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quasi-elastic neutrinos on Neutrons-Dipole

guasi-elastic Antineutrinos on Protons -Dipole

DATA - FLUX ERRORS ARE 10%. Note some of the data on
nuclear Targets appear smaller (e.g. all the antineutrino data)
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Examples of Low Energy Neutrino Data:
cross sections divided by Energy
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S..t/E on Iso-scalar target, with
Different contributions
Quasi-elastic important in the
0-4 GeV region

f Rochester 3




e Hik2,

fixed W scattering - form factors

e Electron Scattering: Mp Mp

« Elastic Scattering, Electric and Magnetic Form Factors (Ggand G,,) versus Q? measure size of
object (the electric charge and magnetization distributions). Final State W=Mr =M

*  (Ggand G,)) TWO Form factor measures Matrix element squared | <p (| V(r) | p ;> [?between initial
and final state lepton plane waves. Which becomes:

. | <eik2r|V(r)|etki.r>]2 g = k1 - k2 =momentum transfer

o GgPN(Q?)= [{e'da-"p(r)d3 } = Electric form factor is the Fourier transform of the charge
distribution for Proton And Neutron

« The magnetization distribution G,,”N ((Q?) Form factor is relates to structure functions by:
o 2XF(X ,Q)iastic = X2 G2 O (x-1)

M elastic
e Neutrino Quasi-Elastic W=Mp)
. v,+N --> w+P (x =1, W=Mp)
. Anti-v +P --> u+N  (x =1, W=Mp)

« F,V(Q%) and F,Y(Q? = Vector Form Factors which are related by CVC to
. GePN (Q?) and Gy, N ((Q?) from Electron Scattering

« F, (Q? =Axial Form Factor need to be measured in Neutrino Scattering.

e Contributions proportional to Muon Mass (which is small)

« Fp (Q? = Pseudo-scalar Form Factor. estimated by relating to F, (Q?) via PCAC,
Also extracted from pion electro-production

¢ F5(Q?), F; (Q?), = scalar, tensor form factors=0 if no second class currents.

Howard Budd, Univ. of Rochester 4



Need tO Update = | e Hk2,
Axial Form Factor extraction

Mp Mp

1. Need to account for Fermi Motion/binding Energy effects in nucleus e.g.
Bodek and Ritchie (Phys. Rev. D23, 1070 (1981), Re-scattering
corrections etc (see talk by Sakuda in this Conference for feed-down
from single pion production)

2. Need to to account for muon mass effects and other structure functions
besides F,V (Q%) and F,Y(Q?) and F, (Q?) (see talk by Kretzer this
conference for similar terms in DIS). This is more important in Tau
neutrinos than for muon neutrinos [ here use PCAC for Gp(Q2).]

This Talk (What is the difference in the quasi-elastic cross sections if:

1. We use the most recent very precise value of g, =F, (Q?) = 1.263
(instead of 1.23 used in earlier analyses.) Sensitivity to g, and m,

2. Sensitivity to knowledge of Gp(Q?)

3. Use the most recent Updated GPN (Q?) and G,,PN ((Q?) from Electron
Scattering (instead of the dipole form assumed in earlier analyses) In
addition

e There are new precise measurments of G PN (Q?) Using polarization
transfer experiments

Howard Budd, Univ. of Rochester 5



Neutrino Cross Sections

NMHIL2 - They implemented

PDK-626
Nov. 10. 1995 The Llewellyn-Smith
o Gaﬂagher and M. C. Goodman Formalism for NUMI
2y oy (2=w) | C(¢)s — u)?
oo AT B Y TR )

d|q?

do (vn —1"p\ M2G*cos®d,
Tp — Itn)

