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Focus: predictive framework from fundamental principles 

  B&L: why so important?

Attempt: extract the essence of both BLV

Messages:  

LNV 
 fundamental theory, accessible in principle at colliders,  
connection with low energy processes: 0nu2bta, LFV, …

BNV 
no fundamental theory.  Nucleon decay:  effective theory  

surprisngly predictive but unreachable energies



Concept of B, L

1930’s: why is proton stable?  B number conserved? 

Stueckelberg;  Wigner   ‘39

Useful bookkeeping, says also other processes suppressed:
<latexit sha1_base64="Ql2p9Q7Q6K2oPs9VarqKboBs8ko=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1IOHghePFewHNKFstpN26WYTdjdCCf0bXjwo4tU/481/47bNQVsfDDzem2FmXpgKro3rfjultfWNza3ydmVnd2//oHp41NZJphi2WCIS1Q2pRsEltgw3ArupQhqHAjvh+G7md55QaZ7IRzNJMYjpUPKIM2qs5Evim4T4IVVE9qs1t+7OQVaJV5AaFGj2q1/+IGFZjNIwQbXueW5qgpwqw5nAacXPNKaUjekQe5ZKGqMO8vnNU3JmlQGJEmVLGjJXf0/kNNZ6Eoe2M6ZmpJe9mfif18tMdBPkXKaZQckWi6JMEPvnLAAy4AqZERNLKFPc3krYiCrKjI2pYkPwll9eJe2LundVv3y4rDVuizjKcAKncA4eXEMD7qEJLWCQwjO8wpuTOS/Ou/OxaC05xcwx/IHz+QMAdZEB</latexit>

n ! n̄

Similarly L conserved?
<latexit sha1_base64="nRoPeJXJICphLJVRCVKeiZhu5Gw=">AAAB+3icbVBNS8NAEJ3Ur1q/Yj16WSyCUCiJFPUkBS8eK9gPaGLZbDft0t0k7G7EEvpXvHhQxKt/xJv/xm2bg7Y+GHi8N8PMvCDhTGnH+bYKa+sbm1vF7dLO7t7+gX1Ybqs4lYS2SMxj2Q2wopxFtKWZ5rSbSIpFwGknGN/M/M4jlYrF0b2eJNQXeBixkBGsjdS3ywnydIy8IRYCoyqiD9W+XXFqzhxolbg5qUCOZt/+8gYxSQWNNOFYqZ7rJNrPsNSMcDoteamiCSZjPKQ9QyMsqPKz+e1TdGqUAQpjaSrSaK7+nsiwUGoiAtMpsB6pZW8m/uf1Uh1e+RmLklTTiCwWhSlH5ttZEGjAJCWaTwzBRDJzKyIjLDHRJq6SCcFdfnmVtM9r7kWtflevNK7zOIpwDCdwBi5cQgNuoQktIPAEz/AKb9bUerHerY9Fa8HKZ47gD6zPH+NJkws=</latexit>

p ! � + e+
<latexit sha1_base64="zrOlm29ZqOFNrag6BGVng96qdYQ=">AAAB+nicbVBNS8NAEN3Ur1q/Uj16WSyCUCiJFPUkBS8eK9gPaNOy2U7apZtN2N0oJfanePGgiFd/iTf/jds2B219MPB4b4aZeX7MmdKO823l1tY3Nrfy24Wd3b39A7t42FRRIik0aMQj2faJAs4ENDTTHNqxBBL6HFr++Gbmtx5AKhaJez2JwQvJULCAUaKN1LeLMe7qCHdj1nNwGUOv3LdLTsWZA68SNyMllKHet7+6g4gmIQhNOVGq4zqx9lIiNaMcpoVuoiAmdEyG0DFUkBCUl85Pn+JTowxwEElTQuO5+nsiJaFSk9A3nSHRI7XszcT/vE6igysvZSJONAi6WBQkHJtnZzngAZNANZ8YQqhk5lZMR0QSqk1aBROCu/zyKmmeV9yLSvWuWqpdZ3Hk0TE6QWfIRZeohm5RHTUQRY/oGb2iN+vJerHerY9Fa87KZo7QH1ifP8oukmU=</latexit>

p ! ⇡0 + e+



LNV: Neutrino = anti neutrino?

Furry  ‘38

• hadron colliders     Keung, GS  ‘83

• nuclear beta decay       

 M =  ⌫ +  ⇤
⌫

<latexit sha1_base64="lPeyrXjhqGgKOoIKlE0012zztt0=">AAACB3icbZDLSsNAFIZP6q3WW9SlIINFEIWSVEE3QsGNG6GCvUATy2Q6aYdOJmFmIpTSnRtfxY0LRdz6Cu58G6dpEa3+MPDxn3M4c/4g4Uxpx/m0cnPzC4tL+eXCyura+oa9uVVXcSoJrZGYx7IZYEU5E7Smmea0mUiKo4DTRtC/GNcbd1QqFosbPUioH+GuYCEjWBurbe96iWLtK3SOMvBEio6+8fawbRedkpMJ/QV3CkWYqtq2P7xOTNKICk04VqrlOon2h1hqRjgdFbxU0QSTPu7SlkGBI6r8YXbHCO0bp4PCWJonNMrcnxNDHCk1iALTGWHdU7O1sflfrZXq8MwfMpGkmgoyWRSmHOkYjUNBHSYp0XxgABPJzF8R6WGJiTbRFUwI7uzJf6FeLrnHpfL1SbFSmcaRhx3YgwNw4RQqcAlVqAGBe3iEZ3ixHqwn69V6m7TmrOnMNvyS9f4FE2eYKQ==</latexit>

Majorana  ‘37

Lepton Number Violation

Dirac mass Majorana mass
<latexit sha1_base64="mtcoSREZ5OXV0j0UPlVGTCyUHR0=">AAACCXicbVDLSgMxFM34rPU16tJNsAgVYZiRoq6koAsXLqrYB3SGIZOmbWiSGZKMUIZu3fgrblwo4tY/cOffmLaz0NYDl3s4516Se6KEUaVd99taWFxaXlktrBXXNza3tu2d3YaKU4lJHccslq0IKcKoIHVNNSOtRBLEI0aa0eBy7DcfiFQ0Fvd6mJCAo56gXYqRNlJoQ8jDK1j2IyShnyga3k3bDTyGfQc7R6Fdch13AjhPvJyUQI5aaH/5nRinnAiNGVKq7bmJDjIkNcWMjIp+qkiC8AD1SNtQgThRQTa5ZAQPjdKB3ViaEhpO1N8bGeJKDXlkJjnSfTXrjcX/vHaqu+dBRkWSaiLw9KFuyqCO4TgW2KGSYM2GhiAsqfkrxH0kEdYmvKIJwZs9eZ40Thzv1KncVkrVizyOAtgHB6AMPHAGquAa1EAdYPAInsEreLOerBfr3fqYji5Y+c4e+APr8wdx9Jeg</latexit>

