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Home of the fundamental physics
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Physics at different scales

E(pp) = 13TeV
<latexit sha1_base64="JLq5yPb79+gXFhnkaJkFCGF37Bw="></latexit><latexit sha1_base64="JLq5yPb79+gXFhnkaJkFCGF37Bw="></latexit><latexit sha1_base64="JLq5yPb79+gXFhnkaJkFCGF37Bw="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="bhThwBVmt3oESDsIQW+XeW3fQBk="></latexit><latexit sha1_base64="bhThwBVmt3oESDsIQW+XeW3fQBk="></latexit><latexit sha1_base64="NLl8aIpqGWOHv1Lv5I1l4behTKI="></latexit><latexit sha1_base64="JLq5yPb79+gXFhnkaJkFCGF37Bw="></latexit><latexit sha1_base64="JLq5yPb79+gXFhnkaJkFCGF37Bw="></latexit><latexit sha1_base64="JLq5yPb79+gXFhnkaJkFCGF37Bw="></latexit><latexit sha1_base64="JLq5yPb79+gXFhnkaJkFCGF37Bw="></latexit><latexit sha1_base64="JLq5yPb79+gXFhnkaJkFCGF37Bw="></latexit><latexit sha1_base64="JLq5yPb79+gXFhnkaJkFCGF37Bw="></latexit>

E(� ! N) ⇠ 200 keV
<latexit sha1_base64="UzEgre/4aP3xX4O4kVvQwCT+f68="></latexit><latexit sha1_base64="UzEgre/4aP3xX4O4kVvQwCT+f68="></latexit><latexit sha1_base64="UzEgre/4aP3xX4O4kVvQwCT+f68="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="bgagC9W5SzWu7IJdwpbWEjLBKgI="></latexit><latexit sha1_base64="bgagC9W5SzWu7IJdwpbWEjLBKgI="></latexit><latexit sha1_base64="NDmddyGWOlqF6IP9ePFqyVHBHBk="></latexit><latexit sha1_base64="UzEgre/4aP3xX4O4kVvQwCT+f68="></latexit><latexit sha1_base64="UzEgre/4aP3xX4O4kVvQwCT+f68="></latexit><latexit sha1_base64="UzEgre/4aP3xX4O4kVvQwCT+f68="></latexit><latexit sha1_base64="UzEgre/4aP3xX4O4kVvQwCT+f68="></latexit><latexit sha1_base64="UzEgre/4aP3xX4O4kVvQwCT+f68="></latexit><latexit sha1_base64="UzEgre/4aP3xX4O4kVvQwCT+f68="></latexit>

E(e+e�) = 10GeV
<latexit sha1_base64="ykEpK1seQQew71HNxGtQJ9RXvuA="></latexit><latexit sha1_base64="ykEpK1seQQew71HNxGtQJ9RXvuA="></latexit><latexit sha1_base64="ykEpK1seQQew71HNxGtQJ9RXvuA="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="Rki04Fe0Bb0pAmxeOg5UPYHNToU="></latexit><latexit sha1_base64="Rki04Fe0Bb0pAmxeOg5UPYHNToU="></latexit><latexit sha1_base64="ej6Tyf7h8CtMVt14ztZfa2j26B4="></latexit><latexit sha1_base64="ykEpK1seQQew71HNxGtQJ9RXvuA="></latexit><latexit sha1_base64="ykEpK1seQQew71HNxGtQJ9RXvuA="></latexit><latexit sha1_base64="ykEpK1seQQew71HNxGtQJ9RXvuA="></latexit><latexit sha1_base64="ykEpK1seQQew71HNxGtQJ9RXvuA="></latexit><latexit sha1_base64="ykEpK1seQQew71HNxGtQJ9RXvuA="></latexit><latexit sha1_base64="ykEpK1seQQew71HNxGtQJ9RXvuA="></latexit>



Standard Model interactions
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force carriers

bosons

matter particles

fermions gauge symmetry

SU(3)C ⇥ SU(2)L ⇥ U(1)Y
<latexit sha1_base64="HWGbf4hudZmk5nJPtBGDqa0Q9Oo="></latexit><latexit sha1_base64="HWGbf4hudZmk5nJPtBGDqa0Q9Oo="></latexit><latexit sha1_base64="HWGbf4hudZmk5nJPtBGDqa0Q9Oo="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="Oqr78hfHBEzEP23ruK/WAxVhDbk="></latexit><latexit sha1_base64="Oqr78hfHBEzEP23ruK/WAxVhDbk="></latexit><latexit sha1_base64="6SusUCfLp9CZ9uYhbebTFluHuTM="></latexit><latexit sha1_base64="HWGbf4hudZmk5nJPtBGDqa0Q9Oo="></latexit><latexit sha1_base64="HWGbf4hudZmk5nJPtBGDqa0Q9Oo="></latexit><latexit sha1_base64="HWGbf4hudZmk5nJPtBGDqa0Q9Oo="></latexit><latexit sha1_base64="HWGbf4hudZmk5nJPtBGDqa0Q9Oo="></latexit><latexit sha1_base64="HWGbf4hudZmk5nJPtBGDqa0Q9Oo="></latexit><latexit sha1_base64="HWGbf4hudZmk5nJPtBGDqa0Q9Oo="></latexit>
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energy

[GeV]

gravity

v ⇠ 246
<latexit sha1_base64="BTla7rvZmcr2K7zxAJJzpq/n2D0="></latexit><latexit sha1_base64="BTla7rvZmcr2K7zxAJJzpq/n2D0="></latexit><latexit sha1_base64="BTla7rvZmcr2K7zxAJJzpq/n2D0="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="1LxFo+5ow1o/hXJ7ODySU1dugMo="></latexit><latexit sha1_base64="1LxFo+5ow1o/hXJ7ODySU1dugMo="></latexit><latexit sha1_base64="RH1FItdXmXxcC5nnFgS0D9vbJKg="></latexit><latexit sha1_base64="BTla7rvZmcr2K7zxAJJzpq/n2D0="></latexit><latexit sha1_base64="BTla7rvZmcr2K7zxAJJzpq/n2D0="></latexit><latexit sha1_base64="BTla7rvZmcr2K7zxAJJzpq/n2D0="></latexit><latexit sha1_base64="BTla7rvZmcr2K7zxAJJzpq/n2D0="></latexit><latexit sha1_base64="BTla7rvZmcr2K7zxAJJzpq/n2D0="></latexit><latexit sha1_base64="BTla7rvZmcr2K7zxAJJzpq/n2D0="></latexit>

MPl ⇠ 1019
<latexit sha1_base64="+5UZhqc0UDpM5XmA7FZRSjpti2g="></latexit><latexit sha1_base64="+5UZhqc0UDpM5XmA7FZRSjpti2g="></latexit><latexit sha1_base64="+5UZhqc0UDpM5XmA7FZRSjpti2g="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="3/76ip/aeSmUpW5dKwBRRUskZsQ="></latexit><latexit sha1_base64="3/76ip/aeSmUpW5dKwBRRUskZsQ="></latexit><latexit sha1_base64="VEGa83TzW1e8gb7KMD7P1si9Cjc="></latexit><latexit sha1_base64="+5UZhqc0UDpM5XmA7FZRSjpti2g="></latexit><latexit sha1_base64="+5UZhqc0UDpM5XmA7FZRSjpti2g="></latexit><latexit sha1_base64="+5UZhqc0UDpM5XmA7FZRSjpti2g="></latexit><latexit sha1_base64="+5UZhqc0UDpM5XmA7FZRSjpti2g="></latexit><latexit sha1_base64="+5UZhqc0UDpM5XmA7FZRSjpti2g="></latexit><latexit sha1_base64="+5UZhqc0UDpM5XmA7FZRSjpti2g="></latexit>

⇤QCD ⇠ 1
<latexit sha1_base64="/qBGoOBD+IahxNziwaI1QoISfvU="></latexit><latexit sha1_base64="/qBGoOBD+IahxNziwaI1QoISfvU="></latexit><latexit sha1_base64="/qBGoOBD+IahxNziwaI1QoISfvU="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="M21wcbvUeo4H/fHB+gDTWtFn0wg="></latexit><latexit sha1_base64="M21wcbvUeo4H/fHB+gDTWtFn0wg="></latexit><latexit sha1_base64="5pydNwchAcZLW95MkYcM6uZAubo="></latexit><latexit sha1_base64="/qBGoOBD+IahxNziwaI1QoISfvU="></latexit><latexit sha1_base64="/qBGoOBD+IahxNziwaI1QoISfvU="></latexit><latexit sha1_base64="/qBGoOBD+IahxNziwaI1QoISfvU="></latexit><latexit sha1_base64="/qBGoOBD+IahxNziwaI1QoISfvU="></latexit><latexit sha1_base64="/qBGoOBD+IahxNziwaI1QoISfvU="></latexit><latexit sha1_base64="/qBGoOBD+IahxNziwaI1QoISfvU="></latexit>
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interactions

strong

interactions

Interactions across the scales



Interactions across the scales
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?

energy

[GeV]

electroweak

symmetry

gravity

chiral

symmetry

v ⇠ 246
<latexit sha1_base64="BTla7rvZmcr2K7zxAJJzpq/n2D0="></latexit><latexit sha1_base64="BTla7rvZmcr2K7zxAJJzpq/n2D0="></latexit><latexit sha1_base64="BTla7rvZmcr2K7zxAJJzpq/n2D0="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="1LxFo+5ow1o/hXJ7ODySU1dugMo="></latexit><latexit sha1_base64="1LxFo+5ow1o/hXJ7ODySU1dugMo="></latexit><latexit sha1_base64="RH1FItdXmXxcC5nnFgS0D9vbJKg="></latexit><latexit sha1_base64="BTla7rvZmcr2K7zxAJJzpq/n2D0="></latexit><latexit sha1_base64="BTla7rvZmcr2K7zxAJJzpq/n2D0="></latexit><latexit sha1_base64="BTla7rvZmcr2K7zxAJJzpq/n2D0="></latexit><latexit sha1_base64="BTla7rvZmcr2K7zxAJJzpq/n2D0="></latexit><latexit sha1_base64="BTla7rvZmcr2K7zxAJJzpq/n2D0="></latexit><latexit sha1_base64="BTla7rvZmcr2K7zxAJJzpq/n2D0="></latexit>

