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RK and P ′5 and cc
Patrick Owen

Tomorrow Morning
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RK 2.6σ from SM [PRL 113 (2014) 151601]

P ′5 3.7σ away in one bin [PRL 111 (2013) 191801]

Leptophobic Z ′? [Altmannshofer, PRD 89 (2014) 095033]

But how well do we control cc? [PRL 111

(2013) 112003]
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Are we already seeing New Physics?
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Excess at 2 TeV [CMS,
JHEP 08 (2014) 174]
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Excess at 2 TeV [ATLAS, JHEP 12
(2015) 55]

]4c/2 [GeV2q
0 5 10 15

5'
P

-1

-0.5

0

0.5

1

SM from DHMV

LHCb Run 1 analysis
Belle arXiv:1604.04042

P′5 in B→ K∗µ+µ− [JHEP 02
(2016) 104]
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Vub puzzle [Nature Phys. 11
(2015) 743]
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B→ D∗τν [PRD 92 (2015)
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There’s a handful of intriguing 3–4σ anomalies

November2015
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All RX ∼ 1
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Sara Celani,
tomorrow
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BFs too low in b→ s`+`− decays
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b→ Λ`+`−

BFs too low in b→ s`+`− decays
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W
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BFs too low in b→ s`+`− decays
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B+→ K +`+`−B→ K ∗`+`−

B0
s → φ`+`− Λ0

b→ Λ`+`−

4.2σ for B→ Kµ+µ−

[Parrott, Bouchard, Davies (HPQCD), PRD

107 (2023) 119903]

BFs too low in b→ s`+`− decays
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BFs too low in b→ s`+`− decays
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B+→ K +`+`−B→ K ∗`+`−
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b→ Λ`+`−

BFs too low in b→ s`+`− decays

Nonlocal cc→ γ∗

operators

0 2 4 6 8 10105 × Br(B+→K + νν̄)

Average1.3±0.4

BaBar (429 fb-1, hadronic)1.5 ± 1.3   PRD87, 112005
BaBar (418 fb-1, semileptonic)0.2 ± 0.8   PRD82, 112002
Belle (711 fb-1, hadronic)2.9 ± 1.6   PRD87, 111103
Belle (711 fb-1, semileptonic)1.0 ± 0.6   PRD96, 091101
Belle II (63 fb-1, inclusive)1.9 ± 1.5   PRL127, 181802
Belle II (362 fb-1, inclusive)2.7 ± 0.7   This analysis, preliminary
Belle II (362 fb-1, hadronic)1.1 ± 1.1   This analysis, preliminary
Belle II (362 fb-1, combined)2.3 ± 0.7   This analysis, preliminary
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[Belle II, PRD 109 (2024) 112006]

[Algueró et al., arXiv:2304.07330]
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Unbinned B0→ K ∗0µ+µ−
[LHCb, JHEP 09 (2024) 026, arXiv:2405.17347]

Use all data without charmonium veto to de-
termine local and nonlocal contributions.
Determine Wilson coefficients and nonlocal con-
tributions from fit
Nonlocal operators play a role, but the tension
in Wilson coefficients persists.

LakshanMadhan,tomorrow
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[Hüsken, Spadaro Norella, Polyakov, arXiv:2410.06923]
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All hadrons found at the LHC
[LHCb-FIGURE-2021-001] [Updates here]
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All resonances observed at the LHC in a mass versus submission date plot.
Hollow markers indicate superseded states.

Yuhao Wang,
Da Yu Tou,

Linxuan Zhu,
tomorrow
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All exotic hadrons found at the LHC
[LHCb-FIGURE-2021-001] [Updates here]

All exotic resonances observed at the LHC in a mass versus submission date
plot. Hollow markers indicate superseded states.
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Masses and widths
[LHCb-FIGURE-2021-001] [Updates here]
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Extreme configurations
Slide stolen from M. Karliner

Tightly bound pentaquark
Each quark sees the colour
charge of every other quark

Loosely bound molecule
Two colour singlets interacting
by light meson exchange
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LHCb
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LHCb Legacy 2009–2018LHCb Legacy 2009–2018
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LHCb Upgrade 2023–LHCb Upgrade 2023–
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LHCb Upgrade 2023–LHCb Upgrade 2023–

New RICH optics and PMT

New
pixel
VeLo

Removed M1 and
new readoutNew

SciFiNew
UT

Removed PS/SPD
and new readout
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Tracking:UT and SciFiTracking:UT and SciFi

Patrick Koppenburg Introduction to the Implications Workshop 23/10/2024 — Implications Workshop [14 / 35]



Upgrade I VELO
[Akiba et al., arXiv:2404.13615]

Upgrade I VELOUpgrade I VELO
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Upgrade I VELO
[Akiba et al., arXiv:2404.13615]

Upgrade I VELOUpgrade I VELO
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Upgrade I VELO
[Akiba et al., arXiv:2404.13615]

