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Motivation

Nick Rodd - The Consistent SMEFT

Bedrock field theory principles constrain the SMEFT

experimental
bounds

c2

c1

region forbidden
by IR consistency

parameter space

Unitarity, analyticity, and causality constraints on EFTs have found wide 
application in formal contexts - what do they reveal about the SMEFT?
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Outline

Nick Rodd - The Consistent SMEFT

Bedrock field theory principles constrain the SMEFT

1. Review IR consistency arguments

2. Bounds on the bosonic SMEFT

3. Bounds on the fermionic SMEFT

4. UV completions and our bounds

5. Phenomenology

SMEFT



1. IR Consistency

�1

s
<latexit sha1_base64="8r6dWOvdyfgmPOHEanDSQrmgcis=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlpu6XK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSrlW9i2qteVmp3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MH3/OM+w==</latexit>

C
<latexit sha1_base64="1zTishWexuliaVJX0kqqW9/5Pyk=">AAAB8nicdVDLSgMxFL3js9ZX1aWbYBFcDTN90HZX7MZlBfuA6VAyadqGZiZDkhHK0M9w40IRt36NO//GTFtBRQ8EDufcS849QcyZ0o7zYW1sbm3v7Ob28vsHh0fHhZPTrhKJJLRDBBeyH2BFOYtoRzPNaT+WFIcBp71g1sr83j2VionoTs9j6od4ErExI1gbyRuEWE8J5mlrMSwUHbtRr5TdCnLsajmDIW6j5FZryLWdJYqwRntYeB+MBElCGmnCsVKe68TaT7HUjHC6yA8SRWNMZnhCPUMjHFLlp8vIC3RplBEaC2lepNFS/b6R4lCpeRiYySyi+u1l4l+el+hx3U9ZFCeaRmT10TjhSAuU3Y9GTFKi+dwQTCQzWRGZYomJNi3lTQlfl6L/Sbdku2W7dFspNq/XdeTgHC7gClyoQRNuoA0dICDgAZ7g2dLWo/Viva5GN6z1zhn8gPX2Cd/3kac=</latexit>

C0
<latexit sha1_base64="ydg15GDaaJh8jAmvUHjtanFIqNg=">AAAB83icdVDLSgMxFM3UV62vqks3wSK6GjJTrXVX7MZlBfuAzlAyaaYNzWSGJCOUob/hxoUibv0Zd/6NmbaCih4IHM65l3tygoQzpRH6sAorq2vrG8XN0tb2zu5eef+go+JUEtomMY9lL8CKciZoWzPNaS+RFEcBp91g0sz97j2VisXiTk8T6kd4JFjICNZG8rwI6zHBPGvOTgflCrKRc1Gr1yCyXZTDkDqqXrkudOy5gCpgidag/O4NY5JGVGjCsVJ9ByXaz7DUjHA6K3mpogkmEzyifUMFjqjys3nmGTwxyhCGsTRPaDhXv29kOFJqGgVmMs+ofnu5+JfXT3VY9zMmklRTQRaHwpRDHcO8ADhkkhLNp4ZgIpnJCskYS0y0qalkSvj6KfyfdFzbqdru7Xmlcb2sowiOwDE4Aw64BA1wA1qgDQhIwAN4As9Waj1aL9brYrRgLXcOwQ9Yb58kgpHC</latexit>
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Unitarity and Analyticity

Nick Rodd - The Consistent SMEFT

Example from [Adams+ hep-th/0602178], 
see also [Pham, Truong 1985]

Here follow [Remmen, NLR 1908.09845]

Consider a single massless scalar, invariant under             + const.

L = �1

2
(@�)2 +

c

M4
(@�)4

<latexit sha1_base64="q9RToB6BAsYO7hcIfaAKgPm/I8A="></latexit>

� ! �

<latexit sha1_base64="KJiWNVRDpso6Ty+YyhBtNI/uu8Q=">AAAB9HicdVDLSsNAFL2pr1pfVZduBovgKiRarK4suHFZwT6gCWUynbRDJ5M4MymU0O9w40IRt36MO//GSVvB54ELh3Pu5d57goQzpR3n3SosLa+srhXXSxubW9s75d29lopTSWiTxDyWnQArypmgTc00p51EUhwFnLaD0VXut8dUKhaLWz1JqB/hgWAhI1gbyfeSIUOejlFOeuWKY5+6tbNqDf0mru3MUIEFGr3ym9ePSRpRoQnHSnVdJ9F+hqVmhNNpyUsVTTAZ4QHtGipwRJWfzY6eoiOj9FEYS1NCo5n6dSLDkVKTKDCdEdZD9dPLxb+8bqrDcz9jIkk1FWS+KEw5Ml/mCaA+k5RoPjEEE8nMrYgMscREm5xKJoTPT9H/pHViu1X74qZaqV8u4ijCARzCMbhQgzpcQwOaQOAO7uERnqyx9WA9Wy/z1oK1mNmHb7BePwCs/ZIS</latexit>
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Unitarity and Analyticity

What values of   are allowed?
Strategy:
1. Use analyticity to connect    and
2. Connect               to     via the optical theorem (unitarity)ImA(s)

<latexit sha1_base64="B4tvAoRt6jic6HMW4qcSsJXySPk=">AAACAHicdVDLSsNAFJ3UV62vqAsXbgaLUDch0WJ1IxU3uqtgH9CEMplO2qEzSZiZCCVk46+4caGIWz/DnX/jpK3g88CFwzn3cu89fsyoVLb9bhTm5hcWl4rLpZXVtfUNc3OrJaNEYNLEEYtEx0eSMBqSpqKKkU4sCOI+I21/dJH77VsiJI3CGzWOicfRIKQBxUhpqWfupK7g8Ipn0OVIDTFi6XlWkQc9s2xbR07tuFqDv4lj2ROUwQyNnvnm9iOccBIqzJCUXceOlZcioShmJCu5iSQxwiM0IF1NQ8SJ9NLJAxnc10ofBpHQFSo4Ub9OpIhLOea+7syvlD+9XPzL6yYqOPFSGsaJIiGeLgoSBlUE8zRgnwqCFRtrgrCg+laIh0ggrHRmJR3C56fwf9I6tJyqdXpdLdfPZnEUwS7YAxXggBqog0vQAE2AQQbuwSN4Mu6MB+PZeJm2FozZzDb4BuP1A10Xlkk=</latexit>

c

<latexit sha1_base64="9fw2VpzfY4UHWp0sTmdpMkhhzAc=">AAAB6HicdVDJSgNBEK2JW4xb1KOXxiB4GmY0GL1IwIvHBMwCyRB6OjVJm56F7h4hDPkCLx4U8eonefNv7CyC64OCx3tVVNXzE8GVdpx3K7e0vLK6ll8vbGxube8Ud/eaKk4lwwaLRSzbPlUoeIQNzbXAdiKRhr7Alj+6mvqtO5SKx9GNHifohXQQ8YAzqo1UZ71iybFP3cpZuUJ+E9d2ZijBArVe8a3bj1kaYqSZoEp1XCfRXkal5kzgpNBNFSaUjegAO4ZGNETlZbNDJ+TIKH0SxNJUpMlM/TqR0VCpceibzpDqofrpTcW/vE6qg3Mv41GSaozYfFGQCqJjMv2a9LlEpsXYEMokN7cSNqSSMm2yKZgQPj8l/5Pmie2W7Yt6uVS9XMSRhwM4hGNwoQJVuIYaNIABwj08wpN1az1Yz9bLvDVnLWb24Rus1w9CiI1D</latexit>

c

<latexit sha1_base64="Yq0gvxVNOQ1txQN9g19vkNjAO34=">AAAB6HicdZDLSgNBEEVr4ivGV9Slm8YguBomElF3ATeuJAHzgGQIPZ2apE3Pg+4eIQz5AjcuFHHrJ7nzb+xJJqCiFxoup6roquvFgivtOJ9WYWV1bX2juFna2t7Z3SvvH7RVlEiGLRaJSHY9qlDwEFuaa4HdWCINPIEdb3Kd1TsPKBWPwjs9jdEN6CjkPmdUG9Rkg3LFsc+dTMSxnaXJSTUnFcjVGJQ/+sOIJQGGmgmqVK/qxNpNqdScCZyV+onCmLIJHWHP2JAGqNx0vuiMnBgyJH4kzQs1mdPvEykNlJoGnukMqB6r37UM/lXrJdq/dFMexonGkC0+8hNBdESyq8mQS2RaTI2hTHKzK2FjKinTJpuSCWF5KfnftM/sas2+atYq9ds8jiIcwTGcQhUuoA430IAWMEB4hGd4se6tJ+vVelu0Fqx85hB+yHr/AtxzjQk=</latexit>

�

<latexit sha1_base64="XXl5K9c3x1BHPkUpWL5Yk4i6W+I=">AAAB7XicdVDJSgNBEK1xjXGLevTSGARPw4wGoxcJePEYwSyQDKGn00na9DJ09whhyD948aCIV//Hm39jZxFcHxQ83quiql6ccGZsELx7C4tLyyurubX8+sbm1nZhZ7duVKoJrRHFlW7G2FDOJK1ZZjltJppiEXPaiIeXE79xR7VhSt7YUUIjgfuS9RjB1kn1tmF9gTuFYuCfhOXTUhn9JqEfTFGEOaqdwlu7q0gqqLSEY2NaYZDYKMPaMsLpON9ODU0wGeI+bTkqsaAmyqbXjtGhU7qop7QradFU/TqRYWHMSMSuU2A7MD+9ifiX10pt7yzKmExSSyWZLeqlHFmFJq+jLtOUWD5yBBPN3K2IDLDGxLqA8i6Ez0/R/6R+7Icl//y6VKxczOPIwT4cwBGEUIYKXEEVakDgFu7hEZ485T14z97LrHXBm8/swTd4rx8Ygo9/</latexit>

ImA(s)

<latexit sha1_base64="B4tvAoRt6jic6HMW4qcSsJXySPk=">AAACAHicdVDLSsNAFJ3UV62vqAsXbgaLUDch0WJ1IxU3uqtgH9CEMplO2qEzSZiZCCVk46+4caGIWz/DnX/jpK3g88CFwzn3cu89fsyoVLb9bhTm5hcWl4rLpZXVtfUNc3OrJaNEYNLEEYtEx0eSMBqSpqKKkU4sCOI+I21/dJH77VsiJI3CGzWOicfRIKQBxUhpqWfupK7g8Ipn0OVIDTFi6XlWkQc9s2xbR07tuFqDv4lj2ROUwQyNnvnm9iOccBIqzJCUXceOlZcioShmJCu5iSQxwiM0IF1NQ8SJ9NLJAxnc10ofBpHQFSo4Ub9OpIhLOea+7syvlD+9XPzL6yYqOPFSGsaJIiGeLgoSBlUE8zRgnwqCFRtrgrCg+laIh0ggrHRmJR3C56fwf9I6tJyqdXpdLdfPZnEUwS7YAxXggBqog0vQAE2AQQbuwSN4Mu6MB+PZeJm2FozZzDb4BuP1A10Xlkk=</latexit>

Nick Rodd - The Consistent SMEFT

Example from [Adams+ hep-th/0602178], 
see also [Pham, Truong 1985]

Here follow [Remmen, NLR 1908.09845]

Consider a single massless scalar, invariant under             + const.

L = �1

2
(@�)2 +

c

M4
(@�)4

<latexit sha1_base64="q9RToB6BAsYO7hcIfaAKgPm/I8A="></latexit>

� ! �

<latexit sha1_base64="KJiWNVRDpso6Ty+YyhBtNI/uu8Q=">AAAB9HicdVDLSsNAFL2pr1pfVZduBovgKiRarK4suHFZwT6gCWUynbRDJ5M4MymU0O9w40IRt36MO//GSVvB54ELh3Pu5d57goQzpR3n3SosLa+srhXXSxubW9s75d29lopTSWiTxDyWnQArypmgTc00p51EUhwFnLaD0VXut8dUKhaLWz1JqB/hgWAhI1gbyfeSIUOejlFOeuWKY5+6tbNqDf0mru3MUIEFGr3ym9ePSRpRoQnHSnVdJ9F+hqVmhNNpyUsVTTAZ4QHtGipwRJWfzY6eoiOj9FEYS1NCo5n6dSLDkVKTKDCdEdZD9dPLxb+8bqrDcz9jIkk1FWS+KEw5Ml/mCaA+k5RoPjEEE8nMrYgMscREm5xKJoTPT9H/pHViu1X74qZaqV8u4ijCARzCMbhQgzpcQwOaQOAO7uERnqyx9WA9Wy/z1oK1mNmHb7BePwCs/ZIS</latexit>
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Unitarity and Analyticity

2-2 scattering with

� �

� �

p1

p3

p2

p4

L = �1

2
(@�)2 +

c

M4
(@�)4

<latexit sha1_base64="q9RToB6BAsYO7hcIfaAKgPm/I8A="></latexit>

Recall
0 = p1 + p2 + p3 + p4

s = �(p1 + p2)
2

t = �(p1 + p3)
2

u = �s� t

<latexit sha1_base64="/bLc9nY7ViYsEVZH6QblnS99hNo="></latexit>

Nick Rodd - The Consistent SMEFT
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Unitarity and Analyticity

2-2 scattering with

� �

� �

p1

p3

p2

p4

L = �1

2
(@�)2 +

c

M4
(@�)4

<latexit sha1_base64="q9RToB6BAsYO7hcIfaAKgPm/I8A="></latexit>

M(s, t) =
2c

M4
(s2 + t2 + u2)

<latexit sha1_base64="2gwWDAI4kmMm5dymrucTecTZxF0="></latexit>

Recall
0 = p1 + p2 + p3 + p4

s = �(p1 + p2)
2

t = �(p1 + p3)
2

u = �s� t

<latexit sha1_base64="/bLc9nY7ViYsEVZH6QblnS99hNo="></latexit>

Nick Rodd - The Consistent SMEFT
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Unitarity and Analyticity

2-2 scattering with                                                 in the forward limitL = �1

2
(@�)2 +

c

M4
(@�)4

<latexit sha1_base64="q9RToB6BAsYO7hcIfaAKgPm/I8A="></latexit>

� �

� �

p1

p1

p2

p2

Recall
0 = p1 + p2 + p3 + p4

s = �(p1 + p2)
2 ! s

t = �(p1 + p3)
2 ! 0

u = �s� t ! �s

<latexit sha1_base64="r70IzBxsTNkvc76vs9llTRfDcyk="></latexit>

A(s) =
4cs2

M4

<latexit sha1_base64="17GAvqMw9MfBbpVXcGDi2VFKwLA="></latexit>

Nick Rodd - The Consistent SMEFT
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Unitarity and Analyticity

2-2 scattering with                                                 in the forward limitL = �1

2
(@�)2 +

c

M4
(@�)4

<latexit sha1_base64="q9RToB6BAsYO7hcIfaAKgPm/I8A="></latexit>

Recall
0 = p1 + p2 + p3 + p4

s = �(p1 + p2)
2 ! s

t = �(p1 + p3)
2 ! 0

u = �s� t ! �s

<latexit sha1_base64="r70IzBxsTNkvc76vs9llTRfDcyk="></latexit>

A(s) =
4cs2

M4

<latexit sha1_base64="17GAvqMw9MfBbpVXcGDi2VFKwLA="></latexit>

� �

� �

p1

p1

p2

p2

Forward limit even in s

<latexit sha1_base64="lXO0w8P8z2XNzR5NPTq4rVc/m0Q=">AAAB6HicdVDLSsNAFL3xWeur6tLNYBFchSSGPnYFXbhswT6gDWUynbRjJw9mJkIJ/QI3LhRx6ye582+ctBVU9MCFwzn3cu89fsKZVJb1Yaytb2xubRd2irt7+weHpaPjjoxTQWibxDwWPR9LyllE24opTnuJoDj0Oe3606vc795TIVkc3apZQr0QjyMWMIKVllpyWCpbZr1WcdwKskzLqtqOnROn6l66yNZKjjKs0ByW3gejmKQhjRThWMq+bSXKy7BQjHA6Lw5SSRNMpnhM+5pGOKTSyxaHztG5VkYoiIWuSKGF+n0iw6GUs9DXnSFWE/nby8W/vH6qgpqXsShJFY3IclGQcqRilH+NRkxQovhME0wE07ciMsECE6WzKeoQvj5F/5OOY9quWW+55cb1Ko4CnMIZXIANVWjADTShDQQoPMATPBt3xqPxYrwuW9eM1cwJ/IDx9glDPY1H</latexit>

Cross 1 and 3 s ! u = �s� t; t ! t

<latexit sha1_base64="X6qnv1d/Fk1ycbOoCCwMnkS3PWo=">AAACAXicdVDLSgMxFM3UV62vUTeCm2ARXNhhRou1iFBw47KCfUCnlEyaaUMzD5I7Qil146+4caGIW//CnX9jOq3g80DgcM693JzjxYIrsO13IzM3v7C4lF3OrayurW+Ym1t1FSWSshqNRCSbHlFM8JDVgINgzVgyEniCNbzBxcRv3DCpeBRewzBm7YD0Qu5zSkBLHXNHYRcinOBzXFAFOHMPIRWgY+Zt69gpnRRL+DdxLDtFHs1Q7ZhvbjeiScBCoIIo1XLsGNojIoFTwcY5N1EsJnRAeqylaUgCptqjNMEY72uli/1I6hcCTtWvGyMSKDUMPD0ZEOirn95E/MtrJeCftkc8jBNgIZ0e8hOBJxF1HbjLJaMghpoQKrn+K6Z9IgkFXVpOl/CZFP9P6keWU7TKV8V8pTyrI4t20R46QA4qoQq6RFVUQxTdonv0iJ6MO+PBeDZepqMZY7azjb7BeP0A3X6VQQ==</latexit>

Kills dim-6 operators*

*Caveat: for particles with 
additional quantum numbers, 
crossing & forward limit aren’t 
just kinematic and can mismatch

See e.g. [Low+ 0907.5413]

Nick Rodd - The Consistent SMEFT

) M(s, t) = M(�s� t, t)

) A(s) = A(�s)

<latexit sha1_base64="0yhXwrcQZGq3FcaIq947pkett/M="></latexit>
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Unitarity and Analyticity

Study forward amplitude                                in the complex plane

Nick Rodd - The Consistent SMEFT

A(s) = 4cs2/M4

<latexit sha1_base64="RNDJ1/X59J2yJFNhclj0KXgPcVI=">AAACA3icdVDLSsNAFJ3UV62vqDvdDBahbmJSg9WFWHHjRqhgH9CmZTKdtEMnD2YmQgkFN/6KGxeKuPUn3Pk3TtoKPg9cOJxzL/fe40aMCmma71pmZnZufiG7mFtaXlld09c3aiKMOSZVHLKQN1wkCKMBqUoqGWlEnCDfZaTuDs5Tv35DuKBhcC2HEXF81AuoRzGSSuroWy0fyT5GLDkbFcQePIE2Fu3i/mXb7uh50ziwSod2Cf4mlmGOkQdTVDr6W6sb4tgngcQMCdG0zEg6CeKSYkZGuVYsSITwAPVIU9EA+UQ4yfiHEdxVShd6IVcVSDhWv04kyBdi6LuqM71Y/PRS8S+vGUvvyEloEMWSBHiyyIsZlCFMA4FdygmWbKgIwpyqWyHuI46wVLHlVAifn8L/Sa1oWLZxfGXny6fTOLJgG+yAArBACZTBBaiAKsDgFtyDR/Ck3WkP2rP2MmnNaNOZTfAN2usH2z6WZA==</latexit>

1

s
<latexit sha1_base64="8r6dWOvdyfgmPOHEanDSQrmgcis=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlpu6XK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSrlW9i2qteVmp3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MH3/OM+w==</latexit>

A(s)

<latexit sha1_base64="NuU9lsCMx8i+PN/JzuEKEdqu2nw=">AAAB9XicbVDLSsNAFL2pr1pfVZduBotQNyWRgrqy4sZlBfuANpbJdNIOnUzCzEQpIf/hxoUibv0Xd/6NkzYLbT0wcDjnXu6Z40WcKW3b31ZhZXVtfaO4Wdra3tndK+8ftFUYS0JbJOSh7HpYUc4EbWmmOe1GkuLA47TjTW4yv/NIpWKhuNfTiLoBHgnmM4K1kR76AdZjgnlynVbV6aBcsWv2DGiZODmpQI7moPzVH4YkDqjQhGOleo4daTfBUjPCaVrqx4pGmEzwiPYMFTigyk1mqVN0YpQh8kNpntBopv7eSHCg1DTwzGSWUi16mfif14u1f+EmTESxpoLMD/kxRzpEWQVoyCQlmk8NwUQykxWRMZaYaFNUyZTgLH55mbTPak69dnlXrzSu8jqKcATHUAUHzqEBt9CEFhCQ8Ayv8GY9WS/Wu/UxHy1Y+c4h/IH1+QMZc5JC</latexit>
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Unitarity and Analyticity

Study forward amplitude                                in the complex plane

Nick Rodd - The Consistent SMEFT

A(s) = 4cs2/M4

<latexit sha1_base64="RNDJ1/X59J2yJFNhclj0KXgPcVI=">AAACA3icdVDLSsNAFJ3UV62vqDvdDBahbmJSg9WFWHHjRqhgH9CmZTKdtEMnD2YmQgkFN/6KGxeKuPUn3Pk3TtoKPg9cOJxzL/fe40aMCmma71pmZnZufiG7mFtaXlld09c3aiKMOSZVHLKQN1wkCKMBqUoqGWlEnCDfZaTuDs5Tv35DuKBhcC2HEXF81AuoRzGSSuroWy0fyT5GLDkbFcQePIE2Fu3i/mXb7uh50ziwSod2Cf4mlmGOkQdTVDr6W6sb4tgngcQMCdG0zEg6CeKSYkZGuVYsSITwAPVIU9EA+UQ4yfiHEdxVShd6IVcVSDhWv04kyBdi6LuqM71Y/PRS8S+vGUvvyEloEMWSBHiyyIsZlCFMA4FdygmWbKgIwpyqWyHuI46wVLHlVAifn8L/Sa1oWLZxfGXny6fTOLJgG+yAArBACZTBBaiAKsDgFtyDR/Ck3WkP2rP2MmnNaNOZTfAN2usH2z6WZA==</latexit>

1

s
<latexit sha1_base64="8r6dWOvdyfgmPOHEanDSQrmgcis=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlpu6XK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSrlW9i2qteVmp3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MH3/OM+w==</latexit>

A(s)