mD( ̄R L + h.c.)
<latexit sha1_base64="siw1A1gU8Fkqa8bxXdO/6BAnxfY=">AAACCHicbZDLSsNAFIYn9VbrLerShYNFqAghkaKupNCNC4UKvUEbw2Q6aYfOJGFmIpTQpRtfxY0LRdz6CO58G6dtFtr6w8DHf87hzPn9mFGpbPvbyC0tr6yu5dcLG5tb2zvm7l5TRonApIEjFom2jyRhNCQNRRUj7VgQxH1GWv6wOqm3HoiQNArrahQTl6N+SAOKkdKWZx5C7t3CUjeW1Lu5r8MqnCE8hQMLWyeeWbQteyq4CE4GRZCp5plf3V6EE05ChRmSsuPYsXJTJBTFjIwL3USSGOEh6pOOxhBxIt10esgYHmunB4NI6BcqOHV/T6SISznivu7kSA3kfG1i/lfrJCq4dFMaxokiIZ4tChIGVQQnqcAeFQQrNtKAsKD6rxAPkEBY6ewKOgRn/uRFaJ5ZzrlVvisXK1dZHHlwAI5ACTjgAlTANaiBBsDgETyDV/BmPBkvxrvxMWvNGdnMPvgj4/MHV/2W/Q==</latexit>

mM ( T
LC L + h.c.)

R L LL

<latexit sha1_base64="T9pS/Y0aSEAyWKXHCOchAu0ebyQ=">AAAB/nicbVDLSgNBEOz1GeMrKp68DAZBCIRdCepJAl48RjAPSJYwO+lNhszOLjOzQlgC/ooXD4p49Tu8+TdOHgdNLHqgqOpmuitIBNfGdb+dldW19Y3N3FZ+e2d3b79wcNjQcaoY1lksYtUKqEbBJdYNNwJbiUIaBQKbwfB24jcfUWkeywczStCPaF/ykDNqrNQtHEtSIpJ0TEwSUrJF0Fa3UHTL7hRkmXhzUoQ5at3CV6cXszRCaZigWrc9NzF+RpXhTOA430k1JpQNaR/blkoaofaz6fpjcmaVHgljZZ80ZKr+nshopPUoCmxnRM1AL3oT8T+vnZrw2s+4TFKDks0+ClNB7LGTLEiPK2RGjCyhTHG7K2EDqigzNrG8DcFbPHmZNC7K3mW5cl8pVm/mceTgBE7hHDy4gircQQ3qwCCDZ3iFN+fJeXHenY9Z64oznzmCP3A+fwAFyJLz</latexit>

n+ n ! p+ p+ e+ e

<latexit sha1_base64="j8j8mNT2TrK4MOl9y4x1ub7tIAw=">AAACDnicbVDLSgMxFM3UV62vUZdugqVQEcqMFHUlBTcuK9gHdIaSSW/b2MxMSDJCGfoFbvwVNy4UcevanX9j2s5CWw+EHM65l+ScQHCmtON8W7mV1bX1jfxmYWt7Z3fP3j9oqjiRFBo05rFsB0QBZxE0NNMc2kICCQMOrWB0PfVbDyAVi6M7PRbgh2QQsT6jRBupa5cEPsUCl72ASCxOsKdj7AHnRs2ue9CqaxedijMDXiZuRoooQ71rf3m9mCYhRJpyolTHdYT2UyI1oxwmBS9RIAgdkQF0DI1ICMpPZ3EmuGSUHu7H0pxI45n6eyMloVLjMDCTIdFDtehNxf+8TqL7l37KIpFoiOj8oX7Csck87Qb3mASq+dgQQiUzf8V0SCSh2jRYMCW4i5GXSfOs4p5XqrfVYu0qqyOPjtAxKiMXXaAaukF11EAUPaJn9IrerCfrxXq3PuajOSvbOUR/YH3+AHSImTw=</latexit>

p+ p(p̄) ! `+ `+ jets
<latexit sha1_base64="feydqD+lXFeo3J4hN/gY3HhQZN0=">AAAB/HicbVBNS8NAEN34WetXtEcvi0XwICGRol6UghePFewHNKFstpN26WYTdjdCKPWvePGgiFd/iDf/jds2B219MPB4b4aZeWHKmdKu+22trK6tb2yWtsrbO7t7+/bBYUslmaTQpAlPZCckCjgT0NRMc+ikEkgccmiHo9up334EqVgiHnSeQhCTgWARo0QbqWdXfOAcX2NwsB9nZ9jXJOvZVddxZ8DLxCtIFRVo9Owvv5/QLAahKSdKdT031cGYSM0oh0nZzxSkhI7IALqGChKDCsaz4yf4xCh9HCXSlNB4pv6eGJNYqTwOTWdM9FAtelPxP6+b6egqGDORZhoEnS+KMo51gqdJ4D6TQDXPDSFUMnMrpkMiCdUmr7IJwVt8eZm0zh3vwqnd16r1myKOEjpCx+gUeegS1dEdaqAmoihHz+gVvVlP1ov1bn3MW1esYqaC/sD6/AGFxZNn</latexit>

` = e.µ, ⌧



|↑↓ − ↓↑〉

Majorana mass

u = spin 1/2 state mass term = bilinear in u 

spin 0 = Lorenz invariant state

if charged particle, then uu carries charge

<latexit sha1_base64="etHTv2YKn56zgKRhCW2q+j+lfZI=">AAAB+XicbVDLSgNBEOz1GeNr1aOXwSB4CrshqMegF48R8oJkXWYnk2TIzO4yj0BY8idePCji1T/x5t84SfagiQUNRVU33V1RypnSnvftbGxube/sFvaK+weHR8fuyWlLJUYS2iQJT2QnwopyFtOmZprTTiopFhGn7Wh8P/fbEyoVS+KGnqY0EHgYswEjWFspdF3z1EAM9RQbChxWkAndklf2FkDrxM9JCXLUQ/er10+IETTWhGOlur6X6iDDUjPC6azYM4qmmIzxkHYtjbGgKsgWl8/QpVX6aJBIW7FGC/X3RIaFUlMR2U6B9UitenPxP69r9OA2yFicGk1jslw0MBzpBM1jQH0mKdF8agkmktlbERlhiYm2YRVtCP7qy+ukVSn71+XqY7VUu8vjKMA5XMAV+HADNXiAOjSBwASe4RXenMx5cd6dj2XrhpPPnMEfOJ8/KOOStw==</latexit>

uT i�2u

<latexit sha1_base64="gL7Urx5oqJAIoHNY8Sq+03R4zXE=">AAACI3icbVBNSwMxEM36bf2qevQSLIJeyq4UFaFQ8OLBg4JthaaUbDrbBrPZJZkVytL/4sW/4sWDIl48+F9M6x78ejDweG8mmXlhqqRF33/3Zmbn5hcWl5ZLK6tr6xvlza2WTTIjoCkSlZibkFtQUkMTJSq4SQ3wOFTQDm/PJn77DoyVib7GUQrdmA+0jKTg6KRe+ZSlVvYuaJ0yBRHusxAGUufcGD4a52JMM8oY9SkD3S9UyowcDPGgV674VX8K+pcEBamQApe98ivrJyKLQaNQ3NpO4KfYda+iFArGJZZZSLm45QPoOKp5DLabT28c0z2n9GmUGFca6VT9PpHz2NpRHLrOmOPQ/vYm4n9eJ8PopJtLnWYIWnx9FGWKYkIngdG+NCBQjRzhwki3KxVDbrhAF2vJhRD8PvkvaR1Wg6Nq7apWadSLOJbIDtkl+yQgx6RBzsklaRJB7skjeSYv3oP35L16b1+tM14xs01+wPv4BEdJpA8=</latexit>

