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Questions
Unstable doubly heavy tetraquarks

Resonances in “wrong-sign” (double flavor) combinations DD,DB ,BB?

JP = 1+ T {cc}++

[d̄ s̄]
(4156)→ D+D∗+s : prima facie evidence for non-qq̄ level

Double charge / double charm

(New kind of resonance: no attractive force at the meson–meson level.)

Also, 1+ T {bb}{q̄k q̄l}(10681)0,−,−−, Q = +78 MeV 1+ T {bc}
[ūd̄ ]

(7272)0, Q = +82 MeV

0+ T [bc]

[ūd̄ ]
(7229)0, Q = +83 MeV 1+ T {cc}

[ūd̄ ]
(3978)+, Q = +102 MeV

Aside: 3D3 and 3F4 cc̄ mesons still to be found in DD̄, etc.
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Homework for experiment

T 1. Look for double-flavor resonances near threshold.

T 2. Measure cross sections for final states containing 4 heavies:
QiQ̄iQjQ̄j .

T 3. Discover and determine masses of doubly-heavy baryons.
needed to implement HQS calculation of tetraquark masses
intrinsic interest in these states:

compare heavy–light mesons, possible core excitations

Resolve Ξcc uncertainty (SELEX/LHCb)

T 4. Find stable tetraquarks through weak decays. Lifetime: ∼ 1
3 ps ??
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Flavor: the problem of identity (continued)

Parameters of the Standard Model

3 Coupling parameters, αs, αem, sin2 θW

2 Parameters of the Higgs potential
1 Vacuum phase (QCD)

6 Quark masses
3 Quark mixing angles
1 CP-violating phase
3 Charged-lepton masses
3 Neutrino masses
3 Leptonic mixing angles
1 Leptonic CP-violating phase (+ Majorana phases?)

26+ Arbitrary parameters
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K+ → π+νν̄ search and observation

(0.84 ± 0.10) × 10−10

90% CL: < 1.85 × 10−10

< 1.85× 10−10 @ 90% CL
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Searches for flavor-changing neutral currents

F6. Where are flavor-changing neutral currents in quark transitions? In
the standard model, these are absent at tree level and highly
suppressed by the Glashow–Iliopouolos–Maiani mechanism. They arise
generically in proposals for physics beyond the standard model, and
need to be controlled. And yet we have made no sightings!
Why not? Bs,d → µ+µ−, K+ → π+νν̄, . . .

F7. Can we detect flavor-violating decays H(125)→ τ±µ∓, . . . ?

F8. How well can we test the standard-model correlation among
B(K+ → π+νν̄), B(Bs → µ+µ−), and the quark-mixing matrix
parameter γ?
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Have we found the “periodic table” of elementary particles?

Pointlike spin-1/2 constituents (r < 10−18 m)

SU(3)c ⊗ SU(2)L ⊗ U(1)Y→ SU(3)c ⊗ U(1)em

F9. What do generations mean? Is there a family symmetry?

F10. Why are there three families of quarks and leptons? (Is it so?)

F11. Are there new species of quarks and leptons? exotic charges?
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More questions concerning the problem of identity

F12. Is there any link to a dark sector?

F13. What will resolve the disparate values of |Vub| and |Vcb| measured in
inclusive and exclusive decays?

F14. Is the 3× 3 (CKM) quark-mixing matrix unitary?

F15. Why is isospin a good symmetry? What does it mean?

F16. Can we find evidence for charged-lepton flavor violation?

F17. Will we establish and diagnose a break in the SM?

F18. Do flavor parameters mean anything at all?
Contrast the landscape perspective.

F19. If flavor parameters have meaning (beyond engineering information),
what is the meta-question?
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The top quark touches many topics in particle physics

t1. How well can we constrain Vtb in single-top production, . . . ?

t2. How well can we constrain the top-quark lifetime? How free is t?
Recent ATLAS: Γ(t) = 1.9± 0.5 GeV (SM 1.32 GeV)

t3. Are there tt̄ resonances?

t4. Can we find evidence of flavor-changing top decays t → (Z , γ)(c , u)?
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Questions about EWSB and the Higgs Sector

H1. Is H(125) the only member of its clan? Might there be
others—charged or neutral—at higher or lower masses?

H2. Does H(125) fully account for electroweak symmetry breaking? Does
it match standard-model branching fractions to gauge bosons? Are
absolute couplings to W and Z as expected in the standard model?

H3. Are all production rates as expected? Any surprise sources of H(125)?

H4. What accounts for the immense range of fermion masses?

H5. Is the Higgs field the only source of fermion masses?
Are fermion couplings proportional to fermion masses? µ+µ− soon?
How can we detect H → cc̄? e+e−?? (basis of chemistry)

H6. What role does the Higgs field play in generating neutrino masses?
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Chris Quigg
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Charm baryons
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Bound states with d ,u,s,c quarks

The meson 4-quark multiplet

The baryon 4-quark multiplet

Ü Ü
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Observation of Ξ+
cc baryon at SELEX

[Phys. Rev. Lett. 89 (2002) 112001, arXiv:hep-ex/0208014] [Phys. Lett. B628 18 (2005), arXiv:hep-ex/0406033]
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4.8σ at 3518± 3 MeV/c2

[PLB628 18 (2005)]
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Observation of the Ξ++
cc baryon
[LHCb, Phys. Rev. Lett. 119 (2017) 112001, arXiv:1707.01621]
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Two double-charm baryons expected:
Ξ+

cc (ccd) and Ξ++
cc (ccu)

Ξ+
cc reported by SELEX in 2002

and 2004 [PRL 89 112001] [PLB628 18]

m = 3518.7± 1.7 MeV/c2

We use 2016 13 TeV TURBO data
to reconstruct Λ+

c → pK−π+ and
Ξ++

cc → Λ+
c K−π+π+.

