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OUTLINE

1. What are SRCs and why we care about them?

2. Ab initio solutions of the non relativistic many-body problem and
theoretical predictions of SRC’s.

3. The novel picture of nuclei at short range and high momenta:
universality of SRCs in configuration space and factorization of the
nuclear wave function at high momenta.

4. Factorization and the convolution model of nucleon momentum
distributions and spectral functions, the two main quantities which
are necessary to study SRCs.

5. A brief comparison between theory and experiments.

6. Few words about "Nuclear Contacts".
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1 WHAT ARE SRCs AND WHY WE CARE ABOUT THEM?
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e Many properties of nuclei measured at low Q? and generated by
the average and collective motions of point-like nucleons can be

successfully described in terms of the nuclear Mean Field (Shell
Model).

e Nowadays it is possible to investigate nuclei at high Q2, probing
distances of the order of the nucleon radius (~ 1fm), and the
following longstanding questions arise:

1. can we get information on in-medium short-range nucleon dynam-
ics which cannot be obtained by free NN scattering? What is the
role at short inter-nucleon distances of nucleon, meson, quark and
gluon d.o.f.?

2. Is the two-nucleon short-range behavior strongly affected by the
surrounding nucleons?

Answering these questions implies the study of SRCs 1.e. "SRCs" is a
short-hand notation for "in-medium short-range nucleon dynamics".
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2 AB INITIO SOLUTIONS OF THE NUCLEAR
MANY-BODY PROBLEM AND THEORETICAL
PREDICTIONS OF SRCs
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THE STANDARD MODEL OF NUCLEI

QCD = Nuclei- non perturbative regime — too difficult
Many-body systems = single out the leading effective d.o.f.
Effective d.o.f. in Nuclei=> nucleons and gauge bosons.

Reduction of a field theoretical description to an instantaneous
potential description (Schroedinger equation ) => two-body, three-

body,........ ,A-body potentials are generated.
Primakoff,Holstein 1944

. UN (m-2) '
(m-body potential) ~ (—) X (two—body potential)
c

2mN2v2+ZU2Z] + Y 03(i, g k)| Wy = By,

1< 1<g<k

UV, =V,(1...4) i=x;={0;,7,1;} Z'r@-:O
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Theoretical framework: Solve ab initio the standard model with
realistic interactions = compare with experimental data (energy,
form factors, transition matrix elements, etc); if agreement =
OK; if not = look for new d.o.f.

Modern bare two-nucleon interactions (~ 2000 phase shifts)

18

Oo(zj, i) = > v<”><mj>@§? rij = |r; — rj|
n=1
(1) (2) (3)
Oij :1, OZ] :Ui°(7j> 02] :TZ'-T]'
1 5« 6) -
O§j> = (05 - 05)(7 - 75), O§j> = Sij, O§j> = S;iTi - T},

Sij = 3(7ij - 0i)(Tij - 0j) — 0 - 0
e short-range repulsion (common to many systems)

e intermediate- to long-range tensor character(unique to nuclei)
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THE MEAN FIELD APPROXIMATION

1<y i<j<k
|
2 ~
[_QQN > Vi + Y V(’f’z‘)} Do(1,..., A) = €,Po(1,...,A)

Mean-field (shell model) wave function

A
Po(1,2, ..., A) = A | ¢a;(zi) = Popon i > ap, da; = 0
i

Exact correlated wave function
Uo(1,2,..., A) = Copon Popon + Crpin Pipin + Copon Popon + - - -

00
SRC — Z Cnpnhq)npnh

n=1

Claudio Ciofi degli Atti October 13-16 2015, GSI, Germany



VARIOUS ab initio THEORETICAL METHODS

e Direct solution for few-body systems
e Eixpansion in complete set of basis functions

e Introduction of correlations into the mean field wave function by
proper correlation operators

e Variational Monte Carlo (VMC) with Correlated basis functions
(ARGONNE)

e Correlated basis functions and cluster expansion:

\IJO — FCI)O
F=s]]si=s]] Zf (ri5) O
1< 1< _

NO FREE PARAMETERS
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THE RELEVANT QUANTITY: DENSITY MATRICES
Diagonal one-body density matrix (IBDM )(matter distribution):

