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EFT
A model independent probe of heavy New Physics
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Standard Model

Effective Field Theory

UV physics (heavy particles)Energy
Λ

Effective Field Theory reveals high energy physics through precise 
measurements at low energy: A new era in particle physics
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SMEFT basics
A theoretically consistent framework
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New Interactions of SM particles 
Buchmuller, Wyler Nucl.Phys. B268 (1986) 621-653  

Grzadkowski et al JHEP 1010 (2010) 085
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SMEFT
The global aspect
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Higgs

Top Weak

ttH

tH/Zj
VH/VBF

4-tops

CPV

HH

HH

ttH

VV

tj

ttV

ttV

H

HH+j
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HH
H+j

tH/Zj

VBS

Adapted from K. Mimasu

SMEFT correlates different sectors: Global interpretations are needed

Global fit of the top+Higgs+EW sectors
Ethier, Maltoni, Mantani, Nocera, Rojo, EV and Zhang in preparation

Top
Top+Higgs+VV+Lep
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SMEFT
Not just a theorists’ tool

5

ATLAS CONF-2020-053 CMS TOP-19-001
tt̄lν, tt̄ll̄, tll̄q, tHq
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What’s the path to New Physics?
How to maximise the reach of EFT?
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Use the best SM 
predictions 

QCD/EW corrections

Use SMEFT to look for deviations 
from SM predictions 

Use precise SMEFT 
predictions to maximise 

sensitivity

Use as many experimental 
measurements as possible 

Cross-sections+differential distributions
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Aspects of EFT predictions
And how to improve them

7

Higher Orders in 1/Λ4

squared dim-6 contributions

double insertions of dim-6

dim-8 contributions


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 )
Most of my work 
focuses on this
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Long History
~50 years ago
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IN AS YMP T O T IC ALLY F R E E  G AU G E  T H E O R IE S  
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Octe t enhancement of weak non leptonic amplitudes  is found to occur in asymptotica lly free  gauge  theories  of 
s trong inte ractions , combined with unified we a k and e .m. inte ractions . The  order of magnitude  of the  enhancement 
factor for diffe rent models  is discussed. 

As ympto tica lly fre e  ga uge  the orie s  o f the  s trong 
in te ra c tions  [1 ], s u ita b ly combine d  with  unifie d  
we a k a nd e .m. ga uge  mode ls , a llow a  s imple  a nd rig- 
orous  a na lys is  o f the  s truc tu re  o f lowe s t o rde r we a k 
a nd e .m. tra ns itions  be twe e n  ha dronic  s ta te s . In pa r- 
ticula r, it ha s  be e n  s hown [2, 3] tha t the  a mplitude s  
o f o rde r a  ha ve  the  corre c t s truc tu re  to  a ccoun t for 
the  obs e rve d pa tte rn  o f the  pa rity a nd s tra nge ne s s  
cons e rving is os pin bre a king  p h e n o me n a  in the  ha dron- 
ic world . In  this  le tte r we  dis cus s  the  s truc tu re  o f the  
s tra nge ne s s  viola ting a mplitude s , which  a re  o f o rde r 
aM~v2 ~ G (G  be ing the  Fe rmi cons ta n t),  i.e ., o f the  
ge nuine  we a k non  le p ton ic  a mplitude s . 

Our dis cus s ion will be  fra me d  in a  cla s s  o f qua rk 
mode ls  o f s trong, we a k a nd e .m. in te ra c tions  which 
ca n be  s pe cifie d a s  follows : 

i) a ll in te ra c tions  a re  me d ia te d  by ga uge  fie lds , cor- 
re s ponding to  a  globa l ga uge  group  G s  ® GW; 

ii) the  s trong  in te ra c tions  ga uge  s ym m e try (color) 
[4] is  re a lize d b y a  s e t o f ne u tra l,  non  a be lia n  ma s s - 
le s s  ga uge  fie lds . S trong  in te ra c tions  a re  the re fo re  
a s ympto tica lly fre e  [1]. We s ha ll s pe c ify G S  = S U(N); 

iii) the  we a k ga uge  group  G w will be  ide ntifie d  
e ithe r with  S U(2) ® U(1) [5 ],  or with  0 (3 )  [6]; 

iv) we  s ha ll a s s ume  n type s  o f d iffe re nt qua rks  fo r 
e a ch  color. All bu t p , n , a nd  X qua rks  a re  S U(3) s in- 
gle ts , with  va rious  cha rm-like  (C) q u a n tu m  numbe rs . 