Fit returns 12σ significance and
m = 3621.40± 0.72± 0.27±
0.14(Λ+

c ) MeV/c2.
4 Confirmed in 2012 8 TeV data

Mass 100 MeV/c2 more than the
SELEX state. Too much for
isospin-splitting.

Matt Needham
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TURBO

Full calibration in real time
Ü Output is ready for physics.

Plenty of collision events discarded, while the interesting are kept.
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TURBO

Full calibration in real time
Ü Output is ready for physics.

TURBO++ stores only the needed information
Ü Huge savings in time and cost
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What we know about the Ξ++
cc baryon
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It is seen in
Ξ++

cc → Λ+
c K−π+π+

[PRL 119 (2017) 112001]
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Its lifetime is
256 + 24

− 22 ± 14 fs
[PRL 121 (2018) 052002]
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It decays to Ξ+
c π
−

[PRL 121 (2018) 162002],
m = 3621.24± 0.65±

0.31 MeV/c2
It is not seen in D+pK−π+ [arXiv:1905.02421]

Its production at
√

s = 13 TeV is [LHCb-PAPER-2019-035] (prel.)

σ(Ξ++
cc )× B(Ξ++

cc → Λ+
c K−π+π+)

σ(Λ+
c )

= (2.22± 0.27± 0.29)× 10−4

Michel De Cian

Marcello Rotondo
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Search for the Ξ+
cc baryon

[LHCb, arXiv:1909.12273]
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[M. Padmanath, arXiv:1905.09651]

Looking for the Ξ+
cc state, seen by

SELEX
Nothing at the SELEX mass
(3519 MeV/c2)
Small bump near the Ξ++

cc
mass (3621 MeV/c2) but not
significant (2.7σ)

Ü Is this the isospin partner
of the Ξ++

cc ?

Lowest p-values just shy of 3σ

Matt Needham
Sasa Prelovsek
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Bound states with d ,u,s,c quarks

The meson 4-quark multiplet

The baryon 4-quark multiplet
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Lifetimes of the Λ+
c , Ξ0

c , and Ξ+
c baryons

[LHCb, Phys. Rev. D100 (2019) 032001, arXiv:1906.08350]
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[PRL 121 (2018) 092003]

All lifetimes are more precise than the PDG average. The Λ+
c and Ξ+

c
lifetimes are consistent, while the Ξ0

c and Ω0
c [PRL 121 (2018) 092003] are larger

than previous measurements.

Michel De Cian
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Old Ω0
c lifetime measurements

WA89: 55 + 13
− 11

+ 18
− 23 fs

[Phys.Lett. B358 (1995) 151,

arXiv:hep-ex/9507004]

E687: 86 + 27
− 20 ± 28 fs

[Phys.Lett. B357 (1995) 678]

FOCUS measures 72 ± 11 ±
11 ps with 64 ± 14 baryons
[Phys.Lett. B561 (2003) 41, arXiv:hep-

ex/0302033]

PDG: 69± 12 fs
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Lifetimes of the Λ+
c , Ξ0

c , and Ξ+
c baryons

[LHCb, Phys. Rev. D100 (2019) 032001, arXiv:1906.08350]
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Hierarchy of charmed baryon lifetimes.

Michel De Cian
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Spectroscopy
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New charmonium state in DD
[LHCb, JHEP 07 (2019) 035, arXiv:1903.12240]
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Figure 3: Mass spectra of (top) D0D0 and (bottom) D+D− candidates in the narrow
3.80 < mDD < 3.88 GeV/c2 region. The result of the simultaneous fit described in the text
is superimposed.

Table 1: Yields, mass and width of the X(3842) state from the fit to DD mass spectra in
the narrow 3.80 < mDD < 3.88 GeV/c2 region. Uncertainties are statistical only.

NX(3842) mX(3842) [MeV/c2] ΓX(3842) [MeV]

D0D0 930± 170
3842.71± 0.16 2.79± 0.51

D+D− 2070± 190

4.2 Mass region 3.80 < mDD < 4.20GeV/c2

Two signal components are used to describe the 3.80 < mDD < 4.20 GeV/c2 region:
the X(3842) component, described earlier, and a component for the χc2(3930) decay,
modelled by the convolution of a relativistic D-wave Breit–Wigner function with the res-
olution model described above. The background in this mass region is modelled by
an exponential function multiplied by a second-order polynomial function. The total fit
consists of the sum of the background and the X(3842) and χc2(3930) signals. A simul-
taneous extended binned maximum-likelihood fit to the D0D0 and D+D− mass spectra
is performed with the mass and natural width of the X(3842) state fixed to the results
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Figure 4: Mass spectra of (top) D0D0 and (bottom) D+D− candidates in the high-mass
3.80 < mDD < 4.20 GeV/c2 region. The result of the simultaneous fit described in the text
is superimposed.

of the fit in the narrow 3.80 < mDD < 3.88 GeV/c2 region. Fixing the mass and natural
width of the X(3842) state in the fit has no effect on the measurement of the parameters
of the χc2(3930) resonance. The mass and the natural width of the χc2(3930) signals in
the D0D0 and D+D− final states and the slope of the background exponential function are
common parameters and all other parameters are allowed to vary independently. The re-
sult of the fit of this model to the data is shown in Fig. 4 and the resulting parameters
of interest are summarised in Table 2. If the wide peak in Fig. 4 is instead assumed
to be spin-0 then the mass decreases by 0.12 MeV/c2 while variations in the width and
the uncertainties in the mass and width are negligible.

