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What convinced me..Outline for today/this week

Michael Trott, NBI

First lecture:

SMEFT via Higgs. SMEFT method to collider data, with symmetry orientation. 

Old EWPD (S andT) 

Parameter counting in SMEFT, with symmetry guidance. Modern EWPD via 
SMEFT. Basics of dimension six corrections to SM predictions input 
parameters.

Second lecture:

Third lecture:

W mass interpretation and anomaly. Hierarchy prob in EFT.

Higgs and SMEFT example: Higgs Width in detail at leading order.


Forth lecture:

Going beyond the leading order - loops and dimension eight challenges

Modern developments and problems that led to the geoSMEFT.


geoSMEFT seminar: The current state of the art and open challenges.

SMEFT review 1706.08945, Manohar EFT review 1804.05863, Burgess Review hep-th/0701053



What convinced me..Lecture one.
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What convinced me..Outline for today

Michael Trott, NBI

First lecture

Motivation for EFT approaches considering the global data set now/in the future

Massive vectors/a scalar in the spectrum- Higgs and SMEFT vs HEFT

SM Higgs and custodial symmetry - ST EWPD analysis - support for SM

Cut off scales and SMEFT and HEFT



What convinced me..Motivation for global EFT



The golden age of data rich particle physics is now

Credit: NASA/WMAP Science Team

1Michael Trott, Friday March 15thMichael Trott, NBI 1



What is the big EXP picture?

1

Livingston chart: 1985
Images: http://www.hep.ucl.ac.uk/iop2010/talks/14.pdf

Livingston chart: 2014

1M.Trott, Oct 27th  2017Michael Trott, NBI 2

http://www.hep.ucl.ac.uk/iop2010/talks/14.pdf


We will get a bit more      reach

3

p
s

And a lot more data..
M.Trott, NBI, 15th September 2016Michael Trott, NBI 3



Collision characteristics different

3M.Trott, NBI, 15th September 2016

Typical LEP Z event (Aleph).


Typical H event (Atlas).


4Michael Trott, NBI



3M.Trott, NBI, 15th September 2016

Typical LEP Z event (Aleph).


Typical H event (Atlas).


… but unified data analysis emerging

5Michael Trott, NBI



Big TH picture: SM a good approx at colliders

6

The measurement precision and accuracy is generically not at the % level

M.Trott, NBI, 15th September 2016 8M.Trott, Oct 27th  2017 6Michael Trott, NBI



Big TH picture: SM a good approx at colliders

6

The measurement precision and accuracy is generically not at the % level

M.Trott, NBI, 15th September 2016 8M.Trott, Oct 27th  2017 7Michael Trott, NBI



Discovery of a (Higgs like)                  particle in 2012

5

JP ⇠ 0+

New (expected) particle in spec

ATLAS-CONF-2017-045 (2017)

CMS-PAS-HIG-16-041 (2017)

What is this new particle phenomena in properties if SM incomplete?

Michael Trott, IPMU 8Michael Trott, NBI



Discovery of a (Higgs like)                  particle in 2012

5

JP ⇠ 0+

New (expected) particle in spec

CERN-EP-2017-288 (2017)

What is this new particle phenomena in properties if SM incomplete?

Michael Trott, IPMU 9Michael Trott, NBI

CERN-EP-2021-016 



Very Interesting scales a bit out of direct reach

mt
mh

The interesting scales! ⇠ 4⇡v/c

Michael Trott, Niels Bohr Institute, May 24th 2018 10

SM Higgs?


v

⇤QCD

Mpl

Mheavy?

Expect % effects on Higgs properties

We need a precision Higgs pheno program!

Are % level deviations ruled out? NO.

10Michael Trott, NBI
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What convinced me..Massive vectors/a scalar in the spectrum- Higgs



133Michael Trott, Niels Bohr Institute, Dec 8th 2014

What convinced me..

148

Recall the issue of masses of gauge fields

Michael Trott, Niels Bohr Institute, Jan 5th 2014

Lfree fermion = f̄ i�µ@
µf �mf̄f

<latexit sha1_base64="hhiV+9rtL0EojJh5GzoZged6IYc="></latexit>

This Lagrangian is invariant under a global phase transformation f = ei↵f
<latexit sha1_base64="eC/WuYjSInSBEpWoR4mwKtMLpr4=">AAAB+3icbVDLSgNBEOz1GeNrjUcvg0HwFHajoAhCwIvHCOYBSQy9k9lkyOyDmVkxLPsrXjwo4tUf8ebfOEn2oIkFDUVVN91dXiy40o7zba2srq1vbBa2its7u3v79kGpqaJEUtagkYhk20PFBA9ZQ3MtWDuWDANPsJY3vpn6rUcmFY/Cez2JWS/AYch9TlEbqW+XfHJN2EPKSRdFPMKM+H277FScGcgycXNShhz1vv3VHUQ0CVioqUClOq4T616KUnMqWFbsJorFSMc4ZB1DQwyY6qWz2zNyYpQB8SNpKtRkpv6eSDFQahJ4pjNAPVKL3lT8z+sk2r/spTyME81COl/kJ4LoiEyDIAMuGdViYghSyc2thI5QItUmrqIJwV18eZk0qxX3rFK9Oy/XrvI4CnAEx3AKLlxADW6hDg2g8ATP8ApvVma9WO/Wx7x1xcpnDuEPrM8fezaTag==</latexit>

LAfield+freefermion = �1

4
Aµ⌫Aµ⌫ + f̄ i�µ@

µf �mf̄f
<latexit sha1_base64="VXP8jY3aARW+FOJMOEOndmv6x9I="></latexit>

One can also consider a theory of this form where the fermion couples to the gauge 
field, and preserves a local symmetry, like QED

Dµ = @ � ieAµ
<latexit sha1_base64="zg77dfVrM67iUd0GPEFk6MuKggE=">AAACBXicbVDLSgMxFM3UV62vUZe6CBbBjWWmCoogVHThsoJ9QGcYMmmmDU0yQ5IRytCNG3/FjQtF3PoP7vwbM20X2nrgwuGce5N7T5gwqrTjfFuFhcWl5ZXiamltfWNzy97eaao4lZg0cMxi2Q6RIowK0tBUM9JOJEE8ZKQVDq5zv/VApKKxuNfDhPgc9QSNKEbaSIG9fxN4PIWX0EuQ1BQxeAwpJPAqlwO77FScMeA8caekDKaoB/aX141xyonQmCGlOq6TaD/LX8aMjEpeqkiC8AD1SMdQgThRfja+YgQPjdKFUSxNCQ3H6u+JDHGlhjw0nRzpvpr1cvE/r5Pq6NzPqEhSTQSefBSlDOoY5pHALpUEazY0BGFJza4Q95FEWJvgSiYEd/bkedKsVtyTSvXutFy7mMZRBHvgABwBF5yBGrgFddAAGDyCZ/AK3qwn68V6tz4mrQVrOrML/sD6/AGuo5a/</latexit>

f ! ei↵(x)f,

Aµ ! Aµ + @µ↵(x)
<latexit sha1_base64="7HRZAIyiU2uSa6G2cTD1UoE5xzU="></latexit>

For a massless photon, there is (in a sense) a local symmetry here called a gauge 
symmetry. There is also an interesting accident at work here due to low 

operator dimension, ask me later if interested.

L = �1

4
Aµ⌫Aµ⌫ + f̄ i�µDµf �mf̄f

<latexit sha1_base64="5lxsHo3df+6LquvLQIBMAvVdgGU="></latexit>

11

Couple the fields as 

Michael Trott, NBI



133Michael Trott, Niels Bohr Institute, Dec 8th 2014

What convinced me..

148

Recall the issue of masses of gauge fields

Michael Trott, Niels Bohr Institute, Jan 5th 2014

If one adds a mass to a U(1) gauge field by hand

L = �1

4
Aµ⌫Aµ⌫ +m2

AA
µAµ + f̄ i�µDµf �mf̄f

<latexit sha1_base64="0YA64FtRLcT0Zs5xL41+KY8uEVw="></latexit>

The linear symmetry is no longer present. But a nonlinear realisation 

of the symmetry Is still possible due to a Stuckelberg mass (1938!!):

Have the scalar take on a vev and then take the SCALAR mass to infinity ( .           ):

L = �1

4
Aµ⌫Aµ⌫ +m2

AA
µAµ + f̄ i�µDµf �mf̄f

<latexit sha1_base64="0YA64FtRLcT0Zs5xL41+KY8uEVw="></latexit>

As an EFT this can be done. NOTE: Nonlinear realisation of a symmetry. 

The vev of scalar around,  the scalar itself  generating that vev is not in the spectrum.

+ · · ·
<latexit sha1_base64="C09ldC/hjQvpSoLvCktFvHfjMwg=">AAAB73icbVBNS8NAEJ34WetX1aOXxSIIQkmqoHgqePFYwX5AG8pms2mXbrJxdyKU0j/hxYMiXv073vw3btsctPXBwOO9GWbmBakUBl3321lZXVvf2CxsFbd3dvf2SweHTaMyzXiDKal0O6CGS5HwBgqUvJ1qTuNA8lYwvJ36rSeujVDJA45S7se0n4hIMIpWap+TLgsVml6p7FbcGcgy8XJShhz1XumrGyqWxTxBJqkxHc9N0R9TjYJJPil2M8NTyoa0zzuWJjTmxh/P7p2QU6uEJFLaVoJkpv6eGNPYmFEc2M6Y4sAselPxP6+TYXTtj0WSZsgTNl8UZZKgItPnSSg0ZyhHllCmhb2VsAHVlKGNqGhD8BZfXibNasW7qFTvL8u1mzyOAhzDCZyBB1dQgzuoQwMYSHiGV3hzHp0X5935mLeuOPnMEfyB8/kDasOPig==</latexit>

12

L = �1

4
Aµ⌫Aµ⌫ + f̄ i�µD

µf �mf̄f + (Dµ�)†(Dµ�)� �(�†�� v2

2
)2

<latexit sha1_base64="QLnXoC3OZxuHepEdXnje6wRZ83I="></latexit>

� ! 1
<latexit sha1_base64="a764WY2GqhPFxJW97m770LAZkzI=">AAACA3icbVDLSsNAFJ34rPUVdaebwSK4KkkVFFcFNy4r2Ac0oUwmk3boZBJmbpRQCm78FTcuFHHrT7jzb5y2WWjrgYHDOedy554gFVyD43xbS8srq2vrpY3y5tb2zq69t9/SSaYoa9JEJKoTEM0El6wJHATrpIqROBCsHQyvJ377ninNE3kHecr8mPQljzglYKSefegJEw4J9hTvD4AolTxgj8sI8p5dcarOFHiRuAWpoAKNnv3lhQnNYiaBCqJ113VS8EdEAaeCjctepllK6JD0WddQSWKm/dH0hjE+MUqIo0SZJwFP1d8TIxJrnceBScYEBnrem4j/ed0Mokt/xGWaAZN0tijKBIYETwrBIVeMgsgNIVRx81dMB0QRCqa2sinBnT95kbRqVfesWrs9r9SvijpK6Agdo1PkogtURzeogZqIokf0jF7Rm/VkvVjv1scsumQVMwfoD6zPHycAl9M=</latexit>

Die Wechselwirkungskräfte in der Elektrodynamik und in der Feldtheorie der Kräfte", Helv. Phys. Acta. 11: 225)

Michael Trott, NBI
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What convinced me..
  When you see massive vectors …
 you can be seeing another phase…

13Michael Trott, NBI
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What convinced me..

148

W,Z have mass
Why should a        state be part of the nature of EW symmetry breaking?

The EFT consistent with what we knew (80‘s -00‘s) did not extrapolate to arbitrary high 
energies:

0+

L = �1

4
Wµ ⌫Wµ ⌫ � 1

4
Bµ ⌫Bµ ⌫ � 1

4
Gµ ⌫Gµ ⌫ +  ̄iD 

+

T. Appelquist and C. Bernard, Phys. Rev. D22 (1980) 200.
A. Longhitano, Phys. Rev. D22 (1980) 1166; Nucl. Phys. B188 (1981) 118.