In this expression, G i1s the Fermi coupling constant and 8. is the Cabibbo mixing angle
(G = 1.16639 x 10-°GeV~?). The functions A, B, and C are convenient combinations of the

nucleen form factors. ——
Contraction of the hadronic and leptonic currents yields: Non zero
'3 ] 2 : ] g 22 q 4quEFI}'”£FI?'
A= (5= (a4 e (1 4y ) - HEEDV AT (g
7 7 . (S — ; ()
+E(4 — F) |Fr| — F( Fy + EFp ' + |Fa+ 2Fp|" + (E — 4) ( Fs|®+ FPF])]
e o QEFP o
B- ReF;[Fl L EF) - —R [( 4M=£F’) Fs & (FA = Mz) FT] (4)
o
s . 2
1 2 FE Fi
— |FA 2 _I_ Fllr a q 6 ¥ _Q__FTP ! [5]
4 M 2 M?

where m is the final state lepton mass. Ignoring second-class currents (those which violate

G-parity) allows us to

set the scalar and tensor form factors to zero|

Howard Budd, Univ. of Rochester
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The electromagnetic form factors are determined from electron scattering experiments:

UPDATE: Replace by

GEV= GEP'GEN

ex(1?) =

(1-

1

i)

v

Gul(q') =

M

=
Mg

I el e
(1-

UPATE: Replace by

GM — GMP'GMN

The situation is slightly more complicated for the hadronic axial current. Fy(q? = 0) =
—1.261 £ .004 is known frem neutron beta decay. The ¢ dependence has to be inferred or
measured. By analogy with the vector case we assume the same dipole form:

M, = 1.032 £ .036 GeV [7].

g,,M, need to
Be updated

The inclusion of| Fp leads to an a

—1.23
Fulgd®) = ————.
.sl[g ] [] _ f;— z sz_qz (9]
A
Fp important for
Folq?) = 2M*F A[q!] Muon neutrinos only at 10
P(q ] - M2 2 [ ]
r 4 Very Low Energy
roximately 5% reduction in both the ». and v, guasi-

clastic cross sections. The only remaining parameters needed to describe the quasi-clastic

cross section are thus My and My, My =

.71 GeV, as determined with high accuracy

Howard Budd, Univ. of Rochester
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Axial structure of the nucleon

Hep-ph/0107088 (2001)

Véronigque Bernardj, Latifa Elouadrhirii, Ulf~-G Meilner§

T T T T T T ™ T
Argonne (1369) - Frascati (1970) -
| Frascati (1970) GEn=0 I
Argonne (1973} ] I
g . Frascati (1972) e
CERN (1977) * : i DESY (1973) w
Argonne (1977) —— Daresbury (1875) 5P !—!—I
CERN {1979) . ! Daresbury (1875) DR I
! Daresbury (1975) FPV ——
BNL (1980) * i Daresbury {(1975) BNR ——H
BML (1981) — Daresbury (1378) SP —r—
Argonne (1982) -l Daresbury (1976) DR ———
. , o Daresbury {(1976) BNR —— |
Fermilab (1983) f T DESY (1976) D -
BML (1986) e Kharkov (1878) —a— :
BML (1987} L —— g:slont19?aﬁ A —
! clay {1993) ] -
BML (1980) IJ:—Q—i MAMI (1999) I
Average F Average |—+|4
0.83 0.85 1.05 1.15 1.25 0.85 0.95 1.05 1.15 1.25
M, [GeV] M, [GeV]
For updated M, expt. need to be reanalyzed with new g,, and GgN
. Figure 1. Axial mass My extractions. Left panel: From (quasi)elastic nentrino
Difference

and antineutrino scattering experiments. The weighted average is My = (1.026 +

In Ma between 0.021) GeV. Right panel: From charged pion electroproduction experiments. The
Electropro ductioxﬁﬂightml average is My = (1.069 £ 0.016) GeV. Note that value for the MAMI

experiment contains hoth the statistical and systematical uncertainty; for other values
the systematical errors were not explicitly given. The labels SP, DR, FPV and BNR
refer to different methods evaluating the corrections beyond the soft pion limit as
M A from neutrino expt. No theory corrections needed

And neutrino

Is understood e
explained in the text.



