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Introduction on SRC

» The structure of the atomic nucleus is complex.
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Introduction on SRC

» The 2N-SRC is defined operationally in experiments as having small center-of-mass momentum and
large relative momentum.
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Fig. 3. The average fraction of nucleons in the
[CLAS, Science 346 (2014)] various initial-state configurations of **C.

[CLAS, Nature 578 (2020)] [CLAS, Science 320 (2008)]
[CLAS, PRL 90 (2003)]
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[llustration of a reconstructed two-proton knockout event.
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Introduction on SRC

» The structure of SRCs is largely independent of the surrounding nuclear environment.
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[Y.P.Zhang, Z.H.Ye et.al, PLB 872 (2026)]

[Frankfurt et.al, PRC 48 (1993)] [CLAS, Nature 566 (2019)]

[CLAS, PRL 96 (2006)]

[N.Fomin et.al, PRL 108 (2012)] [S.Li et.al, Nature 609 (2022)]

Observation of a plateau in the cross-section ratio
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The linear relation between EMC and SRC

» 1f we combine the EMC and SRC when considering the partonic structure of nucleon.

EMC Effect

|

20

= 2l

1

SRC Plateau

EMC effect: slope of the ratio dRgpyc/dx (0.35 < x,, < 0.7).

SRC scale factor: ratio in the plateau region a,(4/d) =

>N

[04/04] (1.5 < x,, < 2.0).
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The linear relation between EMC and SRC

* Here comes the important observation.

L | 2/ ndf 0.7688 /3
%Fa

0.4 | a -0.07879+ 0.006376

a,(A/d)
[ Weinstein et.al, PRL 106 (2011)]
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The linear relation between EMC and SRC

* Here comes the important observation.

0.4

2/ndf  0.7688/3
i =1

a -0.07879 + 0.006376

a,(A/d)
[ Weinstein et.al, PRL 106 (2011)]
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[Arrington et.al, PRC 86 (2012)]
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[CLAS, Nature 566 (2019)]

EMC and SRC are strongly linearly correlated 1132




Introduction on SRC

» Progress in Quark Nuclear Physics: » The structure of bound nucleon is different from the free one.

A n
F{ +Z7Z -F +N-F}
1947 - Independent Nucleons 1970 — Independent 3-quark Nucleons

» If we only modify the PDFs of nucleons in SRCs.

workd ff(JC, )= £ (1= Cf;) Xff(xa Q)+ Cﬁ XfiSch(x’ Q)]
TOP10

A
BREAKTHROUGH _|_

[(1=Co) x f1(x.Q) + C3 x f7¥"(x. Q)].
[Denniston et.al., PRL 133 (2024)]

How does the nucleus emerge from QCD?

[Or Hen et.al., Rev. Mod. Phys. 89 (2017)]
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Outline

» Searching SRC by photoproduction of ¢ in BESIII
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The gluons in nucleon

» The existing studies on the relation between EMC and SRC are mainly limited to the quark sector.

How about the gluons?

A proton is made up of three quarks tightly held together by the strong force.
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EMC effect of gluons ?

» Constraining the gluon nPDF through the
production cross section of heavy quark patir.

FIG. 1: Photoproduction of the heavy quark pair c¢
through photon-gluon fusion at leading order.

» The sub-threshold photoproduction of J /.

» Assumed to be sensitive to the gluons bound in SRC.

=

0.100

T otal
s==MF
==SRC

0.010

o(yYA)/A (nb)

0.001

6 7 8 9 10 11 12
E,(GeV)

Fig. 3. Sub-threshold ]/ production in photon-Carbon collisions as a function of
incoming photon energy E,. We have estimated Pyr = 0.84 for the mean field
normalization in Eq. (12).

[Hatta, Strikman, J.X, F.Yuan, PLB 803 (2020)]

» For a free nucleon target, the threshold photon energy
to generate a J /i is E), ~ 8.2 GeV.

» If the nucleon is bound in nucleus, the production of
J /W can occur at lower photon energy.
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Linear gluon EMC-SRC relation

» Utilizing chiral effective field theory analysis. [J.W.Chen et.al, PRL, 119 (2017)]

» A linear relation between the magnitude of the gluon EMC effect and the sub-threshold J /¢
production cross section.

» The Mellin moments of gluon nPDF

(A5 p|OYoHn | A p) = () a(Q)ple - pr).

Oho ki (g N M 00 - P I NTN (146, NTN) +\.. :

(wy)a=Azg) v +(zg) NOn (A, Q%) (A]: (NTN)?:]4).
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Linear gluon EMC-SRC relation

» The gluon nPDF can be divided

ga(z, Q%) /A~ g(x,Q%) + g2(A, A) f,(z,Q%, A).

