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Flavour Physics, WHAT, WHY HOW?
⇛ WHAT: Quarks and leptons exists in 6 ”flavors” (u,c,t,d,s,b) and (e,µ, τ , νe, νµ, ντ ).
⇛ WHY:

• Flavour is the heart of SM. It involves 22 from 28 free parameters, like masses
mixing and CP violation.

• Flavor physics loop processes (box and penguins) are sensitive to energy scales
well beyond the ones of the accelerators, thanks to virtual contributions.

⇛ HOW:

• Compare precise theoretical predictions with precise experimental measurements.

• LHCb, Belle, BaBar, ATLAS, CMS, NA62, BESIII, neutrinos experiments,...
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Introduction to flavor physics

⇛ Masses and mixing of quarks have a common origin in the SM: The Yukawa
interactions with the Higgs:

LYukawa = −Y dijQ̄′Liϕd
′
Rj − Y uij Q̄′Riϕu

′
Rj

⇛ The masses are generated using SSB by diagonalizing Y . The CKM matrix relats the
mass eigenstates with the flavour eigenstates:(

d
s
b

)′
=

(
Vud Vus Vub
Vcd Vcs Vcb
Vtd Vts Vtb

)(
d
s
b

)phys
⇛ The charge current interactions between quarks are proportional to the CKM matrix
elements:

LCC = −
g√
2
ūγµ(1− γ5)VCKMd+ ...
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CP violation

⇛ The 3× 3 CKM has build inside the CP violation:

Vij ̸= V ∗ij ⇒ (CP )LCC ̸= L†

⇛ In the Wolfenstein parametrization the CKM matrix reads:

VCKM =

(
1− λ2/2 λ Aλ3(ρ− iη)
−λ 1− λ2/2 Aλ2

Aλ3(1− ρ− iη) −Aλ2 1

)
⇛ Strong hierarchy:
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Why rare decays?

• In SM allows only the charged interactions to change flavour.
◦ Other interactions are flavour conserving.

• One can escape this constrain and produce b→ s and
b→ d at loop level.
◦ This kind of processes are suppressed in SM→ Rare decays.
◦ New Physics can enter in the loops.
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Searching for New Physics

⇛ The fundamental questions:

• Why 3 generations? Why such hierarchy structure?

• Stability of the Higgs vacum? Dark Matter?

• Baryon asymmetry of the universe? CP in SM is to small!

⇛ Two ways to answer them:

• Direct searches: try to produce directly new real particles ”on-shell”, but we don’t
know their mass or lifetime and we are limited by the center-of-mass energy of
accelerator.

• Indirect searches: study the effect of “off-shell” (virtual) particles within quantum
loop. Compare precise theoretical predictions with precise experimental
measurements. Not limited by the center-of-mass energy of accelerator. It
happened in the past:

◦ CP violation in the Kaon system: existence of b and t quarks.
◦ Lack of observation of K0S → µµ: existence of c quark.
◦ Neutral weak currents: existence of Z boson.

• Very powerful tool!
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Selected physics results:

• Rare Decays

◦ B0s /B0d → µµ

◦ B0d → K∗µµ, B0s → ϕµµ, Λb→ Λµµ.

• Tests of lepton universalities:

◦ Rk = B(B+→ K+µµ)/B(B+→ K+ee)
◦ R(D), R(D∗)

• (g − 2)µ
• CP violation:

◦ γ angle.
◦ CP violation in B0d and B0s .
◦ CP violation in charm.
◦ CP violation in kaons.
◦ Vub.

