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QED at higher loops

Appelquist-Brodsky
December 1970
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Cutkosky rules, dispersion relations, SCHOONSHIP, polylogs and all that
Manipulated on the CDC 6600 of Casalecchio with decks of punchcards 

 (while living in Pisa!)



For later use in this talk



L⇠SM =�1
4

Fa
µnFaµn + iȳ 6Dy (∿1975-2000)

+|Dµh|2�V (h) (∿1990 -2012- now)

+yili jy jh+h.c. (∿2000 - now)

By 1973 the full SM was completely formulated

passing over our heads (my head)



J/ (1��)interpret the narrowness of              as a consequence               
Appelquist, Politzer (1975) and De Rujula, Glashow (1975)

of its 3 gluon decay

 The narrowness of charmonia

Discovery: Nov 1974
“The November revolution”

QCD in     states<latexit sha1_base64="95No1UVptPgI6QsiZaGjfnZ81jU=">AAAB73icdVDLSgNBEOyNrxhfUY9eBoPgaZk1Cdlj0IvHBEwMJEuYncwmQ2YfzswKYclPePGgiFd/x5t/4yRZQUULGoqqbrq7/ERwpTH+sApr6xubW8Xt0s7u3v5B+fCoq+JUUtahsYhlzyeKCR6xjuZasF4iGQl9wW796dXCv71nUvE4utGzhHkhGUc84JRoI/UGPpFZe94elivYdnGj7tYQtvEShjjVagO7yMmVCuRoDcvvg1FM05BFmgqiVN/BifYyIjWngs1Lg1SxhNApGbO+oREJmfKy5b1zdGaUEQpiaSrSaKl+n8hIqNQs9E1nSPRE/fYW4l9eP9WB62U8SlLNIrpaFKQC6RgtnkcjLhnVYmYIoZKbWxGdEEmoNhGVTAhfn6L/SffCduo2btcqzcs8jiKcwCmcgwMNaMI1tKADFAQ8wBM8W3fWo/Viva5aC1Y+cww/YL19AlsVkC8=</latexit>

Q̄Q



Charmonium spectroscopy

⌘c(1S)

⌘c(2S)

J/ (2S)

J/ (1S)

�0(1P )

�1(1P )

�2(1P )

-

-

2984

3686

E/MeV

  ’s between 100 keV and 30 MeV�

pp̄ ! (cc̄) ! e+e�

pp̄ ! (cc̄) ! ��
E760 (FNAL)
R704 (CERN)

E835 (FNAL)

e+e� ! J/ ! e+e� Discovery: Nov 1974



�(0++) : �(2++) : �(1++) = 12 : 2.4 : 1

�(�c1) = 0.84± 0.04�(�c2) = 1.93± 0.11�(�c0) = 10.5± 0.6 MeV

First measured in 1986 at Crystal Ball (SLAC)
Now:



“Colour-singlet” model (+ NLO)
<latexit sha1_base64="ZE7D0g3DurdE7vjnR+5VCw94mp8=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPgKewGRY9BLx6jmAckS5idzCZD5rHMzAphyR948aCIV//Im3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnwoZyJmnTMstpJ9EUi4jTdjS+nfntJ6oNU/LRThIaCjyULGYEWyc91ES/XPGr/hxolQQ5qUCORr/81RsokgoqLeHYmG7gJzbMsLaMcDot9VJDE0zGeEi7jkosqAmz+aVTdOaUAYqVdiUtmqu/JzIsjJmIyHUKbEdm2ZuJ/3nd1MbXYcZkkloqyWJRnHJkFZq9jQZMU2L5xBFMNHO3IjLCGhPrwim5EILll1dJq1YNLqv+/UWlfpPHUYQTOIVzCOAK6nAHDWgCgRie4RXevLH34r17H4vWgpfPHMMfeJ8/R8yNMQ==</latexit>

2m

virtual

Relativistic, colour-octet, binding corrections
<latexit sha1_base64="VVMtHRyPj6wuIA4cLmDJf6ucKfw=">AAACBnicbVDLSsNAFJ3UV62vqEsRBovgopSkKLos1oULFy3YB7QxTCaTduhMEmYmhRK6cuOvuHGhiFu/wZ1/47TNQlsPDBzOuYc793gxo1JZ1reRW1ldW9/Ibxa2tnd298z9g5aMEoFJE0csEh0PScJoSJqKKkY6sSCIe4y0vWFt6rdHREgahfdqHBOHo35IA4qR0pJrHvNRCfbudMBHbtqo3UxKkI8eKqWeHynpmkWrbM0Al4mdkSLIUHfNL53DCSehwgxJ2bWtWDkpEopiRiaFXiJJjPAQ9UlX0xBxIp10dsYEnmrFh0Ek9AsVnKm/EyniUo65pyc5UgO56E3F/7xuooIrJ6VhnCgS4vmiIGFQRXDaCfSpIFixsSYIC6r/CvEACYSVbq6gS7AXT14mrUrZvihbjfNi9TqrIw+OwAk4Aza4BFVwC+qgCTB4BM/gFbwZT8aL8W58zEdzRpY5BH9gfP4AY5KXzQ==</latexit>

mv,⇤QCD,mv2, . . . NRQCD

<latexit sha1_base64="cE3NBbd1lshRJJu4TMC1ziiRMms=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8cq9gPaUDbbTbt0kw27E6WE/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmFldW19o7hZ2tre2d0r7x80jUo14w2mpNLtgBouRcwbKFDydqI5jQLJW8HoZuq3Hrk2QsUPOE64H9FBLELBKFqp070XgyFSrdVTr1xxq+4MZJl4OalAjnqv/NXtK5ZGPEYmqTEdz03Qz6hGwSSflLqp4QllIzrgHUtjGnHjZ7OTJ+TEKn0SKm0rRjJTf09kNDJmHAW2M6I4NIveVPzP66QYXvmZiJMUeczmi8JUElRk+j/pC80ZyrEllGlhbyVsSDVlaFMq2RC8xZeXSfOs6l1U3bvzSu06j6MIR3AMp+DBJdTgFurQAAYKnuEV3hx0Xpx352PeWnDymUP4A+fzB5JtkXE=</latexit>)

