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GENERAL F ~WORK

@ Scaling properties of lepton-nucleus scattering at and above the
quasi-elastic peak

@ Interesting in itself

@ Important to asses validity of superscaling based model of neutrino
scattering

SPECIFIC TOPIC

@ Phenomenological study of (1* kind) scaling violation beyond the
QE peak up to the A peak

@ “Phenomenological”: study behavior of data + use simple and
phenomenology-based models
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OUTLINE

Antefact I: QE region

sprevious formalism and results
»SS-based model for cross sections (SSM-QE)

Antefact Il: beyond the QE peak
sprevious formalism, results and SuSA
sprevious results revisited , scaling violations

SS-based model for inelastic eA scattering
sformalism
sresults, scaling violations

“Non-impulsive” contributions

Summary and conclusions
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QE region: basic formalism

RFG expressions for L and T QE response functions:

E 1 1N AQE
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QE region: basic formalism

RFG expressions for L and T QE response functions: = Dimensionless variables:

E 1 1N AQE
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QE region: basic formalism

RFG expressions for L and T QE response functions:  Dimensionless variables:

E 1 1N AQE
Rgg;ﬂpe(ﬁr \) = ngF( (-;;:)(;f_?(ﬁ., N

Single nucleon responses

~QFE ko ~p? AT 1 2
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QE region: previous results - total f

Scaling: independence of g (1* kind) [and of nuclear species (2")]
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QE region: previous results - total f

Scaling: independence of g (1* kind) [and of nuclear species (2")]
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A A= 20 N
o =2\ 2 Present study focused on 1* kind scaling
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QF region: previous results - f1 T
[RFG: f; = fr=f (0" kind)] Donnelly&Sick, PRL82 & PRC90(1999)
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QE region: previous results — 11 1

[RFG: f; = fr=f (0" kind)] Donnelly&Sick, PRL82 & PRC90(1999)
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QF region: previous results - f1 T

[ RFEG: fL - fT =f (Oth kind)] Donnelly&Sick, PRL.82 & PRC90(1999)
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fr differs from f7, shows excellent scaling of 2" kind , but breaking of scaling
of 1* kind increasing with increasing y' : “non-QE” contributions (meson
production, resonances, DIS, MEC) active in transverse channel
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“*SUPERSCALING HYPOTH

ESIS”

There exists only one universal (QE) scaling function, which contains the
nuclear physics information of the process and it can be identified with the
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“*SUPERSCALING HYPOTH

ESIS”

There exists only one universal (QE) scaling function, which contains the
nuclear physics information of the process and it can be identified with the
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The difference between the QE f7 7 can be described in term of “extra”
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“SUPERSCALING HYPOTHESIS”

There exists only one universal (QE) scaling function, which contains the
nuclear physics information of the process and it can be identified with the

(14 = b} E
experimental fQ i

0.7
0.6 r

0.5

Theoretical calculations (RMF-Caballero et al, . o1}
Semirel-Amaro et al, BCS-like - Barbaro et a) M|
support the existence of a universal L. or |

0

0.3

_— 1 L 1
-2 -1 i 1 2 3

The difference between the QE f7 7 can be described in term of “extra”
contributions

Warning:
Calculations (RMF) indicate a moderate breaking of Oth kind scaling (larger
17), 1p-1h MEC (not considered here seem to give opposite effect): details

about fTnot yet clear
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SUPERSCALING BASED MODEL (SSM-QE) FOR THE

QUASIELASTIC PEAK
Use RFG expressions for response functions

Rg%-— (H..: )\) = Effgg(f,')(xglg— (H—,_. )\) 0.5 |

but with fQE obtained from fit of QE-L data " |

E MM
In the following fQ or eqivalently 1‘5 will be used to indicate the QE-L fit
assumed to be “universal”
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OUTLINE

Antefact I: QE region

eprevious formalism and results
oSS-based model for cross sections (SSM-QE)

Antefact Il: beyond the QE peak
sprevious formalism, results and SuSA
sprevious results revisited , scaling violations

SS-based model for inelastic eA scattering
oformalism
eresults, scaling violations

