
Susanne Westhoff 
Heidelberg University

EFFECTIVE FIELD THEORIES 
in PARTICLE PHYSICS

jDPG Theory Workshop       Jan 6-9, 2022       Grafenschloss Diez



2

Part III 
Standard Model Effective Field Theory
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WET:

SMEFT:

O = {OSM,ONP}
<latexit sha1_base64="roPP6V3nZ4pVKiYjY3X49TNhPXI="></latexit><latexit sha1_base64="roPP6V3nZ4pVKiYjY3X49TNhPXI="></latexit><latexit sha1_base64="roPP6V3nZ4pVKiYjY3X49TNhPXI="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="a3OvWIZn307JlpCsJ+yEXcSlb7k="></latexit><latexit sha1_base64="a3OvWIZn307JlpCsJ+yEXcSlb7k="></latexit><latexit sha1_base64="5TeLv4xvzz4+K0r7UgBh8sKaY44="></latexit><latexit sha1_base64="roPP6V3nZ4pVKiYjY3X49TNhPXI="></latexit><latexit sha1_base64="roPP6V3nZ4pVKiYjY3X49TNhPXI="></latexit><latexit sha1_base64="roPP6V3nZ4pVKiYjY3X49TNhPXI="></latexit><latexit sha1_base64="roPP6V3nZ4pVKiYjY3X49TNhPXI="></latexit><latexit sha1_base64="roPP6V3nZ4pVKiYjY3X49TNhPXI="></latexit><latexit sha1_base64="roPP6V3nZ4pVKiYjY3X49TNhPXI="></latexit>

O = {ONP}
<latexit sha1_base64="k6AVjqVpK1XmcR2mYW8roRJGggI="></latexit><latexit sha1_base64="k6AVjqVpK1XmcR2mYW8roRJGggI="></latexit><latexit sha1_base64="k6AVjqVpK1XmcR2mYW8roRJGggI="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="Jt9WU5cc0ijfO5HTnL6t60TgR4I="></latexit><latexit sha1_base64="Jt9WU5cc0ijfO5HTnL6t60TgR4I="></latexit><latexit sha1_base64="+cpDkVa5Eo4BBLUwitLz54rrZ84="></latexit><latexit sha1_base64="k6AVjqVpK1XmcR2mYW8roRJGggI="></latexit><latexit sha1_base64="k6AVjqVpK1XmcR2mYW8roRJGggI="></latexit><latexit sha1_base64="k6AVjqVpK1XmcR2mYW8roRJGggI="></latexit><latexit sha1_base64="k6AVjqVpK1XmcR2mYW8roRJGggI="></latexit><latexit sha1_base64="k6AVjqVpK1XmcR2mYW8roRJGggI="></latexit><latexit sha1_base64="k6AVjqVpK1XmcR2mYW8roRJGggI="></latexit>

LWET = LQCD+QED �
4GF
p
2

X

a

Ca O
(6)
a

<latexit sha1_base64="UsxZUN7fvnUOVkA9csv3KjolNzw="></latexit><latexit sha1_base64="UsxZUN7fvnUOVkA9csv3KjolNzw="></latexit><latexit sha1_base64="UsxZUN7fvnUOVkA9csv3KjolNzw="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="dSFvZnMeamB8LCqMblle5H7JHAE="></latexit><latexit sha1_base64="dSFvZnMeamB8LCqMblle5H7JHAE="></latexit><latexit sha1_base64="EaQikzjB4tpyoWdQSUiSkowwNaE="></latexit><latexit sha1_base64="UsxZUN7fvnUOVkA9csv3KjolNzw="></latexit><latexit sha1_base64="UsxZUN7fvnUOVkA9csv3KjolNzw="></latexit><latexit sha1_base64="UsxZUN7fvnUOVkA9csv3KjolNzw="></latexit><latexit sha1_base64="UsxZUN7fvnUOVkA9csv3KjolNzw="></latexit><latexit sha1_base64="UsxZUN7fvnUOVkA9csv3KjolNzw="></latexit><latexit sha1_base64="UsxZUN7fvnUOVkA9csv3KjolNzw="></latexit>

LSMEFT = LSM +
C5

⇤
O

(5) +
X

i

Ci

⇤2
O

(6)
i + . . .

<latexit sha1_base64="avcDumqX/3UGGNO8TDN3EO66IHk="></latexit><latexit sha1_base64="avcDumqX/3UGGNO8TDN3EO66IHk="></latexit><latexit sha1_base64="avcDumqX/3UGGNO8TDN3EO66IHk="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="BdzRTTI/EIzw0nSRmTmrEBh86Fo="></latexit><latexit sha1_base64="BdzRTTI/EIzw0nSRmTmrEBh86Fo="></latexit><latexit sha1_base64="pnKroUTZw2nBrIRe8Wf4CK+2Vvo="></latexit><latexit sha1_base64="avcDumqX/3UGGNO8TDN3EO66IHk="></latexit><latexit sha1_base64="avcDumqX/3UGGNO8TDN3EO66IHk="></latexit><latexit sha1_base64="avcDumqX/3UGGNO8TDN3EO66IHk="></latexit><latexit sha1_base64="avcDumqX/3UGGNO8TDN3EO66IHk="></latexit><latexit sha1_base64="avcDumqX/3UGGNO8TDN3EO66IHk="></latexit><latexit sha1_base64="avcDumqX/3UGGNO8TDN3EO66IHk="></latexit>

Purpose: precise low-energy description of weak interactions

Purpose: general low-energy description of new physics effects



SMEFT versus WET
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WET:

SMEFT:

O = {OSM,ONP}
<latexit sha1_base64="roPP6V3nZ4pVKiYjY3X49TNhPXI="></latexit><latexit sha1_base64="roPP6V3nZ4pVKiYjY3X49TNhPXI="></latexit><latexit sha1_base64="roPP6V3nZ4pVKiYjY3X49TNhPXI="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="a3OvWIZn307JlpCsJ+yEXcSlb7k="></latexit><latexit sha1_base64="a3OvWIZn307JlpCsJ+yEXcSlb7k="></latexit><latexit sha1_base64="5TeLv4xvzz4+K0r7UgBh8sKaY44="></latexit><latexit sha1_base64="roPP6V3nZ4pVKiYjY3X49TNhPXI="></latexit><latexit sha1_base64="roPP6V3nZ4pVKiYjY3X49TNhPXI="></latexit><latexit sha1_base64="roPP6V3nZ4pVKiYjY3X49TNhPXI="></latexit><latexit sha1_base64="roPP6V3nZ4pVKiYjY3X49TNhPXI="></latexit><latexit sha1_base64="roPP6V3nZ4pVKiYjY3X49TNhPXI="></latexit><latexit sha1_base64="roPP6V3nZ4pVKiYjY3X49TNhPXI="></latexit>

O = {ONP}
<latexit sha1_base64="k6AVjqVpK1XmcR2mYW8roRJGggI="></latexit><latexit sha1_base64="k6AVjqVpK1XmcR2mYW8roRJGggI="></latexit><latexit sha1_base64="k6AVjqVpK1XmcR2mYW8roRJGggI="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="Jt9WU5cc0ijfO5HTnL6t60TgR4I="></latexit><latexit sha1_base64="Jt9WU5cc0ijfO5HTnL6t60TgR4I="></latexit><latexit sha1_base64="+cpDkVa5Eo4BBLUwitLz54rrZ84="></latexit><latexit sha1_base64="k6AVjqVpK1XmcR2mYW8roRJGggI="></latexit><latexit sha1_base64="k6AVjqVpK1XmcR2mYW8roRJGggI="></latexit><latexit sha1_base64="k6AVjqVpK1XmcR2mYW8roRJGggI="></latexit><latexit sha1_base64="k6AVjqVpK1XmcR2mYW8roRJGggI="></latexit><latexit sha1_base64="k6AVjqVpK1XmcR2mYW8roRJGggI="></latexit><latexit sha1_base64="k6AVjqVpK1XmcR2mYW8roRJGggI="></latexit>

Wilson coefficients: respect SM symmetries.

