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Motivation


Some recent results


Automation @ NLO in QCD


Towards automation @ NLO in EW
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Why EFT @ NLO
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Why EFT @ NLO

EFT is renormalizable order by order in 1/Λ.


“Non-renormalizable theories… are as renormalizable as renormalizable theories”, Weinberg ’2009 

We need higher-order corrections for two classes of reasons: 


Same as for SM: QCD corrections are important at hadron colliders; 
EW corrections are important for accuracy and for specific areas of 
phase space and observables; NLO corrections affect normalization, 
shapes, scale and PDF uncertainties. 


Specific issues for SMEFT at dim>4: NLO could be the first order 
where non-trivial EFT structure becomes manifest: RG mixing, μEFT 
scale dependence, new contributions arise at NLO,. . . 
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Running & mixing

Scale separation: coefficients are matched to BSM at scale Λ, but are probed at 
much lower scales (~mH).


Coefficients are defined with MSbar scheme to take care of the logs. 


This means coefficients depend on the scale at which they are defined. 


RG mixing  
 

One immediate consequence is that assumptions about some coefficients 
being zero at low scales are not valid. 


Important for scale uncertainty.

dCi(µ)

d logµ
=

↵

⇡
�ijCj(µ)

<latexit sha1_base64="cHqK2Ue1uThspodi8laSZ5bXB7E="></latexit>

[R. Alonso et al., ’13,’14] 
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gg>H: 1-loop

20 50 100 200 500 1000 2000
-60

-40

-20

0

20

40

60

mEFT@GeVD
s
@pbD Ctfstf

CfG
sfG

CtGstG

sHtotalL

mtê2 2mt

ppÆH LHC13

[Vryonidou, Maltoni, CZ, ’16] 

CtG = 1, Ct' = C'G = 0 at mt
<latexit sha1_base64="cI6HpqsBvStIv33F7YJ0YDZ6jXY=">AAACIHicbZDLSgMxFIYz9VbrrerSTbAILqTMqFA3hWIXuqxgL9ApQyZNbWgyMyRnimWYR3Hjq7hxoYju9GlM21mo9UDgy/+fQ3J+PxJcg21/Wrml5ZXVtfx6YWNza3unuLvX0mGsKGvSUISq4xPNBA9YEzgI1okUI9IXrO2P6lO/PWZK8zC4hUnEepLcBXzAKQEjecVK3UvgKq06Jy6eojsmKhrytGouGWNj2y52pR/eJwRSF0sPvGLJLtuzwovgZFBCWTW84ofbD2ksWQBUEK27jh1BLyEKOBUsLbixZhGhI3LHugYDIpnuJbMFU3xklD4ehMqcAPBM/TmREKn1RPqmUxIY6r/eVPzP68YwuOglPIhiYAGdPzSIBYYQT9PCfa4YBTExQKji5q+YDokiFEymBROC83flRWidlp2zsn1zXqpdZnHk0QE6RMfIQRVUQ9eogZqIogf0hF7Qq/VoPVtv1vu8NWdlM/voV1lf3/Dsoto=</latexit>

Scale dependence of (LO) OφG, from 
running coef., cancels that of (NLO) OtG, 
from the loop. 


Only global point of view could make sense. To estimate TH uncertainty, must sum 
all operators.
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gg>H: even higher order 
[Deutschmann, Duhr, Maltoni, Vryonidou, ’17] 

LO +
<latexit sha1_base64="+RPGNAXMfT65O6aCB/17sy+ayc0=">AAAB83icbVBNSwMxEJ2tX7V+VT16CRbBU9lVQY9FPXgQrGA/oLuUbJptQ7PJkmQtZenf8OJBEa/+GW/+G9N2D1p9MPB4b4aZeWHCmTau++UUlpZXVteK66WNza3tnfLuXlPLVBHaIJJL1Q6xppwJ2jDMcNpOFMVxyGkrHF5N/dYjVZpJ8WDGCQ1i3BcsYgQbK/m3d/61HAmslBx1yxW36s6A/hIvJxXIUe+WP/2eJGlMhSEca93x3MQEGVaGEU4nJT/VNMFkiPu0Y6nAMdVBNrt5go6s0kORVLaEQTP150SGY63HcWg7Y2wGetGbiv95ndREF0HGRJIaKsh8UZRyZCSaBoB6TFFi+NgSTBSztyIywAoTY2Mq2RC8xZf/kuZJ1TutuvdnldplHkcRDuAQjsGDc6jBDdShAQQSeIIXeHVS59l5c97nrQUnn9mHX3A+vgEJiJGu</latexit>

