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Overview

� A brief introduction to heavy flavour
� Electro-Weak penguin processes
� How and what do we measure
� LHCb results and implications
� Outlook
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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 top-quarks, 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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CKM and masses
CKM matrix is a cornerstone of our understanding of particle physicsCKM vs. PMNS 

ICHEP, Melbourne, July 9, 2012 � 4 

Why these values? Are the two related? Are they related to masses? 
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12 orders of magnitude differences not explained; t quark as heavy as Tungsten 
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� One complex phase accounts for CPV in SM (O(1010) too small)
� Do not understand relative sizes of the values (|Vub| = O(10−3)|Vtb|)
� Pattern of masses similarly puzzling (mu = O(10−3)mt)
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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)
� 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
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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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Heavy flavour production

Experiment Belle/BaBar TeVatron LHC

Process e+e− → Υ(4s)→ BB̄ pp̄ → bb̄X (
√
s = 2TeV) pp → bb̄X (

√
s = 8TeV )

σtot 1× 10−3 µb ∼ 100µb ∼ 320µb

Lumi/exp. ∼ 500 fb−1 ∼10 fb−1 5-25 fb−1

pile-up 0 1.7 0.5-20

B content B+B−(50%), B0B̄0(50%) B0(40%), B+(40%), B0
s (10%), b-baryon (10%), Bc(< 1%)

B boost small large, decay vertices are displaced

BQ
tag O(10%) O(1%)

B0B̄0 mixing coherent incoherent→flavour tagging dilution

� Prolific charm production at hadron machines (σcc̄ ∼ 20× σbb̄ @LHC)
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Electroweak penguin processes
� b → s FCNC transitions are suppresed in SM
� Only occur via loop or box processes
� First b → s transition observed in B0 → K ∗0γ decays by CLEO in

1993
� Expected B = (2− 4)× 10−5

� Measured (4.5± 1.7)× 10−5 → stringent constraints on parameter
space of new physics

� Current average (4.34± 0.15)× 10−5

γ

b s
W/ ˜t

t/
˜
H±

W +, H+

µ+ µ−

b̄ s

t̄ t

Z0, H0, h0
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Electroweak penguin processes

� b → s FCNC transitions are suppresed in SM
� Only occur via loop or box processes
� First b → s transition observed in B0 → K ∗0γ decays by CLEO in

1993
� Expected B = (2− 4)× 10−5

� Measured (4.5± 1.7)× 10−5 → stringent constraints on parameter
space of new physics
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Golden decay B0 ! K⇤0[! K+⇡�]µ+µ�
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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
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Theoretical 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)

10,S ,P,T∑

i=1

(CSM
i + ∆CNP

i )Oi

� 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� New physics enters at the ΛNP scale
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Sensitivity to New Physics

� b → s(d)µ+µ− transitions probe a range of operators

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 = 280µb @
√
s = 7TeV

(scale ∼ linear with
√
s)

� σbb̄ in LHCb acceptance ∼ 76µb
� 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""

The Experimental Environment 

•  LHC produces a huge number of 
B decays  
–  σ(bb) = 280µb @ LHC, 7TeV (**)   

(approx. linear with energy) 
–  σ(bb) = 0.001µb @ B factories 

•  At the LHC σ(pp, inelastic) @ 
√s=7 TeV ~60 mb, only 1/200 
events contains a b quark, 
looking for BR ~10-6-10-9 - 
enormous demands on detector 
and trigger 

 → The LHCb experiment 

6"(**)"LHCb,"Phys."Le.."B"694"(2010)"2096216""
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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
� Operate at inst. luminosity 10-50 times lower than central detectors
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Detector performance
General analysis strategy: LHCb experiment

S. Oggero, “Very rare decays at LHCb”, Discrete12 5 / 25

General analysis strategy: signal selection

I Triggers: mainly muon and dimuon lines
(✏TRIG ⇠70-90%)

I Particle Identification: µ for final states,
h for control channels
(ex. ✏µµ ⇠98%, ✏⇡!µ ⇠0.6%)

I Meson mass requirements
(ex. �(m)B0

s !µ+µ� ⇠ 26 MeV/c2)

I Vertex criteria: tracks fitting, pointing,
separation
(�vertex ⇠16µm in x,y)

Backgrounds rejection

- Combinatorial background ! MultiVariate Analysis:
real leptons in the events, not coming from the same meson-decays
MVA classifier is typically a Boosted Decision Tree (BDT)

- “Peaking” backgrounds ! MC/data-driven studies
exclusive decays with final state hadron(s) misId. as muon (h ! µ)
might peak in the signal search window

S. Oggero, “Very rare decays at LHCb”, Discrete12 6 / 25

� VeLo σtrk
IP ∼ 20µm for ptrk

T > 2GeV
� Tracking δp/p = 0.4− 0.6%

� RICH εid
K = 95% for 5% mis-id

� 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-I
The challenge

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

•  Small event size (60kB)  
 → large bandwidth  

•  Allows low thresholds 
12"

17 

L0 
Hardware   

“high pT” signals in calorimeter 
and muon systems 

HLT1 
Software 

Partial reconstruction, selection 
based on one or two (dimuon) 
displaced tracks, muon ID 

HLT2 
Software 

Global reconstruction (very close 
to offline) dominantly inclusive 
signatures – use MVA 

Charm Had. B Lept. B 

Overall 
efficiency 

~10% ~40% ~75-90% 

3KHz 

� L0 (Hardware): high pT signals in
calorimeter and muon systems

� HLT1 (Software): Partial
reco/selection on one or two
displaced tracks/muon ID

� HLT2 (Software): Global reco (close
to offline), mostly for inclusive
signatures using MVA

Charm Hadronic B Leptonic B
Efficiency ∼ 10% ∼ 40% ∼ 75− 90%
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LHCb dataset
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"

� Total of 3 fb−1 at instantaneous luminosities of up to
4× 1032cm−2s−1 (double the design value!)

