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“Leerdoelen” 

•  Knowledge of historical insights 

•  Introduction to Wilson coefficients 

•  Explain the latest results / tensions 
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Plan 

§  Introduction 
§  My motivation for flavour physics 

§  History of indirect measurements 

§  HQET: Wilson coefficients 

§  Rare Decays 
§  Bs

0àµµ 

§  B0àK*µµ 

§  Present tensions in (rare) B decays 
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Rare Decays - Outline: 

•   9h30 - 10h15  Lecture 1: Introduction 

•  10h30 - 11h15 Lecture 2: Effective couplings  

•  11h30 - 12h15 Lecture 3: Bsàµµ 

Lunch 

•  13h45 - 14h30 Lecture 4: B0àK*µµ 

•  15h00 - 16h30 Discussion Session 
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Road to discovery: Wilson coefficients 
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Jargon 
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Flavour Physics                         

CP violation 

B physics 

Rare Decays                  

CP violation: hadrons 

CP violation: neutrinos 

Kaon physics                  

charm physics 



Introduction: it’s all about the charged current 

•  “CP violation” is about the weak interactions, 

•  In particular, the charged current interactions: 
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•  The interesting stuff happens in the interaction with 
quarks 

•  Therefore, people also refer to this field as “flavour 
physics” 



Flavour physics – Current Experiments 

Niels Tuning (9) Sketch adopted from Marie-Hélène  

Schune ECFA2013, 1 Oct 2013 

General framework : physics topics 

3 

small subset of topics  

not all topics have been studied in every experiment 

Belle II-only topics not mentioned  

FCNC in top 

decays  

Bd,s⟶µ+µ- 

ϕs from 

Bs⟶J/ψΦ 

ϕs from 

Bs⟶ΦΦ 

Bd⟶K*0 µ+µ-  CKM angle γ 

AΓ(D
0→KK) and 

AΓ(D
0→ππ)  

ATLAS/
CMS 

LHCb 

Belle II 

Belle II ATLAS/CMS 

Bs
0 B0, B+/- 

K, D 

top tau 

LHCb 



Grand picture…. 
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These lectures 

Main motivation 

Universe 



Motivation 1: New Physics in loop diagrams? 

•  Precision measurements 

•  Find deviations from the Standard Model  

•  Sensitive to heavy particles in loop diagrams 

b 
s 

s 

b 

“Box” diagram: ΔB=2 

b s 

μ	

μ	

“Penguin” diagram: ΔB=1 



Motivation 1: New Physics in loop diagrams? 
B0 mixing pointed to heavy top quark: 

ARGUS Coll, Phys.Lett.B192:245,1987 

b 
d 

d 
b 

d s 

μ	
μ	

GIM, Phys.Rev.D2,1285,1970 

… 

… 

… 

K0 →µµ pointed to the charm quark: 



Motivation 2: at the heart of the SM 



Prof.dr. J. Ellis 

Origin of  
CKM matrix 



Motivation 2: at the heart of the SM 

Yukawa couplings:  
mix between generations 

Charged current: 
flavour diagonal 



Yukawa couplings:  
mix between generations 

Charged current: 
flavour diagonal 

Diagonalize Yukawa matrix: 
Off diagonal in CC                Mass terms 

Motivation 2: at the heart of the SM 



Ø  Flavour physics closely connected to Higgs?? 

Motivation 2: at the heart of the SM 



Motivation 3: CKM magnitude mysterious 

CKM matrix: 

•  Coupling strength of charged current 

•  Completely different hierarchy ! 

vs 

mass flavour mass flavour 



Motivation 3: CKM magnitude mysterious 

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' 



Intermezzo: what does the size tell us? 
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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: 



Motivation 4: EWSB / Antimatter / Cosmology 

•  Electro-weak symmetry breaking 
–  CKM matrix is related to Yukawa couplings 

–  The Yukawa couplings arose when particles acquired mass 

•  Antimatter – matter asymmetry 
–  CP violation only known mechanism to distinguish 

–  Warning: CP violation ≠ Baryon number  

•  Cosmology 
–  Aspects above determined our faith 



Recap: 

•  Interesting because: 
1)  Beyond Standard Model: 

measurements are sensitive to 
new particles 

 

2)  Standard Model:                    
in the heart of quark 
interactions 

3)  Mysterious: magnitude CKM 
elements 

4)  Cosmology:                   
related to matter – anti-matter 
asymetry 
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•  CP-violation (or flavour physics) is about charged 
current interactions 

b 
s 

s 
b 

Matter 
Dominates ! 



Personal impression: 

•  People think it is a complicated part of the Standard Model 
Why? 

1) Non-intuitive concepts? 
§  Imaginary phase in transition amplitude, T ~ eiφ 

§  Different bases to express quark states, d’=0.97 d + 0.22 s + 0.003 b 

§  Oscillations (mixing) of mesons:             |K0>   ↔ |K0> 

2)  Complicated calculations? 

3)  Many decay modes?  “Beetopaipaigamma…”  

–  PDG reports 347 decay modes of the B0-meson: 

•   Γ1   l+ νl  anything    ( 10.33 ± 0.28 ) × 10−2 

•  Γ347  ν ν γ   <4.7 × 10−5  CL=90% 

–  And for one decay there are often more than one decay amplitudes… 
Niels Tuning (23) 
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What is a kaon? 
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•  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



Break 
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Rare Decays - Outline: 

•   9h30 - 10h15  Lecture 1: Introduction 

•  10h30 - 11h15 Lecture 2: Effective couplings  

•  11h30 - 12h15 Lecture 3: Bsàµµ 

Lunch 

•  13h45 - 14h30 Lecture 4: B0àK*µµ 

•  15h00 - 16h30 Discussion Session 
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Historical perspective 
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Historical perspective: W 

•  Radioactive decay was “discovery” of weak interaction? 
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Historical perspective: W 

•  Radioactive decay was “discovery” of weak interaction? 

Versueh einer Theorie der fl-Strahlen. I. 171 

wir von verbotenen fi-Ubergdngen. Man mu~ natfirlieh nieh~ erwarten, dal3 
die verbotenen Uberg~nge fiberhaupt nicht vorkommen, da (32) nur eine 
Niiherungsformel ist. Wir werden in Ziffer 9 etwas fiber diesen Typ yon 
Uberg~ngen spreehen. 

7. Die Masse des Neutrinos. 
Dureh die ]3bergangswahrseheinliehkeit (82) ist die Form des konti- 

nuierliehen fl-Spek~rums bestimmt. Wit wollen zuerst diskutieren, wie 
diese Form yon der Ruhemasse/~ des 
Neutrinos abh~ngt, um yon einem Ver- 
gleich mit den empirisehen Kurven diese 
Kons~ante zu bestimmen. Die Masse ,u 
ist in dem Fakr p,~/va enthalten. Die 
Abhgngigkeit der Form der Energie- 
verteilungskurve yon u is~ am meisten 
ausgepr~gt in der N~he des Endpunktes 

Fig. 1. 

der Verteilungskurve. Ist E o die Grenzenergie der fl-Strahlen, so sieht 
man ohne Schwierigkeit, dal3 die Verteilungskurve for Energien E in der 
Niihe yon E o bis auf einen yon E unabhiingigen Faktor sich wie 

v~ -~c ~ (~c2 -~ E~ ~(E~ ~ 2~c~(E~  E) (36) 

verhiilt. 
In der Fig. 1 ist das Ende der Verteilungskurve ffir ~ -- 0 und ffir einen 

kleinen und einen grol~en Wert yon # gezeichnet. Die grSl~te ~mlichkeit 
mit den empirischen Kurven zeigt die theoretische Kurve ffir # --~ 0. 

Wir kommen also zu dem Schlul~, dal3 die Ruhemasse des Neutrinos 
entweder Null oder jedenfalls sehr klein in bezug auf die Masse des Elek- 
~rons istl). In den folgenden Rechnungen werden wir die einfaehste Hypo- 
~hese # ~--0 einffihren. Es wird dann (30) 

K~ W -  H~ v~ ~ c; K~ = pqc; p~ = - -  - - - - - -  (37) 
C C" 

Die Ungleichungen (33), (34) werden jetzt: 
H s ~ W ;  W ~ m e  '~. (88) 

Und die Ubergangswahrseheinliehkeit (82) nimmt die Form an: 

8~392 I 2 P ~ -  cSh~ v*,u, dT ~fl~(W--H~) ~. (39) 

1) In einer kfirzlich erschienenen No~iz kommt F. Perr in ,  C. R. 197, 1625, 
1933, mit qualitativen Uberlegungen zu demselben SchlulL 

Volume 122B, number 1 PHYSICS LETTERS 

p(T e) = 13.3 GeV/c. Requiring (i) extrapolation to the 
energy of the events, (ii) fragmentation functions for 
leading lepton, and (iii) a detection hole for all remain- 
ing particles, makes the rate of these background 
events negligible. 

In conclusion, we have been unable to find a back- 
ground process capable of simulating the observed 
high-energy electrons. Thus we are led to the conclu- 
sion that they are electrons. Likewise we have searched 
for backgrounds capable of simulating large-E T neu- 
trino events. Again, none of the processes considered 
appear to be even near to becoming competitive. 

10. Comparison between events and expectations 
from W decays. The simultaneous presence of an elec- 
tron and (one) neutrino of approximately equal and 
opposite momenta in the transverse direction (fig. 8) 
suggests the presence of a two-body decay, W ~ e + v e. 
The main kinematical quantities of the events are given 
in table 3. A lower, model-independent bound to the 
W mass m w can be obtained from the transverse mass, 
m 2 = 2p~) p(Tv) (1 --cos ~bve),remarking that m w/> m T 
(fig. 9). We conclude that: 

m w > 73 GeV/c 2 (90% confidence level). 

A better accuracy can be obtained from the data if 
one assumes W decay kinematics and standard V - A 
couplings. The transverse momentum distribution of 
the W at production also plays a role. We can either 
(i) extract it from the events (table 3); or, (ii) use the- 
oretical predictions [8]. 
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Fig. 8. The missing transverse energy component parallel to 
the electron, plotted versus the transverse electron energy for 
the final six electron events without jets (5 gondolas, 1 bouchon) 
All the events in the gondolas appear well above the threshold 
cuts used in the searches. 

As one can see from fig. 10, there is good agreement 
between two extreme assumptions of a theoretical 
model [8] and our observations. By requiring no asso- 
ciated jet, we may have actually biased our sample to- 
wards the narrower first-order curve. Fitting of the in- 

Table 3 
Transverse mass and transverse momentum of a W decaying into an electron and a neutrino computed from the events of table 2. 

Run, event p(T e) of p(T v) = Transverse mass p(T w) ~) +n(,(.. v)' 
= [ P l  r l  ' 

electron missing E T (GeV/c) 2 (GeV) 
(GeV/c) (GeV) 

A 2958 24±0.6 24.4±4.6 48.4±4.6 0.6±4,6 
1279 

B 3522 17±0.4 10.9±4.0 26,5±4.6 10.8±4.0 
214 

C 3524 34±0.8 41.3±3.6 74.8±3.4 8.6±3.7 
197 

D 3610 38±1.0 40.0±2.0 78.0±2.2 2.1±2.2 
760 

E 3701 37±1.0 35.5±4.3 72.4±4.5 4.7±4.4 
305 

F 4017 36±0,7 32.3±2.4 68.2±2.6 3,8±2.5 
838 

114 

UA1 Coll., Phys.Lett. B122 (1983) 103  E.Fermi, Z.Phys. 88 (1934) 161  
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Historical perspective: ν 
•  Radioactive decay was “discovery” of neutrino? 

Versueh einer Theorie der fl-Strahlen. I. 171 

wir von verbotenen fi-Ubergdngen. Man mu~ natfirlieh nieh~ erwarten, dal3 
die verbotenen Uberg~nge fiberhaupt nicht vorkommen, da (32) nur eine 
Niiherungsformel ist. Wir werden in Ziffer 9 etwas fiber diesen Typ yon 
Uberg~ngen spreehen. 

7. Die Masse des Neutrinos. 
Dureh die ]3bergangswahrseheinliehkeit (82) ist die Form des konti- 

nuierliehen fl-Spek~rums bestimmt. Wit wollen zuerst diskutieren, wie 
diese Form yon der Ruhemasse/~ des 
Neutrinos abh~ngt, um yon einem Ver- 
gleich mit den empirisehen Kurven diese 
Kons~ante zu bestimmen. Die Masse ,u 
ist in dem Fakr p,~/va enthalten. Die 
Abhgngigkeit der Form der Energie- 
verteilungskurve yon u is~ am meisten 
ausgepr~gt in der N~he des Endpunktes 

Fig. 1. 

der Verteilungskurve. Ist E o die Grenzenergie der fl-Strahlen, so sieht 
man ohne Schwierigkeit, dal3 die Verteilungskurve for Energien E in der 
Niihe yon E o bis auf einen yon E unabhiingigen Faktor sich wie 

v~ -~c ~ (~c2 -~ E~ ~(E~ ~ 2~c~(E~  E) (36) 

verhiilt. 
In der Fig. 1 ist das Ende der Verteilungskurve ffir ~ -- 0 und ffir einen 

kleinen und einen grol~en Wert yon # gezeichnet. Die grSl~te ~mlichkeit 
mit den empirischen Kurven zeigt die theoretische Kurve ffir # --~ 0. 

Wir kommen also zu dem Schlul~, dal3 die Ruhemasse des Neutrinos 
entweder Null oder jedenfalls sehr klein in bezug auf die Masse des Elek- 
~rons istl). In den folgenden Rechnungen werden wir die einfaehste Hypo- 
~hese # ~--0 einffihren. Es wird dann (30) 

K~ W -  H~ v~ ~ c; K~ = pqc; p~ = - -  - - - - - -  (37) 
C C" 

Die Ungleichungen (33), (34) werden jetzt: 
H s ~ W ;  W ~ m e  '~. (88) 

Und die Ubergangswahrseheinliehkeit (82) nimmt die Form an: 

8~392 I 2 P ~ -  cSh~ v*,u, dT ~fl~(W--H~) ~. (39) 

1) In einer kfirzlich erschienenen No~iz kommt F. Perr in ,  C. R. 197, 1625, 
1933, mit qualitativen Uberlegungen zu demselben SchlulL 

Cowan, Reines, et al., Science 124 (1956) 103-104  E.Fermi, Z.Phys. 88 (1934) 161  
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Historical perspective: charm 

•  Kaon decay was “discovery” of charm quark? 

GLASHOVV, ILIOPOULOS, AND MAIANI

so that ~k—lj must be zero or one, and the matrices
80&"& are easily computed (see the Appendix) to be

(o)
Sir&"'=Clr or Crrt (1~=i&1)

= PCrr, C'nt] (k = l) .
Thus, Tire gives rise to contributions with ~hV~ &1
and, in particular, it does not yield a Q.rst-order E&E&
mass splitting. Of course, the next-to-the-leading diver-
gences of these graphs will give QV=2, and do con-
tribute to a second-order E~E~ mass difference, agreeing
with experiment.
The leading divergences of types (iii) and (iv) give

first-order contributions T»». and T».»., to semileptonic
and leptonic processes. There will be a 1-to-1 corre-
spondence among the graphs contributing to T»z, , T»».
LFigs. 1(b) and 1(c)], and T~~rr. Because the algebraic
properties of C» and C» are identical, we construct.
TI»». and TI,L, from T»» by the appropriate substitu-
tions of q —+ L and C» ~C».
In processes where the lepton charge changes, no

violations of observed selection rules occur, but the
erst-order terms cause a renormalization of observed
coupling constants. It is important to note that these
renormalizations are common to leptonic and semi-
leptonic processes, so that the relations

(c)
Pio. 1. (a) Connected part of the qq —, + qq amplitude. The

crossed (annihilation) channel is also understood. (h) Connected
part of the q/ —+ ql amplitude. (c) Connected part of the Ll —+ lt
amplitude.

to that of Ref. 4, with the difference that the trans-
formation (7) is SU(4) invariant and does not change
the definition of strangeness (or charm), or of the
Cabibbo angle. An important consequence of the fact
that M does not depend on the Cabibbo angle is that,
unlike the situation in Ref. 4, it is impossible in our
case to evaluate the Cabibbo angle by imposing a
condition on the leading divergences. We conclude
that zeroth-order weak effects are not significant.
We now consider the first-order G(Gh.') terms which

are of four types: (i) next-to-the-leading contributions
to the quark and lepton mass operators, (ii) leading
contributions to quark-quark or quark-antiquark scat-
tering, (iii) leading contributions to quark-lepton scat-
tering, and (iv) leading contributions to lepton-lepton
scattering. Graphs with more than two external fermion
lines yield no larger than second-order effects. Terms
of type (i) are harmless: They contribute to observable
nonleptonic QI= —,' processes, but since they cannot
give AI'= 2, they do not produce a E&E& mass splitting.
On the other hand, type-(ii) diagrams could lead to
XP ~%X, possibly giving rise to first-order contribu-
tions to the EIK2 mass d16elence, contrary to experi-
ment. Let us show that they do not.
Graphs contributing to type (ii) effects are of the

general form shown in Fig. 1(a), where the bubble
includes any possible connections among the boson
lines, and any number of closed fermion loops. The
leading divergent contributions to q-g scattering from
these graphs have the form

Gi (M=0) =G„cos0,
Gi (25=1)=G„sin0

remain true when all first-order terms are included. This
renormalization is given by the factor 1++8 (Gh. )" '.
A sufficient condition for these renormalizations to be
common is the algebraic version of universality —a con-
dition which is satisfied by our model, as well as by
the usual three-quark model.
Next, we turn to the induced first-order couplings of

hadrons to neutral lepton currents and self-couplings
of neutral lepton currents. The neutral lepton currents
are generated by the matrix C» and the neutral hadron
currents by the matrix C», where

0
Ci' [&r„Cz']= —=[&a,Crr ] Cn' (10)—.

0

Evidently, there are no induced couplings of neutral
lepton currents to strangeness-changing currents. The
induced couplings involve the strangeness-conserving

X&a'"'qqv" (1+re)~a'""q] (&)

where the B„are finite dimensionless parameters inde-
pendent of masses or momenta. It is clear that these
first-order terms are independent of all external mo-
menta. The matrix 8»&") is a polynomial in C» and
C»t of order k and l, respectively, with k+l&e.
Furthermore, the charge structure of the quark multi-
plets allows a change of charge no greater than unity,

J,'=gv„CIr'(1+ F5)q+ ly„Cz'(1+yr) l
= F~„(1y~„.)a 'y O ~„(1+~,)C1—X~„(1+-~.-)X—~v~(1+v")~+p'v, (1+vs) ~'+ ~v, (1+v5) ~

ep„(1+p.-)e p~„(1y~„,)I .—(11)—
The coupling constant for this new neutral current-
current interaction is a first-order expression of the

B.Richter et al, Phys.Rev.Lett. 33 (1974) 1406 GIM, Phys.Rev. D2 (1970) 1285  
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observed at a c.m. energy of 3.2 GeV. Subse-
quently, we repeated the measurement at 3.2
GeV and also made measurements at 3.1 and 3.3
QeV. The 3.2-GeV results reproduced, the 3.3-
QeV measurement showed no enhancement, but
the 3.1-GeV measurements were internally in-
consistent —six out of eight runs giving a low
cross section and two runs giving a factor of 3 to
5 higher cross section. This pattern could have
been caused by a very narrow resonance at an
energy slightly larger than the nominal 3.1-QeV
setting of the storage ring, the inconsistent 3.1-
QeV cross sections then being caused by setting
errors in the ring energy. The 3.2-GeV enhance-
ment would arise from radiative corrections
which give a high-energy tail to the structure.
Vfe have now repeated the measurements using

much finer energy steps and using a nuclear mag-
netic resonance magnetometer to monitor the
ring energy. The magnetometer, coupled with
measurements of the circulating beam position
in the storage ring made at sixteen points around
the orbit, allowed the relative energy to be deter-
mined to 1 part in 104. The determination of the
absolute energy setting of the ring requires the
knowledge of fBdl around the orbit and is accur-
ate to +0.1@.
The data are shown in Fig. 1. All cross sec-

tions are normalized to Bhabha scattering at 20
mrad. The cross section for the production of
hadrons is shown in Fig. 1(a). Hadronic events
are required to have in the final state either ~ 3
detected charged particles or 2 charged particles
noncoplanar by & 20'. ' The observed cross sec-
tion rises sharply from a level of about 25 nb to
a value of 2300 + 200 nb at the peak' and then ex-
hibits the long high-energy tail characteristic of
radiative corrections in e'e reactions. The de-
tection efficiency for hadronic events is 45% over
the region shown. The error quoted above in-
cludes both the statistical error and a 7%%uq contri-
bution from uncertainty in the detection efficiency.
Our mass resolution is determined by the en-

ergy spread in the colliding beams which arises
from quantum fluctuations in the synchrotron
radiation emitted by the beams. The expected
Gaussian c.m. energy distribution (@=0.56 MeV),
folded with the radiative processes, ' is shown as
the dashed curve in Fig. 1(a). The width of the
resonance must be smaller than this spread; thus
an upper limit to the full width at half-maximum
is 1.3 MeV.
Figure 1(b) shows the cross section for e'e

final states. Outside the peak this cross section
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is equal to the Bhabha cross section integrated
over the acceptance of the apparatus. '
Figure 1(c) shows the cross section for the

production of collinear pairs of particles, ex-
cluding electrons. At present, our muon identi-

FIG. 1. Cross section versus energy for (a) multi-
hadron final states, (b) e g final states, and (c) p+p,
~+7t, and K"K final states. The curve in (a) is the ex-
pected shape of a g-function resonance folded with the
Gaussian energy spread of the beams and including
radiative processes. The cross sections shown in (b)
and (c) are integrated over the detector acceptance.
The total hadron cross section, (a), has been corrected
for detection efficiency.
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observed at a c.m. energy of 3.2 GeV. Subse-
quently, we repeated the measurement at 3.2
GeV and also made measurements at 3.1 and 3.3
QeV. The 3.2-GeV results reproduced, the 3.3-
QeV measurement showed no enhancement, but
the 3.1-GeV measurements were internally in-
consistent —six out of eight runs giving a low
cross section and two runs giving a factor of 3 to
5 higher cross section. This pattern could have
been caused by a very narrow resonance at an
energy slightly larger than the nominal 3.1-QeV
setting of the storage ring, the inconsistent 3.1-
QeV cross sections then being caused by setting
errors in the ring energy. The 3.2-GeV enhance-
ment would arise from radiative corrections
which give a high-energy tail to the structure.
Vfe have now repeated the measurements using

much finer energy steps and using a nuclear mag-
netic resonance magnetometer to monitor the
ring energy. The magnetometer, coupled with
measurements of the circulating beam position
in the storage ring made at sixteen points around
the orbit, allowed the relative energy to be deter-
mined to 1 part in 104. The determination of the
absolute energy setting of the ring requires the
knowledge of fBdl around the orbit and is accur-
ate to +0.1@.
The data are shown in Fig. 1. All cross sec-

tions are normalized to Bhabha scattering at 20
mrad. The cross section for the production of
hadrons is shown in Fig. 1(a). Hadronic events
are required to have in the final state either ~ 3
detected charged particles or 2 charged particles
noncoplanar by & 20'. ' The observed cross sec-
tion rises sharply from a level of about 25 nb to
a value of 2300 + 200 nb at the peak' and then ex-
hibits the long high-energy tail characteristic of
radiative corrections in e'e reactions. The de-
tection efficiency for hadronic events is 45% over
the region shown. The error quoted above in-
cludes both the statistical error and a 7%%uq contri-
bution from uncertainty in the detection efficiency.
Our mass resolution is determined by the en-

ergy spread in the colliding beams which arises
from quantum fluctuations in the synchrotron
radiation emitted by the beams. The expected
Gaussian c.m. energy distribution (@=0.56 MeV),
folded with the radiative processes, ' is shown as
the dashed curve in Fig. 1(a). The width of the
resonance must be smaller than this spread; thus
an upper limit to the full width at half-maximum
is 1.3 MeV.
Figure 1(b) shows the cross section for e'e

final states. Outside the peak this cross section
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is equal to the Bhabha cross section integrated
over the acceptance of the apparatus. '
Figure 1(c) shows the cross section for the

production of collinear pairs of particles, ex-
cluding electrons. At present, our muon identi-

FIG. 1. Cross section versus energy for (a) multi-
hadron final states, (b) e g final states, and (c) p+p,
~+7t, and K"K final states. The curve in (a) is the ex-
pected shape of a g-function resonance folded with the
Gaussian energy spread of the beams and including
radiative processes. The cross sections shown in (b)
and (c) are integrated over the detector acceptance.
The total hadron cross section, (a), has been corrected
for detection efficiency.
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Niels Tuning (32) 

Historical perspective: charm 

•  There was however one major exception which Cabibbo 
could not describe: K0 à µ+ µ- 

–  Observed rate much lower than expected from Cabibbos rate 
correlations (expected rate ~ g8sin2θccos2θc) 
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Niels Tuning (33) 

Historical perspective: charm: GIM-mechanism 

•  Solution to K0 decay problem in 1970 by Glashow, 
Iliopoulos and Maiani à postulate existence of 4th quark  
–  Two ‘up-type’ quarks decay into rotated ‘down-type’ states 

–  Appealing symmetry between generations 
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Historical perspective: charm: GIM-mechanism 



Niels Tuning (35) 

Historical perspective: charm: GIM-mechanism 

•  How does it solve the K0 à µ+µ- problem? 
–  Second decay amplitude added that is almost identical to original 

one, but has relative minus sign à Almost fully destructive 
interference 

–  Cancellation not perfect because u, c mass different 

d 

µ+ µ- 

νµ 

u 
cosθc +sinθc 

d 

µ+ µ- 

νµ 

c 
-sinθc cosθc 

s s 



36 

Historical perspective: bottom 

•  CP violation was “discovery” of 3rd generation? 
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ranged symmetrically with respect to the hori-
zontal median plane in order to detect both JLt.

'
and p. in each arm.
The data sets presented here are listed in Ta-

ble I. Low-current runs produced -15000 J/g
and 1000 g' particles which provide a test of res-
olution, normalization, and uniformity of re-
sponse over various parts of the detector. Fig-
ure 2(b) shows the 1250-A J/P and P' data. The
yields are in reasonable agreement with our ear-
lier measurements. '
High-mass data (1250 and 1500 A) were collect-

ed at a rate of 20 events/h for m„+&-& 5 GeV us-
ing (1.5-3)&& 10"incident protons per accelerator
cycle. The proton intensity is limited by the re-
quirement that the singles rate at any detector
plane not exceed 10' counts/sec. The copper
section of the hadron filter has the effect of low-
ering the singles rates by a factor of 2, permit-
ting a corresponding increase in protons on tar-
get. The penalty is an ™15%worsening of the res-
olution at 10 GeV mass. Figure 2(a) shows the
yield of muon pairs obtained in this work.
At the present stage of the analysis, the follow-

ing conclusions may be drawn from the data [Fig.
3(a)]:
(1) A statistically significant enhancement is ob-

served at 9.5-GeV p.'p. mass.
(2) By exclusion of the 8.8-10.6-GeV region,

the continuum of p+p, pairs falls smoothly with
mass. A simple functional form,
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with A = (l.89+ 0.23)&& 10 "cm'/GeV/nucleon and
b = 0.98+ 0.02 GeV ', gives a good fit to the data
for 6 GeV&m&+& &12 GeV (g'=21 for 19 degrees
of freedom), "
(3) In the excluded mass region, the continuum

fit predicts 350 events. The data contain 770
events.
(4) The observed width of the enhancement is

greater than our apparatus resolution of a full
width at half-maximum (FWHM) of 0.5+0.1 GeV.
Fitting the data minus the continuum fit [Fig.
3(b)] with a simple Gaussian of variable width
yields the following parameters (B is the branch-.
ing ratio to two muons):

Mass = 9.54+ 0.04 GeV,

[Bdo/dy]„,= (3.4+ 0.3)x 10 "cm'/nucleon,

with F+7HM=1, 16+0.09 GeV and X =52 for 27

FIG. 3. {a)Measured dimuon production cross sec-
tions as a function of the invariant mass of the muon
pair. The solid line is the continuum fit outlined in the
text. The equal-sign-dimuon cross section is also
shown. {b) The same cross sections as in (a) with the
smooth exponential continuum fit subtracted in order to
reveal the 9-10-GeV region in more detail.

degrees of freedom (Ref. 5). An alternative fit
with two Gaussians whose widths are fixed at the
resolution of the apparatus yields

Mass = 9.44+ 0.03 and 10.17+0.05 GeV,
[Bd(r/dy], o=(2.3+ 0.2) and (0.9+0.1)

x 10 "cm'/nucleon,
with y'=41 for 26 degrees of freedom (Ref. 5).
The Monte Carlo program used to calculate the

acceptance [see Fig. 2(c)] and resolution of the
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FIG. 2. (a) Experimental distribution in rn~ com-
pared with Monte Carlo calculation. The calculated
distribution is normalized to the total number of ob-
served events. (b) Angular distribution of those events
in the range 490 &m*&510 MeV. The calculated curve
is normalized to the number of events in the complete
sample.

with a form-factor ratio f /f+ =-6.6. The data
are not sensitive to the choice of form factors
but do discriminate against the scalar interac-
tion.
Figure 2(b) shows the distribution in cos8 for

those events which fall in the mass range from
490 to 510 MeV together with the corresponding
result from the Monte Carlo calculation. Those
events within a restricted angular range (cos8
&0.9995) were remeasured on a somewhat more
precise measuring machine and recomputed using
an independent computer program. The results of
these two analyses are the same within the re-
spective resolutions. Figure 3 shows the re-

0
0.9996 0.9997 0.9998 0.9999 I.OOOO

cos 8
FIG. 3. Angular distribution in three mass ranges

for events with cos0 & 0.9995.

suits from the more accurate measuring machine.
The angular distribution from three mass ranges
are shown; one above, one below, and one encom-
passing the mass of the neutral K meson.
The average of the distribution of masses of

those events in Fig. 3 with cos8 &0.99999 is
found to be 499.1 + 0.8 MeV. A corresponding
calculation has been made for the tungsten data
resulting in a mean mass of 498.1 + 0.4. The dif-
ference is 1.0+0.9 MeV. Alternately we may
take the mass of the E' to be known and compute
the mass of the secondaries for two-body decay.
Again restricting our attention to those events
with cos0&0.99999 and assuming one of the sec-
ondaries to be a pion, the mass of the other par-
ticle is determined to be 137.4+ 1.8. Fitted to a
Gaussian shape the forward peak in Fig. 3 has a
standard deviation of 4.0 + 0.7 milliradians to be
compared with 3.4+ 0.3 milliradians for the tung-
sten. The events from the He gas appear identi-
cal with those from the coherent regeneration in
tungsten in both mass and angular spread.
The relative efficiency for detection of the

three-body E, decays compared to that for decay
to two pions is 0.23. %e obtain 45+ 9 events in
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Historical perspective: top 

•  Bottom mixing was “discovery” of top quark? 
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is 1 X 10, which is equivalent to a 4.8o. deviation in a
Gaussian distribution [11]. Based on the excess number
of SVX-tagged events, we expect an excess of 7.8 SLT
tags and 3.5 dilepton events from tt production, in good
agreement with the observed numbers.
We performed a number of checks of this analysis.

