
Lecture 3

Testing the Electroweak  
Standard Model
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Testing the Electroweak Standard Model

•Couplings of gauge bosons to fermions

•  Gauge boson self-couplings

•Higgs boson couplings: 
to fermions
to gauge bosons
to itself
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Gauge Boson Self Couplings

Evidence of the Non Abelian caracter of the EW theory 

From
<latexit sha1_base64="GsOffcIPS6sz43hVQP77qXXFZyw="></latexit>

<latexit sha1_base64="8nj81ZO6AG5npunLNQdnQ2A1sh0="></latexit>

with 

and going from 
<latexit sha1_base64="Kgc4lXFMOsjIN9nRjOHuf/WIXi4=">AAACFHicbVDNS8MwHE3n15xfVY9egkOYOEYrgh63efE4wX3guo00S7ewpC1JKoyyP8KL/4oXD4p49eDN/8a060E3H4Q83vv9SN5zQ0alsqxvI7eyura+kd8sbG3v7O6Z+wctGUQCkyYOWCA6LpKEUZ80FVWMdEJBEHcZabuT68RvPxAhaeDfqWlIehyNfOpRjJSWBuZZqdZHA4dHZVhPrlMIHRXAUrvvhLxcS537vpVaA7NoVawUcJnYGSmCDI2B+eUMAxxx4ivMkJRd2wpVL0ZCUczIrOBEkoQIT9CIdDX1ESeyF6ehZvBEK0PoBUIfX8FU/b0RIy7llLt6kiM1loteIv7ndSPlXfVi6oeRIj6eP+RFDOrYSUNwSAXBik01QVhQ/VeIx0ggrHSPBV2CvRh5mbTOK7ZVsW8vitV6VkceHIFjUAI2uARVcAMaoAkweATP4BW8GU/Gi/FufMxHc0a2cwj+wPj8AZy9nAs=</latexit>

we obtain the triple gauge couplings (TGC)

<latexit sha1_base64="icXCsl8F/iC7MnbHJvVFj0jBRuE="></latexit>

for 
<latexit sha1_base64="2OH+cezHWrcpQPmFIOVYsr5CMMo=">AAAB83icbVBNS8NAEJ34WetX1aOXxSJ4kJKIoBeh6MVjBfuBTSyT7bZdupuE3Y1QQv+GFw+KePXPePPfuG1z0NYHA4/3ZpiZFyaCa+O6387S8srq2npho7i5tb2zW9rbb+g4VZTVaSxi1QpRM8EjVjfcCNZKFEMZCtYMhzcTv/nElOZxdG9GCQsk9iPe4xSNlfzGld9HKfH04dHtlMpuxZ2CLBIvJ2XIUeuUvvxuTFPJIkMFat323MQEGSrDqWDjop9qliAdYp+1LY1QMh1k05vH5NgqXdKLla3IkKn6eyJDqfVIhrZTohnoeW8i/ue1U9O7DDIeJalhEZ0t6qWCmJhMAiB drhg1YmQJUsXtrYQOUCE1NqaiDcGbf3mRNM4qnlvx7s7L1es8jgIcwhGcgAcXUIVbqEEdKCTwDK/w5qTOi/PufMxal5x85gD+wPn8AfcMkPg=</latexit>

<latexit sha1_base64="uuOtDjO1aalGaias6WsdN13j1Xs=">AAACDHicbVDLSgMxFM3UV62vqks3wSK4scyIoBuh6MZlBfuAtpRMetuGJjNDckcsw3yAG3/FjQtF3PoB7vwb03YW2nogcDjn3OTm+JEUBl3328ktLa+sruXXCxubW9s7xd29ugljzaHGQxnqps8MSBFADQVKaEYamPIlNPzR9cRv3IM2IgzucBxBR7FBIPqCM7RSt1hqIzzg9J7ElzGkyaCbNBrtAVOKpSm9pCdgU27ZnYIuEi8jJZKh2i1+tXshjxUEyCUzpuW5EXYSplFwCWmhHRuIGB+xAbQsDZgC00mmS6T0yCo92g+1PQHSqfp7ImHKmLHybVIxHJp5byL+57Vi7F90EhFEMULAZw/1Y0kxpJNmaE9o4CjHljCuhd2V8iHTjKPtr2BL8Oa/vEjqp2XPLXu3Z6XKVVZHnhyQQ3JMPHJOKuSGVEmNcPJInskreXOenBfn3fmYRXNONrNP/sD5/AFRM5u7</latexit>

<latexit sha1_base64="ymG9svMyTuYqtjWNlgXYKYQCXV4=">AAACFnicbVDLSsNAFJ34tr6qLt0MFsGFlkQE3QiiG5cVbFNsQphMb9rByYOZG7GEfIUbf8WNC0Xcijv/xulj4evAhcM5987ce8JMCo22/WlNTc/Mzs0vLFaWlldW16rrGy2d5opDk6cyVe2QaZAigSYKlNDOFLA4lOCGN+dD370FpUWaXOEgAz9mvUREgjM0UlDd9xDucPROEcocyqIXFK57XZb0hO4D9fY8nqKHfUAWuEG1ZtftEehf4kxIjUzQCKofXjfleQwJcsm07jh2hn7BFAouoax4uYaM8RvWg46hCYtB+8VonZLuGKVLo1SZSpCO1O8TBYu1HsSh6YwZ9vVvbyj+53VyjI79QiRZjpDw8UdRLimmdJgR7QoFHOXAEMaVMLtS3meKcTRJVkwIzu+T/5LWQd2x687lYe30bBLHAtki22SXOOSInJIL0iBNwsk9eSTP5MV6sJ6sV+tt3DplTWY2yQ9Y71+H1p+M</latexit>with 
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and 
Wµ⌫ = @µW⌫ � @⌫Wµ

<latexit sha1_base64="otqx8Wy50/6o7NFkVklEvlJw0tg=">AAACHXicbZDLSgMxFIYzXmu9jbp0EyyCG8tMLehGKLpxWcFeoFOGTJq2oUlmyEUoQ1/Eja/ixoUiLtyIb2Nm2kVt/SHw851zkpw/ShhV2vN+nJXVtfWNzcJWcXtnd2/fPThsqthITBo4ZrFsR0gRRgVpaKoZaSeSIB4x0opGt1m99UikorF40OOEdDkaCNqnGGmLQrfaCtOAm0CYCbyGQYKkpoiFFsFWaCk8n4Mih9yEbskre7ngsvFnpgRmqofuV9CLseFEaMyQUh3fS3Q3ze7FjEyKgVEkQXiEBqRjrUCcqG6abzeBp5b0YD+W9ggNczo/kSKu1JhHtpMjPVSLtQz+V+sY3b/qplQkRhOBpw/1DYM6hllUsEclwZqNrUFYUvtXiIdIIqxtoEUbgr+48rJpVsr+RblyXy3VbmZxFMAxOAFnwAeXoAbuQB00AAZP4AW8gXfn2Xl1PpzPaeuKM5s5An/kfP8C2CGhwg==</latexit>

Vµ⌫ = @µV⌫ � @⌫Vµ
<latexit sha1_base64="NAya+thcYFsI+CIAqdqckpO1o5w=">AAACHXicbZDLSgMxFIYz9VbrbdSlm2AR3FhmakE3QtGNywp2WugMQyZN29AkM+QilKEv4sZXceNCERduxLcxvSy09YfAz3fOSXL+JGNUac/7dgorq2vrG8XN0tb2zu6eu38QqNRITJo4ZalsJ0gRRgVpaqoZaWeSIJ4w0kqGN5N664FIRVNxr0cZiTjqC9qjGGmLYrcWxHnITSjMGF7BMENSU8Rii2AQWwrPfkExhdzEbtmreFPBZePPTRnM1Yjdz7CbYsOJ0JghpTq+l+kon9yLGRmXQqNIhvAQ9UnHWoE4UVE+3W4MTyzpwl4q7REaTunviRxxpUY8sZ0c6YFarE3gf7WO0b3LKKciM5oIPHuoZxjUKZxEBbtUEqzZyBqEJbV/hXiAJMLaBlqyIfiLKy+boFrxzyvVu1q5fj2PowiOwDE4BT64AHVwCxqgCTB4BM/gFbw5T86L8+58zFoLznzmEPyR8/UD00Whvw==</latexit>



Tested first at LEP 2 in W pair production

<latexit sha1_base64="hUxTsG79rYSArJkWzYECgMgYUWs=">AAAB/HicbZDNSsNAFIUn9a/Wv2iXbgaLIEhLIoIui25cVrBNoU3LZHrTDp1MwsxECKW+ihsXirj1Qdz5Nk7bLLT1wMDHufcy954g4Uxpx/m2CmvrG5tbxe3Szu7e/oF9eNRScSopNGnMY9kOiALOBDQ10xzaiQQSBRy8YHw7q3uPIBWLxYPOEvAjMhQsZJRoY/XtMvTOMfSquKtj7Bn2etW+XXFqzlx4FdwcKihXo29/dQcxTSMQmnKiVMd1Eu1PiNSMcpiWuqmChNAxGULHoCARKH8yX36KT40zwGEszRMaz93fExMSKZVFgemMiB6p5drM/K/WSXV47U+YSFINgi4+ClOOzaGzJPCASaCaZwYIlczsiumISEK1yatkQnCXT16F1kXNdWru/WWlfpPHUUTH6ASdIRddoTq6Qw3URBRl6Bm9ojfryXqx3q2PRWvBymfK6I+szx+YEZLI</latexit>
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TGC further tested 

LWWV = igWWV [gV1 (W †
µ⌫W

µ �Wµ⌫W
µ†)V ⌫ + V W †

µW⌫V
µ⌫ + i

�V

M2
W

W †
⇢µW

µ
⌫ V

⌫⇢]
<latexit sha1_base64="J0++rL2WbcerT8MGgZ/X0Q5ZSoI="></latexit>

Allow for anomalous TGCs:

In the SM gV1 = 1 = V and �V = 0
<latexit sha1_base64="rQXqFGDn2USJoJyXzFD3GnUa1zg="></latexit>

Already from LEP data we have:

gV1 = 0.984+0.018
�0.020 V = 0.982± 0.042 �V = �0.022± 0.019

<latexit sha1_base64="jctWJ8aj6RJSWCJNKAO6osyoxTc="></latexit>



TGC and Quartic Couplings further tested at the LHC
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NS67CH02-Hamel-de-Monchenault ARI 18 September 2017 10:8

Table 1 Observed 95%-CL limits on WWγ and WWZ anomalous trilinear gauge boson couplings

Channel 95%-CL interval Experiment
√

s ( TeV)
Luminosity

(fb−1) Reference
"κγ LEP combined [−0.099, +0.066] LEP 0.2 0.7 115

D0 combined [−0.16, +0.25] D0 1.96 8.6 132
W γ [−0.41, +0.46] ATLAS 7 4.6 63
W γ [−0.38, +0.29] CMS 7 5.0 64
WW [−0.21, +0.22] CMS 7 4.9 71
WW+WZ [−0.21, +0.22] ATLAS 7 4.6 93
WW+WZ [−0.11, +0.14] CMS 7 5.0 94
WW [−0.12, +0.17] ATLAS 8 20.3 72
WW [−0.13, +0.095] CMS 8 19.4 73

λγ LEP combined [−0.059, +0.017] LEP 0.2 0.7 115
D0 combined [−0.036, +0.044] D0 1.96 8.6 132
W γ [−0.065, +0.061] ATLAS 7 4.6 63
W γ [−0.050, +0.037] CMS 7 5.0 64
WW [−0.048, +0.048] CMS 7 4.9 71
WW+WZ [−0.039, +0.040] ATLAS 7 4.6 93
WW+WZ [−0.038, +0.030] CMS 7 5.0 94
WW [−0.019, +0.019] ATLAS 8 20.3 72
WW [−0.024, +0.024] CMS 8 19.4 73

"g Z
1 LEP combined [−0.054, +0.021] LEP 0.2 0.7 115

D0 combined [−0.034, +0.084] D0 1.96 8.6 132
WW [−0.039, +0.052] ATLAS 7 4.6 70
WW [−0.095, +0.095] CMS 7 4.9 71
WW+WZ [−0.055, +0.071] ATLAS 7 4.6 93
WW [−0.016, +0.027] ATLAS 8 20.3 72
WW [−0.047, +0.022] CMS 8 19.4 73
WZ [−0.19, +0.29] ATLAS 8 20.3 78
WZ [−0.28, +0.40] CMS 8 19.6 79

"κZ WZ [−0.19, +0.30] ATLAS 8 20.3 78
WZ [−0.29, +0.30] CMS 8 19.6 79

λZ WZ [−0.016, +0.016] ATLAS 8 20.3 78
WZ [−0.024, +0.021] CMS 8 19.6 79

analyses, ATLAS (67) and CMS (66) set 95%-CL limits at the level of 1.5×10−3 on |hγ
3 | and |hZ

3 |,
and at the level of 4 × 10−6 on |hγ

4 | and |hZ
4 |. These limits are already an order of magnitude more

stringent than those obtained at the Tevatron, thanks to the extended range in photon energy at
the LHC, and one can expect another increase in sensitivity with the 13-TeV data. Likewise, the
sensitivity for neutral aTGCs at the ZZZ vertex has been improved with the recent νν̄Z analyses
at 8 TeV. ATLAS (85) and CMS (90) have reported 95%-CL limits on the | f γ ,Z

4 | and | f γ ,Z
5 |

parameters that are at the level of or better than 4 × 10−3. These results are an improvement on
the first LHC-combined limits on aTGCs in ZZ production based on 7-TeV data (112).

