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Overview	
  
•  The	
  strange	
  quark	
  contribuPon	
  to	
  the	
  elasPc	
  form	
  factors	
  of	
  the	
  

nucleon	
  has	
  been	
  the	
  subject	
  of	
  intense	
  experimental	
  scruPny	
  for	
  
more	
  than	
  a	
  decade.	
  	
  (BNL	
  E734,	
  SAMPLE,	
  HAPPEx,	
  PVA4,	
  G0)	
  

	
  
•  What	
  is	
  the	
  strangeness	
  contribuPon	
  to	
  	
  

–  the	
  charge	
  distribuPon?	
  
–  the	
  current	
  distribuPon?	
  
–  the	
  spin	
  distribuPon?	
  
	
  

•  A	
  global	
  fit	
  of	
  exisPng	
  electroweak	
  data	
  has	
  been	
  performed	
  
–  Strong	
  limits	
  are	
  set	
  on	
  the	
  size	
  and	
  Q2-­‐dependence	
  of	
  the	
  strangeness	
  

electric	
  and	
  magnePc	
  form	
  factors	
  
–  AddiPonal	
  neutrino	
  sca_ering	
  data	
  are	
  needed	
  at	
  low	
  Q2	
  are	
  needed	
  

to	
  complete	
  a	
  measurement	
  of	
  the	
  strangeness	
  axial	
  form	
  factor	
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Elastic Form Factors in   
Electroweak Interactions	



€ 

Jµ
EM =

N
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EM p
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= u " p ( ) γµF1
γ ,N q2( ) + i
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γ ,N q2( )
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for two nucleon states of momentum p and " p .   q2 = " p − p( )
2& 

' ( 
) 
* + 

Hadronic electromagnetic current:	



€ 

GE
p,n = F1

p,n −τF2
p,n           GM

p,n = F1
p,n + F2

p,n           τ =Q2 4M 2

F1 and F2 (Dirac and Pauli) form factors may also be expressed in 
the Sachs formulation:	



These are now well-measured from many years of elastic 
electron-scattering experiments at many laboratories.	
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Elastic Form Factors in   
Electroweak Interactions	



€ 

Jµ
NC =

N
" p Jµ

NC p
N

= u " p ( ) γµF1
Z ,N q2( ) + i

σ µνqν

2M
F2

Z ,N q2( )
& 

' 
( 
( 

                                                    +γµγ5GA
Z ,N q2( ) +

qµ

M
γ5GP

Z ,N q2( )
) 

* 
+ u p( )

Hadronic weak neutral current:	



(The pseudo-scalar form factor GP does not contribute to either 
PVeN scattering or to neutral-current elastic scattering, so we will 
ignore it hence.)	



Z-exchange versions of F1 and F2 are analogous to γ-exchange 
versions, but with weak couplings. 	


Axial form factor GA -- parity-violation in weak interaction.	
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2
3
GE
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1
3
GE
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1
3
GE
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3
sin2θW( )GE

u + −1+ 4
3
sin2θW( )GE

d + −1+ 4
3
sin2θW( )GE

s

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:  	



Similarly for the axial form factor:	



€ 

GA
Z ,p =

1
2
−GA

u +GA
d +GA

s( )

This part of axial form factored measured in charged-current neutrino reactions.	





What do strangeness form factors mean?	



€ 

GE
s        s and s  have opposite electric charges  ⇒   sensitive to "s − s "

           if s and s  have same spatial distributions, then GE
s = 0

€ 

GM
s       also sensitive to "s − s "

           if s and s  have same current distributions, then GM
s = 0

Strange quark contribution to the nucleon magnetic moment :
                            µs = GM

s (Q2 = 0)

€ 

GA
s       s and s  have same axial coupling!   ⇒   sensitive to "s + s "

           even if s and s  have same distributions, can still have GA
s ≠ 0

Strange quark contribution to the nucleon spin :  ΔS = GA
s (Q2 = 0)

however…	



6	
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Parity Violating Electron Scattering 
polarized electrons 
unpolarized target 

LR

LRA
σσ
σσ

+
−

=

for a nucleon: 

s
EG

s
MGand 

Forward-scattering sensitive to 

 
Backward-scattering sensitive to 

s
MG

e
AGand 

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



€ 

dσ
dQ2 νp→νp( ) =

GF
2

2π
Q2

Eν
2 A ± BW +CW 2( )   

