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the BSM ambitions of the LHC Higgs/Top/SM physics 
programmes can be recast in a simple and powerful way in 
terms of one statement:

L(6)
SM = L(4)

SM +
X

i

ci
⇤2

Oi + . . .

“BSM goal” of the SM LHC programme: 

determination of the couplings of the SM L up to DIM=6

The matter content of SM has been experimentally verified 
and evidence for light states is not present. 

SM measurements can always be seen as searches for 
deviations from the dim=4 SM Lagrangian predictions. More 
in general one can interpret measurements in terms of an 
EFT: 

the EFT approach
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[Grzadkowski et al, 10]

• B a s e d o n a l l t h e 
symmetries of the SM 

!
• New physics is heavier than 

any other SM particle Λ>MX 

!
• QCD and EW renormalizable 

(order by order in 1/Λ)  
!
• Number of extra couplings 

reduced by symmetries and 
dimensional analysis 

!
• E x t e n d s t h e r e a c h o f 

searches for NP beyond the 
collider energy. 

!
• Valid only up to the scale Λ

the EFT approach : SM@DIM6 Lagrangian

http://arxiv.org/abs/1008.4884
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the EFT approach

4

• Very powerful approach.  

• Note, however, that it only makes sense if a global 
constraining strategy is used to extract information from 
the data: 

• assume all couplings might not be zero at the EW scale. 

• Identify the operators entering each observable. 

• find enough observables (cross sections, BR’s, 
distributions,…) to constrain all operators. 

• solve the (linear) system. 

• Hierarchical approach on the couplings.
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Anomalous Couplings vs EFT : WTB 

5

4-parameters

!
For recent work on Wtb determination:	

!
TH: 	

Hioki, Ohkuma: 1511.03437	

Auguilar-Saavedra, Bernabeu 1508.04592	

Bernardo, Castro, et al. 1408.7063	

Fabbrichesi, Pinamonti, Tonaro 1406.5393	

Aguilar-Saavedra et al. 1105.0117	

!
EXP:	

ATLAS, 1510.03764	

CMS, 1410.1154

• Note that several groups now take  Vl/r, gL/r  complex. 

• when mb=0 the interference terms with the SM amplitude (i.e. the 
linear terms) in gL and Vr vanish. 

• the 4F-contact term not included in the  analysis of decays 
because its interference with the SM is vanishingly small. The 
square, however is not necessary small. 
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AC vs EFT : WTB example

6

4-parameters 4 coefficients
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AC vs EFT : WTB example

one-to-one mapping

6

4-parameters 4 coefficients
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AC vs EFT : WTB example

one-to-one mapping

6

4-parameters 4 coefficients

So here, AC and EFT	

are equivalent?

NO!
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• The EFT approach is an expansion in 1/Λ2, so the 
contribution from the BSM couplings squared is 
(typically) higher order. Their impact needs to be 
evaluated separately.  

• In the mb=0 limit only two operators contribute at 1/Λ2      

• Parameters can be complex in both cases. However, the 
complexity of the EFT is constrained by the hermiticity of 
the operators => not all coefficients can be complex.  

• The square of the BSM should be used for estimating 
uncertainties. 

• The square of the BSM should be used to assess unitarity 
issues.

COMMENTS:

AC vs EFT : WTB example
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• Typically, other operators enter a physical observables, 
such as the ONE 4F operators  (tblv or tbqq)  in top decay 
and single-top production at LO. For combining with 
single-top production the 4F is necessary.  

• Additional operators can contribute to a physical 
observable at higher-order in QCD. At NLO also Otg 
contributes to top decays. 

• Operators do mix and can be assumed to be vanishing only 
at a given scale. 

• EFT allows operators to be consistently constrained with 
other observables. 

MORE COMMENTS:

AC vs EFT : WTB example
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EFT validity
!
!

• Criteria to study the behaviour at HE 
include: 
!
• Series behaviour: 1/Λ2 vs 1/Λ4  

(interference vs amplitude squared) 
• Unitarity 
• size of cross sections VS SM 
• validation/comparison with explicit 

UV completions 
!

• Simple solutions (practical and legacy-
friendly) are available: 
!

• simulations available for different 
values of Λ>√ŝ

9

!
[Degrande et al. arXiv:1104.1798]	

!

• Possible improvements: 
!
• Event-by-event determination of the scale including running of the 

operators, i.e. QCD (and maybe EW) RGE effects [Englert Spannowsky, arXiv:
1104.1798]. 

pp→top top  
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top-higgs interactions

Ohg =
�
Q̄LH

�
�µ⌫T atRG

a
µ⌫ ,

OHy = H†H
�
HQ̄L

�
tR

OHG =
1

2
H†HGa

µ⌫G
µ⌫
a

Consider, for example, the following top-Higgs interactions:

At NLO in QCD the first two operators mix: 

!
In addition, the third operator receives  
contributions from the first two at one loop:

A meaningful analysis can only be made by considering them all!

