
A1b: Higher Order Higgs within SMEFT Robert Harlander (RWTH Aachen University) !1

Project A1b

Higgs boson physics with higher order

QCD corrections within the Higgs Effective Theory

PIs: Harlander/Melnikov
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Goal:

Public tool to calculate differential Higgs cross sections

at NNLO QCD within SMEFT.
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Plenty of options to study the Higgs



A1b: Higher Order Higgs within SMEFT Robert Harlander (RWTH Aachen University) !3

Plenty of options to study the Higgs
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and

W&-=(V +V' -»)/~2 V. -=(V -V )/~~2. (5)
0 Ot 0 0$

The condition that p, have zero vacuum expec-
tation value to all orders of perturbation the-
ory tells us that A.

'—=M,'/2h, and therefore the
field p, has mass M, while p, and p have mass
zero. But me can easily see that the Goldstone
bosons represented by y, and y have no phys-
ical coupling. The Lagrangian is gauge invar-
iant, so we can perform a combined isospin
and hypercharge gauge transformation which
eliminates y and p, everywhere' without chang-
ing anything else. We will see that Ge is very
small, and in any case M, might be very large, '
so the y, couplings mill also be disregarded
in the following.
The effect of all this is just to replace p ev-

erywhere by its vacuum expectation value

(rp) =x( ). (6)

The first four terms in Z remain intact, while
the rest of the Lagrangian becomes
-~ y'g'[(A ')'+ (A 2)2]

p,

-~8K'(gA '+g'B )'—AG ee. (7)

We see immediately that the electron mass
is A.Ge. The charged spin-1 field is

gf ——2 &+(A & + fA 2)
p p,

and has mass

M = 2Ag.

= (g'+ g") "(gA '+g'& ),
p, P

(10)

=(g'+g") '"(-g'A '+g& ).
p.

Their masses are

M = —,X(g'+g")"', (12)

M~ ——0,

so A& is to be identified as the photon field.
The interaction betmeen leptons and spin-1
mesons is

The neutral spin-1 fields of definite mass are

Sg P,e y (1+y ) v W +H. c.+,»&2 ey eA

~(g'+g")"' 3g"-g' v u v+ 4,» ey e Fy y5-e+vy (1+y )v Z
— g' +g 5 p,

' (14)

G /Wr=g'/SM 2=1/2~2.

Note that then the e-p coupling constant is
=M /X=2 M G =2.07 10e e e W

(16)

We see that the rationalized electric charge
is

e=gg'/(g +g' )
and, assuming that W& couples as usual to had-
rons and muons, the usual coupling constant
of weak interactions is given by

by this model have to do with the couplings
of the neutral intermediate meson Z@ . If Z&
does not couple to hadrons then the best place
to look for effects of Z& is in electron-neutron
scattering. Applying a Fierz transformation
to the W-exchange terms, the total effective
e- v interaction is

( (3g'-g")
~~Py (1 +y) 5)v(+2, )F2y e+ Fy2y e ~.

The coupling of p, to muons is stronger by a
factor M&/Me, but still very weak. Note al-
so that (14) gives g and g' larger than e, so
(16) tells us that Mgr &40 BeV, while (12) gives
MZ &Mgr and MZ &80 BeV.
The only unequivocal new predictions made

If g »e then g »g', and this is just the usual
e-v scattering matrix element times an extra
factor ~. If g =e then g«g', and the vector
interaction is multiplied by a factor —2 rath-
er than 2. Of course our model has too many
arbitrary features for these predictions to be
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taken very seriously, but it is worth keeping
in mind that the standard calculation' of the
electron-neutrino cross section may well be
wrong.
Is this model renormalizable? We usually

do not expect non-Abelian gauge theories to
be renormalizable if the vector-meson mass
is not zero, but our Z& and W& mesons get
their mass from the spontaneous breaking of
the symmetry, not from a mass term put in
at the beginning. Indeed, the model Lagrang-
ian we start from is probably renormalizable,
so the question is whether this renormalizabil-
ity is lost in the reordering of the perturbation
theory implied by our redefinition of the fields.
And if this model is renormalizable, then what
happens when we extend it to include the coup-
lings of A& and B& to the hadrons?
I am grateful to the Physics Department of

MIT for their hospitality, and to K. A. Johnson
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Within the framework of vector-meson dominance, the current-mixing model is shown
to be the only theory of ~-y mixing consistent with Weinbeig's first sum rule as applied
to the vector-current spectral functions. Relations among the leptonic decay rates of p,
(d, and y are derived, and other related processes are discussed.

