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Motivation :

1. Explore some aspects of hadron dynamics/structure, no

accessible with electrons/photons, by using a weak probe

2. First step to study neutrino—nucleus inclusive scat-

tering above the QE peak
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Theoretical knowledge of
the one pion cross section
is important to carry out
a precise data analysis...

Furthermore...

Pion production — identify incorrectly one-Cerenkov-ring
events, which are assumed to be CC QE v, A — [, A’.

e Appearance probability P(v, — v,):

CC QE v.A —

eA’ signal, which is used to identify v,, could be confused with
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that from 17 NC v, A — VMAﬂ'O process

e Survival probability P(v, — v,): CC QE v,A — uA’
signal, which is used to identity v,, could be confused with that
from CC/NC 17 v, A — (v., 6 7,u)A'm signal, if only one
particle radiates Cerenkov light.

For instance, (v,,pum) Incorrect F, re-construction — L/E

analysis 7
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Theoretical Model /N — [N'm, yN — vy N'nm (C.H.
Llewellyn Smith, 1972): weak excitation of the A(1232)

resonance and its subsequent decay into N,

N/
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(AT pa = p+qljtet (0)n; p) = ta(Pa)T (P, q) u(p') cos b,

QL -CSA QL a_ C4A QL o, [ A _ap 6A [T
P =\ = (0™ = a*7") + -5 (9™'q - pa — 4"Pa) + C5 g™ + 1 5¢"
_CV « o' CV o' « CV o' «

+ |5 @ =)+ 15 (0™ pa = a"PR) + 575 (9% p — 0"

V o A . / V /
+Cq 9" |75, C3use axial FF's, Cg , 54 vector FE's, furthermore

L NA = ! @MfT(@“gg)\If +h.c., ff=214

mﬂ'
G (pa) = PAt Ma g 4 Loy 2PaPA  1PAY — PAY”
pi—Mi—l—iMAFA 3 3 MZA 3 MA
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eN — A — eN'm = C5,;; FF’'s. CVC = Cy =0 and

2

- 9
CY@) _CY@) _!'"mmemciw@) 1 1
T o 2 o a2 22 2
2.13 1.51 L - i 0.48 (1—q2/M2)2" 1 Wi

C3y 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?). C2(q?) and C%(q?)
contributions are small and we have taken (Adler’s model
1968)

CA q2
cha?) = - ) a0
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Furthermore PCAC (9,A* «x m2 ) and Goldberger—
Treiman C#(0 ff” fr=1.2

M?
2 _ 2
m; —q*

1.2 1
X , C&(a?) = C&(q?)
(1-¢*/MEAP " 15—

Cs(a®) =

PCAC
Myn fitted to the ¢° dependence of the v,p — p prt

cross section (neutrino energy averaged) with (M (7N) <
1.4 GeV) measured at ANL and BNL. It varies in the

range 0.95 GeV (ANL) — 1.28 GeV (BNL). We set

Maa ~ 1.05 GeV (axial nucleon mass)
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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,, um) reaction will not radi-
ate Cerenkov light and thus it would be
necessary an improved theoretical model to
carry out a proper L/FE oscillation analy-
sis.

Such model the IN'T,

vy N — v N'm reactions should include non

for viN —

resonant terms = Realization of the ax-

100
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w (MeV)
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ial and vector currents, which couple
to the W, Z° bosons, for a system of pi-

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

ons which implements spontaneous chiral symmetry break-

ing.

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

d 1
' ~ T+1
v, [ g = cosfcUayH (1 — 75)( — % )‘Ifq
g = \qu*y“(l — 2sin? Oy — ~¥5) 7'(} v,

— | 4sin? Gwsgm,ls — WK (1 — v5) Py

. 1
70

PVINES R LI i) S
q" Fq 3 sV ¥s 5 q” /2 q

Z
Z
(O] =

~N~

7!
Sem,IS

(N'm|jte1(0),j5_(0),j*.(0)|N) =7 <= QCD and its pattern of SySB
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Ifxp:(p)z]:f_w O _ e ith f, ~ 93 MeV,