 L =

✓
u
0

◆
<latexit sha1_base64="u3I9zJLz1QINQMzKqH9h7inZuac=">AAACDXicbZC7TsMwFIadcivlFmBksShITFVSVcACqtSFgaFIvUlNiBzXba3aSeQLUhX1BVh4FRYGEGJlZ+NtcNsM0PJLlj7/5xzZ5w8TRqVynG8rt7K6tr6R3yxsbe/s7tn7By0Za4FJE8csFp0QScJoRJqKKkY6iSCIh4y0w1FtWm8/ECFpHDXUOCE+R4OI9ilGyliBfeIlkga39w1Yg3OEV1CbK4WepAOOgjLUgV10Ss5McBncDIogUz2wv7xejDUnkcIMSdl1nUT5KRKKYkYmBU9LkiA8QgPSNRghTqSfzraZwFPj9GA/FuZECs7c3xMp4lKOeWg6OVJDuVibmv/Vulr1L/2URolWJMLzh/qaQRXDaTSwRwXBio0NICyo+SvEQyQQVibAggnBXVx5GVrlknteqtxVitXrLI48OALH4Ay44AJUwQ2ogybA4BE8g1fwZj1ZL9a79TFvzVnZzCH4I+vzB1VimdM=</latexit>

 T
LC L = uT i�2u



p

W

n

⌫e

⌫e

W
pn

⌦mM
⌫

e

e

Majorana mass

Neutrinoless double beta decay

probe of  neutrino Majorana mass?

e = LH

e = LH

Furry 1938

<latexit sha1_base64="mfT5xQvlja4scvHy6LJPjeRrabg=">AAACDXicbVDLSsNAFJ34rPVVdelmsAquSlJKdSUFNy4r2Ac0MUym03boZBJmboQS8gNu/BU3LhRx696df+O0zUJbDwwczjmXO/cEseAabPvbWlldW9/YLGwVt3d29/ZLB4dtHSWKshaNRKS6AdFMcMlawEGwbqwYCQPBOsH4eup3HpjSPJJ3MImZF5Kh5ANOCRjJL526QBI/tV2ZVN2AAcmwOwSTD7Fj36fVeoYnyi+V7Yo9A14mTk7KKEfTL325/YgmIZNABdG659gxeClRwKlgWdFNNIsJHZMh6xkqSci0l86uyfCZUfp4ECnzJOCZ+nsiJaHWkzAwyZDASC96U/E/r5fA4NJLuYwTYJLOFw0SgSHC02pwnytGQUwMIVRx81dMR0QRCqbAoinBWTx5mbSrFadeqd3Wyo2rvI4COkYn6Bw56AI10A1qohai6BE9o1f0Zj1ZL9a79TGPrlj5zBH6A+vzB0cJmwo=</latexit>

⌧0⌫2� & 1026yr

<latexit sha1_base64="flO351c68ljqN0yB+jg/YwRlAmQ=">AAACBHicbVC7SgNBFJ31GeNr1TLNYBBiE3Y1qJUEbGyECOYBybrMTm6SITOzy8ysEEIKG3/FxkIRWz/Czr9x8ig08cCFwzn3cu89UcKZNp737Swtr6yurWc2sptb2zu77t5+TcepolClMY9VIyIaOJNQNcxwaCQKiIg41KP+1divP4DSLJZ3ZpBAIEhXsg6jxFgpdHMibMn0/ga3OGitmcA+LnjF02MMtdDNe0VvArxI/BnJoxkqofvVasc0FSAN5UTrpu8lJhgSZRjlMMq2Ug0JoX3ShaalkgjQwXDyxAgfWaWNO7GyJQ2eqL8nhkRoPRCR7RTE9PS8Nxb/85qp6VwEQyaT1ICk00WdlGMT43EiuM0UUMMHlhCqmL0V0x5RhBqbW9aG4M+/vEhqJ0X/rFi6LeXLl7M4MiiHDlEB+egcldE1qqAqougRPaNX9OY8OS/Ou/MxbV1yZjMH6A+czx+Z4JYe</latexit>

mM
⌫ . 1(0.3)eV

NO



Feinberg, Goldhaber  ’59

Pontecorvo  ’64

Caveat: new physics involved?

tailor made for LHC

d=9 operator Mohapatra, GS ‘79

probe of the theory of neutrino mass?

<latexit sha1_base64="K6S86j7aqQzskPNWjqJovXUPWdw="></latexit>

Heff =
1

⇤5
p̄ p̄ ē ē n n

<latexit sha1_base64="DywIAXty9lhXy1sIzMEYZH/mZY8=">AAACAHicbVC7SgNBFJ31GeNr1cLCZjAIFhJ2NfjoAjYWFhHyguwSZmdnkyGzs8vMXSGENP6KjYUitn6GnX/jJNlCEw8MHM45lzv3BKngGhzn21paXlldWy9sFDe3tnd27b39pk4yRVmDJiJR7YBoJrhkDeAgWDtVjMSBYK1gcDvxW49MaZ7IOgxT5sekJ3nEKQEjde1D796EQ4K9HphUjC+wd1Znza5dcsrOFHiRuDkpoRy1rv3lhQnNYiaBCqJ1x3VS8EdEAaeCjYtepllK6ID0WMdQSWKm/dH0gDE+MUqIo0SZJwFP1d8TIxJrPYwDk4wJ9PW8NxH/8zoZRNf+iMs0AybpbFGUCQwJnrSBQ64YBTE0hFDFzV8x7RNFKJjOiqYEd/7kRdI8L7uX5cpDpVS9yesooCN0jE6Ri65QFd2hGmogisboGb2iN+vJerHerY9ZdMnKZw7QH1ifP+UUlUo=</latexit>

⇤ & 3TeV

Mohapatra, GS ‘81

neutrino = RH 

<latexit sha1_base64="mfT5xQvlja4scvHy6LJPjeRrabg=">AAACDXicbVDLSsNAFJ34rPVVdelmsAquSlJKdSUFNy4r2Ac0MUym03boZBJmboQS8gNu/BU3LhRx696df+O0zUJbDwwczjmXO/cEseAabPvbWlldW9/YLGwVt3d29/ZLB4dtHSWKshaNRKS6AdFMcMlawEGwbqwYCQPBOsH4eup3HpjSPJJ3MImZF5Kh5ANOCRjJL526QBI/tV2ZVN2AAcmwOwSTD7Fj36fVeoYnyi+V7Yo9A14mTk7KKEfTL325/YgmIZNABdG659gxeClRwKlgWdFNNIsJHZMh6xkqSci0l86uyfCZUfp4ECnzJOCZ+nsiJaHWkzAwyZDASC96U/E/r5fA4NJLuYwTYJLOFw0SgSHC02pwnytGQUwMIVRx81dMR0QRCqbAoinBWTx5mbSrFadeqd3Wyo2rvI4COkYn6Bw56AI10A1qohai6BE9o1f0Zj1ZL9a79TGPrlj5zBH6A+vzB0cJmwo=</latexit>