NLO *
<latexit sha1_base64="9GdttYcwP7D/V9OBc9CK2phRQwY=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BIvgqeyqoMeiFw+iFdy2sF1KNk3b0GyyJLNKWfozvHhQxKu/xpv/xrTdg7Y+GHi8N8PMvCgR3IDrfjuFpeWV1bXiemljc2t7p7y71zAq1ZT5VAmlWxExTHDJfOAgWCvRjMSRYM1oeDXxm49MG67kA4wSFsakL3mPUwJWCm5v7tp+QrRWT51yxa26U+BF4uWkgnLUO+WvdlfRNGYSqCDGBJ6bQJgRDZwKNi61U8MSQoekzwJLJYmZCbPpyWN8ZJUu7iltSwKeqr8nMhIbM4oj2xkTGJh5byL+5wUp9C7CjMskBSbpbFEvFRgUnvyPu1wzCmJkCaGa21sxHRBNKNiUSjYEb/7lRdI4qXqnVff+rFK7zOMoogN0iI6Rh85RDV2jOvIRRQo9o1f05oDz4rw7H7PWgpPP7KM/cD5/ABYgkR8=</latexit>
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SMEFT prediction can be improved order by order, 
provided that all relevant operators are considered



Genuine NLO corrections can be large 

RG logs of SMEFT is process and observable-independent, but 
does not fully capture the NLO corrections. 


In fact, they are NOT part of NLO correction from a bottom-up 
point of view => they are often not relevant in measurements, 
unless the same measurement probes very different scales.
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Genuine NLO corrections can be large 

RG logs of SMEFT is process and observable-independent, but 
does not fully capture the NLO corrections. 


In fact, they are NOT part of NLO correction from a bottom-up 
point of view => they are often not relevant in measurements, 
unless the same measurement probes very different scales.

In contrast, the finite terms depend on processes and 
observables. They need to be studied on a process-by-process 
basis. 

Often, they are the dominant effects. 
�8
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pp>ttH dim6 @ NLO: RG vs full NLO 
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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. 

[Vryonidou, Maltoni, CZ, ’16] 

Finite (QCD) corrections can be very important. 
Similar observations in H and Z decay, see e.g. [R. Gauld, ’16], [C. Hartmann, ’16] 
and many other full one-loop calculations. 
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Using RG as a proxy to NLO could be misleading. 

Matching

RG only

RG+finite



Loop-induced measurements, e.g. HHH

[G. Degrassi et al., ’16] [Gorbahn&Haisch, ’16] 

[M. McCullough, ’13] [S. D. Vita et al., ’17] 

Indirectly measuring      , LHC:�
<latexit sha1_base64="8B34czTL6LgyQadBbnDVDdmiIFc=">AAAB9XicbVDLSgMxFM3UV62vqks3wSK4KjMq6LLoxmUF+4DOWO5kMm1oJhOSjFKG/ocbF4q49V/c+Tem7Sy09UDgcM493JsTSs60cd1vp7Syura+Ud6sbG3v7O5V9w/aOs0UoS2S8lR1Q9CUM0FbhhlOu1JRSEJOO+HoZup3HqnSLBX3ZixpkMBAsJgRMFZ68EcgJfR9bhMR9Ks1t+7OgJeJV5AaKtDsV7/8KCVZQoUhHLTuea40QQ7KMMLppOJnmkogIxjQnqUCEqqDfHb1BJ9YJcJxquwTBs/U34kcEq3HSWgnEzBDvehNxf+8XmbiqyBnQmaGCjJfFGccmxRPK8ARU5QYPrYEiGL2VkyGoIAYW1TFluAtfnmZtM/q3nndvbuoNa6LOsroCB2jU+ShS9RAt6iJWogghZ7RK3pznpwX5935mI+WnCJziP7A+fwBk2CSjQ==</latexit>

At the ee colliders: Using EWPO at 2 loop:

[Degrassi, Fedele, Giardino 1702.01737]

Some times operators could first show 
up at 1-loop.


This could imply new chances to 
measure certain coefs. that are difficult 
at LO.


The trilinear Higgs coupling,      , 
is a good example.