Lne = Wiv* [0, + V]V — MOV + g UqtysA, 0
1

+ T DU U | +m2 L=Te(U + Ut — V2 f,)

=2 (0 +60,8) A= (08— €0,)

. 70y

Isospin rotat. £ — vaTi,, v ->TyW, Ty =e'2

N)Ir—\

CTOA A

Axial rotat. ¢ = TH T = TA T, O - Ty U, Tha=e 72

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

Lne = W[~ MW + 50,005 — S5 +

SRy 95 5 (0,0) ¥ — 3BT (6% 06) W = E5ying |20, — (60,0) 30| ¥
L 2

~ 612 (6704006 — (30,060 D) + 5415 (57)7 + 01/ )

T

Contact interactions NN7w, NNnn, NNnnm and nnnm.

WT
Parameters: f. and g4 . Noether’s currents
. aﬁNﬂ'
]M: 5@&7 a:1727”°
3((%%)

up to order O(1/f2) ...
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VE = b x Ohd 4 TA Tty (B X 7 G T _L_M_’—)2__)_'.—)\Ij
\Y G 0"G+ Uy (@ X F)U + Uy 5w 4ﬁ@7[7 o7 8]
52 T 1 T
- W@xé’ ¢)+0(z3), V=0
) R N A T T
RV =[0G (6 x 0+ ga s T+ 2006 009) - 62005
g SR L Y
— ﬁ%“% {T¢2 — (T - ¢)] v+ O(f—?), 9 A" o m%..;
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‘% (i (0)|p) — (n7*[jL., (0)[n)]

(07" je (0)|m)

(P |jte 1 (0)|p)

~(p1°|jte+ (0)In) = —= [(P7" [jc4 (0)[P) — (7" [j, (0)[m)]
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. . . _ . _ 7 1 - L
Vi = GG+ (G X P)W U S — Uy 752 - (7 G)|
L 1
- 577%(¢X3”¢)+0(f—7§)
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- > > gA = - - T 1 Lo L
Vi = Gx 0G4 g6 x PN By DU — gt [762 (7)) v
¢2
o 3f2(¢><a'u¢)+0(f3)
Ar = 5’“¢+F\IW (¢ X )T + ga Uty = \IJ+§{(E(¢ 0“5)—528“5}
= 1
= 10" 787 - 87 9| v+ O(4)
W'l'
Je. =FiF, ((q—kr)? )COSGC = u(p”) ¢ u(P)
"' TT ““tlpp g V2fr g2 —m2
) ,', . (—=>Wtp—prt, +=WTn—nrt)
N > LA > N Fo(t)= — —
P _1—t/m§
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Ve ¢X@u¢+2quy 75 (6 x F)\IJ+\117“§\IJ—$ 76— 47 )| v
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v = £,0°54 g TP @ X DU+ galy D (6 909) - 500G
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VH  — q;x3#5+%\D7M%(5x?)\1}+@7“g\1’—éqf’y“ {7?#2—5(7?'5)}@
Y ) 1
- @99+ ()
AP = fr0M0+ %%“(5 x T)U + gA‘TW“%g‘I’ + % {5(5- 0" p) — 52(‘9“5}
- %@7“% 6% — 37 ¢) ‘I’+O(%)
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» TT ‘
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> — ———>—0—
N N N’ N

J. Nieves, U. Granada 17




NulntO7

. improve the W NN transition vertex

(D0 = p+q lice (0)|n; 7)) = cosOc a(p ") (Vi (a)—Ax(a))u(p)

(@7 (8% ° FV q-2 (07
Vx(a) =2 x (FY(qZ)v + ipy 22](\4 )a qy>
A y ga = 1.26
AR(q) = X (W%Jr q“%), <
N (1—¢*/M3)? mi =@ )| Ma=1.05GeV
Ga(q?) POAC
1 1
FY(q?) = 5 (FY(a®) —F1(a?), pvFy(d®) = 5 (1pF5(a®) — unF5(q?)),

furthermore CVC = Fpr(q¢?) = Fir(¢?) = 2F) (¢°) = F¥ — FT*
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VE = 4 x 8“5+%\PW“V5(5><?)‘P+‘IW“§‘I’—4fz‘I’V 762 -7 9)| w
52 1
- X0+ 0
) T 2393 — 2083
AH = fwc?“(b—l—ﬂ\lf’y (¢ X )\P+9A‘IW V5= \If-l—gif [¢(¢ ¢)—¢25M¢]
- ff‘?;\IW 75[ rp2 — (7 ¢)]‘I’+O(—7§)

