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Introduction

The Flavor paradigm

BABAR/Belle [2000-10]: established the CKM CPV framework.

σ
Υ (4S)

bb̄
∼O(nb). For precision physics: super-flavor factory.

@LHC: huge cross-sections σbb ∼ O(mb), but harsh environment.

Folklore: hadron colliders are discovery machines, while lepton
colliders are precision machines.

To harness σLHC
bb̄

, needed a special detector...
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Introduction LHCb: Run I and II

Flavor-factory at a hadron collider

LHCb: mb√
s
∼ 10−3. Highly boosted b’s ⇒ forward spectrometer.

Primed for flavor
physics at the LHC

Excellent tracking and
vertexing. RICH(PID)
unique at LHC.

[ JINST14(2019)P11023, JINST14(2019)P04013, Int.J.Mod.Phys.A30(2015)1530022, JINST3(2008)S08005 ]
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https://doi.org/10.1088/1748-0221/14/11/P11023
https://doi.org/10.1088/1748-0221/14/04/P04013
https://doi.org/10.1142/S0217751X15300227
https://cds.cern.ch/record/2727008/files/10.1088/1748-0221/3/08/S08005


Introduction LHCb: Run I and II

But, also a general purpose detector...

Rich haul of physics (> 530 publications). Broad program.
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Introduction Run I/II operations

Run I/II operations and luminosities

10-15× lower lumi than ATLAS/CMS to limit
occupancies in sub-detectors (lumi-levelling).

LHCb design lumi was 2× 1032 cm−2s−1. We were
able to run at twice of that. Mainly due to
innovations in the trigger.

Thanks to excellent performance of the LHC as well!
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Introduction Expectations and bonuses...

Takeaways from Run I+II till now...

Gained huge experience in triggering for precision flavor physics in
harsh LHC enviroment ⇒ lessons for Hi-Lumi LHC.

Significantly sharpened CKM picture. Charm CPV, B0
s mixing...

Access to all b-hadron species (B±,0,B0
s ,Λ0

b,... ) has been critical.

LHCb can do neutrals, semileptonics, once thought to be
near-impossible (|Vub|, Λ0

b → Λγ,...).

B(B0
(s) → µ+µ−) consistent with SM, but evolution of B-anomalies

among the most promising topics in HEP today. ↪→[Adlene’s talk]

Revolutionized exotic hadron spectroscopy.
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https://indico.ipmu.jp/event/320/contributions/5072/


Physics highlights

Run I/II physics highlights

I will cover:
– Hadron Spectroscopy
– New measurements for γ and CPV in B0

s

– Dark sector searches

Adlene’s talk (next session) will cover anomalies in:
– Semileptonics
– b→ s FCNC decays
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Physics highlights Exotic Spectroscopy

Making sense of the “zoo”...
1974 J/ψ discovery: could be immediately interpreted.

NR potential
model predicted
the cc̄ spectrum...
[eg., PRD17(1978)3090]

Till Belle discovered the X(3872) exotic candidate in 2003.

∼ 40 exotic candidates
since then.
No single theory picture
that fits all cases, though
ΛQCD/mc � 1 is a common
thread.
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Physics highlights Nature of the χc1(3872)

The χc1(3872) lineshape puzzle [JHEP 08(2020) 123]
[LHCb-PAPER-2020-008]

LHCb established the χc1(3872) (X(3872)) as 1++
[
PRL110, 222001 (2013)
PRD92, 011102 (2015)

]
,

but its nature still not understood. Molecule or tetraquark?

Key features: narrow width, mass right at the D0D
∗0 threshold.

Flatté with couplings to DD∗, ρ0J/ψ , ωJ/ψ : FWHM ∼ 0.22 MeV,
< ΓrBW ⇒ rBW lineshape inadequate.
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https://arxiv.org/abs/2005.13422
https://arxiv.org/abs/2005.13419
https://arxiv.org/abs/1302.6269
https://arxiv.org/abs/1504.06339


Physics highlights New exotics from LHCb

First |ccc̄c̄〉 tetraquarks [LHCb-PAPER-2020-011]
(Science Bulletin (2020))

TQQQ̄Q̄, Q ∈ {c, b}, in many QCD models [1803.02522, 1911.00960].

Tbbb̄b̄ searched at LHCb [JHEP10(2018),086] and CMS [2002.06393].

LHCb prompt di-J/ψ : peak at 6900 MeV + other structures.

Diquark models: [cc]S=1[c̄c̄]S=1.

