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FLAVOR PHYSICS AND CP VIOLATION

PROPERTIES OF THE CKM MATRIX
This freedom can be used to eliminate 

 phases, leaving:  

                   

▸ minimal model containing a complex 
phase has  generations! 

(2ng − 1)
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complex phases

▸ allows for an absolute distinction 
between matter and antimatter!
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In a framework of the renormalizable theory of weak interaction, problems of CP-violation 
are studied. It is concluded that no realistic models of CP-violation exist in the quartet 
scheme without introducing any other new fields. Some possible models of CP-violation are 
also discussed. 

When we apply the renormalizable theory of weak interaction1l to the hadron 
system, we have some limitations on the hadron model. It is well known that 
there exists, in the case of the triplet model, a difficulty of the strangeness chang-
ing neutral current and that the quartet model is free from this difficulty. Fur-
thermore, Maki and one of the present authors (T.M.) have shown2l that, in the 
latter case, the strong interaction must be chiral SU ( 4) X SU ( 4) invariant as 
precisely as the conservation of the third component of the iso-spin 13• In addi-
tion to these arguments, for the theory to be realistic, CP-violating interactions 
should be incorporated in a gauge invariant way. This requirement will impose 
further limitations on the hadron model and the CP-violating interaction itself. 
The purpose of the present paper is to investigate this problem. In the following, 
it will be shown that in the case of the above-mentioned quartet model, we cannot 
make a CP-violating interaction without introducing any other new fields when 
we require the following conditions: a) The mass of the fourth member of the 
quartet, which we will call (, is sufficiently large, b) the model should be con-
sistent with our well-established knowledge of the semi-leptonic processes. After 
that some possible ways of bringing CP-violation into the theory will be discussed. 

We consider the quartet model with a charge assignment of Q, Q -1, Q -1 
and Q for p, n, A. and (, respectively, and we take the same underlying gauge 
group SUweak (2) X SU(1) and the scalar doublet field cp as those of Weinberg's 
original model.1l Then, hadronic parts of the Lagrangian can be devided in the 
following way: 

where ..[kin is the gauge-invariant kinetic part of the quartet field, q, so that it 
contains interactions with the gauge fields. ...L'mass is a generalized mass term of 
q, which includes Yukawa couplings to cp since they contribute to the mass of q 
through the spontaneous breaking of gauge symmetry. ...L'strong is a strong-inter-
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Next we consider a 6-plet model, another interesting model of CP-violation. 
Suppose that 6-plet with charges (Q, Q, Q, Q -1, Q -1, Q -1) is decomposed into 
SUweak (2) multiplets as 2 + 2 + 2 and 1 + 1 + 1 + 1 + 1 + 1 for left and right com-
ponents, respectively. Just as the case of (A, C), we have a similar expression 
for the charged weak cur;rent with a 3 X 3 instead of 2 X 2 unitary matrix in Eq. 
(5). As was pointed out, in this case we cannot absorb all phases of matrix 
elements into the phase convention and can take, for example, the following 
expression: 

( 
cos 81 -sin 81 cos 8a 
sin 81 cos 82 cos 81 cos 82 cos 83 - sin 82 sin 83ei3 

sin 81 sin 82 cos 81 sin 82 cos 8a +cos 82 sin 8aeio 

-sin 81 sin 8a ) 
cos 81 cos 82 sin 8a +sin 82 cos 83eia . 
cos 81 sin 82 sin 8a- cos 82 sin 8aeio 

(13) 

Then, we have CP-violating effects through the interference among these different 
current components. An interesting feature of this model is that the CP-violating 
effects of lowest order appear only in L1S'?"=O non-leptonic processes and in the 
semi-leptonic decay of neutral strange mesons (we are not concerned with higher 
states with the new quantum number) and not in the other semi-leptonic, L1S=O 
non-leptonic and pure-leptonic processes. 

So far we have considered only the straightforward extensions of the original 
Weinberg's model. However, other schemes of underlying gauge groups and/ or 
scalar fields are possible. Georgi and Glashow's model4l is one of them. We 
can easily see that CP-violation is incorporated into their model without introduc-
ing any other fields than (many) new fields which they have introduced already. 
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FLAVOR PHYSICS AND CP VIOLATION

PROPERTIES OF THE CKM MATRIX
Many equivalent parameterizations of  
CKM exist; standard parameterization 
is (with ):  

▸ observed hierarchy:

sij = sin θij, cij = cos θij

21

Wolfenstein parameterization: 

▸ where:

λ = 0.22500(67)

A = 0.826(17)

ρ = 0.163(10)
η = 0.357(10)
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FLAVOR PHYSICS AND CP VIOLATION

UNITARITY RELATIONS
Unitarity of  the CKM matrix implies: 

▸ in components: 

▸ row/column relations ( ):i = j

22
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▸ triangle relations ( ): 

▸ 6 triangles, all with the same area  

▸ under phase redefinitions, the 
triangles turn in the complex plane

i ≠ j

J
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jk = 0 ,

<latexit sha1_base64="JRwQjV7S+Iq/Lk3dRci6GlAhvu4=">AAACB3icdVDLSsNAFJ3UV62vqEtBBosgUkISFXUhFNx0WcE+oKlhMp22YyYPZiZCCdm58VfcuFDErb/gzr9x0geo6IHLPZxzLzP3eDGjQprmp1aYm19YXCoul1ZW19Y39M2tpogSjkkDRyzibQ8JwmhIGpJKRtoxJyjwGGl5/mXut+4IFzQKr+UoJt0ADULapxhJJbn6riOSwPVh002pn+Xt1s9uDuEFNKFTqbh62TSs8xzQNGxT4WRGbGgZ5hhlMEXd1T+cXoSTgIQSMyRExzJj2U0RlxQzkpWcRJAYYR8NSEfREAVEdNPxHRncV0oP9iOuKpRwrH7fSFEgxCjw1GSA5FD89nLxL6+TyP5ZN6VhnEgS4slD/YRBGcE8FNijnGDJRoogzKn6K8RDxBGWKrqSCmF2KfyfNG3DOjLsq+NytTaNowh2wB44ABY4BVVQA3XQABjcg0fwDF60B+1Je9XeJqMFbbqzDX5Ae/8CpB+X4Q==</latexit>

X

k

VkiV
⇤
kj = 0

<latexit sha1_base64="n+8salIOkTKB+Hm5KzQ+SOmZmvU=">AAACBHicdVDLSsNAFJ3UV62vqMtuBosgLkJSFXUhFNx0WcE+oI1hMp20YyYPZiZCCVm48VfcuFDErR/hzr9xkragogcu93DOvczc48aMCmman1ppYXFpeaW8Wllb39jc0rd3OiJKOCZtHLGI91wkCKMhaUsqGenFnKDAZaTr+pe5370jXNAovJaTmNgBGoXUoxhJJTl6dSCSwPFhx0l9mhXtNrs5hBfQhI5eMw3rPAc0jbqpcDIndWgZZoEamKHl6B+DYYSTgIQSMyRE3zJjaaeIS4oZySqDRJAYYR+NSF/REAVE2GlxRAb3lTKEXsRVhRIW6veNFAVCTAJXTQZIjsVvLxf/8vqJ9M7slIZxIkmIpw95CYMygnkicEg5wZJNFEGYU/VXiMeIIyxVbhUVwvxS+D/p1A3ryKhfHdcazVkcZVAFe+AAWOAUNEATtEAbYHAPHsEzeNEetCftVXubjpa02c4u+AHt/QsHe5cP</latexit>



11th CERN-Latin-American School of High-Energy Physics — San Esteban, Chile, 15-28 March 2023Matthias Neubert  — 

FLAVOR PHYSICS AND CP VIOLATION

UNITARITY RELATIONS
Jarlskog invariant: 

▸ invariant measure of CP violation 

▸ in Wolfenstein parameterization: 

▸ CP in the SM is suppressed!

23

▸ triangle relations ( ): 

▸ 6 triangles, all with the same area  

▸ under phase redefinitions, the 
triangles turn in the complex plane
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The Unitarity Triangle (UT)

FLAVOR PHYSICS AND CP VIOLATION

UNITARITY TRIANGLES & 1ST-ROW UNITARITY RELATION
Up-sector triangle relations:
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Down-sector triangle relations:

VudV
⇤
cd + VusV

⇤
cs + VubV

⇤
cb = 0

<latexit sha1_base64="5jx97stboWcj2afEGz8e1WGmW80=">AAACGnicdVDLSsNAFJ3UV62vqEs3g6UgCiGJiroQCm66rGAf0MYwmUzboZMHMxOhhHyHG3/FjQtF3Ikb/8ZJ04KKHhjmnHPnMvceL2ZUSNP81EoLi0vLK+XVytr6xuaWvr3TFlHCMWnhiEW86yFBGA1JS1LJSDfmBAUeIx1vfJXXO3eECxqFN3ISEydAw5AOKEZSWa5utd008TOoLuxnt4dHuRaFFnPtFdpT+tJ09appWBc5oGnYpsLpnNjQMswpqmCGpqu/9/0IJwEJJWZIiJ5lxtJJEZcUM5JV+okgMcJjNCQ9RUMUEOGk09UyWFOODwcRVyeUcOp+70hRIMQkUBPWAiRH4nctN/+q9RI5OHdSGsaJJCEuPhokDMoI5jlBn3KCJZsogjCnalaIR4gjLFWaFRXCfFP4P2nbhnVs2Ncn1XpjFkcZ7IF9cAAscAbqoAGaoAUwuAeP4Bm8aA/ak/aqvRVPS9qsZxf8gPbxBZnnoJs=</latexit>

VudV
⇤
td + VusV

⇤
ts + VubV

⇤
tb = 0

<latexit sha1_base64="gr3v40jFfABViRG6kYBStcQ3ClU=">AAACGnicdVDLSsNAFJ3UV62vqEs3g6UgCiGJiroQCm66rGAf0MYwmUzboZMHMxOhhHyHG3/FjQtF3Ikb/8ZJ04KKHhjmnHPnMvceL2ZUSNP81EoLi0vLK+XVytr6xuaWvr3TFlHCMWnhiEW86yFBGA1JS1LJSDfmBAUeIx1vfJXXO3eECxqFN3ISEydAw5AOKEZSWa5utd008TOoLulnt4dHuRaFFnPtFdpT+tJ09appWBc5oGnYpsLpnNjQMswpqmCGpqu/9/0IJwEJJWZIiJ5lxtJJEZcUM5JV+okgMcJjNCQ9RUMUEOGk09UyWFOODwcRVyeUcOp+70hRIMQkUBPWAiRH4nctN/+q9RI5OHdSGsaJJCEuPhokDMoI5jlBn3KCJZsogjCnalaIR4gjLFWaFRXCfFP4P2nbhnVs2Ncn1XpjFkcZ7IF9cAAscAbqoAGaoAUwuAeP4Bm8aA/ak/aqvRVPS9qsZxf8gPbxBeuVoM4=</latexit>

VcdV
⇤
td + VcsV

⇤
ts + VcbV

⇤
tb = 0

<latexit sha1_base64="8AkT4J//jPBWFoFEsQd9RUmTGes=">AAACGnicdVDLSsNAFJ3UV62vqEs3g6UgCiGJiroQCm66rGAf0MYwmUzboZMHMxOhhHyHG3/FjQtF3Ikb/8ZJ04KKHhjmnHPnMvceL2ZUSNP81EoLi0vLK+XVytr6xuaWvr3TFlHCMWnhiEW86yFBGA1JS1LJSDfmBAUeIx1vfJXXO3eECxqFN3ISEydAw5AOKEZSWa5utd0U+xlUl/Sz28OjXItCi7n2Cu0pfWm6etU0rIsc0DRsU+F0TmxoGeYUVTBD09Xf+36Ek4CEEjMkRM8yY+mkiEuKGckq/USQGOExGpKeoiEKiHDS6WoZrCnHh4OIqxNKOHW/d6QoEGISqAlrAZIj8buWm3/VeokcnDspDeNEkhAXHw0SBmUE85ygTznBkk0UQZhTNSvEI8QRlirNigphvin8n7Rtwzo27OuTar0xi6MM9sA+OAAWOAN10ABN0AIY3INH8AxetAftSXvV3oqnJW3Wswt+QPv4ApOfoJg=</latexit>

VudV
⇤
us + VcdV

⇤
cs + VtdV

⇤
ts = 0

<latexit sha1_base64="5asXqoSFBWvwRTnxYgdbsZLmQKM=">AAACGnicdVDLSgMxFM34rPU16tJNsAiiMMyMiroQCm66rGAf0I4lk6ZtaOZBckcow3yHG3/FjQtF3Ikb/8ZMH6CiB0LOOfdeknv8WHAFtv1pzM0vLC4tF1aKq2vrG5vm1nZdRYmkrEYjEcmmTxQTPGQ14CBYM5aMBL5gDX94ldcbd0wqHoU3MIqZF5B+yHucEtBWx3TqnTTpZji/VHZ7eKQJnWg60zDRkOtLu2OWbMu5yIFty7U1TmfExY5lj1FCU1Q75nu7G9EkYCFQQZRqOXYMXkokcCpYVmwnisWEDkmftTQNScCUl45Xy/C+drq4F0l9QsBj9/tESgKlRoGvOwMCA/W7lpt/1VoJ9M69lIdxAiykk4d6icAQ4Twn3OWSURAjTQiVXP8V0wGRhIJOs6hDmG2K/yd113KOLff6pFSuTOMooF20hw6Qg85QGVVQFdUQRffoET2jF+PBeDJejbdJ65wxndlBP2B8fAHQ4qC+</latexit>