“Non-impulsive” contributions

Summary and conclusions
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BEYOND THE QE-PEAK: DELTA REGION - formalism
(Amaro,Barbaro,Caballero,Donnelly,Molinari&Sick, PRC 71(2005))

RFG responses for excitation of a stable A

AN 1 A A L 1 \ oA
RL-‘T(H’ A) = k—f (a)Gor YA = N
T ' \/(14—)\,{?‘5)1"4—;{\/7(1_'_792&)
[R(0a) = frrelva) pa — 4T ma
pa = 1 + A =
A M
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BEYOND THE QE-PEAK: DELTA REGION - formalism
(Amaro,Barbaro,Caballero,Donnelly,Molinari&Sick, PRC 71(2005))

RFG responses for excitation of a stable A
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BEYOND THE QE-PEAK: DELTA REGION
formalism & previous results

do non—QE
de’d?
gA

do " @R B do \“7 do M @F
de’dS) — \de'dQ N derd

SA = TN ["L-‘LGi —+ "i.‘T(_?%]

fﬂon_QE(’.‘i’&) = J'EIZF (
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[Amaro et al, PRC 71, 015501(2005)]
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BEYOND THE QE-PEAK: DELTA REGION
formalism & previous results

de’dS
SA

do erp dor SSM—-QF
(de@ﬂ) ‘_(dgdﬂ)
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( A = (s I'& Rl n a
fnon—QE(@.}&) — ‘IC'F S = T\ [LLCL —+ ETGT]

dor non—QE
(dedﬂ)

0.8 r—r—

0.6

0.4

()

0.2

VYa
[Amaro et al, PRC 71, 015501(2005)] 11



()

BEYOND THE QE-PEAK: DELTA REGION
formalism & previous results

( do ) non—QE
mon—QE ¢ de’'d2 SA = opr 0L G 4+ vpGE
}( QE(.“&) — !EIZF S&- M [ LML r T]
dor non—QE B do erp dor SSM —-QF
de'd — \dedS — \derdQ
08— GRaRL T
+ + | * 1 Reasonable scaling at the left of the A
} \ _" 1 { { peak (with noise at large negative y
06 . AT s ) —
I |
RIGA 2 (k. N) SuSA
0.4 — e 1 o - |
Il B E Su.SAQE('*f’f’.&)GiT
0.2 _— —
i Fit to data checked vs eA cross sections
o where A is dominant (10-15%);
0.0 W ARERY _ - _ .~ then used to predict cross sections
’ . ? “. in the A region for neutrino scattering
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BEYOND THE QE-PEAK: previous results revisited
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BEYOND THE QE-PEAK: previous results revisited
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BEYOND THE QE-PEAK: previous results revisited

(Blue: Arrington et al, Jlab data Ec. = 4.045Gev, 8. = 15-74°)
(Data have rather strong overlap of various resonances)
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BEYOND THE QE-PEAK: previous results revisited

» Strong scaling violations at the right of the peak
(higher resonances)
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BEYOND THE QE-PEAK: previous results revisited

» Strong scaling violations at the right of the peak
(higher resonances)

» Strong scaling violations for y'4 < -1 (2p-2h MEC)
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BEYOND THE QE-PEAK: previous results revisited

» Strong scaling violations at the right of the peak
(higher resonances)

» Strong scaling violations for y'4 < -1 (2p-2h MEC)

» Some scaling violations for -1< y'4 < -0 mainly due

to higher resonances: support SuSA modeling when
A dominates
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BEYOND THE QE-PEAK: previous results revisited

» Strong scaling violations at the right of the peak
(higher resonances)

» Strong scaling violations for y'4 < -1 (2p-2h MEC)

» Some scaling violations for -1< y'4 < -0 mainly due

to higher resonances: support SuSA modeling when
A dominates

» Model needed for deeper investigation
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BEYOND THE QE-PEAK:
QE vs non-QE vs RFG scaling functions

0.8
0.7 r QE
H non-QE
0.6 | ___:' RFG oooeeed]

