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What’s an EFT?
In the SM
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SMEFT: Effective Vertices (taking H → v + h)

T3: QH2 = (H†H)2(H†H) T5: QψH = (H†H)(Ψ̄Hψ)
T3: QHD = (H†DµH)∗(H†DµH) T7: Q

(3)
HL

= (H†iD~

~

I
µH)(L̄γµL)

T4: QHV = (H†H)VµνVµν T7: Q
(1,3)
HΨ = (H†D~

~

µH)(Ψ̄γµΨ)
T4: QHWB = (H†τ IH)W I

µνB
µν T7: QHψ = (H†D~

~

µH)(ψ̄γµψ)
T8: QLL = (L̄γµL)(L̄γµL)

SM–like

Non-SM-like kinematic structure

(H†iD~

~

µH)(Ψ̄γµΨ) ∼ v2Ψ̄VµγµΨ + 2vhΨ̄VµγµΨ
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Global fits of the SMEFT
Higgs Sector

g

g
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g/γ/Z

g/γ

Triple Gauge Sector
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Electroweak Precision Data
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An example global fit

Almeida et al. 1812.01009

, Dbl insertions of ci in red, single in blue

, Blind direction broken by TGC+EWPD

/ Many cases where constraints lost

/ Current status:
testing how well we can measure 0
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Long term goals for the SMEFT

1 Do these global fits

2 Improve theory predictions, understand theory errors

3 Measure a deviation
→ correlations between operators reveal nature of NP
→ scale at which unitarity is violated gives scale of NP

(i.e. as π scattering predicts ρ ∼ 1 GeV)

Extremely important for FCC-ee as a precision machine

Still important for FCC-hh for physics on a (SM) pole
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SMEFT Loops (short version)

Many different groups doing loops in the SMEFT
Some of the calculations done include:

● Hγγ (see e.g. 1507.03568)

● EWPD (arXiv:1909.02000)

● pp →WW ,WZ ,HZ ,HW (QCD only, see e.g. arXiv:2003.07862)

Automated QCD loops in Madgraph w/ SMEFT@NLO (2008.11743)

Background field method for analytic loops (e.g. TC arXiv:2010.15852)

Loops give us a hold on theory errors!
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tt production at one loop in SMEFT@NLO

SM: 744+12%
−12%

pb

O( 1
Λ2 = 1

TeV2 ) O( 1
Λ4 = 1

TeV4 )
(ψ̄ψ)2 tree loop tree loop

(t̄RγµuR)(ūRγµtR) .67+1%
−1%

pb .41+13%
−17%

pb 4.66+6%
−5%

pb 5.92+6%
−5%

pb

(t̄RγµdR)(d̄RγµtR) −.21+1%
−1%

pb −.306+30%
−22%

pb 2.62+6%
−5%

pb 3.46+5%
−5%

pb

(Q̄3γ
µqi)(q̄iγµQ3) 1.92+0%

−1%
pb 1.05+17%

−22%
pb 7.25+6%

−5%
pb 9.32+5%

−5%
pb

1 Tree level result for 1
Λ2 ⇒ error in SM which is consistent w SMEFT

Tyler Corbett (Niels Bohr Institute) — The SMEFT and its precision future — Slide 8/13



tt production at one loop in SMEFT@NLO

SM: 744+12%
−12%

pb

O( 1
Λ2 = 1

TeV2 ) O( 1
Λ4 = 1

TeV4 )
(ψ̄ψ)2 tree loop tree loop
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1 Tree level result for 1
Λ2 ⇒ error in SM which is consistent w SMEFT

2 Loop result for 1
Λ2 ⇒ error in tree 1

Λ2 , O(60 − 146%)
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SM: 744+12%
−12%

pb

O( 1
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TeV2 ) O( 1
Λ4 = 1

TeV4 )
(ψ̄ψ)2 tree loop tree loop
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−5%
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µqi)(q̄iγµQ3) 1.92+0%

−1%
pb 1.05+17%

−22%
pb 7.25+6%

−5%
pb 9.32+5%

−5%
pb

1 Tree level result for 1
Λ2 ⇒ error in SM which is consistent w SMEFT

2 Loop result for 1
Λ2 ⇒ error in tree 1

Λ2 , O(60 − 146%)