We begin by considering VFeinberg's first sum rule' extended to the (1+8) vector currents of the
eightfold way:

fdm [m p ' '(m )+p ' '(m )]=85 +S'5 5 0,

S. Weinberg ‘67
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Anastasiou, Duhr, Dulat, 
Furlan, Gehrmann, Herzog, 
Mistlberger ‘14

Radiative corrections can be large

mt → ∞
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ℒ = ℒSM + ∑
x

fx
Λ2

𝒪(6)
x + …

Find deviations from SM@NNLO: New Physics.


Framework for New Physics analysis: SMEFT

Proper analysis requires inclusion of radiative corrections: SMEFT@NNLO.
We restrict ourselves to QCD.
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In A1b, we start with the simplest case:  HW production

• up to now, the only channel 
to see H→bb 

• HW/HZ ratio sensitive to 
new physics

Caola, Luisoni, Melnikov, Röntsch ‘18
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RH, Klappert, Pandini, Papaefstathiou ‘18
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ℒ = ℒSM + ∑
i

fi
Λ2

𝒪(6)
i + …
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Bμ, Wi
μ

Aa
μ

ψ

dim 1

dim 1

dim 3/2

appear as Dμ  or  Wμν , Βμν , Gμν}
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QW ∼ ϵijkWi,ν
μ Wj,ρ

ν Wk,μ
ρ

Wi
μν = ∂μWi

ν − ∂νWi
μ + g2ϵijkWj

μWk
ν

No contribution

to WH production
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QG ∼ fabcGa,ν
μ Gb,ρ

ν Gc,μ
ρ

Ga
μν = ∂μGa

ν − ∂νGa
μ + g3 f abcGb

μGc
ν

contributes at NNLO,

no renormalization required
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QH ∼ (H†H)3 H =
1

2 ( 0
v + h)

No contribution

to WH production
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QHD ∼ (H†DμH)*(H†DμH)QHW ∼ H†H Wi,μνWi,μν

Contribute at LO, but no

renormalization required
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Ga,ν
μ Gb,ρ

ν Wi,μ
ρ

no!

(H†H)Ga
μνWi,μν
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Contribute at LO,

require NNLO ren. → known!

QψW ∼ ψ̄σμντiψ H Wi,μνQHψ ∼ (H†DμH) ψ̄γμψ
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QψH ∼ (H†H)(L̄ψRH)

Contributes at LO,

requires NNLO ren. → known!
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Contributes at NLO… … at NNLO
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(ψ̄ψ)(ψ̄ψ)
(ψ̄σμνψ)(ψ̄σμνψ)

contributes at NLO… …or when decay is taken into

account.
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In summary, dim6 operators induce the following terms:

SM-like

new
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So far, only NLO analyses:

Maltoni, Mawatari, Zaro ’13
…

Greljo, Isidori, Lindert, Marzocca, Zhang ’17
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Full NLO+PS:

Alioli, Dekens, Girard, Mereghetti ‘18
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Alioli, Dekens, Girard, Mereghetti ‘18
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Moving to NNLO:

Subtraction terms

same as in SM.
Caola, Luisoni, Melnikov, Röntsch ‘18
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Renormalization

ℒ = ℒSM + ∑
i

fi
Λ2

𝒪(6)
i + … in general: fB

i = ∑
j

Zij fj

Calculate appropriate Green’s functions.

Mixing only occurs when operators contribute to the same

Green’s functions.

No mixing through NLO.
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𝒪3

𝒪2

Deutschmann, Duhr, Maltoni, Vryonidou ‘17

𝒪1

ℒ = ℒSM + ∑
x

fx
Λ2

𝒪(6)
x + …

Example with mixing:
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Plan:

• Calculate WH amplitudes in SMEFT through NNLO.

• Implement them into existing SM code for NNLO WH.

• Include SMEFT also for decays.

• Study effect of various operators on kinematic quantities.

• Make the code accessible to experimentalists.

• Move on to other Higgs production process.


