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Watson’s theorem, (Goldberger—Treiman relation
and the nNA axial C#(0) coupling constant

L. Alvarez-Ruso, E. Hernandez, M.J. Vicente-Vacas
and JN

o PRD76 (2007) 033005, PLB647 (2007) 452: Chiral symmetry
background terms and CZ'(0) fitted to ANL

o PRDSI (2010) 085046: Deuteron effects and C2£'(0) fitted to ANL
& BNL, and work in progress...

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—nmucleus inclusive scattering
above the QE peak

J. Nieves, IFIC, CSIC & University of Valencia 1
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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 that

from 1m NC v, A — VMAWO process
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e Survival probability P(v, — v,): CC QE v, A — A’ signal,
which is used to identify v,, could be confused with that from
CC/NC 17 v, ,A — (vr, O T, ) A’ signal, if only one particle

radiates Cerenkov light.

For instance, (v,,um) Incorrect £, re-construction — L/E

analysis?

J. Nieves, IFIC, CSIC & University of Valencia 4
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Theoretical Model /N — [N'7w, yyN — v N'm (C.H. Llewellyn
Smith, 1972): weak excitation of the A(1232) resonance and its sub-

sequent decay into N,

v,/

J. Nieves, IFIC, CSIC & University of Valencia 5
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Cs Ci u A Cg
[ = [M (9“"d — q v“)JrM2 (9*"q - pa —q“Ppa) + Cs'g Y+ odt
+[—]\; (97" — a°v") + 75 (9™a-pa — a°PA) + 75 (9™a-p — 4"P")

—|—ng“0‘] Vs, Ciase axial FF's, CY, ;¢ vector FF's, furthermore

Lina = / \IfoT(aqu)\If +h.c., ff=214
mﬂ'
G"(pa) = Pa + Ma —gh" + lv“v” + 2paPA _ 1Pa)” —PAY"
pQA—Mi+7:MAFA 3 3 MZA 3 MA
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eN — ¢A = ¢N'm = (O, ;4 FF’'s. CVC = Cf =0 and (My =
0.84 GeV)

2

9
CY(@) _CY() _'“omemCye)_ 1 1
- . _ 2 _ 2 2\2 2
2.13 1.51 1— 4314‘2/ 0.48 (1—q2/M2)2" 1 4314‘2/

C4, 56 Axial FF’s : AtT (y,p — p pr') data taken in the
ANL and BNL bubble chambers (filled in with deuterium)

Dominant form factor: C&(q2?). C%(q?) and C%(q?) contribu-

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

CA q2
Ccha?) = -2 c?) =0

J. Nieves, IFIC, CSIC & University of Valencia 7
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PCAC (9,4* xm?2 ) and Goldberger—Treiman

2 Ix

C4(0) ~ * = 1.2
A0~ 5 f
1.2 1 M?
CA q2 _ < . ’ CA q2 _ CA q2
5( ) (1_q2/MiLA)2 1_31\22 6( ) 5( )m%_qg
AA A\ _J/

PCAC
Man fitted to the ¢? dependence of the v,p — W pmt 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

. Nieves, IFIC, CSIC & University of Valencia 8
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... but only the A pole contribution turns

C _ ° °
I
(e’e X) E. 620 MeV the A peak, and specially close to pion

threshold. Close to pion threshold, the pion
from the (v,,pum) reaction will not radi-

out to be an insufficient model, even at

12

6=60"

ate Cerenkov light and thus it would be
necessary an improved theoretical model to
carry out a proper L/FE oscillation analy-
{ 7 sis.

______

Such model for the yyN — [IN'mw, yyN —

Total pion produc. vy N'7 should include non resonant terms

= Realization of the axial and vec-

T T tor currents, which couple to the W, Z0

100 150 200 250 (300) 350 400 450 bosons, for a system of pions and nu-
w (MeV

cleons.

J. Nieves, IFIC, CSIC & University of Valencia 9
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Non-linear c—Model: EFT involving pions and nucle-

ons which implements spontaneous chiral symmetry break-

ing.

