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SMEFT: What is it all about?
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Effective Field Theory reveals high energy physics through precise measurements at low energy.


A ~model-independent way of searching for new physics!
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EFT pathway to New Physics
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Introduction
EFT interpretations spreading in top, Higgs and EW sectors
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CMS-TOP-21-003 LHC EW Multiboson Subgroup

boosted

  tt̄H, tt̄Z
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EFT in Higgs measurements
ATLAS CONF-2020-053
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CMS PAS HIG-19-005
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Issues and questions
Ingredients for combined/global analyses?
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Need to address:  
(Choice of basis) 
Choice of flavour assumption: 2499 operators 
Choice of which operators to fit and which to ignore 
Precision of predictions 
Availability of tools



E. Vryonidou Tools for High Precision LHC Simulations

Basis and Flavour

Flavour assumption
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Basis

Warsaw basis (smeftsim & SMEFT@NLO implementations) SILH basis (HEL implementation)

ATLAS CONF-2020-053 CMS PAS HIG-19-005

CMS TOP-21-003

Warsaw basis (dim6top implementation)

c.f.

c.f.

From I. Brivio

ATLAS CONF-2020-053
CMS TOP-19-001

How to combine?
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First attempts towards guidelines
The LHC Top WG EFT note
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arXiv:1802.07237

Warsaw basis
3 scenarios with different flavour assumptions
Constraints from LHC, EWPO, indirect constraints

Public UFO implementations and benchmark 
results already given for LHC13

Separate discussion of FCNC
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Monte Carlo tools and validation
A systematic effort to cross-validate different implementations
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Examples of implementations:

Need for systematic comparison and validation

see also LHC EFT WG efforts  

arXiv:1906.12310
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SMEFT Monte Carlo
Dim6top: arXiv:1802.07237
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Warsaw basis: focusing on top interactions

UFO also includes FCNC

Baseline flavour scenario singles out the 3rd generation

Widely used by the top community
Tree level Monte Carlo implementation of top interactions
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SMEFTsim
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SMEFTsim flavor structures: parameter counting

general U35 MFV top topU3l

all !!CP all !!CP all !!CP all !!CP all !!CP

L
p1q
6 4 2 4 2 2 - 4 2 4 2

L
p2,3q
6 3 - 3 - 3 - 3 - 3 -

L
p4q
6 8 4 8 4 4 - 8 4 8 4

L
p5q
6 54 27 6 3 7 - 14 7 10 5

L
p6q
6 144 72 16 8 20 - 36 18 28 14

L
p7q
6 81 30 9 1 14 - 21 2 15 2

L
p8aq
6 297 126 8 - 10 - 31 - 16 -

L
p8bq
6 450 195 9 - 19 - 40 2 27 2

L
p8cq
6 648 288 8 - 28 - 54 4 31 4

L
p8dq
6 810 405 14 7 13 - 64 32 40 20

tot 2499 1149 85 25 120 - 275 71 182 53

Ilaria Brivio Monte Carlo SMEFT predictions for the LHC 13/26
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Input parameters for the EW sector

the EW sector has 3 independent parameters

tv , g , g 1u

that are fixed by 3 input measurements, usually chosen among

tmZ , mW , GF , αemu

§ SMEFTsim implements two alternative options:

tαem,mZ ,GF u tmW ,mZ ,GF u

§ Higgs and fermion masses also used as inputs
to define scalar potential parameters and Yukawa couplings

§ no input scheme introduced for CKM
Descotes-Genon,Falkowski,Fedele,González-Alonso,Virto 1812.08163

Ilaria Brivio Monte Carlo SMEFT predictions for the LHC 14/26

Two possible input schemes (see Darren’s talk):

EFT corrections to propagators: linearised corrections


Tree-level but most general and flexible implementation, and very nice manual

Warsaw basis with


various flavour assumptions

Brivio, Jiang, Trott 1709.06492, Brivio 2012.11343 


SMEFT Monte Carlo

flavour and input scheme: 10 model variants!
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SMEFT@NLO
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SMEFT Monte Carlo

What’s in this box? 
Warsaw basis operators 
Flavour assumption:  

Includes Higgs, top, gauge boson interactions 
Conventions matching dim6top  
mw input scheme 
Limitations: CP conserving, no FCNC, just one flavour assumption 
Advantage: Loops/NLO

Degrande, Durieux, Maltoni, Mimasu, EV, Zhang arXiv:2008.11743



E. Vryonidou Tools for High Precision LHC Simulations

What can SMEFT@NLO do?
Example processes
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http://feynrules.irmp.ucl.ac.be/wiki/SMEFTatNLO

Degrande, Durieux, Maltoni, Mimasu, EV, Zhang arXiv:2008.11743

NLO QCD for tree level processes


Loop induced 
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Uncertainties in EFT predictions
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Missing Higher Orders in 1/Λ^4

squared dim-6 contributions

double insertions of dim-6

dim-8 contributions


Missing Higher Orders in QCD and EW

EFT is a QFT, renormalisable order-by-order 1/Λ2

𝒪(αs, αew) + 𝒪 ( 1
Λ2 ) + 𝒪 ( αs

Λ2 ) + 𝒪 ( αew

Λ2 )
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Why NLO (or 1-loop) for SMEFT?

15

Higher orders in SMEFT bring:

Accuracy

Precision

Improved sensitivity

Accurate knowledge of the deviations (distribution shapes, correlations 
between observables, etc.) can be the key to disentangle them from the SM. 

