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Alcune Considerazioni di Carattere Generale:

Enrico Fermi, Tentativo di una teoria dell’emissione dei raggi “beta” (in 
Italian), Ric. Sci. 4, 491 (1933)

A 91 anni dalla Teoria di Fermi del Decadimento Beta

 Enrico Fermi, Tentativo di una teoria dei raggi β (in Italian), Nuovo Cim. 11, 
1 (1934)

Enrico Fermi, Versuch einer Theorie der β-Strahlen. I (in German), Z. Phys. 
88, 161 (1934)

questo non è un seminario di Storia della Fisica



La Teoria di Fermi è un tentativo, molto ben riuscito 
e dopo 90 anni  tuttora attuale,  di descrivere in maniera
quantitativa  le disintegrazioni (i decadimenti) beta dei nuclei, 
includendo il neutrino ipotizzato da Pauli.  In una notazione moderna

Ovvero nel nucleo iniziale un neutrone si trasforma in
protone con l’emissione (creazione) simultanea di 
un elettrone e  un neutrino
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Il Contesto Storico
Ho usato il materiale da  R. Barbieri Il Nuovo Saggiatore Vol. 39 N. 3-4 (2023)
                                         F. Vissani    arXiv:2310.07834v1 [physics.hist-ph]

 
- 1920 Esistono solo protoni e elettroni. Atomi e Nuclei sono stati composti di questi 

costituenti elementari;  
- Problemi con lo spin dei nuclei e con l’energia di legame nucleare;

Composizione del Nucleo di Azoto e Relativa Statistica



Il Contesto Storico

 - “Seconda quantizzazione”: valida per i fotoni  (niente carica e massa nulla) mentre 
si pensa che protoni e elettroni sono ``conservati”, dunque le particelle emesse in 
una disintegrazione devono già esistere nel nucleo originale;



Il Contesto Storico

 - 1930 Pauli propone l’esistenza del neutrino (chiamato inizialmente neutrone) per 
spiegare lo spettro dell’elettrone nel decadimento beta;

- 1932 Scoperta del neutrone da parte  di J. Chadwick (e anche misura della massa 
molto vicina a quella del protone). Questo eslude che sia il neutrino; 

- 1932 Scoperta del positrone da parte di C.D. Anderson;
- 1934 F. Joliot e I. Curie osservano decadimenti beta con emissione di positroni 

(radioattività artificiale).

CERTO UN PERIODO DENSO DI SVILUPPI FONDAMENTALI!





Chi riconosce in questa formula la Teoria di Fermi?
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Non era chiaro che protoni e neutroni fossero particelle di Dirac
 x    Rappresenta le coordinate delle particelle pesanti ovvero 

       il neutrone e il protone (nucleo iniziale o finale)

Le particelle leggere non esistono prima del decadimento nel nucleo ma 
vengono create  come i fotoni, le particelle pesanti sono non-relativistiche e 
il loro numero è conservato 



Generalizzando a tutte le possibili combinazioni 
di bilineari di Dirac

In un linguaggio moderno questa teoria non è rinormalizzabile, 
contiene una scala di massa fondamentale, la scala di Fermi
                                                 , e la sezione d’urto protone-neutrino cresce 
con l’energia (M. Fierz).  
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Due aspetti rivoluzionari:  le particelle sono create dal vuoto e non
 sono preesistenti e questo è il primo esempio di una Teoria Effettiva

Evoluzione verso una forma più familiare



Nel frattempo molte scoperte e sviluppi nella fisica 
delle interazioni deboli, seguendo R. Barbieri 
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CKM matrix elements, Strong interactions effects and 
Radiative Corrections neglected 

Effective Hamiltonians for Neutron and Muon Weak decays 

Which are the limits of validity of the Fermi theory?



