Unified approach for nucleon knock-out and
coherent and incoherent pion production in
neutrino interactions with nuclei

Marco Martini
CEA/DAM/DIF

Elba XI Workshop, Electron-Nucleus Scattering 23/06/2010



Outline

Introduction
- relevant channels for accelerator exp.
- link with V oscillation physics
- why nuclear physics is important?

*Our model: nuclear response functions

Comparison with other microscopical models
and with commonly used Monte Carlo

-Comparison with experimental results
- pion production, quasielastic (MiniBooNE)
- importance of multi-nucleon emission

In collaboration with:

M. Ericson, G. Chanfray, J. Marteau
IPN Lyon

Phys. Rev. € 80 065501 (2009)
Phys. Rev. C 81 045502 (2010)

Elba XI Workshop, Electron-Nucleus Scattering 23/06/2010



Neutrino-nucleus interaction
and
V oscillation physics
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V, Disappearance - 2-3 sector - QE channel

The measurement of 6,5 and Am?,5 is based on comparing [
the initial energy spectrum of V, measured at a near 8 L T2K
defector to the final spectrum measured at a far detector  ©. J |
- ' | MiniBooNE
The ability to reconstruct neutrino energy, which is not S W SciBooNE
known for broad fluxes, is crucial w® | I b
3 K2K
o
Ey from (V, n > pp) CCQE “E’ e ]
T 1 2
Ev (GeV)

[
V beam 049/

ElJI and 0, measured

E, reconstructed with two-body kinematics
but:

M 0 *This is exact only for free neutrons

Detector are composed of nuclei

Cherenkov: *Ey is smeared due to momentum distribution of n
h ; ? 01_ d ‘Events not CCQE but look identical to them:

HT detecte * Two nucleons knock-out

n,p not detected *CClm production if 1 is not detected

Muon
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- 1- - 0 -
ey Ve APpearance 1-3 sector - NC n¥ production

High sensitivity searches for V,— V, appearance
Muon associated with 6,5 and CP violation

«‘« 0 NC 1° most important background

NC 0 events can mimic CCQE V, signal events when 1 of
the 2 y associated with 0 —yy decay is not detected

24/02/2010 First T2K event
seen is Super-Kamiokande
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=9 V., Appearance
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MiniBooNE, PRL 102, 101802 (2009)

« MiniBooNE observes an unexplained excess of electronlike

events in the energy region 200<E,R€<475 MeV. These events
are consistent with being either electron events produced by
CC scattering or photon events produced by NC scattering. »
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MiniBooNE, PRL 103, 111801 (2009)

« MiniBooNE observes no significant excess of Ve
events in the low energy region 200<E,/RE<475 MeV.
The absence of an excess at low energy in antineutrino
mode should help distinguish between several
hypotheses suggested as explanation for the low
energy excess observed in neutrino mode. »
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Our model:
Nuclear response functions
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e 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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fH Nucleon-hole

N

0

(7, w) = 9/

dk |6

Bare polarization propagators

(Ik+ @ — ke)0(kr — k) 0(kp — |k + 3)0(k — k)

(27m)°

—— Quasielastic

. Delta-hole
Y:f ; HA—h(Q) —
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— Pion production
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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) -
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2 M s )2 1
() =m0 g () H

(QJLI_'\,* ~|~ L’..u‘)z 2

W
5 (2My + my)
(2;1[‘\ *l- uu')2

2
Im(%,) = —4np C5 ®a(w) Re

| 1
= v o T "" | }
w(w — Ma + My +i=2) w(w + Mx — My)

2My 4+ my)? 1
Im(T1% = A 2 2V 5 C3 P3(w { Y }
( L\L\) lO (QJI_'\ ‘I_ kM,)Q 3 3( ) (bui —|— jlflrﬁ — ﬂ.«fir\r)Q

Elba XTI Workshop, Electron-Nucleus Scattering  23/06/2010 13



€S

Srlgw)

‘Parametrization of the responses in terms of 1 —
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2p -2h: an alternative treatment

Microscopic evaluation: Alberico, Ericson, Molinari, Ann. Phys. 154, 356 (1984)