N — IN'mm, yyN — v;N'nw close to threshold. N(1440)

degrees of freedom?
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Evaluation of NC (N'x| j*.(0)|N):

gl = Uy (1-2sin? O —s)| 79 |Wg—| 4 sin® Osh, 1 — Ty (1 — 75) s

1
1 1 - 1 o
st = WU A", — g\Iva“\If +—=U Y==10,

6 V2 V2

~N~

7

Sem IS

e ME’s 55, = ME’s isovector (73) j*. contribution

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

° <nﬂ+’85m,15‘p> — <p7T_’ng,IS’n> — \/§<p7TO’SleLm,IS’p> — —\/§<7’L7T0‘85m’15‘n>

O g1 0 _ O ot 0
<p7TO|ng,IS’p> — —<n7T |Sem( )|n> 5 <p7r |Sem( )‘p>
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= L+ 7, lgA
Sem = \W( > )\If+ o Wyys (7 1¢*+T+1¢)\If+1 (6'0"¢ — ¢0"'") +
~ ~ PF
PN,PNC CT

CT, PF do not contribute = PN and PNC = ME’s of s, ;4

o ME’s jh.or = Us*(1 — v5)¥s : nucleon strange content

p+qg+ M
p+ )2 — M2+ ic

krvs pu(p) <PN+PNC

/

(p° |Jhsc.0: (0)|p) = —i%U( ){kw%( [Vfé,s(q%A{iI,s(q)}

V—g+M
(0" —q)* = M? + i

+ [V (@) — A (a)]

~0 gs [(1—q®/M3%) "2
2 . F2S(q2) 2
Vis(@) = F2(¢7) v Hus—7—=0"q,  Agg(a) = Gald”) 7"+ G ¢
~0 don’t contr.
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Results :

= CC: y(k)+ N(p) - " (K')+ N(p") + n(ky)

d®o,, _ K@ /+OO kx| |k
dQ(kK)dEdQ(k,) |k | 472 Jo

L) (W)™
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1 — [ d°p 1
AM 4 (2m)3 2E

spins

(WEE)" = 0% (p'+kr—q—p) (N4 (0)|N) (N'|3Z, (0)|N)”

LY = (L{),0 + 1LY 00 = K Kotk ky—guok-K +Heprask' k"

Yo S a

= CC: py(k)+ N(p) = IT(KY + N{') + 7(ky)
Lo = Lol 3oy < 3o

= NC: v(k)+ N(p) - v(k") + N©Q') + w(ky)

o 1., .
Jecr 7 EJnm (WNCT(')( (WNCT(')(

Note (E.0) ¢ W =(p+q?
N——

outgoing lepton 7N inv. mass
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do /dq? (10~3cm?/GeV?)

NulntO7

Differential cross section (flux averaged)

1.4 GeV
/]\4—|—m7r

1.2 I I I I

aw

do, .-

Vb

" Full Model, E
Full Model, Eq.

(80
q 48
48
AN

Only Delta, Eq.

0 01 02 03 04 05 0.6

—q¢* (GeV?)

0.7 0.8

09 1

Fit to ANL : C2(0) = 0.86940.075,

vup — K PT

Full Model, Eq.
Full Model, Eq.

