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Assignment: 
1)  History: study literature 

–  Mixing 

–  Cabibbo 

–  GIM 

–  KM 

2)  Combination of BR(Bs
0!µ+µ-)  

3)  Latest status 
–  Wàlnu 

–  g-2 

–  Proton radius 

Lessons: 
1)  Jargon: many “primes”…  P5’, C9’, Z’ 

2)  CKM vs PMNS 

3)  Different kaons 

4)  Significance global fit bàsll 
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1) Study Literature 

•  Abraham Pais and Murray Gell-Mann, Behavior of neutral 
particles under charge conjugation, 1955 

•  Nicola Cabibbo, Unitary symmetry and leptonic decays, 1963  

•  Sheldon Lee Glashow, John Iliopoulos, and Luciano Maiani, 
Weak interactions with lepton-hadron symmetry, 1970  

•  Makoto Kobayashi, Toshihide Maskawa, CP-violation  

in the renormalizable theory of weak interaction, 1973  
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B-decay discrepancies after Moriond 2019 
 
J.Aebischer, W. Altmannshofer, D. Guadagnoli, 
M.Reboud, P.Stangl, D.M. Straub 
 
arXiv:1903.10434 

2) BR(Bs
0!µµ) combination? 

Exp Year Lumi Sign BR 

LHCb 2011-2016 4.4 fb-1 7.8σ 3.0+0.7
-0.6 

CMS 2011-2012 25 fb-1 4.3σ 3.0+1.0
-0.9 

ATLAS 2011-2016 36 fb-1 4.6σ 2.8+0.8
-0.7 

e↵ects from a four-quark operator. We have investigated this possibility in the SMEFT and
in simplified tree-level models. We find that the only potentially viable setup is a colour-octet
scalar. Due to its TeV-scale mass and large coupling to quarks, it is strongly constrained by
di-jet resonance searches at the LHC and can be tested in the near future.

Our study illustrates how the theoretical picture has evolved as a consequence of crucial
measurement updates, and how this picture stays coherent in spite of the numerous constraints.
We collect in Table 2 a number of predictions directly related to the discussed SMEFT scenario.
The situation will only get more exciting due to the host of new analyses using the full Run-2
data set, as well as the Belle-II data set, to which we look forward.

Note added: After the completion of this work, new preliminary results on RD and RD⇤

using semileptonic tags were presented by Belle [109]. The new results, that are slightly closer
to the SM predictions compared to an average of previous Belle results, are not yet included
in our analysis.
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A. Combination of Bq ! µ+µ� measurements

In this appendix we discuss our procedure of combining the measurements by ATLAS, CMS,
and LHCb of the branching ratios of B0

! µ+µ� and Bs ! µ+µ� [43–46].
In all three cases, the measurements are correlated, since the B0 and Bs have a similar mass,

such that the signal regions in dimuon invariant mass squared overlap. ATLAS and CMS
provide two-dimensional likelihood contours, from which we interpolate the two-dimensional
likelihoods, while LHCb directly provides the two-dimensional likelihood numerically. The
three resulting likelihoods are shown as thin lines in Fig. 9 and compared to the SM central
values.

Next, we assume the three experiments to be uncorrelated (which we assume to be a good ap-
proximation given the dominance of statistical uncertainties) and combine the two-dimensional
likelihoods by multiplying them. The resulting contour is also shown in Fig. 9.

For our global likelihood in Wilson coe�cient space, we need to make an additional approx-
imation, namely that the experimental likelihood is approximately Gaussian (see [47] for a
discussion). Thus we fit a two-dimensional Gaussian to the product likelihood. The resulting
contours are shown as thick dashed lines in Fig. 9.

Since throughout our numerical analysis, we never consider NP e↵ects in b ! dµµ transitions,
it is also interesting to compare the combined confidence regions for the Bs ! µ+µ� branching
ratio, fixing B0

! µ+µ� to its SM central value or profiling over it. We find

BR(Bs ! µ+µ�) = (2.67+0.45
�0.35) ⇥ 10�9 BR(B0

! µ+µ�) profiled, (45)
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B(W → µνµ) /B(W → eνe) = 0.993± 0.019 , (5.2)

B(W → τντ ) /B(W → eνe) = 1.063± 0.027 , (5.3)

B(W → τντ ) /B(W → µνµ) = 1.070± 0.026 . (5.4)

The branching fraction of W into taus with respect to that into electrons and muons differs
by more than two standard deviations, where the correlations have been taken into account.
The branching fractions of W into electrons and into muons agree well. Assuming only partial
lepton universality the ratio between the tau fractions and the average of electrons and muons
can also be computed:

2B(W → τντ ) / (B(W → eνe) + B(W → µνµ)) = 1.066± 0.025 (5.5)

resulting in an agreement at the level of 2.6 standard deviations only, with all correlations
included.

