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• strong CP problem 
• cosmological constant problem 
• electroweak hierarchy problem{



The Naturalness Strategy

Experimentally

If so,

To avoid fine-tuning, i.e. for the theory to be “natural”, need 
picture to change on scales below 2.8 × 10-13 cm

The naturalness strategy: an analogy from E&M

�EC =
1

4⇡"0

e2

re

<latexit sha1_base64="C4EGUiYrvTiqs+dJam9RttMFc7Q="></latexit>

(mec
2)obs = (mec

2)bare +�EC

<latexit sha1_base64="/OIreiKfEuTa3MZ6/32AQSDajao=">AAACIHicbVDLSgNBEJz1GeNr1aOXwSBEhLAbIvEiBKPgMYJ5QBKX2UknGTKzu8zMCmHJp3jxV7x4UERv+jVOHgdNLGgoqrrp7vIjzpR2nC9raXlldW09tZHe3Nre2bX39msqjCWFKg15KBs+UcBZAFXNNIdGJIEIn0PdH5THfv0BpGJhcKeHEbQF6QWsyyjRRvLsYlZ4gOl9/sRLWlLg0FcjfIHnVJ9IGOFT3LoCrgm+9sqenXFyzgR4kbgzkkEzVDz7s9UJaSwg0JQTpZquE+l2QqRmlMMo3YoVRIQOSA+ahgZEgGonkwdH+NgoHdwNpalA44n6eyIhQqmh8E2nILqv5r2x+J/XjHX3vJ2wIIo1BHS6qBtzrEM8Tgt3mASq+dAQQiUzt2LaJ5JQbTJNmxDc+ZcXSS2fcwu5s9tCpnQ5iyOFDtERyiIXFVEJ3aAKqiKKHtEzekVv1pP1Yr1bH9PWJWs2c4D+wPr+ARnHoHo=</latexit>

re . 10�18 cm ) �EC & 100GeV

<latexit sha1_base64="hJEjSBwLALOlcFNKlOekQugzxb0="></latexit>

0.511 = �99999.489 + 100000.000MeV

<latexit sha1_base64="vgsz0EJumwjY4oeB3jRratnTN9Y=">AAACFXicbZDLSgMxFIYzXmu9jbp0EyyCYB0m0mK7EIpu3AgV7AU6Q8mkaRuauZBkhDL0Jdz4Km5cKOJWcOfbmGlnoa0/HPj5zjkk5/cizqSy7W9jaXlldW09t5Hf3Nre2TX39psyjAWhDRLyULQ9LClnAW0opjhtR4Ji3+O05Y2u037rgQrJwuBejSPq+ngQsD4jWGnUNYu2VUYIXsKzaiqrVKnCU4jsVJYu6BRh4ggf3tLmpGsWpjDliwZlpgAy1bvml9MLSezTQBGOpewgO1JugoVihNNJ3okljTAZ4QHtaBtgn0o3mV41gcea9GA/FLoCBaf090aCfSnHvqcnfayGcr6Xwv96nVj1K27CgihWNCCzh/oxhyqEaUSwxwQlio+1wUQw/VdIhlhgonSQeR0Cmj950TTPLVSyynelQu0qiyMHDsEROAEIXIAauAF10AAEPIJn8ArejCfjxXg3PmajS0a2cwD+yPj8AcUvmGc=</latexit>
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The Naturalness Strategy
Weisskopf (1934-39): Compute the self-energy including the positron

�t ⇠ ~/�E ⇠ ~/(2mec
2)

d ⇠ c�t ⇠ 200⇥ 10�13 cm�E = �EC + . . . �E = ��EC + . . .

�E = �EC ��EC +
3↵

4⇡
mec

2 log
~

mecre

Dirac (1928-29): There is a new state in the relativistic quantum theory

�E = �EC + . . .

<latexit sha1_base64="pNevQJ5zzrdzgVfj4p4VKHshkLs=">AAACBnicbVDLSgMxFM3UV62vUZciBIsgCGVGKroRilVwWcE+oB2GTJppQzMPkjtCGbpy46+4caGIW7/BnX9j2o6grQcCh3Pu4eYeLxZcgWV9GbmFxaXllfxqYW19Y3PL3N5pqCiRlNVpJCLZ8ohigoesDhwEa8WSkcATrOkNqmO/ec+k4lF4B8OYOQHphdznlICWXHO/c8UEEHyNL/APdav4GHe6ESjXLFolawI8T+yMFFGGmmt+6hxNAhYCFUSptm3F4KREAqeCjQqdRLGY0AHpsbamIQmYctLJGSN8qJUu9iOpXwh4ov5OpCRQahh4ejIg0Fez3lj8z2sn4J87KQ/jBFhIp4v8RGCI8LgT3OWSURBDTQiVXP8V0z6RhIJurqBLsGdPnieNk5JdLp3elouVy6yOPNpDB+gI2egMVdANqqE6ougBPaEX9Go8Gs/Gm/E+Hc0ZWWYX/YHx8Q3KA5bL</latexit>

�E = ��EC + . . .

<latexit sha1_base64="XqdHOVblI2HgR/v2ujfpLIkZWZ8=">AAACCHicbVDLSgMxFM3UV62vUZcuDBZBEMuMVHQjFKvgsoJ9QDsMmTTThmYeJHeEMnTpxl9x40IRt36CO//GtB1BqwcCJ+fcQ3KPFwuuwLI+jdzc/MLiUn65sLK6tr5hbm41VJRIyuo0EpFseUQxwUNWBw6CtWLJSOAJ1vQG1bHfvGNS8Si8hWHMnID0Qu5zSkBLrrnbuWQCCL7C5/gIf1/cKj7EnW4EyjWLVsmaAP8ldkaKKEPNNT90jiYBC4EKolTbtmJwUiKBU8FGhU6iWEzogPRYW9OQBEw56WSREd7XShf7kdQnBDxRfyZSEig1DDw9GRDoq1lvLP7ntRPwz5yUh3ECLKTTh/xEYIjwuBXc5ZJREENNCJVc/xXTPpGEgu6uoEuwZ1f+SxrHJbtcOrkpFysXWR15tIP20AGy0SmqoGtUQ3VE0T16RM/oxXgwnoxX4206mjOyzDb6BeP9C5Ullyw=</latexit>

�E = �EC ��EC +
3↵

4⇡
mec

2 log
~

mecre

<latexit sha1_base64="K/AdyvisH+/V4zYprOB8uJlLRHg="></latexit>

�t ⇠ ~/�E ⇠ ~/(2mec
2)

<latexit sha1_base64="zrzF9+ngkaj2sF51U6ynopyBDYk=">AAACIHicbZDLSgMxFIYz9VbrbdSlm2ARdFNniqLL4gVcVrBV6NSSSU/b0GRmSM4IpfRR3Pgqblwoojt9GtN2Ft5+CPx85xxOzh8mUhj0vA8nNzM7N7+QXywsLa+srrnrG3UTp5pDjccy1jchMyBFBDUUKOEm0cBUKOE67J+O69d3oI2IoyscJNBUrBuJjuAMLWq5R8EZSGQUaWCEokEvZJru04ye/6S7ZapaQPltea/lFr2SNxH9a/zMFEmmast9D9oxTxVEyCUzpuF7CTaHTKPgEkaFIDWQMN5nXWhYGzEFpjmcHDiiO5a0aSfW9kVIJ/T7xJApYwYqtJ2KYc/8ro3hf7VGip3j5lBESYoQ8emiTiopxnScFm0LDRzlwBrGtbB/pbzHNONoMy3YEPzfJ/819XLJPygdXh4UKydZHHmyRbbJLvHJEamQC1IlNcLJPXkkz+TFeXCenFfnbdqac7KZTfJDzucXNfif3w==</latexit>

d ⇠ c�t ⇠ 200⇥ 10�13 cm

<latexit sha1_base64="CaCuwJ6H/TMf2iQudiKO4LnAj3w=">AAACH3icbVDLTgIxFO3gC/GFunTTSExcKJlBfCyJunCJiTwSZiSdUqChnZm0d0zIhD9x46+4caExxh1/Y4FZKHiSJueec29u7/EjwTXY9tjKLC2vrK5l13Mbm1vbO/ndvboOY0VZjYYiVE2faCZ4wGrAQbBmpBiRvmANf3Az8RtPTGkeBg8wjJgnSS/gXU4JGKmdv+hgV3OJKXZvmQCCYVaXbBu7wCXT2LEfk1PnbITdE5y4yvTKUTtfsIv2FHiROCkpoBTVdv7b7YQ0liwAKojWLceOwEuIAk4FG+XcWLOI0AHpsZahATGbvWR63wgfGaWDu6EyLwA8VX9PJERqPZS+6ZQE+nrem4j/ea0YuldewoMoBhbQ2aJuLDCEeBIW7nDFKIihIYQqbv6KaZ8oQsFEmjMhOPMnL5J6qeiUi+f35ULlOo0jiw7QITpGDrpEFXSHqqiGKHpGr+gdfVgv1pv1aX3NWjNWOrOP/sAa/wD7bJ/d</latexit>
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The Naturalness Strategy

X

What about scalars?

