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This 5-hour lecture course is intended for a broad audience of  PhD 
students and postdocs working in different areas (theo/pheno/expt) 
of  particle physics, astrophysics, cosmology.

The main goal is to “get you (more) interested” in n oscillations, by 
moving from basic neutrino properties and phenomena to more 
advanced topics at the current frontier of  the field (4 hours*).

Several exercises are also proposed, especially on n oscillation
probabilities (with worked-out solutions). 

I have also been asked to start the lecture course with a general 
introduction (1 hour, this lecture)
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(*) Lectures also given at the ISAPP-SIF 2023 Varenna School 
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This 5-hour lecture course is intended for a broad audience of  PhD 
students and postdocs working in different areas (theo/pheno/expt) 
of  particle physics, astrophysics, cosmology.

The main goal is to “get you (more) interested” in n oscillations, by 
moving from basic neutrino properties and phenomena to more 
advanced topics at the current frontier of  the field (4 hours*).

Several exercises are also proposed, especially on n oscillation
probabilities (with worked-out solutions). 

I have also been asked to start the lecture course with a general 
introduction (1 hour, this lecture)

People interested in further reading can usefully browse
the “Neutrino Unbound” website: www.nu.to.infn.it , or just 
email me for advice about specific topics: eligio.lisi@ba.infn.it

3

(*) Lectures also given at the ISAPP-SIF 2023 Varenna School 

http://www.nu.to.infn.it
mailto:eligio.lisi@ba.infn.it
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Lecture “0” 
Standard model and neutrinos

Outline: SM n…
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Lecture I 
Pedagogical introduction + warm-up exercise
Lecture II
3n osc. in vacuum and matter: notation and basic math 
Lecture III
2n approximations of  phenomenological interest 
Lecture IV
Back to 3n oscillations: Status and Perspectives

Feel free to stop me and ask questions at any time!

Lecture “0” 
Standard model and neutrinos

Outline: SM n…

… and n oscillations
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Standard Model and neutrinos: A tale about symmetry… 

Lorentz symmetry
Gauge symmetry
Symmetry breaking

Free fermion fields
Interactions
Masses and mixings

Standard Model Neutrinosà

Image credit: Wikimedia
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Standard Model and neutrinos: A tale about symmetry… 

Lorentz symmetry
Gauge symmetry
Symmetry breaking

Free fermion fields
Interactions
Masses and mixings

Standard Model Neutrinosà
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Lorentz symmetry and free fermion fields

Let us briefly (re)visit some consequences of Lorentz invariance (units c=1)

● 4-component vectors transform via rotation+boost

● 2-component spinors transform either as RH or as LH

● RH, LH 2-spinors form a 4-spinor obeying Dirac equation* 

● Lorentz invariants involve Dirac spinor and its adjoint

*Exercise
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4-vector rotation  x’=Lx  with angle  w

● Around x axis:
   (cw=cosw, sw=sinw)
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● Exponential form:
     (J = generator)

<latexit sha1_base64="enPLxq7++lgv0mvYIXXJojGq8VQ="></latexit>
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● Around generic axis:
<latexit sha1_base64="GzTI9ExpE7C2VuKXAeArMaxFJww="></latexit>

⇤ = ei~!
~J , ~J = (J1, J2, J3)

● Algebra (commutators):
<latexit sha1_base64="HqEbeRWLrk4jVsPW9MSbrztVw7k=">AAACCnicbVBNS8NAEN3Ur1q/oh69rBbBQymJFPUiFLxoTxVsKyQhbLbbdpvNJuxuhBJ69uJf8eJBEa/+Am/+G7dtDtr6YODx3gwz84KEUaks69soLC2vrK4V10sbm1vbO+buXlvGqcCkhWMWi/sAScIoJy1FFSP3iSAoChjpBOHVxO88ECFpzO/UKCFehPqc9ihGSku+eeg0fFpxKw1/6MFLSKFLEkmZtjI6DMcNP/TNslW1poCLxM5JGeRo+uaX241xGhGuMENSOraVKC9DQlHMyLjkppIkCIeoTxxNOYqI9LLpK2N4rJUu7MVCF1dwqv6eyFAk5SgKdGeE1EDOexPxP89JVe/CyyhPUkU4ni3qpQyqGE5ygV0qCFZspAnCgupbIR4ggbDS6ZV0CPb8y4ukfVq1z6q121q5fpPHUQQH4AicABucgzq4Bk3QAhg8gmfwCt6MJ+PFeDc+Zq0FI5/ZB39gfP4Ai/SZmw==</latexit>

[Ji, Jj ] = i✏ijkJk
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2-spinor rotation  x’=Lx  with angle  w

● Same algebra:
<latexit sha1_base64="StCkU/g9RlgA8LKPRPwvmkXBZKo="></latexit>h�i
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<latexit sha1_base64="oRu3LkCUextacxfLsBIY9GLNOgA="></latexit>

⇤ = ei~!
~�
2 , ~� = (�1, �2, �3)● Spinor rotations:

The same rotation algebra applies to 2-component objects (spinors with
“up/down” components) by replacing J à s/2 (halved Pauli matrices):

● Rotation group named:
<latexit sha1_base64="tET/WzQXzpocqBTgwn6IK0lkYC0=">AAAB7HicbVBNSwMxEJ2tX7V+VT16CRahXspuKeqx4EVvFV1baJeSTbNtaDZZkqxQlv4GLx4U8eoP8ua/MW33oK0PBh7vzTAzL0w408Z1v53C2vrG5lZxu7Szu7d/UD48etQyVYT6RHKpOiHWlDNBfcMMp51EURyHnLbD8fXMbz9RpZkUD2aS0CDGQ8EiRrCxkn/vV+vn/XLFrblzoFXi5aQCOVr98ldvIEkaU2EIx1p3PTcxQYaVYYTTaamXappgMsZD2rVU4JjqIJsfO0VnVhmgSCpbwqC5+nsiw7HWkzi0nTE2I73szcT/vG5qoqsgYyJJDRVksShKOTISzT5HA6YoMXxiCSaK2VsRGWGFibH5lGwI3vLLq+SxXvMuao27RqV5m8dRhBM4hSp4cAlNuIEW+ECAwTO8wpsjnBfn3flYtBacfOYY/sD5/AGRFY3n</latexit>

SU(2)

Note: rotation algebra involves 3 generators (J or s). What about boosts?

● Spin operator:
<latexit sha1_base64="fyRG74HJIsxh8AGrMINv8uCoRLE=">AAACC3icbVBNS8NAEN3Ur1q/oh69LC2Cp5KUol6Eghe9VbCt0ISy2W7apbubsLsplJC7F/+KFw+KePUPePPfuE1z0NYHA4/3ZpiZF8SMKu0431ZpbX1jc6u8XdnZ3ds/sA+PuipKJCYdHLFIPgRIEUYF6WiqGXmIJUE8YKQXTK7nfm9KpKKRuNezmPgcjQQNKUbaSAO76k0JTlUGr6AXSoRTN0sbWS56io44yuDArjl1JwdcJW5BaqBAe2B/ecMIJ5wIjRlSqu86sfZTJDXFjGQVL1EkRniCRqRvqECcKD/Nf8ngqVGGMIykKaFhrv6eSBFXasYD08mRHqtlby7+5/UTHV76KRVxoonAi0VhwqCO4DwYOKSSYM1mhiAsqbkV4jEykWgTX8WE4C6/vEq6jbp7Xm/eNWut2yKOMjgBVXAGXHABWuAGtEEHYPAInsEreLOerBfr3fpYtJasYuYY/IH1+QPfw5r7</latexit>

~s =
1
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4-vector boost  x’=Lx  with velocity v (and rapidity u), c=1

● Velocity along x-axis
   [b=v, g2=1/(1-b2)]

● Exponential form:
   “rapidity” u=tgh(v)

● Generic boost axis:

● Algebra:

<latexit sha1_base64="gq5MEwsmSo73dJM2KBVfDQSaewY="></latexit>2
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<latexit sha1_base64="gRj2DbQib3I5b1EZdU7FoEMTWYo="></latexit>
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<latexit sha1_base64="KN5VT/QmU1sM7+fEa0FPRmvBLQ8="></latexit>

⇤ = ei~u
~K , ~K = (K1, K2, K3)

<latexit sha1_base64="9klTumzx21pHQmOdTyb+Ne08UyQ=">AAACC3icbVDLSsNAFJ3UV62vqEs3Q4vgopZEiroRCm6UbirYByQhTKaTdprJg5mJUEL3bvwVNy4UcesPuPNvnLZZaOuBC4dz7uXee7yEUSEN41srrKyurW8UN0tb2zu7e/r+QUfEKcekjWMW856HBGE0Im1JJSO9hBMUeox0veB66ncfCBc0ju7lOCFOiAYR9SlGUkmuXraaLq3a1aY7cuAVPKXQJomgTHkZHQWTphu4esWoGTPAZWLmpAJytFz9y+7HOA1JJDFDQlimkUgnQ1xSzMikZKeCJAgHaEAsRSMUEuFks18m8FgpfejHXFUk4Uz9PZGhUIhx6KnOEMmhWPSm4n+elUr/0slolKSSRHi+yE8ZlDGcBgP7lBMs2VgRhDlVt0I8RBxhqeIrqRDMxZeXSeesZp7X6nf1SuM2j6MIjkAZnAATXIAGuAEt0AYYPIJn8AretCftRXvXPuatBS2fOQR/oH3+AAGnmdU=</latexit>

[Ki, Kj ] = �i✏ijkKk
<latexit sha1_base64="3+Co1fr77oa1vp47bwl/PgoTiaE=">AAACCnicbVDLSsNAFJ3UV62vqEs3o0VwUUoiRd0IBTdqNxXsA5IQJtNJO83kwcxEKKFrN/6KGxeKuPUL3Pk3TtsstPXAhcM593LvPV7CqJCG8a0VlpZXVteK66WNza3tHX13ry3ilGPSwjGLeddDgjAakZakkpFuwgkKPUY6XnA18TsPhAsaR/dylBAnRP2I+hQjqSRXP7RuXVqxKw136MBLSKFNEkGZsjI6DMYNN3D1slE1poCLxMxJGeRouvqX3YtxGpJIYoaEsEwjkU6GuKSYkXHJTgVJEA5Qn1iKRigkwsmmr4zhsVJ60I+5qkjCqfp7IkOhEKPQU50hkgMx703E/zwrlf6Fk9EoSSWJ8GyRnzIoYzjJBfYoJ1iykSIIc6puhXiAOMJSpVdSIZjzLy+S9mnVPKvW7mrl+k0eRxEcgCNwAkxwDurgGjRBC2DwCJ7BK3jTnrQX7V37mLUWtHxmH/yB9vkDjxeZnQ==</latexit>

[Ji, Kj ] = i✏ijkKk

● Rotation + boost:
   (general Lorentz transform.)

