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0. Comprehensive review of experimental results ©
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0. Nuclear Hamiltonian

e The non-relativistic nuclear many-body problem:

) ) K2 P | )
AU, = E,7,, H:—%;vi+§zvzj+...

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 : SH e, ‘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 erxpansion technique for the cal-
culation of basic quantities of medium-heavy nuclei, 12C, 100, *VCq:

e SRCs implemented MC generator for nuclear configurations for nuclei from
20 t0 238U for the initialization of pA and AA collisions simulations

http://sites.psu.edu/color
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0. Calculation of basic quantities

e one- and two-body densities:

2 A
,0;]2[(7“1,7“2;7“/1,7“/2) — XH drj\IJﬂL(wl,...,a:A) PpN\IJ%(wll,w/Q,wg,...,wA)
=3
e one- and two-body momentum distributions:
1 k(v —1'
0k = g [ draart R
2 1 k(P =1 —Keor(Po—1"
néjzf(klakQ) — (2ﬂ)6/dr1dr/1dr2dr/26 1(P1=17) o= R (Ta=13)

9 2
- ,oé}v(m, ro; T, Th) n;g)v(kmz, Kc)
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0. Two-Body Momentum Distributions

1
krelzk:§<kl_k2> r=17r—17 r' =7 -7
1 1
KCMEK:k1+k2 R:§(T1—|—T2) R/:§(’l‘/1—|—’r/2)

n<2)(k, K) = n(2>(k7“el> Ko, ©) =

1 : / :
= G / drdr' dRAR' ¢~ BRI =ik (r=1) C) . 4/ R R))
.

n@ (k) = / dK n(k, K) = / drdr'dRe "R T=7) 2 ' R R)

1
(2m)3
1 :
oo [ drdBdR KB L g R
7T
1 :
3T / drdr'dRAR ¢~ K=, C)(r 1. R, R')
.

K 5 = 0 corresponds to kg = —kq, 1.e. back-to-back nucleons

n?(K) = / dkn(k, K) =

nA(k, K =0) =
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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®, = sz Zn i CIDO

e Eixpectation value over ¥, of any one- or two-body operator Q
(WQIW)  (FIQF)  (1/1QH  (QIT(+)
(Wo|Wo) (F2) (I1 2 (LA +n)
QU A+ an+...)) (@) +
I+>n+>m+...)) 1+

( )
~ @YD (1= T+ ) =@+ @D i

o (7)) = (Fz — 1}> is the small expansion parameter; (Q) = (9o Q|Py)

o we end up with linked clusters; up to 4b diagrams needed for 2B
density, each involving the square of: f = > o fn(rw)On(z 7)
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0. Using Realistic

WF's of large nuclei: Cluster Expansion

correlation functions: Central, Spin-Isospin, Tensor
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o (7)) = {Fz — 1}) 1s the small expansion parameter

o we end up with linked clusters; up to 4b diagrams needed for 2B
density, each involving the square of: f = > o fn(rw)On(z 7)
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e at first order of the n—expansion, the full correlated one-body mixed
density matrix expression is as follows:

(1) (1)

p(u(rl,ri)-— po (r1,71) + PH )

(7“177“1) T Pg (7“1,7“1)

with
iy (r1,7) = / dry |Hp(rio, i) o) (r1,7) polra) = Hi(riz, o) o (ra,m0) p(ra, )
pé})(rwi) = —/dTQdTSP(()D(Tl,Tz) [HD(”'ES)PS)(T%7“’1>ﬂ0<7“3) - HE(T%)P(()U("“%"“3)Pgl)(7°3>7“,1)]

and the functions Hp and Hp are defined as:

1.1
Hpp)(rij.rri) = Z FP ) £ ) 1()(]5))(7“@],%0 CEM%)(%,TM)
p,q=1
with CgéqE))(rz- 1z r.7) proper functions arising from spin-isospin traces;

