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Why NLO QCD

Towards precision SMEFT

Top/Higgs measurements are becoming precision measurements.
Run-II analyses are underway. Theoretical predictions at the same level
are mandatory.

NNLO QCD + NLO EW is becoming standard in SM. For NP, i.e. dim-6,
it’s likely that NLO QCD is relevant.

I In fact even NLO EW at dim-6 can be relevant: [G. Degrassi et al.],
[M. Gorbahn, U. Haisch]
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Why NLO QCD

Large correction⇒ better sensitivity

Large QCD corrections to inclusive cross sections (i.e. large K factors)
often increase the sensitivity to SM deviations at the O(1) level.

I It is well known that the ggH operator — used in gg → H in the SM — has
a K factor of ∼ 2 at NLO.

I Chromo-dipole operator in t t̄ production, K ≈ 1.5 at the LHC. Limits can be
improved by more than 50% due to improved precision. [D. Franzosi and CZ]

I Even larger effects in top-FCNC searches. [Degrande, Maltoni, Wang, CZ]

I This is often not related to the large log terms log[Λ/mH ].
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Why NLO QCD

Shapes⇒ avoid misidentification of NP

EFT analyses have started to become sensitive to differential distribution of key
observables, e.g.
Higgs: [T. Corbett et al.] [A. Butter et al.] . . .
Top: [A. Buckley et al.] [A. Buckley et al.]

QCD corrections to shapes can
lead to bias in fitting results.

E.g. in single top, in case of
15% deviations observed in
future, LO/NLO lead to a
different direction of deviation
from SM. (due to one operator at
NLO becomes more like the other)

EFT fit to single top shapes [CZ]
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Why NLO QCD

Better understanding of the theory

“Loop-induced” scenarios: new operators enter at NLO, e.g. [C. Degrande et al.]

LO: OφG = y2
t

(
φ
†
φ
)

GA
µνGAµν

NLO: Otφ = y3
t

(
φ
†
φ
) (

Q̄t
)
φ̃

OtG = yt gs(Q̄σµνT At)φ̃GA
µν

RG effects: dCi/d lnµ = γijCj , γij = 2499× 2499 matrix.
[E. Jenkins et al.] [E. Jenkins et al.] [R. Alonso et al.]

I How well do they represent higher-order corrections?

TH uncertainties.
I In particular, scale dependence of Ci on the EFT scale

induces new TH error. [Maltoni, Vryonidou, CZ]

I Is µEFT scale uncertainty a good estimate for TH error?
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Why NLO QCD

Some higher-order results in SMEFT

Analytical (for the decay)
I NLO top decay [CZ 14], [CZ, F. Maltoni 13] (see also [Drobnak, Fajfer, Kamenik 10],

[Drobnak, Fajfer, Kamenik 10], [Drobnak, Fajfer, Kamenik 10], [J. J. Zhang et al. 10])
I One-loop h→ γγ [C. Hartmann, M. Trott 15]

I One-loop (4-fermion) h→ bb̄, τ+τ− [Gauld, Pecjak, Scott 15]; QCD NLO
h→ bb̄ [Gauld, Pecjak, Scott 16]

Event generation (for the production)
I VH, VBF (SILH) [C. Degrande et al. 16] (see also Higgs Characterisation

e.g. [F. Demartin et al. 15])
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Why NLO QCD

VH and VBF

5 Higgs operators in the SILH basis are included. Modifications of couplings and
shifts in input parameters are considered.

K factor independent of operators, but reduction of TH uncertainties helps to
disentangle BSM effects.

EFT validity: Run-II has the ability to set limits within the range of validity.
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Why NLO QCD

t t̄Z

pp → t t̄Z/γ∗ → bjjb̄l−ν̄l−l+, using the following Lagrangian

Lt t̄Z = eū(pt )

[
γµ
(

CZ
1,V + γ5Cγq,A

)
+

iσµνqν
MZ

(
CZ

2,V + iγ5CZ
2,A

)]
v(pt̄ )Zµ

Cross section/distributions are computed. LHC (and ILC) potential is studied.

