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CMS SM Summary
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PRD 90 (2014) 072006Jet 7 TeV (Jet) = 4.2e+09 fb  5 fb 1
JHEP 07 (2018) 161inelastic 13 TeV (inelastic) = 6.8e+13 fb  41 b 1
Phys. Lett. B 722 (2013) 5inelastic 7 TeV (inelastic) = 6e+13 fb  3 b 1

CMS preliminary 3 b 1 - 138 fb 1 (2.76,5.02,7,8,13,13.6 TeV)

Overview of CMS cross section results

August 2023Measured cross sections and exclusion limits at 95% C.L.
See here for all cross section summary plots

Inner colored bars statistical uncertainty, outer narrow bars statistical+systematic uncertainty
Light to Dark colored bars: 2.76, 5.02, 7, 8, 13, 13.6 TeV, Black bars: theory prediction
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SMP-22-017Z 13.6 TeV (Z) = 6e+07 fb  5 fb 1
SMP-20-004Z 13 TeV (Z) = 6e+07 fb  201 pb 1
PRL 112 (2014) 191802Z 8 TeV (Z) = 3.4e+07 fb  18 pb 1
JHEP 10 (2011) 132Z 7 TeV (Z) = 2.9e+07 fb  36 pb 1
SMP-20-004Z 5.02 TeV (Z) = 2e+07 fb  5 pb 1
JHEP 03 (2015) 022Z 2.76 TeV (Z) = 8.9e+06 fb  5 pb 1
SMP-20-004W 13 TeV (W) = 1.9e+08 fb  201 pb 1
PRL 112 (2014) 191802W 8 TeV (W) = 1.1e+08 fb  18 pb 1
JHEP 10 (2011) 132W 7 TeV (W) = 9.5e+07 fb  36 pb 1
SMP-20-004W 5.02 TeV (W) = 6.8e+07 fb  298 pb 1
PLB 715 (2012) 66W 2.76 TeV (W) = 3.5e+07 fb  231 nb 1
PRD 84 052011 (2011)7 TeV ( ) = 4e+07 fb  36 pb 1

1.0e+00 1.0e+02 1.0e+04 1.0e+06 1.0e+08 1.0e+10 1.0e+12 1.0e+14

 [fb]

