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Physics Goals 

New  
Particles ? 

Standard Model completed 
by discovery of  Higgs Boson 
 
But many reasons to believe  
SM is not final word 
 
e.g. CP violation in SM not  
enough to explain absence of  
anti-matter in visible universe 
 
Precision indirect searches 
provide telescope to scales 
of O(100) TeV 
 
Complement direct searches  

Potential NP is constrained by flavour

4

Any extension of Standard Model found in DIRECT SEARCHES must comply with a 
non-trivial flavor structure: Flavor is a key ingredient of any BSM theory, which may 
help to discover NP!
!
The absence of FCNC already now sets strong constraints on the multi TeV-scale 
physics (higher than those found in direct searches so far, even foreseeable at LHC)!

LHC : direct vs. indirect searches!

3"This technique has been used since a long time in particle physics with great success!

arXiv:1302.0661!

2.1 Flavour Changing Neutral Currents 7

searches allow us to access new particles produced virtually in loop processes. In indirect
searches, flavour observables play a key-role to explore New Physics at higher energy scales.

This chapter is devoted to the theoretical description of rare processes involving FCNCs,
with particular attention to the B0

d ! µ

+
µ

� and B0
s ! µ

+
µ

� decays. The search for such rare
decays ultimately aims at testing the Standard Model of particle interactions and eventually
uncovering New Physics beyond the Standard Model.

�.� Flavour Changing Neutral Currents
Flavour Changing Neutral Currents are absent at the tree level in the Standard Model.
Charged currents mediated by W± bosons can instead violate flavour, therefore one can
use a W boson in a loop to create an overall Flavour Changing Neutral process: FCNC pro-
cesses are thus possible at higher orders. The diagrams in 2 represent decay amplitudes at
the level of elementary particles (quarks, leptons, bosons).

(a)

Figure 2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Feynman diagrams of the SM processes contributing to B0

s ! µ

+
µ

� decays, involving top quarks and W bosons: Z0-
penguin diagrams on the left and box diagram on the right. Self energy (gluonic) corrections and Higgs contributions
are here not considered.

To actually calculate a decay rate, one needs to account for the fact that quarks are con-
fined inside hadrons, bound by the exchange of soft gluons. The case of the B0

s(d) ! µ

+
µ

�

decay is the cleanest possible exclusive B-decay: due to the purely leptonic final state, all
non-perturbative effects can be confined to a single parameter, the B-meson decay constant,
defined via the axial-vector current matrix element [28]:

⌦
0|q̄g

µ

g5b|B̄q(p)
↵
= ip

µ

FBq , (11)

where p
µ

is the four-momentum of the initial B-meson and q represents the d or s quark.
Theoretical calculations of hadronic decay rates are based on effective Hamiltonians of

the type [29]:

Heff =
GFp

2 Â
i

Ci(µ)Qi(µ) , (12)

and the decay amplitude for a meson |Mi (e.g. K, D, B) into a final state |Fi (e.g. pp, µµ),
is given by

A(M ! F) = hF| Heff |Mi = GFp
2 Â

i
Ci(µ) hF| Qi(µ) |Mi . (13)
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Constraining new physics in B
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Fig. 1. Leading order diagrams for neutral meson mixing in the SM.

2. Beauty mixing phenomenology in a nutshell

Excellent pedagogical introductions to neutral meson mixing can be found in
textbooks

4
, recent reviews

5,6
and lecture notes.

7,8
An up-to-date review of exper-

imental constraints on B meson mixing can also be found in the PDG.
9
The fol-

lowing discussion applies to neutral mesons of any kind. However, we shall denote
the flavour eigenstate with the symbol B

0
for beauty meson and use numerical

estimates that apply to B
0
s and B

0
d .

2.1. Time-evolution of the B
0
-B

0
system

Consider the wave function B
0
(t) for a neutral meson that is the superposition of

flavour eigenstates B
0
and B

0
. The time-evolution of its projections into flavour

eigenstates is given by a Schrödinger equation

i
d

dt

 
hB0|B(t)i
hB0|B(t)i

!
=

✓
H11 H12

H21 H22

◆  hB0|B(t)i
hB0|B(t)i

!
. (2)

Since the meson decays and we do not consider the wave function of final states, the
Hamiltonian H is not hermitian. However, like any other complex matrix, it can be
decomposed in terms of two hermitian matrices, which we label by M and �,

H = M � i
2�. (3)

Since M and � are hermitian, their diagonal elements are real and we have M21 =
M

⇤
12 and �21 = �

⇤
21. CPT invariance requires M11 = M22 and �11 = �22. Ignoring

for the moment the interference with phases in the final state, the common phase
of B

0
and B

0
is arbitrary such we can choose either the phase of M12 or �12 and

only their phase di↵erence matters. Consequently, the mixing can be parametrized
by five real parameters, which are conventionally chosen to be

M11, �11, |M12|, |�12| and �12 = arg

✓
�M12

�12

◆
. (4)

The mass M11 is determined by the quark masses and strong interaction binding
energy. In the B system it is about 5 GeV and more than ten orders of magnitude
larger than the size of the other elements, which all involve the weak interaction.

The time-evolution of the meson-anti-meson system is described in terms of the
eigenstates of the Hamiltonian. The two mass eigenstates can be written as linear

Chapter 3

Flavor physics beyond the SM: models and predictions

If the physics beyond the SM respects the SM gauge symmetry, as we expect from general arguments,
the corrections to low-energy flavor-violating amplitudes can be written in the following general form

A(fi ! fj +X) = A0


cSM
M2

W

+

cNP

⇤

2

�
, (3.1)

where ⇤ is the energy scale of the new degrees of freedom. This structure is completely general: the
coefficients cSM(NP) may include appropriate CKM factors and eventually a ⇠ 1/(16⇡2

) suppression if
the amplitude is loop-mediated. Given our ignorance about the cNP, the values of the scale ⇤ probed by
present experiments vary over a wide range. However, the general result in Eq. (3.1) allows us to predict
how these bounds will improve with future experiments: the sensitivity on ⇤ scale as N1/4, where
N is the number of events used to measure the observable. This implies that is not easy to increase
substantially the energy reach with indirect NP searches only. Moreover, from Eq. (3.1) it is also clear
that indirect searches can probe NP scales well above the TeV for models where (cSM ⌧ cNP), namely
models which do not respect the symmetries and the symmetry-breaking pattern of the SM.

The bound on representative �F = 2 operators have already been shown in Table 1.1. As can
be seen, for cNP = 1 present data probes very high scales. On the other hand, if we insist with the
theoretical prejudice that NP must show up not far from the TeV scale in order to stabilize the Higgs
sector, then the new degrees of freedom must have a peculiar flavor structure able to justify the smallness
of the effective couplings cNP for ⇤ = 1 TeV.

1 The Minimal Flavor Violation hypothesis
The main idea of MFV is that flavor-violating interactions are linked to the known structure of Yukawa
couplings also beyond the SM. In a more quantitative way, the MFV construction consists in identifying
the flavor symmetry and symmetry-breaking structure of the SM and enforce it also beyond the SM.

The MFV hypothesis consists of two ingredients [49]: (1) a flavor symmetry and (ii) a set of
symmetry-breaking terms. The symmetry is noting but the large global symmetry Gflavor of the SM
Lagrangian in absence of Yukawa couplings shown in Eq. (1.4). Since this global symmetry, and partic-
ularly the SU(3) subgroups controlling quark flavor-changing transitions, is already broken within the
SM, we cannot promote it to be an exact symmetry of the NP model. Some breaking would appear at the
quantum level because of the SM Yukawa interactions. The most restrictive assumption we can make to
protect in a consistent way quark-flavor mixing beyond the SM is to assume that Yd and Yu are the only
sources of flavor symmetry breaking also in the NP model. To implement and interpret this hypothesis
in a consistent way, we can assume that Gq is a good symmetry and promote Yu,d to be non-dynamical
fields (spurions) with non-trivial transformation properties under Gq:

Yu ⇠ (3, ¯3, 1) , Yd ⇠ (3, 1, ¯3) . (3.2)

If the breaking of the symmetry occurs at very high energy scales, at low-energies we would only be
sensitive to the background values of the Y , i.e. to the ordinary SM Yukawa couplings. The role of the
Yukawa in breaking the flavor symmetry becomes similar to the role of the Higgs in the the breaking
of the gauge symmetry. However, in the case of the Yukawa we don’t know (and we do not attempt to
construct) a dynamical model which give rise to this symmetry breaking.

26

Hierachy, naturaleness, etc.

Inconsistency between SM picture of CPV and 
Big Bang comes directly from the quark 
masses and cannot be explained away though.

Assume Big Bang picture is correct, there 
must be sources of CPV outside the SM!

For the purposes of this talk, “flavour 
physics” really means “quark flavour 
physics”, with apologies to neutrinos, 
lepton flavour violation, etc.

Specifically measurements which tell us 
about the matter-antimatter discrepancy.

Existing flavour measurements constrain 
generic New Physics at the TeV scale, 
competitive with direct searches.
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Physics Goals 

  

Equal amounts 
Matter/antimatter 

No  
antimatter 

Where did the  
Antimatter  go ? 

Search for New Physics and CP violation in rare processes using b and c 
quark decays 

VCKM

Quark mixing in the Standard Model

Imaginary component gives rise to matter-antimatter asymmetry (CP violation)

VCKM

Quark mixing in the Standard Model

Imaginary component gives rise to matter-antimatter asymmetry (CP violation)

arXiv:1309.2293 
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Physics Goals 
Despite progress from b factories still room for New Physics amplitude  
at level of 10 % in Bd mixing (Similar story in Bs sector) 

Magnitude New Physics 
Ph

as
e 

N
ew

 P
hy

si
cs

 

arxiv:1309.2293 
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But also….  
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Figure 2. Invariant mass distribution of the selected ⌥ ! µ

+
µ

� candidates in the range pT <

15 GeV/c and 2.0 < y < 4.5. The three peaks correspond to the ⌥ (1S), ⌥ (2S) and ⌥ (3S) meson
signals (from left to right). The superimposed curve and the signal yields (dotted) are the result of
the fit described in the text.

Correlated between bins

Mass fits 0.7 to 2.2

Radiative tail 1.0

Muon identification 1.3

Tracking e�ciency 0.9

Vertexing 1.0

Trigger 4.0

Luminosity 5.0

B(J/ ! µ

+

µ

�) 1.0

Uncorrelated between bins

Production model 1.0 to 6.0

tz fit, for J/ from b 1.0 to 12.0

Table 2. Relative systematic uncertainties (in %) on the J/ and ⌥ cross-section results and on
the fraction of J/ from b.

by the LHCb [42] and ALICE [43] collaborations, in a kinematic range similar to that used

in this analysis, and the ⌥ polarisation has been measured by CMS [44] at large p

T

and

central rapidity. They were both found to be small. Therefore, in this paper results are

quoted under the assumption of zero polarisation and no corresponding systematic uncer-

tainty is assigned on the cross-section for this e↵ect. All other systematic uncertainties are

summarised in table 2.