~ For the weak coupling constant, instead of Gp = 116637 x 107 GeV™ employed in NSGK,
we adopt her¢ G = 11803 x 107> GeV~*|obtained from 0* — 0% nuclear F-decays [26].* Gy

subsimes the hulk of the inner radiative corrections.” The K-M matrix element is taken to bd Vig

= 0974026 instead of Vig = 0.9749 used in NSCK.

7 =z
g
Golgy) = (I_H.TlGPeVZ) ’ (19)
N (20)
A6 = ' o)

2
where ju, = 2,793, pn = —1.913, n = w and m; is the pion mass. For ga. we adopt the current

standard value] g4=1.267]29], linstead of g4=1.254 used in NSGK. In addition, as the axial-vector
mass in Eq.(20], we use the value which was obtained in the latest analysis|28] of (anti)neutrino
scattering and charged-pion electroproduction. The change in Ga(g, 2 is in fact not consequential
for o,4 in the solar-v energy region. | Regarding fp, we assume PCAC and pion-pole dominance.
A contribution from this term is known to be proportional to the lepton mass, which leads to very
stall contribution from the induced pseudoscalar term in our case. Although deviations from
the naive pion-pole dominance of fp have been carefully studied[30], we can safely neglect those

Howard Budd, Univ. of Rochester 9
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Ratio, Dipole GEn=0, (m ,=1.032)/(m ,=1.02)

Ratio, Dipole GEn=0, {g ,=1.23)/(g ,=1.267)

Effectof g ,and M ,

Use precise

Value g , =1.267 from beta
Decay- with M, =1.02
(Nakamura 2002)
Compare to g , =1.23 with

M, =1.032 (used by
MINOS)

NuMI 112 Gallagher and
Goodman (1995)

Note: M,

Should be re-extracted with new
the value of

g A =1.267
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Parametrization of Fits to Form Factors

GEP, GMP: - Simultaneous fit to 1/(1+p1*q+p2*q**2+...) and

mu_p/(1+...) - Fit to cross sections (rather than the Ge/Gm tables).

Added 5 cross section points from Simon to help constrain QA2<0.1

GeVA2 - Fit normalization factor for each data set (break up data

sets from different detectors).

- Up to p6 for both electric and magnetic

- Fits with and without the polarization transfer data. Allow
systematic error to 'float' for each polarization experiment.

GEP, GMP:
CROSS SECTION AND
POLARIZATION DATA

GEP, GMP : CROSS SECTION DATA ONLY FIT: gll\t/iP
pl= -0.53916 Ip1-p6 are parameters for GMP
p2= 6.88174 p1= -0.43584
p3= -7.59353 p2= 6.18608
p4= 7.63581 p3= -6.25097
p5= -2.11479 p4= 6.52819
p6= 0.33256 p5= -1.75359
p6= 0.28736
ql= -0.04441 lg1-gq6 are parameters for GEP GqE1P= -0.21867
g2= 4.12640
q3= -3.66197 g2= 5.89885
q4= 5.68686 q3= -9.96209
g95= -1.23696 g4= 16.23405
g6= 0.08346 g5= -9.63712
gb= 2.90093

chi2_dof= 0.81473

chi2z_dof= 0.9516152

Howard Budd, Univ. of Rochester



GMN: -Fit to -1.913/(1+p1*q+p2*q**2+...)
- NO normalization uncertainties included.
- Added 2% error (in quadruture) to all data points.
Typically has small"effect, but a few points had <1% errors.

PARAMETER VALUE
P1 -0.40468, P2 5.6569, P3

-4.664, 5 P4 3.8811

GEN: Use Krutov parameters for Galster form see below

[21] M. Garcon and J.W. Van Orden, Adv.Nuecl. Phys. 26 (2001) 293.

Krutov-> (a = 0.942, b=4.61)
Hep-ph/0202183(2002)

(T

m 2
Gpl(F) = fn e

Go(QF),

VS.