(Alvioli, Cioft degli Atti, Morita, PRC72 (2005))
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e at first order of the n—expansion, the full correlated two-body mixed
density matrix expression is as follows:

PO ry T, Th) = pa(r, Tl ) + o (rL ol Th) + Pl (P mai )+ pl (T )
with:
Pézlzd("“h"b;?“/h"“é) = Cp po(T1,71) po(r2,75) — CE po(T1,75) polra, T7)
2 L. 1.
P(ztz(rl,rz;"“’p"“’g) = 577(7“12,7“1'2/) Po(’rl,"“ﬁ)ﬂo<"“2,"“12> - 577(7”12,7”1'2'> ,00(?“17"“/2) Po(’l“Q,’l“ll)

2 ~
Py, v ) = / drs 1(r13, 713) [ Po(T1, 1) po(T2, T5) po(T3, T3) +

po(r27 r

] —

(2) oo AN
P4b<7°1>7°2;7°17"°2) =

.Zl

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

/drgdr4 n(rsy) -
)77

/00<T1> rPl’) P0<"°27 TP2’> ,00(?“3, TPS) Po(T4, TP4) ]
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two-body, diagonal
,0<2>(’l°1,7°2) diagrams —
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one-body, non-diagonal
— p(ry, 7)) diagrams
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0. One-Body Mom distrs: Few- and Many-Body nuclei

; s
k [fm] k [fm™]
M. Alvioli et al., PRC87 (2013); IntJModPhys E22 (2013)
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n(k) [fm’]

\

0. One-Body Mom distrs: Many-Body nuclei
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0. One-Body Mom distrs: ST pairs contribution

M. ALVIOLI et al.

TABLE III. The number of pairs N5, Eq. (9) in various spin-
isospin states in the independent particle model (IPM) and taking into
account SRCs within many-body theories with realistic interactions
(in the approach of Ref. [46] pairs in relative L =0 motion were
identified as those prone to SRCs).

Nucleus (ST)

(10 ©On  ©0) (D [23] Feldmeier, Horiuchi, Neff,
oL T Suzuki - PRCS4 (2011) 054003

‘He IPM 1.50 1.50 — —
e L W 42 [40] Forest, Pandharipande, Pieper.
SRC [23] 1.489 1.361 0.011 0.139 . . . . .
‘He IPM I Wiringa, Schiavilla, Arriaga
IPM (Os states) [46 3 3 — —
SRC{Pre;eLt:n[:nrk% 209 257 001 043 PRC54 (1996) 646
SRC [40] 3.02 2.5 0.01 0.47
SRC[23] 2.092 2.572 0.08 0.428
. Cl. 22300504 46| Vanhalst, Cosyn, Ryckebusch,
SR P o8 25 6075 sen PRCS4 (2011) 031302
SRC [40] 30.05 284 6.05 55.5
Wy IPM 165 165 45 405
IPM (0s states) [46] 90 20 —

SRC (Present work)  165.18 13939 4510 410.34

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

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!
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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(
___________ ———"] CM

Koy =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(KC'M — O)!
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example: many-body contributions in *He 2BMD
nyN(kret) = [ dK cpr npn (ke Konr)

He - - — -Total
pp Y —
------- 2b S
---- 3b =
o (-4b) ©
X
~ vg_

’,.\\.‘\..-\\’

\\ \\‘

2 3 4. 45

k [fm’]

rel

(AV18: Schiavilla at al. PRL98 (2007))

1m2 1M 5 3 ____________

1 —<—2 170y 1 O1’&\@2 2 2 2
Shell Model two-body three-body four-body
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" | 1. Two-Body momentum Distributions of Few-Body Nuclei |
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here k,..; is perpendicular to K
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~ Alvioli, Ciofi, Morita: Phys. Rev. C94 (2016) 044309
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" | 1. Two-Body momentum Distributions of Few-Body Nuclei |
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1. Two-Body momentum Distributions of Few-Body Nuclei
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1. Two-Body momentum Distributions of Few-Body Nuclei

SHe (Pisa AV18+UIX)

1 02 -1 " ------ Kc.m. =00 -

1 pn o ----- K =05 1

| | OE o c.m. 3

© 1074 o™ X e K =1.0 1

E 3 ML c.m. E

HI;I -2_§ * f *\Q:\'\. Voot Kc.m.= 15 _§

A~~~ ] . . WL B ]

® 1 O ? v V\§ ® . “-_ ’ Kc.m. - 30 ?