Table 2: Yields, mass and width of the χc2(3920) state from the fit to DD mass spectra in
the high-mass 3.88 < mDD < 4.20 GeV/c2 region. Uncertainties are statistical only.

Nχc2(3930) [103] mχc2(3930) [MeV/c2] Γχc2(3930) [MeV]

D0D0 4.7± 0.5
3921.90± 0.55 36.64± 1.88

D+D− 13.0± 0.6
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Figure 5: Mass spectra of (top) D0D0 and (bottom) D+D− candidates in the near-threshold
mDD < 3.88 GeV/c2 region. The result of the simultaneous fit described in the text is superim-
posed.

To evaluate the systematic uncertainty related to the parameterisation of the signal
shape, the parameters of the relativistic Breit–Wigner functions are varied. In particular,
the meson radius, entering the Blatt–Weisskopf centrifugal factor with the default value
of 3.5 GeV−1, is varied between 1.5 GeV−1 and 5 GeV−1. In the case of the X(3842) state,
where the quantum numbers are unknown, the orbital momentum is varied between
zero and four. For the X(3842) and χc2(3930) states, alternative signal descriptions with
multi-channel relativistic Breit–Wigner functions with D0D0 and D+D− and radiative
non-DD decays are used. For the ψ(3770) signal, the parameters of the multi-channel
relativistic P-wave Breit–Wigner function, namely the ratio of branching fractions to
D0D0 and D+D− final states, and the branching fraction for non-DD, are varied within
their known uncertainties [39].

The determination of the natural width of the X(3842) and χc2(3930) states relies on
accurate modelling of the detector resolution. Comparing data and simulation for decay
modes with low energy release such as the χc1→ J/ψµ+µ− decay, agreement at the 10%
level is found [46]. Even better agreement is found for b-hadron decays to pairs of open
charm hadrons such as B0→ D+

s D−, Λ0
b→ Λ+

c D−s and Λ0
b→ Λ+

c D− [47], where the energy
release is larger. Hence, to estimate the corresponding uncertainty the resolution scale is
varied by 10% and the fit is repeated. Alternative resolution models, such as a symmetric

8

Using DD combinations in the full 9 fb−1 2011–18 data sample.
X(3842): New charmonium seen in D+D− and D0D0! Could be spin-3

ψ3(13D3)
m = 3842.71± 0.16± 0.12 MeV/c2, Γ = 2.79± 0.51± 0.35 MeV.

χc2(3930): First seen in hadroproduction.
m = 3921.9± 0.6± 0.2 MeV/c2, Γ = 36.6± 1.9± 0.9 MeV.

ψ(3770): First seen in prompt hadroproduction.
m = 3778.1± 0.7± 0.6 MeV/c2.

Matt Needham
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New baryons in Λ0
bπ

+π−
[LHCb, arXiv:1907.13598, submitted to Phys. Rev. Lett.]
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Combine 890k Λ0
b→ Λ+

c π
− and 218k

Λ0
b → J/ψpK− from 9 fb−1 2011–18

data with two pions.
Clear peak seen at
6149.6± 0.3 MeV/c2

Further split depending in Λ0
bπ
±

mass compatibe with Σb, Σb
∗

or neither (only one pion can be
compatible).
Best fit: two narrow peaks
(widths of 3± 1 and 2± 1 MeV)

m(Λb(6146)0) = 6146.18± 0.33± 0.22± 0.16 MeV/c2

m(Λb(6152)0) = 6152.51± 0.26± 0.22± 0.16 MeV/c2

Matt Needham
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New baryons in Λ0
bπ

+π−
[LHCb, arXiv:1907.13598, submitted to Phys. Rev. Lett.]

Combine 890k Λ0
b→ Λ+

c π
− and 218k

Λ0
b → J/ψpK− from 9 fb−1 2011–18

data with two pions.
Clear peak seen at
6149.6± 0.3 MeV/c2

Further split depending in Λ0
bπ
±

mass compatibe with Σb, Σb
∗

or neither (only one pion can be
compatible).

The Λb(6152)0 decays to Σb
±π∓ and Σ∗±b π∓.

The Λb(6136)0 decays only to Σ∗±b π∓

Ü Likely to be JP = 3
2

+ and JP = 5
2

+. Could also be excited Σb
0.

