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Overview

Strange quark contribution to nucleon spin is not
uniguely determined by DIS data

The full contribution may be determined by a
measurement of the nucleon axial form factor in

neutrino neutral-current elastic scattering

A global fit of existing electroweak data has been
performed; need more neutrino scattering data
at low Q?

Prospects for MicroBooNE to complete this
dataset



As(x) from inclusive deep inelastic scattering combined with hyperon S-decay data

Precise determination of the spin
structure function g, of the proton,
deuteron, and neutron

HERMES [Phys. Rev. D75 (2007) 012007]

Longitudinal spin asymmetries in inclusive positron-proton and positron-deuteron
deep-inelastic scattering determine g, of the proton, deuteron and neutron.

0.0041<x<0.9 0.18GeV2<Q?<20GeV? -- evolved to Q? =5 GeV?

Using SU(3) flavor symmetry, these data are combined with triplet and octet axial
charges (F and D from hyperon -decay data) in a NNLO analysis to obtain the singlet
axial charge and the quark contributions to the proton spin.

a, =+0.330 £ 0.011 (th) £ 0.025 (ex) = 0.028 (ev)
Au+ At = +0.842 +0.004 (th) = 0.008 (ex) = 0.009 (ev)
Ad + Ad = —0.427 +0.004 (th) =0.008 (ex) =0.009 (ev)

As+ A5 = —0.085 £0.013 (th) = 0.008 (ex) = 0.009 (ev)

strange contribution to proton spin strongly inconsistent with 0
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As(x) from semi-inclusive deep inelastic scattering

HERMES [Phys. Rev. D71 (2005) 012003]

Quark helicity distributions in the nucleon for
up, down, and strange quarks
from semi-inclusive deep-inelastic scattering

(}’,P{
. (E, kL\ 0

=

fragmentation
function

Observed asymmetries in production of charged
pions from protons, and in production of charged

pions and kaons from deuterons
0.30

[ As(x)dx =+0.028 = 0.033(stat) = 0.009(sys)

0.023
As(x) and its integral both consistent with O
in measured x-range
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As(x) from de Florian, Sassot, Stratmann, Vogelsang global QCD fit [PRD80 (2009) 034030]

Assumes strange and anti-strange polarized 04 = ) 005
distributions are equal; this is supported by Bamtie | xad+Ad .
recent COMPASS results
-0.05
Allows for node in distributions
0.1
Allows for SU(2) and SU(3) symmetry e _ o ”“';-0.15
violation, but best fit does not support any RS | B an T 02
significant deviation from these symmetries 1 '
0
Truncated first moment
1.0 -0.02-— 1 | -0.02
[ As(x)dx = -0.006"55% (Ax?/ 5 =2%) : i '
0.001 004 —— DSSV JF 1004
Full integral — the effect of SU(3) 0021 AS | | ] 0.1
symmetry and hyperon f-decay i 1 005
data is seen or IS
: 0
Lo onf -
[ As(x)dx = -0.057 " RRER Ay’ (Laes mutiptin) | o
0 . -0_04-_ 1 Ax2=1 (Hess1an) __ -01
= As+As = -0.114 A R IR

10~ 107 x 107

1
U.S. DEPARTMENT OF Offlce of
EN ERGY Science >

6/1/2012 CIPANP 2012

©®



As(x) from semi-inclusive deep inelastic scattering

Quark helicity distributions from longitudinal
COMPASS [Phys. Lett. B693 (2010) 227]  spin asymmetries in muon—proton and

muon—deuteron scattering
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It 1s clearly of interest to examine As in a way that is
independent of SU(3) symmetry and fragmentation functions.

The full strange quark contribution to the proton spin can be directly
determined by a measurement of the strange contribution to the proton
elastic axial form factor in low energy electroweak elastic scattering.

AS = As+ As = G (Q* =0)

By combining cross sections for vp and vp elastic scattering
with parity - violating asymmetries observed in eN elastic

scattering, the strange quark contributions to the nucleon

electromagnetic and axial form form factors (G, G;,, and G,)

may be determined simultaneously.
[S.P., PRL 92 (2004) 082002]
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Elastic Form Factors 1n
Electroweak Interactions

Hadronic electromagnetic current:

521, ()i 2 ol

JEM

H =N<p,

2M

2
for two nucleon states of momentum p and p'. [qz = ( p - p) ]

F, and F, (Dirac and Pauli1) form factors may also be expressed in
the Sachs formulation:

GI" =F'" —tF"  GI' =FM+F"  t=0'/4M’

These are now well-measured from many years of elastic
electron-scattering experiments at many laboratories.

