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ATLAS Exotics Summary

Model ℓ, γ Jets† Emiss
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ADD GKK + g/q 0 e, µ, τ, γ 1 − 4 j Yes 139 n = 2 2102.1087411.2 TeVMD

ADD non-resonant γγ 2 γ − − 36.7 n = 3 HLZ NLO 1707.041478.6 TeVMS

ADD QBH − 2 j − 37.0 n = 6 1703.091278.9 TeVMth

ADD BH multijet − ≥3 j − 3.6 n = 6, MD = 3 TeV, rot BH 1512.025869.55 TeVMth

RS1 GKK → γγ 2 γ − − 139 k/MPl = 0.1 2102.134054.5 TeVGKK mass
Bulk RS GKK →WW /ZZ multi-channel 36.1 k/MPl = 1.0 1808.023802.3 TeVGKK mass
Bulk RS GKK →WV → ℓνqq 1 e, µ 2 j / 1 J Yes 139 k/MPl = 1.0 2004.146362.0 TeVGKK mass
Bulk RS gKK → tt 1 e, µ ≥1 b, ≥1J/2j Yes 36.1 Γ/m = 15% 1804.108233.8 TeVgKK mass
2UED / RPP 1 e, µ ≥2 b, ≥3 j Yes 36.1 Tier (1,1), B(A(1,1) → tt) = 1 1803.096781.8 TeVKK mass

SSM Z ′ → ℓℓ 2 e, µ − − 139 1903.062485.1 TeVZ′ mass
SSM Z ′ → ττ 2 τ − − 36.1 1709.072422.42 TeVZ′ mass
Leptophobic Z ′ → bb − 2 b − 36.1 1805.092992.1 TeVZ′ mass
Leptophobic Z ′ → tt 0 e, µ ≥1 b, ≥2 J Yes 139 Γ/m = 1.2% 2005.051384.1 TeVZ′ mass
SSM W ′ → ℓν 1 e, µ − Yes 139 1906.056096.0 TeVW′ mass
SSM W ′ → τν 1 τ − Yes 139 ATLAS-CONF-2021-0255.0 TeVW′ mass
SSM W ′ → tb − ≥1 b, ≥1 J − 139 ATLAS-CONF-2021-0434.4 TeVW′ mass
HVT W ′ →WZ → ℓνqq model B 1 e, µ 2 j / 1 J Yes 139 gV = 3 2004.146364.3 TeVW′ mass
HVT Z ′ → ZH model B 0-2 e, µ 1-2 b Yes 139 gV = 3 ATLAS-CONF-2020-0433.2 TeVZ′ mass
HVT W ′ →WH model B 0 e, µ ≥1 b, ≥2 J 139 gV = 3 2007.052933.2 TeVW′ mass
LRSM WR → µNR 2 µ 1 J − 80 m(NR) = 0.5 TeV, gL = gR 1904.126795.0 TeVWR mass

CI qqqq − 2 j − 37.0 η−LL 1703.0912721.8 TeVΛ
CI ℓℓqq 2 e, µ − − 139 η−LL 2006.1294635.8 TeVΛ
CI eebs 2 e 1 b − 139 g∗ = 1 2105.138471.8 TeVΛ
CI µµbs 2 µ 1 b − 139 g∗ = 1 2105.138472.0 TeVΛ
CI tttt ≥1 e,µ ≥1 b, ≥1 j Yes 36.1 |C4t | = 4π 1811.023052.57 TeVΛ

Axial-vector med. (Dirac DM) 0 e,µ, τ, γ 1 − 4 j Yes 139 gq=0.25, gχ=1, m(χ)=1 GeV 2102.108742.1 TeVmmed

Pseudo-scalar med. (Dirac DM) 0 e,µ, τ, γ 1 − 4 j Yes 139 gq=1, gχ=1, m(χ)=1 GeV 2102.10874376 GeVmmed

Vector med. Z ′-2HDM (Dirac DM) 0 e, µ 2 b Yes 139 tan β=1, gZ =0.8, m(χ)=100 GeV ATLAS-CONF-2021-0063.1 TeVmmed

Pseudo-scalar med. 2HDM+a multi-channel 139 tan β=1, gχ=1, m(χ)=10 GeV ATLAS-CONF-2021-036560 GeVmmed

Scalar reson. φ→ tχ (Dirac DM) 0-1 e, µ 1 b, 0-1 J Yes 36.1 y=0.4, λ=0.2, m(χ)=10 GeV 1812.097433.4 TeVmφ

Scalar LQ 1st gen 2 e ≥2 j Yes 139 β = 1 2006.058721.8 TeVLQ mass
Scalar LQ 2nd gen 2 µ ≥2 j Yes 139 β = 1 2006.058721.7 TeVLQ mass
Scalar LQ 3rd gen 1 τ 2 b Yes 139 B(LQu

3 → bτ) = 1 ATLAS-CONF-2021-0081.2 TeVLQu
3

mass

Scalar LQ 3rd gen 0 e, µ ≥2 j, ≥2 b Yes 139 B(LQu
3 → tν) = 1 2004.140601.24 TeVLQu

3
mass

Scalar LQ 3rd gen ≥2 e, µ, ≥1 τ ≥1 j, ≥1 b − 139 B(LQd
3 → tτ) = 1 2101.115821.43 TeVLQd

3
mass

Scalar LQ 3rd gen 0 e, µ, ≥1 τ 0 − 2 j, 2 b Yes 139 B(LQd
3 → bν) = 1 2101.125271.26 TeVLQd

3
mass

VLQ TT → Zt + X 2e/2µ/≥3e,µ ≥1 b, ≥1 j − 139 SU(2) doublet ATLAS-CONF-2021-0241.4 TeVT mass
VLQ BB →Wt/Zb + X multi-channel 36.1 SU(2) doublet 1808.023431.34 TeVB mass
VLQ T5/3T5/3 |T5/3 →Wt + X 2(SS)/≥3 e,µ ≥1 b, ≥1 j Yes 36.1 B(T5/3 →Wt)= 1, c(T5/3Wt)= 1 1807.118831.64 TeVT5/3 mass
VLQ T → Ht/Zt 1 e, µ ≥1 b, ≥3 j Yes 139 SU(2) singlet, κT = 0.5 ATLAS-CONF-2021-0401.8 TeVT mass
VLQ Y →Wb 1 e, µ ≥1 b, ≥1 j Yes 36.1 B(Y →Wb)= 1, cR (Wb)= 1 1812.073431.85 TeVY mass
VLQ B → Hb 0 e,µ ≥2b, ≥1j, ≥1J − 139 SU(2) doublet, κB= 0.3 ATLAS-CONF-2021-0182.0 TeVB mass