VudV
⇤
ub + VcdV

⇤
cb + VtdV

⇤
tb = 0

<latexit sha1_base64="Nmp+IonNjVVeEESxntlFfhvojC8=">AAACGnicdVDLSgMxFM34rPVVdekmWARRGGaqoi6EgpsuK9gHtHXIZDJtaOZBckcoQ7/Djb/ixoUi7sSNf2Om04KKHgg559x7Se5xY8EVWNanMTe/sLi0XFgprq6tb2yWtrabKkokZQ0aiUi2XaKY4CFrAAfB2rFkJHAFa7nDq6zeumNS8Si8gVHMegHph9znlIC2nJLddNLEG+Pscse3h0ea0FzTmYZcQ6YvLadUtkz7IgO2zIqlcTojFWyb1gRlNEXdKb13vYgmAQuBCqJUx7Zi6KVEAqeCjYvdRLGY0CHps46mIQmY6qWT1cZ4Xzse9iOpTwh44n6fSEmg1ChwdWdAYKB+1zLzr1onAf+8l/IwToCFNH/ITwSGCGc5YY9LRkGMNCFUcv1XTAdEEgo6zaIOYbYp/p80K6Z9bFauT8rV2jSOAtpFe+gA2egMVVEN1VEDUXSPHtEzejEejCfj1XjLW+eM6cwO+gHj4wt/Z6CL</latexit>

VusV
⇤
ub + VcsV

⇤
cb + VtsV

⇤
tb = 0

<latexit sha1_base64="UYa2zaiazxIcsyR5mNgh3wy2MH8=">AAACGnicdVDLSgMxFM34rPU16tJNsAiiMGRGRV0IBTddVrAPaGvJpGkbmnmQ3BHK0O9w46+4caGIO3Hj35jpA1T0QMg5595Lco8fS6GBkE9rbn5hcWk5t5JfXVvf2LS3tqs6ShTjFRbJSNV9qrkUIa+AAMnrseI08CWv+YOrrF6740qLKLyBYcxbAe2FoisYBWO1bbfaThM9wtnlj24PjwxhE81mGiYaMn1J2naBOO5FBkwcjxiczoiHXYeMUUBTlNv2e7MTsSTgITBJtW64JIZWShUIJvko30w0jykb0B5vGBrSgOtWOl5thPeN08HdSJkTAh673ydSGmg9DHzTGVDo69+1zPyr1kige95KRRgnwEM2eaibSAwRznLCHaE4Azk0hDIlzF8x61NFGZg08yaE2ab4f1L1HPfY8a5PCsXSNI4c2kV76AC56AwVUQmVUQUxdI8e0TN6sR6sJ+vVepu0zlnTmR30A9bHF8iHoLg=</latexit>

⇠ �
<latexit sha1_base64="uGyJa2TtZ94i3WRQFsF5iLaM8kg=">AAAB8nicdVDLSsNAFJ3UV62vqks3g0VwFZI2Ut0V3LisYB+QhDKZTNqhk5kwMxFK6Ge4caGIW7/GnX/jtI2gogcGDuecy9x7ooxRpR3nw6qsrW9sblW3azu7e/sH9cOjvhK5xKSHBRNyGCFFGOWkp6lmZJhJgtKIkUE0vV74g3siFRX8Ts8yEqZozGlCMdJG8gNF04CZeIxG9YZjt722d9WCju0sYYh74blNF7ql0gAluqP6exALnKeEa8yQUr7rZDoskNQUMzKvBbkiGcJTNCa+oRylRIXFcuU5PDNKDBMhzeMaLtXvEwVKlZqlkUmmSE/Ub28h/uX5uU4uw4LyLNeE49VHSc6gFnBxP4ypJFizmSEIS2p2hXiCJMLatFQzJXxdCv8n/abttuzmrdfodMo6quAEnIJz4II26IAb0AU9gIEAD+AJPFvaerRerNdVtGKVM8fgB6y3T6OikXw=</latexit> ⇠ �5

<latexit sha1_base64="3ABZSSmIZKeTQHgX5/c/sb0OTU0=">AAAB9HicdVDLSgMxFM3UV62vqks3wSK4GmbaKdVdwY3LCvYB7VgymUwbmmTGJFMoQ7/DjQtF3Pox7vwb03YEFT0QOJxzLvfmBAmjSjvOh1VYW9/Y3Cpul3Z29/YPyodHHRWnEpM2jlksewFShFFB2ppqRnqJJIgHjHSDydXC706JVDQWt3qWEJ+jkaARxUgbyR8oygfMxEN0Vx+WK47d8BreZQ06trOEIW7dc6sudHOlAnK0huX3QRjjlBOhMUNK9V0n0X6GpKaYkXlpkCqSIDxBI9I3VCBOlJ8tj57DM6OEMIqleULDpfp9IkNcqRkPTJIjPVa/vYX4l9dPdXThZ1QkqSYCrxZFKYM6hosGYEglwZrNDEFYUnMrxGMkEdamp5Ip4eun8H/Sqdpuza7eeJVmM6+jCE7AKTgHLmiAJrgGLdAGGNyDB/AEnq2p9Wi9WK+raMHKZ47BD1hvn9WRkiM=</latexit>

⇠ �
<latexit sha1_base64="uGyJa2TtZ94i3WRQFsF5iLaM8kg=">AAAB8nicdVDLSsNAFJ3UV62vqks3g0VwFZI2Ut0V3LisYB+QhDKZTNqhk5kwMxFK6Ge4caGIW7/GnX/jtI2gogcGDuecy9x7ooxRpR3nw6qsrW9sblW3azu7e/sH9cOjvhK5xKSHBRNyGCFFGOWkp6lmZJhJgtKIkUE0vV74g3siFRX8Ts8yEqZozGlCMdJG8gNF04CZeIxG9YZjt722d9WCju0sYYh74blNF7ql0gAluqP6exALnKeEa8yQUr7rZDoskNQUMzKvBbkiGcJTNCa+oRylRIXFcuU5PDNKDBMhzeMaLtXvEwVKlZqlkUmmSE/Ub28h/uX5uU4uw4LyLNeE49VHSc6gFnBxP4ypJFizmSEIS2p2hXiCJMLatFQzJXxdCv8n/abttuzmrdfodMo6quAEnIJz4II26IAb0AU9gIEAD+AJPFvaerRerNdVtGKVM8fgB6y3T6OikXw=</latexit>

⇠ �2
<latexit sha1_base64="vWI/qLDu5/prk+n8H/g3Hx8YPEA=">AAAB9HicdVDLSgMxFM34rPVVdekmWARXw8x0pLoruHFZwT6gHUsmk2lDk8yYZApl6He4caGIWz/GnX9j2o6gogcCh3PO5d6cMGVUacf5sFZW19Y3Nktb5e2d3b39ysFhWyWZxKSFE5bIbogUYVSQlqaakW4qCeIhI51wfDX3OxMiFU3ErZ6mJOBoKGhMMdJGCvqK8j4z8QjdeYNK1bHrft2/rEHHdhYwxD33Xc+FbqFUQYHmoPLejxKccSI0ZkipnuukOsiR1BQzMiv3M0VShMdoSHqGCsSJCvLF0TN4apQIxok0T2i4UL9P5IgrNeWhSXKkR+q3Nxf/8nqZji+CnIo000Tg5aI4Y1AncN4AjKgkWLOpIQhLam6FeIQkwtr0VDYlfP0U/k/anu3WbO/GrzYaRR0lcAxOwBlwQR00wDVoghbA4B48gCfwbE2sR+vFel1GV6xi5gj8gPX2CdEFkiA=</latexit>

⇠ �3
<latexit sha1_base64="XriajSWtSOuyQOOGmpboZWa5ENo=">AAAB9HicdVDLSgMxFM34rPVVdekmWARXw0w7Ut0V3LisYB/QGUsmk2lDk8yYZApl6He4caGIWz/GnX9j2o6gogcCh3PO5d6cMGVUacf5sFZW19Y3Nktb5e2d3b39ysFhRyWZxKSNE5bIXogUYVSQtqaakV4qCeIhI91wfDX3uxMiFU3ErZ6mJOBoKGhMMdJGCnxFuc9MPEJ39UGl6tgNr+Fd1qFjOwsY4p57bs2FbqFUQYHWoPLuRwnOOBEaM6RU33VSHeRIaooZmZX9TJEU4TEakr6hAnGignxx9AyeGiWCcSLNExou1O8TOeJKTXlokhzpkfrtzcW/vH6m44sgpyLNNBF4uSjOGNQJnDcAIyoJ1mxqCMKSmlshHiGJsDY9lU0JXz+F/5NOzXbrdu3GqzabRR0lcAxOwBlwQQM0wTVogTbA4B48gCfwbE2sR+vFel1GV6xi5gj8gPX2CdKJkiE=</latexit>

⇠ �3
<latexit sha1_base64="XriajSWtSOuyQOOGmpboZWa5ENo=">AAAB9HicdVDLSgMxFM34rPVVdekmWARXw0w7Ut0V3LisYB/QGUsmk2lDk8yYZApl6He4caGIWz/GnX9j2o6gogcCh3PO5d6cMGVUacf5sFZW19Y3Nktb5e2d3b39ysFhRyWZxKSNE5bIXogUYVSQtqaakV4qCeIhI91wfDX3uxMiFU3ErZ6mJOBoKGhMMdJGCnxFuc9MPEJ39UGl6tgNr+Fd1qFjOwsY4p57bs2FbqFUQYHWoPLuRwnOOBEaM6RU33VSHeRIaooZmZX9TJEU4TEakr6hAnGignxx9AyeGiWCcSLNExou1O8TOeJKTXlokhzpkfrtzcW/vH6m44sgpyLNNBF4uSjOGNQJnDcAIyoJ1mxqCMKSmlshHiGJsDY9lU0JXz+F/5NOzXbrdu3GqzabRR0lcAxOwBlwQQM0wTVogTbA4B48gCfwbE2sR+vFel1GV6xi5gj8gPX2CdKJkiE=</latexit>

⇠ �2
<latexit sha1_base64="vWI/qLDu5/prk+n8H/g3Hx8YPEA=">AAAB9HicdVDLSgMxFM34rPVVdekmWARXw8x0pLoruHFZwT6gHUsmk2lDk8yYZApl6He4caGIWz/GnX9j2o6gogcCh3PO5d6cMGVUacf5sFZW19Y3Nktb5e2d3b39ysFhWyWZxKSFE5bIbogUYVSQlqaakW4qCeIhI51wfDX3OxMiFU3ErZ6mJOBoKGhMMdJGCvqK8j4z8QjdeYNK1bHrft2/rEHHdhYwxD33Xc+FbqFUQYHmoPLejxKccSI0ZkipnuukOsiR1BQzMiv3M0VShMdoSHqGCsSJCvLF0TN4apQIxok0T2i4UL9P5IgrNeWhSXKkR+q3Nxf/8nqZji+CnIo000Tg5aI4Y1AncN4AjKgkWLOpIQhLam6FeIQkwtr0VDYlfP0U/k/anu3WbO/GrzYaRR0lcAxOwBlwQR00wDVoghbA4B48gCfwbE2sR+vFel1GV6xi5gj8gPX2CdEFkiA=</latexit>

⇠ �4
<latexit sha1_base64="9R9lSxonuaJfVWc8iVJwye3jKlE=">AAAB9HicdVDLSgMxFM34rPVVdekmWARXw0w7Ut0V3LisYB/QGUsmk2lDk8yYZApl6He4caGIWz/GnX9j2o6gogcCh3PO5d6cMGVUacf5sFZW19Y3Nktb5e2d3b39ysFhRyWZxKSNE5bIXogUYVSQtqaakV4qCeIhI91wfDX3uxMiFU3ErZ6mJOBoKGhMMdJGCnxFuc9MPEJ33qBSdeyG1/Au69CxnQUMcc89t+ZCt1CqoEBrUHn3owRnnAiNGVKq7zqpDnIkNcWMzMp+pkiK8BgNSd9QgThRQb44egZPjRLBOJHmCQ0X6veJHHGlpjw0SY70SP325uJfXj/T8UWQU5Fmmgi8XBRnDOoEzhuAEZUEazY1BGFJza0Qj5BEWJueyqaEr5/C/0mnZrt1u3bjVZvNoo4SOAYn4Ay4oAGa4Bq0QBtgcA8ewBN4tibWo/VivS6jK1YxcwR+wHr7BNQNkiI=</latexit>

