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0. Experimental Evidence for Correlations - I

Modern picture of nuclei: independent particle model breakdown

Double coincidence A(e, 'p) X measurements:

predictions based on independent—
particle (mean field) model
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0. Mean Field vs Correlated A(e, e'p)X

Mean Field picture:

— k1 +ky_1=0 —

Two-Body Correlations picture:

— ki +kot+ky_1=0 —
klﬁ—kg
U

back-to-back nucleons
Ciofi, Stmula, Frankfurt, Strikman PRC44 (1991)
Ciofi, Stmula PRC53 (1996)
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0. Experimental Evidence for Correlations - 11

Triple coincidence A(e, e'pp)X and A(e, €'pn) X measurements:

A(e,e’)pN)X reaction @)
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k‘ = = scattered
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knocked-out

Vs proton
correlated Subedi et al.
M. Alvioli partner  ; scjence 320 (2008) 1476 INT 2014

N




0. Experimental Evidence for Correlations - 111

small center of mass momentum, large relative momentum,
strong back to back correlation strong pn dominance
Y Y
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cCosy s |
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A(p, 2p) BNL experiment | K [fm]
Tang et al., PRLY0 (2003) interpreted as tensor correlations
and theoretical predictions Wiringa et al. PRC46 (1999)
Ciofi, Simula PRC53 (1996) Alvioli et al., PRC72 (2005)
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0. Experimental Evidence for Correlations - 11
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A(p, ppn)X measurements for different beam momenta:

® Dy neutron momentum

e 7. n angle relative to the
struck proton direction

e no correlation below
Fermi momentum

e back-to-back correlation
above Fermi momentum

data interpreted within the Two-Nucleon Correlation convolution model
Piasetzky, Sargsian, Frankfurt, Strikman, Watson PRL97 (2006)

data from:

Aclander et al., PLB453 (1999); Tang et al., PRL90 (2003)
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( 0. Experimental Evidence for Correlations - 111

. Single nucleons

B, HEnn

k M. Alvioli

pP-p

e combined results of experiments
on 12C' show that independent par-
ticle model accounts only for 80%
of the nucleons

e 20% of the nucleons are corre-
lated; we call these configurations

Short Range Correlations (SRC)

e 18% of the nucleons are in a
proton — neutron SRC pair!

e theoretical calculations suggest the
similar ratios using tensor (spin
and isospin dependent) correla-
tions!
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4 0. why universality of NN Short Range Correlations? A

Observations:

e inclusive A(e, /)X measurements on several targets reveals relative to > He
show separate plateaux: 1.0 <z < 2 and x > 2

o °Cle,e/pN)X and C(p,2p)X reveals SRCs with strong dominance of
pn tensor correlations relative to pp;:

Forthcoming experiments for the investigation of SRCs:

e investigation of pp vs. pn SRCs with *He target
e investigation of pp vs. pn SRCs with *'Ca and *¥Ca targets
e planning of three-nucleon emission experiments for 3B correlations search

Hypotheses and models to be tested:
e quantifying 2B SRCs (i.e. region of 2N’s balancing momenta)

e quantifying 3B SRCs (i.e. region of 3N’s balancing momenta)

e update of TNC convolution model (2N motion factorization in WFs)

M. Alvioli 9 INT 2014
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0. Nuclear Hamiltonian

e The non-relativistic nuclear many-body problem:

) A h? o 1 )
HU, = E,V,, H:—%Zvi+§zvlj+.,.
[/

L]

e Fract ground-state wave functions obtained by various methods are avail-
able for light nucler (A < 12);

—> calculations will be shown using 2H. 3He, *He WFs:

e Variational wave functions of nuclei can be obtained with approximated
methods; usually difficult to use/generalize
—> we developed an easy-to-use cluster expansion technique for the cal-
culation of basic quantities of medium-heavy nuclei, 12C, 100, *0Cq;

e An MC generator for large nuclei such as 197 Ay and 2" Pb to be used
for the initialization heavy-ion collisions simulations has been developed
http://http://users.phys.psu.edu/"malvioli/eventgenerator/

M. Alvioli 10 INT 2014

J




0. Calculation of basic quantities

e one- and two-body densities:

PN r1,"“1 - Zéndrj OT (T, @ A)pN‘I’%(iBi»mZ»"-»mA)

2 A A
péjzf(rl,rg;r’l,ré) — XH drjklfﬂ(wl,...,wA) PpPN\If%(w'l,w’Q,wg,...,wA)

e one- and two-body momentum distributions:

| _ki-(ri—7'
ny(k1) = (27_‘_)3/d7"1d7°/16 k(T rl)pN(rl,r’l)

2 1 k(P =1 —Keor(Po—1"
néjzf(klka) = (2ﬂ)6/dr1dr/1dr2dr/26 1(T1=T) =R (T2=T)
2)

M. Alvioli 11 INT 2014
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: 0. Two-Body Momentum Distributions
kmlzk:%(kl—kg) r =17 —1T9 r =7 -7
Koy =K=ki+k  R=(r+m) R = (rj+r)

we have
n(k, K) = (2717)6 / drdr' dRAR ¢ K (B-R) —ik(r—1") ). /. B R)
and
n(k) = / dK n(k, K) = (2;3 / drdr'dRe "R T=7) 2 ' R R)
1

n(K) = / dkn(k, K) = / drdRIR ¢ EK(B-R) ). . R R/)

(2m)?