Excited quark q∗ → qg − 2 j − 139 only u∗ and d∗, Λ = m(q∗) 1910.084476.7 TeVq∗ mass
Excited quark q∗ → qγ 1 γ 1 j − 36.7 only u∗ and d∗, Λ = m(q∗) 1709.104405.3 TeVq∗ mass
Excited quark b∗ → bg − 1 b, 1 j − 36.1 1805.092992.6 TeVb∗ mass
Excited lepton ℓ∗ 3 e, µ − − 20.3 Λ = 3.0 TeV 1411.29213.0 TeVℓ∗ mass
Excited lepton ν∗ 3 e,µ, τ − − 20.3 Λ = 1.6 TeV 1411.29211.6 TeVν∗ mass

Type III Seesaw 2,3,4 e, µ ≥2 j Yes 139 ATLAS-CONF-2021-023910 GeVN0 mass
LRSM Majorana ν 2 µ 2 j − 36.1 m(WR ) = 4.1 TeV, gL = gR 1809.111053.2 TeVNR mass
Higgs triplet H±± →W ±W ± 2,3,4 e,µ (SS) various Yes 139 DY production 2101.11961350 GeVH±± mass
Higgs triplet H±± → ℓℓ 2,3,4 e,µ (SS) − − 36.1 DY production 1710.09748870 GeVH±± mass
Higgs triplet H±± → ℓτ 3 e,µ, τ − − 20.3 DY production, B(H±±

L
→ ℓτ) = 1 1411.2921400 GeVH±± mass

Multi-charged particles − − − 36.1 DY production, |q| = 5e 1812.036731.22 TeVmulti-charged particle mass
Magnetic monopoles − − − 34.4 DY production, |g | = 1gD , spin 1/2 1905.101302.37 TeVmonopole mass

Mass scale [TeV]10−1 1 10
√
s = 8 TeV

√
s = 13 TeV

partial data

√
s = 13 TeV
full data

ATLAS Heavy Particle Searches* - 95% CL Upper Exclusion Limits
Status: July 2021

ATLAS Preliminary∫
L dt = (3.6 – 139) fb−1

√
s = 8, 13 TeV

*Only a selection of the available mass limits on new states or phenomena is shown.
†Small-radius (large-radius) jets are denoted by the letter j (J).
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ATLAS SM Summary
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The Fermi-theory example

In the SM

e

νµ

ν

M∼
g2
W

2

(ν̄µγ
µPLµ)(ēγµPLνe)

k2 −M2
W
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EFTs

ΛNP

E–scale of experiments

The major underlying assumption of any EFT

ΛNP � E of the scale of experiments/measurements
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EFTs

ΛNP

E–scale of experiments

Top down EFTs:
• example: SM → Fermi theory

• Start w/ ultraviolet (UV)–model in mind (Seesaw, SUSY, etc)

• “integrate out” heavy degrees of freedom at UV scale

• model dependent relations between ops, Qd>4
i

• Qi are only in terms of IR degrees of freedom
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EFTs

ΛNP

E–scale of experiments

Bottom up EFTs:
• example: Fermi theory

• Start w/ infrared (IR)–model in mind (QED, SM)

• using symmetries of model put together ops, Qd>4

• truncate EFT at some O(1/Λ)

• constrain Q in experiment & infer properties of NP at Λ

• Qs are unrelated → model independent

• Qs are only in terms of IR degrees of freedom
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SMEFT

In studying NP at ΛNP � v, we employ the Standard Model EFT

LSMEFT = LSM +
1

Λ
L5 +

1

Λ2
L6 + · · · Ld =

∑
i

ciQi

The SMEFT is formed of LSM and
Q of d > 4 respecting SM symmetries

& ci embedding UV physics
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a Taylor series in v
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The leading operator:
L5 = cαβ(L̄cαH̃)(H̃†Lβ) ∼ v2ν̄ανβ

⇒ mν ∼ v2/Λ
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The SMEFT at dimension-six

D6 operators from SM field content ⇒ SMEFT @ D6

Type I: X3 Type II, III: H6, H4D2 Type V: Ψ2H3 + h.c.

QG fABCGAνµ GBρν GCµρ QH (H†H)3 QeH (H†H)(L̄eH)

Q
G̃

fABCG̃Aνµ GBρν GCµρ QH� (H†H)�(H†H) QuH (H†H)(Q̄uH̃)

QW εIJKW Iν
µ WJρ

ν WKµ
ρ QHD (H†DµH)∗(H†DµH) QdH (H†H)(Q̄dH)

Q
W̃

εIJKW̃ Iν
µ WJρ

ν WKµ
ρ

Type IV: X2Φ2 Type VI: Ψ2HX Type VII: Ψ2H2D

QHG (H†H)GAµνG
Aµν QeW (L̄σµνe)τIHW I

µν Q
(1)
HL

(H†i
←→
D µH)(L̄γµL)

Q
HG̃

(H†H)G̃AµνG
Aµν QeW (L̄σµνe)τIHBµν Q

(3)
HL

(H†i
←→
D I
µH)(L̄τIγµL)

QHW (H†H)W I
µνW

Iµν QuG (Q̄σµνTAu)H̃GAµν QHe (H†i
←→
D µH)(ēγµe)

Q
HW̃

(H†H)W̃ I
µνW

Iµν QuW (Q̄σµνu)τIH̃W I
µν Q

(1)
HQ

(H†i
←→
D µH)(q̄γµq)

QHB (H†H)BµνB
µν QuB (Q̄σµνu)H̃Bµν Q

(3)
HQ

(H†i
←→
D I
µH)(q̄τIγµq)

Q
HB̃

(H†H)B̃µνB
µν QdG (Q̄σµνTAd)HGAµν QHu (H†i

←→
D µH)(ūγµu)

QHWB (H†τIH)W I
µνB

µν QdW (Q̄σµνd)τIHW I
µν QHd (H†i

←→
D µH)(d̄γµd)

Q
HW̃B

(H†τIH)W̃ I
µνB

µν QdB (Q̄σµνd)H̃Bµν QHud (H†i
←→
D µH)(ūγµd)

Type VIII: 5× (L̄L)(L̄L) + 7× (R̄R)(R̄R) + 8× (L̄L)(R̄R)
+(L̄R)(R̄L) + 4[(L̄R)(L̄R) + h.c.] = 25(Ψ̄Ψ)(Ψ̄Ψ)

Tyler Corbett (Niels Bohr Institute) The GeoSMEFT & some applications 14 October, 2021 6 / 31



The SMEFT at dimension-six

D6 operators from SM field content ⇒ SMEFT @ D6
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←→
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Type VIII: 5× (L̄L)(L̄L) + 7× (R̄R)(R̄R) + 8× (L̄L)(R̄R)
+(L̄R)(R̄L) + 4[(L̄R)(L̄R) + h.c.] = 25(Ψ̄Ψ)(Ψ̄Ψ)

1 Take Field Content:
X – Field Strengths
Ψ – Fermions
H – Higgs doublets
D – Covariant Derivatives

2 Form D6 operators:
X3, H6, H4D2, Ψ2H3, H2X2, Ψ2HX, Ψ2H2D, Ψ4

3 Remove, e.g., XDΨ2 and (DX)2 via field redef./EOM
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SMEFT: Effective Vertices

T3: QH� = (H†H)�(H†H) T5: QψH = (H†H)(Ψ̄Hψ)

T3: QHD = (H†DµH)∗(H†DµH) T7: Q
(3)
HL = (H†i

←→
D I
µH)(L̄γµL)

T4: QHV = (H†H)V µνVµν T7: Q
(1,3)
HΨ = (H†

←→
D µH)(Ψ̄γµΨ)

T4: QHWB = (H†τIH)W I
µνB

µν T7: QHψ = (H†
←→
D µH)(ψ̄γµψ)

T8: QLL = (L̄γµL)(L̄γµL)

SM–like

Non-SM-like kinematic structure
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Ambiguities of (D6)2

Imagine we match a UV model ⇒ this IR Lagrangian: (top-down)

LIR = LSM +

(
c
(6)
eH

Λ2
(H†H)L̄eH +

c
(8)
eH

Λ4
(H†H)2L̄eH + h.c.