Needed refinements



<latexit sha1_base64="5pq+zGrlVc5IIc2/4ZGP796hnaQ=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV1R9Bj04jGCeUCyhNnJbDJmdmaZ6RVCyD948aCIV//Hm3/jJNmDJhY0FFXddHdFqRQWff/bW1ldW9/YLGwVt3d29/ZLB4cNqzPDeJ1pqU0ropZLoXgdBUreSg2nSSR5MxreTv3mEzdWaPWAo5SHCe0rEQtG0UmNDkfaZd1S2a/4M5BlEuSkDDlq3dJXp6dZlnCFTFJr24GfYjimBgWTfFLsZJanlA1pn7cdVTThNhzPrp2QU6f0SKyNK4Vkpv6eGNPE2lESuc6E4sAuelPxP6+dYXwdjoVKM+SKzRfFmSSoyfR10hOGM5QjRygzwt1K2IAaytAFVHQhBIsvL5PGeSW4rPj3F+XqTR5HAY7hBM4ggCuowh3UoA4MHuEZXuHN096L9+59zFtXvHzmCP7A+/wBfayPEg==</latexit>⌘c

<latexit sha1_base64="r4bkCnXmUP5Vgr/dVQ8krc4hrvk=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgQspMUXRZdOOygn1AO5ZMmmlDk8yQZJQy9D/cuFDErf/izr8xnc5CWw9c7uGce8nNCWLOtHHdb6ewsrq2vlHcLG1t7+zulfcPWjpKFKFNEvFIdQKsKWeSNg0znHZiRbEIOG0H45uZ336kSrNI3ptJTH2Bh5KFjGBjpYceGbG+e4ayXuuXK27VzYCWiZeTCuRo9MtfvUFEEkGlIRxr3fXc2PgpVoYRTqelXqJpjMkYD2nXUokF1X6aXT1FJ1YZoDBStqRBmfp7I8VC64kI7KTAZqQXvZn4n9dNTHjlp0zGiaGSzB8KE45MhGYRoAFTlBg+sQQTxeytiIywwsTYoEo2BG/xy8ukVat6F1X37rxSv87jKMIRHMMpeHAJdbiFBjSBgIJneIU358l5cd6dj/lowcl3DuEPnM8fFQCRlg==</latexit>�0,�2



<latexit sha1_base64="4fRB+U3W2NLeE4bC/c0lu8iLjMA=">AAAB8XicbVA9SwNBEJ3zM8avqKXNYhCswp0oWgZtLCwimA9MjrC32UuW7O0du3NKOPIvbCwUsfXf2Plv3CRXaOKDgcd7M8zMCxIpDLrut7O0vLK6tl7YKG5ube/slvb2GyZONeN1FstYtwJquBSK11Gg5K1EcxoFkjeD4fXEbz5ybUSs7nGUcD+ifSVCwSha6aFzy0OkWsdP3VLZrbhTkEXi5aQMOWrd0lenF7M04gqZpMa0PTdBP6MaBZN8XOykhieUDWmfty1VNOLGz6YXj8mxVXokjLUthWSq/p7IaGTMKApsZ0RxYOa9ifif104xvPQzoZIUuWKzRWEqCcZk8j7pCc0ZypEllGlhbyVsQDVlaEMq2hC8+ZcXSeO04p1X3LuzcvUqj6MAh3AEJ+DBBVThBmpQBwYKnuEV3hzjvDjvzsesdcnJZw7gD5zPH7rckPQ=</latexit>(



Back to QED: the muon anomaly

May 1991

Time to correct this view

HLbL at that time:



<latexit sha1_base64="P2rgCdUKMlHySaPfkOOoxrZALOg=">AAACFnicbVDLSgNBEJyNrxhfqx69DAYhHhJ2JdFchKAecoxgEiEbl9nJJBky+2CmVwhrvsKLv+LFgyJexZt/4+Rx0MSChqKqm+4uLxJcgWV9G6ml5ZXVtfR6ZmNza3vH3N1rqDCWlNVpKEJ56xHFBA9YHTgIdhtJRnxPsKY3uBz7zXsmFQ+DGxhGrO2TXsC7nBLQkmvmnSsmgGDiOn784CbVRm2Ez/FpuVjKFa1j7NBOCNi27pK8bY9cM2sVrAnwIrFnJItmqLnml9MJaeyzAKggSrVsK4J2QiRwKtgo48SKRYQOSI+1NA2Iz1Q7mbw1wkda6eBuKHUFgCfq74mE+EoNfU93+gT6at4bi/95rRi65XbCgygGFtDpom4sMIR4nBHucMkoiKEmhEqub8W0TyShoJPM6BDs+ZcXSeOkYJcK1nUxW7mYxZFGB+gQ5ZCNzlAFVVEN1RFFj+gZvaI348l4Md6Nj2lrypjN7KM/MD5/ABxKnCs=</latexit>

�aµ|HV P = 6845(40) · 10�11

<latexit sha1_base64="RfHk5hkqBNu+2qphtkzEhr5krrY=">AAACFXicbVDLSgNBEJz1GeMr6tHLYBAUNOwExXgQgnrIIYcIJhGycZmdTJIhsw9meoWw5ie8+CtePCjiVfDm3zh5HDRa0FBUddPd5UVSaLDtL2tmdm5+YTG1lF5eWV1bz2xs1nQYK8arLJShuvGo5lIEvAoCJL+JFKe+J3nd610M/fodV1qEwTX0I970aScQbcEoGMnNHDiXXALF1HX8+N5NSmWvPMBn+DS/Rwr72GGtEDCxb5NDQgZuJmvn7BHwX0ImJIsmqLiZT6cVstjnATBJtW4QO4JmQhUIJvkg7cSaR5T1aIc3DA2oz3UzGX01wLtGaeF2qEwFgEfqz4mE+lr3fc90+hS6etobiv95jRjahWYigigGHrDxonYsMYR4GBFuCcUZyL4hlClhbsWsSxVlYIJMmxDI9Mt/SS2fI8c5++ooWzyfxJFC22gH7SGCTlARlVAFVRFDD+gJvaBX69F6tt6s93HrjDWZ2UK/YH18A9DonA4=</latexit>