Karliner et al. [2009.04429]: 0++(2S).
“Dip”: opening of S-wave di-ηc0.

Becchi et al. [2006.14388]: 2++.

Spin-parity determination (as X → 4`) with Run 3 data [2007.05501] .
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https://arxiv.org/abs/2006.16957
https://arxiv.org/abs/1803.02522
https://arxiv.org/abs/1911.00960
https://link.springer.com/article/10.1007/JHEP10(2018)086
https://arxiv.org/abs/2002.06393
https://arxiv.org/pdf/2009.04429.pdf
https://arxiv.org/abs/2006.14388
https://arxiv.org/abs/2007.05501


Physics highlights New exotics from LHCb

First |csūd̄〉 tetraquarks [LHCb-PAPER-2020-024]
[LHCb-PAPER-2020-025]

“Model-independent” analysis: cc̄ reflections
can’t mimic m(D−K+) band.

Karliner et al.[2008.05993]:X0(compact
tetraquark), X1 (D∗K∗ molecule?).

B0 → D0D
0
K+π−: no isospin-partner [D0K+].
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http://arxiv.org/abs/2009.00026
http://arxiv.org/abs/2009.00025
https://arxiv.org/abs/2008.05993


Physics highlights Conventional Spectroscopy

Excited b/c-hadrons ↪→ [see Arvind′s talk]

Major strides in conventional (heavy-flavor) baryon spectroscopy...
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https://indico.ipmu.jp/event/320/contributions/5134/


Physics highlights Conventional Spectroscopy

...and more a coming (NEW!)

New B+K− structures from B∗∗0

decays.
New Ξb(6227)0 → Ξ−

b π
+: likely

isospin partner of the Ξb(6227)−.

See Arvind’s talk on Wed for details.
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https://indico.ipmu.jp/event/320/contributions/5134/




Physics highlights γ from Time-integrated B → DK

γ from B∓ → D(→ K0
S
π+π−)K± [LHCb−CONF−2020−001]

“BPGGSZ′′ method

SM benchmark: γ accessible in tree decays. Vub ∼ e−iγ .
γ = (72.1+4.1

−4.5)◦ from trees [HFLAV]; (65.7+0.1
−2.7)◦ from loops [CKMFitter].

Model-independent method (inputs from BESIII on D decay).

B → Dπ as control mode. γ = (69± 5)◦. Most
precise single measurement.

Combined γ|LHCb precision at 4◦ level on
target. ⇒ see Anton’s talk on Wed
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https://arxiv.org/pdf/2006.12404.pdf
https://hflav.web.cern.ch/content/unitary-triangle-angles
http://ckmfitter.in2p3.fr/www/results/plots_summer19/num/ckmEval_results_summer19.html
https://arxiv.org/abs/2003.00091
https://indico.ipmu.jp/event/320/contributions/5089/


Physics highlights γ from Time-dependent B0
s → DsKππ Dalitz

γ from B0
s → D∓s K

±π+π− (NEW!) [LHCb−PAPER−2020−030]

Similar to B0
s → D∓s K

±
[JHEP03(2018)059],

except complicated Kππ system.

Time-dep. flavor-tagged 5D amplitude
analyis! Nsig ∼ 7500.

Most precise measurement of ∆ms and a new measurement of γ
from B0

s decays ⇒ see Stefano’s talk tomorrow.
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https://arxiv.org/abs/1712.07428
https://indico.ipmu.jp/event/320/contributions/5088/


Physics highlights Time-dependent CPV in B0
s → K+K−

CPV in B0
(s) → h+h′− (NEW!) [LHCb−PAPER−2020−029]

2-body B0
(s) decays: rich set of diagrams (tree, penguin, mixing).

TD-CPV: B0 → π+π−, B0
s → K+K−.

TI-CPV: B0 → K+π−, B0
s → K−π+

Results dominated by Run I LHCb
analysis [PRD98(2018)032004] ⇒ evidence for
TD-CPV in B0

s → K+K−.

Update to 2015+16 (2.2/fb) data. Results
compatible w/ Run I analysis.

First observation of TD-CPV in
B0
s → K+K− ⇒ see Stefano’s talk tomorrow.
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.98.032004
https://indico.ipmu.jp/event/320/contributions/5088/




Physics highlights Dark sector searches

Dark sectors: a different paradigm for NP

DM charged under its own (dark) gauge sector ⇒ SM talks to DM
via messengers. Messengers can be at any (GUT?) scale.

Low energy EFT ⇒ four portals.
LHCb sensitive to all: scalar
(Higgs), neutrino (HNL), vector
(dark photons), axions (ALPs).

