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Heavy quarRonlum production near

threshold: a very hot topic

Near threshold heavy vector meson photoproduction at LHC and EicC,
Ya-Ping Xie, V.P. Gongalves, e-Print: 2103.12568 [hep-ph]
QCD Analysis of Near-Threshold Photon-Proton Production of Heavy Quarkonium.
Yuxun Guo, Xiangdong Ji, Yizhuang Liu, e-Print: 2103.11506 [hep-ph]
Trace Anomaly of Proton Mass with Vector Meson Near-Thresholds Photoproductior
Wei Kou, Rong Wang, Xurong Chen e-Print: 2103.10017 [hep-ph] p t p
Nucleon mass radii and distribution: Holographic QCD, Lattice QCD and GlueX data,
Kiminad A. Mamo, Ismail Zahed, e-Print: 2103.03186 [hep-ph]
$\phi$-meson lepto-production near threshold and the strangeness $D$-term,
Yoshitaka Hatta, Mark Strikman e-Print: 2102.12631 [hep-ph]
Proton mass decomposition: naturalness and interpretations,
Xiangdong Ji, e-Print: 2102.07830 [hep-ph]
Extraction of the proton mass radius from the vector meson photoproductions near thresholds,
Rong Wang, Wei Kou, Ya-Ping Xie, Xurong Chen e-Print: 2102.01610 [hep-ph]
The mass radius of the proton,
Dmitri E. Kharzeev, e-Print: 2102.00110 [hep-ph]

— Quantum Anomalous Energy Effects on the Nucleon Mass,

%% Xiangdong Ji, Yizhuang Liu e-Print: 2101.04483 [hep-ph] 2
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The proton mass distribution/mass radius

IS one of focuses

The mass radius of the proton Nucleon mass radii and distribution: Holographic QCD, Lattice QCD and GlueX data
Dmitri E. Kharzeev (Stony Brook U. and RIKEN BNL) (Ja Kiminad A. Mamo (Argonne), Ismail Zahed (SUNY, Stony Brook) (Mar 4, 2021)
e-Print: 2102.00110 [hep-ph] Published in: Phys.Rev.D 103 (2021) 9, 094010 « e-Print: 2103.03186 [hep-ph]

Extraction of the proton mass radius from the vector meson photoproductions near thresholds

Rong Wang (Lanzhou, Inst. Modern Phys. and Beijing, GUCAS), Wei Kou (Lanzhou, Inst. Modern Phys. and Beijing, GUCAS), Ya-Ping Xie (Lanzhou, Inst. Modern
Phys. and Beijing, GUCAS), Xurong Chen (Lanzhou, Inst. Modern Phys. and Beijing, GUCAS and South China Normal U.) (Feb 2, 2021)

Published in: Phys.Rev.D 103 (2021) 9, LO91501 » e-Print: 2102.01610 [hep-ph]

1' 102.01610 m All these are models
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m How rigorous (in QCD) that we can

measure the proton mass distribution?
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This talk focuses on the special kinematics:
large momentum transfer

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

m Light-cone wave functions/distribution amplitudes
m Form factor calculations

m Threshold heavy quarkonium production
m Discussions
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Light-cone Wave Functions

Brodsky-Lepage 1981
m They are building blocks for the hadron structure

1 P+k1

— dx;d’k | |
|P> = 2}; /nz\/a%lwggbn(ﬂ%,kj_z,)\z)‘n . :Ci,kj_i,)\ﬁ =Y : T2 P+ko
" ' \ /! xrx3P+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:

x1 P+Ek1

P = [dndzds (300,2,3) =0

Z xo P+Ek>

gabe
<ty 1) ()il 3) — df, @ty 3)) o) -

P L)1 = / df1]d[2)d[3] ( (kg — ik)PD(1,2,3) + (k5 — ik§)$9(1,2,3))

x3P+ks

abe

€ t t F o =
V6 (“a¢(1>“bT(2)d (3) = day (1) (2 MO el
» h xo P+Eko
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Distribution amplitudes