� Inclusion of Run-II data will quadruple current dataset
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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

B0 ! K⇤0µ+µ� 17 / 28

Mass model and B0! K⇤0µ+µ� signal yield
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[LHCb-CONF-2015-002]

B0! K⇤0µµ signal

1.1 < q2 < 6.0 GeV2/c4

⌅ Signal mass model from high statistics B0 ! J/ K⇤0

Correction factor from simulation to account for q2 dep. resolution
⌅ Finer q2 binning to allow more flexible use in theory
⌅ Significant signal yield in all bins, q2 integrated Nsig = 2398 ± 57

C. Langenbruch (Warwick), Moriond EW 2015 Rare decays from LHCb
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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
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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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An intriguing set of results

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

→ Large theory uncertainties. But lattice calculations provide
precision at large dimuon masses squared (q2)

2. Measurements of ratios of decay rates of B → K (∗)`+`−

→ Cancellations of hadronic form-factor uncertanties in predictions

3. Angular analyses of B → K (∗)µ+µ− and Bs → φµ+µ−

→ Can access observables with reduced dependence on theory
uncertainties

1

1No time to discuss CP and Isospin asymmetry measurements, latest Λb → Λµµ,
B → K∗e+e−, Bs → φµµ B+,0 → K+,0µ+µ− angular analyses, B → ππµµ BFs
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1. Decay rate measurements

� Large LHCb datasets allows for precision measurements
� Results hint towards lower rates than predicted
→ Could be explained with new physics in C9 e.g Z ′

]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

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

]2
/G

eV
4 c × 

-8
 [

10
2 q

/d
Bd 0

5

10

15

20
LCSR Lattice Data

LHCb

−µ+µ*+ K→+B

Table 1: The signal yields for B0
s ! �µ+µ� decays, as well as the di↵erential branching fraction

relative to the normalisation mode and the absolute di↵erential branching fraction, in bins of q2.
The given uncertainties are (from left to right) statistical, systematic, and the uncertainty on the
branching fraction of the normalisation mode.

q2 bin [ GeV2/c4] N�µµ
dB(B0

s!�µµ)
B(B0

s!J/ �)dq2 [10�5 GeV�2c4] dB(B0
s!�µ+µ�)
dq2 [10�8 GeV�2c4]

0.1 < q2 < 2.0 85.2+10.6
�10.0 5.44+0.68

�0.64 ± 0.13 5.85+0.73
�0.69 ± 0.14 ± 0.44

2.0 < q2 < 5.0 59.6+9.8
�9.2 2.38+0.39

�0.37 ± 0.06 2.56+0.42
�0.39 ± 0.06 ± 0.19

5.0 < q2 < 8.0 82.7+11.5
�10.9 2.98+0.41

�0.39 ± 0.07 3.21+0.44
�0.42 ± 0.08 ± 0.24

11.0 < q2 < 12.5 70.4+10.4
�9.8 4.37+0.64

�0.61 ± 0.14 4.71+0.69
�0.65 ± 0.15 ± 0.36

15.0 < q2 < 17.0 83.1+10.4
�9.9 4.20+0.53

�0.50 ± 0.11 4.52+0.57
�0.54 ± 0.12 ± 0.34

17.0 < q2 < 19.0 54.2+7.8
�7.4 3.68+0.53

�0.50 ± 0.13 3.96+0.57
�0.54 ± 0.14 ± 0.30

1.0 < q2 < 6.0 101.0+12.8
�12.2 2.40+0.30

�0.29 ± 0.07 2.58+0.33
�0.31 ± 0.08 ± 0.19

15.0 < q2 < 19.0 135.5+13.2
�12.7 3.75+0.37

�0.35 ± 0.12 4.04+0.39
�0.38 ± 0.13 ± 0.30
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Figure 4: Di↵erential branching fraction of the decay B0
s ! �µ+µ�, overlaid with SM predic-

tions [4,5] indicated by blue shaded boxes. The vetoes excluding the charmonium resonances are
indicated by grey areas.

systematic uncertainty is determined with simulated B0
s ! �µ+µ� signal events, generated

using time-dependent decay amplitudes as described in Ref. [12]. When varying the Wilson
coe�cients, the size of the e↵ect is found to be at most 1.6%, which is taken as the

7

Table 1: Signal yield (Nsig) and di↵erential branching fraction (dB/dq2) of the B0! K⇤0µ+µ�

decay in the six q2 bins used in this analysis. Results are also presented in the 1 < q2 < 6 GeV2/c4

range where theoretical uncertainties are best controlled. The first and second uncertainties are

statistical and systematic. The third uncertainty comes from the uncertainty on the B0! K⇤0J/ 
and J/ ! µ+µ� branching fractions. The final uncertainty on dB/dq2 comes from an estimate

of the pollution from non-K⇤0 B0! K+⇡�µ+µ� decays in the 792 < m(K+⇡�) < 992MeV/c2

mass window (see Sec. 7.3.2).

