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Goal of the talk

P We present a general decomposition of (anti)neutrino-nucleon charged-current elastic
scattering amplitudes.

P> We evaluate the expressions for the unpolarized cross section and single-spin asymmetries in
terms of these invariant amplitudes.

» We plot the numerical results for all observables as a function of Q? at relevant fixed
neutrino energies with tree-level nucleon form factors.

P We explore the impact of both unpolarized cross-section and polarized observables on
constraining the amplitudes.
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Amplitude decomposition for elastic (anti)neutrino-nucleon scattering

» In the my = 0 limit, the matrix element of the charged-current elastic process can be given

by,
mp=0 - _ 3 K
TUZn—)I{_P = V2Gp V4l YHPLye B ('Yu (gm + fays) — (fz + fA’y5) ﬁ) n
=0 - - K,
T:;-’FHZ+ = V2GrVyy y"PLL™ B (w (g/vz + fA'Ys) - (fQ - fj’vs) ﬁ) P

where, K,, = (k. + k;)/2, the averaged nucleon momentum.
» For my # 0, the matrix element for charged currents contains four more invariant amplitudes,

=T Ly S 6P
Topnse—p = Tl/[{nﬁZ’p V2Gr Vg o b Fuvep (fPs thevs — s
+ V2Gp Vg 5 L 7= 6# Py popuun
me=0 -z .z 2
Togpretn = T,;;;Hﬁ ~ V2GRV WPRE (fps + fpys — 4£V5> p

+ \/EGFV:mefTTEZO'“UPRer nouup UK
where, P, = (p, + pL)/Z, the averaged lepton momentum. St
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Unpolarized Cross Section

» The charged-current elastic cross section, in the laboratory frame, is expressed in terms of
invariant amplitudes as,

do 5 GZ|Vy|? M

2
— 2 —_——
@B == B {(T’Lr)A(” ) - b @)+ 1+7

v? C(v, QZ):|
» The quantities A, B, and C are given by,
A=rlgul® — lgel” + L+ 1)l = 7 (lewl® +1fa + 26 — 41+ 1) (Ifel* + fps]*) )
—7(1+ 7')|1"j|2 — 2r¥%Re [ (gg +2gm+ (1+71) fj) fT*] — an (1 + 7+ rz) Re [fAf;}
2
r 2 2\?2 2 4 2 2 2
+Z (1/ +14+7— (1+T+r) ) |67 —2nr me[fpf;] —r (1+2r ) |fr]°,
B = Re [4777'fA*gM + 27]r2 (fa — 27fp)" fA3 + 4r2g5f,:5 — 277r2 (3fa — 27 (fp — nfps)) fff

A=) R
C = rlgul® +lgel’ + (L + )l + (1 + 7)1 + 27 (L4 ) I[P + 0 (1 + 7) Re[fafy ],

where, n = %1 for neutrino/antineutrino scattering.
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Single Spin Asymmetries

P The single-spin asymmetry is determined as the difference of the cross section o (S) with a
definite spin four-vector S of one initial- or final-state particle and the cross section with an
opposite spin direction o (—S) normalized to the unpolarized cross section as given by,

_ do(S) —do (-S)
~ do(S)+do(=S)’

where we denote target, recoil, and lepton asymmetries as T, R, and L.

T,R,L

> We can express T, R, and L in terms of new structure-dependent functions as follows,
2 3
(7_ + r2) AT,R.L(U7 Q2) _ VBT‘R.L(V7 Qz) + ﬁiCT.l\WL(V, Qz)

(T + r2) A(v, @) — vB(v, @) + 2= C(v, @)

T,R,L =

» We explore 3 special cases for each of T, R, and L.
» For example, in the case of T,

P> T : target polarization is transverse to the beam direction with the spin vector in the
scattering plane

P T, : target polarization is along the beam direction
P> T, : target polarization is transverse to the scattering plane
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Single Spin Asymmetries

» For example, in the case of T,

AT = Re {(fA —nge) g (P S) — 2nguei (K- S) +27 (ﬁ# ((¢'-5)

C(K9) 6 9) )i 2L (2 5 (05) + (4 5))

2 (ge — 2nfa+ r*fr) — r*f

T+ r?