Upgrade I VELOUpgrade I VELO

◦
Ü
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VELO IncidentVELO IncidentVELO Incident
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VELO IncidentVELO IncidentVELO Incident
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Run 3 figures: VELO alignment
[FIGURE-2024-009]
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Run 3 figures: PV resolution
[FIGURE-2024-011]
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Run 3 figures: alignment
[FIGURE-2024-009]
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Run 3 figures: PID
[FIGURE-2024-031]
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LHCb dataflow in Run 3
[FIGURE-2020-016]
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Run 3 figures: Hlt1 dimuons
[FIGURE-2024-029]
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Hlt1 efficiencies for B+→ D0π+
[FIGURE-2024-030]
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Hlt1 efficiencies
[FIGURE-2024-030]
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Hlt1 downstream tracking
[FIGURE-2024-035]

Ü
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Run 3 figures: Mass plots
[LHCb-FIGURE]

π0→ γγ
[FIGURE-2024-017]
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B0→ K∗0γ
[FIGURE-2024-017]
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Run 3
[Operations plots]
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1−2012 (8 TeV): 2.08 fb
1−2011 (7 TeV): 1.11 fb

2010 not even listed.
We need a log scale.

The one plot to remember from this talk
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LHC schedule (Oct 2024)
[LHC] [Lamont]
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[B]

Upgrade II
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Upgrade II
[LHCb-TDR-026]
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Baseline plan

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

1 EoI [CERN-LHCC-2017-003]

2 Physics case [LHCb U2

Physics case, arXiv:1808.08865]

3 Framework TDR
[LHCb-TDR-023]

4 Scoping document
[LHCb-TDR-026] (with LHCC —

will be public soon)
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LHCb Upgrade 2023–LHCb Upgrade 2023–
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LHCb Upgrade II
[LHCb-TDR-026]
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Unitarity Triangle
[LHCb U2 Physics case, arXiv:1808.08865]
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Unitarity Triangle
[LHCb U2 Physics case, arXiv:1808.08865]
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Some results you’ll be first to seeSome results you’ll be first to see
[indico]

LHCb-PAPER-

2024-030 Photon polarisation with low-q2 e+e−

2024-046 More b→ s`+`− lepton universality
2024-047 D→ h+h−e+e−

2024-037 B−→ D∗∗0τ−ν decays
2024-031 Direct CPV in b→ J/ψx

2024-043, 2024-048 CPV in baryons (with an evidence, finally!)
2024-044 Mixing and CPV in charm
2024-033 Likely two new tetraquarks, but we are not sure
2024-040 A known tetraquark in another decay mode
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Enjoy the workshop!

[ @pkoppenburg.bsky.social] [ @pkoppenburg] [patrick.koppenburg@nikhef.nl]
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LHCb Upgrade II performance
[LHCb UII Physics case, arXiv:1808.08865] [LHCb-TDR-026]

Legacy Upgrade I U2
Observable (9 fb−1) (23 fb−1) (50 fb−1) (300 fb−1)
sin 2β, with B0→ J/ψK 0

S 0.015 [PRL 132 (2024) 021801] 0.011 0.003
ϕs , with B0

s → J/ψK +K− [mrad] 20 [PRL 132 (2024) 051802] 12 8 3
ϕss̄s

s , with B0
s → φφ [mrad] 80 [PRL 131 (2023) 171802] 39 11

γ 4◦ [LHCb-CONF-2024-004] 1.5◦ 1.0◦ 0.35◦
|Vub|/|Vcb| 6% [Nature Phys. 11 (2015) 743] 3% 2% 1%
Rµ+µ− 69% [PRL 128 (2022) 041801] 41% 27% 11%
RK (1 < q2 < 6GeV2/c4) 0.1 [PRD 108 (2023) 032002] 0.025 0.007
A(2)

T (B→ K ∗e+e−) 0.1 [JHEP 12 (2020) 081] 0.06 0.04 0.016
Sφγ(B0

s → φγ) 0.32 [PRL 123 (2019) 081802] 0.09 0.06 0.025
R(D∗) 0.022 [PRD 108 (2023) 012018] 0.007 0.002
∆ACP(D0→ KK , ππ) [10−5] 29 [PRL 122 (2019) 211803] 13 8 3.3
AΓ(D0→ KK , ππ) [10−5] 11 [PRD 104 (2021) 072010] 5 3.2 1.2
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Mixing and CPV
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D mixing with D→ K−π+
[LHCb, arXiv:2407.18001, Phys. Rev. D]

In B CPV in mixing came before direct CPV . In D CPV in mixing is still
missing. With Runs 1&2 measure AKπ = (−6.6± 5.7)× 10−3.
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γ combination matrix
[LHCb, LHCb-CONF-2024-004]

Time-integrated measurements
Final states Dh+ D∗0h+ DK 0

Sπ
+ DK +π− DK +π−π− DK ∗+

h+h− [9 fb−1] [9 fb−1] [5 fb−1] [9 fb−1] [3 fb−1] [9 fb−1]
h+π−π+π− [3 fb−1][9 fb−1] [9 fb−1] [5 fb−1] [9 fb−1]
h+h−π+π− [9 fb−1] [9 fb−1]
h+h−π0 [9 fb−1]
K∓π±
K∓π±π0
K 0

