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1.1 - The Interacting Many-Hadron Problem

e the non-relativistic Schrodinger equation:

AN

' Z<]
where the realistic potential appears:

oy = > o) O]

n

@(n) — {1,0‘1'-0']', S (L S)wa } X [1,7'@-7']']

e the same operatorial dependence is cast onto ¥,:
Vo — o = F¢0 = Fdet{@i(mj)} / VA

where ¢ is a single particle mean-field wave function and

_SHij_SHZf ng

1<J 1<y n
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1.2 - Cluster Expansion

e The expansion acts on the numerator and denominator of an operator
expectation value (F2 =[] f2 ~ S (1+n)):

(0ol O o) (6ol FTOF|60) (00l F>O |0)

(Yol o) (bl FTF o) (ol F?|60)
~ (Dol (1 + 1) O o) _

) 1+ {(&o| 1 |¢0) ) ) )
~ | (o] O 00) + (Do Z Mg O Po) | - |1 — (&0 Z iy o) | =
i 1> 1 i 1> 1
~ (o] O |¢0) + (P0l Z 0ij Oldo) — (b0l O o) (90l Z Mij |¢o)
P> 1>

O(f4h ...

in which we dropped terms o (’)(772)
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.. obtaining: (O) = Oy + 01 + Oy + ..., with:

Oy = <@> = <¢0‘@‘¢0>7

O1 = (> _1ijO) — Oy (> _ mij)
ij i)

where at each order n of the expansion only powers of

<Z Tij O) Linked;
iJ

77n/?, —

appear, and we use the notation:

;O = fi;0 fij — O;

i O = fii O fru fis — fi; O fij — fuOfu + O.

\1\/[. Alvioli 4 ECT™ - July 2005/




~

1.3 - Energy of the Ground State

e the solution for 9, can be found variationally; the variational parameters
are in the correlation functions and in the single particle wave function

e we calculated E, by means of the 1— and 2—body densities:

hZ
Eo = dr {VQ (1 )(r r )]r o +- Z/drldrg o7 >péi))(r1,r2)

- 2m
A
— p<1><’l° r') = A/Hdr] \IJT (r,7r9 ..., 4) Volr' 7o .... 7 4)
]=2
2 A(A—-1) 4 .
— 'Oén))(l’z) = 5 /]l_lgdrj \Ifg(rl...,rA) OSJ Uy(ry...,74)

e we used the cluster expansion technique for the ground state wave
function, 1),, in order to evaluate F,.
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e at first order of the n—expansion, the full correlated one-body mixed
density matrix expression is as follows:

oDy, 7)) = e, v)) + Pg(’rl,’ri) + ﬂg>("“1,"°’1)7 (1)
with
Py (r1,7h) = /d"“2 [HD(T127T1’2) P (1, h) po(ra) — Hp(riz, i) i (r1, ) /)5)1)("“2,7“’1)}
ps(r1,7) = —/d"“2d"“3/)§1)(7°1ﬂ°2) [HD(?“zzs)Pgl)("“%"“'1)/)0(7“3) —HE(?“23)ﬂ§1>("°27"“3)p§1>("°3,"“'1)]

and the functions Hp and Hg are defined as:

HD(E szark:l Z f ng (Tk:l> Cg(qu)>(7nija7”k:l>_CEXE))(?%]?T]{:Z)
pq=1

with C (P-4 D(E >> proper coefficients coming from spin-isospin traces;

e a similar, complicated expression holds for the two-body density matrix.
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1.4 - Energy Results

e ingredients for 1, correlation f(”> and ©; f(m7 n =1,....6 are:
0.10
0.08-
0.06 _ 4 . FHNC |
0.04- o 5.8 varitational calculation
0.02- ' —6-S¢ (Pisa-Lecce)
0.00 Phys. Rev. C61
00s °0- vt (2000) 044302
0o 1 2 3  4r[fm]5

150 benchmark calculation - truncated V&' interaction

ch VO’ ‘/7' VO’T VS VST Vv T Eo EO/A-
1—exrp 0.64 -39.35  -10.1 -172.8  -0.03 -172.7 -390.37 323.50 -66.87 -4.18
FHNC 0.69 -40.1 -10.6 -180.0  -0.07 -160.3 -390.30 325.18 -65.12 -4.07

(M. Alvioli, C.Ciofi degli Atti, H. Morita; nucl-th/0506054)
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1.5 - Results for the Densities

o the charge densities p!)(r, )| g1y for 10 and 4 Ca;

n-expansion
~ FHNC

N - - - Mean Field
Experiment

“°Ca - SW - Vv8'

— 208 n-expansion 0101
FHNC 5 0.084
| .