• Tetra&Pentaquarks
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Heavy flavor experiments
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Rare decays
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Tools

• Operator Product Expansion and Effective Field Theory

Heff = −
4Gf√
2
V V ′∗

∑
i

Ci(µ)Oi(µ)︸ ︷︷ ︸
left-handed

+C ′i(µ)O
′
i(µ)︸ ︷︷ ︸

right-handed

 ,
i=1,2 Tree

i=3-6,8 Gluon penguin

i=7 Photon penguin

i=9.10 EW penguin

i=S Scalar penguin

i=P Pseudoscalar penguin

where Ci are the Wilson coefficients and Oi are the corresponding
effective operators.
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B0→ µ+µ−

• Clean theoretical prediction, GIM and helicity
suppressed in the SM:
◦ B(B0s → µ−µ+) = (3.65± 0.23)× 10−9
◦ B(B0→ µ−µ+) = (1.06± 0.09)× 10−10

• Sensitive to contributions from scalar and
pesudoscalar couplings.
• Probing: MSSM, higgs sector, etc.
• In MSSM: B(B0s → µ−µ+) ∼ tg6 β/m4A
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B0→ µ+µ− searches

• Background rejection power is a key feature of rare decays→ use
multivariate classifiers (BDT) and strong PID.

• Normalize the BF to B+→ J/ψ(µµ)K+ and B0→ Kπ.
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B0→ µ+µ− Results

• Nov. 2012:
◦ First evidence 3.5σ for
B0 → µ+µ−. with 2.1 fb−1.

• Summer 2013:
◦ Full data sample: 3 fb−1.

• Measured BF:
B(B0s → µ−µ+) = (2.9+1.1−1.0(stat.)

+0.3
−0.1(syst.))× 10−9

• 4.0σ significance!
• B(B0→ µ−µ+) < 7× 10−10 at 95% CL
• CMS result: PRL 111 (2013) 101805
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LHCb+CMS Combination

B(B0s → µ−µ+) = (2.8+0.7−0.6)× 10−9
B(B0→ µ−µ+) = (3.9+1.6−1.4)× 10−10

⇛
2.3 σ compatibility with SM!
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ATLAS enters the game

• B(B0s → µ−µ+) = 0.9+1.1−0.8 × 10−9

• B(B0→ µ−µ+) < 4.2× 10−10 at 95 CL
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B0d → K∗µµ

⇛ The decay of B0d → K∗µµ has number of angular observables that are sensitive

to different Wilson coefficients: C(′)7 , C
(′)
9 , C

(′)
10 .

⇛ The complete angular expression is given by:

⇛ Furthermore, one can construct a form factor free observables:

P ′5 =
S5

FL(1− FL)

⇛ Analysis performed with 3 methods:

• Likelihood fit.

• Method of moments.

• Amplitudes fit.
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B0d → K∗µµ results

• Tension with 3 fb−1 gets confirmed!
• two bins both deviate by 2.8 σ from SM prediction.
• Result compatible with previous results and Belle!
• SM: JHEP12(2014)125
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B0d → K∗µµ results
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B0d → K∗µµ results
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B0d → K∗µµ results
⇛ Method of Moments allowed us to measure for the first time a new observable:
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⇛ LHCb also measured the CP asymmetries with Method of Moments and the
likelihood fit that are consistent with SM
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Compatibility with SM

⇛ Use EOS software package
to test compatibility with SM.
⇛ Perform the χ2 fit to the
measured:

FL, AFB, S3,...,9.

⇛ Float a vector coupling:
ℜ(C9).
⇛ Best fit is found to be 3.4 σ
away from the SM.

∆ℜ(C9) ≡ ℜ(C9)fit −ℜ(C9)SM = −1.03

)9C(Re
3 3.5 4 4.5

2 χ∆

0

5

10

15

LHCb

SM
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BF of B → K∗±µµ

• Despite large theoretical
errors the results are
consistently smaller than
SM prediction.
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BF of B0s → ϕµµ

• Last years LHCb measurement.
• Suppressed by fsfd .
• Cleaner because of narrow ϕ resonance.
• 3.3 σ deviation in SM in the 1− 6GeV2 bin.
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BF of Λb→ Λµµ

• Last years LHCb measurement.
• In total ∼ 300 candidates in data set.
• Decay not present in the low q2.
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Angular analysis of Λb→ Λµµ
• For the bins in which we have > 3 σ significance the forward

backward asymmetry for the hadronic and leptonic system.