di
-B

os
on

EPJC 81 (2021) 200ZZ 13 TeV (ZZ) = 1.7e+04 fb  137 fb 1
PLB 740 (2015) 250ZZ 8 TeV (ZZ) = 7.7e+03 fb  20 fb 1
JHEP 01 (2013) 063ZZ 7 TeV (ZZ) = 6.2e+03 fb  5 fb 1
PRL 127 (2021) 191801ZZ 5.02 TeV (ZZ) = 5.3e+03 fb  302 pb 1
JHEP 07 (2022) 032WZ 13 TeV (WZ) = 5.1e+04 fb  137 fb 1
EPJC 77 (2017) 236WZ 8 TeV (WZ) = 2.4e+04 fb  20 fb 1
EPJC 77 (2017) 236WZ 7 TeV (WZ) = 2e+04 fb  5 fb 1
PRL 127 (2021) 191801WZ 5.02 TeV (WZ) = 6.4e+03 fb  302 pb 1
PRD 102 092001 (2020)WW 13 TeV (WW) = 1.2e+05 fb  36 fb 1
EPJC 76 (2016) 401WW 8 TeV (WW) = 6e+04 fb  19 fb 1
EPJC 73 (2013) 2610WW 7 TeV (WW) = 5.2e+04 fb  5 fb 1
PRL 127 (2021) 191801WW 5.02 TeV (WW) = 3.7e+04 fb  302 pb 1
JHEP 04 (2015) 164Z 8 TeV (Z ) = 1.9e+05 fb  20 fb 1
PRD 89 (2014) 092005Z 7 TeV (Z ) = 1.6e+05 fb  5 fb 1
PRL 126 252002 (2021)W 13 TeV (W ) = 1.4e+05 fb  137 fb 1
PRD 89 (2014) 092005W 7 TeV (W ) = 3.4e+05 fb  5 fb 1
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JHEP 10 (2021) 174Z 13 TeV (Z ) = 5.4 fb  137 fb 1
JHEP 10 (2017) 072Z 8 TeV (Z ) = 13 fb  19 fb 1
JHEP 10 (2021) 174W 13 TeV (W ) = 14 fb  137 fb 1
JHEP 10 (2017) 072W 8 TeV (W ) = 4.9 fb  19 fb 1
SMP-22-006WW 13 TeV (WW ) = 6 fb  138 fb 1
PRD 90 032008 (2014)WV 8 TeV (WV ) < 3.1e+02 fb  19 fb 1
PRL 125 151802 (2020)ZZZ 13 TeV (ZZZ) < 2e+02 fb  137 fb 1
PRL 125 151802 (2020)WZZ 13 TeV (WZZ) = 2e+02 fb  137 fb 1
PRL 125 151802 (2020)WWZ 13 TeV (WWZ) = 3e+02 fb  137 fb 1
PRL 125 151802 (2020)WWW 13 TeV (WWW) = 5.9e+02 fb  137 fb 1
PRL 125 151802 (2020)VVV 13 TeV (VVV) = 1e+03 fb  137 fb 1
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PLB 812 (2020) 135992EW qqZZ 13 TeV (EW qqZZ) = 0.33 fb  137 fb 1
PLB 809 (2020) 135710EW qqWZ 13 TeV (EW qqWZ) = 1.8 fb  137 fb 1
PRD 104 072001 (2021)EW qqZ 13 TeV (EW qqZ ) = 5.2 fb  137 fb 1
PLB 770 (2017) 380EW qqZ 8 TeV (EW qqZ ) = 1.9 fb  20 fb 1
PLB 809 (2020) 135710EW ss WW 13 TeV (EW ss WW) = 4 fb  137 fb 1
PRL 114 051801 (2015)EW ss WW 8 TeV (EW ss WW) = 4 fb  19 fb 1
PLB 841 (2023) 137495EW os WW 13 TeV (EW os WW) = 10 fb  138 fb 1
PRD 108 032017EW qqW 13 TeV (EW qqW ) = 24 fb  138 fb 1
JHEP 06 (2017) 106EW qqW 8 TeV (EW qqW ) = 11 fb  20 fb 1
JHEP 08 (2016) 119ex. WW 8 TeV (ex. WW) = 22 fb  20 fb 1
PLB 834 (2022) 137438EW WV 13 TeV (EW WV) = 1.9e+03 fb  138 fb 1
EPJC 78 (2018) 589VBF Z 13 TeV (VBF Z) = 5.3e+02 fb  36 fb 1
EPJC 75 (2015) 66VBF Z 8 TeV (VBF Z) = 1.7e+02 fb  20 fb 1
JHEP 10 (2013) 101VBF Z 7 TeV (VBF Z) = 1.5e+02 fb  5 fb 1
EPJC 80 (2020) 43VBF W 13 TeV (VBF W) = 6.2e+03 fb  36 fb 1
JHEP 11 (2016) 147VBF W 8 TeV (VBF W) = 4.2e+02 fb  19 fb 1
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Submitted to PLBtttt 13 TeV (tttt) = 18 fb  138 fb 1
TOP-22-008tWZ 13 TeV (tWZ) = 3.7e+02 fb  138 fb 1
JHEP 07 (2023) 219ttW 13 TeV (ttW) = 8.7e+02 fb  138 fb 1
JHEP 01 (2016) 096ttW 8 TeV (ttW) = 3.8e+02 fb  20 fb 1
PRL 121 221802 (2018)t 13 TeV (t ) = 1.1e+03 fb  36 fb 1
JHEP 03 (2020) 056ttZ 13 TeV (ttZ) = 9.5e+02 fb  78 fb 1
JHEP 01 (2016) 096ttZ 8 TeV (ttZ) = 2.4e+02 fb  20 fb 1
PRL 110 (2013) 172002ttZ 7 TeV (ttZ) = 2.8e+02 fb  5 fb 1
JHEP 02 (2022) 107tZq 13 TeV (tZq) = 8.7e+02 fb  138 fb 1
JHEP 07 (2017) 003tZq 8 TeV (tZq) = 2.9e+02 fb  20 fb 1
JHEP 05 (2022) 091tt 13 TeV (tt ) = 1.2e+03 fb  138 fb 1
JHEP 10 (2017) 006tt 8 TeV (tt ) = 3.5e+03 fb  20 fb 1
JHEP 09 (2016) 027ts ch 8 TeV (ts ch) = 1.3e+04 fb  20 fb 1
JHEP 10 (2018) 117tW 13 TeV (tW) = 6.3e+04 fb  36 fb 1
PRL 112 (2014) 231802tW 8 TeV (tW) = 2.3e+04 fb  20 fb 1
PRL 110 (2013) 022003tW 7 TeV (tW) = 1.6e+04 fb  5 fb 1
PLB 72 (2017) 752tt ch 13 TeV (tt ch) = 2.3e+05 fb  2 fb 1
JHEP 06 (2014) 090tt ch 8 TeV (tt ch) = 8.4e+04 fb  5 fb 1
JHEP 12 (2012) 035tt ch 7 TeV (tt ch) = 6.7e+04 fb  2 fb 1
Submitted to JHEPtt 13.6 TeV (tt) = 8.8e+05 fb  1 fb 1
PRD 104 (2021) 092013tt 13 TeV (tt) = 7.9e+05 fb  137 fb 1
JHEP 08 (2016) 029tt 8 TeV (tt) = 2.4e+05 fb  20 fb 1
JHEP 08 (2016) 029tt 7 TeV (tt) = 1.7e+05 fb  5 fb 1
JHEP 04 (2022) 144tt 5.02 TeV (tt) = 6.3e+04 fb  302 pb 1
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Nature 607 60-68 (2022)HH 13 TeV (HH) < 1.1e+02 fb  138 fb 1
Nature 607 60-68 (2022)tH 13 TeV (tH) = 5.3e+02 fb  138 fb 1
Nature 607 60-68 (2022)ttH 13 TeV (ttH) = 4.7e+02 fb  138 fb 1
EPJC 75 (2015) 212ttH 8 TeV (ttH) = 4.2e+02 fb  20 fb 1
Nature 607 60-68 (2022)ZH 13 TeV (ZH) = 1.1e+03 fb  138 fb 1
Nature 607 60-68 (2022)WH 13 TeV (WH) = 2e+03 fb  138 fb 1
EPJC 75 (2015) 212VH 8 TeV (VH) = 1.1e+03 fb  20 fb 1
Nature 607 60-68 (2022)VBF qqH 13 TeV (VBF qqH) = 3e+03 fb  138 fb 1
EPJC 75 (2015) 212VBF qqH 8 TeV (VBF qqH) = 1.6e+03 fb  20 fb 1
EPJC 75 (2015) 212VBF qqH 7 TeV (VBF qqH) = 2.2e+03 fb  5 fb 1
Nature 607 60-68 (2022)ggH 13 TeV (ggH) = 4.7e+04 fb  139 fb 1
EPJC 75 (2015) 212ggH 8 TeV (ggH) = 1.5e+04 fb  20 fb 1
EPJC 75 (2015) 212ggH 7 TeV (ggH) = 1.6e+04 fb  5 fb 1
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CMS Exotics Summary

CMS Exotica Physics Group Summary – LHCP, 2016	
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EFTs

ΛNP

E–scale of experiments

The major underlying assumption of EFTs

ΛNP � E of the scale of experiments/measurements

Weinberg 1967:
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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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The Fermi-theory example

In the SM

e

νµ

ν

M∼
g2
W

2

(ν̄µγ
µPLµ)(ēγµPLνe)

k2 −M2
W
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The Fermi-theory example

In the SM In the Fermi theory

e

νµ

ν

e

νµ

ν

M∼
g2
W

2

(ν̄µγ
µPLµ)(ēγµPLνe)

k2 −M2
W

M∼ −
g2
W

2M2
W

(ν̄µγ
µ
PLµ)(ēγ

µ
PLνe) + · · ·

1
M2
W

(ψ̄γµPLψ)2
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The Fermi-theory example