)(r1) /!‘Ifo (ry,72 . Hdm

Non diagonal (IBDM (One-body density fluctuatzons)

py(r, ) = /‘1’3(7‘1,7“2 ) ) Wo(ry, o Hdrz

Non diagonal 2-body density matrix (2BDM )(two body densﬂ:y fluc-
tuations):

p<2>(r1,r2;r/1,r’2) — /\IJS(rl,rg 1) Yo, 7 ---»"“A)Hd”“z'

Diagonal 2BDM: )
p(2)(r1,72) —/\‘Ifo(m,'rz )l [ drs
1=3
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The relative (rel ) and center-of-mass (CM ) density matrices

=71 —1T9 R:(T1—|—’P2)/2
T T A
pofrR) = [0 R+ 5 R =T g ) T
1=3

pem(R) = / pea)(r, R)dr

pret(r) = [ o). R)R

The relative 2BDM has been calculated by different groups within
different many-body approaches and realistic bare NN interactions.
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3 THE NOVEL PICTURE OF NUCLEI AT SHORT RANGE
AND HIGH MOMENTA: UNIVERSALITY OF SRCs IN
CONFIGURATION SPACE AND FACTORIZATION OF THFE
NUCLEAR WAVE FUNCTION AT HIGH MOMENTA.
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The RELATIVE 2BDM and the CORRELATION HOLE in
FEW-NUCLEON SYSTEMS

Schiavilla et al, Nucl. Phys. A267 (1987) 267
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Fig 2. poir) (Full lines) and p, ..(r) (dash-dot) for A=3 and 4 nuclei. The results oblained with Faddeev

wave function are shown by dashed curves.

Figure 1: The two-body relative distribution in *He and *He (After Ref. [?])
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The 2BDM p(9) in few-nucleon systems in (ST)=(10) and (01) states
Suzuki, Horiuchi, Nucl. Phys. A818, 188 (2009)
Feldmaier, Horiuchi, Neff, Suzuki, Phys. Rev. C84,054013(2011)
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At r < 1.5fm the 2BDM exhibits A-independence and is similar to
the deuteron one

|
UNIVERSALITY of SRC
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The 2BDM ,0<2>(7“) in COMPLEX NUCLEI
Alvioli, CdA, Morita, ArXiv: 0709:3989 (2007)
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At r < 1.5fm the 2BDM exhibits
A-independence and is similar to the
deuteron one in complex nuclei as
well

|
UNIVERSALITY of SRC
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The Correlated 2BDM versus the Mean-Field 2BDM
Pieper, Wiringa, Pandharipande, Phys. Rev. C46 1741 (2000)
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Figure 2: The two body density distribution within realistic and mean-field approaches for *¢O
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SRCs in configuration space: summary

e SRC are characterized by the correlation hole, generated by
the cooperation of the short-range repulsive interaction and the
intermediate-range tensor attraction . The basic features of the
correlation hole are independent of the mass A = universality

of SRC.

e SRC in configuration space can be defined as follows: "They
represent the deviation of realistic many-body ,0(2>(7“) from the

mean-field p)(r) at r < 1.5 — 2fm=t."

e How can we investigate the existence and the properties of the
correlation hole 7 To this end we have to shift to momentum
space. What do we expect? We expect: (i) an increase of nu-
cleon high momentum components, and (ii) peculiar momentum
configurations in the nuclear wave function..
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(i)increase of the high momentum content of the wave function

Mean-field (shell model) wave function
A
Oo(1,2,..., A) = A] [ bas(xi) = Popon @ > ap, ¢, =0
1

Correlated wave function
Uo(L,2, ..., A) = Copon Popon + Crpih Prpin + Copon Popon + - - -

0
SRC = CromnPrpni

n=1

Thus :

SRC populate states (n particle-n hole) with momentum much higher
than the Fermi momentum kp ~ 1.4 fm=!!
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(ii)) SRC generate peculiar wave function configurations

Momentum conservation
A

> F=
1
Consider a nucleon with high momentum £k;

In a mean-field configuration

—

L A ki
ki~ =)k i~ =
2

In a two-nucleon correlation configuration

2

A
ki~ —ky  Ka o= k=0 ke~k Key=-Kq0~0
3

SRC :HIGH relative and LOW CM momenta of a pair.
Frankfurt, Strikman, Phys. Rep. 1988
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THE SPIN-ISOSPIN STRUCTURE OF THE NUCLEAR WAVE
FUNCTION.