PRESENT:the Standard Model and 
beyond
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Buchmuller&Wyler  ’88

Higgs meson 2012

neutral currents 1973
charm quark 1974



from elegance to caos !!
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+ the coupling θ  of  strong CP violation 

<latexit sha1_base64="vQTjy/RNB2gbOKOyur1HfD+kVNg="></latexit>

3gi + (�,MH) + 6mq + 3m` + � + 3✓CKM + ✓QCD = 19

<latexit sha1_base64="DJg4whaZhzsn/GOlAMibTDsbVok="></latexit>

3m⌫
+ (2 +

1)�P
MNS

+ 3✓P
MNS

= 9



<latexit sha1_base64="O03AnTN8uqusVX9qBoXdHeafFas=">AAAB+3icbVBNS8NAEN34WetXrEcvi0XwICURUY9FLx4r2A9oQthsp+3S3U3Y3Ygl9K948aCIV/+IN/+N2zYHbX0w8Hhvhpl5ccqZNp737aysrq1vbJa2yts7u3v77kGlpZNMUWjShCeqExMNnEloGmY4dFIFRMQc2vHoduq3H0FplsgHM04hFGQgWZ9RYqwUuRURBTLDOOCAfRycYWhFbtWreTPgZeIXpIoKNCL3K+glNBMgDeVE667vpSbMiTKMcpiUg0xDSuiIDKBrqSQCdJjPbp/gE6v0cD9RtqTBM/X3RE6E1mMR205BzFAvelPxP6+bmf51mDOZZgYknS/qZxybBE+DwD2mgBo+toRQxeytmA6JItTYuMo2BH/x5WXSOq/5lzX//qJavyniKKEjdIxOkY+uUB3doQZqIoqe0DN6RW/OxHlx3p2PeeuKU8wcoj9wPn8AV52SsQ==</latexit>
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Lattice QCD
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?



The Higgs introduces the only known non-gauge couplings

Higgs  couplings are not 
flavor blind

flavor blind and CP conserving

courtesy of B.A. Stefanek
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The Effective Hamiltonian,  Wilson OPE 
and QCD Corrections
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A ⇠ hp|ū�µ(1� �5)d|ni i
�gµ⌫ + qµq⌫/M2

W

q2 �M2
W
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The Effective Hamiltonian,  Wilson OPE 
and QCD Corrections ��
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Operatore di dimensione 6GF ha dimensione di M-2



GENERAL FRAMEWORK: 
THE OPE

AFI  (2π4 ) d4 (pF -pI ) =   ò d4x d4y Dµn (x, MW ) 
‹ F |T[ Jµ (y+x/2) J†

n (y-x/2)] | I › 
‹ F | HDS=1 | I › = 
GF/√2 Vud Vus

* Si Ci (µ) ‹ F | Qi (µ) | I ›
(MW) di-6

di= dimension of the operator Qi (µ)
Ci (µ) Wilson coefficient: it depends on MW /µ and aW (µ)
Qi (µ) local operator renormalized at the scale µ



Weak Interactions

b-Decays
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Neutrone
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L’HAMILTONIANA DI FERMI E` OVUNQUE
Classification of the processes   in the SM

Leptonic Decays
the prototype of these decays is given by 

which at the fundamental  level is given by 

Other  possible leptonic decays are given by

the latter process is suppressed by chirality
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Semi-leptonic Decays
these are the better sources to  measure the absolute values of the CKM matrix   elements |V ij|

other possible semi-leptonic decays are the following
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Vus (ū(x)�µ(1� �5)s(x))) (µ̄(x)�µ(1� �5)⌫µ(x)))

<latexit sha1_base64="eOT43dF+UhiYY1J3rGdadWTVnd4=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgxbAroh6DXgQvEc0DkjXMTmaTIbOzy0yvEJZ8ghcPinj1i7z5N04eB00saCiquunuChIpDLrut5NbWl5ZXcuvFzY2t7Z3irt7dROnmvEai2WsmwE1XArFayhQ8maiOY0CyRvB4HrsN564NiJWDzhMuB/RnhKhYBStdH/7eNIpltyyOwFZJN6MlGCGaqf41e7GLI24QiapMS3PTdDPqEbBJB8V2qnhCWUD2uMtSxWNuPGzyakjcmSVLgljbUshmai/JzIaGTOMAtsZUeybeW8s/ue1Ugwv/UyoJEWu2HRRmEqCMRn/TbpCc4ZyaAllWthbCetTTRnadAo2BG/+5UVSPy1752Xv7qxUuZrFkYcDOIRj8OACKnADVagBgx48wyu8OdJ5cd6dj2lrzpnN7MMfOJ8/wXaNdA==</latexit>