Loop-induced new sensitivity.
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Accuracy and precision (1)
K-factors and shapes
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Different shapes at NLO
Degrande, Maltoni, Mimasu, EV, Zhang arXiv:1804.07773

Different K-factors for different operators, 
different from the SM

tHj ttH

Maltoni, EV, Zhang arXiv:1607.05330
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Accuracy and precision (2)
Reduction of scale uncertainty
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Deutschmann, Duhr, Maltoni, EV arXiv:1708.00460 

RG corrections not a good 
approximation to the NLO 
result, underestimate the 

NLO corrections

Comparison of exact NLO with LO improved by 1-loop RG 
running

Milder EFT scale 
dependence at NLO, when 

mixing effects also taken into 
account

Maltoni, EV, Zhang arXiv:1607.05330

ggH ttH
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Improved sensitivity (1)
New operators opening up at NLO
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4-heavy operators in top pair production

𝒪8
QQ = (Q̄γμTAQ)(Q̄γμTAQ)

𝒪1
QQ = (Q̄γμQ)(Q̄γμQ)

𝒪8
Qt = (Q̄γμTAQ)(t̄γμTAt)

𝒪1
Qt = (Q̄γμQ)(t̄γμt)

𝒪1
tt = (t̄γμt)(t̄γμt)

tt

t t

tb

b t

Complimentary information to ttbb and 4top production

Top pairs at NLO:

Degrande, Durieux, Maltoni, Mimasu, EV, Zhang arXiv:2008.11743



E. Vryonidou Tools for High Precision LHC Simulations 19

New loop-induced sensitivity 
Competitive to 4top production

Dawson and Giardino arXiv: 2201.09887

Z

u

u

1

FIG. 1: Sample diagram containing 4� fermion operators contributing to Z ! uu at NLO in the

SMEFT. The fermions in the loop can be any quark or lepton (heavy or light). The red circle

represents insertions of the operators of Table I.

The SM results for these observables are quite precisely known and we use the experimental

and theoretical SM results shown in Table III of Ref. [1]. The NLO SMEFT results for the

observables of Eq. 5 contain one-loop contributions from the dimension-6 operators of Table

I and the full electroweak and QCD NLO amplitudes assuming that the flavor interactions

are independent of fermion generation are in the supplemental material of Ref. [1]. Here

we focus on the e↵ects of the 4-fermion operators for on-shell 2-body Z and W decays such

as those shown in Fig. 1 and allow for an arbitrary flavor dependence in the 4�fermion

operators. When the internal fermions are top quarks, contributions that are enhanced by

factors of M2
t
/M

2
Z
arise. Such contributions contribute to Z ! bb generically through the

coe�cients, C↵,[3333], and to Z ! fif i
(where fi is a light fermion) through the coe�cients,

C↵,[33ii], etc. We note that not all combinations of generation indices arise in the NLO

calculation of the EWPO. For example, the operator O
(1)
qq occurs with i, i

0 = 1, 2, (where

i 6= i
0)

C
(1)
qq,[3333], C

(1)
qq,[33ii] = C

(1)
qq,[ii33], C

(1)
qq,[3ii3] = C

(1)
qq,[i33i], C

(1)
qq,[iii0i0], C

(1)
qq,[ii0i0i] C

(1)
qq,[iiii] . (6)

In our calculation we never encounter operators with more than 2 di↵erent flavor indices,

due to our choice of flavor structure.

The SMEFT predictions for the observables are,

O
SMEFT,LO

i
= O

SM,LO

i
+ �O

LO

i
(Cj)

O
SMEFT,NLO

i
= O

SM,NLO

i
+ �O

NLO

i
(Cj) . (7)

We present numerical results for the observables of Eq. 5 in the supplemental material

attached to this note. In the limit where the C↵,[rstp] are independent of the generation

5

<latexit sha1_base64="dMw7pkyeaOPiEeE1fzn19nkf2QU=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBahXkoioh4LvXhswX5AG8tms2mXbjZhdyOUkL/hxYMiXv0z3vw3btMctPXBwOO9GWbmeTFnStv2t1Xa2Nza3invVvb2Dw6PqscnPRUlktAuiXgkBx5WlDNBu5ppTgexpDj0OO17s9bC7z9RqVgkHvQ8pm6IJ4IFjGBtpFFrnHb87DGtO5fZuFqzG3YOtE6cgtSgQHtc/Rr5EUlCKjThWKmhY8faTbHUjHCaVUaJojEmMzyhQ0MFDqly0/zmDF0YxUdBJE0JjXL190SKQ6XmoWc6Q6ynatVbiP95w0QHd27KRJxoKshyUZBwpCO0CAD5TFKi+dwQTCQztyIyxRITbWKqmBCc1ZfXSe+q4dw0nM51rVkv4ijDGZxDHRy4hSbcQxu6QCCGZ3iFNyuxXqx362PZWrKKmVP4A+vzByQukQU=</latexit>

C(1)
Qd

-40

-20

0

20

40

60

C/
Λ

2  [T
eV

-2
]

EWPO, Λ−2

tt, Λ-2

tt, Λ-4

95% CL limits on 3rd generation 4-fermion operators

<latexit sha1_base64="dMw7pkyeaOPiEeE1fzn19nkf2QU=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBahXkoioh4LvXhswX5AG8tms2mXbjZhdyOUkL/hxYMiXv0z3vw3btMctPXBwOO9GWbmeTFnStv2t1Xa2Nza3invVvb2Dw6PqscnPRUlktAuiXgkBx5WlDNBu5ppTgexpDj0OO17s9bC7z9RqVgkHvQ8pm6IJ4IFjGBtpFFrnHb87DGtO5fZuFqzG3YOtE6cgtSgQHtc/Rr5EUlCKjThWKmhY8faTbHUjHCaVUaJojEmMzyhQ0MFDqly0/zmDF0YxUdBJE0JjXL190SKQ6XmoWc6Q6ynatVbiP95w0QHd27KRJxoKshyUZBwpCO0CAD5TFKi+dwQTCQztyIyxRITbWKqmBCc1ZfXSe+q4dw0nM51rVkv4ijDGZxDHRy4hSbcQxu6QCCGZ3iFNyuxXqx362PZWrKKmVP4A+vzByQukQU=</latexit>

