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Theoretical knowledge of
QE, 1t and DIS cross
sections is important to
carry out a precise neutrino
oscillation data analysis...

12C — Liquid scintillators
160 — Cerenkov detectors
%A — TPC’s (time projection
chambers)

A(1232)RESONANCE PEAK

EXCITATION OF A (1232) DEGREES OF FREEDOM
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Pion production — misidentification of 1 Cherenkov ring events that are assumed to be produced by charged
current (CC) QE reactions v, 4 - I*A

Even distinguishing between - and e-like rings

- Appearance Probability P(v, — v, ): The CC QE signature v,A — e A’ used to identify v, can be
confused with the NC 1w production v, A — vuA’no

o Survival Probability P(v” -V, ): The CC QE signature v,A — p A’ used to identify v, can be confused

with the CCor NCv, ;A — (VH’T or \, T)A’n when only one of the particles emits Cherenkov light. For
instance, processes (v, , W, ) might produce an incorrect reconstruction of the neutrino energy E —

L/E analysis ? \

Nuclear cross sections are crucial to reduce the systematic errors of oscillation analysis !

There exist dedicated experiments as MINERvVA (FermiLab), which seeks to measure low
energy neutrino interactions both in support of neutrino oscillation experiments and
also to study the strong dynamics of the nucleon and nucleus that affect these
interactions
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Neutrino Energy Reconstruction:
QE: v, +n —pu

\_/ GENIE E, =1 GeV
. ME, —m3/2
M — E, + |p,lcosd,

problem absorbed or not

detected pions and...
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...... v, CC Resonance, no pions

Events/20 MeV

v

2500

exp: only 1u (from the lepton vertex). But, 2000
for instance if pions are produced:

“500
1)

e pion decays and the extra muon is o0
detected (2 muons in the final state)

0
0

50
1)
e pion is absorbed or not detected b) I .
(MC corrected if the pion production cross 0 020406 08 1 12 14 1é§Ec1(§eV)2

section is well known...)
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Neutrino Energy Reconstruction:
. ME, —m3/2
M — E, + |p,lcosd,

EI'BC

problem absorbed or not

detected pions and| 2p2hi(nucl. effect)
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M. Martini, M. Ericson, PRD 87 (2013)

QE Energy Reconstruction will be wrong !!
2p2h: vy + NN — N'N" pu~

()
7N

MC correct for this effect: - cross section
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P. Coloma, P. Huber, PRL 111 (2013)
Quantitative impact in the

determination of the oscillation S :
parameters
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Deficiencies of the Rein Sehgal model ! = Improved models

Resonance Production
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Electron data = Resonance vector form factors !
PCAC = Resonance axial form factors !
Background: chiral symmetry (when possible !)
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A(1232) RESONANCE PEAK

EXCITATION OF A (1232) DEGREES OF FREEDOM
A N" ..

Nuclear effects are relevant! (see talk by E. Hernandez)

Juan Nieves, IFIC (CSIC & UV)
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Figure 15. MiniBooNE flux-folded differential do/dp cross section for CClz’
production by ¢, in mineral oil. Data are from [27]. Left: predictions from the cascade

approach of [184]. The solid curve corresponds to the full model and the dashed one
stands for the results obtained neglecting FSI effects. Right: predictions from the
GiBUU transport model of [207]. The dashed curves give the results before FSI, the

solid curves those with all FSI effects included. Two different form factors C' (g°),

tuned to the ANL and BNL data-sets have been employed and give rise to the

systematic uncertainty bands displayed in the figure.
New J.Phys. 16 (2014) 075015
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2. Llewellyn-Smith: A(1232) & the v; N — I” N'm reaction

Theoretical Model /N — [IN'm, yyN — vy N'm (C.H. Llewellyn

Smith, 1972): weak excitation of the A(1232) resonance and its sub-

sequent decay into N,

v, [
W.Z -
| A\
V A !z
> - m——
N N’
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(AT pa = p+ qliteys (0)|[n:p) = Ga(PA)T (p.q) u(P) cos e,

er — C? Qfl o CA oo I A ap CA
[M (9" d — q"+") + Mz(g q-pa—q"pa) +Cxyg +quq
+ ﬁj (6°" 4 —a"7") + (;; (9" pa —q"PA) + fﬁ; (9°"q-p—q"p")
+CY ¢"|vs, Cg 3456 axial FF's, C;’i4__5‘6 vector FF's, furthermore
Lona = iﬂ JIHOH0)U 4+ he,  fr=214

R ) % T
g _|_ — Y '

1 2paPA  1PAY" —PAY

2 — M3 +iMaTx

3" "3 MZ 3  Ma
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eN — /A — ¢N'm = (Y, .4 FF’s. CVC = (! =0 and (My =
0.84 GeV)