Pauli Principle: L+S+T-odd

Shell Model (IPM):

A <4: L —even,(10),(01)
A>4: L —even,(10),(01); L = odd,(00),(11)

SRCSs:

they create states (00) and (11) (L-odd) also in A < 4 nuclei and
change the percentage of (01) in favor of (11) state
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The number of NN pairs in various spin-isospin (ST) states Phys. Rev. C87(2013)034603

5T)
Nucleus (10) | (01) | (00) | (11)
°H 1 - - -
“He IPM 1.50 | 1.50 | - :
SRC (Present work) 1.488 | 1.360 | 0.013| 0.139
SRC (Forest et al, 1996) 1.50 | 1.350 | 0.01 | 0.14
SRC (Feldmeier et al, 2011) || 1.489 | 1.361 | 0.011 | 0.139
He IPM 3 3 - -
SRC (Present work) 2.99 | 257 | 0.01 | 0.43
SRC (Forestet al,1996) 3.02 | 2.5 | 0.01 ]| 047
SRC (Feldmeier et al, 2011) || 2.992 | 2.572 | 0.08 | 0.428
160 IPM 30 30 6 54
SRC (Present work) 29.8 | 275 16.075| 56.7
SRC (Forest et al, 1996) | 30.05 | 28.4 | 6.05 | 55.5
@E IPM 165 165 45 405
SRC (Present work) 165.18 | 159.39 [ 45.10 | 410.34

e NN interaction doesn’t practically affect the state (10) but appreciably re-
duces the state (01) giving rise to a "visible" content of the (11) state; this is
due to a three-body mechanism originating from the tensor force.

21
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THE THREE-BODY MECHANISM

H. Feldemeier, W. Horiuch:, T. Neff, Y. Suzuk:
Phys. Rev. C84, 054003 (2011)
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S=1, T=0, L=0 S=1, T=0, L=2
uncorrelated correlated

IPM: only L=0 (10), (01) states are possible
Correlated particles: tensor interaction in the p-n pair in L=2 can induce a spin flip in the p-p

pair with creation of a state L=1, (11) of the pair.
Three-body etfect.
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ONE-BODY MOMENTUM DISTRIBUTIONS AND SRCs

A
plry,r)) = /‘118(7‘1#2 ) Uy ) | ] dr
1=2
n(k) = /e_ik'(rl_r,ﬁp(rl,r’l)drldr'l

ny(ky) = anﬂ(kl) =
ST

- /dr1 dr et kv (T1=11) > /drng%pNQ("“b"“ﬁ;"“Q)
ST

Alvioli, CdA, Kaptari, Mezzetti, Morita, Phys. Rev. C87 (2013) 709
(arXiv:1211.0134v1|nucl-th])

4th order linked cluster expansion AV8’ NN interaction (Alvioli’s talk)
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The ratio n4(k)/np(k) according to many-body calculations

8 | | | |
7] ——°He (AV18) - --"°0(AV8) -
64 ‘He (AV8)  —-—- *“Ca (AV8) _
o\ i
5- A
i =T
4- Fo PESr
i [ LeETT i
S
24 L . :
14 / i
O"—._/' T ! T ! T T T
0 1 2 31 4 5
K [fm ]

The increase of the ratio with k£ originates from the spin-isospin dependence of
the momentum distributions and from the CM motion of the pair in the

Claudio Ciofi degli Atti

nucleus.
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Neutron rich nuclei: the p and n momentum distributions in “He

ISOSCALAR 3He @O
nP (k) =n" (k) nP (k)= n"(k)
2.5 T T T T T T T T 3.5 T T T T T
Ll n(ng(k)  —— Nk (k) 3.0} — ik —— Nk (k) |

