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The Standard model ...

+ ?  

We can count the number of parameters  
present in the theory. 

me, mµ, m⌧ ,mu, md, mc, ms, mt, mb : 9 masses 

11

The SM, an SU(3) xSU(2)xU(1) gauge theory: 
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1

Flavour Symmetry

LSM = LGF
SM + gij

u ūi
R HT � Qj

L � gij
d d̄i

R H† Qj
L + h.c.

GF = U(3)5 = SQ � SL �U(1)5

SQ = SU(3)QL � SU(3)UR � SU(3)DR SL = SU(3)LL � SU(3)ER

The global flavour symmetry of the SM is  

here 

In the SM a well defined sense in which this flavour symmetry is 
restored: 

Technically you can think of the Yukawas as symmetry breaking 
spurions 

2

0 00

Yu ⇠ (3, 1, 3̄), Yd ⇠ (1, 3, 3̄)
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1

Flavour Symmetry

Can make separate rotations on the left and right handed fermion fields. 
Leaves kinetic terms in the Lagrangian invariant: 

Lkin = Q̄i
L i @/QL + L̄i

L i @/LL + ūR i @/ uR + d̄R i @/ dR

When Yukawa’s turned on the inability to simultaneously diagonalise 
the yukawas and charged current interactions leads to flavour violation. 

Diagonalize the fermion masses and different components of the doublets 
rotated

�
UL

DL

�
= U(U,L)

�
U �

L

U(U,L)† U(D,L)D�
L

�

VCKM
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1

Flavour Symmetry

Structure of the breaking of         is what is important.       GF

NO flavour changing neutral currents at tree level in the SM. 

Flavour changing charged currents allowed and present. 

�

�
d
s
b

�

� =

�

�
Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb

�

�

�

�
d�

s�

b�

�

�

g2�
2

W+ ūL�µ dL =
g2�
2

W+ ū�
L�µ VCKM d�

L
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The Standard model ...

+ ?  

We can count the number of parameters  
present in the theory. 

me, mµ, m⌧ ,mu, md, mc, ms, mt, mb : 9 masses 
0

@
Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb

1

A
N2 real parameters in NxN 
2N � 1 relative phases 
(N � 1)2 physical parameters 

15

The SM, an SU(3) xSU(2)xU(1) gauge theory: 
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The Standard model ...

We can count the number of parameters  
present in the theory. 

The SM, an SU(3) xSU(2)xU(1) gauge theory: 

15a

me, mµ, m⌧ ,mu, md, mc, ms, mt, mb : 9 masses 
✓12, ✓13, ✓23, � : 4 quark mixing
g1, g2, g3 : 3 gauge couplings 
v,� : 2 EW sector 
This is the 18 parameters you hear about... 

Nordic Winter School on Particle Physics and Cosmology



RunII and beyond: Resonance limits to local operators
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RunII and beyond: Resonance limits to local operators

Masses of EW scale (            )  states mW ,mZ ,mt,mh⇠ g v
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RunII and beyond: Resonance limits to local operators

Now that these  
bounds have been  
pushed  away from

v

USE that

v/M < 1

to simplify/for more  
powerful conclusions:

bound many  
models at once

bound multiple  
resonances at 
same time

Deviations then look like local contact operator effects in EFT
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If BSM already present in measurements, simply need to make more 
precise measurements, or go to higher scales (or both) to unravel it. 
This will require ever more precise theory - EFT techniques essential.

Global Symmetries in the SM and SMEFT

Effective symmetries offer further insight:

�q ! ei�q �q

�` ! ei�` �`

global U(1) of baryon number
global U(1) of lepton number

Other approx symmetries: 

1

SU(2)L ⇥ SU(2)R ! SU(2)c
custodial, preserved in simple Higgs sector 
broken by Yukawas and hypercharge

U(3)5 flavour symmetry broken only by Yukawas in the SM - “MFV”
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Model independent minimal extension of the SM to accommodate 
neutrino mass and observed oscillations. Leading operator that can violate 
Lepton number of dim 5:

18a

Lepton Number

⇤�L = 1016 GeV

+


Cmn

⇤

⇣
`c,mH̃

?
⌘⇣

H̃
†
`
n
⌘
+ h.c.

�

Neutrino mass differences: 

Sometimes people infer: 

Charge conjugation defined as 

�M⌫ ⇠ 10�11 � 10�13[GeV] ⇠ v2�Cmn

⇤
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Model independent minimal extension of the SM to accommodate 
neutrino mass and observed oscillations. Leading operator that can violate 
Lepton number of dim 5:

19

Lepton Number

+


Cmn

⇤

⇣
`c,mH̃

?
⌘⇣

H̃
†
`
n
⌘
+ h.c.