The VBS analyses are used to set first limits on a number of aQGC parameters, which corre-
spond to different dimension-eight operators of the EFT. One of these operators, which involves

www.annualreviews.org • Electroweak Measurements at the LHC 37
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Taken from G. Monchenault, 

Annu. Rev. Nucl. Part. Sci. 2017. 67:19–44  

 

Anomalous TGC and Quartic
couplings enter in EFT analysis

See lectures by John Ellis



Electroweak Precision Tests

7

•Measurements of the electroweak couplings of fermions with great precision
•This precision must be matched by the theoretical predictions. It requires to go well beyond

leading order (tree level) in perturbative calculations 

•  The electroweak theory is defined by 3 parameters (ignoring the fermion Yukawas)

g, g0 and v
<latexit sha1_base64="Mz7SAZi0bIb7xeIhiWuugjAQgSU=">AAACNXicbVBNTwIxFOziN36hHr00EqMHQ3bRRI9ELx48aCJCAoR0ywMaut1N+5ZINsuP8uL/8KQHDxrj1b9gQQ4KTtJkMjOvrx0/ksKg6744mbn5hcWl5ZXs6tr6xmZua/vOhLHmUOahDHXVZwakUFBGgRKqkQYW+BIqfu9i5Ff6oI0I1S0OImgErKNEW3CGVmrmruoI9zi+J/FlDGnSSY/orHiQ0mQ4rOuAMtUaDtPZSD+lzVzeLbhj0FniTUieTHDdzD3VWyGPA1DIJTOm5rkRNhKmUXAJabYeG4gY77EO1CxVLADTSMZbU7pvlRZth9oehXSs/p5IWGDMIPBtMmDYNdPeSPzPq8XYPmskQkUxguI/i9qxpBjSUYW0JTRwlANLGNfCvpXyLtOMoy06a0vwpr88S+6KBe+4ULw5yZfOJ3Usk12yRw6JR05JiVySa1ImnDyQZ/JG3p1H59X5cD5/ohlnMrND/sD5+gZTDa7E</latexit>

From them we can predict observables

•But if we need loop calculations do we need to worry about divergences, renormalization. etc. ?
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Renormalization (See I.L19 to I.L25)

L =
1

2
@µ�0@

µ�0 �
1

2
m2

0�
2
0 �

�0

4!
�4
0

<latexit sha1_base64="pLnLYrFmxL/B2n+gbtE9VBK4mek="></latexit>

Consider a real scalar field with lagrangian 

(�0,m0,�0)
<latexit sha1_base64="E7AcxXB8AMe7Ni2LQWKjYw+h7rc=">AAACAXicbVDNS8MwHE3n15xfVS+Cl+AQJshop6DHoRePE9wHrKWkabqFJWlJUmGMefFf8eJBEa/+F978b0y3HnT6IOHx3u+R/F6YMqq043xZpaXlldW18nplY3Nre8fe3euoJJOYtHHCEtkLkSKMCtLWVDPSSyVBPGSkG46uc797T6SiibjT45T4HA0EjSlG2kiBfVDz0iENnFPI88tjJhqhwDkJ7KpTd2aAf4lbkCoo0ArsTy9KcMaJ0Jghpfquk2p/gqSmmJFpxcsUSREeoQHpGyoQJ8qfzDaYwmOjRDBOpDlCw5n6MzFBXKkxD80kR3qoFr1c/M/rZzq+9CdUpJkmAs8fijMGdQLzOmBEJcGajQ1BWFLzV4iHSCKsTWkVU4K7uPJf0mnU3bN64/a82rwq6iiDQ3AEasAFF6AJbkALtAEGD+AJvIBX69F6tt6s9/loySoy++AXrI9ve2CU/A==</latexit>

are the un-renormalized parameters

Define renormalized parameters as 

� = Z�1/2
� �0

<latexit sha1_base64="uAoZV8p9yDju5oZiZCBCHF5n0vI=">AAACBXicbZC7TsMwFIadcivlFmCEwaJCYoCSFCRYkCpYGItEL6IJkeM6rVXHiWwHqYq6sPAqLAwgxMo7sPE2OG0GaPklS5//c47s8/sxo1JZ1rdRmJtfWFwqLpdWVtfWN8zNraaMEoFJA0csEm0fScIoJw1FFSPtWBAU+oy0/MFVVm89ECFpxG/VMCZuiHqcBhQjpS3P3HXiPoUX8M7L4D49so+rI+cwu3iWZ5atijUWnAU7hzLIVffML6cb4SQkXGGGpOzYVqzcFAlFMSOjkpNIEiM8QD3S0chRSKSbjrcYwX3tdGEQCX24gmP390SKQimHoa87Q6T6crqWmf/VOokKzt2U8jhRhOPJQ0HCoIpgFgnsUkGwYkMNCAuq/wpxHwmElQ6upEOwp1eehWa1Yp9Uqjen5dplHkcR7IA9cABscAZq4BrUQQNg8AiewSt4M56MF+Pd+Ji0Fox8Zhv8kfH5AwpLlwA=</latexit>

m2 ⌘ m2
0Z� � �m2 � ⌘ �0Z

2
� � ��

<latexit sha1_base64="/GUsQZ3K+lC1WhClXfxz0hOF5Tw="></latexit>

Then using Z� = 1 + �Z�
<latexit sha1_base64="fgtlT4oxF+gj4zKe6b+jJJiM3Ac=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARBKEkVdCNUHTjsoJ9YBPCZHLTDp08mJkIJdSNv+LGhSJu/Qt3/o3TNgutHrhwOOde7r3HTzmTyrK+jNLC4tLySnm1sra+sbllbu+0ZZIJCi2a8ER0fSKBsxhaiikO3VQAiXwOHX94NfE79yAkS+JbNUrBjUg/ZiGjRGnJM/fuPCcdsAtsHzsBcEXwTMCeWbVq1hT4L7ELUkUFmp756QQJzSKIFeVEyp5tpcrNiVCMchhXnExCSuiQ9KGnaUwikG4+/WCMD7US4DARumKFp+rPiZxEUo4iX3dGRA3kvDcR//N6mQrP3ZzFaaYgprNFYcaxSvAkDhwwAVTxkSaECqZvxXRABKFKh1bRIdjzL/8l7XrNPqnVb06rjcsijjLaRwfoCNnoDDXQNWqiFqLoAT2hF/RqPBrPxpvxPmstGcXMLvoF4+Mbi0iVqg==</latexit>

L =
1

2
@µ�@

µ�� 1

2
m2�2 � �

4!
�4

<latexit sha1_base64="AdJflGOKwe4s8l8ktIqbCGVFxOE="></latexit>

+
1

2
�Z� @µ�@

µ�� 1

2
�m2�2 � ��

4!
�4

<latexit sha1_base64="2ShCGtsHYfwdtlnYgRvbMCkAzsM="></latexit>

Renormalized lagrangian

Counter-Terms

The  CTs generate additional Feynman rules
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•A renormalizable theory has a finite number of CTs

•The CTs are computed in perturbation theory by imposing renormalization conditions

These are input. E.g. is the pole in propagator, with residue = 1 fixes m2
<latexit sha1_base64="0k9DzD1qJfQppDvnmwcmAhjCK5U=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYBA8hd0o6DHoxWNE84BkDbOT2WTIPJaZWSEs+QQvHhTx6hd582+cJHvQxIKGoqqb7q4o4cxY3//2VlbX1jc2C1vF7Z3dvf3SwWHTqFQT2iCKK92OsKGcSdqwzHLaTjTFIuK0FY1upn7riWrDlHyw44SGAg8kixnB1kn34rHaK5X9ij8DWiZBTsqQo94rfXX7iqSCSks4NqYT+IkNM6wtI5xOit3U0ASTER7QjqMSC2rCbHbqBJ06pY9ipV1Ji2bq74kMC2PGInKdAtuhWfSm4n9eJ7XxVZgxmaSWSjJfFKccWYWmf6M+05RYPnYEE83crYgMscbEunSKLoRg8eVl0qxWgvNK9e6iXLvO4yjAMZzAGQRwCTW4hTo0gMAAnuEV3jzuvXjv3se8dcXLZ47gD7zPH/wsjZk=</latexit>

�m2 and �Z�
<latexit sha1_base64="izD1XEoaUpoYB2tHQp25DaXgNYg=">AAACD3icbVC7TsMwFHXKq5RXgJHFogIxVUlBgrGChbFI9CGaUDmO21q1nch2kKqo+QIWfoWFAYRYWdn4G9w2A7Qc6UpH59yre+8JYkaVdpxvq7C0vLK6VlwvbWxube/Yu3tNFSUSkwaOWCTbAVKEUUEammpG2rEkiAeMtILh1cRvPRCpaCRu9SgmPkd9QXsUI22krn3shYRpBPl9Faae5DDLkAizbAxz467rxQPatctOxZkCLhI3J2WQo961v7wwwgknQmOGlOq4Tqz9FElNMSPjkpcoEiM8RH3SMVQgTpSfTv8ZwyOjhLAXSVNCw6n6eyJFXKkRD0wnR3qg5r2J+J/XSXTvwk+piBNNBJ4t6iUM6ghOwoEhlQRrNjIEYUnNrRAPkERYmwhLJgR3/uVF0qxW3NNK9easXLvM4yiCA3AIToALzkENXIM6aAAMHsEzeAVv1pP1Yr1bH7PWgpXP7IM/sD5/AG3JnEg=</latexit>

But to fix         we need a “measurement"          ��
<latexit sha1_base64="t0VbNYMwKygihiozUSoIDGY3/sM=">AAAB9HicbVDLSsNAFJ34rPVVdelmsAiuSlIFXRbduKxgH9CEMpnctEMnD2duCiX0O9y4UMStH+POv3HaZqGtBwYO59zDvXP8VAqNtv1tra1vbG5tl3bKu3v7B4eVo+O2TjLFocUTmaiuzzRIEUMLBUropgpY5Evo+KO7md8Zg9IiiR9xkoIXsUEsQsEZGslzA5DIXGkCAetXqnbNnoOuEqcgVVKg2a98uUHCswhi5JJp3XPsFL2cKRRcwrTsZhpSxkdsAD1DYxaB9vL50VN6bpSAhokyL0Y6V38nchZpPYl8MxkxHOplbyb+5/UyDG+8XMRphhDzxaIwkxQTOmuABkIBRzkxhHElzK2UD5liHE1PZVOCs/zlVdKu15zLWv3hqtq4LeookVNyRi6IQ65Jg9yTJmkRTp7IM3klb9bYerHerY/F6JpVZE7IH1ifP9VGkiM=</latexit>

iA(p1, p2 ! p3, p4) = �i�+ �(s) + �(t) + �(u)� i��
<latexit sha1_base64="WfiM3x4v6dqvIA9n5EwoCm9Ugi0="></latexit>

Choose a kinematic point to impose iA(s0, t0, u0) = �i�
<latexit sha1_base64="289pZKagrdfAoykpwJF1htvhdh4=">AAACDHicbVDLSsNAFJ3UV62vqks3g0WooCWpgm6EqhuXFewDmhAmk0k7dPJg5kYooR/gxl9x40IRt36AO//GaZuFVg9cOJxz7525x0sEV2CaX0ZhYXFpeaW4Wlpb39jcKm/vtFWcSspaNBax7HpEMcEj1gIOgnUTyUjoCdbxhtcTv3PPpOJxdAejhDkh6Uc84JSAltxyhWc2JQJfjqvKNY9AV+qah/gCH3Nb6D0+wbrLrJlT4L/EykkF5Wi65U/bj2kasgioIEr1LDMBJyMSOBVsXLJTxRJCh6TPeppGJGTKyabHjPGBVnwcxFJXBHiq/pzISKjUKPR0Z0hgoOa9ifif10shOHcyHiUpsIjOHgpSgSHGk2SwzyWjIEaaECq5/iumAyIJBZ1fSYdgzZ/8l7TrNeukVr89rTSu8jiKaA/toyqy0BlqoBvURC1E0QN6Qi/o1Xg0no03433WWjDymV30C8bHN+uRmP0=</latexit>

�(s0) + �(t0) + �(u0)� i�� = 0
<latexit sha1_base64="cdcoQo8KbFQAgsmMif+s0X98HZw=">AAACI3icbVBLSwMxEM7WV62vVY9egkWoiGVXBUUQih70qGBtoVvKbDbV0GR3SWaFUvwvXvwrXjwo4sWD/8W07kFbBwLfYybJfGEqhUHP+3QKU9Mzs3PF+dLC4tLyiru6dmOSTDNeZ4lMdDMEw6WIeR0FSt5MNQcVSt4Ie2dDv3HPtRFJfI39lLcV3MaiKxiglTrucXAOSkHFdLxtukNzhiNWylk2ZLsiiLhECKS9PAJ64nXcslf1RkUngZ+DMsnrsuO+B1HCMsVjZBKMafleiu0BaBRM8odSkBmeAuvBLW9ZGIPipj0Y7fhAt6wS0W6i7YmRjtTfEwNQxvRVaDsV4J0Z94bif14rw+5ReyDiNEMes5+HupmkmNBhYDQSmjOUfQuAaWH/StkdaGBoYy3ZEPzxlSfBzV7V36/uXR2Ua6d5HEWyQTZJhfjkkNTIBbkkdcLII3kmr+TNeXJenHfn46e14OQz6+RPOV/f/dGg0g==</latexit>

)
<latexit sha1_base64="aa+RtvqzfdVoDKVWFQEMlw9hXxM=">AAAB8nicbVBNS8NAEJ34WetX1aOXYBE8laQKeix68VjFfkAayma7aZdudsPuRCmlP8OLB0W8+mu8+W/ctjlo64OBx3szzMyLUsENet63s7K6tr6xWdgqbu/s7u2XDg6bRmWasgZVQul2RAwTXLIGchSsnWpGkkiwVjS8mfqtR6YNV/IBRykLE9KXPOaUoJWCzj3vD5BorZ66pbJX8WZwl4mfkzLkqHdLX52eolnCJFJBjAl8L8VwTDRyKtik2MkMSwkdkj4LLJUkYSYcz06euKdW6bmx0rYkujP198SYJMaMksh2JgQHZtGbiv95QYbxVTjmMs2QSTpfFGfCReVO/3d7XDOKYmQJoZrbW106IJpQtCkVbQj+4svLpFmt+OeV6t1FuXadx1GAYziBM/DhEmpwC3VoAAUFz/AKbw46L8678zFvXXHymSP4A+fzB5JpkXE=</latexit>

Fixes ��
<latexit sha1_base64="t0VbNYMwKygihiozUSoIDGY3/sM=">AAAB9HicbVDLSsNAFJ34rPVVdelmsAiuSlIFXRbduKxgH9CEMpnctEMnD2duCiX0O9y4UMStH+POv3HaZqGtBwYO59zDvXP8VAqNtv1tra1vbG5tl3bKu3v7B4eVo+O2TjLFocUTmaiuzzRIEUMLBUropgpY5Evo+KO7md8Zg9IiiR9xkoIXsUEsQsEZGslzA5DIXGkCAetXqnbNnoOuEqcgVVKg2a98uUHCswhi5JJp3XPsFL2cKRRcwrTsZhpSxkdsAD1DYxaB9vL50VN6bpSAhokyL0Y6V38nchZpPYl8MxkxHOplbyb+5/UyDG+8XMRphhDzxaIwkxQTOmuABkIBRzkxhHElzK2UD5liHE1PZVOCs/zlVdKu15zLWv3hqtq4LeookVNyRi6IQ65Jg9yTJmkRTp7IM3klb9bYerHerY/F6JpVZE7IH1ifP9VGkiM=</latexit>
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Back to Electroweak Precision Tests

Since the theory is renormalizable zeroth order “natural relations” (from the classical lagrangian) are not

affected by the shift in the parameters (i.e. by the counter-terms).  

