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  Standard Model and Feynman Diagrams 

 
  Historical perspective 

–  W 
–  neutrino 
–  charm 
–  bottom 
–  top 
–  Z 
–  Higgs 

  Recent highlights from the LHCb experiment  
–  CP violation in B0

sàJ/ψφ and B0
sàDs

-µ+ν 
–  Observation of B0

sàµ+µ- 

–  Precision measurements on B0àK*µ+µ- 

–  Lepton flavour violation? 
•  B+àK+µ+µ- 

•  BàDµ+ν 3 
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“Standard” Model ? 
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“Standard” Model ? 
  Enough unanswered questions that justify search for new phenomena… 

 
–  What is dark matter? 
–  What caused the matter – antimatter imbalance? 
–  Why does the strong interaction preserve CP symmetry? 
–  Why is the neutrino mass so small? 
–  Is lepton number conserved? 
–  …? 
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Feynman diagram R. P. FEYNMAN

t4, 6)

This turns out to be not quite right, ' for when this
interaction is represented by photons they must be of
only positive energy, while the Fourier transform of
i&(too—roo) contains frequencies of both signs. It should
instead be replaced by 8+(r,o—roo) where

6,2)

FIG. 1. The fundamental interaction Eq. (4}.Exchange of one
quantum between two electrons.

a general theoretical sense by this approximation. If it
is not made it is not easy to study interacting particles
relativistically, for there is nothing significant in choos-
ing t&——ts if x~&x3, as absolute simultaneity of events
at a distance cannot be defined invariantly. It is essen-
tially to avoid this approximation that the complicated
structure of the older quantum electrodynamics has
been built up. Ke wish to describe electrodynamics as
a delayed interaction between particles. If we can make
the approximation of assuming a meaning to K(3, 4; 1, 2)
the results of this interaction can be expressed very
simply.
To see how this may be done, imagine first that the

interaction is simply that given by a Coulomb potential
e'/r where r is the distance between the particles. If this
be turned on only for a very short time Dip at time tp,
the first order correction to E(3, 4; 1, 2) can be worked
out exactly as was Eq. (9) of I by an obvious general-
ization to two particles:

E&'&(3, 4; 1,2) = ie' —Kp, (3, 5)It"pp(4, 6)roo '

XEoa(5, 1)Eoo(6, 2)doxodoxoddo,

where t5——t6——tp. If now the potential were on at all
times (so that strictly E is not defined unless t4 io and-—
ri ——ip), the first-order effect is obtained by integrating
on tp, which we can write as an integral over both t5
and to if we include a delta-function h(io—to) to insure
contribution only when t5——t'6. Hence, the first-order
effect of interaction is (calling to to too):———

E&'&(3, 4; 1, 2) =—ie' t Eou(3) 5)Kpp(4, 6)roo '

X&1(44)Kpo(5, 1)Koo(6, 2)drodro, (2)

where d7 =d'xdt.
We know, however, in classical electrodynamics, that

the Coulomb potential does not act instantaneously,
but is delayed by a time r56, taking the speed of light
as unity. This suggests simply replacing roo h(too) in
(2) by something like roo '&1(too—r,o) to represent the
delay in the effect of b on c.

This is to be averaged with roo '&&+(—&oo—roo) which
arises when t~&t6 and corresponds to a emitting the
quantum which b receives. Since

this means r, o '8(too) is replaced by h+(sooo) where
s56'——t56'—r&6' is the square of the relativistically in-
variant interval between points 5 and 6. Since in
classical electrodynamics there is also an interaction
through the vector potential, the complete interaction
(see A, Eq. (1)) should be (1—(vo. vo)8+(soo'-), or in the
relativistic case,

(1 &. &rp—)~+(&oo') =PaPpe a,Vo,&+(~eo')
Hence we have for electrons obeying the Dirac equation,

E&'&(3, 4; 1, 2) = ie' t t—E+.(3, 5)E~p(4, 6)y.„yp„J
X f&+(s;o')E+ (5, 1)E-+p(6, 2)d7odro, (4)

where p,„and p&„are the Dirac matrices applying to
the spinor corresponding to particles u and b, respec-
tively (the factor P,Pp being absorbed in the definition,
I Eq. (17), of E„).
This is our fundamental equation for electrodynamics.