3

£ 15 £ 20!
= < 15|
Q.Co')1_0 ccm . -
1.0t

0.5 i
S 0.5}

0.05=== 0.0

5 0 1 5

F —=— Nk (k) - = - N*"(ky/n (k) ]

AV18

2 .3
K [fm™]

x 25}

(@]

L _._N;(m)(k)/nD(k) — . -

T2 '_15
K [fm ]

A proton 1s correlated with one p-n and one p-p pair; a neutron
with two n-p pair — Tensor dominance in neutron (proton)

distributions in *He (°H) and in neutron-rich nuclei.
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TWO-BODY MOMENTUM DISTRIBUTIONS

1
krey = k=5 (ki—ky) Koy = K=ki+k

1. n(ky, ko) = nlk,e, Kong) = nlkpe, Ko, 0) =

1 . .
~ (27)f / drdr'dRAR' ¢~ K- (B-R) —ik-(r=1") (2) . /. g RN
70

2. n<kT6l7KCM — O)

KC’M = ( = > kQ = —kl,
back-to-back nucleons, like in the deuteron
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SPIN-ISOSPIN DEPENDENCE of n,.(k,.;) in FEW-NUCLEON

H. Feldmaier, W.
10% ¢
10}

rel 3

Ny o (k) [fm]
S © o o B
N w N = o

|
OI
63

UNIVERSALITY:
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SYSTEMS

Horiuchi, T. Neff, Y. Suzuki, Phys. Rev. (2011)

28

(krep) =~ Cynp(k) (in (10) statel!l)
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THE 3D PICTURE OF n(k,.;, Kcag) = n(k,op, Ko, ©)

k rel

®

' VERY IMPORTANT !

o If n(k,.;, Koy, ©) is 6 independent, it means that n(k,..;, Kcof)
= n(k,.;) n(Kcpy) i.e. the relative and CM motions factorize.
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FEW-NUCLEON SYSTEMS
n(ky.;, Kooy, 6) symbols-0© = 902, dashes-0© = 180°, full->H.

— — 10° : — 10°
€ © i LR K =001 <
“.g. E 10'{ - o K =05 “.g. 0°
— —~ _1! N om _ _
10 " v ____Kcm_10
®—. @ AR o ] ®-.
: : ‘ e
x” S A 4
j ; ks ®
= X =
= "1(@)pn P2 c
C 10° . . [an
2O 1 2 3 4 5
10 ‘ : =
O'_| i e - _ in E
I s N pn — =
= 10% n o —
— npn+npp E o
o i = 1
T 402 o n"(Argonne) ] £
E S o n"(Argonne) xQ *
e ] ooy, 3 ~ =~
- 4 R T z g
o 10 S T = X
4 Q C%0a0g,,  Otdy, >~
Zv (C) \| ! e a, ZQ
S 10° A -
c 0 1 2 3 4 5 1
1 -1 - -1
k., [fm"] k_, [fm™] Ko [fm'] k  [fm"]

Alvioli, CdA, Kaptari, Mezzetti, Morita, Scopetta, Phys. Rev. C85(2012)021001
Alvioli, CdA, Morita PRELIMINARY!

Full lines in pn represent  C"np(kyer)nem (Ko

Y
FACTORIZATION at LARGE k,.,- SMALL K., !
P (kper) >> nPP (ko) Acceptable agreement with VMC
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at large values of £,.; and small values of K ,; we have :
WP (Kot K oar) = 07" (kyer, Konr) = O (kre)nenr(Kear)

