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This talk: ideas of unification, 
with a broad (theoretical) brush…

Grand unification:

some history and classic results
current status and approaches

(image credits: SLAC, HowStuffWorks)

2

some general lessons and outlook
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The Standard Model (SM)

SU(3)c × SU(2)L × U(1)Y

SU(3)c × U(1)EM

〈H〉 ∼
√

2GF

Gauge Principle:

Matter content:
3 generations of chiral fermions

<latexit sha1_base64="0FR6YlhcqAUxWIHu4tzn7VcysWI=">AAACE3icbZDLSgMxFIYz9VbrbdSlm2ARWil1ppbqRii4cdlCb9AZSybNtKHJzJBkhDL0Hdz4Km5cKOLWjTvfxvQiaPWHwMd/ziHn/F7EqFSW9WmkVlbX1jfSm5mt7Z3dPXP/oCXDWGDSxCELRcdDkjAakKaiipFOJAjiHiNtb3Q9rbfviJA0DBpqHBGXo0FAfYqR0lbPPK1f5eJCP3/bgI6kHOYcjtTQ85PzSeEbS5OCfVbJ98ysVbRmgn/BXkAWLFTrmR9OP8QxJ4HCDEnZta1IuQkSimJGJhknliRCeIQGpKsxQJxIN5ndNIEn2ulDPxT6BQrO3J8TCeJSjrmnO6dryuXa1Pyv1o2Vf+kmNIhiRQI8/8iPGVQhnAYE+1QQrNhYA8KC6l0hHiKBsNIxZnQI9vLJf6FVKtqVYrlezlYrizjS4AgcgxywwQWoghtQA02AwT14BM/gxXgwnoxX423emjIWM4fgl4z3L2k8m/c=</latexit>

Q = (u, d)T ⇠ (3,2, 1/6)
<latexit sha1_base64="NcO4UCDrGx0FgtQQZtgaF08QxVg=">AAACGXicbVDLSsNAFJ3UV62vqEs3g0WoUGvSluqy4MZlBfuAJpbJdNIOnTyYmQgl5Dfc+CtuXCjiUlf+jZM2grYeGDice+6de48TMiqkYXxpuZXVtfWN/GZha3tnd0/fP+iIIOKYtHHAAt5zkCCM+qQtqWSkF3KCPIeRrjO5Suvde8IFDfxbOQ2J7aGRT12KkVTSQDeiOwwtQT1YsgJlTOfElofk2HHjWpKUf7iZlM+q57XTgV40KsYMcJmYGSmCDK2B/mENAxx5xJeYISH6phFKO0ZcUsxIUrAiQUKEJ2hE+or6yCPCjmeXJfBEKUPoBlw9X8KZ+rsjRp4QU89RznRPsVhLxf9q/Ui6l3ZM/TCSxMfzj9yIQRnANCY4pJxgyaaKIMyp2hXiMeIISxVmQYVgLp68TDrVitmo1G/qxWYjiyMPjsAxKAETXIAmuAYt0AYYPIAn8AJetUftWXvT3ufWnJb1HII/0D6/ASo/n7U=</latexit>

uc ⇠ (3,1,�2/3)
<latexit sha1_base64="qAFEuHn1LQEqv6kcYOChH2AuZpo=">AAACGHicbVDLSsNAFJ34rPUVdelmsAgVSpvYUl0W3LisYB/QxDKZTNqhkwczE6GEfIYbf8WNC0XcduffOGkjaOuBgcO559659zgRo0Iaxpe2tr6xubVd2Cnu7u0fHOpHx10RxhyTDg5ZyPsOEoTRgHQklYz0I06Q7zDScyY3Wb33SLigYXAvpxGxfTQKqEcxkkoa6jX3AUNLUB+WrVAZszmJ5SM5dryknqaVH26mFbNWvxjqJaNqzAFXiZmTEsjRHuozyw1x7JNAYoaEGJhGJO0EcUkxI2nRigWJEJ6gERkoGiCfCDuZH5bCc6W40Au5eoGEc/V3R4J8Iaa+o5zZmmK5lon/1Qax9K7thAZRLEmAFx95MYMyhFlK0KWcYMmmiiDMqdoV4jHiCEuVZVGFYC6fvEq6l1WzWW3cNUqtZh5HAZyCM1AGJrgCLXAL2qADMHgCL+ANvGvP2qv2oX0urGta3nMC/kCbfQORTZ9s</latexit>

dc ⇠ (3,1, 1/3)
<latexit sha1_base64="4UtREpcYI5qAcrzMLsIiMOOjisk=">AAACF3icbZDLSgMxFIYz9VbrrerSTbAILdQ6U0p1IxTcuHBRoTfojCWTZtrQTGZIMkIZ+hZufBU3LhRxqzvfxkxbQVt/CHz85xxyzu+GjEplml9GamV1bX0jvZnZ2t7Z3cvuH7RkEAlMmjhggei4SBJGOWkqqhjphIIg32Wk7Y6uknr7nghJA95Q45A4Phpw6lGMlLZ62dLNZd7mURGSwl0D2pL6MG/7SA1dL7YmxR8sT4qn1lm50MvmzJI5FVwGaw45MFe9l/20+wGOfMIVZkjKrmWGyomRUBQzMsnYkSQhwiM0IF2NHPlEOvH0rgk80U4feoHQjys4dX9PxMiXcuy7ujPZUy7WEvO/WjdS3oUTUx5GinA8+8iLGFQBTEKCfSoIVmysAWFB9a4QD5FAWOkoMzoEa/HkZWiVS1a1VLmt5GrVeRxpcASOQR5Y4BzUwDWogybA4AE8gRfwajwaz8ab8T5rTRnzmUPwR8bHN8tjnSw=</latexit>

L = (⌫, e)T ⇠ (1,2,�1/2)
<latexit sha1_base64="pqzeJN5CHe/gGwaztrP3WXwgDig=">AAACCnicbZDLSgMxFIYz9VbrbdSlm2gRKkiZkVJdFty4rGAv0BlLJs20oUlmSDJCGbp246u4caGIW5/AnW9jpp1Frf4Q+PjPOeScP4gZVdpxvq3Cyura+kZxs7S1vbO7Z+8ftFWUSExaOGKR7AZIEUYFaWmqGenGkiAeMNIJxtdZvfNApKKRuNOTmPgcDQUNKUbaWH37mNxjT1EOKx5HehSEqTs9X0D3rG+XnaozE/wLbg5lkKvZt7+8QYQTToTGDCnVc51Y+ymSmmJGpiUvUSRGeIyGpGdQIE6Un85OmcJT4wxgGEnzhIYzd3EiRVypCQ9MZ7akWq5l5n+1XqLDKz+lIk40EXj+UZgwqCOY5QIHVBKs2cQAwpKaXSEeIYmwNumVTAju8sl/oX1RdevV2m2t3KjncRTBETgBFeCCS9AAN6AJWgCDR/AMXsGb9WS9WO/Wx7y1YOUzh+CXrM8fyDiZpQ==</latexit>

ec ⇠ (1,1, 1)

Glashow Salam Weinberg

Nobel Prize (NP) 1979

Higgs sector:
<latexit sha1_base64="TcUDMRrS1oTI+ThjSjfKBuI/HiA=">AAACFnicbZDLSsNAFIYn9VbrLerSzWARWqw1KaW6EQpuXFboDZq2TKaTZujkwsxEKCFP4cZXceNCEbfizrdx0lbQ6g8DH/85hznnt0NGhTSMTy2zsrq2vpHdzG1t7+zu6fsHbRFEHJMWDljAuzYShFGftCSVjHRDTpBnM9KxJ9dpvXNHuKCB35TTkPQ9NPapQzGSyhrqZ+5VwR2cltyhURw0LUE9WLA8JF3bic2k9I2VpGSeV4pDPW+UjZngXzAXkAcLNYb6hzUKcOQRX2KGhOiZRij7MeKSYkaSnBUJEiI8QWPSU+gjj4h+PDsrgSfKGUEn4Or5Es7cnxMx8oSYerbqTNcUy7XU/K/Wi6Rz2Y+pH0aS+Hj+kRMxKAOYZgRHlBMs2VQBwpyqXSF2EUdYqiRzKgRz+eS/0K6UzVq5elvN12uLOLLgCByDAjDBBaiDG9AALYDBPXgEz+BFe9CetFftbd6a0RYzh+CXtPcviAudFQ==</latexit>

h = (h+, h0)
T ⇠ (1,2, 1/2)

(Higgs mechanism)
NP 2013 Englert Higgs

also: Anderson (dec.); Brout (dec.); 
Guralnik (dec.), Hagen, Kibble 

Spectacularly successful theory of the 
strong and electroweak interactions!

(LH— useful convention)

4 (image credits: Wikimedia commons)



Going Beyond the Standard Model…

Spectacularly successful, but many outstanding problems…

Aesthetics

Naturalness

Cosmology

3-2-1 gauge symmetry and quantum numbers
fermion family replication, flavor mixing, CP violation

“too complicated and arbitrary”

origin of dark matter and dark energy

19 free parameters…

origin of electroweak scale and light Higgs mass
vacuum structure…

origin of matter-antimatter asymmetry
predictive quantized gravity…

fermion masses and mixings, ultralight neutrino masses

solutions require physics beyond the Standard Model!
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Grand Unification Paradigm

Embed SM gauge group into larger gauge symmetry structure**

SU(3)c × SU(2)L × U(1)Y

<latexit sha1_base64="ibgKezveJsLl0tot2XmFHh9sYrA=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CRbBU9mVoh4LHvQiVLQf2C4lm2bb0CS7JFmhLP0XXjwo4tV/481/Y7rdg7Y+GHi8N8PMvCDmTBvX/XYKK6tr6xvFzdLW9s7uXnn/oKWjRBHaJBGPVCfAmnImadMww2knVhSLgNN2ML6a+e0nqjSL5IOZxNQXeChZyAg2Vnq87qc9JdD97bRfrrhVNwNaJl5OKpCj0S9/9QYRSQSVhnCsdddzY+OnWBlGOJ2WeommMSZjPKRdSyUWVPtpdvEUnVhlgMJI2ZIGZerviRQLrScisJ0Cm5Fe9Gbif143MeGlnzIZJ4ZKMl8UJhyZCM3eRwOmKDF8YgkmitlbERlhhYmxIZVsCN7iy8ukdVb1zqu1u1qlXsvjKMIRHMMpeHABdbiBBjSBgIRneIU3RzsvzrvzMW8tOPnMIfyB8/kD/9iQcg==</latexit>

GSM

Basic requirements:

sufficiently large (total) group rank

<latexit sha1_base64="CWdhEBFCZ/hrVX91Yg3mZalagAc=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeCBz22YGuhDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjto5TxbDFYhGrTkA1Ci6xZbgR2EkU0igQ+BCMb2b+wxMqzWN5byYJ+hEdSh5yRo2Vmrf9csWtunOQVeLlpAI5Gv3yV28QszRCaZigWnc9NzF+RpXhTOC01Es1JpSN6RC7lkoaofaz+aFTcmaVAQljZUsaMld/T2Q00noSBbYzomakl72Z+J/XTU147WdcJqlByRaLwlQQE5PZ12TAFTIjJpZQpri9lbARVZQZm03JhuAtv7xK2hdV77Jaa9Yq9VoeRxFO4BTOwYMrqMMdNKAFDBCe4RXenEfnxXl3PhatBSefOYY/cD5/AJqtjMY=</latexit>

G

<latexit sha1_base64="GU7GmAD2t+OeF9RKTljJC6nyVgc=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeCF48V7Ae0oWy2k3btZhN3N0IJ/Q9ePCji1f/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4Zua3n1BpHst7M0nQj+hQ8pAzaqzU6g3xkdT65Ypbdecgq8TLSQVyNPrlr94gZmmE0jBBte56bmL8jCrDmcBpqZdqTCgb0yF2LZU0Qu1n82un5MwqAxLGypY0ZK7+nshopPUkCmxnRM1IL3sz8T+vm5rw2s+4TFKDki0WhakgJiaz18mAK2RGTCyhTHF7K2EjqigzNqCSDcFbfnmVtC6q3mW1dler1Gt5HEU4gVM4Bw+uoA630IAmMHiAZ3iFNyd2Xpx352PRWnDymWP4A+fzB9iTjp4=</latexit>

� 4

— complex representations:

chiral SM fermions

 — anomaly-free

<latexit sha1_base64="uJ0Ga/nFqzQGBT3BS51pkBRIWXY="></latexit>

 L = (3,2)1/6 + (3,1)�2/3 + (3,1)1/3 + (1,2)�1/2 + (1,1)1
<latexit sha1_base64="vQAj9CqSNBK47ciFioQoNOIDLOo="></latexit>

 R = (3,2)�1/6 + (3,1)2/3 + (3,1)�1/3 + (1,2)1/2 + (1,1)�1

<latexit sha1_base64="9zX8DHAleHYjtkAPnlzzYCTpOIw=">AAAB/XicbZDLSsNAFIYn9VbrLV52bgaLUDclkaIuC25cuKhiL9CUMpmetEMnkzgzEWoovoobF4q49T3c+TZO0y609YeBj/+cwznz+zFnSjvOt5VbWl5ZXcuvFzY2t7Z37N29hooSSaFOIx7Jlk8UcCagrpnm0IolkNDn0PSHl5N68wGkYpG406MYOiHpCxYwSrSxuvZByYsV615jT8A9zvj2pGsXnbKTCS+CO4MimqnWtb+8XkSTEISmnCjVdp1Yd1IiNaMcxgUvURATOiR9aBsUJATVSbPrx/jYOD0cRNI8oXHm/p5ISajUKPRNZ0j0QM3XJuZ/tXaig4tOykScaBB0uihIONYRnkSBe0wC1XxkgFDJzK2YDogkVJvACiYEd/7Li9A4Lbtn5cpNpVitzOLIo0N0hErIReeoiq5QDdURRY/oGb2iN+vJerHerY9pa86azeyjP7I+fwAO0pRL</latexit>

( L 6=  R)

<latexit sha1_base64="cHxJUKvMnpBs8IDFIkovUP/Lgqs=">AAAB7HicbVBNSwMxEJ3Ur1q/qh69BItQL2VXinosePEkFd220C4lm2bb0Gx2SbJCWfobvHhQxKs/yJv/xrTdg7Y+GHi8N8PMvCARXBvH+UaFtfWNza3idmlnd2//oHx41NJxqijzaCxi1QmIZoJL5hluBOskipEoEKwdjG9mfvuJKc1j+WgmCfMjMpQ85JQYK3kPXvXuvF+uODVnDrxK3JxUIEezX/7qDWKaRkwaKojWXddJjJ8RZTgVbFrqpZolhI7JkHUtlSRi2s/mx07xmVUGOIyVLWnwXP09kZFI60kU2M6ImJFe9mbif143NeG1n3GZpIZJulgUpgKbGM8+xwOuGDViYgmhittbMR0RRaix+ZRsCO7yy6ukdVFzL2v1+3qlUc/jKMIJnEIVXLiCBtxCEzygwOEZXuENSfSC3tHHorWA8plj+AP0+QO1UI3u</latexit>

SU(N)Possibilities:

(image credit:Fightstar, “Grand 
Unification” album, 2006)

<latexit sha1_base64="G25XZRX6DNLytjcsU2ZzeU8K+ps=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyGoJ4k4MWTRDQPSJYwO5lNhszOLjO9Qgj5BC8eFPHqF3nzb5wke9DEgoaiqpvuriCRwqDrfju5tfWNza38dmFnd2//oHh41DRxqhlvsFjGuh1Qw6VQvIECJW8nmtMokLwVjG5mfuuJayNi9YjjhPsRHSgRCkbRSg9315VeseSW3TnIKvEyUoIM9V7xq9uPWRpxhUxSYzqem6A/oRoFk3xa6KaGJ5SN6IB3LFU04safzE+dkjOr9EkYa1sKyVz9PTGhkTHjKLCdEcWhWfZm4n9eJ8Xwyp8IlaTIFVssClNJMCazv0lfaM5Qji2hTAt7K2FDqilDm07BhuAtv7xKmpWyd1Gu3ldLtWoWRx5O4BTOwYNLqMEt1KEBDAbwDK/w5kjnxXl3PhatOSebOYY/cD5/AJm8jVE=</latexit>

N > 2
<latexit sha1_base64="gPDpZR98J3xmnT1KcftByCugk60=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBahIpSkBPVY8OJJK9oPaEPZbDft0s0m7m6EEvonvHhQxKt/x5v/xm2bg7Y+GHi8N8PMPD/mTGnb/rZyK6tr6xv5zcLW9s7uXnH/oKmiRBLaIBGPZNvHinImaEMzzWk7lhSHPqctf3Q19VtPVCoWiQc9jqkX4oFgASNYG6l9f1t2b86qp71iya7YM6Bl4mSkBBnqveJXtx+RJKRCE46V6jh2rL0US80Ip5NCN1E0xmSEB7RjqMAhVV46u3eCTozSR0EkTQmNZurviRSHSo1D33SGWA/VojcV//M6iQ4uvZSJONFUkPmiIOFIR2j6POozSYnmY0MwkczcisgQS0y0iahgQnAWX14mzWrFOa+4d26p5mZx5OEIjqEMDlxADa6hDg0gwOEZXuHNerRerHfrY96as7KZQ/gD6/MH+xWOlw==</latexit>

SO(4N + 2)
<latexit sha1_base64="G4Av7rw15XJV/YZTr2/qxbkItTk=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KokU9SQFL56kov2ANpTNdtIu3WzC7kYooT/BiwdFvPqLvPlv3LY5aOuDgcd7M8zMCxLBtXHdb2dldW19Y7OwVdze2d3bLx0cNnWcKoYNFotYtQOqUXCJDcONwHaikEaBwFYwupn6rSdUmsfy0YwT9CM6kDzkjBorPdxde71S2a24M5Bl4uWkDDnqvdJXtx+zNEJpmKBadzw3MX5GleFM4KTYTTUmlI3oADuWShqh9rPZqRNyapU+CWNlSxoyU39PZDTSehwFtjOiZqgXvan4n9dJTXjlZ1wmqUHJ5ovCVBATk+nfpM8VMiPGllCmuL2VsCFVlBmbTtGG4C2+vEya5xXvolK9r5Zr1TyOAhzDCZyBB5dQg1uoQwMYDOAZXuHNEc6L8+58zFtXnHzmCP7A+fwBmDiNUA==</latexit>

N > 1
<latexit sha1_base64="8lBRBzEKXxFSN4KavVjr5lvKZxk=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KomU6rEggseK9gPaUDbbTbt0swm7E6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSKQw6Lrfztr6xubWdmGnuLu3f3BYOjpumTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GNzO//cS1EbF6xEnC/YgOlQgFo2ilh9t+rV8quxV3DrJKvJyUIUejX/rqDWKWRlwhk9SYrucm6GdUo2CST4u91PCEsjEd8q6likbc+Nn81Ck5t8qAhLG2pZDM1d8TGY2MmUSB7YwojsyyNxP/87ophtd+JlSSIldssShMJcGYzP4mA6E5QzmxhDIt7K2EjaimDG06RRuCt/zyKmldVrxapXpfLdereRwFOIUzuAAPrqAOd9CAJjAYwjO8wpsjnRfn3flYtK45+cwJ/IHz+QPEO41t</latexit>

E6

(**strict interpretation — single group, not product of groups)

“standard” embedding of fermions in Gell-Mann, 
Ramond, 

Slansky ’78 

<latexit sha1_base64="r/Ag880h6NJf9Wis7yXPnXVY95U=">AAAB7nicbVBNTwIxEJ3FL8Qv1KOXRmKCF7KrRD2SePGI0QUS2JBu6UJDt920XROy4Ud48aAxXv093vw3FtiDgi+Z5OW9mczMCxPOtHHdb6ewtr6xuVXcLu3s7u0flA+PWlqmilCfSC5VJ8Saciaob5jhtJMoiuOQ03Y4vp357SeqNJPi0UwSGsR4KFjECDZWaj/41cvzPumXK27NnQOtEi8nFcjR7Je/egNJ0pgKQzjWuuu5iQkyrAwjnE5LvVTTBJMxHtKupQLHVAfZ/NwpOrPKAEVS2RIGzdXfExmOtZ7Eoe2MsRnpZW8m/ud1UxPdBBkTSWqoIItFUcqRkWj2OxowRYnhE0swUczeisgIK0yMTahkQ/CWX14lrYuad1Wr39crjXoeRxFO4BSq4ME1NOAOmuADgTE8wyu8OYnz4rw7H4vWgpPPHMMfOJ8//vGOqQ==</latexit>

SU(3)c



(image credit: Georgi, Prog. Theor. Phys. Suppl. 170 (2007) 119)

Pati, Salam (1974)

Georgi, Glashow (1974)
Glashow (1961), 
Weinberg (1967), 

Salam (1968)

Georgi (1974); 
Fritzsch, 

Minkowski (1975)“trinification”
De Rujula, Georgi, 

Glashow (1984)

Gursey, Ramond, 
Sikkivie (1976)

Some prototypical examples of grand unified theories (GUTs):

The SM:

7

<latexit sha1_base64="ibgKezveJsLl0tot2XmFHh9sYrA=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CRbBU9mVoh4LHvQiVLQf2C4lm2bb0CS7JFmhLP0XXjwo4tV/481/Y7rdg7Y+GHi8N8PMvCDmTBvX/XYKK6tr6xvFzdLW9s7uXnn/oKWjRBHaJBGPVCfAmnImadMww2knVhSLgNN2ML6a+e0nqjSL5IOZxNQXeChZyAg2Vnq87qc9JdD97bRfrrhVNwNaJl5OKpCj0S9/9QYRSQSVhnCsdddzY+OnWBlGOJ2WeommMSZjPKRdSyUWVPtpdvEUnVhlgMJI2ZIGZerviRQLrScisJ0Cm5Fe9Gbif143MeGlnzIZJ4ZKMl8UJhyZCM3eRwOmKDF8YgkmitlbERlhhYmxIZVsCN7iy8ukdVb1zqu1u1qlXsvjKMIRHMMpeHABdbiBBjSBgIRneIU3RzsvzrvzMW8tOPnMIfyB8/kD/9iQcg==</latexit>

GSM



Now-classic fermion embeddings (single generation):

These structures lead to some stunning results!

<latexit sha1_base64="0FR6YlhcqAUxWIHu4tzn7VcysWI=">AAACE3icbZDLSgMxFIYz9VbrbdSlm2ARWil1ppbqRii4cdlCb9AZSybNtKHJzJBkhDL0Hdz4Km5cKOLWjTvfxvQiaPWHwMd/ziHn/F7EqFSW9WmkVlbX1jfSm5mt7Z3dPXP/oCXDWGDSxCELRcdDkjAakKaiipFOJAjiHiNtb3Q9rbfviJA0DBpqHBGXo0FAfYqR0lbPPK1f5eJCP3/bgI6kHOYcjtTQ85PzSeEbS5OCfVbJ98ysVbRmgn/BXkAWLFTrmR9OP8QxJ4HCDEnZta1IuQkSimJGJhknliRCeIQGpKsxQJxIN5ndNIEn2ulDPxT6BQrO3J8TCeJSjrmnO6dryuXa1Pyv1o2Vf+kmNIhiRQI8/8iPGVQhnAYE+1QQrNhYA8KC6l0hHiKBsNIxZnQI9vLJf6FVKtqVYrlezlYrizjS4AgcgxywwQWoghtQA02AwT14BM/gxXgwnoxX423emjIWM4fgl4z3L2k8m/c=</latexit>

Q = (u, d)T ⇠ (3,2, 1/6)

<latexit sha1_base64="NcO4UCDrGx0FgtQQZtgaF08QxVg=">AAACGXicbVDLSsNAFJ3UV62vqEs3g0WoUGvSluqy4MZlBfuAJpbJdNIOnTyYmQgl5Dfc+CtuXCjiUlf+jZM2grYeGDice+6de48TMiqkYXxpuZXVtfWN/GZha3tnd0/fP+iIIOKYtHHAAt5zkCCM+qQtqWSkF3KCPIeRrjO5Suvde8IFDfxbOQ2J7aGRT12KkVTSQDeiOwwtQT1YsgJlTOfElofk2HHjWpKUf7iZlM+q57XTgV40KsYMcJmYGSmCDK2B/mENAxx5xJeYISH6phFKO0ZcUsxIUrAiQUKEJ2hE+or6yCPCjmeXJfBEKUPoBlw9X8KZ+rsjRp4QU89RznRPsVhLxf9q/Ui6l3ZM/TCSxMfzj9yIQRnANCY4pJxgyaaKIMyp2hXiMeIISxVmQYVgLp68TDrVitmo1G/qxWYjiyMPjsAxKAETXIAmuAYt0AYYPIAn8AJetUftWXvT3ufWnJb1HII/0D6/ASo/n7U=</latexit>

uc ⇠ (3,1,�2/3)

<latexit sha1_base64="qAFEuHn1LQEqv6kcYOChH2AuZpo=">AAACGHicbVDLSsNAFJ34rPUVdelmsAgVSpvYUl0W3LisYB/QxDKZTNqhkwczE6GEfIYbf8WNC0XcduffOGkjaOuBgcO559659zgRo0Iaxpe2tr6xubVd2Cnu7u0fHOpHx10RxhyTDg5ZyPsOEoTRgHQklYz0I06Q7zDScyY3Wb33SLigYXAvpxGxfTQKqEcxkkoa6jX3AUNLUB+WrVAZszmJ5SM5dryknqaVH26mFbNWvxjqJaNqzAFXiZmTEsjRHuozyw1x7JNAYoaEGJhGJO0EcUkxI2nRigWJEJ6gERkoGiCfCDuZH5bCc6W40Au5eoGEc/V3R4J8Iaa+o5zZmmK5lon/1Qax9K7thAZRLEmAFx95MYMyhFlK0KWcYMmmiiDMqdoV4jHiCEuVZVGFYC6fvEq6l1WzWW3cNUqtZh5HAZyCM1AGJrgCLXAL2qADMHgCL+ANvGvP2qv2oX0urGta3nMC/kCbfQORTZ9s</latexit>

dc ⇠ (3,1, 1/3)
<latexit sha1_base64="4UtREpcYI5qAcrzMLsIiMOOjisk=">AAACF3icbZDLSgMxFIYz9VbrrerSTbAILdQ6U0p1IxTcuHBRoTfojCWTZtrQTGZIMkIZ+hZufBU3LhRxqzvfxkxbQVt/CHz85xxyzu+GjEplml9GamV1bX0jvZnZ2t7Z3cvuH7RkEAlMmjhggei4SBJGOWkqqhjphIIg32Wk7Y6uknr7nghJA95Q45A4Phpw6lGMlLZ62dLNZd7mURGSwl0D2pL6MG/7SA1dL7YmxR8sT4qn1lm50MvmzJI5FVwGaw45MFe9l/20+wGOfMIVZkjKrmWGyomRUBQzMsnYkSQhwiM0IF2NHPlEOvH0rgk80U4feoHQjys4dX9PxMiXcuy7ujPZUy7WEvO/WjdS3oUTUx5GinA8+8iLGFQBTEKCfSoIVmysAWFB9a4QD5FAWOkoMzoEa/HkZWiVS1a1VLmt5GrVeRxpcASOQR5Y4BzUwDWogybA4AE8gRfwajwaz8ab8T5rTRnzmUPwR8bHN8tjnSw=</latexit>

L = (⌫, e)T ⇠ (1,2,�1/2)

<latexit sha1_base64="pqzeJN5CHe/gGwaztrP3WXwgDig=">AAACCnicbZDLSgMxFIYz9VbrbdSlm2gRKkiZkVJdFty4rGAv0BlLJs20oUlmSDJCGbp246u4caGIW5/AnW9jpp1Frf4Q+PjPOeScP4gZVdpxvq3Cyura+kZxs7S1vbO7Z+8ftFWUSExaOGKR7AZIEUYFaWmqGenGkiAeMNIJxtdZvfNApKKRuNOTmPgcDQUNKUbaWH37mNxjT1EOKx5HehSEqTs9X0D3rG+XnaozE/wLbg5lkKvZt7+8QYQTToTGDCnVc51Y+ymSmmJGpiUvUSRGeIyGpGdQIE6Un85OmcJT4wxgGEnzhIYzd3EiRVypCQ9MZ7akWq5l5n+1XqLDKz+lIk40EXj+UZgwqCOY5QIHVBKs2cQAwpKaXSEeIYmwNumVTAju8sl/oX1RdevV2m2t3KjncRTBETgBFeCCS9AAN6AJWgCDR/AMXsGb9WS9WO/Wx7y1YOUzh+CXrM8fyDiZpQ==</latexit>

ec ⇠ (1,1, 1)

Georgi, Glashow (1974)
<latexit sha1_base64="9wQD0azJxhYaAWZhWBukISmNM94=">AAAB7HicbVBNTwIxEJ36ifiFevTSSEzwQnYNKkcSLx4xukACG9ItXWjodjdt14Rs+A1ePGiMV3+QN/+NBfag4EsmeXlvJjPzgkRwbRznG62tb2xubRd2irt7+weHpaPjlo5TRZlHYxGrTkA0E1wyz3AjWCdRjESBYO1gfDvz209MaR7LRzNJmB+RoeQhp8RYyXvwKlcX/VLZqTpz4FXi5qQMOZr90ldvENM0YtJQQbTuuk5i/Iwow6lg02Iv1SwhdEyGrGupJBHTfjY/dorPrTLAYaxsSYPn6u+JjERaT6LAdkbEjPSyNxP/87qpCet+xmWSGibpYlGYCmxiPPscD7hi1IiJJYQqbm/FdEQUocbmU7QhuMsvr5LWZdW9rtbua+VGPY+jAKdwBhVw4QYacAdN8IACh2d4hTck0Qt6Rx+L1jWUz5zAH6DPH5CHjdk=</latexit>

SU(5)

<latexit sha1_base64="SOXPM0Ff7sUESzhBuDAASaUokrg=">AAAB/nicbVDLSsNAFL2pr1pfUXHlZrAIrkoiVbssuHFZwT6gCWUynbRDJ5MwMxFKKPgrblwo4tbvcOffOGmz0NYDA4dz7uWeOUHCmdKO822V1tY3NrfK25Wd3b39A/vwqKPiVBLaJjGPZS/AinImaFszzWkvkRRHAafdYHKb+91HKhWLxYOeJtSP8EiwkBGsjTSwT7zY2Pl25kVYj4Mwu5rNBnbVqTlzoFXiFqQKBVoD+8sbxiSNqNCEY6X6rpNoP8NSM8LprOKliiaYTPCI9g0VOKLKz+bxZ+jcKEMUxtI8odFc/b2R4UipaRSYyTyiWvZy8T+vn+qw4WdMJKmmgiwOhSlHOkZ5F2jIJCWaTw3BRDKTFZExlpho01jFlOAuf3mVdC5r7nWtfl+vNhtFHWU4hTO4ABduoAl30II2EMjgGV7hzXqyXqx362MxWrKKnWP4A+vzBxNxli8=</latexit>

5

<latexit sha1_base64="x452kJmaJ26RMXelvbG/04CqiSc=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqsxI0S4LblxWsA9oh5JJM21oJpkmmUIZ+h1uXCji1o9x59+YaWehrQcCh3Pu4d6cIOZMG9f9dgpb2zu7e8X90sHh0fFJ+fSsrWWiCG0RyaXqBlhTzgRtGWY47caK4ijgtBNM7jO/M6NKMymezDymfoRHgoWMYGMlvy+tmWVTz10MyhW36i6BNomXkwrkaA7KX/2hJElEhSEca93z3Nj4KVaGEU4XpX6iaYzJBI9oz1KBI6r9dHn0Al1ZZYhCqewTBi3V34kUR1rPo8BORtiM9bqXif95vcSEdT9lIk4MFWS1KEw4MhJlDaAhU5QYPrcEE8XsrYiMscLE2J5KtgRv/cubpH1T9W6rtcdapVHP6yjCBVzCNXhwBw14gCa0gMAUnuEV3pyZ8+K8Ox+r0YKTZ87hD5zPH8XZkhQ=</latexit>

10

<latexit sha1_base64="SnRWd7jYfLVwrBm1CboIV6BG9fM=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRahXsquFO2x4MWbFe0HtEvJptk2NpssSVYoS/+DFw+KePX/ePPfmLZ70NYHA4/3ZpiZF8ScaeO6305ubX1jcyu/XdjZ3ds/KB4etbRMFKFNIrlUnQBrypmgTcMMp51YURwFnLaD8fXMbz9RpZkUD2YSUz/CQ8FCRrCxUuv+tuy55/1iya24c6BV4mWkBBka/eJXbyBJElFhCMdadz03Nn6KlWGE02mhl2gaYzLGQ9q1VOCIaj+dXztFZ1YZoFAqW8Kgufp7IsWR1pMosJ0RNiO97M3E/7xuYsKanzIRJ4YKslgUJhwZiWavowFTlBg+sQQTxeytiIywwsTYgAo2BG/55VXSuqh4l5XqXbVUr2Vx5OEETqEMHlxBHW6gAU0g8AjP8ApvjnRenHfnY9Gac7KZY/gD5/MH8CCOCQ==</latexit>

SO(10) Georgi (1974); Fritzsch, 
Minkowski (1975)

<latexit sha1_base64="0FR6YlhcqAUxWIHu4tzn7VcysWI=">AAACE3icbZDLSgMxFIYz9VbrbdSlm2ARWil1ppbqRii4cdlCb9AZSybNtKHJzJBkhDL0Hdz4Km5cKOLWjTvfxvQiaPWHwMd/ziHn/F7EqFSW9WmkVlbX1jfSm5mt7Z3dPXP/oCXDWGDSxCELRcdDkjAakKaiipFOJAjiHiNtb3Q9rbfviJA0DBpqHBGXo0FAfYqR0lbPPK1f5eJCP3/bgI6kHOYcjtTQ85PzSeEbS5OCfVbJ98ysVbRmgn/BXkAWLFTrmR9OP8QxJ4HCDEnZta1IuQkSimJGJhknliRCeIQGpKsxQJxIN5ndNIEn2ulDPxT6BQrO3J8TCeJSjrmnO6dryuXa1Pyv1o2Vf+kmNIhiRQI8/8iPGVQhnAYE+1QQrNhYA8KC6l0hHiKBsNIxZnQI9vLJf6FVKtqVYrlezlYrizjS4AgcgxywwQWoghtQA02AwT14BM/gxXgwnoxX423emjIWM4fgl4z3L2k8m/c=</latexit>

Q = (u, d)T ⇠ (3,2, 1/6)

<latexit sha1_base64="4UtREpcYI5qAcrzMLsIiMOOjisk=">AAACF3icbZDLSgMxFIYz9VbrrerSTbAILdQ6U0p1IxTcuHBRoTfojCWTZtrQTGZIMkIZ+hZufBU3LhRxqzvfxkxbQVt/CHz85xxyzu+GjEplml9GamV1bX0jvZnZ2t7Z3cvuH7RkEAlMmjhggei4SBJGOWkqqhjphIIg32Wk7Y6uknr7nghJA95Q45A4Phpw6lGMlLZ62dLNZd7mURGSwl0D2pL6MG/7SA1dL7YmxR8sT4qn1lm50MvmzJI5FVwGaw45MFe9l/20+wGOfMIVZkjKrmWGyomRUBQzMsnYkSQhwiM0IF2NHPlEOvH0rgk80U4feoHQjys4dX9PxMiXcuy7ujPZUy7WEvO/WjdS3oUTUx5GinA8+8iLGFQBTEKCfSoIVmysAWFB9a4QD5FAWOkoMzoEa/HkZWiVS1a1VLmt5GrVeRxpcASOQR5Y4BzUwDWogybA4AE8gRfwajwaz8ab8T5rTRnzmUPwR8bHN8tjnSw=</latexit>

L = (⌫, e)T ⇠ (1,2,�1/2)
<latexit sha1_base64="NcO4UCDrGx0FgtQQZtgaF08QxVg=">AAACGXicbVDLSsNAFJ3UV62vqEs3g0WoUGvSluqy4MZlBfuAJpbJdNIOnTyYmQgl5Dfc+CtuXCjiUlf+jZM2grYeGDice+6de48TMiqkYXxpuZXVtfWN/GZha3tnd0/fP+iIIOKYtHHAAt5zkCCM+qQtqWSkF3KCPIeRrjO5Suvde8IFDfxbOQ2J7aGRT12KkVTSQDeiOwwtQT1YsgJlTOfElofk2HHjWpKUf7iZlM+q57XTgV40KsYMcJmYGSmCDK2B/mENAxx5xJeYISH6phFKO0ZcUsxIUrAiQUKEJ2hE+or6yCPCjmeXJfBEKUPoBlw9X8KZ+rsjRp4QU89RznRPsVhLxf9q/Ui6l3ZM/TCSxMfzj9yIQRnANCY4pJxgyaaKIMyp2hXiMeIISxVmQYVgLp68TDrVitmo1G/qxWYjiyMPjsAxKAETXIAmuAYt0AYYPIAn8AJetUftWXvT3ufWnJb1HII/0D6/ASo/n7U=</latexit>

uc ⇠ (3,1,�2/3)
<latexit sha1_base64="qAFEuHn1LQEqv6kcYOChH2AuZpo=">AAACGHicbVDLSsNAFJ34rPUVdelmsAgVSpvYUl0W3LisYB/QxDKZTNqhkwczE6GEfIYbf8WNC0XcduffOGkjaOuBgcO559659zgRo0Iaxpe2tr6xubVd2Cnu7u0fHOpHx10RxhyTDg5ZyPsOEoTRgHQklYz0I06Q7zDScyY3Wb33SLigYXAvpxGxfTQKqEcxkkoa6jX3AUNLUB+WrVAZszmJ5SM5dryknqaVH26mFbNWvxjqJaNqzAFXiZmTEsjRHuozyw1x7JNAYoaEGJhGJO0EcUkxI2nRigWJEJ6gERkoGiCfCDuZH5bCc6W40Au5eoGEc/V3R4J8Iaa+o5zZmmK5lon/1Qax9K7thAZRLEmAFx95MYMyhFlK0KWcYMmmiiDMqdoV4jHiCEuVZVGFYC6fvEq6l1WzWW3cNUqtZh5HAZyCM1AGJrgCLXAL2qADMHgCL+ANvGvP2qv2oX0urGta3nMC/kCbfQORTZ9s</latexit>

dc ⇠ (3,1, 1/3)
<latexit sha1_base64="pqzeJN5CHe/gGwaztrP3WXwgDig=">AAACCnicbZDLSgMxFIYz9VbrbdSlm2gRKkiZkVJdFty4rGAv0BlLJs20oUlmSDJCGbp246u4caGIW5/AnW9jpp1Frf4Q+PjPOeScP4gZVdpxvq3Cyura+kZxs7S1vbO7Z+8ftFWUSExaOGKR7AZIEUYFaWmqGenGkiAeMNIJxtdZvfNApKKRuNOTmPgcDQUNKUbaWH37mNxjT1EOKx5HehSEqTs9X0D3rG+XnaozE/wLbg5lkKvZt7+8QYQTToTGDCnVc51Y+ymSmmJGpiUvUSRGeIyGpGdQIE6Un85OmcJT4wxgGEnzhIYzd3EiRVypCQ9MZ7akWq5l5n+1XqLDKz+lIk40EXj+UZgwqCOY5QIHVBKs2cQAwpKaXSEeIYmwNumVTAju8sl/oX1RdevV2m2t3KjncRTBETgBFeCCS9AAN6AJWgCDR/AMXsGb9WS9WO/Wx7y1YOUzh+CXrM8fyDiZpQ==</latexit>

ec ⇠ (1,1, 1)
<latexit sha1_base64="xRdySwd38LziHYKqK4z0bSLQ4Ik=">AAACDHicbVDLSgMxFL1TX7W+qi7dBItQQcqMlOqy4MZlBfuATi2ZNNOGZjJDkhHK0A9w46+4caGIWz/AnX9jpp1FbT0QOJxzLrn3eBFnStv2j5VbW9/Y3MpvF3Z29/YPiodHLRXGktAmCXkoOx5WlDNBm5ppTjuRpDjwOG1745vUbz9SqVgo7vUkor0ADwXzGcHaSP1iyRXxA3EVC1DZDbAeeX7iTC8WqH1uUnbFngGtEicjJcjQ6Be/3UFI4oAKTThWquvYke4lWGpGOJ0W3FjRCJMxHtKuoQIHVPWS2TFTdGaUAfJDaZ7QaKYuTiQ4UGoSeCaZLqmWvVT8z+vG2r/uJUxEsaaCzD/yY450iNJm0IBJSjSfGIKJZGZXREZYYqJNfwVTgrN88ippXVacWqV6Vy3Va1kdeTiBUyiDA1dQh1toQBMIPMELvMG79Wy9Wh/W5zyas7KZY/gD6+sXeCeakg==</latexit>

⌫c ⇠ (1,1, 0)

<latexit sha1_base64="FT/7+eya3p91RnQoxfS4FLF6wos=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KjNSapcFNy4r2AdMh5JJM21oJhmSO0IZ+hluXCji1q9x59+YaWehrQcCh3PuJeeeMBHcgOt+O6Wt7Z3dvfJ+5eDw6PikenrWMyrVlHWpEkoPQmKY4JJ1gYNgg0QzEoeC9cPZXe73n5g2XMlHmCcsiMlE8ohTAlbyhzGBaRhlXnMxqtbcursE3iReQWqoQGdU/RqOFU1jJoEKYozvuQkEGdHAqWCLyjA1LCF0RibMt1SSmJkgW0Ze4CurjHGktH0S8FL9vZGR2Jh5HNrJPKJZ93LxP89PIWoFGZdJCkzS1UdRKjAonN+Px1wzCmJuCaGa26yYTokmFGxLFVuCt37yJund1L1mvfHQqLVbRR1ldIEu0TXy0C1qo3vUQV1EkULP6BW9OeC8OO/Ox2q05BQ75+gPnM8fC8+RFA==</latexit>

16

RH neutrino!