Uncertainties related to the mass model describing the shape of the dimuon mass

distribution are estimated by fitting the invariant mass distributions for the J/ and ⌥

mesons with the sum of two Crystal Ball functions. The relative di↵erence in the number

of signal events (0.7–2.2%) is taken as a systematic uncertainty. A fraction of events

has a lower invariant mass because of the energy lost through bremsstrahlung. Based on

simulation studies, about 4% of the signal events are estimated to be outside the analysis
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Figure 2: a) Distribution of the  (2S)�K+ invariant mass with fit projection overlaid, restricted
to those candidates with  (2S)� invariant mass within ±3� from the X(3872) peak position.
b) Distribution of the  (2S)� invariant mass with fit projection overlaid, restricted to those
candidates with  (2S)�K+ invariant mass within ±3� from the B+ peak position. The total
fit (thick solid blue) together with the signal (thin solid green) and background components
(dash-dotted orange for the combinatorial, dashed magenta for the peaking component and long
dashed blue for their sum) are shown.

universality is assumed and a ratio of dielectron branching fractions equal to 7.60±0.18 [51]
is used. The uncertainty is treated as a systematic uncertainty.

The total e�ciency is the product of the geometrical acceptance, the detection, recon-
struction, selection and trigger e�ciencies. The e�ciencies are estimated using simulated
events that have been corrected to reproduce the observed kinematics of B+ mesons using
the high-yield decay B+ ! �c1K+ with �c1 ! J/ �, which has a topology and kinematics
similar to those of the decays under study. The ratio of the e�ciencies is found to be
"J/ /" (2S) = 5.25 ± 0.04, where the uncertainty is due to finite size of the simulated
samples. The ratio of e�ciencies is di↵erent from unity mainly because of the di↵erent
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Figure 1: Mass distribution for selected B+

c

! J/ 3⇡+2⇡� candidates. The result of a fit using
the model described in the text (red solid line) is shown together with the background component
(blue dashed line).

Table 1: Signal parameters of the unbinned extended maximum likelihood fit to
the J/ 3⇡+2⇡� mass distribution. Uncertainties are statistical only.

Parameter Value
m

B

+
c

[MeV/c2] 6273± 3
�
B

+
c

[MeV/c2] 11.4± 3.4
N

B

+
c !J/ 3⇡+2⇡� 32± 8

which describes the data well. The consistency between data and the model prediction
is estimated using a �2-test and gives a p-value of 14%. The corresponding p-value for
the phase space decay model is 4%.

The mass distribution of the selected B+

c

! J/ ⇡+ candidates is shown in Fig. 3,
together with the result of an extended unbinned maximum likelihood fit. The B+

c

signal

4

Bc physics 
Quarkonia Spectroscopy 

J. Phys. G: Nucl. Part. Phys. 41 (2014) 055002 R Aaij et al
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Figure 5. Differential cross-section for (a) J/ψ and (b) ψ (2S) production compared to
LO and NLO predictions of [5]. The band indicates the total uncertainty, most of which
is correlated between bins.

Table 3. Fraction of events in a given meson rapidity range where both muons have
2.0 < η < 4.5.

y range [2.00, 2.25] [2.25,2.50] [2.50,2.75] [2.75,3.00] [3.00,3.25]
Acceptance 0.093 0.289 0.455 0.617 0.735

y range [3.25, 3.50] [3.50,3.75] [3.75,4.00] [4.00,4.25] [4.25,4.50]

Acceptance 0.738 0.624 0.470 0.286 0.103

Table 4. Comparison of this result to various theoretical predictions.

J/ψ (pb) ψ (2S) (pb)

Gonçalves and Machado [29] 275
JMRT [5] 282 8.3
Motyka and Watt [2] 334
Schäfer and Szczurek [30] 317
Starlight [31] 292 6.1
SUPERCHIC [19] 317 7.0
LHCb measured value 291 ± 7 ± 19 6.5 ± 0.9 ± 0.4

uncertainty of 10% for the ψ (2S) measurement. The latter depends on the kinematics of the
decay, is calculated using SUPERCHIC assuming that the J/ψ and ψ (2S) mesons are transversely
polarized, and is given in table 3.

5. Discussion

The integrated cross-section measurements for J/ψ and ψ (2S) mesons decaying to muons with
2.0 < ηµ± < 4.5 are compared to various theoretical predictions in table 4. Good agreement
is found in each case.

The differential distribution for J/ψ production is presented in figure 5(a), where the
extent of the error bars indicates the uncorrelated statistical uncertainties and the band is
the total uncertainty. Jones, Martin, Ryskin and Teubner (JMRT) [5] have obtained LO and
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Figure 1. Invariant mass of the selected muon pairs. The fitted distribution to the data is shown
as a solid line and the contribution from background and o↵-resonance Drell-Yan production as a
dashed line.

15GeV/c and M

µµ

> 40GeV/c2 and the scalar sum of the transverse momenta of all

tracks in a cone of half angle 0.5 in ⌘-� around the muons larger than 4GeV/c; here �

is the azimuthal angle measured in radians. A fit to the invariant mass distribution

at low masses is then used to estimate the background contribution in the Z mass

region. The heavy flavour contribution is estimated to be 3.5± 0.8 events.

3. Pions or kaons may be misidentified as muons if they decay in flight (“decay-in-

flight” background) or if they travel through the calorimeters and are identified by the

muon chambers (“punch-through” background). This background should contribute

equally in same-sign and opposite-sign combinations of the muon pair. No event is

found in the Z selection with both tracks having the same charge. The contribution

from muon misidentification is estimated to be less than one event.

4. W pair production contributes to the sample if both W bosons decay to a muon

and a neutrino. This contribution corresponds to 0.2± 0.1 events as estimated with

Pythia MC simulation.

5. Decays of top quark pairs may contribute if both top quarks decay semileptonically.

Pythia MC simulation predicts a contribution of 0.5± 0.2 events.

The total background contribution in the Z sample in the range 60–120GeV/c2 amounts

to 4.8± 1.0 events. This corresponds to a purity ⇢

Z = 0.997± 0.001. The purity is defined

as the ratio of signal to candidate events. No significant dependence on the boson rapidity

is observed.
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Figure 5: Nuclear modification factor R
pPb

as a function of y for (a) prompt J/ mesons and (b)
J/ from b, together with the theoretical predictions from (yellow dashed line and brown band)
Refs. [2,42], (blue band) Ref. [3], and (green solid and blue dash-dotted lines) Ref. [4]. The inner
error bars (delimited by the horizontal lines) show the statistical uncertainties; the outer ones
show the statistical and systematic uncertainties added in quadrature. The uncertainty due to
the interpolated J/ cross-section in pp collisions at

p
s = 5TeV is 5.5% (8.4%) for prompt J/ 

mesosns (J/ from b).

J/ mesons, are given in Table 5.
Figure 6 shows the forward-backward production ratio RFB as a function of |y|, compared

with theoretical calculations [2–4,42]. The value of RFB for J/ from b is closer to unity
than for prompt J/ mesons, indicating a smaller asymmetry in the forward-backward
production. The results agree with theoretical predictions. The calculation [3] with the
EPS09 NLO nPDF alone predicts a smaller forward-backward production asymmetry for
prompt J/ mesons than observed. Figure 7 shows the forward-backward production ratio
RFB as a function of p

T

for prompt J/ mesons and J/ from b in the range 2.5 < y < 4.0
of the nucleon-nucleon centre-of-mass frame. Theoretical predictions [3,5] are only available
for prompt J/ mesons. The calculation [5] based on parton energy loss with the EPS09
NLO nPDF agrees with the measurement of RFB for prompt J/ mesons. The measured
values of the forward-backward production ratio RFB are given in Tables 6 and 7, where
the results for inclusive J/ mesons are also listed.

6 Conclusion

The production of prompt J/ mesons and of J/ from b-hadron decays is studied in
pPb collisions with the LHCb detector at the nucleon-nucleon centre-of-mass energyp
sNN = 5TeV. The measurement is performed as a function of the transverse momentum

and rapidity of the J/ meson in the region p
T

< 14GeV/c and 1.5 < y < 4.0 (forward)
and �5.0 < y < �2.5 (backward). The nuclear modification factor R

pPb

and the forward-
backward production ratio RFB are determined for the first time separately for prompt
J/ mesons and those from b-hadron decays. The measurement indicates that cold nuclear
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Figure 4. CLs curves for (a) TIS, (b) TOS categories and for (c) the combined sample. The solid
line corresponds to the observed CLs. The dashed line corresponds to the median of the CLs for an
ensemble of background-alone experiments. In each plot, two bands are shown. The green (dark)
band covers 68% (1�) of the CLs curves obtained in the background only pseudo-experiments, while
the yellow (light) band covers 95% (2�).

Quantity TIS TOS Combined

Expected upper limit at 95 (90)% C.L. [10�9] 42 (33) 13 (10) 11 (9)

Observed upper limit at 95 (90)% C.L. [10�9] 24 (19) 15 (12) 11 (9)

p-value 0.95 0.20 0.27

Table 1. Upper limits on B(K0
S ! µ

+
µ

�) for the TIS and the TOS categories separately, and for
the combined analysis. The last entry in the table is the p-value of the background-only hypothesis.

The observed distribution of events is compatible with background expectations, giving

a p-value of 27%. In particular, in the last 4 bins of the BDT output, corresponding to the

most significant region of the analysis, just one candidate is observed in each of the trigger

categories, in agreement with the background expectations. Figure 4 shows the expected

and observed CLs curves for the TIS category and for the TOS category as well as for

the combined measurement. The upper limit found is 11 (9)⇥10�9 at 95 (90)% confidence

level and is a factor of thirty below the previous world best limit. Table 1 summarises the

limits in the TIS, TOS categories, and the combined result.
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LHCb Collaboration / Physics Letters B 724 (2013) 36–45 41

Fig. 4. Distribution of CLs values as functions of the assumed branching fractions, under the hypothesis to observe background events only, for (a) τ− → µ−µ+µ− ,
(b) τ− → p̄µ+µ− and (c) τ− → pµ−µ− . The dashed lines indicate the expected curves and the solid lines the observed ones. The light (yellow) and dark (green) bands
cover the regions of 68% and 95% confidence for the expected limits. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this Letter.)
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The LHCb Detector 

pp collision Point 

Vertex Locator 
      VELO 

Tracking System 

Muon System RICH Detectors 

Calorimeters 

~ 1 cm 
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LHCb-UK  

  

Birmingham, Bristol, Cambridge, Edinburgh, Glasgow,  
Imperial, Liverpool, Manchester, Oxford, RAL, Warwick  

Collaboration 700 authors, 20 % UK affiliated 
 
New spokeperson  from UK (G. Wilkinson) 
 
Two previous physics coordinators from UK 
 
30 % of physics groups convenors from UK 
 
UK led construction  and now operation of  
Vertex detector + RICH. Current project  
leaders both from UK  
 
UK provides appropriate Tier-1 data storage for LHCb 
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Run 1 Overview  

  

~ 3.3 fb-1 of data collected Essentially all data 
physics quality  

Also data taken in pA run and also at 2.76 TeV pp 
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Detector Performance  

  

Eur. Phys. J. C (2013) 73:2431 Page 13 of 17

hypothesis, it is removed in the next iterations. These modi-
fications to the likelihood minimisation dramatically reduce
the CPU resources required.

The background contribution to the event likelihood
is determined prior to the likelihood algorithm described
above. This is done by comparing the expected signal in
each HPD, due to the reconstructed tracks and their assigned
mass hypothesis, to the observed signal. Any excess is used
to determine the background contribution for each HPD and
is included in the likelihood calculation.

The background estimation and likelihood minimisation
algorithms can be run multiple times for each event. In prac-
tice it is found that only two iterations of the algorithms
are needed to get convergence. The final results of the parti-
cle identification are differences in the log-likelihood values
! log L, which give for each track the change in the over-
all event log-likelihood when that track is changed from the
pion hypothesis to each of the electron, muon, kaon and pro-
ton hypotheses. These values are then used to identify parti-
cle types.