Wilson coefficients: matching.

LWET = LQCD+QED �
4GF
p
2

X

a

Ca O
(6)
a

<latexit sha1_base64="UsxZUN7fvnUOVkA9csv3KjolNzw="></latexit><latexit sha1_base64="UsxZUN7fvnUOVkA9csv3KjolNzw="></latexit><latexit sha1_base64="UsxZUN7fvnUOVkA9csv3KjolNzw="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="dSFvZnMeamB8LCqMblle5H7JHAE="></latexit><latexit sha1_base64="dSFvZnMeamB8LCqMblle5H7JHAE="></latexit><latexit sha1_base64="EaQikzjB4tpyoWdQSUiSkowwNaE="></latexit><latexit sha1_base64="UsxZUN7fvnUOVkA9csv3KjolNzw="></latexit><latexit sha1_base64="UsxZUN7fvnUOVkA9csv3KjolNzw="></latexit><latexit sha1_base64="UsxZUN7fvnUOVkA9csv3KjolNzw="></latexit><latexit sha1_base64="UsxZUN7fvnUOVkA9csv3KjolNzw="></latexit><latexit sha1_base64="UsxZUN7fvnUOVkA9csv3KjolNzw="></latexit><latexit sha1_base64="UsxZUN7fvnUOVkA9csv3KjolNzw="></latexit>

UV completion: Standard Model (plus new physics)

UV completion: unknown (new physics)

LSMEFT = LSM +
C5

⇤
O

(5) +
X

i

Ci

⇤2
O

(6)
i + . . .

<latexit sha1_base64="avcDumqX/3UGGNO8TDN3EO66IHk="></latexit><latexit sha1_base64="avcDumqX/3UGGNO8TDN3EO66IHk="></latexit><latexit sha1_base64="avcDumqX/3UGGNO8TDN3EO66IHk="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="BdzRTTI/EIzw0nSRmTmrEBh86Fo="></latexit><latexit sha1_base64="BdzRTTI/EIzw0nSRmTmrEBh86Fo="></latexit><latexit sha1_base64="pnKroUTZw2nBrIRe8Wf4CK+2Vvo="></latexit><latexit sha1_base64="avcDumqX/3UGGNO8TDN3EO66IHk="></latexit><latexit sha1_base64="avcDumqX/3UGGNO8TDN3EO66IHk="></latexit><latexit sha1_base64="avcDumqX/3UGGNO8TDN3EO66IHk="></latexit><latexit sha1_base64="avcDumqX/3UGGNO8TDN3EO66IHk="></latexit><latexit sha1_base64="avcDumqX/3UGGNO8TDN3EO66IHk="></latexit><latexit sha1_base64="avcDumqX/3UGGNO8TDN3EO66IHk="></latexit>

Purpose: precise low-energy description of weak interactions

Purpose: general low-energy description of new physics effects



Standard Model Effective Theory
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LSMEFT = LSM +
C5

⇤
O

(5) +
X

i

Ci

⇤2
O

(6)
i + . . .

<latexit sha1_base64="avcDumqX/3UGGNO8TDN3EO66IHk="></latexit><latexit sha1_base64="avcDumqX/3UGGNO8TDN3EO66IHk="></latexit><latexit sha1_base64="avcDumqX/3UGGNO8TDN3EO66IHk="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="BdzRTTI/EIzw0nSRmTmrEBh86Fo="></latexit><latexit sha1_base64="BdzRTTI/EIzw0nSRmTmrEBh86Fo="></latexit><latexit sha1_base64="pnKroUTZw2nBrIRe8Wf4CK+2Vvo="></latexit><latexit sha1_base64="avcDumqX/3UGGNO8TDN3EO66IHk="></latexit><latexit sha1_base64="avcDumqX/3UGGNO8TDN3EO66IHk="></latexit><latexit sha1_base64="avcDumqX/3UGGNO8TDN3EO66IHk="></latexit><latexit sha1_base64="avcDumqX/3UGGNO8TDN3EO66IHk="></latexit><latexit sha1_base64="avcDumqX/3UGGNO8TDN3EO66IHk="></latexit><latexit sha1_base64="avcDumqX/3UGGNO8TDN3EO66IHk="></latexit>

Goal: describe effects of new physics in SM particle interactions.

model-independent

complete

renormalizable
review: Brivio, Trott 2017

https://arxiv.org/abs/1706.08945


Standard Model Effective Theory

8

LSMEFT = LSM +
C5

⇤
O

(5) +
X

i

Ci

⇤2
O

(6)
i + . . .

<latexit sha1_base64="avcDumqX/3UGGNO8TDN3EO66IHk="></latexit><latexit sha1_base64="avcDumqX/3UGGNO8TDN3EO66IHk="></latexit><latexit sha1_base64="avcDumqX/3UGGNO8TDN3EO66IHk="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="BdzRTTI/EIzw0nSRmTmrEBh86Fo="></latexit><latexit sha1_base64="BdzRTTI/EIzw0nSRmTmrEBh86Fo="></latexit><latexit sha1_base64="pnKroUTZw2nBrIRe8Wf4CK+2Vvo="></latexit><latexit sha1_base64="avcDumqX/3UGGNO8TDN3EO66IHk="></latexit><latexit sha1_base64="avcDumqX/3UGGNO8TDN3EO66IHk="></latexit><latexit sha1_base64="avcDumqX/3UGGNO8TDN3EO66IHk="></latexit><latexit sha1_base64="avcDumqX/3UGGNO8TDN3EO66IHk="></latexit><latexit sha1_base64="avcDumqX/3UGGNO8TDN3EO66IHk="></latexit><latexit sha1_base64="avcDumqX/3UGGNO8TDN3EO66IHk="></latexit>

Goal: describe effects of new physics in SM particle interactions.

model-independent

complete

renormalizable

Example: new gauge boson coupling to top quarks

O
1
�Q = i(�† $

Dµ �)(Q̄L�
µ
QL)

<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>

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>

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>

Z
<latexit sha1_base64="hfP08xmDQGOGibTkjykYvXy/S9Q="></latexit><latexit sha1_base64="hfP08xmDQGOGibTkjykYvXy/S9Q="></latexit><latexit sha1_base64="hfP08xmDQGOGibTkjykYvXy/S9Q="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="mSPD2A2fSR/yQjpgzABzBVD1lvs="></latexit><latexit sha1_base64="mSPD2A2fSR/yQjpgzABzBVD1lvs="></latexit><latexit sha1_base64="LLeqGlezqGvJ/9XyP70P7TjdWeo="></latexit><latexit sha1_base64="hfP08xmDQGOGibTkjykYvXy/S9Q="></latexit><latexit sha1_base64="hfP08xmDQGOGibTkjykYvXy/S9Q="></latexit><latexit sha1_base64="hfP08xmDQGOGibTkjykYvXy/S9Q="></latexit><latexit sha1_base64="hfP08xmDQGOGibTkjykYvXy/S9Q="></latexit><latexit sha1_base64="hfP08xmDQGOGibTkjykYvXy/S9Q="></latexit><latexit sha1_base64="hfP08xmDQGOGibTkjykYvXy/S9Q="></latexit>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
<latexit sha1_base64="hfP08xmDQGOGibTkjykYvXy/S9Q="></latexit><latexit sha1_base64="hfP08xmDQGOGibTkjykYvXy/S9Q="></latexit><latexit sha1_base64="hfP08xmDQGOGibTkjykYvXy/S9Q="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="mSPD2A2fSR/yQjpgzABzBVD1lvs="></latexit><latexit sha1_base64="mSPD2A2fSR/yQjpgzABzBVD1lvs="></latexit><latexit sha1_base64="LLeqGlezqGvJ/9XyP70P7TjdWeo="></latexit><latexit sha1_base64="hfP08xmDQGOGibTkjykYvXy/S9Q="></latexit><latexit sha1_base64="hfP08xmDQGOGibTkjykYvXy/S9Q="></latexit><latexit sha1_base64="hfP08xmDQGOGibTkjykYvXy/S9Q="></latexit><latexit sha1_base64="hfP08xmDQGOGibTkjykYvXy/S9Q="></latexit><latexit sha1_base64="hfP08xmDQGOGibTkjykYvXy/S9Q="></latexit><latexit sha1_base64="hfP08xmDQGOGibTkjykYvXy/S9Q="></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>