Given observed splitting, predict scale of new physics:

Another divergence! 
In terms of scale :Λ ∼ ℏc/r

Consider the charged & neutral pions…

5

uū� dd̄p
2

<latexit sha1_base64="I2OE1rEXiX8g6xj55F/HtMGoHQc=">AAACDXicdZDLSsNAFIYnXmu9RV26GayCG0NaW9vuim5cVrAXaEKZTCbt0MnFmYlQQl7Aja/ixoUibt27822cJhVU9IeBj/+cw5nzOxGjQprmh7awuLS8slpYK65vbG5t6zu7XRHGHJMODlnI+w4ShNGAdCSVjPQjTpDvMNJzJhezeu+WcEHD4FpOI2L7aBRQj2IklTXUDy2PI5zE0HIQhzE8gW6ObppY4obLpJKmQ71kGs1Gtd4wYQbNs1oO9dMaLBtmphKYqz3U3y03xLFPAokZEmJQNiNpJ4hLihlJi1YsSITwBI3IQGGAfCLsJLsmhUfKcaEXcvUCCTP3+0SCfCGmvqM6fSTH4ndtZv5VG8TSa9gJDaJYkgDni7yYQRnCWTTQpZxgyaYKEOZU/RXiMVLxSBVgUYXwdSn8H7oVo1w1alfVUut8HkcB7IMDcAzKoA5a4BK0QQdgcAcewBN41u61R+1Fe81bF7T5zB74Ie3tE+bKm4U=</latexit>

ud̄

<latexit sha1_base64="83bni8hsw8EGcVK4o8ulKMTqT8U=">AAAB73icdVBNS8NAEJ3Ur1q/qh69LBbBU0i0te2t6MVjBfsBbSibzaZdutnE3Y1QSv+EFw+KePXvePPfuE0rqOiDgcd7M8zM8xPOlHacDyu3srq2vpHfLGxt7+zuFfcP2ipOJaEtEvNYdn2sKGeCtjTTnHYTSXHkc9rxx1dzv3NPpWKxuNWThHoRHgoWMoK1kbop6vtYomBQLDl2vVau1hyUkfpFZUGq5xXk2k6GEizRHBTf+0FM0ogKTThWquc6ifamWGpGOJ0V+qmiCSZjPKQ9QwWOqPKm2b0zdGKUAIWxNCU0ytTvE1McKTWJfNMZYT1Sv725+JfXS3VY86ZMJKmmgiwWhSlHOkbz51HAJCWaTwzBRDJzKyIjLDHRJqKCCeHrU/Q/aZ/Zbtmu3JRLjctlHHk4gmM4BReq0IBraEILCHB4gCd4tu6sR+vFel205qzlzCH8gPX2Cexyj+0=</latexit>

⇡+

<latexit sha1_base64="p/IF/+4x87Cob53w+74JRiNluQs=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSIIQkmkoseiF48VTFtoY9lsp+3SzSbsboQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MBFcG9f9dlZW19Y3Ngtbxe2d3b390sFhQ8epYuizWMSqFVKNgkv0DTcCW4lCGoUCm+Hoduo3n1BpHssHM04wiOhA8j5n1FjJ7yT88bxbKrsVdwayTLyclCFHvVv66vRilkYoDRNU67bnJibIqDKcCZwUO6nGhLIRHWDbUkkj1EE2O3ZCTq3SI/1Y2ZKGzNTfExmNtB5Hoe2MqBnqRW8q/ue1U9O/DjIuk9SgZPNF/VQQE5Pp56THFTIjxpZQpri9lbAhVZQZm0/RhuAtvrxMGhcVr1q5vK+Wazd5HAU4hhM4Aw+uoAZ3UAcfGHB4hld4c6Tz4rw7H/PWFSefOYI/cD5/AG6ijnI=</latexit>

⇡0

<latexit sha1_base64="c9UsTdFoTAeFbJdjJQizA4eAVuc=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48VTFtoY9lsN+3SzSbsToRS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O4W19Y3NreJ2aWd3b/+gfHjUNEmmGfdZIhPdDqnhUijuo0DJ26nmNA4lb4Wj25nfeuLaiEQ94DjlQUwHSkSCUbSS303Fo9srV9yqOwdZJV5OKpCj0St/dfsJy2KukElqTMdzUwwmVKNgkk9L3czwlLIRHfCOpYrG3AST+bFTcmaVPokSbUshmau/JyY0NmYch7Yzpjg0y95M/M/rZBhdBxOh0gy5YotFUSYJJmT2OekLzRnKsSWUaWFvJWxINWVo8ynZELzll1dJ86Lq1aqX97VK/SaPowgncArn4MEV1OEOGuADAwHP8ApvjnJenHfnY9FacPKZY/gD5/MHdjaOdw==</latexit>

m2
⇡± �m2

⇡0 =
3↵

4⇡
⇤2

<latexit sha1_base64="v7qvhzJWhXoljf5BDxvhi+UvAeI="></latexit>

m2
⇡± �m2

⇡0 = (35.5MeV)2 ) ⇤ . 850MeV

<latexit sha1_base64="Jf2P0ZjzcJGegLunQult463g8Cs="></latexit>

X

<latexit sha1_base64="K5n8EmKJBJGGOA8Vq0WjaCSvMXg=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48V7Ae2oWy2k3bJZhN2N0Ip/RdePCji1X/jzX/jts1BWx8MPN6bYWZekAqujet+O4W19Y3NreJ2aWd3b/+gfHjU0kmmGDZZIhLVCahGwSU2DTcCO6lCGgcC20F0O/PbT6g0T+SDGafox3QoecgZNVZ67LERsiimKuqXK27VnYOsEi8nFcjR6Je/eoOEZTFKwwTVuuu5qfEnVBnOBE5LvUxjSllEh9i1VNIYtT+ZXzwlZ1YZkDBRtqQhc/X3xITGWo/jwHbG1Iz0sjcT//O6mQmv/QmXaWZQssWiMBPEJGT2PhlwhcyIsSWUKW5vJWxEFWXGhlSyIXjLL6+S1kXVq1Uv72uV+k0eRxFO4BTOwYMrqMMdNKAJDCQ8wyu8Odp5cd6dj0VrwclnjuEPnM8fqNqQ6w==</latexit>