- '§ o 2 o~ .‘.---.-.. _§

E _4: S ¥ ONO‘O- --.*.- 3

010 ’Y’o G-O.G)‘Q-o.o .1"-- E

i P z‘._‘. Q_o_o- ‘I-:

5 6 0‘ v;%.*t'*-t* °'°-o~§

o ) g “___V.Q -‘-‘k_t- N

xL 10 ;_’ _____ -zi‘Y_V_V B} *.ﬁ’_t-*! t;

Zv 1 Teee-ald . TTelyig . TR

I e . Y Y o

a < 10 3 BRES < -

- ; = Para *eree, *
107101 Perp

M. Alvioli

\

‘He (ATMS AVS)

.- e K =00

— E c.m. .

© I YN - ...... —

E 100_';.0‘;\ pn © Kc.m. - 05 |

g ‘u
= -, o LJRRILEEL K =1.0 ]

—_ ] z*\*‘g\ c.m.

@ ] ‘e o K =3.0
- 2] NN c.m.
10"+ N
(&) LY by

! E é'\Q‘(.):~.~. E
B - ot 2'0:;.:,"1
et -4 1 * * CaTmu., 1

=< 107300 \*‘:tt*,o-e"’“:ﬁ;n ;

Z P ‘t_*- -0':;:'l~. 4
Q. 4 & t-t e.o_~..-i
(- * *‘*_ -
10°°1 Ty
*o 3
= Para RAARRRAARS
REEEEEE Per .

107 il . .

22

for the pn case we see clear scaling to the deuteron np

Alvioli, Ciofi, Kaptari, Mezzetti, Morita, Scopetta; PRC85 (2012)
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" | 1. Two-Body momentum Distributions of Few-Body Nuclei |
‘He (ATMS AVS)

SHe (Pisa AV18+UIX)
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solid curves, the TNC model: rescaling of the deuteron by né v (Ko

Alvioli, Ciofi, Kaptari, Mezzetti, Morita, Scopetta; PRC85 (2012)
Alvioli, Ciofi, Morita; Phys. Rev. C94 (2016) 044309
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| 1. Two-Body momentum Distributions of Many-Body Nuclei

M. Alvioli
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| 1. Two-Body momentum Distributions of Many-Body Nuclei | )
cluster expansion p(ry, ro; 7, rh), = nP™"(k.op, Koy, ©)
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M. Alvioli, C.Ciofi degli Atti, H. Morita, PRL100 (2008) 162503

M. Alvioli, C.Ciofi degli Atti, H. Morita; Phys. Rev. C94 (2016) 044309

e solid curves are the deuteron scaled with the corresponding n]g%(K camn.)

e same behaviour & conclusions as in few-body (K¢ps > 1 not shown)
e unwversality of NN correlations
e we can update the TNC model with many-body quantities
MIT 2016
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1. Factorization in momemtum space for 3<A <40
10 : : :
= —e—K =0.0
10'; | | ,  —=—This Work] 35 Z —— K05 °c
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M. Alvioli, C.Ciofi degli Atti, H. Morita; Phys. Rev. C94 (2016) 044309
: & ; , 471y
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4 1. Scaling coefficients to the deuteron distribution np )
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/| 1. One- and two-body momentum distributions relationship |
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1. Relationship between K, ,, -integrated and K.,
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1. Relationship between K. ,,-integrated and K.,, =0
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4 2. Two-body mom distrs results - comparison with data N
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2. Two-body mom distrs results - comparison with data
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4 2. Two-body mom distrs results - comparison with data
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