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Important questions

� What is the origin of dark matter?
� Why is there a hierarchy of fermion masses?
� Why do elements of the CKM matrix have a large spread?
� What is the origin of CP violation in the universe?

The Standard Model (SM) for all its success has no answers to these

Studying properties of beauty and charm hadrons can shed some light
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Higgs and flavour
Two sides of the same coin

� Yukawa couplings (Y U,D) of quarks to Higgs field:
LY = ūRiY

U
ij φ

c†QLj + d̄RiY
D
ij φQLj

� Y U,D matrix in 3 quark generations is not necessarily diagonal

� Transformation of u, d ,Q to mass eigenstates:
� Diagonalises MU = VuR

Y UV †uL
and MD = VdR

Y DV †dL

� W couplings become non-diagonal:
W+
µ ūLγ

µdL →W+
µ ūLV

†
uLVdL

γµdL (VCKM = V †uLVdL
)

� In SM, Z ,γ couplings remain diagonal! → No tree level Flavour
Changing Neutral Currents (FCNC)

� Z and γ couplings are invariant under transformation. Consequence of
s,d ,b having same SUL(2)× UY (1) quantum numbers
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Experimental approaches

SM could be a low-energy effective theory of a more fundamental theory at
higher energy scale with new particles, dynamics/symmetries.

Direct approach

� Rely on high energy collisions to
produce new particle(s)
on-mass-shell, observed through
their decay products

Indirect approach (typical of flavour)

� New particles appear off-mass-shell
in heavy flavour processes, leading
to deviations from SM expectations
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Interplay of direct and indirect measurements

Flavour physics has played central role in the development of the SM
� c-quark inferred from measurement showing suppression of K 0 → µ+µ−

rate compared to K → µν (GlM 1970)
� Discovery of J/ψ in 1974 (SLAC, BNL)

� t,b-quarks inferred from CP violation in K sector (KM of CKM 1973)
� Discovery of the Υ in 1977 (Fermilab)

� Limit on top quark mass mt > 50GeV from B0 mixing (ARGUS 1987)
� Discovery of the t-quark 1995 (D0, CDF)

� Weak neutral current inferred from neutrino scattering in Gargamelle (1973)
� Discovery of the Z boson 1983 (UA1,UA2)
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New physics probes
Search for deviations from SM predictions from virtual contributions of
new heavy particles in loop processes

b

d̄ W

W

t t̄

d

b̄

B̄0 B0

γ, Z

b s
W

t

µ−

µ+

� Measure CP violating phases and study rare decays of heavy quarks
� Compare to very precise predictions of the SM

� Uncertainties from QCD is main problem
� Most interesting processes those where SM contribution is suppressed (e.g

FCNC)
� Effects of New Physics (NP) are large

� Discovery potential for NP extends to mass scales >> centre-of-mass energy
of collision
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Search for deviations from SM predictions from virtual contributions of
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Figure 1. Kinematic variables of

B̄0
d ! K̄⇤0(! K�⇡+) + ¯̀̀ decays:

i) the (¯̀̀ )-invariant mass squared q2,

ii) the angle ✓` between ` = `� and B̄

in the (¯̀̀ ) center of mass (c.m.), iii)

the angle ✓K⇤ between K� and B̄ in

the (K�⇡+) c.m. and iv) the angle �

between the two decay planes spanned

by the 3-momenta of the (K⇡)- and

(¯̀̀ )-systems, respectively.

V is assumed to be on-shell in the narrow-resonance approximation which restricts the number

of kinematic variables to four4. Using B̄0
d ! K̄⇤0(! K�⇡+) + ¯̀̀ for illustration, they might be

chosen as depicted in figure 1.

The di↵erential decay rate, after summing over lepton spins, factorises into

8⇡

3

d4�

dq2 d cos ✓` d cos ✓K⇤ d�
= Js

1 sin2 ✓K⇤ + Jc
1 cos2 ✓K⇤ + (Js

2 sin2 ✓K⇤ + Jc
2 cos2 ✓K⇤) cos 2✓`

+J3 sin2 ✓K⇤ sin2 ✓` cos 2�+ J4 sin 2✓K⇤ sin 2✓` cos�+ J5 sin 2✓K⇤ sin ✓` cos�

+(Js
6 sin2 ✓K⇤ + Jc

6 cos2 ✓K⇤) cos ✓` + J7 sin 2✓K⇤ sin ✓` sin�

+J8 sin 2✓K⇤ sin 2✓` sin�+ J9 sin2 ✓K⇤ sin2 ✓` sin 2�, (1)

that is, into q2-dependent observables5 J j
i (q2) and the dependence on the angles ✓`, ✓K⇤ and

�. No additional angular dependencies can be induced by any extension of the SM operator

basis [11] as found by [12, 13]. The following simplifications arise in the limit m` ! 0: Js
1 = 3Js

2 ,

Jc
1 = �Jc

2 and Jc
6 = 0.

The di↵erential decay rate d4�̄ of the CP-conjugated decay B0
d ! K0⇤(! K+⇡�) + ¯̀̀ is

obtained through the following replacements

J j
1,2,3,4,7 ! J̄ j

1,2,3,4,7[�W ! ��W ], J j
5,6,8,9 ! � J̄ j

5,6,8,9[�W ! ��W ], (2)

due to `$ ¯̀) ✓` ! ✓` � ⇡ and �! ��. The CP-violating (weak) phases �W are conjugated.

The angular distribution provides twice as many observables (J j
i and J̄ j

i ) when the decay

and its CP-conjugate decay are measured separately. This doubles again if the ` = e and µ

lepton flavours are not averaged. Notably, CP-asymmetries can be measured in an untagged

sample of B-mesons due to the presence of CP-odd observables (i = 5, 6, 8, 9) [7]. Moreover,

T-odd observables ⇠ cos �s sin �W (i = 7, 8, 9) are especially sensitive to weak BSM phases �W
[10, 14] contrary to T-even ones ⇠ sin �s sin �W (i = 1, . . . , 6), since the CP-conserved (strong)

phase �s is often predicted to be small. Note, that in the SM CP-violating e↵ects in b ! s are

doubly-suppressed by the Cabibbo angle as Im[VubV
⇤
us/(VtbV

⇤
ts)] ⇡ ⌘̄� ⇠ 10�2.

4 The o↵-resonance case has been studied in [9].
5 Possibilities to extract q2-integrated Jj

i from single-di↵erential distributions in ✓`, ✓K⇤ or � can be found in [10].

⌅ Decay fully described by three helicity angles ~⌦ = (✓`, ✓K , �) and q2 = m2
µµ

⌅ 1

d(� + �̄)/dq2

d3(� + �̄)

d~⌦
=

9

32⇡

⇥
3
4 (1 � FL) sin2 ✓K + FL cos2 ✓K + 1

4 (1 � FL) sin2 ✓K cos 2✓`

� FL cos2 ✓K cos 2✓` + S3 sin2 ✓K sin2 ✓` cos 2�

+ S4 sin 2✓K sin 2✓` cos�+ S5 sin 2✓K sin ✓` cos�

+ 4
3AFB sin2 ✓K cos ✓` + S7 sin 2✓K sin ✓` sin�

+ S8 sin 2✓K sin 2✓` sin�+ S9 sin2 ✓K sin2 ✓` sin 2�
⇤

⌅ FL, AFB, Si combinations of K⇤0 spin amplitudes

depending on Wilson coe�cients C
(0)
7 , C

(0)
9 , C

(0)
10

⌅ Large part of theory uncertainty due to hadronic form-factors

C. Langenbruch (Warwick), Moriond EW 2015 Rare decays from LHCb

� Measure CP violating phases and study rare decays of heavy quarks
� Compare to very precise predictions of the SM

� Uncertainties from QCD is main problem
� Most interesting processes those where SM contribution is suppressed (e.g

FCNC)
� Effects of New Physics (NP) are large

� Discovery potential for NP extends to mass scales >> centre-of-mass energy
of collision
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Formalism

� Model independent approach
� “Integrate” out heavy (m ≥ mW ) field(s) and introduce set of Wilson

coefficients Ci , and operators Oi encoding long and short distance effects

Heff ≈ −
4GF√

2
VtbV

∗
ts(d)

∑

i

CSM
i OSM

i +
∑

NP

cNP

Λ2
NP

ONP

� c.f. Fermi interaction and GF

E↵ective field theory for b! s �F = 1 processes

Multi-scale problem :

mW � mB � ⇤QCD

Express the Hamiltonian as:

He↵ (µ = mb) ⇡ �4GFp
2

VtbV
⇤
ts

10X

i=1

(CSM
i + �CNP

i )Oi +
X

NP

c

⇤2
NP

ONP

where Ci are (Wilson) coe�cients that contain information on the
heavy degrees of freedom and Oi are local “operators” with di↵erent
Lorentz structure.

c.f. Weak interaction and GF .