— 0.06- - - - - Mean Field g
= ' Experiment = 0.06+
0.044 = _
] 0.04
0.024 3 0.02]
O -HO-Vs8 ]

0.00 . . . . . 0.00
0 2 4 r [fm] 6 0]

(1)

e the two-body densities ,0(2> (r)= [ dR p(2> (rq,79)

2 4 r [fm] 6
40Ca
\ 7 g ": g
\N 7 ’//' — 1 _______ 4
," 2 e ® - 5
v -==-3 - 6
. r [fm]




Densities: Diagrams at 1—st order of the n—expansion

Mean Field — @1

Spectator

the unlinked diagrams cancel out at each order
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Densities: Effect of Correlations D

o charge density p!(r, )| g1y for 100
— 0.104 16
E 0.08] O -pln) po(:) po(r) — Mean Field
= .06. - - - A .
200N L Agsér; ApH (r) — Hole contribution

0.04

002] T~ p(r) Aps(r) —— Spectator contribution

0.00- p(r) — Full Correlations

0.02{ . e

0 2I 4I|- r [fm] é

N C D)
e the two-body densities p<n>(r) = [dR p<n>(r1, r9)

0.25—_ 4He _ p(2)(r) 0.8—: 16O ) p(2)(r) — Shell Model

0.20- —— Shell Model o
015 " 0.6+ central corr.
g central corr. = 0.5
= 0.10 5 041 full corr.
% full corr. = 031

0.051 0.2-

0.1
0.00+/ ~entral operator 0.0 central operator
liral operatc = .

2 4 r[fm] 6

2 4 r[fm] é
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1.6 - Results for the Momentum Distributions

e by means of the obtained wave functions we can calculate the nucleon
momentum distribution

0 0
" %0 - SW - V8 103 “Ca-sw-ve'
Ewd N - Mean Field  &101 Mean Field
= —— Central =z Central
c 10 Full =10 Full
10” 10°
10° 10* :
FHNC FHNC
10— 10— ———————
0 1 2 3k[fm']4 0 1 2 3k[fm ]4

FHNC': Fabrocini, de Saavedra, Co’, Phys. Rev. C61, (2000) 044302
VMC: Pieper, Wiringa, Pandharipande, Phys. Rev. C46, (1992) 1741
n —exp.. M.Alvioli, C.Chofi degly Att:, H.Morita; nucl-th/0506054
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n(k): Diagrams at 1—st order of the n—expansion

' byt
Mean Field —
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n(k) [fm’]

n(k): Effect of Correlations

O - n(k)

Mean Field

f. approximation
- - - f, approximation
— f, approximation

Mean Field
Hole contribution

Spectator contribution
Full Correlations

f1 — Central Correlation
f3 — f(n> with n = 1,4,6 only
fe — Full Correlations




C'omments and conclusions I

e within a new cluster expansion we have obtained reasonable E,, p(r) and
n(k), qualitatively and quantitatively comparable with FHNC/SOC and
VMC calculations, which are very complex to be used in actual calculations

e the calculation of each value of E, at first order of n—expansion requires
about 15 hours on 20 C'PUs. We are trying to evaluate the relevant

second order terms

e we have at disposal a realistic 1,, which explains the quantities we have

illustrated, to be used in high energy scattering processes calculations

~
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I1.1 - The semi-inclusive A(e,e'p)X process

€

)

&

one—photon—exchange
approximation ,’

. ’

P.= P—4
missing
momentum
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e factorized cross section:

do
=K
dQ2 dv dp/ Uep nD<pm)
e the FSI-distorted momentum distribution n p(p,,,) can be calculated by:

1 o (e o)
np(pm) = pEE / drydr!, ¢! P (T1=T1)

N

A
X /H wl(rl,...,rA) STSQbO(r’l,rg...,rA)
=2

\ - 4

pp(r,r')
e we first calculate the distorted density within the n—expansion:

(ol St pV(r,7) S [1bo)
(ol Sk St [tbo)

pp(T, ’I“/) = np(Pm)
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I11.2 - Final state interaction: Glauber

e S describes the interaction between the hit proton and the residual system
S Sq calculated within the Glauber multiple scattering theory

e the interaction with each nucleon is parameterized by

Sc(bi,..,bg) =[] [1 — 0(zj —21)T(b1 — b)) ] =

1=2
' N bi—b,225
D : —(01—0;)°/2 B
:H 1—9(Zj—21)47TBz (1—ZOépN)€ (01-05)7/
j=2 L _
O
¥ o e
which depends upon the impact parameter k Tb' -
b — b; and upon the parameters O']t?%(p), . .
. O
a,n(p) and B(p) (p = proton momentum) . i O o
O
O O
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I1.3 - Results for np(p,,)

0
10 "°O - parallel kinematics
= 107 (6=0%
= 107
D
BE'IO_B‘-
=2
c 1044 ----- FSI -~ 2
S — FSI +1SC
’ T T T " 1 !
0 1 ’p_[fm"] 3
10°

1 °O - perpendicular kinematics

— FSI + ISC

1 2p [fm] 3

0
10 *°Ca - parallel kinematics

0 1 ?p,, [fm™]
10°34%Cg - perpendicular kinematics

(6 =90°)

y P, [fm ]
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I1.4 - Non-Integrated Nuclear Transparency A

e the nuclear transparency allows one to compare FSI and PWIA results:
1.0-

P

Q_E 0.8
~—"