<latexit sha1_base64="+bGMpTrsSBv7lXH5swu1DjC++PE=">AAACBnicbZBPSwJBGMbftX9m/7Y6RjAkgV1kV6Q8Cl06GrUm6CKz46wOzs4uM7OBiKcufZUuHYro2mfo1rdp1D2k9sDAj+d9X955nyDhTGnH+bFya+sbm1v57cLO7t7+gX141FRxKgn1SMxj2QqwopwJ6mmmOW0lkuIo4PQhGF5P6w+PVCoWi3s9Sqgf4b5gISNYG6trn955pepFR7OIKmS4ssBdu+iUnZnQKrgZFCFTo2t/d3oxSSMqNOFYqbbrJNofY6kZ4XRS6KSKJpgMcZ+2DQpsVvnj2RkTdG6cHgpjaZ7QaOb+nRjjSKlRFJjOCOuBWq5Nzf9q7VSHNX/MRJJqKsh8UZhypGM0zQT1mKRE85EBTCQzf0VkgCUm2iRXMCG4yyevQrNSdi/L1dtqsV7L4sjDCZxBCVy4gjrcQAM8IPAEL/AG79az9Wp9WJ/z1pyVzRzDgqyvX3V7los=</latexit>

SU(4)⇥ SU(2)⇥ SU(2) Pati, Salam (1974)

<latexit sha1_base64="0FR6YlhcqAUxWIHu4tzn7VcysWI=">AAACE3icbZDLSgMxFIYz9VbrbdSlm2ARWil1ppbqRii4cdlCb9AZSybNtKHJzJBkhDL0Hdz4Km5cKOLWjTvfxvQiaPWHwMd/ziHn/F7EqFSW9WmkVlbX1jfSm5mt7Z3dPXP/oCXDWGDSxCELRcdDkjAakKaiipFOJAjiHiNtb3Q9rbfviJA0DBpqHBGXo0FAfYqR0lbPPK1f5eJCP3/bgI6kHOYcjtTQ85PzSeEbS5OCfVbJ98ysVbRmgn/BXkAWLFTrmR9OP8QxJ4HCDEnZta1IuQkSimJGJhknliRCeIQGpKsxQJxIN5ndNIEn2ulDPxT6BQrO3J8TCeJSjrmnO6dryuXa1Pyv1o2Vf+kmNIhiRQI8/8iPGVQhnAYE+1QQrNhYA8KC6l0hHiKBsNIxZnQI9vLJf6FVKtqVYrlezlYrizjS4AgcgxywwQWoghtQA02AwT14BM/gxXgwnoxX423emjIWM4fgl4z3L2k8m/c=</latexit>

Q = (u, d)T ⇠ (3,2, 1/6)
<latexit sha1_base64="4UtREpcYI5qAcrzMLsIiMOOjisk=">AAACF3icbZDLSgMxFIYz9VbrrerSTbAILdQ6U0p1IxTcuHBRoTfojCWTZtrQTGZIMkIZ+hZufBU3LhRxqzvfxkxbQVt/CHz85xxyzu+GjEplml9GamV1bX0jvZnZ2t7Z3cvuH7RkEAlMmjhggei4SBJGOWkqqhjphIIg32Wk7Y6uknr7nghJA95Q45A4Phpw6lGMlLZ62dLNZd7mURGSwl0D2pL6MG/7SA1dL7YmxR8sT4qn1lm50MvmzJI5FVwGaw45MFe9l/20+wGOfMIVZkjKrmWGyomRUBQzMsnYkSQhwiM0IF2NHPlEOvH0rgk80U4feoHQjys4dX9PxMiXcuy7ujPZUy7WEvO/WjdS3oUTUx5GinA8+8iLGFQBTEKCfSoIVmysAWFB9a4QD5FAWOkoMzoEa/HkZWiVS1a1VLmt5GrVeRxpcASOQR5Y4BzUwDWogybA4AE8gRfwajwaz8ab8T5rTRnzmUPwR8bHN8tjnSw=</latexit>

L = (⌫, e)T ⇠ (1,2,�1/2)

<latexit sha1_base64="RboNqvi2NYZSlkfjdJ+jvXgT8Jo=">AAACC3icbZDLSsNAFIZP6q3WW9Slm9AiVJCSlKJdFty4rGAv0JYymU7aoZNJmJkIJWTvxldx40IRt76AO9/GSRtRW38Y+PjPOcw5vxsyKpVtfxq5tfWNza38dmFnd2//wDw8assgEpi0cMAC0XWRJIxy0lJUMdINBUG+y0jHnV6l9c4dEZIG/FbNQjLw0ZhTj2KktDU0i+W+j9TE9eJacv6N1R90krOhWbIr9lzWKjgZlCBTc2h+9EcBjnzCFWZIyp5jh2oQI6EoZiQp9CNJQoSnaEx6GjnyiRzE81sS61Q7I8sLhH5cWXP390SMfClnvqs70xXlci01/6v1IuXVBzHlYaQIx4uPvIhZKrDSYKwRFQQrNtOAsKB6VwtPkEBY6fgKOgRn+eRVaFcrzkWldlMrNepZHHk4gSKUwYFLaMA1NKEFGO7hEZ7hxXgwnoxX423RmjOymWP4I+P9C04zmpA=</latexit>

(4,2,1)

<latexit sha1_base64="NcO4UCDrGx0FgtQQZtgaF08QxVg=">AAACGXicbVDLSsNAFJ3UV62vqEs3g0WoUGvSluqy4MZlBfuAJpbJdNIOnTyYmQgl5Dfc+CtuXCjiUlf+jZM2grYeGDice+6de48TMiqkYXxpuZXVtfWN/GZha3tnd0/fP+iIIOKYtHHAAt5zkCCM+qQtqWSkF3KCPIeRrjO5Suvde8IFDfxbOQ2J7aGRT12KkVTSQDeiOwwtQT1YsgJlTOfElofk2HHjWpKUf7iZlM+q57XTgV40KsYMcJmYGSmCDK2B/mENAxx5xJeYISH6phFKO0ZcUsxIUrAiQUKEJ2hE+or6yCPCjmeXJfBEKUPoBlw9X8KZ+rsjRp4QU89RznRPsVhLxf9q/Ui6l3ZM/TCSxMfzj9yIQRnANCY4pJxgyaaKIMyp2hXiMeIISxVmQYVgLp68TDrVitmo1G/qxWYjiyMPjsAxKAETXIAmuAYt0AYYPIAn8AJetUftWXvT3ufWnJb1HII/0D6/ASo/n7U=</latexit>

uc ⇠ (3,1,�2/3)
<latexit sha1_base64="qAFEuHn1LQEqv6kcYOChH2AuZpo=">AAACGHicbVDLSsNAFJ34rPUVdelmsAgVSpvYUl0W3LisYB/QxDKZTNqhkwczE6GEfIYbf8WNC0XcduffOGkjaOuBgcO559659zgRo0Iaxpe2tr6xubVd2Cnu7u0fHOpHx10RxhyTDg5ZyPsOEoTRgHQklYz0I06Q7zDScyY3Wb33SLigYXAvpxGxfTQKqEcxkkoa6jX3AUNLUB+WrVAZszmJ5SM5dryknqaVH26mFbNWvxjqJaNqzAFXiZmTEsjRHuozyw1x7JNAYoaEGJhGJO0EcUkxI2nRigWJEJ6gERkoGiCfCDuZH5bCc6W40Au5eoGEc/V3R4J8Iaa+o5zZmmK5lon/1Qax9K7thAZRLEmAFx95MYMyhFlK0KWcYMmmiiDMqdoV4jHiCEuVZVGFYC6fvEq6l1WzWW3cNUqtZh5HAZyCM1AGJrgCLXAL2qADMHgCL+ANvGvP2qv2oX0urGta3nMC/kCbfQORTZ9s</latexit>

dc ⇠ (3,1, 1/3)
<latexit sha1_base64="pqzeJN5CHe/gGwaztrP3WXwgDig=">AAACCnicbZDLSgMxFIYz9VbrbdSlm2gRKkiZkVJdFty4rGAv0BlLJs20oUlmSDJCGbp246u4caGIW5/AnW9jpp1Frf4Q+PjPOeScP4gZVdpxvq3Cyura+kZxs7S1vbO7Z+8ftFWUSExaOGKR7AZIEUYFaWmqGenGkiAeMNIJxtdZvfNApKKRuNOTmPgcDQUNKUbaWH37mNxjT1EOKx5HehSEqTs9X0D3rG+XnaozE/wLbg5lkKvZt7+8QYQTToTGDCnVc51Y+ymSmmJGpiUvUSRGeIyGpGdQIE6Un85OmcJT4wxgGEnzhIYzd3EiRVypCQ9MZ7akWq5l5n+1XqLDKz+lIk40EXj+UZgwqCOY5QIHVBKs2cQAwpKaXSEeIYmwNumVTAju8sl/oX1RdevV2m2t3KjncRTBETgBFeCCS9AAN6AJWgCDR/AMXsGb9WS9WO/Wx7y1YOUzh+CXrM8fyDiZpQ==</latexit>

ec ⇠ (1,1, 1)
<latexit sha1_base64="xRdySwd38LziHYKqK4z0bSLQ4Ik=">AAACDHicbVDLSgMxFL1TX7W+qi7dBItQQcqMlOqy4MZlBfuATi2ZNNOGZjJDkhHK0A9w46+4caGIWz/AnX9jpp1FbT0QOJxzLrn3eBFnStv2j5VbW9/Y3MpvF3Z29/YPiodHLRXGktAmCXkoOx5WlDNBm5ppTjuRpDjwOG1745vUbz9SqVgo7vUkor0ADwXzGcHaSP1iyRXxA3EVC1DZDbAeeX7iTC8WqH1uUnbFngGtEicjJcjQ6Be/3UFI4oAKTThWquvYke4lWGpGOJ0W3FjRCJMxHtKuoQIHVPWS2TFTdGaUAfJDaZ7QaKYuTiQ4UGoSeCaZLqmWvVT8z+vG2r/uJUxEsaaCzD/yY450iNJm0IBJSjSfGIKJZGZXREZYYqJNfwVTgrN88ippXVacWqV6Vy3Va1kdeTiBUyiDA1dQh1toQBMIPMELvMG79Wy9Wh/W5zyas7KZY/gD6+sXeCeakg==</latexit>

⌫c ⇠ (1,1, 0)

<latexit sha1_base64="AZBHN8O9dCAiEtDxLhWRaHxcJyY=">AAACFnicbZDLSsNAFIYn9VbrLerSzWARKmhJStEuC25cVrAXaEKZTCft0MkkzEyEEvIUbnwVNy4UcSvufBsnbURtPTDw8f/nMOf8XsSoVJb1aRRWVtfWN4qbpa3tnd09c/+gI8NYYNLGIQtFz0OSMMpJW1HFSC8SBAUeI11vcpX53TsiJA35rZpGxA3QiFOfYqS0NDDPK06o/Ww8cQKkxp6f1NP07JvtH6ylpwOzbFWtWcFlsHMog7xaA/PDGYY4DghXmCEp+7YVKTdBQlHMSFpyYkkihCdoRPoaOQqIdJPZWSk80coQ+qHQjys4U39PJCiQchp4ujNbUS56mfif14+V33ATyqNYEY7nH/kxgyqEWUZwSAXBik01ICyo3hXiMRIIK51kSYdgL568DJ1a1b6o1m/q5WYjj6MIjsAxqAAbXIImuAYt0AYY3INH8AxejAfjyXg13uatBSOfOQR/ynj/AsNpn7Y=</latexit>

(4,1,2)
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A pictorial version…
(image credit: Georgi, Prog. Theor. Phys. Suppl. 170 (2007) 119)

Glashow (1961), 
Weinberg (1967), 

Salam (1968)

The SM:

“trinification”
De Rujula, Georgi, 

Glashow (1984)

Georgi, Glashow (1974)

Pati, Salam (1974)

Gursey, Ramond, 
Sikkivie (1976)

Georgi (1974); 
Fritzsch, 

Minkowski (1975)

9

subgroup branchings

patterns of spontaneous symmetry breaking (SSB)



Implications for SM gauge couplings…
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<latexit sha1_base64="pKRQkVewahihzbSMVnyIIM6aBiw=">AAAB7nicbVBNTwIxEJ3FL8Qv1KOXRmLiiewqQY4kXjxiIiwJrKRbutDQdjdt14Rs+BFePGiMV3+PN/+NBfag4EsmeXlvJjPzwoQzbVz32ylsbG5t7xR3S3v7B4dH5eOTjo5TRWibxDxW3RBrypmkbcMMp91EUSxCTv1wcjv3/SeqNIvlg5kmNBB4JFnECDZW8v3H60FfpINyxa26C6B14uWkAjlag/JXfxiTVFBpCMda9zw3MUGGlWGE01mpn2qaYDLBI9qzVGJBdZAtzp2hC6sMURQrW9Kghfp7IsNC66kIbafAZqxXvbn4n9dLTdQIMiaT1FBJlouilCMTo/nvaMgUJYZPLcFEMXsrImOsMDE2oZINwVt9eZ10rqpevVq7r1WajTyOIpzBOVyCBzfQhDtoQRsITOAZXuHNSZwX5935WLYWnHzmFP7A+fwB5nmPRA==</latexit>

W 3
µ

<latexit sha1_base64="uqLt+b0waRrcA8fdsQgeXC9dk0s=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkaI9FLx4rmLbQhrLZbtqlu5uwuxFC6G/w4kERr/4gb/4bt20O2vpg4PHeDDPzwoQzbVz32yltbG5t75R3K3v7B4dH1eOTjo5TRahPYh6rXog15UxS3zDDaS9RFIuQ0244vZv73SeqNIvlo8kSGgg8lixiBBsr+bfDgUiH1ZpbdxdA68QrSA0KtIfVr8EoJqmg0hCOte57bmKCHCvDCKezyiDVNMFkise0b6nEguogXxw7QxdWGaEoVrakQQv190SOhdaZCG2nwGaiV725+J/XT03UDHImk9RQSZaLopQjE6P552jEFCWGZ5Zgopi9FZEJVpgYm0/FhuCtvrxOOld177reeGjUWs0ijjKcwTlcggc30IJ7aIMPBBg8wyu8OdJ5cd6dj2VrySlmTuEPnM8fnVSOig==</latexit>

Bµ

<latexit sha1_base64="Eu6MGOwpJz6HIhPYpE7oSO1/vko=">AAAB7nicbVBNT8JAEJ3iF+JX1aOXjcQEL6QlRDmSePHgAaMFEmjIdtnChu222d2akIYf4cWDxnj193jz37hADwq+ZJKX92YyMy9IOFPacb6twsbm1vZOcbe0t39weGQfn7RVnEpCPRLzWHYDrChngnqaaU67iaQ4CjjtBJObud95olKxWDzqaUL9CI8ECxnB2kidB69SuxzcDeyyU3UWQOvEzUkZcrQG9ld/GJM0okITjpXquU6i/QxLzQins1I/VTTBZIJHtGeowBFVfrY4d4YujDJEYSxNCY0W6u+JDEdKTaPAdEZYj9WqNxf/83qpDht+xkSSairIclGYcqRjNP8dDZmkRPOpIZhIZm5FZIwlJtokVDIhuKsvr5N2repeVev39XKzkcdRhDM4hwq4cA1NuIUWeEBgAs/wCm9WYr1Y79bHsrVg5TOn8AfW5w/bwo6V</latexit>

SU(2)L
<latexit sha1_base64="qN+YOa+ydTCNCNjBHF6UP3H3wrM=">AAAB7XicbVBNTwIxEJ31E/EL9eilkZjghewaohxJvHjExAUMbEi3dKHSbTdt14Rs+A9ePGiMV/+PN/+NBfag4EsmeXlvJjPzwoQzbVz321lb39jc2i7sFHf39g8OS0fHLS1TRahPJJeqE2JNORPUN8xw2kkUxXHIaTsc38z89hNVmklxbyYJDWI8FCxiBBsrtfyKd9F/6JfKbtWdA60SLydlyNHsl756A0nSmApDONa667mJCTKsDCOcTou9VNMEkzEe0q6lAsdUB9n82ik6t8oARVLZEgbN1d8TGY61nsSh7YyxGellbyb+53VTE9WDjIkkNVSQxaIo5chINHsdDZiixPCJJZgoZm9FZIQVJsYGVLQheMsvr5LWZdW7qtbuauVGPY+jAKdwBhXw4BoacAtN8IHAIzzDK7w50nlx3p2PReuak8+cwB84nz9JQ45E</latexit>

U(1)Y

<latexit sha1_base64="odakE4LPSUd9k0DL2CdqiRyZbgQ=">AAAB83icbVBNSwMxEM36WetX1aOXYBEqSNmVoj0WvHisYD+gu5ZsOtuGZrMhyQpl6d/w4kERr/4Zb/4b03YP2vpg4PHeDDPzQsmZNq777aytb2xubRd2irt7+weHpaPjtk5SRaFFE56obkg0cCagZZjh0JUKSBxy6ITj25nfeQKlWSIezERCEJOhYBGjxFjJrwwvh4++VCyGi36p7FbdOfAq8XJSRjma/dKXP0hoGoMwlBOte54rTZARZRjlMC36qQZJ6JgMoWepIDHoIJvfPMXnVhngKFG2hMFz9fdERmKtJ3FoO2NiRnrZm4n/eb3URPUgY0KmBgRdLIpSjk2CZwHgAVNADZ9YQqhi9lZMR0QRamxMRRuCt/zyKmlfVb3rau2+Vm7U8zgK6BSdoQry0A1qoDvURC1EkUTP6BW9Oanz4rw7H4vWNSefOUF/4Hz+ACAtkRM=</latexit>

(g, g0)
<latexit sha1_base64="S/VCrOskCCnXpGCRsNu4NrnTgrM=">AAACAXicbVDLSgNBEJz1GeNr1YvgZTAInuKuBM1FCHjxGME8IBvD7KSTDJmdXWZ6hRDixV/x4kERr/6FN//GyeOgiQUNRVU33V1hIoVBz/t2lpZXVtfWMxvZza3tnV13b79q4lRzqPBYxroeMgNSKKigQAn1RAOLQgm1sH899msPoI2I1R0OEmhGrKtER3CGVmq5hwEyFWAPkLVqV7R7HyRaRHDWbbk5L+9NQBeJPyM5MkO55X4F7ZinESjkkhnT8L0Em0OmUXAJo2yQGkgY77MuNCxVLALTHE4+GNETq7RpJ9a2FNKJ+ntiyCJjBlFoOyOGPTPvjcX/vEaKnWJzKFSSIig+XdRJJcWYjuOgbaGBoxxYwrgW9lbKe0wzjja0rA3Bn395kVTP8/5FvnBbyJWKszgy5Igck1Pik0tSIjekTCqEk0fyTF7Jm/PkvDjvzse0dcmZzRyQP3A+fwD+FJaS</latexit>

tan ✓W = g0/g

<latexit sha1_base64="F7OKoZrBLyr87DhZ4rcMj66Yu4c=">AAACFnicbZDLSgMxFIYzXmu9jbp0EyyCm5YZLdWNUHTjsoK9YKcOmTRtQzOZITkjlNKncOOruHGhiFtx59uYaYto6w+Bn++cw8n5g1hwDY7zZS0sLi2vrGbWsusbm1vb9s5uTUeJoqxKIxGpRkA0E1yyKnAQrBErRsJAsHrQv0zr9XumNI/kDQxi1gpJV/IOpwQM8u38re+FyblHI+1BjwHx67h+d5LCvKe5/IEXKfLtnFNwxsLzxp2aHJqq4tufXjuiScgkUEG0brpODK0hUcCpYKOsl2gWE9onXdY0VpKQ6dZwfNYIHxrSxp1ImScBj+nviSEJtR6EgekMCfT0bC2F/9WaCXTOWkMu4wSYpJNFnURgiHCaEW5zxSiIgTGEKm7+immPKELBJJk1IbizJ8+b2nHBLRWK18VcuTSNI4P20QE6Qi46RWV0hSqoiih6QE/oBb1aj9az9Wa9T1oXrOnMHvoj6+MbqDifBg==</latexit>

Zµ = cos ✓WW 3
µ � sin ✓WBµ

<latexit sha1_base64="HBvwm+f7tPrvFsBlO6En6WC5/Co=">AAACFnicbZDLSgMxFIYzXmu9jbp0EyyCIJYZLdWNUHXjsoK9QKcOmTRtQzOZITkjlNKncOOruHGhiFtx59uYaYto6w+Bn++cw8n5g1hwDY7zZc3NLywuLWdWsqtr6xub9tZ2VUeJoqxCIxGpekA0E1yyCnAQrB4rRsJAsFrQu0rrtXumNI/kLfRj1gxJR/I2pwQM8u2jC98Lk3NPc+lBlwHxa7h2d5LCQ49G+gdepsi3c07eGQnPGndicmiism9/eq2IJiGTQAXRuuE6MTQHRAGngg2zXqJZTGiPdFjDWElCppuD0VlDvG9IC7cjZZ4EPKK/JwYk1LofBqYzJNDV07UU/ldrJNA+aw64jBNgko4XtROBIcJpRrjFFaMg+sYQqrj5K6ZdoggFk2TWhOBOnzxrqsd5t5gv3BRypeIkjgzaRXvoALnoFJXQNSqjCqLoAT2hF/RqPVrP1pv1Pm6dsyYzO+iPrI9ve0We6w==</latexit>

Aµ = sin ✓WW 3
µ + cos ✓WBµ

<latexit sha1_base64="O/UTEPL5DYuWHmKpDCBkwexVBmY=">AAAB+HicbVDLSgNBEJyNrxgfWfXoZTAInsKuBM1FCHjxGME8IAlhdtKbDJmdXWZ6hbjkS7x4UMSrn+LNv3HyOGhiQUNR1U13V5BIYdDzvp3cxubW9k5+t7C3f3BYdI+OmyZONYcGj2Ws2wEzIIWCBgqU0E40sCiQ0ArGtzO/9QjaiFg94CSBXsSGSoSCM7RS3y3CzbBrhOriCJD1W3235JW9Oeg68ZekRJao992v7iDmaQQKuWTGdHwvwV7GNAouYVropgYSxsdsCB1LFYvA9LL54VN6bpUBDWNtSyGdq78nMhYZM4kC2xkxHJlVbyb+53VSDKu9TKgkRVB8sShMJcWYzlKgA6GBo5xYwrgW9lbKR0wzjjargg3BX315nTQvy/5VuXJfKdWqyzjy5JSckQvik2tSI3ekThqEk5Q8k1fy5jw5L86787FozTnLmRPyB87nD7AEkxc=</latexit>

e = g sin ✓W

Unified gauge coupling prediction for 

— SM weak mixing angle:

<latexit sha1_base64="qiwhlvW6zjzB6v5hJBzD/jpzlzw=">AAAB9XicbVBNS8NAEN34WetX1aOXYBE8laSU6rHgxWMF+wFNWjbbSbt0swm7E6WE/g8vHhTx6n/x5r9x2+agrQ8GHu/NMDMvSATX6Djf1sbm1vbObmGvuH9weHRcOjlt6zhVDFosFrHqBlSD4BJayFFAN1FAo0BAJ5jczv3OIyjNY/mA0wT8iI4kDzmjaKS+p7nsVz0cA9JBZ1AqOxVnAXuduDkpkxzNQenLG8YsjUAiE1Trnusk6GdUIWcCZkUv1ZBQNqEj6BkqaQTazxZXz+xLowztMFamJNoL9fdERiOtp1FgOiOKY73qzcX/vF6K4Y2fcZmkCJItF4WpsDG25xHYQ66AoZgaQpni5labjamiDE1QRROCu/ryOmlXK269UruvlRv1PI4COScX5Iq45Jo0yB1pkhZhRJFn8krerCfrxXq3PpatG1Y+c0b+wPr8AVX7kmE=</latexit>

sin2 ✓W

— quantization of charge

New gauge bosons — what they do…

Fermion mass relations (Yukawa unification)…

nucleon decay!
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Let’s go back to nearly 50 years ago**

Some history… **around the time 
of the first SSI!

as the grand unification paradigm developed in parallel
with the development and verification of the SM itself

No attempt here to characterize this rich and interwoven history fully

Georgi’s retrospective of the birth of SU(5)
H. Georgi, “The Future of Grand Unification,” Yukawa-Tomonaga 100th Birthday 

Celebration, Prog. Theor. Phys. Suppl. 170 (2007) 119 

A very exciting time in physics

(are you listening, #grahamfarmelo…)

let’s hear more of these great stories!

Focus here on: 

Pati’s comments on the origin of Pati-Salam

J. Pati, “Advantages of Unity with SU(4) Color,”  Memorial Meeting for Nobel Laureate 
Professor Abdus Salam’s 90th Birthday, Int. J. Mod. Phys A. 32 (2017) 09
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Early 1970’s…

Excitement about gauge theories with spontaneously broken symmetries!

renormalizability proven by ’t Hooft in 1971
(HG: late FNAL theorist Ben Lee influential in spreading this message)

 Georgi and Glashow started model-building, as did Pati, Salam, and others

First, lessons/inspiration from leptons only

(not clear in 1971-72 that they existed! seen definitively at Gargamelle in 1973)

Model-building goal: eliminate weak neutral currents

postulate new (heavy) fermions to complete gauge multiplets

— misleading exp. situation on weak neutral currents

NP 1999

HG’s account:
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— efforts to understand/calculate
(speculation by Bjorken: ratio from radiative correction in the fine structure constant

<latexit sha1_base64="tyrt5Rk7n34gnJiLAgTepfRdlXE=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU02kVI8FLx4r2FppQ9hsJ+3S3STsboRS+iu8eFDEqz/Hm//GbZuDtj4YeLw3w8y8MBVcG9f9dgpr6xubW8Xt0s7u3v5B+fCorZNMMWyxRCSqE1KNgsfYMtwI7KQKqQwFPoSjm5n/8IRK8yS+N+MUfUkHMY84o8ZKjzLACxn0ZBaUK27VnYOsEi8nFcjRDMpfvX7CMomxYYJq3fXc1PgTqgxnAqelXqYxpWxEB9i1NKYStT+ZHzwlZ1bpkyhRtmJD5urviQmVWo9laDslNUO97M3E/7xuZqJrf8LjNDMYs8WiKBPEJGT2PelzhcyIsSWUKW5vJWxIFWXGZlSyIXjLL6+S9mXVq1drd7VKo57HUYQTOIVz8OAKGnALTWgBAwnP8ApvjnJenHfnY9FacPKZY/gD5/MHkUWQOw==</latexit>

me/mµ

HG: a “proto-GUT” for leptons Weinberg ’72 
<latexit sha1_base64="IWjbfLaPwWLRNFMObQbSm1YwBFc=">AAACG3icbVBNS0JBFJ3Xp9mX1bLNkAS6kfdMrKXQpqVRTwUVmTeOOjhv5jFzXyHi/2jTX2nToohWQYv+TaO+oLQDA4dzzuXOPUEkuAHX/XJWVtfWNzZTW+ntnd29/czBYc2oWFPmUyWUbgTEMMEl84GDYI1IMxIGgtWD4eXUr98xbbiStzCKWDskfcl7nBKwUidTvPFzZ/kW8JAZPOO4JZTsa94fANFa3U/V4k/Cz3n5TibrFtwZ8DLxEpJFCaqdzEerq2gcMglUEGOanhtBe0w0cCrYJN2KDYsIHZI+a1oqid3UHs9um+BTq3RxT2n7JOCZ+ntiTEJjRmFgkyGBgVn0puJ/XjOG3kV7zGUUA5N0vqgXCwwKT4vCXa4ZBTGyhFDN7V8xHRBNKNg607YEb/HkZVIrFrxyoXRdylbKSR0pdIxOUA556BxV0BWqIh9R9ICe0At6dR6dZ+fNeZ9HV5xk5gj9gfP5DdXjnsc=</latexit>

SU(3)⇥ SU(3) �! SU(2)⇥ U(1)

“hide” the new interactions

postulate new (higher-scale) stage of symmetry breaking

“superheavy” gauge bosons — constrained by virtual effects
<latexit sha1_base64="IQFjb7QJtyxlQ/LVAe9sSjvqJQw=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBDiJexKiJ4k4MVjBPOAZAmzk0kyZh7LzKwQlvyDFw+KePV/vPk3TpI9aGJBQ1HVTXdXFHNmrO9/e2vrG5tb27md/O7e/sFh4ei4aVSiCW0QxZVuR9hQziRtWGY5bceaYhFx2orGtzO/9US1YUo+2ElMQ4GHkg0YwdZJzdKN6LUueoWiX/bnQKskyEgRMtR7ha9uX5FEUGkJx8Z0Aj+2YYq1ZYTTab6bGBpjMsZD2nFUYkFNmM6vnaJzp/TRQGlX0qK5+nsixcKYiYhcp8B2ZJa9mfif10ns4DpMmYwTSyVZLBokHFmFZq+jPtOUWD5xBBPN3K2IjLDGxLqA8i6EYPnlVdK8LAfVcuW+UqxVszhycApnUIIArqAGd1CHBhB4hGd4hTdPeS/eu/exaF3zspkT+APv8wd+RI5l</latexit>

(> mW )

prediction** for weak mixing angle:
<latexit sha1_base64="Q7h9sMb/KUQwCWVBAWue/KKte/I=">AAAB+3icbVBNS8NAEN34WetXrEcvi0XwVJNSqheh4MVjBfsBTQyb7aZdutmE3YlYSv+KFw+KePWPePPfuG1z0NYHA4/3ZpiZF6aCa3Ccb2ttfWNza7uwU9zd2z84tI9KbZ1kirIWTUSiuiHRTHDJWsBBsG6qGIlDwTrh6Gbmdx6Z0jyR9zBOmR+TgeQRpwSMFNglT3P5UPVgyIAEnWv3ohbYZafizIFXiZuTMsrRDOwvr5/QLGYSqCBa91wnBX9CFHAq2LToZZqlhI7IgPUMlSRm2p/Mb5/iM6P0cZQoUxLwXP09MSGx1uM4NJ0xgaFe9mbif14vg+jKn3CZZsAkXSyKMoEhwbMgcJ8rRkGMDSFUcXMrpkOiCAUTV9GE4C6/vEra1Ypbr9TuauVGPY+jgE7QKTpHLrpEDXSLmqiFKHpCz+gVvVlT68V6tz4WrWtWPnOM/sD6/AG1s5OL</latexit>

sin2 ✓W = 1/4 (**at “GUT” scale)

Now, lessons/inspiration from quarks

— efforts to consider quarks:

concerns about incorporating fractionally charged quarks

concerns about coupling strength difference of strong vs. electroweak 
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Situation (both experimental and theoretical) of course evolved dramatically!

fractionally charged quarks

discovery of “November revolution”
<latexit sha1_base64="1INToCnIhtdjmw/0WHSwkROI0TA=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU92VUj0WvIinCvYD2qVk02wbm02WJCuUpf/BiwdFvPp/vPlvTLd70NYHA4/3ZpiZF8ScaeO6305hbX1jc6u4XdrZ3ds/KB8etbVMFKEtIrlU3QBrypmgLcMMp91YURwFnHaCyc3c7zxRpZkUD2YaUz/CI8FCRrCxUvvuoh9rNihX3KqbAa0SLycVyNEclL/6Q0mSiApDONa657mx8VOsDCOczkr9RNMYkwke0Z6lAkdU+2l27QydWWWIQqlsCYMy9fdEiiOtp1FgOyNsxnrZm4v/eb3EhNd+ykScGCrIYlGYcGQkmr+OhkxRYvjUEkwUs7ciMsYKE2MDKtkQvOWXV0n7surVq7X7WqVRz+Mowgmcwjl4cAUNuIUmtIDAIzzDK7w50nlx3p2PRWvByWeO4Q+czx8nCI7U</latexit>

J/ and

asymptotic freedom Gross, Wilczek, Politzer NP 2004 

Richter, Ting NP 1976

Three Nobel prize-winning developments of that era:

Friedan, Taylor NP 1990

HG: difficulty of fitting fractionally charged quarks+leptons into simple group 
amusing anecdote about becoming a group theory expert out of “necessity”

Recognizing need for complex representation

(LH and RH fermions — different charges in SM)

anomaly constraints Bouchiat et al. ’72 
Gross, Jackiw ’72 

restrictions on possible gauge groups
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Inspired by work of Pati and Salam 

<latexit sha1_base64="4lomYo8GFV50rzwNWgiC5Wl8PXo=">AAAB+HicbVBNT8JAEJ3iF+IHVY9eNhITuJDWEPRI4sWbGCySQEO2ywIbtttmd2uCDb/EiweN8epP8ea/cYEeFHzJJC/vzWRmXhBzprTjfFu5jc2t7Z38bmFv/+CwaB8dt1WUSEI9EvFIdgKsKGeCepppTjuxpDgMOH0IJtdz/+GRSsUica+nMfVDPBJsyAjWRurbxZZXrlV6ioWodVuuV/p2yak6C6B14makBBmaffurN4hIElKhCcdKdV0n1n6KpWaE01mhlygaYzLBI9o1VOCQKj9dHD5D50YZoGEkTQmNFurviRSHSk3DwHSGWI/VqjcX//O6iR5e+SkTcaKpIMtFw4QjHaF5CmjAJCWaTw3BRDJzKyJjLDHRJquCCcFdfXmdtC+qbr1au6uVGvUsjjycwhmUwYVLaMANNMEDAgk8wyu8WU/Wi/VufSxbc1Y2cwJ/YH3+AAQykVk=</latexit>

SU(4) ⇠ SO(6)

<latexit sha1_base64="gq6nl7DbyO+zSKhC1Rs4ejdTs+Y=">AAACBXicbZDNSsNAFIUn9a/Wv6hLXQwWod2UpJTqsuDGnZWaVmhCmUwn7dCZJMxMhBK6ceOruHGhiFvfwZ1v4zTNQlsPDHycey937vFjRqWyrG+jsLa+sblV3C7t7O7tH5iHR10ZJQITB0csEvc+koTRkDiKKkbuY0EQ9xnp+ZOreb33QISkUXinpjHxOBqFNKAYKW0NzNOOU6lXXUU5kTBj6ErKYeem0qgOzLJVszLBVbBzKINc7YH55Q4jnHASKsyQlH3bipWXIqEoZmRWchNJYoQnaET6GkOkt3ppdsUMnmtnCINI6BcqmLm/J1LEpZxyX3dypMZyuTY3/6v1ExVceikN40SREC8WBQmDKoLzSOCQCoIVm2pAWFD9V4jHSCCsdHAlHYK9fPIqdOs1u1lr3DbKrWYeRxGcgDNQATa4AC1wDdrAARg8gmfwCt6MJ+PFeDc+Fq0FI585Bn9kfP4AIV6VwA==</latexit>

SU(2)⇥ SU(2) ⇠ SO(4)

<latexit sha1_base64="bWb7CSjYxsRvzaR7Bb5wna/LxOo=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRahXsqulOqx4MWbFe0HtEvJptk2NpssSVYoS/+DFw+KePX/ePPfmLZ70NYHA4/3ZpiZF8ScaeO6305ubX1jcyu/XdjZ3ds/KB4etbRMFKFNIrlUnQBrypmgTcMMp51YURwFnLaD8fXMbz9RpZkUD2YSUz/CQ8FCRrCxUuv+tuy55/1iya24c6BV4mWkBBka/eJXbyBJElFhCMdadz03Nn6KlWGE02mhl2gaYzLGQ9q1VOCIaj+dXztFZ1YZoFAqW8Kgufp7IsWR1pMosJ0RNiO97M3E/7xuYsIrP2UiTgwVZLEoTDgyEs1eRwOmKDF8YgkmitlbERlhhYmxARVsCN7yy6ukdVHxapXqXbVUr2Vx5OEETqEMHlxCHW6gAU0g8AjP8ApvjnRenHfnY9Gac7KZY/gD5/MH74aOBw==</latexit>

SO(10) fit SM fermions +       in 
complex spinor irrep

<latexit sha1_base64="FT/7+eya3p91RnQoxfS4FLF6wos=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KjNSapcFNy4r2AdMh5JJM21oJhmSO0IZ+hluXCji1q9x59+YaWehrQcCh3PuJeeeMBHcgOt+O6Wt7Z3dvfJ+5eDw6PikenrWMyrVlHWpEkoPQmKY4JJ1gYNgg0QzEoeC9cPZXe73n5g2XMlHmCcsiMlE8ohTAlbyhzGBaRhlXnMxqtbcursE3iReQWqoQGdU/RqOFU1jJoEKYozvuQkEGdHAqWCLyjA1LCF0RibMt1SSmJkgW0Ze4CurjHGktH0S8FL9vZGR2Jh5HNrJPKJZ93LxP89PIWoFGZdJCkzS1UdRKjAonN+Px1wzCmJuCaGa26yYTokmFGxLFVuCt37yJund1L1mvfHQqLVbRR1ldIEu0TXy0C1qo3vUQV1EkULP6BW9OeC8OO/Ox2q05BQ75+gPnM8fC8+RFA==</latexit>
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<latexit sha1_base64="Xk39U5hWwQ5RJigKcOpICX9MSDg=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVI8FLx4rmLbQxrLZbtqlm03YnQil9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5YSqFQdf9dgobm1vbO8Xd0t7+weFR+fikZZJMM+6zRCa6E1LDpVDcR4GSd1LNaRxK3g7Ht3O//cS1EYl6wEnKg5gOlYgEo2glv6eyR9YvV9yquwBZJ15OKpCj2S9/9QYJy2KukElqTNdzUwymVKNgks9KvczwlLIxHfKupYrG3ATTxbEzcmGVAYkSbUshWai/J6Y0NmYSh7Yzpjgyq95c/M/rZhjdBFOh0gy5YstFUSYJJmT+ORkIzRnKiSWUaWFvJWxENWVo8ynZELzVl9dJ66rq1au1+1qlUc/jKMIZnMMleHANDbiDJvjAQMAzvMKbo5wX5935WLYWnHzmFP7A+fwBz3aOqQ==</latexit>

⌫c

quarks and antiquarks in the same representation

dictated by group theory!

HG: eliminate        direction in 
<latexit sha1_base64="bWb7CSjYxsRvzaR7Bb5wna/LxOo=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRahXsqulOqx4MWbFe0HtEvJptk2NpssSVYoS/+DFw+KePX/ePPfmLZ70NYHA4/3ZpiZF8ScaeO6305ubX1jcyu/XdjZ3ds/KB4etbRMFKFNIrlUnQBrypmgTcMMp51YURwFnLaD8fXMbz9RpZkUD2YSUz/CQ8FCRrCxUuv+tuy55/1iya24c6BV4mWkBBka/eJXbyBJElFhCMdadz03Nn6KlWGE02mhl2gaYzLGQ9q1VOCIaj+dXztFZ1YZoFAqW8Kgufp7IsWR1pMosJ0RNiO97M3E/7xuYsIrP2UiTgwVZLEoTDgyEs1eRwOmKDF8YgkmitlbERlhhYmxARVsCN7yy6ukdVHxapXqXbVUr2Vx5OEETqEMHlxCHW6gAU0g8AjP8ApvjnRenHfnY9Gac7KZY/gD5/MH74aOBw==</latexit>

SO(10)

generators:
<latexit sha1_base64="/U+dCFpSEtyz2po9/F498s5hI2Y=">AAAB6XicbVBNS8NAEJ34WetX1aOXxSJ4KonU6rHgxWMV+wFtKJvtpl262YTdiVBC/4EXD4p49R9589+4bXPQ1gcDj/dmmJkXJFIYdN1vZ219Y3Nru7BT3N3bPzgsHR23TJxqxpsslrHuBNRwKRRvokDJO4nmNAokbwfj25nffuLaiFg94iThfkSHSoSCUbTSQ/WqXyq7FXcOskq8nJQhR6Nf+uoNYpZGXCGT1Jiu5yboZ1SjYJJPi73U8ISyMR3yrqWKRtz42fzSKTm3yoCEsbalkMzV3xMZjYyZRIHtjCiOzLI3E//zuimGN34mVJIiV2yxKEwlwZjM3iYDoTlDObGEMi3srYSNqKYMbThFG4K3/PIqaV1WvFqlel8t12t5HAU4hTO4AA+uoQ530IAmMAjhGV7hzRk7L86787FoXXPymRP4A+fzB/PnjPQ=</latexit>

45
<latexit sha1_base64="r7PhZybunOvZsU7k77sIkEOANtg=">AAAB73icbVBNSwMxEJ31s9avqkcvwSJ4seyWWr0IBS8eK9gPaNeSTbNtaJJdk6xQlv4JLx4U8erf8ea/MW33oK0PBh7vzTAzL4g508Z1v52V1bX1jc3cVn57Z3dvv3Bw2NRRoghtkIhHqh1gTTmTtGGY4bQdK4pFwGkrGN1M/dYTVZpF8t6MY+oLPJAsZAQbK7XLleuLh/K51ysU3ZI7A1omXkaKkKHeK3x1+xFJBJWGcKx1x3Nj46dYGUY4neS7iaYxJiM8oB1LJRZU++ns3gk6tUofhZGyJQ2aqb8nUiy0HovAdgpshnrRm4r/eZ3EhFd+ymScGCrJfFGYcGQiNH0e9ZmixPCxJZgoZm9FZIgVJsZGlLcheIsvL5NmueRVS5W7SrFWzeLIwTGcwBl4cAk1uIU6NIAAh2d4hTfn0Xlx3p2PeeuKk80cwR84nz/onI6N</latexit>

24 = 52 � 1

<latexit sha1_base64="9wQD0azJxhYaAWZhWBukISmNM94=">AAAB7HicbVBNTwIxEJ36ifiFevTSSEzwQnYNKkcSLx4xukACG9ItXWjodjdt14Rs+A1ePGiMV3+QN/+NBfag4EsmeXlvJjPzgkRwbRznG62tb2xubRd2irt7+weHpaPjlo5TRZlHYxGrTkA0E1wyz3AjWCdRjESBYO1gfDvz209MaR7LRzNJmB+RoeQhp8RYyXvwKlcX/VLZqTpz4FXi5qQMOZr90ldvENM0YtJQQbTuuk5i/Iwow6lg02Iv1SwhdEyGrGupJBHTfjY/dorPrTLAYaxsSYPn6u+JjERaT6LAdkbEjPSyNxP/87qpCet+xmWSGibpYlGYCmxiPPscD7hi1IiJJYQqbm/FdEQUocbmU7QhuMsvr5LWZdW9rtbua+VGPY+jAKdwBhVw4QYacAdN8IACh2d4hTck0Qt6Rx+L1jWUz5zAH6DPH5CHjdk=</latexit>

SU(5)       

        

Via analogy with PS breaking, 
<latexit sha1_base64="Xk39U5hWwQ5RJigKcOpICX9MSDg=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVI8FLx4rmLbQxrLZbtqlm03YnQil9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5YSqFQdf9dgobm1vbO8Xd0t7+weFR+fikZZJMM+6zRCa6E1LDpVDcR4GSd1LNaRxK3g7Ht3O//cS1EYl6wEnKg5gOlYgEo2glv6eyR9YvV9yquwBZJ15OKpCj2S9/9QYJy2KukElqTNdzUwymVKNgks9KvczwlLIxHfKupYrG3ATTxbEzcmGVAYkSbUshWai/J6Y0NmYSh7Yzpjgyq95c/M/rZhjdBFOh0gy5YstFUSYJJmT+ORkIzRnKiSWUaWFvJWxENWVo8ynZELzVl9dJ66rq1au1+1qlUc/jKMIZnMMleHANDbiDJvjAQMAzvMKbo5wX5935WLYWnHzmFP7A+fwBz3aOqQ==</latexit>

⌫c

<latexit sha1_base64="bWb7CSjYxsRvzaR7Bb5wna/LxOo=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRahXsqulOqx4MWbFe0HtEvJptk2NpssSVYoS/+DFw+KePX/ePPfmLZ70NYHA4/3ZpiZF8ScaeO6305ubX1jcyu/XdjZ3ds/KB4etbRMFKFNIrlUnQBrypmgTcMMp51YURwFnLaD8fXMbz9RpZkUD2YSUz/CQ8FCRrCxUuv+tuy55/1iya24c6BV4mWkBBka/eJXbyBJElFhCMdadz03Nn6KlWGE02mhl2gaYzLGQ9q1VOCIaj+dXztFZ1YZoFAqW8Kgufp7IsWR1pMosJ0RNiO97M3E/7xuYsIrP2UiTgwVZLEoTDgyEs1eRwOmKDF8YgkmitlbERlhhYmxARVsCN7yy6ukdVHxapXqXbVUr2Vx5OEETqEMHlxCHW6gAU0g8AjP8ApvjnRenHfnY9Gac7KZY/gD5/MH74aOBw==</latexit>

SO(10)

<latexit sha1_base64="B/Q8DN+pgoDYVZVuzDQZf3bq2M8=">AAACBnicbZBPSwJBGMbftX9m/7Y6RjAkgV1kV8Q6Cl06GrUm6CKz46wOzs4uM7OBiKcufZUuHYro2mfo1rdp1D2k9sDAj+d9X955nyDhTGnH+bFya+sbm1v57cLO7t7+gX141FRxKgn1SMxj2QqwopwJ6mmmOW0lkuIo4PQhGF5P6w+PVCoWi3s9Sqgf4b5gISNYG6trn955pepFR7OIKmS4ssBdu+iUnZnQKrgZFCFTo2t/d3oxSSMqNOFYqbbrJNofY6kZ4XRS6KSKJpgMcZ+2DQpsVvnj2RkTdG6cHgpjaZ7QaOb+nRjjSKlRFJjOCOuBWq5Nzf9q7VSHV/6YiSTVVJD5ojDlSMdomgnqMUmJ5iMDmEhm/orIAEtMtEmuYEJwl09ehWal7NbK1dtqsV7L4sjDCZxBCVy4hDrcQAM8IPAEL/AG79az9Wp9WJ/z1pyVzRzDgqyvX3Thlok=</latexit>

SU(4)⇥ SU(2)⇥ SU(2)

Pati, Salam ’73, 74

Georgi, Glashow ’74 

Pati-Salam:
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<latexit sha1_base64="hFVACEhFVDLXRYmhVGt4fHTMg9I=">AAACIXicbVDLSsNAFJ3UV62vqEs3g0UQhJJIrd0IBTcuK9gHNKFMppN26CQTZiZCCfkVN/6KGxeKdCf+jJM2FW09MHA459479x4vYlQqy/o0CmvrG5tbxe3Szu7e/oF5eNSWPBaYtDBnXHQ9JAmjIWkpqhjpRoKgwGOk441vM7/zSISkPHxQk4i4ARqG1KcYKS31zboTIDXy/MSupTc/3EovHK7bsqnJQr1KtbqoSPtm2apYM8BVYuekDHI0++bUGXAcByRUmCEpe7YVKTdBQlHMSFpyYkkihMdoSHqahigg0k1mF6bwTCsD6HOhX6jgTP3dkaBAykng6cpsQ7nsZeJ/Xi9Wft1NaBjFioR4/pEfM6g4zOKCAyoIVmyiCcKC6l0hHiGBsNKhlnQI9vLJq6R9WbFrlep9tdyo5XEUwQk4BefABtegAe5AE7QABk/gBbyBd+PZeDU+jOm8tGDkPcfgD4yvb6GlpGk=</latexit>

16 = 10+ 5+ 1

Minimal (Georgi-Glashow)
<latexit sha1_base64="9wQD0azJxhYaAWZhWBukISmNM94=">AAAB7HicbVBNTwIxEJ36ifiFevTSSEzwQnYNKkcSLx4xukACG9ItXWjodjdt14Rs+A1ePGiMV3+QN/+NBfag4EsmeXlvJjPzgkRwbRznG62tb2xubRd2irt7+weHpaPjlo5TRZlHYxGrTkA0E1wyz3AjWCdRjESBYO1gfDvz209MaR7LRzNJmB+RoeQhp8RYyXvwKlcX/VLZqTpz4FXi5qQMOZr90ldvENM0YtJQQbTuuk5i/Iwow6lg02Iv1SwhdEyGrGupJBHTfjY/dorPrTLAYaxsSYPn6u+JjERaT6LAdkbEjPSyNxP/87qpCet+xmWSGibpYlGYCmxiPPscD7hi1IiJJYQqbm/FdEQUocbmU7QhuMsvr5LWZdW9rtbua+VGPY+jAKdwBhVw4QYacAdN8IACh2d4hTck0Qt6Rx+L1jWUz5zAH6DPH5CHjdk=</latexit>

SU(5) followed right away:

<latexit sha1_base64="gp4SjzRBMvq1NIpnFZcAXP8f/MA="></latexit>

5 = (3,1)1/3 + (1,2)�1/2

<latexit sha1_base64="cQu3XPEs2FGnBD2tkifRFmrDHPI="></latexit>

10 = (3,2)1/6 + (3,1)�2/3 + (1,1)1

<latexit sha1_base64="464AV2ljLQUlgSpyA0ZkOwVrajs=">AAACBHicbVBNS8NAEN3Ur1q/qh57WSyCp5KUoB4LXjxWsB/QhLLZTtqlm03Y3Qgl9ODFv+LFgyJe/RHe/Ddu0xy09cHA470ZZuYFCWdK2/a3VdrY3NreKe9W9vYPDo+qxyddFaeSQofGPJb9gCjgTEBHM82hn0ggUcChF0xvFn7vAaRisbjXswT8iIwFCxkl2kjDas3jRIw5YC8iehKEWdOdY0/m2rBatxt2DrxOnILUUYH2sPrljWKaRiA05USpgWMn2s+I1IxymFe8VEFC6JSMYWCoIBEoP8ufmONzo4xwGEtTQuNc/T2RkUipWRSYzsWpatVbiP95g1SH137GRJJqEHS5KEw51jFeJIJHTALVfGYIoZKZWzGdEEmoNrlVTAjO6svrpNtsOJcN986tt9wijjKqoTN0gRx0hVroFrVRB1H0iJ7RK3qznqwX6936WLaWrGLmFP2B9fkDLnaXxA==</latexit>

h24i<latexit sha1_base64="9wQD0azJxhYaAWZhWBukISmNM94=">AAAB7HicbVBNTwIxEJ36ifiFevTSSEzwQnYNKkcSLx4xukACG9ItXWjodjdt14Rs+A1ePGiMV3+QN/+NBfag4EsmeXlvJjPzgkRwbRznG62tb2xubRd2irt7+weHpaPjlo5TRZlHYxGrTkA0E1wyz3AjWCdRjESBYO1gfDvz209MaR7LRzNJmB+RoeQhp8RYyXvwKlcX/VLZqTpz4FXi5qQMOZr90ldvENM0YtJQQbTuuk5i/Iwow6lg02Iv1SwhdEyGrGupJBHTfjY/dorPrTLAYaxsSYPn6u+JjERaT6LAdkbEjPSyNxP/87qpCet+xmWSGibpYlGYCmxiPPscD7hi1IiJJYQqbm/FdEQUocbmU7QhuMsvr5LWZdW9rtbua+VGPY+jAKdwBhVw4QYacAdN8IACh2d4hTck0Qt6Rx+L1jWUz5zAH6DPH5CHjdk=</latexit>

SU(5)
<latexit sha1_base64="YPVoSE+/rAKD2wpJk/0ai5Xblug=">AAACDHicbVC7TgJBFL3rE/GFWtpMJCbQkF0kaEliY2GB0QUMbDazwyxMmH1kZtaEbPgAG3/FxkJjbP0AO//GAbZQ8CSTnHvOvblzjxdzJpVpfhsrq2vrG5u5rfz2zu7efuHgsCWjRBBqk4hHouNhSTkLqa2Y4rQTC4oDj9O2N7qc+u0HKiSLwjs1jqkT4EHIfEaw0pJbKN7apbOyS3qKBVQipMtq2b3OSrtkld173WVWzBnQMrEyUoQMTbfw1etHJAloqAjHUnYtM1ZOioVihNNJvpdIGmMywgPa1TTEepeTzo6ZoFOt9JEfCf1ChWbq74kUB1KOA093BlgN5aI3Ff/zuonyL5yUhXGiaEjmi/yEIxWhaTKozwQlio81wUQw/VdEhlhgonR+eR2CtXjyMmlVK1a9UrupFRv1LI4cHMMJlMCCc2jAFTTBBgKP8Ayv8GY8GS/Gu/Exb10xspkj+APj8wd9yJi1</latexit>

SU(3)c ⇥ SU(2)L ⇥ U(1)Y

new (leptoquark) gauge bosons mediate proton decay!

