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Standard Model EFT (SMEFT)

Motivation:

• No evidence for new physics at the LHC so far 

• SM = leading order of Effective Field Theory (SMEFT)

• New physics encoded in Wilson Coefficients        of SMEFT operators 

• Fit Wilson coefficients to experimental data

→ Need matching of BSM models onto SMEFT

→ This talk: matching method & issues
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Standard Model EFT (SMEFT)

Diagrammatic matching
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<latexit sha1_base64="Ll/K0kFGtL4woZFGXiBTxwXwWVY="></latexit>

!
=

SMEFT expansion parameter:

<latexit sha1_base64="Sr060fgt3ntuvzkXgl15Kytqygk="></latexit>

� ⌘ v2

M2

<latexit sha1_base64="yvirnzBEYMJ4l6m4DFTizswzJ6I="></latexit>

+ O(�2)

<latexit sha1_base64="urcDD6qnVat5oQxsJM+R6AdsUng="></latexit>

C(1)
i,treeO

(0)
i + C(0)

j,treeO
(1)
j ⇢ LSMEFT

(SM) operators

<latexit sha1_base64="KIWLpOvRBlyqJ+jLQ3coFkr/4Z0="></latexit>

O(�0)
<latexit sha1_base64="oPNEOGthxx+NwkDQz5Vs1ZgttAs="></latexit>

O(�1)

SMEFT operators

Tree-level matching fixes Wilson coefficients 
<latexit sha1_base64="fJubuSBvOvSvwUfPtiVv0m0EOf4="></latexit>

C(n)
k,tree

<latexit sha1_base64="sKNuiyLmS5U5pen2F1rAolLCm24=">AAAHB3ichZXNbtQwEMdToEsJH23hyMXbdiUOqNpFVcuxhVbiUrF0+yXVpXKcya4VJ05tp90lygPwDFzhzA1x5TG48Sg46ZZsYxZGiuLM7z/2eOIPL+FM6Xb758yt23dmG3fn7rn3Hzx8NL+w+PhQiVRSOKCCC3nsEQWcxXCgmeZwnEggkcfhyAtfF/zoAqRiIt7XowROI9KPWcAo0cZ1tjCPB0KEkvUHmkgpLs8Wltur7dKQ3e </latexit>

,!

ext. momenta:
<latexit sha1_base64="2KPoK+6lj8vfafy/ddDN2kIPwi4="></latexit>pi ⇠ v

15.03.2022 Maximilian Stahlhofen – University of Freiburg Seminar on particle physics, Vienna  - 6



Standard Model EFT (SMEFT)

Diagrammatic matching
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Standard Model EFT (SMEFT)

Expansion by regions:

hard region:
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Standard Model EFT (SMEFT)

Expansion by regions:
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Diagrammatic matching
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Functional matching using the BFM

Background-field method (BFM):
<latexit sha1_base64="x3teR2i/eC1OqKfKb7hzCBusQJU="></latexit>

�i ! �̂i + �i

classical 
background field

→ tree level & external

quantum field
→ loops

<latexit sha1_base64="+Khsq768wkLaFeQ5S8185ygIO8Q="></latexit>

) L(�i) ! Ltree(�̂i) + L(�̂i,�i)

Perform loops using the path integral:

<latexit sha1_base64="UwUv3yM284hp/x4rt0ZjEChZTac="></latexit>

ei
R
dDx Le↵ ⌘ ei

R
dDx Ltree(�̂i)

Z
D�i e

i
R
dDx L(�̂i,�i)
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Functional matching using the BFM

Background-field method (BFM):

Feynman rules:

...all
loops

all
loops

all
loops

original (tree-level)
Feynman rules

<latexit sha1_base64="UwUv3yM284hp/x4rt0ZjEChZTac="></latexit>

ei
R
dDx Le↵ ⌘ ei

R
dDx Ltree(�̂i)

Z
D�i e

i
R
dDx L(�̂i,�i)
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Functional matching using the BFM

Background-field method (BFM):

<latexit sha1_base64="AyV/VfXIr/PS00nq6HlPxLmOQno=">AAAIzXicnZZdb9s2FIYVr91c7aPNetkbpqmBDjMCOyjSZEGBpk2AXSxo1jRpgNA1KIqKGVEiS1KtXVW73R/cze72U3YoO5Mt1R1SAoJpPu/54PGh6EAJbmyv9/dK66sbN7/+pn3L//a773+4fWf1x1MjM03ZCZVC6rOAGCZ4yk4st4KdKc1IEgj2OoifO/76HdOGy/SVnSg2SMhFyiNOiYWl4erKXzghdkSJyH8rHuIRsTlWI1 </latexit>

L(�̂i,�i) = �i Ai(�̂j) + �i Bij(�̂j)�j + �i�j�k Cijk(�̂j) + . . .