• AHFB is in good agreement with SM.
• AℓFB always in above SM prediction.
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Lepton Universality tests
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Lepton universality test

• Does the NP couple equally to all flavours?

• Challenging analysis due to bremsstrahlung.
• Migration of events modeled by MC.
• Correct for bremsstrahlung.
• Take double ratio with B+→ J/ψK+ to

cancel systematics.
• In 3fb−1, LHCb measures:
RK = 0.745+0.090−0.074(stat.)

+0.036
−0.036(syst.)

• Consistent with SM at 2.6σ.
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More Lepton universality tests
• There is one other LUV decay recently measured by LHCb.

• R(D∗) =
B(B → D∗τν)
B(B → D∗µν)

• Clean SM prediction: R(D∗) = 0.252(3), PRD 85 094025 (2012)
• LHCb result: R(D∗) = 0.336± 0.027± 0.030, HFAG average:
R(D∗) = 0.322± 0.022
• 4.0 σ discrepancy wrt. SM.
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Explanation of anomalies
⇛ Thanks to S. Descotes-Genon, L.Hofer, J.Matias, J.Virto we have a
global fit to the anomalies.

⇛ The fit prefer a modification of C9 Wilson coefficient with a value of
CNP9 = −1, with a significance over 4σ.
⇛ Many theories link might accommodate the observed deviations.
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Explanation of anomalies
• We are not there yet!
• There might be something not taken into account in the theory.
• Resonances (J/ψ, ψ(2S)) tails can mimic NP effects.
• There might be some non factorizable QCD corrections.

” However, the central value of this effect would have to be
significantly larger than expected on the basis of existing
estimates” D.Straub, 1503.06199 .
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(g − 2)µ
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Muon anomalous magnetic moment (g − 2)µ
⇛ Dirac equations predict a muon magnetic moment

−→
M = gµ

e
2mµ

−→
S

with a gyromagnetic ratio gµ = 2. Experimentally gµ > 2.
⇛ This anomaly aµ arises from calculable quantum fluctuations:

⇛ SM value aSMµ = (116591803± 49)× 10−11 [PDG 2014]
⇛ Experiment: aE821µ = (116592091± 63)× 10−11 [PDG 2014]
⇛ Difference: aE821µ − aSMµ = (288± 80)× 10−11 ⇔ 3.6 σ!
⇛ Underestimated uncertainties? SUSY? NP?
⇛ Fermilabs E989 should futher reduce the experimental error to
±16× 10−11.
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γ angle

⇛ γ = arg
(
−VudV

∗
ub

VcdV
∗
cb

)
≈ arg(−V

∗
ub
V ∗
cb
) is the last well known CKM angles.

⇛ Can be determined by:

• Tree level processes, nearly insensitive to NP. Act as reference. Negligible
theoretical uncertainty, using B → DK .

• Loop processes, sensitive to NP.

⇛ Comparing the two can reveal NP!

⇛ The LHCb combinations leads to: γ = 70.9+7.1−8.5.
⇛ Improved by 2deg compared to our previous result!
⇛ Other B-factories have 2 times larger errors:

• BaBar: γ = (70± 18)deg

• Belle: γ = (73+18−15)
deg
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Mixing induced CPV in B0s
⇛ Interference between B0s decaying to J/ψϕ either directly or by oscillations

gives rise to CP violation phase: ϕJ/ψϕs

⇛ In the Sm ϕs ≈ −2β + s = −(0.0376+0.0007−0.0008) rad, where βs =

arg
(
− VtsV

∗
tb

VcsV ∗cb

)
⇛ At the leading order the same phase is expected B0s → DsDs and
B → J/ψππ.
⇛ NP can enter in the B0s mixing!
⇛ Measured by simultaneous fit to B0s and B̄0s decay rates:
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Mixing induced CPV in B0s
⇛ Unbinned maximum likelihood fit (time, mass, angles, initial flavour):

• ϕs = −0.058± 0.049± 0.006 rad.