X (image credits: Georgi, Prog. Theor. Phys. 
Suppl. 170 (2007) 119)

<latexit sha1_base64="nJs40YwlZOpDZMZG6UL1byP+smM=">AAAB/nicbVDLSgMxFM34rPU1Kq7cBIsgCGVGSnVZcOOygn1AZ1oyaaYNzSQhyShlKPgrblwo4tbvcOffmLaz0NYDFw7n3Mu990SSUW0879tZWV1b39gsbBW3d3b39t2Dw6YWqcKkgQUTqh0hTRjlpGGoYaQtFUFJxEgrGt1M/dYDUZoKfm/GkoQJGnAaU4yMlXrusQwUHQwNUko8QtK9CCTtej235JW9GeAy8XNSAjnqPfcr6AucJoQbzJDWHd+TJsyQMhQzMikGqSYS4REakI6lHCVEh9ns/Ak8s0ofxkLZ4gbO1N8TGUq0HieR7UyQGepFbyr+53VSE1+HGeUyNYTj+aI4ZdAIOM0C9qki2LCxJQgram+FeIgUwsYmVrQh+IsvL5PmZdmvlit3lVKtmsdRACfgFJwDH1yBGrgFddAAGGTgGbyCN+fJeXHenY9564qTzxyBP3A+fwDYvpVg</latexit>

p ! e+⇡0
<latexit sha1_base64="nQYMV8n2LpK2hCqR79dyO3zXhYQ=">AAACFXicbVDLSgNBEJz1GeMr6tHLYBAEJe5KfBwDXrwIEYwGsptldjJJBmd2h5leJSz5CS/+ihcPingVvPk3TpI9+CpoKKq66e6KlOAGXPfTmZqemZ2bLywUF5eWV1ZLa+tXJkk1ZQ2aiEQ3I2KY4DFrAAfBmkozIiPBrqOb05F/fcu04Ul8CQPFAkl6Me9ySsBKYWnPB5KGmfI17/WBaJ3cYdbe9RVvu0PfcInPw2a7ui9D1T4MS2W34o6B/xIvJ2WUox6WPvxOQlPJYqCCGNPyXAVBRjRwKtiw6KeGKUJvSI+1LI2JZCbIxl8N8bZVOribaFsx4LH6fSIj0piBjGynJNA3v72R+J/XSqF7EmQ8VimwmE4WdVOBIcGjiHCHa0ZBDCwhVHN7K6Z9ogkFG2TRhuD9fvkvuTqoeEeV6kW1XDvK4yigTbSFdpCHjlENnaE6aiCK7tEjekYvzoPz5Lw6b5PWKSef2UA/4Lx/AfFmnpw=</latexit>

⌧p!e+⇡0 ⇠ M4
X/m5

p

superheavy gauge bosons:

Georgi, Glashow ’74 

<latexit sha1_base64="017L3VnznFGgNMMp3P2UA3aAFLw=">AAACBnicbVDLSsNAFJ34rPUVdSnCYBFclURKFdwUXOhGqGAf0MQwmd60QycPZyZCCV258VfcuFDErd/gzr9x2mahrQcuHM65l3vv8RPOpLKsb2NhcWl5ZbWwVlzf2NzaNnd2mzJOBYUGjXks2j6RwFkEDcUUh3YigIQ+h5Y/uBj7rQcQksXRrRom4IakF7GAUaK05JkH114bOz24x7Z1l9mVEXbOceaIEF9Cc+SZJatsTYDniZ2TEspR98wvpxvTNIRIUU6k7NhWotyMCMUoh1HRSSUkhA5IDzqaRiQE6WaTN0b4SCtdHMRCV6TwRP09kZFQymHo686QqL6c9cbif14nVcGZm7EoSRVEdLooSDlWMR5ngrtMAFV8qAmhgulbMe0TQajSyRV1CPbsy/OkeVK2q+XKTaVUq+ZxFNA+OkTHyEanqIauUB01EEWP6Bm9ojfjyXgx3o2PaeuCkc/soT8wPn8ADn2W7w==</latexit>

MX � 1014 GeV

<latexit sha1_base64="YPVoSE+/rAKD2wpJk/0ai5Xblug=">AAACDHicbVC7TgJBFL3rE/GFWtpMJCbQkF0kaEliY2GB0QUMbDazwyxMmH1kZtaEbPgAG3/FxkJjbP0AO//GAbZQ8CSTnHvOvblzjxdzJpVpfhsrq2vrG5u5rfz2zu7efuHgsCWjRBBqk4hHouNhSTkLqa2Y4rQTC4oDj9O2N7qc+u0HKiSLwjs1jqkT4EHIfEaw0pJbKN7apbOyS3qKBVQipMtq2b3OSrtkld173WVWzBnQMrEyUoQMTbfw1etHJAloqAjHUnYtM1ZOioVihNNJvpdIGmMywgPa1TTEepeTzo6ZoFOt9JEfCf1ChWbq74kUB1KOA093BlgN5aI3Ff/zuonyL5yUhXGiaEjmi/yEIxWhaTKozwQlio81wUQw/VdEhlhgonR+eR2CtXjyMmlVK1a9UrupFRv1LI4cHMMJlMCCc2jAFTTBBgKP8Ayv8GY8GS/Gu/Exb10xspkj+APj8wd9yJi1</latexit>

SU(3)c ⇥ SU(2)L ⇥ U(1)Y
<latexit sha1_base64="+zYwtnsdHdi5w6Ip/7RH9i6hW1c=">AAAB7HicbVBNS8NAEJ3Ur1q/oh69LBZBEEpSa/UiFLx4rGDaQhvKZrtpl242YXcjlNDf4MWDIl79Qd78N27bHLT1wcDjvRlm5gUJZ0o7zrdVWFvf2Nwqbpd2dvf2D+zDo5aKU0moR2Iey06AFeVMUE8zzWknkRRHAaftYHw389tPVCoWi0c9Sagf4aFgISNYG8mrXlzeXvXtslNx5kCrxM1JGXI0+/ZXbxCTNKJCE46V6rpOov0MS80Ip9NSL1U0wWSMh7RrqMARVX42P3aKzowyQGEsTQmN5urviQxHSk2iwHRGWI/UsjcT//O6qQ5v/IyJJNVUkMWiMOVIx2j2ORowSYnmE0MwkczcisgIS0y0yadkQnCXX14lrWrFrVdqD7Vyo57HUYQTOIVzcOEaGnAPTfCAAINneIU3S1gv1rv1sWgtWPnMMfyB9fkDTFmNqw==</latexit>

2 + 3 = 5
<latexit sha1_base64="9wQD0azJxhYaAWZhWBukISmNM94=">AAAB7HicbVBNTwIxEJ36ifiFevTSSEzwQnYNKkcSLx4xukACG9ItXWjodjdt14Rs+A1ePGiMV3+QN/+NBfag4EsmeXlvJjPzgkRwbRznG62tb2xubRd2irt7+weHpaPjlo5TRZlHYxGrTkA0E1wyz3AjWCdRjESBYO1gfDvz209MaR7LRzNJmB+RoeQhp8RYyXvwKlcX/VLZqTpz4FXi5qQMOZr90ldvENM0YtJQQbTuuk5i/Iwow6lg02Iv1SwhdEyGrGupJBHTfjY/dorPrTLAYaxsSYPn6u+JjERaT6LAdkbEjPSyNxP/87qpCet+xmWSGibpYlGYCmxiPPscD7hi1IiJJYQqbm/FdEQUocbmU7QhuMsvr5LWZdW9rtbua+VGPY+jAKdwBhVw4QYacAdN8IACh2d4hTck0Qt6Rx+L1jWUz5zAH6DPH5CHjdk=</latexit>

SU(5) contains , because !HG:
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Back to 1972-1973

No clear understanding of the origin of the strong interactions
“superstrong” force: gauging color

known but not widely accepted

JP’s account:

’t Hooft’s proof of renormalizability of spontaneously broken gauge theories

model-building excitement, building variants of

JP’s motivation: wanted to address its major shortcomings 

seemingly arbitrary quantum number assignments; 5 “scattered” multiplets

no apparent reason for coexistence of quarks and leptons, or the 3 forces

no compelling reason for charge quantization, or the relation

bothered by the apparent putting in “by hand” the non-conservation of parity

put quarks and leptons into common multiplets of higher symmetry group
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weak interaction universality

quark charges = (lepton charge)/(# colors)

Pati-Salam:

“lepton number as the fourth color”

Pati, Salam ’73, 74

<latexit sha1_base64="B/Q8DN+pgoDYVZVuzDQZf3bq2M8=">AAACBnicbZBPSwJBGMbftX9m/7Y6RjAkgV1kV8Q6Cl06GrUm6CKz46wOzs4uM7OBiKcufZUuHYro2mfo1rdp1D2k9sDAj+d9X955nyDhTGnH+bFya+sbm1v57cLO7t7+gX141FRxKgn1SMxj2QqwopwJ6mmmOW0lkuIo4PQhGF5P6w+PVCoWi3s9Sqgf4b5gISNYG6trn955pepFR7OIKmS4ssBdu+iUnZnQKrgZFCFTo2t/d3oxSSMqNOFYqbbrJNofY6kZ4XRS6KSKJpgMcZ+2DQpsVvnj2RkTdG6cHgpjaZ7QaOb+nRjjSKlRFJjOCOuBWq5Nzf9q7VSHV/6YiSTVVJD5ojDlSMdomgnqMUmJ5iMDmEhm/orIAEtMtEmuYEJwl09ehWal7NbK1dtqsV7L4sjDCZxBCVy4hDrcQAM8IPAEL/AG79az9Wp9WJ/z1pyVzRzDgqyvX3Thlok=</latexit>

SU(4)⇥ SU(2)⇥ SU(2)
<latexit sha1_base64="Bm6vSip862G85BYUj04fz9qqjQ8=">AAACGXicbZDNTsJAFIWn/iL+VV26mUhMYCFpkaBLohsXLjBaIIGmmQ5TmDCdNjNTE9LwGm58FTcuNMalrnwbB+gCwZtM8uWce3PnHj9mVCrL+jFWVtfWNzZzW/ntnd29ffPgsCmjRGDi4IhFou0jSRjlxFFUMdKOBUGhz0jLH15P/NYjEZJG/EGNYuKGqM9pQDFSWvJM694pnpc83FU0JBI6RbvkpVdnt+NM0HalNM+eWbDK1rTgMtgZFEBWDc/86vYinISEK8yQlB3bipWbIqEoZmSc7yaSxAgPUZ90NHKkV7np9LIxPNVKDwaR0I8rOFXnJ1IUSjkKfd0ZIjWQi95E/M/rJCq4dFPK40QRjmeLgoRBFcFJTLBHBcGKjTQgLKj+K8QDJBBWOsy8DsFePHkZmpWyXStX76qFei2LIweOwQkoAhtcgDq4AQ3gAAyewAt4A+/Gs/FqfBifs9YVI5s5An/K+P4FqDydjw==</latexit>

SU(3)c ⇥ U(1)B�L ⇥ SU(2)⇥ SU(2)

charge quantization with fractionally charged quarks 

the necessity of a right-handed neutrino! 

suggest new color group, 

neutrino and electron: “up and down quarks” of lepton color 

<latexit sha1_base64="IyoLo7bJoa88D1mGkRIX29ncgiA=">AAACFHicbZC7TgJBFIZn8YZ4Qy1tJhITiJHsKlFLoo2FBUYXSGCzmR0GmDB7ycxZDdnwEDa+io2Fxtha2Pk2zgKFgn8yyZ/vnJMz5/ciwRWY5reRWVhcWl7JrubW1jc2t/LbO3UVxpIym4YilE2PKCZ4wGzgIFgzkoz4nmANb3CZ1hv3TCoeBncwjJjjk17Au5wS0MjNH97axUrJpW3Je30gUoYPWKOTFAH3mcJ20Sq5ycXR9cjNF8yyORaeN9bUFNBUNTf/1e6ENPZZAFQQpVqWGYGTEAmcCjbKtWPFIkIHpMda2gZE73OS8VEjfKBJB3dDqV8AeEx/TyTEV2roe7rTJ9BXs7UU/ldrxdA9dxIeRDGwgE4WdWOBIcRpQrjDJaMghtoQKrn+K6Z9IgkFnWNOh2DNnjxv6sdl67RcuakUqpVpHFm0h/ZREVnoDFXRFaohG1H0iJ7RK3oznowX4934mLRmjOnMLvoj4/MHY8icfQ==</latexit>

SU(4)c ! SU(3)c ⇥ U(1)B�L

Canonical PS model: includes

Successes:

JP: then “ugly duckling,” now a “beautiful swan” post-1998 ( oscillations)

<latexit sha1_base64="Uie30eDnHyhu+anw3miBPWkhpLo=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69rBbBU0mkqCBCwYvHFvoFTSib7aZdutmE3U2hhP4TLx4U8eo/8ea/cdvmoK0PBh7vzTAzL0g4U9pxvq3CxubW9k5xt7S3f3B4ZB+ftFWcSkJbJOax7AZYUc4EbWmmOe0mkuIo4LQTjB/nfmdCpWKxaOppQv0IDwULGcHaSH3bzjwZoaaceffeOWo8OH277FScBdA6cXNShhz1vv3lDWKSRlRowrFSPddJtJ9hqRnhdFbyUkUTTMZ4SHuGChxR5WeLy2fo0igDFMbSlNBoof6eyHCk1DQKTGeE9UitenPxP6+X6vDOz5hIUk0FWS4KU450jOYxoAGTlGg+NQQTycytiIywxESbsEomBHf15XXSvq64N5Vqo1quVfM4inAGF3AFLtxCDZ6gDi0gMIFneIU3K7NerHfrY9lasPKZU/gD6/MHoX+SUQ==</latexit>

TrQ = 0
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<latexit sha1_base64="464AV2ljLQUlgSpyA0ZkOwVrajs=">AAACBHicbVBNS8NAEN3Ur1q/qh57WSyCp5KUoB4LXjxWsB/QhLLZTtqlm03Y3Qgl9ODFv+LFgyJe/RHe/Ddu0xy09cHA470ZZuYFCWdK2/a3VdrY3NreKe9W9vYPDo+qxyddFaeSQofGPJb9gCjgTEBHM82hn0ggUcChF0xvFn7vAaRisbjXswT8iIwFCxkl2kjDas3jRIw5YC8iehKEWdOdY0/m2rBatxt2DrxOnILUUYH2sPrljWKaRiA05USpgWMn2s+I1IxymFe8VEFC6JSMYWCoIBEoP8ufmONzo4xwGEtTQuNc/T2RkUipWRSYzsWpatVbiP95g1SH137GRJJqEHS5KEw51jFeJIJHTALVfGYIoZKZWzGdEEmoNrlVTAjO6svrpNtsOJcN986tt9wijjKqoTN0gRx0hVroFrVRB1H0iJ7RK3qznqwX6936WLaWrGLmFP2B9fkDLnaXxA==</latexit>

h24i<latexit sha1_base64="9wQD0azJxhYaAWZhWBukISmNM94=">AAAB7HicbVBNTwIxEJ36ifiFevTSSEzwQnYNKkcSLx4xukACG9ItXWjodjdt14Rs+A1ePGiMV3+QN/+NBfag4EsmeXlvJjPzgkRwbRznG62tb2xubRd2irt7+weHpaPjlo5TRZlHYxGrTkA0E1wyz3AjWCdRjESBYO1gfDvz209MaR7LRzNJmB+RoeQhp8RYyXvwKlcX/VLZqTpz4FXi5qQMOZr90ldvENM0YtJQQbTuuk5i/Iwow6lg02Iv1SwhdEyGrGupJBHTfjY/dorPrTLAYaxsSYPn6u+JjERaT6LAdkbEjPSyNxP/87qpCet+xmWSGibpYlGYCmxiPPscD7hi1IiJJYQqbm/FdEQUocbmU7QhuMsvr5LWZdW9rtbua+VGPY+jAKdwBhVw4QYacAdN8IACh2d4hTck0Qt6Rx+L1jWUz5zAH6DPH5CHjdk=</latexit>

SU(5)
<latexit sha1_base64="YPVoSE+/rAKD2wpJk/0ai5Xblug=">AAACDHicbVC7TgJBFL3rE/GFWtpMJCbQkF0kaEliY2GB0QUMbDazwyxMmH1kZtaEbPgAG3/FxkJjbP0AO//GAbZQ8CSTnHvOvblzjxdzJpVpfhsrq2vrG5u5rfz2zu7efuHgsCWjRBBqk4hHouNhSTkLqa2Y4rQTC4oDj9O2N7qc+u0HKiSLwjs1jqkT4EHIfEaw0pJbKN7apbOyS3qKBVQipMtq2b3OSrtkld173WVWzBnQMrEyUoQMTbfw1etHJAloqAjHUnYtM1ZOioVihNNJvpdIGmMywgPa1TTEepeTzo6ZoFOt9JEfCf1ChWbq74kUB1KOA093BlgN5aI3Ff/zuonyL5yUhXGiaEjmi/yEIxWhaTKozwQlio81wUQw/VdEhlhgonR+eR2CtXjyMmlVK1a9UrupFRv1LI4cHMMJlMCCc2jAFTTBBgKP8Ayv8GY8GS/Gu/Exb10xspkj+APj8wd9yJi1</latexit>

SU(3)c ⇥ SU(2)L ⇥ U(1)Y

Classic results: minimal
<latexit sha1_base64="9wQD0azJxhYaAWZhWBukISmNM94=">AAAB7HicbVBNTwIxEJ36ifiFevTSSEzwQnYNKkcSLx4xukACG9ItXWjodjdt14Rs+A1ePGiMV3+QN/+NBfag4EsmeXlvJjPzgkRwbRznG62tb2xubRd2irt7+weHpaPjlo5TRZlHYxGrTkA0E1wyz3AjWCdRjESBYO1gfDvz209MaR7LRzNJmB+RoeQhp8RYyXvwKlcX/VLZqTpz4FXi5qQMOZr90ldvENM0YtJQQbTuuk5i/Iwow6lg02Iv1SwhdEyGrGupJBHTfjY/dorPrTLAYaxsSYPn6u+JjERaT6LAdkbEjPSyNxP/87qpCet+xmWSGibpYlGYCmxiPPscD7hi1IiJJYQqbm/FdEQUocbmU7QhuMsvr5LWZdW9rtbua+VGPY+jAKdwBhVw4QYacAdN8IACh2d4hTck0Qt6Rx+L1jWUz5zAH6DPH5CHjdk=</latexit>

SU(5)

Fermion representations:
<latexit sha1_base64="mWJQBdnzqPps6Cqxf4GCe6T85Z8=">AAACCnicbVDLSgMxFM34rPU16tJNtAiCUGakVpcFNy4r2Ad0hpJJM21oJhmSjFCGWbvxV9y4UMStX+DOvzHTjqCtBwKHc+4h954gZlRpx/mylpZXVtfWSxvlza3tnV17b7+tRCIxaWHBhOwGSBFGOWlpqhnpxpKgKGCkE4yvc79zT6Sigt/pSUz8CA05DSlG2kh9+8gTxs7TqRchPQrC9CLLzn6462R9u+JUnSngInELUgEFmn370xsInESEa8yQUj3XibWfIqkpZiQre4kiMcJjNCQ9QzmKiPLT6SkZPDHKAIZCmsc1nKq/EymKlJpEgZnMV1TzXi7+5/USHV75KeVxognHs4/ChEEtYN4LHFBJsGYTQxCW1OwK8QhJhLVpr2xKcOdPXiTt86pbr9Zua5VGvaijBA7BMTgFLrgEDXADmqAFMHgAT+AFvFqP1rP1Zr3PRpesInMA/sD6+Abd8pr3</latexit>

5+ 10

SSB and scalar representations:

<latexit sha1_base64="cYoqMBvKkrCbG+q56HumVws+a/g=">AAACA3icbVBNS8NAEJ3Ur1q/ot70slgETyWRWj0WvHisYGuhKWWz3bRLN5uwuxFKKHjxr3jxoIhX/4Q3/42bNAdtfTDweG+GmXl+zJnSjvNtlVZW19Y3ypuVre2d3T17/6CjokQS2iYRj2TXx4pyJmhbM81pN5YUhz6n9/7kOvPvH6hULBJ3ehrTfohHggWMYG2kgX3kcSxGnCIvxHrsB+nFDHkylwZ21ak5OdAycQtShQKtgf3lDSOShFRowrFSPdeJdT/FUjPC6aziJYrGmEzwiPYMFTikqp/mP8zQqVGGKIikKaFRrv6eSHGo1DT0TWd2qVr0MvE/r5fo4KqfMhEnmgoyXxQkHOkIZYGgIZOUaD41BBPJzK2IjLHERJvYKiYEd/HlZdI5r7mNWv22Xm02ijjKcAwncAYuXEITbqAFbSDwCM/wCm/Wk/VivVsf89aSVcwcwh9Ynz+3ZZeL</latexit>

h5i <latexit sha1_base64="9Q4+mDwDqIMEMwpnmYd8anotXPc=">AAACAHicbVBNS8NAEN3Ur1q/oh48eFksQnspiZbqsSCCF6GiaQttCJvtpl262YTdjVBCLv4VLx4U8erP8Oa/cdvmoK0PBh7vzTAzz48Zlcqyvo3Cyura+kZxs7S1vbO7Z+4ftGWUCEwcHLFIdH0kCaOcOIoqRrqxICj0Gen446up33kkQtKIP6hJTNwQDTkNKEZKS555dO9Uzqse7isaEgmdil310uvbzDPLVs2aAS4TOydlkKPlmV/9QYSTkHCFGZKyZ1uxclMkFMWMZKV+IkmM8BgNSU9TjvQ6N509kMFTrQxgEAldXMGZ+nsiRaGUk9DXnSFSI7noTcX/vF6igks3pTxOFOF4vihIGFQRnKYBB1QQrNhEE4QF1bdCPEICYaUzK+kQ7MWXl0n7rGY3avW7ernZyOMogmNwAirABhegCW5ACzgAgww8g1fwZjwZL8a78TFvLRj5zCH4A+PzBzPNlNo=</latexit>

SU(3)c ⇥ U(1)EM

<latexit sha1_base64="vDnbmRjFg6hAn9jDoRL1jaHaT7c="></latexit>

 ab
10 =

1p
2

0

BBBB@

0 uc
3 �uc

2 �u1 �d1

�uc
3 0 uc

1 �u2 �d2

uc
2 �uc

1 0 �u3 d3

u1 u2 u3 0 �e+

d1 d2 d3 e+ 0

1

CCCCA

Yukawa interactions:

Gauge bosons:
<latexit sha1_base64="/AWq3qqVqUs39RMJRCFerdwVcs0="></latexit>

24 = (8,1)0 + (1,3)0 + (1,1)0 + (3,2)�5/6 + (3,2)5/6
<latexit sha1_base64="tGSxqcN/1pP+E8n+rud47ealbYQ=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5CRahbkoipbosuNBlBfuAJoab6aQdOpOEmYlQQ/FX3LhQxK3/4c6/cdpmoa0HLhzOuZd77wkSRqWy7W+jsLK6tr5R3Cxtbe/s7pn7B20ZpwKTFo5ZLLoBSMJoRFqKKka6iSDAA0Y6wehq6nceiJA0ju7UOCEeh0FEQ4pBack3jyrXvsvTs3sXWDIE3w2IAt8s21V7BmuZODkpoxxN3/xy+zFOOYkUZiBlz7ET5WUgFMWMTEpuKkkCeAQD0tM0Ak6kl82un1inWulbYSx0Rcqaqb8nMuBSjnmgOzmooVz0puJ/Xi9V4aWX0ShJFYnwfFGYMkvF1jQKq08FwYqNNQEsqL7VwkMQgJUOrKRDcBZfXibt86pTr9Zua+VGPY+jiI7RCaogB12gBrpBTdRCGD2iZ/SK3own48V4Nz7mrQUjnzlEf2B8/gC3YZS8</latexit>

(Gµ)
↵
�

<latexit sha1_base64="6/fDBqLlM6t83DUcjLWb0h5CdYs=">AAAB8nicbVBNSwMxEJ2tX7V+VT16CRahXsqulOqx4MVjBfsB7bpk02wbmmyWJCuUpT/DiwdFvPprvPlvTNs9aOuDgcd7M8zMCxPOtHHdb6ewsbm1vVPcLe3tHxwelY9POlqmitA2kVyqXog15SymbcMMp71EUSxCTrvh5Hbud5+o0kzGD2aaUF/gUcwiRrCxUr/aDQYivXxUgQ7KFbfmLoDWiZeTCuRoBeWvwVCSVNDYEI617ntuYvwMK8MIp7PSINU0wWSCR7RvaYwF1X62OHmGLqwyRJFUtmKDFurviQwLracitJ0Cm7Fe9ebif14/NdGNn7E4SQ2NyXJRlHJkJJr/j4ZMUWL41BJMFLO3IjLGChNjUyrZELzVl9dJ56rmNWr1+3ql2cjjKMIZnEMVPLiGJtxBC9pAQMIzvMKbY5wX5935WLYWnHzmFP7A+fwBnWWQzA==</latexit>

(Wµ)
r
s

<latexit sha1_base64="0FqcuCW0Puhe9s1KYlmJfOF2OBM=">AAAB7HicbVBNS8NAEJ3Ur1q/oh69LBbBU0mkVI9FLx4rmLbQhrLZbtqlu5uwuxFK6G/w4kERr/4gb/4bt20O2vpg4PHeDDPzopQzbTzv2yltbG5t75R3K3v7B4dH7vFJWyeZIjQgCU9UN8KaciZpYJjhtJsqikXEaSea3M39zhNVmiXy0UxTGgo8kixmBBsrBbeDvsgGbtWreQugdeIXpAoFWgP3qz9MSCaoNIRjrXu+l5owx8owwums0s80TTGZ4BHtWSqxoDrMF8fO0IVVhihOlC1p0EL9PZFjofVURLZTYDPWq95c/M/rZSa+CXMm08xQSZaL4owjk6D552jIFCWGTy3BRDF7KyJjrDAxNp+KDcFffXmdtK9qfqNWf6hXm40ijjKcwTlcgg/X0IR7aEEABBg8wyu8OdJ5cd6dj2VrySlmTuEPnM8fnLqOiA==</latexit>

Bµ

<latexit sha1_base64="TdLNFjk/d4/d6YwxQSvvTmSMwUY=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBahXkoipXqsePFYwX5AU8Nku2mXbjZhd1Moof/EiwdFvPpPvPlv3LY5aOuDgcd7M8zMCxLOlHacb6uwsbm1vVPcLe3tHxwe2ccnbRWnktAWiXksuwEoypmgLc00p91EUogCTjvB+G7udyZUKhaLRz1NaD+CoWAhI6CN5Nt25db3ovTyyQOejMCXvl12qs4CeJ24OSmjHE3f/vIGMUkjKjThoFTPdRLdz0BqRjidlbxU0QTIGIa0Z6iAiKp+trh8hi+MMsBhLE0JjRfq74kMIqWmUWA6I9AjterNxf+8XqrDm37GRJJqKshyUZhyrGM8jwEPmKRE86khQCQzt2IyAglEm7BKJgR39eV10r6quvVq7aFWbtTzOIroDJ2jCnLRNWqge9RELUTQBD2jV/RmZdaL9W59LFsLVj5ziv7A+vwBsPyTCA==</latexit>

(Aµ)
↵
r

<latexit sha1_base64="bp+RARC9R+r1ZBHRCzENMBgqZ6I=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBahXkoipXqsePFYwX5AU8Nku2mXbjZhd1Moof/EiwdFvPpPvPlv3LY5aOuDgcd7M8zMCxLOlHacb6uwsbm1vVPcLe3tHxwe2ccnbRWnktAWiXksuwEoypmgLc00p91EUogCTjvB+G7udyZUKhaLRz1NaD+CoWAhI6CN5Nt25db3ovTySfoe8GQEvl12qs4CeJ24OSmjHE3f/vIGMUkjKjThoFTPdRLdz0BqRjidlbxU0QTIGIa0Z6iAiKp+trh8hi+MMsBhLE0JjRfq74kMIqWmUWA6I9AjterNxf+8XqrDm37GRJJqKshyUZhyrGM8jwEPmKRE86khQCQzt2IyAglEm7BKJgR39eV10r6quvVq7aFWbtTzOIroDJ2jCnLRNWqge9RELUTQBD2jV/RmZdaL9W59LFsLVj5ziv7A+vwBsTGTCA==</latexit>

(Aµ)
r
↵

<latexit sha1_base64="r+nSvElHl28bv4blmukgVNvLtPU=">AAACA3icbVDLSsNAFJ34rPUVdaebYBEq1pLUUt0IBTddVugL2qRMppNm6GQSZiZCCQU3/oobF4q49Sfc+TdO2yy09cCBwzn3MnOPG1EipGl+ayura+sbm5mt7PbO7t6+fnDYEmHMEW6ikIa840KBKWG4KYmkuBNxDAOX4rY7upvm7QfMBQlZQ44jbAdwyIhHEJTK6uvHtdu871gF3ykpXileFC59xzx3Gn09ZxbNGYxlYaUiB1LU+/pXbxCiOMBMIgqF6FpmJO0EckkQxZNsLxY4gmgEh7irJIMBFnYyu2FinClnYHghV2TSmLm/NxIYCDEOXDUZQOmLxWxq/pd1Y+nd2AlhUSwxQ/OHvJgaMjSmhRgDwjGSdKwERJyovxrIhxwiqWrLqhKsxZOXRatUtCrF8n05V62kdWTACTgFeWCBa1AFNVAHTYDAI3gGr+BNe9JetHftYz66oqU7R+APtM8fitCU4A==</latexit>

H = (h1
, h

2
, h

3
, h

+
,�h

0)T

<latexit sha1_base64="m4/aDh853wLgzCQCA+03QD1raaE="></latexit>

a = 1, . . . 5 =

(
↵ (a = 1, 2, 3)
r (a = 4, 5)

(adjoint)
<latexit sha1_base64="I8SK2yWLGQaYeEXAnnD9bndrqUU=">AAAB8nicbVBNSwMxFHxbv2r9qnr0EiyCp7JbFvVY8OKxgm2F7VKyabYNzSZLkhXK0p/hxYMiXv013vw3Zts9aOtAYJh5j8ybKOVMG9f9diobm1vbO9Xd2t7+weFR/fikp2WmCO0SyaV6jLCmnAnaNcxw+pgqipOI0340vS38/hNVmknxYGYpDRM8FixmBBsrBYMEm0kU5y1/Pqw33Ka7AFonXkkaUKIzrH8NRpJkCRWGcKx14LmpCXOsDCOczmuDTNMUkyke08BSgROqw3wReY4urDJCsVT2CYMW6u+NHCdaz5LIThYR9apXiP95QWbimzBnIs0MFWT5UZxxZCQq7kcjpigxfGYJJorZrIhMsMLE2JZqtgRv9eR10ms1vaumf+832n5ZRxXO4BwuwYNraMMddKALBCQ8wyu8OcZ5cd6dj+VoxSl3TuEPnM8fCReRDw==</latexit>

24 (fundamental)

3 copies of

<latexit sha1_base64="IR2GgVNAznQlSpkoZ90OfZPPcAk=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsxIfSwLblxWsA9sh5JJ77ShmcyQZIQy9C/cuFDErX/jzr8xbWehrQcCh3PuJeeeIBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCopeNUMWyyWMSqE1CNgktsGm4EdhKFNAoEtoPx7cxvP6HSPJYPZpKgH9Gh5CFn1FjpsRdRMwrC7HLaL1fcqjsHWSVeTiqQo9Evf/UGMUsjlIYJqnXXcxPjZ1QZzgROS71UY0LZmA6xa6mkEWo/myeekjOrDEgYK/ukIXP190ZGI60nUWAnZwn1sjcT//O6qQlv/IzLJDUo2eKjMBXExGR2PhlwhcyIiSWUKW6zEjaiijJjSyrZErzlk1dJ66LqXVVr97VKvZbXUYQTOIVz8OAa6nAHDWgCAwnP8ApvjnZenHfnYzFacPKdY/gD5/MHliKQ1A==</latexit>

5
<latexit sha1_base64="M6+OuIPNZ2Uy0gm1RhxCnHgSHHc=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KokU9Vjw0mML9gPaUDbbSbt2swm7G6GE/gIvHhTx6k/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nY3Nre2d3cJecf/g8Oi4dHLa1nGqGLZYLGLVDahGwSW2DDcCu4lCGgUCO8Hkfu53nlBpHssHM03Qj+hI8pAzaqzUrA9KZbfiLkDWiZeTMuRoDEpf/WHM0gilYYJq3fPcxPgZVYYzgbNiP9WYUDahI+xZKmmE2s8Wh87IpVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGdn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNkUbgrf68jppX1e8m0q1WS3XqnkcBTiHC7gCD26hBnVoQAsYIDzDK7w5j86L8+58LFs3nHzmDP7A+fwBnDGMxw==</latexit>

H
<latexit sha1_base64="GLUZitr1I3ExZd/qsTtDG67AojQ=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeCF48V7Ae0oWy2m2bp7ibsboQS+he8eFDEq3/Im//GTZqDtj4YeLw3w8y8IOFMG9f9diobm1vbO9Xd2t7+weFR/fikp+NUEdolMY/VIMCaciZp1zDD6SBRFIuA034wu8v9/hNVmsXy0cwT6gs8lSxkBJtcGnUiNq433KZbAK0TryQNKNEZ179Gk5ikgkpDONZ66LmJ8TOsDCOcLmqjVNMEkxme0qGlEguq/ay4dYEurDJBYaxsSYMK9fdEhoXWcxHYToFNpFe9XPzPG6YmvPUzJpPUUEmWi8KUIxOj/HE0YYoSw+eWYKKYvRWRCCtMjI2nZkPwVl9eJ72rpnfdbD20Gu1WGUcVzuAcLsGDG2jDPXSgCwQieIZXeHOE8+K8Ox/L1opTzpzCHzifP+Fxjho=</latexit>

�

<latexit sha1_base64="9SnJ3mwDYa11DAR2ar8mvKn26NA=">AAACBnicbVDLSsNAFJ34rPUVdSnCYBHqpiQS1GXFjcsK9gFNDJPppB06mcSZSaGErtz4K25cKOLWb3Dn3zhps9DWAxcO59zLvfcECaNSWda3sbS8srq2Xtoob25t7+yae/stGacCkyaOWSw6AZKEUU6aiipGOokgKAoYaQfD69xvj4iQNOZ3apwQL0J9TkOKkdKSbx5Vr3w3Sk/vHd9FLBkg6JKHlI5gJ5d9s2LVrCngIrELUgEFGr755fZinEaEK8yQlF3bSpSXIaEoZmRSdlNJEoSHqE+6mnIUEell0zcm8EQrPRjGQhdXcKr+nshQJOU4CnRnhNRAznu5+J/XTVV46WWUJ6kiHM8WhSmDKoZ5JrBHBcGKjTVBWFB9K8QDJBBWOrmyDsGef3mRtM5q9nnNuXUqdaeIowQOwTGoAhtcgDq4AQ3QBBg8gmfwCt6MJ+PFeDc+Zq1LRjFzAP7A+PwBwq+YBQ==</latexit>

(Aµ)
4
↵ ⌘ Xµ

<latexit sha1_base64="c3EEjD2RVyYXUyHGqVJiuKPY2aw=">AAACBnicbVDLSsNAFJ34rPUVdSnCYBHqpiRSH8uKG5cV7EOaGCbTSTt0Jokzk0IJXbnxV9y4UMSt3+DOv3HSZqGtBy4czrmXe+/xY0alsqxvY2FxaXlltbBWXN/Y3No2d3abMkoEJg0csUi0fSQJoyFpKKoYaceCIO4z0vIHV5nfGhIhaRTeqlFMXI56IQ0oRkpLnnlQvvQcnhzfn3oOYnEfQYc8JHQI7zLZM0tWxZoAzhM7JyWQo+6ZX043wgknocIMSdmxrVi5KRKKYkbGRSeRJEZ4gHqko2mIOJFuOnljDI+00oVBJHSFCk7U3xMp4lKOuK87OVJ9Oetl4n9eJ1HBhZvSME4UCfF0UZAwqCKYZQK7VBCs2EgThAXVt0LcRwJhpZMr6hDs2ZfnSfOkYp9VqjfVUq2ax1EA++AQlIENzkENXIM6aAAMHsEzeAVvxpPxYrwbH9PWBSOf2QN/YHz+AMXPmAc=</latexit>

(Aµ)
5
↵ ⌘ Yµ

<latexit sha1_base64="yh7RT5jGtOiNcdazzLVoSbKYRuk=">AAACEHicbVC5TsNAEF1zhnAZKGlWRAiqyEbhKCOlSRmkXFKcWOP1OlllfWh3jRRZ/gQafoWGAoRoKen4GzZHAQlPGunpvRnNzPMSzqSyrG9jbX1jc2u7sFPc3ds/ODSPjtsyTgWhLRLzWHQ9kJSziLYUU5x2E0Eh9DjteOPa1O88UCFZHDXVJKH9EIYRCxgBpSXXvHDIiLnZNeSDJq5hJ5FskIGXu5lt5fWB48NwSIXruWbJKlsz4FViL0gJLdBwzS/Hj0ka0kgRDlL2bCtR/QyEYoTTvOikkiZAxjCkPU0jCKnsZ7OHcnyuFR8HsdAVKTxTf09kEEo5CT3dGYIayWVvKv7n9VIV3PUzFiWpohGZLwpSjlWMp+lgnwlKFJ9oAkQwfSsmIxBAlM6wqEOwl19eJe2rsn1TrtxXStXKIo4COkVn6BLZ6BZVUR01UAsR9Iie0St6M56MF+Pd+Ji3rhmLmRP0B8bnD/TgnIQ=</latexit>

�
T
5aC 

ab
10H

†
b

<latexit sha1_base64="6y4U+TxA0KKkZ49T0OvCOhoxnCQ=">AAACE3icbVDLSgMxFM34rPU16tJNsAhV2jJT62MjFNy4cFGhL+hjyGTSNjSTGZKMUIb+gxt/xY0LRdy6ceffmE670NYDuRzOuZebe9yQUaks69tYWl5ZXVtPbaQ3t7Z3ds29/boMIoFJDQcsEE0XScIoJzVFFSPNUBDku4w03OHNxG88ECFpwKtqFJKOj/qc9ihGSkuOedrGA+rE52h8nfUcu4tznlNM6pmupJvP5ds8OulWnTvHzFgFKwFcJPaMZMAMFcf8ansBjnzCFWZIypZthaoTI6EoZmScbkeShAgPUZ+0NOXIJ7ITJzeN4bFWPNgLhH5cwUT9PREjX8qR7+pOH6mBnPcm4n9eK1K9q05MeRgpwvF0US9iUAVwEhD0qCBYsZEmCAuq/wrxAAmElY4xrUOw509eJPViwb4olO5LmXJpFkcKHIIjkAU2uARlcAsqoAYweATP4BW8GU/Gi/FufExbl4zZzAH4A+PzB1Gpm+A=</latexit>