In the SM In the Fermi theory

e

νµ

ν

e

νµ

ν

M∼
g2
W

2

(ν̄µγ
µPLµ)(ēγµPLνe)

k2 −M2
W

M∼ −
g2
W

2M2
W

(ν̄µγ
µ
PLµ)(ēγ

µ
PLνe) + · · ·M ∼ −

g2
W

2M2
W

(ν̄µγ
µ
PLµ)(ēγ

µ
PLνe)−

g2
Wk2

2M4
W

(ν̄µγ
µ
PLµ)(ēγ

µ
PLνe) + · · ·

1
M2
W

(ψ̄γµPLψ)2 1
M4
W

∂2(ψ̄γµPLψ)2
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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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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 physicsThe SMEFT is:
a Taylor series in v

Λ
, p

Λ
� 1

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)
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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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SMEFT@D6: state of the art

1 Loops:

RGE – Alonso, Jenkins, Manohar, Trott, arXiv:1312.2014

2 loop RGE – Fuentes-Mart́ın, Palavrić, Thompsen, arXiv:2311.13630

EW loops – e.g. Hγγ – Harmann, Trott, arXiv:1507.03568

e.g. Z-pole – Dawson, Giardino, arXiv:1909.02000

QCD loops – e.g. W+W− – Baglio, Dawson, Lewis, arXiv:1812.00214

SMEFT@NLO – Degrande, Durieux, Maltoni, Mimasu, Vryonidou, Zhang,
arXiv:2008.11743

2 Global fits – many groups (e.g. those cited in this talk)

3 Matching to one-loop
Matchete (functional methods), arXiv:2212.04510
Fuentes, König, Pagès, Thomsen, Wilsch

Matchmakereft (amplitude based matching), arXiv:2112.10787
Carmona, Lazopoulos, Olgoso, Santiago

SMEFT→LEFT – Dekens, Stoffer, arXiv:1908.05295

4 Improved tree-level calculations (e.g. narrow width isn’t always great)

5 Channel specific studies

6 Myriad more (this is a biased list, though not on purpose)
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D6, D62, and D8

Big impact from D62 ∼
(

1
Λ2

)2

LHC EFT WG, Area 1 – Truncation, validity, uncertainties
“although they only constitute a partial set of 1/Λ4 corrections,
the squares of amplitudes featuring a single dimension-six
operator insertion provide a convenient proxy to estimate 1/Λ4

corrections, as they are well defined and unambiguous. They are
indeed gauge invariant and can be translated exactly from one
dimension-six operator basis to the other.”

Cen Zhang, SMEFTs living on the edge, arXiv:2112.11665
“Our results indicate that the dimension-8 operators encode much
more information about the UV than one would naively expect,
which can be used to reverse engineer the UV physics from the
SMEFT.”
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Beyond leading order in the SMEFT

At D6 in the SMEFT we have 59 operator forms, at D8 we have 895!
3,045 free parameters, 44k

Two complete bases have been formulated:

Chris Murphy, arXiv:2005.00059

Hao-Lin Li et al., arXiv:2005.00008

A bit of a nightmare to achieve, but some groups make predictions at D8 (e.g.):

Hays et al., Assoc. Production of the Higgs, arXiv:1808.00442

Boughezal et al., Dilepton production, arXiv:2106.05337

Boughezal et al., Drell Yan, arXiv:2207.01703

Asteriadis et al., Gluon fusion of Higgs, arXiv:2212.03258

But this is greatly simplified by employing the geoSMEFT methodology,
Helset et al. arXiv:2001.01453

choice of basis that classifies all three-point functions

(tree level) input parameters derived to all orders in 1/Λ2 (except GF )

naturally relates effective vertices to geometric formulation of SMEFT
→ constrain combinations of parameters
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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

Expon
en

tia
l→

O
(1

0
s)
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Top down, revisited

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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Drell Yan
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The energy helps accuracy paradigm

Recall: The SMEFT is a Taylor series in v
Λ

and p
Λ
⇔ 〈H〉 and ∂µ

⇒ growth in p
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The energy helps accuracy paradigm

Recall: The SMEFT is a Taylor series in v
Λ

and p
Λ
⇔ 〈H〉 and ∂µ

⇒ growth in p

“Energy helps accuracy: electroweak precision tests at hadron colliders”
M. Farina, G. Panico, D. Pappadopulo, J. Ruderman, R. Torre, arXiv:1609.08157

Leff = −
W

4m2
W

(DρW
a
µν)2 −

Y

4m2
W

(∂ρBµν)2

Tyler Corbett (Universität Wien) The SMEFT beyond leading order in 1/Λ2 19 February, 2024 16 / 34



Exploring concrete models

We can consider the following four models to see how truncation affects this picture:

φ = (1, 3)0 χ = (1, 1)−1 Φ = (3, 2)1/6 Xµ = (1, 1)0

(D6 matching: J. de Blas, J.C. Criado, M. Perez-Victoria, J. Santiago, arXiv:1711.10391)
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We can consider the following four models to see how truncation affects this picture:

φ = (1, 3)0 χ = (1, 1)−1 Φ = (3, 2)1/6 Xµ = (1, 1)0

(D6 matching: J. de Blas, J.C. Criado, M. Perez-Victoria, J. Santiago, arXiv:1711.10391)

1 write UV lagrangians

2 match to dimension 10

3 make field redefinitions and use IBP to simplify EFT
→ avoid Warsaw strategy, focus on a basis in which its easiest to calculate:

4 calculate Drell Yan cross section @ LHC in SM, UV, and IR
(d6, d62, d8, d6 · d8, d10)
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φ = (1, 3)0

∆Lφ =
1

2
(Dµφ

a)†(Dµφ
a)−

1

2
M2(φa)2 + κH†σaHφa − λφH(φa)2(H†H)− λφ(φa)4

⇓
LφIR = LSM − κ2

M4

[
1
2
QHD − 1

4
QHD2

]
− κ2

8M4

[
|H|2(H†D2H) + h.c.

]
+

2λφHκ
2

M6 |H|2QHD −
λφHκ

2

M6 |H|2QHD2 +
λφHκ

2

2M6

[
|H|4(H†D2H) + h.c.