A good control sample for b tagging is Z + jet events,
where no top contribution is expected. We observe 15,
3, and 2 tags (SVX and SLT) in the Z + l-jet, 2-
jet, and ~3-jet samples, respectively, compared with the
background predictions of 17.5, 4.2, and 1.5. The excess
over background that was seen in Ref. [1] is no longer
present. In addition, there is no discrepancy between
the measured and predicted W + 4-jet background, in
contrast to a small deficit described in Ref. [1] (see [12]).
Single-lepton events with four or more jets can be

kinematically reconstructed to the tt WbWb hypothe-
sis, yielding for each event an estimate of the top quark
mass [1]. The lepton, neutrino (gr), and the four highest-
F& jets are assumed to be the tt daughters [13]. There
are multiple solutions, due to both the quadratic ambi-
guity in determining the longitudinal momentum of the
neutrino and the assignment of jets to the parent W's and
b's. For each event, the solution with the lowest fit ~2 is
chosen. Starting with the 203 events with )3 jets, we re-
quire each event to have a fourth jet with ET ) 8 GeV
and ~zl~ ( 2.4. This yields a sample of 99 events, of
which 88 pass a loose g2 requirement on the fit. The
mass distribution for these events is shown in Fig. 2. The
distribution is consistent with the predicted mix of ap-
proximately 30% tt signal and 70% W + jets background.
The Monte Carlo background shape agrees well with that
meaured in a limited-statistics sample of Z + 4-jet events
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FIG. 2. Reconstructed mass distribution for the W+ ~4-jet
sample prior to b tagging (solid). Also shown is the back-
ground distribution (shaded) with the normalization constrained
to the calculated value.

as well as in a QCD sample selected to approximate non-
W background. After requiring an SVX or SLT b tag,
19 of the events remain, of which 6.9+19 are expected
to be background. For these events, only solutions in
which the tagged jet is assigned to one of the b quarks
are considered. Figure 3 shows the mass distribution for
the tagged events. The mass distribution in the current
run is very similar to that from the previous run. Further-
more, we employed several mass fitting techniques which
give nearly identical results.
To find the most likely top mass, we fit the mass

distribution to a sum of the expected distributions from
the W + jets background and a top quark of mass Mt p
[1]. The —ln(liklihood) distribution from the fit is shown
in the Fig. 3 inset. The best fit mass is 176 GeV/c2
with a ~8 GeV/c2 statistical uncertainty. We make a
conservative extrapolation of the systematic uncertainty
from our previous publication, giving M„~ = 176 ~ 8 ~
10 GeV/c2. Further studies of systematic uncertainties
are in progress.
The shape of the mass peak in Fig. 3 provides addi-

tional evidence for top quark production, since the number
of observed b tags is independent of the observed mass
distribution. After including systematic effects in the pre-
dicted background shape, we find a 2 X 10 probability
that the observed mass distribution is consistent with the
background (Kolmogorov-Smirnov test). This is a con-
servative measure because it does not explicitly take into
account the observed narrow mass peak.
In conclusion, additional data confirm the top quark

evidence presented in Ref. [1]. There is now a large
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FIG. 3. Reconstructed mass distribution for the b-tagged
W+ )4-jet events (solid). Also shown are the background
shape (dotted) and the sum of background plus tt Monte
Carlo simulations for M„p = 175 GeV/c (dashed), with the
background constrained to the calculated value, 6.9+19 events.
The inset shows the likelihood fit used to determine the top
mass.
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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 
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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 (K 2)=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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3. Event selection and data analysis. The present 
work is based on a four-week period of  data-taking 
during the months of  April and May 1983. The inte- 
grated luminosity after subtraction of  dead-time and 
other instrumental inefficiencies was 55 nb -1  . As in 
our previous work [1], four types of  trigger were 
operated simultaneously: 

(i) An "electron trigger", namely at least 10 GeV 
of  transverse energy deposited in two adjacent elements 
of  the electromagnetic calorimeters covering angles 
larger than 5 ° with respect to the beam pipes. 

(ii) A "muon trigger", namely at least one penetrat- 
ing track detected in the muon chambers with pseudo- 
rapidity Ir~l ~< 1.3 and pointing in both projections to 
the interaction vertex within a specified cone of  aper- 
ture + 150 mrad. This is accomplished by a dedicated 
set of  hardware processors filtering the patterns of  the 
muon tube hits. 

(iii) A "jet trigger", namely at least 20 GeV of  
transverse energy in a localized calorimeter cluster * a. 

(iv) A global "E T trigger", with > 5 0  GeV of  total  
transverse energy from all calorimeters with IrTI < 1.4. 

Events for the present paper were further selected 
by the so-called "express line", consisting of  a set of  
four 168E computers [13] operated independently in 
real time during the data-taking. A subsample of  
events with E T ~> 12 GeV in the electromagnetic calo- 
rimeters and dimuons are selected and writ ten on a 
dedicated magnetic tape. These events have been fully 
processed off-line and further subdivided into four 
main classes: (i) single, isolated electromagnetic clus- 
ters with E T > 15 GeV and missing energy events with 
Emiss > 15 GeV, in order to extract  W +- ~ e -+ v events 
[ 1,5] ; (ii) two or more isolated electromagnetic clus- 
ters w i t h e  T > 25 GeV for Z 0 ~ e+e - candidates; 
(iii) muon pair selection to find Z 0 ~/a+M - events; 
and (iv) events with a track reconstructed in the cen- 
tral detector,  of  transverse momentum within one 
standard deviation, PT ~> 25 GeV/c, in order to evalu- 
ate some of  the background contributions. We will 
discuss these different categories in more detail. 

4. Events with two isolated electron signatures. An 
electron signature is defined as a localized energy 

a The jet cluster is defined as in ref. [1], namely six electro- 
magnetic cells and two hadronic cells immediately behind. 
Energy responses of calorimeters for hadrons and electrons 
are somewhat different. 
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Fig. 1. Invariant mass distribution (uncorrected) of two elec- 
tromagnetic clusters: (a) with E T > 25 GeV; (b) as above and 
a track with PT > 7 GeV/c and projected length >40 cm 
pointing to the cluster. In addition, a small energy deposition 
in the hadron calorimeters immediately behind (< 0.8 GeV) 
ensures the electron signature. Isolation is required with ~ PT 
< 3 GeV/c for all other tracks pointing to the cluster. (c) The 
second cluster also has an isolated track. 

deposition in two contiguous cells of  the electromag- 
netic detectors with E T > 25 GeV, and a small (or no) 
energy deposit ion (~<800 MeV) in the hadron calori- 
meters immediately behind them. The isolation require- 
ment  is defined as the absence of  charged tracks with 
momenta  adding up to more than 3 GeV/c of  transverse 
momentum and pointing towards the electron cluster 
cells. The effects of  the successive cuts on the invari- 
ant e lec t ron-e lec t ron  mass are shown in fig. 1. Four 
e+e - events survive cuts, consistent with a common 
value of  (e+e - )  invariant mass. They have been care- 
fully studied using the interactive event display facil- 
i ty MEGATEK. One of  these events is shown in figs. 
2a and 2b. The main parameters of  the four events are 
listed in tables 1 and 3. As one can see from the ener- 
gy deposition plots (fig. 3), their dominant feature is 
of  two very prominent  electromagnetic energy deposi- 
tions. All events appear to balance the visible total  
transverse energy components;  namely, there is no 
evidence for the emission of  energetic neutrinos. Ex- 
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•  Neutral current interaction was “discovery” of Z? 
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hadrons are unambiguously identified by interaction 
or by range-momentum and ionisation. Any track 
which could possibly be due to a muon has consigned 
the event to reaction (2). 

Analysis of  the signal. To estimate the background 
of neutral hadrons coming from neutrino interactions 
in the shielding and simulating reaction (1), events 
where a visible charged current interaction produces 
an identified neutron star in the chamber (associated, 
AS, events) were also studied. To obtain a good esti- 
mate of the true neutral hadron direction from the 
direction of the observed total momentum a cut in 
visible total energy o f ' >  1 GeV was applied to the 
NC and AS events, as well as to the hadronic part of 
the CC events. 

We have observed, in a fiducial volume of 3 m 3, 
102 NC, 428 CC and 15 AS in the v run and 64 NC, 
148 CC and 12 AS in the ~ run. Using these numbers 
without background substraction the ratios NC/CC 
are then 0.24 for v and 0.42 for ~, whilst the NC/AS 
ratios are 6.8 and 5.3 respectively. 
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Historical perspective: Higgs 

•  Precision measurements at LEP were “discovery” of Higgs? 
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8.7. Discussion

The global #2/dof of the SM fit is 18.3/13, corresponding to a probability of 15%. Predictions for the individual
measurements entering this analysis and the resulting pulls contributing to the global #2 are reported in Table 8.4.
Predictions of many other observables within the SM framework are reported in Appendix G. The pulls of the measure-
ments are also shown in Fig. 8.14. Here, the pull is defined as the difference between the measured and the predicted
value, in units of the measurement uncertainty, calculated for the values of the five SM input parameters in the minimum
of the #2.

The largest contribution to the overall #2, 2.8 standard deviations, has already been discussed in Section 7.3.1,
namely the b quark forward–backward asymmetry measured at LEP-I. Two other measurements, the hadronic pole
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Fig. 4. The distributions of the invariant mass of diphoton candidates after all selec-
tions for the combined 7 TeV and 8 TeV data sample. The inclusive sample is shown
in (a) and a weighted version of the same sample in (c); the weights are explained
in the text. The result of a fit to the data of the sum of a signal component fixed to
mH = 126.5 GeV and a background component described by a fourth-order Bern-
stein polynomial is superimposed. The residuals of the data and weighted data with
respect to the respective fitted background component are displayed in (b) and (d).

a window containing Si , of a background-only fit to the data. The
values Si/Bi have only a mild dependence on mH .

The statistical interpretation of the excess of events near mγ γ =
126.5 GeV in Fig. 4 is presented in Section 9.

6. H → W W (∗) → eνµν channel

The signature for this channel is two opposite-charge leptons
with large transverse momentum and a large momentum imbal-
ance in the event due to the escaping neutrinos. The dominant
backgrounds are non-resonant W W , tt̄ , and W t production, all of
which have real W pairs in the final state. Other important back-
grounds include Drell–Yan events (pp → Z/γ (∗) → ℓℓ) with Emiss

T
that may arise from mismeasurement, W + jets events in which
a jet produces an object reconstructed as the second electron or
muon, and W γ events in which the photon undergoes a con-
version. Boson pair production (W γ ∗/W Z (∗) and Z Z (∗)) can also
produce opposite-charge lepton pairs with additional leptons that
are not detected.

The analysis of the 8 TeV data presented here is focused on the
mass range 110 < mH < 200 GeV. It follows the procedure used
for the 7 TeV data, described in Ref. [106], except that more strin-
gent criteria are applied to reduce the W + jets background and
some selections have been modified to mitigate the impact of the
higher instantaneous luminosity at the LHC in 2012. In particular,
the higher luminosity results in a larger Drell–Yan background to
the same-flavour final states, due to the deterioration of the miss-
ing transverse momentum resolution. For this reason, and the fact
that the eµ final state provides more than 85% of the sensitivity of

the search, the same-flavour final states have not been used in the
analysis described here.

6.1. Event selection

For the 8 TeV H → W W (∗) → eνµν search, the data are se-
lected using inclusive single-muon and single-electron triggers.
Both triggers require an isolated lepton with pT > 24 GeV. Qual-
ity criteria are applied to suppress non-collision backgrounds such
as cosmic-ray muons, beam-related backgrounds, and noise in the
calorimeters. The primary vertex selection follows that described
in Section 4. Candidates for the H → W W (∗) → eνµν search are
pre-selected by requiring exactly two opposite-charge leptons of
different flavours, with pT thresholds of 25 GeV for the leading
lepton and 15 GeV for the sub-leading lepton. Events are classified
into two exclusive lepton channels depending on the flavour of the
leading lepton, where eµ (µe) refers to events with a leading elec-
tron (muon). The dilepton invariant mass is required to be greater
than 10 GeV.

The lepton selection and isolation have more stringent require-
ments than those used for the H → Z Z (∗) → 4ℓ analysis (see
Section 4), to reduce the larger background from non-prompt lep-
tons in the ℓνℓν final state. Electron candidates are selected using
a combination of tracking and calorimetric information [85]; the
criteria are optimised for background rejection, at the expense of
some reduced efficiency. Muon candidates are restricted to those
with matching MS and ID tracks [84], and therefore are recon-
structed over |η| < 2.5. The isolation criteria require the scalar
sums of the pT of charged particles and of calorimeter topolog-
ical clusters within %R = 0.3 of the lepton direction (excluding
the lepton itself) each to be less than 0.12–0.20 times the lep-
ton pT. The exact value differs between the criteria for tracks and
calorimeter clusters, for both electrons and muons, and depends on
the lepton pT. Jet selections follow those described in Section 5.3,
except that the JVF is required to be greater than 0.5.

Since two neutrinos are present in the signal final state, events
are required to have large Emiss

T . Emiss
T is the negative vector sum

of the transverse momenta of the reconstructed objects, including
muons, electrons, photons, jets, and clusters of calorimeter cells
not associated with these objects. The quantity Emiss

T,rel used in this
analysis is required to be greater than 25 GeV and is defined as:
Emiss

T,rel = Emiss
T sin %φmin, where %φmin is min(%φ, π

2 ), and Emiss
T is

the magnitude of the vector Emiss
T . Here, %φ is the angle between

Emiss
T and the transverse momentum of the nearest lepton or jet

with pT > 25 GeV. Compared to Emiss
T , Emiss

T,rel has increased rejec-

tion power for events in which the Emiss
T is generated by a neutrino

in a jet or the mismeasurement of an object, since in those events
the Emiss

T tends to point in the direction of the object. After the lep-
ton isolation and Emiss

T,rel requirements that define the pre-selected
sample, the multijet background is negligible and the Drell–Yan
background is much reduced. The Drell–Yan contribution becomes
very small after the topological selections, described below, are ap-
plied.

The background rate and composition depend significantly on
the jet multiplicity, as does the signal topology. Without accom-
panying jets, the signal originates almost entirely from the ggF
process and the background is dominated by W W events. In con-
trast, when produced in association with two or more jets, the
signal contains a much larger contribution from the VBF process
compared to the ggF process, and the background is dominated by
tt̄ production. Therefore, to maximise the sensitivity to SM Higgs
events, further selection criteria depending on the jet multiplicity
are applied to the pre-selected sample. The data are subdivided
into 0-jet, 1-jet and 2-jet search channels according to the number
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analysis described here.

6.1. Event selection

For the 8 TeV H → W W (∗) → eνµν search, the data are se-
lected using inclusive single-muon and single-electron triggers.
Both triggers require an isolated lepton with pT > 24 GeV. Qual-
ity criteria are applied to suppress non-collision backgrounds such
as cosmic-ray muons, beam-related backgrounds, and noise in the
calorimeters. The primary vertex selection follows that described
in Section 4. Candidates for the H → W W (∗) → eνµν search are
pre-selected by requiring exactly two opposite-charge leptons of
different flavours, with pT thresholds of 25 GeV for the leading
lepton and 15 GeV for the sub-leading lepton. Events are classified
into two exclusive lepton channels depending on the flavour of the
leading lepton, where eµ (µe) refers to events with a leading elec-
tron (muon). The dilepton invariant mass is required to be greater
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ments than those used for the H → Z Z (∗) → 4ℓ analysis (see
Section 4), to reduce the larger background from non-prompt lep-
tons in the ℓνℓν final state. Electron candidates are selected using
a combination of tracking and calorimetric information [85]; the
criteria are optimised for background rejection, at the expense of
some reduced efficiency. Muon candidates are restricted to those
with matching MS and ID tracks [84], and therefore are recon-
structed over |η| < 2.5. The isolation criteria require the scalar
sums of the pT of charged particles and of calorimeter topolog-
ical clusters within %R = 0.3 of the lepton direction (excluding
the lepton itself) each to be less than 0.12–0.20 times the lep-
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except that the JVF is required to be greater than 0.5.
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not associated with these objects. The quantity Emiss
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background is much reduced. The Drell–Yan contribution becomes
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The background rate and composition depend significantly on
the jet multiplicity, as does the signal topology. Without accom-
panying jets, the signal originates almost entirely from the ggF
process and the background is dominated by W W events. In con-
trast, when produced in association with two or more jets, the
signal contains a much larger contribution from the VBF process
compared to the ggF process, and the background is dominated by
tt̄ production. Therefore, to maximise the sensitivity to SM Higgs
events, further selection criteria depending on the jet multiplicity
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•  Historical record of indirect discoveries: 

Niels Tuning (40) 

Particle Indirect Direct 
ν β decay 1932 Reactor ν-CC Cowan, Reines 1956 

W β decay 1932 Wàeν UA1, UA2 1983 

c K0àµµ GIM 1970 J/ψ Richter, Ting 1974 

b CPV K0àππ CKM, 3rd gen 1964/72 Υ Ledermann 1977 

Z ν-NC Gargamelle 1973 Zà e+e- UA1 1983 

t B mixing ARGUS 1987 tà Wb D0, CDF 1995 

H e+e- EW fit, LEP 2000 Hà 4µ/γγ CMS, ATLAS 2012 

? What’s next ? ? ? 

d

K0
W

νµ

s

W
c

µ+

µ−

B0 B̄0
W

W
tt

b

d

d

b

Z
p

ν

ν

Z

H

e−

e+

W−

d

ν̄e

e−

u



Historical perspective 

•  Historical record of indirect discoveries: 

Niels Tuning (41) 

Particle Indirect Direct 
ν β decay 1932 Reactor ν-CC Cowan, Reines 1956 

W β decay 1932 Wàeν UA1, UA2 1983 

c K0àµµ GIM 1970 J/ψ Richter, Ting 1974 

b CPV K0àππ CKM, 3rd gen 1964/72 Υ Ledermann 1977 

Z ν-NC Gargamelle 1973 Zà e+e- UA1 1983 

t B mixing ARGUS 1987 tà Wb D0, CDF 1995 

H e+e- EW fit, LEP 2000 Hà 4µ/γγ CMS, ATLAS 2012 

Z’ ppàB X LHCb  2019 ppàZ’àY FCC 2038 

b

s

µ+

µ�

Z �

µBs�µ+µ� � 1 ± 4�

g2 |V �tbVts|2
v2

�2

� � v�
0.2

�

�
��

��

�
4�

g |V �
tbVts| �

�
��

��

50 TeV , anarchic tree

Flavour: new-physics scale?



Niels Tuning (42) 

Heavy Flavour = Precision search for NP 

•  Depending on your model, sensitive to multi-TeV scales, eg: 
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Introduction Meson mixing Rare decays Flavour physics beyond the SM

SM as effective theory

Any new physics that is too heavy for us to produce directly (yet) can show up
as a new local interaction among SM fields = a higher dimensional operator
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X
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(Q̄i
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Introduction Meson mixing Rare decays Flavour physics beyond the SM

How to probe higher-dimensional operators?
Need to look at observables that

I can be measured to an extreme precision and/or

I are suppressed in the SM but not necessarily beyond the SM

Examples

I (g � 2)µ
I Electric dipole moments

I Charged lepton flavour violation

I flavour-changing neutral currents
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•  Example: leptonic 

•  Factorization: 
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Strong interaction collected in matrix element 
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Fig. 7: Feynman diagram contributing to the leptonic decay B− → ℓν̄.

In this simple expression, all the hadronic physics is encoded in the hadronic matrix element

⟨0|ūγα(1 − γ5)b|B−⟩,

i.e. there are no other strong-interaction (QCD) effects. Since the B− meson is a pseudoscalar particle,
we have

⟨0|uγαb|B−⟩ = 0, (4.4)

and may write
⟨0|ūγαγ5b|B−(q)⟩ = ifBqα, (4.5)

where fB is the B-meson decay constant, which is an important input for phenomenological studies.
In order to determine this quantity, which is a very challenging task, non-perturbative techniques, such
as lattice [56] or QCD sum-rule analyses [57], are required. If we use (4.3) with (4.4) and (4.5), and
perform the corresponding phase-space integrations, we obtain the following decay rate:

Γ(B− → ℓν̄) =
G2

F

8π
|Vub|2MBm2

ℓ

(

1 −
m2
ℓ

M2
B

)2

f2
B , (4.6)

where MB and mℓ denote the masses of the B− and ℓ, respectively. Because of the tiny value of
|Vub| ∝ λ3 and a helicity-suppression mechanism, we obtain unfortunately very small branching ratios
of O(10−10) and O(10−7) for ℓ = e and ℓ = µ, respectively [58]. The helicity suppression is not
effective for ℓ = τ , but – because of the required τ reconstruction – these modes are also very challenging
from an experimental point of view. A measurement of leptonic B-meson decays would nevertheless be
very interesting, as it would allow an experimental determination of fB , thereby providing tests of non-
perturbative calculations of this important parameter.1 The CKM element |Vub| can be extracted from
semileptonic B decays, our next topic.

4.2 Semileptonic Decays
4.2.1 General Structure
Semileptonic B-meson decays of the kind shown in Fig. 8 have a structure that is more complicated than
the one of the leptonic transitions. If we evaluate the corresponding Feynman diagram for the b → c
case, we obtain

Tfi = −
g2
2

8
Vcb [ūℓγ

α(1 − γ5)vν ]
︸ ︷︷ ︸

Dirac spinors

[

gαβ
k2 − M2

W

]

⟨D+|c̄γβ(1 − γ5)b|B̄0
d⟩

︸ ︷︷ ︸

hadronic ME

. (4.7)

1Leptonic decays of D(s) mesons allow the extraction of the corresponding decay constants fD(s) , which are defined in
analogy to (4.5). These measurements are an important element of the CLEO-c research programme [59].
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which are in the ballpark of other recent analyses [49, 50]. Interestingly, a third event for the former
channel was very recently observed by the E949 experiment at BNL [51], thereby complementing the
previous observation of the two events by the E787 collaboration [52]. The three observed K+ → π+νν̄
events can be converted into the following branching ratio:

BR(K+ → π+νν̄) = (14.7+13.0
−8.9 ) × 10−11. (3.7)

On the other hand, for the KL → π0νν̄ channel, only the experimental upper bound

BR(KL → π0νν̄) < 5.9 × 10−7 (3.8)

is available from the KTeV collaboration [53].
In the presence of NP, the K → πνν̄ branching ratios may differ strongly from the SM expecta-

tions given in (3.6). For instance, in a recent NP analysis [48, 54], which is motivated by certain puzzling
patterns in the B-factory data and will be discussed in Subsection 9.4, a spectacular enhancement of the
KL → π0νν̄ branching ratio, by one order of magnitude, is found, and the relation in (3.5) would in fact
be dramatically violated.

Concerning the experimental aspects of the K → πνν̄ modes, we refer the reader to the recent
overview given in [55]. Let us now move on to the central topic of these lectures, the B-meson system.

4 DECAYS OFB MESONS
The B-meson system consists of charged and neutral B mesons, which are characterized by the

B+ ∼ u b̄, B− ∼ ū b
B+

c ∼ c b̄, B+
c ∼ c̄ b

and
B0

d ∼ d b̄, B̄0
d ∼ d̄ b

B0
s ∼ s b̄, B̄0

s ∼ s̄ b

valence-quark contents, respectively. The characteristic feature of the neutral Bq (q ∈ {d, s}) mesons
is the phenomenon of B0

q–B̄0
q mixing (the counterpart of K0–K̄0 mixing), which will be discussed in

Subsection 5.1. As far as the weak decays of B mesons are concerned, we distinguish between leptonic,
semileptonic and non-leptonic transitions.

4.1 Leptonic Decays
The simplest B-meson decay class is given by leptonic decays of the kind B− → ℓν̄, as illustrated
in Fig. 7. If we evaluate the corresponding Feynman diagram, we arrive at the following transition
amplitude:

Tfi = −
g2
2

8
Vub [ūℓγ

α(1 − γ5)vν ]
︸ ︷︷ ︸

Dirac spinors

[

gαβ
k2 − M2

W

]

⟨0|ūγβ(1 − γ5)b|B−⟩
︸ ︷︷ ︸

hadronic ME

, (4.1)

where g2 is the SU(2)L gauge coupling, Vub the corresponding element of the CKM matrix, α and β are
Lorentz indices, and MW denotes the mass of the W gauge boson. Since the four-momentum k that is
carried by theW satisfies k2 = M2

B ≪ M2
W , we may write

gαβ
k2 − M2

W

−→ −
gαβ
M2

W

≡ −
(

8GF√
2g2

2

)

gαβ , (4.2)

where GF is Fermi’s constant. Consequently, we may “integrate out” theW boson in (4.1), which yields

Tfi =
GF√

2
Vub [ūℓγ

α(1 − γ5)vν ] ⟨0|ūγα(1 − γ5)b|B−⟩. (4.3)
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In this simple expression, all the hadronic physics is encoded in the hadronic matrix element

⟨0|ūγα(1 − γ5)b|B−⟩,

i.e. there are no other strong-interaction (QCD) effects. Since the B− meson is a pseudoscalar particle,
we have

⟨0|uγαb|B−⟩ = 0, (4.4)

and may write
⟨0|ūγαγ5b|B−(q)⟩ = ifBqα, (4.5)

where fB is the B-meson decay constant, which is an important input for phenomenological studies.
In order to determine this quantity, which is a very challenging task, non-perturbative techniques, such
as lattice [56] or QCD sum-rule analyses [57], are required. If we use (4.3) with (4.4) and (4.5), and
perform the corresponding phase-space integrations, we obtain the following decay rate:

Γ(B− → ℓν̄) =
G2

F

8π
|Vub|2MBm2

ℓ

(

1 −
m2
ℓ

M2
B

)2

f2
B , (4.6)

where MB and mℓ denote the masses of the B− and ℓ, respectively. Because of the tiny value of
|Vub| ∝ λ3 and a helicity-suppression mechanism, we obtain unfortunately very small branching ratios
of O(10−10) and O(10−7) for ℓ = e and ℓ = µ, respectively [58]. The helicity suppression is not
effective for ℓ = τ , but – because of the required τ reconstruction – these modes are also very challenging
from an experimental point of view. A measurement of leptonic B-meson decays would nevertheless be
very interesting, as it would allow an experimental determination of fB , thereby providing tests of non-
perturbative calculations of this important parameter.1 The CKM element |Vub| can be extracted from
semileptonic B decays, our next topic.

4.2 Semileptonic Decays
4.2.1 General Structure
Semileptonic B-meson decays of the kind shown in Fig. 8 have a structure that is more complicated than
the one of the leptonic transitions. If we evaluate the corresponding Feynman diagram for the b → c
case, we obtain

Tfi = −
g2
2

8
Vcb [ūℓγ

α(1 − γ5)vν ]
︸ ︷︷ ︸

Dirac spinors

[

gαβ
k2 − M2

W

]

⟨D+|c̄γβ(1 − γ5)b|B̄0
d⟩

︸ ︷︷ ︸

hadronic ME

. (4.7)

1Leptonic decays of D(s) mesons allow the extraction of the corresponding decay constants fD(s) , which are defined in
analogy to (4.5). These measurements are an important element of the CLEO-c research programme [59].
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which are in the ballpark of other recent analyses [49, 50]. Interestingly, a third event for the former
channel was very recently observed by the E949 experiment at BNL [51], thereby complementing the
previous observation of the two events by the E787 collaboration [52]. The three observed K+ → π+νν̄
events can be converted into the following branching ratio:

BR(K+ → π+νν̄) = (14.7+13.0
−8.9 ) × 10−11. (3.7)

On the other hand, for the KL → π0νν̄ channel, only the experimental upper bound

BR(KL → π0νν̄) < 5.9 × 10−7 (3.8)

is available from the KTeV collaboration [53].
In the presence of NP, the K → πνν̄ branching ratios may differ strongly from the SM expecta-

tions given in (3.6). For instance, in a recent NP analysis [48, 54], which is motivated by certain puzzling
patterns in the B-factory data and will be discussed in Subsection 9.4, a spectacular enhancement of the
KL → π0νν̄ branching ratio, by one order of magnitude, is found, and the relation in (3.5) would in fact
be dramatically violated.

Concerning the experimental aspects of the K → πνν̄ modes, we refer the reader to the recent
overview given in [55]. Let us now move on to the central topic of these lectures, the B-meson system.

4 DECAYS OFB MESONS
The B-meson system consists of charged and neutral B mesons, which are characterized by the

B+ ∼ u b̄, B− ∼ ū b
B+

c ∼ c b̄, B+
c ∼ c̄ b

and
B0

d ∼ d b̄, B̄0
d ∼ d̄ b

B0
s ∼ s b̄, B̄0

s ∼ s̄ b

valence-quark contents, respectively. The characteristic feature of the neutral Bq (q ∈ {d, s}) mesons
is the phenomenon of B0

q–B̄0
q mixing (the counterpart of K0–K̄0 mixing), which will be discussed in

Subsection 5.1. As far as the weak decays of B mesons are concerned, we distinguish between leptonic,
semileptonic and non-leptonic transitions.

4.1 Leptonic Decays
The simplest B-meson decay class is given by leptonic decays of the kind B− → ℓν̄, as illustrated
in Fig. 7. If we evaluate the corresponding Feynman diagram, we arrive at the following transition
amplitude:

Tfi = −
g2
2

8
Vub [ūℓγ

α(1 − γ5)vν ]
︸ ︷︷ ︸

Dirac spinors

[

gαβ
k2 − M2

W

]

⟨0|ūγβ(1 − γ5)b|B−⟩
︸ ︷︷ ︸

hadronic ME

, (4.1)

where g2 is the SU(2)L gauge coupling, Vub the corresponding element of the CKM matrix, α and β are
Lorentz indices, and MW denotes the mass of the W gauge boson. Since the four-momentum k that is
carried by theW satisfies k2 = M2

B ≪ M2
W , we may write

gαβ
k2 − M2

W

−→ −
gαβ
M2

W

≡ −
(

8GF√
2g2

2

)

gαβ , (4.2)

where GF is Fermi’s constant. Consequently, we may “integrate out” theW boson in (4.1), which yields

Tfi =
GF√

2
Vub [ūℓγ

α(1 − γ5)vν ] ⟨0|ūγα(1 − γ5)b|B−⟩. (4.3)
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where g2 is the SU(2)L gauge coupling, Vub the corresponding element of the CKM matrix, α and β are
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where g2 is the SU(2)L gauge coupling, Vub the corresponding element of the CKM matrix, α and β are
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Fig. 7: Feynman diagram contributing to the leptonic decay B− → ℓν̄.

In this simple expression, all the hadronic physics is encoded in the hadronic matrix element

⟨0|ūγα(1 − γ5)b|B−⟩,

i.e. there are no other strong-interaction (QCD) effects. Since the B− meson is a pseudoscalar particle,
we have

⟨0|uγαb|B−⟩ = 0, (4.4)

and may write
⟨0|ūγαγ5b|B−(q)⟩ = ifBqα, (4.5)

where fB is the B-meson decay constant, which is an important input for phenomenological studies.
In order to determine this quantity, which is a very challenging task, non-perturbative techniques, such
as lattice [56] or QCD sum-rule analyses [57], are required. If we use (4.3) with (4.4) and (4.5), and
perform the corresponding phase-space integrations, we obtain the following decay rate:

Γ(B− → ℓν̄) =
G2

F

8π
|Vub|2MBm2

ℓ

(

1 −
m2
ℓ

M2
B

)2

f2
B , (4.6)

where MB and mℓ denote the masses of the B− and ℓ, respectively. Because of the tiny value of
|Vub| ∝ λ3 and a helicity-suppression mechanism, we obtain unfortunately very small branching ratios
of O(10−10) and O(10−7) for ℓ = e and ℓ = µ, respectively [58]. The helicity suppression is not
effective for ℓ = τ , but – because of the required τ reconstruction – these modes are also very challenging
from an experimental point of view. A measurement of leptonic B-meson decays would nevertheless be
very interesting, as it would allow an experimental determination of fB , thereby providing tests of non-
perturbative calculations of this important parameter.1 The CKM element |Vub| can be extracted from
semileptonic B decays, our next topic.

4.2 Semileptonic Decays
4.2.1 General Structure
Semileptonic B-meson decays of the kind shown in Fig. 8 have a structure that is more complicated than
the one of the leptonic transitions. If we evaluate the corresponding Feynman diagram for the b → c
case, we obtain

Tfi = −
g2
2

8
Vcb [ūℓγ

α(1 − γ5)vν ]
︸ ︷︷ ︸

Dirac spinors

[

gαβ
k2 − M2

W

]

⟨D+|c̄γβ(1 − γ5)b|B̄0
d⟩

︸ ︷︷ ︸

hadronic ME

. (4.7)

1Leptonic decays of D(s) mesons allow the extraction of the corresponding decay constants fD(s) , which are defined in
analogy to (4.5). These measurements are an important element of the CLEO-c research programme [59].
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in Fig. 7. If we evaluate the corresponding Feynman diagram, we arrive at the following transition
amplitude:

Tfi = −
g2
2

8
Vub [ūℓγ
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where g2 is the SU(2)L gauge coupling, Vub the corresponding element of the CKM matrix, α and β are
Lorentz indices, and MW denotes the mass of the W gauge boson. Since the four-momentum k that is
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Fig. 7: Feynman diagram contributing to the leptonic decay B− → ℓν̄.