Michael Trott, Niels Bohr Institute, Jan 5th 2014

Extra problem here is non-abelian vector fields

So just write down mass as an EFT with a non linear realisation! BUT, the EFT 
consistent with what we knew (80‘s -00‘s) did not extrapolate to arbitrary high energies:

L = �1

4
Wµ ⌫Wµ ⌫ � 1

4
Bµ ⌫Bµ ⌫ � 1

4
Gµ ⌫Gµ ⌫ +  ̄iD 

+

T. Appelquist and C. Bernard, Phys. Rev. D22 (1980) 200.
A. Longhitano, Phys. Rev. D22 (1980) 1166; Nucl. Phys. B188 (1981) 118.

Extra problem here is non-abelian vector fields

14

⌃ = ei�a ⇡a/v

Why is this a problem? You can construct scatterings not present in the U(1) case that

grow quite rapidly with energy.

Wµ⌫
a = @µW ⌫

a � @⌫Wµ
a � g2✏abcW

b
µW

c
⌫

<latexit sha1_base64="dFllu07Byb717Ue9+CTSfctSyyY="></latexit>

Michael Trott, NBI



W+ W� �W+ W� :L L L L

� �̄ �W+
L W�

L :

A ' g2

4m2
W

(s+ t)

A ' m 
p
s

v2

L = �1

4
Wµ ⌫Wµ ⌫ � 1

4
Bµ ⌫Bµ ⌫ � 1

4
Gµ ⌫Gµ ⌫ +  ̄iD 

+M2
wW

+
µ Wµ� +

1

2
m2

ZZ
µZµ �  LM R + h.c.

Chanowitz,Gaillard  Nucl.Phys. B261 (1985) 379
Lee, Quigg, Thacker  Phys.Rev.D 16 (1977) 1519 Cornwall, Levin,Tiktopoulos  Phys.Rev.D 10 (1974) 1145

Vayonakis  Lett.Nouvo Cim 17 (1976) 383
Appelquist,Chanowitz,  Phys. Rev. Lett. 59, 2405 (1987) [Erratum-ibid. 60, 1589 (1988)].
Chanowitz, Furman, Hinchliffe  Phys. Lett. B78, 285 (1978), Nucl Phys B153, 402 (1979)

✏µL ' pµ/mW

Why should a        state be part of the nature of EW symmetry breaking?

The EFT consistent with what we knew (80‘s -00‘s) did not extrapolate to arbitrary high 
energies:

0+

+ · · ·

What convinced me..How is the cut off scale working?

133
Michael Trott, Niels Bohr Institute, Dec 8th 2014

149Michael Trott, Niels Bohr Institute, Jan 5th 2014

W+ W� �W+ W� :

� �̄ �W+
L W�

L :

A ' g2

4m2
W

(s+ t)

A ' m 
p
s

v2

L = �1

4
Wµ ⌫Wµ ⌫ � 1

4
Bµ ⌫Bµ ⌫ � 1

4
Gµ ⌫Gµ ⌫ +  ̄iD 

+M2
wW

+
µ Wµ� +

1

2
m2

ZZ
µZµ �  LM R + h.c.

Lee, Quigg, Thacker  Phys.Rev.D 16 (1977) 1519 Cornwall, Levin,Tiktopoulos  Phys.Rev.D 10 (1974) 1145
Vayonakis  Lett.Nouvo Cim 17 (1976) 383

Appelquist,Chanowitz,  Phys. Rev. Lett. 59, 2405 (1987) [Erratum-ibid. 60, 1589 (1988)].
Chanowitz, Furman, Hinchliffe  Phys. Lett. B78, 285 (1978), Nucl Phys B153, 402 (1979)

✏µL ' pµ/mW

+ · · ·

Chanowitz,Gaillard  Nucl.Phys. B261 (1985) 379

15

L L L L

Michael Trott, NBI

So just write down mass as an EFT with a non linear realisation! BUT, the EFT 
consistent with what we knew (80‘s -00‘s) did not extrapolate to arbitrary high energies:



If the amplitudes grow with energy too fast, partial wave unitarity is violated.

Hamiltonian constructed from (approximate low energy) real Lagrangian density is 
Hermitian. So unitary by definition. If unitarity fails an approximation fails, usually

the approximation is that the low energy effective theory is taken beyond its regime of 
validity.

This regime of validity is approximated by the cut off scale       present in the EFT 
power counting.

⇤

Beyond this scale, the EFT is not expected to reproduce the s matrix of the full theory.


New states are usually required with mass scale proximate (and below)  ⇤

What convinced me..Why worry about unitarity?

50Michael Trott, Niels Bohr Institute, Jan 5th 2014

If the amplitudes grow with energy too fast, partial wave unitarity is violated.

Hamiltonian constructed from (approximate low energy) real Lagrangian density is 
Hermitian. So unitary by definition .

 


If unitarity fails - an approximation fails.

Usually the approximation is that the low energy effective theory is taken beyond its 
regime of validity.This regime of validity is approximated by the cut off scale       
present in the EFT power counting.

Beyond this scale, the EFT is not expected to reproduce the S matrix of the full theory.


New states are usually required with mass scale proximate (and below)  

⇤

⇤

16

i~ d

dt
 = H 

<latexit sha1_base64="vDu5gF4dJYpK4w6qf14RgE7+te0=">AAACC3icbZDLSsNAFIYn9VbrLerSzdAiuCpJFRRBKLjpsoK9QBPKZDJph04uzJwIJXTvxldx40IRt76AO9/GaZqFtv4w8PGfczhzfi8RXIFlfRultfWNza3ydmVnd2//wDw86qo4lZR1aCxi2feIYoJHrAMcBOsnkpHQE6znTW7n9d4Dk4rH0T1ME+aGZBTxgFMC2hqaVY6dsUckdgJJaObPMh9m2EkUxze4lcPQrFl1KxdeBbuAGirUHppfjh/TNGQRUEGUGthWAm5GJHAq2KzipIolhE7IiA00RiRkys3yW2b4VDs+DmKpXwQ4d39PZCRUahp6ujMkMFbLtbn5X22QQnDlZjxKUmARXSwKUoEhxvNgsM8loyCmGgiVXP8V0zHRoYCOr6JDsJdPXoVuo26f1xt3F7XmdRFHGZ2gKjpDNrpETdRCbdRBFD2iZ/SK3own48V4Nz4WrSWjmDlGf2R8/gCUuZoW</latexit>

(Schrodinger Equation)

Michael Trott, NBI



This regime of validity is approximated by the cut off scale       present in the EFT 
power counting.

⇤

Beyond this scale, the EFT is not expected to reproduce the s matrix of the full theory.


New states are usually required with mass scale proximate (and below)  

⇤

What convinced me..Why worry about unitarity?

50Michael Trott, Niels Bohr Institute, Jan 5th 2014

Usually the approximation is that the low energy effective theory is taken beyond its 
regime of validity.This regime of validity is approximated by the cut off scale       
present in the EFT power counting.

Beyond this scale,          EFT is not expected to reproduce the S matrix of the full 
theory.


New states are usually required with mass scale proximate (and below)  

17Michael Trott, NBI

SM Higgs?


v

⇤QCD

Mpl

Mheavy?
⇤?

⇤
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What convinced me..How is the cut off scale working?

Michael Trott, Niels Bohr Institute, Jan 5th 2014 18Michael Trott, NBI

Introduce a         scalar with general couplings, sets the correction to be such that the 
cut off scale will be pushed up.

0+

0+Why should a        state be part of the nature of EW symmetry breaking?

The EFT consistent with what we knew (80‘s -00‘s) did not extrapolate to arbitrary high 
energies:

L = �1

4
Wµ ⌫Wµ ⌫ � 1

4
Bµ ⌫Bµ ⌫ � 1

4
Gµ ⌫Gµ ⌫ +  ̄iD 

+

ac

a aa

W+ W� �W+ W� :L L L L

� �̄ �W+
L W�

L :

A ' g2

4m2
W

(s+ t)

A ' m 
p
s

v2

(1� a2)a

(1� a c)ac
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What convinced me..How is the cut off scale working?

Michael Trott, Niels Bohr Institute, Jan 5th 2014Michael Trott, NBI

0+Why should a        state be part of the nature of EW symmetry breaking?

The EFT consistent with what we knew (80‘s -00‘s) did not extrapolate to arbitrary high 
energies:

L = �1

4
Wµ ⌫Wµ ⌫ � 1

4
Bµ ⌫Bµ ⌫ � 1

4
Gµ ⌫Gµ ⌫ +  ̄iD 

+

ac

a aa

For WW scattering the cut off scale for the EFT 

with the addition of a scalar is raised: 

..raised to... a⇤ ' 4⇡ v ⇤ ' 4⇡ v/
p
|1� a2|a

Couplings within 10% of the SM,  

in this case, cut off scale 7 TeV...

19



133
1

What convinced me..How is the cut off scale working?

Michael Trott, Niels Bohr Institute, Jan 5th 2014Michael Trott, NBI

0+Why should a        state be part of the nature of EW symmetry breaking?

The EFT consistent with what we knew (80‘s -00‘s) did not extrapolate to arbitrary high 
energies:

L = �1

4
Wµ ⌫Wµ ⌫ � 1

4
Bµ ⌫Bµ ⌫ � 1

4
Gµ ⌫Gµ ⌫ +  ̄iD 

+

ac

a aa

c

a

20
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What convinced me..The case of the SM Higgs.



1

  When you see massive vectors …
 Scalars coupled to them can also supply their mass

21Michael Trott, NBI



1

   Higgs (etc) Mechanism

L = (Dµ
H)†(DµH)� �

✓
H

†
H � v

2

2

◆2

<latexit sha1_base64="8/gaqIznSzwu+KwNZXhPVu47CYQ="></latexit>

H =


H

+

H
0

�

<latexit sha1_base64="2YWDzykyhBStkmuGkXZkWGmuL0c=">AAACFXicbVDLSgMxFM3UV62vUZdugkUQlDJTBUUQCm66rGAf0BlLJr1tQzOZIcmIZehPuPFX3LhQxK3gzr8xfSDaeiDkcM693HtPEHOmtON8WZmFxaXllexqbm19Y3PL3t6pqSiRFKo04pFsBEQBZwKqmmkOjVgCCQMO9aB/NfLrdyAVi8SNHsTgh6QrWIdRoo3Uso/L+BJ7AXSZSIOQaMnuh7h8e4Q9z3wO9kC0f4yWnXcKzhh4nrhTkkdTVFr2p9eOaBKC0JQTpZquE2s/JVIzymGY8xIFMaF90oWmoYKEoPx0fNUQHxiljTuRNE9oPFZ/d6QkVGoQBqbS7NdTs95I/M9rJrpz7qdMxIkGQSeDOgnHOsKjiHCbSaCaDwwhVDKzK6Y9IgnVJsicCcGdPXme1IoF96RQvD7Nly6mcWTRHtpHh8hFZ6iEyqiCqoiiB/SEXtCr9Wg9W2/W+6Q0Y017dtEfWB/fkhSd1Q==</latexit>

hHi =


0
v/

p
2

�

<latexit sha1_base64="pzkGCrnpzVUCCtQ5JwD3G5X6aMk="></latexit>

T a = �a/2
<latexit sha1_base64="IMQ7ZLkZNnWfRF2IYrL6dYLYUyc=">AAAB+XicbVBNSwMxEM36WevXqkcvwSJ4qrtVUASh4MVjhX5Buy2zadqGJtklyRbK0n/ixYMiXv0n3vw3pu0etPXBwOO9GWbmhTFn2njet7O2vrG5tZ3bye/u7R8cukfHdR0litAaiXikmiFoypmkNcMMp81YURAhp41w9DDzG2OqNItk1UxiGggYSNZnBIyVuq5b7QC+x23NBgI6cFnqugWv6M2BV4mfkQLKUOm6X+1eRBJBpSEctG75XmyCFJRhhNNpvp1oGgMZwYC2LJUgqA7S+eVTfG6VHu5HypY0eK7+nkhBaD0Roe0UYIZ62ZuJ/3mtxPRvg5TJODFUksWifsKxifAsBtxjihLDJ5YAUczeiskQFBBjw8rbEPzll1dJvVT0r4qlp+tC+S6LI4dO0Rm6QD66QWX0iCqohggao2f0it6c1Hlx3p2PReuak82coD9wPn8At/SSZA==</latexit>