The  a bove  a s s umptions  a re  s uffic ie n tly ge ne ra l a s  
to  include  a ll qua rk mode ls  o f we a k a nd  e .m. inte r- 
a c tions  cons ide re d  s o fa r, with  the  e xce p tion  o f mod- 

e ls  like  thos e  ba s e d on  Ha n-Na mbu qua rks , whe re  the  
non  c o mmu ta tivity o f G s  a nd G w pre clude s  a  s imple  
dis cus s ion o f we a k corre c tions  to  ha dronic  a mpli- 
tude s . By condition  iii) the re  is  on ly one  cha rge d we a k 
curre n t, which is  the  on ly one  ca rrying s tra nge ne s s  
viola tion. We s ha ll de note  this  curre n t a ccording to 

r (i) 

whe re  we  ha ve  pu t a ll qua rk fie lds  in the  s pinor •, 
a nd  R + a nd L + a re  ma trice s  a cting on ly be twe e n  
qua rks  o f the  s a me  color (J~u be ing a  color s ingle t). 

Cons is te ncy with  e xpe rime nta l in fo rma tion  on  
we a k proce s s e s  re quire s  T ÷ a nd its  he rmitia n  conju- 
ga te  T -  to  obe y the  rule  tha t b o th  [T ÷, T - ] a nd 
(T +, T - )  ha ve  no AS :~ 0 ,  AC =  0 pa rt. This  e ns ure s , 
e .g., the  a bs e nce  o f K o ~ K o tra ns itions  to  orde r G 
a nd Ga, re s pe ctive ly. 

Following re fs . [2, 3 ],  the  lowe s t orde r contribu- 
tion  o f we a k a nd e .m. in te ra ctions  to  the  tra ns ition  
i ~ f be twe e n  two  ha dronic  s ta te s  ca n be  writte n  a s  a  
s um o f d iffe re nt te rms : 

(i ~ f) "~ (ta dpo le s ) + (Higgs  s ca la r e xcha nge ) 
(2) 

+ a f d x D ( x 2 , M ~ ) g U V ( f lT ( ~ ( x ) J ;( O ) ) li)  

whe re  M~, is  the  cha rge d we a k ve c tor bos on  ma s s  
a nd D(x Z ,  M 2 )  is  its  s ca la r p ropa ga tion  function . 

A s imple  a na lys is  o f e q. (2) ca n be  pe rfo rme d  un- 
de r the  hypothe s is  tha t M2 w is  m u c h  la rge r tha n  the  
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ma s s  s ca le  o f the  ha drons  (m2).  In this  ca s e  one  ca n 
s how tha t [8]: 

i) ta dpole  te rms  ca nno t induce  we a k tra ns itions ; 
ii) s ca la r e xcha nge  te rms  a re  o f orde r a m 2 /M 2 ,  if 

M2,.~l,~ ~ m 2 "~ M 2 ,  (ca s e  (a )) or o f o rde r 
a (mS'iM2w)2 (In M~v/m 2)d s  if M~zah r ~ M 2 ,  a nd on ly 
te rms  with  AS  4 :0  a re  cons ide re d  (ca s e  (b)); 

iii) W-e xcha nge  con tribu tions  a re  de te rmine d  by 
the  s hort dis ta nce  be ha vior o f the  p roduc t o f the  two  
curre nts . The ir AS  v e  0 pa rt ca n be  writte n  a s  

M 2 
= w dk (W-e xc h )a s e 0  caWW2 ~ C ~ (ln - - - -~ l (flO~(O)[i) 

k "\  m z /  " 
(3) 

m 2 M 2 

O k a re  ope ra to rs  o f dime ns ion five  or s ix; d k a re  re - 
la te d to  the  corre s ponding  a noma lous  dime ns ions . 
Ope ra tors  o f highe r dime ns ion on ly con tribu te  to  the  
re ma ining te rms  which, a ppa rt fro m  loga rithmic  fa c- 
tors , a re  s uppre s s e d b y a t le a s t one  powe r o f m 2/M 2 .  
Eqs . (2) a nd (3) s how tha t (i ~ f)a s *0  is  domina te d  
by the  ma trix e le me nts  o f thos e  ope ra to rs  with  dk>O 
thus  giving ris e  to  a  pos s ible  me cha nis m to  e nha nce  
con tribu tions  with  de finite  qua n tum numbe rs ,  e .g., 
AT = 1/2 ve rs us  AT = 3]2, a s  firs t s ugge s te d b y Wils on 
[9]. The  a s ymp to tic  fre e dom o f the  mode ls  we  a re  
cons ide ring a llows  a  re lia ble  pe rtu rba tive  e va lua tion 
o f d k . 