q2 ( GeV2/c4) Nsig dB/dq2 (10�7 GeV�2c4)

0.10 � 2.00 140 ± 13 0.60 ± 0.06 ± 0.05 ± 0.04 +0.00
�0.05

2.00 � 4.30 73 ± 11 0.30 ± 0.03 ± 0.03 ± 0.02 +0.00
�0.02

4.30 � 8.68 271 ± 19 0.49 ± 0.04 ± 0.04 ± 0.03 +0.00
�0.04

10.09 � 12.86 168 ± 15 0.43 ± 0.04 ± 0.04 ± 0.03 +0.00
�0.03

14.18 � 16.00 115 ± 12 0.56 ± 0.06 ± 0.04 ± 0.04 +0.00
�0.05

16.00 � 19.00 116 ± 13 0.41 ± 0.04 ± 0.04 ± 0.03 +0.00
�0.03

1.00 � 6.00 197 ± 17 0.34 ± 0.03 ± 0.04 ± 0.02 +0.00
�0.03

corresponds to a measurement of the decay B0 ! K+⇡�J/ over the same m(K+⇡�)
window used in this analysis.
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Figure 3: Di↵erential branching fraction of the B0 ! K⇤0µ+µ� decay as a function of the

dimuon invariant mass squared. The data are overlaid with a SM prediction (see text) for the

decay (light-blue band). A rate average of the SM prediction across each q2 bin is indicated by

the dark (purple) rectangular regions. No SM prediction is included in the region close to the

narrow cc resonances.
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B0 → K∗0µ+µ−: [JHEP08(2013)131]
Bs → φµ+µ−: [JHEP07(2013)084]
B+ → K +µ+µ−, B0 → K0µ+µ−,
B+ → K∗+µ+µ−: [JHEP06(2014)133]
LCSR: Bobeth et al. [1111.2558],
[JHEP07(2011)067]
Lattice: Bouchard et al. [1310.3207]
missing 2-loop corrections to C eff
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1. Decay rate measurements

� Large LHCb datasets allows for precision measurements
� Precision from lattice also confirms this
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FIG. 1. Observables for the decays B0 ! K⇤0µ+µ� (upper two rows) and B0
s ! �µ+µ� (bottom row; untagged averages

over the B̄0
s and B0

s distributions). The solid curves show our theoretical results in the Standard Model; the shaded areas give
the corresponding total uncertainties (with and without binning). The dashed curves correspond to the new-physics fit result
C9 = CSM

9 � 1.1, C0
9 = 1.1 (the uncertainties of the dashed curves are not shown for clarity). We also show our averages of

results from the CDF, LHCb, CMS, and ATLAS experiments [26, 50–52, 54] (note that S
(LHCb)
4 = �S4 and P

0(LHCb)
4 = �P 0

4).

CNP
9 + C 0

9 < 0. For our analysis, the problem is that
resonant contributions have non-zero phases and could
in principle also interfere destructively with the nonres-
onant amplitude, perhaps causing the observed deficit in
the B0 ! K⇤0µ+µ� and B0

s ! �µ+µ� branching frac-
tions. More precise experimental results for these decays,
with smaller bin sizes, could help clarify this situation.
The baryonic decay ⇤b ! ⇤(! p+⇡�)µ+µ� [62–64] can
also provide new constraints on C9 and C 0

9.
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First interpretation

Optimistic Pessimistic

� Vector-like contribution could
come from new tree level
contribution from a Z’ with
mass of O(10) TeV.

� Vector-like contribution could
point to a problem with our
understanding of QCD, e.g. are
we correctly estimating the
contribution for charm loops
that produce dimuon pairs via a
virtual photon.
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BES-II R-ratio interlude

34 of 34

BES collaboration results on  states

� BES results one of few who inculde an interference term
Phys. Lett. B660:315-319, 2008

� Figure shows fit to R values for high mass charmonium structure

R(q2) =
�(e+e� ! hadrons)

�(e+e� ! µ+µ�)
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Figure 1: The fit to the R values for the high mass charmonia structure. The dots
with error bars are the updated R values. The solid curve shows the best fit, and the
other curves show the contributions from each resonance RBW , the interference Rint, the
summation of the four resonances Rres = RBW + Rint, and the continuum background
Rcon respectively.
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Figure 2: (I) The comparison of R values between the values published in Ref. [14]
(triangles: Rold) and the updated values in this work (points: Rnow). (II) The relative
di�erences between the two sets of R values.
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S. Hall (ICL) LHCb results on rare decays

ICNFP 2013 Backups

Resonance Mass [ MeV/c2 ] Width [ MeV ]
 (3770) 3773.2 ± 0.3 27.2 ± 1.0
 (4040) 4039.6 ± 4.3 84.5 ± 12.3
 (4160) 4191.7 ± 6.5 71.8 ± 12.3
 (4415) 4415.1 ± 7.9 71.5 ± 19.0