<latexit sha1_base64="NuU9lsCMx8i+PN/JzuEKEdqu2nw=">AAAB9XicbVDLSsNAFL2pr1pfVZduBotQNyWRgrqy4sZlBfuANpbJdNIOnUzCzEQpIf/hxoUibv0Xd/6NkzYLbT0wcDjnXu6Z40WcKW3b31ZhZXVtfaO4Wdra3tndK+8ftFUYS0JbJOSh7HpYUc4EbWmmOe1GkuLA47TjTW4yv/NIpWKhuNfTiLoBHgnmM4K1kR76AdZjgnlynVbV6aBcsWv2DGiZODmpQI7moPzVH4YkDqjQhGOleo4daTfBUjPCaVrqx4pGmEzwiPYMFTigyk1mqVN0YpQh8kNpntBopv7eSHCg1DTwzGSWUi16mfif14u1f+EmTESxpoLMD/kxRzpEWQVoyCQlmk8NwUQykxWRMZaYaFNUyZTgLH55mbTPak69dnlXrzSu8jqKcATHUAUHzqEBt9CEFhCQ8Ayv8GY9WS/Wu/UxHy1Y+c4h/IH1+QMZc5JC</latexit>

1-pcle poles & n-pcle 
branch cuts in u-channel

1-pcle poles & n-pcle 
branch cuts in s-channel



Isolate coeff. via residue theorem

1

s
<latexit sha1_base64="8r6dWOvdyfgmPOHEanDSQrmgcis=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlpu6XK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSrlW9i2qteVmp3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MH3/OM+w==</latexit>

C
<latexit sha1_base64="1zTishWexuliaVJX0kqqW9/5Pyk=">AAAB8nicdVDLSgMxFL3js9ZX1aWbYBFcDTN90HZX7MZlBfuA6VAyadqGZiZDkhHK0M9w40IRt36NO//GTFtBRQ8EDufcS849QcyZ0o7zYW1sbm3v7Ob28vsHh0fHhZPTrhKJJLRDBBeyH2BFOYtoRzPNaT+WFIcBp71g1sr83j2VionoTs9j6od4ErExI1gbyRuEWE8J5mlrMSwUHbtRr5TdCnLsajmDIW6j5FZryLWdJYqwRntYeB+MBElCGmnCsVKe68TaT7HUjHC6yA8SRWNMZnhCPUMjHFLlp8vIC3RplBEaC2lepNFS/b6R4lCpeRiYySyi+u1l4l+el+hx3U9ZFCeaRmT10TjhSAuU3Y9GTFKi+dwQTCQzWRGZYomJNi3lTQlfl6L/Sbdku2W7dFspNq/XdeTgHC7gClyoQRNuoA0dICDgAZ7g2dLWo/Viva5GN6z1zhn8gPX2Cd/3kac=</latexit>

13

Unitarity and Analyticity

Study forward amplitude                                in the complex plane

Nick Rodd - The Consistent SMEFT

A(s) = 4cs2/M4

<latexit sha1_base64="RNDJ1/X59J2yJFNhclj0KXgPcVI=">AAACA3icdVDLSsNAFJ3UV62vqDvdDBahbmJSg9WFWHHjRqhgH9CmZTKdtEMnD2YmQgkFN/6KGxeKuPUn3Pk3TtoKPg9cOJxzL/fe40aMCmma71pmZnZufiG7mFtaXlld09c3aiKMOSZVHLKQN1wkCKMBqUoqGWlEnCDfZaTuDs5Tv35DuKBhcC2HEXF81AuoRzGSSuroWy0fyT5GLDkbFcQePIE2Fu3i/mXb7uh50ziwSod2Cf4mlmGOkQdTVDr6W6sb4tgngcQMCdG0zEg6CeKSYkZGuVYsSITwAPVIU9EA+UQ4yfiHEdxVShd6IVcVSDhWv04kyBdi6LuqM71Y/PRS8S+vGUvvyEloEMWSBHiyyIsZlCFMA4FdygmWbKgIwpyqWyHuI46wVLHlVAifn8L/Sa1oWLZxfGXny6fTOLJgG+yAArBACZTBBaiAKsDgFtyDR/Ck3WkP2rP2MmnNaNOZTfAN2usH2z6WZA==</latexit>

A(s)

<latexit sha1_base64="NuU9lsCMx8i+PN/JzuEKEdqu2nw=">AAAB9XicbVDLSsNAFL2pr1pfVZduBotQNyWRgrqy4sZlBfuANpbJdNIOnUzCzEQpIf/hxoUibv0Xd/6NkzYLbT0wcDjnXu6Z40WcKW3b31ZhZXVtfaO4Wdra3tndK+8ftFUYS0JbJOSh7HpYUc4EbWmmOe1GkuLA47TjTW4yv/NIpWKhuNfTiLoBHgnmM4K1kR76AdZjgnlynVbV6aBcsWv2DGiZODmpQI7moPzVH4YkDqjQhGOleo4daTfBUjPCaVrqx4pGmEzwiPYMFTigyk1mqVN0YpQh8kNpntBopv7eSHCg1DTwzGSWUi16mfif14u1f+EmTESxpoLMD/kxRzpEWQVoyCQlmk8NwUQykxWRMZaYaFNUyZTgLH55mbTPak69dnlXrzSu8jqKcATHUAUHzqEBt9CEFhCQ8Ayv8GY9WS/Wu/UxHy1Y+c4h/IH1+QMZc5JC</latexit>

4c

M4
=

1

2⇡i

I

C

ds

s3
A(s)

<latexit sha1_base64="3Sqg+k/ibireBrvdpeWOm8Ms5cU="></latexit>



Exploit analyticity of the amplitude

1

s
<latexit sha1_base64="8r6dWOvdyfgmPOHEanDSQrmgcis=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlpu6XK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSrlW9i2qteVmp3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MH3/OM+w==</latexit>

C
<latexit sha1_base64="1zTishWexuliaVJX0kqqW9/5Pyk=">AAAB8nicdVDLSgMxFL3js9ZX1aWbYBFcDTN90HZX7MZlBfuA6VAyadqGZiZDkhHK0M9w40IRt36NO//GTFtBRQ8EDufcS849QcyZ0o7zYW1sbm3v7Ob28vsHh0fHhZPTrhKJJLRDBBeyH2BFOYtoRzPNaT+WFIcBp71g1sr83j2VionoTs9j6od4ErExI1gbyRuEWE8J5mlrMSwUHbtRr5TdCnLsajmDIW6j5FZryLWdJYqwRntYeB+MBElCGmnCsVKe68TaT7HUjHC6yA8SRWNMZnhCPUMjHFLlp8vIC3RplBEaC2lepNFS/b6R4lCpeRiYySyi+u1l4l+el+hx3U9ZFCeaRmT10TjhSAuU3Y9GTFKi+dwQTCQzWRGZYomJNi3lTQlfl6L/Sbdku2W7dFspNq/XdeTgHC7gClyoQRNuoA0dICDgAZ7g2dLWo/Viva5GN6z1zhn8gPX2Cd/3kac=</latexit>

C0
<latexit sha1_base64="ydg15GDaaJh8jAmvUHjtanFIqNg=">AAAB83icdVDLSgMxFM3UV62vqks3wSK6GjJTrXVX7MZlBfuAzlAyaaYNzWSGJCOUob/hxoUibv0Zd/6NmbaCih4IHM65l3tygoQzpRH6sAorq2vrG8XN0tb2zu5eef+go+JUEtomMY9lL8CKciZoWzPNaS+RFEcBp91g0sz97j2VisXiTk8T6kd4JFjICNZG8rwI6zHBPGvOTgflCrKRc1Gr1yCyXZTDkDqqXrkudOy5gCpgidag/O4NY5JGVGjCsVJ9ByXaz7DUjHA6K3mpogkmEzyifUMFjqjys3nmGTwxyhCGsTRPaDhXv29kOFJqGgVmMs+ofnu5+JfXT3VY9zMmklRTQRaHwpRDHcO8ADhkkhLNp4ZgIpnJCskYS0y0qalkSvj6KfyfdFzbqdru7Xmlcb2sowiOwDE4Aw64BA1wA1qgDQhIwAN4As9Waj1aL9brYrRgLXcOwQ9Yb58kgpHC</latexit>

14

Unitarity and Analyticity
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Nick Rodd - The Consistent SMEFT

A(s) = 4cs2/M4

<latexit sha1_base64="RNDJ1/X59J2yJFNhclj0KXgPcVI=">AAACA3icdVDLSsNAFJ3UV62vqDvdDBahbmJSg9WFWHHjRqhgH9CmZTKdtEMnD2YmQgkFN/6KGxeKuPUn3Pk3TtoKPg9cOJxzL/fe40aMCmma71pmZnZufiG7mFtaXlld09c3aiKMOSZVHLKQN1wkCKMBqUoqGWlEnCDfZaTuDs5Tv35DuKBhcC2HEXF81AuoRzGSSuroWy0fyT5GLDkbFcQePIE2Fu3i/mXb7uh50ziwSod2Cf4mlmGOkQdTVDr6W6sb4tgngcQMCdG0zEg6CeKSYkZGuVYsSITwAPVIU9EA+UQ4yfiHEdxVShd6IVcVSDhWv04kyBdi6LuqM71Y/PRS8S+vGUvvyEloEMWSBHiyyIsZlCFMA4FdygmWbKgIwpyqWyHuI46wVLHlVAifn8L/Sa1oWLZxfGXny6fTOLJgG+yAArBACZTBBaiAKsDgFtyDR/Ck3WkP2rP2MmnNaNOZTfAN2usH2z6WZA==</latexit>

A(s)

<latexit sha1_base64="NuU9lsCMx8i+PN/JzuEKEdqu2nw=">AAAB9XicbVDLSsNAFL2pr1pfVZduBotQNyWRgrqy4sZlBfuANpbJdNIOnUzCzEQpIf/hxoUibv0Xd/6NkzYLbT0wcDjnXu6Z40WcKW3b31ZhZXVtfaO4Wdra3tndK+8ftFUYS0JbJOSh7HpYUc4EbWmmOe1GkuLA47TjTW4yv/NIpWKhuNfTiLoBHgnmM4K1kR76AdZjgnlynVbV6aBcsWv2DGiZODmpQI7moPzVH4YkDqjQhGOleo4daTfBUjPCaVrqx4pGmEzwiPYMFTigyk1mqVN0YpQh8kNpntBopv7eSHCg1DTwzGSWUi16mfif14u1f+EmTESxpoLMD/kxRzpEWQVoyCQlmk8NwUQykxWRMZaYaFNUyZTgLH55mbTPak69dnlXrzSu8jqKcATHUAUHzqEBt9CEFhCQ8Ayv8GY9WS/Wu/UxHy1Y+c4h/IH1+QMZc5JC</latexit>

4c

M4
=

1

2⇡i

I

C

ds

s3
A(s)

=
1

2⇡i

I

C0

ds

s3
A(s)

<latexit sha1_base64="PGnwa4B93GdOexN9iKqtyVDm+uk="></latexit>



1

s
<latexit sha1_base64="8r6dWOvdyfgmPOHEanDSQrmgcis=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlpu6XK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSrlW9i2qteVmp3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MH3/OM+w==</latexit>

C
<latexit sha1_base64="1zTishWexuliaVJX0kqqW9/5Pyk=">AAAB8nicdVDLSgMxFL3js9ZX1aWbYBFcDTN90HZX7MZlBfuA6VAyadqGZiZDkhHK0M9w40IRt36NO//GTFtBRQ8EDufcS849QcyZ0o7zYW1sbm3v7Ob28vsHh0fHhZPTrhKJJLRDBBeyH2BFOYtoRzPNaT+WFIcBp71g1sr83j2VionoTs9j6od4ErExI1gbyRuEWE8J5mlrMSwUHbtRr5TdCnLsajmDIW6j5FZryLWdJYqwRntYeB+MBElCGmnCsVKe68TaT7HUjHC6yA8SRWNMZnhCPUMjHFLlp8vIC3RplBEaC2lepNFS/b6R4lCpeRiYySyi+u1l4l+el+hx3U9ZFCeaRmT10TjhSAuU3Y9GTFKi+dwQTCQzWRGZYomJNi3lTQlfl6L/Sbdku2W7dFspNq/XdeTgHC7gClyoQRNuoA0dICDgAZ7g2dLWo/Viva5GN6z1zhn8gPX2Cd/3kac=</latexit>

C0
<latexit sha1_base64="ydg15GDaaJh8jAmvUHjtanFIqNg=">AAAB83icdVDLSgMxFM3UV62vqks3wSK6GjJTrXVX7MZlBfuAzlAyaaYNzWSGJCOUob/hxoUibv0Zd/6NmbaCih4IHM65l3tygoQzpRH6sAorq2vrG8XN0tb2zu5eef+go+JUEtomMY9lL8CKciZoWzPNaS+RFEcBp91g0sz97j2VisXiTk8T6kd4JFjICNZG8rwI6zHBPGvOTgflCrKRc1Gr1yCyXZTDkDqqXrkudOy5gCpgidag/O4NY5JGVGjCsVJ9ByXaz7DUjHA6K3mpogkmEzyifUMFjqjys3nmGTwxyhCGsTRPaDhXv29kOFJqGgVmMs+ofnu5+JfXT3VY9zMmklRTQRaHwpRDHcO8ADhkkhLNp4ZgIpnJCskYS0y0qalkSvj6KfyfdFzbqdru7Xmlcb2sowiOwDE4Aw64BA1wA1qgDQhIwAN4As9Waj1aL9brYrRgLXcOwQ9Yb58kgpHC</latexit>

15
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Nick Rodd - The Consistent SMEFT

A(s) = 4cs2/M4

<latexit sha1_base64="RNDJ1/X59J2yJFNhclj0KXgPcVI=">AAACA3icdVDLSsNAFJ3UV62vqDvdDBahbmJSg9WFWHHjRqhgH9CmZTKdtEMnD2YmQgkFN/6KGxeKuPUn3Pk3TtoKPg9cOJxzL/fe40aMCmma71pmZnZufiG7mFtaXlld09c3aiKMOSZVHLKQN1wkCKMBqUoqGWlEnCDfZaTuDs5Tv35DuKBhcC2HEXF81AuoRzGSSuroWy0fyT5GLDkbFcQePIE2Fu3i/mXb7uh50ziwSod2Cf4mlmGOkQdTVDr6W6sb4tgngcQMCdG0zEg6CeKSYkZGuVYsSITwAPVIU9EA+UQ4yfiHEdxVShd6IVcVSDhWv04kyBdi6LuqM71Y/PRS8S+vGUvvyEloEMWSBHiyyIsZlCFMA4FdygmWbKgIwpyqWyHuI46wVLHlVAifn8L/Sa1oWLZxfGXny6fTOLJgG+yAArBACZTBBaiAKsDgFtyDR/Ck3WkP2rP2MmnNaNOZTfAN2usH2z6WZA==</latexit>

A(s)

<latexit sha1_base64="NuU9lsCMx8i+PN/JzuEKEdqu2nw=">AAAB9XicbVDLSsNAFL2pr1pfVZduBotQNyWRgrqy4sZlBfuANpbJdNIOnUzCzEQpIf/hxoUibv0Xd/6NkzYLbT0wcDjnXu6Z40WcKW3b31ZhZXVtfaO4Wdra3tndK+8ftFUYS0JbJOSh7HpYUc4EbWmmOe1GkuLA47TjTW4yv/NIpWKhuNfTiLoBHgnmM4K1kR76AdZjgnlynVbV6aBcsWv2DGiZODmpQI7moPzVH4YkDqjQhGOleo4daTfBUjPCaVrqx4pGmEzwiPYMFTigyk1mqVN0YpQh8kNpntBopv7eSHCg1DTwzGSWUi16mfif14u1f+EmTESxpoLMD/kxRzpEWQVoyCQlmk8NwUQykxWRMZaYaFNUyZTgLH55mbTPak69dnlXrzSu8jqKcATHUAUHzqEBt9CEFhCQ8Ayv8GY9WS/Wu/UxHy1Y+c4h/IH1+QMZc5JC</latexit>

Remove boundary term via Froissart bound

4c

M4
=

1

2⇡i

I

C

ds

s3
A(s)

=
1

2⇡i

I

C0

ds

s3
A(s)

=
1

2⇡i

✓Z �sd

�1
+

Z 1

sd

◆
ds

s3
DiscA(s)

<latexit sha1_base64="r6jGupAHDQ3jHyXX2SJNdEM4Ams="></latexit>

DiscA(s) = lim
✏!0

[A(s+ i✏)�A(s� i✏)]

<latexit sha1_base64="pC3cViK9RSPrn2vSTDmOG1JzlrQ="></latexit>



1

s
<latexit sha1_base64="8r6dWOvdyfgmPOHEanDSQrmgcis=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlpu6XK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSrlW9i2qteVmp3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MH3/OM+w==</latexit>

C
<latexit sha1_base64="1zTishWexuliaVJX0kqqW9/5Pyk=">AAAB8nicdVDLSgMxFL3js9ZX1aWbYBFcDTN90HZX7MZlBfuA6VAyadqGZiZDkhHK0M9w40IRt36NO//GTFtBRQ8EDufcS849QcyZ0o7zYW1sbm3v7Ob28vsHh0fHhZPTrhKJJLRDBBeyH2BFOYtoRzPNaT+WFIcBp71g1sr83j2VionoTs9j6od4ErExI1gbyRuEWE8J5mlrMSwUHbtRr5TdCnLsajmDIW6j5FZryLWdJYqwRntYeB+MBElCGmnCsVKe68TaT7HUjHC6yA8SRWNMZnhCPUMjHFLlp8vIC3RplBEaC2lepNFS/b6R4lCpeRiYySyi+u1l4l+el+hx3U9ZFCeaRmT10TjhSAuU3Y9GTFKi+dwQTCQzWRGZYomJNi3lTQlfl6L/Sbdku2W7dFspNq/XdeTgHC7gClyoQRNuoA0dICDgAZ7g2dLWo/Viva5GN6z1zhn8gPX2Cd/3kac=</latexit>

C0
<latexit sha1_base64="ydg15GDaaJh8jAmvUHjtanFIqNg=">AAAB83icdVDLSgMxFM3UV62vqks3wSK6GjJTrXVX7MZlBfuAzlAyaaYNzWSGJCOUob/hxoUibv0Zd/6NmbaCih4IHM65l3tygoQzpRH6sAorq2vrG8XN0tb2zu5eef+go+JUEtomMY9lL8CKciZoWzPNaS+RFEcBp91g0sz97j2VisXiTk8T6kd4JFjICNZG8rwI6zHBPGvOTgflCrKRc1Gr1yCyXZTDkDqqXrkudOy5gCpgidag/O4NY5JGVGjCsVJ9ByXaz7DUjHA6K3mpogkmEzyifUMFjqjys3nmGTwxyhCGsTRPaDhXv29kOFJqGgVmMs+ofnu5+JfXT3VY9zMmklRTQRaHwpRDHcO8ADhkkhLNp4ZgIpnJCskYS0y0qalkSvj6KfyfdFzbqdru7Xmlcb2sowiOwDE4Aw64BA1wA1qgDQhIwAN4As9Waj1aL9brYrRgLXcOwQ9Yb58kgpHC</latexit>
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<latexit sha1_base64="RNDJ1/X59J2yJFNhclj0KXgPcVI=">AAACA3icdVDLSsNAFJ3UV62vqDvdDBahbmJSg9WFWHHjRqhgH9CmZTKdtEMnD2YmQgkFN/6KGxeKuPUn3Pk3TtoKPg9cOJxzL/fe40aMCmma71pmZnZufiG7mFtaXlld09c3aiKMOSZVHLKQN1wkCKMBqUoqGWlEnCDfZaTuDs5Tv35DuKBhcC2HEXF81AuoRzGSSuroWy0fyT5GLDkbFcQePIE2Fu3i/mXb7uh50ziwSod2Cf4mlmGOkQdTVDr6W6sb4tgngcQMCdG0zEg6CeKSYkZGuVYsSITwAPVIU9EA+UQ4yfiHEdxVShd6IVcVSDhWv04kyBdi6LuqM71Y/PRS8S+vGUvvyEloEMWSBHiyyIsZlCFMA4FdygmWbKgIwpyqWyHuI46wVLHlVAifn8L/Sa1oWLZxfGXny6fTOLJgG+yAArBACZTBBaiAKsDgFtyDR/Ck3WkP2rP2MmnNaNOZTfAN2usH2z6WZA==</latexit>

A(s)

<latexit sha1_base64="NuU9lsCMx8i+PN/JzuEKEdqu2nw=">AAAB9XicbVDLSsNAFL2pr1pfVZduBotQNyWRgrqy4sZlBfuANpbJdNIOnUzCzEQpIf/hxoUibv0Xd/6NkzYLbT0wcDjnXu6Z40WcKW3b31ZhZXVtfaO4Wdra3tndK+8ftFUYS0JbJOSh7HpYUc4EbWmmOe1GkuLA47TjTW4yv/NIpWKhuNfTiLoBHgnmM4K1kR76AdZjgnlynVbV6aBcsWv2DGiZODmpQI7moPzVH4YkDqjQhGOleo4daTfBUjPCaVrqx4pGmEzwiPYMFTigyk1mqVN0YpQh8kNpntBopv7eSHCg1DTwzGSWUi16mfif14u1f+EmTESxpoLMD/kxRzpEWQVoyCQlmk8NwUQykxWRMZaYaFNUyZTgLH55mbTPak69dnlXrzSu8jqKcATHUAUHzqEBt9CEFhCQ8Ayv8GY9WS/Wu/UxHy1Y+c4h/IH1+QMZc5JC</latexit>

Invoke crossing symmetry
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<latexit sha1_base64="4vRHwza92GkWMOqOT0JawzmhVro="></latexit>

DiscA(s) = lim
✏!0

[A(s+ i✏)�A(s� i✏)]

<latexit sha1_base64="pC3cViK9RSPrn2vSTDmOG1JzlrQ="></latexit>



1

s
<latexit sha1_base64="8r6dWOvdyfgmPOHEanDSQrmgcis=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlpu6XK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSrlW9i2qteVmp3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MH3/OM+w==</latexit>

C
<latexit sha1_base64="1zTishWexuliaVJX0kqqW9/5Pyk=">AAAB8nicdVDLSgMxFL3js9ZX1aWbYBFcDTN90HZX7MZlBfuA6VAyadqGZiZDkhHK0M9w40IRt36NO//GTFtBRQ8EDufcS849QcyZ0o7zYW1sbm3v7Ob28vsHh0fHhZPTrhKJJLRDBBeyH2BFOYtoRzPNaT+WFIcBp71g1sr83j2VionoTs9j6od4ErExI1gbyRuEWE8J5mlrMSwUHbtRr5TdCnLsajmDIW6j5FZryLWdJYqwRntYeB+MBElCGmnCsVKe68TaT7HUjHC6yA8SRWNMZnhCPUMjHFLlp8vIC3RplBEaC2lepNFS/b6R4lCpeRiYySyi+u1l4l+el+hx3U9ZFCeaRmT10TjhSAuU3Y9GTFKi+dwQTCQzWRGZYomJNi3lTQlfl6L/Sbdku2W7dFspNq/XdeTgHC7gClyoQRNuoA0dICDgAZ7g2dLWo/Viva5GN6z1zhn8gPX2Cd/3kac=</latexit>