05 |

“ 0.4 F

0.3 |

02

01

0

Non-QE differs from QE:

» expected
@ js it just due to trivial physics (Delta finite width) ? Need further

modeling to answer
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OUTLINE

Antefact I: QE region

eprevious formalism and results
oSS-based model for cross sections (SSM-QE)

Antefact II: beyond the QE peak
eprevious formalism, results and SuSA
eprevious results revisited , scaling violations

SS-based model for inelastic eA scattering
sformalism
sresults, scaling violations

“Non-impulsive” contributions

Summary and conclusions
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Superscaling based model for inelastic scattering (SSM-inel)

RFG for inelastic eA scattering [Barbaro, Caballero,Donnelly&C.M, PRC 69 (2005)]

el X (Ex;pY)
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Superscaling based model for inelastic scattering (SSM-inel)

RFG for inelastic eA scattering [Barbaro, Caballero,Donnelly&C.M, PRC 69 (2005)]

2 1

LT - ! { erT '

Rie = f dpix px EI rra(Ux)myG;, “l . X (Expy
1 '
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Superscaling based model for inelastic scattering (SSM-inel)

RFG for inelastic eA scattering [Barbaro, Caballero,Donnelly&C.M, PRC 69 (2005)]

2 1

LT - ! { erT '

Rie = f dpix px EI rra(Ux)myG;, “l . X (Expy
1 '

Same structure as QE with generalized v
1 A— Tpx ’

T
- \/(1 + Apx) T + H.--\/T(l + 7p%)

T’I-i\‘ ’f )_1' — ]. + ."-}’___!L' ‘,v(l T
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Superscaling based model for inelastic scattering (SSM-inel)

RFG for inelastic eA scattering [Barbaro, Caballero,Donnelly&C.M, PRC 69 (2005)]

2 1

LT - ! { erT '

Rie = f dpix px EI rra(Ux)myG;, “l . X (Expy
1 '

Same structure as QE with generalized y
1 A— Tpx ’

Ux = 3
Wy px = 1+ Ox ’XT

Hx = F B3y = i(ﬂ{ _1)

Inelastic single nucleon responses
~rirrel

G = mpy 2:_ {Z [[1 + T;)E(j-'ff.rg — -‘tf-‘ﬂ + N [(1 -+ T;Jgf]-'ff.fg' — -'if-‘ﬂ}

S 1 ) 3
Gl = my—{Zaf + N}
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Superscaling based model for inelastic scattering (SSM-inel)

RFG for inelastic eA scattering [Barbaro, Caballero,Donnelly&C.M, PRC 69 (2005)]

2 1

L.T .

R = f dpux pex A—fRF(T( Ix)my Gl 1, X (Exp
H1 F

Extra integration over final energy e

Same structure as QE with generalized v
1 A— Tpx ’

VEF \/(1 + A\px) T + H..\/T(l + 7p%)

T’I-'?\‘ ’f)_'i — ]. + ."-}"!L' ‘,!(l'.l'_

Hx = F B3y = i(ﬂ%\ _1)

Inelastic single nucleon responses
[ + TP ) — } +N [(1 + Tpx)Wh — '*E’ﬂ}

Ux =

~ireel

G

Gt = -m.N; {Z-'u.-'l + Nawi}
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Superscaling based model for inelastic scattering (SSM-inel)

Use RFG expressions with ffitted on QE-L data

M2 1
LT b V(BT
R = f dpxpx X . for(Ux)mnG;
. .

1
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Superscaling based model for inelastic scattering (SSM-inel)

Use RFG expressions with fTfitted on QE-L data

12 1

LT _ SR ) ~L.,T

R'-?'.-n-ei _ / dﬂ'x HX X E]’L QF (WX )TN G inel
M '

Single nucleon content:

Bosted-Christy parameterization of neutron and proton structure
functionsin resonance region (Christy&Bosted, PRC77,

065206 (2008), Bosted&Christy arXiv:0711.0159[hep-ph] + codes
by P. Bosted)

No in-medium-modification considered
Finite widths automatically included

28/10/2009 C. Maieron - Trento ECT*
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“SSM-A"” model