t
<latexit sha1_base64="piy1qEMV4+8Ngr50HUtzxmFpu/k="></latexit><latexit sha1_base64="piy1qEMV4+8Ngr50HUtzxmFpu/k="></latexit><latexit sha1_base64="piy1qEMV4+8Ngr50HUtzxmFpu/k="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="dZDgqBcxa4embSsRbWdTgUyeg/A="></latexit><latexit sha1_base64="dZDgqBcxa4embSsRbWdTgUyeg/A="></latexit><latexit sha1_base64="pR+1nm4oQKaevVX0EXbBGZ+aMqM="></latexit><latexit sha1_base64="piy1qEMV4+8Ngr50HUtzxmFpu/k="></latexit><latexit sha1_base64="piy1qEMV4+8Ngr50HUtzxmFpu/k="></latexit><latexit sha1_base64="piy1qEMV4+8Ngr50HUtzxmFpu/k="></latexit><latexit sha1_base64="piy1qEMV4+8Ngr50HUtzxmFpu/k="></latexit><latexit sha1_base64="piy1qEMV4+8Ngr50HUtzxmFpu/k="></latexit><latexit sha1_base64="piy1qEMV4+8Ngr50HUtzxmFpu/k="></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>

⇤ = mG
<latexit sha1_base64="KEOgjdjjutoRTvEh+duBHGyQdAk="></latexit><latexit sha1_base64="KEOgjdjjutoRTvEh+duBHGyQdAk="></latexit><latexit sha1_base64="KEOgjdjjutoRTvEh+duBHGyQdAk="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="SRvkJlXVlqTdohM972jqD5ZVZD8="></latexit><latexit sha1_base64="SRvkJlXVlqTdohM972jqD5ZVZD8="></latexit><latexit sha1_base64="Ut7n/20NxSV8DisS7XolsQ4c2tk="></latexit><latexit sha1_base64="KEOgjdjjutoRTvEh+duBHGyQdAk="></latexit><latexit sha1_base64="KEOgjdjjutoRTvEh+duBHGyQdAk="></latexit><latexit sha1_base64="KEOgjdjjutoRTvEh+duBHGyQdAk="></latexit><latexit sha1_base64="KEOgjdjjutoRTvEh+duBHGyQdAk="></latexit><latexit sha1_base64="KEOgjdjjutoRTvEh+duBHGyQdAk="></latexit><latexit sha1_base64="KEOgjdjjutoRTvEh+duBHGyQdAk="></latexit>

µ = mt
<latexit sha1_base64="rs69HAqwPnei9NcrbALtY4SJ6us="></latexit><latexit sha1_base64="rs69HAqwPnei9NcrbALtY4SJ6us="></latexit><latexit sha1_base64="rs69HAqwPnei9NcrbALtY4SJ6us="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="KfFZPmvJ5zbLPBXjpbfy344i424="></latexit><latexit sha1_base64="KfFZPmvJ5zbLPBXjpbfy344i424="></latexit><latexit sha1_base64="ipLpuFLuO5543e0cSSqaJjpNReU="></latexit><latexit sha1_base64="rs69HAqwPnei9NcrbALtY4SJ6us="></latexit><latexit sha1_base64="rs69HAqwPnei9NcrbALtY4SJ6us="></latexit><latexit sha1_base64="rs69HAqwPnei9NcrbALtY4SJ6us="></latexit><latexit sha1_base64="rs69HAqwPnei9NcrbALtY4SJ6us="></latexit><latexit sha1_base64="rs69HAqwPnei9NcrbALtY4SJ6us="></latexit><latexit sha1_base64="rs69HAqwPnei9NcrbALtY4SJ6us="></latexit>
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Operator effects in 2-2 scattering (dim. 6):

Maltoni, Mantani, Mimasu 2019

m vevs; n Goldstones
M ⇠ vm

⇤2

E2�m+n

mn
V

<latexit sha1_base64="aui2QEosmrJTPZO1TohnM/gcs4M="></latexit><latexit sha1_base64="aui2QEosmrJTPZO1TohnM/gcs4M="></latexit><latexit sha1_base64="aui2QEosmrJTPZO1TohnM/gcs4M="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="qOs2gCgO1dimZDt3t4GmRNtju94="></latexit><latexit sha1_base64="qOs2gCgO1dimZDt3t4GmRNtju94="></latexit><latexit sha1_base64="TAf3+lGQN6oOIbjSF76MvL3Ml8s="></latexit><latexit sha1_base64="aui2QEosmrJTPZO1TohnM/gcs4M="></latexit><latexit sha1_base64="aui2QEosmrJTPZO1TohnM/gcs4M="></latexit><latexit sha1_base64="aui2QEosmrJTPZO1TohnM/gcs4M="></latexit><latexit sha1_base64="aui2QEosmrJTPZO1TohnM/gcs4M="></latexit><latexit sha1_base64="aui2QEosmrJTPZO1TohnM/gcs4M="></latexit><latexit sha1_base64="aui2QEosmrJTPZO1TohnM/gcs4M="></latexit>

! E2

⇤2
<latexit sha1_base64="iGTmjywQ/pt93bi4I7Jt9QoHsZM="></latexit><latexit sha1_base64="iGTmjywQ/pt93bi4I7Jt9QoHsZM="></latexit><latexit sha1_base64="iGTmjywQ/pt93bi4I7Jt9QoHsZM="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="n3n83qLzjLqlJo+51Lh33zs1lbc="></latexit><latexit sha1_base64="n3n83qLzjLqlJo+51Lh33zs1lbc="></latexit><latexit sha1_base64="6ERfQIwFWa4Qg4m9VQ3BguVf2dU="></latexit><latexit sha1_base64="iGTmjywQ/pt93bi4I7Jt9QoHsZM="></latexit><latexit sha1_base64="iGTmjywQ/pt93bi4I7Jt9QoHsZM="></latexit><latexit sha1_base64="iGTmjywQ/pt93bi4I7Jt9QoHsZM="></latexit><latexit sha1_base64="iGTmjywQ/pt93bi4I7Jt9QoHsZM="></latexit><latexit sha1_base64="iGTmjywQ/pt93bi4I7Jt9QoHsZM="></latexit><latexit sha1_base64="iGTmjywQ/pt93bi4I7Jt9QoHsZM="></latexit>

! vE

⇤2
<latexit sha1_base64="t42enkO6YJeRtBLfsJEs7sG0Zt4="></latexit><latexit sha1_base64="t42enkO6YJeRtBLfsJEs7sG0Zt4="></latexit><latexit sha1_base64="t42enkO6YJeRtBLfsJEs7sG0Zt4="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="ZyH2/vwfKG4dLV/xdrw+sNMnBAg="></latexit><latexit sha1_base64="ZyH2/vwfKG4dLV/xdrw+sNMnBAg="></latexit><latexit sha1_base64="tA0qOddHDEZ3v0KnZJuB01y5n+I="></latexit><latexit sha1_base64="t42enkO6YJeRtBLfsJEs7sG0Zt4="></latexit><latexit sha1_base64="t42enkO6YJeRtBLfsJEs7sG0Zt4="></latexit><latexit sha1_base64="t42enkO6YJeRtBLfsJEs7sG0Zt4="></latexit><latexit sha1_base64="t42enkO6YJeRtBLfsJEs7sG0Zt4="></latexit><latexit sha1_base64="t42enkO6YJeRtBLfsJEs7sG0Zt4="></latexit><latexit sha1_base64="t42enkO6YJeRtBLfsJEs7sG0Zt4="></latexit>

O4f = (f�µf)(f�
µ
f)