Factorization will be shown to be a general property of many-body
wave functions at high momenta
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COMPLEX NUCLEI

co'g' 102 S &S 102, ; ‘
= 07 qnga ‘E AN v - 40C8 " Kc.m.=0'0
~ 101 ~ —~ 10" v ° -
? 4 ? ? ] v Kc.m. 0.5 ]
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] € S
(] (6]
X 104 X X 404 MAAas =
X 3 1
s~ 10° = = 00 (@) ‘ ‘
c 2 3 4 5 “c “c 0 1 2 3 4
S S S 102 g '
qg 1001 qg qg --‘\'; — - - npp
= = =0 N\ pn
T 107 T T ) o on
£ ] £ g 10% ) nPP+nP
© I3 by \
<. 107 . X R
@ ] @ ':—_ 104 T~ ~
3 x < | (b) T
p 5 z z 6 =
5= 10 S S~ 10 ; ,
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(")'_| ('3'_| 3 N T n (Y)'_| 102}——\.\.. -t npp
qg Hg 1001 s N 00 npn é 1001 A ~. @ npn
_— e b N —_— k| <3 >
> /%10_23 SN nPPn P > ™ nPP4+nP"
< < SO x 10
z =z ] > ~ P4 E \.\
c e 10% c 10%
E C T~ ] B
10° ( ) : 10° (C) :
0 1 2 3 4 5 0 1 2 3 4 5
-1 -1 -1
krel [fm] krel [fm] kreI [fm]
Alvioli,CdA, Morita, PRELIMINARY!
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THE SPIN-ISOSPIN STRUCTURE OF *C FROM ARGONNE

Wiringa, Schiavilla, Pieper, Carlson, Phys. Rev. C89(2014)

12C(0%) - AV18+UX
10% | | | _
‘L“".l |
103 -. “:I. ]
£ v ST=10 ]
102 Xia « ST=01 -
'x;;-._ = ST=11 )
“/)E\ 10t - XXX;;I. ]
£ 11y

oy AL "y |

\5 AA!H!"V
& 101 - EEITve. -

“ﬂ‘:"v
102 - ataally
1073 -
10— | | | | ]
0 1 2 3 4 5
q (fm?)

As in the case of the one-nucleon momentum distribution the state (S7) = (11) (ODD L) plays
a relevant role in the region 0.5 < ¢ = k¢ < 3.5 fm™!
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The value of Cﬁn in nP" (k... Koy = CﬁnnD(k,,ael)nCM(KCM):

n]jln<k7“el7KC-m-:0>
n]g% <KC.m.:O>nD(kTel>

- —1 _ n
kpet >>Fk ,~2fm™" = = Const = Cﬁ

T T T T T T T T i

~ o CY(Ref.[11]) —=—C" |

G pn (PN
X 10°+ o C¥ (Ref. [11]) o—C} :

] pn
Cg ] —4 C12 ]
4 * 4

> - - CPn
SR ;o
2 | A —x—C |
T 10 ] /A/ \\ﬁ 40 E
cC 1 / K S S S KKK
s/ /N |
T - KA KRk AR TKSESASE k=i
/ oooooooooooogooooooooooooogg

OOOOOOOOUUOOOOOOODOOOUUUUUU(-)O(-JUUUUUUU(-JUOUUUOU

i T T T T T T T T E

0 1 2 3 4 | )
-1
kreI [fm ]

Alvioli,CdA, Morita, PRELIMINARY!
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Moreover, if factorization holds one should have:

Yo L CﬁnnD%r@l)nc.m.(Kc.m.)

fact/exact - nin(krelaKcmam =1

Alvioli,CdA, Morita, PRELIMINARY!
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THE MICROSCOPIC MEANING OF C%"
Number of back-to-back (BB) SRC pn pairs in the Deuteron:

O

an(BB>(k G =15)= zm/ np(k)k*dk ~ 0.04(AVISNN)

% Probability of BB SRC pn pairs in the Deuteron:

Number of BB SRC pn pairs in Nucleus A:

0.0

BB 'y (kyel, Kem. = 0) BB
NEUEB) = 1 5) = 4n / b dka ~ CP'N
k.. Tte.m. (O)
% Probability of BB SRC pn pairs in Nucleus A

PSRCP’FL _ D NSRCpn . npn<k )k2 Itk
BB/ALL NSRCpn ALL = 15 A \"rel) Mpel rel
ALL rel
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THE NUMBER OF SHORT-RANGE BACK-to-BACK CORRELATED pn PAIRS vs THE
TOTAL NUMBER OF CORRELATED pn PAIRS

