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Based on work:
• Flavor
• The Importance of Flavor in SMEFT Electroweak Precision Fits (Bellafronte, 

Dawson, Giardino), 2304.00029
• Flavorful Electroweak Precision Observables in the SMEFT (Dawson and 

Giardino), 2201.09887

• Double Insertions
• Double Insertions of SMEFT Operators in Gluon Fusion Higgs Boson 

Production (Asteriadis, Dawson, and Fontes), 2212.03258

https://arxiv.org/pdf/2304.00029.pdf
https://arxiv.org/pdf/2201.09887.pdf
https://arxiv.org/pdf/2212.03258.pdf


SMEFT (Also Known As):  Is it the SM?

• If there are no new light particles discovered, EFTs can help
• SMEFT predicts observables as a power series in a high scale
• SMEFT assumes the Higgs is in an SU(2) doublet and constructs SU(3) x SU(2) x U(1) 

gauge invariant operators

• SMEFT is model independent, but….
• In general, too many operators to be practical
• Power is connection between Higgs, di-boson, EWPO, top data
• Hidden assumptions
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From far away, SMEFT is model independent
• Relies on large separation of scales

UV model? 2HDM, Singlet, VLQ….L

MW
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Top-down vs Bottoms-up
• Bottoms-up: Fit to multiple observables at EW scale and try to figure 

out the UV model from patterns of coefficients
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Parameter value

ATLAS, 2301.03212

Higgs, di-boson, 
EWPO at 
quadratic order

What are theory 
uncertainties?

Higgs only

CMS, Nature, 2022

https://arxiv.org/pdf/2301.03212.pdf
https://www.nature.com/articles/s41586-022-04892-x


Using the SMEFT
• Need accurate SM and EFT predictions
• EFTs give shape changes in tails (need theory precision!)

Zanderhigi Higgs2022

Want this Not  this



Flavor and the SMEFT

• Flavor is poorly understood in the SM
<latexit sha1_base64="IclFK6qjthwz99qIAhducJABATc="></latexit>

LY UK = �qLV
†
YuH̃uR � qLYdHdR � lLYeHeR + h.c

• Large hierarchy of masses:  Yu, Yd, Ye
• Approximate alignment of CKM matrix:

• Do SMEFT operators follow a similar flavor pattern?
• Imposing global flavor symmetries reduces number 

of operators 

<latexit sha1_base64="jc+yWrwVOISLbOJcqW7PNhYZUM4="></latexit>
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Strong constraints on flavor violation in 
SMEFT from low energy measurements
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European Strategy, 1910.11775

What are 
assumptions?

Most constrained are 
4-fermion operators

Interpreting 
measurements in 
terms of scale 
implies assuming 
SMEFT coefficients 
C=1

https://arxiv.org/pdf/1910.11775.pdf


Is SMEFT flavor violation at the TeV scale 
allowed?

Model !, γ Jets† Emiss
T
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ADD GKK + g/q 0 e, µ 1 − 4 j Yes 36.1 n = 2 1711.033017.7 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 high
∑
pT ≥ 1 e, µ ≥ 2 j − 3.2 n = 6, MD = 3 TeV, rot BH 1606.022658.2 TeVMth

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

RS1 GKK → γγ 2 γ − − 36.7 k/MPl = 0.1 1707.041474.1 TeVGKK mass

Bulk RS GKK →WW /ZZ multi-channel 36.1 k/MPl = 1.0 1808.023802.3 TeVGKK mass

Bulk RS GKK →WV → "νqq 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 ′ → "" 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 ′ → "ν 1 e, µ − Yes 139 1906.056096.0 TeVW′ mass

SSM W ′ → τν 1 τ − Yes 36.1 1801.069923.7 TeVW′ mass

HVT W ′ →WZ → "νqq model B 1 e, µ 2 j / 1 J Yes 139 gV = 3 2004.146364.3 TeVW′ mass

HVT V ′ →WV → qqqq model B 0 e, µ 2 J − 139 gV = 3 1906.085893.8 TeVV′ mass

HVT V ′ →WH/ZH model B multi-channel 36.1 gV = 3 1712.065182.93 TeVV′ mass

HVT W ′ →WH model B 0 e, µ ≥ 1 b, ≥ 2 J 139 gV = 3 CERN-EP-2020-0733.2 TeVW′ mass

LRSM WR → tb multi-channel 36.1 1807.104733.25 TeVWR 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 ""qq 2 e, µ − − 139 η−LL CERN-EP-2020-06635.8 TeVΛ

