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New physics at a distance
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Lf = ???

Here: effective interactions with top quarks.
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Example: heavy color-octet boson

new vectors (e.g.): Bauer, SW et al. 1008.0742; Haisch, SW 1106.0529

O
8
tq = (t̄R�µT

A
tR)(q̄L�

µ
T

A
qL)
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At the LHC:

G
<latexit sha1_base64="m6CZbIQ77hKew6nQKfer/EKSwko="></latexit><latexit sha1_base64="m6CZbIQ77hKew6nQKfer/EKSwko="></latexit><latexit sha1_base64="m6CZbIQ77hKew6nQKfer/EKSwko="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="7mlb6oPrSb2bXDnXwKmo8Agitew="></latexit><latexit sha1_base64="7mlb6oPrSb2bXDnXwKmo8Agitew="></latexit><latexit sha1_base64="zhryw8SKFnr4hsD59QgIL38J7k0="></latexit><latexit sha1_base64="m6CZbIQ77hKew6nQKfer/EKSwko="></latexit><latexit sha1_base64="m6CZbIQ77hKew6nQKfer/EKSwko="></latexit><latexit sha1_base64="m6CZbIQ77hKew6nQKfer/EKSwko="></latexit><latexit sha1_base64="m6CZbIQ77hKew6nQKfer/EKSwko="></latexit><latexit sha1_base64="m6CZbIQ77hKew6nQKfer/EKSwko="></latexit><latexit sha1_base64="m6CZbIQ77hKew6nQKfer/EKSwko="></latexit>

tR
<latexit sha1_base64="BZIf4SZtri3LfPetyvch+QSabx4="></latexit><latexit sha1_base64="BZIf4SZtri3LfPetyvch+QSabx4="></latexit><latexit sha1_base64="BZIf4SZtri3LfPetyvch+QSabx4="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="XRAehZK2X2H8lROBD8GtP0nE7u4="></latexit><latexit sha1_base64="XRAehZK2X2H8lROBD8GtP0nE7u4="></latexit><latexit sha1_base64="fh2oqQ4V5dy7EqV522u1OPfm2xU="></latexit><latexit sha1_base64="BZIf4SZtri3LfPetyvch+QSabx4="></latexit><latexit sha1_base64="BZIf4SZtri3LfPetyvch+QSabx4="></latexit><latexit sha1_base64="BZIf4SZtri3LfPetyvch+QSabx4="></latexit><latexit sha1_base64="BZIf4SZtri3LfPetyvch+QSabx4="></latexit><latexit sha1_base64="BZIf4SZtri3LfPetyvch+QSabx4="></latexit><latexit sha1_base64="BZIf4SZtri3LfPetyvch+QSabx4="></latexit>

t̄R
<latexit sha1_base64="JCLnEUZ65WpZGh/MBpFLnJh1HA4="></latexit><latexit sha1_base64="JCLnEUZ65WpZGh/MBpFLnJh1HA4="></latexit><latexit sha1_base64="JCLnEUZ65WpZGh/MBpFLnJh1HA4="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="FKBotJ2enq+pI/cNHfA+qDAOdbM="></latexit><latexit sha1_base64="FKBotJ2enq+pI/cNHfA+qDAOdbM="></latexit><latexit sha1_base64="XcmT5PkRpShFizJgU0yFXHCmvCA="></latexit><latexit sha1_base64="JCLnEUZ65WpZGh/MBpFLnJh1HA4="></latexit><latexit sha1_base64="JCLnEUZ65WpZGh/MBpFLnJh1HA4="></latexit><latexit sha1_base64="JCLnEUZ65WpZGh/MBpFLnJh1HA4="></latexit><latexit sha1_base64="JCLnEUZ65WpZGh/MBpFLnJh1HA4="></latexit><latexit sha1_base64="JCLnEUZ65WpZGh/MBpFLnJh1HA4="></latexit><latexit sha1_base64="JCLnEUZ65WpZGh/MBpFLnJh1HA4="></latexit>

G
<latexit sha1_base64="m6CZbIQ77hKew6nQKfer/EKSwko="></latexit><latexit sha1_base64="m6CZbIQ77hKew6nQKfer/EKSwko="></latexit><latexit sha1_base64="m6CZbIQ77hKew6nQKfer/EKSwko="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="7mlb6oPrSb2bXDnXwKmo8Agitew="></latexit><latexit sha1_base64="7mlb6oPrSb2bXDnXwKmo8Agitew="></latexit><latexit sha1_base64="zhryw8SKFnr4hsD59QgIL38J7k0="></latexit><latexit sha1_base64="m6CZbIQ77hKew6nQKfer/EKSwko="></latexit><latexit sha1_base64="m6CZbIQ77hKew6nQKfer/EKSwko="></latexit><latexit sha1_base64="m6CZbIQ77hKew6nQKfer/EKSwko="></latexit><latexit sha1_base64="m6CZbIQ77hKew6nQKfer/EKSwko="></latexit><latexit sha1_base64="m6CZbIQ77hKew6nQKfer/EKSwko="></latexit><latexit sha1_base64="m6CZbIQ77hKew6nQKfer/EKSwko="></latexit>

t̄L
<latexit sha1_base64="WfyBCwHCO2BZXsAkNHEbbQczWVE="></latexit><latexit sha1_base64="WfyBCwHCO2BZXsAkNHEbbQczWVE="></latexit><latexit sha1_base64="WfyBCwHCO2BZXsAkNHEbbQczWVE="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="EvovzPCfWFzWuX3vUuNpfV3K5uY="></latexit><latexit sha1_base64="EvovzPCfWFzWuX3vUuNpfV3K5uY="></latexit><latexit sha1_base64="ZHiHnAfZyjMSq27oMph9LXx5Qlc="></latexit><latexit sha1_base64="WfyBCwHCO2BZXsAkNHEbbQczWVE="></latexit><latexit sha1_base64="WfyBCwHCO2BZXsAkNHEbbQczWVE="></latexit><latexit sha1_base64="WfyBCwHCO2BZXsAkNHEbbQczWVE="></latexit><latexit sha1_base64="WfyBCwHCO2BZXsAkNHEbbQczWVE="></latexit><latexit sha1_base64="WfyBCwHCO2BZXsAkNHEbbQczWVE="></latexit><latexit sha1_base64="WfyBCwHCO2BZXsAkNHEbbQczWVE="></latexit>

tL
<latexit sha1_base64="ZDoRtj3oVkXwDkhKC2/iTuaRUXU="></latexit><latexit sha1_base64="ZDoRtj3oVkXwDkhKC2/iTuaRUXU="></latexit><latexit sha1_base64="ZDoRtj3oVkXwDkhKC2/iTuaRUXU="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="J8v5benl1XYCt4QdHME68m9rvx0="></latexit><latexit sha1_base64="J8v5benl1XYCt4QdHME68m9rvx0="></latexit><latexit sha1_base64="tVQrIn4i2hdlvPor1TqrBbjg/TI="></latexit><latexit sha1_base64="ZDoRtj3oVkXwDkhKC2/iTuaRUXU="></latexit><latexit sha1_base64="ZDoRtj3oVkXwDkhKC2/iTuaRUXU="></latexit><latexit sha1_base64="ZDoRtj3oVkXwDkhKC2/iTuaRUXU="></latexit><latexit sha1_base64="ZDoRtj3oVkXwDkhKC2/iTuaRUXU="></latexit><latexit sha1_base64="ZDoRtj3oVkXwDkhKC2/iTuaRUXU="></latexit><latexit sha1_base64="ZDoRtj3oVkXwDkhKC2/iTuaRUXU="></latexit>6=

<latexit sha1_base64="OE9LbQFEKMZGruTf75lgsTUSE00="></latexit><latexit sha1_base64="OE9LbQFEKMZGruTf75lgsTUSE00="></latexit><latexit sha1_base64="OE9LbQFEKMZGruTf75lgsTUSE00="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="AM6fvkoMy93bX8W3P5JTwoJliXk="></latexit><latexit sha1_base64="AM6fvkoMy93bX8W3P5JTwoJliXk="></latexit><latexit sha1_base64="hM542WRj+ZEVL5tqNQOPxaU0LnY="></latexit><latexit sha1_base64="OE9LbQFEKMZGruTf75lgsTUSE00="></latexit><latexit sha1_base64="OE9LbQFEKMZGruTf75lgsTUSE00="></latexit><latexit sha1_base64="OE9LbQFEKMZGruTf75lgsTUSE00="></latexit><latexit sha1_base64="OE9LbQFEKMZGruTf75lgsTUSE00="></latexit><latexit sha1_base64="OE9LbQFEKMZGruTf75lgsTUSE00="></latexit><latexit sha1_base64="OE9LbQFEKMZGruTf75lgsTUSE00="></latexit>

Goal: resolve effective top couplings in a global analysis.