MPl ⇠ 1019
<latexit sha1_base64="+5UZhqc0UDpM5XmA7FZRSjpti2g="></latexit><latexit sha1_base64="+5UZhqc0UDpM5XmA7FZRSjpti2g="></latexit><latexit sha1_base64="+5UZhqc0UDpM5XmA7FZRSjpti2g="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="3/76ip/aeSmUpW5dKwBRRUskZsQ="></latexit><latexit sha1_base64="3/76ip/aeSmUpW5dKwBRRUskZsQ="></latexit><latexit sha1_base64="VEGa83TzW1e8gb7KMD7P1si9Cjc="></latexit><latexit sha1_base64="+5UZhqc0UDpM5XmA7FZRSjpti2g="></latexit><latexit sha1_base64="+5UZhqc0UDpM5XmA7FZRSjpti2g="></latexit><latexit sha1_base64="+5UZhqc0UDpM5XmA7FZRSjpti2g="></latexit><latexit sha1_base64="+5UZhqc0UDpM5XmA7FZRSjpti2g="></latexit><latexit sha1_base64="+5UZhqc0UDpM5XmA7FZRSjpti2g="></latexit><latexit sha1_base64="+5UZhqc0UDpM5XmA7FZRSjpti2g="></latexit>

weak

interactions

strong

interactions

electrodynamics:  unbroken symmetry        no scale

symmetry breaking affects physics at low energies

⇤QCD ⇠ 1
<latexit sha1_base64="/qBGoOBD+IahxNziwaI1QoISfvU="></latexit><latexit sha1_base64="/qBGoOBD+IahxNziwaI1QoISfvU="></latexit><latexit sha1_base64="/qBGoOBD+IahxNziwaI1QoISfvU="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="M21wcbvUeo4H/fHB+gDTWtFn0wg="></latexit><latexit sha1_base64="M21wcbvUeo4H/fHB+gDTWtFn0wg="></latexit><latexit sha1_base64="5pydNwchAcZLW95MkYcM6uZAubo="></latexit><latexit sha1_base64="/qBGoOBD+IahxNziwaI1QoISfvU="></latexit><latexit sha1_base64="/qBGoOBD+IahxNziwaI1QoISfvU="></latexit><latexit sha1_base64="/qBGoOBD+IahxNziwaI1QoISfvU="></latexit><latexit sha1_base64="/qBGoOBD+IahxNziwaI1QoISfvU="></latexit><latexit sha1_base64="/qBGoOBD+IahxNziwaI1QoISfvU="></latexit><latexit sha1_base64="/qBGoOBD+IahxNziwaI1QoISfvU="></latexit>



Particles across the scales

7

e, ⌫
<latexit sha1_base64="p0lMYWexgg+hD9EcyeYgiCjFeV0="></latexit><latexit sha1_base64="p0lMYWexgg+hD9EcyeYgiCjFeV0="></latexit><latexit sha1_base64="p0lMYWexgg+hD9EcyeYgiCjFeV0="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="OU8nf2Xpt8VCyVrc3kuH0yzv4Zk="></latexit><latexit sha1_base64="OU8nf2Xpt8VCyVrc3kuH0yzv4Zk="></latexit><latexit sha1_base64="fl1Hmif3RikoLh8PLHsdGXg6dno="></latexit><latexit sha1_base64="p0lMYWexgg+hD9EcyeYgiCjFeV0="></latexit><latexit sha1_base64="p0lMYWexgg+hD9EcyeYgiCjFeV0="></latexit><latexit sha1_base64="p0lMYWexgg+hD9EcyeYgiCjFeV0="></latexit><latexit sha1_base64="p0lMYWexgg+hD9EcyeYgiCjFeV0="></latexit><latexit sha1_base64="p0lMYWexgg+hD9EcyeYgiCjFeV0="></latexit><latexit sha1_base64="p0lMYWexgg+hD9EcyeYgiCjFeV0="></latexit>

u, d, c, s
<latexit sha1_base64="ro45e/TCHKA6tVICfF3zHPycPVw="></latexit><latexit sha1_base64="ro45e/TCHKA6tVICfF3zHPycPVw="></latexit><latexit sha1_base64="ro45e/TCHKA6tVICfF3zHPycPVw="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="qcBwADTF3/QO67EcUvsqoOo36Wg="></latexit><latexit sha1_base64="qcBwADTF3/QO67EcUvsqoOo36Wg="></latexit><latexit sha1_base64="QdBsD7Hu4UPIB69MKIwCs012DTg="></latexit><latexit sha1_base64="ro45e/TCHKA6tVICfF3zHPycPVw="></latexit><latexit sha1_base64="ro45e/TCHKA6tVICfF3zHPycPVw="></latexit><latexit sha1_base64="ro45e/TCHKA6tVICfF3zHPycPVw="></latexit><latexit sha1_base64="ro45e/TCHKA6tVICfF3zHPycPVw="></latexit><latexit sha1_base64="ro45e/TCHKA6tVICfF3zHPycPVw="></latexit><latexit sha1_base64="ro45e/TCHKA6tVICfF3zHPycPVw="></latexit>

multiple mass scales - origin unknown

mf = yf
vp
2

<latexit sha1_base64="LVQ7iXvmo9/AcUKQVPJrdZ7jWx0="></latexit><latexit sha1_base64="LVQ7iXvmo9/AcUKQVPJrdZ7jWx0="></latexit><latexit sha1_base64="LVQ7iXvmo9/AcUKQVPJrdZ7jWx0="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="fiaJ6wO8o1XGrY/I4MRwKuKaBYw="></latexit><latexit sha1_base64="fiaJ6wO8o1XGrY/I4MRwKuKaBYw="></latexit><latexit sha1_base64="oMhQSRyCK8EzXuRAM7I/QWl6TfY="></latexit><latexit sha1_base64="LVQ7iXvmo9/AcUKQVPJrdZ7jWx0="></latexit><latexit sha1_base64="LVQ7iXvmo9/AcUKQVPJrdZ7jWx0="></latexit><latexit sha1_base64="LVQ7iXvmo9/AcUKQVPJrdZ7jWx0="></latexit><latexit sha1_base64="LVQ7iXvmo9/AcUKQVPJrdZ7jWx0="></latexit><latexit sha1_base64="LVQ7iXvmo9/AcUKQVPJrdZ7jWx0="></latexit><latexit sha1_base64="LVQ7iXvmo9/AcUKQVPJrdZ7jWx0="></latexit>



New interactions - a dark matter example
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new symmetries? new scales? origin?

visible matter

U(1)0,Z2
<latexit sha1_base64="QV4Ak6l5FLTUNL/GOv/1rI15ed0="></latexit><latexit sha1_base64="QV4Ak6l5FLTUNL/GOv/1rI15ed0="></latexit><latexit sha1_base64="QV4Ak6l5FLTUNL/GOv/1rI15ed0="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="GmZs7Ypc2znXWfrGAfwkMh65yvw="></latexit><latexit sha1_base64="GmZs7Ypc2znXWfrGAfwkMh65yvw="></latexit><latexit sha1_base64="j4SXKRkC63ktU6+6g98CeWCwLjk="></latexit><latexit sha1_base64="QV4Ak6l5FLTUNL/GOv/1rI15ed0="></latexit><latexit sha1_base64="QV4Ak6l5FLTUNL/GOv/1rI15ed0="></latexit><latexit sha1_base64="QV4Ak6l5FLTUNL/GOv/1rI15ed0="></latexit><latexit sha1_base64="QV4Ak6l5FLTUNL/GOv/1rI15ed0="></latexit><latexit sha1_base64="QV4Ak6l5FLTUNL/GOv/1rI15ed0="></latexit><latexit sha1_base64="QV4Ak6l5FLTUNL/GOv/1rI15ed0="></latexit>

Z’

f

f

q

�
<latexit sha1_base64="bkoqP9PqfB1z3hE/AjCOFp5nPD8="></latexit><latexit sha1_base64="bkoqP9PqfB1z3hE/AjCOFp5nPD8="></latexit><latexit sha1_base64="bkoqP9PqfB1z3hE/AjCOFp5nPD8="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="GR4byzW10R9lVxm5tes85f+8/bo="></latexit><latexit sha1_base64="GR4byzW10R9lVxm5tes85f+8/bo="></latexit><latexit sha1_base64="rIFulCDojn+nQCnappljqpyuoX4="></latexit><latexit sha1_base64="bkoqP9PqfB1z3hE/AjCOFp5nPD8="></latexit><latexit sha1_base64="bkoqP9PqfB1z3hE/AjCOFp5nPD8="></latexit><latexit sha1_base64="bkoqP9PqfB1z3hE/AjCOFp5nPD8="></latexit><latexit sha1_base64="bkoqP9PqfB1z3hE/AjCOFp5nPD8="></latexit><latexit sha1_base64="bkoqP9PqfB1z3hE/AjCOFp5nPD8="></latexit><latexit sha1_base64="bkoqP9PqfB1z3hE/AjCOFp5nPD8="></latexit>

�
<latexit sha1_base64="bkoqP9PqfB1z3hE/AjCOFp5nPD8="></latexit><latexit sha1_base64="bkoqP9PqfB1z3hE/AjCOFp5nPD8="></latexit><latexit sha1_base64="bkoqP9PqfB1z3hE/AjCOFp5nPD8="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="GR4byzW10R9lVxm5tes85f+8/bo="></latexit><latexit sha1_base64="GR4byzW10R9lVxm5tes85f+8/bo="></latexit><latexit sha1_base64="rIFulCDojn+nQCnappljqpyuoX4="></latexit><latexit sha1_base64="bkoqP9PqfB1z3hE/AjCOFp5nPD8="></latexit><latexit sha1_base64="bkoqP9PqfB1z3hE/AjCOFp5nPD8="></latexit><latexit sha1_base64="bkoqP9PqfB1z3hE/AjCOFp5nPD8="></latexit><latexit sha1_base64="bkoqP9PqfB1z3hE/AjCOFp5nPD8="></latexit><latexit sha1_base64="bkoqP9PqfB1z3hE/AjCOFp5nPD8="></latexit><latexit sha1_base64="bkoqP9PqfB1z3hE/AjCOFp5nPD8="></latexit>

dark matter

�
<latexit sha1_base64="bkoqP9PqfB1z3hE/AjCOFp5nPD8="></latexit><latexit sha1_base64="bkoqP9PqfB1z3hE/AjCOFp5nPD8="></latexit><latexit sha1_base64="bkoqP9PqfB1z3hE/AjCOFp5nPD8="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="GR4byzW10R9lVxm5tes85f+8/bo="></latexit><latexit sha1_base64="GR4byzW10R9lVxm5tes85f+8/bo="></latexit><latexit sha1_base64="rIFulCDojn+nQCnappljqpyuoX4="></latexit><latexit sha1_base64="bkoqP9PqfB1z3hE/AjCOFp5nPD8="></latexit><latexit sha1_base64="bkoqP9PqfB1z3hE/AjCOFp5nPD8="></latexit><latexit sha1_base64="bkoqP9PqfB1z3hE/AjCOFp5nPD8="></latexit><latexit sha1_base64="bkoqP9PqfB1z3hE/AjCOFp5nPD8="></latexit><latexit sha1_base64="bkoqP9PqfB1z3hE/AjCOFp5nPD8="></latexit><latexit sha1_base64="bkoqP9PqfB1z3hE/AjCOFp5nPD8="></latexit>

mediator

Z’



Effective Field Theories
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describe particle interactions involving multiple scales

virtual effects of heavy particles at low energies

gravity

v ⇠ 246
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beyond the particle zoo

superconductivity: BCS theory

gravity: radiation emission from binary stars

condensed matter

…
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1 Introduction

1.1 General View

The basic starting point for any serious phenomenology of weak decays of hadrons is the

effective weak Hamiltonian which has the following generic structure

Heff =
GF√

2

∑

i

V i
CKMCi(µ)Qi . (1.1)

Here GF is the Fermi constant and Qi are the relevant local operators which govern the

decays in question. The Cabibbo-Kobayashi-Maskawa factors V i
CKM [1, 2] and the Wilson

Coefficients Ci [3, 4] describe the strength with which a given operator enters the Hamiltonian.

In the simplest case of the β-decay, Heff takes the familiar form

H(β)
eff =

GF√
2

cos θc[ūγµ(1 − γ5)d ⊗ ēγµ(1 − γ5)νe] , (1.2)

where Vud has been expressed in terms of the Cabibbo angle. In this particular case the Wilson

Coefficient is equal unity and the local operator, the object between the square brackets, is

given by a product of two V −A currents. This local operator is represented by the diagram

(b) in fig. 1. Equation (1.2) represents the Fermi theory for β-decays as formulated by

W

d u

ν e

(a)

d u

ν e

(b)

Figure 1: β-decay at the quark level in the full (a) and effective (b) theory.

