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Introduction

..starting from the end
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CCQE and CCQE-like
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MiniBooNE analysis

AIP Conf. Proc. 1189: 139-144 (2009);
Phys. Rev. D 81, 092005 (2010)
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Comparison with a prediction based on RFG with M ,=1.03 GeV (standard value)

reveals a discrepancy

In RFG an axial mass of 1.35 GeV is needed to account for data
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ED Including the multinucleon emission channel (np-nh)
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Flux averaged:
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e T T QE+np-nh (CCQE-like)
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M. Martini, M. Ericson, 6. Chanfray, J. Marteau Phys. Rev. C 80 065501 (2009)
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Agreement with MiniBooNE without increasing M,
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Two-body currents |y |

and
Two particles-two holes excitations
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e Where 2p-2h enter in V-A cross-section?

0*o G4 (3082 QC (k') 2 0|
000k O [GE

M — M
+ G2 2 a @ isospin spin-longitudinal
) a, .
+ (G - — +G ) (— " + 2 tan” 5) isospin spin-transverse
k+E 0
+ 2G7AGy tan® — interference V-A
My 2

The 2p-2h term affects the magnetic and axial responses (terms in 6, ,G,)
(spin-isospin, ot excitation operator)

qu

—£)? RYY isovector nuclear response

The isovector response R. (ferm in G; ) is not affected
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=0 Three equivalent representations of the same process

2 body current 2p-2h matrix element 2p-2h response
| h WV /h o /N7
] I e SN S

Cut
(optical theorem)

Final state: two particles-two holes
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=9 Why we prefer the response picture ?

S A
Our model is based on RPA treatment RPA | 1
of response functions g, q) = — mmli(w, ¢, q)] o .

easy to separate the several channels \j O
1p-1h 1p-1h 2p—2h2 H _ HO HO H
QE T production 2 examples B i v
e )
| - \Y\E ~) \S\r\'\s\u\'
Np
p hh.ki ..... .'*;A /\\
h P hUP R TR
L‘\[\\% a / _h p
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=8 Some starting point formulas (1p-1h sector)

Particle-hole bare polarization propagator (Fermi Gas)

/{J O(= N _ dk |0(k + @ — kp)0(kp — k) 0(kp — |k + q)0(k — kp)
I )—9/( -

q, W : ,
2m)% | w — (wp g — W) + i W+ (Wi — Wige) — 0

—— Quasielastic

. Delta-hole
/N 320 A / 43 1 1 ]

F A = O(kp — k = - — =
o a-r(4) 9 (27)3 (e ) s — MZ +iMATA u— M3}

f\s;\// — Pion production
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e Some diagrams for 2 body currents

Nucleon-Nucleon ﬁ/\eson Exchange Currents (MEC)\

correlations
[ N F N 'y 4
| l__*
& - - LT TTTTT A
A . \ | / | )
| ! 1
' Pion in flight Contact Delta

(onlz for vector)
%Trucfive interference /
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= Some diagrams for 2p-2h responses
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Main difficulties in the 2p-2h sector

- +*Huge number of diagrams

-non relativistic calculation
16 from l\l-l_\i_a)—rrela‘rions 49 from_MEC 56 from l\_l_&}rul;rer'fer'ence
Alberico, Ericson, Molinari, Ann. Phys. 154, 356 (1984)

- fully relativistic calculation (just of MEC !)

3000 direct terms More than 100 000 exchange terms
De Pace, Nardi, Alberico, Donnelly, Molinari, Nucl. Phys. A741, 249 (2004)

‘Divergences in NN correlations (v, — E, + ie)?
prescriptions:
-nucleon propagator only of f the mass shell (A/berico et al. Ann. Phys. 1984 )

-add nucleon self energy in the medium (&// et al. Nucl. Phys. A 627, 543°'97)

-similar regularization but taking into account the finite size of the nucleus:
regularization parameter to be fitted to data ( Amaro et al. 1008.0753 )
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Ce:) Other processes, with the same excitation operator (c1),
where 2p-2h are relevant
‘Pion absorption (2 body process, 1N absorption
kinematically forbidden)