Number of BB SRC pn pairs NZMBB) = CY'NY
°H “He ‘He 2C 0 “Ca
NPMEBY — .04 | NP"BB) — .08 | NP"PB) — 0,16 | NPPP) — 0.6 | NEIUPB) — 0.8 | NEMPE) — 9

Probability of of (BB) SRC pn pairs with respect to ALL pn pairs

2H 3He ‘He
Now | Nl | Poiars (%) | Npn | Nl | Poiars (%) | Non | Nol | Poiiap (%)
pn(ALLSRC) 1 0.04 100 2 1 0.093 86 4 10.243 66
pn(BBSRC) 0.04 0.080 0.160
12C 160 4OCa
Non | N | Poiars (%) | Non | Nl | Poiiars (%) | Non | Nl | Popiap (%)
pn(ALLSR@ 36 | 2.28 27 64 4.6 17 400 | 24.08 8.5
pn(BBSRC) 0.6 0.8 2

Alvioli,CdA, Morita, PRELIMINARY!
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THE MOMENTUM DISTRIBUTION OF THE C.M. MOTION ON A LINEAR SCALE

35 T T T T T T T T T T T T T T
3.0 -
IR
r.— 254 .
= | - «- °He
Y—
“—, 12
= 20- 3%\ e 20 ]
E 15_- \ — () — 40Ca _
£ 10- \ .
c X
05 —-'—.\.\.\.\XIK\ —
0.0 O.O'O'?'O'O'O'?'O'O‘O'Q‘O‘smw

00 02 04 06 038 1.0 1.2 1.4
-1
Kc_m_ [fm ]

In the deuteron n.,, (K., ) = 6(K.,,.) whereas for complex nuclei n.,, (K.,,) has a finite width
increasing with A, therefore the number of pairs with K.,, # 0 increases with A and,
correspondingly, the number of back-to-back pairs decreases.
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THE BACK-to-BACK and the K., -INTEGRATED MOMENTUM DISTRIBUTIONS

kreI [fm-1]

o nan(krlnel, Kc_m. — O)/ﬂcm(O) X nD<k:7ael) Wheﬂ k?"el > 2 fm_l

¢ n];ln<krel> x np(kper) when k.o > 4fm_1-
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4 FACTORIZATION AND THE NUCLEON SPECTRAL
FUNCTION EMBODYING SRCs
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Momentum conservation in a nucleus A:
ki+ ke — Ko =0 (Kom = —Ka_2), kret = (k1 —k2)/2, ko= —-k; + Kem

We demonstrated that in the region k,¢ > k_;(KCM) factorization occurs:
Kom
npn(Kret, Konr) = nplkrenem(Bonm) = npllks — ——ncm(Eoum)

which means

Koy
wVik) = [ (ks = =Sy (Ko d K =

N * *
where PN(kl, FE% ) is the NUCLEON SPECTRAL FUNCTION

KN
PN ES ) = [ npllky = =Sy (Kow)d Ko x

A—2 A—1 2
X 0 (Ejzl — ki — —KCM] )

QmN(A— 1) A—
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Chigra Benedetta Mezzefit

FF:: .. 1 Points: numerical B
. il N leulation of the spectral
o 10t ET e caicuia p
A ™ ! functions of *He (Ciofi degli Atti, Pace,
- "™, 1  Salmeé, PRC 21 (1980)805) and NM
: %, 1 (Benhar, Fabrocini, Fantoni, Nucl. Phys.
ool o] AB50(1992)201)
S ::Wm " Curves: 2N correlation model
& _r‘* (B) nuciaar B'(k.E)= J.ﬂf kg (k=K 12)n; (K, ]
= matter - 5
o ﬁ,-«-”*-f..h_wl_m slpope_ 47D [ i (4-Dk, |
g [ ] 2M(A-1) (4-2)
J o t% Recently (Massimiliano's talk)
i , A A
o w0 20 a0 so H.::m (kcm) Href (kref)
E (MaV}

] 1 have been calculated by many-
O k=13 @ k=22fm body approach

O k=30 B k=35fm" > no free Eur‘nmeters!!