�

Number of parameters augmented to... 

me, mµ, m⌧ ,mu, md, mc, ms, mt, mb : 9 masses 
✓12, ✓13, ✓23, � : 4 quark mixing
g1, g2, g3 : 3 gauge couplings 
v,� : 2 EW sector 
s12, s13, s23, �⌫ ,m⌫e ,m⌫µ ,m⌫⌧ : 7 neutrino parameters
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L = LSM +
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 1979, Wilczek and Zee 1979

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

Weinberg 1979, Abbott Wise 1980

Lehman 1410.4193, Henning et al. 1512.03433

Lehman,Martin 1510.00372, Henning et al. 1512.03433

The Lagrangian expansion theory technology is a solved problem Henning et al

 SMEFT - built of H doublet + higher D ops 

SMEFT:development cycle

M.Trott, Edinburgh- Nov 25th, 2015 9M.Trott, PI, 26th July 2016

arXiv:1706.0852.
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112

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

LO SMEFT = dim 6 shifts

M.Trott, HEFT 2015 - Chicago,USA. 11Nordic Winter School on Particle Physics and Cosmology



113

Four fermion operators: 1008.4884  Grzadkowski, Iskrzynski, Misiak,Rosiek 

M.Trott, HEFT 2015 - Chicago,USA.

LO SMEFT = dim 6 shifts

15M.Trott, PI, 26th July 2016 12Nordic Winter School on Particle Physics and Cosmology



Complexity is scaling up…

8dM.Trott, HEFT 2015 - Chicago,USA. 11M.Trott, PI, 26th July 2016M.Trott, Oct 27th  2017 25

arXiv:1312.2014 Alonso, Jenkins, Manohar, Trott

In Warsaw basis arXiv:1008.4884  (SMEFT standard basis)

2499

12aNordic Winter School on Particle Physics and Cosmology



.. are there too many parameters?

118

Breaks the RI! RI not broken

 [hep-ph/0602154 ].

arXiv:1303.3876].

M.Trott, Durham, 6th September 2017

+ numerical suppression due to interference with SM and resonance  
domination, or not

Number of parameters convolution of power counting  

hi ⇠ O
0
SM +

f1(s, t, u)

M2
heavy

+
f2(s, t, u)

M4
heavy

+ · · ·

EX - flavour indicies  
for neutral currents:

This IR SM physics projects out parameters.
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Leading “WHZ pole parameters”

118

Breaks the RI! RI not broken

 [hep-ph/0602154 ].

arXiv:1303.3876].

M.Trott, Durham, 6th September 2017

Brivio, Jiang, MT https://arxiv.org/abs/1709.06492

So long as a measurement is dominated by a near on-shell region of phase 
space of a narrow boson (like W,Z,H) many other parameters suppressed by

Measurement/facility design can DEFINE a subset of SMEFT parameters in a fit

14Nordic Winter School on Particle Physics and Cosmology

https://arxiv.org/abs/1709.06492


1

In the SMEFT one can have dimension 6 decay of the proton 
through the operators

Although an anomalous symmetry, the RGE of these operators respects  
Baryon number, so the single insertion of  B violating operators only  
mix among themselves. 

1405.0486 Alonso, Chiang, Jenkins, Manohar, Shotwell
L. Abbott and M. B. Wise, Phys.Rev. D22, 2208 (1980)

�p ⇡ c2
m5

p

⇤4
Decays go as : � 8.2⇥ 1033exp limit:

leads to:

yrs

⇤ & 1016 GeV

Baryon Number
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The operators are defined in a BASIS, fixed by SM field redefinitions.

Over complete set of 
ops depending on Bµ

Perform a field redefinition

0

0
then

The physics is not changed by this choice of path integral variable.

1706.08945 I. Brivio, MT

SMEFT requires a GLOBAL approach
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SMEFT requires a GLOBAL approach

CHOOSE                 THEN

Non-redundant set of 
ops depending on Bµ

BUT terms that remain SHIFTED

0

0

b2 = CB

EWPD, diboson, Higgs data all modified globally

1706.08945 I. Brivio, MT
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Top data

Field redefinitions are WHY a global SMEFT is needed

B anomalies

/multi-boson

Q(1)
qq

prst
= (q̄p�µqr)(q̄s�µqt),

Q(3)
qq

prst
= (q̄p�µ⌧ Iqr)(q̄s�µ⌧Iqt),

Q uu
prst

= (ūp�µur)(ūs�µut),

Q(8)
ud
prst

= (ūp�µTAur)(d̄s�µTAdt),

Q(1)
ud
prst

= (ūp�µur)(d̄s�µdt),

We are looking for few % to 10’s% effects in SMEFT.
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How do we know the SM EW sector 
Lagrangian parameters?



LEP EWPD measurements

EWPD is a scan through the Z pole

⇠ 40 pb�1

⇠ 155 pb�1

off peak data
on peak data

Simultaneous PO fit to

�Z
f̄f = �peak

f̄f

s�2
Z

(s�m2
Z)

2 + s2�2
Z/m

2
Z

Peak shape is fit to:

�peak
f̄f

=
�0
f̄f

RQED
�0
f̄f =

12⇡ �ee �f̄f

m2
Z �2

Z

R0
` =

�had

�`

Parameters extracted:
�
m2

Z ,�Z , R
0
` ,�

0
had

�
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Muon decay

Decay of µ� ! e� + ⌫̄e + ⌫µ measured far below the W pole.