⇤ ⇠ MG :
<latexit sha1_base64="bUkI1tTRPZdOZunSqwVGOMQnQ5c="></latexit><latexit sha1_base64="bUkI1tTRPZdOZunSqwVGOMQnQ5c="></latexit><latexit sha1_base64="bUkI1tTRPZdOZunSqwVGOMQnQ5c="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="VA8YrLK81Oc5mINzo6xS3V1g7qM="></latexit><latexit sha1_base64="VA8YrLK81Oc5mINzo6xS3V1g7qM="></latexit><latexit sha1_base64="gXFzE/qXXymsT4aJCRTep2SVZDE="></latexit><latexit sha1_base64="bUkI1tTRPZdOZunSqwVGOMQnQ5c="></latexit><latexit sha1_base64="bUkI1tTRPZdOZunSqwVGOMQnQ5c="></latexit><latexit sha1_base64="bUkI1tTRPZdOZunSqwVGOMQnQ5c="></latexit><latexit sha1_base64="bUkI1tTRPZdOZunSqwVGOMQnQ5c="></latexit><latexit sha1_base64="bUkI1tTRPZdOZunSqwVGOMQnQ5c="></latexit><latexit sha1_base64="bUkI1tTRPZdOZunSqwVGOMQnQ5c="></latexit>

new scalars, fermions: Dawson, Homiller, Lane 2007.01296
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<latexit sha1_base64="5F/0cknS4mTpDrDCASlYkFV7APU="></latexit><latexit sha1_base64="5F/0cknS4mTpDrDCASlYkFV7APU="></latexit><latexit sha1_base64="5F/0cknS4mTpDrDCASlYkFV7APU="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="k7DuKkIB2RMfPoB7O+I5F657SbI="></latexit><latexit sha1_base64="k7DuKkIB2RMfPoB7O+I5F657SbI="></latexit><latexit sha1_base64="oOE+2qCIo1nou3AMrc09g3Oze+c="></latexit><latexit sha1_base64="5F/0cknS4mTpDrDCASlYkFV7APU="></latexit><latexit sha1_base64="5F/0cknS4mTpDrDCASlYkFV7APU="></latexit><latexit sha1_base64="5F/0cknS4mTpDrDCASlYkFV7APU="></latexit><latexit sha1_base64="5F/0cknS4mTpDrDCASlYkFV7APU="></latexit><latexit sha1_base64="5F/0cknS4mTpDrDCASlYkFV7APU="></latexit><latexit sha1_base64="5F/0cknS4mTpDrDCASlYkFV7APU="></latexit>

tq
<latexit sha1_base64="eF7AOORONQKNXQdGvPl22yqeoLU="></latexit><latexit sha1_base64="eF7AOORONQKNXQdGvPl22yqeoLU="></latexit><latexit sha1_base64="eF7AOORONQKNXQdGvPl22yqeoLU="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="8kgWM7bsyC4Sf1JFBZH6ppbatx0="></latexit><latexit sha1_base64="8kgWM7bsyC4Sf1JFBZH6ppbatx0="></latexit><latexit sha1_base64="ig/HUqWg2zcHcIhT0tSS/++FJws="></latexit><latexit sha1_base64="eF7AOORONQKNXQdGvPl22yqeoLU="></latexit><latexit sha1_base64="eF7AOORONQKNXQdGvPl22yqeoLU="></latexit><latexit sha1_base64="eF7AOORONQKNXQdGvPl22yqeoLU="></latexit><latexit sha1_base64="eF7AOORONQKNXQdGvPl22yqeoLU="></latexit><latexit sha1_base64="eF7AOORONQKNXQdGvPl22yqeoLU="></latexit><latexit sha1_base64="eF7AOORONQKNXQdGvPl22yqeoLU="></latexit>

q̄
<latexit sha1_base64="Oz2k1ZsgF2piZ08vGQ7pkUAlVNY="></latexit><latexit sha1_base64="Oz2k1ZsgF2piZ08vGQ7pkUAlVNY="></latexit><latexit sha1_base64="Oz2k1ZsgF2piZ08vGQ7pkUAlVNY="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="+hY//vHFqzh/TJ4WtxGAlZYrwac="></latexit><latexit sha1_base64="+hY//vHFqzh/TJ4WtxGAlZYrwac="></latexit><latexit sha1_base64="R6QurOaaCkCONtYF+zGZflESXu8="></latexit><latexit sha1_base64="Oz2k1ZsgF2piZ08vGQ7pkUAlVNY="></latexit><latexit sha1_base64="Oz2k1ZsgF2piZ08vGQ7pkUAlVNY="></latexit><latexit sha1_base64="Oz2k1ZsgF2piZ08vGQ7pkUAlVNY="></latexit><latexit sha1_base64="Oz2k1ZsgF2piZ08vGQ7pkUAlVNY="></latexit><latexit sha1_base64="Oz2k1ZsgF2piZ08vGQ7pkUAlVNY="></latexit><latexit sha1_base64="Oz2k1ZsgF2piZ08vGQ7pkUAlVNY="></latexit>

t̄
<latexit sha1_base64="mxW+0Umn0LvQR3wDaocy5PbDdJs="></latexit><latexit sha1_base64="mxW+0Umn0LvQR3wDaocy5PbDdJs="></latexit><latexit sha1_base64="mxW+0Umn0LvQR3wDaocy5PbDdJs="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="PfpQh2kpcq9OW0GLMfrlqAjby6g="></latexit><latexit sha1_base64="PfpQh2kpcq9OW0GLMfrlqAjby6g="></latexit><latexit sha1_base64="4fgJy4JaB9Y2Zr2Rxo7fAvlvdic="></latexit><latexit sha1_base64="mxW+0Umn0LvQR3wDaocy5PbDdJs="></latexit><latexit sha1_base64="mxW+0Umn0LvQR3wDaocy5PbDdJs="></latexit><latexit sha1_base64="mxW+0Umn0LvQR3wDaocy5PbDdJs="></latexit><latexit sha1_base64="mxW+0Umn0LvQR3wDaocy5PbDdJs="></latexit><latexit sha1_base64="mxW+0Umn0LvQR3wDaocy5PbDdJs="></latexit><latexit sha1_base64="mxW+0Umn0LvQR3wDaocy5PbDdJs="></latexit>

tq
<latexit sha1_base64="eF7AOORONQKNXQdGvPl22yqeoLU="></latexit><latexit sha1_base64="eF7AOORONQKNXQdGvPl22yqeoLU="></latexit><latexit sha1_base64="eF7AOORONQKNXQdGvPl22yqeoLU="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="8kgWM7bsyC4Sf1JFBZH6ppbatx0="></latexit><latexit sha1_base64="8kgWM7bsyC4Sf1JFBZH6ppbatx0="></latexit><latexit sha1_base64="ig/HUqWg2zcHcIhT0tSS/++FJws="></latexit><latexit sha1_base64="eF7AOORONQKNXQdGvPl22yqeoLU="></latexit><latexit sha1_base64="eF7AOORONQKNXQdGvPl22yqeoLU="></latexit><latexit sha1_base64="eF7AOORONQKNXQdGvPl22yqeoLU="></latexit><latexit sha1_base64="eF7AOORONQKNXQdGvPl22yqeoLU="></latexit><latexit sha1_base64="eF7AOORONQKNXQdGvPl22yqeoLU="></latexit><latexit sha1_base64="eF7AOORONQKNXQdGvPl22yqeoLU="></latexit>

q̄
<latexit sha1_base64="Oz2k1ZsgF2piZ08vGQ7pkUAlVNY="></latexit><latexit sha1_base64="Oz2k1ZsgF2piZ08vGQ7pkUAlVNY="></latexit><latexit sha1_base64="Oz2k1ZsgF2piZ08vGQ7pkUAlVNY="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="+hY//vHFqzh/TJ4WtxGAlZYrwac="></latexit><latexit sha1_base64="+hY//vHFqzh/TJ4WtxGAlZYrwac="></latexit><latexit sha1_base64="R6QurOaaCkCONtYF+zGZflESXu8="></latexit><latexit sha1_base64="Oz2k1ZsgF2piZ08vGQ7pkUAlVNY="></latexit><latexit sha1_base64="Oz2k1ZsgF2piZ08vGQ7pkUAlVNY="></latexit><latexit sha1_base64="Oz2k1ZsgF2piZ08vGQ7pkUAlVNY="></latexit><latexit sha1_base64="Oz2k1ZsgF2piZ08vGQ7pkUAlVNY="></latexit><latexit sha1_base64="Oz2k1ZsgF2piZ08vGQ7pkUAlVNY="></latexit><latexit sha1_base64="Oz2k1ZsgF2piZ08vGQ7pkUAlVNY="></latexit>

t̄
<latexit sha1_base64="mxW+0Umn0LvQR3wDaocy5PbDdJs="></latexit><latexit sha1_base64="mxW+0Umn0LvQR3wDaocy5PbDdJs="></latexit><latexit sha1_base64="mxW+0Umn0LvQR3wDaocy5PbDdJs="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="PfpQh2kpcq9OW0GLMfrlqAjby6g="></latexit><latexit sha1_base64="PfpQh2kpcq9OW0GLMfrlqAjby6g="></latexit><latexit sha1_base64="4fgJy4JaB9Y2Zr2Rxo7fAvlvdic="></latexit><latexit sha1_base64="mxW+0Umn0LvQR3wDaocy5PbDdJs="></latexit><latexit sha1_base64="mxW+0Umn0LvQR3wDaocy5PbDdJs="></latexit><latexit sha1_base64="mxW+0Umn0LvQR3wDaocy5PbDdJs="></latexit><latexit sha1_base64="mxW+0Umn0LvQR3wDaocy5PbDdJs="></latexit><latexit sha1_base64="mxW+0Umn0LvQR3wDaocy5PbDdJs="></latexit><latexit sha1_base64="mxW+0Umn0LvQR3wDaocy5PbDdJs="></latexit>