K� <latexit sha1_base64="5F8sA6qo8UjhIYMvbbhLgy3tmc0=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4KomIeix68VjBtIU2ls120y7dbMLuRCihv8GLB0W8+oO8+W/ctjlo64OBx3szzMwLUykMuu63s7K6tr6xWdoqb+/s7u1XDg6bJsk04z5LZKLbITVcCsV9FCh5O9WcxqHkrXB0O/VbT1wbkagHHKc8iOlAiUgwilbyu6l4dHuVqltzZyDLxCtIFQo0epWvbj9hWcwVMkmN6XhuikFONQom+aTczQxPKRvRAe9YqmjMTZDPjp2QU6v0SZRoWwrJTP09kdPYmHEc2s6Y4tAselPxP6+TYXQd5EKlGXLF5ouiTBJMyPRz0heaM5RjSyjTwt5K2JBqytDmU7YheIsvL5Pmec27rHn3F9X6TRFHCY7hBM7Agyuowx00wAcGAp7hFd4c5bw4787HvHXFKWaO4A+czx91lo51</latexit>

⇡0

<latexit sha1_base64="DpaUZhKX13nKl7J6vZR+eGl/EJ4=">AAAB/XicbVDLSsNAFJ34rPEVHzs3g0VwY0lE1GXRjcsK9gFNDJPppB06MwnzEGoo/oobF4q49T/c+TdOHwttPXDhcM693HtPkjOqtO9/OwuLS8srq6U1d31jc2vb29ltqMxITOo4Y5lsJUgRRgWpa6oZaeWSIJ4w0kz61yO/+UCkopm404OcRBx1BU0pRtpKsbcfcnN/EoZumCAJQ2FiK8Re2a/4Y8B5EkxJGUxRi72vsJNhw4nQmCGl2oGf66hAUlPMyNANjSI5wn3UJW1LBeJERcX4+iE8skoHppm0JTQcq78nCsSVGvDEdnKke2rWG4n/eW2j08uooCI3mgg8WZQaBnUGR1HADpUEazawBGFJ7a0Q95BEWNvAXBtCMPvyPGmcVoLzSnB7Vq5eTeMogQNwCI5BAC5AFdyAGqgDDB7BM3gFb86T8+K8Ox+T1gVnOrMH/sD5/AFrDJSR</latexit>

µ�

⌫̄µ

<latexit sha1_base64="DpaUZhKX13nKl7J6vZR+eGl/EJ4=">AAAB/XicbVDLSsNAFJ34rPEVHzs3g0VwY0lE1GXRjcsK9gFNDJPppB06MwnzEGoo/oobF4q49T/c+TdOHwttPXDhcM693HtPkjOqtO9/OwuLS8srq6U1d31jc2vb29ltqMxITOo4Y5lsJUgRRgWpa6oZaeWSIJ4w0kz61yO/+UCkopm404OcRBx1BU0pRtpKsbcfcnN/EoZumCAJQ2FiK8Re2a/4Y8B5EkxJGUxRi72vsJNhw4nQmCGl2oGf66hAUlPMyNANjSI5wn3UJW1LBeJERcX4+iE8skoHppm0JTQcq78nCsSVGvDEdnKke2rWG4n/eW2j08uooCI3mgg8WZQaBnUGR1HADpUEazawBGFJ7a0Q95BEWNvAXBtCMPvyPGmcVoLzSnB7Vq5eTeMogQNwCI5BAC5AFdyAGqgDDB7BM3gFb86T8+K8Ox+T1gVnOrMH/sD5/AFrDJSR</latexit>

