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B physics
[www.hep.ph.ic.ac.uk]

B0 = |db⟩,B+ = |ub⟩,B0
s = |sb⟩,Λ0

b = |udb⟩,B+
c = |cb⟩

• B physics is the study of bound states containing one b quark and their
decays / dynamics.

• They decay in amultitude of final states, allowing the study of a wide range

of physics.

• They are copiously produced at the LHC.
2
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LHC physics (toy version)

• Take a bunch of protons

• Smash them together and create amess.

• Spend somemillions to build a device to understand it.
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B physics at the LHC
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• b hadrons aremoderately heavy (∼ 5GeV,> ΛQCD) and aremainly
produced in the forward or backward direction at the LHC

→ build a forward detector.

• B hadrons have ”soft” decay products and travel∼ 1 cm before decaying

→ build a detector with low-pT capability and goodmomentum / vertex

resolution.

• B hadrons have a large variety of decay channels with different particle

species in the final states

→ need a particle ID. 4
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LHCb
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LHCb: Comparison with CMS
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LHCb: Vertex Locator
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Figure 3. Reconstructed SVs in the Run 1 data sample showing the zr plane integrated over f , where a
positive (negative) r value denotes that the SV is closest to material in the right (left) half of the VELO. The
bins are 0.1 mm⇥1 mm in size. N.b., the inner-most RF-foil region is nearly semi-circular in the xy plane,
which results in sharp edges at smaller r values; however, at large |y| values, the RF-foil is flat producing
SVs at larger values of r which can easily be mistaken as background in the zr projection shown here.

good quality. Futhermore, the SVs are required to be inconsistent with originating from the beam-68

spot in the xy-plane, and only events with exactly one SV are used. In total, the Run 1 and Run 269

data samples contain 14M and 38M SVs, respectively. Figures 2 and 3 presents some displays of70

the reconstructed SV locations.71

3. Material Maps72

The VELO closes around the beams during each fill with a precision of O(0.01 mm); therefore,73

when the beams move the VELO material also moves. A software-based alignment procedure74

is used to precisely determine the location of each VELO module, which also accounts for these75

fill-by-fill changes. The beam spot changes by O(0.1 mm) from year to year, and changed by76

⇡ 0.5 mm between 2011 and the start of Run 2. Separate VELO material maps are constructed77

for Run 1 and Run 2 to also allow for shifts of the VELO module locations relative to each other78

or relative to the RF-foil; however, it is found that the VELO material is consistent with having79

only moved globally by the amount expected due to the change in the beam spot location, and only80

a single map is presented below. This map must be adjusted for the beam-spot location of each81

data-taking period when used in an LHCb analysis.82

The z positions of the sensors are determined by fitting the observed SV z distributions near83

each module location. In these fits, the SVs are required to have r > 7 mm and satisfy x >�1.5 mm84

(x< 1.5 mm) for the left (right) VELO half. These requirements highly suppress contributions from85

material interactions in the RF-foil and from beam-induced backgrounds. Since the manufacturing86

tolerance of the sensor wafers is only 0.05 mm, the nominal wafer shapes in the transverse plane87

are used for the sensors. The x and y positions of each sensor, which are nominally at xbeam and88

0, are fitted simultaneously to the observed xy positions using SVs near each sensor in z. Only89

SVs that are inconsistent with originating from an interaction in the RF-foil are used in these fits.90

– 4 –

preliminary

[arxiv:1803:00824]

• Velo sensors 8mm from the beam position.

• Allows for very good Impact Parameter and Primary / Secondary Vertex

resolution.
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LHCb: Performance numbers

[Int. J. Mod. Phys. A 30, 1530022 (2015)]
[Eur. Phys. J. C 73 (2013) 2431]

• Excellent momentum /mass resolution:

• δp
p = 0.5% (10GeV/c) - 1.0% (200GeV/c)

• σm(B0
s → µ+µ−) ≈ 20MeV/c2

• Impact parameter resolution:

• 15 +29/pT [GeV/c ])µm

• High particle identification efficiency.