ttZ production

tt production

t

t̄
<latexit sha1_base64="mxW+0Umn0LvQR3wDaocy5PbDdJs="></latexit><latexit sha1_base64="mxW+0Umn0LvQR3wDaocy5PbDdJs="></latexit><latexit sha1_base64="mxW+0Umn0LvQR3wDaocy5PbDdJs="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="PfpQh2kpcq9OW0GLMfrlqAjby6g="></latexit><latexit sha1_base64="PfpQh2kpcq9OW0GLMfrlqAjby6g="></latexit><latexit sha1_base64="4fgJy4JaB9Y2Zr2Rxo7fAvlvdic="></latexit><latexit sha1_base64="mxW+0Umn0LvQR3wDaocy5PbDdJs="></latexit><latexit sha1_base64="mxW+0Umn0LvQR3wDaocy5PbDdJs="></latexit><latexit sha1_base64="mxW+0Umn0LvQR3wDaocy5PbDdJs="></latexit><latexit sha1_base64="mxW+0Umn0LvQR3wDaocy5PbDdJs="></latexit><latexit sha1_base64="mxW+0Umn0LvQR3wDaocy5PbDdJs="></latexit><latexit sha1_base64="mxW+0Umn0LvQR3wDaocy5PbDdJs="></latexit>

g
<latexit sha1_base64="m+DCtTKIuQlyLaxKk9hlviSglRc="></latexit><latexit sha1_base64="m+DCtTKIuQlyLaxKk9hlviSglRc="></latexit><latexit sha1_base64="m+DCtTKIuQlyLaxKk9hlviSglRc="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="xJqEi1Vn/WJ8RIe28xQXWz+BdX0="></latexit><latexit sha1_base64="xJqEi1Vn/WJ8RIe28xQXWz+BdX0="></latexit><latexit sha1_base64="/DK7LvgMF+IPuj9vtjKdZeVPRuE="></latexit><latexit sha1_base64="m+DCtTKIuQlyLaxKk9hlviSglRc="></latexit><latexit sha1_base64="m+DCtTKIuQlyLaxKk9hlviSglRc="></latexit><latexit sha1_base64="m+DCtTKIuQlyLaxKk9hlviSglRc="></latexit><latexit sha1_base64="m+DCtTKIuQlyLaxKk9hlviSglRc="></latexit><latexit sha1_base64="m+DCtTKIuQlyLaxKk9hlviSglRc="></latexit><latexit sha1_base64="m+DCtTKIuQlyLaxKk9hlviSglRc="></latexit>

g
<latexit sha1_base64="m+DCtTKIuQlyLaxKk9hlviSglRc="></latexit><latexit sha1_base64="m+DCtTKIuQlyLaxKk9hlviSglRc="></latexit><latexit sha1_base64="m+DCtTKIuQlyLaxKk9hlviSglRc="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="xJqEi1Vn/WJ8RIe28xQXWz+BdX0="></latexit><latexit sha1_base64="xJqEi1Vn/WJ8RIe28xQXWz+BdX0="></latexit><latexit sha1_base64="/DK7LvgMF+IPuj9vtjKdZeVPRuE="></latexit><latexit sha1_base64="m+DCtTKIuQlyLaxKk9hlviSglRc="></latexit><latexit sha1_base64="m+DCtTKIuQlyLaxKk9hlviSglRc="></latexit><latexit sha1_base64="m+DCtTKIuQlyLaxKk9hlviSglRc="></latexit><latexit sha1_base64="m+DCtTKIuQlyLaxKk9hlviSglRc="></latexit><latexit sha1_base64="m+DCtTKIuQlyLaxKk9hlviSglRc="></latexit><latexit sha1_base64="m+DCtTKIuQlyLaxKk9hlviSglRc="></latexit>

Z
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Top effective theory

� = �SM +
X

i

Ci
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U(2)q ⇥ U(2)u ⇥ U(2)d

dimension-6 operators with tops, NLO QCD precision
flavor symmetry
O(20) operators in top-pair, single top, ttV, tV production

Observables:

gauge bosons

• 8 four-quark operators with LL and RR chiral structure

O1,8
Qq = (Q̄�µT

AQ)(q̄i�
µTAqi) O1,1

Qq = (Q̄�µQ)(q̄i�
µqi)

O3,8
Qq = (Q̄�µT

A⌧ IQ)(q̄i�
µTA⌧ Iqi) O3,1

Qq = (Q̄�µ⌧
IQ)(q̄i�

µ⌧ Iqi)

O8
tu = (t̄�µT

At)(ūi�
µTAui) O1

tu = (t̄�µt)(ūi�
µui)

O8
td = (t̄�µTAt)(d̄i�µT

Adi) O1
td = (t̄�µt)(d̄i�µdi) ; (2.3)

• 6 four-quark operators with LR and RL chiral structure

O8
Qu = (Q̄�µTAQ)(ūi�µT

Aui) O1
Qu = (Q̄�µQ)(ūi�µui)

O8
Qd = (Q̄�µTAQ)(d̄i�µT

Adi) O1
Qd = (Q̄�µQ)(d̄i�µdi)

O8
tq = (q̄i�

µTAqi)(t̄�µT
At) O1

tq = (q̄i�
µqi)(t̄�µt) ; (2.4)

• 8 operators with two heavy quarks and bosons [40]

O1
�Q = (�† i

 !
Dµ �)(Q̄�µQ) ‡OtB = (Q̄�µ⌫t) e�Bµ⌫

O3
�Q = (�† i

 !
DI

µ �)(Q̄�µ⌧ IQ) ‡OtW = (Q̄�µ⌫t) ⌧ I e�W I
µ⌫

O�t = (�† i
 !
Dµ �)(t̄�µt) ‡ObW = (Q̄�µ⌫b) ⌧ I�W I

µ⌫

‡O�tb = (e�†iDµ�)(t̄�
µb) ‡OtG = (Q̄�µ⌫TAt) e�GA

µ⌫ . (2.5)

The di↵erent color structures of the operators will eventually lead to di↵erent color factors

in the LHC observables and di↵erent limits on the Wilson coe�cients, as we will see later.

In Appendix A, we list the relations between these operators and the operators in the

Warsaw basis [41]. Gauge invariance imposes relations between e↵ective top couplings to

gauge bosons. We define

C��Q ⌘ C1
�Q � C3

�Q CtZ ⌘ �swCtB + cwCtW (2.6)

C+
�Q ⌘ C1

�Q + C3
�Q = C��Q + 2C3

�Q CtA ⌘ cwCtB + swCtW =
1

sw

�
CtW � cwCtZ

�
,

We choose C3
�Q, C

�
�Q and CtW , CtZ as degrees of freedom in our analysis. With this choice,

C��Q and CtZ modify the tt̄Z coupling, CtW modifies the tbW vertex, while C3
�Q a↵ects

both.

The Wilson coe�cients of the operators in Eqs. (2.3), (2.4), and (2.5) define the 22

parameters in our global analysis. Further operators either do not leave visible e↵ects in

the observables we have selected (like operators with four heavy quarks) or are strongly

constrained by more sensitive observables (like the Yukawa operator at dimension six, which

is constrained by Higgs measurements). We therefore do not include them in our analysis,

but mention them whenever they are relevant.

Experimentally, we focus on observables in top pair and electroweak single top pro-

duction at the LHC. These processes are precisely predicted and measured, both at the
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• 8 four-quark operators with LL and RR chiral structure

O1,8
Qq = (Q̄�µT

AQ)(q̄i�
µTAqi) O1,1

Qq = (Q̄�µQ)(q̄i�
µqi)

O3,8
Qq = (Q̄�µT

A⌧ IQ)(q̄i�
µTA⌧ Iqi) O3,1

Qq = (Q̄�µ⌧
IQ)(q̄i�

µ⌧ Iqi)

O8
tu = (t̄�µT

At)(ūi�
µTAui) O1

tu = (t̄�µt)(ūi�
µui)

O8
td = (t̄�µTAt)(d̄i�µT

Adi) O1
td = (t̄�µt)(d̄i�µdi) ; (2.3)

• 6 four-quark operators with LR and RL chiral structure

O8
Qu = (Q̄�µTAQ)(ūi�µT

Aui) O1
Qu = (Q̄�µQ)(ūi�µui)

O8
Qd = (Q̄�µTAQ)(d̄i�µT

Adi) O1
Qd = (Q̄�µQ)(d̄i�µdi)

O8
tq = (q̄i�

µTAqi)(t̄�µT
At) O1

tq = (q̄i�
µqi)(t̄�µt) ; (2.4)

• 8 operators with two heavy quarks and bosons [40]

O1
�Q = (�† i

 !
Dµ �)(Q̄�µQ) ‡OtB = (Q̄�µ⌫t) e�Bµ⌫

O3
�Q = (�† i

 !
DI

µ �)(Q̄�µ⌧ IQ) ‡OtW = (Q̄�µ⌫t) ⌧ I e�W I
µ⌫

O�t = (�† i
 !
Dµ �)(t̄�µt) ‡ObW = (Q̄�µ⌫b) ⌧ I�W I

µ⌫

‡O�tb = (e�†iDµ�)(t̄�
µb) ‡OtG = (Q̄�µ⌫TAt) e�GA

µ⌫ . (2.5)

The di↵erent color structures of the operators will eventually lead to di↵erent color factors

in the LHC observables and di↵erent limits on the Wilson coe�cients, as we will see later.

In Appendix A, we list the relations between these operators and the operators in the

Warsaw basis [41]. Gauge invariance imposes relations between e↵ective top couplings to

gauge bosons. We define

C��Q ⌘ C1
�Q � C3

�Q CtZ ⌘ �swCtB + cwCtW (2.6)

C+
�Q ⌘ C1

�Q + C3
�Q = C��Q + 2C3

�Q CtA ⌘ cwCtB + swCtW =
1

sw

�
CtW � cwCtZ

�
,

We choose C3
�Q, C

�
�Q and CtW , CtZ as degrees of freedom in our analysis. With this choice,

C��Q and CtZ modify the tt̄Z coupling, CtW modifies the tbW vertex, while C3
�Q a↵ects

both.

