
Ira Rothstein CMU

SCET and Fermi Liquids
SCET 2023



EFT in non-trivial Vacua

HQET:

NRQCD:

SCET:

Super-Selection 
sector (label) Residual Momenta

<latexit sha1_base64="sGQLP98/34d6X7jXXlyiYD3Xg9g=">AAAB8HicbVBNTwIxEJ3FL8Qv1KOXRmLiiewaUY9ELx4hkQ8DK+mWLjS03U3bJSEbfoUXDxrj1Z/jzX9jgT0o+JJJXt6bycy8IOZMG9f9dnJr6xubW/ntws7u3v5B8fCoqaNEEdogEY9UO8CaciZpwzDDaTtWFIuA01Ywupv5rTFVmkXywUxi6gs8kCxkBBsrPYpeHY2fuiLpFUtu2Z0DrRIvIyXIUOsVv7r9iCSCSkM41rrjubHxU6wMI5xOC91E0xiTER7QjqUSC6r9dH7wFJ1ZpY/CSNmSBs3V3xMpFlpPRGA7BTZDvezNxP+8TmLCGz9lMk4MlWSxKEw4MhGafY/6TFFi+MQSTBSztyIyxAoTYzMq2BC85ZdXSfOi7F2VK/XLUvU2iyMPJ3AK5+DBNVThHmrQAAICnuEV3hzlvDjvzseiNedkM8fwB87nD2ulkC0=</latexit>

mQv
µ

<latexit sha1_base64="uQ7tfwOJDa78pon22EGWLJ8NqlY=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoMQQcKu+DoGvXiMYB6QLGF2MpuMmZldZmYDYck/ePGgiFf/x5t/4yTZgyYWNBRV3XR3BTFn2rjut5NbWV1b38hvFra2d3b3ivsHDR0litA6iXikWgHWlDNJ64YZTluxolgEnDaD4d3Ub46o0iySj2YcU1/gvmQhI9hYqVEWZ2J02i2W3Io7A1omXkZKkKHWLX51ehFJBJWGcKx123Nj46dYGUY4nRQ6iaYxJkPcp21LJRZU++ns2gk6sUoPhZGyJQ2aqb8nUiy0HovAdgpsBnrRm4r/ee3EhDd+ymScGCrJfFGYcGQiNH0d9ZiixPCxJZgoZm9FZIAVJsYGVLAheIsvL5PGecW7qlw+XJSqt1kceTiCYyiDB9dQhXuoQR0IPMEzvMKbEzkvzrvzMW/NOdnMIfyB8/kDq1KOjQ==</latexit>

(m,mv)

<latexit sha1_base64="TtEZfyz2GwFv1ICHpMAFpeS+Bu4=">AAAB/HicbVDLSsNAFJ3UV62vaJduBotQQUoivpZFNy4r2Ac0IUwmk3boZDLMTIRQ6q+4caGIWz/EnX/jtM1CWw9cOJxzL/feEwpGlXacb6u0srq2vlHerGxt7+zu2fsHHZVmEpM2TlkqeyFShFFO2ppqRnpCEpSEjHTD0e3U7z4SqWjKH3QuiJ+gAacxxUgbKbCrde7hKNVQnEIReIJIcRLYNafhzACXiVuQGijQCuwvL0pxlhCuMUNK9V1HaH+MpKaYkUnFyxQRCI/QgPQN5Sghyh/Pjp/AY6NEME6lKa7hTP09MUaJUnkSms4E6aFa9Kbif14/0/G1P6ZcZJpwPF8UZwzqFE6TgBGVBGuWG4KwpOZWiIdIIqxNXhUTgrv48jLpnDXcy8bF/XmteVPEUQaH4AjUgQuuQBPcgRZoAwxy8AxewZv1ZL1Y79bHvLVkFTNV8AfW5w9eLpP2</latexit>

(n · p, p?)

<latexit sha1_base64="M1aLeZhGDCfmE6UmlEI4hdzdqY8=">AAAB+3icbVC7TsMwFL0pr1JeoYwsFhUSU5UgXmMFCwNDkehDakLlOE5r1U4i20FUUX+FhQGEWPkRNv4Gt80AhSNZOjrnHt3rE6ScKe04X1ZpaXllda28XtnY3NresXerbZVkktAWSXgiuwFWlLOYtjTTnHZTSbEIOO0Eo6up33mgUrEkvtPjlPoCD2IWMYK1kfp2dXTviQx5ignk3ZhciPt2zak7M6C/xC1IDQo0+/anFyYkEzTWhGOleq6Taj/HUjPC6aTiZYqmmIzwgPYMjbGgys9nt0/QoVFCFCXSvFijmfozkWOh1FgEZlJgPVSL3lT8z+tlOrrwcxanmaYxmS+KMo50gqZFoJBJSjQfG4KJZOZWRIZYYqJNXRVTgrv45b+kfVx3z+qntye1xmVRRxn24QCOwIVzaMA1NKEFBB7hCV7g1ZpYz9ab9T4fLVlFZg9+wfr4BkAOk/I=</latexit>

kµ ⇠ ⇤

<latexit sha1_base64="FRk1sv9yUaP9gjfsWYMX7Ce1qHk=">AAAB+HicbVDLSsNAFJ34rPXRqEs3g0VwVZLia1l047KCfUCTlsl00g6dmYR5FGrol7hxoYhbP8Wdf+O0zUJbD1w4nHMv994TpYwq7Xnfztr6xubWdmGnuLu3f1ByD4+aKjESkwZOWCLbEVKEUUEammpG2qkkiEeMtKLR3cxvjYlUNBGPepKSkKOBoDHFSFup55ZG3YAbGCjKIR93qz237FW8OeAq8XNSBjnqPfcr6CfYcCI0Zkipju+lOsyQ1BQzMi0GRpEU4REakI6lAnGiwmx++BSeWaUP40TaEhrO1d8TGeJKTXhkOznSQ7XszcT/vI7R8U2YUZEaTQReLIoNgzqBsxRgn0qCNZtYgrCk9laIh0girG1WRRuCv/zyKmlWK/5V5fLholy7zeMogBNwCs6BD65BDdyDOmgADAx4Bq/gzXlyXpx352PRuubkM8fgD5zPH/wMkqo=</latexit>

kµ ⇠ mv2

<latexit sha1_base64="lS14q7v89fkydEFfy41AX102VoY=">AAACC3icbZC7TsMwFIadcivlFmBksVohMZWk4jZWsDAwtBK9SE1aOY7TWrWTyHaQqqg7C6/CwgBCrLwAG2+Dm2aAll+y9Ok/5+j4/F7MqFSW9W0UVlbX1jeKm6Wt7Z3dPXP/oC2jRGDSwhGLRNdDkjAakpaiipFuLAjiHiMdb3wzq3ceiJA0Cu/VJCYuR8OQBhQjpa2BWR73HZ5AR1IOHabnfDTnu4z7tdPmwKxYVSsTXAY7hwrI1RiYX44f4YSTUGGGpOzZVqzcFAlFMSPTkpNIEiM8RkPS0xgiTqSbZrdM4bF2fBhEQr9Qwcz9PZEiLuWEe7qTIzWSi7WZ+V+tl6jgyk1pGCeKhHi+KEgYVBGcBQN9KghWbKIBYUH1XyEeIYGw0vGVdAj24snL0K5V7YvqefOsUr/O4yiCI1AGJ8AGl6AObkEDtAAGj+AZvII348l4Md6Nj3lrwchnDsEfGZ8/m6KaJA==</latexit>

kµ ⇠ � ⇠ ⇤2/Q

<latexit sha1_base64="d6JO2eBFa3UxC9CUCX1W3ncvZhQ=">AAAB7XicbVDJSgNBEK2JW4xb1KOXxiB4CjPidhGCXjxGMAskY+jpdJI2vQzdPUIY8g9ePCji1f/x5t/YSeagiQ8KHu9VUVUvijkz1ve/vdzS8srqWn69sLG5tb1T3N2rG5VoQmtEcaWbETaUM0lrlllOm7GmWEScNqLhzcRvPFFtmJL3dhTTUOC+ZD1GsHVSvfrQFslVp1jyy/4UaJEEGSlBhmqn+NXuKpIIKi3h2JhW4Mc2TLG2jHA6LrQTQ2NMhrhPW45KLKgJ0+m1Y3TklC7qKe1KWjRVf0+kWBgzEpHrFNgOzLw3Ef/zWontXYYpk3FiqSSzRb2EI6vQ5HXUZZoSy0eOYKKZuxWRAdaYWBdQwYUQzL+8SOon5eC8fHZ3WqpcZ3Hk4QAO4RgCuIAK3EIVakDgEZ7hFd485b14797HrDXnZTP78Afe5w837I7p</latexit>