• εµ ≈ 97%with 1-3%π → µmisidentification

• εK ≈ 95%with≈ 5%π → K misidentification

8
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https://arxiv.org/abs/1412.6352
https://arxiv.org/abs/1211.6759


LHCb: Event display
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Rare B Decays



B decays as a laboratory

1995 2016

• B hadrons are a perfect laboratory to performmeasurements of many

fundamental physics quantities.

• Decays governed by (electro)weak interaction, but hadronic state itself by

strong interaction.

• B physics is by definition flavour physics and strongly linked to the CKM

matrix.
11
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Rare B decays
neutral current
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• Will (mostly) take about flavour-changing neutral current decays of b

quarks today.

• And only consider electroweak interactions (no gluonic penguins).

• Decays are strongly suppressed, but heavy new particles (beyond the SM)

can appear in the loop and alter the final state distributions.

• ”Rare B decays”: B ∼ 10−6 12
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B0
s→ µ+µ−
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[PRL. 118, 191801 (2017)]

• Strongly helicity suppressed.

• Only leptons in the final state,

very clean theoretically.

• B(B0
s→ µ+µ−) = (3.0± 0.6+0.3

−0.2) · 10−9

• B(B0→ µ+µ−) < 3.4 · 10−10

• All compatible with standardmodel predictions.
14
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b→ sℓ+ℓ−
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B0 K0/K∗0

m2(γ, Z) = q2 = m2(B0
s ) m2(γ, Z) = q2 > 4m2

ℓ

i.e. physics depends on q2
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dB
dq2

All results with 3 fb−1 (Run I)



q2 spectrum for b→ sℓ+ℓ−
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b→ sℓ+ℓ− differential branching fractions

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

]2
/G

eV
4 c × 

-8
 [

10
2 q

/d
Bd 0

1

2

3

4

5

LCSR Lattice Data

LHCb

−µ+µ+ K→+B

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

]2
/G

eV
4 c × 

-8
 [

10
2 q

/d
Bd 0

1

2

3

4

5

LCSR Lattice Data

−µ+µ0 K→0B
LHCb

[JHEP 06 (2014) 133]

LCSR = Light-cone sum rules

• Measure branching fractions as a function of q2.
• NormalizeB→ Kµ+µ− toB→ KJ/ψ

• ForB0→ K0µ+µ− use decayK0
S → π+π−

• Measured values significantly below prediction for low q2.
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b→ sℓ+ℓ− differential branching fractions
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B0→ K∗0µ+µ−

[JHEP 1308 (2013) 131] [JHEP 11 (2016) 047, JHEP 04 (2017) 142]

• Measure branching fractions as a function of q2

• NormalizeB→ K∗µ+µ− toB→ K∗J/ψ

• ForB+→ K∗+µ+µ− use decayK∗+→ K0
S π

+

• Measured values below prediction for low q2.

19
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b→ sℓ+ℓ− differential branching fractions

]4c/2 [GeV2q
5 10 15

]
4

c
2

G
eV

8
 [

1
0

2
q

)/
d

µ
µ

φ
→

s0
B

d
B

( 0

1

2

3

4

5

6

7

8

9
LHCb

SM pred.

Data

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

]
-1 )4 c/2

(G
eV

-7
 [

10
2 q

) 
/ d

µ µ 
Λ 

→ b
Λ(

Bd

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

LHCb

SM prediction

Data

[JHEP09(2015)179] [JHEP 06 (2015) 115]

B0
s → ϕµµ Λ0

b→ Λµµ

• Measure branching fractions as a function of q2

• NormalizeB0
s → ϕµ+µ− toB0

s → ϕJ/ψ
• NormalizeΛ0

b→ Λµ+µ− toΛ0
b→ ΛJ/ψ

• Basically all differential branching fractions are lower than their prediction

for low values of q2.
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dB
dq2dΩ

All results with 3 fb−1 (Run I)



Angular analysis of B0→ K∗0µ+µ−

• Differential decay rate of P→VV decays depends on 3 decay angles and an

observable, depending on q2.