K s = 0 corresponds to kg = —kq, 1.e. back-to-back nucleons

M. Alvioli 12 INT 2014
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0. Using Realistic WF's of large nuclei: Cluster Expansion

e Cluster Expansion is a technique to reduce the Computatlonal effort n

many many-body calculations; we use: U, = F®, = HZJ Zn i CIDO

e Eixpectation value over ¥, of any one- or two-body operator Q
W0IY)  (FIQF)  (q1AQH  (QII0+n)
(Wo|Wo) (F2) (I1 /2 AL +79)
QU+ A+ ant..)) Q)+
(rsntomt ) 1+

)
= @+ QYD (1= Q0 +) =@+ @Y i

¢ (1)) = ([fz — 1}) — is the small expansion parameter; <Q> = (@0\69]@0)

e we end up with linked clusters; up to 4 particles needed for 2B density, in-
volving up to the square of the correlation operators f = » ) fn(r;;)On(ij)

M. Alvioli 13 Pavia 11/2011
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e at first order of the n—expansion, the full correlated one-body mixed
density matrix expression is as follows:

pW(r1rl) = o (r1,wh) + ol (17 + 0

)(Tlv 7“1)
with
b vt = [ dra [Hofrieiri) s, ) pulra) = Hetria,ras) o0 ey o) s,
Py (r1,7}) = —/dmd"“wgl)("“la"“z) [HD(?“%)PED(T%Ti)ﬂo('fs) - HE(Tzs)Pf)l)("“za"“3)Pgl)(7°3,7“'1)]

and the functions Hp and Hp are defined as:

1.1
Hpp)(rij.rri) = Z FP i) £ () Eg(bﬂ))("“warkz) C&g)(?“@'jﬂ“kz)
p,q=1
with Cgé%(n 7 r.7) proper functions arising from spin-isospin traces;

(Alvioli, Ciofi degli Atti, Morita, PRC72 (2005))

M. Alvioli 14 Pavia 11/2011
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e at first order of the n—expansion, the full correlated two-body mixed
density matrix expression is as follows:

p(2)<’l"1,’l°2;’l°/1,’r‘/2) - ,0(8213/1(7"1,7"2;?"/1,?"/2) + p(2213(’l“177"2;’r/1,7“l2) + pé?("“la"“%?“’h"“/z) + ,05&3(7“1,7“2;7“/1,7“/2)
with:
P(s212/1("°17"°2;7°/1,"°/2) = Cp po(T1,71) po(r2,75) — CE po(T1,75) polr2, T7)
2 L. 1.
ﬂél:3<7°177“257“/1»7“’2) - 577(7“1277”1’2')%("“1,"“/1)ﬂo("“za"“'ﬁ - 577(7’12;?1'2') Po(ﬁf’z) Po("“2,"°/1)

2 ~
P (ry, mos ), ) = / drs (r1s, 71s) [ po(r1, 7)) po(ra, ) >po<r3,r3> +

po(’l“Q, r3

=~ —

(2) R Y AN
P4b("°177°277°1a"°2) =

.Zl

PeC

(Alvioli, Ciofi degli Atti, Morita, PRC72 (2005))
(Alvioli, Ciofi degli Atti, Morita, PRL100 (2008))

/drgdr4 n(rsy) -
)77

,00<7“1, "“731/) Po(’l“z, "“732/) Po("“?n "“793) Po("“4, "“794) ]

M. Alvioli 15 Pavia 11/2011
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two-body, diagonal
p(r1,r9) diagrams —»

M. Alvioli

one-body, non-diagonal
— plry, 7)) diagrams
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1. Correlations signatures in coordinate space densities
e realistic relative two-body den81ty o(r f dR p! (r =7 — 712, R= (r) +7)/2)
1 ' ‘ T
s 08
E
= 06 <
zoo' <
0.2
0 =— _ 7 . . B
0 1 2 3 r[fm 4
r [fm]
Feldmeier et al, Forest et al, Alvioli et al, Phys. Rev. C72 (2005);
Phys. Rev. C84, (2011) 054003 Phys. Rev. C54 (1996) 646 PRL100 (2008); IJMPE22 (2013)
o MC generator to mclude correlations in heavy nuclei
0.74 20— —————————— 14 : : ; ;
0.61 a:'fl.u ----Mean Field | 1.75-"“‘;‘.l ) ----Mean Field - 12 4y ----Mean Field |
R —— Correlations 1501 ) — Correlations | —— Correlations
0.5 . 104 |
e 04 - 125 4o 8
< 0.2 : ] ] 4 |
o1 @ 025 ) iy © |
0.0 ———— 0.00 +———r———r—— 0 . : : : : ;
01 2 3 4 5 6 7 8 0123 45¢6 78 910 0 2 4 6 8 10 12 14
r [fm] r [fm] r [fm]

MA, H.-J. Drescher, M. Strikman, PLB680 (2009) 225; MA, M. Strikman, PRC83 (2011) 044905

MA, Eskola et al, PRC85 (2012) 034902; MA, Strikman PRC85 (2012) 034902, PLB722 (2013) 347
M. Alvioli 17 06/2012
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1. Motion of a (correlated) pair in the nucleus

e Transform p

(2)

®

k rel

e We discuss: parallel
K., =0.0
ky - ks
kreI
M. Alvioli

NN(’I“l, T9; r’l; "°,2) to momentum space:

¢ n<krela KC’M) — n<krela KC’Ma @)

e Back-to-back nucleons correspond to
Keopy=0 (Alvioli et al.,
Phys. Rev. Lett. 100 (2008))

e We can select any orientation of the
two momenta k1, ko <— k,.;, Ko

and perpendicular

CM . kreI

18 INT 2014
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1. Two-Body momentum Distributions of Few-Body Nuclei
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H. Morita, S. Scopetta; Phys. Rev. C85 (2012) 021001
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| 1. Two-Body momentum Distributions of Few-Body Nuclei
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M. Alvioli, C.Ciofi degli Atti, L.P. Kaptari, C.B. Mezzetti,
H. Morita, S. Scopetta; Phys. Rev. C85 (2012) 021001

INT 2014




" | 1. Two-Body momentum Distributions of Few-Body Nuclei |
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three-body correlations must be in the large Koy region

M. Alvioli, C.Ciofi degli Atti, L.P. Kaptari, C.B. Mezzetti,
H. Morita, S. Scopetta; Phys. Rev. C85 (2012) 021001
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| 1. Two-Body momentum Distributions of Few-Body Nuclei
"He - Pisa AV18 ‘He - ATMS AVS'
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solid curves, the TNC model: rescaling of the deuteron by né v (Eowr)!

