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Neutrino experiments
- DUNE and Hyper-K: leading-edge 𝜈 science experiments

- measurement of 𝜈μ(𝜈μ) disappearance and 𝜈e(𝜈e) appearance

- cross sections for precise measurements and discovery of lepton CP 
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CCQE. Why should we care?

- basic process: bulk of events at Hyper-K and DUNE

- neutrino-nucleus cross sections and future accelerator-based fluxes

- best channel for reconstruction of neutrino energy

Noemi Rocco
talk at Neutrino 2020

Formaggio 
and Zeller 

(2013)
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contact interaction at GeV energies

CCQE scattering on free nucleon

tree-level amplitude

 momentum transfer

neutrino energy

isovector Dirac and Pauli
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- axial form factor errors can be reduced with new measurements

- only 3 experiments performed with deuterium bubble chamber

Fermilab bubble chamber, Richard Drew

ANL 1982: 1737 events

BNL 1981: 1138 events

FNAL 1983: 362 events

world data: ~3200 events

direct access to form-factor shape

CCQE scattering on free nucleon
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contact interaction at GeV energies

CCQE scattering on free nucleon

tree-level amplitude

 momentum transfer

neutrino energy

isovector Dirac and Pauli
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<latexit sha1_base64="t06EmZdJEMsfEhUOkMWm4BsWlfk=">AAAB63icdVBNSwMxEM3Wr1q/qh69BItQL0t222q9Fb14rGBroV1KNs22oUl2SbJCKf0LXjwo4tU/5M1/Y7atoKIPBh7vzTAzL0w40wahDye3srq2vpHfLGxt7+zuFfcP2jpOFaEtEvNYdUKsKWeStgwznHYSRbEIOb0Lx1eZf3dPlWaxvDWThAYCDyWLGMEmk2Q5Oe0XS8hFqFY5q0Hker5Xq9YtqaLKhe9Dz1oZSmCJZr/43hvEJBVUGsKx1l0PJSaYYmUY4XRW6KWaJpiM8ZB2LZVYUB1M57fO4IlVBjCKlS1p4Fz9PjHFQuuJCG2nwGakf3uZ+JfXTU1UD6ZMJqmhkiwWRSmHJobZ43DAFCWGTyzBRDF7KyQjrDAxNp6CDeHrU/g/afuuV3H9m2qpcbmMIw+OwDEoAw+cgwa4Bk3QAgSMwAN4As+OcB6dF+d10ZpzljOH4Aect0/EXo4R</latexit>

- cross section is sensitive to both vector and axial contributions

Llewellyn Smith (1972)

unpolarized cross section

- structure-dependent functions

CCQE scattering on free nucleon

- pseudoscalar form factor contribution is suppressed by lepton mass

<latexit sha1_base64="xE/EsTbdgpIoj67IVytmOcbN9sA="></latexit>

d�

dQ2
⇠ M2

E2
⌫

✓�
⌧ + r2

�
A(Q2)� ⌫B(Q2) +

⌫2

1 + ⌧
C(Q2)

◆

<latexit sha1_base64="9tnWyBsr9WDPUR5E5tqwHQqIONk=">AAACAXicbVDLSgMxFL3js9bXqBvBTbAIrspMKepGKLpxI7RgH9CpJZNm2tBMZkgyQhnqxl9x40IRt/6FO//GtJ2Fth643MM595Lc48ecKe0439bS8srq2npuI7+5tb2za+/tN1SUSELrJOKRbPlYUc4ErWumOW3FkuLQ57TpD68nfvOBSsUicadHMe2EuC9YwAjWRurah57GCbpEXiAxSWv3pXFaRremde2CU3SmQIvEzUgBMlS79pfXi0gSUqEJx0q1XSfWnRRLzQin47yXKBpjMsR92jZU4JCqTjq9YIxOjNJDQSRNCY2m6u+NFIdKjULfTIZYD9S8NxH/89qJDi46KRNxoqkgs4eChCMdoUkcqMckJZqPDMFEMvNXRAbYZKFNaHkTgjt/8iJplIruWdGtlQuVqyyOHBzBMZyCC+dQgRuoQh0IPMIzvMKb9WS9WO/Wx2x0ycp2DuAPrM8fqRSVvg==</latexit>