<latexit sha1_base64="c+4F2pP7A3CcOc27UXFaQ675kWU="></latexit>

⇤ = ei~!
~J+i~u ~K

<latexit sha1_base64="HqEbeRWLrk4jVsPW9MSbrztVw7k=">AAACCnicbVBNS8NAEN3Ur1q/oh69rBbBQymJFPUiFLxoTxVsKyQhbLbbdpvNJuxuhBJ69uJf8eJBEa/+Am/+G7dtDtr6YODx3gwz84KEUaks69soLC2vrK4V10sbm1vbO+buXlvGqcCkhWMWi/sAScIoJy1FFSP3iSAoChjpBOHVxO88ECFpzO/UKCFehPqc9ihGSku+eeg0fFpxKw1/6MFLSKFLEkmZtjI6DMcNP/TNslW1poCLxM5JGeRo+uaX241xGhGuMENSOraVKC9DQlHMyLjkppIkCIeoTxxNOYqI9LLpK2N4rJUu7MVCF1dwqv6eyFAk5SgKdGeE1EDOexPxP89JVe/CyyhPUkU4ni3qpQyqGE5ygV0qCFZspAnCgupbIR4ggbDS6ZV0CPb8y4ukfVq1z6q121q5fpPHUQQH4AicABucgzq4Bk3QAhg8gmfwCt6MJ+PFeDc+Zq0FI5/ZB39gfP4Ai/SZmw==</latexit>

[Ji, Jj ] = i✏ijkJk
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2-spinor rotation + boost:   A surprise and a question… 

Surprise: the same boost algebra applies to spinors, but in two options… 
…obtained by replacing K à ∓ is/2 (- right-handed RH, + left-handed LH) 

<latexit sha1_base64="VHsfNU6tcs8DUy89J6HN7y4Fjs8="></latexit>

⇠0L = ei~!
~�
2 �~u ~�

2 ⇠L

<latexit sha1_base64="wbTsQVADGS7f+M5UVqfXLjkPoZA="></latexit>

⇠0R = ei~!
~�
2 +~u ~�

2 ⇠R

rotation boost
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2-spinor rotation + boost:   A surprise and a question… 

Surprise: the same boost algebra applies to spinors, but in two options… 
…obtained by replacing K à ∓ is/2 (- right-handed RH, + left-handed LH) 

Consider a massive spinor x at rest (v=0) à undefined handedness. 
Now, boost to a new reference frame with v>0. 

Question: When seen in motion, would x be RH or LH?

<latexit sha1_base64="VHsfNU6tcs8DUy89J6HN7y4Fjs8="></latexit>

⇠0L = ei~!
~�
2 �~u ~�
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<latexit sha1_base64="wbTsQVADGS7f+M5UVqfXLjkPoZA="></latexit>

⇠0R = ei~!
~�
2 +~u ~�

2 ⇠R
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Answer: We don’t know, so we must admit both cases…
…but not as a “linear combination” of RH+LH (not Lorentz invariant)

<latexit sha1_base64="7IfJoM+FZw+ly5mwHL628TMIKWM="></latexit>

 =

✓
⇠R
⇠L

◆
● Build a 4-dof object with both RH, LH:

● Get xR,L by boosting rest-frame x

<latexit sha1_base64="JrTYdkE5r6UgXpQTzibs+Y1lBb8=">AAACF3icbVDLSgMxFM3UV62vqks3wSIIQpkpRd0IBTe6q2If0BlLJr3ThmYeJJliGeYv3Pgrblwo4lZ3/o2ZtgttPRA4OedcknvciDOpTPPbyC0tr6yu5dcLG5tb2zvF3b2mDGNBoUFDHoq2SyRwFkBDMcWhHQkgvsuh5Q4vM781AiFZGNypcQSOT/oB8xglSkvdYtl+YN1bfIHhPjmxR0CTOLU9QWgyudiS9X2SpkklTXEWLZbMsjkBXiTWjJTQDPVu8cvuhTT2IVCUEyk7lhkpJyFCMcohLdixhIjQIelDR9OA+CCdZLJXio+00sNeKPQJFJ6ovycS4ks59l2d9IkayHkvE//zOrHyzp2EBVGsIKDTh7yYYxXirCTcYwKo4mNNCBVM/xXTAdGtKF1lQZdgza+8SJqVsnVart5US7XrWR15dIAO0TGy0BmqoStURw1E0SN6Rq/ozXgyXox342MazRmzmX30B8bnD7WKoFU=</latexit>

⇠R = e+~u ~�
2 ⇠

<latexit sha1_base64="EleVEgKBsA7C//MarM5uqT3/Od8=">AAACF3icbVDLSgMxFM3UV62vqks3wSK4cZgpRd0IBTcKLirYB3RqyaR32tDMgyRTLMP8hRt/xY0LRdzqzr8xbWehrQcCJ+ecS3KPG3EmlWV9G7ml5ZXVtfx6YWNza3unuLvXkGEsKNRpyEPRcokEzgKoK6Y4tCIBxHc5NN3h5cRvjkBIFgZ3ahxBxyf9gHmMEqWlbtF0Hlj3Bl9guE9OnBHQJE4dTxCaTC+OZH2fpGlSTlM8iRZLlmlNgReJnZESylDrFr+cXkhjHwJFOZGybVuR6iREKEY5pAUnlhAROiR9aGsaEB9kJ5nuleIjrfSwFwp9AoWn6u+JhPhSjn1XJ32iBnLem4j/ee1YeeedhAVRrCCgs4e8mGMV4klJuMcEUMXHmhAqmP4rpgOiW1G6yoIuwZ5feZE0yqZ9alZuK6XqdVZHHh2gQ3SMbHSGqugK1VAdUfSIntErejOejBfj3fiYRXNGNrOP/sD4/AGuyKBR</latexit>

⇠L = e�~u ~�
2 ⇠

● Eliminate x and get Dirac equation (eq. of a free fermion field)
<latexit sha1_base64="tZPH3wvxo0vC+uY2UtqJyrFY7oE="></latexit>

�m E + ~p~�
E � ~p~� �m

� 
⇠R
⇠L

�
=


0
0

�

… where p=momentum, E=energy (See Exercise at the end).

For nonzero fermion mass m, the RH and LH components are coupled!
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Helicity, chirality, notation

● Helicity:
    (spin along momentum)

<latexit sha1_base64="VoVynuqAmqdp2HA0Uy5b16Tcrd8=">AAACC3icbZDLSgMxFIYz9VbrbdSlm9AiuJAyI0XdCAURdFfBXqBTSibNtKFJZkgyhTLM3o2v4saFIm59AXe+jel0Ftr6Q+DjP+dwcn4/YlRpx/m2Ciura+sbxc3S1vbO7p69f9BSYSwxaeKQhbLjI0UYFaSpqWakE0mCuM9I2x9fz+rtCZGKhuJBTyPS42goaEAx0sbq2+XRFfQCiXDiTQhOotQ7zcBTdMhRmiY3ad+uOFUnE1wGN4cKyNXo21/eIMQxJ0JjhpTquk6kewmSmmJG0pIXKxIhPEZD0jUoECeql2S3pPDYOAMYhNI8oWHm/p5IEFdqyn3TyZEeqcXazPyv1o11cNlLqIhiTQSeLwpiBnUIZ8HAAZUEazY1gLCk5q8Qj5BJRpv4SiYEd/HkZWidVd3zau2+Vqnf5XEUwREogxPgggtQB7egAZoAg0fwDF7Bm/VkvVjv1se8tWDlM4fgj6zPH7owm4o=</latexit>

h =
~p~�

E

<latexit sha1_base64="jYOCHozv0vUh2k5I/e5JWB+vLG0="></latexit>
�m/E 1 + h
1� h �m/E

� 
⇠R
⇠L

�
=


0
0

�

● Limit m/Eà0:
<latexit sha1_base64="RETLoiHJ27tJ99LW8IfYLCS0BAk=">AAACDHicbVDNSgMxGMzWv1r/qh69BItQsdRdKepFKIigIFjF/kB3Kdk024Ymu0uSFcvSB/Diq3jxoIhXH8Cbb2PaLqKtA4HJzHwk37gho1KZ5peRmpmdm19IL2aWlldW17LrGzUZRAKTKg5YIBoukoRRn1QVVYw0QkEQdxmpu73ToV+/I0LSwL9V/ZA4HHV86lGMlJZa2VzXLtj3tBXfFC4HJ3bI4c8N7sGrPN8/29Ups2iOAKeJlZAcSFBpZT/tdoAjTnyFGZKyaZmhcmIkFMWMDDJ2JEmIcA91SFNTH3EinXi0zADuaKUNvUDo4ys4Un9PxIhL2eeuTnKkunLSG4r/ec1IecdOTP0wUsTH44e8iEEVwGEzsE0FwYr1NUFYUP1XiLtIIKx0fxldgjW58jSpHRStw2LpupQrXyR1pMEW2AZ5YIEjUAbnoAKqAIMH8ARewKvxaDwbb8b7OJoykplN8AfGxzdbC5lH</latexit>

h ⇠R,L = ±⇠R,L +O(m/E)

à

helicity ~  chirality, but only in this limit!
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Helicity, chirality, notation

● Helicity:
    (spin along momentum)

<latexit sha1_base64="VoVynuqAmqdp2HA0Uy5b16Tcrd8=">AAACC3icbZDLSgMxFIYz9VbrbdSlm9AiuJAyI0XdCAURdFfBXqBTSibNtKFJZkgyhTLM3o2v4saFIm59AXe+jel0Ftr6Q+DjP+dwcn4/YlRpx/m2Ciura+sbxc3S1vbO7p69f9BSYSwxaeKQhbLjI0UYFaSpqWakE0mCuM9I2x9fz+rtCZGKhuJBTyPS42goaEAx0sbq2+XRFfQCiXDiTQhOotQ7zcBTdMhRmiY3ad+uOFUnE1wGN4cKyNXo21/eIMQxJ0JjhpTquk6kewmSmmJG0pIXKxIhPEZD0jUoECeql2S3pPDYOAMYhNI8oWHm/p5IEFdqyn3TyZEeqcXazPyv1o11cNlLqIhiTQSeLwpiBnUIZ8HAAZUEazY1gLCk5q8Qj5BJRpv4SiYEd/HkZWidVd3zau2+Vqnf5XEUwREogxPgggtQB7egAZoAg0fwDF7Bm/VkvVjv1se8tWDlM4fgj6zPH7owm4o=</latexit>

h =
~p~�

E

<latexit sha1_base64="jYOCHozv0vUh2k5I/e5JWB+vLG0="></latexit>
�m/E 1 + h
1� h �m/E

� 
⇠R
⇠L

�
=


0
0

�

● Limit m/Eà0:
<latexit sha1_base64="RETLoiHJ27tJ99LW8IfYLCS0BAk=">AAACDHicbVDNSgMxGMzWv1r/qh69BItQsdRdKepFKIigIFjF/kB3Kdk024Ymu0uSFcvSB/Diq3jxoIhXH8Cbb2PaLqKtA4HJzHwk37gho1KZ5peRmpmdm19IL2aWlldW17LrGzUZRAKTKg5YIBoukoRRn1QVVYw0QkEQdxmpu73ToV+/I0LSwL9V/ZA4HHV86lGMlJZa2VzXLtj3tBXfFC4HJ3bI4c8N7sGrPN8/29Ups2iOAKeJlZAcSFBpZT/tdoAjTnyFGZKyaZmhcmIkFMWMDDJ2JEmIcA91SFNTH3EinXi0zADuaKUNvUDo4ys4Un9PxIhL2eeuTnKkunLSG4r/ec1IecdOTP0wUsTH44e8iEEVwGEzsE0FwYr1NUFYUP1XiLtIIKx0fxldgjW58jSpHRStw2LpupQrXyR1pMEW2AZ5YIEjUAbnoAKqAIMH8ARewKvxaDwbb8b7OJoykplN8AfGxzdbC5lH</latexit>

h ⇠R,L = ±⇠R,L +O(m/E)

● Gamma matrices:
   (in “Weyl basis”)