)

Equivalence theorem ⇒ can xform fields (consistently) & the S-matrix remains invariant:
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(
c
(6)
eH

Λ2
(H†H)L̄eH +

c
(8)
eH

Λ4
(H†H)2L̄eH + h.c.

)

Equivalence theorem ⇒ can xform fields (consistently) & the S-matrix remains invariant:

L→L+ α(H†H)L

LIR→LSM

+

(
c
(6)
eH
Λ2 − αY

)
(H†H)L̄eH +

(
c
(8)
eH
Λ4 + α

c
(6)
eH
Λ2

)
(H†H)2L̄eH + α

c
(8)
eH
Λ4 (H†H)3L̄eH + h.c.

+ iα
2
L̄γµL∂µ(H†H) + iα2

2
L̄γµL∂µ(H†H) + iα(H†H)L̄ /DL+ iα2

2
(H†H)2L̄ /DL+ h.c.
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Ambiguities of (D6)2 II

In the original IR model as well as for keeping full α dependence:

|Mh→ēe|2 = |Mh→ēe|2α =
1

v2

[
2m̄e −

√
2v3

(
c
(6)
eH

Λ2
+
c
(8)
eH

Λ4
v2

)]2

(p1 · p2 − m̄2
e)
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|Mh→ēe|2 = |Mh→ēe|2α =
1

v2

[
2m̄e −

√
2v3

(
c
(6)
eH

Λ2
+
c
(8)
eH

Λ4
v2

)]2

(p1 · p2 − m̄2
e)

Taking α→ α
Λ2 , truncating at 1

Λ4 , we compare:

|Mh→ēe|2 =

[
4m̄2

e

v2
− 4
√

2m̄ev
c
(6)
eH

Λ2
+ 4
√

2m̄ev
3 c

(8)
eH

Λ4
− 2v4 [c

(6)
eH ]2

Λ4

]
(p1 · p2 − m̄2

e)

|Mh→ēe|2α =

[
4m̄2

e

v2
− 4
√

2m̄ev
c
(6)
eH

Λ2
+ 4
√

2m̄ev
3 c

(8)
eH

Λ4
− 2v4 [c

(6)
eH ]2

Λ4

]
(p1 · p2 − m̄2

e)

+8
m̄2
eα

Λ2

(
δ
(6)

L̄ /DL
− δL̄eH

)
(p1 · p2 − m̄2

e)

−2
√

2
c
(6)
eH
αm̄ev

3

Λ4

(
2 δ

(8)

L̄eH
− 3δ

(6)

L̄ /DL
+ δ

(6)
Y

)
(p1 · p2 − m̄2

e)

−4
m̄2
ev

2α2

Λ4

[
2δ

(6)

L̄ /DL
δ
(6)
Y − 3

(
δ
(6)

L̄eH

)2
+ δ

(8)

L̄ /DL

]
(p1 · p2 − m̄2

e)
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e)

Consistent calcs in the SMEFT:
1 Equiv. theorem ⇒ S-matrix invariance

2 Fundamental to reduction of basis in EFTs

3 Unique solution only consistent order by order in 1
Λ
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the geoSMEFT (op forms WA,µνWB
µν)

(the very simplified version, see Helset, Martin, Trott arXiv:2001.01453)

1 Take SM field content, X, Ψ, DH, D

2 Form Lorentz invariant, but gauge variant combos of 2 or 3 fields

3 stick towers of H†, H, and/or τA → gauge invariant
use Hilbert Series to confirm all operators included/no redundancy
(see e.g. Lehman & Martin 2015, Henning et al. 2015)

The operators are:
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use Hilbert Series to confirm all operators included/no redundancy
(see e.g. Lehman & Martin 2015, Henning et al. 2015)

The operators are:

@ D4: − 1
4
WA,µνWA

µν − 1
4
BµνBµν

@ D6 1
Λ2 : cHB |H|2BµνBµν cHW |H|2WA,µνWA

µν cHWB(H†σaH)WA
µνB

µν
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4
BµνBµν

@ D6 1
Λ2 : cHB |H|2BµνBµν cHW |H|2WA,µνWA

µν cHWB(H†σaH)WA
µνB

µν

@ D8 1
Λ4 : c

(8)
HB |H|

4BµνBµν c
(8)
HW |H|

4WA,µνWA
µν c

(8)
HWB |H|

2(H†σaH)WA
µνB

µν

c
(8)
HW,2(H†σaH)(H†σbH)Wµν

a Wb,µν
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the geoSMEFT (op forms WA,µνWB
µν)

(the very simplified version, see Helset, Martin, Trott arXiv:2001.01453)

1 Take SM field content, X, Ψ, DH, D

2 Form Lorentz invariant, but gauge variant combos of 2 or 3 fields

3 stick towers of H†, H, and/or τA → gauge invariant
use Hilbert Series to confirm all operators included/no redundancy
(see e.g. Lehman & Martin 2015, Henning et al. 2015)

The operators are:

@ D4: − 1
4
WA,µνWA

µν − 1
4
BµνBµν

@ D6 1
Λ2 : cHB |H|2BµνBµν cHW |H|2WA,µνWA

µν cHWB(H†σaH)WA
µνB

µν

@ D8 1
Λ4 : c

(8)
HB |H|

4BµνBµν c
(8)
HW |H|

4WA,µνWA
µν c

(8)
HWB |H|

2(H†σaH)WA
µνB

µν

c
(8)
HW,2(H†σaH)(H†σbH)Wµν

a Wb,µν

@ D10 1
Λ6 : c

(8)
HB |H|

6BµνBµν c
(8)
HW |H|

6WA,µνWA
µν c

(8)
HWB |H|

4(H†σaH)WA
µνB

µν

c
(8)
HW,2|H|

2(H†σaH)(H†σbH)Wµν
a Wb,µν

· · · ad infintum · · ·
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Operator forms WA,µνWB
µν Part II

Defining:

WA
µ = {W 1

µ ,W
2
µ ,W

3
µ , Bµ}

We can simplify the all orders expression:

LWAWB = − 1
4
WA,µνWA

µν − 1
4
BµνBµν + cHB |H|2BµνBµν + cHW |H|2WA,µνWA

µν + · · ·

≡ − 1
4
gABWA,µνWB

µν
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Operator forms WA,µνWB
µν Part II