Higgs doublet complex SU(2) rep
Complex, 2 degrees of freedom
Complex, 2 degrees of freedom

SU(2) generators are 


�2 =


0 �i
i 0

�
,

<latexit sha1_base64="8DHvMR0n1ulGvl/hzDw5HTbgRrs="></latexit>

�1 =


0 1
1 0

�
,

<latexit sha1_base64="5eLobarZED7ohC82K4+IWOeUNLQ=">AAACI3icbVDLSgMxFM3UV61WR126CRaLCykzVVAKQsGNywr2AZ1aMultG5rJDElGLEP/xY2/4saFUty48F9MH4i2Hkg4Oedecu/xI86UdpxPK7Wyura+kd7MbG1nd3btvf2aCmNJoUpDHsqGTxRwJqCqmebQiCSQwOdQ9wfXE7/+AFKxUNzpYQStgPQE6zJKtJHadslTrBeQexdfYc+HHhOJHxAt2eMIOziPXex55sqbhwei82OeZjNtO+cUnCnwMnHnJIfmqLTtsdcJaRyA0JQTpZquE+lWQqRmlMMo48UKIkIHpAdNQwUJQLWS6Y4jfGyUDu6G0hyh8VT93ZGQQKlh4JtKM2JfLXoT8T+vGevuZSthIoo1CDr7qBtzrEM8CQx3mASq+dAQQiUzs2LaJ5JQbWKdhOAurrxMasWCe1Yo3p7nyqV5HGl0iI7QCXLRBSqjG1RBVUTRE3pBb+jderZerbH1MStNWfOeA/QH1tc312GhPw==</latexit>

�3 =


1 0
0 �1

�
,

<latexit sha1_base64="WBHwWCMHev+xGPpEX8YjxkJCQp4="></latexit>

Hypercharge generator diagonal.Can use global rotations to get


Three broken generators, three massless goldstones

22Michael Trott, NBI



1

   Higgs Mechanism

Q = T 3 + Y =


1 0
0 0

�

<latexit sha1_base64="zUmT5cxOA2R0t8JsPcsJBectDEA=">AAACInicbVBNSwMxEM36WetX1aOXwaIIQtm1gh9QKHjxqGBbpVtLNp22wWx2SbJiWfpbvPhXvHhQ1JPgjzGtRdT6IOHx3gwz84JYcG1c992ZmJyanpnNzGXnFxaXlnMrq1UdJYphhUUiUhcB1Si4xIrhRuBFrJCGgcBacH088Gs3qDSP5LnpxdgIaUfyNmfUWKmZOzwrwflVEXbgEkrgB9jhMg1CahS/7YMHW+CC79tvSFC2vs1mLu8W3CFgnHgjkicjnDZzr34rYkmI0jBBta57bmwaKVWGM4H9rJ9ojCm7ph2sWyppiLqRDk/sw6ZVWtCOlH3SwFD92ZHSUOteGNhKu19X//UG4n9ePTHtg0bKZZwYlOxrUDsRYCIY5AUtrpAZ0bOEMsXtrsC6VFFmbKpZG4L39+RxUt0teMXC7tlevnw0iiND1skG2SYe2SdlckJOSYUwckceyBN5du6dR+fFefsqnXBGPWvkF5yPT/uGoEw=</latexit>

QhHi = 0
<latexit sha1_base64="y773tVLvbJBf1LVUXVkpQ6pfIns=">AAACAHicbZDLSsNAFIZP6q3WW9SFCzeDRXBVkiooglBw02UL9gJNKJPppB06mYSZiVBCN76KGxeKuPUx3Pk2TtsstPWHgY//nMOZ8wcJZ0o7zrdVWFvf2Nwqbpd2dvf2D+zDo7aKU0loi8Q8lt0AK8qZoC3NNKfdRFIcBZx2gvH9rN55pFKxWDzoSUL9CA8FCxnB2lh9+6SJPI7FkFNUR55c0B1y+nbZqThzoVVwcyhDrkbf/vIGMUkjKjThWKme6yTaz7DUjHA6LXmpogkmYzykPYMCR1T52fyAKTo3zgCFsTRPaDR3f09kOFJqEgWmM8J6pJZrM/O/Wi/V4Y2fMZGkmgqyWBSmHOkYzdJAAyYp0XxiABPJzF8RGWGJiTaZlUwI7vLJq9CuVtzLSrV5Va7d5nEU4RTO4AJcuIYa1KEBLSAwhWd4hTfryXqx3q2PRWvBymeO4Y+szx82p5TX</latexit>

H =


h
+

v
p
2 + h

0

�

<latexit sha1_base64="pzm/GJbi6hmB0k3zcM4ok1L3Oc0=">AAACInicbVDLSgMxFM34rPVVdekmWAShUGaq4AOEgpsuK9gHdGrJpLdtaCYzJpliGfotbvwVNy4UdSX4MabtINp6IHA451xy7/FCzpS27U9rYXFpeWU1tZZe39jc2s7s7FZVEEkKFRrwQNY9ooAzARXNNId6KIH4Hoea178a+7UBSMUCcaOHITR90hWswyjRRmplzkv4ErsedJmIPZ9oye5HuHebw66LB9hVd1LHhRHOGc3GLoj2T6qVydp5ewI8T5yEZFGCcivz7rYDGvkgNOVEqYZjh7oZE6kZ5TBKu5GCkNA+6ULDUEF8UM14cuIIHxqljTuBNE9oPFF/T8TEV2roeyZp9uupWW8s/uc1It05a8ZMhJEGQacfdSKOdYDHfeE2k0A1HxpCqGRmV0x7RBKqTatpU4Ize/I8qRbyznG+cH2SLV4kdaTQPjpAR8hBp6iISqiMKoiiB/SEXtCr9Wg9W2/WxzS6YCUze+gPrK9vRlCi6A==</latexit>

V (H†
H) =

�

4

⇣
|h+|2 + |h0|2 +

p
2vRe(h0)

⌘2

<latexit sha1_base64="n9C3GIAjk2CPOOkBvXN/nb3yhA8="></latexit>

23

One unbroken generator

Expand around this vacuum expectation

One finds directly

Three broken generators, three massless goldstones
Im(h0)

<latexit sha1_base64="zkhsLYOq+yhlm9srqiVtQXGRpYE=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRahXspuFfRY9KK3CvYD2qVk02wbmmSXJCuUpT/CiwdFvPp7vPlvzLZ70NYHA4/3ZpiZF8ScaeO6305hbX1jc6u4XdrZ3ds/KB8etXWUKEJbJOKR6gZYU84kbRlmOO3GimIRcNoJJreZ33miSrNIPpppTH2BR5KFjGBjpc69qI4H7vmgXHFr7hxolXg5qUCO5qD81R9GJBFUGsKx1j3PjY2fYmUY4XRW6ieaxphM8Ij2LJVYUO2n83Nn6MwqQxRGypY0aK7+nkix0HoqAtspsBnrZS8T//N6iQmv/ZTJODFUksWiMOHIRCj7HQ2ZosTwqSWYKGZvRWSMFSbGJlSyIXjLL6+Sdr3mXdTqD5eVxk0eRxFO4BSq4MEVNOAOmtACAhN4hld4c2LnxXl3PhatBSefOYY/cD5/ABrujsI=</latexit>

(             massless)

Michael Trott, NBI



1

   Gauge bosons

24

(Dµ
H)†(DµH) ! g

2
2 v

2

8

�
W

2
1 +W

2
2

�
+

v
2
p
g
2
1 + g

2
2

8

 
g2p

g
2
1 + g

2
2

W
3 � g1p

g
2
1 + g

2
2

B

!2

<latexit sha1_base64="IIh9TkSPZEFoQczl4HloV/HJt3A="></latexit>

Expanding out covariant derivative

2W+W�
<latexit sha1_base64="gszbM1/ol2uy+UL4SZSx8jzRuXQ=">AAAB8nicbVBNSwMxEJ31s1arVY9egkUQxLJbBcVTwYvHCvYDtmvJptk2NJssSVYopT/DiwdFvPprvPlvzLZ70NYHA4/3ZpiZFyacaeO6387K6tr6xmZhq7i9U9rdK+8ftLRMFaFNIrlUnRBrypmgTcMMp51EURyHnLbD0W3mt5+o0kyKBzNOaBDjgWARI9hYya+h9uOZrfNSsVeuuFV3BrRMvJxUIEejV/7q9iVJYyoM4Vhr33MTE0ywMoxwOi12U00TTEZ4QH1LBY6pDiazk6foxCp9FEllSxg0U39PTHCs9TgObWeMzVAvepn4n+enJroOJkwkqaGCzBdFKUdGoux/1GeKEsPHlmCimL0VkSFWmBibUhaCt/jyMmnVqt5FtXZ/Wanf5HEU4AiO4RQ8uII63EEDmkBAwjO8wptjnBfn3fmYt644+cwh/IHz+QMnVY8v</latexit>

Z2
<latexit sha1_base64="6laYPAeueMnzc/Liy0cHOP+NzsY=">AAAB7HicbVBNS8NAEJ3Ur1qtRj16WSyCp5JUQfFU8OKxgmmLbSyb7aZdutmE3Y1QQn+DFw+KePUHefPfuGlz0NYHA4/3ZpiZFyScKe0431ZpbX1jc6u8XdnZre7t2weHbRWnklCPxDyW3QArypmgnmaa024iKY4CTjvB5Cb3O09UKhaLez1NqB/hkWAhI1gbyXt4bFQrA7vm1J050CpxC1KDAq2B/dUfxiSNqNCEY6V6rpNoP8NSM8LprNJPFU0wmeAR7RkqcESVn82PnaFTowxRGEtTQqO5+nsiw5FS0ygwnRHWY7Xs5eJ/Xi/V4ZWfMZGkmgqyWBSmHOkY5Z+jIZOUaD41BBPJzK2IjLHERJt88hDc5ZdXSbtRd8/rjbuLWvO6iKMMx3ACZ+DCJTThFlrgAQEGz/AKb5awXqx362PRWrKKmSP4A+vzB0twjak=</latexit>

Photon is massless orthogonal combination

cos ✓
<latexit sha1_base64="5Ep0t2wRNLv8Noai6ppLvpvq2mo=">AAAB9HicbVBNSwMxEM3Wr1q/qh69BIvgQcpuFRRPBS8eK9gP6C4lm2bb0GyyJrOFsvR3ePGgiFd/jDf/jWm7B219MPB4b4aZeWEiuAHX/XYKa+sbm1vF7dLO7t7+QfnwqGVUqilrUiWU7oTEMMElawIHwTqJZiQOBWuHo7uZ3x4zbbiSjzBJWBCTgeQRpwSsFFBlsH+BfRgyIL1yxa26c+BV4uWkgnI0euUvv69oGjMJVBBjup6bQJARDZwKNi35qWEJoSMyYF1LJYmZCbL50VN8ZpU+jpS2JQHP1d8TGYmNmcSh7YwJDM2yNxP/87opRDdBxmWSApN0sShKBQaFZwngPteMgphYQqjm9lZMh0QTCjankg3BW355lbRqVe+yWnu4qtRv8ziK6ASdonPkoWtUR/eogZqIoif0jF7RmzN2Xpx352PRWnDymWP0B87nD9VUkXc=</latexit> sin ✓