3 Tree level result for 1
Λ4 ⇒ error in tree O(300 − 1200%)???

∣M∣2 ≡ ∣MSM + 1
Λ2M6∣2
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NLO SMEFT
The consistent squared amplitude to O ( 1

Λ4 ):

∣M∣2 = ∣MSM∣2 + 2

Λ2
Re[MSMM6] +

1

Λ4
(∣M6∣2 + 2Re[M62MSM +M8MSM])
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NLO SMEFT
The consistent squared amplitude to O ( 1

Λ4 ):

∣M∣2 = ∣MSM∣2 + 2

Λ2
Re[MSMM6] +

1

Λ4
(∣M6∣2 + 2Re[M62MSM +M8MSM])

So SMEFT@NLO is missing M62MSM and M8MSM terms...

1 M62 requires M8 for consistency (renormalizability)

2 M8 seems intractible – sooo many parameters, O(40k)
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NLO SMEFT
The consistent squared amplitude to O ( 1

Λ4 ):

∣M∣2 = ∣MSM∣2 + 2

Λ2
Re[MSMM6] +

1

Λ4
(∣M6∣2 + 2Re[M62MSM +M8MSM])

So SMEFT@NLO is missing M62MSM and M8MSM terms...

1 M62 requires M8 for consistency (renormalizability)

2 M8 seems intractible – sooo many parameters, O(40k)

without a consistent calculation to 1
Λ4 we lack understanding of theory errors...

we need a new methodology to tackle this problem
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A taste of geoSMEFT
Consider operators shifting Z ψ̄ψ:

∑
n=0

c(6+2n)

Λ2n+2
(H†H)n(H†i

←→
D µH)(ψ̄γµψ)
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A taste of geoSMEFT
Consider operators shifting Z ψ̄ψ:

∑
n=0

c(6+2n)

Λ2n+2
(H†H)n(H†i

←→
D µH)(ψ̄γµψ)

Define a field space connection

LprJ,A =
δ2L

δ(Dµφ)Jδ(ψ̄pγµσAψr)
∣
fields→0

= −(φγ4)δA4

∞

∑
n=0

c
1,(6+2n)
Hψ,pr

Λ2n
(H†H)n + 4 more
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A taste of geoSMEFT
Consider operators shifting Z ψ̄ψ:

∑
n=0

c(6+2n)

Λ2n+2
(H†H)n(H†i

←→
D µH)(ψ̄γµψ)

Define a field space connection

LprJ,A =
δ2L

δ(Dµφ)Jδ(ψ̄pγµσAψr)
∣
fields→0

= −(φγ4)δA4

∞

∑
n=0

c
1,(6+2n)
Hψ,pr

Λ2n
(H†H)n + 4 more

Get an all orders result:

Mµ

Z ψ̄ψ
= γµ ḡZ

2
[(2s2

θZ
Qψ − σ3)δpr + v̄T ⟨Lψ,pr3,4 ⟩ + σ3v̄T ⟨Lψpr3,3 ⟩]

Go calculate EWPD to all orders (or truncate at 1
Λ4 , TC et al. 2102.02819)
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Errors from EWPD to 1
Λ4

● Perform a χ2 to EWPD

● include SM two loop results

● include SMEFT results up to 1
Λ4 including D8 operators

● randomly sample relevant WCs
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2- and 3-pt functions known in geoSMEFT

Mass Dimension
Operator form: 6 8 10 12

hIJ(Dµφ)I (Dµφ)J 2 2 2 2 masses

gABW
A
µνW

B,µν 3 4 4 4 couplings, mix. angles

kIJA(Dµφ)I (Dνφ)JW A
µν 0 3 4 4 TGC, HVV

fABCW
A
µνW

B,νρW C ,µ
ρ 1 2 2 2 QGC, TGC

Yψpr Ψ̄LψR + h.c. 2N2
f 2N2

f 2N2
f 2N2

f Yukawa

dψ,pr
A

Ψ̄LσµνψRW
µν
A

+ h.c. 4N2
f 6N2

f 6N2
f 6N2

f dipoles

L
ψR
pr,J,A(Dµφ)J(ψ̄p,RγµσAψr,R) N2

f N2
f N2

f N2
f Vψ̄ψ

L
ΨL
pr,J,A

(Dµφ)J(Ψ̄p,LγµσAΨr,L) 2N2
f 4N2

f 4N2
f 4N2

f Vψ̄ψ

The number of new free parameters saturates at some point!
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D6 D8 D10 D12
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3,045