B̄0B̄0

b

d̄

b

d̄

c

c̄

s

d̄

c

c̄

s

d̄

W� GF

T. Blake Rare B decays at LHCb 3 / 21
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Formalism

Heff ≈ −
4GF√

2
VtbV

∗
ts(d)

∑

i

CSM
i OSM

i +
∑

NP

cNP

Λ2
NP

ONP

[Silvestrini et al 2016]
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CURRENT STATUS

● Best bound from e
K
, 

dominated by CKM error

● CPV in charm mixing 
follows, exp error dominant

● Best CP conserving from 
Dm

K
, dominated by long 

distance

● B
d
 and B

s
 behind, error 

from both CKM and B-
paramsDF=2 processes scale as 1/L2

Bounds from DF=2 processes,
generic flavour structure

Manchester, 7/4/2016 L. Silvestrini 5

CURRENT STATUS

● If new chiral structures 

present, e
K
 still leading

● B
(s)

 mixing provides very 

stringent constraints, 

specially if no new chiral 

structures are present

● Constraining power of the 

various sectors depends on 

unknown NP flavour 

structure: must improve all 

sectors!
DF=2 processes scale as 1/L2

Bounds from DF=2 processes,

CKM-like flavour structure
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Sensitivity to New Physics

� Different decays probe different operators e.g:

Operator Oi Bs(d) → Xs(d)µ
+µ− Bs(d) → µ+µ− Bs(d) → Xs(d)γ

O7 ∼ mb(s̄Lσ
µνbR)Fµν X X

O9 ∼ (s̄Lγ
µbL)(¯̀γµ`) X

O10 ∼ (s̄Lγ
µbL)(¯̀γ5γµ`) X X

OS ,P ∼ (s̄b)S ,P(¯̀̀ )S,P (X) X

� In SM CS ,P ∝ m`mb/m
2
W

� In SM chirality flipped Oi suppressed by ms/mb
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Setting the scene

� LHC σbb̄ = 460µb @
√
s = 13TeV

(scale ∼ linear with
√
s)

� σbb̄ in LHCb acceptance ∼ 100µb
� c.f σbb̄ = 0.001µb @

B-factories

7 

The LHCb Experiment 
•  b production predominately at small polar angles  

  → forward spectrometer Proven"track"record"
isolaKng"short6lived"
rare"decays"at"1"in"
109"level""
I"also"led"first"rare"
decay"searches"with"
long6lived"KS0"
parKcles""

> 300 publications in total

Run 2: 2fb−1 (current), Run 1: 3fb−1

LHCb data-taking 

 
•  In total have recorded 3fb-1 at instantaneous luminosities of up to     

4×1032 cm−2s−1 (twice the design value!) 
•  While data-taking from 2015 onward will add substantial luminosity 

will not be the step-change from higher √s anticipated at the central 
detectors – need 2018 upgrade for that step-change 

13"

LMax
inst = 4× 1032cm−2s−1 (double the

design value)
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The LHCb detector

Jonas Rademacker (Bristol) on behalf of LHCb                      Recent highlights from LHCb                                            HEPMAD 2013, Antananarivo

1.9 < η < 4.9  or!
 15 < θ < 300 mrad!

~1 cm!

B!

The LHCb Detector

7

p p
b

b
_

� B-lifetime means displaced secondary vertex
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Detector performance
[Int.J.Mod.Phys.A30(2015)1530022]

� Tracking δp/p = 0.4− 0.6%

� Muon εid
µ = 98% for 1% mis-id

� Mass resolution J/ψ → µµ

� LHCb: 13MeV
� CMS: 28MeV [arXiv:1011.4193]

� ATLAS: 46MeV [arXiv:1104.3038]
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The LHCb trigger in Run 2
The challenge

� Only 1 in 200 pp inelastic events contain a b-quark
� Looking for B-hadron decays with BF ∼ 10−6 − 10−9

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

Major development for Run 2:
� Buffer all events after HLT1 to perform

calibrations and alignment
� Determine calibration and alignment

constants per fill (minutes)
� Global offline-like reconstruction using

these constants
� Major step towards realising upgrade

trigger strategy (see later)
→ More selective triggers e.g offline like
particle ID in the trigger!
→ Physics measurement with data straight
out of HLT2

� Output rate of HLT2 5kHz 12.5kHz
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Experimental aspects
Selection:

� Reduce combinatorial background using Multivariate classifiers,
(typically Boosted Decision Tree)

� Using kinematic and topological information
� Variable choice based on minimising correlation with mass

� Reduce “peaking” backgrounds using particle-ID information
� Exclusive decays with final state hadron(s) mis-Id
� Estimate by mixture of MC and data-driven studies

Ulrik EgedeAugust  2013 16/42

B→µ+µ-

Topology of decay simple

● Challenge is to keep trigger and selection efficiency high, 

while rejecting combinatorial background

Signal

Rare decays

Ulrik EgedeAugust  2013 17/42

B→µ+µ-

Topology of decay simple

● Challenge is to keep trigger and selection efficiency high, 

while rejecting combinatorial background

Combinatorial

background

Rare decays
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Experimental aspects

Normalisation:
� Make use of proxy-decay (same topology) of known B to normalize against

B(sig) =
Nsig εsig

Nprxεprx
B(prx)

� Reduces experimental uncertainties
Acceptance correction:

� Efficiency parametrised depending on type of measurement of B
� Differential with respect to di-muon mass squared (q2) or angular

distribution of decay products of the b-Hadron
� Efficiency (ε) obtained from MC corrected from data

]2c) [MeV/−µ+µ−π+K(m
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2 c
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.3
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B(sig) =
Nsig εsig

Nprxεprx
B(prx)

� Reduces experimental uncertainties
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Figure 1. Angular acceptance as derived from simulation in the dimuon mass squared ranges

(a) 1.1 < q2 < 6.0 GeV2/c4 and (b) 15.0 < q2 < 22.0 GeV2/c4. The dip in the acceptance for

B+ → K+µ+µ− decays results from the veto used to reject B+ → D0π+ decays (see text). The

acceptance is normalised to unit area to allow a comparison of the shape of the distributions.

acceptance seen in figure 1. The impact of the veto is approximated as a step function in

the acceptance model and determined using a SM-like sample of simulated events.

5 Angular analysis

The m(K+µ+µ−) and m(K0
Sµ+µ−) invariant mass distributions of candidates that pass the

full selection procedure are shown in figure 2, for two q2 intervals. The long and downstream

categories are combined for the decay B0 → K0
Sµ+µ−. The angular distribution of the

candidates is shown in figure 3.

For the B+ → K+µ+µ− decay, AFB and FH are determined by performing an unbinned

maximum likelihood fit to the m(K+µ+µ−) and cos θl distributions of the candidates in bins

of q2. The signal angular distribution is described by eq. (1.1), multiplied by the acceptance

distribution described in section 4. The signal mass distribution is parameterised by the

sum of two Gaussian functions with power-law tails, with common most probable values and

common tail parameters, but different widths. The parameters of the these signal functions

are obtained fitting the m(K+µ+µ−) distribution of B+ → J/ψK+ candidates in data. The

peak position and width parameters are then corrected, using simulated events, to account

for kinematic differences between the decays B+ → K+µ+µ− and B+ → J/ψK+. The

m(K+µ+µ−) distribution of the combinatorial background is parameterised by a falling

exponential function. Its angular distribution is parameterised by a third-order polynomial

function multiplied by the same angular acceptance function used for the signal.

Decays of B0 and B0 mesons to the K0
Sµ+µ− final state cannot be separated based on

the final-state particles. The angular distribution of |cos θl| is described by eq. (1.2), which

depends only on FH. Simultaneous unbinned maximum likelihood fits are then performed

to the |cos θl| and m(K0
Sµ+µ−) distributions of the two categories of K0

S meson (long and

downstream). The only parameter that is common between the two simultaneous fits is FH.

The m(K0
Sµ+µ−) shape parameters of the two categories are determined in the same way as

that of the decay B+ → K+µ+µ−, using B0 → J/ψK0
S decays. Information on the angular

– 6 –
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Cracks appearing in the SM?
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Cracks appearing in the SM?

1. Measurements of decay rates of B → K (∗)µ+µ−, Bs → φµ+µ−

and Λb → Λµ+µ−

2. Measurement of the ratio of branching fractions B(B+→K +e+e−)
B(B+→µ+µ−)

3. Measurements of the angular distributions of B → K (∗)µ+µ−

decays

All four measurements can be consistently explained through New
Physics

K.A. Petridis (UoB) b → s`` LHCb Liverpool Seminar 16 / 36



1. Differential branching fractions

� Large LHCb datasets allows for precision measurements
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� For B+ → K+µ+µ−, compatible at 2.6σ level with SM
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B+ → K +µ+µ−, B0 → K0µ+µ−,B+ → K∗+µ+µ−: [JHEP06(2014)133]
LCSR: Bobeth et al [JHEP07(2011)067]
Lattice: Bouchard et al [1310.3207] missing 2-loop corrections to C eff

9 ,
Horgan et al [PRL112,212003(2014)]



1. Differential branching fractions cont’d
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Figure 5: Di↵erential branching fraction of B0! K⇤(892)0µ+µ� decays as a function of q2. The
data are overlaid with the SM prediction from Refs. [47,48]. No SM prediction is included in the
region close to the narrow cc̄ resonances. The result in the wider q2 bin 15.0 < q2 < 19.0 GeV2/c4

is also presented. The uncertainties shown are the quadratic sum of the statistical and systematic
uncertainties.