�5a = (dc1, d
c
2, d

c
3, e

�,�⌫)TL

<latexit sha1_base64="JR3ltjd0wGyXZ5LnxJdbcQlTh98=">AAACH3icbVDLTgIxFO3gC/E16tJNIzHBDZkxBF2SsGGJCa8EBtLpXKCh80jbMSGT+RM3/oobFxpj3PE3FpiFgidpcu459+b2HjfiTCrLWhi5nd29/YP8YeHo+OT0zDy/6MgwFhTaNOSh6LlEAmcBtBVTHHqRAOK7HLrurL70u08gJAuDlppH4PhkErAxo0RpaWRWBxBJxjVNiEs9SEsDXQ91kY4S20pvhy1cx2uNemutMYSRWbTK1gp4m9gZKaIMzZH5PfBCGvsQKMqJlH3bipSTEKEY5ZAWBrGEiNAZmUBf04D4IJ1kdV+Kb7Ti4XEo9AsUXqm/JxLiSzn3Xd3pEzWVm95S/M/rx2r84CQsiGIFAV0vGsccqxAvw8IeE0AVn2tCqGD6r5hOiSBU6UgLOgR78+Rt0rkr29Vy5bFSrFWyOPLoCl2jErLRPaqhBmqiNqLoGb2id/RhvBhvxqfxtW7NGdnMJfoDY/EDB4ii5Q==</latexit>

✏abcde( 
ab
10)

T
C 

cd
10H

e

(down quarks, charged leptons) (up quarks)

(or equivalently
<latexit sha1_base64="PvvehSNa+5caBa1Af5HUn3BSGQw=">AAACD3icbVDLSsNAFJ34rPVVdekmWJSKtSS1PjZCwY3LKn1B82AymbZDJ5MwMxFK6B+48VfcuFDErVt3/o3TNgttPXDhcM693HuPF1EipGF8awuLS8srq5m17PrG5tZ2bme3KcKYI9xAIQ1524MCU8JwQxJJcTviGAYexS1vcDP2Ww+YCxKyuhxG2A5gj5EuQVAqyc0dWZEgTnIOR9cF3zGLvlNWdVbEzknx1GKxg46dunvv5vJGyZhAnydmSvIgRc3NfVl+iOIAM4koFKJjGpG0E8glQRSPslYscATRAPZwR1EGAyzsZPLPSD9Uiq93Q66KSX2i/p5IYCDEMPBUZwBlX8x6Y/E/rxPL7pWdEBbFEjM0XdSNqS5DfRyO7hOOkaRDRSDiRN2qoz7kEEkVYVaFYM6+PE+a5ZJ5UarcVfLVShpHBuyDA1AAJrgEVXALaqABEHgEz+AVvGlP2ov2rn1MWxe0dGYP/IH2+QNgDJpO</latexit>

 5a = (d1, d2, d3, e+,�⌫c)TR )
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quantization of electric charge

4 diagonal (traceless) generators:

<latexit sha1_base64="TIpmxKYYGRG3HfOEDZdCLCmsIQM=">AAACA3icbVDLSsNAFJ3UV62vqDvdDBahQi2JFnUjFHThskJf0IYwmU7aoTNJmJkIJRTc+CtuXCji1p9w5984abPQ1nO5cDjnXmbu8SJGpbKsbyO3tLyyupZfL2xsbm3vmLt7LRnGApMmDlkoOh6ShNGANBVVjHQiQRD3GGl7o5vUbz8QIWkYNNQ4Ig5Hg4D6FCOlJdc8aLjn10lPcHhL0WBSssundtlK68Q1i1bFmgIuEjsjRZCh7ppfvX6IY04ChRmSsmtbkXISJBTFjEwKvViSCOERGpCupgHiRDrJ9IYJPNZKH/qh0B0oOFV/bySISznmnp7kSA3lvJeK/3ndWPlXTkKDKFYkwLOH/JhBFcI0ENingmDFxpogLKj+K8RDJBBWOraCDsGeP3mRtM4q9kWlel8t1qpZHHlwCI5ACdjgEtTAHaiDJsDgETyDV/BmPBkvxrvxMRvNGdnOPvgD4/MHVzOUtQ==</latexit>

T3 = Diag(1,�1, 0, 0, 0)
<latexit sha1_base64="yLiP4DuXPYfJ0h42WKqc2YX1e3w=">AAACD3icbVDLSsNAFJ34rPUVdelmsCgt1JrUot0IBV24rNAXNCFMppN26OThzEQooX/gxl9x40IRt27d+TdO2yy09cCFwzn3cu89bsSokIbxrS0tr6yurWc2sptb2zu7+t5+S4Qxx6SJQxbyjosEYTQgTUklI52IE+S7jLTd4fXEbz8QLmgYNOQoIraP+gH1KEZSSY5+0nCqV3nzzBL3XCbn40JicR/eUNQf582iWTwtF42iUXD0nFEypoCLxExJDqSoO/qX1Qtx7JNAYoaE6JpGJO0EcUkxI+OsFQsSITxEfdJVNEA+EXYy/WcMj5XSg17IVQUSTtXfEwnyhRj5rur0kRyIeW8i/ud1Y+lV7YQGUSxJgGeLvJhBGcJJOLBHOcGSjRRBmFN1K8QDxBGWKsKsCsGcf3mRtMol86JUuavkapU0jgw4BEcgD0xwCWrgFtRBE2DwCJ7BK3jTnrQX7V37mLUuaenMAfgD7fMHry2ZNg==</latexit>

T8 = (1/
p
3)Diag(1, 1,�2, 0, 0)

<latexit sha1_base64="HLP9aFGsOVfSrGYWsGmhblsHHP4=">AAACBnicbVDLSgMxFM3UV62vUZciBItQoZaJFHUjFHThskJf0A5DJs20oZkHSUYow6zc+CtuXCji1m9w59+YaWeh1XO5cDjnXpJ73IgzqSzryygsLa+srhXXSxubW9s75u5eR4axILRNQh6Knosl5SygbcUUp71IUOy7nHbdyXXmd++pkCwMWmoaUdvHo4B5jGClJcc8bDkJQulVMhA+vGF4lFasalaoeopOHLNs1awZ4F+CclIGOZqO+TkYhiT2aaAIx1L2kRUpO8FCMcJpWhrEkkaYTPCI9jUNsE+lnczOSOGxVobQC4XuQMGZ+nMjwb6UU9/Vkz5WY7noZeJ/Xj9W3qWdsCCKFQ3I/CEv5lCFMMsEDpmgRPGpJpgIpv8KyRgLTJROrqRDQIsn/yWdsxo6r9Xv6uVGPY+jCA7AEagABC5AA9yCJmgDAh7AE3gBr8aj8Wy8Ge/z0YKR7+yDXzA+vgGkqpX6</latexit>

T11 = Diag(0, 0, 0, 1,�1)
<latexit sha1_base64="1AxhzRalnJtzyxndJCWhhtj8aGc=">AAACFXicbVDLSgMxFM3UV62vUZdugkVoodaZtj42QkEXLiv0BZ1hyKRpG5p5mGSEMsxPuPFX3LhQxK3gzr8xbWeh1cO9cDjnXpJ73JBRIQ3jS8ssLa+srmXXcxubW9s7+u5eWwQRx6SFAxbwrosEYdQnLUklI92QE+S5jHTc8dXU79wTLmjgN+UkJLaHhj4dUIykkhy91HRis5JcFswTS9xxGZunSTG2uAevKRomheNKaV7VUrXo6HmjbMwA/xIzJXmQouHon1Y/wJFHfIkZEqJnGqG0Y8QlxYwkOSsSJER4jIakp6iPPCLseHZVAo+U0oeDgKv2JZypPzdi5Akx8Vw16SE5EoveVPzP60VycGHH1A8jSXw8f2gQMSgDOI0I9iknWLKJIghzqv4K8QhxhKUKMqdCMBdP/kvalbJ5Vq7d1vL1WhpHFhyAQ1AAJjgHdXADGqAFMHgAT+AFvGqP2rP2pr3PRzNaurMPfkH7+AZ5lpsq</latexit>

T12 = (1/
p
15)Diag(�2,�2,�2, 3, 3)

<latexit sha1_base64="lqZtrpIqPKmNTtKvXXbOrLiIz3o=">AAAB7HicbVBNTwIxEJ3iF+IX6tFLIzHBC9lVoh5JvHjE6AIJbEi3dKGh2920XROy4Td48aAxXv1B3vw3FtiDgi+Z5OW9mczMCxLBtXGcb1RYW9/Y3Cpul3Z29/YPyodHLR2nijKPxiJWnYBoJrhknuFGsE6iGIkCwdrB+Hbmt5+Y0jyWj2aSMD8iQ8lDTomxkvfgVS/P++WKU3PmwKvEzUkFcjT75a/eIKZpxKShgmjddZ3E+BlRhlPBpqVeqllC6JgMWddSSSKm/Wx+7BSfWWWAw1jZkgbP1d8TGYm0nkSB7YyIGellbyb+53VTE974GZdJapiki0VhKrCJ8exzPOCKUSMmlhCquL0V0xFRhBqbT8mG4C6/vEpaFzX3qla/r1ca9TyOIpzAKVTBhWtowB00wQMKHJ7hFd6QRC/oHX0sWgsonzmGP0CfP4xJjdM=</latexit>

SU(3)

<latexit sha1_base64="2Tz8P8jm7tTgNTU693QnPPBmMAg=">AAAB7HicbVBNTwIxEJ3iF+IX6tFLIzHBC9klRD2SePGI0QUS2JBu6UJDt7tpuyZkw2/w4kFjvPqDvPlvLLAHBV8yyct7M5mZFySCa+M436iwsbm1vVPcLe3tHxwelY9P2jpOFWUejUWsugHRTHDJPMONYN1EMRIFgnWCye3c7zwxpXksH800YX5ERpKHnBJjJe/Bq9YvB+WKU3MWwOvEzUkFcrQG5a/+MKZpxKShgmjdc53E+BlRhlPBZqV+qllC6ISMWM9SSSKm/Wxx7AxfWGWIw1jZkgYv1N8TGYm0nkaB7YyIGetVby7+5/VSE974GZdJapiky0VhKrCJ8fxzPOSKUSOmlhCquL0V0zFRhBqbT8mG4K6+vE7a9Zp7VWvcNyrNRh5HEc7gHKrgwjU04Q5a4AEFDs/wCm9Iohf0jj6WrQWUz5zCH6DPH4rEjdI=</latexit>

SU(2)

Electric charge operator is an               generator:
<latexit sha1_base64="9wQD0azJxhYaAWZhWBukISmNM94=">AAAB7HicbVBNTwIxEJ36ifiFevTSSEzwQnYNKkcSLx4xukACG9ItXWjodjdt14Rs+A1ePGiMV3+QN/+NBfag4EsmeXlvJjPzgkRwbRznG62tb2xubRd2irt7+weHpaPjlo5TRZlHYxGrTkA0E1wyz3AjWCdRjESBYO1gfDvz209MaR7LRzNJmB+RoeQhp8RYyXvwKlcX/VLZqTpz4FXi5qQMOZr90ldvENM0YtJQQbTuuk5i/Iwow6lg02Iv1SwhdEyGrGupJBHTfjY/dorPrTLAYaxsSYPn6u+JjERaT6LAdkbEjPSyNxP/87qpCet+xmWSGibpYlGYCmxiPPscD7hi1IiJJYQqbm/FdEQUocbmU7QhuMsvr5LWZdW9rtbua+VGPY+jAKdwBhVw4QYacAdN8IACh2d4hTck0Qt6Rx+L1jWUz5zAH6DPH5CHjdk=</latexit>

SU(5)
<latexit sha1_base64="p3QAwP/DWnrmjp77VjzmG/pDKRU=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1Fip2RyUK27VXYCsEy8nFcjRGJS/+sOYpRFKwwTVuue5ifEzqgxnAmelfqoxoWxCR9izVNIItZ8tDp2RC6sMSRgrW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasJbP+MySQ1KtlwUpoKYmMy/JkOukBkxtYQyxe2thI2poszYbEo2BG/15XXSvqp6tep187pSr+VxFOEMzuESPLiBOtxDA1rAAOEZXuHNeXRenHfnY9lacPKZU/gD5/MHqm+M0g==</latexit>

Q
<latexit sha1_base64="+UuW+oNUx2LsjgThdErY7Uklnp0="></latexit>

Q =
1

2

 
T11 +

r
5

3
T12

!
<latexit sha1_base64="Uie30eDnHyhu+anw3miBPWkhpLo=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69rBbBU0mkqCBCwYvHFvoFTSib7aZdutmE3U2hhP4TLx4U8eo/8ea/cdvmoK0PBh7vzTAzL0g4U9pxvq3CxubW9k5xt7S3f3B4ZB+ftFWcSkJbJOax7AZYUc4EbWmmOe0mkuIo4LQTjB/nfmdCpWKxaOppQv0IDwULGcHaSH3bzjwZoaaceffeOWo8OH277FScBdA6cXNShhz1vv3lDWKSRlRowrFSPddJtJ9hqRnhdFbyUkUTTMZ4SHuGChxR5WeLy2fo0igDFMbSlNBoof6eyHCk1DQKTGeE9UitenPxP6+X6vDOz5hIUk0FWS4KU450jOYxoAGTlGg+NQQTycytiIywxESbsEomBHf15XXSvq64N5Vqo1quVfM4inAGF3AFLtxCDZ6gDi0gMIFneIU3K7NerHfrY9lasPKZU/gD6/MHoX+SUQ==</latexit>

TrQ = 0 electric charge quantized

<latexit sha1_base64="SOXPM0Ff7sUESzhBuDAASaUokrg=">AAAB/nicbVDLSsNAFL2pr1pfUXHlZrAIrkoiVbssuHFZwT6gCWUynbRDJ5MwMxFKKPgrblwo4tbvcOffOGmz0NYDA4dz7uWeOUHCmdKO822V1tY3NrfK25Wd3b39A/vwqKPiVBLaJjGPZS/AinImaFszzWkvkRRHAafdYHKb+91HKhWLxYOeJtSP8EiwkBGsjTSwT7zY2Pl25kVYj4Mwu5rNBnbVqTlzoFXiFqQKBVoD+8sbxiSNqNCEY6X6rpNoP8NSM8LprOKliiaYTPCI9g0VOKLKz+bxZ+jcKEMUxtI8odFc/b2R4UipaRSYyTyiWvZy8T+vn+qw4WdMJKmmgiwOhSlHOkZ5F2jIJCWaTw3BRDKTFZExlpho01jFlOAuf3mVdC5r7nWtfl+vNhtFHWU4hTO4ABduoAl30II2EMjgGV7hzXqyXqx362MxWrKKnWP4A+vzBxNxli8=</latexit>

5e.g.
<latexit sha1_base64="Wr0QBjFz3YIfpUVPvgf/C+H765A=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgpm1ii7opFNy4bME+oI1hMpm0QyeTMDMRQqi/4saFIm79EHf+jdPHQlsPXDiccy/33uPFjEplWd9GbmNza3snv1vY2z84PDKPT7oySgQmHRyxSPQ9JAmjnHQUVYz0Y0FQ6DHS8ya3M7/3SISkEb9XaUycEI04DShGSkuuWWy7mf+Ap41y2yXVWqNsV2uuWbIq1hxwndhLUgJLtFzza+hHOAkJV5ghKQe2FSsnQ0JRzMi0MEwkiRGeoBEZaMpRSKSTzY+fwnOt+DCIhC6u4Fz9PZGhUMo09HRniNRYrnoz8T9vkKjgxskojxNFOF4sChIGVQRnSUCfCoIVSzVBWFB9K8RjJBBWOq+CDsFefXmddC8r9lWl3q6XmvVlHHlwCs7ABbDBNWiCO9ACHYBBCp7BK3gznowX4934WLTmjOVMEfyB8fkDEwqTDw==</latexit>

Qdc = �Qe/3 = �1/3

# of colors

Rank 4

<latexit sha1_base64="lqZtrpIqPKmNTtKvXXbOrLiIz3o=">AAAB7HicbVBNTwIxEJ3iF+IX6tFLIzHBC9lVoh5JvHjE6AIJbEi3dKGh2920XROy4Td48aAxXv1B3vw3FtiDgi+Z5OW9mczMCxLBtXGcb1RYW9/Y3Cpul3Z29/YPyodHLR2nijKPxiJWnYBoJrhknuFGsE6iGIkCwdrB+Hbmt5+Y0jyWj2aSMD8iQ8lDTomxkvfgVS/P++WKU3PmwKvEzUkFcjT75a/eIKZpxKShgmjddZ3E+BlRhlPBpqVeqllC6JgMWddSSSKm/Wx+7BSfWWWAw1jZkgbP1d8TGYm0nkSB7YyIGellbyb+53VTE974GZdJapiki0VhKrCJ8exzPOCKUSMmlhCquL0V0xFRhBqbT8mG4C6/vEpaFzX3qla/r1ca9TyOIpzAKVTBhWtowB00wQMKHJ7hFd6QRC/oHX0sWgsonzmGP0CfP4xJjdM=</latexit>

SU(3)

consequence of simple group: variations possible w/o chg quantization

e.g. “flipped” 
<latexit sha1_base64="9wQD0azJxhYaAWZhWBukISmNM94=">AAAB7HicbVBNTwIxEJ36ifiFevTSSEzwQnYNKkcSLx4xukACG9ItXWjodjdt14Rs+A1ePGiMV3+QN/+NBfag4EsmeXlvJjPzgkRwbRznG62tb2xubRd2irt7+weHpaPjlo5TRZlHYxGrTkA0E1wyz3AjWCdRjESBYO1gfDvz209MaR7LRzNJmB+RoeQhp8RYyXvwKlcX/VLZqTpz4FXi5qQMOZr90ldvENM0YtJQQbTuuk5i/Iwow6lg02Iv1SwhdEyGrGupJBHTfjY/dorPrTLAYaxsSYPn6u+JjERaT6LAdkbEjPSyNxP/87qpCet+xmWSGibpYlGYCmxiPPscD7hi1IiJJYQqbm/FdEQUocbmU7QhuMsvr5LWZdW9rtbua+VGPY+jAKdwBhVw4QYacAdN8IACh2d4hTck0Qt6Rx+L1jWUz5zAH6DPH5CHjdk=</latexit>

SU(5)
<latexit sha1_base64="LEajDZVd76wojEfYFB9K/JL/1Uc=">AAAB+XicbVBNT8JAEN3iF+JX1aOXjcQELqQ1+HEk8eIRowUSaMh22cKG7bbZnZKQhn/ixYPGePWfePPfuEAPCr5kkpf3ZjIzL0gE1+A431ZhY3Nre6e4W9rbPzg8so9PWjpOFWUejUWsOgHRTHDJPOAgWCdRjESBYO1gfDf32xOmNI/lE0wT5kdkKHnIKQEj9W370atcVXvAI6axV3Grfbvs1JwF8Dpxc1JGOZp9+6s3iGkaMQlUEK27rpOAnxEFnAo2K/VSzRJCx2TIuoZKYjb52eLyGb4wygCHsTIlAS/U3xMZibSeRoHpjAiM9Ko3F//zuimEt37GZZICk3S5KEwFhhjPY8ADrhgFMTWEUMXNrZiOiCIUTFglE4K7+vI6aV3W3Ota/aFebtTzOIroDJ2jCnLRDWqge9REHqJogp7RK3qzMuvFerc+lq0FK585RX9gff4A/PyR6Q==</latexit>

SU(5)⇥ U(1)

Georgi, Glashow ’74 

Barr ’82; Derendinger et al. ’84

(like PS!)
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Prediction of
<latexit sha1_base64="qiwhlvW6zjzB6v5hJBzD/jpzlzw=">AAAB9XicbVBNS8NAEN34WetX1aOXYBE8laSU6rHgxWMF+wFNWjbbSbt0swm7E6WE/g8vHhTx6n/x5r9x2+agrQ8GHu/NMDMvSATX6Djf1sbm1vbObmGvuH9weHRcOjlt6zhVDFosFrHqBlSD4BJayFFAN1FAo0BAJ5jczv3OIyjNY/mA0wT8iI4kDzmjaKS+p7nsVz0cA9JBZ1AqOxVnAXuduDkpkxzNQenLG8YsjUAiE1Trnusk6GdUIWcCZkUv1ZBQNqEj6BkqaQTazxZXz+xLowztMFamJNoL9fdERiOtp1FgOiOKY73qzcX/vF6K4Y2fcZmkCJItF4WpsDG25xHYQ66AoZgaQpni5labjamiDE1QRROCu/ryOmlXK269UruvlRv1PI4COScX5Iq45Jo0yB1pkhZhRJFn8krerCfrxXq3PpatG1Y+c0b+wPr8AVX7kmE=</latexit>

sin2 ✓W

<latexit sha1_base64="ya123h3vmc5Qx31gDwXth5BFrfA="></latexit>

Dµ = @µ � (ig5/2)(W
3
µT

11 +BµT
12 + . . .)

<latexit sha1_base64="a/3776aJQpVTd972dzCkv0lIqhI="></latexit>

�(ig5/2)(sin ✓WAµ + cos ✓WZµ)T
11 � (ig5/2)(cos ✓WAµ � sin ✓WZµ)T

12

<latexit sha1_base64="2k9pnUNaieKYJWnm9AM0ZdEMSAE=">AAACCHicbVC7TgJBFJ31ifhatbRwIjGxgewaopYYG0tI5BFYspkd7sKE2YczsyRkQ2njr9hYaIytn2Dn3zgLFAqe5CZnzrk3c+/xYs6ksqxvY2V1bX1jM7eV397Z3ds3Dw4bMkoEhTqNeCRaHpHAWQh1xRSHViyABB6Hpje8zfzmCIRkUXivxjF0A9IPmc8oUVpyzRMHHhI2wkUGNXzjOkFSxKyPa24bt7OXaxaskjUFXib2nBTQHFXX/HJ6EU0CCBXlRMqObcWqmxKhGOUwyTuJhJjQIelDR9OQBCC76fSQCT7TSg/7kdAVKjxVf0+kJJByHHi6MyBqIBe9TPzP6yTKv+6mLIwTBSGdfeQnHKsIZ6ngHhNAFR9rQqhgeldMB0QQqnR2eR2CvXjyMmlclOzLUrlWLlTK8zhy6BidonNkoytUQXeoiuqIokf0jF7Rm/FkvBjvxsesdcWYzxyhPzA+fwA61Jgq</latexit>

⌘ �ieQAµ � igQZZµ

identify terms and use
<latexit sha1_base64="+UuW+oNUx2LsjgThdErY7Uklnp0="></latexit>

Q =
1

2

 
T11 +

r
5

3
T12

!

<latexit sha1_base64="8fbE6LrCI8pbjslBCEjmSP+cS1o=">AAACCXicbVC7TsMwFHV4lvIKMLJYVAimNoHyWJAqsTAWiT6kpooc12mtOk6wb5CqqCsLv8LCAEKs/AEbf4P7GKDlSFf36Jx7Zd8TJIJrcJxva2FxaXllNbeWX9/Y3Nq2d3brOk4VZTUai1g1A6KZ4JLVgINgzUQxEgWCNYL+9chvPDCleSzvYJCwdkS6koecEjCSb2MPiPSgx4D4DXyFu0elrmmevleQnZbOhr5dcIrOGHieuFNSQFNUffvL68Q0jZgEKojWLddJoJ0RBZwKNsx7qWYJoX3SZS1DJYmYbmfjS4b40CgdHMbKlAQ8Vn9vZCTSehAFZjIi0NOz3kj8z2ulEF62My6TFJikk4fCVGCI8SgW3OGKURADQwhV3PwV0x5RhIIJL29CcGdPnif1k6J7XizflguV8jSOHNpHB+gYuegCVdANqqIaougRPaNX9GY9WS/Wu/UxGV2wpjt76A+szx/hjpiA</latexit>

tan ✓W = g0/g =
p

3/5

<latexit sha1_base64="jm8JZTFkkcOA4zLdu4+0yfwVJZk=">AAAB/XicbVDLSsNAFJ34rPUVHzs3g0VwVZNatBuh4MZlBfuAJobJdNIOnUzCzI1QS/FX3LhQxK3/4c6/cfpYaOuBC4dz7uXee8JUcA2O820tLa+srq3nNvKbW9s7u/befkMnmaKsThORqFZINBNcsjpwEKyVKkbiULBm2L8e+80HpjRP5B0MUubHpCt5xCkBIwX2oae5vC950GNAgia+wudnlcAuOEVnArxI3BkpoBlqgf3ldRKaxUwCFUTrtuuk4A+JAk4FG+W9TLOU0D7psrahksRM+8PJ9SN8YpQOjhJlSgKeqL8nhiTWehCHpjMm0NPz3lj8z2tnEFX8IZdpBkzS6aIoExgSPI4Cd7hiFMTAEEIVN7di2iOKUDCB5U0I7vzLi6RRKroXxfJtuVAtz+LIoSN0jE6Riy5RFd2gGqojih7RM3pFb9aT9WK9Wx/T1iVrNnOA/sD6/AF1iZPj</latexit>

sin2 ✓W = 3/8 a remarkable result!

Georgi, Glashow ’74 

Initially not known well experimentally, so this value seemed reasonable 

but realized soon after that this holds at
<latexit sha1_base64="zmgFhhF/ZOq35p66cjOWnzeidFs=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeCFy9CRfsBbSib7aZdutmE3YlQQn+CFw+KePUXefPfuG1z0NYHA4/3ZpiZFyRSGHTdb6ewtr6xuVXcLu3s7u0flA+PWiZONeNNFstYdwJquBSKN1Gg5J1EcxoFkreD8c3Mbz9xbUSsHnGScD+iQyVCwSha6eGu3+mXK27VnYOsEi8nFcjR6Je/eoOYpRFXyCQ1puu5CfoZ1SiY5NNSLzU8oWxMh7xrqaIRN342P3VKzqwyIGGsbSkkc/X3REYjYyZRYDsjiiOz7M3E/7xuiuG1nwmVpMgVWywKU0kwJrO/yUBozlBOLKFMC3srYSOqKUObTsmG4C2/vEpaF1Xvslq7r1XqtTyOIpzAKZyDB1dQh1toQBMYDOEZXuHNkc6L8+58LFoLTj5zDH/gfP4ABAKNlw==</latexit>

MX Georgi, Quinn, Weinberg ’74 

need to run to weak scale via RGE!
<latexit sha1_base64="zmgFhhF/ZOq35p66cjOWnzeidFs=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeCFy9CRfsBbSib7aZdutmE3YlQQn+CFw+KePUXefPfuG1z0NYHA4/3ZpiZFyRSGHTdb6ewtr6xuVXcLu3s7u0flA+PWiZONeNNFstYdwJquBSKN1Gg5J1EcxoFkreD8c3Mbz9xbUSsHnGScD+iQyVCwSha6eGu3+mXK27VnYOsEi8nFcjR6Je/eoOYpRFXyCQ1puu5CfoZ1SiY5NNSLzU8oWxMh7xrqaIRN342P3VKzqwyIGGsbSkkc/X3REYjYyZRYDsjiiOz7M3E/7xuiuG1nwmVpMgVWywKU0kwJrO/yUBozlBOLKFMC3srYSOqKUObTsmG4C2/vEpaF1Xvslq7r1XqtTyOIpzAKZyDB1dQh1toQBMYDOEZXuHNkc6L8+58LFoLTj5zDH/gfP4ABAKNlw==</latexit>

MXgives input re size of
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General program of gauge coupling unification

For any theory with unified group <latexit sha1_base64="CWdhEBFCZ/hrVX91Yg3mZalagAc=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeCBz22YGuhDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjto5TxbDFYhGrTkA1Ci6xZbgR2EkU0igQ+BCMb2b+wxMqzWN5byYJ+hEdSh5yRo2Vmrf9csWtunOQVeLlpAI5Gv3yV28QszRCaZigWnc9NzF+RpXhTOC01Es1JpSN6RC7lkoaofaz+aFTcmaVAQljZUsaMld/T2Q00noSBbYzomakl72Z+J/XTU147WdcJqlByRaLwlQQE5PZ12TAFTIjJpZQpri9lbARVZQZm03JhuAtv7xK2hdV77Jaa9Yq9VoeRxFO4BTOwYMrqMMdNKAFDBCe4RXenEfnxXl3PhatBSefOYY/cD5/AJqtjMY=</latexit>

G
<latexit sha1_base64="ibgKezveJsLl0tot2XmFHh9sYrA=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CRbBU9mVoh4LHvQiVLQf2C4lm2bb0CS7JFmhLP0XXjwo4tV/481/Y7rdg7Y+GHi8N8PMvCDmTBvX/XYKK6tr6xvFzdLW9s7uXnn/oKWjRBHaJBGPVCfAmnImadMww2knVhSLgNN2ML6a+e0nqjSL5IOZxNQXeChZyAg2Vnq87qc9JdD97bRfrrhVNwNaJl5OKpCj0S9/9QYRSQSVhnCsdddzY+OnWBlGOJ2WeommMSZjPKRdSyUWVPtpdvEUnVhlgMJI2ZIGZerviRQLrScisJ0Cm5Fe9Gbif143MeGlnzIZJ4ZKMl8UJhyZCM3eRwOmKDF8YgkmitlbERlhhYmxIZVsCN7iy8ukdVb1zqu1u1qlXsvjKMIRHMMpeHABdbiBBjSBgIRneIU3RzsvzrvzMW8tOPnMIfyB8/kD/9iQcg==</latexit>

GSM at scale
<latexit sha1_base64="zmgFhhF/ZOq35p66cjOWnzeidFs=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeCFy9CRfsBbSib7aZdutmE3YlQQn+CFw+KePUXefPfuG1z0NYHA4/3ZpiZFyRSGHTdb6ewtr6xuVXcLu3s7u0flA+PWiZONeNNFstYdwJquBSKN1Gg5J1EcxoFkreD8c3Mbz9xbUSsHnGScD+iQyVCwSha6eGu3+mXK27VnYOsEi8nFcjR6Je/eoOYpRFXyCQ1puu5CfoZ1SiY5NNSLzU8oWxMh7xrqaIRN342P3VKzqwyIGGsbSkkc/X3REYjYyZRYDsjiiOz7M3E/7xuiuG1nwmVpMgVWywKU0kwJrO/yUBozlBOLKFMC3srYSOqKUObTsmG4C2/vEpaF1Xvslq7r1XqtTyOIpzAKZyDB1dQh1toQBMYDOEZXuHNkc6L8+58LFoLTj5zDH/gfP4ABAKNlw==</latexit>

MX

gauge couplings of the (properly normalized) subgroups should unify at/near
<latexit sha1_base64="zmgFhhF/ZOq35p66cjOWnzeidFs=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeCFy9CRfsBbSib7aZdutmE3YlQQn+CFw+KePUXefPfuG1z0NYHA4/3ZpiZFyRSGHTdb6ewtr6xuVXcLu3s7u0flA+PWiZONeNNFstYdwJquBSKN1Gg5J1EcxoFkreD8c3Mbz9xbUSsHnGScD+iQyVCwSha6eGu3+mXK27VnYOsEi8nFcjR6Je/eoOYpRFXyCQ1puu5CfoZ1SiY5NNSLzU8oWxMh7xrqaIRN342P3VKzqwyIGGsbSkkc/X3REYjYyZRYDsjiiOz7M3E/7xuiuG1nwmVpMgVWywKU0kwJrO/yUBozlBOLKFMC3srYSOqKUObTsmG4C2/vEpaF1Xvslq7r1XqtTyOIpzAKZyDB1dQh1toQBMYDOEZXuHNkc6L8+58LFoLTj5zDH/gfP4ABAKNlw==</latexit>

MX

two independent determinations of
<latexit sha1_base64="zmgFhhF/ZOq35p66cjOWnzeidFs=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeCFy9CRfsBbSib7aZdutmE3YlQQn+CFw+KePUXefPfuG1z0NYHA4/3ZpiZFyRSGHTdb6ewtr6xuVXcLu3s7u0flA+PWiZONeNNFstYdwJquBSKN1Gg5J1EcxoFkreD8c3Mbz9xbUSsHnGScD+iQyVCwSha6eGu3+mXK27VnYOsEi8nFcjR6Je/eoOYpRFXyCQ1puu5CfoZ1SiY5NNSLzU8oWxMh7xrqaIRN342P3VKzqwyIGGsbSkkc/X3REYjYyZRYDsjiiOz7M3E/7xuiuG1nwmVpMgVWywKU0kwJrO/yUBozlBOLKFMC3srYSOqKUObTsmG4C2/vEpaF1Xvslq7r1XqtTyOIpzAKZyDB1dQh1toQBMYDOEZXuHNkc6L8+58LFoLTj5zDH/gfP4ABAKNlw==</latexit>

MX
<latexit sha1_base64="Vmq2ymKvaV5ctyjEueatwUBrUMY=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoJVgETzWRoh4LXjxWsLXQhjDZbtqlm03Y3Qg19Jd48aCIV3+KN/+N2zYHbX0wzOO9GXb2hSlnSrvut1VaW9/Y3CpvV3Z29/ar9sFhRyWZJLRNEp7IboiKciZoWzPNaTeVFOOQ04dwfDPzHx6pVCwR93qSUj/GoWARI6iNFNjVPvJ0hOeLFqjArrl1dw5nlXgFqUGBVmB/9QcJyWIqNOGoVM9zU+3nKDUjnE4r/UzRFMkYh7RnqMCYKj+fHz51To0ycKJEmhLamau/N3KMlZrEoZmMUY/UsjcT//N6mY6u/ZyJNNNUkMVDUcYdnTizFJwBk5RoPjEEiWTmVoeMUCLRJquKCcFb/vIq6VzUvct6465RazaKOMpwDCdwBh5cQRNuoQVtIJDBM7zCm/VkvVjv1sditGQVO0fwB9bnD5LykwE=</latexit>

↵/↵s

<latexit sha1_base64="inrYruyFZJK5m5vV48ck6k72qw0=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69BIvgqSSlqMeCF48V7Ac0adlsN+3SzSbsTpQS+j+8eFDEq//Fm//GbZuDtj4YeLw3w8y8IBFco+N8W4WNza3tneJuaW//4PCofHzS1nGqKGvRWMSqGxDNBJeshRwF6yaKkSgQrBNMbud+55EpzWP5gNOE+REZSR5yStBIfU9z2a95OGZIBp1BueJUnQXsdeLmpAI5moPylzeMaRoxiVQQrXuuk6CfEYWcCjYrealmCaETMmI9QyWJmPazxdUz+8IoQzuMlSmJ9kL9PZGRSOtpFJjOiOBYr3pz8T+vl2J442dcJikySZeLwlTYGNvzCOwhV4yimBpCqOLmVpuOiSIUTVAlE4K7+vI6adeq7lW1fl+vNOp5HEU4g3O4BBeuoQF30IQWUFDwDK/wZj1ZL9a79bFsLVj5zCn8gfX5A1Vhkl8=</latexit>

sin2 ✓W (measured at/below weak scale)

Minimal (GG)
<latexit sha1_base64="9wQD0azJxhYaAWZhWBukISmNM94=">AAAB7HicbVBNTwIxEJ36ifiFevTSSEzwQnYNKkcSLx4xukACG9ItXWjodjdt14Rs+A1ePGiMV3+QN/+NBfag4EsmeXlvJjPzgkRwbRznG62tb2xubRd2irt7+weHpaPjlo5TRZlHYxGrTkA0E1wyz3AjWCdRjESBYO1gfDvz209MaR7LRzNJmB+RoeQhp8RYyXvwKlcX/VLZqTpz4FXi5qQMOZr90ldvENM0YtJQQbTuuk5i/Iwow6lg02Iv1SwhdEyGrGupJBHTfjY/dorPrTLAYaxsSYPn6u+JjERaT6LAdkbEjPSyNxP/87qpCet+xmWSGibpYlGYCmxiPPscD7hi1IiJJYQqbm/FdEQUocbmU7QhuMsvr5LWZdW9rtbua+VGPY+jAKdwBhVw4QYacAdN8IACh2d4hTck0Qt6Rx+L1jWUz5zAH6DPH5CHjdk=</latexit>

SU(5)
<latexit sha1_base64="CtxZOsqq+rl4ful2TJ3XKRIVikc="></latexit>

sin2 ✓W =
g02

g02 + g2
=

g21
g21 +

5
3g

2
2

<latexit sha1_base64="pTcU4dxBRO+HGZK5Q0g6KpJJ4OI=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0m0aI8FLx4r2A9IQ9lsN+3SzW7YnQgl5Gd48aCIV3+NN/+N2zYHbX0w8Hhvhpl5YSK4Adf9dkobm1vbO+Xdyt7+weFR9fika1SqKetQJZTuh8QwwSXrAAfB+olmJA4F64XTu7nfe2LacCUfYZawICZjySNOCVjJH0Sa0Ow6z5r5sFpz6+4CeJ14BamhAu1h9WswUjSNmQQqiDG+5yYQZEQDp4LllUFqWELolIyZb6kkMTNBtjg5xxdWGeFIaVsS8EL9PZGR2JhZHNrOmMDErHpz8T/PTyFqBhmXSQpM0uWiKBUYFJ7/j0dcMwpiZgmhmttbMZ0QmwLYlCo2BG/15XXSvap7N/XGQ6PWahRxlNEZOkeXyEO3qIXuURt1EEUKPaNX9OaA8+K8Ox/L1pJTzJyiP3A+fwBEJpE2</latexit>

3

8

<latexit sha1_base64="LOqIZ+BcCJwJZrP436YiBNCf45c=">AAAB+HicbVDLSgNBEOyNrxgfWfXoZTAI8RJ2Q1CPAS9ehATMA5LNMjuZTYbMPpyZFeKSL/HiQRGvfoo3/8ZJsgdNLGgoqrrp7vJizqSyrG8jt7G5tb2T3y3s7R8cFs2j47aMEkFoi0Q8El0PS8pZSFuKKU67saA48DjteJObud95pEKyKLxX05g6AR6FzGcEKy25ZrHcHFT7I/qA7tzuoHrhmiWrYi2A1omdkRJkaLjmV38YkSSgoSIcS9mzrVg5KRaKEU5nhX4iaYzJBI9oT9MQB1Q66eLwGTrXyhD5kdAVKrRQf0+kOJByGni6M8BqLFe9ufif10uUf+2kLIwTRUOyXOQnHKkIzVNAQyYoUXyqCSaC6VsRGWOBidJZFXQI9urL66RdrdiXlVqzVqrXsjjycApnUAYbrqAOt9CAFhBI4Ble4c14Ml6Md+Nj2ZozspkT+APj8wec+5G7</latexit>

(Q2 � M2
X)

<latexit sha1_base64="4E1qEVDMZWd7ExU3JBAwH+iz02I=">AAACKnicbVBNS+tAFJ2o76n1+V7VpZtgEVzVpBSfG0Fx47KCtUJTw830ph2cTMLMjVBCf48b/4obF0px6w9x2kbw68DMPZxzLzP3RJkUhjxv4iwsLv36vbyyWln7s/73X3Vj89KkuebY5qlM9VUEBqVQ2CZBEq8yjZBEEjvRzenU79yiNiJVFzTKsJfAQIlYcCArhdWTAGQ2hP15Cc1REGvgBV43xsUgNLaUyuC6ERih7E1DJAg7735YrXl1bwb3O/FLUmMlWmH1MeinPE9QEZdgTNf3MuoVoElwieNKkBvMgN/AALuWKkjQ9IrZqmN31yp9N061PYrcmfpxooDEmFES2c4EaGi+elPxJ6+bU3zYK4TKckLF5w/FuXQpdae5uX2hkZMcWQJcC/tXlw/BJkM23YoNwf+68ndy2aj7B/XmebN23CzjWGHbbIftMZ/9Z8fsjLVYm3F2xx7YE3t27p1HZ+K8zFsXnHJmi32C8/oG1gWoGw==</latexit>

↵/↵s =
e2

g2s
=

g2 sin2 ✓W
g2s

<latexit sha1_base64="pTcU4dxBRO+HGZK5Q0g6KpJJ4OI=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0m0aI8FLx4r2A9IQ9lsN+3SzW7YnQgl5Gd48aCIV3+NN/+N2zYHbX0w8Hhvhpl5YSK4Adf9dkobm1vbO+Xdyt7+weFR9fika1SqKetQJZTuh8QwwSXrAAfB+olmJA4F64XTu7nfe2LacCUfYZawICZjySNOCVjJH0Sa0Ow6z5r5sFpz6+4CeJ14BamhAu1h9WswUjSNmQQqiDG+5yYQZEQDp4LllUFqWELolIyZb6kkMTNBtjg5xxdWGeFIaVsS8EL9PZGR2JhZHNrOmMDErHpz8T/PTyFqBhmXSQpM0uWiKBUYFJ7/j0dcMwpiZgmhmttbMZ0QmwLYlCo2BG/15XXSvap7N/XGQ6PWahRxlNEZOkeXyEO3qIXuURt1EEUKPaNX9OaA8+K8Ox/L1pJTzJyiP3A+fwBEJpE2</latexit>

3

8

<latexit sha1_base64="LOqIZ+BcCJwJZrP436YiBNCf45c=">AAAB+HicbVDLSgNBEOyNrxgfWfXoZTAI8RJ2Q1CPAS9ehATMA5LNMjuZTYbMPpyZFeKSL/HiQRGvfoo3/8ZJsgdNLGgoqrrp7vJizqSyrG8jt7G5tb2T3y3s7R8cFs2j47aMEkFoi0Q8El0PS8pZSFuKKU67saA48DjteJObud95pEKyKLxX05g6AR6FzGcEKy25ZrHcHFT7I/qA7tzuoHrhmiWrYi2A1omdkRJkaLjmV38YkSSgoSIcS9mzrVg5KRaKEU5nhX4iaYzJBI9oT9MQB1Q66eLwGTrXyhD5kdAVKrRQf0+kOJByGni6M8BqLFe9ufif10uUf+2kLIwTRUOyXOQnHKkIzVNAQyYoUXyqCSaC6VsRGWOBidJZFXQI9urL66RdrdiXlVqzVqrXsjjycApnUAYbrqAOt9CAFhBI4Ble4c14Ml6Md+Nj2ZozspkT+APj8wec+5G7</latexit>

(Q2 � M2
X)

Running coupling constants decrease these quantities at lower energies
Georgi, Quinn, Weinberg ’74 

simplest 1-loop (ignore Higgs,…)

<latexit sha1_base64="M1CBxEIBbvAqWh8HzznfaJ0IFc4="></latexit>

↵(Q2)

↵s(Q2)
=

3

8


1� 11↵

2⇡
ln

M2
X

Q2

�<latexit sha1_base64="G35h9PKNwk1hMSJKQPxmtoqtvjk="></latexit>

sin2 ✓W (Q2) =
3

8


1� 55↵

18⇡
ln

M2
X

Q2

�
naively:

<latexit sha1_base64="nq9A0V3BhnwwoUYapBc/4FlEs6Q=">AAACCXicbVDLSsNAFJ3UV62vqEs3g0Wom5JIqYKbggvdiBXsA5oYJtNJO3QmCTMToYRs3fgrblwo4tY/cOffOG2z0NYDFw7n3Mu99/gxo1JZ1rdRWFpeWV0rrpc2Nre2d8zdvbaMEoFJC0csEl0fScJoSFqKKka6sSCI+4x0/NHFxO88ECFpFN6pcUxcjgYhDShGSkueCa+9LnQk5fCmYlv3qV3PoHMOU0dweEna2bFnlq2qNQVcJHZOyiBH0zO/nH6EE05ChRmSsmdbsXJTJBTFjGQlJ5EkRniEBqSnaYg4kW46/SSDR1rpwyASukIFp+rviRRxKcfc150cqaGc9ybif14vUcGZm9IwThQJ8WxRkDCoIjiJBfapIFixsSYIC6pvhXiIBMJKh1fSIdjzLy+S9knVrldrt7Vyo5bHUQQH4BBUgA1OQQNcgSZoAQwewTN4BW/Gk/FivBsfs9aCkc/sgz8wPn8An6yXuQ==</latexit>

MX ⇠ O(1016 GeV)

BUT…more to the story!