�aµ|HLbL = 92(18) · 10�11

<latexit sha1_base64="Mpk/y/SjU8agFJK6ZTkfI2tLHfI="></latexit>

�aµ|Weak = 153(1) · 10�11
<latexit sha1_base64="J5l+D21aQe1CD0l7mZRzR3zIQS4=">AAACGnicbVDLSgMxFM3UV62vUZdugkXQhSUpvjaC6MZlBatCW4dMmrahmQfJHbGM8x1u/BU3LhRxJ278G9NaQVsPXDg5515y7/FjJQ0Q8unkJianpmfys4W5+YXFJXd55cJEieaiyiMV6SufGaFkKKogQYmrWAsW+Epc+t2Tvn95I7SRUXgOvVg0AtYOZUtyBlbyXMq8epDceam4jbPtnwd0MnyIy7tkc49s4TpvRoApuU63Kc08t0hKZAA8TuiQFNEQFc99rzcjngQiBK6YMTVKYmikTIPkSmSFemJEzHiXtUXN0pAFwjTSwWkZ3rBKE7cibSsEPFB/T6QsMKYX+LYzYNAxo15f/M+rJdA6aKQyjBMQIf/+qJUoDBHu54SbUgsOqmcJ41raXTHvMM042DQLNgQ6evI4uSiX6G6JnO0Uj46HceTRGlpHm4iifXSETlEFVRFH9+gRPaMX58F5cl6dt+/WnDOcWUV/4Hx8AQefnug=</latexit>

aµ|exp � aµ|th = 250(60) · 10�11

2104.03281

Theory errors going to dominate soon?
Safe to add theory errors in quadrature?  From       to   

<latexit sha1_base64="+VIbu9f9+hOpS4AaQk6Mpcx/Q38=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0hKRY9FLx4r2lpoQ9lsJ+3SzSbsboRS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8MBVcG8/7dgpr6xubW8Xt0s7u3v5B+fCopZNMMWyyRCSqHVKNgktsGm4EtlOFNA4FPoajm5n/+IRK80Q+mHGKQUwHkkecUWOl+5pb7ZUrnuvNQVaJn5MK5Gj0yl/dfsKyGKVhgmrd8b3UBBOqDGcCp6VupjGlbEQH2LFU0hh1MJmfOiVnVumTKFG2pCFz9ffEhMZaj+PQdsbUDPWyNxP/8zqZia6CCZdpZlCyxaIoE8QkZPY36XOFzIixJZQpbm8lbEgVZcamU7Ih+Msvr5JW1fUvXO+uVqlf53EU4QRO4Rx8uIQ63EIDmsBgAM/wCm+OcF6cd+dj0Vpw8plj+APn8wdcao0w</latexit>

4.2
<latexit sha1_base64="55ss0O0fB8kAeVBz5UFNbjrNA6I=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbB07KrLXosevFYwX5Iu5Rsmm1Dk+ySZIWy9Fd48aCIV3+ON/+NabsHbX0w8Hhvhpl5YcKZNp737RTW1jc2t4rbpZ3dvf2D8uFRS8epIrRJYh6rTog15UzSpmGG006iKBYhp+1wfDvz209UaRbLBzNJaCDwULKIEWys9Hjp1nqaDQXulyue682BVomfkwrkaPTLX71BTFJBpSEca931vcQEGVaGEU6npV6qaYLJGA9p11KJBdVBNj94is6sMkBRrGxJg+bq74kMC60nIrSdApuRXvZm4n9eNzXRdZAxmaSGSrJYFKUcmRjNvkcDpigxfGIJJorZWxEZYYWJsRmVbAj+8surpHXh+jXXu69W6jd5HEU4gVM4Bx+uoA530IAmEBDwDK/w5ijnxXl3PhatBSefOYY/cD5/APQAj9s=</latexit>

3.5�



SUSY as an “EASY” and “MOTIVATED” 
IF       confirmed<latexit sha1_base64="KVXjG5ui+yRAO+oFVGdzW6/r9LY=">AAAB83icbVDLSsNAFJ3UV62vqks3g0VwFZJiqd0VFHRZwT6gCWUynbRDZyZhHkIJ/Q03LhRx68+482+ctgG1euDC4Zx7ufeeKGVUac/7dApr6xubW8Xt0s7u3v5B+fCooxIjMWnjhCWyFyFFGBWkralmpJdKgnjESDeaXM397gORiibiXk9TEnI0EjSmGGkrBcE1YRpBNAi4GZQrnluvNaqNKvRcb4Fv4uekAnK0BuWPYJhgw4nQmCGl+r6X6jBDUlPMyKwUGEVShCdoRPqWCsSJCrPFzTN4ZpUhjBNpS2i4UH9OZIgrNeWR7eRIj9WqNxf/8/pGx5dhRkVqNBF4uSg2DOoEzgOAQyoJ1mxqCcKS2lshHiOJsLYxlWwI/urLf0mn6vo117u7qDRv8jiK4AScgnPggzpoglvQAm2AQQoewTN4cYzz5Lw6b8vWgpPPHINfcN6/ALtAkYE=</latexit>