Sudarshan and Marshak [5] and Feynman and Gell-Mann [6] forty years ago, except that

in (1.2) the quark language has been used and following Cabibbo a small departure of Vud

from unity has been incorporated. In this context the basic formula (1.1) can be regarded

as a generalization of the Fermi Theory to include all known quarks and leptons as well as

their strong and electroweak interactions as summarized by the Standard Model. It should

be stressed that the formulation of weak decays in terms of effective Hamiltonians is very

suitable for the inclusion of new physics effects. We will discuss this issue briefly in these

lectures.

1

µ
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e
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<latexit sha1_base64="RWx6BsMzMiVHUK6WMCN2ctDtKnc="></latexit><latexit sha1_base64="RWx6BsMzMiVHUK6WMCN2ctDtKnc="></latexit><latexit sha1_base64="RWx6BsMzMiVHUK6WMCN2ctDtKnc="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="jqUUsefD5k+rLd8dxkzxiw784tE="></latexit><latexit sha1_base64="jqUUsefD5k+rLd8dxkzxiw784tE="></latexit><latexit sha1_base64="KQz/eU79Q5+gq1sDmxCrD3F/uVY="></latexit><latexit sha1_base64="RWx6BsMzMiVHUK6WMCN2ctDtKnc="></latexit><latexit sha1_base64="RWx6BsMzMiVHUK6WMCN2ctDtKnc="></latexit><latexit sha1_base64="RWx6BsMzMiVHUK6WMCN2ctDtKnc="></latexit><latexit sha1_base64="RWx6BsMzMiVHUK6WMCN2ctDtKnc="></latexit><latexit sha1_base64="RWx6BsMzMiVHUK6WMCN2ctDtKnc="></latexit><latexit sha1_base64="RWx6BsMzMiVHUK6WMCN2ctDtKnc="></latexit>

quantum field theory
�̂(~x), ⇧̂(~x0)

<latexit sha1_base64="i0cQEIl2GYwhxw48HrZ+2ZCIFIE="></latexit><latexit sha1_base64="i0cQEIl2GYwhxw48HrZ+2ZCIFIE="></latexit><latexit sha1_base64="i0cQEIl2GYwhxw48HrZ+2ZCIFIE="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="/gEaqoCYm8dbTeflZfGmBdHBjtQ="></latexit><latexit sha1_base64="/gEaqoCYm8dbTeflZfGmBdHBjtQ="></latexit><latexit sha1_base64="PYcweLm/t9lsQDUxVKsbSVmPVl0="></latexit><latexit sha1_base64="i0cQEIl2GYwhxw48HrZ+2ZCIFIE="></latexit><latexit sha1_base64="i0cQEIl2GYwhxw48HrZ+2ZCIFIE="></latexit><latexit sha1_base64="i0cQEIl2GYwhxw48HrZ+2ZCIFIE="></latexit><latexit sha1_base64="i0cQEIl2GYwhxw48HrZ+2ZCIFIE="></latexit><latexit sha1_base64="i0cQEIl2GYwhxw48HrZ+2ZCIFIE="></latexit><latexit sha1_base64="i0cQEIl2GYwhxw48HrZ+2ZCIFIE="></latexit>

Goal: describe particle interactions - scattering, decay.

[x̂, p̂] = i~
<latexit sha1_base64="u94JFy5Wi1y7E7aCaumtvx4TPwk="></latexit><latexit sha1_base64="u94JFy5Wi1y7E7aCaumtvx4TPwk="></latexit><latexit sha1_base64="u94JFy5Wi1y7E7aCaumtvx4TPwk="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="4+kIXoWTVJWoDqNhqombEefGE2A="></latexit><latexit sha1_base64="4+kIXoWTVJWoDqNhqombEefGE2A="></latexit><latexit sha1_base64="B1NFMLdQ7T1DPFtn7mIyR8NmxOY="></latexit><latexit sha1_base64="u94JFy5Wi1y7E7aCaumtvx4TPwk="></latexit><latexit sha1_base64="u94JFy5Wi1y7E7aCaumtvx4TPwk="></latexit><latexit sha1_base64="u94JFy5Wi1y7E7aCaumtvx4TPwk="></latexit><latexit sha1_base64="u94JFy5Wi1y7E7aCaumtvx4TPwk="></latexit><latexit sha1_base64="u94JFy5Wi1y7E7aCaumtvx4TPwk="></latexit><latexit sha1_base64="u94JFy5Wi1y7E7aCaumtvx4TPwk="></latexit>

[�̂(~x), ⇧̂(~x0)] = i~�(~x� ~x0)
<latexit sha1_base64="jjFglMrBniTJ9tn9O0FQod+OLaM="></latexit><latexit sha1_base64="jjFglMrBniTJ9tn9O0FQod+OLaM="></latexit><latexit sha1_base64="jjFglMrBniTJ9tn9O0FQod+OLaM="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="zOV8jbjiEk0XmQ9APkflwI41m2c="></latexit><latexit sha1_base64="zOV8jbjiEk0XmQ9APkflwI41m2c="></latexit><latexit sha1_base64="2+lt5+rJJCfbrNO13UsbuJd/TLY="></latexit><latexit sha1_base64="jjFglMrBniTJ9tn9O0FQod+OLaM="></latexit><latexit sha1_base64="jjFglMrBniTJ9tn9O0FQod+OLaM="></latexit><latexit sha1_base64="jjFglMrBniTJ9tn9O0FQod+OLaM="></latexit><latexit sha1_base64="jjFglMrBniTJ9tn9O0FQod+OLaM="></latexit><latexit sha1_base64="jjFglMrBniTJ9tn9O0FQod+OLaM="></latexit><latexit sha1_base64="jjFglMrBniTJ9tn9O0FQod+OLaM="></latexit>
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action S(�) =
Z
d4xL(�(x))

<latexit sha1_base64="BVqeTuvTmaCD0oJcbwqR9FjvCqY="></latexit><latexit sha1_base64="BVqeTuvTmaCD0oJcbwqR9FjvCqY="></latexit><latexit sha1_base64="BVqeTuvTmaCD0oJcbwqR9FjvCqY="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="Cp984ZsjYVMHAOZAgMojKslxoy0="></latexit><latexit sha1_base64="Cp984ZsjYVMHAOZAgMojKslxoy0="></latexit><latexit sha1_base64="74PW93yrfSVtXxj7q8/U/ePKCUg="></latexit><latexit sha1_base64="BVqeTuvTmaCD0oJcbwqR9FjvCqY="></latexit><latexit sha1_base64="BVqeTuvTmaCD0oJcbwqR9FjvCqY="></latexit><latexit sha1_base64="BVqeTuvTmaCD0oJcbwqR9FjvCqY="></latexit><latexit sha1_base64="BVqeTuvTmaCD0oJcbwqR9FjvCqY="></latexit><latexit sha1_base64="BVqeTuvTmaCD0oJcbwqR9FjvCqY="></latexit><latexit sha1_base64="BVqeTuvTmaCD0oJcbwqR9FjvCqY="></latexit>

fields: {�}
<latexit sha1_base64="+Qlps31oe14tJRqFooxHb8dYSCY="></latexit><latexit sha1_base64="+Qlps31oe14tJRqFooxHb8dYSCY="></latexit><latexit sha1_base64="+Qlps31oe14tJRqFooxHb8dYSCY="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="R/KLsae3RDRAJrADkCl95DVZukc="></latexit><latexit sha1_base64="R/KLsae3RDRAJrADkCl95DVZukc="></latexit><latexit sha1_base64="HC0oLYu8S9ZCBj5YU/76XtaMUzg="></latexit><latexit sha1_base64="+Qlps31oe14tJRqFooxHb8dYSCY="></latexit><latexit sha1_base64="+Qlps31oe14tJRqFooxHb8dYSCY="></latexit><latexit sha1_base64="+Qlps31oe14tJRqFooxHb8dYSCY="></latexit><latexit sha1_base64="+Qlps31oe14tJRqFooxHb8dYSCY="></latexit><latexit sha1_base64="+Qlps31oe14tJRqFooxHb8dYSCY="></latexit><latexit sha1_base64="+Qlps31oe14tJRqFooxHb8dYSCY="></latexit>

Lagrangian: L(�) = L0 + Lint = �m2

2
�2 � �

4!
�4 + . . .

<latexit sha1_base64="EMfBI3EGJ5ciuiuSFTg4yJ6I/Ew="></latexit><latexit sha1_base64="EMfBI3EGJ5ciuiuSFTg4yJ6I/Ew="></latexit><latexit sha1_base64="EMfBI3EGJ5ciuiuSFTg4yJ6I/Ew="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="1a31O/ekCFoXrIURl9zsbgjccOY="></latexit><latexit sha1_base64="1a31O/ekCFoXrIURl9zsbgjccOY="></latexit><latexit sha1_base64="dFg63rbMElO6e+mfn8pWGMxchjw="></latexit><latexit sha1_base64="EMfBI3EGJ5ciuiuSFTg4yJ6I/Ew="></latexit><latexit sha1_base64="EMfBI3EGJ5ciuiuSFTg4yJ6I/Ew="></latexit><latexit sha1_base64="EMfBI3EGJ5ciuiuSFTg4yJ6I/Ew="></latexit><latexit sha1_base64="EMfBI3EGJ5ciuiuSFTg4yJ6I/Ew="></latexit><latexit sha1_base64="EMfBI3EGJ5ciuiuSFTg4yJ6I/Ew="></latexit><latexit sha1_base64="EMfBI3EGJ5ciuiuSFTg4yJ6I/Ew="></latexit>

�
<latexit sha1_base64="rz9igbXtJ1PUo84kriqOr/vY54U="></latexit><latexit sha1_base64="rz9igbXtJ1PUo84kriqOr/vY54U="></latexit><latexit sha1_base64="rz9igbXtJ1PUo84kriqOr/vY54U="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="zo7YOHMxT1JEEdeUQQZJqjqXxN0="></latexit><latexit sha1_base64="zo7YOHMxT1JEEdeUQQZJqjqXxN0="></latexit><latexit sha1_base64="o7ipeXRjVdBsjKt3V6blcrIsCxk="></latexit><latexit sha1_base64="rz9igbXtJ1PUo84kriqOr/vY54U="></latexit><latexit sha1_base64="rz9igbXtJ1PUo84kriqOr/vY54U="></latexit><latexit sha1_base64="rz9igbXtJ1PUo84kriqOr/vY54U="></latexit><latexit sha1_base64="rz9igbXtJ1PUo84kriqOr/vY54U="></latexit><latexit sha1_base64="rz9igbXtJ1PUo84kriqOr/vY54U="></latexit><latexit sha1_base64="rz9igbXtJ1PUo84kriqOr/vY54U="></latexit>



Particle interactions in a nutshell

18

transition amplitude: (T)fi = hf |T
Z

d4xLint(�(x))

�
|ii

<latexit sha1_base64="3tnuFaKyyuqmzZVy8dpoIDBan3k="></latexit><latexit sha1_base64="3tnuFaKyyuqmzZVy8dpoIDBan3k="></latexit><latexit sha1_base64="3tnuFaKyyuqmzZVy8dpoIDBan3k="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="GQymnepmWivYhTYqcS1VfzUhCTg="></latexit><latexit sha1_base64="GQymnepmWivYhTYqcS1VfzUhCTg="></latexit><latexit sha1_base64="hSQKVCceiTgkEYqbo/YJf17oyWw="></latexit><latexit sha1_base64="3tnuFaKyyuqmzZVy8dpoIDBan3k="></latexit><latexit sha1_base64="3tnuFaKyyuqmzZVy8dpoIDBan3k="></latexit><latexit sha1_base64="3tnuFaKyyuqmzZVy8dpoIDBan3k="></latexit><latexit sha1_base64="3tnuFaKyyuqmzZVy8dpoIDBan3k="></latexit><latexit sha1_base64="3tnuFaKyyuqmzZVy8dpoIDBan3k="></latexit><latexit sha1_base64="3tnuFaKyyuqmzZVy8dpoIDBan3k="></latexit>

action S(�) =
Z
d4xL(�(x))

