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Anomalies after Moriond ’19

Anomalies have never been better
[cit. Gino Isidori]
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Anomalies after Moriond ’19

Anomalies have never been better
[cit. Gino Isidori]

• Update of RK∗ from Belle still with large errors.

• New Belle results lower the combined discrepancy of RD(∗) with the SM.

• New LHCb result on RK confirms the 2.5σ tension.
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RD(∗)

Giacomo Caria University of Melbourne22/03/2019

• Most precise measurement of 
R(D) and R(D*) to date 

• First R(D) measurement 
performed with a semileptonic 
tag

• Results compatible with SM 
expectation within 1.2σ 

• R(D) - R(D*) Belle average is 
now within 2σ of the SM 
prediction 

• R(D) - R(D*) exp. world average 
tension with SM expectation 
decreases from 3.8σ to 3.1σ 
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Chapter 81559

Conclusion1560

This thesis presents the measurement of the branching ratio of B̄ ! D(⇤)⌧�⌫̄⌧ relative to1561

B̄ ! D(⇤)`�⌫̄` decays – where ` is either e or µ – using semileptonic tagging channels and1562

leptonic ⌧ decays exclusively. It is performed on the full dataset on the ⌥(4S ) resonance of1563

the Belle experiment.1564

In the past these measurements have been carried out using hadronic tags, and this work1565

is the first analysis that uses a semileptonic tag for a combined measurement of R(D) and1566

R(D⇤) . Furthermore, with respect to the previous semileptonic measurement of R(D⇤+) by1567

Belle [44], this analysis uses a larger number of Btag channels, which directly translates to a1568

larger analysis dataset.1569

Our results are

R(D) = 0.307 ± 0.037 ± 0.016 (8.1)

R(D⇤) = 0.283 ± 0.018 ± 0.014, (8.2)

where the first uncertainty is statistical and provided by the fit, and the second error is1570

systematic. This is the single most precise measurement of R(D) and R(D⇤) ever performed.1571

The results are in agreement with the previous Belle measurement of R(D⇤) performed with1572

a semileptonic tag, which is now superseded.1573

The goal was to test the compatibility of this experimental data with the SM, whose
expectation values are

R(D) SM = 0.299 ± 0.003 (8.3)

R(D⇤) SM = 0.258 ± 0.005. (8.4)

Our results for R(D) and R(D⇤) are in agreement with the SM predictions within 0.2� and1574

1.1� respectively. The combination of our R(D) and R(D⇤) results is compatible with the1575

SM within 1.3�. Before these results, the experimental R(D) and R(D⇤) world average1576

showed a discrepancy of approximately 4� with the SM expectations. However, given the1577

compatibility of our results with the SM and their high precision, this discrepancy is reduced1578

to 3� when including these latest results.1579

151

SM prediction

Chapter 71522

Results and Discussion1523

7.1 Results1524

After performing the fit and evaluating the systematic uncertainty, we extract the results:

R(D) = 0.307 ± 0.037 ± 0.016 (7.1)

R(D⇤) = 0.283 ± 0.018 ± 0.014, (7.2)

where the first uncertainty is statistical and provided by the fit, and the second error is1525

systematic. A break-down of electron and muon channel results is given in Table 7.1. We1526

exploited the isospin symmetry between B0 and B+ to impose the relationship R(D(⇤)) =1527

R(D(⇤)+) = R(D(⇤)0) in the fit. The fit projection on the EECL axis and on the classifier axis,1528

for both the whole 2D fit region and for the signal region defined by class > 0.9, are shown1529

in Figures 7.2 to 7.8. The correlation matrix for all floating parameters of the fit is shown in1530

Figure 7.9. As expected, we find a statistical correlation factor of �0.53 between R(D⇤) and1531

R(D) .

Table 7.1: Fit results for the electron, muon and sum of electron and muon channels.