<latexit sha1_base64="p8tj8ixg2RhHHX7jz9V9ws2o7kg="></latexit>

1

g2i (Q
2)

� 1

g2i (M
2
X)

= ��i ln
Q2

M2
X
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Including         light complex Higgs fields:<latexit sha1_base64="NiWl6XrQ+E+4v3Y28j+Tak/wmMo=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeClx4r2g9oQ9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJaPZpqgH9GR5CFn1FjpQQ4ag3LFrboLkHXi5aQCOZqD8ld/GLM0QmmYoFr3PDcxfkaV4UzgrNRPNSaUTegIe5ZKGqH2s8WpM3JhlSEJY2VLGrJQf09kNNJ6GgW2M6JmrFe9ufif10tNeOtnXCapQcmWi8JUEBOT+d9kyBUyI6aWUKa4vZWwMVWUGZtOyYbgrb68TtpXVe+6WruvVeq1PI4inME5XIIHN1CHBjShBQxG8Ayv8OYI58V5dz6WrQUnnzmFP3A+fwAeCI2o</latexit>nH

<latexit sha1_base64="pggFb+OMW9EaBDh89/bAh1WhtP4="></latexit>

sin2 ✓W (Q2) =
3

8


1� ↵

4⇡

✓
110� nH

9

◆
ln

M2
X

Q2

� <latexit sha1_base64="5ftU7Vi7GThRhkPcIWaggZI5uqc="></latexit>

↵(Q2)

↵s(Q2)
=

3

8


1� ↵

2⇡

⇣
11 +

nH

6

⌘
ln

M2
X

Q2

�

small corrections: small changes in 
<latexit sha1_base64="jEgom5aBdWa8oCdVVILdnyiJ9No=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVI8FL16ECvYD2lA220m7dLMJuxuhhP4ILx4U8erv8ea/cdvmoK0PBh7vzTAzL0gE18Z1v53CxubW9k5xt7S3f3B4VD4+aes4VQxbLBax6gZUo+ASW4Ybgd1EIY0CgZ1gcjv3O0+oNI/lo5km6Ed0JHnIGTVW6vSFJPeD7qBccavuAmSdeDmpQI7moPzVH8YsjVAaJqjWPc9NjJ9RZTgTOCv1U40JZRM6wp6lkkao/Wxx7oxcWGVIwljZkoYs1N8TGY20nkaB7YyoGetVby7+5/VSE974GZdJalCy5aIwFcTEZP47GXKFzIipJZQpbm8lbEwVZcYmVLIheKsvr5P2VdWrV2sPtUqjlsdRhDM4h0vw4BoacAdNaAGDCTzDK7w5ifPivDsfy9aCk8+cwh84nz+kgI8V</latexit>

lnMX but large changes in
Buras et al. ’78;  

Goldman, Ross ’79 
…  

<latexit sha1_base64="zmgFhhF/ZOq35p66cjOWnzeidFs=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeCFy9CRfsBbSib7aZdutmE3YlQQn+CFw+KePUXefPfuG1z0NYHA4/3ZpiZFyRSGHTdb6ewtr6xuVXcLu3s7u0flA+PWiZONeNNFstYdwJquBSKN1Gg5J1EcxoFkreD8c3Mbz9xbUSsHnGScD+iQyVCwSha6eGu3+mXK27VnYOsEi8nFcjR6Je/eoOYpRFXyCQ1puu5CfoZ1SiY5NNSLzU8oWxMh7xrqaIRN342P3VKzqwyIGGsbSkkc/X3REYjYyZRYDsjiiOz7M3E/7xuiuG1nwmVpMgVWywKU0kwJrO/yUBozlBOLKFMC3srYSOqKUObTsmG4C2/vEpaF1Xvslq7r1XqtTyOIpzAKZyDB1dQh1toQBMYDOEZXuHNkc6L8+58LFoLTj5zDH/gfP4ABAKNlw==</latexit>

MX

Many small corrections: generally decrease
<latexit sha1_base64="zmgFhhF/ZOq35p66cjOWnzeidFs=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeCFy9CRfsBbSib7aZdutmE3YlQQn+CFw+KePUXefPfuG1z0NYHA4/3ZpiZFyRSGHTdb6ewtr6xuVXcLu3s7u0flA+PWiZONeNNFstYdwJquBSKN1Gg5J1EcxoFkreD8c3Mbz9xbUSsHnGScD+iQyVCwSha6eGu3+mXK27VnYOsEi8nFcjR6Je/eoOYpRFXyCQ1puu5CfoZ1SiY5NNSLzU8oWxMh7xrqaIRN342P3VKzqwyIGGsbSkkc/X3REYjYyZRYDsjiiOz7M3E/7xuiuG1nwmVpMgVWywKU0kwJrO/yUBozlBOLKFMC3srYSOqKUObTsmG4C2/vEpaF1Xvslq7r1XqtTyOIpzAKZyDB1dQh1toQBMYDOEZXuHNkc6L8+58LFoLTj5zDH/gfP4ABAKNlw==</latexit>

MX

Intense effort to compute these quantities  and match with data

(running     , careful thresholds, two-loops,…)

consistency of          prediction AND proton decay rate expectations<latexit sha1_base64="zmgFhhF/ZOq35p66cjOWnzeidFs=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeCFy9CRfsBbSib7aZdutmE3YlQQn+CFw+KePUXefPfuG1z0NYHA4/3ZpiZFyRSGHTdb6ewtr6xuVXcLu3s7u0flA+PWiZONeNNFstYdwJquBSKN1Gg5J1EcxoFkreD8c3Mbz9xbUSsHnGScD+iQyVCwSha6eGu3+mXK27VnYOsEi8nFcjR6Je/eoOYpRFXyCQ1puu5CfoZ1SiY5NNSLzU8oWxMh7xrqaIRN342P3VKzqwyIGGsbSkkc/X3REYjYyZRYDsjiiOz7M3E/7xuiuG1nwmVpMgVWywKU0kwJrO/yUBozlBOLKFMC3srYSOqKUObTsmG4C2/vEpaF1Xvslq7r1XqtTyOIpzAKZyDB1dQh1toQBMYDOEZXuHNkc6L8+58LFoLTj5zDH/gfP4ABAKNlw==</latexit>

MX

Upshot of this important story: nice account in talk by Haber, SUSY ’97 

<latexit sha1_base64="s1/2sXmn842wpdwXSh/DmhvNUIk=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV0J6jHgxWME84BkCb2TSTJmdmaZmRXCkn/w4kERr/6PN//GSbIHTSxoKKq66e6KEsGN9f1vb219Y3Nru7BT3N3bPzgsHR03jUo1ZQ2qhNLtCA0TXLKG5VawdqIZxpFgrWh8O/NbT0wbruSDnSQsjHEo+YBTtE5qdlEkI+yVyn7Fn4OskiAnZchR75W+un1F05hJSwUa0wn8xIYZasupYNNiNzUsQTrGIes4KjFmJszm107JuVP6ZKC0K2nJXP09kWFszCSOXGeMdmSWvZn4n9dJ7eAmzLhMUsskXSwapIJYRWavkz7XjFoxcQSp5u5WQkeokVoXUNGFECy/vEqal5XgqlK9r5Zr1TyOApzCGVxAANdQgzuoQwMoPMIzvMKbp7wX7937WLSuefnMCfyB9/kDijmPEw==</latexit>↵

GG**:

nth Workshop on Grand Unification (nWOGU)

4WOGU, 1983
<latexit sha1_base64="Ik29k1AWnBQOB84SgyEhqxh/iE0=">AAACFHicbZDLSsNAFIYn9VbrLerSTbAIlWJJalA3QsGNywr2Ar2EyXTaDp1MwsyJUEIfwo2v4saFIm5duPNtnLRdaOsPAx//OYcz5/cjzhTY9reRWVldW9/Ibua2tnd298z9g7oKY0lojYQ8lE0fK8qZoDVgwGkzkhQHPqcNf3ST1hsPVCoWinsYR7QT4IFgfUYwaMszi23FRLfchiEF7DUKgdc4vbZLZcftJkW7ZNvuxEvOUjifeGY+hVTWMjhzyKO5qp751e6FJA6oAMKxUi3HjqCTYAmMcDrJtWNFI0xGeEBbGgUOqOok06Mm1ol2elY/lPoJsKbu74kEB0qNA193BhiGarGWmv/VWjH0rzoJE1EMVJDZon7MLQitNCGrxyQlwMcaMJFM/9UiQywxAZ1jTofgLJ68DPVyybkouXduvuLO48iiI3SMCshBl6iCblEV1RBBj+gZvaI348l4Md6Nj1lrxpjPHKI/Mj5/AH0Nm0A=</latexit>

sin2 ✓W (mW ) = 0.214+0.004
�0.003

exp: 8WOGU, 1987
<latexit sha1_base64="9Y/RHjbQK0t/DJgX3qGfPf7TSxw=">AAACDHicbVDLSgMxFM3UV62vqks3wSLUTZkpg3YjFNy4rGAf0Kklk6ZtaJIZkjtCKf0AN/6KGxeKuPUD3Pk3ZtoutPVA4HDOudzcE8aCG3Ddbyeztr6xuZXdzu3s7u0f5A+PGiZKNGV1GolIt0JimOCK1YGDYK1YMyJDwZrh6Dr1mw9MGx6pOxjHrCPJQPE+pwSs1M0XAsPVfTmAIQPSbRZlt3l+5ZbK5UoQS+yWXNf3bSolKfAq8RakgBaodfNfQS+iiWQKqCDGtD03hs6EaOBUsGkuSAyLCR2RAWtbqohkpjOZHTPFZ1bp4X6k7VOAZ+rviQmRxoxlaJOSwNAse6n4n9dOoF/pTLiKE2CKzhf1E4EhwmkzuMc1oyDGlhCquf0rpkOiCQXbX86W4C2fvEoa5ZJ3UfJv/ULVX9SRRSfoFBWRhy5RFd2gGqojih7RM3pFb86T8+K8Ox/zaMZZzByjP3A+fwBVxJiM</latexit>

sin2 ✓W (mW ) = 0.228± 0.0044

Evidently, the strong and electroweak coupling constants do not unify in GG**!

But they appeared to do so then in supersymmetric version:

We’ll return to this soon!

nWOGU SUSY-XX

**results much more general than GG
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proton decay

GG: mediated by gauge bosons
<latexit sha1_base64="sSwdQYID/tDbsEeDCDz+yInXzV4=">AAAB7HicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI8BLx4juEkgWcLsZDYZMjO7zEMIS77BiwdFvPpB3vwbJ8keNLGgoajqprsrzjjTxve/vdLG5tb2Tnm3srd/cHhUPT5p69QqQkOS8lR1Y6wpZ5KGhhlOu5miWMScduLJ3dzvPFGlWSofzTSjkcAjyRJGsHFS2B30hR1Ua37dXwCtk6AgNSjQGlS/+sOUWEGlIRxr3Qv8zEQ5VoYRTmeVvtU0w2SCR7TnqMSC6ihfHDtDF04ZoiRVrqRBC/X3RI6F1lMRu06BzVivenPxP69nTXIb5Uxm1lBJlosSy5FJ0fxzNGSKEsOnjmCimLsVkTFWmBiXT8WFEKy+vE7aV/Xgut54aNSajSKOMpzBOVxCADfQhHtoQQgEGDzDK7x50nvx3r2PZWvJK2ZO4Q+8zx+90I6c</latexit>

Xµ

<latexit sha1_base64="EPxiZXyvSEbxO/l3Y5wk6u8N9OI=">AAAB7HicbVDLSgNBEOz1GeMr6tHLYBA8hV0J6jHgxWMEN4kkS5idzCZD5rHMzAphyTd48aCIVz/Im3/jJNmDJhY0FFXddHfFKWfG+v63t7a+sbm1Xdop7+7tHxxWjo5bRmWa0JAornQnxoZyJmlomeW0k2qKRcxpOx7fzvz2E9WGKflgJymNBB5KljCCrZPCx35PZP1K1a/5c6BVEhSkCgWa/cpXb6BIJqi0hGNjuoGf2ijH2jLC6bTcywxNMRnjIe06KrGgJsrnx07RuVMGKFHalbRorv6eyLEwZiJi1ymwHZllbyb+53Uzm9xEOZNpZqkki0VJxpFVaPY5GjBNieUTRzDRzN2KyAhrTKzLp+xCCJZfXiWty1pwVavf16uNehFHCU7hDC4ggGtowB00IQQCDJ7hFd486b14797HonXNK2ZO4A+8zx+/WI6d</latexit>

Yµ
<latexit sha1_base64="Vzc4iO12qp8CPWmoKQDsMEjvlmw=">AAAB8HicbVBNSwMxEJ31s9avqkcvwSJ4qru6qBeh4MVjC/ZD2qVk02wbmmSXJCuUpb/CiwdFvPpzvPlvTNs9aOuDgcd7M8zMCxPOtHHdb2dldW19Y7OwVdze2d3bLx0cNnWcKkIbJOaxaodYU84kbRhmOG0nimIRctoKR3dTv/VElWaxfDDjhAYCDySLGMHGSo/1Xtae3Prnl71S2a24M6Bl4uWkDDlqvdJXtx+TVFBpCMdadzw3MUGGlWGE00mxm2qaYDLCA9qxVGJBdZDNDp6gU6v0URQrW9Kgmfp7IsNC67EIbafAZqgXvan4n9dJTXQTZEwmqaGSzBdFKUcmRtPvUZ8pSgwfW4KJYvZWRIZYYWJsRkUbgrf48jJpXlS8q4pf98tVP4+jAMdwAmfgwTVU4R5q0AACAp7hFd4c5bw4787HvHXFyWeO4A+czx+rfY+i</latexit>

QX = 4/3
<latexit sha1_base64="y1lvysAQmqEjJmxrqCF7pr2jTqE=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU93Vol6EghePLdgv2qVk02wbmmSXJCuUpb/CiwdFvPpzvPlvTNs9aOuDgcd7M8zMC2LOtHHdbye3tr6xuZXfLuzs7u0fFA+PmjpKFKENEvFItQOsKWeSNgwznLZjRbEIOG0F4/uZ33qiSrNIPppJTH2Bh5KFjGBjpU69n3amd97FVb9YcsvuHGiVeBkpQYZav/jVG0QkEVQawrHWXc+NjZ9iZRjhdFroJZrGmIzxkHYtlVhQ7afzg6fozCoDFEbKljRorv6eSLHQeiIC2ymwGellbyb+53UTE976KZNxYqgki0VhwpGJ0Ox7NGCKEsMnlmCimL0VkRFWmBibUcGG4C2/vEqal2XvulypV0rVShZHHk7gFM7BgxuowgPUoAEEBDzDK7w5ynlx3p2PRWvOyWaO4Q+czx+odI+g</latexit>

QY = 1/3

<latexit sha1_base64="9SnJ3mwDYa11DAR2ar8mvKn26NA=">AAACBnicbVDLSsNAFJ34rPUVdSnCYBHqpiQS1GXFjcsK9gFNDJPppB06mcSZSaGErtz4K25cKOLWb3Dn3zhps9DWAxcO59zLvfcECaNSWda3sbS8srq2Xtoob25t7+yae/stGacCkyaOWSw6AZKEUU6aiipGOokgKAoYaQfD69xvj4iQNOZ3apwQL0J9TkOKkdKSbx5Vr3w3Sk/vHd9FLBkg6JKHlI5gJ5d9s2LVrCngIrELUgEFGr755fZinEaEK8yQlF3bSpSXIaEoZmRSdlNJEoSHqE+6mnIUEell0zcm8EQrPRjGQhdXcKr+nshQJOU4CnRnhNRAznu5+J/XTVV46WWUJ6kiHM8WhSmDKoZ5JrBHBcGKjTVBWFB9K8QDJBBWOrmyDsGef3mRtM5q9nnNuXUqdaeIowQOwTGoAhtcgDq4AQ3QBBg8gmfwCt6MJ+PFeDc+Zq1LRjFzAP7A+PwBwq+YBQ==</latexit>

(Aµ)
4
↵ ⌘ Xµ

<latexit sha1_base64="c3EEjD2RVyYXUyHGqVJiuKPY2aw=">AAACBnicbVDLSsNAFJ34rPUVdSnCYBHqpiRSH8uKG5cV7EOaGCbTSTt0Jokzk0IJXbnxV9y4UMSt3+DOv3HSZqGtBy4czrmXe+/xY0alsqxvY2FxaXlltbBWXN/Y3No2d3abMkoEJg0csUi0fSQJoyFpKKoYaceCIO4z0vIHV5nfGhIhaRTeqlFMXI56IQ0oRkpLnnlQvvQcnhzfn3oOYnEfQYc8JHQI7zLZM0tWxZoAzhM7JyWQo+6ZX043wgknocIMSdmxrVi5KRKKYkbGRSeRJEZ4gHqko2mIOJFuOnljDI+00oVBJHSFCk7U3xMp4lKOuK87OVJ9Oetl4n9eJ1HBhZvSME4UCfF0UZAwqCKYZQK7VBCs2EgThAXVt0LcRwJhpZMr6hDs2ZfnSfOkYp9VqjfVUq2ax1EA++AQlIENzkENXIM6aAAMHsEzeAVvxpPxYrwbH9PWBSOf2QN/YHz+AMXPmAc=</latexit>

(Aµ)
5
↵ ⌘ Yµ

vertices violate B and L
but preserve B-L w/assignment

dimension 6 operators:

<latexit sha1_base64="sSwdQYID/tDbsEeDCDz+yInXzV4=">AAAB7HicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI8BLx4juEkgWcLsZDYZMjO7zEMIS77BiwdFvPpB3vwbJ8keNLGgoajqprsrzjjTxve/vdLG5tb2Tnm3srd/cHhUPT5p69QqQkOS8lR1Y6wpZ5KGhhlOu5miWMScduLJ3dzvPFGlWSofzTSjkcAjyRJGsHFS2B30hR1Ua37dXwCtk6AgNSjQGlS/+sOUWEGlIRxr3Qv8zEQ5VoYRTmeVvtU0w2SCR7TnqMSC6ihfHDtDF04ZoiRVrqRBC/X3RI6F1lMRu06BzVivenPxP69nTXIb5Uxm1lBJlosSy5FJ0fxzNGSKEsOnjmCimLsVkTFWmBiXT8WFEKy+vE7aV/Xgut54aNSajSKOMpzBOVxCADfQhHtoQQgEGDzDK7x50nvx3r2PZWvJK2ZO4Q+8zx+90I6c</latexit>

Xµ
<latexit sha1_base64="EPxiZXyvSEbxO/l3Y5wk6u8N9OI=">AAAB7HicbVDLSgNBEOz1GeMr6tHLYBA8hV0J6jHgxWMEN4kkS5idzCZD5rHMzAphyTd48aCIVz/Im3/jJNmDJhY0FFXddHfFKWfG+v63t7a+sbm1Xdop7+7tHxxWjo5bRmWa0JAornQnxoZyJmlomeW0k2qKRcxpOx7fzvz2E9WGKflgJymNBB5KljCCrZPCx35PZP1K1a/5c6BVEhSkCgWa/cpXb6BIJqi0hGNjuoGf2ijH2jLC6bTcywxNMRnjIe06KrGgJsrnx07RuVMGKFHalbRorv6eyLEwZiJi1ymwHZllbyb+53Uzm9xEOZNpZqkki0VJxpFVaPY5GjBNieUTRzDRzN2KyAhrTKzLp+xCCJZfXiWty1pwVavf16uNehFHCU7hDC4ggGtowB00IQQCDJ7hFd486b14797HonXNK2ZO4A+8zx+/WI6d</latexit>

Yµ
<latexit sha1_base64="fA6XXCIWd8RAO3NHcYwaG79NBpo=">AAAB/HicbVBNS8NAEJ34WetXtEcvi0XwYk1qUY9FLx48VLAf0Iay2W7apZtN2N0oodS/4sWDIl79Id78N27bHLT1wcDjvRlm5vkxZ0o7zre1tLyyurae28hvbm3v7Np7+w0VJZLQOol4JFs+VpQzQeuaaU5bsaQ49Dlt+sPrid98oFKxSNzrNKZeiPuCBYxgbaSuXbg6uUUdyfoDjaWMHlH59KxrF52SMwVaJG5GipCh1rW/Or2IJCEVmnCsVNt1Yu2NsNSMcDrOdxJFY0yGuE/bhgocUuWNpseP0ZFReiiIpCmh0VT9PTHCoVJp6JvOEOuBmvcm4n9eO9HBpTdiIk40FWS2KEg40hGaJIF6TFKieWoIJpKZWxEZYImJNnnlTQju/MuLpFEuueelyl2lWK1kceTgAA7hGFy4gCrcQA3qQCCFZ3iFN+vJerHerY9Z65KVzRTgD6zPH+Bck5g=</latexit>

B � L ! 2/3

<latexit sha1_base64="ur1CtobUvSK+1HlC53BVkjiynes="></latexit>

⇠ (g25/M
2
X)(✏↵�� ū

c�
L �⌫u

�
L)(2ē

+
L�

µd↵L + ē+R�
µd↵R)

<latexit sha1_base64="RxBlSIGvM4VDJOP2ZhM81jV683o="></latexit>

+(g25/M
2
Y )(✏↵�� ū

c�
L �⌫d

�
L)(⌫̄

c
R�µd

↵
R) + h.c.

<latexit sha1_base64="VRtJEsGJfjrjb68MSTXUbXskacU=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARXJVEiroRirpwWcE+oAllMp20QyeTMHMjlNiFv+LGhSJu/Q13/o3TNgttPXDhzDn3MveeIBFcg+N8W4Wl5ZXVteJ6aWNza3vH3t1r6jhVlDVoLGLVDohmgkvWAA6CtRPFSBQI1gqG1xO/9cCU5rG8h1HC/Ij0JQ85JWCkrn3gGRewd8MEEHw1e126XbvsVJwp8CJxc1JGOepd+8vrxTSNmAQqiNYd10nAz4gCTgUbl7xUs4TQIemzjqGSREz72XT/MT42Sg+HsTIlAU/V3xMZibQeRYHpjAgM9Lw3Ef/zOimEF37GZZICk3T2UZgKDDGehIF7XDEKYmQIoYqbXTEdEEUomMhKJgR3/uRF0jytuGeV6l21XKvmcRTRITpCJ8hF56iGblEdNRBFj+gZvaI368l6sd6tj1lrwcpn9tEfWJ8/eziVEg==</latexit>

|�B| = 1

(one family — can generalize this)

<latexit sha1_base64="nJs40YwlZOpDZMZG6UL1byP+smM=">AAAB/nicbVDLSgMxFM34rPU1Kq7cBIsgCGVGSnVZcOOygn1AZ1oyaaYNzSQhyShlKPgrblwo4tbvcOffmLaz0NYDFw7n3Mu990SSUW0879tZWV1b39gsbBW3d3b39t2Dw6YWqcKkgQUTqh0hTRjlpGGoYaQtFUFJxEgrGt1M/dYDUZoKfm/GkoQJGnAaU4yMlXrusQwUHQwNUko8QtK9CCTtej235JW9GeAy8XNSAjnqPfcr6AucJoQbzJDWHd+TJsyQMhQzMikGqSYS4REakI6lHCVEh9ns/Ak8s0ofxkLZ4gbO1N8TGUq0HieR7UyQGepFbyr+53VSE1+HGeUyNYTj+aI4ZdAIOM0C9qki2LCxJQgram+FeIgUwsYmVrQh+IsvL5PmZdmvlit3lVKtmsdRACfgFJwDH1yBGrgFddAAGGTgGbyCN+fJeXHenY9564qTzxyBP3A+fwDYvpVg</latexit>

p ! e+⇡0

(image credits: Langacker ’81, Wikipedia)

proton lifetime: need hadronic matrix 
elements, anomalous dimensions, etc.

<latexit sha1_base64="/hNdCxYaAAOQwwM84OYZD1KXUvQ="></latexit>

⌧GG
p!e+⇡0 ⇠ 1030�31 yrs

see e.g. Bueno et al. ’07, PDG ’22 

Baryon and lepton number violation
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Proton decay can also be mediated at tree level by scalars!
<latexit sha1_base64="r+nSvElHl28bv4blmukgVNvLtPU=">AAACA3icbVDLSsNAFJ34rPUVdaebYBEq1pLUUt0IBTddVugL2qRMppNm6GQSZiZCCQU3/oobF4q49Sfc+TdO2yy09cCBwzn3MnOPG1EipGl+ayura+sbm5mt7PbO7t6+fnDYEmHMEW6ikIa840KBKWG4KYmkuBNxDAOX4rY7upvm7QfMBQlZQ44jbAdwyIhHEJTK6uvHtdu871gF3ykpXileFC59xzx3Gn09ZxbNGYxlYaUiB1LU+/pXbxCiOMBMIgqF6FpmJO0EckkQxZNsLxY4gmgEh7irJIMBFnYyu2FinClnYHghV2TSmLm/NxIYCDEOXDUZQOmLxWxq/pd1Y+nd2AlhUSwxQ/OHvJgaMjSmhRgDwjGSdKwERJyovxrIhxwiqWrLqhKsxZOXRatUtCrF8n05V62kdWTACTgFeWCBa1AFNVAHTYDAI3gGr+BNe9JetHftYz66oqU7R+APtM8fitCU4A==</latexit>

H = (h1
, h

2
, h

3
, h

+
,�h

0)T
<latexit sha1_base64="JR3ltjd0wGyXZ5LnxJdbcQlTh98=">AAACH3icbVDLTgIxFO3gC/E16tJNIzHBDZkxBF2SsGGJCa8EBtLpXKCh80jbMSGT+RM3/oobFxpj3PE3FpiFgidpcu459+b2HjfiTCrLWhi5nd29/YP8YeHo+OT0zDy/6MgwFhTaNOSh6LlEAmcBtBVTHHqRAOK7HLrurL70u08gJAuDlppH4PhkErAxo0RpaWRWBxBJxjVNiEs9SEsDXQ91kY4S20pvhy1cx2uNemutMYSRWbTK1gp4m9gZKaIMzZH5PfBCGvsQKMqJlH3bipSTEKEY5ZAWBrGEiNAZmUBf04D4IJ1kdV+Kb7Ti4XEo9AsUXqm/JxLiSzn3Xd3pEzWVm95S/M/rx2r84CQsiGIFAV0vGsccqxAvw8IeE0AVn2tCqGD6r5hOiSBU6UgLOgR78+Rt0rkr29Vy5bFSrFWyOPLoCl2jErLRPaqhBmqiNqLoGb2id/RhvBhvxqfxtW7NGdnMJfoDY/EDB4ii5Q==</latexit>

✏abcde( 
ab
10)

T
C 

cd
10H

e

but still requires heavy color triplet scalar

suppressed by small Yukawa couplings 
<latexit sha1_base64="U9Qn5wQNbfZB2Ny8AzyJyH1sAgg=">AAACAHicbVC7TsMwFHV4lvIKMDCwWFRITCVB4TFWYmEsUl9Sk0aO67RWbSeyHaQq6sKvsDCAECufwcbf4LYZoOVIVzo6517de0+UMqq043xbK6tr6xubpa3y9s7u3r59cNhSSSYxaeKEJbITIUUYFaSpqWakk0qCeMRIOxrdTf32I5GKJqKhxykJOBoIGlOMtJFC+9jXKAtT6CvKIe95YeOCh2nvKrQrTtWZAS4TtyAVUKAe2l9+P8EZJ0JjhpTquk6qgxxJTTEjk7KfKZIiPEID0jVUIE5UkM8emMAzo/RhnEhTQsOZ+nsiR1ypMY9MJ0d6qBa9qfif1810fBvkVKSZJgLPF8UZgzqB0zRgn0qCNRsbgrCk5laIh0girE1mZROCu/jyMmldVt3rqvfgVWpeEUcJnIBTcA5ccANq4B7UQRNgMAHP4BW8WU/Wi/VufcxbV6xi5gj8gfX5A2FDlZY=</latexit>

⌧p ⇠ m4
T /m

5
p

<latexit sha1_base64="IR2GgVNAznQlSpkoZ90OfZPPcAk=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsxIfSwLblxWsA9sh5JJ77ShmcyQZIQy9C/cuFDErX/jzr8xbWehrQcCh3PuJeeeIBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCopeNUMWyyWMSqE1CNgktsGm4EdhKFNAoEtoPx7cxvP6HSPJYPZpKgH9Gh5CFn1FjpsRdRMwrC7HLaL1fcqjsHWSVeTiqQo9Evf/UGMUsjlIYJqnXXcxPjZ1QZzgROS71UY0LZmA6xa6mkEWo/myeekjOrDEgYK/ukIXP190ZGI60nUWAnZwn1sjcT//O6qQlv/IzLJDUo2eKjMBXExGR2PhlwhcyIiSWUKW6zEjaiijJjSyrZErzlk1dJ66LqXVVr97VKvZbXUYQTOIVz8OAa6nAHDWgCAwnP8ApvjnZenHfnYzFacPKdY/gD5/MHliKQ1A==</latexit>

5

doublet-triplet splitting problem

arises also in SSB: cross terms b/w <latexit sha1_base64="GLUZitr1I3ExZd/qsTtDG67AojQ=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeCF48V7Ae0oWy2m2bp7ibsboQS+he8eFDEq3/Im//GTZqDtj4YeLw3w8y8IOFMG9f9diobm1vbO9Xd2t7+weFR/fikp+NUEdolMY/VIMCaciZp1zDD6SBRFIuA034wu8v9/hNVmsXy0cwT6gs8lSxkBJtcGnUiNq433KZbAK0TryQNKNEZ179Gk5ikgkpDONZ66LmJ8TOsDCOcLmqjVNMEkxme0qGlEguq/ay4dYEurDJBYaxsSYMK9fdEhoXWcxHYToFNpFe9XPzPG6YmvPUzJpPUUEmWi8KUIxOj/HE0YYoSw+eWYKKYvRWRCCtMjI2nZkPwVl9eJ72rpnfdbD20Gu1WGUcVzuAcLsGDG2jDPXSgCwQieIZXeHOE8+K8Ox/L1opTzpzCHzifP+Fxjho=</latexit>

� and <latexit sha1_base64="M6+OuIPNZ2Uy0gm1RhxCnHgSHHc=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KokU9Vjw0mML9gPaUDbbSbt2swm7G6GE/gIvHhTx6k/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nY3Nre2d3cJecf/g8Oi4dHLa1nGqGLZYLGLVDahGwSW2DDcCu4lCGgUCO8Hkfu53nlBpHssHM03Qj+hI8pAzaqzUrA9KZbfiLkDWiZeTMuRoDEpf/WHM0gilYYJq3fPcxPgZVYYzgbNiP9WYUDahI+xZKmmE2s8Wh87IpVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGdn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNkUbgrf68jppX1e8m0q1WS3XqnkcBTiHC7gCD26hBnVoQAsYIDzDK7w5j86L8+58LFs3nHzmDP7A+fwBnDGMxw==</latexit>

H

fine-tuning (part of the famous Higgs hierarchy problem)

in SUSY versions aspects of this will be mitigated…

<latexit sha1_base64="BhSX433NZzxZh3YNnUqoJVUgAgM=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeCF48V+oVtCJvtJl26uwm7G6GE/gsvHhTx6r/x5r9x2+agrQ8GHu/NMDMvTDnTxnW/ndLG5tb2Tnm3srd/cHhUPT7p6iRThHZIwhPVD7GmnEnaMcxw2k8VxSLktBdO7uZ+74kqzRLZNtOU+gLHkkWMYGOlRxG0h3GMRDAOqjW37i6A1olXkBoUaAXVr+EoIZmg0hCOtR54bmr8HCvDCKezyjDTNMVkgmM6sFRiQbWfLy6eoQurjFCUKFvSoIX6eyLHQuupCG2nwGasV725+J83yEx06+dMppmhkiwXRRlHJkHz99GIKUoMn1qCiWL2VkTGWGFibEgVG4K3+vI66V7Vvet646FRazaKOMpwBudwCR7cQBPuoQUdICDhGV7hzdHOi/PufCxbS04xcwp/4Hz+AAe3kHc=</latexit>

mT � mh

A preview: 

but new constraints from proton decay will also arise!
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Fermion masses

mb = mτ mµ = 3ms md = 3me

Chanowitz et al. ’77 
Buras et al. ’78 

Georgi, Jarlskog ’79

with minimal scalar content: <latexit sha1_base64="GLUZitr1I3ExZd/qsTtDG67AojQ=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeCF48V7Ae0oWy2m2bp7ibsboQS+he8eFDEq3/Im//GTZqDtj4YeLw3w8y8IOFMG9f9diobm1vbO9Xd2t7+weFR/fikp+NUEdolMY/VIMCaciZp1zDD6SBRFIuA034wu8v9/hNVmsXy0cwT6gs8lSxkBJtcGnUiNq433KZbAK0TryQNKNEZ179Gk5ikgkpDONZ66LmJ8TOsDCOcLmqjVNMEkxme0qGlEguq/ay4dYEurDJBYaxsSYMK9fdEhoXWcxHYToFNpFe9XPzPG6YmvPUzJpPUUEmWi8KUIxOj/HE0YYoSw+eWYKKYvRWRCCtMjI2nZkPwVl9eJ72rpnfdbD20Gu1WGUcVzuAcLsGDG2jDPXSgCwQieIZXeHOE8+K8Ox/L1opTzpzCHzifP+Fxjho=</latexit>

� , <latexit sha1_base64="M6+OuIPNZ2Uy0gm1RhxCnHgSHHc=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KokU9Vjw0mML9gPaUDbbSbt2swm7G6GE/gIvHhTx6k/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nY3Nre2d3cJecf/g8Oi4dHLa1nGqGLZYLGLVDahGwSW2DDcCu4lCGgUCO8Hkfu53nlBpHssHM03Qj+hI8pAzaqzUrA9KZbfiLkDWiZeTMuRoDEpf/WHM0gilYYJq3fPcxPgZVYYzgbNiP9WYUDahI+xZKmmE2s8Wh87IpVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGdn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNkUbgrf68jppX1e8m0q1WS3XqnkcBTiHC7gCD26hBnVoQAsYIDzDK7w5j86L8+58LFs3nHzmDP7A+fwBnDGMxw==</latexit>

H

interactions
<latexit sha1_base64="yh7RT5jGtOiNcdazzLVoSbKYRuk=">AAACEHicbVC5TsNAEF1zhnAZKGlWRAiqyEbhKCOlSRmkXFKcWOP1OlllfWh3jRRZ/gQafoWGAoRoKen4GzZHAQlPGunpvRnNzPMSzqSyrG9jbX1jc2u7sFPc3ds/ODSPjtsyTgWhLRLzWHQ9kJSziLYUU5x2E0Eh9DjteOPa1O88UCFZHDXVJKH9EIYRCxgBpSXXvHDIiLnZNeSDJq5hJ5FskIGXu5lt5fWB48NwSIXruWbJKlsz4FViL0gJLdBwzS/Hj0ka0kgRDlL2bCtR/QyEYoTTvOikkiZAxjCkPU0jCKnsZ7OHcnyuFR8HsdAVKTxTf09kEEo5CT3dGYIayWVvKv7n9VIV3PUzFiWpohGZLwpSjlWMp+lgnwlKFJ9oAkQwfSsmIxBAlM6wqEOwl19eJe2rsn1TrtxXStXKIo4COkVn6BLZ6BZVUR01UAsR9Iie0St6M56MF+Pd+Ji3rhmLmRP0B8bnD/TgnIQ=</latexit>

�
T
5aC 

ab
10H

†
b

<latexit sha1_base64="JR3ltjd0wGyXZ5LnxJdbcQlTh98=">AAACH3icbVDLTgIxFO3gC/E16tJNIzHBDZkxBF2SsGGJCa8EBtLpXKCh80jbMSGT+RM3/oobFxpj3PE3FpiFgidpcu459+b2HjfiTCrLWhi5nd29/YP8YeHo+OT0zDy/6MgwFhTaNOSh6LlEAmcBtBVTHHqRAOK7HLrurL70u08gJAuDlppH4PhkErAxo0RpaWRWBxBJxjVNiEs9SEsDXQ91kY4S20pvhy1cx2uNemutMYSRWbTK1gp4m9gZKaIMzZH5PfBCGvsQKMqJlH3bipSTEKEY5ZAWBrGEiNAZmUBf04D4IJ1kdV+Kb7Ti4XEo9AsUXqm/JxLiSzn3Xd3pEzWVm95S/M/rx2r84CQsiGIFAV0vGsccqxAvw8IeE0AVn2tCqGD6r5hOiSBU6UgLOgR78+Rt0rkr29Vy5bFSrFWyOPLoCl2jErLRPaqhBmqiNqLoGb2id/RhvBhvxqfxtW7NGdnMJfoDY/EDB4ii5Q==</latexit>

✏abcde( 
ab
10)

T
C 

cd
10H

e

(down quarks, charged leptons) (up quarks)

(partial) Yukawa unification:
<latexit sha1_base64="K4bQQI+preGUb+KwhM/8dtUgp7s=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi1YtQ8OKxgv3ANoTNdtMu3d2E3YlQSv+FFw+KePXfePPfuG1z0NYHA4/3ZpiZF6WCG/S8b6ewtr6xuVXcLu3s7u0flA+PWibJNGVNmohEdyJimOCKNZGjYJ1UMyIjwdrR6Hbmt5+YNjxRDzhOWSDJQPGYU4JWepRhdCPDHpIsLFe8qjeHu0r8nFQgRyMsf/X6Cc0kU0gFMabreykGE6KRU8GmpV5mWEroiAxY11JFJDPBZH7x1D2zSt+NE21LoTtXf09MiDRmLCPbKQkOzbI3E//zuhnG18GEqzRDpuhiUZwJFxN39r7b55pRFGNLCNXc3urSIdGEog2pZEPwl19eJa2Lql+rXt5fVuq1PI4inMApnIMPV1CHO2hAEygoeIZXeHOM8+K8Ox+L1oKTzxzDHzifP2g3kLg=</latexit>mb = m⌧

<latexit sha1_base64="AeX1roGTtRhTE5WMq9FIH9Q9VjI=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9mV0noRCl48VrAf0i5LNs22oUl2SbJCWforvHhQxKs/x5v/xrTdg7Y+GHi8N8PMvDDhTBvX/XYKG5tb2zvF3dLe/sHhUfn4pKPjVBHaJjGPVS/EmnImadsww2kvURSLkNNuOLmd+90nqjSL5YOZJtQXeCRZxAg2VnoUgb4RwUCkQbniVt0F0DrxclKBHK2g/DUYxiQVVBrCsdZ9z02Mn2FlGOF0VhqkmiaYTPCI9i2VWFDtZ4uDZ+jCKkMUxcqWNGih/p7IsNB6KkLbKbAZ61VvLv7n9VMTXfsZk0lqqCTLRVHKkYnR/Hs0ZIoSw6eWYKKYvRWRMVaYGJtRyYbgrb68TjpXVa9erd3XKs16HkcRzuAcLsGDBjThDlrQBgICnuEV3hzlvDjvzseyteDkM6fwB87nD7xPkFc=</latexit>ms = mµ
<latexit sha1_base64="koaEdLs0Giz46Bgkmtu6dOvCjlU=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVC9CwYvHCvYD2hA2m027dHcTdjdCCf0RXjwo4tXf481/47bNQVsfDDzem2FmXphypo3rfjuljc2t7Z3ybmVv/+DwqHp80tVJpgjtkIQnqh9iTTmTtGOY4bSfKopFyGkvnNzN/d4TVZol8tFMU+oLPJIsZgQbK/VEEN2KgAbVmlt3F0DrxCtIDQq0g+rXMEpIJqg0hGOtB56bGj/HyjDC6awyzDRNMZngER1YKrGg2s8X587QhVUiFCfKljRoof6eyLHQeipC2ymwGetVby7+5w0yE9/4OZNpZqgky0VxxpFJ0Px3FDFFieFTSzBRzN6KyBgrTIxNqGJD8FZfXifdq7rXrDceGrVWs4ijDGdwDpfgwTW04B7a0AECE3iGV3hzUufFeXc+lq0lp5g5hT9wPn8ADM2PWw==</latexit>md = me holds at

<latexit sha1_base64="zmgFhhF/ZOq35p66cjOWnzeidFs=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeCFy9CRfsBbSib7aZdutmE3YlQQn+CFw+KePUXefPfuG1z0NYHA4/3ZpiZFyRSGHTdb6ewtr6xuVXcLu3s7u0flA+PWiZONeNNFstYdwJquBSKN1Gg5J1EcxoFkreD8c3Mbz9xbUSsHnGScD+iQyVCwSha6eGu3+mXK27VnYOsEi8nFcjR6Je/eoOYpRFXyCQ1puu5CfoZ1SiY5NNSLzU8oWxMh7xrqaIRN342P3VKzqwyIGGsbSkkc/X3REYjYyZRYDsjiiOz7M3E/7xuiuG1nwmVpMgVWywKU0kwJrO/yUBozlBOLKFMC3srYSOqKUObTsmG4C2/vEpaF1Xvslq7r1XqtTyOIpzAKZyDB1dQh1toQBMYDOEZXuHNkc6L8+58LFoLTj5zDH/gfP4ABAKNlw==</latexit>

MX

works well for third family but still disastrous for lighter generations:

Fixes include: non-minimal scalar sector, family symmetries,…

one famous approach: Georgi-Jarlskog

include both     and       scalars
<latexit sha1_base64="gen1/bP06EvZQVnoIpJSFdVwYnI=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIVpcFNy4r2Ae2Q8mkmTY0kxmSO0IZ+hduXCji1r9x59+YtrPQ1gOBwzn3knNPkEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnC/YgOlQgFo2ilx15EcRSE2dW0X664VXcOskq8nFQgR6Nf/uoNYpZGXCGT1Jiu5yboZ1SjYJJPS73U8ISyMR3yrqWKRtz42TzxlJxZZUDCWNunkMzV3xsZjYyZRIGdnCU0y95M/M/rphje+JlQSYpcscVHYSoJxmR2PhkIzRnKiSWUaWGzEjaimjK0JZVsCd7yyaukdVH1atXL+8tKvZbXUYQTOIVz8OAa6nAHDWgCAwXP8ApvjnFenHfnYzFacPKdY/gD5/MHlryQ1g==</latexit>

5
<latexit sha1_base64="RtbWyltvoj9UPGTyVXE8lW5mkPQ=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KjNSq8uCG5cV7AOmQ8mkmTY0kwzJHaEM/Qw3LhRx69e482/MtLPQ1gOBwzn3knNPmAhuwHW/ndLG5tb2Tnm3srd/cHhUPT7pGpVqyjpUCaX7ITFMcMk6wEGwfqIZiUPBeuH0Lvd7T0wbruQjzBIWxGQsecQpASv5g5jAJIyyxvV8WK25dXcBvE68gtRQgfaw+jUYKZrGTAIVxBjfcxMIMqKBU8HmlUFqWELolIyZb6kkMTNBtog8xxdWGeFIafsk4IX6eyMjsTGzOLSTeUSz6uXif56fQnQbZFwmKTBJlx9FqcCgcH4/HnHNKIiZJYRqbrNiOiGaULAtVWwJ3urJ66R7Vfea9cZDo9ZqFnWU0Rk6R5fIQzeohe5RG3UQRQo9o1f05oDz4rw7H8vRklPsnKI/cD5/AA5CkRQ=</latexit>

45

<latexit sha1_base64="wU/VewOYKtkMgMGDvq7aop33gyg=">AAAB+nicbVDLSsNAFJ3UV62vVJduBovgqiZSqhuh4MZlBfuANoTJ5LYdOpOEmYlSYj/FjQtF3Pol7vwbp20W2nrgcg/n3MvcOUHCmdKO820V1tY3NreK26Wd3b39A7t82FZxKim0aMxj2Q2IAs4iaGmmOXQTCUQEHDrB+Gbmdx5AKhZH93qSgCfIMGIDRok2km+XhR+eC19dCx9M74vUtytO1ZkDrxI3JxWUo+nbX/0wpqmASFNOlOq5TqK9jEjNKIdpqZ8qSAgdkyH0DI2IAOVl89On+NQoIR7E0lSk8Vz9vZERodREBGZSED1Sy95M/M/rpXpw5WUsSlINEV08NEg51jGe5YBDJoFqPjGEUMnMrZiOiCRUm7RKJgR3+curpH1RdevV2l2t0qjncRTRMTpBZ8hFl6iBblETtRBFj+gZvaI368l6sd6tj8Vowcp3jtAfWJ8/qWaTlw==</latexit>

md/ms = me/mµ (bad!)