+   ν

−   ν 

         W = 4 Eν Mp −τ( )                 τ =Q2 4Mp
2

A =
1
4

GA
Z( )2

1+τ( ) − F1
Z( )2

−τ F2
Z( )2( ) 1−τ( ) + 4τF1

ZF2
Z( 

) * 
+ 
, - 

B = −
1
4
GA

Z F1
Z + F2

Z( )

C =
1

64τ
GA

Z( )2
+ F1

Z( )2
+τ F2

Z( )2[ ]
Dependence on strange form factors is 
buried in the weak (Z) form factors.	
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Use vector form factors measured in elastic 
electron-nucleon scattering in parametrized 
form (Arrington-Sick, GKex, Kelly).	


	


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 
are also available, but at higher Q2).	


	


Use parity-violating asymmetries in elastic (or 
quasi-elastic) scattering of polarized electrons 
from unpolarized nucleon (or nuclear) targets.	


[SAMPLE, PVA4, G0, HAPPEx]	


	


Extract strange contribution to electric, 
magnetic and axial form factors.	



€ 

GE
p (Q2)   GM

p (Q2)   
GE

n (Q2)   GM
n (Q2)

€ 

GA
CC (Q2) ≡GA

u −GA
d

€ 

dσ
dQ2 νp→νp( )

dσ
dQ2 ν p→ν p( )

  

€ 

AL
PV   in    e p,      e d,   and    e -4 He

Combined analysis of electroweak data	
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€ 

HAPPEx (forward ep) +  E734 (νp and ν p)
Pate, PRL 92 (2004) 082002

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

Strangeness Form Factors vs. Q2   (2004)	
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€ 

HAPPEx (forward ep) +  E734 (νp and ν p)
Pate, PRL 92 (2004) 082002

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

HAPPEx (forward ep and e4 He) + G0 (forward ep)
   +  SAMPLE (backward ep and ed) +  PVA4 (forward ep)
    near Q2 = 0.1 GeV2

Young et al., PRL 99 (2007) 122003

HAPPEx (forward ep and e4 He) + G0 (forward ep)
   +  SAMPLE (backward ep and ed) +  PVA4 (forward ep)
    near Q2 = 0.1 GeV2

Liu, McKeown &  Ramsey - Musolf, PRC 76 (2007) 025202

Strangeness Form Factors vs. Q2   (2007)	
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€ 

G0 (forward ep) +  E734 (νp and ν p)
HAPPEx (forward ep) +  E734 (νp and ν p)
Pate, Papavassiliou & McKee, PRC 78 (2008) 015207

PVA4 (forward and backward ep)
Baunack et al., PRL 102 (2009) 151803

G0 (forward and backward ep,  and backward ed)
D. Androic et al., PRL 104 (2010) 012001

HAPPEx (forward ep and e4 He) + G0 (forward ep)
   +  SAMPLE (backward ep and ed) +  PVA4 (forward ep)
    near Q2 = 0.1 GeV2

Liu, McKeown &  Ramsey - Musolf, PRC 76 (2007) 025202

Strangeness Form Factors vs. Q2   (2008)	
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€ 

G0 (forward ep) +  E734 (νp and ν p)
HAPPEx (forward ep) +  E734 (νp and ν p)
Pate, Papavassiliou & McKee, PRC 78 (2008) 015207

PVA4 (forward and backward ep)
Baunack et al., PRL 102 (2009) 151803

G0 (forward and backward ep,  and backward ed)
D. Androic et al., PRL 104 (2010) 012001

HAPPEx (forward ep and e4 He) + G0 (forward ep)
   +  SAMPLE (backward ep and ed) +  PVA4 (forward ep)
    near Q2 = 0.1 GeV2

Liu, McKeown &  Ramsey - Musolf, PRC 76 (2007) 025202

Strangeness Form Factors vs. Q2   (2009)	
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€ 

G0 (forward ep) +  E734 (νp and ν p)
HAPPEx (forward ep) +  E734 (νp and ν p)
Pate, Papavassiliou & McKee, PRC 78 (2008) 015207