> Linear relation between |dR5¢/dx| and g, (4, A)

= C(2,Q%) g2(4, A) .

dR<C(x, Q%)
dx

with C(x, Q%) = |d(6(x, Q* A) /o ea(x, Q%)) /dx].
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Linear gluon EMC-SRC relation

» The ratio of g, (A4, A) for different nuclei

gQ(Av A) O-ZUb/A

™/

g2(A",A) — osub A

E~7GeV

» A non-trivial prediction from chiral EFT on gluon nPDF

_ C(.SU, Q2)92 (dv A) (Uzub/A)

(03°/2)

» One can examine the linear relation from the future experimental data.

dRC(x, Q%)
dx

E,~7GeV

Gives a non-trivial prediction on gluon structure
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Linear gluon EMC-SRC relation

» Ultilize the global fits of nPDFs by EPPS21.
[EPPS21, EPJC 82 (2022)]

» Ultilize the global fits of nPDFs by TUJU21.
[TUJU21, PRD 105 (2022)]
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Crucial to test this linear relation by future experimental data
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The jury is till out

» The cross section of sub-threshold production of J /1y

O Difficulties:

€ The cross section is pretty small, predicted from 0.003 ~ 1nb.

€ Lack of experimental data.

observed events. [Bosted et.al, PRC 79 (2009)]

UVA/Z [nb]

100} 4pje 4 12¢ o
I 3 o
T

10} ] e

- o ’,,»"’ Tota
------- Mean-Field

102p T
7 9 10

E, [GeV]

11

Early attempts at E,,~5.7 GeV from a carbon target at Jefferson Laboratory did not yield any

Recent experiment reports on the first measurement below the energy threshold 8.2 GeV.

[Pybus et.al, PRL 134 (2025)]
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How about sub-threshold photoproduction of ¢ ?

[0 Advantages:
€ As a pure sS state, ¢ is an excellent candidate with its narrow width of 4.3 MeV.
€ There have been measurements on near-threshold production (LEPS and CLAS Collaborations).
€ The cross section is relatively much larger, from 10 ~ 300 nb.

@ The e*e™ collision experiment such as BESIII and STCF might be suitable for this measurement.

[C.Z.Yuan et.al, PRL 127 (2021)]  [H.B.Li et.al, CPC 48 (2024)]
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Fig. 3. Cross-sectional view of the beam pipe.

[BESIIIL, Nucl.Instrum.Meth.A 614 (2010)] 21/32



Source of photons from radiative decays of J/y and ¥ (3686)

» Source of photons

Three-body
JJW-onmat+m +y
J/W->K"+K +vy
P(3686) > u" +pu +y
et +e oet+e +y

et+e »mt+m +y Beam pipe
ooty \ .
J/w->n(n) +vy
P(3686) - n(n') +vy /
J/W—op+m
» Provide photons with desired energy range m "

v 1.30~1.57 GeV (Sub-threshold)

v’ 1.57~1.82 GeV (Near-threhold)
22/31



Production of ¢

» Schematic diagram of the beam pipe Yy+N->¢p+N->K'+K +N

_ Yi
) e e > _ Y /
| ; : e R ¢!
N¥E = NI+ Mo,
1.57 GeV

= B(o—+ KK /1 B o ey (By) Lan(E)

1.85 GeV
+ / dE- 0 A on(a-1)(Ey) Leff(E,,)) .
1.57 GeV

Eeff(E’Y) = (pJ/’lf)—}‘/?T?T(E’Y) + p2body(E’Y) + tha.(E’T) Tl'+ T

prmmen (By) ) % / N de

» The predicted signal can reach a dozen
[W.Wang, J.X, X.H.Yang, S.Zhao, Y.T.Zhang, PLB 875 (2026)] 23/31



Fresh opportunities in BESIII

» This proposed study opens fresh opportunities for applications in particle and nuclear physics.

O Opportunities:
@ Testing the contribution of gluon SRC.
€ The strangeness content of the nucleon.

€ Various nuclear, particle, and astrophysics measurements. ..

O For instances:
€ We can prob neutrons without having to detect them in the final state: yn > 7~ p, yn - p~ p.
€ The momentum distribution of proton can be investigated by: yp > n°p, yp - p°p.
€ The quasi-elastic scattering Ap = A p.
€ The quasi-elastic e p and e n scattering.