• 1
Γ

dΓ
d cos θℓd cos θKdϕ = 9

32π

∑
i Ji(q

2)f(cos θℓ, cos θK , ϕ)
• Best studied case in LHCb:B0→ K∗0µ+µ−

22
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Angular analysis of B0→ K∗0µ+µ−

d4(Γ + Γ̄)

d cos θℓ d cos θK dϕ dq2
=

9

32π

[
3

4
(1− FL) sin2 θK + FL cos2 θK+

1

4
(1− FL) sin2 θK cos 2θℓ − FL cos2 θK cos 2θℓ +

S3 sin2 θK sin2 θℓ cos 2ϕ+ S4 sin 2θK sin 2θℓ cosϕ+

S5 sin 2θK sin θℓ cosϕ+ S6 sin2 θK cos θℓ +
S7 sin 2θK sin θℓ sinϕ+

S8 sin 2θK sin 2θℓ sinϕ+ S9 sin2 θK sin2 θℓ sin 2ϕ
]

• Call the coefficient in front of the angular expressions ”observable”.

• Angular terms are (almost all) orthogonal.

• S6 =
4
3AFB = 4

3
# cos θℓ>0−# cos θℓ<0
# cos θℓ>0+# cos θℓ<0 : Forward-backward

asymmetry of the leptons.

• FL: Longitudinal polarization of theK
∗0 23
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Angular analysis of B0→ K∗0µ+µ−
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[JHEP 02 (2016) 104]

• Use a BDT to select the events, in total≈ 2400 signal candidates.

• Use simulated sample of phase-space generated events to determine the

effect of the acceptance and selection.

24
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Angular analysis of B0→ K∗0µ+µ−
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Angular analysis of B0→ K∗0µ+µ−
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[JHEP 02 (2016) 104]

AFB = 3
4
S6
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Angular analysis of B0→ K∗0µ+µ−

]4c/2 [GeV2q
0 5 10 15

5'
P

-2

-1

0

1

2
LHCb

SM from DHMV

]4c/2 [GeV2q
0 5 10 15

5'
P

1−

0.5−

0

0.5

1

(1
S)

ψ/J

(2
S)

ψ

LHCb data

Belle data

ATLAS data

CMS data
SM from DHMV
SM from ASZB

[JHEP 02 (2016) 104] [PRL 118.111801 (2017)] [arXiv:1710.02846] [ATLAS-CONF-2017-023]

• P ′
5 =

S5√
1−FL

• TheP ′
i observables are less prone to hadronic form-factor uncertainties

than theSi ones (when using so-called ”soft form-factors”).

• Measurement also by Belle, CMS, ATLAS (but with less statistical power)

• Global significance is about 3.4σ from the SM (LHCbmeasurement alone).
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Wilson coefficients (I)
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• Need a framework to describe all these different types of processes, with as

little assumptions as possible.

• Fermi solved this problem already 85 years ago for theβ decay by

introducting a point interaction.

• GF is a coupling constant that gives the strength of the interaction, as long

asE ≪ mW .
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Wilson coefficients (II)
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• Do the same thing for the 3 possible interactions in b→ sℓ+ℓ− processes.

• GF is Fermi constant,Vtb, V
∗
ts CKMelements.

• Ci are calledWilson coefficients, they are (complex) numbers.

• DeriveCi from all measurements and combine them in global fits.
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Global fits (part I)
377 Page 4 of 12 Eur. Phys. J. C (2017) 77 :377
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Fig. 1 Two-dimensional constraints in the plane of NP contributions
to the real parts of the Wilson coefficients C9 and C10 (left) or C9 and
C ′

9 (right), assuming all other Wilson coefficients to be SM-like. For
the constraints from the B → K ∗µ+µ− and Bs → φµ+µ− angular

observables from individual experiments as well as for the constraints
from branching ratio measurements of all experiments (“BR only”), we
show the 1σ (#χ2 ≈ 2.3) contours, while for the global fit (“all”), we
show the 1, 2, and 3σ contours

The significance of the tension between the branching
ratio measurements and the corresponding SM predictions
depends strongly on the form factors used. To estimate the
possible impact of underestimated form factor uncertainties,
we repeat the fit with NP in C9, doubling the form factor
uncertainties with respect to our nominal fit. We find that
the pull is reduced from 5.2σ to 4.0σ . Significant tensions
remain in this scenario, indicating that underestimated form
factor uncertainties are likely not the only source of the dis-
crepancies.

We also perform a fit doubling the uncertainties of the
non-factorizable hadronic corrections (see [32] for details of
how we estimate these uncertainties). We find a reduced pull
of 4.4σ .