�
<latexit sha1_base64="8B34czTL6LgyQadBbnDVDdmiIFc=">AAAB9XicbVDLSgMxFM3UV62vqks3wSK4KjMq6LLoxmUF+4DOWO5kMm1oJhOSjFKG/ocbF4q49V/c+Tem7Sy09UDgcM493JsTSs60cd1vp7Syura+Ud6sbG3v7O5V9w/aOs0UoS2S8lR1Q9CUM0FbhhlOu1JRSEJOO+HoZup3HqnSLBX3ZixpkMBAsJgRMFZ68EcgJfR9bhMR9Ks1t+7OgJeJV5AaKtDsV7/8KCVZQoUhHLTuea40QQ7KMMLppOJnmkogIxjQnqUCEqqDfHb1BJ9YJcJxquwTBs/U34kcEq3HSWgnEzBDvehNxf+8XmbiqyBnQmaGCjJfFGccmxRPK8ARU5QYPrYEiGL2VkyGoIAYW1TFluAtfnmZtM/q3nndvbuoNa6LOsroCB2jU+ShS9RAt6iJWogghZ7RK3pznpwX5935mI+WnCJziP7A+fwBk2CSjQ==</latexit>
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Choosing the “right” observable (naive time-reversal odd) could turn the indirect 
loop measurement into a “direct” measurement.

 [J. Nakamura & A. Shivaji 1812.01576]

If T (or equally CP) is conserved, T-odd observables 
are proportional to the absorptive part 

Heavy NP particles / tree level EFT 
operators will never contribute!

�11

Loop-induced measurements: from indirect to direct



Consider Z(->ll) + H

Difficult method, but


Useful method to directly constrain HHH below 340


Provide additional observable to isolate HHH from other couplings, 
should be added to a global H/EW fit


�12

Loop-induced measurements: from indirect to direct

Loop-induced measurements 
can be “direct measurements”

 [J. Nakamura & A. Shivaji 1812.01576]



One last reason for going NLO

If it’s “free”

MG5_aMC>import model SMEFT  

MG5_aMC>generate p p > t t∼ EFT=1 [QCD]  

MG5_aMC>output 

MG5_aMC>launch 

(imagine this is all you need to get NLO+PS events for any process any operators. . .  then why not?) 
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Our goal!



Some recent results
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Higgs



Single Higgs (ggH) 

Yukawa and GGH: NLO+NLL, scaled with NNLO+NNLL in SM.

Top chromo dipole: NLO+PS (two loop)


Double Higgs

NLO, with top mass, non-linear EFT

NNLO QCD (heavy top mass limit)

CPV operators NLO QCD (heavy top mass limit)


H decay

eHDECAY, SILH operators, all relevant QCD corrections, partial EW corrections. 

Full one-loop: 
γγ [Hartmann, Trott ’15] [Dawson, Giardino ’18] [A. Dedes et al. ’18], γZ [Dedes, Suxho, Trifyllis ’19],  
ZZ [Dawson, Giardino ’18], WW [Dawson, Giardino ’18], 
bb [Gauld, Peckjak, Scott; PRD94 (2016) 074045 & JHEP 1605 (2016) 080] [Cullen, Pecjak, Scott ’19] 

[Grazzini et al.;’17]

[Deutschmann, Duhr, Maltoni, Vryonidou ’18]

[G. Buchalla et al.; JHEP 1809 (2018) 057]

[de Florian, Fabre, Mazzitelli; JHEP 1710 (2017) 215]

[Grober, Muhlleitner, Spira; 1705.05314]

[Contino et al.; Comp. Phys. Comm. 185 (2014) 3412] 
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Gauge fixing and H decay
[M. Misiak et al.; JHEP 1902 (2019) 051]
[A. Dedes et al.; JHEP 1706 (2017) 143]

[A. Dedes et al. ’18] [Dedes, Suxho, Trifyllis ’19]

Janusz Rosiek, talk at HEFT 2019 at Louvain-la-Neuve

�17

[Helset, Paraskevas, Trott; PRL120 (2018), 251801]



Gauge fixing and H decay

Comparing to previous 
studies: 


Exploit linear Rξ-gauges.

Provide analytic proof of 
gauge invariance, exact 
cancellation of 
independent ξA, ξW, ξZ 
parameters - strict cross 
check of the result.