M. Alvioli, C.Ciofi degli Atti, L.P. Kaptari, C.B. Mezzetti,

H. Morita, S. Scopetta; Phys. Rev. C85 (2012) 021001
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1. Two-Body momentum Distributions of Few-Body Nuclei

M. Alvioli
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the integrated K -, distribution: neoys (Ko
101_ ' I T T T T T T T
~ p-p
- — - p_n
—TNC
OLCM=3.7 fm’
3 KPR
“He
0 1 2 3 4 5

K. [fm’]

CM

23

) — f dkrel(krela KC’M)

10"
— 10°] . EE
& 1]
=, 107
%10-2 —_ TNC2
i(i ’ 0_3_ - OLCM—2.4 fm
Z 7 -~ .
a O 4 ‘;-\._.
= 1075 e
10°4 4 oS
10°- . He —
3 4 5

K. [fm’]

CM

e separation between n(k,..;, Koy, ©) curves corresponds to given Koy
e steepest decrease in 3He causes the curves to be more distant then in *He

e decrease in *He can be described by a gaussian at low Ky

M. Alvioli, C.Ciofi degli Atti, L.P. Kaptari, C.B. Mezzetti,
H. Morita, S. Scopetta; Phys. Rev. C85 (2012) 021001
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4 1. Standard Model of Many-Body Nuclei

e The non-relativistic nuclear many-body problem:
) ) h? o 1 )
AV = E,07, H=——) Vit bj+.
1 19
e U9 obtained introducing variational correlation functions and ¢o:
W =Foo — F=ST[fiy=STI X "oy

1<J 1<y n
e We use cluster expansion for densities:

A
irswl) = [Tl ¥4 ms
j=2

2 ; .
p(ry,rys il Th) = /Hdrj U (ry oy ) O WY (), )

(Alvioli, Ciofi degli Atti, Morita: PRC72 (2005);  PRL100 (2008))
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| 1. Two-Body momentum Distributions of Many-Body Nuclei

Obtained using non-diagonal two-body densities, p(rq, r9; 'r’l, r’Q)
10*

M. Alvioli, C.Ciofi degli Atti, H.Morita, PRL100 (2008) 162503
and M. Alvioli et al.; work in progress

M. Alvioli 25 INT 2014
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1. Two-Body momentum Distributions of Many-Body Nuclei

\

Obtained using non-diagonal two-body densities, p(rq, r9; 'r’l, r’2)

M. Alvioli, C.Ciofi degli Atti, H.Morita, PRL100 (2008) 162503
and M. Alvioli et al.; work in progress

e symbols are the rescaled deuteron with oy gaussian parameters
e same behaviour & conclusions as in the few-body case
(universality of NN correlations)
M. Alvioli 26 INT 2014
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| 1. Two-Body Distributions: a closer look to deuteron scaling |

-1
krel [fm ]

M. Alvioli, C.Ciofi degli Atti, L.P. Kaptari, C.B. Mezzetti,
H. Morita, S. Scopetta; Phys. Rev. C85 (2012) 021001

e Should a nucleus’ n?™(k,.;, Koy = 0) scale to 2H'’s np(kyep)?

M. Alvioli 27 INT 2014
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| 1. Two-Body Distributions: a closer look to deuteron scaling |

*He (ST)=(10) -
*He (ST)=(10) |

TS Y - e e e e,

M. Alvioli, C.Ciofi degli Atti, L.P. Kaptari, C.B. Mezzetti,
H. Morita, S. Scopetta; Phys. Rev. C85 (2012) 021001

e Should a nucleus’ n?™(k,.;, Koy = 0) scale to 2H'’s np(kyep)?
e Including only pairs with deuteron-like quantum numbers (ST)=(10) we find
exact scaling!

M. Alvioli 28 INT 2014
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| 1. Two-Body Distributions: a closer look to deuteron scaling |

. pn,4He _
] Nowm (KCM_O)

2. —— "He (pn)
----- *He (ST)=(10) |

*He (ST)=(10) | npn,4He(
........... ¥——o— CM

Key=0)

M. Alvioli, C.Ciofi degli Atti, L.P. Kaptari, C.B. Mezzetti,
H. Morita, S. Scopetta; Phys. Rev. C85 (2012) 021001

e Should a nucleus’ n?™(k,.;, Koy = 0) scale to 2H'’s np(kyep)?

e Including only pairs with deuteron-like quantum numbers (ST)=(10) we find
exact scaling!

¢ n(krelv O)/nD(krel) = nD(krel>nCM(O>/nD(krel> — nC’M(KCM — O)!

M. Alvioli 29 INT 2014
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2. Defining the 2B correlation region

e One-body momentum distribution

p—
(]

M. Alvioli

1
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T

n (k) [fm’]
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2. Two-Body Distributions: defining the 2B correlation region A

e The simplest ansatz for no correlations 2B mom dis - Mean Field:

A
Wik ko) = T nVikj)  — 0, ka) = nW(ker) n(key)
j=1

go'— 1 QD'_|
£ 10 "'E.
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5 10 2
& 107 &
S X
5 10° 5
g X
c -7 c
— 10 —~
> o
X~ -9 X
+ 10 +
N

QE 107" \(23 107"
° X

< -13 = 13

c 10 A < 10
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lon region

defining the 2B & 3B correlati

2. Two-Body Distrs
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example: many-body contributions in *He 2BMD
nyN (kret) = [ dK cpr npn(krer, Kopr)

1P 1F Py 1© 2 Yo

O
2 2
Shell Model two-body three-body four-body
M. Alvioli 34 INT 2014
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2. Defining the 2B & 3B correlation region in k,.;, Ky

AV18 - norm. 1

AV18 - norm. 1

— .2H.

AVS8' - norm. 1

M. Alvioli
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-1
kreI [fm ]
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2. Defining the 2B & 3B correlation region in k,.;, Ky

Axm (Ki"el ;ICCH>

/!