These relations are affected by quantum corrections. But these must be finite.  
They constitute important tests of the quantum field theory. 

M2
W

M2
Z

= cos2 ✓W
<latexit sha1_base64="4RjAWhbY+0nrvoB/YAQNlWu8jdg=">AAACDXicbVDLSsNAFJ34rPUVdelmsAquSlIF3QhFN26ECrYpNmmYTCft0MmDmRuhhP6AG3/FjQtF3Lp35984fSy09cBwD+fcy517glRwBZb1bSwsLi2vrBbWiusbm1vb5s5uQyWZpKxOE5HIZkAUEzxmdeAgWDOVjESBYE7Qvxr5zgOTiifxHQxS5kWkG/OQUwJa8s1DN5SE5je+064MdbnXBV9glyaqXXGhx4D4jm+WrLI1Bp4n9pSU0BQ13/xyOwnNIhYDFUSplm2l4OVEAqeCDYtuplhKaJ90WUvTmERMefn4miE+0koHh4nULwY8Vn9P5CRSahAFujMi0FOz3kj8z2tlEJ57OY/TDFhMJ4vCTGBI8Cga3OGSURADTQiVXP8V0x7R8YAOsKhDsGdPnieNStk+KVduT0vVy2kcBbSPDtAxstEZqqJrVEN1RNEjekav6M14Ml6Md+Nj0rpgTGf20B8Ynz8uhpr+</latexit>

E.g.: receives finite quantum corrections from loops

E.g. if we ignore corrections to vertices involving external (light) fermions then  

= ⇧V V 0(q2) gµ⌫ ��V V 0(q2) qµq⌫
<latexit sha1_base64="EiqHyCklYzWWGlQ/HZbZIQ1XbAw="></latexit>

Will depend on the parameters of the theory (including                           through loops )mh and mt
<latexit sha1_base64="EOZLGP7U3n2deOWFZFgBvhURtho=">AAACI3icbVDLSgMxFM3Ud31VXboJFsFVmamC4qroxqWCbYW2lEx6a4NJZkjuiGWYfosbf8WNC6W4ceG/mE678HUgcDjn3NzkhLEUFn3/wyvMzS8sLi2vFFfX1jc2S1vbDRslhkOdRzIyNyGzIIWGOgqUcBMbYCqU0Azvzid+8x6MFZG+xmEMHcVutegLztBJ3dJpG+EB83vSUCaQpao7yGg6GrWNokz3RqOM/pPBjHZLZb/i56B/STAjZTLDZbc0bvcinijQyCWzthX4MXZSZlBwCVmxnViIGb9jt9ByVDMFtpPmezO675Qe7UfGHY00V79PpExZO1ShSyqGA/vbm4j/ea0E+yedVOg4QdB8uqifSIoRnRRGe8IARzl0hHEj3FspHzDDOLpai66E4PeX/5JGtRIcVqpXR+Xa2ayOZbJL9sgBCcgxqZELcknqhJNH8kxeyZv35L14Y+99Gi14s5kd8gPe5xcJF6b1</latexit>

⇢ = 1 +
⇧ZZ(0)

M2
Z

� ⇧WW (0)

M2
W

<latexit sha1_base64="bIvnb+UAuM0M2Z6wzmVAP1ZNc74="></latexit>
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The finite quantum corrections change the tree level form of decay widths, cross sections, asymmetries, … 
Global fits to these data  result in predictions for the electroweak SM

28 10. Electroweak model and constraints on new physics

Table 10.5: Principal Z pole observables and their SM predictions (cf. Table 10.4).
The first s2! is the effective weak mixing angle extracted from the hadronic charge
asymmetry, the second is the combined value from the Tevatron [147], and the
third from the LHC [152–154]. The values of Ae are (i) from ALR for hadronic final
states [140]; (ii) from ALR for leptonic final states and from polarized Bhabba
scattering [142]; and (iii) from the angular distribution of the τ polarization at
LEP 1. The Aτ values are from SLD and the total τ polarization, respectively.

Quantity Value Standard Model Pull

MZ [GeV] 91.1876± 0.0021 91.1884± 0.0020 −0.4
ΓZ [GeV] 2.4952± 0.0023 2.4942± 0.0008 0.4
Γ(had) [GeV] 1.7444± 0.0020 1.7411± 0.0008 —
Γ(inv) [MeV] 499.0± 1.5 501.44± 0.04 —
Γ("+"−) [MeV] 83.984± 0.086 83.959± 0.008 —
σhad[nb] 41.541± 0.037 41.481± 0.008 1.6
Re 20.804± 0.050 20.737± 0.010 1.3
Rµ 20.785± 0.033 20.737± 0.010 1.4
Rτ 20.764± 0.045 20.782± 0.010 −0.4
Rb 0.21629± 0.00066 0.21582± 0.00002 0.7
Rc 0.1721± 0.0030 0.17221± 0.00003 0.0

A
(0,e)
FB 0.0145± 0.0025 0.01618± 0.00006 −0.7

A
(0,µ)
FB 0.0169± 0.0013 0.6

A
(0,τ)
FB 0.0188± 0.0017 1.5

A
(0,b)
FB 0.0992± 0.0016 0.1030± 0.0002 −2.3

A
(0,c)
FB 0.0707± 0.0035 0.0735± 0.0001 −0.8

A
(0,s)
FB 0.0976± 0.0114 0.1031± 0.0002 −0.5

s̄2! 0.2324± 0.0012 0.23154± 0.00003 0.7
0.23148± 0.00033 −0.2
0.23104± 0.00049 −1.0

Ae 0.15138± 0.00216 0.1469± 0.0003 2.1
0.1544± 0.0060 1.3
0.1498± 0.0049 0.6

Aµ 0.142± 0.015 −0.3
Aτ 0.136± 0.015 −0.7

0.1439± 0.0043 −0.7
Ab 0.923± 0.020 0.9347 −0.6
Ac 0.670± 0.027 0.6677± 0.0001 0.1
As 0.895± 0.091 0.9356 − 0.4

illustrates that some of the discrepancy is related to the one in ALR.February 4, 2020 15:43

Global fit of Z pole observables
From RPP Summary
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20 10. Electroweak model and constraints on new physics

σhad, the fermionic two-loop EW corrections are known [134]. Non-factorizable O(ααs)
corrections to the Z → qq̄ vertex are also available [132]. They add coherently, resulting
in a sizable effect and shift αs(MZ) when extracted from Z lineshape observables by

≈ +0.0007. As an example of the precision of the Z-pole observables, the values of ḡfA
and ḡfV , f = e, µ, τ, $, extracted from the LEP and SLC lineshape and asymmetry data,
are shown in Fig. 10.3, which should be compared with Fig. 10.1. (The two sets of
parameters coincide in the SM at tree-level.)
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Figure 10.3: 1 σ (39.35% C.L.) contours for the Z-pole observables ḡfA and ḡfV ,
f = e, µ, τ obtained at LEP and SLC [10], compared to the SM expectation as a
function of ŝ 2

Z . (The SM best fit value ŝ 2
Z = 0.23122 is also indicated.) Also shown

is the 90% CL allowed region in ḡ!A,V obtained assuming lepton universality.

As for hadron colliders, the forward-backward asymmetry, AFB, for e+e− and µ+µ−

final states (with invariant masses restricted to or dominated by values around MZ) in
pp̄ collisions has been measured by the CDF [145] and DØ [146] collaborations, and the
values s2! = 0.23221± 0.00046 and s2! = 0.23095± 0.00040 were extracted, respectively.
The combination of these measurements yields [147]

s2! = 0.23148± 0.00033 (Tevatron). (10.43)

By varying the invariant mass and the scattering angle (and assuming the electron

couplings), information on the effective Z couplings to light quarks, gu,dV,A, could also

be obtained [148,149], but with large uncertainties and mutual correlations and not

February 4, 2020 15:43

Lepton couplings to Z
ḡfV =

p
⇢f (t

3
f � f2Qf sin

2 ✓W )
<latexit sha1_base64="XdGo99RiNsah31FtJE4bRnDhF60="></latexit>

ḡfA =
p
⇢f t

3
f

<latexit sha1_base64="arII1IqgPIFPYP8jh3gFmD2Q5/Q=">AAACC3icbVC7SgNBFJ31GeNr1dJmSBAsJOwmgjZC1MYygnlANllmJ7PJkNmHM3eFsKS38VdsLBSx9Qfs/BsnyRaaeODC4Zx7ufceLxZcgWV9G0vLK6tr67mN/ObW9s6uubffUFEiKavTSESy5RHFBA9ZHTgI1oolI4EnWNMbXk/85gOTikfhHYxi1glIP+Q+pwS05JoFxyMS993Lro8vsKPuJaSOHESuP8bOCXQrru+aRatkTYEXiZ2RIspQc80vpxfRJGAhUEGUattWDJ2USOBUsHHeSRSLCR2SPmtrGpKAqU46/WWMj7TSw34kdYWAp+rviZQESo0CT3cGBAZq3puI/3ntBPzzTsrDOAEW0tkiPxEYIjwJBve4ZBTESBNCJde3YjogklDQ8eV1CPb8y4ukUS7ZlVL59rRYvcriyKFDVEDHyEZnqIpuUA3VEUWP6Bm9ojfjyXgx3o2PWeuSkc0coD8wPn8AUgeZ9g==</latexit>

From gfL and gfR
<latexit sha1_base64="RPiwP5WEj85cwGzYxh71TohqL0c=">AAACBHicbVDLSsNAFJ34rPUVddnNYBFclaQKuiy6ceGiin1AG8NkMmmHTiZhZiKU0IAbf8WNC0Xc+hHu/BsnbRbaeuDC4Zx7ufceL2ZUKsv6NpaWV1bX1ksb5c2t7Z1dc2+/LaNEYNLCEYtE10OSMMpJS1HFSDcWBIUeIx1vdJn7nQciJI34nRrHxAnRgNOAYqS05JqVwX3gXsMszbK+CCHifpZNYC7eQtesWjVrCrhI7IJUQYGma371/QgnIeEKMyRlz7Zi5aRIKIoZmZT7iSQxwiM0ID1NOQqJdNLpExN4pBUfBpHQxRWcqr8nUhRKOQ493RkiNZTzXi7+5/USFZw7KeVxogjHs0VBwqCKYJ4I9KkgWLGxJggLqm+FeIgEwkrnVtYh2PMvL5J2vWaf1Oo3p9XGRRFHCVTAITgGNjgDDXAFmqAFMHgEz+AVvBlPxovxbnzMWpeMYuYA/IHx+QMxdpfL</latexit> {

<latexit sha1_base64="7jF/axiKQ50qck453cB+aS7CDO0=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF49V7Ae0oWy2m3bpZhN2J0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh17WL1fcqjsHWSVeTiqQo9Evf/UGMUsjrpBJakzXcxP0M6pRMMmnpV5qeELZmA5511JFI278bH7plJxZZUDCWNtSSObq74mMRsZMosB2RhRHZtmbif953RTDaz8TKkmRK7ZYFKaSYExmb5OB0JyhnFhCmRb2VsJGVFOGNpySDcFbfnmVtGpV76Jau7+s1G/yOIpwAqdwDh5cQR3uoAFNYBDCM7zCmzN2Xpx352PRWnDymWP4A+fzB5zSjWk=</latexit>

Here             encode quantum corrections (=1 at tree level)    ⇢f ,f
<latexit sha1_base64="89r0Dv36gkAhXJ3OjSSAGFT7y38=">AAAB+XicbVBNS8NAEN34WetX1KOXxSJ4kJJUQY9FLx4r2A9oSphsN+3SzW7Y3RRK6D/x4kERr/4Tb/4bt20O2vpg4PHeDDPzopQzbTzv21lb39jc2i7tlHf39g8O3aPjlpaZIrRJJJeqE4GmnAnaNMxw2kkVhSTitB2N7md+e0yVZlI8mUlKewkMBIsZAWOl0HUDNZRhfImDEaQphHHoVryqNwdeJX5BKqhAI3S/gr4kWUKFIRy07vpeano5KMMIp9NykGmaAhnBgHYtFZBQ3cvnl0/xuVX6OJbKljB4rv6eyCHRepJEtjMBM9TL3kz8z+tmJr7t5UykmaGCLBbFGcdG4lkMuM8UJYZPLAGimL0VkyEoIMaGVbYh+Msvr5JWrepfVWuP15X6XRFHCZ2iM3SBfHSD6ugBNVATETRGz+gVvTm58+K8Ox+L1jWnmDlBf+B8/gDts5Mz</latexit>

Extracted from Z pole decays to leptons and 
asymmetries from LEP and SLD data
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30 10. Electroweak model and constraints on new physics
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Figure 10.4: Fit result and one-standard-deviation (39.35% for the closed contours
and 68% for the others) uncertainties in MH as a function of mt for various inputs,
and the 90% CL region (∆χ2 = 4.605) allowed by all data. αs(MZ) = 0.1187 is
assumed except for the fits including the Z lineshape. The width of the horizontal
dashed (yellow) band is not visible on the scale of the plot.

Removing the kinematic constraint on MH from LHC gives the loop-level determination
from the precision data,

MH = 90+17
−16 GeV , (10.53)

which is 1.9 σ below the value in Table 10.4. The latter is also slightly outside the 90%
central confidence range,

65 GeV < MH < 120 GeV . (10.54)

This is mostly a reflection of the Tevatron determination of MW , which is 1.8 σ higher than
the SM best fit value in Table 10.4. This is illustrated in Fig. 10.4 where one sees that the
precision data together with MH from the LHC prefer that mt is closer to the upper end
of its 1σ allowed range. Conversely, one can remove the direct MW and ΓW constraints
from the fits and use MH = 125.14 ± 0.15 GeV to obtain MW = 80.355± 0.004 GeV.
This is 2.0 σ below the world average, MW = 80.379± 0.012 GeV.