In this simple expression, all the hadronic physics is encoded in the hadronic matrix element

⟨0|ūγα(1 − γ5)b|B−⟩,

i.e. there are no other strong-interaction (QCD) effects. Since the B− meson is a pseudoscalar particle,
we have

⟨0|uγαb|B−⟩ = 0, (4.4)

and may write
⟨0|ūγαγ5b|B−(q)⟩ = ifBqα, (4.5)

where fB is the B-meson decay constant, which is an important input for phenomenological studies.
In order to determine this quantity, which is a very challenging task, non-perturbative techniques, such
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Fig. 8: Feynman diagram contributing to semileptonic B̄0
d → D+(π+)ℓν̄ decays.

Because of k2 ∼ M2
B ≪ M2

W , we may again – as in (4.1) – integrate out the W boson with the help of
(4.2), which yields

Tfi =
GF√

2
Vcb [ūℓγ

α(1 − γ5)vν ] ⟨D+|c̄γα(1 − γ5)b|B̄0
d⟩, (4.8)

where all the hadronic physics is encoded in the hadronic matrix element

⟨D+|c̄γα(1 − γ5)b|B̄0
d⟩,

i.e. there are no other strong-interaction (QCD) effects. Since the B̄0
d and D+ are pseudoscalar mesons,

we have
⟨D+|c̄γαγ5b|B̄0

d⟩ = 0, (4.9)
and may write

⟨D+(k)|c̄γαb|B̄0
d(p)⟩ = F1(q

2)

[

(p + k)α −
(

M2
B − M2

D

q2

)

qα

]

+ F0(q
2)

(

M2
B − M2

D

q2

)

qα, (4.10)

where q ≡ p − k, and the F1,0(q2) denote the form factors of the B̄ → D transitions. Consequently,
in contrast to the simple case of the leptonic transitions, semileptonic decays involve two hadronic form
factors instead of the decay constant fB. In order to calculate these parameters, which depend on the
momentum transfer q, again non-perturbative techniques (lattice, QCD sum rules, etc.) are required.

4.2.2 Aspects of the Heavy-Quark Effective Theory
If the mass mQ of a quark Q is much larger than the QCD scale parameter ΛQCD = O(100 MeV), it is
referred to as a “heavy” quark. Since the bottom and charm quarks have masses at the level of 5 GeV
and 1 GeV, respectively, they belong to this important category. As far as the extremely heavy top quark,
with mt ∼ 170 GeV is concerned, it decays unfortunately through weak interactions before a hadron can
be formed. Let us now consider a heavy quark that is bound inside a hadron, i.e. a bottom or a charm
quark. The heavy quark then moves almost with the hadron’s four velocity v and is almost on-shell, so
that

pµ
Q = mQvµ + kµ, (4.11)

where v2 = 1 and k ≪ mQ is the “residual” momentum. Owing to the interactions of the heavy
quark with the light degrees of freedom of the hadron, the residual momentum may only change by
∆k ∼ ΛQCD, and ∆v → 0 for ΛQCD/mQ → 0.

It is now instructive to have a look at the elastic scattering process B̄(v) → B̄(v′) in the limit of
ΛQCD/mb → 0, which is characterized by the following matrix element:

1

MB
⟨B̄(v′)|b̄v′γαbv|B̄(v)⟩ = ξ(v′ · v)(v + v′)α. (4.12)
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Because of k2 ∼ M2
B ≪ M2

W , we may again – as in (4.1) – integrate out the W boson with the help of
(4.2), which yields

Tfi =
GF√

2
Vcb [ūℓγ

α(1 − γ5)vν ] ⟨D+|c̄γα(1 − γ5)b|B̄0
d⟩, (4.8)

where all the hadronic physics is encoded in the hadronic matrix element

⟨D+|c̄γα(1 − γ5)b|B̄0
d⟩,

i.e. there are no other strong-interaction (QCD) effects. Since the B̄0
d and D+ are pseudoscalar mesons,

we have
⟨D+|c̄γαγ5b|B̄0

d⟩ = 0, (4.9)
and may write

⟨D+(k)|c̄γαb|B̄0
d(p)⟩ = F1(q

2)

[

(p + k)α −
(

M2
B − M2

D

q2

)

qα

]

+ F0(q
2)

(
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D

q2

)

qα, (4.10)

where q ≡ p − k, and the F1,0(q2) denote the form factors of the B̄ → D transitions. Consequently,
in contrast to the simple case of the leptonic transitions, semileptonic decays involve two hadronic form
factors instead of the decay constant fB. In order to calculate these parameters, which depend on the
momentum transfer q, again non-perturbative techniques (lattice, QCD sum rules, etc.) are required.

4.2.2 Aspects of the Heavy-Quark Effective Theory
If the mass mQ of a quark Q is much larger than the QCD scale parameter ΛQCD = O(100 MeV), it is
referred to as a “heavy” quark. Since the bottom and charm quarks have masses at the level of 5 GeV
and 1 GeV, respectively, they belong to this important category. As far as the extremely heavy top quark,
with mt ∼ 170 GeV is concerned, it decays unfortunately through weak interactions before a hadron can
be formed. Let us now consider a heavy quark that is bound inside a hadron, i.e. a bottom or a charm
quark. The heavy quark then moves almost with the hadron’s four velocity v and is almost on-shell, so
that

pµ
Q = mQvµ + kµ, (4.11)

where v2 = 1 and k ≪ mQ is the “residual” momentum. Owing to the interactions of the heavy
quark with the light degrees of freedom of the hadron, the residual momentum may only change by
∆k ∼ ΛQCD, and ∆v → 0 for ΛQCD/mQ → 0.

It is now instructive to have a look at the elastic scattering process B̄(v) → B̄(v′) in the limit of
ΛQCD/mb → 0, which is characterized by the following matrix element:

1

MB
⟨B̄(v′)|b̄v′γαbv|B̄(v)⟩ = ξ(v′ · v)(v + v′)α. (4.12)
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4.2.2 Aspects of the Heavy-Quark Effective Theory
If the mass mQ of a quark Q is much larger than the QCD scale parameter ΛQCD = O(100 MeV), it is
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that
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quark with the light degrees of freedom of the hadron, the residual momentum may only change by
∆k ∼ ΛQCD, and ∆v → 0 for ΛQCD/mQ → 0.
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that
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Fig. 7: Feynman diagrams contributing to semileptonic B̄0
d → D+(π+)ℓν̄ℓ decays.

3.2 Semileptonic Decays
3.2.1 General Structure
Semileptonic B-meson decays of the kind shown in Fig. 7 have a structure that is more complicated than
the one of the leptonic transitions. If we evaluate the corresponding Feynman diagram for the b → c
case, we obtain

Tfi = −
g2
2

8
Vcb [ūℓγ

α(1 − γ5)vν ]
︸ ︷︷ ︸

Dirac spinors

[

gαβ
k2 − M2

W

]

⟨D+|c̄γβ(1 − γ5)b|B̄0
d⟩

︸ ︷︷ ︸

hadronic ME

. (3.12)

Because of k2 ∼ M2
B ≪ M2

W , we may again – as in (3.1) – integrate out the W boson with the help of
(3.2), which yields

Tfi =
GF√

2
Vcb [ūℓγ

α(1 − γ5)vν ] ⟨D+|c̄γα(1 − γ5)b|B̄0
d⟩, (3.13)

where all the hadronic physics is encoded in the hadronic matrix element

⟨D+|c̄γα(1 − γ5)b|B̄0
d⟩,

i.e. there are no other QCD effects. Since the B̄0
d and D+ are pseudoscalar mesons, we have

⟨D+|c̄γαγ5b|B̄0
d⟩ = 0, (3.14)

and may write

⟨D+(k)|c̄γαb|B̄0
d(p)⟩ = F1(q

2)

[

(p + k)α −
(

M2
B − M2

D

q2

)

qα

]

+ F0(q
2)

(

M2
B − M2

D

q2

)

qα, (3.15)

where q ≡ p − k, and the F1,0(q2) denote the form factors of the B̄ → D transitions. Consequently,
in contrast to the simple case of the leptonic transitions, semileptonic decays involve two hadronic form
factors instead of the decay constant fB. In order to calculate these parameters, which depend on the
momentum transfer q, again non-perturbative techniques (QCD sum rules, lattice, etc.) are required.

3.2.2 Aspects of the Heavy-Quark Effective Theory
If the mass mQ of a quark Q is much larger than the QCD scale parameter ΛQCD = O(100MeV), it is
referred to as a “heavy” quark. Since the bottom and charm quarks have masses at the level of 5GeV
and 1GeV, respectively, they belong to this important category. As far as the extremely heavy top quark,
withmt ∼ 170GeV is concerned, it decays unfortunately through weak interactions before a hadron can
be formed. Let us now consider a heavy quark that is bound inside a hadron, i.e. a bottom or a charm
quark. The heavy quark then moves almost with the hadron’s four velocity v and is almost on-shell, so
that

pµ
Q = mQvµ + kµ, (3.16)
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be formed. Let us now consider a heavy quark that is bound inside a hadron, i.e. a bottom or a charm
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where q ≡ p − k, and the F1,0(q2) denote the form factors of the B̄ → D transitions. Consequently,
in contrast to the simple case of the leptonic transitions, semileptonic decays involve two hadronic form
factors instead of the decay constant fB. In order to calculate these parameters, which depend on the
momentum transfer q, again non-perturbative techniques (QCD sum rules, lattice, etc.) are required.

3.2.2 Aspects of the Heavy-Quark Effective Theory
If the mass mQ of a quark Q is much larger than the QCD scale parameter ΛQCD = O(100MeV), it is
referred to as a “heavy” quark. Since the bottom and charm quarks have masses at the level of 5GeV
and 1GeV, respectively, they belong to this important category. As far as the extremely heavy top quark,
withmt ∼ 170GeV is concerned, it decays unfortunately through weak interactions before a hadron can
be formed. Let us now consider a heavy quark that is bound inside a hadron, i.e. a bottom or a charm
quark. The heavy quark then moves almost with the hadron’s four velocity v and is almost on-shell, so
that
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FIG. 2: d�/dq2 for the form-factor parametrization of
Ref. [12] and the HFAG parameters as given in Table II. The
uncertainty on ⇢2 is illustrated by the dotted curves.

analysis of Ref. [5] results in an essentially universal value
of |a1| ' 1.05. It is interesting to note that the current
experimental values of the |a1| favor a central value that
is smaller than one, around |a1| ' 0.95. Within the er-
rors, we cannot resolve nonfactorizable e↵ects. Only the
B̄0

d

! D+⇡� decay shows a value of a1 that is about 2�
away from factorization.

Corresponding d�/dq2(⇥103)[GeV�2ps�1]
hadronic decay w BaBar Belle
B̄0

d ! D+⇡� 1.588 2.34±0.13 2.36±0.42
B̄0

d ! D+K� 1.577 2.31±0.13 2.32±0.42
B̄0

d ! D⇤+⇡� 1.503 1.99±0.13 1.86± 0.09
B̄0

d ! D⇤+K� 1.492 2.08±0.14 1.95± 0.10

TABLE III: The semi-leptonic di↵erential decay rates at the
values of the relevant four-momentum transfers entering the
factorization test in Eq. (1). The parameters from Table II
are used in the form-factor parametrization, and the full cor-
relations are taken into account in the uncertainty of d�/dq2.

Topol. Decay BR[10] |a1(DqP )|
(⇥104) BaBar Belle

T 0 B̄0
d ! D+K� 2.0± 0.6 0.89 ± 0.13 0.88 ± 0.16

T 0⇤ B̄0
d ! D⇤+K� 2.14± 0.16 0.96 ± 0.05 0.99 ± 0.05

T + E B̄0
d ! D+⇡� 26.8± 1.3 0.88 ± 0.04 0.88 ± 0.09

T ⇤+E⇤ B̄0
d ! D⇤+⇡� 27.6± 1.3 0.98 ± 0.04 1.01 ± 0.04

TABLE IV: Determination of the |a1(DqP )| from the current
data. The error is estimated by adding the uncertainties of the
hadronic branching ratio and the semi-leptonic rate in quadra-
ture. The correlations between the form-factor parameters for
the semi-leptonic decay rate are taken into account.
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FIG. 3: The values for |a1(DqP )| as obtained with the Belle
and BaBar parameters from Table II. The errors represent
the error from the hadronic branching ratio [10] with the un-
certainty of the semi-leptonic decay rate added in quadrature.
The full correlation matrix of the uncertainties in the deter-
mination of the form-factor parametrization of both the Belle
and BaBar result is taken into account. No uncertainty on
the decay constants is included.

We encourage the B factories to determine the ratios of
the semi-leptonic di↵erential decay rates and the relevant
hadronic branching ratios directly. Correlated systematic
uncertainties, such as the D(⇤) reconstruction e�ciencies
and the D(⇤) branching fractions, would cancel so that
the B-factory results could be fully exploited. These cor-
relations are not considered in the errors estimated in
Table IV.

Recently, calculations became available that estimate
electromagnetic corrections to two-body B-meson decays
into two light hadrons [18]. They can be as large as 5%
for B0

d

! ⇡+⇡� for a E
�,max

= 250 MeV, but we do not
know to what extend these corrections are accounted for
in the measurements of heavy-light decays.

As noted in Ref. [5], further tests of factorization are
o↵ered by the measurement of the ratios of nonleptonic
decay rates [5]:
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Because of k2 ∼ M2
B ≪ M2

W , we may again – as in (4.1) – integrate out the W boson with the help of
(4.2), which yields

Tfi =
GF√

2
Vcb [ūℓγ

α(1 − γ5)vν ] ⟨D+|c̄γα(1 − γ5)b|B̄0
d⟩, (4.8)

where all the hadronic physics is encoded in the hadronic matrix element

⟨D+|c̄γα(1 − γ5)b|B̄0
d⟩,

i.e. there are no other strong-interaction (QCD) effects. Since the B̄0
d and D+ are pseudoscalar mesons,

we have
⟨D+|c̄γαγ5b|B̄0

d⟩ = 0, (4.9)
and may write
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where q ≡ p − k, and the F1,0(q2) denote the form factors of the B̄ → D transitions. Consequently,
in contrast to the simple case of the leptonic transitions, semileptonic decays involve two hadronic form
factors instead of the decay constant fB. In order to calculate these parameters, which depend on the
momentum transfer q, again non-perturbative techniques (lattice, QCD sum rules, etc.) are required.

4.2.2 Aspects of the Heavy-Quark Effective Theory
If the mass mQ of a quark Q is much larger than the QCD scale parameter ΛQCD = O(100 MeV), it is
referred to as a “heavy” quark. Since the bottom and charm quarks have masses at the level of 5 GeV
and 1 GeV, respectively, they belong to this important category. As far as the extremely heavy top quark,
with mt ∼ 170 GeV is concerned, it decays unfortunately through weak interactions before a hadron can
be formed. Let us now consider a heavy quark that is bound inside a hadron, i.e. a bottom or a charm
quark. The heavy quark then moves almost with the hadron’s four velocity v and is almost on-shell, so
that

pµ
Q = mQvµ + kµ, (4.11)

where v2 = 1 and k ≪ mQ is the “residual” momentum. Owing to the interactions of the heavy
quark with the light degrees of freedom of the hadron, the residual momentum may only change by
∆k ∼ ΛQCD, and ∆v → 0 for ΛQCD/mQ → 0.

It is now instructive to have a look at the elastic scattering process B̄(v) → B̄(v′) in the limit of
ΛQCD/mb → 0, which is characterized by the following matrix element:

1

MB
⟨B̄(v′)|b̄v′γαbv|B̄(v)⟩ = ξ(v′ · v)(v + v′)α. (4.12)
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Fig. 7: Feynman diagrams contributing to semileptonic B̄0
d → D+(π+)ℓν̄ℓ decays.

3.2 Semileptonic Decays
3.2.1 General Structure
Semileptonic B-meson decays of the kind shown in Fig. 7 have a structure that is more complicated than
the one of the leptonic transitions. If we evaluate the corresponding Feynman diagram for the b → c
case, we obtain

Tfi = −
g2
2

8
Vcb [ūℓγ

α(1 − γ5)vν ]
︸ ︷︷ ︸

Dirac spinors

[

gαβ
k2 − M2

W

]

⟨D+|c̄γβ(1 − γ5)b|B̄0
d⟩

︸ ︷︷ ︸

hadronic ME

. (3.12)

Because of k2 ∼ M2
B ≪ M2

W , we may again – as in (3.1) – integrate out the W boson with the help of
(3.2), which yields

Tfi =
GF√

2
Vcb [ūℓγ

α(1 − γ5)vν ] ⟨D+|c̄γα(1 − γ5)b|B̄0
d⟩, (3.13)

where all the hadronic physics is encoded in the hadronic matrix element

⟨D+|c̄γα(1 − γ5)b|B̄0
d⟩,

i.e. there are no other QCD effects. Since the B̄0
d and D+ are pseudoscalar mesons, we have

⟨D+|c̄γαγ5b|B̄0
d⟩ = 0, (3.14)

and may write

⟨D+(k)|c̄γαb|B̄0
d(p)⟩ = F1(q

2)

[

(p + k)α −
(

M2
B − M2

D

q2

)

qα

]

+ F0(q
2)

(

M2
B − M2

D

q2

)

qα, (3.15)

where q ≡ p − k, and the F1,0(q2) denote the form factors of the B̄ → D transitions. Consequently,
in contrast to the simple case of the leptonic transitions, semileptonic decays involve two hadronic form
factors instead of the decay constant fB. In order to calculate these parameters, which depend on the
momentum transfer q, again non-perturbative techniques (QCD sum rules, lattice, etc.) are required.

3.2.2 Aspects of the Heavy-Quark Effective Theory
If the mass mQ of a quark Q is much larger than the QCD scale parameter ΛQCD = O(100MeV), it is
referred to as a “heavy” quark. Since the bottom and charm quarks have masses at the level of 5GeV
and 1GeV, respectively, they belong to this important category. As far as the extremely heavy top quark,
withmt ∼ 170GeV is concerned, it decays unfortunately through weak interactions before a hadron can
be formed. Let us now consider a heavy quark that is bound inside a hadron, i.e. a bottom or a charm
quark. The heavy quark then moves almost with the hadron’s four velocity v and is almost on-shell, so
that

pµ
Q = mQvµ + kµ, (3.16)
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FIG. 2: d�/dq2 for the form-factor parametrization of
Ref. [12] and the HFAG parameters as given in Table II. The
uncertainty on ⇢2 is illustrated by the dotted curves.

analysis of Ref. [5] results in an essentially universal value
of |a1| ' 1.05. It is interesting to note that the current
experimental values of the |a1| favor a central value that
is smaller than one, around |a1| ' 0.95. Within the er-
rors, we cannot resolve nonfactorizable e↵ects. Only the
B̄0

d

! D+⇡� decay shows a value of a1 that is about 2�
away from factorization.

Corresponding d�/dq2(⇥103)[GeV�2ps�1]
hadronic decay w BaBar Belle
B̄0

d ! D+⇡� 1.588 2.34±0.13 2.36±0.42
B̄0

d ! D+K� 1.577 2.31±0.13 2.32±0.42
B̄0

d ! D⇤+⇡� 1.503 1.99±0.13 1.86± 0.09
B̄0

d ! D⇤+K� 1.492 2.08±0.14 1.95± 0.10

TABLE III: The semi-leptonic di↵erential decay rates at the
values of the relevant four-momentum transfers entering the
factorization test in Eq. (1). The parameters from Table II
are used in the form-factor parametrization, and the full cor-
relations are taken into account in the uncertainty of d�/dq2.

Topol. Decay BR[10] |a1(DqP )|
(⇥104) BaBar Belle

T 0 B̄0
d ! D+K� 2.0± 0.6 0.89 ± 0.13 0.88 ± 0.16

T 0⇤ B̄0
d ! D⇤+K� 2.14± 0.16 0.96 ± 0.05 0.99 ± 0.05

T + E B̄0
d ! D+⇡� 26.8± 1.3 0.88 ± 0.04 0.88 ± 0.09

T ⇤+E⇤ B̄0
d ! D⇤+⇡� 27.6± 1.3 0.98 ± 0.04 1.01 ± 0.04

TABLE IV: Determination of the |a1(DqP )| from the current
data. The error is estimated by adding the uncertainties of the
hadronic branching ratio and the semi-leptonic rate in quadra-
ture. The correlations between the form-factor parameters for
the semi-leptonic decay rate are taken into account.
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FIG. 3: The values for |a1(DqP )| as obtained with the Belle
and BaBar parameters from Table II. The errors represent
the error from the hadronic branching ratio [10] with the un-
certainty of the semi-leptonic decay rate added in quadrature.
The full correlation matrix of the uncertainties in the deter-
mination of the form-factor parametrization of both the Belle
and BaBar result is taken into account. No uncertainty on
the decay constants is included.

We encourage the B factories to determine the ratios of
the semi-leptonic di↵erential decay rates and the relevant
hadronic branching ratios directly. Correlated systematic
uncertainties, such as the D(⇤) reconstruction e�ciencies
and the D(⇤) branching fractions, would cancel so that
the B-factory results could be fully exploited. These cor-
relations are not considered in the errors estimated in
Table IV.

Recently, calculations became available that estimate
electromagnetic corrections to two-body B-meson decays
into two light hadrons [18]. They can be as large as 5%
for B0

d

! ⇡+⇡� for a E
�,max

= 250 MeV, but we do not
know to what extend these corrections are accounted for
in the measurements of heavy-light decays.

As noted in Ref. [5], further tests of factorization are
o↵ered by the measurement of the ratios of nonleptonic
decay rates [5]:

BR(B̄0
d

! D+⇡�)

BR(B̄0
d

! D⇤+⇡�)

=
(m2

B

� m2
D

)2|~q|
4m2

B

|~q|3
✓

F0(m2
⇡

)

A0(m2
⇡

)

◆2 ����
a1(D⇡)

a1(D⇤⇡)

����
2

, (4)

BR(B̄0
d

! D+⇢�)

BR(B̄0
d

! D+⇡�)

=
4m2

B

|~q|3
(m2

B

� m2
D

)2|~q|
f2

⇢

f2
⇡

 
F+(m2

⇢

)

F0(m2
⇡

)

!2 ����
a1(D⇢)

a1(D⇡)

����
2

. (5)

Using the branching ratios from Table IV gives
����

a1(D⇡)

a1(D⇤⇡)

����
F0(m2

⇡

)

A0(m2
⇡

)
= 0.95 ± 0.03 (6)

����
a1(D⇢)

a1(D⇡)

����
F+(m2

⇢

)

F0(m2
⇡

)
= 1.07 ± 0.10, (7)
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of the Standard Model, FCNC transitions are possible at the tree level and the hierarchies

discussed here may not apply.

The formalism developed so far is not complete because it does not include QCD

corrections. Moreover we did not address the classification of the local operators Oi and

we have not shown how to translate the calculations done in terms of quarks into predictions

for the decays of their bound states, the hadrons. These issues will be the topics of the

following subsection.

2.5 QCD, OPE and Renormalization Group

2.5.1 Preliminary Remarks

An amplitude for a decay of a given meson M = K,B, . . . into a final state F is simply

given by

A(M → F ) = ⟨F | Heff | M⟩ , (2.44)

where Heff is the relevant Hamiltonian such as given in (2.36). Since all Hamiltonians

considered can be written as linear combinations of local four–fermion operators, the result

for the decay amplitude is generally given by

A(M → F ) =
∑

i

Ci⟨F | Oi | M⟩. (2.45)

In the case of B0 − B̄0 mixing and K0 − K̄0 mixing, | M⟩ and ⟨F | have to be changed

appropriately.

Before further discussing (2.45) we have to elaborate on QCD corrections to weak de-

cays. Clearly these decays originate in weak transitions mediated by W± and Z0. However,

the presence of strong and electromagnetic interactions often has an important impact on

weak decays and consequently these interactions have a natural place in the physics of

quark mixing, CP violation and rare decays. We have already seen the existence of FCNC

transitions involving photonic and gluonic penguin diagrams. As far as electromagnetic

interactions are concerned, it is sufficient to work to first order in α. However, the case of

strong interactions is very different and must be carefully investigated.

Due to the fact that W± and Z0 are very massive, the basic weak transitions take place

at very short distance scales O(1/M2
W,Z). The strong interactions being active at both short

and long distances change this picture in the case of hadron decays, and generally weak

decays of hadrons receive contributions from both short and long distances.

Now due to asymptotic freedom present in QCD, its effective coupling constant αs(µ)

becomes small at µ = MW,Z . In the two loop approximation this running coupling constant

is given by
αs(µ)

4π
=

ḡ2
s(µ)

16π2
=

1

β0 ln(µ2/Λ2
MS

)
−
β1

β3
0

ln ln(µ2/Λ2
MS

)

ln2(µ2/Λ2
MS

)
, (2.46)

where β0 = (33 − 2f)/3 and β1 = (306 − 38f)/3 with f being the number of “effective”

flavours. What “effective” means here will be explained below. Roughly speaking f = 6 for

µ ≥ mt, f = 5 for mb ≤ µ ≤ mt, f = 4 for mc ≤ µ ≤ mb and f = 3 for µ ≤ mc. ΛMS is the

QCD scale parameter [19] which generally depends on f . Denoting by α(f)
s the effective

17

Furthermore, in inclusive semi–leptonic decays of heavy quarks QCD corrections resulting

from real gluon emission can be calculated perturbatively. These issues are discussed by

Neubert in a separate chapter in this book.

The non–leptonic decays such as K → ππ or B → DK are more complicated to

analyze and to calculate because the factorization of a given matrix element of a four–

fermion operator into the product of current matrix elements is no longer true. Indeed

now the gluons can connect the two quark currents (fig. 10c), and in addition the diagrams

of fig. 10d contribute. The breakdown of factorization in non–leptonic decays is present

both at short and long distances simply because the effects of strong interactions are

felt both at large and small momenta. At large momenta, however, the QCD coupling

constant is small and the non–factorizable contributions can be studied in perturbation

theory. In order to accomplish this task, one has to separate first short distance effects

from long distance effects. This is most elegantly done by means of the operator product

expansion approach (OPE) combined with the renormalization group. In order to discuss

these methods we have to say a few words about the effective field theory picture which

underlies our discussion presented so far.

2.5.2 Effective Field Theory Picture

The basic framework for weak decays of hadrons containing u, d, s, c and b quarks is the

effective field theory relevant for scales µ ≪ MW ,MZ ,mt. This framework, as we have

seen above, brings in local operators which govern “effectively” the transitions in question.

From the point of view of the decaying hadrons containing the lightest five quarks this is

the only correct picture we know and also the most efficient one for studying the presence

of QCD. Furthermore it represents the generalization of the Fermi theory as formulated

by Sudarshan and Marshak [21] and Feynman and Gell-Mann [22] forty years ago.

Indeed the simplest effective Hamiltonian without QCD effects that one would find

from the first diagram of fig. 11 is (see (2.14))

H0
eff =

GF√
2
VcbV

∗
cs(c̄b)V −A(s̄c)V −A , (2.51)

where GF is the Fermi constant, Vij are the relevant CKM factors and

(c̄b)V −A(s̄c)V −A ≡ (c̄γµ(1 − γ5)b)(s̄γµ(1 − γ5)c) = Q2 (2.52)

is a (V −A) · (V −A) current-current local operator usually denoted by Q2. The situation

in the Standard Model is, however, more complicated because of the presence of additional

interactions which effectively generate new operators. These are in particular the gluon,

photon and Z0-boson exchanges and internal top contributions as we have seen above.

Some of the elementary interactions of this type are shown this time for B decays in fig. 11.

Consequently the relevant effective Hamiltonian for B-meson decays involves generally

several operators Qi with various colour and Dirac structures which are different from Q2.

Moreover each operator is multiplied by a calculable coefficient Ci(µ):

Heff =
GF√

2
VCKM

∑

i

Ci(µ)Qi, (2.53)
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where the scale µ is discussed below and VCKM denotes the relevant CKM factor. Analogous

expressions apply to K and D decays with an appropriate change of flavours.

At this stage it should be mentioned that the usual Feynman diagram drawings of

the type shown in fig. 11 containing full W -propagators, Z0−propagators and top-quark

propagators represent really the happening at scales O(MW) whereas the true picture of

a decaying hadron is more correctly described by the local operators in question. Thus,

whereas at scales O(MW) we have to deal with the full six-quark theory containing the

photon, weak gauge bosons and gluons, at scales O(1GeV) the relevant effective theory

contains only three light quarks u, d and s, gluons and the photon. At intermediate energy

scales µ = O(mb) and µ = O(mc) relevant for beauty and charm decays, effective five-quark

and effective four-quark theories have to be considered, respectively.

The usual procedure then is to start at a high energy scale O(MW ) and consecutively

integrate out the heavy degrees of freedom (heavy with respect to the relevant scale µ)

from explicitly appearing in the theory. The word “explicitly” is very essential here. The

heavy fields did not disappear. Their effects are merely hidden in the effective gauge

coupling constants, running masses and most importantly in the coefficients describing the

“effective” strength of the operators at a given scale µ, the Wilson coefficient functions

Ci(µ).

2.5.3 OPE and Renormalization Group

The Operator Product Expansion (OPE) combined with the renormalization group ap-

proach can be regarded as a mathematical formulation of the picture outlined above. In

this framework the amplitude for an exclusive decay M → F is written as

A(M → F ) =
GF√

2
VCKM

∑

i

Ci(µ)⟨F | Qi(µ) | M⟩, (2.54)

which generalizes (2.45) to include QCD corrections. Qi denote the local operators gener-

ated by QCD and electroweak interactions. Ci(µ) stand for the Wilson coefficient functions

(c-numbers). The following comments should be made:

• The scale µ separates the physics contributions in the “short distance” contributions

(corresponding to scales higher than µ) contained in Ci(µ) and the “long distance”

contributions (scales lower than µ) contained in ⟨F | Qi(µ) | M⟩. By evolving

the scale from µ = O(MW ) down to lower values of µ one transforms the physics

information at scales higher than µ from the hadronic matrix elements into Ci(µ).

Since no information is lost this way the full amplitude cannot depend on µ. This

is the essence of the renormalization group equations which govern the evolution

(µ− dependence) of Ci(µ). This µ-dependence must be cancelled by the one present

in ⟨Qi(µ)⟩. It should be stressed, however, that this cancellation generally involves

many operators due to the operator mixing under renormalization.

• The set of basic operators entering the OPE and “driving” a given weak decay can be

specified at short distances, i.e. without solving the difficult non–perturbative prob-

lem. Similarly the Wilson coefficient functions of these operators can be calculated

by means of perturbative methods as long as µ is not too small, say µ ≥ 1 GeV.
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Fig. 11: Factorizable QCD corrections in the full (left panel) and effective (right panel) theories.

Fig. 12: Non-factorizable QCD corrections in the full (left panel) and effective (right panel) theories.

theory, where theW is integrated out (see Figs. 11 and 12), and have then to express the QCD-corrected
transition amplitude in terms of QCD-corrected matrix elements and Wilson coefficients as in (3.31).
This procedure is called “matching” between the full and the effective theory. The results for the Ck(µ)
thus obtained contain terms of log(µ/MW ), which become large for µ = O(mb), the scale governing
the hadronic matrix elements of the Ok. Making use of the renormalization group, which exploits the
fact that the transition amplitude (3.31) cannot depend on the chosen renormalization scale µ, we may
sum up the following terms of the Wilson coefficients:

αn
s

[

log
(

µ

MW

)]n

(LO), αn
s

[

log
(

µ

MW

)]n−1

(NLO), ... ; (3.36)

detailed discussions of these rather technical aspects can be found in Ref. [74].
For the exploration of CP violation, the class of non-leptonic B decays that receives contributions

both from tree and from penguin topologies plays a central rôle. In this important case, the operator
basis is much larger than in our example (3.35), where we considered a pure “tree” decay. If we apply
the relation

V ∗
urVub + V ∗

crVcb + V ∗
trVtb = 0 (r ∈ {d, s}), (3.37)

which follows from the unitarity of the CKM matrix, and “integrate out” the top quark (which enters
through the penguin loop processes) and theW boson, we may write

Heff =
GF√

2

⎡

⎣

∑

j=u,c

V ∗
jrVjb

{
2
∑

k=1

Ck(µ)Qjr
k +

10
∑

k=3

Ck(µ)Qr
k

}
⎤

⎦ . (3.38)

Here we have introduced another quark-flavour label j ∈ {u, c}, and the Qjr
k can be divided as follows:

• Current–current operators:
Qjr

1 = (r̄αjβ)V–A(j̄βbα)V–A
Qjr

2 = (r̄αjα)V–A(j̄βbβ)V–A.
(3.39)

• QCD penguin operators:
Qr

3 = (r̄αbα)V–A
∑

q′(q̄
′
βq

′
β)V–A

Qr
4 = (r̄αbβ)V–A

∑

q′(q̄
′
βq

′
α)V–A

Qr
5 = (r̄αbα)V–A

∑

q′(q̄
′
βq

′
β)V+A

Qr
6 = (r̄αbβ)V–A

∑

q′(q̄
′
βq

′
α)V+A.