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

Wy
-1
. _ +1
V,l ch:l: = COS@C\I/q’y”(l—’)Q;)(— NG )‘I/q
jrﬁbc = \Iquy“(l — 2sin? Ow — v5) 7-01 v,
W 7 — | 4sin? HWSéLm,IS — Wy (1 — v5) Py
’ 7’\ T[
/' 1 1 1 7-01
—>— > st = U AHT, — TP, T A== T
N N em §q7q337i\/§q7\/§q

N~

W
Sern,IS

jeer (0),35_(0),j*.(0)|N) =7 <= QCD and its pattern of SySB

nc

(N'm
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Iqu:<p),U: (TN 2 with £, ~ 93 MeV,

Lae = Uiy" [0, + VW — MUV + g4 TyasA, ¥

|
+ ST [0U10MU] | 4m2 ST (U + U - V2 )

= (0 +€0.8) A= (0.8 - a,)

. 70y

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

,?-eTA,A

Axial rotat. £ - Th €T\ =TA (T, O 5 TA W, Tho=e 2

Isospin rotat. =0Ln, = 0, Axial rotat. =0 Ly, o< m2 # 0
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Up to order O(1/f%), Ly, reads,

Lne = Wip — MYV + 20,601 — Sm25? n
ga - 7 1 F oo o LT
05500 — @7 (5 040) @ = (5805 |52 20,6 — (50,0)50| @
1 2
o2 (Cbzamb@% (Cbau(b)(fb@’“fb)) 24f2 (0%)? +O(1/f2)
Contact interactions NN7, NNnn, NNnnm and wnnm.
——
WT
Parameters: f, and g4 . Noether’s currents

. 6LNW
.]'u — 5 a?
0(0,00) ©

a=12,

up to order O(1/f?) ...
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Vi = xorg+ 571“%”75(% )T + \wgqf - #w 76747 9)| v
Y 1 )
- $E@x D +O0(5) 9V =0
B I _ 7 D T o
Al = fo0'5+ G Uy (G X P)U + galy s g ¥+ oo |8(6-09) — 6043 |
_ . LS 1 S
= 4" |76 -8 9| W+ O(5), 0 A xmd
" " PCAC
+ isospin relations = evaluate CC (N'x| 5. (0), jt._(0)|N)
1
(p7°|5ées (0)|n) = ~ 7 (P77 i1 (0)[p) — (77 |jl1(0)|m)]
P [jte—(0)lp) = (n7"[ji..(0)n)
(N7 [jte—(0)|n) = (P7"|jtes (0)|P)
1
(n7°|jee—0)lp) = —(p7°|jecs (0)|n) = 7 (P77 it (0)[p) — (077 |jl . (0)[m)]
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. iImprove the W NN transition vertex

(P 0" = P47 jce.. (0)|n; 7') = cosbc u(p ') (Vi(a)—Ax(a))u(p)

. S M
Vx(a) =2 x (FY(qz)v + ipy 22](\4 )0 q,/>
Ax(q) X (vawﬂr qo‘%), <
(-2 /M3)? m2—q*" ") My =1.05 GeV
Ga(a?) PCAC

furthermore CVC = Fpr(¢?) = Fir(¢?) = 2F) (¢°) = F¥ — IV

J. Nieves, IFIC, CSIC & University of Valencia 18
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Ve = Gx MG+ Sl 75<<E><F)\If+\1w“;1f—4}2‘1’7 762 - a7 9)| v
- f:2<¢><a“¢>+0<%>

Br = 10/ 50 G x DU 4 galts s Vo (66 09) - 32003
_ fﬁm 15 [76% — 87 ¢>]w+o<f3>

N — IN'mm, yy N — v;N'n close to threshold. N*(1440)
degrees of freedom (PRD77 (2008) 053009)
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Evaluation of NC (N'x| j#.(0)|N):

gh = \I!qy“(l—2 sin® Ow—5)| 7o U, — 4 sin? HWSZmJS — \T!Sy”(l — v5) Wy

1
I- I- I - 70
ng — _\Ijq/yquq _ gqjs’y'qus —l_—qjq 7,1_ \Ijq

6 V2 V2

A&

"~

7

Sem,IS

e ME’s ji.. = ME’s isovector (7)) j* contribution

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

<nﬂ+‘55m,fs’p> = <p77_‘3§m,15‘”> = \/§<P7TO‘SZm,Is‘P> = —\@(mTO’ng,Is’m

(7”58, (0)|n) — (p7°|s4, (0)|p)
2

<p7TO’S(/;Lm,IS‘p> -
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Results :