Pµ =

<latexit sha1_base64="d6JO2eBFa3UxC9CUCX1W3ncvZhQ=">AAAB7XicbVDJSgNBEK2JW4xb1KOXxiB4CjPidhGCXjxGMAskY+jpdJI2vQzdPUIY8g9ePCji1f/x5t/YSeagiQ8KHu9VUVUvijkz1ve/vdzS8srqWn69sLG5tb1T3N2rG5VoQmtEcaWbETaUM0lrlllOm7GmWEScNqLhzcRvPFFtmJL3dhTTUOC+ZD1GsHVSvfrQFslVp1jyy/4UaJEEGSlBhmqn+NXuKpIIKi3h2JhW4Mc2TLG2jHA6LrQTQ2NMhrhPW45KLKgJ0+m1Y3TklC7qKe1KWjRVf0+kWBgzEpHrFNgOzLw3Ef/zWontXYYpk3FiqSSzRb2EI6vQ5HXUZZoSy0eOYKKZuxWRAdaYWBdQwYUQzL+8SOon5eC8fHZ3WqpcZ3Hk4QAO4RgCuIAK3EIVakDgEZ7hFd485b14797HrDXnZTP78Afe5w837I7p</latexit>

Pµ =

<latexit sha1_base64="d6JO2eBFa3UxC9CUCX1W3ncvZhQ=">AAAB7XicbVDJSgNBEK2JW4xb1KOXxiB4CjPidhGCXjxGMAskY+jpdJI2vQzdPUIY8g9ePCji1f/x5t/YSeagiQ8KHu9VUVUvijkz1ve/vdzS8srqWn69sLG5tb1T3N2rG5VoQmtEcaWbETaUM0lrlllOm7GmWEScNqLhzcRvPFFtmJL3dhTTUOC+ZD1GsHVSvfrQFslVp1jyy/4UaJEEGSlBhmqn+NXuKpIIKi3h2JhW4Mc2TLG2jHA6LrQTQ2NMhrhPW45KLKgJ0+m1Y3TklC7qKe1KWjRVf0+kWBgzEpHrFNgOzLw3Ef/zWontXYYpk3FiqSSzRb2EI6vQ5HXUZZoSy0eOYKKZuxWRAdaYWBdQwYUQzL+8SOon5eC8fHZ3WqpcZ3Hk4QAO4RgCuIAK3EIVakDgEZ7hFd485b14797HrDXnZTP78Afe5w837I7p</latexit>

Pµ =

What makes these EFT’s unusual is that we are expanding our delocalized stress energy 

Label Changing 
interactions

<latexit sha1_base64="f3HJcWfO+sViLVmgLOL6sQPbnRs=">AAACEHicbVC7SgNBFJ31GeNr1dJmMIhWYVd8NULQQhGLCOYB2WS5O5kkQ2Z2l5nZQFjyCTb+io2FIraWdv6Nk0ehiQcunDnnXubeE8ScKe0439bc/MLi0nJmJbu6tr6xaW9tl1WUSEJLJOKRrAagKGchLWmmOa3GkoIIOK0E3auhX+lRqVgUPuh+TOsC2iFrMQLaSL59cHdx2/BE4gUgccfvYe8ahADfSOaZ9hpeLJmgA9/OOXlnBDxL3AnJoQmKvv3lNSOSCBpqwkGpmuvEup6C1IxwOsh6iaIxkC60ac3QEARV9XR00ADvG6WJW5E0FWo8Un9PpCCU6ovAdArQHTXtDcX/vFqiW+f1lIVxomlIxh+1Eo51hIfp4CaTlGjeNwSIZGZXTDoggWiTYdaE4E6fPEvKR3n3NH9yf5wrXE7iyKBdtIcOkYvOUAHdoCIqIYIe0TN6RW/Wk/VivVsf49Y5azKzg/7A+vwBN+icwA==</latexit>

L = Jµh̄v�µhv0

<latexit sha1_base64="sf+iPqtkAq7jSo8yj55kDYTvm2Q="></latexit>

L =  †v
~p�~q/2 

v
~p [

1

~q2
]�†v

�~p+~q/2�
v
�~p

<latexit sha1_base64="IWJXF1VxQzEJ506AWg8f4/FpMTo=">AAACIHicbZDLSsNAFIYn9VbrLerSzWARBGlJRK0boerGhYsKthWaNEym03bo5MLMRCwhj+LGV3HjQhHd6dM4SbPQ1gMHPv7/HGbO74aMCmkYX1phbn5hcam4XFpZXVvf0De3WiKIOCZNHLCA37lIEEZ90pRUMnIXcoI8l5G2O7pM/fY94YIG/q0ch8T20MCnfYqRVJKj167PoOUiDq0H6sShc5Dk1LVCTj2SCufdSmZVVOdy4uhlo2pkBWfBzKEM8mo4+qfVC3DkEV9ihoTomEYo7RhxSTEjScmKBAkRHqEB6Sj0kUeEHWcHJnBPKT3YD7hqX8JM/b0RI0+IseeqSQ/JoZj2UvE/rxPJ/qkdUz+MJPHx5KF+xKAMYJoW7FFOsGRjBQhzqv4K8RBxhKXKtKRCMKdPnoXWYdU8qR7fHJXrF3kcRbADdsE+MEEN1MEVaIAmwOARPINX8KY9aS/au/YxGS1o+c42+FPa9w9ZzKKD</latexit>

L = ⇠̄p+⇠p0
+
A�

p+�p0
+



Can we leverage our expertise on these subjects to study more diverse systems?

Consider a system of free Fermions

<latexit sha1_base64="6BZusFGQjdGgMiwOJwDtTlG6IZg=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2NQEI8RzQOSJcxOepMhs7PLzKwQlnyCFw+KePWLvPk3TpI9aLSgoajqprsrSATXxnW/nMLS8srqWnG9tLG5tb1T3t1r6jhVDBssFrFqB1Sj4BIbhhuB7UQhjQKBrWB0PfVbj6g0j+WDGSfoR3QgecgZNVa6H/VueuWKW3VnIH+Jl5MK5Kj3yp/dfszSCKVhgmrd8dzE+BlVhjOBk1I31ZhQNqID7FgqaYTaz2anTsiRVfokjJUtachM/TmR0UjrcRTYzoiaoV70puJ/Xic14aWfcZmkBiWbLwpTQUxMpn+TPlfIjBhbQpni9lbChlRRZmw6JRuCt/jyX9I8qXrn1bO700rtKo+jCAdwCMfgwQXU4Bbq0AAGA3iCF3h1hPPsvDnv89aCk8/swy84H98a9o2y</latexit>

kF

Consider Small 
Fluctuations around the 

Fermi surface
<latexit sha1_base64="8ErSf8hI7my03BpmddiUgzSeu5Q=">AAAB+HicbVDLSgMxFM3UV62Pjrp0EyxC3dSZ4msjFMXisoJ9QDsOmTRtQ5PMkGSEOvRL3LhQxK2f4s6/MW1noa0HLhzOuZd77wkiRpV2nG8rs7S8srqWXc9tbG5t5+2d3YYKY4lJHYcslK0AKcKoIHVNNSOtSBLEA0aawfB64jcfiVQ0FPd6FBGPo76gPYqRNpJv52/86iUc+tWH8nGxzI98u+CUnCngInFTUgApar791emGOOZEaMyQUm3XibSXIKkpZmSc68SKRAgPUZ+0DRWIE+Ul08PH8NAoXdgLpSmh4VT9PZEgrtSIB6aTIz1Q895E/M9rx7p34SVURLEmAs8W9WIGdQgnKcAulQRrNjIEYUnNrRAPkERYm6xyJgR3/uVF0iiX3LPS6d1JoXKVxpEF++AAFIELzkEF3IIaqAMMYvAMXsGb9WS9WO/Wx6w1Y6Uze+APrM8f56SRUQ==</latexit>