CI tttt ≥1 e,µ ≥1 b, ≥1 j Yes 36.1 |C4t | = 4π 1811.023052.57 TeVΛ

Axial-vector mediator (Dirac DM) 0 e, µ 1 − 4 j Yes 36.1 gq=0.25, gχ=1.0, m(χ) = 1 GeV 1711.033011.55 TeVmmed

Colored scalar mediator (Dirac DM) 0 e, µ 1 − 4 j Yes 36.1 g=1.0, m(χ) = 1 GeV 1711.033011.67 TeVmmed

VVχχ EFT (Dirac DM) 0 e, µ 1 J, ≤ 1 j Yes 3.2 m(χ) < 150 GeV 1608.02372700 GeVM∗
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 1,2 e ≥ 2 j Yes 36.1 β = 1 1902.003771.4 TeVLQ mass

Scalar LQ 2nd gen 1,2 µ ≥ 2 j Yes 36.1 β = 1 1902.003771.56 TeVLQ mass

Scalar LQ 3rd gen 2 τ 2 b − 36.1 B(LQu
3 → bτ) = 1 1902.081031.03 TeVLQu

3
mass

Scalar LQ 3rd gen 0-1 e, µ 2 b Yes 36.1 B(LQd
3 → tτ) = 0 1902.08103970 GeVLQd

3
mass

VLQ TT → Ht/Zt/Wb + X multi-channel 36.1 SU(2) doublet 1808.023431.37 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 Y →Wb + X 1 e, µ ≥ 1 b, ≥ 1j Yes 36.1 B(Y →Wb)= 1, cR (Wb)= 1 1812.073431.85 TeVY mass

VLQ B → Hb + X 0 e,µ, 2 γ ≥ 1 b, ≥ 1j Yes 79.8 κB= 0.5 ATLAS-CONF-2018-0241.21 TeVB mass

VLQ QQ →WqWq 1 e, µ ≥ 4 j Yes 20.3 1509.04261690 GeVQ 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 "∗ 3 e, µ − − 20.3 Λ = 3.0 TeV 1411.29213.0 TeV!∗ mass

Excited lepton ν∗ 3 e,µ, τ − − 20.3 Λ = 1.6 TeV 1411.29211.6 TeVν∗ mass

Type III Seesaw 1 e, µ ≥ 2 j Yes 79.8 ATLAS-CONF-2018-020560 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±± → "" 2,3,4 e,µ (SS) − − 36.1 DY production 1710.09748870 GeVH±± mass

Higgs triplet H±± → "τ 3 e,µ, τ − − 20.3 DY production, B(H±±
L
→ "τ) = 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 Exotics Searches* - 95% CL Upper Exclusion Limits
Status: May 2020

ATLAS Preliminary∫
L dt = (3.2 – 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).

Strong limits on new physics at 1 TeV; 
mostly from 1st and 2nd generation 

Weaker limits on new 
physics at multi-TeV scales



No evidence for new physics in EWPOs

• Electroweak precision observables 
(EWPOs) provide strong evidence 
for SM at EW scale
• Comparison between EWPOs and 

SMEFT theory predictions strongly 
constrains new physics
• At NLO SMEFT, new 2-fermion and 

4-fermion contributions to EWPOs 
from operators that do not arise at 
LO



W and Z pole observables

• Fit to 24 data points—inputs are Gµ, MZ, a

• Tree level expressions depend on (in Warsaw basis)

• Tree level observables depend on 8 combinations of operators parameterized as: 

MW ,�W ,�Z ,�h, Al,FB , Ab,FB , Ac,FB , Ab, Ac, Al, Rl, Rb, Rc
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R
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⇒ 2 blind directions (resolved by other measurements)

Cll, CHWB , CHu, C
(3)
Hq

, C(1)
Hq

, C(3)
Hl

, C(1)
Hl

, CHe, CHD, CHd
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Fits are straightforward

• Compute observables in SMEFT including 
all NLO QCD and EW contributions:  

• Use most accurate SM theory

• Do c2 fit to data

• Operators contributing to EWPOs at tree 
level strongly restricted

• At NLO, many new operators contribute

Previous study assumed no flavor 
structure in 4-fermion operators
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Oi = Oi,SM + �Oi,SMEFT

Dawson, Giardino 2201.09887
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C

✓
1 TeV

⇤

◆2

Coefficients constrained at tree level

https://arxiv.org/pdf/2201.09887.pdf
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Include Flavor Structure
• Consider CKM diagonal, which implies specific flavor structures 
• In Warsaw basis:
• 4-fermion operators 