<latexit sha1_base64="TwZwxGUVBjc7mLasrHbzY+D6Xe0=">AAAB9HicbVDLSgNBEJyNrxhfUY9eBoPgQcJuFBRPAS8eI5gHJEuYnfQmQ2Zn15neQFjyHV48KOLVj/Hm3zh5HDSxoKGo6qa7K0ikMOi6305ubX1jcyu/XdjZ3ds/KB4eNUycag51HstYtwJmQAoFdRQooZVoYFEgoRkM76Z+cwTaiFg94jgBP2J9JULBGVrJN0LRzgXt4ACQdYslt+zOQFeJtyAlskCtW/zq9GKeRqCQS2ZM23MT9DOmUXAJk0InNZAwPmR9aFuqWATGz2ZHT+iZVXo0jLUthXSm/p7IWGTMOApsZ8RwYJa9qfif104xvPEzoZIUQfH5ojCVFGM6TYD2hAaOcmwJ41rYWykfMM042pwKNgRv+eVV0qiUvcty5eGqVL1dxJEnJ+SUnBOPXJMquSc1UiecPJFn8krenJHz4rw7H/PWnLOYOSZ/4Hz+AN00kXw=</latexit>

A = sin ✓W 3 + cos ✓B
<latexit sha1_base64="JNLVOuB3rV/85PRjcG3vpBKxM5o=">AAACFnicbZDLSgMxFIYz9VbrbdSlm2ARBLXMtIIiCFU3LivYC3RqyaRpG5rJDMkZoZQ+hRtfxY0LRdyKO9/GtJ2Fbf0h8PGfczg5vx8JrsFxfqzUwuLS8kp6NbO2vrG5ZW/vVHQYK8rKNBShqvlEM8ElKwMHwWqRYiTwBav6vZtRvfrIlOahvId+xBoB6Uje5pSAsZr2yRW+xJpL7B1jD7oMyIiqDwV8hGmop+3rpp11cs5YeB7cBLIoUalpf3utkMYBk0AF0bruOhE0BkQBp4INM16sWURoj3RY3aAkAdONwfisIT4wTgu3Q2WeBDx2/04MSKB1P/BNZ0Cgq2drI/O/Wj2G9nljwGUUA5N0sqgdCwwhHmWEW1wxCqJvgFDFzV8x7RJFKJgkMyYEd/bkeajkc24hl787zRYvkjjSaA/to0PkojNURLeohMqIoif0gt7Qu/VsvVof1uekNWUlM7toStbXL7Irm08=</latexit>

In limit Hyper charge coupling turned off

(Dµ
H)†(DµH) ! g

2
2 v

2

8

�
W

2
1 +W
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+

v
2
p
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2
1 + g

2
2
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2
2

W
3 � g1p

g
2
1 + g

2
2

B

!2

<latexit sha1_base64="IIh9TkSPZEFoQczl4HloV/HJt3A="></latexit>

There is a triplet with the same mass (W1,W2,W3)
<latexit sha1_base64="Pz7dOoyzhTF9Tfy9OAKJ1ZkKZGY=">AAAB9HicbVBNS8NAEJ34WetX1aOXxSJUkJK0guKp4MVjBdsU2hA22027dLOJu5tCCf0dXjwo4tUf481/47bNQVsfDDzem2FmXpBwprRtf1tr6xubW9uFneLu3v7BYenouK3iVBLaIjGPZSfAinImaEszzWknkRRHAaduMLqb+e6YSsVi8agnCfUiPBAsZARrI3kV13cuXb9mqn7hl8p21Z4DrRInJ2XI0fRLX71+TNKICk04Vqrr2In2Miw1I5xOi71U0QSTER7QrqECR1R52fzoKTo3Sh+FsTQlNJqrvycyHCk1iQLTGWE9VMveTPzP66Y6vPEyJpJUU0EWi8KUIx2jWQKozyQlmk8MwUQycysiQywx0SanognBWX55lbRrVaderT1clRu3eRwFOIUzqIAD19CAe2hCCwg8wTO8wps1tl6sd+tj0bpm5TMn8AfW5w8eh5BZ</latexit>

mA = 0
<latexit sha1_base64="2+fFelHhnGwSzVafud6FBPJ5MRg=">AAAB7nicbVBNSwMxEJ34WetX1aOXYBE8ld0qKIJQ8eKxgv2AdinZNNuGJtklyQpl6Y/w4kERr/4eb/4b03YP2vpg4PHeDDPzwkRwYz3vG62srq1vbBa2its7u3v7pYPDpolTTVmDxiLW7ZAYJrhiDcutYO1EMyJDwVrh6G7qt56YNjxWj3acsECSgeIRp8Q6qSV7t/gGe71S2at4M+Bl4uekDDnqvdJXtx/TVDJlqSDGdHwvsUFGtOVUsEmxmxqWEDoiA9ZxVBHJTJDNzp3gU6f0cRRrV8rimfp7IiPSmLEMXackdmgWvan4n9dJbXQVZFwlqWWKzhdFqcA2xtPfcZ9rRq0YO0Ko5u5WTIdEE2pdQkUXgr/48jJpViv+eaX6cFGuXedxFOAYTuAMfLiEGtxDHRpAYQTP8ApvKEEv6B19zFtXUD5zBH+APn8AsTGOdg==</latexit>

m2
Z =

v2

4

�
g21 + g22

�
<latexit sha1_base64="obkjKt1aH/+z38T0mzvlSX/dkDw=">AAACGnicbVDLSsNAFJ34tr6iLt0MFqEilCQWFEEQ3LhUsK3YpGEynaRDJw9mbgol5Dvc+CtuXCjiTtz4N05rF74OXO7hnHuZuSfIBFdgWR/GzOzc/MLi0nJlZXVtfcPc3GqpNJeUNWkqUnkTEMUET1gTOAh2k0lG4kCwdjA4H/vtIZOKp8k1jDLmxSRKeMgpAS35ph37t10Hn2I3lIQWw65TFo0Su4KFUIt8W3sHOPId3V3Joz7s+2bVqlsT4L/EnpIqmuLSN9/cXkrzmCVABVGqY1sZeAWRwKlgZcXNFcsIHZCIdTRNSMyUV0xOK/GeVno4TKWuBPBE/b5RkFipURzoyZhAX/32xuJ/XieH8NgreJLlwBL69VCYCwwpHueEe1wyCmKkCaGS679i2ic6I9BpVnQI9u+T/5KWU7cP685Vo3p2Mo1jCe2gXVRDNjpCZ+gCXaImougOPaAn9GzcG4/Gi/H6NTpjTHe20Q8Y7582BJ5y</latexit>

m2
W =

v2

4
g22

<latexit sha1_base64="trjGJFAr/bvXSAGebD2/dMYIG1Q=">AAACBXicbVDLSsNAFJ34rPUVdamLwSK4KkksKIJQcOOygn1AH2EynbRDZyZhZlIoIRs3/oobF4q49R/c+TdO2yy09cCFwzn3cu89Qcyo0o7zba2srq1vbBa2its7u3v79sFhQ0WJxKSOIxbJVoAUYVSQuqaakVYsCeIBI81gdDv1m2MiFY3Eg57EpMvRQNCQYqSN5Nsn3G/2PHgDO6FEOB33vCytZHDge0b17ZJTdmaAy8TNSQnkqPn2V6cf4YQToTFDSrVdJ9bdFElNMSNZsZMoEiM8QgPSNlQgTlQ3nX2RwTOj9GEYSVNCw5n6eyJFXKkJD0wnR3qoFr2p+J/XTnR41U2piBNNBJ4vChMGdQSnkcA+lQRrNjEEYUnNrRAPkYlDm+CKJgR38eVl0vDK7kXZu6+Uqtd5HAVwDE7BOXDBJaiCO1ADdYDBI3gGr+DNerJerHfrY966YuUzR+APrM8f2bKW2Q==</latexit>

2
<latexit sha1_base64="jk/1fpohXujb3eq/tOFNvjxoFrw=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZq1frrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJu1b1Lqq15mWlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8ffW+Mug==</latexit>

2
<latexit sha1_base64="jk/1fpohXujb3eq/tOFNvjxoFrw=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZq1frrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJu1b1Lqq15mWlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8ffW+Mug==</latexit>

Michael Trott, NBI



What convinced me..SM Higgs and custodial sym/ST EWPD analysis



1

   Custodial Symmetry

25

SO(4) ⇠ SU(2)L ⇥ SU(2)R
<latexit sha1_base64="4BN/Dli6hWT0rtTdNqu1knU3hto=">AAACCnicbVDLSsNAFJ34rPUVdelmtAjtpiS1oLgquHEhWK1pC00Ik+mkHTqZhJmJUErXbvwVNy4UcesXuPNvnLZZaOuBgXPPuZc79wQJo1JZ1rextLyyurae28hvbm3v7Jp7+00ZpwITB8csFu0AScIoJ46iipF2IgiKAkZaweBy4rceiJA05vdqmBAvQj1OQ4qR0pJvHjVuitUSdCWNYMMpVkr+NXQVjYjMyjvfLFhlawq4SOyMFECGum9+ud0YpxHhCjMkZce2EuWNkFAUMzLOu6kkCcID1CMdTTnSy7zR9JQxPNFKF4ax0I8rOFV/T4xQJOUwCnRnhFRfznsT8T+vk6rw3BtRnqSKcDxbFKYMqhhOcoFdKghWbKgJwoLqv0LcRwJhpdPL6xDs+ZMXSbNStk/LldtqoXaRxZEDh+AYFIENzkANXIE6cAAGj+AZvII348l4Md6Nj1nrkpHNHIA/MD5/AD8pl20=</latexit>

There is a triplet with the same mass                       . This mass

Is also given by 

(W1,W2,W3)
<latexit sha1_base64="Pz7dOoyzhTF9Tfy9OAKJ1ZkKZGY=">AAAB9HicbVBNS8NAEJ34WetX1aOXxSJUkJK0guKp4MVjBdsU2hA22027dLOJu5tCCf0dXjwo4tUf481/47bNQVsfDDzem2FmXpBwprRtf1tr6xubW9uFneLu3v7BYenouK3iVBLaIjGPZSfAinImaEszzWknkRRHAaduMLqb+e6YSsVi8agnCfUiPBAsZARrI3kV13cuXb9mqn7hl8p21Z4DrRInJ2XI0fRLX71+TNKICk04Vqrr2In2Miw1I5xOi71U0QSTER7QrqECR1R52fzoKTo3Sh+FsTQlNJqrvycyHCk1iQLTGWE9VMveTPzP66Y6vPEyJpJUU0EWi8KUIx2jWQKozyQlmk8MwUQycysiQywx0SanognBWX55lbRrVaderT1clRu3eRwFOIUzqIAD19CAe2hCCwg8wTO8wps1tl6sd+tj0bpm5TMn8AfW5w8eh5BZ</latexit>

Under what symmetry group is this a triplet?

m2
Zcos

2✓
<latexit sha1_base64="j4hItHRGPhFL9MjcG2oroWRD1eA=">AAAB/HicbVDLSsNAFJ34rPUV7dLNYBFclaQKiquCG5cV7APbGCbTSTt0kgkzN0II9VfcuFDErR/izr9x2mahrQfu5XDOvcydEySCa3Ccb2tldW19Y7O0Vd7e2d3btw8O21qmirIWlUKqbkA0EzxmLeAgWDdRjESBYJ1gfD31O49MaS7jO8gS5kVkGPOQUwJG8u1K5N8/1DGV2vQ+jBgQ7NtVp+bMgJeJW5AqKtD07a/+QNI0YjFQQbTuuU4CXk4UcCrYpNxPNUsIHZMh6xkak4hpL58dP8EnRhngUCpTMeCZ+nsjJ5HWWRSYyYjASC96U/E/r5dCeOnlPE5SYDGdPxSmAoPE0yTwgCtGQWSGEKq4uRXTEVGEgsmrbEJwF7+8TNr1mntWq9+eVxtXRRwldISO0Sly0QVqoBvURC1EUYae0St6s56sF+vd+piPrljFTgX9gfX5AyABk8I=</latexit>