Table 1: The relevant resonance parameters of the fit to the BES data [?]. Note the rather
misleading name of the  (4160).

of the ISR production and subsequent decay [?,?,?] the world average properties [?] are57

�(e+e�)�(J/ ⇡+⇡�)
�

= 5.9+1.2
�0.9 eV, m = 4263+8

�9 MeV/c2 and � = 95 ± 14 MeV.58

Care has to be taken in translating a yield of a peaking structure X into a measurement59

a product of branching fractions, B(B+ ! K+X)B(X ! µ+µ�). Even after taking60

interference with the nonresonant component into account, such an interpretation still61

makes an assumption of factorisation [?], i.e. that the K+ and the X can be treated62

independently. This assumption only strictly holds at high recoil.63

3 Strategy64

The majority of this analysis is very similar to other electroweak penguin analyses at65

LHCb. A boosted Decision Tree (BDT) is used as the selection. Candidates are required66

to be Triggered On Signal (TOS) on several lines, described in Sect. ??. The peaking67

backgrounds for this decay have been studied many times before in LHCb, here we assess68

them to be negligible (backgrounds considered are described in Sect. ??). The e�ciency as69

a function of mµ+µ� is calculated using the simulation, and is normalised to B+! J/ K+
70

decays. This has a small e↵ect on the analysis as we only rely on the shape of this e�ciency,71

the procedure is described in Sect. ??. In order to estimate the amount of background in72

the mµ+µ� spectrum we fit the B mass, which is described in Sect. ??.73

The main part of the analysis is the fit to mµ+µ� , which is described in Sects. ?? and74

??. The mµ+µ� mass is calculated with the K+ µ+ µ� mass constrained to the nominal75

B mass, which improves resolution considerably. We make various hypotheses for the76

resonance, which is modelled by a Breit-Wigner, and calculate the significance using toy77

datasets. The systematics associated with this analysis are very few, owing to the low78

reliance on the simulation and big statistical uncertainties. The dominant systematics79

are the possible interference with the  (3770) and background modelling. These are80

both absorbed into the statistical uncertainty by including them in the fit. Systematic81

uncertainties are described in Sect. ??.82

4

� Charmonium resonances 1−− above open charm (DD) threshold from BES

� Fits account for interference between states

� Watch out. PDG information is misleading!
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What can cc̄ say about this?
� For the first time cc̄ resonances observed in high q2 region of

B+ → K+µ+µ− using full RunI data [PRL 111,112003 (2013)]
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Results of fit arXiv:1307.7595
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Unconstrained  (4160)

B[⇥10�9] 3.9 +0.7
�0.6 3.5 +0.9

�0.8

Mass [MeV] 4191 +9
�8 4190 ± 5

Width [MeV] 65 +22
�16 66 ± 12

Phase [rad] �1.7 ± 0.3 �1.8 ± 0.3

� Unconstrained resonance match
measurements of  (4160)

� Fit then allowed to float within
Gaussian uncertainties of BES
Phys. Lett. B660:315-319, 2008

� First observation of  (4160) ! µ+µ�

S. Hall (ICL) LHCb results on rare decays

ICNFP 2013 Observation of resonance in B ! Kµµ

� Resonant contribution (including interference) at high q2 amounts to ∼ 20%
of the B+ → K+µ+µ− rate in that region [PRL 111,112003 (2013)]

� B(B+ → K+ψ4160(µ+µ−)) = 3.9+0.7
−0.6 × 10−9!

� Sensitive due to interference with large non-resonant component!
� How does this fit in with QCD treatment of high q2?
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The repulsive charm
� Assuming factorisation of the hadronic and dimuon systems, can predict

resonant contribution by simultaneously fitting e+e− →hadron data from
BESII and B+ → K+µ+µ− from LHCb [Lyon, Zwicky 1406.0566]
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BES collaboration results on  states

� BES results one of few who inculde an interference term
Phys. Lett. B660:315-319, 2008

� Figure shows fit to R values for high mass charmonium structure

R(q2) =
�(e+e� ! hadrons)

�(e+e� ! µ+µ�)
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Figure 1: The fit to the R values for the high mass charmonia structure. The dots
with error bars are the updated R values. The solid curve shows the best fit, and the
other curves show the contributions from each resonance RBW , the interference Rint, the
summation of the four resonances Rres = RBW + Rint, and the continuum background
Rcon respectively.
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Figure 2: (I) The comparison of R values between the values published in Ref. [14]
(triangles: Rold) and the updated values in this work (points: Rnow). (II) The relative
di�erences between the two sets of R values.
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ICNFP 2013 Observation of resonance in B ! Kµµ
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FIG. 3: B ! K`` rate for high E ⌘
p

q2 just above the  (3770)-resonance up to the kinematic endpoint. The 40 LHCb bins [1, 13] are
shown with grey crosses. The solid blue line corresponds to our SM prediction using FA (the non-factorisable corrections are discussed in
chapter V). The cyan band is the theory error band. The mismatch between FA and the data is apparent to the eye.

b) Prefactor of hc(q
2), (18 = 2⌘B,⌘c

+ 16res fit parameters, ⌫ = 117 � 18 � 1 = 98)
In addition to the normalisation, we fit for a scale factor ⌘c in front of the factorisable charm-loop hc(q

2). More precisely:

HV = Ce↵
9

(mB + mK)

2mb
f+(q2) + Ce↵

7 fT (q2) ,

Ce↵
9 = (C9 + ⌘cafachc(q

2) + ...) (15)

where C9(µ) ' 4, Ce↵
7 (µ) ' �0.3, afac(µ) ' 0.6 at µ ' mb and hc(q

2) is shown in Fig. 1. The dots stand for quark
loops of other flavours.