�aµ

1. Relevant (low energy) 
<latexit sha1_base64="C/PyaWbsx9MBYDWzUGJl+o6hIrM="></latexit>

M1b̃b̃, M2w̃w̃, mµ̃L µ̃
+
L µ̃L, mµ̃R µ̃

+
Rµ̃R, µH1H2, tan� =

< H2 >

< H1 >

2. Size of the effect:

<latexit sha1_base64="3+mlB7OUK9scsWidru1jHlcRZsI="></latexit>

�aµ|SUSY ⇡ g21
16⇡2

m2
µ
M1µ tan�

m2
µ̃L

m2
µ̃R

⇡ 2.5 · 10�9(
tan�

10
)(

µ

1 TeV
)(

M1

100 GeV
)(
200 GeV

mµ̃L

)2(
200 GeV

mµ̃R

)2

<latexit sha1_base64="un3uJ4CfnaTU2y+E6wAqp9qbF80=">AAACCXicbZC7SgNBFIZnvcb1tmppMxgEq7AbFG2EgIUWFlHMBZK4zE4myZCZ2WXmrBCWtDa+io2FIra+gZ1v4+RSaOIPBz7+cw4z548SwQ34/rezsLi0vLKaW3PXNza3tr2d3aqJU01ZhcYi1vWIGCa4YhXgIFg90YzISLBa1L8Y9WsPTBseqzsYJKwlSVfxDqcErBV6WIbZ9e3wvojPLTZliscFRDUjBsR1Qy/vF/yx8DwEU8ijqcqh99VsxzSVTAEVxJhG4CfQyogGTgUbus3UsITQPumyhkVFJDOtbHzJEB9ap407sbalAI/d3xsZkcYMZGQnJYGeme2NzP96jRQ6Z62MqyQFpujkoU4qMMR4FAtuc80oiIEFQjW3f8W0RzShYMMbhRDMnjwP1WIhOCn4N8f50uU0jhzaRwfoCAXoFJXQFSqjCqLoET2jV/TmPDkvzrvzMRldcKY7e+iPnM8f8OCYlg==</latexit>

m2
LR = mµµ tan�



No coloured partners below <latexit sha1_base64="1osH1ot/XssqEz9EPUXs+5Z8zFY="></latexit>

1÷ 2 TeV

<latexit sha1_base64="tMkpiRVYDN2VzEdONs9/98h4V7E=">AAACHHicbVDJSgNBFOxxjeMW9eilMQgeJMy4oEfBg16ECFmETAg9PW9iY89i9xslDMl/ePFXvHhQxIsHwb+xsyBuBQ1F1Stev/JTKTQ6zoc1MTk1PTNbmLPnFxaXlosrq3WdZIpDjScyURc+0yBFDDUUKOEiVcAiX0LDvzoe+I0bUFokcRW7KbQi1olFKDhDI7WLu2ftXeqhkAHknd4X2fauMxbYxvQ6aNIRZf0QbvtVqNt2u1hyys4Q9C9xx6RExqi0i29ekPAsghi5ZFo3XSfFVs4UCi6hZ3uZhpTxK9aBpqExi0C38uFxPbpplICGiTIvRjpUvydyFmndjXwzGTG81L+9gfif18wwPGzlIk4zhJiPFoWZpJjQQVM0EAo4yq4hjCth/kr5JVOMo+lzUIL7++S/pL5TdvfLzvle6ehkXEeBrJMNskVcckCOyCmpkBrh5I48kCfybN1bj9aL9ToanbDGmTXyA9b7J+HDoTs=</latexit>

M3g̃g̃, M3 & a few TeV

No flavour violations <latexit sha1_base64="qmKXXibVkryrMYbM61rl69JeXF8="></latexit>

µ ! e�, ⌧ ! µ�, etc

<latexit sha1_base64="BH1RHPLg/JAOpp+jbeyRfaIJJKQ=">AAACInicbZDLSgMxFIYz9VbrrerSTbAIrsqMKOpCKLjQhYsK9gJtGTLpaRuazAzJGaEMfRY3voobF4q6EnwY0wuorT8Efr5zDifnD2IpDLrup5NZWFxaXsmu5tbWNza38ts7VRMlmkOFRzLS9YAZkCKECgqUUI81MBVIqAX9y1G9dg/aiCi8w0EMLcW6oegIztAiP3+u/LSJQrYhhaF/M6QXuR/SVMk8QzaBfr7gFt2x6LzxpqZApir7+fdmO+KJghC5ZMY0PDfGVso0Ci5hmGsmBmLG+6wLDWtDpsC00vGJQ3pgSZt2Im1fiHRMf0+kTBkzUIHtVAx7ZrY2gv/VGgl2zlqpCOMEIeSTRZ1EUozoKC/aFho4yoE1jGth/0p5j2nG0aaasyF4syfPm+pR0TspurfHhdLVNI4s2SP75JB45JSUyDUpkwrh5IE8kRfy6jw6z86b8zFpzTjTmV3yR87XNx0mpKQ=</latexit>mẽL = mµ̃L = m⌧̃L (and similarly for         )<latexit sha1_base64="gj9J5Bc8Fqw0Lc+yek96JUqEVCQ=">AAAB+nicbVDLSsNAFJ3UV62vVJduBovgqiSi6LLgQpdV7APaECaTSTt0ZhJmJkqJ+RQ3LhRx65e482+ctFlo64ELh3Pu5d57goRRpR3n26qsrK6tb1Q3a1vbO7t7dn2/q+JUYtLBMYtlP0CKMCpIR1PNSD+RBPGAkV4wuSr83gORisbiXk8T4nE0EjSiGGkj+Xad+9lQUxaSjOX+XQ5rvt1wms4McJm4JWmAEm3f/hqGMU45ERozpNTAdRLtZUhqihnJa8NUkQThCRqRgaECcaK8bHZ6Do+NEsIolqaEhjP190SGuFJTHphOjvRYLXqF+J83SHV06WVUJKkmAs8XRSmDOoZFDjCkkmDNpoYgLKm5FeIxkghrk1YRgrv48jLpnjbd86Zze9ZoXZdxVMEhOAInwAUXoAVuQBt0AAaP4Bm8gjfryXqx3q2PeWvFKmcOwB9Ynz/2x5PP</latexit>ml̃R