[Das, Guralnik, Mathur, Low, Young ’67] m2
⇡± �m2

⇡0 ⇡ 3↵

4⇡

m2
⇢m

2
a1

m2
⇢ +m2

a1

log

✓
m2

a1

m2
⇢

◆

<latexit sha1_base64="Vm7gVo9xv8HoIYB9xzzv1q+4HMc="></latexit>



The Naturalness Strategy

6

[Ioffe & Shabalin, 1968]

d

<latexit sha1_base64="7fZ3aAikbozEBYLMkqqVeUK/NU8=">AAAB6HicdVDLSgNBEJyNrxhfUY9eBoPgaZmNMW5uQS8eEzCJkCxhdrY3GTP7YGZWCCFf4MWDIl79JG/+jZOHoKIFDUVVN91dfiq40oR8WLmV1bX1jfxmYWt7Z3evuH/QVkkmGbRYIhJ561MFgsfQ0lwLuE0l0MgX0PFHVzO/cw9S8SS+0eMUvIgOYh5yRrWRmkG/WCK2S9yzWhkT23HdWq1qCHEqVcfFjk3mKKElGv3iey9IWBZBrJmgSnUdkmpvQqXmTMC00MsUpJSN6AC6hsY0AuVN5odO8YlRAhwm0lSs8Vz9PjGhkVLjyDedEdVD9dubiX953UyHrjfhcZppiNliUZgJrBM8+xoHXALTYmwIZZKbWzEbUkmZNtkUTAhfn+L/SbtsOxX7vFkp1S+XceTRETpGp8hBF6iOrlEDtRBDgB7QE3q27qxH68V6XbTmrOXMIfoB6+0TTn6NSw==</latexit>

s̄

<latexit sha1_base64="ALLJtG73CLiY8+8dfKKaOnhPddw=">AAAB7nicdVDLSgNBEOz1GeMr6tHLYBA8LbMxxs0t6MVjBPOAZAmzk0kyZHZ2mZkVwpKP8OJBEa9+jzf/xslDUNGChqKqm+6uMBFcG4w/nJXVtfWNzdxWfntnd2+/cHDY1HGqKGvQWMSqHRLNBJesYbgRrJ0oRqJQsFY4vp75rXumNI/lnZkkLIjIUPIBp8RYqdUNicr0tFcoYtfH/nm1hLDr+X61WrEEe+WK5yPPxXMUYYl6r/De7cc0jZg0VBCtOx5OTJARZTgVbJrvppolhI7JkHUslSRiOsjm507RqVX6aBArW9Kgufp9IiOR1pMotJ0RMSP925uJf3md1Az8IOMySQ2TdLFokApkYjT7HfW5YtSIiSWEKm5vRXREFKHGJpS3IXx9iv4nzZLrld2L23KxdrWMIwfHcAJn4MEl1OAG6tAACmN4gCd4dhLn0XlxXhetK85y5gh+wHn7BCL0kB8=</latexit>

d̄

<latexit sha1_base64="VbJypMZhmdKMd6fnN+LoqvWlFMo=">AAAB7nicdVDLSsNAFL3xWeur6tLNYBFchaTWmu6KblxWsA9oQ5lMJu3QySTMTIQS+hFuXCji1u9x5984fQgqeuDC4Zx7ufeeIOVMacf5sFZW19Y3Ngtbxe2d3b390sFhWyWZJLRFEp7IboAV5UzQlmaa024qKY4DTjvB+Hrmd+6pVCwRd3qSUj/GQ8EiRrA2UqcfYJmH00Gp7Nie453XK8ixXc+r12uGOG615nrItZ05yrBEc1B674cJyWIqNOFYqZ7rpNrPsdSMcDot9jNFU0zGeEh7hgocU+Xn83On6NQoIYoSaUpoNFe/T+Q4VmoSB6Yzxnqkfnsz8S+vl+nI83Mm0kxTQRaLoowjnaDZ7yhkkhLNJ4ZgIpm5FZERlphok1DRhPD1KfqftCu2W7UvbqvlxtUyjgIcwwmcgQuX0IAbaEILCIzhAZ7g2UqtR+vFel20rljLmSP4AevtEwwpkBA=</latexit>

s

<latexit sha1_base64="fWaH5qQ2KeWzky+pA0DpM2KXczs=">AAAB6HicdVDLSgNBEOyNrxhfUY9eBoPgaZmNMW5uQS8eEzCJkCxhdjKbjJl9MDMrhCVf4MWDIl79JG/+jZOHoKIFDUVVN91dfiK40hh/WLmV1bX1jfxmYWt7Z3evuH/QVnEqKWvRWMTy1ieKCR6xluZasNtEMhL6gnX88dXM79wzqXgc3ehJwryQDCMecEq0kZqqXyxh28XuWa2MsO24bq1WNQQ7larjIsfGc5RgiUa/+N4bxDQNWaSpIEp1HZxoLyNScyrYtNBLFUsIHZMh6xoakZApL5sfOkUnRhmgIJamIo3m6veJjIRKTULfdIZEj9Rvbyb+5XVTHbhexqMk1Syii0VBKpCO0exrNOCSUS0mhhAqubkV0RGRhGqTTcGE8PUp+p+0y7ZTsc+blVL9chlHHo7gGE7BgQuowzU0oAUUGDzAEzxbd9aj9WK9Llpz1nLmEH7AevsEZTqNWg==</latexit>

u

<latexit sha1_base64="8bnZxQSCiUjDeA3sh4RDbZYJcxg=">AAAB6HicdVDLSgNBEOyNrxhfUY9eBoPgaZmNMW5uQS8eEzCJkCxhdjKbjJl9MDMrhCVf4MWDIl79JG/+jZOHoKIFDUVVN91dfiK40hh/WLmV1bX1jfxmYWt7Z3evuH/QVnEqKWvRWMTy1ieKCR6xluZasNtEMhL6gnX88dXM79wzqXgc3ehJwryQDCMecEq0kZppv1jCtovds1oZYdtx3Vqtagh2KlXHRY6N5yjBEo1+8b03iGkaskhTQZTqOjjRXkak5lSwaaGXKpYQOiZD1jU0IiFTXjY/dIpOjDJAQSxNRRrN1e8TGQmVmoS+6QyJHqnf3kz8y+umOnC9jEdJqllEF4uCVCAdo9nXaMAlo1pMDCFUcnMroiMiCdUmm4IJ4etT9D9pl22nYp83K6X65TKOPBzBMZyCAxdQh2toQAsoMHiAJ3i27qxH68V6XbTmrOXMIfyA9fYJaEKNXA==</latexit>

u

<latexit sha1_base64="8bnZxQSCiUjDeA3sh4RDbZYJcxg=">AAAB6HicdVDLSgNBEOyNrxhfUY9eBoPgaZmNMW5uQS8eEzCJkCxhdjKbjJl9MDMrhCVf4MWDIl79JG/+jZOHoKIFDUVVN91dfiK40hh/WLmV1bX1jfxmYWt7Z3evuH/QVnEqKWvRWMTy1ieKCR6xluZasNtEMhL6gnX88dXM79wzqXgc3ehJwryQDCMecEq0kZppv1jCtovds1oZYdtx3Vqtagh2KlXHRY6N5yjBEo1+8b03iGkaskhTQZTqOjjRXkak5lSwaaGXKpYQOiZD1jU0IiFTXjY/dIpOjDJAQSxNRRrN1e8TGQmVmoS+6QyJHqnf3kz8y+umOnC9jEdJqllEF4uCVCAdo9nXaMAlo1pMDCFUcnMroiMiCdUmm4IJ4etT9D9pl22nYp83K6X65TKOPBzBMZyCAxdQh2toQAsoMHiAJ3i27qxH68V6XbTmrOXMIfyA9fYJaEKNXA==</latexit>

W

<latexit sha1_base64="B+kKcT5t9gOXDFEGdVUzvf17W18=">AAAB6HicdVDLSsNAFJ34rPVVdelmsAiuQhJb0mXRjcsW7APaUCbTm3bsZBJmJkIJ/QI3LhRx6ye582+cPgQVPXDhcM693HtPmHKmtON8WGvrG5tb24Wd4u7e/sFh6ei4rZJMUmjRhCeyGxIFnAloaaY5dFMJJA45dMLJ9dzv3INULBG3eppCEJORYBGjRBup2RmUyo7t+Z7nVrFjV3zXqXlzUrv0/Cp2bWeBMlqhMSi994cJzWIQmnKiVM91Uh3kRGpGOcyK/UxBSuiEjKBnqCAxqCBfHDrD50YZ4iiRpoTGC/X7RE5ipaZxaDpjosfqtzcX//J6mY5qQc5EmmkQdLkoyjjWCZ5/jYdMAtV8agihkplbMR0TSag22RRNCF+f4v9J27Pdil1tVsr1q1UcBXSKztAFcpGP6ugGNVALUQToAT2hZ+vOerRerNdl65q1mjlBP2C9fQIb1o0p</latexit>