In a next step we probe for non-factorisable corrections by letting the fit residues of the LHCb data take on arbitrary real
(fit-c) and complex (fit-d) numbers. We would like to emphasise that in addition to non-factorisable effects new operators with
JPC [c̄�c] = 1��, other than the vector current, can also lead to such effects. More discussion can be found later on.

For the charm vacuum polarisation the discontinuity Disc[hc] is necessarily positive Eq. (8,2) and its relation to physical
quantities is given (5). Hence we can test for physics beyond SM FA by the following replacement

|
X

r

T r!f (s)|2 ! (
X

r

⇢rT
r!f (s))(

X

r

T r!f (s))⇤ . (16)

The scale factor ⇢r roughly corresponds to A(B ! K )/fB!K
+ (q2) and replaces A( ! ``) in (5).

For the fits c) and d) we are not going to put any background model to the LHCb-fit since with the current precision of the
LHCb data it seems difficult to crosscheck for the correctness of any model. The background is essentially zero at the D̄D-
threshold and is expected to raise smoothly with kinks at the thresholds of various DD̄-thresholds (with the two D’s being any
of D, D⇤, Ds, D

⇤, D1, . . . ) into the region where perturbation theory becomes accurate. In fact this is the essence behind the
model ansatz (4). The branching fraction has just got the opposite behaviour to the background and this is the reason why it
seems difficult to extract the background from the data. More data could, of course, improve the situation.

c) Variable residues ⇢r 2 R, (22 = 1⌘B + 5⇢r + 16res fit parameters, ⌫ = 117 � 32 � 1 = 94)
We choose to keep ⌘B ⌘ 1 and parameterise ⇢ (2S) instead which is an equivalent procedure. The five parameters ⇢r are
constrained to be real.

d) Variable residues ⇢r 2 C, (27 = 1⌘B + 10⇢r
+ 16res fit parameters, ⌫ = 117 � 27 � 1 = 89)

Idem but with ⇢r 2 C allowing for dynamical phases, therefore introducing 5 new fit parameters.

� Require 350% correction on factorisation assumption
to describe LHCb data
Require large fudge factor (→ C1,2 terms in C eff

9 )
→ Could in priniple affect measurements below the
J/ψ and “mimic” new physics in C9

� RK measurement however independent of this
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B+ → K+e+e−
Experimental challenge:

� 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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S.Cunliffe (Imperial) FFP14 Lepton universality in B± ! K±`+`� 17/21
]2c) [MeV/−µ+µ+K(m

5200 5400 5600
 )2 c

C
an

di
da

te
s 

/ (
 1

2.
5 

M
eV

/

0

100

200

300 LHCb

(b)

� Correct for bremsstrahlung by looking for compatible photons in
calorimeter

� Correct for q2 migration from simulation
� Determine part-reco from combination of data and MC
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2. Ratios of decay rates

� Recent measurement of: RK =
B(B+ → K+µ+µ−)

B(B+ → K+e+e−)
[1406.6482 accepted by PRL]

� 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 < 11 Supplementary material

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

KR

0

0.5

1

1.5

2

SM

LHCbLHCb

LHCb BaBar Belle

Figure 1: Summary of results on RK determined by LHCb experiment in this paper, BaBar and Belle [?]
experiments. The SM prediction is also shown as a continuous function of q2. The theoretical uncertainty
on RK is expected to be O(10�3).
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Figure 2: Likelihood profile for RK of B+! K+e+e� candidates in the three trigger categories (electron,
hadron and other) and their combination.

1

� 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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B0 → K ∗0µ+µ−

� Differential decay rate of B0 → K∗0µ+µ−:K⇤0µ+µ� signal can therefore be written as

1

d(� + �̄)/dq2

d3(� + �̄)

d~⌦

����
P

=
9

32⇡

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

+1
4
(1 � FL) sin2 ✓K cos 2✓l

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

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

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

+S8 sin 2✓K sin 2✓l sin�+ S9 sin2 ✓K sin2 ✓l sin 2�
i
.

Additional sets of observables, for which the leading form-factor uncertainties cancel,
can be built from FL and S3 through S9. Examples of such “optimised” observables
include the transverse asymmetry A

(2)
T [22], where A

(2)
T = S3/(1�FL), and the P 0 series of

observables [23], with, for example, P 0
4,5 = S4,5/

p
FL(1 � FL).

At LHCb, the K⇤0 is reconstructed through the decay K⇤0 ! K+⇡�. In addition to
the resonant P-wave K⇤0 contribution to the K+⇡�µ+µ� final state, the K+⇡� can also
be in an S-wave configuration. The addition of an S-wave component introduces two new
complex amplitudes, AL,R

S , and results in six additional angular terms. The new angular
terms are given in the lower part of Table 1. In the analyses described in Refs [1, 7] the
S-wave pollution, which is expected to be on the order of ten percent, was treated as a
systematic uncertainty. The introduction of a K+⇡� system in an S-wave configuration
modifies the angular distribution to

1

d(� + �̄)/dq2

d3(� + �̄)

d~⌦

����
S+P

= (1 � FS)
1

d(� + �̄)/dq2

d3(� + �̄)

d~⌦

����
P

(5)

+
3

16⇡
FS sin2 ✓` + S-P interference

where FS denotes the S-wave fraction and S-P interference refers to the terms in Table 1
that depend on both the P- and S-wave amplitudes.