58Fq

q=410 MeV /¢
I Mc Carthy
—Total
- —1p-1h RPA
e 2p-2h
---- MEC only ) ’
EEEAN Transverse magnetic response of (ee’),
T T [ |
— N I but:
i / -
e TN 56
___________________ N Fe, few g and w, too large Im C,
‘‘‘‘‘ S 100 150 700
fw (MeV}
I ~ Extrapolation to

2M N w - cover V region

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

T~

‘Levinger factor 56Fe—12C > Global reduction ~ 0.5
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=0 From nuclear matter to finite nuclei

— 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°

/

Ny
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=) I,
k=1

02 __ q=3oo Me\// C —— total longitudinal
L -—-- total transverse
[ T onerent trmoverse exclusive channels:
015 QE, 2p-2h, A—>nN ...
- coherent m
production

R [MeV']

Several partial components
: treated in self-consistent,
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e Details: p-h effective interaction

7 N / r / / 2 2
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Details: RPA resolution
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Neutrino-nucleus cross-sections
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RPA reduction

V-Nucleus Quasielastic scattering

QE totally dominated by isospin spin-transverse response R )

-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 SO IO L B B | .
_;\ —
I 12 _ i
¥ \ vt C—>u +X ]
Lowest order contribution to QE s -
Q o iy N\ E =1GeV 1
w(vl- m& ;‘ ‘ ': \\ =1
3 % ﬁ 2 H N — — QE bare i
/F\\ = h — QERPA | -
/\. 4:. H /,\I ______ \/ ag: 10-: .—- np-nh RPA| |
Ly \ J = 7
4] 8 ok g ]
AN & N VAR -
oV h « :
\J :
rrrr ........ ]
NN 001 0.2 0.3 04 05 06-'—'-0-? 0.8 0.9
R QE Rlc\‘QEA R%@ o [GeV]
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Pion-nucleus cross section
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absorption

Absence of ™ FSI
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Coherent channel
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V, induced coherent pion production of f 12C

Differential cross section
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Comparison of Models of Neutrino-Nucleus Interactions
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Comparison with data
‘Ratios of cross sections

-Absolute cross sections
(last months)
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D Charged current coherent m" production

o CCr
coherent ok: 0.60 102 averaged over V flux <E,> 1.3 GeV PRL 95 252301

2005
O CC total SciBooNE:0.67 102@ E, =1.1 GeV (2009)
136102 @ E, =2.2 GeV  PRD 78 112004 (2008)

Upper limits

001 [ T I T I T | T I T I T | T I 1 | 1 | 1 | 1 | I |
0.009 e Upper Limit SciBooNE —
- — Qur model =
0.008 |— B Our model @
Eé 0.007 = - E,=1.1GeV

08 0.006 — N 0.71102

"= 0.005 — Just compatible

& 0.004 |- —

S,
O T .

b 0.003 - — Without np-nh
0.002 N ino CC total
0.001 = 0.89 102

ol 1 ol e Ny Appreciably
0 01 02 03 04 o.sEv ([)ésev]m 08 09 1 11 above u.|.
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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 (A(nN)+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 7
((C'C O)) — (7.7 £ 0.5(stat.) & 0.5(sys.)) - 1077
7 ror SciBooNE @ E, = 1.1 GeV
Our model . . e
uppressing np-nh in 6 CCroy
o(NC m) P o(NC ) _
—7.9-10 05102
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 CCrr
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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=9 Quasielastic cross section

MiniBooNE,
AIP Conf. Proc. 1189: 139-144 (2009);
103 Phys. Rev. D 81, 092005 (2010)
" 16
£ 14 (a)
= 125
O 0GB e
8 u MiniBooNE data with shape error
G g ——g—  MiniBooNE data with total error
4= RFG model with }1';;‘=1.03 GeV,k=1.000
2 RFG model with }I§I=1.35 GeV,k=1.007
04 06 08 1 12 14 16 EFC (GeV)

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

The introduction of a realistic spectral function does not alter this conclusion
(Benhar and Meloni, Phys. Rev. D80: 073003, 2009)

We proposed a possible alternative interpretation...
Elba XI Workshop, Electron-Nucleus Scattering 23/06/2010 33



€S

* Ejection of a single nucleon (IN): "genuine” QE event

-Events involving a correlated nucleon pair: 2N ejected
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"Quasielastic” events if just p is detected

u

Flux averaged:
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Our model
QE+np-nh