6/1/2012 CIPANP 2012
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Elastic Form Factors 1in
Electroweak Interactions

Hadronic weak neutral current:

1<lp) ~a(p) )/MEZ,N(qz)_l_iUquv Fzz,N(QZ)

7= P oM

+VMV5G?N (qz) + L_M}/SG?N (qz) u(p)

Z-exchange versions of F, and F, are analogous to y-exchange
versions, but with weak couplings.
Axial form factor G, -- parity-violation in weak interaction.

(The pseudo-scalar form factor G, does not contribute to either
PVeN scattering or to neutral-current elastic scattering, so we will

ignore it hence.)
» 2 Xy U.S. DEPARTMENT OF Offi f
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Flavor Decomposition of Form Factors

Lepton-quark interactions are point-like, so we may write the
nucleon form factors in terms of contributions from individual

quarks, with appropriate couplings.

For example, the electric form factors due to single photon- and

Z-exchange:
2 ., 1 |
Gl = EGE —gGg —EGE

G/ = (1-2sin” 6, |Gy + (-1 + 4sin® 0, Gf +(~1+ £sin” 0, )G;

1
Similarly for the axial form factor: G>7 = —(—GZ +G|

2

+Gj)

This part of axial form factored measured in charged-current neutrino reactions.
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Parity Violating Electron Scattering

polarized electrons
unpolarized target ! - Z -
e p p

T = o
4M?
€= [1 +2(1+ 1:)tan2(49/2)]_1

e
4970 v ’
O,+0,

for a nucleon: o = \/(1 _ 82)17(1 +7)
- Gr0* | eGLGE +1G!,GE, - (1-4sin” 0y)e' G1, G
- 2 2
A2 e(GL) +1(G}))
Forward-scattering sensitive to Backward-scattering sensitive to
Grp and Gy, Gy and G

effective axial-vector
e-N form factor
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Elastic NC neutrino-proton cross sections

+ V

d G,
-V
W =4(E,/M, -7) r=Q2/4M2

Dependence on strange form factors is

- I:(Gi )2 + (Flz )2 + ’L'(F2Z )2:| buried in the weak (Z) form factors.
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Combined analysis of electroweak data

Use vector form factors measured in elastic
electron-nucleon scattering in parametrized
form; many parametrizations are available.

Use charged-current portion of axial form factor
measured in W-exchange processes, also in
parametrized form.

Use neutrino-proton elastic scattering cross
section data from BNL E734 (MiniBooNE data
to be included also, in the near term).

Use parity-violating asymmetries in elastic (or
quasi-elastic) scattering of polarized electrons
from unpolarized nucleon (or nuclear) targets.
[SAMPLE, PVA4, GO, HAPPEX]

GL(QY) Gh(0Y)
G,(Q") G, (09
G (0°) =G, -G,
do
dQ’

do ,_ _
40 (Vp %Vp)

(vo —wp)

PV . = . — 4
A" in ep, ed, and e-"He

Extract strange contribution to electric,

= G,(Q°) G, (Q) Gi(Q)

magnetic and axial form factors.

6/1/2012 CIPANP 2012
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Strangeness Form Factors vs. 0% (2004)

or— _
© HAPPEx (forward ep) + E734 (vp and vp) [ c{) ]
Pate, PRL 92 (2004) 082002 ol N
: GS :
® SAMPLE (backward ep) - A 4
Spayde et al., PLB 583 (2004) 79 - S | i
04 4 —
0.2 —
o =
-0.2:—st‘4 =
0.0k L L L R R | 1 |_
oL % -
[ . ]
0.2 YE ]
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0? (GeV?)
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Strangeness Form Factors vs. Q2

o HAPPEx (forward ep) + E734 (vp and vp)
Pate, PRL 92 (2004) 082002

m SAMPLE (backward ep)
Spayde et al., PLB 583 (2004) 79

A HAPPEx (forward ep and e*He) +GO (forward ep)
+ SAMPLE (backward ep and ed) + PV A4 (forward ep)
near Q> =0.1 GeV*
Young et al., PRL 99 (2007) 122003

m HAPPEx (forward ep and e*He) + GO (forward ep)
+ SAMPLE (backward ep and ed) + PV A4 (forward ep)
near Q> =0.1 GeV’
Liu, McKeown & Ramsey - Musolf, PRC 76 (2007) 02520 _

(2007)

O_ —
-0.2\— —
- s .
L GA 4
0.4 1 —
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0.2 YE ]
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Strangeness Form Factors vs. 0> (2008)