+ (@) B 427 ) £3 (6 - S) + et (6 - S) + 0 (
(9)+ (9) + (2 5) (5) )3 =@ (4 )

P 2r(k’ . S) Pam
- (p’ . 5) + (ngm + fa — 2fp) £f — nr* ((1 + 1) fos + )

T4 r? T4 r? T4 r?

6 (0 +5) + () | - zom[ar (awis - ) + st — i

+ 7 (nfa+ £3 + gu — 2fps) £ ] +nr*9te { (4nfp + r°8) 5 — %ng;} (¢ -5)

— pinrtdm f—1 fa i
pLnrJ P 27112 3 |

VAPl ki pxSp
w3
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Current Constraints on Various Amplitudes

P Best constraint for Sefps comes from precise measurements of the beta decay rates.

Refps(0)/£(0) = 0.0 + 1.8

» Jmfps is constrained by triple-correlation coefficient in the neutron decay.

Jmfps(0) = —13 + 54

» fr and Jmf, are constrained from the fit to beta decay data.

Refr(0)= —7.2 + 8.0
Jmfr(0)= 1.4+ 11.9
Jmf,a(0)= 0.00034 + 0.00058

» For ‘.Refj , we have the following constraint.
|Ref2(0)] < 0.15

» For numerical estimates, we consider only either the real or the imaginary part of one
additional amplitude at a time, assuming dipole form for Q? dependence with A =1 GeV.

o, @) = Ref! (0) + iTmf! (0)
i ? 2\ 2
(1+%)

UK

KENTUCKY



vt — 1" p, E, = 300 MeV

Unpolarized cross Section for Muon Neutrino

v — 1™ p. E, = 600 MeV.

oA Teel 1.2] L) A

1.3 — Refps(0) = 0, Refj(0) = 0, Refr() =0 ~~ Refrs(@ =002 18
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The ratio of the unpolarized cross section with one extra real-valued amplitude

chfi/(O)

Q2
(1+%)

v, Q) =

9Refy(0) = 04 0.15, and A = 1 GeV, to the tree-level result is shown as a function of the

., where Defps (0) /£, (0)

= —0.0 + 1.8, Refr(0) = —7.2 + 8.0,

momentum transfer Q2 at various fixed muon neutrino energies. The dark black band

corresponds to the vector form-factor uncertainty and the light gray band represents the
uncertainty that comes from the axial-vector form factor.



Unpolarized cross Section for Muon Neutrino

Vun — i p, E, = 600 MeV

vun — " p, E, = 300 MeV
2 Vs—
-7 A A ! A A
1)/ § L4 N .
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0 [GeV?]
The ratio of the unpolarized cross section with one extra imaginary amplitude
. iImf (0) . ~
(v, Q) = T’Z)Q, where Jmfps(0)/£"(0) = —13 £ 54, Jmfr(0) = 1.4 & 11.9,
"2
Jmfa(0) = 0.00034 + 0.00058, and A = 1 GeV, to the tree-level result is shown as a
function of the momentum transfer Q? at various fixed muon neutrino energies.




Polarization Observable for Muon Neutrino, T;

vt — pp,E, = 300 MeV vun — i p, E, = 600 MeV

= Refes(0) = 0, RefI(0) = 0, Refr(0) =0
N — = Refps(0)=00+£18

T: (%)
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vyt — @ p.E, = 1 GeV vun — pp, E, =3 GeV

Ref(0) =
- Nefr(0) = -72%8.0 === Refi0)=0x15
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2
0 [GeV?) 0 [GeV?)
The transverse polarization observable T, target nucleon single-spin asymmetry, with one
ERcfl,J(O) v
W, where Refps(0)/f,"(0) = —0.0 £ 1.8,
1+
A2
Refr(0) = —7.2 + 8.0, Ref;(0) = 0+ 0.15, and A = 1 GeV, is compared to the tree-level
result at various fixed muon neutrino energies.

extra real-valued amplitude fl.j(u, Q) =
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Polarization Observable for Muon Neutrino, T;

v —s 17 p, E, = 300 MeV vy — 1 p, E, = 600 MeV
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The longitudinal polarization observable T}, target nucleon single-spin asymmetry, with one
e (0)
i