<latexit sha1_base64="IW3IdOU0SlHLLrLLMxGDMfUSCA8="></latexit>

�µ = (�0, ~�) , �0 =


0 I
I 0

�
, ~� =


0 �~�
~� 0

�

● Momentum + QM:
<latexit sha1_base64="oCCAU6VeZ/0ITWYefC0qvycCcaY=">AAACFHicbVBLSwMxGMzWV62vqkcvwSJUrGVXinoRCiLorYJ9QLMs2TRtQ7O7IckWytIf4cW/4sWDIl49ePPfmG170NaBwDAzX5JvfMGZ0rb9bWWWlldW17LruY3Nre2d/O5eQ0WxJLROIh7Jlo8V5Sykdc00py0hKQ58Tpv+4Dr1m0MqFYvCBz0S1A1wL2RdRrA2kpc/ER4K4qviTQmVTtGQkkSMjxGESEcIMiSw1AzzNAOhly/YZXsCuEicGSmAGWpe/gt1IhIHNNSEY6Xaji20m6R3Ek7HORQrKjAZ4B5tGxrigCo3mSw1hkdG6cBuJM0JNZyovycSHCg1CnyTDLDuq3kvFf/z2rHuXroJC0WsaUimD3VjDnUE04Zgh0lKNB8Zgolk5q+Q9LHERJsec6YEZ37lRdI4Kzvn5cp9pVC9m9WRBQfgEBSBAy5AFdyCGqgDAh7BM3gFb9aT9WK9Wx/TaMaazeyDP7A+fwAu5Z0S</latexit>

pµ = (E, �~p) ! i@µ

● Get “usual” form
<latexit sha1_base64="tqi07BjyZcJM7HNCIAqMn1q12/U="></latexit>

(i�µ@µ �m) = 0

à

helicity ~  chirality, but only in this limit!
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Ending on notation…

<latexit sha1_base64="e2vO4mNB8pa6jrQHXDM7DUOsz1U="></latexit>

�5 = i�0�1�2�3 =


I 0
0 �I

�

● Chiral components:
<latexit sha1_base64="zGc1f/+LqbLaI2SuRvQ0i1dSxmw=">AAACEXicbVDLSsNAFJ3UV62vqEs3g0XoQkpS6mMjFNwouKhiW6GJYTKdtENnkjAzEUrIL7jxV9y4UMStO3f+jZO2C209MHA451zu3OPHjEplWd9GYWFxaXmluFpaW9/Y3DK3d9oySgQmLRyxSNz5SBJGQ9JSVDFyFwuCuM9Ixx+e537ngQhJo/BWjWLictQPaUAxUlryzIoTS+qlN4dX2Rl0AoFwajsxh04fcY7uj7K0luUR6Jllq2qNAeeJPSVlMEXTM7+cXoQTTkKFGZKya1uxclMkFMWMZCUnkSRGeIj6pKtpiDiRbjq+KIMHWunBIBL6hQqO1d8TKeJSjrivkxypgZz1cvE/r5uo4NRNaRgnioR4sihIGFQRzOuBPSoIVmykCcKC6r9CPEC6FqVLLOkS7NmT50m7VrWPq/XrerlxOa2jCPbAPqgAG5yABrgATdACGDyCZ/AK3own48V4Nz4m0YIxndkFf2B8/gBxh5zP</latexit>

 R,L =
1± �5

2
 

● Adjoint Dirac spinor:
<latexit sha1_base64="Zodb1AcSKHx/J+65mV1N0srUvYY=">AAACDnicbVDLSgMxFM3UV62vUZdugqXgqsyIqBuh4EZ3FewDOtNyJ02nocnMkGSEMvQL3Pgrblwo4ta1O//GTNuFth4IOZxzD8k9QcKZ0o7zbRVWVtfWN4qbpa3tnd09e/+gqeJUEtogMY9lOwBFOYtoQzPNaTuRFETAaSsYXed+64FKxeLoXo8T6gsIIzZgBLSRenbFi42dp71EMXyF86vr9SEMqcReCEJA1+nZZafqTIGXiTsnZTRHvWd/ef2YpIJGmnBQquM6ifYzkJoRTiclL1U0ATKCkHYMjUBQ5WfTdSa4YpQ+HsTSnEjjqfo7kYFQaiwCMylAD9Wil4v/eZ1UDy79jEVJqmlEZg8NUo51jPNucJ9JSjQfGwJEMvNXTIYggWjTYMmU4C6uvEyap1X3vHp2d1au3c7rKKIjdIxOkIsuUA3doDpqIIIe0TN6RW/Wk/VivVsfs9GCNc8coj+wPn8AuHyb6w==</latexit>

 =  †�0 subject to inverse Lorentz transform… 
<latexit sha1_base64="W2vK9DTeIO+B3YVZ889KLBtOyGI=">AAACBHicbVDNS8MwHE3n15xfVY+7BIcwL6OVoR4HXvQ2wX3AWkaapVtYmpQkFUbZwYv/ihcPinj1j/Dmf2Pa9aCbDwIv7/0eye8FMaNKO863VVpb39jcKm9Xdnb39g/sw6OuEonEpIMFE7IfIEUY5aSjqWakH0uCooCRXjC9zvzeA5GKCn6vZzHxIzTmNKQYaSMN7aonjJ2lvVhRWPdGQit4ll+Gds1pODngKnELUgMF2kP7y8RxEhGuMUNKDVwn1n6KpKaYkXnFSxSJEZ6iMRkYylFElJ/mS8zhqVFGMBTSHK5hrv5OpChSahYFZjJCeqKWvUz8zxskOrzyU8rjRBOOFw+FCYNawKwROKKSYM1mhiAsqfkrxBMkEdamt4opwV1eeZV0zxvuRaN516y1bos6yqAKTkAduOAStMANaIMOwOARPINX8GY9WS/Wu/WxGC1ZReYY/IH1+QPi45eg</latexit>

 (. . . ) ß …providing bilinear invariants 

<latexit sha1_base64="9KhLS0GUAKIW0wl06khdkxgrjnM=">AAACUnicdVJNS8MwGE7r15xTqx69BIfgabTi13HgRW8T3AesdaRZuoUlTUlSYZT9RkG8+EO8eFDTrqBu+oaEh+eDJG8SJowq7bqvlr2yura+UdmsbtW2d3advf2OEqnEpI0FE7IXIkUYjUlbU81IL5EE8ZCRbji5zvXuI5GKivheTxMScDSKaUQx0oYaONQXRs7TmZ8oOssXHxZjQRghztGDz9Nvyz+e8yXvUGg1cOpuwy0KLgOvBHVQVmvgPJscTjmJNWZIqb7nJjrIkNQUMzKr+qkiCcITNCJ9A2PEiQqyoiUzeGyYIYyENDPWsGB/JjLElZry0Dg50mO1qOXkX1o/1dFVkNE4STWJ8XyjKGVQC5j3Fw6pJFizqQEIS2rOCvEYSYS1eYWqaYK3eOVl0DlteBeNs7uzevO2bEcFHIIjcAI8cAma4Aa0QBtg8ATewAf4tF6sd9v8krnVtsrMAfhVdu0Lcve2cg==</latexit>

   �µ  �5�µ . . .

● Conjugate spinor:

Scalar             vector V             axial vector A

<latexit sha1_base64="KOKwK02+N6touhU8yWGIElQXPks=">AAACCXicbVDLSsNAFJ3UV62vqEs3g0WoLkpSiropFLrRXQX7gKYtk+mkHTqThJmJUEK3bvwVNy4UcesfuPNvnKRZaOuBezmccy8z97gho1JZ1reRW1vf2NzKbxd2dvf2D8zDo7YMIoFJCwcsEF0XScKoT1qKKka6oSCIu4x03Gkj8TsPREga+PdqFpI+R2OfehQjpaWhCRslJ5T0vJb0AYY1SJ0x4hwNKqlyMTSLVtlKAVeJnZEiyNAcml/OKMARJ77CDEnZs61Q9WMkFMWMzAtOJEmI8BSNSU9TH3Ei+3F6yRyeaWUEvUDo8hVM1d8bMeJSzrirJzlSE7nsJeJ/Xi9S3nU/pn4YKeLjxUNexKAKYBILHFFBsGIzTRAWVP8V4gkSCCsdXkGHYC+fvEralbJ9Wa7eVYv12yyOPDgBp6AEbHAF6uAGNEELYPAInsEreDOejBfj3fhYjOaMbOcY/IHx+QNXaZji</latexit>

C( ) =  c = i�2 ⇤ ß “antiparticle”

Physical content: The four components of a Dirac field can be interpreted as 
LH and RH states of a ½-spin particle + antiparticle. Can build Lorentz-invariant 
quantities from field + adjoint field (proofs omitted). 
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Ending on notation…

<latexit sha1_base64="Uwlxj1K2Cy3/TXPoItpKCLKj0Lg=">AAACNHicbVDLSgMxFM3UV62vqks3wSJUhDIjRd0IBTeKXdRiH9AZhkyaaUOTmSHJCGXoR7nxQ9yI4EIRt36DmbYLnXohuYdz7iG5x4sYlco0X43c0vLK6lp+vbCxubW9U9zda8swFpi0cMhC0fWQJIwGpKWoYqQbCYK4x0jHG12leueBCEnD4F6NI+JwNAioTzFSmnKLt9wOtZ7aEzuSdJJe8BLycoZ362lzmycQZpXmVKkfu8WSWTGnBReBNQclMK+GW3y2+yGOOQkUZkjKnmVGykmQUBQzMinYsSQRwiM0ID0NA8SJdJLp0hN4pJk+9EOhT6DglP3tSBCXcsw9PcmRGsqslpL/ab1Y+RdOQoMoViTAs4f8mEEVwjRB2KeCYMXGGiAsqP4rxEMkEFY654IOwcquvAjapxXrrFK9q5ZqN/M48uAAHIIysMA5qIFr0AAtgMEjeAHv4MN4Mt6MT+NrNpoz5p598KeM7x97n6yM</latexit>

m  = m( L R +  R L)

Of particular importance is the Lorentz scalar invariant that 
describes the fermion mass term in a lagrangian approach:

Not surprisingly: mass term couples LH and RH components.
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Standard Model and neutrinos: A tale about symmetry… 

Lorentz symmetry
Gauge symmetry
Symmetry breaking

Free fermion fields
Interactions (EW)
Masses and mixings

Standard Model Neutrinosà
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From space-time to gauge (internal) symmetries

Time zones are conventional. 
E.g., airline traffic invariant 
under under global shift of 
clock “phase” everywhere 
à U(1) global invariance   

But if you ask the freedom to
change any clock phase locally, 
airline traffic would be disrupted… 

✗
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From space-time to gauge (internal) symmetries

Time zones are conventional. 
E.g., airline traffic invariant 
under under global shift of 
clock “phase” everywhere 
à U(1) global invariance   

…unless change is communicated
everywhere at maximal speed!
à Need a carrier of information
to ensure U(1) local invariance 

But if you ask the freedom to
change any clock phase locally, 
airline traffic would be disrupted… ✓
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~100 y ago: Freedom for local phase of 𝜓 leads to photon (carrier) & QED:

<latexit sha1_base64="tqi07BjyZcJM7HNCIAqMn1q12/U="></latexit>

(i�µ@µ �m) = 0

Physics of free-fermion equation invariant under global 
<latexit sha1_base64="3sKBuxQGAoObzoaOy7A9o1nirH0=">AAACBHicbVDLSsNAFJ3UV62vqMtuBovgqiRS1GXBje4q2Ac0sUymN+3QySTOTIQSunDjr7hxoYhbP8Kdf+O0zUJbDwwczrmXO+cECWdKO863VVhZXVvfKG6WtrZ3dvfs/YOWilNJoUljHstOQBRwJqCpmebQSSSQKODQDkaXU7/9AFKxWNzqcQJ+RAaChYwSbaSeXfYSxbCnYwx3GbvHHuHJkExmas+uOFVnBrxM3JxUUI5Gz/7y+jFNIxCacqJU13US7WdEakY5TEpeqiAhdEQG0DVUkAiUn81CTPCxUfo4jKV5QuOZ+nsjI5FS4ygwkxHRQ7XoTcX/vG6qwws/YyJJNQg6PxSmHJvM00Zwn0mgmo8NIVQy81dMh0QSqk1vJVOCuxh5mbROq+5ZtXZTq9Sv8zqKqIyO0Aly0TmqoyvUQE1E0SN6Rq/ozXqyXqx362M+WrDynUP0B9bnDyRGl88=</latexit>