Galster ->(a=1 and b=5.6)

15 S. Galster et al., NucL.Phys. B 32 (1971) 221.

Go(Q) =

L7 ¢
L} T - — W lt}
"l e

The neutron magnetic moment g, = -1.91304270(3) [inl QE in Gp| Og ) is given in (GeV: %),

Howard Budd, Univ. of Rochester 12




Neutron G,V is negative

N N dipole

JRA Fit

, Univ. of

At low Q2 Our Ratio to Dipole similar to
that nucl-ex/0107016 G. Kubon, et al
Phys.Lett. B524 (2002) 26-32




Effect of using Fit to GN versus using Gy, Dipole

Rafio,(Dipole,GEn=0,GMn is JRA fit}/( Dipole, GEn=0)
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Neutron, GNis positive Neutron GgN is positive New
Polarization data gives Precise non

zero GE, hep-ph/0202183(2002)

show_gen new.pict
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[21] M. Garcon and J.W. Van Orden, Adv.Nucl. Phys. 26 (2001) 293.

Krutov-> (a = 0.942, b=4.61)

Hep-ph/70202183(2002)

Galster ->(a=1 and b=5.6)
13| S. Galster ef al., Nucl.Phys. B 32 (1971) 221.

QE ! QE
GE(QH:—%I o Gol@?). | Gol@F)= 71 TR (13)

The neutron magnetic moment i, = -L91304270(3) [49]. G in Gp(QP) s given in (GeV?)

[14, 39]:
% ~ =0.0199£0.0003 fm? . (14)
Q2=0

The fitting of the slope (14) gives a=0.942 with the accuracy = 1.5%.

This value of a gives the slope of G(Q?) at @* = 0 which is measured directly in the
experiment.

The parameter b is fitted using the y? criterion. If we use all the 35 points we obtain b
= 4.61 with x* = 69.0. Note that the fit DRN-GK(3) [39] of 23 points has x* = 63.9.

If we exclude the points # 4-8 then the 30-point fitting gives b = 4.62 with y* = 61.5.

Howard Budd, Univ. of Rochester 16



Effect of using G.N (Krutov) or (Galster) versus using showgennew.pict

GN=0 (Dipole Assumption) Krutov and Galster very similar

Ratlo, (Dipole, GEn=Krulov)/(Dipole, GEn  Ratio, (Dipole, GEn-(Galster) Dipole, GEn )
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GM

Extract Correlated Proton G, G simultaneously from e-p
Cross Section Data with and without Polarization Data
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Effect of G,,N, and G,,” ,G¢" (using cross section data)(with GgN =0)

Versus Dipole Form factor

Ratio, (JRA fit with CS,GEn=0)(Dipole, GEn =0)
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Effect of G\, G,/ ,GF (using POLARIZATION data) (w1th
GgN =0) Versus Dipole Form Factor — *° [ i l |
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Effect of G, G,/ ,Gg” (
AND non zero GgNKrutov) Versus Dipole Form

/o reference
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Effect of GyN + (G ,Gc” using POLARIZATION data

AND non zero GgN Krutov) - Versus Dipole Form

-> Discrepancy between G Cross Section and Polarization
Data Not significant for Neutrino Cross Sections

Ratio, (JRA fit, CS+HallA,Krutov)/(Dip, GEn =0) Ratio, (JRA fit with CS,Krutov)/(Dip, GEn =0)
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Axial fth 1
x1al structure of the nucleon Hep-ph/0107088 (2001)

— Véronique Bernardf, Latifa Elouadrhirif, Ulf-G Meilner§ —
mchiced Inrm tactor is the least well known ot all six electroweak nucleon
form factors.

0.05

o [&éxﬂl

Figure 5. The “world data” for the induced pseudoscalar form factor G p(Q?).

The pion electroproduction data (filled circles) are from reference [65]. Also shown

is the world average for ordinary muon capture at Q° = 0.88M7 (diamond). For
orientation, we also show the theoretical predictions discussed later. | Dashed curve: |
Pion-pole (current algebra) prediction. [Solid curve: Next-to-leading order chiral
perturbation theory prediction.