To go fu rthe r we  ha ve  to  s pe cify the  ope ra to r ba s is  
in which  J ~J ~  is  e xpa nde d . The  ope ra to rs  to  be  con- 
s ide re d a re  a ll pos s ible  ga uge  inva ria nt ope ra to rs  with  
the  a ppropria te  q u a n tu m  numbe rs  (AS  :~ 0, AC = 0, 
color s ingle ts , CP = +1). We s e pa ra te  th e m  in to  two  
classes : four fe rmion  ope ra tors ; two  fe rmion  with  or 
withou t gluons  ope ra to rs  ,1 .  

Two fe rm ion operators . The s e  ope ra to rs  conta in  
on ly AT = 1/2 compone n ts .  Ope ra to rs  ii~o lving  the  
gluon fie lds  on ly th rough  cova ria nt de riva tNe s  ca n 
be  re duce d , by the  e qua tions  o f mo tion  to  ope ra to rs  
o f dime ns ion four or th re e , which  ca n be  e limina te d  
by coun te rte rms  in the  la gra ngia n. Ope ra to rs  o f di- 
me ns ions  s ix whe re  gluon fie lds  a ppe a r e xplic itly 
(th rough  FAy) ca nnot be  pre s e nt s ince  the ir fe rmion  

,1 In this  way we res trict to those  opera tors  which appear 
in the  expans ion eq. (3), in the  free  fie ld limit. 

pa rt mus t conta in  a  {T +, T -} fa c to r which ha s  no  
AS  ~e 0, AC = 0 pa rt ,2 .  The re  only re ma in  ope ra tors  
o f dime ns ion five  time s  a  ma s s  ma trix, s uch as : 

F;v  ~o~v tA  [7oT+7oMT - + vor-7o/r+l 
The s e  ope ra to rs  a re  pre s e nt in the orie s  with  b o th  le ft 
a nd right compone n ts  in the  curre nt. The y a ppe a r in 
the  e xpa ns ion  e q. (3) to  orde r g. Fu rthe rmore  to  or- 
de r g2 inclus ive  the y do  not mix with  four fe rmion  
ope ra to rs .  Thus  the  e ffe c t o f the s e  ope ra to rs  ca n be  
cons ide re d s e pa ra te ly a nd could on ly improve  oc te t 
e nha nce me nt. 

Four fe rm ion operators  (dim e ns ion s ix). For the s e  
ope ra to rs  we  ca n re s tric t to  the  ma s s le s s  fe rmion  
the o ry,  s o tha t the  coe ffic ie nts  C k will o b e y chira l 
S U(n) ® S U(n) s e le ction rule s . This  re s tric ts  the  op- 
e ra tors  to  be  cons ide re d to: 

0~; = ~Tu L+(1  +75)qJ  ~ TUL-(1  +7 5 )~  
(4) 

0 2 = fT u L+(l+7 5 )t  A ~s fT UL-(l+~ ls )t  A 

o~ = -~v. R+(1-~5) ¢ ~v"R- (1 -~s ) 
(5) 

0 2 = ~ 7 u R + ( 1 - 7 5 ) t  A ~ ~ yu R  - (1 -7 5 ) t  A ¢) 

O1LR = ~3~ tr+(1  +-ys ) ~ ~,,/ta  g - ( l- v 5  ) ~ + h.c . 
(6) 

0 2 R  = ~T u L+(l+7 5 )t A ~ -~ T UR -(1 -~ ls )t A t~ + h.c. 

We ha ve  de note d  by t A (A=I,  ... N 2 - 1 )  the  color 
ma trice s ; s umma tion  ove r re pe a te d  indice s  is  unde r- 
s tood ; T r(tA t B) = 26 AB. In conclus ion, we  s ha ll re - 
s tric t to  four fe rmi0n  ope ra to rs .  