It describes the effect of exchange of one quantum
(therefore first order in e') between two electrons. It
will serve as a prototype enabling us to write down the
corresponding quantities involving the exchange of two
or more quanta between two electrons or the interaction
of an electron with itself. It is a consequence of con-
ventional electrodynamics. Relativistic invariance is
clear. Since one sums over p it contains the eBects of
both longitudinal and transverse waves in a relati-
vistically symmetrical way.
Ke shall now interpret Eq. (4) in a manner which

will permit us to write down the higher order terms. It
cs.n be understood (see Fig. 1) as saying that the ampli-
tude for "a"to go from 1 to 3 and "b" to go from 2 to 4
is altered to first order because they can exchange a
quantum. Thus, "&4" can go to 5 (amplitude E+(5, 1))

7 It, and a like term for the effect of a on b, leads to a theory
which, in the classical limit, exhibits interaction through half-
advanced and half-retarded potentials. Classically, this is equi-
valent to purely retarded eGects within a closed box from which
no light escapes (e.g., see A, or J. A. Wheeler and R. P. Feynman,
Rev. Mod. Phys, 17, 157 (1945)). Analogous theorems exist in
quantum mechanics but it would lead us too far astray to discuss
them now.

R.Feynman, Phys.Rev. 76 (1949) 769  

“without (Yukawa) couplings,  
no (Feynman) diagrams”  
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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 
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der Verteilungskurve. Ist E o die Grenzenergie der fl-Strahlen, so sieht 
man ohne Schwierigkeit, dal3 die Verteilungskurve for Energien E in der 
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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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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.

d

K0
W

νµ

s

W
c

µ+

µ−

J/ψ
γ

e+

e−

c̄

c



15 

Historical perspective: bottom 
  CP violation was “discovery” of 3rd generation? 

L.Lederman et al., Phys.Rev.Lett. 39 (1977) 252 Cronin and Fitch, Phys.Rev.Lett. 13 (1964) 138 

VOLUME $9, NUMBER 5 PHYSICAL RKVIKW LKTTKRS 1 AUGUsT 1977

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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IO

US p p.+ANYTHING

~ 81
o~ p+We

8
C

0
E

-37
~IO

b~
~ E"o

IO'
j

5

g
2
N)

2-

b.)

'o
II

b4
E

f
CALCULATEO APf%RATUS
RESOUJTION AT 9.5 GeV

(FWHM)

8 IO
m(GeV}

-39
I s0 6 8 IO l2 l4 l6

m(GeV)

I2

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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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. 

The spatial distributions of the NC events have 
been compared to those of the CC events and found 
to be similar. In particular, the distribution along the 
beam direction of NC (fig. 1) has the same shape as 
the CC distribution. In contrast the observed distribu- 
tion of low energy neutral stars shows a typical expo- 
nential attenuation as expected for neutron back- 
ground. The distributions of radial position, hadron 
total energy, and angle between measured hadron to- 
tal momentum and beam direction are also indistin- 
guishable for NC and CC. 

Using the direction of measured total momentum 
of the hadrons in NC and CC events, a Bartlett meth- 
od has been used to evaluate the apparent interaction 
mean free paths, X a, for NC and CC which are found 
to be compatible with infinity. For the NC events we 
find X a > 2.6 m at 90% CL; thb corresponds to 3.5 
times the neutron interaction length for high energy 
( > 1 GeV) inelastic collisions in freon. 

Evaluation of  the background. Since the outgoing 
neutrinos cannot be detected in reaction (1), the NC 
events may be simulated by neutral hadrons coming 
from the u beam or elsewhere. 

As a check for cosmic ray origin, the up-down 
asymmetries of NC events in vertical position and mo- 
menta have been measured and found to be (3 -+ 8)% 
and ( -  8 + 8)% respectively. In addition, a cosmic ray 
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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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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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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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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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sàµ+µ- 

–  Precision measurements on B0àK*µ+µ- 

–  Lepton flavour violation? 
•  B+àK+µ+µ- 

•  BàDµ+ν 
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LHCb detector 

proton 
proton 
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The LHCb Detector 
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The LHCb Detector 
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The LHCb Detector 

26 

23 sep 2010                  19:49:24 
Run 79646        Event 143858637 



LHC and LHCb 

  First LHC run: big success 

Run-1 Run-2 Run-3 
Year 2010 - 2012 2015 - 2018 2020 - 2030 
Energy 7-8 TeV 13 TeV 13 TeV 
Lumi 3 fb-1 5 fb-1 50 fb-1 
Nr(B) 1012 5x1012 5x1013 

27 



Bs
0àJ/ψφ and Bs

0àDs
-µ+ν 

  Search for new matter – antimatter differences 
  Do new particles contribute to the asymmetry? 