W

<latexit sha1_base64="B+kKcT5t9gOXDFEGdVUzvf17W18=">AAAB6HicdVDLSsNAFJ34rPVVdelmsAiuQhJb0mXRjcsW7APaUCbTm3bsZBJmJkIJ/QI3LhRx6ye582+cPgQVPXDhcM693HtPmHKmtON8WGvrG5tb24Wd4u7e/sFh6ei4rZJMUmjRhCeyGxIFnAloaaY5dFMJJA45dMLJ9dzv3INULBG3eppCEJORYBGjRBup2RmUyo7t+Z7nVrFjV3zXqXlzUrv0/Cp2bWeBMlqhMSi994cJzWIQmnKiVM91Uh3kRGpGOcyK/UxBSuiEjKBnqCAxqCBfHDrD50YZ4iiRpoTGC/X7RE5ipaZxaDpjosfqtzcX//J6mY5qQc5EmmkQdLkoyjjWCZ5/jYdMAtV8agihkplbMR0TSag22RRNCF+f4v9J27Pdil1tVsr1q1UcBXSKztAFcpGP6ugGNVALUQToAT2hZ+vOerRerNdl65q1mjlBP2C9fQIb1o0p</latexit>

ds̄� sd̄p
2

<latexit sha1_base64="tFbjPvhZMSMeCpazqcNc794dlxg=">AAACDXicdZDLSsNAFIYnXmu9RV26GayCG0NSW9vuim5cVrAXaEKZTCbt0MnFmYlQQl7Aja/ixoUibt27822cphVU9IcDH/85h5nzuzGjQprmh7awuLS8slpYK65vbG5t6zu7HRElHJM2jljEey4ShNGQtCWVjPRiTlDgMtJ1xxfTfveWcEGj8FpOYuIEaBhSn2IklTXQD22fI5x60HYRhwKeqMrRy1Jb3HCZlrNsoJdMo1Gv1OomzKFxVp1B7bQKLcPMVQJztQb6u+1FOAlIKDFDQvQtM5ZOirikmJGsaCeCxAiP0ZD0FYYoIMJJ82syeKQcD/oRVxVKmLvfN1IUCDEJXDUZIDkSv3tT869eP5F+3UlpGCeShHj2kJ8wKCM4jQZ6lBMs2UQBwpyqv0I8QioeqQIsqhC+LoX/Q6dsWBWjelUpNc/ncRTAPjgAx8ACNdAEl6AF2gCDO/AAnsCzdq89ai/a62x0QZvv7IEf0t4+Ad+vm4E=</latexit>

ds̄+ sd̄p
2

<latexit sha1_base64="hYOCAEwWDjgnEy3YGo/LeWXk2/E=">AAACDXicdZDLSsNAFIYnXmu9RV26GayCIISktrbdFd24rGAv0IQymUzaoZOLMxOhhLyAG1/FjQtF3Lp359s4TSuo6A8HPv5zDjPnd2NGhTTND21hcWl5ZbWwVlzf2Nza1nd2OyJKOCZtHLGI91wkCKMhaUsqGenFnKDAZaTrji+m/e4t4YJG4bWcxMQJ0DCkPsVIKmugH9o+Rzj1oO0iDgU8UZWjl6W2uOEyLWfZQC+ZRqNeqdVNmEPjrDqD2mkVWoaZqwTmag30d9uLcBKQUGKGhOhbZiydFHFJMSNZ0U4EiREeoyHpKwxRQIST5tdk8Eg5HvQjriqUMHe/b6QoEGISuGoyQHIkfvem5l+9fiL9upPSME4kCfHsIT9hUEZwGg30KCdYsokChDlVf4V4hFQ8UgVYVCF8XQr/h07ZsCpG9apSap7P4yiAfXAAjoEFaqAJLkELtAEGd+ABPIFn7V571F6019nogjbf2QM/pL19Atx/m38=</latexit>

Given observed splitting, expect new physics around  GeV Λ ∼ 3

KL

<latexit sha1_base64="Ab4mzC9S7cCdRlz0dt8wrZCakbU=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKexKRI9BL4IeIpoHJEuYnUySIbOzy0yvEJZ8ghcPinj1i7z5N06SPWhiQUNR1U13VxBLYdB1v53cyura+kZ+s7C1vbO7V9w/aJgo0YzXWSQj3Qqo4VIoXkeBkrdizWkYSN4MRtdTv/nEtRGResRxzP2QDpToC0bRSg+33btuseSW3RnIMvEyUoIMtW7xq9OLWBJyhUxSY9qeG6OfUo2CST4pdBLDY8pGdMDblioacuOns1Mn5MQqPdKPtC2FZKb+nkhpaMw4DGxnSHFoFr2p+J/XTrB/6adCxQlyxeaL+okkGJHp36QnNGcox5ZQpoW9lbAh1ZShTadgQ/AWX14mjbOyVymf31dK1assjjwcwTGcggcXUIUbqEEdGAzgGV7hzZHOi/PufMxbc042cwh/4Hz+APKXjZY=</latexit>

KS

<latexit sha1_base64="CfYke53JCackmJaror+BPFuKmuk=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKexKRI9BL4KXSMwDkiXMTnqTIbOzy8ysEEI+wYsHRbz6Rd78GyfJHjSxoKGo6qa7K0gE18Z1v53c2vrG5lZ+u7Czu7d/UDw8auo4VQwbLBaxagdUo+ASG4Ybge1EIY0Cga1gdDvzW0+oNI/loxkn6Ed0IHnIGTVWqt/36r1iyS27c5BV4mWkBBlqveJXtx+zNEJpmKBadzw3Mf6EKsOZwGmhm2pMKBvRAXYslTRC7U/mp07JmVX6JIyVLWnIXP09MaGR1uMosJ0RNUO97M3E/7xOasJrf8JlkhqUbLEoTAUxMZn9TfpcITNibAllittbCRtSRZmx6RRsCN7yy6ukeVH2KuXLh0qpepPFkYcTOIVz8OAKqnAHNWgAgwE8wyu8OcJ5cd6dj0VrzslmjuEPnM8f/TONnQ==</latexit>

mKL �mKS ' 1

16⇡2
mKf2

KG2
F sin2 ✓C cos2 ✓C ⇥ ⇤2

<latexit sha1_base64="D/VyDW41D+CBArA+gAji6KRSmHs="></latexit>
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[Gaillard & Lee, 1974]

d

<latexit sha1_base64="7fZ3aAikbozEBYLMkqqVeUK/NU8=">AAAB6HicdVDLSgNBEJyNrxhfUY9eBoPgaZmNMW5uQS8eEzCJkCxhdrY3GTP7YGZWCCFf4MWDIl79JG/+jZOHoKIFDUVVN91dfiq40oR8WLmV1bX1jfxmYWt7Z3evuH/QVkkmGbRYIhJ561MFgsfQ0lwLuE0l0MgX0PFHVzO/cw9S8SS+0eMUvIgOYh5yRrWRmkG/WCK2S9yzWhkT23HdWq1qCHEqVcfFjk3mKKElGv3iey9IWBZBrJmgSnUdkmpvQqXmTMC00MsUpJSN6AC6hsY0AuVN5odO8YlRAhwm0lSs8Vz9PjGhkVLjyDedEdVD9dubiX953UyHrjfhcZppiNliUZgJrBM8+xoHXALTYmwIZZKbWzEbUkmZNtkUTAhfn+L/SbtsOxX7vFkp1S+XceTRETpGp8hBF6iOrlEDtRBDgB7QE3q27qxH68V6XbTmrOXMIfoB6+0TTn6NSw==</latexit>