Defining:

WA
µ = {W 1

µ ,W
2
µ ,W

3
µ , Bµ}

We can simplify the all orders expression:

LWAWB = − 1
4
WA,µνWA

µν − 1
4
BµνBµν + cHB |H|2BµνBµν + cHW |H|2WA,µνWA

µν + · · ·

≡ − 1
4
gABWA,µνWB

µν

gAB =

[
1− 4

∞∑
n=0

(
c
(6+2n)
HW (1− δA4) + c

(6+2n)
HB δA4

)(
φ2

2

)n+1
]
δAB

−
∞∑
n=0

c
(8+2n)
HW,2

(
φ2

2

)n
(φIΓIA,Jφ

J )(φLΓLB,Kφ
K)(1− δA4)(1− δB4)

+

[ ∞∑
n=0

c
(6+2n)
HWB

(
φ2

2

)n] [
(φIΓIA,Jφ

J )(1− δA4)δB4 + (A↔ B)
]
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three–point functions from geoSMEFT

operator form shifts:

hIJ (Dφ)I(Dφ)J SM 3–point functions + Masses

gABW
A
µνW

B,µν SM triple gauge couplings + h(∂V )2 + mixing angles

Y ψΨ̄LψR + h.c. SM Yukawas+ψ masses

LψJ (Dµφ)J (ψ̄Γµψ) SM gauge-fermion couplings

dψAW
A,µν(ψ̄σµνψ) Dipoles

fABCW
A,µνWB

νρW
C,ρ
µ new TGCs (∂V )3

κAIJ (Dµφ)I(Dνφ)JWA
µν new TGCs (∂h)2(∂V ), removed from D6 in Warsaw
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Saturation of number of operators

(This information is contained in the Hilbert Series)
(see e.g. Lehman & Martin 2015, Henning et al. 2015)

Mass Dimension
Operator form: 6 8 10

hIJ (Dµφ)I(Dµφ)J 2 2 2

gABW
A
µνW

B,µν 3 4 4

kIJA(Dµφ)I(Dνφ)JWA
µν 0 3 4

fABCW
A
µνW

B,νρWC,µ
ρ 1 2 2

Y ψprΨ̄LψR + h.c. 2N2
f 2N2

f 2N2
f

dψ,prA Ψ̄LσµνψRW
µν
A + h.c. 4N2

f 6N2
f 6N2

f

L
ψR
pr,J,A(Dµφ)J (ψ̄p,RγµσAψr,R) N2

f N2
f N2

f

L
ΨL
pr,J,A(Dµφ)J (Ψ̄p,LγµσAΨr,L) 2N2

f 4N2
f 4N2

f

D6 D8 D10 D12

10

102

103

104

105

106

107

3,045

44,807

2,092,441

75,577,476

Ex
po

ne
nt
ia
l→

O
(1

0
s)
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To-do list/(soon-to-be) low hanging fruit:
1 H production up to and including 4-point functions (soon)

2 H decay up to and including 4-point functions (soon)

3 Package for global fitters/experimentalists to obtain results above

4 dibosons

5 tops

6 differential/kinematics to try and isolate operator contributions
(See e.g. TC, T. Rasmussen arXiv:2110.03694)

7 Simulations for (HL-)LHC and future colliders
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geoSMEFT summary

1 all 3-point functions defined for both v2

Λ2 and p2

Λ2 expansions
for 3pt only: {m2

i }

2 largest Higgs production xs (hgg) can be defined in geoSMEFT

! + D6-loop (TC, A Martin, M Trott, arXiv:2107.07470)

3 largest Higgs decay (hbb) + most accurately measured (hγγ)

for hγγ:! + D6-loop (TC, A Martin, M Trott, arXiv:2107.07470)

4 many other all-orders results (e.g. hZγ)
C. Hays, A. Helset, A. Martin, M Trott, arXiv:2007.00565

5 Z-pole predictions can be derived to all orders

6 currently expanding to include 4-point functions
only all orders in v2

Λ2 expansion

for 4pt have infinitely many p2

Λ2 operators: {sn, tm,m2
i }
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geoSMEFT on the Z-pole
operator form shifts:

hIJ(Dφ)I(Dφ)J SM 3–point functions + Masses

gABW
A
µνW

B,µν SM triple gauge couplings + h(∂V )2 + mixing angles

LψJ (Dµφ)J(ψ̄Γµψ) SM gauge-fermion couplings

ψ = {Q,L, uR, dR, eR}

gZ,ψeff =
ḡZ

2

[
(2 s2

θZ Qψ − σ3) + v̄T 〈Lψ3,4〉 + σ3v̄T 〈Lψ3,3〉
]
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hIJ(Dφ)I(Dφ)J SM 3–point functions + Masses

gABW
A
µνW

B,µν SM triple gauge couplings + h(∂V )2 + mixing angles

LψJ (Dµφ)J(ψ̄Γµψ) SM gauge-fermion couplings

ψ = {Q,L, uR, dR, eR}

gZ,ψeff =
ḡZ

2

[
(2 s2

θZ Qψ − σ3) + v̄T 〈Lψ3,4〉 + σ3v̄T 〈Lψ3,3〉
]

m̄2
Z =

ḡZ
2

4
〈h33〉 v̄2

T s2
θZ = f( 〈gAB〉 , g1, g2)
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operator form shifts:

hIJ(Dφ)I(Dφ)J SM 3–point functions + Masses

gABW
A
µνW

B,µν SM triple gauge couplings + h(∂V )2 + mixing angles

LψJ (Dµφ)J(ψ̄Γµψ) SM gauge-fermion couplings

ψ = {Q,L, uR, dR, eR}

gZ,ψeff =
ḡZ

2

[
(2 s2

θZ Qψ − σ3) + v̄T 〈Lψ3,4〉 + σ3v̄T 〈Lψ3,3〉
]

m̄2
Z =

ḡZ
2

4
〈h33〉 v̄2

T s2
θZ = f( 〈gAB〉 , g1, g2)

ΓZ→ψ̄ψ =
Nψ
c

24π
m̄Z |gZ,ψeff |

2

1−
4m̄2

ψ

m̄2
Z


3/2
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Z-pole pheno, arXiv:2102.02819

1 Calculate the following:
Γe,µ, Γτ , Γν , Γc, Γb, ΓZ ,
Rl, Rc, Rb, A

l
FB, AcFB, AbFB, σ0

Had

2 Supplement with SM predictions up to two-loops
Awramik et al. hep-ph/0608099, Dubovyk et al. arXiv:1906.08815
Freitas arXiv: 1401.2447, Awramik et al. hep-ph/0311148

3 Interpolate SM pred. to {MW ,MZ , GF } input scheme from {α,MZ , GF }
→ allows for comparison of scheme dependence

Tyler Corbett (Niels Bohr Institute) The GeoSMEFT & some applications 14 October, 2021 18 / 31