Ø   Is there more CP violation in the “box” ? 
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b

28 



Bs
0àJ/ψφ and Bs

0àDs
-µ+ν 

  Search for new matter – antimatter differences 
  Do new particles contribute to the asymmetry? 

Ø   Is there more CP violation in the “box” ? 
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Bs
0àJ/ψφ and Bs

0àDs
-µ+ν 

  Search for new matter – antimatter differences 
  Do new particles contribute to the asymmetry? 

Ø   Is there more CP violation in the “box” ? 
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Bs
0àµ+µ- 

  Similar rare decay as K0àµ+µ- 

  Very, very rare in the SM 
  Sensitive to small effects beyond the SM 
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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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Bs
0àµ+µ- 

  Challenge: huge amount of events with two muons! 
–  Background:  BR(B à Xµ+)  = 10-1 

–  Signal:   BR(Bs
0àµ+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
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  First evidence, 3.5σ  
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Figure 2: Invariant mass distribution of the selected B0
(s) !

µ+µ� candidates (black dots) with BDT > 0.7. The result
of the fit is overlaid (blue solid line) and the di↵erent
components detailed: B0

s

! µ+µ� (red long dashed line),
B0 ! µ+µ� (green medium dashed line), combinatorial
background (blue medium dashed line), B0

(s) ! h+h0�

(magenta dotted line), B0(+) ! ⇡0(+)µ+µ� (light blue dot-
dashed line), B0 ! ⇡�µ+⌫

µ

and B0
s

! K�µ+⌫
µ

(black
dot-dashed line).

with a significance of 4.0 standard deviations (�), while
the significance of the B0 ! µ+µ� signal is 2.0�.
These significances are determined from the change
in likelihood from fits with and without the signal
component. The median significance expected for a
SM B0

s ! µ+µ� signal is 5.0�.
The simultaneous unbinned maximum-likelihood fit

results in

B(B0

s ! µ+µ�)= (2.9+1.1
�1.0(stat)

+0.3
�0.1(syst))⇥ 10�9 ,

B(B0 ! µ+µ�)= (3.7+2.4
�2.1(stat)

+0.6
�0.4(syst))⇥ 10�10 .

The statistical uncertainty is derived by repeating
the fit after fixing all the fit parameters, except the
B0

s ! µ+µ� and B0 ! µ+µ� branching fractions
and the slope and normalisation of the combinatorial
background, to their expected values. The systematic
uncertainty is obtained by subtracting in quadrature
the statistical uncertainty from the total uncertainty
obtained from the likelihood with all nuisance param-
eters allowed to vary according to their uncertainties.
Additional systematic uncertainties reflect the impact
on the result of changes in the parametrisation of the
background by including the ⇤0

b ! pµ�⌫̄µ component
and by varying the mass shapes of backgrounds from
b-hadron decays, and are added in quadrature. The

correlation between the branching fractions parame-
ters of both decay modes is +3.3%. The values of the
B0

(s) ! µ+µ� branching fractions obtained from the fit
are in agreement with the SM expectations. The invari-
ant mass distribution of the B0

(s) ! µ+µ� candidates
with BDT > 0.7 is shown in Fig. 2.

As no significant excess of B0 ! µ+µ� events
is found, a modified frequentist approach, the CL

s

method [38] is used, to set an upper limit on the
branching fraction. The method provides CL

s+b

, a
measure of the compatibility of the observed distribu-
tion with the signal plus background hypothesis, CL

b

,
a measure of the compatibility with the background-
only hypothesis, and CL

s

= CL
s+b

/CL
b

. A search
region is defined around the B0 invariant mass as
mB0 ± 60MeV/c2. For each BDT bin the invariant
mass signal region is divided into nine bins with bound-
aries mB0 ± 18, 30, 36, 48, 60MeV/c2, leading to a total
of 72 search bins.
An exponential function is fitted, in each BDT bin,

to the invariant mass sidebands. Even though they
do not contribute to the signal search window, the
b-hadron backgrounds are added as components in the
fit to account for their e↵ect on the combinatorial back-
ground estimate. The uncertainty on the expected
number of combinatorial background events per bin
is determined by applying a Poissonian fluctuation to
the number of events observed in the sidebands and by
varying the exponential slopes according to their uncer-
tainties. In each bin, the expectations for B0

s ! µ+µ�

decays assuming the SM branching fraction and for
B0

(s) ! h+h0� background are accounted for. For each
branching fraction hypothesis, the expected number
of signal events is estimated from the normalisation
factor. Signal events are distributed in bins according
to the invariant mass and BDT calibrations.
In each bin, the expected numbers of signal and

background events are computed and compared to
the number of observed candidates using CL

s

. The
expected and observed upper limits for the B0 ! µ+µ�

Table 2: Expected limits for the background only (bkg)
and background plus SM signal (bkg+SM) hypotheses, and
observed limits on the B0 ! µ+µ� branching fraction.