<latexit sha1_base64="UOo9Q9HY9j/qWIFB3xnLYmCdKW4="></latexit><latexit sha1_base64="UOo9Q9HY9j/qWIFB3xnLYmCdKW4="></latexit><latexit sha1_base64="UOo9Q9HY9j/qWIFB3xnLYmCdKW4="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="UL0pLWX6Cw4nzN6yq1Rb+drmfSM="></latexit><latexit sha1_base64="UL0pLWX6Cw4nzN6yq1Rb+drmfSM="></latexit><latexit sha1_base64="lu4N2LZrTlmo6OY4RIBTSE5Rxa0="></latexit><latexit sha1_base64="UOo9Q9HY9j/qWIFB3xnLYmCdKW4="></latexit><latexit sha1_base64="UOo9Q9HY9j/qWIFB3xnLYmCdKW4="></latexit><latexit sha1_base64="UOo9Q9HY9j/qWIFB3xnLYmCdKW4="></latexit><latexit sha1_base64="UOo9Q9HY9j/qWIFB3xnLYmCdKW4="></latexit><latexit sha1_base64="UOo9Q9HY9j/qWIFB3xnLYmCdKW4="></latexit><latexit sha1_base64="UOo9Q9HY9j/qWIFB3xnLYmCdKW4="></latexit>

OHf = (H†iDµH)(f�µf)
<latexit sha1_base64="73JY2RovnCO1rNzPpx9ejbSYahY="></latexit><latexit sha1_base64="73JY2RovnCO1rNzPpx9ejbSYahY="></latexit><latexit sha1_base64="73JY2RovnCO1rNzPpx9ejbSYahY="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="WJkdA8rO7FXC3dytb9b6i6vR6NI="></latexit><latexit sha1_base64="WJkdA8rO7FXC3dytb9b6i6vR6NI="></latexit><latexit sha1_base64="AxSYl24nhHjAYw4z+EvJ7d45aKE="></latexit><latexit sha1_base64="73JY2RovnCO1rNzPpx9ejbSYahY="></latexit><latexit sha1_base64="73JY2RovnCO1rNzPpx9ejbSYahY="></latexit><latexit sha1_base64="73JY2RovnCO1rNzPpx9ejbSYahY="></latexit><latexit sha1_base64="73JY2RovnCO1rNzPpx9ejbSYahY="></latexit><latexit sha1_base64="73JY2RovnCO1rNzPpx9ejbSYahY="></latexit><latexit sha1_base64="73JY2RovnCO1rNzPpx9ejbSYahY="></latexit>

OfV = (FL�
µ⌫fR)H Vµ⌫

<latexit sha1_base64="oIFwpttA21mcBoSNZGmCKUJtODc="></latexit><latexit sha1_base64="oIFwpttA21mcBoSNZGmCKUJtODc="></latexit><latexit sha1_base64="oIFwpttA21mcBoSNZGmCKUJtODc="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="JpMTVetAIcYKES8qsVw8CP0bz/E="></latexit><latexit sha1_base64="JpMTVetAIcYKES8qsVw8CP0bz/E="></latexit><latexit sha1_base64="Q0mrzqYLQJT9UyG0dRgU05gIuPA="></latexit><latexit sha1_base64="oIFwpttA21mcBoSNZGmCKUJtODc="></latexit><latexit sha1_base64="oIFwpttA21mcBoSNZGmCKUJtODc="></latexit><latexit sha1_base64="oIFwpttA21mcBoSNZGmCKUJtODc="></latexit><latexit sha1_base64="oIFwpttA21mcBoSNZGmCKUJtODc="></latexit><latexit sha1_base64="oIFwpttA21mcBoSNZGmCKUJtODc="></latexit><latexit sha1_base64="oIFwpttA21mcBoSNZGmCKUJtODc="></latexit>

! mfv

⇤2
<latexit sha1_base64="1h+39m0P4qD/kPKH9yNNT55ZBQo="></latexit><latexit sha1_base64="1h+39m0P4qD/kPKH9yNNT55ZBQo="></latexit><latexit sha1_base64="1h+39m0P4qD/kPKH9yNNT55ZBQo="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="rxhvuhMhV9IChkmU0ADFBLWonsA="></latexit><latexit sha1_base64="rxhvuhMhV9IChkmU0ADFBLWonsA="></latexit><latexit sha1_base64="ZOWP0NMoEGNjgzNnE2r1xw3bexk="></latexit><latexit sha1_base64="1h+39m0P4qD/kPKH9yNNT55ZBQo="></latexit><latexit sha1_base64="1h+39m0P4qD/kPKH9yNNT55ZBQo="></latexit><latexit sha1_base64="1h+39m0P4qD/kPKH9yNNT55ZBQo="></latexit><latexit sha1_base64="1h+39m0P4qD/kPKH9yNNT55ZBQo="></latexit><latexit sha1_base64="1h+39m0P4qD/kPKH9yNNT55ZBQo="></latexit><latexit sha1_base64="1h+39m0P4qD/kPKH9yNNT55ZBQo="></latexit><latexit sha1_base64="1h+39m0P4qD/kPKH9yNNT55ZBQo="></latexit><latexit sha1_base64="1h+39m0P4qD/kPKH9yNNT55ZBQo="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="rxhvuhMhV9IChkmU0ADFBLWonsA="></latexit><latexit sha1_base64="rxhvuhMhV9IChkmU0ADFBLWonsA="></latexit><latexit sha1_base64="ZOWP0NMoEGNjgzNnE2r1xw3bexk="></latexit><latexit sha1_base64="1h+39m0P4qD/kPKH9yNNT55ZBQo="></latexit><latexit sha1_base64="1h+39m0P4qD/kPKH9yNNT55ZBQo="></latexit><latexit sha1_base64="1h+39m0P4qD/kPKH9yNNT55ZBQo="></latexit><latexit sha1_base64="1h+39m0P4qD/kPKH9yNNT55ZBQo="></latexit><latexit sha1_base64="1h+39m0P4qD/kPKH9yNNT55ZBQo="></latexit><latexit sha1_base64="1h+39m0P4qD/kPKH9yNNT55ZBQo="></latexit>

9

Warsaw basis: 
Grzadkowski et al. 2010

complete set of all possible operators

respect SM symmetries

running similar to WET

E
<latexit sha1_base64="jNELWj2G9hcOc1UnbIHsQnTIGts="></latexit><latexit sha1_base64="jNELWj2G9hcOc1UnbIHsQnTIGts="></latexit><latexit sha1_base64="jNELWj2G9hcOc1UnbIHsQnTIGts="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="oqER7lMzTuBPNJ/5y1hkmlGzVCA="></latexit><latexit sha1_base64="oqER7lMzTuBPNJ/5y1hkmlGzVCA="></latexit><latexit sha1_base64="yKOySaXE3MPndSuvrJY9J/ITxoc="></latexit><latexit sha1_base64="jNELWj2G9hcOc1UnbIHsQnTIGts="></latexit><latexit sha1_base64="jNELWj2G9hcOc1UnbIHsQnTIGts="></latexit><latexit sha1_base64="jNELWj2G9hcOc1UnbIHsQnTIGts="></latexit><latexit sha1_base64="jNELWj2G9hcOc1UnbIHsQnTIGts="></latexit><latexit sha1_base64="jNELWj2G9hcOc1UnbIHsQnTIGts="></latexit><latexit sha1_base64="jNELWj2G9hcOc1UnbIHsQnTIGts="></latexit>

�
<latexit sha1_base64="LeulQV9FCLOreu4LoI4JJ8EpMAY="></latexit><latexit sha1_base64="LeulQV9FCLOreu4LoI4JJ8EpMAY="></latexit><latexit sha1_base64="LeulQV9FCLOreu4LoI4JJ8EpMAY="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="CR72adM6MjLICGpCYNQrii8HIBg="></latexit><latexit sha1_base64="CR72adM6MjLICGpCYNQrii8HIBg="></latexit><latexit sha1_base64="EgcPOWtvkftKnzQ1bv9IHpNvcVo="></latexit><latexit sha1_base64="LeulQV9FCLOreu4LoI4JJ8EpMAY="></latexit><latexit sha1_base64="LeulQV9FCLOreu4LoI4JJ8EpMAY="></latexit><latexit sha1_base64="LeulQV9FCLOreu4LoI4JJ8EpMAY="></latexit><latexit sha1_base64="LeulQV9FCLOreu4LoI4JJ8EpMAY="></latexit><latexit sha1_base64="LeulQV9FCLOreu4LoI4JJ8EpMAY="></latexit><latexit sha1_base64="LeulQV9FCLOreu4LoI4JJ8EpMAY="></latexit>

Jenkins, Manohar, Trott 2013

https://arxiv.org/abs/1904.05637
https://arxiv.org/abs/1008.4884


Top-antitop production at high energies

10

• 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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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
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p
⇡
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p
2

�tt̄
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mtv
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7 + 9�2
tt̄ c

2
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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).

