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LHCb
• Single arm spectrometer, fully instrumented in the forward region.

• Designed for flavour physics –but also able to act as general purpose forward detector. 
• Overlap with ATLAS/CMS precision coverage in 2.0< η<2.5; unique precision coverage in 

2.5<η<5.

JINST 3 (2008) S08005
and Int. J. Mod. Phys. A 30, 1530022 (2015)

https://iopscience.iop.org/article/10.1088/1748-0221/3/08/S08005/meta
https://www.worldscientific.com/doi/abs/10.1142/S0217751X15300227
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PRL 120 (2018) 061801

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.061801
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LHCb - datasets
• LHCb runs at a reduced luminosity 

compared to ATLAS and CMS.
• Provides very clean environment with 

reduced pileup.

• Integrated Luminosity recorded:
• LHC Run 1: 3/fb @ 7, 8 TeV.
• LHC Run 2: 6/fb @ 13 TeV.

• Proposal to record at least 300/fb of 
data at LHCb as part of the HL-LHC.

arxiv:1808.08865

http://arxiv.org/abs/1808.08865
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LHCb – what can we offer?
• LHCb offers direct searches:

• Clear that with lower luminosity and small forward acceptance we are not sensitive 
to SM Higgs production.
• But we do offer sensitivity to NP – particularly in relatively low mass NP scenarios 

where the acceptance in direct searches is larger.  (eg Higgs boson decays to new 
Long-Lived Particle final states)

• Important measurements of the EW sector 
• Will be of increasing relevance for future iterations of the EW fit

• Flavour Physics Measurements as Indirect Searches
• Rare Decays of B mesons place crucial constraints on the behaviour of BSM theories
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Direct Searches
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Low Mass Spin-0 boson Searches
• Search for a low mass scalar boson 

decaying to a dimuon final state.
• Very clean signature!
• LHCb offers precision tracking and 

mass resolution - can search close 
to the 𝑏"𝑏 resonances.
• Signal model: Gaussian-smeared 

Hypatia function
• Background: Exponential 

multiplied by Legendre 
polynomials

JHEP 09 (2018) 147 
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https://link.springer.com/article/10.1007/JHEP09(2018)147
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Low Mass Spin-0 boson Searches
• No signal observed

• Limits set on 𝜎 × BF –
assume direct production 
based on MSSM 
pseudoscalar production.

JHEP 09 (2018) 147 

https://link.springer.com/article/10.1007/JHEP09(2018)147
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Low Mass Spin-0 boson Searches
• Can recast results for 

different models

• Here limits based on 
assuming 𝜙 boson is 
produced in the decay of a 
Higgs boson.

JHEP 09 (2018) 147 

https://link.springer.com/article/10.1007/JHEP09(2018)147
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Low Mass Spin-1 boson Searches
• Can recast results for 

different models

• Here limits based on 
assuming direct production 
of a dark photon.

JHEP 09 (2018) 147 

https://link.springer.com/article/10.1007/JHEP09(2018)147
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Low Mass Spin-1 boson Searches
• New results also available in search for dark photon using Full Run 2 dataset.
• Limits set on kinetic mixing parameter between dark photon and photon.
• Prompt and displaced decays considered.

• World Best Limits set for prompt production in range 10.6 < 𝑚 < 30 GeV.

LHCb-PAPER-2019-031

NEW

preliminary
preliminary
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Low Mass Spin-1 boson Searches

LHCb-PAPER-2019-031

Forthcoming paper (currently in preparation) will also recast 
this search into limits on direct production of a Spin-0 boson.

NEW

preliminary
preliminary
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Long-Lived Particle Production

EPJC 77 (2017) 812

• LHCb has also searched for long lived particle production.
• Again considered in context of a Higgs boson decay to a pair of 

(invisible) hidden valley pions – with each then decaying to a 
(displaced) 𝑞"𝑞 pair.

• Signature: displaced di-jet vertex. Only search for one such vertex –
increases acceptance of events within LHCb detector.
• LHCb offers ability to access low lifetimes and small hidden valley 

pion masses – low pileup and vertex locator performance enables 
efficient separation of primary and secondary interactions.