For the present analysis, an unbinned maximum likelihood fit is used to determine
the CP -averaged observables FL, AFB, and S3 through S9. The S-wave observables are
explicitly included as nuisance parameters. The data are analysed in approximately
2 GeV2/c4 q2 bins and measurements are also made in wider 1.1 < q2 < 6.0 GeV2/c4

and 15.0 < q2 < 19.0 GeV2/c4 bins for which there are particularly precise theoretical
predictions (see Tables 2 and 3 for details).

3 Detector and simulation

The LHCb detector [24,25] is a single-arm forward spectrometer covering the pseudorapidity
range 2 < ⌘ < 5, designed for the study of particles containing b- or c-quarks. The detector

3

� Assuming only P-wave Kπ system (see later)
� Ignoring scalar contributions and lepton masses:

� Si terms depend on K∗ spin amplitudes AL,R
0 ,AL,R

‖ ,AL,R
⊥
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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
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Angular terms

In Section 7 we study the New Physics sensitivity of the proposed observables. For that

purpose we study the SM contribution including NLO effects using QCD Factorization,

hadronic uncertainties and an estimate of Λ/mb corrections. We also consider how the

SM expectations are modified in several NP scenarios. We analyze the position of the

zeroes of the observables as well as those NP scenarios that affect most strongly each of

the observables.

In Section 8 we summarize the relevant results of the paper. Finally, the core of the

mathematical machinery related to the symmetry formalism, including constructive proofs

of existence of the continuous symmetries has been collected in Appendix A. This appendix

contains the explicit form of the symmetry transformations among the amplitudes in the

massless (appendix A.1), the massive (appendix A.2) and scalar case (appendix A.3). In

appendix B we present the building blocks of the observables in the large recoil limit.

2 Symmetries of the angular distribution

The coefficients of the distribution given in Eq. (1) can be written in terms of transversity

amplitudes. In the massless case there are six such complex amplitudes: AR,L
0 , AR,L

‖ and

AR,L
⊥ . An additional complex amplitude At is required in the massive case, and in the

presence of scalar contributions a new amplitude AS must be included. The expressions

for these coefficients read,

J1s =
(2 + β2

! )

4

[
|AL

⊥|2 + |AL
‖ |2 + |AR

⊥|2 + |AR
‖ |2
]
+

4m2
!

q2
Re
(
AL

⊥AR
⊥

∗
+ AL

‖ AR
‖

∗)
,

J1c = |AL
0 |2 + |AR

0 |2 +
4m2

!

q2

[
|At|2 + 2Re(AL

0 AR
0

∗
)
]
+ β2

! |AS|2 ,

J2s =
β2

!

4

[
|AL

⊥|2 + |AL
‖ |2 + |AR

⊥|2 + |AR
‖ |2
]
, J2c = −β2

!

[
|AL

0 |2 + |AR
0 |2
]

,

J3 =
1

2
β2

!

[
|AL

⊥|2 − |AL
‖ |2 + |AR

⊥|2 − |AR
‖ |2
]
, J4 =

1√
2
β2

!

[
Re(AL

0 AL
‖

∗
+ AR

0 AR
‖

∗
)
]
,

J5 =
√

2β!

[
Re(AL

0 AL
⊥

∗ − AR
0 AR

⊥
∗
) − m!√

q2
Re(AL

‖ A∗
S + AR

‖
∗
AS)

]
,

J6s = 2β!

[
Re(AL

‖ AL
⊥

∗ − AR
‖ AR

⊥
∗
)
]

, J6c = 4β!
m!√
q2

Re(AL
0 A∗

S + AR
0

∗
AS) ,

J7 =
√

2β!

[
Im(AL

0 AL
‖

∗ − AR
0 AR

‖
∗
) +

m!√
q2

Im(AL
⊥A∗

S − AR
⊥

∗
AS))

]
,

J8 =
1√
2
β2

!

[
Im(AL

0 AL
⊥

∗
+ AR

0 AR
⊥

∗
)
]

, J9 = β2
!

