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Strong Impression

Non-perturbative 
dynamics is very 
difficult to understand

can we come up with a 
good zeroth order 
approximation?

2
Kiyoshi Higashijima

What is important in 
physics is to come up 

with a good zeroth order 
approximation



Main point
very few methods to 
study strongly coupled 
systems, e.g., QCD

non-perturbative 
effects are essential

supersymmetry makes 
exact analytic studies 
of non-perturbative 
effects possible

small anomaly-
mediated SUSY 
breaking still allows 
for exact solutions
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Prototype of SUSY

Landau level with g=2



Landau levels

states are degenerate 
by 


zero-point energy
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Landau levels with g=2

states are degenerate 
by 


ground state E0=0
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SUSY spectrum

ground state

excited states paired


ground state not 
paired
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Q|F i =
p
E|Bi

Q|Bi =
p
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<latexit sha1_base64="082N2owWND9FSRX3nAOhtAUjUjw=">AAACJnicdVDLSgMxFM3UVx1foy7dBIviapgpBe1CKBUfyxbsAzqlZNK0Dc08TDJCmfZ/3PgfrtyIiKDgp5hpx0W1HggczjmXm3vckFEhLetdyywtr6yuZdf1jc2t7R1jd68ugohjUsMBC3jTRYIw6pOapJKRZsgJ8lxGGu7wIvEb94QLGvi3chSStof6Pu1RjKSSOsZ1FY7hlcOR32cEHp9DR9xxGV9O4Licqo6jJ6HywtDPaMfIWWaxmLcsG/4ltmlNkQMpKh3jyekGOPKILzFDQrRsK5TtGHFJMSMT3YkECREeoj6Jp2dO4JGSurAXcPV8CafqXA55Qow8VyU9JAfit5eIi7xWJHtn7Zj6YSSJj2eLehGDMoBJZ7BLOcGSjRRBmFP1Q4gHiCMsVbO6Ov3nPvg/qedNu2AWq4VcqZyWkAUH4BCcABucghK4ARVQAxg8ghfwAT61B+1Ze9XeZtGMls7sgzloX9+k46Pr</latexit>



General

ground state

excited states paired


ground state not 
paired
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=
=
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B F

Q|0i = 0

<latexit sha1_base64="0Trb7WtcTDFLn5cvIPPmFWkGyb4=">AAAB63icdVDLSgMxFL1TX7W+qi7dBIvgasiUgnYhFN24bME+oK0lk2ba0CQzJBmh1H6FGxE3Cv6Lv+DfmD5c+DoQOJxzwr3nhongxmL84WVWVtfWN7Kbua3tnd29/P5Bw8SppqxOYxHrVkgME1yxuuVWsFaiGZGhYM1wdDXzm3dMGx6rGztOWFeSgeIRp8Q66bZ2jzuaqIFg6ALhXr6A/XK5iHGAfpPAx3MUYIlqL//e6cc0lUxZKogx7QAntjsh2nIq2DTXSQ1LCB2RAZvMd52iEyf1URRr95RFc/VbjkhjxjJ0SUns0Pz0ZuJfXju10Xl3wlWSWqboYlCUCmRjNCuO+lwzasXYEUI1dxsiOiSaUOvOk3PVv/qh/0mj6Aclv1wrFSqXyyNk4QiO4RQCOIMKXEMV6kBBwyO8wKsnvQfvyXteRDPe8s8hfIP39gkrg417</latexit>

h |H| i = |Q| i|2 � 0

<latexit sha1_base64="TJNm+w9XK1zL3KccaSBo+dkT3xo=">AAACKHicdVDLSgMxFM34rOOr6tJNsAiuykwRtAtBdFN3FawVnFoy6Z1pMPMwuSOU1h9y42+4dCPSjYJfYjqt4PPCJYdzTkjO8VMpNDrO0Jqanpmdmy8s2ItLyyurxbX1c51kikODJzJRFz7TIEUMDRQo4SJVwCJfQtO/Ph7pzVtQWiTxGfZSaEUsjEUgOENDtYsnnmRxKIF6qRZ0QGtmc+ipnLcPqCchwAE9pYOvgjlF2MXBVcX2QrihTrtYcsrVasVxXPobuGUnnxKZTL1dfPQ6Cc8iiJFLpvWl66TY6jOFgku4s71MQ8r4NQuhnwe9o9uG6tAgUWZjpDn7zccirXuRb5wRw67+qY3Iv7TLDIP9Vl/EaYYQ8/FDQSYpJnTUGu0IBRxlzwDGlTA/pLzLFONourVN9M989H9wXim7u+Xq6W7p8GhSQoFski2yQ1yyRw5JjdRJg3DyQJ7JK3mz7q0n68Uajq1T1uTOBvk21vsHImOknA==</latexit>

) H|0i = 0

<latexit sha1_base64="x3jtbrQCR9VqpBNa0tatSzpSB7M=">AAAB+XicdVDLSgMxFM3UV62vUXe6CRbB1ZApBe1CKLrpsop9QKeUTJqZhmYyQ5JRyljwV9yIuFHwJ/wF/8b04aI+DgQO55xw7z1+wpnSCH1auaXlldW1/HphY3Nre8fe3WuqOJWENkjMY9n2saKcCdrQTHPaTiTFkc9pyx9eTvzWLZWKxeJGjxLajXAoWMAI1kbq2QfeNQsHGksZ38HaPfIkFiGn8Byinl1ETqVSQsiFv4nroCmKYI56z/7w+jFJIyo04VipjosS3c2w1IxwOi54qaIJJkMc0my6+RgeG6kPg1iaJzScqgs5HCk1inyTjLAeqJ/eRPzL66Q6OOtmTCSppoLMBgUphzqGkxpgn0lKNB8ZgolkZkNIBlhiok1ZBXP6933wf9IsOW7ZqVyVi9WLeQl5cAiOwAlwwSmoghqogwYg4AE8gVfwZmXWo/VsvcyiOWv+Zx8swHr/Aoi0ksA=</latexit>

Q|F i =
p
E|Bi

Q|Bi =
p
E|F i

<latexit sha1_base64="082N2owWND9FSRX3nAOhtAUjUjw=">AAACJnicdVDLSgMxFM3UVx1foy7dBIviapgpBe1CKBUfyxbsAzqlZNK0Dc08TDJCmfZ/3PgfrtyIiKDgp5hpx0W1HggczjmXm3vckFEhLetdyywtr6yuZdf1jc2t7R1jd68ugohjUsMBC3jTRYIw6pOapJKRZsgJ8lxGGu7wIvEb94QLGvi3chSStof6Pu1RjKSSOsZ1FY7hlcOR32cEHp9DR9xxGV9O4Licqo6jJ6HywtDPaMfIWWaxmLcsG/4ltmlNkQMpKh3jyekGOPKILzFDQrRsK5TtGHFJMSMT3YkECREeoj6Jp2dO4JGSurAXcPV8CafqXA55Qow8VyU9JAfit5eIi7xWJHtn7Zj6YSSJj2eLehGDMoBJZ7BLOcGSjRRBmFP1Q4gHiCMsVbO6Ov3nPvg/qedNu2AWq4VcqZyWkAUH4BCcABucghK4ARVQAxg8ghfwAT61B+1Ze9XeZtGMls7sgzloX9+k46Pr</latexit>

H = Q
2

<latexit sha1_base64="h6U7NkGxaX5TmA9VGLb8ncOE9MQ=">AAAB5HicdVDLSgMxFL3js9ZX1aWbYBFcDTOloF0IRTddtmAf0NaSSTNtaCYzJHeEUvoHbkTcKPg9/oJ/Y/pwUR8HAodzTrj33CCRwqDnfTpr6xubW9uZnezu3v7BYe7ouGHiVDNeZ7GMdSughkuheB0FSt5KNKdRIHkzGN3O/OYD10bE6g7HCe9GdKBEKBhFKzUr5JrU7gu9XN5zS6WC5/nkN/Fdb448LFHt5T46/ZilEVfIJDWm7XsJdidUo2CST7Od1PCEshEd8Ml8ySk5t1KfhLG2TyGZqys5GhkzjgKbjCgOzU9vJv7ltVMMr7oToZIUuWKLQWEqCcZk1pj0heYM5dgSyrSwGxI2pJoytHfJ2urf/cj/pFFw/aJbqhXz5ZvlETJwCmdwAT5cQhkqUIU6MBjBE7zCmxM6j86z87KIrjnLPyewAuf9C9g6ilw=</latexit>

Q : hermitian operator

<latexit sha1_base64="gnKqEM+HXaQvJqnZzZc0lWkskNk=">AAAB+3icdVBLSwMxGMzWV62vVY96CBbB07JbClpPRS8eW7APaEvJptk2NJssybdiWfbiX/Ei4kXB/+Bf8N+4fXioj4HAMDMhmfEjwQ247qeVW1ldW9/Ibxa2tnd29+z9g6ZRsaasQZVQuu0TwwSXrAEcBGtHmpHQF6zlj6+nfuuOacOVvIVJxHohGUoecEogk/r2cf0Sd0Nf3ScjpkMOnEisIqYJKJ327aLrVCol1/Xwb+I57gxFtECtb390B4rGIZNABTGm47kR9BKigVPB0kI3NiwidEyGLJn9PcWnmTTAgdLZkYBn6lKOhMZMQj9LhgRG5qc3Ff/yOjEEF72EyygGJun8oSAWGBSeDoEHXDMKYpIRQnXWnGI6IppQyOYqZNW/++H/SbPkeGWnUi8Xq1eLEfLoCJ2gM+Shc1RFN6iGGoiiB/SEXtGblVqP1rP1Mo/mrMWdQ7QE6/0LtA+Uuw==</latexit>



topological invariant

B F B F B F

topological

invariant

Witten

index

Tr(�1)F e��H = n0B � n0F

<latexit sha1_base64="Nc8IqIDe9bhQLTLCNUcjCqJ5mNQ=">AAACDXicdVDLSsNAANzUV42vqEcvi0Woh4akFLQHoVQoPVboC0wbNttNu3TzYHcjlJBv8OKveBHxoqC/4N+YpvVQHwMLw8wsuzNOyKiQhvGp5NbWNza38tvqzu7e/oF2eNQVQcQx6eCABbzvIEEY9UlHUslIP+QEeQ4jPWd6Pfd7d4QLGvhtOQvJwENjn7oUI5lKtqbHFvdgmyewWDLPhw1IhnHJcohEsJmoV9C3Y6OewFJGGomtFQy9Wi0bhgl/E1M3MhTAEi1b+7BGAY484kvMkBC3phHKQYy4pJiRRLUiQUKEp2hM4qxNAs9SaQTdgKfHlzBTV3LIE2LmOWnSQ3Iifnpz8S/vNpLu5SCmfhhJ4uPFQ27EoAzgfBo4opxgyWYpQZjT9IcQTxBHWKYDqmn1737wf9It62ZFr95UCrX6coQ8OAGnoAhMcAFqoAlaoAMweABP4BW8KffKo/KsvCyiOWV55xisQHn/AslLmKc=</latexit>