C(1)
Qd

<latexit sha1_base64="znxeaz9A/ViN68AGXY+u4VnbKyA=">AAAB83icbVBNS8NAEJ3Ur1q/qh69BItQLyURUY+FXjxWsLXQxrLZbNqlm03YnQgl5G948aCIV/+MN/+N2zYHbX0w8Hhvhpl5fiK4Rsf5tkpr6xubW+Xtys7u3v5B9fCoq+NUUdahsYhVzyeaCS5ZBzkK1ksUI5Ev2IM/ac38hyemNI/lPU4T5kVkJHnIKUEjDVrDDIP8Mau75/mwWnMazhz2KnELUoMC7WH1axDENI2YRCqI1n3XSdDLiEJOBcsrg1SzhNAJGbG+oZJETHvZ/ObcPjNKYIexMiXRnqu/JzISaT2NfNMZERzrZW8m/uf1UwxvvIzLJEUm6WJRmAobY3sWgB1wxSiKqSGEKm5utemYKELRxFQxIbjLL6+S7kXDvWq4d5e1Zr2IowwncAp1cOEamnALbegAhQSe4RXerNR6sd6tj0VrySpmjuEPrM8fWlKRKA==</latexit>

C(1)
td

<latexit sha1_base64="4GKPhwYgYtKTOitWeUOC+lOwnw4=">AAAB83icbVDLSgNBEOyNrxhfUY9eBoMQL2FXRD0GcvGYgHlAsobZyWwyZHZ2mYcQlv0NLx4U8erPePNvnCR70MSChqKqm+6uIOFMadf9dgobm1vbO8Xd0t7+weFR+fiko2IjCW2TmMeyF2BFORO0rZnmtJdIiqOA024wbcz97hOVisXiQc8S6kd4LFjICNZWGjSGactkj2nVu8yG5YpbcxdA68TLSQVyNIflr8EoJiaiQhOOlep7bqL9FEvNCKdZaWAUTTCZ4jHtWypwRJWfLm7O0IVVRiiMpS2h0UL9PZHiSKlZFNjOCOuJWvXm4n9e3+jwzk+ZSIymgiwXhYYjHaN5AGjEJCWazyzBRDJ7KyITLDHRNqaSDcFbfXmddK5q3k3Na11X6tU8jiKcwTlUwYNbqMM9NKENBBJ4hld4c4zz4rw7H8vWgpPPnMIfOJ8/PmmRFg==</latexit>

C(1)
Qu

<latexit sha1_base64="1rKyp2CdmPPgaDERMzioqhxLNqo=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBahXkoioh4LvXisYGuhjWWz3bRLN5uwOxFK6N/w4kERr/4Zb/4bt20O2vpg4PHeDDPzgkQKg6777RTW1jc2t4rbpZ3dvf2D8uFR28SpZrzFYhnrTkANl0LxFgqUvJNoTqNA8odg3Jj5D09cGxGre5wk3I/oUIlQMIpW6jX6GabTx6zqnU/75Ypbc+cgq8TLSQVyNPvlr94gZmnEFTJJjel6boJ+RjUKJvm01EsNTygb0yHvWqpoxI2fzW+ekjOrDEgYa1sKyVz9PZHRyJhJFNjOiOLILHsz8T+vm2J442dCJSlyxRaLwlQSjMksADIQmjOUE0so08LeStiIasrQxlSyIXjLL6+S9kXNu6p5d5eVejWPowgncApV8OAa6nALTWgBgwSe4RXenNR5cd6dj0VrwclnjuEPnM8fdI2ROQ==</latexit>

C(1)
tu

<latexit sha1_base64="nG9H/hgp+benraBf9kShH6dbvZ0=">AAAB83icbVDLSgNBEOyNrxhfUY9eBoMQL2FXRHMM5OIxgnlAsobZyWwyZHZ2mYcQlv0NLx4U8erPePNvnCR70MSChqKqm+6uIOFMadf9dgobm1vbO8Xd0t7+weFR+fiko2IjCW2TmMeyF2BFORO0rZnmtJdIiqOA024wbc797hOVisXiQc8S6kd4LFjICNZWGjSHqTbZY1qtX2bDcsWtuQugdeLlpAI5WsPy12AUExNRoQnHSvU9N9F+iqVmhNOsNDCKJphM8Zj2LRU4ospPFzdn6MIqIxTG0pbQaKH+nkhxpNQsCmxnhPVErXpz8T+vb3RY91MmEqOpIMtFoeFIx2geABoxSYnmM0swkczeisgES0y0jalkQ/BWX14nnauad1Pz7q8rjWoeRxHO4Byq4MEtNOAOWtAGAgk8wyu8OcZ5cd6dj2VrwclnTuEPnM8ffzeRQA==</latexit>

C(8)
tu

<latexit sha1_base64="M4d1ZKW1yAFTEuXYyaVHj738hQw=">AAAB83icbVDLSgNBEOyNrxhfUY9eBoMQL2FXRD0GcvEYwTwgWcPsZDYZMvtwplcIy/6GFw+KePVnvPk3TpI9aGJBQ1HVTXeXF0uh0ba/rcLa+sbmVnG7tLO7t39QPjxq6yhRjLdYJCPV9ajmUoS8hQIl78aK08CTvONNGjO/88SVFlF4j9OYuwEdhcIXjKKR+o1Bio/ZQ1p1zrNBuWLX7DnIKnFyUoEczUH5qz+MWBLwEJmkWvccO0Y3pQoFkzwr9RPNY8omdMR7hoY04NpN5zdn5MwoQ+JHylSIZK7+nkhpoPU08ExnQHGsl72Z+J/XS9C/cVMRxgnykC0W+YkkGJFZAGQoFGcop4ZQpoS5lbAxVZShialkQnCWX14l7Yuac1Vz7i4r9WoeRxFO4BSq4MA11OEWmtACBjE8wyu8WYn1Yr1bH4vWgpXPHMMfWJ8/bmGRNQ==</latexit>