PVA4 (forward and backward ep)
Baunack et al., PRL 102 (2009) 151803

G0 (forward and backward ep,  and backward ed)
D. Androic et al., PRL 104 (2010) 012001

HAPPEx (forward ep and e4 He) + G0 (forward ep)
   +  SAMPLE (backward ep and ed) +  PVA4 (forward ep)
    near Q2 = 0.1 GeV2

Liu, McKeown &  Ramsey - Musolf, PRC 76 (2007) 025202

Strangeness Form Factors vs. Q2   (2010)	
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G0 (forward ep) + E734 (ν p and ν p)
HAPPEx (forward ep) + E734 (ν p and ν p)
Pate, Papavassiliou & McKee, PRC 78 (2008) 015207

PVA4 (forward and backward ep)
Baunack et al., PRL 102 (2009) 151803

G0 (forward and backward ep,  and backward ed)
D. Androic et al., PRL 104 (2010) 012001

HAPPEx (forward ep and e 4 He) + G0 (forward ep)
   + SAMPLE (backward ep and ed) + PVA4 (forward ep)
    near Q2 = 0.1 GeV2

Liu, McKeown & Ramsey-Musolf, PRC 76 (2007) 025202

HAPPEx (forward ep) + G0 (forward and backward ep)
    at Q2 = 0.62 GeV2

Ahmed et al., PRL 108 (2012) 102001

Strangeness Form Factors vs. Q2   (2012)	
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€ 

GE
s = ρsτ          ρs ≡

dGE
s

dτ
τ=0

         τ = Q2

4MN
2

GM
s = µs

GA
s =

ΔS + SAQ
2

1+Q2 ΛA
2( )2

ρs µs ΔS ΛA SA 5 fit parameters	
  

ρs	
  = “strangeness radius”	
  

µs	
  = strangeness contribution to the 
magnetic moment	
  

ΔS	
  = strangeness contribution to the 
nucleon spin	
  

Using SA allowed fit to agree with existing determinations 
and to avoid large negative ∆S. 

Parameters 
for a 
Global Fit	
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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 (48 points) 
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G0 (forward ep) + E734 (ν p and ν p)
HAPPEx (forward ep) + E734 (ν p and ν p)
PVA4 (forward and backward ep)
G0 (forward and backward ep,  and backward ed)
HAPPEx + PVA4 + SAMPLE + G0 (0.1 GeV2 )
HAPPEx + G0 (0.62 GeV2 )

5	
  parameter	
  fit	
  

Parameter Fit to Existing Data 
ρs -0.071 ± 0.096	



µs 0.053 ± 0.029	



ΔS -0.30 ± 0.42	



ΛA 1.1 ± 1.1	



SA 0.36 ± 0.50	



Preliminary 

Comparison of Global Fit 
to Determinations at 
Individual Q2 Values	
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G0	
  Forward	
  Asymmetries	
  

Preliminary 
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E734	
  Cross	
  SecPons	
  

Preliminary 
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HAPPEx	
  PV	
  Asymmetries	
  

Preliminary 
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PVA4	
  PV	
  Asymmetries	
  

Preliminary 
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70% confidence level 

Fit	
  Uncertainty	
  Limit	
  Curves	
  

G0 (forward ep) + E734 (ν p and ν p)
HAPPEx (forward ep) + E734 (ν p and ν p)
PVA4 (forward and backward ep)
G0 (forward and backward ep,  and backward ed)
HAPPEx + PVA4 + SAMPLE + G0 (0.1 GeV2 )
HAPPEx + G0 (0.62 GeV2 )

5	
  parameter	
  fit	
  

Parameter Fit to Existing Data 
ρs -0.071 ± 0.096	



µs 0.053 ± 0.029	



ΔS -0.30 ± 0.42	



ΛA 1.1 ± 1.1	



SA 0.36 ± 0.50	
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χ2	
  Total	
  
χ2	
  	
  νp	
  and	
  νp	
  
χ2	
  	
  PVeN	
  Forward	
  
χ2	
  	
  PVeN	
  Backward	
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χ2	
  profile	
  for	
  each	
  fit	
  variable,	
  comparing	
  
contribuPons	
  from	
  different	
  experimental	
  data	
  
	
  
PVeN	
  forward-­‐sca-ering	
  data	
  dominate	
  determina4on	
  of	
  
strangeness	
  electric	
  and	
  magne4c	
  form	
  factors.	
  