Table 2: Di↵erential branching fraction of B0! K⇤(892)0µ+µ� decays in bins of q2. The first
uncertainty is statistical, the second systematic and the third due to the uncertainty on the
B0! J/ K⇤0 and J/ ! µ+µ� branching fractions.

q2 bin (GeV2/c4) dB/dq2 ⇥ 10�7 (c4/ GeV2)

0.10 < q2 < 0.98 1.163+0.076
�0.084 ± 0.033 ± 0.079

1.1 < q2 < 2.5 0.373+0.036
�0.035 ± 0.011 ± 0.025

2.5 < q2 < 4.0 0.383+0.035
�0.038 ± 0.010 ± 0.026

4.0 < q2 < 6.0 0.410+0.031
�0.030 ± 0.011 ± 0.028

6.0 < q2 < 8.0 0.496+0.032
�0.032 ± 0.012 ± 0.034

11.0 < q2 < 12.5 0.558+0.036
�0.036 ± 0.014 ± 0.038

15.0 < q2 < 17.0 0.611+0.031
�0.042 ± 0.023 ± 0.042

17.0 < q2 < 19.0 0.385+0.029
�0.024 ± 0.018 ± 0.026

1.1 < q2 < 6.0 0.392+0.020
�0.019 ± 0.010 ± 0.027

15.0 < q2 < 19.0 0.488+0.021
�0.022 ± 0.008 ± 0.033
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Rare baryon decays

• We also now have precise 
measurements of the branching 
fraction of Λb→Λ!+!− decays. 

➡ Signal mainly at high q2.
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Poor agreement in shape between SM  
predictions and data (especially at low q2)? 
!
[SM from Detmold et al.  Phys. Rev. D87 (2013) 074502]

� For Bs → φµ+µ−, bin 1.1 < q2 < 6.0GeV2 is 3.3σ from SM
� All branching fraction measurements potentially point to new physics in C9

(e.g new vector Z ′)
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SM: Bharucha et al[1503.05534], Detmold et al [PRD87(2013)074502], LQCD: Horgan et al [PRL112,212003(2014)]

B0 → K∗0µ+µ− [1606.04731], Bs → φµ+µ− [JHEP06(2015)115], Λb → Λµ+µ− [JHEP06(2015)115]



2. Ratios of decay rates
Experimental challenge in: B → Ke+e−

� Reduced mass resolution and q2 migration
� Modelling of part reco backgrounds

Left: B → Ke+e−, Right: B → Kµ+µ−

Lepton universality in B±! K±`+`�

[arXiv:1406.6482] submitted: Phys.Rev.Lett

RK =
B
⇥
B±! K±µ+µ�⇤

B[B±! K±e+e�]

I If a Z0 is responsible for P 0
5 does it

couple equally to lepton flavours?
I Altmannshofer et al.

[Phys. Rev. D89 (2014) 095033]
I Krüger & Hiller

[Phys.Rev. D69 (2004) 074020]
I Experimental challenge:

I Selection of B±! K±e+e�
I Bremsstrahlung ! q2 movement

I Correct for bremsstrahlung with
calorimeter photons

I Migration in q2 corrected with
simulation

I 3 fb�1 2011+2012 data
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� Correct for bremsstrahlung by looking for compatible photons in calorimeter
� Correct for q2 migration from simulation using PHOTOS to model Final

State Radiation
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2. Ratios of decay rates cont’d

� Measurement of: RK =
B(B+ → K+µ+µ−)

B(B+ → K+e+e−)
[PRL113(2014)151601]

� Precise theory prediction due to cancellation of hadronic form factor
uncertainties

� Expected to be 1.000 in SM (Higgs contribution m` suppressed)
� Z ′ models with enhanced couplings to muons e.g [Altmannshofer et al 1403.1269]

→ Destructive interference with SM can lead to RK < 1

T. Blake

RK result
• In the Run 1 dataset, LHCb 

determines:  

!

in the range 1 < q2 < 6 GeV2, 
which is consistent with the SM 
at 2.6!. 

• Take double ratio with  
B+→J/ѱK+  to cancel possible 
sources of systematic 
uncertainty. 

• Correct for migration of events 
in q2 due to Bremsstrahlung 
using MC (with PHOTOS).  

29

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

KR

0

0.5

1

1.5

2

SM

LHCb BaBar Belle

LHCb

LHCb  [PRL113 (2014) 151601 ]!
BaBar [PRD 86 (2012) 032012]!
Belle   [PRL 103 (2009) 171801]

RK = 0.745+0.090
�0.074

+0.036
�0.036

NB RK ≃ 0.8 is a prediction of one class of 
model explaining the B0→K*0"+"− 
angular observables, see L" - L# models  
W. Altmannshofer et al. [PRD 89 (2014) 095033]

� Measure for 1 < q2 < 6GeV2/c4

→RK = 0.745+0.090
−0.074(stat)± 0.035(syst)

� RK consistent at ∼ 2.6σ

� Consistent with decay rate measurements assuming Z ′ does not couple to
electrons!
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3. Angular analysis of B0 → K ∗0µ+µ−

� Differential decay rate of B0 → K∗0µ+µ− and B̄0K̄∗0µ+µ−:

discussed in Sec. 10. Finally, conclusions are presented in Sec. 11.

2 Angular distribution and observables

The final state of the decay B0! K⇤0µ+µ� can be described by q2, the invariant mass
squared of the dimuon system, and three decay angles ~⌦ = (cos ✓l, cos ✓K , �). The angle
between the µ+ (µ�) and the direction opposite to that of the B0 (B0) in the rest frame of
the dimuon system is denoted ✓l. In this analysis, the K⇤0 meson is reconstructed through
the decay K⇤0 ! K+⇡�. The angle between the direction of the K+ (K�) and the B0

(B0) in the rest frame of the K⇤0 (K⇤0) system is denoted ✓K . The angle between the
plane defined by the dimuon pair and the plane defined by the kaon and pion in the B0

(B0) rest frame is denoted �. More details of the angular basis adopted in this analysis
are given in Appendix A of Ref. [1].

The di↵erential decay rates of B0! K⇤0µ+µ� and B0! K⇤0µ+µ� decays, in terms of
q2 and the three angles, are given by

d4�[B0! K⇤0µ+µ�]

dq2 d~⌦
=

9

32⇡

X

i

Ii(q
2)fi(~⌦) and

d4�̄[B0! K⇤0µ+µ�]

dq2 d~⌦
=

9

32⇡

X

i

Īi(q
2)fi(~⌦) ,

(1)

where � (�̄) refers to decays involving a b (b) quark and hence a B0 (B0) meson, the terms

fi(~⌦) are formed from combinations of spherical harmonics and the Ii (Īi) are q2-dependent
angular observables. The Ii can be expressed as bilinear combinations of six complex decay
amplitudes, AL,R

0,k,?, which correspond to the di↵erent transversity states of the K⇤0 meson

and the di↵erent (left- and right-handed) chiralities of the dimuon system. An additional
su�x s or c is conventionally added to some of the Ii terms to indicate that they have a
sin2 ✓K or cos2 ✓K dependence. When q2 is su�ciently large (q2 >⇠ 1 GeV2/c4), the muons
can be considered massless. The list of the angular terms and observables that remain in
this massless limit is given in Table 1.

Following the notation of Ref. [22], q2-dependent CP averages, Si, and CP asymmetries,
Ai, can be defined as

Si =
�
Ii + Īi

�.✓
d�

dq2
+

d�̄

dq2

◆
and

Ai =
�
Ii � Īi

�.✓
d�

dq2
+

d�̄

dq2

◆
.

(2)

In the massless limit, the CP -averaged observables S1(s,c) and S2(s,c) obey the relations
S1s = 3S2s, S1c = �S2c and 3

4
(2S1s + S1c) � 1

4
(2S2s + S2c) = 1 (see for example Ref. [22]).

These relationships reduce the number of independent CP -averaged observables from
eleven to eight. The relations between the observables also hold to a good approximation

2

� Ii : bilinear combinations of 6 P-wave and 2 S-wave helicity amplitudes
(since K∗0 can be found in J = 1 and J = 0)

� Reparametrise distribution in terms of:

discussed in Sec. 10. Finally, conclusions are presented in Sec. 11.