moduli space

in many systems, SUSY 
ground states E0=0 
from a continuous 
space: moduli space


with SUSY breaking, 
moduli space gets 
lifted to isolated 
ground states

10



pure Yang-Mills theory



pure Yang-Mills theory

non-abelian (e.g. SU(Nc)) 
generalization of Maxwell 
theory

only modification is definition   
of the field strength

no dimensionful parameter

yet “believed” to develop         
a mass gap

numerical simulation supports it

similar to 1D anti-ferromagnet 
with integer spin

12

L = �1

4
F a
µ⌫F

µ⌫a

<latexit sha1_base64="zEnyCP4KUxUpym/f8CzASnYiSfE=">AAACEHicdVDLSgMxFM3UVx1foy7dBIvgxmGmFLQLoSgUFy4q2Ad02iGTZtrQzIMkI5RhfsKNv+JGxI2Kf+DfmLbjoj4OBG7OOZfkHC9mVEjL+tQKS8srq2vFdX1jc2t7x9jda4ko4Zg0ccQi3vGQIIyGpCmpZKQTc4ICj5G2N76c6u07wgWNwls5iUkvQMOQ+hQjqSjXsFMHIwavM3gOTxyfI5zaWVrJ9LqbOkHihEnWR7Dezy8QZa5RssxqtWxZNvw92KY1QwnkaLjGuzOIcBKQUGKGhOjaVix7KeKSYkYy3UkEiREeoyFJZ4EyeKSoAfQjrk4o4Yxd8KFAiEngKWeA5Ej81KbkX1o3kf5ZL6VhnEgS4vlDfsKgjOC0HTignGDJJmpAmFP1Q4hHSLUiVYe6iv6dD/4/tMqmXTGrN5VS7SIvoQgOwCE4BjY4BTVwBRqgCTB4AE/gFbxp99qj9qy9zK0FLd/ZBwvQPr4AaOqcDw==</latexit>

F a
µ⌫ = @µA

a
⌫ � @⌫A

a
µ + efabcAb

µA
c
⌫

<latexit sha1_base64="qDaoiz2zkcglkgDEdRlzLlnVHjE="></latexit>

m = µe�8⇡2/~g23Nc

<latexit sha1_base64="HNXs5oHm+GaGT8SqECH8nbCWXi8=">AAACBHicdVDLSgMxAMzWV62vVY9egqXgxXW3FmwPQtGLJ6lgH9Btl2yabUOT3SXJCmXp1Yu/4kXEi4Jnf8G/MX14qI+BwDAzIZnxY0alsu1PI7O0vLK6ll3PbWxube+Yu3sNGSUCkzqOWCRaPpKE0ZDUFVWMtGJBEPcZafrDy4nfvCNC0ii8VaOYdDjqhzSgGCkteWaBw3Po8gSSbnpcdmPaLcIT6A58JGBf81N47eGxZ+Ztq1Ip2rYDfxPHsqfIgzlqnvnh9iKccBIqzJCUbceOVSdFQlHMyDjnJpLECA9Rn6TTEmNY0FIPBpHQJ1Rwqi7kEJdyxH2d5EgN5E9vIv7ltRMVlDspDeNEkRDPHgoSBlUEJ4vAHhUEKzbSBGFB9Q8hHiCBsNK75XT1737wf9IoWk7JqtyU8tWL+QhZcAAOwRFwwBmogitQA3WAwQN4Aq/gzbg3Ho1n42UWzRjzO/tgAcb7F4GElUI=</latexit>





pure SUSY YM theory

introduce “gaugino” i.e. Weyl 
fermions in the adjoint rep

Witten showed his index can be 
computed by adiabatically 
putting the system in small box 
L➝0

all non-zero momentum modes 
have energies 1/L

just keep the zero modes

reduces QFT to QM!

index could be worked out

also a mass gap!
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L = �1

4
F a
µ⌫F

µ⌫a

<latexit sha1_base64="zEnyCP4KUxUpym/f8CzASnYiSfE=">AAACEHicdVDLSgMxFM3UVx1foy7dBIvgxmGmFLQLoSgUFy4q2Ad02iGTZtrQzIMkI5RhfsKNv+JGxI2Kf+DfmLbjoj4OBG7OOZfkHC9mVEjL+tQKS8srq2vFdX1jc2t7x9jda4ko4Zg0ccQi3vGQIIyGpCmpZKQTc4ICj5G2N76c6u07wgWNwls5iUkvQMOQ+hQjqSjXsFMHIwavM3gOTxyfI5zaWVrJ9LqbOkHihEnWR7Dezy8QZa5RssxqtWxZNvw92KY1QwnkaLjGuzOIcBKQUGKGhOjaVix7KeKSYkYy3UkEiREeoyFJZ4EyeKSoAfQjrk4o4Yxd8KFAiEngKWeA5Ej81KbkX1o3kf5ZL6VhnEgS4vlDfsKgjOC0HTignGDJJmpAmFP1Q4hHSLUiVYe6iv6dD/4/tMqmXTGrN5VS7SIvoQgOwCE4BjY4BTVwBRqgCTB4AE/gFbxp99qj9qy9zK0FLd/ZBwvQPr4AaOqcDw==</latexit>

+�̄ai�µ(Dµ�)
a

<latexit sha1_base64="sHdJFUyxfR4Ni8t0MIqXM3fdBk4=">AAACEHicdVDLSgMxFM3UV62vUZdugkWoCGXGFrW7oi5cVrAP6LTlTpq2ocnMkGSEUvoTbvwVNyJuVPwD/8ZMWxcVPRByOOdeknP8iDOlHefLSi0tr6yupdczG5tb2zv27l5NhbEktEpCHsqGD4pyFtCqZprTRiQpCJ/Tuj+8Svz6PZWKhcGdHkW0JaAfsB4joI3Usd0T7Pkgxx43O12YtAEz7PVBCGh7IsaZ3HUnuef+cRs6dtbJlxKc4RkplAxxiq5TKGA370yRRXNUOvaH1w1JLGigCQelmq4T6dYYpGaE00nGixWNgAyhT8fTQBN8ZKQu7oXSnEDjqbowB0KpkfDNpAA9UL+9RPzLa8a6d9EasyCKNQ3I7KFezLEOcdIO7jJJieYjQ4BIZn6IyQAkEG06zJjoP/nw/6R2mneL+dJtMVu+nJeQRgfoEOWQi85RGd2gCqoigh7RM3pD79aD9WS9WK+z0ZQ139lHC7A+vwHOapum</latexit>

Tr(�1)F e��H = n0B � n0F = Nc

<latexit sha1_base64="WKNeIxPEilPjIX3z+BbbTD3Vdic=">AAACE3icdVDLSgMxAMzWV62vVY9egkWohy7ZUtAehFKh9CQV+oI+lmyatqHZB0lWKMt+hhd/xYuIBxX8AP/G3bYe6mMgMMxMSGZsnzOpEPrUUmvrG5tb6e3Mzu7e/oF+eNSSXiAIbRKPe6JjY0k5c2lTMcVpxxcUOzanbXt6nfjtOyok89yGmvm07+Cxy0aMYBVLll4Me8KBDRHBXN48H1QhHYT5nk0VhrUocwVdK0SVCObnpJooNxax9CwySqUCQib8TUwDzZEFS9Qt/bU39EjgUFcRjqXsmshX/RALxQinUaYXSOpjMsVjGs47RfAsloZw5In4uArO1ZUcdqScOXacdLCayJ9eIv7ldQM1uuyHzPUDRV2yeGgUcKg8mAwEh0xQovgsJpgIFv8QkgkWmKh4xkxc/bsf/J+0CoZZNEq3xWy5shwhDU7AKcgBE1yAMqiBOmgCAh7AE3gD79q99qg9ay+LaEpb3jkGK9A+vgArKppa</latexit>

h�a�ai = e2⇡i/Nce�8⇡2/~g2Nc

<latexit sha1_base64="ODGcFxPKo5pn4jN2o1tX6eLeRjM="></latexit>

L
L L

 Edward Witten, Nuclear Physics B202 (1982) 253-316

Nc=6



break SUSY
introduce mass for gaugino

now topological term         
also present

degeneracy of Nc          
ground states lifted

This is a special case           
of anomaly mediation
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L = �1

4
F a
µ⌫F

µ⌫a

<latexit sha1_base64="zEnyCP4KUxUpym/f8CzASnYiSfE=">AAACEHicdVDLSgMxFM3UVx1foy7dBIvgxmGmFLQLoSgUFy4q2Ad02iGTZtrQzIMkI5RhfsKNv+JGxI2Kf+DfmLbjoj4OBG7OOZfkHC9mVEjL+tQKS8srq2vFdX1jc2t7x9jda4ko4Zg0ccQi3vGQIIyGpCmpZKQTc4ICj5G2N76c6u07wgWNwls5iUkvQMOQ+hQjqSjXsFMHIwavM3gOTxyfI5zaWVrJ9LqbOkHihEnWR7Dezy8QZa5RssxqtWxZNvw92KY1QwnkaLjGuzOIcBKQUGKGhOjaVix7KeKSYkYy3UkEiREeoyFJZ4EyeKSoAfQjrk4o4Yxd8KFAiEngKWeA5Ej81KbkX1o3kf5ZL6VhnEgS4vlDfsKgjOC0HTignGDJJmpAmFP1Q4hHSLUiVYe6iv6dD/4/tMqmXTGrN5VS7SIvoQgOwCE4BjY4BTVwBRqgCTB4AE/gFbxp99qj9qy9zK0FLd/ZBwvQPr4AaOqcDw==</latexit>

+�̄ai�µ(Dµ�)
a

<latexit sha1_base64="sHdJFUyxfR4Ni8t0MIqXM3fdBk4=">AAACEHicdVDLSgMxFM3UV62vUZdugkWoCGXGFrW7oi5cVrAP6LTlTpq2ocnMkGSEUvoTbvwVNyJuVPwD/8ZMWxcVPRByOOdeknP8iDOlHefLSi0tr6yupdczG5tb2zv27l5NhbEktEpCHsqGD4pyFtCqZprTRiQpCJ/Tuj+8Svz6PZWKhcGdHkW0JaAfsB4joI3Usd0T7Pkgxx43O12YtAEz7PVBCGh7IsaZ3HUnuef+cRs6dtbJlxKc4RkplAxxiq5TKGA370yRRXNUOvaH1w1JLGigCQelmq4T6dYYpGaE00nGixWNgAyhT8fTQBN8ZKQu7oXSnEDjqbowB0KpkfDNpAA9UL+9RPzLa8a6d9EasyCKNQ3I7KFezLEOcdIO7jJJieYjQ4BIZn6IyQAkEG06zJjoP/nw/6R2mneL+dJtMVu+nJeQRgfoEOWQi85RGd2gCqoigh7RM3pD79aD9WS9WK+z0ZQ139lHC7A+vwHOapum</latexit>

�1

2
m�a�a + c.c.+

✓

64⇡2
✏µ⌫⇢�F

a
µ⌫F

a
⇢�

<latexit sha1_base64="6FPyT57Oym+0LeqMJRmbxw1RX+0="></latexit>
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QCD: theory of 

strong nuclear force



Can we solve QCD?