EF = k2F /(2m)

<latexit sha1_base64="ctoc8cGPj8oZ7BfpS+9ihCDKSKE=">AAACCnicbVDLSgMxFM34rPU16tJNtAiu6oz42ghFUVxWsA/olOFOmrahmQfJHbGUrt34K25cKOLWL3Dn35g+Ftp6IHA459wk9wSJFBod59uamZ2bX1jMLGWXV1bX1u2NzbKOU8V4icUyVtUANJci4iUUKHk1URzCQPJK0Lkc+JV7rrSIozvsJrweQisSTcEAjeTbO5404QacUy8BhQIk9R6E72GbI9CDK//at3NO3hmCThN3THJkjKJvf3mNmKUhj5BJ0LrmOgnWe4PbmeT9rJdqngDrQIvXDI0g5LreG67Sp3tGadBmrMyJkA7V3xM9CLXuhoFJhoBtPekNxP+8WorNs3pPREmKPGKjh5qppBjTQS+0IRRnKLuGAFPC/JWyNihgaNrLmhLcyZWnSfkw757kj2+PcoWLcR0Zsk12yT5xySkpkBtSJCXCyCN5Jq/kzXqyXqx362MUnbHGM1vkD6zPH+/umck=</latexit>

� = @⇠✓/EFPower Counting Parameter:

<latexit sha1_base64="AlJMyWbfyOPXhjASZH6uylp7HWk="></latexit>

L =

Z
ddxdt( †@t �  † @

2

2m
 )

<latexit sha1_base64="dx98CofTdb2S/rWeI1tYNJAjcLY=">AAACBnicbVDJSgNBEO1xjXGLehShMQiewoy4XYSgIB4jmAUyw9DTqSRNeha6awIh5OTFX/HiQRGvfoM3/8ZOMgdNfFDweK+KqnpBIoVG2/62FhaXlldWc2v59Y3Nre3Czm5Nx6niUOWxjFUjYBqkiKCKAiU0EgUsDCTUg97N2K/3QWkRRw84SMALWScSbcEZGskvHLihaFG3D5z2qO9iF5DRsXZFe/6tXyjaJXsCOk+cjBRJhopf+HJbMU9DiJBLpnXTsRP0hkyh4BJGeTfVkDDeYx1oGhqxELQ3nLwxokdGadF2rExFSCfq74khC7UehIHpDBl29aw3Fv/zmim2L72hiJIUIeLTRe1UUozpOBPaEgo4yoEhjCthbqW8yxTjaJLLmxCc2ZfnSe2k5JyXzu5Pi+XrLI4c2SeH5Jg45IKUyR2pkCrh5JE8k1fyZj1ZL9a79TFtXbCymT3yB9bnD1Ygl8Y=</latexit>

| ~k✓ |= kF

<latexit sha1_base64="f/5mcxW3fp1BAZbENbe9Bec565s=">AAAB/nicbVBNS8NAEN3Ur1q/ouLJy2IRPJVE/DoWvXisYG2hCWGznbRLN5uwuxFKKPhXvHhQxKu/w5v/xk2bg7Y+GHi8N8PMvDDlTGnH+bYqS8srq2vV9drG5tb2jr2796CSTFJo04QnshsSBZwJaGumOXRTCSQOOXTC0U3hdx5BKpaIez1OwY/JQLCIUaKNFNgHoyD3UiIJ58An2FMsxm4tsOtOw5kCLxK3JHVUohXYX14/oVkMQlNOlOq5Tqr9nEjNKIdJzcsUpISOyAB6hgoSg/Lz6fkTfGyUPo4SaUpoPFV/T+QkVmoch6YzJnqo5r1C/M/rZTq68nMm0kyDoLNFUcaxTnCRBe4zCVTzsSGESmZuxXRosqDaJFaE4M6/vEgeThvuReP87qzevC7jqKJDdIROkIsuURPdohZqI4py9Ixe0Zv1ZL1Y79bHrLVilTP76A+szx9S4ZUS</latexit>

kk ⇠ 1

<latexit sha1_base64="6K2Lr8tcZ+LXU1NBfLJg+8b/zZ8=">AAACAHicbVC7TsMwFHXKq5RXgIGBxaJCYqoSxGusYGEsEqWVmihyHKe16jiW7SBVURZ+hYUBhFj5DDb+BqfNAC1HsnR0zj26vicUjCrtON9WbWl5ZXWtvt7Y2Nza3rF39x5UmklMujhlqeyHSBFGOelqqhnpC0lQEjLSC8c3pd97JFLRlN/riSB+goacxhQjbaTAPhgHuSeIFAX0FE2gx0w2Qo3AbjotZwq4SNyKNEGFTmB/eVGKs4RwjRlSauA6Qvs5kppiRoqGlykiEB6jIRkYylFClJ9PDyjgsVEiGKfSPK7hVP2dyFGi1CQJzWSC9EjNe6X4nzfIdHzl55SLTBOOZ4vijEGdwrINGFFJsGYTQxCW1PwV4hGSCGvTWVmCO3/yInk4bbkXrfO7s2b7uqqjDg7BETgBLrgEbXALOqALMCjAM3gFb9aT9WK9Wx+z0ZpVZfbBH1ifPyF7lhw=</latexit>

k? ⇠ �

<latexit sha1_base64="lXB0b/BvhvHO0z1/2T/dvBd6h/o="></latexit>

 =
X

✓

e�iEF tei
~k✓·~x⇠✓(x)

<latexit sha1_base64="ddCEMGQydh+zBIhTuWaGW+DE3Qg="></latexit>

LEFT =

Z
ddxdt

X

✓

⇠†✓(i@t � vF@?)⇠✓



Turn on interactions

Lack of asymptotic states: relevant degrees of freedom not derivable from first principles

Assume that the relevant DOF have the same  quantum numbers as 
electrons (no phase transitions)

Landau (adiabatic approximation)

 These states (``quasi-particles’’)  are not eigenstate of the Hamiltonian

Criteria for quasi-particle 
<latexit sha1_base64="yWLzTuon0PXcIiH0RfATbyv3t1M=">AAACEXicbVDJSgNBEO2JW4zbqEcvjUGIlzAT3I5BCXqMYBbIxFDT6SRNumfG7h4lDPkFL/6KFw+KePXmzb+xsxw08UHB470qqur5EWdKO863lVpYXFpeSa9m1tY3Nrfs7Z2qCmNJaIWEPJR1HxTlLKAVzTSn9UhSED6nNb9/MfJr91QqFgY3ehDRpoBuwDqMgDZSy855nIlWUvIk6/Y0SBk+YGeIvUsQAnKlQ+xxeodLt4WWnXXyzhh4nrhTkkVTlFv2l9cOSSxooAkHpRquE+lmAlIzwukw48WKRkD60KUNQwMQVDWT8UdDfGCUNu6E0lSg8Vj9PZGAUGogfNMpQPfUrDcS//Mase6cNRMWRLGmAZks6sQc6xCP4sFtJinRfGAIEMnMrZj0QALRJsSMCcGdfXmeVAt59yR/fH2ULZ5P40ijPbSPcshFp6iIrlAZVRBBj+gZvaI368l6sd6tj0lryprO7KI/sD5/AHD7nBw=</latexit>

lim
E!0

�(E)  E2
Check for self-consistency

 

I
je

H

n I



Let us assume that all interactions between quasi-particles are local: HE3 and to some extent metals

Will see this is not-consistent with the power counting

<latexit sha1_base64="RqyqtslcRtkDfQgXrZdRyHg8PgQ="></latexit>

S =

Z
ddxdt

Y

i

X

✓i

g †
✓1
 ✓2 

†
✓3
 ✓4

However, MOST kinematic configurations are power suppressed!  