Finally, one can carry out a fit without including the constraint, mt = 172.74±0.46 GeV,
from the hadron colliders. One obtains mt = 176.4 ± 1.8 GeV, which is 2.0 σ higher
than the direct Tevatron/LHC average. (The indirect prediction is for the MS mass,
m̂t(m̂t) = 166.5±1.7 GeV, which is in the end converted to the pole mass.) The situation
is summarized in Fig. 10.5 showing the 1 σ contours in the MW -mt plane from the direct
and indirect determinations, as well as the combined 90% CL region.

February 4, 2020 15:43

Sensitivity to the Higgs quantum corrections

From the log dependence on            in the quantum correctionsmh
<latexit sha1_base64="Mp6a3ddYjyQ2te/yzlToT50X1yg=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lqQY9FLx4r2A9oQ9lsN83S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfoA15UzSjmGG036iKBYBp71gepf7vSeqNIvlo5kl1Bd4IlnICDa5JEYRGlVrbt1dAK0TryA1KNAeVb+G45ikgkpDONZ64LmJ8TOsDCOczivDVNMEkyme0IGlEguq/Wxx6xxdWGWMwljZkgYt1N8TGRZaz0RgOwU2kV71cvE/b5Ca8MbPmExSQyVZLgpTjkyM8sfRmClKDJ9Zgoli9lZEIqwwMTaeig3BW315nXQbde+q3nho1lq3RRxlOINzuAQPrqEF99CGDhCI4Ble4c0Rzovz7nwsW0tOMXMKf+B8/gCmNI36</latexit>

mh = (90+17
�16) GeV

<latexit sha1_base64="V1vrZwH0aVC3/az7udgaY/pSkPc=">AAACCnicbVDLSsNAFJ3UV62vqEs3o0WoiCWpYnUhFF3osoJ9QFvDZDpph84kYWYilBC3bvwVNy4UcesXuPNvnLZZqPXAhcM593LvPW7IqFSW9WVkZmbn5heyi7ml5ZXVNXN9oy6DSGBSwwELRNNFkjDqk5qiipFmKAjiLiMNd3Ax8ht3REga+DdqGJIORz2fehQjpSXH3OZOH57Bwql1G+/b5cSJD+zjZA/GbcHh/SWpJ46Zt4rWGHCa2CnJgxRVx/xsdwMcceIrzJCULdsKVSdGQlHMSJJrR5KECA9Qj7Q09REnshOPX0ngrla60AuELl/BsfpzIkZcyiF3dSdHqi//eiPxP68VKe+kE1M/jBTx8WSRFzGoAjjKBXapIFixoSYIC6pvhbiPBMJKp5fTIdh/X54m9VLRPiyWro/ylfM0jizYAjugAGxQBhVwBaqgBjB4AE/gBbwaj8az8Wa8T1ozRjqzCX7B+PgGWaKYKw==</latexit>

)
<latexit sha1_base64="aa+RtvqzfdVoDKVWFQEMlw9hXxM=">AAAB8nicbVBNS8NAEJ34WetX1aOXYBE8laQKeix68VjFfkAayma7aZdudsPuRCmlP8OLB0W8+mu8+W/ctjlo64OBx3szzMyLUsENet63s7K6tr6xWdgqbu/s7u2XDg6bRmWasgZVQul2RAwTXLIGchSsnWpGkkiwVjS8mfqtR6YNV/IBRykLE9KXPOaUoJWCzj3vD5BorZ66pbJX8WZwl4mfkzLkqHdLX52eolnCJFJBjAl8L8VwTDRyKtik2MkMSwkdkj4LLJUkYSYcz06euKdW6bmx0rYkujP198SYJMaMksh2JgQHZtGbiv95QYbxVTjmMs2QSTpfFGfCReVO/3d7XDOKYmQJoZrbW106IJpQtCkVbQj+4svLpFmt+OeV6t1FuXadx1GAYziBM/DhEmpwC3VoAAUFz/AKbw46L8678zFvXXHymSP4A+fzB5JpkXE=</latexit>



The Standard Model Higgs
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Higgs couplings to gauge bosons to itself to fermions

Using 

<latexit sha1_base64="CYicuSqGX5p2USUpwGjUeniCPYY="></latexit>

(unitary gauge)

Coupling to Gauge Bosons:

<latexit sha1_base64="OgLlDTtXKPDxuWFXWpI96obrJFE="></latexit>

<latexit sha1_base64="/YCFpIHHTl7xva2QVYHgxlvI5xI="></latexit>

<latexit sha1_base64="yOa/zNfkV14msU7XQ8rYVCLccUY="></latexit>

<latexit sha1_base64="Xpm+fVOPkOuovZtWC04CHt8g5Tw="></latexit>

•Triple coupling tested in Higgs decays to both 
<latexit sha1_base64="6M0NSvfrAlOuwHN6/ONqJHi+tjE=">AAACD3icbVDLSgMxFM3UV62vUZdugkURF2VGBF0W3bisYB/QjuVOmrahSWZIMkIZ2i9w46+4caGIW7fu/BszbRfaeuBeDufcS3JPGHOmjed9O7ml5ZXVtfx6YWNza3vH3d2r6ShRhFZJxCPVCEFTziStGmY4bcSKggg5rYeD68yvP1ClWSTvzDCmgYCeZF1GwFip7R63eiAETDu2SFtK4PEYZGc8HmVCDdfuT9tu0St5E+BF4s9IEc1QabtfrU5EEkGlIRy0bvpebIIUlGGE01GhlWgaAxlAjzYtlSCoDtLJPSN8ZJUO7kbKljR4ov7eSEFoPRShnRRg+nrey8T/vGZiupdBymScGCrJ9KFuwrGJcBYO7jBFieFDS4AoZv+KSR8UEGMjLNgQ/PmTF0ntrOR7Jf/2vFi+msWRRwfoEJ0gH12gMrpBFVRFBD2iZ/SK3pwn58V5dz6mozlntrOP/sD5/AEIyZq3</latexit>

<latexit sha1_base64="KYzcxeG/3knQZRbRGTAyDugWZos=">AAACBHicbVC7SgNBFJ31GeNr1TLNYBCswq4IWgZtLCOYByRLmJ3cZIfMPpi5K4ZlCxt/xcZCEVs/ws6/cZJsoYkHLhzOuXfu3OMnUmh0nG9rZXVtfWOztFXe3tnd27cPDls6ThWHJo9lrDo+0yBFBE0UKKGTKGChL6Htj6+nfvselBZxdIeTBLyQjSIxFJyhkfp2pYfwgLN3Ml+mkGejfhYErVae075ddWrODHSZuAWpkgKNvv3VG8Q8DSFCLpnWXddJ0MuYQsEl5OVeqiFhfMxG0DU0YiFoL5stz+mJUQZ0GCtTEdKZ+nsiY6HWk9A3nSHDQC96U/E/r5vi8NLLRJSkCBGfLxqmkmJMp4nQgVDAUU4MYVwJ81fKA6YYR5Nb2YTgLp68TFpnNdepubfn1fpVEUeJVMgxOSUuuSB1ckMapEk4eSTP5JW8WU/Wi/VufcxbV6xi5oj8gfX5A/m3mOs=</latexit>

•              accessible in double Higgs production

at the LHC
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Higgs Couplings to Fermions

�LHF = �ij

u
q̄L,i�̃uR,j + �ij

d
q̄L,i�dR,j + �ij

e
¯̀
L,i�`R,j

<latexit sha1_base64="0i+In1xw4TkK1qBckRvAf/wdpIE="></latexit>

<latexit sha1_base64="YO+kd/JLO1pxyHYOzp1tcH2ylLM=">AAACDHicbVDLSsNAFL2pr1pfVZduBovgqiQi6EYounEjVLAPaGOZTCbt2MkkzEwKJeQD3Pgrblwo4tYPcOffOG2z0NYDA4dzzuXOPV7MmdK2/W0VlpZXVteK66WNza3tnfLuXlNFiSS0QSIeybaHFeVM0IZmmtN2LCkOPU5b3vBq4rdGVCoWiTs9jqkb4r5gASNYG6lXrnS5Cfv4PmUPWS9AF6gbSEzSm1zI0lFmUnbVngItEicnFchR75W/un5EkpAKTThWquPYsXZTLDUjnGalbqJojMkQ92nHUIFDqtx0ekyGjozioyCS5gmNpurviRSHSo1DzyRDrAdq3puI/3mdRAfnbspEnGgqyGxRkHCkIzRpBvlMUqL52BBMJDN/RWSATRna9FcyJTjzJy+S5knVsavO7WmldpnXUYQDOIRjcOAManANdWgAgUd4hld4s56sF+vd+phFC1Y+sw9/YH3+AFHGm8o=</latexit>

But the couplings are simultaneously diagonalized with the mass matrices 

<latexit sha1_base64="+CaQtQ8LqYtsuqBZY67/nNQVQmc=">AAAB9HicdVBNSwMxEJ2tX7V+VT16CRbBU8kWqe2t6MVjBfsB7VKyabYNTXbXJFsoS3+HFw+KePXHePPfmG0rqOiDgcd7M8zM82PBtcH4w8mtrW9sbuW3Czu7e/sHxcOjto4SRVmLRiJSXZ9oJnjIWoYbwbqxYkT6gnX8yXXmd6ZMaR6Fd2YWM0+SUcgDTomxktcPFKGpHATzdDofFEu4jC2qVZQRt4ZdS+r1WqVSR+7CwrgEKzQHxff+MKKJZKGhgmjdc3FsvJQow6lg80I/0SwmdEJGrGdpSCTTXro4eo7OrDJEQaRshQYt1O8TKZFaz6RvOyUxY/3by8S/vF5igpqX8jBODAvpclGQCGQilCWAhlwxasTMEkIVt7ciOiY2B2NzKtgQvj5F/5N2pezisnt7UWpcreLIwwmcwjm4cAkNuIEmtIDCPTzAEzw7U+fReXFel605ZzVzDD/gvH0C0ZCSyQ==</latexit>

are flavor diagonal

Experimentally accessible:

•  enters in production through ggF loop
<latexit sha1_base64="ghPajy0IRcBBp6I6Dl7+MTkn8vY=">AAAB8HicdVBNSwMxFHxbv2r9qnr0EiyCp5ItUttb0YvHCrZW2qVks9k2NJtdkqxQlv4KLx4U8erP8ea/MdtWUNGBwDAzj7w3fiK4Nhh/OIWV1bX1jeJmaWt7Z3evvH/Q1XGqKOvQWMSq5xPNBJesY7gRrJcoRiJfsFt/cpn7t/dMaR7LGzNNmBeRkeQhp8RY6W4gbDQgQzMsV3AVW9TrKCduA7uWNJuNWq2J3LmFcQWWaA/L74MgpmnEpKGCaN13cWK8jCjDqWCz0iDVLCF0Qkasb6kkEdNeNl94hk6sEqAwVvZJg+bq94mMRFpPI98mI2LG+reXi395/dSEDS/jMkkNk3TxUZgKZGKUX48Crhg1YmoJoYrbXREdE0WosR2VbAlfl6L/SbdWdXHVvT6rtC6WdRThCI7hFFw4hxZcQRs6QCGCB3iCZ0c5j86L87qIFpzlzCH8gPP2CSOvkKE=</latexit>

and 
<latexit sha1_base64="d8wfBpXnCY1J5HaWELLDoZ/hEJs=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzEOSJcxOZpMhM7PLTK8QQr7CiwdFvPo53vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41bZIZxhsskYlpR9RyKTRvoEDJ26nhVEWSt6LR7cxvPXFjRaIfcJzyUNGBFrFgFJ30iN2IGoJk2CtX/Ko/B1klQU4qkKPeK391+wnLFNfIJLW2E/gphhNqUDDJp6VuZnlK2YgOeMdRTRW34WR+8JScOaVP4sS40kjm6u+JCVXWjlXkOhXFoV32ZuJ/XifD+DqcCJ1myDVbLIozSTAhs+9JXxjOUI4docwIdythQ2ooQ5dRyYUQLL+8SpoX1cCvBveXldpNHkcRTuAUziGAK6jBHdShAQwUPMMrvHnGe/HevY9Fa8HLZ47hD7zPHyOUj/U=</latexit>

•  
<latexit sha1_base64="N88RUSoXkf4apYBEWSkpVpi3DzA=">AAAB8HicdVBNSwMxFHxbv2r9qnr0EiyCp5ItUttb0YvHCrZW2qVks9k2NJtdkqxQlv4KLx4U8erP8ea/MdtWUNGBwDAzj7w3fiK4Nhh/OIWV1bX1jeJmaWt7Z3evvH/Q1XGqKOvQWMSq5xPNBJesY7gRrJcoRiJfsFt/cpn7t/dMaR7LGzNNmBeRkeQhp8RY6W4gbDQgQ39YruAqtqjXUU7cBnYtaTYbtVoTuXML4wos0R6W3wdBTNOISUMF0brv4sR4GVGGU8FmpUGqWULohIxY31JJIqa9bL7wDJ1YJUBhrOyTBs3V7xMZibSeRr5NRsSM9W8vF//y+qkJG17GZZIaJuniozAVyMQovx4FXDFqxNQSQhW3uyI6JopQYzsq2RK+LkX/k26t6uKqe31WaV0s6yjCERzDKbhwDi24gjZ0gEIED/AEz45yHp0X53URLTjLmUP4AeftEwhnkI8=</latexit>

ggF+VH+
<latexit sha1_base64="d8wfBpXnCY1J5HaWELLDoZ/hEJs=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzEOSJcxOZpMhM7PLTK8QQr7CiwdFvPo53vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41bZIZxhsskYlpR9RyKTRvoEDJ26nhVEWSt6LR7cxvPXFjRaIfcJzyUNGBFrFgFJ30iN2IGoJk2CtX/Ko/B1klQU4qkKPeK391+wnLFNfIJLW2E/gphhNqUDDJp6VuZnlK2YgOeMdRTRW34WR+8JScOaVP4sS40kjm6u+JCVXWjlXkOhXFoV32ZuJ/XifD+DqcCJ1myDVbLIozSTAhs+9JXxjOUI4docwIdythQ2ooQ5dRyYUQLL+8SpoX1cCvBveXldpNHkcRTuAUziGAK6jBHdShAQwUPMMrvHnGe/HevY9Fa8HLZ47hD7zPHyOUj/U=</latexit>