Z-pole pheno, arXiv:2102.02819

1 Calculate the following:
Γe,µ, Γτ , Γν , Γc, Γb, ΓZ ,
Rl, Rc, Rb, A

l
FB, AcFB, AbFB, σ0

Had

2 Supplement with SM predictions up to two-loops
Awramik et al. hep-ph/0608099, Dubovyk et al. arXiv:1906.08815
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→ allows for comparison of scheme dependence

4 Z–pole data alone is not able to constrain all contributing WCs
Need alternative approach to studying impact of D8
Brivio, Trott, arXiv:1703.10924
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1 Calculate the following:
Γe,µ, Γτ , Γν , Γc, Γb, ΓZ ,
Rl, Rc, Rb, A

l
FB, AcFB, AbFB, σ0

Had

2 Supplement with SM predictions up to two-loops
Awramik et al. hep-ph/0608099, Dubovyk et al. arXiv:1906.08815
Freitas arXiv: 1401.2447, Awramik et al. hep-ph/0311148

3 Interpolate SM pred. to {MW ,MZ , GF } input scheme from {α,MZ , GF }
→ allows for comparison of scheme dependence

4 Z–pole data alone is not able to constrain all contributing WCs
Need alternative approach to studying impact of D8
Brivio, Trott, arXiv:1703.10924

5 use δO8/OSM as a measure of impact of D8 operators on O
6 take Λ = 1 TeV

7 randomly sample values of ci
assume WCs are 0± 1 (”tree”–)
and 0± .01 (”loop”–induced operator assumption)
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Z-pole pheno, arXiv:2102.02819
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Z-pole pheno, arXiv:2102.02819

1 Calculate the following:
Γe,µ, Γτ , Γν , Γu, Γc, Γd,s, Γb,

ΓZ , Rl, Rc, Rb, A
l
FB, AcFB, AbFB, σ0

Had

2 Supplement with SM predictions up to two-loops
Awramik et al. hep-ph/0608099, Dubovyk et al. arXiv:1906.08815
Freitas arXiv: 1401.2447, Awramik et al. hep-ph/0311148

3 Interpolate SM pred. to {MW ,MZ , GF } input scheme from {α,MZ , GF }
→ allows for comparison of scheme dependence

4 Z–pole data alone is not able to constrain all contributing WCs
Need alternative approach to studying impact of D8
Brivio, Trott, arXiv:1703.10924

5 Take triplet scalar model w YΦ = 0 and match to SMEFT to D8

6 Perform χ2 analysis to Z–pole data
gives constraints in the MΦ–κ plane (2κH†τaHΦa, η|H|2Φ2 w/ η = .1)
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Z-pole pheno, arXiv:2102.02819
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Z-pole pheno, arXiv:2102.02819
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Z-pole quick conclusions

The full set of Z-pole observables have been calculated to 1
Λ4 in

arXiv:2102.02819

not enough data to constrain all the WCs with Z-pole data alone

explored random sampling of WCs and impact of D8

explored matching to D8 and impact of D8

indicates naive D8 impact of ∼ % in most cases, but EWPD is per mil

in phenomenological ex. w matching, slight broadening of 99% region
large broadening of 68 and 95% regions
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Ward identities & the (geo)SMEFT

TC, A. Helset, M. Trott arXiv:1909.08470

1 Let the generator of 1-particles irreducible diagrams be Γ

2 Using the background field method ⇒ Γ is invariant under gauge transforms:

δΓ

δαB
= 0 =

(
∂µδAB − ε̃ABCWC,µ

) δΓ

δWµ
A

−
γ̃IB,J

2
φJ

δΓ

δφI
+ (fermions)
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Ward identities & the (geo)SMEFT

TC, A. Helset, M. Trott arXiv:1909.08470

1 Let the generator of 1-particles irreducible diagrams be Γ

2 Using the background field method ⇒ Γ is invariant under gauge transforms:

δΓ

δαB
= 0 =

(
∂µδAB − ε̃ABCWC,µ

) δΓ

δWµ
A

−
γ̃IB,J

2
φJ

δΓ

δφI
+ (fermions)

3 Apply all-orders xforms to the mass eigenstates, 〈√gAB〉UBC , 〈
√
h
IJ 〉VJK :

δΓ

δβB
= 0 = ∂µ

δΓ

δAX,µ
− δΓ

δAC,µ
εCXYA

Y,µ − δΓ

δΦK
V KJ〈

√
hJI〉γIXL〈

√
h
LM
〉VMNΦN

β, ε, γ are rotated {α, ε̃, γ̃}
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Ward identities & the (geo)SMEFT

TC, A. Helset, M. Trott arXiv:1909.08470

1 Let the generator of 1-particles irreducible diagrams be Γ

2 Using the background field method ⇒ Γ is invariant under gauge transforms:

δΓ

δαB
= 0 =

(
∂µδAB − ε̃ABCWC,µ

) δΓ

δWµ
A

−
γ̃IB,J

2
φJ

δΓ

δφI
+ (fermions)

3 Apply all-orders xforms to the mass eigenstates, 〈√gAB〉UBC , 〈
√
h
IJ 〉VJK :

δΓ

δβB
= 0 = ∂µ

δΓ

δAX,µ
− δΓ

δAC,µ
εCXYA

Y,µ − δΓ

δΦK
V KJ〈

√
hJI〉γIXL〈

√
h
LM
〉VMNΦN

β, ε, γ are rotated {α, ε̃, γ̃}

4 Obtain Ward IDs by taking variations w/r to fields
then setting fields to their vevs (Aµ → 0, ΦI 6=4 → 0, Φ4 = v)
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Ward identities & the (geo)SMEFT

δΓ

δβB
= 0 = ∂µ

δΓ

δAX,µ
− δΓ

δAC,µ
εCXYA

Y,µ − δΓ

δΦK
V KJ〈

√
hJI〉γIXL〈

√
h
LM
〉VMNΦN

1 Take a variation w/r to A4 = γ and choose X = 4:

〈
∂µ

δΓ

δA4,µδA4,ν

〉
= 0
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Ward identities & the (geo)SMEFT

δΓ

δβB
= 0 = ∂µ

δΓ

δAX,µ
− δΓ

δAC,µ
εCXYA

Y,µ − δΓ

δΦK
V KJ〈

√
hJI〉γIXL〈

√
h
LM
〉VMNΦN

1 Take a variation w/r to A4 = γ and choose X = 4:

〈
∂µ

δΓ

δA4,µδA4,ν

〉
= 0

2 Take a variation w/r to AY and choose X = 3:

〈
∂µ

δ2Γ

δZµδZν

〉
− M̄Z

〈
δ2Γ

δχδZ

〉
= 0
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Ward identities & the (geo)SMEFT