When we first learn about quarks, we get 
told we can never see them


Internet Scam?



From: Andre Ouedraogo andreouedraogo@hotmail.fr
Subject: [SPAM:XXXXXXXXX] ***JUNK MAIL*** waiting for your response

Date: August 28, 2013 at 5:25 PM
To:

Dear friend,
  I am Andre Ouedraogo, a banker by profession from Burkina Faso in West Africa and currently holding the post of Director Auditing
and Accounting unit of the bank. It's my urgent need for a foreign partner that made me to contact you for this business. I have the
opportunity of transferring the left over funds ($11.5 million) of one of my bank clients who died along with his entire family on 31 July
2000 in a plane crash. You can confirm the genuineness of the deceased death by clicking on this website. 
http://news.bbc.co.uk/1/hi/world/europe/859479.stm
I need a foreign partner who will support me because i can not claim this money alone without a foreign partner since the deceased
client (the owner of the fund) was a foreigner.

This fund ($11.5 million) will be shared between us in the ratio of 60/40. I agreed that 40% of this money will be for you as a respect to
the provision of a foreign account while 60% will be for me and I want to assure you that this transaction is absolutely legal and risk
free since i work in this bank and i have all the necessary information that might be needed. Before we proceed, i would like to know
your ability to handle this over there in your country.
Please tell me more about the political/economic stability/monetary policy of your country. I need to know all these because i don't
want to have problem with the Government of your country.

Kindly update me with the
following information because i want to know you more before we proceed on this transaction. Hope you will understand the
importance of this request.

1. Your full name........................
2. Your age/sex ..........................
3. your occupation ................
4. Your residential address ..................
5. Your nationality ..............
6. Your private phone number ..................
7. Your fax number ...................

I will be waiting for your response.
Thanks for your understanding.
Have a great day.
  Yours.
Andre Ouedraogo



Can we solve QCD?

When we first learn about quarks,           
we get told we can never see them


Internet Scam?

Confinement!

β<0 and asymptotic freedom 

only suggestive, doesn’t prove confinement


Another puzzle: proton and pion are made of 
same quarks


why pion ≈ massless ≪ proton?

very mysterious!

αs(MZ
2) = 0.1179 ± 0.0010

α s
(Q

2 )

Q [GeV]

τ decay (N3LO)
low Q2 cont. (N3LO)

DIS jets (NLO)
Heavy Quarkonia (NLO)

e+e- jets/shapes (NNLO+res)
pp/p-p (jets NLO)

EW precision fit (N3LO)
pp (top, NNLO)

 0.05

 0.1

 0.15

 0.2

 0.25

 0.3

 0.35

 1  10  100  1000



Credit: Kavli IPMU

proton and pions are made of the same quarks

why such different masses?



Credit: Kavli IPMU



elements in the Universe

Credit: Wikimedia Commons

Unless pions are light, we wouldn’t exist!



Feeling better
Qualitative picture makes us feel better

Confinement


dual Meißner effect (Mandelstam)

assume monopole condensation

quarks confined by electric flux tube


Chiral symmetry breaking (Nambu)

massless QCD invariant under 
SU(Nf)LxSU(Nf)RxU(1)B

assume broken to SU(Nf)VxU(1)B

pion = Nambu-Goldstone boson = massless


but still not derived from QCD!



Feeling even better

but not there yet

Progress in understanding QCD

Confinement (Seiberg-Witten)


N=2 SU(2) SYM a triplet field = vacua

SU(2) ➝ U(1): magnetic monopoles!

special points = massless monopole/dyon

N=1 perturbation: monopole condensation!


Chiral symmetry breaking

N=2 doesn’t have the chiral symmetry 

N=1 (Seiberg) has too unusual phases



Nf

Λ

Nf

m=∞
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2
Nc

<latexit sha1_base64="9eRUVYkfzFv+1rAqHSJJHwSm4qw=">AAAB73icdVDJSgNBFHwTtxi3UY9eGoPgaZiJgSS3oBdPEsEskIShp9OTNOlZ0t0TCMN8hxcRLwr+ib/g39hZPMSloKGoqua9el7MmVS2/WnkNja3tnfyu4W9/YPDI/P4pCWjRBDaJBGPRMfDknIW0qZiitNOLCgOPE7b3vhm7renVEgWhQ9qFtN+gIch8xnBSkuuafZ8gUnqOFlaytCdS1yzaFu1auWqWkK/iWPZCxRhhYZrfvQGEUkCGirCsZRdx45VP8VCMcJpVuglksaYjPGQpot9M3ShpQHyI6FfqNBCXcvhQMpZ4OlkgNVI/vTm4l9eN1F+tZ+yME4UDclykJ9wpCI0L48GTFCi+EwTTATTGyIywvoASp+ooKt/90P/k1bJcspW7b5crF+vjpCHMziHS3CgAnW4hQY0gcAUnuAV3oyJ8Wg8Gy/LaM5Y/TmFNRjvX/eFjx0=</latexit>
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Renormalization

Konishi anomaly


rescaling anomaly


first rescale matter fields


then rescale the gauge field V→gcV
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Anomaly-Mediated

Supersymmetry Breaking

Randall, Sundrum (1998)
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Our Needs

We’d like to connect N=1 SUSY results by 
Seiberg to non-SUSY gauge theories


decouple gauginos and squarks!

SUSY breaking mλ and 


But we need to deal with composites such as 
mesons and baryons

In particular, we need to know signs of their 
mass-squared to understand symmetry 
breaking patterns and universality classes

mQ̃
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Sequestering

SUSY breaking

gauge theory

supergravity
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Anomaly Mediation of 
SUSY Breaking (AMSB)

Tree-level piece on dimensionful parameters


loop-level piece from running


determined only by physics at the energy 
scale of interest

UV insensitivity!
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Surprising result: AMSB depends only on 
physics at the energy scale of interest

No matter how complicated the UV physics is, 
they all disappear from low-energy soft 
SUSY breaking

e.g., decouple a massive matter field:


Changes the beta function

one-loop threshold correction precisely 
account for the change in gaugino mass
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decouple a massive 
matter field

two-loop threshold 
correction precisely 
account for the change 
in the anomalous 
dimension and hence 
the scalar mass
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FIG. 5. Diagrams that contribute to the h4 threshold correction that exclusively include scalars. These diagrams may be
defined in terms of the integral I(m,n, l) as defined in the text. Where X̃ is shown, it corresponds to both X̃1 and X̃2, as
appropriate. Also, the three point scalar couplings shown here are the vertices hM τ̃X̃Ỹ ∗. As described in the text, this vertex
can be replaced with the ετ̃X̃X̃ vertex, yielding additional diagrams.
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FIG. 6. Diagrams that contribute to the h4 threshold correction that include fermions.
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Ỹ Ỹ
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Graphs 2-3, 2-4, and 2-5 cancels Graph 2-1. Then we are
left with two-loop diagrams from Fig. 5 and Fig. 6, all
of which contribute below threshold. We split our com-
putation into three parts. First, there are diagrams in
which all trilinear vertices are of the form h0M τ̃X̃Ỹ , and
supersymmetry-breaking comes from a pair of mass in-
sertions Mm3/2 on the scalar lines. Second, there are dia-
grams with a single ε trilinear vertex and a single Mm3/2

insertion. Finally, there are the same diagrams which ex-
isted above threshold, where two trilinear vertices are of
the form h0εm3/2τ̃X̃1X̃2. Using the integrals I(m, n, l),
F (m, n, l), and G(m, n, l) as defined in the Appendix, we
write down the values for the Feynman diagrams in a
compact form in Table II.

Expanding the integrals and summing all contri-
butions, we find exact cancellation, matching Equa-
tion (9.8) and verifying ultraviolet insensitivity. In par-
ticular, the cancellation among the O(ε0) terms looks like

0 = i(h∗
0h0)

2
m2

3/2

(4π)4(M2)2ε
(−5 + 10 − 5) (9.20)

where the contributions are respectively from graphs with
zero, one, or two h0εm3/2τ̃X̃1X̃2 vertices. (Table VII
gives O(ε0) expansions for the integrals, but the spurion
computation assures us that the cancellation is exact,
and it does indeed extend to all orders in ε.)

Now it is instructive to revisit our puzzle of Section III.
When we found a vanishing threshold correction and a re-
sulting lack of ultraviolet insensitivity, it was because we
had not calculated all contributions to the scalar mass.
In the language of this section, we calculated the first sec-
tion of Table II, along with a cross-term from Graph 4-1

and Graphs 2-4 and 2-5. We then added in a contribution
from the A-term by hand. This gave an erroneous result.
We have seen that the correct procedure is to calculate
the entirety of Table II, and see that the contributions
sum to zero.

5. Finite Computation for (h∗h)2

In contrast to the DRED calculation above, we present
an additional calculation that does not depend on this
type of regularization. In the language of section III,
this calculation corresponds one where we have implic-
itly used a holomorphic regularization scheme. So, we
may compare this calculation to the spurion calculation
done with holomorphic regularization. This provides an
additional demonstration of the ultraviolet insensitivity.

As described in section III, we must keep all inte-
grals in four-dimensions, paying attention to the finite-
ness of the integrals. By integrating out the cut-off de-
pendent supersymmetry-breaking operators, we recover
the anomaly mediated piece of Equation (1.2). If we
choose Pauli-Villars as our holomorphic regulator, this

Graph 5-1 4M2 I(3, 1, 1)
Graph 5-2 24M6 I(5, 1, 1) + 12M6 I(4, 2, 1) + 4M6 I(3, 3, 1)
Graph 5-3 12M4 I(3, 2, 1) + 12M4 I(4, 1, 1)
Graph 5-4 4M2 I(4, 1, 0) + 2M2 I(3, 2, 0)
Graph 5-5 6M4 I(3, 2, 1) + 6M4 I(4, 1, 1)
Graph 5-6 2M4 I(3, 3, 0) + 12M4 I(5, 1, 0)
Graph 5-7 4M4 I(3, 3, 0)
Graph 6-1 −8M2 F (4, 1, 1)
Graph 6-2 −24M4 F (5, 1, 1)
Graph 6-3 4M6 G(3, 3, 1)

Graph 5-2 24εM4 I(4, 1, 1) + 8εM4 I(3, 2, 1)
Graph 5-3 12εM2 I(3, 1, 1) + 4εM2 I(2, 2, 1)
Graph 5-5 4εM2 I(2, 2, 1) + 4εM2 I(3, 1, 1)
Graph 5-6 8εM2 I(4, 1, 0)
Graph 5-7 4εM2 I(3, 2, 0)
Graph 6-2 −16εM2 F (4, 1, 1)

Graph 5-2 8ε2 I(3, 1, 1)
Graph 5-3 4ε2 I(2, 1, 1)
Graph 5-5 2ε2 I(2, 1, 1)
Graph 5-6 2ε2 I(3, 1, 0)
Graph 5-7 ε2 I(2, 2, 0)
Graph 6-2 −4ε2 F (3, 1, 1)

TABLE II. Below-threshold contributions to (h∗
0h0)

2 terms
in the scalar mass-squared. The three sets of values represent
diagrams in which zero, one, or two trilinear vertices are of
the form h0εm3/2τX1X2. The integrals I(m,n, l), F (m,n, l),
and G(m, n, l) are defined in the Appendix. We have pulled
out a common factor i(h∗

0h0)
2m2

3/2.