(3.40)
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Fig. 11: Factorizable QCD corrections in the full (left panel) and effective (right panel) theories.

Fig. 12: Non-factorizable QCD corrections in the full (left panel) and effective (right panel) theories.

theory, where theW is integrated out (see Figs. 11 and 12), and have then to express the QCD-corrected
transition amplitude in terms of QCD-corrected matrix elements and Wilson coefficients as in (3.31).
This procedure is called “matching” between the full and the effective theory. The results for the Ck(µ)
thus obtained contain terms of log(µ/MW ), which become large for µ = O(mb), the scale governing
the hadronic matrix elements of the Ok. Making use of the renormalization group, which exploits the
fact that the transition amplitude (3.31) cannot depend on the chosen renormalization scale µ, we may
sum up the following terms of the Wilson coefficients:

αn
s

[

log
(

µ

MW

)]n

(LO), αn
s

[

log
(

µ

MW

)]n−1

(NLO), ... ; (3.36)

detailed discussions of these rather technical aspects can be found in Ref. [74].
For the exploration of CP violation, the class of non-leptonic B decays that receives contributions

both from tree and from penguin topologies plays a central rôle. In this important case, the operator
basis is much larger than in our example (3.35), where we considered a pure “tree” decay. If we apply
the relation

V ∗
urVub + V ∗

crVcb + V ∗
trVtb = 0 (r ∈ {d, s}), (3.37)

which follows from the unitarity of the CKM matrix, and “integrate out” the top quark (which enters
through the penguin loop processes) and theW boson, we may write

Heff =
GF√

2

⎡

⎣

∑

j=u,c

V ∗
jrVjb

{
2
∑

k=1

Ck(µ)Qjr
k +

10
∑

k=3

Ck(µ)Qr
k

}
⎤

⎦ . (3.38)

Here we have introduced another quark-flavour label j ∈ {u, c}, and the Qjr
k can be divided as follows:

• Current–current operators:
Qjr

1 = (r̄αjβ)V–A(j̄βbα)V–A
Qjr

2 = (r̄αjα)V–A(j̄βbβ)V–A.
(3.39)

• QCD penguin operators:
Qr

3 = (r̄αbα)V–A
∑

q′(q̄
′
βq

′
β)V–A

Qr
4 = (r̄αbβ)V–A

∑

q′(q̄
′
βq

′
α)V–A

Qr
5 = (r̄αbα)V–A

∑

q′(q̄
′
βq

′
β)V+A

Qr
6 = (r̄αbβ)V–A

∑

q′(q̄
′
βq

′
α)V+A.

(3.40)
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Figure 1.3: Typical lower order Feynman diagrams corresponding to the
operators in the effective theory. The cross in Figs. (f) and (g) indicates
a helicity flip. Colour exchange diagrams are not shown for the operators
except for O2.
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1.3. Effective theory for B0 → K∗ℓ+ℓ−

O1−2
b s

c c

(a)

O3−6
b s

q q

(b)

O7−10
b s

q q

(c)

O7γ
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as an expansion of a set of local fields at the same point On(x) using coefficients Cn

such that, A(x)B(y) =
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generally described by an effective Hamiltonian [11]:
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The inclusive rare decay B0 → Xsℓ+ℓ− has been calculated with the help of OPE
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normally used in perturbation theory, but rather represent the Lorentz structure and
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7

1.3. Effective theory for B0 → K∗ℓ+ℓ−

O1−2
b s

c c

(a)

O3−6
b s

q q

(b)

O7−10
b s

q q

(c)

O7γ
b s

(d)

O8G
b s

(e)

O9V −10A
b s

ℓ ℓ

(f)

Figure 1.2: Diagrams representing the terms in the OPE (1.5) where the
small box signifies an insertion of a four-quark operator Oi. The cross in
Figs. (d) and (e) signifies a helicity flip.

an effective theory [9] which is described next.

1.3 Effective theory for B0
→ K∗ℓ+ℓ−

The flavour-changing neutral interactions are due to loop diagrams involving heavy vir-
tual particles, the W-boson or heavy “beyond-SM” particles. These particles propagate
over much shorter distances than 1/mb, and hence can be described by local opera-
tors. The two distance scales in the decay of a hadron can be separated at a particular
scale µ by performing an operator product expansion (OPE): long-distance contribu-
tions (pertaining to soft momenta) are contained in local operator matrix elements and
the short-distance parts (hard scattering) are described by coefficients. Wilson [10] pro-
posed a way of writing the product of two local fields at different points, A(x) and B(y)
as an expansion of a set of local fields at the same point On(x) using coefficients Cn

such that, A(x)B(y) =
∑

n Cn(x− y)On(x).
For a b → s transition mediated with a top quark, the dynamics of the system are

generally described by an effective Hamiltonian [11]:

Heff = −
GF√

2
VtbV

∗
ts

∑

i

Ci(µ,Mheavy)Oi(µ). (1.5)

The summation proceeds over all the local operators for a particular decay, Oi, weighted
with Wilson coefficients Ci(µ,Mheavy). Both depend on the separation scale µ at which
they are calculated, although the effective Hamiltonian should not.

The inclusive rare decay B0 → Xsℓ+ℓ− has been calculated with the help of OPE
methods. The different terms do not strictly represent the various Feynman diagrams
normally used in perturbation theory, but rather represent the Lorentz structure and
colour structure of the b→ s transition.

7

1.3. Effective theory for B0 → K∗ℓ+ℓ−

O1−2
b s

c c

(a)

O3−6
b s

q q

(b)

O7−10
b s

q q

(c)

O7γ
b s

(d)

O8G
b s

(e)

O9V −10A
b s

ℓ ℓ

(f)

Figure 1.2: Diagrams representing the terms in the OPE (1.5) where the
small box signifies an insertion of a four-quark operator Oi. The cross in
Figs. (d) and (e) signifies a helicity flip.

an effective theory [9] which is described next.

1.3 Effective theory for B0
→ K∗ℓ+ℓ−

The flavour-changing neutral interactions are due to loop diagrams involving heavy vir-
tual particles, the W-boson or heavy “beyond-SM” particles. These particles propagate
over much shorter distances than 1/mb, and hence can be described by local opera-
tors. The two distance scales in the decay of a hadron can be separated at a particular
scale µ by performing an operator product expansion (OPE): long-distance contribu-
tions (pertaining to soft momenta) are contained in local operator matrix elements and
the short-distance parts (hard scattering) are described by coefficients. Wilson [10] pro-
posed a way of writing the product of two local fields at different points, A(x) and B(y)
as an expansion of a set of local fields at the same point On(x) using coefficients Cn

such that, A(x)B(y) =
∑

n Cn(x− y)On(x).
For a b → s transition mediated with a top quark, the dynamics of the system are

generally described by an effective Hamiltonian [11]:

Heff = −
GF√

2
VtbV

∗
ts

∑

i

Ci(µ,Mheavy)Oi(µ). (1.5)

The summation proceeds over all the local operators for a particular decay, Oi, weighted
with Wilson coefficients Ci(µ,Mheavy). Both depend on the separation scale µ at which
they are calculated, although the effective Hamiltonian should not.

The inclusive rare decay B0 → Xsℓ+ℓ− has been calculated with the help of OPE
methods. The different terms do not strictly represent the various Feynman diagrams
normally used in perturbation theory, but rather represent the Lorentz structure and
colour structure of the b→ s transition.

7



Effective couplings: bàsll 

•  Hadronic decays, typically factorization does not hold any longer 

•  Separate calculable short distance effects, from non-perturbative 
long-distance effects 

Niels Tuning (60) 

Theory

W

b

c

c

s

(a) Current–current
operator O1

Wg

b

c

c

s

(b) Current–current
operator O2

g

Wb

q

s

q

(c) QCD penguin op-
erators O3−6

γ/Z
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Q5 = (s̄b)V −A

∑

q=u,d,s,c,b

(q̄q)V +A Q6 = (s̄αbβ)V −A

∑

q=u,d,s,c,b

(q̄βqα)V +A (2.63)

Electroweak–Penguins (fig. 11c):

Q7 =
3

2
(s̄b)V −A

∑

q=u,d,s,c,b

eq (q̄q)V +A Q8 =
3

2
(s̄αbβ)V −A

∑

q=u,d,s,c,b

eq(q̄βqα)V +A (2.64)

Q9 =
3

2
(s̄b)V −A

∑

q=u,d,s,c,b

eq(q̄q)V −A Q10 =
3

2
(s̄αbβ)V −A

∑

q=u,d,s,c,b

eq (q̄βqα)V −A (2.65)

Magnetic–Penguins (fig. 11d):

Q7γ =
e

8π2
mbs̄ασ

µν(1 + γ5)bαFµν Q8G =
g

8π2
mbs̄ασ

µν(1 + γ5)T
a
αβbβG

a
µν (2.66)

∆S = 2 and ∆B = 2 Operators (fig. 11e):

Q(∆S = 2) = (s̄d)V −A(s̄d)V −A Q(∆B = 2) = (b̄d)V −A(b̄d)V −A (2.67)

Semi–Leptonic Operators (fig. 11f):

Q9V = (s̄b)V −A(µ̄µ)V Q10A = (s̄b)V −A(µ̄µ)A (2.68)
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Operators for bàsll FCNC  

•  Yet another graph: 

Niels Tuning (62) 

:: Theory calculations - B ! M`+`�

M =
G

F

↵p
2⇡

V
tb

V ⇤
ts

h
(Aµ + Tµ) ū`�
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Effective couplings 

•  Effective coupling can be of various “kinds” 
–  Vector coupling 

–  Axial coupling 

–  Left-handed coupling (V-A) 

–  Right-handed (to quarks) 

–  … 
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Furthermore, in inclusive semi–leptonic decays of heavy quarks QCD corrections resulting

from real gluon emission can be calculated perturbatively. These issues are discussed by

Neubert in a separate chapter in this book.

The non–leptonic decays such as K → ππ or B → DK are more complicated to

analyze and to calculate because the factorization of a given matrix element of a four–

fermion operator into the product of current matrix elements is no longer true. Indeed

now the gluons can connect the two quark currents (fig. 10c), and in addition the diagrams

of fig. 10d contribute. The breakdown of factorization in non–leptonic decays is present

both at short and long distances simply because the effects of strong interactions are

felt both at large and small momenta. At large momenta, however, the QCD coupling

constant is small and the non–factorizable contributions can be studied in perturbation

theory. In order to accomplish this task, one has to separate first short distance effects

from long distance effects. This is most elegantly done by means of the operator product

expansion approach (OPE) combined with the renormalization group. In order to discuss

these methods we have to say a few words about the effective field theory picture which

underlies our discussion presented so far.

2.5.2 Effective Field Theory Picture

The basic framework for weak decays of hadrons containing u, d, s, c and b quarks is the

effective field theory relevant for scales µ ≪ MW ,MZ ,mt. This framework, as we have

seen above, brings in local operators which govern “effectively” the transitions in question.

From the point of view of the decaying hadrons containing the lightest five quarks this is

the only correct picture we know and also the most efficient one for studying the presence

of QCD. Furthermore it represents the generalization of the Fermi theory as formulated

by Sudarshan and Marshak [21] and Feynman and Gell-Mann [22] forty years ago.

Indeed the simplest effective Hamiltonian without QCD effects that one would find

from the first diagram of fig. 11 is (see (2.14))

H0
eff =

GF√
2
VcbV

∗
cs(c̄b)V −A(s̄c)V −A , (2.51)

where GF is the Fermi constant, Vij are the relevant CKM factors and

(c̄b)V −A(s̄c)V −A ≡ (c̄γµ(1 − γ5)b)(s̄γµ(1 − γ5)c) = Q2 (2.52)

is a (V −A) · (V −A) current-current local operator usually denoted by Q2. The situation

in the Standard Model is, however, more complicated because of the presence of additional

interactions which effectively generate new operators. These are in particular the gluon,

photon and Z0-boson exchanges and internal top contributions as we have seen above.

Some of the elementary interactions of this type are shown this time for B decays in fig. 11.

Consequently the relevant effective Hamiltonian for B-meson decays involves generally

several operators Qi with various colour and Dirac structures which are different from Q2.

Moreover each operator is multiplied by a calculable coefficient Ci(µ):

Heff =
GF√

2
VCKM

∑

i

Ci(µ)Qi, (2.53)
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Effective couplings 

•  Effective coupling can be of various “kinds” 
–  Vector coupling:   C9 

–  Axial coupling:   C10 

–  Left-handed coupling (V-A): C9-C10 

–  Right-handed (to quarks):  C9’, C10’, … 

–  … 
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See e.g. Buras & Fleischer, hep-ph/9704376 

From Buras & Fleischer, hep-ph/9704376 

Furthermore, in inclusive semi–leptonic decays of heavy quarks QCD corrections resulting

from real gluon emission can be calculated perturbatively. These issues are discussed by

Neubert in a separate chapter in this book.

The non–leptonic decays such as K → ππ or B → DK are more complicated to

analyze and to calculate because the factorization of a given matrix element of a four–

fermion operator into the product of current matrix elements is no longer true. Indeed

now the gluons can connect the two quark currents (fig. 10c), and in addition the diagrams

of fig. 10d contribute. The breakdown of factorization in non–leptonic decays is present

both at short and long distances simply because the effects of strong interactions are

felt both at large and small momenta. At large momenta, however, the QCD coupling

constant is small and the non–factorizable contributions can be studied in perturbation

theory. In order to accomplish this task, one has to separate first short distance effects

from long distance effects. This is most elegantly done by means of the operator product

expansion approach (OPE) combined with the renormalization group. In order to discuss

these methods we have to say a few words about the effective field theory picture which

underlies our discussion presented so far.

2.5.2 Effective Field Theory Picture

The basic framework for weak decays of hadrons containing u, d, s, c and b quarks is the

effective field theory relevant for scales µ ≪ MW ,MZ ,mt. This framework, as we have

seen above, brings in local operators which govern “effectively” the transitions in question.

From the point of view of the decaying hadrons containing the lightest five quarks this is

the only correct picture we know and also the most efficient one for studying the presence

of QCD. Furthermore it represents the generalization of the Fermi theory as formulated

by Sudarshan and Marshak [21] and Feynman and Gell-Mann [22] forty years ago.

Indeed the simplest effective Hamiltonian without QCD effects that one would find

from the first diagram of fig. 11 is (see (2.14))

H0
eff =

GF√
2
VcbV

∗
cs(c̄b)V −A(s̄c)V −A , (2.51)

where GF is the Fermi constant, Vij are the relevant CKM factors and

(c̄b)V −A(s̄c)V −A ≡ (c̄γµ(1 − γ5)b)(s̄γµ(1 − γ5)c) = Q2 (2.52)

is a (V −A) · (V −A) current-current local operator usually denoted by Q2. The situation

in the Standard Model is, however, more complicated because of the presence of additional

interactions which effectively generate new operators. These are in particular the gluon,

photon and Z0-boson exchanges and internal top contributions as we have seen above.

Some of the elementary interactions of this type are shown this time for B decays in fig. 11.

Consequently the relevant effective Hamiltonian for B-meson decays involves generally

several operators Qi with various colour and Dirac structures which are different from Q2.

Moreover each operator is multiplied by a calculable coefficient Ci(µ):

Heff =
GF√

2
VCKM

∑

i

Ci(µ)Qi, (2.53)
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“the true picture of a decaying hadron is more 
correctly described by the local operators” 
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•  Rare B-decays to probe Wilson coefficients: 
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Fig. 7: Feynman diagram contributing to the leptonic decay B− → ℓν̄.

In this simple expression, all the hadronic physics is encoded in the hadronic matrix element

⟨0|ūγα(1 − γ5)b|B−⟩,

i.e. there are no other strong-interaction (QCD) effects. Since the B− meson is a pseudoscalar particle,
we have

⟨0|uγαb|B−⟩ = 0, (4.4)

and may write
⟨0|ūγαγ5b|B−(q)⟩ = ifBqα, (4.5)

where fB is the B-meson decay constant, which is an important input for phenomenological studies.
In order to determine this quantity, which is a very challenging task, non-perturbative techniques, such
as lattice [56] or QCD sum-rule analyses [57], are required. If we use (4.3) with (4.4) and (4.5), and
perform the corresponding phase-space integrations, we obtain the following decay rate:

Γ(B− → ℓν̄) =
G2

F

8π
|Vub|2MBm2

ℓ

(

1 −
m2
ℓ

M2
B

)2

f2
B , (4.6)

where MB and mℓ denote the masses of the B− and ℓ, respectively. Because of the tiny value of
|Vub| ∝ λ3 and a helicity-suppression mechanism, we obtain unfortunately very small branching ratios
of O(10−10) and O(10−7) for ℓ = e and ℓ = µ, respectively [58]. The helicity suppression is not
effective for ℓ = τ , but – because of the required τ reconstruction – these modes are also very challenging
from an experimental point of view. A measurement of leptonic B-meson decays would nevertheless be
very interesting, as it would allow an experimental determination of fB , thereby providing tests of non-
perturbative calculations of this important parameter.1 The CKM element |Vub| can be extracted from
semileptonic B decays, our next topic.

4.2 Semileptonic Decays
4.2.1 General Structure
Semileptonic B-meson decays of the kind shown in Fig. 8 have a structure that is more complicated than
the one of the leptonic transitions. If we evaluate the corresponding Feynman diagram for the b → c
case, we obtain

Tfi = −
g2
2

8
Vcb [ūℓγ

α(1 − γ5)vν ]
︸ ︷︷ ︸

Dirac spinors

[

gαβ
k2 − M2

W

]

⟨D+|c̄γβ(1 − γ5)b|B̄0
d⟩

︸ ︷︷ ︸

hadronic ME

. (4.7)

1Leptonic decays of D(s) mesons allow the extraction of the corresponding decay constants fD(s) , which are defined in
analogy to (4.5). These measurements are an important element of the CLEO-c research programme [59].
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Specific decays 
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d(s) 
B0

(s) 

B0,+
(s)/Λb K0,+(*)/φ/Λ 

•  Specific decays: 
Ø  Bàµµ 

Ø  BàKµµ 
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Rare Decays - Outline: 

•   9h30 - 10h15  Lecture 1: Introduction 

•  10h30 - 11h15 Lecture 2: Effective couplings  

•  11h30 - 12h15 Lecture 3: Bsàµµ 

Lunch 

•  13h45 - 14h30 Lecture 4: B0àK*µµ 

•  15h00 - 16h30 Discussion Session 
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Bs
0àµµ 

Small BR… 

 

1)  FCNC: bàs transition only allowed at higher order 
–  GIM cancellation! 

2)  Weak interaction: helicity suppressed 
–  Sensitive to new physics: (pseudo)scalar operators 

Niels Tuning (74) 

µ+ µ- 

spin 

Lefthanded: OK Lefthanded: not OK 
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•  Historical endeavour! 
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Extended Data Figure 7 | Search for the B0
s ! µ+µ� and B0 ! µ+µ� decays,

reported by 11 experiments spanning more than three decades, and by the present
results. Markers without error bars denote upper limits on the branching fractions at 90%
confidence level, while measurements are denoted with errors bars delimiting 68% confidence
intervals. The horizontal lines represent the SM predictions for the B0

s

! µ+µ� and B0 ! µ+µ�

branching fractions1; the blue (red) lines and markers relate to the B0

s

! µ+µ� (B0 ! µ+µ�)
decay. Data (see key) are from refs 17,18,31–60 ; for details see Methods. Inset, magnified view
of the last period in time.
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•  Historical endeavour 

•  Sensitive to SUSY 
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•  Historical endeavour 

•  Sensitive to SUSY 

•  In terms of OPE: 

22 Section 1.4

Z
1

q

b

µ

µ

(a) V-A form (C10)

H0

q

b

µ

µ

(b) Scalar (CS)

A0

q

b

µ

µ

(c) pseudo-scalar (CP )

Figure 1.8: Possible tree-level FCNC contributing to the B0
psq Ñ µ`µ´ decays in Z 1

models (a), two-Higgs doublet models with heavy scalar and pseudo-scalar bosons,
H0 (b) and A0 (c).

(2HDM) involve five physical scalars: two neutral scalars, h, H0; one neutral
pseudo-scalar, A0; and two charged scalars, H`, H´. The 2HDM qualify for
the S “ 0 scenario in case the pseudo-scalar A0 is considerably lighter than
the scalar particle H0.

The correlation between the B0
s Ñ µ`µ´ signal strength and mass-eigenstate

rate asymmetry observables for the S “ 0 scenario is shown in Fig. 1.9, on
the left plot.

1.4.2 Scalar dominated New Physics (P “ 1)

P “

CR
10 ´ CL

10
CSM

10
`

M2
B0

psq

2mµ

ˆ

mb

mb ` mpd.sq

˙ ˆ

CR
P ´ CL

P

CSM
10

˙

“ 1

In the simplest case, the P “ 1 scenario is realised if CR
10 “ CSM

10 and
CL

10 “ CR,L
P “ 0, but also left-right symmetric pseudo-scalars are included

(CR
P “ CL

P ). The P “ 1 scenario is complementary to the pseudo-scalar
dominated S “ 0 scenario, as here New Physics e�ects are driven by scalar
operators. 2HDMs with a heavy pseudo-scalar A0 and with a considerably
lighter scalar H0 particle are a good example (see Fig. (1.8b)). Also, various
models with scalar induced tree-level FCNC could contribute to P “ 1, as
analysed in Ref. [55].

The correlation between the B0
s Ñ µ`µ´ signal strength and mass-eigenstate

rate asymmetry observables for the P “ 0 scenario is shown in Fig. 1.9, on
the right.

1.4.3 Mixed (pseudo-)scalar New Physics (P ˘ S “ 1)

pCR
P ` CR

S q ´ pCL
P ` CL

S q “ 0
pCR

P ´ CR
S q ´ pCL

P ´ CL
S q “ 0

From: PhD Thesis, Siim Tolk, Apr 2016  
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•  Challenge: huge amount of events with two muons! 
–  Background:  BR(B à Xµ+)  = 10-1 

–  Signal:   BR(Bs
0àµ+µ-) < 10-8  

•  1012 B produced; probability of µµ decay 10-9; eff ~5% 
–  Expect ~50 events 

128 The B0
s(d) ! µ

+
µ

�
analysis

�.� The BDT classifier
As already anticipated, the Boosted Decision Tree (BDT) is the output of a multivariate
discriminant constructed using the TMVA package [107]. It has been designed to discrimi-
nate two body decays of B-hadrons with respect to the dominant background coming from
semileptonic bb̄ ! µµX decays and/or combinatorial. To distinguish between two muons
from a well reconstructed secondary vertex (see Fig. 81, left) and two muons from bb̄ ! µµX
events (Fig. 81, right), geometrical and kinematic information is used.

Figure 81 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Sketch illustrating a typical B0

s(d) ! µ

+
µ

� signal event, on the left, and the bb̄ ! µµX event, dominating the back-
ground, on the right.

Nine variables enter the BDT. Ordered according to their background rejection power,
they are:

B impact parameter IP(B)
Minimum impact parameter significance of the two muons IPS(µ)
Isolation of the two muons with respect to any other track in the event I(µ)
B proper time t
B transverse momentum pT(B)
B isolation as defined in Ref. [44] I(B)
Distance of closest approach between the two muons DOCA
Minimum pT of the muons pmin

T (µ)
Cosine of the angle between the muon momentum in the B rest frame
and the vector perpendicular to the B momentum and the beam axis cos(P̂)

The muon isolation I(µ) basically describes the number of secondary vertices that can be
reconstructed using one muon candidate and another track in the event, therefore it is ex-
pected to peak at 0 for signal events. The cosine of the polarisation angle P̂ (“pointing”) is
defined as

cos(P̂) =
py,µ1 ⇥ px,B � px,µ1 ⇥ py,B

2 · pT,B · MREC
B

, (107)

where µ1 is the muon with minimum pT and MREC
B is the reconstructed B mass. DOCA and

IP(B) are the same variables entering the BDTS (see Sec. 8.4.2).
The BDT is constructed such that it is approximately uniformly distributed between zero

and one for the signal and it peaks at zero for the background. The BDT response is trained
using simulated events of B0

s(d) ! µ

+
µ

� and bb̄ ! µµX decays after applying selection and

Th
es

is
 S

.O
g

g
er

o 
(2

0
1

3
) 



Bs
0àµµ: Observation 

•  Good luck… 
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SM: 

N
ature 522, 68–72 (04 June 2015)  

3 fb-1 2.3σ 



Bs
0àµµ: Ratio B0 / Bs

0 
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•  BR(B0 à µµ): a little high? 
–  First evidence at 3.0σ 

–  2.3σ above SM prediction:   
•  RSM  = 0.030 ± 0.003 

•  Rexp = 0.140 +0.080
-0.060 

ATLAS, EPJ C76 (2016) 513 LHCb & CMS, Nature 522, 68–72 (2015)  



Bs
0àµµ: 2016 ?! 

•  Mick unblinded last week… 

•  Run-I : 3 fb-1,  √s=7,8 TeV 

•  Run-II: 1.4 fb-1 ,  √s=13 TeV   (Rel. stat: 13/8 * 1.4/3 = 0.75 ) 

–  0.6 fb-1 extra on tape... 

Ø  Expect 1.75x more events + analysis improvement 
•  ~ x2 sensitivity 

•  5σ x √2 > 7σ 
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Bs
0àµµ: Aspects relating theory/experiment 

1)  Relative production rate of Bs
0 

2)  Correct BR for Bs
0 lifetime difference 

3)  Effective lifetime 
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1) Relative production rate 

•  From N(Bs
0àµµ) to BR(Bs

0àµµ) 

•  But N is the product of production and decay … 
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1

New Strategy for Bs Branching Ratio Measurements

and the Search for New Physics in B0
s ! µ+µ�

Robert Fleischer,1 Nicola Serra,1 and Niels Tuning1

1Nikhef, Science Park 105, NL-1098 XG Amsterdam, The Netherlands
(Dated: April 22, 2010; published 31 August 2010)

The LHCb experiment at CERN’s Large Hadron Collider will soon allow us to enter a new era in
the exploration of Bs decays. A particularly promising channel for the search of “new physics” is
B0

s ! µ+µ�. The systematic key uncertainty a↵ecting the measurement of this – and in fact all
Bs-decay branching ratios – is the ratio of fragmentation functions fd/fs. As the presently available
methods for determining fd/fs are not su�cient to meet the high precision at LHCb, we propose
a new strategy using B̄0

s ! D+
s ⇡

� and B̄0
d ! D+K�. It allows us to obtain a lower experimental

bound on BR(B0
s ! µ+µ�) which o↵ers a powerful probe for new physics. In order to go beyond

this bound and to determine fd/fs with a theoretical precision matching the experimental one it
is su�cient to know the SU(3)-breaking correction to a form-factor ratio from nonperturbative
methods at the level of 20%. Thanks to our strategy, we can detect new physics in B0

s ! µ+µ� at
LHCb with 5� for a branching ratio as small as twice the Standard-Model value, which represents
an improvement of the new-physics reach by about a factor of 2 with respect to the current LHCb
expectation.

Keywords: Bs decays, fragmentation function, new physics

I. INTRODUCTION

In this decade, we will enter a new round in the preci-
sion testing of the flavor sector of the Standard Model
(SM) through B-meson decays. Currently the LHCb
experiment at CERN’s Large Hardon Collider (LHC) is
starting its first physics run. After pioneering results on
the Bs system by the CDF and DØ collaborations at the
Tevatron, LHCb will allow us to explore this still largely
unexplored territory of the flavor-physics landscape [1].

In this respect, one of the most promising channels for
detecting signals of “new physics” (NP) is the rare decay
B0

s ! µ+µ�, which originates in the SM from “penguin”
and box topologies, i.e. quantum loop processes. The
corresponding branching ratio is predicted as follows [2]:

BR(B0
s ! µ+µ�)|SM = (3.6± 0.4)⇥ 10�9, (1)

where the error is fully dominated by a nonperturbative
“bag parameter” coming from lattice QCD. As is well
known, this observable may be significantly enhanced
through NP (for a review, see Ref. [2]). The present up-
per bounds from the CDF and DØ collaborations are still
about 1 order of magnitude away from (1) and read as
4.3⇥10�8 [3] and 5.3⇥10�8 (95% C.L.) [4], respectively.

At LHCb, the extraction of BR(B0
s ! µ+µ�) will rely

on normalization channels such as B+
u ! J/ K+, B0

d !
K+⇡� and/or B0

d ! J/ K⇤0 in the following way:

BR(B0
s ! µ+µ�) = BR(Bq ! X)

fq
fs

✏X
✏µµ

Nµµ

NX
, (2)

where the ✏ factors are total detector e�ciencies and
the N factors denote the observed numbers of events.
The fq are fragmentation functions, which describe the
probability that a b quark will fragment in a B̄q meson

(q 2 {u, d, s}). In (2), fq/fs is actually the major source
of the systematic uncertainty, thereby limiting the abil-
ity to detect a 5� deviation from the SM at LHCb to
BR(B0

s ! µ+µ�) > 11⇥ 10�9 [1].

In this estimate, the current experimental knowledge of
fd/fs was assumed, which we summarize in Section II. In
Section III, we propose a new strategy to measure fd/fs
at LHCb. Its experimental prospects and theoretical lim-
itations are discussed in Sections IV and V, respectively.
In Section VI, we discuss the implications for the search
for NP with B0

s ! µ+µ� branching ratio, while we sum-
marize our conclusions in Section VII.

II. EXPERIMENTAL STATUS OF fd/fs

The CDF collaboration has estimated the ratio of
fragmentation functions through semi-inclusive B̄ !
D`�⌫̄`X decays [5]. The reconstructed D`� signal yields
are then related to the number of produced b hadrons
by assuming the SU(3) flavor symmetry and neglect-
ing SU(3)-breaking corrections (e.g. assuming �(B̄0

d !
`�⌫̄`D+) = �(B̄0

s ! `�⌫̄`D+
s )). Together with an ear-

lier result using double semileptonic decays (containing
two muons and either a K⇤ or a �-meson) [6] the average
value fs/(fd + fu) = 0.142± 0.019 is obtained [7].

An alternative approach uses the di↵erent mixing
probabilities for B0

d and B0
s mesons. Despite a 1.8� dis-

crepancy in the time-integrated mixing probability be-
tween the LEP and Tevatron data, an average value of
fs = 0.119± 0.019 was determined with this method [8].

The CLEO and Belle collaborations have extracted the
fraction fs of B(⇤)

s B̄(⇤)
s events among all bb̄ events at the

⌥(5S) resonance from inclusive ⌥(5S) ! DsX,�X de-
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theoretical basis in the heavy-quark limit [17, 18]. Con-
sequently, using these decays, we can calculate the corre-
sponding ratio of their branching ratios entering Eq. (4)
up to small, nonfactorizable, U -spin-breaking correc-
tions. This feature will be discussed in more detail in
Section V.

Let us note that in contrast to the B̄0 ! D+⇡� mode
usually considered in the literature in the context with
factorization, the decays in Fig. 1 have the advantage of
not receiving additional contributions from “exchange”
topologies, which are expected to be small but are not
factorizable. Moreover, thanks to the absence of “pen-
guin” topologies, the situation concerning factorization is
also much more favourable than in B ! ⇡⇡,⇡K decays.