Cen Zhang (BNL) SMEFT @ NLO October 26 11



Why NLO QCD

Some higher-order results in SMEFT

Analytical (for the decay)
I NLO top decay [CZ 14], [CZ, F. Maltoni 13] (see also [Drobnak, Fajfer, Kamenik 10],

[Drobnak, Fajfer, Kamenik 10], [Drobnak, Fajfer, Kamenik 10], [J. J. Zhang et al. 10])
I One-loop h→ γγ [C. Hartmann, M. Trott 15]

I One-loop (4-fermion) h→ bb̄, τ τ̄ [Gauld, Pecjak, Scott 15]; h→ bb̄
[Gauld, Pecjak, Scott 16]

Event generation (for the production)
I VH, VBF (SILH) [C. Degrande et al. 16] (See also Higgs Characterisation

e.g. [F. Demartin et al. 15])
I t t̄Z production [R. Rontsch and M. Schulze 14], [R. Rontsch and M. Schulze 15]

I 4-fermion operators in dijet and t t̄ [J. Gao et al. 11] [D. Y. Shao et al. 11]

I All top-quark production channels (including t t̄H)
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Why NLO QCD

Our goal:

Extending SMEFT framework to NLO precision in the
top-quark sector, by automating it the

MADGRAPH5_AMC@NLO framework.
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Framework

NLO implementation

Implement the effective operators as an “UFO” model.
[C. Degrande et al.]

Despite that NLO UFO generation has been automated to some extend,
SMEFT is a different theory—at dim-6—and serveral things need to be
considered for an NLO automation.

UV counterterms

I Coming from the renormalization of SMEFT.
I Running&mixing of coefficients: charatersized by 2499X2499 matrix.

First computed by [R. Alonso et al.] (and refs therein) but we always check.
I Wave functions and masses, gs etc. e.g. from OtG
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Framework

NLO implementation

R2 counterterms

I Loop amplitude: 1
(2π)4

∫
dd q̄ N̄(q̄)

D̄0D̄1···D̄m−1
, D̄i = (q̄ + pi )

2 −m2
i

I Problem: numerical technique only evaluates the 4-dimensional part.
I Solution: isolate the ε-dim part of numerator: N̄(q̄) = N(q) + Ñ(q̃, q, ε)

Then calculate ε part analytically, once and for all.

R2 ≡ lim
ε→0

1
(2π)4

∫
dd q̄

Ñ(q̄)

D̄0D̄1 · · · D̄m−1

Need to be computed at dim-6 (NLOCT could help) [C. Degrande]

There are also other sources, e.g. 4-fermion operators
I Fermion flow at one loop: γµPL ⊗ γµPL ⇒ γµγνγρPL ⊗ γµγνγρPL
I Problem: Cannot be reduced to the standard 4-fermion operator basis (which is not

complete in D dimension)
I Solution: Need to define E=“evanescent” operators,
γµγνγρPL ⊗ γµγνγρPL = 4(4− (x)ε)γµPL ⊗ γµPL + E

I Result: Scheme dependence enters R2.
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Framework

For the users

Get MG5_AMC, and the EFT UFO.

Type MG_DIR>./bin/mg5
MG5_aMC>import model TEFT
MG5_aMC>generate e- e+ > t t∼ EFT=1 [QCD]
MG5_aMC>output some_DIR
MG5_aMC>launch

MG will generate codes for:

i.e. with virtual & real corrections, parton shower (MC@NLO), and decays with
spin correlation (MADSPIN). [S. Frixione and B. Webber] [P. Artoisenet et al.]
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Framework

pp → t t̄H
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Results

1. Top-EW operators

Electroweak operators:
I For testing tbW/ttZ/ttγ couplings.
I Key processes: single top, pp → t t̄ + V , pp → tj + V , and e+e− → t t̄ .