2\2"’
(1+%)
Refr(0) = —7.2 + 8.0, Ref;(0) = 0+ 0.15, and A = 1 GeV, is compared to the tree-level UK
result at various fixed muon neutrino energies. ’ 3

extra real-valued amplitude f,.j(u, Q) = where 93efps(0)/f,Y(0) = —0.0 + 1.8,
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Polarization Observable for Muon Neutrino, T

vt — @, Ey = 300 MeV. vt — i p, Ey = 600 MeV

— 3 fps(0) = 0, Imfu(0) = 0, Imfr(0) = 0 -
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The transverse polarization observable T , target nucleon single-spin asymmetry with zero
spin projection in the scattering plane, with one extra imaginary amplitude

; ) iilmf,.j(o) y
fl(v, Q) = (1292} where Jmfps(0)/£"(0) = —13 + 54, Jmfr(0) = 1.4 & 11.9,
z
Jmfa(0) = 0.00034 + 0.00058, and A = 1 GeV, is compared to the tree-level result at UK

various fixed muon neutrino energies.



Conclusion

P Expressions for the unpolarized cross section and single-spin asymmetries in terms of
(anti)neutrino-nucleon charged-current elastic scattering amplitudes are calculated under a
general framework.

» Numerical results for all observables are plotted as a function of Q? at relevant fixed neutrino
energies with tree-level nucleon form factors.

» QED contributions to unpolarized muon (anti)neutrino-nucleon charged-current elastic
scattering cross sections are of the order of the theoretical uncertainty, and negligible for
single-spin asymmetries.

P Assuming only dipole form for Q? dependence, for possible new physics contributions to the
invariant amplitudes, the influence of beta decay constraints on unpolarized cross sections
and polarization observables is estimated.

P The available constraints on both real and imaginary parts of the tensor amplitude as well as
constraints on the imaginary part of the scalar amplitude can be significantly improved with
current data on the unpolarized antineutrino-hydrogen and neutrino-deuterium cross sections.
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Unpolarized cross Section for Muon Antineutrino

Vup — i, E, = 300 MeV Vup — p'n, E, = 600 MeV
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The ratio of the unpolarized cross section with one extra real-valued amplitude

. ) 9er (0) v
(v, Q%) = (762)2, where Refps(0)/£," (0) = —0.0 + 1.8, Refr(0) = —7.2 £ 8.0,
1+%
A2
PRef2(0) = 04 0.15, and A = 1 GeV, to the tree-level result is shown as a function of the

momentum transfer Q2 at various fixed muon neutrino energies. The dark black band
corresponds to the vector form-factor uncertainty and the light gray band represents the UK
uncertainty that comes from the axial-vector form factor. KENTUCKY



Unpolarized cross Section for Muon Antineutrino

Vup — ' E, = 300 MeV Vup — ', E, = 600 MeV
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¢ g 3 e
I fps(0) = 0, Imf0) =0, Imfr(0)=0 - dmfps(0) = -13£54 *
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The ratio of the unpolarized cross section with one extra imaginary amplitude

; 5 imf (0) v

fi(v,Q°) = lez where Jmfps(0)/£"(0) = —13 & 54, Jmfr(0) = 1.4 + 11.9,
ayva

Jmfa(0) = 0.00034 + 0.00058, and A = 1 GeV, to the tree-level result is shown as a

function of the momentum transfer Q? at various fixed muon neutrino energies. The dark

black band corresponds to the vector form-factor uncertainty and the light gray band

represents the uncertainty that comes from the axial-vector form factor. KENTUCKY



Polarization Observable for Muon Antineutrino, T;

) Vup — ' n, E, = 300 MeV 7,p — p*n, E, = 600 MeV

40
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Refr(0) = ~7.2+8.0
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The transverse polarization observable T, target nucleon single-spin asymmetry, with one

Rer
extra real-valued amplitude f’(u Q%) = c—()z where 9Refps(0)/f,Y(0) = —0.0 £ 1.8,

()
Refr(0) = —7.2 + 8.0, RefF(0) = 0+ 0.15, and A = 1 GeV, is compared to the tree-level UK
result at various fixed muon neutrino energies. .