Applying a notation similar to that of Ref. [17], we
write the branching ratios of the decays at hand as

BR(B̄0
q ! D+

q P
�) =

G2
F(m

2
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with P = K and ⇡ for q = d and s, respectively. Here GF

is Fermi’s constant, the m factors denote meson masses,
~q is the momentum of the final-state Dq and P mesons
in the rest frame of the B̄0

q meson, ⌧Bq is the lifetime
of the B̄0

q , V ⇤
q Vcb with Vq = Vus and Vud for q = d

and s, respectively, contains the relevant elements of the
Cabibbo–Kobayashi–Maskawa (CKM) matrix, fP is P -

meson decay constant, and the form factor F (q)
0 enters

the parametrization of the hD+
q |c̄�µb|B̄0

q imatrix element.
The quantity a1(DqP ) describes the deviation from naive
factorization. As discussed in detail in Ref. [17], this
parameter is found in “QCD factorization” (QCDF) as
a quasi-universal quantity |a1| ' 1.05 with very small
process-dependent nonfactorizable corrections.

We would like to propose to measure the ratio of the
B̄0

s ! D+
s ⇡

� and B̄0
d ! D+K� branching ratios to de-

termine fd/fs. Neglecting, for simplicity, kinematical
mass factors, we have
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On the other hand, the ratio of the corresponding number
of signal events observed in the experiment is given by
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where the ✏ are again total detector e�ciencies. Using
(5), we hence obtain
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Let us next first explore the experimental feasibility at
LHCb before having a closer look at the theoretical lim-
itations of our new strategy for extracting fd/fs.

IV. EXPERIMENTAL PROSPECTS AT LHCB

At LHCb, both the B̄0
s ! D+

s ⇡
� and B̄0

d ! D+K�

decay channels can be exclusively reconstructed using the
D+ ! K�⇡+⇡+ and D+

s ! K+K�⇡+ final states. An
expected B-mass resolution of 18 MeV and excellent par-
ticle identification capabilities will allow LHCb to select
and reconstruct a clean sample of these decays. Since
both channels are selected with an identical flavor final
state containing the four charged hadrons KK⇡⇡, the
uncertainty on ✏Ds⇡/✏DdK is expected to be small.
We estimated the corresponding statistical uncertainty

on r ⌘ ✏Ds⇡NDdK/(✏DdKNDs⇡) with a toy Monte Carlo,
generating a sample equivalent to 0.2 fb�1. This is the
expected integrated luminosity at the end of 2010, tak-
ing a lower bb̄ cross section of 250 µb due to the reduced
LHC beam energy of 3.5 TeV into account. Following
the estimates from full simulation [19], and assuming a
total trigger e�ciency of 30% [20], we expect to select
5500 B̄0

s ! D+
s ⇡

� and 1100 B̄0
d ! D+K� events, with a

background of approximately 6600 B̄0
d ! D+⇡� events,

where one of the three pions is misidentified as a kaon (as-
suming a 5% probability to mis-identify a pion as a kaon).
Combinatorial background from inclusive bb̄ events is
expected to yield 6000 events inside a mass window
5220 < m < 5420 MeV around the B-mass. We expect a
precision of 7.5% on r, where the dominant uncertainty
originates from BR(Ds ! K+K�⇡) = (5.50 ± 0.28)%.
With an integrated luminosity of 1 fb�1 as expected at
the end of 2011, the statistical uncertainty becomes neg-
ligible, thereby reducing the total uncertainty to ⇠ 5.6%.

The ratio fd/fs is not only crucial for the precise de-
termination of BR(B0

s ! µ+µ�) but actually for the
measurement of any Bs branching ratio. Similarly, the
general purpose LHC experiments ATLAS and CMS rely
on a precise value of fd/fs for the determination of
BR(B0

s ! µ+µ�). Unfortunately our proposed hadronic
decays are not ideal for these experiments due to trig-
ger and particle identification requirements. However,
we advocate to apply the value of fd/fs as determined
by LHCb also at ATLAS and CMS, once the dependence
of fd/fs on pT and/or rapidity is measured to be small.

V. THEORETICAL LIMITATIONS

In the extraction of fd/fs through (8), we have theo-
retical uncertainties related to U -spin-breaking e↵ects in
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theoretical basis in the heavy-quark limit [17, 18]. Con-
sequently, using these decays, we can calculate the corre-
sponding ratio of their branching ratios entering Eq. (4)
up to small, nonfactorizable, U -spin-breaking correc-
tions. This feature will be discussed in more detail in
Section V.

Let us note that in contrast to the B̄0 ! D+⇡� mode
usually considered in the literature in the context with
factorization, the decays in Fig. 1 have the advantage of
not receiving additional contributions from “exchange”
topologies, which are expected to be small but are not
factorizable. Moreover, thanks to the absence of “pen-
guin” topologies, the situation concerning factorization is
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~q is the momentum of the final-state Dq and P mesons
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of the B̄0
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and s, respectively, contains the relevant elements of the
Cabibbo–Kobayashi–Maskawa (CKM) matrix, fP is P -

meson decay constant, and the form factor F (q)
0 enters

the parametrization of the hD+
q |c̄�µb|B̄0

q imatrix element.
The quantity a1(DqP ) describes the deviation from naive
factorization. As discussed in detail in Ref. [17], this
parameter is found in “QCD factorization” (QCDF) as
a quasi-universal quantity |a1| ' 1.05 with very small
process-dependent nonfactorizable corrections.

We would like to propose to measure the ratio of the
B̄0

s ! D+
s ⇡

� and B̄0
d ! D+K� branching ratios to de-
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On the other hand, the ratio of the corresponding number
of signal events observed in the experiment is given by
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Let us next first explore the experimental feasibility at
LHCb before having a closer look at the theoretical lim-
itations of our new strategy for extracting fd/fs.

IV. EXPERIMENTAL PROSPECTS AT LHCB

At LHCb, both the B̄0
s ! D+

s ⇡
� and B̄0

d ! D+K�

decay channels can be exclusively reconstructed using the
D+ ! K�⇡+⇡+ and D+

s ! K+K�⇡+ final states. An
expected B-mass resolution of 18 MeV and excellent par-
ticle identification capabilities will allow LHCb to select
and reconstruct a clean sample of these decays. Since
both channels are selected with an identical flavor final
state containing the four charged hadrons KK⇡⇡, the
uncertainty on ✏Ds⇡/✏DdK is expected to be small.
We estimated the corresponding statistical uncertainty

on r ⌘ ✏Ds⇡NDdK/(✏DdKNDs⇡) with a toy Monte Carlo,
generating a sample equivalent to 0.2 fb�1. This is the
expected integrated luminosity at the end of 2010, tak-
ing a lower bb̄ cross section of 250 µb due to the reduced
LHC beam energy of 3.5 TeV into account. Following
the estimates from full simulation [19], and assuming a
total trigger e�ciency of 30% [20], we expect to select
5500 B̄0

s ! D+
s ⇡

� and 1100 B̄0
d ! D+K� events, with a

background of approximately 6600 B̄0
d ! D+⇡� events,

where one of the three pions is misidentified as a kaon (as-
suming a 5% probability to mis-identify a pion as a kaon).
Combinatorial background from inclusive bb̄ events is
expected to yield 6000 events inside a mass window
5220 < m < 5420 MeV around the B-mass. We expect a
precision of 7.5% on r, where the dominant uncertainty
originates from BR(Ds ! K+K�⇡) = (5.50 ± 0.28)%.
With an integrated luminosity of 1 fb�1 as expected at
the end of 2011, the statistical uncertainty becomes neg-
ligible, thereby reducing the total uncertainty to ⇠ 5.6%.

The ratio fd/fs is not only crucial for the precise de-
termination of BR(B0

s ! µ+µ�) but actually for the
measurement of any Bs branching ratio. Similarly, the
general purpose LHC experiments ATLAS and CMS rely
on a precise value of fd/fs for the determination of
BR(B0

s ! µ+µ�). Unfortunately our proposed hadronic
decays are not ideal for these experiments due to trig-
ger and particle identification requirements. However,
we advocate to apply the value of fd/fs as determined
by LHCb also at ATLAS and CMS, once the dependence
of fd/fs on pT and/or rapidity is measured to be small.

V. THEORETICAL LIMITATIONS

In the extraction of fd/fs through (8), we have theo-
retical uncertainties related to U -spin-breaking e↵ects in
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Table 1: Charmed hadron decay modes and branching fractions.

Particle Final state Branching fraction (%)
D0 K�⇡+ 3.89±0.05 [1]
D+ K�⇡+⇡+ 9.14±0.20 [19]
D+

s

K�K+⇡+ 5.50±0.27 [20]
⇤+

c

pK�⇡+ 5.0±1.3 [1]

relative fractions by studying the final states D0µ�⌫X, D+µ�⌫X, D+

s

µ�⌫X, ⇤+

c

µ�⌫X,
D0K+µ�⌫X, and D0pµ�⌫X. We do not attempt to separate f

u

and f
d

, but we measure
the sum of D0 and D+ channels and correct for cross-feeds from B0

s

and ⇤0

b

decays. We
assume near equality of the semileptonic decay width of all b hadrons, as discussed below.
Charmed hadrons are reconstructed through the modes listed in Table 1, together with
their branching fractions. We use all D+

s

! K�K+⇡+ decays rather than a combination

of the resonant �⇡+ andK
⇤0
K+ contributions, because theseD+

s

decays cannot be cleanly
isolated due to interference e↵ects of di↵erent amplitudes.

Each of these di↵erent charmed hadron plus muon final states can be populated by a
combination of initial b hadron states. B0 mesons decay semileptonically into a mixture
of D0 and D+ mesons, while B� mesons decay predominantly into D0 mesons with a
smaller admixture of D+ mesons. Both include a tiny component of D+

s

K meson pairs.
B0

s

mesons decay predominantly intoD+

s

mesons, but can also decay intoD0K+ andD+K0

S

mesons; this is expected if the B0

s

decays into a D⇤⇤
s

state that is heavy enough to decay
into a DK pair. In this paper we measure this contribution using D0K+Xµ�⌫ events.
Finally, ⇤0

b

baryons decay mostly into ⇤+

c

final states. We determine other contributions
using D0pXµ�⌫ events. We ignore the contributions of b ! u decays that comprise
approximately 1% of semileptonic b hadron decays [8], and constitute a roughly equal
portion of each b species in any case.

The corrected yields for B0 or B� decaying into D0µ�⌫X or D+µ�⌫X, n
corr

, can be
expressed in terms of the measured yields, n, as

n
corr

(B ! D0µ) =
1

B(D0 ! K�⇡+)✏(B ! D0)
⇥ (1)
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�
,

where we use the shorthand n(Dµ) ⌘ n(DXµ�⌫). An analogous abbreviation ✏ is used for
the total trigger and detection e�ciencies. For example, the ratio ✏(B0

s

! D0)/✏(B0

s

!
D0K+) gives the relative e�ciency to reconstruct a charged K in semi-muonic B0

s

decays

3

producing a D0 meson. Similarly
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Both the D0Xµ�⌫ and the D+Xµ�⌫ final states contain small components of cross-feed
from B0

s

decays to D0K+Xµ�⌫ and to D+K0Xµ�⌫. These components are accounted for
by the two decays B0

s

! D+

s1

Xµ�⌫ and B0

s

! D⇤+
s2

Xµ�⌫ as reported in a recent LHCb
publication [9]. The third terms in Eqs. 1 and 2 are due to a similar small cross-feed from
⇤0

b

decays.
The number of B0

s

resulting in D+

s

Xµ�⌫ in the final state is given by

n
corr

(B0

s

! D+

s

µ) =
1

✏(B0

s

! D+

s

)
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n(D+

s
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� (3)

N(B0 +B�)B(B ! D+

s

Kµ)✏(B̄ ! D+

s

Kµ)
⇤
,

where the last term subtracts yields of D+

s

KXµ�⌫ final states originating from B0 or B�

semileptonic decays, and N(B0+B�) indicates the total number of B0 and B� produced.

We derive this correction using the branching fraction B(B ! D(⇤)+
s

Kµ⌫) = (6.1± 1.2)⇥
10�4 [10] measured by the BaBar experiment. In addition, B0

s

decays semileptonically
into DKXµ�⌫, and thus we need to add to Eq. 3

n
corr

(B0

s

! DKµ) = 2
n(D0K+µ)

B(D0 ! K�⇡+)✏(B0

s

! D0K+µ)
, (4)

where, using isospin symmetry, the factor of 2 accounts for B0

s

! DK0Xµ�⌫ semileptonic
decays.

The equation for the ratio f
s

/(f
u

+ f
d

) is

f
s

f
u

+ f
d

=
n
corr

(B0

s

! Dµ)

n
corr

(B ! D0µ) + n
corr

(B ! D+µ)

⌧
B

� + ⌧
B

0

2⌧
B

0
s

. (5)

where B0

s

! Dµ represents B0

s

semileptonic decays to a final charmed hadron, given
by the sum of the contributions shown in Eqs. 3 and 4, and the symbols ⌧

Bi indicate
the B

i

hadron lifetimes, that are all well measured [1]. We use the average B0

s

lifetime,
1.472±0.025 ps [1]. This equation assumes equality of the semileptonic widths of all the b
meson species. This is a reliable assumption, as corrections in HQET arise only to order
1/m2

b

and the SU(3) breaking correction is quite small, of the order of 1% [11, 12, 13].
The ⇤0

b

corrected yield is derived in an analogous manner. We determine

n
corr

(⇤0

b

! Dµ) =
n(⇤+

c

µ�)

B(⇤+
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! pK�⇡+)✏(⇤0
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)
+ 2
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! D0p)
, (6)

4

•  Mind the cross feeds…. 
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s
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s

π+

s
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s
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2

cays [9, 10]. Here the relation

BR(⌥(5S) ! DsX,�X) = 2fsBR(B
0
s ! DsX,�X)

+(1� fs)BR(⌥(4S) ! DsX,�X) (3)

is assumed with BR(B0
s ! DsX) = (92 ± 11)%, which

relies on a variety of assumptions and yields the model-
dependent result fs = 0.194±0.011(stat)±0.027(sys) [8].

It is evident that the fragmentation functions depend
on the environment, which becomes apparent when an
attempt is made to compare the numerical values for fs.
At the B factories fd + fu + fs = 1, whereas at hadron
colliders the available energy allows the b-quark to frag-
ment into baryons as well. In addition beam-remnant
e↵ects at hadron colliders might a↵ect the b-hadron frac-
tions depending on pT and/or pseudo-rapidity. Conse-
quently, each experiment – and in particular LHCb –
should calibrate its own value for this quantity. As a
result LHCb cannot directly use the value measured at
Tevatron or at LEP. The fragmentation function is not
only the major limiting parameter for the determination
of BR(B0

s ! µ+µ�) at LHCb, but in fact for all Bs-decay
branching ratio measurements at the LHC, the Tevatron,
and an e+e� B factory running at ⌥(5S). As a result,
the usage of Bs modes as normalization channels, ob-
tained from the KEKB runs at ⌥(5S), also su↵er from
an imprecise value of fs, in addition to a large statistical
uncertainty [11].

By normalizing the B0
s ! µ+µ� decay directly to

another Bs decay, the ratio of the fragmentation func-
tions in Eq. (2) would trivially disappear. However, at
present the best directly measured Bs branching ratio is
BR(B0

s ! Ds⇡) = 3.67+0.35
�0.33(stat)

+0.43
�0.42 ± 0.49(fs) [11],

determined with 23.6 fb�1 of data at ⌥(5S). Methods
are being considered to improve the present knowledge
of fs at the B factories [12]. However even considering
these possible improvements it is unlikely that they will
be su�cient to match the required precision of LHCb.
A total uncertainty of about 12% could be expected for
a sample of 120 fb�1 (corresponding to the total avail-
able statistics) and assuming these additional improve-
ments in the determination of fs [13]. Moreover the decay
B̄0

s ! D+
s ⇡

� poses experimental di�culties when used as
normalization channel for B0

s ! µ+µ�, due to the very
di↵erent decay topology (hadronic final state, number of
tracks, flight distance of theDs, etc.). A sizable contribu-
tion to the uncertainty in the branching ratio estimation
due to the ratio of the e�ciencies in Eq. (2) must thus
be considered. An alternative Bs decay channel for the
direct normalization would be Bs ! J/ �, which is how-
ever a↵ected by a statistical error twice as large compared
to B̄0

s ! D+
s ⇡

�. Assuming the full statistics presently
available at the B factories of 120 fb�1, in combination
with the possible improvements in the determination of
fs, at best a total relative error of 15% could be expected
for this decay.

III. A NEW STRATEGY FOR LHCB

In view of the unsatisfactory situation described in the
previous section, we propose a new method for extracting
fd/fs at LHCb. The starting point is the following simple
expression:

Ns

Nd
=

fs
fd

⇥ ✏(Bs ! X1)

✏(Bd ! X2)
⇥ BR(Bs ! X1)

BR(Bd ! X2)
; (4)

knowing the ratio of the branching ratios, we could ob-
viously extract fd/fs experimentally. In order to imple-
ment this feature in practice, the Bs ! X1 and Bs ! X2

decays have to satisfy the following three requirements:

(1) the ratio of their branching ratios must be easy to
measure at LHCb;

(2) the decays must be robust with respect to the im-
pact of NP contributions;

(3) the ratio of their branching ratios must be theoret-
ically well understood within the SM.

At first sight, an obvious choice seems to use semileptonic
decays such as B̄ ! D+µ�⌫. However, the measure-
ment of such channels at hadron colliders is experimen-
tally challenging since the fully reconstructed B-mass is
not available and various sources of muons in the back-
ground have to be controlled. Therefore, we have to fo-
cus at non-leptonic decays, where requirement (1) implies
to look at decays into charged particles and requirement
(2) narrows down the search to channels without penguin
contributions, which are flavor-changing neutral-current
processes which might well be a↵ected by NP contribu-
tions. The third requirement finally guides us to the
decays B̄0

s ! D+
s ⇡

� and B̄0
d ! D+K�.

As can be seen in Fig. 1, these channels receive
only contributions from color-allowed tree-diagram-like
topologies and are related to each other through the in-
terchange of all down and strange quarks, i.e. through the
U -spin subgroup of the SU(3) flavor symmetry. More-
over, the concept of “factorization” [14] is expected to
work well in these transitions. This was expected from
“color transparency” already two decades ago [15, 16],
while this feature could actually be put on a rigorous
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• The ratio Rω/ρ between the branching ratios of Bd → J/ψω and Bd → J/ψρ0 decays can be given as,

Rth.
ω/ρ ≡

BR(Bd → J/ψω)

BR(Bd → J/ψρ0)
≈ 0.85+0.01

−0.03(ωB)
+0.00
−0.04(fM )+0.00

−0.02(ai)
+0.00
−0.04(mc)[0.85

+0.01
−0.07] , (66)

where most theoretical errors have been cancelled out in the ratio. This prediction is in good consistency with
the LHCb measurement [49] within errors,

BR(Bd → J/ψω)

BR(Bd → J/ψρ0)
= 0.89+0.20

−0.23 . (67)

Theoretically, both decay modes embrace the same transition at the quark level, which means the involved QCD
behavior is similar. The differences between their CP-averaged branching ratios come from their different decay
constants and masses.

• The ratio of BRs of Bs → J/ψK̄∗0 and Bd → J/ψK∗0 decays is predicted as

Rth.
s/d ≡

BR(Bs → J/ψK̄∗0)

BR(Bd → J/ψK∗0)
≈ 0.0333+0.0011

−0.0007(ωB)
+0.0001
−0.0004(fM )+0.0021

−0.0021(ai)
+0.0001
−0.0002(mc)[0.0333

+0.0024
−0.0022] , (68)

which agrees well with that shown in Ref. [48]

BR(Bs → J/ψK̄∗0)

BR(Bd → J/ψK∗0)
= 0.0343+0.006

−0.006 , (69)

and also with the CDF results [53]

BR(Bs → J/ψK̄∗0)

BR(Bd → J/ψK∗0)
= 0.062± 0.028 , (70)

where the BR(Bs → J/ψK∗0) measured by CDF Collaboration is [8.3± 3.8]× 10−5 [53].

• The ratio of the branching ratios of two Bs decay channels can be predicted as,

Rth.
K∗/φ ≡

BR(Bs → J/ψK̄∗0)

BR(Bs → J/ψφ)
≈ 0.040+0.001

−0.000(ωB)
+0.001
−0.000(fM )+0.001

−0.001(ai)
+0.001
−0.000(mc)[0.040

+0.002
−0.001] , (71)

which is also in good agreement with the entry derived from the available data [39, 48],

BR(Bs → J/ψK̄∗0)

BR(Bs → J/ψφ)
≈ 0.040+0.0133

−0.0119 . (72)

• In those two b̄ → s̄ transition modes, the theoretical ratio of BR(Bd → J/ψK∗0) to BR(Bs → J/ψφ) is

Rth.
d/s ≡

BR(Bd → J/ψK∗0)

BR(Bs → J/ψφ)
≈ 1.21+0.03

−0.04(ωB)
+0.00
−0.02(fM )+0.02

−0.02(ai)
+0.01
−0.03(mc)[1.21

+0.04
−0.06] ,

Rth.′
s/d ≡

BR(Bs → J/ψφ)

BR(Bd → J/ψK∗0)
≈ 0.83+0.03

−0.02(ωB)
+0.01
−0.00(fM )+0.01

−0.02(ai)
+0.01
−0.02(mc)[0.83

+0.03
−0.03]. (73)

which is consistent well with the existing data [39],

BR(Bd → J/ψK∗0)

BR(Bs → J/ψφ)
≈ 1.22+0.32

−0.27 . (74)

Bailey et al, PRD.85(2012)114502 
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• The ratio Rω/ρ between the branching ratios of Bd → J/ψω and Bd → J/ψρ0 decays can be given as,
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−0.02(ai)
+0.00
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+0.01
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where most theoretical errors have been cancelled out in the ratio. This prediction is in good consistency with
the LHCb measurement [49] within errors,

BR(Bd → J/ψω)

BR(Bd → J/ψρ0)
= 0.89+0.20

−0.23 . (67)

Theoretically, both decay modes embrace the same transition at the quark level, which means the involved QCD
behavior is similar. The differences between their CP-averaged branching ratios come from their different decay
constants and masses.

• The ratio of BRs of Bs → J/ψK̄∗0 and Bd → J/ψK∗0 decays is predicted as
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which agrees well with that shown in Ref. [48]
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−0.006 , (69)

and also with the CDF results [53]

BR(Bs → J/ψK̄∗0)

BR(Bd → J/ψK∗0)
= 0.062± 0.028 , (70)

where the BR(Bs → J/ψK∗0) measured by CDF Collaboration is [8.3± 3.8]× 10−5 [53].

• The ratio of the branching ratios of two Bs decay channels can be predicted as,

Rth.
K∗/φ ≡

BR(Bs → J/ψK̄∗0)

BR(Bs → J/ψφ)
≈ 0.040+0.001

−0.000(ωB)
+0.001
−0.000(fM )+0.001

−0.001(ai)
+0.001
−0.000(mc)[0.040
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which is also in good agreement with the entry derived from the available data [39, 48],

BR(Bs → J/ψK̄∗0)

BR(Bs → J/ψφ)
≈ 0.040+0.0133

−0.0119 . (72)

• In those two b̄ → s̄ transition modes, the theoretical ratio of BR(Bd → J/ψK∗0) to BR(Bs → J/ψφ) is
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d/s ≡

BR(Bd → J/ψK∗0)
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Figure 2: Decay-time and helicity-angle distributions for B0
s

! J/ K+K� decays (data points)
with the one-dimensional fit projections overlaid. The solid blue line shows the total signal
contribution, which is composed of CP -even (long-dashed red), CP -odd (short-dashed green)
and S-wave (dotted-dashed purple) contributions.

The e↵ect due to the b-hadron background contributions is evaluated by varying the
proportion of simulated background events included in the fit by one standard deviation
of their measured fractions. In addition, a further systematic uncertainty is assigned as
the di↵erence between the results of the fit to weighted or non-weighted data.

A small fraction of B0
s

! J/ K+K� decays come from the decays of B+
c

mesons [23].
The e↵ect of ignoring this component in the fit is evaluated using simulated pseudoexper-
iments where a 0.8% contribution [23,24] of B0

s

-from-B+
c

decays is added from a simulated
sample of B+

c

! B0
s

(! J/ �)⇡+ decays. Neglecting the B+
c

component leads to a bias
on �

s

of 0.0005 ps�1, which is added as a systematic uncertainty. Other parameters are
una↵ected.

The decay angle resolution is found to be of the order of 20 mrad in simulated events.
The result of pseudoexperiments shows that ignoring this e↵ect in the fit only leads to
small biases in the polarisation amplitudes, which are assigned as systematic uncertainties.

The angular e�ciency correction is determined from simulated signal events weighted
as in Ref. [6] such that the kinematic distributions of the final state particles match those

5

•  Bs,H: CP-odd:  long-living  

•  Bs,L: CP-even:  short-living 
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and S-wave (dotted-dashed purple) contributions.

The e↵ect due to the b-hadron background contributions is evaluated by varying the
proportion of simulated background events included in the fit by one standard deviation
of their measured fractions. In addition, a further systematic uncertainty is assigned as
the di↵erence between the results of the fit to weighted or non-weighted data.

A small fraction of B0
s

! J/ K+K� decays come from the decays of B+
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mesons [23].
The e↵ect of ignoring this component in the fit is evaluated using simulated pseudoexper-
iments where a 0.8% contribution [23,24] of B0
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The decay angle resolution is found to be of the order of 20 mrad in simulated events.
The result of pseudoexperiments shows that ignoring this e↵ect in the fit only leads to
small biases in the polarisation amplitudes, which are assigned as systematic uncertainties.

The angular e�ciency correction is determined from simulated signal events weighted
as in Ref. [6] such that the kinematic distributions of the final state particles match those
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•  Bs,H: CP-odd:  long-living  

•  Bs,L: CP-even:  short-living 
•  KL: CP-odd:   long-living  

•  KS: CP-even:  short-living 

CPLEAR 
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0 →Ds

+Ds
− Ks

0 → π +π −



2) Correct for lifetime difference 

•  Branching fraction at t=0 different from all (time-
integrated) decays 

Niels Tuning (97) 

3

Bs ! f
BR(Bs ! f)

exp Af
��

(SM)
BR (Bs ! f)

theo

/BR (Bs ! f)
exp

(measured) From Eq. (8) From Eq. (10)

J/ f
0

(980) (1.29+0.40
�0.28)⇥ 10�4 [18] 0.9984± 0.0021 [14] 0.912± 0.014 0.890± 0.082 [6]

J/ K
S

(3.5± 0.8)⇥ 10�5 [7] 0.84± 0.17 [15] 0.924± 0.018 N/A

D�
s ⇡

+ (3.01± 0.34)⇥ 10�3 [9] 0 (exact) 0.992± 0.003 N/A

K+K� (3.5± 0.7)⇥ 10�5 [18] �0.972± 0.012 [13] 1.085± 0.014 1.042± 0.033 [19]

D+

s D
�
s (1.04+0.29

�0.26)⇥ 10�2 [18] �0.995± 0.013 [16] 1.088± 0.014 N/A

TABLE I: Factors for converting BR (Bs ! f)
exp

(see (5)) into BR (Bs ! f)
theo

(see (7)) by means of Eq. (8) with theoretical

estimates for Af
��

. Whenever e↵ective lifetime information is available, the corrections are also calculated using Eq. (10).

for obtaining constraints on the B0
s–B̄

0
s mixing parame-

ters [17], but an integral part of the determination of the
“theoretical” Bs branching ratios from the data.

In Table I, we list the correction factors for converting
the experimentally measured branching ratios into the
theoretical branching ratios for various decays. Here we
have used theoretical information for Af

�� and Eq. (8), or
– if available – the e↵ective decay lifetimes and Eq. (10).

The rare decay B0
s ! µ+µ�, which is very sensitive to

New Physics [20], is also a↵ected by ��s. In Ref. [21], we
give a detailed discussion of this key Bs decay, showing
that the helicities of the muons need not be measured to
deal with this problem, and that ��s actually o↵ers a
new window for New Physics in B0

s ! µ+µ�.

IV. Bs ! V V DECAYS

Another application is given by Bs transitions into two
vector mesons, such as Bs ! J/ � [22], Bs ! K⇤0K̄⇤0

[23] and Bs ! D⇤+
s D⇤�

s [8]. Here an angular analy-
sis of the decay products of the vector mesons has to
be performed to disentangle the CP-even and CP-odd
final states, which a↵ects the branching fraction deter-
mination in a subtle way, as recognized in Refs. [23, 24].
Using linear polarization states 0, k with CP eigenvalue
⌘k = +1 and ? with CP eigenvalue ⌘k = �1 [25], the
generalization of Eq. (8) is given by

BRV V
theo =

�
1 � y2s

�
2

4
X

k=0,k,?

f exp
V V,k

1 + ysAV V,k
��

3

5BRV V
exp , (11)

where f exp
V V,k = BRV V,k

exp /BRV V
exp and BRV V

exp ⌘ P
k BR

V V,k
exp

so that
P

k f
exp
V V,k = 1. As discussed in Ref. [17], assuming

the SM structure for the decay amplitudes, we can write

AV V,k
�� = �⌘k

q
1 � C2

V V,k cos(�s +��V V,k), (12)

where CV V,k describes direct CP violation, �s is the
B0

s–B̄
0
s mixing phase, and ��V V,k is a non-perturbative

hadronic phase shift. The expressions given in Ref. [23]
for the Bs ! K⇤0K̄⇤0 decay take the leading order ef-
fect of ys into account, and assume �s = 0 and negligible
hadronic corrections.

The generalization of Eq. (10) is given by

BRV V
theo = BRV V

exp

X

k=0,k,?


2 � �

1 � y2s
� ⌧V V

k

⌧Bs

�
f exp
V V,k,

(13)
and does not require knowledge of the AV V,k

�� observables.

V. EXPERIMENTAL ASPECTS

Additional subtleties arise in the experimental deter-
mination of Bs branching ratios and e↵ective lifetimes, in
particular at a hadron collider environment where many
final-state particles are produced in the fragmentation.

Separating Bs signal decays from the background typi-
cally involves selection criteria that use the flight distance
of the Bs meson or the impact parameter of its decay
products, leading to a decay-time dependent e�ciency.
By rejecting short-living Bs meson candidates, the rela-
tive amounts of Bs,L and Bs,H mesons in the remaining
data sample are altered, resulting in a biased result for
the branching ratio determination. The extrapolation of
the event yield to full acceptance is usually obtained from
simulation, but this requires a priori assumptions of the
values for ys and Af

��. For example, the dependence of

the branching fraction correction on the value Af
�� can

be several percent if only decay times greater than 0.5 ps
are considered. This systematic uncertainty is avoided
by tuning the simulation using the measured value of the
e↵ective lifetime.

Furthermore, the presence of remaining background
events with a di↵erent observed decay time distribution
as the signal, implies that it is experimentally unprac-
tical to determine the time expectation value ⌧f of the
untagged rate as given in Eq. (9). Instead, the e↵ective
lifetime is commonly extracted by fitting a single expo-
nential function to the untagged rate [6, 19, 26], which
in general is described by two exponentials (see Eq. (2)).
In Appendix A we demonstrate that such a fitting proce-
dure leads to an unbiased determination of the e↵ective
lifetime in the case of a log likelihood fit and to a small
bias for a �2 minimization procedure.
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O(P )S and O0
(P )S operators. Their Wilson coe�cients are

still largely unconstrained and leave ample space for NP.
The hadronic sector of the leptonic B̄0

s ! µ+µ� decay
can be expressed in terms of a single, non-perturbative
parameter, the Bs-meson decay constant fBs [1].

For the discussion of the observables in Section III,
we go to the rest frame of the decaying B̄0

s meson and
distinguish between the µ+

Lµ
�
L and µ+

Rµ
�
R helicity config-

urations, which we denote as µ+
� µ

�
� with � = L,R. In

this notation, µ+
Lµ

�
L and µ+

Rµ
�
R are related to each other

through a CP transformation:

|(µ+
Lµ

�
L )CPi ⌘ (CP)|µ+

Lµ
�
L i = ei�CP(µµ)|µ+

Rµ
�
Ri, (4)

where ei�CP(µµ) is convention-dependent. We then obtain

A(B̄0
s ! µ+

� µ
�
� ) = hµ�

� µ
+
� |He↵ |B̄0

s i = � GFp
2⇡

V ⇤
tsVtb↵

⇥ fBsMBsmµC
SM
10 ei�CP(µµ)(1�⌘�)/2 [⌘�P + S] , (5)

where MBs is the Bs mass, ⌘L = +1 and ⌘R = �1, and

P ⌘ C10 � C 0
10

CSM
10

+
M2

Bs

2mµ

✓
mb

mb +ms

◆✓
CP � C 0

P

CSM
10

◆
(6)

S ⌘
s

1 � 4
m2

µ

M2
Bs

M2
Bs

2mµ

✓
mb

mb +ms

◆✓
CS � C 0

S

CSM
10

◆
. (7)

The P ⌘ |P |ei'P and S ⌘ |S|ei'S carry, in general, non-
trivial CP-violating phases 'P and 'S . However, in the
SM, we simply have P = 1 and S = 0 (see also Ref. [6]).
The �CP(µµ) factor in (5) originates from using the op-
erator relation (CP)†(CP) = 1̂ and (4) in the leptonic
parts of the four-fermion operators.