® GO (forward ep) + E734 (vp and vp) 0__ + ]
O HAPPEx (forward ep) + E734 (vp and vp) - %{» -
Pate, Papavassiliou & McKee, PRC 78 (2008) 015207 _0.2__ i
L s ]
L GA i
0.4
02 t

-0.2

Q
gh

o
III|III|III|III|III
)
S
1 ® 1
—@—
III|III|III|III|III

®m HAPPEXx (forward ep and e*He) + GO (forward ep)
+ SAMPLE (backward ep and ed) + PVA4 (forward ep) 0.2

near Q> =0.1 GeV’
Liu, McKeown & Ramsey - Musolf, PRC 76 (2007) 025202 0
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Strangeness Form Factors vs. Q2

(2009)

GO (forward ep) + E734 (vp and vp) O__ + ]
HAPPEx (forward ep) + E734 (vp and vp) - %} -
Pate, Papavassiliou & McKee, PRC 78 (2008) 015207 _0.2__ i

)
4 >h

PV A4 (forward and backward ep)
Baunack et al., PRL 102 (2009) 151803

0.4
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HAPPEXx (forward ep and e*He) + GO (forward ep)
+ SAMPLE (backward ep and ed) + PVA4 (forward ep) 0.2
near Q> =0.1 GeV’

Liu, McKeown & Ramsey - Musolf, PRC 76 (2007) 025202 0
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Strangeness Form Factors vs.

Q2

(2010)

GO (forward ep) + E734 (vp and vp) o ; i
HAPPEX (forward ep) + E734 (vp and vp) i %{» |
Pate, Papavassiliou & McKee, PRC 78 (2008) 015207 _0.2__ i
P :
PV A4 (forward and backward ep) - .A o . T
Baunack et al., PRL 102 (2009) 151803 2 { o | ]
0.4 —
GO (forward and backward ep, and backward ed) 0-2;_ ‘ +_;
D. Androic et al., PRL 104 (2010) 012001 o o) } —
0.2 stw =
HAPPEXx (forward ep and e*He) + GO (forward ep) L ]
+ SAMPLE (backward ep and ed) + PVA4 (forward ep) 02" | | | | B
near Q> =0.1 GeV’ i i
Liu, McKeown & Ramsey - Musolf, PRC 76 (2007) 025202 O = # + + .
0.2 G;; +_'
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Parameters
for a

Global Fit

6/1/2012

s 2
Gs _ _ dGE _ Q
E — p St p s T = 2
dt 4 M,
t=0
P, = “strangeness radius”
N
GM = lus ] .
U, = strangeness contribution to the
magnetic moment
AS +S,0°
G, = 1€ AS = strangeness contribution to the

nucleon spin

(1+0*/A)

Using S, allowed fit to agree with existing determinations
and to avoid large negative AS.

ps ILLS AS AA SA

5 fit parameters

19
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Elastic and quasi-elastic electroweak scattering data used to determine
the strangeness form factors of the nucleon in our global fit (47 points)
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Comparison of Global Fit
to Determinations at
Individual Q% Values

® GO (forward ep) + E734 (vp and vp)
O HAPPEX (forward ep) + E734 (vp and vp)
® PVA4 (forward and backward ep) 0.4

Illllllllllllllllll IIIIIIIIII

¥ GO (forward and backward ep, and backward ed) 0.2 %
= HAPPEx + PVA4 + SAMPLE + GO (0.1 GeV?) ' l i
0 [o] T
5 parameter fit 020 G° +
' M
Parameter Fit to Existing Data 0.2~ | | | | -
o, 0.13 £0.21 S | p T :
u, 0.035 = 0.053 I [ t %‘_
AS -0.27 £ 0.41 _0.2‘_ G;: _

S, 0.32 = 0.48 0% (GeV?)
‘P e\ “‘X‘)"”E”T °y Office of NM
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Distribution of Normalized Deviations of
the Fit from the Data

Distribution of Normalized Deviations (fit-data)/error Mean: -0.14 +0.21

6 Sigma: 1.12+0.29

5_

4—

nary
Data normally distributed with respect to fit Pfﬁ\ ml
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Asymmetry Fit and
GO Forward Asymmetries