• Γs = (ΓL + ΓH)/2 = 0.6603± 0.0027± 0.0015 ps−1

• ∆Γs = ΓL − ΓH = 0.0805± 0.0091± 0.0032 ps−1

• Combined with B0s → J/ψππ: ϕs = −0.010± 0.039 rad.
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Mixing induced CPV in B0s

⇛ LHCb is dominating the world average!
⇛ ϕHFAGs = −0.034± 0.033.
⇛ Compatible with SM, but there is still plenty room for NP!
⇛ Penguin pollution constrained from B0→ J/ψρ and B0s → J/ψK̄∗
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Vub

⇛ Since a long time the smallest of the CKM matrix elements Vub has been
determined in two ways:
• inclusively: b→ uℓν, |Vub| = (4.41± 0.15+0.15−0.17)× 10

−3

• exclusively: B → πℓν, |Vub| = (3.28± 0.29)× 10−3

• 3 σ tensions!
⇛ LHCb perspectively enters the game with baryons decay: Λb→ pµν.

where RFF is a ratio of form factors, that can be calculated using lattice QCD
[rxiv:1503.01421].
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Vub

⇛ |Vub| = (3.27± 0.15± 0.16± 0.06(Vcb))× 10−3

• LHCbs measurement makes the discrepancy larger and is spot on the Exclusive
B-factories results.
• Disfavor NP models with significant right handed current
• Debatable world averages, depending on the input used (theory, BR of control

mode, ...)
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CP violation in charm

⇛ The ACP asymmetry is defined as:

ACP (D
0→ f) =

Γ(D0→ f)− Γ(D̄0→ f)
Γ(D0→ f) + Γ(D̄0→ f)

, f = K+K−, π+π−

⇛ New world average:

aindCP = (0.056± 0.040)%

adirCP = (−0.137± 0.070)%

⇛ Results consistent with no CPV at 6.5 % CL.
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Direct CPV in kaons

⇛ 1999: Discovery of CP violation in K → ππ (NA48, KTeV).
⇛ 2001: Combined experimental average of the two above experiments:
ℜ(ϵ′/ϵ) = (16.6± 2.3) %, compatible with SM. Experimental precision much
better than the theoretical prediction.
⇛ 2015: Fantastic progresses in lattice QCD. Can now compute all relevant
long-distance effects that used to dominate the theoretical uncertainty:

ℜ(ϵ′/ϵ) = (1.9± 4.5)× 10−4

⇛ A brand new 2.9 σ tension arrives!
⇛ A.Buras, et.al. [JHEP03(2016)010] This discrepancy can be linked to
aforementioned b→ sℓℓ anomalies.
⇛ Good lattice prospects to improve even further the theoretical uncertainty
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Global CKM fit

⇛ Excellent consistency of the various CKM measurements so far!
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Tetra&Petraquarks
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Tetra&Petraquarks

⇛ Idea of this multi quark states started in the 1960s:

⇛ Searches for years and many “discoveries” not confirmed
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X(3872)

⇛ First observed by Belle in
B+ → X(J/ψππ)K+, above the Υ(2S). [PRL
91 (2003) 262001]
⇛ Confirmed by several experiments: BaBar,
CDF, D0, LHCb, CMS.
⇛ LHCb determined its quantum numbers:
JPC = 1++ using angular analysis [PRL 110,
222001 (2013)].