Matt Needham
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The tale of the two camels

Dromedary and Bactrian Camel

LeonardoCristella
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B(∗)
c (2S)+ at the LHC
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LeonardoCristella
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Observation of two pentaquarks
[LHCb, Phys. Rev. Lett. 115 (2015) 072001, arXiv:1507.03414]
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Liming Zhang
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Observation of narrow pentaquarks
[LHCb, Phys. Rev. Lett. 122 (2019) 222001, arXiv:1904.03947]
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Observation of narrow pentaquarks
[LHCb, Phys. Rev. Lett. 122 (2019) 222001, arXiv:1904.03947]
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+(4312)cP
+(4440)cP +(4457)cP

0*D +
cΣ

0
D +

cΣ
Three states are observed:
Pc(4312)+ Γ ∼ 10 MeV (7σ),

which we could not see with
3 fb−1

Pc(4440)+ Γ ∼ 20 MeV
and

Pc(4457)+ Γ ∼ 6 MeV. The
significance of the 2-peak
structure is 5.4σ

7 No sensitivity to the wide
Pc(4380)+

It is striking that the Pc(4312)+ and the Pc(4457)+ sit at the ΣcD and
ΣcD∗ thresholds

Liming Zhang
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P+
c states at ATLAS

[ATLAS-CONF-2019-048]
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With Run 1 data, ATLAS find 2270 ± 300
Λ0

b→ J/ψpK− decays
Good fits with LHCb states of
[PRL 115 (2015) 072001] and [PRL 122 (2019) 222001]

Fit with only Λ is not (p ∼ 9× 10−3)

Excluded by LHCb

Ivan Yeletskikh
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CP violation
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∆ACP results
[LHCb, Phys. Rev. Lett. 122 (2019) 211803, arXiv:1903.08726]

Run block
5 10 15

 [
%

]
C

P
A∆

1.5−

1−

0.5−

0

0.5

1

1.5

LHCb  / ndf2χ
-valuep

7.523 / 15
0.941

2015
2016
2017
2018

π-tagged:
(−18.2± 3.2± 0.9)× 10−4
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LHCb  / ndf2χ
-valuep

13.825 / 14
0.463

2016

2017

2018

µ-tagged:
(−9± 8± 5)× 10−4

Combining with Run-1 results (−10±8±3)×10−4 [PRL 116 (2016) 191601] and
(+14± 16± 8)× 10−4 [JHEP 07 (2014) 041]:

∆ACP = (−15.4± 2.9)× 10−4 (5.3σ)

MaximeSchubiger
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∆ACP History
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Flavour Tagging at the LHC
[LHCb, Eur. Phys. J. C77 (2017) 238, arXiv:1610.06019]
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New record: εD2 = 7.1± 0.3%
for Run 2 B0→ D∗+D− [LHCb-PAPER-2019-036]

Marta Calvi
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ϕs at ATLAS and LHCb
[ATLAS-CONF-2019-009] [LHCb, Eur. Phys. J. C79 (2019) 706, arXiv:1906.08356]
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N(B0
s ) 477 240± 760 117 000

σ(τ) 69 fs 45.54± 0.04± 0.05 fs
εD2 1.65± 0.01% 4.73± 0.34%
ϕs −0.068± 0.038± 0.018 rad −0.083± 0.041± 0.006 rad
∆Γs 0.067± 0.005± 0.002 ps−1 0.077± 0.008± 0.003 ps−1

Γs 0.669± 0.001± 0.001 0.6542± 0.024± 0.015 ps−1

Katya Govorkova,

Radek Novotný
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ϕs at ATLAS and LHCb
[ATLAS-CONF-2019-009] [LHCb, Eur. Phys. J. C79 (2019) 706, arXiv:1906.08356]
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The angle γ

2008 2010 2012 2014 2016 2018
year

30

40

50

60

70

80

90

 \ 
de

g

Select  combinations through time (1  conf. intervals)

CKMFitter: indirect meas.
CKMFitter: direct meas.
LHCb combinations
Babar combination
Belle combination

2008 2010 2012 2014 2016 2018
year

0

5

10

15

20

25

Ha
lf-

wi
dt

h 
of

 1
 b

an
d 

fo
r 

 \ 
de

g

The  uncertainty through time
CKMFitter: indirect meas.
CKMFitter: direct meas.
LHCb combinations
BaBar combination
Belle combination

The precision on direct measurements of γ is slowly approaching that
of the CKM fits

BaBar [Derkach, arXiv:1301.3283], Belle [Trabelsi, arXiv:1301.2033], CKMfitter [ckmfitter.in2p3.fr],
LHCb [LHCb-CONF-2018-002]

Mikkel Bjørn
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The angle γ

Good news: Most LHCb measurements still to be done (or to be
updated)

Mikkel Bjørn
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B+→ π+π−π+ amplitude analysis
[LHCb, arXiv:1909.05211, submitted to Phys. Rev. D] [LHCb, arXiv:1909.05211, submitted to Phys. Rev. Lett.]
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B+→ π+π−π+ amplitude analysis
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B+→ π+π−π+ amplitude analysis
[LHCb, arXiv:1909.05211, submitted to Phys. Rev. D] [LHCb, arXiv:1909.05211, submitted to Phys. Rev. Lett.]
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and in f2(1270) region (right).

Daniel O’Hanlon
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Oliver Witzel
Paolo Gambino
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CKM fit constraints
[Jure Zupan, arXiv:1903.05062]
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The Unitarity Triangle in 1992
[Schmidtler and Schubert, Z. Phys. 53 (1992) 347]

Inputs: |Vub|/|Vcb| from ARGUS
[PLB255 (1991) 297] and CLEO [PLP 64 (1990) 16]

(model-dependent), εK , B0 oscilla-
tions from ARGUS [PLB 192 (1987) 245] and
CLEO [PRL 62 (1989) 2233], and the t mass
mt > 89 GeV/c2 (95%) from CDF.

Today the value of fB is about
225 MeV. In 1992, much
smaller values were considered
likely.