Neutrino	
  sca-ering	
  data	
  determine	
  the	
  strangeness	
  axial	
  form	
  
factor.	
  	
  



Dependence	
  on	
  Vector	
  Form	
  Factor	
  ParametrizaPon	
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ρs µs ΔS ΛA SA χ2/dof 

A-­‐S	
  w/o	
  TPE	
   -­‐0.071	
  ±0.096	
   0.053	
  ±0.029	
   -­‐0.30	
  ±0.42	
   1.1	
  ±1.1	
   0.36	
  ±0.50	
   51/43	
  

A-­‐S	
  w/	
  TPE	
   -­‐0.088	
   0.053	
   -­‐0.29	
   1.1	
   0.35	
   50/43	
  

GKex	
   -­‐0.050	
   0.053	
   -­‐0.28	
   1.2	
   0.34	
   52/43	
  

Kelly	
   -­‐0.086	
   0.052	
   -­‐0.33	
   1.0	
   0.40	
   50/43	
  

•  Arrington	
  and	
  Sick	
  [PRC	
  76	
  (2007)	
  035201]	
  provide	
  two	
  parametrizaPons,	
  
neglecPng	
  and	
  including	
  two-­‐photon-­‐exchange	
  (TPE)	
  effects	
  as	
  calculated	
  by	
  
Blunden	
  et	
  al.	
  [PRC	
  72	
  (2005)	
  034612].	
  

•  GKex	
  =	
  	
  Gari-­‐Kruempelmann	
  extended	
  model	
  [PRC	
  82	
  (2010)	
  045211]	
  
•  Kelly	
  [PRC	
  70	
  (2004)	
  068202]	
  

All	
  four	
  fits	
  are	
  of	
  similar	
  high	
  quality.	
  	
  The	
  dependence	
  of	
  the	
  fit	
  results	
  on	
  the	
  
vector	
  form	
  factor	
  parametrizaPon	
  is	
  small	
  compared	
  to	
  the	
  experimental	
  
uncertainPes.	
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MiniBooNE	
  Data	
  (2010)	
  

!p ! !p data sample includes 7616 events with the fol-
lowing predicted channel fractions: 55% !p ! !p, 10%
!n ! !n, 14% NCE-like background, 1% dirt back-
ground, and 19% other backgrounds.

The ratio of !p ! !p to !N ! !N events for data and
MC for different values of !s (! 0:5, 0, and þ0:5) is
shown in Fig. 12, which illustrates the sensitivity of this
ratio to !s. The error bars for the data histogram are the
diagonal elements of the full error matrix.

C. Measurement of !s

The full error matrix is used for the "2 tests of !s to
determine the best fit and the confidence interval. The "2

surface also slightly depends on the value ofMA. Assuming
MA ¼ 1:35 GeV, the fit to the MiniBooNE measured
!p ! !p=!N ! !N ratio yields

!s ¼ 0:08$ 0:26; (2)

with "2
min=DOF ¼ 34:7=29. UsingMA ¼ 1:23 GeV yields

!s ¼ 0:00$ 0:30 with "2
min=DOF ¼ 34:5=29. The result

is consistent with the BNL E734 measurement [7].
One needs to comment on the implications of Figs. 4, 11,

and 12 on the !s result. From Fig. 4, one can see that the
MiniBooNE MC overpredicts the total number of events
passing the NCE selection cuts at high reconstructed en-
ergies (T > 250 MeV) by as much as 40%. The NCE
proton-enriched sample was obtained for events with
high reconstructed energies 350< T < 800 MeV. For
these events, looking at the #p distribution in Fig. 11, it
seems that the entire disagreement between data and MC at
these energies comes from the forward-going events,
!p ! !p. Clearly there is a deficit of !p ! !p in the
data, which in principle implies that this might be due to
positive values of !s. However, Fig. 12 and the result in
Eq. (2) shows that it is consistent with zero. This may
indicate that there is also a deficit of !n ! !n.