K LTV Hisher »
. ORD ERY NG o>
M. Alvioli 36 = | INT 2014
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f dkrel kml pN(krela O)

PN = - O0< Py <1
- fc? Akyeq krel (nZ?Z?(k’relaO) T npn(krelvo) -
e integration over the whole k,..; range: (a,b) = [0, o0
A 4 12 | 16 | 40
P,y (%) 197 30.6) 20.5 31.0
Py (%) 813 69.4 70.5 69.0)  (Alvioki, Ciofi
b

degli Atti, Morita
PRL100 (2008))

o correlation region: (a,b) = [1.5,3.0] fm~1

A 41 12 16| 40
Py (%) 2.9 133 10.8] 24.0
Ppn (%)) 97.1] 86.7) 89.2| 76.0

P/ in agreement with  Schiavilla et al., PRLIS (2007)
(extracted from published figures, AV18: Py, ~ 3%, Py, >~ 97%)
Ppp ~ 10 — 13% consistent with Shneor et al., PRL99 (2007)

(extracted from C(e, e/pp) X / 12C(€, e'p)X)

M. Alvioli 37 INT 2014
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1. ONE data point ®: pp pair relative probabilities (at Ky = O)\
b 2
dk,.1 k% npp(k,..7,0
Ppp = — f2a rel Mrel pp( rel ) C0< ij\/' < 100
N | fa Cllkrellkrp] Inppl(krella O) —|_ npn(krela O}
o F e mean field, uncorrelated
.| nucleons prediction
2 L e Alvioli, Ciofi degli Atti,
sl P _ Morita, PRL100 (2008)
ol Whole k ., Range = e Alvioli, Strikman,
5| Corr Rggggﬁ%ﬁ%gﬁ ] unpublished
" C JLab Data ==
%0 5 10 15 20 . % 20 3 0 45 e Shneor et aL?
PRL99 (2007)
M. Alvioli 38 INT
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3. One-Body Momentum distributions & convolution model
6 o ' l 1. I ! : i:w bl ‘o 4 : 10° F dash-dotted - '*0
| c— h i i mdg t? He e 9,1027 dotted - ‘He
& ; R ! // ............... : 7 . 10 -
é‘" 4 h] \| // // ............... N 6f ........
< i S o ) LE
S af i : AR
= f-".f N4 T Y A i 0
gC 2 r 'L"I[_‘ L)\/ P T~ 3 .............. 10-2;
3 ,,:‘:[' \\_// E 2 B e T Ty 10_33
VE (b) thy
"-'».’J}’ | 1 [ 0}lH\‘H‘\HH\‘H‘m‘H\HH\HH\HH\HH\HH 10-47 L L L L L L L L L
0 et 0 01 02 03 04 05 06 07 08 09 1 0 01 02 03 04 05 06 07 08 09 1
0 1 5 3 4 k (k,), (GeV/c) k, (GeV/c)
Ok (fm) _ .
C. Ciofi degli Atti, S. Simula, L. Frankfurt, M.Sargsian, M.Strikman
Phys. Rev. C53 (1996) 1689 Int. J. Mod. Phys. A23 (2008) 2991

e The left figure (TNC model) assumes deuteron-like high-momentum tail
e Improved calculations actually show a rise of the ratio n(k)/n? (k)

e P.S.: different potentials/methods provide (slightly) different high-

momentum components - see Wiringa et al, arXiw:1309.579/ |nucl-th|;
Bogner et al, PRC86 (2012); Furnstahl, arXiv:1309:5771 [nucl.th]
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g 3. One-Body Momentum distributions: 3He A
/
e (ki) = gy [ drdr'pn(r, e e R = [ dkyn®) (R, ko)
e Useful to think in terms of TNC convolution model:
1
ny(k) /dks np ( k— ks ) non(ks3)
— np(k) o< Npp(k) + Npn(k)
— np(k) o< 2 Npp (k)
e in the asymmetric nucleus, proton and neutron have different n(k)
[ M- Alvioll 1 INT 2014 |
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3. One-Body Momentum distributions: 3He

oo
o
L |

3 He —n'0/n°k
— nfj)(k) / n°(k)

N
o

= 20 M. Alvioli, C.Ciofi degli Atti,
é 1.5- L.P. Kaptari, C.B. Mezzetti,
°Z 40 H. Morita; PRC87 (2013),
1 and
o IntJModPhys E22 (2013)
O'Oo 1 2 15 4 5
K [fm™]

e proton and neutron distributions reflect the different isospin pairs in > He:

)

e the neutron distribution is about twice the deuteron distribution.

e the proton one is larger than the deuteron’s.

M. Alvioli 41 INT 2014
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g 3. One-Body Momentum distributions: 3He A

3.0-_ 3He —nf)(k)/nD(k)
2.5 —— V) / (k)

fﬂ 2.0- M. Alvioli, C.Ciofi deglt Atta,

< 15- L.P. Kaptari, C.B. Mezzett,

°Z 10 H. Morita; PRC87 (2013),
05 Lo e T T and
0'0 7 - n(ST)=(10)(k)/nD(k) IntJModPhys E22 (2013)
o 1 2 3 4 5

K [fm]

e proton and neutron distributions reflect the different isospin pairs in > He:

)

e the neutron distribution is about twice the deuteron distribution.
e the proton one is larger than the deuteron’s.

e Select only (ST)=(10) pairs: these are deuteron-like pairs in °He.
M. Alvioli 2 INT 2014
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3. One-Body Mom distrs: Few- and Many-Body nuclei

o L
k [fm™] k [fm™]
M. Alvioli et al., PRC87 (2013); IntJModPhys E22 (2013)
. Alvioli 3 INT 2014
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3. One-Body Mom distrs: Many-Body nuclei