R(D, `) 0.307 ± 0.037 ± 0.016

R(D, e) 0.281 ± 0.042 ± 0.017

R(D, µ) 0.373 ± 0.068 ± 0.030

R(D⇤, `) 0.283 ± 0.018 ± 0.014

R(D⇤, e) 0.304 ± 0.022 ± 0.016

R(D⇤, µ) 0.245 ± 0.035 ± 0.020

1532

The 2D combination of the R(D⇤) and R(D) results, together with their correlation and1533

the SM expectation is shown in Figure 7.10.1534
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This result

• The Belle result is still preliminary:
we still wait for final results and
correlations

• The discrepancy reduces from 3.7σ
to 3.1σ

• Is this change bad or unexpected?
No!

• The size of the “old" deviation was
too big to be compared to a
tree-level SM process

• The decrease shifts the NP scale
up, helps to avoid tight constraints
and provides a better combination
with RK(∗)
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b→ s`+`−
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• New measurement of LHCb
confirms a 2.5σ tension in RK

• Other experiment still don’t have a
high significance such to confirm or
reject the anomaly

• Update of global fits show still
interesting scenarios

• Given that RK now is closer to the
SM than RK∗ , new scenarios with
non-SM like operators are viable
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What now?

• After the analyses of 2019 we still don’t see a clear sign of New Physics.

• Data will (eventually) lead us to a clear conclusion:

• LHCb still has a large amount of data to be analysed for b → s``

• Update of RK(∗) most likely to be ready in one year time

• An update for RD∗ from LHCb is also due

• New observables like R(Λc) should be (soon) released

• Belle2 is taking data

We need to keep looking
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Combined explanation RD(∗)-RK(∗)

• The FCNC and CC anomalies can be considered as a coherent pattern of
anomalies

• The NP must couple mainly to third generation of quarks and leptons

• A non-trivial flavour structure is needed to suppress coupling with 1st and
2nd generation

• RD(∗) feeds b→ s`` [Crivellin, Greub, Müller, Saturnino, ’18]
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Combined explanation RD(∗)-RK(∗)

• The FCNC and CC anomalies can be considered as a coherent pattern of
anomalies

• The NP must couple mainly to third generation of quarks and leptons

• A non-trivial flavour structure is needed to suppress coupling with 1st and
2nd generation

• RD(∗) feeds b→ s`` [Crivellin, Greub, Müller, Saturnino, ’18]

• If we assume any NP which
generates a bcτν interaction, gauge
invariance generates bsττ coupling

• Via loop effects we generate
effectively bs`` coupling universal
for ` = µ, e

• A fit to b→ s`` data must take in
account such contributions

Cbsµµ9 = ∆Cbsµµ9 + Cuniv
9

Cbsee9 = Cbsττ9 = Cuniv
9

NP vertex

SM vertex
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Single particle solution [Buttazzo,Grejlo,Isidori,Marzocca, JHEP 1711 (2017)]

• Based on U(2)n flavour symmetry

• No contradiction between LFU
anomalies and constraints from EWPT,
flavour observables or hight-pT data

• Possible one particle solution:

Singlet Triplet

Scalar LQ: S1 S3

Vector LQ: U1 U3

Colorless vector: B′ W ′

• The most promising single-mediator
solution is the vector leptoquark
Uµ ∼ (3, 1)2/3

UV completion needed
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A UV completion for Uµ ∼ (3, 1)2/3

Two possibilities:
• Mediator of a composite state of a new strongly interacting sector
• Massive gauge boson of a spontaneously broken gauge theory

[Di Luzio,Grejlo,Nardecchia;

Blanke,Crivellin; Di Luzio,Fuentes-Martín,Grejlo,Nardecchia,Renner]

The natural choice: Pati-Salam group ⇒ PS ≡ SU(4)× SU(2)L × SU(2)R
[Pati,Salam, Phys. Rev. D 10 (1974) 275 ]

• Quarks and leptons are part of the same multiplet of SU(4) ⇒ lepton are
seen as the 4th colour

• No proton decay

Main problems:
• the LQ coupling with the heavy and light generations is flavour blind
• tights constrains in processes as KL → µe ⇒ LQ mass ∼ 100 TeV

ΨL =


QαL
QβL
QγL
LL
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The “4321” model

SU(4)× SU(3)′ × SU(2)L × U(1)′

SU(3)c × SU(2)L × U(1)Y

At low energies we have:

• the SM

• the LQ U1 with a mass O(1TeV)