@ The © N and K N scattering.
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Searching SRC by n N scatterring

» 1 N scattering has been intensively studied with a long history in theory and experiment.

RIS Y R | A | L | AR R | T T
10: Po10° 10° P10t 10° - 10
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» However, the data on m N (bound in nuclei) scattering is limited. /
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Searching SRC by = N scatterring

» This process can be precisely measured at BESIII.

v" The typical cross section is ~10 mb.

v" Tens of thousands of events can be expected.

\ e' v’ Essential complementary information on
/ beryllium.

v First attempt to study SRC by a meson beam.

-y v First experiment investigating nuclear
corrections at BESIII.

@

Coshn j K
@ @ Knocked-out

proton

pion
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Searching SRC by = N scatterring

0.15

» Two straightforward and experimentally
accessible observables.

0.10

Emiss(p) (GCV)
mpy, eff(p) (GeV)

[CLAS, Nature 578 (2020)]

0.00

» The difference in quasielastic cross section S .
between " -bound proton and 7 " -free !
proton scattering.

150F p '
100
50 |

00 05 10 15 20 |

20

o (mb)

[W.Wang, J.X, Y.T.Zhang, X.R.Zhou, ePrint: 2512.12293]

15

y

L 1 1 L L L L 1 L 1 L L 1 L L L L
0.0 0.5 1.0 15 2.0
k

scattering with SRC dominance model
scattering with pure Fermi motion
free elastic scattering
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Searching SRC by = N scatterring

e Effective Number of Nucleons

Due to strong m-N interaction, pions mainly

scatter from nuclear surface, which leads to
Aeff<A.

Aggr < A%42 (for pions) vs Aq¢s =~ A (for electrons)
[Fujii et.al, PRC 64 (2001)]

* Nuclear Transparency & Glauber Effect

SRC prevents
Hadron shadowing SRC enhances transparency by
A preventing nucleon shadowing.
Color transparency further reduces
SRC prevents Color Transparency hadron-nucleon cross section.
shadowing reduces oy

[Das, PRC 107 (2023)]
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Scale Hierarchy in Nuclear Structure

From individual nucleons to heavy nuclei — the role of Short-Range Correlations

Single Nucleon SRC Nucleon Pair 208ph Nucleus

Radius =~ 0.84 fm Internucleon distance = 1.2 fm Radius =~ 5 fm

. h

r= 0.84 fm

The SRC:s are related to nucleon and quark structure of nucleus.

We derive a linear relation of gluons in nucleus similar to the observed quark linear
relation.

We propose to search for SRCs at BESIII in different processes, which offers an

independent test of universal influence of SRCs.
Thanks!



BACK UP



Evidence for the existence of SRC Nuclear density vs EMC effect

e There is much indirect and direct evidence for the
existence of nucleon-nucleon SRCs),.
(i) High-energy (e, e’ pN) and (p,2pN) reactions

show that two-nucleon correlations exist in L L SRS AR A SR :
nuclei, dominate the high-momentum (k > k) 0.30 O -
tail of the nuclear momentum distribution, and — 025 Be ¢ E i
are dominated, at certain nucleon momenta, by o R
np pairs. S 0.20 % ‘He 3
(i) High-energy (e, ') reactions at large values of A 0.15 )
xp (the Bjorken scaling variable) show that all % 0.10 3
nuclei have similar momentum distributions at ' } o :
large momentum, consistent with the direct 005 = E
observation that strongly correlated two-nucleon 0.00 : R PR (I SR
clusters exist in the nuclear ground state. 000 002 004 006 008 0.0
(iii) A consequence of the np-SRC dominance is Scaled Nuclear Density [fm™]
the possible inversion of the kinetic energy
sharing in nuclei with N > Z (i.e., that protons FIG. 23. The slope of the EMC effect for 0.35 < xp < 0.7
might have more kinetic energy than neutrons plotted vs the average nuclear density for various light nuclei as
in neutron-rich nuclei). measured at Jefferson Lab. From Seely et al., 20009.

(iv) This leads to a dynamic model of nuclei where
SRC pairs are temporary large fluctuations in
the local nuclear density.




The EMC effect

» Proton’s inelastic structure function,

FY (. Q°) —xpze P+ (). | .

EIC Yellow Report, NPA 1026 (2022)

The Present and Future of QCD, ePrint:2303.02579

People once believed DIS would give the same result for all nuclei.




The EMC effect

B Q% 50 Gev?
F %
13+ 2
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-
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' SYSTEMATIC
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European Muon Collaboration (EMC)

But, things are not this simple !