]
+ κ2

M8

[
λφκ

2

M2 − 6λ2
φH

]
|H|4QHD + κ2

6M8

[
16λ2

φH − 3
λφκ

2

M2

]
|H|4QHD2

+ κ2

M8

[
λφκ

2

4M2 −
5λ2
φH

3

] [
|H|6(H†D2H) + h.c.

]
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φ = (1, 3)0

∆Lφ =
1

2
(Dµφ

a)†(Dµφ
a)−

1

2
M2(φa)2 + κH†σaHφa − λφH(φa)2(H†H)− λφ(φa)4

⇓
LφIR = LSM − κ2

M4

[
1
2
QHD − 1

4
QHD2

]
− κ2

8M4

[
|H|2(H†D2H) + h.c.

]
+

2λφHκ
2

M6 |H|2QHD −
λφHκ

2

M6 |H|2QHD2 +
λφHκ

2

2M6

[
|H|4(H†D2H) + h.c.

]
+ κ2

M8

[
λφκ

2

M2 − 6λ2
φH

]
|H|4QHD + κ2

6M8

[
16λ2

φH − 3
λφκ

2

M2

]
|H|4QHD2

+ κ2

M8

[
λφκ

2

4M2 −
5λ2
φH

3

] [
|H|6(H†D2H) + h.c.

]

Only shifts mZ , so no effect on Drell Yan (mZ input scheme)
So truncation at dimension-six is clearly valid for Drell Yan
(we’re measuring zero)
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χ = (1, 1)−1

∆Lχ = iχ̄ /Dχ−Mχ̄χ− Yχ
[
H†χ̄L+ h.c.

]

⇓
LχIR = LSM + i

Y 2
χ

2M2

[
(HL̄)γµ(DµH)†L+ (HL̄)γµ(H†DµL)− h.c.

]
−i

Y 2
χ

2M4

[
(HL̄)γµγνγρ(DµDνDρH)†L+ (HL̄)γµγνγρ(DµDνH)†(DρL)

+ (HL̄)γµγνγρ(DµH)†(DνDρL) + (HL̄)γµγνγρH†(DµDνDρL)

+ (HL̄)γµγνγρ(DµDρH)†(DνL) + (HL̄)γµγνγρ(DνH)†(DµDρL)

+ (HL̄)γµγνγρ(DρH)†(DµDνL) + (HL̄)γµγνγρ(DνDρH)†(DµL)− h.c.
]

+D10
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χ = (1, 1)−1

∆Lχ = iχ̄ /Dχ−Mχ̄χ− Yχ
[
H†χ̄L+ h.c.

]

⇓
LχIR = LSM + i

Y 2
χ

2M2

[
(HL̄)γµ(DµH)†L+ (HL̄)γµ(H†DµL)− h.c.

]
−i

Y 2
χ

2M4

[
(HL̄)γµγνγρ(DµDνDρH)†L+ (HL̄)γµγνγρ(DµDνH)†(DρL)

+ (HL̄)γµγνγρ(DµH)†(DνDρL) + (HL̄)γµγνγρH†(DµDνDρL)

+ (HL̄)γµγνγρ(DµDρH)†(DνL) + (HL̄)γµγνγρ(DνH)†(DµDρL)

+ (HL̄)γµγνγρ(DρH)†(DµDνL) + (HL̄)γµγνγρ(DνDρH)†(DµL)− h.c.
]

+D10

Shifts the ZL̄L couplings

D8+ operators appear to be momentum dependent,
but for on-shell leptons will not contribute (m` → 0)

This is actually an exact statement and doesn’t require on-shell
(geoSMEFT)
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χ = (1, 1)−1
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Φ = (3, 2)1/6

∆LΦ = (DµΦ)†(DµΦ)−M2Φ†Φ + YΦ

[
d̄ (Φ iσ2L) + h.c.

]

⇓
LΦ

IR = LSM +
Y 2

Φ
M2

(
d̄L
) (
L̄d
)

+
Y 2

Φ
M4

[ (
d̄DµL

) (
L̄Dµd

)
+
(
Dµd̄

)
L
(
L̄Dµd

)
+
(
d̄DµL

) (
DµL̄

)
d+

(
Dµd̄

)
L
(
DµL̄

)
d
]

+D10
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Φ = (3, 2)1/6

∆LΦ = (DµΦ)†(DµΦ)−M2Φ†Φ + YΦ

[
d̄ (Φ iσ2L) + h.c.

]

⇓
LΦ

IR = LSM +
Y 2

Φ
M2

(
d̄L
) (
L̄d
)

+
Y 2

Φ
M4

[ (
d̄DµL

) (
L̄Dµd

)
+
(
Dµd̄

)
L
(
L̄Dµd

)
+
(
d̄DµL

) (
DµL̄

)
d+

(
Dµd̄

)
L
(
DµL̄

)
d
]

+D10

• A very clean example of the p expansion!

• No v expansion
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Φ = (3, 2)1/6

500 1,000 1,500 2,000 2,500

0.96

0.98

1

1.02

1.04

m``

R

Φ, M = 3 TeV, YΦ = 0.5

Tyler Corbett (Universität Wien) The SMEFT beyond leading order in 1/Λ2 19 February, 2024 20 / 34



Φ = (3, 2)1/6

500 1,000 1,500 2,000 2,500

0.96

0.98

1

1.02

1.04

m``

R

Φ(3, 0.5)

D6

D62

D8
D10

500 1,000 1,500 2,000 2,500

0.96

0.98

1

1.02

1.04

m``

R

Φ(7, 1.0)

D6

D62

D8
D10

Tyler Corbett (Universität Wien) The SMEFT beyond leading order in 1/Λ2 19 February, 2024 20 / 34



Xµ = (1, 1)0

∆LV = − 1
4
VµνV µν + 1

2
M2VµV µ − k

2
BµνV µν

= − 1
4
XµνXµν + 1

2
M2
XXµX

µ−g1YHβ(H†i
←→
D µH)Xµ + g2

1Y
2
Hβ

2(H†H)XµXµ

−g1
∑
ψ Yψβ(ψ̄γµψ)Xµ

⇓
LXIR = LSM−

g2
1β

2

2M2 HµHµ −
g2
1β

2

2M2 ΨµΨµ− g
2
1β

2

M2 HµΨµ

+
g4
1Y

2
Hβ

4

M4 (H†H)HµHµ

+
g2
1β

2

M4 Hµ (�ηµν − ∂µ∂ν) Ψν + 2
g4
1Y

2
Hβ

4

M4 (H†H)HµΨµ

+
g2
1β

2

2M4 Ψµ (�ηµν − ∂µ∂ν) Ψν+
g4
1Y

2
Hβ

4

M4 (H†H)ΨµΨµ

+
g4
1Y

4
Hβ

4

M4

[
4(H†H)QHD + (H†H)QHD,2

]
+
g4
1Y

4
Hβ

4

2M4

[
(H†H)2(H†D2H) + h.c.