C0
<latexit sha1_base64="ydg15GDaaJh8jAmvUHjtanFIqNg=">AAAB83icdVDLSgMxFM3UV62vqks3wSK6GjJTrXVX7MZlBfuAzlAyaaYNzWSGJCOUob/hxoUibv0Zd/6NmbaCih4IHM65l3tygoQzpRH6sAorq2vrG8XN0tb2zu5eef+go+JUEtomMY9lL8CKciZoWzPNaS+RFEcBp91g0sz97j2VisXiTk8T6kd4JFjICNZG8rwI6zHBPGvOTgflCrKRc1Gr1yCyXZTDkDqqXrkudOy5gCpgidag/O4NY5JGVGjCsVJ9ByXaz7DUjHA6K3mpogkmEzyifUMFjqjys3nmGTwxyhCGsTRPaDhXv29kOFJqGgVmMs+ofnu5+JfXT3VY9zMmklRTQRaHwpRDHcO8ADhkkhLNp4ZgIpnJCskYS0y0qalkSvj6KfyfdFzbqdru7Xmlcb2sowiOwDE4Aw64BA1wA1qgDQhIwAN4As9Waj1aL9brYrRgLXcOwQ9Yb58kgpHC</latexit>
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Unitarity and Analyticity

Study forward amplitude                                in the complex plane

Nick Rodd - The Consistent SMEFT

A(s) = 4cs2/M4

<latexit sha1_base64="RNDJ1/X59J2yJFNhclj0KXgPcVI=">AAACA3icdVDLSsNAFJ3UV62vqDvdDBahbmJSg9WFWHHjRqhgH9CmZTKdtEMnD2YmQgkFN/6KGxeKuPUn3Pk3TtoKPg9cOJxzL/fe40aMCmma71pmZnZufiG7mFtaXlld09c3aiKMOSZVHLKQN1wkCKMBqUoqGWlEnCDfZaTuDs5Tv35DuKBhcC2HEXF81AuoRzGSSuroWy0fyT5GLDkbFcQePIE2Fu3i/mXb7uh50ziwSod2Cf4mlmGOkQdTVDr6W6sb4tgngcQMCdG0zEg6CeKSYkZGuVYsSITwAPVIU9EA+UQ4yfiHEdxVShd6IVcVSDhWv04kyBdi6LuqM71Y/PRS8S+vGUvvyEloEMWSBHiyyIsZlCFMA4FdygmWbKgIwpyqWyHuI46wVLHlVAifn8L/Sa1oWLZxfGXny6fTOLJgG+yAArBACZTBBaiAKsDgFtyDR/Ck3WkP2rP2MmnNaNOZTfAN2usH2z6WZA==</latexit>

A(s)

<latexit sha1_base64="NuU9lsCMx8i+PN/JzuEKEdqu2nw=">AAAB9XicbVDLSsNAFL2pr1pfVZduBotQNyWRgrqy4sZlBfuANpbJdNIOnUzCzEQpIf/hxoUibv0Xd/6NkzYLbT0wcDjnXu6Z40WcKW3b31ZhZXVtfaO4Wdra3tndK+8ftFUYS0JbJOSh7HpYUc4EbWmmOe1GkuLA47TjTW4yv/NIpWKhuNfTiLoBHgnmM4K1kR76AdZjgnlynVbV6aBcsWv2DGiZODmpQI7moPzVH4YkDqjQhGOleo4daTfBUjPCaVrqx4pGmEzwiPYMFTigyk1mqVN0YpQh8kNpntBopv7eSHCg1DTwzGSWUi16mfif14u1f+EmTESxpoLMD/kxRzpEWQVoyCQlmk8NwUQykxWRMZaYaFNUyZTgLH55mbTPak69dnlXrzSu8jqKcATHUAUHzqEBt9CEFhCQ8Ayv8GY9WS/Wu/UxHy1Y+c4h/IH1+QMZc5JC</latexit>

Relate Disc and Im
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<latexit sha1_base64="UXjzITAWmO5Ir3YzDX6JJViEjZw="></latexit>

DiscA(s) = lim
✏!0

[A(s+ i✏)�A(s� i✏)]

<latexit sha1_base64="pC3cViK9RSPrn2vSTDmOG1JzlrQ="></latexit>



1

s
<latexit sha1_base64="8r6dWOvdyfgmPOHEanDSQrmgcis=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlpu6XK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSrlW9i2qteVmp3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MH3/OM+w==</latexit>

C
<latexit sha1_base64="1zTishWexuliaVJX0kqqW9/5Pyk=">AAAB8nicdVDLSgMxFL3js9ZX1aWbYBFcDTN90HZX7MZlBfuA6VAyadqGZiZDkhHK0M9w40IRt36NO//GTFtBRQ8EDufcS849QcyZ0o7zYW1sbm3v7Ob28vsHh0fHhZPTrhKJJLRDBBeyH2BFOYtoRzPNaT+WFIcBp71g1sr83j2VionoTs9j6od4ErExI1gbyRuEWE8J5mlrMSwUHbtRr5TdCnLsajmDIW6j5FZryLWdJYqwRntYeB+MBElCGmnCsVKe68TaT7HUjHC6yA8SRWNMZnhCPUMjHFLlp8vIC3RplBEaC2lepNFS/b6R4lCpeRiYySyi+u1l4l+el+hx3U9ZFCeaRmT10TjhSAuU3Y9GTFKi+dwQTCQzWRGZYomJNi3lTQlfl6L/Sbdku2W7dFspNq/XdeTgHC7gClyoQRNuoA0dICDgAZ7g2dLWo/Viva5GN6z1zhn8gPX2Cd/3kac=</latexit>

C0
<latexit sha1_base64="ydg15GDaaJh8jAmvUHjtanFIqNg=">AAAB83icdVDLSgMxFM3UV62vqks3wSK6GjJTrXVX7MZlBfuAzlAyaaYNzWSGJCOUob/hxoUibv0Zd/6NmbaCih4IHM65l3tygoQzpRH6sAorq2vrG8XN0tb2zu5eef+go+JUEtomMY9lL8CKciZoWzPNaS+RFEcBp91g0sz97j2VisXiTk8T6kd4JFjICNZG8rwI6zHBPGvOTgflCrKRc1Gr1yCyXZTDkDqqXrkudOy5gCpgidag/O4NY5JGVGjCsVJ9ByXaz7DUjHA6K3mpogkmEzyifUMFjqjys3nmGTwxyhCGsTRPaDhXv29kOFJqGgVmMs+ofnu5+JfXT3VY9zMmklRTQRaHwpRDHcO8ADhkkhLNp4ZgIpnJCskYS0y0qalkSvj6KfyfdFzbqdru7Xmlcb2sowiOwDE4Aw64BA1wA1qgDQhIwAN4As9Waj1aL9brYrRgLXcOwQ9Yb58kgpHC</latexit>
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Unitarity and Analyticity

Study forward amplitude                                in the complex plane

Nick Rodd - The Consistent SMEFT

A(s) = 4cs2/M4

<latexit sha1_base64="RNDJ1/X59J2yJFNhclj0KXgPcVI=">AAACA3icdVDLSsNAFJ3UV62vqDvdDBahbmJSg9WFWHHjRqhgH9CmZTKdtEMnD2YmQgkFN/6KGxeKuPUn3Pk3TtoKPg9cOJxzL/fe40aMCmma71pmZnZufiG7mFtaXlld09c3aiKMOSZVHLKQN1wkCKMBqUoqGWlEnCDfZaTuDs5Tv35DuKBhcC2HEXF81AuoRzGSSuroWy0fyT5GLDkbFcQePIE2Fu3i/mXb7uh50ziwSod2Cf4mlmGOkQdTVDr6W6sb4tgngcQMCdG0zEg6CeKSYkZGuVYsSITwAPVIU9EA+UQ4yfiHEdxVShd6IVcVSDhWv04kyBdi6LuqM71Y/PRS8S+vGUvvyEloEMWSBHiyyIsZlCFMA4FdygmWbKgIwpyqWyHuI46wVLHlVAifn8L/Sa1oWLZxfGXny6fTOLJgG+yAArBACZTBBaiAKsDgFtyDR/Ck3WkP2rP2MmnNaNOZTfAN2usH2z6WZA==</latexit>

A(s)

<latexit sha1_base64="NuU9lsCMx8i+PN/JzuEKEdqu2nw=">AAAB9XicbVDLSsNAFL2pr1pfVZduBotQNyWRgrqy4sZlBfuANpbJdNIOnUzCzEQpIf/hxoUibv0Xd/6NkzYLbT0wcDjnXu6Z40WcKW3b31ZhZXVtfaO4Wdra3tndK+8ftFUYS0JbJOSh7HpYUc4EbWmmOe1GkuLA47TjTW4yv/NIpWKhuNfTiLoBHgnmM4K1kR76AdZjgnlynVbV6aBcsWv2DGiZODmpQI7moPzVH4YkDqjQhGOleo4daTfBUjPCaVrqx4pGmEzwiPYMFTigyk1mqVN0YpQh8kNpntBopv7eSHCg1DTwzGSWUi16mfif14u1f+EmTESxpoLMD/kxRzpEWQVoyCQlmk8NwUQykxWRMZaYaFNUyZTgLH55mbTPak69dnlXrzSu8jqKcATHUAUHzqEBt9CEFhCQ8Ayv8GY9WS/Wu/UxHy1Y+c4h/IH1+QMZc5JC</latexit>

Exploit unitarity via the optical theorem
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<latexit sha1_base64="5dYrZCj2mwc+XWQRhGEFXZO3LrM="></latexit>



1

s
<latexit sha1_base64="8r6dWOvdyfgmPOHEanDSQrmgcis=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlpu6XK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSrlW9i2qteVmp3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MH3/OM+w==</latexit>

C
<latexit sha1_base64="1zTishWexuliaVJX0kqqW9/5Pyk=">AAAB8nicdVDLSgMxFL3js9ZX1aWbYBFcDTN90HZX7MZlBfuA6VAyadqGZiZDkhHK0M9w40IRt36NO//GTFtBRQ8EDufcS849QcyZ0o7zYW1sbm3v7Ob28vsHh0fHhZPTrhKJJLRDBBeyH2BFOYtoRzPNaT+WFIcBp71g1sr83j2VionoTs9j6od4ErExI1gbyRuEWE8J5mlrMSwUHbtRr5TdCnLsajmDIW6j5FZryLWdJYqwRntYeB+MBElCGmnCsVKe68TaT7HUjHC6yA8SRWNMZnhCPUMjHFLlp8vIC3RplBEaC2lepNFS/b6R4lCpeRiYySyi+u1l4l+el+hx3U9ZFCeaRmT10TjhSAuU3Y9GTFKi+dwQTCQzWRGZYomJNi3lTQlfl6L/Sbdku2W7dFspNq/XdeTgHC7gClyoQRNuoA0dICDgAZ7g2dLWo/Viva5GN6z1zhn8gPX2Cd/3kac=</latexit>

C0
<latexit sha1_base64="ydg15GDaaJh8jAmvUHjtanFIqNg=">AAAB83icdVDLSgMxFM3UV62vqks3wSK6GjJTrXVX7MZlBfuAzlAyaaYNzWSGJCOUob/hxoUibv0Zd/6NmbaCih4IHM65l3tygoQzpRH6sAorq2vrG8XN0tb2zu5eef+go+JUEtomMY9lL8CKciZoWzPNaS+RFEcBp91g0sz97j2VisXiTk8T6kd4JFjICNZG8rwI6zHBPGvOTgflCrKRc1Gr1yCyXZTDkDqqXrkudOy5gCpgidag/O4NY5JGVGjCsVJ9ByXaz7DUjHA6K3mpogkmEzyifUMFjqjys3nmGTwxyhCGsTRPaDhXv29kOFJqGgVmMs+ofnu5+JfXT3VY9zMmklRTQRaHwpRDHcO8ADhkkhLNp4ZgIpnJCskYS0y0qalkSvj6KfyfdFzbqdru7Xmlcb2sowiOwDE4Aw64BA1wA1qgDQhIwAN4As9Waj1aL9brYrRgLXcOwQ9Yb58kgpHC</latexit>
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Unitarity and Analyticity

Study forward amplitude                                in the complex plane

Nick Rodd - The Consistent SMEFT

A(s) = 4cs2/M4

<latexit sha1_base64="RNDJ1/X59J2yJFNhclj0KXgPcVI=">AAACA3icdVDLSsNAFJ3UV62vqDvdDBahbmJSg9WFWHHjRqhgH9CmZTKdtEMnD2YmQgkFN/6KGxeKuPUn3Pk3TtoKPg9cOJxzL/fe40aMCmma71pmZnZufiG7mFtaXlld09c3aiKMOSZVHLKQN1wkCKMBqUoqGWlEnCDfZaTuDs5Tv35DuKBhcC2HEXF81AuoRzGSSuroWy0fyT5GLDkbFcQePIE2Fu3i/mXb7uh50ziwSod2Cf4mlmGOkQdTVDr6W6sb4tgngcQMCdG0zEg6CeKSYkZGuVYsSITwAPVIU9EA+UQ4yfiHEdxVShd6IVcVSDhWv04kyBdi6LuqM71Y/PRS8S+vGUvvyEloEMWSBHiyyIsZlCFMA4FdygmWbKgIwpyqWyHuI46wVLHlVAifn8L/Sa1oWLZxfGXny6fTOLJgG+yAArBACZTBBaiAKsDgFtyDR/Ck3WkP2rP2MmnNaNOZTfAN2usH2z6WZA==</latexit>

A(s)

<latexit sha1_base64="NuU9lsCMx8i+PN/JzuEKEdqu2nw=">AAAB9XicbVDLSsNAFL2pr1pfVZduBotQNyWRgrqy4sZlBfuANpbJdNIOnUzCzEQpIf/hxoUibv0Xd/6NkzYLbT0wcDjnXu6Z40WcKW3b31ZhZXVtfaO4Wdra3tndK+8ftFUYS0JbJOSh7HpYUc4EbWmmOe1GkuLA47TjTW4yv/NIpWKhuNfTiLoBHgnmM4K1kR76AdZjgnlynVbV6aBcsWv2DGiZODmpQI7moPzVH4YkDqjQhGOleo4daTfBUjPCaVrqx4pGmEzwiPYMFTigyk1mqVN0YpQh8kNpntBopv7eSHCg1DTwzGSWUi16mfif14u1f+EmTESxpoLMD/kxRzpEWQVoyCQlmk8NwUQykxWRMZaYaFNUyZTgLH55mbTPak69dnlXrzSu8jqKcATHUAUHzqEBt9CEFhCQ8Ayv8GY9WS/Wu/UxHy1Y+c4h/IH1+QMZc5JC</latexit>

Cross section is positive definite
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<latexit sha1_base64="ilCai5jWRwSM0YwHvj2SuBAh9YE="></latexit>
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Unitarity and Analyticity

Study forward amplitude                                in the complex plane

Nick Rodd - The Consistent SMEFT

A(s) = 4cs2/M4

<latexit sha1_base64="RNDJ1/X59J2yJFNhclj0KXgPcVI=">AAACA3icdVDLSsNAFJ3UV62vqDvdDBahbmJSg9WFWHHjRqhgH9CmZTKdtEMnD2YmQgkFN/6KGxeKuPUn3Pk3TtoKPg9cOJxzL/fe40aMCmma71pmZnZufiG7mFtaXlld09c3aiKMOSZVHLKQN1wkCKMBqUoqGWlEnCDfZaTuDs5Tv35DuKBhcC2HEXF81AuoRzGSSuroWy0fyT5GLDkbFcQePIE2Fu3i/mXb7uh50ziwSod2Cf4mlmGOkQdTVDr6W6sb4tgngcQMCdG0zEg6CeKSYkZGuVYsSITwAPVIU9EA+UQ4yfiHEdxVShd6IVcVSDhWv04kyBdi6LuqM71Y/PRS8S+vGUvvyEloEMWSBHiyyIsZlCFMA4FdygmWbKgIwpyqWyHuI46wVLHlVAifn8L/Sa1oWLZxfGXny6fTOLJgG+yAArBACZTBBaiAKsDgFtyDR/Ck3WkP2rP2MmnNaNOZTfAN2usH2z6WZA==</latexit>

Arrive at a positivity constraint

c > 0

<latexit sha1_base64="u+FYwjxFcrhk4HE8uAKu6hyPdc0=">AAAB7HicdVDLSgNBEOyJrxhfUY9eBoPgadnVYPQiAS+eJIKbCMkSZiezyZDZ2WVmVghLvsGLB0W8+kHe/BsnD8FnQUNR1U13V5gKro3rvqPCwuLS8kpxtbS2vrG5Vd7eaeokU5T5NBGJug2JZoJL5htuBLtNFSNxKFgrHF5M/NYdU5on8saMUhbEpC95xCkxVvIpPsdut1xxnWOvdlKt4d/Ec9wpKjBHo1t+6/QSmsVMGiqI1m3PTU2QE2U4FWxc6mSapYQOSZ+1LZUkZjrIp8eO8YFVejhKlC1p8FT9OpGTWOtRHNrOmJiB/ulNxL+8dmai0yDnMs0Mk3S2KMoENgmefI57XDFqxMgSQhW3t2I6IIpQY/Mp2RA+P8X/k+aR41Wds+tqpX41j6MIe7APh+BBDepwCQ3wgQKHe3iEJyTRA3pGL7PWAprP7MI3oNcP5UOOKQ==</latexit>

Final Result

• More generally coefficients of dim-8 
operators that support a non-vanishing 
forward limit are positive

• Holds also for fermions [Bellazzini 
1605.06111]

4c

M4
=

1

2⇡i

I

C

ds

s3
A(s)

=
1

2⇡i

I

C0

ds

s3
A(s)

=
1

2⇡i

✓Z �sd

�1
+

Z 1

sd

◆
ds

s3
DiscA(s)

=
1

i⇡

Z 1

sd

ds

s3
DiscA(s)

=
2

⇡

Z 1

sd

ds

s3
ImA(s)

=
2

⇡

Z 1

sd

ds

s2
�(s) > 0

<latexit sha1_base64="nPK3+tpV+5fBPHwzn/ijwHxEa4o="></latexit>
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Causality

Nick Rodd - The Consistent SMEFT

Consider a single massless scalar, invariant under             + const.

L = �1

2
(@�)2 +

c

M4
(@�)4

<latexit sha1_base64="q9RToB6BAsYO7hcIfaAKgPm/I8A="></latexit>

� ! �

<latexit sha1_base64="KJiWNVRDpso6Ty+YyhBtNI/uu8Q=">AAAB9HicdVDLSsNAFL2pr1pfVZduBovgKiRarK4suHFZwT6gCWUynbRDJ5M4MymU0O9w40IRt36MO//GSVvB54ELh3Pu5d57goQzpR3n3SosLa+srhXXSxubW9s75d29lopTSWiTxDyWnQArypmgTc00p51EUhwFnLaD0VXut8dUKhaLWz1JqB/hgWAhI1gbyfeSIUOejlFOeuWKY5+6tbNqDf0mru3MUIEFGr3ym9ePSRpRoQnHSnVdJ9F+hqVmhNNpyUsVTTAZ4QHtGipwRJWfzY6eoiOj9FEYS1NCo5n6dSLDkVKTKDCdEdZD9dPLxb+8bqrDcz9jIkk1FWS+KEw5Ml/mCaA+k5RoPjEEE8nMrYgMscREm5xKJoTPT9H/pHViu1X74qZaqV8u4ijCARzCMbhQgzpcQwOaQOAO7uERnqyx9WA9Wy/z1oK1mNmHb7BePwCs/ZIS</latexit>

Example from [Adams+ hep-th/0602178]

Here follow [Remmen, NLR 1908.09845]

What values of   are allowed?
New Strategy:
1. Determine classical EoM for    in a background field
2. Construct a causal paradox if

c

<latexit sha1_base64="Yq0gvxVNOQ1txQN9g19vkNjAO34=">AAAB6HicdZDLSgNBEEVr4ivGV9Slm8YguBomElF3ATeuJAHzgGQIPZ2apE3Pg+4eIQz5AjcuFHHrJ7nzb+xJJqCiFxoup6roquvFgivtOJ9WYWV1bX2juFna2t7Z3SvvH7RVlEiGLRaJSHY9qlDwEFuaa4HdWCINPIEdb3Kd1TsPKBWPwjs9jdEN6CjkPmdUG9Rkg3LFsc+dTMSxnaXJSTUnFcjVGJQ/+sOIJQGGmgmqVK/qxNpNqdScCZyV+onCmLIJHWHP2JAGqNx0vuiMnBgyJH4kzQs1mdPvEykNlJoGnukMqB6r37UM/lXrJdq/dFMexonGkC0+8hNBdESyq8mQS2RaTI2hTHKzK2FjKinTJpuSCWF5KfnftM/sas2+atYq9ds8jiIcwTGcQhUuoA430IAWMEB4hGd4se6tJ+vVelu0Fqx85hB+yHr/AtxzjQk=</latexit>

Let’s take a different approach to the same problem

�

<latexit sha1_base64="w9VYiteP8+UXrhp9S2aCkpgwRm8=">AAAB63icdVDJSgNBEK2JW4xb1KOXxiB4GmY0GL1IwIvHCGaBZAg9nZ5Mk+6eobtHCEN+wYsHRbz6Q978GzuL4Pqg4PFeFVX1wpQzbTzv3SksLa+srhXXSxubW9s75d29lk4yRWiTJDxRnRBrypmkTcMMp51UUSxCTtvh6Grqt++o0iyRt2ac0kDgoWQRI9hMpV4as3654rmnfu2sWkO/ie96M1RggUa//NYbJCQTVBrCsdZd30tNkGNlGOF0UuplmqaYjPCQdi2VWFAd5LNbJ+jIKgMUJcqWNGimfp3IsdB6LELbKbCJ9U9vKv7ldTMTnQc5k2lmqCTzRVHGkUnQ9HE0YIoSw8eWYKKYvRWRGCtMjI2nZEP4/BT9T1onrl91L26qlfrlIo4iHMAhHIMPNajDNTSgCQRiuIdHeHKE8+A8Oy/z1oKzmNmHb3BePwCPnI6b</latexit>

v > 1

<latexit sha1_base64="YaHcS2WFeE01N76nHdSpYBITVZE=">AAAB7HicdVDLSsNAFL2pr1pfVZduBovgKiQarG5KwY3LCqYttKFMppN26GQSZiaFEvoNblwo4tYPcuffOH0IPg9cOJxzL/feE6acKe0471ZhZXVtfaO4Wdra3tndK+8fNFWSSUJ9kvBEtkOsKGeC+pppTtuppDgOOW2Fo+uZ3xpTqVgi7vQkpUGMB4JFjGBtJH+MasjtlSuOfe5WL7wq+k1c25mjAks0euW3bj8hWUyFJhwr1XGdVAc5lpoRTqelbqZoiskID2jHUIFjqoJ8fuwUnRilj6JEmhIazdWvEzmOlZrEoemMsR6qn95M/MvrZDq6DHIm0kxTQRaLoowjnaDZ56jPJCWaTwzBRDJzKyJDLDHRJp+SCeHzU/Q/aZ7Zrmdf3XqVem0ZRxGO4BhOwYUq1OEGGuADAQb38AhPlrAerGfrZdFasJYzh/AN1usH/w+OLQ==</latexit>
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Causality