— CC: (k) + N(p) = =(K) + N@) + m(ky)

d%0,, K] & /+oo d| || |
dQ(k)dEdQ(k,) |k 472 Jo Er

J. Nieves, IFIC, CSIC & University of Valencia 23
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1l ~— d3p 1
uo (y):_ p 40 1 P Yy /__|s0 *
W) = 17 2 [ G @/ e (N7l (O)N) (el (O)N)

spins

L) = (LY) 0 + {(LY) 0 = K kotk ky—guok-k +i€uask’ K

Uo S

= CC: (k) + N(p) = 7 (K'Y + N + n(ks)
L? =LY 7. <%

= NC: v(k)+ N(p) - v(k")+ N©®') + 7(ks)

o 1.,
Jeet N §Jnc7 (WNCW)( V) = (WNCW)( V)

Note (E'.0) <+ ¢ VV2 (p + q)
N —
outgoing lepton 7N inv. mass
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1.4 GeV ; do,, - -
/me W J2dW VP — (0 pT

v, p - W pT averaged over the ANL flux, W < 1.4 GeV

1.25 T I T I T I ' I ' |
~ ANL data[Radecky et a., PRD25,1161 (1982)]

o -~ Only directA. C.A(0) = 1.2, M, = 1.05 GeV

i 10F % A

> . Full model. C,"(0) = 1.2, M, = 1.05GeV

©) N — Full model. C,*(0) = 0.867, M, = 0.985 GeV
“c 0751/ " =
ooo
?

o)

—

N
N

O

S,

o)

©

O | |

) ) | ) | ) )
0 0.2 0.42 20.6 0.8 1
-q (GeV")

Fit to ANL :C2(0) = 0.8674+0.075, Maa = 0.985+0.082 GeV
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How to reconcile ANL & BNL data and still have C£(0) ~ 1.2
K.M. Graczyk et al. [Phys. Rev. D 80, 093001 (2009)]

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. They found

C2(0) =1.194+0.08, My = 0.9440.03 GeV

for a pure dipole parameterization for C*(¢?). Good agreement with

the off-diagonal GTR is found! No background terms included !

J. Nieves, IFIC, CSIC & University of Valencia 27
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Background terms included

PRD 81 085046 (2010): We included background terms in a com-
bined fit to ANL & BNL data that took into account deuteron effects

and flux normalization uncertainties.

We used a simpler dipole parameterization for Cgf‘(q2)
C£'(0)

054 ?) = 2
= ey

Using Adler’s constraints we obtained

CA(0)=1.00+0.11, My =0.9340.07GeV

C#(0) compatible with its GTR value (~ 1.2) at the 20 level.

J. Nieves, IFIC, CSIC & University of Valencia 28
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Comparison with ANL & BNL data

1 ' | ' | ' | ' | ' !
— 0.8
. v d
g 08 | —~ 3
O Ne 0.6
_ (&)
wg 0.6 o
i I 'o 04+
S 04 - a4
NU r @)
5 02 - 021 x ANL ]
S ] = BNL (no1tNcut) -
O | ! | ! | ! ! 0 | | | | |
0 0.2 0.4 0.6 0.8 1 0 025 05 075 1 1.25 15
-q2 (GeVZ) 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.
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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, |d|. [PRD 88 (1952)
1163 |

W LS W Tt LI W T T T/
-7 T o / -7 T o /’—5\ 4
,/ // \\ // // \\ / \\ //
// " v 'I v ! v/
& + ¢ ¥ 0 cl |
N N N N N N N N
T m,’ SR s 7?,’ (T Tt T ”/,’
\ / /’ ~ /,"~\ // ~
A /, \\\ / \\ // \\ 4 \\ ’ \\ /,
\ ’ \ " vy A v ! v s
& + @ & + @ i ||
N N N N N N N N
J. Nieves, IFIC, CSIC & University of Valencia
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Optical theorem in partial waves