<latexit sha1_base64="BVqeTuvTmaCD0oJcbwqR9FjvCqY="></latexit><latexit sha1_base64="BVqeTuvTmaCD0oJcbwqR9FjvCqY="></latexit><latexit sha1_base64="BVqeTuvTmaCD0oJcbwqR9FjvCqY="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="Cp984ZsjYVMHAOZAgMojKslxoy0="></latexit><latexit sha1_base64="Cp984ZsjYVMHAOZAgMojKslxoy0="></latexit><latexit sha1_base64="74PW93yrfSVtXxj7q8/U/ePKCUg="></latexit><latexit sha1_base64="BVqeTuvTmaCD0oJcbwqR9FjvCqY="></latexit><latexit sha1_base64="BVqeTuvTmaCD0oJcbwqR9FjvCqY="></latexit><latexit sha1_base64="BVqeTuvTmaCD0oJcbwqR9FjvCqY="></latexit><latexit sha1_base64="BVqeTuvTmaCD0oJcbwqR9FjvCqY="></latexit><latexit sha1_base64="BVqeTuvTmaCD0oJcbwqR9FjvCqY="></latexit><latexit sha1_base64="BVqeTuvTmaCD0oJcbwqR9FjvCqY="></latexit>

scattering matrix S = 1+ iT
<latexit sha1_base64="ju5PC6CDoaMjNhNIVcCj3u34VKg="></latexit><latexit sha1_base64="ju5PC6CDoaMjNhNIVcCj3u34VKg="></latexit><latexit sha1_base64="ju5PC6CDoaMjNhNIVcCj3u34VKg="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="1B8KrX+urI2mzC3/KtDY4atA42E="></latexit><latexit sha1_base64="1B8KrX+urI2mzC3/KtDY4atA42E="></latexit><latexit sha1_base64="zcm0TyHtYrktQIiymGdoLqa5coM="></latexit><latexit sha1_base64="ju5PC6CDoaMjNhNIVcCj3u34VKg="></latexit><latexit sha1_base64="ju5PC6CDoaMjNhNIVcCj3u34VKg="></latexit><latexit sha1_base64="ju5PC6CDoaMjNhNIVcCj3u34VKg="></latexit><latexit sha1_base64="ju5PC6CDoaMjNhNIVcCj3u34VKg="></latexit><latexit sha1_base64="ju5PC6CDoaMjNhNIVcCj3u34VKg="></latexit><latexit sha1_base64="ju5PC6CDoaMjNhNIVcCj3u34VKg="></latexit>

fields: {�}
<latexit sha1_base64="+Qlps31oe14tJRqFooxHb8dYSCY="></latexit><latexit sha1_base64="+Qlps31oe14tJRqFooxHb8dYSCY="></latexit><latexit sha1_base64="+Qlps31oe14tJRqFooxHb8dYSCY="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="R/KLsae3RDRAJrADkCl95DVZukc="></latexit><latexit sha1_base64="R/KLsae3RDRAJrADkCl95DVZukc="></latexit><latexit sha1_base64="HC0oLYu8S9ZCBj5YU/76XtaMUzg="></latexit><latexit sha1_base64="+Qlps31oe14tJRqFooxHb8dYSCY="></latexit><latexit sha1_base64="+Qlps31oe14tJRqFooxHb8dYSCY="></latexit><latexit sha1_base64="+Qlps31oe14tJRqFooxHb8dYSCY="></latexit><latexit sha1_base64="+Qlps31oe14tJRqFooxHb8dYSCY="></latexit><latexit sha1_base64="+Qlps31oe14tJRqFooxHb8dYSCY="></latexit><latexit sha1_base64="+Qlps31oe14tJRqFooxHb8dYSCY="></latexit>

Lagrangian: L(�) = L0 + Lint = �m2

2
�2 � �

4!
�4 + . . .

<latexit sha1_base64="EMfBI3EGJ5ciuiuSFTg4yJ6I/Ew="></latexit><latexit sha1_base64="EMfBI3EGJ5ciuiuSFTg4yJ6I/Ew="></latexit><latexit sha1_base64="EMfBI3EGJ5ciuiuSFTg4yJ6I/Ew="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="1a31O/ekCFoXrIURl9zsbgjccOY="></latexit><latexit sha1_base64="1a31O/ekCFoXrIURl9zsbgjccOY="></latexit><latexit sha1_base64="dFg63rbMElO6e+mfn8pWGMxchjw="></latexit><latexit sha1_base64="EMfBI3EGJ5ciuiuSFTg4yJ6I/Ew="></latexit><latexit sha1_base64="EMfBI3EGJ5ciuiuSFTg4yJ6I/Ew="></latexit><latexit sha1_base64="EMfBI3EGJ5ciuiuSFTg4yJ6I/Ew="></latexit><latexit sha1_base64="EMfBI3EGJ5ciuiuSFTg4yJ6I/Ew="></latexit><latexit sha1_base64="EMfBI3EGJ5ciuiuSFTg4yJ6I/Ew="></latexit><latexit sha1_base64="EMfBI3EGJ5ciuiuSFTg4yJ6I/Ew="></latexit>

�
<latexit sha1_base64="rz9igbXtJ1PUo84kriqOr/vY54U="></latexit><latexit sha1_base64="rz9igbXtJ1PUo84kriqOr/vY54U="></latexit><latexit sha1_base64="rz9igbXtJ1PUo84kriqOr/vY54U="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="zo7YOHMxT1JEEdeUQQZJqjqXxN0="></latexit><latexit sha1_base64="zo7YOHMxT1JEEdeUQQZJqjqXxN0="></latexit><latexit sha1_base64="o7ipeXRjVdBsjKt3V6blcrIsCxk="></latexit><latexit sha1_base64="rz9igbXtJ1PUo84kriqOr/vY54U="></latexit><latexit sha1_base64="rz9igbXtJ1PUo84kriqOr/vY54U="></latexit><latexit sha1_base64="rz9igbXtJ1PUo84kriqOr/vY54U="></latexit><latexit sha1_base64="rz9igbXtJ1PUo84kriqOr/vY54U="></latexit><latexit sha1_base64="rz9igbXtJ1PUo84kriqOr/vY54U="></latexit><latexit sha1_base64="rz9igbXtJ1PUo84kriqOr/vY54U="></latexit>
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transition amplitude:

= Mfi �
(4)({ki}� {kf})

<latexit sha1_base64="xWYLqxsN6/9JJX+vPmIjxieaNJc="></latexit><latexit sha1_base64="xWYLqxsN6/9JJX+vPmIjxieaNJc="></latexit><latexit sha1_base64="xWYLqxsN6/9JJX+vPmIjxieaNJc="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="3vDvM1IZbBsMVtqonacmTO1JbFM="></latexit><latexit sha1_base64="3vDvM1IZbBsMVtqonacmTO1JbFM="></latexit><latexit sha1_base64="8QAkk8zTC2NEwWYh/S7bZaZCEMY="></latexit><latexit sha1_base64="xWYLqxsN6/9JJX+vPmIjxieaNJc="></latexit><latexit sha1_base64="xWYLqxsN6/9JJX+vPmIjxieaNJc="></latexit><latexit sha1_base64="xWYLqxsN6/9JJX+vPmIjxieaNJc="></latexit><latexit sha1_base64="xWYLqxsN6/9JJX+vPmIjxieaNJc="></latexit><latexit sha1_base64="xWYLqxsN6/9JJX+vPmIjxieaNJc="></latexit><latexit sha1_base64="xWYLqxsN6/9JJX+vPmIjxieaNJc="></latexit>

‚matrix element‘

(T)fi = hf |T
Z

d4xLint(�(x))

�
|ii

<latexit sha1_base64="3tnuFaKyyuqmzZVy8dpoIDBan3k="></latexit><latexit sha1_base64="3tnuFaKyyuqmzZVy8dpoIDBan3k="></latexit><latexit sha1_base64="3tnuFaKyyuqmzZVy8dpoIDBan3k="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="GQymnepmWivYhTYqcS1VfzUhCTg="></latexit><latexit sha1_base64="GQymnepmWivYhTYqcS1VfzUhCTg="></latexit><latexit sha1_base64="hSQKVCceiTgkEYqbo/YJf17oyWw="></latexit><latexit sha1_base64="3tnuFaKyyuqmzZVy8dpoIDBan3k="></latexit><latexit sha1_base64="3tnuFaKyyuqmzZVy8dpoIDBan3k="></latexit><latexit sha1_base64="3tnuFaKyyuqmzZVy8dpoIDBan3k="></latexit><latexit sha1_base64="3tnuFaKyyuqmzZVy8dpoIDBan3k="></latexit><latexit sha1_base64="3tnuFaKyyuqmzZVy8dpoIDBan3k="></latexit><latexit sha1_base64="3tnuFaKyyuqmzZVy8dpoIDBan3k="></latexit>

action S(�) =
Z
d4xL(�(x))

<latexit sha1_base64="BVqeTuvTmaCD0oJcbwqR9FjvCqY="></latexit><latexit sha1_base64="BVqeTuvTmaCD0oJcbwqR9FjvCqY="></latexit><latexit sha1_base64="BVqeTuvTmaCD0oJcbwqR9FjvCqY="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="Cp984ZsjYVMHAOZAgMojKslxoy0="></latexit><latexit sha1_base64="Cp984ZsjYVMHAOZAgMojKslxoy0="></latexit><latexit sha1_base64="74PW93yrfSVtXxj7q8/U/ePKCUg="></latexit><latexit sha1_base64="BVqeTuvTmaCD0oJcbwqR9FjvCqY="></latexit><latexit sha1_base64="BVqeTuvTmaCD0oJcbwqR9FjvCqY="></latexit><latexit sha1_base64="BVqeTuvTmaCD0oJcbwqR9FjvCqY="></latexit><latexit sha1_base64="BVqeTuvTmaCD0oJcbwqR9FjvCqY="></latexit><latexit sha1_base64="BVqeTuvTmaCD0oJcbwqR9FjvCqY="></latexit><latexit sha1_base64="BVqeTuvTmaCD0oJcbwqR9FjvCqY="></latexit>

scattering matrix S = 1+ iT
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Electroweak production of hadrons
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Figure 1.1: The lowest-order s-channel Feynman diagrams for e+e− → ff. For e+e− final states,
the photon and the Z boson can also be exchanged via the t-channel. The contribution of Higgs
boson exchange diagrams is negligible.
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Figure 1.2: The hadronic cross-section as a function of centre-of-mass energy. The solid line is
the prediction of the SM, and the points are the experimental measurements. Also indicated
are the energy ranges of various e+e− accelerators. The cross-sections have been corrected for
the effects of photon radiation.
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W pair production

q2 > (2mW )2 :
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Fermi’s theory of weak interactions

Beta decay:

Fermi constant:

Enrico Fermi

1 Introduction

1.1 General View

The basic starting point for any serious phenomenology of weak decays of hadrons is the

effective weak Hamiltonian which has the following generic structure

Heff =
GF√

2

∑

i

V i
CKMCi(µ)Qi . (1.1)

Here GF is the Fermi constant and Qi are the relevant local operators which govern the

decays in question. The Cabibbo-Kobayashi-Maskawa factors V i
CKM [1, 2] and the Wilson

Coefficients Ci [3, 4] describe the strength with which a given operator enters the Hamiltonian.