Polarization Observable for Muon Antineutrino, T

Vup — p'n, E, = 300 MeV Vup — p'n, Ey = 600 MeV
501 - = Refps(0) =00 1.8
= =
-50 .. -50
— Refps(0) = 0, Ref3(0) =0, Refr(0)=0 "~
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The longitudinal polarization observable T, target nucleon single-spin asymmetry, with one

Ref

extra real-valued amplitude f’(u Q) = C—QQ()Z where 9Refps(0)/f,Y(0) = —0.0 + 1.8,
(1+%)

Refr(0) = —7.2 + 8.0, RefF(0) = 0+ 0.15, and A = 1 GeV, is compared to the tree-level

result at various fixed muon neutrino energies. UK
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Polarization Observable for Muon Antineutrino, T

Vup — p'n, E, = 300 MeV Vup — u'n, E, = 600 MeV

20y — 3mfps(0) = 0, Imfa(0) = 0, Jmfp(0) — = dmfps(0)=-13£54

) 0.05 0.10 0.15 020 00 01 02 03 04 05 06
0% [GeV?] 0*[GeV?)
Tup — i, E, = 1 GeV 5up — 1'n, By = 3 GeV

<m0 = 142119

= =« Jmfy(0) = 0.00034 + 0.00058

0.0 02 04 06 08 10 12 o 1 2 3 4
0% [GeV? 0 [GeV?)

The transverse polarization observable T , target nucleon single-spin asymmetry with zero
spin projection in the scattering plane, with one extra imaginary amplitude
. i3mf (0) v
v, @) = HT; where Jmfps(0)/£"(0) = —13 £ 54, IJmfr(0) = 1.4 £ 11.9,
A2
Jmfa(0) = 0.00034 + 0.00058, and A = 1 GeV, is compared to the tree-level result at
various fixed muon neutrino energies.




Polarization Observable for Muon Neutrino, R;

Vun — 1 p, Ey = 300 MeV vin — i p, E, = 600 MeV

— Refps(0) = 0, RefF(0) = 0, Refr(0) = 0

— - Nefps(0)=00£138

~ — 60
g &
& = 4
20
.00 0.05 0.10 015 0.20 00 01 02 03 04 05 06
Q% [GeV?] 0*[GeV?]
Vv — pp, Ey = 1 GeV Vi — 1" p, E, = 3 GeV
9 3 -
50 Ce Ref0) = -72£80 80 = Refi0)=0£015
—~ 60) -
g 8
< IS
200
00 02 04 06 08 10 12 0 i 2 3 4

@ [Gev?] Q% [GeV?]
The transverse polarization observable R;, recoil nucleon single-spin asymmetry, with one
e (0
% where 9tefps(0)/£Y(0) = —0.0 + 1.8,
(%)
Refr(0) = —7.2 + 8.0, RefF(0) = 0+ 0.15, and A = 1 GeV, is compared to the tree-level UK
result at various fixed muon neutrino energies.

extra real-valued amplitude fij(u, Q) =
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Polarization Observable for Muon Neutrino, R,

v — @ p, Ey = 300 MeV

vun = wp. E, = 600 MeV

— Nefps(0) =0, Ref(0) = 0, Refr(0) =0

oo Refrs0) =00+ 18
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0% [GeV?] 0 [GeV?]
vun — pp, E, =1 GeV vun — p"p, E, =3 GeV
40| N
. N A== RefI0)=0£15
20| - Refi(0)=-72+8.0
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The longitudinal polarization observable Ry, recoil nucleon single-spin asymmetry, with one

) ; » e (0)
extra real-valued amplitude f/(v, Q%) = o
3

(%)

SRefT(O)
result at various fixed muon neutrino energies.

2 3
0% [GeV?]

R
——L—, where 9tefp5(0)/£,Y(0) = —0.0 + 1.8,

—7.24+38.0, %ef:(o) =0+£0.15, and A = 1 GeV, is compared to the tree-level




Polarization Observable for Muon Neutrino, R

vt — @, Ey = 300 MeV.

vun — i p, Ey = 600 MeV

— 3mfps(0) = 0, If3(0) = 0, Imf(0) = 0

— oo mfps(0) = ~13£54

0.00 0.05 0.10 0.15 0.2
0% [GeV?]

Vi — i p,E, = 1 GeV

- ce Ifp0)=14%119

.0 02 04 0.6 0.8 1.0
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The transverse polarization observable R , recoil nucleon single-spin asymmetry with zero
spin projection in the scattering plane, with one extra imaginary amplitude
i 7
F(v, Q?) = %2“’}2 where Jmfps(0)/£Y (0) = —13 + 54, Imfr(0) = 1.4 + 11.9,
TN
Jmfa(0) = 0.00034 + 0.00058, and A = 1 GeV, is compared to the tree-level result at
various fixed muon neutrino energies.