• Selection efficiency for signal typically in range 0.1 – 1%

https://link.springer.com/article/10.1140/epjc/s10052-017-5178-x
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Long-Lived Particle Production
• Signal Model: Gaussian, with parameters set using simulation
• Background Model: 
• Displaced HF decays: Bifurcated Gaussian convolved with an exponential
• Additional (smaller) component to describe prompt pollution from SM dijet.

EPJC 77 (2017) 812

https://link.springer.com/article/10.1140/epjc/s10052-017-5178-x
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Long-Lived Particle Production
• No signal observed; limits set on 𝜎 × BF 

EPJC 77 (2017) 812

https://link.springer.com/article/10.1140/epjc/s10052-017-5178-x
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Long-Lived Particle Production

EPJC 77 (2017) 812

https://link.springer.com/article/10.1140/epjc/s10052-017-5178-x
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Longer Future – SM Higgs Couplings?
JINST 10 P06013; arxiv:1808.08865; LHCb-CONF-2016-006

• Measurements made probing top physics, V+jj.
• lepton + bb(cc) final state also sensitive to WH and ZH 

contributions.
• Run 1 data set limits:  𝑦* < 7 𝑦,-* ; 𝑦. < 80 𝑦,-.

What sensitivity could 
we reach with 300/fb? 
Any determination of 
𝑦. depends on ability 
to distinguish beauty 
and charm jets.

• LHCb also has a programme in 
measuring forward HF jets.

https://iopscience.iop.org/article/10.1088/1748-0221/10/06/P06013/meta
https://arxiv.org/abs/1808.08865
https://cds.cern.ch/record/2209531?ln=en
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Longer Future – SM Higgs Couplings?
JINST 10 P06013; arxiv:1808.08865; LHCb-CONF-2016-006

Limits on 𝑦. should be roughly in range 2 - 7 𝑦,-. using full LHCb Upgrade II dataset 
(depending on performance assumptions – clearly some more feasible than others).

• Production cross-section increases by a factor of 7 within LHCb acceptance between 8 TeV
and 14 TeV.
• Scaling Run 1 limits reaches 𝑦. < 7 𝑦,-. for 300/fb.

• Loosen c-jet tagging criteria on second jet – dominant background is cc final state anyway.
• Run 1 analysis had dijet tag efficiency of about 2% - could reach 25%.
• Limit would reach 𝑦. < 4 𝑦,-. with this assumption.

• Use electrons and muons equally (Run 1 just considered muons): 𝑦. < 3 𝑦,-.

• If separation of b- and c- jets improved so that only c-jet background important: 𝑦. < 2 𝑦,-.

https://iopscience.iop.org/article/10.1088/1748-0221/10/06/P06013/meta
https://arxiv.org/abs/1808.08865
https://cds.cern.ch/record/2209531?ln=en
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EW Measurements
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Weak Mixing Angle at LHCb

JHEP 11 (2015) 190
and other measurements

• Measure through forward-
backward asymmetry in Z boson 
production.
• Need to know direction of 

colliding quark relative to anti-
quark to set z-axis.
• This is known best in forward 

direction, since valence/sea 
collisions dominate.
• Forward direction offers smallest 

PDF uncertainty.
• LHCb result currently statistically 

limited – huge potential with 300/fb

https://link.springer.com/article/10.1007/JHEP11(2015)190
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Weak Mixing Angle at LHCb
• Statistical uncertainty at LHCb negligible 

following upgrades.
• PDF uncertainty at LHCb from current 

knowledge is small: ~20×1067

[cf CMS ~57×1067].
• With Upgrade II dataset PDF unc at 

LHCb can be reduced below ~10×
1067 using PDF reweighting method

[cf CMS@ 3000/fb, 
with reweighting ~10×1067].