2

? , 1 q , _ )
Cy(q?) CY(a?) I = 576z CY(q?) B 1 g 1
a4 - 1 - _ _ 2 , e A2 /0 212 _ 2
2.13 1.51 1 — 4;{{% 0.48 (1 —q=/Mg)= 1— ﬁ—fff

C4y 56 Axial FF’s : AT (v,p — p~pr') data taken in the
ANL and BNL bubble chambers (filled in with deuterium)

Dominant form factor: C£(q?). C%(q?) and C4(q?) contribu-

tions are small and we have taken as (Adler’s model 1968)

- Cg(a?)
4

Ci(a®) = . C3'(q*) =0

Juan Nieves, IFIC (CSIC & UV)



PCAC (0, A" x -mfr ) and Goldberger—Treiman

, 2 fn |
C2H(0) ~ _f_f*:1.2

3 M
1.2 1 M*
CA 2 _ _ X ‘ CA 2 _ CA 2 ‘ ‘
SVIaA N o

PCAC
Min fitted to the ¢° dependence of the VP — T pTT cross
section (neutrino energy averaged) with (M(7/N) < 1.4 GeV) mea-

sured at ANL and BNL. It varies in the range 0.95 GeV (ANL) —
1.28 GeV (BNL).

E. Paschos, J-Y. Yu and M. Sakuda (PRD69, 014013 (2004)),

Maa ~ 1.05 GeV
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FIG. 12. Differential cross section do/dQ? evaluated
with the selections 0.5<E, <6.0 GeV and M (p7rt)< 1.4
GeV. The curve is the flux-averaged prediction of the
Adler model with the dipole form factor and M, =0.95
GeV.

BNL: QE and A*T*
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... but only the A pole contribution turns
out to be an insufficient model, even at

the A peak, and specially close to pion
threshold. Close to pion threshold, the pion
from the (v,,pm) reaction will not radi-
ate Cerenkov light and thus it would be
necessary an improved theoretical model to
carry out a proper L/E oscillation analy-
sis.

Such model for the N — [N'm, yyN —
v N’ should include non resonant terms

= Realization of the axial and vec-
tor currents, which couple to the W, ZY
bosons, for a system of pions and nu-
cleons.

Juan Nieves, IFIC (CSIC & UV)



3. Chiral symmetry and non-resonant contributions @ PRD76 (2007) 033005

Non-linear c—Model: EFT involving pions and nucle-

ons which implements spontaneous chiral symmetry break-

ing.

Wy,
If W, = ( ). the CC and NC, which induce W(Z°)N — N’

‘I’d 1
B 11
vl g = cosbcUgyH (1 — ')f5)( — /5 )‘Pq
j:ﬁc = ‘Ijq’}’p'(l — QSiHQ QW - '}’5) T[} ‘Pq
W 7 — 4 sin? QWSSm:IS — ‘iJs"f“(l —v5)Ws
3 Tt
V o 1
%—UQ— y Ly o, — L #q;f+1\If “Tﬂqx
S = - / - = ’ = T =
N N, e1m \6 g q 3 s7) SJ \/§ q’) \/5 q
SEIII_.IS

(N'7|jes(0),35_(0). 3" (0)|N) = 7 <= QCD and its pattern of SySB

nc
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Two flavor, © and d with mass m, QCD Lagrangian

I 1
EQCD — leq (lp — '?’n)kllq + T]QTI(F!'WF#V)

with DV¥ = ot — Bt F* = —[DH* D¥]|, B* = igT*B",
matrices in the colour space. Chiral symmetry =
v, — VU, = e~ i0v-7/2 V., isospin rotatiom
U, — U = e ¥aTe/2y, - axial — flavor rotation

dLocp x m.... Currents (Noether)

VH = @gw%qu, 9, V* =0
A = lfiq’y“%%\l!q, 8M}_1"‘ = mW,ivs 7V, # 0

Charges
Q(t) = / PaVOT,t), Qs(t)= [ dPzA°Z 1)
R3 R3

Q (isospin) and Qs (neglecting m) indep. of t = conserved!!

Q' Q] =ieQr, Q' Q) =ieQh,  [Q),Qh) =i Q!
SxSB: @[0) = 0 but Q5|0) # 0 = 7’s Isotriplet Gold-
stone bosons from spontaneous chiral symmetry break-

ing.

Non-linear o-model = EFT involving pions and nucleons
which implements chiral symmetry and its pattern of

spontaneous breaking.