Absorptive part of the p-wave pion-nucleus
optical potential at threshold _

UnNopT (47 /2m ) V - ImCy p?V
ImCy=— :r iz plz Im 1177 *"(q =0, hw = m_c?)

experimental value ImCy =~ 0.11m°

*Transverse response in electron scattering

d’o (w? — g°)? 5 (0 w> —q
= t — | — R
00 UM{ . Ri(w, q) —I—[an (2) Ve ] T(w, Q)}
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ED Scaling approach in electron scattering

2 — w? Ry (w, qm Rr(w, q)
fL(‘I’)=qu p 127( D 5 fT(‘I’)=2qu2_w2 2 0
gm  7(GL)* + N(GL) Z(Gn)” + N(GR)
L e T SRS BN N
LONGITUDINAL | g m + + ‘:
. 0.8—A = 56 gyl ‘ ®_|
Q p B b %
S fiim AT IR
—] g 06— 0 q=570 %M@J d]qlt.]ﬂj | ' —
= 13 = ST AL TR
.'Q) = 04— %# %k[bq% [IJEIJ IE|]| —
N &Y f o4t
] g 0.2— U)EEE )}‘#){()L I |
< O X
'S P TRANSVERSE
| oo+ 1 1O [ BT
: S "
Superscaling: scaling with A and g No superscaling: scaling with A, not with g

Excess in the transverse channel likely due to 2-body currents (MEC and correlations)

NB: the use of the longitudinal superscaling function in V scattering needs improvements!
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Two different parameterizations of
the multinucleon channel

a) from pion absorption
b) from electron scattering
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= a) 2p-2h contributions from pion absorption

~neemai s Redueible to a modification of the Delta width in the medium
g ‘ E. Oset and L. L. Salcedo, Nucl. Phys. A 468, 631 (1987):

{Y i Pa=Ta Fp—2Im(XA)
" 2p-2h " 3p-3h _ P ya P s Py
" 2p " 3p Im(Xa(w)) = — [Co(—)" + Copan(—)" + Czpan(—)
’ PO £0 Po

‘Not reducible to a mpdifica‘rion of the Delta width

Microscopic calculation of m absorption at threshold: W=M_
Shimizu Faessler, Nucl. Phys. A 333,495 (1980)

Extrapolation to other energies Delorme, Guichon, 2 proceedings (1989)
1 1

(2My + my) +
w(w— Ma + My + 1%‘“) w(w + Ma — ﬂf;\r)

(2]\[‘\ -+ (;u‘)2

2
Im(M¥,) = —4np? Cy ®3(w) Re

But no q dependence !
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aen) b) 2p-2h contributions from Ry in electron scattering

Alternative treatment in order to have a q dependence in the 2p-2h sector

A *Fe

1 e comy 9=370 MeV/c Microscopic evaluation:
500 |~ —tp-th R Alberico, Ericson, Molinari, Ann. Phys. 154, 356 (1984)
400 L ---MEC only

Loy
300 - G 1 Transverse magnetic response of (ee’)
200L - . frl
AT for some values of q and w,but:

S N
e i i %6Fe, few g and w, too large Im C,
fiw (MeV)
— : 2 _ w2 Extrapolation to

-Parameterization of the responses in terms of ¥ = L~ > P

2 M N w - cover V region

- Absorptive p-wave m-A optical potential ImCy ~ 0.18m - ¢® — ImCy ~ 0.11m°

T~

Levinger factor %Fe—12C . 6Global reduction ~ 0.5 |l
for Carbon
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A comparison between our 2009 parameterization using

0 Alberico et al. and a recent preprint of Amaro et al.
Alberico et al. Ann. Phys. 154, 356 (1984) Amaro et al. arXiv. 1008.0753
}
%6Fe 500 S
500
q:410 MeV/c 400 L
400 — total
U')\N)O ‘ I 1] - 300 }
Jp— 1
T T thrPA " o00 L
| o 2 -2h.. N\
wp A7 e \o-- 100
[ 2p-2h '”eSCC\ed 0 - . .
! 50 100 0 200 0 50 100 150 200
w [MeV] w [MeV]

With the reduction factor 0.11/0.18=0.61 that we had applied in order to
reproduce ImC,, our parameterization is quite close to the recent results of
Amaro et al. (which are ~30-40% lower than the original values of Alberico et al.)
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Another test of our parameterization in electron scattering
gD R; of 12C: comparison with data and with calculations of Gil et al.