90% CL 95% CL

Exp. bkg 3.5⇥ 10�10 4.4⇥ 10�10

Exp. bkg+SM 4.5⇥ 10�10 5.4⇥ 10�10

Observed 6.3⇥ 10�10 7.4⇥ 10�10

4
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Figure 2: Invariant mass distribution of the selected B0
(s) !

µ+µ� candidates (black dots) with BDT > 0.7. The result
of the fit is overlaid (blue solid line) and the di↵erent
components detailed: B0

s

! µ+µ� (red long dashed line),
B0 ! µ+µ� (green medium dashed line), combinatorial
background (blue medium dashed line), B0

(s) ! h+h0�

(magenta dotted line), B0(+) ! ⇡0(+)µ+µ� (light blue dot-
dashed line), B0 ! ⇡�µ+⌫

µ

and B0
s

! K�µ+⌫
µ

(black
dot-dashed line).

with a significance of 4.0 standard deviations (�), while
the significance of the B0 ! µ+µ� signal is 2.0�.
These significances are determined from the change
in likelihood from fits with and without the signal
component. The median significance expected for a
SM B0

s ! µ+µ� signal is 5.0�.
The simultaneous unbinned maximum-likelihood fit

results in

B(B0

s ! µ+µ�)= (2.9+1.1
�1.0(stat)

+0.3
�0.1(syst))⇥ 10�9 ,

B(B0 ! µ+µ�)= (3.7+2.4
�2.1(stat)

+0.6
�0.4(syst))⇥ 10�10 .

The statistical uncertainty is derived by repeating
the fit after fixing all the fit parameters, except the
B0

s ! µ+µ� and B0 ! µ+µ� branching fractions
and the slope and normalisation of the combinatorial
background, to their expected values. The systematic
uncertainty is obtained by subtracting in quadrature
the statistical uncertainty from the total uncertainty
obtained from the likelihood with all nuisance param-
eters allowed to vary according to their uncertainties.
Additional systematic uncertainties reflect the impact
on the result of changes in the parametrisation of the
background by including the ⇤0

b ! pµ�⌫̄µ component
and by varying the mass shapes of backgrounds from
b-hadron decays, and are added in quadrature. The

correlation between the branching fractions parame-
ters of both decay modes is +3.3%. The values of the
B0

(s) ! µ+µ� branching fractions obtained from the fit
are in agreement with the SM expectations. The invari-
ant mass distribution of the B0

(s) ! µ+µ� candidates
with BDT > 0.7 is shown in Fig. 2.

As no significant excess of B0 ! µ+µ� events
is found, a modified frequentist approach, the CL

s

method [38] is used, to set an upper limit on the
branching fraction. The method provides CL

s+b

, a
measure of the compatibility of the observed distribu-
tion with the signal plus background hypothesis, CL

b

,
a measure of the compatibility with the background-
only hypothesis, and CL

s

= CL
s+b

/CL
b

. A search
region is defined around the B0 invariant mass as
mB0 ± 60MeV/c2. For each BDT bin the invariant
mass signal region is divided into nine bins with bound-
aries mB0 ± 18, 30, 36, 48, 60MeV/c2, leading to a total
of 72 search bins.
An exponential function is fitted, in each BDT bin,

to the invariant mass sidebands. Even though they
do not contribute to the signal search window, the
b-hadron backgrounds are added as components in the
fit to account for their e↵ect on the combinatorial back-
ground estimate. The uncertainty on the expected
number of combinatorial background events per bin
is determined by applying a Poissonian fluctuation to
the number of events observed in the sidebands and by
varying the exponential slopes according to their uncer-
tainties. In each bin, the expectations for B0

s ! µ+µ�

decays assuming the SM branching fraction and for
B0

(s) ! h+h0� background are accounted for. For each
branching fraction hypothesis, the expected number
of signal events is estimated from the normalisation
factor. Signal events are distributed in bins according
to the invariant mass and BDT calibrations.
In each bin, the expected numbers of signal and

background events are computed and compared to
the number of observed candidates using CL

s

. The
expected and observed upper limits for the B0 ! µ+µ�

Table 2: Expected limits for the background only (bkg)
and background plus SM signal (bkg+SM) hypotheses, and
observed limits on the B0 ! µ+µ� branching fraction.