 ! eiq↵ 

To ensure local invariance aàa(x), need interaction 
with massless vector field Aµ + gauge transform.
à Interaction with photon g via electr. charge q 

<latexit sha1_base64="hvUt7JPLFNtfaGDUjcYTQhVqyHE=">AAACB3icbVDLSgMxFM34rPU16lKQYBHqpsxIUZcFN7qrYB/QGUsmzbShmUxMMmIZunPjr7hxoYhbf8Gdf2M6nYW2HggczrmXm3MCwajSjvNtLSwuLa+sFtaK6xubW9v2zm5TxYnEpIFjFst2gBRhlJOGppqRtpAERQEjrWB4MfFb90QqGvMbPRLEj1Cf05BipI3UtQ88oSj0dAzJbUrvoIeYGKDyw/E4M7p2yak4GeA8cXNSAjnqXfvL68U4iQjXmCGlOq4jtJ8iqSlmZFz0EkUEwkPUJx1DOYqI8tMsxxgeGaUHw1iaxzXM1N8bKYqUGkWBmYyQHqhZbyL+53USHZ77KeUi0YTj6aEwYdDEnpQCe1QSrNnIEIQlNX+FeIAkwtpUVzQluLOR50nzpOKeVqrX1VLtKq+jAPbBISgDF5yBGrgEddAAGDyCZ/AK3qwn68V6tz6mowtWvrMH/sD6/AHhZZi2</latexit>

 ! eiq↵(x) 

<latexit sha1_base64="VL/Q1tJQ07RT6IF+MLb9u+VOCUQ=">AAACEXicbVDLSgMxFM3UV62vUZdugkWoCGVGirqsuNFdBfuAzlDupJk2NJkZkoxYSn/Bjb/ixoUibt2582/MtF1o64HA4Zx7k5wTJJwp7TjfVm5peWV1Lb9e2Njc2t6xd/caKk4loXUS81i2AlCUs4jWNdOcthJJQQScNoPBVeY376lULI7u9DChvoBexEJGQBupY5cuO55IsadjPGUn2EtAagZ8agBP+lB6OO7YRafsTIAXiTsjRTRDrWN/ed2YpIJGmnBQqu06ifZH2d2E03HBSxVNgAygR9uGRiCo8keTRGN8ZJQuDmNpTqTxRP29MQKh1FAEZlKA7qt5LxP/89qpDi/8EYuSVNOITB8KU45N/qwe3GWSEs2HhgCRzPwVkz5IINqUWDAluPORF0njtOyelSu3lWL1ZlZHHh2gQ1RCLjpHVXSNaqiOCHpEz+gVvVlP1ov1bn1MR3PWbGcf/YH1+QNazpwi</latexit>

Aµ ! Aµ + @µ↵(x)

<latexit sha1_base64="yYCmXxH72P0uaIV2fEMnCnugVFg=">AAAB7HicdVBNS8NAEJ3Ur1q/qh69LBbBU0jS2tZbwYveKtgPaEPZbDft0s0m7G6EUvobvHhQxKs/yJv/xk1bQUUfDDzem2FmXpBwprTjfFi5tfWNza38dmFnd2//oHh41FZxKgltkZjHshtgRTkTtKWZ5rSbSIqjgNNOMLnK/M49lYrF4k5PE+pHeCRYyAjWRmr1E8UKg2LJsS/rVe/CQ47tODWvXM2IV6t4ZeQaJUMJVmgOiu/9YUzSiApNOFaq5zqJ9mdYakY4nRf6qaIJJhM8oj1DBY6o8meLY+fozChDFMbSlNBooX6fmOFIqWkUmM4I67H67WXiX14v1WHdnzGRpJoKslwUphzpGGWfoyGTlGg+NQQTycytiIyxxESbfLIQvj5F/5O2Z7tVu3JbKTVuVnHk4QRO4RxcqEEDrqEJLSDA4AGe4NkS1qP1Yr0uW3PWauYYfsB6+wTB646y</latexit>

 

<latexit sha1_base64="w3v+E6ePgOcQlbt3r1FFkCEG/Ck="></latexit>

(i�µ(@µ + iqAµ)�m) = 0
<latexit sha1_base64="yYCmXxH72P0uaIV2fEMnCnugVFg=">AAAB7HicdVBNS8NAEJ3Ur1q/qh69LBbBU0jS2tZbwYveKtgPaEPZbDft0s0m7G6EUvobvHhQxKs/yJv/xk1bQUUfDDzem2FmXpBwprTjfFi5tfWNza38dmFnd2//oHh41FZxKgltkZjHshtgRTkTtKWZ5rSbSIqjgNNOMLnK/M49lYrF4k5PE+pHeCRYyAjWRmr1E8UKg2LJsS/rVe/CQ47tODWvXM2IV6t4ZeQaJUMJVmgOiu/9YUzSiApNOFaq5zqJ9mdYakY4nRf6qaIJJhM8oj1DBY6o8meLY+fozChDFMbSlNBooX6fmOFIqWkUmM4I67H67WXiX14v1WHdnzGRpJoKslwUphzpGGWfoyGTlGg+NQQTycytiIyxxESbfLIQvj5F/5O2Z7tVu3JbKTVuVnHk4QRO4RxcqEEDrqEJLSDA4AGe4NkS1qP1Yr0uW3PWauYYfsB6+wTB646y</latexit>

 
<latexit sha1_base64="yYCmXxH72P0uaIV2fEMnCnugVFg=">AAAB7HicdVBNS8NAEJ3Ur1q/qh69LBbBU0jS2tZbwYveKtgPaEPZbDft0s0m7G6EUvobvHhQxKs/yJv/xk1bQUUfDDzem2FmXpBwprTjfFi5tfWNza38dmFnd2//oHh41FZxKgltkZjHshtgRTkTtKWZ5rSbSIqjgNNOMLnK/M49lYrF4k5PE+pHeCRYyAjWRmr1E8UKg2LJsS/rVe/CQ47tODWvXM2IV6t4ZeQaJUMJVmgOiu/9YUzSiApNOFaq5zqJ9mdYakY4nRf6qaIJJhM8oj1DBY6o8meLY+fozChDFMbSlNBooX6fmOFIqWkUmM4I67H67WXiX14v1WHdnzGRpJoKslwUphzpGGWfoyGTlGg+NQQTycytiIyxxESbfLIQvj5F/5O2Z7tVu3JbKTVuVnHk4QRO4RxcqEEDrqEJLSDA4AGe4NkS1qP1Yr0uW3PWauYYfsB6+wTB646y</latexit>

 
<latexit sha1_base64="OO2deUGnf9r5oWcWdrFzeN/iW9E=">AAAB7XicdVDLSgNBEJz1GeMr6tHLYBA8LbubmMRbwIveIpgHJEuYncwmY+axzMwKIeQfvHhQxKv/482/cTaJoKIFDUVVN91dUcKoNp734aysrq1vbOa28ts7u3v7hYPDlpapwqSJJZOqEyFNGBWkaahhpJMognjESDsaX2Z++54oTaW4NZOEhBwNBY0pRsZKrd4QcY76haLnXtQqwXkAPdfzqkGpkpGgWg5K0LdKhiJYotEvvPcGEqecCIMZ0rrre4kJp0gZihmZ5XupJgnCYzQkXUsF4kSH0/m1M3hqlQGMpbIlDJyr3yemiGs94ZHt5MiM9G8vE//yuqmJa+GUiiQ1RODFojhl0EiYvQ4HVBFs2MQShBW1t0I8QgphYwPK2xC+PoX/k1bg+hW3fFMu1q+XceTAMTgBZ8AHVVAHV6ABmgCDO/AAnsCzI51H58V5XbSuOMuZI/ADztsn7t2PaQ==</latexit>�

q gµ

<latexit sha1_base64="pJMl6vat5o8EnfnJFnyPIlLZEk4=">AAACEXicdVBLSwMxGMzWV62vVY9egkUoCMt2W9t6q3jRWwXbCt1lyabZNjT7MMkKZelf8OJf8eJBEa/evPlvzLYVrOhAYJj5viQzXsyokKb5qeWWlldW1/LrhY3Nre0dfXevI6KEY9LGEYv4jYcEYTQkbUklIzcxJyjwGOl6o/PM794RLmgUXstxTJwADULqU4ykkly9ZMeIS4qYawcJtGUEF4RjSG/hWUZdvWgap42adWJB0zDNulWpZcSqV60KLCslQxHM0XL1D7sf4SQgocQMCdErm7F00uxyzMikYCeCxAiP0ID0FA1RQISTThNN4JFS+tCPuDqhhFP150aKAiHGgacmAySH4reXiX95vUT6DSelYZxIEuLZQ37CoAqe1QP7lBMs2VgRhDlVf4V4iDjCUpVYUCV8J4X/k45llGtG9apabF7O68iDA3AISqAM6qAJLkALtAEG9+ARPIMX7UF70l61t9loTpvv7IMFaO9f75CdHQ==</latexit>

@µ ! @µ + iqAµ
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From QED to weak charged-current (CC) interactions with V-A (LH) structure

√GF gµ(1-g5)

Idea: Maybe charged bosons W± act on LH fermion pairs (doublets)… 
… and the veàe “change” stems from some gauge transformation?

√GF

neL eL ne e

W
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√GF gµ(1-g5)

Idea: Maybe charged bosons W± act on LH fermion pairs (doublets)… 
… and the veàe “change” stems from some gauge transformation?

A possibility was to think about SU(2) local rotations, not in real 
space, but in the “abstract” space of fermion LH doublets: 

√GF

neL eL ne e

W

L

L R R

SU(2)L

LH doublet “rotation”
RH singlet RH singlet

(absent if mn=0)

From QED to weak charged-current (CC) interactions with V-A (LH) structure
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L

L R R

SU(2)L

LH doublet
RH singlet RH singlet

Call SU(2)L generators Ti (“weak isospin”) to avoid confusion with si/2 (“spin”)

T3 = +1/2

T3 = -1/2

T3=0 T3=0

Q.   Can the three bosons Aµ, Wµ
± be associated with the three generators Ti? 
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L

L R R

SU(2)L

LH doublet
RH singlet RH singlet

T3 = +1/2

T3 = -1/2

T3=0 T3=0

Q.   Can the three bosons Aµ, Wµ
± be associated with the three generators Ti? 

A.   No: cannot get electric charge operator Q as linear combination of Ti  

Call SU(2)L generators Ti (“weak isospin”) to avoid confusion with si/2 (“spin”)
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Extension: add “weak hypercharge” Y/2 = Q-T3 à   SU(2)L ⊗ U(1)Y

L

L R R

SU(2)L ⊗ U(1)Y

LH doublet
RH singlet RH singlet

T3 = +1/2

T3 = -1/2

T3=0 T3=0

Y  = -1

Y  = -1

Y=-2 Y=0
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Extension: add “weak hypercharge” Y/2 = Q-T3 à   SU(2)L ⊗ U(1)Y

L

L R R

SU(2)L ⊗ U(1)Y

LH doublet
RH singlet RH singlet

T3 = +1/2

T3 = -1/2

T3=0 T3=0

Y  = -1

Y  = -1

Y=-2 Y=0

Gauge transformation involves, for SU(2) and U(1):
● two couplings g and g’  
● four vector boson carriers (A1, A2, A3) and B
Dirac equation modified by interactions with boson carriers:

where only the latter term matters for RH singlets

<latexit sha1_base64="GQAgtnULVQeHbP/ceq0qjzyx6vA="></latexit>

@µ ! @µ � ig ~T ~Aµ � ig0
Y

2
Bµ
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Extension: add “weak hypercharge” Y/2 = Q-T3 à   SU(2)L ⊗ U(1)Y

L

L R R

SU(2)L ⊗ U(1)Y

LH doublet
RH singlet RH singlet

T3 = +1/2

T3 = -1/2

T3=0 T3=0

Y  = -1

Y  = -1

Y=-2 Y=0

<latexit sha1_base64="GQAgtnULVQeHbP/ceq0qjzyx6vA="></latexit>

@µ ! @µ � ig ~T ~Aµ � ig0
Y

2
Bµ

Linear combinations of the four carriers can be associated to:
● photon (EM interactions)
● charged W± (CC interactions)
● neutral Z (NC interactions) ß bonus: A triumph of SM construction!