⌧0⌫2� & 1026yr

new physics (not neutrino mass itself)



SM and neutrino Majorana  mass

<latexit sha1_base64="oRO69FccLheR4SOEs9UaFszlFRI=">AAACKHicbVDLSgMxFM34tr6qLt0Ei6CbMiNF3YiCGxcuFOwDmlIy6Z02mMkMyR2hDP0cN/6KGxFF3PolpnUWWj0QOJxzT5J7wlRJi77/4c3Mzs0vLC4tl1ZW19Y3yptbDZtkRkBdJCoxrZBbUFJDHSUqaKUGeBwqaIZ3F2O/eQ/GykTf4jCFTsz7WkZScHRSt3zGQKnuFT2lTEGE+yyEvtQ5N4YPR7kYUaYzyhgFykD3Cp0yI/sDPHC5brniV/0J6F8SFKRCClx3yy+sl4gsBo1CcWvbgZ9ix12MUigYlVhmIeXijveh7ajmMdhOPll0RPec0qNRYtzRSCfqz0TOY2uHcegmY44DO+2Nxf+8dobRSSeXOs0QtPh+KMoUxYSOW6M9aUCgGjrChZHur1QMuOECXbclV0IwvfJf0jisBkfV2k2tcn5a1LFEdsgu2ScBOSbn5JJckzoR5IE8kVfy5j16z9679/E9OuMVmW3yC97nFxL/pfw=</latexit>

`L =

✓
⌫
e

◆

L

<latexit sha1_base64="G5Yo2Hv9Kjg0AevRFhHn1n7ayxw="></latexit>

� =

✓
0

h+ v

◆

L

<latexit sha1_base64="tr5cgwuuZnaiX83ws1ogjsp4sjA="></latexit>

Leff / 1

⇤
(`TLi�2�)C(�T i�2`L)

SM: neutrino massless

d = 5  Weinberg  ‘79

<latexit sha1_base64="pGYykoLbdcKhEENntoGMCHc/BA0=">AAACBHicbVDLSsNAFJ34rPUVddnNYBFclaQUdVMouHHhooJ9QBPDZDJph04mYWZSKCELN/6KGxeKuPUj3Pk3TtsstPXAwOGce7hzj58wKpVlfRtr6xubW9ulnfLu3v7BoXl03JVxKjDp4JjFou8jSRjlpKOoYqSfCIIin5GeP76e+b0JEZLG/F5NE+JGaMhpSDFSWvLMSuQ5PIVN6IQC4WzyUM8z51bnA5R7ZtWqWXPAVWIXpAoKtD3zywlinEaEK8yQlAPbSpSbIaEoZiQvO6kkCcJjNCQDTTmKiHSz+RE5PNNKAMNY6McVnKu/ExmKpJxGvp6MkBrJZW8m/ucNUhVeuRnlSaoIx4tFYcqgiuGsERhQQbBiU00QFlT/FeIR0m0o3VtZl2Avn7xKuvWafVFr3DWqrWZRRwlUwCk4Bza4BC1wA9qgAzB4BM/gFbwZT8aL8W58LEbXjCJzAv7A+PwBMPOX0A==</latexit>

m⌫ =
v2

⇤
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neutrino mass ~ parity violation in nature

Seesaw mechanism for neutrino mass

neutrino is light, since N is heavy

Minkowski  1977
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Figure 5: Production of lepton number violating same sign dileptons at col-
liders through WR and N

heavy particles needed to complete the SM in order to have m� �= 0 (such as
NR).

It is thus crucial to have a direct measure of lepton number violation
which can probe the source of neutrino Majorana mass. This is provided by
the same sign dilepton production at colliders as we discuss below.

7.2 Lepton number violation at colliders

We have just seen that ��0 is obscured by various contributions which are
not easy to disentangle. We need some direct tests of the origin of �L = 2,
i.e. these-saw mechanism. This comes about from possible direct production
of the right-handed neutrinos through a WR production. The crucial point
here is the Majorana nature of N : once produced at decays equally often
into leptons and antileptons. This led us [27] to suggest a direct production
of the same sign dileptons at colliders as a manifestation of �L = 2. The
most promising channel is ⇧⇧+2 jets as seen form Fig.5.

One can also imagine a production of N through its couplings to WL

(proportional to yD), but this is a long shot. It would require large yD and
large cancellations among the in order to have small m� . This could be
achieved in principle by fine-tuning, but is not the see-saw mechanism.

The crucial characteristics

1. no missing energy which helps to fight the background

48

proton

proton
probe of Majorana  

nature of N

50% lepton -  
50 % antileptons

Ferrari et al ’00

MN = VRmNV T
R

Vasquez ‘14

Nemevsek, Nesti, Popara ‘18…

Nemevsek, Nesti, GS, Zhang  ’11

LNV @ hadron colliders 

0nu2beta connection

moreover, LFV
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1 Introduction

Left–right symmetric models [1–9] (LRSMs) attempt to explain the broken parity symmetry of
the weak interaction in the Standard Model (SM) and can introduce, depending on the form of the
LRSM, right-handed counterparts to the W and Z bosons (WR and ZR), and right-handed heavy
neutrinos (NR). A search for WR boson and NR neutrino production in a final state containing two
charged leptons and two jets (`` j j) with ` = e, µ is presented here. The exact process of interest is
the Keung–SenjanoviÊ (KS) process [10], shown in Figure 1. When the WR boson is heavier than
the NR neutrino (mWR > mNR), the on-shell WR mass can be reconstructed from the invariant mass
of the `` j j system, whereas, when mNR > mWR, the on-shell WR mass can be reconstructed from the
invariant mass of the j j system. Only ee and µµ lepton pairs, coupling respectively to N

e
R and N

µ
R ,

are considered as part of the `` j j final state, since no mixing between flavours is assumed. Left-
and right-handed weak gauge couplings are also defined to be equivalent (gL = gR).
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Figure 1: The KS process, for (a) the mWR > mNR case and (b) the mNR > mWR case.