• 2-fermion operators

• Bosonic operators
• Most general case:  NLO EWPO calculation involves 178 independent coefficients 

(6 from bosonic, 23 from 2-fermion, 149 from 4-fermion)

<latexit sha1_base64="QZ8gKcNskG2S1+AtGco8nYbMjRQ="></latexit>

(H†
iDµH)(qi�

µ
qj) ! CX [ij] = EX�ij

Enhancement of 
diagrams with 
internal top quarks

Not all combinations of flavor
indices arise in EWPOs



What about flavor assumptions?
• Global fits often done assuming flavor universality  
• SM has U(3)5 global symmetry that is broken only by Yukawas

• 3rd generation is different
• Do fits with U(2)5 global symmetry

• MFV assumption assumes top Yukawa is only source breaking U(3)5 symmetry 
(since we assume all other fermions are massless)
• Do fits assuming new physics only couples to 3rd generation
• Do fits assuming new physics doesn’t couple to 3rd generation
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(qL)
T = (uL, dL), (lL)

T = (⌫L, eL), uR, dR, eR

Do flavor assumptions make significant differences to SMEFT fits?



Flavor assumptions reduce possibilities

• NLO SMEFT EW fits done with coefficients evaluated at MZ

• Input parameter dependence? Results use GF, MZ, a
• After separating out dominant scheme independent contributions, residual 

scheme dependent contributions similar in commonly used schemes [Biekotter, 
Pecjak, Scott, Smith, 2305.03763]

2-fermion
4-fermion with identical 
representations

Remaining 4-fermion

Operators that contribute to EWPO at NLO

https://arxiv.org/pdf/2305.03763.pdf


Flavor matters!
• Take-away:  Neglecting flavor gives overly aggressive limits
• Strong correlations in flavor space
• NLO can have large effects

NLO: Solid; LO: Dashed
MFV

U(3)5

3rdGenCen
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95 % CL limits on 2-fermion operators from EWPOs
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2-fermion operators

1st gen

3rd gen

* Coefficients are related by flavor assumptions

Note difference in 
NLO/LO shapes in 
MFV scenario



Flavor matters
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3rd generation specific

95% CL limits on Cqq
(1,3) ranges from EWPOs

(Coefficients are not all independent)
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4-fermion operators 
contributing to EWPO at 
NLO but not LO

Flavorless assumption yields 
more stringent bounds than 
flavor scenarios

Can also limit these coefficients 
with fits to LHC dijets.  More 
stringent limits for gens 1 and 2 
from dijets (tree level process)
[Bruggisser, Westhoff: 2212.02532]

L= 1 TeV

U(3)5 results more constrained than MFV

https://arxiv.org/pdf/2212.02532.pdf


Flavor matters!

Consider 1 operator type at a time and marginalize over flavor structures not shown
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How to tame the SMEFT expansion?
• Various terminations of the expansion possible

• Linear:  (Not guaranteed to be positive definite!)

• Quadratic: (Why does it make sense to neglect dim-8 and double insertions?)

• Dimension-8 + double insertions
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• Proliferation of operators is a problem for studies of the impact of dimension-8
• Ignoring flavor, but including CP violation:  84 dim-6 ops and 993 dim-8 ops
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Bottom up approach: Double Insertions
• For tree level processes, it is straightforward to include as many insertions of 

SMEFT operators as you like (included in standard SMEFT codes)
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Double Insertions for loop processes

• gg→  H

• CHg contribution starts at tree level

p1, µ, a

p2, ν, b

h
t
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Double Insertions without CHg
• CHg not generated at tree level by new color singlet scalars or gauge bosons
• Simplest model to generate CHg is colored vector-like quark, but this arises at 1-

loop
• Ignore CHg:  remaining dim-6 operators contribute at one-loop and SMEFT 

amplitudes can be expanded around SM top loop result 
• Compute amplitude consistently to 1/(16p2L4)
• Compute SMEFT relations between Lagrangian parameters and physical 

parameters to O(1/L4)
• UV divergences absorbed by renormalization of dim-8 term:
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Double insertions
• Effects irrelevant when compared to global fit limits!
• Plot regions where µggH is within 5% of measured value
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Conclusions

• SMEFT fits have many uncertainities baked in
• Studies of flavor effects in EWPOs show that neglecting 

the flavor structure of 4-fermion operators leads to 
overly optimistic results
• Preliminary study of double insertions of dimension-6 

operators to gluon fusion demonstrates that for the 
operators studied, these effects can be ignored

Thanks to the loopfest organizers!