Howard Budd, Univ. of Rochester 24
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backerounds. Precisely tor this reason only very recently a first nu*elﬂ&'ﬂll't*:nc*llt of RNC
on the proton has been published [62, 63]. The resulting number for gp. which was
obtained using a relativistic tree model ineluding the A-isobar [64] to fit the measured
photon spectrum, came out significantly larger than expected from QMO

gBME — 12,35 + (188 £ (138 = 1 490MC | From RMC (15)

and thus also pbout 4065 above all theoretical expectations [(see section 4.1, It shonld

T 1 1 " | i L ah - 1T 1

gp = (8.74£0.23) — (0.48£0.02) =8.26 £ 0.16 .  From
Howard Budd, Univ. of Rochester PQ;AC



Axial structure of the nucleon
Hep-ph/0107088 (2001)

Véronique Bernardf, Latifa Elouadrhiri}, Ulf~-G Meifiner§

Py _ i 2 i
Note , one measurement of _Ha“u’ Dipole GEn=0, 1.5 plq ¥gelq )
gp from Radiative Muon 31 02
Capture (RMC) at Q=Mmuon 5 e}
quoted in the above Review 54.01
disagrees with PCAC By factor ="

of 1.4. PRL V77 page 4512 & sL—
(19906) . L Ki
%0.991
In contrast Seonho Choi, et 4 98_ Effect of Factar of 1.5
al PRL V71 page 3927 (1993) ™|
from OMC, agrees with PCAC. 0.97 In Gp
The plot 0 96-
(ratio_gp15_DODD.pict) . .
shows the sensitivity of the - 2+ N—P+ e+
cross section to a factor of 0.95 Vg Py ke
1.SincreaseinGp. Coovolvvrobvora bevra b bvvrabrv o brvva brrra b
IT IS ONLY IMPORTANT FOR 01 2 3 4 5 6 7 8 9 10

the lowest energies. E, (GeV)
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Conclusions

1. Non Zero Value of GgN is the most important (5% effect)

2. We plan to do re-analysis of neutrino quasielastic data for d S /dQ2to
obtain update values of M, with

« Latest values of GN,GyN, G\, ,G” which affect the shape.

« Latest value of g, (notimportant if normalization is not used in dS
/dQ? Flux errors are about 10%). Ratio, Dipole GEN=0, (m ,=1.032){m ,=1.02)

Ratio, (JRA fit, CS+HallA Krutov)/{(Dip, GEn =0) - I N S S e T S
B 1.0 —: -.."'_-' .._.._E_._. 4 n : - e =]
102 E AT 1.1 1 | | ]
g" 01— o 1 . S NN SN S S DU SN N —
5 UL E’nm st fany | il T e s doare AR
il e - O - L N e T ]
o -
b0.9'9‘\ £
L L =
0'98 ::: _— .
_\ H-‘-‘—h—""‘-——-—_ = _" - - ==
0.97 ot 3 L S ] o8
0%_Y e A e
095_ \ i/’___,--'" ‘V_._H_E_> ETE; ‘E___:hl R = S R e e S ]
. \/ ¥ P_7 i L= .-"'H':
0 1 2 3 4 5 6 7 8 9 10 am | :
E.(GeV) i - e
ratio_JhaKJhaJ _DODD.pict = o e o e e e e i o o b
B -