µ�

⌫̄µ
<latexit sha1_base64="NXyxQ5TQd8g30fZTIl2gpm6zZMs=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBZBEEoioh6LXjxWMG2hjWWznbZLN5uwuxFK6G/w4kERr/4gb/4bt20O2vpg4PHeDDPzwkRwbVz32ymsrK6tbxQ3S1vbO7t75f2Dho5TxdBnsYhVK6QaBZfoG24EthKFNAoFNsPR7dRvPqHSPJYPZpxgENGB5H3OqLGS30n441m3XHGr7gxkmXg5qUCOerf81enFLI1QGiao1m3PTUyQUWU4EzgpdVKNCWUjOsC2pZJGqINsduyEnFilR/qxsiUNmam/JzIaaT2OQtsZUTPUi95U/M9rp6Z/HWRcJqlByeaL+qkgJibTz0mPK2RGjC2hTHF7K2FDqigzNp+SDcFbfHmZNM6r3mXVu7+o1G7yOIpwBMdwCh5cQQ3uoA4+MODwDK/w5kjnxXl3PuatBSefOYQ/cD5/AG4CjnA=</latexit>

⇡+
<latexit sha1_base64="NwYRCdd3AAKau0UApXiT/U4FERQ=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4KomIeix6EbxUsB/QxrLZTtqlm03c3Qgl9E948aCIV/+ON/+N2zYHbX0w8Hhvhpl5QSK4Nq777Swtr6yurRc2iptb2zu7pb39ho5TxbDOYhGrVkA1Ci6xbrgR2EoU0igQ2AyG1xO/+YRK81jem1GCfkT7koecUWOlViegitw+uN1S2a24U5BF4uWkDDlq3dJXpxezNEJpmKBatz03MX5GleFM4LjYSTUmlA1pH9uWShqh9rPpvWNybJUeCWNlSxoyVX9PZDTSehQFtjOiZqDnvYn4n9dOTXjpZ1wmqUHJZovCVBATk8nzpMcVMiNGllCmuL2VsAFVlBkbUdGG4M2/vEgapxXvvOLdnZWrV3kcBTiEIzgBDy6gCjdQgzowEPAMr/DmPDovzrvzMWtdcvKZA/gD5/MHF/uPWg==</latexit>

K̄0



Non-leptonic Decays
Penguins contractions and all that 



Non-leptonic Decays
Penguins contractions and all that 



Non-leptonic Decays
Penguins contractions and all that 



All Topologies



All Topologies

for heavy mesons many  particles in the final state



GENERAL FRAMEWORK: THE OPE
AFI  (2π4 ) d4 (pF -pI ) =   ò d4x d4y Dµn (x, MW ) 
‹ F |T[ Jµ (y+x/2) J†

n (y-x/2)] | I › 
‹ F | HDS=1 | I › = 
GF/√2 Vud Vus

* Si Ci (µ) ‹ F | Qi (µ) | I ›
(MW) di-6

di= dimension of the operator Qi (µ)
Ci (µ) Wilson coefficient: it depends on MW /µ and aW (µ)
Qi (µ) local operator renormalized at the scale µ

<latexit sha1_base64="cV+xhoOvRtCMrBLfMkWRFoM+Gmk="></latexit>

HF = �GFp
2
VudV

⇤
us [ū�µ(1� �5)d] [s̄�

µ(1� �5)u]



GENERAL FRAMEWORK

HDS=1 = GF/√2 Vud Vus
*[ (1-t) Si=1,2 zi (Qi -Qc

i) + 
t Si=1,10 ( zi + yi ) Qi  ]

�Where yi and zi are short distance coefficients, 
which are known in perturbation theory at the NLO        
(Buras et al. + Ciuchini et al.)

t = -Vts
*Vtd/Vus

*Vud

We have to compute AI=0,2
i= ‹ (π π)I=0,2 | Q i | K ›

with a non perturbative technique (lattice,
QCD sum rules, 1/N expansion etc.)