PV Asymmetries by Q? from Data and from Fit

E [
g
& L
T L
10 —
B ep Asymmetry Fit
— * G0 Forward Asymmetry Data
;—t 1 L L 1 1 1 1 l
-1
10 Q? (GeV!)
Fit within 2 sigma of all points
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Cross Section Fits
and E734 Cross Sections

vp and Vp Cross Sections by Q?, from Data and from Fit

0.2
30 e *  E734 vp Cross-Section Data
E F| vp Cross-Section Fit
9.70 16 *  E734 vp Cross-Section Data
‘30 A4 vp Cross-Section Fit
go.12 —
3 0.1
0.08 J[ PYGD
0.06— 1
0.04F T
0.020 k % f t
TE S 3 ¥
0 - 1 L 1 l 1 1 1 1 l 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 lilTlili 1
0.5 0.6 0.7 0.8 0.9 1
Q? (GeV?)
Fit within 2 sigma of all points
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Fit Uncertainty Limit Curves

® GO (forward ep) +

E734 (vp and vp)

O HAPPEX (forward ep) + E734 (vp and vp)
® PVA4 (forward and backward ep)
Y GO (forward and backward ep, and backward ed)

® HAPPEx + PVA4

+ SAMPLE + GO (0.1 GeV?)

5 parameter fit

70% confidence level

Parameter Fit to Existing Data
o) 0.13 £0.21
W, 0.035 £ 0.053
AS -0.27 £ 0.41
Ay 1.3+1.9
S 0.32 £0.48
6/1/2012 CIPANP 201?{6\1
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New MiniBooNE Data (2010)

Measured the yield ratio of NC elastic scattering events:

vp —Vp Numerator is very sensitive to G,

vN —vN Denominator is insensitive to G, ; mixing of proton and neutron yields cancels its contribution

Aguilar-Arevalo et al., PRD 82 (2010) 092005

T o5 The MiniBooNE analysis assumes the
o L
S I Q’ - dependence of G} is the same as G°.
= 04— We have seen in our global fit that this is
> =
0 - not a good assumption. There is also no
Z 03 : o : :
2> physics motivation for this assumption.
~
2 oz o
> Data with total error oqq - .. .
1 MC. As = -0.5. M =1.35 GeV We will include the MiniBooNE yield
] - s WA=

o .o .o
> 0.1 MC, As = 0.0, M,=1.35 GeV ratio into our fit in the next few months,
- . MC, As = 0.5, M, =1.35 GeV _ _

Ll 1 1 | Ll 1 1 | Ll 1 1 | Ll 11 | Ll 1 1 | Ll 1 1 | Ll 1 1 | Ll 1 1 | Ll 11 reduC1ng Our uncertalnty band for G[i M

350 400 450 500 550 600 650 700 750
T (MeV)

As =-0.08 £0.26

©®

6/1/2012 CIPANP 2012

U.S. DEPARTMENT OF Offlce of
EN ERGY Science 26



New HAPPEx Datum (2012)

GO (forward ep) + E734 (vp and vp)

HAPPEX (forward ep) + E734 (vp and vp)

PV A4 (forward and backward ep)

GO (forward and backward ep, and backward ed)

HAPPEx + PVA4 + SAMPLE +GO0 (0.1 GeV?)

4 B O o

A HAPPEX (forward ep)

+ GO (forward and backward ep) 0.624 GeV>
Ahmed er al., PRL 108 (2012) 102001

This new HAPPEXx datum is consistent with previous

data sets and with our fit. Including it into our fit
will reduce the uncertainty bands for G, and G;,, but

will not significantly affect the G, fit.

6/1/2012 CIPANP 2012
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The M, Issue

The NC elastic vp cross section is sensitive to the total NC axial form factor.

1
G% = 5(—G§C + Gj) Determination of G, requires a knowledge of G$°.

For many years, the charged-current portion of the axial form factor was nicely
parametrized by a value of the “axial mass” near 1.0.

g, g, = 1269500029 [PDG]
(1 +0° / M: )2 M, =1.001+0.020 GeV [Budd, Bodek, and Arrington]

G =G! -G =

But recent high-statistics measurements of the CCQE channel seemed to indicate a
higher value for M,.

M, =139=0.11 GeV MiniBooNE, Carbon Aguilar - Arevalo et al., PRL 100 (2008) 032301
M, =120+0.12GeV  K2K, Oxygen Gran et al., PRD 74 (2006) 052002

Those analyses used a simple relativistic Fermi gas model to account for nuclear
effects. Recently, a number of more sophisticated calculations have demonstrated
that the charged-current results from MiniBooNE and K2K can be understood
without any need to increase the value of M, above 1.0.