[
Im(AL

‖
∗
AL

⊥ + AR
‖

∗
AR

⊥)
]

, (3)

5
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Amplitudes I
B0! K ⇤0µ+µ� decay amplitudes

At “leading order”

A
L(R)
? = N

p
2�

⇢⇥
(Ce↵

9 + C0e↵
9 ) ⌥ (Ce↵

10 + C0e↵
10 )
⇤ V(q2)

mB + mK⇤
+

2mb

q2
(Ce↵

7 + C0e↵
7 )T1(q

2)

�

A
L(R)
k = �N

p
2(m2

B � m2
K⇤)

⇢⇥
(Ce↵

9 � C0e↵
9 ) ⌥ (Ce↵

10 � C0e↵
10 )
⇤ A1(q

2)

mB � mK⇤
+

2mb

q2
(Ce↵

7 � C0e↵
7 )T2(q

2)

�

A
L(R)
0 = � N

2mK⇤
p

q2

⇢⇥
(Ce↵

9 � C0e↵
9 ) ⌥ (Ce↵

10 � C0e↵
10 )
⇤⇥

(m2
B � m2

K⇤ � q2)(mB + mK⇤)A1(q
2) � �

A2(q
2)

mB + mK⇤

⇤

+ 2mb(C
e↵
7 � C0e↵

7 )
⇥
(m2

B + 3mK⇤ � q2)T2(q
2) � �

m2
B � m2

K⇤
T3(q

2)
⇤�

At =
Np
q2

p
�

⇢
2(Ce↵

10 � C0e↵
10 ) +

q2

mµ
(Ce↵

P � C0e↵
P )

�
A0(q

2)

AS = �2N
p
�(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 are the Wilson coefficients (including 4-quark operator

contributions)
� Ai, Ti and Vi, are form factors typically treated as nuisance

parameters
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Amplitudes II
� At leading order and for large EK∗ >> ΛQCD (large recoil), 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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Experimental aspects of 1 fb−1 result
� Previous analysis [JHEP 08(2013)131] extracted all observables from separate fits

to the data (by transforming the angular distribution)
� Cannot trivially correlate experimental uncertainties

� Low stats meant:
� Large bins in q2 degrading sensitivity to NP
� S-wave contribution to Kπ system ignored and systematic uncertainty

added
� Acceptance correction assumed to factorise in the 3 angles

� P ′4,5,6,8 ∝ (S4,5,7,8)/
√

FL(1− FL)

� 1 fb−1 of 2011 data

� 3.7σ tension in P ′5

� 0.5% probability to see a deviation
assuming 24 independent
measurements

30 of 34

Results – P 0
5 arXiv:1308.1707
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� P 0
5 shows deviation of 3.7� for 4.3 < q2 < 8.68 GeV2/c4 from SM

predictions Descotes-Genon et al. JHEP 05 (2013) 137

� 2.5� in bins 1 < q2 < 6 GeV2/c4

S. Hall (ICL) LHCb results on rare decays

ICNFP 2013 B ! K⇤µµ
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Latest B0 → K ∗0µ+µ− analysis
B0 ! K⇤0µ+µ� 16 / 28

B0! K⇤0µ+µ� selection
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[LHCb-CONF-2015-002]

⌅ BDT to suppress combinatorial background
Input variables: PID, kinematic and geometric quantities, isolation variables

⌅ Veto of B0 ! J/ K⇤0 and B0 !  (2S)K⇤0 (important control decays)
and peaking backgrounds using kinematic variables and PID

⌅ Signal clearly visible as vertical band after the full selection
C. Langenbruch (Warwick), Moriond EW 2015 Rare decays from LHCb

� Observe ∼2400 signal candidates.
� Finer q2 binning that 1 fb−1 result
� mKπµµ lineshape obtained from

control channel and corrected for q2

dependence from simulation

B0 ! K⇤0µ+µ� 17 / 28

Mass model and B0! K⇤0µ+µ� signal yield
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[0.1, 0.98] GeV2/c4 [1.1, 2.5] GeV2/c4 [2.5, 4.0] GeV2/c4 [4.0, 6.0] GeV2/c4

[6.0, 8.0] GeV2/c4 [11.0, 12.5] GeV2/c4 [15.0, 17.0] GeV2/c4 [17.0, 19.0] GeV2/c4

⌅ Signal mass model from high statistics B0 ! J/ K⇤0

Correction factor from simulation to account for q2 dep. resolution
⌅ Finer q2 binning to allow more flexible use in theory
⌅ Significant signal yield in all bins, q2 integrated Nsig = 2398 ± 57

C. Langenbruch (Warwick), Moriond EW 2015 Rare decays from LHCb
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Mass model and B0! K⇤0µ+µ� signal yield
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[0.1, 0.98] GeV2/c4 [1.1, 2.5] GeV2/c4 [2.5, 4.0] GeV2/c4 [4.0, 6.0] GeV2/c4

[6.0, 8.0] GeV2/c4 [11.0, 12.5] GeV2/c4 [15.0, 17.0] GeV2/c4 [17.0, 19.0] GeV2/c4

⌅ Signal mass model from high statistics B0 ! J/ K⇤0

Correction factor from simulation to account for q2 dep. resolution
⌅ Finer q2 binning to allow more flexible use in theory
⌅ Significant signal yield in all bins, q2 integrated Nsig = 2398 ± 57
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Improvements since last round
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
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1D projections
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Control decay B0! J/ K⇤0
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⌅ black line: full fit, blue: signal component, red: bkg. part
⌅ Angular observables successfully reproduced [PRD 88, 052002 (2013)]
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⌅ black line: full fit, blue: signal component, red: bkg. part
⌅ Angular observables successfully reproduced [PRD 88, 052002 (2013)]
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⌅ Angular observables successfully reproduced [PRD 88, 052002 (2013)]
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Improvements since last round
S-wave in Kπ system

B0 ! K⇤0µ+µ� 20 / 28

S-wave pollution

⌅ S-wave: K+⇡� not from K⇤0(892) but in spin 0 configuration
⌅ Introduces two add. decay amplitudes resulting in six add. observables
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⌅ FS scales P-wave observables, needs to be determined precisely