τ̃

X̃

τ̃

X̃ Ỹ⊗

hAτXX hM

Graph 7-1

FIG. 7. Additional diagram for the finite h4 calculation.
It is effectively a two loop diagram, as there is a one loop
suppression through the A-term vertex.
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τ̃ τ̃

X̃, Ỹ

Graph 8-1
τ̃

τ̃

τ̃

X̃, Ỹ

Graph 8-2

τ̃τ̃ τ̃

Graph 8-3
τ̃

τ̃

τ̃

X̃, Ỹ

Graph 8-4

τ̃ τ̃

X̃, Ỹ , τ̃ X̃, Ỹ , τ̃

X̃, Ỹ , τ̃ X̃, Ỹ , τ̃

Graph 8-5
τ̃

τ

τ̃

X

X̃

Graph 8-6
τ̃ τ̃

X̃, Ỹ

Graph 8-7

FIG. 8. Diagrams that contribute to the cancellation in g′4. These diagrams all contain the heavy fields X̃ and Ỹ .
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m2

i = −

γ̇i

4
m2

3/2
,

Aijk = −

1

2
(γi + γj + γk)m3/2

UV insensitivity cont.
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i = −

γ̇i

4
m2

3/2
, Aijk = −

1

2
(γi + γj + γk)m3/2
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This formula is valid only to lowest order in GF2, but to all orders (and
even non-perturbatively) in the non-gravitational interactions responsible
for the spontaneous breakdown of supersymmetry.

It is convenient for some purposes to express mg in terms of the
expectation values (s) and (p) of the spinless auxiliary gravitational fields.
Note that for the vacuum state to have zero spacetime curvature, the
vacuum energy density F2/2 of matter fields must be balanced by the
negative vacuum energy of gravitation and its interaction with the hidden
sector fields, which is given in terms of (5) and (p) by Eqs. (31.2.18) and
(31.2.16) as -(4/3)((s)2 + (p)2), so

F2/2 = (4/3)((s)2 + (p)2). (31.3.18)

We can therefore write Eq. (31.3.17) as

It is sometimes convenient to introduce a complex gravitino mass, defined
as

(31.3.20)

whose absolute magnitude is the physical gravitino mass (31.3.19).

31.4 Anomaly-Mediated Supersymmetry Breaking

In Section 28.3 the possibility was raised that supersymmetry may be
broken in some sort of hidden sector of superfields that do not carry
the SU(3) x SU(2) x 1/(1) quantum numbers of the standard model, and
communicated to observable particles gravitationally. In this section we
will deal with one class of supersymmetry-breaking effects in the mini-
mum supersymmetric standard model, those of first order in K = ^JSnG.
This includes the gaugino masses and the parameters A\j and B in the
Lagrangian density (28.4.1). Other supersymmetry-breaking effects such
as squark and slepton squared masses are of second order in K, and will
be taken up in Section 31.7, when we consider gravity-mediated super-
symmetry breaking using the general supergravity formalism described in
Section 31.6.

We can find the effects of gravity-mediated supersymmetry breaking to
first order in K by simply replacing the component fields of the gravi-
tational supermultiplet in the interaction (31.1.34) with their expectation
values. The only ones of these component fields that can acquire non-
vanishing vacuum expectation values from the spontaneous breakdown

5 D JJJ 75 6 8 9 C 7C 9 9 D 8C C /.4, , '' ,
0CJB C5898 : C D JJJ 75 6 8 9 C 7C 9 25J 9B79 .9 9 9 35 256 CB , 1 B 5 ''  6 97 C 9 /5 6 8 9 /C 9 9 C: 9 5 5 56 9
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<latexit sha1_base64="wM6vbeVn/4i4urz2pzD8YvJCedM=">AAAB4nicdVDJSgNBFHwTtxi3qEcvjUEQhGEmBpLcgl48SQQnCSQh9HR6kiY9C91vhBDyA15EvCj4Qf6Cf2Nn8RCXgoaiqpr36vmJFBod59PKrK1vbG5lt3M7u3v7B/nDo4aOU8W4x2IZq5ZPNZci4h4KlLyVKE5DX/KmP7qe+c0HrrSIo3scJ7wb0kEkAsEoGsm77bGLYi9fcOxqpXxZKZLfxLWdOQqwRL2X/+j0Y5aGPEImqdZt10mwO6EKBZN8muukmieUjeiAT+YrTsmZkfokiJV5EZK5upKjodbj0DfJkOJQ//Rm4l9eO8Wg0p2IKEmRR2wxKEglwZjM+pK+UJyhHBtCmRJmQ8KGVFGG5io5U/27H/mfNIq2W7Krd6VC7Wp5hCycwCmcgwtlqMEN1MEDBgKe4BXerL71aD1bL4toxlr+OYYVWO9ffFeKPw==</latexit>

3

2
Nc

<latexit sha1_base64="AzWtAS/fuc7AwtLGxtuXaLUI0Aw=">AAAB7nicdVDJSgNBFHwTtxiXjHr00hgET8NMEkhyC3rxJBHMAkkYejo9SZOehe6eQBjmN7yIeFHwU/wF/8bO4iEuBQ1FVTXv1fNizqSy7U8jt7W9s7uX3y8cHB4dF82T046MEkFom0Q8Ej0PS8pZSNuKKU57saA48DjtetObhd+dUSFZFD6oeUyHAR6HzGcEKy25ZnHgC0zSSpaWM3TnEtcs2VajXqvUy+g3cSx7iRKs0XLNj8EoIklAQ0U4lrLv2LEaplgoRjjNCoNE0hiTKR7TdLluhi61NEJ+JPQLFVqqGzkcSDkPPJ0MsJrIn95C/MvrJ8qvD1MWxomiIVkN8hOOVIQW3dGICUoUn2uCiWB6Q0QmWPdX+kIFXf27H/qfdMqWU7Ua99VS83p9hDycwwVcgQM1aMIttKANBBJ4gld4M2Lj0Xg2XlbRnLH+cwYbMN6/AIjujuQ=</latexit>

3Nc

<latexit sha1_base64="GASKdCkhMGX8J+w86wnzcRo8VxY=">AAAB4nicdVDJSgNBFHwTtxi3qEcvjUHwNEwWSHILevEkEZwkkITQ09OTNOlZ6H4jhJAf8CLiRcEP8hf8GzuLh7gUNBRV1bxXz0uk0Og4n1ZmY3Nreye7m9vbPzg8yh+ftHScKsZdFstYdTyquRQRd1Gg5J1EcRp6kre98fXcbz9wpUUc3eMk4f2QDiMRCEbRSG6Z3A7YIF9w7HqtWq6VyG9StJ0FCrBCc5D/6PkxS0MeIZNU627RSbA/pQoFk3yW66WaJ5SN6ZBPFyvOyIWRfBLEyrwIyUJdy9FQ60nomWRIcaR/enPxL6+bYlDrT0WUpMgjthwUpJJgTOZ9iS8UZygnhlCmhNmQsBFVlKG5Ss5U/+5H/ietkl2s2PW7SqFxtTpCFs7gHC6hCFVowA00wQUGAp7gFd4s33q0nq2XZTRjrf6cwhqs9y9sdIo1</latexit>

no χSB

free

magnetic

IR

fixed point

IR free

IR free

χSB

m=0

???

χSB

Banks-Saks

fixed point

χSB

� ⇠ O(1)g4 �O(Nc)g
6

<latexit sha1_base64="XkO1PpO6eWK1H9t2fg8QNWl6wuo=">AAAB/nicdVDLSgMxFM3UV62vUZcuDBahXTjMSGvbXdGNK61gH9Bph0yamYZmHiQZoZSCG3/FjYgbBT/BX/BvTB8u6uNA4HDOCffe48aMCmman1pqaXlldS29ntnY3Nre0Xf3GiJKOCZ1HLGIt1wkCKMhqUsqGWnFnKDAZaTpDi4mfvOOcEGj8FYOY9IJkB9Sj2IkleToh7ZLJIK2oAG8zll5v1uAJ4pdOTgP/e6Zo2dNo1Iul4pF+JtYhjlFFsxRc/QPuxfhJCChxAwJ0bbMWHZGiEuKGRln7ESQGOEB8slouv4YHiupB72IqxdKOFUXcigQYhi4Khkg2Rc/vYn4l9dOpFfujGgYJ5KEeDbISxiUEZx0AXuUEyzZUBGEOVUbQtxHHGGpGsuo07/vg/+TxqlhFYzKTSFbPZ+XkAYH4AjkgAVKoAouQQ3UAQYP4Am8gjftXnvUnrWXWTSlzf/sgwVo719WZJL1</latexit>

χSB ?

