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Let me tell you some 
subtleties of EFT…

… will be quick!



Basic Outline
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Brief review of overall set up of Effective Field Theory in the Higgs sector and beyond.
What we know of the Higgs like scalar in an EFT context.  
Linear vs nonlinear approaches. 

The linear SMEFT - status and constraints, interplay with non LHC data and EWPD.

Why we need to go beyond a LO treatment and theory developments in support 
of this effort.
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NLO SMEFT

The case of                  laying a 
path in the NLO jungle for this effort.

This effort is only starting!



Run I Legacy
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What do we know? Without a doubt a very Higgs like boson.
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What do we know? Without a doubt a very Higgs like boson.

The Cut Off scale(s)
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However… recall.. didn’t Feynman have 
something to say about log-log plots?

Thats a bit better..
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What do we know? Without a doubt a very Higgs like boson.

1. SM is of course consistent with the data.

2. Scalar that has nothing to do 
with EWSB is not interesting as an 
“imposter” now.

“straw man” scalar

The Cut Off scale(s)
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What do we know? Without a doubt a very Higgs like boson.

3. If one considers relevant scalars, and  
SMEFT deformations (linear and nonlinear) 
that are involved with separating the cut off 
scale from the scale “v” - different story.

1. SM is of course consistent with the data.

Reason: The SM dependence is not random. 
The mission of the Higgs is to “solve”  
the unitarity problem of the Higgsless SM.

The Cut Off scale(s)
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What do we know? Without a doubt a very Higgs like boson.
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The problem that needed to be solved:

The Cut Off scale(s)
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1. SM is of course consistent with the data.
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What do we know? Without a doubt a very Higgs like boson.
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The problem that needed to be solved:

Lighter mass of fermions 
suppress unitarity violation to  
larger scales if couplings deviate from SM.

The Cut Off scale(s)
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1. SM is of course consistent with the data.

Lighter mass of fermions 
suppress unitarity violation to  
larger scales if couplings deviate from SM.
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What do we know? Without a doubt a very Higgs like boson.
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What do we know? Without a doubt a very Higgs like boson.
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Perfect solution 
to this problem is 
the SM Higgs.

The Cut Off scale(s)
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1. SM is of course consistent with the data.

“Higgs like boson” is not a silly statement. 
It has to look roughly like this as it is not raining 
NP particles near the EW scale.
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What do we know? Without a doubt a very Higgs like boson.

Lesson: The observed Higgs like boson  
pushed the cut off scale away from the EW scale.

“Higgs like scalar” cut off scales

Exactly the SM Higgs.  
Nothing else coupled to the SM.

v

⇤QCD

Mpl

The Cut Off scale(s)

Relevant question is - how far is the cut off scale? 

1. SM is of course consistent with the data.
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What do we know? Without a doubt a very Higgs like boson.

W+ W� �W+ W� :L L L L

✏µL ' pµ/mW

� �̄ �W+
L W�

L :

The problem that needed to be solved:

a aa

A ' g2

4m2
W

(s+ t) (1� a2)a

ac

A ' m 
p
s

v2
(1� a c)ac

0

0

Perfect solution 
to this problem is 
the SM Higgs.

The Cut Off scale(s)
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This is why this hypothesis test  
makes sense to do now, and going forward.
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1. SM is of course consistent with the data.
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What do we know? Without a doubt a very Higgs like boson.

The Cut Off scale(s)

This is why this hypothesis test was introduced 
in these initial works, as soon as the signal  
strength data started to appear in 2012.

5

Espinosa,Grojean, Muhlleitner ,Trott  arXiv:1202.3697

Azatov, Contino, Galloway  arXiv:1202.3415

See also:

Carmi, Falkowski, Kuflik, Volansky  arXiv:1202.3144 (v2)

1. SM is of course consistent with the data.

We want to do far more now - but it is a good idea 
to maintain this test going forward.

M.Trott, Higgs couplings 2015 - Durham UK.



There is a cut off scale.
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Where is dark matter in the SM? 

Minimal baryogenesis in the SM is out. 