⌅ Perform simultaneous mK⇡

fit to constrain FS

⌅ P-wave described by rel. BW

⌅ S-wave described by LASS model
crosschecked using Isobar param.
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[LHCb-CONF-2015-002]
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� Kπ system not from K∗0 also exists in spin-0 configuration (S-wave)
introducing two additional decay amplitudes and 6 additional observables

� S-wave fraction Fs scales P-wave observables
� Precise determination required
→ Perform simultaneous fit to mKπ

� S-wave described by LASS model and
P-wave with relativistic BW

� Isobar for S-wave used as
x-check
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Figure 4: Angular and mass distributions for the q2 bin 1.1 < q2 < 6.0 GeV2/c4. The m(K+⇡�)
distribution and the three decay angles are given in the signal mass window ±50 MeV/c2 around
the nominal B0 mass. Overlaid are the projections of the total fitted distribution (black line)
and its di↵erent components. The signal is shown by the blue component and the background is
shown by the red hatched component.

Fig. 4 shows the projections of the fitted probability density function on the angular
and mass distributions for the 1.1 < q2 < 6.0 GeV2/c4 q2 bin. Good agreement of the
fitted function with the data is observed. Projections for the other q2 bins are provided in
Appendix B.
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Results
� Unbinned maximum likelihood fit to 3 decay angles, mKπµµ in q2 bins,

simultaneously fitting to mKπ (4D+1D) to extract 8 CP-averaged
observables and correlations!� Measurement is statistically dominated

B0 ! K⇤0µ+µ� 24 / 28

B0! K⇤0µ+µ� Results: FL, S3, S4, S5
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B0! K⇤0µ+µ� Results: AFB, S7, S8, S9
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Results

B0 ! K⇤0µ+µ� 27 / 28
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[LHCb-CONF-2015-002]

[1407.8526]

⌅ Tension seen in P 0
5 in [PRL 111, 191801 (2013)] confirmed

⌅ [4.0, 6.0] and [6.0, 8.0] GeV2/c4 show deviations of 2.9� each
⌅ Naive combination results in a significance of 3.7�
⌅ Compatible with 1 fb�1 measurement

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

� Tension in P
′
5 presists

� Level of disagreement: 2.9σ in [4,6] and [6,8] q2 bins
� Naive combination 3.7σ (not a typo...)
� Compatible with 1 fb−1 measurement
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Hint of new physics?
� Latest global fits to the data, e.g. Altmannshofer et al. [arXiv:1503.06199] including

b → K∗γ, b → sγ, B → µ+µ−
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angular observables, branching fractions, combination
� Data favours a new vector current (CNP

9 6= 0).
� Numerous other theory papers: Descotes-Genon et al [1307.5683], Beaujean et al [1310.2478],

Gauld et al [1308.1959], Hurth et al [1312.5267], Straub et al [1308.1501], Horgan et al
[1310.3887],Altmannshofer et al [1403.1269], Biancofiore et al [1403.2944]...

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

� Difficult to accomodate within MSSM
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Hint of new physics?

Could it be a QCD effect?
� If CNP

9 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.

� Our data can help clarify the
situation

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

� We plan dedicated measurements
to dissentangle
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So what is next

Full exploitation of available data:
� Have two additional ways of analysing the angular distribution of

B0 → K∗0µ+µ−

� Directly fitting for q2 dependent helicity amplitudes, maximising sensitivity
(only possible 1.1 < q2 < 6GeV2) KP,Egede,Patel [JHEP06(2015)084]

� Moment analysis to extract angular observables allowing finer q2 binning in
a robust way Serra,Chrzasz,v.Dyk[PRD91, 114012 (2015)]

� Rewrite angular distribution to obtain 8 CP-asymmetric observables
� Analyse higher Kπ states
� dB/dq2 measurement will also include a measurement of the S-wave in Kπ

system
New and updates of all analyses to 3 fb−1

� Measurement of RK∗ , Rφ
� B+ → π+µ+µ−, Λb → pKµ+µ−, angular analysis of B → Ke+e−

� Measure phase difference between B → K (∗)µ+µ− and B → J/ψK (∗)

amplitudes to understand potential QCD effects
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Run-II

RunII data means quadrupling current dataset
� Experimental precision will start

catching up with theory in most
measurements

� Large datasets open up precision era
in b → d transitions (suppressed by
|Vtd |2/|Vts |2 ∼ 25 in SM) and tests
of MFV

� Look for final states with τ ’s (also
with Run-I data)

� Lepton non-universality could
point to LFV effects enhancing
B → Xsτµ e.g Glashow et al.

[arXiv:1411.0565]

� Perform inclusive measurements (?)

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 Rate 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

K.A. Petridis (UoB) b → s`` at LHCb Brussels Seminar 41 / 42



Flavour measurements are critical
� NP at ΛNP ∼ 1TeV motivated to tame fine tuning in Higgs sector
� NP at ΛNP ∼ 1TeV refuted by flavour measurements (pre LHC)
→CKM-like NP couplings (MFV)

� As LHC pushes ΛNP to >> 1TeV lift MFV constraints
� increase chances to see NP in flavour
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Backup
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