90% CL 95% CL

Exp. bkg 3.5⇥ 10�10 4.4⇥ 10�10

Exp. bkg+SM 4.5⇥ 10�10 5.4⇥ 10�10

Observed 6.3⇥ 10�10 7.4⇥ 10�10
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          4σ 
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  First evidence at 3.0σ 
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  First observation, 6.2σ 

Nature 522, 68–72 (2015)  

Bd
0àµ+µ-  ? 

  First evidence at 3.0σ 
  2.3σ above SM prediction 
  RSM=0.030±0.003 

2.3 σ 
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  Historical endeavour! 

Year
1985 1990 1995 2000 2005 2010 2015

Li
m

it 
(9

0%
 C

L)
 o

r B
F 

m
ea

su
re

m
en

t

10−10

9−10

8−10

7−10

6−10

5−10

4−10

−µ+µ → 0
sSM: B

−µ+µ → 0SM: BD0
L3
CDF
UA1
ARGUS
CLEO

CMS+LHCb
ATLAS
CMS
LHCb
BaBar
Belle

2012 2013 2014

10−10

9−10

8−10

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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High-precision measurements 

  Standard Model and Feynman Diagrams 
 
  Historical perspective 

 
  Recent highlights from LHCb 

–  CP violation in B0
sàJ/ψφ and B0

sàDs
-µ+ν 

–  Observation of B0
sàµ+µ- 

–  Precision measurements on B0àK*µ+µ- 

–  Lepton flavour violation? 
•  B+àK+µ+µ- 

•  BàDµ+ν 
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Bd
0àK0*µ+µ- 

  Similar loop diagram! 
 
  More observables 

–  Invariant mass of µµ-pair 
–  Angles of K and µ 

B̄0 K∗

W

t t

γ/Z0

b

d

µ

µ

s

d
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Bd
0àK0*µ+µ- 

  Similar loop diagram! 
 
  More observables 

–  Invariant mass of µµ-pair 
–  Angles of K and µ 
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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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LHCb, arXiv:1512.04442 
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Bd
0àK0*µ+µ- 

  Similar loop diagram! 
 
  More observables 

–  Invariant mass of µµ-pair 
–  Angles of K and µ 

  Debate on SM calculation 
–  Non-perturbative “charm loop” effects? 
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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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3.4 σ 

LHCb, arXiv:1512.04442 
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Bd
0àK0*µ+µ- 

  Similar loop diagram! 
 
  More observables 

–  Invariant mass of µµ-pair 
–  Angles of K and µ 

  Debate on SM calculation 
–  Non-perturbative “charm loop” effects? 

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
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B+àK+µ+µ- 
  Similar loop diagram! 

  Measure ratio µ/e 
  SM expectation: RK=1 
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B+àK+µ+µ- 
  Similar loop diagram! 

  Measure ratio µ/e 
  SM expectation: RK=1 

Ø  Lepton flavour “non-universal” ? 

2.6 σ 

LHCb Coll.,Phys.Rev.Lett. 113 (2014) 151601  
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Intermezzo: 
  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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Theory: Model independent fits 
  C9

NP deviates from 0 by >4σ  
  Caveat: debate on non-pertirbative charm-loop effects 

48 

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 
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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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BàD*µ+ν 
  Measure ratio τ/µ : 
  SM expectation: 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
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Ø  Lepton flavour “non-universal”  ? 
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BàD(*)µ+ν 
  Measure ratio τ/µ 
  R(D) also deviates… 

Ø  Combined: 3.9σ 

Ø  Lepton flavour “non-universal”  ?? 
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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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New physics? 
  More involved Standard Model calculation? 

 
 

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
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New physics? 
  More involved Standard Model calculation? 

 
  Statistical fluctuations? 
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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, BàKµµ, BàD*µν, diphoton 

Ø  Z’ ? 
–  New symmetry, new boson (force) 
–  Explaining many open questions 

•  BàKµµ, BàD*µν 
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Outlook 
  Run-2 just started 
  Expect x5 more B-decays by 2018 
  Preparations for Run-3 in 2020 are ongoing  
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