Complementary to ATLAS/CMS: LHCb has ×15
lower Lint and forward coverage only.

LHCb: low pileup, soft triggers (pT > 1 GeV for
muons, pT > 3 GeV for calo), exotica from B decays.

Run II (2015) onwards: offline quality selection (PID, vertexing,
calo) in trigger. No pre-scale for dimuons. Non-standard searches.
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Physics highlights Dark sector searches

A sample of exotica searches at LHCb

Many dark photon, Majorana neutrinos, dark scalar searches...

PRL 124 (2020) 041801 Search for A′ → µ+µ−

EPJC78 (2018) 1008 Search for lepton-flavour-violating decays of Higgs-like bosons

JHEP 09 (2018) 147 Search for a dimuon resonance in the Υ mass region

PRL 120 (2018) 061801 Search for dark photons produced in 13 TeV pp collisions

EPJC 77 (2017) 812 Updated search for long-lived particles decaying to jet pairs

EPJC 77 (2017) 224
Search for massive long-lived particles decaying semileptonically
in the LHCb detector

EPJC76 (2016) 664 Search for Higgs-like bosons decaying into long-lived exotic
particles

PRL 112 (2014) 131802 Search for Majorana Neutrinos in B− → π+µ−µ− Decays

PRL 115 (2015) 161802 Search for Hidden-Sector Bosons in B0 → K∗0µ+µ−

PRD 95 (2017) 071101(R) Search for long-lived scalar particles in B+ → K+χ(µ+µ−)

PRL 116 (2016) 251803 Proposed Inclusive Dark Photon Search at LHCb

PRD 92 (2015) 115017 Dark photons from charm mesons at LHCb (for Run 3)
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https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.112.131802
https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.115.161802
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.95.071101
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.116.251803
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.92.115017


Physics highlights Dark sector searches

Low mass A′ with dimuons [PRL124(2020)041801]

Low mass dark photon (A′ → `+`−): µ+µ− easiest at LHCb

Run 3 proposal: e+e− in with D∗ → DA′, π0, η → γA′.
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.124.041801


Physics highlights Dark sector searches

HNL in W+ → µ+µ±jet [LHCb−PAPER−2020−022]

Heavy right-handed (“sterile”) neutrinos can
solve DM, ν mass. Mixing w/ active ν (|VνM |).
Run I search of on-shell W± → µ±N . Prompt
decay of HNL, and mN ∈ [5, 50] GeV.

Both same-sign(LNV) and opp.-sign(LNC, 1st time!) µµ probed.

Sensitivity still statistics-limited (compared to ATLAS/DELPHI
limits). Can be competitive after the upgrade.
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Upgrades Long-term perspective

LHCb upgrades
[
CERN-LHCC-2017-003
LHCB-PUB-2018-009

]
Aim to collect ×100 data, improving upon 1-2 fb−1/year.

5X lumi

10X lumi

ATLAS/CMS
   upgrades

Run1 Run2 Run3 Run4

50/fb23/fb9/fb
U1a U1b U2

Belle2, 50/ab

300/fb

HiLumi-LHC

↪→ [see Laurent′s talk on Thu]

Staged upgrade
towards 300 fb−1

Upgrade Ia(now)

Entire detector
R/O at 40MHz

Versatile online
s/w trigger
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https://cds.cern.ch/record/2244311?ln=en
https://arxiv.org/abs/1808.08865
https://indico.ipmu.jp/event/320/contributions/5078/


Upgrades Long-term perspective

LHCb upgrades
[
CERN-LHCC-2017-003
LHCB-PUB-2018-009

]

No departures from CKM picture yet, but 20% NP still allowed.
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https://cds.cern.ch/record/2244311?ln=en
https://arxiv.org/abs/1808.08865


Upgrades Upgrade Ia

LHCb Upgrade Ia

An almost new detector for Run 3 in 2021. Commisioning hit by
COVID. Nevertheless, all sub-detectors progressing well.

HLT w/ hybrid technology: HLT1 in GPU’s, HLT2 in CPU’s.
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Summary

Summary

Run I/II LHCb has been a fantastic success – core flavor physics,
spectroscopy, dark sectors, heavy ions...

Only way to increase data collection rate was to remove L0
hardware trigger (1 MHz bottleneck).

Versatile software HLT seen the way out ⇒ major uphaul of
code-base for analysis flow as well.

Updates with Run I+II data coming up for our theory colleagues.

Looking forward to Run 3...

Thank you!
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