⇛ The nature of this state is still unclear. It is
compatible with a tetraquark, DD∗ molecule or
a χc1(23P1) hypothesis.
⇛ Never LHCb measurements disfavour the
DD∗ molecule by 4.4 σ [Nucl. Phys. B886 (2014)
665].
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Z(4430)−

⇛ Z(4430)− special “tetraquark
candidate”,because charged: cannot be a cc̄
state!
⇛ Belle discovered it in B0→ Υ(2S)Kπ, with
evidence of JP = 1+ [PRD 88 (2013) 074026].
⇛ Using method of moments, Babar claimed
they do not need the Z(4430)− to described
their data [PRD 79 (2009) 112001].
⇛ LHCb reproduced BaBar moments analysis
with the full Run1 sample (3 fb−1) and clearly
something mote was needed to describe the
data [PRL 112, 222002 (2014)].
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Z(4430)−

⇛ LHCb unbinned amplitude analysis of B0→ ψ(2S)K+π−,
m = 4475± 7+15−25 MeV/c

2, Γ = 172± 133734 MeV/c2

⇛ JP is confirmed to be 1+ and Argand plot shows the typical pattern for
resonances.
⇛ Minimal quark content ccdu.
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Pentaquarks in Λb→ J/ψpK

⇛ Λb→ J/ψpK was studied initially for a precise Λb lifetime .
⇛ Close look at the Dalitz: m(Kp)−m(J/ψp)
• m(Kp) has a rich structure of excited Λ states.
• m(J/ψp) has something inside!
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Pentaquarks in Λb→ J/ψpK

⇛ Super complex fit needed to describe the data: 5 decay angles, 14 possible Λ∗

resonances for m(Kπ) and two brand new pentaquarks for m(J/ψp):
• Pc(4380)+: 4380± 8± 29 MeV/c2, Γ = 205± 18± 86 MeV/c2, JP = 32

−

• Pc(4450)+: 4449, 8± 1.7± 2.5 MeV/c2, Γ = 39± 5± 19 MeV/c2, JP = 52
+
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Pentaquarks in Λb→ J/ψpK

• Angrad plots show the phase motion for the
resonances.

• The Pc(4380) has one point off by a 2σ.

• The interference patterns confirm
the opposite parities.

⇛ The significance was evaluated with a TOY MC:
• Pc(4380)+ : 9σ
• Pc(4450)+ : 12σ
⇛ The states are consistent with ccuud.
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Conclusions

⇛ Flavour physics is still playing an important role for hunting new physics!
⇛ Anomalies in the electroweak penguin and lepton universality combine to
over 4σ significance discrepancy for NP.
⇛ The dominant anomaly was recently confirmed by Belle experiment.
⇛ γ angle combination from LHCb is now two times more precise then the
B-factories.
⇛ After 50 years after the first prof. Gelman paper the pentraquark states
have been observed.
⇛ Stay tuned as there are plenty of more results in the pipe line!
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Thank you for the attention!
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Backup
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Theory implications
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If not NP?
• How about our clean Pi observables?
• The QCD cancel as mentioned only at leading order.
• Comparison to normal observables with the optimised ones.
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Transversity amplitudes
⇛ One can link the angular observables to transversity amplitudes
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Link to effective operators
⇛ So here is where the magic happens. At leading order the amplitudes
can be written as (soft form factors):

A
L,R
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where ŝ = q2/m2B , m̂i = mi/mB . The ξ∥,⊥ are the form factors.

⇛ Now we can construct observables that cancel the ξ form factors at
leading order:

P ′5 =
J5 + J̄5

2
√
−(Jc2 + J̄c2)(Js2 + J̄s2)
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Mass modelling
⇛ The signal is modelled by a sum of two
Crystal-Ball functions with common mean.
⇛ The background is a single exponential.
⇛ The base parameters are obtained from
the proxy channel: B0d → J/ψ(µµ)K∗.
⇛ All the parameters are fixed in the signal
pdf.
⇛ Scaling factors for resolution are
determined from MC.
⇛ In fitting the rare mode only the signal,
background yield and the slope of the
exponential is left floating.
⇛ We found 624± 30 candidates in the
most interesting [1.1, 6.0] GeV2/c4 region
and 2398± 57 in the full range
[1.1, 19.] GeV2/c4.
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⇛ The S-wave fraction is extracted using a
LASS model.
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Detector acceptance

• Detector distorts our angular distribution.