2 Angular distribution and observables

The final state of the decay B0! K⇤0µ+µ� can be described by q2, the invariant mass
squared of the dimuon system, and three decay angles ~⌦ = (cos ✓l, cos ✓K , �). The angle
between the µ+ (µ�) and the direction opposite to that of the B0 (B0) in the rest frame of
the dimuon system is denoted ✓l. In this analysis, the K⇤0 meson is reconstructed through
the decay K⇤0 ! K+⇡�. The angle between the direction of the K+ (K�) and the B0

(B0) in the rest frame of the K⇤0 (K⇤0) system is denoted ✓K . The angle between the
plane defined by the dimuon pair and the plane defined by the kaon and pion in the B0

(B0) rest frame is denoted �. More details of the angular basis adopted in this analysis
are given in Appendix A of Ref. [1].

The di↵erential decay rates of B0! K⇤0µ+µ� and B0! K⇤0µ+µ� decays, in terms of
q2 and the three angles, are given by

d4�[B0! K⇤0µ+µ�]

dq2 d~⌦
=

9

32⇡

X

i

Ii(q
2)fi(~⌦) and

d4�̄[B0! K⇤0µ+µ�]

dq2 d~⌦
=

9

32⇡

X

i

Īi(q
2)fi(~⌦) ,

(1)

where � (�̄) refers to decays involving a b (b) quark and hence a B0 (B0) meson, the terms

fi(~⌦) are formed from combinations of spherical harmonics and the Ii (Īi) are q2-dependent
angular observables. The Ii can be expressed as bilinear combinations of six complex decay
amplitudes, AL,R

0,k,?, which correspond to the di↵erent transversity states of the K⇤0 meson

and the di↵erent (left- and right-handed) chiralities of the dimuon system. An additional
su�x s or c is conventionally added to some of the Ii terms to indicate that they have a
sin2 ✓K or cos2 ✓K dependence. When q2 is su�ciently large (q2 >⇠ 1 GeV2/c4), the muons
can be considered massless. The list of the angular terms and observables that remain in
this massless limit is given in Table 1.

Following the notation of Ref. [22], q2-dependent CP averages, Si, and CP asymmetries,
Ai, can be defined as

Si =
�
Ii + Īi

�.✓
d�

dq2
+

d�̄

dq2

◆
and

Ai =
�
Ii � Īi

�.✓
d�

dq2
+

d�̄

dq2

◆
.

(2)

In the massless limit, the CP -averaged observables S1(s,c) and S2(s,c) obey the relations
S1s = 3S2s, S1c = �S2c and 3

4
(2S1s + S1c) � 1

4
(2S2s + S2c) = 1 (see for example Ref. [22]).

These relationships reduce the number of independent CP -averaged observables from
eleven to eight. The relations between the observables also hold to a good approximation

2

� Determine various Si or Ai by a 3+1D angular mKπ distribution in bins of q2
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The B0 ! K ⇤0(K+⇡�)µ+µ� decay

⌘ The decay probability and angular distribution of decay products described
by 3 angles and the dimuon mass squared (q2)

Observables from the angular distribtion
For B0 � K�(892)0(� K±��)µ+µ� decays...

� P � V V � (pseudoscalar to vector-vector)
� Vector K�(892) =� angular distribution, as well as rate, is interesting

B0

K* 0

K+

π - μ -

μ+

θK
θℓ

φ

� 3 angles, and q2

˘
�K , ��, �, q2¯

� Angular distribution �� Sets of observables:
˘
FL, AFB, A2

T, S9

¯ {P �
4, P �

5, P �
6, P �

8}

� ...Clever ratios of angular terms

S.Cunliffe (Imperial) FFP14 Angular analysis of B0 � K�0µ+µ� 13/21

⌘ Correctly determining which is the kaon
and which is the pion is critical to this
measurement

⌘ The decay of a B0 to a vector K⇤0 particle offers large number of
experimental observables by analysing distribution of the final state decay
products

! 8 experimental observables
! Sensitive to the effect of new particles entering the loop

October 21, 2014 1 / 4



Angular terms
Table 1: Angular observables Ij and their corresponding angular terms for dimuon masses that
are much larger than twice the muon mass. The terms in the lower part of the table arise from
the K+⇡� S-wave contribution to the K+⇡�µ+µ� final state. The Īi coe�cients are obtained
by making the substitution A ! Ā, i.e. by complex conjugation of the weak phases in the
amplitudes.

i Ii fi

1s 3
4

h
|AL

k |2 + |AL
?|2 + |AR

k |2 + |AR
?|2

i
sin2 ✓K
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0 |2 + |AR

0 |2 cos2 ✓K
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4
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0 AR⇤
k ) sin 2✓K sin 2✓l cos�
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? ) sin 2✓K sin ✓l cos�
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k AR⇤

? ) sin2 ✓K cos ✓l
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0AL⇤

k � AR
0 AR⇤

k ) sin 2✓K sin ✓l sin�
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0AL⇤
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0 AR⇤
? ) sin 2✓K sin 2✓l sin�
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10 1
3
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⇤
1

11
q

4
3
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3
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Table 1: Angular observables Ij and their corresponding angular terms for dimuon masses that
are much larger than twice the muon mass. The terms in the lower part of the table arise from
the K+⇡� S-wave contribution to the K+⇡�µ+µ� final state. The Īi coe�cients are obtained
by making the substitution A ! Ā, i.e. by complex conjugation of the weak phases in the
amplitudes.
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Amplitudes I
A closer look
B0! K ⇤0µ+µ� decay amplitudes

At “leading order”

A
L(R)
� = N

�
2�

��
(Ce�

9 + C�e�
9 ) � (Ce�

10 + C�e�
10 )

� V(q2)

mB + mK�
+

2mb

q2
(Ce�

7 + C�e�
7 )T1(q

2)

�

A
L(R)
� = �N

�
2(m2

B � m2
K�)

��
(Ce�

9 � C�e�
9 ) � (Ce�

10 � C�e�
10 )

� A1(q
2)

mB � mK�
+

2mb

q2
(Ce�

7 � C�e�
7 )T2(q

2)

�

A
L(R)
0 = � N

2mK�
�

q2

��
(Ce�

9 � C�e�
9 ) � (Ce�

10 � C�e�
10 )

��
(m2

B � m2
K� � q2)(mB + mK�)A1(q

2) � �
A2(q

2)

mB + mK�

�

+ 2mb(C
e�
7 � C�e�

7 )
�
(m2

B + 3mK� � q2)T2(q
2) � �

m2
B � m2

K�
T3(q

2)
��

At =
N�
q2

�
�

�
2(Ce�

10 � C�e�
10 ) +

q2

mµ
(Ce�

P � C�e�
P )

�
A0(q

2)

AS = �2N
�
�(CS � CS)A0(q

2)

Ci are Wilson coe�cients that we want to measure (they depend on
the heavy degrees of freedom).

A0, A1, A2, T1, T2 and V are form-factors
(these are e�ectively nuisance parameters).

T. Blake B0 ! K⇤0µ+µ� 16 / 30

⌘ Ceff
i : Wilson coefficients (including

4-quark operator contributions)
⌘ Ai, Ti and Vi: 7 B ! K⇤ form

factors

K.A. Petridis (UoB) B0 ! K⇤0µ+µ� Tuesday meeting 3 / 13

[JHEP 0901(2009)019] Altmannshofer et al.

� Ceff
i : Wilson coefficients (including

4-quark operator contributions)
� Ai, Ti and Vi: 7 B → K∗ form

factors
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Amplitudes II
� At leading order and for large dimuon masses squared (q2) below
∼ 6GeV2/c4, form factors reduce to ξ⊥,ξ‖:

With these vectors we can construct the products |ni|2 = n†
ini and n†

i nj ,

|n‖|2 = |AL
‖ |2 + |AR

‖ |2 =
2J2s − J3

β2
!

, n†
⊥ n‖ = AL∗

⊥ AL
‖ − AR

⊥AR∗
‖ =

β!J6s − 2iJ9

2β2
!

,

|n⊥|2 = |AL
⊥|2 + |AR

⊥|2 =
2J2s + J3

β2
!

, n†
0 n‖ = AL∗

0 AL
‖ + AR

0 AR∗
‖ =

2J4 − iβ!J7√
2β2

!

,

|n0|2 = |AL
0 |2 + |AR

0 |2 = −J2c

β2
!

, n†
0 n⊥ = AL∗

0 AL
⊥ − AR

0 AR∗
⊥ =

β!J5 − 2iJ8√
2β2

!

.

(7)

These quantities automatically respect the symmetries of the angular distribution, since

they can be expressed in terms of the Ji. Considering real and imaginary parts, there

are 9 real quantities that encode all the information of the angular distribution, and by

combining them one can construct systematically all possible allowed observables consis-

tent with the symmetry requirements. However they are not all independent: any set of

complex 2-vectors {n0, n‖, n⊥} satisfies

∣∣(n†
‖ n⊥)|n0|2 − (n†

‖ n0)(n
†
0 n⊥)

∣∣2 = (|n0|2|n‖|2 − |n†
0 n‖|2)(|n0|2|n⊥|2 − |n†

0 n⊥|2) . (8)

Using Eqs. (7), this relation translates precisely into the relation for the Ji given in Eq. (5).