Nick Rodd - The Consistent SMEFT

Classical EoM from L = �1

2
(@�)2 +

c

M4
(@�)4

<latexit sha1_base64="q9RToB6BAsYO7hcIfaAKgPm/I8A="></latexit>

⇤�� 4c

M4

⇥
⇤�(@�)2 + 2(@µ�)(@⌫�)(@µ@⌫�)

⇤
= 0

<latexit sha1_base64="PdcHWtZRiAIQkznAi9adxePzloE="></latexit>
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Causality

Nick Rodd - The Consistent SMEFT

Classical EoM from L = �1

2
(@�)2 +

c

M4
(@�)4

<latexit sha1_base64="q9RToB6BAsYO7hcIfaAKgPm/I8A="></latexit>

⇤�� 4c

M4

⇥
⇤�(@�)2 + 2(@µ�)(@⌫�)(@µ@⌫�)

⇤
= 0

<latexit sha1_base64="PdcHWtZRiAIQkznAi9adxePzloE="></latexit>

Consider propagation in a background field, � = '+ �̄

<latexit sha1_base64="EhMa2yPZFh168FNJDdAKCiLZaHc=">AAACBHicdVDJSgNBEO2JW4zbqMdcGoMgCMOMBqMHMeDFYwSzQGYINZ1O0qRnobsnEIYcvPgrXjwo4tWP8Obf2JNEcH1Q8Hiviqp6fsyZVLb9buQWFpeWV/KrhbX1jc0tc3unIaNEEFonEY9EywdJOQtpXTHFaSsWFAKf06Y/vMz85ogKyaLwRo1j6gXQD1mPEVBa6phFNx4wfI7dEYiMHWLXB5Fm6qRjlmzr2KmclCv4N3Ese4oSmqPWMd/cbkSSgIaKcJCy7dix8lIQihFOJwU3kTQGMoQ+bWsaQkCll06fmOB9rXRxLxK6QoWn6teJFAIpx4GvOwNQA/nTy8S/vHaieqdeysI4UTQks0W9hGMV4SwR3GWCEsXHmgARTN+KyQAEEKVzK+gQPj/F/5PGkeWUrbPrcql6MY8jj4poDx0gB1VQFV2hGqojgm7RPXpET8ad8WA8Gy+z1pwxn9lF32C8fgDfDJen</latexit>

' '

�̄ �̄

Background condensate

@µ� = qµ

<latexit sha1_base64="5a11sXj+mbs40xQ68OfdPp05Hsc=">AAACEXicdVDNS8MwHE39nPOr6tFLcAg7lW5M3A7iwIvHCe4D1lLSLN3CkrYmqTBK/wUv/itePCji1Zs3/xvTbcoUfRB4ee/3+CXPjxmVyrY/jKXlldW19cJGcXNre2fX3NvvyCgRmLRxxCLR85EkjIakrahipBcLgrjPSNcfX+R+95YISaPwWk1i4nI0DGlAMVJa8syyE2k7T6dOjISiiHmpw5MMOvGIZvAM3szunlmqWPYU0LaqJ3ajbsNv5YuUwBwtz3x3BhFOOAkVZkjKfsWOlZvmOzAjWdFJJIkRHqMh6WsaIk6km05/lMFjrQxgEAl9QgWn6mIiRVzKCff1JEdqJH97ufiX109UUHdTGsaJIiGeLQoSBlUE83rggAqCFZtogrCg+q0Qj5BAWOkSi4sl/E86VatSsxpXtVLzfF5HARyCI1AGFXAKmuAStEAbYHAHHsATeDbujUfjxXidjS4Z88wB+AHj7RO2tJ40</latexit>
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Causality

Nick Rodd - The Consistent SMEFT

Classical EoM from L = �1

2
(@�)2 +

c

M4
(@�)4

<latexit sha1_base64="q9RToB6BAsYO7hcIfaAKgPm/I8A="></latexit>

⇤�� 4c

M4

⇥
⇤�(@�)2 + 2(@µ�)(@⌫�)(@µ@⌫�)

⇤
= 0

<latexit sha1_base64="PdcHWtZRiAIQkznAi9adxePzloE="></latexit>

Consider propagation in a background field, � = '+ �̄

<latexit sha1_base64="EhMa2yPZFh168FNJDdAKCiLZaHc=">AAACBHicdVDJSgNBEO2JW4zbqMdcGoMgCMOMBqMHMeDFYwSzQGYINZ1O0qRnobsnEIYcvPgrXjwo4tWP8Obf2JNEcH1Q8Hiviqp6fsyZVLb9buQWFpeWV/KrhbX1jc0tc3unIaNEEFonEY9EywdJOQtpXTHFaSsWFAKf06Y/vMz85ogKyaLwRo1j6gXQD1mPEVBa6phFNx4wfI7dEYiMHWLXB5Fm6qRjlmzr2KmclCv4N3Ese4oSmqPWMd/cbkSSgIaKcJCy7dix8lIQihFOJwU3kTQGMoQ+bWsaQkCll06fmOB9rXRxLxK6QoWn6teJFAIpx4GvOwNQA/nTy8S/vHaieqdeysI4UTQks0W9hGMV4SwR3GWCEsXHmgARTN+KyQAEEKVzK+gQPj/F/5PGkeWUrbPrcql6MY8jj4poDx0gB1VQFV2hGqojgm7RPXpET8ad8WA8Gy+z1pwxn9lF32C8fgDfDJen</latexit>

' '

�̄ �̄

Obtain a dispersion relation for                 , from which ' / eik·x

<latexit sha1_base64="XMxtnDzwECwjdzFAtC8Qy9SJaI0=">AAACB3icdVDLSgMxFM3UV62vUZeCBIvgapjRYnVlwY3LCvYBnbFkMmkbmpmEJFMsQ3du/BU3LhRx6y+4829MH4LPA4HDOfdyc04oGFXadd+t3Nz8wuJSfrmwsrq2vmFvbtUVTyUmNcwZl80QKcJoQmqaakaaQhIUh4w0wv752G8MiFSUJ1d6KEgQo25COxQjbaS2vesPkBQ9Cn0hudAckuuM9qGPI67hzahtF13nyCsfl8rwN/Ecd4IimKHatt/8iOM0JonGDCnV8lyhgwxJTTEjo4KfKiIQ7qMuaRmaoJioIJvkGMF9o0Sww6V5iYYT9etGhmKlhnFoJmOke+qnNxb/8lqp7pwEGU1EqkmCp4c6KYMm77gUGFFJsGZDQxCW1PwV4h6SCGtTXcGU8JkU/k/qh45Xck4vS8XK2ayOPNgBe+AAeKAMKuACVEENYHAL7sEjeLLurAfr2XqZjuas2c42+Abr9QNasZmn</latexit>

Background condensate

@µ� = qµ

<latexit sha1_base64="5a11sXj+mbs40xQ68OfdPp05Hsc=">AAACEXicdVDNS8MwHE39nPOr6tFLcAg7lW5M3A7iwIvHCe4D1lLSLN3CkrYmqTBK/wUv/itePCji1Zs3/xvTbcoUfRB4ee/3+CXPjxmVyrY/jKXlldW19cJGcXNre2fX3NvvyCgRmLRxxCLR85EkjIakrahipBcLgrjPSNcfX+R+95YISaPwWk1i4nI0DGlAMVJa8syyE2k7T6dOjISiiHmpw5MMOvGIZvAM3szunlmqWPYU0LaqJ3ajbsNv5YuUwBwtz3x3BhFOOAkVZkjKfsWOlZvmOzAjWdFJJIkRHqMh6WsaIk6km05/lMFjrQxgEAl9QgWn6mIiRVzKCff1JEdqJH97ufiX109UUHdTGsaJIiGeLQoSBlUE83rggAqCFZtogrCg+q0Qj5BAWOkSi4sl/E86VatSsxpXtVLzfF5HARyCI1AGFXAKmuAStEAbYHAHHsATeDbujUfjxXidjS4Z88wB+AHj7RO2tJ40</latexit>

v ' 1� 4c(q · k)2

M4k20

<latexit sha1_base64="hOjLs2au3rHofo5PBuY00UovUVo="></latexit>



Can construct a causal paradox

See [Adams+ hep-th/0602178]
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Causality

Nick Rodd - The Consistent SMEFT

Classical EoM from L = �1

2
(@�)2 +

c

M4
(@�)4

<latexit sha1_base64="q9RToB6BAsYO7hcIfaAKgPm/I8A="></latexit>

⇤�� 4c

M4

⇥
⇤�(@�)2 + 2(@µ�)(@⌫�)(@µ@⌫�)

⇤
= 0

<latexit sha1_base64="PdcHWtZRiAIQkznAi9adxePzloE="></latexit>

Consider propagation in a background field, � = '+ �̄

<latexit sha1_base64="EhMa2yPZFh168FNJDdAKCiLZaHc=">AAACBHicdVDJSgNBEO2JW4zbqMdcGoMgCMOMBqMHMeDFYwSzQGYINZ1O0qRnobsnEIYcvPgrXjwo4tWP8Obf2JNEcH1Q8Hiviqp6fsyZVLb9buQWFpeWV/KrhbX1jc0tc3unIaNEEFonEY9EywdJOQtpXTHFaSsWFAKf06Y/vMz85ogKyaLwRo1j6gXQD1mPEVBa6phFNx4wfI7dEYiMHWLXB5Fm6qRjlmzr2KmclCv4N3Ese4oSmqPWMd/cbkSSgIaKcJCy7dix8lIQihFOJwU3kTQGMoQ+bWsaQkCll06fmOB9rXRxLxK6QoWn6teJFAIpx4GvOwNQA/nTy8S/vHaieqdeysI4UTQks0W9hGMV4SwR3GWCEsXHmgARTN+KyQAEEKVzK+gQPj/F/5PGkeWUrbPrcql6MY8jj4poDx0gB1VQFV2hGqojgm7RPXpET8ad8WA8Gy+z1pwxn9lF32C8fgDfDJen</latexit>

' '

�̄ �̄

Obtain a dispersion relation for                 , from which ' / eik·x

<latexit sha1_base64="XMxtnDzwECwjdzFAtC8Qy9SJaI0=">AAACB3icdVDLSgMxFM3UV62vUZeCBIvgapjRYnVlwY3LCvYBnbFkMmkbmpmEJFMsQ3du/BU3LhRx6y+4829MH4LPA4HDOfdyc04oGFXadd+t3Nz8wuJSfrmwsrq2vmFvbtUVTyUmNcwZl80QKcJoQmqaakaaQhIUh4w0wv752G8MiFSUJ1d6KEgQo25COxQjbaS2vesPkBQ9Cn0hudAckuuM9qGPI67hzahtF13nyCsfl8rwN/Ecd4IimKHatt/8iOM0JonGDCnV8lyhgwxJTTEjo4KfKiIQ7qMuaRmaoJioIJvkGMF9o0Sww6V5iYYT9etGhmKlhnFoJmOke+qnNxb/8lqp7pwEGU1EqkmCp4c6KYMm77gUGFFJsGZDQxCW1PwV4h6SCGtTXcGU8JkU/k/qh45Xck4vS8XK2ayOPNgBe+AAeKAMKuACVEENYHAL7sEjeLLurAfr2XqZjuas2c42+Abr9QNasZmn</latexit>

Background condensate

@µ� = qµ

<latexit sha1_base64="5a11sXj+mbs40xQ68OfdPp05Hsc=">AAACEXicdVDNS8MwHE39nPOr6tFLcAg7lW5M3A7iwIvHCe4D1lLSLN3CkrYmqTBK/wUv/itePCji1Zs3/xvTbcoUfRB4ee/3+CXPjxmVyrY/jKXlldW19cJGcXNre2fX3NvvyCgRmLRxxCLR85EkjIakrahipBcLgrjPSNcfX+R+95YISaPwWk1i4nI0DGlAMVJa8syyE2k7T6dOjISiiHmpw5MMOvGIZvAM3szunlmqWPYU0LaqJ3ajbsNv5YuUwBwtz3x3BhFOOAkVZkjKfsWOlZvmOzAjWdFJJIkRHqMh6WsaIk6km05/lMFjrQxgEAl9QgWn6mIiRVzKCff1JEdqJH97ufiX109UUHdTGsaJIiGeLQoSBlUE83rggAqCFZtogrCg+q0Qj5BAWOkSi4sl/E86VatSsxpXtVLzfF5HARyCI1AGFXAKmuAStEAbYHAHHsATeDbujUfjxXidjS4Z88wB+AHj7RO2tJ40</latexit>

v ' 1� 4c(q · k)2

M4k20

<latexit sha1_base64="hOjLs2au3rHofo5PBuY00UovUVo="></latexit>

c < 0 ) v > 1

<latexit sha1_base64="gmc5FWxfmQeYoK/2ba4AT27N8UA=">AAACAHicdVDLSgMxFM3UV62vURcu3ASL4KokpdgWRAtuXFaxD2iHkkkzbWjmQZKplKEbf8WNC0Xc+hnu/BszbQUVPXDhcM693HuPGwmuNEIfVmZpeWV1Lbue29jc2t6xd/eaKowlZQ0ailC2XaKY4AFraK4Fa0eSEd8VrOWOLlO/NWZS8TC41ZOIOT4ZBNzjlGgj9ewDCs8ggt0bPhhqImV4B8fwHOKenUcFhBDGGKYEl0+RIdVqpYgrEKeWQR4sUO/Z791+SGOfBZoKolQHo0g7CZGaU8GmuW6sWEToiAxYx9CA+Ew5yeyBKTw2Sh96oTQVaDhTv08kxFdq4rum0yd6qH57qfiX14m1V3ESHkSxZgGdL/JiAXUI0zRgn0tGtZgYQqjk5lZIh0QSqk1mORPC16fwf9IsFnCpUL0u5WsXiziy4BAcgROAQRnUwBWogwagYAoewBN4tu6tR+vFep23ZqzFzD74AevtEwRYlMk=</latexit>

c > 0

<latexit sha1_base64="u+FYwjxFcrhk4HE8uAKu6hyPdc0=">AAAB7HicdVDLSgNBEOyJrxhfUY9eBoPgadnVYPQiAS+eJIKbCMkSZiezyZDZ2WVmVghLvsGLB0W8+kHe/BsnD8FnQUNR1U13V5gKro3rvqPCwuLS8kpxtbS2vrG5Vd7eaeokU5T5NBGJug2JZoJL5htuBLtNFSNxKFgrHF5M/NYdU5on8saMUhbEpC95xCkxVvIpPsdut1xxnWOvdlKt4d/Ec9wpKjBHo1t+6/QSmsVMGiqI1m3PTU2QE2U4FWxc6mSapYQOSZ+1LZUkZjrIp8eO8YFVejhKlC1p8FT9OpGTWOtRHNrOmJiB/ulNxL+8dmai0yDnMs0Mk3S2KMoENgmefI57XDFqxMgSQhW3t2I6IIpQY/Mp2RA+P8X/k+aR41Wds+tqpX41j6MIe7APh+BBDepwCQ3wgQKHe3iEJyTRA3pGL7PWAprP7MI3oNcP5UOOKQ==</latexit>

Final Result



2. Bosonic Bounds



2. Bosonic Bounds
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Bosonic Bounds: Warmup

Nick Rodd - The Consistent SMEFT

Consider higher order corrections to QED*

L = �1

4
(FF ) + c1(FF )2 + c2(FF̃ )2 + c̃(FF )(FF̃ )

<latexit sha1_base64="rKwbCb/VtZqwCY1urJZu/U0MZSM="></latexit>

(AB) = Aµ⌫B
µ⌫

<latexit sha1_base64="DqDgC+JK0LDn6dgQLzKs3M3afXg=">AAACCHicdVDLSgMxFM3UV62vqksXBotQN2VGi9WF2NaNywr2Ae04ZNK0DU0yQ5IRytClG3/FjQtF3PoJ7vwb04fi88CFwzn3cu89fsio0rb9ZiVmZufmF5KLqaXlldW19PpGTQWRxKSKAxbIho8UYVSQqqaakUYoCeI+I3W/fzby69dEKhqISz0IictRV9AOxUgbyUtvZ0uwvAdPYMmLWzyCLRENYfnqk3vpjJ07cAqH+QL8TZycPUYGTFHx0q+tdoAjToTGDCnVdOxQuzGSmmJGhqlWpEiIcB91SdNQgThRbjx+ZAh3jdKGnUCaEhqO1a8TMeJKDbhvOjnSPfXTG4l/ec1Id47cmIow0kTgyaJOxKAO4CgV2KaSYM0GhiAsqbkV4h6SCGuTXcqE8PEp/J/U9nNOPnd8kc8UT6dxJMEW2AFZ4IACKIJzUAFVgMENuAMP4NG6te6tJ+t50pqwpjOb4Busl3cgWJg5</latexit>

*
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Bosonic Bounds: Warmup

Nick Rodd - The Consistent SMEFT

Consider higher order corrections to QED

L = �1

4
(FF ) + c1(FF )2 + c2(FF̃ )2 + c̃(FF )(FF̃ )

<latexit sha1_base64="KlW8V6td7nuh6auHaXiYhdoJiH0="></latexit>

�L�L ! �L�L

<latexit sha1_base64="H3iVX7DrniIJTzRHFI/XCS0550Q=">AAACEHicdVDLSgMxFM34rPU16tJNsIiuyqQU264suHHhooJ9QDsMmTTThiYzQ5IRytBPcOOvuHGhiFuX7vwbM23F94HA4Zx7uTnHjzlT2nHerIXFpeWV1dxafn1jc2vb3tltqSiRhDZJxCPZ8bGinIW0qZnmtBNLioXPadsfnWV++5pKxaLwSo9j6go8CFnACNZG8uyj3gALgb0L+El0BH+pnl1wio7jIIRgRlDlxDGkVquWUBWizDIogDkanv3a60ckETTUhGOlusiJtZtiqRnhdJLvJYrGmIzwgHYNDbGgyk2ngSbw0Ch9GETSvFDDqfp1I8VCqbHwzaTAeqh+epn4l9dNdFB1UxbGiaYhmR0KEg5N5Kwd2GeSEs3HhmAimfkrJEMsMdGmw7wp4SMp/J+0SkVULtYuy4X66byOHNgHB+AYIFABdXAOGqAJCLgBd+ABPFq31r31ZD3PRhes+c4e+Abr5R2XPZxX</latexit>

c1 > 0

<latexit sha1_base64="ESJkhA69jTEorQp1CObJEww6i4c=">AAAB7nicdVDLSgNBEOyNrxhfUY9eBoPgKcyEYJKLBrx4jGAekCxhdjKbDJl9MDMrhCUf4cWDIl79Hm/+jbNJBBUtaCiquunu8mIptMH4w8mtrW9sbuW3Czu7e/sHxcOjjo4SxXibRTJSPY9qLkXI20YYyXux4jTwJO960+vM795zpUUU3plZzN2AjkPhC0aNlbpsSNAlwsNiCZcxxoQQlBFSu8CWNBr1CqkjklkWJVihNSy+D0YRSwIeGiap1n2CY+OmVBnBJJ8XBonmMWVTOuZ9S0MacO2mi3Pn6MwqI+RHylZo0EL9PpHSQOtZ4NnOgJqJ/u1l4l9ePzF+3U1FGCeGh2y5yE8kMhHKfkcjoTgzcmYJZUrYWxGbUEWZsQkVbAhfn6L/SadSJtVy47Zaal6t4sjDCZzCORCoQRNuoAVtYDCFB3iCZyd2Hp0X53XZmnNWM8fwA87bJ9vcjqA=</latexit>

c2 > 0

<latexit sha1_base64="v5oXR1wcnZwHDB/ltWMTJyEznb0=">AAAB7nicdVBNS8NAEJ3Ur1q/qh69LBbBU0hqS5uLFrx4rGA/oA1ls922SzebsLsRSuiP8OJBEa/+Hm/+GzdtBRV9MPB4b4aZeUHMmdKO82Hl1tY3Nrfy24Wd3b39g+LhUVtFiSS0RSIeyW6AFeVM0JZmmtNuLCkOA047wfQ68zv3VCoWiTs9i6kf4rFgI0awNlKHDMroEjmDYsmxvXq1elFHju04XtmrGeJ5nltzkWuUDCVYoTkovveHEUlCKjThWKme68TaT7HUjHA6L/QTRWNMpnhMe4YKHFLlp4tz5+jMKEM0iqQpodFC/T6R4lCpWRiYzhDrifrtZeJfXi/Ro7qfMhEnmgqyXDRKONIRyn5HQyYp0XxmCCaSmVsRmWCJiTYJFUwIX5+i/0m7bLsV27utlBpXqzjycAKncA4u1KABN9CEFhCYwgM8wbMVW4/Wi/W6bM1Zq5lj+AHr7RMixY7Q</latexit>

�L�R ! �L�R

<latexit sha1_base64="aPdaEFuFXNqt++bs3cQE7kTOonc=">AAACEHicdVDLSsNAFJ3UV62vqEs3g0V0FZLa0mZlwY0LF1VsKzQlTKbTduhMEmYmQin9BDf+ihsXirh16c6/cdJG8Hlg4HDOvdw5J4gZlcq2343cwuLS8kp+tbC2vrG5ZW7vtGSUCEyaOGKRuA6QJIyGpKmoYuQ6FgTxgJF2MDpN/fYNEZJG4ZUax6TL0SCkfYqR0pJvHnoDxDnyz2FGLqGnIvhL9c2ibbm1SuW4Bm3Ltt2SW9XEdV2n6kBHKymKIEPDN9+8XoQTTkKFGZKy49ix6k6QUBQzMi14iSQxwiM0IB1NQ8SJ7E5mgabwQCs92I+EfqGCM/XrxgRxKcc80JMcqaH86aXiX14nUf1ad0LDOFEkxPND/YRBHTltB/aoIFixsSYIC6r/CvEQCYSV7rCgS/hMCv8nrZLllC33olysn2R15MEe2AdHwAFVUAdnoAGaAINbcA8ewZNxZzwYz8bLfDRnZDu74BuM1w/vQ5yS</latexit>

�L�L ! �L�R

<latexit sha1_base64="99WPXzp4Oc9d22wtY8z2MKD/cVM=">AAACEHicdVDLSgMxFM3UV62vUZdugkV0NWRqre3KghsXLqrYB7TDkEnTNjSZGZKMUEo/wY2/4saFIm5duvNvTB+iFj0QOJxzLzfnBDFnSiP0YaUWFpeWV9KrmbX1jc0te3unpqJEElolEY9kI8CKchbSqmaa00YsKRYBp/Wgfz7267dUKhaFN3oQU0/gbsg6jGBtJN8+bHWxENi/hN9ER3BevfbtLHJKJZR3CxA5JwjlCiVD0HGuWChA10ETZMEMFd9+b7UjkggaasKxUk0XxdobYqkZ4XSUaSWKxpj0cZc2DQ2xoMobTgKN4IFR2rATSfNCDSfqz40hFkoNRGAmBdY9Ne+Nxb+8ZqI7RW/IwjjRNCTTQ52EQxN53A5sM0mJ5gNDMJHM/BWSHpaYaNNhxpTwlRT+T2o5x807pat8tnw2qyMN9sA+OAIuOAVlcAEqoAoIuAMP4Ak8W/fWo/VivU5HU9ZsZxf8gvX2CcFonHM=</latexit>

c̃ =?