M. Alviols
M. Alvioli

\

0.1
0.01+ — Shell Model
— (ST)
E 159 ---- (00)
< 1E-4] ——(10)
T ——(01)
1E-5—§ -+ (11)
1E-6
1E-71 | |
-1 4
K [fm ]
0.1
0.019 —— Shell Model
°c 1E-31 (ST)
= - (00)
X 1E-43 ——(10)
= f —— (01)
1E-5:; o
1E-6
1E-71 W |
0 2 y 4
K [fm ]

(k) [fm’]

(ST)
40

n

10°L

0

44

kz[fm'1]3
et al., PRC87 (2013); IntJModPhys FE22 (2013)
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3. One-Body Momentum distributions: 190
10_1 E 6 T T T T T T
: ' N, (K)/n,(k) 1803
of Sf (ST=10)
107} ] —— S k)n_(k)
o 3t \x-/ 41
& 5 c
= 10°L = 3r .
= A5 © ol Preliminar i
C< 105? (- 2 | y ]
‘IO'Gé- Preliminary Tr ‘.//\~’__._,/‘—~~
10-7- * I O f 1 . 1 . I \ | ,
0 2 .4 6 0 1 2 .3 4 5
k [fm™] K [fm]

M. Alvioli et al., PRC87 (2013); IntJModPhys E22 (2013)

e we may compute a complete (ST) separation as in few-body nuclei;

e Select nucleons in (ST)=(10) pairs: the high-momentum tail of n(k) be-
comes proportional to the deuteron’s;

e We use AV & variational wave function; the AV14 one is known to produce

a larger ratio, but similar conclusions.
i INT 2014
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3. One-Body Momentum distributions: **Caq
10" 40 ~ ——FULL 6 ]
: Ca (1 5l n,(Kinyk)  40cg |
107F -=- (00) - ——n®""%Kk)n_(k
_ AV8| 210; = Al 40 (k) D( )
mE 103' 01 E \-,D L
A — 1) £ 4
— 107"¢ =~ (1) 5 = 7|
\—z& 10-5;_ ;’g 2__ Preliminary
10°F  [Preliminary] ! Tr
_7: )
%% 6

2 4 2 .3
k [fm ] k [fm ]
M. Alvioli et al., PRC87 (2013); IntJModPhys E22 (2013)

e we may compute a complete (ST) separation as in few-body nuclei;

e Select nucleons in (ST)=(10) pairs: the high-momentum tail of n(k) be-
comes proportional to the deuteron’s;

e We use AV & variational wave function; the AV14 one is known to produce

a larger ratio, but similar conclusions.
5 ’ 46 Rila M., 06/2012
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3. One-Body Mom distrs: Few- and Many-Body nuclei

(k) (k)

n(ST)
3

n

(k) (k)

r](ST
16

M. Alvioli

\

3.5

3.0F

2.0;
1.5 I
1o}
0.5
0.0-

n,(k)/n_ (k)

——nl(k)/n (k) |

55| ——n)""()/n, (k) - =-n)""(k)n (k) |

n, (kyn (k)
——n{(k)/n (k)
——n"(k)/n (k)

- = -n{"(k)/n (k)

AVE' |

CIm™
M. Alvioli et al., PRC87 (2013); IntJModPhys E22 (2013)
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'(k)/n (k)

O =~ N W 00 O N ©
OF—7—71T—71T 71T 7T T 71

(ST
Ny

In4(k)'/nD(Il<)
- —=—n.(k)/n (k)

I;)/nD'(k) .
K)in_(K) 1

” n(01)(

- % -n

> .3
K [fm™]
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4. FSI in A(e, e'p): Glauber approach

e distorted spectral function & factorization approximation

do
dQQdVdp = KUep PD<Em>pm>3

e basic quantity: distorted momentum distribution

1 (!
nD(pmae) — W/drdr, ezpm <T’ r>,0D(’T‘,T‘/)

Pm — 44— P,

e distorted one-body, non diagonal density:

0 = eppm

A
pp(ri,ry) = /Hdrm*<r1,...,m) STSY(ry,ro, ... T 4)
1=2
e cnergy-dependent Glauber operator:
S o NN > 1om2]
S = H G(1j) = H 1 — 0(z; — 1) e exp [(b— bj) /230}
j=2 =2 L 0 ]
M. Alvioli " INT 2014
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4. diagrammatic GEA approach to FSI: 3He(e, ¢/p)*H

A: momentum transfer in the NN rescattering

Q2 Q2
K, Py
K>
Pre ® > Ppb Py
K3
pwia single rescattering
3
S('rl,'rg, 7“3) — H [1 — 0 (Z] — Zl) I’ (b1 — b])]
j=2
1 2 —’iliJ_b
() =5 —= | drifnn(rL)e
tot(; 2
fun(A L) = K- Lta) Al
A
M. Alvioli 1

\

double rescattering
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4 4. Exclusive Processes with Few-Body Nuclei

_\_\_\p'l_\A_X
© 9 © 9o 9o ©
N~ o o0 B~ w0 N

d’o/dE' dQ'dQ  [ub/MeVsr’]

"/ -~~~ FSI(FA)

SHe(e, e p)2H

 — FSI(NFA) %

P [MeV/c]

M. Alvioli

\

-900-600-300 0 300 600 900

d®c/dE' d Q' dQ p,dEp, [10-2pb/MeV?3/sr?)

SHe(e, 'p)pn

..... PWIA

- - - PWIA+single
Total

- - - PWIA+single
Total

Pm=620 MeV/c

20 40 60 80 100 120 140

Left: C.Ciofi degli Attl L.P. Kegpiesri, PRL100 (2008) 162503
Center: M. Alvioli, C.Ciofi degli Atti, L.P. Kaptari, PRC81 (2010) 021001
Right: C.Ciofi degli Atti, L.P. Kaptari, H. Morita, FBS438 (2008) 39

Use of 2H. 3He and *He state-of-the-art wave functions and
Glauber multiple-scattering theory for high energies hadron-hadron scattering

20

n (p ) [fm’]

4 /
Hele,e'p)’He

10" —

' 4He(e,e'p)SH

E97111 CQw2-Kinem.
107 ¢
107 F
10" 3 R
10-5 3
107 L
200 300 400 500 600
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3. Semi-Inclusive Processes: distorted momentum distribution

\

M. Alvioli

IR AV18

—==0=0"
s 9 =45

same
pattern
as 11
deuteron
for given 6!