C(1)
tq

<latexit sha1_base64="TWxinwuME/kwuGprV7olHC5WMis=">AAAB9XicbVBNS8NAEJ34WetX1aOXxSJUkJKoqMdCLx5bsB/QpmWz3bRLN5u4u1FKyP/w4kERr/4Xb/4bt20O2vpg4PHeDDPzvIgzpW3721pZXVvf2Mxt5bd3dvf2CweHTRXGktAGCXko2x5WlDNBG5ppTtuRpDjwOG154+rUbz1SqVgo7vUkom6Ah4L5jGBtpF61n9Qf0l5Sujx3ztJ+oWiX7RnQMnEyUoQMtX7hqzsISRxQoQnHSnUcO9JugqVmhNM0340VjTAZ4yHtGCpwQJWbzK5O0alRBsgPpSmh0Uz9PZHgQKlJ4JnOAOuRWvSm4n9eJ9b+rZswEcWaCjJf5Mcc6RBNI0ADJinRfGIIJpKZWxEZYYmJNkHlTQjO4svLpHlRdq7LTv2qWCllceTgGE6gBA7cQAXuoAYNICDhGV7hzXqyXqx362PeumJlM0fwB9bnDxpIkYU=</latexit>

C(3,1)
Qq

<latexit sha1_base64="AAQPjHpqp3D2AZxKcGJsAIFDbRk=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69LBahgpRERXss9OKxBfsBbVo22227dLOJuxulhPwPLx4U8ep/8ea/cdvmoK0PBh7vzTAzzws5U9q2v63M2vrG5lZ2O7ezu7d/kD88aqogkoQ2SMAD2fawopwJ2tBMc9oOJcW+x2nLm1RnfuuRSsUCca+nIXV9PBJsyAjWRupV+3H9IenFxauL8nnSzxfskj0HWiVOSgqQotbPf3UHAYl8KjThWKmOY4fajbHUjHCa5LqRoiEmEzyiHUMF9qly4/nVCTozygANA2lKaDRXf0/E2Fdq6num08d6rJa9mfif14n0sOzGTISRpoIsFg0jjnSAZhGgAZOUaD41BBPJzK2IjLHERJugciYEZ/nlVdK8LDk3Jad+XagU0ziycAKnUAQHbqECd1CDBhCQ8Ayv8GY9WS/Wu/WxaM1Y6cwx/IH1+QMk8pGM</latexit>

C(3,8)
Qq

<latexit sha1_base64="FOoMwfj19yFA6vakqA5CawiTdz8=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69BItQQUpWRD0WevHYgv2ANi2b7aZdutnE3Y1SQv6HFw+KePW/ePPfuG1z0NYHA4/3ZpiZ50WcKe0431ZubX1jcyu/XdjZ3ds/KB4etVQYS0KbJOSh7HhYUc4EbWqmOe1EkuLA47TtTWozv/1IpWKhuNfTiLoBHgnmM4K1kfq1QdJ4SPtJGV2g83RQLDkVZw57laCMlCBDfVD86g1DEgdUaMKxUl3kRNpNsNSMcJoWerGiESYTPKJdQwUOqHKT+dWpfWaUoe2H0pTQ9lz9PZHgQKlp4JnOAOuxWvZm4n9eN9b+rZswEcWaCrJY5Mfc1qE9i8AeMkmJ5lNDMJHM3GqTMZaYaBNUwYSAll9eJa3LCrquoMZVqVrO4sjDCZxCGRDcQBXuoA5NICDhGV7hzXqyXqx362PRmrOymWP4A+vzBxc4kYM=</latexit>

C(1,1)
Qq

<latexit sha1_base64="HFqmPYOgN9neiGupk4USY7Et4qA=">AAAB9XicbVBNS8NAEJ34WetX1aOXxSJUkJKIaI+FXjy2YD+gTctmu2mXbjZxd6OUkP/hxYMiXv0v3vw3btsctPXBwOO9GWbmeRFnStv2t7W2vrG5tZ3bye/u7R8cFo6OWyqMJaFNEvJQdjysKGeCNjXTnHYiSXHgcdr2JrWZ336kUrFQ3OtpRN0AjwTzGcHaSP3aIGk8pP2k5FxWLtJBoWiX7TnQKnEyUoQM9UHhqzcMSRxQoQnHSnUdO9JugqVmhNM034sVjTCZ4BHtGipwQJWbzK9O0blRhsgPpSmh0Vz9PZHgQKlp4JnOAOuxWvZm4n9eN9Z+xU2YiGJNBVks8mOOdIhmEaAhk5RoPjUEE8nMrYiMscREm6DyJgRn+eVV0roqOzdlp3FdrJayOHJwCmdQAgduoQp3UIcmEJDwDK/wZj1ZL9a79bFoXbOymRP4A+vzByHikYo=</latexit>