New local four-fermion operators are generated

Q1 = (sL
A gµ uL

B) (uL
Bgµ dL

A)          Current-Current
Q2 = (sL

A gµ uL
A) (uL

Bgµ dL
B)

Q3,5 = (sR
A gµ dL

A)∑q (qL,R
B gµ qL,R

B)       Gluon
Q4,6 = (sR

A gµ dL
B)∑q (qL,R

B gµ qL,R
A)      Penguins

Q7,9 = 3/2(sR
A gµ dL

A)∑q eq (qR,L
B gµ qR,L

B)  Electroweak
Q8,10 = 3/2(sR

A gµ dL
B)∑q eq (qR,L

B gµ qR,L
A)    Penguins

+ Chromomagnetic end electromagnetic operators



GENERAL FRAMEWORK

‹ HDS=1 › = GF/√2 Vud Vus
* ... Si Ci (a) ‹ Qi(a) ›

MW = 100 GeV

a-1 =  2-5 GeV 

LQCD , MK  =  0.2-0.5 GeV

Effective Theory - quark & gluons

Hadronic non-perturbative region

FERMI EFFECTIVE THEORY



Large mass scale: heavy degrees of 
freedom (mt , MW, Ms ) are removed and
their effect included in the Wilson
coefficients

renormalizazion scale µ (inverse lattice
spacing 1/a);  this is the scale where
the quark theory is matched to the 
effective hadronic theory 

100 GeV

1-2 GeV

Scale of the low energy process
L ~ MW

THE SCALE PROBLEM: Effective theories prefer low scales, 
Perturbation Theory prefers  large scales



Courtesy by Xu Feng



Anche i Diagrammi a Pinguino generano l’Hamiltoniana di Fermi

<latexit sha1_base64="zV6W0lI3SVgoXL9KUKtdDh/VjfE="></latexit>

A ⇠ C(q2)
�
�gµ⌫q

2 + qµq⌫
�
s̄�µ(1� �5)d

i
�gµ⌫ + (1� ↵)qµq⌫/q2

q2
q̄�⌫q

= iC(q2) [s̄�µ(1� �5)d] [q̄�µq]

Questo si può generalizzare a tutti gli ordini nelle
 interazioni forti e elettromagnetiche 

<latexit sha1_base64="BK7eJi5KV0NUdE6yTkw9sIdX3+4=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgQcKuiHoMevEYwTwgWULvZHYzZGZ3nZkVwpKf8OJBEa/+jjf/xsnjoIkFDUVVN91dQSq4Nq777RRWVtfWN4qbpa3tnd298v5BUyeZoqxBE5GodoCaCR6zhuFGsHaqGMpAsFYwvJ34rSemNE/iBzNKmS8xinnIKRortaOzboRSYq9ccavuFGSZeHNSgTnqvfJXt5/QTLLYUIFadzw3NX6OynAq2LjUzTRLkQ4xYh1LY5RM+/n03jE5sUqfhImyFRsyVX9P5Ci1HsnAdko0A73oTcT/vE5mwms/53GaGRbT2aIwE8QkZPI86XPFqBEjS5Aqbm8ldIAKqbERlWwI3uLLy6R5XvUuq979RaV2M4+jCEdwDKfgwRXU4A7q0AAKAp7hFd6cR+fFeXc+Zq0FZz5zCH/gfP4AtXWPwg==</latexit>g, �

<latexit sha1_base64="maY5H75yoLbHAJO0Qagak9JdQn8=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KomIeix68diC/YA2lM120q7dbOLuRiihv8CLB0W8+pO8+W/ctjlo64OBx3szzMwLEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6nfqtJ1Sax/LejBP0IzqQPOSMGivVH3ulsltxZyDLxMtJGXLUeqWvbj9maYTSMEG17nhuYvyMKsOZwEmxm2pMKBvRAXYslTRC7WezQyfk1Cp9EsbKljRkpv6eyGik9TgKbGdEzVAvelPxP6+TmvDaz7hMUoOSzReFqSAmJtOvSZ8rZEaMLaFMcXsrYUOqKDM2m6INwVt8eZk0zyveZcWrX5SrN3kcBTiGEzgDD66gCndQgwYwQHiGV3hzHpwX5935mLeuOPnMEfyB8/kD3ZWM+w==</latexit>q

