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Motivation

Hints of new physics in the semileptonic B decays
<latexit sha1_base64="49E4J7NbJvNdz/Ftg9DhLSpRGU8=">AAAB/3icbVBNS8NAEN3Ur1q/ooIXL4tF8GJJpKjHohePFewHNLFstpN26WYTdjdCiT34V7x4UMSrf8Ob/8Ztm4O2Phh4vDfDzLwg4Uxpx/m2CkvLK6trxfXSxubW9o69u9dUcSopNGjMY9kOiALOBDQ00xzaiQQSBRxawfB64rceQCoWizs9SsCPSF+wkFGijdS1DwLs6RhT7AHn96fYC4j0RNq1y07FmQIvEjcnZZSj3rW/vF5M0wiEppwo1XGdRPsZkZpRDuOSlypICB2SPnQMFSQC5WfT+8f42Cg9HMbSlNB4qv6eyEik1CgKTGdE9EDNexPxP6+T6vDSz5hIUg2CzhaFKcfm40kYuMckUM1HhhAqmbkV0wGRhGoTWcmE4M6/vEiaZxX3vFK9rZZrV3kcRXSIjtAJctEFqqEbVEcNRNEjekav6M16sl6sd+tj1lqw8pl99AfW5w9RTJUI</latexit>

b ! c`�⌫̄
<latexit sha1_base64="SfUwoWnaP+Z+PXhVLNx8UtC+TEg="></latexit>

R⌧/`
D(⇤) ⌘ Br(B̄ ! D(⇤)⌧�⌫̄⌧ )/Br(B̄ ! D(⇤)`�⌫̄`)

<latexit sha1_base64="9qJGUqbEGk/hk6j9cC7tSOJUqHM="></latexit>

RJ/ ⌘ Br(B+
c ! J/ ⌧+⌫⌧ )/Br(B

+
c ! J/ µ+⌫µ)

<latexit sha1_base64="Z5Sy6qzAdqq1B550Vcklzut3HTI=">AAACKHicbZDLSgNBEEV74ivG16hLN41BcGOYkaDuNCriUsEkQiaGnk7FNOl52F0jhiGf48ZfcSOiSLZ+iZ3HwkQLGi7nVlFd14+l0Og4fSszMzs3v5BdzC0tr6yu2esbFR0likOZRzJStz7TIEUIZRQo4TZWwAJfQtXvnA386iMoLaLwBrsx1AN2H4qW4AwNatjH3jlIZLTUSD2EJ0wvTns96sFDIh5p6c4LkgljzzD4TRp23ik4w6J/hTsWeTKuq4b97jUjngQQIpdM65rrxFhPmULBJfRyXqIhZrzD7qFmZMgC0PV0eGiP7hjSpK1ImRciHdLfEykLtO4GvukMGLb1tDeA/3m1BFtH9VSEcYIQ8tGiViIpRnSQGm0KBRxl1wjGlTB/pbzNFONoss2ZENzpk/+Kyn7BPSgUr4v5k9NxHFmyRbbJLnHJITkhl+SKlAknz+SVfJBP68V6s76s/qg1Y41nNslEWd8/WyimzQ==</latexit>

�AFB ⌘ Aµ
FB �Ae

FB

Possible new physics explanations have been extensively studied based 
on an EFT framework including both left-handed and right-handed 
neutrinos (RHNs). 

RHNs are singlet under the SM gauge group, can evade strong 
constraints from charged leptons.

In those previous studies, the neutrinos are all treated as massless 
particles.

<latexit sha1_base64="zJ4aCTv2dm19XLmXK5UQpVAZpnY=">AAAB+HicbZDLSgMxFIbP1Futl466dBMsgqthRou6LLpxWcFeoB1KJs20oUlmSDJCLX0SNy4UceujuPNtTNtZaOsPgY//nMM5+aOUM218/9sprK1vbG4Vt0s7u3v7ZffgsKmTTBHaIAlPVDvCmnImacMww2k7VRSLiNNWNLqd1VuPVGmWyAczTmko8ECymBFsrNVzy13NBLrwqsjCQOCeW/E9fy60CkEOFchV77lf3X5CMkGlIRxr3Qn81IQTrAwjnE5L3UzTFJMRHtCORYkF1eFkfvgUnVqnj+JE2ScNmru/JyZYaD0Wke0U2Az1cm1m/lfrZCa+DidMppmhkiwWxRlHJkGzFFCfKUoMH1vARDF7KyJDrDAxNquSDSFY/vIqNM+94NKr3lcrtZs8jiIcwwmcQQBXUIM7qEMDCGTwDK/w5jw5L86787FoLTj5zBH8kfP5A0ALkjE=</latexit>⇠ 3.4�

<latexit sha1_base64="Jz7sQc3+sMZTnePyjjeOnAe8vkM=">AAAB+HicbZDLSgMxFIbP1Futl466dBMsgqsyI8W6LLpxWcFeoB1KJs20oUlmSDJCHfokblwo4tZHcefbmLaz0NYfAh//OYdz8ocJZ9p43rdT2Njc2t4p7pb29g8Oy+7RcVvHqSK0RWIeq26INeVM0pZhhtNuoigWIaedcHI7r3ceqdIslg9mmtBA4JFkESPYWGvglvuaCeRX68jCSOCBW/Gq3kJoHfwcKpCrOXC/+sOYpIJKQzjWuud7iQkyrAwjnM5K/VTTBJMJHtGeRYkF1UG2OHyGzq0zRFGs7JMGLdzfExkWWk9FaDsFNmO9Wpub/9V6qYmug4zJJDVUkuWiKOXIxGieAhoyRYnhUwuYKGZvRWSMFSbGZlWyIfirX16H9mXVv6rW7muVxk0eRxFO4QwuwIc6NOAOmtACAik8wyu8OU/Oi/PufCxbC04+cwJ/5Hz+AEGSkjI=</latexit>⇠ 1.7�

<latexit sha1_base64="YDuBAfydFaooXWYiO1ZxFEAJZ+A=">AAAB9HicbVDLSgMxFL3xWeur6tJNsAiuyowUdVl047KCfUA7lEyaaUOTzJhkCmXod7hxoYhbP8adf2PazkJbD1zu4Zx7yc0JE8GN9bxvtLa+sbm1Xdgp7u7tHxyWjo6bJk41ZQ0ai1i3Q2KY4Io1LLeCtRPNiAwFa4Wju5nfGjNteKwe7SRhgSQDxSNOiXVS0DVc4ip2bSBJr1T2Kt4ceJX4OSlDjnqv9NXtxzSVTFkqiDEd30tskBFtORVsWuymhiWEjsiAdRxVRDITZPOjp/jcKX0cxdqVsniu/t7IiDRmIkM3KYkdmmVvJv7ndVIb3QQZV0lqmaKLh6JUYBvjWQK4zzWjVkwcIVRzdyumQ6IJtS6nogvBX/7yKmleVvyrSvWhWq7d5nEU4BTO4AJ8uIYa3EMdGkDhCZ7hFd7QGL2gd/SxGF1D+c4J/AH6/AHkdZGL</latexit>⇠ 4�

Larger than the SM value by

Bobeth, Bordone, 
Gubernari, Jung, Dyk, 
2104.02094
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Motivation

• Massive right-handed neutrinos (RHNs) can be naturally 

introduced to explain neutrino mass.

• Massive RHN is a viable dark matter candidate.
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Motivation

• Massive right-handed neutrinos (RHNs) can be naturally 

introduced to explain neutrino mass.

• Massive RHN is a viable dark matter candidate.

• Massive RHN is essential to explain the anomaly in 

forward-backward asymmetry.
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<latexit sha1_base64="n80AKKy6QbXAkzeSjB73eXx/T04=">AAACAHicbZA9SwNBEIbn4leMX6cWFjaLQbAKd0HURgjRwsIigomB5Ah7m71kyd4Hu3NCCGn8KzYWitj6M+z8N26SKzTxhYWHd2aYnddPpNDoON9Wbml5ZXUtv17Y2Nza3rF39xo6ThXjdRbLWDV9qrkUEa+jQMmbieI09CV/8AdXk/rDI1daxNE9DhPuhbQXiUAwisbq2Aftay6Rkiq5JBneGnQ6dtEpOVORRXAzKEKmWsf+andjloY8Qiap1i3XSdAbUYWCST4utFPNE8oGtMdbBiMacu2NpgeMybFxuiSIlXkRkqn7e2JEQ62HoW86Q4p9PV+bmP/VWikGF95IREmKPGKzRUEqCcZkkgbpCsUZyqEBypQwfyWsTxVlaDIrmBDc+ZMXoVEuuWel8t1psVLN4sjDIRzBCbhwDhW4gRrUgcEYnuEV3qwn68V6tz5mrTkrm9mHP7I+fwAHkZQc</latexit>

�B = �L = 0

SMNEFT = SMEFT + N

16 new SMNEFT operators

11 fermionic operators + 5 bosonic operators



6

N production operator
• We assume N can talk to B quark and is at sub GeV scale
• N can be produced via B meson decay

<latexit sha1_base64="nmmaWt9E8Eaot/oJYVAYaBg65tw="></latexit>

�Le↵ =
4GFVcbp

2
(OV

LL +
X

X=S,V,T
↵,�=L,R

C
X
↵� O

X
↵�)

<latexit sha1_base64="GtIvOZ7IwyAIbFKCOprayJZYOn4="></latexit>

Onedu ! O
V
RR

O`nuq ! O
S
LR

O
(1)
`nqd ! O

S
RR

O
(3)
`nqd ! O

T
RR
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<latexit sha1_base64="P/ZsT9h/HC1NodwKQov0au7vWxk=">AAACC3icbZC7SgNBFIZnvcZ4i1raDAlCRAi7Iahl0MYygrlANllmJ2eTIbOXzMwGwpLexlexsVDE1hew822cTVJo4g8DH/85hzPndyPOpDLNb2NtfWNzazuzk93d2z84zB0dN2QYCwp1GvJQtFwigbMA6oopDq1IAPFdDk13eJvWm2MQkoXBg5pE0PFJP2Aeo0Rpy8nlR92yDaOYjXGx5iQ2cD69wCm5RODW9LxbdnIFs2TOhFfBWkABLVRzcl92L6SxD4GinEjZtsxIdRIiFKMcplk7lhAROiR9aGsMiA+yk8xumeIz7fSwFwr9AoVn7u+JhPhSTnxXd/pEDeRyLTX/q7Vj5V13EhZEsYKAzhd5MccqxGkwuMcEUMUnGggVTP8V0wERhCodX1aHYC2fvAqNcsm6LFXuK4XqzSKODDpFeVREFrpCVXSHaqiOKHpEz+gVvRlPxovxbnzMW9eMxcwJ+iPj8wcPq5nL</latexit>

q2 ⌘ (P` + PX̄)2

N production from B meson decay
<latexit sha1_base64="y5fxHsJdo179hsfjY8ku2cB7beY=">AAACCXicbVC7SgNBFJ31GeNr1dJmMAjRIuxKUMsQLSwjmAdk1zA7uZsMmX0wMyuEJa2Nv2JjoYitf2Dn3zjZbKGJBwYO59zLnXO8mDOpLOvbWFpeWV1bL2wUN7e2d3bNvf2WjBJBoUkjHomORyRwFkJTMcWhEwsggceh7Y2upn77AYRkUXinxjG4ARmEzGeUKC31TOx4ROA6dlSE8fV9Wj49mWAHOM+MtDPpmSWrYmXAi8TOSQnlaPTML6cf0SSAUFFOpOzaVqzclAjFKIdJ0UkkxISOyAC6moYkAOmmWZIJPtZKH/uR0C9UOFN/b6QkkHIceHoyIGoo572p+J/XTZR/6aYsjBMFIZ0d8hOOdexpLbjPBFDFx5oQKpj+K6ZDIghVuryiLsGej7xIWmcV+7xSva2WavW8jgI6REeojGx0gWroBjVQE1H0iJ7RK3oznowX4934mI0uGfnOAfoD4/MHfJOYVQ==</latexit>