<latexit sha1_base64="DvEB/jG1dktabjbQhBdDNguPvtc="></latexit>

⌘ L1loop(�̂i,�i)

vanish by EOMs higher loops

1-loop 
Feynman rules

<latexit sha1_base64="UwUv3yM284hp/x4rt0ZjEChZTac="></latexit>

ei
R
dDx Le↵ ⌘ ei

R
dDx Ltree(�̂i)

Z
D�i e

i
R
dDx L(�̂i,�i)
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Functional matching using the BFM

Background-field method (BFM):

Feynman rules:

...1-loop
original (tree-level)

Feynman rules 1-loop 1-loop

contain hard and soft contributions

<latexit sha1_base64="rRza92rcC9m6gmFHjEOBPAK71nk="></latexit>

ei
R
dDx Le↵ ⌘ ei

R
dDx Ltree(�̂i)

Z
D�i e

i
R
dDx L1loop(�̂i,�i)
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Functional matching using the BFM

Background-field method (BFM):

Feynman rules:

...1-loop
original (tree-level)

Feynman rules 1-loop 1-loop

+

hard soft

<latexit sha1_base64="rRza92rcC9m6gmFHjEOBPAK71nk="></latexit>

ei
R
dDx Le↵ ⌘ ei

R
dDx Ltree(�̂i)

Z
D�i e

i
R
dDx L1loop(�̂i,�i)
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Functional matching using the BFM

BFM + expansion by regions:

Light (SM) fields:

Heavy (BSM) field:

hard quantum
modes

soft modes
<latexit sha1_base64="kgDkVH6rkRj2nQG0YFZFb+HaJf8="></latexit>p⇠v

<latexit sha1_base64="+bVhwENAGaKxk215R4xNOdiEuaA="></latexit>

p⇠M

<latexit sha1_base64="Z3mcF2W40QosG0fCBGiDk9WtDnA="></latexit>

H ! Ĥ + Hi = Ĥ + Hs + Hh

<latexit sha1_base64="Org0iMpNRXJrIV+fkCeKou99Zi8="></latexit>

�i ! �̂i + �i = �̂i + �i,s + �i,h

depend on
<latexit sha1_base64="FCnxpWKZY5/LNoe4fyvav8K3+qs="></latexit>

Ĥ, �̂i

<latexit sha1_base64="o+E+n0kDruUtt/dsm+IZ2f0CqCM="></latexit>

L1loop

hard
= �1

2
Hh �H Hh + Hh XHi �i,h � 1

2
�i,h Aij �j,h
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Functional matching using the BFM

Feynman rules:

...

BFM + expansion by regions:

<latexit sha1_base64="kHs63gZPku+Sj9ifOAdbbC34Pog="></latexit>

C(1)
i,1loopO

(0)
i + C(0)

j,1loopO
(1)
j = �L1loop

e↵ ⇢ LSMEFT

<latexit sha1_base64="P+iZUnr53MoffuCHHZYzTXtCI8s="></latexit>

e
i
R
d
D
x Le↵ ⌘ e

i
R
d
D
x Ltree(Hs,�i,s)

Z
DHhD�i,h e

i
R
d
D
x L1loop

hard
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<latexit sha1_base64="P+iZUnr53MoffuCHHZYzTXtCI8s="></latexit>

e
i
R
d
D
x Le↵ ⌘ e

i
R
d
D
x Ltree(Hs,�i,s)

Z
DHhD�i,h e

i
R
d
D
x L1loop

hard

Functional matching using the BFM

Feynman rules:

...