The Wilson coe�cients of the operators in Eqs. (2.3), (2.4), and (2.5) define the 22

parameters in our global analysis. Further operators either do not leave visible e↵ects in

the observables we have selected (like operators with four heavy quarks) or are strongly

constrained by more sensitive observables (like the Yukawa operator at dimension six, which

is constrained by Higgs measurements). We therefore do not include them in our analysis,

but mention them whenever they are relevant.

Experimentally, we focus on observables in top pair and electroweak single top pro-

duction at the LHC. These processes are precisely predicted and measured, both at the
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level of total rates and kinematic distributions. We also include top pair production in

association with a W - or Z-boson, which is more sensitive to certain operators than top

pair or single top production and help distinguishing between operators. Table 1 shows

our set of Wilson coe�cients and their contributions to the various processes.

parameter tt̄ single t tW tZ t decay tt̄Z tt̄W

C1,8
Qq ⇤�2 – – – – ⇤�2 ⇤�2

C3,8
Qq ⇤�2 ⇤�4 [⇤�2] – ⇤�4 [⇤�2] ⇤�4 [⇤�2] ⇤�2 ⇤�2

C8
tu, C

8
td ⇤�2 – – – – ⇤�2 –

C1,1
Qq ⇤�4 [⇤�2] – – – – ⇤�4 [⇤�2] ⇤�4 [⇤�2]

C3,1
Qq ⇤�4 [⇤�2] ⇤�2 – ⇤�2 ⇤�2 ⇤�4 [⇤�2] ⇤�4 [⇤�2]

C1
tu, C

1
td ⇤�4 [⇤�2] – – – – ⇤�4 [⇤�2] –

C8
Qu, C

8
Qd ⇤�2 – – – – ⇤�2 –

C8
tq ⇤�2 – – – – ⇤�2 ⇤�2

C1
Qu, C

1
Qd ⇤�4 [⇤�2] – – – – ⇤�4 [⇤�2] –

C1
tq ⇤�4 [⇤�2] – – – – ⇤�4 [⇤�2] ⇤�4 [⇤�2]

C�
�Q – – – ⇤�2 – ⇤�2 –

C3
�Q – ⇤�2 ⇤�2 ⇤�2 ⇤�2 – –

C�t – – – ⇤�2 – ⇤�2 –

C�tb – ⇤�4 ⇤�4 ⇤�4 ⇤�4 – –

CtZ – – – ⇤�2 – ⇤�2 –

CtW – ⇤�2 ⇤�2 ⇤�2 ⇤�2 – –

CbW – ⇤�4 ⇤�4 ⇤�4 ⇤�4 – –

CtG ⇤�2 [⇤�2] ⇤�2 – [⇤�2] ⇤�2 ⇤�2

Table 1. Wilson coe�cients in our analysis and their contributions to top-quark observables via
SM-interference (⇤�2) and via dimension-6 squared terms only (⇤�4). A square bracket indicates
that the Wilson coe�cient contributes via SM-interference at NLO QCD. All quark masses except
mt are assumed to be zero. ‘Single t’ stands for s� and t�channel electroweak top production.

In what follows, we describe in detail how the 22 top operators a↵ect these processes.

We pay special attention to contributions of the dimension-6 squared terms, which will

be crucial for our global fit. Another important aspect in our discussion is the energy

dependence of operator contributions, which changes the top kinematics in distributions.

For top pair production, we present complete analytic expressions for four-quark operator

contributions at LO, including both SM-interference and dimension-6 squared terms. We

also derive the structure of operator contributions at NLO QCD.
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Figure 14. 95% and 68% CL bounds on top operators global fits to top pair production mea-
surements (blue), single top (green) and to the full data set from Tabs. 5 and6 (red).
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Figure 14. 95% and 68% CL bounds on top operators global fits to top pair production mea-
surements (blue), single top (green) and to the full data set from Tabs. 5 and6 (red).
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Sensitivity to 4-quark operators grows with energy:

• 8 four-quark operators with LL and RR chiral structure

O1,8
Qq = (Q̄�µT

AQ)(q̄i�
µTAqi) O1,1

Qq = (Q̄�µQ)(q̄i�
µqi)

O3,8
Qq = (Q̄�µT

A⌧ IQ)(q̄i�
µTA⌧ Iqi) O3,1

Qq = (Q̄�µ⌧
IQ)(q̄i�

µ⌧ Iqi)

O8
tu = (t̄�µT

At)(ūi�
µTAui) O1

tu = (t̄�µt)(ūi�
µui)

O8
td = (t̄�µTAt)(d̄i�µT

Adi) O1
td = (t̄�µt)(d̄i�µdi) ; (2.3)

• 6 four-quark operators with LR and RL chiral structure

O8
Qu = (Q̄�µTAQ)(ūi�µT

Aui) O1
Qu = (Q̄�µQ)(ūi�µui)

O8
Qd = (Q̄�µTAQ)(d̄i�µT

Adi) O1
Qd = (Q̄�µQ)(d̄i�µdi)

O8
tq = (q̄i�

µTAqi)(t̄�µT
At) O1

tq = (q̄i�
µqi)(t̄�µt) ; (2.4)

• 8 operators with two heavy quarks and bosons [40]

O1
�Q = (�† i

 !
Dµ �)(Q̄�µQ) ‡OtB = (Q̄�µ⌫t) e�Bµ⌫

O3
�Q = (�† i

 !
DI

µ �)(Q̄�µ⌧ IQ) ‡OtW = (Q̄�µ⌫t) ⌧ I e�W I
µ⌫

O�t = (�† i
 !
Dµ �)(t̄�µt) ‡ObW = (Q̄�µ⌫b) ⌧ I�W I

µ⌫

‡O�tb = (e�†iDµ�)(t̄�
µb) ‡OtG = (Q̄�µ⌫TAt) e�GA

µ⌫ . (2.5)

The di↵erent color structures of the operators will eventually lead to di↵erent color factors

in the LHC observables and di↵erent limits on the Wilson coe�cients, as we will see later.

In Appendix A, we list the relations between these operators and the operators in the

Warsaw basis [41]. Gauge invariance imposes relations between e↵ective top couplings to

gauge bosons. We define

C��Q ⌘ C1
�Q � C3

�Q CtZ ⌘ �swCtB + cwCtW (2.6)

C+
�Q ⌘ C1

�Q + C3
�Q = C��Q + 2C3

�Q CtA ⌘ cwCtB + swCtW =
1

sw

�
CtW � cwCtZ

�
,

We choose C3
�Q, C

�
�Q and CtW , CtZ as degrees of freedom in our analysis. With this choice,

C��Q and CtZ modify the tt̄Z coupling, CtW modifies the tbW vertex, while C3
�Q a↵ects

both.

The Wilson coe�cients of the operators in Eqs. (2.3), (2.4), and (2.5) define the 22

parameters in our global analysis. Further operators either do not leave visible e↵ects in

the observables we have selected (like operators with four heavy quarks) or are strongly

constrained by more sensitive observables (like the Yukawa operator at dimension six, which

is constrained by Higgs measurements). We therefore do not include them in our analysis,

but mention them whenever they are relevant.

Experimentally, we focus on observables in top pair and electroweak single top pro-

duction at the LHC. These processes are precisely predicted and measured, both at the

– 4 –
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Figure 1. Examples of Feynman diagrams contributing to top pair production in SMEFT at
leading order. The dots indicate possible insertions of a dimension-6 operator.

2.1 Top pair production

Hadronic top pair production involves gg ! tt̄ and qq̄ ! tt̄ partonic processes. In SMEFT,

e↵ective operators contribute to both processes, as shown in Fig. 1. At the LHC, top

pair production is dominated by incoming gluons. At leading order in QCD two operators

contribute to this rate,

‡OtG = (Q̄�µ⌫TAt) e�GA
µ⌫ and OG = fabcG

a⌫
µ Gb⇢

⌫ Gcµ
⇢ . (2.7)

However, OG is strongly constrained by multi-jet production [42, 43],

⇤p
gs|CG|

> 5.2 TeV . (2.8)

Since this sensitivity is beyond the reach of top pair production, we neglect OG in our

analysis. Unfortunately, multi-jet features which lead to this reach in jet production do

not help significantly in the top sector [43, 44].

The contribution of OtG to the partonic di↵erential cross section is given by [15]⇤

d�(gg ! tt̄)

dct
=

↵3/2
s

p
⇡

12
p
2

�tt̄
s

mtv

⇤2

7 + 9�2
tt̄ c

2
t

1 � �2
tt̄ c

2
t

CtG + O

⇣sv2

⇤4
C2
tG

⌘
, (2.9)

where �tt̄ =
p
1 � 4m2

t , mt = mt/
p
s, and ct = cos ✓t with the scattering angle ✓t of the

top against one of the incoming gluons in the partonic center-of-mass (CM) frame. Due

to the large gluon luminosity, we expect a high sensitivity to OtG in inclusive top pair

production. At high energies
p
s � mt, the OtG �QCD and OtG �OtG interferences scale

as mtv/⇤2 and v2s/⇤4 relative to the QCD rate, respectively. In the collinear limit, ct ⇡ 1,

OtG contributions feature the same logarithmic enhancement as QCD. The kinematics of

OtG–QCD interference is thus similar to QCD, while squared OtG contibutions grow with

energy relative to the SM. We will discuss the impact of OtG on kinematic distributions in

detail in Sec. 4.1.