H decay

�18

[M. Misiak et al.; JHEP 1902 (2019) 051]
[A. Dedes et al.; JHEP 1706 (2017) 143]

[A. Dedes et al. ’18] [Dedes, Suxho, Trifyllis ’19]
[Helset, Paraskevas, Trott; PRL120 (2018), 251801]



Higgs+EW



HAWK

VBF & VH, with HVV anomalous couplings, NLO in QCD


VBFNLO

General V/H production @NLO in QCD, with anomalous HVV/3V/4V couplings


VH with MCFM + POWHEG-BOX

NLO QCD +PS event generation for Higgs/EW operators (SILH) 


HELatNLO, MG5_aMC@NLO

FeynRules/NLOCT/UFO implementation of Higgs/EW operators 

VH, VBF & other process of interest


V/VH/VBF in POWHEG-BOX

With larger set of operators


WW with MCFM + POWHEG-BOX

TGC & quark vertex operators. 

Z decay

[Denner et al.; JHEP 1203 (2012) 075]
http://omnibus.uni-freiburg.de/~sd565/programs/hawk/hawk

[Baglio et al.; arXiv:1404.3940] 
https://www.itp.kit.edu/vbfnlo

[Mimasu, Sanz, Williams.; JHEP 1608 (2016) 039]
http://powhegbox.mib.infn.it

[Degrande, et al.; EPJC 77 (2017) 4, 262] 
http://feynrules.irmp.ucl.ac.be/wiki/HELatNLO

[Alioli, et al.; JHEP 1808 (2018) 205] 
http://powhegbox.mib.infn.it

[Baglio, Dawson, Lewis; PRD99 (2019), 035029 ] 
http://powhegbox.mib.infn.it

[Hartmann, Shepherd, Trott ’17], [Dawson, Ismai ’18]
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VH with SILH operators

Implementation following the standard FR/MG chain: 

5 SILH operators.


Indirect contributions by shifting the 
input parameters are taken into account.


VH, VBF studied, but in general any other 
process of interest.

[Degrande, et al.; EPJC 77 (2017) 4, 262] 
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VH with SILH operators

K factor in general not sensitive to different operators, but reduction of TH 
uncertainties helps to disentangle BSM effects.


LO and NLO predictions do not overlap.

[Degrande, et al.; EPJC 77 (2017) 4, 262] 

�22



Higgs+EW+Top



VH at NNLO


Top loop induced contributions


Single top production


s-/t-channels and t+W, tbW+4f operators


t-channel production+decay, CPV


+off-shell effects and larger set of OPs


Top decay and W-helicity


W-helicity, FCNC; 2-fermion + 2q2l operators


+ 4-f operators that first appear at NLO


More tops


tt, ttV, ttH, tVj/tHj


Loop induced HZ, Hj, HH, …


GGG operator in multijet


“SMEFT@NLO”

[Harlander et al.; JHEP 1805 (2018) 089 ]
https://web.physik.rwth-aachen.de/~harlander/software/vh@nnlo/

[CZ; PRL 116 (2016) 162002]

[Neumann & Sullivan; JHEP 1906 (2019) 022 ]

[de Beurs et al.; EPJC 78 (2018) 919 ]

[CZ; PRD 90 (2014) 014008]

[Boughezal et al.; 1907.00997]

[CZ and Franzosi; PRD91 (2015) 114010]
[Bylund et al.; JHEP 1605 (2016) 052]

[Maltoni, Vryonidou, CZ; JHEP 1610 (2016) 123]
[Degrande et al.; JHEP 1810 (2018) 005]

[Hirschi et al.; JHEP 1807 (2018) 093]

Degrande, Durieux, Maltoni, Mimasu, Vryonidou, CZ, in progress

New

�24

https://web.physik.rwth-aachen.de/~harlander/software/vh@nnlo/


VH at NNLO


Top loop induced contributions


Single top production


s-/t-channels and t+W, tbW+4f operators


t-channel production+decay, CPV


+off-shell effects and larger set of OPs


Top decay and W-helicity


W-helicity, FCNC; 2-fermion + 2q2l operators


+ 4-f operators that first appear at NLO


More tops


tt, ttV, ttH, tVj/tHj


Loop induced HZ, Hj, HH, …


GGG operator in multijet


“SMEFT@NLO”

[Harlander et al.; JHEP 1805 (2018) 089 ]
https://web.physik.rwth-aachen.de/~harlander/software/vh@nnlo/