In the minimal LRSM containing the type-I seesaw mechanism [6–9], NR neutrinos are Majorana
particles. The type-I seesaw mechanism accounts for the masses of the SM neutrinos by linking
(heavy) NR neutrinos and the SM neutrino masses through a mixing matrix. In this case, both the
SM neutrinos and the hypothetical NR neutrinos are required to be Majorana particles, allowing
lepton-number-violating processes, such as the KS process, to occur. In LRSM variants, including
the inverse seesaw mechanism [11–14], NR neutrinos are pseudo-Dirac particles1 (referred to in this
paper as “Dirac” particles for simplicity). For minimal versions of LRSMs containing the inverse
seesaw mechanism, lepton-number-violating processes are not expected [16]. The Majorana or
Dirac nature of the NR neutrino can be established by comparing the charges of the two final-state
leptons. If the NR neutrinos are Dirac particles, the leptons will always have opposite-sign (OS)
charges. However, if they are Majorana particles, the NR neutrinos are their own anti-particles,

1 A pseudo-Dirac particle is formed by two Majorana particles with identical masses [15].
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In the minimal LRSM containing the type-I seesaw mechanism [6–9], NR neutrinos are Majorana
particles. The type-I seesaw mechanism accounts for the masses of the SM neutrinos by linking
(heavy) NR neutrinos and the SM neutrino masses through a mixing matrix. In this case, both the
SM neutrinos and the hypothetical NR neutrinos are required to be Majorana particles, allowing
lepton-number-violating processes, such as the KS process, to occur. In LRSM variants, including
the inverse seesaw mechanism [11–14], NR neutrinos are pseudo-Dirac particles1 (referred to in this
paper as “Dirac” particles for simplicity). For minimal versions of LRSMs containing the inverse
seesaw mechanism, lepton-number-violating processes are not expected [16]. The Majorana or
Dirac nature of the NR neutrino can be established by comparing the charges of the two final-state
leptons. If the NR neutrinos are Dirac particles, the leptons will always have opposite-sign (OS)
charges. However, if they are Majorana particles, the NR neutrinos are their own anti-particles,
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1 Introduction

Left–right symmetric models [1–9] (LRSMs) attempt to explain the broken parity symmetry of
the weak interaction in the Standard Model (SM) and can introduce, depending on the form of the
LRSM, right-handed counterparts to the W and Z bosons (WR and ZR), and right-handed heavy
neutrinos (NR). A search for WR boson and NR neutrino production in a final state containing two
charged leptons and two jets (`` j j) with ` = e, µ is presented here. The exact process of interest is
the Keung–SenjanoviÊ (KS) process [10], shown in Figure 1. When the WR boson is heavier than
the NR neutrino (mWR > mNR), the on-shell WR mass can be reconstructed from the invariant mass
of the `` j j system, whereas, when mNR > mWR, the on-shell WR mass can be reconstructed from the
invariant mass of the j j system. Only ee and µµ lepton pairs, coupling respectively to N
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Figure 1: The KS process, for (a) the mWR > mNR case and (b) the mNR > mWR case.

In the minimal LRSM containing the type-I seesaw mechanism [6–9], NR neutrinos are Majorana
particles. The type-I seesaw mechanism accounts for the masses of the SM neutrinos by linking
(heavy) NR neutrinos and the SM neutrino masses through a mixing matrix. In this case, both the
SM neutrinos and the hypothetical NR neutrinos are required to be Majorana particles, allowing
lepton-number-violating processes, such as the KS process, to occur. In LRSM variants, including
the inverse seesaw mechanism [11–14], NR neutrinos are pseudo-Dirac particles1 (referred to in this
paper as “Dirac” particles for simplicity). For minimal versions of LRSMs containing the inverse
seesaw mechanism, lepton-number-violating processes are not expected [16]. The Majorana or
Dirac nature of the NR neutrino can be established by comparing the charges of the two final-state
leptons. If the NR neutrinos are Dirac particles, the leptons will always have opposite-sign (OS)
charges. However, if they are Majorana particles, the NR neutrinos are their own anti-particles,

1 A pseudo-Dirac particle is formed by two Majorana particles with identical masses [15].
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BNV: proton decay
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Proton decay: effective
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Why talk about it? Grand Unification:

<latexit sha1_base64="XNjMZQvzei5XjkSVUIPXT5aMgVc=">AAACEnicbVDLSgMxFM34rPU16tJNsAi6KTNSqhuh4KIuFCp02kJbh0x624ZmHiYZoQz9Bjf+ihsXirh15c6/MW1H0NYDgZNzziW5x4s4k8qyvoyFxaXlldXMWnZ9Y3Nr29zZrckwFhQcGvJQNDwigbMAHMUUh0YkgPgeh7o3uBj79XsQkoVBVQ0jaPukF7Auo0RpyTWPW1c63CG4JZkPd/jaTcpOdfRzta3bxC6OcBlqrpmz8tYEeJ7YKcmhFBXX/Gx1Qhr7ECjKiZRN24pUOyFCMcphlG3FEiJCB6QHTU0D4oNsJ5OVRvhQKx3cDYU+gcIT9fdEQnwph76nkz5RfTnrjcX/vGasumfthAVRrCCg04e6MccqxON+cIcJoIoPNSFUMP1XTPtEEKp0i1ldgj278jypneTtYr5wU8iVztM6MmgfHaAjZKNTVEKXqIIcRNEDekIv6NV4NJ6NN+N9Gl0w0pk99AfGxzeqMZww</latexit>

⇤ ' MGUT ' 1016GeV Georgi, Quinn, Weinberg  ‘74

 Weinberg  ‘79

No truly predictive theory  



Lorentz, color, ew:
<latexit sha1_base64="/7GDrvRfKZH5R6bogob6hdl9bKk="></latexit>

Heff /
1

⇤2
q q q `

•B-L = conserved
<latexit sha1_base64="TIAFMNlGn+4zcBMC4651ntoHUrA=">AAAB+3icbVBNS8NAEJ34WetXrEcvi0UQCiGRol6EghdPUsF+QBPLZrtpl242YXcjltK/4sWDIl79I978N27bHLT1wcDjvRlm5oUpZ0q77re1srq2vrFZ2Cpu7+zu7dsHpaZKMklogyQ8ke0QK8qZoA3NNKftVFIch5y2wuH11G89UqlYIu71KKVBjPuCRYxgbaSuXbpFvk6QTzl/qKAKchyna5ddx50BLRMvJ2XIUe/aX34vIVlMhSYcK9Xx3FQHYyw1I5xOin6maIrJEPdpx1CBY6qC8ez2CToxSg9FiTQlNJqpvyfGOFZqFIemM8Z6oBa9qfif18l0dBmMmUgzTQWZL4oyjsy30yBQj0lKNB8Zgolk5lZEBlhiok1cRROCt/jyMmmeOd65U72rlmtXeRwFOIJjOAUPLqAGN1CHBhB4gmd4hTdrYr1Y79bHvHXFymcO4Q+szx+3G5JH</latexit>

N ! `+ + ...