In the simplest case of the β-decay, Heff takes the familiar form

H(β)
eff =

GF√
2

cos θc[ūγµ(1 − γ5)d ⊗ ēγµ(1 − γ5)νe] , (1.2)

where Vud has been expressed in terms of the Cabibbo angle. In this particular case the Wilson

Coefficient is equal unity and the local operator, the object between the square brackets, is

given by a product of two V −A currents. This local operator is represented by the diagram

(b) in fig. 1. Equation (1.2) represents the Fermi theory for β-decays as formulated by

W

d u

ν e

(a)

d u

ν e

(b)

Figure 1: β-decay at the quark level in the full (a) and effective (b) theory.

Sudarshan and Marshak [5] and Feynman and Gell-Mann [6] forty years ago, except that

in (1.2) the quark language has been used and following Cabibbo a small departure of Vud

from unity has been incorporated. In this context the basic formula (1.1) can be regarded

as a generalization of the Fermi Theory to include all known quarks and leptons as well as

their strong and electroweak interactions as summarized by the Standard Model. It should

be stressed that the formulation of weak decays in terms of effective Hamiltonians is very

suitable for the inclusion of new physics effects. We will discuss this issue briefly in these

lectures.
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1 Introduction

1.1 General View

The basic starting point for any serious phenomenology of weak decays of hadrons is the

effective weak Hamiltonian which has the following generic structure

Heff =
GF√

2

∑

i

V i
CKMCi(µ)Qi . (1.1)

Here GF is the Fermi constant and Qi are the relevant local operators which govern the

decays in question. The Cabibbo-Kobayashi-Maskawa factors V i
CKM [1, 2] and the Wilson

Coefficients Ci [3, 4] describe the strength with which a given operator enters the Hamiltonian.

In the simplest case of the β-decay, Heff takes the familiar form

H(β)
eff =

GF√
2

cos θc[ūγµ(1 − γ5)d ⊗ ēγµ(1 − γ5)νe] , (1.2)

where Vud has been expressed in terms of the Cabibbo angle. In this particular case the Wilson

Coefficient is equal unity and the local operator, the object between the square brackets, is

given by a product of two V −A currents. This local operator is represented by the diagram

(b) in fig. 1. Equation (1.2) represents the Fermi theory for β-decays as formulated by

W

d u

ν e

(a)

d u

ν e

(b)

Figure 1: β-decay at the quark level in the full (a) and effective (b) theory.

Sudarshan and Marshak [5] and Feynman and Gell-Mann [6] forty years ago, except that

in (1.2) the quark language has been used and following Cabibbo a small departure of Vud

from unity has been incorporated. In this context the basic formula (1.1) can be regarded

as a generalization of the Fermi Theory to include all known quarks and leptons as well as

their strong and electroweak interactions as summarized by the Standard Model. It should

be stressed that the formulation of weak decays in terms of effective Hamiltonians is very

suitable for the inclusion of new physics effects. We will discuss this issue briefly in these

lectures.
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1 Introduction

1.1 General View

The basic starting point for any serious phenomenology of weak decays of hadrons is the

effective weak Hamiltonian which has the following generic structure

Heff =
GF√
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∑
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V i
CKMCi(µ)Qi . (1.1)

Here GF is the Fermi constant and Qi are the relevant local operators which govern the

decays in question. The Cabibbo-Kobayashi-Maskawa factors V i
CKM [1, 2] and the Wilson

Coefficients Ci [3, 4] describe the strength with which a given operator enters the Hamiltonian.

In the simplest case of the β-decay, Heff takes the familiar form

H(β)
eff =

GF√
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cos θc[ūγµ(1 − γ5)d ⊗ ēγµ(1 − γ5)νe] , (1.2)

where Vud has been expressed in terms of the Cabibbo angle. In this particular case the Wilson

Coefficient is equal unity and the local operator, the object between the square brackets, is

given by a product of two V −A currents. This local operator is represented by the diagram

(b) in fig. 1. Equation (1.2) represents the Fermi theory for β-decays as formulated by
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Figure 1: β-decay at the quark level in the full (a) and effective (b) theory.

Sudarshan and Marshak [5] and Feynman and Gell-Mann [6] forty years ago, except that

in (1.2) the quark language has been used and following Cabibbo a small departure of Vud

from unity has been incorporated. In this context the basic formula (1.1) can be regarded

as a generalization of the Fermi Theory to include all known quarks and leptons as well as

their strong and electroweak interactions as summarized by the Standard Model. It should

be stressed that the formulation of weak decays in terms of effective Hamiltonians is very

suitable for the inclusion of new physics effects. We will discuss this issue briefly in these

lectures.
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1 Introduction

1.1 General View

The basic starting point for any serious phenomenology of weak decays of hadrons is the

effective weak Hamiltonian which has the following generic structure

Heff =
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Here GF is the Fermi constant and Qi are the relevant local operators which govern the

decays in question. The Cabibbo-Kobayashi-Maskawa factors V i
CKM [1, 2] and the Wilson

Coefficients Ci [3, 4] describe the strength with which a given operator enters the Hamiltonian.

In the simplest case of the β-decay, Heff takes the familiar form
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where Vud has been expressed in terms of the Cabibbo angle. In this particular case the Wilson

Coefficient is equal unity and the local operator, the object between the square brackets, is
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(b) in fig. 1. Equation (1.2) represents the Fermi theory for β-decays as formulated by
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Figure 1: β-decay at the quark level in the full (a) and effective (b) theory.
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in (1.2) the quark language has been used and following Cabibbo a small departure of Vud

from unity has been incorporated. In this context the basic formula (1.1) can be regarded

as a generalization of the Fermi Theory to include all known quarks and leptons as well as

their strong and electroweak interactions as summarized by the Standard Model. It should

be stressed that the formulation of weak decays in terms of effective Hamiltonians is very

suitable for the inclusion of new physics effects. We will discuss this issue briefly in these
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1 Introduction

1.1 General View

The basic starting point for any serious phenomenology of weak decays of hadrons is the

effective weak Hamiltonian which has the following generic structure

Heff =
GF√

2

∑

i

V i
CKMCi(µ)Qi . (1.1)

Here GF is the Fermi constant and Qi are the relevant local operators which govern the

decays in question. The Cabibbo-Kobayashi-Maskawa factors V i
CKM [1, 2] and the Wilson

Coefficients Ci [3, 4] describe the strength with which a given operator enters the Hamiltonian.

In the simplest case of the β-decay, Heff takes the familiar form

H(β)
eff =

GF√
2

cos θc[ūγµ(1 − γ5)d ⊗ ēγµ(1 − γ5)νe] , (1.2)

where Vud has been expressed in terms of the Cabibbo angle. In this particular case the Wilson

Coefficient is equal unity and the local operator, the object between the square brackets, is

given by a product of two V −A currents. This local operator is represented by the diagram

(b) in fig. 1. Equation (1.2) represents the Fermi theory for β-decays as formulated by

W

d u

ν e

(a)

d u

ν e

(b)

Figure 1: β-decay at the quark level in the full (a) and effective (b) theory.

Sudarshan and Marshak [5] and Feynman and Gell-Mann [6] forty years ago, except that

in (1.2) the quark language has been used and following Cabibbo a small departure of Vud

from unity has been incorporated. In this context the basic formula (1.1) can be regarded

as a generalization of the Fermi Theory to include all known quarks and leptons as well as

their strong and electroweak interactions as summarized by the Standard Model. It should

be stressed that the formulation of weak decays in terms of effective Hamiltonians is very

suitable for the inclusion of new physics effects. We will discuss this issue briefly in these

lectures.
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1 Introduction

1.1 General View

The basic starting point for any serious phenomenology of weak decays of hadrons is the

effective weak Hamiltonian which has the following generic structure

Heff =
GF√

2

∑

i

V i
CKMCi(µ)Qi . (1.1)

Here GF is the Fermi constant and Qi are the relevant local operators which govern the

decays in question. The Cabibbo-Kobayashi-Maskawa factors V i
CKM [1, 2] and the Wilson

Coefficients Ci [3, 4] describe the strength with which a given operator enters the Hamiltonian.

In the simplest case of the β-decay, Heff takes the familiar form

H(β)
eff =

GF√
2

cos θc[ūγµ(1 − γ5)d ⊗ ēγµ(1 − γ5)νe] , (1.2)

where Vud has been expressed in terms of the Cabibbo angle. In this particular case the Wilson

Coefficient is equal unity and the local operator, the object between the square brackets, is

given by a product of two V −A currents. This local operator is represented by the diagram

(b) in fig. 1. Equation (1.2) represents the Fermi theory for β-decays as formulated by
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Figure 1: β-decay at the quark level in the full (a) and effective (b) theory.

Sudarshan and Marshak [5] and Feynman and Gell-Mann [6] forty years ago, except that

in (1.2) the quark language has been used and following Cabibbo a small departure of Vud

from unity has been incorporated. In this context the basic formula (1.1) can be regarded

as a generalization of the Fermi Theory to include all known quarks and leptons as well as

their strong and electroweak interactions as summarized by the Standard Model. It should

be stressed that the formulation of weak decays in terms of effective Hamiltonians is very

suitable for the inclusion of new physics effects. We will discuss this issue briefly in these

lectures.
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Four-fermion coupling:

GF =

p
2g2

8m2
W
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M = i
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(ēL�

⇢⌫L)
g⇢�

q2 �m2
W

(⌫̄L�
�µL)
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Weak interaction:
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Figure 1.1: The lowest-order s-channel Feynman diagrams for e+e− → ff. For e+e− final states,
the photon and the Z boson can also be exchanged via the t-channel. The contribution of Higgs
boson exchange diagrams is negligible.
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Figure 1.2: The hadronic cross-section as a function of centre-of-mass energy. The solid line is
the prediction of the SM, and the points are the experimental measurements. Also indicated
are the energy ranges of various e+e− accelerators. The cross-sections have been corrected for
the effects of photon radiation.
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Your turn: Be Fermi

What is Fermi’s theory for                  e+e� ! qq̄
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q2 ⌧ m2
Z
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at energies               ?

https://arxiv.org/abs/hep-ex/0509008v3
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valid up to cutoff scale µ < ⇤
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action in full theory:

approximation of full theory at experimentally relevant scales

intro: Neubert 2005

S(�) = S(�E<µ,�E>µ)
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https://arxiv.org/abs/hep-ph/0512222
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approximation of full theory at experimentally relevant scales

valid up to cutoff scale µ < ⇤
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action in full theory:

remove high ‚frequencies‘: Sµ(�E<µ) =

Z
d4xLe↵(x)

<latexit sha1_base64="XCceTW5WBoWmjQswvylJA+bQZPs="></latexit><latexit sha1_base64="XCceTW5WBoWmjQswvylJA+bQZPs="></latexit><latexit sha1_base64="XCceTW5WBoWmjQswvylJA+bQZPs="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="AnqLtIErap+UkHA6VUFqiPNw+dI="></latexit><latexit sha1_base64="AnqLtIErap+UkHA6VUFqiPNw+dI="></latexit><latexit sha1_base64="dgyh2E1dqzpTPhrV4GYhQVFIXQM="></latexit><latexit sha1_base64="XCceTW5WBoWmjQswvylJA+bQZPs="></latexit><latexit sha1_base64="XCceTW5WBoWmjQswvylJA+bQZPs="></latexit><latexit sha1_base64="XCceTW5WBoWmjQswvylJA+bQZPs="></latexit><latexit sha1_base64="XCceTW5WBoWmjQswvylJA+bQZPs="></latexit><latexit sha1_base64="XCceTW5WBoWmjQswvylJA+bQZPs="></latexit><latexit sha1_base64="XCceTW5WBoWmjQswvylJA+bQZPs="></latexit>