5.2 Performance with isolated tracks

A reconstructed Cherenkov ring will generally overlap with
several others. Solitary rings from isolated tracks provide a
useful test of the RICH performance, since the reconstructed
Cherenkov angle can be uniquely predicted. A track is de-
fined as isolated when its Cherenkov ring does not overlap
with any other ring from the same radiator.

Figure 14 shows the Cherenkov angle as a function of
particle momentum using information from the C4F10 radi-
ator for isolated tracks selected in data (∼2 % of all tracks).
As expected, the events are distributed into distinct bands
according to their mass. Whilst the RICH detectors are pri-
marily used for hadron identification, it is worth noting that
a distinct muon band can also be observed.

Fig. 14 Reconstructed Cherenkov angle as a function of track momen-
tum in the C4F10 radiator

5.3 PID calibration samples

In order to determine the PID performance on data, high
statistics samples of genuine K±,π±, p and p̄ tracks are
needed. The selection of such control samples must be in-
dependent of PID information, which would otherwise bias
the result. The strategy employed is to reconstruct, through
purely kinematic selections independent of RICH informa-
tion, exclusive decays of particles copiously produced and
reconstructed at LHCb.

The following decays, and their charge conjugates, are
identified: K0

S →π+π−, #→pπ−, D∗+ → D0(K−π+)π+.
This ensemble of final states provides a complete set of
charged particle types needed to comprehensively assess the
RICH detectors hadron PID performance. As demonstrated
in Fig. 15, the K0

S, #, and D∗ selections have extremely high
purity.

While high purity samples of the control modes can be
gathered through purely kinematic requirements alone, the
residual backgrounds present within each must still be ac-
counted for. To distinguish background from signal, a likeli-
hood technique, called s P lot [30], is used, where the invari-
ant mass of the composite particle K0

S,#, D0 is used as the
discriminating variable.

The power of the RICH PID can be appreciated by con-
sidering the ! log L distributions for each track type from
the control samples. Figures 16(a–c) show the correspond-
ing distributions in the 2D plane of ! log L(K − π) versus
! log L(p −π). Each particle type is seen within a quadrant
of the two dimensional ! log L space, and demonstrates the
powerful discrimination of the RICH.

5.4 PID performance

Utilizing the log-likelihood values obtained from the con-
trol channels, one is able to study the discrimination achiev-
able between any pair of track types by imposing require-
ments on their differences, such as ! log(K − π). Figure 17
demonstrates the kaon efficiency (kaons identified as kaons)
and pion misidentification (pions misidentified as kaons), as
a function of particle momentum, obtained from imposing
two different requirements on this distribution. Requiring
that the likelihood for each track with the kaon mass hy-
pothesis be larger than that with the pion hypothesis, i.e.
! log L(K − π) > 0, and averaging over the momentum
range 2–100 GeV/c, the kaon efficiency and pion misidenti-
fication fraction are found to be ∼95 % and ∼10 %, respec-
tively. The alternative PID requirement of ! log L(K−π) >

5 illustrates that the misidentification rate can be signifi-
cantly reduced to ∼3 % for a kaon efficiency of ∼85 %. Fig-
ure 18 shows the corresponding efficiencies and misidentifi-
cation fractions in simulation. In addition to K/π separation,
both p/π and p/K separation are equally vital for a large

Detector performance close to design expectations ! Superb foundation  
to do good physics 

Impact parameter  
resolution in  
vertex detector 

Cherenkov angle for  
isolated tracks 
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Scientific Output  

  

•  Already 196 papers submitted or published papers  

•   200 mark will be reached tommorrow morning  

•   Harvest of Run 1 data will continue at 1-2 papers per week 

ATLAS CMS LHCb ALICE
2010 13 30 2 8
2011 80 64 29 7
2012 129 128 55 23
2013 42 75 78 28
2014 46 33 34 4

05

205

405

605

805

1005

1205

1405

20105 20115 20125 20135 20145

ATLAS5

CMS5

LHCb5

ALICE5
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 The angle γ  

  

•  Key part of LHCb physics program: many analyses ongoing 

•  Many B decay modes to open charm contributing 

|��| � O(10�7)

Least well directly measured 
CKM angle. Uncertainty around  
80 

Theoretically clean measurement  
with B ! DK decays 

Brod+Zupan arXiv:1308.5663 

To uncover New Physics important to overconstrain CKM matrix parameters 
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 The angle γ  

  

Matter Anti-matter 

How do we measure γ?

Interfering Vub and Vcb decays to the same final state

Clean signal 
for BR 10-7  

Reversed suppression  
of the D decays relative  
to the B decays results  
in much more equal  
amplitudes 

3 fb-1 

update 
 soon 

Phys. Lett. B713 (2012) 351  
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 The angle γ  

  

Uncertainty  
12o on γ  

LHCb-CONF-2013-006 
γ combination 

Updates on many measurements with full Run 1 dataset in progress 
Further improvement already with Run 1 data ! 4o precision by end Run 2 

LHCb-CONF-2013-006 
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 CP violation in Bs mixing  

  

Observable CP violating phase φs (analogous to sin2β in B0 case ): SM 
expectation φs  ~ -0.036 rad. Can be enhanced in New Physics models 

   

Measured  φs in J/ψϕ ,J/ψππ modes 
New measurement in J/ψππ mode 
0.070 ± 0.068 ± 0.008 rad (LHCb-
Paper-2014-019) 

B0
s � D�s �+

New J. Phys.15 (2013) 053021 

Update in J/ψϕ mode with 3 fb-1 

coming soon precision ~ 0.05 rad level 
Run 2 precision ~ 0.015 rad 
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 CP violation in Bs!ϕϕ  
Gluonic penguin decay 
 
Standard Model cancellation  
between decay + mixing phases  ϕs

eff   
is negligible.  
 

  

Result consistent with Standard Model 
 
Already interesting sensitivity reached for  
flagship upgrade precision measurement 

LHCB-PAPER-2014-026 

�eff
s = �0.17± 0.15± 0.03 rad
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 Charm 
Wide program in charm rare decays and CP violation searches 
Huge statistics allowing huge progress e.g. CP violation in Charm mixing 

Run 2: higher cross-section and improved trigger ! 
Reach interesting precision: SM expect AΓ ~ O(10-4)  

A�(��) = (0.44± 1.06± 0.14)� 10�3

A�(KK) = (�0.35± 0.65± 0.12)� 10�3

Phys. Rev. Lett.112 (2014) 041801 
1fb-1 result. 3fb-1 update to come 

LHCb 4 times better than  
World average 
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 B0 !K*μ+μ- and friends  

  

The presence of a K+⇡� system in an S-
wave configuration, due to a non-resonant con-
tribution or to feed-down from K+⇡� scalar
resonances, results in additional terms in the
di↵erential angular distribution. Denoting the
right-hand side of Eq. 1 by WP, the di↵erential
decay rate takes the form

(1� FS)WP +
9

32⇡
(WS +WSP) , (7)

where

WS =
2

3
FS sin

2 ✓
`

(8)

and WSP is given by

4

3
AS sin

2 ✓
`

cos ✓
K

+ A(4)
S sin ✓

K

sin 2✓
`

cos�+

A(5)
S sin ✓

K

sin ✓
`

cos�+ A(7)
S sin ✓

K

sin ✓
`

sin�

+A(8)
S sin ✓

K

sin 2✓
`

sin� .
(9)

The factor FS is the fraction of the S-wave
component in the K⇤0 mass window, and WSP

contains all the interference terms, A(i)
S , of the

S-wave with the K⇤0 transversity amplitudes
as defined in Ref. [26]. In Ref. [7], FS was mea-
sured to be less than 0.07 at 68% confidence
level. The maximum value that the quanti-
ties A(i)

S can assume is a function of FS and
FL [11]. The S-wave contribution is neglected
in the fit to data, but its e↵ect is evaluated
and assigned as a systematic uncertainty us-
ing pseudo-experiments. A large number of
pseudo-experiments with FS = 0.07 and with
the interference terms set to their maximum
allowed values are generated. All other param-
eters, including the angular observables, are set
to their measured values in data. The pseudo-
experiments are fitted ignoring S-wave and in-
terference contributions. The corresponding
bias in the measurement of the angular observ-
ables is assigned as a systematic uncertainty.

]4c/2 [GeV2q
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' 4
P
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0.6
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LHCb

]4c/2 [GeV2q
0 5 10 15 20

' 5
P

-1
-0.8
-0.6
-0.4
-0.2

0
0.2
0.4
0.6
0.8

1

SM Predictions

Data

LHCb

Figure 1: Measured values of P 0
4 and P 0

5 (black
points) compared with SM predictions from
Ref. [11] (blue bands).

The results of the angular fits to the data are
presented in Table 1. The statistical uncertain-
ties are determined using the Feldman-Cousins
method [27]. The systematic uncertainty takes
into account the limited knowledge of the angu-
lar acceptance, uncertainties in the signal and
background invariant mass models, the angu-
lar model for the background, and the impact
of a possible S-wave amplitude. E↵ects due
to B0/B0 production asymmetry have been
considered and found negligibly small. The
comparison between the measurements and the
theoretical predictions from Ref. [11] are shown
in Fig. 1 for the observables P 0

4 and P 0
5. The

observables P 0
6 and P 0

8 (as well as S7 and S8)
are suppressed by the small size of the strong
phase di↵erence between the decay amplitudes,
and therefore are expected to be close to zero

4

The rare decay B0 ! K⇤0µ+µ�, where K⇤0

indicates the K⇤(892)0 ! K+⇡� decay, is a
flavor-changing neutral current process that
proceeds via loop and box amplitudes in the
Standard Model (SM). In extensions of the SM,
contributions from new particles can enter in
competing amplitudes and modify the angular
distributions of the decay products. This decay
has been widely studied from both theoreti-
cal [1–3] and experimental [4–7] perspectives.
Its angular distribution is described by three
angles (✓

`

, ✓
K

and �) and the dimuon invariant

mass squared, q2; ✓
`

is the angle between the
flight direction of the µ+ (µ�) and the B0 (B0)
meson in the dimuon rest frame; ✓

K

is the an-
gle between the flight direction of the charged
kaon and the B0 (B0) meson in the K⇤0 (K⇤0)
rest frame; and � is the angle between the de-
cay planes of the K⇤0 (K⇤0) and the dimuon
system in the B0 (B0) meson rest frame. A
formal definition of the angles can be found
in Ref. [7]. Using the definitions of Ref. [1]
and summing over B0 and B0 mesons, the dif-
ferential angular distribution can be written
as

1

d�/dq2
d4�

d cos ✓
`

d cos ✓
K

d� dq2
=

9

32⇡


3

4
(1� FL) sin

2 ✓
K

+ FL cos
2 ✓

K

+
1

4
(1� FL) sin

2 ✓
K

cos 2✓
`

� FL cos
2 ✓

K

cos 2✓
`

+ S3 sin
2 ✓

K

sin2 ✓
`

cos 2�

+ S4 sin 2✓K sin 2✓
`

cos� + S5 sin 2✓K sin ✓
`

cos�

+ S6 sin
2 ✓

K

cos ✓
`

+ S7 sin 2✓K sin ✓
`

sin�

+ S8 sin 2✓K sin 2✓
`

sin�+ S9 sin
2 ✓

K

sin2 ✓
`

sin 2�
i
,

(1)

where the q2 dependent observables FL and
S
i

are bilinear combinations of the K⇤0 decay
amplitudes. These in turn are functions of
the Wilson coe�cients, which contain infor-
mation about short distance e↵ects and are
sensitive to physics beyond the SM, and form-
factors, which depend on long distance e↵ects.
Combinations of FL and S

i

with reduced form-
factor uncertainties have been proposed inde-
pendently by several authors [2, 3, 8–10]. In
particular, in the large recoil limit (low-q2) the
observables denoted as P 0

4, P
0
5, P

0
6 and P 0

8 [11]
are largely free from form-factor uncertainties.
These observables are defined as

P 0
i=4,5,6,8 =

S
j=4,5,7,8p

FL(1� FL)
. (2)

This Letter presents the measurement of the
observables S

j

and the respective observables
P 0
i

. This is the first measurement of these quan-
tities by any experiment. Moreover, these ob-
servables provide complementary information
about physics beyond the SM with respect to
the angular observables previously measured in
this decay [4–7]. The data sample analyzed cor-
responds to an integrated luminosity of 1.0 fb�1

of pp collisions at a center-of-mass energy of 7
TeV collected by the LHCb experiment in 2011.
Charged conjugation is implied throughout this
Letter, unless otherwise stated.
The LHCb detector [12] is a single-arm for-

ward spectrometer covering the pseudorapidity
range 2 < ⌘ < 5, designed for the study of

1

B0! K*µµ and similar rare decays gives  
access to wide range of observables sensitive 
 each sensitive to different NP effects   

Discrepancy for P5’ observable using  
1fb-1 of data compared to expectation 
 
3.7 σ local significance (probability 
probability that at least one bin  
varies by this much is 0.5 %) 

Update with 3 fb-1 soon. How  
will this evolve with more  
data with Run 2 ? 