⇠ �3
<latexit sha1_base64="XriajSWtSOuyQOOGmpboZWa5ENo=">AAAB9HicdVDLSgMxFM34rPVVdekmWARXw0w7Ut0V3LisYB/QGUsmk2lDk8yYZApl6He4caGIWz/GnX9j2o6gogcCh3PO5d6cMGVUacf5sFZW19Y3Nktb5e2d3b39ysFhRyWZxKSNE5bIXogUYVSQtqaakV4qCeIhI91wfDX3uxMiFU3ErZ6mJOBoKGhMMdJGCnxFuc9MPEJ39UGl6tgNr+Fd1qFjOwsY4p57bs2FbqFUQYHWoPLuRwnOOBEaM6RU33VSHeRIaooZmZX9TJEU4TEakr6hAnGignxx9AyeGiWCcSLNExou1O8TOeJKTXlokhzpkfrtzcW/vH6m44sgpyLNNBF4uSjOGNQJnDcAIyoJ1mxqCMKSmlshHiGJsDY9lU0JXz+F/5NOzXbrdu3GqzabRR0lcAxOwBlwQQM0wTVogTbA4B48gCfwbE2sR+vFel1GV6xi5gj8gPX2CdKJkiE=</latexit>

⇠ �
<latexit sha1_base64="uGyJa2TtZ94i3WRQFsF5iLaM8kg=">AAAB8nicdVDLSsNAFJ3UV62vqks3g0VwFZI2Ut0V3LisYB+QhDKZTNqhk5kwMxFK6Ge4caGIW7/GnX/jtI2gogcGDuecy9x7ooxRpR3nw6qsrW9sblW3azu7e/sH9cOjvhK5xKSHBRNyGCFFGOWkp6lmZJhJgtKIkUE0vV74g3siFRX8Ts8yEqZozGlCMdJG8gNF04CZeIxG9YZjt722d9WCju0sYYh74blNF7ql0gAluqP6exALnKeEa8yQUr7rZDoskNQUMzKvBbkiGcJTNCa+oRylRIXFcuU5PDNKDBMhzeMaLtXvEwVKlZqlkUmmSE/Ub28h/uX5uU4uw4LyLNeE49VHSc6gFnBxP4ypJFizmSEIS2p2hXiCJMLatFQzJXxdCv8n/abttuzmrdfodMo6quAEnIJz4II26IAb0AU9gIEAD+AJPFvaerRerNdVtGKVM8fgB6y3T6OikXw=</latexit> ⇠ �5

<latexit sha1_base64="3ABZSSmIZKeTQHgX5/c/sb0OTU0=">AAAB9HicdVDLSgMxFM3UV62vqks3wSK4GmbaKdVdwY3LCvYB7VgymUwbmmTGJFMoQ7/DjQtF3Pox7vwb03YEFT0QOJxzLvfmBAmjSjvOh1VYW9/Y3Cpul3Z29/YPyodHHRWnEpM2jlksewFShFFB2ppqRnqJJIgHjHSDydXC706JVDQWt3qWEJ+jkaARxUgbyR8oygfMxEN0Vx+WK47d8BreZQ06trOEIW7dc6sudHOlAnK0huX3QRjjlBOhMUNK9V0n0X6GpKaYkXlpkCqSIDxBI9I3VCBOlJ8tj57DM6OEMIqleULDpfp9IkNcqRkPTJIjPVa/vYX4l9dPdXThZ1QkqSYCrxZFKYM6hosGYEglwZrNDEFYUnMrxGMkEdamp5Ip4eun8H/Sqdpuza7eeJVmM6+jCE7AKTgHLmiAJrgGLdAGGNyDB/AEnq2p9Wi9WK+raMHKZ47BD1hvn9WRkiM=</latexit>

⇠ �
<latexit sha1_base64="uGyJa2TtZ94i3WRQFsF5iLaM8kg=">AAAB8nicdVDLSsNAFJ3UV62vqks3g0VwFZI2Ut0V3LisYB+QhDKZTNqhk5kwMxFK6Ge4caGIW7/GnX/jtI2gogcGDuecy9x7ooxRpR3nw6qsrW9sblW3azu7e/sH9cOjvhK5xKSHBRNyGCFFGOWkp6lmZJhJgtKIkUE0vV74g3siFRX8Ts8yEqZozGlCMdJG8gNF04CZeIxG9YZjt722d9WCju0sYYh74blNF7ql0gAluqP6exALnKeEa8yQUr7rZDoskNQUMzKvBbkiGcJTNCa+oRylRIXFcuU5PDNKDBMhzeMaLtXvEwVKlZqlkUmmSE/Ub28h/uX5uU4uw4LyLNeE49VHSc6gFnBxP4ypJFizmSEIS2p2hXiCJMLatFQzJXxdCv8n/abttuzmrdfodMo6quAEnIJz4II26IAb0AU9gIEAD+AJPFvaerRerNdVtGKVM8fgB6y3T6OikXw=</latexit>

⇠ �3
<latexit sha1_base64="XriajSWtSOuyQOOGmpboZWa5ENo=">AAAB9HicdVDLSgMxFM34rPVVdekmWARXw0w7Ut0V3LisYB/QGUsmk2lDk8yYZApl6He4caGIWz/GnX9j2o6gogcCh3PO5d6cMGVUacf5sFZW19Y3Nktb5e2d3b39ysFhRyWZxKSNE5bIXogUYVSQtqaakV4qCeIhI91wfDX3uxMiFU3ErZ6mJOBoKGhMMdJGCnxFuc9MPEJ39UGl6tgNr+Fd1qFjOwsY4p57bs2FbqFUQYHWoPLuRwnOOBEaM6RU33VSHeRIaooZmZX9TJEU4TEakr6hAnGignxx9AyeGiWCcSLNExou1O8TOeJKTXlokhzpkfrtzcW/vH6m44sgpyLNNBF4uSjOGNQJnDcAIyoJ1mxqCMKSmlshHiGJsDY9lU0JXz+F/5NOzXbrdu3GqzabRR0lcAxOwBlwQQM0wTVogTbA4B48gCfwbE2sR+vFel1GV6xi5gj8gPX2CdKJkiE=</latexit>

⇠ �3
<latexit sha1_base64="XriajSWtSOuyQOOGmpboZWa5ENo=">AAAB9HicdVDLSgMxFM34rPVVdekmWARXw0w7Ut0V3LisYB/QGUsmk2lDk8yYZApl6He4caGIWz/GnX9j2o6gogcCh3PO5d6cMGVUacf5sFZW19Y3Nktb5e2d3b39ysFhRyWZxKSNE5bIXogUYVSQtqaakV4qCeIhI91wfDX3uxMiFU3ErZ6mJOBoKGhMMdJGCnxFuc9MPEJ39UGl6tgNr+Fd1qFjOwsY4p57bs2FbqFUQYHWoPLuRwnOOBEaM6RU33VSHeRIaooZmZX9TJEU4TEakr6hAnGignxx9AyeGiWCcSLNExou1O8TOeJKTXlokhzpkfrtzcW/vH6m44sgpyLNNBF4uSjOGNQJnDcAIyoJ1mxqCMKSmlshHiGJsDY9lU0JXz+F/5NOzXbrdu3GqzabRR0lcAxOwBlwQQM0wTVogTbA4B48gCfwbE2sR+vFel1GV6xi5gj8gPX2CdKJkiE=</latexit>
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0

 currently a 3σ deficit is observed!⇒

First-row unitarity relation:
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REGGE MODEL FOR I'1*(1385)—P RODUCTION REACTIONS

exchange reactions" (~+p +E-+2+', vr p-+E'4', etc.)
gives the intercepts n0, =0.35 and opo=0.24 (with
uncertain errors). The intercepts resulting from an
analysis of total cross-section data are also consistent
with the values of the present analysis provided we
postulate" that the Pomeranchuk trajectory has a
small I=O octet component in addition to the usual
SU(3) singlet component. Table I summarizes the
situation on the intercepts of the q and Q trajectories.
In conclusion, the following comments may be made:

Although the quality of the 6ts in the present case is
not comparable with those which can be made with the
6-production data, it nevertheless demonstrates that
5U(3) symmetry for Regge vertices and Regge behavior
are consistent with the data. Further, the same mecha-
nism seems to be operative in the production of these
members of the 2+ decuplet. The q and Q trajectories
"D. D. Reeder and K. V. L. Sarma, Phys. Rev. 1'72, 1566

(1968).' K. V. L. Sarma and G. H. Renninger, Phys. Rev. Letters 20,
399 (1969).

do not seem to be degenerate, '0 and the values deter-
mined from the analysis of the F'q*(1385)-production
reactions are consistent with earlier determinations
from other reactions.
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We propose a model of weak interactions in which the currents are constructed out of four basic quark
fields and interact with a charged massive vector boson. We show, to all orders in perturbation theory,
that the leading divergences do not violate any strong-interaction symmetry and the next to the leading
divergences respect all observed weak-interaction selection rules. The model features a remarkable symmetry
between leptons and quarks. The extension of our model to a complete Yang-Milis theory is discussed.

INTRODUCTION

EAR-INTERACTION phenomena are well de-
scribed by a simple phenomenological model

involving a single charged vector boson coupled to an
appropriate current. Serious difficulties occur only when
this model is considered as a quantum Geld theory,
and is examined in other than lowest-order perturbation
theory. ' These troubles are of two kinds. First, the
theory is too singular to be conventionally renormal-
ized. Although our attention is not directed at this
problem, the model of weak. interactions we propose
*Work supported in part by the Office of Naval Research, under
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may readily be extended to a massive Yang-Mills
model, which may be amenable to renormalization with
modern techniques. The second problem concerns the
selection rules and the relationships among coupling
constants which are carefully and deliberately incorpo-
rated into the original phenomenological Lagrangian.
Our principal concern is the fact that these properties
are not necessarily maintained by higher-order weak
interactions.
Weak-interaction processes, and their higher-order

weak corrections, may be classified' according to their
dependence upon a suitably introduced cutoff momen-
tum A. Contributions to the 5 matrix of the form

(where G is the usual Fermi coupling constant and A„
are dimensionless parameters) are called zeroth-order

' T. D. Lee, Nuovo Cimento 59A, 579 (1969).
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▸ prior to discovery of the 4th quark 
and the W and Z bosons, this paper 
predicted the charm quark to explain 
the smallness of FCNC processes

Flavor-changing neutral currents beyond 
tree level: 

▸ no longer forbidden, since two charged-
current interactions can add up to give a 
neutral-current interaction 

▸ many important applications to rare 
decays of K and B mesons, as well as to 

 and  mixingK − K̄ B − B̄
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Example:   mixing ( ) 

▸ for  (Fermi theory), the mixing 
amplitudes in the 3-quark theory (1970) 
are quadratically divergent 

▸ postulating a 4th quark, GIM found that 
the unitarity of the 2x2 Cabibbo matrix 
renders the amplitude finite and strongly 
suppressed: loop x CKM x (mc2/mW2)

K − K̄ ΔF = 2

mW → ∞

26

s
ui uj

s
⇓ mW → ∞

ui

W

W

uj
s

⇠ G2
F

16⇡2
sin2 ✓C cos2 ✓C m2

c
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Example:  structure of the  decay 
amplitude in the SM (with ):

K̄0 → μ−μ+

xui
= m2

ui
/m2

W
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A ⇠ g4L
16⇡2

X

i

VuisV
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uid f(xui)
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≈ 0.22 ≈ 3.5 ⋅ 10−4
' g4L

16⇡2

n
VcsV

⇤
cd f(xc) + VtsV

⇤
td f(xt)

o
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≈ 2 ⋅ 10−5 ≈ 3.3 ⋅ 10−4

0

0

O(mt) in the range 100 GeV ≤ µt ≤ 300 GeV for mt = 170 GeV. Then, comparing LLA and
NLLA, the theoretical uncertainty due to scale ambiguity is typically reduced from O(10%) to
O(1%) in the top sector and from more than 50% to less than 20% in the charm sector. Here
the quoted percentages refer to the total variation (Xmax −Xmin)/Xcentral of the functionsX(xt)
or XNL within the range of scales considered. Phenomenological implications of this gain in
accuracy will be discussed in section XXIV.

