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LHCb complementarity

⌘ coverage

• LHCb can offer unique coverage at the LHC
• However b physics imposes dealing with lower

luminosities
! 2010: 37 pb�1 at

p
s = 7 TeV

! 2011: 1 fb�1 at
p

s = 7 TeV
! 2012: 2 fb�1 at

p
s = 8 TeV

• As a benefit, very stable conditions in terms of
trigger/luminosity (luminosity leveling)

✦ JINST3(2008)S08005 
✦ Int J Mod Phys 
A30(2015)1530022

http://iopscience.iop.org/article/10.1088/1748-0221/3/08/S08005/meta
http://www.worldscientific.com/doi/abs/10.1142/S0217751X15300227
http://www.worldscientific.com/doi/abs/10.1142/S0217751X15300227
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✦ Physics with jets at LHCb, cover wide 
range of topics!
➡ QCD: Set important 

constraints in proton PDFs 
and probe hard QCD in a 
unique kinematic range. 
Look into jet properties 

➡ Higgs physics: bb and cc 
final states 

➡ Direct searches of 
detached particles 
decaying to jets

Physics with jets at LHCb 
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Physics with jets at LHCb 

✦ Physics with jets at LHCb, cover wide 
range of topics!

See talk by M. Borsato in 
Searches sessions

➡ QCD: Set important 
constraints in proton PDFs 
and probe hard QCD in a 
unique kinematic range. 
Look into jet properties 

➡ Higgs physics: bb and cc 
final states 

➡ Direct searches of 
detached particles 
decaying to jets
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Jet reconstruction at LHCb
✦ Particle Flow approach, with neutral recovery

➡ Jets reconstructed using 
anti-kT 

➡ R = 0.5 
➡ Calibration in data, using 

Z→µµ + jets 
➡ Efficiency above 90% for 

jets with pT above 20 GeV/c 
➡ Jets reconstructed both 

online and offline!

JHEP01 (2014) 033

https://link.springer.com/article/10.1007%2FJHEP01%282014%29033
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✦ Measurement using 2 fb-1 of 
2012 data

 JHEP 05 (2016) 131

➡ Select jets with pT > 20 GeV/c 
and 2.2 < η < 4.2 

➡ Use µ final state for W and Z. 
Selecting leptons with pT > 20 
GeV/c and 2 < η < 4.5, 
60<mll<120 GeV/c2 

➡ For W, isolate muons to 
separate from QCD 
background 

➡ Use data driven techniques for 
determining leptons 
efficiencies and simulation for 
jets

W/Z+jets (I)

https://link.springer.com/article/10.1007/JHEP05(2016)131
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✦ Differential and total cross sections obtained 

* where R(XY) = Production ratios and 
           

➡ Several dependencies checked, good general agreement with 
theory predictions

 JHEP 05 (2016) 131

W/Z+jets (II)

  A(Wj) = Production asymmetries
Theory references in 
backup slide!

https://link.springer.com/article/10.1007/JHEP05(2016)131


Xabier Cid Vidal - Physics with jets at LHCbMay 17th 2017 /179

b and c jet tagging

✦ Require jets with a secondary vertex reconstructed close 
enough 

➡ light jet mistag rate < 1%, εb ∼ 65%, εc ∼ 25% 

➡ SV properties (displacement, kinematics, multiplicity,...) and jet 
properties  combined in two BDTs. 

➡ BDTbc|udsg optimised for heavy flavour versus light discrimination.  

➡ BDTb|c optimised for b versus c discrimination.
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Figure 1: SV-tagger algorithm BDT(b|c) versus BDT(bc|udsg) distributions obtained from
simulation for (left) b, (middle) c and (right) light-parton jets.

3.3 Performance in simulation

Figure 1 shows the SV-tagger BDT distributions obtained from simulated W+jet events
for each jet type. The distributions in the two-dimensional BDT plane of SV-tagged b, c,
and light-parton jets are clearly distinguishable. The full two-dimensional distribution
is fitted in data to determine the jet flavor content. However, to aid in comparison to
other jet-tagging algorithms, a requirement of BDT(bc|udsg) > 0.2 is applied to display
the performance obtained from simulated events in Fig. 2. This requirement is about 90%
e�cient on SV-tagged (b, c) jets and highly suppresses light-parton jets. The (b, c)-jet
e�ciencies are nearly uniform for jet p

T

> 20GeV and for 2.2 < ⌘ < 4.2, but are lower for
low-p

T

jets and for jets near the edges of the detector. The misidentification probability of
light-parton jets is less than 0.1% for low-p

T

jets and increases to about 1% at 100GeV.
Figure 3 shows the (b, c)-jet e�ciencies versus the mistag probability of light-parton jets
obtained by increasing the BDT(bc|udsg) cut.