Phys. Rev. Lett.111 (2013) 191801 
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68.3% C.L

95.5% C.L

99.7% C.L

Includes Low Recoil data

Only @1,6D bins

SM

-0.15 -0.10 -0.05 0.00 0.05 0.10 0.15

-4

-2

0

2

4

C7
NP

C
9N
P

FIG. 1: Fit to (CNP
7 , CNP

9 ), using the three large-recoil bins
for B ! K⇤µ+µ� observables, together with B ! Xs�, B !
Xsµ

+µ�, B ! K⇤� and Bs ! µ+µ�. The dashed contours
include both large- and low-recoil bins, whereas the orange
(solid) ones use only the 1-6 GeV2 bin for B ! K⇤µ+µ�

observables. The origin CNP
7,9 = (0, 0) corresponds to the SM

values for the Wilson coe�cients CSM
7e↵,9 = (�0.29, 4.07) at

µb = 4.8 GeV.

and dileptonic decays, lead to contours in the (CNP
7 , CNP

9 )
plane similar to Fig. 1.

We would like to understand whether this conclusion
is due to peculiarities of individual bins. For this pur-
pose we repeat the analysis restricting the input for the
B ! K

⇤
µ

+
µ

� observables to [1, 6] GeV2 bins, exploiting
several theoretical and experimental advantages. Such
wider bins collect more events with larger statistics. Fur-
thermore, some theoretical issues are less acute, such as
the e↵ect of low-mass resonances at very low q

2 . 1
GeV2 [36], or the impact of charm loops above ⇠ 6
GeV2 [37]. On the other hand, integrating over such a
large bin washes out some e↵ects related to the q2 depen-
dence of the observables, so that we expect this analysis
to have less sensitivity to NP [15]. This can be seen in
Fig. 1, where the regions in this case are indicated by
the orange curves, and as expected the constraints get
slightly weaker. In addition, due to the fact that the-
oretical uncertainties happen to increase moderately for
large negative NP contributions to C9, the constraints are
looser in the lower region of the (CNP

7 , CNP
9 ) plane. We

emphasise that even in this rather conservative situation
the main conclusion (a NP contribution CNP

9 ⇠ �1.5)
still prevails, whereas the SM hypothesis has still a pull
of 3.2�.

We illustrate the improvement gained by shifting C9 in
Fig. 2, where we show the predictions for CNP

9 = �1.5

(and other CNP
i

= 0) for the observables P2, P 0
4 and P

0
5,

together with the experimental data and SM predictions.
In particular, we observe how the various observables de-
scribed in Sec. 1 change for CNP

9 < 0. If the data is in
general well reproduced in this scenario, there are still a
few observables di�cult to explain theoretically. Looking
at Fig. 2, the most obvious cases are hP 0

5i in the first and
third bins. One can see there is a tension between these
two bins: more negative values for CNP

9 reproduce bet-
ter the third bin, but drive the first bin upwards, whose
experimental value is consistent with the SM. A similar
situation happens with the second and third bins of hP2i,
although in this case a good compromise is achieved.

Concerning the individual constraints to the fit, the
large-recoil bins for P2 and P

0
5 both favour the same

large region away from the SM in the (CNP
7 , CNP

9 ) plane,
providing a negative correlation between CNP

7 and CNP
9 .

B ! X

s

� selects values of CNP
7 close to the SM value,

leading to the combined (smaller) region shown in Fig. 1.
To be more quantitative, we have considered the pulls
obtained by removing in turn one or two observables
from the fit. We find that the largest pulls are as-
sociated to hP 0

5i[4.3,8.68], B ! X

s

�, hP2i[14.18,16] and
hP 0

4i[14.18,16]. B ! X

s

� has a large pull because it plays a
very important role in disfavouring a scenario with large
and negative CNP

7 , which can mimic the CNP
9 scenario in

B ! K

⇤
µ

+
µ

� observables. The observables hP 0
5i[4.3,8.68]

and hP2i[14.18,16] pull in di↵erent directions: the former
favours more negative and the latter less negative values
for CNP

9 , while the best fit point lies somewhat in the
middle, with or without these observables. On the other
hand hP 0

4i[14.18,16] has a marginal e↵ect on the results of
the fit.

The role of individual observables is confirmed by
comparing our analysis with the preliminary results in
Ref. [25], performed in the same framework, but with
only P1,P2 and AFB as inputs for B ! K

⇤
µ

+
µ

�, lead-
ing to a 3� deviation from the SM in the (CNP

7 , CNP
9 )

plane (in our present analysis, this e↵ect is magnified by
the addition of P 0

4,5,6,8 [20] among the observables). We
emphasise the importance of choosing the right set of ob-
servables among the three correlated inputs AFB, P2, FL

:
F

L

has a very significant dependence on the choice of
form factors (Fig. 5), which is less acute in the case of
AFB and P2, so that the choices (F

L

, P2) or (F
L

, AFB)
[38] lead to results that are more biased by the specific
parametrisation of form factors considered and less sen-
sitive to NP compared to (AFB, P2) [25]. For this rea-
son, we use AFB instead of F

L

in our analysis. We have
checked by two di↵erent procedures (NLO QCD factori-
sation and naive factorisation) that the 3� deviation re-
ported in Ref. [25] using [1-6] bins gets reduced to around
1 � if F

L

is used as an input instead of P2 or AFB (in
agreement with Ref. [38], where F

L

is used).
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 B0 !K*μ+μ- and friends  

Descotes-Genon et al perform global fit  
4.5σ discrepancy from SM ? 
[PRD 88 074002 (2013)] 

Altmannshofer and Straub 3σ discrepancy.  
Flavour  changing Z’ boson 
 [EPJC 74 2646 (2013)] 

The size of form factor power corrections is currently under extensive study 
within phenomenology community (e.g. Jaeger et al, JHEP05(2013)043) 

Result attracted a lot of theory attention, range of interpretations – QCD 
related or New Physics   

Zwicky/Lyon (arXiv:1406.0566) Anomaly related to discrepancies  
in B+ !K+µµ at high q2 ? 



Lepton universality?

Correct for bremstrahlung using
calorimeter photons
(with ET > 75MeV).

Migration of events into/out-of the
1 < q

2 < 6GeV

2/c

4 window is
corrected using MC.

Take double ratio with
B

+ ! J/ K

+ decays to cancel
possible systematic biases.

In 3 fb�1 LHCb determines
RK = 0.745+0.090

�0.074(stat)+0.036
�0.036(syst)

which is consistent with SM at 2.6�.
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Mike Williams 7

Expect something very close to one in the SM (result about 2.5σ away).

LHCb  |

Lepton Universality

BSM?
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Wealth of other observables to probe, e.g. RK which should be 
1 in SM [lepton universality] 

Lepton universality?

If a Z

0 is responsible for the anomoly in P

0
5, does it couple equally to

all flavours of leptons?
Dominant SM processes couple with equal strength to leptons:
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R q2=6 GeV2/c4
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If we a s s u m e  that  the s t r o n g  i n t e r a c t i o n s  of b a r y -  
ons  and m e s o n s  a r e  c o r r e c t l y  d e s c r i b e d  in t e r m s  of 
the  b r o k e n  "e igh t fo ld  way"  1 - 3 )  we a r e  t e m p t e d  to 
look fo r  s o m e  f u n d a m e n t a l  exp l ana t i on  of the s i t u a -  
t ion.  A h igh ly  p r o m i s e d  a p p r o a c h  i s  the  p u r e l y  dy-  
n a m i c a l  " b o o t s t r a p "  m o d e l  for  a l l  the s t r o n g l y  in-  
t e r a c t i n g  p a r t i c l e s  wi th in  which  one m a y  t r y  to de -  
r i v e  i so top i c  sp in  and s t r a n g e n e s s  c o n s e r v a t i o n  and 
b r o k e n  e igh t fo ld  s y m m e t r y  f r o m  s e l f - c o n s i s t e n c y  
a lone  4). Of c o u r s e ,  with only s t r o n g  i n t e r a c t i o n s ,  
the  o r i e n t a t i o n  of the a s y m m e t r y  in the u n i t a r y  
s p a c e  cannot  be s p e c i f i e d ;  one hopes  tha t  in s o m e  
way  the s e l e c t i o n  of s p e c i f i c  c o m p o n e n t s  of the  F -  
sp in  by  e l e c t r o m a g n e t i s m  and the weak  i n t e r a c t i o n s  
d e t e r m i n e s  the cho i ce  of i s o t o p i c  sp in  and h y p e r -  
c h a r g e  d i r e c t i o n s .  

Even  if  we c o n s i d e r  the  s c a t t e r i n g  a m p l i t u d e s  of 
s t r o n g l y  i n t e r a c t i n g  p a r t i c l e s  on the  m a s s  s h e l l  only  
and t r e a t  the  m a t r i x  e l e m e n t s  of the weak ,  e l e c t r o -  
m a g n e t i c ,  and g r a v i t a t i o n a l  i n t e r a c t i o n s  by m e a n s  
of d i s p e r s i o n  t h e o r y ,  t h e r e  a r e  s t i l l  mean ing fu l  and 
i m p o r t a n t  q u e s t i o n s  r e g a r d i n g  the a l g e b r a i c  p r o p e r -  
t i e s  of t h e s e  i n t e r a c t i o n s  tha t  have  so  fa r  been  d i s -  
c u s s e d  only  by  a b s t r a c t i n g  the  p r o p e r t i e s  f r o m  a 
f o r m a l  f i e ld  t h e o r y  m o d e l  b a s e d  on f u n d a m e n t a l  
e n t i t i e s  3) f r o m  which  the b a r y o n s  and m e s o n s  a r e  
bu i l t  up. 