C. The Decay (KL → µ+µ−)SD

1. The Next-to-Leading Order Effective Hamiltonian

The analysis of (KL → µ+µ−)SD proceeds in essentially the same manner as forK+ → π+νν̄.
The only difference is introduced through the reversed lepton line in the box contribution. In
particular there is no lepton mass dependence, since only massless neutrinos appear as virtual
leptons in the box diagram.
The effective hamiltonian in next-to-leading order can be written as follows:

Heff = −
GF√

2

α

2π sin2 ΘW
(V ∗

csVcdYNL + V ∗
tsVtdY (xt)) (s̄d)V −A(µ̄µ)V −A + h.c. (XI.44)

The function Y (x) is given by

Y (x) = Y0(x) +
αs

4π
Y1(x) (XI.45)

where (Inami and Lim, 1981)

Y0(x) =
x

8

[
4 − x

1 − x
+

3x

(1 − x)2
ln x

]

(XI.46)

and (Buchalla and Buras, 1993a)

Y1(x) =
4x + 16x2 + 4x3

3(1 − x)2
−

4x − 10x2 − x3 − x4

(1 − x)3
ln x

+
2x − 14x2 + x3 − x4

2(1 − x)3
ln2 x +

2x + x3

(1 − x)2
L2(1 − x)

+ 8x
∂Y0(x)

∂x
ln xµ (XI.47)

The RG expression YNL representing the charm contribution reads

YNL = CNL − B(−1/2)
NL (XI.48)

where CNL is the Z0-penguin part given in (XI.10) and B(−1/2)
NL is the box contribution in the

charm sector, relevant for the case of final state leptons with weak isospin T3 = −1/2. One has
(Buchalla and Buras, 1994a)

98

f(x)
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XII. THE EFFECTIVE HAMILTONIAN FORK0 − K̄0 MIXING

A. General Structure

The following chapter is devoted to the presentation of the effective hamiltonian for ∆S = 2
transitions. This hamiltonian incorporates the short-distance physics contributing to K0 − K̄0

mixing and is essential for the description of CP violation in the neutral K-meson system.
Being a FCNC process, K0 − K̄0 mixing can only occur at the loop level within the Standard
Model. To lowest order it is induced through the box diagrams in fig. 4 (e). Including QCD
corrections the effective low energy hamiltonian, to be derived from these diagrams, can be written
as follows (λi = V ∗

isVid)

H∆S=2
eff =

G2
F

16π2
M2

W

[
λ2

cη1S0(xc) + λ2
tη2S0(xt) + 2λcλtη3S0(xc, xt)

]
×

× [αs(µ)]−2/9

[

1 +
αs(µ)

4π
J3

]

Q + h.c. (XII.1)

This equation, together with (XII.31), (XII.10), (XII.68) for η1, η2 and η3 respectively, represents
the complete next-to-leading order short-distance hamiltonian for ∆S = 2 transitions. (XII.1) is
valid for scales µ below the charm threshold µc = O(mc). In this caseH∆S=2

eff consists of a single
four-quark operator

Q = (s̄d)V −A(s̄d)V −A (XII.2)

which is multiplied by the corresponding coefficient function. It is useful and customary to de-
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Here again we keep only linear terms in xc # 1, but of course all orders in xt.
Short-distance QCD effects are described through the correction factors η1, η2, η3 and the explicitly
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 third generation can be neglected to good approximation→
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transitions. This hamiltonian incorporates the short-distance physics contributing to K0 − K̄0

mixing and is essential for the description of CP violation in the neutral K-meson system.
Being a FCNC process, K0 − K̄0 mixing can only occur at the loop level within the Standard
Model. To lowest order it is induced through the box diagrams in fig. 4 (e). Including QCD
corrections the effective low energy hamiltonian, to be derived from these diagrams, can be written
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the complete next-to-leading order short-distance hamiltonian for ∆S = 2 transitions. (XII.1) is
valid for scales µ below the charm threshold µc = O(mc). In this caseH∆S=2

eff consists of a single
four-quark operator

Q = (s̄d)V −A(s̄d)V −A (XII.2)

which is multiplied by the corresponding coefficient function. It is useful and customary to de-
compose this function into a charm-, a top- and a mixed charm-top contribution, as displayed in
(XII.1). This form is obtained upon eliminating λu by means of CKM matrix unitarity and setting
xu = 0. The basic electroweak loop contributions without QCD correction are then expressed
through the functions S0, which read (Inami and Lim, 1981)
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Here again we keep only linear terms in xc # 1, but of course all orders in xt.
Short-distance QCD effects are described through the correction factors η1, η2, η3 and the explicitly
αs-dependent terms in (XII.1). The discussion of these corrections will be the subject of the
following sections.
Without QCD, i.e. in the limitαs → 0, one has ηi[αs]−2/9 → 1. In general, the complete coefficient
function multiplyingQ in (XII.1) contains the QCD effects at high energies µW = O(MW ), µt =
O(mt) together with their RG evolution down to the scale µ = O(1 GeV). A common ingredient
for the three different contributions in (XII.1) is the anomalous dimension of the operator Q and

101

XII. THE EFFECTIVE HAMILTONIAN FORK0 − K̄0 MIXING

A. General Structure

The following chapter is devoted to the presentation of the effective hamiltonian for ∆S = 2
transitions. This hamiltonian incorporates the short-distance physics contributing to K0 − K̄0

mixing and is essential for the description of CP violation in the neutral K-meson system.
Being a FCNC process, K0 − K̄0 mixing can only occur at the loop level within the Standard
Model. To lowest order it is induced through the box diagrams in fig. 4 (e). Including QCD
corrections the effective low energy hamiltonian, to be derived from these diagrams, can be written
as follows (λi = V ∗

isVid)

H∆S=2
eff =

G2
F

16π2
M2

W

[
λ2

cη1S0(xc) + λ2
tη2S0(xt) + 2λcλtη3S0(xc, xt)

]
×

× [αs(µ)]−2/9

[

1 +
αs(µ)

4π
J3

]

Q + h.c. (XII.1)

This equation, together with (XII.31), (XII.10), (XII.68) for η1, η2 and η3 respectively, represents
the complete next-to-leading order short-distance hamiltonian for ∆S = 2 transitions. (XII.1) is
valid for scales µ below the charm threshold µc = O(mc). In this caseH∆S=2

eff consists of a single
four-quark operator

Q = (s̄d)V −A(s̄d)V −A (XII.2)

which is multiplied by the corresponding coefficient function. It is useful and customary to de-
compose this function into a charm-, a top- and a mixed charm-top contribution, as displayed in
(XII.1). This form is obtained upon eliminating λu by means of CKM matrix unitarity and setting
xu = 0. The basic electroweak loop contributions without QCD correction are then expressed
through the functions S0, which read (Inami and Lim, 1981)

S0(xc)
.
= xc (XII.3)

S0(xt) =
4xt − 11x2

t + x3
t

4(1 − xt)2
−

3x3
t ln xt

2(1 − xt)3
(XII.4)

S0(xc, xt) = xc

[

ln
xt

xc
−

3xt

4(1 − xt)
−

3x2
t ln xt

4(1 − xt)2

]

(XII.5)

Here again we keep only linear terms in xc # 1, but of course all orders in xt.
Short-distance QCD effects are described through the correction factors η1, η2, η3 and the explicitly
αs-dependent terms in (XII.1). The discussion of these corrections will be the subject of the
following sections.
Without QCD, i.e. in the limitαs → 0, one has ηi[αs]−2/9 → 1. In general, the complete coefficient
function multiplyingQ in (XII.1) contains the QCD effects at high energies µW = O(MW ), µt =
O(mt) together with their RG evolution down to the scale µ = O(1 GeV). A common ingredient
for the three different contributions in (XII.1) is the anomalous dimension of the operator Q and

101

XII. THE EFFECTIVE HAMILTONIAN FORK0 − K̄0 MIXING

A. General Structure

The following chapter is devoted to the presentation of the effective hamiltonian for ∆S = 2
transitions. This hamiltonian incorporates the short-distance physics contributing to K0 − K̄0

mixing and is essential for the description of CP violation in the neutral K-meson system.
Being a FCNC process, K0 − K̄0 mixing can only occur at the loop level within the Standard
Model. To lowest order it is induced through the box diagrams in fig. 4 (e). Including QCD
corrections the effective low energy hamiltonian, to be derived from these diagrams, can be written
as follows (λi = V ∗

isVid)

H∆S=2
eff =

G2
F

16π2
M2

W

[
λ2

cη1S0(xc) + λ2
tη2S0(xt) + 2λcλtη3S0(xc, xt)

]
×

× [αs(µ)]−2/9

[

1 +
αs(µ)

4π
J3

]

Q + h.c. (XII.1)

This equation, together with (XII.31), (XII.10), (XII.68) for η1, η2 and η3 respectively, represents
the complete next-to-leading order short-distance hamiltonian for ∆S = 2 transitions. (XII.1) is
valid for scales µ below the charm threshold µc = O(mc). In this caseH∆S=2

eff consists of a single
four-quark operator

Q = (s̄d)V −A(s̄d)V −A (XII.2)

which is multiplied by the corresponding coefficient function. It is useful and customary to de-
compose this function into a charm-, a top- and a mixed charm-top contribution, as displayed in
(XII.1). This form is obtained upon eliminating λu by means of CKM matrix unitarity and setting
xu = 0. The basic electroweak loop contributions without QCD correction are then expressed
through the functions S0, which read (Inami and Lim, 1981)

S0(xc)
.
= xc (XII.3)

S0(xt) =
4xt − 11x2

t + x3
t

4(1 − xt)2
−

3x3
t ln xt

2(1 − xt)3
(XII.4)

S0(xc, xt) = xc

[

ln
xt

xc
−

3xt

4(1 − xt)
−

3x2
t ln xt

4(1 − xt)2

]

(XII.5)

Here again we keep only linear terms in xc # 1, but of course all orders in xt.
Short-distance QCD effects are described through the correction factors η1, η2, η3 and the explicitly
αs-dependent terms in (XII.1). The discussion of these corrections will be the subject of the
following sections.
Without QCD, i.e. in the limitαs → 0, one has ηi[αs]−2/9 → 1. In general, the complete coefficient
function multiplyingQ in (XII.1) contains the QCD effects at high energies µW = O(MW ), µt =
O(mt) together with their RG evolution down to the scale µ = O(1 GeV). A common ingredient
for the three different contributions in (XII.1) is the anomalous dimension of the operator Q and

101

≈ 1.7 ⋅ 10−8 ≈ 1.7 ⋅ 10−4

≈ 2.8 ⋅ 10−7

 top-quark contributions dominant!→

ui

W

W

uj
b

B
b
B

A ⇠ g4L
16⇡2

X

i,j

VuibV
⇤
uidVujbV

⇤
ujd f(xui , xuj )

<latexit sha1_base64="FcPbR74Wcpaoghwwfjeyqrn+dnM="></latexit>

VubV
⇤
ud + VcbV

⇤
cd + VtbV

⇤
td = 0

<latexit sha1_base64="bUzNu1JwX4I0cbcwAuQ7L7+9p+o=">AAACGnicdVDLSgMxFM3UV62vUZdugqUgCmWmHakuhIIblxXsA9paMmnahmYeJHeEMvQ73Pgrblwo4k7c+DdmOi2o6IGQc87NJfceNxRcgWV9Gpml5ZXVtex6bmNza3vH3N1rqCCSlNVpIALZcoligvusDhwEa4WSEc8VrOmOL5N6845JxQP/BiYh63pk6PMBpwS01TPtRi+O3ClOrv709vhEE5pqutCQakj0hdUz81ax4lSc8zK2itYMmtinjl2ysT138miOWs987/QDGnnMByqIUm3bCqEbEwmcCjbNdSLFQkLHZMjamvrEY6obz1ab4oJ2+ngQSH18wDP3e0dMPKUmnp6w4BEYqd+1xPyr1o5gcNaNuR9GwHyafjSIBIYAJznhPpeMgphoQqjkelZMR0QSCjrNnA5hsSn+nzRKRbtcLF07+Wp1HkcWHaBDdIRsVEFVdIVqqI4oukeP6Bm9GA/Gk/FqvKVPM8a8Zx/9gPHxBW8uoHo=</latexit>

=
g4L
16⇡2

h
(VcbV

⇤
cd)

2 S0(xc) + (VtbV
⇤
td)

2 S0(xt)
<latexit sha1_base64="DecvL7MXqJlV5r11HEJWhUH1mhE="></latexit>

+2 (VcbV
⇤
cd) (VtbV

⇤
td)S0(xc, xt)

i

<latexit sha1_base64="gsteROzjoZ1hXy583sgJf21G6xo="></latexit>

⇡ g4L
16⇡2

(VtbV
⇤
td)

2 S0(xt)
<latexit sha1_base64="nCMtlWLQ8XKF5bp7fClULlzGLAk="></latexit>



11th CERN-Latin-American School of High-Energy Physics — San Esteban, Chile, 15-28 March 2023Matthias Neubert  — 

Discovery of B0–B0 mixing (1987)

• ARGUS: At much higher rate than expected
ARGUS: �m/� ' 0.77 (later: �� ⌧ �)

• Flurry of theory papers, SM implications:

– Probably mt > mW (bound was 23GeV)
– Expect Bs mixing near maximal
– No top hadrons, measure Vtx in loops

• GIM not effective, SM predicts:

– large CP violation
– large FCNC B decay rates

• Short distance dominated, / |VtbVtd|

(No model independent fB yet, 150–250 MeV)

• World average: �mBd
= (0.5065 ± 0.0019) ps�1

Z L – p. 5

HINT FOR A HEAVY TOP QUARK
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Using the ARGUS detector at the DORIS II storage ring we have searched in three different ways for B°-l] ° mixing in "17 (4S) 
decays. One explicitly mixed event, a decay Y (4S)-~B°B °, has been completely reconstructed. Furthermore, we observe a 4.0 
standard deviation signal of 24.8 events with like-sign lepton pairs and a 3.0 standard deviation signal of 4.1 events containing 
one reconstructed B°(13 °) and an additional fast ~* (~-). This leads to the conclusion that B°-l) ° mixing is substantial. For the 
mixing parameter we obtain r= 0.21 _+ 0.08. 