holds at
<latexit sha1_base64="zmgFhhF/ZOq35p66cjOWnzeidFs=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeCFy9CRfsBbSib7aZdutmE3YlQQn+CFw+KePUXefPfuG1z0NYHA4/3ZpiZFyRSGHTdb6ewtr6xuVXcLu3s7u0flA+PWiZONeNNFstYdwJquBSKN1Gg5J1EcxoFkreD8c3Mbz9xbUSsHnGScD+iQyVCwSha6eGu3+mXK27VnYOsEi8nFcjR6Je/eoOYpRFXyCQ1puu5CfoZ1SiY5NNSLzU8oWxMh7xrqaIRN342P3VKzqwyIGGsbSkkc/X3REYjYyZRYDsjiiOz7M3E/7xuiuG1nwmVpMgVWywKU0kwJrO/yUBozlBOLKFMC3srYSOqKUObTsmG4C2/vEpaF1Xvslq7r1XqtTyOIpzAKZyDB1dQh1toQBMYDOEZXuHNkc6L8+58LFoLTj5zDH/gfP4ABAKNlw==</latexit>

MX
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Recap: G/B/U checklist

elegantly accommodates the SM fermions in
<latexit sha1_base64="eNllYUHStw7SpOcHXVbetcr8+jw=">AAACCnicbVDLSgMxFM3UV62vUZduokUQhDIj9bEsuHFZwT6gM5RMmmlDM8mQZIQyzNqNv+LGhSJu/QJ3/o2ZdgRtPRA4nHMPufcEMaNKO86XVVpaXlldK69XNja3tnfs3b22EonEpIUFE7IbIEUY5aSlqWakG0uCooCRTjC+zv3OPZGKCn6nJzHxIzTkNKQYaSP17UNPGDtPp16E9CgI0/MsO/3hrpP17apTc6aAi8QtSBUUaPbtT28gcBIRrjFDSvVcJ9Z+iqSmmJGs4iWKxAiP0ZD0DOUoIspPp6dk8NgoAxgKaR7XcKr+TqQoUmoSBWYyX1HNe7n4n9dLdHjlp5THiSYczz4KEwa1gHkvcEAlwZpNDEFYUrMrxCMkEdamvYopwZ0/eZG0z2ruRa1+W6826kUdZXAAjsAJcMElaIAb0AQtgMEDeAIv4NV6tJ6tN+t9Nlqyisw++APr4xvdWJr1</latexit>

5+ 10

electric charge quantization

Beautiful and economical…

    is its maximal subgroup (unique)
<latexit sha1_base64="ibgKezveJsLl0tot2XmFHh9sYrA=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CRbBU9mVoh4LHvQiVLQf2C4lm2bb0CS7JFmhLP0XXjwo4tV/481/Y7rdg7Y+GHi8N8PMvCDmTBvX/XYKK6tr6xvFzdLW9s7uXnn/oKWjRBHaJBGPVCfAmnImadMww2knVhSLgNN2ML6a+e0nqjSL5IOZxNQXeChZyAg2Vnq87qc9JdD97bRfrrhVNwNaJl5OKpCj0S9/9QYRSQSVhnCsdddzY+OnWBlGOJ2WeommMSZjPKRdSyUWVPtpdvEUnVhlgMJI2ZIGZerviRQLrScisJ0Cm5Fe9Gbif143MeGlnzIZJ4ZKMl8UJhyZCM3eRwOmKDF8YgkmitlbERlhhYmxIZVsCN7iy8ukdVb1zqu1u1qlXsvjKMIRHMMpeHABdbiBBjSBgIRneIU3RzsvzrvzMW8tOPnMIfyB8/kD/9iQcg==</latexit>

GSM

predictive power (with desert hypothesis)
correct form of SM charged and neutral weak currents

<latexit sha1_base64="H2wj8pSJJG1UBs/RNQVI9qoUimc=">AAACFnicbZDLSgMxFIYzXmu9VV26CRbBjWVGirosuHEjVLAX6AzDmTQzDc0kQ5JRSulTuPFV3LhQxK24821MLwtt/SHw8Z9zODl/lHGmjet+O0vLK6tr64WN4ubW9s5uaW+/qWWuCG0QyaVqR6ApZ4I2DDOctjNFIY04bUX9q3G9dU+VZlLcmUFGgxQSwWJGwFgrLJ36wLMe+JzjKYUa+1yKRLGkZ0Ap+YBvwrafJDgNW2Gp7FbcifAieDMoo5nqYenL70qSp1QYwkHrjudmJhiCMoxwOir6uaYZkD4ktGNRQEp1MJycNcLH1uniWCr7hMET9/fEEFKtB2lkO1MwPT1fG5v/1Tq5iS+DIRNZbqgg00VxzrGReJwR7jJFieEDC0AUs3/FpAcKiLFJFm0I3vzJi9A8q3jnlepttVyrzuIooEN0hE6Qhy5QDV2jOmoggh7RM3pFb86T8+K8Ox/T1iVnNnOA/sj5/AEw459Y</latexit>

↵ ⌧ ↵s �! MX � mW
<latexit sha1_base64="Y9M/srmeAcSwLmnwScwcfQpSow4="></latexit>

sin2 ✓W  ! ⌧p!e+⇡0

B and L violation prototypical; B-L conservation

Yukawa unification (         ) for minimal Higgs sector
<latexit sha1_base64="4nYPeOgFg1PZUd3LDqDX/UUdWz8=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69BIvgxZJIUY8FLx4r2A9oQ9lsN+3azW7YnQgl9D948aCIV/+PN/+N2zYHbX0w8Hhvhpl5YSK4Qc/7dgpr6xubW8Xt0s7u3v5B+fCoZVSqKWtSJZTuhMQwwSVrIkfBOolmJA4Fa4fj25nffmLacCUfcJKwICZDySNOCVqpFV70kKT9csWrenO4q8TPSQVyNPrlr95A0TRmEqkgxnR9L8EgIxo5FWxa6qWGJYSOyZB1LZUkZibI5tdO3TOrDNxIaVsS3bn6eyIjsTGTOLSdMcGRWfZm4n9eN8XoJsi4TFJkki4WRalwUbmz190B14yimFhCqOb2VpeOiCYUbUAlG4K//PIqaV1W/atq7b5WqdfyOIpwAqdwDj5cQx3uoAFNoPAIz/AKb45yXpx352PRWnDymWP4A+fzB0UkjuY=</latexit>

b� ⌧

G:

So predictive that it’s ruled out!B:
gauge coupling unification (with desert hypothesis) fails

lighter generation masses; doublet-triplet splitting

U: Hierarchy problem, no connection to gravity, …

reducible representations; arguably still quite complicated

tip of the hat to Mohapatra, TASI ’97 lectures

minimal (GG)
<latexit sha1_base64="9wQD0azJxhYaAWZhWBukISmNM94=">AAAB7HicbVBNTwIxEJ36ifiFevTSSEzwQnYNKkcSLx4xukACG9ItXWjodjdt14Rs+A1ePGiMV3+QN/+NBfag4EsmeXlvJjPzgkRwbRznG62tb2xubRd2irt7+weHpaPjlo5TRZlHYxGrTkA0E1wyz3AjWCdRjESBYO1gfDvz209MaR7LRzNJmB+RoeQhp8RYyXvwKlcX/VLZqTpz4FXi5qQMOZr90ldvENM0YtJQQbTuuk5i/Iwow6lg02Iv1SwhdEyGrGupJBHTfjY/dorPrTLAYaxsSYPn6u+JjERaT6LAdkbEjPSyNxP/87qpCet+xmWSGibpYlGYCmxiPPscD7hi1IiJJYQqbm/FdEQUocbmU7QhuMsvr5LWZdW9rtbua+VGPY+jAKdwBhVw4QYacAdN8IACh2d4hTck0Qt6Rx+L1jWUz5zAH6DPH5CHjdk=</latexit>

SU(5)
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<latexit sha1_base64="FDwQPQqquKGKabKt4cTs8j4AylA=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRahXsqulOqx4MWbFe0HtEvJptk2NpssSVYoS/+DFw+KePX/ePPfmLZ70NYHA4/3ZpiZF8ScaeO6305ubX1jcyu/XdjZ3ds/KB4etbRMFKFNIrlUnQBrypmgTcMMp51YURwFnLaD8fXMbz9RpZkUD2YSUz/CQ8FCRrCxUuv+tuy55/1iya24c6BV4mWkBBka/eJXbyBJElFhCMdadz03Nn6KlWGE02mhl2gaYzLGQ9q1VOCIaj+dXztFZ1YZoFAqW8Kgufp7IsWR1pMosJ0RNiO97M3E/7xuYsIrP2UiTgwVZLEoTDgyEs1eRwOmKDF8YgkmitlbERlhhYmxARVsCN7yy6ukdVHxapXqXbVUr2Zx5OEETqEMHlxCHW6gAU0g8AjP8ApvjnRenHfnY9Gac7KZY/gD5/MH7uyOBQ==</latexit>

SO(10) Georgi (1974);  
Fritzsch, Minkowski (1975)

simplest version of
<latexit sha1_base64="gPDpZR98J3xmnT1KcftByCugk60=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBahIpSkBPVY8OJJK9oPaEPZbDft0s0m7m6EEvonvHhQxKt/x5v/xm2bg7Y+GHi8N8PMPD/mTGnb/rZyK6tr6xv5zcLW9s7uXnH/oKmiRBLaIBGPZNvHinImaEMzzWk7lhSHPqctf3Q19VtPVCoWiQc9jqkX4oFgASNYG6l9f1t2b86qp71iya7YM6Bl4mSkBBnqveJXtx+RJKRCE46V6jh2rL0US80Ip5NCN1E0xmSEB7RjqMAhVV46u3eCTozSR0EkTQmNZurviRSHSo1D33SGWA/VojcV//M6iQ4uvZSJONFUkPmiIOFIR2j6POozSYnmY0MwkczcisgQS0y0iahgQnAWX14mzWrFOa+4d26p5mZx5OEIjqEMDlxADa6hDg0gwOEZXuHNerRerHfrY96as7KZQ/gD6/MH+xWOlw==</latexit>

SO(4N + 2)

each fermion family: irreducible complex spinor rep
<latexit sha1_base64="FT/7+eya3p91RnQoxfS4FLF6wos=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KjNSapcFNy4r2AdMh5JJM21oJhmSO0IZ+hluXCji1q9x59+YaWehrQcCh3PuJeeeMBHcgOt+O6Wt7Z3dvfJ+5eDw6PikenrWMyrVlHWpEkoPQmKY4JJ1gYNgg0QzEoeC9cPZXe73n5g2XMlHmCcsiMlE8ohTAlbyhzGBaRhlXnMxqtbcursE3iReQWqoQGdU/RqOFU1jJoEKYozvuQkEGdHAqWCLyjA1LCF0RibMt1SSmJkgW0Ze4CurjHGktH0S8FL9vZGR2Jh5HNrJPKJZ93LxP89PIWoFGZdJCkzS1UdRKjAonN+Px1wzCmJuCaGa26yYTokmFGxLFVuCt37yJund1L1mvfHQqLVbRR1ldIEu0TXy0C1qo3vUQV1EkULP6BW9OeC8OO/Ox2q05BQ75+gPnM8fC8+RFA==</latexit>

16

<latexit sha1_base64="FDwQPQqquKGKabKt4cTs8j4AylA=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRahXsqulOqx4MWbFe0HtEvJptk2NpssSVYoS/+DFw+KePX/ePPfmLZ70NYHA4/3ZpiZF8ScaeO6305ubX1jcyu/XdjZ3ds/KB4etbRMFKFNIrlUnQBrypmgTcMMp51YURwFnLaD8fXMbz9RpZkUD2YSUz/CQ8FCRrCxUuv+tuy55/1iya24c6BV4mWkBBka/eJXbyBJElFhCMdadz03Nn6KlWGE02mhl2gaYzLGQ9q1VOCIaj+dXztFZ1YZoFAqW8Kgufp7IsWR1pMosJ0RNiO97M3E/7xuYsIrP2UiTgwVZLEoTDgyEs1eRwOmKDF8YgkmitlbERlhhYmxARVsCN7yy6ukdVHxapXqXbVUr2Zx5OEETqEMHlxCHW6gAU0g8AjP8ApvjnRenHfnY9Gac7KZY/gD5/MH7uyOBQ==</latexit>

SO(10)

Many options for symmetry breaking patterns:

<latexit sha1_base64="1tSpafvt8UY/MXvkDDyvDGs5lHk=">AAAB+3icbVBNT8JAEN3iF+JXxaOXjcQELqQ1+HEk8eIRo0USaJrtsoUN222zOzUSwl/x4kFjvPpHvPlvXKAHBV8yyct7M5mZF6aCa3Ccb6uwtr6xuVXcLu3s7u0f2Ifltk4yRZlHE5GoTkg0E1wyDzgI1kkVI3Eo2EM4up75D49MaZ7IexinzI/JQPKIUwJGCuzynVc9r/WAx0xjr+rWgk5gV5y6MwdeJW5OKihHK7C/ev2EZjGTQAXRuus6KfgTooBTwaalXqZZSuiIDFjXUEnMLn8yv32KT43Sx1GiTEnAc/X3xITEWo/j0HTGBIZ62ZuJ/3ndDKIrf8JlmgGTdLEoygSGBM+CwH2uGAUxNoRQxc2tmA6JIhRMXCUTgrv88ippn9Xdi3rjtlFpNvI4iugYnaAqctElaqIb1EIeougJPaNX9GZNrRfr3fpYtBasfOYI/YH1+QNmX5K0</latexit>

SU(5)⇥ U(1)X
<latexit sha1_base64="Jp2CN0ufiYJ3kOG+DbL2K4MO4AE=">AAACLXicbVDLSsNAFJ34rPUVdelmsAhCsSQaqxuhoAuXFewDmhIm00k7dPJgZiKUkB9y46+I4KIibv0NJ20s2nph4HDOuXfuPW7EqJCGMdaWlldW19YLG8XNre2dXX1vvynCmGPSwCELedtFgjAakIakkpF2xAnyXUZa7vAm01uPhAsaBg9yFJGuj/oB9ShGUlGOfmv7SA5cLzGr6fUMG6mTnJpp2Q5VbzY6+ZEu0tQ5L8+Mmc9KHb1kVIxJwUVg5qAE8qo7+qvdC3Hsk0BihoTomEYkuwnikmJG0qIdCxIhPER90lEwQD4R3WRybQqPFdODXsjVCyScsL87EuQLMfJd5czWFPNaRv6ndWLpXXUTGkSxJAGefuTFDMoQZtHBHuUESzZSAGFO1a4QDxBHWKqAiyoEc/7kRdA8q5jVinVvlWpWHkcBHIIjcAJMcAlq4A7UQQNg8ARewBi8a8/am/ahfU6tS1recwD+lPb1DYAgqN4=</latexit>

16 = 10�1 + 53 + 1�4

<latexit sha1_base64="Xz6Dgk9nnB+B8TmrAWpk80o71rE=">AAACBnicbZDLSsNAFIYn9VbrLepShMEi1E1JSlCXBTcuK5q20IYymU7aoZMLMydCCV258VXcuFDErc/gzrdx2mZhW38Y+PjPOZw5v58IrsCyfozC2vrG5lZxu7Szu7d/YB4eNVWcSspcGotYtn2imOARc4GDYO1EMhL6grX80c203npkUvE4eoBxwryQDCIecEpAWz3z9N6tOBdd4CFTWHNtgXtm2apaM+FVsHMoo1yNnvnd7cc0DVkEVBClOraVgJcRCZwKNil1U8USQkdkwDoaI6JXednsjAk+104fB7HULwI8c/9OZCRUahz6ujMkMFTLtan5X62TQnDtZTxKUmARnS8KUoEhxtNMcJ9LRkGMNRAquf4rpkMiCQWdXEmHYC+fvArNWtW+rDp3Trnu5HEU0Qk6QxVkoytUR7eogVxE0RN6QW/o3Xg2Xo0P43PeWjDymWO0IOPrF3RHloc=</latexit>

SU(4)⇥ SU(2)⇥ SU(2)
<latexit sha1_base64="aX0Qa4kmQ3yZ8iq3vdrrYqixvZc=">AAACRXicbVDLSsNAFJ34rPUVdekmWIQWpSQlVDdCwY3LCvYBTSiT6aQdOsmEmYlQQn7OjXt3/oEbF4q41UkftLZeGDhz7jlz7xwvokRI03zV1tY3Nre2czv53b39g0P96LgpWMwRbiBGGW97UGBKQtyQRFLcjjiGgUdxyxveZv3WI+aCsPBBjiLsBrAfEp8gKBXV1R0ngHLg+YlVTW+Ks4udXs5gZQ6ttHRRdJh6LpuWzMWLkgVjqasXzLI5LmMVWFNQANOqd/UXp8dQHOBQIgqF6FhmJN0EckkQxWneiQWOIBrCPu4oGMIACzcZp5Aa54rpGT7j6oTSGLOLjgQGQowCTymzFcVyLyP/63Vi6V+7CQmjWOIQTQb5MTUkM7JIjR7hGEk6UgAiTtSuBhpADpFUwedVCNbyl1dBs1K2qmX73i7U7GkcOXAKzkARWOAK1MAdqIMGQOAJvIEP8Kk9a+/al/Y9ka5pU88J+FPazy88D7Kv</latexit>

16 = (4,2,1) + (4,1,2)

Pati-Salam

hypercharge embeddings:
<latexit sha1_base64="9wQD0azJxhYaAWZhWBukISmNM94=">AAAB7HicbVBNTwIxEJ36ifiFevTSSEzwQnYNKkcSLx4xukACG9ItXWjodjdt14Rs+A1ePGiMV3+QN/+NBfag4EsmeXlvJjPzgkRwbRznG62tb2xubRd2irt7+weHpaPjlo5TRZlHYxGrTkA0E1wyz3AjWCdRjESBYO1gfDvz209MaR7LRzNJmB+RoeQhp8RYyXvwKlcX/VLZqTpz4FXi5qQMOZr90ldvENM0YtJQQbTuuk5i/Iwow6lg02Iv1SwhdEyGrGupJBHTfjY/dorPrTLAYaxsSYPn6u+JjERaT6LAdkbEjPSyNxP/87qpCet+xmWSGibpYlGYCmxiPPscD7hi1IiJJYQqbm/FdEQUocbmU7QhuMsvr5LWZdW9rtbua+VGPY+jAKdwBhVw4QYacAdN8IACh2d4hTck0Qt6Rx+L1jWUz5zAH6DPH5CHjdk=</latexit>

SU(5)usual:          of
<latexit sha1_base64="uoS6McKHBcjbsI+3G2ZuNEaIz5s=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU9ktRT0WvHis0C9o15JNs21sNlmSrFCW/gcvHhTx6v/x5r8x3e5BWx8MPN6bYWZeEHOmjet+O4WNza3tneJuaW//4PCofHzS0TJRhLaJ5FL1AqwpZ4K2DTOc9mJFcRRw2g2mtwu/+0SVZlK0zCymfoTHgoWMYGOlTush9WrzYbniVt0MaJ14OalAjuaw/DUYSZJEVBjCsdZ9z42Nn2JlGOF0XhokmsaYTPGY9i0VOKLaT7Nr5+jCKiMUSmVLGJSpvydSHGk9iwLbGWEz0aveQvzP6ycmvPFTJuLEUEGWi8KEIyPR4nU0YooSw2eWYKKYvRWRCVaYGBtQyYbgrb68Tjq1qndVrd/XK416HkcRzuAcLsGDa2jAHTShDQQe4Rle4c2Rzovz7nwsWwtOPnMKf+B8/gAIqo6+</latexit>

T 12

flipped: l.c. of         and
<latexit sha1_base64="uoS6McKHBcjbsI+3G2ZuNEaIz5s=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU9ktRT0WvHis0C9o15JNs21sNlmSrFCW/gcvHhTx6v/x5r8x3e5BWx8MPN6bYWZeEHOmjet+O4WNza3tneJuaW//4PCofHzS0TJRhLaJ5FL1AqwpZ4K2DTOc9mJFcRRw2g2mtwu/+0SVZlK0zCymfoTHgoWMYGOlTush9WrzYbniVt0MaJ14OalAjuaw/DUYSZJEVBjCsdZ9z42Nn2JlGOF0XhokmsaYTPGY9i0VOKLaT7Nr5+jCKiMUSmVLGJSpvydSHGk9iwLbGWEz0aveQvzP6ycmvPFTJuLEUEGWi8KEIyPR4nU0YooSw2eWYKKYvRWRCVaYGBtQyYbgrb68Tjq1qndVrd/XK416HkcRzuAcLsGDa2jAHTShDQQe4Rle4c2Rzovz7nwsWwtOPnMKf+B8/gAIqo6+</latexit>

T 12
<latexit sha1_base64="uX3lpSCUomDp+o4cAfVAgls6yzA=">AAAB7XicbVBNTwIxEJ3FL8Qv1KOXRmKCF7JrCHok8eIRExdIYEO6pQuVbrtpuyZkw3/w4kFjvPp/vPlvLLAHBV8yyct7M5mZFyacaeO6305hY3Nre6e4W9rbPzg8Kh+ftLVMFaE+kVyqbog15UxQ3zDDaTdRFMchp51wcjv3O09UaSbFg5kmNIjxSLCIEWys1Par3uWgOyhX3Jq7AFonXk4qkKM1KH/1h5KkMRWGcKx1z3MTE2RYGUY4nZX6qaYJJhM8oj1LBY6pDrLFtTN0YZUhiqSyJQxaqL8nMhxrPY1D2xljM9ar3lz8z+ulJroJMiaS1FBBlouilCMj0fx1NGSKEsOnlmCimL0VkTFWmBgbUMmG4K2+vE7aVzWvUavf1yvNeh5HEc7gHKrgwTU04Q5a4AOBR3iGV3hzpPPivDsfy9aCk8+cwh84nz9Gi44/</latexit>

U(1)X

SM quarks, leptons+ right-handed neutrino

45 gauge bosons <latexit sha1_base64="x7a6FjOBcrA1M4M9Zz39I+wVcTQ=">AAAB83icbVDLSsNAFL2pr1ofrbp0M1iEilCSEtRlwY0rqWAf0IYymU7aoZNJmJkIJfQ33LhQxK0/486/cdJmoa0H7uVwzr3MnePHnClt299WYWNza3unuFva2z84LFeOjjsqSiShbRLxSPZ8rChngrY105z2Yklx6HPa9ae3md99olKxSDzqWUy9EI8FCxjB2kiDWuP+0rmouVkfVqp23V4ArRMnJ1XI0RpWvgajiCQhFZpwrFTfsWPtpVhqRjidlwaJojEmUzymfUMFDqny0sXNc3RulBEKImlKaLRQf2+kOFRqFvpmMsR6ola9TPzP6yc6uPFSJuJEU0GWDwUJRzpCWQBoxCQlms8MwUQycysiEywx0SamkgnBWf3yOuk06s5V3X1wq003j6MIp3AGNXDgGppwBy1oA4EYnuEV3qzEerHerY/laMHKd07gD6zPH2Yej0k=</latexit>

(2N + 1)(4N + 1)

<latexit sha1_base64="fi7bpcVrbGvahbkN8xDOcKOkK7s=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyGoF6EgBdPEtE8IFnC7GQ2GTI7u8z0CiHkE7x4UMSrX+TNv3GS7EETCxqKqm66u4JECoOu++3k1tY3Nrfy24Wd3b39g+LhUdPEqWa8wWIZ63ZADZdC8QYKlLydaE6jQPJWMLqZ+a0nro2I1SOOE+5HdKBEKBhFKz3cXVd6xZJbducgq8TLSAky1HvFr24/ZmnEFTJJjel4boL+hGoUTPJpoZsanlA2ogPesVTRiBt/Mj91Ss6s0idhrG0pJHP198SERsaMo8B2RhSHZtmbif95nRTDK38iVJIiV2yxKEwlwZjM/iZ9oTlDObaEMi3srYQNqaYMbToFG4K3/PIqaVbK3kW5el8t1apZHHk4gVM4Bw8uoQa3UIcGMBjAM7zCmyOdF+fd+Vi05pxs5hj+wPn8AZg3jVA=</latexit>

N = 2

minimal embedding of SM Higgs: <latexit sha1_base64="RV5d49l9vDAMkYx1YGyhUZ9YpzA=">AAAB8nicbVDLSsNAFL2pr1pfVZduBovgqiRS1GXBjcsK9gFtKJPppB06mYSZG6GEfoYbF4q49Wvc+TdO2iy09cDA4Zx7mXNPkEhh0HW/ndLG5tb2Tnm3srd/cHhUPT7pmDjVjLdZLGPdC6jhUijeRoGS9xLNaRRI3g2md7nffeLaiFg94izhfkTHSoSCUbRSfxBRnARh5rnzYbXm1t0FyDrxClKDAq1h9WswilkacYVMUmP6npugn1GNgkk+rwxSwxPKpnTM+5YqGnHjZ4vIc3JhlREJY22fQrJQf29kNDJmFgV2Mo9oVr1c/M/rpxje+plQSYpcseVHYSoJxiS/n4yE5gzlzBLKtLBZCZtQTRnaliq2BG/15HXSuap71/XGQ6PWbBR1lOEMzuESPLiBJtxDC9rAIIZneIU3B50X5935WI6WnGLnFP7A+fwBAX2RCg==</latexit>

10
<latexit sha1_base64="bwyBz7unqOhsddRU6VbMmhFSJzo=">AAACFXicbVDLSgMxFM3UV62vUZdugkUQlDIj9bERCm5cVrAP6JSSSTNtaCYZkoxQhvkJN/6KGxeKuBXc+Tdm2hG19UDgcO49N/ceP2JUacf5tAoLi0vLK8XV0tr6xuaWvb3TVCKWmDSwYEK2faQIo5w0NNWMtCNJUOgz0vJHV1m9dUekooLf6nFEuiEacBpQjLSRevaxFyI99IPEddLLb36aHnnCuLKhyY+Y9uyyU3EmgPPEzUkZ5Kj37A+vL3AcEq4xQ0p1XCfS3QRJTTEjacmLFYkQHqEB6RjKUUhUN5lclcIDo/RhIKR5XMOJ+tuRoFCpceibzmxFNVvLxP9qnVgHF92E8ijWhOPpR0HMoBYwiwj2qSRYs7EhCEtqdoV4iCTC2gRZMiG4syfPk+ZJxT2rVG+q5Vo1j6MI9sA+OAQuOAc1cA3qoAEwuAeP4Bm8WA/Wk/VqvU1bC1bu2QV/YL1/AXCBn5s=</latexit>

10 = 5+ 5 (2 Higgs doublets)

<latexit sha1_base64="QskoYsF4+Y1NFBRQPhp9nNp1aa8=">AAACGHicbVDLTsJAFJ3iC/FVdelmIjHCBlsk6pLEjQsX+CiQQNNMhylOmE6bmakJafgMN/6KGxca45adf+MAXQh4kknOOffe3LnHjxmVyrJ+jNzK6tr6Rn6zsLW9s7tn7h80ZZQITBwcsUi0fSQJo5w4iipG2rEgKPQZafmD60m99UyEpBF/VMOYuCHqcxpQjJS2PPPswSmdlz3cVTQkEmpVLXu3c+o+U07JLp96ZtGqWFPAZWJnpAgyNDxz3O1FOAkJV5ghKTu2FSs3RUJRzMio0E0kiREeoD7paMqRXuWm08NG8EQ7PRhEQj+u4NT9O5GiUMph6OvOEKknuVibmP/VOokKrtyU8jhRhOPZoiBhUEVwkhLsUUGwYkNNEBZU/xXiJyQQVjrLgg7BXjx5mTSrFfuiUrurFeu1LI48OALHoARscAnq4AY0gAMweAFv4AN8Gq/Gu/FlfM9ac0Y2cwjmYIx/AZhcnPQ=</latexit>

SU(3)c ⇥ SU(2)L ⇥ SU(2)R ⇥ U(1)0

<latexit sha1_base64="oE/R/AH/ydYYuQYrfn7puNkC27Q="></latexit>

16 = (3,2,1) + (3,1,2) + (1,2,1) + (1,1,2)

<latexit sha1_base64="eIsy2TC2/0DNZx5f5pgcOE0ULsQ=">AAAB7HicbVBNSwMxEJ3Ur1q/qh69BItQL2VX6sex4MVjRbcttEvJptk2NJtdkqxQlv4GLx4U8eoP8ua/MW33oK0PBh7vzTAzL0gE18ZxvlFhbX1jc6u4XdrZ3ds/KB8etXScKso8GotYdQKimeCSeYYbwTqJYiQKBGsH49uZ335iSvNYPppJwvyIDCUPOSXGSt6DV70875crTs2ZA68SNycVyNHsl796g5imEZOGCqJ113US42dEGU4Fm5Z6qWYJoWMyZF1LJYmY9rP5sVN8ZpUBDmNlSxo8V39PZCTSehIFtjMiZqSXvZn4n9dNTXjjZ1wmqWGSLhaFqcAmxrPP8YArRo2YWEKo4vZWTEdEEWpsPiUbgrv88ippXdTcq1r9vl5p1PM4inACp1AFF66hAXfQBA8ocHiGV3hDEr2gd/SxaC2gfOYY/gB9/gCPU43V</latexit>

SU(5)

(1)
(2)

(3)

can have successful gauge coupling unification
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gauge bosons:

<latexit sha1_base64="U7V0tBnHxq3ITlhShxWv+FDB3Iw="></latexit>

45 = (8,1,1) + (1,3,1) + (1,1,3) + (1,1,1) + (3,2,2) + (3,2,2) + (3,1,1) + (3,1,1)

<latexit sha1_base64="ldkl//QHFYp7i/HinQhyRkbbAbs=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1iEFqQktajLghsXLuojbaENYTKdtEMnkzAzEUoobvwVNy4UcetXuPNvnLZZaOuB4R7OuZc79/gxo1JZ1reRW1peWV3Lrxc2Nre2d8zdvaaMEoGJgyMWibaPJGGUE0dRxUg7FgSFPiMtf3g58VsPREga8Xs1iokboj6nAcVIackzD0p3Tum07OETXatl7zqrt2XPLFoVawq4SOyMFEGGhmd+dXsRTkLCFWZIyo5txcpNkVAUMzIudBNJYoSHqE86mnIUEumm0xPG8FgrPRhEQj+u4FT9PZGiUMpR6OvOEKmBnPcm4n9eJ1HBhZtSHieKcDxbFCQMqghO8oA9KghWbKQJwoLqv0I8QAJhpVMr6BDs+ZMXSbNasc8qtZtasV7L4siDQ3AESsAG56AOrkADOACDR/AMXsGb8WS8GO/Gx6w1Z2Qz++APjM8f8oST6Q==</latexit>

(SU(3)c, SU(2)L, SU(2)R) decomposition:

<latexit sha1_base64="tGSxqcN/1pP+E8n+rud47ealbYQ=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5CRahbkoipbosuNBlBfuAJoab6aQdOpOEmYlQQ/FX3LhQxK3/4c6/cdpmoa0HLhzOuZd77wkSRqWy7W+jsLK6tr5R3Cxtbe/s7pn7B20ZpwKTFo5ZLLoBSMJoRFqKKka6iSDAA0Y6wehq6nceiJA0ju7UOCEeh0FEQ4pBack3jyrXvsvTs3sXWDIE3w2IAt8s21V7BmuZODkpoxxN3/xy+zFOOYkUZiBlz7ET5WUgFMWMTEpuKkkCeAQD0tM0Ak6kl82un1inWulbYSx0Rcqaqb8nMuBSjnmgOzmooVz0puJ/Xi9V4aWX0ShJFYnwfFGYMkvF1jQKq08FwYqNNQEsqL7VwkMQgJUOrKRDcBZfXibt86pTr9Zua+VGPY+jiI7RCaogB12gBrpBTdRCGD2iZ/SK3own48V4Nz7mrQUjnzlEf2B8/gC3YZS8</latexit>

(Gµ)
↵
�

<latexit sha1_base64="qyCMQCGltVHR3iLa7gIA/5oaJ0A=">AAAB+nicbVDLSsNAFJ34rPWV6tLNYBFcSEm0qMuCGxcuKtgHNDFMppN26MwkzEyUEvMpblwo4tYvceffOG2z0NYDFw7n3Mu994QJo0o7zre1tLyyurZe2ihvbm3v7NqVvbaKU4lJC8cslt0QKcKoIC1NNSPdRBLEQ0Y64ehq4nceiFQ0Fnd6nBCfo4GgEcVIGymwK537zEv4yVkeZB5P4U0e2FWn5kwBF4lbkCoo0AzsL68f45QToTFDSvVcJ9F+hqSmmJG87KWKJAiP0ID0DBWIE+Vn09NzeGSUPoxiaUpoOFV/T2SIKzXmoenkSA/VvDcR//N6qY4u/YyKJNVE4NmiKGVQx3CSA+xTSbBmY0MQltTcCvEQSYS1SatsQnDnX14k7dOae16r39arjXoRRwkcgENwDFxwARrgGjRBC2DwCJ7BK3iznqwX6936mLUuWcXMPvgD6/MHq5iTlg==</latexit>

W±,3
µL

<latexit sha1_base64="RzJmDHrwnCOmovMzoNjm7oPE8tU=">AAAB+nicbVDLSsNAFJ34rPWV6tLNYBFcSEm0qMuCG5dV7AOaGCbTSTt0ZhJmJkqJ+RQ3LhRx65e482+ctllo64ELh3Pu5d57woRRpR3n21paXlldWy9tlDe3tnd27cpeW8WpxKSFYxbLbogUYVSQlqaakW4iCeIhI51wdDXxOw9EKhqLOz1OiM/RQNCIYqSNFNiVzn3mJfzkLA8yj6fwNg/sqlNzpoCLxC1IFRRoBvaX149xyonQmCGleq6TaD9DUlPMSF72UkUShEdoQHqGCsSJ8rPp6Tk8MkofRrE0JTScqr8nMsSVGvPQdHKkh2rem4j/eb1UR5d+RkWSaiLwbFGUMqhjOMkB9qkkWLOxIQhLam6FeIgkwtqkVTYhuPMvL5L2ac09r9Vv6tVGvYijBA7AITgGLrgADXANmqAFMHgEz+AVvFlP1ov1bn3MWpesYmYf/IH1+QO0tpOc</latexit>

W±,3
µR

<latexit sha1_base64="0FqcuCW0Puhe9s1KYlmJfOF2OBM=">AAAB7HicbVBNS8NAEJ3Ur1q/oh69LBbBU0mkVI9FLx4rmLbQhrLZbtqlu5uwuxFK6G/w4kERr/4gb/4bt20O2vpg4PHeDDPzopQzbTzv2yltbG5t75R3K3v7B4dH7vFJWyeZIjQgCU9UN8KaciZpYJjhtJsqikXEaSea3M39zhNVmiXy0UxTGgo8kixmBBsrBbeDvsgGbtWreQugdeIXpAoFWgP3qz9MSCaoNIRjrXu+l5owx8owwums0s80TTGZ4BHtWSqxoDrMF8fO0IVVhihOlC1p0EL9PZFjofVURLZTYDPWq95c/M/rZSa+CXMm08xQSZaL4owjk6D552jIFCWGTy3BRDF7KyJjrDAxNp+KDcFffXmdtK9qfqNWf6hXm40ijjKcwTlcgg/X0IR7aEEABBg8wyu8OdJ5cd6dj2VrySlmTuEPnM8fnLqOiA==</latexit>

Bµ

<latexit sha1_base64="qEA3iyF70BJnP88dr9qrhac+7qk="></latexit>✓
Xµ Ȳ 0

µ

Yµ X̄ 0
µ

◆ <latexit sha1_base64="2+Dq/HyLAPB4zsNWtKPQ0lb32Bk="></latexit>✓
X 0

µ Ȳµ

Y 0
µ X̄µ

◆
<latexit sha1_base64="oFMKbXiCh3Av7MOcFWnQ3/gbvB0=">AAAB8HicbVDLSgNBEOz1GeMr6tHLYBA8hV0J6jHgxWME85BkCbOTTjJkZnaZmRXCkq/w4kERr36ON//GSbIHTSxoKKq66e6KEsGN9f1vb219Y3Nru7BT3N3bPzgsHR03TZxqhg0Wi1i3I2pQcIUNy63AdqKRykhgKxrfzvzWE2rDY/VgJwmGkg4VH3BGrZMe272sK1Nipr1S2a/4c5BVEuSkDDnqvdJXtx+zVKKyTFBjOoGf2DCj2nImcFrspgYTysZ0iB1HFZVowmx+8JScO6VPBrF2pSyZq78nMiqNmcjIdUpqR2bZm4n/eZ3UDm7CjKsktajYYtEgFcTGZPY96XONzIqJI5Rp7m4lbEQ1ZdZlVHQhBMsvr5LmZSW4qlTvq+VaNY+jAKdwBhcQwDXU4A7q0AAGEp7hFd487b14797HonXNy2dO4A+8zx+ykJBP</latexit>

Xµs

<latexit sha1_base64="o9nSRF9jMOv2iZAgM/+XnzzuEmE=">AAAB+HicbVDLSsNAFJ3UV62PRl26GSyCq5JIUZcFNy4r2Ac0IUymk3bozCTMQ6ghX+LGhSJu/RR3/o3TNgttPXDhcM693HtPnDGqtOd9O5WNza3tnepubW//4LDuHh33VGokJl2cslQOYqQIo4J0NdWMDDJJEI8Z6cfT27nffyRS0VQ86FlGQo7GgiYUI22lyK0HMZL5oIjygBuoishteE1vAbhO/JI0QIlO5H4FoxQbToTGDCk19L1MhzmSmmJGilpgFMkQnqIxGVoqECcqzBeHF/DcKiOYpNKW0HCh/p7IEVdqxmPbyZGeqFVvLv7nDY1ObsKcisxoIvByUWIY1CmcpwBHVBKs2cwShCW1t0I8QRJhbbOq2RD81ZfXSe+y6V81W/etRrtVxlEFp+AMXAAfXIM2uAMd0AUYGPAMXsGb8+S8OO/Ox7K14pQzJ+APnM8f/IyTRQ==</latexit>

X̄µs

new

Higgs fields for GUT breaking:

(1) <latexit sha1_base64="e5vhViUabNqL5QM19C6JpY/HJIY=">AAAB8nicbVDLSsNAFL3xWeur6tLNYBFclURKdVlw47KCfUAbymQ6aYdOJmHmRiihn+HGhSJu/Rp3/o2TNgttPTBwOOde5twTJFIYdN1vZ2Nza3tnt7RX3j84PDqunJx2TJxqxtsslrHuBdRwKRRvo0DJe4nmNAok7wbTu9zvPnFtRKwecZZwP6JjJULBKFqpP4goToIw8xrzYaXq1twFyDrxClKFAq1h5WswilkacYVMUmP6npugn1GNgkk+Lw9SwxPKpnTM+5YqGnHjZ4vIc3JplREJY22fQrJQf29kNDJmFgV2Mo9oVr1c/M/rpxje+plQSYpcseVHYSoJxiS/n4yE5gzlzBLKtLBZCZtQTRnalsq2BG/15HXSua55jVr9oV5t1os6SnAOF3AFHtxAE+6hBW1gEMMzvMKbg86L8+58LEc3nGLnDP7A+fwBCpuREA==</latexit>

16

<latexit sha1_base64="UrhyMFZgxwwXwea7d7AKoGNlRkg=">AAACLnicbZBLS8NAEMc39VXrK+rRy2IRBKEkJT4uQkEEjxXsA9pQNttNu3STDbsboYR8Ii9+FT0IKuLVj+GmTaG2Diz8+M/MzszfixiVyrLejcLK6tr6RnGztLW9s7tn7h80JY8FJg3MGRdtD0nCaEgaiipG2pEgKPAYaXmjmyzfeiRCUh4+qHFE3AANQupTjJSWeuZtN0Bq6PmJc55ez7jqpGczti3NXH+RTUjm1LmStGeWrYo1CbgMdg5lkEe9Z752+xzHAQkVZkjKjm1Fyk2QUBQzkpa6sSQRwiM0IB2NIQqIdJPJuSk80Uof+lzoFyo4Uec7EhRIOQ48XZltKBdzmfhfrhMr/8pNaBjFioR4OsiPGVQcZt7BPhUEKzbWgLCgeleIh0ggrLTDJW2CvXjyMjSrFfui4tw75ZqT21EER+AYnAIbXIIauAN10AAYPIEX8AE+jWfjzfgyvqelBSPvOQR/wvj5BYe/qW4=</latexit>

45 = 24+ 10+ 10+ 1

<latexit sha1_base64="eIsy2TC2/0DNZx5f5pgcOE0ULsQ=">AAAB7HicbVBNSwMxEJ3Ur1q/qh69BItQL2VX6sex4MVjRbcttEvJptk2NJtdkqxQlv4GLx4U8eoP8ua/MW33oK0PBh7vzTAzL0gE18ZxvlFhbX1jc6u4XdrZ3ds/KB8etXScKso8GotYdQKimeCSeYYbwTqJYiQKBGsH49uZ335iSvNYPppJwvyIDCUPOSXGSt6DV70875crTs2ZA68SNycVyNHsl796g5imEZOGCqJ113US42dEGU4Fm5Z6qWYJoWMyZF1LJYmY9rP5sVN8ZpUBDmNlSxo8V39PZCTSehIFtjMiZqSXvZn4n9dNTXjjZ1wmqWGSLhaFqcAmxrPP8YArRo2YWEKo4vZWTEdEEWpsPiUbgrv88ippXdTcq1r9vl5p1PM4inACp1AFF66hAXfQBA8ocHiGV3hDEr2gd/SxaC2gfOYY/gB9/gCPU43V</latexit>

SU(5) decomposition:

new

or <latexit sha1_base64="U+rjJ/3d0xhZR5uZRHZ3E6IkFuI=">AAAB83icbVDLSsNAFL2pr1pfVZduBovgqiSlVJcFNy4r2Ac0oUymk3boZBLmIZTQ33DjQhG3/ow7/8ZJm4W2Hhg4nHMv98wJU86Udt1vp7S1vbO7V96vHBweHZ9UT896KjGS0C5JeCIHIVaUM0G7mmlOB6mkOA457Yezu9zvP1GpWCIe9TylQYwngkWMYG0l34+xnoZR5jVai1G15tbdJdAm8QpSgwKdUfXLHyfExFRowrFSQ89NdZBhqRnhdFHxjaIpJjM8oUNLBY6pCrJl5gW6ssoYRYm0T2i0VH9vZDhWah6HdjLPqNa9XPzPGxod3QYZE6nRVJDVochwpBOUF4DGTFKi+dwSTCSzWRGZYomJtjVVbAne+pc3Sa9R91r15kOz1m4WdZThAi7hGjy4gTbcQwe6QCCFZ3iFN8c4L86787EaLTnFzjn8gfP5A385kUw=</latexit>

126 (2) <latexit sha1_base64="XAfW7LmDFHZTj7/HwPzOZvQOZQA=">AAAB8nicbVDLSgMxFM34rPVVdekmWARXZUbGx7LgxmUF+4DpUDJppg3NJENyRyhDP8ONC0Xc+jXu/Bsz7Sy09UDgcM695NwTpYIbcN1vZ219Y3Nru7JT3d3bPzisHR13jMo0ZW2qhNK9iBgmuGRt4CBYL9WMJJFg3WhyV/jdJ6YNV/IRpikLEzKSPOaUgJWCfkJgHMW5fzUb1Opuw50DrxKvJHVUojWoffWHimYJk0AFMSbw3BTCnGjgVLBZtZ8ZlhI6ISMWWCpJwkyYzyPP8LlVhjhW2j4JeK7+3shJYsw0iexkEdEse4X4nxdkEN+GOZdpBkzSxUdxJjAoXNyPh1wzCmJqCaGa26yYjokmFGxLVVuCt3zyKulcNrzrhv/g15t+WUcFnaIzdIE8dIOa6B61UBtRpNAzekVvDjgvzrvzsRhdc8qdE/QHzucPDaiREg==</latexit>

45 (3) <latexit sha1_base64="rUMTZ3DfK0rbGImldMb1ECn/wbs=">AAAB8nicbVDLSgMxFM34rPVVdekmWARXZUbGx7LgxmUF+4DpUDJppg3NJENyRyhDP8ONC0Xc+jXu/Bsz7Sy09UDgcM695NwTpYIbcN1vZ219Y3Nru7JT3d3bPzisHR13jMo0ZW2qhNK9iBgmuGRt4CBYL9WMJJFg3WhyV/jdJ6YNV/IRpikLEzKSPOaUgJWCfkJgHMX5lT8b1Opuw50DrxKvJHVUojWoffWHimYJk0AFMSbw3BTCnGjgVLBZtZ8ZlhI6ISMWWCpJwkyYzyPP8LlVhjhW2j4JeK7+3shJYsw0iexkEdEse4X4nxdkEN+GOZdpBkzSxUdxJjAoXNyPh1wzCmJqCaGa26yYjokmFGxLVVuCt3zyKulcNrzrhv/g15t+WUcFnaIzdIE8dIOa6B61UBtRpNAzekVvDjgvzrvzsRhdc8qdE/QHzucPDamREg==</latexit>

54

Fermion masses: (minimal EW Higgs)
<latexit sha1_base64="+ID1mG0/K6554znl1EzqcHT0ddY=">AAACEHicbVDLSsNAFJ34rPUVdelmsIiuSiKluix004WLCn1Bk4bJZJIOnTyYmQgl5BPc+CtuXCji1qU7/8ZpG1BbDwyce8693LnHTRgV0jC+tLX1jc2t7dJOeXdv/+BQPzruiTjlmHRxzGI+cJEgjEakK6lkZJBwgkKXkb47ac78/j3hgsZRR04TYocoiKhPMZJKcvQLKxHUycz6bT7qNOFPBVsjy0NBQLiqjdzRK0bVmAOuErMgFVCg7eiflhfjNCSRxAwJMTSNRNoZ4pJiRvKylQqSIDxBARkqGqGQCDubH5TDc6V40I+5epGEc/X3RIZCIaahqzpDJMdi2ZuJ/3nDVPo3dkajJJUkwotFfsqgjOEsHehRTrBkU0UQ5lT9FeIx4ghLlWFZhWAun7xKeldVs16t3dUqjVoRRwmcgjNwCUxwDRqgBdqgCzB4AE/gBbxqj9qz9qa9L1rXtGLmBPyB9vENAs2b6Q==</latexit>

 
T
16LC 16LH

†
10

Yukawa unification! <latexit sha1_base64="PEGgw1zGoDSMHzhyhyCmOimicfI=">AAAB9XicbVBNS8NAEJ34WetX1aOXYBE8lUSKehEKXjxWsB/QxrDZbtqlu5uwO1FK6f/w4kERr/4Xb/4bt20O2vpg4PHeDDPzolRwg5737aysrq1vbBa2its7u3v7pYPDpkkyTVmDJiLR7YgYJrhiDeQoWDvVjMhIsFY0vJn6rUemDU/UPY5SFkjSVzzmlKCVHmSI1zKMbHWRZGGp7FW8Gdxl4uekDDnqYemr20toJplCKogxHd9LMRgTjZwKNil2M8NSQoekzzqWKiKZCcazqyfuqVV6bpxoWwrdmfp7YkykMSMZ2U5JcGAWvan4n9fJML4KxlylGTJF54viTLiYuNMI3B7XjKIYWUKo5vZWlw6IJhRtUEUbgr/48jJpnlf8i0r1rlquVfM4CnAMJ3AGPlxCDW6hDg2goOEZXuHNeXJenHfnY9664uQzR/AHzucPTn2SWw==</latexit>mt = mb = m⌧ holds at
<latexit sha1_base64="zmgFhhF/ZOq35p66cjOWnzeidFs=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeCFy9CRfsBbSib7aZdutmE3YlQQn+CFw+KePUXefPfuG1z0NYHA4/3ZpiZFyRSGHTdb6ewtr6xuVXcLu3s7u0flA+PWiZONeNNFstYdwJquBSKN1Gg5J1EcxoFkreD8c3Mbz9xbUSsHnGScD+iQyVCwSha6eGu3+mXK27VnYOsEi8nFcjR6Je/eoOYpRFXyCQ1puu5CfoZ1SiY5NNSLzU8oWxMh7xrqaIRN342P3VKzqwyIGGsbSkkc/X3REYjYyZRYDsjiiOz7M3E/7xuiuG1nwmVpMgVWywKU0kwJrO/yUBozlBOLKFMC3srYSOqKUObTsmG4C2/vEpaF1Xvslq7r1XqtTyOIpzAKZyDB1dQh1toQBMYDOEZXuHNkc6L8+58LFoLTj5zDH/gfP4ABAKNlw==</latexit>

MX

many possible chains!