If t h e s e  e n t i t i e s  w e r e  o c t e t s ,  we m i g h t  e x p e c t  the 
u n d e r l y i n g  s y m m e t r y  g r o u p  to be  SU(8) i n s t e a d  of 
SU(3); i t  i s  t h e r e f o r e  t e m p t i n g  to t r y  to u se  u n i t a r y  
t r i p l e t s  a s  f u n d a m e n t a l  o b j e c t s .  A u n i t a r y  t r i p l e t  t 
c o n s i s t s  of an i so top i c  s i n g l e t  s of e l e c t r i c  c h a r g e  z 
(in uni t s  of e) and an i so top i c  double t  (u, d) with 
c h a r g e s  z+l  and z r e s p e c t i v e l y .  The  a n t i - t r i p l e t  
has ,  of c o u r s e ,  the  o p p o s i t e  s i g n s  of the  c h a r g e s .  
C o m p l e t e  s y m m e t r y  among the m e m b e r s  of the  
t r i p l e t  g i v e s  the e x a c t  e igh t fo ld  way,  whi le  a m a s s  
d i f f e r e n c e ,  fo r  e x a m p l e ,  be tween  the i s o t o p i c  dou-  
b l e t  and  s i n g l e t  g i v e s  the  f i r s t - o r d e r  v io l a t i on .  

F o r  any va lue  of z and of t r i p l e t  sp in ,  we can  
c o n s t r u c t  b a r y o n  o c t e t s  f r o m  a b a s i c  n e u t r a l  b a r y o n  
s i n g l e t  b by  tak ing  c o m b i n a t i o n s  ( b t t ) ,  C o t t t t ) ,  
e tc .  **. F r o m  ( b t t ) ,  we ge t  the  r e p r e s e n t a t i o n s  1 
and 8, whi le  f r o m  ( b t t t t )  we ge t  1, 8 ,  10, 10, and 
27. In a s i m i l a r  way,  m e s o n  s i n g l e t s  and o c t e t s  can  
be  m a d e  out of ( t t ) ,  ( t t t t ) ,  e tc .  The  quan tum n u m -  
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b e r n  t - n~ would be  z e r o  f o r  a l l  known b a r y o n s  and  
m e s o n s .  The  m o s t  i n t e r e s t i n g  e x a m p l e  of such  a 

1 m o d e l  i s  one in which  the t r i p l e t  has  sp in  ~ and 
z = -1 ,  so  tha t  the  four  p a r t i c l e s  d - ,  s - ,  u ° and b ° 
exh ib i t  a p a r a l l e l  wi th  the  l ep tons .  

A s i m p l e r  and m o r e  e l e g a n t  s c h e m e  can  be  
c o n s t r u c t e d  if we a l low n o n - i n t e g r a l  v a l u e s  for  the 
c h a r g e s .  We can  d i s p e n s e  e n t i r e l y  wi th  the  b a s i c  
b a r y o n  b if  we a s s i g n  to the  t r i p l e t  t the  fo l lowing  
p r o p e r t i e s :  sp in  !, z = -~ ,  and  b a r y o n  n u m b e r  -~. 

2 t 1 
We then r e f e r  to the  m e m b e r s  u3, d -~ ,  and s-3- of 
the  t r i p l e t  a s  " q u a r k s "  6) q and the m e m b e r s  of the 
a n t i - t r i p l e t  a s  a n t i - q u a r k s  ~1. B a r y o n s  can  now be  
c o n s t r u c t e d  f r o m  q u a r k s  by us ing  the c o m b i n a t i o n s  
(qqq ) ,  ( q q q q q ) ,  e t c . ,  whi le  m e s o n s  a r e  m a d e  out  
of (qcl), (qq~tcl), e tc .  I t  i s  a s s u m i n g  tha t  the  l o w e s t  
b a r y o n  con f igu ra t i on  (qqq)  g i v e s  j u s t  the r e p r e s e n -  
t a t i o n s  1, 8, and 18 that  have  been  o b s e r v e d ,  whi le  
the l o w e s t  m e s o n  c on f igu ra t i on  (q q) s i m i l a r l y  g i v e s  
j u s t  1 and 8. 

A f o r m a l  m a t h e m a t i c a l  m o d e l  b a s e d  on f i e ld  
t h e o r y  can  be bu i l t  up fo r  the  q u a r k s  e x a c t l y  a s  for  
p, n, A in the  o ld  S a k a t a  m o d e l ,  fo r  e x a m p l e  3) 
wi th  a l l  s t r o n g  i n t e r a c t i o n s  a s c r i b e d  to a n e u t r a l  
v e c t o r  m e s o n  f i e ld  i n t e r a c t i n g  s y m m e t r i c a l l y  wi th  
the t h r e e  p a r t i c l e s .  With in  such  a f r a m e w o r k ,  the 
e l e c t r o m a g n e t i c  c u r r e n t  (in un i t s  of e) i s  j u s t  

u - d - s} 

o r  ~-3~ + ~8~/J3  in the  no t a t i on  of r e f .  3). F o r  the  
weak  c u r r e n t ,  we can  t ake  o v e r  f r o m  the Saka t a  
m o d e l  the  f o r m  s u g g e s t e d  by G e l l - M a n n  and L4vyT) ,  
n a m e l y  i p 7 ~ ( l + Y 5 ) ( n  cos  0 + h s in  8), which  g i v e s  
in the  q u a r k  s c h e m e  the e x p r e s s i o n  *** 

i u ya (1  + y5)(d cos  0 + s s in  0) 

* Work supported in par t  by the U. S. Atomic Energy 
Commission. 

** This is s imi la r  to the t reatment  in ref. 1). See also 
ref.  5). 

*** The para l le l  with i ~e Ya( 1 + ¥5) e and i ~ ¥~(1 + ¥5)~ 
is obvious. Likewise, in the model with d- ,  s - ,  u °, 
and b ° discussed above, we would take the weak cu r -  
rent to be i(b ° cos e + ~o sin e) ¥~(1 + ¥5) s -  
+ i(u ° cos e - ~o sin e) ya(1 + ¥5) d- .  The par t  with 
n(nt-n~) = 0 is just i T o ¥c~(1 + 75)(d- cos e + s -  sin O). 
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of (qcl), (qq~tcl), e tc .  I t  i s  a s s u m i n g  tha t  the  l o w e s t  
b a r y o n  con f igu ra t i on  (qqq)  g i v e s  j u s t  the r e p r e s e n -  
t a t i o n s  1, 8, and 18 that  have  been  o b s e r v e d ,  whi le  
the l o w e s t  m e s o n  con f igu ra t i on  (q q) s i m i l a r l y  g i v e s  
j u s t  1 and 8. 

A f o r m a l  m a t h e m a t i c a l  m o d e l  b a s e d  on f i e ld  
t h e o r y  can  be bu i l t  up fo r  the  q u a r k s  e x a c t l y  a s  for  
p, n, A in the  o ld  S a k a t a  m o d e l ,  fo r  e x a m p l e  3) 
wi th  a l l  s t r o n g  i n t e r a c t i o n s  a s c r i b e d  to a n e u t r a l  
v e c t o r  m e s o n  f i e ld  i n t e r a c t i n g  s y m m e t r i c a l l y  wi th  
the t h r e e  p a r t i c l e s .  With in  such  a f r a m e w o r k ,  the 
e l e c t r o m a g n e t i c  c u r r e n t  (in un i t s  of e) i s  j u s t  

u - d - s} 

o r  ~-3~ + ~8~/J3  in the  no t a t i on  of r e f .  3). F o r  the  
weak  c u r r e n t ,  we can  t ake  o v e r  f r o m  the Saka t a  
m o d e l  the  f o r m  s u g g e s t e d  by G e l l - M a n n  and L4vyT) ,  
n a m e l y  i p 7 ~ ( l + Y 5 ) ( n  cos  0 + h s in  8), which  g i v e s  
in the  q u a r k  s c h e m e  the e x p r e s s i o n  *** 

i u ya (1  + y5)(d cos  0 + s s in  0) 

* Work supported in par t  by the U. S. Atomic Energy 
Commission. 

** This is s imi la r  to the t reatment  in ref. 1). See also 
ref.  5). 

*** The para l le l  with i ~e Ya( 1 + ¥5) e and i ~ ¥~(1 + ¥5)~ 
is obvious. Likewise, in the model with d- ,  s - ,  u °, 
and b ° discussed above, we would take the weak cu r -  
rent to be i(b ° cos e + ~o sin e) ¥~(1 + ¥5) s -  
+ i(u ° cos e - ~o sin e) ya(1 + ¥5) d- .  The par t  with 
n(nt-n~) = 0 is just i T o ¥c~(1 + 75)(d- cos e + s -  sin O). 

Four, five quark combinations possible, but not experimentally clearly seen 
 
Nature of the a0(980) and f0(980) and possibility these are tetraquark or  
molecular states long discussed 
 
In addition, if we search for the exoitc we shine a light on the non-exotic, 
and discover the unsatisfactory features of predicted and known qq and qqq 
combinations  
    

Why do quarks come in twos or threes ? 

Hot topic in recent years @ b-factories and BES 
 
Many candidates claimed – e.g. X(3872), Z(3900)+. But no unambigous 
candidate 
 
One candidate Z(4430)+ claimed by Belle in B0 !ψ(2S)Kπ decay chain but 
not seen by Babar. 

Charged state, confirmation provides irefutable evidence for 
four quark states 
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 Z(4430)+ 
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•  Full angular analysis 
 
•  JP = 1+, rules out cusp interpretation 

•   Phase shift consistent with 
resonant behaviour  

Four quark states exist: elucidate nature with Run 2 data 

LHCB-PAPER-2014-014  

Phys Rev Lett 112 222002 (2014) 
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 Z(4430)+ 
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Electroweak Physics 

  

•  Program of W and Z cross-section  
     measurements 

•  Unique access to small x-region unexplored  
     by previous experiments 

•  Test Standard Model and constrain PDF 
     sets 
 
•  Measurements complement ATLAS + CMS 
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 W production 

  

LHCb-PAPER-2014-033 

Inclusive W Production

W ! µ⌫NEW

� Updated measurement with 996 pb�1 of
2011 data

� Single high-pT muon final state
- p

µ
T > 20 GeV

- 2.0 < ⌘µ < 4.5
- Prompt
- Isolated

� Purity determined by fit to muon pT
spectrum

Shape Source
W ! µ⌫ Simulation
K/⇡ Decay In Flight Data
�/Z⇤ ! µµ Simulation
W ! ⌧⌫, Z ! ⌧⌧ Simulation
Heavy Flavour Data
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 < 4.5η2.0 < 

+µ -µData νµ → πK/

Fit Electroweak

νµ →W Heavy Flavour

Preliminary

805,593 events selected
Purity ⇠ 77%

� Signal and Decay In Flight templates float free in fit

� Other shapes normalised using data driven methods
� Fit performed in eight ⌘µ bins

S.Farry (Liverpool) Electroweak Physics at LHCb July 4, 2014 5 / 14

LHCb-PAPER-2014-033 (Preliminary)

Inclusive W Production

W ! µ⌫ - Differential Distributions
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Preliminary

Preliminary

� Compared to NNLO predictions calculated using FEWZ
� Data corrected for FSR using Pythia interfaced with PHOTOS
� Good agreement with predictions for variety of PDF sets

S.Farry (Liverpool) Electroweak Physics at LHCb July 4, 2014 7 / 14

Measure cross-sections + ratios 
 
805,593 events selected 
Purity ~ 77 % 

Complementary measurements to 
 GPDs who go to η ~ 2 
 
Good agreement with NNLO predictions  
For variety of PDF  

Run 2: New kinematic regime + higher cross-section ! 
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Run II  

  

J/ψ from b 
1.8 

b cross-section will go up factor  
by factor 1.8 
 
Charm always benefits from 
more bandwidth 
 
Want to profit from increased  
cross-section, and increase the  
physics reach 

More selective trigger, using more RICH information  
and data parking strategy needed 

Detector performed well in Run 1. Work to consolidate this for Run 2 
 
Extend physics program: Herschel forward shower counters 
 

Main challenge: 

JHEP06(2013)064 
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Run II: Physics  

  

•  Collect around 5 - 6 fb-1  

•  Aim for 1 fb-1 already in 2015 

•  Statistical power of data will  
     more than double ! 
 

