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Predictions for EFT at NLO have started to become available
through the MadGraph5_aMC@NLO platform.

Automation of the complete SM EFT at dim-6 is planned.
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EFT@NLO motivation

EFT@NLO motivation

NLO predictions in SM are automated in MG5. Ready to explore
BSM possibilities.

I Renormalizable theories are taken care of by NLOCT, which
provides UV and R2 counterterms, required at NLO. Celine Degrande

1406.3030
I ⇒ Nonrenormalizable theories ≈ EFT.

EFT is principle “model-independent” (when new scales are heavy
enough)

I Good to have accurate and realistic predictions of rates and shapes
in EFT⇒ NLO+PS
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EFT@NLO motivation

“SM EFT”

LEff = LSM +
∑

i

C(6)
i O(6)

i
Λ2 +O(Λ−4) Λ = NP scale

Widely used in

I HEFT
I Top couplings
I EW precisions
I TGC parametrization
I Dark matter (not “SM

EFT”)
I . . .

Interesting
studies/discussions

I Operator basis
I Renormalization and

non-renormalization.
I . . .

Cen Zhang (BNL) EFT@NLO in MG5 20 May 7



EFT@NLO motivation

EFT at NLO

MG5 in principle supports but. . .

Renormalization?
Despite being called “non-renormalizable”, higher-dimensional terms are renormalizable

I Allows for renormalization order by order in 1/Λ2

I Predictions can be systematically improved, by going to higher order in αs,
1/Λ2,. . .
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EFT@NLO motivation

EFT at NLO

MG5 in principle supports but. . .

Renormalization?
Despite being called “non-renormalizable”, higher-dimensional terms are renormalizable

I Allows for renormalization order by order in 1/Λ2

I Predictions can be systematically improved, by going to higher order in αs,
1/Λ2,. . .

I But, operators mix: dCi/d lnµ = γijCj
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EFT at NLO

MG5 in principle supports but. . .

Renormalization?
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I Allows for renormalization order by order in 1/Λ (Λ = NP scale)
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I UV counterterms required for NLO can be readily derived from RG

results.

R2 for dimension six?

I NLOCT is able to handle most cases. Celine Degrande
1406.3030

I Four-fermion operators are being studied.
γµγνγρPL ⊗ γµγνγρPL = 4(4− (x)ε)γµPL ⊗ γµPL + E ,

E=“evanescent” operator
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EFT@NLO motivation

EFT at NLO

MG5 in principle supports but. . .

Renormalization?
Despite being called “non-renormalizable”, higher-dimensional terms are renormalizable

I Allows for renormalization order by order in 1/Λ (Λ = NP scale)
I Predictions can be systematically improved, by going to higher

order in αs, 1/Λ2,. . .
I UV counterterms required for NLO can be readily derived from RG

results.

R2 for dimension six?

I NLOCT is able to handle most cases. Celine Degrande
1406.3030

I Four-fermion operators are being studied.

Higher rank loop integration?

I in principle ok for rank ≤ 7, thanks to IREGI [H. S. Shao]
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Applications Higgs EFT
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Applications Higgs EFT

Higgs characterisation

Framework for studying Higgs couplings

The following operators are implemented: (in EW broken phase)
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Applications Higgs EFT

Higgs characterisation: ttH
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More details in arXiv:1504.00611
Real HEFT coming soon.
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Applications Higgs EFT

Loop-induced
Top-loop induced processes modified by top chromo-dipole operator

LEFT = LSM + CtGOtG/Λ2

(gg > H [arXiv:1205.1065 C. Degrande et al.] reproduced)
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C.Y. Chen, S. Dawson, F. Maltoni, E. Vryonidou, CZ
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Applications Top, FCNC sector

Top FCNC@NLO

C. Degrande, F. Maltoni, J. Wang and CZ, arXiv:1412.5594
Automatic NLO for FCNC processes.
G.Duriex, F. Maltoni and CZ, arXiv:1412.7166
A global approach to FCNC couplings.