Juan Nieves, IFIC (CSIC & UV)




P AT O/ fx . :
If O — ( n ) U = LT 2 with fy ~ 93 MoV,

Lye = Ui [0, + V] T — MO + g4 0y ysA4, T
+ 5T 0UTU| | +m2 LT (U + Ut — V2 ;)

Y, = % (C08T +€10.8) A= % (608" = £10,8)

—

70y

Isospin rotat. ¢ — Ty T, U — Ty W, Ty =e '3

T-OA A

Axial rotat. £ = T, T = TATL, O 5 Ty ¥, Tha=e '

Isospin rotat. =0Ly, = 0. Axial rotat. =0 Ln,| o< m? # 0
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Up to order O(1/f2}), Ly, reads,

_ 1 = = 1 -
L = Wi — MW + 50,00"6) - §m§@2 -
. 1 i P 2 Ta T g
fﬂ EA Gy ,52(0#@)\1' 4f2\1: V7 (@ x O )\1: - @qm e 20#@ (60,0)50| W
1 m2 —0
—@((,}Zd PO p — (()c) ())(()()“U)) - 24{'2( 2L O/
Contact interactions NNz, NNzan, NNnrm and nmrnmr.
S—_——
WT
Parameters: [, and g, . Noether’s currents
= OFN?T 0Py, a=1,2
d(dﬁb@a)

up to order O(1/f2) ...

Juan Nieves, IFIC (CSIC & UV)



b A _mu Ap =72 = 7
\Y b x 0" + fﬂ‘l’ (6 x )W + Ty 4f° [ (7 )]xp
b2 .
- 3p (6 x ") + O fg) 9, VI =0
> 1 2 = - e o
I 1 At A T A hlh e AEAY — h 2
A frO ®+2quj (@xr)lIJJrgAlD tIJ+3fﬂ [@(fp o) @d@]
— 479@ e [F@‘ o7 - @)] U+ O(fg) ().“fl‘u x m2.
PC;:%(]
+ isospin relations = evaluate CC (N'x| ji.. (0), 74— (0)|N)
- L4 -I- ) 'y
(pr° ity (0)|n) = ~7 (P73t (0)[p) — (n7 7 |jE. (0)[n)]
(pr™ |t (0)lp) = (n77[jk . (0)[n)
(nm~|jk_(0)[n) = (p7" i, (0)|p)
<L 1 [l )
(nmjk_(0)[p) = —(pr’|jt i (0)|n) = 7 (P73t (0)|p) = (n7™ it (0)[n)]
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. improve the W NN transition vertex
;7" = +q |ices (0)|n; ) = cosbe u(p ) (V(a)—An(q))u(p)

Y (8 : FV q2 ¥k
VN<q)2><(F¥<q2w t iy T2 )

o 7
A2 ( ) _ ’ % (NQNS—F ‘ qawa ) ..<
U =/ T m2 =2t )T Ay, = 1.05 GeV
Ga (q2) PCAC “
| |
FY (a®) = 5 (F{(a®) = Fi(a®).  pvFy(a®) =5 (mF3(a’) —pmF3(a®)).

furthermore CVC = Fpp(q?) = Ehyp(q?) = 2F) (%) = FY — E}'

Juan Nieves, IFIC (CSIC & UV)
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0 | | .
- [()X() ()HO(f ) — — .
ﬂ' m

- T l _ = . _ T 2 - = _
AV = f0M0+ =T (o xT)U + gy 1115,4-’1,5511%% [o(r_*)-()“(j)) — 0% (_)] ;
T = T g

uN = (N7, N = uN'rr close to threshold, N*(1440)

degrees of freedom (PRD77 (2008) 053009) o
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Evaluation of NC (N'x| j (0

) IV ):
= U, " (1—2sin” O —s5)| 7 (W —| 4sin” Oys 1o — Ty (1 — v5) Wy

1\11““”\1! 1\11““\If+1\11ﬂ“?_&@
em_ﬁ 3 \/§ \/§ q
SSIILIS

e ME’s /.. = ME’s isovector (75) j*. contribution

e A does not contribute to the isoscalar j”. part

ny = V2(pr’

° +| gt #

> — <p71'_ Seﬁl, S

S(:.lll.IS ‘ p> - —\/§<T17TD f;m I‘j}n)

(nm

o (””TO 1111([}”:‘?0 o (’PH

ol = |
(111,“-. 9
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- 14+, 1

Shm = YYY ( > ) v+ ngA V5 (T110T + 71,0) U +i (@Tdﬁ*@ CD()‘“@T)J—F
N N g PF

PN.PNC CT

CT, PF do not contribute == PN and PNC = ME’s of s ;¢

o ME’s jicsir = Wy (1 — v5) Wy : nucleon strange content

P + g+ M

Via(a) - Al (a)]

<pﬂ-0 }jﬂcﬂl(oj }p> —I Fu(p ){kﬂ /5 (

p—q+ M
(pf —q)%2 — M2 +ie

+[VE (@) - A% ()] kvs pu(i) <PN+PNC

Y,
=0 gs |(1—aq®/M3Z)~?
e /! A
s¢ 2 P
V}U' A FS 2 ~ 1 F2 (q ) M A:‘u \ — (_'f""' 2 H"‘. H o~ G o~
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Results :