Simpler model focused on the Delta region : useful to investigate effects due to higher
resonances

A _ Hﬂl U(pex)/2my
‘LT — -

' P‘i AL L }{f L
T (px — pa)” -+ T(px)?/4m3; Tl Hx)AHX

RN
L, .
T(px) = Dola (" m )

px \ppes

1

. my [(}“3{ —1—pz)? 2} :

Pr = ; — Hx
115 4

['g = 120 NeV
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“SSM-A"” model

Simpler model focused on the Delta region : useful to investigate effects due to higher
resonances

| = | Uipx)/2my |
RE, = / — RS (k. A pix )dpex
bt wi T (px — pia)® 4 D(px)2/4m2; 2  Hix)

. : : : B . FG
RFG responses for A excitation with generic mass ux (wx) and with fQ instead of tR

3
L, nx
]_—-(‘“ ) ]._‘D‘E FAY ( I i )

px \ppee

1
N T
[Lx 4 H

['p = 120 MeV
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SS based model for inelastic scattering: results

* First focus on x-sections: “real” and more familiar data

 Limited range of g: A peak present but higher resonances
not too important

* Scattering angle dependence

Caselle [MeV] |0 [deg]|gor [MeV /c]|ga [MeV /c]
a 620 36 366 460
b 6GS0 GO 606 6GOO
C 1299 37.5 791 850
d 3595 16.02 1056 1189
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SS-model for inelastic scattering: x-sections vs ®

e(MeV)o(deg),q-QE,g-A(MeV/c):
620, 36, 366, 460

50

40 F

do /dwd()

0 0.1 0.2 0.3 0.4 0]
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SS-model for inelastic scattering: x-sections vs ®

e(MeV)o(deg),q-QE,g-A(MeV/c):
620, 36, 366, 460

50

40 F

do /dwd()

0 0.1 0.2 0.3 0.4 0]

680, 60, 606, 600
g J— .

[ (bl) g
— 2+ o
3 1
o ;
= 1}
t} I 1 " 1 " 1 M 1 " 1 "
0 0.1 0.2 0.3 0.4 0.5 0.6
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SS-model for inelastic scattering: x-sections vs ®

e(MeV)o(deg),q-QE,g-A(MeV/c):

620, 36, 366, 460 1299, 37.5, 799, 850
50 , : , _ 2 ——— —— .
- (e1)
S 30
- 1L
fg 20
10
v 4;1 01 02 03 o4 u 00 01 02 03 04 05 06 0.7 08 0

680, 60, 606, 600
g J— .

(b1) g

[P T

do [duwdS)

0.6
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SS-model for inelastic scattering: x-sections vs ®

e(MeV)o(deg),q-QE,g-A(MeV/c):

620, 36, 366, 460 1299, 37.5, 799, 850
50 , , , _ 2 — .
40 | (cl)
S 30
3 1
fg 20)
10
0 4:_1 T 01 02 n3 o4 u 0 0 01 02 03 04 05 06 0.7 08 0
680, 60, 606, 600 3.599, 16.02, 1056, 1189
[ (bl) 4 : 3
< E _
3 ,
- 0
0.6
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SS-model for inelastic scattering: nonQE scaling functions vs y's

620, 36, 366, 460

1299, 37.5, 799, 850

28/10/2009
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SS-model for inelastic scattering: non-QE scaling functions vs y'a

fnon—QE

fnon—QE
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SS-model for inelastic scattering: nonQE scaling functions vs y'a

0.8 r
0.7 F .
0.6 _ g < 0.5 SSM-inel
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SS-model for inelastic scattering: nonQE scaling functions vs y'a
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SS-model for inelastic scattering:
non-QE scaling functions vs y'4

e -1<ya<0 agreement with data in shape but not in normalization

28/10/2009 C. Maieron - Trento ECT*
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SS-model for inelastic scattering:
non-QE scaling functions vs y'4
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SS-model for inelastic scattering:
non-QE scaling functions vs y'4

o -1<w'a<0 agreement with data in shape but not in normalization

* SSM-inel SSM-D comparison confirms scaling violations due to higher
resonances -> support for SuSA-like models