Probes the effective lagrangian

LGf =
�4GFp

2
(⌫̄µ�

µPLµ) (ē�µPL⌫e)

Through the total decay width � =
G2

F m5
µ

192⇡3

Need the mass of the muon to determine GF

19Nordic Winter School on Particle Physics and Cosmology



Muon mass/Electron mass

Muon electron mass ratio can be measured in muonium

Spin-orbit interaction perturbs Hamiltonian 
leeds to Zeeman hyperfine splitting

20

Then we need to know the electron mass! How to we get it?

Allows an extraction of ratio mµ/me
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Electron mass/charge

Motion of electron in a magnetic field gives mass/charge ratio

21

Oil drop experiment can 
be used to extract the 
charge of the electron.
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How do we know the SM EW sector 
input parameters?

22

�
m2

Z ,�Z , R
0
` ,�

0
had

�

(GF ,↵ew,me,mµ)
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How do we know the SM EW sector 
input parameters?

23

�
m2

Z ,�Z , R
0
` ,�

0
had

�

(GF ,↵ew,me,mµ)

Usually this story is just boiled down to  
“We use the EW input parameter scheme                     “(GF ,↵ew,mZ)
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SM,  usual approach to EWPD

11

This is a multi-scale problem

p2 ' 0

p2 ' m2
µ

p2 ' m2
Z

↵̂

ĜF

M̂Z

Compare to  
LEP data:
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SM,  usual approach to EWPD

11

This is a multi-scale problem

p2 ' 0

p2 ' m2
µ

p2 ' m2
Z

↵̂

ĜF

M̂Z

LSM (µ2 = m2
Z)

Compare to  
LEP data:
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SM,  usual approach to EWPD

11

This is a multi-scale problem

p2 ' 0

p2 ' m2
µ

p2 ' m2
Z

↵̂

ĜF

M̂Z

Compare to  
LEP data:

25

Then Z decay widths are predicted as:
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SM,  usual approach to EWPD

11

This is a multi-scale problem

p2 ' 0

p2 ' m2
µ

p2 ' m2
Z

�HAD

Z

�Z! ̄ 

�Z

R0
`

R0
b

↵̂

ĜF

M̂Z

LSM (µ2 = m2
Z)

Compare to  
LEP data:
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SMEFT Muon decay

Decay of µ� ! e� + ⌫̄e + ⌫µ still measured far below the W pole.

Still probes the effective lagrangian

27

So now

�GF

Nordic Winter School on Particle Physics and Cosmology



SMEFT EWPD

For measurements of LEPI near Z pole data and W mass at LO: 

QHWB , QHD, Q(1)
H `

, Q(3)
H `

, Q(1)
H q

, Q(3)
H q

, QHe, QHu, QHd, Q` `

Relevant four fermion operator at LO is introduced due to 
As used to extract        and all other four fermion ops neglected.

µ� ! e� + ⌫̄e + ⌫µ
GF

Some basis dependence in this, but O(10) ⌧ 76 �W,Z/MW,Z ⌧ 1as

11M.Trott, Durham, 6th September 2017M.Trott, Oct 27th  2017 3328Nordic Winter School on Particle Physics and Cosmology



Leading order (LO) SMEFT analysis

11

This is a multi-scale problem

p2 ' 0

p2 ' m2
µ

p2 ' m2
Z

�HAD

Z

�Z! ̄ 

�Z

R0
`

R0
b

↵̂

ĜF

M̂Z

Lagrangian parameters inferred from inputs now corrected by local contact  
operators

The corrections depend on the scheme choice

ex:

q
2 hH†Hi ⇠ 246GeV

29

(1 + �)

(1 + �)

(1 + �)

(1 + �)

(1 + �)

Nordic Winter School on Particle Physics and Cosmology



What emerges as global constraints?

118M.Trott, Durham, 6th September 2017
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EWPD diboson

Correlation matrices in a likelihood for the SMEFT

Corr.  
matrices
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Automation of this approach

118

Breaks the RI! RI not broken

 [hep-ph/0602154 ].

arXiv:1303.3876].

M.Trott, Durham, 6th September 2017

Need to keep all operators and carefully compute S matrix elements avoiding 
uncontrolled approximations (and human error)

Automation of leading order SMEFT in the SMEFTsim package now
https://arxiv.org/abs/1709.06492
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Should Higgs data matter? - YES!

1

Higgs data has new parameters but many are also in EWPD
(with flat directions)

Higgs data adds new operators
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118M.Trott, Durham, 6th September 2017
Provided by I. BrivioProvided by I. BrivioProvided by I. BrivioProvided by I. BrivioProvided by I. Brivio
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118M.Trott, Durham, 6th September 2017
Provided by I. BrivioProvided by I. BrivioProvided by I. Brivio

Provided by I. Brivio

Ongoing fit being developed by : I. Brivio, C. Hays, G. Zemaityte, MT 

Best fit (profiled)

23 parameters simultaneously constrained, ~ pole parameter set
see also Ellis, Murphy, Sanz, You 1803.03252

Best fit (profiled)
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