<latexit sha1_base64="Uga1S78K8v2ZuexGRk1evm98n+g=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUGPbLFbfqzkFWiZeTCuSo98tfvUHM0gilYYJq3fXcxPgZVYYzgdNSL9WYUDamQ+xaKmmE2s/mh07JmVUGJIyVLWnIXP09kdFI60kU2M6ImpFe9mbif143NeGNn3GZpAYlWywKU0FMTGZfkwFXyIyYWEKZ4vZWwkZUUWZsNiUbgrf88ippXVS9q6rXuKzUbvM4inACp3AOHlxDDe6hDk1ggPAMr/DmPDovzrvzsWgtOPnMMfyB8/kDzm2M8Q==</latexit>g

<latexit sha1_base64="maY5H75yoLbHAJO0Qagak9JdQn8=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KomIeix68diC/YA2lM120q7dbOLuRiihv8CLB0W8+pO8+W/ctjlo64OBx3szzMwLEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6nfqtJ1Sax/LejBP0IzqQPOSMGivVH3ulsltxZyDLxMtJGXLUeqWvbj9maYTSMEG17nhuYvyMKsOZwEmxm2pMKBvRAXYslTRC7WezQyfk1Cp9EsbKljRkpv6eyGik9TgKbGdEzVAvelPxP6+TmvDaz7hMUoOSzReFqSAmJtOvSZ8rZEaMLaFMcXsrYUOqKDM2m6INwVt8eZk0zyveZcWrX5SrN3kcBTiGEzgDD66gCndQgwYwQHiGV3hzHpwX5935mLeuOPnMEfyB8/kD3ZWM+w==</latexit>q



New local four-fermion operators are generated

Q1 = (sL
A gµ uL

B) (uL
Bgµ dL

A)          Current-Current
Q2 = (sL

A gµ uL
A) (uL

Bgµ dL
B)

Q3,5 = (sR
A gµ dL

A)∑q (qL,R
B gµ qL,R

B)       Gluon
Q4,6 = (sR

A gµ dL
B)∑q (qL,R

B gµ qL,R
A)      Penguins

Q7,9 = 3/2(sR
A gµ dL

A)∑q eq (qR,L
B gµ qR,L

B)  Electroweak
Q8,10 = 3/2(sR

A gµ dL
B)∑q eq (qR,L

B gµ qR,L
A)    Penguins

+ Chromomagnetic end electromagnetic operators



Rare Penguin Radiative Decays

<latexit sha1_base64="0Ig5a2WL3w8kVuOiOt1EBAzZLAY=">AAACLHicbVDNSgMxGMzW//pX9eglWIRqseyKqEdpL4IXBWsL3bZ8m83W0GR3m2SFsvSBvPgqgnhQxKvPYbb2oLUDCcN885HMeDFnStv2u5Wbm19YXFpeya+urW9sFra271SUSELrJOKRbHqgKGchrWumOW3GkoLwOG14/Vo2bzxQqVgU3uphTNsCeiELGAFtpG6hVu2UsasjjK86aenwoDzCbg+EAGzgDgYJ+HiGRSSdcnYdZbZuoWhX7DHwf+JMSBFNcN0tvLh+RBJBQ004KNVy7Fi3U5CaEU5HeTdRNAbShx5tGRqCoKqdjsOO8L5RfBxE0pxQ47H6eyMFodRQeMYpQN+r6Vkmzpq1Eh2ct1MWxommIfl5KEg4Nsmz5rDPJCWaDw0BIpn5Kyb3IIFo02/elOBMR/5P7o4rzmnFuTkpXlQndSyjXbSHSshBZ+gCXaJrVEcEPaJn9IberSfr1fqwPn+sOWuys4P+wPr6BtAIong=</latexit>