ph
as

e 
tr

an
si

tio
n



χSB

baryon

condensate

χSB is a local minimum

but well-defined

and still useful m

χSB
Λ

+Csáki, Gomes, Noether, Varier
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<latexit sha1_base64="bgGy4woxFLepZJXlOerE/hPcpnU=">AAAB/XicdVDLSgMxFL3js9bXqEtBgkVwNcxorborunFZwT6gU0omzbShmcyQZIRSiht/xY2IGwV/wV/wb8xM66KiBxIO55yQe0+QcKa0635ZC4tLyyurhbXi+sbm1ra9s9tQcSoJrZOYx7IVYEU5E7Sumea0lUiKo4DTZjC8zvzmPZWKxeJOjxLaiXBfsJARrI3UtQ98jkWfU+QHWI79RLEJym5f5nLXLrnOZYZTNCWVjLhlz/XOkOe4OUowQ61rf/q9mKQRFZpwrFTbcxPdGWOpGeF0UvRTRRNMhrhPx/n0E3RkpB4KY2mO0ChX53I4UmoUBSYZYT1Qv71M/Mtrpzq86IyZSFJNBZl+FKYc6RhlVaAek5RoPjIEE8nMhIgMsMREm8KKZvWf/dD/pHHieBWnfFsuVa9mJRRgHw7hGDw4hyrcQA3qQOARnuEN3q0H68l6sV6n0QVr9mYP5mB9fANnRpWw</latexit>

h ̄ i

0.001 0.010 0.100 1 10 100 1000

10-4

0.01

1

100

104

<latexit sha1_base64="knkpB8Sg3EARNk1e1obUpd2oYVc=">AAAB+XicdVDLSgMxFM3UV62vUXe6CRbB1ZAp1bG7ohuXLdgHdErJZNI2NJMZkoxQhoK/4kbEjYI/4S/4N6bTuqjogcDhnBPuvSdIOFMaoS+rsLa+sblV3C7t7O7tH9iHR20Vp5LQFol5LLsBVpQzQVuaaU67iaQ4CjjtBJPbud95oFKxWNzraUL7ER4JNmQEayMN7BOfYzHiFDahrxkPadac+TKXBnYZOW7F8xCCyKnVap53uSCo6kHXQTnKYInGwP70w5ikERWacKxUz0WJ7mdYakY4nZX8VNEEkwke0SzffAbPjRTCYSzNExrm6koOR0pNo8AkI6zH6rc3F//yeqkeXvczJpJUU0EWg4YphzqG8xpgyCQlmk8NwUQysyEkYywx0aaskjn95z74P2lXHPfKqTar5frNsoQiOAVn4AK4wAN1cAcaoAUIeATP4A28W5n1ZL1Yr4towVr+OQYrsD6+Ae4Ik7Q=</latexit>

hQQ̃i

m

no similar issues

with SO, Sp



confinement and χSB
Csáki, Gomes, HM, Telem, 2106.10288, 2107.02813



confinement vs screening

We’ve derived χSB in SU(Nc) QCD

it has no confinement

massless quarks in the fundamental rep 
can screen any color charges

Wilson loop is perimeter law


SO(Nc) QCD with quarks in vector rep

cannot screen Z2 center (e.g. spinor rep)

rigorous definition of confinement

can we see an interplay with χSB?



Nf Nf

m=∞

11

2
Nc

<latexit sha1_base64="9eRUVYkfzFv+1rAqHSJJHwSm4qw=">AAAB73icdVDJSgNBFHwTtxi3UY9eGoPgaZiJgSS3oBdPEsEskIShp9OTNOlZ0t0TCMN8hxcRLwr+ib/g39hZPMSloKGoqua9el7MmVS2/WnkNja3tnfyu4W9/YPDI/P4pCWjRBDaJBGPRMfDknIW0qZiitNOLCgOPE7b3vhm7renVEgWhQ9qFtN+gIch8xnBSkuuafZ8gUnqOFlaytCdS1yzaFu1auWqWkK/iWPZCxRhhYZrfvQGEUkCGirCsZRdx45VP8VCMcJpVuglksaYjPGQpot9M3ShpQHyI6FfqNBCXcvhQMpZ4OlkgNVI/vTm4l9eN1F+tZ+yME4UDclykJ9wpCI0L48GTFCi+EwTTATTGyIywvoASp+ooKt/90P/k1bJcspW7b5crF+vjpCHMziHS3CgAnW4hQY0gcAUnuAV3oyJ8Wg8Gy/LaM5Y/TmFNRjvX/eFjx0=</latexit>

m≠0

3(Nc � 2)

<latexit sha1_base64="RJoRx808aktUF2/+Xb8OdXKk4hY=">AAAB5XicdVDJSgNBFHzjGuMW9eilMQjx4DCTBJLcgl48SQSzQBJCT6cnadKz0P1GCCGf4EXEi4K/4y/4N3YWD3EpaCiqqnmvnhdLodFxPq219Y3Nre3UTnp3b//gMHN03NBRohivs0hGquVRzaUIeR0FSt6KFaeBJ3nTG13P/OYDV1pE4T2OY94N6CAUvmAUjdQq5G577DJ/0ctkHbtSLhXKefKbuLYzRxaWqPUyH51+xJKAh8gk1brtOjF2J1ShYJJP051E85iyER3wyXzLKTk3Up/4kTIvRDJXV3I00HoceCYZUBzqn95M/MtrJ+iXuxMRxgnykC0G+YkkGJFZZdIXijOUY0MoU8JsSNiQKsrQHCZtqn/3I/+TRt52i3blrpitXi2PkIJTOIMcuFCCKtxADerAQMITvMKbNbAerWfrZRFds5Z/TmAF1vsXtLSK4w==</latexit>

0

<latexit sha1_base64="NncQKsWrgtXRUb+4g0NXt8tTywk=">AAAB3nicdVDJSgNBFHwTtxi3qEcvjUHwNMzEQCa3oBePCZgFkhB7Oj1Jk56F7jdCCLl6EfGi4Cf5C/6NncVDXAoaiqpq3qvnJ1JodJxPK7OxubW9k93N7e0fHB7lj0+aOk4V4w0Wy1i1faq5FBFvoEDJ24niNPQlb/njm7nfeuBKizi6w0nCeyEdRiIQjKKR6k4/X3Dsile+8orkN3FtZ4ECrFDr5z+6g5ilIY+QSap1x3US7E2pQsEkn+W6qeYJZWM65NPFejNyYaQBCWJlXoRkoa7laKj1JPRNMqQ40j+9ufiX10kx8HpTESUp8ogtBwWpJBiTeVcyEIozlBNDKFPCbEjYiCrK0FwkZ6p/9yP/k2bRdkt2pV4qVK9XR8jCGZzDJbhQhircQg0awIDDE7zCm3VvPVrP1ssymrFWf05hDdb7FxFtiNo=</latexit>

0

<latexit sha1_base64="NncQKsWrgtXRUb+4g0NXt8tTywk=">AAAB3nicdVDJSgNBFHwTtxi3qEcvjUHwNMzEQCa3oBePCZgFkhB7Oj1Jk56F7jdCCLl6EfGi4Cf5C/6NncVDXAoaiqpq3qvnJ1JodJxPK7OxubW9k93N7e0fHB7lj0+aOk4V4w0Wy1i1faq5FBFvoEDJ24niNPQlb/njm7nfeuBKizi6w0nCeyEdRiIQjKKR6k4/X3Dsile+8orkN3FtZ4ECrFDr5z+6g5ilIY+QSap1x3US7E2pQsEkn+W6qeYJZWM65NPFejNyYaQBCWJlXoRkoa7laKj1JPRNMqQ40j+9ufiX10kx8HpTESUp8ogtBwWpJBiTeVcyEIozlBNDKFPCbEjYiCrK0FwkZ6p/9yP/k2bRdkt2pV4qVK9XR8jCGZzDJbhQhircQg0awIDDE7zCm3VvPVrP1ssymrFWf05hDdb7FxFtiNo=</latexit>

run-away

Coulomb
Nc � 3

<latexit sha1_base64="akIFPLh+J1mk9yEigGVMYHJGqEI=">AAAB4nicdVDJSgNBFHwTtxi3qEcvjUHw4jCTBJLcgl48SQQnCSQh9HR6kiY9C91vhBDyA15EvCj4Qf6Cf2Nn8eBW0FBUVfNePT+RQqPjfFiZtfWNza3sdm5nd2//IH941NRxqhj3WCxj1fap5lJE3EOBkrcTxWnoS97yx1dzv3XPlRZxdIeThPdCOoxEIBhFI3k3fXZR6ucLjl2rVkrVIvlNXNtZoAArNPr59+4gZmnII2SSat1xnQR7U6pQMMlnuW6qeULZmA75dLHijJwZaUCCWJkXIVmo33I01HoS+iYZUhzpn95c/MvrpBhUe1MRJSnyiC0HBakkGJN5XzIQijOUE0MoU8JsSNiIKsrQXCVnqn/1I/+TZtF2y3bttlyoX66OkIUTOIVzcKECdbiGBnjAQMAjvMCrNbAerCfreRnNWKs/x/AN1tsngMeKQg==</latexit>

Nc � 2

<latexit sha1_base64="k0gNcqWcohMn3lGPeeNN+5DC97o=">AAAB4nicdVDJSgNBFHwTtxi3qEcvjUHw4jATA0luQS+eJIKTBJIQejo9SZOehe43Qgj5AS8iXhT8IH/Bv7GzeIhLQUNRVc179fxECo2O82ll1tY3Nrey27md3b39g/zhUUPHqWLcY7GMVcunmksRcQ8FSt5KFKehL3nTH13P/OYDV1rE0T2OE94N6SASgWAUjeTd9thFsZcvOHa1Ur6sFMlv4trOHAVYot7Lf3T6MUtDHiGTVOu26yTYnVCFgkk+zXVSzRPKRnTAJ/MVp+TMSH0SxMq8CMlcXcnRUOtx6JtkSHGof3oz8S+vnWJQ6U5ElKTII7YYFKSSYExmfUlfKM5Qjg2hTAmzIWFDqihDc5Wcqf7dj/xPGkXbLdnVu1KhdrU8QhZO4BTOwYUy1OAG6uABAwFP8ApvVt96tJ6tl0U0Yy3/HMMKrPcvf02KQQ==</latexit>

Nc � 1

<latexit sha1_base64="8upp88UkWFwMThYzPuXseJH4zCc=">AAAB4nicdVDJSgNBFHwTtxi3qEcvjUHw4jATA0luQS+eJIKTBJIQeno6SZOehe43Qgj5AS8iXhT8IH/Bv7GzeIhLQUNRVc179fxECo2O82ll1tY3Nrey27md3b39g/zhUUPHqWLcY7GMVcunmksRcQ8FSt5KFKehL3nTH13P/OYDV1rE0T2OE94N6SASfcEoGsm77bELt5cvOHa1Ur6sFMlv4trOHAVYot7Lf3SCmKUhj5BJqnXbdRLsTqhCwSSf5jqp5gllIzrgk/mKU3JmpID0Y2VehGSuruRoqPU49E0ypDjUP72Z+JfXTrFf6U5ElKTII7YY1E8lwZjM+pJAKM5Qjg2hTAmzIWFDqihDc5Wcqf7dj/xPGkXbLdnVu1KhdrU8QhZO4BTOwYUy1OAG6uABAwFP8ApvVmA9Ws/WyyKasZZ/jmEF1vsXfdOKQA==</latexit>

3

2
(Nc � 2)

<latexit sha1_base64="ZpgJeABX7j1+LLTSvufmXrRwrUE=">AAAB8XicdVDJSgNBFHzjGuM2xqOXxiDEg8NkEkhyC3rxJBHMAkkYejo9SZOehe4eMQz5EC8iXhT8EX/Bv7GzeIhLQUNRVc179byYM6ls+9NYW9/Y3NrO7GR39/YPDs2jXEtGiSC0SSIeiY6HJeUspE3FFKedWFAceJy2vfHVzG/fUyFZFN6pSUz7AR6GzGcEKy25Zq7nC0zS0jR1poUbl1w4566Zt61atVKqOug3KVr2HHlYouGaH71BRJKAhopwLGW3aMeqn2KhGOF0mu0lksaYjPGQpvONp+hMSwPkR0K/UKG5upLDgZSTwNPJAKuR/OnNxL+8bqL8aj9lYZwoGpLFID/hSEVoVh8NmKBE8YkmmAimN0RkhPUJlD5SVlf/7of+Jy3HKpat2m05X79cHiEDJ3AKBShCBepwDQ1oAoEHeIJXeDOk8Wg8Gy+L6Jqx/HMMKzDevwDeFY+S</latexit>