V (H†
H) = �

✓
H

†
H � v

2

2

◆2

<latexit sha1_base64="Dwa1z+M2Fx6i0Kw8WX3GDqM9W94="></latexit>

As a function of H†
H = �

2
1 + �

2
2 + �

2
3 + �
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<latexit sha1_base64="d/Bwx/aD5n28YOqT5UBij2zENLU=">AAACIHicbZDLSsNAFIYnXmu9RV26GSyCIJQkLVQEoeCmywr2Am0aJpNJOnRyYWYilNBHceOruHGhiO70aZy2gWrrDwMf/zmHM+d3E0aFNIwvbW19Y3Nru7BT3N3bPzjUj47bIk45Ji0cs5h3XSQIoxFpSSoZ6SacoNBlpOOObqf1zgPhgsbRvRwnxA5REFGfYiSV5ei1xqDvoSAgHDbgDewnQ+qYAwteztFaYGWB1YHl6CWjbMwEV8HMoQRyNR39s+/FOA1JJDFDQvRMI5F2hrikmJFJsZ8KkiA8QgHpKYxQSISdzQ6cwHPleNCPuXqRhDP390SGQiHGoas6QySHYrk2Nf+r9VLpX9kZjZJUkgjPF/kpgzKG07SgRznBko0VIMyp+ivEQ8QRlirTogrBXD55FdpW2ayUrbtqqX6dx1EAp+AMXAAT1EAdNEATtAAGj+AZvII37Ul70d61j3nrmpbPnIA/0r5/AF7Nn1k=</latexit>

This potential has an             symmetrySO(4)
<latexit sha1_base64="SBSG3sAmviyrUpFr2P6FMr8lKGc=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBahXkpSC4qnghdvVjRtoQ1ls920SzebsLsRSuhv8OJBEa/+IG/+GzdtDtr6YODx3gwz8/yYM6Vt+9sqrK1vbG4Vt0s7u3v7B+XDo7aKEkmoSyIeya6PFeVMUFczzWk3lhSHPqcdf3KT+Z0nKhWLxKOextQL8UiwgBGsjeQ+3FUb54Nyxa7Zc6BV4uSkAjlag/JXfxiRJKRCE46V6jl2rL0US80Ip7NSP1E0xmSCR7RnqMAhVV46P3aGzowyREEkTQmN5urviRSHSk1D33SGWI/VspeJ/3m9RAdXXspEnGgqyGJRkHCkI5R9joZMUqL51BBMJDO3IjLGEhNt8imZEJzll1dJu15zLmr1+0aleZ3HUYQTOIUqOHAJTbiFFrhAgMEzvMKbJawX6936WLQWrHzmGP7A+vwBhNKNzw==</latexit>

Isomorphic to 

To make symmetry breaking manifest introduce � =
�
i�

2
H

?
, H

�
<latexit sha1_base64="Ag92WnxpodqX32IUs4BkVzNaRxo=">AAACE3icbVBNS8NAEN3Ur1q/qh69LBahipSkCoogFLz0WMF+QNOWzXbTLN1Nwu5EKKX/wYt/xYsHRbx68ea/cdvmoNUHA4/3ZpiZ58WCa7DtLyuztLyyupZdz21sbm3v5Hf3GjpKFGV1GolItTyimeAhqwMHwVqxYkR6gjW94c3Ub94zpXkU3sEoZh1JBiH3OSVgpF7+xK0F/Bq7gvlQxBy7mg8k6ZZxtetqIOoUV7Gr+CCA416+YJfsGfBf4qSkgFLUevlPtx/RRLIQqCBatx07hs6YKOBUsEnOTTSLCR2SAWsbGhLJdGc8+2mCj4zSx36kTIWAZ+rPiTGRWo+kZzolgUAvelPxP6+dgH/ZGfMwToCFdL7ITwSGCE8Dwn2uGAUxMoRQxc2tmAZEEQomxpwJwVl8+S9plEvOWal8e16oXKVxZNEBOkRF5KALVEFVVEN1RNEDekIv6NV6tJ6tN+t93pqx0pl99AvWxzfBpZwt</latexit>

This bi-doublet transforms linearly under SU(2)L ⇥ SU(2)R
<latexit sha1_base64="L5lZ5rs/xdMFFpqTYB9l+B6Yf7s=">AAAB/3icbVDLSsNAFJ34rPUVFdy4GSxC3ZSkCoqrghsXLuojbaENYTKdtEMnD2ZuhBK78FfcuFDErb/hzr9x2mahrQcGzj3nXu6d4yeCK7Csb2NhcWl5ZbWwVlzf2NzaNnd2GypOJWUOjUUsWz5RTPCIOcBBsFYiGQl9wZr+4HLsNx+YVDyO7mGYMDckvYgHnBLQkmfu3znl6rF3jTvAQ6bwtLz1zJJVsSbA88TOSQnlqHvmV6cb0zRkEVBBlGrbVgJuRiRwKtio2EkVSwgdkB5raxoRvczNJveP8JFWujiIpX4R4In6eyIjoVLD0NedIYG+mvXG4n9eO4Xg3M14lKTAIjpdFKQCQ4zHYeAul4yCGGpCqOT6Vkz7RBIKOrKiDsGe/fI8aVQr9kmlenNaql3kcRTQATpEZWSjM1RDV6iOHETRI3pGr+jNeDJejHfjY9q6YOQze+gPjM8ftdyT8w==</latexit>

⇢ =
m2

W

c2✓m
2
Z

⇠ 1
<latexit sha1_base64="vgOKuszav4cS6t3MzUc5O7Vd9yI=">AAACFXicbVDLSsNAFJ3UV62vqEs3g0VwISWpgiIIBTcuK9gHNm2YTCft0JkkzNwIJfQn3Pgrblwo4lZw5984fSy09cCFwzn3cu89QSK4Bsf5tnJLyyura/n1wsbm1vaOvbtX13GqKKvRWMSqGRDNBI9YDTgI1kwUIzIQrBEMrsd+44EpzePoDoYJa0vSi3jIKQEj+faJp/oxvsJeqAjNpN/olEcZ9T3oMyCdMpb+vVGwp7nErm8XnZIzAV4k7owU0QxV3/7yujFNJYuACqJ1y3USaGdEAaeCjQpeqllC6ID0WMvQiEim29nkqxE+MkoXh7EyFQGeqL8nMiK1HsrAdEoCfT3vjcX/vFYK4UU741GSAovodFGYCgwxHkeEu1wxCmJoCKGKm1sx7ROTD5ggCyYEd/7lRVIvl9zTUvn2rFi5nMWRRwfoEB0jF52jCrpBVVRDFD2iZ/SK3qwn68V6tz6mrTlrNrOP/sD6/AGayp3M</latexit>

H̃ = i�
2
H

?
<latexit sha1_base64="t2OLwRBrg+98t/6UpZVC++u5i64=">AAACB3icbVDLSsNAFJ3UV62vqEtBBovgqiRV0I1QdNNlBfuAJi2TyaQdOnkwcyOU0J0bf8WNC0Xc+gvu/BunbRbaeuDC4Zx7ufceLxFcgWV9G4WV1bX1jeJmaWt7Z3fP3D9oqTiVlDVpLGLZ8YhigkesCRwE6ySSkdATrO2Nbqd++4FJxePoHsYJc0MyiHjAKQEt9c1jB7jwWVaf4GvMsaP4ICS9Kq73HAVE9s2yVbFmwMvEzkkZ5Wj0zS/Hj2kasgioIEp1bSsBNyMSOBVsUnJSxRJCR2TAuppGJGTKzWZ/TPCpVnwcxFJXBHim/p7ISKjUOPR0Z0hgqBa9qfif100huHIzHiUpsIjOFwWpwBDjaSjY55JREGNNCJVc34rpkEhCQUdX0iHYiy8vk1a1Yp9XqncX5dpNHkcRHaETdIZsdIlqqI4aqIkoekTP6BW9GU/Gi/FufMxbC0Y+c4j+wPj8AXTjmGg=</latexit>

Michael Trott, NBI
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When the Higgs gets a vev
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<latexit sha1_base64="PjaOaohN9VZmPeEmO8XXLcNNZEA="></latexit>
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0
v/

p
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�

<latexit sha1_base64="pzkGCrnpzVUCCtQ5JwD3G5X6aMk="></latexit>

Manifest that the breaking is to the 

diagonal subgroup

SU(2)L ⇥ SU(2)R ! SU(2)V
<latexit sha1_base64="KXETw8JZo06B4ROp5c2jzWUNU3g=">AAACE3icbVC7TgJBFJ3FF+Jr1dJmIjFBC7KLJhorEhsLC3wskAAhs8MAE2ZnNzN3NWTDP9j4KzYWGmNrY+ffOMAWCp5kkjPn3Jt77/EjwTU4zreVWVhcWl7JrubW1jc2t+ztnaoOY0WZR0MRqrpPNBNcMg84CFaPFCOBL1jNH1yM/do9U5qH8g6GEWsFpCd5l1MCRmrbR7deoXTYvsJN4AHTePq9wU3Fe30gSoUPqVZt23mn6EyA54mbkjxKUWnbX81OSOOASaCCaN1wnQhaCVHAqWCjXDPWLCJ0QHqsYagkZoFWMrlphA+M0sHdUJknAU/U3x0JCbQeBr6pDAj09aw3Fv/zGjF0z1oJl1EMTNLpoG4sMIR4HBDucMUoiKEhhCpudsW0TxShYGLMmRDc2ZPnSbVUdI+LpeuTfPk8jSOL9tA+KiAXnaIyukQV5CGKHtEzekVv1pP1Yr1bH9PSjJX27KI/sD5/AKeAm4A=</latexit>

(W1,W2,W3)
<latexit sha1_base64="Pz7dOoyzhTF9Tfy9OAKJ1ZkKZGY=">AAAB9HicbVBNS8NAEJ34WetX1aOXxSJUkJK0guKp4MVjBdsU2hA22027dLOJu5tCCf0dXjwo4tUf481/47bNQVsfDDzem2FmXpBwprRtf1tr6xubW9uFneLu3v7BYenouK3iVBLaIjGPZSfAinImaEszzWknkRRHAaduMLqb+e6YSsVi8agnCfUiPBAsZARrI3kV13cuXb9mqn7hl8p21Z4DrRInJ2XI0fRLX71+TNKICk04Vqrr2In2Miw1I5xOi71U0QSTER7QrqECR1R52fzoKTo3Sh+FsTQlNJqrvycyHCk1iQLTGWE9VMveTPzP66Y6vPEyJpJUU0EWi8KUIx2jWQKozyQlmk8MwUQycysiQywx0SanognBWX55lbRrVaderT1clRu3eRwFOIUzqIAD19CAe2hCCwg8wTO8wps1tl6sd+tj0bpm5TMn8AfW5w8eh5BZ</latexit>

Is a triplet under SU(2)V
<latexit sha1_base64="EyDYh9qaSQaNIVJz+u7P+lQnXdo=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRahXspuFRRPBS8eK7ptoV1KNs22odlkSbJCWfojvHhQxKu/x5v/xrTdg7Y+GHi8N8PMvDDhTBvX/XYKa+sbm1vF7dLO7t7+QfnwqKVlqgj1ieRSdUKsKWeC+oYZTjuJojgOOW2H49uZ336iSjMpHs0koUGMh4JFjGBjpfaDX62f91v9csWtuXOgVeLlpAI5mv3yV28gSRpTYQjHWnc9NzFBhpVhhNNpqZdqmmAyxkPatVTgmOogm587RWdWGaBIKlvCoLn6eyLDsdaTOLSdMTYjvezNxP+8bmqi6yBjIkkNFWSxKEo5MhLNfkcDpigxfGIJJorZWxEZYYWJsQmVbAje8surpFWveRe1+v1lpXGTx1GEEziFKnhwBQ24gyb4QGAMz/AKb07ivDjvzseiteDkM8fwB87nD+nkjpw=</latexit>

Custodial symmetry is broken by  the Hypercharge interactions 
and also mass doublet splitting in              fermion doublet. SU(2)L

<latexit sha1_base64="viGNr5pP+PhJXEAep3PGbHWVfnA=">AAAB7nicbVA9SwNBEJ2LXzF+RS1tFoMQm3AXBcUqYGNhEdEzgeQIe5u9ZMnu3rG7J4QjP8LGQhFbf4+d/8ZNcoUmPhh4vDfDzLww4Uwb1/12Ciura+sbxc3S1vbO7l55/+BRx6ki1Ccxj1U7xJpyJqlvmOG0nSiKRchpKxxdT/3WE1WaxfLBjBMaCDyQLGIEGyu17v1q/bR32ytX3Jo7A1omXk4qkKPZK391+zFJBZWGcKx1x3MTE2RYGUY4nZS6qaYJJiM8oB1LJRZUB9ns3Ak6sUofRbGyJQ2aqb8nMiy0HovQdgpshnrRm4r/eZ3URJdBxmSSGirJfFGUcmRiNP0d9ZmixPCxJZgoZm9FZIgVJsYmVLIheIsvL5PHes07q9XvziuNqzyOIhzBMVTBgwtowA00wQcCI3iGV3hzEufFeXc+5q0FJ585hD9wPn8A2ryOkg==</latexit>

Can calculate such contributions to the W and Z mass

Michael Trott, NBI
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Custodial Symmetry in the SM

Michael Trott, Niels Bohr Institute, Jan 5th 2014

Breaking due to SU(2) doublets:


The top mass was able to be indirectly inferred in this manner before

direct discovery.