⌧ =
Q2

4M2

<latexit sha1_base64="xC6MJJ32aS66on7VfnUtoO+Ws8E=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARXJWkiLoRim7cCBXsA5oQJtNJO3RmEmYmQolZ+CtuXCji1t9w5984bbPQ1gMXDufcy733hAmjSjvOt1VaWl5ZXSuvVzY2t7Z37N29topTiUkLxyyW3RApwqggLU01I91EEsRDRjrh6Hridx6IVDQW93qcEJ+jgaARxUgbKbAPJLyEXiQRznjgEcbyrA5v88CuOjVnCrhI3IJUQYFmYH95/RinnAiNGVKq5zqJ9jMkNcWM5BUvVSRBeIQGpGeoQJwoP5ven8Njo/RhFEtTQsOp+nsiQ1ypMQ9NJ0d6qOa9ifif10t1dOFnVCSpJgLPFkUpgzqGkzBgn0qCNRsbgrCk5laIh8iEoU1kFROCO//yImnXa+5Zzb07rTauijjK4BAcgRPggnPQADegCVoAg0fwDF7Bm/VkvVjv1sestWQVM/vgD6zPH+utlWg=</latexit>

r =
m`

2M

<latexit sha1_base64="kelcI1gciUfjTOATZa/axJjyfgI=">AAACB3icbZBNS8MwGMfT+TbnW9WjIMEheHG2Q9SLMBTBizDBvcBaS5qlW1ialiQVRunNi1/FiwdFvPoVvPltzLYedPOBkB////OQPH8/ZlQqy/o2CnPzC4tLxeXSyura+oa5udWUUSIwaeCIRaLtI0kY5aShqGKkHQuCQp+Rlj+4HPmtByIkjfidGsbEDVGP04BipLTkmbsOT+A5TK88DdlRepPBQ+golOhL3Fc9s2xVrHHBWbBzKIO86p755XQjnISEK8yQlB3bipWbIqEoZiQrOYkkMcID1CMdjRyFRLrpeI8M7mulC4NI6MMVHKu/J1IUSjkMfd0ZItWX095I/M/rJCo4c1PK40QRjicPBQmDKoKjUGCXCoIVG2pAWFD9V4j7SCCsdHQlHYI9vfIsNKsV+6Ri3x6Xaxd5HEWwA/bAAbDBKaiBa1AHDYDBI3gGr+DNeDJejHfjY9JaMPKZbfCnjM8f5+mXag==</latexit>

⌫ = E⌫/M � ⌧ � r2

<latexit sha1_base64="qAkjxMbfblFKeZGJxR/7Kz7bYGw=">AAACBHicbVDLSsNAFJ3UV62vqMtuBoviqiRS1I1QK6gboYJ9QBPDZDpph84kYWYilNCFG3/FjQtF3PoR7vwbp20W2nrgwuGce7n3Hj9mVCrL+jZyC4tLyyv51cLa+sbmlrm905RRIjBp4IhFou0jSRgNSUNRxUg7FgRxn5GWP7gY+60HIiSNwjs1jInLUS+kAcVIackzi7AGD84gdGIOK9BRKIGX3jm8um96N55ZssrWBHCe2BkpgQx1z/xyuhFOOAkVZkjKjm3Fyk2RUBQzMio4iSQxwgPUIx1NQ8SJdNPJEyO4r5UuDCKhK1Rwov6eSBGXcsh93cmR6stZbyz+53USFZy6KQ3jRJEQTxcFCYMqguNEYJcKghUbaoKwoPpWiPtIIKx0bgUdgj378jxpHpXt47J9WylVa1kceVAEe+AQ2OAEVME1qIMGwOARPINX8GY8GS/Gu/Exbc0Z2cwu+APj8wfIAZUE</latexit>