3(Nc � 2)

<latexit sha1_base64="RJoRx808aktUF2/+Xb8OdXKk4hY=">AAAB5XicdVDJSgNBFHzjGuMW9eilMQjx4DCTBJLcgl48SQSzQBJCT6cnadKz0P1GCCGf4EXEi4K/4y/4N3YWD3EpaCiqqnmvnhdLodFxPq219Y3Nre3UTnp3b//gMHN03NBRohivs0hGquVRzaUIeR0FSt6KFaeBJ3nTG13P/OYDV1pE4T2OY94N6CAUvmAUjdQq5G577DJ/0ctkHbtSLhXKefKbuLYzRxaWqPUyH51+xJKAh8gk1brtOjF2J1ShYJJP051E85iyER3wyXzLKTk3Up/4kTIvRDJXV3I00HoceCYZUBzqn95M/MtrJ+iXuxMRxgnykC0G+YkkGJFZZdIXijOUY0MoU8JsSNiQKsrQHCZtqn/3I/+TRt52i3blrpitXi2PkIJTOIMcuFCCKtxADerAQMITvMKbNbAerWfrZRFds5Z/TmAF1vsXtLSK4w==</latexit>

no χSB

free

magnetic

IR

fixed point

IR free

IR free

χSB

m=0

???

χSB

Banks-Saks

fixed point

χSB
Nc � 4

<latexit sha1_base64="DFNeu8/kC0IZuPKNlZPkOXTb844=">AAAB4nicdVDJSgNBFHwTtxi3qEcvjUHw4jATA0luQS+eJIKTBJIQejo9SZOehe43Qgj5AS8iXhT8IH/Bv7GzeIhLQUNRVc179fxECo2O82ll1tY3Nrey27md3b39g/zhUUPHqWLcY7GMVcunmksRcQ8FSt5KFKehL3nTH13P/OYDV1rE0T2OE94N6SASgWAUjeTd9thFqZcvOHa1Ur6sFMlv4trOHAVYot7Lf3T6MUtDHiGTVOu26yTYnVCFgkk+zXVSzRPKRnTAJ/MVp+TMSH0SxMq8CMlcXcnRUOtx6JtkSHGof3oz8S+vnWJQ6U5ElKTII7YYFKSSYExmfUlfKM5Qjg2hTAmzIWFDqihDc5Wcqf7dj/xPGkXbLdnVu1KhdrU8QhZO4BTOwYUy1OAG6uABAwFP8ApvVt96tJ6tl0U0Yy3/HMMKrPcvgkGKQw==</latexit>

Nc � 5

<latexit sha1_base64="B/czTNxr3kfyDVfenEx77n26UeM=">AAAB4nicdVDJSgNBFHwTtxi3qEcvjUHw4jCJkSS3oBdPEsGJgSSEnp6epEnPQvcbIYT8gBcRLwp+kL/g39hZPMSloKGoqua9el4ihUbH+bQyK6tr6xvZzdzW9s7uXn7/oKnjVDHusljGquVRzaWIuIsCJW8litPQk/zeG15N/fsHrrSIozscJbwb0n4kAsEoGsm96bGzi16+4Ni1auW8WiK/SdF2ZijAAo1e/qPjxywNeYRMUq3bRSfB7pgqFEzySa6Tap5QNqR9Pp6tOCEnRvJJECvzIiQzdSlHQ61HoWeSIcWB/ulNxb+8dopBtTsWUZIij9h8UJBKgjGZ9iW+UJyhHBlCmRJmQ8IGVFGG5io5U/27H/mfNEt2sWzXbsuF+uXiCFk4gmM4hSJUoA7X0AAXGAh4gld4s3zr0Xq2XubRjLX4cwhLsN6/AIO7ikQ=</latexit>

Nc

<latexit sha1_base64="eVcRIpvi+2rD0sPnTXXN2qoiKgM=">AAAB4HicdVDJSgNBFHwTtxi3qEcvjUHwNMzEQCa3oBdPEtEskITQ0+lJmvQsdL8RQsjdi4gXBb/IX/Bv7Cwe4lLQUFRV8149P5FCo+N8Wpm19Y3Nrex2bmd3b/8gf3jU0HGqGK+zWMaq5VPNpYh4HQVK3koUp6EvedMfXc385gNXWsTRPY4T3g3pIBKBYBSNdHfTY718wbErXvnCK5LfxLWdOQqwRK2X/+j0Y5aGPEImqdZt10mwO6EKBZN8muukmieUjeiAT+YLTsmZkfokiJV5EZK5upKjodbj0DfJkOJQ//Rm4l9eO8XA605ElKTII7YYFKSSYExmbUlfKM5Qjg2hTAmzIWFDqihDc5Ocqf7dj/xPGkXbLdmV21Kherk8QhZO4BTOwYUyVOEaalAHBgN4gld4s3zr0Xq2XhbRjLX8cwwrsN6/AKbtic4=</latexit>

2 branches
2 branches

3

2
(Nc � 2)

<latexit sha1_base64="ZpgJeABX7j1+LLTSvufmXrRwrUE=">AAAB8XicdVDJSgNBFHzjGuM2xqOXxiDEg8NkEkhyC3rxJBHMAkkYejo9SZOehe4eMQz5EC8iXhT8EX/Bv7GzeIhLQUNRVc179byYM6ls+9NYW9/Y3NrO7GR39/YPDs2jXEtGiSC0SSIeiY6HJeUspE3FFKedWFAceJy2vfHVzG/fUyFZFN6pSUz7AR6GzGcEKy25Zq7nC0zS0jR1poUbl1w4566Zt61atVKqOug3KVr2HHlYouGaH71BRJKAhopwLGW3aMeqn2KhGOF0mu0lksaYjPGQpvONp+hMSwPkR0K/UKG5upLDgZSTwNPJAKuR/OnNxL+8bqL8aj9lYZwoGpLFID/hSEVoVh8NmKBE8YkmmAimN0RkhPUJlD5SVlf/7of+Jy3HKpat2m05X79cHiEDJ3AKBShCBepwDQ1oAoEHeIJXeDOk8Wg8Gy+L6Jqx/HMMKzDevwDeFY+S</latexit>

Λ

? ?



Nf = Nc-2
for Mij=QiQj≠0 with 
rank M=Nf, SO(Nc) is 
broken to SO(2)

Coulomb branch

two singularities




dyons: 




monopoles: 




both monopoles and 
meson condense!

u = detM = 0

<latexit sha1_base64="wZbr0I91RMX3qnUQbnqHue9+Txs=">AAAB63icdVDLSgMxFL1TX7W+qi7dBIvgapiphbaLQtGNG6GCfUBbSyaTaUOTmSHJCGXoV7gRcaPgv/gL/o3pw0V9HAgczjnh3nO9mDOlHefTyqytb2xuZbdzO7t7+wf5w6OWihJJaJNEPJIdDyvKWUibmmlOO7GkWHictr3x1cxvP1CpWBTe6UlM+wIPQxYwgrWR7pNa2pMC+VRPb2rOIF9w7GqlfFEpot/EtZ05CrBEY5D/6PkRSQQNNeFYqa7rxLqfYqkZ4XSa6yWKxpiM8ZCm812n6MxIPgoiaV6o0VxdyWGh1ER4JimwHqmf3kz8y+smOqj0UxbGiaYhWQwKEo50hGbFkc8kJZpPDMFEMrMhIiMsMdHmPDlT/bsf+p+0irZbsqu3pUL9cnmELJzAKZyDC2WowzU0oAkEJDzBK7xZwnq0nq2XRTRjLf8cwwqs9y8pQY4o</latexit>

q±i

<latexit sha1_base64="ziROZcHS7AqW1eC4qjcbXTtJ8Dc=">AAAB5HicdVDJTgJBFHyDG+KGevTSkZh4mswgCXAjevGIiSwJIOlpeqBDz2L3GxNC+AMvxnjRxO/xF/wbewAPuFTSSaWqOu/V82IpNDrOp5VZW9/Y3Mpu53Z29/YP8odHTR0livEGi2Sk2h7VXIqQN1Cg5O1YcRp4kre88VXqtx640iIKb3ES815Ah6HwBaNopNZ9X9x146CfLzh2tVK+qBTJb+LazhwFWKLez390BxFLAh4ik1TrjuvE2JtShYJJPst1E81jysZ0yKfzJWfkzEgD4kfKvBDJXF3J0UDrSeCZZEBxpH96qfiX10nQr/SmIowT5CFbDPITSTAiaWMyEIozlBNDKFPCbEjYiCrK0NwlZ6p/9yP/k2bRdkt29aZUqF0uj5CFEziFc3ChDDW4hjo0gMEYnuAV3izferSerZdFNGMt/xzDCqz3L9eKi7Y=</latexit>

u = detM = ⇤2Nf

<latexit sha1_base64="mj2oYYkOs4dHsYP1yfcHC5Z5wqA=">AAAB+nicdVDLSsNAFJ34rPUVddnNYBFchaQW2i4KRTcuVCrYBzQ1TCaTdujkwcxEKDELf8WNiBsFP8Jf8G+cPlzUx4GBwznnMvceN2ZUSNP81JaWV1bX1nMb+c2t7Z1dfW+/LaKEY9LCEYt410WCMBqSlqSSkW7MCQpcRjru6Gzid+4IFzQKb+Q4Jv0ADULqU4ykkhy9kNRTmwfQIzK7rNsXatJDt2npyvEzRy+aRq1aOamW4G9iGeYURTBH09E/bC/CSUBCiRkSomeZseyniEuKGcnydiJIjPAIDUg6XT2DR0ryoB9x9UIJp+pCDgVCjANXJQMkh+KnNxH/8nqJ9Kv9lIZxIkmIZx/5CYMygpMeoEc5wZKNFUGYU7UhxEPEEZaqrbw6/fs++D9plwyrbNSuy8XG6byEHCiAQ3AMLFABDXAOmqAFMHgAT+AVvGn32qP2rL3MokvafOYALEB7/wJQSZPj</latexit>