Compared to the gg ! tt̄ contribution, qq̄ scattering is suppressed by the parton

luminosities. However, the quark-antiquark luminosity is enhanced in the production of

boosted tops, where the partons carry a large fraction of the proton’s energy. In this regime,

⇤Notice that in Ref. [15] the top-gluon operator is defined as twice the OtG in Eq. (2.5).
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Brivio, SW et al. 1910.03606; see also Englert et al. 1607.04304
Figure 3. Contribution of OtG and O8

tu to total tt̄ rates (left) and the normalized pT distribution
of a hadronically decaying top (right). The shaded regions correspond to the 68% CL from a
simultaneous fit to the two rates and the distribution. The grey shaded regions show the contribution
from OtG (rates) and O8

tu (distribution) at order ⇤�2. The red and blue shaded regions show the
contribution from OtG and O8

tu to order ⇤�4, respectively.

four-quark operators. Notice that in our numerical analysis we keep the full operator

contributions in the normalization of distributions.

The reach of measurements of total cross sections at 8 TeV and 13 TeV and a pT
distribution at 13 TeV is estimated for OtG and O8

tu in Fig. 3.

The upper-left panel shows the averaged cross section measurements with their com-

bined uncertainties. Similarly, the upper-right panel shows the normalized pT distribution

for the hadronically decaying top at 13 TeV from Ref [67] (see Tab. 5). The two lower

panels show the relative deviations from the SM prediction and the 68% CL limits from a

combined analysis of CtG and C8
tu to the small data set consisting of only the observables

shown in Fig. 3. The grey panels show the result from the new physics interference at order

⇤�2 for CtG in terms of the total rates and for C8
tu in terms of the kinematic distribution,

corresponding to the 68% CL ranges

CtG/⇤
2

2 [�0.19, 0.78]/TeV2 C8
tu/⇤

2
2 [�6.77,�0.57]/TeV2 . (4.3)

The limits are slightly asymmetric, because the top quarks in the normalized distribution

are softer than in the SM expectation.

For the red (OtG) and blue (O8
tu) shaded regions we also include the contributions to

order ⇤�4 and find at 68% CL

CtG/⇤
2

2 [�0.07, 0.58]/TeV2 C8
tu/⇤

2
2 [�1.72, 0.26]/TeV2 . (4.4)

While these limits are just based on a small fit to three observables, they give us an intuition

of what to expect from our fit. For CtG an expected range around ⇤/
p

|CtG| = 1.3 TeV

– 19 –

Data: CMS @ 13 TeV, 35.8/fb 
   1803.08856

Search with boosted tops 
in tails of distributions.



Figure 6. Chirality e↵ects of four-quark operators from LO two-parameter fits to order ⇤�2. Red
lines use charge-symmetric observables (set M of Tab 5) while black lines use asymmetries AC .
The shaded areas show the combined fit. Solid and dashed lines mark the Gaussian equivalent of
��2 = 1, 4.

Here �SM is the SM tt̄ rate, �V V and �AA denote the contributions proportional to 4CV V

and 4CAA (see Eq. (2.12)), and the sum over all qq̄ parton contributions is implicit. This

expression is easily inferred from Eq. (2.12), observing that the charge asymmetry probes

the linear terms in ct in the partonic cross section. From the definition of CAA in Eq. (2.10),

we also see that AC is sensitive to (LL�RL)+(RR�LR), thereby distinguishing between

left- and right-handed top quarks.

For the operator pair we have chosen, charge-symmetric observables probe the (1, 1)

direction in (C1,8
Qq , C

8
tq), which corresponds to a vector-like top coupling. The charge asym-

metry is sensitive to the (1,�1) direction, which corresponds to an axial-vector-like top

coupling. The corresponding flat directions can be seen in the left panel of Fig. 6, where

we show bounds on the Wilson coe�cients (C1,8
Qq , C

8
tq) from a fit to measurements of total

cross sections and mtt̄ distributions labelled ‘M’ in Tab. 5 (red lines) and of the charge

asymmetries AC (black lines). The shaded blue region shows the combined fit with both

datasets, which probes both vector and axial-vector currents with top quarks and breaks

the respective blind direction in � or AC .

The same behavior applies to operators with right-handed initial quarks, like O8
tu and

O8
Qu. As shown in Fig. 6, right, their e↵ects on � and AC at order ⇤�2 are the same as in

Eq. (4.14), just replacing C1,8
Qq ! C8

tu, C
8
tq ! C8

Qu.
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Figure 9. Impact of the squared dimension-6 contribution on the fit result originally shown for
the isospin distinction in Fig. 5 (right) and for the chirality distinction in Fig. 6 (left). The lines
are based on the same tt̄ data set as before, but the predictions now include SMEFT contributions
to order ⇤�4 for tt̄ (red), tt̄Z (orange) and tt̄W (blue). The black lines show the fit for symmetric
observables in the boosted regime (left) and for the asymmetries AC (right) to order ⇤�4. Shaded
areas show the combined fit to order ⇤�4. Solid and dashed lines mark the Gaussian equivalent of
��2 = 1, 4.

pair production already at order ⇤�2. Quadratic terms from associated production (orange

and blue ellipses) do not alter the fit results by much, since the combined fit result (blue

area) is dominated by the quadratic contributions in boosted tt̄ observables (black ellipse).

This illustrates nicely the interplay of linear and quadratic contributions in a global fit.

The bound on individual Wilson coe�cients can be set either by quadratic terms in the

dominant observable (for limited sensitivity) or by the interplay of linear terms in several

observables that probe di↵erent directions of the parameter space (for high sensitivity).

Which e↵ect dominates depends on the overall sensitivity of the observables to operator

contributions and on the precision of their measurement.

Beyond rates, quadratic terms do not necessarily lead to ellipses in a fit. The charge

asymmetry in tt̄ production is an example where quadratic terms modify the topology

of the flat direction, but do not allow to set bounds in all directions of the parameter

space. The reason is that AC is not defined to be positive, and therefore negative squared
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Figure 6. Expected bounds on Wilson coe�cients from two-parameter fits of the energy asymmetry
A

opt
E in all three ✓j bins (red) and the cross section �tt̄j in the boosted regime (black) to LHC

Run-2 data. For comparison, we show existing bounds from the latest Run-2 measurement of the
rapidity asymmetry A|y| in tt̄ production [29] (blue). Solid and dashed lines mark the 68% and 95%
confidence levels for each observable. Green and yellow regions show the 68% and 95% CL limits
of a combined fit to all five observables.

asymmetry A|y| constrains the parameter space in the form of a hyperbola. This confirms

our analytic discussion from Section 3.2, where we identified a blind direction along |C1,1
Qq | =

|C
1
tq|. For the combination of energy asymmetries A

1�3
E , we do not encounter such a
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Figure 5. Up-type versus down-type (left) and weak isospin (right) e↵ects of four-quark operators
from LO two-parameter fits to order ⇤�2. Solid and dashed lines mark the Gaussian equivalent
of ��2 = 1, 4 from fits to: set M of tt̄ observables (red, see Tab. 5), highest-energy bins of a tt̄
distribution in the boosted regime, tt̄Z rates (orange), tt̄W rates (blue). The shaded areas show
the combined fit.

on the combination of Wilson coe�cients

r C8
tu + C8

td ⇡ 2C8
tu + C8

td . (4.8)

If the initial quarks are left-handed, their nature is only distinguished by a singlet versus

triplet SU(2) structure, as in O1,8
Qq and O3,8

Qq . In this case the typical combination is

�
r + 1

�
C1,8
Qq +

�
r � 1

�
C3,8
Qq ⇡ 3C1,8

Qq + C3,8
Qq . (4.9)

The numerical estimate r ⇡ 2 holds for the bulk of the phase space in top pair production.

On the other hand, measurements that select highly boosted tops can probe higher parton

momentum fractions x and larger ratios r, thus constraining di↵erent directions in the EFT

space.

To illustrate this e↵ect, Figure 5 shows bounds on these two pairs of operators obtained

from two-dimensional likelihood fit of top–anti-top observables to LHC data.

The red contours use set ’M’ of Table 5, that contains rates and normalized mtt̄ distri-

butions. These observables are most sensitive to quark-antiquark contributions around the

maximum of the parton distributions in x, where r ⇡ 2. They leave the directions (1,�2)

for (C8
tu, C

8
td) and (1,�3) for (C1,8

Qq , C
3,8
Qq ) essentially unbounded, as is expected from the

relations in Eqs. (4.8) and (4.9).

Boosted top pair production [20] probes larger momentum fractions x and hence larger

ratios r. The black contours in Fig. 5 show the likelihood obtained by fitting the last bins

of a pT,t distribution in the boosted regime, pT,t > 500 GeV. The blind directions of this fit

– 22 –

• 8 four-quark operators with LL and RR chiral structure
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AQ)(q̄i�
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µui)

O8
td = (t̄�µTAt)(d̄i�µT

Adi) O1
td = (t̄�µt)(d̄i�µdi) ; (2.3)

• 6 four-quark operators with LR and RL chiral structure

O8
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µTAqi)(t̄�µT
At) O1

tq = (q̄i�
µqi)(t̄�µt) ; (2.4)

• 8 operators with two heavy quarks and bosons [40]

O1
�Q = (�† i

 !
Dµ �)(Q̄�µQ) ‡OtB = (Q̄�µ⌫t) e�Bµ⌫
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The di↵erent color structures of the operators will eventually lead to di↵erent color factors

in the LHC observables and di↵erent limits on the Wilson coe�cients, as we will see later.