Due to 
<latexit sha1_base64="qDGkLMPT6NpffH1WYabePfoqeiI="></latexit>

m2
LR(⌧) = m⌧µ tan� ⇡ (150 GeV )2

tan�

10

µ

TeV

<latexit sha1_base64="6BpTkcvmEq/Tym6ntEAzqzjhL88=">AAACBnicbVBNS8NAEN3Urxq/oh5FWCyCp5KIoheh4EGPVewHNKFsNtt26SYbdidKCT158a948aCIV3+DN/+NSZuDtj4YeLw3w8w8PxZcg21/G6WFxaXllfKquba+sbllbe80tUwUZQ0qhVRtn2gmeMQawEGwdqwYCX3BWv7wMvdb90xpLqM7GMXMC0k/4j1OCWRS19o33VveHwBRSj5gF7gIWOoCScb4wjS7VsWu2hPgeeIUpIIK1LvWlxtImoQsAiqI1h3HjsFLiQJOBRubbqJZTOiQ9FknoxEJmfbSyRtjfJgpAe5JlVUEeKL+nkhJqPUo9LPOkMBAz3q5+J/XSaB37qU8ihNgEZ0u6iUCg8R5JjjgilEQo4wQqnh2K6YDogiFLLk8BGf25XnSPK46p1X75qRSuyriKKM9dICOkIPOUA1dozpqIIoe0TN6RW/Gk/FivBsf09aSUczsoj8wPn8AudmYAg==</latexit>) ⌧̃ = lightest s-lepton

Cancellations needed
<latexit sha1_base64="zeKk7id6clXLZaT8h6bNApgM42M=">AAACCnicbVDLSgMxFM3UVx1fVZduokWoiGVmUHQjFFzYZQX7wHY6ZNLUhiYzQ5IRyrRrN/6KGxeKuPUL3Pk3pu0stPXAhZNz7iX3Hj9iVCrL+jYyC4tLyyvZVXNtfWNzK7e9U5NhLDCp4pCFouEjSRgNSFVRxUgjEgRxn5G6378a+/UHIiQNg1s1iIjL0X1AuxQjpSUvt29y767twMsTp8C9pOw5I/06hsMWj4dt58g0vVzeKloTwHlipyQPUlS83FerE+KYk0BhhqRs2lak3AQJRTEjI7MVSxIh3Ef3pKlpgDiRbjI5ZQQPtdKB3VDoChScqL8nEsSlHHBfd3KkenLWG4v/ec1YdS/chAZRrEiApx91YwZVCMe5wA4VBCs20ARhQfWuEPeQQFjp9MYh2LMnz5OaU7TPitbNab50ncaRBXvgABSADc5BCZRBBVQBBo/gGbyCN+PJeDHejY9pa8ZIZ3bBHxifP+galz0=</latexit>

m2
Z
= �2(m2

H2
+ |µ|2)

3. Main constraints on parameter space (high energy)

If non-zero phases, from
<latexit sha1_base64="q5YYFuNfE9q2vlBUtqTPX+wjvVo=">AAACCnicdVDLSgMxFM34rPVVdekmWgQ3DpPB0hZcFN24rGAf0NaSydy2oZkHSUYoQ9du/BU3LhRx6xe4829MH4KKXgice8493NzjxYIr7Tgf1sLi0vLKamYtu76xubWd29mtqyiRDGosEpFselSB4CHUNNcCmrEEGngCGt7wYqI3bkEqHoXXehRDJ6D9kPc4o9pQ3dyB3wV8honttpkfaUycm/TELY8xzHoWdHN5xy6SAimXsWM70zKAlNxyiRjjjMmjeVW7ufe2H7EkgFAzQZVqESfWnZRKzZmAcbadKIgpG9I+tAwMaQCqk05PGeMjw/i4F0nzQrN+wn53pDRQahR4ZjKgeqB+axPyL62V6F6pk/IwTjSEbLaolwisIzzJBftcAtNiZABlkpu/YjagkjJt0suaEL4uxf+DumuTgu1cneYr5/M4MmgfHaJjRFARVdAlqqIaYugOPaAn9GzdW4/Wi/U6G12w5p499KOst0+e35hb</latexit>

de < 1.2 · 10�29e · cm

<latexit sha1_base64="KGcNx1fYgZ3SeGjudqB0PXgSlcI="></latexit>

m⌫̃eL & 40 TeV (sin�µ tan�)
1/2



4. Direct signals

LHC

<latexit sha1_base64="b6OKlReS/pYD3vmKHQKfu5N2Ytw=">AAACIHicbZBPS8MwGMbT+W/Wf1WPXoJD8CCjnco87DDwoAcHU9wcrKOkWbaFJW1JUmGUfhQvfhUvHhTRm34a264Ht/lA4JfnfV+S93EDRqUyzW+tsLS8srpWXNc3Nre2d4zdvbb0Q4FJC/vMFx0XScKoR1qKKkY6gSCIu4w8uOPLtP7wSISkvnevJgHpcTT06IBipBLLMap6w7Fq3IlsRVmfRCx2buKTmftdDGuw4VRgzeZhhqe67hgls2xmgotg5VACuZqO8WX3fRxy4inMkJRdywxUL0JCUcxIrNuhJAHCYzQk3QQ9xInsRdmCMTxKnD4c+CI5noKZ+3ciQlzKCXeTTo7USM7XUvO/WjdUg4teRL0gVMTD04cGIYPKh2lasE8FwYpNEkBY0OSvEI+QQFglmaYhWPMrL0K7UrbOy+btWal+lcdRBAfgEBwDC1RBHVyDJmgBDJ7AC3gD79qz9qp9aJ/T1oKWz+yDGWk/vzjgoRQ=</latexit>