W = (u� ⇤2Nf )E+E�

<latexit sha1_base64="Db2knfyTDbhmZ3sqjC5CFEKb/DI=">AAAB+3icdVDJSgNBFOxxjXEb9aiHxiBEJGEmBpIchKAIHkQimAWyDD09PUmTnoXuHiEMc/FXvIh4UfAf/AX/xs7iIS4FD4qqerzFDhkV0jA+tYXFpeWV1dRaen1jc2tb39ltiCDimNRxwALespEgjPqkLqlkpBVygjybkaY9vBj7zXvCBQ38OzkKSddDfZ+6FCOpJEs/aJ5lo1znWnU4qBcXbiw3OYaXvRNVOUvPGPlKuXRaLsDfxMwbE2TADDVL/+g4AY484kvMkBBt0whlN0ZcUsxIku5EgoQID1GfxJPdE3ikJAe6AVflSzhR53LIE2Lk2SrpITkQP72x+JfXjqRb7sbUDyNJfDwd5EYMygCOHwEdygmWbKQIwpyqDSEeII6wVO9Kq9O/74P/k0Yhbxbzldtipno+e0IK7INDkAUmKIEquAI1UAcYPIAn8AretER71J61l2l0QZv17IE5aO9fW1GShg==</latexit>

W =
1

µ
M ijq+i q

�
j

<latexit sha1_base64="b2xGPHqQ3Wzx5hbZHDrx+6jKXrA=">AAAB/3icdVDLSgMxFM3UV62vUZdugkUQxDJTC20XQtGNG6GCfUCnHTJppk2beTTJCGWYhRt/xY2IGwX/wF/wb0wfLurjQOBwzgn33uOEjAppGJ9aaml5ZXUtvZ7Z2Nza3tF39+oiiDgmNRywgDcdJAijPqlJKhlphpwgz2Gk4QwvJ37jjnBBA/9WjkPS9lDPpy7FSCrJ1mHj3HI5wrGZxJYXJfC6E9NBMrJp52RkDzqntp41cuVS8ayUh7+JmTOmyII5qrb+YXUDHHnEl5ghIVqmEcp2jLikmJEkY0WChAgPUY/E0/0TeKSkLnQDrp4v4VRdyCFPiLHnqKSHZF/89CbiX14rkm6pHVM/jCTx8WyQGzEoAzgpA3YpJ1iysSIIc6o2hLiPVB1SVZZRp3/fB/8n9XzOLOTKN4Vs5WJeQhocgENwDExQBBVwBaqgBjB4AE/gFbxp99qj9qy9zKIpbf5nHyxAe/8CPtyWGQ==</latexit>

u

|E±| = (m⇤)1/2

<latexit sha1_base64="5U1p0XRQwwJWwHbj2MF4eWgYMok=">AAAB+nicdVDLSgMxFM3UV62vUZfdBItQN+NMLbRdCEURXLioYB/QaUsmk2lDMw+SjFCmXfgrbkTcKPgR/oJ/Y/pwUR8HAodzziX3HidiVEjT/NRSK6tr6xvpzczW9s7unr5/0BBhzDGp45CFvOUgQRgNSF1SyUgr4gT5DiNNZ3g59Zv3hAsaBndyFJGOj/oB9ShGUkk9PTu+6tqRP4bnMO9D+0ZNuuikm1inhUlPz5lGpVw6Kxfgb2IZ5gw5sECtp3/YbohjnwQSMyRE2zIj2UkQlxQzMsnYsSARwkPUJ8ls9Qk8VpILvZCrF0g4U5dyyBdi5Dsq6SM5ED+9qfiX146lV+4kNIhiSQI8/8iLGZQhnPYAXcoJlmykCMKcqg0hHiCOsFRtZdTp3/fB/0mjYFhFo3JbzFUvFiWkQRYcgTywQAlUwTWogTrA4AE8gVfwpo21R+1Ze5lHU9pi5hAsQXv/AlHJkpM=</latexit>

V ⇡ �
✓
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◆4

m4

<latexit sha1_base64="TX1gpk1dT6IWJ8UEWovEu7YeOm4="></latexit>

V = �Nfm
2⇤2

<latexit sha1_base64="4Mpfc5j2tR2RRDMcc5j7rYX3nzU=">AAAB83icdVDJSgNBFHwTtxi3cbl5aQyCF4fJGEhyEIJePIhEMAtkGXo6PUmTnoXuHiGGfIkXES8K/oe/4N/YWTzEpaChqKpHv1dezJlUtv1ppJaWV1bX0uuZjc2t7R1zd68mo0QQWiURj0TDw5JyFtKqYorTRiwoDjxO697gcuLX76mQLArv1DCm7QD3QuYzgpWWXPOgdn564/oo6Dioda3nurjjuGbWtkrFwlnRQb9JzrKnyMIcFdf8aHUjkgQ0VIRjKZs5O1btERaKEU7HmVYiaYzJAPfoaLrzGB1rqYv8SOgXKjRVF3I4kHIYeDoZYNWXP72J+JfXTJRfbI9YGCeKhmT2kZ9wpCI0KQB1maBE8aEmmAimN0SkjwUmSteU0ad/34f+JzXHyuWt0m0+W76Yl5CGQziCE8hBAcpwBRWoAoEHeIJXeDMS49F4Nl5m0ZQxn9mHBRjvX26oj9Y=</latexit>

u = detM

<latexit sha1_base64="+K+w8EORsTFpZlu52LFAZA+zA+U=">AAAB6XicdVDJSgNBFHwTtxi3qEcvjUHwNMzEQJKDEPTiRYhgFsiE0NPTkzTpWeh+I4QhH+FFxIuCP+Mv+DdOFg9xKWgoqqp5r54bS6HRsj6N3Nr6xuZWfruws7u3f1A8PGrrKFGMt1gkI9V1qeZShLyFAiXvxorTwJW8446vZ37ngSstovAeJzHvB3QYCl8wipnkJJepowLicZzeDooly6zXqhe1MvlNbNOaowRLNAfFD8eLWBLwEJmkWvdsK8Z+ShUKJvm04CSax5SN6ZCn802n5CyTPOJHKnshkrm6kqOB1pPAzZIBxZH+6c3Ev7xegn6tn4owTpCHbDHITyTBiMxqE08ozlBOMkKZEtmGhI2oogyz4xSy6t/9yP+kXTbtilm/q5QaV8sj5OEETuEcbKhCA26gCS1gEMMTvMKbMTYejWfjZRHNGcs/x7AC4/0LNQONpw==</latexit>



Nf < Nc-2

add mass mq to some of the quarks

can show monopole VEVs persist mq➝∞

demonstration of confinement and chiral 
symmetry breaking for all Nf ≤ Nc-2
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Chiral gauge theories



Nature is chiral

Standard model is a chiral gauge theory

but chiral gauge theories are difficult to 
regularize

no lattice simulations yet!

SO(10): smallest anomaly-free group that 
admits complex representation

16: smallest complex representation of SO(10)

Kikukawa: probably the best candidate for 
first lattice simulation of chiral gauge theory

What do we expect?

47



SO(10) with Nf 16’s

SU(Nf) global symmetry among 16’s


lowest dimension fermion composite operator


120=10C3 rep

48

<latexit sha1_base64="QYqx3gGbDgJfzlYwaq+SwvrVNqg="></latexit>

Aµ⌫⇢
ij = 16Ti C�µ⌫⇢16j = �Aµ⌫⇢

ji
<latexit sha1_base64="HfO/AJ43b9QAhpyVlTAJN410JpQ=">AAACE3icdVDLSgMxAMzWV62vVY9egkXwtGRLdS0iVL14rGhboVtLNk3b2OyDJCuUZT/Di7/iRcSDCn6Af2O2rYeKDgSGmQnJjBdxJhVCX0Zubn5hcSm/XFhZXVvfMDe3GjKMBaF1EvJQ3HhYUs4CWldMcXoTCYp9j9OmNzzP/OY9FZKFwbUaRbTt437AeoxgpaWOWb7qJOzueMjTk8JpRtPbxPVjN4hdMQhTmInanBU7ZhFZdslxEILIqlQqjnMwIajsQNtCYxTBFLWO+eZ2QxL7NFCEYylbNopUO8FCMcJpWnBjSSNMhrhPk3GnFO5pqQt7odAnUHCszuSwL+XI93TSx2ogf3uZ+JfXilXvqJ2wIIoVDcjkoV7MoQphNhDsMkGJ4iNNMBFM/xCSARaYKD1jQVf/6Qf/J42SZR9a5ctysXo2HSEPdsAu2Ac2cEAVXIAaqAMCHsEzeAcfxoPxZLwYr5Nozpje2QYzMD6/AfZInrY=</latexit>

Sij;kl = Aµ⌫⇢
ij Aµ⌫⇢

kl i

j

k

l

+Kondo, Sylber, in preparation



SO(10) with one 16

no global symmetry

dynamically breaks SUSY (HM: hep-th/
9505082 “Studying noncalculable models of 
dynamical supersymmetry breaking”)

no D-flat direction, no weakly coupled limits

add 10, D-flat direction emerges, breaks 
SO(10) to SO(7), gauge condensate generates 
superpotential

breaks SUSY

gapped, no symmetry breaking

49

<latexit sha1_base64="sLamqOIhY75ELs0G0VVv+K9X/HU="></latexit>

W =

✓
⇤21

(16 16 10)2

◆1/5
<latexit sha1_base64="7ZiQgg4w6dcg60epBk2uh7PK8pU=">AAAB5nicdVDLSgMxFL3js9ZX1aWbYBEEYchorborunEjVLAPaUvJpGkbmnmQ3BFK6S+4EXGj4Of4C/6NmbYuKnrgwuGcE3LP9WMlDVL65SwsLi2vrGbWsusbm1vbuZ3dqokSzUWFRyrSdZ8ZoWQoKihRiXqsBQt8JWr+4Dr1a49CGxmF9ziMRStgvVB2JWdopYfjW+LRpp12Lk/dyxSnZEqKKaEFj3pnxHPpBHmYodzOfTY7EU8CESJXzJiGR2NsjZhGyZUYZ5uJETHjA9YTo8maY3JopQ7pRtpOiGSizuVYYMww8G0yYNg3v71U/MtrJNi9aI1kGCcoQj79qJsoghFJO5OO1IKjGlrCuJZ2Q8L7TDOO9jJZW/2nH/mfVE9cr+gW7gr50tXsCBnYhwM4Ag/OoQQ3UIYKcAjgGd7g3ek7T86L8zqNLjizN3swB+fjG6WLisY=</latexit>

+M10 10



SO(10) with two 16

SU(2) global symmetry

                                 is SU(2) singlet


D-flat direction breaks SO(10) to G2

gaugino condensate generates superpotential


gapped, no symmetry breaking

50

<latexit sha1_base64="HfO/AJ43b9QAhpyVlTAJN410JpQ=">AAACE3icdVDLSgMxAMzWV62vVY9egkXwtGRLdS0iVL14rGhboVtLNk3b2OyDJCuUZT/Di7/iRcSDCn6Af2O2rYeKDgSGmQnJjBdxJhVCX0Zubn5hcSm/XFhZXVvfMDe3GjKMBaF1EvJQ3HhYUs4CWldMcXoTCYp9j9OmNzzP/OY9FZKFwbUaRbTt437AeoxgpaWOWb7qJOzueMjTk8JpRtPbxPVjN4hdMQhTmInanBU7ZhFZdslxEILIqlQqjnMwIajsQNtCYxTBFLWO+eZ2QxL7NFCEYylbNopUO8FCMcJpWnBjSSNMhrhPk3GnFO5pqQt7odAnUHCszuSwL+XI93TSx2ogf3uZ+JfXilXvqJ2wIIoVDcjkoV7MoQphNhDsMkGJ4iNNMBFM/xCSARaYKD1jQVf/6Qf/J42SZR9a5ctysXo2HSEPdsAu2Ac2cEAVXIAaqAMCHsEzeAcfxoPxZLwYr5Nozpje2QYzMD6/AfZInrY=</latexit>

Sij;kl = Aµ⌫⇢
ij Aµ⌫⇢

kl 1

2

1

2

<latexit sha1_base64="H+1Yl27g/J8/CctDjx9A2eR1ZC4="></latexit>

W =

✓
⇤20
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SO(10) with three 16

SU(3) global symmetry

                       is SU(3) symmetric tensor


D-flat direction breaks SO(10) to SU(2)

gaugino condensate generates superpotential


breaks SU(3) to SO(3)

low-energy: SU(3)/SO(3) chiral L with WZW

testable predictions!