= CC: uy(k)+ N(p) > (k) + N@) + 7(ky)

Y
A
/ e
T TC
, 0’ .
B % )
%, q
d5 y E’ G2 —l—DOdEﬂ Eﬂ_g
) Tl A _ ‘_,\ ‘ : / ‘ H ‘ LEQ (HT(H‘E:W)( )
AQ(K)dEdQ(k,) [k |47 Jo 5 i
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,ucr (v) 1 d3p! 1 47 f /I _|so *
' N

L) = (L), + (L) 0 = Kk tkl ky—guok-k +ie sk’ kK

= CC: (k) + N(p) = I7(K)+ N(@') + 7(kx)

L7 — W) ng RN jgc_

[ oL’

= NC: v(k)+ N(p) = v(K)+ NQ') + 7(k;)

1
Xes o) (Lo (Lo
Jecr & §~]nc? (W\T( Tl') (W\T( TT)
Note (E,0) ¢ W?=(p+q)
N’ ~ o
outgoing lepton N inv. mass
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GeV] a7

1.4
/f'vf +My d q2 AW )

Vp

dW vup — | pT

v, p— I p T averaged over the ANL flux. W < 1.4 GeV

1.25 . . . . .
| x Ai\ll data [Rﬂdt{cky et al., PRI|}25.1161 (198]2}]
== Only direct A. C,*(0) = 1.2. M, = 1.05 GeV
e Full model. C,(0) = 1.2, M, = 1.05GeV
f,’/ \\\\ — Full model. CSA(D} =0.867, M, =0.985 GeV
0.75 b 3

<

do/dg” (10" em” GeV™)

<
)

Fit to ANL |C£(0)

N

PCAC predicts ~ 1.2

= 0.867£0.075, | Maa = 0.98540.082 GeV

Juan Nieves, IFIC (CSIC & UV)



Juan Nieves, IFIC (CSIC & UV)

| | | |
- Full Model, Eq.(80) ——
VuP 7 HTPT Full Model Eg.gﬂ
1 Only Delta, Eq.(48) ------ -
ANL =<
—~ 08k BNL (no 7N cut) H#l- |
E P SR A «  ANL data [Radecky et al., PRD25,1161 (1982)]
L Ur ‘ _____'_________:_%__—__—l B —~ Ouly direct A. C.(0) = 1.2. M, = 1.05 GeV
T 04 , l - Full model. C."(0) = 1.2. M, = 1.05GeV
02 kL J- | — Full model. Csﬁ({}) =0.867. M, =0.985 GeV
0 ] ] ]
0 2 3 4 5 6
E (GeV)
I I I I I I I 0.35 I I I I I I I
|l Model, Bt 8 _ 0.3 Full Model, Eq.(80) —— i
Only Delta, Eq.(48) ------ (1::)11111 ,hil)milf:l’ Eq. :llg
ANL (< 0.5 | WY PO BAARe) e -
[ BNL (no #N cut) 7 = ANL ¢
v,n — p-nrt - | 5 0.2 BNL (no 7N cut) —m— + u
1_| S 015 F vn — pupr’ + e
— — ‘_____:,:_:_:_e_?_:'f-:-:—!—_:'- —
B = B -c-f‘:'ff:::--_-
S 0.1 ‘ = +
I f T . 0.05 i
¥ H—E N | I I ! I 0 I d I I I I I
0 0.2 0.4 0.6 BB 1 1.2 1.4 1.6 0 0.2 0.4 0.6 0.8 1 1.2 1.4
E (GeV) E (GeV)



o (107%em?)

o (107%¥cm?)
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Eq.(80) no Wecut = =
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Only Delta, Eq.(48) ====--
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."
-
.
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do /dW (10 em?/GeV)

o (10~%*cm?)

0.6

NC

05F
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0.3 F

Full Model, Eq.(80) ——
Full Model, Eq.(48)
Only Delta, Eq.(48)

vn — vpmo

E=1GeV

0.04
0.035
0.03
0.025
0.02
0.015
0.01
0.005
0

1.1 1.15 1.2

5 1.25 1.3 1.35 1.4
W (GeV)
I B L T
vn — vpmw o —————
= Up — onm eeeees et
1 1 1
0 0.5 1 1.5 2
E (GeV)

< ANL data [Radecky ct al., PRD25.1161 (1982)]
—~ Ouly direct A. C."(0) = 1.2, M, = 1.05 GeV
Full model. C,(0) = 1.2, M, = 1.05GeV
— Full model. C;L(D} =0.867, M, =0.985 GeV




onc/occ ANL cross sections at £ =0.6 — 1.2 GeV

ANL Our results

R, =o(vp —»vnn")/o(vp — p pr™) 0.12 +£0.04 0.12 - 0.10
Ry =o(vp — vpr)/o(vp — p~pr™)  0.09 £0.05 0.18 - 0.14
R_=o(vn - vpn~)/o(vp — p prt) 0.11 £0.022 0.12 - 0.09

NC: Cross sections (107°%*cm?) for (E) = 2.2 GeV (no cut in W)

CERN Our results
o(vp — vpm?) 0.130 &= 0.020 0.105+£0.006
o(vp — vnm™) 0.080 £ 0.020 0.091=0.003
o(vn — vnm?) 0.080 £ 0.020  0.104=+0.006
o(vn — vpr™) 0.110 £ 0.030  0.082+0.003

Juan Nieves, IFIC (CSIC & UV)



o (10~ *cm?)

o (10~%em?)