<latexit sha1_base64="P7BFLJF0va1Q9ghEG6222159j4g=">AAAB+HicdVDLSgMxFM3UV62Pjrp0EyyCCxkytY6dhbTgxmUF+4DOUDJp2oZmHiQZoQ79EjcuFHHrp7jzb0wfgooeuHA4517uvSdIOJMKoQ8jt7K6tr6R3yxsbe/sFs29/ZaMU0Fok8Q8Fp0AS8pZRJuKKU47iaA4DDhtB+Ormd++o0KyOLpVk4T6IR5GbMAIVlrqmUVPMd6nGZnCS+id1npmCVmuiyq2A5F1jlDZcTVBZ+Wq40DbQnOUwBKNnvnu9WOShjRShGMpuzZKlJ9hoRjhdFrwUkkTTMZ4SLuaRjik0s/mh0/hsVb6cBALXZGCc/X7RIZDKSdhoDtDrEbytzcT//K6qRpU/YxFSapoRBaLBimHKoazFGCfCUoUn2iCiWD6VkhGWGCidFYFHcLXp/B/0ipbdsVybyqlem0ZRx4cgiNwAmxwAergGjRAExCQggfwBJ6Ne+PReDFeF605YzlzAH7AePsE7sySow==</latexit>
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Bosonic Bounds: Warmup

Nick Rodd - The Consistent SMEFT

Consider higher order corrections to QED

L = �1

4
(FF ) + c1(FF )2 + c2(FF̃ )2 + c̃(FF )(FF̃ )

<latexit sha1_base64="KlW8V6td7nuh6auHaXiYhdoJiH0="></latexit>

�L�L ! �L�L

<latexit sha1_base64="H3iVX7DrniIJTzRHFI/XCS0550Q=">AAACEHicdVDLSgMxFM34rPU16tJNsIiuyqQU264suHHhooJ9QDsMmTTThiYzQ5IRytBPcOOvuHGhiFuX7vwbM23F94HA4Zx7uTnHjzlT2nHerIXFpeWV1dxafn1jc2vb3tltqSiRhDZJxCPZ8bGinIW0qZnmtBNLioXPadsfnWV++5pKxaLwSo9j6go8CFnACNZG8uyj3gALgb0L+El0BH+pnl1wio7jIIRgRlDlxDGkVquWUBWizDIogDkanv3a60ckETTUhGOlusiJtZtiqRnhdJLvJYrGmIzwgHYNDbGgyk2ngSbw0Ch9GETSvFDDqfp1I8VCqbHwzaTAeqh+epn4l9dNdFB1UxbGiaYhmR0KEg5N5Kwd2GeSEs3HhmAimfkrJEMsMdGmw7wp4SMp/J+0SkVULtYuy4X66byOHNgHB+AYIFABdXAOGqAJCLgBd+ABPFq31r31ZD3PRhes+c4e+Abr5R2XPZxX</latexit>

c1 > 0

<latexit sha1_base64="ESJkhA69jTEorQp1CObJEww6i4c=">AAAB7nicdVDLSgNBEOyNrxhfUY9eBoPgKcyEYJKLBrx4jGAekCxhdjKbDJl9MDMrhCUf4cWDIl79Hm/+jbNJBBUtaCiquunu8mIptMH4w8mtrW9sbuW3Czu7e/sHxcOjjo4SxXibRTJSPY9qLkXI20YYyXux4jTwJO960+vM795zpUUU3plZzN2AjkPhC0aNlbpsSNAlwsNiCZcxxoQQlBFSu8CWNBr1CqkjklkWJVihNSy+D0YRSwIeGiap1n2CY+OmVBnBJJ8XBonmMWVTOuZ9S0MacO2mi3Pn6MwqI+RHylZo0EL9PpHSQOtZ4NnOgJqJ/u1l4l9ePzF+3U1FGCeGh2y5yE8kMhHKfkcjoTgzcmYJZUrYWxGbUEWZsQkVbAhfn6L/SadSJtVy47Zaal6t4sjDCZzCORCoQRNuoAVtYDCFB3iCZyd2Hp0X53XZmnNWM8fwA87bJ9vcjqA=</latexit>

c2 > 0

<latexit sha1_base64="v5oXR1wcnZwHDB/ltWMTJyEznb0=">AAAB7nicdVBNS8NAEJ3Ur1q/qh69LBbBU0hqS5uLFrx4rGA/oA1ls922SzebsLsRSuiP8OJBEa/+Hm/+GzdtBRV9MPB4b4aZeUHMmdKO82Hl1tY3Nrfy24Wd3b39g+LhUVtFiSS0RSIeyW6AFeVM0JZmmtNuLCkOA047wfQ68zv3VCoWiTs9i6kf4rFgI0awNlKHDMroEjmDYsmxvXq1elFHju04XtmrGeJ5nltzkWuUDCVYoTkovveHEUlCKjThWKme68TaT7HUjHA6L/QTRWNMpnhMe4YKHFLlp4tz5+jMKEM0iqQpodFC/T6R4lCpWRiYzhDrifrtZeJfXi/Ro7qfMhEnmgqyXDRKONIRyn5HQyYp0XxmCCaSmVsRmWCJiTYJFUwIX5+i/0m7bLsV27utlBpXqzjycAKncA4u1KABN9CEFhCYwgM8wbMVW4/Wi/W6bM1Zq5lj+AHr7RMixY7Q</latexit>

�L�R ! �L�R

<latexit sha1_base64="aPdaEFuFXNqt++bs3cQE7kTOonc=">AAACEHicdVDLSsNAFJ3UV62vqEs3g0V0FZLa0mZlwY0LF1VsKzQlTKbTduhMEmYmQin9BDf+ihsXirh16c6/cdJG8Hlg4HDOvdw5J4gZlcq2343cwuLS8kp+tbC2vrG5ZW7vtGSUCEyaOGKRuA6QJIyGpKmoYuQ6FgTxgJF2MDpN/fYNEZJG4ZUax6TL0SCkfYqR0pJvHnoDxDnyz2FGLqGnIvhL9c2ibbm1SuW4Bm3Ltt2SW9XEdV2n6kBHKymKIEPDN9+8XoQTTkKFGZKy49ix6k6QUBQzMi14iSQxwiM0IB1NQ8SJ7E5mgabwQCs92I+EfqGCM/XrxgRxKcc80JMcqaH86aXiX14nUf1ad0LDOFEkxPND/YRBHTltB/aoIFixsSYIC6r/CvEQCYSV7rCgS/hMCv8nrZLllC33olysn2R15MEe2AdHwAFVUAdnoAGaAINbcA8ewZNxZzwYz8bLfDRnZDu74BuM1w/vQ5yS</latexit>

�L�L ! �L�R

<latexit sha1_base64="99WPXzp4Oc9d22wtY8z2MKD/cVM=">AAACEHicdVDLSgMxFM3UV62vUZdugkV0NWRqre3KghsXLqrYB7TDkEnTNjSZGZKMUEo/wY2/4saFIm5duvNvTB+iFj0QOJxzLzfnBDFnSiP0YaUWFpeWV9KrmbX1jc0te3unpqJEElolEY9kI8CKchbSqmaa00YsKRYBp/Wgfz7267dUKhaFN3oQU0/gbsg6jGBtJN8+bHWxENi/hN9ER3BevfbtLHJKJZR3CxA5JwjlCiVD0HGuWChA10ETZMEMFd9+b7UjkggaasKxUk0XxdobYqkZ4XSUaSWKxpj0cZc2DQ2xoMobTgKN4IFR2rATSfNCDSfqz40hFkoNRGAmBdY9Ne+Nxb+8ZqI7RW/IwjjRNCTTQ52EQxN53A5sM0mJ5gNDMJHM/BWSHpaYaNNhxpTwlRT+T2o5x807pat8tnw2qyMN9sA+OAIuOAVlcAEqoAoIuAMP4Ak8W/fWo/VivU5HU9ZsZxf8gvX2CcFonHM=</latexit>

• These are well known results [Adams+ hep-th/0602178]
• Satisfied by Euler-Heisenberg

• How can we hope to bound    ?

c1 =
↵2

90m4
e

c2 =
7↵2

360m4
e

<latexit sha1_base64="MrjzdLKFfm9W6elhwOW9RhLpOAQ="></latexit>

c̃ =?

<latexit sha1_base64="P7BFLJF0va1Q9ghEG6222159j4g=">AAAB+HicdVDLSgMxFM3UV62Pjrp0EyyCCxkytY6dhbTgxmUF+4DOUDJp2oZmHiQZoQ79EjcuFHHrp7jzb0wfgooeuHA4517uvSdIOJMKoQ8jt7K6tr6R3yxsbe/sFs29/ZaMU0Fok8Q8Fp0AS8pZRJuKKU47iaA4DDhtB+Ormd++o0KyOLpVk4T6IR5GbMAIVlrqmUVPMd6nGZnCS+id1npmCVmuiyq2A5F1jlDZcTVBZ+Wq40DbQnOUwBKNnvnu9WOShjRShGMpuzZKlJ9hoRjhdFrwUkkTTMZ4SLuaRjik0s/mh0/hsVb6cBALXZGCc/X7RIZDKSdhoDtDrEbytzcT//K6qRpU/YxFSapoRBaLBimHKoazFGCfCUoUn2iCiWD6VkhGWGCidFYFHcLXp/B/0ipbdsVybyqlem0ZRx4cgiNwAmxwAergGjRAExCQggfwBJ6Ne+PReDFeF605YzlzAH7AePsE7sySow==</latexit>

c̃

<latexit sha1_base64="W7gc6ukpOaGmbjKbYoaLCtJ3p8I=">AAAB8HicdVDLSsNAFJ3UV62vqks3g0VwFZIa+thIwY3LCvYhbSiTyaQdOjMJMxOhhH6FGxeKuPVz3Pk3TtoKKnrgwuGce7n3niBhVGnH+bAKa+sbm1vF7dLO7t7+QfnwqKviVGLSwTGLZT9AijAqSEdTzUg/kQTxgJFeML3K/d49kYrG4lbPEuJzNBY0ohhpI90NNWUhyfB8VK44drNRq3o16NiOU3erbk6qde/Cg65RclTACu1R+X0YxjjlRGjMkFID10m0nyGpKWZkXhqmiiQIT9GYDAwViBPlZ4uD5/DMKCGMYmlKaLhQv09kiCs144Hp5EhP1G8vF//yBqmOGn5GRZJqIvByUZQyqGOYfw9DKgnWbGYIwpKaWyGeIImwNhmVTAhfn8L/Sbdqu57dvPEqrctVHEVwAk7BOXBBHbTANWiDDsCAgwfwBJ4taT1aL9brsrVgrWaOwQ9Yb5+GL5Dn</latexit>
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Bosonic Bounds: Warmup

Nick Rodd - The Consistent SMEFT

Consider higher order corrections to QED

L = �1

4
(FF ) + c1(FF )2 + c2(FF̃ )2 + c̃(FF )(FF̃ )

<latexit sha1_base64="rKwbCb/VtZqwCY1urJZu/U0MZSM="></latexit>

Let’s scatter more general polarisations (~a superposition)

p1 =
p
s/2(1, 0, 0, 1) ✏1 = (0, 1, 0, 0) ✏2 = (0, cos ✓, sin ✓, 0)

<latexit sha1_base64="YJE66Pu/O1lRzHJ25G+p3/Sjl34="></latexit>

) A(s) = 16s2(c1 cos
2 ✓ + c2 sin

2 ✓ + c̃ sin ✓ cos ✓)

<latexit sha1_base64="Q6l7lyKH2Yph1WJLmJMn57QJkXo="></latexit>
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Bosonic Bounds: Warmup

Nick Rodd - The Consistent SMEFT

Consider higher order corrections to QED

Let’s scatter more general polarisations (~a superposition)

p1 =
p
s/2(1, 0, 0, 1) ✏1 = (0, 1, 0, 0) ✏2 = (0, cos ✓, sin ✓, 0)

<latexit sha1_base64="YJE66Pu/O1lRzHJ25G+p3/Sjl34="></latexit>

) A(s) = 16s2(c1 cos
2 ✓ + c2 sin

2 ✓ + c̃ sin ✓ cos ✓)

<latexit sha1_base64="Q6l7lyKH2Yph1WJLmJMn57QJkXo="></latexit>

c1 > 0

<latexit sha1_base64="ESJkhA69jTEorQp1CObJEww6i4c=">AAAB7nicdVDLSgNBEOyNrxhfUY9eBoPgKcyEYJKLBrx4jGAekCxhdjKbDJl9MDMrhCUf4cWDIl79Hm/+jbNJBBUtaCiquunu8mIptMH4w8mtrW9sbuW3Czu7e/sHxcOjjo4SxXibRTJSPY9qLkXI20YYyXux4jTwJO960+vM795zpUUU3plZzN2AjkPhC0aNlbpsSNAlwsNiCZcxxoQQlBFSu8CWNBr1CqkjklkWJVihNSy+D0YRSwIeGiap1n2CY+OmVBnBJJ8XBonmMWVTOuZ9S0MacO2mi3Pn6MwqI+RHylZo0EL9PpHSQOtZ4NnOgJqJ/u1l4l9ePzF+3U1FGCeGh2y5yE8kMhHKfkcjoTgzcmYJZUrYWxGbUEWZsQkVbAhfn6L/SadSJtVy47Zaal6t4sjDCZzCORCoQRNuoAVtYDCFB3iCZyd2Hp0X53XZmnNWM8fwA87bJ9vcjqA=</latexit>

c2 > 0

<latexit sha1_base64="v5oXR1wcnZwHDB/ltWMTJyEznb0=">AAAB7nicdVBNS8NAEJ3Ur1q/qh69LBbBU0hqS5uLFrx4rGA/oA1ls922SzebsLsRSuiP8OJBEa/+Hm/+GzdtBRV9MPB4b4aZeUHMmdKO82Hl1tY3Nrfy24Wd3b39g+LhUVtFiSS0RSIeyW6AFeVM0JZmmtNuLCkOA047wfQ68zv3VCoWiTs9i6kf4rFgI0awNlKHDMroEjmDYsmxvXq1elFHju04XtmrGeJ5nltzkWuUDCVYoTkovveHEUlCKjThWKme68TaT7HUjHA6L/QTRWNMpnhMe4YKHFLlp4tz5+jMKEM0iqQpodFC/T6R4lCpWRiYzhDrifrtZeJfXi/Ro7qfMhEnmgqyXDRKONIRyn5HQyYp0XxmCCaSmVsRmWCJiTYJFUwIX5+i/0m7bLsV27utlBpXqzjycAKncA4u1KABN9CEFhCYwgM8wbMVW4/Wi/W6bM1Zq5lj+AHr7RMixY7Q</latexit>

✓ = 0

<latexit sha1_base64="k4m1ekT+r94WZArnKO8Y5J56hjs=">AAAB8XicdVBNSwMxEM36WetX1aOXYBE8laQU2x7EghePFewHtkvJpmkbms0uyaxQSv+FFw+KePXfePPfmG0rqOiDgcd7M8zMC2IlLRDy4a2srq1vbGa2sts7u3v7uYPDpo0Sw0WDRyoy7YBZoaQWDZCgRDs2goWBEq1gfJX6rXthrIz0LUxi4YdsqOVAcgZOuuvCSADDF5j0cnlSIIRQSnFKaPmcOFKtVoq0gmlqOeTREvVe7r3bj3gSCg1cMWs7lMTgT5kByZWYZbuJFTHjYzYUHUc1C4X1p/OLZ/jUKX08iIwrDXiufp+YstDaSRi4zpDByP72UvEvr5PAoOJPpY4TEJovFg0ShSHC6fu4L43goCaOMG6kuxXzETOMgwsp60L4+hT/T5rFAi0VqjelfO1yGUcGHaMTdIYoKqMaukZ11EAcafSAntCzZ71H78V7XbSueMuZI/QD3tsnmL6QPA==</latexit>

✓ = ⇡/2

<latexit sha1_base64="GsN5ApK2HaKvr1dvQ93IyqeEdbA=">AAAB9XicdVDLSgNBEJz1GeMr6tHLYBA8rbsxIdmDGPDiMYJ5QHYNs5NJMmT2wUyvEpb8hxcPinj1X7z5N84mEVS0oKGo6qa7y48FV2BZH8bS8srq2npuI7+5tb2zW9jbb6kokZQ1aSQi2fGJYoKHrAkcBOvEkpHAF6ztjy8zv33HpOJReAOTmHkBGYZ8wCkBLd26MGJA8Dl2Y35a6hWKlunUKpWzGrZMy3JKTlUTx3Hsqo1trWQoogUavcK7249oErAQqCBKdW0rBi8lEjgVbJp3E8ViQsdkyLqahiRgyktnV0/xsVb6eBBJXSHgmfp9IiWBUpPA150BgZH67WXiX143gUHNS3kYJ8BCOl80SASGCGcR4D6XjIKYaEKo5PpWTEdEEgo6qLwO4etT/D9plUy7bDrX5WL9YhFHDh2iI3SCbFRFdXSFGqiJKJLoAT2hZ+PeeDRejNd565KxmDlAP2C8fQKgNpH5</latexit>

✓ = ± arctan(
p

c1/c2)

<latexit sha1_base64="McusVWFuQ7YpRZoZY40E08smhJg="></latexit>

4c1c2 > c̃2

<latexit sha1_base64="uOQMW1zetTx6i6dcBjq+cKQsLKA=">AAAB/3icdVDLSgMxFM3UV62vquDGTbAIrobMONbORgtuXFawD2jHIZOmbWjmQZIRytiFv+LGhSJu/Q13/o3pQ1DRAxcO59zLvfcECWdSIfRh5BYWl5ZX8quFtfWNza3i9k5DxqkgtE5iHotWgCXlLKJ1xRSnrURQHAacNoPhxcRv3lIhWRxdq1FCvRD3I9ZjBCst+cU9h/gWJL4Nz2BHMd6lGRnf2H6xhEzXRY5Vhsg8Qcguu5qgY7tSLkPLRFOUwBw1v/je6cYkDWmkCMdSti2UKC/DQjHC6bjQSSVNMBniPm1rGuGQSi+b3j+Gh1rpwl4sdEUKTtXvExkOpRyFge4MsRrI395E/Mtrp6pX8TIWJamiEZkt6qUcqhhOwoBdJihRfKQJJoLpWyEZYIGJ0pEVdAhfn8L/ScM2Lcd0r5xS9XweRx7sgwNwBCxwCqrgEtRAHRBwBx7AE3g27o1H48V4nbXmjPnMLvgB4+0THhSU7g==</latexit>

L = �1

4
(FF ) + c1(FF )2 + c2(FF̃ )2 + c̃(FF )(FF̃ )

<latexit sha1_base64="KlW8V6td7nuh6auHaXiYhdoJiH0="></latexit>
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Bosonic Bounds: Warmup

Nick Rodd - The Consistent SMEFT

c1 > 0

<latexit sha1_base64="ESJkhA69jTEorQp1CObJEww6i4c=">AAAB7nicdVDLSgNBEOyNrxhfUY9eBoPgKcyEYJKLBrx4jGAekCxhdjKbDJl9MDMrhCUf4cWDIl79Hm/+jbNJBBUtaCiquunu8mIptMH4w8mtrW9sbuW3Czu7e/sHxcOjjo4SxXibRTJSPY9qLkXI20YYyXux4jTwJO960+vM795zpUUU3plZzN2AjkPhC0aNlbpsSNAlwsNiCZcxxoQQlBFSu8CWNBr1CqkjklkWJVihNSy+D0YRSwIeGiap1n2CY+OmVBnBJJ8XBonmMWVTOuZ9S0MacO2mi3Pn6MwqI+RHylZo0EL9PpHSQOtZ4NnOgJqJ/u1l4l9ePzF+3U1FGCeGh2y5yE8kMhHKfkcjoTgzcmYJZUrYWxGbUEWZsQkVbAhfn6L/SadSJtVy47Zaal6t4sjDCZzCORCoQRNuoAVtYDCFB3iCZyd2Hp0X53XZmnNWM8fwA87bJ9vcjqA=</latexit>

c2 > 0

<latexit sha1_base64="v5oXR1wcnZwHDB/ltWMTJyEznb0=">AAAB7nicdVBNS8NAEJ3Ur1q/qh69LBbBU0hqS5uLFrx4rGA/oA1ls922SzebsLsRSuiP8OJBEa/+Hm/+GzdtBRV9MPB4b4aZeUHMmdKO82Hl1tY3Nrfy24Wd3b39g+LhUVtFiSS0RSIeyW6AFeVM0JZmmtNuLCkOA047wfQ68zv3VCoWiTs9i6kf4rFgI0awNlKHDMroEjmDYsmxvXq1elFHju04XtmrGeJ5nltzkWuUDCVYoTkovveHEUlCKjThWKme68TaT7HUjHA6L/QTRWNMpnhMe4YKHFLlp4tz5+jMKEM0iqQpodFC/T6R4lCpWRiYzhDrifrtZeJfXi/Ro7qfMhEnmgqyXDRKONIRyn5HQyYp0XxmCCaSmVsRmWCJiTYJFUwIX5+i/0m7bLsV27utlBpXqzjycAKncA4u1KABN9CEFhCYwgM8wbMVW4/Wi/W6bM1Zq5lj+AHr7RMixY7Q</latexit>