III. THE Bs ! µ+µ� OBSERVABLES

For the observables discussed below we need the

A(B0
s ! µ+

� µ
�
� ) = hµ�

� µ
+
� |H†

e↵ |B0
s i (8)

amplitude. Inserting again (CP)†(CP) = 1̂ into the ma-
trix elements of the four-fermion operators and using
both (4) and (CP)|B0

s i = ei�CP(Bs)|B̄0
s i, we obtain

A(B0
s ! µ+

� µ
�
� ) = � GFp

2⇡
VtsV

⇤
tb↵fBsMBsmµC

SM
10

⇥ ei[�CP(Bs)+�CP(µµ)(1�⌘�)/2] [�⌘�P
⇤ + S⇤] , (9)

which should be compared with (5). We observe that

|A(B0
s ! µ+

L,Rµ
�
L,R)| = |A(B̄0

s ! µ+
R,Lµ

�
R,L)|. (10)

Following the formalism to describe B0
s–B̄

0
s mixing dis-

cussed in Ref. [7], we consider the observable

⇠� ⌘ �e�i�s


ei�CP(Bs)

A(B̄0
s ! µ+

� µ
�
� )

A(B0
s ! µ+

� µ
�
� )

�

= �

+⌘�P + S

�⌘�P ⇤ + S⇤

�
. (11)

Here we have taken into account that the B0
s–B̄

0
s mixing

phase �s ⌘ 2arg(V ⇤
tsVtb) is cancelled by the CKM factors

in (5) and (9), and that the convention-dependent phase
�CP(Bs) is cancelled through (9), whereas �CP(µµ) sim-
ply cancels in the amplitude ratio. We notice the relation

⇠L⇠
⇤
R = ⇠R⇠

⇤
L = 1. (12)

The observables ⇠� contain all the information for cal-
culating the time-dependent rate asymmetries [7]:

�(B0
s (t) ! µ+

� µ
�
� ) � �(B̄0

s (t) ! µ+
� µ

�
� )

�(B0
s (t) ! µ+

� µ
�
� ) + �(B̄0

s (t) ! µ+
� µ

�
� )

=
C� cos(�Mst) + S� sin(�Mst)

cosh(yst/⌧Bs) + A�
�� sinh(yst/⌧Bs)

. (13)

Here �Ms is the mass di↵erence of the heavy and light
Bs mass eigenstates, and

ys ⌘ ⌧Bs��s/2 = 0.088 ± 0.014, (14)

where ⌧Bs is the Bs mean lifetime; the numerical value
corresponds to the results of Ref. [4]. CP asymmetries
of this kind were considered for Bs,d ! `+`� decays (ne-
glecting ��s) in various NP scenarios in Refs. [8–10].
The observables entering (13) are given as follows:

C� ⌘ 1 � |⇠�|2
1 + |⇠�|2 = �⌘�


2|PS| cos('P � 'S)

|P |2 + |S|2
�

(15)

S� ⌘ 2 Im ⇠�
1 + |⇠�|2 =

|P |2 sin 2'P � |S|2 sin 2'S

|P |2 + |S|2 (16)

A�
�� ⌘ 2Re ⇠�

1 + |⇠�|2 =
|P |2 cos 2'P � |S|2 cos 2'S

|P |2 + |S|2 . (17)

It should be emphasized that due to (12) SCP ⌘ S� and
A�� ⌘ A�

�� do not depend on the helicity � of the muons
and are theoretically clean observables.
Since it is di�cult to measure the muon helicity, we

consider the rates

�(
(-)
B0

s (t) ! µ+µ�) ⌘
X

�=L,R

�(
(-)
B0

s (t) ! µ+
� µ

�
� ), (18)

and obtain then the CP-violating rate asymmetry

�(B0
s (t) ! µ+µ�) � �(B̄0

s (t) ! µ+µ�)

�(B0
s (t) ! µ+µ�) + �(B̄0

s (t) ! µ+µ�)

=
SCP sin(�Mst)

cosh(yst/⌧Bs) + A�� sinh(yst/⌧Bs)
, (19)

3

where the C� terms (15) cancel because of the ⌘� factor.
It would be most interesting to measure (19) since

a non-zero value immediately signaled CP-violating NP
phases. Unfortunately, this is challenging in view of the
tiny branching ratio and as tagging, distinguishing be-
tween initially present B0

s and B̄0
s mesons, and time in-

formation are required. An expression analogous to (19)
holds also for Bd ! µ+µ� decays.

In practice, the branching ratio

BR
�
Bs ! µ+µ��

exp
⌘ 1

2

Z 1

0

h�(Bs(t) ! µ+µ�)i dt
(20)

is the first measurement, where the “untagged” rate

h�(Bs(t) ! f)i ⌘ �(B0
s (t) ! f) + �(B̄0

s (t) ! f)

/ e�t/⌧Bs
⇥
cosh(yst/⌧Bs) + A�� sinh(yst/⌧Bs)

⇤
(21)

is introduced [5, 11]. The branching ratio (20) is ex-
tracted ignoring tagging and time information. As shown
in Ref. [5], due to the sizable width di↵erence, the ex-
perimental value (20) is related to the theoretical value
(calculated in the literature, see, e.g., Refs.[1, 6]) through

BR(Bs ! µ+µ�) =


1 � y2s

1 + A�� ys

�
BR(Bs ! µ+µ�)exp,

(22)
where

BR(Bs ! µ+µ�)

BR(Bs ! µ+µ�)SM
= |P |2 + |S|2. (23)

The ys terms in (22) were so far not taken into account
in the comparison between theory and experiment.

A�� depends sensitively on NP and is hence essentially
unknown. Using (14) and varying A�� 2 [�1,+1] gives

�BR(Bs ! µ+µ�)|ys = ±ysBR(Bs ! µ+µ�)exp, (24)

which has to be added to the experimental error of (20).
In the SM, we have ASM

�� = +1 and rescale (1) corre-
spondingly by a factor of 1/(1 � ys), which results in

BR(Bs ! µ+µ�)SM|ys = (3.5 ± 0.2) ⇥ 10�9, (25)

where we have used (14). This is the SM reference for the
comparison with the experimental branching ratio (20).

IV. THE EFFECTIVE Bs ! µ+µ� LIFETIME

With more data available, the decay time information
can be included in the analysis. As we pointed out in
Ref. [5], the e↵ective lifetime

⌧µ+µ� ⌘
R1
0

t h�(Bs(t) ! µ+µ�)i dt
R1
0

h�(Bs(t) ! µ+µ�)i dt
(26)

allows the extraction of

A�� ys =
(1 � y2s)⌧µ+µ� � (1 + y2s)⌧Bs

2⌧Bs � (1 � y2s)⌧µ+µ�
, (27)

yielding

BR (Bs ! µ+µ�)

BR (Bs ! µ+µ�)exp
= 2 �

�
1 � y2s

� ⌧µ+µ�

⌧Bs

. (28)

We emphasize that it is crucial to the above equations
that A�� in (17) indeed does not depend on the helicities
of the muons, i.e. A�� ⌘ A�

��.
E↵ective lifetimes are experimentally accessible

through the decay time distributions of the same sam-
ples of untagged events used for the branching fraction
measurements, as illustrated by recent measurements of
the B0

s ! J/ f0 and B0
s ! K+K� lifetimes [12] by

the CDF and LHCb collaborations: both attained a 7%
precision with approximately 500 events, while an even
larger sample of B0

s ! µ+µ� events can be collected
by the LHC experiments, assuming the Standard Model
value of the B0

s ! µ+µ� branching fraction. Although
a precise estimate is beyond the scope of this article, we
believe that the data samples that will be collected in the
planned high-luminosity upgrades of the CMS and LHCb
experiments [13] can lead to a precision of 5% or better.

V. CONSTRAINTS ON NEW PHYSICS

In order to explore constraints on NP, we introduce

R ⌘ BR(Bs ! µ+µ�)exp
BR(Bs ! µ+µ�)SM

=


1 + A��ys
1 � y2s

� �
|P |2 + |S|2

�

=


1 + ys cos 2'P

1 � y2s

�
|P |2 +


1 � ys cos 2'S

1 � y2s

�
|S|2, (29)

where we have used (17) and (22). Using (1) and the
upper bound [2] yield R < 1.4, neglecting the theoretical
uncertainty from (1). In the case of ys = 0, R fixes a
circle in the |P |–|S| plane. For non-zero ys values, R
gives ellipses dependent on the phases 'P,S . As these
phases are in general unknown, a value of R results in
a circular band. We obtain the upper bounds |P |, |S| p
(1 + ys)R. As R does not allow us to separate the S

and P contributions, there may still be a large amount
of NP present, even if the measured branching ratio is
close to the SM value.
The measurement of ⌧µ+µ� and the resulting observ-

able A�� allows us to resolve this situation, as

|S| = |P |
s

cos 2'P � A��

cos 2'S + A��
(30)

fixes a straight line through the origin in the |P |–|S|
plane. In Fig. 1, we show the current R constraints in
the |P |–|S| plane, and illustrate also those corresponding
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holds also for Bd ! µ+µ� decays.

In practice, the branching ratio

BR
�
Bs ! µ+µ��

exp
⌘ 1

2

Z 1

0

h�(Bs(t) ! µ+µ�)i dt
(20)

is the first measurement, where the “untagged” rate

h�(Bs(t) ! f)i ⌘ �(B0
s (t) ! f) + �(B̄0

s (t) ! f)

/ e�t/⌧Bs
⇥
cosh(yst/⌧Bs) + A�� sinh(yst/⌧Bs)

⇤
(21)

is introduced [5, 11]. The branching ratio (20) is ex-
tracted ignoring tagging and time information. As shown
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perimental value (20) is related to the theoretical value
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We emphasize that it is crucial to the above equations
that A�� in (17) indeed does not depend on the helicities
of the muons, i.e. A�� ⌘ A�
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E↵ective lifetimes are experimentally accessible

through the decay time distributions of the same sam-
ples of untagged events used for the branching fraction
measurements, as illustrated by recent measurements of
the B0

s ! J/ f0 and B0
s ! K+K� lifetimes [12] by

the CDF and LHCb collaborations: both attained a 7%
precision with approximately 500 events, while an even
larger sample of B0

s ! µ+µ� events can be collected
by the LHC experiments, assuming the Standard Model
value of the B0

s ! µ+µ� branching fraction. Although
a precise estimate is beyond the scope of this article, we
believe that the data samples that will be collected in the
planned high-luminosity upgrades of the CMS and LHCb
experiments [13] can lead to a precision of 5% or better.
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where we have used (17) and (22). Using (1) and the
upper bound [2] yield R < 1.4, neglecting the theoretical
uncertainty from (1). In the case of ys = 0, R fixes a
circle in the |P |–|S| plane. For non-zero ys values, R
gives ellipses dependent on the phases 'P,S . As these
phases are in general unknown, a value of R results in
a circular band. We obtain the upper bounds |P |, |S| p
(1 + ys)R. As R does not allow us to separate the S

and P contributions, there may still be a large amount
of NP present, even if the measured branching ratio is
close to the SM value.
The measurement of ⌧µ+µ� and the resulting observ-

able A�� allows us to resolve this situation, as
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SM Prediction of the Bs ! µ+µ� Branching Ratio

• Parametric dependence on the relevant input parameters:
[Refers to the “theoretical” branching ratio, see discussion below]

BR(Bs ! µ+µ�
)SM = 3.25 ⇥ 10

�9

⇥


Mt
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�3.07 
FBs
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�2 
⌧Bs

1.500ps

� ����
V ⇤

tbVts

0.0405

����
2

[Buras, Girrbach, Guadagnoli & Isidori (2012); address also soft photon corrections]

• Most relevant recent changes:

– Lattice QCD progress [FLAG]: FBs = (227.7 ± 4.5) MeV

– Experiment [HFAG]: ⌧Bs = (1.516 ± 0.011) ps

– Theory: [Bobeth et al., arXiv:1311.0903]

NLO electroweak e↵ects [Bobeth et al., arXiv:1311.1348] and NNLO QCD
matching corrections [Herman et al., arXiv:1311.1347]:
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[supersedes prediction by Buras, R.F., Girrbach & Knegjens (2013)]
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• Parametric dependence on the relevant input parameters:
[Refers to the “theoretical” branching ratio, see discussion below]
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•  Effective lifetime:  ~”single exponential fit to double exponential decay time”  

•  Different CP admixture affects effective lifetime 
–  possibly not affecting the BR, when |S| and AΔΓ compensate… 

Ø  Could be due to scalar amplitude |S| from NP 
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FIG. 1: Current constraints in the |P |–|S| plane and illus-
tration of those following from a future measurement of the
e↵ective Bs ! µ+µ� lifetime yielding the A�� observable.
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FIG. 2: Illustration of allowed regions in the R–A�� plane
for scenarios with scalar or non-scalar NP contributions.

to (30). In Fig. 2, we illustrate the situation in the ob-
servable space of the R–A�� plane. It will be interesting
to complement these model-independent considerations
with a scan of popular specific NP models.

Let us finally note that the formalism discussed above
can also straightforwardly be applied to Bs(d) ! ⌧+⌧�

decays where the polarizations of the ⌧ leptons can be

inferred from their decay products [10]. This would allow
an analysis of (13), where non-vanishing C� observables
would unambiguously signal the presence of the scalar S
term. Unfortunately, these measurements are currently
out of reach from the experimental point of view.

VI. CONCLUSIONS

The recently established width di↵erence ��s implies
that the theoretical B0

s ! µ+µ� branching ratio in (1)
has to be rescaled by 1/(1� ys) for the comparison with
the experimental branching ratio, giving the SM refer-
ence value of (3.5± 0.2)⇥ 10�9. The possibility of NP in
the decay introduces an additional relative uncertainty
of ±9% originating from A�� 2 [�1,+1].
The e↵ective Bs ! µ+µ� lifetime ⌧µ+µ� o↵ers a new

observable. On the one hand, it allows us to take into
account the Bs width di↵erence in the comparison be-
tween theory and experiments. On the other hand, it
also provides a new, theoretically clean probe of NP. In
particular, ⌧µ+µ� may reveal large NP e↵ects, especially
those related to (pseudo-)scalar `+`� densities of four-
fermion operators originating from the physics beyond
the SM, even in the case that the B0

s ! µ+µ� branching
ratio is close to the SM prediction.
The determination of ⌧µ+µ� appears feasible with the

large data samples that will be collected in the high-
luminosity running of the LHC with upgraded experi-
ments and should be further investigated, as this mea-
surement would open a new era for the exploration of
Bs ! µ+µ� at the LHC, which may eventually allow
the resolution of NP contributions to one of the rarest
weak decay processes that Nature has to o↵er.
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where the C� terms (15) cancel because of the ⌘� factor.
It would be most interesting to measure (19) since

a non-zero value immediately signaled CP-violating NP
phases. Unfortunately, this is challenging in view of the
tiny branching ratio and as tagging, distinguishing be-
tween initially present B0

s and B̄0
s mesons, and time in-

formation are required. An expression analogous to (19)
holds also for Bd ! µ+µ� decays.

In practice, the branching ratio

BR
�
Bs ! µ+µ��

exp
⌘ 1

2

Z 1

0

h�(Bs(t) ! µ+µ�)i dt
(20)

is the first measurement, where the “untagged” rate

h�(Bs(t) ! f)i ⌘ �(B0
s (t) ! f) + �(B̄0

s (t) ! f)

/ e�t/⌧Bs
⇥
cosh(yst/⌧Bs) + A�� sinh(yst/⌧Bs)

⇤
(21)

is introduced [5, 11]. The branching ratio (20) is ex-
tracted ignoring tagging and time information. As shown
in Ref. [5], due to the sizable width di↵erence, the ex-
perimental value (20) is related to the theoretical value
(calculated in the literature, see, e.g., Refs.[1, 6]) through

BR(Bs ! µ+µ�) =


1 � y2s

1 + A�� ys

�
BR(Bs ! µ+µ�)exp,

(22)
where

BR(Bs ! µ+µ�)

BR(Bs ! µ+µ�)SM
= |P |2 + |S|2. (23)

The ys terms in (22) were so far not taken into account
in the comparison between theory and experiment.

A�� depends sensitively on NP and is hence essentially
unknown. Using (14) and varying A�� 2 [�1,+1] gives

�BR(Bs ! µ+µ�)|ys = ±ysBR(Bs ! µ+µ�)exp, (24)

which has to be added to the experimental error of (20).
In the SM, we have ASM

�� = +1 and rescale (1) corre-
spondingly by a factor of 1/(1 � ys), which results in

BR(Bs ! µ+µ�)SM|ys = (3.5 ± 0.2) ⇥ 10�9, (25)

where we have used (14). This is the SM reference for the
comparison with the experimental branching ratio (20).

IV. THE EFFECTIVE Bs ! µ+µ� LIFETIME

With more data available, the decay time information
can be included in the analysis. As we pointed out in
Ref. [5], the e↵ective lifetime

⌧µ+µ� ⌘
R1
0

t h�(Bs(t) ! µ+µ�)i dt
R1
0

h�(Bs(t) ! µ+µ�)i dt
(26)

allows the extraction of

A�� ys =
(1 � y2s)⌧µ+µ� � (1 + y2s)⌧Bs

2⌧Bs � (1 � y2s)⌧µ+µ�
, (27)

yielding

BR (Bs ! µ+µ�)

BR (Bs ! µ+µ�)exp
= 2 �

�
1 � y2s

� ⌧µ+µ�

⌧Bs

. (28)

We emphasize that it is crucial to the above equations
that A�� in (17) indeed does not depend on the helicities
of the muons, i.e. A�� ⌘ A�

��.
E↵ective lifetimes are experimentally accessible

through the decay time distributions of the same sam-
ples of untagged events used for the branching fraction
measurements, as illustrated by recent measurements of
the B0

s ! J/ f0 and B0
s ! K+K� lifetimes [12] by

the CDF and LHCb collaborations: both attained a 7%
precision with approximately 500 events, while an even
larger sample of B0

s ! µ+µ� events can be collected
by the LHC experiments, assuming the Standard Model
value of the B0

s ! µ+µ� branching fraction. Although
a precise estimate is beyond the scope of this article, we
believe that the data samples that will be collected in the
planned high-luminosity upgrades of the CMS and LHCb
experiments [13] can lead to a precision of 5% or better.

V. CONSTRAINTS ON NEW PHYSICS

In order to explore constraints on NP, we introduce

R ⌘ BR(Bs ! µ+µ�)exp
BR(Bs ! µ+µ�)SM

=


1 + A��ys
1 � y2s

� �
|P |2 + |S|2

�

=


1 + ys cos 2'P

1 � y2s

�
|P |2 +


1 � ys cos 2'S

1 � y2s

�
|S|2, (29)

where we have used (17) and (22). Using (1) and the
upper bound [2] yield R < 1.4, neglecting the theoretical
uncertainty from (1). In the case of ys = 0, R fixes a
circle in the |P |–|S| plane. For non-zero ys values, R
gives ellipses dependent on the phases 'P,S . As these
phases are in general unknown, a value of R results in
a circular band. We obtain the upper bounds |P |, |S| p
(1 + ys)R. As R does not allow us to separate the S

and P contributions, there may still be a large amount
of NP present, even if the measured branching ratio is
close to the SM value.
The measurement of ⌧µ+µ� and the resulting observ-

able A�� allows us to resolve this situation, as

|S| = |P |
s

cos 2'P � A��

cos 2'S + A��
(30)

fixes a straight line through the origin in the |P |–|S|
plane. In Fig. 1, we show the current R constraints in
the |P |–|S| plane, and illustrate also those corresponding

SM 
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bàs µµ 

•  Flavour changing neutral current: FCNC 

•  In SM only at higher order: 

N. Tuning (3) 

Introduction Meson mixing Rare decays Flavour physics beyond the SM

Global analysis of b ! s transitions

O(0)
7 =

mb

e
(s̄�µ⌫PR(L)b)F

µ⌫ O(0)
9 = (s̄�µPL(R)b)(¯̀�

µ`) O(0)
10 = (s̄�µPL(R)b)(¯̀�

µ�5`)

I b ! s operators contribute to many observables measured by B factories
and/or at LHC

I global analysis necessary

Decay C(0)
7 C(0)

9 C(0)
10

B ! Xs� X

B ! K ⇤� X

B ! Xsµ+µ� X X X

B ! Kµ+µ� X X X

B ! K ⇤µ+µ� X X X

Bs ! µ+µ� X

David Straub (Universe Cluster) 49



B0àK*µµ 

•  Diagrams: 
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Theory
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Figure 1.1: Standard model Feynman diagrams for the decay B0 → K∗0ℓ+ℓ−

contributing most to the forward-backward asymmetry. Diagrams (a) and
(b) are penguin diagrams, diagram (c) depicts the decay via a cc̄ bound state,
like B → J/ψ(ℓℓ)K∗, and in diagram (d) an exchange via two W bosons is
given.

difficult due to the large background one has to reject. From a theoretical point of view
it is harder to calculate exclusive cross-sections, while inclusive modes are cleaner and
uncertainties can be well controlled by approximations in Heavy Quark Effective Theory
(HQET) and Operator Product Expansion (OPE). When considering hadronic exclusive
decays hadronic matrix elements are present which are usually not calculable due to non-
perturbative QCD effects. The hadronic matrix elements involved in decays of heavy
particles can, however, in some cases be estimated with heavy-quark symmetry [8].

The subject of this thesis is the semi-leptonic exclusive decay B0 → K∗0µ+µ−. In
comparison to fully hadronic decays, semi-leptonic decays are considered theoretically
cleaner due to the limited amount of hadrons involved.

The quark level sub-process b → sℓ+ℓ− can be described by an effective theory
which will be done in section 1.3. The uncertainties from hadronic form factors for the
exclusive decay will be mentioned in section 1.4.1. The lowest order standard model
Feynman diagrams relevant for this process are shown in Fig. 1.1.

The same final state can be reached via a resonant (real) cc̄ intermediate state or
non-resonant (virtual) cc̄ states as shown in Fig. 1.1(c). These are difficult to calculate
because long-distance effects play a role in the formation of the intermediate state.
Usually in the analysis one omits the regions of invariant mass where the resonances
dominate. The effects of the non-resonant states are incorporated in the constants of

6
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•  Decay rate 
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•  Wilson coefficients 
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B0àK*µµ 

•  Decay rate 

•  Observables 

•  Wilson coefficients 
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This decay is described by 

3 angles (�l ,�K ,!) and the di-muon 
invariant mass squared (q2)

B0—>K*mm
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•  Decay rate 

•  Observables 
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•  Decay rate 

•  Observables 

•  Wilson coefficients 
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bàs µµ 

•  BàKµµ spectrum 

                                                      q2=mµµ
2 

N. Tuning (9) Sketch from J. Martin Camalich 

Large-recoil region (low q2)
I LCSR+QCDf/SCET (power-corrections)
I Dominant effect of the photon pole

Charmonium region
I Dominated by long-distance (hadronic) effects
I Starting at the perturbative cc̄ threshold q2 ' 6 � 7 GeV2

Low-recoil region (high q2)
I LQCD+HQEFT + OPE (duality violation)
I Dominated by semileptonic operators

J. Martin Camalich Theory of exclusive b ! s`` decays 28 November 2016 9 / 15
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bàs µµ 

Mini Workshop Nikhef        26 June 2015                N. Tuning (9) Sketch from Christian Linn 

•  BàKµµ or BàK(J/Ψà)µµ ?  
–  If m(µµ)=3.1 GeV, we hit the J/Ψ … 

                                                       



B0àK*µµ 

•  Event selection: 
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Figure 1: Invariant mass of the K+⇡�µ+µ� system versus q2. The decay B0 ! K⇤0µ+µ� is
clearly visible inside the dashed vertical lines. The horizontal lines denote the charmonium regions,
where the tree-level decays B0! J/ K⇤0 and B0!  (2S)K⇤0 dominate. These candidates are
excluded from the analysis.

4.1 Background composition

In addition to combinatorial background, there are several sources of background that
accumulate in m(K+

⇡

�
µ

+
µ

�) and can potentially mimic the signal decay if they are mis-
reconstructed in the detector. These are referred to as peaking backgrounds. Contamination
from peaking backgrounds is estimated using samples of simulated events.

The tree-level decays B

0 ! J/ K

⇤0 and B

0 !  (2S)K⇤0 dominate in the regions
8.0 < q

2
< 11.0GeV2

/c

4 and 12.5 < q

2
< 15.0GeV2

/c

4, respectively, and these q

2 regions
are therefore excluded from the analysis of the signal decay. However, these decays can
still form a source of background if the µ

� (µ+) is misidentified as a ⇡� (K+) and the ⇡�

(K+) is misidentified as a µ

� (µ+). To remove this background, candidates are rejected if
the ⇡� (K+) satisfies the muon identification criteria and the mass of the ⇡�

µ

+ (K+
µ

�)
system, when the ⇡� (K+) is assigned the muon mass, is consistent with that of a J/ 

or  (2S) meson. Possible pollution from B

0 ! K

⇤0
�(! µ

+
µ

�) decays is removed by
excluding from the analysis the q

2 region 0.98 < q

2
< 1.10GeV2

/c

4.
The decay ⇤0

b

! pK

�
µ

+
µ

�, which can proceed via e.g. the ⇤(1520) resonance, can be
a source of peaking background if the proton is misidentified as a pion. This background
is suppressed by rejecting candidates where the pion is not unambiguously identified
by the RICH detectors and which have a mass close to the known ⇤

0
b

mass, when the
pion is assigned the proton mass. Similarly, ⇤0

b

! pK

�
µ

+
µ

� backgrounds with double
misidentification of the hadrons, i.e. where the proton is misidentified as a kaon and the

8
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Figure 4: Angular and mass distributions for 1.1 < q2 < 6.0GeV2/c4. The distributions of
m(K+⇡�) and the three decay angles are given for candidates in the signal mass window
±50MeV/c2 around the known B0 mass. The candidates have been weighted to account for
the acceptance. Overlaid are the projections of the total fitted distribution (black line) and its
di↵erent components. The signal is shown by the blue shaded area and the background by the
red hatched area.
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•  Observables: 

1) Decay rates 

2) Angular distributions 

3) Ratio of branching fractions 
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1) bàs µµ: Decay rates 

N. Tuning (11) 

1 fb-1, arXiv:1304.6325 

3 fb-1, arXiv:1403.8044 

3 fb-1, arXiv:1503.07138 3 fb-1, LHCB-2015-023 
Bs

0àφµµ Λb
0àΛµµ B0àK*0µµ 

Ø Lower BRs consistent with modified C9, it seems 

B+àK+µµ B0àK0µµ B0àK*+µµ 
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Figure 4: Angular and mass distributions for 1.1 < q2 < 6.0GeV2/c4. The distributions of
m(K+⇡�) and the three decay angles are given for candidates in the signal mass window
±50MeV/c2 around the known B0 mass. The candidates have been weighted to account for
the acceptance. Overlaid are the projections of the total fitted distribution (black line) and its
di↵erent components. The signal is shown by the blue shaded area and the background by the
red hatched area.
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2) Angular analysis B0àK*µµ 
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Figure 4: Angular and mass distributions for 1.1 < q2 < 6.0GeV2/c4. The distributions of
m(K+⇡�) and the three decay angles are given for candidates in the signal mass window
±50MeV/c2 around the known B0 mass. The candidates have been weighted to account for
the acceptance. Overlaid are the projections of the total fitted distribution (black line) and its
di↵erent components. The signal is shown by the blue shaded area and the background by the
red hatched area.
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Figure 6: The CP -averaged observables in bins of q2, determined from a maximum likelihood fit
to the data. The shaded boxes show the SM predictions based on the prescription of Ref. [19].
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Such a mix of events can hardly 
cause an artificial experimental 
asymmetry…  
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Figure 8: The optimised angular observables in bins of q2, determined from a maximum likelihood
fit to the data. The shaded boxes show the SM prediction taken from Ref. [14].
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2) Angular analysis B0àK*µµ 

N. Tuning (12) 

Such a mix of events can hardly 
cause an artificial experimental 
asymmetry…  

2.9σ in each bin 

for q2 < 1GeV2
/c

4 and are therefore adopted for the full q2 range. The S1c observable
corresponds to the fraction of longitudinal polarisation of the K

⇤0 meson and is therefore
more commonly referred to as FL, with

FL = S1c =
|AL

0 |2 + |AR
0 |2

|AL
0 |2 + |AR

0 |2 + |AL
k |2 + |AR

k |2 + |AL
?|2 + |AR

?|2
. (3)

It is also conventional to replace S6s by the forward-backward asymmetry of the dimuon sys-
tem AFB, with AFB = 3

4S6s. The CP -averaged angular distribution of the B

0! K

⇤0
µ

+
µ

�

decay can then be written as

1

d(�+ �̄)/dq2
d4(�+ �̄)

dq2 d~⌦
=

9

32⇡

h
3
4(1� FL) sin

2
✓

K

+ FL cos
2
✓

K

+1
4(1� FL) sin

2
✓

K

cos 2✓
l

�FL cos
2
✓

K

cos 2✓
l

+ S3 sin
2
✓

K

sin2
✓

l

cos 2�

+S4 sin 2✓K sin 2✓
l

cos�+ S5 sin 2✓K sin ✓
l

cos�

+4
3AFB sin2

✓

K

cos ✓
l

+ S7 sin 2✓K sin ✓
l

sin�

+S8 sin 2✓K sin 2✓
l

sin�+ S9 sin
2
✓

K

sin2
✓

l

sin 2�
i
.

(4)

Additional sets of observables, for which the leading B0 ! K

⇤0 form-factor uncertainties
cancel, can be built from FL and S3–S9. Examples of such optimised observables include
the transverse asymmetry A

(2)
T [23], where A

(2)
T = 2S3/(1 � FL), and the P

(0)
i

series of
observables [24]. In this paper the notation used is

P1 =
2S3

(1� FL)
= A

(2)
T ,

P2 =
2

3

AFB

(1� FL)
,

P3 =
�S9

(1� FL)
,

P

0
4,5,8 =

S4,5,8p
FL(1� FL)

,

P

0
6 =

S7p
FL(1� FL)

.

(5)

The definition of the P

0
i

observables di↵ers from that of Ref. [24], but is consistent with
the notation used in the LHCb analysis of Ref. [8].

In addition to the resonant P-wave K

⇤0 contribution to the K

+
⇡

�
µ

+
µ

� final state,
the K

+
⇡

� system can also be in an S-wave configuration. The addition of an S-wave
component introduces two new complex amplitudes, AL,R

S , and results in the six additional

3
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•  Many observable, many measurements… 

Niels Tuning (122) 
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Figure 6: The CP -averaged observables in bins of q2, determined from a maximum likelihood fit
to the data. The shaded boxes show the SM predictions based on the prescription of Ref. [19].
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B0àK*µµ 

•  Many observable, many measurements 

Ø  No wonder there is some deviation somewhere?! 