• We need to model this effect.

• 4D function is used:

ϵ(cos θl, cos θk, ϕ, q
2) =∑

ijkl

Pi(cos θl)Pj(cos θk)Pk(ϕ)Pl(q
2),

where Pi is the Legendre polynomial of order i.

• We use up to 4th, 5th, 6th, 5th order for the
cos θl, cos θk, ϕ, q2.

• The coefficients were determined using Method
of Moments, with a huge simulation sample.

• The simulation was done assuming a flat phase
space and reweighing the q2 distribution to
make is flat.
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Control channel

• We tested our unfolding procedure on B → J/ψK∗.

• The result is in perfect agreement with other experiments and our different
analysis of this decay.
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The columns of New Physics
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B0d → K∗µµ results
⇛ In the maximum likelihood fit one could weight the events accordingly to the

1
ε(cos θl, cos θk, ϕ, q2)
⇛ Better alternative is to put the efficiency into the maximum likelihood fit itself:

L =
N∏
i=1

ϵi(Ωi, q
2
i )P(Ωi, q2i )/

∫
ϵ(Ω, q2)P(Ω, q2)dΩdq2

⇛ Only the relative weights matters!
⇛ The Procedure was commissioned with TOY MC study.
⇛ Use Feldmann-Cousins to determine the uncertainties.
⇛ Angular background component is modelled with 2nd order Chebyshev polynomials,
which was tested on the side-bands.
⇛ S-wave component treated as nuisance parameter.
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Maximum likelihood fit - Results
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⇛ SM: Eur.Phys.J. C75 (2015) no.8, 382
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Maximum likelihood fit - Results
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⇛ SM: Eur.Phys.J. C75 (2015) no.8, 382
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Method of moments
⇛ See Phys.Rev.D91(2015)114012, F.Beaujean , M.Chrzaszcz, N.Serra, D. van Dyk for de-
tails.
⇛ The idea behind Method of Moments is simple: Use orthogonality of spherical har-
monics, fj(

−→
Ω) to solve for coefficients within a q2 bin:∫

fi(
−→
Ω)fj(

−→
Ω) = δij

Mi =

∫ (
1

d(Γ + Γ̄)/dq2

)
d3(Γ + Γ̄)

d
−→
Ω

fi(
−→
Ω)dΩ

⇛ Don’t have true angular distribution but we ”sample” it with our data.
⇛ Therefore:

∫
→
∑

and Mi → M̂i

M̂i =
1∑
e
ωe

∑
e

ωefi(
−→
Ω e)

⇛ The weight ω accounts for the efficiency. Again the normalization of weights does
not matter.
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Amplitudes method
⇛ Fit for amplitudes as (continuous) functions of q2 in the region: q2 ∈
[1.1.6.0] GeV2/c4.
⇛ Needs some Ansatz:

A(q2) = α+ βq2 +
γ

q2

⇛ The assumption is tested extensively with toys.
⇛ Set of 3 complex parameters α, β, γ per vector amplitude:

• L, R, 0, ∥, ⊥, ℜ, ℑ↣ 3× 2× 3× 2 = 36 DoF.

• Scalar amplitudes: +4 DoF.

• Symmetries of the amplitudes reduces the total budget to: 28.

⇛ The technique is described in JHEP06(2015)084, U. Egede, M. Patel, K.A. Petridis.
⇛ Allows to build the observables as continuous functions of q2:

• At current point the method is limited by statistics.

• In the future the power of this method will increase.

⇛ Allows to measure the zero-crossing points for free and with smaller errors than
previous methods.
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Amplitudes - results
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Zero crossing points:

q0(S4) < 2.65 at 95% CL

q0(S5) ∈ [2.49, 3.95] at 68% CL

q0(AFB) ∈ [3.40, 4.87] at 68% CL
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