B̄ ! D(⇤)`X̄
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<latexit sha1_base64="P/ZsT9h/HC1NodwKQov0au7vWxk=">AAACC3icbZC7SgNBFIZnvcZ4i1raDAlCRAi7Iahl0MYygrlANllmJ2eTIbOXzMwGwpLexlexsVDE1hew822cTVJo4g8DH/85hzPndyPOpDLNb2NtfWNzazuzk93d2z84zB0dN2QYCwp1GvJQtFwigbMA6oopDq1IAPFdDk13eJvWm2MQkoXBg5pE0PFJP2Aeo0Rpy8nlR92yDaOYjXGx5iQ2cD69wCm5RODW9LxbdnIFs2TOhFfBWkABLVRzcl92L6SxD4GinEjZtsxIdRIiFKMcplk7lhAROiR9aGsMiA+yk8xumeIz7fSwFwr9AoVn7u+JhPhSTnxXd/pEDeRyLTX/q7Vj5V13EhZEsYKAzhd5MccqxGkwuMcEUMUnGggVTP8V0wERhCodX1aHYC2fvAqNcsm6LFXuK4XqzSKODDpFeVREFrpCVXSHaqiOKHpEz+gVvRlPxovxbnzMW9eMxcwJ+iPj8wcPq5nL</latexit>

q2 ⌘ (P` + PX̄)2

N production from B meson decay
<latexit sha1_base64="y5fxHsJdo179hsfjY8ku2cB7beY=">AAACCXicbVC7SgNBFJ31GeNr1dJmMAjRIuxKUMsQLSwjmAdk1zA7uZsMmX0wMyuEJa2Nv2JjoYitf2Dn3zjZbKGJBwYO59zLnXO8mDOpLOvbWFpeWV1bL2wUN7e2d3bNvf2WjBJBoUkjHomORyRwFkJTMcWhEwsggceh7Y2upn77AYRkUXinxjG4ARmEzGeUKC31TOx4ROA6dlSE8fV9Wj49mWAHOM+MtDPpmSWrYmXAi8TOSQnlaPTML6cf0SSAUFFOpOzaVqzclAjFKIdJ0UkkxISOyAC6moYkAOmmWZIJPtZKH/uR0C9UOFN/b6QkkHIceHoyIGoo572p+J/XTZR/6aYsjBMFIZ0d8hOOdexpLbjPBFDFx5oQKpj+K6ZDIghVuryiLsGej7xIWmcV+7xSva2WavW8jgI6REeojGx0gWroBjVQE1H0iJ7RK3oznowX4934mI0uGfnOAfoD4/MHfJOYVQ==</latexit>

B̄ ! D(⇤)`X̄

<latexit sha1_base64="FHwNfTbvTreYpOpSADA3CbNuo64=">AAACGnicbVDLSgNBEJz1GeNr1aOXwSAohLAroh6DXjwEUTBGyMZldtIxg7MPZ3oDYYm/4cVf8eJBEW/ixb9xNuag0YKmi6puZrqCRAqNjvNpTUxOTc/MFuaK8wuLS8v2yuqFjlPFoc5jGavLgGmQIoI6CpRwmShgYSChEdwc5X6jB0qLODrHfgKtkF1HoiM4QyP5tlujHtymokdrd1u3VztlGvoeSJn3kzL1sAvI/CyXBmUv6Ypt3y45FWcI+pe4I1IiI5z69rvXjnkaQoRcMq2brpNgK2MKBZcwKHqphoTxG3YNTUMjFoJuZcPTBnTTKG3aiZWpCOlQ/bmRsVDrfhiYyZBhV497ufif10yxc9DKRJSkCBH/fqiTSooxzXOibaGAo+wbwrgS5q+Ud5liHE2aRROCO37yX3KxU3H3Krtnu6Xq4SiOAlknG2SLuGSfVMkxOSV1wsk9eSTP5MV6sJ6sV+vte3TCGu2skV+wPr4Ah8efWg==</latexit>

L ⌘ L (q2,m`,mN , ✓`,�)•   
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Three-body decay

Angular functions 

<latexit sha1_base64="dNS+AU1ZgmB3hJyxvlv8m4CDUNM=">AAACA3icbVDLSsNAFL2pr1pfUXe6GSyCq5JIUZelunBZwT6gCWUynbZDJ5MwMxFKKLjxV9y4UMStP+HOv3HSZqGtBwYO59zLnXOCmDOlHefbKqysrq1vFDdLW9s7u3v2/kFLRYkktEkiHslOgBXlTNCmZprTTiwpDgNO28H4OvPbD1QqFol7PYmpH+KhYANGsDZSzz7yAixRHXk6QugGeZRzlElpZ9qzy07FmQEtEzcnZcjR6NlfXj8iSUiFJhwr1XWdWPsplpoRTqclL1E0xmSMh7RrqMAhVX46yzBFp0bpo0EkzRMazdTfGykOlZqEgZkMsR6pRS8T//O6iR5c+SkTcaKpIPNDg4QjEzgrBPWZpETziSGYSGb+isgIS0y0qa1kSnAXIy+T1nnFvahU76rlWj2vowjHcAJn4MIl1OAWGtAEAo/wDK/wZj1ZL9a79TEfLVj5ziH8gfX5A6jflkg=</latexit>

B̄ ! D`X̄

<latexit sha1_base64="fHTBQsqg5XRURiC9NiiqJEU0Nng="></latexit>

AD
FB(q

2) ⌘ � J1(q2)

d�D/dq2

<latexit sha1_base64="Q0LyuYOVqtPrhCCDpIz/DuzpgvA="></latexit>

hOi ⌘ 1

�D(⇤)
tot

Z q2max

q2min

dq
2
O(q2)

d�D(⇤)

dq2
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Four-body decay

<latexit sha1_base64="U3xAfMiasMNmIvpaWuVxAt3zDGw=">AAACEHicbVC7SgNBFL3rM8bXqqXNYBCjRdiVoJYhprCMYB6QXcPsZJIMmX0wMyuEJZ9g46/YWChia2nn3zibbKGJBwYO59zLnXO8iDOpLOvbWFpeWV1bz23kN7e2d3bNvf2mDGNBaIOEPBRtD0vKWUAbiilO25Gg2Pc4bXmj69RvPVAhWRjcqXFEXR8PAtZnBCstdc0Tx8MCVZGjQoRq92fFlNSQE7FT5FDOUeon7UnXLFglawq0SOyMFCBDvWt+Ob2QxD4NFOFYyo5tRcpNsFCMcDrJO7GkESYjPKAdTQPsU+km00ATdKyVHuqHQr9Aoan6eyPBvpRj39OTPlZDOe+l4n9eJ1b9KzdhQRQrGpDZoX7MkQ6dtoN6TFCi+FgTTATTf0VkiAUmSneY1yXY85EXSfO8ZF+UyrflQqWa1ZGDQziCIthwCRW4gTo0gMAjPMMrvBlPxovxbnzMRpeMbOcA/sD4/AHQf5qb</latexit>