]
− g

2
1Y

2
Hβ

2

M4

[
g2
1
4
Q

(8)
HB + g1g2Q

(8)
HWB + g2

2Q
(8)
HW,2

]
+D10

Hµ = YH(H†i
←→
D µH) Ψµ =

∑
ψ Yψψ̄γµψ
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(8)
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(8)
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+D10

Hµ = YH(H†i
←→
D µH) Ψµ =

∑
ψ Yψψ̄γµψ

• Mixing is a bit of a pain, but the effects are small
(aside from δmZ only occur at D8+)

• For simplicity we drop the mixing
(this is bad practice in QFT)

• No v expansion
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Xµ = (1, 1)0

∆LV = − 1
4
VµνV µν + 1

2
M2VµV µ − k

2
BµνV µν

= − 1
4
XµνXµν + 1

2
M2
XXµX

µ − g1
∑
ψ Yψβ(ψ̄γµψ)Xµ

⇓
LXIR = LSM −

g2
1β

2

2M2 ΨµΨµ

+
g2
1β

2

2M4 Ψµ (�ηµν − ∂µ∂ν) Ψν

− g
2
1β

2

2M4 Ψµ (�ηµν − ∂µ∂ν) (�ηνρ − ∂ν∂ρ) Ψρ

Hµ = YH(H†i
←→
D µH) Ψµ =

∑
ψ Yψψ̄γµψ
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Xµ = (1, 1)0

∆LV = − 1
4
VµνV µν + 1

2
M2VµV µ − k

2
BµνV µν

= − 1
4
XµνXµν + 1

2
M2
XXµX

µ − g1
∑
ψ Yψβ(ψ̄γµψ)Xµ

⇓
LXIR = LSM −

g2
1β

2

2M2 ΨµΨµ

+
g2
1β

2

2M4 Ψµ (�ηµν − ∂µ∂ν) Ψν

− g
2
1β

2

2M4 Ψµ (�ηµν − ∂µ∂ν) (�ηνρ − ∂ν∂ρ) Ψρ

Hµ = YH(H†i
←→
D µH) Ψµ =

∑
ψ Yψψ̄γµψ

• In this (massively) simplified version → only p expansion

• In full model, w/ MX = 3 TeV & k ∼ 1(β ∼ 3)
Mixing: O(10−2) effect
Momentum exp: O(10−1.6)→ O(100) effect (bin-by-bin)
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Xµ = (1, 1)0

500 1,000 1,500 2,000 2,500
0.85

0.9

0.95

1

1.05

m``

R

X, M = 3 TeV, k ∼ 0.5

Tyler Corbett (Universität Wien) The SMEFT beyond leading order in 1/Λ2 19 February, 2024 21 / 34



Xµ = (1, 1)0
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Convergence of the EFT

Two EFTs:

LΦ
IR

=LSM + c6
Y 2

Φ
M2

(
d̄L
) (
L̄d
)

+c8
Y 2

Φ
M4

[ (
d̄DµL

) (
L̄Dµd

)
+
(
Dµd̄

)
L
(
L̄Dµd

)
+
(
d̄DµL

) (
DµL̄

)
d+

(
Dµd̄

)
L
(
DµL̄

)
d
]

+c10D10

LXIR = LSM − c6
g2
1β

2

2M2 ΨµΨµ

+c8
g2
1β

2

2M4 Ψµ (�ηµν − ∂µ∂ν) Ψν

−c10
g2
1β

2

2M4 Ψµ (�ηµν − ∂µ∂ν) (�ηνρ − ∂ν∂ρ) Ψρ

Minimize χ2 to a given order in the EFT (including partial results, (D6)2, (D6 ·D8))

χ2(c6, c8, c10) =
∑
m``

NUV
m``
−N IR

m``√
NUV
m``


2
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Convergence of the EFT: Φ
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Convergence of the EFT: Φ

MΦ YΦ fit up to c6 c8 c10 χ2
min

3 0.1 D6 0.93± 5.6 – – 10−4

(D6)2 0.94± 5.7 – – 10−4

D8 0.99± 5.7 0.74± 57 – 10−6

(D6 ·D8) 1.0± 5.7 0.81± 61 – 10−6

D10 1.0± 5.7 0.97± 61 0.58± 253 10−8
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Convergence of the EFT: Φ

MΦ YΦ fit up to c6 c8 c10 χ2
min

3 0.1 D6 0.93± 5.6 – – 10−4

(D6)2 0.94± 5.7 – – 10−4

D8 0.99± 5.7 0.74± 57 – 10−6

(D6 ·D8) 1.0± 5.7 0.81± 61 – 10−6

D10 1.0± 5.7 0.97± 61 0.58± 253 10−8

3 0.5 D6 0.74± 0.22 – – 1

(D6)2 0.96± 0.30 – – 10−2

D8 0.96± 0.30 −0.3± 2.3 – 10−2

(D6 ·D8) 0.99± 0.31 0.6± 2.8 – 10−4

D10 1.0± 0.31 0.7± 2.8 −0.4± 10 10−4
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Convergence of the EFT: Φ