We report the observation of B°-l]  ° mixing. This 
conclusion is based on the study of B mesons pro- 
duced in "f (4S) decays, using the A R G U S  detector 
at the e+e - storage ring DORIS II at DESY. B'°-B ° 
mixing provides basic informat ion on the parame- 
ters and validity of the s tandard model [ 1 ], and is 
potentially a sensitive probe for new physics [2]. A 
B ° meson can either decay directly or, through mix- 
ing, transform into its anti-particle, the t~ °, before 
decaying. The ratio of the decay widths [3,4] 

F ( B °  ~ l ) ° ~ X  ' ) 
F ( B ° ~ X )  

of these two competing reactions describes the 
strength of mixing. In decays of the • (4S), pairs of 
B°B ° mesons are produced in a P-wave, so that r is 
given in this case [5] by the ratio 

N(B°B °) + N(]3°~ °) 
r =  N(BOi]O) 
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Thus, the existence of mixing leads to events con- 
sisting of B°B ° or 13°I3 ° pairs which can be detected 
experimentally. 

An upper l imit for B°-l)  ° mixing of 24% at 90% 
CL has been published by the CLEO Collaboration 
[6]. An investigation by the M A R K  II Collabora- 
t ion [7] of dilepton rates in con t inuum e+e - anni-  
hilations at 29 GeV, well above the Bs production 
threshold, resulted in combined upper limits for 
B°-I) ° and Bs-l)s mixing. The UA1 Collaboration [8] 
has reported evidence for an excess of like-sign lep- 
ton pairs produced in Pl) collisions, which they inter- 
preted as signature for Bs-l]~ mixing. 

The mixing study reported here is made with B 
mesons produced in 88000 Y (4S) decays. The event 
sample corresponds to an integrated luminosi ty of 
103 pb i on the Y (4S) and 42 pb -1 in the contin- 
uum just  below the "f (4S). A short description of 
the A R G U S  detector and its trigger can be found in 
ref. [ 9] and its particle identification capabilities in 
ref. [ 10]. 

Evidence for substantial  B°-B ° mixing is obtained 
by using three different analysis methods. The first 
approach is to search for fully reconstructed Y (4S) 
decays into B°B ° or B°I)° pairs. Efficient and clean 
reconstruction of B mesons is accomplished by using 
B decays involving D * -  mesons ~1 which are recon- 
structed through their decays D * - - ~ I ) ° n  , followed 
by 

13O+K+n - 

__+K+~-g o 

--+K+ g K+/t 

--+K°n + n - . 

~ References in this paper to a specific charged state are to be 
interpreted as implying the charge-conjugate state also. 
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Fig. 1. Recoil mass 
+E~.)]2--(FD.  +#~+)2 with 
K°n+g , K + n - n  ° ,K+n  n + n -  and one lepton ( ~ + , e  +) with 
momentum p > 1.0 GeV/c. 

B ° mesons are either reconstructed in the hadronic 
decay modes [ 11 ]. 

Bo__,D*- n + 

__,D*- re+ ~ o 

PHYSICS LETTERS 13 25 June 1987 

.9..." K~ o Y / ..,,~, 

i oK 

Fig, 2. Completely reconstructed event consisting of the decay "l" 
(4S) ~B°B ° . 

observation of  B°-13 ° mixing. The two B ° mesons 
(B ° and B ° ) decay in the following way: 

~ D * - n + n + ~  - ' 0 ~-- + Bl --~DI Ill V 1  

or in the channel 

B°-- ,D*- ~+ v ,  

with ~+ being an e ÷ or It+. The partial reconstruc- 
tion o f  the decay B°-- ,D*-~+v is possible because B ° 
mesons produced in "14 (4S) decays are nearly at rest. 
The neutrino is unobserved, but can be inferred if 

MRecoil, is  the recoil mass against the D*-~  + system, 2 
2 consistent with zero, MR~o~, is defined by 

MRecoi 1 2  = [Ebeam -- (ED*-  +E~+ ) ]2  --  (ffD*- "F-p~+ )2 

By requiring the D * -  to have momentum less than 
2.45 GeV/c and the lepton to have momentum above 
1.0 GeV/c, we obtain the recoil mass spectrum shown 

2 in fig. 1. The prominent  peak at MRecoil = 0  corre- 
sponds to a B ° signal on a low background. The posi- 
tion and shape o f  the signal is well described by the 
Monte Carlo prediction for Y (4S)--,B°B ° followed 
by the semi-leptonic decay B ° ~ D * - £ + v .  

In the sample of  events with a single reconstructed 
B °, we can attempt to reconstruct the second B °, now 
with a less restrictive choice o f  possible decay chan- 
nels. By this means, we have succeeded in com- 
pletely reconstructing a decay 1" (4S) ~B°B °, the first 

D * -  -~ n i- 130 

13°--*K~- n i- , 

and 

0 *-- + B2--,D2 Ix2 v2 

D * -  --,n o D -  

D -  -~Kf ~f~i- • 

The event is shown in fig. 2 and its kinematical 
quantities are listed in table 1. The masses of  the 
intermediate states agree well with the table values 
[ 12]. Both D * -  mesons contain positive kaons o f  
momenta  p ( K t ) = 0 . 5 4 8  GeV/c and p (K2) =0 .807  
GeV/c which are uniquely identified by the meas- 
urements of  specific ionisation loss (dE/dx)  and of  
time-of-flight. The two positive muons are the fastest 
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Discovery of B0–B0 mixing (1987)

• ARGUS: At much higher rate than expected
ARGUS: �m/� ' 0.77 (later: �� ⌧ �)

• Flurry of theory papers, SM implications:

– Probably mt > mW (bound was 23GeV)
– Expect Bs mixing near maximal
– No top hadrons, measure Vtx in loops

• GIM not effective, SM predicts:

– large CP violation
– large FCNC B decay rates

• Short distance dominated, / |VtbVtd|

(No model independent fB yet, 150–250 MeV)

• World average: �mBd
= (0.5065 ± 0.0019) ps�1

Z L – p. 5
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Using the ARGUS detector at the DORIS II storage ring we have searched in three different ways for B°-l] ° mixing in "17 (4S) 
decays. One explicitly mixed event, a decay Y (4S)-~B°B °, has been completely reconstructed. Furthermore, we observe a 4.0 
standard deviation signal of 24.8 events with like-sign lepton pairs and a 3.0 standard deviation signal of 4.1 events containing 
one reconstructed B°(13 °) and an additional fast ~* (~-). This leads to the conclusion that B°-l) ° mixing is substantial. For the 
mixing parameter we obtain r= 0.21 _+ 0.08. 

We report the observation of B°-l]  ° mixing. This 
conclusion is based on the study of B mesons pro- 
duced in "f (4S) decays, using the A R G U S  detector 
at the e+e - storage ring DORIS II at DESY. B'°-B ° 
mixing provides basic informat ion on the parame- 
ters and validity of the s tandard model [ 1 ], and is 
potentially a sensitive probe for new physics [2]. A 
B ° meson can either decay directly or, through mix- 
ing, transform into its anti-particle, the t~ °, before 
decaying. The ratio of the decay widths [3,4] 

F ( B °  ~ l ) ° ~ X  ' ) 
F ( B ° ~ X )  

of these two competing reactions describes the 
strength of mixing. In decays of the • (4S), pairs of 
B°B ° mesons are produced in a P-wave, so that r is 
given in this case [5] by the ratio 

N(B°B °) + N(]3°~ °) 
r =  N(BOi]O) 

On leave from University of Science and Technology, Kumasi, 
Ghana. 

2 Weizmann Institute of Science, 76100 Rehovot, Israel. 
Supported by the Minerva Stiftung. 

4 Supported by the German Bundesministerium flit Forschung 
und Technologie under the contract number 054DO51P. 

s Supported by the German Bundesministerium f'ur Forschung 
und Technologie under the contract number 054HD24P. 

6 Carleton University, Ottawa, Ontario, Canada K1S 5B6. 
7 York University, Downsview, Ontario, Canada M3J 1P3. 
8 University of Toronto, Toronto, Ontario, Canada M5S 1A7. 
9 McGill University, Montreal, Quebec, Canada H3A 2T8. 
~o Supported by the Natural Sciences and Engineering Research 

Council, Canada. 
'~ Supported by the US National Science Foundation. 
,2 Supported by Raziskovalna skupnost Slovenije and the Inter- 

nationales Btiro KfA, JiJlich. 
~3 Supported by the Swedish Research Council. 
~4 Supported by the US Department of Energy, under contract 

DE-AS09-80ER10690. 

Thus, the existence of mixing leads to events con- 
sisting of B°B ° or 13°I3 ° pairs which can be detected 
experimentally. 

An upper l imit for B°-l)  ° mixing of 24% at 90% 
CL has been published by the CLEO Collaboration 
[6]. An investigation by the M A R K  II Collabora- 
t ion [7] of dilepton rates in con t inuum e+e - anni-  
hilations at 29 GeV, well above the Bs production 
threshold, resulted in combined upper limits for 
B°-I) ° and Bs-l)s mixing. The UA1 Collaboration [8] 
has reported evidence for an excess of like-sign lep- 
ton pairs produced in Pl) collisions, which they inter- 
preted as signature for Bs-l]~ mixing. 

The mixing study reported here is made with B 
mesons produced in 88000 Y (4S) decays. The event 
sample corresponds to an integrated luminosi ty of 
103 pb i on the Y (4S) and 42 pb -1 in the contin- 
uum just  below the "f (4S). A short description of 
the A R G U S  detector and its trigger can be found in 
ref. [ 9] and its particle identification capabilities in 
ref. [ 10]. 

Evidence for substantial  B°-B ° mixing is obtained 
by using three different analysis methods. The first 
approach is to search for fully reconstructed Y (4S) 
decays into B°B ° or B°I)° pairs. Efficient and clean 
reconstruction of B mesons is accomplished by using 
B decays involving D * -  mesons ~1 which are recon- 
structed through their decays D * - - ~ I ) ° n  , followed 
by 

13O+K+n - 

__+K+~-g o 

--+K+ g K+/t 

--+K°n + n - . 

~ References in this paper to a specific charged state are to be 
interpreted as implying the charge-conjugate state also. 
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different ,  the corrections for each of the three lepton pair combinations were made separately 
and a separate mixing parameter was calculated for each, as shown in Table 2. The 50 like-sign 
dilepton candidates include a calculated and measured background of 25.2 ± 5.0 ± 3 .8 events; 
the probability that the 50 events are a statistical fluctuation is equivalent to 4.0 standard 
deviations. The resulting signal of 24.8 ± 7.6 ± 3.8 is our third evidence for B0 - B0 mixing. 

Since the charged B mesons also contribute to the like-sign dileptons, the mixing param
eter, in this case, is given by 

[N(z+z+ ) + N(z-z- )J ( l + >. ) r = N(l+/- ) - [N(l+Z+ ) + N(l-Z- ))>. 
To account for the differences of the branching ratios of the 1( 4s) to charged and neutral B 
pairs and of the charged and neutral B mesons to leptons, we introduce the factor 

>. = j+ ( Brt ) 2  
j0 Br�1 

where j+ and Brt are the branching ratios of the 1( 4s) into charged B pairs and of the 
charged Es into leptons, respectively. We assume >. = 1 .2 and thus obtain 

r = 0.22 ± 0.09 ± 0.04 

Taking into account the fact that the dilepton sample contains two like-sign and elevent 
unlike-sign events from the previous sample we can combine our two measurements of the 
mixing parameter to give 

r = 0.21 ± 0.08m 
The dependence on >. is weak; r varies only from 0 . 17  to 0.24 as >. increases from 0. 7 to l. 7. 
Some experiments have chosen to express their results as the ratio of mixed events to the total 
number of decays. For that parameter, x = r / ( 1  - r) we deduce x = 0 . 17  ± 0.05. 

In the framework of the Standard Model, with three families of quarks [15), the mixing is 
expected to be dominated by the contribution of the t quark to the second order weak box 
diagram [16) .  The B0 - B0 is probably governed by 

related to experiment by 

6M Bf�m;m; T; 2 x = -- = 32.,,. I Vid I 1/QCD r 1n:l Tµ 
x2 7' = ---:r2 + 2 

and for which we obtain the value x = 0.73 ± 0.28. 
Prior to this measurement, predicted values of x for this process were very much smaller -· 

for example x = 0 . 12  for m, = 60Gc V/c2 [ 17 ) .  Already, however, a steady flow of preprints is 
appearing which show that our new experimenta.l result can readily be incorporated into the 
Standard Model without pushing the other parameters into regions of any great controwrsy 
(for example [18) ) . The abuudant flexibility of the Standard Model is thus demonstrated once 
again. 
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Using the ARGUS detector at the DORIS II storage ring we have searched in three different ways for B°-l] ° mixing in "17 (4S) 
decays. One explicitly mixed event, a decay Y (4S)-~B°B °, has been completely reconstructed. Furthermore, we observe a 4.0 
standard deviation signal of 24.8 events with like-sign lepton pairs and a 3.0 standard deviation signal of 4.1 events containing 
one reconstructed B°(13 °) and an additional fast ~* (~-). This leads to the conclusion that B°-l) ° mixing is substantial. For the 
mixing parameter we obtain r= 0.21 _+ 0.08. 