Breaking due to             doublets:
SU(2)L
<latexit sha1_base64="viGNr5pP+PhJXEAep3PGbHWVfnA=">AAAB7nicbVA9SwNBEJ2LXzF+RS1tFoMQm3AXBcUqYGNhEdEzgeQIe5u9ZMnu3rG7J4QjP8LGQhFbf4+d/8ZNcoUmPhh4vDfDzLww4Uwb1/12Ciura+sbxc3S1vbO7l55/+BRx6ki1Ccxj1U7xJpyJqlvmOG0nSiKRchpKxxdT/3WE1WaxfLBjBMaCDyQLGIEGyu17v1q/bR32ytX3Jo7A1omXk4qkKPZK391+zFJBZWGcKx1x3MTE2RYGUY4nZS6qaYJJiM8oB1LJRZUB9ns3Ak6sUofRbGyJQ2aqb8nMiy0HovQdgpshnrRm4r/eZ3URJdBxmSSGirJfFGUcmRiNP0d9ZmixPCxJZgoZm9FZIgVJsYmVLIheIsvL5PHes07q9XvziuNqzyOIhzBMVTBgwtowA00wQcCI3iGV3hzEufFeXc+5q0FJ585hD9wPn8A2ryOkg==</latexit>

Via interactions:


Biggest contributions

Gives:


Left handed doublet fermions


Right handed singlet fermions


27Michael Trott, NBI



126

Custodial Symmetry in the SM

Michael Trott, Niels Bohr Institute, Jan 5th 2014

Breaking due to Hypercharge at one loop:
(Dµ H)† (Dµ
H)

<latexit sha1_base64="74r3CIjaGrve9++YAWbDYUnOCic=">AAACJXicbVDLSgNBEJz1GeMr6tHLYBAUJOxGQREPAT3kGMEkQjaG2UnvZsjsg5leIYT8jBd/xYsHgwie/BUnyR40WjBQVFXT0+UlUmi07U9rYXFpeWU1t5Zf39jc2i7s7DZ0nCoOdR7LWN17TIMUEdRRoIT7RAELPQlNr3898ZuPoLSIozscJNAOWRAJX3CGRuoUrlwJPh7ddNwwpe4JrVJXiaCHxw9ulwUBqImYZR7mM51C0S7ZU9C/xMlIkWSodQpjtxvzNIQIuWRatxw7wfaQKRRcwijvphoSxvssgJahEQtBt4fTK0f00Chd6sfKvAjpVP05MWSh1oPQM8mQYU/PexPxP6+Von/RHoooSREiPlvkp5JiTCeV0a5QwFEODGFcCfNXyntMMY6m2LwpwZk/+S9plEvOaal8e1asXGZ15Mg+OSBHxCHnpEKqpEbqhJMn8kLeyNh6tl6td+tjFl2wspk98gvW1zdhLKKw</latexit>

gives


We see this custodial breaking  in precision EW measurements:


Divide this out and examine the residual, which should be one.


EW PDG

2019


28Michael Trott, NBI
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Custodial Symmetry in BSM

Michael Trott, Niels Bohr Institute, Jan 5th 2014

gives


We see this custodial breaking  in precision EW measurements:


Divide this out and examine the residual, which should be one.


When considering BSM physics, non SM effects on the mass

relationship is parameterised as


Large BSM contributions to the T parameter need to be avoided.

For quite a few years the standard approach to EWPD was S,T fits


(S violates custodial symmetry too ….

but does not contribute  to      at tree level)⇢

<latexit sha1_base64="46d5Or8viP6vvb+vKL3nfR/5xs8=">AAAB63icbVDLSgNBEOz1GeMr6tHLYBA8hd0oKJ4CXjxGMA9IljA7mc0OmccyMyuEkF/w4kERr/6QN//G2WQPmljQUFR1090VpZwZ6/vf3tr6xubWdmmnvLu3f3BYOTpuG5VpQltEcaW7ETaUM0lblllOu6mmWEScdqLxXe53nqg2TMlHO0lpKPBIspgRbHOprxM1qFT9mj8HWiVBQapQoDmofPWHimSCSks4NqYX+KkNp1hbRjidlfuZoSkmYzyiPUclFtSE0/mtM3TulCGKlXYlLZqrvyemWBgzEZHrFNgmZtnLxf+8Xmbjm3DKZJpZKsliUZxxZBXKH0dDpimxfOIIJpq5WxFJsMbEunjKLoRg+eVV0q7Xgsta/eGq2rgt4ijBKZzBBQRwDQ24hya0gEACz/AKb57wXrx372PRuuYVMyfwB97nDx6SjkM=</latexit>

29Michael Trott, NBI
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Custodial Symmetry in BSM

Michael Trott, Niels Bohr Institute, Jan 5th 2014

gives


We see this custodial breaking  in precision EW measurements:


Divide this out and examine the residual, which should be one.


Heavy new physics can contribute to these deviations


Where the C are some unknown numbers that multiply the operators


In the Warsaw basis of operators extending the SM
B. Grzadkowski, M. Iskrzynski, M. Misiak, and J. Rosiek, 
Dimension-Six Terms in the Standard Model Lagrangian, JHEP 1010 (2010) 085, [arXiv:1008.4884].

30Michael Trott, NBI



126

Old school EWPD analysis

Michael Trott, Niels Bohr Institute, Jan 5th 2014

Careful with interpretation, if hypothesis testing SM - OK!


NOT a proper general constraint for arbitrary new physics sectors.


31Michael Trott, NBI
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What convinced me..Parameters that change SM predictions 
based on symmetry expectations can be 
strongly constrained
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Why were ST analyses a good idea?

Michael Trott, Niels Bohr Institute, Jan 5th 2014

They were oriented to test what Generates mass 

- effects the 2 point functions of observed bosons


S,T analyses were responsive to the actual global data available. 

No Higgs discovered, no LHC,  no WW LEP2 run..etc AT THE TIME

32Michael Trott, NBI

Higgs vev 


SM Higgs (supported by all current data) then this built in. 

New physics more complex expression in op forms 

- need a SMEFT analysis. Not just 2 point ST effects.

Post 2012:
Oblique/Universal
Theories. Just stop.



What convinced me..Cut off scales in EFT: SMEFT and HEFT



The Standard model ...

+ ? 
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The SM, an SU(3) xSU(2)xU(1) linearly realized gauge theory :


Nordic Winter School on Particle Physics and Cosmology33 2633Michael Trott, NBI
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What convinced me..Then how is the cut off scale working?

Michael Trott, Niels Bohr Institute, Jan 5th 2014Michael Trott, NBI, Sept 9-13 Maria Laach 2234Michael Trott, NBI
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Case of SM Higgs.

When you introduce a scalar doublet in this manner, the  cut 
off scalar raises dramatically.



The Standard model EFT

LSMEFT = LSM +
1

⇤�L 6=0
L5 +
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An SU(3) xSU(2)xU(1) linearly realised EFT:
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L6 + · · ·

Michael Trott, Friday March 15th 35Michael Trott, NBI
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What convinced me..Then how is the cut off scale working?

Michael Trott, Niels Bohr Institute, Jan 5th 2014 36

When you introduce a scalar doublet in this manner, the  cut 
off scale raises dramatically.

Now a linear order higher d op insertion
Michael Trott, NBI

W+ W� �W+ W� :L L L L

� �̄ �W+
L W�

L :

A ' g2

4m2
W

(s+ t)

A ' m 
p
s

v2

Case of SMEFT

F1(Ci)
v2

⇤2
<latexit sha1_base64="0p8IJfhnuGsIFKU4JwPKYtzLDYM=">AAACB3icbZBNS8MwGMdTX+d8q3oUJDiEeRntFBRPg4F48DDBvcBaS5qmW1ialiQdjLKbF7+KFw+KePUrePPbmG096OYfAj/+z/Mkef5+wqhUlvVtLC2vrK6tFzaKm1vbO7vm3n5LxqnApIljFouOjyRhlJOmooqRTiIIinxG2v6gPqm3h0RIGvN7NUqIG6EepyHFSGnLM4+uPbtc9+gpdEKBcDZ8qI4z51ZfECCNnlmyKtZUcBHsHEogV8Mzv5wgxmlEuMIMSdm1rUS5GRKKYkbGRSeVJEF4gHqkq5GjiEg3m+4xhifaCWAYC324glP390SGIilHka87I6T6cr42Mf+rdVMVXroZ5UmqCMezh8KUQRXDSSgwoIJgxUYaEBZU/xXiPtJ5KB1dUYdgz6+8CK1qxT6rVO/OS7WrPI4COATHoAxscAFq4AY0QBNg8AiewSt4M56MF+Pd+Ji1Lhn5zAH4I+PzBzWAmEA=</latexit>

F2(Ci)
v2

⇤2
<latexit sha1_base64="VrOZMrpQ36KRXQGEFn6FfxioSo4=">AAACB3icbZBNS8MwGMdTX+d8q3oUJDiEeRltFRRPg4F48DDBvcBaS5qmW1ialiQdjLKbF7+KFw+KePUrePPbmL0cdPMPgR//53mSPP8gZVQqy/o2lpZXVtfWCxvFza3tnV1zb78pk0xg0sAJS0Q7QJIwyklDUcVIOxUExQEjraBfG9dbAyIkTfi9GqbEi1GX04hipLTlm0fXvlOu+fQUupFAOB88OKPcvdUXhEijb5asijURXAR7BiUwU903v9wwwVlMuMIMSdmxrVR5ORKKYkZGRTeTJEW4j7qko5GjmEgvn+wxgifaCWGUCH24ghP390SOYimHcaA7Y6R6cr42Nv+rdTIVXXo55WmmCMfTh6KMQZXAcSgwpIJgxYYaEBZU/xXiHtJ5KB1dUYdgz6+8CE2nYp9VnLvzUvVqFkcBHIJjUAY2uABVcAPqoAEweATP4BW8GU/Gi/FufExbl4zZzAH4I+PzBzcfmEE=</latexit>