Sh+h− [9 fb−1] [9 fb−1][9 fb−1] [9 fb−1] [9 fb−1]
K 0

SK +π− [9 fb−1]

Time-dependent measurements
Final states D∓π± B0

s → D∓s K± D∓s K±π+π−

K±h+h− [3 fb−1] N/A N/A
h±h∓π± N/A [9 fb−1] [9 fb−1]

Click on lumi to get reference. Last updated with [LHCb-CONF-2024-004].
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https://inspirehep.net/literature?sort=mostrecent&size=25&page=1&q=find%20rn%20LHCb-PAPER-2024-023&ui-citation-summary=true
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https://inspirehep.net/literature?sort=mostrecent&size=25&page=1&q=find%20rn%20LHCb-PAPER-2018-009&ui-citation-summary=true
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2024 γ combination
[LHCb, LHCb-CONF-2024-004]

γ = (64.6± 2.8)◦
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FCNC
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Search for Λ+
c → pµ+µ−

[LHCb, Phys. Rev. D110 (2024) 052007, arXiv:2407.11474]
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B∗0(s)→ µ+µ− in B+
c decays

[LHCb, arXiv:2409.17209, Submitted to Eur. Phys. J. C]
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B(B+
c → B∗0π+)× B(B∗0→ µ+µ−)

B(B+
c → J/ψπ+)

< 3.8× 10−5 (90%)

B(B+
c → B∗0s π+)× B(B∗0s → µ+µ−)

B(B+
c → J/ψπ+)

< 5.0× 10−5 (90%)
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Spectroscopy
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All hadrons found at the LHC
[LHCb-FIGURE-2021-001] [Updates here]
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New hadrons found at LHCb
[LHCb-FIGURE-2021-001] [Updates here]
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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
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New states in B+→ D∗±D∓K +
[LHCb, PRL 133 (2024) 131902, arXiv:2406.03156]
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ηc(3945) agrees with X (3940)
state found by Belle [PRL 98 (2007)

082001] in D∗D and recoiling
against J/ψ. Could be ηc(3S).

hc(4000) candidate for hc(2P).
Similar to state by BESIII in
D∗D∗ [PRL 115 (2015) 182002]

χc1(4010) has quantum numbers
of χc1(3872) and other χc1,2.
Could be exotic.

hc(4300) candidate for hc(2P)
and hc(3P). State at 4274
has different parity [PRL 127 (2021)

082001].

Also confirm T ∗cs0(2900)0 and
T ∗cs1(2900)0 in another decay
mode [PRL 125 (2020) 242001].
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Observation of Λ0
b→ Σ(∗)++

c D(∗)−K−
[LHCb, Phys. Rev. D110 (2024) L031104, arXiv:2404.19510]

Pcc pentaquarks are 10MeV below ΣcD∗
threshold.
Hence look for Λ0

b→ ΣcD∗K− decays.

Specifically Λ0
b→ Σ

(∗)++
c D(∗)−K−

with Σ
(∗)++
c → Λ+

c π
+, Λ+

c → pK−π+,
D∗−→ D0π−, D0→ K +π−, or
D−→ K +π−π−. So a p3K4π final
state.

Λ0
b→ Σ

(∗)++
c D−K− (480± 25 Σc ,

279± 26 Σ(∗)
c )

Λ0
b→ Σ

(∗)++
c D∗−K− (243± 17 Σc ,

116± 15 Σ(∗)
c )

No clear sign of resonant structure.
Needs amplitude analysis with Run3
data.
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Not enough data to look
for pentaquarks, but with
more data we’ll get there.
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[B]

EW and exotics
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sin2 θ`eff from Z→ µ+µ− AFB

[LHCb, arXiv:2410.02502, Submitted to JHEP]
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Fit result
Data

Using data in 66 < mµ+µ− <
116GeV/c2 with 5.4 fb−1
13TeV data (2016–18).
sin2 θ`eff from fit to asymmetry
of muon pseudorapidities, AFB,
vs their absolute difference
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[B]

Other stuff
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J/ψ→ µ+µ−µ+µ−
[LHCb, arXiv:2408.16646, Submitted to JHEP]
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Using 5 fb−1 2016–18 data get

B(J/ψ→ µ+µ−µ+µ−) = (1.13± 0.10± 0.05± 0.01)× 10−6

The phase-space model assumed by CMS [CMS, PRD 109 (2024) L111101, arXiv:2403.11352] is
excluded
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Dalitz decay of χb

[LHCb, arXiv:2408.05134, Submitted to JHEP]
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RK versus time
[Scholarpedia, arXiv:1606.00999]
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[BaBar, PRD 86 (2012) 032012] [PRL 113 (2014) 151601] [PRL 122 (2019) 191801] [Belle, PRL 126 (2021) 161801] [PRD 108
(2023) 032002] [CMS, Rep. Prog. Phys. 87 (2024) 077802]
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