 Weinberg  ‘79

Nucleon decay predictions 
from effective theory

GS  ‘09

•if q = s

Neutron: no two-body Kaon decay

<latexit sha1_base64="NlfGv6Phck3kERevZ/GW5WBclCI=">AAACAHicbVDLSgMxFM34rPU16sKFm2ARKoUyI0XdCAU3gpsK9gGdsWTSO21oJjMkGaGUbvwVNy4UcetnuPNvTNtZaOuBwOGce7k5J0g4U9pxvq2l5ZXVtfXcRn5za3tn197bb6g4lRTqNOaxbAVEAWcC6pppDq1EAokCDs1gcD3xm48gFYvFvR4m4EekJ1jIKNFG6tiHRYGxJ2Lt6RjfPpRwCXvA+WnHLjhlZwq8SNyMFFCGWsf+8roxTSMQmnKiVNt1Eu2PiNSMchjnvVRBQuiA9KBtqCARKH80DTDGJ0bp4jCW5gmNp+rvjRGJlBpGgZmMiO6reW8i/ue1Ux1e+iMmklSDoLNDYcqxCTtpA3eZBKr50BBCJTN/xbRPJKHadJY3JbjzkRdJ46zsnpcrd5VC9SqrI4eO0DEqIhddoCq6QTVURxSN0TN6RW/Wk/VivVsfs9ElK9s5QH9gff4AlQiUeA==</latexit>

(n 6! K+ + `)

<latexit sha1_base64="QM8xZA0xoerWuyo/b4HMcywAJeM=">AAACA3icbVDLSgMxFM3UV62vUXe6CRZBEMuMFHUjFNwIbirYB3TGkknTNjSTGZI7QhkKbvwVNy4UcetPuPNvTNtZaOuBwOGce7k5J4gF1+A431ZuYXFpeSW/Wlhb39jcsrd36jpKFGU1GolINQOimeCS1YCDYM1YMRIGgjWCwdXYbzwwpXkk72AYMz8kPcm7nBIwUtvekxh7MgIPInxzf4KPsRcQhT0mRNsuOiVnAjxP3IwUUYZq2/7yOhFNQiaBCqJ1y3Vi8FOigFPBRgUv0SwmdEB6rGWoJCHTfjrJMMKHRungbqTMk4An6u+NlIRaD8PATIYE+nrWG4v/ea0Euhd+ymWcAJN0eqibCGwCjwvBHa4YBTE0hFDFzV8x7RNFKJjaCqYEdzbyPKmfltyzUvm2XKxcZnXk0T46QEfIReeogq5RFdUQRY/oGb2iN+vJerHerY/paM7KdnbRH1ifPzbRlfg=</latexit>

n 6! K� + ¯̀
<latexit sha1_base64="GmcACIvbnq9+FXpiaS1aqHSlxTQ=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBahHiyJFPVSKHgRvFSwH9DGstlu2qWbTdjdFEroP/HiQRGv/hNv/hu3bQ7a+mDg8d4MM/P8mDOlHefbyq2tb2xu5bcLO7t7+wf24VFTRYkktEEiHsm2jxXlTNCGZprTdiwpDn1OW/7odua3xlQqFolHPYmpF+KBYAEjWBupZ9ul+6cLVEVdH0uUIHXes4tO2ZkDrRI3I0XIUO/ZX91+RJKQCk04VqrjOrH2Uiw1I5xOC91E0RiTER7QjqECh1R56fzyKTozSh8FkTQlNJqrvydSHCo1CX3TGWI9VMveTPzP6yQ6uPFSJuJEU0EWi4KEIx2hWQyozyQlmk8MwUQycysiQywx0SasggnBXX55lTQvy+5VufJQKdaqWRx5OIFTKIEL11CDO6hDAwiM4Rle4c1KrRfr3fpYtOasbOYY/sD6/AGQGZGs</latexit>

(K� = ūs)



and

126H = (2, 2, 15) + (3, 1, 10) + (1, 3, 1̄0) + (1, 1, 6)

and one can see that in principle no bad mass relations
come out. If 10H is taken to be real, a minimal scenario,
the predictions turn out to be wrong [43], and making
it complex kills the predictions. This is why ordinary
SO(10) does not do the job. The theory deserves atten-
tion for it allows for an intermediate L-R symmetry [44];
for recent attempts to revive ordinary SO(10) see [43],
[45].

This situation improves in supersymmetry: the cou-
plings being holomorphic simplifies things. Although a
single 10H is necessarily complex, still, analyticity guar-
antees a single Yukawa, and similarly for 126H. This
minimal supersymmetric version, coined renormalizable,
although suggested already in 1982 [46], and revisited
ten years later [47], has been studied at length only in
recent years [48] [49]. A boost was provided by an obser-
vation that b − τ unification can be naturally tied with
the large atmospheric mixing angled in the type II see-
saw [50]. This means that small quark and large lepton
weak mixing angles follow naturally from the common
Yukawa couplings without any need for flavor symme-
tries. This is an important result which shows that the
much talked about issue of rather different quark and
lepton mixings is not a problem as normally argued. In
the SO(10) grand unified theory it is simply a prod-
uct of a broken quark-lepton or Pati-Salam symmetry.
In other words, although at the GUT scale quarks and
leptons are completely equivalent with the same Yukawa
couplings, at the SM energies, their different masses lead
to different mixing angles.

After a great initial success, when pinned down, the
theory ran into tension between fast proton and neu-
trino masses. It was revisited recently [51] and shown to
work with the so called split supersymmetry spectrum
of heavy sfermions. It is important to note that the
nucleon decay branching ratios are determined. This is
an example for a kind of theory of proton decay we are
searching for. It remains to be shown that the solution
found is unique.

Instead of a large 126H Higgs, one may choose a 16H

and then build 126H Higgs effectively as 162
H . This in-

duces a proliferation of couplings and one must intro-
duce extra flavor symmetries, and thus go beyond a sim-
ple GUT picture. For a discussion of this approach, see
[52]. In any case, it is clear that no accepted minimal
model has yet emerged. In this sense it is really impor-
tant to keep in mind that the minimal supersymmetric
SU(5) theory is not ruled out. It should be viewed as
the laboratory for studying grand unification and related
issues, such as proton decay and magnetic monopoles,
the way the minimal ordinary SU(5) used to be when it
worked.

5 Effective operator analysis of
nucleon decay and the desert
picture

Since we do not have the theory of grand unification
it is worthwhile to study the generic features of high
scale theories of proton decay. This is done through
the effective operator expansion [53]. In this program
one expands the baryon violating operators in MW /MB

or mp/MB, where MB is the scale responsible for pro-
ton decay. If MB is very large, one can safely assume
the SM gauge symmetry unbroken at that scale. This
is surely true in conventional grand unification with a
desert where MB = MGUT .

There are only four leading d = 6 operators [54]

O1 = (uR dR) (qL "L) O2 = (qL qL) (uR eR)
O3 = (qL qL) (qL "L) O4 = (uR dR) (uR eR)

The gauge meson dominance would imply only the
first two which can lead to a number of predictions. Even
in general one has an immediate prediction of an acci-
dental B - L symmetry in any theory with a high scale
MB, which explains why any GUT model was predicting
it.

There are also a number of immediate isospin relations

Γ(p → "+
R π0) = 1

2
Γ(n → "+

R π−) = 1
2
Γ(p → ν̄π+) =

Γ(n → ν̄ π0)

Γ(p → "+
L π0) = 1

2
Γ(n → "+

Lπ−)
Also, it is evident that s̄ goes out, such as in the al-

lowed decay p → K+ν̄ , characteristic of d=5 operators
in supersymmetry.

One conclude in turns that there can be no two body
neutron decay into kaons and charged leptons

n #→ K+ " n #→ K− "+

This is why the R-parity violating mode n → K+ e
discussed in section 3. is so important: if discovered, it
would point out immediately towards a low scale source
of proton decay. It results from the operator

d s d "̄ 〈H〉/m̃3

where the Higgs vev is needed to break the SM sym-
metry which otherwise guarantees the conservation of
B - L. The low scale m̃ of supersymmetry breaking al-
lows for this operator not being suppressed. In GUT m̃
becomes MGUT , implying the suppression MW /MGUT .
Furthermore, the necessary presence of s quark for sym-
metry reasons implies the absence of the pionic mode:
n #→ π+ e, which makes the it even more predictive [39].