(requires 2 light Higgs, can be OK for large vev ratio)

Many references!!

<latexit sha1_base64="FDwQPQqquKGKabKt4cTs8j4AylA=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRahXsqulOqx4MWbFe0HtEvJptk2NpssSVYoS/+DFw+KePX/ePPfmLZ70NYHA4/3ZpiZF8ScaeO6305ubX1jcyu/XdjZ3ds/KB4etbRMFKFNIrlUnQBrypmgTcMMp51YURwFnLaD8fXMbz9RpZkUD2YSUz/CQ8FCRrCxUuv+tuy55/1iya24c6BV4mWkBBka/eJXbyBJElFhCMdadz03Nn6KlWGE02mhl2gaYzLGQ9q1VOCIaj+dXztFZ1YZoFAqW8Kgufp7IsWR1pMosJ0RNiO97M3E/7xuYsIrP2UiTgwVZLEoTDgyEs1eRwOmKDF8YgkmitlbERlhhYmxARVsCN7yy6ukdVHxapXqXbVUr2Zx5OEETqEMHlxCHW6gAU0g8AjP8ApvjnRenHfnY9Gac7KZY/gD5/MH7uyOBQ==</latexit>

SO(10)

but again, bad for 
lighter generations
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Proton decay revisited:

Dimension 6 operator analysis, vector (gauge) boson-mediated
<latexit sha1_base64="qTxYyjJ9JLzub3UCu+edtE8GmGY="></latexit>

O1 = (✏↵�� ū
c�
L �⌫u

�
L)(ēR�µd

↵
R)� (✏↵�� ū

c�
L �⌫d

�
L)(⌫̄

c
R�µd

↵
R)

<latexit sha1_base64="QNxF9Uy65KnSxo27H0FDe3lw7vU="></latexit>

O2 = (✏↵�� ū
c�
L �⌫u

�
L)(ē

+
L�µd

↵
L)

Effective Lagrangian:
<latexit sha1_base64="AUX/mjNFKZ75qenSZVDeQtEZ6gw="></latexit>

�L = (4G1/
p
2)O1 + (4G2/

p
2)O2 + h.c.

<latexit sha1_base64="Pofr5JNUEu7BC8hYV9Fa/yP+JoQ=">AAACGnicbVC7SgNBFJ2NrxhfUUubwSBYhd0laBohYBEbIUJekN0ss5PZZMjsw5lZIQz7HTb+io2FInZi4984eRSaeODC4Zx7ufceP2FUSNP8NnJr6xubW/ntws7u3v5B8fCoLeKUY9LCMYt510eCMBqRlqSSkW7CCQp9Rjr++Hrqdx4IFzSOmnKSEDdEw4gGFCOpJa9oOQFHWNU9milH3HOp7Cy7movDvu0ph4ew3mpmmareerRvZ16xZJbNGeAqsRakBBZoeMVPZxDjNCSRxAwJ0bPMRLoKcUkxI1nBSQVJEB6jIelpGqGQCFfNXsvgmVYGMIi5rkjCmfp7QqFQiEno684QyZFY9qbif14vlUHVVTRKUkkiPF8UpAzKGE5zggPKCZZsognCnOpbIR4hHYvUaRZ0CNbyy6ukbZeti3LlrlKqVRZx5MEJOAXnwAKXoAZuQAO0AAaP4Bm8gjfjyXgx3o2PeWvOWMwcgz8wvn4AEWahcg==</latexit>

Gip
2
=

g2GUT

8M2
i

<latexit sha1_base64="eIsy2TC2/0DNZx5f5pgcOE0ULsQ=">AAAB7HicbVBNSwMxEJ3Ur1q/qh69BItQL2VX6sex4MVjRbcttEvJptk2NJtdkqxQlv4GLx4U8eoP8ua/MW33oK0PBh7vzTAzL0gE18ZxvlFhbX1jc6u4XdrZ3ds/KB8etXScKso8GotYdQKimeCSeYYbwTqJYiQKBGsH49uZ335iSvNYPppJwvyIDCUPOSXGSt6DV70875crTs2ZA68SNycVyNHsl796g5imEZOGCqJ113US42dEGU4Fm5Z6qWYJoWMyZF1LJYmY9rP5sVN8ZpUBDmNlSxo8V39PZCTSehIFtjMiZqSXvZn4n9dNTXjjZ1wmqWGSLhaFqcAmxrPP8YArRo2YWEKo4vZWTEdEEWpsPiUbgrv88ippXdTcq1r9vl5p1PM4inACp1AFF66hAXfQBA8ocHiGV3hDEr2gd/SxaC2gfOYY/gB9/gCPU43V</latexit>

SU(5)

<latexit sha1_base64="JE7POh6svb89V3IDw+lYr5Y42nk=">AAAB+HicbVDJTgJBEK3BDXFh1KOXjsTEE84Qoh5JPOARE1kSmEx6mh7o0LPYCwkSvsSLB43x6qd4829sYA4KvqSSl/eqUlUvSDmTynG+rdzG5tb2Tn63sLd/cFi0j45bMtGC0CZJeCI6AZaUs5g2FVOcdlJBcRRw2g5Gt3O/PaZCsiR+UJOUehEexCxkBCsj+XZR9OijZmNU9yuXdd/17ZJTdhZA68TNSAkyNHz7q9dPiI5orAjHUnZdJ1XeFAvFCKezQk9LmmIywgPaNTTGEZXedHH4DJ0bpY/CRJiKFVqovyemOJJyEgWmM8JqKFe9ufif19UqvPGmLE61ojFZLgo1RypB8xRQnwlKFJ8Ygolg5lZEhlhgokxWBROCu/ryOmlVyu5VuXpfLdWqWRx5OIUzuAAXrqEGd9CAJhDQ8Ayv8GY9WS/Wu/WxbM1Z2cwJ/IH1+QNYe5Iy</latexit>

r ⌘ G2/G1

<latexit sha1_base64="AdW2lGxzP4L4NXgk+miK23T/I5w="></latexit>

�LSU(5) = (4G/
p
2)(2O2 +O1) + h.c.

<latexit sha1_base64="fFRtppEnyUxzNG7yP/V2q1pRX8Y=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKUS9CwYvHirYW2lA22027dLMJuxOhhP4ELx4U8eov8ua/cdvmoK0PBh7vzTAzL0ikMOi6305hbX1jc6u4XdrZ3ds/KB8etU2casZbLJax7gTUcCkUb6FAyTuJ5jQKJH8Mxjcz//GJayNi9YCThPsRHSoRCkbRSvf6utYvV9yqOwdZJV5OKpCj2S9/9QYxSyOukElqTNdzE/QzqlEwyaelXmp4QtmYDnnXUkUjbvxsfuqUnFllQMJY21JI5urviYxGxkyiwHZGFEdm2ZuJ/3ndFMMrPxMqSZErtlgUppJgTGZ/k4HQnKGcWEKZFvZWwkZUU4Y2nZINwVt+eZW0a1Xvolq/q1ca9TyOIpzAKZyDB5fQgFtoQgsYDOEZXuHNkc6L8+58LFoLTj5zDH/gfP4Azw+NdA==</latexit>

r = 2

<latexit sha1_base64="aLDK76rJc1YFN4L7ob9nClOckJk="></latexit>

O3 = (�✏↵�� ū
c�
R �⌫d

�
R)(⌫̄

c
L�µd

↵
L)

<latexit sha1_base64="FDwQPQqquKGKabKt4cTs8j4AylA=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRahXsqulOqx4MWbFe0HtEvJptk2NpssSVYoS/+DFw+KePX/ePPfmLZ70NYHA4/3ZpiZF8ScaeO6305ubX1jcyu/XdjZ3ds/KB4etbRMFKFNIrlUnQBrypmgTcMMp51YURwFnLaD8fXMbz9RpZkUD2YSUz/CQ8FCRrCxUuv+tuy55/1iya24c6BV4mWkBBka/eJXbyBJElFhCMdadz03Nn6KlWGE02mhl2gaYzLGQ9q1VOCIaj+dXztFZ1YZoFAqW8Kgufp7IsWR1pMosJ0RNiO97M3E/7xuYsIrP2UiTgwVZLEoTDgyEs1eRwOmKDF8YgkmitlbERlhhYmxARVsCN7yy6ukdVHxapXqXbVUr2Zx5OEETqEMHlxCHW6gAU0g8AjP8ApvjnRenHfnY9Gac7KZY/gD5/MH7uyOBQ==</latexit>

SO(10)
<latexit sha1_base64="c4AmciWilFXReoYLoI2sRCGJ30Q="></latexit>

�LSO(10) = �LSU(5) + (4G0/
p
2)(2O3 +O1 + h.c.)

<latexit sha1_base64="x4NiF1M5lbK4HsWolAEi/TPX5NA=">AAACEXicbZBNS8MwGMdTX+d8q3r0EhxiRZjtGOpFGHjxIkxwW2GrJc3SLSx9IUmFUfoVvPhVvHhQxKs3b34b060H3Xwg5Mf//zwkz9+LGRXSNL+1hcWl5ZXV0lp5fWNza1vf2W2LKOGYtHDEIm57SBBGQ9KSVDJix5ygwGOk442ucr/zQLigUXgnxzFxAjQIqU8xkkpydYNf9nyOcGrUTm9c+752nKWGNcWT/E7toyxXXb1iVs1JwXmwCqiAopqu/tXrRzgJSCgxQ0J0LTOWToq4pJiRrNxLBIkRHqEB6SoMUUCEk042yuChUvrQj7g6oYQT9fdEigIhxoGnOgMkh2LWy8X/vG4i/QsnpWGcSBLi6UN+wqCMYB4P7FNOsGRjBQhzqv4K8RCpgKQKsaxCsGZXnod2rWqdVeu39UqjXsRRAvvgABjAAuegAa5BE7QABo/gGbyCN+1Je9HetY9p64JWzOyBP6V9/gAJL5qW</latexit>

r =
(2/M2

X)

(1/M2
X + 1/M2

X0)

final states 
preferred over

<latexit sha1_base64="t3zGrAmaEoP6DsvayPI2DxwlVXY=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSIIQkmkqMeCF48V7Qe0sWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+Oyura+sbm4Wt4vbO7t5+6eCwqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLRzdRvPaHSPJYPZpygH9GB5CFn1FjpHh/Pe6WyW3FnIMvEy0kZctR7pa9uP2ZphNIwQbXueG5i/Iwqw5nASbGbakwoG9EBdiyVNELtZ7NTJ+TUKn0SxsqWNGSm/p7IaKT1OApsZ0TNUC96U/E/r5Oa8NrPuExSg5LNF4WpICYm079JnytkRowtoUxxeythQ6ooMzadog3BW3x5mTQvKt5lpXpXLdeqeRwFOIYTOAMPrqAGt1CHBjAYwDO8wpsjnBfn3fmYt644+cwR/IHz+QPiyo2B</latexit>

e+
<latexit sha1_base64="UvI5UlEkzmHGoPqF3+UWD+3btv8=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4KokU9Vjw4rGCaQttLJvtpF262YTdjVBCf4MXD4p49Qd589+4bXPQ1gcDj/dmmJkXpoJr47rfztr6xubWdmmnvLu3f3BYOTpu6SRTDH2WiER1QqpRcIm+4UZgJ1VI41BgOxzfzvz2EyrNE/lgJikGMR1KHnFGjZX8nsweWb9SdWvuHGSVeAWpQoFmv/LVGyQsi1EaJqjWXc9NTZBTZTgTOC33Mo0pZWM6xK6lksaog3x+7JScW2VAokTZkobM1d8TOY21nsSh7YypGellbyb+53UzE90EOZdpZlCyxaIoE8QkZPY5GXCFzIiJJZQpbm8lbEQVZcbmU7YheMsvr5LWZc27qtXv69VGvYijBKdwBhfgwTU04A6a4AMDDs/wCm+OdF6cd+dj0brmFDMn8AfO5w/O3I6n</latexit>

⌫c

<latexit sha1_base64="AtmY72ge631BTvVpDakyron7AFk=">AAAB7HicbVBNSwMxEJ3Ur1q/qh69BIvUg5RdKeqx4MVjBbettEvJptk2NJtdkqxQlv4GLx4U8eoP8ua/MW33oK0PBh7vzTAzL0gE18ZxvlFhbX1jc6u4XdrZ3ds/KB8etXScKso8GotYdQKimeCSeYYbwTqJYiQKBGsH49uZ335iSvNYPphJwvyIDCUPOSXGSl6nevFY7ZcrTs2ZA68SNycVyNHsl796g5imEZOGCqJ113US42dEGU4Fm5Z6qWYJoWMyZF1LJYmY9rP5sVN8ZpUBDmNlSxo8V39PZCTSehIFtjMiZqSXvZn4n9dNTXjjZ1wmqWGSLhaFqcAmxrPP8YArRo2YWEKo4vZWTEdEEWpsPiUbgrv88ippXdbcq1r9vl5p1PM4inACp3AOLlxDA+6gCR5Q4PAMr/CGJHpB7+hj0VpA+cwx/AH6/AGKfY3S</latexit>

X 0, Y 0

Many references!! See Langacker ’81, Ross ’84 for early reviews
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checklist:

charge quantization

each generation in a single irreducible representation!

more SSB chains — more options.

proton decay: can have different patterns than  GG

naturally includes right-handed neutrino

full Yukawa unification with simplest Higgs sector

<latexit sha1_base64="FDwQPQqquKGKabKt4cTs8j4AylA=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRahXsqulOqx4MWbFe0HtEvJptk2NpssSVYoS/+DFw+KePX/ePPfmLZ70NYHA4/3ZpiZF8ScaeO6305ubX1jcyu/XdjZ3ds/KB4etbRMFKFNIrlUnQBrypmgTcMMp51YURwFnLaD8fXMbz9RpZkUD2YSUz/CQ8FCRrCxUuv+tuy55/1iya24c6BV4mWkBBka/eJXbyBJElFhCMdadz03Nn6KlWGE02mhl2gaYzLGQ9q1VOCIaj+dXztFZ1YZoFAqW8Kgufp7IsWR1pMosJ0RNiO97M3E/7xuYsIrP2UiTgwVZLEoTDgyEs1eRwOmKDF8YgkmitlbERlhhYmxARVsCN7yy6ukdVHxapXqXbVUr2Zx5OEETqEMHlxCHW6gAU0g8AjP8ApvjnRenHfnY9Gac7KZY/gD5/MH7uyOBQ==</latexit>

SO(10)

can get successful gauge coupling unification

G:

can incorporate GG, PS, flipped SU(5),… 

B: Yukawa relations problematic for light generations w/o more ingredients

doublet-triplet splitting issue remains

U: same (didn’t expect progress here…)
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Flipped
<latexit sha1_base64="eIsy2TC2/0DNZx5f5pgcOE0ULsQ=">AAAB7HicbVBNSwMxEJ3Ur1q/qh69BItQL2VX6sex4MVjRbcttEvJptk2NJtdkqxQlv4GLx4U8eoP8ua/MW33oK0PBh7vzTAzL0gE18ZxvlFhbX1jc6u4XdrZ3ds/KB8etXScKso8GotYdQKimeCSeYYbwTqJYiQKBGsH49uZ335iSvNYPppJwvyIDCUPOSXGSt6DV70875crTs2ZA68SNycVyNHsl796g5imEZOGCqJ113US42dEGU4Fm5Z6qWYJoWMyZF1LJYmY9rP5sVN8ZpUBDmNlSxo8V39PZCTSehIFtjMiZqSXvZn4n9dNTXjjZ1wmqWGSLhaFqcAmxrPP8YArRo2YWEKo4vZWTEdEEWpsPiUbgrv88ippXdTcq1r9vl5p1PM4inACp1AFF66hAXfQBA8ocHiGV3hDEr2gd/SxaC2gfOYY/gB9/gCPU43V</latexit>

SU(5)

hypercharge embedding:

<latexit sha1_base64="1tSpafvt8UY/MXvkDDyvDGs5lHk=">AAAB+3icbVBNT8JAEN3iF+JXxaOXjcQELqQ1+HEk8eIRo0USaJrtsoUN222zOzUSwl/x4kFjvPpHvPlvXKAHBV8yyct7M5mZF6aCa3Ccb6uwtr6xuVXcLu3s7u0f2Ifltk4yRZlHE5GoTkg0E1wyDzgI1kkVI3Eo2EM4up75D49MaZ7IexinzI/JQPKIUwJGCuzynVc9r/WAx0xjr+rWgk5gV5y6MwdeJW5OKihHK7C/ev2EZjGTQAXRuus6KfgTooBTwaalXqZZSuiIDFjXUEnMLn8yv32KT43Sx1GiTEnAc/X3xITEWo/j0HTGBIZ62ZuJ/3ndDKIrf8JlmgGTdLEoygSGBM+CwH2uGAUxNoRQxc2tmA6JIhRMXCUTgrv88ippn9Xdi3rjtlFpNvI4iugYnaAqctElaqIb1EIeougJPaNX9GZNrRfr3fpYtBasfOYI/YH1+QNmX5K0</latexit>

SU(5)⇥ U(1)X
<latexit sha1_base64="gS0x6BkaEsg0X2m+JLVlxNIhw2U="></latexit>

Y =
1

5

 
QX � Q(GG)

Y

6

!

Fermion representations: 3 copies of
<latexit sha1_base64="QkD42vrogT0eJ+iEK4KFipSiumQ=">AAACFXicbVDLSgMxFM34rPU16tJNsAiCUmakPpYFNy4r2Ad0hpJJM21oJhmSjFCG+Qk3/oobF4q4Fdz5N2baKWjrgcDh3HNv7j1BzKjSjvNtLS2vrK6tlzbKm1vbO7v23n5LiURi0sSCCdkJkCKMctLUVDPSiSVBUcBIOxjd5PX2A5GKCn6vxzHxIzTgNKQYaSP17DMvQnoYhKnrZKeeMNZ8UjpTLzKjzhxZz644VWcCuEjcglRAgUbP/vL6AicR4RozpFTXdWLtp0hqihnJyl6iSIzwCA1I11COIqL8dHJVBo+N0oehkOZxDSfq744URUqNo8A48w3VfC0X/6t1Ex1e+ynlcaIJx9OPwoRBLWAeEexTSbBmY0MQltTsCvEQSYS1CbJsQnDnT14krfOqe1mt3dUq9VoRRwkcgiNwAlxwBergFjRAE2DwCJ7BK3iznqwX6936mFqXrKLnAPyB9fkDUyufhQ==</latexit>

10+ 5+ 1

<latexit sha1_base64="0hg26+i2FmesRHaIQno+5VEHcIM=">AAACE3icbVC7SgNBFJ31GeNr1dJmMQhRkrAb46MRAjYWFhHygmyyzE4myZDZ2WUeQljyDzb+io2FIrY2dv6Nk00KTTwwl8M593LnHj+iREjb/jaWlldW19ZTG+nNre2dXXNvvy5CxRGuoZCGvOlDgSlhuCaJpLgZcQwDn+KGP7yZ+I0HzAUJWVWOItwOYJ+RHkFQaskzT100IF58DsfXWeU5HZRTXjGpZ7riTj6Xd5k66VS9O8/M2AU7gbVInBnJgBkqnvnldkOkAswkolCIlmNHsh1DLgmieJx2lcARREPYxy1NGQywaMfJTWPrWCtdqxdy/Zi0EvX3RAwDIUaBrzsDKAdi3puI/3ktJXtX7ZiwSEnM0HRRT1FLhtYkIKtLOEaSjjSBiBP9VwsNIIdI6hjTOgRn/uRFUi8WnItC6b6UKZdmcaTAITgCWeCAS1AGt6ACagCBR/AMXsGb8WS8GO/Gx7R1yZjNHIA/MD5/AKO9nBM=</latexit>

�5a = (uc
1, u

c
2, u

c
3, e

�,�⌫)TL

<latexit sha1_base64="Rm83JcdMT29JgGPJVbDs07a/lag="></latexit>

 ab
10 =

1p
2

0

BBBB@

0 dc3 �dc2 �u1 �d1

�dc3 0 dc1 �u2 �d2

dc2 �dc1 0 �u3 d3

u1 u2 u3 0 �⌫c
d1 d2 d3 ⌫c 0

1

CCCCA <latexit sha1_base64="eTcX2rkAujTCirLIW8lOKT5g2Bs=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4KokU9SIUvHisYD+gjWWznbRLN5u4uxFK6J/w4kERr/4db/4bt20O2vpg4PHeDDPzgkRwbVz321lZXVvf2CxsFbd3dvf2SweHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWMbqZ+6wmV5rG8N+ME/YgOJA85o8ZK7W6i+TU+sF6p7FbcGcgy8XJShhz1Xumr249ZGqE0TFCtO56bGD+jynAmcFLsphoTykZ0gB1LJY1Q+9ns3gk5tUqfhLGyJQ2Zqb8nMhppPY4C2xlRM9SL3lT8z+ukJrzyMy6T1KBk80VhKoiJyfR50ucKmRFjSyhT3N5K2JAqyoyNqGhD8BZfXibN84p3UaneVcu1ah5HAY7hBM7Ag0uowS3UoQEMBDzDK7w5j86L8+58zFtXnHzmCP7A+fwB2VSP0A==</latexit>

 = ec

SSB to SM gauge group: electroweak Higgs
<latexit sha1_base64="4D2Kif3Qdp4qN3Slafi+dxDRzbM=">AAACC3icbVDLSsNAFL3xWesr6tLN0CK4kJJIUZcFNy4r2Ac0oUymk3boZBJmJkIJ3bvxV9y4UMStP+DOv3HSZlFbDwwczj33zr0nSDhT2nF+rLX1jc2t7dJOeXdv/+DQPjpuqziVhLZIzGPZDbCinAna0kxz2k0kxVHAaScY3+b1ziOVisXiQU8S6kd4KFjICNZG6tsVL8J6FISZ60wvvNhY80nZgjrt21Wn5syAVolbkCoUaPbtb28QkzSiQhOOleq5TqL9DEvNCKfTspcqmmAyxkPaM1TgiCo/m90yRWdGGaAwluYJjWbqYkeGI6UmUWCc+Y5quZaL/9V6qQ5v/IyJJNVUkPlHYcqRjlEeDBowSYnmE0MwkczsisgIS0y0ia9sQnCXT14l7cuae1Wr39erjXoRRwlOoQLn4MI1NOAOmtACAk/wAm/wbj1br9aH9Tm3rllFzwn8gfX1C0f3myw=</latexit>

10,10 scalars
<latexit sha1_base64="64iQTh8W4RE0CBPbuw7ZCc85iEs=">AAACCXicbVDLSsNAFL3xWesr6tLNYBFcSEmkPpYFNy4r2Ac0oUymk3boJBNmJkIJ3brxV9y4UMStf+DOv3HSBtTWAwOHc8+9c+8JEs6Udpwva2l5ZXVtvbRR3tza3tm19/ZbSqSS0CYRXMhOgBXlLKZNzTSnnURSHAWctoPRdV5v31OpmIjv9DihfoQHMQsZwdpIPRt5EdbDIMzOJ6eeMM58UPYjTnp2xak6U6BF4hakAgUaPfvT6wuSRjTWhGOluq6TaD/DUjPC6aTspYommIzwgHYNjXFElZ9NL5mgY6P0USikebFGU/V3R4YjpcZRYJz5imq+lov/1bqpDq/8jMVJqmlMZh+FKUdaoDwW1GeSEs3HhmAimdkVkSGWmGgTXtmE4M6fvEhaZ1X3olq7rVXqtSKOEhzCEZyAC5dQhxtoQBMIPMATvMCr9Wg9W2/W+8y6ZBU9B/AH1sc3ZDaawA==</latexit>

5,5

Proton decay: differences from GG
<latexit sha1_base64="jYpPLm+9AOQpKPjttmKHrot8w2w=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqBeh4MVjRfsBbSib7aZdutmE3YlQQn+CFw+KePUXefPfuG1z0NYHA4/3ZpiZFyRSGHTdb6ewtr6xuVXcLu3s7u0flA+PWiZONeNNFstYdwJquBSKN1Gg5J1EcxoFkreD8e3Mbz9xbUSsHnGScD+iQyVCwSha6UHfuP1yxa26c5BV4uWkAjka/fJXbxCzNOIKmaTGdD03QT+jGgWTfFrqpYYnlI3pkHctVTTixs/mp07JmVUGJIy1LYVkrv6eyGhkzCQKbGdEcWSWvZn4n9dNMbz2M6GSFLlii0VhKgnGZPY3GQjNGcqJJZRpYW8lbEQ1ZWjTKdkQvOWXV0nroupdVmv3tUq9lsdRhBM4hXPw4ArqcAcNaAKDITzDK7w50nlx3p2PRWvByWeO4Q+czx/MB41y</latexit>

r = 0

Barr ’82; Derendinger et al. ’84,…

Larger groups prototype:
<latexit sha1_base64="G9Pt6gs0lfvKKkciqXMhxQoGlkI=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKexKiDkGRPAY0TwgWcLsZJIMmZ1dZnqFsOQTvHhQxKtf5M2/cZLsQRMLGoqqbrq7glgKg6777eQ2Nre2d/K7hb39g8Oj4vFJy0SJZrzJIhnpTkANl0LxJgqUvBNrTsNA8nYwuZn77SeujYjUI05j7od0pMRQMIpWerjtV/vFklt2FyDrxMtICTI0+sWv3iBiScgVMkmN6XpujH5KNQom+azQSwyPKZvQEe9aqmjIjZ8uTp2RC6sMyDDSthSShfp7IqWhMdMwsJ0hxbFZ9ebif143wWHNT4WKE+SKLRcNE0kwIvO/yUBozlBOLaFMC3srYWOqKUObTsGG4K2+vE5aV2WvWq7cV0r1WhZHHs7gHC7Bg2uowx00oAkMRvAMr/DmSOfFeXc+lq05J5s5hT9wPn8AxW+NcQ==</latexit>

E6

Fermion representations: 3 copies of

<latexit sha1_base64="TAbiELqLJVAQYLszM0817qoVAqQ=">AAACGXicbZBLS8NAEMcn9VXrK+rRy2IRBKEkpbRehIIXjxXsA9pSNttNu3TzYHcjlJCv4cWv4sWDIh715Ldx00aprQMLv/3PDDPzd0LOpLKsLyO3tr6xuZXfLuzs7u0fmIdHLRlEgtAmCXggOg6WlDOfNhVTnHZCQbHncNp2Jtdpvn1PhWSBf6emIe17eOQzlxGstDQwrZ6H1dhx43ItQVfo52dXk4tfthY4GZhFq2TNAq2CnUERsmgMzI/eMCCRR31FOJaya1uh6sdYKEY4TQq9SNIQkwke0a5GH3tU9uPZZQk608oQuYHQz1dopi52xNiTcuo5ujLdUC7nUvG/XDdS7mU/Zn4YKeqT+SA34kgFKLUJDZmgRPGpBkwE07siMsYCE6XNLGgT7OWTV6FVLtnVUuW2UqxXMjvycAKncA421KAON9CAJhB4gCd4gVfj0Xg23oz3eWnOyHqO4U8Yn99Fi5/T</latexit>

27 = 16+ 10+ 1

Gürsey et al. ’76,… 

exotics!

many SSB branches…
<latexit sha1_base64="pWBvvdW1SrL729+lseFPfD8Rt3I=">AAACCHicbVDLSsNAFJ3UV62vqEsXDhahbkqiRV0W3LisaB/QhjCZTtqhkwczN0IJXbrxV9y4UMStn+DOv3GaZlFbDwyce8693LnHiwVXYFk/RmFldW19o7hZ2tre2d0z9w9aKkokZU0aiUh2PKKY4CFrAgfBOrFkJPAEa3ujm6nffmRS8Sh8gHHMnIAMQu5zSkBLrnl836xcnLm0BzxgCmfVPHfNslW1MuBlYuekjHI0XPO7149oErAQqCBKdW0rBiclEjgVbFLqJYrFhI7IgHU1DYle5aTZIRN8qpU+9iOpXwg4U+cnUhIoNQ483RkQGKpFbyr+53UT8K+dlIdxAiyks0V+IjBEeJoK7nPJKIixJoRKrv+K6ZBIQkFnV9Ih2IsnL5PWedW+rNbuauV6LY+jiI7QCaogG12hOrpFDdREFD2hF/SG3o1n49X4MD5nrQUjnzlEf2B8/QL7Npde</latexit>

SU(3)c ⇥ SU(3)⇥ SU(3)
<latexit sha1_base64="8OTmlIQFwdZLYNomNX0hXEgYH00=">AAAB+nicbVBNT8JAEN3iF+JX0aOXjcQELqQ1RD2SePEmRgsk0JDtssCG7bbZnWpI5ad48aAxXv0l3vw3LtCDgi+Z5OW9mczMC2LBNTjOt5VbW9/Y3MpvF3Z29/YP7OJhU0eJosyjkYhUOyCaCS6ZBxwEa8eKkTAQrBWMr2Z+64EpzSN5D5OY+SEZSj7glICRenbx7qbsOpUu8JBp7JXdSs8uOVVnDrxK3IyUUIZGz/7q9iOahEwCFUTrjuvE4KdEAaeCTQvdRLOY0DEZso6hkphNfjo/fYpPjdLHg0iZkoDn6u+JlIRaT8LAdIYERnrZm4n/eZ0EBpd+ymWcAJN0sWiQCAwRnuWA+1wxCmJiCKGKm1sxHRFFKJi0CiYEd/nlVdI8q7rn1dptrVSvZXHk0TE6QWXkogtUR9eogTxE0SN6Rq/ozXqyXqx362PRmrOymSP0B9bnD157khk=</latexit>

SO(10)⇥ U(1)

low dimension irreps

<latexit sha1_base64="0rWtz47zLO3Uergg25COXJ3RQaI=">AAAB8nicbVDLSgMxFL1TX7W+qi7dBIvgqsyUYl0W3LisYB8wHUomzbShmWRIMkIZ+hluXCji1q9x59+YaWehrQcCh3PuJeeeMOFMG9f9dkpb2zu7e+X9ysHh0fFJ9fSsp2WqCO0SyaUahFhTzgTtGmY4HSSK4jjktB/O7nK//0SVZlI8mnlCgxhPBIsYwcZK/jDGZhpGWaO1GFVrbt1dAm0SryA1KNAZVb+GY0nSmApDONba99zEBBlWhhFOF5VhqmmCyQxPqG+pwDHVQbaMvEBXVhmjSCr7hEFL9fdGhmOt53FoJ/OIet3Lxf88PzXRbZAxkaSGCrL6KEo5MhLl96MxU5QYPrcEE8VsVkSmWGFibEsVW4K3fvIm6TXq3k29+dCstZtFHWW4gEu4Bg9a0IZ76EAXCEh4hld4c4zz4rw7H6vRklPsnMMfOJ8/DaaREg==</latexit>

27

<latexit sha1_base64="m8zHlcMef4w/1nYKGK6J424eea0="></latexit>

27 = (3,3,1) + (1,3,3) + (3,1,3)

challenge: must 
decouple them
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What’s up next…

Turn to supersymmetry:

discuss successes/challenges for SUSY GUTs

itself a “unification paradigm” of bosons and fermions

Current approaches (both with and without SUSY)

General lessons from the grand unification paradigm…

(image credit: Symmetry magazine/Sandbox Studio)
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Supersymmetric Grand Unification

Supersymmetry (SUSY) a distinct unifying paradigm:

(image credits: “Particle Fever”/Mark Levinson via quantumdiaries.org,...)

bosons fermions

N=1 SUSY

chiral superfieldsmatter/Higgs: gauge: vector superfields

field superfield
<latexit sha1_base64="i6XMPAeFz6L+1tgwPBTQokjvNiI=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSLUS0mkqMeCF48V7Ae0oWy2k3bpZhN2N2IJ/RFePCji1d/jzX/jts1BWx8MPN6bYWZekAiujet+O2vrG5tb24Wd4u7e/sFh6ei4peNUMWyyWMSqE1CNgktsGm4EdhKFNAoEtoPx7cxvP6LSPJYPZpKgH9Gh5CFn1Fip3WtoXnm66JfKbtWdg6wSLydlyNHol756g5ilEUrDBNW667mJ8TOqDGcCp8VeqjGhbEyH2LVU0gi1n83PnZJzqwxIGCtb0pC5+nsio5HWkyiwnRE1I73szcT/vG5qwhs/4zJJDUq2WBSmgpiYzH4nA66QGTGxhDLF7a2EjaiizNiEijYEb/nlVdK6rHpX1dp9rVyv5XEU4BTOoAIeXEMd7qABTWAwhmd4hTcncV6cd+dj0brm5DMn8AfO5w+XDo8M</latexit>

 (x)
<latexit sha1_base64="8aovqrybT4LOM+hAKFc76X4DEZo=">AAACBHicbZDLSsNAFIYn9VbrLeqym8EiVCglkaIuC25cVrAXaEKZTKft0MkkzJyIJXThxldx40IRtz6EO9/GaZuFtv4w8PGfczhz/iAWXIPjfFu5tfWNza38dmFnd2//wD48aukoUZQ1aSQi1QmIZoJL1gQOgnVixUgYCNYOxtezevueKc0jeQeTmPkhGUo+4JSAsXp20WtoXn6oeDBiQCpeQFS64OlZzy45VWcuvApuBiWUqdGzv7x+RJOQSaCCaN11nRj8lCjgVLBpwUs0iwkdkyHrGpQkZNpP50dM8alx+ngQKfMk4Ln7eyIlodaTMDCdIYGRXq7NzP9q3QQGV37KZZwAk3SxaJAIDBGeJYL7XDEKYmKAUMXNXzEdEUUomNwKJgR3+eRVaJ1X3Ytq7bZWqteyOPKoiE5QGbnoEtXRDWqgJqLoET2jV/RmPVkv1rv1sWjNWdnMMfoj6/MHNK6Xyg==</latexit>

 (x, ✓, ✓̄)

(space) (superspace)

<latexit sha1_base64="BfEWEES4TGnexSSkAytdEm6W2EI=">AAAB9XicbVBNS8NAEN3Ur1q/qh69LBahgpREinosePFYwX5AE8tmu2mWbjZhd6KW0P/hxYMiXv0v3vw3btsctPXBwOO9GWbm+YngGmz72yqsrK6tbxQ3S1vbO7t75f2Dto5TRVmLxiJWXZ9oJrhkLeAgWDdRjES+YB1/dD31Ow9MaR7LOxgnzIvIUPKAUwJGunebIa8+nbkQMiCn/XLFrtkz4GXi5KSCcjT75S93ENM0YhKoIFr3HDsBLyMKOBVsUnJTzRJCR2TIeoZKEjHtZbOrJ/jEKAMcxMqUBDxTf09kJNJ6HPmmMyIQ6kVvKv7n9VIIrryMyyQFJul8UZAKDDGeRoAHXDEKYmwIoYqbWzENiSIUTFAlE4Kz+PIyaZ/XnIta/bZeadTzOIroCB2jKnLQJWqgG9RELUSRQs/oFb1Zj9aL9W59zFsLVj5ziP7A+vwBmTaR5Q==</latexit>

�(x, ✓)
<latexit sha1_base64="MuKO80cVLOx0tcroltIweF1ghfE=">AAACAXicbZDLSsNAFIYn9VbrLepGcDNYhAqlJFLUZcGNywr2Ak0ok+m0HTqZhJkTsYS68VXcuFDErW/hzrdx2mahrT8MfPznHM6cP4gF1+A431ZuZXVtfSO/Wdja3tnds/cPmjpKFGUNGolItQOimeCSNYCDYO1YMRIGgrWC0fW03rpnSvNI3sE4Zn5IBpL3OSVgrK591Cw9lD0YMiBlLyAqnfPkrGsXnYozE14GN4MiylTv2l9eL6JJyCRQQbTuuE4MfkoUcCrYpOAlmsWEjsiAdQxKEjLtp7MLJvjUOD3cj5R5EvDM/T2RklDrcRiYzpDAUC/WpuZ/tU4C/Ss/5TJOgEk6X9RPBIYIT+PAPa4YBTE2QKji5q+YDokiFExoBROCu3jyMjTPK+5FpXpbLdaqWRx5dIxOUAm56BLV0A2qowai6BE9o1f0Zj1ZL9a79TFvzVnZzCH6I+vzB9d7lno=</latexit>

V (x, ✓, ✓̄)spin 0 + spin 1/2 spin 1 + spin 1/2

gauge-matter interactions:

+ aux (F) + aux (D)

<latexit sha1_base64="v9ZRYTIvLeth7D77xok410XMDXk=">AAACBXicbVDLSsNAFJ3UV62vqktdDBahbkoiRV0WdOGygn1AH2EyuU2HTiZhZiKU0I0bf8WNC0Xc+g/u/BsnbRfaeuDC4Zx7ufceL+ZMadv+tnIrq2vrG/nNwtb2zu5ecf+gqaJEUmjQiEey7REFnAloaKY5tGMJJPQ4tLzRdea3HkAqFol7PY6hF5JAsAGjRBvJLR6Xu/Uh63d9EgQgMfTToDnBmXbm3rjFkl2xp8DLxJmTEpqj7ha/un5EkxCEppwo1XHsWPdSIjWjHCaFbqIgJnREAugYKkgIqpdOv5jgU6P4eBBJU0Ljqfp7IiWhUuPQM50h0UO16GXif14n0YOrXspEnGgQdLZokHCsI5xFgn0mgWo+NoRQycytmA6JJFSb4AomBGfx5WXSPK84F5XqXbVUq87jyKMjdILKyEGXqIZuUR01EEWP6Bm9ojfryXqx3q2PWWvOms8coj+wPn8A7FeXiA==</latexit>

(�†egV �)D

chiral superfield interactions:
<latexit sha1_base64="nQZa71vN7uAfyIk0fAT56zmDdlk=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BIvQXsquFPVYEMRjBfsB26Vk02wbmk2WZFYoS3+GFw+KePXXePPfmLZ70NYHA4/3ZpiZFyaCG3Ddb6ewsbm1vVPcLe3tHxwelY9POkalmrI2VULpXkgME1yyNnAQrJdoRuJQsG44uZ373SemDVfyEaYJC2IykjzilICV/Gq32m+Nea02uBuUK27dXQCvEy8nFZSjNSh/9YeKpjGTQAUxxvfcBIKMaOBUsFmpnxqWEDohI+ZbKknMTJAtTp7hC6sMcaS0LQl4of6eyEhszDQObWdMYGxWvbn4n+enEN0EGZdJCkzS5aIoFRgUnv+Ph1wzCmJqCaGa21sxHRNNKNiUSjYEb/XlddK5rHtX9cZDo9Js5HEU0Rk6R1XkoWvURPeohdqIIoWe0St6c8B5cd6dj2VrwclnTtEfOJ8/ZLSP/g==</latexit>

(W (�))F

<latexit sha1_base64="LBLXJKrF6ahBNBlk0n+xLyQ9H1M=">AAACB3icbVDLSgNBEJz1GeNr1aMgi0GIIGFXgnoMePEYwaiQXUPvpJMdnH0w0yuGJTcv/ooXD4p49Re8+TdOYg6+ChqKqm66u8JMCk2u+2FNTc/Mzs2XFsqLS8srq/ba+rlOc8WxxVOZqssQNEqRYIsESbzMFEIcSrwIr49H/sUNKi3S5IwGGQYx9BPRExzISB17q+o3I3Hld6HfR1W93fNDUIVPERIMd3c7dsWtuWM4f4k3IRU2QbNjv/vdlOcxJsQlaN323IyCAhQJLnFY9nONGfBr6GPb0ARi1EEx/mPo7Bil6/RSZSohZ6x+nygg1noQh6YzBor0b28k/ue1c+odBYVIspww4V+Lerl0KHVGoThdoZCTHBgCXAlzq8MjUMDJRFc2IXi/X/5Lzvdr3kGtflqvNOqTOEpsk22zKvPYIWuwE9ZkLcbZHXtgT+zZurcerRfr9at1yprMbLAfsN4+AfXimLQ=</latexit>

(�†(x, ✓̄))

“superpotential” (holomorphic)

http://quantumdiaries.org
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Building (low/TeV-scale) SUSY models…

Example: minimal supersymmetric extension of SM (MSSM)

WMSSM = Yuij
Q̂iûjĤu + Ydij

Q̂id̂jĤd + Yeij
L̂iêjĤd + µHuHd

SM matter: chiral superfields
<latexit sha1_base64="npRm4viynIecL8vfsidAIlPtzi4=">AAACE3icbZDLSgMxFIbPeK31NurSTbAIIqXMSFGXBTcuXLRgL9AOJZNJ29DMhSQjlGHewY2v4saFIm7duPNtTKdT0NYDIR//fw7J+d2IM6ks69tYWV1b39gsbBW3d3b39s2Dw5YMY0Fok4Q8FB0XS8pZQJuKKU47kaDYdzltu+Obqd9+oEKyMLhXk4g6Ph4GbMAIVlrqm+e9EVZJIy2jDOI5eHO4S8vZTdO+WbIqVlZoGewcSpBXvW9+9byQxD4NFOFYyq5tRcpJsFCMcJoWe7GkESZjPKRdjQH2qXSSbKcUnWrFQ4NQ6BMolKm/JxLsSznxXd3pYzWSi95U/M/rxmpw7SQsiGJFAzJ7aBBzpEI0DQh5TFCi+EQDJoLpvyIywgITpWMs6hDsxZWXoXVRsS8r1Ua1VKvmcRTgGE7gDGy4ghrcQh2aQOARnuEV3own48V4Nz5mrStGPnMEf8r4/AG3iJ4K</latexit>

Q̂, û, d̂, L̂, ê

Higgs sector: 2 chiral superfields
<latexit sha1_base64="mM2sc1tCUX9xEx9i2u2wyIYIHus=">AAAB/HicbZDLSsNAFIYnXmu9Rbt0M1gEF1ISKeqy4KbLCvYCbQiTybQdOpmEmRMhhPoqblwo4tYHcefbOG0jaOsPAx//OYdz5g8SwTU4zpe1tr6xubVd2inv7u0fHNpHxx0dp4qyNo1FrHoB0UxwydrAQbBeohiJAsG6weR2Vu8+MKV5LO8hS5gXkZHkQ04JGMu3K4Mxgbw59dOLHwp9u+rUnLnwKrgFVFGhlm9/DsKYphGTQAXRuu86CXg5UcCpYNPyINUsIXRCRqxvUJKIaS+fHz/FZ8YJ8TBW5knAc/f3RE4irbMoMJ0RgbFers3M/2r9FIY3Xs5lkgKTdLFomAoMMZ4lgUOuGAWRGSBUcXMrpmOiCAWTV9mE4C5/eRU6lzX3qla/q1cb9SKOEjpBp+gcuegaNVATtVAbUZShJ/SCXq1H69l6s94XrWtWMVNBf2R9fAPRrpTZ</latexit>

Ĥu, Ĥd gauge anomalies, holomorphy of

Reviews:  Martin ’97; Chung et al. ’03, many others…

<latexit sha1_base64="R7QKJQbSMTbMezVQQVCun+WbhTo=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1Fip2RmUK27VXYCsEy8nFcjRGJS/+sOYpRFKwwTVuue5ifEzqgxnAmelfqoxoWxCR9izVNIItZ8tDp2RC6sMSRgrW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasJbP+MySQ1KtlwUpoKYmMy/JkOukBkxtYQyxe2thI2poszYbEo2BG/15XXSvqp619Vas1ap1/I4inAG53AJHtxAHe6hAS1ggPAMr/DmPDovzrvzsWwtOPnMKfyB8/kDsu2M1g==</latexit>

W

conserved “R-parity”

Superpotential

(more soon!)