B̄ ! D⇤(! D⇡)`X̄

<latexit sha1_base64="epjjOMvsYnvNeOKX5/0kxSporlA="></latexit>

AD⇤

FB(q
2) = �

I6s(q2) + 1
2I6c(q

2)

�D⇤
f (q2)

Angular functions 
<latexit sha1_base64="ggNPerIJ9ZranhVhbUm6HL6PmmY="></latexit>

FL(q
2) =

I1c(q2)� 1
3I2c(q

2)

�D⇤
f (q2)

<latexit sha1_base64="ITyVjtfKyrPb32b5d6fcwcJgcEs="></latexit>

F̃L(q
2) =

1

3
� 8

9

2I2s(q2) + I2c(q2)
�D⇤
f (q2)

<latexit sha1_base64="j31BLuJ/j7TVvWHxxx7UdZw5DAo="></latexit>

Si(q
2) =

Ii(q2)
�D⇤
f (q2)

, i = {3, 4, 5, 7, 8, 9}



11

Measurements

<latexit sha1_base64="1NS6jgj6OSzIyp9LSAvUIlzcipE=">AAACNHicbZDLSgMxFIYz9VbrbdSlm2AR3FhmpKjLoi4EF1awF+jUkklP29BMZkwyhVL6UG58EDciuFDErc9gelFr64HAx/+fw8n5/YgzpR3n2UrMzS8sLiWXUyura+sb9uZWUYWxpFCgIQ9l2ScKOBNQ0ExzKEcSSOBzKPnts4Ff6oBULBQ3uhtBNSBNwRqMEm2kmn3pnQPXBHuciCYHfIU9OSIP7mLW+TVuvSD+MQ8mdPhWa3bayTjDwrPgjiGNxpWv2Y9ePaRxAEJTTpSquE6kqz0iNaMc+ikvVhAR2iZNqBgUJABV7Q2P7uM9o9RxI5TmCY2H6uREjwRKdQPfdAZEt9S0NxD/8yqxbpxUe0xEsQZBR4saMcc6xIMEcZ1JoJp3DRAqmfkrpi0iCdUm55QJwZ0+eRaKhxn3KJO9zqZzp+M4kmgH7aJ95KJjlEMXKI8KiKJ79IRe0Zv1YL1Y79bHqDVhjWe20Z+yPr8AkO6qMw==</latexit>

�hOi ⌘ hOµi � hOei

<latexit sha1_base64="v3Qwkw+vrpSQ86qgEaCCgd2ufhE="></latexit>

Rµ/e
D(⇤) ⌘ Br(B̄ ! D(⇤)µ�X̄)/Br(B̄ ! D(⇤)e�X̄)

The difference and ratio between observables of muon and electron 
channel have little form factor sensitivities
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Measurements
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Anomaly
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We assume the new physics is only in the muon sector
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Measurements
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Benchmark points
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       binned decay rate
<latexit sha1_base64="8xruOEbnQJ+2PSCq6FrU47rMLF8=">AAAB6nicbVDLTgJBEOz1ifhCPXqZSEw8kV1C1CPRi0eM8khgJbNDL0yYnV1nZk0I4RO8eNAYr36RN//GAfagYCWdVKq6090VJIJr47rfzsrq2vrGZm4rv72zu7dfODhs6DhVDOssFrFqBVSj4BLrhhuBrUQhjQKBzWB4PfWbT6g0j+W9GSXoR7QvecgZNVa6e3wodwtFt+TOQJaJl5EiZKh1C1+dXszSCKVhgmrd9tzE+GOqDGcCJ/lOqjGhbEj72LZU0gi1P56dOiGnVumRMFa2pCEz9ffEmEZaj6LAdkbUDPSiNxX/89qpCS/9MZdJalCy+aIwFcTEZPo36XGFzIiRJZQpbm8lbEAVZcamk7cheIsvL5NGueSdlyq3lWL1KosjB8dwAmfgwQVU4QZqUAcGfXiGV3hzhPPivDsf89YVJ5s5gj9wPn8AA/ONog==</latexit>

q2

�
�

�
�

�

�

�

�
�

■ ■ ■ ■ ■ ■ ■ ■ ■

◆

◆
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▲ ▲ ▲
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▲ ▲ ▲ ▲ ▲
▼ ▼ ▼ ▼ ▼ ▼ ▼ ▼ ▼

-1.5×10-2

-1.×10-2
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0.

5.×10-3

1.×10-2

<latexit sha1_base64="0AyBREN89JgrmAkEEdOTRWeYuyg="></latexit>

q2i ⌘ m2
B +m2

D(⇤) � 2mBmD(⇤)(1 + i/20) , i = 1 to 10
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       binned angular observables
<latexit sha1_base64="8xruOEbnQJ+2PSCq6FrU47rMLF8=">AAAB6nicbVDLTgJBEOz1ifhCPXqZSEw8kV1C1CPRi0eM8khgJbNDL0yYnV1nZk0I4RO8eNAYr36RN//GAfagYCWdVKq6090VJIJr47rfzsrq2vrGZm4rv72zu7dfODhs6DhVDOssFrFqBVSj4BLrhhuBrUQhjQKBzWB4PfWbT6g0j+W9GSXoR7QvecgZNVa6e3wodwtFt+TOQJaJl5EiZKh1C1+dXszSCKVhgmrd9tzE+GOqDGcCJ/lOqjGhbEj72LZU0gi1P56dOiGnVumRMFa2pCEz9ffEmEZaj6LAdkbUDPSiNxX/89qpCS/9MZdJalCy+aIwFcTEZPo36XGFzIiRJZQpbm8lbEAVZcamk7cheIsvL5NGueSdlyq3lWL1KosjB8dwAmfgwQVU4QZqUAcGfXiGV3hzhPPivDsf89YVJ5s5gj9wPn8AA/ONog==</latexit>

q2

●

●

●

●

●

●
●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
● ● ●

●

●

-4.×10-3

-2.×10-3

0.