C(1,8)
Qq

<latexit sha1_base64="Z5zPwFXgu1VQDE7xsBnzCNCH2oE=">AAAB83icbVBNS8NAEJ3Ur1q/qh69BItQLyURUY+FXjy2YD+gjWWz3bRLN5uwOxFKyN/w4kERr/4Zb/4bt20O2vpg4PHeDDPz/FhwjY7zbRU2Nre2d4q7pb39g8Oj8vFJR0eJoqxNIxGpnk80E1yyNnIUrBcrRkJfsK4/bcz97hNTmkfyAWcx80IyljzglKCRBo1h2sLsMa26l9mwXHFqzgL2OnFzUoEczWH5azCKaBIyiVQQrfuuE6OXEoWcCpaVBolmMaFTMmZ9QyUJmfbSxc2ZfWGUkR1EypREe6H+nkhJqPUs9E1nSHCiV725+J/XTzC481Iu4wSZpMtFQSJsjOx5APaIK0ZRzAwhVHFzq00nRBGKJqaSCcFdfXmddK5q7k3NbV1X6tU8jiKcwTlUwYVbqMM9NKENFGJ4hld4sxLrxXq3PpatBSufOYU/sD5/ADzekRU=</latexit>

C(1)
Qt

<latexit sha1_base64="pYWYeq3l0VMaQXKHF49NBQSvkx4=">AAAB83icbVBNTwIxEJ3iF+IX6tFLIzHBC9k1RjmScPEIiSAJrKRbutDQ7W7argnZ7N/w4kFjvPpnvPlvLLAHBV8yyct7M5mZ58eCa+M436iwsbm1vVPcLe3tHxwelY9PujpKFGUdGolI9XyimeCSdQw3gvVixUjoC/bgT5tz/+GJKc0jeW9mMfNCMpY84JQYKw2aw7Tdzh7Tav0yG5YrTs1ZAK8TNycVyNEalr8Go4gmIZOGCqJ133Vi46VEGU4Fy0qDRLOY0CkZs76lkoRMe+ni5gxfWGWEg0jZkgYv1N8TKQm1noW+7QyJmehVby7+5/UTE9S9lMs4MUzS5aIgEdhEeB4AHnHFqBEzSwhV3N6K6YQoQo2NqWRDcFdfXifdq5p7U3Pb15VGNY+jCGdwDlVw4RYacAct6ACFGJ7hFd5Qgl7QO/pYthZQPnMKf4A+fwARh5D5</latexit>

C(8)
QQ

<latexit sha1_base64="Q3zA2Ni6rxiDEw8MChMvv26j2VQ=">AAAB83icbVBNSwMxEJ2tX7V+VT16CRahXspGRD0WevHYgv2Adi3ZNNuGZrNLkhXKsn/DiwdFvPpnvPlvTNs9aOuDgcd7M8zM82PBtXHdb6ewsbm1vVPcLe3tHxwelY9POjpKFGVtGolI9XyimeCStQ03gvVixUjoC9b1p425331iSvNIPphZzLyQjCUPOCXGSoPGMG21sse0ii+zYbni1twF0DrBOalAjuaw/DUYRTQJmTRUEK372I2NlxJlOBUsKw0SzWJCp2TM+pZKEjLtpYubM3RhlREKImVLGrRQf0+kJNR6Fvq2MyRmole9ufif109McOelXMaJYZIuFwWJQCZC8wDQiCtGjZhZQqji9lZEJ0QRamxMJRsCXn15nXSuavimhlvXlXo1j6MIZ3AOVcBwC3W4hya0gUIMz/AKb07ivDjvzseyteDkM6fwB87nDwbdkPI=</latexit>

C(1)
QQ

FIG. 5: Comparison of single parameter limits from loop corrections to EWPO involving 3rd

generation 4� fermion interactions with similar limits from LHC tt production[31].

In Fig. 6, we compare the current precision from the EWPO on the 3rd generation opera-

tors with that projected from a Tera-Z run at FCC-ee with an assumed integrated luminosity

of 150 ab
�1 (3 ⇥ 1012 visible Z’s) and with a Giga-Z run at the ILC with an integrated lu-

minosity of 100 fb
�1 (109 Z’s). This figure assumes that current theory uncertainties are

halved, assumes the FCC-ee precision of Table II in Ref. [35] and the ILC Giga-Z numbers

of Table 9 in Ref. [36]. Due to the polarization, for some observables the projected ILC

precision surpasses that of the FCC-ee, despite the smaller assumed luminosity.

IV. CONCLUSIONS

We have included flavor non-universal e↵ects from 4�fermion operators with at least 2

quarks into the NLO electroweak and QCD corrections to the SMEFT predictions for the

precision electroweak observables. Our results are presented in a numerical form that can

be incorporated in the global fitting programs and suggest that the flavor assumptions on

the 4� fermion operators can have a significant e↵ect. In particular we showed that the

bounds obtained from EWPO on the C
(1)
QQ

and C
(1)
Qt

operators, that appear in the EWPO

only at NLO, are competitive with respect to those obtained from current LHC tt ob-

servables. Numerical results are posted at https://quark.phy.bnl.gov/Digital_Data_
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FIG. 6: Comparison of single parameter limits from loop corrections to EWPO involving 3rd

generation 4� fermion interactions with projected Z pole limits from a Tera-Z program at the

FCC-ee[35] and with a Giga-Z ILC run[36] .
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Improved sensitivity (2)
4-heavy operators in EWPO
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4-heavy operators in Higgs production
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Figure 8: Results of a single parameter fit showing the improvement in constraining power
of the HL-LHC over the current bounds from Run-II data. The limits correspond to values
of the Wilson coe�cients evaluated at the scale ⇤ = 1 TeV.

fit also reveals that the Wilson coe�cients C
(1),(8)

Qt
are somewhat decorrelated from C

+

QtQb
.