The EMC effect

» Soon confirmed by other groups. [CLAS Collaboration, PRD 49, 4348 (1994); NMC Collaboration, NPB
3, 441 (1995)]

» Recent results from CLAS Collaboration. [CLAS Collaboration, Nature 566 (2019)]
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The Linear relation between EMC and SRC

* Support:

» Short Range Correlations and the EMC Effect in Effective Field Theory, Phys.Rev.Lett. 119 (2017):
“The empirical linear relation ... 1s a natural consequence of scale separation and it can be derived using effective
field theory.”

* Suspicion:

» Do short-range correlations cause the nuclear EMC effect in the deuteron? Phys.Rev.Lett. 125 (2021):
“... this analysis does not support the hypothesis that there is a causal connection between nucleons residing in
SRCs and the EMC effect.”

This issue is controversial.




EMC (vertical axis): reduced cross section

» Constraining the gluon nPDF through the production cross section of heavy quark pair.
[Phys.Rev.D 96 (2017)]

O-xcf,red(xv 2)

do rQ*
(dwd@) 2ma?[1 + (1 —y)?]

FIG. 1: Photoproduction of the heavy quark pair cé
through photon-gluon fusion at leading order.




EMC (vertical axis): reduced cross section

O-ila,red (565 QQ)

S—
1+ (1 —y)?]

doy Q4
(d:de2> 2mo?(1 + (1 —y)?]
myz IC,EA(*/B:' Qz) + (1 T y) 26,614(331 Qz)) )
(1)

In the collinear factorization framework, one can ex-
press the charm structure function in terms of the per-
turbative partonic cross section f; /5 and the gluon nPDF

ga-

We utilize the results from global analysis of nPDF's p-
resented by EPPS21 in which the gluon nPDFs g4 (z, Q%)
can be expressed as the product of a factor Rgl and the
gluon PDF in a free proton [25]

1 ga(z, Q*) = ARG (z,Q*)g(x,Q%) . (3)
Ffi(g;, Q%) = / d_ng(Z, 8) fl(g, Q?), The specific expression for {%‘94 can be found in [20].
TZ z We defined the factor R to quantitatively assess the
L ds nuclear modification as the ratio below

Fa@) = [ Ziaeonte). o

ct Uff,red (:E’ Qz)
fL09) = 2og @0

(4)



EMC (vertical axis): reduced cross section

» The gluon nPDF can be parameterized
through the gluon PDF 1n a free proton

[Eur.Phys.J.C 82 (2022)]

ga(z,Q%) = AR} (z,Q%)g(x,Q?) .
» Define the nuclear modification

. O-xcélé,fred ($, Q2)
AO—]C\?,red (':U7 QQ) .

Ry (2,Q%)
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EMC (vertical axis): reduced cross section

> Quantify the strength of the gluon EMC effect for nucleus A by the slope of R§, i.e.,|dR5¢ /dx|.

P
Nucleus |dRS /dx| Ciw 2l (AT
*He 0.152 +£0.013| 6.82+0.13  3.31 +£0.06
‘He 0.555 +0.046 | 11.524+0.32 11.35+0.14
"Be 0.659 £ 0.053 | 12.51 +0.38 13.49 + 0.07
12C 0.699 + 0.056 | 14.37 £0.54 14.37 £+ 0.54
2TAl 0.828 +0.065| 15.46 £0.58 17.23 +0.23
*OFe 0.961 & 0.075| 15.36 = 0.70  20.09 4 0.42
97 Au 1.241 +0.097| 16.51 £0.70  26.13 £ 0.82

g




SRC (horizontal axis): sub-threshold J /Y production

> For a free nucleon target, the threshold photon energy to generate a J /i is E,, ~ 8.2 GeV.

» If the nucleon is bound in nucleus, the production of / /3 can occur at lower photon energy.

[Phys.Lett.B 498 (2001)]

0.100 }

o(yA)/A (nb)

0.010 }

0.001 |

E, (GeV)

Fig. 3. Sub-threshold J/v production in photon-Carbon collisions as a function of

incoming photon energy E,. We have estimated Pyr = 0.84 for the mean field
normalization in Eq. (12).

[Phys. Lett. B 803 (2020)]



Linear gluon EMC-SRC relation

» Making use of the SRC scaling factor a,. [Nature 566 (2019); Phys.Rev.C 85 (2012)]

» It is likely that a, is roughly equals to g,(4)/g,(d) if the gluon nPDF is affected by the
SRCs in about the same way as quarks.