•  
<latexit sha1_base64="2P4241RAS7mGGh4ZPP+kxmBZdCs=">AAAB83icdVDLSgMxFL1TX7W+qi7dBIvgqmSK1HZXdOOygn1AZyiZTNqGZjJDkhHK0N9w40IRt/6MO//GTFtBRQ8EDuecy705QSK4Nhh/OIW19Y3NreJ2aWd3b/+gfHjU1XGqKOvQWMSqHxDNBJesY7gRrJ8oRqJAsF4wvc793j1TmsfyzswS5kdkLPmIU2Ks5HnCRkMy9AxJh+UKrmKLeh3lxG1g15Jms1GrNZG7sDCuwArtYfndC2OaRkwaKojWAxcnxs+IMpwKNi95qWYJoVMyZgNLJYmY9rPFzXN0ZpUQjWJlnzRooX6fyEik9SwKbDIiZqJ/e7n4lzdIzajhZ1wmqWGSLheNUoFMjPICUMgVo0bMLCFUcXsrohOiCDW2ppIt4eun6H/SrVVdXHVvLyqtq1UdRTiBUzgHFy6hBTfQhg5QSOABnuDZSZ1H58V5XUYLzmrmGH7AefsEbiiR8Q==</latexit>

VH+VBF+ggF

•  
<latexit sha1_base64="a+Jl//dI4uTdCSwiQpv6fxIZFk4=">AAAB8nicdVDLSgMxFM3UV62vqks3wSK4Kpkitd0V3bisYB8wM5RMJtOGJpMhyQhl6Ge4caGIW7/GnX9jpq2gogcCh3POJfeeMOVMG4Q+nNLa+sbmVnm7srO7t39QPTzqa5kpQntEcqmGIdaUs4T2DDOcDlNFsQg5HYTT68If3FOlmUzuzCylgcDjhMWMYGMlz+c2GuGRL7JRtYbqyKLZhAVxW8i1pN1uNRpt6C4shGpghe6o+u5HkmSCJoZwrLXnotQEOVaGEU7nFT/TNMVkisfUszTBguogX6w8h2dWiWAslX2JgQv1+0SOhdYzEdqkwGaif3uF+JfnZSZuBTlL0szQhCw/ijMOjYTF/TBiihLDZ5ZgopjdFZIJVpgY21LFlvB1Kfyf9Bt1F9Xd24ta52pVRxmcgFNwDlxwCTrgBnRBDxAgwQN4As+OcR6dF+d1GS05q5lj8APO2yenLZF/</latexit>

ggF+VBF
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Extraction of Higgs Couplings
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Extraction of Higgs Couplings



Higgs Self Couplings

From the Higgs potential

<latexit sha1_base64="WyHnPW+NV15fzYqRYtO932iNNoo=">AAACL3icbVBbS8MwGE3nbc5b1UdfgkOYiKMdgr4IQ0F8nOAusHYjTdMtLE1Lkgqj7B/54l/Zi4givvovTLc+6OaBwOGc7yT5jhczKpVlvRmFldW19Y3iZmlre2d3z9w/aMkoEZg0ccQi0fGQJIxy0lRUMdKJBUGhx0jbG91mfvuJCEkj/qjGMXFDNOA0oBgpLfXNu1bFaQxpz/HRYEBExk/h9XnYqy3K8Mxh+l4fLQd6tb5ZtqrWDHCZ2DkpgxyNvjl1/AgnIeEKMyRl17Zi5aZIKIoZmZScRJIY4REakK6mHIVEuuls3wk80YoPg0jowxWcqb8TKQqlHIeengyRGspFLxP/87qJCq7clPI4UYTj+UNBwqCKYFYe9KkgWLGxJggLqv8K8RAJhJWuuKRLsBdXXiatWtW2qvbDRbl+k9dRBEfgGFSADS5BHdyDBmgCDJ7BFLyDD+PFeDU+ja/5aMHIM4fgD4zvHwcFp9g=</latexit>

and using 
<latexit sha1_base64="LRH+cHe+KypcOjhy9kmZuTH9HXk=">AAACBXicbVDLSgMxFM34rPU16lIXwSK4KjNF0I1QdOOygn1AZyyZTKYNTTJjkimUYTZu/BU3LhRx6z+4829M21lo64HA4Zx7uLknSBhV2nG+raXlldW19dJGeXNre2fX3ttvqTiVmDRxzGLZCZAijArS1FQz0kkkQTxgpB0Mryd+e0SkorG40+OE+Bz1BY0oRtpIPftodOmpB6kzL5IIZ/y+lmceM/kQ5XnPrjhVZwq4SNyCVECBRs/+8sIYp5wIjRlSqus6ifYzJDXFjORlL1UkQXiI+qRrqECcKD+bXpHDE6OEMIqleULDqfo7kSGu1JgHZpIjPVDz3kT8z+umOrrwMyqSVBOBZ4uilEEdw0klMKSSYM3GhiAsqfkrxANk6tCmuLIpwZ0/eZG0alXXqbq3Z5X6VVFHCRyCY3AKXHAO6uAGNEATYPAInsEreLOerBfr3fqYjS5ZReYA/IH1+QOFH5k2</latexit>

from minimization

Require experimental access to (at least) double Higgs production

<latexit sha1_base64="6Jx9sEVaT1VQPJnLQ6a3F7/whIo=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzQOSJcxOZpMhM7PLTK8QQj7BiwdFvPpF3vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41bZIZxhsskYlpR9RyKTRvoEDJ26nhVEWSt6LR7cxvPXFjRaIfcZzyUNGBFrFgFJ30oHrDXrniV/05yCoJclKBHPVe+avbT1imuEYmqbWdwE8xnFCDgkk+LXUzy1PKRnTAO45qqrgNJ/NTp+TMKX0SJ8aVRjJXf09MqLJ2rCLXqSgO7bI3E//zOhnG1+FE6DRDrtliUZxJggmZ/U36wnCGcuwIZUa4WwkbUkMZunRKLoRg+eVV0ryoBn41uL+s1G7yOIpwAqdwDgFcQQ3uoA4NYDCAZ3iFN096L96797FoLXj5zDH8gff5A05Kjcw=</latexit>

Fundamental question: is the coupling extracted from the measurement of 
really the Higgs self-coupling ? We will begin attacking this question at the HL-LHC.
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Lh = �1

2
m2

h h
2 � gh3

3!
h3 � gh4

4!
<latexit sha1_base64="rJQwQ6QOEbcxB4RyLwilfprBAoQ=">AAACc3ichZFNa </latexit>

with 

<latexit sha1_base64="RG03HEwJX1WBjc+2nWlsTV1XmgQ=">AAAB6XicbVBNS8NAEJ3Ur1q/oh69LBbBU0lE0GPRi8cq9gPaUDbbSbt0swm7G6GE/gMvHhTx6j/y5r9x2+agrQ8GHu/NMDMvTAXXxvO+ndLa+sbmVnm7srO7t3/gHh61dJIphk2WiER1QqpRcIlNw43ATqqQxqHAdji+nfntJ1SaJ/LRTFIMYjqUPOKMGis99PK+W/Vq3hxklfgFqUKBRt/96g0SlsUoDRNU667vpSbIqTKcCZxWepnGlLIxHWLXUklj1EE+v3RKzqwyIFGibElD5urviZzGWk/i0HbG1Iz0sjcT//O6mYmug5zLNDMo2WJRlAliEjJ7mwy4QmbExBLKFLe3EjaiijJjw6nYEPzll1dJ66LmezX//rJavyniKMMJnMI5+HAFdbiDBjSBQQTP8Apvzth5cd6dj0VrySlmjuEPnM8fm4SNZQ==</latexit>

<latexit sha1_base64="M1XGB7TzQ0PkejKwIfBZkB0uCBI=">AAACFnicbVDLSgNBEJz1GeMr6tHLYBC8GHaNoBch6MVjBKNCHsvspDcZnH0w0xsMw36FF3/FiwdFvIo3/8ZJzEGNBQ1FVfdMdwWpFBpd99OZmZ2bX1gsLBWXV1bX1ksbm1c6yRSHBk9kom4CpkGKGBooUMJNqoBFgYTr4PZs5F8PQGmRxJc4TKEdsV4sQsEZWskv7bcQ7nD8jglkBrnp+abfqeY5PaGtUDFuqjTy+52D3Axyv1R2K+4YdJp4E1ImE9T90kerm/Asghi5ZFo3PTfFtmEKBZeQF1uZhpTxW9aDpqUxi0C3zXidnO5apUvDRNmKkY7VnxOGRVoPo8B2Rgz7+q83Ev/zmhmGx20j4jRDiPn3R2EmKSZ0lBHtCgUc5dASxpWwu1LeZzYLtEkWbQje35OnydVBxXMr3sVhuXY6iaNAtskO2SMeOSI1ck7qpEE4uSeP5Jm8OA/Ok/PqvH23zjiTmS3yC877FyFHn+4=</latexit>

<latexit sha1_base64="Vm/fM/kta/iq+v39Im3hPAuJZZQ=">AAACGHicbVDLSgMxFM34rPVVdekmWARXdUYLuhGKblxWsFpo65BJ77ShmQfJnWIJ8xlu/BU3LhRx251/Y1q78HUg4XDOvTc3J0il0Oi6H87c/MLi0nJhpbi6tr6xWdravtFJpjg0eCIT1QyYBiliaKBACc1UAYsCCbfB4GLi3w5BaZHE1zhKoROxXixCwRlayS8dthHucTrHBDKD3PR807+r5jk9o+1QMW6OaeT3745yM7SXXyq7FXcK+pd4M1ImM9T90rjdTXgWQYxcMq1bnptixzCFgkvIi+1MQ8r4gPWgZWnMItAdM10op/tW6dIwUfbESKfq9w7DIq1HUWArI4Z9/dubiP95rQzD044RcZohxPzroTCTFBM6SYl2hQKOcmQJ40rYXSnvM5sG2iyLNgTv95f/kpujiudWvKtquXY+i6NAdskeOSAeOSE1cknqpEE4eSBP5IW8Oo/Os/PmvH+Vzjmznh3yA874E2rgoJM=</latexit>

mh =
p
2� v

<latexit sha1_base64="XcqZLIL617XglEBJqSlr/GOUBas=">AAACJXicbVDJSgNBFOxxjXGLevTSGAQPEmaioAeFoBePEcwCmRB6Oi9Jk57F7jfBMMzPePFXvHgwiODJX7GzHDSxoKGoeluXF0mh0ba/rKXlldW19cxGdnNre2c3t7df1WGsOFR4KENV95gGKQKooEAJ9UgB8z0JNa9/O/ZrA1BahMEDDiNo+qwbiI7gDI3Uyl25CE84mZN4MoY08Vu9lF5TVz8qTIoLtivN8DZLU/d00Mrl7YI9AV0kzozkyQzlVm7ktkMe+xAgl0zrhmNH2EyYQsElpFk31hAx3mddaBgaMB90M5msT+mxUdq0EyrzAqQT9XdHwnyth75nKn2GPT3vjcX/vEaMnctmIoIoRgj4dFEnlhRDOo6MtoUCjnJoCONKmFsp7zHFOJpgsyYEZ/7Li6RaLDhnheL9eb50M4sjQw7JETkhDrkgJXJHyqRCOHkmr+SdjKwX6836sD6npUvWrOeA/IH1/QMWtqdz</latexit>
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Fundamental Test of the SM Higgs Sector

From mh ' 125GeV
<latexit sha1_base64="MzsK7SHwyZmeAwnnsh19f3KxyW0=">AAACFHicbVDJSgNBEO1xN25Rj14agyAoYSYqehQ96DGCWSATQk+nkjTpnhm7a8QwzEd48Ve8eFDEqwdv/o2d5eD2oODxXlV31QtiKQy67qczNT0zOze/sJhbWl5ZXcuvb1RNlGgOFR7JSNcDZkCKECooUEI91sBUIKEW9M+Hfu0WtBFReI2DGJqKdUPREZyhlVr5PR/hDkfvpIFMIEtVq5f5Rii4oV7pyN+nqa8VvYBq1soX3KI7Av1LvAkpkAnKrfyH3454oiBELpkxDc+NsZkyjYJLyHJ+YiBmvM+60LA0ZApMMx0tk9Edq7RpJ9K2QqQj9ftEypQxAxXYTsWwZ357Q/E/r5Fg56SZijBOEEI+/qiTSIoRHSZE20IDRzmwhHEt7K6U95hmHG2OORuC9/vkv6RaKnoHxdLVYeH0bBLHAtki22SXeOSYnJJLUiYVwsk9eSTP5MV5cJ6cV+dt3DrlTGY2yQ8471/KCJ6Z</latexit>

from fits to EW data using                    mh =
p
2� v

<latexit sha1_base64="XcqZLIL617XglEBJqSlr/GOUBas=">AAACJXicbVDJSgNBFOxxjXGLevTSGAQPEmaioAeFoBePEcwCmRB6Oi9Jk57F7jfBMMzPePFXvHgwiODJX7GzHDSxoKGoeluXF0mh0ba/rKXlldW19cxGdnNre2c3t7df1WGsOFR4KENV95gGKQKooEAJ9UgB8z0JNa9/O/ZrA1BahMEDDiNo+qwbiI7gDI3Uyl25CE84mZN4MoY08Vu9lF5TVz8qTIoLtivN8DZLU/d00Mrl7YI9AV0kzozkyQzlVm7ktkMe+xAgl0zrhmNH2EyYQsElpFk31hAx3mddaBgaMB90M5msT+mxUdq0EyrzAqQT9XdHwnyth75nKn2GPT3vjcX/vEaMnctmIoIoRgj4dFEnlhRDOo6MtoUCjnJoCONKmFsp7zHFOJpgsyYEZ/7Li6RaLDhnheL9eb50M4sjQw7JETkhDrkgJXJHyqRCOHkmr+SdjKwX6836sD6npUvWrOeA/IH1/QMWtqdz</latexit>

v ' 246GeV
<latexit sha1_base64="krfDPT6PbQbLfvewOuzAL133ebA=">AAAB/3icbVDLSgNBEJyNrxhfq4IXL4NB8CBhNwb1GPSgxwjmAdklzE46yZCZ3XVmNhDWHPwVLx4U8epvePNvnDwOmljQUFR1090VxJwp7TjfVmZpeWV1Lbue29jc2t6xd/dqKkokhSqNeCQbAVHAWQhVzTSHRiyBiIBDPehfj/36AKRiUXivhzH4gnRD1mGUaCO17IOBp5iAB1wsnXunqScFvoHaqGXnnYIzAV4k7ozk0QyVlv3ltSOaCAg15USppuvE2k+J1IxyGOW8REFMaJ90oWloSAQoP53cP8LHRmnjTiRNhRpP1N8TKRFKDUVgOgXRPTXvjcX/vGaiO5d+ysI40RDS6aJOwrGO8DgM3GYSqOZDQwiVzNyKaY9IQrWJLGdCcOdfXiS1YsE9KxTvSvny1SyOLDpER+gEuegCldEtqqAqougRPaNX9GY9WS/Wu/Uxbc1Ys5l99AfW5w9xWZUV</latexit>

and 

We arrive at

� ' 0.13
<latexit sha1_base64="P/vQl9HKV1gEoe9ciK1wwgysfU4=">AAACDXicbVC7SgNBFJ2Nrxhfq5Y2g1GwCrtR0DJoYxnBPCAbwuzkJhky+3DmrhiW/ICNv2JjoYitvZ1/4yTZQhMPDBzOuWfmzvFjKTQ6zreVW1peWV3Lrxc2Nre2d+zdvbqOEsWhxiMZqabPNEgRQg0FSmjGCljgS2j4w6uJ37gHpUUU3uIohnbA+qHoCc7QSB37yEN4wOk9qS8TGKeeNOkuG3taBHBHnZJ72rGLTsmZgi4SNyNFkqHasb+8bsSTAELkkmndcp0Y2ylTKLiEccFLNMSMD1kfWoaGLADdTqdbjOmxUbq0FylzQqRT9XciZYHWo8A3kwHDgZ73JuJ/XivB3kU7FWGcIIR89lAvkRQjOqmGdoUCjnJkCONKmF0pHzDFOJoCC6YEd/7Li6ReNn2VyjdnxcplVkeeHJBDckJcck4q5JpUSY1w8kieySt5s56sF+vd+piN5qwss0/+wPr8AegUnAk=</latexit>