Where is inflation in the SM? 

What is the origin of neutrino mass? Beyond the dim 5 op. 

Leptogenesis at a high scale might be right. 

It is clear that the SM (if assumed) breaks down at some scale.  
Where are the corrections, where is everyone? 

re (minimal) Higgs inflation - ask me later. 

M.Trott, Higgs couplings 2015 - Durham UK.



What is the EFT: 1)Nonlinear EFT
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Two options. Not obvious to choose between them for cut off scale reasons stated.
1) Nonlinear EFT - built of 
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�
3 m2
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�
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24

�
3m2
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v2

�
h4 + · · · .

SM mass scales then unrelated to scalar couplings - this is used in the “kappa” fits.

History of this idea is a talk itself,
see citing discussion in 
1504.01707, 1409.1571
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What is the EFT: 2)Linear SMEFT
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2) Linear EFT - built of H doublet + higher D ops 

L = LSM +
1
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L0
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1

⇤4
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Lepton number violating, associated with neutrino mass 
and higher suppression scale
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Linear SMEFT
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2) Linear EFT - built of H doublet + higher D ops 
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Baryon number violating, experimentally known to be small

M.Trott, Higgs couplings 2015 - Durham UK.



8b

2) Linear EFT - built of H doublet + higher D ops 
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1

⇤�L 6=0
L5 +

1

⇤2
�B=0

L6 +
1

⇤2
�B=0

L0
6 +

1

⇤3
�L 6=0

L7 + · · ·
1

⇤4
L8 + · · ·

Glashow 1961, Weinberg 1967 (Salam 1967)

Weinberg 1977

Leung, Love, Rao 1984, Buchmuller Wyler 1986, 
Grzadkowski, Iskrzynski, Misiak,Rosiek 2010 

Weinberg 1979, Abbott Wise 1980

Lehman 2014 (student at Notre Dame) arXiv:1410.4193

Lehman,Martin 2015 (couple weeks ago!) arXiv:1510.00372.

We are up to one order a year!

Linear SMEFT

M.Trott, Higgs couplings 2015 - Durham UK.



Complexity is scaling up…
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2) Linear EFT - built of H doublet + higher D ops 

L = LSM +
1
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14 operators, or 18 parameters (+ 1 op and then 19 with strong CP)

1 operator, and 7 extra parameters 
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Complexity is scaling up…

8dM.Trott, Higgs couplings 2015 - Durham UK.

Dim 6 counting is a bit non trivial.

arXiv:1312.2014 Alonso, Jenkins, Manohar, Trott



Complexity is scaling up…
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2) Linear EFT - built of H doublet + higher D ops 

L = LSM +
1
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arXiv:1410.4193 Lehman

arXiv:1510.00372 Lehman, Martin

14 operators, or 18 parameters (+ 1 op and then 19 with strong CP)

1 operator, and 7 extra parameters 

59 + h.c operators, or 2499 parameters (76 with            )Nf = 1

4 operators, or 408 parameters (all violate B number)
arXiv:1405.0486 Alonso, Cheng, Jenkins, Manohar, Shotwell

20 operators, (all violate L number, 7 violate B number)

535+h.c. operators (with            ), 49 violate B number

arXiv:1312.2014 Alonso, Jenkins, Manohar, Trott

Nf = 1

M.Trott, Higgs couplings 2015 - Durham UK.



Complexity is scaling up…
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2) Linear EFT - built of H doublet + higher D ops 

L = LSM +
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 Can reduce the number of relevant parameters to 
 about 50 or so using flavour symmetry and neglecting CP 
violation, using scaling when near resonances..

WE CAN DO THE RELEVANT GENERAL CASE!
Consistent power counting can also be done.

There is no need for extra model dependence to 
be introduced or vague assumptions. 

Can always restrict to less general case  
AFTER general analysis.

M.Trott, Higgs couplings 2015 - Durham UK.



What is the picture?

4122Michael Trott, Niels Bohr Institute, Nov 25th 2014 110

Nonlinear EFT
+ higher D

Linear EFT 
+higher D

Cut off scale raising 
above the ew scale

Run I LHC

SM

The SM EFTs approach in one venn diagram.