3.2 New physics in pairs of Wilson coefficients

Next, we consider pairs of Wilson coefficients. In the last
four rows of Table 1, we show the best-fit points and pulls
for four different scenarios. We observe that adding one of
the primed coefficients does not improve the fit substantially.

In Fig. 1 we plot contours of constant #χ2 in the planes
of two Wilson coefficients for the scenarios with NP in C9
and C10 or in C9 and C ′

9, assuming the remaining coeffi-
cients to be SM-like. In both plots, we show the 1, 2, and 3σ

contours for the global fit, but also 1σ contours showing the
constraints coming from the angular analyses of individual

experiments, as well as from branching ratio measurements
of all experiments.

We observe that the individual constraints are all com-
patible with the global fit at the 1σ or 2σ level. While the
CMS angular analysis shows good agreement with the SM
expectations, all other individual constraints show a deviation
from the SM. In view of their precision, the angular analysis
and branching ratio measurements of LHCb still dominate
the global fit (cf. Figs. 5, 7, 6 and 8), leading to an allowed
region similar to previous analyses. We do not find any sig-
nificant preference for non-zero NP contributions in C10 or
C ′

9 in these two simple scenarios.
Similarly to our analysis of scenarios with NP in one

Wilson coefficient, we repeat the fits doubling the form
factor uncertainties and doubling the uncertainties of non-
factorizable corrections. For NP in C9 and C10, we find that
the pull is reduced from 5.0σ to 3.7σ and 4.1σ , respectively.
For NP inC9 andC ′

9 the pull is reduced from 5.3σ to 4.1σ and
4.4σ , respectively. The impact of the inflated uncertainties is
also illustrated in Fig. 2. Doubling the hadronic uncertainties
is not sufficient to achieve agreement between data and SM
predictions at the 3σ level.

3.3 New physics or hadronic effects?

It is conceivable that hadronic effects that are largely under-
estimated could mimic new physics in the Wilson coeffi-

123

[Eur. Phys. J. C (2017) 77:377]

• Only considerC9 andC10.

• 0.0 / 0.0 is the StandardModel.

• Does not include lepton universality measurements (see later).

• > 3σ away from StandardModel. Is it new physics?
30
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The villain
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The villain

b→sll interpretation 

9 

Introduction Anomalies LFU violation Outlook Flavour: Outlook

Charm loops in B → K∗μ+μ−

! Culprit: matrix element of O1,2

⟨K̄∗|T{jμem(x)C1,2O1,2(0)}|B̄⟩

! Since O9 ∝ ℓ̄γμℓ, hλ could mimic a
new phyiscs effect in C9

! can be parametrised as
complex-valued (CP-even)
functions of q2: h+,−,0(q2) for the
3 helicity amplitudes

How can we disentangle hλ from C9?

O2 = (s̄LγμcL)(c̄Lγ
μbL)

David Straub (Universe Cluster) .
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•  Community have started to look critically at the 
theory predictions – in particular, the O1,2 
operators have a component that could mimic a 
NP effect in C9 through cc loop 

•  Effect can be parameterised as function of three 
helicity amplitudes, h+-0  [EPJC (2017) 77: 377]  
–  Absorb effect of these amplitudes into a helicity 

dependent shift in C9,                                        
 C9

SM + ΔC9
+-0(q2)       cf.     C9

SM + ΔC9
NP     

–   Look for q2 and helicity dependence of shift in C9 

–  “The absence of a q2 and helicity dependence is 
intriguing, but cannot exclude a hadronic effect as 
the origin of the apparent discrepancies”   

•  Recent 1st NLO calculation of contribution 
includes phases between long and short-
distance amplitudes for 1st time  

• This couldmimic a new physics effect inC9, and is not included in the

uncertainties of the hadronic form-factors.

• One couldmeasure effect of charm-loops by a precise analysis of theµµ
invariant mass (→ backup). 32
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LFU
All results with 3 fb−1 (Run I)



Lepton Flavour universality in loop decays
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[PRL 113, 151601 (2014)]

• MeasureRK = B(B+→K+µ+µ−)
B(B+→K+e+e−)

in q2∈ [1, 6]GeV2/c4

• UseB+→ J/ψK+,J/ψ→ ℓℓ as normalization and control channel.