In Appendix A, we list the relations between these operators and the operators in the

Warsaw basis [41]. Gauge invariance imposes relations between e↵ective top couplings to

gauge bosons. We define

C��Q ⌘ C1
�Q � C3

�Q CtZ ⌘ �swCtB + cwCtW (2.6)

C+
�Q ⌘ C1

�Q + C3
�Q = C��Q + 2C3

�Q CtA ⌘ cwCtB + swCtW =
1

sw

�
CtW � cwCtZ

�
,

We choose C3
�Q, C

�
�Q and CtW , CtZ as degrees of freedom in our analysis. With this choice,

C��Q and CtZ modify the tt̄Z coupling, CtW modifies the tbW vertex, while C3
�Q a↵ects

both.

The Wilson coe�cients of the operators in Eqs. (2.3), (2.4), and (2.5) define the 22

parameters in our global analysis. Further operators either do not leave visible e↵ects in

the observables we have selected (like operators with four heavy quarks) or are strongly

constrained by more sensitive observables (like the Yukawa operator at dimension six, which

is constrained by Higgs measurements). We therefore do not include them in our analysis,

but mention them whenever they are relevant.

Experimentally, we focus on observables in top pair and electroweak single top pro-

duction at the LHC. These processes are precisely predicted and measured, both at the
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Experimentally, we focus on observables in top pair and electroweak single top pro-

duction at the LHC. These processes are precisely predicted and measured, both at the
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measurements the likelihood recovers a fairly symmetric form, but with a distinct shift of

the minimum towards small positive values of CtG.

For comparison, the asymptotic behavior in the linear fit is not observed for an inter-

fering four-quark operator like C8
tu, because it induces a significantly di↵erent shape in the

kinematic distributions compared to the SM, scaling as s/⇤2. Large values of the Wilson

coe�cients are therefore strongly disfavored by at least one of the bin measurements that

drive the log-likelikood towards zero. In the right panel of Fig. 4, we show that C8
tu is well

constrained by measurements of normalized distributions. Total rates have little impact

on the fit results.

4.2 Incoming up versus down quarks

The set of four-quark operators laid out in Eq. (2.3) and Eq. (2.4) span all possible assign-

ments of the quark fields to representations the SM symmetry groups:

1. chirality of the light quark and top quark currents;

2. left-handed currents: singlet or triplet under SU(2)L;

3. right-handed currents: up- or down-type light quarks;

4. singlet or octet color contraction of the currents.

Top pair production through strong interactions is not sensitive at parton level to the

nature of the incoming quarks, i.e. , questions 2 and 3. However, up-type and down-type

quarks in the initial state are distinguished by the parton densities. The relative uū and

dd̄ contributions to the tt̄ final state are determined by

r(x) =
fu(x)fū(s/(xS))

fd(x)fd̄(s/(xS))
. (4.6)

Here fp(x, s) denotes the usual parton distribution of parton p with momentum fraction x

of the energy
p
s/2 in the proton.

p
S is the hadronic CM energy, and we suppressed the

factorization scale choice. Around the valence quark maximum x ⇡ 0.1 the ratio becomes

r ⇡ 2. For most observables used in our analysis, the ratio integrated over the relevant

phase-space region varies roughly in the range

1.5 . r . 3 . (4.7)

In what follows we refer to r as (roughly) the relative contribution up partonic up- and

down-quark contributions to an observable. In what follows we discuss how the isospin

of the incoming quarks can be disentangled in a minimal EFT analysis of tt̄ production,

neglecting quadratic EFT contributions and NLO QCD corrections.

Let us consider pairs of four-quark operators that are only distinguished by the nature

of initial quarks: if the latter are right-handed, as in O8
tu and O8

td, tt̄ observables depend
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Figure 9. Impact of the squared dimension-6 contribution on the fit result originally shown for
the isospin distinction in Fig. 5 (right) and for the chirality distinction in Fig. 6 (left). The lines
are based on the same tt̄ data set as before, but the predictions now include SMEFT contributions
to order ⇤�4 for tt̄ (red), tt̄Z (orange) and tt̄W (blue). The black lines show the fit for symmetric
observables in the boosted regime (left) and for the asymmetries AC (right) to order ⇤�4. Shaded
areas show the combined fit to order ⇤�4. Solid and dashed lines mark the Gaussian equivalent of
��2 = 1, 4.

pair production already at order ⇤�2. Quadratic terms from associated production (orange

and blue ellipses) do not alter the fit results by much, since the combined fit result (blue

area) is dominated by the quadratic contributions in boosted tt̄ observables (black ellipse).

This illustrates nicely the interplay of linear and quadratic contributions in a global fit.

The bound on individual Wilson coe�cients can be set either by quadratic terms in the

dominant observable (for limited sensitivity) or by the interplay of linear terms in several

observables that probe di↵erent directions of the parameter space (for high sensitivity).

Which e↵ect dominates depends on the overall sensitivity of the observables to operator

contributions and on the precision of their measurement.

Beyond rates, quadratic terms do not necessarily lead to ellipses in a fit. The charge

asymmetry in tt̄ production is an example where quadratic terms modify the topology

of the flat direction, but do not allow to set bounds in all directions of the parameter

space. The reason is that AC is not defined to be positive, and therefore negative squared

contributions can generally appear. For the chiral operators O1,8
Qq and O8

tq, the cross section

and the asymmetry read

�tt̄ = �SM + �V V
�
C1,8
Qq + C8

tq

�
+ �V+A

�
|C1,8

Qq |
2 + |C8

tq|
2
�
+ �V�AC1,8

QqC
8
tq ,

AC =
�A
SM + �AA

�
C1,8
Qq � C8

tq

�
+ �V V AA

�
|C1,8

Qq |
2
� |C8

tq|
2
�

�tt̄
. (4.18)

– 29 –

All Wilson coefficients bounded. 
Remaining blind directions in fit.

quadratic Wilson contributions O(C2
/⇤4)
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Gauge structure
• 8 four-quark operators with LL and RR chiral structure

O1,8
Qq = (Q̄�µT

AQ)(q̄i�
µTAqi) O1,1

Qq = (Q̄�µQ)(q̄i�
µqi)

O3,8
Qq = (Q̄�µT

A⌧ IQ)(q̄i�
µTA⌧ Iqi) O3,1

Qq = (Q̄�µ⌧
IQ)(q̄i�

µ⌧ Iqi)

O8
tu = (t̄�µT

At)(ūi�
µTAui) O1

tu = (t̄�µt)(ūi�
µui)

O8
td = (t̄�µTAt)(d̄i�µT

Adi) O1
td = (t̄�µt)(d̄i�µdi) ; (2.3)

• 6 four-quark operators with LR and RL chiral structure

O8
Qu = (Q̄�µTAQ)(ūi�µT

Aui) O1
Qu = (Q̄�µQ)(ūi�µui)

O8
Qd = (Q̄�µTAQ)(d̄i�µT

Adi) O1
Qd = (Q̄�µQ)(d̄i�µdi)

O8
tq = (q̄i�

µTAqi)(t̄�µT
At) O1

tq = (q̄i�
µqi)(t̄�µt) ; (2.4)

• 8 operators with two heavy quarks and bosons [40]

O1
�Q = (�† i

 !
Dµ �)(Q̄�µQ) ‡OtB = (Q̄�µ⌫t) e�Bµ⌫

O3
�Q = (�† i

 !
DI

µ �)(Q̄�µ⌧ IQ) ‡OtW = (Q̄�µ⌫t) ⌧ I e�W I
µ⌫

O�t = (�† i
 !
Dµ �)(t̄�µt) ‡ObW = (Q̄�µ⌫b) ⌧ I�W I

µ⌫

‡O�tb = (e�†iDµ�)(t̄�
µb) ‡OtG = (Q̄�µ⌫TAt) e�GA

µ⌫ . (2.5)

The di↵erent color structures of the operators will eventually lead to di↵erent color factors

in the LHC observables and di↵erent limits on the Wilson coe�cients, as we will see later.

In Appendix A, we list the relations between these operators and the operators in the

Warsaw basis [41]. Gauge invariance imposes relations between e↵ective top couplings to

gauge bosons. We define

C��Q ⌘ C1
�Q � C3

�Q CtZ ⌘ �swCtB + cwCtW (2.6)

C+
�Q ⌘ C1

�Q + C3
�Q = C��Q + 2C3

�Q CtA ⌘ cwCtB + swCtW =
1

sw

�
CtW � cwCtZ

�
,

We choose C3
�Q, C

�
�Q and CtW , CtZ as degrees of freedom in our analysis. With this choice,

C��Q and CtZ modify the tt̄Z coupling, CtW modifies the tbW vertex, while C3
�Q a↵ects

both.

The Wilson coe�cients of the operators in Eqs. (2.3), (2.4), and (2.5) define the 22

parameters in our global analysis. Further operators either do not leave visible e↵ects in

the observables we have selected (like operators with four heavy quarks) or are strongly

constrained by more sensitive observables (like the Yukawa operator at dimension six, which

is constrained by Higgs measurements). We therefore do not include them in our analysis,

but mention them whenever they are relevant.

Experimentally, we focus on observables in top pair and electroweak single top pro-

duction at the LHC. These processes are precisely predicted and measured, both at the
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parameters in our global analysis. Further operators either do not leave visible e↵ects in

the observables we have selected (like operators with four heavy quarks) or are strongly

constrained by more sensitive observables (like the Yukawa operator at dimension six, which

is constrained by Higgs measurements). We therefore do not include them in our analysis,

but mention them whenever they are relevant.

Experimentally, we focus on observables in top pair and electroweak single top pro-

duction at the LHC. These processes are precisely predicted and measured, both at the
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weak singlet:

weak triplet:
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measurements the likelihood recovers a fairly symmetric form, but with a distinct shift of

the minimum towards small positive values of CtG.