[CZ; PRL 116 (2016) 162002]

[Neumann & Sullivan; JHEP 1906 (2019) 022 ]

[de Beurs et al.; EPJC 78 (2018) 919 ]

[CZ; PRD 90 (2014) 014008]

[Boughezal et al.; 1907.00997]

[CZ and Franzosi; PRD91 (2015) 114010]
[Bylund et al.; JHEP 1605 (2016) 052]

[Maltoni, Vryonidou, CZ; JHEP 1610 (2016) 123]
[Degrande et al.; JHEP 1810 (2018) 005]

[Hirschi et al.; JHEP 1807 (2018) 093]

Degrande, Durieux, Maltoni, Mimasu, Vryonidou, CZ, in progress

New

�24

https://web.physik.rwth-aachen.de/~harlander/software/vh@nnlo/


Automation @ NLO in QCD

�25



BSM @ NLO with MadGraph5_aMC@NLO

NLO @ QCD is automated in the SM and can 
be extended to dim-6.


All higher-dimensional Lorentz structures are 
supported in UFO.


ALOHA translates Lorentz structures in UFO 
to helicity amplitude subroutines.


The SM is implemented as a UFO


Most features for simulation in SM can be 
(in principle) extended to BSM (and EFT), 
provided the UFO is given.


Many NLO UFO models: https://feynrules.irmp.ucl.ac.be/wiki/NLOModels

[1108.2040 Degrande et al.]

[1108.2041 de Aquino et al.]
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EFT @ NLO with MadGraph5_aMC@NLO

Virtual correction: need to provide the Dim-6 UV and R2 counterterms.


UV CTs contain the MSbar running & mixing of operators, and the dim-6 
modifications to the on-shell renormalization.


R2 occurs due to numerical techniques only evaluating 4-dimensional part of loop 
amplitude (while we need the D-dimensional)

�27

g

t

t t c

= +

UV CT stored in UFO

Real correction: soft/collinear behavior 
and matching is not (in principle) affected 
by higher dim operators.  
[Englert, Russell, White; PRD99 035019]


NLOCT is being developed to 
automatically provide dim-6 CTs. 
[Degrande; CPC197 (2015) 239-262]


However, in SMEFT new technical issues 
arise, evanescent OP, anomaly,…



Evanescent operators 
Four-fermion operators: 25 basis operators in 4-dimension, so any other 
four-fermion structure (e.g. generated by loops) can be reduced to their 
linear combination.


This is not true in D-dimension where we calculate loops, because the 
naive Fierz identities will not work.


Need to enlarge the basis operators by including the set of “evanescent 
operators”, which vanishes in 4-dimension.  Standard solution in flavor 
physics.


As a result, the renormalization scheme is not uniquely specified just by 
“MSbar”.  It needs to be specified by MSbar + a particular choice of 
evanescent operator basis.


Results depend on the evanescent operator basis, but this dependence 
will be canceled once combined with matching to a UV theory at the loop 
level. �28



Evanescent operators 
E.g. qq>tt Color 

factor
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Evanescent operators 
E.g. qq>tt

[Buras, Misiak, Urban; NPB586 (2000) 397]a=1 corresponds to

Evnsct. OP

Color 
factor
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Evanescent operators 
E.g. qq>tt

[Buras, Misiak, Urban; NPB586 (2000) 397]a=1 corresponds to

Evnsct. OP

Color 
factor

Canceled by 
mixing CT of Evnsct OP

Vanishes in 4D Remaining 
scheme dependence 

that enters R2 �29



Gauge anomaly
Gauge anomaly may arise due to dim-6 
operators, e.g. in ggZ or ggff


When this happens, the loop depends 
on scheme of the calculation and in 
particular gamma5.


In principle, this should be canceled 
with a Wess-Zumino term, from non-
decoupling part when heavy physics is 
integrated out.


Physics effect can be large! e.g. 
in gg>gZ’, significantly 
overestimates the rate.


This term can be determined by 
requiring SU(3) is not broken.

(using the consistent anomaly, 
)

This does not necessarily imply that BSM has a potential anomaly problem!