• Electrons aremore challenging thanmuons, due to lower reconstruction

efficiency and energy loss due to bremsstrahlung.

• Hadronic uncertainties cancel in the ratio.

• 2.6σ deviation from the SM,

B(B+→ K+e+e−) compatible with SM predictions. 34
46
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Lepton Flavour universality in loop decays
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• 2.6σ from the standardmodel prediction in

1GeV2/c4 < q2 < 6GeV2/c4

• B(B+→ K+e+e−) alone is measured to be compatible with the SM.

• Hm...
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Lepton Flavour universality in loop decays
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[JHEP 08 (2017) 055]

• ConsiderRK∗ = B(B0→K∗0µ+µ−)
B(B0→K∗0e+e−)

• Similar strategy as forRK . UseB0→ J/ψK∗,J/ψ→ ℓℓ as
normalization and control channel.

• Compatible at 2.2 and 2.4σ with SMprediction for low and intermediate q2

region.
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Global fits (part II) 5
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FIG. 1: From left to right: Allowed regions in the (CNP
9µ , CNP

10µ), (C
NP
9µ , C90µ) and (CNP

9µ , CNP
9e ) planes for the corresponding two-

dimensional hypotheses, using all available data (upper row, fit “All”) and only LFUV observables (lower row, fit “LFUV”).
We also show the 3 � regions for the data subsets corresponding to specific experiments. Constraints from b ! s� observables,
B(B ! Xsµµ) and B(Bs ! µµ) are included in each case (see text).

4. IMPLICATIONS FOR MODELS

Our updated model-independent fit to available b !

s`` and b ! s� data strongly favours LFUV scenarios
with NP a↵ecting mainly b ! sµµ transitions, with a
preference for the three hypotheses C

NP
9µ , CNP

9µ = �C
NP
10µ

and C
NP
9µ = �C90µ. This has important implications

for some popular ultraviolet-complete models which we
briefly discuss.

I LFUV: Given that leptoquarks (LQs) should posses
very small couplings to electrons in order to avoid
dangerous e↵ects in µ ! e�, they naturally violate LFU.
While Z 0 models can easily accommodate LFUV data,
LFU variants like the ones in Refs. [42, 43] are now
disfavoured. The same is true if one aims at explaining
P 0
5 via NP in four-quark operators leading to a NP

(q2-dependent) contribution from charm loops [44].
Models with right-handed currents such as Refs. [45, 50]
are also strongly disfavoured, even though they can
account for RK , since they would result in RK⇤ > 1.

I CNP
9µ : Z 0 models with fundamental (gauge) couplings

to leptons preferably yield C
NP
9µ -like solutions in order

to avoid gauge anomalies. In this context, Lµ � L⌧

models [46–49] are popular since they do not generate
e↵ects in electron channels. The new fit including
RK⇤ is also very favourable to models predicting
C
NP
9µ = �3CNP

9e [51]. Interestingly, such a symmetry
pattern is in good agreement with the structure of the
PMNS matrix [52]. Concerning LQs, a C

NP
9µ -like solution

can only be generated by adding two scalar (an SU(2)L
triplet and an SU(2)L doublet with Y = 7/6) or two
vector representations (an SU(2)L singlet with Y = 2/3
and an SU(2)L doublet with Y = 5/6).

I CNP
9µ = �CNP

10µ: This pattern can be achieved in Z 0

models with loop-induced couplings [53] or in Z 0 models
with heavy vector-like fermions [54] which posses also
LFUV. Concerning LQs, here a single representation
(the scalar SU(2)L triplet or the vector SU(2)L singlet
with Y = 2/3) can generate a C9µ = �C10µ like solu-
tion [55–60] and this pattern can also be obtained in
models with loop contributions from three heavy new
scalars and fermions [61–63].

I CNP
9µ = �C90µ: This pattern could be generated in

Z 0 models with vector-like fermions. For the Lµ � L⌧

[JHEP 1801 (2018) 093]

• Can introduce a differentWilson coefficientC9 for muons and electrons

and redo global fits.