6/1/2012 CIPANP 2012
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The M, Issue

Bodek, Budd, Christy [EPJ C (2011) 71:1726] — Transverse Enhancement model;
observed enhancement in the transverse electron quasielastic response function for
bound nucleons is used for the transverse cross section in neutrino scattering; this
resolves much of the discrepancy without any modification in M ; easily applied to
existing simulation codes as a correction to the magnetic form factors of bound
nucleons

Meucci, Giusti, and Pacati [PRD 84 (2011) 113003] — fully relativistic treatment,
based on techniques used in electron-nucleus scattering; final state interactions can
significantly enhance the cross section, eliminating the need to increase M,

Martini, Ericson, Chanfray [PRC 84 (2011) 055502] — no need for modification in
M , 1f multi-nucleon processes are taken into consideration

Other good reading:

Nieves, Ruiz Simo, Vicente Vacas [PRC 83 (2011) 045501]

Amaro, Barbaro, Caballero, Donnelly, Williamson [PLB 696 (2011) 151]
Martinez, Meloni [PLB 697 (2011) 477]

Gallagher, Garvey, Zeller [Ann. Rev. Nucl. Part. Sci. 61 (2011) 355]

a2t U.S. DEPARTMENT OF Of-f f
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A successful determination of As will require reliable =T
measurements of NC scattering at Q% ~ 0.1 Ge V2. ==

MicroBooNE: an approved experiment at Fermilab to
build a large liquid Argon Time Projection Chamber
(LArTPC) to be exposed to the Booster neutrino beam
and the NuMI beam at Fermilab. The experiment will
address the low energy excess observed by the
MiniBooNE experiment, measure low energy neutrino
cross sections, and serve as the necessary next step in a
phased program towards massive Liquid Argon TPC
detectors.

Liquid argon is very well-suited to observe low energy
protons from low-Q? neutral-current and charged-
current scattering; may be an ideal place to move
towards a successful determination of As.

6/1/2012 CIPANP 2012
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Rough Estimation of MicroBooNE Capability

e Simulated 2x102%° protons-on-target (about one running
year) with reasonable event selection cuts
* Estimated statistical uncertainty NC/CC vield ratio:

R _ N(wp—=w)
NC/CC —
N(vn— u p)

 Many experimental uncertainties cancel in this ratio (flux,
efficiencies, ...), and some theoretical ones may also
(nuclear corrections)

—Ratio a more attractive observable than NC cross section

Thanks to B. Fleming, J. Spitz, and V. Papavassiliou for
providing this simulation.
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Estimation of Fit Improvement Due to

MicroBooNE Data

* Used our fit for Ry values, MicroBooNE

simulation for uncertainties

0.08-0.2 0.206  0.005

 Didn’t include estimate of systematic errors, but 02-04 0.181  0.005

also didn’t use full statistics
—Only a crude indicator

0.4-0.6 0.156  0.007

* Fed simulated data back into our fit to see effects 0.6-0.8 0.136  0.009
on parameter uncertainties size of uncertainty bands 0.8-1.0 0.118  0.012

0, 0.13 +0.21
u, 0.035 + 0.053
AS -0.27 £ 0.41
Ay 13+1.9
S, 0.32 +0.48

6/1/2012

1.0-1.2  0.101 0.015

0.13+0.19

Minor improvement in
0.034 + 0.046

vector form factor fits

-0.265 £ 0.038
1.34 £0.38 > Major improvement in
0.322 + 0.071 axial form factor fit!

CIPANP 2012 Ptﬁ\iminary
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Fit Uncertainty Limit Curves Including
Simulated MicroBooNE Data

E - i ]
o e i
- T -
-0.5— o — 02— —
| J — /
— —~ S
1 ~ —] : — o
oal | 3 T eaf | E
0.2::.4_ S I N S L= - 0.2— J $-
o i } Al Iy = S~ - Al ' ]
0__ 1 — o__ 1 —
0.2 :_ GS % ﬁ —: ® Py -0.2 :_' Gs f % =
S {—~ TE ™
0.2k = Q) T N
of=—=—%— — % L — of—==—%"T"" __% L —
| s 7 — AY
0.2 GE %—_ 0.2 GE %—
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
0? (GeV?) 0? (GeV?)

fit uncertainty limits much tighter with MicroBooNE data
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Summary

The strangeness contribution to the nucleon spin may be
determined from a combined analysis of low-energy electron-
nucleon and neutrino-nucleon elastic scattering data.

However, existing neutral-current neutrino data (from BNL
E734 and MiniBooNE) lack sufficient precision and Q*-range
to make possible a definitive determination of As.

New experiments (e.g. MicroBooNE) can provide the datasets
needed for a consistent treatment of the electroweak nuclear
response and extraction of the strange axial form factor.
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