0.08 0.06
0.07 0.05
0.06 |- N
0.05 1 xg 0.04 |
0.04 | L 003k
0.03 = © 002}
0.02
001 k 0.01 |
0 0
0 0
0.08 0.07 : . ,
0.07 0.06
0.06 —~ 0.05
0.05 | g
< 0.04F
0.04 |- 8
_ = 003}
0.03 S
002 b 0.02
0.01 0.01 -
0 0
0 0

Below the 7 prod. threshold, Distinguish v, from v, ?

PLB 647 (2007) 452
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How to reconcile ANL & BNL data and still have C21(0) ~ 1.2
K.M. Graczyk et al. [Phys. Rev. D 80, 093001 (2009)] 4. Deuteron effects and ANL & BNL data

e ANL and BNL data were measured in deuterium

— Deuteron effects were estimated by L. Alvarez-Ruso et al [Phys.
Rev. C 59, 3386 (1999)] to reduce the cross section by 5-10%.

e Large uncertainties in the neutrino flux normalization, 10% for
BNL data and 20% for ANL data.

K.M. Graczyk et al. made a combined fit to both ANL&BNL data, as-
suming that only the A mechanism contributed, including deuteron ef-

fects. and treating flux uncertainties as systematic errors. Theyv found .
' & Y Y Background terms included

C2H0) = 1.19 4 0.08, Maa =094 +£0.03 GeV
> (0) as ¢ PRD 81 085046 (2010): We included background terms in a com-

for a pure dipole parameterization for C{'(g*). Good agreement with  bined fit to ANL & BNL data that took into account deuteron effects

the off-diagonal GTR is found! No background terms included ! and flux normalization uncertainties.

We used a simpler dipole parameterization for C2'(¢?)
C5H(0)

C?(qg) = , S5 .2
(1—q?/M3,)

Using Adler’s constraints we obtained

C20) = 1.00 £ 0.11, Maa = 0.93 4 0.07 GeV

]

C¢'(0) compatible with its GTR value (~ 1.2) at th

Juan Nieves, IFIC (CSIC & UV)




PRD 81 (2010) 085046

In some of the fits we relaxed Adler’s constraints allowing

Af,2
O () = C3ly(0) S
3, 2 e (0))
)
exploring the possibility of extracting some direct information on C{)f 4(0)
c(0) Man /GeV cit(0) C3'(0) x2 /dof
I* (only AP) | 1.08+£0.10 0.92 £ 0.06 Ad Ad 0.36
IT* 0.95+0.11  0.92 £ 0.08 Ad Ad 0.49
I (only AP) | 1.134+0.10 0.93 +0.06 Ad Ad 0.32
IV 1.00 £ 0.11  0.93 +£0.07 Ad Ad 0.42
v 1.084+0.14 0.91+0.10 —1.0+1.4 Ad 0.40
VI 1.084+0.14  0.86 +0.15 Ad ~1.0+£1.3 | 0.40
VII 1.074+0.15  1.0+0.3 14+4 244 0.44

* No deuteron effects included.

Juan Nieves, IFIC (CSIC & UV)



Comparison with ANL & BINL data

1 — . —
e 0.8 — +
> o0 | ., v“d — upmn
\Y — U pTn o
= 0.6 ©
oo &
o - |
! < 04
= 04 -
NU. r o} i
lg 0.2 0.2 x ANL
. = BNL (no nN cut) -
0 L L L L L 0 | | | | |
0 0.2 0.4 0.6 0.8 1 0 025 05 0.75 1 1.25 1.5
- (GeV)) E (GeV)

68% confidence level bands are shown. The total experimental errors
shown contain flux uncertainties that are considered as systematic er-

rors and have been added in quadratures to the statistical ones.