In summary, a search for the rare decays B0
s ! !þ!"

and B0 ! !þ!" is performed with 1:0 fb"1 and 1:1 fb"1

of pp collision data collected at
ffiffiffi
s

p ¼ 7 and
ffiffiffi
s

p ¼ 8 TeV,
respectively. The data in the B0 search window are
consistent with the background expectation and an
improved upper limit of BðB0 ! !þ!"Þ< 9:4& 10"10

at 95% C.L. is obtained. The data in the B0
s search window

show an excess of events with respect to the background-
only prediction with a statistical significance of 3:5". A fit
to the data leads to BðB0

s ! !þ!"Þ ¼ ð3:2þ1:5
"1:2Þ & 10"9

which is in agreement with the SM prediction. This is the
first evidence for the decay B0

s ! !þ!".
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[10] T. Sjöstrand, S. Mrenna, and P. Skands, J. High Energy
Phys. 05 (2006) 026.

[11] D. J. Lange, Nucl. Instrum. Methods Phys. Res., Sect. A
462, 152 (2001).

[12] J. Allison et al. (GEANT4 Collaboration) IEEE Trans.
Nucl. Sci. 53, 270 (2006).

[13] S. Agostinelli et al. (GEANT4 Collaboration), Nucl.
Instrum. Methods Phys. Res., Sect. A 506, 250
(2003).

[14] P. Golonka and Z. Was, Eur. Phys. J. C 45, 97 (2006).
[15] I. Belyaev et al., in Nuclear Science Symposium

Conference Record (NSS/MIC) (IEEE, New York, 2010),
p. 1155.

[16] M. Clemencic, G. Corti, S. Easo, C. R. Jones, S.
Miglioranzi, M. Pappagallo, and P. Robbe, J. Phys.
Conf. Ser. 331, 032023 (2011).

[17] R. Aaij et al., arXiv:1211.3055.
[18] G. Lanfranchi et al., Report No. LHCb-2009-013.
[19] J. Beringer et al. (Particle Data Group), Phys. Rev. D 86,

010001 (2012).
[20] L. Breiman, J. H. Friedman, R. A. Olshen, and C. J. Stone,

Classification and Regression Trees (Wadsworth
International Group, Belmont, CA, 1984).

[21] R. E. Schapire and Y. Freund, J. Comput. Syst. Sci. 55, 119
(1997).

[22] A. Abulencia et al. (CDF Collaboration), Phys. Rev. Lett.
95, 221805 (2005).

[23] T. Skwarnicki, Ph.D. thesis, Institute of Nuclear Physics,
Krakow, 1986; Report No. DESY-F31-86-02.

[24] R. Aaij et al. (LHCb Collaboration), Report No. LHCb-
PAPER-2012-037 (unpublished).

[25] J. H. Morata et al., Report No. LHCb-2008-073.
[26] A. Datta, arXiv:hep-ph/9504429.
[27] W. Wang and Z. Xiao, arXiv:1207.0265.
[28] R. Aaij et al. (LHCb Collaboration), Phys. Rev. D 85,

032008 (2012).
[29] F. Abe et al. (CDF Collaboration), Phys. Rev. Lett. 81,

2432 (1998).
[30] D. Melikhov and N. Nikitin, Phys. Rev. D 70, 114028

(2004).
[31] R. Aaij et al. (LHCb Collaboration), arXiv:1210.2645

[J. High Energy Phys. (to be published)].

]2c [MeV/−µ+µm
5000 5500 6000

)2 c
C

an
di

da
te

s 
/ (

50
 M

eV
/

0

2

4

6

8

10

12

14 LHCb
(8TeV)1−(7TeV) +1.1 fb1−1.0 fb

BDT > 0.7

FIG. 2 (color online). Invariant mass distribution of the se-
lected B0

s ! !þ!" candidates (black dots) with BDT> 0:7 in
the combined 2011 and 2012 data sets. The result of the fit is
overlaid (blue solid line) and the different components detailed:
B0
s ! !þ!" (red long dashed curve), B0 ! !þ!" (green

medium dashed curve), B0
ðsÞ ! hþh0" (pink dotted curve), B0 !

#"!þ$! (black short dashed curve), and B0ðþÞ ! #0ðþÞ!þ!"

(light blue dash-dotted curve), and the combinatorial background
(blue medium dashed).
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Run 1 evidence  
for Bs !μμ   
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FIG. 1. The past (2003, top left) and present (top right) status of the unitarity triangle in the presence of NP in neutral-meson
mixing. The lower plots show future sensitivities for Stage I and Stage II described in the text, assuming data consistent with
the SM. The combination of all constraints in Table I yields the red-hatched regions, yellow regions, and dashed red contours
at 68.3%CL, 95.5%CL, and 99.7%CL, respectively.

tal and theoretical sides. Our Stage I projection refers
to a time around or soon after the end of LHCb Phase I,
corresponding to an anticipated 7 fb−1 LHCb data and
5 ab−1 Belle II data, towards the end of this decade. The
Stage II projection assumes 50 fb−1 LHCb and 50 ab−1

Belle II data, and probably corresponds to the middle
of the 2020s, at the earliest. Estimates of future experi-
mental uncertainties are taken from Refs. [17, 18, 21, 22].
(Note that we display the units as given in the LHCb and
Belle II projections, even if it makes some comparisons
less straightforward; e.g., the uncertainties of both β and
βs will be ∼ 0.2◦ by Stage II.) For the entries in Ta-
ble I where two uncertainties are given, the first one is
statistical (treated as Gaussian) and the second one is

systematic (treated through the Rfit model [8]). Consid-
ering the difficulty to ascertain the breakdown between
statistical and systematic uncertainties in lattice QCD
inputs for the future projections, for simplicity, we treat
all such future uncertainties as Gaussian.

The fits include the constraints from the measurements
of Ad,s

SL [10, 11], but not their linear combination [23],
nor from ∆Γs, whose effects on the future constraints
on NP studied in this paper are small. While ∆Γs is in
agreement with the CKM fit [10], there are tensions for
ASL [23]. The large values of hs allowed until recently,
corresponding to (M s

12)NP ∼ −2(M s
12)SM, are excluded

by the LHCb measurement of the sign of∆Γs [24]. We do
not consider K mixing for the fits shown in this Section,

arxiv:1309.2293 

Lots of exciting physics ! 

Revisit B(d,s) !μμ. Is ratio 
consistent with SM ? 
 
RK and P5 anomalies in B ! K*ll 
 
γ with 4o precision ! 
 
Electroweak + exotic searches    

Phys. Rev. Lett.111 (2013) 101805 
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Run II: Trigger  

  

30 MHz 1 MHz 12.5 kHz

Run II Trigger

Mike Williams 27

fail
partial reconstruction full reconstruction

pass

pass

LHCb  |

fail

L0 HLT 

Data from first part of fill will be buffered in HLT farm allowing time  
to perform online calibration and alignment of full detector. Data quality 
online will be close to offline – trigger selects the events we want 

Turbo stream concept for charm: write out microDST/ntuple for  
analysis at trigger level 
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Run II  

Systems to be aligned/calibrated
Granularity Update type DB slice 

size (kB) Events needed

VELO alignment fill-by-fill Update once parameters 
exceed tolerance 80 50k tracks traversing 

VELO + 50k collisions
Tracker 
alignment fill-by-fill Update once parameters 

exceed tolerance 250 20k D0→Kπ

RICH Mirror 
Alignment fill-by-fill Synchronous with 

tracker (if needed) 207 A sample of tracks fully 
covering the mirror area

Muon 
Alignment fill-by-fill Synchronous with 

tracker (if needed) 20k J/ψ→µµ

RICH Refractive 
Index run-by-run run-by-run 3 tracks

HPD Image 
Calibration run-by-run run-by-run 386 tracks

OT drift time every 1-2 
weeks

Synchronous with 
tracker (if needed) 300 10k to monitor

100k-1M to align

Calorimeter fill-by-fill fill-by-fill N/A 80Hz of MB
5

System being prepared to define how often and when alignment/calibration  
triggered  

VELO 2-half alignment stability in Run I

Silvia Borghi, Chris Parkes, Giulio Dujany 

2 half x misalignment by PV method 

10 July 2014 Silvia Borghi 5 

Down 
Up 

2011 data: Reco12  2012 data: Reco14  

Unfortunately most of the histogram files were 
cancel, as they were considered not useful. 

Max var. ± 7.5 µm 
RMS 3.8 µm  

Max var. ± 9 µm 
RMS 3.7 µm  

See https://indico.cern.ch/event/317420/contribution/3/material/slides/0.pdf for details 
8

Studies to understand the VELO 
alignment stability are ongoing

Plots on the right show stability 
fill-to-fill. Variations within the 
fill are smaller (maximum variation 
of 2-3 μm (x) and 1 μm (y)).

Variation in y much smaller than x.

Note that plots on the right do not 
contain all data as some histograms 
were discarded (should keep them in 
the future).

e.g. Velo half alignment stable fill-to-fill 
To better than 10 µm 
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The Upgrade  

  

 
•  Detector reaching end of 

design life 

•  Gain statistics run at higher 
luminosity (1033 cm2 s-1) 

•  Replace front-end electronics 
to allow full detector readout 
at 40 MHz crossing rate 

•  Full software trigger 

Beyond LS2 dataset doubling 
time lengthens 

Limited by L0 hadron trigger 

Hadronic 
trigger 

Muon 
trigger 
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Upgrade Trigger 

  
30 MHz 20-100 kHz

Run III Trigger

Mike Williams 30

fail
full reconstruction

pass

pass

fail
full reconstruction

LHCb  |

Triggerless readout & full software trigger:Readout full detector @  full collision rate, huge rates to disk 

New challenges for reconstruction and computing ! 
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LHCbTracker 

Technical Design Report
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2011            Letter of Intent 
 
 
2013-2014  R+D, submission of of TDRs to LHCC 
 
 
2014-017    Final R+D, production and construction 
 
 
2019           LS2 Installation and commissioning 

10 years running @ luminosity of  
1033 cm-2s-1 to collect 50 fb-1  

NOW 

to 2030 
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Pixel Detector 

55 µm x 55 µm pixels 
 
Radiation dose 1016 protons/cm2 

 
Detector 5 mm from LHC beam 
 
Microchannel cooling 

Figure 5: Upgrade VELO module layout, with the LHCb acceptance shaded. This figure
illustrates how various parts of the modules fall into the acceptance of physics quality tracks.

Figure 6: Artist’s impression of the upgraded VELO once installed.

8

VELO – High Precision 

•  Vertexing, Tracking 
•  Bs Matter Anti-matter 

Oscillations 
–  Enables CP violation studies 

LHCb Upgrade PPRP Presentation     24 

•  4 µm hit resolution 
•  30 fs time resolution 
•  3D impact parameter resolution 

03/03/2013 5 

Result 

Rencontres de Moriond  
EW Interactions and unified theories 2013 

  Sebastian  Wandernoth 

LHCb 
preliminary 

Oscillation frequency 3x1012 Hz 

Track 

Primary 
Vertex 

Most advanced pixel detector ever constructed 

Superior performance  
to current VELO 
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RICH 

experience to be gained with the readout of MaPMTs in a realistic RICH environment, albeit at
lower luminosity than at the upgrade. The module will also serve as a test-bench for studies of
MaPMT performance in various lab set-ups and in future beam tests.

