ni|v(€y), N) m Helicity-flip amplitude

— [ ldllay v ({25 (s M ((z}, {yy) ® Kt-expansion, similar to
v F, form factor
><i1TCp2)lILCp1)(}_t§3 : ll-T1153r€3i55|1()
- interference between
|Ay|? = MGy Gpa(t)Gyy(t) M7 = M2/(~t)  twist-3 and twist-4

2 (4mauy)? Power behavior~1/t"5
Goa() = B [ladaostvnnne) 2o

122
X {x3P4(x1, T2, 73)T1e ({7}, {y})
+x1Yy (T2, 71, 23)Taw ({7}, {y})}
- 6/13/22
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There is no direct connection to the gluonic
gravitational form factors

m Scattering amplitude m Gluonic Form Factors
Gps(t) = /[dx][dy]q)B(xla$27$3)@§(y1,y2,y3) Ay(t) = /[dw][dy]<1>3(x1,a;2,x3)<I>§(y1,y2,y3)
X [2H3 + Myl X [2A3 + Aj5]
8m2a2(C? 420 (C?
Hs = 372 E(Iis+Isy + [ia+ I32) A= 372 B(I13+I12+131 —I-I32),
Lij = x-x-y-ly-:z-?y- lij = _xﬁyi
) T TiYiTi%;Y:iY;
ceeeer?] | 6/13/22 27
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Discussion: construct the gluon operators

m [ake the leading contribution of heavy quark mass limit

Y(ky, €3) /Ry, €) Photon-J/y
Part:
My
y41
B ol
2 * Y0y, B o2l
M — N»Lpﬁw WT

Tk koko - K

WePH = — kK5 " — ky - kog™gP" J
: +hy k9" + Ky kg™

., 5
reeeesd) "l 6/13/22 28
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Connect to gravitational form factors?
kS ky
ky - kg - k.
X(N'|F®,(m) FPP (119)|N) . (

A o / d*nyd*nad*kyd* kpettr m ke 2

m \We have to make approximations: the two gluons in the t-
channel carry the same momentum
V(ky, €5) J/1h(ky, €p)

al.pB ——
k'y k’Y <Ta,3>
(ky Kok Koy 9

A x
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It is a long stretch to make this connection

Graviton

fV(k’Y’E’)’) J/’Qb(kw,éw)

L c— q

P2
m The QCD dynamics involved in the on-shell photon
(massless) transition to a massive heavy quarkonium
does not allow a simple interpretation

rrrrrrrrrr
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Implication: Mass distribution of hadrons
(F2 term)
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Scalar form factor of Pion
]

o

In the perturbative region:

-0. 02_///’

o0 /

(P’|@F2|P> = —3a2(—t)Cp (11 - 2ﬂ> f2

N
>
O
Q
>
Y2n /b 2 g
x[l—}—Zagn(,uo)L (= )] , € -0.06-
n=1 g
o
g -0.08- — Asy.
o —— Model |
= -010+
o —— Model II |
S , ]
o 012" — Model lll 1
7111I]21Jl‘3lll14lllj57
-t (GeV?)
ceceee?] See also: X. Gao et al, 2206.04084
1 6/13/22 32
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A simple dipole model for A(t) and C(t):
A(O) iy C(O)—-1 A=1GeV

-0.05

Form factor : rps(T)

~0.15] [

-0.202 Pert. region | 1
~0.25]

030" 3

Changes sign around 0.4fm
- See also, lattice simulation:
pe(r) = / A _ix. R He et al, 2101.04942
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Scalar form factor of Nucleon

In the perturbative region:
Gy(t) = | daldy){ra®a(r, 22, 29)G ({2}, {u)

+ 21Y4(72, 21, 73)Go ({2}, {y}) } P3(y1, Y2, Y3)

CEM,
Ho ==

6/13/22
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N:=200MeV

|
o
o
—

(4mas)? [333 ((y1 —y3) T1 + x1y2) T1 — T3
+ %3 (Y33 + 2373) T1 + 23 (yaZa + 2292) (T2 — T»)
+ 23 (y1 — 1) (Ta + Ts) + (y3Z3 + 2373) (Ta + T5)]

Proton gluon trace anomaly(GeV?)
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Simple model for proton
dipole for A(t) and tripole for C(t)

L L L L L L i L L L L To—

4 rsz (r)

Pert. region *

3N . .
isnl?) = / L e TGy m(—A%)

(2m)°

) 6/14/22
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Summary

m Power behavior of the gravitational form factors derived
in perturbative QCD at large momentum transfer

Imply that the scalar field distribution may change sign

m [t is hard to build a direct connection between the near
threshold photoproduction of heavy quarkonium and the
gluonic gravitational form factors

m Looking forward: phenomenological study in terms of the
gluon GPDs is greatly needed

Indirect connection to the gluonic gravitational form factors
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