2.×10-3

4.×10-3

6.×10-3

●

● ● ● ● ● ● ● ●

●

●

●

● ●
●

●

●

●

●

●
●

●

●

●

●

● ●

●

● ● ● ● ● ● ● ●

-1.4×10-2
-1.2×10-2
-1.×10-2
-8.×10-3
-6.×10-3
-4.×10-3
-2.×10-3

0.

2.×10-3
4.×10-3

-2.×10-2

-1.5×10-2

-1.×10-2

-5.×10-3

0.

-2.×10-4

0.

2.×10-4

4.×10-4

6.×10-4

8.×10-4

1.×10-3
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• We calculate the RHN mass effect on the decay channel  

• Nonzero RHN mass produced significant effects in the angular 

observables which may explain the 4σ tension in   

• Large effects may appear in the q^2-binned observables, even 

though the effects on the q^2-averaged ones are small. 

Summary

<latexit sha1_base64="y5fxHsJdo179hsfjY8ku2cB7beY=">AAACCXicbVC7SgNBFJ31GeNr1dJmMAjRIuxKUMsQLSwjmAdk1zA7uZsMmX0wMyuEJa2Nv2JjoYitf2Dn3zjZbKGJBwYO59zLnXO8mDOpLOvbWFpeWV1bL2wUN7e2d3bNvf2WjBJBoUkjHomORyRwFkJTMcWhEwsggceh7Y2upn77AYRkUXinxjG4ARmEzGeUKC31TOx4ROA6dlSE8fV9Wj49mWAHOM+MtDPpmSWrYmXAi8TOSQnlaPTML6cf0SSAUFFOpOzaVqzclAjFKIdJ0UkkxISOyAC6moYkAOmmWZIJPtZKH/uR0C9UOFN/b6QkkHIceHoyIGoo572p+J/XTZR/6aYsjBMFIZ0d8hOOdexpLbjPBFDFx5oQKpj+K6ZDIghVuryiLsGej7xIWmcV+7xSva2WavW8jgI6REeojGx0gWroBjVQE1H0iJ7RK3oznowX4934mI0uGfnOAfoD4/MHfJOYVQ==</latexit>

B̄ ! D(⇤)`X̄

<latexit sha1_base64="yzVdpsvbVIYFnY7BWfUgX8WwVks=">AAACE3icbVDLSgNBEJz1GeMr6tHLYBAkh7Aroh41inhUMImQjWF20kmGzM4uM71iWPYfvPgrXjwo4tWLN//GyePgq6ChqOqmuyuIpTDoup/O1PTM7Nx8biG/uLS8slpYW6+ZKNEcqjySkb4OmAEpFFRRoITrWAMLAwn1oH8y9Ou3oI2I1BUOYmiGrKtER3CGVmoVSv4pSGTUl0x1JdDjm/T0ppS1Uh/hDtOzSpb5emy1CkW37I5A/xJvQopkgotW4cNvRzwJQSGXzJiG58bYTJlGwSVkeT8xEDPeZ11oWKpYCKaZjn7K6LZV2rQTaVsK6Uj9PpGy0JhBGNjOkGHP/PaG4n9eI8HOYTMVKk4QFB8v6iSSYkSHAdG20MBRDixhXAt7K+U9phlHG2PehuD9fvkvqe2Wvf3y3uVe8agyiSNHNskW2SEeOSBH5JxckCrh5J48kmfy4jw4T86r8zZunXImMxvkB5z3L4/7nf0=</latexit>

�hAD⇤

FBi

Thanks! 
Questions to liu.hongkai@campus.technion.ac.il
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Back-up slides
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       binned observables
<latexit sha1_base64="8xruOEbnQJ+2PSCq6FrU47rMLF8=">AAAB6nicbVDLTgJBEOz1ifhCPXqZSEw8kV1C1CPRi0eM8khgJbNDL0yYnV1nZk0I4RO8eNAYr36RN//GAfagYCWdVKq6090VJIJr47rfzsrq2vrGZm4rv72zu7dfODhs6DhVDOssFrFqBVSj4BLrhhuBrUQhjQKBzWB4PfWbT6g0j+W9GSXoR7QvecgZNVa6e3wodwtFt+TOQJaJl5EiZKh1C1+dXszSCKVhgmrd9tzE+GOqDGcCJ/lOqjGhbEj72LZU0gi1P56dOiGnVumRMFa2pCEz9ffEmEZaj6LAdkbUDPSiNxX/89qpCS/9MZdJalCy+aIwFcTEZPo36XGFzIiRJZQpbm8lbEAVZcamk7cheIsvL5NGueSdlyq3lWL1KosjB8dwAmfgwQVU4QZqUAcGfXiGV3hzhPPivDsf89YVJ5s5gj9wPn8AA/ONog==</latexit>

q2

●
●

●
●

●
●

●
●

●

●

●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●
● ●

●

-6.×10-3

-4.×10-3

-2.×10-3

0.

2.×10-3

4.×10-3

6.×10-3

0.

1.×10-3

2.×10-3

3.×10-3

4.×10-3

5.×10-3

-6.×10-3

-5.×10-3

-4.×10-3

-3.×10-3

-2.×10-3

-1.×10-3

0.

1.×10-3

●

●

●

●

●
●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

-4.×10-3

-2.×10-3

0.