Mixing between color-dipole and Yukawa

Scale corresponds to the change from mt to 2 TeV.

Operators

O(13)
uG = yt gs(q̄σµνT At)ϕ̃GA

µν

O(13)
uW = yt gW (q̄σµντ I t)ϕ̃W I

µν

O(13)
uB = yt gY (q̄σµν t)ϕ̃Bµν

O(13)
uϕ = −y3

t (ϕ†ϕ)(q̄t)ϕ̃

Anomalous dimension

γ =
2αs

π


1
6 0 0 0
1
3

1
3 0 0

5
9 0 1

3 0
−2 0 0 −1
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Applications Top, FCNC sector

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

Cen Zhang (BNL) EFT@NLO in MG5 20 May 20



Applications Top, FCNC sector

FCNC processes

We provide an NLO UFO based
on dim-6 FCNC operators, that
allows to make NLO predictions
in an automatic way.
Focus on single top production
pp → tγ, pp → tZ , pp → th.

I Competitive limits
I More kinematic variables

accessible.
I Probe higher scale.
I NLO corrections are significant.

FCNC t decay

FCNC t production

Cen Zhang (BNL) EFT@NLO in MG5 20 May 21



Applications Top, FCNC sector

FCNC production at NLO

your_shell> ./bin/mg5
MG5_aMC> import model Top_FCNC
MG5_aMC> generate p p > t z $$ t∼ NP=2 [QCD]
MG5_aMC> output
MG5_aMC> launch

pp → tZ

pp → tγ

pp → th

Cen Zhang (BNL) EFT@NLO in MG5 20 May 22
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Applications Top, flavor diagonal sector

Top flavor conserving

Based on:
Diogo B. Franzosi and CZ, arXiv:1503.08841

and work in progress

Cen Zhang (BNL) EFT@NLO in MG5 20 May 24



Applications Top, flavor diagonal sector

Chromo-dipole operator

Top-CMDM in t t̄ production

LEFT = LSM + CtGOtG/Λ2

your_shell> ./bin/mg5
MG5_aMC> import model Top_EFT_model
MG5_aMC> generate p p > t t∼ EFT=1 [QCD]
MG5_aMC> output some_DIR
MG5_aMC> launch

LO diagrams atO(C/Λ2)

Total cross section: K = 1.43 at LHC 8 TeV

Cross sections Limits

Cen Zhang (BNL) EFT@NLO in MG5 20 May 25



Applications Top, flavor diagonal sector

Chromo-dipole operator

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

Spin correlation taken into account by MADSPIN.
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Applications Top, flavor diagonal sector

Full set of top couplings

ttγ/ttg, EM/color dipole

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

tbW
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
I V/A

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

I Weak dipole OtW

ttH

Otϕ = (ϕ†ϕ)(Q̄t)ϕ̃

Cen Zhang (BNL) EFT@NLO in MG5 20 May 27



Applications Top, flavor diagonal sector

Towards NLO global analysis

Process OtG OtB OtW O(3)
ϕQ O(1)

ϕQ Oϕt Otϕ O4f OG OϕG

t → bW → bl+ν X X X X
pp → t q̄ X X X X
pp → tW X X X X X X
pp → t t̄ X X X X X
pp → t t̄γ X X X X X X X
pp → t t̄Z X X X X X X X X X X
pp → t t̄h X X X X X

(OG = gs f ABC GAν
µ GBρ

ν GCµ
ρ and OϕG = g2

s

(
ϕ†ϕ

)
GA
µνGAµν are included because they mix with other top-quark operators

and play a role in NLO calculations.)

we aim to provide:

NLO simulation for all “pp → · · · ” processes.

All two-quark operators included.

Four-fermion operators planned.

i.e. everything needed for a global analysis of top couplings at NLO accuracy.