58T=1 & (T-T")=1'T
a+b — 142

i (A2 Aads) = Mo Xl Tu A A2) T~ Y (A TH AN (N AT [ Aa )
ALA,

J. Nieves, IFIC, CSIC & University of Valencia 31
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Optical theorem in partial waves

$ST=1 & (T-T")=T1'T
a+b — 1+2
A2l T Aade) = MadelTaMiA2) ]~ D (M| THIN N (VAT Aa M)

A1,

Using CM helicity states |p; JMA1)\2) and invariance under time

reversal,

(a2l Tr M) = a A | Ty ArAa)

at+b—1+2 1+2—a+b

R > Im(M Ao [T Aads) ~ oy n (M| THIA L) (N AS| T A ds) € R

J. Nieves, IFIC, CSIC & University of Valencia 32
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Considering intermediate strong interacting 7/V states, Watson’s
theorem for the weak W N — Nm process implies,

/ 1 7 7
ZL]\LlTJ(S)l ANHAN [T7(s)[ AvAw) € R

)\//
N N N NW

In terms 7N |p; LSJM) states

2L + 1 1
Z\/ - (L5 JIOA )<L J!TJ|L J)* (L§J]TJ])\N>\W>E]R

"~

7rN—>7rN WN—=NT
For J = 3/2,T = 3/2 and neglecting the L = 2 multipole,

<P33 ‘TWN—>N7T

3 T——

3 .
J = 571\/_[ — )\N — )\W, )\N)\W>X §_16P33<S)J eR

LojoT N7 phase shift
There is a total of 6 [(A\y = £1) x (A\w = 0,+£1)] amplitudes
which should have the same phase (0p,,(s),s = (pn + pr)?)-

J. Nieves, IFIC, CSIC & University of Valencia 33
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Using CM three momentum helicity states |p; @pA1A2)

rart) = [0\ 2ok 0.0.-0) (15500) 0oy
A

2J +1
47

pi0=0¢=0AvAw) = > p; JM = AN — Aw, ANAw)
J

13 .
/dQZDz vor (0,0, —0) <1§§\O>\>\> <p qu)\‘ }VJX;N;I P OO)\NAW>e—15P33 cR

~~

related to G(p’,\) (O €X )u(p AN)

There is a total of 6 [(A\y = 1) x (Aw = 0,+£1)] amplitudes
which should have the same phase (dp,,(s),s = (py + pr)?)-

J. Nieves, IFIC, CSIC & University of Valencia 34
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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 M;+ multipole. We denote the

corresponding axial multipole as AA.

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

e_i5P33 (s)| — 0

. M, ;A

J. Nieves, IFIC, CSIC & University of Valencia 35
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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 (Wat-

son’s theorem)
We use a simpler dipole parameterization for C?(QQ)
C3(0)

C(q?) = .
= ey

Using Adler’s constraints we obtain (preliminary results)

C2A(0) =1.124+0.11, Mya =0.95+0.06GeV, (withunitarity corrections)
C2(0) =1.00+0.11, Mya =0.93+£0.07GeV, (without unitarity corrections)

C#(0) compatible with its GTR value (~ 1.2) at the 1o (20)

level.

J. Nieves, IFIC, CSIC & University of Valencia 37




Comparison with ANL & BNL data

do/dq” (10 >%m’ Gev )

J. Nieves, IFIC, CSIC & University of Valencia
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Comparison with ANL & BNL data
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Parity violation

( Similar to eN—e/ N7

g — |E‘47T2<A*—I—B*COS¢;—|—C*COSQ¢

~

*
T

>

AQ(E)dE' dSv(
\

~”

+ D¥sing. + E*sin2¢_

parity violating J
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LY) = (LY), + (L) 00 = K kot ky—guok -k +i€ im0k K

S

By construction (similar for both CC and NC),

PV

Whe = W 4 iwee, W = (W)™ 4 (W)