B = ±4⌧FAG
V
M

<latexit sha1_base64="tcJ72yLbNcaYSfdIX6dAtguQ+Io="></latexit>

C = ⌧
�
GV

M

�2
+
�
GV

E

�2
+ (1 + ⌧)F 2

A

<latexit sha1_base64="wSYDnyShC1aOZ6/6aRnRYF/o9xM="></latexit>

A = ⌧
�
GV

M

�2 �
�
GV

E

�2
+ (1 + ⌧)F 2

A � r2
⇣�

GV
M

�2
+ F 2

A � 4⌧F 2
P + 4FAFP

⌘
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- sensitivity to axial but not to pseudoscalar form factor

CCQE cross sections with τ

- distinct neutrino and antineutrino cross sections at “low” energy 

PCAC:
<latexit sha1_base64="qDtEX/2ucn47FuD2hBYbYyQf4Cs="></latexit>

FP =
2M2

m2
⇡ +Q2

FA

A.S. Meyer, M. Betancourt, R. Gran and R.J. Hill (2016)

K. Borah, G. Lee, R. J. Hill and O. T. (2020)
modern nucleon form factors

R. Gupta et al. (2017-2020), 

Ch. Chen et al. (2021), C. Alexandrou et al.  (2021)

assumpt. for pseudoscalar form factor, label as

Eν = 10 GeV

10
39

dσ dQ
2,

cm
2

G
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2
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10
39

dσ dQ
2,
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2

G
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2
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growths from production threshold ~ 3.5 GeV
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contact interaction at GeV energies

CCQE scattering on free nucleon

tree-level amplitude

 momentum transfer

neutrino energy

isovector Dirac and Pauli

⌫

e e

⌫

<latexit sha1_base64="GkESPxKba7qd8chOZu8CCwF770w="></latexit>

`(k0)
<latexit sha1_base64="k16LC33jMPrk1/+7piFWbg974NI=">AAAB73icdVDLSgMxFM34rPVVdekmWMS6GTLTVuuu6MZlBfuAdiiZNNOGZjJjkhHK0J9w40IRt/6OO//GTFtBRQ9cOJxzL/fe48ecKY3Qh7W0vLK6tp7byG9ube/sFvb2WypKJKFNEvFIdnysKGeCNjXTnHZiSXHoc9r2x1eZ376nUrFI3OpJTL0QDwULGMHaSJ0e5bw0PjntF4rIRqhaPqtCZDuuU63UDKmg8oXrQsdYGYpggUa/8N4bRCQJqdCEY6W6Doq1l2KpGeF0mu8lisaYjPGQdg0VOKTKS2f3TuGxUQYwiKQpoeFM/T6R4lCpSeibzhDrkfrtZeJfXjfRQc1LmYgTTQWZLwoSDnUEs+fhgElKNJ8Ygolk5lZIRlhiok1EeRPC16fwf9JybadsuzeVYv1yEUcOHIIjUAIOOAd1cA0aoAkI4OABPIFn6856tF6s13nrkrWYOQA/YL19AlkMj4Y=</latexit>

⌫`(k)
<latexit sha1_base64="203yJzMS4sBk7g9cMFbWih+l7T8=">AAAB8nicdVBNS8NAEN3Ur1q/qh69LBahXsImbbXeil48VrC1kISy2W7apZtN2N0IpfRnePGgiFd/jTf/jZu2goo+GHi8N8PMvDDlTGmEPqzCyura+kZxs7S1vbO7V94/6Kokk4R2SMIT2QuxopwJ2tFMc9pLJcVxyOldOL7K/bt7KhVLxK2epDSI8VCwiBGsjeT5Iuv7lPPq+LRfriAboUbtrAGR7bhOo940pI5qF64LHWPlqIAl2v3yuz9ISBZToQnHSnkOSnUwxVIzwums5GeKppiM8ZB6hgocUxVM5yfP4IlRBjBKpCmh4Vz9PjHFsVKTODSdMdYj9dvLxb88L9NRM5gykWaaCrJYFGUc6gTm/8MBk5RoPjEEE8nMrZCMsMREm5RKJoSvT+H/pOvaTs12b+qV1uUyjiI4AsegChxwDlrgGrRBBxCQgAfwBJ4tbT1aL9brorVgLWcOwQ9Yb58L1ZEb</latexit>