MΦ YΦ fit up to c6 c8 c10 χ2
min

3 0.1 D6 0.93± 5.6 – – 10−4

(D6)2 0.94± 5.7 – – 10−4

D8 0.99± 5.7 0.74± 57 – 10−6

(D6 ·D8) 1.0± 5.7 0.81± 61 – 10−6

D10 1.0± 5.7 0.97± 61 0.58± 253 10−8

3 0.5 D6 0.74± 0.22 – – 1

(D6)2 0.96± 0.30 – – 10−2

D8 0.96± 0.30 −0.3± 2.3 – 10−2

(D6 ·D8) 0.99± 0.31 0.6± 2.8 – 10−4

D10 1.0± 0.31 0.7± 2.8 −0.4± 10 10−4

3 1.0 D6 0.16± 0.06 – – 100

(D6)2 0.84± 0.03 – – 1

D8 0.87± 0.03 −0.62± 0.62 – 1

(D6 ·D8) 0.97± 0.03 0.61± 0.11 – 10−2

D10 0.98± 0.03 0.38± 0.11 6.6± 2.8 10−2
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Convergence of the EFT: Φ

MΦ YΦ fit up to c6 c8 c10 χ2
min

3 1.0 D6 0.16± 0.06 – – 100

(D6)2 0.84± 0.03 – – 1

D8 0.87± 0.03 −0.62± 0.62 – 1

(D6 ·D8) 0.97± 0.03 0.61± 0.11 – 10−2

D10 0.98± 0.03 0.38± 0.11 6.6± 2.8 10−2

7 1.0 D6 0.8± 0.3 – – 0.1

(D6)2 0.99± 0.4 – – 10−4

D8 0.99± 0.4 −0.2± 17 – 10−4

(D6 ·D8) 1.0± 0.4 0.9± 36 – 10−6

D10 1.0± 0.4 0.9± 36 −1± 400 10−7
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Convergence of the EFT: Xµ
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Convergence of the EFT: Xµ

MΦ β fit up to c6 c8 c10 χ2
min

3 0.3 D6 1.13± 0.35 – – 10−1

(D6)2 1.13± 0.36 – – 10−1

D8 0.98± 0.36 1.5± 2.4 – 10−3

(D6 ·D8) 0.98± 0.36 1.5± 2.4 – 10−3

D10 1.00± 0.36 0.85± 2.4 1.9± 8.1 10−5
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Convergence of the EFT: Xµ

MΦ β fit up to c6 c8 c10 χ2
min

3 0.3 D6 1.13± 0.35 – – 10−1

(D6)2 1.13± 0.36 – – 10−1

D8 0.98± 0.36 1.5± 2.4 – 10−3

(D6 ·D8) 0.98± 0.36 1.5± 2.4 – 10−3

D10 1.00± 0.36 0.85± 2.4 1.9± 8.1 10−5

3 1.2 D6 1.01± 0.02 – – 100

(D6)2 1.09± 0.02 – – 10

D8 1.05± 0.02 0.18± 0.08 – 10

(D6 ·D8) 1.01± 0.02 0.87± 0.18 – 1

D10 0.98± 0.02 1.49± 0.17 −0.98± 0.26 1
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Convergence of the EFT: Xµ

MΦ β fit up to c6 c8 c10 χ2
min

3 0.3 D6 1.13± 0.35 – – 10−1

(D6)2 1.13± 0.36 – – 10−1

D8 0.98± 0.36 1.5± 2.4 – 10−3

(D6 ·D8) 0.98± 0.36 1.5± 2.4 – 10−3

D10 1.00± 0.36 0.85± 2.4 1.9± 8.1 10−5

3 1.2 D6 1.01± 0.02 – – 100

(D6)2 1.09± 0.02 – – 10

D8 1.02± 0.02 0.18± 0.08 – 10

(D6 ·D8) 1.01± 0.02 0.87± 0.18 – 1

D10 0.98± 0.02 1.49± 0.17 −0.98± 0.26 1

3 3.0 D6 0.612± 0.003 – – 100

(D6)2 1.165± 0.005 – – 10

D8 1.100± 0.004 −1.10± 0.04 – 10

(D6 ·D8) 0.947± 0.003 2.27± 0.04 – 1

D10 0.946± 0.004 1.98± 0.04 −1.5± 0.2 1
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Convergence of the EFT: Xµ

MΦ β fit up to c6 c8 c10 χ2
min

3 3.0 D6 0.612± 0.003 – – 100

(D6)2 1.165± 0.005 – – 10

D8 1.100± 0.004 −1.10± 0.04 – 10

(D6 ·D8) 0.947± 0.003 2.27± 0.04 – 1

D10 0.946± 0.004 1.98± 0.04 −1.5± 0.2 1

8 3.0 D6 0.92± 0.03 – – 1

(D6)2 0.99± 0.03 – – 0.1

D8 0.98± 0.03 0.5± 1.1 – 10−3

(D6 ·D8) 0.98± 0.03 0.8± 1.6 – 10−3

D10 0.98± 0.03 0.9± 1.6 −1.0± 25 10−5
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Interim conclusions – the SMEFT expansion

1 We seem safe at D6 – except in the most extreme models (low M, or strong coupling)

2 Lack of inclusion of D8 results → D6 constraints shift away from true value

3 T-channel 1
Λ2− 1

Λ4 + 1
Λ6

S-channel 1
Λ2 + 1

Λ4 + 1
Λ6

⇒ Sometimes (D6)2 is representative of NLO, sometimes it messes things up!

4 An interpretation:
D6 fits are SM measurements w/ errors/nuisance params. consistent w/ SMEFT
D8 fits are SMEFT fits at D6 w/ errors/nuisance params. consistent w/ SMEFT
(but when, if ever, at the HL-LHC does the latter become possible/true?)
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Bottom up revisited

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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The Universal SMEFT

How does flavor universal physics imprint on the SMEFT?
J. Wells, Z. Zhang, arXiv:1510.08462

1 purely bosonic operators

2 for convenience, trade a few for SM-like fermionic currents (field redefinitions) e.g.:

− 1
2

(∂νBµν)2 → − ig1
2

(Φ†
←→
D µΦ)∂νBµν −

g2
1
8

(Φ†
←→
D µΦ)2 − 1

2
JBµJ

µ
B

JµB = g1
∑
ψ Yψψ̄γ

µψ

This procedure results in the universal D6 basis:

OΦ,1 = (DµΦ)†ΦΦ†(DµΦ), OΦ,2 = 1
2
∂µ(Φ†Φ)∂µ(Φ†Φ),

OBB = Φ†ΦBµνBµν OWW = Φ†ΦWa
µνW

a
µν OBW = Φ†σaΦBµνWa

µν

OB = (DµΦ)†(DνΦ)Bµν OW = (DµΦ)†σa(DνΦ)Wa
µν OWWW = fabcWa

µνW
b
νρW

c
ρµ

O2JB = JµBJB,µ O2JW = Ja,µW JaW,µ

+ others not relevant for the upcoming analysis
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The Universal SMEFT

How does flavor universal physics imprint on the SMEFT?
J. Wells, Z. Zhang, arXiv:1510.08462

1 purely bosonic operators

2 for convenience, trade a few for SM-like fermionic currents (field redefinitions) e.g.:

− 1
2

(∂νBµν)2 → − ig1
2

(Φ†
←→
D µΦ)∂νBµν −

g2
1
8

(Φ†
←→
D µΦ)2 − 1

2
JBµJ

µ
B

JµB = g1
∑
ψ Yψψ̄γ

µψ

This procedure results in the universal D6 basis:

OΦ,1 = (DµΦ)†ΦΦ†(DµΦ), OΦ,2 = 1
2
∂µ(Φ†Φ)∂µ(Φ†Φ),

OBB = Φ†ΦBµνBµν OWW = Φ†ΦWa
µνW

a
µν OBW = Φ†σaΦBµνWa

µν

OB = (DµΦ)†(DνΦ)Bµν OW = (DµΦ)†σa(DνΦ)Wa
µν OWWW = fabcWa

µνW
b
νρW

c
ρµ

O2JB = JµBJB,µ O2JW = Ja,µW JaW,µ

+ others not relevant for the upcoming analysis
Note: operator normalizations are neglected in the above (and from here on) for simplicity
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The Universal SMEFT

How does flavor universal physics imprint on the SMEFT?
J. Wells, Z. Zhang, arXiv:1510.08462

1 purely bosonic operators

2 for convenience, trade a few for SM-like fermionic currents (field redefinitions) e.g.:

− 1
2

(∂νBµν)2 → − ig1
2

(Φ†
←→
D µΦ)∂νBµν −

g2
1
8

(Φ†
←→
D µΦ)2 − 1

2
JBµJ

µ
B

JµB = g1
∑
ψ Yψψ̄γ

µψ

This procedure results in the universal D6 basis:

OΦ,1 = (DµΦ)†ΦΦ†(DµΦ), OΦ,2 = 1
2
∂µ(Φ†Φ)∂µ(Φ†Φ),

OBB = Φ†ΦBµνBµν OWW = Φ†ΦWa
µνW

a
µν OBW = Φ†σaΦBµνWa

µν

OB = (DµΦ)†(DνΦ)Bµν OW = (DµΦ)†σa(DνΦ)Wa
µν OWWW = fabcWa

µνW
b
νρW

c
ρµ

O2JB = JµBJB,µ O2JW = Ja,µW JaW,µ

+ others not relevant for the upcoming analysis
Note: operator normalizations are neglected in the above (and from here on) for simplicity

The Universal SMEFT
simplifying assumption
→ explore the SMEFT to dimension-eight (bottom up)
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Beyond D6

no known D8 universal basis
→ consider known full D8 basis (C. Murphy arXiv:2005.00059)
→ drop operators without SM-like currents
→ drop operators which don’t allow for resonant physics
We arrive at the dimension-eight “universal” basis:

O(1)

D2Φ6 = (Φ†Φ)2(DµΦ)†(DµΦ) O(2)

D2Φ6 = (Φ†Φ)(Φ†σIΦ)(DµΦ)†σI(DµΦ)

O(1)

W3Φ2 = (Φ†Φ)fabcWa
µνW

b
νρW

c
ρµ OW2BΦ2 = εIJKΦ†σIΦBµνWJ

νρW
K
ρµ

O(1)

BΦ4D2 = (Φ†Φ)(DµΦ)†(DνΦ)Bµν O(1)

WΦ4D2 = (Φ†Φ)(DµΦ)†σI(DνΦ)W I
µν

O(1)

W2Φ4 = (Φ†Φ)2Wa
µνW

a
µν OB2Φ4 = (Φ†Φ)2BµνBµν

O(1)

BWΦ4 = (Φ†Φ)Φ†σIΦBµνW I
µν OW2Φ4 = (Φ†σIΦ)(Φ†σJΦ)W I

µνW
J
µν

+4 fermion
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Beyond D6 – on the Z- and W -poles

The tree-level all orders in 1/Λ2 result for Z-pole physics can be found in,
TC, A. Helset, A. Martin, M. Trott, arXiv:2102.02819

In the universal theory we have a simpler result,
as the Peskin-Takeuchi parameters (STU) are consistently defined:

αS =−e2v2f̃BW = −e2v2
(
fBW + v2

2
f

(1)

BWΦ4

)
αT =− v

2

2
f̃BW = − v

2

2

(
fφ,1 + v2f

(2)

D2Φ6

)
αU = e2v4f

(3)

W2Φ4

δGF =GF v
2
(

∆4F + v2∆
(8)
4F

)
Plus mW and ΓW (expressions not pretty)
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Beyond D6 – on the Z- and W -poles

The tree-level all orders in 1/Λ2 result for Z-pole physics can be found in,
TC, A. Helset, A. Martin, M. Trott, arXiv:2102.02819

In the universal theory we have a simpler result,
as the Peskin-Takeuchi parameters (STU) are consistently defined:

αS =−e2v2f̃BW = −e2v2
(
fBW + v2

2
f

(1)

BWΦ4

)
αT =− v

2

2
f̃BW = − v

2

2

(
fφ,1 + v2f

(2)

D2Φ6

)
αU = e2v4f

(3)

W2Φ4

δGF =GF v
2
(

∆4F + v2∆
(8)
4F

)
Plus mW and ΓW (expressions not pretty)


∼ 〈gAB〉 geoSMEFT
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αS = −e2v2f̃BW = −e2v2
(
fBW + v2

2
f

(1)

BWΦ4

)
αT = − v

2

2
f̃BW = − v

2

2

(
fφ,1 + v2f

(2)

D2Φ6

)
αU = e2v4f

(3)