BFM + expansion by regions:

<latexit sha1_base64="kHs63gZPku+Sj9ifOAdbbC34Pog="></latexit>

C(1)
i,1loopO

(0)
i + C(0)

j,1loopO
(1)
j = �L1loop

e↵ ⇢ LSMEFT

<latexit sha1_base64="KOxvsUZUKx5gm+0ORRJcjedUKTo="></latexit>

⌘ ei
R
dDx �L1loop

e↵
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<latexit sha1_base64="P+iZUnr53MoffuCHHZYzTXtCI8s="></latexit>

e
i
R
d
D
x Le↵ ⌘ e

i
R
d
D
x Ltree(Hs,�i,s)

Z
DHhD�i,h e

i
R
d
D
x L1loop

hard

Functional matching using the BFM

Feynman rules:

BFM + expansion by regions:

Eliminate       by EOM:
<latexit sha1_base64="rLJEmVlgYOA0kG+9jJccfaxEuhM="></latexit>

Hs

Solve EOM iteratively

<latexit sha1_base64="BrV55L8g++Bmj8vNp1sGEx07I5c="></latexit>

Ltree(Hs,�i,s) = �1

2
Hs(⇤+M

2)Hs + HsA(�i,s) + . . .

<latexit sha1_base64="7Lkp3XXIMTvFhdVULhG7V1VUTkE="></latexit>

O(v2)

original (full-theory)
Feynman rules
for soft modes

<latexit sha1_base64="4T2dHbIxFzWL6H2QXnmKw8WiG64="></latexit>

Ĥs + Hs

<latexit sha1_base64="fEi2ikjNbBVoqf6oOuawPgCnk3U="></latexit>

�̂i + �s,i

<latexit sha1_base64="KOxvsUZUKx5gm+0ORRJcjedUKTo="></latexit>

⌘ ei
R
dDx �L1loop

e↵

<latexit sha1_base64="RCZYrY3fnEwLl/Mv3veRLsnaUXo="></latexit>

O(
p

�)

<latexit sha1_base64="4m788M8pjYKiSF+vjLPiNtV/RBs="></latexit>

) Hs = �
1

M2
A(�i,s) + O(�)
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<latexit sha1_base64="P+iZUnr53MoffuCHHZYzTXtCI8s="></latexit>

e
i
R
d
D
x Le↵ ⌘ e

i
R
d
D
x Ltree(Hs,�i,s)

Z
DHhD�i,h e

i
R
d
D
x L1loop

hard

Functional matching using the BFM

Feynman rules:

BFM + expansion by regions:

original (full-theory)
Feynman rules
for soft modes

<latexit sha1_base64="4T2dHbIxFzWL6H2QXnmKw8WiG64="></latexit>

Ĥs + Hs

<latexit sha1_base64="fEi2ikjNbBVoqf6oOuawPgCnk3U="></latexit>

�̂i + �s,i

Eliminate       by EOM:
<latexit sha1_base64="rLJEmVlgYOA0kG+9jJccfaxEuhM="></latexit>

Hs

EOM

<latexit sha1_base64="xgPzPdqD20SJDlRG5RdSytI/SxU="></latexit>

Ltree
e↵ (�i,s) = LSM + C(1)

i,treeO
(0)
i + C(0)

j,treeO
(1)
j ⇢ LSMEFT

<latexit sha1_base64="E8rdB+MWg3gypcdfqg0nmxDOeBQ="></latexit>

Ltree(Hs,�i,s)

<latexit sha1_base64="KOxvsUZUKx5gm+0ORRJcjedUKTo="></latexit>

⌘ ei
R
dDx �L1loop

e↵

<latexit sha1_base64="N2V0DRDzheBd9DVMPPyoN2lCzPA="></latexit>

+ O(�2)

15.03.2022 Maximilian Stahlhofen – University of Freiburg Seminar on particle physics, Vienna  - 22



Functional matching using the BFM

Calculation of               :
<latexit sha1_base64="U/YFxrB0DpLt0xpsbo7ocuSfSPo="></latexit>

�L1loop
e↵

<latexit sha1_base64="2AVyrFpaX5FbW+fC1mzy4TMeIZI="></latexit>

L1loop

hard
= �1

2
Hh �H Hh + Hh XHi �i,h � 1

2
�i,h Aij �j,h

<latexit sha1_base64="AbQfrlR9n+k8ViRrCWiDeg16Qdg="></latexit>

�i,h ! �i,h +
�
A�1

�
ij
XjH HhField redefinition:

<latexit sha1_base64="lanhYDHcuux3ddu0ky12b1yEkBw="></latexit>

) L1loop

hard
! �1

2
Hh �̃H Hh � 1

2
�i,h Aij �j,h

<latexit sha1_base64="pyLZQDDBw+el5rO4rI2Eo1zQcSo="></latexit>

�̃H = �H � XHi

�
A�1

�
ij
XjH

<latexit sha1_base64="ke6vI3fUHOKS00M+9CyT0U5CDPQ="></latexit>

X †
Hj
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Functional matching using the BFM

Calculation of               :
<latexit sha1_base64="U/YFxrB0DpLt0xpsbo7ocuSfSPo="></latexit>

�L1loop
e↵

<latexit sha1_base64="w41JYEfpZfwmHd/ZUU7I0evsljI="></latexit>

e
i
R
dDx �L1loop

e↵ ⌘
Z
DHhD�i,h e

i
R
dDx L1loop

hard

<latexit sha1_base64="IithDuncBHYmMsU/qFsuYvyCG0U="></latexit>

=

Z
DHh e

� i

2

R
d
D
x Hh �̃H Hh

Z
D�i,he

� i

2

R
d
D
x �i,h Aij �j,h

<latexit sha1_base64="IPXl7RcXk5vZ1Kc/nj+odwnLN98="></latexit>

p⇠M

=0 (scaleless)
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Functional matching using the BFM

Calculation of               :
<latexit sha1_base64="U/YFxrB0DpLt0xpsbo7ocuSfSPo="></latexit>

�L1loop
e↵

<latexit sha1_base64="w41JYEfpZfwmHd/ZUU7I0evsljI="></latexit>

e
i
R
dDx �L1loop

e↵ ⌘
Z
DHhD�i,h e

i
R
dDx L1loop

hard

<latexit sha1_base64="IithDuncBHYmMsU/qFsuYvyCG0U="></latexit>

=

Z
DHh e

� i

2

R
d
D
x Hh �̃H Hh

Z
D�i,he

� i

2

R
d
D
x �i,h Aij �j,h

<latexit sha1_base64="q50x5lX7fiiHPnB1K5O0s/OWlBY="></latexit>

=

Z
DHh e

� i

2

R
d
D
x Hh �̃H Hh

<latexit sha1_base64="vVCJLBYsV/LqUH2TOGOkEvcXIY0="></latexit>

= e�
1

2
Tr h

⇥
ln
�
�(x�y)�̃H(x,@x)

�⇤

<latexit sha1_base64="MPAriRUKdLUNlMImr27WF2/Fs8c="></latexit>

/
⇣

Det h

h
�(x� y)�̃H(x, @x)

i⌘� 1

2

<latexit sha1_base64="ebc0Q29HDI/HiPX4OlMjXPJQjQU="></latexit>

) �L1loop

e↵
=

i

2
µ4�D

Z

p⇠M

dDp

(2⇡)D
ln
⇣
�̃H(x, @x + ip)

⌘
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Functional matching using the BFM

Calculation of               :
<latexit sha1_base64="U/YFxrB0DpLt0xpsbo7ocuSfSPo="></latexit>

�L1loop
e↵

<latexit sha1_base64="6BWHoJic+VdqAE0cOpIb4qUzpfo="></latexit>

�L1loop

e↵
=

i

2
µ4�D

Z

p⇠M

dDp

(2⇡)D
ln

⇣
�̃H(x, @x + ip)

⌘

<latexit sha1_base64="pyLZQDDBw+el5rO4rI2Eo1zQcSo="></latexit>

�̃H = �H � XHi

�
A�1

�
ij
XjH

operators read off
depend on

<latexit sha1_base64="MxplDAGSa2aKFkVpeJVXnr3kTH4="></latexit>

Ĥ, �̂i

<latexit sha1_base64="SJR2H9yLhlP5uuahnQrC1k69ubc="></latexit>

LBSM

<latexit sha1_base64="dfsD30oNpfTgKyDYjR51dW9a0Kg=">AAAHYHichZXfbxQ3EMcXClzYFpLQN/oyIZwEIkR3KIK+VCIlkfoSkRISTorDyeudzZnzrh3bS++62n+Rd94Qf0NfW2HvXdhktwcjrc43n+/Y4/GvSAlubK/38crVH65dv9FZuhn++NOt28srq3eOjMw1w0MmhdSDiBoUPMNDy63AgdJI00jgm2j8wvM371EbLrPXdqrwJKWnGU84o9a5hisjklI7YlQU2+Ww4O/KB5MNoqi2nI </latexit>