Our calculation Gil, Nieves, Oset NPA'97
0035 : I I T I I 1 1 LI I 1 1 1 1 | 1 1 1 1 | I T I T I I 1 1 1 I 1 1 1 1 | 1 |: I y . T [ T T . I I T T | . ' T I . r I T .
8 q =300 MeV/c ] a i
0.03F g 03 b " a
= Barreau et al. | ] u |
- oosk *  Jourdan [ B A
L, 0.025F ---- 1p-lh . q=300 MeV

§ B — np-nh ] B -
— 002f 1 T o2k -
0 C oo _
L opist- . 1 = [ 1p-1h + 2p-2h ]
:q:\ B \\\ i n ]
\9__): 0.01 — % I I - 01 1 _lh ]
3 kT 1H - P |
0.005 |- I - i N
0: N ) |I| PR Y TS (N TN WO Y TN N Y VAN N T S S TN THRT T VO T (Y T \n‘\:h‘l‘*r-r: 0 i I W Y AU TN T T NN W N A AN RN SN B T R A .

0 20 40 60 80 100 120 140 40 80 80 100 120 140

o [MeV] w (MeV)

*Our evaluation: same order of magnitude as the microscopic
calculation of Gil et al.

N.B. Some discrepancies in the two experimental results (new data are welcomel)
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Our results vs experiment for other q values

003 I | I | I | I | I 003 I | I | I | I |
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003‘ T | T | ! | ! ! | ! | T 003 T | T | I | ! ! | ! | !

€S =550 MeVe

i . q=570 MeV/c ]
I = Barreau % Jourdan
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T 002 0.02 |- / L\ _
2 o ¥
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Conclusions: our evaluation of 2p-2h contributions to R; is compatible
with other microscopic evaluations and with data.

This test is important for V cross section which is dominated by R;
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e Further considerations on 2p-2h

B q =410 MeV/c
NN ati central  tensor
correlation
9 T oo pAS pa}
30 11.3 20.3 Alberico et al.
100 12.5 31.8 Ann. Phvs. '84
150 23.6 47.8 nn. Fnys.
. 200 20.9 53.1
g 250 17.3 51.1
——————— 300 10.9 39.9

Tensor correlations are dominant in the NN correlation term but
2p-2h contributions involving A excitations are also very important.
Tensor correlations alone are insufficient to account the overall 2p-2h effect.

2p-2h (V,I) processes dominated, as pion absorption,
by p-n initial pairs (p-p emission)
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0 Antineutrino vs Neutrino-nucleus cross-section

> 2 2 72 .
88 gk’ _ Gy (3023 WZC (k) COS g [G2 (q2) RN isovector nuclear response
Ma — M
+ Gi ( AQ " v) RM(L) - isospin spin-longitudinal
w2 (]2 0
+ (G - — +G* ) (— qg + 2 tan” 5) R,y isospin spin-transverse
k—+F 0 + (v)
+ 2G4, Gy, tan® = R__ interference V-A
Abm 5 (T) ] ~ @)

Remind that the 2p-2h term affects the magnetic and axial responses
(terms in G, ,6,) and not the isovector response R (term in Gg)
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e Various response contributions to the V and V CCQE

The role of interference term (in G,6,,) is crucial: it enhances
the contribution of Ro1(T) for neutrinos.

