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Introduction to SMEFT Why use EFT?

Open Questions in Particle Physics/Standard Model

What is Dark Matter?

What causes the Matter Antimatter Assymmetry?

Why is there a mass hierarchy in the SM?

...

Freese: Observational Evidence for Dark Matter . . . 3

Fig. 1. Galactic rotation curve for NGC 6503 showing disk and gas contribution plus

the dark matter halo contribution needed to match the data.

to much larger distances than could be probed by rotation curves: the DM is seen
in galaxies out to 200 kpc from the centers of galaxies, in agreement with N-body
simulations. On even larger Mpc scales, there is evidence for DM in filaments (the
cosmic web).

2.3 Hot Gas in Clusters

Another piece of gravitational evidence for dark matter is the hot gas in clusters.
Figure 3 illustrates the Coma Cluster. The left panel is in the optical, while
the right panel is emission in the x-ray (observed by ROSAT)(Briel & Henry
1997). [Note that these two images are not on the same scale.] The X-ray image
indicates the presence of hot gas. The existence of this gas in the cluster can only
be explained by a large dark matter component that provides the potential well

Freese: Observational Evidence for Dark Matter . . . 5

Fig. 4. A collision of galactic clusters (the bullet cluster) shows baryonic matter (pink)

as separate from dark matter (blue), whose distribution is deduced from gravitational

lensing.

2.4 Bullet Cluster

A recent image of the bullet cluster of galaxies (a cluster formed out of a collision
of two smaller clusters) taken by the Chandra X-ray observatory shows in pink the
baryonic matter; in blue is an image of the dark matter, deduced from gravitational
lensing. In the process of the merging of the two smaller clusters, the dark matter
has passed through the collision point, while the baryonic matter slowed due to
friction and coalesced to a single region at the center of the new cluster. In modified
gravity theories without dark matter, it is not likely that such a differentiation of
these two components of the matter would take place.

In summary, the evidence is overwhelming for the existence of an unknown
component of DM that comprises 95% of the mass in galaxies and clusters.

3 Cosmic Abundances

The cosmic abundances tell a consistent story in which the preponderance of the
mass in the universe consists of an unknown DM component. The Cosmic Mi-
crowave Background provides the most powerful measurements of the cosmolog-
ical parameters; primordial nucleosynthesis restricts the abundance of baryonic
matter; Type IA supernovae provided powerful evidence for the acceleration of
the universe, possibly explained by dark energy as the major constituent of the
cosmic energy density.

3.1 The Cosmic Microwave Background

Further evidence for dark matter comes from measurements on cosmological scales
of anisotropies in the CMB (WMAP Collaboration 2003,2008). The CMB is the
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Introduction to SMEFT Why use EFT?

Beyond Standard Model (BSM)

BSM physics can answer questions or solve problems with SM

Everyone has their favorite BSM Model

Lots of direct searches across many experiments.

So far everything turns up Standard Model
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Introduction to SMEFT EFT Basics

EFT Basics

There is a limit to the energy scales we can probe in every experiment.

What to do if the new physics is not in this limit.

Take some UV theory with particle χ corresponding to some scale Λ.

Can approximate Lagrangian and action by integrating out χ

LUV [χ] ≈ LIR +
∑
i ,n>4

Ci ,n

Λ(n−4)
Oi ,n
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Introduction to SMEFT What is SMEFT?

Warsaw Basis (arXiv: 1008.4884v3)

Includes all relevant Dimension-6 Operators involving SM fields

LUV [χ] ≈ LSM +
∑
i

C
(6)
i

Λ2
O

(6)
i

Total of 59 Operators after using EOM (assuming Baryon Number
Conservation)

If only considering certain processes only certain operators contribute

10 operators relevant for our study of VH and VV production

OH� = ϕ†ϕ�ϕ†ϕ OHD = ϕ†Dµϕϕ
†Dµϕ

OW = εIJKW
Iν
µ W Jρ

ν WKµ
ρ OHWB = ϕ†τ IϕW I

µνB
µν

OHW = ϕ†ϕW I
µνW

Iµν OHB = ϕ†ϕBµνB
µν

OHu = ϕ†ϕq̄Luϕ̃ OHd = ϕ†ϕq̄Ldϕ

O
(1)
Hq = ϕ†i

←→
D µϕ q̄Lγ

µqL O
(3)
Hq = ϕ†i

←→
D I
µϕ q̄Lτ

IγµqL
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Introduction to SMEFT What is SMEFT?

Doing Calculations and Weak Couplings

Amplitudes/Cross sections calculated by including new operators

A = ASM + Σi
Ci

Λ2
A6
i + Σij

CiCj

Λ4
A6
ij

σ = σSM + ∆σΛ2 + ∆σΛ4

The SMEFT couplings generically scale as

αEFT ∼
g2

EFTv
2

Λ2
or

g2
EFTEnergy2

Λ2

∆σΛ2 ∼ αEFT ∆σΛ4 ∼ α2
EFT

For a weakly coupled theory

αEFT < 1 (4π) =⇒ ∆σΛ4 < (4π)∆σΛ2

This condition is more or less equivalent to cross section converging
quickly.
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Results Data Simulation

Data Simulation

For each process (W+W−,W±Z ,W±H, and ZH), we introduce
anomalous couplings in the Warsaw basis and utilize existing
implementations in the POWHEG-BOX framework1

We make use of the WWanomal, WZanomal, HW smeft and HZ smeft

user processes introduced in previous works.

We do calculations so at LO and NLO QCD in the SMEFT.

We can extract distributions at order O(1/Λ2) or O(1/Λ4)

We ignore dimension-8 operators. They could contribute to O(1/Λ4)

We use a factorization and renormalization scale of MZ/2

1This public tool can be found at http://powhegbox.mib.infn.it
Sam Lane SMEFT VH + VV May 5th 2020 7 / 18
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Results Distributions

WH: pWt Distributions
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Results Distributions

ZH: pZt Distributions
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Results Distributions

Angular Distributions

WH
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Results Distributions

Angular Distributions: Continued

ZH
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Results Fitting

Fitting Procedure

We perform chi squared fits to the experimental data

χ2( ~C ) =

processes∑
WH, ZH
WW, WZ

datasets∑
α

bins∑
i

(εiαÔ( ~C )theory
iα − Ôexp

iα )2

(v exp
iα )2

,

Ô( ~C )theory
iα is the theoretical expected value

Ôexp
iα is the experimental observation

v exp
iα is the estimated uncertainty

εiα is an efficiency factor between simulation and experiment
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Results Fitting

1D Fits Projected
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Results Fitting

1D Fits Profiled
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Results Fitting

2D Fits and Validity Regions

σ = σSM + ∆σΛ2 + ∆σΛ4

White =⇒ ∆σΛ4 < ∆σΛ2

Grey =⇒ ∆σΛ4 > ∆σΛ2

Blue =⇒ ∆σΛ4 < 4π∆σΛ2
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Conclusion

Conclusion

Including NLO QCD can have a significant effect on distributions

This leads to order 20-30 % effects in the fits

O(1/Λ4) can significantly improve fits

A lot of the 95 % confidence regions would not be explained by
weakly coupled theories
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Conclusion

Questions?
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