Thanks To: The following Experts (1)
Will Brooks, Jlab - Gmn brooksw(@jlab.org

*High-precision low Q2 Gmn: nucl- "
ex/0107016 Precise Neutron Magnetic I
Form Factors; G. Kubon, et al , Phys.Lett. 13 & JLob Holl B, anticipated
B524 (2002) 26-32 i JLAB Hall & (zome points prefminary)
LI & Selection of world dtnset
*Recent, moderate precision low Q2 data M - X \ ‘ \ '
nucl-ex/0208007 o i # |
[t [ 1
*The best high Q2 data: e }
http://prola.aps.org/pdf/PRL/v70/16/p718 1 " -
w1 |
They will have a new Gmn measurement 07 |- MH‘H HHM
from Q2=0.2 or 0.3 out to Q2 approaching I
5 GeV2. plot of the expected data quality e -
versus old data (shown as Ratio to Dipole). s [
[N T A Y T Y T T A T O O
0 1 Z 3 4 g
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The new jlab experiment for GMN is E94-017. It has much
more sensitivity (in the sense of statistical information that
influences a fit) than existing measurements, just not much
more Q2 coverage. The errors will be smaller and will be
dominated by experimental systematic errors; previous
measurements were dominated by theory errors that could only
be estimated by trying different models (except for the new data
below 1 GeV). The new experiment's data will dominate any
chi-squared fit to previous data, except for the new high-
precision data below 1 GeV2 where it will rival the new data.
Time scale for results: preliminary results this coming spring or
summer, publication less than 1 year later.
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Thanks To: The following Experts (2)
Gen: Andrei Semenov, - Kent State,

Who provided tables from (Dr. J.J.Kelly from Maryland
U.) on Gen, Gmn, Gen, Gmp .

The new Jlab data on Gen are not yet available, but is important
to confirm since non-zero Gen effect is large. The experiment is

JLab E93-038. Data were taken in Jefferson Lab (Hall C) in
October 2000/April 2001. Data analysis is in progress

The New Jlab Data on Gep/Gmp will help resolve the difference
between the Cross Section and Polarization technique. However,

it has little effect on the neutrino cross sections. For most recent
results from Jlab see: hep-ph/0209243
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Neutrino Cross Section Data

http://neutrino.kek.jp/~sakuda/nuint02/

charged current quasi-elastic neutrino
Gargamelle 79 ccqe.nu.ggm79.vec,
ccge.nub.ggm79.vec -- CF3Br target

ccge.serpukhov85.vec,
ccge.nub.serpukov.vec -- Al. target

charged current quasi-elastic neutrino
Gargamelle 77 ccqe.ggm77.vec
- Propane-Freon

ccge.nu.skat90.vec
ccge.nub.skat90.vec -- CF3Br

ccge.nu.bebc90.vec -- D2

Cross section in units of 10%(-38) cm”2.
E  Xsection X +-DX Y +DY or (x

Argonne {1969}
Argonne {1973)
CERN {1977)
Argonne {1977)
CERN {1973
BAL (1380)
BNL (1981)
Argonne {1382)
Fermilab (1983)
BAL (1986)
BAL (1987)
BAL (1390)
Average

7x2) v +-dy

0.85 I U.‘I:‘sS I II.I[ZIE} I I.I‘IE I 1.25
M, [GeV]

Note more recent

M, is more reliable-

Better known flux
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Examples of Low Energy Neutrino Data:

Quasi-elastic.cross-sections-Absolute

E
+ Squasi-elastic
neugrinos
iy On Neutrons
f From MINOS
Papler and
. s MINOS dipole
[E B ]  prpgay MC
Quasi-Elastic Cross Section,GEp GMp GMp=dipole, Ghlgr:n:ﬂ
E12f P — S quasi-elastic
= 1f / R neutrinos on
= 0_8—/ P— et Neutrons-Dipole
0-521 /’ S quasielasti
0'4:I/ . . Antineutrinos on
- -+ — -+ .
o207 vVep > h+e- Protons -Dipole
00 2 . § B I 8 I I I 10

E, (GeV) elas_ DODD.pitt
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Quasl Elastic Cross Section,GEp GMp GMp=dipole, GEn=0

s( 10 em?)
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Compare to Original Llewellyn Smith Prediction

Quasi-Elastic CS,GEp GMp GMp=dipole, GEn=0 ,m=.85,g,=1.23

o 1.4f
= u
$u 1.2 T » y
= ] E T e ]
o [ ”-"1" y— -—lh S
0.8 _—/ A ] e T e 3T
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