INT 2014




. 4. Detailed comparison: *He/?H A

2H- exact AV1S

SH: Pisa AV18

n.(p,,0) [fm’]

p,, [fm’]
M. Alvioli et al., to appear

M. Alvioli 52 INT 2014

- /




. 4. Detailed comparison: “He/?H A

2H- exact AV1S

47 ATMS AVE

n,(p_,0) [fm’]

M. Alvioli et al., to appear

M. Alvioli 53 INT 2014
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. 3. Detailed comparison: °0/°H A

2H: exact AVS

160). variational
AVE +
cluster

expansion

M. Alviols,
PhD Thess
(2003)

p,, [fm’]
M. Alvioli et al., to appear

M. Alvioli 54 INT 2014

- /




. 4. Detailed comparison: *'Ca/?H A

2H: exact AVS

00q: variational
AVE +
cluster

expansion

M. Alviols,
PhD Thess
(2003)

p,, [fm’]
M. Alvioli et al., to appear
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4 4. Single rescattering in FSI
10’ *He Momentum Distributions
10° er.P:650
------- PWIA
— 10 — FSI[Full]
- ---- FSI[Single]
e 10 --—=- FSI{Sigle+Double]
-
o
< 10°
10
107°— :
0 1 2 3 4
Pm [fm ]
M. Alvioli et al., to appear
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5. Perspectives: calculations of cross-sections with our realistic )
two-body densities

e Two-body overlap method based on a given two-body density:
Da(@1, @) = (V| aler) awz) | V)
P (@1, 2o 2, @) = (VY [al(@)) ol (o) ala)) alah) [ V1Y) =
= Z O (1, @) Do), )
(87

see e.g. A.N. Antonov, S.S. Dimitrova, M.V. Stoitsov.
D. Van Neck, P. Jeleva, Phys. Rev. C59 (1999) 722

e used in the calculation of 160(6, e/ pp)MC cross-section with Jastrow cor-

relations at NIKHEF /MAMI kinematics
D.N. Kadrev, M.V. Ivanov, A.N. Antonov,

C. Giusti, F.D. Pacati, Phys. Rrev. C68 (2003)

e inclusion of fully-correlated 150 WF:
Alvioli, Giusti, Kadrev to appear

[N
o
o
=
[}
k=]
ke
E
(¢}

section [(fm)*(sr)¥]

=
S,
d

. /
sl -
10 E/—'/

N
—-— SM+CORR
--—-SF

M. Alvioli . el

80 100 120 140 160 180
K A [degree] J




Summary

e Reliable calculations can be performed with realistic wave functions em-
bodying full short range structure & high momentum components

e Few-body nuclei with exact wave functions; many-body within cluster ex-
pansion approximation: any one- and two-body quantity can be calculated

o Universality of correlations: 1) scaling of two-body momentum distribu-
tions to the deuteron one; exact scaling if appropriate (ST)=(10) quantum
numbers for the pair are selected

o Universality of correlations: 1) rise of the nucleus-to-deuteron ratio of
one-body n(k) understood by the same argument, deuteron-like quantum
numbers

o Universality of correlations: 111) distorted momentum distributions show
similar patterns at large p,,;¢ in the case of deuteron and different nuclei;
we argue that FSI is mainly due to the (correlated) pair

M. Alvioli 58 INT 2014
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Additional Slides
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<— one-body, non-diagonal p(ri,r}) diagrams

one-body, non-diagonal
distorted pp(ry,ry) diagrams —>

[(1172) = GT(12)G(1/2) — 1

[(11723) = GT(12)G(1/2)GT(13)G(1'3) — 1

M. Alvioli 60



1. Monte Carlo Glauber (MCG) description: fluctuations

5 : S We will focus on initial
S *% B O  Woods-Saxon: R = 6.65 fm, d = 0.55 fm .
oA 12l 0 o SR ez I d=ga fluctuations due to:
=~ xon > _ Diferent BB fuctutions : . . :
5 LE RN g e inclusion of NN correlations in
prd -0 4 . .
Gad s : Q i . preparing nuclear configurations
1—v *® g
| B o . . . .
B e avoid black-disk approximation for
09 - & gray d_isk ms over:ap Iunc?on -
- t erijzsi(I;nin OVEFG_D uni::eonnrai selection 1 . . m
B : \éBCEriggerﬁf.B(gcl:.zlng.S)(;)(rl’rgretl:enttral) NN Scatterlng (T’LJ < \/O-NN/T‘->
08 — %  BBC trigger eff. (91.4 - 3.0) % (less central)
B O  Sys. error of exp. centr. sel. (more central)
B . e ><I . Slys.I erlrolr ml‘ e>|<p.I celntlr. slel.I (I(IassI cclantlrall) -
0 50 100 150 200 250 300 .
Miller, Reygers, Sanders, Steinberg, Noart ) &ﬂd apply these methOdS M-

Ann. Rev. Nucl. Part. Sci. 57 (2007) . .
e spectator mnucleons excitation

effects of different sources and emission for studies of centrality

of fluctuations and | N
parameter dependencies e fluctuations effects on ecentricity

within MGC and triangularity of participant

. . nucleons distribution
and detector simulation

M. Alvioli 61 INT 2014

- /




r N
o We used |U]? as a Metropolis weight function 10;
0.8+
\IJ 0o Step
(7"17 "'7 f TZ] rl; ceey A) 041 Gaussian
0.2
Z<] 0'00 1 3
where @ is given by the independent particle model. r [}
__ 10_ T T T T ]
o oa. Monte Carlo
0.061 /10)-- 4-c1 o Step
0.041 ---5-8 0.6 G , i
on] 5. S " —— Gaussian
0.005:x S m——— e a Realistic
0.024 e ' 0.2-
-0.04 O-Avs 0.0 ‘
0 1 é :I’) | éll r [fm]é ] |
-0.2+ Varlatlonal calculatlon
ﬂ 0 1 r [fm] 3 4
e We use realistic correlation functions from variational calculation
M. Alvioli 62 INT 2014
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probabiltity distribution functions in pA collisions

e black disk approximation replaced by
the Glauber profile I'(b):

given by:

M. Alvioli

\ 63

O.tOt 2
_ 9NN _—b°/(2B
5
e probability of interaction with NV
nucleons, vs impact parameter b —

0.4
0.3-

0.2

0.0-

| 208Pb
vs = 5000 GeV
L P
- P12, - vs}’\'/‘ :
014 --° Ly
.___—’,/ '/ .
0 5 4 6 10 12
b [fm]
JFU] yeensl [1 - P(b, b])]
INT 2014

o probability of interaction with nucleon i: P(b,b;) = 1 — [I — T'(b — b;)]?

J




Effects of NN Correlations in High-Energy Processes

e SRC: are they relevant only in dedicated experiments?
e high-energy scattering processes — Glauber multiple scattering

e exact expansion of the many—body WEF (Glauber Foldy € Walecka):

’\P(Tl,... H,O’I“] + Z A’l“l, J H 01 ’l“k

1<j=1 k=(il)
+ Z A rla J ’T’k,’r’l H 101 rm
(1<g)# (k<) m#i,j,k,l

p(r;) <— wusual approximation : is it reliable’

2
°:D>

7=1
our two-body A(ry, 75) = po(ri, ;) — pi(r;) pi(r;) provides:

[dropa(r,re) = pi(ry) — | [dreA(ry,ry) =0

M. Alvioli 64 INT 2014

\

J




Mean Field vs. Correlated Formulae

pN

o’ = 2Re /db{l — exp [—at; T'(b)

} — 2Re /db{l — exp [—Ugoj’\f] <T§(b) — ATﬁ(b))

}

where

2
Ti(b) = —5 [ dsTyn(s)Tu(b—s) = /ds [on(s) A /dzs p(b—s,z);
ATﬁ(b) = W d81d82 FpN<81> FpN(SQ) /ledZQ A(bl — 81, 21, b2 — 89, ZQ) .

Otot

Similarly, for the elastic and quasi-elastic cross sections:

pN
ot = /db 1 — exp [—U’;t (Tﬁ(b) — ATﬁ(b))

" PN o
" = 2Re / db § exp | 22 (T};(b) ~ 27, ATg(b))

}

M. Alvioli 65 INT 2014 J

Otot

~ cap [—”ftv (Th(0) — AT} (1))
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Example: total neutron-Nucleus cross section at high energies

Itot = %]m Fo0(0)] Foo(q) = 57 f d2b,,e'% ' bn {1 _ el Xopt(bn)}
. A A |
QIXOpt<bn> — / H d’l‘j H [1 — F(bn — S])] ’\IJQ(TL ceny ’I“A)‘ 25 (Z Zr]>
j=1 j=1

using the |W,|? expansion, with:

A(ry,r5) = po(ri,rj) — pi(ry) pr(ry);
one has:

1 2
Otot — Oéj + OE;) + Aoy,

N f, N N f. fun N _Nf,  f. f., N
A A A A A A

(Glauber) (Inelastic Shadowing)




Effects of NN Correlations in High-Energy Processes

150 - - _
1 (1) (2)
145- | 480_- o, to, tAc
1404 _ = 460- -
— 1354 1 .§,440_ |
€ 130 - 28
e _ © 4204 .
© 3801 i 3300+ .
‘ 3200 .
360 - . :
| _ 31004 .
340 1 3000 |
- 2900+ .
10 100
P, [GEV/C] p,, [Gev/c

Alvioli, Ciofi degli Atti, Marchino, Morita, Palli, - Phys.Rev.C78 (2008)

Alvioly, Ciofi degly Atti, Kopeliovich, Potashnikova and Schmidt -
- Phys.Rev.C81 (2010)
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Potential energy: pn and pp contributions

pN—ZVw Z

/dr12 v N 7”12

(2)(4)

ppn (112)

1<
0% °0 - NN-
Q‘L: 00X E
05, “‘-‘_ ,,"/ "‘-_‘ %
] \‘L‘ "/. L pc(r) pT r) Y "/ __________ pS(r)
-1.04 vooa G ot v St
Loy —p(n T p (r) p(r)
T 2 3 4 5 o0 1 5 5 & 5 o 1 3 3 i 5 &
ryp ] r,, [fm] r., [fm]
A <V>pp(: <V>nn> <V>pn
10 376 837% mostly pn pairs
40 9% 82%
A Vipp(= (V V
switching off = 16 Vopp (23(72 Jan) | 53@;” = proportional
correlations 10 24% 1% to # of pairs

/




Back-to-Back nucleons: large pn to pp ratio

two-body n(kq, ko):
<— ratio pp/pn largely enhanced
in the correlation region

4 5 "1 16 —p-p
-1 B
k  [fm ] 0O p-n
Ryn = n;c)%lsor( rel )/ncentral< krel; 0) Zﬂ—
mo. J
4.
(M. Alvioli, C.Ciofi degli Atti,
H.Morita, PRL100 (2008)) 0
0 3.
- K, [fm ]
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The Nuclear Many—Body Problem

0, — B,0,. with Z V? o+ Z o

z<]
bij = D v<”><w>@§?>

n

where

@(n): L, o;- O'J,S (L S)Z]a} X [1,’7'2'-’7']'}.