, s
<latexit sha1_base64="pjtD6MMr3FBqC8xcS2Tye37ZUdg=">AAAB6XicbVBNS8NAEJ34WetX1aOXxSJ4kJJUQY9FLx6r2A9oQ9lsN+3SzSbsToQS+g+8eFDEq//Im//GbZuDtj4YeLw3w8y8IJHCoOt+Oyura+sbm4Wt4vbO7t5+6eCwaeJUM95gsYx1O6CGS6F4AwVK3k40p1EgeSsY3U791hPXRsTqEccJ9yM6UCIUjKKVHs5Nr1R2K+4MZJl4OSlDjnqv9NXtxyyNuEImqTEdz03Qz6hGwSSfFLup4QllIzrgHUsVjbjxs9mlE3JqlT4JY21LIZmpvycyGhkzjgLbGVEcmkVvKv7ndVIMr/1MqCRFrth8UZhKgjGZvk36QnOGcmwJZVrYWwkbUk0Z2nCKNgRv8eVl0qxWvItK9f6yXLvJ4yjAMZzAGXhwBTW4gzo0gEEIz/AKb87IeXHenY9564qTzxzBHzifP0fCjTE=</latexit>

, s
<latexit sha1_base64="pjtD6MMr3FBqC8xcS2Tye37ZUdg=">AAAB6XicbVBNS8NAEJ34WetX1aOXxSJ4kJJUQY9FLx6r2A9oQ9lsN+3SzSbsToQS+g+8eFDEq//Im//GbZuDtj4YeLw3w8y8IJHCoOt+Oyura+sbm4Wt4vbO7t5+6eCwaeJUM95gsYx1O6CGS6F4AwVK3k40p1EgeSsY3U791hPXRsTqEccJ9yM6UCIUjKKVHs5Nr1R2K+4MZJl4OSlDjnqv9NXtxyyNuEImqTEdz03Qz6hGwSSfFLup4QllIzrgHUsVjbjxs9mlE3JqlT4JY21LIZmpvycyGhkzjgLbGVEcmkVvKv7ndVIMr/1MqCRFrth8UZhKgjGZvk36QnOGcmwJZVrYWwkbUk0Z2nCKNgRv8eVl0qxWvItK9f6yXLvJ4yjAMZzAGXhwBTW4gzo0gEEIz/AKb87IeXHenY9564qTzxzBHzifP0fCjTE=</latexit>
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What convinced me..Then how is the cut off scale working?

Michael Trott, Niels Bohr Institute, Jan 5th 2014 37

When you introduce a scalar doublet in this manner, the  cut 
off scalar raises dramatically.

Michael Trott, NBI

W+ W� �W+ W� :L L L L

� �̄ �W+
L W�

L :

A ' g2

4m2
W

(s+ t)

A ' m 
p
s

v2

Case of SMEFT

F1(Ci)
v2

⇤2
<latexit sha1_base64="0p8IJfhnuGsIFKU4JwPKYtzLDYM=">AAACB3icbZBNS8MwGMdTX+d8q3oUJDiEeRntFBRPg4F48DDBvcBaS5qmW1ialiQdjLKbF7+KFw+KePUrePPbmG096OYfAj/+z/Mkef5+wqhUlvVtLC2vrK6tFzaKm1vbO7vm3n5LxqnApIljFouOjyRhlJOmooqRTiIIinxG2v6gPqm3h0RIGvN7NUqIG6EepyHFSGnLM4+uPbtc9+gpdEKBcDZ8qI4z51ZfECCNnlmyKtZUcBHsHEogV8Mzv5wgxmlEuMIMSdm1rUS5GRKKYkbGRSeVJEF4gHqkq5GjiEg3m+4xhifaCWAYC324glP390SGIilHka87I6T6cr42Mf+rdVMVXroZ5UmqCMezh8KUQRXDSSgwoIJgxUYaEBZU/xXiPtJ5KB1dUYdgz6+8CK1qxT6rVO/OS7WrPI4COATHoAxscAFq4AY0QBNg8AiewSt4M56MF+Pd+Ji1Lhn5zAH4I+PzBzWAmEA=</latexit>

F2(Ci)
v2

⇤2
<latexit sha1_base64="VrOZMrpQ36KRXQGEFn6FfxioSo4=">AAACB3icbZBNS8MwGMdTX+d8q3oUJDiEeRltFRRPg4F48DDBvcBaS5qmW1ialiQdjLKbF7+KFw+KePUrePPbmL0cdPMPgR//53mSPP8gZVQqy/o2lpZXVtfWCxvFza3tnV1zb78pk0xg0sAJS0Q7QJIwyklDUcVIOxUExQEjraBfG9dbAyIkTfi9GqbEi1GX04hipLTlm0fXvlOu+fQUupFAOB88OKPcvdUXhEijb5asijURXAR7BiUwU903v9wwwVlMuMIMSdmxrVR5ORKKYkZGRTeTJEW4j7qko5GjmEgvn+wxgifaCWGUCH24ghP390SOYimHcaA7Y6R6cr42Nv+rdTIVXXo55WmmCMfTh6KMQZXAcSgwpIJgxYYaEBZU/xXiHtJ5KB1dUYdgz6+8CE2nYp9VnLvzUvVqFkcBHIJjUAY2uABVcAPqoAEweATP4BW8GU/Gi/FufExbl4zZzAH4I+PzBzcfmEE=</latexit>

, s
<latexit sha1_base64="pjtD6MMr3FBqC8xcS2Tye37ZUdg=">AAAB6XicbVBNS8NAEJ34WetX1aOXxSJ4kJJUQY9FLx6r2A9oQ9lsN+3SzSbsToQS+g+8eFDEq//Im//GbZuDtj4YeLw3w8y8IJHCoOt+Oyura+sbm4Wt4vbO7t5+6eCwaeJUM95gsYx1O6CGS6F4AwVK3k40p1EgeSsY3U791hPXRsTqEccJ9yM6UCIUjKKVHs5Nr1R2K+4MZJl4OSlDjnqv9NXtxyyNuEImqTEdz03Qz6hGwSSfFLup4QllIzrgHUsVjbjxs9mlE3JqlT4JY21LIZmpvycyGhkzjgLbGVEcmkVvKv7ndVIMr/1MqCRFrth8UZhKgjGZvk36QnOGcmwJZVrYWwkbUk0Z2nCKNgRv8eVl0qxWvItK9f6yXLvJ4yjAMZzAGXhwBTW4gzo0gEEIz/AKb87IeXHenY9564qTzxzBHzifP0fCjTE=</latexit>

, s
<latexit sha1_base64="pjtD6MMr3FBqC8xcS2Tye37ZUdg=">AAAB6XicbVBNS8NAEJ34WetX1aOXxSJ4kJJUQY9FLx6r2A9oQ9lsN+3SzSbsToQS+g+8eFDEq//Im//GbZuDtj4YeLw3w8y8IJHCoOt+Oyura+sbm4Wt4vbO7t5+6eCwaeJUM95gsYx1O6CGS6F4AwVK3k40p1EgeSsY3U791hPXRsTqEccJ9yM6UCIUjKKVHs5Nr1R2K+4MZJl4OSlDjnqv9NXtxyyNuEImqTEdz03Qz6hGwSSfFLup4QllIzrgHUsVjbjxs9mlE3JqlT4JY21LIZmpvycyGhkzjgLbGVEcmkVvKv7ndVIMr/1MqCRFrth8UZhKgjGZvk36QnOGcmwJZVrYWwkbUk0Z2nCKNgRv8eVl0qxWvItK9f6yXLvJ4yjAMZzAGXhwBTW4gzo0gEEIz/AKb87IeXHenY9564qTzxzBHzifP0fCjTE=</latexit>

v

⇤QCD

Mpl

Mheavy?
⇤?

Depends

On the

Pattern

Ci
<latexit sha1_base64="tGYreUFBKQGxo0xSYcQv6pCYxZ4=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoHgq9OKxov2ANpTNdtMu3WzC7kQowZ/gxYMiXv1F3vw3btsctPXBwOO9GWbmBYkUBl332ymsrW9sbhW3Szu7e/sH5cOjtolTzXiLxTLW3YAaLoXiLRQoeTfRnEaB5J1g0pj5nUeujYjVA04T7kd0pEQoGEUr3TcGYlCuuFV3DrJKvJxUIEdzUP7qD2OWRlwhk9SYnucm6GdUo2CSP5X6qeEJZRM64j1LFY248bP5qU/kzCpDEsbalkIyV39PZDQyZhoFtjOiODbL3kz8z+ulGF77mVBJilyxxaIwlQRjMvubDIXmDOXUEsq0sLcSNqaaMrTplGwI3vLLq6Rdq3oX1drdZaV+k8dRhBM4hXPw4ArqcAtNaAGDETzDK7w50nlx3p2PRWvByWeO4Q+czx8OuI2f</latexit>

Deviations from the SM the theory WILL break down at lower scales
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What convinced me..Then how is the cut off scale working?

Michael Trott, Niels Bohr Institute, Jan 5th 2014 37a

When you introduce a scalar doublet in this manner, the  cut 
off scalar raises dramatically.

Michael Trott, NBI

v

⇤QCD

Mpl

Mheavy?
⇤?

Depends

On the

Pattern

Ci
<latexit sha1_base64="tGYreUFBKQGxo0xSYcQv6pCYxZ4=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoHgq9OKxov2ANpTNdtMu3WzC7kQowZ/gxYMiXv1F3vw3btsctPXBwOO9GWbmBYkUBl332ymsrW9sbhW3Szu7e/sH5cOjtolTzXiLxTLW3YAaLoXiLRQoeTfRnEaB5J1g0pj5nUeujYjVA04T7kd0pEQoGEUr3TcGYlCuuFV3DrJKvJxUIEdzUP7qD2OWRlwhk9SYnucm6GdUo2CSP5X6qeEJZRM64j1LFY248bP5qU/kzCpDEsbalkIyV39PZDQyZhoFtjOiODbL3kz8z+ulGF77mVBJilyxxaIwlQRjMvubDIXmDOXUEsq0sLcSNqaaMrTplGwI3vLLq6Rdq3oX1drdZaV+k8dRhBM4hXPw4ArqcAtNaAGDETzDK7w50nlx3p2PRWvByWeO4Q+czx8OuI2f</latexit>

Deviations from the SM the theory WILL break down at lower scales

Note expansion parameters in the SMEFT:

hH†
Hi

⇤2
<latexit sha1_base64="11fkwTrudWBqTzq2RuF6BUdUAic=">AAACFnicbVC7SgNBFJ2NrxhfUUubwSDYGHajoFgFbFJYRDAPyCbh7uzsZsjs7DIzK4QlX2Hjr9hYKGIrdv6Nk0ehiQcGDufcx9zjJZwpbdvfVm5ldW19I79Z2Nre2d0r7h80VZxKQhsk5rFse6AoZ4I2NNOcthNJIfI4bXnDm4nfeqBSsVjc61FCuxGEggWMgDZSv3jmBhJI5nIQIae41nN9CEMqcQ27cqqNM/fWzPOhVxn3iyW7bE+Bl4kzJyU0R71f/HL9mKQRFZpwUKrj2InuZiA1I2Z0wU0VTYAMIaQdQwVEVHWz6VljfGIUHwexNE9oPFV/d2QQKTWKPFMZgR6oRW8i/ud1Uh1cdTMmklRTQWaLgpRjHeNJRthnkhLNR4YAkcz8FZMBmJy0SbJgQnAWT14mzUrZOS9X7i5K1et5HHl0hI7RKXLQJaqiGqqjBiLoET2jV/RmPVkv1rv1MSvNWfOeQ/QH1ucP9O6fNg==</latexit>

Expansion in SM vev -relevant

For SM dominated phase space 

measurements - i.e. “pole parameters”

pi · pj
⇤2

<latexit sha1_base64="PX23xTpuo5RVa9LTFsHrYzePAVw=">AAACCXicbVC7TsMwFHXKq5RXgJHFokJiqpKCBGKqxMLAUCT6kJoQOY7TmjqxZTtIVZSVhV9hYQAhVv6Ajb/BfQzQcqQrHZ1zr33vCQWjSjvOt1VaWl5ZXSuvVzY2t7Z37N29tuKZxKSFOeOyGyJFGE1JS1PNSFdIgpKQkU44vBz7nQciFeXprR4J4ieon9KYYqSNFNjQiyXCuQgo9HDENRTBPSxy79o8EaG7ehHYVafmTAAXiTsjVTBDM7C/vIjjLCGpxgwp1XMdof0cSU0xI0XFyxQRCA9Rn/QMTVFClJ9PLingkVEiGHNpKtVwov6eyFGi1CgJTWeC9EDNe2PxP6+X6fjcz2kqMk1SPP0ozhjUHI5jgRGVBGs2MgRhSc2uEA+QiUab8ComBHf+5EXSrtfck1r95rTauJjFUQYH4BAcAxecgQa4Ak3QAhg8gmfwCt6sJ+vFerc+pq0lazazD/7A+vwB8kGZ0w==</latexit>

Expansion parameter(s) in novel 

kinematic regions (tails of distributions)
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What convinced me..Then how is the cut off scale working?