Linear EFT                and relations between 
measurements that follow from this hold

Non-Linear EFT, singlet h in formalism.  
Broader range of relations between 
measurements.

H � h

M.Trott, Higgs couplings 2015 - Durham UK.

Want to have precise and well defined patterns of ALLOWED deviations in the linear 
EFT to know if more restricted formalism breaks.



Post Modern Discovery Physics

12Michael Trott, Niels Bohr Institute, Fri, March 6th 2015Michael Trott, Niels Bohr Institute, April 14th 2015 11

So what do we do NOW:

Energy scale:

⇠ GeV ⇠ 100sGeV ⇠ 91.2GeV ⇠ 190GeV⇠ 125GeV

LHC in various 
channels

⇠ 2000GeV

EDM’s 
flavour 

80’s-90’s 
colliders, 

LEP I 
z-pole

LHC 
h pole

LEPII 
4 fermions

Constraint 
vectors in  
W coeff space

To combine the various constraints consistently take into account they 
rotate as you change scale.. or introduce theory error.

Any future discovery has to be projected back on these constraints to 
check consistency.

MFV

the vectors rotate as you change scale..

M.Trott, Higgs couplings 2015 - Durham UK.



Bases choice and Dim 6.
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Will focus on constraints on dim 6 that are relevant to informing searches for NP effects 
(beyond inclusive signal strength measurements) 

Will use Warsaw basis - it is well defined and there is nothing wrong with it.  
The basis choice is unphysical and can’t matter unless mistakes are made.

Re “Higgs Basis” - it is no longer to be recommended for data analysis in WG2 
as it was in previous versions of basis document. WG2 basis note is being revised. 

- - G. Isidori Sept 1st email on behalf of WG2 convenors to concerned parties. 

Update on basis discussions. “Vigorous” discussion this year on bases in WG.

M.Trott, Higgs couplings 2015 - Durham UK.
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Warsaw basis: 1008.4884  Grzadkowski, Iskrzynski, Misiak,Rosiek

189

6 gauge dual ops

28 non dual 
operators
25 four fermi ops

59 + h.c. 
operators
Notation:

Michael Trott, Niels Bohr Institute, Jan 5th 2014

Bases choice and Dim 6.

M.Trott, Higgs couplings 2015 - Durham UK.
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Four fermion operators: 1008.4884  Grzadkowski, Iskrzynski, Misiak,Rosiek 

Over 20 years?! 
700 citations before full 
EOM reduction? 
Our priorities were 
elsewhere.

Bases choice and Dim 6.

M.Trott, Higgs couplings 2015 - Durham UK.



Global constraints on dim 6.
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 Consider LEP I observables:

1409.7605 Trott1308.2803 Pomarol, Riva.
1411.0669 Falkowski, Riva. 1503.07872 Efrati et al.

hep-ph/0412166] Han, Skiba
arXiv:1306.4644 Ciuchini et al.

arXiv:1311.3107. Chen et al.

arXiv:1501.0280. Petrov et al.

arXiv:1406.6070 Wells,Zhang

 arXiv:1404.3667 Ellis et al.

 1211.1320 Masso, Sanz

 And Many others…

M.Trott, Higgs couplings 2015 - Durham UK.

 Pioneering SMEFT works:
hep-ph/0412166 Han, Skiba

Phys.Lett. B265 (1991) 326-334  Grinstein, Wise

Basic point is that STU is no longer sufficient in general.

 1209.6382 Batell et al.



Global constraints on dim 6.
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 Consider LEP I observables:

 per-mille

 percent!

M.Trott, Higgs couplings 2015 - Durham UK.



Global constraints on dim 6.
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 Consider LEP I observables:

Note that  
theorists  
worked 
hard in SM  
for this to be  
the case.  

Many 2 loop SM calculations 

M.Trott, Higgs couplings 2015 - Durham UK.