S(�) = S(�E<µ,�E>µ)
<latexit sha1_base64="y2NmCTrV5Ig/XcbjtgQYxzYyads="></latexit><latexit sha1_base64="y2NmCTrV5Ig/XcbjtgQYxzYyads="></latexit><latexit sha1_base64="y2NmCTrV5Ig/XcbjtgQYxzYyads="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="2lNii8i6ekIX6TUZt28IH09OiFg="></latexit><latexit sha1_base64="2lNii8i6ekIX6TUZt28IH09OiFg="></latexit><latexit sha1_base64="N/QHOfvZgNwSrsAhj/IVe3fX52I="></latexit><latexit sha1_base64="y2NmCTrV5Ig/XcbjtgQYxzYyads="></latexit><latexit sha1_base64="y2NmCTrV5Ig/XcbjtgQYxzYyads="></latexit><latexit sha1_base64="y2NmCTrV5Ig/XcbjtgQYxzYyads="></latexit><latexit sha1_base64="y2NmCTrV5Ig/XcbjtgQYxzYyads="></latexit><latexit sha1_base64="y2NmCTrV5Ig/XcbjtgQYxzYyads="></latexit><latexit sha1_base64="y2NmCTrV5Ig/XcbjtgQYxzYyads="></latexit>

effective Lagrangian Le↵(x) =
X

i

Ci

⇤�i
Oi(�E<µ(x))

<latexit sha1_base64="V1Sm583ubCJD+IR0n+EScT9WPRw="></latexit><latexit sha1_base64="V1Sm583ubCJD+IR0n+EScT9WPRw="></latexit><latexit sha1_base64="V1Sm583ubCJD+IR0n+EScT9WPRw="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="PrqaFZ8fYj66NvyS6Bwo3ZeKfPc="></latexit><latexit sha1_base64="PrqaFZ8fYj66NvyS6Bwo3ZeKfPc="></latexit><latexit sha1_base64="LV8YZhRaM4h95oo0E4U07rbbP5o="></latexit><latexit sha1_base64="V1Sm583ubCJD+IR0n+EScT9WPRw="></latexit><latexit sha1_base64="V1Sm583ubCJD+IR0n+EScT9WPRw="></latexit><latexit sha1_base64="V1Sm583ubCJD+IR0n+EScT9WPRw="></latexit><latexit sha1_base64="V1Sm583ubCJD+IR0n+EScT9WPRw="></latexit><latexit sha1_base64="V1Sm583ubCJD+IR0n+EScT9WPRw="></latexit><latexit sha1_base64="V1Sm583ubCJD+IR0n+EScT9WPRw="></latexit>

intro: Neubert 2005

https://arxiv.org/abs/hep-ph/0512222


Operator expansion
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Le↵(x) =
X

i

Ci

⇤�i
Oi(�E<µ(x))

<latexit sha1_base64="V1Sm583ubCJD+IR0n+EScT9WPRw="></latexit><latexit sha1_base64="V1Sm583ubCJD+IR0n+EScT9WPRw="></latexit><latexit sha1_base64="V1Sm583ubCJD+IR0n+EScT9WPRw="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="PrqaFZ8fYj66NvyS6Bwo3ZeKfPc="></latexit><latexit sha1_base64="PrqaFZ8fYj66NvyS6Bwo3ZeKfPc="></latexit><latexit sha1_base64="LV8YZhRaM4h95oo0E4U07rbbP5o="></latexit><latexit sha1_base64="V1Sm583ubCJD+IR0n+EScT9WPRw="></latexit><latexit sha1_base64="V1Sm583ubCJD+IR0n+EScT9WPRw="></latexit><latexit sha1_base64="V1Sm583ubCJD+IR0n+EScT9WPRw="></latexit><latexit sha1_base64="V1Sm583ubCJD+IR0n+EScT9WPRw="></latexit><latexit sha1_base64="V1Sm583ubCJD+IR0n+EScT9WPRw="></latexit><latexit sha1_base64="V1Sm583ubCJD+IR0n+EScT9WPRw="></latexit>

Ci :
<latexit sha1_base64="5f9U84arTqNFEwZFrqflrDneABw="></latexit><latexit sha1_base64="5f9U84arTqNFEwZFrqflrDneABw="></latexit><latexit sha1_base64="5f9U84arTqNFEwZFrqflrDneABw="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="crFqDlymnxbstbwB6gQfJpC5Kqg="></latexit><latexit sha1_base64="crFqDlymnxbstbwB6gQfJpC5Kqg="></latexit><latexit sha1_base64="QOmIGVt9vZZYw3wsBuKVezUlBfU="></latexit><latexit sha1_base64="5f9U84arTqNFEwZFrqflrDneABw="></latexit><latexit sha1_base64="5f9U84arTqNFEwZFrqflrDneABw="></latexit><latexit sha1_base64="5f9U84arTqNFEwZFrqflrDneABw="></latexit><latexit sha1_base64="5f9U84arTqNFEwZFrqflrDneABw="></latexit><latexit sha1_base64="5f9U84arTqNFEwZFrqflrDneABw="></latexit><latexit sha1_base64="5f9U84arTqNFEwZFrqflrDneABw="></latexit>

Wilson coefficients

local operators with mass dimensionOi :
<latexit sha1_base64="/BONLwiwgvBua5yHgW4ZqBg2uAs="></latexit><latexit sha1_base64="/BONLwiwgvBua5yHgW4ZqBg2uAs="></latexit><latexit sha1_base64="/BONLwiwgvBua5yHgW4ZqBg2uAs="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="cS51yMGJvEquAqaz5Z2NDVhGhJ4="></latexit><latexit sha1_base64="cS51yMGJvEquAqaz5Z2NDVhGhJ4="></latexit><latexit sha1_base64="GkiesLyAvRt1VmdGYWffWU9gN84="></latexit><latexit sha1_base64="/BONLwiwgvBua5yHgW4ZqBg2uAs="></latexit><latexit sha1_base64="/BONLwiwgvBua5yHgW4ZqBg2uAs="></latexit><latexit sha1_base64="/BONLwiwgvBua5yHgW4ZqBg2uAs="></latexit><latexit sha1_base64="/BONLwiwgvBua5yHgW4ZqBg2uAs="></latexit><latexit sha1_base64="/BONLwiwgvBua5yHgW4ZqBg2uAs="></latexit><latexit sha1_base64="/BONLwiwgvBua5yHgW4ZqBg2uAs="></latexit>

�i + 4
<latexit sha1_base64="z1XwvlGxnuqhCZiN0pNNbb/FuYs="></latexit><latexit sha1_base64="z1XwvlGxnuqhCZiN0pNNbb/FuYs="></latexit><latexit sha1_base64="z1XwvlGxnuqhCZiN0pNNbb/FuYs="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="n9tWdyXczJwWW5dpTuHImV11ejY="></latexit><latexit sha1_base64="n9tWdyXczJwWW5dpTuHImV11ejY="></latexit><latexit sha1_base64="iwf0XAhbjImzY1hb4e9X47AO3Pw="></latexit><latexit sha1_base64="z1XwvlGxnuqhCZiN0pNNbb/FuYs="></latexit><latexit sha1_base64="z1XwvlGxnuqhCZiN0pNNbb/FuYs="></latexit><latexit sha1_base64="z1XwvlGxnuqhCZiN0pNNbb/FuYs="></latexit><latexit sha1_base64="z1XwvlGxnuqhCZiN0pNNbb/FuYs="></latexit><latexit sha1_base64="z1XwvlGxnuqhCZiN0pNNbb/FuYs="></latexit><latexit sha1_base64="z1XwvlGxnuqhCZiN0pNNbb/FuYs="></latexit>
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Le↵(x) =
X

i

Ci

⇤�i
Oi(�E<µ(x))

<latexit sha1_base64="V1Sm583ubCJD+IR0n+EScT9WPRw="></latexit><latexit sha1_base64="V1Sm583ubCJD+IR0n+EScT9WPRw="></latexit><latexit sha1_base64="V1Sm583ubCJD+IR0n+EScT9WPRw="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="PrqaFZ8fYj66NvyS6Bwo3ZeKfPc="></latexit><latexit sha1_base64="PrqaFZ8fYj66NvyS6Bwo3ZeKfPc="></latexit><latexit sha1_base64="LV8YZhRaM4h95oo0E4U07rbbP5o="></latexit><latexit sha1_base64="V1Sm583ubCJD+IR0n+EScT9WPRw="></latexit><latexit sha1_base64="V1Sm583ubCJD+IR0n+EScT9WPRw="></latexit><latexit sha1_base64="V1Sm583ubCJD+IR0n+EScT9WPRw="></latexit><latexit sha1_base64="V1Sm583ubCJD+IR0n+EScT9WPRw="></latexit><latexit sha1_base64="V1Sm583ubCJD+IR0n+EScT9WPRw="></latexit><latexit sha1_base64="V1Sm583ubCJD+IR0n+EScT9WPRw="></latexit>

Ci :
<latexit sha1_base64="5f9U84arTqNFEwZFrqflrDneABw="></latexit><latexit sha1_base64="5f9U84arTqNFEwZFrqflrDneABw="></latexit><latexit sha1_base64="5f9U84arTqNFEwZFrqflrDneABw="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="crFqDlymnxbstbwB6gQfJpC5Kqg="></latexit><latexit sha1_base64="crFqDlymnxbstbwB6gQfJpC5Kqg="></latexit><latexit sha1_base64="QOmIGVt9vZZYw3wsBuKVezUlBfU="></latexit><latexit sha1_base64="5f9U84arTqNFEwZFrqflrDneABw="></latexit><latexit sha1_base64="5f9U84arTqNFEwZFrqflrDneABw="></latexit><latexit sha1_base64="5f9U84arTqNFEwZFrqflrDneABw="></latexit><latexit sha1_base64="5f9U84arTqNFEwZFrqflrDneABw="></latexit><latexit sha1_base64="5f9U84arTqNFEwZFrqflrDneABw="></latexit><latexit sha1_base64="5f9U84arTqNFEwZFrqflrDneABw="></latexit>

Wilson coefficients

local operators with mass dimensionOi :
<latexit sha1_base64="/BONLwiwgvBua5yHgW4ZqBg2uAs="></latexit><latexit sha1_base64="/BONLwiwgvBua5yHgW4ZqBg2uAs="></latexit><latexit sha1_base64="/BONLwiwgvBua5yHgW4ZqBg2uAs="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="cS51yMGJvEquAqaz5Z2NDVhGhJ4="></latexit><latexit sha1_base64="cS51yMGJvEquAqaz5Z2NDVhGhJ4="></latexit><latexit sha1_base64="GkiesLyAvRt1VmdGYWffWU9gN84="></latexit><latexit sha1_base64="/BONLwiwgvBua5yHgW4ZqBg2uAs="></latexit><latexit sha1_base64="/BONLwiwgvBua5yHgW4ZqBg2uAs="></latexit><latexit sha1_base64="/BONLwiwgvBua5yHgW4ZqBg2uAs="></latexit><latexit sha1_base64="/BONLwiwgvBua5yHgW4ZqBg2uAs="></latexit><latexit sha1_base64="/BONLwiwgvBua5yHgW4ZqBg2uAs="></latexit><latexit sha1_base64="/BONLwiwgvBua5yHgW4ZqBg2uAs="></latexit>