– 6 –

C8
tu

<latexit sha1_base64="UCvMpbVO0wjrV/Akh1WIgN8cgvA="></latexit><latexit sha1_base64="UCvMpbVO0wjrV/Akh1WIgN8cgvA="></latexit><latexit sha1_base64="UCvMpbVO0wjrV/Akh1WIgN8cgvA="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="BYNkk1KoOrtrz+Nnr0izwsVkP9E="></latexit><latexit sha1_base64="BYNkk1KoOrtrz+Nnr0izwsVkP9E="></latexit><latexit sha1_base64="uzis6RNFrRzbc2WJgtKMJUhFrJY="></latexit><latexit sha1_base64="UCvMpbVO0wjrV/Akh1WIgN8cgvA="></latexit><latexit sha1_base64="UCvMpbVO0wjrV/Akh1WIgN8cgvA="></latexit><latexit sha1_base64="UCvMpbVO0wjrV/Akh1WIgN8cgvA="></latexit><latexit sha1_base64="UCvMpbVO0wjrV/Akh1WIgN8cgvA="></latexit><latexit sha1_base64="UCvMpbVO0wjrV/Akh1WIgN8cgvA="></latexit><latexit sha1_base64="UCvMpbVO0wjrV/Akh1WIgN8cgvA="></latexit>

g

g

t̄

t

6

g

g

t̄

t

7

q̄

q

t̄

t

4

q̄

q

t̄

t

5
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]⇤
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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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• 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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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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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
=
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, (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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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.

Here 2mt denotes the invariant mass close to the production threshold, which dominates

in the total cross section, while mtt̄ can be much higher in di↵erential distributions. Since

the OtG�QCD interference does not feature an energy enhancement, it cancels almost

completely in normalized distributions. Kinematic distributions are therefore expected to

lead to relatively weak constraints driven by the |CtG|
2 term. In contrast, the four-quark

contribution of O8
tu features an energy enhancement already at O(⇤�2). This leads to a

good sensitivity at high energies, despite the relative suppression by the parton luminosity.

Total rates and distributions are thus complementary in probing dipole operators and

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 [69] (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
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Probing the SMEFT space
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CHe
<latexit sha1_base64="OUD/b3D/pU2svyUfUVIjMvirbT0=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKexGQU8SyCXHCOYByRJmJ51kzOzOMjMrhCX/4MWDIl79H2/+jZNkD5pY0FBUddPdFcSCa+O6305uY3Nreye/W9jbPzg8Kh6ftLRMFMMmk0KqTkA1Ch5h03AjsBMrpGEgsB1ManO//YRKcxk9mGmMfkhHER9yRo2VWrV+WsdZv1hyy+4CZJ14GSlBhka/+NUbSJaEGBkmqNZdz42Nn1JlOBM4K/QSjTFlEzrCrqURDVH76eLaGbmwyoAMpbIVGbJQf0+kNNR6Gga2M6RmrFe9ufif103M8NZPeRQnBiO2XDRMBDGSzF8nA66QGTG1hDLF7a2EjamizNiACjYEb/XlddKqlL2rcuX+ulS9y+LIwxmcwyV4cANVqEMDmsDgEZ7hFd4c6bw4787HsjXnZDOn8AfO5w9iBI79</latexit> CHD

<latexit sha1_base64="sGo8bgD1BNU4B/dKVrObGV1JGr8=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU9mtBT1JoR56rGA/oF1KNs22sdlkSbJCWfofvHhQxKv/x5v/xrTdg7Y+GHi8N8PMvCDmTBvX/XZyG5tb2zv53cLe/sHhUfH4pK1loghtEcml6gZYU84EbRlmOO3GiuIo4LQTTOpzv/NElWZSPJhpTP0IjwQLGcHGSu36IG3czQbFklt2F0DrxMtICTI0B8Wv/lCSJKLCEI617nlubPwUK8MIp7NCP9E0xmSCR7RnqcAR1X66uHaGLqwyRKFUtoRBC/X3RIojradRYDsjbMZ61ZuL/3m9xIQ3fspEnBgqyHJRmHBkJJq/joZMUWL41BJMFLO3IjLGChNjAyrYELzVl9dJu1L2rsqV+2qpdpvFkYczOIdL8OAaatCAJrSAwCM8wyu8OdJ5cd6dj2VrzslmTuEPnM8fL9+O3A==</latexit>

CHu
<latexit sha1_base64="i53tf615CbJy6eFjjkgRhbjoda8=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU9mtgp6k0EuPFewHtEvJptk2NpssSVYoS/+DFw+KePX/ePPfmG73oK0PBh7vzTAzL4g508Z1v53CxubW9k5xt7S3f3B4VD4+6WiZKELbRHKpegHWlDNB24YZTnuxojgKOO0G08bC7z5RpZkUD2YWUz/CY8FCRrCxUqcxTJvJfFiuuFU3A1onXk4qkKM1LH8NRpIkERWGcKx133Nj46dYGUY4nZcGiaYxJlM8pn1LBY6o9tPs2jm6sMoIhVLZEgZl6u+JFEdaz6LAdkbYTPSqtxD/8/qJCW/9lIk4MVSQ5aIw4chItHgdjZiixPCZJZgoZm9FZIIVJsYGVLIheKsvr5NOrepdVWv315X6XR5HEc7gHC7BgxuoQxNa0AYCj/AMr/DmSOfFeXc+lq0FJ585hT9wPn8AelSPDQ==</latexit>

CHd
<latexit sha1_base64="1SWYvIRhPMPdE1YzGxnoAL7znIo=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU9mtgp6k0EuPFewHtEvJZrNtbDZZkqxQlv4HLx4U8er/8ea/MW33oK0PBh7vzTAzL0g408Z1v53CxubW9k5xt7S3f3B4VD4+6WiZKkLbRHKpegHWlDNB24YZTnuJojgOOO0Gk8bc7z5RpZkUD2aaUD/GI8EiRrCxUqcxzJrhbFiuuFV3AbROvJxUIEdrWP4ahJKkMRWGcKx133MT42dYGUY4nZUGqaYJJhM8on1LBY6p9rPFtTN0YZUQRVLZEgYt1N8TGY61nsaB7YyxGetVby7+5/VTE936GRNJaqggy0VRypGRaP46CpmixPCpJZgoZm9FZIwVJsYGVLIheKsvr5NOrepdVWv315X6XR5HEc7gHC7BgxuoQxNa0AYCj/AMr/DmSOfFeXc+lq0FJ585hT9wPn8AYH+O/A==</latexit>