p(p0)
<latexit sha1_base64="xQqMXr5Veq0rk05aZr0rVkRZ7s4=">AAAB7HicdVBNSwMxEM3Wr1q/qh69BItYL0t222q9Fb14rOC2hXYp2TTbhmazS5IVSulv8OJBEa/+IG/+G7NtBRV9MPB4b4aZeUHCmdIIfVi5ldW19Y38ZmFre2d3r7h/0FJxKgn1SMxj2QmwopwJ6mmmOe0kkuIo4LQdjK8zv31PpWKxuNOThPoRHgoWMoK1kbyknJye9YslZCNUq5zXILId16lV64ZUUeXSdaFjrAwlsESzX3zvDWKSRlRowrFSXQcl2p9iqRnhdFbopYommIzxkHYNFTiiyp/Oj53BE6MMYBhLU0LDufp9YoojpSZRYDojrEfqt5eJf3ndVId1f8pEkmoqyGJRmHKoY5h9DgdMUqL5xBBMJDO3QjLCEhNt8imYEL4+hf+Tlms7Fdu9rZYaV8s48uAIHIMycMAFaIAb0AQeIICBB/AEni1hPVov1uuiNWctZw7BD1hvnyiwjkQ=</latexit>

n(p)
<latexit sha1_base64="t06EmZdJEMsfEhUOkMWm4BsWlfk=">AAAB63icdVBNSwMxEM3Wr1q/qh69BItQL0t222q9Fb14rGBroV1KNs22oUl2SbJCKf0LXjwo4tU/5M1/Y7atoKIPBh7vzTAzL0w40wahDye3srq2vpHfLGxt7+zuFfcP2jpOFaEtEvNYdUKsKWeStgwznHYSRbEIOb0Lx1eZf3dPlWaxvDWThAYCDyWLGMEmk2Q5Oe0XS8hFqFY5q0Hker5Xq9YtqaLKhe9Dz1oZSmCJZr/43hvEJBVUGsKx1l0PJSaYYmUY4XRW6KWaJpiM8ZB2LZVYUB1M57fO4IlVBjCKlS1p4Fz9PjHFQuuJCG2nwGakf3uZ+JfXTU1UD6ZMJqmhkiwWRSmHJobZ43DAFCWGTyzBRDF7KyQjrDAxNp6CDeHrU/g/afuuV3H9m2qpcbmMIw+OwDEoAw+cgwa4Bk3QAgSMwAN4As+OcB6dF+d10ZpzljOH4Aect0/EXo4R</latexit>

axial and pseudoscalar

- nucleon current

E⌫
<latexit sha1_base64="5UrqopXrrQWeOWH+yinXz7yPmFM=">AAAB7HicdVBNS8NAEN3Ur1q/qh69LBbBU0jS1rS3oggeK5i20Iay2W7apZtN2N0IJfQ3ePGgiFd/kDf/jZu2goo+GHi8N8PMvCBhVCrL+jAKa+sbm1vF7dLO7t7+QfnwqCPjVGDi4ZjFohcgSRjlxFNUMdJLBEFRwEg3mF7lfveeCEljfqdmCfEjNOY0pBgpLXnXwwFPh+WKZTpNt2nXoWVa9VrDdXPiNC/sKrRNa4EKWKE9LL8PRjFOI8IVZkjKvm0lys+QUBQzMi8NUkkShKdoTPqachQR6WeLY+fwTCsjGMZCF1dwoX6fyFAk5SwKdGeE1ET+9nLxL6+fqrDhZ5QnqSIcLxeFKYMqhvnncEQFwYrNNEFYUH0rxBMkEFY6n5IO4etT+D/pOKZdNZ3bWqV1uYqjCE7AKTgHNnBBC9yANvAABhQ8gCfwbHDj0XgxXpetBWM1cwx+wHj7BCA7jug=</latexit>