Indeed, the fact that tth and the Higgs decay h ! bb receive large NLO corrections only
from C

(1),(8)

Qt
and C

(1),(8)

QtQb
, respectively, helps to separate both sets of operators. We also

observe a relatively large correlation between the four-heavy-quark Wilson coe�cients and
C�, though this depends on the �R�3 truncation, and diminishes with the inclusion of the
quadratic terms. As announced above, we observe again the impact of including the four-
quark operators in the determination of the bound on C�, which is much more pronounced
in this four-parameter fit. In particular, the four-parameter linear fit yields a bound on C�

⇠ 3 times weaker that in the single C� fit. In appendix B we present similar correlation plots
for various two-parameter fits, where the same behaviour of the change in the correlation
with the inclusion of quadratic terms in �R�3 is found.

4.3 Prospects for HL-LHC

We now turn to examine the constraining power of the Higgs data that is expected to be
collected at the HL-LHC. For this, we use the CMS projections for the single-Higgs signal
strengths provided in refs. [61, 62] for a centre-of-mass energy of

p
s = 14 TeV and integrated

luminosity of 3 ab�1. We use the projections for the S2 scenario explained in [63]. These
assume the improvement on the systematics that is expected to be attained by the end of the
HL-LHC physics programme, and that theory uncertainties are improved by a factor of two
with respect to current values. These projections are assumed to have their central values
in the SM prediction with the total uncertainties summarised in table 3 in appendix A.13

In fig. 8 we confront the results of single-parameter fits to Run-II data for each of the four-

13
The correlation matrix for the S2 scenario can be found on the webpage [62].
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Again competitive with top fit bounds! 

Improved sensitivity (3)
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More loop-induced sensitivities
Top pair production sensitivity to EW top couplings

Martini and Schulze arXiv:1911.11244
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EW corrections to top pair production:

Top-Z couplings 
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ZH

ZH VBF

ggH

from L. Mantani

H decays

𝒪φD, 𝒪(1)
φqi

, 𝒪(1)
φQ, 𝒪(3)

φQ, 𝒪ϕd⋯

Loop-induced sensitivity in Higgs
Top operators in Higgs observables
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Tree-loop interplay in global fits

23

4F mostly top

Top Yukawa

ttV couplings

Tree-loop interface
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Tree Loop

Ethier, Maltoni, Mantani, Nocera, Rojo, Slade, EV and Zhang arXiv:2105.00006
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Figure 5.8. Representative results for two-parameter fits carried out at linear order in the EFT. We
display the 95% CL ellipses obtained for di�erent data subsets and for the complete dataset, labelled
as “All Data (2D)”. For reference, we also show the marginalised bounds obtained in the global fit.
The black square in the center of the plot indicates the SM value.

such two-parameter fits, Fig. 5.8 displays representative results for fits performed at linear
order. We display the 95% CL ellipses obtained when di�erent subsets of data are used as
input, as well as for the complete dataset, labelled as “All Data (2D)”. For reference, we also
show here the marginalised 2D bounds obtained in the global fit.

To begin with, the upper panels of Fig. 5.8 display two-parameter fits for the three possible
pair-wise combinations of the ctÏ, ctG, and cÏG coe�cients, which connect Higgs production in
gluon fusion with top quark pair production, see also the Fisher information table of Fig. 3.1.
Theses comparison illustrate the relative impact of the various dataset in constraining each
coe�cient. For example, from the (ctÏ, ctG) fit we see that the sensitivity of ctG is driven by tt̄
data, while the Higgs measurements have a flat direction resulting in a elongated ellipse. When
top and Higgs data are combined, the resulting 95% CL ellipse is much smaller as compared
to the results obtained separately from the two groups of processes. Note that, as in the case
of the individual fits reported in Fig. 5.7, also for two-parameter fits the obtained bounds are
more stringent as compared to the global marginalised results. Similar considerations apply
to the (cÏG, ctG) fit, while from the (cÏG, ctÏ) one learns that the sensitivity is still dominated
by the Higgs signal strengths rather than by the di�erential cross-section measurements.

Then the bottom panels of Fig. 5.8 display two-parameter fits involving the two-light-
two-heavy coe�cients c1,8

Qq
, c3,8

Qq
, c8

tu, c8
td

, and c8
tq, all of which are constrained mostly from top

quark pair di�erential distributions as indicated by the Fisher information matrix. Here the
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Figure 8. Constraints on the indicated pairs of operator coefficients at the 95% confidence level,
setting the other operator coefficients to zero. The shaded regions correspond to linear fits to Higgs
signal strengths and 0 jet STXS bins (blue), tt̄H signal strengths (mauve), � 1 jet STXS bins
(orange) tt̄ data (green), tt̄V data (red) and their combination (grey). The dashed ellipses show the
constraints obtained by marginalising over the remaining Wilson coefficients of the full fit.

6.3.2 Sensitivities in ‘Higgs-only’ operator planes

In order to assess the potential impact of the interplay between top and Higgs data, we
may consider the following subset of ‘Higgs-only’ operators:

{CH⇤, CHG, CHW , CHB, CtH , CbH , C⌧H , CµH} (6.1)

together with CG and CtG, which do not modify Higgs interactions directly but can impact
gluon fusion. Performing a fit to this subset, Fig. 7 displays the result for the 95% CL
constraints when top data are combined with Higgs data in planes showing different pairs
of the operator coefficients CHG, CtG, CtH and CG, marginalised over the other coefficients
in (6.1). This is the relevant set of operators in which the interplay between Higgs and top
physics is most evident, taking place in the gluon fusion and tt̄ associated Higgs production
processes. It is well known that there is a degeneracy in gluon fusion between CHG and
CtH that prevents it from being used as a robust indirect constraint on the top Yukawa
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Figure 5.8. Representative results for two-parameter fits carried out at linear order in the EFT. We
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as “All Data (2D)”. For reference, we also show the marginalised bounds obtained in the global fit.
The black square in the center of the plot indicates the SM value.
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data, while the Higgs measurements have a flat direction resulting in a elongated ellipse. When
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Table 2.2. Same as Table 2.1 for the operators containing two fermion fields, either quarks or leptons,
as well as the four-lepton operator O¸¸. The flavor index i runs from 1 to 3. The coe�cients indicated
with (*) in the second column do not correspond to physical degrees of freedom in the fit, but are
rather replaced by c(≠)

Ïqi , c(≠)
ÏQi

, and ctZ defined in Table 2.3.
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Table 2.1. Purely bosonic dimension-six operators that modify the production and decay of Higgs
bosons and the interactions of the electroweak gauge bosons. For each operator, we indicate its
definition in terms of the SM fields, and the notational conventions that will be used both for the
operator and for the Wilson coe�cient. The operators OÏW B and OÏD are severely constrained by
the EWPOs together with several of the two-fermion operators from Table 2.2.