M1 < ml̃L
,ml̃R

< M2 < µ < M3
<latexit sha1_base64="cxG1dUeppse2Fy5LO213qLFmouI=">AAAB+nicbVBNS8NAEN3Urxq/Uj16WSyCBymJKHoseNBjBfsBTSib7aRdupvE3U2lxP4ULx4U8eov8ea/MWlz0NYHA4/3ZpiZ58ecKW3b30ZpZXVtfaO8aW5t7+zuWZX9looSSaFJIx7Jjk8UcBZCUzPNoRNLIMLn0PZH17nfHoNULArv9SQGT5BByAJGic6knlUxuQsPCRtjOMWuSEyzZ1Xtmj0DXiZOQaqoQKNnfbn9iCYCQk05Uarr2LH2UiI1oxymppsoiAkdkQF0MxoSAcpLZ6dP8XGm9HEQyaxCjWfq74mUCKUmws86BdFDtejl4n9eN9HBlZeyME40hHS+KEg41hHOc8B9JoFqPskIoZJlt2I6JJJQnaWVh+AsvrxMWmc156Jm351X6zdFHGV0iI7QCXLQJaqjW9RATUTRI3pGr+jNeDJejHfjY95aMoqZA/QHxucP6qeSfQ==</latexit>

l ⌘ e, µ

<latexit sha1_base64="0dAo+CpHmU13jrFP88ViUYF8A0Y=">AAAB/HicbVBNS8NAEN34WeNXtEcvwSJ4Kokoeix40GMF+wFNDJvNtF262YTdjRBC/StePCji1R/izX/jps1BWx8MPN6bYWZemDIqleN8Gyura+sbm7Utc3tnd2/fOjjsyiQTBDokYYnoh1gCoxw6iioG/VQAjkMGvXByXfq9RxCSJvxe5Sn4MR5xOqQEKy0FVt30FGURFB4Z02ngPjimGVgNp+nMYC8TtyINVKEdWF9elJAsBq4Iw1IOXCdVfoGFooTB1PQyCSkmEzyCgaYcxyD9Ynb81D7RSmQPE6GLK3um/p4ocCxlHoe6M8ZqLBe9UvzPG2RqeOUXlKeZAk7mi4YZs1Vil0nYERVAFMs1wURQfatNxlhgonReZQju4svLpHvWdC+azt15o3VTxVFDR+gYnSIXXaIWukVt1EEE5egZvaI348l4Md6Nj3nrilHN1NEfGJ8/5o6TpA==</latexit>

�̃0
1

<latexit sha1_base64="LIQlGLPyXBYfnpovhwe0ib459ww=">AAAB9XicbVDLSgNBEOz1GddX1KOXwSB4Crui6DHgQQ8eIpgHJGuYne0kQ2YfzMwqYcl/ePGgiFf/xZt/42yyB00saCiquunu8hPBlXacb2tpeWV1bb20YW9ube/slvf2mypOJcMGi0Us2z5VKHiEDc21wHYikYa+wJY/usr91iNKxePoXo8T9EI6iHifM6qN9GB3NRcBZmLSu7XtXrniVJ0pyCJxC1KBAvVe+asbxCwNMdJMUKU6rpNoL6NScyZwYndThQllIzrAjqERDVF52fTqCTk2SkD6sTQVaTJVf09kNFRqHPqmM6R6qOa9XPzP66S6f+llPEpSjRGbLeqnguiY5BGQgEtkWowNoUxycythQyop0yaoPAR3/uVF0jytuudV5+6sUrsu4ijBIRzBCbhwATW4gTo0gIGEZ3iFN+vJerHerY9Z65JVzBzAH1ifPy8Xkao=</latexit>

l̃L
<latexit sha1_base64="hn3uMK0m2Q4mOUPwxsAO8vzUsnY=">AAAB+nicbVBNS8NAEN3Urxq/Uj16WSyCp5KIoseCBz14qGA/oAlhs9m2SzebsDtRSuxP8eJBEa/+Em/+G5M2B219MPB4b4aZeUEiuAbb/jYqK6tr6xvVTXNre2d3z6rtd3ScKsraNBax6gVEM8ElawMHwXqJYiQKBOsG46vC7z4wpXks72GSMC8iQ8kHnBLIJd+qmS5wEbLMBZJO/VvT9K263bBnwMvEKUkdlWj51pcbxjSNmAQqiNZ9x07Ay4gCTgWbmm6qWULomAxZP6eSREx72ez0KT7OlRAPYpWXBDxTf09kJNJ6EgV5Z0RgpBe9QvzP66cwuPQyLpMUmKTzRYNUYIhxkQMOuWIUxCQnhCqe34rpiChCIU+rCMFZfHmZdE4bznnDvjurN6/LOKroEB2hE+SgC9REN6iF2oiiR/SMXtGb8WS8GO/Gx7y1YpQzB+gPjM8fA3eTMw==</latexit>

⌧̃L

<latexit sha1_base64="uzXgr/TmKWsKMBQVMPrb0J6hfR4=">AAAB+nicbVBNS8NAEN3Urxq/Uj16WSyCp5KIoseCBz1WsR/QhLDZbNulm03YnSgl9qd48aCIV3+JN/+NSZuDtj4YeLw3w8y8IBFcg21/G5WV1bX1jeqmubW9s7tn1fY7Ok4VZW0ai1j1AqKZ4JK1gYNgvUQxEgWCdYPxVeF3H5jSPJb3MEmYF5Gh5ANOCeSSb9VMF7gIWeYCSaf+nWn6Vt1u2DPgZeKUpI5KtHzryw1jmkZMAhVE675jJ+BlRAGngk1NN9UsIXRMhqyfU0kipr1sdvoUH+dKiAexyksCnqm/JzISaT2JgrwzIjDSi14h/uf1UxhcehmXSQpM0vmiQSowxLjIAYdcMQpikhNCFc9vxXREFKGQp1WE4Cy+vEw6pw3nvGHfntWb12UcVXSIjtAJctAFaqIb1EJtRNEjekav6M14Ml6Md+Nj3loxypkD9AfG5w8Mm5M5</latexit>