10

chromomagnetic operator

yukawa operator

higgs-gluon operator
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top-higgs interactions: high-pt
From a global fit the coupling of the higgs to the top is poorly 
determined: the loop could still be dominated by np.

OHG =
1

2
H†HGa

µ⌫G
µ⌫
aOHy = H†H

�
HQ̄L

�
tR

[Buschmann, et al. 2014][Grojean et al., 2013] [Banfi et al. 2014]

http://arxiv.org/abs/arXiv:1410.5806
http://arxiv.org/abs/1312.3317
http://arxiv.org/abs/1308.4771
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top-higgs interactions: ttH

pp ! tt̄h

12

 [Degrande et al. 2012]

Analysis done at LO! NLO is now within reach
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A Proof of principle

13

[Buckley et al.,2015]

• EFT based, fit on LHC data only: total as well as differential 
information from ttbar and t-channel single-top.  

• SM at NLO or NNLO and EFT at LO in QCD (Feynrules+MadGraph). 

Towards a global fit at the LHC:

http://arxiv.org/abs/1506.08845
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Towards a global fit at the LHC

14

[Cen Zhang]

However, one has to pay attention to which operators contribute for 
a given process, LO and NLO. 

http://arXiv.org/pdf/1305.7386.pdf
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the need for NLO in QCD

• A global approach with constraints on top couplings 
coming from a wide set of observables is the (only) way to 
go. 

• a precision physics effort needs accurate predictions not 
only for the SM but also for the EFT.   

• This is because the top is coloured and the LHC is a hadron 
collider. 

• In fact, the structure of the EFT for the top becomes non 
trivial at NLO in QCD, with operator mixings.

15
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available MC tools

• Available Models (FeynRules/UFO) 

• full EFT dim=6 at LO  

• https://feynrules.irmp.ucl.ac.be/wiki/HEL	

• https://feynrules.irmp.ucl.ac.be/wiki/BSMCharacterisation 

• EFT involving top quarks dim=6 at LO  

• https://feynrules.irmp.ucl.ac.be/wiki/TopEffTh	

• EFT for FCNC at LO 

• https://feynrules.irmp.ucl.ac.be/wiki/TFCNC	

• https://feynrules.irmp.ucl.ac.be/wiki/GeneralFCNTop	


• EFT for FCNC at NLO  

• (available on request)	

• EFT involving top quarks dim=6 at NLO  

• (available on request)	


• Dedicated tools and implementations at LO (eg PROTOS).  

• Generic process* (via models above) : MadGraph5_aMC@NLO. 

16

*Some limitations still apply.

https://feynrules.irmp.ucl.ac.be/wiki/HEL
https://feynrules.irmp.ucl.ac.be/wiki/TFCNC
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t-channel in the eft at NLO

17
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4F operator can also be included (on-going). 

[Cen Zhang]

http://arXiv.org/pdf/1305.7386.pdf
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Bounding OtG at NLO from ttbar
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[Franzosi and Zhang, 2015]

Recent analysis at NLO in QCD

http://arxiv.org/abs/1503.08841
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ttZ and ttΥ : AC at NLO

19

[Rontsch and Shulze, 2014, 2015]

• Top couplings not constrained by LEPI Z decays.  
• the photon dipole coefficients depend on  OtW and tB 
• Photon and Z are related above the EWSB. 
• Photon couplings enter in the off-shell ttℓ𝓁ℓ𝓁 

• Constraints from the 7 TeV Run

http://arxiv.org/abs/1404.1005
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[Rontsch and Shulze, 2014, 2015]

However more work needed: 
• In essence still an anomalous coupling approach. 
• Global analysis considering ttZ and ttΥ needed. 
• Constrains from LEP EW observables   
• Also the chromomagnetic operator contributes to ttZ and ttΥ. Given the 

present constraints it is quite important. 
• four-fermion operators enter in the off-shell ttℓ𝓁ℓ𝓁  

[Mebane et al, 2013]

ttZ and ttΥ : AC at NLO

http://arxiv.org/abs/1404.1005
http://arxiv.org/abs/1306.3380
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Towards a global fit at NLO: ttV
[Bylund, FM, Tsinikos, Vryonidou, Zhang, in progress]
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towards a global fit at NLO : tt𝛾
[Bylund, FM, Tsinikos, Vryonidou, Zhang, in progress]

Ctw and Ctb are indistinguishible. 1/Λ expansion well behaved. 
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towards a global fit at NLO : ttZ 
[Bylund, FM, Tsinikos, Vryonidou, Zhang, in progress]
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No information from single top production included 

In the PEWM fit some assumptions are made.

preliminary

towards a global fit at NLO: ttV
[Bylund, FM, Tsinikos, Vryonidou, Zhang, in progress]
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towards a global fit at NLO: ttV

preliminary
preliminary

[Bylund, FM, Tsinikos, Vryonidou, Zhang, in progress]
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an eft guy’s desiderata
• Even if you are an adept of the AC approach and afraid to 

leave it, provide anyway the EFT interpretation of your 
bounds. 