Now that the formalism assures the systematic construction of observables that respect

the symmetries of the angular distribution, we must focus on the cancellation of hadronic

form factors. At leading order in 1/mb and αs, and at large recoil (EK∗ → ∞), the

transversity amplitudes AL,R
0 , AL,R

‖ and AL,R
⊥ can be written as:

AL,R
⊥ =

√
2NmB(1 − ŝ)

[
(Ceff

9 + Ceff′
9 ) ∓ (C10 + C′

10) +
2m̂b

ŝ
(Ceff

7 + Ceff′
7 )

]
ξ⊥(EK∗)

AL,R
‖ = −

√
2NmB(1 − ŝ)

[
(Ceff

9 − Ceff′
9 ) ∓ (C10 − C′

10) +
2m̂b

ŝ
(Ceff

7 − Ceff′
7 )

]
ξ⊥(EK∗)

AL,R
0 = −NmB(1 − ŝ)2

2m̂K∗
√

ŝ

[
(Ceff

9 − Ceff′
9 ) ∓ (C10 − C′

10) + 2m̂b(Ceff
7 − Ceff′

7 )

]
ξ‖(EK∗) (9)

where ŝ = q2/m2
B, m̂i = mi/mB, and terms of O(m̂2

K∗) have been neglected. The normal-

ization is given by

N = VtbV
∗
ts

√
β!G2

Fα
2q2λ1/2

3 · 210π5m3
B

, (10)

with λ = [q2 −(mB +mK∗)2][q2 −(mB −mK∗)2]. Therefore, at first order, we have n0 ∝ ξ‖
and n‖, n⊥ ∝ ξ⊥. This establishes a clear guideline in the construction of clean observables,

as ratios of quantities in Eq. (7) where the ξ‖,⊥ cancel [Form Factor Independent (FFI)

observables].

Before providing a complete list of observables constructed according to this procedure,

we should note the following. There are 8 independent quantities in Eq. (7) that constitute

8

� Can build form factor independent observables using ratios of bilinear
amplitude combinations [JHEP 1301(2013)048] Descotes-Genon et al. e.g:

P ′5 ∼
Re(AL

0AL∗
⊥ −AR

0 AR∗
⊥ )√

(|AL
0|2+|AR

0 |2)(|AL
⊥|2+|AR

⊥|2+|AL
‖|2+|AR

‖ |2)
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Acceptance correction

� Trigger, reconstruction and selection efficiency distorts the angular and q2

distribution of B0 → K∗0µ+µ−

� Acceptance correction parametrised using 4D Legendre polynomials
� Use moment analysis in B0 → K∗0µ+µ− MC to obtain coefficients cklmn

� Cross-check acceptance in B0 → J/ψK∗0

B0 ! K⇤0µ+µ� 18 / 28
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⌅ Trigger, reconstruction and selection distorts decay angles and q2 distribution

⌅ Parametrize 4D e�ciency using Legendre polynomials Pk

"(cos ✓`, cos ✓K , �, q2) =
X

klmn

cklmnPk(cos ✓`)Pl(cos ✓K)Pm(�)Pn(q2)

⌅ Coe�cients cklmn from moments analysis of B0 ! K⇤0µ+µ� PHSP MC

⌅ Crosscheck acceptance using B0! J/ K⇤0 control decay

C. Langenbruch (Warwick), Moriond EW 2015 Rare decays from LHCb

1D projections
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Figure 2: Relative e�ciency in cos ✓l, cos ✓K , � and q2, as determined from a principal moment
analysis of simulated three-body B0! K⇤0µ+µ� phase-space decays. The e�ciency as a function
of cos ✓l, cos ✓K and � is shown for the regions 0.1 < q2 < 0.98GeV2/c4 (black solid line) and
18.0 < q2 < 19.0GeV2/c4 (red dashed line). The e�ciency as a function of q2 is shown after
integrating over the decay angles. The histograms indicate the distribution of the simulated
three-body B0! K⇤0µ+µ� phase-space decays used to determine the acceptance.

7 Angular analysis of the decay

The three methods used to determine the CP -averaged angular observables, CP asym-
metries and the zero-crossing points of S4, S5 and AFB are detailed below. Section 7.1
describes the determination of the observables in bins of q2 using a maximum likelihood
fit. Section 7.2 discusses the determination of the same set of observables using a principal
moment analysis. Finally, Sec. 7.3 describes a fit to the angular and q2 distribution of the
decay, parameterised in terms of the decay amplitudes rather than the observables. This
fit is used to determine the zero-crossing points of S4, S5 and AFB.

7.1 Determination of angular observables with a likelihood fit

In each q2 bin, an unbinned maximum likelihood fit to m(K+⇡�µ+µ�) and the three decay
angles cos ✓l, cos ✓K and � is used to determine the angular observables introduced in

11
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Figure 2: Relative e�ciency in cos ✓l, cos ✓K , � and q2, as determined from a principal moment
analysis of simulated three-body B0! K⇤0µ+µ� phase-space decays. The e�ciency as a function
of cos ✓l, cos ✓K and � is shown for the regions 0.1 < q2 < 0.98GeV2/c4 (black solid line) and
18.0 < q2 < 19.0GeV2/c4 (red dashed line). The e�ciency as a function of q2 is shown after
integrating over the decay angles. The histograms indicate the distribution of the simulated
three-body B0! K⇤0µ+µ� phase-space decays used to determine the acceptance.

7 Angular analysis of the decay

The three methods used to determine the CP -averaged angular observables, CP asym-
metries and the zero-crossing points of S4, S5 and AFB are detailed below. Section 7.1
describes the determination of the observables in bins of q2 using a maximum likelihood
fit. Section 7.2 discusses the determination of the same set of observables using a principal
moment analysis. Finally, Sec. 7.3 describes a fit to the angular and q2 distribution of the
decay, parameterised in terms of the decay amplitudes rather than the observables. This
fit is used to determine the zero-crossing points of S4, S5 and AFB.

7.1 Determination of angular observables with a likelihood fit

In each q2 bin, an unbinned maximum likelihood fit to m(K+⇡�µ+µ�) and the three decay
angles cos ✓l, cos ✓K and � is used to determine the angular observables introduced in

11

K.A. Petridis (UoB) b → s`` LHCb Liverpool Seminar 25 / 36



Acceptance correction

� Trigger, reconstruction and selection efficiency distorts the angular and q2

distribution of B0 → K∗0µ+µ−

� Acceptance correction parametrised using 4D Legendre polynomials
� Use moment analysis in B0 → K∗0µ+µ− MC to obtain coefficients cklmn

� Cross-check acceptance in B0 → J/ψK∗0

B0 ! K⇤0µ+µ� 18 / 28
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Angular analysis results

� LHCb has performed the first full angular analysis of the decay through a
maximum likelihood fit to the data
→ Measurement of the full set of CP-averaged and CP-asymmetric angular
terms and their correlations
→ Also determine the “less form-factor dependent” observables P(′)

i

[JHEP02(2016)104]

]4c/2 [GeV2q
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0
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� Also measure all observables using a principal moment analysis of the
angular distribution

� Robust estimator even for small datasets → finer q2 binning
� Statistically less precise than result of maximum likelihood fit
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Zero crossing points
� Determine zero crossing points of S4, S5 and AFB by parametrising the

angular distribution in terms of q2 dependent decay amplitudes
� Choose a q2 ansatz to model the six complex amplitudes:

AL,R
0,⊥,‖ = αi + βiq

2 + γi/q
2 Egede,Patel,KP [JHEP06(2015)084]

[JHEP02(2016)104]

T. Blake

Zero-crossing points
• We determine the zero crossing points of S4, S5 and AFB by parameterising 

the angular distribution with q2 dependent decay amplitudes.  

• Six complex helicity/transversity amplitudes modelled as:  

!

!

!

!
!
!

• Zero crossing points are determined to be:

13
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q2
0(S5) 2 [2.49, 3.95] GeV2/c4 at 68% confidence level (C.L.)

q2
0(AFB) 2 [3.40, 4.87] GeV2/c4 at 68% C.L.

q2
0(S4) < 2.65 GeV2/c4 at 95% C.L.

[JHEP 02 (2016) 104]

AL,R
0,k,? = ↵i + �i/q2 + �iq

2

The zero crossing points measured are:
q2
0(S5) ∈ [2.49, 3.95]GeV2/c4 at 68% C.L.

q2
0(AFB) ∈ [3.40, 4.87]GeV2/c4 at 68% C.L.

q2
0(S4) < 2.65GeV2/c4 at 95% C.L.
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Can we form a consistent picture?
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Interpretations
� Several attempts to interpret all our b → s`+`−→ Two views
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Figure 1 – Allowed regions in the Re(CNP
9 )-Re(CNP

10 ) plane (left) and the Re(CNP
9 )-Re(C0

9) plane (right). The blue
contours correspond to the 1 and 2� best fit regions from the global fit. The green and red contours correspond
to the 1 and 2� regions if only branching ratio data or only data on B ! K⇤µ+µ� angular observables is taken
into account.