This measurement represents the first attempt at a !s
determination using this ratio. The systematic errors are
quite large, mostly due to large uncertainties in the optical
model of the mineral oil. MiniBooNE maintains a sensi-
tivity to!s for proton energies above Cherenkov threshold
for protons, where the contribution from NCE-like back-
ground is significant. In order to improve the sensitivity to
!s, future experiments need to have good proton/neutron
particle identification (possibly through neutron capture
tagging) and extend the cross-section measurement down
to the T < 200 MeV region, where the contribution from
NCE-like background becomes negligible and where the
extrapolation of the axial form factor to Q2 ¼ 0 becomes
less model-dependent.

V. SUMMARY

In summary, MiniBooNE has used a high-statistics sam-
ple of NCE interactions to measure the NCE (!N ! !N)
flux-averaged differential cross section, d$=dQ2 on
CH2. Using MiniBooNE CCQE data, a measurement of
NCE/CCQE cross-section ratio has also been performed.
Using POT-normalized distributions of the reconstructed
energy for the NCE sample, "2 tests for several MA and %
values have been performed. The MCwith higher values of
MA give a better "2 than that with MA ¼ 1:02 GeV. The
allowed region for the axial vector mass using just
MiniBooNE NCE data was obtained: MA ¼ 1:39$
0:11 GeV. It is in agreement with the shape normalized
fits of !& CCQE scattering on neutrons bound in carbon,
oxygen, and iron as obtained by recent experiments
[14–16,26].
For energies above Cherenkov threshold, a sample of

NCE proton-enriched events was obtained, which was
used for the measurement of the !p ! !p to !N ! !N
ratio, which in turn is sensitive to !s. A value of !s ¼
0:08$ 0:26 was extracted, in agreement with the results
from the BNL E734 experiment [7].

APPENDIX A: DIRT BACKGROUND
MEASUREMENT

The fact that dirt and in-tank events have different
spatial distributions, such as reconstructed radius R and
the reconstructed Z coordinate (which is in the direction of
the beam) can be used to determine the dirt energy spec-
trum. Dirt event vertices are generally reconstructed closer
to the edge of the detector than the in-tank events. Also,
dirt events are mostly reconstructed in the upstream part of
the detector with Z < 0, whereas in-tank events have ap-
proximately a uniform distribution in this variable.
Additionally, we use the fact that dirt and in-tank events
have a very different energy spectrum as seen in Fig. 4.
The dirt energy spectrum is measured by fitting the MC

in-tank and dirt templates to the data in Z, R, and energy
distributions for the dirt-enriched event samples. TheR and
Z distributions are obviously correlated. However, the
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FIG. 12 (color online). The ratio of !p ! !p=!N ! !N as a
function of the reconstructed energy for data and MC with !s
values as labeled.

A. A. AGUILAR-AREVALO et al. PHYSICAL REVIEW D 82, 092005 (2010)

092005-10

€ 

Measured the yield ratio of NC elastic scattering events:
νp→νp
νN →νN

      
Numerator is very sensitive to GA

s

Denominator is insensitive to GA
s ; mixing of proton and neutron yields cancels its contribution

The MiniBooNE analysis assumes the
Q2 -dependence of GA

s  is the same as GA
CC.

We have seen in our global fit that this is 
not a good assumption.  There is also no
physics motivation for this assumption.

€ 

Δs = −0.08 ± 0.26

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

The MA  Issue

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

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.	
  

€ 

GA
CC =GA

u −GA
d =

gA
1+Q2 MA

2( )2       
gA =  1.2695 ± 0.0029  [PDG]

MA =1.001± 0.020 GeV  [Budd, Bodek, and Arrington]

€ 

MA =1.39 ± 0.11 GeV       MiniBooNE, Carbon   Aguilar - Arevalo et al., PRL 100 (2008) 032301
MA =1.20 ± 0.12 GeV       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 MA above 1.0.	
  

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

€ 

GA
Z =

1
2
−GA

CC +GA
s( )     Determination of GA

s  requires a knowledge of GA
CC .
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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 MA; 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 MA 
 
Martini, Ericson, Chanfray [PRC 84 (2011) 055502] – no need for modification in 
MA if 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] 

€ 

The MA  Issue
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A successful determination of Δs will require reliable 
measurements of NC scattering at Q2 ~ 0.1 GeV2.	