C e . : _ QE on-QF
Indication that differences between phenomenolgical f  and f are
mainly “trivial”

* (possible issue about 0" kind scaling violations)

* Role of 2p-2h MEC contributions
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OUTLINE

Antefact I: QE region

eprevious formalism and results
oSS-based model for cross sections (SSM-QE)

Antefact Il: beyond the QE peak
eprevious formalism, results and SuSA
eprevious results revisited , scaling violations

SS-based model for inelastic eA scattering
oformalism
eresults, scaling violations

“Non-impulsive” contributions
Summary and conclusions
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“NON-IMPULSIVE” CONTRIBUTIONS

In the “philosophy” of scaling based model we define a RESIDUAL NON
IMPULSIVE cross setion

res T SSM-—-OQF SSM —inel
do e B do =l do (*' do .
de’df? N de'd? de’dC) de’ dS)

to be compared with theoretical calculations of non-impulsive contributions:

2p-2h MEC: Nardi, De Pace et al NPA 726, 303 (2003); 741, 299 (2004)

28/10/2009 C. Maieron - Trento ECT* 27



“*NON-IMPULSIVE” CONTRIBUTIONS
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2p-2h MEC courtesy of A. De Pace
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(SSM-QE) + (SSM-inel) + (2p-2h MEC) cross sections

do [dwd()

1 1 1 1 1 1 1 0 _'-:-: 1 1 1 1 1 1
0.1 02 03 04 05 06 07 0.8 0 02 04 06 08 1 1.2 14 1.6
w (GeV) w (GeV)
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(SSM-inel) + (2p-2h MEC) non-QE scaling function
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SUMMARY AND CONCLUSIONS

1) Study of on-QE “experimental” data : (i) reasonable scaling approaching the

E E
D peak, with (ii) f - different from fQ , (iii) strong scaling violations at
large negative wy
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SUMMARY AND CONCLUSIONS

1) Study of on-QE “experimental” data : (i) reasonable scaling approaching the

E E
D peak, with (ii) f~ it different from fQ , (iii) strong scaling violations at
large negative wy

2) SSM-inel (based on superscaling hyopthesis):

3) agreement with data in shape: (a) scaling violations close to the peak due to
higher resonances, (b) difference between shapes of QE and non-QE scaling
functions mostly trivial

4) disagreement with data in normalization: point to important role of 2p-2h
MEC effects + (maybe) need to reconsider 0" kind scaling at the QE peak

5) Subtraction of impulsive contributions: (i) different point of view on scaling
violating contributions, (ii) qualitative agreement with existing results but
need to explore these contributions futher.
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EXTRA SLIDES



Integration limits:

e p X (Ex.px)
"Mz Pion threshold
ppo= 14—~
AL
fla = 14+ 2) — €4 (mN-I—(D-eS) ° .
General argument following studies of (y)scaling in QE ’
scattering: A
inclusive hadronic tensor obtained starting from tensor
for “exclusive (e,e' X)” process to final state (Wx,px)=
function of g, and of missing momentum p= px-q
and excitation energy of residual system .
| ; Wy g
&= y’rpg +(M3_4)* - yfpi + (M5, )?
=M% +w-— \"f (ﬂfg_l)? +p2 — yfﬂ)g{ + @2+ p2 + 2pgcos B q. ® and Wy fixed
WHY — /dﬂ X / dp/ dEWLE | iciverr
-y min
max[E(6 =0),0] <& < E(F =)
v, ’ Y,
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Integration limits: |
€ X (Ex.px)

N _ k'
1+ M7 Pion threshold
1

o = 142\ —¢| (mN+o-es) e

F1

General argument following studies of (y)scaling in QE ’
scattering:

inclusive hadronic tensor obtained starting from tensor

for “exclusive (e,e' X)” process to final state (Wx,px)=

function of a cn and of miccing moamentiim n — Nsz—a

T X
< W+ MY - W —Qqﬂx}

Lo, ¢ ’ .
ve = g [ /v - a2 - ; .

q. @ and Wy fixed

\\-
.,
I Y
# ™

T2 '-”"-{_1 + w ‘Jv"flfn — fl-f_g'l_lji — [_.{_.-'JQC

X \f’f (W +MS_ )2 - W2 4+ 2gA x} .