(including braching ratios and non-LHCb measurements) into sets with data below 2.3 GeV2,
between 2 and 4.3 GeV2, between 4 and 6 GeV2, and above 15 GeV2 (the slight overlap of the
bins, caused by changing binning conventions over time, is of no concern as correlations are
treated consistently). The resulting 1� regions are shown in fig. 2 (the fit for the region between
6 and 8 GeV2 is shown for completeness as well but only as a dashed box because we assume
non-perturbative charm e↵ects to be out of control in this region and thus do not include this
data in our global fit). We make some qualitative observations, noting that these will have to
be made more robust by a dedicated numerical analysis.

• The NP hypothesis requires a q2 independent shift in C9. At roughly 1�, this hypothesis
seems to be consistent with the data.

• If the tensions with the data were due to errors in the form factor determinations, naively
one should expect the deviations to dominate at one end of the kinematical range where
one method of form factor calculation (lattice at high q2 and LCSR at low q2) dominates.
Instead, if at all, the tensions seem to be more prominent at intermediate q2 values where
both complementary methods are near their domain of validity and in fact give consistent
predictions15.

• There does seem to be a systematic increase of the preferred range for C9 at q2 below
the J/ resonance, increasing as this resonance is approached. Qualitatively, this is the
behaviour expected from non-factorizable charm loop contributions. However, the central
value of this e↵ect would have to be significantly larger than expected on the basis of
existing estimates 20,21,22,23,24, as conjectured earlier 23.

Concerning the last point, it is important to note that a charm loop e↵ect does not have to
modify the H� and H0 helicity amplitudese in the same way (as a shift in C9 induced by NP
would). Repeating the above exercise and allowing a q2-dependent shift of C9 only in one of
these amplitudes, one finds that the resulting corrections would have to be huge and of the same
sign. It thus seems that, if the tensions are due to a charm loop e↵ect, this must contribute to
both the H� and H0 helicity amplitude with the same sign as a negative NP contribution to C9.

eThe modification of the H+ amplitude is expected to be suppressed 22,24.

Altmannshofer,Straub[1503.06199]

� Modified vector coupling CNP
9 6= 0

at ∼ 4.5σ
→ New vector Z ′, leptoquarks,
vector-like confinement...
Buttazzo et al [1604.03940], Bauer et al
[PRL116,141802(2016)], Crivellin et al
[PRL114,151801(2015)], Altmannshofer et al
[PRD89(2014)095033]...

Could the SM errors be wrong?  

•  Largest individual uncertainty on P5’ from cc-loop effects  

•  But in reality: 
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Breakdown of factorization

�
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• Factorizable effects can be related to (full non-perturbative) 
charm vacuum polarization via a standard dispersion relation 
& extracted from BESII data on e+e! ! hadrons
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Note however 
that can’t just 
effect P5’- would 
see correlated 
effect in other 
observables 

� Potential problem with our
understanding of the contribution
from cc̄ producing dimuon pair
Lyon,Zwicky [1406.0566],
Altmannshofer,Straub[1503.06199], Ciuchini et al
[1512.07157]... (more details by Enrico and Jorge)

→ Mimics vector-like new physics
effects
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Hint of new physics?
� Global fits to the data, e.g. Matias et al. [1510.04239] including b → K∗γ, b → sγ, B → µ+µ−
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Figure 7: For 4 favoured scenarios, we show the 3 � regions allowed by branching ratios

only (dashed green), by angular observables only (long-dashed blue) and by considering

both (red, with 1,2,3 � contours, corresponding to 68.3%, 95.5% and 99.7% confidence

levels). Each constraint corresponding to a subset of data includes also the inclusive and

b ! s� data.

giving RK = 1 by construction,

• (CNP
9 = CNP

10 , CNP
90 = CNP

100 ), disfavoured by the data on Bs ! µµ, which prefer a SM

value for C10, leading to a tension with the value of CNP
9 needed for B ! K⇤µµ

• (CNP
9 = �CNP

10 , CNP
90 = �CNP

100 ) and (CNP
9 = CNP

90 , CNP
10 = CNP

100 ) which could be interesting
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giving RK = 1 by construction,
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9 = CNP

10 , CNP
90 = CNP

100 ), disfavoured by the data on Bs ! µµ, which prefer a SM

value for C10, leading to a tension with the value of CNP
9 needed for B ! K⇤µµ
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100 ) which could be interesting
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angular observables, branching fractions, combination
� 3σ contours shown. Tension at the level of ∼ 4.5σ to the SM. Good

description of the data. other theory groups see consistent tensions

� Concrete model: Z ′ with mass:
∼ 35TeV for O(1) couplings (tree)
∼ 7TeV for CKM-like couplings (tree)
Straub et al [1308.1501]

� Including b → see data and assuming SM like electron couplings: Tension
with SM at 5σ level! yes yes ok... i know you dont believe this... certainly interesting!
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New physics concrete model (example)
Single massive vector particle Z ′ Crivellin et al [PRL114,151801(2015)]

� Explain all b → s`` anomalies (including non-universality) and CMS’s
h→ µτ excess (yeah ok...)

CERN-PH-TH-2015-001
ULB-TH/14-26

Explaining h ! µ±⌧⌥, B ! K⇤µ+µ� and B ! Kµ+µ�/B ! Ke+e�

in a two-Higgs-doublet model with gauged Lµ � L⌧

Andreas Crivellin,1 Giancarlo D’Ambrosio,1, 2 and Julian Heeck3

1CERN Theory Division, CH–1211 Geneva 23, Switzerland
2INFN-Sezione di Napoli, Via Cintia, 80126 Napoli, Italy

3Service de Physique Théorique, Université Libre de Bruxelles,
Boulevard du Triomphe, CP225, 1050 Brussels, Belgium

The LHC observed so far three deviations from the Standard Model (SM) predictions in flavour
observables: LHCb reported anomalies in B ! K⇤µ+µ� and R(K) = B ! Kµ+µ�/B ! Ke+e�

while CMS found an excess in h ! µ⌧ . We show, for the first time, how these deviations from the
SM can be explained within a single well-motivated model: a two-Higgs-doublet model with gauged
Lµ �L⌧ symmetry. We find that, despite the constraints from ⌧ ! µµµ and Bs–Bs mixing, one can
explain h ! µ⌧ , B ! K⇤µ+µ� and R(K) simultaneously, obtaining interesting correlations among
the observables.

I. INTRODUCTION

So far, the LHC completed the SM by discovering
the last missing piece, the Brout–Englert–Higgs parti-
cle [1, 2]. Furthermore, no significant direct evidence
for physics beyond the SM has been found, i.e. no new
particles were discovered. However, the LHC did ob-
serve three ’hints’ for new physics (NP) in the flavor sec-
tor, which are sensitive to virtual e↵ects of new parti-
cles and can be used as guidelines towards specific NP
models: h ! µ⌧ , B ! K⇤µ+µ�, and R(K) = B !
Kµ+µ�/B ! Ke+e�. It is therefore interesting to ex-
amine if a specific NP model can explain these three
anomalies simultaneously, predicting correlations among
them.

LHCb reported deviations from the SM predictions [3,
4] (mainly in an angular observable called P 0

5 [5]) in
B ! K⇤µ+µ� [6] with a significance of 2–3� depending
on the assumptions of hadronic uncertainties [7–9]. This
discrepancy can be explained in a model independent ap-
proach by rather large contributions to the Wilson coe�-
cient C9 [10–12], i.e. an operator (s�↵PLb)(µ�↵µ), which
can be achieved in models with an additional heavy neu-
tral Z 0 gauge boson [13–15]. Furthermore, LHCb [16] re-
cently found indications for the violation of lepton flavour
universality in

R(K) =
B ! Kµ+µ�

B ! Ke+e�
= 0.745+0.090

�0.074 ± 0.036 , (1)

which disagrees from the theoretically rather clean SM
prediction RSM

K = 1.0003 ± 0.0001 [17] by 2.6�. A possi-
ble explanation is again a NP contributing to Cµµ

9 involv-
ing muons, but not electrons [18–20]. Interestingly, the
value for C9 required to explain R(K) is of the same
order as the one required by B ! K⇤µ+µ� [8, 21].
In Ref. [15], a model with gauged muon minus tauon
number (Lµ � L⌧ ) was proposed in order to explain the
B ! K⇤µ+µ� anomaly.