This leads to an important message: the decay modes
n → K+ e and n → K− e+ imply a low energy source of
proton decay. The limits are roughly 1031 yr and I urge
the experimentalists to improve them.
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And more

Clear tests of high energy - GUT inspired - predictions
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MGUT ⌧ MPl

<latexit sha1_base64="RDsVaoCMP5G6zAFNVNm2mE29oGI=">AAACA3icbVDLSgNBEOz1GeNr1ZteBoPgxbArQb0oAQ96USKYByTrMjuZJENmH87MCmFZ8OKvePGgiFd/wpt/4yTZgyYWNBRV3XR3eRFnUlnWtzEzOze/sJhbyi+vrK6tmxubNRnGgtAqCXkoGh6WlLOAVhVTnDYiQbHvcVr3+udDv/5AhWRhcKsGEXV83A1YhxGstOSa2+jKTSo8RaeoJe+FQsmFe32XHNhp6poFq2iNgKaJnZECZKi45lerHZLYp4EiHEvZtK1IOQkWihFO03wrljTCpI+7tKlpgH0qnWT0Q4r2tNJGnVDoChQaqb8nEuxLOfA93elj1ZOT3lD8z2vGqnPiJCyIYkUDMl7UiTlSIRoGgtpMUKL4QBNMBNO3ItLDAhOlY8vrEOzJl6dJ7bBoHxVLN6VC+SyLIwc7sAv7YMMxlOESKlAFAo/wDK/wZjwZL8a78TFunTGymS34A+PzByv5lpc=</latexit>

MPl =
q
G�1

N

Dvali  ‘05

•There is more to it: gravitational anomaly 

<latexit sha1_base64="4HP7ldQjANbr8SJ5p65DGjyfYC0="></latexit>

h⌫̄⌫i = ⇤3
gravity . M3

Pl e
�Nspecies

real degrees of freedom 
<latexit sha1_base64="+OpAbLciUJBEM8EzK+ZZ7bgY3eg=">AAAB/3icbVDLSgNBEJyNrxhfq4IXL4NB8BR2JWguSsCLFyWieUCyLrOTTjJk9sHMrBDWPfgrXjwo4tXf8ObfOEn2oIkFDUVVN91dXsSZVJb1beQWFpeWV/KrhbX1jc0tc3unIcNYUKjTkIei5REJnAVQV0xxaEUCiO9xaHrDi7HffAAhWRjcqVEEjk/6AesxSpSWXHPv2k1kBJSBTO+T26sUn2Hbrrhm0SpZE+B5YmekiDLUXPOr0w1p7EOgKCdStm0rUk5ChGKUQ1roxBIiQoekD21NA+KDdJLJ/Sk+1EoX90KhK1B4ov6eSIgv5cj3dKdP1EDOemPxP68dq17FSVgQxQoCOl3UizlWIR6HgbtMAFV8pAmhgulbMR0QQajSkRV0CPbsy/OkcVyyT0rlm3Kxep7FkUf76AAdIRudoiq6RDVURxQ9omf0it6MJ+PFeDc+pq05I5vZRX9gfP4AmbGVKg==</latexit>

NSM
species = 118

<latexit sha1_base64="H+hM5Iy/qZvs6Q7TeE0JNcRLuu4=">AAACCnicbVC7SgNBFJ2Nrxhfq5Y2o0GwkLArQa0kYKGFRQTzgGxYZic3yZDZ2WVmNrAsqW38FRsLRWz9Ajv/xsmj0MQDA4dzzuXOPUHMmdKO823llpZXVtfy64WNza3tHXt3r66iRFKo0YhHshkQBZwJqGmmOTRjCSQMODSCwfXYbwxBKhaJB53G0A5JT7Auo0QbybcPvTsT7hA/60kyZDodYY+DUoqF2DvFN1D37aJTcibAi8SdkSKaoerbX14nokkIQlNOlGq5TqzbGZGaUQ6jgpcoiAkdkB60DBUkBNXOJqeM8LFROrgbSfOExhP190RGQqXSMDDJkOi+mvfG4n9eK9Hdy3bGRJxoEHS6qJtwrCM87gV3mASqeWoIoZKZv2LaJ5JQbdormBLc+ZMXSf2s5J6XyvflYuVqVkceHaAjdIJcdIEq6BZVUQ1R9Iie0St6s56sF+vd+phGc9ZsZh/9gfX5A6yImjo=</latexit>

⇤gravity . GeV can impact neutrino mass

<latexit sha1_base64="mBvcE/7ZqeVh7WGFBlr5fGRkuGE=">AAACF3icbVDLSsNAFJ3UV62vqks3g0VwFRIRdaMU3LhQqWAf0JYwmdy0QyeTMDMRSshfuPFX3LhQxK3u/Bunj4W2Hhg4nHMud+7xE86Udpxvq7CwuLS8Ulwtra1vbG6Vt3caKk4lhTqNeSxbPlHAmYC6ZppDK5FAIp9D0x9cjvzmA0jFYnGvhwl0I9ITLGSUaCN5ZbtzbcIB8TKlZSx6OcbnuBNKQrMbL6vxPM9ujZcAZaDy3CtXHNsZA88Td0oqaIqaV/7qBDFNIxCacqJU23US3c2I1IxyyEudVEFC6ID0oG2oIBGobja+K8cHRglwGEvzhMZj9fdERiKlhpFvkhHRfTXrjcT/vHaqw7NuxkSSahB0sihMOdYxHpWEAyaBaj40hFDJzF8x7RNTijZVlkwJ7uzJ86RxZLsn9vHdcaV6Ma2jiPbQPjpELjpFVXSFaqiOKHpEz+gVvVlP1ov1bn1MogVrOrOL/sD6/AEO3aCD</latexit>

⇤strong =
MPl

Nspecies
Dvali  …



<latexit sha1_base64="y7vrsU/qoZTwY1e5TmAiYFe8bBU=">AAACB3icbVDJSgNBEO1xjXEb9ShIYxA8SJiRuJwk4CFehAjZIIlDT6cmadI9M3T3CGHIzYu/4sWDIl79BW/+jZ3loIkPCh7vVVFVz485U9pxvq2FxaXlldXMWnZ9Y3Nr297ZrakokRSqNOKRbPhEAWchVDXTHBqxBCJ8DnW/fz3y6w8gFYvCih7E0BakG7KAUaKN5NkHt15aqlaGuMVBKcUEdp371D0btk5wCWqenXPyzhh4nrhTkkNTlD37q9WJaCIg1JQTpZquE+t2SqRmlMMw20oUxIT2SReahoZEgGqn4z+G+MgoHRxE0lSo8Vj9PZESodRA+KZTEN1Ts95I/M9rJjq4bKcsjBMNIZ0sChKOdYRHoeAOk0A1HxhCqGTmVkx7RBKqTXRZE4I7+/I8qZ3m3fN84a6QK15N48igfXSIjpGLLlAR3aAyqiKKHtEzekVv1pP1Yr1bH5PWBWs6s4f+wPr8AY/Jl9M=</latexit>