LHCb-PUB-2018-013, and P. Azzi et al., arXiv:1902.04070
With method following A. Bodek et al, EPJC 76 (2016) 115

Note: ATLAS expected performance similar to CMS;
CMS quoted as similar study performed to LHCb.

https://cds.cern.ch/record/2647836?ln=en
https://arxiv.org/abs/1902.04070
https://link.springer.com/article/10.1140/epjc/s10052-016-3958-3
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W mass measurement at LHCb

JHEP 01 (2016) 155, and G. Bozzi, L. Citelli, M. Vesterinen, A. Vicini, EPJC  75 (2015) 601
and S. Farry, O. Lupton, M. Pili, M. Vesterinen, EPJC 79 (2019) 497

EW boson production already (reasonably) well 
understood in LHCb data – cross-section papers 
published at 7, 8 and 13 TeV.

• Fit of the muon pT spectrum will allow 𝑚W measurement 
with statistical uncertainty O(10MeV), and PDF 
uncertainty O(10MeV) - enabling high precision.

• PDF uncertainty anti-correlated with ATLAS/CMS – LHCb 
will have major impact in LHC-wide combination.

https://link.springer.com/article/10.1007/JHEP01(2016)155
https://link.springer.com/article/10.1140/epjc/s10052-015-3810-1
https://link.springer.com/article/10.1140/epjc/s10052-019-6997-8
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B anomalies
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• Amplitude ~ 𝐴:(
<=>
?@

+ <BC
D@

) - integrating out the higher energy 
theories, leaving energy scale for new physics, Λ. 

• Large NP effects possible if <BCD@ ~
<=>
?@ .

If κHI~1 ⟹ large effects for Λ~ ?
<=>

.

• Typical limits from B-mixing depend on new physics flavour structure:
Tree Level NP, generic couplings, Λ ≥ 10L TeV
Loop Level NP, generic coupling, Λ ≥ 10M TeV
Tree Level NP, couplings have CKM structure, Λ ≥5 TeV
Loop Level NP, couplings have CKM structure, Λ ≥0.5 TeV

Following Isidori & Ligeti in 
CERN-LPCC-2018-06

Flavour Physics Studies as an Indirect Search
Measurements of Heavy Flavour decays can probe much higher energy theories -
consider flavour changing transitions:

https://cds.cern.ch/record/2650175?ln=en
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B anomalies: 𝑏 → 𝑠𝑙𝑙 transitions

• Process significantly suppressed in SM. 

• New Physics amplitudes could compete with SM amplitudes.

Diagrams from P. Alvarez Cartelle

https://cds.cern.ch/record/2311960/files/FlavourAnomaliesLHCbAlvarez.pdf


William Barter (Imperial College London) Slide 27LHCb: Higgs, EW, & B anomalies Higgs Couplings    30/9/19

B anomalies: 𝑏 → 𝑠𝑙𝑙 transitions

• Measurements made as a function of the 
invariant mass of the dilepton system, q2.

• Different regions are sensitive to different 
New Physics contributions (parameterised 
through Wilson coefficients).

• Veto regions associated with tree-level 
quarkonia decays. (Use these to study and 
cancel systematic effects, and calibrate 
samples.)

Schematic from P. Alvarez Cartelle

https://cds.cern.ch/record/2311960/files/FlavourAnomaliesLHCbAlvarez.pdf
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B anomalies: 𝑏 → 𝑠𝑙𝑙 transitions

• A series of measurements probing 𝑏 → 𝑠𝑙𝑙 transitions are currently in tension with the 
SM.

• Angular analysis of 𝐵 → 𝐾∗𝜇𝜇 shows a discrepancy in the 𝑃7V variable (constructed by 
definition to have reduced dependence on form factors). 2 adjacent bins display a 2-
3σ tension with SM expectation.