Concerning Higgs decays, CMS recently measured a
lepton-flavour violating (LFV) channel [22]

Br[h ! µ⌧ ] =
�
0.89+0.40

�0.37

�
% , (2)

which disagrees from the SM (where this decay is forbid-
den) by about 2.4�. Such LFV SM Higgs couplings are

induced by a single operator up to dim-6 and Br[h ! µ⌧ ]
can easily be up to 10% taking into account this op-
erator only [23–28]. However, it is in general di�cult
to get dominant contributions to this operator in a UV
complete model, as for example in models with vector-
like leptons [29]. Therefore, among the several attempts
to explain this h ! µ⌧ observation [30–34], most of
them are relying on models with extended Higgs sec-
tors. One solution employs a two-Higgs-doublet model
(2HDM) with gauged Lµ � L⌧ [35].

The abelian symmetry U(1)Lµ�L⌧
is interesting in gen-

eral: not only is this an anomaly-free global symmetry
within the SM [36–38], it is also a good zeroth-order ap-
proximation for neutrino mixing with a quasi-degenerate
mass spectrum, predicting a maximal atmospheric and
vanishing reactor neutrino mixing angle [39–41]. Break-
ing Lµ � L⌧ is mandatory for a realistic neutrino sector,
and such a breaking can also induce charged LFV pro-
cesses, such as ⌧ ! 3µ [42, 43] and h ! µ⌧ [35].

Supplementing the model of Ref. [35] with the in-
duced Z 0 quark couplings of Ref. [15] can resolve all three
anomalies from above. Interestingly, the semileptonic B
decays imply lower limit on g0/MZ0 , which allows us to
set a lower limit on ⌧ ! µµµ, depending on h ! µ⌧ .

II. THE MODEL

Our model under consideration is a 2HDM with a
gauged U(1)Lµ�L⌧

symmetry [35]. The Lµ �L⌧ symme-
try with the gauge coupling g0 is broken spontaneously
by the vacuum expectation value (VEV) of a scalar �
with Q�Lµ�L⌧

= 1, leading to the Z 0 mass

mZ0 =
p

2g0h�i ⌘ g0v� , (3)

and Majorana masses for the right-handed neutrinos1.
Two Higgs doublets are introduced which break the

electroweak symmetry:  1 with Q 1

Lµ�L⌧
= �2 and  2

1 Active neutrino masses are generated via seesaw with close-to-
maximal atmospheric mixing and quasi-degenerate masses [35].
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One more thing: B̄0 → D∗+τ ν̄ vs B̄0 → D∗+µν̄

� Test of lepton universality at tree level: B(B̄0→D∗+τν̄)

B(B̄0→D∗+µν̄)

R(D)
0.2 0.3 0.4 0.5 0.6

R
(D

*)

0.2

0.25

0.3

0.35

0.4

0.45

0.5
BaBar, PRL109,101802(2012)
Belle, arXiv:1507.03233
LHCb, arXiv:1506.08614
Average

 = 1.02χ∆

SM prediction

HFAG

EPS 2015

) = 55%2χP(

HFAG

Prel. EPS2015

� Combination of BaBar, Belle and LHCb: ∼ 4σ from SM
� Dominant systematic uncertainty: MC template statistics
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New physics concrete model (another example)
Leptoquark model Bauer et al [1511.01900]

� Non-universality tensions including muon (g-2) simultaneously
explained through introduction of leptoquark sector

MITP/15-100
November 9, 2015

One Leptoquark to Rule Them All:
A Minimal Explanation for RD(⇤), RK and (g � 2)µ

Martin Bauera and Matthias Neubertb,c

aInstitut für Theoretische Physik, Universität Heidelberg, Philosophenweg 16, 69120 Heidelberg, Germany
bPRISMA Cluster of Excellence & MITP, Johannes Gutenberg University, 55099 Mainz, Germany

cDepartment of Physics & LEPP, Cornell University, Ithaca, NY 14853, U.S.A.

We show that by adding a single new scalar particle to the Standard Model, a TeV-scale leptoquark
with the quantum numbers of a right-handed down quark, one can explain in a natural way three of
the most striking anomalies of particle physics: the violation of lepton universality in B̄ ! K̄`+`�

decays, the enhanced B̄ ! D(⇤)⌧ ⌫̄ decay rates, and the anomalous magnetic moment of the muon.
Constraints from other precision measurements in the flavor sector can be satisfied without fine-
tuning. Our model predicts enhanced B̄ ! K̄(⇤)⌫⌫̄ decay rates and a new-physics contribution to
Bs�B̄s mixing close to the current central fit value.

Introduction. Rare decays and low-energy precision
measurements provide powerful probes of physics beyond
the Standard Model (SM). During the first run of the
LHC, many existing measurements of such observables
were improved and new channels were discovered, at rates
largely consistent with SM predictions. However, a few
anomalies observed by previous experiments have been
reinforced by LHC measurements and some new anoma-
lous signals have been reported. The most remarkable
example of a confirmed e↵ect is the 3.5� deviation from
the SM expectation in the combination of the ratios

RD(⇤) =
�(B̄ ! D(⇤)⌧ ⌫̄)

�(B̄ ! D(⇤)`⌫̄)
; ` = e, µ. (1)

An excess of the B̄ ! D(⇤)⌧ ⌫̄ decay rates was first noted
by BaBar [1, 2], and it was shown that this e↵ect can-
not be explained in terms of type-II two Higgs-doublet
models. The relevant rate measurements were consis-
tent with those reported by Belle [3–5] and were recently
confirmed by LHCb for the case of RD⇤ [6]. Since these
decays are mediated at tree level in the SM, relatively
large new-physics contributions are necessary in order to
explain the deviations. Taking into account the di↵eren-
tial distributions d�(B̄ ! D⌧⌫̄)/dq2 provided by BaBar
[2] and Belle [7], only very few models can explain the ex-
cess, and they typically require new particles with masses
near the TeV scale and O(1) couplings [8–17]. One of the
interesting new anomalies is the striking 2.6� departure
from lepton universality of the ratio

RK =
�(B̄ ! K̄µ+µ�)

�(B̄ ! K̄e+e�)
= 0.745 +0.090

�0.074 ± 0.036 (2)

in the dilepton invariant mass bin 1GeV2  q2  6 GeV2,
reported by LHCb [18]. This ratio is essentially free from
hadronic uncertainties, making it very sensitive to new
physics. Equally intriguing is a discrepancy in angu-
lar observables in the rare decays B̄ ! K̄⇤µ+µ� seen
by LHCb [19], which is however subject to significant
hadronic uncertainties [20, 21]. Both observables are in-
duced by loop-mediated processes in the SM, and assum-
ing O(1) couplings one finds that the dimension-6 opera-

tors that improve the global fit to the data are suppressed
by mass scales of order tens of TeV [22–25].

In this letter we propose a simple extension of the SM
by a single scalar leptoquark � transforming as (3,1,� 1

3 )
under the SM gauge group, which can explain both the
RD(⇤) and the RK anomalies with a low mass M� ⇠
1 TeV and O(1) couplings. The fact that such a particle
can explain the anomalous B̄ ! D(⇤)⌧ ⌫̄ rates and q2

distributions is well known [13, 17]. Here we show that
the same leptoquark can resolve in a natural way the RK

anomaly and explain the anomalous magnetic moment of
the muon. Reproducing RK with a light leptoquark is
possible in our model, because the transitions b ! s`+`�

are only mediated at loop level. Such loop e↵ects have
not been studied previously in the literature. We also
discuss possible contributions to Bs�B̄s mixing, the rare
decays B̄ ! K̄(⇤)⌫⌫̄, D0 ! µ+µ�, ⌧ ! µ�, and the
Z-boson couplings to fermions. We focus primarily on
fermions of the second and third generations, leaving a
more complete analysis for future work.

The leptoquark � can couple to LQ and eRuR, as well
as to operators which would allow for proton decay and
will be ignored in the following. Such operators can be
eliminated, e.g., by means of a discrete symmetry. The
leptoquark interactions follow from the Lagrangian

L� = (Dµ�)†Dµ�� M2
� |�|2 � gh� |�|2|�|2

+ Q̄c�Li⌧2L�
⇤ + ūc

R �ReR �
⇤ + h.c. ,

(3)

where � is the Higgs doublet, �L,R are matrices in fla-
vor space, and  c = C ̄T are charge-conjugate spinors.
Note that our leptoquark shares the quantum numbers
of a right-handed sbottom, and its couplings to fermions
can be reproduced from the R-parity violating superpo-
tential. The above Lagrangian refers to the weak basis.
In the mass basis, the couplings to fermions take the form

L� 3 ūc
L�

L
ueeL �

⇤�d̄c
L�

L
d⌫⌫L�

⇤+ūc
R �R

ueeR �
⇤+h.c. , (4)

where

�L
ue = UT

u �LUe , �L
d⌫ = UT

d �LU⌫ , �R
ue = V T

u �RVe ,
(5)
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QCD effect

� Dependence of observables on vector couplings always enters through
C eff

9 = C9 + Y (q2)

→ Y (q2) summarises contributions from bsc̄c operators

→ Interference between B → K (∗)µ+µ− and the tail of
B → J/ψ(µ+µ−)K (∗)

P. Owen

Effects of    
• At low q2, main contribution is from the J/ψ. 