Measurements of        �
<latexit sha1_base64="JKz3/yeJfF6Xey8lZ9M5Cj1fdEs=">AAACAnicbVDLSgMxFM34rPVVdSVugkVwVWaqoMuiG5cV7APaoWQyd9rQzIPkjliG4sZfceNCEbd+hTv/xrSdhbYeCBzOuSc3OV4ihUbb/raWlldW19YLG8XNre2d3dLeflPHqeLQ4LGMVdtjGqSIoIECJbQTBSz0JLS84fXEb92D0iKO7nCUgBuyfiQCwRkaqVc67CI84PSezJMpjLOuNGmfjXulsl2xp6CLxMlJmeSo90pfXT/maQgRcsm07jh2gm7GFAouYVzsphoSxoesDx1DIxaCdrPp6jE9MYpPg1iZEyGdqr8TGQu1HoWemQwZDvS8NxH/8zopBpduJqIkRYj4bFGQSooxnfRBfaGAoxwZwrgS5q2UD5hiHE1rRVOCM//lRdKsVpyzSvX2vFy7yusokCNyTE6JQy5IjdyQOmkQTh7JM3klb9aT9WK9Wx+z0SUrzxyQP7A+fwCsm5g+</latexit>

in multi-Higgs production directly test the shape of the Higgs potential
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Other Possible Consequence of the Shape of the Higgs Potential

The Electroweak Phase Transition

• It happens during the history of the universe, as it cools down TEWPT ' 150 GeV
<latexit sha1_base64="MyoN2iXxJilKCxpCt9GjWmnZvVM=">AAACC3icbVDLSgNBEJz1GeNr1aOXIUHwFHajosegiB4j5AXZJcxOOsmQmd11ZlYIS3L24q948aCIV3/Am3/j5HHQxIKGoqqb7q4g5kxpx/m2lpZXVtfWMxvZza3tnV17b7+mokRSqNKIR7IREAWchVDVTHNoxBKICDjUg/7V2K8/gFQsCit6EIMvSDdkHUaJNlLLzlVaqScFvq6XK0NPMQH32D1z8EQcjW6gNmzZeafgTIAXiTsjeTRDuWV/ee2IJgJCTTlRquk6sfZTIjWjHIZZL1EQE9onXWgaGhIByk8nvwzxkVHauBNJU6HGE/X3REqEUgMRmE5BdE/Ne2PxP6+Z6M6Fn7IwTjSEdLqok3CsIzwOBreZBKr5wBBCJTO3YtojklBt4suaENz5lxdJrVhwTwrFu9N86XIWRwYdohw6Ri46RyV0i8qoiih6RM/oFb1ZT9aL9W59TFuXrNnMAfoD6/MHQnCZ6w==</latexit>

The strength of the PT  

Thermal potential: 

● Boson loops: 

SM: gauge bosons 

strong PT: mh<40 GeV (no top) 

never (with realistic top mass) 

Lattice: crossover for mh>80 GeV → no phase transition in the SM 
  

Kajantie, Laine, Rummukainen, Shaposhnikov 1996 

Csikor, Fodor, Heitger 1998  

• If a barrier develops first order phase transition
This would lead to bubble formation  gravity waves ! 

•  LISA will have sensitivity to these GW 

•But, in the SM PT is not strong enough! 

Higgs too heavy ! Actually, only a crossover.  

New physics affecting the Higgs potential could change this ! 
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The Electroweak Standard Model and the Future 

• It is a very successful theory: 

It is tested with great precision interactions of fermions and gauge bosons self-interactions

As a  gauge theory SU(2)L ⇥ U(1)Y !
<latexit sha1_base64="OQVsVse5KmkR2nG2rBpO0JjKDXU="></latexit>

U(1)EM
<latexit sha1_base64="n1o+wTn0QDRAoYTqD3mBu215hSo=">AAAB9HicdVDLSgMxFM3UV62vqks3wSLUzZDUjnZZFMGNUMGphXYomTTThmYeJplCGfodblwo4taPceffmD4EFT1w4XDOvdx7j58IrjRCH1ZuaXlldS2/XtjY3NreKe7uNVWcSspcGotYtnyimOARczXXgrUSyUjoC3bnDy+m/t2IScXj6FaPE+aFpB/xgFOijeS5ZXzczToyhJfXk26xhGx06lRxDSLbQbiGHUMqDkaoArGNZiiBBRrd4nunF9M0ZJGmgijVxijRXkak5lSwSaGTKpYQOiR91jY0IiFTXjY7egKPjNKDQSxNRRrO1O8TGQmVGoe+6QyJHqjf3lT8y2unOqh5GY+SVLOIzhcFqYA6htMEYI9LRrUYG0Ko5OZWSAdEEqpNTgUTwten8H/SrNj4xK7cVEv180UceXAADkEZYHAG6uAKNIALKLgHD+AJPFsj69F6sV7nrTlrMbMPfsB6+wSLjJFR</latexit>

•The mechanism of spontaneous gauge symmetry breaking (ABEH) has been established

The Higgs field is responsible for electroweak symmetry breaking

The remnant Higgs boson has the interactions predicted by this mechanism

although more precision is desirable in the Higgs sector, in all Higgs couplings
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Questions not answered by the SM

•The origin of dark  matter

•The origin of the baryon asymmetry: 

The SM contains no viable candidate for DM. More than 80% of the matter in the universe appears 

to be “dark”. 

The interactions in LSM
<latexit sha1_base64="eqCsU3OTsW6xbSju2YS++OTC/NQ=">AAAB+3icbVDLSsNAFJ3UV62vWJduBovgqiRV0GXRjQuFivYBTQiT6aQdOjMJMxOxhPyKGxeKuPVH3Pk3TtoutPXAhcM593LvPWHCqNKO822VVlbX1jfKm5Wt7Z3dPXu/2lFxKjFp45jFshciRRgVpK2pZqSXSIJ4yEg3HF8VfveRSEVj8aAnCfE5GgoaUYy0kQK7mnkYMXiTB5knOby/zSuBXXPqzhRwmbhzUgNztAL7yxvEOOVEaMyQUn3XSbSfIakpZiSveKkiCcJjNCR9QwXiRPnZ9PYcHhtlAKNYmhIaTtXfExniSk14aDo50iO16BXif14/1dGFn1GRpJoIPFsUpQzqGBZBwAGVBGs2MQRhSc2tEI+QRFibuIoQ3MWXl0mnUXdP6427s1rzch5HGRyCI3ACXHAOmuAatEAbYPAEnsEreLNy68V6tz5mrSVrPnMA/sD6/AHjCZOv</latexit>

respect baryon and lepton numbers. These are global U(1)B and U(1)L
<latexit sha1_base64="fBouED+HRPgRRT43Tj7nZ6GoRvk=">AAACBHicbVC7SgNBFJ2Nrxhfq5ZpBoMQm7AbBS1DbCwsIpgHJCHMTmaTITOzy8ysEJYs2PgrNhaK2PoRdv6Nk80WmnjgwuGce7n3Hi9kVGnH+bZya+sbm1v57cLO7t7+gX141FJBJDFp4oAFsuMhRRgVpKmpZqQTSoK4x0jbm1zP/fYDkYoG4l5PQ9LnaCSoTzHSRhrYxWbZPRvUYdyTHCYJEsMkmcFUvB3YJafipICrxM1ICWRoDOyv3jDAESdCY4aU6rpOqPsxkppiRmaFXqRIiPAEjUjXUIE4Uf04fWIGT40yhH4gTQkNU/X3RIy4UlPumU6O9Fgte3PxP68baf+qH1MRRpoIvFjkRwzqAM4TgUMqCdZsagjCkppbIR4jibA2uRVMCO7yy6ukVa2455Xq3UWpVs/iyIMiOAFl4IJLUAM3oAGaAINH8AxewZv1ZL1Y79bHojVnZTPH4A+szx8TvpZ1</latexit>

Violated at the quantum level by non-perturbative effects (sphalerons)

⌘ =
nB � nB̄

n�
<latexit sha1_base64="TE3XeYKCdQTZjCQhLSoiTwywP/E=">AAACD3icbVBNS8NAEN34WetX1KOXxaJ4sSQq6EWQevFYwVqhCWGy3dTF3U3Y3Qgl5B948a948aCIV6/e/Dduaw5qfTDw9r0ZdubFGWfaeN6nMzU9Mzs3X1uoLy4tr6y6a+tXOs0VoR2S8lRdx6ApZ5J2DDOcXmeKgog57ca3ZyO/e0eVZqm8NMOMhgIGkiWMgLFS5O4E1AA+wUGigBQyau3JqAhiULhVlvYdDEAIKCO34TW9MfAk8SvSQBXakfsR9FOSCyoN4aB1z/cyExagDCOclvUg1zQDcgsD2rNUgqA6LMb3lHjbKn2cpMqWNHis/pwoQGg9FLHtFGBu9F9vJP7n9XKTHIcFk1luqCTfHyU5xybFo3BwnylKDB9aAkQxuysmN2CTMTbCug3B/3vyJLnab/oHzf2Lw8Zpq4qjhjbRFtpFPjpCp+gctVEHEXSPHtEzenEenCfn1Xn7bp1yqpkN9AvO+xdiA5xG</latexit>

But to generate        we also need (Sakharov): ⌘
<latexit sha1_base64="jpVdjwnRsHnjvYQzwTGHXHUPFLk=">AAAB63icbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04rGC/YA2lM120y7d3YTdiVBC/4IXD4p49Q9589+YtDlo64OBx3szzMwLYiksuu63s7a+sbm1Xdop7+7tHxxWjo7bNkoM4y0Wych0A2q5FJq3UKDk3dhwqgLJO8HkLvc7T9xYEelHnMbcV3SkRSgYxVzqc6SDStWtuXOQVeIVpAoFmoPKV38YsURxjUxSa3ueG6OfUoOCST4r9xPLY8omdMR7GdVUceun81tn5DxThiSMTFYayVz9PZFSZe1UBVmnoji2y14u/uf1Egxv/FToOEGu2WJRmEiCEckfJ0NhOEM5zQhlRmS3EjamhjLM4ilnIXjLL6+Sdr3mXdbqD1fVxm0RRwlO4QwuwINraMA9NKEFDMbwDK/w5ijnxXl3Phata04xcwJ/4Hz+AAowjjw=</latexit>

- CP violation (more than provided by CKM !) 
- Out of equilibrium dynamics. E.g. strong first order EW phase transition 

X
X



23

Questions raised by the SM

•The origin of the Higgs sector and the electroweak scale 

<latexit sha1_base64="o1rFksXVtBEVu+r7cF32kg75/Hk="></latexit>

<latexit sha1_base64="WyHnPW+NV15fzYqRYtO932iNNoo=">AAACL3icbVBbS8MwGE3nbc5b1UdfgkOYiKMdgr4IQ0F8nOAusHYjTdMtLE1Lkgqj7B/54l/Zi4givvovTLc+6OaBwOGc7yT5jhczKpVlvRmFldW19Y3iZmlre2d3z9w/aMkoEZg0ccQi0fGQJIxy0lRUMdKJBUGhx0jbG91mfvuJCEkj/qjGMXFDNOA0oBgpLfXNu1bFaQxpz/HRYEBExk/h9XnYqy3K8Mxh+l4fLQd6tb5ZtqrWDHCZ2DkpgxyNvjl1/AgnIeEKMyRl17Zi5aZIKIoZmZScRJIY4REakK6mHIVEuuls3wk80YoPg0jowxWcqb8TKQqlHIeengyRGspFLxP/87qJCq7clPI4UYTj+UNBwqCKYFYe9KkgWLGxJggLqv8K8RAJhJWuuKRLsBdXXiatWtW2qvbDRbl+k9dRBEfgGFSADS5BHdyDBmgCDJ7BFLyDD+PFeDU+ja/5aMHIM4fgD4zvHwcFp9g=</latexit>

with 

m (or mh or v)
<latexit sha1_base64="S/EmDY8d7lRCpJHtIvLbxeF7CwQ=">AAACDXicbVDLSsNAFJ3UV62vqEs3g1WoICWpgi6LblxWsA9oQphMJ+3QmSTMTAoltB/gxl9x40IRt+7d+TdO0yy09cCFM+fcy9x7/JhRqSzr2yisrK6tbxQ3S1vbO7t75v5BS0aJwKSJIxaJjo8kYTQkTUUVI51YEMR9Rtr+8Hbmt0dESBqFD2ocE5ejfkgDipHSkmeecOicV1JHcBiJ6XTCvQGE2XM6zQQ4OoOeWbaqVga4TOyclEGOhmd+Ob0IJ5yECjMkZde2YuWmSCiKGZmUnESSGOEh6pOupiHiRLppds0EnmqlB4NI6AoVzNTfEyniUo65rzs5UgO56M3E/7xuooJrN6VhnCgS4vlHQcKgiuAsGtijgmDFxpogLKjeFeIBEggrHWBJh2AvnrxMWrWqfVGt3V+W6zd5HEVwBI5BBdjgCtTBHWiAJsDgETyDV/BmPBkvxrvxMW8tGPnMIfgD4/MHMoybAw==</latexit>

: only energy scale in all of the SM

- Where does it come from  ? 