For comparison, the asymptotic behavior in the linear fit is not observed for an inter-

fering four-quark operator like C8
tu, because it induces a significantly di↵erent shape in the

kinematic distributions compared to the SM, scaling as s/⇤2. Large values of the Wilson

coe�cients are therefore strongly disfavored by at least one of the bin measurements that

drive the log-likelikood towards zero. In the right panel of Fig. 4, we show that C8
tu is well

constrained by measurements of normalized distributions. Total rates have little impact

on the fit results.

4.2 Incoming up versus down quarks

The set of four-quark operators laid out in Eq. (2.3) and Eq. (2.4) span all possible assign-

ments of the quark fields to representations the SM symmetry groups:

1. chirality of the light quark and top quark currents;

2. left-handed currents: singlet or triplet under SU(2)L;

3. right-handed currents: up- or down-type light quarks;

4. singlet or octet color contraction of the currents.

Top pair production through strong interactions is not sensitive at parton level to the

nature of the incoming quarks, i.e. , questions 2 and 3. However, up-type and down-type

quarks in the initial state are distinguished by the parton densities. The relative uū and

dd̄ contributions to the tt̄ final state are determined by

r(x) =
fu(x)fū(s/(xS))

fd(x)fd̄(s/(xS))
. (4.6)

Here fp(x, s) denotes the usual parton distribution of parton p with momentum fraction x

of the energy
p
s/2 in the proton.

p
S is the hadronic CM energy, and we suppressed the

factorization scale choice. Around the valence quark maximum x ⇡ 0.1 the ratio becomes

r ⇡ 2. For most observables used in our analysis, the ratio integrated over the relevant

phase-space region varies roughly in the range

1.5 . r . 3 . (4.7)

In what follows we refer to r as (roughly) the relative contribution up partonic up- and

down-quark contributions to an observable. In what follows we discuss how the isospin

of the incoming quarks can be disentangled in a minimal EFT analysis of tt̄ production,

neglecting quadratic EFT contributions and NLO QCD corrections.

Let us consider pairs of four-quark operators that are only distinguished by the nature

of initial quarks: if the latter are right-handed, as in O8
tu and O8

td, tt̄ observables depend
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key: parton distributions
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comparing predictions to data at parton/particle/detector level?

Bissmann et al. 1912.06090correlations between measurements

New physics could first show up in small, connected deviations.

precision in high-energy tails (tt, single top) Englert et al. 1607.04304

SM-rare processes (tZj, thj, tZW) Degrande et al. 1804.07773

top properties including lepton observables Basan et al. 2001.07225

Maltoni et al. 1904.05637
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Fig. 11 Comparison of the smallest intervals containing 90 % probability of the 1D marginalized posterior distribution for the fits using only
BR(B̄ ! Xsg), only s(tt̄g) and using their combination. Shown are the intervals for (left) the 1D marginalized posterior distributions for the fit of all
three Wilson coefficients at a time and (right) for individual fits of each Wilson coefficient, while the other two coefficients are fixed to zero

7 Conclusions

Effective theories provide a systematic toolbox to exploit
multi-observable systems and probe the SM in a model-
independent way. The SMEFT-framework allows to combine
data from the precision flavor and the high energy frontiers.
We exploited synergies between top-quark and B-physics
measurements from the LHC and precision flavor factories.

Specifically, we performed an exploratory study combin-
ing data on the B̄ ! Xsg branching ratio and on fiducial tt̄g
production cross sections within SMEFT, after detailing the
ingredients required to connect measurements from different
energy scales. We pointed out that for the processes con-
sidered in this work it is necessary to perform a dedicated
matching that goes beyond the tree-level matching that is
currently available in tools. Using MC simulations and a
particle-level event selection, we performed interpolations
of the total tt̄g production cross section and the fiducial ac-
ceptances to parametrize the dependence of the fiducial cross
sections on the Wilson coefficients.

We demonstrated that due to the different sensitivities
of the observables to the SMEFT operators, a combination
of the fiducial tt̄g cross section with the B̄ ! Xsg branching
fraction improves the constraints on the Wilson coefficients
(Sec. 6). The complementarity of the different observables
used in the fit allows to resolve ambiguities and to reduce
posterior regions in the marginalized parameter space by up
to an order of magnitude.

Further, more global analyses of combined top-quark and
flavor physics measurements should be pursued in the future
with more precise data expected from LHCb [84] and Belle II

[85] and the high-pT -experiments [86], to decipher physics
at higher energies and pursue the quest for BSM physics.
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Appendix A: Parameters and experimental input

The parameters used for numerical computations are given
in Ref. [87]

mt = (173.1±0.4)GeV ,

mt(mt) =
⇣

160+5
�4

⌘
GeV ,

mb(mb) =
�
4.18+0.04

�0.03
�

GeV ,

mc(mc) =
⇣

1.275+0.025
�0.035

⌘
GeV ,

ms(2GeV) =
�
0.095+0.009

�0.008
�

GeV ,

mZ = 91.188GeV ,

mW = 80.4GeV ,

as(mZ) = 0.1181 ,

ae = 7.29735257⇥10�3 ,

sin2 qw(mZ) = 0.2313 ,

GF = 1.166379⇥10�5 GeV�2 .
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Fig. 10 Comparison of the smallest intervals containing 90 % of the 2D marginalized posterior probability distributions for the fits of all three
Wilson coefficients using only the measurement of BR(B̄ ! Xsg), only the measurements of s(tt̄g) and for the combination. The SM values are
indicated

for the two distributions of C̃uB vs. C̃uG and C̃uB vs. C̃uW . We
find relative changes in the size of the areas of about 4 % at
maximum and no changes in the general shape or positions
compared to the combination shown in the two upper plots
of Fig. 10. As the distribution of C̃uG vs. C̃uW is dominantly
constrained by the s(tt̄g) measurements, we observe larger
changes due to variations of the correlation coefficients. The
size of the 90 % area can change by up to 30 % for this dis-
tribution. Again, the general shape and the positions are not
affected but only the width of the ring in the bottom plot
of Fig. 10 varies. Therefore, we conclude that even in the
presence of correlations between the systematic or theoretical
uncertainties of the single-lepton and dilepton channels our
previously presented findings are valid.

It should be noted that our focus is to demonstrate how ob-
servables from B and top-quark physics can be combined in a
single fit of the SMEFT Wilson coefficients. Using only two
observables, we do not obtain the most stringent constraints
on the coefficients considered. Including further observables
would certainly improve the constraints. For example, the
Wilson coefficients C̃uG and C̃uW are strongly constrained by
the tt̄ production cross section and W -boson helicity-fraction
measurements, respectively [14, 17], whereas measurements
of semileptonic b ! s`+`� decays, especially B ! K

⇤µ+µ�

angular distributions [83], exclude values C̃uB ⇡�0.5 which
are allowed by BR(B̄ ! Xsg).

3

g t

g t̄

�

g t

g t̄

�

q t

q̄ t̄

� g

t
b

W+

g
t̄

b̄

W�
�

g t

g t̄

�

g t

g t̄

�

g t

g t̄

�

g

t
b

W+

g
t̄

b̄

W�
�

Fig. 1 Examples for Feynman diagrams contributing to tt̄g production in pp-collisions in the SM (top) and including dimension-six operators
(bottom). The black dot denotes the insertion of an effective operator from Eq. (2)

processes considered here are the four-fermion operators

Q1 = (s̄Lgµ T
a
cL)(c̄Lgµ

T
a
bL) ,

Q2 = (s̄Lgµ cL)(c̄Lgµ
bL) ,

Q3 = (s̄Lgµ bL)Â
q

(q̄gµ
q) ,

Q4 = (s̄Lgµ T
a
bL)Â

q

(q̄gµ
T

a
q) ,

Q5 = (s̄Lgµ gn gs bL)Â
q

(q̄gµ gn gs
q) ,

Q6 = (s̄Lgµ gn gs T
a
bL)Â

q

(q̄gµ gn gs
T

a
q) ,

(4)

as well as the dipole operators

Q7 =
e

16p2 mb(s̄Ls µn
bR)Fµn ,

Q8 =
gs

16p2 mb(s̄Ls µn
T

a
bR)G

a

µn ,
(5)

with chiral left (right) projectors L (R) and the field strength
tensor of the photon Fµn . We neglect contributions propor-
tional to the small CKM matrix element Vub and to the
strange-quark mass.

3 Matching at one-loop level

To describe BSM physics at energies below the electroweak
scale µW , the SMEFT Lagrangian in Eq. (1) has to be matched
onto the WET Lagrangian as illustrated in Fig. 2. Top-quark
measurements allow to constrain the values of Wilson coeffi-
cients at the scale µt ⇠ mt . At the scale µb ⇠ mb, B measure-
ments can be used to constrain the values of the WET coeffi-
cients. To express B observables in terms of SMEFT Wilson
coefficients at the scale µt , the following steps have to be per-
formed, extending the procedure described in Ref. [22]: First,
RGE evolution of the SMEFT Wilson coefficients from the
scale µt to µW has to be performed. As a next step, LSMEFT
has to be matched onto LWET. Finally, the RGE evolution of
the WET Wilson coefficients from µW to µb has to be carried
out. These three steps allow the computation of observables,
such as BR(B̄ ! Xsg), at the scale µb in dependence of the

SMEFT Wilson coefficients Ci(µt) at the scale µt . In the
following, we describe each of the three steps for the b ! sg
process considered in this work.