I--I-'r:\ffl( M +w)? —g? and Ay = = [W2 + (MJ_;)° — W3] Yy Yy

1
2




g-dependence at the A peak ( SSM-A)

1,1_..—;?03 1 I- -[Iv 2 J_ ) o )
RL T = f dW 71 — ( X )’/ - ﬁﬂ'ﬁ;;; (1) I(wf?}
my+me ™(Wx — m;...) +T(Wx )?/4 Fr

. Kk A A A L
6 = EAurA s udout] G - M

wy = ) (1x + 1) (27px + 1— pix) (Gira +3GEA)

1. 9 [:ETIFJ_\' +1 - ,u_a;] )
wy' = g x + L) T (G tra +3Gha + J‘I ) G _\.)
SMM—AT M [1.-;, ”T‘}r + ""’f'”%r) Wi 1 '(H"‘k )/2 .
A = kr 0 G2 G2 I E/ dWx fQE(wI)
oum (LGP +vrGE) S T (Wx —ma)® +D(Wy)2/4
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Residual g-dependence

For simplicity :
explore scaling violations using

n -+ o (I—'{"?j{ — ma )2 + 1—"(1-’{-’"}( ]2 ,;/

with o ¢hifr =0

I A almost coincides with f 5

and shows same q-dependence

1 foe(tx)

Fix g and ® = g and vy, and have a look

at integrand where
X =yx(ya ,q; Wx)

28/10/2009

C. Maieron - Trentc

E,=3595 MeV, 8=16 deg., 'C, tgn=0
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For simplicity :

explore scaling violations using

Residual g-dependence

w1 T(Wy)/2 .
In = / AWy —— ( — )/ ———for(¥x)
oy T n (-H;}( — Tn.-‘-j) -+ F(I{J{) ’)/4
with o ¢hifr =0
I A almost coincides with f 5
and shows same q-dependence >

Fix g and ® = q and y, and have a look

at integrand where
X =yx(ya ,q; Wx)
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Integral and integrand at the A peak

I:IE T T T

q=0.5 GeVic ~

e . H‘ o |:|=|:|8 GEU’ |'I|:- """" |III III'.
05 b AN q=1.0 GeVic I = 3T Fo
i | ) T | !
04 f A0 q=3.0 Gevie T 4T [\
S S -- - L3 A
5 ;] | x | \
g ! 9 g II
0.2} | W;-L:D 1 C 2t /
01t Loy . 1 Tt o
,r —_—

! q=0.5 Ge\lic
25 [ [ q=0.8 Ge\Vic

g=1.0 Gelic 1L

q=0.5 GeWic
q=1.0 GeWic

q=3.0 GeVic q=3.0 GeWic -

15 F H ]

integrand (Wl
(=]

] [ \Jh J.."-".::. I 1 ' e | & | o ._ 25 : 1 1 1 1

q=0.8 GeVlc = 1

1 11 1.2 1.3 14 15 16 1 1.2 14 16 1.8
Wy (GeV) Wy (GeV)

Would it be useful to define an “average” yp ?
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For simplicity :

explore scaling violations using

Residual g-dependence

w1 T(Wy)/2 .
In = / AWy —— ( — )/ ———for(¥x)
oy T n (-H;}( — Tn.-‘-j) -+ F(I{J{) ’)/4
with o ¢hifr =0
I A almost coincides with f 5
and shows same q-dependence >

Fix g and ® = q and y, and have a look

at integrand where
X =yx(ya ,q; Wx)
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Integral and integrand at the left of the A peak

UE T T T E
=05 Ge\ic ' ' A ' I I
ENRV AN q=0.8 GeVic «w
05 r x". g="1.0 Ge\ic T _5r P .
'Y | = | I'-
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