CW
<latexit sha1_base64="KgSNc3k8orurVChqKpgTxb8BcJk=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoCcp9OKxgmkLbSib7bZdutmE3YlQQn+DFw+KePUHefPfuG1z0NYHA4/3ZpiZFyZSGHTdb6ewsbm1vVPcLe3tHxwelY9PWiZONeM+i2WsOyE1XArFfRQoeSfRnEah5O1w0pj77SeujYjVI04THkR0pMRQMIpW8hv9rD3rlytu1V2ArBMvJxXI0eyXv3qDmKURV8gkNabruQkGGdUomOSzUi81PKFsQke8a6miETdBtjh2Ri6sMiDDWNtSSBbq74mMRsZMo9B2RhTHZtWbi/953RSHt0EmVJIiV2y5aJhKgjGZf04GQnOGcmoJZVrYWwkbU00Z2nxKNgRv9eV10qpVvatq7eG6Ur/L4yjCGZzDJXhwA3W4hyb4wEDAM7zCm6OcF+fd+Vi2Fpx85hT+wPn8Abj2jp0=</latexit>

C(1)
Hq

<latexit sha1_base64="nFm+GTpIohps2fFGYeJmcMo3JE4=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBahXkrSCnqSQi89VrAf0May2W7apZtN3N0IJeRvePGgiFf/jDf/jds2B219MPB4b4aZeV7EmdK2/W3lNja3tnfyu4W9/YPDo+LxSUeFsSS0TUIeyp6HFeVM0LZmmtNeJCkOPE673rQx97tPVCoWins9i6gb4LFgPiNYG2nQGCbNx/QhKTuX6bBYsiv2AmidOBkpQYbWsPg1GIUkDqjQhGOl+o4daTfBUjPCaVoYxIpGmEzxmPYNFTigyk0WN6fowigj5IfSlNBoof6eSHCg1CzwTGeA9UStenPxP68fa//GTZiIYk0FWS7yY450iOYBoBGTlGg+MwQTycytiEywxESbmAomBGf15XXSqVacWqV6d1Wq32Zx5OEMzqEMDlxDHZrQgjYQiOAZXuHNiq0X6936WLbmrGzmFP7A+vwBMEWRHQ==</latexit>

C(3)
Hq

<latexit sha1_base64="q8/3b6gwz0x3FyypOe55UgArQPI=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBahXkrSCnqSQi89VrAf0May2W7apZtN3N0IJeRvePGgiFf/jDf/jds2B219MPB4b4aZeV7EmdK2/W3lNja3tnfyu4W9/YPDo+LxSUeFsSS0TUIeyp6HFeVM0LZmmtNeJCkOPE673rQx97tPVCoWins9i6gb4LFgPiNYG2nQGCbNx/QhKdcu02GxZFfsBdA6cTJSggytYfFrMApJHFChCcdK9R070m6CpWaE07QwiBWNMJniMe0bKnBAlZssbk7RhVFGyA+lKaHRQv09keBAqVngmc4A64la9ebif14/1v6NmzARxZoKslzkxxzpEM0DQCMmKdF8ZggmkplbEZlgiYk2MRVMCM7qy+ukU604tUr17qpUv83iyMMZnEMZHLiGOjShBW0gEMEzvMKbFVsv1rv1sWzNWdnMKfyB9fkDM1GRHw==</latexit>

C(3)
Hl

<latexit sha1_base64="p6te76poBjycY6bA4ihW1kC8p7w=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBahXkrSFvQkhV56rGA/oI1ls920SzebsLsRSsjf8OJBEa/+GW/+G7dtDtr6YODx3gwz87yIM6Vt+9vKbW3v7O7l9wsHh0fHJ8XTs64KY0loh4Q8lH0PK8qZoB3NNKf9SFIceJz2vFlz4feeqFQsFA96HlE3wBPBfEawNtKwOUpaPH1MyrXrdFQs2RV7CbRJnIyUIEN7VPwajkMSB1RowrFSA8eOtJtgqRnhNC0MY0UjTGZ4QgeGChxQ5SbLm1N0ZZQx8kNpSmi0VH9PJDhQah54pjPAeqrWvYX4nzeItX/rJkxEsaaCrBb5MUc6RIsA0JhJSjSfG4KJZOZWRKZYYqJNTAUTgrP+8ibpVitOrVK9r5cad1kcebiASyiDAzfQgBa0oQMEIniGV3izYuvFerc+Vq05K5s5hz+wPn8AK5qRGg==</latexit>

C(1)
Hl

<latexit sha1_base64="0GIzB/LuUp72rFGcMZE+ndD+6rQ=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBahXkpSBT1JoZceK9gPaGPZbDft0s0m7G6EEvI3vHhQxKt/xpv/xk2bg7Y+GHi8N8PMPC/iTGnb/rYKG5tb2zvF3dLe/sHhUfn4pKvCWBLaISEPZd/DinImaEczzWk/khQHHqc9b9bM/N4TlYqF4kHPI+oGeCKYzwjWRho2R0mLp49J1blMR+WKXbMXQOvEyUkFcrRH5a/hOCRxQIUmHCs1cOxIuwmWmhFO09IwVjTCZIYndGCowAFVbrK4OUUXRhkjP5SmhEYL9fdEggOl5oFnOgOsp2rVy8T/vEGs/Vs3YSKKNRVkuciPOdIhygJAYyYp0XxuCCaSmVsRmWKJiTYxlUwIzurL66RbrzlXtfr9daVxl8dRhDM4hyo4cAMNaEEbOkAggmd4hTcrtl6sd+tj2Vqw8plT+APr8wcojpEY</latexit>

CHWB
<latexit sha1_base64="9HcKvhTX0QYBVMDOZ/mMivUkYpQ=">AAAB7nicbVBNSwMxEJ3Ur1q/qh69BIvgqexWQU9S7KXHCrZbaJeSTbNtaDa7JFmhLP0RXjwo4tXf481/Y9ruQVsfDDzem2FmXpAIro3jfKPCxubW9k5xt7S3f3B4VD4+6eg4VZS1aSxi1Q2IZoJL1jbcCNZNFCNRIJgXTBpz33tiSvNYPpppwvyIjCQPOSXGSl5jkDW9+9mgXHGqzgJ4nbg5qUCO1qD81R/GNI2YNFQQrXuukxg/I8pwKtis1E81SwidkBHrWSpJxLSfLc6d4QurDHEYK1vS4IX6eyIjkdbTKLCdETFjverNxf+8XmrCWz/jMkkNk3S5KEwFNjGe/46HXDFqxNQSQhW3t2I6JopQYxMq2RDc1ZfXSadWda+qtYfrSv0uj6MIZ3AOl+DCDdShCS1oA4UJPMMrvKEEvaB39LFsLaB85hT+AH3+ANeyjzs=</latexit>

CG
<latexit sha1_base64="vGgMoo2RPBZ4+jiUTqay8KkwOcY=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9CSFHvRYwbSFtpTNdtMu3WzC7kQoob/BiwdFvPqDvPlv3LY5aOuDgcd7M8zMCxIpDLrut7O2vrG5tV3YKe7u7R8clo6OmyZONeM+i2Ws2wE1XArFfRQoeTvRnEaB5K1gXJ/5rSeujYjVI04S3ovoUIlQMIpW8uv97G7aL5XdijsHWSVeTsqQo9EvfXUHMUsjrpBJakzHcxPsZVSjYJJPi93U8ISyMR3yjqWKRtz0svmxU3JulQEJY21LIZmrvycyGhkziQLbGVEcmWVvJv7ndVIMb3qZUEmKXLHFojCVBGMy+5wMhOYM5cQSyrSwtxI2opoytPkUbQje8surpFmteJeV6sNVuXabx1GAUziDC/DgGmpwDw3wgYGAZ3iFN0c5L86787FoXXPymRP4A+fzB6Cmjo0=</latexit> CuH

<latexit sha1_base64="ep0+Ysub3jdNaBUu8YAEUOkyoPg=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU9mtgp6k0EuPFewHtEvJptk2NpssSVYoS/+DFw+KePX/ePPfmG73oK0PBh7vzTAzL4g508Z1v53CxubW9k5xt7S3f3B4VD4+6WiZKELbRHKpegHWlDNB24YZTnuxojgKOO0G08bC7z5RpZkUD2YWUz/CY8FCRrCxUqcxTJPmfFiuuFU3A1onXk4qkKM1LH8NRpIkERWGcKx133Nj46dYGUY4nZcGiaYxJlM8pn1LBY6o9tPs2jm6sMoIhVLZEgZl6u+JFEdaz6LAdkbYTPSqtxD/8/qJCW/9lIk4MVSQ5aIw4chItHgdjZiixPCZJZgoZm9FZIIVJsYGVLIheKsvr5NOrepdVWv315X6XR5HEc7gHC7BgxuoQxNa0AYCj/AMr/DmSOfFeXc+lq0FJ585hT9wPn8AeoGPDQ==</latexit>