If overall lepton universality is assumed (in the massless assumption), the hadronic branch-
ing fraction is determined to be 67.41±0.18(stat.)±0.20(syst.)%, while the leptonic branching
fraction is 10.86±0.06(stat.)±0.07(syst.)%. These results are consistent with the SM expecta-
tions of 67.51% and 10.83% [36], respectively. The systematic error receives equal contributions
from the correlated and uncorrelated sources.

Within the SM, the branching fractions of the W boson depend on the six matrix elements
|Vqq′ | of the Cabibbo–Kobayashi–Maskawa (CKM) quark mixing matrix not involving the top
quark. In terms of these matrix elements, the leptonic branching fraction of the W boson
B(W → ℓνℓ) is given by

1

B(W → ℓνℓ)
= 3

!

1 +

"

1 +
αs(M2

W)

π

#

$

i = (u, c),
j = (d, s, b)

|Vij|2
%

, (5.6)

where αs(M2
W) is the strong coupling constant and fermion mass effects are negligible. Taking

αs(M2
W) = 0.119 ± 0.002 [178], and using the experimental knowledge of the sum |Vud|2 +

|Vus|2 + |Vub|2 + |Vcd|2 + |Vcb|2 = 1.0544± 0.0051 [178], the above result can be interpreted as
a measurement of |Vcs| which is the least well determined of these matrix elements:

|Vcs| = 0.969 ± 0.013.

The error includes a contribution of 0.0006 from the uncertainty on αs and a 0.003 contribution
from the uncertainties on the other CKM matrix elements, the largest of which is that on |Vcd|.
These uncertainties are negligible in the error of this determination of |Vcs|, which is dominated
by the experimental error of 0.013 arising from the measurement of the W branching fractions.

95

Higher-order hadronic contributions fall into two classes. The first class represents modi-

fications of Fig. 41(a) with an additional vacuum polarization loop (hadronic or leptonic), or

with a photon loop along with the hadronic vacuum polarization loop. These contributions,

(Had; HO), can be calculated from a dispersion relation with a different kernel function and

experimental data. Using the kernel function of Krause [53], the evaluations reported in

Refs. [46, 52] find (−10.0± 0.6)× 10−10 and (−9.8± 0.1)× 10−10, respectively, which are in

good agreement and of sufficient precision compared to the experimental uncertainty on aµ .

The hadronic light-by-light (Had; LbL) contribution shown in Fig. 41(c) must be calcu-

lated using a theoretical model. Its evaluation has been the focus of considerable theoretical

activity [54, 55, 56, 57, 58, 59]. In recent work, Melnikov and Vainshtein (MV) report

13.6(2.5) × 10−10 (0.22 ppm) [59], roughly 50 percent larger than that obtained in earlier

efforts by others [54, 55, 56, 57]. This value is found by ignoring several small negative con-

tributions. For this reason, in their review [42], Davier and Marciano assign 12(3.5)× 10−10

for this contribution, the central value being an alternate result reported by MV [59]. The

conservative uncertainty in the DM review expands the range to include the earlier results.

We use the DM recommendation in our summary.

The standard model theoretical summary is given in Table XVI. Two results are pre-

sented, representing the two slightly different e+e−-based evaluations of the leading-order

hadronic vacuum polarization contribution. The theoretical expectation should be compared

to our experimental result (Eq. 58):

aµ(Expt) = 11 659 208.0(6.3)× 10−10 (0.54 ppm).

The difference

∆aµ(Expt − SM) = (22.4 ± 10 to 26.1 ± 9.4) × 10−10, (64)

has a significance of 2.2 to 2.7 standard deviations. Use of the τ -data gives a smaller

discrepancy.