Naively: 
<latexit sha1_base64="2/3SjaUTx4VwTnSz2Kj8df/gsdY=">AAAB/3icbVC7TsMwFL3hWcorgMTCYlEhMZUE8RorWBiLRB9SEyrHcVurdhLZDqIKHfgVFgYQYuU32Pgb3DYDtBzJ0tE59+henyDhTGnH+bbm5hcWl5YLK8XVtfWNTXtru67iVBJaIzGPZTPAinIW0ZpmmtNmIikWAaeNoH818hv3VCoWR7d6kFBf4G7EOoxgbaS2vRvehQ8o1MhTTCD3yOMmG+K2XXLKzhholrg5KUGOatv+8sKYpIJGmnCsVMt1Eu1nWGpGOB0WvVTRBJM+7tKWoREWVPnZ+P4hOjBKiDqxNC/SaKz+TmRYKDUQgZkUWPfUtDcS//Naqe5c+BmLklTTiEwWdVKOdIxGZaCQSUo0HxiCiWTmVkR6WGKiTWVFU4I7/eVZUj8uu2fl05uTUuUyr6MAe7APh+DCOVTgGqpQAwKP8Ayv8GY9WS/Wu/UxGZ2z8swO/IH1+QOHEZUp</latexit>

ddxdt ⇠ 1/�

However, we know from the case of Glauber we can have kinematic 
enhancements

<latexit sha1_base64="A1YRe0tSyO19FLv/ChjlCzf556A=">AAAB/3icbVC7TsMwFHXKq5RXAImFxaJCYipJxWusYGEsEn1ITagcx2mt2k5kO4gqdOBXWBhAiJXfYONvcNsM0HIkS0fn3KN7fYKEUaUd59sqLCwuLa8UV0tr6xubW/b2TlPFqcSkgWMWy3aAFGFUkIammpF2IgniASOtYHA19lv3RCoai1s9TIjPUU/QiGKkjdS197wHCj1FOfSYSYXoLnOPq6OuXXYqzgRwnrg5KYMc9a795YUxTjkRGjOkVMd1Eu1nSGqKGRmVvFSRBOEB6pGOoQJxovxscv8IHholhFEszRMaTtTfiQxxpYY8MJMc6b6a9cbif14n1dGFn1GRpJoIPF0UpQzqGI7LgCGVBGs2NARhSc2tEPeRRFibykqmBHf2y/OkWa24Z5XTm5Ny7TKvowj2wQE4Ai44BzVwDeqgATB4BM/gFbxZT9aL9W59TEcLVp7ZBX9gff4A0oaVWA==</latexit>

⇠ ⇠ �1/2



<latexit sha1_base64="cH8p2pmnqPW+wIZl28+FbIVE5/U="></latexit>Z
( ̄n1 n2  ̄n3 n4)[dx+dx�d

2
x? ⇠ O(1)]

Generic hard scattering

But for Glauber Kinematics 
<latexit sha1_base64="4a0y0l/0DMfJrynUBhMNKKvQqhU="></latexit>Z
( ̄n1 n1  ̄n2 n2)[dx+dx�d

2
x? ⇠ O(1/�2)]

Why? Because momenta align: Perp momenta become linearly dependent

Consider the Fermi Liquid case:  

a) Choose p1 and p3 to be equal with vanishing residual momentum, then writing 
<latexit sha1_base64="Z7vyq1Lf0+gLxE/GEcZ6WKeIZuk="></latexit>

p2 = P2 + p?2 + pk2 p4 = P4 + p?4 + pk4 (P2 = P4)

<latexit sha1_base64="RLVB6RdEdCRhrTww74YwUaYgVa4="></latexit>

�3(p?2 + pk2 + p?4 + pk4) = �(p?2 + p?4 )�
2(pk2 + pk4)

(Joe Polchinski)

<latexit sha1_base64="fgjeDZ8RaOe5SkdD5AHDmgE5uVc=">AAAB+nicbVC7TsMwFHXKq5RXCiOLRYVUlpIgXmMFCxtFog+piSrHcVqrthPZDqgK/RQWBhBi5UvY+BvcNgO0HMnS0Tn36F6fIGFUacf5tgpLyyura8X10sbm1vaOXd5tqTiVmDRxzGLZCZAijArS1FQz0kkkQTxgpB0Mryd++4FIRWNxr0cJ8TnqCxpRjLSRenbZU5TD26p77DGTCtFRz644NWcKuEjcnFRAjkbP/vLCGKecCI0ZUqrrOon2MyQ1xYyMS16qSILwEPVJ11CBOFF+Nj19DA+NEsIoluYJDafq70SGuFIjHphJjvRAzXsT8T+vm+ro0s+oSFJNBJ4tilIGdQwnPcCQSoI1GxmCsKTmVogHSCKsTVslU4I7/+VF0jqpuee1s7vTSv0qr6MI9sEBqAIXXIA6uAEN0AQYPIJn8ArerCfrxXq3PmajBSvP7IE/sD5/AIDHkuE=</latexit>

⇠ O(1/�)



 

Froward scattering kinematics is leading 
order due to delta function enhancement

b) Choose p1 and p2 to be equal and OPPOSITE with vanishing residual momentum, 

P

P4

Pr

Back to Back BCS “interaction”



Another important distinction between SCET and FLT

<latexit sha1_base64="TAOTPa4L65qfmSysYTBVpiIO6kQ=">AAACKXicbZDLSgMxFIYz9VbrrerSTbAIFbTMFG/LohuXFawKnTpk0tNpaOZCckYppa/jxldxo6CoW1/EtA54qT8EvvznHJLz+4kUGm37zcpNTc/MzuXnCwuLS8srxdW1Cx2nikODxzJWVz7TIEUEDRQo4SpRwEJfwqXfOxnVL29AaRFH59hPoBWyIBIdwRkayyvWgnLPc67dhCkmJcidnlf9vm1T6ioRdJEpFd/SoOxiF5B5zm4G1W2vWLIr9lh0EpwMSiRT3Ss+ue2YpyFEyCXTuunYCbYGTKHgEoYFN9WQMN5jATQNRiwE3RqMNx3SLeO0aSdW5kRIx+7PiQELte6HvukMGXb139rI/K/WTLFz1BqIKEkRIv71UCeVFGM6io22hQKOsm+AcSXMXynvmpQ4mnALJgTn78qTcFGtOAeV/bO9Uu04iyNPNsgmKROHHJIaOSV10iCc3JEH8kxerHvr0Xq13r9ac1Y2s05+yfr4BExgpg0=</latexit>

g(kk1 , k
k
2) ! g(✓1 � ✓2)