For antineutrinos instead the destructive interference
partially suppresses this contribution leaving a larger role for
isovector Rt which is insensitive to 2p-2h

5 T I T ] T '| T I T T T I T [ T [ T I T I T

45 |— otu(T) v
- | — oT) ¥
— |-+ ot(L) vand Vv
—= T vand Vv

: - e S W T T T 1....R.T,..V..Of| ......
0 0l 02 03 04 05 0( 07 08 09
E, [GeV]

Hence the relative role of 2p-2h is smaller for antineutrinos
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= The relative role of the np-nh is smaller for antineutrinos

NE 15: = MmnBooNE | ' qo 0o U U Vg Tk
(] N =
_ i QE bare %_T
“ JOH--—- QERPA | WU, . +Ae==T L —
S [|— QE+np-nh bare T T T T e 5
— -| — QE-+mp-nh RPA I .
ﬁ 5 T _
' - z a i
< [ (@
B ol e e O I
0 o1 02 03 04 05 06 07 08 09 1 1.1 1.2
E [GeV]
V
N'_IS:_I | 1 | I I 1 | I12| I | 1 I I | 1 | I I
&  F|—- QEbare =
< 4; ---- QERPA VM_I_ c === .
% 3g— QE+npnhbare [ -  _~— =" - -
S E[— QE+np-nh RPA = :
N F e -
~ l;— o - (b) —;
N AT U RSO RO NP NN NAVRN B RN
0O o0l 02 03 04 05 06 07 08 09 1 1.1 1.2

E_[GeV]
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=0 Role of multinucleon component in CCQE-like (QE+np-nh)

an—nh/GQE MiniBooNE flux integrated
R A N B W W N B A B CC total cross section
L |— v bare i
osf |2 2 :
P Neutrino Antineutrino
E: 0'3:_ E QE np-nh QE4np-nh| QE np-nh QE+np-nh
Eoak 1 bare |7.46 277 10.23  [2.09 0.52 2.61
; ; RPA (6.40 2.73 9.13 1.60 0.47 2.07
M E In units of 10-3° cm?
0:.t RN A N R R B R A
0 0.1 02 03 04 05 06 07 08 09 1 LI

E, [GeV]

For neutrinos the fit to QE data in RFG required an appreciable increase of M,

For antineutrinos this increase should be smaller, as the relative role of the
multinucleon ejection is reduced

M. Martini, M. Ericson, 6. Chanfray, J. Marteau, Phys. Rev. C 81 045502 (2010)
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Some indirect test of the
multinucleon channel
In heutrino scattering
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Our model takes into account all the open channels
in heutrino scattering at E, ~ @(1 GeV):

Quasielastic scattering
*Multinucleon emission
*Incoherent pion production
*Coherent pion production

Several experimental ratios of cross sections are available

Role of multinucleon channel?
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=0 Compatibility with the other microscopic models

25 TR S T T S S SO N S S S EN SO W 8 R _ __
] 1 Nuance —-— | 1 .=
—_ MuWro — —— 1 . i - =
= Newt - - - p I A —— -f
o L BB —— -
o 15 7 ‘Athar RPA —— [
O % Ankowski —— 4 B
O = 10 A .
)} -, 0.5 GeV | ,
o0 . i 2 i
D= oo genuine | gg“'-é'?i
i = I
ST 8 CCQEds | ] | _ CLQE 1o
0 : — . — — LA B B L R B T T T T LI B E—
N 8 0.0 0.6 0 s 0.0 0.5 1.0 1.5 2.0
E o ) £ (GeV)
H *: 12 PSS S R T S S S N T S S S N S SR S 0.8 PR S TR W NN SR S S WA [ S T S TR N S S S
2 € o ZNsee T coherent
4 ——— Nul = ——— NuW _
Z U B e Nﬂa;ge G:n[g -
& GiBUU & 0.6 ——--fAlvarez Ruso - B
a 5 g 4 ---- Ghent L e T L S - Schalla-Paschos -7
H @ s=—— Hihar ’; ) — — — Nakanmura -7 3
{ ™ . L T o 0 Hernandez _ -~ -
o i P - o Y.
w:; T e -5
-~ . | ‘-'[]'
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no FSI
0 T T T 0

Fern E_ (GeV)