B+ ! K(⇤)+� B+ ! K(⇤)+µ+µ�



since  different neutrinos have a mass  and they can mix,
            is a possible decay which satisfies 
all the symmetry 
constraints 

<latexit sha1_base64="6XufNk3jGjPDg6a4H5HmLEceZig=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBbBU0lE1GPRi8cK9gOaUCbbabt0Nwm7m0IJ/SdePCji1X/izX/jts1Bqw8GHu/NMDMvSgXXxvO+nNLa+sbmVnm7srO7t3/gHh61dJIphk2WiER1ItAoeIxNw43ATqoQZCSwHY3v5n57gkrzJH400xRDCcOYDzgDY6We6wYyo4FJKNJgCFJCz616NW8B+pf4BamSAo2e+xn0E5ZJjA0ToHXX91IT5qAMZwJnlSDTmAIbwxC7lsYgUYf54vIZPbNKnw4SZSs2dKH+nMhBaj2Vke2UYEZ61ZuL/3ndzAxuwpzHaWYwZstFg0xQ++k8BtrnCpkRU0uAKW5vpWwECpixYVVsCP7qy39J66LmX9X8h8tq/baIo0xOyCk5Jz65JnVyTxqkSRiZkCfyQl6d3Hl23pz3ZWvJKWaOyS84H9+Gf5Ly</latexit>

µ ! e�

note that the photon is emitted  by 
the W boson, analogy  radiative B decays

Radiative Penguins

FLAVOR CHANGING NEUTRAL CURRENTS
FCNC



BOXES
Mixing of Neutral  Mesons

<latexit sha1_base64="KTE134s5ABBsnfKBEZ5iGnmlFf0=">AAACRnicdZBLSwMxFIXv1Fetr6pLN8EiuCozIuqy1C4ENxXsAzpjyaSZNph5kNxRSumvc+PanT/BjQtF3Jo+FtraA4HD+e4lyfETKTTa9quVWVpeWV3Lruc2Nre2d/K7e3Udp4rxGotlrJo+1VyKiNdQoOTNRHEa+pI3/PvLEW88cKVFHN1iP+FeSLuRCASjaKJ23ru+s4kreYBKdHtIlYofietTRcbAzVUW8cqElxfxEWjnC3bRHovMG2dqCjBVtZ1/cTsxS0MeIZNU65ZjJ+gNqELBJB/m3FTzhLJ72uUtYyMacu0NxjUMyZFJOiSIlTkRknH6e2NAQ637oW8mQ4o9PctG4X+slWJw4Q1ElKTIIza5KEglwZiMOiUdoThD2TeGMiXMWwnrUUUZmuZzpgRn9svzpn5SdM6Kzs1poVSe1pGFAziEY3DgHEpwBVWoAYMneIMP+LSerXfry/qejGas6c4+/FEGfgDCaK7x</latexit>

K0 $ K̄0

D0 $ D̄0

B0 $ B̄0

<latexit sha1_base64="g9/9utm19F1vZ4mohsYGqln4oOg="></latexit>

�F = 2 Heff = C(µ)
�
d̄�µ(1� �5)b

� �
d̄�µ(1� �5)b

�

<latexit sha1_base64="rVzaEY2jdQGwaV0w8iNkyoT6sa4="></latexit>

A ⇠ C(µ)hB0|
�
d̄�µ(1� �5)b

� �
d̄�µ(1� �5)b

�
|B̄0i



BOXES
Mixing of Neutral  Mesons

in the case of kaons
also charm and up quarks 
contribute
for D and K meson mixing   
there are important long 
distance contributions