Decompose into partial waves

<latexit sha1_base64="RicEQr4+qkLeZ7/AQHbbCYkM9D0="></latexit>

SFS =

Z
ddxdtg(✓1 � ✓2) 

†
✓1
 ✓1 

†
✓2
 ✓2

<latexit sha1_base64="Xb+CCRTBwp4FJmOMhIe2YCk0xCY="></latexit>

SBCS =

Z
ddxdtgBCS(✓1 � ✓2) 

†
✓1
 ✓2 

†
�✓1

 �✓2

A crucial diference with Glauber SCET is that In FLT the box 
diagram is suppressed (no eikonalization)

In FLT 
<latexit sha1_base64="RnyzIg4Iy64zhhoBANN9EcBOI5Y=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKeyKr2PQi8cI5gHJEmYnvcmY2Z1lplcIS/7BiwdFvPo/3vwbJ8keNLGgoajqprsrSKQw6LrfTmFldW19o7hZ2tre2d0r7x80jUo1hwZXUul2wAxIEUMDBUpoJxpYFEhoBaPbqd96Am2Eih9wnIAfsUEsQsEZWqnZxSEg65UrbtWdgS4TLycVkqPeK391+4qnEcTIJTOm47kJ+hnTKLiESambGkgYH7EBdCyNWQTGz2bXTuiJVfo0VNpWjHSm/p7IWGTMOApsZ8RwaBa9qfif10kxvPYzEScpQszni8JUUlR0+jrtCw0c5dgSxrWwt1I+ZJpxtAGVbAje4svLpHlW9S6rF/fnldpNHkeRHJFjcko8ckVq5I7USYNw8kieySt5c5Tz4rw7H/PWgpPPHJI/cD5/AKc3jzI=</latexit>

✓ (An order one label) is fixed in addition to the magnitude of the momentum. 

This would be like fixing 
<latexit sha1_base64="cFdGeUVxeF+g7c5CQFsrKN70vBw=">AAACAnicbVDLSgMxFM34rPU16krcBItQN2Wm+FoW3bizgn1AZxwymUwbmsyEJCOUobjxV9y4UMStX+HOvzF9LLT1QOBwzj3c3BMKRpV2nG9rYXFpeWW1sFZc39jc2rZ3dpsqzSQmDZyyVLZDpAijCWloqhlpC0kQDxlphf2rkd96IFLRNLnTA0F8jroJjSlG2kiBvd8PPEGkgJ6iHN6UPWayEbqvHgd2yak4Y8B54k5JCUxRD+wvL0pxxkmiMUNKdVxHaD9HUlPMyLDoZYoIhPuoSzqGJogT5efjE4bwyCgRjFNpXqLhWP2dyBFXasBDM8mR7qlZbyT+53UyHV/4OU1EpkmCJ4vijEGdwlEfMKKSYM0GhiAsqfkrxD0kEdamtaIpwZ09eZ40qxX3rHJ6e1KqXU7rKIADcAjKwAXnoAauQR00AAaP4Bm8gjfryXqx3q2PyeiCNc3sgT+wPn8Au9+WXg==</latexit>

k? ⇠ O(�2) in the box diagram



Formally we would normally combine label sum with residual momentum integration
<latexit sha1_base64="fK9HuaJWqZbeOjhKnxqdSDs7zWA=">AAACIXicbVDJSgNBFOyJW4zbqEcvjUHwFGbEJcegF48RzAKZMPR0XpImPQvdb5QQ8ite/BUvHhTJTfwZO5OAmljQUFTVo9+rIJFCo+N8WrmV1bX1jfxmYWt7Z3fP3j+o6zhVHGo8lrFqBkyDFBHUUKCEZqKAhYGERjC4mfqNB1BaxNE9DhNoh6wXia7gDI3k22VPp6HvYR+QUU9ESDsD30uYYlKCpJ4SvT4ypeLHHzcL+3bRKTkZ6DJx56RI5qj69sTrxDwNIUIumdYt10mwPWIKBZcwLniphoTxAetBy9CIhaDbo+zCMT0xSod2Y2We2SJTf0+MWKj1MAxMMmTY14veVPzPa6XYLbdHIkpShIjPPuqmkmJMp3XRjlDAUQ4NYVwJsyvlfdMOR1NqwZTgLp68TOpnJfeydHF3Xqxcz+vIkyNyTE6JS65IhdySKqkRTp7IC3kj79az9Wp9WJNZNGfNZw7JH1hf36RNpHE=</latexit>X

✓

Z
dkk !

Z
dk✓

But kinematics restrict the label sum leaving to a power suppression. So 
no corrections to forward scattering at leading order (no running).

The same can not be said for the BCS interactions where the 
angular label sum in unrestricted in the loop

Generates one loop beta function (saturated at one loop)
<latexit sha1_base64="NM49QJTus73LsawlMoYnYomACvQ=">AAAB/nicbVDLSsNAFL2pr1pfUXHlZrAIrkpSfG2EohRcSQVbC20sk8kkHTp5MDMRSgj4K25cKOLW73Dn3zh9LLT1wIXDOfdy7z1uwplUlvVtFBYWl5ZXiqultfWNzS1ze6cl41QQ2iQxj0XbxZJyFtGmYorTdiIoDl1O793B1ci/f6RCsji6U8OEOiEOIuYzgpWWeuZevesLTDIvyDOvnl+g4KGKbnpm2apYY6B5Yk9JGaZo9MyvrheTNKSRIhxL2bGtRDkZFooRTvNSN5U0wWSAA9rRNMIhlU42Pj9Hh1rxkB8LXZFCY/X3RIZDKYehqztDrPpy1huJ/3mdVPnnTsaiJFU0IpNFfsqRitEoC+QxQYniQ00wEUzfikgf6ziUTqykQ7BnX54nrWrFPq2c3B6Xa5fTOIqwDwdwBDacQQ2uoQFNIJDBM7zCm/FkvBjvxsektWBMZ3bhD4zPHxJClOo=</latexit>

E
dg

dE
= g2N

<latexit sha1_base64="793RICsALQ6YK3ekM2ST6mM2gD8=">AAACFHicbZDLSsNAFIYnXmu9RV26GSxCS6Em4m0jFKXgSirYCzQhTKaTdujkwsxEKCEP4cZXceNCEbcu3Pk2TtMstPWHgY//nMOZ87sRo0Iaxre2sLi0vLJaWCuub2xubes7u20RxhyTFg5ZyLsuEoTRgLQklYx0I06Q7zLScUfXk3rngXBBw+BejiNi+2gQUI9iJJXl6NVBuVG5hJbHEU4UO0YlTczqLZwytFiY0VGjkjp6yagZmeA8mDmUQK6mo39Z/RDHPgkkZkiInmlE0k4QlxQzkhatWJAI4REakJ7CAPlE2El2VAoPldOHXsjVCyTM3N8TCfKFGPuu6vSRHIrZ2sT8r9aLpXdhJzSIYkkCPF3kxQzKEE4Sgn3KCZZsrABhTtVfIR4ilY9UORZVCObsyfPQPq6ZZ7XTu5NS/SqPowD2wQEoAxOcgzq4AU3QAhg8gmfwCt60J+1Fe9c+pq0LWj6zB/5I+/wBuHOa3g==</latexit>

g(E) =
g(E0)

1 +Ng(E0) log(E0/E)

For an attractive interaction coupling grows in IR leading to condensation in 
particle-particle channel