2.×10-3

4.×10-3

6.×10-3

8.×10-3
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General Neutrino Interactions

<latexit sha1_base64="cr17G5ej101MAUfB/pCfzy7YgxE="></latexit>

L
NC
GNI = �GFp

2

10X

j=1

(
(⇠)
✏ j,f )

↵���(⌫↵Oj⌫�)(f�O
0
jf�)

<latexit sha1_base64="2ZS02CYnoAO/4NyRQKmCHIbBIo4="></latexit>

L
CC
GNI = �GFV��p

2

10X

j=1

(
(⇠)
✏ j,ff 0)↵���(`↵Oj⌫�)(f�O

0
jf

0
�) + h.c.
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SMEFT GNI

[arXiv:1008.4884]

j = 1, 3, 5, 7, 9

j =1, 5, 7, 9

In SMEFT

<latexit sha1_base64="4zRvatdCbj/Cujy1u5J12JfBOK8="></latexit>

L
NC
GNI = �GFp

2

10X

j=1

(
(⇠)
✏ j,q)

↵���(⌫↵Oj⌫�)(q�O
0
jq�)

<latexit sha1_base64="6w5exItf7x2pzR7HdftrhPh0Tfc="></latexit>

L
CC
GNI = �GFV��p

2

10X

j=1

(
(⇠)
✏ j,ud)

↵���(`↵Oj⌫�)(u�O
0
jd�) + h.c.
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<latexit sha1_base64="n80AKKy6QbXAkzeSjB73eXx/T04=">AAACAHicbZA9SwNBEIbn4leMX6cWFjaLQbAKd0HURgjRwsIigomB5Ah7m71kyd4Hu3NCCGn8KzYWitj6M+z8N26SKzTxhYWHd2aYnddPpNDoON9Wbml5ZXUtv17Y2Nza3rF39xo6ThXjdRbLWDV9qrkUEa+jQMmbieI09CV/8AdXk/rDI1daxNE9DhPuhbQXiUAwisbq2Aftay6Rkiq5JBneGnQ6dtEpOVORRXAzKEKmWsf+andjloY8Qiap1i3XSdAbUYWCST4utFPNE8oGtMdbBiMacu2NpgeMybFxuiSIlXkRkqn7e2JEQ62HoW86Q4p9PV+bmP/VWikGF95IREmKPGKzRUEqCcZkkgbpCsUZyqEBypQwfyWsTxVlaDIrmBDc+ZMXoVEuuWel8t1psVLN4sjDIRzBCbhwDhW4gRrUgcEYnuEV3qwn68V6tz5mrTkrm9mHP7I+fwAHkZQc</latexit>

�B = �L = 0

SMNEFT = SMEFT + N
16 new SMNEFT operators

11 fermionic operators + 5 bosonic operators
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SMNEFT

LSMNEFT � 2
p
2GF

X

i

CiOi ,

<latexit sha1_base64="ZHAgO63vlW6IJ3jOIvpRuIWVX9o="></latexit>

GNI

L
NC
GNI = �GFp

2

10X

j=1

(
(⇠)
✏ j,q)

↵���(⌫↵Oj⌫�)(q�O
0
jq�)

<latexit sha1_base64="NhkedZEbDuOtUGAw9vbMxvjDZg4="></latexit>

[arXiv:1905.08699]

L
CC
GNI = �GFV��p

2

10X

j=1

(
(⇠)
✏ j,ud)

↵���(`↵Oj⌫�)(u�O
0
jd�) + h.c.

<latexit sha1_base64="vDpiYpiuB1YKXIqUxpaHuGY+J80="></latexit>

j = 1 to 10

j != 2, 3
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Leptonic amplitudes

<latexit sha1_base64="FHwNfTbvTreYpOpSADA3CbNuo64=">AAACGnicbVDLSgNBEJz1GeNr1aOXwSAohLAroh6DXjwEUTBGyMZldtIxg7MPZ3oDYYm/4cVf8eJBEW/ixb9xNuag0YKmi6puZrqCRAqNjvNpTUxOTc/MFuaK8wuLS8v2yuqFjlPFoc5jGavLgGmQIoI6CpRwmShgYSChEdwc5X6jB0qLODrHfgKtkF1HoiM4QyP5tlujHtymokdrd1u3VztlGvoeSJn3kzL1sAvI/CyXBmUv6Ypt3y45FWcI+pe4I1IiI5z69rvXjnkaQoRcMq2brpNgK2MKBZcwKHqphoTxG3YNTUMjFoJuZcPTBnTTKG3aiZWpCOlQ/bmRsVDrfhiYyZBhV497ufif10yxc9DKRJSkCBH/fqiTSooxzXOibaGAo+wbwrgS5q+Ud5liHE2aRROCO37yX3KxU3H3Krtnu6Xq4SiOAlknG2SLuGSfVMkxOSV1wsk9eSTP5MV6sJ6sV+vte3TCGu2skV+wPr4Ah8efWg==</latexit>

L ⌘ L (q2,m`,mN , ✓`,�)•   

Mass dependence

<latexit sha1_base64="C24AG8oNBMBaEEe4lUhq3hcrTKE="></latexit>

K±±(mN ) =
(EN +mN ± pN )(E` +m` ± p`)p

(E` +m`)(EN +mN )

For massless neutrinos 
<latexit sha1_base64="t4PLi9AKekAizzSJt57ck+R8YLY="></latexit>

K++(0) = 2
p

q2�`, K+�(0) = 2m`�`, K�+(0) = K��(0) = 0

<latexit sha1_base64="l1ecHfitec2JsXMlZo+STW2Ih/k="></latexit>

K++(mN ) = 2
p

q2�N , K�+(mN ) = 2mN�N , K+�(mN ) = K��(mN ) = 0

For massless charged leptons 
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Leptonic amplitudes

<latexit sha1_base64="FHwNfTbvTreYpOpSADA3CbNuo64=">AAACGnicbVDLSgNBEJz1GeNr1aOXwSAohLAroh6DXjwEUTBGyMZldtIxg7MPZ3oDYYm/4cVf8eJBEW/ixb9xNuag0YKmi6puZrqCRAqNjvNpTUxOTc/MFuaK8wuLS8v2yuqFjlPFoc5jGavLgGmQIoI6CpRwmShgYSChEdwc5X6jB0qLODrHfgKtkF1HoiM4QyP5tlujHtymokdrd1u3VztlGvoeSJn3kzL1sAvI/CyXBmUv6Ypt3y45FWcI+pe4I1IiI5z69rvXjnkaQoRcMq2brpNgK2MKBZcwKHqphoTxG3YNTUMjFoJuZcPTBnTTKG3aiZWpCOlQ/bmRsVDrfhiYyZBhV497ufif10yxc9DKRJSkCBH/fqiTSooxzXOibaGAo+wbwrgS5q+Ud5liHE2aRROCO37yX3KxU3H3Krtnu6Xq4SiOAlknG2SLuGSfVMkxOSV1wsk9eSTP5MV6sJ6sV+vte3TCGu2skV+wPr4Ah8efWg==</latexit>

