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Experimental aspects on SRC:
Kinetic variables/ Bjorken scaling/ hard reactions

Deep inelastic scattering (DIS)

N (e,e’) Hardrons: 0.35 < x5 < 0.75

e
Inclusive scattering
A(e,e’)A*: 15<xp<?2
P, Exclusive scattering
A(e,e'N)A—1, A(ee'2N)A—2

p’=(+q)° =M o
2pq = —q* =Q*>0 I
p = (Emiss: pmiss) ~ (xE

Q 3 ;
—_ © Lol —N2Lo (1.0 m)
Xp = o5— SiEin
2Mv o Pty BARREITLy
04 05 0.6 07 08 09 10
Priss (GeV/c)




FLX BEymszxsp
SUN YATSSENUNIVERSITY SCHOOL OF PIYSICS ANDASTRONOMY

Experimental aspects on SRC: exclusive scattering

2C(p.2pn) events from BNL
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Experimental aspects on SRC: exclusive scattering

C(e, ¢’ pp) events from JLab

nucleon-nucleon interaction in the measured momentumrange. The
pie chart on the right illustrates our understanding of the structure of
_ 12C, composed of 80% mean-field nucleons and 20% SRC pairs,
where the latter 1s composed of ~90% n p-SRC pairsand 5% p p and

F>r— | 7 SRC pairs each. Adapted from Subedi et al., 2008.
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Experimental aspects on SRC: exclusive scattering

As a result, we can expand the (e, e’) cross section into - R
ieces due to electrons scattering fr eons in two-, three- 6F 12 li‘:
,..and_more-nucleon SRCs (Frankfurt and Strikman, 1981, He plateau © . " ]
1988; Frankfurt ef al., 1993) 3t ceoeooos . 3
A 0 [ t i } f } T f T T T
o(xp, Q) = ) _a;(A)o;(xs, Q°), (14) e} s ¥
= | . :
2 . S 3 « - * ]
where 6;(xp, Q°) = 0 for xp > j and the {a;(A)} are propor- "= | - 0

i to, the probability of finding a nucleon -nucleon T g4 '...’?" — ..'.‘".. ]
cluster. This is analogous to treating the nuclear structure in 8 [ . ¢
2 ’ 2 SB 197A 1—'—-—
az(A):_O-A(xB QZ) : e e P ] U. = :
A O-d(xB* Q ) 3 - . . ™ ;
L .. ... .

This approximation should be valid for 1,5 < xp <2. 0 F'."Op" . . . . ®eee® | | A .
. . .. 08 1 1214 16 1.8 1 121416 18 2

@ (Plateau) Confirm the validity of < .

expansion (14). _ _ _
Inclusive per nucleon cross-section ratios

® (0, dommanc.e) Higher body correlations of nuclei to deuterium at Q2= 2.7 GeV2.
gj-3 arerelatively small.



Experimental aspects: EMC effect
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SLAC (Gomez ef al., 1994)
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Jefferson Lab (Seely er al., 2009).

&
o
©

R —- dO'A/dO'D

Oge/Op

OanelOp

6 dR/dx measures the EMC effect.

{ E03103 Norm. (1.6%)

% SLAC Norm. (1.2%)

t

{ E03103 Norm. (1.7%)

X SLAC Norm. (1.2%)

{ E03103 Norm. (1.5%)

% SLAC Norm. (2.4%)

0.7 08

1
0.9




FuX Zpmszusp

SUN YAT-SEN UNIVERSITY  SCHOOL OF PHYSICS AND ASTRONOMY

SRC & EMC effect: correlation

04 = 2/ ndf 5.673/5 Ay
- | a -0.07004 + 0.003658
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g [
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T _
0.1F
oF
L1 M M 1
1 2 4 5
a,(AVd)
Frankfurt Egiyan Fomin Weinstein Weinstein
et al. (1993) et al. (2006) et al. (2012) et al. (2011) et al. (2011)
Nucleus as(A) a(A) Excluding the EMC-SRC EMC slope
c.m. motion correction prediction a,(A) (dRgpic/ dx)
Column No. 2 3 4 5 6
*He 1.7£03 1.97 +0.10 2.13+0.04 —0.070 £ 0.029
“He 33+0.5 3.80£0.34 3.60 +£0.10 —0.197 + 0.026
“Be 391 £0.12 4.08 +0.60 —0.243 +0.023
e 50+0.5 475+ 041 4.75+0.16 —-0.292 +0.023
S%Fe(%3Cu) 52+09 5.58 4+ 0.45 5.21+0.20 —0.388 +0.032
197Au 48+0.7 5.16+£0.22 6.19 £ 0.65 —0.409 £ 0.039
EMC-SRC slope 0.079 + 0.006 0.084 +0.004
o(ntp) e —07 1.032 £ 0.004 1.034 +0.004
oy Xp=U.
x> /ndf 0.7688/3 4.895/5
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HF Theoretical aspects: Variational Monte Carlo (VMC) methods

f PhysRevLett98(2007)132501 R. Schiavilla, etﬂ
PhysRevC89(2014)024305 R. B. Wiringa, et al.
PhysRevC96(2017)024326 D. Lonardoni, et al.
PhysRevLett120(2018)122502 D. Lonardoni, et al.