To show the sensitivity of the measured muon (g − 2) value to the electroweak gauge

bosons, the electroweak contribution given in Eq. 61 is subtracted from the standard model

values in Table XVI. The resulting difference with theory is

∆aµ = (38 to 41 ± 10) × 10−10, (65)
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Proton Radius Puzzle 3

1 Introduction

The recent determination of the proton radius using the measurement of the

Lamb shift in the muonic hydrogen atom [1, 2] startled the physics world. The

obtained value of 0.84087(39) fm di↵ers by about 4% or 7 standard deviations

from the CODATA [3] value of 0.8775(51) fm. The latter is composed from the

electronic hydrogenate atom value of 0.8758(77) fm and from a similar value with

larger uncertainties determined by electron scattering [4]. The preceding sen-

tence brings up a number of simple questions. The most prominent are: how

can atomic physics be used to measure a fundamental property of a so-called

elementary particle, why should muonic hydrogen be more sensitive to this quan-

tity than electronic hydrogen, and why should a 4% di↵erence between proton

radii extracted using di↵erent techniques be important? In the present Introduc-

tion we sketch brief answers. The remainder of the article is devoted to detailed

answers to these and related questions and implications.

The sensitivity of atomic energy levels to the non-zero size of the proton is

determined by the probability that the bound lepton be within the volume of

the proton. This probability is roughly given by the ratio of proton to atomic

volumes: (rp/aB)3 = (↵mrrp)3, where rp is the proton radius and mr is the

lepton reduced mass. The muon mass is about 200 times the electron mass so

the muon is about 8 million more times likely to be inside the proton than the

electron.

To be a bit more precise we need to define the proton radius. The mean-square

value r2p of the radius is given by

r2p ⌘ �6
dGE

dQ2

���
Q2=0

, (1)

3) Latest status? 

•  W! τυ/W! µν: 
–  2.6 σ 

•  g-2 
–  2.2 – 2.7 σ 

 

•  Proton radius puzzle 
–  7 σ 
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Lessons 
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1) Jargon: “primes” 
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1) Jargon: “primes” 
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CKM matrix: 

•  Coupling strength of charged current 

•  Completely different hierarchy ! 

vs 

mass flavour mass flavour 

2) CKM vs PMNS 



2) CKM vs PMNS 

CKM matrix: 

•  Coupling strength of charged current 

•  Completely different hierarchy ! 

vs 

mass flavour mass flavour 

ν1 d 

νe 
PhD thesis R. de Adelhart Toorop 

ν2 ν3 s b 

d' 



2) CKM vs PMNS 

Niels Tuning (12) 

H.Murayama, 6 Jan 2014, arXiv:1401.0966 

Ø  Neutrino mixing due to ´anarchy´: 

`quite typical of the ones obtained by randomly drawing 
a mixing matrix from an unbiased distribution of unitary 
3x3 matrices´ 

Harrison, Perkins, Scott, Phys.Lett. B530 (2002) 167, 
hep-ph/0202074 

Ø Neutrino mixing due to 
underlying symmetry: 



3) Different kaons 

Niels Tuning (13) 

•  Different notation: confusing! 

K1, K2, KL, KS, K+, K-, K0 

 

•  Flavour eigenstate K0:   well-defined quarks 

•  Mass-, lifetime eigenstate KS, KL: well defined mass 

•  CP eigenstate K1, K2:   well-defined CP eigenvalue 

•  Similar for B, but then BL = KS and BH = KL  

Ø  Total confusion?? 

 

K1 = K 0 + K 0

K2 = K 0 − K 0



4) Significance Fit 
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•  C9
NP deviates from 0 by >4σ  

•  Caveat: debate on non-pertirbative charm-loop effects 

Descotes-Genon, Matias, Virto, arXiv:1510.04239 Altmannshofer & Straub, arXiv:1503.06199 

SM 

PullSM p-val 
SM (χ2/ndof=110/96)               16% 
C9

NP=-1.11         : 4.5σ   62% 
C9

NP=-C10
NP=-0.7: 4.1σ   55% 

PullSM  p-val    +ee 
SM (χ2/ndof=117/88)              2.1% 0.9%      
C9

NP=-1.07         : 3.7σ 11.3%  4.3σ 
C9

NP=-C10
NP=-0.5: 3.1σ   7.1%  3.9σ 

)9C(Re
3 3.5 4 4.5

2
χ

∆

0

5

10

15

LHCb

SM

Figure 14: The ��2 distribution for the real part of the generalised vector-coupling strength, C9.
This is determined from a fit to the results of the maximum likelihood fit of the CP -averaged
observables. The SM central value is Re(CSM

9 ) = 4.27 [11], the best fit point is found to be at
�Re(C9) = �1.04± 0.25.