• Branching Fractions are consistently below the SM expectation in many processes (eg
𝐵W → 𝜙 𝜇𝜇, 𝐵X → 𝐾X𝜇𝜇, 𝐵 → 𝐾∗𝜇𝜇) 

• Lepton universality tests deviate from Standard Model expectation: 

𝑅[ =
]^(_→[ ``)

]^(_→[ b/d →`` ) /
]^(_→[ ee)

]^(_→[ b/d →ee )
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B anomalies: 𝑏 → 𝑠𝑙𝑙 transitions
• 𝑅f∗ 0.045 < 𝑞g < 1.1 GeVg = 0.666:.:lX:.mm ± 0.03
• 𝑅f∗ 1.1 < 𝑞g < 6.0 GeVg = 0.696:.:lX:.mm ± 0.05

JHEP 08 (2017) 055

Significant tension with the SM in 
two bins at >2σ level.

https://link.springer.com/article/10.1007/JHEP08(2017)055
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B anomalies: 𝑏 → 𝑠𝑙𝑙 transitions
• LHCb has a new measurement of 
𝑅f using the combined Run 1, 
2015 and 2016 dataset.

PRL 122 (2019) 191801

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.122.191801
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B anomalies: 𝑏 → 𝑠𝑙𝑙 transitions
• Simultaneous fit to electron and muon modes to extract the value of 𝑅f.

𝑅f=
]^(_p→fp``)

]^(_p→fp b/d →`` ) /
]^(_p→fpee)

]^(_p→fp b/d →ee )

= 0.8466:.:7LX:.:q:(stat. )6:.:mLX:.:mq(syst.)

• Statistically limited, dominant uncertainties fit
shape, trigger calibration, simulating B kinematics.
• Consistent with the SM at the 2.5 𝜎 level.
• 2017 and 2018 data already available.

PRL 122 (2019) 191801

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.122.191801
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B anomalies: 𝑏 → 𝑠𝑙𝑙 transitions
Is there a consistent explanation? 

Yes – and global fits of Wilson 
coefficients to parameterise new 
physics in 𝑏 → 𝑠𝑙𝑙 data show 
deviations from SM expectation at 
5σ level with best fit for 
𝐶v ≈ −𝐶m: ~ − 0.5 for muons.

(though some tension explaining 
the newest results)

J. Aebischer et al., arxiv:1903.10434; M. Alguero et al., arxiv:1903.09578; A. K. Alok, JHEP 06 (2019) 089; 
M. Ciuchini, EPJC 79 (2019) 719; G. D’Amico et al., JHEP 09 (2017) 010; A. Arhrib et al, arxiv:1710.05898

Can also add model building 
e.g. Type III 2HDM* (though currently 
theory favours LQ or Z’ solutions)

Note: Type II 2HDM already excluded in full tan 𝛽 / mH+ space as 
sole explanation for B anomalies

https://arxiv.org/abs/1903.10434
https://arxiv.org/abs/1903.09578
https://link.springer.com/article/10.1007%2FJHEP06%282019%29089
https://link.springer.com/article/10.1140%2Fepjc%2Fs10052-019-7210-9
https://link.springer.com/article/10.1007%2FJHEP09%282017%29010
https://arxiv.org/abs/1710.05898
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B anomalies: 𝑏 → 𝑠𝑙𝑙 transitions
Prospects

Entering high 
precision era – will 
be able to confirm if 
this is NP.

Plot from P. Alvarez Cartelle

https://indico.in2p3.fr/event/18646/contributions/74448/attachments/54768/71902/palvarez.pdf
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B anomalies: 𝑏 → 𝑐𝑙𝜐 transitions
• In addition, anomalies also remain in 
𝑏 → 𝑐𝑙𝜐 transitions, measuring ratio 
of BF(𝑏 → 𝑐𝜏𝜐) to BF(𝑏 → 𝑐𝜇𝜐).
• Potentially more puzzling – tree level 

process in SM.
• HFLAV combination and analysis: 

“difference [of measurements] with 
the SM predictions … corresponds to 
about 3.08 σ”.
• Deviation from SM predictions 

driven by BaBar measurement.

HFLAV

https://hflav-eos.web.cern.ch/hflav-eos/semi/spring19/html/RDsDsstar/RDRDs.html
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Conclusion
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Conclusion
• Covered a wide variety of physics:
• Searches for (low mass) New Physics (Spin-0 bosons, LLP produced in Higgs 

boson decays).
• Measurements (and prospects) in the broader EW sector, and the prospect 

for measuring/constraining 𝑦. at LHCb.
• B anomalies – what they are, and (a little) on how they can be interpreted.