Status at first Beauty in
1993, in Liblice, Czech

Republic
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The Unitarity Triangle in 2001
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Patrick Koppenburg Conference Summary 04/10/2019 — Beauty in Ljubljana [30 / 92]

http://ckmfitter.in2p3.fr/


The Unitarity Triangle in 2010
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The Unitarity Triangle in 2018
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The CKM matrix still holds!
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Let’s be optimistic Emi Kou
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Rare Decays
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Search for K +→ π+νν decays
Adding 2017 data

Find 2 more candidates in signal box. Ü

See 3 while expecting 1.65 ± 0.31 back-
ground Ü Set 95% CL

B(K +→ π+νν) < 2.4× 10−10

Consistent with SM expecta-
tion (8.4± 1.0)× 10−11 [Buras,

Buttazzo, Girrbach, Knegjens, JHEP 1511 (2015)

033].
Single-event sensitivity:
(3.46± 0.17)× 10−11

Ü B = (5± 7)× 10−11

ZuzanaKučerová
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Dimuon mass distribution
[LHCb, LHCb-CONF-2016-005]
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Observation of the decay B0
s→ µ+µ−

[LHCb, Phys. Rev. Lett. 118 (2017) 191801, arXiv:1703.05747]
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LHCb
With 2011–2016 LHCb data (4.4 fb−1):

B(B0
s → µ+µ−) = (3.0± 0.6 + 0.3

− 0.2)× 10−9

B(B0→ µ+µ−) = (1.5 + 1.2
− 1.0

+ 0.2
− 0.1)× 10−10

Effective limfetime:
τ eff

B0
s→µ+µ− = 2.04± 0.44± 0.05 ps

Matteo Rama

Patrick Koppenburg Conference Summary 04/10/2019 — Beauty in Ljubljana [34 / 92]

http://arxiv.org/abs/1703.05747


B0
s→ µ+µ− at ATLAS

[ATLAS, JHEP 04 (2019) 098, arXiv:1812.03017]
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ATLAS now also see B0
s → µ+µ− :

B(B0
s → µ+µ−) = (2.8 + 0.8

− 0.7)× 10−9

B(B0→ µ+µ−) = (−1.9± 1.6)× 10−10 < 2.1× 10−10 (95% C.L.)

Consistent with LHCb [PRL 118 (2017) 191801]

WolfgangWalkowiak
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B→ µ+µ− with 2011–16 data
[CMS-PAS-BPH-16-004]
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B0
s → µ+µ− observed at 5.6σ. No significant B0→ µ+µ−

B(B0
s → µ+µ−) =

(
2.9 + 0.7
− 0.6 ± 0.2

)
× 10−9

B(B0→ µ+µ−) < 3.6× 10−10 at 95%

Ü

Assumes SM τeff

Jack Chen
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B→ µ+µ− after Moriond 2019
[Aebischer et al., arXiv:1903.10434]
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[CMS PRL 111 (2013) 101804] [PRL 118 (2017) 191801] [ATLAS JHEP 04 (2019) 098]

David Straub
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B→ µ+µ− after Summer 2019
[Aebischer et al., arXiv:1903.10434]
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[PRL 118 (2017) 191801] [ATLAS JHEP 04 (2019) 098] [CMS-PAS-BPH-16-004]

Thanks
to David
Straub for
the updated
plot

David Straub
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B→ µ+µ− with 2011–16 data
[CMS-PAS-BPH-16-004]
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τ eff
B0

s
→ µ+µ− = 1.70 + 0.61

− 0.44 ps

Jack Chen
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b fractions at 13 TeV
[LHCb, Phys. Rev. D101 (2019) 031102(R), arXiv:1902.06794]
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b-hadron fractions determined using
semileptonic b→ cµν decays

Use corrected mass to infer
neutrino momentum
Get 14 M D0Xµ−ν, 4.3 M
D+Xµ−ν, 0.8 M D+

s Xµ−ν and
1.8 M Λ+

c Xµ−ν
See pT dependence of fs and
fΛ0

b

Averages:

fs
fu + fd

= 0.122± 0.006

fΛ0
b

fu + fd
= 0.259± 0.018

MarcelloRotondo
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Flavour AnomaliesFlavour Anomalies

Flavour
anomalies

b →
s`+`−

FCNC

e–µ uni-
versality

BFs

Angular
(P ′5)
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Lepton Universality in b→ s`+`−
[Hiller & Krüger, PRD69 (2004) 074020, arXiv:0310219]

[Hiller & Krüger, PRD69 (2004) 074020]

RX =

q2
max∫

q2
min

dq2 dΓ(B→Xµ+µ−)
dq2

q2
max∫

q2
min

dq2 dΓ(B→Xe+e−)
dq2

RK − 1 ∝ B(B0
s → µ+µ−)

Assuming:
Right-handed currents
negligible
(Pseudo-)scalar couplings
∝ m`,
No CP phases beyond the SM
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RK History
[LHCb, Phys. Rev. Lett. 113 (2014) 151601, arXiv:1406.6482]

Bu mass (MeV)
4800 5000 5200 5400 5600 5800

E
ve

n
ts

 / 
( 

10
 M

eV
 )

0

1000

2000

3000

4000

5000

6000

7000

8000

9000

Bu mass (MeV)
4800 5000 5200 5400 5600 5800

E
ve

n
ts

 / 
( 

10
 M

eV
 )

0

1000

2000

3000

4000

5000

6000

7000

8000

9000

Bu mass (MeV)
4800 5000 5200 5400 5600 5800

E
ve

n
ts

 / 
( 

10
 M

eV
 )