We report the observation of B°-l]  ° mixing. This 
conclusion is based on the study of B mesons pro- 
duced in "f (4S) decays, using the A R G U S  detector 
at the e+e - storage ring DORIS II at DESY. B'°-B ° 
mixing provides basic informat ion on the parame- 
ters and validity of the s tandard model [ 1 ], and is 
potentially a sensitive probe for new physics [2]. A 
B ° meson can either decay directly or, through mix- 
ing, transform into its anti-particle, the t~ °, before 
decaying. The ratio of the decay widths [3,4] 

F ( B °  ~ l ) ° ~ X  ' ) 
F ( B ° ~ X )  

of these two competing reactions describes the 
strength of mixing. In decays of the • (4S), pairs of 
B°B ° mesons are produced in a P-wave, so that r is 
given in this case [5] by the ratio 

N(B°B °) + N(]3°~ °) 
r =  N(BOi]O) 
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Thus, the existence of mixing leads to events con- 
sisting of B°B ° or 13°I3 ° pairs which can be detected 
experimentally. 

An upper l imit for B°-l)  ° mixing of 24% at 90% 
CL has been published by the CLEO Collaboration 
[6]. An investigation by the M A R K  II Collabora- 
t ion [7] of dilepton rates in con t inuum e+e - anni-  
hilations at 29 GeV, well above the Bs production 
threshold, resulted in combined upper limits for 
B°-I) ° and Bs-l)s mixing. The UA1 Collaboration [8] 
has reported evidence for an excess of like-sign lep- 
ton pairs produced in Pl) collisions, which they inter- 
preted as signature for Bs-l]~ mixing. 

The mixing study reported here is made with B 
mesons produced in 88000 Y (4S) decays. The event 
sample corresponds to an integrated luminosi ty of 
103 pb i on the Y (4S) and 42 pb -1 in the contin- 
uum just  below the "f (4S). A short description of 
the A R G U S  detector and its trigger can be found in 
ref. [ 9] and its particle identification capabilities in 
ref. [ 10]. 

Evidence for substantial  B°-B ° mixing is obtained 
by using three different analysis methods. The first 
approach is to search for fully reconstructed Y (4S) 
decays into B°B ° or B°I)° pairs. Efficient and clean 
reconstruction of B mesons is accomplished by using 
B decays involving D * -  mesons ~1 which are recon- 
structed through their decays D * - - ~ I ) ° n  , followed 
by 

13O+K+n - 

__+K+~-g o 

--+K+ g K+/t 

--+K°n + n - . 

~ References in this paper to a specific charged state are to be 
interpreted as implying the charge-conjugate state also. 
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Fig. 4. Momentum spectrum of misidentified hadrons for faked 
dilepton events: (a) like-sign, (b) unlike-sign. 

first me thod  descr ibed above, and  tagging the second 
B ° with a fast lepton. This  method  is considerably 
less sensit ive to background from lepton 
misident i f icat ion.  

Fig. 5 shows the spectrum for the recoil mass 
against  a D * -  £ ÷ system if  the event contains one 
addi t ional  lepton with m o m e n t u m  larger than 1.4 
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Fig. 5. Same as fig. 1 with requiring an additional lepton (~t, e) 
with momentum p > 1.4 GeV/c in the event. 

Fig. 6. The mixing parameter r as a function of the factor 2. The 
dotted line indicates our chosen value 2 = 1.2. 

GeV/c. Adding  two events where the B ° mesons are 
reconstructed in the hadronic  channels,  we obta in  a 
total  of  23 candidates  for unmixed  events and five 
candidates  for mixed  events. These five events are 
composed  of  two B°e ÷, two I)°e - and one l)°~t - 
events. The background for the mixed sample, deter- 
mined  in the same way as for the second method,  is 
expected to be 0.4 events due to mis ident i f ica t ion 
and 0.5 events due to secondary leptons. After  sub- 
tracting 0.9 + 0.3 events we are left with 4.1 events 
from B°-B ° mixing. The probabi l i ty  for the observed 
events to be a f luctuat ion o f  the background corre- 
sponds to 3.0 s tandard  deviat ions.  The background 
to the unmixed  events is 2.2 + 1.1 events. Thus, we 
f ind a value for the mixing paramete r  r of  

N(BO£ + ) + N ( B ° £  - ) 
r =  N(BO£_ ) + N ( ~ O £ + )  = 0 . 2 0 + 0 . 1 2 .  

Two like-sign and eleven unlike-sign events from 
this sample are also present  in the d i lepton sample. 
Taking this correlat ion into account,  we get a com- 
b ined  result o f  

r=0 .21  + 0.08 

for 2 = 1.2. The 2 dependence  of  this result is shown 
in fig. 6. The paramete r  z=r/(1 +r) turns out  to be 
Z = 0 . 1 7 + 0 . 0 5  for r=0 .21  +0.08.  

We discuss our  result in the f ramework of  the stan- 
dard  model  with three generations.  Assuming dom- 
inance o f  the box diagram, mixing is descr ibed by 
the paramete r  x [ 1 ]: 
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Table 3 
Limits on parameters consistent 

PHYSICS LETTERS B 

with the observed mixing rate. 

Parameters Comments 

25June1987 

r> 0.09 (90%CL) 
x>0.44 
B~/2fB~f~ < 160 MeV 
rob< 5 GeV/c 2 
~<1.4×  10 ~2s 
I V, dl <0.018 
qocD < 0.86 
m~> 50 GeV/c 2 

this experiment 
this experiment 
B meson (~pion) decay constant 
b-quark mass 
B meson lifetime 
Kobayashi-Maskawa matrix element 
QCD correction factor a~ 
t quark mass 

,I ReE [18]. 

A M  Bf2B m~ 2 mb % I Vtd 2 ?]QCD, 
X =  F - - 3 2 n  mu 5 zu 

and  re la ted  to e x p e r i m e n t  by 

x 2 
X 2 + 2  • 

The  rate  o f  B ° - l ]  ° m i x i n g  p rov ides  a s t rong con-  
s t ra in t  on  pa r ame te r s  o f  the  s t anda rd  mode l .  Spe- 
cifically,  ou r  resul t  shows tha t  the  K o b a y a s h i  
- M a s k a w a  e l e m e n t  Vta is non-zero .  T h e  obse rved  
va lue  o f  r can  still be  a c c o m m o d a t e d  by the  s t anda rd  
m o d e l  w i th in  the  p resen t  knowledge  o f  its p a r a m e -  
ters. As an i l lus t ra t ion ,  one  e x a m p l e  o f  a set o f  l imi t s  
is g iven  in table  3. 

In  s u m m a r y ,  the  c o m b i n e d  e v i d e n c e  o f  the  inves-  
t iga t ion  o f  B ° m e s o n  pairs,  l ep ton  pairs  and  B ° 
m e s o n - l e p t o n  even t s  on  the  Y (4S)  leads  to the  con-  
c lus ion that  B ° - B  ° m i x i n g  has been  o b s e r v e d  and  is 
substant ia l .  
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E. Miche l ,  and  W. Re insch  for  the i r  c o m p e t e n t  tech- 
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II. PHENOMENOLOGY OF WEAK DECAYS AND  
MESON OSCILLATIONS
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Unitarity relation: 

▸ rewrite this as: 

▸ Wolfenstein parameterization:

“THE” UNITARITY TRIANGLE

33

VudV
⇤
ub + VcdV

⇤
cb + VtdV

⇤
tb = 0

<latexit sha1_base64="Nmp+IonNjVVeEESxntlFfhvojC8=">AAACGnicdVDLSgMxFM34rPVVdekmWARRGGaqoi6EgpsuK9gHtHXIZDJtaOZBckcoQ7/Djb/ixoUi7sSNf2Om04KKHgg559x7Se5xY8EVWNanMTe/sLi0XFgprq6tb2yWtrabKkokZQ0aiUi2XaKY4CFrAAfB2rFkJHAFa7nDq6zeumNS8Si8gVHMegHph9znlIC2nJLddNLEG+Pscse3h0ea0FzTmYZcQ6YvLadUtkz7IgO2zIqlcTojFWyb1gRlNEXdKb13vYgmAQuBCqJUx7Zi6KVEAqeCjYvdRLGY0CHps46mIQmY6qWT1cZ4Xzse9iOpTwh44n6fSEmg1ChwdWdAYKB+1zLzr1onAf+8l/IwToCFNH/ITwSGCGc5YY9LRkGMNCFUcv1XTAdEEgo6zaIOYbYp/p80K6Z9bFauT8rV2jSOAtpFe+gA2egMVVEN1VEDUXSPHtEzejEejCfj1XjLW+eM6cwO+gHj4wt/Z6CL</latexit>

1 +
V ⇤
tbVtd

V ⇤
cbVcd

+
V ⇤
ubVud

V ⇤
cbVcd

= 0
<latexit sha1_base64="zYtvAFSK+4KvnGBnf9fXc6JlGI0="></latexit>

1� (1� ⇢� i⌘)� (⇢+ i⌘) = 0
<latexit sha1_base64="vV1O0kIpw0gvPFR7JV4kc8pNgjs=">AAACCnicdVDLSsNAFJ3UV42vqEs3o0WoSEMSFXUhFNx0WcE+oAllMp20QycPZiZCKV278VfcuFDErV/gzr9x0qagogcGzj3nXu7c4yeMCmlZn1phYXFpeaW4qq+tb2xuGds7TRGnHJMGjlnM2z4ShNGINCSVjLQTTlDoM9Lyh9eZ37ojXNA4upWjhHgh6kc0oBhJJXWNfbtStisuH8QV6hKJjvRKOauO8+rK6holy7QvM0DLdCyFszlxoG1aU5RAjnrX+HB7MU5DEknMkBAd20qkN0ZcUszIRHdTQRKEh6hPOopGKCTCG09PmcBDpfRgEHP1Igmn6veJMQqFGIW+6gyRHIjfXib+5XVSGVx4YxolqSQRni0KUgZlDLNcYI9ygiUbKYIwp+qvEA8QR1iq9HQVwvxS+D9pOqZ9Yjo3p6VqLY+jCPbAASgDG5yDKqiBOmgADO7BI3gGL9qD9qS9am+z1oKWz+yCH9DevwDlM5fk</latexit>

•  Phase redefinitions turn triangles  

•  For two triangles, all sides are of same order in λ; 
the unitarity triangle is: 

•  Graphical representation: 

Vub
* Vud + Vcb

* Vcd + Vtb
* Vtd = 0  

(0,0) (1,0) 

(ρ,η) 

α 

γ β 
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“THE” UNITARITY TRIANGLE
▸ unitarity triangle as a target for precision 

studies in quark flavor sector 

▸ determinations of sides & angles 

▸ plethora of possibilities for powerful new-
physics searches 

▸ pivotal for establishing the notion of an 
“intensity frontier” in high-energy physics, 
complementing — and often surpassing — 
searches at the energy frontier

CP- Violation in the Renormalizable Theory of Weak Interaction 657 

Next we consider a 6-plet model, another interesting model of CP-violation. 
Suppose that 6-plet with charges (Q, Q, Q, Q -1, Q -1, Q -1) is decomposed into 
SUweak (2) multiplets as 2 + 2 + 2 and 1 + 1 + 1 + 1 + 1 + 1 for left and right com-
ponents, respectively. Just as the case of (A, C), we have a similar expression 
for the charged weak cur;rent with a 3 X 3 instead of 2 X 2 unitary matrix in Eq. 
(5). As was pointed out, in this case we cannot absorb all phases of matrix 
elements into the phase convention and can take, for example, the following 
expression: 

( 
cos 81 -sin 81 cos 8a 
sin 81 cos 82 cos 81 cos 82 cos 83 - sin 82 sin 83ei3 

sin 81 sin 82 cos 81 sin 82 cos 8a +cos 82 sin 8aeio 

-sin 81 sin 8a ) 
cos 81 cos 82 sin 8a +sin 82 cos 83eia . 
cos 81 sin 82 sin 8a- cos 82 sin 8aeio 

(13) 

Then, we have CP-violating effects through the interference among these different 
current components. An interesting feature of this model is that the CP-violating 
effects of lowest order appear only in L1S'?"=O non-leptonic processes and in the 
semi-leptonic decay of neutral strange mesons (we are not concerned with higher 
states with the new quantum number) and not in the other semi-leptonic, L1S=O 
non-leptonic and pure-leptonic processes. 

So far we have considered only the straightforward extensions of the original 
Weinberg's model. However, other schemes of underlying gauge groups and/ or 
scalar fields are possible. Georgi and Glashow's model4l is one of them. We 
can easily see that CP-violation is incorporated into their model without introduc-
ing any other fields than (many) new fields which they have introduced already. 
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PUSHING THE LUMINOSITY FRONTIER
▸ tremendous experimental advances: 

▸ 1. gen.: ARGUS & CLEO, LEP expts. 

▸ 2. gen.: BaBar & Belle, LHCb, CMS, … 

▸ 3. gen.: Belle II, LHCb upgrade, … 

▸ precise measurement of CKM elements 
 involving third-

generation quarks 

▸ precise determinations of angles (CPV) 

▸ New Physics searches using FCNC processes

|Vcb | , |Vub | , |Vtd | , |Vts |

CP- Violation in the Renormalizable Theory of Weak Interaction 657 

Next we consider a 6-plet model, another interesting model of CP-violation. 
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semi-leptonic decay of neutral strange mesons (we are not concerned with higher 
states with the new quantum number) and not in the other semi-leptonic, L1S=O 
non-leptonic and pure-leptonic processes. 