[CZ] [Bylund, Maltoni, Tsinikos, Vryonidou, CZ]
for ttZ see also: [R. Rontsch and M. Schulze] [R. Rontsch and M. Schulze]
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Results

Full set of top-EW couplings

ttγ/ttg, EM/color dipole

OtB = (Q̄σµν t)ϕ̃Bµν OtG = (Q̄σµνT At)ϕ̃GA
µν

tbW , V/A/dipole
I V/A

O(3)
ϕQ = i(ϕ†Dµτ Iϕ)(Q̄τ IγµQ) Oϕϕ = i(ϕ̃†Dµϕ)(̄tγµb)

I Weak dipole

OtW = (Q̄σµντ I t)ϕ̃W I
µν ObW = (Q̄σµντ Ib)ϕW I

µν

ttZ , V/A/dipole
I V/A

O(1)
ϕQ = i(ϕ†Dµϕ)(Q̄γµQ) Oϕu = i(ϕ†Dµϕ)(̄tγµt)

I Weak dipole OtW
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Results

Single top at NLO

Single t : s-, t-, and tW channels
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Results

pp → t t̄V and e+e− → t t̄ at NLO

e+e− → t t̄

ttγ/ttZ

t t̄ cross sections at ILC

ttγ, pT (γ) distribution and K factor

d
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Results

2. Top+Higgs: OtG, OφG, Otφ

In this case we are interested in operators
involving t/H/g fields.

Otφ = y3
t

(
φ
†
φ
) (

Q̄t
)
φ̃

OφG = y2
t

(
φ
†
φ
)

GA
µνGAµν

OtG = yt gs(Q̄σµνT At)φ̃GA
µν

In particular, Higgs cross section
constrains only a combination of OtG,
OφG, and Otφ. Need other processes to
resolve.

[C. Grojean et al.] [Q.-H. Cao et al.] [A. Azatov et al.]. . .

Key processes:
I (NLO) t t̄ production, constraining OtG
I (NLO) pp → t t̄H, all 3 operators
I (LO) Loop-induced processes:

gg → H, all 3 operators
gg → Hj,HH, · · ·

pp → t t̄ : OtG

pp → t t̄H: OtG , OφG , Otφ
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Results

pp → t t̄ : OtG

Top chromo-dipole moment OtG in t t̄ production:

Cross sections

OtG cross sections (CtG/Λ2 = 1/TeV2)

Limits on CtG/Λ2

Distributions
E.g. AFB = 0.095 + CtG × 0.021(TeV/Λ)2

Spin correlation taken into account by
MADSPIN.

Decayed top: spin correlation

(ll)|φ∆|
0 0.5 1 1.5 2 2.5 3

(ll
)|

φ
∆

/d
|

σ
)dσ

(1
/

0.2

0.25

0.3

0.35

0.4

0.45

0.5

(NLO)
tG

SM(NLO)+O

SM(NLO)

 at LHC13tt→pp

(N)LO+HERWIG6
-2

=1 TeV
2

Λ/
tG

C

M
ad

G
ra

ph
5_

aM
C

@
N

L
O

Cen Zhang (BNL) SMEFT @ NLO October 26 26



Results

t t̄H production
σ = σSM +

∑
i

1TeV2

Λ2 Ciσi +
∑

i≤j
1TeV4

Λ4 Ci Cjσij

We quote three TH errors: µR,F scale uncertainty,
µEFT scale uncertainty, and PDF uncertainty.

µEFT scale uncertainty is due to scale dependence
of operator coefficients — including operator
mixing effects.

I CtG → CφG → Ctφ

Mixing of {Otφ,OφG,OtG}

dCi (µ)

d logµ
=
αs

π
γij Cj (µ)

γ =

 −2 16 8
0 −7/2 1/2
0 0 1/3
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Results

New scale uncertainty from EFT running

Apart from running of αs , the running of Ci introduces additional scale uncertainties. Let
µEFT be the scale where we define an EFT.