Polarization Observable for Muon Antineutrino, R;

Vup — 10, E, = 300 MeV Vup — p'n,E, = 600 MeV
50
— == Refps(0)=00£18
;\Z
R 0) = 0, Ref3(0) = 0, R 0)=0 <
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20} 50
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Vup — p*n E, = 1 GeV Vup — i'n,E, =3 GeV
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0.0 0.2 0.4 0.6 0.8 o 1 2 3 4
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The transverse polarization observable R;, recoil nucleon single-spin asymmetry, with one

9tef (0
extra real-valued amplitude f’(u Q) = (6—9_())7 where Refps(0)/£(0) = —0.0 & 1.8,

1+

A2
Refr(0) = —7.2 & 8.0, Ref2(0) = 04 0.15, and A = 1 GeV, is compared to the tree-level
result at various fixed muon neutrino energies. Rt
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Polarization Observable for Muon Antineutrino, R,

¥up — 1'n, E, = 300 MeV %up — p'n, E, = 600 MeV.

— Refps(0) =0, ‘Ji(‘f;(()) =0, Refr(0)=0
50 — == Refps(0)=0.0£18
g g
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50
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The longitudinal polarization observable R;, recoil nucleon single-spin asymmetry, with one

Ref (0
extra real-valued amplitude f’(u Q) = (E—Q_())E where Refps(0)/£(0) = —0.0 + 1.8,

A2
Refr(0) = —7.2 & 8.0, Ref2(0) = 04 0.15, and A = 1 GeV, is compared to the tree-level UK
result at various fixed muon neutrino energies. U
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Polarization Observable for Muon Antineutrino, R|

¥up — i*n, E, = 300 MeV Fup — p'n, Ey = 600 MeV

— 3mfps(0) = 0, Imf(0) = 0, Imfr(0) = 0 20 - Imfps(0)=-13£54_e-an

~70.00 0.05 0.10 0.15 0.20 0.0 0.1
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Vp — p'n, Ey = 1 GeV.

20) S dmfr0)=14%119

o I.GeV'I ‘ 0 1GeV?]

The transverse polarization observable R , recoil nucleon single-spin asymmetry with zero
spin projection in the scattering plane, with one extra imaginary amplitude
. i3mf (0) v
v, @) = HT; where Jmfps(0)/£"(0) = —13 £ 54, IJmfr(0) = 1.4 £ 11.9,
A2
Jmfa(0) = 0.00034 + 0.00058, and A = 1 GeV, is compared to the tree-level result at UK
various fixed muon neutrino energies. E g




Polarization Observable for Muon Neutrino, L;

v — @ p, Ey = 300 MeV. Vun — 1 p, Ey = 600 MeV

Refps(0) = 0, Ref3(0) = 0, Refr(0) = 0

—400 el -40
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- Refr(0)=-72+80
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The transverse polarization observable L;, recoil lepton single-spin asymmetry, with one extra
. Ref (0
real-valued amplitude (v, Q%) = ﬁz where Refps(0)/£(0) = 0.0+ 1.8,
+
A2
Refr(0) = —7.2 4 8.0, Ref2(0) = 04 0.15, and A = 1 GeV, is compared to the tree-level UK
result at various fixed muon neutrino energies. . :
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result at various fixed muon neutrino energies.
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where Jmfps(0)/£Y(0) = —13 4 54, Jmfr(0) = 1.4 & 11.9, Jmf4(0) = 0.00034 + 0. OOOSSUK
and A =1 GeV, is compared to the tree-level result at various fixed muon neutrino energles
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real-valued amplitude (v, Q%) = ﬁz where Refps(0)/£(0) = 0.0+ 1.8,
+
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Refr(0) = —7.2 4 8.0, Ref2(0) = 04 0.15, and A = 1 GeV, is compared to the tree-level UK
result at various fixed muon neutrino energies. . :
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Refr(0) = —7.2 + 8.0, RefF(0) = 0+ 0.15, and A = 1 GeV, is compared to the tree-level UK
result at various fixed muon neutrino energies. . ,
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and A =1 GeV, is compared to the tree-level result at various fixed muon neutrino energles
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