• Compatible with only deviations in themuon channels and not in the

electron channels.
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LFU in B0→ D∗+ℓν

b

d̄

`

⌫

c

d̄

Vcb

4 CP violation in interference

b̄

s

c̄

c

s̄

s

V ⇤
cb

Vcs

b

s̄

c

c̄

s

s̄

Vcb

V ⇤
cs

3

• Measure lepton flavour universality in charged-current (tree) decays.

• MeasureRD∗ = B(B0→D∗+τ−ν)

B(B0→D∗+µ−ν)

38
46



LFU in B0→ D∗+ℓν, muonic mode
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[PRL 115, 111803 (2015)]
[theo. prediction: Phys. Rev. D85 (2012) 094025]

• Measure lepton flavour universality in charged-current (tree) decays.

• MeasureRD∗ = B(B0→D∗+τ−ν)

B(B0→D∗+µ−ν)

• Use τ−→ µ−νν , i.e. τ andµmodes have the same final state.

• Distinguish with kinematical distributions

• RD∗,exp,µ = 0.336± 0.027(stat)± 0.030(syst)

• RD∗,SM = 0.252± 0.003

• ≈ 2σ from the SM prediction. 39
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LFU in B0→ D∗+ℓν, 3-prong mode

R(D)
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Average

SM Predictions

 = 1.0 contours2χ∆

R(D)=0.300(8) HPQCD (2015)
R(D)=0.299(11) FNAL/MILC (2015)
R(D*)=0.252(3) S. Fajfer et al. (2012)

HFLAV

FPCP 2017

) = 71.6%2χP(

σ4

σ2

HFLAV
FPCP 2017

*)D(R
0.1 0.2 0.3 0.4

BaBar hadronic tag
PRD 88 (2013) 072012

 0.018± 0.024 ±0.332 

Belle hadronic tag
PRD 92 (2015) 072014

 0.015± 0.038 ±0.293 

Belle SL tag
PRD 94 (2016) 072007

 0.011± 0.030 ±0.302 

Belle 1-prong
PRL 118 (2017) 211801

 0.027± 0.035 ±0.270 

LHCb muonic
PRL 115 (2015) 111803

 0.030± 0.027 ±0.336 

LHCb 3-prong
LHCb-PAPER-2017-017

 0.028± 0.019 ±0.285 

LHCb average
 0.022± 0.016 ±0.306 

Fajfer et al. (SM)
PRD 85 (2012) 094025

 0.003±0.252 

[arxiv:1708.08856]

• Use τ−→ π−π+π−ν

• UseB0→ D∗+3π as normalisation channel,

and known ratioB(B0→ D∗+3π)/B(B0→ D∗+µν) to calculate
RD∗

• RD∗,exp,3π = 0.286± 0.019(stat)± 0.025(sys)± 0.021(BR)
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LFU in B+
c → J/ψℓν
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[PRL 120, 121801 (2018)]
[theo. prediction: PRD73(2006)054024, PRD74(2006)074008]

• MeasureRJ/ψ = B(B+
c→J/ψτ+ν)

B(B+
c→J/ψµ+ν)

• Including first measurement ofB+
c → J/ψτ+ν (τ−→ µ−νν)

• RJ/ψ ,theo = 0.25− 0.28

• RJ/ψ ,LHCb = 0.71± 0.17(stat)± 0.18(syst) (compatible within 2σ)

• Systematic uncertainties dominated by limited size of simulation and

knowledge ofB+
c → J/ψ form factors. 41
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Models

See e.g. [D. Straub,Model building overview]

See e.g. [InstantWorkshop on B anomalies]

MFV =Minimal flavour violation, i.e.CKM structure holds BSM

• There are a plethora of models that try to explain all anomalies

simultaneously.

• Have to explain: Difference in branching fractions, angular distributions,

lepton flavour on tree and loop level.

• Possible masses of BSM particles:

tree level, unsupressed loop level, unsupressed

∼ 30TeV ∼ 2.5TeV
tree level, MFV loop level, MFV

∼ 6TeV ∼ 0.5TeV
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Z ′ and Leptoquarks
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• Can introduce aZ ′ that causes a flavour-changing neutral current on tree
level or loop level.

• Leptoquarks can simultaneously explainRD∗0 (tree-level leptoquarks),

RK (loop-level leptoquarks) andmuon g − 2 (PRL116, 141802 (2016))
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Optimist's point of view,
• Manymeasurements show a deviation, andwhen combined, it is significant.