WZ term:
[Fox, Low, Zhang; ’18]

This violates SU(3) Ward Identity

�30



Towards automatic SMEFT @ NLO
As a first step, we focus on the implementation Warsaw basis operators 
with the U(3)3 x U(2)2 flavor symmetry hypothesis:


Similar to Minimal Flavor Violation keeping only top mass non-zero 


Top operators as independent d.o.f to 1st & 2nd generations 
(diagonal) 


All operators affecting top/Higgs/EW processes 


Including 4F operators consistent with flavor symmetry


Validation against existing implementations:
[CZ; PRL 116 (2016) 162002]
[CZ; PRD 90 (2014) 014008]

[CZ and Franzosi; PRD91 (2015) 114010]
[Bylund et al.; JHEP 1605 (2016) 052 ]

[Maltoni, Vryonidou, CZ; JHEP 1610 (2016) 123]
[Degrande et al.; JHEP 1810 (2018) 005]

[Hirschi et al.; JHEP 1807 (2018) 093]
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http://feynrules.irmp.ucl.ac.be/wiki/SMEFTatNLO

(missing 4F and 3G operators)

�32

http://feynrules.irmp.ucl.ac.be/wiki/SMEFTatNLO


http://feynrules.irmp.ucl.ac.be/wiki/SMEFTatNLO

(missing 4F and 3G operators)

MG5_aMC>import model SMEFTatNLO_U2_2_U3_3_cG_4F_LO_UFO-NLO 

MG5_aMC>generate p p > t t H∼ QCD=2 QED=1 NP=2 [QCD]  

MG5_aMC>output 

MG5_aMC>launch 

�32
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Application 1. Single top + X,  X = Z, H

[Degrande et al.; JHEP 1810 (2018) 005]



As a case study, consider p p > t j X, X = Z, H.


A useful test for putting together Higgs/EW/Top OPs.

“Unitarity cancellations”: announced sensitivity at high mass. 

O�W

O(1)
�QO�tOt� O(3)

�Q O�tbOtW

O(3,1)
Qq

O(3,8)
Qq OtG

OtB

tZj
tj

tHj

OW

V VOHW

V H, V BF

(     )

OHB
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Application 1: single top associated production



Application 1: single top associated production

The tXj channels access the 2 → 2 sub-amplitudes, probe the energy 
dependence due to unitarity cancellation spoiled by BSM effects, and 
reveal the rich interplay between EFT operators from different sectors. 


See also [Maltoni,Paul,Stelzer,Willenbrock,’01] [Biswas,Gabrielli,Mele,12] 
[Farina,Grojean,Maltoni,Salvioni,Thamm,’12][Demartin,Maltoni,Mawatari,Zaro,’15] 

[Dror,Farina,Salvioni,Serra,’16] [Maltoni,Mantani,Mimasu,’19]
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Single top associated production: helicity amplitudes
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tHj 2>2 sub-amplitude: bW>tH



Single top associated production: helicity amplitudes
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tZj 2>2 sub-amplitude: bW>tZ



Single top associated production: selected results
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K-factors (of the 
operator contributions) 
are not universal, 
ranging from 1.1~1.7


Reduction of scale/PDF 
uncertainties.


Deviation ∼ 20% within 
current constraints 
(OtW and OtB). 


Deviations amplified 
with large pT.


Projected limits are 
competitive for OPs:

ctW , ctB , c'tb, c(3)'Q
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Single top associated production: selected results
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Application 2. Diboson



Application 2: diboson
TGC dominant assumption: the 
quark couplings are well 
constrained.  Lets focus on TGC…


But the LEP constraints on        
are not strong enough to make 
them negligible… 

In fact, in the future, WW/WZ/WH/
ZH will give the best bounds on 
quark vertices.

[Z. Zhang 1610.01618]

[R. Franceschini et al. 1712.01310]
[S. Banerjee et al. 1807.01796]

[Grojean, Montull, Riembau 1810.05149]

�41

[Baglio, Dawson, Lewis; PRD99 (2019), 035029 ] 

See also talk by R. Gupta



Application 2: diboson
TGC dominant assumption: the 
quark couplings are well 
constrained.  Lets focus on TGC…


But the LEP constraints on        
are not strong enough to make 
them negligible… 

In fact, in the future, WW/WZ/WH/
ZH will give the best bounds on 
quark vertices.