	


MicroBooNE:  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-Q2 neutral-current and charged-
current scattering; may be an ideal place to move 
towards a successful determination of Δs.	
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Rough	
  EsPmaPon	
  of	
  MicroBooNE	
  Capability	
  

•  Simulated	
  2x1020	
  protons-­‐on-­‐target	
  (about	
  one	
  running	
  
year)	
  with	
  reasonable	
  event	
  selecPon	
  cuts	
  

•  	
  EsPmated	
  staPsPcal	
  uncertainty	
  NC/CC	
  yield	
  raPo:	
  
	
  
	
  
•  	
  Many	
  experimental	
  uncertainPes	
  cancel	
  in	
  this	
  raPo	
  (flux,	
  
efficiencies,	
  …),	
  and	
  some	
  theorePcal	
  ones	
  may	
  also	
  
(nuclear	
  correcPons)	
  

→ RaPo	
  a	
  more	
  a_racPve	
  observable	
  than	
  NC	
  cross	
  secPon	
  

Thanks	
  to	
  B.	
  Fleming,	
  J.	
  Spitz,	
  and	
  V.	
  Papavassiliou	
  for	
  
providing	
  this	
  simulaPon.	
  

€ 

RNC /CC =
N (νp→νp)
N (νn→ µ−p)
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EsPmaPon	
  of	
  Fit	
  Improvement	
  Due	
  to	
  
MicroBooNE	
  Data	
  

Q2 RNC/CC dRNC/CC 
0.08-0.2 0.206 0.005 
0.2-0.4 0.181 0.005 
0.4-0.6 0.156 0.007 
0.6-0.8 0.136 0.009 
0.8-1.0 0.118 0.012 
1.0-1.2 0.101 0.015 

•  Used our fit for RNC/CC values, MicroBooNE 
simulation for uncertainties 
•  Didn’t include estimate of systematic errors, but 
also didn’t use full statistics 
→ Only a crude indicator 
•  Fed simulated data back into our fit to see effects 
on parameter uncertainties 
 
Result is a big improvement in the uncertainties 
in the determination of the axial form factor. 

Parameter Existing Data Including µBooNE 
∆S ± 0.42	

 ± 0.038 
ΛA ± 1.1	

 ± 0.38 
SA ± 0.50	

 ± 0.071 

Preliminary 
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This global fit sets strong limits on the strange contribution to 
the electric and magnetic form factors of the nucleon.	


	


The strangeness contribution to the nucleon spin may be 
determined from this analysis as well.	


However, existing neutral-current neutrino data (from BNL 
E734 and MiniBooNE) lack sufficient precision and Q2-range 
to make possible a definitive determination of ΔS.  	


	


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.	
  	
  

Summary	





Backup	
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Δs(x)	
  	
  from	
  inclusive	
  deep	
  inelasPc	
  sca_ering	
  combined	
  with	
  hyperon	
  β-­‐decay	
  data	
  

Precise	
  determina4on	
  of	
  the	
  spin	
  
structure	
  func4on	
  g1	
  of	
  the	
  proton,	
  
deuteron,	
  and	
  neutron	
  

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

Longitudinal	
  spin	
  asymmetries	
  in	
  inclusive	
  positron-­‐proton	
  and	
  positron-­‐deuteron	
  
deep-­‐inelasPc	
  sca_ering	
  determine	
  g1	
  of	
  the	
  proton,	
  deuteron	
  and	
  neutron.	
  
	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  0.0041	
  <	
  x	
  <	
  0.9	
  	
  	
  	
  	
  0.18	
  GeV2	
  <	
  Q2	
  <	
  20	
  GeV2	
  	
  -­‐-­‐	
  	
  evolved	
  to	
  Q2	
  =	
  5	
  GeV2	
  
	
  
Using	
  SU(3)	
  flavor	
  symmetry,	
  these	
  data	
  are	
  combined	
  with	
  triplet	
  and	
  octet	
  axial	
  
charges	
  (F	
  and	
  D	
  from	
  hyperon	
  β-­‐decay	
  data)	
  in	
  a	
  NNLO	
  analysis	
  to	
  obtain	
  the	
  singlet	
  
axial	
  charge	
  and	
  the	
  quark	
  contribuPons	
  to	
  the	
  proton	
  spin.	
  	