NatPhys17(2021)306—-310 R. Cruz-Torres, et al.j

Hamiltonian Model: Argonne v18 (2N)+ Urbana/lllinois (3N)
vij = Z v (ri5) O!J,

ZV2+ZUIJ+ Z ijk p=1

i<j i<j<k ‘/ljk — ‘Vj;A + 'ij':c + ka
Few/Many-Body methods: VMC
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HF Theoretical aspects: Calculatlon of SRG, MC mt ﬂatlon

C)n -body density: p(x) <‘P| 25 X — X, |l11> R-Space\

- i . 1
Two-body density: P (x,y) = AT (P 8(x —x,)3(y —y;)|¥).
i#]

Two-body pair with relative distance r:

K P21 (r T|Z5 r—r— = /d3RP2(R +r/2,R - r/y

A
ﬁrobability for a nucleon having momentum k: n(k) :%CPlZ(s(k —ki)@
i=1

total momentum of K and a relative momentum k«:

(P 6(K/2+x-k,)  S(K/2—x- kj)|lP>
i#]

na(KK) = 20—

i#]

\ nz,l(x)zfdmnz(lc,,c) _A(A2_1)<w|25(kf-kj-2x)|tp> J
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Theoretical aspects: R-space results
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e AV18+UX

| f AV4+UIX,

- NN- *H - *He
‘He- °Li - Li

- *Be- Be- B

12 18 _ “0g

| h Nv2+3-a®

r(fm)
@ (a-d) Similarities of the different distributions at r < 1 for all values of R, manifesting
the existence of short-distance factorization.

r(fm)

@ (e-f) Scale & scheme (MODEL) dependence on predictions of two-body density &
wave functions (WF), BUT universal factorization of different short-distance WFs.
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Theoretical aspects: Q-space results
[ (n2e(Q. q) + 21,11(Q. 9))dQ] /n, 1" (q)
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Theoretical aspects: contact terms

a r k r k
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i "o AVARUX, e e NLO(12m) a 5[ =+ AV18+UX pn, s=1
g 4r NV2+3la® {_ t = AV4A+UIX,
£osp Jf ; 20 = « N2LO(1.0 fm)
58 2 M* S, *'P*é x 4 - 45l = o N?LO(1.2 fm) }
° T - ‘ 2 & NV2+3-la* .
G L A e 2 ! +3-la %* ;
i pn, s=1 10 * #** L #*
i . -
b | A/*He S ads e 4l

® 15 + He me He me me me ne n’
£ ﬁ- t b pp, s=0
{ 1.0 | e Mﬁ. ++* "# + 15| +
T e | ol i
1] 8: -
pn,s=1 K 3# %
c n
T ar'te | 05 f *ﬂ(}l Tudy e ilf 'I'#
‘g 2 i« " e o " m - .
TLQ d % 3 3 4 6y : 12 16 40
&L #3: #{?: . AN L d _(I]-| He He Li C (6] Ca
pp, $=0 G CH)
H ®He “He 8L e *0 “°Ca

@ (Left) Pair ratio in various nuclei.

@ (Right) Manifestation of tensor force effect
(contacts are divided by A/2 and multiplied by 100).
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Theoretical aspects: SRC & core of nuclear interaction

At the high-Q? kinematics of our measurement, the differential
A(e, e’p) nucleon knockout cross-sections can be approximately fac-

torized as'**
do
dQ,.degdQ, dey

= pNeNGepS(pir €) @

where (. and O, arethescattered electronand knockout protonsolid
angles, k’ (py) and ¢/ (ey) are the final electron (proton) momentum
and energy, 0., is the off-shell electron-proton cross-section™ and
S(p,.€)isthenuclearspectral function that defines the probability for
finding a nucleon in the nucleus with*> momentum p; and energy €.

1
5p(P.€) =5 ) (I8,(ps = P)Sy(ci — OIW)

I

formalism (GCF)** which assumes that at very high momenta, the
nuclear wavefunction canbe described as consisting of an SRC pair and
aresidual A-2system. The abundance of SRC pairsis given by nuclear
contact terms extracted from ab initio many-body calculations of pair
momentum distributions**%,

Therefore, in the GCF, the high-momentum proton spectral function
of equation (1)isapproximated by asum over pp and pn SRC pairs, which
enables the calculation of the cross-sections of (e, €’p) and (e, e'pp)
using different nuclear interaction models as input?,

|LP) = |qJA—2)|ppN)
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@® (a) measured & calculated
(e, e’pp)/(e, e'p) event ratio as
a function of p ;. for carbon,
aluminium, iron and lead.

At high momenta all calculations predict a pp SRC pair fraction of
about 1/3 (Extended Data Fig. 6¢), which is equal to the scalar limit

@ (b) Experimental results vs.
theoretical calculation of 12C
(nucleus independent).
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Theoretical aspects: SRC & core of nuclear interaction, cont’d
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@ As the relative momentum between two nucleons increases, a transition from a spin-dependent
tensor force to a predominantly spin-independent scalar force.

@ The results provide strong support for the use of point-like nucleons with effective interactions
for modelling atomic nuclei and dense astrophysical systems such as neutron stars, the outer

core of which exceeds the nuclear saturation density under current models.
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Summary: the physical pictures

SRC Pair Fraction (%)
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10 50 100 A

1947 — Independent Nucleons 1970 — Independent 3-quark Nucleons

2017 — Mok ucleons

Open Question
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Thank you for your attentions!