The same operatorial dependence is cast onto W,:
U, = F¢0

where ¢, is the mean-field wave tunction and

= ST fy = STIY ey o)

is a correlation operator.
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Ground state energy: 190 - Argonne V¢

<V.e> <Vo> < Vo> <Vo,> <Veg> <Vg, > < V> <T> E E/A MeV

n—exp| 019  -35.88 -947 -171.32 -0.003 -172.89 | -389.40 323.50 -65.90 -4.12
FHNC | 0.694 -40.13 -10.61 -180.00  -0.07  -160.32 | -390.30 325.18 -65.12 -4.07

correlation functions: Central, Spin-Isospin, Tensor

0.10
0.08
0.06-
0.041
0.02-
0.00 &
-0.02-
-0.04-
0 1 2 3  4r[fm5
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Momentum Distributions and Tensor Forces

- Mean Field .
— - -First order +— cluster expansion
— First + Second order convergence
°) -- - - Mean Field
| : 10” - — -Central
3 4 m'g 10 2 Central
] = o0 + Tensor
Tensor (S+S®T1) correlatzons’ v
c 10™
k>15ftm "+ —
10°
-6
0.0 10
0.08 7
0.06° L(10)- 4+ 7"
0.04 ---5-8 0 1 2 3 y
0.021 " 6-S¢ K[fm ]
0.00 &, Smm———— : .
0ol ‘ +— correlation functions
004l N “0-Avg'

o 1 2 3  A4r[fm]5 72 M. Alvioli - INT 2014




Two-Body Densities: isospin separation

2)(r) — 2) gt !
P (1) /dRp (R+2r R 2r,R+2r,R 2r>

@E‘ 160 2.0- 40Ca

S _

— 1.5- Total

QQ : R %
1.0 Tttt p-n

////

e normalization (number of pairs) conserved by the expansion

e isospin separation feasible: p ,Upp + ,Opn + pnn

e We can build two-body pp, pn and nn momentum distributions
(M. Alvioli, C.Ciofi degli Atti, H. Morita, PRL100 (2008))
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1He: comparison with VMC

npN<krel) — f dK ¢ npN<k7“ela KC’M)

nyN(Krer, Ko = 0)

Total

-— e oy
- -

10" 4
He 5
10%%~.. — 10
10°] . n(k_) £ 10°
S 1 \‘. —_ — - _ —~ 3
‘E. ::80 \\ o 5 II’)7 ?2102
=19 N 10
<10 S Tan
C ) ~ . xh'lo
10 T~ o = ;
107 ~ 10
10-4 i T T T T T T T T T 1 1016 T 'l]
0 1 2 3k A
100+
e cood agreement with VMC calculations =%
% 60
® pn(Krer, 0)/npp(kyer, 0) peak location ok — = ol
(AV18: Schiavilla at al. PRL9IS8 (2007)) < 2]
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Spectral Function properties at low K ), and high k,.

1-body SF':

P1A(|k‘7E) = /chm nfel (’k - Kcm/2|)nfm(‘Kcm|) 0

e OM(A—1) (A—2)

g _(4-2) (k_(A—l)Kcm>2]

2-body SF:

2
P K, B) = 1 (1 = Ko /2]) 0 (Ko 6 (B = ES))

rel cm

MB TNC
Koy~ 0.0 fm' --- MB: npn(kml’ Kem)
- K, =05fm" ----- | .
M m_1 TINC: Ciofi, Simula
S Kgy= 1.0 fmi" == PRC53, (1996)
T Ca nagy(kret) nem(Kem)
St \-::\‘\*‘.: . factorization of npp




more on three-body correlations?

We can easily © evaluate within the cluster expansion the three-body density

3 Y A A
P( >("°177°2a"°37"°17"°27"°3>

and calculate, for given values of k1, ko and k3

T —7.) (3 AN AN,
Z] 1 ( 2 >/0< )<r17r27r37’r17r27r3)

(kl,kg,kg d'r e

the random “noise” to be subtracted:

(ke )n'? ko, ks)+

W (ko)n? (ky, ks)+
+nW (k)n? (K, ko)+
U (ker)n (ka)nY (ks)

T Rizs

M. Alvioli 76 INT 2014

N J




nyn (ko) for Complex Nuclei

NN (Krer) = / dK o nnN (ke Konr)

4 12

10 C Total . %0 Total 10° “Ca Total

10° ----SM+2bd R - - - - SM+2bd . - - - - SM+2bd
N U 104 N @000 ... 104 -\ ...
£ 10 10° 10°
— 1
8. 10 10’ 10°
= 10° 10° 10’

10" 10" 10°

10-2| T T T T T T i - J '1 I 10-2| T T T T T T T - T T 1 10-1' ) ! ' ! ' ! ' - ! I I

0 1 2 3 krel4[fm' IE 1 2 3 kreéll[fm'7] 5 0 1 2 3 kil [fm'1]5

e normalization (number of pairs) conserved by the expansion
e isospin separation feasible
e closed j—shell nuclei included in the formalism

e three and four-body diagrams essential
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0. Cluster Expansion

e The expansion acts on the numerator and denominator of an operator
expectation value (F2 =] f2 ~ S (14 n)):

<¢0‘@|¢0> - <¢0’FT@F’¢0> 1 <¢0’F2@ |®o) _

(ol o) (¢l FT F | o) (Gol % |¢0)
~ (Dol (1 + 1) O |po) _

) 1+ {(Po| 11 |P0) ) ) _
~ | (ol O ©0) + (o Z 772’]'@ Go) | - |1 — (o] Z Mij |Go) | =
i 1> | i 1> 1
~ (o] O |¢o) + (¢o] Z Mij O o) — (ol O o) (0l Z Mij |¢o)
P> 1>]
in which we dropped terms o O(n?) = O(f4) ...
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-

) N
.. obtaining: (O) = Op+ O1 + Oy + ..., with:
Oy = <@> = <¢0’@’¢0>a
Or = n;0) = 06> _nij) = O _1ij O) Linked:
where at each order n of the expansion only powers of
7771/2 —
appear, and we use the notation:
ni; O = fij O fij — O;
i O = fij fru O fra fij — fi; O fij — O fr + O.
M. Alvioli 7 INT 2014 y
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