30

L

L R R

SU(2)L ⊗ U(1)Y

LH doublet
RH singlet RH singlet

Problem: all these fields (fermions, vector bosons) are massless.

Masses prohibited by (unbroken) gauge invariance.

Vector bosons: all propagate with v=c, but you want this only for the photon... 
Fermions: cannot get an invariant mass term out of LH doublet & RH singlet…
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Standard Model and neutrinos: A tale about symmetry… 

Lorentz symmetry
Gauge symmetry
Symmetry breaking

Free fermion fields
Interactions (EW)
Masses and mixings

Standard Model Neutrinosà

Higgs and SSB
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Image credit: CERN

CERN mug with SM lagrangian

So far, two lines:

ß vector bosons and…
ß …fermion interactions
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Image credit: CERN

CERN mug with SM lagrangian

Now, Higgs F and more lines:

ß vector bosons and…
ß …fermion interactions

ß Higgs & fermions
ß Higgs & vector bosons
      (+ Higgs self-interaction
           potential V)
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To make short a long story…                               SU(2)L ⊗ U(1)Y à U(1)EM

Introduce a doublet of complex 
scalar fields, both charged and 
neutral à Higgs F (4 dof) 

Potential V(F) minimized for an 
neutral ground state with U(1)EM 
symmetry à physical H (1 dof)

<latexit sha1_base64="CR/YvGz4D5RC/WcD40VcvfdZrc4="></latexit>

� =

✓
�(+)

�(0)

◆

<latexit sha1_base64="zbbijLQ/p8wyPPWgl03vfQ/DEx8="></latexit>

� ' 1p
2

✓
0
v

◆
+

1p
2

✓
0
H

◆

v.e.v. Higgs
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To make short a long story…                               SU(2)L ⊗ U(1)Y à U(1)EM

Introduce a doublet of complex 
scalar fields, both charged and 
neutral à Higgs F (4 dof) 

Potential V(F) minimized for an 
neutral ground state with U(1)EM 
symmetry à physical H (1 dof)

In ground state: 
The photon remains massless. 
The extra 3 dof give mass to Z, W±

The Higgs also gets mass.

<latexit sha1_base64="CR/YvGz4D5RC/WcD40VcvfdZrc4="></latexit>

� =

✓
�(+)

�(0)

◆

<latexit sha1_base64="zbbijLQ/p8wyPPWgl03vfQ/DEx8="></latexit>

� ' 1p
2

✓
0
v

◆
+

1p
2

✓
0
H

◆

v.e.v. Higgs

<latexit sha1_base64="CwwRUMQpoMje4cfRq0f+I8A5+Yk="></latexit>

mZ =
v

2

p
g2 + g02

<latexit sha1_base64="5gRd0y4yjP2JKj8f+uANKQ9YbPc=">AAAB/HicdVDLSsNAFJ3UV62vaJduBovgKqRpbetCKLjRXQX7gDaEyXTSDp08mJkUQoi/4saFIm79EHf+jZO2gooeuHA4517uvceNGBXSND+0wtr6xuZWcbu0s7u3f6AfHvVEGHNMujhkIR+4SBBGA9KVVDIyiDhBvstI351d5X5/TrigYXAnk4jYPpoE1KMYSSU5etl3+vASjjyOcDrPUiuDE0evmMZFq2GdW9A0TLNp1Ro5sZp1qwarSslRASt0HP19NA5x7JNAYoaEGFbNSNop4pJiRrLSKBYkQniGJmSoaIB8Iux0cXwGT5Uyhl7IVQUSLtTvEynyhUh8V3X6SE7Fby8X//KGsfRadkqDKJYkwMtFXsygDGGeBBxTTrBkiSIIc6puhXiKVA5S5VVSIXx9Cv8nPcuoNoz6bb3SvlnFUQTH4AScgSpogja4Bh3QBRgk4AE8gWftXnvUXrTXZWtBW82UwQ9ob58R+JR0</latexit>

mW =
v

2
g

Useful bookkeeping parameter:  
<latexit sha1_base64="gX+D1SVbzp3eJ3z94T78SPbnQdQ=">AAAB/nicdVBNSwMxEM36WetXVTx5CRbB05qtttaDIHjRm4K1Yrss2TS1ocnukswKZSn4V7x4UMSrv8Ob/8ZsraCiDwYe780wMy9MpDBAyLszMTk1PTNbmCvOLywuLZdWVi9NnGrGGyyWsb4KqeFSRLwBAiS/SjSnKpS8GfaPc795y7URcXQBg4T7it5EoisYBSsFpXUWmzb0ONCgiQ+xCpo7KrgOSmXiklp196CKiVslXr2Sk0rVI2QXey4ZoYzGOAtKb+1OzFLFI2CSGtPySAJ+RjUIJvmw2E4NTyjr0xvesjSiihs/G50/xFtW6eBurG1FgEfq94mMKmMGKrSdikLP/PZy8S+vlUK37mciSlLgEftc1E0lhhjnWeCO0JyBHFhCmRb2Vsx6VFMGNrGiDeHrU/w/uay4Xs3dO98rH52O4yigDbSJtpGH9tEROkFnqIEYytA9ekRPzp3z4Dw7L5+tE854Zg39gPP6AWhLlSs=</latexit>

cos✓W = mW /mZ
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Three measurable quantities fix three gauge parameters (tree level):

Electric charge* e ≃  0.3    =

Fermi constant GF ≃  1.17 x 10-5 GeV -2 = 

Z mass   mZ ≃ 91 GeV   =  

<latexit sha1_base64="q207dbGa9DfQ29f6a7t4rVCAdSM=">AAAB/HicdVDLSsNAFJ3UV62vaJduBou0ItQklNruCm50V8E+oE3LZDpNh04ezkyEEOqvuHGhiFs/xJ1/46StoKIHLhzOuZd773FCRoU0jA8ts7K6tr6R3cxtbe/s7un7B20RRByTFg5YwLsOEoRRn7QklYx0Q06Q5zDScaYXqd+5I1zQwL+RcUhsD7k+HVOMpJKGet51i2d9cctlyR1Yp25xYJ0M9YJRNhSqVZgSs2aYitTrNcuqQ3NuGUYBLNEc6u/9UYAjj/gSMyREzzRCaSeIS4oZmeX6kSAhwlPkkp6iPvKIsJP58TN4rJQRHAdclS/hXP0+kSBPiNhzVKeH5ET89lLxL68XyXHNTqgfRpL4eLFoHDEoA5gmAUeUEyxZrAjCnKpbIZ4gjrBUeeVUCF+fwv9J2yqb1XLlulJoXC3jyIJDcARKwATnoAEuQRO0AAYxeABP4Fm71x61F+110ZrRljN58APa2ye3xZOR</latexit>

gg0/
p

(g2 + g02)
<latexit sha1_base64="DGe9JzuHvzv+yOR3w28p980OvpQ=">AAAB+HicdVDLSgMxFM34rPXRUZdugkWom5oZSm13BTe6q2Af0I4lk6ZtaCYzJplCHfolblwo4tZPceffmGkrqOiBC4dz7uXee/yIM6UR+rBWVtfWNzYzW9ntnd29nL1/0FRhLAltkJCHsu1jRTkTtKGZ5rQdSYoDn9OWP75I/daESsVCcaOnEfUCPBRswAjWRurZOees0FV3UifubHLrnvbsPCoig3IZpsSpIMeQarXiulXozC2E8mCJes9+7/ZDEgdUaMKxUh0HRdpLsNSMcDrLdmNFI0zGeEg7hgocUOUl88Nn8MQofTgIpSmh4Vz9PpHgQKlp4JvOAOuR+u2l4l9eJ9aDipcwEcWaCrJYNIg51CFMU4B9JinRfGoIJpKZWyEZYYmJNlllTQhfn8L/SdMtOuVi6bqUr10t48iAI3AMCsAB56AGLkEdNAABMXgAT+DZurcerRfrddG6Yi1nDsEPWG+fyvSSlQ==</latexit>

1/(
p
2v2)

<latexit sha1_base64="CWbm3vxGlZqkYf+OgHWkfgpIbdk=">AAACA3icdVDLSsNAFJ3UV62vqDvdDBZREEoSSm13BTe6q2Af0KRlMp20QycPZyaFEgJu/BU3LhRx60+482+ctBVU9MCFwzn3cu89bsSokIbxoeWWlldW1/LrhY3Nre0dfXevJcKYY9LEIQt5x0WCMBqQpqSSkU7ECfJdRtru+CLz2xPCBQ2DGzmNiOOjYUA9ipFUUl8/sD2OcDJJEyu1xS2XybBnnQ1Pelba14tGyVCoVGBGzKphKlKrVS2rBs2ZZRhFsECjr7/bgxDHPgkkZkiIrmlE0kkQlxQzkhbsWJAI4TEakq6iAfKJcJLZDyk8VsoAeiFXFUg4U79PJMgXYuq7qtNHciR+e5n4l9eNpVd1EhpEsSQBni/yYgZlCLNA4IBygiWbKoIwp+pWiEdIhSJVbAUVwten8H/SskpmpVS+LhfrV4s48uAQHIFTYIJzUAeXoAGaAIM78ACewLN2rz1qL9rrvDWnLWb2wQ9ob58z7pfq</latexit>v

2

p
g2 + g02

Fix:     v ≃ 246 GeV,        g ≃ 0.64,  g’ ≃ 0.34   

*Fine structure constant in natural units: a = e2/4p ≃ 1/137 

Also:   mW ≃ 80 GeV  sin2qW ≃ 0.22  

What about fermion masses?  
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Q = +2/3

Q = -1/3

Q = 0

Q = -1

T3 = +1/2 “up” quarks

T3 = -1/2   “down” quarks

T3 = +1/2  “up” leptons

T3 = -1/2  “down” leptons

Fermion doublets (LH):  (three generations, four “types”)

Fermion singlets (LH): T3 = 0

Remind…

… fermion mass terms must couple LH and RH states
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Couple LH doublets with RH singlets 
via Higgs doublet à Four 3x3 matrices 
of arbitrary Yukawa couplings  yij
(one matrix for each fermion type)

To make short another long story…                SU(2)L ⊗ U(1)Y à U(1)EM

<latexit sha1_base64="gDBvU8emEjgoeiPRUph7FPDKWFQ=">AAAB73icdVDLSgNBEOyNrxhfUY9eBoPgadndxCTeAl70FsE8IFnC7GQ2GTP7cGZWCEt+wosHRbz6O978G2eTCCpa0FBUddPd5cWcSWVZH0ZuZXVtfSO/Wdja3tndK+4ftGWUCEJbJOKR6HpYUs5C2lJMcdqNBcWBx2nHm1xkfueeCsmi8EZNY+oGeBQynxGstNRF00HKbmdoUCxZ5nm96pw5yDItq+aUqxlxahWnjGytZCjBEs1B8b0/jEgS0FARjqXs2Vas3BQLxQins0I/kTTGZIJHtKdpiAMq3XR+7wydaGWI/EjoChWaq98nUhxIOQ083RlgNZa/vUz8y+slyq+7KQvjRNGQLBb5CUcqQtnzaMgEJYpPNcFEMH0rImMsMFE6ooIO4etT9D9pO6ZdNSvXlVLjahlHHo7gGE7Bhho04BKa0AICHB7gCZ6NO+PReDFeF605YzlzCD9gvH0CBSCQAQ==</latexit>yij ●  ● ●    ●