Later we included the D13(1520) resonance [E.Hernandez., J. W

Nieves and M.J. Vicente-Vacas, PRD 87 (2013) 113009]

Juan Nieves, IFIC (CSIC & UV)




5. Unitarity corrections and Watson’s theorem PRD 93 (2016) 014016

Watson’s final-state-interaction theorem (unitarity and time—

reversal invariance): The phase of an amplitude leading to a final

state with two strongly interacting particles in a given partial wave is

the same as the scattering phase of that pair, | 6| [PRD 88 (1952)
1163 |

W ?_-,[___ ﬂ:,z’ W I {[‘
.’ \\ "r .’ ‘\\ . \\
'f \ s ! \ 4 \ 7
!
+ o + e ] |
N N N N N
T n,’ ‘T T T, T n "
. - - - - -
\\ !J‘ \ e -..,\ ;o' \\ ,.-- ..._\ P N
A\ / h 4 A" i AY ! Y ! hY !
N Vs \\ If L \\ 1 \ ! \ I
4 + - & + 9 i |
N N N N N N N
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Optical theorem in partial waves

SST=1 & i(Ir-T") =TT
a+b — 142

AT A As) = Al To A A2) ]~ > (A A THAN ALY (NS T [ AaAs)
AJAS

Juan Nieves, IFIC (CSIC & UV)



Optical theorem in partial waves
SST=1 & i(T-TH=T'T
a+b — 1+2

AN T 7| Ao Ap) — (Na 6| T 7| A1 A2)T] ~ Z(/\lf\ﬂT}P\i)\é)(/\i 5| Tr| AaAs)
BV

Using CM helicity states |p: JMAi{\2) and invariance under time

reversal,

(AN T 1A Ap) = Ao Ap| T 7| A1 A2)
\—v_/ \—v—/
atb—1t2 142 satb

R 3 Tm(A Ao| Ty [Aade) ~ 3o 5 N A THN ALY (N NG Ty [ AaXs) € R

Juan Nieves, IFIC (CSIC & UV)



Considering intermediate strong interacting 7/V states, Watson’s
theorem for the weak W N — N7 process implies.
rotr 1 "o ) )
> AV ITHS) AR AR T ()] AvAw) € R
N —— N e’ :
N N N NW

In terms 7N |p; LSJM) states PRD 93 (2016) 014016

L TION N ) (LTI | L2y (L2 T A Aw ) € R
Z ZJ—I—l( ‘ )< 2 ‘ J‘ 9 > ( 9 ‘ J‘ N HzER

o
Y Y

TN—7N WN-—->N=T
For J =3/2.T = 3/2 and neglecting the L = 2 multipole,

3 N
<P3 ‘TWN_}N” J = % M = \n — A\w. ,\N,\W> X e 9P33(s) cR

T=3 N — e’

LojoT N7 phase shift

There is a total of 6 [(\y = i..l) X (Aw = 0,4£1)] amplitudes
which should have the same phase (dp,,(5),s = (pny + px)?).

Juan Nieves, IFIC (CSIC & UV)



Ao)
P = doZ\/h i0(0.0.-0) (153100 ) [0

| 2.J +1
P =00=0AyAw) = > — pr JM = Ay — A\ An A )
J

Using CM three momentum helicity states |p:

13 |
/dﬂ}jpz o f}ﬁm(}§§mxg<p6MAT 37 iEp .AAH> Vpss ¢ R
(0,

J'.L

!
related to G(p’, W)u{p?}nN)

There is a total of 6 [(A\y = i.l) X (Aw = 0,41)] amplitudes

which should have the same phase (0p,,(s).s = (pny + px)?)-

Juan Nieves, IFIC (CSIC & UV)



We force the correct phase for two different linear combina-
tions of these amplitudes that correspond to the two mul-
tipoles where the A mechanism (vector and axial contribu-
tions) is dominant. For instance, in the case of the vector

A contribution, this is the A/{+ multipole. We denote the
corresponding axial multipole as Ax.

We follow a generalization of M.G. Olsson’s procedure [NPB 78
(1974) 55] introducing two small phases &y a (s.q?) which correct
the vector and axial A contributions such that

le—irﬁ]::-g3 (s) — 0

1 3 1 M —|—§A&
Im [(T;’A(S‘ qg)elwv.ﬁ(b.qgj + -TJ;:A(S‘_ qg)) 1

Juan Nieves, IFIC (CSIC & UV)



(OFy CA Ca

[eH — 1[ (go:p.q( o qa,};p.) _I_ (gapq DA — qﬂpa) 1 CA vfL 1 1[2 qpq
cy CV cY

QL Q:Np ufL QL o O L

+ U(gﬂ q J+U2(9 q-pA Ug(g q-p—q“p")

We include chiral background terms in a combined fit to ANL & BNL data that takes into account deuteron
effects, flux normalization uncertainties and unitarity corrections (Watson’s theorem) PRD 93 (2016) 014016