OÏW and OÏB modify the interaction between Higgs bosons and electroweak gauge bosons.
At the LHC, they can be probed for example by means of the Higgs decays into weak vector
bosons, h æ ZZú and h æ W +W ≠, as well as in the vector-boson-fusion (VBF) process and
in associated production with vector bosons, hW and hZ. In addition, the OÏG operator is
similar but introduces a direct coupling between the Higgs boson and gluons. It therefore
enters the Higgs total width and branching ratios, the production cross section in gluon fusion
channel, as well as the associated production channel tt̄h. Finally, the OÏd operator generates
a wavefunction correction to the Higgs boson, which rescales all the Higgs boson couplings in
a universal manner.

Two-fermion operators. Table 2.2 collects, using the same format as in Table 2.1, the
relevant Warsaw-basis operators that contain two fermion fields, either quarks or leptons,
plus a single four-lepton operator. From top to bottom, we list the two-fermion operators
involving 3rd generation quarks, those involving 1st and 2nd generation quarks, and operators
containing two leptonic fields (of any generation). We also include in this list the four-lepton
operator O¸¸.

The operators that involve a top-quark field, either Q (left-handed doublet) or t (right-
handed singlet), are crucial for the interpretation of LHC top-quark measurements. Inter-
estingly, all of them involve at least one Higgs-boson field, which introduces an interplay
between the top and Higgs sectors of the SMEFT. For example, the chromo-magnetic dipole
operator OtG and the dimension-six Yukawa operator OtÏ are constrained by both top quark
measurements, such as tt̄h associated production, as well as Higgs measurements, such as
Higgs production through gluon fusion. Furthermore, the electroweak-dipole operators, OtW
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Posterior distributions for Wilson 
coefficients

Significant impact of NLO for some operators


NLO resolves non-interference problem for colour 
singlet 4-fermion operators
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Status of SMEFT computations at dimension-6:  

Tree level Monte Carlo: Done


NLO QCD: ~Done


NNLO QCD: A couple of examples (Uli’s talk)


NLO EW: Some examples available, needed to probe unconstrained operators. 


ΔObsn = ObsEXP
n − ObsSM

n = ∑
i

c6
i (μ)
Λ2

a6
n,i(μ) + 𝒪 ( 1

Λ4 )
How about this ? μ
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2 Computation and Monte Carlo implementation setup

In the context of the SMEFT, cross-sections can be decomposed in the following form:

d�(µR, µF ;µ) = d�SM(µR, µF )

+
X

i

ci(µ) d�i(µR, µF ;µ) +
X

ij

ci(µ) cj(µ) d�ij(µR, µF ;µ) + ... , (2.1)

where the various Wilson coefficients are denoted ci, and the explicit dependence on non-
physical scales has been highlighted. In particular, µR denotes the SM renormalization
scale, µF the factorization scale, and µ the EFT renormalization scale.

It is worth noting that the µ dependence of d� enters through the Wilson coefficients
at all perturbative orders, and through the d�i··· at one-loop and beyond. In particular, if
SMEFT corrections are only considered at the tree level, the only µ dependence is through
the RG flow of Wilson coefficients.

The RGE of the SMEFT reads:

dci(µ)

d logµ
= �ij cj(µ), (2.2)

with �ij the anomalous dimension matrix. We note here that we focus on the QCD-induced
part of the running, i.e. we ignore terms in the anomalous dimension matrix which are not
proportional to ↵s. The � matrix is then expanded in the ↵s as:

�ij =
X

k=1

✓
↵s

4⇡

◆k

�QCD,k
ij (2.3)

Due to the large value of ↵s, we expect �QCD,1
ij to typically give the leading contribution

to the running and mixing of the Wilson coefficients at present hadron collider energies1

The solution to the RGE equation (2.2) is given by:

ci(µ) = �ij(µ, µ0) cj(µ0), (2.4)

where µ0 is a reference scale. The � matrix can be evaluated order by order in ↵s, at order
1 it reads:

�QCD,1(µ, µ0) ⌘ exp
✓Z µ

µ0

↵s(µ0)

4⇡µ0 dµ0 �QCD,1

◆
. (2.5)

The computation described above forms the basis of our Monte Carlo implementation,
which takes the form:

�QCD,1(µ, µ0) = exp
✓

1

2�0
log

↵s(µ0)

↵s(µ)
�QCD,1

◆
, �0 = 11�

2

3
nf , (2.6)

obtained by using the one-loop accurate expression for ↵s(µ) in (2.5); nf represents the
number of light flavours.