Global constraints on dim 6.
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 Consider LEP I observables:

If you go 
beyond %  
constraints, LO 
SMEFT alone 
inconsistent.

arXiv:1502.02570
Berthier, Trott 

Need of loops in SMEFT once measurements are 10% precise appears again  
and again in the literature

1301.2588 Grojean, Jenkins, Manohar, Trott1209.5538 Passarino
1408.5147 Englert, Spannowsky many others..

M.Trott, Higgs couplings 2015 - Durham UK.



Global constraints on dim 6.

1

 Theory error defined by what you neglect in the calculation:

 (roughly)

arXiv:1508.05060 Berthier, Trott 

 Error is roughly per-mille to percent level for cut off scales of interest.

M.Trott, Higgs couplings 2015 - Durham UK.

Higher order dim 8 terms in the SMEFT

All perturbative one loop corrections, LO          NLO

Radiative corrections,i.e. emission, one loop, 
redefining input observables, correlations… in SMEFT.

⇤ . 3TeV

18



Global constraints on dim 6.

1

Because LEP I observables are so precise we can’t ignore error in EFT:

arXiv:1508.05060 Berthier, Trott 1

⇤4
L8 + · · · 535+h.c. operators!

Remember:

M.Trott, Higgs couplings 2015 - Durham UK. 19



Global constraints on dim 6.

1

arXiv:1502.02570, 1508.05060 Berthier, Trott 
Recent global SMEFT analysis on 103 observables (pre LHC data).

M.Trott, Higgs couplings 2015 - Durham UK. 20

LEP  pole data + all these measurements below with clear theory errors

Global data analysis of data from  PEP, PETRA, TRISTAN, SpS, Tevatron, SLAC, LEPI and LEP II 

Currently most comprehensive global fit of pre-LHC data in SMEFT



Global constraints on dim 6.

1

arXiv:1502.02570, 1508.05060 Berthier, Trott 
Recent global SMEFT analysis on 103 observables (pre LHC data).

1 �

2 �

3 �

Theory errors effect subspace correlations and constraints.

M.Trott, Higgs couplings 2015 - Durham UK. 20



Global constraints on dim 6.

121

Recent global SMEFT analysis on 103 observables (pre LHC data).
arXiv:1508.05060 Berthier, Trott 

Difference compared to analyses that neglects SMEFT error, 
some bounds on individual parameters relaxed by factor  
of 10 or so.

95% CL shown.
Anomalous Z couplings in %:

M.Trott, Higgs couplings 2015 - Durham UK.



Percent/per-mille precision need loops
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 We need loops for  the SMEFT for future precision program to reduce 
theory error. So renormalize SMEFT as first step.

We know the Warsaw basis is self consistent at one loop as it has been  
completely renormalized - DONE!

arXiv:1308.2627,1309.0819,1310.4838 Jenkins, Manohar, Trott
arXiv:1301.2588 Grojean, Jenkins, Manohar, Trott

Some partial results were also obtained in a “SILH basis”

arXiv: 1312.2014 Alonso, Jenkins, Manohar, Trott

arXiv:1302.5661,1308.1879 Elias-Miro, Espinosa, Masso, Pomarol
1312.2928 Elias-Miro,  Grojean, Gupta, Marzocca

Recent results obtained in alternate scheme approach:
arXiv:1505.03706 Ghezzi, Gomez-Ambrosio, Passarino, Uccirati

M.Trott, Higgs couplings 2015 - Durham UK.



Linear EFT renormalization program.

23

Why else should you renormalize?

impress our (non german, non russian) friends, 100s of diagrams,  
59 operators,EOM subtleties. 2499x2499 matrix that depends on 

required to precisely understand measurements at different scales if the  
SM is an EFT (and it is)

ci(mh) =

✓
�ij � �ij log

✓
⇤

mh

◆◆
cj(⇤)

Loop corrections in SM EFT. Need to include all 

corrections to precisely compare to data as well. RGE is a guide to the loops.

If Basis is wrong, renormalization can uncover a problem.  
Good check of formalism.

1008.4884  Grzadkowski, Iskrzynski, Misiak,Rosiek got it right!

M.Trott, Higgs couplings 2015 - Durham UK.