9.110-3% cm?
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6.4 10-39 cm?
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ifferential X section

BooNE,

ini

Phys. Rev. D 81, 092005 (2010)
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I:l MiniBooNE data with shape error
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cen MiniBooNE CCQE flux-integrated double differential X section
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ED Neutrino vs Antineutrino QE scattering
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e Test of "Quasielastic” anomaly: antineutrino scattering
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The role of the np-nh is smaller for antineutrinos
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Summary

Theory of neutrino interactions with nuclei
Nuclear responses treated in RPA

Unified description of several channels:

*Quasielastic & E,, reconstruction
*Pion production < CCl1tm backgr. of CCQE; NC 10 backgr. of Ve appearance
*Multi-nucleon emission < QE like scattering

Evolution with the mass number (12—40): partial cross-sections scales with A

Collective effects in the coherent channel

Successful comparison to the available experimental data
(K2K, MiniBooNE, SciBooNE)

Multi-nucleon component quite relevant for the interpretation of the
experiments, in particular for the QE of MiniBooNE

Test of "Quasielastic” anomaly: antineutrino scattering
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Electron-nucleus scattering
Role of FSI

'“C (e,e’): E=320 MeV,5,=60"

w1072 At peak g=293 MeVic 30/ 9/ 2009
35—
: [ | Sealock et al, PRL 38 (1989) 258
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E 20
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PHYSICAL REVIEW C, VOLUME 65, 024002

Longitudinal and transverse quasielastic response functions of light nuclei

J. Carlson,! J. Jourdan,” R. Schiavilla.** and I. Sick®
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e Observed increase of the quasielastic cross section

~ — might reflect the underlying nuclear (rather than nucleon’s) physics

>_<1 0-39

—— NOMAD data with total error
(b) ——/—— LSND data with total error

G (cmz)
— i —

onbhOOONPAO®

—ua—— MiniBooNE data with total error
--------- RFG model with M*"=1.03 GeV, k=1.000

RFG model with I\Iif=l.35 GeV,k=1.007
Free nucleon with NIA=1.03 GeV

o Gal)

N

o
-

N

It is interesting that
the MiniBooNE measurement is also larger than this free
nucleon value (at least at higher energies). This may in-
dicate a significant contribution from neglected mecha- MiniBooNE
nisms for CCQE-like scattering from a nucleus such as 00 !
multi-nucleon processes (for example, Ref. [17]). This PhYS Rev. D 81/ 092005 (2010)
may explain both the higher cross section and the harder
Q? spectrum, but has not vet been explicitly tested. It
may also be relevant for the difference between these re-

sults and those of NOMAD (or other experiments) where
the observation of recoil nucleons enter the definition of

a CCQE event. ring 23/06/2010 45



=9 Neutral current coherent 1° production

MiniBooNE, Phys. Lett. B 664, 41 (2008) § 703— :“-._‘Rein-Sehgal based
.% 602— :
= sob
O 7IO £ T F
ere = .
coherent _io5.11(staty2.5(sys) % = “F
O 7IO O 30F
total oF
OUI"I"GTIO: 60/0 O:Jl|l||||1111||||||1111
0.5 ] 1.5 2 25
Difficult to reconcile with data Ey (Ge)

A problem that other groups also face

Compatibility with * coherent production ?
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V, induced coherent pion production
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THE ABSORPTIVE PION-NUCLEUS OPTICAL POTENTIAL

K. SHIMIZU
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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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Microscopic evaluation: Alberico, Ericson, Molinari, Ann. Phys. 154, 356 (1984)

J— A & —
4 } 4

}

Fi1g. 2. The meson exchange current diagrams. In the upper graphs the pion-in-flight and contact
terms are shown; in the lower graphs the pionic current is coupled to a 4 intermediate state,

368 ALBERICO, ERICSON, AND MOLINARI

Fic. 5. Diagrams for the coupling of a photon to a pair of correlated nucleons (correlation
“current™ ).
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e Fully relativistic framework (but not NN 2p-2h contribution)

De Pace, Nardi, Alberico, Donnelly, Molinari
"Role of 2p - 2h MEC excitations in superscaling”

Nucl.Phys.A741:249-269,2004

“The 2p - 2h electromagnetic response
in the quasielastic peak and beyond"
Nucl.Phys.A726:303-326,2003
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