€= CC coherent 1" production over CC total X section

I Upper limits
O CCr* P

coherent ok 0.60 102 averaged over V flux <E,» 1.3 GeV PRL (9250 0255)2301

G CC total SciBooNE: 0.67 102 @ E,, =1.1 GeV PRD 78 112004 (2008)
001 | T I T I T I T I || I 1 I 1 1 I I I I I I ]
0.009 e Upper Limit SciBooNE —
B — Our model -
0.008 — Our mOdel @
5 0007 41 EsliGev
S 0.006 N 0.7110-2
Q_g 0.005 - i Just compatible
& 0,004 N i
b 0.003 - — Without np-nh
0.002 N ino CC total
0.001 - i 0.89 10-2
ol 1 ol e Ny Appreciably
0 01 02 03 04 o.sE ([)ésev]m 08 09 1 11 above u.l.
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Charged current total 17" production over QE ratio

MiniBooNE, Phys. Rev. Lett. 103, 081801 (2009)

! | ! | I | ! 1 | ! | I | I | !

I
o MiniBooNE (FSI corrected) e MiniBooNE (observed)
| * K2K | - | == (A(@mN)+n coh)/(QE+np-nh) | |
+ ANL
0.8 H (A(TN)+7 coh)/QE 0.8 ]

0.4

! 11

0.2 - 0.2 /' ; —

N
I - 7/ .

| /l%'
ob="1 1 . 1 1 ob=tb™= | .
04 06 08 1 0.4 06 08 1
E_[GeV] E_[GeV]
Vv AY

In our model  FSI are not included;
a reduction of ~ 15 % is expected
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= NC ©° production over CC total cross-section

Tofgl s Phys. Rev. D 81, 033004 (2010)
o(NC
((C'C O)) — (7.7 £ 0.5(stat.) & 0.5(sys.)) - 1077
’ ror SciBooNE @ E, = 1.1 GeV
Our model . .
Suppressing np-nh in ¢ CCy
o(NC m) P o(NC ) _
—7.9-10 08102
J<CCTOT) (J(CCTOT) — a(CCnp_nh))
Coherent m¥
NC h
oWNC mo coh) _ 71 0.4y 102
o(CCror) SciBooNE @ E,, = 1 GeV
Our model Suppressing np-nh in 6 CCy
o(NC my coh) 04102 o(NC 7y coh) 05 10-2

U(OCTOT) (U(OCTOT) — U(Ocnp—nh))
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ey NC 1© production absolute cross sections

Total cross section

MiniBooNE Our model
0 [107-40 cm”2/nucleon] 0 [107-40 cm”™2/nucleon]

V @ 808 MeV 476 £+ 0.05 st £0.76 sy 5.42

V @ 664 MeV 148 £ 0.05 st + 0.23 sy 1.37

Incoherent exclusive NC 11°©

MiniBooNE Our model
corrected for FSI effects
V @ 808 MeV 5.71+0.08 st + 145 sy 5.14
V@ 664 MeV 1.28 £ 0.07 st £ 0.35 sy 117

MiniBooNE, Phys. Rev. D 81, 013005 (2010)

P.S. Our model: AN—NN absorption process, but not absorption once m,,, is placed on-shell
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tegrated

double differential X section

MiniBooNE,

ion
-in

ike flux

Phys. Rev. D 81, 092005 (2010)

Most constraining test of our evaluat
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e Role of nucleon final state interaction

CRPA+FSTI:

Effects of FSI in inclusive processes: Increase in

. . i .
-energy shift of the cross section superscaling  backward direction

‘redistribution of the strength leading 20 Ve —
to the quenching of the QE peak and to R e j (c)
an enhancement of the tails — IS -
|;_| _::: "-.,_Ih __________
TOI0H R
=) :
/O sz 5[ V, - 100 |
Example of | |\ E|V=3OO N\leV
diagrams to | l% “ 60 120 180
be included: | ."I 0 [deg]
\'/ M. Martini, 6. Co’, M. Anguiano, A. Lallena,

Phys. Rev. C 75, 034604 (2007)
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~Multinucleon emission as a possible explanation of CCQE-like
cross section measured by MiniBooNE

* Two body currents and multinucleon emission:
- modelizations and tests from pion absorption and
electron scattering
- different weight in neutrino and antineutrino scattering:
smaller increase of M, in antineutrino mode if one use RFG