Cen Zhang (BNL) EFT@NLO in MG5 20 May 28



Applications Top, flavor diagonal sector

Some preliminary results:

t-channel singl top
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Applications DM collider signal

DM at collider

Dark matter EFT provides a framework for mono-X searches at the LHC,
with minimum number of free parameters

Q.-H. Cao, C.-R. Chen, C. S. Li, and H. Zhang, arXiv:0912.4511
M. Beltran, D. Hooper, E. W. Kolb, Z. A. Krusberg, and T.M. Tait, arXiv:1002.4137
Y. Bai, P.J. Fox, and R. Harnik, arXiv:1005.3797
J. Goodman, M. Ibe, A. Rajaraman, T.M. Tait, et al., arXiv:1008.1783
P. J. Fox, R. Harnik, J. Kopp, and Y. Tsai, arXiv:1109.4398
. . .

Alternatively, simplified models are proposed to incorporate the
complete degrees of freedom, i.e. without integrating out propagators.

J. Alwall, P. Schuster, and N. Toro, arXiv:0810.3921
D. Alves et al., arXiv:1105.2838
J. Goodman and W. Shepherd, arXiv:1111.2359
. . .
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Applications DM collider signal

DM at NLO

DM processes in MadGraph5_aMC@NLO are being investigated.
F. Maltoni, K. Mawatari, A. Martini, M. Backovic
M. Neubert, J. Wang, CZ
O. Mattelaer, E. Vryonidou
M. Kraemer, M. Pellen

B. Fuks,. . .

General framework, simplified models for the moment, (EFT will come later?)

Currently s-channel simplified models for effective operators D1−D14, C1−C6, R1−R4
plus EW

Cen Zhang (BNL) EFT@NLO in MG5 20 May 32
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Applications DM collider signal
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plus EW
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Applications DM collider signal

DM at NLO

DM processes in MadGraph5_aMC@NLO are being investigated.
F. Maltoni, K. Mawatari, A. Martini, M. Backovic
M. Neubert, J. Wang, CZ
O. Mattelaer, E. Vryonidou
M. Kraemer, M. Pellen

B. Fuks,. . .

General framework, simplified models for the moment, (EFT will come later?)

Currently s-channel simplified models for effective operators D1−D14, C1−C6, R1−R4
plus EW

Generic framework for mono-X signals: automatic NLO+PS for arbitrary process.

your_shell> ./bin/mg5
MG5_aMC> import model DM_simp_NLO_UFO
MG5_aMC> generate p p > z xd xd∼ [QCD]
MG5_aMC> output
MG5_aMC> launch

⇒
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Outline

1 EFT@NLO motivation

2 Applications
Higgs EFT
Top, FCNC sector
Top, flavor diagonal sector
DM collider signal

3 Summary
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Summary

Summary

Predictions for EFT at NLO have started to become available
through the MadGraph5_aMC@NLO platform.

Automation of the complete SM EFT at dim-6 is planned.
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Backups
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“Effective Field Theory, Past and Future”, Steven Weinberg, 2009
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Summary

Toy fit FCNC

a global fit for the FCNC sector at NLO can already be performed.
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FCNC results

pp → tγ and pp → th at NLO+PS: pT distribution for top (Λ=1 TeV)
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Summary

Toy fit flavor-diagonal

Use 8 TeV data, total cross section only.

Following processes are included
I W helicity from top decay.
I t t̄ production.
I Single top production, all 3 channels.
I t t̄Z and t t̄γ.
I Assuming Z → bb̄ takes the SM value.

Simple χ2 fit.

Limits (Λ = 1 TeV, 95%) (preliminary)

CtG C(−)
φQ Cφt CtB CtW

NLO [-.4 .3] [-3.2,1.7] [-9.0,5.9] [-163,373] [-2.4,1.4]
LO [-.6 .5] [-3.6,1.9] [-10.6,6.9] [-222,506] [-2.4,1.6]

Key message: this is not a serious fit, but it demonstrates that
the theoretical ingredients for performing a global fit are already available.
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Top-DM couplings

Scalar mediated quark-DM interactions:

O =
mq

Λ3 q̄qχ̄χ

where mq is fixed by minimal flavor violation.

DM production in association with t can enhance the reach of the LHC.
Lin, Kolb, Wang

1303.6638
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MET
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Transverse mass
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