● 

i,j = 1,2,3         Li       Higgs      Rj
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Couple LH doublets with RH singlets 
via Higgs doublet à Four 3x3 matrices 
of arbitrary Yukawa couplings  yij
(one matrix for each fermion type)

To make short another long story…                SU(2)L ⊗ U(1)Y à U(1)EM

<latexit sha1_base64="gDBvU8emEjgoeiPRUph7FPDKWFQ=">AAAB73icdVDLSgNBEOyNrxhfUY9eBoPgadndxCTeAl70FsE8IFnC7GQ2GTP7cGZWCEt+wosHRbz6O978G2eTCCpa0FBUddPd5cWcSWVZH0ZuZXVtfSO/Wdja3tndK+4ftGWUCEJbJOKR6HpYUs5C2lJMcdqNBcWBx2nHm1xkfueeCsmi8EZNY+oGeBQynxGstNRF00HKbmdoUCxZ5nm96pw5yDItq+aUqxlxahWnjGytZCjBEs1B8b0/jEgS0FARjqXs2Vas3BQLxQins0I/kTTGZIJHtKdpiAMq3XR+7wydaGWI/EjoChWaq98nUhxIOQ083RlgNZa/vUz8y+slyq+7KQvjRNGQLBb5CUcqQtnzaMgEJYpPNcFEMH0rImMsMFE6ooIO4etT9D9pO6ZdNSvXlVLjahlHHo7gGE7Bhho04BKa0AICHB7gCZ6NO+PReDFeF605YzlzCD9gvH0CBSCQAQ==</latexit>yij ●  ● ●    ●

● 

i,j = 1,2,3         Li       Higgs      Rj

After symmetry breaking (ground state), 
get four 3x3 fermion mass matrices ∝ v.e.v.

<latexit sha1_base64="osw+RwV+FWroInHkj1u5GlyXNTc="></latexit>

Mij = yij
vp
2

Diagonalize and rewrite interactions 
in terms of fields with definite mass:

Results à

g, W, Z and massive fermions
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<latexit sha1_base64="yYCmXxH72P0uaIV2fEMnCnugVFg=">AAAB7HicdVBNS8NAEJ3Ur1q/qh69LBbBU0jS2tZbwYveKtgPaEPZbDft0s0m7G6EUvobvHhQxKs/yJv/xk1bQUUfDDzem2FmXpBwprTjfFi5tfWNza38dmFnd2//oHh41FZxKgltkZjHshtgRTkTtKWZ5rSbSIqjgNNOMLnK/M49lYrF4k5PE+pHeCRYyAjWRmr1E8UKg2LJsS/rVe/CQ47tODWvXM2IV6t4ZeQaJUMJVmgOiu/9YUzSiApNOFaq5zqJ9mdYakY4nRf6qaIJJhM8oj1DBY6o8meLY+fozChDFMbSlNBooX6fmOFIqWkUmM4I67H67WXiX14v1WHdnzGRpJoKslwUphzpGGWfoyGTlGg+NQQTycytiIyxxESbfLIQvj5F/5O2Z7tVu3JbKTVuVnHk4QRO4RxcqEEDrqEJLSDA4AGe4NkS1qP1Yr0uW3PWauYYfsB6+wTB646y</latexit>

 
<latexit sha1_base64="yYCmXxH72P0uaIV2fEMnCnugVFg=">AAAB7HicdVBNS8NAEJ3Ur1q/qh69LBbBU0jS2tZbwYveKtgPaEPZbDft0s0m7G6EUvobvHhQxKs/yJv/xk1bQUUfDDzem2FmXpBwprTjfFi5tfWNza38dmFnd2//oHh41FZxKgltkZjHshtgRTkTtKWZ5rSbSIqjgNNOMLnK/M49lYrF4k5PE+pHeCRYyAjWRmr1E8UKg2LJsS/rVe/CQ47tODWvXM2IV6t4ZeQaJUMJVmgOiu/9YUzSiApNOFaq5zqJ9mdYakY4nRf6qaIJJhM8oj1DBY6o8meLY+fozChDFMbSlNBooX6fmOFIqWkUmM4I67H67WXiX14v1WHdnzGRpJoKslwUphzpGGWfoyGTlGg+NQQTycytiIyxxESbfLIQvj5F/5O2Z7tVu3JbKTVuVnHk4QRO4RxcqEEDrqEJLSDA4AGe4NkS1qP1Yr0uW3PWauYYfsB6+wTB646y</latexit>

 

<latexit sha1_base64="yYCmXxH72P0uaIV2fEMnCnugVFg=">AAAB7HicdVBNS8NAEJ3Ur1q/qh69LBbBU0jS2tZbwYveKtgPaEPZbDft0s0m7G6EUvobvHhQxKs/yJv/xk1bQUUfDDzem2FmXpBwprTjfFi5tfWNza38dmFnd2//oHh41FZxKgltkZjHshtgRTkTtKWZ5rSbSIqjgNNOMLnK/M49lYrF4k5PE+pHeCRYyAjWRmr1E8UKg2LJsS/rVe/CQ47tODWvXM2IV6t4ZeQaJUMJVmgOiu/9YUzSiApNOFaq5zqJ9mdYakY4nRf6qaIJJhM8oj1DBY6o8meLY+fozChDFMbSlNBooX6fmOFIqWkUmM4I67H67WXiX14v1WHdnzGRpJoKslwUphzpGGWfoyGTlGg+NQQTycytiIyxxESbfLIQvj5F/5O2Z7tVu3JbKTVuVnHk4QRO4RxcqEEDrqEJLSDA4AGe4NkS1qP1Yr0uW3PWauYYfsB6+wTB646y</latexit>

 
<latexit sha1_base64="yYCmXxH72P0uaIV2fEMnCnugVFg=">AAAB7HicdVBNS8NAEJ3Ur1q/qh69LBbBU0jS2tZbwYveKtgPaEPZbDft0s0m7G6EUvobvHhQxKs/yJv/xk1bQUUfDDzem2FmXpBwprTjfFi5tfWNza38dmFnd2//oHh41FZxKgltkZjHshtgRTkTtKWZ5rSbSIqjgNNOMLnK/M49lYrF4k5PE+pHeCRYyAjWRmr1E8UKg2LJsS/rVe/CQ47tODWvXM2IV6t4ZeQaJUMJVmgOiu/9YUzSiApNOFaq5zqJ9mdYakY4nRf6qaIJJhM8oj1DBY6o8meLY+fozChDFMbSlNBooX6fmOFIqWkUmM4I67H67WXiX14v1WHdnzGRpJoKslwUphzpGGWfoyGTlGg+NQQTycytiIyxxESbfLIQvj5F/5O2Z7tVu3JbKTVuVnHk4QRO4RxcqEEDrqEJLSDA4AGe4NkS1qP1Yr0uW3PWauYYfsB6+wTB646y</latexit>

 

Z

<latexit sha1_base64="eWsvxP5qy3dgPBAJSauc08kCYXI=">AAAB7XicdVDLSgMxFM3UV62vqks3wSK4KplSarsrunFZwT6gHUomzbSxeQxJRihD/8GNC0Xc+j/u/BszbQUVPXDhcM693HtPGHNmLEIfXm5tfWNzK79d2Nnd2z8oHh51jEo0oW2iuNK9EBvKmaRtyyynvVhTLEJOu+H0KvO791QbpuStncU0EHgsWcQItk7qDMZYCDwsllAZOdRqMCN+HfmONBr1SqUB/YWFUAms0BoW3wcjRRJBpSUcG9P3UWyDFGvLCKfzwiAxNMZkise076jEgpogXVw7h2dOGcFIaVfSwoX6fSLFwpiZCF2nwHZifnuZ+JfXT2xUD1Im48RSSZaLooRDq2D2OhwxTYnlM0cw0czdCskEa0ysC6jgQvj6FP5POpWyXytXb6ql5uUqjjw4AafgHPjgAjTBNWiBNiDgDjyAJ/DsKe/Re/Fel605bzVzDH7Ae/sE4R6PWw==</latexit>�
EM

NC

Photon couples to each fermion (LH, RH) via
Q

(Q=0 only for neutrinos)

Z boson couples to each fermion (LH, RH) via

T3 – Q sin2qw
(T3=0  for RH fermions)

Note: No flavor-changing neutral currents (FCNC)
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<latexit sha1_base64="yYCmXxH72P0uaIV2fEMnCnugVFg=">AAAB7HicdVBNS8NAEJ3Ur1q/qh69LBbBU0jS2tZbwYveKtgPaEPZbDft0s0m7G6EUvobvHhQxKs/yJv/xk1bQUUfDDzem2FmXpBwprTjfFi5tfWNza38dmFnd2//oHh41FZxKgltkZjHshtgRTkTtKWZ5rSbSIqjgNNOMLnK/M49lYrF4k5PE+pHeCRYyAjWRmr1E8UKg2LJsS/rVe/CQ47tODWvXM2IV6t4ZeQaJUMJVmgOiu/9YUzSiApNOFaq5zqJ9mdYakY4nRf6qaIJJhM8oj1DBY6o8meLY+fozChDFMbSlNBooX6fmOFIqWkUmM4I67H67WXiX14v1WHdnzGRpJoKslwUphzpGGWfoyGTlGg+NQQTycytiIyxxESbfLIQvj5F/5O2Z7tVu3JbKTVuVnHk4QRO4RxcqEEDrqEJLSDA4AGe4NkS1qP1Yr0uW3PWauYYfsB6+wTB646y</latexit>

 
<latexit sha1_base64="yYCmXxH72P0uaIV2fEMnCnugVFg=">AAAB7HicdVBNS8NAEJ3Ur1q/qh69LBbBU0jS2tZbwYveKtgPaEPZbDft0s0m7G6EUvobvHhQxKs/yJv/xk1bQUUfDDzem2FmXpBwprTjfFi5tfWNza38dmFnd2//oHh41FZxKgltkZjHshtgRTkTtKWZ5rSbSIqjgNNOMLnK/M49lYrF4k5PE+pHeCRYyAjWRmr1E8UKg2LJsS/rVe/CQ47tODWvXM2IV6t4ZeQaJUMJVmgOiu/9YUzSiApNOFaq5zqJ9mdYakY4nRf6qaIJJhM8oj1DBY6o8meLY+fozChDFMbSlNBooX6fmOFIqWkUmM4I67H67WXiX14v1WHdnzGRpJoKslwUphzpGGWfoyGTlGg+NQQTycytiIyxxESbfLIQvj5F/5O2Z7tVu3JbKTVuVnHk4QRO4RxcqEEDrqEJLSDA4AGe4NkS1qP1Yr0uW3PWauYYfsB6+wTB646y</latexit>

 

<latexit sha1_base64="yYCmXxH72P0uaIV2fEMnCnugVFg=">AAAB7HicdVBNS8NAEJ3Ur1q/qh69LBbBU0jS2tZbwYveKtgPaEPZbDft0s0m7G6EUvobvHhQxKs/yJv/xk1bQUUfDDzem2FmXpBwprTjfFi5tfWNza38dmFnd2//oHh41FZxKgltkZjHshtgRTkTtKWZ5rSbSIqjgNNOMLnK/M49lYrF4k5PE+pHeCRYyAjWRmr1E8UKg2LJsS/rVe/CQ47tODWvXM2IV6t4ZeQaJUMJVmgOiu/9YUzSiApNOFaq5zqJ9mdYakY4nRf6qaIJJhM8oj1DBY6o8meLY+fozChDFMbSlNBooX6fmOFIqWkUmM4I67H67WXiX14v1WHdnzGRpJoKslwUphzpGGWfoyGTlGg+NQQTycytiIyxxESbfLIQvj5F/5O2Z7tVu3JbKTVuVnHk4QRO4RxcqEEDrqEJLSDA4AGe4NkS1qP1Yr0uW3PWauYYfsB6+wTB646y</latexit>