“mu term”: Higgsino 
mass parameter

up to cubic order in chiral superfields (renorm.)

(image credit: M. Grefe/DESY)
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Soft supersymmetry breaking

parametrized by soft supersymmetry breaking Lagrangian

gaugino masses

bilinear scalar coupling

trilinear scalar couplings

M1,2,3

b ≡ Bµ

Ãαij
= Aαij

Yαij

m
2

fij scalar mass-squares

105 new parameters!

Need models and/or simplifying assumptions …

universality:
(minimal supergravity/mSUGRA…)

but many other possibilities!

e.g.

“no-scale”:

(at high scale)
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Minimal SUSY
<latexit sha1_base64="9wQD0azJxhYaAWZhWBukISmNM94=">AAAB7HicbVBNTwIxEJ36ifiFevTSSEzwQnYNKkcSLx4xukACG9ItXWjodjdt14Rs+A1ePGiMV3+QN/+NBfag4EsmeXlvJjPzgkRwbRznG62tb2xubRd2irt7+weHpaPjlo5TRZlHYxGrTkA0E1wyz3AjWCdRjESBYO1gfDvz209MaR7LRzNJmB+RoeQhp8RYyXvwKlcX/VLZqTpz4FXi5qQMOZr90ldvENM0YtJQQbTuuk5i/Iwow6lg02Iv1SwhdEyGrGupJBHTfjY/dorPrTLAYaxsSYPn6u+JjERaT6LAdkbEjPSyNxP/87qpCet+xmWSGibpYlGYCmxiPPscD7hi1IiJJYQqbm/FdEQUocbmU7QhuMsvr5LWZdW9rtbua+VGPY+jAKdwBhVw4QYacAdN8IACh2d4hTck0Qt6Rx+L1jWUz5zAH6DPH5CHjdk=</latexit>

SU(5)

chiral superfields:

Dimopoulos, Georgi ’81 Sakai ’81

<latexit sha1_base64="mWJQBdnzqPps6Cqxf4GCe6T85Z8=">AAACCnicbVDLSgMxFM34rPU16tJNtAiCUGakVpcFNy4r2Ad0hpJJM21oJhmSjFCGWbvxV9y4UMStX+DOvzHTjqCtBwKHc+4h954gZlRpx/mylpZXVtfWSxvlza3tnV17b7+tRCIxaWHBhOwGSBFGOWlpqhnpxpKgKGCkE4yvc79zT6Sigt/pSUz8CA05DSlG2kh9+8gTxs7TqRchPQrC9CLLzn6462R9u+JUnSngInELUgEFmn370xsInESEa8yQUj3XibWfIqkpZiQre4kiMcJjNCQ9QzmKiPLT6SkZPDHKAIZCmsc1nKq/EymKlJpEgZnMV1TzXi7+5/USHV75KeVxognHs4/ChEEtYN4LHFBJsGYTQxCW1OwK8QhJhLVpr2xKcOdPXiTt86pbr9Zua5VGvaijBA7BMTgFLrgEDXADmqAFMHgAT+AFvFqP1rP1Zr3PRpesInMA/sD6+Abd8pr3</latexit>

5+ 10matter: (3 copies)

Higgs:

vector superfields:

<latexit sha1_base64="I8SK2yWLGQaYeEXAnnD9bndrqUU=">AAAB8nicbVBNSwMxFHxbv2r9qnr0EiyCp7JbFvVY8OKxgm2F7VKyabYNzSZLkhXK0p/hxYMiXv013vw3Zts9aOtAYJh5j8ybKOVMG9f9diobm1vbO9Xd2t7+weFR/fikp2WmCO0SyaV6jLCmnAnaNcxw+pgqipOI0340vS38/hNVmknxYGYpDRM8FixmBBsrBYMEm0kU5y1/Pqw33Ka7AFonXkkaUKIzrH8NRpJkCRWGcKx14LmpCXOsDCOczmuDTNMUkyke08BSgROqw3wReY4urDJCsVT2CYMW6u+NHCdaz5LIThYR9apXiP95QWbimzBnIs0MFWT5UZxxZCQq7kcjpigxfGYJJorZrIhMsMLE2JZqtgRv9eR10ms1vaumf+832n5ZRxXO4BwuwYNraMMddKALBCQ8wyu8OcZ5cd6dj+VoxSl3TuEPnM8fCReRDw==</latexit>

24
<latexit sha1_base64="64iQTh8W4RE0CBPbuw7ZCc85iEs=">AAACCXicbVDLSsNAFL3xWesr6tLNYBFcSEmkPpYFNy4r2Ac0oUymk3boJBNmJkIJ3brxV9y4UMStf+DOv3HSBtTWAwOHc8+9c+8JEs6Udpwva2l5ZXVtvbRR3tza3tm19/ZbSqSS0CYRXMhOgBXlLKZNzTSnnURSHAWctoPRdV5v31OpmIjv9DihfoQHMQsZwdpIPRt5EdbDIMzOJ6eeMM58UPYjTnp2xak6U6BF4hakAgUaPfvT6wuSRjTWhGOluq6TaD/DUjPC6aTspYommIzwgHYNjXFElZ9NL5mgY6P0USikebFGU/V3R4YjpcZRYJz5imq+lov/1bqpDq/8jMVJqmlMZh+FKUdaoDwW1GeSEs3HhmAimdkVkSGWmGgTXtmE4M6fvEhaZ1X3olq7rVXqtSKOEhzCEZyAC5dQhxtoQBMIPMATvMCr9Wg9W2/W+8y6ZBU9B/AH1sc3ZDaawA==</latexit>

5,5

<latexit sha1_base64="I8SK2yWLGQaYeEXAnnD9bndrqUU=">AAAB8nicbVBNSwMxFHxbv2r9qnr0EiyCp7JbFvVY8OKxgm2F7VKyabYNzSZLkhXK0p/hxYMiXv013vw3Zts9aOtAYJh5j8ybKOVMG9f9diobm1vbO9Xd2t7+weFR/fikp2WmCO0SyaV6jLCmnAnaNcxw+pgqipOI0340vS38/hNVmknxYGYpDRM8FixmBBsrBYMEm0kU5y1/Pqw33Ka7AFonXkkaUKIzrH8NRpJkCRWGcKx14LmpCXOsDCOczmuDTNMUkyke08BSgROqw3wReY4urDJCsVT2CYMW6u+NHCdaz5LIThYR9apXiP95QWbimzBnIs0MFWT5UZxxZCQq7kcjpigxfGYJJorZrIhMsMLE2JZqtgRv9eR10ms1vaumf+832n5ZRxXO4BwuwYNraMMddKALBCQ8wyu8OcZ5cd6dj+VoxSl3TuEPnM8fCReRDw==</latexit>

24gauge bosons:

<latexit sha1_base64="9wQD0azJxhYaAWZhWBukISmNM94=">AAAB7HicbVBNTwIxEJ36ifiFevTSSEzwQnYNKkcSLx4xukACG9ItXWjodjdt14Rs+A1ePGiMV3+QN/+NBfag4EsmeXlvJjPzgkRwbRznG62tb2xubRd2irt7+weHpaPjlo5TRZlHYxGrTkA0E1wyz3AjWCdRjESBYO1gfDvz209MaR7LRzNJmB+RoeQhp8RYyXvwKlcX/VLZqTpz4FXi5qQMOZr90ldvENM0YtJQQbTuuk5i/Iwow6lg02Iv1SwhdEyGrGupJBHTfjY/dorPrTLAYaxsSYPn6u+JjERaT6LAdkbEjPSyNxP/87qpCet+xmWSGibpYlGYCmxiPPscD7hi1IiJJYQqbm/FdEQUocbmU7QhuMsvr5LWZdW9rtbua+VGPY+jAKdwBhVw4QYacAdN8IACh2d4hTck0Qt6Rx+L1jWUz5zAH6DPH5CHjdk=</latexit>

SU(5)
<latexit sha1_base64="zVy/CcpSbjwhqRxcZpjwvObWnJA=">AAACDHicbVC7TgJBFJ3FF+ILtbSZSEygIbtI1JLExsICowsY2Gxmh1mYMPvIzF0TsuEDbPwVGwuNsfUD7PwbB9hCwZNMcu459+bOPV4suALT/DZyK6tr6xv5zcLW9s7uXnH/oKWiRFJm00hEsuMRxQQPmQ0cBOvEkpHAE6ztjS6nfvuBScWj8A7GMXMCMgi5zykBLbnF0q1dPq24tAc8YArrqlZxr3FW2mWr4t7rLrNqzoCXiZWREsrQdItfvX5Ek4CFQAVRqmuZMTgpkcCpYJNCL1EsJnREBqyraUj0LiedHTPBJ1rpYz+S+oWAZ+rviZQESo0DT3cGBIZq0ZuK/3ndBPwLJ+VhnAAL6XyRnwgMEZ4mg/tcMgpirAmhkuu/YjokklDQ+RV0CNbiycukVataZ9X6Tb3UqGdx5NEROkZlZKFz1EBXqIlsRNEjekav6M14Ml6Md+Nj3pozsplD9AfG5w9+JJiz</latexit>

SU(3)c ⇥ SU(2)L ⇥ U(1)Y
<latexit sha1_base64="H3lO65Krej7FJs9L+vLR2hdHR8I=">AAACAHicbVBNS8NAEN3Ur1q/oh48eFksQnspiRb1WBDBi1DR1EIbwma7bZduPtidCCXk4l/x4kERr/4Mb/4bt20O2vpg4PHeDDPz/FhwBZb1bRSWlldW14rrpY3Nre0dc3evpaJEUubQSESy7RPFBA+ZAxwEa8eSkcAX7MEfXU78h0cmFY/CexjHzA3IIOR9TgloyTMP7pzKadWjXeABU9ip2FUvvbrJPLNs1awp8CKxc1JGOZqe+dXtRTQJWAhUEKU6thWDmxIJnAqWlbqJYjGhIzJgHU1Dote56fSBDB9rpYf7kdQVAp6qvydSEig1DnzdGRAYqnlvIv7ndRLoX7gpD+MEWEhni/qJwBDhSRq4xyWjIMaaECq5vhXTIZGEgs6spEOw519eJK2Tmn1Wq9/Wy416HkcRHaIjVEE2OkcNdI2ayEEUZegZvaI348l4Md6Nj1lrwchn9tEfGJ8/MzOU2A==</latexit>

SU(3)c ⇥ U(1)EM
<latexit sha1_base64="464AV2ljLQUlgSpyA0ZkOwVrajs=">AAACBHicbVBNS8NAEN3Ur1q/qh57WSyCp5KUoB4LXjxWsB/QhLLZTtqlm03Y3Qgl9ODFv+LFgyJe/RHe/Ddu0xy09cHA470ZZuYFCWdK2/a3VdrY3NreKe9W9vYPDo+qxyddFaeSQofGPJb9gCjgTEBHM82hn0ggUcChF0xvFn7vAaRisbjXswT8iIwFCxkl2kjDas3jRIw5YC8iehKEWdOdY0/m2rBatxt2DrxOnILUUYH2sPrljWKaRiA05USpgWMn2s+I1IxymFe8VEFC6JSMYWCoIBEoP8ufmONzo4xwGEtTQuNc/T2RkUipWRSYzsWpatVbiP95g1SH137GRJJqEHS5KEw51jFeJIJHTALVfGYIoZKZWzGdEEmoNrlVTAjO6svrpNtsOJcN986tt9wijjKqoTN0gRx0hVroFrVRB1H0iJ7RK3qznqwX6936WLaWrGLmFP2B9fkDLnaXxA==</latexit>

h24i <latexit sha1_base64="sQUe38CegsttQEfRLKpjEhbSxGY=">AAACJ3icbVDLSgMxFM3UV62vUZdugkVwIWVG6mMlBTcuK9gHdIaSSTNtaCYZkoxQhv6NG3/FjaAiuvRPzEzrq/VC4HDOuTf3niBmVGnHebcKC4tLyyvF1dLa+sbmlr2901QikZg0sGBCtgOkCKOcNDTVjLRjSVAUMNIKhpeZ3rolUlHBb/QoJn6E+pyGFCNtqK594THE+4xAL0J6EITpydiTOXP0rQgzIJuf/ni+TF277FScvOA8cKegDKZV79pPXk/gJCJcY4aU6rhOrP0USU0xI+OSlygSIzxEfdIxkKOIKD/N7xzDA8P0YCikeVzDnP3dkaJIqVEUGGe2qZrVMvI/rZPo8NxPKY8TTTiefBQmDGoBs9Bgj0qCNRsZgLCkZleIB0girE20JROCO3vyPGgeV9zTSvW6Wq5Vp3EUwR7YB4fABWegBq5AHTQABnfgATyDF+veerRerbeJtWBNe3bBn7I+PgFYLqd0</latexit>

h5i, h5i

superpotential:

Yukawa: (SM fermion masses)

Higgs/SSB:

(constraint)

supersymmetric sector: well-defined!

Dimopoulos, Raby, Wilczek ’81 
Ibanez, Ross ’81,…   
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supersymmetry breaking sector:

here is where the model-dependence leaks in!

universality:
(minimal supergravity/mSUGRA…)

Can instead have GUT-motivated mass-squares of SM fermion partners:

At unification scale 

and/or GUT-motivated mass-squares of Higgs fields:

or further parameter relations from a specific SUSY-breaking model

Note: any of these can be called “minimal” SUSY                                          
<latexit sha1_base64="9wQD0azJxhYaAWZhWBukISmNM94=">AAAB7HicbVBNTwIxEJ36ifiFevTSSEzwQnYNKkcSLx4xukACG9ItXWjodjdt14Rs+A1ePGiMV3+QN/+NBfag4EsmeXlvJjPzgkRwbRznG62tb2xubRd2irt7+weHpaPjlo5TRZlHYxGrTkA0E1wyz3AjWCdRjESBYO1gfDvz209MaR7LRzNJmB+RoeQhp8RYyXvwKlcX/VLZqTpz4FXi5qQMOZr90ldvENM0YtJQQbTuuk5i/Iwow6lg02Iv1SwhdEyGrGupJBHTfjY/dorPrTLAYaxsSYPn6u+JjERaT6LAdkbEjPSyNxP/87qpCet+xmWSGibpYlGYCmxiPPscD7hi1IiJJYQqbm/FdEQUocbmU7QhuMsvr5LWZdW9rtbua+VGPY+jAKdwBhVw4QYacAdN8IACh2d4hTck0Qt6Rx+L1jWUz5zAH6DPH5CHjdk=</latexit>

SU(5)

no-scale: (no-scale supergravity)
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More SUSY GUTs…

We can of course use the same “recipe,” more generally 

choose gauge group

assign SM chiral superfields to irreps of 

do the same for Higgs chiral superfields

(usually same as non-SUSY case)

(must ensure anomaly cancellation)

fix (parametrize, assume) form of soft SUSY breaking sector

Many examples!

Most-studied examples:

SUSY SO(10)  (many varieties)

can include other ingredients (e.g. family/horizontal symmetries,…)

SUSY flipped SU(5)

SUSY Pati-Salam,…

Many references!!
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Back to minimal SU(5), examine SSB:

Advantages of SUSY GUTs

<latexit sha1_base64="9wQD0azJxhYaAWZhWBukISmNM94=">AAAB7HicbVBNTwIxEJ36ifiFevTSSEzwQnYNKkcSLx4xukACG9ItXWjodjdt14Rs+A1ePGiMV3+QN/+NBfag4EsmeXlvJjPzgkRwbRznG62tb2xubRd2irt7+weHpaPjlo5TRZlHYxGrTkA0E1wyz3AjWCdRjESBYO1gfDvz209MaR7LRzNJmB+RoeQhp8RYyXvwKlcX/VLZqTpz4FXi5qQMOZr90ldvENM0YtJQQbTuuk5i/Iwow6lg02Iv1SwhdEyGrGupJBHTfjY/dorPrTLAYaxsSYPn6u+JjERaT6LAdkbEjPSyNxP/87qpCet+xmWSGibpYlGYCmxiPPscD7hi1IiJJYQqbm/FdEQUocbmU7QhuMsvr5LWZdW9rtbua+VGPY+jAKdwBhVw4QYacAdN8IACh2d4hTck0Qt6Rx+L1jWUz5zAH6DPH5CHjdk=</latexit>

SU(5)
<latexit sha1_base64="zVy/CcpSbjwhqRxcZpjwvObWnJA=">AAACDHicbVC7TgJBFJ3FF+ILtbSZSEygIbtI1JLExsICowsY2Gxmh1mYMPvIzF0TsuEDbPwVGwuNsfUD7PwbB9hCwZNMcu459+bOPV4suALT/DZyK6tr6xv5zcLW9s7uXnH/oKWiRFJm00hEsuMRxQQPmQ0cBOvEkpHAE6ztjS6nfvuBScWj8A7GMXMCMgi5zykBLbnF0q1dPq24tAc8YArrqlZxr3FW2mWr4t7rLrNqzoCXiZWREsrQdItfvX5Ek4CFQAVRqmuZMTgpkcCpYJNCL1EsJnREBqyraUj0LiedHTPBJ1rpYz+S+oWAZ+rviZQESo0DT3cGBIZq0ZuK/3ndBPwLJ+VhnAAL6XyRnwgMEZ4mg/tcMgpirAmhkuu/YjokklDQ+RV0CNbiycukVataZ9X6Tb3UqGdx5NEROkZlZKFz1EBXqIlsRNEjekav6M14Ml6Md+Nj3pozsplD9AfG5w9+JJiz</latexit>

SU(3)c ⇥ SU(2)L ⇥ U(1)Y
<latexit sha1_base64="H3lO65Krej7FJs9L+vLR2hdHR8I=">AAACAHicbVBNS8NAEN3Ur1q/oh48eFksQnspiRb1WBDBi1DR1EIbwma7bZduPtidCCXk4l/x4kERr/4Mb/4bt20O2vpg4PHeDDPz/FhwBZb1bRSWlldW14rrpY3Nre0dc3evpaJEUubQSESy7RPFBA+ZAxwEa8eSkcAX7MEfXU78h0cmFY/CexjHzA3IIOR9TgloyTMP7pzKadWjXeABU9ip2FUvvbrJPLNs1awp8CKxc1JGOZqe+dXtRTQJWAhUEKU6thWDmxIJnAqWlbqJYjGhIzJgHU1Dote56fSBDB9rpYf7kdQVAp6qvydSEig1DnzdGRAYqnlvIv7ndRLoX7gpD+MEWEhni/qJwBDhSRq4xyWjIMaaECq5vhXTIZGEgs6spEOw519eJK2Tmn1Wq9/Wy416HkcRHaIjVEE2OkcNdI2ayEEUZegZvaI348l4Md6Nj1lrwchn9tEfGJ8/MzOU2A==</latexit>

SU(3)c ⇥ U(1)EM
<latexit sha1_base64="464AV2ljLQUlgSpyA0ZkOwVrajs=">AAACBHicbVBNS8NAEN3Ur1q/qh57WSyCp5KUoB4LXjxWsB/QhLLZTtqlm03Y3Qgl9ODFv+LFgyJe/RHe/Ddu0xy09cHA470ZZuYFCWdK2/a3VdrY3NreKe9W9vYPDo+qxyddFaeSQofGPJb9gCjgTEBHM82hn0ggUcChF0xvFn7vAaRisbjXswT8iIwFCxkl2kjDas3jRIw5YC8iehKEWdOdY0/m2rBatxt2DrxOnILUUYH2sPrljWKaRiA05USpgWMn2s+I1IxymFe8VEFC6JSMYWCoIBEoP8ufmONzo4xwGEtTQuNc/T2RkUipWRSYzsWpatVbiP95g1SH137GRJJqEHS5KEw51jFeJIJHTALVfGYIoZKZWzGdEEmoNrlVTAjO6svrpNtsOJcN986tt9wijjKqoTN0gRx0hVroFrVRB1H0iJ7RK3qznqwX6936WLaWrGLmFP2B9fkDLnaXxA==</latexit>

h24i <latexit sha1_base64="sQUe38CegsttQEfRLKpjEhbSxGY=">AAACJ3icbVDLSgMxFM3UV62vUZdugkVwIWVG6mMlBTcuK9gHdIaSSTNtaCYZkoxQhv6NG3/FjaAiuvRPzEzrq/VC4HDOuTf3niBmVGnHebcKC4tLyyvF1dLa+sbmlr2901QikZg0sGBCtgOkCKOcNDTVjLRjSVAUMNIKhpeZ3rolUlHBb/QoJn6E+pyGFCNtqK594THE+4xAL0J6EITpydiTOXP0rQgzIJuf/ni+TF277FScvOA8cKegDKZV79pPXk/gJCJcY4aU6rhOrP0USU0xI+OSlygSIzxEfdIxkKOIKD/N7xzDA8P0YCikeVzDnP3dkaJIqVEUGGe2qZrVMvI/rZPo8NxPKY8TTTiefBQmDGoBs9Bgj0qCNRsZgLCkZleIB0girE20JROCO3vyPGgeV9zTSvW6Wq5Vp3EUwR7YB4fABWegBq5AHTQABnfgATyDF+veerRerbeJtWBNe3bBn7I+PgFYLqd0</latexit>

h5i, h5i

SUSY scalar potential: “F terms”

SUSY-preserving vacuum

<latexit sha1_base64="464AV2ljLQUlgSpyA0ZkOwVrajs=">AAACBHicbVBNS8NAEN3Ur1q/qh57WSyCp5KUoB4LXjxWsB/QhLLZTtqlm03Y3Qgl9ODFv+LFgyJe/RHe/Ddu0xy09cHA470ZZuYFCWdK2/a3VdrY3NreKe9W9vYPDo+qxyddFaeSQofGPJb9gCjgTEBHM82hn0ggUcChF0xvFn7vAaRisbjXswT8iIwFCxkl2kjDas3jRIw5YC8iehKEWdOdY0/m2rBatxt2DrxOnILUUYH2sPrljWKaRiA05USpgWMn2s+I1IxymFe8VEFC6JSMYWCoIBEoP8ufmONzo4xwGEtTQuNc/T2RkUipWRSYzsWpatVbiP95g1SH137GRJJqEHS5KEw51jFeJIJHTALVfGYIoZKZWzGdEEmoNrlVTAjO6svrpNtsOJcN986tt9wijjKqoTN0gRx0hVroFrVRB1H0iJ7RK3qznqwX6936WLaWrGLmFP2B9fkDLnaXxA==</latexit>

h24i preserve SM subgroup:

Get the MSSM below the GUT scale:

unpacking the
<latexit sha1_base64="64iQTh8W4RE0CBPbuw7ZCc85iEs=">AAACCXicbVDLSsNAFL3xWesr6tLNYBFcSEmkPpYFNy4r2Ac0oUymk3boJBNmJkIJ3brxV9y4UMStf+DOv3HSBtTWAwOHc8+9c+8JEs6Udpwva2l5ZXVtvbRR3tza3tm19/ZbSqSS0CYRXMhOgBXlLKZNzTSnnURSHAWctoPRdV5v31OpmIjv9DihfoQHMQsZwdpIPRt5EdbDIMzOJ6eeMM58UPYjTnp2xak6U6BF4hakAgUaPfvT6wuSRjTWhGOluq6TaD/DUjPC6aTspYommIzwgHYNjXFElZ9NL5mgY6P0USikebFGU/V3R4YjpcZRYJz5imq+lov/1bqpDq/8jMVJqmlMZh+FKUdaoDwW1GeSEs3HhmAimdkVkSGWmGgTXtmE4M6fvEhaZ1X3olq7rVXqtSKOEhzCEZyAC5dQhxtoQBMIPMATvMCr9Wg9W2/W+8y6ZBU9B/AH1sc3ZDaawA==</latexit>

5,5 Higgs

interactions with

doublet-triplet Splitting problem again!
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Triplets need to be heavy, doublets need to be light

Fine-tune:

triplet Higgs masses doublet Higgs mass parameter:

Doublet-Triplet Splitting Problem of GUTs:

fine-tuning not optimal (better solutions, e.g. “sliding singlet”, “missing partner”***)

quite generic

arises whenever need large mass splittings of fields within single GUT multiplet 

but a still great advantage in SUSY compared to non-SUSY case:

non-renormalization theorem of SUSY superpotential

tuning at tree level maintained with radiative corrections!

well-known property of SUSY: mitigation of the gauge hierarchy problem!

(**return to this later!)
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Another famous SUSY advantage: gauge coupling unification in MSSM

at

Figure from PDG 2022 GUT review (Hebecker and Hisano; plots by Allanach using SOFTSUSY)

thresholds

“desert”

(two-loop RGE; universality assumption for soft SUSY masses)
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Amaldi et al. ’91; Ellis et al. ’91; Langacker, Luo ’91;…More details about this famous story:

Inputs: (exceedingly well-measured!)

extrapolate to unified value for

gives unification scale and unified GUT gauge coupling

Then run down to electroweak scale and predict

An amazing result:

LO (without thresholds) analysis in great agreement with experiment!

2-loop + thresholds (SUSY and high-scale GUT)

More accurately:

depends both on details of SUSY partner masses
and masses of superheavy states (color triplet Higgs, etc.)

Here constraints from baryon number violation are of great importance!

and the constraints are of a new type than in non-SUSY GUTs
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B and L violation in supersymmetric grand unification

dimension 4 (!)

Recall in the minimal SUSY
<latexit sha1_base64="9wQD0azJxhYaAWZhWBukISmNM94=">AAAB7HicbVBNTwIxEJ36ifiFevTSSEzwQnYNKkcSLx4xukACG9ItXWjodjdt14Rs+A1ePGiMV3+QN/+NBfag4EsmeXlvJjPzgkRwbRznG62tb2xubRd2irt7+weHpaPjlo5TRZlHYxGrTkA0E1wyz3AjWCdRjESBYO1gfDvz209MaR7LRzNJmB+RoeQhp8RYyXvwKlcX/VLZqTpz4FXi5qQMOZr90ldvENM0YtJQQbTuuk5i/Iwow6lg02Iv1SwhdEyGrGupJBHTfjY/dorPrTLAYaxsSYPn6u+JjERaT6LAdkbEjPSyNxP/87qpCet+xmWSGibpYlGYCmxiPPscD7hi1IiJJYQqbm/FdEQUocbmU7QhuMsvr5LWZdW9rtbua+VGPY+jAKdwBhVw4QYacAdN8IACh2d4hTck0Qt6Rx+L1jWUz5zAH6DPH5CHjdk=</latexit>

SU(5) superpotential

(down quark +  
lepton masses)

(up quark 
masses)

but gauge invariance also allows

A problem in supersymmetrizing the SM even without a GUT:

usual terms**:

but also allowed**:

(**note: family indices suppressed)

(reason: have same quantum numbers!)

B, L violation!

(cubic terms)

Weinberg ’82; Sakai, Yanagida ’82,…  

B, L violation
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With both

rapid proton decay!

(image credit: Allanach ’16 via researchgate.net )

Way out:
forbid some (or all) of these terms via symmetries 

Safest (and most common):

R-parity: Farrar, Fayet ’78 

Dimopoulos, Raby, Wilczek ’82; Ellis et al. ’82 or matter parity

quark, lepton superfields: odd
Higgs superfields: even

(primary constraints from first generation)

Note: in some SUSY GUTs

effective R-parity follows from GUT irrep assignment

e.g. matter fields:
Higgs fields:

http://researchgate.net
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Weinberg ’82; Sakai, Yanagida ’82,…  
dimension 5

minimal SUSY
<latexit sha1_base64="9wQD0azJxhYaAWZhWBukISmNM94=">AAAB7HicbVBNTwIxEJ36ifiFevTSSEzwQnYNKkcSLx4xukACG9ItXWjodjdt14Rs+A1ePGiMV3+QN/+NBfag4EsmeXlvJjPzgkRwbRznG62tb2xubRd2irt7+weHpaPjlo5TRZlHYxGrTkA0E1wyz3AjWCdRjESBYO1gfDvz209MaR7LRzNJmB+RoeQhp8RYyXvwKlcX/VLZqTpz4FXi5qQMOZr90ldvENM0YtJQQbTuuk5i/Iwow6lg02Iv1SwhdEyGrGupJBHTfjY/dorPrTLAYaxsSYPn6u+JjERaT6LAdkbEjPSyNxP/87qpCet+xmWSGibpYlGYCmxiPPscD7hi1IiJJYQqbm/FdEQUocbmU7QhuMsvr5LWZdW9rtbua+VGPY+jAKdwBhVw4QYacAdN8IACh2d4hTck0Qt6Rx+L1jWUz5zAH6DPH5CHjdk=</latexit>

SU(5) non-renormalizable operators

generated by color triplet Higgs superfields at

from SUSY F-terms: include scalars (squarks/sleptons)

“dressed” by exchange of MSSM gauginos or Higgsinos

suppressions: light generation Yukawas, loop factor 

figure from Murayama, Pierce ’01Generation Structure:

overall symmetric (bosonic superfields)

(i) (ii)

antisymmetric index contraction:

(i) antisymmetric in 
(ii) antisymmetric in 

2nd or 3rd gen in proton decay operator!
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Extremely strong constraint on SUSY GUT models:

proton decay bounds on GUT-scale color triplet mass

affect size of GUT thresholds in gauge coupling unification 

But dependent on details of the masses and mixings of the sfermions — 

e.g. minimal SUSY SU(5) Murayama, Pierce ’01 

i.e. the SUSY breaking sector (least well understood)

irreconcilable bounds from gauge coupling unification and proton decay

minimal SUSY SU(5) ruled out

But can survive for tuned sfermion mass/mixing patterns Bajc et al.  ’02,…

Non-minimal models:

many references!

degenerate masses

suppress via accidental symmetries, heavy sfermions, missing partner mech…



48

Current status and modern approaches

GUT models in light of present experimental constraints 

SuperK bounds

LHC bounds, DM bounds,…

(2020)

Continued work on both SUSY and non-SUSY GUTs!

general proton lifetime upper bound (d = 6, superheavy vector-mediated):

e.g.

Dorsner, Fileviez Perez ’05 
Nath, Fileviez Perez ’07 

non-SUSY: generally

non-SUSY GUTs still can be viable (non-minimal implementations)

T. Ohlsson’s talk at 
Neutrino 2022

Kearns SSI 2022
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non-SUSY GUTs:

Many recent examples:

with extra 
ingredients/symm

e.g. couplings to axions,…

more flexibility: 
multi-stage SSB
unification can be readily achieved
some “minimal” cases remain

many references!

One example:

Babu, Bajc, Saad ’16 

full fit to entire fermion spectrum
economical (non-minimal) Higgs sector

can obtain

Another:

(flipped)Ohlsson et al. ’20 

can achieve unification,

Lee, Mohapatra ’16 

successful unification,
 intermediate-scale vectorlike states

And another:

many interesting directions for exploration…

T. Ohlsson’s talk at 
Neutrino 2022
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SUSY GUTs:

new “minimal” versions of SUSY 

LHC era: heavier superpartners, alleviate dim 5 proton decay bounds

include Planck-suppressed NR operators, superpartners ~ tens of TeV range

Babu et al. ’20correct generation of lighter fermion masses

CMSSM version Evans, Yanagida ’21 

including Planck-
suppressed operator 

(gauge kinetic function)

still viable, general limits of 

many references!
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Mohapatra, Severson ’18 

SUSY

can have different story in flipped/“missing partner”

color triplet Higgs “paired”
with additional state

Ellis et al.  ’20,’21,…

dimension 5 ops suppressed, dim 6 dominate

Many recent analyses:

figure from Ellis et. al ’21 

no-scale flipped SU(5)

Higgs 
mass

many possibilities:

One example:
Yukawa textures

, Pati-Salam

Another:

Kawamura, Raby ’20 

Pati-Salam

axion DM, RPV

a rich framework for continued explorations!

Yukawa unification Poh, Raby, Wang ’17 
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Making the proton stable…

Explore splitting within GUT multiplets:

“missing partner” mechanism for doublet-triplet splitting problem:
<latexit sha1_base64="64iQTh8W4RE0CBPbuw7ZCc85iEs=">AAACCXicbVDLSsNAFL3xWesr6tLNYBFcSEmkPpYFNy4r2Ac0oUymk3boJBNmJkIJ3brxV9y4UMStf+DOv3HSBtTWAwOHc8+9c+8JEs6Udpwva2l5ZXVtvbRR3tza3tm19/ZbSqSS0CYRXMhOgBXlLKZNzTSnnURSHAWctoPRdV5v31OpmIjv9DihfoQHMQsZwdpIPRt5EdbDIMzOJ6eeMM58UPYjTnp2xak6U6BF4hakAgUaPfvT6wuSRjTWhGOluq6TaD/DUjPC6aTspYommIzwgHYNjXFElZ9NL5mgY6P0USikebFGU/V3R4YjpcZRYJz5imq+lov/1bqpDq/8jMVJqmlMZh+FKUdaoDwW1GeSEs3HhmAimdkVkSGWmGgTXtmE4M6fvEhaZ1X3olq7rVXqtSKOEhzCEZyAC5dQhxtoQBMIPMATvMCr9Wg9W2/W+8y6ZBU9B/AH1sc3ZDaawA==</latexit>

5,5 Higgs

new multiplets: “partners” of triplets but not doublets: 

Masiero et al. ’82 
Grinstein ’82 

couple them to
<latexit sha1_base64="64iQTh8W4RE0CBPbuw7ZCc85iEs=">AAACCXicbVDLSsNAFL3xWesr6tLNYBFcSEmkPpYFNy4r2Ac0oUymk3boJBNmJkIJ3brxV9y4UMStf+DOv3HSBtTWAwOHc8+9c+8JEs6Udpwva2l5ZXVtvbRR3tza3tm19/ZbSqSS0CYRXMhOgBXlLKZNzTSnnURSHAWctoPRdV5v31OpmIjv9DihfoQHMQsZwdpIPRt5EdbDIMzOJ6eeMM58UPYjTnp2xak6U6BF4hakAgUaPfvT6wuSRjTWhGOluq6TaD/DUjPC6aTspYommIzwgHYNjXFElZ9NL5mgY6P0USikebFGU/V3R4YjpcZRYJz5imq+lov/1bqpDq/8jMVJqmlMZh+FKUdaoDwW1GeSEs3HhmAimdkVkSGWmGgTXtmE4M6fvEhaZ1X3olq7rVXqtSKOEhzCEZyAC5dQhxtoQBMIPMATvMCr9Wg9W2/W+8y6ZBU9B/AH1sc3ZDaawA==</latexit>

5,5 via other new field(s)
(also forbid bare 

mass terms)

(acquire vevs)

identification of SM fermions

“kinematic blocking” (nontrivial Higgs sector needed)
see e.g. Langacker ’81 

combined gauge + global symmetries

Early ideas: 

Non-minimal GUT models:

Example with stable proton:

(two copies)

Fornal, Grinstein ’17 

no tree-level proton decay!ex.

only leptons in the 
<latexit sha1_base64="mWJQBdnzqPps6Cqxf4GCe6T85Z8=">AAACCnicbVDLSgMxFM34rPU16tJNtAiCUGakVpcFNy4r2Ad0hpJJM21oJhmSjFCGWbvxV9y4UMStX+DOvzHTjqCtBwKHc+4h954gZlRpx/mylpZXVtfWSxvlza3tnV17b7+tRCIxaWHBhOwGSBFGOWlpqhnpxpKgKGCkE4yvc79zT6Sigt/pSUz8CA05DSlG2kh9+8gTxs7TqRchPQrC9CLLzn6462R9u+JUnSngInELUgEFmn370xsInESEa8yQUj3XibWfIqkpZiQre4kiMcJjNCQ9QzmKiPLT6SkZPDHKAIZCmsc1nKq/EymKlJpEgZnMV1TzXi7+5/USHV75KeVxognHs4/ChEEtYN4LHFBJsGYTQxCW1OwK8QhJhLVpr2xKcOdPXiTt86pbr9Zua5VGvaijBA7BMTgFLrgEDXADmqAFMHgAT+AFvFqP1rP1Zr3PRpesInMA/sD6+Abd8pr3</latexit>

5+ 10 quarks embedded in new vectorlike pairs

exploring similar splitting ideas in
Popov, LE ’21,…

Barr ’14,…
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Connections with higher dimensions, string theory

orbifold GUTs:

SUSY GUT in 5 or 6 dimensions, compactified on orbifold

Orbifold breaks symmetries
projects out unwanted states/couplings

provides rationale for split vs. unsplit multiplets in 4d (bulk vs. localized)

 gauge coupling unification due to bulk physics
Features:

doublet-triplet splitting

suppress d=5 proton decay (project out color triplet Higgs)

bulk gauge group splits into “local groups” at different orbifold fixed points

(another “unification paradigm” to incorporate gravity)

Kawamura ’99
Altarelli, Feruglio ’01

Hall, Nomura ’01
…
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string GUTs: explicit “top-down” constructions

heterotic string:

SUSY flipped

compactified on Calabi-Yau manifolds

e.g. Aldabazal et al.  ’94,…SUSY GUTs/MSSM

(breaking by lower-dimensional representations)

Anderson et al. ’11,…

gauge coupling unification at string scale

Many references!

even without GUT group in 4d  Dienes ’96  (review)

Antoniadis et al. ’87,…

(famous GUT/string scale mismatch)

Type IIB/braneworlds:

gauge group from brane stacks

SUSY GUTs/MSSM

e.g. Blumenhagen et al. ’07,…

F theory realizations
 Cvetic et al. ’19,… 

Beasley, Heckman, Vafa ’08…

recent (non-technical) review:  Cvetic et al. ’22 (Snowmass)
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General Lessons from Grand Unification Paradigm

Violation of baryon number, lepton number

global symmetries in the SM (renormalizable level)

violated by nonrenormalizable operators Weinberg ’79 
Wilczek, Zee ’79 

Weinberg ’80 Enumerate such operators:

dimension B Loperator

5

6

7

9

10

0 2

2 0

1 1

1 -1

11

1 -3

1 3

Weinberg operator
(neutrino mass)

usual proton decay ops

cutoff:
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GUT models: such violations generic

quarks + leptons, quarks + antiquarks  in same GUT multiplet

specific operators: depend on GUT embeddings

General conclusion:

B, L violation general extension of unification paradigm

important for experiments to continue to push this frontier!

Example:

neutron — antineutron oscillations

simplified models: no
Arnold, Fornal, Wise ’12,… (color-sextet scalars)

Kearns SSI 2022

recent (non-technical) reviews:  Fileviez Perez et al. ’22 (Snowmass)
Dev et al. ’22 (Snowmass)
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Implications for the flavor puzzle of the SM

GUT paradigm:

origin of quark and lepton masses and mixings

intriguing framework in which to address this difficult issue

true even before the discovery of neutrino oscillations in 1998!

(Yukawa unification, intricacies of GUT Higgs sector,…)

Now precision-level measurements in both quark and lepton sectors:

But GUTs (Pati-Salam, SO(10),…) right-handed neutrinos

neutrino seesaw (Type I) 
at/near unification scale

quark (CKM) and lepton (PMNS) mixings very different!

Theme of quark-lepton unification:

“challenge” for GUT paradigm?

perhaps it will showcase itself in the neutrino sector!
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Conclusions

Aim here was to showcase ideas from the grand unification paradigm

and to recall/appreciate/contemplate their origins as the SM itself developed

GUTs are alive and well, and the framework remains compelling

some minimal/elegant implementations ruled out:

As GUTs approach their 50th birthday

Experiments probing B violation will continue to probe this important paradigm

Conclude with a quote from Langacker’s ’81 review: 

“…Grand unified theories have many attractive features and dramatic 
consequences. Even if it turns out that they are wrong in detail there is a 
good chance that they are directing our attention in the right direction.”
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Backup



2 large PMNS angles: θ23, θ12

SM fermion mixing

NuFIT 5.1 (2021)

|U |w/o SK-atm
3� =

0

B@
0.801 ! 0.845 0.513 ! 0.579 0.143 ! 0.156

0.232 ! 0.507 0.459 ! 0.694 0.629 ! 0.779

0.260 ! 0.526 0.470 ! 0.702 0.609 ! 0.763

1

CA

|U |with SK-atm
3� =

0

B@
0.801 ! 0.845 0.513 ! 0.579 0.144 ! 0.156

0.244 ! 0.499 0.505 ! 0.693 0.631 ! 0.768

0.272 ! 0.518 0.471 ! 0.669 0.623 ! 0.761

1

CA

<latexit sha1_base64="hsKB4YayVuvxRhnkOCQgWf5Tsuc="></latexit>

UPMNS = R1(✓23)R2(✓13, �)R3(✓12)P
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