  

€ 

a0 = +0.330 ± 0.011 (th) ± 0.025 (ex) ± 0.028 (ev)
Δu + Δu = +0.842 ± 0.004 (th) ± 0.008 (ex) ± 0.009 (ev)
Δd + Δd = −0.427 ± 0.004 (th) ± 0.008 (ex) ± 0.009 (ev)
Δs + Δs = −0.085 ± 0.013 (th) ± 0.008 (ex) ± 0.009 (ev)

strange	
  contribuPon	
  to	
  proton	
  spin	
  strongly	
  inconsistent	
  with	
  0	
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Δs(x)	
  from	
  semi-­‐inclusive	
  deep	
  inelasPc	
  sca_ering	
  

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

€ 

Δs(x)dx
0.023

0.30

∫ = +0.028 ± 0.033(stat) ± 0.009(sys)

Quark	
  helicity	
  distribu4ons	
  in	
  the	
  nucleon	
  for	
  
up,	
  down,	
  and	
  strange	
  quarks	
  
from	
  semi-­‐inclusive	
  deep-­‐inelas4c	
  sca-ering	
  

Observed	
  asymmetries	
  in	
  producPon	
  of	
  charged	
  
pions	
  from	
  protons,	
  and	
  in	
  producPon	
  of	
  charged	
  
pions	
  and	
  kaons	
  from	
  deuterons	
  

Δs(x)	
  and	
  its	
  integral	
  both	
  consistent	
  with	
  0	
  
in	
  measured	
  x-­‐range	
  

fragmenta4on	
  
func4on	
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Δs(x)	
  from	
  de	
  Florian,	
  Sassot,	
  Stratmann,	
  Vogelsang	
  global	
  QCD	
  fit	
  [PRD80	
  (2009)	
  034030]	
  	
  

€ 

Δs (x)dx
0.001

1.0

∫ = −0.006−0.031
+0.028   Δχ2 χ2 = 2%( )

Truncated	
  first	
  moment	
  

€ 

Δs (x)dx
0

1.0

∫ = −0.057

            ⇒ Δs + Δs = −0.114

Full	
  integral	
  –	
  the	
  effect	
  of	
  SU(3)	
  
symmetry	
  and	
  hyperon	
  β-­‐decay	
  
data	
  is	
  seen	
  

Assumes	
  strange	
  and	
  anP-­‐strange	
  polarized	
  
distribuPons	
  are	
  equal;	
  this	
  is	
  supported	
  by	
  
recent	
  COMPASS	
  results	
  
	
  
Allows	
  for	
  node	
  in	
  distribuPons	
  
	
  
Allows	
  for	
  SU(2)	
  and	
  SU(3)	
  symmetry	
  
violaPon,	
  but	
  best	
  fit	
  does	
  not	
  support	
  any	
  
significant	
  deviaPon	
  from	
  these	
  symmetries	
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Δs(x)	
  from	
  semi-­‐inclusive	
  deep	
  inelasPc	
  sca_ering	
  

COMPASS	
  [Phys.	
  Le-.	
  B693	
  (2010)	
  227]	
  

€ 

Δs(x)dx
0.004

0.3

∫ = −0.01 ± 0.01± 0.01

         Q0
2 = 3 GeV c( )2

Quark	
  helicity	
  distribu4ons	
  from	
  longitudinal	
  
spin	
  asymmetries	
  in	
  muon–proton	
  and	
  
muon–deuteron	
  sca-ering	
  

Data	
  points	
  from	
  
COMPASS	
  
	
  
	
  
Curve	
  is	
  DSSV	
  
global	
  QCD	
  fit	
  

Δs(x)	
  and	
  its	
  integral	
  
both	
  consistent	
  with	
  0	
  
in	
  measured	
  x-­‐range	
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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.	



It is clearly of interest to examine Δs in a way that is 
independent of SU(3) symmetry and fragmentation functions.	



€ 

ΔS ≡ Δs + Δs = GA
s (Q2 = 0)

  

€ 

By combining cross sections for νp and ν p elastic scattering
with parity - violating asymmetries observed in  e N elastic
scattering, the strange quark contributions to the nucleon
electromagnetic and axial form form factors (GE

s ,  GM
s ,  and GA

s )
may be determined simultaneously. 
         [S.P., PRL 92 (2004) 082002]