�µ(Q2) = �µFV
D (Q2) +

i�µ⌫q⌫
2M

FV
P (Q2) + �µ�5FA(Q

2) +
qµ

M
�5FP (Q

2)
<latexit sha1_base64="clMxTW+LK64OYrlvWQCQl/0Jr58="></latexit>

T =
GFVudp

2
(¯̀(k0)�µ (1� �5) ⌫`(k))(p̄(p

0)�µ(Q2)n(p))
<latexit sha1_base64="nbQdQ/OnTMYRS4G/DCj6s8UhGDA="></latexit>

FV
D,P = F p

D,P � Fn
D,P

<latexit sha1_base64="LMbdlykORupH4XxhJCIrMhTDWpw="></latexit>

Q2 = �q2
<latexit sha1_base64="1tA9c8nRFKGjsGVVAm4vG/uScCU=">AAAB8nicdVDLSsNAFJ3UV62vqks3g0VwY0jS1rQLoejGZQu2FdK0TKaTdujk4cxEKKGf4caFIm79Gnf+jZO2gooeuHA4517uvceLGRXSMD603Mrq2vpGfrOwtb2zu1fcP+iIKOGYtHHEIn7rIUEYDUlbUsnIbcwJCjxGut7kKvO794QLGoU3choTN0CjkPoUI6kkp9W34AU8g3d9a1AsGbpVt+tmFRq6Ua3UbDsjVv3cLENTN+YogSWag+J7bxjhJCChxAwJ4ZhGLN0UcUkxI7NCLxEkRniCRsRRNEQBEW46P3kGT5QyhH7EVYUSztXvEykKhJgGnuoMkByL314m/uU5ifRrbkrDOJEkxItFfsKgjGD2PxxSTrBkU0UQ5lTdCvEYcYSlSqmgQvj6FP5POpZulnWrVSk1Lpdx5MEROAanwAQ2aIBr0ARtgEEEHsATeNak9qi9aK+L1py2nDkEP6C9fQI4lo/t</latexit>

q = k � k0
<latexit sha1_base64="HZSZUFS13J7ka/F3AdqTJvmpZS4=">AAAB8XicdVDLSsNAFJ3UV62vqks3g0V0Y0jS1rQLoejGZQX7wDaUyXTaDp1M4sxEKKF/4caFIm79G3f+jZO2gooeuHA4517uvcePGJXKsj6MzNLyyupadj23sbm1vZPf3WvKMBaYNHDIQtH2kSSMctJQVDHSjgRBgc9Iyx9fpn7rnghJQ36jJhHxAjTkdEAxUlq6vYPncAxP4fi4ly9YplN1q3YZWqZVLlVcNyVO9cwuQtu0ZiiABeq9/Hu3H+I4IFxhhqTs2FakvAQJRTEj01w3liRCeIyGpKMpRwGRXjK7eAqPtNKHg1Do4grO1O8TCQqknAS+7gyQGsnfXir+5XViNah4CeVRrAjH80WDmEEVwvR92KeCYMUmmiAsqL4V4hESCCsdUk6H8PUp/J80HdMums51qVC7WMSRBQfgEJwAG7igBq5AHTQABhw8gCfwbEjj0XgxXuetGWMxsw9+wHj7BJIkj48=</latexit>

form factors:

�µ
�
Q2

�
=< p|ū (�µ � �µ�5) d|n >

<latexit sha1_base64="pyvbLL3gMGriyGVnwA7/e4EJUhM="></latexit>
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Form factors and polarization observables

comparable to unpolarized cross section rates
- spin asymmetries are not suppressed by        or coupling constant:

- alternative way to access axial structure at GeV energies 

⌫

e e

⌫

<latexit sha1_base64="GkESPxKba7qd8chOZu8CCwF770w="></latexit>

`�(`+)
<latexit sha1_base64="6A30UG82hkelKLsXQhDB5whc+Es=">AAAB9XicdVDLSgMxFM3UV62vqks3wSJUxGFmWm3dFd24rGAf0E5LJk3b0ExmSDJKGfofblwo4tZ/ceffmE5HUNEDl3s4515yc7yQUaks68PILC2vrK5l13Mbm1vbO/ndvaYMIoFJAwcsEG0PScIoJw1FFSPtUBDke4y0vMnV3G/dESFpwG/VNCSuj0acDilGSku9LmGsd1pM2slxP1+wTCsBtEynelaxy5pYzsW5XYJ2ahVAino//94dBDjyCVeYISk7thUqN0ZCUczILNeNJAkRnqAR6WjKkU+kGydXz+CRVgZwGAhdXMFE/b4RI1/Kqe/pSR+psfztzcW/vE6khlU3pjyMFOF48dAwYlAFcB4BHFBBsGJTTRAWVN8K8RgJhJUOKqdD+Pop/J80HdMumc5NuVC7TOPIggNwCIrABhVQA9egDhoAAwEewBN4Nu6NR+PFeF2MZox0Zx/8gPH2CWwDkdE=</latexit>