The module, shown in Fig. 2.18, comprises a base-board to support a 2⇥ 2 array of R11265
MaPMTs, two readout boards (one shown in photo) each with two MAROC3 ASICs (of which
one visible), and a Xilinx Spartan6 FPGA, all mounted on an aluminium support structure. The
support structure shown is a double-height version of the module that will be used in RICH2
in place of a single HPD. Figure 2.19 is a schematic of where the modules will be installed in
RICH2. The space available for these modules is constrained by the existing mechanical and
optical layout of RICH2 and also the constraint of safe operation in the neighbourhood of HPDs
operating at -16 kV.

Figure 2.18: A photograph of the LS1 2⇥2 MaPMT module.

Production module development
The module described above will be used to validate and later to refine the electronic design of

all the elements as well as the mechanical design. The GBT chipset will replace the current Gbit
Ethernet 1000-BASE-T for the data and controls interface, and CERN DCDC converters [23] will
replace the commercial DCDC converters currently used. The MAROC3 ASIC will be replaced
with a CLARO front-end ASIC board. The FPGA will also be replaced with one that has been
identified as su�ciently radiation-tolerant.

The radiation-tolerance of the front-end FPGA is an important requirement with an expected
level of ambient radiation amounting to an expected 20 krad per year (40 krad worst case) at the
highest luminosity. The complexity of the FE firmware precludes the use of anti-fuse FPGAs or
other non-reprogrammable devices. Therefore SRAM-based FPGAs appear to be the best choice
and our R&D programme will include irradiation measurements to identify a suitable device of
this type. Studies will also be made on the implementation of scrubbing (periodic reconfiguration
of the FPGA logic) which will need to be used to mitigate the e↵ects of SEU.

An early demonstration of a working prototype will be essential in order to fully validate our
design by rigorous testing under 40MHz readout conditions. Such tests will require the use of
new readout infrastructure (TELL40, SOL40 or their equivalent prototypes). The final step
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RICH - Performance 

•  RICH-1 and RICH-2 detector 
design remains 
–  Replace photon detectors & 

readout out by 40 MHz ASIC 
–  Rebuild RICH1 with optimised 

photon detector layout 
–  Without occupancy would exceed 30% 
–  Mirrors, mountings, gas-enclosure 

rebuilt 

Current detector performance maintained in upgrade 
occupancy conditions 

LHCb Upgrade PPRP Presentation     19 

Challenge of high occupancy enviroment 
 
Optimized RICH 1 layout - new mechanics,  
mirrors, … 
 
New photodetectors (R11265 from Hammatsu) 
 
New readout electronics 
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Upgrade Reach  

  

Type Observable Current LHCb Upgrade Theory
precision 2018 (50 fb�1) uncertainty

B

0
s

mixing 2�
s

(B0
s

! J/ �) 0.10 [9] 0.025 0.008 ⇠ 0.003
2�

s

(B0
s

! J/ f0(980)) 0.17 [10] 0.045 0.014 ⇠ 0.01
Afs(B0

s

) 6.4⇥ 10�3 [18] 0.6⇥ 10�3 0.2⇥ 10�3 0.03⇥ 10�3

Gluonic 2�e↵
s

(B0
s

! ��) – 0.17 0.03 0.02
penguin 2�e↵

s

(B0
s

! K

⇤0
K̄

⇤0) – 0.13 0.02 < 0.02
2�e↵(B0 ! �K

0
S

) 0.17 [18] 0.30 0.05 0.02
Right-handed 2�e↵

s

(B0
s

! ��) – 0.09 0.02 < 0.01
currents ⌧

e↵(B0
s

! ��)/⌧
B

0
s

– 5% 1% 0.2%
Electroweak S3(B0 ! K

⇤0
µ

+
µ

�; 1 < q

2
< 6GeV2

/c

4) 0.08 [14] 0.025 0.008 0.02
penguin s0 AFB(B0 ! K

⇤0
µ

+
µ

�) 25% [14] 6% 2% 7%
AI(Kµ

+
µ

�; 1 < q

2
< 6GeV2

/c

4) 0.25 [15] 0.08 0.025 ⇠ 0.02
B(B+ ! ⇡

+
µ

+
µ

�)/B(B+ ! K

+
µ

+
µ

�) 25% [16] 8% 2.5% ⇠ 10%
Higgs B(B0

s

! µ

+
µ

�) 1.5⇥ 10�9 [2] 0.5⇥ 10�9 0.15⇥ 10�9 0.3⇥ 10�9

penguin B(B0 ! µ

+
µ

�)/B(B0
s

! µ

+
µ

�) – ⇠ 100% ⇠ 35% ⇠ 5%
Unitarity � (B ! D

(⇤)
K

(⇤)) ⇠ 10–12� [19, 20] 4� 0.9� negligible
triangle � (B0

s

! D

s

K) – 11� 2.0� negligible
angles � (B0 ! J/ K

0
S

) 0.8� [18] 0.6� 0.2� negligible
Charm A� 2.3⇥ 10�3 [18] 0.40⇥ 10�3 0.07⇥ 10�3 –

CP violation �A

CP

2.1⇥ 10�3 [5] 0.65⇥ 10�3 0.12⇥ 10�3 –

Table 1: Statistical sensitivities of the LHCb upgrade to key observables. For each observable the current sensitivity
is compared to that which will be achieved by LHCb before the upgrade, and that which will be achieved with 50 fb�1

by the upgraded experiment. Systematic uncertainties are expected to be non-negligible for the most precisely measured
quantities.

3

LHCB-TDR-012 
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Upgrade Reach  
Rare decays 

Charm 

Upgrade 

Upgrade 
Now LS2 

Zero crossing 
for B ! K*µµ 
known to 2 %  

rel Bd/Bs BR 
known to 30 % 
Test MFV 0807.5039  

50 billon  
reconstructed 
charm decays ! 
Challenge SM  
predictions 

Now 
Upgrade 

Charm mixing 
AΓ Sensitivity at  
SM level (10-4)  

LS2 

LS2 
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FIG. 3. The past (2003, top left) and present (top right) constraints on hs − σs in Bs mixing. The lower plots show future
sensitivities for the Stage I and Stage II described in the text, assuming measurements consistent with the SM. The dotted
curves show the 99.7%CL contours.

the ρ̄ < 0, η̄ < 0 solution is excluded at 68.2%CL, but it
is allowed at 95.5%CL.)

Figures 2 and 3 show the corresponding evolutions of
the constraints on (h, σ) in the Bd and Bs meson sys-
tems. Each plot is obtained by considering all the inputs
in Table I and treating ρ̄, η̄, and the other physics pa-
rameters not shown as nuisance parameters. This corre-
sponds to the case of generic NP, ignoring possible cor-
relations between different ∆F = 2 transitions. Since
we are interested in the future sensitivity of LHCb and
Belle II to NP, for Stage I and Stage II, we chose the
central values of future measurements to coincide with
their SM predictions using the current best-fit values of
ρ̄ and η̄. Thus, the future best fit corresponds to h = 0.
Figure 4 shows the projection on the (hd, hs) plane.

Future lattice QCD uncertainties for Stage I are taken

from Refs. [19, 20] (where they are given as expecta-
tions by 2018). These predicted lattice QCD improve-
ments will be very important, mainly for the deter-
mination of |Vub| and for the mixing matrix elements,
⟨Bq|(b̄LγµqL)2|Bq⟩ = (2/3)m2

Bq
f2
Bq

BBq
. The current ex-

pectation is that the uncertainties of fBq
will get below

1%, and may be significantly smaller than those of BBq
.

The reduction of the uncertainty of the latter to a sim-
ilar level would be important. Up to now, due to the
chiral extrapolations to light quark masses, more accu-
rate results were obtained for matrix elements involving
the Bs meson or for ratios between Bd and Bs hadronic
inputs, compared to the results for Bd matrix elements.
This leads us to use the former quantities as our lattice
inputs for decay constants and bag parameters in Ta-
ble I. This choice might not be the most suitable one
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FIG. 3. The past (2003, top left) and present (top right) constraints on hs − σs in Bs mixing. The lower plots show future
sensitivities for the Stage I and Stage II described in the text, assuming measurements consistent with the SM. The dotted
curves show the 99.7%CL contours.

the ρ̄ < 0, η̄ < 0 solution is excluded at 68.2%CL, but it
is allowed at 95.5%CL.)

Figures 2 and 3 show the corresponding evolutions of
the constraints on (h, σ) in the Bd and Bs meson sys-
tems. Each plot is obtained by considering all the inputs
in Table I and treating ρ̄, η̄, and the other physics pa-
rameters not shown as nuisance parameters. This corre-
sponds to the case of generic NP, ignoring possible cor-
relations between different ∆F = 2 transitions. Since
we are interested in the future sensitivity of LHCb and
Belle II to NP, for Stage I and Stage II, we chose the
central values of future measurements to coincide with
their SM predictions using the current best-fit values of
ρ̄ and η̄. Thus, the future best fit corresponds to h = 0.
Figure 4 shows the projection on the (hd, hs) plane.

Future lattice QCD uncertainties for Stage I are taken

from Refs. [19, 20] (where they are given as expecta-
tions by 2018). These predicted lattice QCD improve-
ments will be very important, mainly for the deter-
mination of |Vub| and for the mixing matrix elements,
⟨Bq|(b̄LγµqL)2|Bq⟩ = (2/3)m2

Bq
f2
Bq

BBq
. The current ex-

pectation is that the uncertainties of fBq
will get below

1%, and may be significantly smaller than those of BBq
.

The reduction of the uncertainty of the latter to a sim-
ilar level would be important. Up to now, due to the
chiral extrapolations to light quark masses, more accu-
rate results were obtained for matrix elements involving
the Bs meson or for ratios between Bd and Bs hadronic
inputs, compared to the results for Bd matrix elements.
This leads us to use the former quantities as our lattice
inputs for decay constants and bag parameters in Ta-
ble I. This choice might not be the most suitable one
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FIG. 1. The past (2003, top left) and present (top right) status of the unitarity triangle in the presence of NP in neutral-meson
mixing. The lower plots show future sensitivities for Stage I and Stage II described in the text, assuming data consistent with
the SM. The combination of all constraints in Table I yields the red-hatched regions, yellow regions, and dashed red contours
at 68.3%CL, 95.5%CL, and 99.7%CL, respectively.

tal and theoretical sides. Our Stage I projection refers
to a time around or soon after the end of LHCb Phase I,
corresponding to an anticipated 7 fb−1 LHCb data and
5 ab−1 Belle II data, towards the end of this decade. The
Stage II projection assumes 50 fb−1 LHCb and 50 ab−1

Belle II data, and probably corresponds to the middle
of the 2020s, at the earliest. Estimates of future experi-
mental uncertainties are taken from Refs. [17, 18, 21, 22].
(Note that we display the units as given in the LHCb and
Belle II projections, even if it makes some comparisons
less straightforward; e.g., the uncertainties of both β and
βs will be ∼ 0.2◦ by Stage II.) For the entries in Ta-
ble I where two uncertainties are given, the first one is
statistical (treated as Gaussian) and the second one is

systematic (treated through the Rfit model [8]). Consid-
ering the difficulty to ascertain the breakdown between
statistical and systematic uncertainties in lattice QCD
inputs for the future projections, for simplicity, we treat
all such future uncertainties as Gaussian.