Strategy Il

» Making use of the parameterization in EPPS21

gg(A,A) B R?(JL’,Qz) — 1
go (A A) RN (2,Q%) — 1




Linear gluon EMC-SRC relation

» The cross sections (picobarn) per nucleon for sub-threshold J /1y production.

s ~
Nucleus |[dRS /dx] (2P AN (YA
SHe 0.152+0.013 | 6.824+0.13 | | 3.31 £ 0.06
‘He 0.555 4+ 0.046 |11.52+0.32] {11.35 £ 0.14
"Be 0.659 £+ 0.053 |12.51 +£0.38 | {13.49 £+ 0.07
12C 0.699 4+ 0.056 [14.37 £0.54 | 114.37 + 0.54
*TAl 0.828 £ 0.065 | 15.46 +0.58 | §17.23 & 0.23
"CFe 0.961 £ 0.075 |15.36 = 0.70 | {20.09 £ 0.42
97 Ay 1.241 +0.097 |16.51 £0.70 | 126.13 & 0.82




Opportunities in BESIII

» This proposed study opens fresh opportunities for applications in particle and nuclear physics.

O Opportunities:
@ Testing the contribution of gluon SRC.
€ Study the ¢ — N bound state.
€ The strangeness content of the nucleon.
@ Quasi-clastic e™ N scattering.

€ Various nuclear, particle, and astrophysics measurements. ..

O Difficulties:
€ BEPC is not specifically built for this kind of process. [Phys.Rev.Lett. 127 (2021) 1, 012003]
€ The cross section may still not be large enough (10 ~ 300 nb). [Phys.Rev.Lett. 130 (2023) 25, 251902]
€ The kinds of target nuclei that can be studied are limited (Be and C).

» But still worth trying, because the rewards are substantial !



n- oy (Ipl) p| < kr
pp(|pl) = - (3)

57 ~a2(Be/d) - pa(lpl),  Ip| > kp

d>p

Fbound(k]) = [ G (VI pp(lp) . (2

here ofee(1/S) is the free cross section with

Vs=m3a +mi + E2 — Fnis(2my + 2E;) 4+ 2my Ex
~[p|* — 2[k][p] cos 0.

0, p| < kp

Emiss(lpD = ’ (1)
0.446 |p| — 0.098,  |p| > kr




TABLE I: The energy distribution of photon numbers p(£.) for various processes.

£y PBha. Prryisr PI/p—symm Pajp—pr | Pa/w—oyn | Pi/v—yn’ | Py(3686)—yn | Py(3686)—yn’
1.30GeV || 5.50 x 107 | 8.01 x 10" 1.11 x 10° | 5.02 x 10° 0 0 0 0
1.35GeV || 5.25 x 107 | 8.96 x 10* 1.91 x 10° | 4.67 x 10° 0 0 0 0
1.40GeV || 4.80 x 107 | 1.03 x 10° 8.50 x 10° | 4.19 x 10° 0 5.28 x 107 0 0
1.45GeV || 4.64 x 10" | 1.16 x 10° 1.87 x 10° 2.22 x 10° 0 0 0 0
1.50GeV || 4.68 x 107 | 1.28 x 10° 5.60 x 10* | 2.37 x 10°> | 1.09 x 10° 0 0 0
1.55GeV || 4.22 x 10" | 1.44 x 10° 3.97 x 10* | 3.17 x 10° 0 0 0 0
1.60GeV || 4.08 x 10" | 1.91 x 10° 0 0 0 0 0 0
1.65GeV || 3.83x 107 | 3.17 x 10° 0 0 0 0 0 0
1.70GeV || 3.49 x 10" | 5.96 x 10° 0 0 0 0 0 2.23 x 10°
1.75GeV || 3.27 x 107 | 1.59 x 10° 0 0 0 0 0 1.18 x 10°
1.80GeV || 2.88 x 10" | 1.04 x 10” 0 0 0 0 2.48 x 10° 0
1.85GeV || 1.99 x 10" | 3.36 x 10° 0 0 0 0 0 0




Fresh opportunities in BESIII

» This proposed study opens fresh opportunities for applications in particle and nuclear physics.

O Opportunities:
@ Testing the contribution of gluon SRC.
€ Study the ¢ — N bound state.
€ The strangeness content of the nucleon.
@ Quasi-clastic e™ N scattering.

€ Various nuclear, particle, and astrophysics measurements. ..

O For instances:
€ We can prob neutrons without having to detect them in the final state: y n > 7w~ p, yn - p~ p.
€ The momentum distribution of proton can be investigated by: yp > n°p, yp - p°p.

€ The cross section is relatively much larger, about 300 pb.
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