80) ——
48
Only Delta, Eq.(48) «=----
BNL =

Man = 0.9814+0.081 GeV

24
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o (107%8cm?)
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1.2 | | T T
-t Full Model, Eq.(80) ——
PP B P Full Model, Eq (48
1 Only Delta, Eq.(48) =«===- -
ANL F=¢H
—~ 08 BNL (no 7N cut) 8 |
= R EO
OOO
T 0.6 -
=
© 04 % -
0.2 _
0 1 1
4 5 6
0.3 T T T T T T T T T
0.25 _EEH Mgggk Eg ig ] 0.3  Full Model, Eq.(80) ——
Only Delta, Eq.(48) =====: glrlllllyl\]/l)%clitef},’ %g Zlg ......
02 ANL p—¢— | 025 A
' BNL (no nN cut) 8- % ANL F¢+
015 L Yun— pnmt 1 g.?’ 02~  BNL (no 7N cut) —m—
\% 0.15 F Vun — - pm?
A - ©
“tr 1 T T TR 0.1
0.05 |- % - 0.05
0 | - | | | | 0 T+
0 0.2 0.4 0.6 0.8 1.2 1.4 1.6 0 0.2 0.4
E (GeV)
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EVENTS/(20 degrees)

o (10738cm?)

Nulnt07

80 45
' ' ! - ' ' ' Full Model, Eq.(80) ——
70 k- . = 40 |- Full Model, Eq.(48 -
o Only Delta, Eq.(48) =====-
| St AN,
S
[\ | —
;§7/|:§§ 1
=
= 20 -
— + = m .
vup — 0 pm —15F u
20 Full Model, Eq.(80) —— =10 b _
Full Model, Eq.(48 E ‘.
10 |- Only Delta, Eq.(48) ------ - < 5 R T -
0 | | | AN 0 ciet | -
0 90 180 270 360 1.05 : : : 1.3 1.35 1.4 1.45
o GeV)
0 ' ' | | | o v w—— | | |
Full Model, Eq.(80) —— ull Model, Eq. —
05 Full Model, Eg 48 _ 0.6 EFull Model, Eq. 48§ i
© [Only Delta, Eq.(48) ===eer o7 Leee” Only Delta, Eq.(48) «=xeer om0 e
oyl CERN-PS 1 | —~ 05F  CERN-PS e e i
' vyn — ptnmw” ’ z UulN — p" N~
<9 0.4 F -
0.3 F . iy
Z 03F _
0.2 % S
0.2 _
0 0
0 1 2 3 4 5 6 0 1 2 3 4 5 6
E (GeV) E (GeV)
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o (10738cm?)

o (10738cm?)

0.08 0.06
0.07 0.05
0.06 —
005 L = 004
0.04 | T 0.03F
0031 © 002
0.02
001 b 0.01 |
0 0

0 0
0.08 0.07 . . .
0.07 0.06
0.06 — oo
0.05 =

% 0.04
0.04 o
= 003}
0.03 o
0.02 0.02 |
0.01 | 0.01 |
0 0
0 0

Below the 7 prod. threshold, Distinguish v, from v, 7
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onc/occ ANL cross sections at £ =0.6 — 1.2 GeV

ANL Our results
Ry =oc(vp —vnrt)/o(vp — p~prt) 0.12+0.04 0.12 - 0.10
Ry =o(vp — vpr?)/o(vp — p~prt)  0.09+£0.05 0.18-0.14
R_=own—vpr~)/o(vp — p prt) 0.11 £0.022 0.12 - 0.09

NC: Cross sections (1073%cm?) for (E) = 2.2 GeV (no cut in W)

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

J. Nieves, U. Granada

NulntO7

28



NulntO7

Dependence on 6* (CM n N pion polar angle). Lorentz
invariance (f.i., CC) =

( Similar to eN—e’ N7

A* + B* cos ¢F + C* cos 20~

d50'yll o |E/| G2

AQUE)AE dO (k) | 4m?

2\

\
)

~

+ D'sing. + E¥sin2¢’

parity violating )

e Explicit ¢, dependence
o A* B* C* D* E* functions of E,q¢*, W, 0*

e C* and E* are the same v and 7, when (WH)W) =

(W) (v)
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A* (MeV)

B* (MeV)

NulntO7

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

180 T T T T T T T T T

160 | -
140
120
100
80
60
W0 . ]
90 E—1 1 1 1 1 1 1 1 1 )

; — 0
vyn — puopm

W = 1150 MeV

..
..