<latexit sha1_base64="KTE134s5ABBsnfKBEZ5iGnmlFf0=">AAACRnicdZBLSwMxFIXv1Fetr6pLN8EiuCozIuqy1C4ENxXsAzpjyaSZNph5kNxRSumvc+PanT/BjQtF3Jo+FtraA4HD+e4lyfETKTTa9quVWVpeWV3Lruc2Nre2d/K7e3Udp4rxGotlrJo+1VyKiNdQoOTNRHEa+pI3/PvLEW88cKVFHN1iP+FeSLuRCASjaKJ23ru+s4kreYBKdHtIlYofietTRcbAzVUW8cqElxfxEWjnC3bRHovMG2dqCjBVtZ1/cTsxS0MeIZNU65ZjJ+gNqELBJB/m3FTzhLJ72uUtYyMacu0NxjUMyZFJOiSIlTkRknH6e2NAQ637oW8mQ4o9PctG4X+slWJw4Q1ElKTIIza5KEglwZiMOiUdoThD2TeGMiXMWwnrUUUZmuZzpgRn9svzpn5SdM6Kzs1poVSe1pGFAziEY3DgHEpwBVWoAYMneIMP+LSerXfry/qejGas6c4+/FEGfgDCaK7x</latexit>

K0 $ K̄0

D0 $ D̄0

B0 $ B̄0

QCD corrections



PENGUINS AND BOXES

Lowest order 
diagrams
QCD corrections at 
NLO  or  NNLO



LA TEORIA DI FERMI OLTRE IL MODELLO STANDARD



B0 - B0 mixing

<latexit sha1_base64="J3PMvzFeDTWjRoJCgf2x831igFk="></latexit>

�mBs =
G2

FM
2
W

16⇡2
A2�6Ftt

✓
m2

t

M2
W

◆
hBs| (s̄�µ(1� �5)b)

2 |B̄si

Standard Model CKM

Hadronic matrix
element

z , g , g

Qj
Lqj

L

In general the mixing mass matrix of the 
SQuarks (SMM) is not diagonal in flavour
space analogously to the quark case 
We may either
Diagonalize the SMM

or Rotate by the same
Matrices the SUSY partners of 
the u- and d- like quarks
(QjL )´ = Uij

L QjL

Uj
Ldk

L

g
Ui

L



In the latter case the Squark Mass
Matrix is not diagonal

(m2Q )ij = m2average 1ij + Dmij2      dij = Dmij2 / m2average



<latexit sha1_base64="S4ZG5K2WiMZnecA686TCagMgOuM="></latexit>

HF =
�GFp

2
(⌫̄µ�

µ(1� �5)µ) (ē�µ(1� �5) ⌫e)

Hamiltoniana di Fermi

1) Seconda quantizzazione per tutte le particelle elementari
2) Primo esempio di teoria effettiva di cui facciamo oggi 

larghissimo uso nella ricerca di nuova fisica
3) Come prodotto di correnti ha indicato la strada per la 

costruzione del Modello  Standard  (SM)
4) Strumento ancora oggi essenziale per la ricerca di 

fenomeni/segnali di fisica oltre lo SM
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BACKUP  SLIDES



A0  =  ∑i Ci(µ) ‹ (π π) IQi (µ) I K ›I=0 (1- WIB)

µ = renormalization scale
µ-dependence cancels if operator
matrix elements are consistently
computed

ISOSPIN 
BREAKING

A2 = ∑i Ci(µ) ‹ (π π) IQi (µ) I K ›I=2

WIB  = 0.25± 0.08 (Munich from Buras & Gerard)
0.25± 0.15 (Rome Group)     0.16± 0.03 (Ecker et al.)
0.10± 0.20  Gardner & Valencia, Maltman & Wolf, Cirigliano & al.



AI=0,2
i (µ) =‹ (π π)I=0,2 IQ i (µ)I K ›

= Zik(µ a) ‹ (π π)I=0,2 IQ k (a)I K ›
Where Q i (a) is the bare lattice operator
And a the lattice spacing. 

The effective Hamiltonian can then be read as:
‹ F | HDS=1 | I › = GF/√2VudVus

*Si Ci (1/a) ‹ F | Qi (a) | I ›

In practice the renormalization scale (or 1/a) are the scales
which separate short and long distance dynamics