0

500

1000

1500

2000

2500

3000

3500

Bu mass (MeV)
4800 5000 5200 5400 5600 5800

E
ve

n
ts

 / 
( 

10
 M

eV
 )

0

500

1000

1500

2000

2500

3000

3500

]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)

]2c) [MeV/−e+e+K(m
5000 5200 5400 5600

 )2 c
C

an
di

da
te

s 
/ (

 4
0 

M
eV

/

0

10

20

30

40 LHCb

(d)

Ü

[Note LHCb-2007-034]

Patrick Koppenburg Conference Summary 04/10/2019 — Beauty in Ljubljana [42 / 92]

http://arxiv.org/abs/1406.6482
https://cds.cern.ch/record/1027442


Lepton Universality in B+→ K +`+`−
[LHCb, Phys. Rev. Lett. 122 (2019) 191801, arXiv:1903.09252]
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For B+→ K +`+`−, the range
1.1 < q2 < 6 GeV2/c4 is
considered
The fit gets 1943± 49
B+→ K +µ+µ− decays
The B+→ K +e+e− fit gets a
yield of 766± 48
Systematic uncertainties arise
from mass shapes, trigger & PID
calibrations, input q2

distributions

The result is

RK = 0.846 + 0.060
− 0.054

+ 0.016
− 0.014

(2.5σ from the SM)

Christoph
Langenbruch
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RK at Belle
[Belle, arXiv:1908.01848]
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B0→ K 0
Se+e−

Using the full sample of
772 × 106 BB pairs Belle
selects B+→ K +`+`− and
B0→ K 0

S`
+`− decays

137± 14 B+→
K +µ+µ− and
138± 15 B+→
K +e+e− decays
found
27± 6 B0→ K 0

Sµ
+µ−

and
22± 7 B0→ K 0

Se+e−
decays found

Watanuki Shun
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RK∗ at Belle
[Belle, arXiv:1904.02440]
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Using 711fb−1 data, Belle measure
RK∗

Find 103± 13 B→ K ∗e+e−
and 140± 16 B→ K ∗µ+µ−

decays, adding B0 and B+

Cross-check
rJ/ψ = 1.015± 0.025± 0.038
Combined result Ü

Watanuki Shun
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LHCb [PRL 122 (2019) 191801]. Belle [arXiv:1908.01848]. BaBar [PRD 86 (2012) 032012].
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Electron Efficiency
[LHCb, arXiv:1909.02957]
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LHCb use 1.3 fb−1 at
√

s = 13 TeV
taken in 2017 with a dedicated trig-
ger line.

Reconstruct B+→ J/ψK +

with one electron (muon) and
one velo track
The reconstruction efficiency
is well modeled by simulation.
The average systematic
uncertainty on the
data/simulation ratio is 0.6%
per track and varies over
phase space.

Stable versus multiplicity
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BFs too low in b→ sµ+µ− decays?
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Felix Kress

Christoph Langenbruch
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B→ h`+`− form factors from MILC
[PRL 115 152002 (2015), arXiv:1509.06235v2] [PRD 93 025026 (2016), arXiv:1507.01618]
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B+ → π+`+`− [JHEP 10 (2015) 034] and B → K`+`− [JHEP 06 (2014) 133] are all
below the lattice computations.
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B→ Kπ form factors applied to B→ K ∗µ+µ−
[Descotes-Genon, Khodjamirian, Virto, arXiv:1908.02267]
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Usually the K ∗(890)0 meson is assumed to be narrow. Corrections
are O(Γ/m).

The effect depends the K ∗(1410)0.
BF of B0→ K +π−µ+µ− was measured in this Kπ mass range by
LHCb [JHEP 12 (2016) 065]: α . 3

Sébastien
Descotes-Genon
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Zc(4200)+ in B0→ J/ψK−π+
[Belle, PRD 90 112009 (2014), arXiv:1408.6457]
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K ∗0 veto region: Zc(4200)− very
prominent. The Zc(4430)− visible

via interference.
Confirmed model independently by LHCb [PRL 122 (2019) 152002]

Zhang Liming
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All P ′5 measurements
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LHCb [JHEP 02 (2016) 104], Belle [PRL 118 (2017) 111801]
CMS [PLB 781 (2018) 517], ATLAS [arXiv:1805.04000]

Felix Kress,
Alessio Boletti
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All P ′5 measurements
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LHCb [JHEP 02 (2016) 104], Belle [PRL 118 (2017) 111801]

Felix Kress,
Alessio Boletti
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Fits
[Sébastien Descotes-Genon at Beauty]

Sébastien
Descotes-Genon
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B mixing and anomalies
[Di Luzio,Kirk, Lenz, Rauh, arXiv:1909.11087]
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The experimental oscillation frequencies are [HFlav]

∆MExp
s = (17.757± 0.021) ps−1 ∆MExp

d = (0.5064± 0.0019) ps−1

But with latest lattice [FLAG] ([ETM]

[HPQCD] [RBC/UKQCD] [MILC])

∆MFLAG
s =

(
20.1 + 1.2

− 1.6

)
ps−1

∆MFLAG
d =

(
0.582 + 0.049

− 0.056

)
ps−1

which is 1.5σ away. Could the same
NP explain this and the B anoma-
lies?