⌧̃R

<latexit sha1_base64="0b7HDatzW6oQUXtVHGdyy0dkKpM=">AAAB9XicbVBNS8NAEJ34WeNX1aOXYBE8lUQUPRY86LGK/YA2ls1m2y7dbMLuRCmh/8OLB0W8+l+8+W/ctDlo64OBx3szzMwLEsE1uu63tbS8srq2XtqwN7e2d3bLe/tNHaeKsgaNRazaAdFMcMkayFGwdqIYiQLBWsHoKvdbj0xpHst7HCfMj8hA8j6nBI30YHeRi5BlYtK7s+1eueJW3SmcReIVpAIF6r3yVzeMaRoxiVQQrTuem6CfEYWcCjaxu6lmCaEjMmAdQyWJmPaz6dUT59goodOPlSmJzlT9PZGRSOtxFJjOiOBQz3u5+J/XSbF/6WdcJikySWeL+qlwMHbyCJyQK0ZRjA0hVHFzq0OHRBGKJqg8BG/+5UXSPK1651X39qxSuy7iKMEhHMEJeHABNbiBOjSAgoJneIU368l6sd6tj1nrklXMHMAfWJ8/ODuRsA==</latexit>

l̃R

<latexit sha1_base64="Sya+MKi2/WgZXdEvyV9ZLXs9pc8=">AAACA3icbVDLSsNAFJ3UV42vqDvdBIsgCDURRZcFF7qsYB/QxDCZTNqhkwczN0IJBTf+ihsXirj1J9z5N07aLLT1wIXDOfdy7z1+ypkEy/rWKguLS8sr1VV9bX1jc8vY3mnLJBOEtkjCE9H1saScxbQFDDjtpoLiyOe04w+vCr/zQIVkSXwHo5S6Ee7HLGQEg5I8Y0/nJw7g7NgBxgOaO2TAxp59b+m6Z9SsujWBOU/sktRQiaZnfDlBQrKIxkA4lrJnWym4ORbACKdj3ckkTTEZ4j7tKRrjiEo3n/wwNg+VEphhIlTFYE7U3xM5jqQcRb7qjDAM5KxXiP95vQzCSzdncZoBjcl0UZhxExKzCMQMmKAE+EgRTARTt5pkgAUmoGIrQrBnX54n7dO6fV63bs9qjesyjiraRwfoCNnoAjXQDWqiFiLoET2jV/SmPWkv2rv2MW2taOXMLvoD7fMHyhiWVg==</latexit>

l/⌧ + �̃0
1

DM

<latexit sha1_base64="ch6bQV0oPsy1Pv3iPXeDFsPUiZ4="></latexit>

�(pp ! l̃l̃) ⇡ 1÷ 10 fb

backgrounds:
<latexit sha1_base64="M+1/VI4Rj5pPEC/nQSAvk52crFQ=">AAACHHicbZDLSgMxFIYzXmu9jbp0EyyC2FJmvKDLohuXFey00I4lk6ZtbOZCckYpQ/sebnwVNy4UceNC8G1Mp11o64GQj/8/h+T8XiS4Asv6NubmFxaXljMr2dW19Y1Nc2vbUWEsKavQUISy5hHFBA9YBTgIVoskI74nWNXrXY786j2TiofBDfQj5vqkE/A2pwS01DSPHacwdPJ3DJS+bw8bkne6QKQMH7BoeEQmYlAYYkgRNELeaZo5q2ilhWfBnkAOTarcND8brZDGPguACqJU3bYicBMigVPBBtlGrFhEaI90WF1jQHym3CRdboD3tdLC7VDqEwBO1d8TCfGV6vue7vQJdNW0NxL/8+oxtM/dhAdRDCyg44fascAQ4lFSuMUloyD6GgiVXP8V0y6RhILOM6tDsKdXngXnqGifFq3rk1zpYhJHBu2iPXSAbHSGSugKlVEFUfSIntErejOejBfj3fgYt84Zk5kd9KeMrx+ukKHC</latexit>

V V, V + jets, V ⇤ ! ll̄, tt̄, t+ V

<latexit sha1_base64="JauhYo0wV/d3WVGaflPC/IFzRGs=">AAACBnicbVDLSsNAFJ34rPUVdSnCYBFclUQUXRbduKxgH9DEMJlM2qGTBzM3QglZufFX3LhQxK3f4M6/cdpG0NYDFw7n3Mu99/ip4Aos68tYWFxaXlmtrFXXNza3ts2d3bZKMklZiyYikV2fKCZ4zFrAQbBuKhmJfME6/vBq7HfumVQ8iW9hlDI3Iv2Yh5wS0JJnHjjARcByhw544dl3Fv4RgGSFZ9asujUBnid2SWqoRNMzP50goVnEYqCCKNWzrRTcnEjgVLCi6mSKpYQOSZ/1NI1JxJSbT94o8JFWAhwmUlcMeKL+nshJpNQo8nVnRGCgZr2x+J/XyyC8cHMepxmwmE4XhZnAkOBxJjjgklEQI00IlVzfiumASEJBJ1fVIdizL8+T9kndPqtbN6e1xmUZRwXto0N0jGx0jhroGjVRC1H0gJ7QC3o1Ho1n4814n7YuGOXMHvoD4+MbYWqZEQ==</latexit>