The fits include the constraints from the measurements
of Ad,s

SL [10, 11], but not their linear combination [23],
nor from ∆Γs, whose effects on the future constraints
on NP studied in this paper are small. While ∆Γs is in
agreement with the CKM fit [10], there are tensions for
ASL [23]. The large values of hs allowed until recently,
corresponding to (M s

12)NP ∼ −2(M s
12)SM, are excluded

by the LHCb measurement of the sign of∆Γs [24]. We do
not consider K mixing for the fits shown in this Section,
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FIG. 1. The past (2003, top left) and present (top right) status of the unitarity triangle in the presence of NP in neutral-meson
mixing. The lower plots show future sensitivities for Stage I and Stage II described in the text, assuming data consistent with
the SM. The combination of all constraints in Table I yields the red-hatched regions, yellow regions, and dashed red contours
at 68.3%CL, 95.5%CL, and 99.7%CL, respectively.

tal and theoretical sides. Our Stage I projection refers
to a time around or soon after the end of LHCb Phase I,
corresponding to an anticipated 7 fb−1 LHCb data and
5 ab−1 Belle II data, towards the end of this decade. The
Stage II projection assumes 50 fb−1 LHCb and 50 ab−1

Belle II data, and probably corresponds to the middle
of the 2020s, at the earliest. Estimates of future experi-
mental uncertainties are taken from Refs. [17, 18, 21, 22].
(Note that we display the units as given in the LHCb and
Belle II projections, even if it makes some comparisons
less straightforward; e.g., the uncertainties of both β and
βs will be ∼ 0.2◦ by Stage II.) For the entries in Ta-
ble I where two uncertainties are given, the first one is
statistical (treated as Gaussian) and the second one is

systematic (treated through the Rfit model [8]). Consid-
ering the difficulty to ascertain the breakdown between
statistical and systematic uncertainties in lattice QCD
inputs for the future projections, for simplicity, we treat
all such future uncertainties as Gaussian.

The fits include the constraints from the measurements
of Ad,s

SL [10, 11], but not their linear combination [23],
nor from ∆Γs, whose effects on the future constraints
on NP studied in this paper are small. While ∆Γs is in
agreement with the CKM fit [10], there are tensions for
ASL [23]. The large values of hs allowed until recently,
corresponding to (M s

12)NP ∼ −2(M s
12)SM, are excluded

by the LHCb measurement of the sign of∆Γs [24]. We do
not consider K mixing for the fits shown in this Section,
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Summary  

  

•  LHCb had a very successful Run 1 
•  197 papers so far across wide range of topics 
•  More to come updates on af

s , ϕs , sin2β, γ , ΔACP,  B->K*µµ,… 

•  Looking forward to exciting Run 2 
•  Collect 5 fb-1 with twice b cross-section 

•  ~ 12.5 kHz rate to disk, twice Run 1 rate  
•  Double precision. Do anomalies from Run 1 persist ? 
•  Online alignment and calibration in real time 

•  Upgrade for Run 3 to collect 50 fb-1 of data 
•  Running at  1033 cm2 s-1 
•  Readout of full detector at 40 MHz, 100 kHz to disk 
•  Order of magnitude increase in precision    
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Summary  

  

In summary, a search for the rare decays B0
s ! !þ!"

and B0 ! !þ!" is performed with 1:0 fb"1 and 1:1 fb"1

of pp collision data collected at
ffiffiffi
s

p ¼ 7 and
ffiffiffi
s

p ¼ 8 TeV,
respectively. The data in the B0 search window are
consistent with the background expectation and an
improved upper limit of BðB0 ! !þ!"Þ< 9:4& 10"10

at 95% C.L. is obtained. The data in the B0
s search window

show an excess of events with respect to the background-
only prediction with a statistical significance of 3:5". A fit
to the data leads to BðB0

s ! !þ!"Þ ¼ ð3:2þ1:5
"1:2Þ & 10"9

which is in agreement with the SM prediction. This is the
first evidence for the decay B0

s ! !þ!".
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[10] T. Sjöstrand, S. Mrenna, and P. Skands, J. High Energy
Phys. 05 (2006) 026.

[11] D. J. Lange, Nucl. Instrum. Methods Phys. Res., Sect. A
462, 152 (2001).

[12] J. Allison et al. (GEANT4 Collaboration) IEEE Trans.
Nucl. Sci. 53, 270 (2006).

[13] S. Agostinelli et al. (GEANT4 Collaboration), Nucl.
Instrum. Methods Phys. Res., Sect. A 506, 250
(2003).

[14] P. Golonka and Z. Was, Eur. Phys. J. C 45, 97 (2006).
[15] I. Belyaev et al., in Nuclear Science Symposium

Conference Record (NSS/MIC) (IEEE, New York, 2010),
p. 1155.

[16] M. Clemencic, G. Corti, S. Easo, C. R. Jones, S.
Miglioranzi, M. Pappagallo, and P. Robbe, J. Phys.
Conf. Ser. 331, 032023 (2011).

[17] R. Aaij et al., arXiv:1211.3055.
[18] G. Lanfranchi et al., Report No. LHCb-2009-013.
[19] J. Beringer et al. (Particle Data Group), Phys. Rev. D 86,

010001 (2012).
[20] L. Breiman, J. H. Friedman, R. A. Olshen, and C. J. Stone,

Classification and Regression Trees (Wadsworth
International Group, Belmont, CA, 1984).

[21] R. E. Schapire and Y. Freund, J. Comput. Syst. Sci. 55, 119
(1997).

[22] A. Abulencia et al. (CDF Collaboration), Phys. Rev. Lett.
95, 221805 (2005).

[23] T. Skwarnicki, Ph.D. thesis, Institute of Nuclear Physics,
Krakow, 1986; Report No. DESY-F31-86-02.

[24] R. Aaij et al. (LHCb Collaboration), Report No. LHCb-
PAPER-2012-037 (unpublished).

[25] J. H. Morata et al., Report No. LHCb-2008-073.
[26] A. Datta, arXiv:hep-ph/9504429.
[27] W. Wang and Z. Xiao, arXiv:1207.0265.
[28] R. Aaij et al. (LHCb Collaboration), Phys. Rev. D 85,

032008 (2012).
[29] F. Abe et al. (CDF Collaboration), Phys. Rev. Lett. 81,

2432 (1998).
[30] D. Melikhov and N. Nikitin, Phys. Rev. D 70, 114028

(2004).
[31] R. Aaij et al. (LHCb Collaboration), arXiv:1210.2645

[J. High Energy Phys. (to be published)].

]2c [MeV/−µ+µm
5000 5500 6000

)2 c
C

an
di

da
te

s 
/ (

50
 M

eV
/

0

2

4

6

8

10

12

14 LHCb
(8TeV)1−(7TeV) +1.1 fb1−1.0 fb

BDT > 0.7

FIG. 2 (color online). Invariant mass distribution of the se-
lected B0

s ! !þ!" candidates (black dots) with BDT> 0:7 in
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Run 1: Trigger  
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inconsistencies. These could be found in any of the above measurements, as well as in the angular
distributions of B0 ! K⇤0µ+µ� decays or in enhanced rates for flavour-changing neutral current decays
of top quarks. Such e↵ects can also show up in global CKM fits, for which the sub-degree precision
measurement of � is critical.

The observables presented in Table 2 are a small subset of the many interesting channels in flavour
physics. For most other channels, the expected reduction in uncertainty is comparable, as discussed in
more detail in Ref. [3, 10] for LHCb and in Ref. [5] for Belle II. Advances in theoretical understanding,
including improved lattice QCD calculations, are also anticipated. These combine to o↵er an exciting
future for heavy flavour physics throughout the HL-LHC era.

Table 2: Expected sensitivities that can be achieved on key heavy flavour physics observables, using the total
integrated luminosity recorded until the end of each LHC run period. Discussion of systematic uncertainties is
given in the text. Uncertainties on �s are given in radians. The values for flavour-changing neutral-current top
decays are expected 95% confidence level upper limits in the absence of signal.

LHC era HL-LHC era
Run 1 Run 2 Run 3 Run 4 Run 5+

B(B0!µ+µ�)
B(B0

s!µ+µ�)

CMS > 100% 71% 47% ... 21%
LHCb 220% 110% 60% 40% 28%

q20 AFB(K⇤0µ+µ�)
LHCb 10% 5% 2.8% 1.9% 1.3%
Belle II — 50% 7% 5% —

�s(B0
s ! J/ �)

ATLAS 0.11 0.05–0.07 0.04–0.05 ... 0.020
LHCb 0.05 0.025 0.013 0.009 0.006

�s(B0
s ! ��) LHCb 0.18 0.12 0.04 0.026 0.017

�
LHCb 7� 4� 1.7� 1.1� 0.7�

Belle II — 11� 2� 1.5� —

A�(D0 ! K+K�)
LHCb 3.4⇥ 10�4 2.2⇥ 10�4 0.9⇥ 10�4 0.5⇥ 10�4 0.3⇥ 10�4

Belle II — 18⇥ 10�4 4–6⇥ 10�4 3–5⇥ 10�4 —

t ! qZ
ATLAS ... ... 23⇥ 10�5 ... 4.1–7.2⇥ 10�5

CMS 100⇥ 10�5 ... 27⇥ 10�5 ... 10⇥ 10�5

t ! q� ATLAS ... ... 7.8⇥ 10�5 ... 1.3–2.5⇥ 10�5
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Bd mixing in generic models  

Run I era  Run II era  
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 The angle γ  
B± → Dπ±, including both D → K0

S
π+π− and D → K0

S
K+K− decays, allowing several207

parameters to be different for long and downstream K0
S

categories. The fit range is between208

5080 MeV/c2 and 5800 MeV/c2 in B± invariant mass. The purpose of this simultaneous fit209

is to determine the parameters that describe the invariant mass spectrum in preparation210

for the binned fit described in Sect. 7. At this stage the fit does not distinguish between211

different regions on the Dalitz plot. The candidates reconstructed as B± → Dπ± are fit212

for two reasons. Firstly, the invariant mass spectrum of B± → Dπ± and B± → DK±
213

decays is similar and hence the higher yield, lower background B± → Dπ± channel can214

better determine the tails of the signal spectrum than using the B± → DK± channel215

alone. Secondly the yield of misidentified B± → Dπ± events observed in the candidates216

reconstructed as B± → DK± can be determined from knowledge of the signal yield of217

B± → Dπ± and the PID selection efficiencies.218
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Figure 2: Invariant mass distributions of (a, c) B± → DK± and (b, d) B± → Dπ± candidates,
with D → K0

Sπ+π−, divided between the (a, b) long and (c, d) downstream K0
S categories. Fit

results, including the signal and background components, are superimposed.
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Lots of other beautiful results coming out now or soon, e.g. 3fb-1 update  
for B ! DK with D ! Ks π+π-  

Ks decay 
in VELO 

Ks decay 
after VELO 

LHCb-PAPER-2014-041 
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Upgrade Reach  
Upgraded detector will have a rich physics program building on studies  
with current detector  

•  Precision tests of CP violation and CKM parameters in b decays 

•  Rare b and c decays 

•  High statistics charm 

•  Spectroscopy and b-hadron measurements 

•  Electroweak 

•  Quarkonia 

•  Exotic searches 
Full software  trigger. Flexible 
response to discoveries  
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Run II  
Assume 1870 colliding bunches at µ ~1.35 (2012 was µ ~ 1.6) 
 
Allowing for increased multiplicity data rates similar to 2012 
 
As in 2012 will level luminosity  
 
Aim to collect  5 fb-1 of data at luminosity of 4 × 1032 cm-2s-1 