• inevitably a massive color octect G′ and a Z′ with masses of O(1TeV)

The PS leptoquark introduces always new states
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The original “4321”

[Di Luzio, Greljo,Nardecchia, ’17]

[Di Luzio, Fuentes-Martín, Greljo, Nardecchia, Renner, ’18]

• The SM particles are charged only under the 321 component

• New vector-like are charged under the SU(4)

• The mixing between the vector-like
and the SM fields induces effective
SM-U1 couplings

Wij

Lj

Qi

qi

ℓj

⟨Ω1⟩

⟨Ω3⟩

U

Qi

Qi

qi

qi

⟨Ω3⟩

⟨Ω3⟩

g′, Z ′

Li

Li

ℓi

ℓi

⟨Ω1⟩

⟨Ω1⟩

Z ′

• The effective interactions between the SM fields and U1 are mainly
left-handed

• Using the freedom on the vector-like couplings it’s possible to have a good fit
to low energy data and avoid most of the constraints
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A three-site model [MB, Cornella, Fuentes-Martín, Isidori, ’17, ’18]

Main Idea: at high energies the 3 families are charged under 3 independent
gauge groups

PS3 = PS1 ×PS2 ×PS3

• The breaking controls the
hierarchy of the Yukawa
couplings

• Low energy pheno is
governed by the O(TeV)
breaking only

• At low scale we recover the
SM + 1 LQ + 1 Z′ and a
coloron

• The LQ couples to both LH
and RH fermions

PS
1 
→ SM

1 

SM
3 
→ QED

3 

High-scale [~ 103 TeV]

“vertical” breaking 

Low-scale “vertical”
Breaking [EWSB]

 

The breaking to the diagonal SM group occurs via appropriate “link” fields,  

responsible also for the generation of the hierarchy in the Yukawa couplings.

The 2-3 breaking gives a TeV-scale LQ [+ Z' & G'] coupled mainly to 3
rd
 gen.
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G. Isidori –  Old and recent puzzles in Flavor Physics                  Pisa, Sept 2018 
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Fit to low energy data

[MB, Cornella, Fuentes-Martín, Isidori, ’17, ’18]

[Cornella, Fuentes-Martín, Isidori, ’19]

• Good fit to low energy data within
the 1σ region

• RH currents help to ease the tension
with RD(∗) and rise the NP scale

• RH currents generate interesting
contributions in Bs decays

• LFV processes are a smoking gun of
this model
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High-pT constraints on PS models

[Baker, Fuentes-Martín,Isidori,König]
• The most stringent bound on U1 comes from
pp→ ττ

• The bound on Z′ are weaker
• Bounds on G′ come from pp→ tt but it
becomes weaker as the width increases

• The relation between MU and MG′ in PS3

helps to create combined exclusion limits

gU ∼ 3 ⇒ MU > 3.8GeV
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Scalar solutions

With scalars LQ, we need at least two mediators

• Composite scenario: S1+S3 [D.Marzocca]

• Strong dynamics not known

• Bs mixing + EWPT create tension with RD(∗)

• Need to enforce some couplings to be zero to avoid proton decay

• GUT inspired scenarios: S3 +R2 [Bec̆iveríc, Dors̆ner, Fajfer, Faroughy,Kos̆nik,Sumensari]

• Predicts interesting LFV signals

• No explicit realisation so far which avoids proton decay

04.04.2019 Flavour anomalies and model building Page 14



What is still to be done?

• Colourless solution W ′ +Z′: tension with high-pT searches with τLτL or bLbL
final states [Greljo,Isidori,Marzocca,’15]

• Solutions with right-handed neutrino are motivated and help to ease the
tension with b→ cτν data but they are most likely to be excluded from
high-pT

[Greljo, Camalich,Ruiz-Álvarez,’18]

It seems like there is not much space left...
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What are we looking for?

...but data can help us!

If the anomalies are trues, NP must appear somewhere else.

A full dedicated flavour physics program run by LHCb, Belle II but also
experiments like NA62 is needed to

• determine the flavour structure of the NP sector;

• different correlations among low energy observable can help to distinguish the
possible models.

Only with such programs will we be able to determine what type of NP is realised
in nature.
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