MGUT . 1015 GeV
<latexit sha1_base64="1hSyc4a13yrTukDe8bDHxhpywzk=">AAACBXicbVDLSsNAFJ34rPUVdamLwSK4kJJoUVdScOOygn1AE8NkOmmHzkzCzEQIoRs3/oobF4q49R/c+TdO2yy09cCFwzn3cu89YcKo0o7zbS0sLi2vrJbWyusbm1vb9s5uS8WpxKSJYxbLTogUYVSQpqaakU4iCeIhI+1weD322w9EKhqLO50lxOeoL2hEMdJGCuwDT6M0SKDHiFKKcug69/mZM/JOYCYDu+JUnQngPHELUgEFGoH95fVinHIiNGZIqa7rJNrPkdQUMzIqe6kiCcJD1CddQwXiRPn55IsRPDJKD0axNCU0nKi/J3LElcp4aDo50gM1643F/7xuqqNLP6ciSTUReLooShnUMRxHAntUEqxZZgjCkppbIR4gibA2wZVNCO7sy/OkdVp1z6u121qlflXEUQL74BAcAxdcgDq4AQ3QBBg8gmfwCt6sJ+vFerc+pq0LVjGzB/7A+vwB4VmXhg==</latexit>

⌧p . 1030 yr

Georgi, Quinn, Weinberg  ‘74

“Everybody rushed underground” Goldhaber  ?

Minimal SU5



Proton decay: predictions?

Minimal SU(5) 

 Georgi, Glashow   ‘74

N decay branching ratios = f(CKM)

Mohapatra  ‘79

but wrong fermion mass relations: 
<latexit sha1_base64="for3wA497NWYKkxKEs8LZ1dqfeM=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1Euh4MVjBfshbQibzaZdursJuxuhhP4KLx4U8erP8ea/cdvmoK0PBh7vzTAzL0w508Z1v53S2vrG5lZ5u7Kzu7d/UD086ugkU4S2ScIT1QuxppxJ2jbMcNpLFcUi5LQbjm9nfveJKs0S+WAmKfUFHkoWM4KNlR5FQFEDiSAKqjW37s6BVolXkBoUaAXVr0GUkExQaQjHWvc9NzV+jpVhhNNpZZBpmmIyxkPat1RiQbWfzw+eojOrRChOlC1p0Fz9PZFjofVEhLZTYDPSy95M/M/rZya+8XMm08xQSRaL4owjk6DZ9yhiihLDJ5Zgopi9FZERVpgYm1HFhuAtv7xKOhd176p+eX9ZazaKOMpwAqdwDh5cQxPuoAVtICDgGV7hzVHOi/PufCxaS04xcwx/4Hz+AL1tj7Y=</latexit>me = md

Cure with d=5 terms lose predictions

No truly predictive theory  



GUT problems

• Small Higgs representations: need d> 4

Too many couplings

• Large Higgs representations: huge thresholds

Spectra almost completely arbitrary

Predictive GUT -> a great challenge 



Thresholds: Survival principle
Many scalar particles 

Assume scalars masses: largest value consistent with symmetries

del Agiola, Ibanez  ‘81

Mohapatra, GS  ‘82

Fails completely in minimal SO10 with small 
Higgs representations = spectrum predicted 

Preda, GS, Zantedeschi  ‘22

<latexit sha1_base64="WLbSS+Xg2TfxNv23tWIAwE6GMA8=">AAAB+HicbVDLSsNAFL2pr1ofjbp0M1gEVyURUTdKwY0boYJ9QBvCZDJph04mYWYi1NAvceNCEbd+ijv/xmmbhbYeGDiccw/3zglSzpR2nG+rtLK6tr5R3qxsbe/sVu29/bZKMkloiyQ8kd0AK8qZoC3NNKfdVFIcB5x2gtHN1O88UqlYIh70OKVejAeCRYxgbSTfrsZ+iq5Qn5tIiNGdb9ecujMDWiZuQWpQoOnbX/0wIVlMhSYcK9VznVR7OZaaEU4nlX6maIrJCA9oz1CBY6q8fHb4BB0bJURRIs0TGs3U34kcx0qN48BMxlgP1aI3Ff/zepmOLr2ciTTTVJD5oijjSCdo2gIKmaRE87EhmEhmbkVkiCUm2nRVMSW4i19eJu3TunteP7s/qzWuizrKcAhHcAIuXEADbqEJLSCQwTO8wpv1ZL1Y79bHfLRkFZkD+APr8wc6VJIp</latexit>

mp = �M
<latexit sha1_base64="aMxP3YG5O+ZC3m3V9XUVXD8zhqg=">AAAB83icbVBNSwMxEJ2tX7V+VT16CRbBU9kVUU9S8OJFqGA/oLuUbJptQ5NsTLJCKf0bXjwo4tU/481/Y9ruQVsfDDzem2FmXqw4M9b3v73Cyura+kZxs7S1vbO7V94/aJo004Q2SMpT3Y6xoZxJ2rDMctpWmmIRc9qKhzdTv/VEtWGpfLAjRSOB+5IljGDrpFB0FQoNE/QR3XXLFb/qz4CWSZCTCuSod8tfYS8lmaDSEo6N6QS+stEYa8sIp5NSmBmqMBniPu04KrGgJhrPbp6gE6f0UJJqV9Kimfp7YoyFMSMRu06B7cAselPxP6+T2eQqGjOpMkslmS9KMo5siqYBoB7TlFg+cgQTzdytiAywxsS6mEouhGDx5WXSPKsGF9Xz+/NK7TqPowhHcAynEMAl1OAW6tAAAgqe4RXevMx78d69j3lrwctnDuEPvM8fWFKROw==</latexit>

mp ' M

Weak triplet, color octet, leptoquark doublet ~ TeV
<latexit sha1_base64="SWIGmahq943EfaUty7nRzms4x6I=">AAACAnicbZDLSsNAFIYn9VbrrepK3AwWwVVJtKgbpeDGZYXeoAlhMj1ph04mYWZSKKG48VXcuFDErU/hzrdxello6w8DH/85hzPnDxLOlLbtbyu3srq2vpHfLGxt7+zuFfcPmipOJYUGjXks2wFRwJmAhmaaQzuRQKKAQysY3E3qrSFIxWJR16MEvIj0BAsZJdpYfvHI5UT0OOALv4VdOeMbPPTrfrFkl+2p8DI4cyihuWp+8cvtxjSNQGjKiVIdx060lxGpGeUwLripgoTQAelBx6AgESgvm54wxqfG6eIwluYJjafu74mMREqNosB0RkT31WJtYv5X66Q6vPYyJpJUg6CzRWHKsY7xJA/cZRKo5iMDhEpm/oppn0hCtUmtYEJwFk9ehuZ52bksVx4qpertPI48OkYn6Aw56ApV0T2qoQai6BE9o1f0Zj1ZL9a79TFrzVnzmUP0R9bnD1qVlh0=</latexit>

h3W i = vT modifies W-mass CDF GS, Zantedeschi  ‘22