31

LHCb-PAPER-2015-051 

C9 



4) Significance Fit 

•  Fit could be better if SM is not imposed…: 

Niels Tuning (15) 

Coe↵. best fit 1� 2�
q
�2
b.f. � �2

SM p [%]

CNP
7 �0.04 [�0.07,�0.01] [�0.10, 0.02] 1.42 2.4

C 0
7 0.01 [�0.04, 0.07] [�0.10, 0.12] 0.24 1.8

CNP
9 �1.07 [�1.32,�0.81] [�1.54,�0.53] 3.70 11.3

C 0
9 0.21 [�0.04, 0.46] [�0.29, 0.70] 0.84 2.0

CNP
10 0.50 [0.24, 0.78] [�0.01, 1.08] 1.97 3.2

C 0
10 �0.16 [�0.34, 0.02] [�0.52, 0.21] 0.87 2.0

CNP
9 = CNP

10 �0.22 [�0.44, 0.03] [�0.64, 0.33] 0.89 2.0

CNP
9 = �CNP

10 �0.53 [�0.71,�0.35] [�0.91,�0.18] 3.13 7.1

C 0
9 = C 0

10 �0.10 [�0.36, 0.17] [�0.64, 0.43] 0.36 1.8

C 0
9 = �C 0

10 0.11 [�0.01, 0.22] [�0.12, 0.33] 0.93 2.0

Table 2: Constraints on individual Wilson coe�cients, assuming them to be real, in the global fit to 88 b ! sµ
+
µ
�

measurements. The p values in the last column should be compared to the p value of the SM, 2.1%.

2.3 Implications for Wilson coe�cients

Next, we have performed fits where a single real Wilson coe�cient at a time is allowed to float.
The resulting best-fit values, 1 and 2� ranges, pulls, and p values are shown in table 2. The best
fit is obtained for new physics in C9 only, corresponding to a 3.7� pull from the SM. A slightly
worse fit with a pull of 3.1� is obtained in the SU(2)L invariant direction CNP

9 = �CNP
10 . This

direction corresponds to an operator with left-handed leptons only and is predicted by several
NP models. If we include b ! se+e� observables in the fit and assume NP to only a↵ect the
b ! sµ+µ� modes, the pulls of these two scenarios increase to 4.3� and 3.9�, respectively.

Allowing NP e↵ects in two Wilson coe�cients at the same time, one obtains the allowed
regions shown in fig. 1 in the C9-C10 plane and the C9-C 0

9 plane. Apart from the 1� and
2� regions allowed by the global fit shown in blue, these plots also show the allowed regions
when taking into account only B ! K⇤µ+µ� angular observables (red) or only branching ratio
measurements of all decays considered (green).

2.4 New physics vs. hadronic e↵ects

The result that the best fit is obtained by modifying the Wilson coe�cient C9 might be worrying
as this is the coe�cient of an operator with a left-handed quark FCNC and a vector-like coupling
to leptons; non-factorizable hadronic e↵ects are mediated by virtual photon exchange and thus
also have a vector-like coupling to leptons (and the left-handedness of the FCNC transition is
ensured by the SM weak interactions). It is therefore conceivable that unaccounted for hadronic
e↵ects could mimic a new physics e↵ect in C9. There are at least two ways to test this possibility.

1. The hadronic e↵ect cannot violate LFU, so if the violation of LFU in RK (or any of the
other observables suggested, e.g., in 12) is confirmed, this hypothesis is refuted;

2. There is no a priori reason to expect that a hadronic e↵ect should have the same q2

dependence as a shift in C9 induced by NP.

Let us focus on the second point. With the finer binning of the new LHCb B ! K⇤µ+µ� angular
analysis, it is possible to determine the preferred range of a hypothetical NP contribution to
C9 in individual bins of q2. To this end, we have splitted all measurements of B ! K⇤µ+µ�

V-A: 

V+A: 

V: 

Altmannshofer & Straub, arXiv:1503.06199 



•  Fit could be better if SM is not imposed…: 

:: Canonical Fit: 1D hypotheses

. PullSM: ⇠ �2
SM � �2

min (metrology: how less likely is SM vs. best fit?)

. p-value: p(�2
min, Ndof) (goodness of fit: is the best fit a good fit?)

. Contribution C
NP

9 < 0 always favoured.