Why should you not renormalize?
Interesting fact, Latexit will  not even display a 59x59 dim matrix. Here is a 45x45 one: 
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Linear EFT renormalization program.

24M.Trott, Higgs couplings 2015 - Durham UK.



It is the SMEFT not Higgs EFT.

26

It does not really make sense to think of just RGE improving a sector like  
“the Higgs sector”. We need the whole RGE evolution.

Consider the SM equations of motion:

Higgs:

Fermion:

Gauge field:

We need to systematically  
improve the SMEFT to one loop, 
due to field redefinitions, do full  
one loop.

M.Trott, Higgs couplings 2015 - Durham UK.

Reality really does not care what basis you choose.

I used to say Higgs EFT all the  
time. It is really SMEFT.



NLO EFT - Full one loop
In SMEFT the cut off scale is not TOO high. So RGE log terms not expected to  
be much bigger than remaining one loop “finite terms”

Further, no reason to expect that structure of the divergences in mixing 
will have to be preserved in finite terms. So - lets calculate finite terms for �(h ! � �)

Initial calc - mirror initial RGE work, just use operators

Hartmann, Trott 1505.02646

Full calculation with all relevant operators was then performed:

Hartmann, Trott 1507.03568
27M.Trott, Higgs couplings 2015 - Durham UK.



Calculate in BF method, in        gaugeR⇠

NLO EFT - Loops such as this

Gauge dependence cancels         remaining divergences cancel exactly

28M.Trott, Higgs couplings 2015 - Durham UK.



Define vev of the theory as the one point function vanishing - fixes 

NLO EFT - Fix finite terms
�v

The finite terms that are fixed by renormalization conditions (at one loop) in the theory  
enter as

29M.Trott, Higgs couplings 2015 - Durham UK.
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Many interesting technicalities

Running of vev important modification of  
RGE results.

Recent results: 
Hartmann, Trott 1505.02646.pdf 
Hartmann, Trott 1507.03568.pdf 
Ghezzi et al. 1505.03706 
Pruna, Signer 1408.3565 others..Gauge fixing modified by higher D ops, higher 

D ops source ghosts!

Pure finite terms can be present for higher D operators at one loop.

Two processes know to full one loop in SMEFT now:

Finite terms not small compared to logs as cut off scale can’t be too high.

µ ! e� Pruna, Signer 1408.3565 
h ! � � Hartmann, Trott 1505.02646,1507.03568

Ghezzi et al. 1505.03706
But still need to redefine input observables to one loop in SMEFT 
to be more consistent. Lots more work to do.

M.Trott, Higgs couplings 2015 - Durham UK.

Closed form result now known.
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Do we need this SMEFT NLO?

For the current precision it is not a disaster to not have it:

Correcting tree level conclusion for 1 loop neglected effects 
errors introduced added in quadrature,              :

ATLAS data - naive map to C corrected

Ci ⇠ 1

The future precision Higgs phenomenology program clearly needs it:

[29, 4]%

CMS data - naive map to C corrected [52, 7]%

� = 0.93+0.36
�0.17

� = 0.98+0.17
�0.16

Current data for: ⇤ = 800GeV

⇤ = 3000GeV

proj:RunII

�

= 1± 0.045

proj:HILHC
� = 1± 0.03

proj:TLEP

�

= 1± 0.0145

- naive map to C (tree level) corrected [167, 21]%

[250, 31]%

[513, 64]%

Hartmann, Trott 1507.03568

M.Trott, Higgs couplings 2015 - Durham UK.

Developing the SMEFT lets you reduce theory errors in the future.



The Big Picture going forward

Michael Trott, Niels Bohr Institute, Jan 5th 2014

Pseudo-obs deviation
parameterization

NLO EFT

Amazing
test of SM
in a general
consistent EFT
framework(s)

Discovery of 
BSM?

Michael Trott, Niels Bohr Institute, April 14th 2015

Precision SM
Calculations
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Linear/nonlinear
EFT tests

LEP/ other 
constraints

EXOTIC
DECAYS

Run II data
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