s̄

<latexit sha1_base64="ALLJtG73CLiY8+8dfKKaOnhPddw=">AAAB7nicdVDLSgNBEOz1GeMr6tHLYBA8LbMxxs0t6MVjBPOAZAmzk0kyZHZ2mZkVwpKP8OJBEa9+jzf/xslDUNGChqKqm+6uMBFcG4w/nJXVtfWNzdxWfntnd2+/cHDY1HGqKGvQWMSqHRLNBJesYbgRrJ0oRqJQsFY4vp75rXumNI/lnZkkLIjIUPIBp8RYqdUNicr0tFcoYtfH/nm1hLDr+X61WrEEe+WK5yPPxXMUYYl6r/De7cc0jZg0VBCtOx5OTJARZTgVbJrvppolhI7JkHUslSRiOsjm507RqVX6aBArW9Kgufp9IiOR1pMotJ0RMSP925uJf3md1Az8IOMySQ2TdLFokApkYjT7HfW5YtSIiSWEKm5vRXREFKHGJpS3IXx9iv4nzZLrld2L23KxdrWMIwfHcAJn4MEl1OAG6tAACmN4gCd4dhLn0XlxXhetK85y5gh+wHn7BCL0kB8=</latexit>

d̄

<latexit sha1_base64="VbJypMZhmdKMd6fnN+LoqvWlFMo=">AAAB7nicdVDLSsNAFL3xWeur6tLNYBFchaTWmu6KblxWsA9oQ5lMJu3QySTMTIQS+hFuXCji1u9x5984fQgqeuDC4Zx7ufeeIOVMacf5sFZW19Y3Ngtbxe2d3b390sFhWyWZJLRFEp7IboAV5UzQlmaa024qKY4DTjvB+Hrmd+6pVCwRd3qSUj/GQ8EiRrA2UqcfYJmH00Gp7Nie453XK8ixXc+r12uGOG615nrItZ05yrBEc1B674cJyWIqNOFYqZ7rpNrPsdSMcDot9jNFU0zGeEh7hgocU+Xn83On6NQoIYoSaUpoNFe/T+Q4VmoSB6Yzxnqkfnsz8S+vl+nI83Mm0kxTQRaLoowjnaDZ7yhkkhLNJ4ZgIpm5FZERlphok1DRhPD1KfqftCu2W7UvbqvlxtUyjgIcwwmcgQuX0IAbaEILCIzhAZ7g2UqtR+vFel20rljLmSP4AevtEwwpkBA=</latexit>

s

<latexit sha1_base64="fWaH5qQ2KeWzky+pA0DpM2KXczs=">AAAB6HicdVDLSgNBEOyNrxhfUY9eBoPgaZmNMW5uQS8eEzCJkCxhdjKbjJl9MDMrhCVf4MWDIl79JG/+jZOHoKIFDUVVN91dfiK40hh/WLmV1bX1jfxmYWt7Z3evuH/QVnEqKWvRWMTy1ieKCR6xluZasNtEMhL6gnX88dXM79wzqXgc3ehJwryQDCMecEq0kZqqXyxh28XuWa2MsO24bq1WNQQ7larjIsfGc5RgiUa/+N4bxDQNWaSpIEp1HZxoLyNScyrYtNBLFUsIHZMh6xoakZApL5sfOkUnRhmgIJamIo3m6veJjIRKTULfdIZEj9Rvbyb+5XVTHbhexqMk1Syii0VBKpCO0exrNOCSUS0mhhAqubkV0RGRhGqTTcGE8PUp+p+0y7ZTsc+blVL9chlHHo7gGE7BgQuowzU0oAUUGDzAEzxbd9aj9WK9Llpz1nLmEH7AevsEZTqNWg==</latexit>

u, c

<latexit sha1_base64="weoWjCDMnKMj/8PeVPuQqC+4Uts=">AAAB6nicdVDLSsNAFL3xWeur6tLNYBFcSEhqremu6MZlRfuANpTJdNIOnUzCzEQooZ/gxoUibv0id/6N04egogcuHM65l3vvCRLOlHacD2tpeWV1bT23kd/c2t7ZLeztN1WcSkIbJOaxbAdYUc4EbWimOW0nkuIo4LQVjK6mfuueSsVicafHCfUjPBAsZARrI92mp6RXKDq253hn1RJybNfzqtWKIY5brrgecm1nhiIsUO8V3rv9mKQRFZpwrFTHdRLtZ1hqRjid5LupogkmIzygHUMFjqjys9mpE3RslD4KY2lKaDRTv09kOFJqHAWmM8J6qH57U/Evr5Pq0PMzJpJUU0Hmi8KUIx2j6d+ozyQlmo8NwUQycysiQywx0SadvAnh61P0P2mWbLdsn9+Ui7XLRRw5OIQjOAEXLqAG11CHBhAYwAM8wbPFrUfrxXqdty5Zi5kD+AHr7ROL7Y3/</latexit>

W

<latexit sha1_base64="B+kKcT5t9gOXDFEGdVUzvf17W18=">AAAB6HicdVDLSsNAFJ34rPVVdelmsAiuQhJb0mXRjcsW7APaUCbTm3bsZBJmJkIJ/QI3LhRx6ye582+cPgQVPXDhcM693HtPmHKmtON8WGvrG5tb24Wd4u7e/sFh6ei4rZJMUmjRhCeyGxIFnAloaaY5dFMJJA45dMLJ9dzv3INULBG3eppCEJORYBGjRBup2RmUyo7t+Z7nVrFjV3zXqXlzUrv0/Cp2bWeBMlqhMSi994cJzWIQmnKiVM91Uh3kRGpGOcyK/UxBSuiEjKBnqCAxqCBfHDrD50YZ4iiRpoTGC/X7RE5ipaZxaDpjosfqtzcX//J6mY5qQc5EmmkQdLkoyjjWCZ5/jYdMAtV8agihkplbMR0TSag22RRNCF+f4v9J27Pdil1tVsr1q1UcBXSKztAFcpGP6ugGNVALUQToAT2hZ+vOerRerNdl65q1mjlBP2C9fQIb1o0p</latexit>

W

<latexit sha1_base64="B+kKcT5t9gOXDFEGdVUzvf17W18=">AAAB6HicdVDLSsNAFJ34rPVVdelmsAiuQhJb0mXRjcsW7APaUCbTm3bsZBJmJkIJ/QI3LhRx6ye582+cPgQVPXDhcM693HtPmHKmtON8WGvrG5tb24Wd4u7e/sFh6ei4rZJMUmjRhCeyGxIFnAloaaY5dFMJJA45dMLJ9dzv3INULBG3eppCEJORYBGjRBup2RmUyo7t+Z7nVrFjV3zXqXlzUrv0/Cp2bWeBMlqhMSi994cJzWIQmnKiVM91Uh3kRGpGOcyK/UxBSuiEjKBnqCAxqCBfHDrD50YZ4iiRpoTGC/X7RE5ipaZxaDpjosfqtzcX//J6mY5qQc5EmmkQdLkoyjjWCZ5/jYdMAtV8agihkplbMR0TSag22RRNCF+f4v9J27Pdil1tVsr1q1UcBXSKztAFcpGP6ugGNVALUQToAT2hZ+vOerRerNdl65q1mjlBP2C9fQIb1o0p</latexit>

u, c

<latexit sha1_base64="weoWjCDMnKMj/8PeVPuQqC+4Uts=">AAAB6nicdVDLSsNAFL3xWeur6tLNYBFcSEhqremu6MZlRfuANpTJdNIOnUzCzEQooZ/gxoUibv0id/6N04egogcuHM65l3vvCRLOlHacD2tpeWV1bT23kd/c2t7ZLeztN1WcSkIbJOaxbAdYUc4EbWimOW0nkuIo4LQVjK6mfuueSsVicafHCfUjPBAsZARrI92mp6RXKDq253hn1RJybNfzqtWKIY5brrgecm1nhiIsUO8V3rv9mKQRFZpwrFTHdRLtZ1hqRjid5LupogkmIzygHUMFjqjys9mpE3RslD4KY2lKaDRTv09kOFJqHAWmM8J6qH57U/Evr5Pq0PMzJpJUU0Hmi8KUIx2j6d+ozyQlmo8NwUQycysiQywx0SadvAnh61P0P2mWbLdsn9+Ui7XLRRw5OIQjOAEXLqAG11CHBhAYwAM8wbPFrUfrxXqdty5Zi5kD+AHr7ROL7Y3/</latexit>