Ope ra tors  with  de finite  a noma lous  d ime ns ion a re  
found  by dia gona lizing the  ma trix o f the  re norma l- 
iza tion, cons ta n.ts , c o m p u te d  fro m  dia gra ms  whe re  a  
gluon line  is  e xcha nge d in a ll wa ys  be twe e n  (wo fe r- 
mion  line s . The  e ige nva lue s  o f this  ma trix de te rmine , 
by the  Ca lla n S yma nzik e qua tion  [10], the  e xpone n ts  
d k in  e q. (3) [11, 12]. Explicit c o m p u ta tio n  s hows  
tha t the  e ige nve ctors  o f the  a noma lous  d ime ns ion 
a nd the  corre s ponding  e xpone n ts  d k a re  give n by: 

,2 This  a rgument has  been pointed out to us  by M.K. Gailla rd 
and B.W. Le e . Note  tha t the s e  opera tors  would appear if 
we we re  cons idering AS = 0, parity viola ting amplitudes . 
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QCD corrections and renormalisation of dimension-6 operators, pioneering 
work by Guido! 

~1000 citations
‘These important papers were the first calculations of the QCD corrections to 
the coefficients of the Wilson expansion in the product of two weak currents, 
an approach that, suitably generalised (by considering other weak processes) and 
improved (for example, by computing the anomalous dimensions beyond the 
leading order), still represents a basic tool in this field.’
G. Altarelli: The Early Days of QCD arXiv:1106.3189
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Why bother with higher orders?
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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: new operators entering at one-loop



E. Vryonidou DIS2021, 16/4/21, online

Accuracy and precision
Rates and distributions

10

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

ttH

Maltoni, EV, Zhang arXiv:1607.05330

Different shapes at NLO
Degrande, Maltoni, Mimasu, EV, Zhang arXiv:1804.07773

tHj
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Accuracy and precision
Reduction of scale uncertainty

11

Deutschmann, Duhr, Maltoni, EV arXiv:1708.00460 

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

NLO corrections

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
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

At NLO:
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Improved sensitivity
Breaking degeneracies by going beyond LO

13

Basan, Berta, Masetti, EV, Westhoff arXiv:2001.07225

Different top chiralities

An asymmetry observable
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Loop-induced sensitivity
Top operators in Higgs observables

14

Poor knowledge of top couplings leads to uncertainties on Higgs 
measurements at the LHC

+ +

EV, Zhang arXiv:1804.09766

loop-induced tree-level

Relatively loose constraints from
top LHC measurements (tZ, ttZ, tj, …)
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Loop-induced sensitivity
Top operators in Higgs observables

14

+ +

EV, Zhang arXiv:1804.09766

loop-induced tree-level

Relatively loose constraints from
top LHC measurements (tZ, ttZ, tj, …)

Or… maybe one should use Higgs measurements to 
bound top couplings?
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Loop & tree interplay
Higgs production and decay

15

ZH

ZH VBF

ggH

from L. Mantani

H decays

𝒪φD, 𝒪(1)
φqi

, 𝒪(1)
φQ, 𝒪(3)

φQ, 𝒪ϕd⋯
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Global Higgs-top fit

16

PRELIMINARY

Ethier, Maltoni, Mantani, Nocera, Rojo, EV and Zhang in preparation

Top
Top+Higgs+VV+Lep

Higgs data
Run I & 2 signal strengths 
(CMS+ATLAS): 

gluon fusion 
VH 
VBF 
ttH 
H decays 

Differential distributions & STXS
Top data
Run I & 2 results (CMS+ATLAS): 

pair production 
tt+V, tttt, ttbb 
single top 
tZj 
W helicity fractions 

Cross-sections & Differential distributions
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Global Higgs-top fit
Fisher Information

17

Top Yukawa

Ethier, Maltoni, Mantani, Nocera, Rojo, EV and Zhang in preparation

4F mostly top

ttV couplings

PRELIMINARY

Top Chromomagnetic

Tree Loop
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Marginalised constraints
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Impact of NLO predictions in global fits
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Figure 5.8. Top: comparison of the posterior distributions in the coe�cients between the fits with
and without NLO QCD corrections to the EFT cross-sections. Bottom: the corresponding 95% CL
ranges, compared to the SM expectation.
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Posterior distributions Significant impact of NLO for some operators
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Higher orders in Monte Carlo
SMEFT@NLO

19

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

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