�i + 4
<latexit sha1_base64="z1XwvlGxnuqhCZiN0pNNbb/FuYs="></latexit><latexit sha1_base64="z1XwvlGxnuqhCZiN0pNNbb/FuYs="></latexit><latexit sha1_base64="z1XwvlGxnuqhCZiN0pNNbb/FuYs="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="n9tWdyXczJwWW5dpTuHImV11ejY="></latexit><latexit sha1_base64="n9tWdyXczJwWW5dpTuHImV11ejY="></latexit><latexit sha1_base64="iwf0XAhbjImzY1hb4e9X47AO3Pw="></latexit><latexit sha1_base64="z1XwvlGxnuqhCZiN0pNNbb/FuYs="></latexit><latexit sha1_base64="z1XwvlGxnuqhCZiN0pNNbb/FuYs="></latexit><latexit sha1_base64="z1XwvlGxnuqhCZiN0pNNbb/FuYs="></latexit><latexit sha1_base64="z1XwvlGxnuqhCZiN0pNNbb/FuYs="></latexit><latexit sha1_base64="z1XwvlGxnuqhCZiN0pNNbb/FuYs="></latexit><latexit sha1_base64="z1XwvlGxnuqhCZiN0pNNbb/FuYs="></latexit>

�i > 0 : [Oi] > 4
<latexit sha1_base64="+8MYQTq6i4trtz5XhGQj0IuULv0="></latexit><latexit sha1_base64="+8MYQTq6i4trtz5XhGQj0IuULv0="></latexit><latexit sha1_base64="+8MYQTq6i4trtz5XhGQj0IuULv0="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="cvMggMSUKFlRYEvsLyz7yKDlDzQ="></latexit><latexit sha1_base64="cvMggMSUKFlRYEvsLyz7yKDlDzQ="></latexit><latexit sha1_base64="ODxLVGuSdpVwGZ0hxAHauhHF0/k="></latexit><latexit sha1_base64="+8MYQTq6i4trtz5XhGQj0IuULv0="></latexit><latexit sha1_base64="+8MYQTq6i4trtz5XhGQj0IuULv0="></latexit><latexit sha1_base64="+8MYQTq6i4trtz5XhGQj0IuULv0="></latexit><latexit sha1_base64="+8MYQTq6i4trtz5XhGQj0IuULv0="></latexit><latexit sha1_base64="+8MYQTq6i4trtz5XhGQj0IuULv0="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="cvMggMSUKFlRYEvsLyz7yKDlDzQ="></latexit><latexit sha1_base64="cvMggMSUKFlRYEvsLyz7yKDlDzQ="></latexit><latexit sha1_base64="ODxLVGuSdpVwGZ0hxAHauhHF0/k="></latexit><latexit sha1_base64="+8MYQTq6i4trtz5XhGQj0IuULv0="></latexit><latexit sha1_base64="+8MYQTq6i4trtz5XhGQj0IuULv0="></latexit><latexit sha1_base64="+8MYQTq6i4trtz5XhGQj0IuULv0="></latexit><latexit sha1_base64="+8MYQTq6i4trtz5XhGQj0IuULv0="></latexit><latexit sha1_base64="+8MYQTq6i4trtz5XhGQj0IuULv0="></latexit><latexit sha1_base64="+8MYQTq6i4trtz5XhGQj0IuULv0="></latexit>

Le↵ =
X

i

Ci

⇤
O

(5)
i +

X

j

Cj

⇤2
O

(6)
j + . . .

<latexit sha1_base64="wKayQavMbMXRKqkMPUZaseJdXDk="></latexit><latexit sha1_base64="wKayQavMbMXRKqkMPUZaseJdXDk="></latexit><latexit sha1_base64="wKayQavMbMXRKqkMPUZaseJdXDk="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="/mzLbauCXpJuySE/YR3CD56/zzo="></latexit><latexit sha1_base64="/mzLbauCXpJuySE/YR3CD56/zzo="></latexit><latexit sha1_base64="UHhQiKH+9jkU59p5/3yf0Cyn3Dc="></latexit><latexit sha1_base64="wKayQavMbMXRKqkMPUZaseJdXDk="></latexit><latexit sha1_base64="wKayQavMbMXRKqkMPUZaseJdXDk="></latexit><latexit sha1_base64="wKayQavMbMXRKqkMPUZaseJdXDk="></latexit><latexit sha1_base64="wKayQavMbMXRKqkMPUZaseJdXDk="></latexit><latexit sha1_base64="wKayQavMbMXRKqkMPUZaseJdXDk="></latexit><latexit sha1_base64="wKayQavMbMXRKqkMPUZaseJdXDk="></latexit>

power counting:

[L] !
= 4

<latexit sha1_base64="lHsB6zkjSItIdfJMwqSIfcN30Ec="></latexit><latexit sha1_base64="lHsB6zkjSItIdfJMwqSIfcN30Ec="></latexit><latexit sha1_base64="lHsB6zkjSItIdfJMwqSIfcN30Ec="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="DvsBRNWTJstfkwnAYRcyU9yRK0Q="></latexit><latexit sha1_base64="DvsBRNWTJstfkwnAYRcyU9yRK0Q="></latexit><latexit sha1_base64="8E8f+CUAxUJW80mqfuS+645mTDE="></latexit><latexit sha1_base64="lHsB6zkjSItIdfJMwqSIfcN30Ec="></latexit><latexit sha1_base64="lHsB6zkjSItIdfJMwqSIfcN30Ec="></latexit><latexit sha1_base64="lHsB6zkjSItIdfJMwqSIfcN30Ec="></latexit><latexit sha1_base64="lHsB6zkjSItIdfJMwqSIfcN30Ec="></latexit><latexit sha1_base64="lHsB6zkjSItIdfJMwqSIfcN30Ec="></latexit><latexit sha1_base64="lHsB6zkjSItIdfJMwqSIfcN30Ec="></latexit>

[F ] =
3

2
, [B] = 1, [Vµ⌫ ] = 2, [@µ] = 1

<latexit sha1_base64="R9bnUa2zEp2b4xuG1yH1Ci0ij2A="></latexit><latexit sha1_base64="R9bnUa2zEp2b4xuG1yH1Ci0ij2A="></latexit><latexit sha1_base64="R9bnUa2zEp2b4xuG1yH1Ci0ij2A="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="H/V9KhGQF41+BzwmTiyxfBPjbjw="></latexit><latexit sha1_base64="H/V9KhGQF41+BzwmTiyxfBPjbjw="></latexit><latexit sha1_base64="HSFQm2BqMuzgEMIO1ZDwmwGB8Hc="></latexit><latexit sha1_base64="R9bnUa2zEp2b4xuG1yH1Ci0ij2A="></latexit><latexit sha1_base64="R9bnUa2zEp2b4xuG1yH1Ci0ij2A="></latexit><latexit sha1_base64="R9bnUa2zEp2b4xuG1yH1Ci0ij2A="></latexit><latexit sha1_base64="R9bnUa2zEp2b4xuG1yH1Ci0ij2A="></latexit><latexit sha1_base64="R9bnUa2zEp2b4xuG1yH1Ci0ij2A="></latexit><latexit sha1_base64="R9bnUa2zEp2b4xuG1yH1Ci0ij2A="></latexit>

examples: [(q̄�µq)(¯̀�
µ`)] = 6

<latexit sha1_base64="BLYPURIFDyY7R01JzE9fStbEaNc="></latexit><latexit sha1_base64="BLYPURIFDyY7R01JzE9fStbEaNc="></latexit><latexit sha1_base64="BLYPURIFDyY7R01JzE9fStbEaNc="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="bO4FNFXyJ3RIAuyebkkYf9funiE="></latexit><latexit sha1_base64="bO4FNFXyJ3RIAuyebkkYf9funiE="></latexit><latexit sha1_base64="IRb3lvgKySMXwclpIiCF8zrSVqo="></latexit><latexit sha1_base64="BLYPURIFDyY7R01JzE9fStbEaNc="></latexit><latexit sha1_base64="BLYPURIFDyY7R01JzE9fStbEaNc="></latexit><latexit sha1_base64="BLYPURIFDyY7R01JzE9fStbEaNc="></latexit><latexit sha1_base64="BLYPURIFDyY7R01JzE9fStbEaNc="></latexit><latexit sha1_base64="BLYPURIFDyY7R01JzE9fStbEaNc="></latexit><latexit sha1_base64="BLYPURIFDyY7R01JzE9fStbEaNc="></latexit>

[(QH�µ⌫q)F
µ⌫ ] = 6
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1 Introduction

1.1 General View

The basic starting point for any serious phenomenology of weak decays of hadrons is the

effective weak Hamiltonian which has the following generic structure

Heff =
GF√

2

∑

i

V i
CKMCi(µ)Qi . (1.1)

Here GF is the Fermi constant and Qi are the relevant local operators which govern the

decays in question. The Cabibbo-Kobayashi-Maskawa factors V i
CKM [1, 2] and the Wilson

Coefficients Ci [3, 4] describe the strength with which a given operator enters the Hamiltonian.

In the simplest case of the β-decay, Heff takes the familiar form

H(β)
eff =

GF√
2

cos θc[ūγµ(1 − γ5)d ⊗ ēγµ(1 − γ5)νe] , (1.2)

where Vud has been expressed in terms of the Cabibbo angle. In this particular case the Wilson

Coefficient is equal unity and the local operator, the object between the square brackets, is

given by a product of two V −A currents. This local operator is represented by the diagram

(b) in fig. 1. Equation (1.2) represents the Fermi theory for β-decays as formulated by

W

d u

ν e

(a)

d u

ν e

(b)

Figure 1: β-decay at the quark level in the full (a) and effective (b) theory.

Sudarshan and Marshak [5] and Feynman and Gell-Mann [6] forty years ago, except that

in (1.2) the quark language has been used and following Cabibbo a small departure of Vud

from unity has been incorporated. In this context the basic formula (1.1) can be regarded

as a generalization of the Fermi Theory to include all known quarks and leptons as well as

their strong and electroweak interactions as summarized by the Standard Model. It should

be stressed that the formulation of weak decays in terms of effective Hamiltonians is very

suitable for the inclusion of new physics effects. We will discuss this issue briefly in these

lectures.
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Figure 1: β-decay at the quark level in the full (a) and effective (b) theory.
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from unity has been incorporated. In this context the basic formula (1.1) can be regarded

as a generalization of the Fermi Theory to include all known quarks and leptons as well as

their strong and electroweak interactions as summarized by the Standard Model. It should

be stressed that the formulation of weak decays in terms of effective Hamiltonians is very

suitable for the inclusion of new physics effects. We will discuss this issue briefly in these
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1 Introduction

1.1 General View

The basic starting point for any serious phenomenology of weak decays of hadrons is the

effective weak Hamiltonian which has the following generic structure

Heff =
GF√

2

∑

i

V i
CKMCi(µ)Qi . (1.1)

Here GF is the Fermi constant and Qi are the relevant local operators which govern the

decays in question. The Cabibbo-Kobayashi-Maskawa factors V i
CKM [1, 2] and the Wilson

Coefficients Ci [3, 4] describe the strength with which a given operator enters the Hamiltonian.