✓ = 0

<latexit sha1_base64="k4m1ekT+r94WZArnKO8Y5J56hjs=">AAAB8XicdVBNSwMxEM36WetX1aOXYBE8laQU2x7EghePFewHtkvJpmkbms0uyaxQSv+FFw+KePXfePPfmG0rqOiDgcd7M8zMC2IlLRDy4a2srq1vbGa2sts7u3v7uYPDpo0Sw0WDRyoy7YBZoaQWDZCgRDs2goWBEq1gfJX6rXthrIz0LUxi4YdsqOVAcgZOuuvCSADDF5j0cnlSIIRQSnFKaPmcOFKtVoq0gmlqOeTREvVe7r3bj3gSCg1cMWs7lMTgT5kByZWYZbuJFTHjYzYUHUc1C4X1p/OLZ/jUKX08iIwrDXiufp+YstDaSRi4zpDByP72UvEvr5PAoOJPpY4TEJovFg0ShSHC6fu4L43goCaOMG6kuxXzETOMgwsp60L4+hT/T5rFAi0VqjelfO1yGUcGHaMTdIYoKqMaukZ11EAcafSAntCzZ71H78V7XbSueMuZI/QD3tsnmL6QPA==</latexit>

✓ = ⇡/2

<latexit sha1_base64="GsN5ApK2HaKvr1dvQ93IyqeEdbA=">AAAB9XicdVDLSgNBEJz1GeMr6tHLYBA8rbsxIdmDGPDiMYJ5QHYNs5NJMmT2wUyvEpb8hxcPinj1X7z5N84mEVS0oKGo6qa7y48FV2BZH8bS8srq2npuI7+5tb2zW9jbb6kokZQ1aSQi2fGJYoKHrAkcBOvEkpHAF6ztjy8zv33HpOJReAOTmHkBGYZ8wCkBLd26MGJA8Dl2Y35a6hWKlunUKpWzGrZMy3JKTlUTx3Hsqo1trWQoogUavcK7249oErAQqCBKdW0rBi8lEjgVbJp3E8ViQsdkyLqahiRgyktnV0/xsVb6eBBJXSHgmfp9IiWBUpPA150BgZH67WXiX143gUHNS3kYJ8BCOl80SASGCGcR4D6XjIKYaEKo5PpWTEdEEgo6qLwO4etT/D9plUy7bDrX5WL9YhFHDh2iI3SCbFRFdXSFGqiJKJLoAT2hZ+PeeDRejNd565KxmDlAP2C8fQKgNpH5</latexit>

✓ = ± arctan(
p

c1/c2)

<latexit sha1_base64="McusVWFuQ7YpRZoZY40E08smhJg="></latexit>

4c1c2 > c̃2

<latexit sha1_base64="uOQMW1zetTx6i6dcBjq+cKQsLKA=">AAAB/3icdVDLSgMxFM3UV62vquDGTbAIrobMONbORgtuXFawD2jHIZOmbWjmQZIRytiFv+LGhSJu/Q13/o3pQ1DRAxcO59zLvfcECWdSIfRh5BYWl5ZX8quFtfWNza3i9k5DxqkgtE5iHotWgCXlLKJ1xRSnrURQHAacNoPhxcRv3lIhWRxdq1FCvRD3I9ZjBCst+cU9h/gWJL4Nz2BHMd6lGRnf2H6xhEzXRY5Vhsg8Qcguu5qgY7tSLkPLRFOUwBw1v/je6cYkDWmkCMdSti2UKC/DQjHC6bjQSSVNMBniPm1rGuGQSi+b3j+Gh1rpwl4sdEUKTtXvExkOpRyFge4MsRrI395E/Mtrp6pX8TIWJamiEZkt6qUcqhhOwoBdJihRfKQJJoLpWyEZYIGJ0pEVdAhfn8L/ScM2Lcd0r5xS9XweRx7sgwNwBCxwCqrgEtRAHRBwBx7AE3g27o1H48V4nbXmjPnMLvgB4+0THhSU7g==</latexit>

ec

c1

c2

allowed
region

forbidden
region

Interplay between CP even and odd will reappear
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Bosonic Bounds: In Full

Nick Rodd - The Consistent SMEFT

Key ingredient: complete operator basis
• Self-quartics [Morozov 1984]
• Cross-quartics [Remmen, NLR 2019]
• Higgs [Hays+ 1808.00442]
Result: 64 operators; 39 (25) CP even (odd)
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Bosonic Bounds: In Full

Nick Rodd - The Consistent SMEFT

Calculated 27 independent bounds (227 ⇠ 108)

<latexit sha1_base64="iEKk7sDAQgzWnJwwmSZReqqBwhE=">AAAB+3icdVDLSsNAFJ3UV62vWJduBotQNyGpxdSVBTcuK9gHtGmZTCft0JkkzEzEEvIrblwo4tYfceffOH0IPg9cOJxzL/fe48eMSmXb70ZuZXVtfSO/Wdja3tndM/eLLRklApMmjlgkOj6ShNGQNBVVjHRiQRD3GWn7k8uZ374lQtIovFHTmHgcjUIaUIyUlgZmsVzppxU3gz1JOXTsfu1kYJZs69Rxz6ou/E0cy56jBJZoDMy33jDCCSehwgxJ2XXsWHkpEopiRrJCL5EkRniCRqSraYg4kV46vz2Dx1oZwiASukIF5+rXiRRxKafc150cqbH86c3Ev7xuooKal9IwThQJ8WJRkDCoIjgLAg6pIFixqSYIC6pvhXiMBMJKx1XQIXx+Cv8nrYrlVK3z62qpfrGMIw8OwREoAwe4oA6uQAM0AQZ34B48gicjMx6MZ+Nl0ZozljMH4BuM1w+IB5La</latexit>

CP Even > 0

CP Even > CP Odd

Can determine more by considering superpositions of H,B,W,G

<latexit sha1_base64="L5/9AmoEmoa5KjQMqSxhEEymDOk=">AAAB8XicdVDJSgNBEK2JW4xb1KOXxiB4CMOMBqMngx7MMYJZMBlCT6cnadLTM3T3CGHIX3jxoIhX/8abf2NnEVwfFDzeq6Kqnh9zprTjvFuZhcWl5ZXsam5tfWNzK7+901BRIgmtk4hHsuVjRTkTtK6Z5rQVS4pDn9OmP7yc+M07KhWLxI0exdQLcV+wgBGsjXRbLaKLImoW0VU3X3DsY7d8Uiqj38S1nSkKMEetm3/r9CKShFRowrFSbdeJtZdiqRnhdJzrJIrGmAxxn7YNFTikykunF4/RgVF6KIikKaHRVP06keJQqVHom84Q64H66U3Ev7x2ooNTL2UiTjQVZLYoSDjSEZq8j3pMUqL5yBBMJDO3IjLAEhNtQsqZED4/Rf+TxpHtluyz61Khcj6PIwt7sA+H4EIZKlCFGtSBgIB7eIQnS1kP1rP1MmvNWPOZXfgG6/UDHK6PRw==</latexit>



3. Fermionic Bounds
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Fermionic Bounds: Warmup

Nick Rodd - The Consistent SMEFT

Consider four-fermion scattering mediated by

O = cmnpq@µ(ēm�⌫en)@
µ(ēp�

⌫eq)

<latexit sha1_base64="nBu8okup0FUfTxIpO72XM5Ea/sQ="></latexit>

m,n, p, q 2 {1, . . . , Nf}

<latexit sha1_base64="tNKu6umIrrK2Tbv0PDGcGJqxZFA="></latexit>

e = eR ⇠ (1, 1,�1)

<latexit sha1_base64="Q1/NJCK5VTBERxZot6/j2vot3nA=">AAAB/nicdVDJSgNBEO1xjXGLiicvjUGIEIeeGGNyEAJePEYxCyQh9HQqSZOehe4eIQwBf8WLB0W8+h3e/Bs7i6CiDwoe71VRVc8NBVeakA9rYXFpeWU1sZZc39jc2k7t7NZUEEkGVRaIQDZcqkBwH6qaawGNUAL1XAF1d3g58et3IBUP/Fs9CqHt0b7Pe5xRbaROah/wBYbODW4p7uGMk3WyJ85xJ5UmdqlE8k4BE/uMkFyhZAg5zRULBezYZIo0mqPSSb23ugGLPPA1E1SppkNC3Y6p1JwJGCdbkYKQsiHtQ9NQn3qg2vH0/DE+MkoX9wJpytd4qn6fiKmn1MhzTadH9UD99ibiX14z0r1iO+Z+GGnw2WxRLxJYB3iSBe5yCUyLkSGUSW5uxWxAJWXaJJY0IXx9iv8ntZzt5O3SdT5dzs/jSKADdIgyyEHnqIyuUAVVEUMxekBP6Nm6tx6tF+t11rpgzWf20A9Yb58yW5MN</latexit>
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Fermionic Bounds: Warmup

Nick Rodd - The Consistent SMEFT

Consider four-fermion scattering mediated by

Aside: How Many Operators?
Two conditions:
1. Hermiticity:

2. Symmetrization:

Result:

O = cmnpq@µ(ēm�⌫en)@
µ(ēp�

⌫eq)

<latexit sha1_base64="nBu8okup0FUfTxIpO72XM5Ea/sQ="></latexit>

cmnpq = cpqmn

<latexit sha1_base64="ilNbILOOktKSL3Jd4+FmwQG1dkg=">AAAB/HicdVDLSsNAFJ3UV62vaJduBovgKiRarC6UghuXFawttCFMppN26MwknZkIIdRfceNCEbd+iDv/xulD8HngwuGce7n3njBhVGnXfbcKC4tLyyvF1dLa+sbmlr29c6PiVGLSxDGLZTtEijAqSFNTzUg7kQTxkJFWOLyY+K1bIhWNxbXOEuJz1Bc0ohhpIwV2GQc5F8loDM+gocmIi3FgV1znyKsdV2vwN/Ecd4oKmKMR2G/dXoxTToTGDCnV8dxE+zmSmmJGxqVuqkiC8BD1ScdQgThRfj49fgz3jdKDUSxNCQ2n6teJHHGlMh6aTo70QP30JuJfXifV0YmfU5Gkmgg8WxSlDOoYTpKAPSoJ1iwzBGFJza0QD5BEWJu8SiaEz0/h/+Tm0PGqzulVtVI/n8dRBLtgDxwAD9RAHVyCBmgCDDJwDx7Bk3VnPVjP1sustWDNZ8rgG6zXDzuqlS4=</latexit>

cmnpq = c⇤nmqp

<latexit sha1_base64="ozHcLJonfCZGO1uqEGvOTwUQp90=">AAAB/nicdVDLSgMxFM34rPU1Kq7cBIsgLoYZLVYXSsGNywr2Ae04ZNK0DU0y0yQjlGHAX3HjQhG3foc7/8b0Ifg8cOFwzr3ce08YM6q0675bM7Nz8wuLuaX88srq2rq9sVlTUSIxqeKIRbIRIkUYFaSqqWakEUuCeMhIPexfjPz6LZGKRuJaD2Pic9QVtEMx0kYK7G0cpFzEgwyeQUMFH8TZzUFgF1znyCsdF0vwN/Ecd4wCmKIS2G+tdoQTToTGDCnV9NxY+ymSmmJGsnwrUSRGuI+6pGmoQJwoPx2fn8E9o7RhJ5KmhIZj9etEirhSQx6aTo50T/30RuJfXjPRnRM/pSJONBF4sqiTMKgjOMoCtqkkWLOhIQhLam6FuIckwtokljchfH4K/ye1Q8crOqdXxUL5fBpHDuyAXbAPPFACZXAJKqAKMEjBPXgET9ad9WA9Wy+T1hlrOrMFvsF6/QBjT5XK</latexit>

N2
f (N

2
f + 1)/2

<latexit sha1_base64="kdqL/CJqmw7FOA2ottOjsG71T24=">AAAB+XicdVDLSsNAFJ3UV62vqEs3g0WoCDGpxepGCm5cSQX7gDaGyXTSDp1MwsykUEL/xI0LRdz6J+78G6dpBZ8H7uVwzr3MnePHjEpl2+9GbmFxaXklv1pYW9/Y3DK3d5oySgQmDRyxSLR9JAmjnDQUVYy0Y0FQ6DPS8oeXU781IkLSiN+qcUzcEPU5DShGSkueaV57wV25lPUj5/C47JlF2zpxqqeVKvxNHMvOUARz1D3zrduLcBISrjBDUnYcO1ZuioSimJFJoZtIEiM8RH3S0ZSjkEg3zS6fwAOt9GAQCV1cwUz9upGiUMpx6OvJEKmB/OlNxb+8TqKCMzelPE4U4Xj2UJAwqCI4jQH2qCBYsbEmCAuqb4V4gATCSodV0CF8/hT+T5ply6lY5zeVYu1iHkce7IF9UAIOqIIauAJ10AAYjMA9eARPRmo8GM/Gy2w0Z8x3dsE3GK8fAtOR+w==</latexit>
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Fermionic Bounds: Warmup

Nick Rodd - The Consistent SMEFT

Consider four-fermion scattering mediated by

Two conditions:
1. Hermiticity:

2. Symmetrization:

Result:

O = cmnpq@µ(ēm�⌫en)@
µ(ēp�

⌫eq)

<latexit sha1_base64="nBu8okup0FUfTxIpO72XM5Ea/sQ="></latexit>

cmnpq = cpqmn

<latexit sha1_base64="ilNbILOOktKSL3Jd4+FmwQG1dkg=">AAAB/HicdVDLSsNAFJ3UV62vaJduBovgKiRarC6UghuXFawttCFMppN26MwknZkIIdRfceNCEbd+iDv/xulD8HngwuGce7n3njBhVGnXfbcKC4tLyyvF1dLa+sbmlr29c6PiVGLSxDGLZTtEijAqSFNTzUg7kQTxkJFWOLyY+K1bIhWNxbXOEuJz1Bc0ohhpIwV2GQc5F8loDM+gocmIi3FgV1znyKsdV2vwN/Ecd4oKmKMR2G/dXoxTToTGDCnV8dxE+zmSmmJGxqVuqkiC8BD1ScdQgThRfj49fgz3jdKDUSxNCQ2n6teJHHGlMh6aTo70QP30JuJfXifV0YmfU5Gkmgg8WxSlDOoYTpKAPSoJ1iwzBGFJza0QD5BEWJu8SiaEz0/h/+Tm0PGqzulVtVI/n8dRBLtgDxwAD9RAHVyCBmgCDDJwDx7Bk3VnPVjP1sustWDNZ8rgG6zXDzuqlS4=</latexit>

cmnpq = c⇤nmqp

<latexit sha1_base64="ozHcLJonfCZGO1uqEGvOTwUQp90=">AAAB/nicdVDLSgMxFM34rPU1Kq7cBIsgLoYZLVYXSsGNywr2Ae04ZNK0DU0y0yQjlGHAX3HjQhG3foc7/8b0Ifg8cOFwzr3ce08YM6q0675bM7Nz8wuLuaX88srq2rq9sVlTUSIxqeKIRbIRIkUYFaSqqWakEUuCeMhIPexfjPz6LZGKRuJaD2Pic9QVtEMx0kYK7G0cpFzEgwyeQUMFH8TZzUFgF1znyCsdF0vwN/Ecd4wCmKIS2G+tdoQTToTGDCnV9NxY+ymSmmJGsnwrUSRGuI+6pGmoQJwoPx2fn8E9o7RhJ5KmhIZj9etEirhSQx6aTo50T/30RuJfXjPRnRM/pSJONBF4sqiTMKgjOMoCtqkkWLOhIQhLam6FuIckwtokljchfH4K/ye1Q8crOqdXxUL5fBpHDuyAXbAPPFACZXAJKqAKMEjBPXgET9ad9WA9Wy+T1hlrOrMFvsF6/QBjT5XK</latexit>

N2
f (N

2
f + 1)/2

<latexit sha1_base64="kdqL/CJqmw7FOA2ottOjsG71T24=">AAAB+XicdVDLSsNAFJ3UV62vqEs3g0WoCDGpxepGCm5cSQX7gDaGyXTSDp1MwsykUEL/xI0LRdz6J+78G6dpBZ8H7uVwzr3MnePHjEpl2+9GbmFxaXklv1pYW9/Y3DK3d5oySgQmDRyxSLR9JAmjnDQUVYy0Y0FQ6DPS8oeXU781IkLSiN+qcUzcEPU5DShGSkueaV57wV25lPUj5/C47JlF2zpxqqeVKvxNHMvOUARz1D3zrduLcBISrjBDUnYcO1ZuioSimJFJoZtIEiM8RH3S0ZSjkEg3zS6fwAOt9GAQCV1cwUz9upGiUMpx6OvJEKmB/OlNxb+8TqKCMzelPE4U4Xj2UJAwqCI4jQH2qCBYsbEmCAuqb4V4gATCSodV0CF8/hT+T5ply6lY5zeVYu1iHkce7IF9UAIOqIIauAJ10AAYjMA9eARPRmo8GM/Gy2w0Z8x3dsE3GK8fAtOR+w==</latexit>

Aside: How Many Operators?
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Fermionic Bounds: Warmup

Nick Rodd - The Consistent SMEFT

Consider four-fermion scattering mediated by

O = cmnpq@µ(ēm�⌫en)@
µ(ēp�

⌫eq)

<latexit sha1_base64="nBu8okup0FUfTxIpO72XM5Ea/sQ="></latexit>

Scatter flavour superpositions: | 1i = ↵m|ēmi | 2i = �m|emi

<latexit sha1_base64="2Rf4wtRRo2d1q/zQSJt4HUGcw08="></latexit>

A(s) = 4cmnpq↵m�n�
⇤
p↵

⇤
qs

2

) c↵� = cmnpq⇢
↵
mq⇢

�
np > 0

<latexit sha1_base64="cr5EaKe/Qs4Qco+y1V94kvNc7KU="></latexit>

⇢↵mq = ↵m↵⇤
q

<latexit sha1_base64="OcYoPJweG6UK4XZf5tFJLaiHqXE="></latexit>

, pure density matrix



A few simple examples
1.  

2.  

3.
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Fermionic Bounds: Warmup

Nick Rodd - The Consistent SMEFT

↵m = �1m �m = �2m cos ✓ + �3m sin ✓ei�

) c1221c1331 > |c1231|2

<latexit sha1_base64="7gu7pfJVY4r8EzeIeEoyeWW5H78="></latexit>

↵m = �1m �m = �2m

) c1221 > 0

<latexit sha1_base64="L286d10OZfW5c281EM40Ylz2oEI="></latexit>

↵m = �1m �m = �3m

) c1331 > 0

<latexit sha1_base64="mH3QZvKvNoTyPD3DL7aV0XC5cjw="></latexit>



A few simple examples
1.  

2.  

3.
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Fermionic Bounds: Warmup

Nick Rodd - The Consistent SMEFT

↵m = �1m �m = �2m cos ✓ + �3m sin ✓ei�

) c1221c1331 > |c1231|2

<latexit sha1_base64="7gu7pfJVY4r8EzeIeEoyeWW5H78="></latexit>

↵m = �1m �m = �2m

) c1221 > 0

<latexit sha1_base64="L286d10OZfW5c281EM40Ylz2oEI="></latexit>

↵m = �1m �m = �3m

) c1331 > 0

<latexit sha1_base64="mH3QZvKvNoTyPD3DL7aV0XC5cjw="></latexit>

µ ē ! µ ē

<latexit sha1_base64="2B+3Ofu5dnIJqw5ml5yrDxys2Iw=">AAACBnicdVDLSgMxFM3UV62vUZciBIvgQsqkFNuuLLhxWcE+oDOUTJppQzOZIckIZejKjb/ixoUibv0Gd/6NmbZCFT0QOJxzLzfn+DFnSjvOp5VbWV1b38hvFra2d3b37P2DtooSSWiLRDySXR8rypmgLc00p91YUhz6nHb88VXmd+6oVCwSt3oSUy/EQ8ECRrA2Ut8+dsPEPXd9LFM6ha6O4LLQt4tOyXEchBDMCKpeOIbU67UyqkGUWQZFsECzb3+4g4gkIRWacKxUDzmx9lIsNSOcTgtuomiMyRgPac9QgUOqvHQWYwpPjTKAQSTNExrO1OWNFIdKTULfTIZYj9RvLxP/8nqJDmpeykScaCrI/FCQcGjSZp3AAZOUaD4xBBPJzF8hGWGJiTbNFUwJ30nh/6RdLqFKqX5TKTYuF3XkwRE4AWcAgSpogGvQBC1AwD14BM/gxXqwnqxX620+mrMWO4fgB6z3LyMomPM=</latexit>

⌧ ē ! ⌧ ē

<latexit sha1_base64="m2DqgBTILwgb/PcyN2B3cxJZXu4=">AAACCHicdVDLSsNAFJ3UV62vqEsXDhbBhZSktrRZWXDjsoJ9QBPKZDpph04mYWYilNClG3/FjQtF3PoJ7vwbJ20FK3pg4HDOvdw5x48ZlcqyPo3cyura+kZ+s7C1vbO7Z+4ftGWUCExaOGKR6PpIEkY5aSmqGOnGgqDQZ6Tjj68yv3NHhKQRv1WTmHghGnIaUIyUlvrmsatQ4p67PhIpmUJXRXBJ6ZtFq+TUq9WLOrRKluWUnZomjuPYNRvaWslQBAs0++aHO4hwEhKuMENS9mwrVl6KhKKYkWnBTSSJER6jIelpylFIpJfOgkzhqVYGMIiEflzBmfpzI0WhlJPQ15MhUiP528vEv7xeooK6l1IeJ4pwPD8UJAzquFkrcEAFwYpNNEFYUP1XiEdIIKx0dwVdwndS+D9pl0t2peTcVIqNy0UdeXAETsAZsEENNMA1aIIWwOAePIJn8GI8GE/Gq/E2H80Zi51DsATj/QsFk5oG</latexit>

µ ē ! ⌧ ē

<latexit sha1_base64="4koJYdjAHQGN406LCu/MwBu6KQQ=">AAACB3icdVDLSsNAFJ3UV62vqEtBBovgQkISQx8rC25cVrAPaEKZTCft0MmDmYlQQndu/BU3LhRx6y+482+ctBUf6IELh3PuZeYcP2FUSNN81wpLyyura8X10sbm1vaOvrvXFnHKMWnhmMW86yNBGI1IS1LJSDfhBIU+Ix1/fJH7nRvCBY2jazlJiBeiYUQDipFUUl8/dMPUPXV9xDMyha6M1aAvpa+XTaNeq9hOBZqGaVYt28qJXXXOHGgpJUcZLNDs62/uIMZpSCKJGRKiZ5mJ9DLEJcWMTEtuKkiC8BgNSU/RCIVEeNksxxQeK2UAg5iriSScqd8vMhQKMQl9tRkiORK/vVz8y+ulMqh5GY2SVJIIzx8KUgZV3LwUOKCcYMkmiiDMqforxCPEEZaqupIq4TMp/J+0bcNyjPqVU26cL+ooggNwBE6ABaqgAS5BE7QABrfgHjyCJ+1Oe9CetZf5akFb3OyDH9BePwAEPplx</latexit>

Flavour violating effects bounded by flavour conserving!
Reminiscent of our conical boson bounds

• For these operators CP and flavour violation linked, so again CP conserving > CP violating

• Orthogonal to other flavour structures such as MFV

• But there is more structure!