1With exceptions from supposedly subleading EW contributions case of tt̄W and 4 tops [20, 21].
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Figure 3: Renormalization group flow of the tt̄ interference cross-section induced by
c(8)tq (µ0 = 2TeV) = 1 (left) and c(1)Qu(µ0 = 2TeV) = 1 (right), which are set to unity at
2 TeV, at LO QCD and LO EW. The contributions proportional to each Wilson coefficient
are drawn separately in color, and the total cross-section is drawn in black. The vertical
grey line shows mtop.

dependent point µ = HT /2.
We show results for two 4-fermion operators, one color-octet 2L2H and one color-singlet

2L2H, in Fig 4. The impact of a different scale choice is moderate for the color-octet 2L2H
operator reaching at most 10%, as already discussed above, while it amounts to a significant,
O(50%), shift for the 2L2H color-singlet operator. As expected, the difference between our
two scale choices is larger for the higher energy bins, where HT /2 � mtt̄, while the two
scales coincide at threshold as shown in the inset of Fig 4. We provide additional plots,
similar to Figure 4, for other 2L2H and 4H operators in Appendix B.

4.4 Comparison of NLO with the RGE-evolved LO

CS: === To be confirmed ===
The interference cross-sections obtained in previous Sections are leading log improved

QCD results and thus not contain all the information that would be present in a full NLO
calculation. In this Section, we aim to determine if RGE-evolved LO results can serve as
a proxy for results at NLO. To do so, we evaluate the LO and NLO QCD cross-section
for top pair production at

p
s = 13 TeV with, as above, the Wilson coefficients defined as

unity at µ0 = 2 TeV and run to a lower scale µ. We show the comparison for four selected
operators in Fig 5. Both the LO and NLO interferences are evolved under the one-loop RGE
we extracted. We note that for a formal NLO accuracy the 2-loop anomalous dimension
matrix would be needed, but this result is not yet available therefore we are only able to
employ the one-loop anomalous dimension for our comparisons.

Two features are evident from Fig 5: first, the NLO cross-section is significantly more
stable with respect to scale variations than the LO one, as expected. Second, relevant for
our comparison, RGE corrections usually improve the leading-order predictions, especially
in the case of colour-singlet operators. Starting from the initial condition at the high scale
µ0, the LO cross-section tends to run in the direction of its NLO value, growing if the NLO
is larger and decreasing if the NLO is smaller. For instance, in the case of O1

Qd, the RGE-
corrected LO cross-section and the NLO cross-section almost exactly agree at µ = mtop. In
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Figure 4: Linear interference contribution at LO QCD and LO EW to the tt̄ invariant
mass differential cross-section for pp ! tt̄ at

p
s = 13TeV induced by the 2L2H color-octet

operator O
(8)
tq (top) and by the 2L2H color-singlet operator O

(1)
Qu (bottom), under the two

scale choices µ = mtop and µ = HT /2. The coefficients are set to 1 at µ0 = 2TeV and RGE
evolved. The results obtained without any running are also shown for comparison. The
SM renormalization and factorization scales µR and µF are set to HT /2. The bottom plot
shows the ratio between µ = HT /2 and µ = mtop; uncertainty is Monte Carlo.
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One loop known:


(Alonso) Jenkins et al arXiv:1308.2627, 1310.4838, 1312.2014

Aoude, Maltoni, Mattelaer, Severi, EV (soon)

Example: Turn one 1 operator at high-scale


Compute effect on top pair cross-section 
Figure 3: Renormalization group flow of the tt̄ interference cross-section induced by
c(8)tq (µ0 = 2TeV) = 1 (left) and c(1)Qu(µ0 = 2TeV) = 1 (right), which are set to unity at
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are drawn separately in color, and the total cross-section is drawn in black. The vertical
grey line shows mtop.
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2L2H, in Fig 4. The impact of a different scale choice is moderate for the color-octet 2L2H
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O(50%), shift for the 2L2H color-singlet operator. As expected, the difference between our
two scale choices is larger for the higher energy bins, where HT /2 � mtt̄, while the two
scales coincide at threshold as shown in the inset of Fig 4. We provide additional plots,
similar to Figure 4, for other 2L2H and 4H operators in Appendix B.
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matrix would be needed, but this result is not yet available therefore we are only able to
employ the one-loop anomalous dimension for our comparisons.

Two features are evident from Fig 5: first, the NLO cross-section is significantly more
stable with respect to scale variations than the LO one, as expected. Second, relevant for
our comparison, RGE corrections usually improve the leading-order predictions, especially
in the case of colour-singlet operators. Starting from the initial condition at the high scale
µ0, the LO cross-section tends to run in the direction of its NLO value, growing if the NLO
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(a) (b)

Figure 7: 68% (solid) and 95% (dashed) allowed regions for the Wilson coefficients c8Qu and
c(8,3)Qq , left, and c8tq and c(8,1)Qq , right, under the three RGE conditions described in the text:
no running (blue), dynamical scale (orange), and fixed scale (yellow). Wilson coefficients
are evaluated at µ0 = 2TeV, the NP scale is also set to ⇤ = 2TeV. Our EFT predictions
include both the linear and quadratic terms.

Going beyond the SMEFT, the running and mixing implementation can be used for
other New Physics scenarios which involve running couplings. Our implementation already
steps in this direction, by allowing a more general RGE than the one we considered for the
SMEFT. This work paves the way for including running and mixing effects in all future
interpretations of LHC measurements.
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A Generation details

This Section contains details of our implementation of the RGE in Madgraph5_aMC@NLO,
public since version 3.4.0. As the two-loop accurate RGE is currently not fully known, our
implementation is limited to LO event generation only, to preserve the formal accuracy
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See also Battaglia, Grazzini, Spira, Wiesemann arXiv: 2109.02987


Mini-fit in the top sector
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Efforts towards EFT interpretations for the LHC are ongoing on both theory 
and experimental side.


To allow combination of different analyses common conventions about bases, 
flavour assumptions etc are needed.


Tools play an important role and their validation and comparison is crucial.


Higher-order corrections in the EFT predictions can play a crucial role and 
including them as much as possible can improve our sensitivity.


RGE effects included in the Monte Carlo, allowing on the fly computation of 
running and mixing effects



Thank you