• The pattern is somewhat consistent, as shown by global fits.

• The effects are observed by several (independent) measurements and

experiments.

• No large uncertainty in the theoretical prediction has been discovered.
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Pessimist's point of view/
• ”The effect is of a magnitude that remains close to the limit of detectability,

or manymeasurements are necessary because of the very low statistical

significance of the results.”

I. Langmuir on pathological science.
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Conclusion

[Adapted fromN. Arkani-Hamed]

• B decays are an exciting field of research.

• Several intriguing deviations from the SM have shown up in

flavour-changing neutral and charged currents.

• The combination could hint to a deviation from the StandardModel.

• Nature of these anomalies will hopefully soon be resolved.
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Backup



Short- and long-distance effects in B→ Kµ+µ−
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[Eur. Phys. J. C (2017) 77: 161]

• Need to perform same analysis forB0→ K∗0µ+µ− to understand

effect of charm-loops.
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Zero-crossing point in B0→ K∗0µ+µ−
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[JHEP 02 (2016) 104]

• Zero-crossing point ofAFB theoretically clean.

• For example: S6 =
4
3AFB = 4

3
# cos θℓ>0−# cos θℓ<0
# cos θℓ>0+# cos θℓ<0 :

Forward-backward asymmetry of the leptons.
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Angular analysis of B0
s→ ϕµ+µ−
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q2 dependence of C9
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Fig. 2 Allowed regions in the Re(CNP
9 )-Re(CNP

10 ) plane (left) and the
Re(CNP

9 )-Re(C ′
9) plane (right). In red the 1σ , 2σ , and 3σ best-fit

regions with nominal hadronic uncertainties. The green dashed and

blue short-dashed contours correspond to the 3σ regions in scenarios
with doubled uncertainties from non-factorizable corrections and dou-
bled form factor uncertainties, respectively.

0 2 4 6 8

q2 [GeV2]

−3.0

−2.5

−2.0

−1.5

−1.0

−0.5

0.0

0.5

1.0
C

N
P

9

flavio v0.21.2

−4 −3 −2 −1 0 1 2

∆C0
9

−4

−3

−2

−1

0

1

2

∆
C

− 9

flavio v0.21.2

NP-like
0.04–2.5 GeV2

2.00–4.3 GeV2

4.00–6.0 GeV2

6.00–8.7 GeV2

Fig. 3 Left preferred 1σ ranges for a new physics contribution to C9 from fits in different q2 bins. Right preferred 1σ ranges for helicity dependent
contributions to C9 from fits in different q2 bins. The dashed diagonal line corresponds to a helicity universal contribution, as predicted by new
physics

cient C9 [24]. As first quantified in [60] and later considered
in [23,25,26,33], there are ways to test this possibility by
studying the q2 and helicity dependence of a non-standard
effect in C9.

Without loss of generality, any photon-mediated hadronic
contribution to the B → K ∗µ+µ− helicity amplitudes can
be expressed as a q2 and helicity dependent shift in C9, since
the photon has a vector-like coupling to leptons and flavour-
violation always involves left-handed quarks in the SM. A
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cient C9 [24]. As first quantified in [60] and later considered
in [23,25,26,33], there are ways to test this possibility by
studying the q2 and helicity dependence of a non-standard
effect in C9.

Without loss of generality, any photon-mediated hadronic
contribution to the B → K ∗µ+µ− helicity amplitudes can
be expressed as a q2 and helicity dependent shift in C9, since
the photon has a vector-like coupling to leptons and flavour-
violation always involves left-handed quarks in the SM. A

123

[Eur. Phys. J. C (2017) 77:377]

• Check shift ofC9 as a function of q
2. Should be constant (assuming the

new physics is heavy enough).