Avelino Vicente
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Scale of new physics from B anomalies
[Di Luzio, Nardecchia, EPJC7 7 (2017) 536, arXiv:1706.01868]

Avelino Vicente
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The ugly duckling Avelino Vicente
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Lepton Flavour Violation
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Search for B+→ K +µ±e∓
[LHCb, arXiv:1909.01010, submitted to Phts.Rev.Lett.]
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If lepton-universality is violated, lepton-
number conservation may be too

LHCb search for B+→ K +µ±e∓
with Run 1 (3 fb−1) data
After full (BDT) selection,
combinatorial background
dominates
No signal found

Limits (90%) set as

B(B+→ K +µ+e−) < 7.0× 10−9

B(B+→ K +µ−e+) < 6.4× 10−9

More than a factor 10 better than previ-
ous limit [BaBar, PRD73:092001,2006]

Matteo Rama
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Search for Forbidden Decays
[BaBar, arXiv:1905.00608]

D0 → Nsig B and 90% U.L. (×10−7)
π−π−e+e+ 0.22± 3.15± 0.54 0.27± 3.90± 0.67 < 9.1
π−π−µ+µ+ 6.69± 4.88± 0.80 7.40± 5.40± 0.91 < 15.2
π−π−e+µ+ 12.42± 5.30± 1.45 15.4± 6.59± 1.85 < 30.6
π−π+e±µ∓ 1.37± 6.15± 1.28 1.55± 6.97± 1.45 < 17.1
K−π−e+e+ −0.23± 0.97± 1.28 −0.38± 1.60± 2.11 < 5.0
K−π−µ+µ+ −0.03± 2.10± 0.40 −0.05± 3.34± 0.64 < 5.3
K−π−e+µ+ 3.87± 3.96± 2.36 5.84± 5.97± 3.56 < 21.0
K−π+e±µ∓ 2.52± 4.60± 1.35 3.62± 6.61± 1.95 < 19.0
K−K−e+e+ 0.30± 1.08± 0.41 0.43± 1.54± 0.58 < 3.4
K−K−µ+µ+ −1.09± 1.29± 0.42 −0.81± 0.96± 0.32 < 1.0
K−K−e+µ+ 1.93± 1.92± 0.83 1.93± 1.93± 0.84 < 5.8
K−K +e±µ∓ 4.09± 3.00± 1.59 3.93± 2.89± 1.45 < 10.0
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Flavour AnomaliesFlavour Anomalies

Flavour
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RD and RD∗ with a semileptonic tag
[Belle, arXiv:1904.08794]

Using 772 million BB pairs, a
selileptonic opposite B tag and
τ→ µνν, Belle measure

R(D) = 0.307± 0.037± 0.016
R(D∗) = 0.283± 0.018± 0.014

Using only muons:

R(D) = 0.373± 0.068± 0.030
R(D∗) = 0.245± 0.035± 0.020

Using only electrons:

R(D) = 0.281± 0.042± 0.017
R(D∗) = 0.304± 0.022± 0.016
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 contoursσn

Belle combination, with [PRD92 (2015)

072014] and [PRD 97 (2018) 012004]

Probably the final word

from Belle on R(D
(∗) )

Hara Koji
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B→ D(∗)τν HFlav average
[HFlav’19]
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BABAR [PRL 109 101802 (2012)] [PRD 88 072012 (2013)] Belle [PRD 92 072014 (2015)] [PRL 118 211801 (2017)] [PRD
97 012004 (2018)] [arXiv:1904.08794] LHCb [PRL 115 (2015) 111803] [PRL 120 (2018) 171802]. Theory [FLAG EPJC77
(2017) 112], [Faijfer et al., PRD 85 094025 (2012)]
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Or is is 3.9σ? Kitahara Teppei
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Flavour AnomaliesFlavour Anomalies
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Flavour AnomaliesFlavour Anomalies

Flavour
anomalies

b →
s`+`−

FCNC

e–µ uni-
versality

BFs

Angular
(P ′5)

b→ cτν
trees

RD

RD∗

RJ/ψ. . . so, what is it?
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Are we already seeing New Physics?
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P′5 in B→ K∗µ+µ−

[JHEP 02 (2016) 104]
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Muon g − 2 [Davier, Hoecker,
Malaescu, Zhang]

7 7

There is a handful of intriguing 3–4σ anomalies
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Are we already seeing New Physics?
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Muon g − 2 [Davier, Hoecker,
Malaescu, Zhang]

7 7
QCD and/or Statistics?
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Flavour AnomaliesFlavour Anomalies
We need better precision in QCD.

Flavour
anomalies

QCD

Lattice

Sum
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Flavour AnomaliesFlavour Anomalies
It could be new vector bosons (but
beware of BB mixing)

Flavour
anomalies

QCD

Lattice

Sum
rules

Z ′,W ′
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Flavour AnomaliesFlavour Anomalies
It could be new vector bosons, or lep-
toquarks

Flavour
anomalies

QCD
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Sum
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Lepto-
quarks
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Flavour AnomaliesFlavour Anomalies
Why is there no CP violation beyond
the CKM matrix?
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Flavour AnomaliesFlavour Anomalies
They are likely to generate charged-
lepton flavour violation.
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Flavour AnomaliesFlavour Anomalies
Can we see the bosons or leptoquarks
at ATLAS and CMS?
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Flavour AnomaliesFlavour Anomalies
Throw all data at a big fit of every-
thing
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Flavour AnomaliesFlavour Anomalies
Or do we need a new machine?
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Outlook
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The Belle Experiment
[Belle, NIM A479 (2002) 117]
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https://inspirehep.net/record/541364