• Using simple B-W model, get large contributions all the way down 
to q2=0. 

• At high q2 get large (positive) contribution from heavy      resonances.

5

of the resonances that are subsequently anal-
ysed, resolution e↵ects are neglected. While
the  (2S) state is narrow, the large branching
fraction means that its non-Gaussian tail is
significant and hard to model. The  (2S) con-
tamination is reduced to a negligible level by
requiring mµ+µ� > 3770 MeV/c2. This dimuon
mass range is defined as the low recoil region
used in this analysis.

In order to estimate the amount of back-
ground present in the mµ+µ� spectrum, an un-
binned extended maximum likelihood fit is per-
formed to the K+µ+µ� mass distribution with-
out the B+ mass constraint. The signal shape
is taken from a mass fit to the B+!  (2S)K+

mode in data with the shape parameterised
as the sum of two Crystal Ball functions [17],
with common tail parameters, but di↵erent
widths. The Gaussian width of the two compo-
nents is increased by 5 % for the fit to the low
recoil region as determined from simulation.
The low recoil region contains 1830 candidates
in the signal mass window, with a signal to
background ratio of 7.8.

The dimuon mass distribution in the low
recoil region is shown in Fig. 1. Two peaks
are visible, one at the low edge corresponding
to the expected decay  (3770) ! µ+µ� and
a wide peak at a higher mass. In all fits, a
vector resonance component corresponding to
this decay is included. Several fits are made to
the distribution. The first introduces a vector
resonance with unknown parameters. Subse-
quent fits look at the compatibility of the data
with the hypothesis that the peaking structure
is due to known resonances.

The non-resonant part of the mass fits con-
tains a vector and axial vector component. Of
these, only the vector component will inter-
fere with the resonance. The probability den-
sity function (PDF) of the signal component

]2c [MeV/−µ+µm
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)2 c
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s /
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Figure 1: Dimuon mass distribution of data with
fit results overlaid for the fit that includes con-
tributions from the non-resonant vector and ax-
ial vector components, and the  (3770),  (4040),
and  (4160) resonances. Interference terms are
included and the relative strong phases are left
free in the fit.

is given as

Psig / P (mµ+µ�) |A|2 f 2(m2
µ+µ�) , (1)

|A|2 = |AV
nr +

X

k

ei�kAk
r |2 + |AAV

nr |2 , (2)

where AV
nr and AAV

nr are the vector and axial
vector amplitudes of the non-resonant decay.
The shape of the non-resonant signal in mµ+µ�

is driven by phase space, P (mµ+µ�), and the
form factor, f(m2

µ+µ�). The parametrisation of
Ref. [18] is used to describe the dimuon mass
dependence of the form factor. This form fac-
tor parametrisation is consistent with recent
lattice calculations [19]. In the SM at low re-
coil, the ratio of the vector and axial vector
contributions to the non-resonant component is
expected to have negligible dependence on the
dimuon mass. The vector component accounts
for (45± 6) % of the di↵erential branching frac-
tion in the SM (see, for example, Ref. [20]).
This estimate of the vector component is as-
sumed in the fit.

The total vector amplitude is formed by sum-

3

]4/c2 [GeV2q
5 10 15 20

) 9
(C

∆

4−

2−

0
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6

8

10

phase = 0

/2πphase = 

πphase = 

Phys. Rev. Lett. 111, 112003 (2013)

cc̄

cc̄

Phase = phase at pole + π/2
(Same convention as this ref)

� At low q2 main culprit is the J/ψ

→ Corrections to C eff
9 (∆C9) all

the way down to q2 = 0
→ Effect strongly dependent on
relative phase with penguin
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QCD effect cont’d

� If C9 is related to a problem in our
understanding of QCD then it
should exhibit a q2 dependence.

� It should be largest closest to the
J/ψ.

� More data will help resolve
apparent q2 dependence of C9

� Note: Even if it is not new
physics, it would be something
new in QCD to understand!

� We plan dedicated measurements
to dissentangle we are working on it ok?...

Introduction Anomalies LFU violation Outlook Flavour: Outlook

q2 dependence of ΔCλ
9

Global Fit
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Measuring phase differences
� Measure relative phase between narrow resonances and penguin amplitudes
→ Model resonances as relativistic BWs multiplied by relative scale and
phase Lyon et al. [1406.0566], Hiller et al. [1606.00775]

→ Use this model to replace Y (q2) in C eff
9 = Y (q2) + C9

→ B → K form factors constrained to LCSR+Lattice predictions
→ Fit for phases and C9 and C10

� Fit dimuon spectrum in
B+ → K+µ+µ−

→ Expect precision of phase
∼ 0.1 rad (ambiguities over sign of
phase)[Owen Barcelona workshop 2016]

� In final stages of review
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Conclusions
� Intriguing set of measurements of electroweak penguin decays at LHCb
� Combination of measurements results in tensions with the SM at level
∼ 4.5σ

� Can be explained through extensions to the SM
� Can be attributed to large unexpected experimental or theory effects
� More tests underway

� Run2 quadrupules our dataset → major benefit as all measurements
statistically limited and theory precision is better than experimental

� Larger yields means we can start comparing b → s`` with b → d`` at test
Minimal Flavour Violation hypothesis of potential new physics

As LHC pushes energy scale of new physics �1TeV, Minimal Flavour Violation
constraints get lifted → Increase chances to see NP in flavour
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Backup
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Upgrade Trigger
The problem: saturation of L0 Hadronic trigger rate on hadronic decays at
> 4× 1032cm−2s−1

30 MHz inelastic event rate 
(full rate event building)

h± 400 kHz
µ/µµSoftware High Level Trigger

2-5 GB/s rate to storage

Full event reconstruction, inclusive and 
exclusive kinematic/geometric selections

Buffer events to disk, perform online 
detector calibration and alignmentAdd offline precision particle identification 

and track quality information to selections

LHCb Upgrade Trigger Diagram

Run-by-run detector 
calibration
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LHCb upgrade
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The LHCb upgrade

� If cracks in the SM persist in Run 2, the LHCb upgrade will allow for
precision measurements of the flavour structure of New Physics

� Otherwise, LHCb upgrade will probe NP at multi-TeV energy scale
� General purpose forward experiment: Complementary non-flavour

programme to ATLAS and CMS

The LHCb upgrade

⌘ If cracks in the SM persist in Run 2, the LHCb upgrade will allow for
precision measurements of the flavour structure of New Physics

⌘ Otherwise, LHCb upgrade will probe NP at multi-TeV energy scale
⌘ General purpose forward experiment: Complementary non-flavour program

to ATLAS and CMS

Run	1	(2010-2012) 2012-2015 Run	2	(2015-2018) 2018-2021 Run	3	(2021-2023) 2023-2025 Run	4	(2025-2028) 2028-2030 Run	5	(2030+)
3fb-1 Shutdown ~5fb-1 Shutdown ~23fb-1 Shutdown ~46fb-1 Shutdown ~100fb-1

LHCb LHCb	upgrade LHCb	upgrade++

The problem:
⌘ Current conditions: up to Linst = 4 ⇥ 1032cm�2s�1, µ ⇠ 1.7
⌘ 2020 conditions: Linst = 2 ⇥ 1033cm�2s�1, µ ⇠ 5

Higher luminosities:
⌘ More interactions per crossing, more vertices, higher track multiplicities,

more ghost tracks...

K.A. Petridis (UoB) Recent results from LHCb IOP HEPP 2016 26 / 29

2017-2024	Belle-II	(50ab-1)	

The problem:
� Current conditions: up to Linst = 4× 1032cm−2s−1, µ ∼ 1.7
� 2020 conditions: Linst = 2× 1033cm−2s−1, µ ∼ 5

Higher luminosities:
� More interactions per crossing, more vertices, higher track multiplicities,

more ghost tracks...
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The LHCb upgrade cont’d
The solution:

� More flexible trigger, reading out full detector at 40MHz and HLT output
between 20 and 100 kHz

LHCb UK
→ VELO upgrade:

� Silicon microstrips → Pixel sensors
� 40MHz readout
� Closer to the beam (8mm→5mm)
� Microchannel cooling and RF foil
→ RICH upgrade:

� Replace HPDs with MaPMTs in RICH1,2
� 40MHz readout
� Upgrade photodetector assembly in RICH1,2
� Complete redesign of RICH1 mechanical structure to reoptimise optics

and easier access

→ Major upgrades to tracking as well
[LHCb-TDR-013], [LHCb-TDR-014], [LHCb-TDR-015],[LHCb-TDR-016]

K.A. Petridis (UoB) b → s`` LHCb Liverpool Seminar 36 / 36



Phase 1 upgrade of LHCb firmly established
→ Momentum building for developing a detector for Run4,5...
→ Theatre of Dreams Beyond the LHCb Phase 1 upgrade: 6-7 April
Manchester [link]
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