⌫`(⌫`)
<latexit sha1_base64="spIbXOpNoSI5KDp3/jIy1Kzp/AE=">AAACBnicdVDNS8MwHE3n15xfU48iBIcwL6Xtppu3oRePE9wHrKOkWbqFpWlJUmGUnbz4r3jxoIhX/wZv/jdmWwUVfRB4vPd+SX7PjxmVyrI+jNzS8srqWn69sLG5tb1T3N1ryygRmLRwxCLR9ZEkjHLSUlQx0o0FQaHPSMcfX878zi0Rkkb8Rk1i0g/RkNOAYqS05BUPXZ54LmGs7EY6N7sm1dJ0rp14xZJlWnNAy3TqpzW7qonlnJ/ZFWhnVglkaHrFd3cQ4SQkXGGGpOzZVqz6KRKKYkamBTeRJEZ4jIakpylHIZH9dL7GFB5rZQCDSOjDFZyr3ydSFEo5CX2dDJEayd/eTPzL6yUqqPdTyuNEEY4XDwUJgyqCs07ggAqCFZtogrCg+q8Qj5BAWOnmCrqEr03h/6TtmHbFdK6rpcZFVkceHIAjUAY2qIEGuAJN0AIY3IEH8ASejXvj0XgxXhfRnJHN7IMfMN4+Af6omXg=</latexit>

n(p)
<latexit sha1_base64="EAN3r9cDA/O/zWz/jhHebSHZt8Q=">AAAB63icdVBNS8NAEN3Ur1q/qh69LBahXkKSVltvRS8eK9haaEPZbDft0t1N2N0IJfQvePGgiFf/kDf/jZs2goo+GHi8N8PMvCBmVGnH+bAKK6tr6xvFzdLW9s7uXnn/oKuiRGLSwRGLZC9AijAqSEdTzUgvlgTxgJG7YHqV+Xf3RCoaiVs9i4nP0VjQkGKkM0lU49NhueLYzgLQsb3mWcOtG+J4F+duDbq5VQE52sPy+2AU4YQToTFDSvVdJ9Z+iqSmmJF5aZAoEiM8RWPSN1QgTpSfLm6dwxOjjGAYSVNCw4X6fSJFXKkZD0wnR3qifnuZ+JfXT3TY9FMq4kQTgZeLwoRBHcHscTiikmDNZoYgLKm5FeIJkghrE0/JhPD1KfyfdD3brdneTb3SuszjKIIjcAyqwAUN0ALXoA06AIMJeABP4Nni1qP1Yr0uWwtWPnMIfsB6+wSyeI4F</latexit>

p(n)
<latexit sha1_base64="i/8LMrT/zNUcGR8RsNql9MvT7yM=">AAAB63icdVBNS8NAEN3Ur1q/qh69LBahXkKSVltvRS8eK9haaEPZbDft0t1N2N0IJfQvePGgiFf/kDf/jZs2goo+GHi8N8PMvCBmVGnH+bAKK6tr6xvFzdLW9s7uXnn/oKuiRGLSwRGLZC9AijAqSEdTzUgvlgTxgJG7YHqV+Xf3RCoaiVs9i4nP0VjQkGKkMymuitNhueLYzgLQsb3mWcOtG+J4F+duDbq5VQE52sPy+2AU4YQToTFDSvVdJ9Z+iqSmmJF5aZAoEiM8RWPSN1QgTpSfLm6dwxOjjGAYSVNCw4X6fSJFXKkZD0wnR3qifnuZ+JfXT3TY9FMq4kQTgZeLwoRBHcHscTiikmDNZoYgLKm5FeIJkghrE0/JhPD1KfyfdD3brdneTb3SuszjKIIjcAyqwAUN0ALXoA06AIMJeABP4Nni1qP1Yr0uWwtWPnMIfsB6+wSyfI4F</latexit>