<latexit sha1_base64="DVBhF3y01xBVRPsKo6sUgf5KbRo=">AAACBHicbVC7TsMwFHXKq5RXgLGLoUIqS0kQr7GChbFIpK3URJXjOq1Vx45sB1RFHVj4FRYGEGLlI9j4G5y2AxTO1ZWOzrlX9j1hwqjSjvNlFRYWl5ZXiqultfWNzS17e6epRCox8bBgQrZDpAijnHiaakbaiSQoDhlphcOr3G/dEamo4Ld6lJAgRn1OI4qRNlLXLkOv6h5CX9L+QCMpxT10oL+X11HXrjg1ZwL4l7gzUgEzNLr2p98TOI0J15ghpTquk+ggQ1JTzMi45KeKJAgPUZ90DOUoJirIJkeM4YFRejAS0jTXcKL+3MhQrNQoDs1kjPRAzXu5+J/XSXV0EWSUJ6kmHE8filIGtYB5IrBHJcGajQxBWFLzV4gHSCKsTW4lE4I7f/Jf0jyuuWe105uTSv1yFkcRlME+qAIXnIM6uAYN4AEMHsATeAGv1qP1bL1Z79PRgjXb2QW/YH18A7GFlZU=</latexit>

U(1) ! 0/ Super-conductivity



Check consistency of the quasi-particle picture

<latexit sha1_base64="LFytDziB6/s6Zz3aE5/msJMMLNc=">AAAB/3icbVDLSsNAFJ34rPUVFdy4GSxC3dSk+FoWpeqygn1AE8NkOmmHziRhZiKU2IW/4saFIm79DXf+jdM2C209cOFwzr3ce48fMyqVZX0bc/MLi0vLuZX86tr6xqa5td2QUSIwqeOIRaLlI0kYDUldUcVIKxYEcZ+Rpt+/HPnNByIkjcI7NYiJy1E3pAHFSGnJM3eda8Q5KlYPoSMph9X78lHVu/LMglWyxoCzxM5IAWSoeeaX04lwwkmoMENStm0rVm6KhKKYkWHeSSSJEe6jLmlrGiJOpJuO7x/CA610YBAJXaGCY/X3RIq4lAPu606OVE9OeyPxP6+dqODcTWkYJ4qEeLIoSBhUERyFATtUEKzYQBOEBdW3QtxDAmGlI8vrEOzpl2dJo1yyT0snt8eFykUWRw7sgX1QBDY4AxVwA2qgDjB4BM/gFbwZT8aL8W58TFrnjGxmB/yB8fkDFQOUOQ==</latexit>

�(E) ⇠ E2/EF

<latexit sha1_base64="+ABnSaxBjbcMUnakpiQN/hdxaSE=">AAAB6nicbVDJSgNBEK2JW4xb1KOXxiB4CjPidgx60VtEs0AyhJ5OT9Kkl6G7RwhDPsGLB0W8+kXe/Bs7yRw0+qDg8V4VVfWihDNjff/LKywtr6yuFddLG5tb2zvl3b2mUakmtEEUV7odYUM5k7RhmeW0nWiKRcRpKxpdT/3WI9WGKflgxwkNBR5IFjOCrZPubwXqlSt+1Z8B/SVBTiqQo94rf3b7iqSCSks4NqYT+IkNM6wtI5xOSt3U0ASTER7QjqMSC2rCbHbqBB05pY9ipV1Ji2bqz4kMC2PGInKdAtuhWfSm4n9eJ7XxZZgxmaSWSjJfFKccWYWmf6M+05RYPnYEE83crYgMscbEunRKLoRg8eW/pHlSDc6rZ3enldpVHkcRDuAQjiGAC6jBDdShAQQG8AQv8Opx79l7897nrQUvn9mHX/A+vgHCyY14</latexit>

Im
FIG. 5: The two-loop self-energy with finite imaginary part.

containing V 2
F , such as log(V 2

F /E) or log(V 2
F /Λ), rapidity logs. We want to estimate the

contribution of higher rapidity logs to the beta function at zero net momentum.
We will limit ourselves to the analysis of 2-loop diagrams. We take Υ ∼ VF , in which case

there are no large rapidity logs in non-VH loops. The renormalized coupling g is related to
the bare coupling gb by

gb = gZ4Z
−2
2 , (23)

where Z4 is the renormalization factor for the particle-particle four-point amplitude, and
Z2 is the wave function renormalization. Z2 is finite at one loop, and at two-loop order is
determined from the on-shell behavior of the self-energy diagram, Fig. 5, whose imaginary
part is finite even without the rapidity cut-off [1, 2], and therefore does not contain rapidity
logs.

Two-loop contributions to Z4 arise from diagrams such as in Fig. 6. (Iterations of one-loop
diagrams do not contribute since their infinities are removed by one-loop counter-terms).
Their contributions to the beta function can be estimated using what we already know about
the one-loop diagrams. For example, the diagram Fig. 6a is the obtained from the one-loop
s-channel diagram by replacing one of the vertices with the one-loop t-channel diagram.
The latter does not contain rapidity logs, so the contribution of the whole diagram to the
beta function should behave in the same way as that of the one-loop s-channel diagram.
In particular, it contains at most a single log(V 2

F /Λ) at zero net momentum. The diagram
Fig. 6b can be regarded as a one-loop t-channel diagram with one vertex replaced with a
one-loop s-channel diagram. The latter amplitude contains at most two rapidity logs, so the
contribution of Fig. 6b to the beta function contains at most log2(V 2

F /Λ). We conclude that
with logarithmic accuracy the two-loop beta function at zero net momentum has the form

β(g) =
1

4π2
(g2 + Cg3) log

V 2
F

Λ
+ C ′g3 log2

V 2
F

Λ
, (24)

where C and C ′ are constants.
Now we can see if the resummation of rapidity logs in the beta function is necessary.

Eq. (20) indicates that the one-loop RG equations resum logs of the form g log2(V 2
F /Λ). Thus

we are assuming that g log2(V 2
F /Λ) <∼ 1, while g log(V 2

F /Λ) " 1. This implies g3 log2(V 2
F /Λ)

is parametrically suppressed relative to g2 log(V 2
F /Λ). We conjecture that this behavior

persists at higher loops, in the sense that every extra power of g is accompanied by at most
a single rapidity log. If this is true, then resumming the rapidity logs in the beta function will
not will not change qualitative conclusions regarding the RG flow and the Cooper instability.

13

Power suppression of FS loops validates 
Landau Theory, limited phase space due to 
Pauli Blocking leads to log lived ``particles”



Non-Fermi Liquids

High Tc superconductors in their normal state (strange metal) are at 

best ``marginal Fermi liquids”

<latexit sha1_base64="vEeZUG3mCqhTD47ZSmx2EfFBC4U=">AAAB+XicbVDLSsNAFJ3UV62vqEs3g0VwVRLxtSxK0WUF+4AklJvppB06k4SZSaGE/okbF4q49U/c+TdO2yy0euDC4Zx7ufeeMOVMacf5skorq2vrG+XNytb2zu6evX/QVkkmCW2RhCeyG4KinMW0pZnmtJtKCiLktBOObmd+Z0ylYkn8qCcpDQQMYhYxAtpIPdv270AI8BoB9hUTuNGzq07NmQP/JW5BqqhAs2d/+v2EZILGmnBQynOdVAc5SM0Ip9OKnymaAhnBgHqGxiCoCvL55VN8YpQ+jhJpKtZ4rv6cyEEoNRGh6RSgh2rZm4n/eV6mo+sgZ3GaaRqTxaIo41gneBYD7jNJieYTQ4BIZm7FZAgSiDZhVUwI7vLLf0n7rOZe1i4ezqv1myKOMjpCx+gUuegK1dE9aqIWImiMntALerVy69l6s94XrSWrmDlEv2B9fAMvE5K7</latexit>

�[E] ⇠ E

No notion of a quasi-particle yet its not a CFT

Finding the proper EFT for such systems is perhaps the most important 
open problem in theoretical CMT

Metals Differ from HE3 in various important ways, but we will focus on the 
fact that Fermi surface has a much richer structure