[Z. Zhang 1610.01618]

[R. Franceschini et al. 1712.01310]
[S. Banerjee et al. 1807.01796]

[Grojean, Montull, Riembau 1810.05149]Let’s try this one

�41

[Baglio, Dawson, Lewis; PRD99 (2019), 035029 ] 

See also talk by R. Gupta



MG5_aMC>import model SMEFTatNLO_U2_2_U3_3_cG_4F_LO_UFO-NLO 

MG5_aMC>generate p p > w+ w- $$ t t~ QCD=0 QED=2 NP=2 [QCD] 
Remove resonances in real diagrams
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Application 2: diboson

D6 squares

Interference

K-factor for interference

K-factor for D6 squared

BSM/SM
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pp ! W+W� with c(1)'q = 1
<latexit sha1_base64="XEahAcROBKgu85ys394ARSarzwA="></latexit>

LHC 13 TeV, NLO+Pythia6



Application 3: NLO global fit (top)

�44

Theory predictions 
from MG5_aMC@NLO, 
i.e. operator 
contributions are 
mostly at NLO in QCD

Parametrization & 
operator basis etc. are 
consistent with TOP 
working group EFT 
recommendation

[Hartland, Maltoni, Nocera, Rojo, Slade, Vryonidou, CZ 19]

See also TopFitter, A. Buckley et al. ’15



Towards automatic EW corrections
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Automatic EW NLO based on reweighting: HHH

https://cp3.irmp.ucl.ac.be/projects/madgraph/wiki/HiggsSelfCoupling
 [Maltoni, Pagani, Shivaji, Zhao 1709.08649]H trilinear coupling at one loop:

�46

https://cp3.irmp.ucl.ac.be/projects/madgraph/wiki/HiggsSelfCoupling


Automatic EW NLO based on reweighting: top couplings

Higgs/diboson channels can reach ~1% or even better precision with future lepton 
collider.  When this happens, we want to be able to disentangle 

H coupling tree level and

Top coupling loop level?


At future CC even below ttbar threshold, it’s possible to probe top EW couplings 
with good precision (better than HL-LHC).

Strong correlation between top/H couplings -> top uncertainty will downgrade 
precision on H couplings.

Top operators entering at one loop lead to complication in future precision 
Higgs measurements.
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Automatic EW NLO based on reweighting

 
Top coupling at one loop: [Vryonidou, CZ ’18]

�48

Automated with 
MG5_aMC@NLO

All dim-6 top loop 
contributions in Higgs

https://cp3.irmp.ucl.ac.be/projects/madgraph/wiki/HiggsSelfCoupling


RG mixing
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e+e- → W+W-

e+e- → W+W-: Dim-6 contribution to γWW leads 
to anomaly. 

In our scheme (KKS) this is reflected by the R2 
dependence on the “reading point” when 
tracing the top loop. E.g.  
 
 
 
 

This is fixed by adding a Wess-Zumino-Witten 
term.
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Global fit at future ee collider: indirect top limits

HL-LHC gives the blue limits.


A global fit of Higgs data in CC, 
at LO, will give the orange 
contours, vertical direction.


A global fit of Higgs data in CC, 
at NLO including top loops, will 
also constrain top couplings, 
giving the green contours, 
both vertical and horizontal.


Constraining power ~ a factor 
of 3, reflected by the individual 
case (dashed line).
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[Durieux, Gu, Vryonidou, CZ ’18]



Global fit at future ee collider: H/top interplay
[Durieux, Gu, Vryonidou, CZ ’18]

How does the top-coupling uncertainties downgrade the H precision at future CC?

Global H + top loop fit, with TH results based on [Vryonidou, CZ ’18]
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Global fit at future ee collider: H/top interplay
[Durieux, Gu, Vryonidou, CZ ’18]

How does the top-coupling uncertainties downgrade the H precision at future CC?

Global H + top loop fit, with TH results based on [Vryonidou, CZ ’18]
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Summary
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SMEFT at NLO is a lively field.


We are working on the implementation of SMEFT in Warsaw basis, 
in the form of a Universal Feynrules Output model, that can be used 
by MadGraph5_aMC@NLO, to perform automatic simulations at 
NLO accuracy in QCD matched with parton shower.


Flavor assumptions are used to simplify the problem. Top/EW/
Higgs operators are included.


A current version without 4-fermion and 3-gluon operators is 
available online. 

We have also started to work on automation of EW corrections.

http://feynrules.irmp.ucl.ac.be/wiki/SMEFTatNLO
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http://feynrules.irmp.ucl.ac.be/wiki/SMEFTatNLO


Thank you for your attention!
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