L ⌘ L (q2,m`,mN , ✓`,�)•   

•                 :     left-handed operators only couple to the SM left-handed neutrinos 
or SM right-handed antineutrinos.  Cannot produce anti-neutrinos with negative 
helicity

<latexit sha1_base64="eAQAXYCebEGEtY2S519fVDLoC5A="></latexit>

LV,L
�`,� 1

2 ,�
= LS,L

�`,� 1
2
= LT,L

�`,� 1
2 ,��

0 = 0

<latexit sha1_base64="ZpsAf5NETyD0JGBhZqgPv0KKn3U=">AAAB8HicbVA9SwNBEJ2LXzF+RS1tFoNgFe4kqI0QtLGwiGA+JDnC3maTLNnbO3bnhHDkV9hYKGLrz7Hz37hJrtDEBwOP92aYmRfEUhh03W8nt7K6tr6R3yxsbe/s7hX3DxomSjTjdRbJSLcCargUitdRoOStWHMaBpI3g9HN1G8+cW1EpB5wHHM/pAMl+oJRtNJjJ+BIyRW56xZLbtmdgSwTLyMlyFDrFr86vYglIVfIJDWm7bkx+inVKJjkk0InMTymbEQHvG2poiE3fjo7eEJOrNIj/UjbUkhm6u+JlIbGjMPAdoYUh2bRm4r/ee0E+5d+KlScIFdsvqifSIIRmX5PekJzhnJsCWVa2FsJG1JNGdqMCjYEb/HlZdI4K3vn5cp9pVS9zuLIwxEcwyl4cAFVuIUa1IFBCM/wCm+Odl6cd+dj3ppzsplD+APn8weUHI+e</latexit>

� = L

<latexit sha1_base64="rnIIoXIuDnKjHSDP4eS2Y7K8hio="></latexit>

LS,L
1
2 ,

1
2
, LV,L

� 1
2 ,

1
2 ,�

, LT,L
1
2 ,

1
2 ,��

0 / K++(0) /
p

q2

<latexit sha1_base64="rBAXEYAdsic9RELkUIZWeufItkA="></latexit>

LV,L
1
2 ,

1
2 ,�

, LV,T
� 1

2 ,
1
2 ,��

0 / K+�(0) / m`
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Leptonic amplitudes

<latexit sha1_base64="FHwNfTbvTreYpOpSADA3CbNuo64=">AAACGnicbVDLSgNBEJz1GeNr1aOXwSAohLAroh6DXjwEUTBGyMZldtIxg7MPZ3oDYYm/4cVf8eJBEW/ixb9xNuag0YKmi6puZrqCRAqNjvNpTUxOTc/MFuaK8wuLS8v2yuqFjlPFoc5jGavLgGmQIoI6CpRwmShgYSChEdwc5X6jB0qLODrHfgKtkF1HoiM4QyP5tlujHtymokdrd1u3VztlGvoeSJn3kzL1sAvI/CyXBmUv6Ypt3y45FWcI+pe4I1IiI5z69rvXjnkaQoRcMq2brpNgK2MKBZcwKHqphoTxG3YNTUMjFoJuZcPTBnTTKG3aiZWpCOlQ/bmRsVDrfhiYyZBhV497ufif10yxc9DKRJSkCBH/fqiTSooxzXOibaGAo+wbwrgS5q+Ud5liHE2aRROCO37yX3KxU3H3Krtnu6Xq4SiOAlknG2SLuGSfVMkxOSV1wsk9eSTP5MV6sJ6sV+vte3TCGu2skV+wPr4Ah8efWg==</latexit>

L ⌘ L (q2,m`,mN , ✓`,�)•   

•                 :     left-handed operators only couple to the SM left-handed neutrinos 
or SM right-handed antineutrinos.  

•                 :     right-handed operators only couple to the massive right-handed 
neutrinos. Its helicity can be both positive and negative.

<latexit sha1_base64="ZpsAf5NETyD0JGBhZqgPv0KKn3U=">AAAB8HicbVA9SwNBEJ2LXzF+RS1tFoNgFe4kqI0QtLGwiGA+JDnC3maTLNnbO3bnhHDkV9hYKGLrz7Hz37hJrtDEBwOP92aYmRfEUhh03W8nt7K6tr6R3yxsbe/s7hX3DxomSjTjdRbJSLcCargUitdRoOStWHMaBpI3g9HN1G8+cW1EpB5wHHM/pAMl+oJRtNJjJ+BIyRW56xZLbtmdgSwTLyMlyFDrFr86vYglIVfIJDWm7bkx+inVKJjkk0InMTymbEQHvG2poiE3fjo7eEJOrNIj/UjbUkhm6u+JlIbGjMPAdoYUh2bRm4r/ee0E+5d+KlScIFdsvqifSIIRmX5PekJzhnJsCWVa2FsJG1JNGdqMCjYEb/HlZdI4K3vn5cp9pVS9zuLIwxEcwyl4cAFVuIUa1IFBCM/wCm+Odl6cd+dj3ppzsplD+APn8weUHI+e</latexit>

� = L

<latexit sha1_base64="iwr90ZF8LbKuyf0zayTdrFRMA+U=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKexKUC9C0IvHKOYhyRJmJ51kyMzuMjMrhCVf4cWDIl79HG/+jZNkD5pY0FBUddPdFcSCa+O6305uZXVtfSO/Wdja3tndK+4fNHSUKIZ1FolItQKqUfAQ64Ybga1YIZWBwGYwupn6zSdUmkfhgxnH6Es6CHmfM2qs9NgJ0FByRe67xZJbdmcgy8TLSAky1LrFr04vYonE0DBBtW57bmz8lCrDmcBJoZNojCkb0QG2LQ2pRO2ns4Mn5MQqPdKPlK3QkJn6eyKlUuuxDGynpGaoF72p+J/XTkz/0k95GCcGQzZf1E8EMRGZfk96XCEzYmwJZYrbWwkbUkWZsRkVbAje4svLpHFW9s7LlbtKqXqdxZGHIziGU/DgAqpwCzWoAwMJz/AKb45yXpx352PemnOymUP4A+fzB500j6Q=</latexit>