VWO = WM+ Waptp® + Waghq” + WakPEY + - -
Wéuj)PC — Wl4€/ﬂ/aﬁpaq6 + W15€'Lwa6pozk7r[3 + W16€,Lbl/a[3qak7rﬁ N
)PV — WS (q'ue.yaﬁfyk?;pﬁqu + qu,-uaﬁfyk?Tépﬁq’Y) + ...
)PV — Wll(qﬂpl/ L ql/p,u) _I_ le(qﬂk;/r L qukﬁ) _I_ o
Under Parity

v v (v PC vu\PC PV vu\ PV
LY = (L)) (WP = (WP (W,,)PY = — (W)
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o d°0/dQ(kdE' dQ(k,) is not inv. under parity, since the pseu-
dovector k x k' is used to define the Y axis.

o d3c/dQ(K')dE' scalar, except for the factor |K'|/|k | = parity
violation disappears when performing the | dQ*(/AcW)

20 T T T T T T T T T 40 T T T T T T T T T
0 [resesnnnnnnnnenennennnnnni - 35
-20 |- ] 30
R s
> -60F -
g ~ S 20
S 80 =)
15
A -100 F 4
120 b 10
140 F 5
-160 - 0
_180 \ \ \ \ \ L i 1 \ 5 \ \ \ \ \ \ \ \ \
-1 -08 -06 -04 -0.2 0 0.2 04 06 0.8 1 -1 -0.8 -06 -04 -0.2 0 0.2 04 06 038 1
cos(6%) cos(6%)

vun — popr? (B =15 GeV, W = Ma, ¢* = —0.5 GeV?)

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 oftf 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 C#(¢*). GTR prediction CZ'(0) ~ 1.2.
e Fit to ANL = CZ(0) = 0.867 & 0.075

e it to ANL & BNL + normalization uncertainties +
deuteron effects = C2(0) = 1.00 &= 0.11

e ['it to ANL & BNL -+ normalization uncertainties

+ deuteron effects 4+ unitarity corrections (Watson’s
theorem) = C£(0) = 1.12 + 0.11

J. Nieves, IFIC, CSIC & University of Valencia 44
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3. v — v Asymmetries, distinguish v, from v, 7

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.

6. Higher W (Nw), we include the N*(1520) resonance

J. Nieves, IFIC, CSIC & University of Valencia 45




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

Back up material

CA 2
Oy (0?) = O (0) 210
C5'(0))
exploring the possibility of extracting some direct information on C’g{; (0)
cg(0) Man /GeV c4'(0) c2(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
III (only AP) | 1.13+0.10 0.93 4+ 0.06 Ad Ad 0.32
v 1.00 £0.11 0.93 £+ 0.07 Ad Ad 0.42
V 1.08 £0.14 0.91 £ 0.10 —1.0t1.4 Ad 0.40
VI 1.08 £0.14 0.86 + 0.15 Ad —1.0+t1.3 0.40
VII 1.07 £ 0.15 1.0 £0.3 1+4 —2+4 0.44

* No deuteron effects included.

J. Nieves, IFIC, CSIC & University of Valencia
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W'NN — NN
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o (10738cm?)

o (10738cm?)

Nulntl4

Full Model, Eq.(48) ——
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o (10738cm?)

o (10738cm?)

Nulntl4
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onc/occ ANL cross sections at £ = 0.6 — 1.2 GeV

ANL Our results
Ry =o(vp s vnat)/o(vp — pu~prt) 012+ 0.04 0.12 - 0.10
Ry =o(vp = vpr?)/o(vp — p~prt)  0.09+£0.05 0.18-0.14
R_=o(wn—vprn )/o(vp — p pr™) 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 — vnr™) 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

J. Nieves, IFIC, CSIC & University of Valencia
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Dependence on ¢ (CM n N pion polar angle). Lorentz
invariance (f.i., CC) =

( Similar to eN—e’ N7

A* + B* cos o> 4+ C™" cos2¢

~

d50'yll o ‘]g,‘ G2

AQUE)AE dO (k) | 4m?

/\

%k
T

\
\

~”

+ D'sing. + E*sin2¢_

parity violating )

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

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

(W/MT)(V)
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B, + B, (1073%cm?)
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