• If you use the EFT to interpret the results don’t leave out 
operators without justification. clearly state which 
operators are included and why.  

• Total cross sections are of limited use. More interesting 
are fiducial cross sections or pseudo-observables (eg 
helicity fractions). The best would be the direct fit (top-
down) on the EFT coefficients using all possible 
kinematical information of the events (of course explore 
new observables). 

• behaviour of the alphaS and 1/Λ expansions on observable 
basis should be always assessed for th uncertainties. 

• Use at least NLO in QCD accuracy for the SM@DIM6

26
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the road ahead
• The interpretation of most of the SM/Higgs/top 

measurements analyses can be recast in terms of the 
SM@DIM6 EFT. 

• the precision of the theoretical predictions for the dim=4 
SM will continue to be improved, by including NNLO in QCD 
and NLO in EW corrections in a fully exclusive way. 
Predictions for EFT at NLO in QCD are now available for a 
considerable set of operators.  

• Proof of principle available of a global approach at NLO in 
QCD for FCNC top quark. Almost there for all top related 
operators (except 4F ops).  

• Considerable work still to be done on how to  define the 
best fitting strategy (and dealing with uncertainties).               

• NEW/EXCITING  JOINT TH/EXP EFFORT! 

27
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Additional Material

28
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towards a global fit at NLO : ttZ 
[Bylund, FM, Tsinikos, Vryonidou, Zhang, in progress]
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The study of FCNC couplings can bring new information:
[Kao et al. 2011 , Kai-Feng et al 2013]

h
t

u,c

Z
t

u,c

[Drobnak, 2012 based on CMS and ATLAS results] [Zhang FM, 2013]

While the exp searches are completely different, one has to remember 
that the decay rates will depend on several operators that are linked by 
gauge symmetry. For example:

30

Top FCNC at NLO

http://arxiv.org/abs/arXiv:1112.1707
http://arxiv.org/abs/arXiv:1304.8037
http://arxiv.org/abs/1211.7209
http://arxiv.org/abs/1312.4194
http://arxiv.org/abs/1203.0529
http://arXiv.org/pdf/1305.7386.pdf
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Top FCNC at NLO
[Durieux, FM, Zhang 2014]

http://arXiv.org/pdf/1305.7386.pdf
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Top FCNC at NLO : decays
[Durieux, FM, Zhang 2014]

http://arXiv.org/pdf/1305.7386.pdf
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pp →th
Contributions appear at LO from Otφ 
and one from OtG..  

!
At NLO in QCD OtG mixes with all the 
other operators so it has always to be 
included. 
!
It also means that if a specific 
(arbitrary)  choice of non-zero 
coefficient operators is made at high 
scales (where one can imagine a full 
theory to live) many operators become 
active when evolved to lower scales.  
!
Only a global/f it approach on 
constraining such operators at the 
same time can be useful strategy and 
it has to be at least NLO in QCD.

pp →thj (SM)

t

h

t

h
j

33

Top FCNC at NLO : production
[Degrande, FM, Wang, Zhang, 2014]
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NLO LHC 13 TeV

The operators have been implemented in FeynRules, the model was 
upgraded to NLO automatically and then passed to MG5_aMC.  

Results shown here at NLO. the pp →thj interesting process by itself...  

Complete implementation of all operators of dim=6 at NLO (including four 
fermion operators)  in QCD is on going.
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LO/NLO LHC 13 TeV

[Degrande, FM, Wang, Zhang, 2014]
Top FCNC at NLO : production
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[Durieux, FM, Zhang 2014]

For the sake of illustration and simplicity, we only consider the most 
constraining observables. This suffices to set significant bounds on all two-
quark operators as well as on a subset of the two-quark–two-lepton ones.

Top FCNC at NLO : global fit

CMS

CDF

CMS

ATLAS

CMS

LEPII

http://arXiv.org/pdf/1305.7386.pdf
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[Durieux, FM, Zhang 2014]

First proof of principle that a complete global fitting strategy in a self-
contained sector of the top EFT is possible with the available measurements. 
The red (blue) are for 1st (2nd) generation. ticks = one on at the time.

Top FCNC at NLO : global fit

http://arXiv.org/pdf/1305.7386.pdf