So far we have considered only the straightforward extensions of the original 
Weinberg's model. However, other schemes of underlying gauge groups and/ or 
scalar fields are possible. Georgi and Glashow's model4l is one of them. We 
can easily see that CP-violation is incorporated into their model without introduc-
ing any other fields than (many) new fields which they have introduced already. 
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PUSHING THE LUMINOSITY FRONTIER
▸ matching the incredible precision of the       

B-factories required a revolution in theory 

▸ concerted effort of theory community 
was an important indirect consequence 
of the B-factory program 

▸ breakthrough came from using effective 
field theories (EFTs): 

▸ , HQET, QCDF, SCETℋweak
eff

CP- Violation in the Renormalizable Theory of Weak Interaction 657 
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EFFECTIVE WEAK HAMILTONIAN
▸ systematic method to separate short-

distance effects (weak scale and beyond) 
from long-distance hadronic dynamics  

▸ BUT: the challenge is to evaluate the 
hadronic matrix elements of the quark-
gluon operators  in all but the 
simplest cases 

▸ powerful theoretical tools exist (lattice 
QCD, EFTs, dispersive methods …)
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FIG. 4. Typical diagrams in the full theory from which the operators (IV.1)–(IV.10) originate. The cross
in diagram (d) means a mass-insertion. It indicates that magnetic penguins originate from the mass-term on
the external line in the usual QCD or QED penguin diagrams.

Next in section VII the∆S = 1 and∆B = 1 hamiltonians of section VI will be generalized to
include the electroweak penguin operatorsQ7 −Q10. These generalized hamiltonians are given in
(VII.1) and (VII.37) for ∆S = 1 and ∆B = 1 non-leptonic decays, respectively. The inclusion of
the electroweak penguin operators implies the inclusion of QED effects. Consequently the coef-
ficients of the operators Q1 − Q6 given in this section will differ slightly from the ones presented
in the previous sections.

In section VIII the effective hamiltonian for KL → π0e+e− will be presented. It is given in
(VIII.1). This hamiltonian can be considered as a generalization of the∆S = 1 hamiltonian (VI.1)
presented in section VI to include the semi-leptonic operators Q7V and Q7A. This generalization
does not modify the numerical values of the∆S = 1 coefficients Ci (i = 1, . . . , 6) given in section
VI.

In section IX we will discuss the effective hamiltonian for B → Xsγ. It is written down in
(IX.1). This hamiltonian can be considered as a generalization of the∆B = 1 hamiltonian (VI.32)
to include the magnetic penguin operators Q7γ and Q8G. This generalization does not modify the
numerical values of the ∆B = 1 coefficients Ci (i = 1, . . . , 6) from section VI.
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Qq
1 =

(
b̄iqj

)

V−A
(q̄jdi)V−A ,

Qq
2 =

(
b̄q
)

V−A
(q̄d)V−A ,

Q3 =
(
b̄d
)

V−A

∑

q

(q̄q)V−A , (VI.33)

Q4 =
(
b̄idj

)

V−A

∑

q

(q̄jqi)V−A ,

Q5 =
(
b̄d
)

V−A

∑

q

(q̄q)V+A ,

Q6 =
(
b̄idj

)

V−A

∑

q

(q̄jqi)V+A ,

where the summation runs over q = u, d, s, c, b.
The corresponding ∆B = 1 Wilson coefficients at scale µ = O(mb) are simply given by a

truncated version of eq. (VI.7)

!C(mb) = U5(mb, MW) !C(MW) . (VI.34)

Here U5 is the 6 × 6 RG evolution matrix of eq. (VI.24) for f = 5 active flavours. The initial
conditions !C(MW) are identical to those of (VI.9)–(VI.14) for the ∆S = 1 case.

G. Numerical Results for the∆B = 1Wilson Coefficients in Pure QCD

TABLE XIII. ∆B = 1Wilson coefficients at µ = mb(mb) = 4.40GeV formt = 170GeV.

Λ(5)

MS
= 140MeV Λ(5)

MS
= 225MeV Λ(5)

MS
= 310MeV

Scheme LO NDR HV LO NDR HV LO NDR HV
C1 –0.272 –0.164 –0.201 –0.307 –0.184 –0.227 –0.337 –0.202 –0.250
C2 1.120 1.068 1.087 1.139 1.078 1.101 1.155 1.087 1.113
C3 0.012 0.012 0.011 0.013 0.013 0.012 0.015 0.015 0.014
C4 –0.026 –0.031 –0.026 –0.030 –0.035 –0.029 –0.032 –0.038 –0.032
C5 0.008 0.008 0.008 0.009 0.009 0.009 0.009 0.009 0.010
C6 –0.033 –0.035 –0.029 –0.038 –0.041 –0.033 –0.042 –0.046 –0.036

Table XIII lists the ∆B = 1Wilson coefficients for Qu,c
1 , Qu,c

2 , Q3, . . . , Q6 in pure QCD.
C1, C4 and C6 show a O(20%) scheme dependence while this dependence is much weaker for the
rest of the coefficients.
Similarly to the ∆S = 1 case the numerical values for ∆B = 1 Wilson coefficients are sensitive
to the value of ΛMS used to determine αs for the RG evolution. The sensitivity is however less
pronounced than in the ∆S = 1 case due to the higher value µ = mb(mb) of the renormalization
scale.
Finally, one finds no visiblemt dependence in the rangemt = (170 ± 15) GeV.
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VII. THE EFFECTIVE∆F = 1 HAMILTONIAN: INCLUSION OF ELECTROWEAK PENGUIN
OPERATORS

Similarly to the creation of the penguin operators Q3, . . . , Q6 through QCD corrections the
inclusion of electroweak corrections, shown in figs. 2 (d) and (e), generates a set of new operators,
the so-called electroweak penguin operators. For the ∆S = 1 decay K → ππ they are usually
denoted by Q7, . . . , Q10.
This means that although now we will have to deal with technically more involved issues like
an extended operator basis or the possibility of mixed QCD-QED contributions the underlying
principles in performing the RG evolution will closely resemble those used in section VI for pure
QCD. Obviously, the fundamental step has already been made when going from current-current
operators only in section V, to the inclusion of QCD penguins in section VI. Hence, in this section
we will wherever possible only point out the differences between the pure 6 × 6 QCD and the
combined 10 × 10 QCD-QED case.

The full ∆S = 1 effective hamiltonian for K → ππ at scales µ < mc reads including QCD
and QED corrections4

Heff(∆S = 1) =
GF√

2
V ∗

usVud

10∑

i=1

(zi(µ) + τ yi(µ))Qi(µ) , (VII.1)

with τ = −V ∗
tsVtd/(V ∗

usVud).

A. Operators

The basis of four-quark operators for the ∆S = 1 effective hamiltonian in (VII.1) is given by
Q1, . . . , Q6 of (VI.3) and the electroweak penguin operators

Q7 =
3

2
(s̄d)V−A

∑

q

eq (q̄q)V+A ,

Q8 =
3

2
(s̄idj)V−A

∑

q

eq (q̄jqi)V+A ,

Q9 =
3

2
(s̄d)V−A

∑

q

eq (q̄q)V−A , (VII.2)

Q10 =
3

2
(s̄idj)V−A

∑

q

eq (q̄jqi)V−A .

Here, eq denotes the quark electric charge reflecting the electroweak origin of Q7, . . . , Q10. The
basis Q1, . . . , Q10 closes under QCD and QED renormalization. Finally, for mb > µ > mc the
operators Qc

1 and Qc
2 of eq. (VI.4) have to be included again similarly to the case of pure QCD.

4In principle also operators Q11 = gs
16π2 mss̄σµνT aGµν

a (1 − γ5)d and Q12 = eed
16π2 mss̄σµνFµν(1 − γ5)d

should be considered for K → ππ. However, as shown in (Bertolini et al., 1995a) their numerical contri-
bution is negligible. Therefore Q11 and Q12 will not be included here for K → ππ.
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[Gilman, Wise (1979); Buras et al. (1990s)]
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tsVtd
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usVud
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π+B0

ν

l−

b u

d

WVub

▸ relevant “flavor-flow” diagram:
Determination of |Vcb|: 

▸ needed to normalize the base of the 
unitarity triangle to 1 

▸ beautiful application of heavy-quark 
symmetry and the heavy-quark 
expansion 

▸ extraction of |Vcb| from both exclusive 
decays  and inclusive 
decay 

B → D(*)ℓν̄ℓ
B → Xcℓν̄ℓ

D(*)+

Vcb

c
W
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▸ more appropriate representation:  

▸ nonperturbative hadronic form factor

Determination of |Vcb|: 

▸ needed to normalize the base of the 
unitarity triangle to 1 

▸ beautiful application of heavy-quark 
symmetry and the heavy-quark 
expansion 

▸ extraction of |Vcb| from both exclusive 
decays  and inclusive 
decay 

B → D(*)ℓν̄ℓ
B → Xcℓν̄ℓ

D(*)+B̄0

ℓ−

ν̄ℓ
Vcb

cb

d̄
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Relations between level spacings in bottom and 
charm systems, e.g.: 
‣  vs.  

‣  

‣  

Form-factor relations: 

with ( ):

m2
B* − m2

B ≈ 0.49 GeV2 m2
D* − m2

D ≈ 0.55 GeV2

mBs
− mB ≈ mDs

− md ≈ 0.10 GeV
m2

B*2
− m2

B1
≈ m2

D*2
− m2

D1
≈ 0.17 GeV2

w = v ⋅ v′ 

HEAVY QUARK SYMMETRY
▸ hadronic bound states containing a 

heavy quark obey an approximate spin-
flavor symmetry  

▸ many predictions for spectroscopy of 
heavy hadrons 

▸ symmetry relations among  form 
factors, including symmetry-breaking 
corrections  or 

B → D(*)

∼ αs(mQ) ΛQCD/mQ and  ξ(1) = 1

326 M. Neubert/Physics Reports245 (1994) 259—395

analysis considerably by including the first-order power corrections in 1 /mc and i/mb, as well as
renormalization effects at next-to-leading order in perturbation theory. The original analysis of power
corrections is due to Luke [30]. Radiative corrections at leading and subleading order have been
included in a systematic way in Refs. [86,90].
We start by introducing a convenient set of six hadronic form factors h (w), which parameterize

the relevant meson matrix elements of the flavor-changing vector and axial vector currents V~L= ëy’~b
and A,U = ~#y5b,

(D(v’)IV~IB(v))= h~(w)(v + V~)~L+ h_(w) (v —

(D*(vF,E)IV~LIB(v))= ihy(w) e~v~,v~,

(D*(vf,E)IA~dIB(v))hAI(w)(w+i) *~~_ [hA2(w)v~~+hA3(w)vh1~}E*.v. (4.25)

Here w = v v’ is the velocity transfer of the mesons. The results (1.29) and (1.45) obtained in
section 1.4 from the consideration of the naive symmetry limit would correspond to

h~(w)=hy(w)—hA,(w) —hA3(w)(w),

h(w)=hA2(w) =0. (4.26)

But even at leading order in the 1/rn0 expansion there are corrections to these relations from
renonnalization group effects. They can be taken into account by combining the operator product
expansion of the flavor-changing currents J1~~= V~Lor A’~in (3.126) with the general form (4.24)
of matrix elements of the dimension-three operators in the effective theory. According to (3.142),
the /5-dependence of the Wilson coefficients of any bilinear heavy-quark current can be factorized
into a universal function Khh (w, ia), which is normalized at zero recoil. The /5-dependence of this
function has to cancel against that of the Isgur—Wise function. We can use this fact to define a
renormalization-group invariant Isgur—Wise form factor by

~ren(~4’) ~~(w,/5)Khh(w,/L), ~ren(1) = 1. (4.27)

Neglecting terms of order 1 /mQ, we then obtain [86]

(M’(v’) Ij~IM(L’))= ~ren(W) ~ ~~(w) Tr{M’(v’)F1M(v)}. (4.28)

For J~= V’~and A’~,the matrices F, are given in (3.102) and (3.112), respectively. It is now
straightforward to evaluate the traces to find

h~(w)= {C,(w) + ~(w+ l)[C2(w) +C3(W)]}~ren(W),

h(w) = ~(w + 1) [C2(w) — C3(W)]~ren(W),

hy(w) = Ci(W)~ren(W),

hA1(w) C~(W)~ren(W),
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[Isgur, Wise (1990)]
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▸ extrapolate observed 
spectrum in  to zero recoil ( ) 

▸ account for  corrections using QCD 
perturbation theory 

▸ leading  corrections vanish at this 
point (Luke’s theorem)  

▸ alternative methods: lattice QCD, 
dispersive constraints on form factors

B̄0 → D*+ℓ−ν̄ℓ
w = v ⋅ v′ w = 1

αs

ΛQCD/mQ
[Luke (1990)]