- Other scales are generated by interactions. E.g. ⇤QCD
<latexit sha1_base64="+yaK/Yeiq1Z0MxLnyUpjtFKFia4=">AAAB+nicbVC7TsMwFHXKq5RXCiOLRYXEVCUFCcaKMjAwtBJ9SE0UOY7bWrWdyHZAVeinsDCAECtfwsbf4LYZoOVIlo7OOVf3+oQJo0o7zrdVWFvf2Nwqbpd2dvf2D+zyYUfFqcSkjWMWy16IFGFUkLammpFeIgniISPdcNyY+d0HIhWNxb2eJMTnaCjogGKkjRTYZe/OhCMUZJ7ksNW4mQZ2xak6c8BV4uakAnI0A/vLi2KcciI0Zkipvusk2s+Q1BQzMi15qSIJwmM0JH1DBeJE+dn89Ck8NUoEB7E0T2g4V39PZIgrNeGhSXKkR2rZm4n/ef1UD678jIok1UTgxaJByqCO4awHGFFJsGYTQxCW1NwK8QhJhLVpq2RKcJe/vEo6tap7Xq21Lir167yOIjgGJ+AMuOAS1MEtaII2wOARPINX8GY9WS/Wu/WxiBasfOYI/IH1+QN/EJOA</latexit>

- Only other fundamental scale is in Gravity: MP ' 1019 GeV
<latexit sha1_base64="dGonAaoOW0qGhdZDk1a6IqtITxI=">AAACB3icbVDLSgNBEJyNrxhfUY+CDAbBU9iNgnoLetCLEME8ILuG2UknGTKzu87MCmFZT178FS8eFPHqL3jzb5w8DppY0FBUddPd5UecKW3b31Zmbn5hcSm7nFtZXVvfyG9u1VQYSwpVGvJQNnyigLMAqpppDo1IAhE+h7rfPx/69XuQioXBjR5E4AnSDViHUaKN1MrvXrWSSuoqJuAOO/Zt4pymOHGlwA8XUEtb+YJdtEfAs8SZkAKaoNLKf7ntkMYCAk05Uarp2JH2EiI1oxzSnBsriAjtky40DQ2IAOUloz9SvG+UNu6E0lSg8Uj9PZEQodRA+KZTEN1T095Q/M9rxrpz4iUsiGINAR0v6sQc6xAPQ8FtJoFqPjCEUMnMrZj2iCRUm+hyJgRn+uVZUisVncNi6fqoUD6bxJFFO2gPHSAHHaMyukQVVEUUPaJn9IrerCfrxXq3PsatGWsys43+wPr8AZgDmH4=</latexit>

Plus ⇤CC ' 10�3 eV
<latexit sha1_base64="TxPWrTJ/w+N7cGTqitMUQ0PKJ3M=">AAACEXicbVC7SgNBFJ31GeNr1dJmMAhpDLuJoGUwjYVFBPOAbAyzk5tkyMzuOjMrhGX9BBt/xcZCEVs7O//GyaPQxAMDh3PO5c49fsSZ0o7zbS0tr6yurWc2sptb2zu79t5+XYWxpFCjIQ9l0ycKOAugppnm0IwkEOFzaPjDythv3INULAxu9CiCtiD9gPUYJdpIHTvvXZlwl3QSTwpcqaSeYgLusOvcJielFE/kB6inHTvnFJwJ8CJxZySHZqh27C+vG9JYQKApJ0q1XCfS7YRIzSiHNOvFCiJCh6QPLUMDIkC1k8lFKT42Shf3QmleoPFE/T2REKHUSPgmKYgeqHlvLP7ntWLdO28nLIhiDQGdLurFHOsQj+vBXSaBaj4yhFDJzF8xHRBJqDYlZk0J7vzJi6ReLLilQvH6NFe+mNWRQYfoCOWRi85QGV2iKqohih7RM3pFb9aT9WK9Wx/T6JI1mzlAf2B9/gDvLpxy</latexit>
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• Is the electroweak scale natural ? 

The energy scale in
<latexit sha1_base64="WyHnPW+NV15fzYqRYtO932iNNoo=">AAACL3icbVBbS8MwGE3nbc5b1UdfgkOYiKMdgr4IQ0F8nOAusHYjTdMtLE1Lkgqj7B/54l/Zi4givvovTLc+6OaBwOGc7yT5jhczKpVlvRmFldW19Y3iZmlre2d3z9w/aMkoEZg0ccQi0fGQJIxy0lRUMdKJBUGhx0jbG91mfvuJCEkj/qjGMXFDNOA0oBgpLfXNu1bFaQxpz/HRYEBExk/h9XnYqy3K8Mxh+l4fLQd6tb5ZtqrWDHCZ2DkpgxyNvjl1/AgnIeEKMyRl17Zi5aZIKIoZmZScRJIY4REakK6mHIVEuuls3wk80YoPg0jowxWcqb8TKQqlHIeengyRGspFLxP/87qJCq7clPI4UYTj+UNBwqCKYFYe9KkgWLGxJggLqv8K8RAJhJWuuKRLsBdXXiatWtW2qvbDRbl+k9dRBEfgGFSADS5BHdyDBmgCDJ7BFLyDD+PFeDU+ja/5aMHIM4fgD4zvHwcFp9g=</latexit>

i.e. coefficient of         or         �†�
<latexit sha1_base64="MmaDcPdYmrRKoR/abOe2+3IxR3k=">AAAB+XicbZDNSsNAFIVv6l+tf1GXbgaL4KokVdBl0Y3LCrYWmlgmk0k7dDIJM5NCCX0TNy4UceubuPNtnLRZaOuBgY9z7+XeOUHKmdKO821V1tY3Nreq27Wd3b39A/vwqKuSTBLaIQlPZC/AinImaEczzWkvlRTHAaePwfi2qD9OqFQsEQ96mlI/xkPBIkawNtbAtr32iD15IR4OqSx4YNedhjMXWgW3hDqUag/sLy9MSBZToQnHSvVdJ9V+jqVmhNNZzcsUTTEZ4yHtGxQ4psrP55fP0JlxQhQl0jyh0dz9PZHjWKlpHJjOGOuRWq4V5n+1fqajaz9nIs00FWSxKMo40gkqYkAhk5RoPjWAiWTmVkRGWGKiTVg1E4K7/OVV6DYb7kWjeX9Zb92UcVThBE7hHFy4ghbcQRs6QGACz/AKb1ZuvVjv1seitWKVM8fwR9bnD0cTk20=</latexit> m2

h
<latexit sha1_base64="jZ7+4dgBEspM4KdZBX3CWMZAiY0=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48VTFtoY9lsN+3S3U3Y3Qgl9Dd48aCIV3+QN/+N2zQHbX0w8Hhvhpl5YcKZNq777ZTW1jc2t8rblZ3dvf2D6uFRW8epItQnMY9VN8Saciapb5jhtJsoikXIaSec3M79zhNVmsXywUwTGgg8kixiBBsr+WIwfmwMqjW37uZAq8QrSA0KtAbVr/4wJqmg0hCOte55bmKCDCvDCKezSj/VNMFkgke0Z6nEguogy4+doTOrDFEUK1vSoFz9PZFhofVUhLZTYDPWy95c/M/rpSa6DjImk9RQSRaLopQjE6P552jIFCWGTy3BRDF7KyJjrDAxNp+KDcFbfnmVtBt176LeuL+sNW+KOMpwAqdwDh5cQRPuoAU+EGDwDK/w5kjnxXl3PhatJaeYOYY/cD5/AHZ/jnQ=</latexit>

have large (quadratic) sensitivity to the UV

Quantum corrections to the Higgs mass

�m2
h ' c

16⇡2
⇤2

<latexit sha1_base64="s9+eKLOoiUfpGS8H6rO0cHYZ2Fk=">AAACGXicbVC7TsMwFHXKq5RXgZHFokJiQFUSEDBWwMDAUCT6kJq2ctyb1qqdBNtBqqL+Bgu/wsIAQoww8Te4jwFajnSlo3Pute89fsyZ0rb9bWUWFpeWV7KrubX1jc2t/PZOVUWJpFChEY9k3ScKOAuhopnmUI8lEOFzqPn9y5FfewCpWBTe6UEMTUG6IQsYJdpI7bztXQHXBIt2r+ViTzEB99gLJKEpHabOqRezljv0jrwb82aHtNx2vmAX7THwPHGmpICmKLfzn14noomAUFNOlGo4dqybKZGaUQ7DnJcoiAntky40DA2JANVMx5cN8YFROjiIpKlQ47H6eyIlQqmB8E2nILqnZr2R+J/XSHRw3kxZGCcaQjr5KEg41hEexYQ7TALVfGAIoZKZXTHtEROLNmHmTAjO7MnzpOoWneOie3tSKF1M48iiPbSPDpGDzlAJXaMyqiCKHtEzekVv1pP1Yr1bH5PWjDWd2UV/YH39AO15n6A=</latexit>

with c coming from SM loops from GB, top, Higgs

Renormalization condition is tuned: (m2
h)phys. = �m2

h + �m2
h

<latexit sha1_base64="lciaUoOGRepM7MZwjrFm7CdCNwg=">AAACGXicbVDLSsNAFJ3UV62vqEs3g0WoCCWpgm6Eoi5cVrAPaGKYTKft0JkkzEyEEPobbvwVNy4Ucakr/8ZpGlBbD1w4c869zL3HjxiVyrK+jMLC4tLySnG1tLa+sbllbu+0ZBgLTJo4ZKHo+EgSRgPSVFQx0okEQdxnpO2PLid++54IScPgViURcTkaBLRPMVJa8kyrwr3hXe3QSx3BYTRMZHUMz6FzRZhCMPPgkdP7eXlm2apaGeA8sXNSBjkanvnh9EIccxIozJCUXduKlJsioShmZFxyYkkihEdoQLqaBogT6abZZWN4oJUe7IdCV6Bgpv6eSBGXMuG+7uRIDeWsNxH/87qx6p+5KQ2iWJEATz/qxwyqEE5igj0qCFYs0QRhQfWuEA+RQFjpMEs6BHv25HnSqlXt42rt5qRcv8jjKII9sA8qwAanoA6uQQM0AQYP4Am8gFfj0Xg23oz3aWvByGd2wR8Yn98k3J6E</latexit>

But, in principle,  this is not a problem in QFT: we tune the RC to the physical Higgs mass. 

Once this is done, m2
h(µ)

<latexit sha1_base64="ubOfrbZnKVVhBWUs7FICXt+7+e4=">AAAB83icbVBNSwMxEJ2tX7V+VT16CRahXspuFfRY9OKxgv2A7lqyabYNTbJLkhXK0r/hxYMiXv0z3vw3pu0etPXBwOO9GWbmhQln2rjut1NYW9/Y3Cpul3Z29/YPyodHbR2nitAWiXmsuiHWlDNJW4YZTruJoliEnHbC8e3M7zxRpVksH8wkoYHAQ8kiRrCxki/6o8c6qvoiPUf9csWtuXOgVeLlpAI5mv3ylz+ISSqoNIRjrXuem5ggw8owwum05KeaJpiM8ZD2LJVYUB1k85un6MwqAxTFypY0aK7+nsiw0HoiQtspsBnpZW8m/uf1UhNdBxmTSWqoJItFUcqRidEsADRgihLDJ5Zgopi9FZERVpgYG1PJhuAtv7xK2vWad1Gr319WGjd5HEU4gVOoggdX0IA7aEILCCTwDK/w5qTOi/PufCxaC04+cwx/4Hz+AEjDkIk=</latexit>

runs logarithmically. 

This is not the case for fermions (chiral symm.) or gauge bosons (gauge symm.). Only log sensitivity to ⇤<latexit sha1_base64="+7Vn0mJYfaZ//RcqBhLwm7cUdf0=">AAAB7nicbVC7SgNBFL0bXzG+opY2g0GwCrtR0DJoY2ERwTwgWcLd2dlkyOzsMjMrhJCPsLFQxNbvsfNvnCRbaOKBgcM55zL3niAVXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKWTTFHWpIlIVCdAzQSXrGm4EayTKoZxIFg7GN3O/PYTU5on8tGMU+bHOJA84hSNldq9exsNsV+uuFV3DrJKvJxUIEejX/7qhQnNYiYNFah113NT409QGU4Fm5Z6mWYp0hEOWNdSiTHT/mS+7pScWSUkUaLsk4bM1d8TE4y1HseBTcZohnrZm4n/ed3MRNf+hMs0M0zSxUdRJohJyOx2EnLFqBFjS5AqbncldIgKqbENlWwJ3vLJq6RVq3oX1drDZaV+k9dRhBM4hXPw4ArqcAcNaAKFETzDK7w5qfPivDsfi2jByWeO4Q+czx8M849h</latexit>
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But what if the Higgs couples to a heavy state with mass M � mh
<latexit sha1_base64="RihF+lv1bBoofSJXBcv1DPjNpe8=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9mtBT0WvXgRKtgPaZeSTbPb0CS7JFmhLP0VXjwo4tWf481/Y9ruQVsfDDzem2FmXpBwpo3rfjuFtfWNza3idmlnd2//oHx41NZxqghtkZjHqhtgTTmTtGWY4bSbKIpFwGknGN/M/M4TVZrF8sFMEuoLHEkWMoKNlR7v+lGExGCEBuWKW3XnQKvEy0kFcjQH5a/+MCapoNIQjrXueW5i/Awrwwin01I/1TTBZIwj2rNUYkG1n80PnqIzqwxRGCtb0qC5+nsiw0LriQhsp8BmpJe9mfif10tNeOVnTCapoZIsFoUpRyZGs+/RkClKDJ9Ygoli9lZERlhhYmxGJRuCt/zyKmnXqt5FtXZfrzSu8ziKcAKncA4eXEIDbqEJLSAg4Ble4c1Rzovz7nwsWgtOPnMMf+B8/gDRvI/D</latexit>

?