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

21/ 2 2
2f/d klld K Ld k3¢5(2)(k’L+k L4k )M (1,2,3)

Twist-four (Braun-Frles-Mahnke-Stein 2000)
26 [ d?k, | d%ky) d?ks,
xo M (27r)86
XEug[E¢$@KL23)+Eu$MKLZ3ﬂ.
W6 [ d2ky d?ky, d?ks,
.’IJ3M (271')6
,A\\]ﬁ x%L-F@jﬂxL23)+E¢¢“KLz3ﬂ.
1U/ZDIZ | 8

Uy(xy, 20, 23) = — 5(2)(Eu + kot + Eu)

8P (kyy + Koy + ksy)

@4($2,$1,$3) = —
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Form factor calculations

a o1 Ptk § u Pk 7y Compute the partonic scattering

| E | amplitudes, convert to hadron’s
I . 7 Leading-twist: direct integration of

| Dt vsP ks | k,, higher-twist: need k-expansion

m Two gluon exchanges are needed to generate large
momentum transfer

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

Brodsky-Lepage 1981 for F,
”"}l "" 10/25/21 Belitsky-Ji-Yuan 2002 for F,
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Grawfahona‘ |orm factors:

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

(P'|TH|P) = 2P"P¥ A7 (t)

1 v v 0y vt
+ §(AMA — gt AQ)Cg (t) + 2m? g* C, (1)

< <
- - 4m2 —T
Ag(t) =Cg(t) = ——Cy () Tong-Ma-Yuan, 2103.12047;
dra,Cp . 1 1 Different from Tanaka, PRD 2018
i / da1dy1 6™ (y1)9(71) (Ml ylgl) > May introduce difficulty in the

interpretation, since integral over
A=C ! t is not convergent

Cbar cancels between quarks and gluons  Polyakov-Schweitzer 2018

- o
. = Quark part from GPD quark at large-t reese-Miller 2021

r_”f_'K"i‘I (Hoodbhoy-Ji-Yuan 2003) 10
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Nucleon case

(P',s'|TH|P,s) = Uy (P') [Ag(t)7{upu}
AHFAY — gt A2
+Cy(t) Mg + - } U, (P) ‘ )

m No contribution from three-gluon vertex diagram

u Ag~1/t"2
0l Bg, Cg scale as 1/t"3,Cbarg scales as 1/t"2
47‘(‘205202 Z; + Y;
A= SB(I Iip+ I 1), I = —
312 13 + 412 + 131 + 1392 J i i YiY;
o 4 Tong-Ma-Yuan, 2103.12047
rr’r}l "
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Near threshold production: kinematics

V(ky, €5) /Ky, €p)

i

Photon-J/iy | MH*Y

Part: v
P2
m Two limits
Threshold: x = M‘V”V?M PV S 1, (1-x) a small parameter, Brodsky et
al 2001

Heavy quark limits

pl.kval.kwwj\/[‘%
pg'kaNp2°l{f¢<<M‘2/
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M@V—

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
M,uu — MC|R(O)|
Voo (kY =k ky) (k3 — ko Ky) (R — k- ky)

x (€5 - e, WhY + €5 - EWE + W] | Lo
Wi = —k1 - kyka - kyg"" — Ky - kokDK? terms
+ky - kyky kY + ko - kR kY
Wi" = ki - kyelky + ko - kyeb kY
WE = —ky - ky (ku - kyeel + ky - hye el

cereesd] .I:l +kq - e:bkze‘y‘ + ko - e:‘pkg”ez) .