3.1 RGE evolution in SMEFT

The computation of the RGEs in SMEFT is based on Refs.
[28, 30, 31]. To describe the RGE evolution of the operators
in Eq. (2) at O(as), the following SMEFT operators have to
be included due to mixing:

Ouj =
�
j†j

�
(q̄LuRj̃) ,

OjG =
�
j†j

�
G

A

µn G
Aµn ,

OjG̃
=
�
j†j

�
G̃

A

µn G
Aµn ,

(6)

with G̃
A
µn = 1

2 eµnab G
Aab (e0123 = +1). To compute the a-

nomalous dimension matrix at O(as), the effective operators
have to be rescaled [32]:

O
0

uB
= yg

0 (q̄Ls µn
uR) j̃Bµn ,

O
0

uj = y
�
j†j

�
(q̄LuRj̃) ,

O
0

uG
= ygs

�
q̄Ls µn

T
A

uR

�
j̃G

A

µn ,

O
0

jG
= g

2
s

�
j†j

�
G

A

µn G
Aµn ,

O
0

uW
= yg

�
q̄Ls µn t I

uR

�
j̃W

I

µn ,

O
0

jG̃
= g

2
s

�
j†j

�
G̃

A

µn G
Aµn ,

(7)

where g
0, g and gs are the coupling constants corresponding

to U(1)Y , SU(2)L and SU(3)C, respectively, and y denotes
a Yukawa coupling. The Wilson coefficients change with
inverse powers of the couplings. In terms of the rescaled
coefficients, the RGEs in SMEFT read

d

d ln µ

0
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Match

RGE

RGE
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RGE

Top measurements

B measurements

Fig. 2 Illustration of the energy scales and effective theories. At the high energy scale L , the UV theory is matched onto SMEFT. For measurements
of the top quark, the dimension-six Wilson coefficients in LSMEFT are evolved to the scale µt ⇠ mt using the SMEFT RGE. For comparison with
measurements of B physics, SMEFT is matched at a scale µW ⇠ mW onto WET. For measurements at the scale µb ⇠ mb, the coefficients in LWET
are evolved using the WET RGE

(8)

This matrix is not closed at O(as): The operators O
0

jG

and O
0

jG̃
give contributions to the running of

O
0

dG
= ygs

�
q̄Ls µn

T
A

dR

�
jG

A

µn (9)

and O
0

uG
contributes to the running of the four-quark opera-

tors

O
0(1)
quqd

= (qi

L
uR)ei j(q

j

L
dR) , (10)

O
0(8)
quqd

= (qi

L
T

A
uR)ei j(q

j

L
T

A
dR) , (11)

where i, j are isospin indices and e12 =+1. These contribu-
tions are suppressed by small down-type Yukawa couplings
and neglected in Eq. (8). Further more, we see from Eq. (8)
that C

0

jG
and C

0

jG̃
do not change their values due to running

at O(as). Since OjG and OjG̃
have no sizable effect on tt̄g

production [14] and b ! sg transitions, we neglect O
0

jG
and

O
0

jG̃
under the assumption that only operators including the

top quark are generated at the scale L . The operator O
0
uj does

not directly affect the observables we study but is needed to
absorb the UV divergence in the top-quark mass corrections
from O

0

uG
in SMEFT NLO computations [33]. We compute

the BSM contributions at LO QCD and neglect O
0
uj .

3.2 Matching SMEFT onto WET

In Fig. 3 we give examples for one-loop diagrams includ-
ing contributions from operators in Eq. (2) to LWET. The

b s

�

W

t t
b s

�

W

t t

b s

g

W

t t
b s

�

W
t

Fig. 3 Examples of one-loop diagrams for b ! sg and b ! sg transi-
tions. The black dots denote the insertion of a SMEFT operator

matching conditions have been calculated in Ref. [22] and
read

DC̄
(0)
7 =

p
2mt

mW


C̃uW E

uW

7 (xt)+C̃
⇤

uW
F

uW

7 (xt)

+
cosqw

sinqw

�
C̃uBE

uB

7 (xt)+C̃
⇤

uB
F

uB

7 (xt)
��

,

(12)

DC̄
(0)
8 =

p
2mt

mW


C̃uW E

uW

8 (xt)+C̃
⇤

uW
F

uW

8 (xt)

�
g

gs

�
C̃uGE

uG

8 (xt)+C̃
⇤

uG
F

uG

8 (xt)
��

,

(13)

where xt = m
2
t
/m

2
W

and DC̄
(0)
i

denotes BSM contributions at
order a0

s
to the coefficients in LWET. The C̃i denote rescaled

Wilson coefficients

C̃i =Ci

v
2

L 2 , (14)

B ! Xs�
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Aoude, Hurth, Renner, Shepherd 2003.05432

global Higgs + EW fits: Ellis et al. 1803.03252, Biekoetter et al. 1812.07587, Almeida et al. 1812.01009

Ethier et al. - work in progress (Maltoni at ICHEP 2020)Connecting Top and Higgs
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Figure 2. Flavour (green), Higgs (blue) and LEP II WW (orange) constraints on the plane of
the Z-pole flat directions, under the assumptions explained in the text. The dotted lines are
1� contours, the solid lines are 2� contours. The axes correspond to the coe�cients of the two
independent linear combinations of Wilson coe�cients that remain unconstrained by the Z-pole
data.

Including all observables above, we have 7 flat directions (corresponding to the null space

of the Fisher matrix):

⇣
f1, f2, f3, f4, f5, f6, f7

⌘
T

= (4.9)
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If the flavour observables are excluded from the fit, there are 12 flat directions — the

flavour data adds 5 new constraints.

The set of simultaneous constraints that can be extracted from the fit can be illus-

trated by the eigenvalues of the Fisher matrix, 1/�2
i
, defined in Sec. 4.2. The values of �i

can be taken as bounds on the coe�cients ci of the respective eigenvector directions, or
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top?
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blind directions in Z-pole obs.

Connecting Flavor - Higgs - EW
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mixing

Figure 2. Diagrams generating contributions to Bs mixing from the SMEFT operators Q(1)
qq and

Q(3)
qq .

4.1 Q(1)
qq

and Q(3)
qq

These are the only operators in our theory which generate a contribution to the b ! s

transition at tree level, shown in Fig. 1. As mentioned in Sec. 2, there are two ways of

contracting the quark doublets to make a flavour singlet in both operators, so we can define

four independent Wilson coe�cients, C(3)
qq , C(3)0

qq , C(1)
qq and C(1)0

qq , within our U(3)5 invariant

theory.

The contribution to the coe�cients of the 4-quark WET operators O1 and O2 is

C1 = v2(C(3)0
qq � C(1)0

qq ), (4.1)

C2 = �2v2C(3)
qq . (4.2)

Contributions to C9 and C10 are generated by the second diagram of Fig. 1. We find

C9 = �v2C(3)
qq

✓
8

9
+

xt
2

1� 4s2
✓

s2
✓

◆✓
1 + log

m2
t

µ2

◆

+ v2Nc(C
(3)0
qq � C(1)0

qq )

✓
4

9
+

xt
4

1� 4s2
✓

s2
✓

◆
log

m2
t

µ2
, (4.3)

C10 =
1

2

1

s2
✓

v2C(3)
qq xt

✓
1 + log

m2
t

µ2

◆
� Nc

4

1

s2
✓

v2(C(3)0
qq � C(1)0

qq )xt log
m2

t

µ2
. (4.4)

where Nc = 3 is the number of QCD colours. These operators also generate contributions

to Bs mixing from the diagrams in Fig. 2. These give

Cs

1,mix(xt) = �v2
⇣
2C(3)

qq + (C(1)0
qq � C(3)0

qq )
⌘
xt, (4.5)

Cs

1,mix(xc) = �v2
⇣
2C(3)

qq + (C(1)0
qq � C(3)0

qq )
⌘
xc, (4.6)

Cs

1,mix(xt, xc) = v2
⇣
2C(3)

qq + (C(1)0
qq � C(3)0

qq )
⌘
xc log

xc
xt

. (4.7)

4.2 Q
(1)
lq

, Q
(3)
lq

, Qeu, Qlu and Qqe

These four-fermion operators contribute to b ! sl+l� processes via the diagrams shown in

Fig. 3. The contributions are

C9 =
v2

s2
✓

(Ceu + Clu � C(1)
lq

� Cqe)I(xt)�
v2

s2
✓

C(3)
lq

I lq(xt), (4.8)

C10 =
v2

s2
✓

(Ceu � Clu + C(1)
lq

� Cqe)I(xt) +
v2

s2
✓

C(3)
lq

I lq(xt), (4.9)
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Figure 5. Diagrams generating contributions to b ! sl+l� from Q(1)
Hq

and QHu operators.

Figure 6. Diagrams generating contributions to Bs mixing from the Q(3)
Hq

operator. Diagrams
related to these by symmetry, as well as diagrams in which the operator connects to an s quark leg
rather than a b quark leg, should be taken to be included.

Figure 7. Diagrams generating contributions to b ! sl+l� and/or b ! s� from the Q(3)
Hq

operator.
Diagrams in which the operator attaches to the b quark leg imply also the existence (and inclusion
in our calculations) of similar diagrams with the operator attached to the s quark leg.

4.5 Q
(3)
Hq

This operator generates contributions to Bs mixing via the diagrams in Fig. 6, and to

b ! s� and b ! sl+l� via the diagrams in Fig. 7. There are also contributions to the

chromomagnetic dipole operator via graphs similar to the second and fourth diagrams in

Fig. 7, with a gluon replacing the photon. The Wilson coe�cients of the mixing operator

– 12 –

assuming minimal flavor violation 

Connecting Top and Flavor Bruggisser, van Dyk, Schaefer, SW - work in progress
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Probe effective couplings with precise observables.

Combine top with flavor, Higgs, EW for new insights. 

Thank you!
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New observables resolve blind directions.

Use kinematics to decipher gauge and chiral structure.t
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