polarized target and/or recoil

m`
<latexit sha1_base64="2Wm6fEsbYYMeef+gRQWXKrma5C8=">AAAB7XicdVDLSgMxFM3UV62vqks3wSK4Gmb6cNpd0Y3LCvYB7VAyaaaNTSZDkhHK0H9w40IRt/6PO//GTFtBRQ9cOJxzL/feE8SMKu04H1ZubX1jcyu/XdjZ3ds/KB4edZRIJCZtLJiQvQApwmhE2ppqRnqxJIgHjHSD6VXmd++JVFREt3oWE5+jcURDipE2UocPB4SxYbHk2OWG13Br0LGdWrXueRkpNy7cCnRtZ4ESWKE1LL4PRgInnEQaM6RU33Vi7adIaooZmRcGiSIxwlM0Jn1DI8SJ8tPFtXN4ZpQRDIU0FWm4UL9PpIgrNeOB6eRIT9RvLxP/8vqJDut+SqM40STCy0VhwqAWMHsdjqgkWLOZIQhLam6FeIIkwtoEVDAhfH0K/yedsu1W7PJNtdS8XMWRByfgFJwDF3igCa5BC7QBBnfgATyBZ0tYj9aL9bpszVmrmWPwA9bbJwzOj3Q=</latexit>

A =
d� (S)� d� (�S)

d� (S) + d� (�S)
<latexit sha1_base64="k2gBHeseimYVyEcnQeePhvVjKqY="></latexit>

<latexit sha1_base64="BiNW6iK4eNBkr/DVhY70lbyeiCM="></latexit>

T,R,L =

�
⌧ + r2

�
AT,R,L(Q2)� ⌫BT,R,L(Q2) + ⌫2

1+⌧C
T,R,L(Q2)

(⌧ + r2)A(Q2)� ⌫B(Q2) + ⌫2

1+⌧C(Q2)

- target, recoil and lepton asymmetries with spin in scattering plane

S. M. Bilenky et al. (2013), A. Fatima et al (2018), 

J. Sobczyk et al (2019), B. Kowal et al (2019)
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Target transverse asymmetry

- sensitive to pseudoscalar form factor

spin orthogonal to the beam direction 
ντn  τ- p,  Eντ = 5 GeV

T t
, %

−60

−40

−20

0

20

40

60

Q2, GeV2
0 1 2 3

ντn  τ- p,  Eντ = 10 GeV

T t
, %

−60

−40

−20

0

20

40

60

Q2, GeV2
0 1 2 3

ντ p  τ+ n,  Eντ = 10 GeV

T t
, %

−50

0

50

Q2, GeV2
0 1 2 3

ντ p  τ+ n,  Eντ = 5 GeV

T t
, %

−50

0

50

Q2, GeV2
0 1 2 3



12

Target longitudinal asymmetry
spin along the beam direction 

- sensitive to both axial and pseudoscalar form factors
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Recoil transverse asymmetry
spin orthogonal to the recoil nucleon

- sensitive to pseudoscalar form factor
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Recoil longitudinal asymmetry
spin along the recoil nucleon momentum
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- sensitive to both axial and pseudoscalar form factors
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Lepton transverse asymmetry
spin orthogonal to the recoil lepton

- sensitive to axial form factor
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Lepton longitudinal asymmetry
spin along the recoil lepton momentum

- sensitive to axial form factor; helicity conservation at large Eν
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Conclusions and Outlook

- compact expressions for all tree-level single-spin asymmetries

alternative probe
of nucleon structure

- axial form factor:

- pseudoscalar form factor:

tau flavor above the production threshold

lepton asymmetries are accessible and “cheap”

A =
d� (S)� d� (�S)

d� (S) + d� (�S)
<latexit sha1_base64="k2gBHeseimYVyEcnQeePhvVjKqY="></latexit>

target and recoil transverse asymmetries

complementary measurements from asymmetries 
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