= S
Couple to the Nucleon

= Additional gluon (k)
exchange to

generate large-t

m Nucleon spin
configurations

Helicity conserved N(p)f\

_ />N<p2>
Helicity-flip ) e \
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Partonic scattering: |

klg kzg
! —— " 5 147 , L1+
4 - ! U(pQ)fy“U(pl)TI'[ 5 ?27 5 ¢1
T > e )
k’lg 3 |—|:> U mrT )2
) 3 (p2)7"U (p1)
b = I
1 -9 b
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Partonic scattering: I

—

—

klg = klg b 8 . .
= = ~ V5 v V5
—S i * - *U(p2)’7pU(p1)Tr[ 5 Py 5 p1"'7p"']
5 0 0 — £
g g = 0Garue)P
2 \J \J 2 \J
— 1 1 —3 1
5 © i i -9 b .

m k, attaches the helicity-down quark line

10/25/21 16



Final amplitude

As = (J/(ew), Nily(es), Ny)
— [ )y (ar, 20, 20)8" (1,030 5
x Uy (), Ut (0) M) (e, €, {@i}, {ui})
M = Ry (2H3 + H'3),
Hs = I13 + I31 + 112 + 132,
[;; = a:ia:qu;lyji:?@i Ry = 278\7%¢J(0)

o ';;I 10/25/21

m Similar structure as
Ag form factor or
GPD Hg contribution
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=
Amplitude squared

As]> = (1= X)GyGpa()Grs(t) 6, -z Bmactline gus,))
P

Gra(t) = 15 [ [dlay)@s ()23 ({y)) [2Hs + s

m Suppressed at the threshold, x> 1

m This behavior is similar to H, 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

——~_a Power behavior of 1/t"4

zsceec? { 10/25/21 18
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Twist-four contribution

Ay = (J/Y(ey), Ni|v(ey), Ny) m Helicity-flip amplitude

= / da][dy] ¥4 ({z}) @3 ({yH) M ({z}, {y}) ™ kt-expansion, similar to
i M F, form factor
XUT(p2)U¢(p1) (_53 ) = There iS no
interference between
twist-3 and twist-4

Ay|? = MGy Gpa(t)Gry(t) w7 = M2/(—t)

Gpa(t) = t% / [dz][dy] U ({z})®% ({y}) Hua m Power behavior~1/t"5

ceceer?) ':;| 10/25/21 19



Differential cross section

da|(_t)>>A2 _ 1 (142 + [ Aa)? m [otal cross section
dt ecp  16m(W2, — Mp)? ~ contributions
1 -
e anr (1= x)N3 + miNy] Smooth to low-t by
replace —t>/\?-
) Parametric

10°

comparison, only
power counting

m Clearly, twist-4

o(yp-J/yp)(nb)

o Twistd dominates near
st threshold
) 4.2 4.4 W(Gg\f) 4.8 5.0 10.4 10.6 10.8 11.OW(1C1;.;V)11.4 11.6 11.8 12.0
—— 10/25/21
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=
Twist-four fit to GlueX data

2.001
|  data |  data
1731 E =10.7GeV
I v GlueX Caoll, 10%1
S
o 1.501 PRL2019
Q fo)
Q c
S 125 =
S =
T T
T 1.00 &
N =
\-‘: b
B 0.75
S
3
0.50 1
10—1.
0.251
0.6 0.8 1.0 1.2 1.4 8.5 9.0 9.5 10.0 10.5 11.0
— —t(GeV?) E,(GeV)
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Comments

m Power behavior for near threshold heavy quarkonium
production at large-t is derived, and the leading
contribution comes from non-zero OAM three-quark state,
scales as 1/t"5

Agree with the GlueX data
Precision data in the future will be able to test different power

m There is no direct connection to the gravitational form
factors

~

rrrrrrr ||||

tttttttttt
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Discussion: construct the gluon operators

m Take the leading contribution of heavy quark mass limit
1l ) J/vkee) 3 Photon-J/y

Part:
My
b1 P2
v M| R(0)] y
y = H = — . . nv . 1.V
Mo = 07 k)03 — ko k) (2 — % Fy) VT k1 ’kai kyg™" — k1 - kaky ks
X [e:‘p 'EWW’:;V 4+ 6:;} . kW}l—jV + Wé“j] , _|—]{;1 . ]g,y]g2 k'7 + k2 . k'ykl kfyb
|—|:> kskg WeBuv WEPH = —kkh g — ki - kag®*g?”
T
e R L TRYRSGoH + Ki kS g
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Connect to gravitational form factors?
kS kP
ky - kyks - ks,
X(N'|F®,(n1) FP (12)|N) . (