• That’s a hint, but not a confirmation for non-hadronic BSM effects.
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Analyses of b→ dℓℓ transitions
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Figure 1: Distribution of reconstructed K�⇡+µ+µ� invariant mass summing the three highest
neural network response bins of each run condition, shown (left) over the full range and (right)
over a restricted vertical range to emphasise the B0

s ! K⇤0µ+µ� component. The solid line
indicates a combination of the results of the fits to the individual bins. Components are
detailed in the legend, where they are shown in the same order as they are stacked in the figure.
The background from misidentified B0

! K⇤0µ+µ� decays is included in the B0
! K⇤0µ+µ�

component.

with that of the �(1020) meson. This removes background from the decay B0
s ! �µ+µ�,132

where a kaon is mistakenly identified as a pion. Candidates are also rejected if the kaon133

or pion are identifiable as a muon and the K�µ+ or ⇡+µ� mass, after assigning the muon134

mass hypothesis to the kaon or pion candidate, are consistent with that of a J/ or  (2S)135

meson.136

4 Signal yields137

In order to maximise sensitivity to a B0
s ! K⇤0µ+µ� signal, candidates are divided into138

regions of neural network response. The candidates are also divided based on the two139

data-taking periods, Run 1 and Run 2. Four regions of neural network response are140

selected for each data-taking period, each containing an equal amount of expected signal141

decays. The yield of the B0
s ! K⇤0µ+µ� decay is determined by performing simultaneous142

unbinned maximum likelihood fit to the m(K�⇡+µ+µ�) distribution of the eight resulting143

subsets of the data.144

In the likelihood fit, the signal line-shape of both the B0 and the B0
s ! K⇤0µ+µ�

145

decays is described by the sum of two Crystal Ball functions [38] and a Gaussian function,146

which share a common peak position. The two Crystal Ball functions have tails on147

either side of the peak. The peak position of the B0
s is displaced from that of the B0 by148

87.5MeV/c2 [39]. The relative fractions of the Crystal Ball and Gaussian functions are149

fixed from fits to simulated B0 and B0
s ! K⇤0µ+µ� decays. The widths of the functions150

and the tail parameters of the Crystal Ball functions are also fixed from the simulation,151

except for an overall scaling of the widths and of the tail parameters to allow for potential152

data-simulation di↵erences. The peak position and these scale factors are obtained from a153

fit to candidates in the J/ mass window, where the mass constraint on the dimuon mass154

has not been applied. The result of this fit is shown in the appendix in Fig. 4.155

4

[LHCb-PAPER-2018-004]

• First evidence ofB0
s→ K∗µ+µ− (3.4σ)

• Using 3 fb−1 of Run I and 1.6 fb−1 of Run II.

• B(B0
s→ K∗µ+µ−) = (3.0±1.0(stat)±0.2(syst)±0.3(ext))·10−8

• With the upgrade of LHCb from 2021, differential decay rates can be

measured.
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Luminosity levelling

• LHCb does not run at themaximum instantaneous luminosity, as the
occupancy in the forward region would be too high.

• µ ≈ 1.1 for 25ns running.

• Luminosity for LHCb is leveled such that it is constant within a fill.

• Achieved by displacing the beams. 53
46



Trigger (Run II) 40 MHz bunch crossing rate

450 kHz
h±

400 kHz
µ/µµ

150 kHz
e/γ

L0 Hardware Trigger : 1 MHz 
readout, high ET/PT signatures

Software High Level Trigger

12.5 kHz (0.6 GB/s) to storage

Partial event reconstruction, select 
displaced tracks/vertices and dimuons

Buffer events to disk, perform online 
detector calibration and alignment

Full offline-like event selection, mixture 
of inclusive and exclusive triggers

LHCb 2015 Trigger Diagram

• Have the same reconstruction (charged and neutral particles) in the

software trigger and offline.

• Perform a alignment & calibration after first stage of software trigger, i.e.

automatically.
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A toy angular analysis

αP

μ+

μ-

• A particle decays into two particles, with angleα.

• Suppose we can formulate the angular distribution as:

dΓ

dα
=

1

2π
[A cosα+B sinα+ C] α ∈ [−π, π]

• The angular terms are given by kinematics / spin only.

• Remember: dσdΩ(e
+e− → µ+µ−) = α2

4s

(
1 + cos2 θ

)
55
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A toy angular analysis
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=

1

2π
[A cosα+B sinα+ C] α ∈ [−π, π]

• The coefficients contain the physics-information we are interested in.

• Do: Run an experiment, collect data, select your decay, plot number of

events as a function ofα.

• Fit the angular distribution in collision data with the pdf and extract the

coefficients.
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