• LHCb is not a Higgs experiment – and we’re not pretending it is!
• But hopefully the measurements I have presented are interesting and clearly 

connected to Higgs physics!
• Let us know if you think there is something else we should measure or target!

• Huge potential ahead of us – prospect of collecting at least 300/fb with future 
upgrade.
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Backup Slides
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Taking stock – key dates for LHCb

LHC startup and 
initial collisions

LHC Run 1:
pp collisions at 
𝑠 = 7 and 8 TeV.

Beams have 50ns 
bunch spacing.

Long Shutdown 1:
Upgrade to higher 

energies and 
luminosities; LHCb 

Trigger Upgrade

2008-2010 2010-2012 2013-2015

LHC Run 2:
pp collisions at 
𝑠 = 13 TeV.

Beams have 25ns 
bunch spacing.

2015-2018

Long Shutdown 2:
Includes

LHCb Upgrade I

2019-2020

LHC Run 3:
Collisions in LHCb 
achieve 5 times 

higher luminosity 

2021-2023

Long Shutdown 3:
Upgrade Ib for 

LHCb 
(Main Upgrade for 
ATLAS and CMS)

2024-2026

LHC Run 4:
HL/LHC era begins.

LHCb dataset at 
least 50/fb.

2026-2029

Long Shutdown 4:
LHCb Upgrade II

To allow collisions 
in LHCb with 10 

times higher lumi

Early 2030s

LHC Run 5+:
To infinity and 
beyond! LHCb 

dataset at least 
300/fb

2030s+

We are 10 years into a decades-long programme!

LHCb collaboration, CERN-LHCC-2018-027
R. Aaij, WB, et al., arxiv: 1812.10790, submitted to JINST
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Upgrade II Detector

Image from Chris Parkes
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LLP Searches
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Jets at LHCb
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Jets at LHCb
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Jets at LHCb
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Higgs at LHCb

LHCb-CONF-2016-006
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Higgs at LHCb

LHCb-CONF-2016-006
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Angular Structure of Z boson decays

��
��
∝ 1 + cosg 𝜃 + 𝐴:

m
g
1 − 3 cosg 𝜃 + 𝐴m sin 2𝜃 cos𝜙

+𝐴g
m
g
sing 𝜃 cos 2𝜙 + 𝐴M sin 𝜃 cos𝜙 +𝑨𝟒cos 𝜽

+𝐴7sing 𝜃 sin 2𝜙 +𝐴q sin 2𝜃 sin𝜙 + 𝐴l sin 𝜃 sin𝜙
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Weak mixing at LHCb
Phys. Rept. 427:257-454,2006
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Weak mixing at LHCb
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Weak mixing at LHCb
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Weak mixing at LHCb
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B anomalies: 𝑏 → 𝑠𝑙𝑙 transitions
• Measure using several trigger categories – all consistent.

• Cross-check by finding

𝑟b/d =
BF(𝐵X → 𝐾X𝐽/𝜓 → 𝜇𝜇 )
BF(𝐵X → 𝐾X𝐽/𝜓 → 𝑒𝑒 )

= 1.014 ± 0.035

[also studied across the phase space]

𝑅[=
]^(_p→fpd g, `` )
]^(_p→fpb/d →`` ) /

]^(_p→fpd g, ee )
]^(_p→fpb/d →ee ) = 0.986 ± 0.013

PRL 122 (2019) 191801
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B anomalies: 𝑏 → 𝑠𝑙𝑙 transitions

PRL 122 (2019) 191801
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B anomalies: 𝑏 → 𝑠𝑙𝑙 transitions



William Barter (Imperial College London) Slide 54LHCb: Higgs, EW, & B anomalies Higgs Couplings    30/9/19

B anomalies: 𝑏 → 𝑠𝑙𝑙 transitions
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B anomalies

From J. Aebischer et al., arxiv:1903.10434

J. Aebischer et al., arxiv:1903.10434

https://arxiv.org/abs/1903.10434
https://arxiv.org/abs/1903.10434