TABLE I. Results from different fits to the ANL and BNL data. All fits include the ANL [46] flux-averaged do/dQ? differential cross
section, witha W_y = /s < 1.4 GeV cut, and the integrated cross sections for the three lowest neutrino energies (0.65,0.9,and 1.1 GeV)
of the BNL data set [47]. Fits I*, IT*, and IV are taken from Ref. [36]. In all cases, Adler’s constraints (C4 = 0, Cﬁ = —C’g‘/ﬂr) [13,14] are
imposed. Deuteron effects [36] are included in fit IVand in those carried out in this work. The nonresonant chiral background contributions
are included in all cases, with the exception of fit I*. For C2(¢?), adipole form, C2(¢?) = C2(0)/(1 — ¢*>/M3, )?, has been used in all fits
except in the one carried out in Ref. [3 1], where an extra factor 1 /(1 — qz/ 3M 4, ) wasincluded [see Eq. (48) of that reference]. Finally, ris
the Gaussian correlation coefficient between C4£(0) and M 44. For reference, the prediction of the GTR is C5(0) = 1.15 — 1.2.

C4(0) M4, /GeV Data r »*/dof
PRD 76 (2007) 033005 0.867 £ 0.075 0.985 4 0.082 ANL —0.85 0.40
Fit I* (only A pole) no deuteron effects included. 1.08 = (.10 0.92 + 0.06 ANL & BNL —0.06 0.36
Fit II* no deuteron effects included. per g1 (2010) 085046 0.95 +0.11 0.92 £ 0.08 ANL & BNL —0.08 0.49
Fit IV (with deuteron effects) 1.00 £0.11 0.93 £0.07 ANL & BNL —0.08 0.42

WATSON (unitarized + deuteron effects) fit A 1.12 +0.11 0.954 4+ 0.063 ANL & BNL —0.08 0.46

(AN 8 J1SD) D14l ‘sdOA3IN ueny
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C£(0) compatible with its GTR value (~ 1.2) at the 10 level.
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problems ?



ANL and BNL reanalyzed data: C. Wilkinson, P. Rodrigues, S. Cartwright, L. Thompson, and K. McFarland,
PRD 90 (2014) 112017 (similar results)

08 T ' | | ' I ] 0.6
— vdosu prn
o u np < 1 0.5+
S 06 1 o4
g Wy < 1.4GeV | "z
= :
EF.",__‘ 0.4 ?Frc 0.3+
NO’ o 02r-
=% 1
;50'2 o1k « ANL reanalyzed
= BNL reanalyzed |
0 ! | 1 | 1 | 1 | 1 = " . R IR T T TR M T T S S M
0 0.2 04 0.6 0.8 | 0.25 0.5 0.75 1
Q’ [GeV” | E, [GeV] ANL reanalyzed data:
P.Rodrigues, C. Wilkinson
02— — and K. McFarland, Eur.
v, n— L 1 Phys. J.C 76, 474 (2016).
0.15F Wiy<1.4/GeV ]
C2(0) = 1.14 £ 0.07. - 1= Tl vyn - pnnt
- —".’c 0.1r
Maa = (959.4 + 66.9) MeV, = | i ,/f“"'li ;
0.05- —/ ANL reanalyzed
I * ANL
i m BNL no cut
ol A R |-‘

0 0.5
E, [GeV]
This underprediction of experimental data is a common problem to other models.

[a—

1.5
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PRD95 (2017) 053007

6. Thev, n — u nm" channel..

reaction spin-isospin factor direct term  spin-isospin factor crossed term
v,p — upn* V3 1/V3
v,n — p pr® 2/V3 —2/V3
wn w148 N

Juan Nieves, IFIC (CSIC & UV)

RN

sensitive to the
propagation of spin
1/2 dof in the A
propagator

large contribution to
thev,n -y nn*

U
channel



see also discussion of
In the zero width limit, the A propagator is given by consistent couplings to select

Puy(pa) spin-3/2 dof [V. Pascalutsa,
Cur(Pa) = 37003 vie Phys. Lett. B 503 (2001) 85]
with the spin-1/2
y o a1 — KAt component does not
P* (pa) = —(pa + Ma) [g” - g’f“v 3 iﬁff 3 = Ma 2 } propagate giving rise to

contact interactions

_|_

PProvyup . PPPuYpv )]
b

-

with

P,u%v (P) = _(f?‘f‘ MA) I:qu - %’Y,u’}’v - # (Mppu +Pp’}’vi‘6)i| .

3
P2, (p) satisfies the relations

being the true spin-3/2 projection operator Juan Nieves, IFIC (CSIC & UV)



2 3
Puu(pa —I_C(Pl/pA — 24 P2 pA)
PPJI/(pA) . g ( )/ . ( ) M% MU( ) . PMV(pA) 4+ cSP (PA)
. . - . 174
pA — MR +ie pa — M3 + ie pa — M3 + ic K
Puv(pA)

. +cdPuu(pa)
pA — MX +iMaAT'A e

3 .
PA Pz, (pa) N (1+¢c)(pa — MR) + icMAT A 5P, (pa)
M3Z pi — M2 +iMaT A paA — MX +iMaATA i

e the LEC c is a free parameter that will be fitted to data
e ¢ = 0 original model

e ¢ = —1 only propagation of spin-3/2 dof (consistent mNA coupling,
see V. Pascalutsa) in the A propagator, up to finite A width corrections.