Niels Tuning (123) 



Road to discovery: Wilson coefficients 

Niels Tuning (124) 



Fit to bàsµµ 

•  Agreement of various measurements: 

Niels Tuning (125) 

Decay obs. q2 bin SM pred. measurement pull

B̄0 ! K̄⇤0µ+µ� FL [2, 4.3] 0.81± 0.02 0.26± 0.19 ATLAS +2.9

B̄0 ! K̄⇤0µ+µ� FL [4, 6] 0.74± 0.04 0.61± 0.06 LHCb +1.9

B̄0 ! K̄⇤0µ+µ� S
5

[4, 6] �0.33± 0.03 �0.15± 0.08 LHCb �2.2

B̄0 ! K̄⇤0µ+µ� P 0
5

[1.1, 6] �0.44± 0.08 �0.05± 0.11 LHCb �2.9

B̄0 ! K̄⇤0µ+µ� P 0
5

[4, 6] �0.77± 0.06 �0.30± 0.16 LHCb �2.8

B� ! K⇤�µ+µ� 107 dBR

dq2 [4, 6] 0.54± 0.08 0.26± 0.10 LHCb +2.1

B̄0 ! K̄0µ+µ� 108 dBR

dq2 [0.1, 2] 2.71± 0.50 1.26± 0.56 LHCb +1.9

B̄0 ! K̄0µ+µ� 108 dBR

dq2 [16, 23] 0.93± 0.12 0.37± 0.22 CDF +2.2

Bs ! �µ+µ� 107 dBR

dq2 [1, 6] 0.48± 0.06 0.23± 0.05 LHCb +3.1

Table 1: Observables where a single measurement deviates from the SM by 1.9� or more (cf. 15 for the B !
K⇤µ+µ� predictions at low q2).

one can construct a �2 function which quantifies, for a given value of the Wilson coe�cients,
the compatibility of the hypothesis with the experimental data. It reads

�2( ~CNP) =
h
~O
exp

� ~O
th

( ~CNP)
iT

[C
exp

+ C
th

]�1

h
~O
exp

� ~O
th

( ~CNP)
i
. (5)

where O
exp,th

and C
exp,th

are the experimental and theoretical central values and covariance
matrices, respectively. All dependence on NP is encoded in the NP contributions to the Wilson
coe�cients, CNP

i = Ci � CSM

i . The NP dependence of C
th

is neglected, but all correlations
between theoretical uncertainties are retained. Including the theoretical error correlations and
also the experimental ones, which have been provided for the new angular analysis by the LHCb
collaboration, the fit is independent of the basis of observables chosen (e.g. P 0

i vs. Si observables).
In other words, the “optimization” 18 of observables is automatically built in.

In total, the �2 used for the fit contains 88 measurements of 76 di↵erent observables by 6
experiments (see the original publication4 for references). The observables include B ! K⇤µ+µ�

angular observables and branching ratios as well as branching ratios of B ! Kµ+µ�, B !
Xsµ+µ�, Bs ! �µ+µ�, B ! K⇤�, B ! Xs�, and Bs ! µ+µ�.

2.2 Compatibility of the SM with the data

Setting the Wilson coe�cients to their SM values, we find �2

SM

⌘ �2(~0) = 116.9 for 88 mea-
surements, corresponding to a p value of 2.1%. Including also b ! se+e� observablesc the �2

deteriorates to 125.8 for 91 measurements, corresponding to p = 0.91%. The observables with
the biggest individual tensions are listed in table 1. It should be noted that the observables
in this table are not independent. For instance, of the set (S

5

, FL, P 0
5

), only the first two are
included in the fit as the last one can be expressed as a function of them18,d.

cWe have not yet included the recent measurement 19 of B ! K⇤e+e� angular observables at very low q2.
Although these observables are not sensitive to the violation of LFU, being dominated by the photon pole, they
can provide important constraints on the Wilson coe�cients C(0)

7 .
dIncluding the last two instead leads to equivalent results since we include correlations as mentioned above;

this has been checked explicitly.

Altmannshofer & Straub, arXiv:1503.06199 



Fit to bàsµµ 

Niels Tuning (126) 

•  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
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2
χ

∆
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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 



BR(bàsµµ)                vs            P5’ in B0àK*µµ 
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C9
NP=-1.0 

•  Low BR points in same direction 
as angular observables 

Altmannshofer & Straub, arXiv:1411.3161 Horgan et al, arXiv:1310.3887 

SM 



Fit to bàsµµ 

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

Niels Tuning (128) 

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 C

9

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 C

9

-C
10

plane and the C
9

-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 C
9

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 C

9

. 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 C
9

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
C
9

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 CNP
9 < 0 always favoured.

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

SM – – – 16.0
CNP
7 �0.02 [�0.07, 0.03] 1.2 17.0

CNP
9 �1.09 [�1.67,�0.39] 4.5 63.0

CNP
10 0.56 [�0.12, 1.36] 2.5 25.0

CNP
70 0.02 [�0.06, 0.09] 0.6 15.0

CNP
90 0.46 [�0.36, 1.31] 1.7 19.0

CNP
100 �0.25 [�0.82, 0.31] 1.3 17.0

CNP
9 = CNP

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
CNP
90 = CNP

100 �0.07 [�0.86, 0.68] 0.3 14.0
CNP
90 = �CNP

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

Fit to bàsµµ 

Niels Tuning (129) 

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 CNP
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 = �CNP

90 , CNP
10 = CNP

100 ) (�1.15, 0.34) 4.7 75.0

(CNP
9 = �CNP

90 , CNP
10 = �CNP

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: 

Fit to bàsµµ 

Niels Tuning (130) Descotes, Virto, Matias, arXiv:1510.04239 



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

•  Leave 6 coefficients free in fit: 

Fit to bàsµµ 

Niels Tuning (131) Descotes, Virto, Matias, arXiv:1510.04239 

:: Canonical Fit: 6D hypotheses

. All 6 WCs free (but real).

Coe�cient 1� 2� 3�

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

CNP
9 [�1.4,�1.0] [�1.7,�0.7] [�2.2,�0.4]

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

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

CNP
90 [0.3, 1.8] [�0.5, 2.7] [�1.3, 3.7]

CNP
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�.

Javier Virto (Uni Bern) Fitting B decay Anomalies November 30, 2016 13 / 38

:: Canonical Fit: 6D hypotheses

. All 6 WCs free (but real).

Coe�cient 1� 2� 3�

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

CNP
9 [�1.4,�1.0] [�1.7,�0.7] [�2.2,�0.4]

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

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

CNP
90 [0.3, 1.8] [�0.5, 2.7] [�1.3, 3.7]

CNP
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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:: Anomaly patterns

. C9 < 0 consistent with all the anomalies

. No consistent and global alternative from long-distance dynamics.

Javier Virto (Uni Bern) Fitting B decay Anomalies November 30, 2016 19 / 38

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

Fit to bàsµµ 

Niels Tuning (132) Virto, CKM2016 



Interpretation?         (Both affect the vector coupling, C9 …) 

Mini Workshop Nikhef        26 June 2015                N. Tuning (17) 

Slide from Tom Blake 



Niels Tuning (134) 

3) bà sll   : Ratio of branching fractions 

Ø  FCNC: EW penguin 

LHCb, PRL113 (2014) 151601  

2.6 σ 



Niels Tuning (135) 

bà sll   : FCNC anomalies!? 

Ø  FCNC: EW penguin 

•  Curious tensions: 
–  Lepton flavour universality 

–  Decay rates 

–  Angular distributions, P5’ 

LHCb, PRL113 (2014) 151601  

2.6 σ 

B—>K*µµ
• Moving to a semi-leptonic decay, more freedom - now 

sensitive to vector and electromagnetic operators. 

• Well-documented discrepancy in the vector coupling, C9.

11

In the �

2 fit, the correlations between the di↵erent observables are taken into account.
The floating parameters are Re(C9) and a number of nuisance parameters associated with
the form factors, CKM elements and possible sub-leading corrections to the amplitudes.
The sub-leading corrections to the amplitudes are expected to be suppressed by the size of
the b-quark mass relative to the typical energy scale of QCD. The nuisance parameters are
treated according to the prescription of Ref. [11] and are included in the fit with Gaussian
constraints. In the �

2 minimisation procedure, the value of each observable (as derived
from a particular choice of the theory parameters) is compared to the measured value.
Depending on the sign of the di↵erence between these values, either the lower or upper
(asymmetric) uncertainty on the measurement is used to compute the �

2.
The minimum �

2 corresponds to a value of Re(C9) shifted by �Re(C9) = �1.04± 0.25
from the SM central value of Re(C9) = 4.27 [11] (see Fig. 14). From the di↵erence in �

2

between the SM point and this best-fit point, the significance of this shift corresponds to
3.4 standard deviations. As discussed in the literature [9–12,14–21], a shift in C9 could be
caused by a contribution from a new vector particle or could result from an unexpectedly
large hadronic e↵ect.

If a fit is instead performed to the CP -averaged observables from the moment analysis
in the same q

2 ranges, then �Re(C9) = �0.68 ± 0.35 is obtained. As expected, the
uncertainty on �Re(C9) is larger than that from the likelihood fit. Taking into account the
correlations between the two methods, the values of �Re(C9) are statistically compatible.
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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.
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• Experimental uncertainties expected to be dominated by statistics 
for many years - most limiting systematics come from theory side.

JHEP 02 (2016) 104 JHEP 02 (2016) 104

3.4 σ 

LHCb, JHEP 1602 (2016) 104  LHCb, JHEP 1509 (2015) 179  
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Interpretation of global fits

7

Optimist’s view point Pessimist’s view point

Vector-like contribution could 
come from new tree level 
contribution from a Z’ with a 
mass of a few TeV (the Z’ will 
also contribute to mixing, a 
challenge for model builders)

Vector-like contribution could 
point to a problem with our 
understanding of QCD, e.g. 
are we correctly estimating 
the contribution for charm 
loops that produce dimuon 
pairs via a virtual  photon. 

More work needed from experiment/theory to disentangle the two
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Ø  Belle: CKM workshop 2 weeks ago 

b ! s`` and Radiative Decays at Belle

Signal Extraction B ! K⇤`+`�

I Signal is extracted in Beam Constrained Mass: Mbc ⌘
q

E2
Beam � |~pB|2

I Signal pdf: Crystal Ball shape, Background pdf: Argus shape

)2 (GeV/cbcM
5.22 5.24 5.26 5.28

 )2
Ev

en
ts

 / 
( 0

.0
03

 G
eV

/c

0

10

20

30

40

50

60

70

)2 (GeV/cbcM
5.22 5.24 5.26 5.28

Pu
ll

-2
0
2

B0 ! K⇤(892)0e+e�

B+ ! K⇤(892)+e+e�

127 ± 15 signal candidates

)2 (GeV/cbcM
5.22 5.24 5.26 5.28

 )2
Ev

en
ts

 / 
( 0

.0
03

 G
eV

/c

0

20

40

60

80

100

)2 (GeV/cbcM
5.22 5.24 5.26 5.28

Pu
ll

-2
0
2

B0 ! K⇤(892)0µ+µ�

B+ ! K⇤(892)+µ+µ�

185 ± 17 signal candidates

Simon Wehle (Deutsches Elektronen-Synchrotron) 10
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Ø  Belle: CKM workshop 2 weeks ago 

Ø  Agreement with LHCb 

Wehle, CKM2016 
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Ø  Belle: CKM workshop 2 weeks ago 

Ø  e – µ difference …?! 

Wehle, CKM2016 



Lepton Flavour Non-Universality 

•  More? 
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Lepton-Flavour Non-Universality ? 
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•  Surprises possible in tree-level decays? 

 

•  Bà D*lν 
–  Measure ratio τ/µ : 

–  SM: R(D*)=0.252±0.003 

Lepton universality, enshrined within the Standard Model (SM), requires equality of
couplings between the gauge bosons and the three families of leptons. Hints of lepton
non-universal e↵ects in B+ ! K+e+e� and B+ ! K+µ+µ� decays [1] have been seen,
but no definitive observation of a deviation has yet been made. However, a large class of
models that extend the SM contain additional interactions involving enhanced couplings
to the third generation that would violate this principle. Semileptonic decays of b hadrons
(particles containing a b quark) to third generation leptons provide a sensitive probe for
such e↵ects. In particular, the presence of additional charged Higgs bosons, which are
often required in these models, can have a significant e↵ect on the rate of the semitauonic
decay B0 ! D⇤+⌧�⌫

⌧

[2]. The use of charge-conjugate modes is implied throughout this
Letter.

Semitauonic B meson decays have been observed by the BaBar and Belle col-
laborations [3–7]. Recently BaBar reported updated measurements [6, 7] of the ra-
tios of branching fractions, R(D⇤) ⌘ B(B0 ! D⇤+⌧�⌫

⌧

)/B(B0 ! D⇤+µ�⌫
µ

) and
R(D) ⌘ B(B0 ! D+⌧�⌫

⌧

)/B(B0 ! D+µ�⌫
µ

), which show deviations of 2.7� and 2.0�,
respectively, from the SM predictions [8, 9]. These ratios have been calculated to high
precision, owing to the cancellation of most of the uncertainties associated with the strong
interaction in the B to D(⇤) transition. Within the SM they di↵er from unity mainly
because of phase-space e↵ects due to the di↵ering charged lepton masses.

This Letter presents the first measurement of R(D⇤) in hadron collisions using the
data recorded by the LHCb detector at the Large Hadron Collider in 2011–2012. The data
correspond to integrated luminosities of 1.0 fb�1 and 2.0 fb�1, collected at proton-proton
(pp) center-of-mass energies of 7 TeV and 8 TeV, respectively. The B0 ! D⇤+⌧�⌫

⌧

decay
with ⌧� ! µ�⌫

µ

⌫
⌧

(the signal channel) and the B0 ! D⇤+µ�⌫
µ

decay (the normalization
channel) produce identical visible final-state topologies; consequently both are selected
by a common reconstruction procedure. The selection identifies semileptonic B0 decay
candidates containing a muon candidate and a D⇤+ candidate reconstructed through the
decay chain D⇤+ ! D0(! K�⇡+)⇡+. The selected sample contains contributions from
the signal and the normalization channel, as well as several background processes, which
include partially reconstructed B decays and candidates from combinations of unrelated
particles from di↵erent b hadron decays. The kinematic and topological properties of
the various components are exploited to suppress the background contributions. Finally,
the signal, the normalization component and the residual background are statistically
disentangled with a multidimensional fit to the data using template distributions derived
from control samples or from simulation validated against data.

The LHCb detector [10, 11] is a single-arm forward spectrometer covering the
pseudorapidity range 2 < ⌘ < 5, designed for the study of particles containing b or
c quarks. The detector includes a high-precision tracking system consisting of a silicon-
strip vertex detector surrounding the pp interaction region [12], a large-area silicon-strip
detector located upstream of a dipole magnet with a bending power of about 4Tm, and
three stations of silicon-strip detectors and straw drift tubes [13] placed downstream of
the magnet. The tracking system provides a measurement of momentum, p, of charged
particles with a relative uncertainty that varies from 0.5% at low momentum to 1.0%

1

Fajfer, Kamenik, Nisandzic PRD 85, 094025 (2012)  
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Lepton-Flavour Non-Universality ? 

•  Spot the differences … 

Niels Tuning (141) 

Experimental challenge

• Missing neutrinos ) No narrow peak to fit (in any distribution)
� Calculate m2

missing

, q2 and Eµ in approximate rest frame

• Main backgrounds are partially reconstructed B decays
� B ! D⇤µ⌫, B ! D⇤⇤µ⌫, B ! D⇤D(µX)X ...

• Isolation MVA used to reject physics backgrounds with additional cuts
and to select control samples of specific backgrounds

P. Álvarez Cartelle (ICL) LFU & LFV @ LHCb 9/18

9/18

See C. Bozzi’s talk on Thursday (WG2)



Lepton-Flavour Non-Universality ? 

•  Missing mass 

•  Eµ 

•  Result: 

Niels Tuning (142) 

Result

• Three dimensional template fit (m2

missing, Eµ, q2 shown)

� Large MC samples for signal and physics backgrounds (data-driven syst.)
� Background from µ misID and combinatorial from data

• Shape and form factor dependence systematics included in the fit

The obtained result

R(D⇤) = 0.336± 0.027± 0.030

is consistent with the SM at 2.1� level

P. Álvarez Cartelle (ICL) LFU & LFV @ LHCb 10/18

10/18

LHCb, PRL 115 (2015) 111803
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2. Introduction 4/16

Experimental challenge

B! D⇤⌧⌫ B! D⇤µ⌫

• Di�culty: neutrinos - 3 for (⌧ ! µ⌫⌫)⌫
• No narrow peak to fit (in any distribution)

• Main backgrounds: partially reconstructed B decays
• B ! D⇤µ⌫,B ! D⇤⇤µ⌫, B ! D⇤D(! µX )X ...

• Also combinatorial background

Energy of muon in B rest frame 

The former represents random combinations of D⇤+ candidates with muons from unrelated
decays, and the latter is used to model the contribution of misreconstructed D⇤+ decays.
Mass regions 5280 < m(D⇤+µ�) < 10000MeV/c2 and 139 < �m < 160MeV/c2 are
included in all samples for study of the combinatorial backgrounds. Finally, a sample of
candidates is selected where the track paired with the D⇤+ fails all muon identification
requirements. These D⇤+h± candidates are used to model the background from hadrons
misidentified as muons.

To suppress the contributions of partially reconstructed B decays, including B decays
to pairs of charmed hadrons, and semileptonic B ! D⇤+(n⇡)µ�⌫

µ

decays with n � 1
additional pions, the D⇤+µ�candidates are required to be isolated from additional tracks
in the event. An algorithm is developed and trained to determine whether a given track is
likely to have originated from the signal B candidate or from the rest of the event based on
a multivariate analysis (MVA) method. For each track in the event, the algorithm employs
information on the track separation from the PV, the track separation from the decay
vertex, the angle between the track and the candidate momentum vector, the decay length
significance of the decay vertex under the hypothesis that the track does not originate
from the candidate and the change in this significance under the hypothesis that it does.
A signal sample, enriched in B0 ! D⇤+⌧�⌫

⌧

and B0 ! D⇤+µ�⌫
µ

decays, is constructed
by requiring that no tracks in the event reach a threshold in the MVA output. In addition,
the output is used to select three control samples enriched in partially reconstructed B
decays of interest for background studies by requiring that only one or two tracks be
selected by the MVA (D⇤+µ�⇡� or D⇤+µ�⇡+⇡�) or that at least one track selected by
the MVA passes K± identification requirements (D⇤+µ�K±). These samples are depleted
of B0 ! D⇤+µ�⌫

µ

and B0 ! D⇤+⌧�⌫
⌧

decays and are used to study and constrain the
shapes of remaining backgrounds in the signal sample.

The e�ciencies "
s

and "
n

for the signal and the normalization channels, respectively,
are determined in simulation. These include the e↵ects of the trigger, event reconstruction,
event selection, particle identification procedure, isolation method, and the detector
acceptance. To account for the e↵ect of di↵ering detector occupancy distributions between
simulation and data, the simulated samples are reweighted to match the occupancy
observed in data. The overall e�ciency ratio is "

s

/"
n

= (77.6± 1.4)%, with the deviation
from unity primarily due to the particle identification, which dominantly removes low-p

T

muon candidates, and vertex quality requirements.
The separation of the signal from the normalization channel, as well as from background

processes, is achieved by exploiting the distinct kinematic distributions that characterize
the various decay modes, resulting from the µ� ⌧ mass di↵erence and the presence of extra
neutrinos from the decay ⌧� ! µ�⌫

µ

⌫
⌧

. The most discriminating kinematic variables
are the following quantities, computed in the B rest frame: the muon energy, E⇤

µ

; the
missing mass squared, defined as m2

miss

= (pµ
B

�pµ
D

�pµ
µ

)2; and the squared four-momentum
transfer to the lepton system, q2 = (pµ

B

� pµ
D

)2, where pµ
B

, pµ
D

and pµ
µ

are the four-momenta
of the B meson, the D⇤+ meson and the muon. The determination of the rest-frame
variables requires knowledge of the B candidate momentum vector in the laboratory frame,
which is estimated from the measured parameters of the reconstructed final-state particles.

3
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•  Surprises possible in tree-level decays? 

•  There is more than “roadmap” channels with 
loops 

•  Bà D*lν 
–  Measure ratio τ/µ : 

–  SM: R(D*)=0.252±0.003 

–  R(D) and R(D*) combined: 4.0σ 

Lepton universality, enshrined within the Standard Model (SM), requires equality of
couplings between the gauge bosons and the three families of leptons. Hints of lepton
non-universal e↵ects in B+ ! K+e+e� and B+ ! K+µ+µ� decays [1] have been seen,
but no definitive observation of a deviation has yet been made. However, a large class of
models that extend the SM contain additional interactions involving enhanced couplings
to the third generation that would violate this principle. Semileptonic decays of b hadrons
(particles containing a b quark) to third generation leptons provide a sensitive probe for
such e↵ects. In particular, the presence of additional charged Higgs bosons, which are
often required in these models, can have a significant e↵ect on the rate of the semitauonic
decay B0 ! D⇤+⌧�⌫

⌧

[2]. The use of charge-conjugate modes is implied throughout this
Letter.

Semitauonic B meson decays have been observed by the BaBar and Belle col-
laborations [3–7]. Recently BaBar reported updated measurements [6, 7] of the ra-
tios of branching fractions, R(D⇤) ⌘ B(B0 ! D⇤+⌧�⌫

⌧

)/B(B0 ! D⇤+µ�⌫
µ

) and
R(D) ⌘ B(B0 ! D+⌧�⌫

⌧

)/B(B0 ! D+µ�⌫
µ

), which show deviations of 2.7� and 2.0�,
respectively, from the SM predictions [8, 9]. These ratios have been calculated to high
precision, owing to the cancellation of most of the uncertainties associated with the strong
interaction in the B to D(⇤) transition. Within the SM they di↵er from unity mainly
because of phase-space e↵ects due to the di↵ering charged lepton masses.

This Letter presents the first measurement of R(D⇤) in hadron collisions using the
data recorded by the LHCb detector at the Large Hadron Collider in 2011–2012. The data
correspond to integrated luminosities of 1.0 fb�1 and 2.0 fb�1, collected at proton-proton
(pp) center-of-mass energies of 7 TeV and 8 TeV, respectively. The B0 ! D⇤+⌧�⌫

⌧

decay
with ⌧� ! µ�⌫

µ

⌫
⌧

(the signal channel) and the B0 ! D⇤+µ�⌫
µ

decay (the normalization
channel) produce identical visible final-state topologies; consequently both are selected
by a common reconstruction procedure. The selection identifies semileptonic B0 decay
candidates containing a muon candidate and a D⇤+ candidate reconstructed through the
decay chain D⇤+ ! D0(! K�⇡+)⇡+. The selected sample contains contributions from
the signal and the normalization channel, as well as several background processes, which
include partially reconstructed B decays and candidates from combinations of unrelated
particles from di↵erent b hadron decays. The kinematic and topological properties of
the various components are exploited to suppress the background contributions. Finally,
the signal, the normalization component and the residual background are statistically
disentangled with a multidimensional fit to the data using template distributions derived
from control samples or from simulation validated against data.

The LHCb detector [10, 11] is a single-arm forward spectrometer covering the
pseudorapidity range 2 < ⌘ < 5, designed for the study of particles containing b or
c quarks. The detector includes a high-precision tracking system consisting of a silicon-
strip vertex detector surrounding the pp interaction region [12], a large-area silicon-strip
detector located upstream of a dipole magnet with a bending power of about 4Tm, and
three stations of silicon-strip detectors and straw drift tubes [13] placed downstream of
the magnet. The tracking system provides a measurement of momentum, p, of charged
particles with a relative uncertainty that varies from 0.5% at low momentum to 1.0%
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Other interesting measurements and constraints: 
ü  BR(B0à µµ):  high? 

ü Vub: incl vs excl:  different? 

ü g-2   high? 

ü Diboson resonance  high? 

ü  Hàτµ   high? 

ü  ε’/ε   x10 high? 

q  B-mixing 

q  τàµµµ 

q  µàeγ 

“Interesting” recent measurements at LHCb: 

ü R(D*) and R(D):  Lepton universality BàD(*)τυ / BàD(*)µυ 

ü RK:    Lepton universality BàKee / BàKµµ  

ü P5’:    Angular observable B0àK*µµ 

ü Г(bà s µµ)   Decay rates of B(s)àK(φ)µµ 

More Measurements 

144 

LHCb/CMS Nature 522, 68 (2015)  
LHCb               arXiv:1504.01568 
BNL E821                            PDG 
ATLAS             arXiv:1506.00962 
CMS                 PAS-HIG-14-005 
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Figure 2: Compilation of recent published re-
sults for aµ (in units of 10−11), subtracted
by the central value of the experimental av-
erage (3). The shaded band indicates the size
of the experimental uncertainty. The SM pre-
dictions are taken from: JN [4], DHMZ [17],
HMNT [21]. Note that the quoted errors in
the figure do not include the uncertainty on the
subtracted experimental value. To obtain for
each theory calculation a result equivalent to
Eq. (15), the errors from theory and experiment
must be added in quadrature.

(with all errors combined in quadrature) represents an inter-

esting but not yet conclusive discrepancy of 3.6 times the

estimated 1σ error. All the recent estimates for the hadronic

contribution compiled in Fig. 2 exhibit similar discrepancies.

Switching to τ data reduces the discrepancy to 2.4σ, assuming

the isospin-violating corrections are under control within the

estimated uncertainties (see Ref. 32 for an analysis leading to a

different conclusion).

An alternate interpretation is that ∆aµ may be a new

physics signal with supersymmetric particle loops as the leading

candidate explanation. Such a scenario is quite natural, since
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Figure 5: Left) Upper limits by category for the LFV H ! µt decays. Right) Best fit branching
fractions by category.

9 Extracting limits on lepton flavor violating couplings
The constraint on B(H ! µt) can be interpreted in terms of LFV Higgs Yukawa couplings.
The LFV decays H ! eµ, et, µt arise at tree level from the assumed flavor violating Yukawa
interactions where the relevant terms are explicitly

LV ⌘ �Yeµ ēLµRh � Yµeµ̄LeRh � Yet ēLtRh � Ytet̄LeRh � Yµtµ̄LtRh � Ytµt̄LµRh

The branching fraction in terms of the Yukawa couplings are given by

B(H ! lalb) =
G(H ! lalb)

G(H ! lalb) + GSM
(1)

where la, lb = e, µ, t and la 6= lb. The decay width, in turn, is

G(H ! lalb) =
mh

8p
(|Ylb la |2 + |Yla lb |2) (2)

and SM Higgs width is GSM = 4.1 MeV for a 125 GeV Higgs boson. It was assumed that at
most one of non-standard decay mode of the Higgs is significant compared to the SM decay
width.

The constraints on the Yukawa couplings derived from the limit B(H ! µt) < 1.57% are shown
in Figure 6. This is compared to the constraints from previous indirect measurements. It can be
seen that the direct search improves the constraint by roughly an order of magnitude.

10 Conclusions
The first direct search for lepton flavor violating decays of a Higgs boson to a muon-tau pair,
based on the full 8 TeV dataset collected by CMS in 2012 is presented. The sensitivity of the

Vub 

g-2 

Diboson 

hàµτ 

Bs
0àµµ 

Diphoton 



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.
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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: (r
p

/a
B

)3 = (↵m
r

r
p

)3, where r
p

is the proton radius and m
r

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 r2
p

of the radius is given by

r2
p

⌘ �6
dG

E

dQ2

���
Q

2=0
, (1)
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Figure 8: The optimised angular observables in bins of q2, determined from a maximum likelihood
fit to the data. The shaded boxes show the SM prediction taken from Ref. [14].
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Road to discovery: Wilson coefficients 
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Theory: 1) Leptoquarks 

•  Example: “Bauer/Neubert” model 
–  Leptoquark mΔ ~ 1 TeV 

–  g-2 

–  R(D*) 

–  RK 

–  bàc : tree level, bàs : loop level 

•  Predictions: 
–  1σ effects on BR(Zàµµ)  

–  B-mixing affected 

–  (BR(hàτµ)~10-7)  
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One Leptoquark to Rule Them All:
A Minimal Explanation for RD(⇤), RK and (g � 2)µ
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We show that by adding a single new scalar particle to the Standard Model, a TeV-scale leptoquark
with the quantum numbers of a right-handed down quark, one can explain in a natural way three of
the most striking anomalies of particle physics: the violation of lepton universality in B̄ ! K̄`+`�

decays, the enhanced B̄ ! D(⇤)⌧ ⌫̄ decay rates, and the anomalous magnetic moment of the muon.
Constraints from other precision measurements in the flavor sector can be satisfied without fine-
tuning. Our model predicts enhanced B̄ ! K̄(⇤)⌫⌫̄ decay rates and a new-physics contribution to
Bs�B̄s mixing close to the current central fit value.

Introduction. Rare decays and low-energy precision
measurements provide powerful probes of physics beyond
the Standard Model (SM). During the first run of the
LHC, many existing measurements of such observables
were improved and new channels were discovered, at rates
largely consistent with SM predictions. However, a few
anomalies observed by previous experiments have been
reinforced by LHC measurements and some new anoma-
lous signals have been reported. The most remarkable
example of a confirmed e↵ect is the 3.5� deviation from
the SM expectation in the combination of the ratios

R
D

(⇤) =
�(B̄ ! D(⇤)⌧ ⌫̄)

�(B̄ ! D(⇤)`⌫̄)
; ` = e, µ. (1)

An excess of the B̄ ! D(⇤)⌧ ⌫̄ decay rates was first noted
by BaBar [1, 2], and it was shown that this e↵ect can-
not be explained in terms of type-II two Higgs-doublet
models. The relevant rate measurements were consis-
tent with those reported by Belle [3–5] and were recently
confirmed by LHCb for the case of R

D

⇤ [6]. Since these
decays are mediated at tree level in the SM, relatively
large new-physics contributions are necessary in order to
explain the deviations. Taking into account the di↵eren-
tial distributions d�(B̄ ! D⌧ ⌫̄)/dq2 provided by BaBar
[2] and Belle [7], only very few models can explain the ex-
cess, and they typically require new particles with masses
near the TeV scale and O(1) couplings [8–17]. One of the
interesting new anomalies is the striking 2.6� departure
from lepton universality of the ratio

R
K

=
�(B̄ ! K̄µ+µ�)

�(B̄ ! K̄e+e�)
= 0.745+0.090

�0.074 ± 0.036 (2)

in the dilepton invariant mass bin 1GeV2  q2  6 GeV2,
reported by LHCb [18]. This ratio is essentially free from
hadronic uncertainties, making it very sensitive to new
physics. Equally intriguing is a discrepancy in angu-
lar observables in the rare decays B̄ ! K̄⇤µ+µ� seen
by LHCb [19], which is however subject to significant
hadronic uncertainties [20, 21]. Both observables are in-
duced by loop-mediated processes in the SM, and assum-
ing O(1) couplings one finds that the dimension-6 opera-

tors that improve the global fit to the data are suppressed
by mass scales of order tens of TeV [22–25].

In this letter we propose a simple extension of the SM
by a single scalar leptoquark � transforming as (3,1,� 1

3 )
under the SM gauge group, which can explain both the
R

D

(⇤) and the R
K

anomalies with a low mass M
�

⇠
1 TeV and O(1) couplings. The fact that such a particle
can explain the anomalous B̄ ! D(⇤)⌧ ⌫̄ rates and q2

distributions is well known [13, 17]. Here we show that
the same leptoquark can resolve in a natural way the R

K

anomaly and explain the anomalous magnetic moment of
the muon. Reproducing R

K

with a light leptoquark is
possible in our model, because the transitions b ! s`+`�

are only mediated at loop level. Such loop e↵ects have
not been studied previously in the literature. We also
discuss possible contributions to B

s

�B̄
s

mixing, the rare
decays B̄ ! K̄(⇤)⌫⌫̄, D0 ! µ+µ�, ⌧ ! µ�, and the
Z-boson couplings to fermions. We focus primarily on
fermions of the second and third generations, leaving a
more complete analysis for future work.

The leptoquark � can couple to LQ and e
R

u
R

, as well
as to operators which would allow for proton decay and
will be ignored in the following. Such operators can be
eliminated, e.g., by means of a discrete symmetry. The
leptoquark interactions follow from the Lagrangian

L
�

= (D
µ

�)†D
µ

�� M2
�

|�|2 � g
h�

|�|2|�|2
+ Q̄c�Li⌧2L�

⇤ + ūc

R

�Re
R

�⇤ + h.c. ,
(3)

where � is the Higgs doublet, �L,R are matrices in fla-
vor space, and  c = C ̄T are charge-conjugate spinors.
Note that our leptoquark shares the quantum numbers
of a right-handed sbottom, and its couplings to fermions
can be reproduced from the R-parity violating superpo-
tential. The above Lagrangian refers to the weak basis.
In the mass basis, the couplings to fermions take the form

L
�

3 ūc

L

�L

ue

e
L

�⇤�d̄c
L

�L

d⌫

⌫
L

�⇤+ūc

R

�R

ue

e
R

�⇤+h.c. , (4)

where

�L

ue

= UT

u

�LU
e

, �L

d⌫

= UT

d

�LU
⌫

, �R

ue

= V T

u

�
R

V
e

,
(5)
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We show that by adding a single new scalar particle to the Standard Model, a TeV-scale leptoquark
with the quantum numbers of a right-handed down quark, one can explain in a natural way three of
the most striking anomalies of particle physics: the violation of lepton universality in B̄ ! K̄`+`�

decays, the enhanced B̄ ! D(⇤)⌧ ⌫̄ decay rates, and the anomalous magnetic moment of the muon.
Constraints from other precision measurements in the flavor sector can be satisfied without fine-
tuning. Our model predicts enhanced B̄ ! K̄(⇤)⌫⌫̄ decay rates and a new-physics contribution to
Bs�B̄s mixing close to the current central fit value.