[Glashow, Iliopoulos, Maiani, 1970] 
Propose a 4th quark, charm

mKL �mKS ' 1

4⇡2
mKf2

KG2
F sin2 ✓W cos2 ✓W ⇥m2

c

<latexit sha1_base64="mHozkMPEyBofuEkNAD5Ll9MvHsM="></latexit>

Charm discovered in 1974, mc = 1.275GeV

<latexit sha1_base64="+4UYCSJGLAtWGPFAR8kKTuUR/ok=">AAACAXicdVDLSgMxFM3UV62vUTeCm2ARXEiZqa1tF0LRhS4r2Ad0hpJJM21oMjMkGaEMdeOvuHGhiFv/wp1/YzqtoKIHAodzzuXmHi9iVCrL+jAyC4tLyyvZ1dza+sbmlrm905JhLDBp4pCFouMhSRgNSFNRxUgnEgRxj5G2N7qY+u1bIiQNgxs1jojL0SCgPsVIaaln7vEehmfQLhQrZegcw8QRHF6S1qRn5q1CrVqqVC2YktppeUYqJ2Wdt1LkwRyNnvnu9EMccxIozJCUXduKlJsgoShmZJJzYkkihEdoQLqaBogT6SbpBRN4qJU+9EOhX6Bgqn6fSBCXcsw9neRIDeVvbyr+5XVj5VfdhAZRrEiAZ4v8mEEVwmkdsE8FwYqNNUFYUP1XiIdIIKx0aTldwtel8H/SKhbsUqF8XcrXz+d1ZME+OABHwAYVUAdXoAGaAIM78ACewLNxbzwaL8brLJox5jO74AeMt08u7ZTa</latexit>

Predict mc ' 1.5GeV

<latexit sha1_base64="Yd4x69A6wz5LwMqtwc1lvh8M2OE=">AAACBHicdVDLSgMxFM34rPVVddlNsAgupEy1te2u6EKXFewDOkPJpLdtaDIzJhmhDF248VfcuFDErR/hzr8xnVZQ0QOBwznncnOPF3KmtG1/WAuLS8srq6m19PrG5tZ2Zme3qYJIUmjQgAey7REFnPnQ0ExzaIcSiPA4tLzR+dRv3YJULPCv9TgEV5CBz/qMEm2kbiYruhQ7igm4wYV8CTtHOHakwBfQnHQzOTtfrRTLFRsnpHpampHyScmk7QQ5NEe9m3l3egGNBPiacqJUp2CH2o2J1IxymKSdSEFI6IgMoGOoTwQoN06OmOADo/RwP5Dm+Ron6veJmAilxsIzSUH0UP32puJfXifS/YobMz+MNPh0tqgfcawDPG0E95gEqvnYEEIlM3/FdEgkodr0ljYlfF2K/yfN43yhmC9dFXO1s3kdKZRF++gQFVAZ1dAlqqMGougOPaAn9GzdW4/Wi/U6iy5Y85k99APW2yeOPJbN</latexit>

mc ' 1.5GeV

<latexit sha1_base64="WMZLf2WOmkHT1iCUAFT1WJTnayA=">AAACBHicbVA9SwNBEN2LXzF+nVqmWQyChYQ7SdAyaKFlBPMBuSPsbSbJkt27c3dPCEcKG/+KjYUitv4IO/+Nm+QKTXww8Hhvhpl5QcyZ0o7zbeVWVtfWN/Kbha3tnd09e/+gqaJEUmjQiEeyHRAFnIXQ0ExzaMcSiAg4tILR1dRvPYBULArv9DgGX5BByPqMEm2krl0UXYo9xQTcY7dcxd4pTj0p8DU0J1275JSdGfAycTNSQhnqXfvL60U0ERBqyolSHdeJtZ8SqRnlMCl4iYKY0BEZQMfQkAhQfjp7YoKPjdLD/UiaCjWeqb8nUiKUGovAdAqih2rRm4r/eZ1E9y/8lIVxoiGk80X9hGMd4WkiuMckUM3HhhAqmbkV0yGRhGqTW8GE4C6+vEyaZ2W3Uq7eVkq1yyyOPCqiI3SCXHSOaugG1VEDUfSIntErerOerBfr3fqYt+asbOYQ/YH1+QPqc5Zc</latexit>

mc = 1.2GeV

<latexit sha1_base64="/Ehyr8L3mAh0v2FF8wFP8ADUsXg=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARXEhJSkU3QtGFLivYBzQhTKaTdujMJMxMhBK78FfcuFDErb/hzr9x2mahrQcuHM65l3vvCRNGlXacb6uwtLyyulZcL21sbm3v2Lt7LRWnEpMmjlksOyFShFFBmppqRjqJJIiHjLTD4fXEbz8QqWgs7vUoIT5HfUEjipE2UmAf8ADDS+hWqtA7hZknObwhrXFgl52KMwVcJG5OyiBHI7C/vF6MU06Exgwp1XWdRPsZkppiRsYlL1UkQXiI+qRrqECcKD+b3j+Gx0bpwSiWpoSGU/X3RIa4UiMemk6O9EDNexPxP6+b6ujCz6hIUk0Eni2KUgZ1DCdhwB6VBGs2MgRhSc2tEA+QRFibyEomBHf+5UXSqlbcWuXsrlauX+VxFMEhOAInwAXnoA5uQQM0AQaP4Bm8gjfryXqx3q2PWWvBymf2wR9Ynz+S3JPp</latexit>

mKL �mKS ' 1

4⇡2
mKf2

KG2
F sin2 ✓C cos2 ✓C ⇥m2

c

<latexit sha1_base64="OCJhptjavZV8V685PkAdP1257dE="></latexit>



The “Hierarchy Problem”

Assuming SM is valid down to some length scale then we have

The Higgs is an apparently 
elementary scalar w/ self-energy 
due to its couplings to Standard 

Model particles

Expecting new physics at Λ such that ΔmH² ∼ mH² is a strategy.

8

rnew ⌘ ~c
⇤

<latexit sha1_base64="EKYCHvI/IAGv7CVaZjuVKqAvcLQ=">AAACE3icbVC7TsMwFHXKq5RXgJHFokJCDFWCimCsYGFgKBJ9SE1VOe5Na9Vxgu0UVVH+gYVfYWEAIVYWNv4G9zFAy5GudHTOvfa9x485U9pxvq3c0vLK6lp+vbCxubW9Y+/u1VWUSAo1GvFINn2igDMBNc00h2YsgYQ+h4Y/uBr7jSFIxSJxp0cxtEPSEyxglGgjdewT2Uk9GWIBDxn24D5hQ+wFktDU6/tEYpql3o15rkuyjl10Ss4EeJG4M1JEM1Q79pfXjWgSgtCUE6VarhPrdkqkZpRDVvASBTGhA9KDlqGChKDa6eSmDB8ZpYuDSJoSGk/U3xMpCZUahb7pDInuq3lvLP7ntRIdXLRTJuJEg6DTj4KEYx3hcUC4yyRQzUeGECqZ2RXTPjGJaBNjwYTgzp+8SOqnJbdcOrstFyuXszjy6AAdomPkonNUQdeoimqIokf0jF7Rm/VkvVjv1se0NWfNZvbRH1ifP3o8now=</latexit>

�m2
H

=
⇤2

16⇡2
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4
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�

<latexit sha1_base64="pkqfa8d997CN3KXZwzSLLJq7yCA="></latexit>



The Naturalness Strategy

e2⇤

3↵

4⇡
⇤2

s2cf
2
KmK0

L

24⇡2v4
⇤2

� 6y2t
16⇡2

⇤2 + . . .