Aij(x, @x + ip) = Dij � Xij, Xii = 0

<latexit sha1_base64="RCZYrY3fnEwLl/Mv3veRLsnaUXo="></latexit>

O(
p

�)

<latexit sha1_base64="iUwt0CIs27+zW7OXbh9CKNkfA+I=">AAAIMXictZXPb9s2FMfldp07rd2a7rjLS1MDLbYGdlG0uRRItgToJVjWNKmBKDUo6inmxB8qSXf2BP0t+yP2N+y6nnsreu0/MVJ2qliql9MICKbf5/vIx8dHMs45M7bff9e5cvWLa192r38Vfn3j5jff3lq7fWzURFM8ooorPYyJQc4kHllmOQ5zjUTEHF/G2c+ev3yD2jAlX9hZjqeCnEmWMkqsM43WOlsRx9Teg0gQO6aEFz </latexit>�
A�1

�
ij
=

�
D�1

�
ij
+

�
D�1

�
ik
Xkl

�
D�1

�
lj
+

�
D�1

�
ik
Xkl

�
D�1

�
lm
Xmn

�
D�1

�
nj
+ . . .

<latexit sha1_base64="RCZYrY3fnEwLl/Mv3veRLsnaUXo="></latexit>

O(
p

�)
<latexit sha1_base64="Ubtoae4wauNSt6cI0moSWVBPpF0="></latexit>

O(�)

inverse propagator
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Functional matching using the BFM

Functional matching, pros & cons:

+ No operator basis needed   
+ Universal pattern
+ Straightforward automation
- Feasibility @ 2 loops ?
- Need to convert to standard SMEFT basis

Literature:

• First attempts:

• Revival:
• BFM:
• BFM + expansion by region:
• UOLEA:
• Automation:

[Gaillard; Chan; Cheyette 1986-1988]

[Henning, Lu, Murayama ’14]

[Dittmaier, Grosse-Knetter 1995, 1996]

[Fuentes-Martin, Portoles, Ruiz-Femenia ’16]
[Drozd, Ellis, Quevillon, You; Zhang; Vuong; Henning, Lu, Murayama;  Krämer, Summ, Voigt;
Angelescu, Huang ’16 - 21]

[Criado; Cohen, Lu, Zhang; Fuentes-Martin, König, Pagès, Thomsen, Wilsch ’17-20]
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<latexit sha1_base64="/F4DHeD9umzTZRvQZLK8GeWk4Mk="></latexit>

LHiggs

SESM
=

1

2
tr
h
(Dµ�)

† (Dµ�)
i
+

1

2
µ2

2
tr
⇥
�†�

⇤
� 1

16
�2tr

⇥
�†�

⇤2

+
1

2
(@µ�) (@

µ�) + µ2

1
�2 � �1 �

4 � 1

2
�12 �

2tr
⇥
�†�

⇤

Matching models with Higgs mixing: SESM

Singlet extension of the SM (SESM)

<latexit sha1_base64="ybS4v7YxrAilQs2aRNZDsh3cSpM="></latexit>

� =
1p
2
(v2 + h2)U, U = exp

✓
2i
'

v2

◆
, ' =

1

2
'a⌧a

Non-linear realization of SM-type Higgs: Pauli matrix

real Goldstone fieldsHiggs fieldvev

Higgs sector:

Singlet field:
<latexit sha1_base64="H0gQbMibkdkyighGic+16dMDirk="></latexit>

� = v1 + h1

<latexit sha1_base64="fNoHjwpLAkUkCdAAszQy8h2FTrA="></latexit>

Dµ� = @µ�� ig2Wµ�� ig1�
⌧3
2
BµCovariant derivative:
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Matching models with Higgs mixing: SESM

Higgs mixing
<latexit sha1_base64="h7aCkQpvnhFMLvXJMhLqQgKIQRM="></latexit>✓
H

h

◆
=

✓
c↵ s↵

�s↵ c↵

◆✓
h1

h2

◆
Mass eigenstates: heavy Higgs

SM-like Higgs

mixing angle
<latexit sha1_base64="Y2oKgcF3bRPSZJppPJrp1Uwf8vc="></latexit>⇥
s↵ ⌘ sin↵, c↵ ⌘ cos↵