Comparison with experiments
- agreement with all cross section ratios measurements
- multinucleon emission channel seems to be needed in
order to reproduce data
Perspectives:
» detailed study of double differential cross section
* inclusion of FSI in our model
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= Neutrino-nucleus cross-section
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Bare nuclear responses

Several partial components
(final state channels)

*QE (1 nucleon knock-out) oo
-Pion production
*Multinucleon emission
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=0 Delta in the medium

Mass — S— = ;":- —

- )
Ma = Ma + 4O(M€V) PO A—>m N Pauli correc’rion (Fp)
Width O ®
f‘g — FA FP L QIIII(EA) Pion distortion (Cg) "
Self energy 2p-2h | 3p-3h
tin(2a @) = = [Co(£) + Can( L) + Copn( L)1
PO P0 Po

E. Oset and L. L. Salcedo, Nucl. Phys. A 468, 631 (1987)
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=0 Other 2p -2h contributions

Not reducible o a modification Initial state nucleon correlation

of the Delta width Mostly n-p pairs correlated

by tensor interaction
2p-2h m absorption at threshold

Shimizu Faessler, NPA 333,495 (1980) ‘ O O
extrapolation v O

Delorme, Guichon, 2 proceedings (1989) -

NN NA AA
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From nuclear matter to finite nuclei
e=9 m m f

— Semi-classical approximation
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e=9 Switching on the interaction
opa =TI+ 11°VII

g%
a ImIl = |TI|” ImV + |1 + I V|* ImIT°
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e V-Nucleus Quasielastic scattering

QE totally dominated by isospin spin-transverse response R )

RPA reduction
-expected from the repulsive character of p-h interaction in T channel
mostly due to interference term RNA < O
(Lorentz-Lorenz or Ericson-Ericson effect)

Test: electron-nucleus scattering O I L S R B B B
_;\ —
I 12 _ i
¥ \ vt C—>u +X ]
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Similar conclusion:
important role of the
1 multinucleon channel

Neutrino do not interact
only with individual
nucleons but also with
pairs (mostly n-p)

49



+ 2.5 T T | T | T |
- — “CQERPA |
— PoamN) |
21 = c np-nh ]
> - “CaQERPA| -
2 - “CaAmN) |
WS 1.5;' - “%Ca np-nh ]
7'9 ] l -\'.. _
S LR ]
< B v _

< ﬁ .
3 : -, .
= | \ -
O [ : _
S |

0.5H -
| *ﬁ _

. . A
Scaling ! ]
with A - A\

O | o

0 04 06 08

o [GeV]

m production and np-nh ; nuclear mass de

hendence

)

from m-A and y-A scattering |
‘Test: m-A |

Pion production: A(mN

- k\S\S\R
np-nh channel
/ /\\ sy
. [ YA /N

‘non pionic Adecay | | [\ [

in nuclear medium 1t T4ty

ANNN \ -V N\ SV
: ‘\«\ N

Fermilab - PPD/Neutrino Physics Discussions

30/09/2010 50



0 |mbarn]

Pion-nucleus cross section
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Coherent channel
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V, induced coherent pion production of f 12C
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Neutrino vs antineutrino differential cross
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Electron scattering vs Neutrino scattering

(e.e) °CR+

MiniBooNE CCQE flux-integrated

double differential X section
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e Electron-nucleus scattering

e '“C (e,e’): E=320 MeV,5_=60°
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THE ABSORPTIVE PION-NUCLEUS OPTICAL POTENTIAL
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Abstract: We calculate s-wave and p-wave absorptive pion-nucleus optical potentials agsuming that a pion
is absorbed by a pair of nucleons. Employing a model which takes into account both a single nucleon
absorption with nucleon-nucleon correlations and rescattering, we obtain simple analytic expres-
sions for Im By and Im Cy of the pion-nucleus optical potential. The off-shell effect on the s-wave
pion absorption is examined and shown to be strongly modified by short range correlations. The
result for the p-wave absorptive part Im C; clearly shows the importance of the tensor correlations.
The enhanced nn emission after 7~ absorption is shown to be related with a large p-wave =N
scattering length g1 via the tensor correlations.
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