Visualising the bounds in a simple case with              , assuming
1.                    (CP conservation)
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3.  

4.  
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<latexit sha1_base64="udJPddjFtaLw7zv7mID8c+VZZVc=">AAAB7HicdVDLSsNAFL2pr1pfVZduBovgKiS1tLoQC25cSQXTFtpQJtNJO3QyCTMToYR+gxsXirj1g9z5N04fgs8DFw7n3Mu99wQJZ0o7zruVW1peWV3Lrxc2Nre2d4q7e00Vp5JQj8Q8lu0AK8qZoJ5mmtN2IimOAk5bwehy6rfuqFQsFrd6nFA/wgPBQkawNpJ33QvPy71iybFP3Fq1UkO/iWs7M5RggUav+NbtxySNqNCEY6U6rpNoP8NSM8LppNBNFU0wGeEB7RgqcESVn82OnaAjo/RRGEtTQqOZ+nUiw5FS4ygwnRHWQ/XTm4p/eZ1Uh6d+xkSSairIfFGYcqRjNP0c9ZmkRPOxIZhIZm5FZIglJtrkUzAhfH6K/ifNsu1W7LObSql+sYgjDwdwCMfgQg3qcAUN8IAAg3t4hCdLWA/Ws/Uyb81Zi5l9+Abr9QOM6Y6L</latexit>

cmnpq 2 R

<latexit sha1_base64="0r6b7gVXEesEr3/3W5ETnbutWro=">AAACAHicdVDLSsNAFJ34rPUVdeHCzWARXIVEg9VdwY3LKvYBTQiT6aQdOpnEmYlQQjb+ihsXirj1M9z5N07aCj4PXDiccy/33hOmjEpl2+/G3PzC4tJyZaW6ura+sWlubbdlkglMWjhhieiGSBJGOWkpqhjppoKgOGSkE47OS79zS4SkCb9W45T4MRpwGlGMlJYCcxcHeczTmwJ6lEMvRmoYhvlVEZg12zp26iduHf4mjmVPUAMzNAPzzesnOIsJV5ghKXuOnSo/R0JRzEhR9TJJUoRHaEB6mnIUE+nnkwcKeKCVPowSoYsrOFG/TuQolnIch7qzvFD+9ErxL6+XqejUzylPM0U4ni6KMgZVAss0YJ8KghUba4KwoPpWiIdIIKx0ZlUdwuen8H/SPrIc1zq7dGsNdxZHBeyBfXAIHFAHDXABmqAFMCjAPXgET8ad8WA8Gy/T1jljNrMDvsF4/QBS4pbg</latexit>

c = c1111 = c2222 = c1221

<latexit sha1_base64="Eqk8Nz+hkvQYr3T52E7uZIf871w=">AAACBXicdZDLSsNAFIYn9VbrLepSF4NFcBWSGKwuhIIblxXsBdoQJtNJO3RyYWYilJCNG1/FjQtF3PoO7nwbJ2kFrz8MfPznHM6c308YFdI037XKwuLS8kp1tba2vrG5pW/vdEScckzaOGYx7/lIEEYj0pZUMtJLOEGhz0jXn1wU9e4N4YLG0bWcJsQN0SiiAcVIKsvT9/E59jJLKS/AVirBsm0r9/S6aRxbjROnAX+DZZil6mCulqe/DYYxTkMSScyQEH3LTKSbIS4pZiSvDVJBEoQnaET6CiMUEuFm5RU5PFTOEAYxVy+SsHS/TmQoFGIa+qozRHIsftYK869aP5XBqZvRKEklifBsUZAyKGNYRAKHlBMs2VQBwpyqv0I8RhxhqYKrqRA+L4X/Q8c2LMc4u3LqTWceRxXsgQNwBCzQAE1wCVqgDTC4BffgETxpd9qD9qy9zFor2nxmF3yT9voBiciWrw==</latexit>

c0 = c1122

<latexit sha1_base64="MFx0SanYNHHXpAr5PZLPe+WvSRI=">AAAB9XicdVDLSsNAFL3xWeur6tLNYBFchaQGqwuh4MZlBfuANobJdNIOnUzCzEQpof/hxoUibv0Xd/6N04fg88CFwzn3cu89YcqZ0o7zbi0sLi2vrBbWiusbm1vbpZ3dpkoySWiDJDyR7RArypmgDc00p+1UUhyHnLbC4cXEb91SqVgirvUopX6M+4JFjGBtpBsSOOgckSB33UplHJTKjn3sVk+8KvpNXNuZogxz1IPSW7eXkCymQhOOleq4Tqr9HEvNCKfjYjdTNMVkiPu0Y6jAMVV+Pr16jA6N0kNRIk0Jjabq14kcx0qN4tB0xlgP1E9vIv7ldTIdnfo5E2mmqSCzRVHGkU7QJALUY5ISzUeGYCKZuRWRAZaYaBNU0YTw+Sn6nzQrtuvZZ1deuebN4yjAPhzAEbhQhRpcQh0aQEDCPTzCk3VnPVjP1susdcGaz+zBN1ivH5mCkUc=</latexit>

c1 = c1112 = c1222

<latexit sha1_base64="Jq2RIEU04DkCo3Dc9iJsaijcJJw=">AAACAnicdVDLSsNAFJ3UV62vqCtxM1gEVyETg9WFUHDjsoJ9QBvCZDpth04ezEyEEoIbf8WNC0Xc+hXu/BunbQSfBy4czrmXe+8JEs6ksu13o7SwuLS8Ul6trK1vbG6Z2zstGaeC0CaJeSw6AZaUs4g2FVOcdhJBcRhw2g7GF1O/fUOFZHF0rSYJ9UI8jNiAEay05Jt7xEfwHBI/Qwg5eUEdx8l9s2pbx6h24tbgb4Ise4YqKNDwzbdePyZpSCNFOJayi+xEeRkWihFO80ovlTTBZIyHtKtphEMqvWz2Qg4PtdKHg1joihScqV8nMhxKOQkD3RliNZI/van4l9dN1eDUy1iUpIpGZL5okHKoYjjNA/aZoETxiSaYCKZvhWSEBSZKp1bRIXx+Cv8nLcdCrnV25VbrbhFHGeyDA3AEEKiBOrgEDdAEBNyCe/AInow748F4Nl7mrSWjmNkF32C8fgBsH5Tk</latexit>

c2 = c1212

<latexit sha1_base64="qQSPx0CXvBrr3usUmfukaJbL09o=">AAAB9XicdVDLSsNAFL3xWeur6tLNYBFchaQGqwuh4MZlBfuANobJdNIOnUzCzEQpof/hxoUibv0Xd/6N04fg88CFwzn3cu89YcqZ0o7zbi0sLi2vrBbWiusbm1vbpZ3dpkoySWiDJDyR7RArypmgDc00p+1UUhyHnLbC4cXEb91SqVgirvUopX6M+4JFjGBtpBsSVNA5IkHuVtzKOCiVHfvYrZ54VfSbuLYzRRnmqAelt24vIVlMhSYcK9VxnVT7OZaaEU7HxW6maIrJEPdpx1CBY6r8fHr1GB0apYeiRJoSGk3VrxM5jpUaxaHpjLEeqJ/eRPzL62Q6OvVzJtJMU0Fmi6KMI52gSQSoxyQlmo8MwUQycysiAywx0Saoognh81P0P2lWbNezz668cs2bx1GAfTiAI3ChCjW4hDo0gICEe3iEJ+vOerCerZdZ64I1n9mDb7BePwCcoZFJ</latexit>
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<latexit sha1_base64="udJPddjFtaLw7zv7mID8c+VZZVc=">AAAB7HicdVDLSsNAFL2pr1pfVZduBovgKiS1tLoQC25cSQXTFtpQJtNJO3QyCTMToYR+gxsXirj1g9z5N04fgs8DFw7n3Mu99wQJZ0o7zruVW1peWV3Lrxc2Nre2d4q7e00Vp5JQj8Q8lu0AK8qZoJ5mmtN2IimOAk5bwehy6rfuqFQsFrd6nFA/wgPBQkawNpJ33QvPy71iybFP3Fq1UkO/iWs7M5RggUav+NbtxySNqNCEY6U6rpNoP8NSM8LppNBNFU0wGeEB7RgqcESVn82OnaAjo/RRGEtTQqOZ+nUiw5FS4ygwnRHWQ/XTm4p/eZ1Uh6d+xkSSairIfFGYcqRjNP0c9ZmkRPOxIZhIZm5FZIglJtrkUzAhfH6K/ifNsu1W7LObSql+sYgjDwdwCMfgQg3qcAUN8IAAg3t4hCdLWA/Ws/Uyb81Zi5l9+Abr9QOM6Y6L</latexit>

cmnpq 2 R

<latexit sha1_base64="0r6b7gVXEesEr3/3W5ETnbutWro=">AAACAHicdVDLSsNAFJ34rPUVdeHCzWARXIVEg9VdwY3LKvYBTQiT6aQdOpnEmYlQQjb+ihsXirj1M9z5N07aCj4PXDiccy/33hOmjEpl2+/G3PzC4tJyZaW6ura+sWlubbdlkglMWjhhieiGSBJGOWkpqhjppoKgOGSkE47OS79zS4SkCb9W45T4MRpwGlGMlJYCcxcHeczTmwJ6lEMvRmoYhvlVEZg12zp26iduHf4mjmVPUAMzNAPzzesnOIsJV5ghKXuOnSo/R0JRzEhR9TJJUoRHaEB6mnIUE+nnkwcKeKCVPowSoYsrOFG/TuQolnIch7qzvFD+9ErxL6+XqejUzylPM0U4ni6KMgZVAss0YJ8KghUba4KwoPpWiIdIIKx0ZlUdwuen8H/SPrIc1zq7dGsNdxZHBeyBfXAIHFAHDXABmqAFMCjAPXgET8ad8WA8Gy/T1jljNrMDvsF4/QBS4pbg</latexit>

c = c1111 = c2222 = c1221

<latexit sha1_base64="Eqk8Nz+hkvQYr3T52E7uZIf871w=">AAACBXicdZDLSsNAFIYn9VbrLepSF4NFcBWSGKwuhIIblxXsBdoQJtNJO3RyYWYilJCNG1/FjQtF3PoO7nwbJ2kFrz8MfPznHM6c308YFdI037XKwuLS8kp1tba2vrG5pW/vdEScckzaOGYx7/lIEEYj0pZUMtJLOEGhz0jXn1wU9e4N4YLG0bWcJsQN0SiiAcVIKsvT9/E59jJLKS/AVirBsm0r9/S6aRxbjROnAX+DZZil6mCulqe/DYYxTkMSScyQEH3LTKSbIS4pZiSvDVJBEoQnaET6CiMUEuFm5RU5PFTOEAYxVy+SsHS/TmQoFGIa+qozRHIsftYK869aP5XBqZvRKEklifBsUZAyKGNYRAKHlBMs2VQBwpyqv0I8RhxhqYKrqRA+L4X/Q8c2LMc4u3LqTWceRxXsgQNwBCzQAE1wCVqgDTC4BffgETxpd9qD9qy9zFor2nxmF3yT9voBiciWrw==</latexit>

c0 = c1122

<latexit sha1_base64="MFx0SanYNHHXpAr5PZLPe+WvSRI=">AAAB9XicdVDLSsNAFL3xWeur6tLNYBFchaQGqwuh4MZlBfuANobJdNIOnUzCzEQpof/hxoUibv0Xd/6N04fg88CFwzn3cu89YcqZ0o7zbi0sLi2vrBbWiusbm1vbpZ3dpkoySWiDJDyR7RArypmgDc00p+1UUhyHnLbC4cXEb91SqVgirvUopX6M+4JFjGBtpBsSOOgckSB33UplHJTKjn3sVk+8KvpNXNuZogxz1IPSW7eXkCymQhOOleq4Tqr9HEvNCKfjYjdTNMVkiPu0Y6jAMVV+Pr16jA6N0kNRIk0Jjabq14kcx0qN4tB0xlgP1E9vIv7ldTIdnfo5E2mmqSCzRVHGkU7QJALUY5ISzUeGYCKZuRWRAZaYaBNU0YTw+Sn6nzQrtuvZZ1deuebN4yjAPhzAEbhQhRpcQh0aQEDCPTzCk3VnPVjP1susdcGaz+zBN1ivH5mCkUc=</latexit>

c1 = c1112 = c1222

<latexit sha1_base64="Jq2RIEU04DkCo3Dc9iJsaijcJJw=">AAACAnicdVDLSsNAFJ3UV62vqCtxM1gEVyETg9WFUHDjsoJ9QBvCZDpth04ezEyEEoIbf8WNC0Xc+hXu/BunbQSfBy4czrmXe+8JEs6ksu13o7SwuLS8Ul6trK1vbG6Z2zstGaeC0CaJeSw6AZaUs4g2FVOcdhJBcRhw2g7GF1O/fUOFZHF0rSYJ9UI8jNiAEay05Jt7xEfwHBI/Qwg5eUEdx8l9s2pbx6h24tbgb4Ise4YqKNDwzbdePyZpSCNFOJayi+xEeRkWihFO80ovlTTBZIyHtKtphEMqvWz2Qg4PtdKHg1joihScqV8nMhxKOQkD3RliNZI/van4l9dN1eDUy1iUpIpGZL5okHKoYjjNA/aZoETxiSaYCKZvhWSEBSZKp1bRIXx+Cv8nLcdCrnV25VbrbhFHGeyDA3AEEKiBOrgEDdAEBNyCe/AInow748F4Nl7mrSWjmNkF32C8fgBsH5Tk</latexit>

c2 = c1212

<latexit sha1_base64="qQSPx0CXvBrr3usUmfukaJbL09o=">AAAB9XicdVDLSsNAFL3xWeur6tLNYBFchaQGqwuh4MZlBfuANobJdNIOnUzCzEQpof/hxoUibv0Xd/6N04fg88CFwzn3cu89YcqZ0o7zbi0sLi2vrBbWiusbm1vbpZ3dpkoySWiDJDyR7RArypmgDc00p+1UUhyHnLbC4cXEb91SqVgirvUopX6M+4JFjGBtpBsSVNA5IkHuVtzKOCiVHfvYrZ54VfSbuLYzRRnmqAelt24vIVlMhSYcK9VxnVT7OZaaEU7HxW6maIrJEPdpx1CBY6r8fHr1GB0apYeiRJoSGk3VrxM5jpUaxaHpjLEeqJ/eRPzL62Q6OvVzJtJMU0Fmi6KMI52gSQSoxyQlmo8MwUQycysiAywx0Saoognh81P0P2lWbNezz668cs2bx1GAfTiAI3ChCjW4hDo0gICEe3iEJ+vOerCerZdZ64I1n9mDb7BePwCcoZFJ</latexit>

Bounds

c > 0

<latexit sha1_base64="DaN5Mp0cvc+m8IyKu9qHJxNcGbk=">AAAB7HicdVDLSgNBEOyNrxhfUY9eBoPgadnVYPQSAl48RnBNIFnC7GQ2GTIzu8zMCmHJN3jxoIhXP8ibf+PkIfgsaCiquunuilLOtPG8d6ewtLyyulZcL21sbm3vlHf3bnWSKUIDkvBEtSOsKWeSBoYZTtupolhEnLai0eXUb91RpVkib8w4paHAA8liRrCxUkBQHXm9csVzT/3aWbWGfhPf9WaowALNXvmt209IJqg0hGOtO76XmjDHyjDC6aTUzTRNMRnhAe1YKrGgOsxnx07QkVX6KE6ULWnQTP06kWOh9VhEtlNgM9Q/van4l9fJTHwe5kymmaGSzBfFGUcmQdPPUZ8pSgwfW4KJYvZWRIZYYWJsPiUbwuen6H9ye+L6Vffiulpp1BdxFOEADuEYfKhBA66gCQEQYHAPj/DkSOfBeXZe5q0FZzGzD9/gvH4A4HOOGQ==</latexit>

xi = ci/c

<latexit sha1_base64="r1FkRBxpNINiFXdUSrZcJbB6vEY=">AAAB8nicdVDLSsNAFJ34rPVVdelmsAiuYqLF6kIpuHFZwT4gDWEynbRDJ5kwcyOW0M9w40IRt36NO//G6UPweeDC4Zx7ufeeMBVcg+O8W3PzC4tLy4WV4ura+sZmaWu7qWWmKGtQKaRqh0QzwRPWAA6CtVPFSBwK1goHl2O/dcuU5jK5gWHK/Jj0Eh5xSsBI3l3A8TmmAT+kQans2Mdu9aRSxb+JazsTlNEM9aD01ulKmsUsASqI1p7rpODnRAGngo2KnUyzlNAB6THP0ITETPv55OQR3jdKF0dSmUoAT9SvEzmJtR7GoemMCfT1T28s/uV5GUSnfs6TNAOW0OmiKBMYJB7/j7tcMQpiaAihiptbMe0TRSiYlIomhM9P8f+keWS7FfvsulKuXcziKKBdtIcOkIuqqIauUB01EEUS3aNH9GSB9WA9Wy/T1jlrNrODvsF6/QB055C+</latexit>
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Operators relevant for scattering definite SM representations*

Jµ[ ]mn =  ̄m�µ n Jµ[ ]amn =  ̄mT a�µ n

Jµ[ ]Imn =  ̄m⌧
I�µ n Jµ[ ]Iamn =  ̄m⌧

IT a�µ n

<latexit sha1_base64="TfAX/4GVDWa/ts9UF8KDmQwMLDw=">AAAC8nicfVJNj9MwEHXCVwlfXThysahAnKKELXT3sNJKXOieFmm7u1KdRBPXba21nch2Vqqi/AwuHECIK7+GG/8Gpx9SYQsjWXp6M/Pmeey8FNzYKPrl+bdu37l7r3M/ePDw0eMn3b2n56aoNGUjWohCX+ZgmOCKjSy3gl2WmoHMBbvIr963+Ytrpg0v1JldlCyRMFN8yilYR2V7XuckJbIak9LwJKulavCro5rkoFumySQmM5 ASMleEWypTOCBzUwJldRQeUNmcpLVLNiuJFFYiR3ij4STOUtghQ0iAt4anw8347VZioUqH/zfx9oaJegjNDh9rsd1+sm4vCvfjwbv+AN8EcRgto4fWcZp1f5JJQSvJlKUCjBnHUWmTGrTlVLAmIJVhzuEVzNjYQQWSmaRePlmDXzpmgqeFdkdZvGS3O2qQxixk7iol2Ln5O9eSu3Ljyk4PkpqrsrJM0dWgaSWwLXD7/njCNaNWLBwAqrnziukcNFDrfknglrC5Kf43OH8Txv3w8GO/d9xfr6ODnqMX6DWK0QAdow/oFI0Q9Qrvk/fF++pb/7P/zf++KvW9dc8z9Ef4P34DHZTtlg==</latexit>

Kµ⌫ [ ]mn =  ̄m�µ@⌫ n Kµ⌫ [ ]
a
mn =  ̄mT a�µ@⌫ n

Kµ⌫ [ ]
I
mn =  ̄m⌧

I�µ@⌫ n

<latexit sha1_base64="NSv9hngObgNy70w4VLkB2RLyBNs="></latexit>

where we define

OJ1[ ,�]=b �,1mnpq@µJ⌫ [ ]mq@
µJ⌫ [�]np  ,�=any

OJ2[Q,L]=bQL,2
mnpq@µJ⌫ [Q]Imq@

µJ⌫ [L]Inp

OJ3[ ,�]=b �,3mnpq@µJ⌫ [ ]
a
mq@

µJ⌫ [�]anp  ,�2{d,u,Q}

OK1[ ,�]=�a �,1mnpqKµ⌫ [ ]mqK
⌫µ[�]np  ,�=any

OK2[Q,L]=�aQL,2
mnpqKµ⌫ [Q]ImqK

⌫µ[L]Inp

OK3[ ,�]=�a �,3mnpqKµ⌫ [ ]
a
mqK

⌫µ[�]anp  ,�2{d,u,Q},

<latexit sha1_base64="Ebh9/v0jJIXBAAQIRV4rGWvYvkY="></latexit>

O1[ ] = c ,1mnpq@µJ⌫ [ ]mn@
µJ⌫ [ ]pq  = any

O2[ ] = c ,2mnpq@µJ⌫ [ ]
I
mn@

µJ⌫ [ ]Ipq  = L,Q

O3[ ] = c ,3mnpq@µJ⌫ [ ]
a
mn@

µJ⌫ [ ]apq  = d,u,Q

O4[Q] = cQ,4
mnpq@µJ⌫ [Q]Iamn@

µJ⌫ [Q]Iapq

<latexit sha1_base64="5Kku6BLOL4XjUxwOe76oy+F+Aok="></latexit>

Cross-QuarticSelf-Quartic

*More operators enter if scatter superpositions of 
representations - relevant for e.g. baryon/lepton 
number violation



46

Fermionic Bounds: In Full

Nick Rodd - The Consistent SMEFT

… and we derive that the following must be positive

Cross-QuarticSelf-Quartic
ce,1↵�

cL,1
↵� + 1

4c
L,2
↵� cL,2

↵�

cu,1↵� + 1
3c

u,3
↵� cQ,1

↵� + 1
4c

Q,2
↵� + 1

3c
Q,3
↵� + 1

12c
Q,4
↵�

cu,3↵� cQ,2
↵� + 1

3c
Q,4
↵�

cd,1↵� + 1
3c

d,3
↵� cQ,3

↵� + 1
4c

Q,4
↵�

cd,3↵� cQ,4
↵�

<latexit sha1_base64="rNok/CNrYUda7EqKlIPinhgYOXY="></latexit>

ade,1↵� aue,1↵�

aeL,1
↵� adL,1

↵�

auL,1
↵� aeQ,1

↵�

aQL,1
↵� ± 1

4a
QL,2
↵� adu,1↵� + 1±3

12 adu,3↵�

adQ,1
↵� + 1±3

12 adQ,3
↵� auQ,1

↵� + 1±3
12 auQ,3

↵�

<latexit sha1_base64="F69pWb0m/SELnmS9w8WtOIJhhUQ="></latexit>



4. UV Completions
B/W/G

B/W/G B/W/G

B/W/G

�
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UV Completions

Nick Rodd - The Consistent SMEFT

Any BSM theory adding field content to the SM 
should satisfy our bounds - non-trivial cross check

Strategy
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UV Completions: Fermions