Juan Nieves, IFIC (CSIC & UV)
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the PCAC prediction ~1.2
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N e Y

Juan Nieves, IFIC (CSIC & UV)



WV [degrees]

S

o = o

[ S A

T 0.08 ——— —————— _
02V, n—=HUpT —4— ] v, no v pr §
_ i W]'[N' < 14 GeV | 006 B Z
~_0.15F & Wy < 1.4 GeV =
E - E B m
k 5 3
S o1b “ 0.04- .‘:
— — i
© 1 © O
i < ANL reanalyzed 0.02+ -
0'05: ANL i Q
. ® BNL no cut in Wy - )
_ . M L L 1 . P S R IR TR
0 0.5 i 15 0 0.5 1 5 z
E, [GeV] E, [GeV] =<
C T T T T T T T T 60 | r T I 60 T r T
- — ¥, B I > 3 [ 2 2
i oy i 50 | Q,, =0.35 Ger - 50 |7 Q,, =0.35 Ger
i A i - |7 Q =1.05GeV” - [ Q =1.05GeV~
. 7 40F |--Q =1.75GeV’ 1 7 40 |--Q*=1.75GeV’
- {4 8 - N 2 § - . 2
i 1 ST I Q =2.45GeV B I N I Q =245GeV
W_,=1232 MeV 1 = i =, i
> <
- 1 2 20 > 20F
\ ] 10 10
[ , 1 : 1 . /r"/ld’/ 0 - 0 -
0 0.5 | 1.5 2 2.5 .
Q2 [GCVE] W:rcN [GGV] er:N [GGV]

Olsson phases are significantly smaller than in the previous model. This means the present model
without the phases is closer to satisfying Watson theorem!




The v,p — p~pn™ at higher energies for W,y < 1.4 GeV

0.8—————

0.4
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0.2

VPN PT

%ﬁé
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L — a
k T ]

< ANL reanalyzed
m BNL reanalyzed
v ANL reanalyzed no cut
a BNL reanalyzed no cut| -

T

2 3 4
E, [GeV]

Besides, the terms that come with the C4* and C* nucleon-to-Delta axial form factors
become more relevant at higher energies, since larger g2 values are allowed. Deviations
from Adler’s constraints (C4*(¢?) = 0,C4'(¢?) = —C#(q?)/4), that we implement so far,
might play a role in describing the data at higher energies.

Juan Nieves, IFIC (CSIC & UV)



Effect of the new terms in|pion photoproduction

The model for pion photoproduction is constructed from the vector part of our weak pion production
model, including the implementation of Watson theorem
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Effect of the new terms In
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Parity violation 7. Parity violating....

Y
! 0, x ° Explicit dependence on ¢,
§ e A", B*,C*,D" and E™are
functions of E, g%, W, and 6%
% - e For NC, C* and E™ are the same
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parity violating J
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B, 4+ B, (107%cm?)

new NC neutrino—antineutrino asymmetries
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By construction (similar for both CC and NC),
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e d°0/dQ(K")dE'dQ(k,) is not inv. under parity, since the pseu-
dovector k x k' is used to define the Y axis.

o d30/dO(K)dE" scalar, except for the factor |k'|/|k | = parity
violation disappears when performing the [ dQ*(lAcﬂ)
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terms vanish
e Non-resonant terms are needed to produce non-vanishing

parity violating structure functions
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8. Conclusions: Model for CC and NC weak pion production off the nucleon,

e |n addition to the 4 resonance, we include non-resonant contributions <= QCD SxSB.
« Non resonant contributions are important = re-adjust of C£(g?). GTR prediction

C4(0) ~1.2.

0]

O
O

Fit to ANL= CZ'(0) = 0.867 + 0.075
Fit to ANL & BNL + normalization uncertainties + deuteron effects = CZ'(0) = 1.00 + 0.11
Fit to ANL & BNL + normalization uncertainties + deuteron effects + unitarity corrections (Watson’s

theorem) = CZ(0) = 1.12 + 0.11, but poor description of vV, P — nm" reaction

Addition of extra contact interaction terms that mostly cancel the propagation of spin-1/2 dof in
the A propagator (related to the use of a consistent mNA coupling, see V. Pascalutsa)

=>| Cé(O) =1.18 + 0. O7|and much better description of data, including thev, p — n t

reaction and pion photo- and electro-production. Olsson phases become also much smaller.

e There exist parity violation (T-odd correlations) effects due to the interferences between the

non resonant and 4 contributions.

e vV — Vv asymmetries might be used to distinguish v, from v, below the T —lepton production
threshold. Juan Nieves, IFIC (CSIC & UV)
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