In the simplest case of the β-decay, Heff takes the familiar form

H(β)
eff =

GF√
2

cos θc[ūγµ(1 − γ5)d ⊗ ēγµ(1 − γ5)νe] , (1.2)

where Vud has been expressed in terms of the Cabibbo angle. In this particular case the Wilson

Coefficient is equal unity and the local operator, the object between the square brackets, is

given by a product of two V −A currents. This local operator is represented by the diagram

(b) in fig. 1. Equation (1.2) represents the Fermi theory for β-decays as formulated by

W

d u

ν e

(a)

d u

ν e

(b)

Figure 1: β-decay at the quark level in the full (a) and effective (b) theory.

Sudarshan and Marshak [5] and Feynman and Gell-Mann [6] forty years ago, except that

in (1.2) the quark language has been used and following Cabibbo a small departure of Vud

from unity has been incorporated. In this context the basic formula (1.1) can be regarded

as a generalization of the Fermi Theory to include all known quarks and leptons as well as

their strong and electroweak interactions as summarized by the Standard Model. It should

be stressed that the formulation of weak decays in terms of effective Hamiltonians is very

suitable for the inclusion of new physics effects. We will discuss this issue briefly in these

lectures.
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µ
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Figure 1: β-decay at the quark level in the full (a) and effective (b) theory.
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in (1.2) the quark language has been used and following Cabibbo a small departure of Vud

from unity has been incorporated. In this context the basic formula (1.1) can be regarded

as a generalization of the Fermi Theory to include all known quarks and leptons as well as

their strong and electroweak interactions as summarized by the Standard Model. It should

be stressed that the formulation of weak decays in terms of effective Hamiltonians is very

suitable for the inclusion of new physics effects. We will discuss this issue briefly in these
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<latexit sha1_base64="kyGXCjjDyUNOGht0UanqeQ+tuCU="></latexit><latexit sha1_base64="kyGXCjjDyUNOGht0UanqeQ+tuCU="></latexit><latexit sha1_base64="kyGXCjjDyUNOGht0UanqeQ+tuCU="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="7bCpb2qwMkgrbWZSZ5QUWIqvUGk="></latexit><latexit sha1_base64="7bCpb2qwMkgrbWZSZ5QUWIqvUGk="></latexit><latexit sha1_base64="dDQfM56wX36M6PkV3r0eNuotuo8="></latexit><latexit sha1_base64="kyGXCjjDyUNOGht0UanqeQ+tuCU="></latexit><latexit sha1_base64="kyGXCjjDyUNOGht0UanqeQ+tuCU="></latexit><latexit sha1_base64="kyGXCjjDyUNOGht0UanqeQ+tuCU="></latexit><latexit sha1_base64="kyGXCjjDyUNOGht0UanqeQ+tuCU="></latexit><latexit sha1_base64="kyGXCjjDyUNOGht0UanqeQ+tuCU="></latexit><latexit sha1_base64="kyGXCjjDyUNOGht0UanqeQ+tuCU="></latexit>

e
<latexit sha1_base64="/Awz/XGcKif0Xs17uRoxaz/A+nA="></latexit><latexit sha1_base64="/Awz/XGcKif0Xs17uRoxaz/A+nA="></latexit><latexit sha1_base64="/Awz/XGcKif0Xs17uRoxaz/A+nA="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="DJYUlnVK6qfAoUkIaEYjVjEUpsg="></latexit><latexit sha1_base64="DJYUlnVK6qfAoUkIaEYjVjEUpsg="></latexit><latexit sha1_base64="BY7oT4u/ANkmobfDKtDNDyWeqqM="></latexit><latexit sha1_base64="/Awz/XGcKif0Xs17uRoxaz/A+nA="></latexit><latexit sha1_base64="/Awz/XGcKif0Xs17uRoxaz/A+nA="></latexit><latexit sha1_base64="/Awz/XGcKif0Xs17uRoxaz/A+nA="></latexit><latexit sha1_base64="/Awz/XGcKif0Xs17uRoxaz/A+nA="></latexit><latexit sha1_base64="/Awz/XGcKif0Xs17uRoxaz/A+nA="></latexit><latexit sha1_base64="/Awz/XGcKif0Xs17uRoxaz/A+nA="></latexit>

weak effective interactions at low energies             :

GF ·GeV2 ⌧ 1
<latexit sha1_base64="v0zU59asij/w6LZW18ZcJLuEqc8="></latexit><latexit sha1_base64="v0zU59asij/w6LZW18ZcJLuEqc8="></latexit><latexit sha1_base64="v0zU59asij/w6LZW18ZcJLuEqc8="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="1F7VPZQO8cpByySsXBZl315jtZY="></latexit><latexit sha1_base64="1F7VPZQO8cpByySsXBZl315jtZY="></latexit><latexit sha1_base64="0GjdhcwkVaFICzc+emVZ6NKuYxg="></latexit><latexit sha1_base64="v0zU59asij/w6LZW18ZcJLuEqc8="></latexit><latexit sha1_base64="v0zU59asij/w6LZW18ZcJLuEqc8="></latexit><latexit sha1_base64="v0zU59asij/w6LZW18ZcJLuEqc8="></latexit><latexit sha1_base64="v0zU59asij/w6LZW18ZcJLuEqc8="></latexit><latexit sha1_base64="v0zU59asij/w6LZW18ZcJLuEqc8="></latexit><latexit sha1_base64="v0zU59asij/w6LZW18ZcJLuEqc8="></latexit>

E = mµ
<latexit sha1_base64="qEOZdWL3lyzT/ub4l4//CBrWA30="></latexit><latexit sha1_base64="qEOZdWL3lyzT/ub4l4//CBrWA30="></latexit><latexit sha1_base64="qEOZdWL3lyzT/ub4l4//CBrWA30="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="wiG9ebQueGGaiVI6JNpjDhNObiA="></latexit><latexit sha1_base64="wiG9ebQueGGaiVI6JNpjDhNObiA="></latexit><latexit sha1_base64="tMm7oYfcsiZngIByO/ES70TggG0="></latexit><latexit sha1_base64="qEOZdWL3lyzT/ub4l4//CBrWA30="></latexit><latexit sha1_base64="qEOZdWL3lyzT/ub4l4//CBrWA30="></latexit><latexit sha1_base64="qEOZdWL3lyzT/ub4l4//CBrWA30="></latexit><latexit sha1_base64="qEOZdWL3lyzT/ub4l4//CBrWA30="></latexit><latexit sha1_base64="qEOZdWL3lyzT/ub4l4//CBrWA30="></latexit><latexit sha1_base64="qEOZdWL3lyzT/ub4l4//CBrWA30="></latexit>
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Any effective theory is only valid up to cut-off.

Main features of an effective theory:

effective Lagrangian describes particle interactions

series of local operators      with expansion parameterOi
<latexit sha1_base64="5fU9qhCI+c4rPJZSs8ANs8ZhCk8="></latexit><latexit sha1_base64="5fU9qhCI+c4rPJZSs8ANs8ZhCk8="></latexit><latexit sha1_base64="5fU9qhCI+c4rPJZSs8ANs8ZhCk8="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="YVCnsGV2wVFVrkLQGt0vteiEIkY="></latexit><latexit sha1_base64="YVCnsGV2wVFVrkLQGt0vteiEIkY="></latexit><latexit sha1_base64="gmkbwCW1itIsGrJToUWhkVj+DqI="></latexit><latexit sha1_base64="5fU9qhCI+c4rPJZSs8ANs8ZhCk8="></latexit><latexit sha1_base64="5fU9qhCI+c4rPJZSs8ANs8ZhCk8="></latexit><latexit sha1_base64="5fU9qhCI+c4rPJZSs8ANs8ZhCk8="></latexit><latexit sha1_base64="5fU9qhCI+c4rPJZSs8ANs8ZhCk8="></latexit><latexit sha1_base64="5fU9qhCI+c4rPJZSs8ANs8ZhCk8="></latexit><latexit sha1_base64="5fU9qhCI+c4rPJZSs8ANs8ZhCk8="></latexit>

E/⇤
<latexit sha1_base64="rQjk+LJ+BI+7+/hZyq356RXnobo="></latexit><latexit sha1_base64="rQjk+LJ+BI+7+/hZyq356RXnobo="></latexit><latexit sha1_base64="rQjk+LJ+BI+7+/hZyq356RXnobo="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="5KZZw50uehe/JAfuPcBbz92ORBU="></latexit><latexit sha1_base64="5KZZw50uehe/JAfuPcBbz92ORBU="></latexit><latexit sha1_base64="bsCO/vVdFnqBL1lkOJjW3W5thIQ="></latexit><latexit sha1_base64="rQjk+LJ+BI+7+/hZyq356RXnobo="></latexit><latexit sha1_base64="rQjk+LJ+BI+7+/hZyq356RXnobo="></latexit><latexit sha1_base64="rQjk+LJ+BI+7+/hZyq356RXnobo="></latexit><latexit sha1_base64="rQjk+LJ+BI+7+/hZyq356RXnobo="></latexit><latexit sha1_base64="rQjk+LJ+BI+7+/hZyq356RXnobo="></latexit><latexit sha1_base64="rQjk+LJ+BI+7+/hZyq356RXnobo="></latexit>

Le↵ =
X

i

Ci

⇤�i
Oi

<latexit sha1_base64="LoNuud2At8Eqc72o8Ondi1vpqKo="></latexit><latexit sha1_base64="LoNuud2At8Eqc72o8Ondi1vpqKo="></latexit><latexit sha1_base64="LoNuud2At8Eqc72o8Ondi1vpqKo="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="09Sp6OPwQwwGbD2jvvWxlVc4/o8="></latexit><latexit sha1_base64="09Sp6OPwQwwGbD2jvvWxlVc4/o8="></latexit><latexit sha1_base64="vM23J5MIySH5ISS9pfa1bC8OPuw="></latexit><latexit sha1_base64="LoNuud2At8Eqc72o8Ondi1vpqKo="></latexit><latexit sha1_base64="LoNuud2At8Eqc72o8Ondi1vpqKo="></latexit><latexit sha1_base64="LoNuud2At8Eqc72o8Ondi1vpqKo="></latexit><latexit sha1_base64="LoNuud2At8Eqc72o8Ondi1vpqKo="></latexit><latexit sha1_base64="LoNuud2At8Eqc72o8Ondi1vpqKo="></latexit><latexit sha1_base64="LoNuud2At8Eqc72o8Ondi1vpqKo="></latexit>

good approximation of full theory at energies E ⌧ ⇤
<latexit sha1_base64="bgmLiUo/F5OedS3zVXv+5tJ1bUo="></latexit><latexit sha1_base64="bgmLiUo/F5OedS3zVXv+5tJ1bUo="></latexit><latexit sha1_base64="bgmLiUo/F5OedS3zVXv+5tJ1bUo="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="zcWXUkcWv64nkaZNr1ORyfS93xo="></latexit><latexit sha1_base64="zcWXUkcWv64nkaZNr1ORyfS93xo="></latexit><latexit sha1_base64="ZaO5f0q+fCcainw1ueddCx57HdA="></latexit><latexit sha1_base64="bgmLiUo/F5OedS3zVXv+5tJ1bUo="></latexit><latexit sha1_base64="bgmLiUo/F5OedS3zVXv+5tJ1bUo="></latexit><latexit sha1_base64="bgmLiUo/F5OedS3zVXv+5tJ1bUo="></latexit><latexit sha1_base64="bgmLiUo/F5OedS3zVXv+5tJ1bUo="></latexit><latexit sha1_base64="bgmLiUo/F5OedS3zVXv+5tJ1bUo="></latexit><latexit sha1_base64="bgmLiUo/F5OedS3zVXv+5tJ1bUo="></latexit>

operators respect symmetries of the full theory