There are cases where structure of of Fermi surface  leads to 
further analogies with SCET

Double Log Running (Sudakov)

Rapidity Renormalization Group

Shape of the Fermi surface is 
characterized by :

<latexit sha1_base64="rke5SWpk6Hxl3F+2CzZFeYeQRM8=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoMQL2FX4uMYFMVjBPOAZAmzk9lkyOzsMDMrhCUf4cWDIl79Hm/+jZNkD5pY0FBUddPdFUjOtHHdbye3srq2vpHfLGxt7+zuFfcPmjpOFKENEvNYtQOsKWeCNgwznLalojgKOG0Fo5up33qiSrNYPJqxpH6EB4KFjGBjpRa6Lcve3WmvWHIr7gxomXgZKUGGeq/41e3HJImoMIRjrTueK42fYmUY4XRS6CaaSkxGeEA7lgocUe2ns3Mn6MQqfRTGypYwaKb+nkhxpPU4CmxnhM1QL3pT8T+vk5jwyk+ZkImhgswXhQlHJkbT31GfKUoMH1uCiWL2VkSGWGFibEIFG4K3+PIyaZ5VvIvK+UO1VLvO4sjDERxDGTy4hBrcQx0aQGAEz/AKb450Xpx352PemnOymUP4A+fzB831jpU=</latexit>

E(pF )

Power Counting can change if there exists a hierarchy in first 
derivatives (Fermi velocities)



Van Hove Singularity and SCET

<latexit sha1_base64="+a1rCquXzpVZHC5FM+nq4D9Uzrw=">AAACBnicbZDLSgMxFIYzXmu9jboUIVgEV3VGvG0KRVFcVrAXaIchk2ba0EwmJJlCKV258VXcuFDErc/gzrcx0w6irT8EPv5zTpLzB4JRpR3ny5qbX1hcWs6t5FfX1jc27a3tmooTiUkVxyyWjQApwignVU01Iw0hCYoCRupB7yqt1/tEKhrzez0QxItQh9OQYqSN5dt7ff8GlmBLIKkpYvD66AdFyfHtglN0xoKz4GZQAJkqvv3Zasc4iQjXmCGlmq4jtDdMb8SMjPKtRBGBcA91SNMgRxFR3nC8xggeGKcNw1iawzUcu78nhihSahAFpjNCuquma6n5X62Z6PDCG1IuEk04njwUJgzqGKaZwDaVBGs2MICwpOavEHeRRFib5PImBHd65VmoHRfds+Lp3UmhfJnFkQO7YB8cAhecgzK4BRVQBRg8gCfwAl6tR+vZerPeJ61zVjazA/7I+vgGAVqXkg==</latexit>

vF = @E/@p = 0

<latexit sha1_base64="sTPxQ7g6Y/isuAveHVhwjc00X2c=">AAACAHicbVDLSsNAFJ3UV62vqAsXbgaL4Kom4mtZFMWVVLAPaEKYTCbt0MkkzEwKJWTjr7hxoYhbP8Odf+O0zUJbD1w4nHMv997jJ4xKZVnfRmlhcWl5pbxaWVvf2Nwyt3daMk4FJk0cs1h0fCQJo5w0FVWMdBJBUOQz0vYH12O/PSRC0pg/qlFC3Aj1OA0pRkpLnrnnhALhLLjPs+AmdySNoH089G49s2rVrAngPLELUgUFGp755QQxTiPCFWZIyq5tJcrNkFAUM5JXnFSSBOEB6pGuphxFRLrZ5IEcHmolgGEsdHEFJ+rviQxFUo4iX3dGSPXlrDcW//O6qQov3YzyJFWE4+miMGVQxXCcBgyoIFixkSYIC6pvhbiPdCJKZ1bRIdizL8+T1knNPq+dPZxW61dFHGWwDw7AEbDBBaiDO9AATYBBDp7BK3gznowX4934mLaWjGJmF/yB8fkDJKaWHg==</latexit>

dN

dE
⇠ 1/vF ``Hot-Spot”

Fermi surface of 2-D  half-filled 
Hubbard Model

Expanding around the 
hot spot:
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E(k) = k2x � k2y
Non-compact Fermi 
surface leads to new 

unregulated divergences.
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Power Counting:
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Three relevant modes
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Anti-Collinear:
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FIG. 2: Subdivision of the VH region.
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FIG. 3: The diagram on the left/right is referred to as the s/t-channel diagram. Not shown is
the u-channel diagram, which is given by interchanging the final state particles in the t-channel

diagram.

The behavior of the s-channel diagrams is more complicated. Defining

εK = K+K−, (10)

we find that generic the s-channel diagrams that do not involve collinear-anticollinear vertices
interpolate between being log enhanced when εK ! Λ and order one when εK ∼ Λ. As an
example, for generic interactions between soft modes,

Λ
dAS

dΛ
= −

g2

4π2
log

(

Λ

εK

)

(11)
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Dim. Reg. does not seem to0 be an 
option, but we dont have to concern 
ourselves with gauge invariance, so 

cut-0ffs are sufficient

Von Hove Region: 
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⌥
Rapidity cut-off compactifies the VH 

region. Also define a factorization 
scales between soft and collinear 

modes (RRG)

NOTE: We must coplemement this region with a Non-Von-
Hove region which will also have  lead to  dependence such 

that any physical result will be independent of 
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VH

NVH

FIG. 1: An example of the division of the Fermi surface into van Hove and non-van Hove regions.

Hove singularities nearby, while the importance of the second assumption will be discussed
in Section VIII. Fig. (1) illustrates the division of a representative Fermi surface into the
VH and NVH regions.

In general, loop calculations involving modes from the VH region alone will depend on Υ
in such a way that the Υ → ∞ limit leads to additional divergences. Thus, a sensible EFT
must include both the VH region and the NVH region. We use the term “full theory” for
such an EFT. We make no assumptions about the shape of the Fermi surface in the NVH
region. As we will show below, our results are universal to leading log accuracy in the sense
that they only depend upon VF , the typical Fermi velocity in the NVH region, and not the
detailed shape of the Fermi surface. Therefore, our results apply to any system with a VH
singularity near the Fermi surface that is weakly coupled at energies of order the bandwidth.

We will denote the fields annihilating electrons in the VH and NVH regions ψV and ψN

respectively. The interaction part of the action is

Sint =

∫

dt
4
∏

i=1

d2pi
∑

αβγδ

gαβγδψ
†
α(p1)ψ

†
β(p2)ψγ(p3)ψδ(p4), (8)

where the indices α, β, γ, δ take values V and N . In general, gαβγδ can depend on the
momenta pi of the interacting modes. The couplings must match onto each other as the
VH modes approach the NVH region and vice versa. For example, gNNV V must match onto
gV V V V as p1 and p2 approach the VH region.

Naively, in light of the dispersion laws (6) and (7), one might think that the coupling
functions in (8) should only depend on the p‖ of the NVH modes and that the only marginal
interaction between the VH modes should be a momentum-independent constant. We will
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The largest possible value of          is the size of the Brouilln zone which is the large scale in the problem
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FIG. 1: An example of the division of the Fermi surface into van Hove and non-van Hove regions.

Hove singularities nearby, while the importance of the second assumption will be discussed
in Section VIII. Fig. (1) illustrates the division of a representative Fermi surface into the
VH and NVH regions.

In general, loop calculations involving modes from the VH region alone will depend on Υ
in such a way that the Υ → ∞ limit leads to additional divergences. Thus, a sensible EFT
must include both the VH region and the NVH region. We use the term “full theory” for
such an EFT. We make no assumptions about the shape of the Fermi surface in the NVH
region. As we will show below, our results are universal to leading log accuracy in the sense
that they only depend upon VF , the typical Fermi velocity in the NVH region, and not the
detailed shape of the Fermi surface. Therefore, our results apply to any system with a VH
singularity near the Fermi surface that is weakly coupled at energies of order the bandwidth.