A o / d*nyd*nad*kq dtkyetFrmtikamz

m \We have to make approximations: the two gluons in the t-
channel carry the same momentum

kKD
(k1 - ykz - o)

V(ky, €) J/p(ky, €p)

A (TSP

10/25/21 o4



rﬁm ...l J0/25/21 2012 and references therein

S
Discussion: compare to the GPD formalism

8v2rag(My) |, ) Guo-Ji-Liu 2021;
M(5V)8) = MSQ( V)Cb ( ) (taf)(€v '5) See also
GPDs Hatta-Strikman 2021

1 1
T+E—i0 1z —E&+10

66,6 = 5 [ drd@Of@et]  Awo

m Guo-Ji-Liu 2021 argue that this can also apply near the threshold
Very strong argument
m Large-t gluon GPD can be calculated in perturbative QCD

Ji-Hoodbhoy-Yuan 2004, for quark GPDs

ConsistencicUEEsr Earlier references in GPD formalism:

Hoodbhoy 1996; Koempel-Kroll-Metz-Zhou

25
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Taylor expansion of the hard coefficient

G(t, &) = i ! /1 dzx®"F,(z,&,t)
ot £2n—|—2 _1

m Only the leading term corresponds to the gluonic
gravitational form factors

G(t.6) = g (Pl X P (O F(0)|P)

5‘2

1 I | Boussarie-Hatta 2020;
- 2£2(P+)2 <P ‘Tg ‘P> ’ Hatta-Strikman 2021;
- h. Guo-Ji-Liu 2021;

10/25/21 26




What does this approximation mean?

m The leading term is equivalent to: no x-dependence in the
hard part

B 1 1

T 2+E—i0 £ — &40

Az, €)

m \Which means that same momentum for the two gluons

o 7(ky, €9) J/(ky, €5)
.A X k’Y kg < j)_)_
(k1 bk - Koy

10/25/21
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m If the GPD gluon distributions have power behaviors (£2-
x?)?, this approximation is not that bad

Guo-Ji-Liu 2021, Hatta-Strikman 2021, ~20% corrections

Power behavior is supported by evolution at asymptotic scale
(see, review by Markus Diehl and references therein)

m However

There may not be a simple Taylor expansion at high order
perturbative QCD

At low/moderate scale, a power behavior may not be manifest
for the GPD gluon distributions

m Cross section contribution has divergence around ¢=x, the Taylor

':'}I A expansion will be completely wrong
| 10/25/21 08
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An example

=0.4 ..

X
Ji-Hoodbhoy-Yuan PRL2004

r_r’r—r_r\rq\‘m' 10/25/21
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Summary

m There is no direct connection between the near threshold
photoproduction of heavy quarkonium and the gluonic
gravitational form factors

All previous results/claims should be re-evaluated

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

ceceer?) ':;| 10/25/21 30



Back-ups

A
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Vanishing of three-gluon exchange

m Suggested by Brodsky et al, v(ky) 3 T /1) (k)
2001, and widely accepted by = —
exp. and claimed that " kﬁ;g

Two-gluon exchange suppressed ,3 o
by (1-x)2, where three-gluon N(pJf CIR: /)iv,(ﬁ?)
dominates at threshold / .9\

m Due to C-parity conservation, 7
there is no contribution from the e”kelm"Ti‘}TfmT,Sn o db¢
three-gluon exchange

creece?) ';""‘ 10/25/21 32
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Pion: illustrate all major points

A" =/d$1dy1(/5*(y1)¢($1)/\/liy(6y,Ewaxhyl)

11 )
@R {%7‘%’7 } ,

m(p1)
m Take the threshold and heavy quark '&‘O

=
&
Y
000000000
S
~
iri
5
&

000

-
<

mass limits
- 2 2 §)
AT = GuG- (0 (1) 6, - 32 gjorst o
1 ) 1
- Grlt) = =5 / dasdin " (y1)0(a1) ——
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