-100

-08 -06 -04 -02 O

_12 | | | | | | | | |

-08 -06 -04 -02 0 02 04 06 038
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A* (MeV)

B* (MeV)

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

80 T T T T T T T T T

70 -
o
50 -1
40 Dup — pnm® —
30 - W = 1150 MeV -

-08 -06 -04 -02 0 02 04 06 08

C* (MeV)

E* (MeV)

12 T T T T T T T T T

05 I I
-1 -08 -06 -04 -02 0

cos(6%)

0.2

A* B*,C*, D*, E* vs cos0>,

E 1.5 GeV, W 1.15
GeV and ¢?> = —0.5 GeV?Z.
Reactions v,n — pu~ pm’

and v, p — ptTnm°
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B, + B, (1073 cm?)

... new NC neutrino—antineutrino asymmetries

1 (do(6s) do(or+7)\|
2 do, Ao v
1 do(¢r) _ do(¢r + ) B
2 do Ao 2
0
-5e-05 -
-le-04
-0.00015
-0.0002 -
-0.00025 -
-0.0003 -
-0.00035 -
-0.0004
-0.00045 ' ' ' ' ' | | I I
0O 02 04 06 08 1 12 14 16 18 2
E (GeV)
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(Bs + B,) cos ¢ + (Ds + D) sin ¢

(Bs — B,) cos ¢ + (Ds — D,,) sin ¢,

D, + D, (10738cm?)

8e-05
6e-05
4e-05
2e-05

0
-2e-05
-4e-05
-6e-05
-8e-05
-0.0001
-0.00012

0

02 04 06 08 1
E (GeV)

1.2

1.4

1.6

1.8
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Parity violation

( Similar to eN—e/ N7

A* + B* cos ¢ + C™ cos 2¢

~

¥ &2
AQ(E)AE dO (k) | | 4m?

/\

*
T

\
\

+ D*sing. + E*sin2¢_

parity violating J

VY
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LY) = (L), + (L) o = K kotk, ky—guok-K +i€ o0k K’

Yo S

By construction (similar for both CC and NC),

PV

Whe = Wi W, W = (W) 4 (W)

(WE)TE = Wigh” + Wopp” + Waq"q” + Wakliky + -+

(W;“’)PC _ W14€Waﬁpaq5 4+ W15€”'/O‘Bpa/€7r5 4+ W16€MVanQk7rﬁ I
(Wgu)Pv = Wiy (qﬂe’_’amki‘pﬁqv g E.uamkgpﬁqv) 4 ...

(WY = Wy (g"p” — @'p") + Wia(gq'k” — q"k") + - -

Under Parity
L) = (L)Y, (W)= W) (W)™ = — (W)™

U
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D* (MeV)

NulntO7

20 | | | | | | | | | 40 | | | | | | | | |
L . 35
-20 1t y 30
-0 = %
-60 >
o 20
o =
-100 &
120 10
-140 5
-160 - 0
-180 ] ] ] ] ] ] ] ] ] -5 ] ] ] ] ] ] ] ] ]
- -0.8 -0.6 -04 -0.2 0 02 04 06 08 1 -1 -0.8 -0.6 -04 -0.2 0 02 04 06 0.8 1
cos(6%) cos(6%)
— 0 2 2
v,n — wopr (B =15 GeV, W = Ma, ¢ = —0.5 GeV?)
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o d°0/dQ(K)dE'dQ(k,) is not inv. under parity, since
the pseudovector k x k' is used to define the Y axis.

o d%c/dQk')dE scalar, except for the factor |K'|/|k | =
parity violation disappears when performing the [ d2* (k)

A
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e Non-resonant terms are needed to produce non-

vanishing parity violating structure functions
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Conclusions: We have derived a model for CC and NC

weak pion production off the nucleon

1. In addition to the A resonance, we include non-
resonant contributions <= QCD SySB.

2. Non resonant contributions are important = re-
adjust of CZ(q¢?).

3. v — v Asymmetries, distinguish v, from v, ?

4. Parity violation effects due to the interferences

between the non resonant and A contributions.

5. Starting point to study inclusive and exclusive

neutrino-nucleus scattering above the QE region.
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W'NN — NN
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