δΓ

δβB
= 0 = ∂µ

δΓ

δAX,µ
− δΓ

δAC,µ
εCXYA

Y,µ − δΓ

δΦK
V KJ〈

√
hJI〉γIXL〈

√
h
LM
〉VMNΦN

1 Take a variation w/r to A4 = γ and choose X = 4:

〈
∂µ

δΓ

δA4,µδA4,ν

〉
= 0

2 Take a variation w/r to AY and choose X = 3:

〈
∂µ

δ2Γ

δZµδZν

〉
− M̄Z

〈
δ2Γ

δχδZ

〉
= 0

3 Take a variation w/r to Φ3 and choose X = 3:

〈
∂µ

δ2Γ

δZµδχ

〉
− M̄Z

〈
δ2Γ

δχδχ

〉
+ 〈
√
h44〉〈

√
h33〉

ḡZ

2

〈
δΓ

δh

〉
= 0
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The tadpole in the geoSMEFT

TC, arXiv:2106.10284
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The tadpole in the geoSMEFT

TC, arXiv:2106.10284

operator form shifts contributes?

hIJ (Dφ)I(Dφ)J SM 3pt + M

gABW
A
µνW

B,µν SM TGCs + h(∂V )2 + θ

Y ψΨ̄LψR + h.c. SM Yukawas+Mψ

LψJ (Dµφ)J (ψ̄Γµψ) SM-like V ψψ couplings

dψAW
A,µν(ψ̄σµνψ) Dipoles

fABCW
A,µνWB

νρW
C,ρ
µ new TGCs (∂V )3

κAIJ (Dµφ)I(Dνφ)JWA
µν new TGCs (∂h)2(∂V )
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TC, arXiv:2106.10284

operator form shifts contributes?

hIJ (Dφ)I(Dφ)J SM 3pt + M yes, hφφ and hV V +GF + ghosts

gABW
A
µνW

B,µν SM TGCs + h(∂V )2 + θ

Y ψΨ̄LψR + h.c. SM Yukawas+Mψ
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The tadpole in the geoSMEFT

TC, arXiv:2106.10284

operator form shifts contributes?

hIJ (Dφ)I(Dφ)J SM 3pt + M yes, hφφ and hV V +GF + ghosts

gABW
A
µνW

B,µν SM TGCs + h(∂V )2 + θ yes, h(∂V )2 & hφφ from GF+ghosts

Y ψΨ̄LψR + h.c. SM Yukawas+Mψ yes, hψ̄ψ

LψJ (Dµφ)J (ψ̄Γµψ) SM-like V ψψ couplings no, (H†
↔
DH)

dψAW
A,µν(ψ̄σµνψ) Dipoles no, too many fields

fABCW
A,µνWB

νρW
C,ρ
µ new TGCs (∂V )3 no, too many fields

κAIJ (Dµφ)I(Dνφ)JWA
µν new TGCs (∂h)2(∂V ) no, momentum dependent
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The simple example

All “Class 5” operators are summed in the field-space connection Y ψ :

Lcl5 = Yψ(φ)Ψ̄ψ
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The simple example

All “Class 5” operators are summed in the field-space connection Y ψ :

Lcl5 = Yψ(φ)Ψ̄ψ

They Feynman rule coupling hψ̄ψ is then:

{h, ψ̄, ψ} = −i
〈
δYψ
δh

〉
= i

〈
√
h

44〉
v

M̄ψ − i 〈
√
h

44〉√
2

∞∑
n=0

c
(6+2n)
ψH

v2n+2

2n+1 (2n+ 2)
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The simple example

All “Class 5” operators are summed in the field-space connection Y ψ :

Lcl5 = Yψ(φ)Ψ̄ψ

They Feynman rule coupling hψ̄ψ is then:

{h, ψ̄, ψ} = −i
〈
δYψ
δh

〉
= i

〈
√
h

44〉
v

M̄ψ − i 〈
√
h

44〉√
2

∞∑
n=0

c
(6+2n)
ψH

v2n+2

2n+1 (2n+ 2)

The contribution to the tadpole is then simply:

TψH = −
NcM̄ψ

4π2

〈
δYψ

δh

〉
M̄2
ψA0(M̄ψ)
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T
W
H =

M̄2
W

16π2

[
(
√
g
11

)
2
〈
δg11

δĥ

〉
−

2

v

√
h

44 −
〈
δh11

δĥ

〉
(
√
h

11
)
2
] [

2M̄
2
W − 3A0(M̄W )− ξWA0(

√
ξW M̄W )

]

T
Z
H=

M̄2
Z

32π2

 ΣZZ −
2

v

√
h

44 −
〈
δh33

δĥ

〉
(
√
h

33
)
2

 [2M̄2
Z − 3A0(M̄Z)− ξWA0(

√
ξW M̄Z)

]
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T
W
H =

M̄2
W

16π2

[
(
√
g
11

)
2
〈
δg11

δĥ

〉
−

2

v

√
h

44 −
〈
δh11

δĥ

〉
(
√
h

11
)
2
] [

2M̄
2
W − 3A0(M̄W )− ξWA0(

√
ξW M̄W )

]

T
Z
H=

M̄2
Z

32π2

 ΣZZ −
2

v

√
h

44 −
〈
δh33

δĥ

〉
(
√
h

33
)
2

 [2M̄2
Z − 3A0(M̄Z)− ξWA0(

√
ξW M̄Z)

]

T
u±
H =

M̄2
W

8π2

[〈
δg11

δĥ

〉
(
√
g
11

)
2 −

2

v

√
h

44 −
〈
δh11

δĥ

〉
(
√
h

11
)
2
]
ξWA0(

√
ξW M̄W )

T
uZ

H =
M̄2
Z

16π2

[
ΣZZ −

2

v

√
h

44 −
〈
δh33

δĥ

〉
(
√
h

33
)
2
]
ξWA0(

√
ξW M̄Z)

T
Φ±
H =

M̄2
W

16π2

[
2

v

√
h

44
+

〈
δh11

δĥ

〉
(
√
h

11
)
2

+

〈
δg11

δĥ

〉
(
√
g
11

)
2

]
ξWA0(

√
ξW M̄W )

+
v

32π2
(
√
h

11
)
2√

h
44

(
4λ−

∞∑
n=3

1

2n−3

(
n

1, 1, n− 2

)
v
2n−4

c
(2n)
H

)
A0(

√
ξW M̄W )

T
Φ0

H =
M̄2
Z

32π2

[
2

v

√
h

44
+

〈
δh33

δĥ

〉
(
√
h

33
)
2 − ΣZZ

]
ξWA0(

√
ξW M̄Z)

+
v

64π2
(
√
h

33
)
2√

h
44

(
4λ−

∞∑
n=3

1

2n−3

(
n

1, 1, n− 2

)
v
2n−4

c
(2n)
H

)
A0(

√
ξM̄Z)

Tyler Corbett (Niels Bohr Institute) The GeoSMEFT & some applications 14 October, 2021 29 / 31



The one-loop tadpole in the geoSMEFT

TV,u,ΦH =
M̄2
W

16π2

[
(
√
g11)2

〈
δg11

δĥ

〉
−

2

v

√
h

44 −
〈
δh11

δĥ

〉
(
√
h

11
)2

] [
2M̄2

W − 3A0(M̄W )
]