σ = σSM +
∑

i

1TeV2

Λ2
Ci (µEFT )σi (µEFT ) +

∑
i,j

1TeV4

Λ4
Ci (µEFT )Cj (µEFT )σij (µEFT )

The TH uncertainty due to µEFT (around a central scale µ0) is estimated by

σi (µ0;µ) = Γji (µ, µ0)σj (µ) ,

σij (µ0;µ) = Γki (µ, µ0)Γlj (µ, µ0)σkl (µ) .

varying µ from µ0/2 to 2µ0, and Γij is the running matrix:

Ci (µ) = Γij (µ, µ0)Cj (µ0)
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Results

New scale uncertainty from EFT running

E.g. consider OtG contribution to loop-induced pp → H,HH (setting other
operators to 0), the uncertainty is characterized by σtG(mt ;µEFT ).

pp → H,HH
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Results

t t̄H: RG vs full NLO

How much of the full NLO corrections are coming from renormalization group
(RG) running?

Are NLO dominated by log(Λ/mH) terms?

Or QCD corrections can be much more important than logs?

1000500200 2000300150 1500700

1.0

1.2

1.4

1.6

1.8

ΜEFT@GeVD

Σ
iH2

T
eV

;Μ
E

FT
L�Σ

iL
O

H2
T

eV
L OΦG NLO

OtΦ NLO

OtG NLO

O
ΦG LO

OtΦ LO

OtG LO LO at 2TeV

LO at mt

�	

Full NLO Suppose a full theory is matched to
an EFT with Otφ,OφG,OtG at 2 TeV.

We can compute σ at LO µ = 2 TeV,
where we normalize results to 1.

We can also improve these results
by running the theory to mt , and do
another LO calculation. This
increases σ by 0 ∼ 50% depending
on operators.

However the full NLO corrections
are much larger.
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Results

3. Top FCNC

FCNC operators:
I For testing qtg/qtZ/qtγ/qtH couplings.
I Key processes: q + g → t , q + g → t + Z/γ/H, and e+e− → tj

[Degrande, Maltoni, Wang, CZ] [Durieux, Maltoni, CZ]
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Results

FCNC operators

1 (ūγµt)Zµ

O(3,1+3)
ϕQ = i

(
ϕ
†
τ

I Dµϕ
) (

q̄γµτ I Q
)

O(1,1+3)
ϕQ = i

(
ϕ
†Dµϕ

) (
q̄γµQ

)
O(1+3)
ϕu = i

(
ϕ
†Dµϕ

) (
ūγµt

)
2 (ūσµνqν t)Vµ, “weak dipole”

O(13)
uW = (q̄σµντ I t)ϕ̃W I

µν

O(13)
uB = (q̄σµν t)ϕ̃Bµν

3 (ūσµνqν t)Gµ, “color dipole”

O(13)
uG = (q̄σµνT At)ϕ̃GA

µν

4 ūth, ”Yukawa”

O(13)
uϕ = (ϕ†ϕ)(q̄t)ϕ̃

FCNC t decay

FCNC t production
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Results

FCNC cross sections

Some cross sections have been validated with
[J. Gao et al.] [Y. Zhang et al.] [B. H. Li et al.]

[Y. Wang et al.]

pp → tZ

pp → tγ

pp → tH
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Results

Summary

NLO predicitons in SMEFT are needed for precision pheno, have
impacts on global analyses, and improve our understanding of the
theory.

They have started to appear in the past several years, in both the
Higgs/EW and the top-quark sectors.

Systematic developments have started, based on the automatic
MADGRAPH5_AMC@NLO framework. Main production channels
of top and Higgs are becoming available. Results can be directly
used in experimental analyses.
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Results

Backups
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Results

MEM

[Vincent Lemaitre, Sebastien Brochet, Sebastien Wertz]
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