Michael Trott, Niels Bohr Institute, Jan 5th 2014

When you introduce a scalar doublet in this manner, the  cut 
off scalar raises dramatically.

Michael Trott, NBI

v

⇤QCD

Mpl

Mheavy?
⇤?

Depends

On the

Pattern

Ci
<latexit sha1_base64="tGYreUFBKQGxo0xSYcQv6pCYxZ4=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoHgq9OKxov2ANpTNdtMu3WzC7kQowZ/gxYMiXv1F3vw3btsctPXBwOO9GWbmBYkUBl332ymsrW9sbhW3Szu7e/sH5cOjtolTzXiLxTLW3YAaLoXiLRQoeTfRnEaB5J1g0pj5nUeujYjVA04T7kd0pEQoGEUr3TcGYlCuuFV3DrJKvJxUIEdzUP7qD2OWRlwhk9SYnucm6GdUo2CSP5X6qeEJZRM64j1LFY248bP5qU/kzCpDEsbalkIyV39PZDQyZhoFtjOiODbL3kz8z+ulGF77mVBJilyxxaIwlQRjMvubDIXmDOXUEsq0sLcSNqaaMrTplGwI3vLLq6Rdq3oX1drdZaV+k8dRhBM4hXPw4ArqcAtNaAGDETzDK7w50nlx3p2PRWvByWeO4Q+czx8OuI2f</latexit>

Deviations from the SM the theory WILL break down at lower scales

Note expansion parameters in the SMEFT:

hH†
Hi

⇤2
<latexit sha1_base64="11fkwTrudWBqTzq2RuF6BUdUAic=">AAACFnicbVC7SgNBFJ2NrxhfUUubwSDYGHajoFgFbFJYRDAPyCbh7uzsZsjs7DIzK4QlX2Hjr9hYKGIrdv6Nk0ehiQcGDufcx9zjJZwpbdvfVm5ldW19I79Z2Nre2d0r7h80VZxKQhsk5rFse6AoZ4I2NNOcthNJIfI4bXnDm4nfeqBSsVjc61FCuxGEggWMgDZSv3jmBhJI5nIQIae41nN9CEMqcQ27cqqNM/fWzPOhVxn3iyW7bE+Bl4kzJyU0R71f/HL9mKQRFZpwUKrj2InuZiA1I2Z0wU0VTYAMIaQdQwVEVHWz6VljfGIUHwexNE9oPFV/d2QQKTWKPFMZgR6oRW8i/ud1Uh1cdTMmklRTQWaLgpRjHeNJRthnkhLNR4YAkcz8FZMBmJy0SbJgQnAWT14mzUrZOS9X7i5K1et5HHl0hI7RKXLQJaqiGqqjBiLoET2jV/RmPVkv1rv1MSvNWfOeQ/QH1ucP9O6fNg==</latexit>

Better theoretical control, less operators

Can be exactly solved using geometry.

More precise measurements needed.

pi · pj
⇤2

<latexit sha1_base64="PX23xTpuo5RVa9LTFsHrYzePAVw=">AAACCXicbVC7TsMwFHXKq5RXgJHFokJiqpKCBGKqxMLAUCT6kJoQOY7TmjqxZTtIVZSVhV9hYQAhVv6Ajb/BfQzQcqQrHZ1zr33vCQWjSjvOt1VaWl5ZXSuvVzY2t7Z37N29tuKZxKSFOeOyGyJFGE1JS1PNSFdIgpKQkU44vBz7nQciFeXprR4J4ieon9KYYqSNFNjQiyXCuQgo9HDENRTBPSxy79o8EaG7ehHYVafmTAAXiTsjVTBDM7C/vIjjLCGpxgwp1XMdof0cSU0xI0XFyxQRCA9Rn/QMTVFClJ9PLingkVEiGHNpKtVwov6eyFGi1CgJTWeC9EDNe2PxP6+X6fjcz2kqMk1SPP0ozhjUHI5jgRGVBGs2MgRhSc2uEA+QiUab8ComBHf+5EXSrtfck1r95rTauJjFUQYH4BAcAxecgQa4Ak3QAhg8gmfwCt6sJ+vFerc+pq0lazazD/7A+vwB8kGZ0w==</latexit>

Less theoretical control, stronger 

sensitivity to theory breakdown.

Less precise measurements can deviate

37b
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What convinced me..HEFT: Nonlinear chiral+ singlet

Michael Trott, Niels Bohr Institute, Jan 5th 2014 38Michael Trott, NBI

Also higher dimensional operators: (hats -dual fields) SEE RODRIGO’s lectures

L =
1
2
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4
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+ · · ·
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�
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2
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h h2 +
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6
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�
h3 +

d4

24

�
3m2

h

v2

�
h4 + · · · .

General EFT : Nonlinear SU(2)xU(1) + Singlet scalar*  

* Grinstein/Trott 0704.1505, see also Bagger et al 9306256, Feruglio 9301281 for 
Technicolour sigma version, informed discussion in Burgess et al hep-ph/9912459

Modern foundation: 1203.6510, 1212.3305,  1307.5017

L5
HD

= cg g
2
3
h

v
Gµ ⌫ G

µ ⌫ + cW g22
h

v
Wµ ⌫ W

µ ⌫ + cB g21
h

v
Bµ ⌫ B

µ ⌫ ,

+ĉW g22
h

v
Ŵµ ⌫ W

µ ⌫ + ĉB g21
h

v
B̂µ ⌫ B

µ ⌫ + ĉG g23
h

v
Ĝµ ⌫ G

µ ⌫

⌃ = ei�a ⇡a/v

(Rediscovered - at least 4 times independently!!! - convergent physics evolution!) 

https://arxiv.org/abs/1203.6510
https://arxiv.org/abs/1212.3305
https://arxiv.org/abs/1307.5017
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What convinced me..Then how is the cut off scale working?

Michael Trott, Niels Bohr Institute, Jan 5th 2014Michael Trott, NBI, Sept 9-13 Maria Laach 2239Michael Trott, NBI
,,

A ' g2

4m2
W

(s+ t)

A ' m 
p
s

v2

Case of HEFT deviations in Higgs 
properties expected to be bigger, and 

cut off scale lower

When you introduce a scalar doublet in this manner, the  cut 
off scalar raises dramatically.

G. Buchalla, O. Cat`a and C. Krause, Phys. Lett. B 731, 80 (2014) [arXiv:1312.5624
B. M. Gavela, E. E. Jenkins, A. V. Manohar and L. Merlo, arXiv:1601.07551 

Now a linear order higher d op insertion



LHC consistent with either setup, no other states around

40Michael Trott, IPMUMichael Trott, NBI, Sept 9-13 Maria Laach 2840Michael Trott, 



Masses of EW scale (            )  states mW ,mZ ,mt,mh⇠ g v

9Michael Trott, IPMUMichael Trott, NBI, Sept 9-13 Maria Laach 29

LHC consistent with either setup, no other states around

41Michael Trott, NBI



10Michael Trott, IPMUMichael Trott, NBI, Sept 9-13 Maria Laach 30

LHC consistent with either setup, no other states around

42Michael Trott, NBI

These bounds have

been pushed away 

from

v ⇠ mh



RunII and beyond: Resonance limits to local operators

USE that
v/M < 1

11Michael Trott, IPMUMichael Trott, NBI, Sept 9-13 Maria Laach 3143Michael Trott, NBI

These bounds have

been pushed away 

from

v ⇠ mh

Deviations then look like local contact operator effects in EFT, this allows Higgs properties to be 
consistently studied allowing the SM to break at higher energies



A “BSM is heavy” approach is SMEFT/HEFT

No BSM resonance seen

Decoupling

VERY! Efficient to 
constrain BSM/interpret the 
data in EFT

SMEFT HEFT

no other (hidden) light 
states.

observed scalar 
in doublet

observed scalar 
not in doublet

 UV dependent Wilson coefficient

and suppression scale

 Basics of the SMEFT formulation:  IR operator form

v/M < 1

10Michael Trott, Friday March 15thMichael Trott, NBI, Sept 9-13 Maria Laach 3144Michael Trott,

Rodrigo’s lectures.
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What convinced me..EFT basics.



When you do measurements below a particle threshold

54Michael Trott, Friday March 15thMichael Trott, NBI, Sept 9-13 Maria Laach 3145Michael Trott, NBI

45

Observable is a function of the Lorentz invariants: 

f(s, t, u)

Generally an analytic function of these invariants, 

except in special regions of phase space, ex. where 

an internal state goes on-shell.

⇠ 1

s�m2 + i�(s)m

   IF     the collision probe does not  reach 

THEN  observable’s dependence on that scale simplified


⇠ m2
heavy

You can  Taylor expand in LOCAL functions (operators)

hi ⇠ O
0
SM +

f1(s, t, u)

M2
heavy

+
f2(s, t, u)

M4
heavy

+ · · ·
EFT approach not a guess.


General approach based on S 
matrix theory and motivated by 
experimental situation.

This is the core idea of EFT interpretations of the data.



How formally do we know the Mheavy dependence is so simple?

9Michael Trott, Friday March 15thMichael Trott, NBI, Sept 9-13 Maria Laach 3146Michael Trott, NBI, Sept 30 - Oct 4 OxfordMichael Trott, NBI,  Feb 18

Why don’t you generate arbitrarily complicated math functions with no simple expansion?

Without a controlled dependence on Mheavy? (Assumed in later works - probably naively)

Formal decoupling theorem (not applied to useful examples IMO)

Europe/US 

communication gap!

Michael Trott, NBI



9Michael Trott, Friday March 15thMichael Trott, NBI, Sept 9-13 Maria Laach 313Michael Trott, NBI, Sept 30 - Oct 4 OxfordMichael Trott, NBI,  Feb 18

Applied decoupling theorem extremely instructive and inductive reasoning, applied to real data!

For many leading theorists at this point, the EFT paradigm is rather clear.

It works as expected

Applied to actual data!

EFT Applied to physics of the SM.

Michael Trott, NBI 47



EFT Applied to physics beyond the SM.

9Michael Trott, Friday March 15thMichael Trott, NBI, Sept 9-13 Maria Laach 313Michael Trott, NBI, Sept 30 - Oct 4 OxfordMichael Trott, NBI,  Feb 18Michael Trott, NBI
+ ? 


48

These examples were with physics of that was becoming

established as the SM

A good idea to also apply to EXTENDING the SM 

with heavy unknown physics low energy effects, 

such as leading to neutrino mass.

Not discovered yet in early/mid 70’s


LSMEFT = LSM +
1

⇤�L 6=0
L5 +

1

⇤2
L6 + · · ·



Very Interesting scales a bit out of direct reach

mt
mh

The interesting scales! ⇠ 4⇡v/c

Michael Trott, Niels Bohr Institute, May 24th 2018 10

SM Higgs?


v

⇤QCD

Mpl

Mheavy?

Expect % effects on Higgs properties

We need a precision Higgs pheno program!

Are % level deviations ruled out? NO.

49Michael Trott, NBI

⇤?