CHB
<latexit sha1_base64="urZ+bcZY/XBid5oP75DwDgCFj48=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU9mtBT1JsZceK9gPaJeSTbNtbDZZkqxQlv4HLx4U8er/8ea/MW33oK0PBh7vzTAzL4g508Z1v53cxubW9k5+t7C3f3B4VDw+aWuZKEJbRHKpugHWlDNBW4YZTruxojgKOO0Ek/rc7zxRpZkUD2YaUz/CI8FCRrCxUrs+SBt3s0Gx5JbdBdA68TJSggzNQfGrP5QkiagwhGOte54bGz/FyjDC6azQTzSNMZngEe1ZKnBEtZ8urp2hC6sMUSiVLWHQQv09keJI62kU2M4Im7Fe9ebif14vMeGNnzIRJ4YKslwUJhwZieavoyFTlBg+tQQTxeytiIyxwsTYgAo2BG/15XXSrpS9q3Llvlqq3WZx5OEMzuESPLiGGjSgCS0g8AjP8ApvjnRenHfnY9mac7KZU/gD5/MHLNWO2g==</latexit>

CHW
<latexit sha1_base64="Ms2/8Vyr9yrTxWvF18OKxCpB27U=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU9mtgp6k0EuPFewHtEvJptk2NpssSVYoS/+DFw+KePX/ePPfmG73oK0PBh7vzTAzL4g508Z1v53CxubW9k5xt7S3f3B4VD4+6WiZKELbRHKpegHWlDNB24YZTnuxojgKOO0G08bC7z5RpZkUD2YWUz/CY8FCRrCxUqcxTJvd+bBccatuBrROvJxUIEdrWP4ajCRJIioM4VjrvufGxk+xMoxwOi8NEk1jTKZ4TPuWChxR7afZtXN0YZURCqWyJQzK1N8TKY60nkWB7YywmehVbyH+5/UTE976KRNxYqggy0VhwpGRaPE6GjFFieEzSzBRzN6KyAQrTIwNqGRD8FZfXiedWtW7qtburyv1uzyOIpzBOVyCBzdQhya0oA0EHuEZXuHNkc6L8+58LFsLTj5zCn/gfP4ATL6O7w==</latexit>

CH⇤
<latexit sha1_base64="aBD5rYwODOiR8HuCslz2ZBSNgYU=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9mtgp6k2EuPFeyHtEvJptk2NJssSVYsS3+FFw+KePXnePPfmLZ70NYHA4/3ZpiZF8ScaeO6305ubX1jcyu/XdjZ3ds/KB4etbRMFKFNIrlUnQBrypmgTcMMp51YURwFnLaDcW3mtx+p0kyKezOJqR/hoWAhI9hY6aHWT+u9W/k07RdLbtmdA60SLyMlyNDoF796A0mSiApDONa667mx8VOsDCOcTgu9RNMYkzEe0q6lAkdU++n84Ck6s8oAhVLZEgbN1d8TKY60nkSB7YywGellbyb+53UTE177KRNxYqggi0VhwpGRaPY9GjBFieETSzBRzN6KyAgrTIzNqGBD8JZfXiWtStm7KFfuLkvVmyyOPJzAKZyDB1dQhTo0oAkEIniGV3hzlPPivDsfi9ack80cwx84nz+MyJA7</latexit>

CHG
<latexit sha1_base64="4JppD2oAR6Aj4CVmidfOs9anR+w=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU9mtBT1JoQd7rGA/oF1KNs22sdlkSbJCWfofvHhQxKv/x5v/xrTdg7Y+GHi8N8PMvCDmTBvX/XZyG5tb2zv53cLe/sHhUfH4pK1loghtEcml6gZYU84EbRlmOO3GiuIo4LQTTOpzv/NElWZSPJhpTP0IjwQLGcHGSu36IG3czQbFklt2F0DrxMtICTI0B8Wv/lCSJKLCEI617nlubPwUK8MIp7NCP9E0xmSCR7RnqcAR1X66uHaGLqwyRKFUtoRBC/X3RIojradRYDsjbMZ61ZuL/3m9xIQ3fspEnBgqyHJRmHBkJJq/joZMUWL41BJMFLO3IjLGChNjAyrYELzVl9dJu1L2rsqV+2qpdpvFkYczOIdL8OAaatCAJrSAwCM8wyu8OdJ5cd6dj2VrzslmTuEPnM8fNG6O3w==</latexit>

C(1)
lq

<latexit sha1_base64="e5VNB8tfLWKUalR21gLlu7q04vQ=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBahXkpSBT1JoRePFewHtLFstpt26WYTdzdCCfkbXjwo4tU/481/46bNQVsfDDzem2FmnhdxprRtf1uFtfWNza3idmlnd2//oHx41FFhLAltk5CHsudhRTkTtK2Z5rQXSYoDj9OuN21mfveJSsVCca9nEXUDPBbMZwRrIw2aw4Q/pg9J1TlPh+WKXbPnQKvEyUkFcrSG5a/BKCRxQIUmHCvVd+xIuwmWmhFO09IgVjTCZIrHtG+owAFVbjK/OUVnRhkhP5SmhEZz9fdEggOlZoFnOgOsJ2rZy8T/vH6s/Ws3YSKKNRVksciPOdIhygJAIyYp0XxmCCaSmVsRmWCJiTYxlUwIzvLLq6RTrzkXtfrdZaVxk8dRhBM4hSo4cAUNuIUWtIFABM/wCm9WbL1Y79bHorVg5TPH8AfW5w9n9ZFB</latexit>

C(3)
lq

<latexit sha1_base64="caAZmTIB6WePAJn3i0cCJs+d0JQ=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBahXkrSCnqSQi8eK9gPaGPZbDft0s0m3d0IJeRvePGgiFf/jDf/jds2B219MPB4b4aZeV7EmdK2/W3lNja3tnfyu4W9/YPDo+LxSVuFsSS0RUIeyq6HFeVM0JZmmtNuJCkOPE473qQx9ztPVCoWigc9i6gb4JFgPiNYG6nfGCR8mj4m5dplOiiW7Iq9AFonTkZKkKE5KH71hyGJAyo04VipnmNH2k2w1Ixwmhb6saIRJhM8oj1DBQ6ocpPFzSm6MMoQ+aE0JTRaqL8nEhwoNQs80xlgPVar3lz8z+vF2r9xEyaiWFNBlov8mCMdonkAaMgkJZrPDMFEMnMrImMsMdEmpoIJwVl9eZ20qxWnVqneX5Xqt1kceTiDcyiDA9dQhztoQgsIRPAMr/BmxdaL9W59LFtzVjZzCn9gff4AawGRQw==</latexit>

Clu
<latexit sha1_base64="yCGZsQ0UBwCES1zWYrOAIvthyBM=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKexGQU8SyMVjBBMDyRJmJ7PJmNmZZR5CWPIPXjwo4tX/8ebfOEn2oIkFDUVVN91dUcqZNr7/7RXW1jc2t4rbpZ3dvf2D8uFRW0urCG0RyaXqRFhTzgRtGWY47aSK4iTi9CEaN2b+wxNVmklxbyYpDRM8FCxmBBsntRv9jNtpv1zxq/4caJUEOalAjma//NUbSGITKgzhWOtu4KcmzLAyjHA6LfWspikmYzykXUcFTqgOs/m1U3TmlAGKpXIlDJqrvycynGg9SSLXmWAz0sveTPzP61oTX4cZE6k1VJDFothyZCSavY4GTFFi+MQRTBRztyIywgoT4wIquRCC5ZdXSbtWDS6qtbvLSv0mj6MIJ3AK5xDAFdThFprQAgKP8Ayv8OZJ78V79z4WrQUvnzmGP/A+fwCxLI8x</latexit>