W2Φ4

δGF = GF v
2
(

∆4F + v2∆
(8)
4F

)
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Beyond D6 – diboson production

Channel (a) Distribution # bins Data set Int Lum
WZ → `+`−`′± M(WZ) 7 CMS 13 TeV, 137.2 fb−1

E
W

D
B

d
a
ta WW → `+`(′)− + 0/1j M(`+`(′)−) 11 CMS 13 TeV, 35.9 fb−1

Wγ → `νγ d2σ
dpT dφ

12 CMS 13 TeV, 137.1 fb−1

WW → e±µ∓ + /ET (0j) mT 17 (15) ATLAS 13 TeV, 36.1 fb−1

WZ → `+`−`(′)± mWZ
T 6 ATLAS 13 TeV, 36.1 fb−1

Zjj → `+`−jj dσ
dφ

12 ATLAS 13 TeV, 139 fb−1

WW → `+`(′)− + /ET (1j) dσ
dm

`+`−
10 ATLAS 13 TeV, 139 fb−1

Feynrules→Madgraph→Pythia→Delphes (+fast jet)
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Beyond D6 – diboson production
EWPD constrains fermion couplings

LWWV = −igWWV

{
gV1

(
W+
µνW

−µV ν −W+
µ VνW

−µν
)

+κVW
+
µ W

−
ν V

µν + λV
M2
W

W+
µνW

− νρV µ
ρ

}
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Beyond D6 – diboson production
EWPD constrains fermion couplings

LWWV = −igWWV

{
gV1

(
W+
µνW

−µV ν −W+
µ VνW

−µν
)

+κVW
+
µ W

−
ν V

µν + λV
M2
W

W+
µνW

− νρV µ
ρ

}
∆gZ1 = e2

s2c2

[
1
8
v2
(
fW + v2

2
f

(1)

WΦ4D2

)]
∆κγ = e2

s2

[
1
8
v2

Λ2

(
fW + v2

2
f

(1)

WΦ4D2 + fB + v2

2
f

(1)

BΦ4D2

)]
∆κZ = e2

s2

[
1
8
v2
(
fW + v2

2
f

(1)

WΦ4D2

)
− s2

8c2
v2
(
fB + v2

2
f

(1)

BΦ4D2

)]
λγ = 3e2

2s2
M2
W

[
fWWW + v2

2
f

(1)

W3Φ2

]
−
M4
W
2

f
(1)

W2BΦ2

λZ = 3e2

2s2
M2
W

[
fWWW + v2

2
f

(1)

W3Φ2

]
+
M4
W
2

s2

c2
f

(1)

W2BΦ2
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Beyond D6 – diboson production
EWPD constrains fermion couplings

LWWV = −igWWV

{
gV1

(
W+
µνW

−µV ν −W+
µ VνW

−µν
)

+κVW
+
µ W

−
ν V

µν + λV
M2
W

W+
µνW

− νρV µ
ρ

}
∆gZ1 = e2

s2c2

[
1
8
v2f̃W

]
∆κγ = e2

s2

[
1
8
v2

Λ2

(
f̃W + f̃B

)]
∆κZ = e2

s2

[
1
8
v2f̃W − s2

8c2
f̃B

]
λγ = 3e2

2s2
M2
W f̃WWW −

M4
W
2

f
(1)

W2BΦ2

λZ = 3e2

2s2
M2
W f̃WWW +

M4
W
2

s2

c2
f

(1)

W2BΦ2
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On truncation...

In the SMEFT the amplitudes for a given process may violate perturbative unitarity:

iM
(
d−d̄+ →W+

0 W
−
0

)
=

e2

24s2c2
Ŝ sin θ

[
3c2 fW − s2 fB +

v2

2

(
3c2 f

(1)

WΦ4D2 − s2 f
(1)

BΦ4D2

)]

The combination of growth with COME, Ŝ, and truncation at order 1/Λ4 gives:

|M|2 ∼ |SM|2 + 2Re [(D6)∗(SM)]
Ŝ

Λ2
+ |D6|2

Ŝ2

Λ4
+ 2Re [(D8)∗(SM)]

Ŝ

Λ4

Using distributions for diboson data⇒ separately constrain D6 and D8 operator coefficients
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Is this just an effect of truncation?

fW + v2

2
f

(1)

WΦ4D2 f̃W
fB + v2

2
f

(1)

BΦ4D2 ⇔ f̃B
fWWW + v2

2
f

(1)

W 3Φ2 f̃WWW

⇒ Remember the # of op forms saturates!
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On truncation...

So...
1 do we include (D6)2? (or squares of whatever order we expand to?)

2 do we use something like geoSMEFT to sum all orders?

3 truncate and deal with the fact truncation effects are clearly there?
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Interim conclusions – fitting D8

1 SMEFT folks are great at simplifying assumptions → possible to do prelim fits to D8
(and flavor universal isn’t the worst assumption ever made)

2 Nature doesn’t truncate, clear effects of truncation in our fits → a mistake?
(seems we’re safe, in the example above we have conservative constraints)

3 The geoSMEFT allows us to classify all orders vertices, and avoid this inconsistency
(but only in some limited cases, ?for now?)
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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, HL-LHC, ++

3 The SMEFT expansion converges fairly well, even for low mass M ∼ 3 TeV
→ We could measure a D6 WC off by more than 1σ (Strong int and/or low M)
→ (D6)2 sometimes helps, sometimes hurts, not always obvious
→ Measure a D6 deviation → should see how it is affected by the inclusion of D8!

REALLY! We could:

misinterpret the scale of NP! (next gen collider could miss its mark!)

miss a UV symmetry that’s embedded in the IR!

4 D8 fits aren’t impossible
→ Assumptions about the UV bring this into the realm of possibility
→ (D6)2 is confusing, “apparent” better convergence, possibly skewing to bad results

5 Ways of summing higher order may help (geoSMEFT)

6 The clearest route is clarity in procedure
→ parallel work on D6, (D6)2, poss. D8
→ results truncated at benchmark E scales (easier at HL-LHC)
→ (naive opinion) Theory should drive how to formulate analyses,

Experiment could produce them by channel
Constraints on combinations of parameters, can naively combine after
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