This will give a contribution with a large mass threshold  

Y 2
M

16⇡2
M2 lnµ2

<latexit sha1_base64="hEk2domtohAT7u9xCnrAwocteGY=">AAACDXicbZC7TsMwFIYdrqXcAowsFgWJoaqSgICxgoUFqUj0gpo0clynteo4ke0gVVFfgIVXYWEAIVZ2Nt4Gt80ALb9k6fN/zpF9/iBhVCrL+jYWFpeWV1YLa8X1jc2tbXNntyHjVGBSxzGLRStAkjDKSV1RxUgrEQRFASPNYHA1rjcfiJA05ndqmBAvQj1OQ4qR0pZvHrqhQDi79286ziizz9yEanDL+uqWXcbdKO04vlmyKtZEcB7sHEogV803v9xujNOIcIUZkrJtW4nyMiQUxYyMim4qSYLwAPVIWyNHEZFeNtlmBI+004VhLPThCk7c3xMZiqQcRoHujJDqy9na2Pyv1k5VeOFllCepIhxPHwpTBlUMx9HALhUEKzbUgLCg+q8Q95GOR+kAizoEe3bleWg4Ffuk4tyelqqXeRwFsA8OwDGwwTmogmtQA3WAwSN4Bq/gzXgyXox342PaumDkM3vgj4zPH7iemrE=</latexit>

This would force us to tune the RG running at the UV (above M) so we get the right Higgs mass in the IR 

The existence of this heavy state coupled to the Higgs reintroduces the large tuning to still  (mh)phys.
<latexit sha1_base64="/lSrY6sHYI7RAxIjveL9k47c51o=">AAAB+nicbVDLSsNAFJ3UV62vVJduBotQNyGpgi6LblxWsA9oQ5hMJ83QmUmYmSgl9lPcuFDErV/izr9x2mahrQcuHM65l3vvCVNGlXbdb6u0tr6xuVXeruzs7u0f2NXDjkoyiUkbJyyRvRApwqggbU01I71UEsRDRrrh+Gbmdx+IVDQR93qSEp+jkaARxUgbKbCrdR7EZ0E+kBym8UQ508CuuY47B1wlXkFqoEArsL8GwwRnnAiNGVKq77mp9nMkNcWMTCuDTJEU4TEakb6hAnGi/Hx++hSeGmUIo0SaEhrO1d8TOeJKTXhoOjnSsVr2ZuJ/Xj/T0ZWfU5Fmmgi8WBRlDOoEznKAQyoJ1mxiCMKSmlshjpFEWJu0KiYEb/nlVdJpON6507i7qDWvizjK4BicgDrwwCVoglvQAm2AwSN4Bq/gzXqyXqx362PRWrKKmSPwB9bnD36kk4I=</latexit>

So, even if we do not mind tuned renormalization conditions, we need no heavy particles coupled to 
the Higgs to avoid the quadratic UV sensitivity. 



26

• Is the Higgs boson an elementary particle ?
Spontaneous Symmetry Breaking appears in other physical systems
Superfluidity, Superconductivity, Hadron physics  

Scalars are composite states (or collective excitations) 

“Radial” excitations (like the Higgs boson) are typically heavy ( at the cutoff) 
Scalars that are light are (pseudo) Nambu-Goldstone bosons

Could the Higgs be a (pseudo) NGB from a spontaneously broken global symmetry ?
Could this be the reason why it is “light" ? Just as m⇡ ⌧ 1 GeV

<latexit sha1_base64="9hJp3au4EotJ7AbNm/GyINWYOQk=">AAAB/nicbVBNS8NAEJ3Ur1q/ouLJy2IRPJWkCnosetBjBfsBTSib7aZdupuE3Y1QQot/xYsHRbz6O7z5b9y2OWjrg4HHezPMzAsSzpR2nG+rsLK6tr5R3Cxtbe/s7tn7B00Vp5LQBol5LNsBVpSziDY005y2E0mxCDhtBcObqd96pFKxOHrQo4T6AvcjFjKCtZG69pHoegnzOEdu5kkxmdzS5hh17bJTcWZAy8TNSRly1Lv2l9eLSSpopAnHSnVcJ9F+hqVmhNNxyUsVTTAZ4j7tGBphQZWfzc4fo1Oj9FAYS1ORRjP190SGhVIjEZhOgfVALXpT8T+vk+rwys9YlKSaRmS+KEw50jGaZoF6TFKi+cgQTCQztyIywBITbRIrmRDcxZeXSbNacc8r1fuLcu06j6MIx3ACZ+DCJdTgDurQAAIZPMMrvFlP1ov1bn3MWwtWPnMIf2B9/gC//pVY</latexit>

If the Higgs boson is composite what are the experimental signals of this ?
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•Why are fermion masses (Yukawa couplings) so different ? 

Why
�t ' 1 �u ' 10�5

<latexit sha1_base64="Skc2cmOtbAOj5UFo8h21tl9xPB8=">AAACGXicbVDLSsNAFJ3UV62vqEs3g0VwY0mqosuiG5cV7AOaGCaTSTt0MklnJkIJ/Q03/oobF4q41JV/47RNQVsPDBzOOZc79/gJo1JZ1rdRWFpeWV0rrpc2Nre2d8zdvaaMU4FJA8csFm0fScIoJw1FFSPtRBAU+Yy0/P712G89ECFpzO/UMCFuhLqchhQjpSXPtBymwwHylCNpRAbQdgaDFAVwpqcz3brPTs5H0DPLVsWaAC4SOydlkKPumZ9OEOM0IlxhhqTs2Fai3AwJRTEjo5KTSpIg3Edd0tGUo4hIN5tcNoJHWglgGAv9uIIT9fdEhiIph5GvkxFSPTnvjcX/vE6qwks3ozxJFeF4uihMGVQxHNcEAyoIVmyoCcKC6r9C3EMCYaXLLOkS7PmTF0mzWrFPK9Xbs3LtKq+jCA7AITgGNrgANXAD6qABMHgEz+AVvBlPxovxbnxMowUjn9kHf2B8/QBy95/o</latexit>

•What is the nature of neutrino masses ?

Since RH neutrinos would have no gauge couplings no need for them in the SM

But without ⌫R
<latexit sha1_base64="l7fmoBtttgGe+Jyol4CuCsz58qg=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF49VTFtoQ9lsN+3SzSbsToRS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O4W19Y3NreJ2aWd3b/+gfHjUNEmmGfdZIhPdDqnhUijuo0DJ26nmNA4lb4Wj25nfeuLaiEQ94jjlQUwHSkSCUbSS31VZ76FXrrhVdw6ySrycVCBHo1f+6vYTlsVcIZPUmI7nphhMqEbBJJ+WupnhKWUjOuAdSxWNuQkm82On5MwqfRIl2pZCMld/T0xobMw4Dm1nTHFolr2Z+J/XyTC6DiZCpRlyxRaLokwSTMjsc9IXmjOUY0so08LeStiQasrQ5lOyIXjLL6+SZq3qXVRr95eV+k0eRxFO4BTOwYMrqMMdNMAHBgKe4RXeHOW8OO/Ox6K14OQzx/AHzucPuTOOoA==</latexit>

neutrino masses require a Majorana mass
c

⇤
[L̄�̃�̃L̄c]

<latexit sha1_base64="8JzVwFZaA/NVFrpS3i4ewZdS6EA=">AAACI3icbVDLSsNAFJ3UV62vqEs3g0VwVZIqKK6Kblx0UcE+IIllMpm0QyeTMDMRSui/uPFX3LhQihsX/ovTNIvaemDgcM493LnHTxiVyrK+jdLa+sbmVnm7srO7t39gHh51ZJwKTNo4ZrHo+UgSRjlpK6oY6SWCoMhnpOuP7mZ+95kISWP+qMYJ8SI04DSkGCkt9c0bNxQIZ3iSuU2dCtDEhY7rIwGbrqIsIG5rSOEizb0n7MG+WbVqVg64SuyCVEGBVt+cukGM04hwhRmS0rGtRHkZEopiRiYVN5UkQXiEBsTRlKOISC/Lb5zAM60EMIyFflzBXF1MZCiSchz5ejJCaiiXvZn4n+ekKrz2MsqTVBGO54vClEEVw1lhMKCCYMXGmiAsqP4rxEOkS1O61oouwV4+eZV06jX7olZ/uKw2bos6yuAEnIJzYIMr0AD3oAXaAIMX8AY+wKfxarwbU+NrPloyiswx+APj5xdMz6QA</latexit>

In the SM this needs a dim 5 operator )
<latexit sha1_base64="aa+RtvqzfdVoDKVWFQEMlw9hXxM=">AAAB8nicbVBNS8NAEJ34WetX1aOXYBE8laQKeix68VjFfkAayma7aZdudsPuRCmlP8OLB0W8+mu8+W/ctjlo64OBx3szzMyLUsENet63s7K6tr6xWdgqbu/s7u2XDg6bRmWasgZVQul2RAwTXLIGchSsnWpGkkiwVjS8mfqtR6YNV/IBRykLE9KXPOaUoJWCzj3vD5BorZ66pbJX8WZwl4mfkzLkqHdLX52eolnCJFJBjAl8L8VwTDRyKtik2MkMSwkdkj4LLJUkYSYcz06euKdW6bmx0rYkujP198SYJMaMksh2JgQHZtGbiv95QYbxVTjmMs2QSTpfFGfCReVO/3d7XDOKYmQJoZrbW106IJpQtCkVbQj+4svLpFmt+OeV6t1FuXadx1GAYziBM/DhEmpwC3VoAAUFz/AKbw46L8678zFvXXHymSP4A+fzB5JpkXE=</latexit>

new physics from ⇤
<latexit sha1_base64="+7Vn0mJYfaZ//RcqBhLwm7cUdf0=">AAAB7nicbVC7SgNBFL0bXzG+opY2g0GwCrtR0DJoY2ERwTwgWcLd2dlkyOzsMjMrhJCPsLFQxNbvsfNvnCRbaOKBgcM55zL3niAVXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKWTTFHWpIlIVCdAzQSXrGm4EayTKoZxIFg7GN3O/PYTU5on8tGMU+bHOJA84hSNldq9exsNsV+uuFV3DrJKvJxUIEejX/7qhQnNYiYNFah113NT409QGU4Fm5Z6mWYp0hEOWNdSiTHT/mS+7pScWSUkUaLsk4bM1d8TE4y1HseBTcZohnrZm4n/ed3MRNf+hMs0M0zSxUdRJohJyOx2EnLFqBFjS5AqbncldIgKqbENlWwJ3vLJq6RVq3oX1drDZaV+k9dRhBM4hXPw4ArqcAcNaAKFETzDK7w5qfPivDsfi2jByWeO4Q+czx8M849h</latexit>

See lectures by Renata Funchal

• Is parity violation fundamental ? Or it is the result of some new dynamics ?
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Conclusions
•The Electroweak Standard Model is an extremely successful description of nature.
• It answers many fundamental questions 

• It also leave many other questions untouched (e.g. dark matter, baryogenesis,…) 

- How do we describe the weak and electromagnetic interactions in a unified gauge theory ?

- What is the mechanism that allows to have masses compatible with                                 ?  SU(2)L ⇥ U(1)Y
<latexit sha1_base64="Po7IfeSGPrcw3qvx1ULDvxqt8kc=">AAAB/XicdVDLTgIxFO3gC/GFj52bRmICm0lnBIEd0Y0LFxgdxMBk0ikFGjqPtB0TJMRfceNCY9z6H+78G8vDRI2e5CYn59ybe+/xY86kQujDSC0sLi2vpFcza+sbm1vZ7Z2GjBJBqEMiHommjyXlLKSOYorTZiwoDnxOr/3B6cS/vqVCsii8UsOYugHuhazLCFZa8rJ7l07eLnjnbcUCKqGTtwrejZfNIdMuoWq5ApFZQla1aGuCUKV6jKClyQQ5MEfdy763OxFJAhoqwrGULQvFyh1hoRjhdJxpJ5LGmAxwj7Y0DbHe5Y6m14/hoVY6sBsJXaGCU/X7xAgHUg4DX3cGWPXlb28i/uW1EtWtuCMWxomiIZkt6iYcqghOooAdJihRfKgJJoLpWyHpY4GJ0oFldAhfn8L/ScM2rSPTvijmaifzONJgHxyAPLBAGdTAGagDBxBwBx7AE3g27o1H48V4nbWmjPnMLvgB4+0TK26TxQ==</latexit>

•But it poses many questions in the process:
- What is the origin of the electroweak symmetry breaking scale ? Why                               ?       v ' 246 GeV

<latexit sha1_base64="muz85vxCPXYpl68CoZrDI/MTC44=">AAACEHicbVC7TgMxEPTxDOEVoKSxiBBU0V2IgBJBAWWQSEDKRZHP2SQW9t1h7yGi0+UPaPgVGgoQoqWk429wHgWvkVYazezauxPEUhh03U9nanpmdm4+t5BfXFpeWS2srddNlGgONR7JSF8FzIAUIdRQoISrWANTgYTL4Ppk6F/egjYiCi+wH0NTsW4oOoIztFKrsOMj3OHonTSQCWTpbeYboeBmUK7sD1JfK3oK9axVKLoldwT6l3gTUiQTVFuFD78d8URBiFwyYxqeG2MzZRoFl5Dl/cRAzPg160LD0pApMM10tEhGt63Spp1I2wqRjtTvEylTxvRVYDsVw5757Q3F/7xGgp3DZirCOEEI+fijTiIpRnSYDm0LDRxl3xLGtbC7Ut5jmnG0GeZtCN7vk/+Sernk7ZXK55Xi0fEkjhzZJFtkl3jkgByRM1IlNcLJPXkkz+TFeXCenFfnbdw65UxmNsgPOO9fNCqd6w==</latexit>

- Is the Higgs boson an elementary scalar ? 
- Why are fermion Yukawa couplings so different ? Is there new dynamics behind flavor ?  
- What is the nature of neutrino masses ? 
- Parity violation ? 
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Outlook
Experiments were crucial in building the Standard Model 

There are again central to guide us to push the frontier of fundamental physics

Precision tests of the electroweak sector, particularly the Higgs, at the LHC

Measuring the shape of the Higgs potential seems to require higher energies

Neutrino experiments will help answer some of these questions

Precision low energy/flavor experimental tests 

Dark Matter detection (direct, indirect, …) 