Param UV sensitivity Natural if NP Scale Natural?

“me” Λ ≲ 5 MeV Positron 511 keV ✓

mπ±² - mπ0²
Λ ≲ 850 

MeV Rho 770 MeV ✓

mKL-mKS Λ ≲ 3 GeV Charm 1.2 GeV ✓

mH2 Λ ≲ 500 
GeV ? ? ?
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A Reminder
Often said that the quadratic divergence “is” the hierarchy problem:

But this is misleading, as it depends on regularization scheme (try dim reg!).

Only meaningful if  is a physical scale. From the bottom-up,  a proxy for the scale of new 
physics. Given a UV completion, “quadratic divergence” replaced by finite, calculable, 

regularization scheme-independent contributions.  

Λ Λ

Tempting to “solve” hierarchy problem by positing no physical scale above weak scale. Still 
need to explain why scale of quantum gravity, hypercharge Landau pole do not contribute.

�m2
H

=
⇤2

16⇡2


�6y2

t
+

9

4
g22 +

3

4
g2
Y
+ 6�+ . . .

�
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From the “naturalness strategy” to new physics

• New physics around the TeV scale… 

• …coupling to the Higgs

At this level, we expect

Strong motivation for beyond-the-Standard Model physics connected 
to Higgs! But maybe too broad to be useful guidance to experiment. 

  
To make further progress, we can come up with models.  
Easiest path: work by analogy with known examples.

11

Supersymmetry: Relate Higgs 
to a fermion, a la electron.

Compositeness: Higgs is a 
composite particle, a la the pion.



But thus far…

12



13



The Hierarchy Problem Cartoon
Quantum gravity cutoff

Higgs sector cutoff

Uninteresting 
flow to IR

Standard Model(~unique vacuum)

mH is not technically natural ⇒ hierarchy problem14



Adding a symmetry

1. Supersymmetry (a la the electron) 

2. Global symmetry (a la the pion) 

3. Discrete symmetry 

4. Modular invariance

Experimental signals: partner particles

…and (sometimes) breaking it softly

• The familiar host of prompt signals (with or without missing energy) 
• Rich variety of displaced decays (RPV, twin higgs, folded SUSY, …)

[Dienes et al. ’94-’01, …]
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Neutral Naturalness

Standard Model Standard Model

Radiative corrections to mass-squared are SU(4) symmetric thanks to Z2:

Z2

Twin Higgs [Chacko, Goh, Harnik ‘05]

V (H) ⇥ �2

16�2

✓
�6y2

t +
9
4
g2 + . . .

◆ �
|HA|2 + |HB |2

�

16

See [B. Batell, M. Low, E.T. 
Neil and C.B. Verhaaren, 

Review of Neutral 
Naturalness, 2203.05531] 



Higgs portal
direct

production

scalar fermion

QCD SUSY
Composite Higgs/

RS

EW folded SUSY
Quirky Little

Higgs

singlet ?
Twin
Higgs

{

{

{

strong
direct

production

DY
direct

production

Higgs portal observables

Higgs coupling shifts
⇠ tuning

Mirror Glueballs

Table 1. The “theory space” of solutions to the hierarchy problem with top partners, organized by SM gauge
charge and spin, with a representative model example in each field. The gauge charge dictates the direct top
partner production mode, which makes the LHC suitable for discovery of colored top partners. For uncolored
top partners, mirror glueballs are highly favored for EW-charged mirror sectors, and possible for singlet top
partners. Higgs coupling shifts of same order as tuning are present in all known fermionic top partner theories.
Together, these two signatures allow discovery of all known uncolored top partner theories. A hypothetical
“singlet-stop” theory is indicated with a question mark, and would have to be discovered by either probing the
UV completion or, for partner masses of a few 100 GeV, with Higgs portal observables (see text).

As exciting as this experimental signature is, it is not a requirement for generic Twin-Higgs
type models—the SM-singlet sector could easily have relatively light quarks, making for a hadron
spectrum more like that of the visible sector. On the other hand, mirror glueballs, and their associated
signals, are a requirement for uncolored naturalness theories with EW-charged mirror sectors, like
Folded SUSY or Quirky Little Higgs. This is due to LEP limits forbidding BSM particles with EW
charge lighter than about 100 GeV [59]. If the structure of the mirror sector is based on our own, it
cannot contain very light strongly interacting matter, resulting in glueballs at the bottom of the mirror-
QCD spectrum. Crucially, this makes mirror glueball signals the smoking-gun discovery signal for
Folded-SUSY type theories.

It is interesting to think about the empty square in Table 1. So far, no explicit theory with SM-
singlet scalar top partners has been proposed. If such a theory existed, and there were no other
SM-charged states required near the weak scale, discovery could be quite difficult. In a Folded-SUSY
like spectrum with weak-scale soft masses we might again expect the existence of mirror glueballs,
with their accompanying experimental signatures. If, however, the mirror sector contains light matter
or mirror-QCD was broken, discovery would have to proceed through Higgs-portal observables: in-
visible direct top partner production h⇤ ! t̃t̃ [60, 61], Higgs cubic coupling shifts [60, 62] at a 100

– 4 –

hyperbolic 
Higgs

From [Curtin, Verhaaren ’15]
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Lowering the cutoff

5. RS / Technicolor 

6. LED / 1032 x SM 

7. LST / Clockwork 

8. Classicalization 

9. Disorder 

Experimental signals: resonances, …

…in diverse dimensions

• Primary distinctions are in spacing & coupling of resonances 
•  Potential goldmine of relatively unexplored signals for LST — e.g. 

perturbative string excitations

[Randall, Sundrum ’99; 
Weinberg ’79; Susskind ‘79]

[Arkani-Hamed, Dimopoulos, Dvali ’98; 
Antoniadis + ibid. ’98; Dvali, Redi ‘09]

[Antoniadis, Dimopoulos, Giveon ’01; Kaplan, 
Rattazzi ’15; Giudice, McCullough ‘16]

[Rothstein ‘12]

[Dvali, Giudice, Gomez, Kehagias ‘10]
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Selecting a vacuum

10. Anthropics (pressure) 

11. Relaxation (rolling) 

12. NNaturalness (reheating) 

13. Crunching away (collapse) 

Vacuum is one of many; end up in observed vacuum through 
dynamical process or anthropic constraint.

Experimental signals: Diverse, but typically

• Cosmology (Bubble collisions; axions; contributions to Neff and ∑mν) 
• Exotic lab signals (displaced decays, hidden sector confinement, 

rare/precision frontier, …)

[Graham, Kaplan, Rajendran ‘15]

[Arkani-Hamed et al ‘16]

[Csaki et al ’20, see also Geller, Hochberg, 
Kuflik ’18, Cheung & Saraswat ’18, …]
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Relaxion
What if the weak scale is selected by dynamics, not symmetries?

[Graham, Kaplan, 
Rajendran ‘15]

The idea: couple Higgs to field whose minimum sets mH=0 
The problem: How to make mH=0 a special point of potential?

Vev gives quark masses 
which give axion potential. 

“Relaxion”

φ

V (φ)

You are here.

The solution: what turns on when mH2 goes negative?

But: immense energy stored in evolving field, need dissipation.
20



Relaxion
Simplest version: an axion coupled to QCD during inflation.

φ

V (φ)

You are here.

21

⇤4(H) cos(�/f) + F (g�)

+
�
�M

2 + g�
�
|H|2

Axion-like potential

Large bare Higgs mass

Scanning term

Various other subtleties regarding technical naturalness, trans-Planckian field excursions, 
fine-tuning to inflationary sector; need to solve strong CP problem. New UV considerations. 