CdA, Frankfurt, Simula, Strikman, Phys. Rev. C41 (1990);
CdA, Simula Phys. Rev. C53(1996).
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‘He WF factorization: tne spectral function

1P 5 (Kem, ko )|* is the 2-body quantity that the new generation of exclusive
experiments would like to access. For “He, it can be calculated exactly.

Approaching the 2NC region, where |K.,,| << |k,.;|, the dependence upon the angle
# —  gets weaker and weaker:

KCI‘H k'rel
. k = 150 MeVic k_= 350 MeVie k_= 500 MeV/c
3x10 ; ; - : — . .
) K, =10 MeVie 0 ' ' '_ ' L0 K =10 MeVic
I \ "= 2sx10°f K_=10MeVic 1 T 60 o ]
2 =Iotf I : > 5o
% K_ =50 MeV/c 2 2oaf ] 2 50 ]
2 7 2 | s 40 K_ = 50 MeVic ]
= o 15x10°F K =50 MeVic 1 = -
- I, cn I 305 =

"". L ..{ x 2L il =2
5. 1.5x10 K~ 150 MeVic B 1.0 wl #"g al 1
3 . - T lo'p 1 % 5] 1

1.0x10° F . K =150MeVic =3 K_ =150 MeV/c

5.0x10° L . . . L 1 . . . \

0 40 80 120 160 0 20 20 50 160 0 0 20 D30 160
0 [degr] 0 [degr] 0 [degr]
This behavior is the one to be studied in forth-coming experiments, measuring » (| K., |)
and n(|k

= (kret])

E : 21
Shtwonen

August, Sljth 2010 Shortrange correlafions and wave function factorization in light and finite nuclei — p.16/1!

CdA, Kaptari, Morita, Scopetta, Few-Body Systems 50(2011)243
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The high momentum and energy behaviour of the
nucleon spectral function of nuclear matter within
the Brueckner-Bethe-Goldstone approach
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Abstract

The nuclear single-particle spectral function is considered in the region of high momentum
and high removal energy. For these kinematical conditions, far away from the quasi-particle peak.,
the spectral function is expected to be dominated by nucleon-nucleon correlations. It has been
previously argued that the spectral function can be written as a convolution between the two-body
relative momentum distribution and the corresponding centre-of-mass distribution of the correlated
pairs which characterize the structure of the ground state in this energy-momentum region. It is
shown that the convolution model can be microscopically derived from the Brueckner-Bethe-
Goldstone {BBG) expansion. At the same time, this result also allows us to establish a direct
link between the spectral function and the defect function of the BBG theory. From a numerical
comparison with the microscopic spectral function the convolution model tums out to be highly
accurate in the relevant momentum and energy range.
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3. The spectral function of nuclear matter within the BBG theory

In NM the spectral function corresponding to the nucleon self-energy M(k,E) =
V(k.E) +iW(k, E), 15 given by the well-known result [6]

I 1 Wik, E)

PUE) = — I Gk E) = e i am — V(K. E)) e+ Wk E)2 )
where G(k, E) is the single-particle Green function
1
Gk E) = (10)

—E— k2 2m —V(k, E) —iW(k,E)

It has to be noticed that the real, V{k, £), and imaginary parts, Wik, E), of the self-
energy are highly off-shell in the considered energy and momentum ranges. We are
interested in the region where E is much greater than the Fermi energy Eg. For high k
and E, one finds

2

k
E+ o= V(. E).|W(k E)]. (11)

as can be seen from the results shown in Ref. [7], and the spectral function can thus

w2t [ &P .
P{k_E)=“--i'§" Wﬂrelﬂk—%ﬂ]ﬂfﬂ“’}

xﬁ(E— EX — E* — Elm{.ﬂ— 1-)1) ,
m
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Fig. 4. Comparison between the SF oblained from the convolution model {dashed lines) and the one obtained

from BBG theory (diamonds) for different values of the nucleon momentum &.

The convolution structure of P(k, F) results from some general properties of of the many-body
wave function at high momenta, in particular from the factorization property. The convolution
model is the realistic starting point for the production of spectral function for finite nuclei.