 
<latexit sha1_base64="yYCmXxH72P0uaIV2fEMnCnugVFg=">AAAB7HicdVBNS8NAEJ3Ur1q/qh69LBbBU0jS2tZbwYveKtgPaEPZbDft0s0m7G6EUvobvHhQxKs/yJv/xk1bQUUfDDzem2FmXpBwprTjfFi5tfWNza38dmFnd2//oHh41FZxKgltkZjHshtgRTkTtKWZ5rSbSIqjgNNOMLnK/M49lYrF4k5PE+pHeCRYyAjWRmr1E8UKg2LJsS/rVe/CQ47tODWvXM2IV6t4ZeQaJUMJVmgOiu/9YUzSiApNOFaq5zqJ9mdYakY4nRf6qaIJJhM8oj1DBY6o8meLY+fozChDFMbSlNBooX6fmOFIqWkUmM4I67H67WXiX14v1WHdnzGRpJoKslwUphzpGGWfoyGTlGg+NQQTycytiIyxxESbfLIQvj5F/5O2Z7tVu3JbKTVuVnHk4QRO4RxcqEEDrqEJLSDA4AGe4NkS1qP1Yr0uW3PWauYYfsB6+wTB646y</latexit>

 

Z

W

<latexit sha1_base64="QCiBmsbNv2vNJP/Il0N1RDggbvE=">AAAB/HicdVBNS8NAEN3Ur1q/oj16WSyCBylpWtt6K3rx4KGCbYUmls122y7dJMvuRggh/hUvHhTx6g/x5r9x01ZQ0QcDj/dmmJnncUalsqwPI7e0vLK6ll8vbGxube+Yu3tdGUYCkw4OWShuPCQJowHpKKoYueGCIN9jpOdNzzO/d0eEpGFwrWJOXB+NAzqiGCktDcyiwyW9TRzhw4ing+TymKYDs2SVT5t1+8SGVtmyGna1nhG7UbOrsKKVDCWwQHtgvjvDEEc+CRRmSMp+xeLKTZBQFDOSFpxIEo7wFI1JX9MA+US6yez4FB5qZQhHodAVKDhTv08kyJcy9j3d6SM1kb+9TPzL60dq1HQTGvBIkQDPF40iBlUIsyTgkAqCFYs1QVhQfSvEEyQQVjqvgg7h61P4P+na5Uq9XLuqlVpnizjyYB8cgCNQAQ3QAhegDToAgxg8gCfwbNwbj8aL8TpvzRmLmSL4AePtEzuglSw=</latexit>

 up
L,i

<latexit sha1_base64="/zJyRYy3jg0XfDNsjy5+zuH+jog=">AAAB/nicdVDLSsNAFJ34rPUVFVduBovgQkqa1rbuim5cuKhgH9DWMplM2rGTSZiZKCUE/BU3LhRx63e482+ctBVU9MCFwzn3cu89TsioVJb1YczNLywuLWdWsqtr6xub5tZ2UwaRwKSBAxaItoMkYZSThqKKkXYoCPIdRlrO6Cz1W7dESBrwKzUOSc9HA049ipHSUt/c7YaSXsdd4UM3uONJP744ukn6Zs7Kn1TL9rENrbxlVexiOSV2pWQXYUErKXJghnrffO+6AY58whVmSMpOwQpVL0ZCUcxIku1GkoQIj9CAdDTlyCeyF0/OT+CBVlzoBUIXV3Cifp+IkS/l2Hd0p4/UUP72UvEvrxMpr9qLKQ8jRTieLvIiBlUA0yygSwXBio01QVhQfSvEQyQQVjqxrA7h61P4P2na+UI5X7os5WqnszgyYA/sg0NQABVQA+egDhoAgxg8gCfwbNwbj8aL8TptnTNmMzvgB4y3T9bZlhQ=</latexit>

 down
L,j

<latexit sha1_base64="eWsvxP5qy3dgPBAJSauc08kCYXI=">AAAB7XicdVDLSgMxFM3UV62vqks3wSK4KplSarsrunFZwT6gHUomzbSxeQxJRihD/8GNC0Xc+j/u/BszbQUVPXDhcM693HtPGHNmLEIfXm5tfWNzK79d2Nnd2z8oHh51jEo0oW2iuNK9EBvKmaRtyyynvVhTLEJOu+H0KvO791QbpuStncU0EHgsWcQItk7qDMZYCDwsllAZOdRqMCN+HfmONBr1SqUB/YWFUAms0BoW3wcjRRJBpSUcG9P3UWyDFGvLCKfzwiAxNMZkise076jEgpogXVw7h2dOGcFIaVfSwoX6fSLFwpiZCF2nwHZifnuZ+JfXT2xUD1Im48RSSZaLooRDq2D2OhwxTYnlM0cw0czdCskEa0ysC6jgQvj6FP5POpWyXytXb6ql5uUqjjw4AafgHPjgAjTBNWiBNiDgDjyAJ/DsKe/Re/Fel605bzVzDH7Ae/sE4R6PWw==</latexit>�
EM

NC

CC

Photon couples to each fermion (LH, RH) via
Q

(Q=0 only for neutrinos)

Z boson couples to each fermion (LH, RH) via

T3 – Q sin2qw
(T3=0  for RH fermions)

W boson flips up/down LH fermions via
Vij

(Mixing matrices of quarks and leptons)
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W

<latexit sha1_base64="QCiBmsbNv2vNJP/Il0N1RDggbvE=">AAAB/HicdVBNS8NAEN3Ur1q/oj16WSyCBylpWtt6K3rx4KGCbYUmls122y7dJMvuRggh/hUvHhTx6g/x5r9x01ZQ0QcDj/dmmJnncUalsqwPI7e0vLK6ll8vbGxube+Yu3tdGUYCkw4OWShuPCQJowHpKKoYueGCIN9jpOdNzzO/d0eEpGFwrWJOXB+NAzqiGCktDcyiwyW9TRzhw4ing+TymKYDs2SVT5t1+8SGVtmyGna1nhG7UbOrsKKVDCWwQHtgvjvDEEc+CRRmSMp+xeLKTZBQFDOSFpxIEo7wFI1JX9MA+US6yez4FB5qZQhHodAVKDhTv08kyJcy9j3d6SM1kb+9TPzL60dq1HQTGvBIkQDPF40iBlUIsyTgkAqCFYs1QVhQfSvEEyQQVjqvgg7h61P4P+na5Uq9XLuqlVpnizjyYB8cgCNQAQ3QAhegDToAgxg8gCfwbNwbj8aL8TpvzRmLmSL4AePtEzuglSw=</latexit>

 up
L,i

<latexit sha1_base64="/zJyRYy3jg0XfDNsjy5+zuH+jog=">AAAB/nicdVDLSsNAFJ34rPUVFVduBovgQkqa1rbuim5cuKhgH9DWMplM2rGTSZiZKCUE/BU3LhRx63e482+ctBVU9MCFwzn3cu89TsioVJb1YczNLywuLWdWsqtr6xub5tZ2UwaRwKSBAxaItoMkYZSThqKKkXYoCPIdRlrO6Cz1W7dESBrwKzUOSc9HA049ipHSUt/c7YaSXsdd4UM3uONJP744ukn6Zs7Kn1TL9rENrbxlVexiOSV2pWQXYUErKXJghnrffO+6AY58whVmSMpOwQpVL0ZCUcxIku1GkoQIj9CAdDTlyCeyF0/OT+CBVlzoBUIXV3Cifp+IkS/l2Hd0p4/UUP72UvEvrxMpr9qLKQ8jRTieLvIiBlUA0yygSwXBio01QVhQfSvEQyQQVjqxrA7h61P4P2na+UI5X7os5WqnszgyYA/sg0NQABVQA+egDhoAgxg8gCfwbNwbj8aL8TptnTNmMzvgB4y3T9bZlhQ=</latexit>

 down
L,j

CC
W boson flips up/down LH fermions via

Vij
(Mixing matrices of quarks and leptons)

Quarks:  V = VCKM  Cabibbo-Kobayashi-Maskawa

Leptons: V = UPMNS  Pontecorvo-Maki-Nakagawa-Sakata

Vij

Unitary matrix V appears in the “up-down” CC vertex: 
not a property of “down” or “up” fermions separately

(although it may be conventionally used in this way) 
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If leptons and quarks get masses and mixing in similar ways… 
…what’s so special about neutrino masses in the SM (and beyond) ?

● Historically, in the original SM constructions, RH neutrino fields were
omitted à no neutrino masses, no lepton mixing (a prejudice!)

● To get neutrino masses <0.1 eV from v~O(100) GeV, their Yukawa 
couplings must be <10-12  à (more) unnatural wrt other fermions.  
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If leptons and quarks get masses and mixing in similar ways… 
…what’s so special about neutrino masses in the SM (and beyond) ?

● Historically, in the original SM constructions, RH neutrino fields were
omitted à no neutrino masses, no lepton mixing (a prejudice!)

● To get neutrino masses <0.1 eV from v~O(100) GeV, their Yukawa 
couplings must be <10-12  à (more) unnatural wrt other fermions.  

● More fundamentally, neutrinos are the only fermions that may admit 
another mass term, not violating gauge symmetry and not originated 
by the Higgs doublet via symmetry breaking … if nu’s are Majorana:

<latexit sha1_base64="yA2Aw3G5JcglE1n5m0rPIccdTJg=">AAAB/XicdVDLSgMxFM3UV62v8bFzEyyCq2FmWtu6EIpuXFawD+gMJZNm2tBMZkgyQi3FX3HjQhG3/oc7/8ZMW0FFLwROzjn35uYECaNS2faHkVtaXlldy68XNja3tnfM3b2WjFOBSRPHLBadAEnCKCdNRRUjnUQQFAWMtIPRZaa3b4mQNOY3apwQP0IDTkOKkdJUzzzweArPoRdrUzYDZveeWbSts1rFPXWhbdl21S1VMuBWy24JOprJqggW1eiZ714/xmlEuMIMSdl17ET5EyQUxYxMC14qSYLwCA1IV0OOIiL9yWz7KTzWTB+GsdCHKzhjv3dMUCTlOAq0M0JqKH9rGfmX1k1VWPMnlCepIhzPHwpTBlUMsyhgnwqCFRtrgLCgeleIh0ggrHRgBR3C10/h/6DlWk7FKl+Xi/WLRRx5cAiOwAlwQBXUwRVogCbA4A48gCfwbNwbj8aL8Tq35oxFzz74UcbbJ6Q/lLs=</latexit>

⌫ = ⌫
<latexit sha1_base64="05Ed8g3JK66YG38/3Kex7qGKUZc=">AAAB9HicdVDLSgMxFL1TX7W+qi7dBIvgapiZ1rYuhKIblxXsA9qxZNJMG5p5mGQKpfQ73LhQxK0f486/MdNWUNEDl3s4515yc7yYM6ks68PIrKyurW9kN3Nb2zu7e/n9g6aMEkFog0Q8Em0PS8pZSBuKKU7bsaA48DhteaOr1G+NqZAsCm/VJKZugAch8xnBSktuN5YMXaC03ZFevmCZ59Wyc+Ygy7SsilMsp8SplJwisrWSogBL1Hv5924/IklAQ0U4lrJjW7Fyp1goRjid5bqJpDEmIzygHU1DHFDpTudHz9CJVvrIj4SuUKG5+n1jigMpJ4GnJwOshvK3l4p/eZ1E+VV3ysI4UTQki4f8hCMVoTQB1GeCEsUnmmAimL4VkSEWmCidU06H8PVT9D9pOqZdNks3pULtchlHFo7gGE7BhgrU4Brq0AAC9/AAT/BsjI1H48V4XYxmjOXOIfyA8fYJU/KR1w==</latexit>