Extensive development, e.g. [Espinosa et al. ’15; Hardy ’15; 
Gupta et al ’15; Batell, Giudice, McCullough ’15; Choi, Im ’15; 

Kaplan, Rattazzi ’15; Di Chiara et al. ’15; Ibanez et al. ’15; Hook, 
Marques-Tavares ’16; Nelson, Prescod-Weinstein ’17; …]

See [P. Asadi et al., Early-
Universe Model Building, 

2203.06680]



Complicating the flow

This is a sense in which 

could address the hierarchy problem
14. Conformal symmetry

Experimental signals: Not fully explored, but expect new particles w/ SM quantum numbers around 
the TeV scale. Novelty is that statistics, irreps & couplings differ from more familiar solutions.

Bottom-up: “Little conformal symmetry” 
[Houtz, Colwell, Terning ’16]

SM is reached from some intermediate fixed point 
where, say, a generalized Veltman condition is satisfied �m2

H
=

X

i

ci
g2
i,?

16⇡2
⇤2
i
= 0

Top-down: Embed SM in orbifold of N=4 SYM 
[Frampton, Vafa ’99; Csaki, Skiba, Terning ‘99]
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Exploding the cutoff
15. Asymptotic fragility                    

[Dubovsky, Gorbenko, Mirbabayi ‘13] 

16. Agravity [Salvio, Strumia ’14]

Gravity doesn’t provide a UV scale & the SM takes care of itself

Experimental signals: Crucially, must render SM couplings asymptotically 
free. Not a property of the SM itself, so entails low-scale unification.

Gravity has no intrinsic length scale 
and is “renormalizable” 

Can be re-written in terms of 2-derivative 
fields w/ ghosts.

S ⇠
Z

d4x
p
g

 
R2

f2
1

+
1
3R

2 �R2
µ⌫

f2
2

+ . . .

!

(E-H term via vev of some field)

Scale MPl not associated with relevant 
operator becoming strong, not “felt” by 

non-grav physics.

In IR, looks like CFT perturbed by irrelevant 
operators; in UV, no UV fixed point; cannot 

define local observables.

Example in 2d, no proposal for 4d.
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Not actually the SM
17. Lee-Wick (higher derivative scalar) 

[Grinstein, O’Connell, Wise ’06]

⇠ 1

2
@µ�@

µ�� 1

2M2
(@2�)2 + . . .

Write as normal field + new field 
w/ wrong-sign quadratic action

Improves UV convergence of 
diagrams, introduce for every SM field

�1

2
@µ�̃@

µ�̃+
1

2
M2�̃2 + . . .

Lee-Wick: higher-
derivative theory

Can be defined in a unitary, Lorentz-invariant manner with only 
microscopic acausality. But who ordered that?

1

p2 �m2
� 1

p2 �M2
=

m2 �M2

(p2 �m2)(p2 �M2)

24



Connecting UV & IR

Two frameworks exhibiting UV/IR mixing: quantum 
gravity & non-commutative QFT

QG (cartoon version): collide sufficiently 
energetic particles, make a black hole. More 

energetic particles → bigger black hole.

NCQFT (cartoon version): non-commutativity of the form [xμ,xν]=iθμν, qualitatively a position-position 
uncertainty principle Δxμ Δxν≥θ/2 [Filk ’96, Minwalla, Seiberg, Van Raamsdonk ’99, NC, Koren ’19]

Essential feature of the hierarchy problem: the UV 
doesn’t know about the IR…unless it does?

18. Indirect UV/IR mixing 

19. Direct UV/IR mixing
Two ways to put this to work 

for hierarchy problem:
25



Indirect UV/IR: WGC
(Electric) weak gravity conjecture: an 

abelian gauge theory must contain a state of 
charge q and mass m satisfying

[Arkani-Hamed, Motl, Nicolis, Vafa ‘07]

“Justification”: consider BH of charge Q, mass M decaying to this particle

# particles produced = Q/q

Energy conservation: mQ/q < M

Z = Q MPl/M < z = q MPl/m

Extremal BH (Z=1) stable unless there exists a state with z > 1

Then BH satisfies

⇒ q > m/MPl to avoid stable black holes, remnants, in conflict w/ holography

gq � m

MPl
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A Family of Conjectures
Electric WGC: 

Magnetic WGC: 

+Scalar WGC: 

dS WGC: 

Axion WGC: f  (1/S)MPl

m  (gq)MPl

m
2 & gqMPlH

m 
p

g2q2 � µ2MPl

New hierarchies from EFT + gravity. 
Relevant for the hierarchy problem [Cheung & Remmen ’14; Ibañez, Martin-Lozano, 
Valenzuela ’17; NC, Garcia Garcia, Koren ’19; March-Russell, Petrossian-Byrne ’20]

[Arkani-Hamed, Motl, Nicolis, Vafa ‘07]

[Arkani-Hamed, Motl, Nicolis, Vafa ‘07]

[Palti ‘17]

[Montero, Van Riet, Venken ‘19]

[Arkani-Hamed, Motl, Nicolis, Vafa ‘07]

m  (gq)MPl
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Self-Organized Criticality
Some systems evolve into critical states on their own (sandpiles, a la [Bak, Tang, Wiesenfeld ’84]). 

Wouldn’t that be nice? [Giudice ’08, Kaplan ‘97]

20. Self-organized Criticality

�

V(
�)

m2
H

= 0

m2
H

> 0 m2
H

< 0

Figure 1: This figure exhibits a cartoon of a potential for a modulus field, �, where the singular
minimum matches on to a critical point at which the mass of a physical light Higgs field fluctuation
passes through zero. On either side of the singular point, the Higgs boson mass is finite and
positive, but on one side the mass squared for the field is negative, with the instability driving
spontaneous symmetry breaking.

Casimir energies, as in, for example [16]. If this feedback is itself the origin of the minimum
of the potential, with the minimum being at or near the critical value at which the Higgs
VEV turns on, the modulus field will be attracted to the minimum, where the mass of the
Higgs fluctuation is small or vanishing.

In one “toy” and one fully dynamical construction, we investigate the mutual potential
of a modulus field (in our case, the radion of a Randall-Sundrum (RS) 2-brane model [17])
and a 5D Higgs field. The models are constructed so that the value of the modulus field
vacuum expectation value influences the Higgs stability criterion. Specifically, we consider
scenarios where the Higgs instability is linked to dynamical violation of the BF bound far
from the UV boundary of the RS geometry through interactions with the modulus field.

The CFT dual of this picture corresponds to the theory described above: one which
is conformal in the deep UV, without instabilities, and which contains a near marginal
deformation that drives a slow running of the scaling dimension of an operator in this
approximate CFT [19,20]. There is an interplay between two operators, O✏, a near marginal
operator, and OH . Similar to the way dynamical symmetry breaking for the Higgs can
occur via radiative corrections, here an analogous instability is reached in the RG flow for
the dual picture, with the scaling dimension for the operator OH becoming complex, and
causing an “unhealthy” [21] limit cycle-like behavior in the RG flow that is terminated by
condensation of operators in the approximate CFT, breaking the approximate conformal
invariance spontaneously.

3

Vanishing Higgs mass coinciding 
with potential minimum for an 

extra-dimensional modulus field  
[Eroencel, Hubisz, Rigo ’18]

Localization of scalar fields 
exponentially close to critical 
points during eternal inflation 
[Giudice, McCullough, You ’21] 

[Khoury et al. ’19-’20]FPV dynamics
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1. Supersymmetry 

2. Global symmetry 

3. Discrete symmetry 

4. Modular invariance 

5. RS/Technicolor 

6. LED/1032xSM 

7. LST/Clockwork 

8. Classicalization 

9. Disorder 

10. Anthropics 

11. Relaxation 

12. NNaturalness 

13. Crunching away 

14. Conformal symmetry 

15. Asymptotic fragility 

16. Agravity 

17. Lee-Wick Theory 

18. Weak gravity conjecture 

19. Non-commutative QFT 

20. Self-organized criticality 

21. …

With apologies for the many omissions…
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What next?
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From [Shu-Heng Shao, KITP Snowmass Theory Frontier Conference]

See [C.Cordova, T. Dumitrescu, 
K. Intriligator, S-H, Shao, 
Snowmass White Paper: 

Generalized Symmetries in QFT 
and Beyond, 2205.09545]

Generalized Global Symmetry
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Thank you!