51

<latexit sha1_base64="HfO/AJ43b9QAhpyVlTAJN410JpQ=">AAACE3icdVDLSgMxAMzWV62vVY9egkXwtGRLdS0iVL14rGhboVtLNk3b2OyDJCuUZT/Di7/iRcSDCn6Af2O2rYeKDgSGmQnJjBdxJhVCX0Zubn5hcSm/XFhZXVvfMDe3GjKMBaF1EvJQ3HhYUs4CWldMcXoTCYp9j9OmNzzP/OY9FZKFwbUaRbTt437AeoxgpaWOWb7qJOzueMjTk8JpRtPbxPVjN4hdMQhTmInanBU7ZhFZdslxEILIqlQqjnMwIajsQNtCYxTBFLWO+eZ2QxL7NFCEYylbNopUO8FCMcJpWnBjSSNMhrhPk3GnFO5pqQt7odAnUHCszuSwL+XI93TSx2ogf3uZ+JfXilXvqJ2wIIoVDcjkoV7MoQphNhDsMkGJ4iNNMBFM/xCSARaYKD1jQVf/6Qf/J42SZR9a5ctysXo2HSEPdsAu2Ac2cEAVXIAaqAMCHsEzeAcfxoPxZLwYr5Nozpje2QYzMD6/AfZInrY=</latexit>

Sij;kl = Aµ⌫⇢
ij Aµ⌫⇢

kl
i

j

k

l 3* x 3* = 6*

<latexit sha1_base64="2w0vnMYrBT0L6yQpeWbozJdM4DQ="></latexit>

W =

✓
⇤18
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Chiral SU(Nc)

with A + (Nc-4) F*

Csáki, HM, Telem, 2104.10171



conjectures
A + (Nc-4)F*: anomaly free chiral gauge th

SU(Nc-4) x U(1) global symmetry


1. massless composite fermions:           satisfy 
’t Hooft anomaly matching conditions without 
breaking any global symmetries (E. Eichten, R. 
D. Peccei, J. Preskill, and D. Zeppenfeld 
(1986))


2. condensate       breaks SU(Nc)gxSU(Nc-4)xU(1) 
to SU(Nc-4)xU(1)xSU(4)g with massless 
(½Nc(Nc+1),Nc) fermion           (S. Dimopoulos, 
S. Raby, L. Susskind (1980)) “tumbling"

AF̄{i,F̄j}

<latexit sha1_base64="NaF0FBeZx0lCjS0RM3RfCYxC8sU=">AAAB/XicdVDLSgMxFL1TX7W+Rl0KEiyCCxmmtdB2VxXEZQX7gE4ZMmmmjc08SDJCGQY3/oobETcK/oK/4N84fYjUx4HAyTkn5N7jhJxJZZofWmZhcWl5JbuaW1vf2NzSt3eaMogEoQ0S8EC0HSwpZz5tKKY4bYeCYs/htOUMz8d+65YKyQL/Wo1C2vVw32cuI1ilkq3vnyLLwSK+SOzYitlx8n29sZLE1vOmUa2UTypF9JsUDHOCPMxQt/V3qxeQyKO+IhxL2SmYoerGWChGOE1yViRpiMkQ92k8mT5Bh6nUQ24g0uMrNFHnctiTcuQ5adLDaiB/emPxL68TKbfSjZkfRor6ZPqRG3GkAjSuAvWYoETxUUowESydEJEBFpiotLBcuvrXfuh/0iwahZJRvSrla2ezErKwBwdwBAUoQw0uoQ4NIHAPj/ACr9qd9qA9ac/TaEabvdmFOWhvnwcjlXk=</latexit>

AF̄i

<latexit sha1_base64="To05Hccr2nXfEw6L3E3ho5rED00=">AAAB6nicdVDLSsNAFL3xWeur6tLNYBFchaQW2u6qgrisYB/QhjKZTtqhk0mcmQgl5CfciLhR8GP8Bf/G6cNFfRwYOJxzhnvP9WPOlHacT2tldW19YzO3ld/e2d3bLxwctlSUSEKbJOKR7PhYUc4EbWqmOe3EkuLQ57Ttj6+mfvuBSsUicacnMfVCPBQsYARrI3kXqOdjmV5n/ZRl/ULRsWvVynm1hH4T13ZmKMICjX7hozeISBJSoQnHSnVdJ9ZeiqVmhNMs30sUjTEZ4yFNZ6tm6NRIAxRE0jyh0UxdyuFQqUnom2SI9Uj99KbiX1430UHVS5mIE00FmQ8KEo50hKa90YBJSjSfGIKJZGZDREZYYqLNdfKm+nc/9D9plWy3bNduy8X65eIIOTiGEzgDFypQhxtoQBMI3MMTvMKbxa1H69l6mUdXrMWfI1iC9f4F6m2OEg==</latexit>

AF̄{i,F̄j}

<latexit sha1_base64="NaF0FBeZx0lCjS0RM3RfCYxC8sU=">AAAB/XicdVDLSgMxFL1TX7W+Rl0KEiyCCxmmtdB2VxXEZQX7gE4ZMmmmjc08SDJCGQY3/oobETcK/oK/4N84fYjUx4HAyTkn5N7jhJxJZZofWmZhcWl5JbuaW1vf2NzSt3eaMogEoQ0S8EC0HSwpZz5tKKY4bYeCYs/htOUMz8d+65YKyQL/Wo1C2vVw32cuI1ilkq3vnyLLwSK+SOzYitlx8n29sZLE1vOmUa2UTypF9JsUDHOCPMxQt/V3qxeQyKO+IhxL2SmYoerGWChGOE1yViRpiMkQ92k8mT5Bh6nUQ24g0uMrNFHnctiTcuQ5adLDaiB/emPxL68TKbfSjZkfRor6ZPqRG3GkAjSuAvWYoETxUUowESydEJEBFpiotLBcuvrXfuh/0iwahZJRvSrla2ezErKwBwdwBAUoQw0uoQ4NIHAPj/ACr9qd9qA9ac/TaEabvdmFOWhvnwcjlXk=</latexit>



SUSY + AMSB, Nc odd

non-perturbative run-away superpotential


SU(Nc-4)xU(1) broken to Sp(Nc-5)xU(1)

massless fermions (Nc-4,Nc)

Pouliot

(1995)
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<latexit sha1_base64="anGH3Tn5t7TGbq/Vdt432wroYFA="></latexit>
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<latexit sha1_base64="CbIdPmgXADAxQpNBLdDcB9pMnig="></latexit>
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✓
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<latexit sha1_base64="S/QS14qvURVwZ0/mPxOgFrZq+sM="></latexit>



revised tumbling

 breaks SU(Nc)gxSU(Nc-4)xU(1) to 
SU(4)gxSU(Nc-4)xU(1)


 breaks it further to 
SU(4)gxSp(Nc-5)xU(1)


SU(4)g becomes strong and A(4) and F*(4*) 
condense

AF̄i

<latexit sha1_base64="To05Hccr2nXfEw6L3E3ho5rED00=">AAAB6nicdVDLSsNAFL3xWeur6tLNYBFchaQW2u6qgrisYB/QhjKZTtqhk0mcmQgl5CfciLhR8GP8Bf/G6cNFfRwYOJxzhnvP9WPOlHacT2tldW19YzO3ld/e2d3bLxwctlSUSEKbJOKR7PhYUc4EbWqmOe3EkuLQ57Ttj6+mfvuBSsUicacnMfVCPBQsYARrI3kXqOdjmV5n/ZRl/ULRsWvVynm1hH4T13ZmKMICjX7hozeISBJSoQnHSnVdJ9ZeiqVmhNMs30sUjTEZ4yFNZ6tm6NRIAxRE0jyh0UxdyuFQqUnom2SI9Uj99KbiX1430UHVS5mIE00FmQ8KEo50hKa90YBJSjSfGIKJZGZDREZYYqLNdfKm+nc/9D9plWy3bNduy8X65eIIOTiGEzgDFypQhxtoQBMI3MMTvMKbxa1H69l6mUdXrMWfI1iC9f4F6m2OEg==</latexit>

F̄[i,F̄j]
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SUSY + AMSB, Nc even

non-perturbative run-away superpotential


SU(Nc-4)xU(1) broken to Sp(Nc-4)

no massless fermions

Pouliot

(1995)

W =

✓
⇤2N+3

(PfAF̄ F̄ )(PfA)

◆1/3

<latexit sha1_base64="Gg753ZJlBZ5HydcMgBVBSAHIIck="></latexit>

A =
'p
2

✓
J(Nc�4) 0

0 04⇥4

◆
, F̄ = '

✓
I(Nc�4)

0

◆

<latexit sha1_base64="GbM1qHbhIu74e7vjx1DeFTUvJGo="></latexit>

' ⇡ ⇤

✓
⇤

m

◆3/2Nc

<latexit sha1_base64="cEeRrZF29/XZY01nJ00A3SnCWZI="></latexit>



revised tumbling

 breaks SU(Nc)gxSU(Nc-4)xU(1) to 
SU(4)gxSU(Nc-4)xU(1)


 breaks it further to SU(4)gxSp(Nc-4)


SU(4)g becomes strong and A(4) and F*(4*) 
condense
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Conclusions
SUSY + AMSB help us  
understand quantum dynamics

obtain results consistent with 
Yukawa, Nambu

no obvious signs of phase 
transition as SUSY breaking      
is increased

applied to systems not 
understood yet, results very 
different from past conjectures

can be applied to 2+1D, 1+1D 
systems (not yet)

interested in strongly-coupled 
dark sector
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