44,807

2,092,441

75,577,476

Ex
po
ne
nt
ial
→

O
(1

0s
)L
O

G
A

X
IS

:
#

fr
ee

pa
ra

m
et

er
s

Tyler Corbett (Niels Bohr Institute) — The SMEFT and its precision future — Slide 11/13



Summarizing geoSMEFT

● geoSMEFT rewrite the SMEFT in a curved field space

● number of degrees of freedom saturates for n–point fxn

● all orders results in SMEFT power counting

● better understanding of error in SMEFT interpretation

● Further development ⇒ merger loops + 1
Λ4
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Precision SMEFT for HL-LHC and FCC
SMEFT is the natural choice for the precision frontier:

● quantifies heavy new physics we can’t produce

● systematically improvable (loops + 1
Λ2n expansion)

● indirect evidence → information about properties of NP

What’s happening for the precision SMEFT:

● loop expansion

● geoSMEFT → 1
Λ4 contributions

● further development will allow for merger of the two

Current efforts in SMEFT should help support and inform design of FCC

FCC-ee will give precision SMEFT results that will help identify NP

FCC-hh can give precision SMEFT result on poles (where E ≪ Λ)

FCC-hh can give access to part of SMEFT not seen at HL-LHC
(e.g. vertices w two Higgs)
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The SMEFT at dimension-six
D6 operators from SM field content ⇒ SMEFT @ D6
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The SMEFT at dimension-six
D6 operators from SM field content ⇒ SMEFT @ D6

Type I: X 3 Type II, III: H6, H4D2 Type V: Ψ2H3
+ h.c.

QG f ABCGAν
µ GBρ

ν GCµ
ρ QH (H†H)3 QeH (H†H)(L̄eH)

Q
G̃

f ABC G̃Aν
µ GBρ

ν GCµ
ρ QH2 (H†H)2(H†H) QuH (H†H)(Q̄uH̃)

QW εIJKW Iν
µ W Jρ

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

Q
W̃

εIJK W̃ Iν
µ W Jρ

ν WKµ
ρ

Type IV: X 2Φ2 Type VI: Ψ2H3 Type VII: Ψ2H2D

QHG (H†H)GA
µνGAµν QeW (L̄σµν e)τ IHW I

µν Q
(1)
HL

(H† iD~
~

µH)(L̄γµL)

Q
HG̃

(H†H)G̃A
µνGAµν QeW (L̄σµν e)τ IHBµν Q

(3)
HL

(H† iD~

~

I
µH)(L̄τ IγµL)

QHW (H†H)W I
µνW Iµν QuG (Q̄σµνTAu)H̃GA

µν QHe (H† iD~

~

µH)(ēγµe)

Q
HW̃

(H†H)W̃ I
µνW Iµν QuW (Q̄σµνu)τ I H̃W I

µν Q
(1)
HQ

(H† iD~

~

µH)(q̄γµq)

QHB (H†H)BµνBµν QuB (Q̄σµνu)H̃Bµν Q
(3)
HQ

(H† iD~

~

I
µH)(q̄τ Iγµq)

Q
HB̃

(H†H)B̃µνBµν QdG (Q̄σµνTAd)HGA
µν QHu (H† iD~

~

µH)(ūγµu)

QHWB (H†τ IH)W I
µνBµν QdW (Q̄σµνd)τ IHW I

µν QHd (H† iD~

~

µH)(d̄γµd)

Q
HW̃B

(H†τ IH)W̃ I
µνBµν QdB (Q̄σµνd)H̃Bµν QHud (H† iD~

~

µH)(ūγµd)

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