Belle II Gagan Mohanty
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Gagan Mohanty
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Belle II startup
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Belle Control Room (2004)Belle Control Room (2004)
A long line Ü

uds
event

Expert
shifter seat

Data
manager
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Belle II Schedule
[superkekb]

Gagan Mohanty
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http://www-superkekb.kek.jp/


Rare decays at Belle II

[Belle, NIM A479 (2002) 117][CLEO, PRL 71 (1993) 674]

YonenagaMasanobu
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https://inspirehep.net/record/541364
http://dx.doi.org/541364


Muon g − 2Muon g − 2 Dinko Počanić
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LHCLHC
[Max Degtyarev (2019)]
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https://www.behance.net/gallery/67661801/The-incident-at-the-Large-Hadron-Collider-experiment
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Parked B sample at CMS
[Greg Landsberg, Lyon 4/9/19]

Approximate sample of b hadrons in
parked sample before reconstruction and

selection

DAQ capacity exceeds
computing capacity
Ü park some data for
later use

CMS collected 1010

B events.
Similar to LHCb’s
2011 sample
(caveats apply)
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https://indico.in2p3.fr/event/18646/contributions/74449/attachments/54771/71908/glandsberg.pdf


LHC schedule
[LHC web]
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https://lhc-commissioning.web.cern.ch/lhc-commissioning/schedule/LHC-long-term.htm


ALICE Upgrades Antonio Uras
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LHCb
[Max Degtyarev (2019)]
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LHCb Trigger in Run 2

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

29000 Logical CPU cores

Offline reconstruction tuned to trigger 
time constraints

Mixture of exclusive and inclusive 
selection algorithms

5 kHz (0.3 GB/s) to storage

Defer 20% to disk

LHCb 2012 Trigger Diagram

Ü

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
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LHCb Trigger in Run 3
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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

Ü

30 MHz inelastic event rate 
(full rate event building)

Software High Level Trigger

2-5 GB/s to storage

Full event reconstruction, inclusive and 
exclusive kinematic/geometric selections

Add offline precision particle identification 
and track quality information to selections

Output full event information for inclusive 
triggers, trigger candidates and related 
primary vertices for exclusive triggers

LHCb Upgrade Trigger Diagram

Buffer events to disk, perform online 
detector calibration and alignment

Sevda Esen
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LHCb Upgrade
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Upstream Tracker

SciFi Tracker
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EoI

Expression of Interest

CERN/LHCC 2017-003
LHCb EoI
08 February 2017

UPGRADE II

LHCb

Opportunities in flavour physics,
and beyond, in the HL-LHC era

L = 2·1033 cm−2s−1 requires some new detectors and 40 MHz read-out
clock new electronics
Velo: New pixel vertex detector
Trackers: New scintillating fibre tracker.

The upstream tracker is also replaced
PID: Hybrid photodetectors to be replaced by

multi-anode PMTs
Ü 50 fb−1 by Run 4.

4 We are preparing an-
other upgrade for Run 5
Ü 300 fb−1

[Upgrade TDR] [Velo] [PID] [Sci-Fi] [Trigger] [Phase-II EoI]

Sevda Esen
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EoI for Phase-II Upgrade
EoI

Expression of Interest

CERN/LHCC 2017-003
LHCb EoI
08 February 2017

UPGRADE II

LHCb

Opportunities in flavour physics,
and beyond, in the HL-LHC era

[CERN-LHCC-2017-003]

We have expressed an in-
terest for a Phase-II up-
grade [CERN-LHCC-2017-003] .
The physics case is
[arXiv:1808.08865].

2021	 2022	 2023	 2024	 2025	 2026	 2027	 2028	 2029	 2030	 2031	 …	

LHC	

Upgrade	Ia	 Upgrade	Ib	 Upgrade	II	

Run	3	 LS3	 LS4	

HL-LHC	 Run	4	 Run	5	LS3	 LS4	

Sevda Esen
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http://arxiv.org/abs/1808.08865


LHCb Phase-II Upgrade
[LHCb, arXiv:1808.08865]

The plan is to record
300 fb−1 by the end of
Run 5.

1 EoI [CERN-LHCC-2017-003]

2 Physics case [LHCb,

arXiv:1808.08865]

3 LHCC has
approved LHCb to
proceed to a
framework TDR
(2021)

Join us at the open Upgrade-II meeting in Spring 2020 in Barcelona!
Possibility to join as technical associate group.

Sevda Esen
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The P{h}ysics caseThe P{h}ysics case
[LHCb, arXiv:1808.08865]
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Beauty potential

An exercise for all of us
How do you assess the scientific potential for Beauty and in general of

(a) The High-Luminosity LHC?
(b) The High-Energy LHC?
(c) A 100-TeV pp Collider (FCC-hh)?
(d) A 250-GeV ILC?
(e) A circular Higgs factory (FCC-ee or CEPC)?
(f) A 380-GeV CLIC?
(g) A µ+µ− → H Higgs factory?
(h) LHeC / FCC-eh? (or an electron–ion collider?)
(i) A muon-storage-ring neutrino factory?
(j) A multi-TeV muon collider?
(k) The instrument of your dreams?

Chris Quigg Beauty 2019 Opening Ljubljana · 30.09.2019 41 / 41

Chris Quigg
Stéphane Monteil
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It was a great conference!
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It was a great conference!

Thanks Ljubljana!
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