See also:

Alvioli, CdA, Kaptari, Mezzetti, Morita Int. J. Mod. Phys. E22(2013)1330021

CdA Physics Report 590 (2015)
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5 A BRIEF COMPARISON BETWEEN THEORY AND
EXPERIMENT
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Momentum distributions and spectral functions are not observable
and the high removal energy and momentum produced by SRCs can
only be extracted from various kinds of observable cross sections
depending upon the full spectrum {V,,} of the Hamiltonian H

> <Oy > [
f

AN

Uy - OK ab initio; ¥y — approximation (FSI); O — approximation
(one- and two-body currents). Nonetheless the transition matrix
elements appear to be under control at high Q? and z Bj > L.

In what follows: a first order comparison between experimental
data and theory based upon the calculated momentum
distributions.
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SRC FRACTION PP/PN[%]

550 55 30 35 40 45
Kk [fm™

15 20 25 3.0 35 40 45
P [fm’]
m

reI

EXP: 1. Korover ¢t al Phys. Rev. Lett. 113 (2014);R. Shneor ¢t o/ Phys. Rev. Lett. 99 (2007);
R. Subedi et al, Science 320(2008);
THE: Alvioli,CdA, Morita, Preliminary

The right Figure represents further evidence of wave function fac-
torization in the SRC region (cancelation of the c.m. momentum
distribution in the numerator and the denominator)
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0 - o — -

‘:9 e K, -integrated PQ = K, integrated f

2 PP = Back-to-Back 2 pn ¢ Back-to-Back !:

o o Finite K__ Range ~ o 4 Finite K__ Range -

% 10- . 210 :

< s ‘o

2 « 1 g . s

o o

® o). 8 : *1le *® -
10 A 100 10 A 100

EXP: R. Hen ¢t al Science 346 (2014)
THE: Alvioli,CdA, Morita, Preliminary

For nuclei with A > 40 see: Colle, Hen, Cosyn, Korover et al, Phys.
Rev. C92 (2015)
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6 FEW WORDS ABOUT "NUCLEAR CONTACTS"
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S.Tan-Ann. Phys. 323 (2008) described the short-range behavior
of a two component Fermi gas in terms of a variable, called "the
contact” , which measures the probability to find two unlike fermions
at short range. The nucleus, even at short range, is different from
a two component Fermi gas. However a "nuclear contact” can also
be defined for atomic nuclei to describe the spin-isospin two-nucleon
states at short range (Weiss, Bazak, Barnea, to appear; see also Or
Hen’s talk ). It is important to stress that the main assumption to

obtain the "contacts” , both in atomic and nuclear systems, 1s the
assumption of WAVE FUNCTION FACTORIZATION

rig— 0 Wo({x}a) — Y dnlxiy) ® Or({x}a_o)
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As we have shown, factorization holds in ab initio nuclear wave
functions for few-nucleon systems and nuclear matter and was used
e.g. to obtain the convolution model of the spectral function in 1996.
SRCs always implies wave function factorization and the quantity
we have introduced

N
CA

can be called, if one likes so, the NUCLEAR CONTACT for
BACK-to-BACK SHORT-RANGE CORRELATED Proton-Neu-
tron PAIRS.
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4. CONCLUSIONS
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e NN SRCs can be calculated ab initio with realistic bare NN in-
teractions. Calculations by different groups seem to converge

e SRCs at ko > 2fm ! and Kem. < 1 fm 1 exhibit several univer-
sal (independent of A) features, in particular: (i) a factorization
of the relative and center-of-mass motions; (ii) a deuteron-like
behavior of the pn pairs; (iii) an appreciable spin-isospin depen-
dence, e.g. tensor dominance around k,..; ~ 2 fm ™!

e The factorization of the nuclear wave function in the region of
SRCs provide the basic justification of the convolution model of
the nucleon momentum distributions and spectral functions

e SRCs and their experimental study may provide fundamental in-
formation on the nature of in-medium dynamics at short range
in nuclei. Calculations with different types of NN interactions
(soft NN bare interaction, chiral potentials, etc) are necessary
and welcome.
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