Ceu
<latexit sha1_base64="OD+MdDHb5uOpJyTYTSnOaHsFXTQ=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69BIvgqSRV0JMUevFYwdZCG8pmO2nXbnbD7kYoof/BiwdFvPp/vPlv3LY5aOuDgcd7M8zMCxPOtPG8b6ewtr6xuVXcLu3s7u0flA+P2lqmimKLSi5VJyQaORPYMsxw7CQKSRxyfAjHjZn/8IRKMynuzSTBICZDwSJGibFSu9HPMJ32yxWv6s3hrhI/JxXI0eyXv3oDSdMYhaGcaN31vcQEGVGGUY7TUi/VmBA6JkPsWipIjDrI5tdO3TOrDNxIKlvCuHP190RGYq0ncWg7Y2JGetmbif953dRE10HGRJIaFHSxKEq5a6Q7e90dMIXU8IklhCpmb3XpiChCjQ2oZEPwl19eJe1a1b+o1u4uK/WbPI4inMApnIMPV1CHW2hCCyg8wjO8wpsjnRfn3flYtBacfOYY/sD5/AGmgo8q</latexit>

Cqe
<latexit sha1_base64="Jf3HjerYzZq02AIdh6VARtqwzWk=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKexGQU8SyMVjBPOAZAmzk04yZnZ2nZkVwpJ/8OJBEa/+jzf/xkmyB00saCiquunuCmLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpKFMMGi0Sk2gHVKLjEhuFGYDtWSMNAYCsY12Z+6wmV5pG8N5MY/ZAOJR9wRo2VmrVe+ojTXrHklt05yCrxMlKCDPVe8avbj1gSojRMUK07nhsbP6XKcCZwWugmGmPKxnSIHUslDVH76fzaKTmzSp8MImVLGjJXf0+kNNR6Ega2M6RmpJe9mfif10nM4NpPuYwTg5ItFg0SQUxEZq+TPlfIjJhYQpni9lbCRlRRZmxABRuCt/zyKmlWyt5FuXJ3WareZHHk4QRO4Rw8uIIq3EIdGsDgAZ7hFd6cyHlx3p2PRWvOyWaO4Q+czx+geo8m</latexit>
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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 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 –

• 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
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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 –

https://arxiv.org/abs/1910.03606


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).

[6] K. Hagiwara, R. D. Peccei, D. Zeppenfeld and K. Hikasa, Probing the Weak Boson Sector
in e+e� ! W+W�, Nucl. Phys. B282 (1987) 253.

[7] M. C. Gonzalez-Garcia, Anomalous Higgs couplings, Int. J. Mod. Phys. A14 (1999) 3121
[hep-ph/9902321].

[8] A. Butter, O. J. P. Eboli, J. Gonzalez-Fraile, M. C. Gonzalez-Garcia, T. Plehn and
M. Rauch, The Gauge-Higgs Legacy of the LHC Run I, JHEP 07 (2016) 152 [1604.03105].

[9] J. de Blas, M. Ciuchini, E. Franco, S. Mishima, M. Pierini, L. Reina et al., Electroweak
precision observables and Higgs-boson signal strengths in the Standard Model and beyond:
present and future, JHEP 12 (2016) 135 [1608.01509].

[10] J. Ellis, C. W. Murphy, V. Sanz and T. You, Updated Global SMEFT Fit to Higgs, Diboson
and Electroweak Data, JHEP 06 (2018) 146 [1803.03252].

[11] E. da Silva Almeida, A. Alves, N. Rosa Agostinho, O. J. P. Éboli and M. C.
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LHC probes energies up to E ⇠ 5TeV
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constrains SMEFT effects up to ⇤/
p
C ⇠ 1.5TeV
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Caution: SMEFT interpretation not always valid at high energies.

Electron-positron annihilation

E
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Standard Model Effective Theory:

LSMEFT = LSM +
C5

⇤
O

(5) +
X

i

Ci

⇤2
O

(6)
i + . . .

<latexit sha1_base64="avcDumqX/3UGGNO8TDN3EO66IHk="></latexit><latexit sha1_base64="avcDumqX/3UGGNO8TDN3EO66IHk="></latexit><latexit sha1_base64="avcDumqX/3UGGNO8TDN3EO66IHk="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="BdzRTTI/EIzw0nSRmTmrEBh86Fo="></latexit><latexit sha1_base64="BdzRTTI/EIzw0nSRmTmrEBh86Fo="></latexit><latexit sha1_base64="pnKroUTZw2nBrIRe8Wf4CK+2Vvo="></latexit><latexit sha1_base64="avcDumqX/3UGGNO8TDN3EO66IHk="></latexit><latexit sha1_base64="avcDumqX/3UGGNO8TDN3EO66IHk="></latexit><latexit sha1_base64="avcDumqX/3UGGNO8TDN3EO66IHk="></latexit><latexit sha1_base64="avcDumqX/3UGGNO8TDN3EO66IHk="></latexit><latexit sha1_base64="avcDumqX/3UGGNO8TDN3EO66IHk="></latexit><latexit sha1_base64="avcDumqX/3UGGNO8TDN3EO66IHk="></latexit>

general description of new physics effects for E ⌧ ⇤
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effective Lagrangian:

SMEFT can help to discover subtle NP effects via correlations.

SMEFT amplitude parametrizes effects of heavy new physics:

model-independent, SM-invariant, complete 

combine observables in global fits
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1) Consider Higgs production and decay into photons at the LHC:

pp ! h ! ��
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What SMEFT operators can be probed?

Write down the Feynman diagram for this process.
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W

(a)
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g
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q q
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γ ,Z
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q q

u,c,t u,c,t
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W W
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W

(e)
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b,s d
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W
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(f)

d s

l l

t

FIG. 4. Typical diagrams in the full theory from which the operators (IV.1)–(IV.10) originate. The cross
in diagram (d) means a mass-insertion. It indicates that magnetic penguins originate from the mass-term on
the external line in the usual QCD or QED penguin diagrams.

Next in section VII the∆S = 1 and∆B = 1 hamiltonians of section VI will be generalized to
include the electroweak penguin operatorsQ7 −Q10. These generalized hamiltonians are given in
(VII.1) and (VII.37) for ∆S = 1 and ∆B = 1 non-leptonic decays, respectively. The inclusion of
the electroweak penguin operators implies the inclusion of QED effects. Consequently the coef-
ficients of the operators Q1 − Q6 given in this section will differ slightly from the ones presented
in the previous sections.

In section VIII the effective hamiltonian for KL → π0e+e− will be presented. It is given in
(VIII.1). This hamiltonian can be considered as a generalization of the∆S = 1 hamiltonian (VI.1)
presented in section VI to include the semi-leptonic operators Q7V and Q7A. This generalization
does not modify the numerical values of the∆S = 1 coefficients Ci (i = 1, . . . , 6) given in section
VI.

In section IX we will discuss the effective hamiltonian for B → Xsγ. It is written down in
(IX.1). This hamiltonian can be considered as a generalization of the∆B = 1 hamiltonian (VI.32)
to include the magnetic penguin operators Q7γ and Q8G. This generalization does not modify the
numerical values of the ∆B = 1 coefficients Ci (i = 1, . . . , 6) from section VI.

45

What SMEFT operators contribute?

2)  Consider the rare B meson decay                    . B ! Xs�
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Can they be probed in other processes?



18

Combining LHC and flavor observables

mb
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⇤ = mX
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LWET = LQCD+QED �
4GF
p
2

X

i

Ci O
(6)
i
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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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Basics:

operator expansion
effective Lagrangian

Weak EFT:
meson decays through weak interactions

running effective couplings

Standard Model EFT:
particle collisions above the weak scale

model-independent search for heavy new physics
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