Coe�cient Best fit 3� PullSM p-value (%)

SM – – – 16.0
C
NP

7 �0.02 [�0.07, 0.03] 1.2 17.0
CNP
9

�1.09 [�1.67,�0.39] 4.5 63.0
C
NP

10 0.56 [�0.12, 1.36] 2.5 25.0
C
NP

70 0.02 [�0.06, 0.09] 0.6 15.0
C
NP

90 0.46 [�0.36, 1.31] 1.7 19.0
C
NP

100 �0.25 [�0.82, 0.31] 1.3 17.0
C
NP

9 = C
NP

10 �0.22 [�0.74, 0.50] 1.1 16.0
CNP
9

= �CNP
10

�0.68 [�1.22,�0.18] 4.2 56.0
C
NP

90 = C
NP

100 �0.07 [�0.86, 0.68] 0.3 14.0
C
NP

90 = �C
NP

100 0.19 [�0.17, 0.55] 1.6 18.0
CNP
9

= �CNP
90 �1.06 [�1.60,�0.40] 4.8 72.0

Javier Virto (Uni Bern) Fitting B decay Anomalies November 30, 2016 11 / 38

4) Significance Fit 
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V-A: 

V+A: 

V: 

Descotes, Virto, Matias, arXiv:1510.04239 



:: Canonical Fit: 2D hypotheses

. PullSM: ⇠ �2
SM � �2

min (metrology: how less likely is SM vs. best fit?)

. p-value: p(�2
min, Ndof) (goodness of fit: is the best fit a good fit?)

. Several favoured scenarios, all with C
NP

9 < 0, hard to distinguish.

Coe�cient Best Fit Point PullSM p-value (%)

SM – – 16.0

(CNP

7 , CNP

9 ) (�0.00,�1.07) 4.1 61.0

(CNP

9 , CNP

10 ) (�1.08, 0.33) 4.3 67.0

(CNP

9 , CNP

70 ) (�1.09, 0.02) 4.2 63.0

(CNP

9 , CNP

90 ) (�1.12, 0.77) 4.5 72.0

(CNP

9 , CNP

100 ) (�1.17,�0.35) 4.5 71.0

(CNP

9 = �C
NP

90 , CNP

10 = C
NP

100 ) (�1.15, 0.34) 4.7 75.0

(CNP

9 = �C
NP

90 , CNP

10 = �C
NP

100 ) (�1.06, 0.06) 4.4 70.0

(only scenarios with PullSM > 4)

Javier Virto (Uni Bern) Fitting B decay Anomalies November 30, 2016 12 / 38

•  Fit could be better if SM is not imposed…: 

•  Leave 2 coefficients free in fit: 

4) Significance Fit 

Niels Tuning (17) Descotes, Virto, Matias, arXiv:1510.04239 



•  Fit could be better if SM is not imposed…: 

•  Leave 6 coefficients free in fit: 

4) Significance Fit 

Niels Tuning (18) Descotes, Virto, Matias, arXiv:1510.04239 

:: Canonical Fit: 6D hypotheses

. All 6 WCs free (but real).

Coe�cient 1� 2� 3�

C
NP

7 [�0.02, 0.03] [�0.04, 0.04] [�0.05, 0.08]

C
NP

9 [�1.4,�1.0] [�1.7,�0.7] [�2.2,�0.4]

C
NP

10 [�0.0, 0.9] [�0.3, 1.3] [�0.5, 2.0]

C
NP

70 [�0.02, 0.03] [�0.04, 0.06] [�0.06, 0.07]

C
NP

90 [0.3, 1.8] [�0.5, 2.7] [�1.3, 3.7]

C
NP

100 [�0.3, 0.9] [�0.7, 1.3] [�1.0, 1.6]

. C9 consistent with SM only above 3�.

. All others consistent with the SM at 1 �, except for C0
9 at 2�.

. PullSM for the 6D fit is 3.6�.
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:: Canonical Fit: 6D hypotheses

. All 6 WCs free (but real).

Coe�cient 1� 2� 3�

C
NP

7 [�0.02, 0.03] [�0.04, 0.04] [�0.05, 0.08]

C
NP

9 [�1.4,�1.0] [�1.7,�0.7] [�2.2,�0.4]

C
NP

10 [�0.0, 0.9] [�0.3, 1.3] [�0.5, 2.0]

C
NP

70 [�0.02, 0.03] [�0.04, 0.06] [�0.06, 0.07]

C
NP

90 [0.3, 1.8] [�0.5, 2.7] [�1.3, 3.7]

C
NP

100 [�0.3, 0.9] [�0.7, 1.3] [�1.0, 1.6]

. C9 consistent with SM only above 3�.

. All others consistent with the SM at 1 �, except for C0
9 at 2�.

. PullSM for the 6D fit is 3.6�.
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5) Common misunderstandings 

1)  CP violation ≠ Baryon number violation 

2)  Meson mixing ≠ CP violation 

3)  Mixing phase φs ≠ Mixing phase φs  

4)  CP violation in Kaon system ≠ CPV in decay KLàππ 

5)  KS
0 ≠ CP eigenstate 

Niels Tuning (19) 