We will denote the fields annihilating electrons in the VH and NVH regions ψV and ψN

respectively. The interaction part of the action is

Sint =

∫

dt
4
∏

i=1

d2pi
∑

αβγδ

gαβγδψ
†
α(p1)ψ

†
β(p2)ψγ(p3)ψδ(p4), (8)

where the indices α, β, γ, δ take values V and N . In general, gαβγδ can depend on the
momenta pi of the interacting modes. The couplings must match onto each other as the
VH modes approach the NVH region and vice versa. For example, gNNV V must match onto
gV V V V as p1 and p2 approach the VH region.

Naively, in light of the dispersion laws (6) and (7), one might think that the coupling
functions in (8) should only depend on the p‖ of the NVH modes and that the only marginal
interaction between the VH modes should be a momentum-independent constant. We will
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As before, the NVH kinematics are restricted to be either FS or back-to back
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In general the coupling functions can depend upon the label momenta of the 
collinear (PDF’s) and the NVH transverse momenta



To simplify matters let us focus two possible novel 
phenomena

Enhanced Running (increase  T_c) Double Log Running (Sudakov)

Enhanced Running (increase  T_c) Marginal Fermi Liquid Behavior

BCS interactions with soft and collinear NVH 
intermediate states
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log(⇤/⌥2) $ log(µ/⌫)
Analogy between 

SCET and VH-FLT

The solution to (19) is

gB(p1, p3;Λ) = gB(p1, p3;Λ0)−
(

1

8π2

) gB(p1, 0;Λ0)gB(0, p3;Λ0)
(

log2
V 2
F

Λ − log2
V 2
F

Λ0

)

1 + gB(0,0;Λ0)
8π2

(

log2
V 2
F

Λ − log2
V 2
F

Λ0

) . (20)

The coupling in the vicinity of the van Hove singularity, gB(0, 0), plays a special role: it
“drives” the RG for the other couplings, and when it is attractive at the scale Λ0, it sets the
one-loop estimate of the strong-coupling scale,

Λ∗ = V 2
F exp



−

√

log2
VF

2

Λ0
+

8π2

|gB(0, 0;Λ0)|



 . (21)

As in the ordinary BCS theory [19] the strong-coupling scale is non-perturbative in g(Λ0).
However, the usual dependence of this scale on the microscopic parameters differs from (21).
While (21) simplifies considerably if we set Λ0 = V 2

F ∼ W , this choice may be unphysical if
the van Hove EFT is obtained by integrating out some other degrees of freedom at a scale
below W . For example, if the short-range interaction arises both from the screened Coulomb
repulsion and the phonon-mediated attraction, the van Hove EFT applies only up to energy
scales of order the Debye frequency ωD, which is usually much smaller than the bandwidth
W . Then the natural choice for Λ0 is ωD, and we have a hierarchy of scales V 2

F # W $ ωD.
To understand some of the limitations of this formalism, consider the amplitude (as

opposed to the beta function) in the BCS configuration. If we assume a momentum-
independent BCS coupling, it is straightforward to evaluate the one-loop amplitude with
logarithmic accuracy:

ABCS(E) =
g2B
8π2

(

log2
V 2
F

Λ
− log2

V 2
F

E
− iπ log

V 2
F

E

)

, (22)

where we have kept only the leading terms in the real and imaginary parts. Taking the log
derivative of equation (22) with respect to Λ reproduces the beta function (19) for gB(0, 0).

However, the imaginary part of the amplitude depends on log
V 2
F

E . This large log is not
resummed by the standard beta function and indicates that something akin to the rapidity
renormalization group introduced in [17] would be necessary to resum subleading logs.

In the special case Υ2 = Λ our scheme in the VH region resembles that of Ref. [5]. In
that work it is implicitly assumed that g is repulsive, and that Λ can be taken as high as
the bandwidth, so that the NVH region is effectively absorbed into the VH region. How-
ever, lowering Λ then results in integrating some low-energy modes and requires nonlocal
counterterms.

VII. HIGHER-ORDER RENORMALIZATION

Let us discuss how higher-order corrections modify Eq. (22). This is particularly impor-
tant for the kinematic configuration with zero net momentum which controls the Cooper
instability. Since the beta function at zero net momentum contains a logarithm of a large
ratio, log(V 2

F /Λ), one may wonder if the one-loop computation is reliable in this kinematic
configuration, or if one needs to resum the logs in the beta function itself. We will call logs
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Not captured by RG (RRG?)
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log(V 2
F /⌥) $ log(p+/⌫)



Consider Collinear loops

No power suppression as compared to NVH (FS,BCS) regions
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FIG. 5: The two-loop self-energy with finite imaginary part.

containing V 2
F , such as log(V 2

F /E) or log(V 2
F /Λ), rapidity logs. We want to estimate the

contribution of higher rapidity logs to the beta function at zero net momentum.
We will limit ourselves to the analysis of 2-loop diagrams. We take Υ ∼ VF , in which case

there are no large rapidity logs in non-VH loops. The renormalized coupling g is related to
the bare coupling gb by

gb = gZ4Z
−2
2 , (23)

where Z4 is the renormalization factor for the particle-particle four-point amplitude, and
Z2 is the wave function renormalization. Z2 is finite at one loop, and at two-loop order is
determined from the on-shell behavior of the self-energy diagram, Fig. 5, whose imaginary
part is finite even without the rapidity cut-off [1, 2], and therefore does not contain rapidity
logs.

Two-loop contributions to Z4 arise from diagrams such as in Fig. 6. (Iterations of one-loop
diagrams do not contribute since their infinities are removed by one-loop counter-terms).
Their contributions to the beta function can be estimated using what we already know about
the one-loop diagrams. For example, the diagram Fig. 6a is the obtained from the one-loop
s-channel diagram by replacing one of the vertices with the one-loop t-channel diagram.
The latter does not contain rapidity logs, so the contribution of the whole diagram to the
beta function should behave in the same way as that of the one-loop s-channel diagram.
In particular, it contains at most a single log(V 2

F /Λ) at zero net momentum. The diagram
Fig. 6b can be regarded as a one-loop t-channel diagram with one vertex replaced with a
one-loop s-channel diagram. The latter amplitude contains at most two rapidity logs, so the
contribution of Fig. 6b to the beta function contains at most log2(V 2

F /Λ). We conclude that
with logarithmic accuracy the two-loop beta function at zero net momentum has the form

β(g) =
1

4π2
(g2 + Cg3) log

V 2
F

Λ
+ C ′g3 log2

V 2
F

Λ
, (24)

where C and C ′ are constants.
Now we can see if the resummation of rapidity logs in the beta function is necessary.

Eq. (20) indicates that the one-loop RG equations resum logs of the form g log2(V 2
F /Λ). Thus

we are assuming that g log2(V 2
F /Λ) <∼ 1, while g log(V 2

F /Λ) " 1. This implies g3 log2(V 2
F /Λ)

is parametrically suppressed relative to g2 log(V 2
F /Λ). We conjecture that this behavior

persists at higher loops, in the sense that every extra power of g is accompanied by at most
a single rapidity log. If this is true, then resumming the rapidity logs in the beta function will
not will not change qualitative conclusions regarding the RG flow and the Cooper instability.
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Marginal Fermi Liquid Behavior



While VH singularities reproduce qualitative features of 
high Tc superconductors, thesis not  expected to the the 
solution to the problem as high Tc superconductors are 

quite ubiquitous and VH singularities are finely tuned 
systems, so not generic

Presently it seems that the CMT community has been 
investigating including ``critical bosons” into the theory to 

explain NFL behavior, (first principles?).