Nick Rodd - The Consistent SMEFT

Consider a KK graviton coupled to the field strength of eR

<latexit sha1_base64="B3wuSNA3vIbJTf9lCKaDnEgCJ/M=">AAAB6nicdVDJSgNBEK2JW4xb1KOXxiB4GmY0GD0Z8OIxLlkgGUJPpyZp0rPQ3SOEIZ/gxYMiXv0ib/6NnUVwfVDweK+Kqnp+IrjSjvNu5RYWl5ZX8quFtfWNza3i9k5DxalkWGexiGXLpwoFj7CuuRbYSiTS0BfY9IcXE795h1LxOLrVowS9kPYjHnBGtZFusHvdLZYc+9itnJQr5DdxbWeKEsxR6xbfOr2YpSFGmgmqVNt1Eu1lVGrOBI4LnVRhQtmQ9rFtaERDVF42PXVMDozSI0EsTUWaTNWvExkNlRqFvukMqR6on95E/Mtrpzo49TIeJanGiM0WBakgOiaTv0mPS2RajAyhTHJzK2EDKinTJp2CCeHzU/I/aRzZbtk+uyqXqufzOPKwB/twCC5UoAqXUIM6MOjDPTzCkyWsB+vZepm15qz5zC58g/X6AZ0jjgs=</latexit>

L � LFP + �µ⌫Tµ⌫ [e]

<latexit sha1_base64="BUwhoUztdOV7J5LylnZLSkWArc0="></latexit>
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UV Completions: Fermions

Nick Rodd - The Consistent SMEFT

Consider a KK graviton coupled to the field strength of eR

<latexit sha1_base64="B3wuSNA3vIbJTf9lCKaDnEgCJ/M=">AAAB6nicdVDJSgNBEK2JW4xb1KOXxiB4GmY0GD0Z8OIxLlkgGUJPpyZp0rPQ3SOEIZ/gxYMiXv0ib/6NnUVwfVDweK+Kqnp+IrjSjvNu5RYWl5ZX8quFtfWNza3i9k5DxalkWGexiGXLpwoFj7CuuRbYSiTS0BfY9IcXE795h1LxOLrVowS9kPYjHnBGtZFusHvdLZYc+9itnJQr5DdxbWeKEsxR6xbfOr2YpSFGmgmqVNt1Eu1lVGrOBI4LnVRhQtmQ9rFtaERDVF42PXVMDozSI0EsTUWaTNWvExkNlRqFvukMqR6on95E/Mtrpzo49TIeJanGiM0WBakgOiaTv0mPS2RajAyhTHJzK2EDKinTJp2CCeHzU/I/aRzZbtk+uyqXqufzOPKwB/twCC5UoAqXUIM6MOjDPTzCkyWsB+vZepm15qz5zC58g/X6AZ0jjgs=</latexit>

L � LFP + �µ⌫Tµ⌫ [e]

<latexit sha1_base64="BUwhoUztdOV7J5LylnZLSkWArc0="></latexit>

Integrating out        generates           , with coefficientO1[e]

<latexit sha1_base64="3+TlFAZpZ86w6xLIeo0Q8UN2/oE=">AAAB+XicdVDLSsNAFL2pr1pfUZduBovgKiRarK4suHFnBfuANITJdNIOnTyYmRRK6J+4caGIW//EnX/jpK3g88DA4Zx7uWdOkHImlW2/G6Wl5ZXVtfJ6ZWNza3vH3N1ryyQThLZIwhPRDbCknMW0pZjitJsKiqOA004wuir8zpgKyZL4Tk1S6kV4ELOQEay05JtmL8JqSDDPb6a+41LPN6u2derUz2p19Js4lj1DFRZo+uZbr5+QLKKxIhxL6Tp2qrwcC8UIp9NKL5M0xWSEB9TVNMYRlV4+Sz5FR1rpozAR+sUKzdSvGzmOpJxEgZ4scsqfXiH+5bmZCs+9nMVppmhM5ofCjCOVoKIG1GeCEsUnmmAimM6KyBALTJQuq6JL+Pwp+p+0TyynZl3c1qqNy0UdZTiAQzgGB+rQgGtoQgsIjOEeHuHJyI0H49l4mY+WjMXOPnyD8foB1sCT0g==</latexit>

ce,1mnpq =
2

2m2
(4�mq�np � �mn�pq)

<latexit sha1_base64="zpufQn/R30AoxgTl/ctLUgKI2x0="></latexit>

�µ⌫

<latexit sha1_base64="rS//dGBo4rNHpgPqJuEOIYrYBfU=">AAAB9XicdVDJSgNBEK1xjXGLevTSGARPw4wGoycDXjxGMAtkJqGn00ma9PQMvShhyH948aCIV//Fm39jZxFcHxQ83quiql6Ucqa05707C4tLyyurubX8+sbm1nZhZ7euEiMJrZGEJ7IZYUU5E7Smmea0mUqK44jTRjS8nPiNWyoVS8SNHqU0jHFfsB4jWFupHaQD1s6C2KBAmHGnUPTcE798Wiqj38R3vSmKMEe1U3gLugkxMRWacKxUy/dSHWZYakY4HecDo2iKyRD3actSgWOqwmx69RgdWqWLeom0JTSaql8nMhwrNYoj2xljPVA/vYn4l9cyuncWZkykRlNBZot6hiOdoEkEqMskJZqPLMFEMnsrIgMsMdE2qLwN4fNT9D+pH7t+yT2/LhUrF/M4crAPB3AEPpShAldQhRoQkHAPj/Dk3DkPzrPzMmtdcOYze/ANzusHH7OS8w==</latexit>
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UV Completions: Fermions

Nick Rodd - The Consistent SMEFT

Consider a KK graviton coupled to the field strength of eR

<latexit sha1_base64="B3wuSNA3vIbJTf9lCKaDnEgCJ/M=">AAAB6nicdVDJSgNBEK2JW4xb1KOXxiB4GmY0GD0Z8OIxLlkgGUJPpyZp0rPQ3SOEIZ/gxYMiXv0ib/6NnUVwfVDweK+Kqnp+IrjSjvNu5RYWl5ZX8quFtfWNza3i9k5DxalkWGexiGXLpwoFj7CuuRbYSiTS0BfY9IcXE795h1LxOLrVowS9kPYjHnBGtZFusHvdLZYc+9itnJQr5DdxbWeKEsxR6xbfOr2YpSFGmgmqVNt1Eu1lVGrOBI4LnVRhQtmQ9rFtaERDVF42PXVMDozSI0EsTUWaTNWvExkNlRqFvukMqR6on95E/Mtrpzo49TIeJanGiM0WBakgOiaTv0mPS2RajAyhTHJzK2EDKinTJp2CCeHzU/I/aRzZbtk+uyqXqufzOPKwB/twCC5UoAqXUIM6MOjDPTzCkyWsB+vZepm15qz5zC58g/X6AZ0jjgs=</latexit>

L � LFP + �µ⌫Tµ⌫ [e]

<latexit sha1_base64="BUwhoUztdOV7J5LylnZLSkWArc0="></latexit>

Integrating out        generates           , with coefficientO1[e]

<latexit sha1_base64="3+TlFAZpZ86w6xLIeo0Q8UN2/oE=">AAAB+XicdVDLSsNAFL2pr1pfUZduBovgKiRarK4suHFnBfuANITJdNIOnTyYmRRK6J+4caGIW//EnX/jpK3g88DA4Zx7uWdOkHImlW2/G6Wl5ZXVtfJ6ZWNza3vH3N1ryyQThLZIwhPRDbCknMW0pZjitJsKiqOA004wuir8zpgKyZL4Tk1S6kV4ELOQEay05JtmL8JqSDDPb6a+41LPN6u2derUz2p19Js4lj1DFRZo+uZbr5+QLKKxIhxL6Tp2qrwcC8UIp9NKL5M0xWSEB9TVNMYRlV4+Sz5FR1rpozAR+sUKzdSvGzmOpJxEgZ4scsqfXiH+5bmZCs+9nMVppmhM5ofCjCOVoKIG1GeCEsUnmmAimM6KyBALTJQuq6JL+Pwp+p+0TyynZl3c1qqNy0UdZTiAQzgGB+rQgGtoQgsIjOEeHuHJyI0H49l4mY+WjMXOPnyD8foB1sCT0g==</latexit>

ce,1mnpq =
2

2m2
(4�mq�np � �mn�pq)

<latexit sha1_base64="zpufQn/R30AoxgTl/ctLUgKI2x0="></latexit>

�µ⌫

<latexit sha1_base64="rS//dGBo4rNHpgPqJuEOIYrYBfU=">AAAB9XicdVDJSgNBEK1xjXGLevTSGARPw4wGoycDXjxGMAtkJqGn00ma9PQMvShhyH948aCIV//Fm39jZxFcHxQ83quiql6Ucqa05707C4tLyyurubX8+sbm1nZhZ7euEiMJrZGEJ7IZYUU5E7Smmea0mUqK44jTRjS8nPiNWyoVS8SNHqU0jHFfsB4jWFupHaQD1s6C2KBAmHGnUPTcE798Wiqj38R3vSmKMEe1U3gLugkxMRWacKxUy/dSHWZYakY4HecDo2iKyRD3actSgWOqwmx69RgdWqWLeom0JTSaql8nMhwrNYoj2xljPVA/vYn4l9cyuncWZkykRlNBZot6hiOdoEkEqMskJZqPLMFEMnsrIgMsMdE2qLwN4fNT9D+pH7t+yT2/LhUrF/M4crAPB3AEPpShAldQhRoQkHAPj/Dk3DkPzrPzMmtdcOYze/ANzusHH7OS8w==</latexit>

Consistent  with our bounds as

ce,1↵� = ce,1mnpq⇢
↵
mq⇢

�
np =

2

2m2
(4|↵|2|�|2 � |↵ · �|2) > 0

<latexit sha1_base64="RrgmaWVT2fSQyOy8ZwY9mJ8Jd+Y="></latexit>
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UV Completions: Bosons

Nick Rodd - The Consistent SMEFT

Imagine a scalar, fermion, or vector in an arbitrary rep of the SM

B/W/G

B/W/G B/W/G

B/W/G

�

What if we get if we integrate it out?



53

UV Completions: Bosons

Nick Rodd - The Consistent SMEFT

Coefficients from [Quevillon, Smith, Touati 1810.06994]



Group Theory Invariants
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UV Completions: Bosons

Nick Rodd - The Consistent SMEFT

Coefficients from [Quevillon, Smith, Touati 1810.06994]

U(1) charge

Tr(T (a
R T b)

R ) = I2(R)�ab

Tr(T (a
R T b

RT c)
R ) =

1

4
I3(R)dabc

Tr(T (a
R T b

RT c
RT d)

R ) = I4(R)dabcd

+ ⇤(R)(�ab�cd + �ac�bd + �ad�bc)

<latexit sha1_base64="KHt4FFpb2nPj9Alvn7DI8988fm0="></latexit>



Group Theory Invariants
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UV Completions: Bosons

Nick Rodd - The Consistent SMEFT

Coefficients from [Quevillon, Smith, Touati 1810.06994]

U(1) charge

Tr(T (a
R T b)

R ) = I2(R)�ab

Tr(T (a
R T b

RT c)
R ) =

1

4
I3(R)dabc

Tr(T (a
R T b

RT c
RT d)

R ) = I4(R)dabcd

+ ⇤(R)(�ab�cd + �ac�bd + �ad�bc)

<latexit sha1_base64="KHt4FFpb2nPj9Alvn7DI8988fm0="></latexit>

Final Result

Bounds satisfied for any 
representation!



5. Phenomenology
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Phenomenology: Strategy

Nick Rodd - The Consistent SMEFT

Two types of bounds*

*Caveat: all bounds are on 
dim-8 operators; generically 
harder to probe than dim-6
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Phenomenology: Strategy

Nick Rodd - The Consistent SMEFT

Two types of bounds
1.   

• Establish priors on the SMEFT
• If sign measured: test unitarity, analyticity of UV theory

c > 0

<latexit sha1_base64="ZammCNUnVY6Q6TnV4olMB6HcexE=">AAAB7HicdVDLSgNBEOyJrxhfUY9eBoPgadnVYPSiAS8eI7iJkCxhdjKbDJmdXWZmhbDkG7x4UMSrH+TNv3HyEHwWNBRV3XR3hang2rjuOyosLC4trxRXS2vrG5tb5e2dpk4yRZlPE5Go25BoJrhkvuFGsNtUMRKHgrXC4eXEb90xpXkib8woZUFM+pJHnBJjJZ/ic+x2yxXXOfZqJ9Ua/k08x52iAnM0uuW3Ti+hWcykoYJo3fbc1AQ5UYZTwcalTqZZSuiQ9FnbUklipoN8euwYH1ilh6NE2ZIGT9WvEzmJtR7Foe2MiRnon95E/MtrZyY6DXIu08wwSWeLokxgk+DJ57jHFaNGjCwhVHF7K6YDogg1Np+SDeHzU/w/aR45XtU5u65W6hfzOIqwB/twCB7UoA5X0AAfKHC4h0d4QhI9oGf0MmstoPnMLnwDev0A4MCOGg==</latexit>

experimental
bounds

c2

c1

region forbidden
by IR consistency

parameter space
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Phenomenology: Strategy

Nick Rodd - The Consistent SMEFT

Two types of bounds
1.   

• Establish priors on the SMEFT
• If sign measured: test unitarity, analyticity of UV theory

2.  
• Connects disparate experiments (CP & flavour)

c > 0

<latexit sha1_base64="ZammCNUnVY6Q6TnV4olMB6HcexE=">AAAB7HicdVDLSgNBEOyJrxhfUY9eBoPgadnVYPSiAS8eI7iJkCxhdjKbDJmdXWZmhbDkG7x4UMSrH+TNv3HyEHwWNBRV3XR3hang2rjuOyosLC4trxRXS2vrG5tb5e2dpk4yRZlPE5Go25BoJrhkvuFGsNtUMRKHgrXC4eXEb90xpXkib8woZUFM+pJHnBJjJZ/ic+x2yxXXOfZqJ9Ua/k08x52iAnM0uuW3Ti+hWcykoYJo3fbc1AQ5UYZTwcalTqZZSuiQ9FnbUklipoN8euwYH1ilh6NE2ZIGT9WvEzmJtR7Foe2MiRnon95E/MtrZyY6DXIu08wwSWeLokxgk+DJ57jHFaNGjCwhVHF7K6YDogg1Np+SDeHzU/w/aR45XtU5u65W6hfzOIqwB/twCB7UoA5X0AAfKHC4h0d4QhI9oGf0MmstoPnMLnwDev0A4MCOGg==</latexit>

c1c2 > |c̃|2

<latexit sha1_base64="hJBfDpzm6FEKZrUWFe8PDRg27QQ=">AAACAHicdVDLSsNAFJ34rPUVdeHCzWARXIWkFqsbLbhxWcE+oI1hMpm0QyeTMDMRSpqNv+LGhSJu/Qx3/o3Th+DzwIXDOfdy7z1+wqhUtv1uzM0vLC4tF1aKq2vrG5vm1nZTxqnApIFjFou2jyRhlJOGooqRdiIIinxGWv7gYuy3bomQNObXapgQN0I9TkOKkdKSZ+5iz4HYK8MzOOoqygKS4Xx0U/bMkm0dOdXjShX+Jo5lT1ACM9Q9860bxDiNCFeYISk7jp0oN0NCUcxIXuymkiQID1CPdDTlKCLSzSYP5PBAKwEMY6GLKzhRv05kKJJyGPm6M0KqL396Y/Evr5Oq8MTNKE9SRTieLgpTBlUMx2nAgAqCFRtqgrCg+laI+0ggrHRmRR3C56fwf9IsW07FOr2qlGrnszgKYA/sg0PggCqogUtQBw2AQQ7uwSN4Mu6MB+PZeJm2zhmzmR3wDcbrB4MWlcQ=</latexit>

c̃ G3G̃

<latexit sha1_base64="jXFNDwjcCheUSAkV3yHuLl0zue0=">AAACAXicdVDLSgMxFM34rPVVdSO4CRbBhZSZPmhnV1Coywr2AZ2xZDJpG5rJDElGKEPd+CtuXCji1r9w59+YtiOo6IELJ+fcS+49XsSoVKb5YSwtr6yurWc2sptb2zu7ub39tgxjgUkLhywUXQ9JwignLUUVI91IEBR4jHS88fnM79wSIWnIr9UkIm6AhpwOKEZKS/3coaMo80mCp85Z46YE02dj2s/lzYJdq1RKNWgWTNMu2lVNbNu2qha0tDJDHqRo9nPvjh/iOCBcYYak7FlmpNwECUUxI9OsE0sSITxGQ9LTlKOASDeZXzCFJ1rx4SAUuriCc/X7RIICKSeBpzsDpEbytzcT//J6sRrU3ITyKFaE48VHg5hBFcJZHNCngmDFJpogLKjeFeIREggrHVpWh/B1KfyftIsFq1ywr8r5+kUaRwYcgWNwCixQBXVwCZqgBTC4Aw/gCTwb98aj8WK8LlqXjHTmAPyA8fYJkBqXBA==</latexit>

cG4

<latexit sha1_base64="GRQCzFu18l3ybKX9AsfanUSvTSc=">AAAB7XicdVBNSwMxEM3Wr1q/qh69BIvgQZbd2tLuraCgxwq2Fdq1ZNNsG5tNliQrlKX/wYsHRbz6f7z5b8y2FVT0wcDjvRlm5gUxo0o7zoeVW1peWV3Lrxc2Nre2d4q7e20lEolJCwsm5E2AFGGUk5ammpGbWBIUBYx0gvFZ5nfuiVRU8Gs9iYkfoSGnIcVIG6mNeycXt5V+seTYXr1aPa1Dx3Ycr+zVDPE8z6250DVKhhJYoNkvvvcGAicR4RozpFTXdWLtp0hqihmZFnqJIjHCYzQkXUM5iojy09m1U3hklAEMhTTFNZyp3ydSFCk1iQLTGSE9Ur+9TPzL6yY6rPsp5XGiCcfzRWHCoBYwex0OqCRYs4khCEtqboV4hCTC2gRUMCF8fQr/J+2y7VZs76pSapwv4siDA3AIjoELaqABLkETtAAGd+ABPIFnS1iP1ov1Om/NWYuZffAD1tsnMb6O7Q==</latexit>

d

<latexit sha1_base64="D7oQIoR2BPOhxc8cniIdeG2APjc=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsxIQd0VdOGygn1gO5RMJtOGZpIhyQhl6F+4caGIW//GnX9jpp2Fth4IHM65l5x7goQzbVz32ymtrW9sbpW3Kzu7e/sH1cOjjpapIrRNJJeqF2BNORO0bZjhtJcoiuOA024wucn97hNVmknxYKYJ9WM8EixiBBsrPQ5ibMZBlIWzYbXm1t050CrxClKDAq1h9WsQSpLGVBjCsdZ9z02Mn2FlGOF0VhmkmiaYTPCI9i0VOKbaz+aJZ+jMKiGKpLJPGDRXf29kONZ6Ggd2Mk+ol71c/M/rpya68jMmktRQQRYfRSlHRqL8fBQyRYnhU0swUcxmRWSMFSbGllSxJXjLJ6+SzkXda9Sv7xu15m1RRxlO4BTOwYNLaMIdtKANBAQ8wyu8Odp5cd6dj8VoySl2juEPnM8f40+RFg==</latexit>

)

<latexit sha1_base64="CP10rPrae5yIaKRWwqZYrmcQOPA=">AAAB8nicdVDLSgNBEJz1GeMr6tHLYBA8hd2YkOwt4MVjlLxgE8LsZJIMmZ1ZZnqVsOQzvHhQxKtf482/cfIQVLSgoajqprsrjAU34Lofztr6xubWdmYnu7u3f3CYOzpuGZVoyppUCaU7ITFMcMmawEGwTqwZiULB2uHkau6375g2XMkGTGPWi8hI8iGnBKwUdG/5aAxEa3Xfz+Xdgl8tly+r2C24rl/0K5b4vu9VPOxZZY48WqHez713B4omEZNABTEm8NwYeinRwKlgs2w3MSwmdEJGLLBUkoiZXro4eYbPrTLAQ6VtScAL9ftESiJjplFoOyMCY/Pbm4t/eUECw2ov5TJOgEm6XDRMBAaF5//jAdeMgphaQqjm9lZMx0QTCjalrA3h61P8P2kVC16p4N+U8rXGKo4MOkVn6AJ5qIJq6BrVURNRpNADekLPDjiPzovzumxdc1YzJ+gHnLdPLLyR8A==</latexit>
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Phenomenology: aQGCs

Nick Rodd - The Consistent SMEFT

W/Z

W/Z

q

q

q

q

W

W

Ongoing search for dim-8 ops is aQGCs (e.g.                                  )WWWW, WWZZ

<latexit sha1_base64="QIzdWvwuB/Rnps/y+NhqBtPsbq4=">AAAB8nicdVDLSsNAFJ3UV62vqks3g0VwUUKixerKghuXFWxTmoYymU7aoZNMmLkRSulnuHGhiFu/xp1/4/Qh+Dxw4XDOvdx7T5gKrsFx3q3c0vLK6lp+vbCxubW9U9zda2qZKcoaVAqpWiHRTPCENYCDYK1UMRKHgnnh8Grqe3dMaS6TWxilLIhJP+ERpwSM5HsG5U7Z89rtbrHk2Kdu9axSxb+JazszlNAC9W7xrdOTNItZAlQQrX3XSSEYEwWcCjYpdDLNUkKHpM98QxMSMx2MZydP8JFRejiSylQCeKZ+nRiTWOtRHJrOmMBA//Sm4l+en0F0Hox5kmbAEjpfFGUCg8TT/3GPK0ZBjAwhVHFzK6YDoggFk1LBhPD5Kf6fNE9st2Jf3FRKtctFHHl0gA7RMXJRFdXQNaqjBqJIonv0iJ4ssB6sZ+tl3pqzFjP76Bus1w9oTJC3</latexit>

See for example [ATLAS 1906.03203], [CMS 1901.04060], [Green, Meade, Pleier 1610.07572]
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Phenomenology: aQGCs

Nick Rodd - The Consistent SMEFT

Start with basis of CP-even operators [Eboli+ hep-ph/0606118]

2 Scalar

8 Mixed

10 Tensor
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Phenomenology: aQGCs

Nick Rodd - The Consistent SMEFT

3 Scalar

7 Mixed

Corrected over time, see e.g. [Rauch 1610.08420]

8 Tensor
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Phenomenology: aQGCs
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3 Scalar

7 Mixed

8 Tensor

Compared to our basis, still missing operators!

8

10
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Map our bounds onto the aQGC basis
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experimental
bounds

c2

c1

region forbidden
by IR consistency

parameter space

• Many open directions
• Superposition of representations 

(connection to B/L violation)

• Detailed pheno studies

• BSM extensions to the SMEFT

• The story at dimension 6

• Connection between causality and 
unitarity/analyticity

• …

Bedrock field theory principles constrain the SMEFT

Nick Rodd - The Consistent SMEFT
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[Morozov 1984]
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