�̃0
1⌧̃ co-annihilation 

<latexit sha1_base64="ihmYG8VH22j9KzBYw1M/J6UKrNQ="></latexit>

�m ⌘ m⌧̃ �m�̃0
1
. 15 GeV

Cox et al, 2021

green:        at  

blue:        at  

<latexit sha1_base64="crxMOEIWE0NecN2OktkpLRrnLa8=">AAAB7HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKosegF48R3CSQLGF2MpsMmZld5iGEJd/gxYMiXv0gb/6Nk2QPmljQUFR1090VZ5xp4/vfXmltfWNzq7xd2dnd2z+oHh61dGoVoSFJeao6MdaUM0lDwwynnUxRLGJO2/H4bua3n6jSLJWPZpLRSOChZAkj2DgpxP2esP1qza/7c6BVEhSkBgWa/epXb5ASK6g0hGOtu4GfmSjHyjDC6bTSs5pmmIzxkHYdlVhQHeXzY6fozCkDlKTKlTRorv6eyLHQeiJi1ymwGellbyb+53WtSW6inMnMGirJYlFiOTIpmn2OBkxRYvjEEUwUc7ciMsIKE+PyqbgQguWXV0nroh5c1f2Hy1rjtoijDCdwCucQwDU04B6aEAIBBs/wCm+e9F68d+9j0Vryiplj+APv8wfOMo6u</latexit>aµ
<latexit sha1_base64="crxMOEIWE0NecN2OktkpLRrnLa8=">AAAB7HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKosegF48R3CSQLGF2MpsMmZld5iGEJd/gxYMiXv0gb/6Nk2QPmljQUFR1090VZ5xp4/vfXmltfWNzq7xd2dnd2z+oHh61dGoVoSFJeao6MdaUM0lDwwynnUxRLGJO2/H4bua3n6jSLJWPZpLRSOChZAkj2DgpxP2esP1qza/7c6BVEhSkBgWa/epXb5ASK6g0hGOtu4GfmSjHyjDC6bTSs5pmmIzxkHYdlVhQHeXzY6fozCkDlKTKlTRorv6eyLHQeiJi1ymwGellbyb+53WtSW6inMnMGirJYlFiOTIpmn2OBkxRYvjEEUwUc7ciMsIKE+PyqbgQguWXV0nroh5c1f2Hy1rjtoijDCdwCucQwDU04B6aEAIBBs/wCm+e9F68d+9j0Vryiplj+APv8wfOMo6u</latexit>aµ

<latexit sha1_base64="7sedCAxscMRuzWj+A3avweoKjpA=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKosegF48RzAOSJfROZpMhM7PLzKwQQj7CiwdFvPo93vwbJ8keNLGgoajqprsrSgU31ve/vcLa+sbmVnG7tLO7t39QPjxqmiTTlDVoIhLdjtAwwRVrWG4Fa6eaoYwEa0Wju5nfemLa8EQ92nHKQokDxWNO0TqpFXQNH0jslSt+1Z+DrJIgJxXIUe+Vv7r9hGaSKUsFGtMJ/NSGE9SWU8GmpW5mWIp0hAPWcVShZCaczM+dkjOn9EmcaFfKkrn6e2KC0pixjFynRDs0y95M/M/rZDa+CSdcpZllii4WxZkgNiGz30mfa0atGDuCVHN3K6FD1EitS6jkQgiWX14lzYtqcFX1Hy4rtds8jiKcwCmcQwDXUIN7qEMDKIzgGV7hzUu9F+/d+1i0Frx85hj+wPv8AQ4Yj2I=</latexit>

1�
<latexit sha1_base64="rAO68UXzKqH6nCU0Jm3B9V+Fbjk=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBA8hd2g6DHoxWME84BkCb2TSTJkZnaZmRXCko/w4kERr36PN//GSbIHTSxoKKq66e6KEsGN9f1vb219Y3Nru7BT3N3bPzgsHR03TZxqyho0FrFuR2iY4Io1LLeCtRPNUEaCtaLx3cxvPTFteKwe7SRhocSh4gNO0TqpVe0aPpTYK5X9ij8HWSVBTsqQo94rfXX7MU0lU5YKNKYT+IkNM9SWU8GmxW5qWIJ0jEPWcVShZCbM5udOyblT+mQQa1fKkrn6eyJDacxERq5Toh2ZZW8m/ud1Uju4CTOuktQyRReLBqkgNiaz30mfa0atmDiCVHN3K6Ej1EitS6joQgiWX14lzWoluKr4D5fl2m0eRwFO4QwuIIBrqME91KEBFMbwDK/w5iXei/fufSxa17x85gT+wPv8AQ+ij2M=</latexit>

2�



Baer et al, 1993



A slide in epistemology

What convinces us that a theory is “true”?

Elegance, internal coherence, synthesis, 
the number of independent predictions, …

Quantitative precision in the comparison of
theory and experiment

<latexit sha1_base64="b0ZR9q23/rDpCN/R33xI3YdFYT8="></latexit>

aexpe = 1 159 652 180.73(0.28)⇥ 10�12

<latexit sha1_base64="xlTF3u5x/dDnoGTmjd/D5OQBTJs=">AAACI3icbZDLSgMxFIYzXmu9jbp0EyzCdGGZVGurIAhuXCrYC/RGJk3b0MyF5IxQhvZZ3Pgqblwo4saF72Jau1DrD4GP/5zDyfm9SAoNrvthLSwuLa+sptbS6xubW9v2zm5Fh7FivMxCGaqaRzWXIuBlECB5LVKc+p7kVW9wNalX77nSIgzuYBjxpk97gegKRsFYbfuctnkrgf7ogowxKZyN8Wkhb6hEcsUSdk6zzknWOc46xW IWN0D4XGPitpIjkh+17Yybc6fC80BmkEEz3bTtt0YnZLHPA2CSal0nbgTNhCoQTPJRuhFrHlE2oD1eNxhQs62ZTG8c4UPjdHA3VOYFgKfuz4mE+loPfc90+hT6+m9tYv5Xq8fQLTUTEUQx8IB9L+rGEkOIJ4HhjlCcgRwaoEwJ81fM+lRRBibWtAmB/D15Hir5HCnk3NuTzOX5LI4U2kcHyEEEFdElukY3qIwYekBP6AW9Wo/Ws/VmvX+3LlizmT30S9bnF0RknnE=</latexit>

athe = 1 159 652 181.78(6)(4)(3)(77)⇥ 10�12

<latexit sha1_base64="zcQnEOW8LOwUUWwu/7baswkKqWw="></latexit>

aexpµ = 1 165 920 6.1(4.1)⇥ 10�10

<latexit sha1_base64="Wei6OgkW19fmd0kIiZgDMBaZiz4="></latexit>

athµ = 1 165 918 1.0(4)(1.8)⇥ 10�10