Introduction. Rare decays and low-energy precision
measurements provide powerful probes of physics beyond
the Standard Model (SM). During the first run of the
LHC, many existing measurements of such observables
were improved and new channels were discovered, at rates
largely consistent with SM predictions. However, a few
anomalies observed by previous experiments have been
reinforced by LHC measurements and some new anoma-
lous signals have been reported. The most remarkable
example of a confirmed e↵ect is the 3.5� deviation from
the SM expectation in the combination of the ratios

R
D

(⇤) =
�(B̄ ! D(⇤)⌧ ⌫̄)

�(B̄ ! D(⇤)`⌫̄)
; ` = e, µ. (1)

An excess of the B̄ ! D(⇤)⌧ ⌫̄ decay rates was first noted
by BaBar [1, 2], and it was shown that this e↵ect can-
not be explained in terms of type-II two Higgs-doublet
models. The relevant rate measurements were consis-
tent with those reported by Belle [3–5] and were recently
confirmed by LHCb for the case of R

D

⇤ [6]. Since these
decays are mediated at tree level in the SM, relatively
large new-physics contributions are necessary in order to
explain the deviations. Taking into account the di↵eren-
tial distributions d�(B̄ ! D⌧ ⌫̄)/dq2 provided by BaBar
[2] and Belle [7], only very few models can explain the ex-
cess, and they typically require new particles with masses
near the TeV scale and O(1) couplings [8–17]. One of the
interesting new anomalies is the striking 2.6� departure
from lepton universality of the ratio

R
K

=
�(B̄ ! K̄µ+µ�)

�(B̄ ! K̄e+e�)
= 0.745+0.090

�0.074 ± 0.036 (2)

in the dilepton invariant mass bin 1GeV2  q2  6 GeV2,
reported by LHCb [18]. This ratio is essentially free from
hadronic uncertainties, making it very sensitive to new
physics. Equally intriguing is a discrepancy in angu-
lar observables in the rare decays B̄ ! K̄⇤µ+µ� seen
by LHCb [19], which is however subject to significant
hadronic uncertainties [20, 21]. Both observables are in-
duced by loop-mediated processes in the SM, and assum-
ing O(1) couplings one finds that the dimension-6 opera-

tors that improve the global fit to the data are suppressed
by mass scales of order tens of TeV [22–25].

In this letter we propose a simple extension of the SM
by a single scalar leptoquark � transforming as (3,1,� 1

3 )
under the SM gauge group, which can explain both the
R

D

(⇤) and the R
K

anomalies with a low mass M
�

⇠
1 TeV and O(1) couplings. The fact that such a particle
can explain the anomalous B̄ ! D(⇤)⌧ ⌫̄ rates and q2

distributions is well known [13, 17]. Here we show that
the same leptoquark can resolve in a natural way the R

K

anomaly and explain the anomalous magnetic moment of
the muon. Reproducing R

K

with a light leptoquark is
possible in our model, because the transitions b ! s`+`�

are only mediated at loop level. Such loop e↵ects have
not been studied previously in the literature. We also
discuss possible contributions to B

s

�B̄
s

mixing, the rare
decays B̄ ! K̄(⇤)⌫⌫̄, D0 ! µ+µ�, ⌧ ! µ�, and the
Z-boson couplings to fermions. We focus primarily on
fermions of the second and third generations, leaving a
more complete analysis for future work.

The leptoquark � can couple to LQ and e
R

u
R

, as well
as to operators which would allow for proton decay and
will be ignored in the following. Such operators can be
eliminated, e.g., by means of a discrete symmetry. The
leptoquark interactions follow from the Lagrangian

L
�

= (D
µ

�)†D
µ

�� M2
�

|�|2 � g
h�

|�|2|�|2
+ Q̄c�Li⌧2L�

⇤ + ūc

R

�Re
R

�⇤ + h.c. ,
(3)

where � is the Higgs doublet, �L,R are matrices in fla-
vor space, and  c = C ̄T are charge-conjugate spinors.
Note that our leptoquark shares the quantum numbers
of a right-handed sbottom, and its couplings to fermions
can be reproduced from the R-parity violating superpo-
tential. The above Lagrangian refers to the weak basis.
In the mass basis, the couplings to fermions take the form

L
�

3 ūc

L

�L

ue

e
L

�⇤�d̄c
L

�L

d⌫

⌫
L

�⇤+ūc

R

�R

ue

e
R

�⇤+h.c. , (4)

where

�L

ue

= UT

u

�LU
e

, �L

d⌫

= UT
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⌫

, �R
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= V T
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•  Example: “Isidori” model 
–  New Z’ boson 

–  Relatively simple model 

–  Describes all (most?) data 

–  Extra SU(2)L symmetry, coupling to 3rd gen 

 

 

•  Predictions: 
–  CNP

10=-CNP
9 

–  τ,µ difference universal: R(D)=R(D*)=R(Λc)=… ~ 30% 

–  e, µ difference: ~1-2%  

–  B-mixing: 10% deviations from SM 

–  τàµµµ not far from present bound 

–  No coupling to bosons, so cannot explain diboson excess… 

–  Z’àtt,bb,ττ not very easy in ATLAS, most stringent constraint from 
m(Z’àττ)>300 GeV, ruling out most minimal version of this model! 

Theory: 2) heavy Z’ 

151 

of the Z 0 ! ⌧+⌧� branching ratio. The tension can be further reduced in the limit where the
assumption of narrow resonances (� ⌧ M), that is implicit in all present direct searches, no
longer holds.

2 The model

2.1 Step I: four-fermion operators

Our main assumption is that all the non-standard four-fermion interactions can be described by
the following e↵ective Lagrangian

�L(T )

4f = � 1

2m2

V

Ja
µJ

a
µ , (4)

where Ja
µ is a fermion current transforming as a SU(2)L triplet, built in terms of SM quarks

and lepton fields:

Ja
µ = gq�

q
ij

⇣
Q̄i

L�µT
aQj

L

⌘
+ g`�

`
ij

⇣
L̄i
L�µT

aLj
L

⌘
. (5)

Here �q,` are Hermitian flavor matrices and, by convention, �q
33

= �`
33

= 1.
We define Qi

L and Li
L to be the quark and lepton electroweak doublets in the flavor basis

where down-type quarks and charged-leptons are diagonal. We assume an approximate U(2)q ⇥
U(2)` flavor symmetry, under which the light generations of Qi

L and Li
L transform as 2q⇥1` and

1q ⇥ 2`, respectively, and all other fermions are singlets. We further assume that the underlying
dynamics responsible for the e↵ective interaction in Eq. (4) involves, in first approximation,
only third generation SM fermions (the left-handed 1q ⇥ 1` fermions). In this limit, the flavor

couplings in Eq. (5) are �q,`
ij = �i3�3j . The corrections to this limit are expected to be generated

by appropriate U(2)q⇥U(2)` breaking spurions, connected to the generation of subleading terms
in the Yukawa couplings for the SM light fermions.

In the quark case, the leading U(2)q breaking spurion is a doublet, whose flavor structure is
unambiguously connected to the CKM matrix (V ) [29]. We can thus expand �q

ij as follows:

�q
ij = �i3�3j + (✏

1

�i3V̂3j + ✏⇤
1

V̂ ⇤
3i�3j) + ✏

2

(V̂ ⇤
3iV̂3j) + . . . , V̂

3j = V
3j � �

3jV3j , (6)

with ✏
2

= O(✏2
1

). As we will discuss below, low-energy flavor-physics data imply ✏i ⌧ 1.
The breaking structure in the lepton sector is less clear, given the intrinsic ambiguity in

reconstructing the lepton Yukawa couplings under the (natural) assumption that neutrino masses
are generated by a see-saw mechanism.2 As we will discuss below, low-energy data are compatible
with the hypothesis that the leading breaking terms in the lepton sector transform as doublets
of U(2)`.

2An attempt to build a consistent neutrino mass matrix starting from an approximate U(2)` symmetry broken
by small U(2)` doublets has been discussed in Ref. [30].

4

Main assumptions:

NP in both charged & neutral currents + RH currents disfavored + 
SU(2)L×U(1)Y symmetry →  SU(2)L-triplet effective operator

Non-Universal flavor structure of the currents → mainly 3rd generations   

We assume this effective operator is the result of integrating-out a 
heavy triplet of vector bosons (W', Z') coupled to a single current:   

+  small corrections for 2nd (& 1st) generations
    (hierarchy determined by CKM in the quark sector)

A “prototype data-inspired” model:

Greljo, GI, Marzocca '15

G. Isidori –  Flavor physics @ Run-I and Run-II prospects                           LHC HF WG meeting, CERN, Nov 2015
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Interpretations 
Authors Model Input Predictions/ 

Result 
arXiv 

þ Descotes-Genon, Matias, 
Virto 

Model independent bà sll, bà sγ •  C9
NP=-1  

•  CNP
10=-CNP

9 

1307.5683 
1510.04239 

þ Altmannshofer, Straub Model independent bà sll, bà sγ 
 

•  C9
NP=-1 

•  CNP
10=-CNP

9 
1411.3161 
1503.06199 

☐ Glashow, Guadagnoli, 
Lane 

Z' B0àK*µµ, RK,  
Bs

0àµµ 
LFNU à LFV 1411.0565   

1507.01412 

☐ Bhattacharya, Datta, 
London, Shivashankara 

Z’, W’ RK, R(D*) R(D)=R(D*) 
 

1412.7164 

☐
 
 

Crivellin, Hofer, Matias, 
Nierste, Pokorski, Rosiek 

Z’ 
 

BàK*µµ, RK 
(τà3µ, µàeγ,  
g-2, B-mix) 

1) CNP
10=0  2) CNP

10=-CNP
9 

Limits on Bà(K)µe. 
(hàµν 1503.03477) 

1504.07928 

☐ Celis, Fuentes-Martin, 
Jung, Serodio 

Z‘ B0àK*µµ, RK RK=RK* 1505.03079 

þ Greljo, Isidori, Marzocca Z’,W’ B0àK*µµ, RK, R(D*), 
τà3µ, B-mix, BàXν 

R(D)=R(D*), 
Dµν/Deν ~ 1-2% 

1506.01705 

☐ Buras, Butazzo, Knegjens 
De Fazio  

Z’  SU(3)L ε’/ε, KLàµµ, Bs
0àµµ Kàπνν, B0àK*µµ 

mZ’~3 TeV 
1507.08672 
1512.02869 

☐ Hiller, Schmaltz Leptoquark RK, bà sµµ 1408.1627 
 

☐ Bečirević, Fajfer, Košnik Leptoquark 
(scalar, or vector) 

BR(BàKµµ), Bs
0àµµ C9’=-C10’, RK=0.88 1503.09024 

1511.06024 

☐ Freytsis, Ligeti, 
Ruderman 

Leptoquark 
(scalar/vector) 

R(D*),B+àτυ B+/B- CPV, 
Dàπνν~10-5 

1506.08896 

þ Bauer, Neubert Leptoquark 
(scalar) 

RK, R(D*), g-2 
(B-mix, τàµγ, Dàµµ) 

BR(Zàµµ), B-mix 1511.01900 
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New physics? 

•  More involved Standard Model calculation? 

 

•  Statistical fluctuations? 

•  Or first hints for new particles?? 
Ø  Leptoquark ? 
–  Couples to quark ánd leptons 

–  Explaining many open questions 
•  g-2, BàKµµ, BàD*µν, diphoton 

Ø  Z’ ? 
–  New symmetry, new boson (force) 

–  Explaining many open questions 
•  BàKµµ, BàD*µν 

Niels Tuning (154) 
T. Blake

Interpretation of global fits

7

Optimist’s view point Pessimist’s view point

Vector-like contribution could 
come from new tree level 
contribution from a Z’ with a 
mass of a few TeV (the Z’ will 
also contribute to mixing, a 
challenge for model builders)

Vector-like contribution could 
point to a problem with our 
understanding of QCD, e.g. 
are we correctly estimating 
the contribution for charm 
loops that produce dimuon 
pairs via a virtual  photon. 

More work needed from experiment/theory to disentangle the two

ν φ

φ t
b

µ

µ

s



The	need	for	more	precision
# “Imagine	if	Fitch	and	Cronin	had	stopped	at	the	1%	level,	
how	much	physics	would	have	been	missed”

– A.Soni

# “A	special	search	at	Dubna was	carried	out	by	Okonov and	
his	group.	They	did	not	find	a	single	KL0→π+π– event	
among	600	decays	into	charged	particles	(Anikira et	al.,	
JETP	1962).	At	that	stage	the	search	was	terminated	by	
the	administration	of	the	lab.	The	group	was	unlucky.”

– L.Okun
(remember:	B(KL0→π+π–)	~	2	10–3)

ICHEP	2016	-- I.	Shipsey



Niels Tuning (156) 

Backups 

Conclusions

“Extraordinary claims require Extraordinary evidence”
– C. Sagan

1 We find new particles at the LHC
I Modelling their flavor structure should explain anomalies+new predictions!

2 We do not find new particles but we confirm LUV
I Reading the shape with more sophisticated (angular) observables

F Take LUV ratios between angular observables in B ! K⇤``

I Bottom-up model-building: Path for discovery at LHC or beyond!
3 No new particles+No LUV

I More data needed to confirm or rule out q2-dependence of the effect
I Tackling theoretical errors systematically will require a theoretical breakthrough
I New ideas: e.g. B⇤

s ! `` (Grinstein&JMC, Phys.Rev.Lett. 116 (2016) no.14, 141801)

J. Martin Camalich Theory of exclusive b ! s`` decays 28 November 2016 15 / 15
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F. Dettori (CERN)

Results
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• Excess of events w.r.t. background with a significance of 4.0�

• Fitted signal yield: 12.9+5.1
�4.2

• No excess of events in the TIS sub-sample

• Upper limit with CLS method: B(⌃+ ! pµ+µ�) < 6.3⇥ 10�8 at 95% CL

Evidence for the rare decay ⌃+ ! pµ

+
µ

� at LHCb 15/09/2016 - KAON2016 17/20
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LHCb-CONF-2016-013 

LHCb-CONF-2016-012 

•  New field within LHCb 

•  Dedicated triggers 

•  Rich program:  
–  KS

0à µµ 
•  BR < 5.8 x 10-9 @ 90% CL 

•  Software trigger, 23 fb-1: 2 x 10-10 

–  KS
0à π0µµ 
•  Hardware trigger bottleneck à upgrade! 

–  KS
0à µµµµ 
•  No experimental constraint to date 

–  KS
0à π+π-ee 
•   5σ observation possible in Run-II 

–  K+à π+π-π+  

•  106 events observed in Run-I 

•  software trigger in upgrade: 2x 1010 /fb-1 

–  Σ+à pµµ 
•  Check HyperCP (E871) events 

Fit procedure

• A simultaneous Maximum Likelihood Fit to all the BDT bins and categories was performed.

• Fit performed in the region m
µ

+
µ

� 2 [470, 600]MeV/c2.

• The previous result has been taken into account introducing a constraint on the branching
fraction.

Contributions

• Right side of the K0
S

! ⇡+⇡� double
misID ) Power law

• Combinatorial background )
Exponential

• Signal peak ) Hypatia function⇤

⇤[NIM A, 764, 150 (2014)]
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Miguel Ramos Pernas (KAON 2016) Search for K0
S ! µ+µ� at LHCb September 14, 2016 11 / 14

Strange 
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•  New field within LHCb 

•  Dedicated triggers 

•  Rich program:  
–  KS

0à µµ 
•  BR < 5.8 x 10-9 @ 90% CL 

•  Software trigger, 23 fb-1: 2 x 10-10 

–  KS
0à π0µµ 
•  Hardware trigger bottleneck à upgrade! 

–  KS
0à µµµµ 
•  No experimental constraint to date 

–  KS
0à π+π-ee 
•   5σ observation possible in Run-II 

–  K+à π+π-π+  

•  106 events observed in Run-I 

•  software trigger in upgrade: 2x 1010 /fb-1 

–  Σ+à pµµ 
•  Check HyperCP (E871) events 

•  LHCb:  

–  Fit at m=214.3 MeV: 1.6±1.9 evts 

Strange 

slide 6November 11 2011HL
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, run I

An evidence for                        was found by the HyperCP 
experiment with 3 events in absence of background
Branching fraction measured as                                   
compatible with SM.

The interest lies in the fact that the 3 observed signal events 
have the same dimuon mass:  pointing 
towards a decay through 

[PRL  94 021801 (2005)][PRD 72 (2005) 074003]

LHCb's take on this 
will be presented at 
Kaon2016 with 
sensitivity similar to 
that of HyperCP.

F. Dettori (CERN)

Results: analysis of the dimuon mass

• Consider candidates within 2� from the ⌃ mass in the full selection

• Scan dimuon invariant mass for possible peaks

• Fit with gaussian of known mass and resolution

• No significant peak found

• Most significant at 213.7 MeV (but not significant)

• Fit at mX0 = 214.3 MeV yields 1.6± 1.9 events corresponding to a fraction
0.078± 0.092 of the total seen signal
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mX0 = 214.3 MeV
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Searches  
Dark photons, Majorana, light scalars 

•  Light scalars 
–  Aàµµ 

•  Majorana neutrino’s 
–  B+à π-µ+µ+  

•  Dark photons 
–  D*0àD0γ, Aàµµ  

Dark photon searches.

21
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FIG. 1. Previous and planned experimental bounds on dark photons (adapted from [1]) compared to the anticipated LHCb
reach for inclusive A0 production in the di-muon channel (see the text for definitions of prompt, pre-module, and post-module).
The red vertical bands indicate QCD resonances which would have to be masked in a complete analysis. The LHCb D⇤

anticipated limit comes from [48], and Belle-II comes from [49].

where X is any (multiparticle) final state. Ignoring
O(m2

A

0/m2
Z

) and O(↵EM) corrections, this process has
the identical cross section to the prompt SM process
which originates from the EM current

BEM : pp ! X�⇤ ! Xµ+µ�, (7)

up to di↵erences between the A0 and �⇤ propagators and
the kinetic-mixing suppression. Interference between S
and BEM is negligible for a narrow A0 resonance. There-
fore, for any selection criteria on X, µ+, and µ�, the
ratio between the di↵erential cross sections is

d�
pp!XA

0
!Xµ

+
µ

�

d�
pp!X�

⇤
!Xµ

+
µ

�
= ✏4

m4
µµ

(m2
µµ

�m2
A

0)2 + �2
A

0m2
A

0
, (8)

where m
µµ

is the di-muon invariant mass, for the case
�
A

0 ⌧ |m
µµ

�m
A

0 | ⌧ m
A

0 . The ✏4 factor arises because
both the A0 production and decay rates scale like ✏2.
To obtain a signal event count, we integrate over an

invariant-mass range of |m
µµ

� m
A

0 | < 2�
mµµ , where

�
mµµ is the detector resolution on m

µµ

. The ratio of
signal events to prompt EM background events is

S

BEM
⇡ ✏4

⇡

8

m2
A

0

�
A

0�
mµµ

⇡ 3⇡

8

m
A

0

�
mµµ

✏2

↵EM(N
`

+R
µ

)
, (9)

neglecting phase space factors for N
`

leptons lighter
than m

A

0/2. This expression already accounts for the

A0 ! µ+µ� branching-fraction suppression when R
µ

is
large. Despite the factor of ✏4 in (8), the ratio in (9) is
proportional to ✏2 because of the ✏2 scaling of �

A

0 .
We emphasize that (9) holds for any final state X (and

any kinematic selection) in the m
A

0 ⌧ m
Z

limit for tree-
level single-photon processes. In particular, it already in-
cludes µ+µ� production from QCD vector mesons that
mix with the photon. This allows us to perform a fully
data-driven analysis, since the e�ciency and acceptance
for the (measured) prompt SM process is the same as
for the (inferred) signal process, excluding A0 lifetime-
based e↵ects. The dominant component of BEM at small
m

A

0 comes from meson decays M ! µ+µ�Y , especially
⌘ ! µ+µ��, and is denoted as B

M

(which includes feed-
down contributions from heavier meson decays). There
are also two other important components: final state
radiation (FSR) and Drell-Yan (DY) production. Non-
prompt �⇤ production is small and only considered as a
background.
Beyond BEM, there are other important sources of

backgrounds that contribute to the reconstructed prompt
di-muon sample, ordered by their relative size:

• B⇡⇡

misID: Two pions (and more rarely a kaon and
pion) can be misidentified (misID) as a fake di-
muon pair, including the contribution from in-flight
decays. This background can be deduced and sub-
tracted in a data-driven way using prompt same-

P. Ilten et al from Phys. Rev. Lett. 116, 251803 (2016) propose 
an inclusive bump hunt in the dimuon spectrum in LHCb.

Important feature is 
ability to trigger on 

soft dimuons.

Expect limits to get better by factor 5 with 300fb-1 for 
LHCb and a factor 3 for ATLAS/CMS with 3ab-1.

Mis-ID a key 
background.

Majorana neutrinos
• Majorana neutrinos can be produced in rare B 

decays, such as 

22

B+ ! ⇡�µ+µ+

4

letter a search for lepton number violating decays of the
type B+! h�µ+µ+, where h� represents a K� or a ⇡�,
is presented. The inclusion of charge conjugated modes
is implied throughout. A search for any lepton number
violating process that mediates the B+ ! h�µ+µ+ de-
cay is made. A specific search for B+! h�µ+µ+ decays
mediated by an on-shell Majorana neutrino (Fig. 1) is
also performed. Such decays would give rise to a nar-
row peak in the invariant mass spectrum of the hadron
and one of the muons [3], m

⌫

= m
hµ

, if the mass of the
neutrino is betweenm

K(⇡)+m
µ

andm
B

�m
µ

. The previ-
ous best experimental limit on the B+! K�(⇡�)µ+µ+

branching fraction is 1.8(1.2) ⇥ 10�6 at 90% confidence
level (CL) [4].

The search for B+! h�µ+µ+ is carried out with data
from the LHCb experiment at the Large Hadron Collider
at CERN. The data corresponds to 36 pb�1 of integrated
luminosity of proton-proton collisions at

p
s = 7TeV

collected in 2010. The LHCb detector is a single-arm
spectrometer designed to study b-hadron decays with an
acceptance for charged tracks with pseudorapidity be-
tween 2 and 5. Primary proton-proton vertices (PVs),
and secondary B vertices are identified in a silicon strip
vertex detector. Tracks from charged particles are re-
constructed by the vertex detector and a set of tracking
stations. The curvature of the tracks in a dipole magnetic
field allows momenta to be determined with a precision
of �p/p = 0.35–0.5%. Two Ring Imaging CHerenkov
(RICH) detectors allow kaons to be separated from pi-
ons/muons over a momentum range 2 < p < 100GeV/c.
Muons with momentum above 3GeV/c are identified on
the basis of the number of hits left in detectors inter-
leaved with an iron muon filter. Further details about
the LHCb detector can be found in Ref. [5].

The search for B+ ! h�µ+µ+ decays is based on
the selection of B+ ! h±µ+µ⌥ candidates. The B+ !
J/ K+ decay with J/ ! µ+µ� is included in the same
selection. It is subsequently used as a normalisation
mode when setting a limit on the branching fraction of
the B+! h�µ+µ+ decays. The selection is designed to
minimise and control the di↵erence between decays with
same- and opposite-sign muons and thus cancel most of

u

b̄
µ+

µ+

s (d)

ū
⌫MW+

W�

B+

K� (⇡�)

⇥
⇥

FIG. 1. s-channel diagram for B+ ! K�µ+µ+

(B+! ⇡�µ+µ+) where the decay is mediated by an on-shell
Majorana neutrino.

the systematic uncertainty from the normalisation. The
only di↵erences in e�ciency between the signal and nor-
malisation channels are due to the decay kinematics and
the presence of a same-sign muon pair, rather than an
opposite-sign pair, in the final state.
In the trigger, the B+ ! h±µ+µ⌥ candidates are re-

quired to pass the initial hardware trigger based on the
pT of one of the muons. In the subsequent software trig-
ger, one of the muons is required to have a large impact
parameter (IP) with respect to all the PVs in the event
and to pass requirements on the quality of the track fit
and the compatibility of the candidate with the muon
hypothesis. Finally, the muon candidate combined with
another track is required to form a vertex displaced from
the PVs.
Further event selection is applied o✏ine on fully recon-

structed B decay candidates. The selection is designed
to reduce combinatorial backgrounds, where not all the
selected tracks come from the same decay vertex; and
peaking backgrounds, where a single decay is selected
but with some of the particle types misidentified. The
combinatorial background is smoothly distributed in the
reconstructed B-candidate mass and the level of back-
ground is assessed from the sidebands around the signal
window. Peaking backgrounds fromB decays to hadronic
final states, final states with a J/ and semileptonic final
states are also considered.
Proxies are used in the optimisation of the selection for

both the signal and the background to avoid a selection
bias. The B+! J/ K+ decay is used as a proxy for the
signal. The background proxy comprises opposite-sign
B+! h+µ+µ� candidates with an invariant mass in the
upper mass sideband and with muon pairs incompatible
with a J/ or a  (2S) hypothesis. The bias introduced
by using B+ ! J/ K+ for both optimisation and as
a normalisation mode is insignificant due to the large
number of candidates.
The combinatorial background is reduced by requiring

that the decay products of the B have pT > 800MeV/c.
Tracks are selected which are incompatible with origi-
nating from a PV based on the �2 of the tracks’ impact
parameters (�2

IP > 45). The direction of the candidate
B+ momentum is required to be within 8mrad of the
reconstructed B+ line of flight. The B+ vertex is also
required to be of good quality (�2 < 12 for three degrees
of freedom) and significantly displaced from the PV (�2

of vertex separation larger than 144).
The selection uses a range of particle identifica-

tion (PID) criteria, based on information from the RICH
and muon detectors, to ensure the hadron and the muons
are correctly identified. For example, DLL

K⇡

is the dif-
ference in log-likelihoods between the K and ⇡ hypothe-
ses. For theB+! K�µ+µ+ final state, DLL

K⇡

> 1 is re-
quired to select kaon candidates. For the B+! ⇡�µ+µ+

final state the selection criterion is mirrored to select
pions with DLL

K⇡

< �1. The B+ ! K�µ+µ+ and

Federico Redi - Imperial College London

• A number of new results on searches for 
low mass in heavy flavour hadron decay. 

• Majorana neutrino and dark bosons are 
most recent results, LHCb plays a key 
role in the game. 

• World’s best limits on several branching 
fractions, possibility to set world’s best 
limits on fourth generation coupling in 
phase space above charm threshold. 

• B factories continue to exploit their 
dataset and will come back with 
BELLEII, until then it is up to the LHC. 

• New results from LHCb are to be 
expected both with new and old data.

LHCb

BELLE

JHEP 0905 (2009) 030 including LHCb and BELLE

Conclusions

15

LHCb result (see Phys. Rev. Lett. 
112, 131802) based on 3fb-1. 

Limit dependent on model assumptions (see arXiv:1607.04258). 

Could drastically improve limit with 300fb-1, and a more inclusive approach 
similar to what is proposed for the dark photon.
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Existing ϒ data provides best bound on 2HDM-II for mA ∈ [8.6, 11] GeV.  

With more data should be possible to improve & extend limits notably

Constraints on light pseudoscalars
[UH & Kamenik, 1601.05110]

[for other new-physics searches in dimuon sample see Patrick’s talk & backup slides]
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[for other new-physics searches in dimuon sample see Patrick’s talk & backup slides]
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Dark Photons

✏2
⌘

↵
0 ↵

mA0 [GeV]

If dark forces exist, the dark photons should kinetically mix with our photon. 
Dedicated worldwide effort to devise ways to search for dark photons.
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Existing ϒ data provides best bound on 2HDM-II for mA ∈ [8.6, 11] GeV.  

With more data should be possible to improve & extend limits notably

Constraints on light pseudoscalars
[UH & Kamenik, 1601.05110]

[for other new-physics searches in dimuon sample see Patrick’s talk & backup slides]
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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 (160) 



LHCb = more than heavy flavour 

Niels Tuning (161) 
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Figure 2: (top left) Two-dimensional SV-tag BDT distribution and (top right) fit for events in
the subsample with p

T

(µ)/p
T

(j
µ

) > 0.9, projected onto the (bottom left) BDT(bc|udsg) and
(bottom right) BDT(b|c) axes. Combined data for

p
s = 7 and 8 TeV for both muon charges are

shown.

against other jet types. The SV track multiplicity identifies b jets well, since b-hadron
decays typically produce many displaced tracks. In Fig. 4, the distributions of M

cor

and
SV track multiplicity for a subsample of SV-tagged events with BDT(bc|udsg) > 0.2 (see
Fig. 2) are fitted simultaneously. The templates used in these fits are obtained from data

7

Impact of existing LHCb results on PDFs
Many LHCb 7 TeV results on electroweak boson production now
included in PDF fits.
Large impact on pre-LHC PDF knowledge.

Shown here NNPDF down quark PDF and uncertainties (normalised
so central value pre-LHC is unity):

I Green: PDF fit using HERA data
I Blue: PDF fit using HERA data and 7 TeV LHCb data

W. Barter (CERN) Electroweak Production Physics at LHCb 27/10/2015 10 / 52

Asymmetries in Z boson decays

W. Barter (CERN) Electroweak Production Physics at LHCb 27/10/2015 47 / 52

In practice resonances decaying strongly into J/ p must have a minimal quark content
of ccuud, and thus are charmonium-pentaquarks; we label such states P+

c

, irrespective of
the internal binding mechanism. In order to ascertain if the structures seen in Fig. 2(b)
are resonant in nature and not due to reflections generated by the ⇤⇤ states, it is necessary
to perform a full amplitude analysis, allowing for interference e↵ects between both decay
sequences.

The fit uses five decay angles and the K�
p invariant mass m

Kp

as independent variables.
First we tried to fit the data with an amplitude model that contains 14 ⇤⇤ states listed by
the Particle Data Group [12]. As this did not give a satisfactory description of the data,
we added one P

+
c

state, and when that was not su�cient we included a second state. The
two P

+
c

states are found to have masses of 4380± 8± 29 MeV and 4449.8± 1.7± 2.5 MeV,
with corresponding widths of 205± 18± 86 MeV and 39± 5± 19 MeV. (Natural units are
used throughout this Letter. Whenever two uncertainties are quoted the first is statistical
and the second systematic.) The fractions of the total sample due to the lower mass and
higher mass states are (8.4± 0.7± 4.2)% and (4.1± 0.5± 1.1)%, respectively. The best fit
solution has spin-parity J

P values of (3/2�, 5/2+). Acceptable solutions are also found
for additional cases with opposite parity, either (3/2+, 5/2�) or (5/2+, 3/2�). The best
fit projections are shown in Fig. 3. Both m

Kp

and the peaking structure in m

J/ p

are
reproduced by the fit. The significances of the lower mass and higher mass states are 9
and 12 standard deviations, respectively.
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Figure 3: Fit projections for (a) m
Kp

and (b) m
J/ p

for the reduced ⇤

⇤ model with two P

+
c

states
(see Table 1). The data are shown as solid (black) squares, while the solid (red) points show the
results of the fit. The solid (red) histogram shows the background distribution. The (blue) open
squares with the shaded histogram represent the P

c

(4450)+ state, and the shaded histogram
topped with (purple) filled squares represents the P

c

(4380)+ state. Each ⇤

⇤ component is also
shown. The error bars on the points showing the fit results are due to simulation statistics.
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Discovery of  

pentaquark P(4450) 

Impressive sin2θw 

Resolve b and c jets 

Improve proton pdf’s 