 =  c
or, more precisely: (up to a phase)

No charge of any kind!
Only 2 dof, not 4 as for Dirac

(You will see much more in other courses at this School!)
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R

In particular, a RH n has no SM charges 
and is decoupled from W, Z, g (“sterile”),
unlike LH n coupled to W, Z (“active”)

T3=0
Y=0

<latexit sha1_base64="AvvecN8DRF5pMn8KsKvMPhl2vFY=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF49V7Ae0oWy2m3bpZrPsboQS+iO8eFDEq7/Hm//GTZqDtj4YeLw3w8y8QHKmjet+O6W19Y3NrfJ2ZWd3b/+genjU0XGiCG2TmMeqF2BNORO0bZjhtCcVxVHAaTeY3mZ+94kqzWLxaGaS+hEeCxYygo2VugOp2fChMqzW3LqbA60SryA1KNAaVr8Go5gkERWGcKx133Ol8VOsDCOcziuDRFOJyRSPad9SgSOq/TQ/d47OrDJCYaxsCYNy9fdEiiOtZ1FgOyNsJnrZy8T/vH5iwms/ZUImhgqyWBQmHJkYZb+jEVOUGD6zBBPF7K2ITLDCxNiEshC85ZdXSeei7l3WG/eNWvOmiKMMJ3AK5+DBFTThDlrQBgJTeIZXeHOk8+K8Ox+L1pJTzBzDHzifP7d0jyw=</latexit>

 R
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R

In particular, a RH n has no SM charges 
and is decoupled from W, Z, g (“sterile”),
unlike LH n coupled to W, Z (“active”)

T3=0
Y=0

(1) May build a Majorana neutrino out of it
+ extra mass term, not coming from Higgs: 

Not forbidden by SM symmetries, and 
fundamentally different from other fermions! 

<latexit sha1_base64="AvvecN8DRF5pMn8KsKvMPhl2vFY=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF49V7Ae0oWy2m3bpZrPsboQS+iO8eFDEq7/Hm//GTZqDtj4YeLw3w8y8QHKmjet+O6W19Y3NrfJ2ZWd3b/+genjU0XGiCG2TmMeqF2BNORO0bZjhtCcVxVHAaTeY3mZ+94kqzWLxaGaS+hEeCxYygo2VugOp2fChMqzW3LqbA60SryA1KNAaVr8Go5gkERWGcKx133Ol8VOsDCOcziuDRFOJyRSPad9SgSOq/TQ/d47OrDJCYaxsCYNy9fdEiiOtZ1FgOyNsJnrZy8T/vH5iwms/ZUImhgqyWBQmHJkYZb+jEVOUGD6zBBPF7K2ITLDCxNiEshC85ZdXSeei7l3WG/eNWvOmiKMMJ3AK5+DBFTThDlrQBgJTeIZXeHOk8+K8Ox+L1pJTzBzDHzifP7d0jyw=</latexit>

 R

<latexit sha1_base64="sX8rrLAmXsVMygfT1SOegOPZoYY=">AAACAHicdVDLSsNAFJ3UV62vqAsXbgaLIAghSWtbF0LRjcsq9gFtDJPppB06eTAzEUroxl9x40IRt36GO//GSVtBRQ8M93DOvdy5x4sZFdI0P7TcwuLS8kp+tbC2vrG5pW/vtESUcEyaOGIR73hIEEZD0pRUMtKJOUGBx0jbG11kfvuOcEGj8EaOY+IEaBBSn2IkleTqe71YUHgGs+JeH8/KLS64etE0TmsV+8SGpmGaVbtUyYhdLdslaCklQxHM0XD1914/wklAQokZEqJrmbF0UsQlxYxMCr1EkBjhERqQrqIhCohw0ukBE3iolD70I65eKOFU/T6RokCIceCpzgDJofjtZeJfXjeRfs1JaRgnkoR4tshPGJQRzNKAfcoJlmysCMKcqr9CPEQcYakyy0L4uhT+T1q2YVWM8lW5WD+fx5EH++AAHAELVEEdXIIGaAIMJuABPIFn7V571F6011lrTpvP7IIf0N4+AWdmlas=</latexit>

 =  R +  c
R

<latexit sha1_base64="6cxHp0HmqDogRJbCsRMAHF43MR0=">AAACA3icdVDLSgMxFM3UV62vUXe6CRbB1TAzrW1dCEU3LqvYWugMQybNtKGZB0lGKEPBjb/ixoUibv0Jd/6NmbaCih5IOJxz703u8RNGhTTND62wsLi0vFJcLa2tb2xu6ds7HRGnHJM2jlnMuz4ShNGItCWVjHQTTlDoM3Ljj85z/+aWcEHj6FqOE+KGaBDRgGIkleTpe6F3BZ1YleQToJMIOrtOS55eNo2TRs0+tqFpmGbdrtRyYterdgVaSslRBnO0PP3d6cc4DUkkMUNC9CwzkW6GuKSYkUnJSQVJEB6hAekpGqGQCDeb7jCBh0rpwyDm6kQSTtXvHRkKhRiHvqoMkRyK314u/uX1Uhk03IxGSSpJhGcPBSmDMoZ5ILBPOcGSjRVBmFP1V4iHiCMsVWx5CF+bwv9JxzasmlG9rJabZ/M4imAfHIAjYIE6aIIL0AJtgMEdeABP4Fm71x61F+11VlrQ5j274Ae0t0+3eJbx</latexit>

mR  =
<latexit sha1_base64="qQjG+7kpw209TZzrFL/5LZhCfSY="></latexit>

mR( R 
c
R +  

c
R R)

New mass scale(s) mR?

LH
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R

In particular, a RH n has no SM charges 
and is decoupled from W, Z, g (“sterile”),
unlike LH n coupled to W, Z (“active”)

T3=0
Y=0

(1) May build a Majorana neutrino out of it
+ extra mass term, not coming from Higgs: 

Not forbidden by SM symmetries, and 
fundamentally different from other fermions! 

<latexit sha1_base64="AvvecN8DRF5pMn8KsKvMPhl2vFY=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF49V7Ae0oWy2m3bpZrPsboQS+iO8eFDEq7/Hm//GTZqDtj4YeLw3w8y8QHKmjet+O6W19Y3NrfJ2ZWd3b/+genjU0XGiCG2TmMeqF2BNORO0bZjhtCcVxVHAaTeY3mZ+94kqzWLxaGaS+hEeCxYygo2VugOp2fChMqzW3LqbA60SryA1KNAaVr8Go5gkERWGcKx133Ol8VOsDCOcziuDRFOJyRSPad9SgSOq/TQ/d47OrDJCYaxsCYNy9fdEiiOtZ1FgOyNsJnrZy8T/vH5iwms/ZUImhgqyWBQmHJkYZb+jEVOUGD6zBBPF7K2ITLDCxNiEshC85ZdXSeei7l3WG/eNWvOmiKMMJ3AK5+DBFTThDlrQBgJTeIZXeHOk8+K8Ox+L1pJTzBzDHzifP7d0jyw=</latexit>

 R

<latexit sha1_base64="sX8rrLAmXsVMygfT1SOegOPZoYY=">AAACAHicdVDLSsNAFJ3UV62vqAsXbgaLIAghSWtbF0LRjcsq9gFtDJPppB06eTAzEUroxl9x40IRt36GO//GSVtBRQ8M93DOvdy5x4sZFdI0P7TcwuLS8kp+tbC2vrG5pW/vtESUcEyaOGIR73hIEEZD0pRUMtKJOUGBx0jbG11kfvuOcEGj8EaOY+IEaBBSn2IkleTqe71YUHgGs+JeH8/KLS64etE0TmsV+8SGpmGaVbtUyYhdLdslaCklQxHM0XD1914/wklAQokZEqJrmbF0UsQlxYxMCr1EkBjhERqQrqIhCohw0ukBE3iolD70I65eKOFU/T6RokCIceCpzgDJofjtZeJfXjeRfs1JaRgnkoR4tshPGJQRzNKAfcoJlmysCMKcqr9CPEQcYakyy0L4uhT+T1q2YVWM8lW5WD+fx5EH++AAHAELVEEdXIIGaAIMJuABPIFn7V571F6011lrTpvP7IIf0N4+AWdmlas=</latexit>

 =  R +  c
R

<latexit sha1_base64="6cxHp0HmqDogRJbCsRMAHF43MR0=">AAACA3icdVDLSgMxFM3UV62vUXe6CRbB1TAzrW1dCEU3LqvYWugMQybNtKGZB0lGKEPBjb/ixoUibv0Jd/6NmbaCih5IOJxz703u8RNGhTTND62wsLi0vFJcLa2tb2xu6ds7HRGnHJM2jlnMuz4ShNGItCWVjHQTTlDoM3Ljj85z/+aWcEHj6FqOE+KGaBDRgGIkleTpe6F3BZ1YleQToJMIOrtOS55eNo2TRs0+tqFpmGbdrtRyYterdgVaSslRBnO0PP3d6cc4DUkkMUNC9CwzkW6GuKSYkUnJSQVJEB6hAekpGqGQCDeb7jCBh0rpwyDm6kQSTtXvHRkKhRiHvqoMkRyK314u/uX1Uhk03IxGSSpJhGcPBSmDMoZ5ILBPOcGSjRVBmFP1V4iHiCMsVWx5CF+bwv9JxzasmlG9rJabZ/M4imAfHIAjYIE6aIIL0AJtgMEdeABP4Fm71x61F+11VlrQ5j274Ae0t0+3eJbx</latexit>

mR  =
<latexit sha1_base64="qQjG+7kpw209TZzrFL/5LZhCfSY="></latexit>

mR( R 
c
R +  

c
R R)

(2) Also notice: number of sterile n states 
is unrestricted, might be > 3.  Most general 
Majorana n mass matrix leads to new states 
+“active-sterile” mixing after diagonalization

Worldwide effort to test if some options are realized in nature…
We are still at beginning of our understanding of n masses!

3 active + NS sterile ?

New mass scale(s) mR?

LH



Neutrino mass and nature in a wider context: Linking two research programs

1. Test Higgs sector

2. Probe n masses

48



n ?

co
up

lin
g 

to
 H

ig
gs

  à

1 + 2    Where are the n’s on this plot?  Why are they so light? 

particle mass à< 1 eV
49



n

Dirac: neutrinos “talk” 
very weakly to the 
Higgs boson, y < 10-12

for unknown reasons...

< 1 eV

�

Options:

particle mass à

co
up

lin
g 

to
 H

ig
gs

  à
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n

Majorana: neutrinos talk 
“normally” to the Higgs, 
but also to other (much) 
higher scale(s) M 
à suppression yMH/M
      (so-called see-saw) 

< 1 eV

�

Options:

�
�
�

particle mass à

co
up

lin
g 

to
 H

ig
gs

  à
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< 1 eV

...New n mass states could emerge at one or more scales ...

particle mass à

co
up

lin
g 

to
 H

ig
gs

  à
GUT 

        

TeV 

 

GeV 

 

keV 

 

eV 

n
�
�
�
�
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< 1 eV

... and contribute to a wide research program with HE/LE links…

particle mass à

co
up

lin
g 

to
 H

ig
gs

  à
GUT [proton decay]

         [leptogenesis]

TeV  [LHC]

  [heavy neutral leptons]

GeV  [beam-dump searches]

  [low-scale see-saw]

keV  [dark matter]

  [direct mass searches]

eV  [light steriles & oscillations] 

n
�
�
�
�
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n: A tale about (broken) symmetries… 

… and a portal to new physics! 
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