⇤

<latexit sha1_base64="ou+Eac7wQ9gyRIRoBZ79qZa7CkM="></latexit>

) M2

H
=

1

2
v2
2
�2 + 2v1v2�12

c↵
s↵

� M2

h
=

1

2
v2
2
�2 � 2v1v2�12

s↵
c↵

SMEFT expansion parameter:
<latexit sha1_base64="xgW19kGxpcEC+7i4qXQwtaezAD0="></latexit>

� ⇠ M2

h

M2

H

Power counting
<latexit sha1_base64="yAG8MxHpyRSt8HPraCjCY4z3rAM="></latexit>

�1,�2,�12 ⇠ 1, v2 ⇠ MW ⇠ Mh, v1, µ1, µ2 ⇠ MH

<latexit sha1_base64="brHgjzO1WXEiG5f0tEM2ewvf5BU="></latexit>

) s↵ ⇠
p
� (“weak coupling scenario”)

BSM input parameters:
<latexit sha1_base64="PELPLQI6+xwaBEyFYbMdMSO7pU8="></latexit>

s↵, �12, MH
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Matching models with Higgs mixing: SESM

BFM and non-linear Higgs

Goldstone part of Lagrangian:

BFM:
<latexit sha1_base64="AdZThHob57Q5K8G/ajEmL4OpFfA="></latexit>

�i ! �̂i + �i, H ! Ĥ+ H, U ! Û U

<latexit sha1_base64="j/LRCiTdYdfNJcTo5LKP2YDzOTI="></latexit>

L'
SESM =

1

4
(v2 + h2)

2 tr
h
(DµU)

† (DµU)
i

<latexit sha1_base64="JLrhdETdjfHHdVWr/9s5/ac2b94="></latexit>

U = exp

✓
2i
'

v2

◆
, U†U = 1

Unitary gauge for background fields via Stueckelberg trafo:

Fix gauge of quantum fields by (standard) gauge fixing term: 
<latexit sha1_base64="1TbDaXgRWl/ATQ+pLbhhTBe5iRA="></latexit>

L⇠
fix

<latexit sha1_base64="Jrr0/9GYC940JWMzpolisT4yl+E="></latexit>

Ŵµ ! Û ŴµÛ
† +

i

g2
Û @µÛ

†, Wµ ! ÛWµÛ
†, B̂µ ! B̂µ, Bµ ! Bµ

can always be restored by inverse Stueckelberg trafo!
<latexit sha1_base64="dAf5fSXRH2stV4oJGSahYQG086Q=">AAAHBHichZXPb9MwFMezwcoIvzY4cnG3VeKAphZNjOMGm8Rloqz7UWnekOO8rFac2LOd0RLlyt/AFc7cEFf+D278KThpR7qEwpOiOO/zffbzi394kjNt2u2fc/M3bi40bi3edu/cvXf/wdLywyMtEkXhkAouVN8jGjiL4dAww6EvFZDI43Dsha9yfnwJSjMRH5iRhNOInMcsYJQY6zrDA2JSfEmUHLDMfbe02l5vF4bqjc6kse </latexit>
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[Dittmaier, Grosse-Knetter 1995, 1996]
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Matching models with Higgs mixing: SESM
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Matching models with Higgs mixing: SESM

Calculation of               :
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Matching models with Higgs mixing: SESM

from bare :
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Renormalization

Renormalized SMEFT Lagrangian:

from soft          
using EOM for        
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Hs
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to full-theory
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EFT
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Decoupling
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Renormalization

Derivation of                  : 
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Renormalization

Renormalization of mixing angle                   :
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Renormalization

Final result:
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no decoupling!
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Renormalization

Analysis of non-decoupling                    result: 
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Summary/Outlook

• Functional matching is powerful tool for top-down derivation of SMEFT:
universal, algorithmic, ...

• Tricks for matching BSM models with extended Higgs sector:
non-linear realization, Stueckelberg trafo

• Consistent EFT requires careful choice of renormalization/tadpole scheme:
renormalization of mixing angles can be problematic!
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MS

Outlook:

• SESM matching to              (dim-6 operators)             WIP

• Fermionic sector             WIP 

• Other BSM models ...
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