— ]
— 06*
—
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N
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g I1.5 - Integrated Nuclear Transparency A

0.7—— . C
S 06] - .
S _
S 05{ & ° ° * O
7 A
g 0.44 o v AU
= 0 *Fe

_ X
%
0.2 I : I : : :

~ Jdpmdf np(pm.f)  opsr

~ [dpmdf n(pm.d) ~— opwia

Glauber — flat Q? dependence
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I1.6 - Finite Formation Time & Color Transparency

e the color transparency phenomenon is predicted by non-perturabtive QCD
calculations: at sufficiently high transferred Q?, ~* hits a nucleon in a

2

S SN

colorless, pointlike configuration, which is supposed to have no FSI with
A — 1 until it evolves into a physical nucleon

e we adopted the approach introduced in
Braun, Ciofi degli Atti, Treleani, Phys. Rev. C62 (2001)
for the nucleon evolution towards its asymptotic state.
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J(b,bj) =1 — 0(z; — 2) (1 — €

Q% >> mM*z — NO FSI

B no FSI
g
~f 1 — Glauber

Coo1l——FFT@ 5GeV’
l——FFT @ 10 GeV?
] FFT @ 20 GeV?

FFT @ 50 GeV?

1E-3

0.5 1.0
p. [fm ]

0.0
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with z = zpg; = Q?/2mv = 1; one has:

22

The FFT approach consists in the implementation of the operator # Glauber:

1.0+

00 05 1.

~

mM™

Z) [(b— b;)

—— Glauber
0 =90°

=

0 15
P, [fm ]
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Forward-Backward asymmetry
~ 0.5+ ~ 0.51
Q_E | FFT @ 5 Gev2 16 35 | ——FFT @ 5 Gev2
2041 —FFT@10 Gev® O <E 041 ——FFT@ 10 GeV’ 4OCa
< s FFT @ 20 Gev’ 03 FFT @ 20 Gev’
© FFT @ 30 Gev' o FFT @ 30 Gev’
0.2- 0.2
0.1 — 0.1
0.0—- 0.0-
| T~— — Glauber ! — Glauber
'01 T T T T ] '01 T 1. T 1,
-1 -1
0.0 0.5 1.0 p_ [fim 1.5 0.0 0.5 .0 p_[fm] 9
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111 - n-A total cross section

o We start from the optical theorem:
A

Otor = 5 -Im [Foo(0)]
e with the elastic scattering amplitude in the eikonal approximation:
k k
Fuo(0) = - [ bl {1-Sg)ve) = 2 [ dbueiabn [1 - |
2T 2T

in which the optical phase shaft is:

1

e using the wave function of section I, we obtained the cross-section at

— zeroth-order (i.e. mean field) expansion
— first-order n—expansion (i.e. with correlations)
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g The expansion in terms of density distributions reads:

W(Tla---,”“AﬂQé( Z ) Hp’r] + Z A(ry, r; H p(rr) +

1<j=1 k=£(il)
where the two-body contraction A is

A(ry,re) = [P<2>(7‘1,""2) — /)(1)(7“1)0(1)(7“2)} ;

in the limit A >> 1
one — body term

A
r7 N\

~ exrp [—A /dmp("“l)r(bn —s1) +

¢ e Ly Al ) (0~ 0 o~ )
1 — f drip(ry) I'(b, — s1)

\ - 4

two — body term
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II1.1 - Results for OECX’

“ezact” wave function (*He)

T L T L L |
10 100 1000

p., [GeV/c] %

ECT* - July 2005/




M. Alvioli 27 ECT™ - July 2005
\ )

I11.2 - Correlations for nuclei other than 190 and **Ca
(2)

e in the case of 190 we used P a1, m2) from the n—expansion;

e for other nuclei we used the approximation:

p(j)(m,rz) ~ g(|r12l) pa(r1) palra); g(r) =1 — exp(—Br?)

with the function g(|r19|) fixed from the case of °O:

1.2 <= 0.005-
=10l S - .
B 1-0'_ = 0.0041 —— n—expansion
0.8 = - —g(r), p=0.8
_ g 0.003-
0.6- _
0.4, —— n—expansion 0.002-
N —q(r), p=0.8 '
0.2- q(r). B 0.001
00— — o.ooo_ ............. —
0 1 2 3 4 5 6r[fm 8 O 1 2 3 4 5 6r [fm]8
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II1.4 - Results for U;ESAE + Agin

---------- mean field
----- correlations
—— correlations + Ao
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----- mean field
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correlations + Ao
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- = -correlations
—— correlations + Acin
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Conclusions

e we have developed a new linked cluster expansion for the calculation of
the ground state properties of A interacting hadrons

e the method provides results comparable with the summation of a very large
class of Meyer diagrams (FHNC)

e with the obtained 1), we have calculated semi-inclusive lepton scattering
on complex nuclei, studying nuclear transparency, finite formation time

effects, and the total n — A cross section Ufﬁl

e calculation of other inclusive reactions, ¢.e., two-nucleon emission processes,
are 1 progress.
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