� = R

<latexit sha1_base64="vEf9JDMwoZC/4i532DMSePsl4gQ="></latexit>

LS,R
� 1

2 ,�
1
2
, LV,R

1
2 ,�

1
2 ,�

, LT,R
� 1

2 ,�
1
2 ,��

0 / K++(mN )

<latexit sha1_base64="ZsUDOIlQHGrHEy5m/J32O3zWq9E="></latexit>

LV,R
� 1

2 ,�
1
2 ,�

, LT,R
1
2 ,�

1
2 ,��

0 / K+�(mN )

<latexit sha1_base64="2oM7hyR6jNHULuFhZfuN0YIJR3A="></latexit>

LV,R
1
2 ,

1
2 ,�

, LT,R
� 1

2 ,
1
2 ,��

0 / K�+(mN )

<latexit sha1_base64="onIL/ijqQA/JKub7wJ/Pf6F6sJ8="></latexit>

LS,R
1
2 ,

1
2
, LV,R

� 1
2 ,

1
2 ,�

, LT,R
1
2 ,

1
2 ,��

0 / K��(mN )
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<latexit sha1_base64="ZpsAf5NETyD0JGBhZqgPv0KKn3U=">AAAB8HicbVA9SwNBEJ2LXzF+RS1tFoNgFe4kqI0QtLGwiGA+JDnC3maTLNnbO3bnhHDkV9hYKGLrz7Hz37hJrtDEBwOP92aYmRfEUhh03W8nt7K6tr6R3yxsbe/s7hX3DxomSjTjdRbJSLcCargUitdRoOStWHMaBpI3g9HN1G8+cW1EpB5wHHM/pAMl+oJRtNJjJ+BIyRW56xZLbtmdgSwTLyMlyFDrFr86vYglIVfIJDWm7bkx+inVKJjkk0InMTymbEQHvG2poiE3fjo7eEJOrNIj/UjbUkhm6u+JlIbGjMPAdoYUh2bRm4r/ee0E+5d+KlScIFdsvqifSIIRmX5PekJzhnJsCWVa2FsJG1JNGdqMCjYEb/HlZdI4K3vn5cp9pVS9zuLIwxEcwyl4cAFVuIUa1IFBCM/wCm+Odl6cd+dj3ppzsplD+APn8weUHI+e</latexit>

� = L•  

Helicity amplitudes

<latexit sha1_base64="18rZzbmMvwWtx22ho0g8EM+adzc=">AAAB9HicbVBNSwMxEJ3Ur1q/qh69BIvgqeyKqMdSPXisYD+gu5Rsmm1Ds9k1yRbK0t/hxYMiXv0x3vw3pu0etPXBwOO9GWbmBYng2jjONyqsrW9sbhW3Szu7e/sH5cOjlo5TRVmTxiJWnYBoJrhkTcONYJ1EMRIFgrWD0e3Mb4+Z0jyWj2aSMD8iA8lDTomxku8FROE69kyM8V2vXHGqzhx4lbg5qUCORq/85fVjmkZMGiqI1l3XSYyfEWU4FWxa8lLNEkJHZMC6lkoSMe1n86On+MwqfRzGypY0eK7+nshIpPUkCmxnRMxQL3sz8T+vm5rwxs+4TFLDJF0sClOB7Y+zBHCfK0aNmFhCqOL2VkyHRBFqbE4lG4K7/PIqaV1U3avq5cNlpVbP4yjCCZzCObhwDTW4hwY0gcITPMMrvKExekHv6GPRWkD5zDH8Afr8AdhlkNs=</latexit>
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•  <latexit sha1_base64="iwr90ZF8LbKuyf0zayTdrFRMA+U=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKexKUC9C0IvHKOYhyRJmJ51kyMzuMjMrhCVf4cWDIl79HG/+jZNkD5pY0FBUddPdFcSCa+O6305uZXVtfSO/Wdja3tndK+4fNHSUKIZ1FolItQKqUfAQ64Ybga1YIZWBwGYwupn6zSdUmkfhgxnH6Es6CHmfM2qs9NgJ0FByRe67xZJbdmcgy8TLSAky1LrFr04vYonE0DBBtW57bmz8lCrDmcBJoZNojCkb0QG2LQ2pRO2ns4Mn5MQqPdKPlK3QkJn6eyKlUuuxDGynpGaoF72p+J/XTkz/0k95GCcGQzZf1E8EMRGZfk96XCEzYmwJZYrbWwkbUkWZsRkVbAje4svLpHFW9s7LlbtKqXqdxZGHIziGU/DgAqpwCzWoAwMJz/AKb45yXpx352PemnOymUP4A+fzB500j6Q=</latexit>

� = R

Helicity amplitudes

<latexit sha1_base64="18rZzbmMvwWtx22ho0g8EM+adzc=">AAAB9HicbVBNSwMxEJ3Ur1q/qh69BIvgqeyKqMdSPXisYD+gu5Rsmm1Ds9k1yRbK0t/hxYMiXv0x3vw3pu0etPXBwOO9GWbmBYng2jjONyqsrW9sbhW3Szu7e/sH5cOjlo5TRVmTxiJWnYBoJrhkTcONYJ1EMRIFgrWD0e3Mb4+Z0jyWj2aSMD8iA8lDTomxku8FROE69kyM8V2vXHGqzhx4lbg5qUCORq/85fVjmkZMGiqI1l3XSYyfEWU4FWxa8lLNEkJHZMC6lkoSMe1n86On+MwqfRzGypY0eK7+nshIpPUkCmxnRMxQL3sz8T+vm5rwxs+4TFLDJF0sClOB7Y+zBHCfK0aNmFhCqOL2VkyHRBFqbE4lG4K7/PIqaV1U3avq5cNlpVbP4yjCCZzCObhwDTW4hwY0gcITPMMrvKExekHv6GPRWkD5zDH8Afr8AdhlkNs=</latexit>

B̄ ! D