+
M̄2
Z

32π2

[
ΣZZ −

2

v

√
h

44 −
〈
δh33

δĥ

〉
(
√
h

33
)2

] [
2M̄2

Z − 3A0(M̄Z)
]

+(λ, cH dependence)
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The one-loop tadpole in the geoSMEFT

TH = −
∑
ψ

NcM̄ψ

4π2

〈
δYψ

δĥ

〉
A0(M̄ψ)

+
M̄2
W

16π2

[
(
√
g11)2

〈
δg11

δĥ

〉
−

2

v

√
h

44 −
〈
δh11

δĥ

〉
(
√
h

11
)2

] [
2M̄2

W − 3A0(M̄W )
]

+
M̄2
Z

32π2

[
ΣZZ −

2

v

√
h

44 −
〈
δh33

δĥ

〉
(
√
h

33
)2

] [
2M̄2

Z − 3A0(M̄Z)
]

(1)

+
v

32π2
(
√
h

11
)2
√
h

44

(
4λ−

∞∑
n=3

1

2n−3

( n

1, 1, n− 2

)
v2n−4c

(2n)
H

)
A0(

√
ξW M̄W )

+
v

64π2
(
√
h

33
)2
√
h

44

(
4λ−

∞∑
n=3

1

2n−3

( n

1, 1, n− 2

)
v2n−4c

(2n)
H

)
A0(

√
ξM̄Z)

+
1

32π2
(
√
h

44
)2

[
M̄2
H

〈
δh44

δĥ

〉
+ v
√
h

44

(
6λ−

∞∑
n=3

1

2n−1

( 2n

1, 2, 2n− 3

)
v2n−4c

(2n)
H

)]
A0(M̄H) .
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The one-loop tadpole in the geoSMEFT

Summary:

1 Allows for the all orders calculation of the one-loop tadpole

2 Far more compact expressions ⇒ easier to see cancelation between V, uV , φV terms

3 The tadpole takes on a novel role in the Ward Identities for the SMEFT
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The one-loop tadpole in the geoSMEFT

Summary:

1 Allows for the all orders calculation of the one-loop tadpole

2 Far more compact expressions ⇒ easier to see cancelation between V, uV , φV terms

3 The tadpole takes on a novel role in the Ward Identities for the SMEFT

Who cares?

1 In an FJ tadpole scheme the tadpole is removed by the counter term
⇒ it just turns up in the “tree level” results

2 The tadpole is gauge dependent
⇒ this gauge dependence is necessary to obtain gauge independent MV and MH

3 The vev and GF are in 1:1 correspondence in the SM (at one loop)
⇒ they are not in the SMEFT:

v2 =
1

√
2GF

+
δGF

GF
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The one-loop tadpole in the geoSMEFT

Summary:

1 Allows for the all orders calculation of the one-loop tadpole

2 Far more compact expressions ⇒ easier to see cancelation between V, uV , φV terms

3 The tadpole takes on a novel role in the Ward Identities for the SMEFT

Who cares?

1 In an FJ tadpole scheme the tadpole is removed by the counter term
⇒ it just turns up in the “tree level” results

2 The tadpole is gauge dependent
⇒ this gauge dependence is necessary to obtain gauge independent MV and MH

3 The vev and GF are in 1:1 correspondence in the SM (at one loop)
⇒ they are not in the SMEFT:

v2 =
1

√
2GF

+
δGF

GF

Next step: 2 point functions @ one-loop
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Conclusions

1 EFTs allow us to study the low energy impact of heavy decoupled new physics

2 The SMEFT is an excellent tool for precision BSM physics @ the LHC

3 The geoSMEFT allows us to make straightforward calculations beyond LO in 1
Λ2

→ it is only (currently) defined for 3pt functions
→ from 4 pt functions on there are infinitely many operators in the ∂ expansion
→ the most important Higgs observables already calculated, need 4pt to go further

4 The full set of Z-pole observables have been calculated to 1
Λ4 in arXiv:2102.02819

→ not enough data to constrain all the WCs with Z-pole data alone
→ explored random sampling of WCs and impact of D8
→ explored matching to D8 and impact of D8
→ indicates naive D8 impact of ∼ % in most cases, but EWPD is per mil
→ in phenomenological ex. w matching, slight broadening of 99% region

large broadening of 68% and 95% regions

5 calculated the Tadpole @ one-loop
→ only diagram currently possible to calculate at one-loop
→ geoSMEFT “cleans up” calculations & clarifies cancellations
→ with 4pt functions defined (currently underway), can move on the 2-pt loops
→ enough of the D8 basis is included in 4-pt functions to begin observables
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The geoSMEFT, or SMEFT to all orders v
Λ

(the very simplified version, see Helset, Martin, Trott arXiv:2001.01453)

1 Take SM field content, X, Ψ, DH, D

2 Form Lorentz invariant, but gauge variant combos of 2 or 3 fields

3 stick towers of H†, H, and/or τA → gauge invariant
use Hilbert Series to confirm all operators included/no redundancy
(see e.g. Lehman & Martin 2015, Henning et al. 2015)
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The geoSMEFT, or SMEFT to all orders v
Λ

(the very simplified version, see Helset, Martin, Trott arXiv:2001.01453)

1 Take SM field content, X, Ψ, DH, D

2 Form Lorentz invariant, but gauge variant combos of 2 or 3 fields

3 stick towers of H†, H, and/or τA → gauge invariant
use Hilbert Series to confirm all operators included/no redundancy
(see e.g. Lehman & Martin 2015, Henning et al. 2015)

For example:
@ D4: (DµH)†(DµH)

@ D6 1
Λ2 : cH�(H†H)�(H†H) & cHD(H†DµH)∗(H†DµH)
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use Hilbert Series to confirm all operators included/no redundancy
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For example:
@ D4: (DµH)†(DµH)

@ D6 1
Λ2 : cH�(H†H)�(H†H) & cHD(H†DµH)∗(H†DµH)

@ D8 1
Λ4 : c

(8)
HD(H†H)2(DµH)†(DµH) & c

(8)
HD,2(H†H)(H†σaH)(DµH)†σa(DµH)

@ D10 1
Λ6 : c

(10)
HD (H†H)3(DµH)†(DµH) & c

(10)
HD,2(H†H)2(H†σaH)(DµH)†σa(DµH)

@ D12 1
Λ8 : c

(12)
HD (H†H)4(DµH)†(DµH) & c

(12)
HD,2(H†H)3(H†σaH)(DµH)†σa(DµH)

@ D14 1
Λ10 : c

(14)
HD (H†H)5(DµH)†(DµH) & c

(14)
HD,2(H†H)4(H†σaH)(DµH)†σa(DµH)

and so on...
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Operator forms (Dµφ)I(Dµφ)J

Simplify things a bit:

φI = {φ1, φ2, φ3, φ4} ⇔ H =

(
φ1 + iφ2

φ4 − iφ3

)
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Simplify things a bit:

φI = {φ1, φ2, φ3, φ4} ⇔ H =

(
φ1 + iφ2

φ4 − iφ3

)
Now we can define:

L(Dφ)(Dφ) = (DµH)†(DµH) + cH�QH� + cHDQHD + · · ·

≡ hIJ(Dµφ)I(Dµφ)J
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Simplify things a bit:

φI = {φ1, φ2, φ3, φ4} ⇔ H =

(
φ1 + iφ2

φ4 − iφ3

)
Now we can define:

L(Dφ)(Dφ) = (DµH)†(DµH) + cH�QH� + cHDQHD + · · ·

≡ hIJ(Dµφ)I(Dµφ)J

hIJ =

[
1 + φ2 cH�

Λ2 +
∑∞
n=0

(
φ2

2

)n+2
(
c
(8+2n)
HD

−c(8+2n)
HD,2

Λ2+2n

)]
δIJ

+
ΓIA,JφKΓKA,Lφ

L

2

(
c
(6)
HD
2Λ2 +

∑∞
n=0

(
φ2

2

)n+1 c
(8+2n)
H,D2

Λ2+2n

)
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Truncation error

An amplitude squared in the SMEFT is defined perturbatively as:

|M|2 = |MSM|2 +
2

Λ2
Re [M∗SMM6] +

1

Λ4

(
|M6|2 + 2Re [M∗SM (M62 +M8)]

)
+O

(
1

Λ6

)
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Truncation error

An amplitude squared in the SMEFT is defined perturbatively as:

|M|2 = |MSM|2 +
2

Λ2
Re [M∗SMM6] +

1

Λ4

(
|M6|2 + 2Re [M∗SM (M62 +M8)]

)
+O

(
1

Λ6

)

LO SMEFT contribution

Frequently used to “approximate” truncation error
sometimes is bigger than LO contribution

Full NLO result possible with geoSMEFT
⇒ More consistent definition of truncation

error

A more consistent definition of truncation error

1 Calculate consistently to D8 (geoSMEFT)

2 Many new open parameters appear, c
(8)
i

(can’t be constrained by current experiments)

3 Vary the new parameters in some way
⇒ infer truncation error (similar to above examples)
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Finite field renormalizations in the SMEFT

Recall:

cH�(H†H)�(H†H)→
1

4
(v2 + 2vh+ h2)�(v2 + 2vh+ h2) = −v2cH�(∂µh)(∂µh) + · · ·

We need to redefine h to have a “canonical kinetic form”:

h → h′√
1−2v2cH�

=
(

1 + v2cH� + 3v2

2
c2
H� + · · ·

)
h′

1
2

(1− 2v2cH�)(∂µh)(∂µh) → 1
2

(∂µh′)(∂µh′)

√
2mψ
v

hψ̄ψ →
√

2mψ
v

(
1 + v2cH� + 3v2

2
c2
H� + · · ·

)
h′ψ̄ψ
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(∂µh′)(∂µh′)

√
2mψ
v

hψ̄ψ →
√

2mψ
v

(
1 + v2cH� + 3v2

2
c2
H� + · · ·

)
h′ψ̄ψ

Rinse and repeat for QHD, Q
(8)
HD, Q

(8)
HD,2, QHB , QHW , QHWB , Q

(8)
HB , Q

(8)
HW , Q

(8)
HW,2,

Q
(8)
HWB
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(8)
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(8)
HW,2,

Q
(8)
HWB , Q

(10)
HD , Q

(10)
HD,2, Q

(10)
HB , Q

(10)
HW , Q

(10)
HW,2, Q

(10)
HWB , Q

(12)
HD , Q

(12)
HD,2, Q

(12)
HB , Q

(12)
HW ,

Q
(12)
HW,2, Q

(12)
HWB , Q

(14)
HD , Q

(14)
HD,2, Q

(14)
HB , Q

(14)
HW , Q

(14)
HW,2, Q

(14)
HWB , Q

(16)
HD , Q

(16)
HD,2, Q

(16)
HB ,

Q
(16)
HW , Q

(16)
HW,2, Q

(16)
HWB , Q

(18)
HD , Q

(18)
HD,2, Q

(18)
HB , Q

(18)
HW , Q
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HW,2, Q

(18)
HWB , Q

(20)
HD , Q

(20)
HD,2,

Q
(20)
HB , Q

(20)
HW , Q

(20)
HW,2, Q

(20)
HWB , Q

(22)
HD , Q

(22)
HD,2, Q

(22)
HB , Q

(22)
HW , Q

(22)
HW,2, Q

(22)
HWB , · · · · · · · · ·
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Finite field renormalizations in the SMEFT

Recall:

Lcl3 = hIJ (Dµφ)I(Dµφ)J

Lcl4 = − 1
4
gABWA,µνWB

µν
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Finite field renormalizations in the SMEFT

Recall:

Lcl3 = hIJ (Dµφ)I(Dµφ)J

Lcl4 = − 1
4
gABWA,µνWB

µν

Defining the expectation of the field-space connection:

〈M〉 ≡ M |φ4→v,φi6=4→0

Then the canonically normalized fields are simply:

ACµ ≡ {W+,W−, Z, γ} =
√
〈gCB〉UBAWA

µ

ΦK ≡ {Φ−,Φ+, χ, h} =
√
〈hKJ 〉VJIφI
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Lcl4 = − 1
4
gABWA,µνWB

µν → − 1
4
AB,µνABµν

gABgBC = δAC & UABUBC = δAC
hIJhJK = δIK & V IJVJK = δIK

UBC =


1√
2

1√
2

0 0
i√
2
− i√

2
0 0

0 0 c̄W s̄W
0 0 −s̄W c̄W



Tyler Corbett (Niels Bohr Institute) The GeoSMEFT & some applications 14 October, 2021 36 / 31



Finite field renormalizations in the SMEFT

Recall:

Lcl3 = hIJ (Dµφ)I(Dµφ)J

Lcl4 = − 1
4
gABWA,µνWB

µν

Defining the expectation of the field-space connection:

〈M〉 ≡ M |φ4→v,φi6=4→0

Then the canonically normalized fields are simply:

ACµ ≡ {W+,W−, Z, γ} =
√
〈gCB〉UBAWA

µ

ΦK ≡ {Φ−,Φ+, χ, h} =
√
〈hKJ 〉VJIφI

Which gives:

Lcl3 = hIJ (Dµφ)I(Dµφ)J → (DµΦ)I(DµΦ)I

Lcl4 = − 1
4
gABWA,µνWB

µν → − 1
4
AB,µνABµν

gABgBC = δAC & UABUBC = δAC
hIJhJK = δIK & V IJVJK = δIK

UBC =


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2

0 0
i√
2
− i√

2
0 0

0 0 c̄W s̄W
0 0 −s̄W c̄W

TC, arXiv:2010.15852

“The Feynman Rules for the SMEFT in the background field gauge”

Only tool for FR to consistently derive these corrections at 1
Λ4

Partial D8 basis results, recently updated with Cl7 and Cl15 (leptons) to D8,
TC, T Rasmussen, arXiv:2110.03694
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Z-pole pheno, arXiv:2102.02819
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