[MN (1991)]
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CONSTRAINTS ON THE UNITARITY TRIANGLE
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Determination of |Vub| from semileptonic decays

▸ extraction of |Vub| from exclusive 
decay  and inclusive 
decay 

B → πℓν̄ℓ
B → Xuℓν̄ℓ

B̄0

ℓ−

ν̄ℓ
Vub

π+
ub

d̄
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CONSTRAINTS ON THE UNITARITY TRIANGLE
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Determination of |Vub| from semileptonic decays

▸ hadronic form factor from lattice 
QCD, SCET and light-cone QCD 
sum rules

B̄0

ℓ−

ν̄ℓ
Vub

π+
ub

d̄
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HEAVY-QUARK EXPANSION FOR INCLUSIVE DECAYS
OPE based on optical theorem 

▸ non-local matrix elements appear when 
one calculates decay spectra, e.g.:

4 16. Heavy-Quark and Soft-Collinear E�ective Theory

the heavy-quark symmetry relations for the B̄ æ D(ú) form factors near zero recoil can also be132

constrained using sum rules derived in the small-velocity limit [18,19].133

16.2.4 Decoupling transformation134 sect.HQETFieldRedef

At leading order in 1/mQ, the couplings of soft gluons to heavy quarks in the e�ective Lagrangian135

(16.3) can be removed by the field redefinition hv(x) = Yv(x) h(0)

v (x), where Yv(x) is a soft Wilson136

line along the direction of v, extending from minus infinity to the point x. In terms of the new fields137

the leading-order HQET Lagrangian becomes LHQET = h̄(0)

v iv · ˆ h(0)

v . It describes a free theory as138

far as the strong interactions of heavy quarks are concerned. However, the theory is nevertheless139

non-trivial in the presence of external sources. Consider, e.g., the case of a weak-interaction heavy-140

quark current141

h̄vÕ“µ(1 ≠ “5)hv = h̄(0)

vÕ “µ(1 ≠ “5) Y †
vÕYv h(0)

v , (16.5)newcurrentnewcurrent

where v and vÕ are the velocities of the heavy mesons containing the heavy quarks. Unless the142

two velocities are equal, corresponding to the zero-recoil limit discussed above, the object Y †
vÕYv is143

non-trivial, and hence the soft gluons do not decouple from the heavy quarks inside the current144

operator. One may interpret Y †
vÕYv as a Wilson loop with a cusp at the point x, where the two145

paths parallel to the di�erent velocity vectors intersect. The presence of the cusp leads to non-trivial146

ultra-violet behavior (for v ”= vÕ), which is described by a cusp anomalous dimension �cusp(v · vÕ)147

that was calculated at two-loop order in [20]. It coincides with the velocity-dependent anomalous148

dimension of heavy-quark currents, which was introduced in the context of HQET in [21]. The149

interpretation of heavy quarks as Wilson lines is a useful tool, which was put forward in one of the150

very first papers on the subject [4]. This technology will be useful in the study of the interactions151

of heavy quarks with collinear degrees of freedom discussed later in this review.152

16.2.5 Heavy-quark expansion for inclusive decays153

The theoretical description of inclusive decays of hadrons containing a heavy quark exploits154

two observations [22–26]: bound-state e�ects related to the initial state can be calculated using155

the heavy-quark expansion, and the fact that the final state consists of a sum over many hadronic156

channels eliminates the sensitivity to the properties of individual final-state hadrons. The second157

feature rests on the hypothesis of quark-hadron duality, i.e. the assumption that decay rates are158

calculable in QCD after a smearing procedure has been applied [27]. In semileptonic decays, the159

integration over the lepton spectrum provides a smearing over the invariant hadronic mass of the160

final state (global duality). For nonleptonic decays, where the total hadronic mass is fixed, the161

summation over many hadronic final states provides an averaging (local duality). Since global162

duality is a much weaker assumption, the theoretical control of inclusive semileptonic decays is on163

firmer footing.164

Using the optical theorem, the inclusive decay width of a hadron Hb containing a b quark can165

be written in the form166

�(Hb) = 1
MHb

Im ÈHb| i
⁄

d4x T {He�(x), He�(0)} |HbÍ . (16.6)ImTImT

The e�ective weak Hamiltonian for b-quark decays consists of dimension-6 four-fermion operators167

and dipole operators [28]. Because of the large mass of the b quark, it follows that the separation168

of fields in the time-ordered product in (16.6) is small, of order x ≥ 1/mb. It is thus possible169

to construct an operator-product expansion (OPE) for the time-ordered product, in which it is170

represented as a series of local operators in HQET. The leading operator h̄vhv has a trivial matrix171

element. The next contributions arise at O(1/m2

b) and give rise to two parameters µ2
fi(Hb) and172
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µ2

G(Hb), which are defined as the matrix elements of the heavy-quark kinetic energy and chromo-173

magnetic interaction inside the hadron Hb, respectively [29]. For the ground-state heavy mesons174

and baryons, one has µ2

G(B) = 3(m2

Bú ≠ m2

B)/4 ƒ 0.36 GeV2 and µ2

G(�b) = 0. Thus, the total175

inclusive decay rate of a hadron Hb can be written as [23,24]176

�(Hb) = G2

F m5

b |Vcb|2
192fi3

C

c1 + c2

µ2
fi(Hb)
2m2

b

+ c3

µ2

G(Hb)
2m2

b

+ O
3 1

m3

b

4
+ . . .

D

, (16.7)genergener

where the prefactor arises from the loop integrations and is proportional to the fifth power of the b-177

quark mass. The coe�cient functions ci are calculable order by order in perturbation theory. While178

c1 corresponds to the decay rate of a free heavy quark, the higher-order coe�cients systematically179

account for bound-state e�ects. The coe�cients of the subleading operators and of the leading180

operator at third order in 1/mb have recently been calculated at NLO [30–34], and the heavy-quark181

expansion has been pushed to fifth order in 1/mb [35].182

From the fully inclusive width in (16.7) one can obtain the lifetime of a heavy hadron via183

·(Hb) = 1/�(Hb). Due to the universality of the leading term in the heavy-quark expansion,184

lifetime ratios such as ·(B≠)/·(B̄0), ·(B̄0
s )/·(B̄0) and ·(�b)/·(B̄0) are particularly sensitive to185

the hadronic parameters determining the power corrections in the expansion. In order to understand186

these ratios theoretically, it is necessary to include phase-space enhanced power corrections of order187

(�QCD/mb)3 [36, 37] as well as short-distance perturbative e�ects [38] in the calculation (see [39]188

for a recent discussion of the status of the corresponding calculations).189

A formula analogous to (16.7) can be derived for di�erential distributions in specific inclusive190

decay processes, assuming that these distributions are integrated over a su�ciently large region191

of phase space to ensure quark-hadron duality. Important examples are the distributions in the192

lepton energy and the lepton invariant mass, as well as moments of the invariant hadronic mass193

distribution in the semileptonic processes B̄ æ Xu ¸ ‹̄ and B̄ æ Xc ¸ ‹̄. A global fit of semileptonic194

decay distributions can be used to determine the CKM matrix elements |Vub| and |Vcb| along195

with heavy-quark parameters such as the masses mb, mc and the hadronic parameters µ2
fi(B),196

µ2

G(B). These determinations provide some of the most accurate values for these parameters (see197

e.g. [40–42]).198

16.2.6 Shape functions and non-local power corrections199 sect.ShapeFunction

In certain regions of phase space, in which the hadronic final state in an inclusive heavy-200

hadron decay is made up of light energetic partons, the local OPE for inclusive decays must be201

replaced by a more complicated expansion involving hadronic matrix elements of non-local light-ray202

operators [43, 44]. Prominent examples are the radiative decay B̄ æ Xs“ for large photon energy203

E“ near mB/2, and the semileptonic decay B̄ æ Xu ¸ ‹̄ at large lepton energy or small hadronic204

invariant mass. In these cases, the di�erential decay rates at leading order in the heavy-quark205

expansion can be written in the factorized form d� = H J ¢ S [45], where the hard function H206

and the jet function J are calculable in perturbation theory. The characteristic scales for these207

functions are set by mb and (mb�QCD)1/2, respectively. The soft function208

S(Ê) =
⁄

dt

4fi
e≠iÊt ÈB̄(v)| h̄v(tn)Yn(tn)Y †

n (0)hv(0)|B̄(v)Í (16.8)ShapeFcnDefShapeFcnDef

is a non-perturbative object called the shape function [43,44]. Here Yn are soft Wilson lines along209

a light-like direction n aligned with the momentum of the hadronic final-state jet. The jet function210

and the shape function share a common variable Ê ≥ �QCD, and the symbol ¢ denotes a convolution211

in this variable.212
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µ2

G(Hb), which are defined as the matrix elements of the heavy-quark kinetic energy and chromo-173

magnetic interaction inside the hadron Hb, respectively [29]. For the ground-state heavy mesons174

and baryons, one has µ2

G(B) = 3(m2

Bú ≠ m2

B)/4 ƒ 0.36 GeV2 and µ2

G(�b) = 0. Thus, the total175

inclusive decay rate of a hadron Hb can be written as [23,24]176

�(Hb) = G2

F m5

b |Vcb|2
192fi3

C

c1 + c2

µ2
fi(Hb)
2m2

b

+ c3

µ2

G(Hb)
2m2

b

+ O
3 1

m3

b

4
+ . . .

D

, (16.7)genergener

where the prefactor arises from the loop integrations and is proportional to the fifth power of the b-177

quark mass. The coe�cient functions ci are calculable order by order in perturbation theory. While178

c1 corresponds to the decay rate of a free heavy quark, the higher-order coe�cients systematically179

account for bound-state e�ects. The coe�cients of the subleading operators and of the leading180

operator at third order in 1/mb have recently been calculated at NLO [30–34], and the heavy-quark181

expansion has been pushed to fifth order in 1/mb [35].182

From the fully inclusive width in (16.7) one can obtain the lifetime of a heavy hadron via183

·(Hb) = 1/�(Hb). Due to the universality of the leading term in the heavy-quark expansion,184

lifetime ratios such as ·(B≠)/·(B̄0), ·(B̄0
s )/·(B̄0) and ·(�b)/·(B̄0) are particularly sensitive to185

the hadronic parameters determining the power corrections in the expansion. In order to understand186

these ratios theoretically, it is necessary to include phase-space enhanced power corrections of order187

(�QCD/mb)3 [36, 37] as well as short-distance perturbative e�ects [38] in the calculation (see [39]188

for a recent discussion of the status of the corresponding calculations).189

A formula analogous to (16.7) can be derived for di�erential distributions in specific inclusive190

decay processes, assuming that these distributions are integrated over a su�ciently large region191

of phase space to ensure quark-hadron duality. Important examples are the distributions in the192

lepton energy and the lepton invariant mass, as well as moments of the invariant hadronic mass193

distribution in the semileptonic processes B̄ æ Xu ¸ ‹̄ and B̄ æ Xc ¸ ‹̄. A global fit of semileptonic194

decay distributions can be used to determine the CKM matrix elements |Vub| and |Vcb| along195

with heavy-quark parameters such as the masses mb, mc and the hadronic parameters µ2
fi(B),196

µ2

G(B). These determinations provide some of the most accurate values for these parameters (see197

e.g. [40–42]).198

16.2.6 Shape functions and non-local power corrections199 sect.ShapeFunction

In certain regions of phase space, in which the hadronic final state in an inclusive heavy-200

hadron decay is made up of light energetic partons, the local OPE for inclusive decays must be201

replaced by a more complicated expansion involving hadronic matrix elements of non-local light-ray202

operators [43, 44]. Prominent examples are the radiative decay B̄ æ Xs“ for large photon energy203

E“ near mB/2, and the semileptonic decay B̄ æ Xu ¸ ‹̄ at large lepton energy or small hadronic204

invariant mass. In these cases, the di�erential decay rates at leading order in the heavy-quark205

expansion can be written in the factorized form d� = H J ¢ S [45], where the hard function H206

and the jet function J are calculable in perturbation theory. The characteristic scales for these207

functions are set by mb and (mb�QCD)1/2, respectively. The soft function208

S(Ê) =
⁄

dt

4fi
e≠iÊt ÈB̄(v)| h̄v(tn)Yn(tn)Y †

n (0)hv(0)|B̄(v)Í (16.8)ShapeFcnDefShapeFcnDef

is a non-perturbative object called the shape function [43,44]. Here Yn are soft Wilson lines along209

a light-like direction n aligned with the momentum of the hadronic final-state jet. The jet function210

and the shape function share a common variable Ê ≥ �QCD, and the symbol ¢ denotes a convolution211

in this variable.212
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FIRST OBSERVATION OF A NON-ZERO |VUB|

48

FLAVOR PHYSICS AND CP VIOLATION

Vub — the beginning

CLEO, PRL 64 (1990) 16, Received 8 Nov 1989 (212+101 pb�1)

“|Vub/Vcb| . . . is approximately 0.1; it
is sensitive to the theoretical model.”

ARGUS, PLB 234 (1990) 409, Received 28 Nov 1989 (201+69 pb�1)

“If interpreted as a signal of b ! u cou-
pling . . . |Vub/Vcb| of about 10%.”

Z L – p. 8