For the TOPO algorithm, in the trigger a BDT requirement is always applied; the
requirement is looser when the SV contains a muon. In the LHCb measurement of the
charge asymmetry in bb̄ production [23], this same looser BDT requirement was applied to
tag a second jet in the event. Figure 2 shows the performance of the TOPO algorithm,
obtained from simulated events, for both the nominal and loose BDT requirements. The
nominal trigger BDT requirement strongly suppresses c and light-parton jets, with the
misidentification probability of light-parton jets being 0.01% for low-p

T

jets. Such a strong
suppression is required during online running due to output rate limitations.

The jet-tagging performance is measured in simulated events with one pp collision and
two or more pp collisions and found to be consistent. The tagging performance is also
studied in simulation using di↵erent event types, e.g. top-quark and QCD di-jet events,
with only small changes in the tagging e�ciencies and BDT templates observed for (b, c)
jets. The mistag probability of light-parton jets is found to be higher for high-p

T

jets in
events that also contain (b, c) jets. This is discussed in detail in Sec. 5.

5

JINST 10 (2015) P06013

http://iopscience.iop.org/article/10.1088/1748-0221/10/06/P06013/meta;jsessionid=74C34A84D2A6D2F0ACCD169D770A6E12.c3.iopscience.cld.iop.org
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✦ Measurement using 2 fb-1 dataset 
➡ Events with high pT isolated lepton (electron or muon) and two heavy flavor 

tagged jets (> 12.5 GeV/c)

Phys. Lett. B767 (2017) 110

Lepton + 2 b/c jets (I)

✦ Strategy → Simultaneous 
4D fit to µ+, µ- , e+, e- 
samples. Variables: 

➡ Di-jet mass 
➡ BDT(b|c) for both jets 
➡ MVA (uGB) to separate W

+bb from tt: Use topology 
and kinematic variables and 
sub-combination masses

✦ In the fit: 
➡ W+bb,W+cc and tt floated. Background fixed to theory 
➡ Nuisance parameters included in fit

Fit projection in µ+ the sample

http://www.sciencedirect.com/science/article/pii/S037026931730062X
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✦ Results: cross sections and theoretical predictions in 
LHCb fiducial region 

➡ NLO theory prediction: MCFM with PDF set CT10 interleaved 
with Pythia8  

➡ Uncertainties dominated by statistics!

Table 30: Fit significances for 2012 data. Note that the results do not include the e↵ect of the
MC statistics template variations.

Sample Significance
tt̄ 4.9�

W+ + bb̄ 7.1�
W� + bb̄ 5.6�
W+ + cc̄ 4.7�
W� + cc̄ 2.5�
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Figure 38: Scan profile likelihood for the 2012 signal samples.

54

MCFM: Phys. Rev. D62 (2000) 114012 CT10: Phys. Rev. D82 (2010) 074024 

Lepton + 2 b/c jets (II)

Phys. Lett. B767 (2017) 110

http://journals.aps.org/prd/abstract/10.1103/PhysRevD.62.114012
http://journals.aps.org/prd/abstract/10.1103/PhysRevD.82.074024
http://www.sciencedirect.com/science/article/pii/S037026931730062X
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H→bb and H→cc

✦ Higgs searched for in association to W or Z
LHCb-CONF-2016-006

➡ Same samples as before, 
tighter pT cuts on jets (20 
GeV/c) 

➡ Fix backgrounds to theory 
predictions 

➡ Use CLs method to extract limits 
➡ For H→bb, best limit at LHCb on 

a Higgs search, good prospects 
for the future 

➡ For H→cc, exploratory study 
(first direct limit ever from 
experiment). Use BDT(b|c) to 
separate from H→bb

H→bb limit

H→bb vs cc

http://cds.cern.ch/record/2209531?ln=es
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J/ψ in jets (I)

✦ Brand new analysis: Measurement of the fraction of pT 
carried by J/ψ when reconstructed within a jet 

➡ Useful to study QCD phenomenology, e.g., J/ψ isolated if 
produced directly in parton-parton scattering  

➡ Analysis with 2016 data: Use of J/ψ selected at trigger level! Then 
reconstruct jets and apply usual LHCb cuts 

➡ Separate J/ψ if produced from b or prompt using pseudo-lifetime

PRL 118 (2017) 192001

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.118.192001
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J/ψ in jets (II)

✦ Unfolding of detector response:  
➡ correct for z resolution and pT(j) resolution, ~ 20 − 25% 
➡ perform 2D unfolding in z and pT(j) (iterative Bayesian)

PRL 118 (2017) 192001

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.118.192001
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J/ψ in jets (III)

✦ Measurement: distribution of z, independent for 
detached and prompt J/Ψ  

➡ Comparison to Pythia 8 predictions performed 
➡ Detached well described by Pythia, not the case with prompt!

Pythia 8.1: Eur. Phys. J. C74 (2014) 3024

(Pythia)

PRL 118 (2017) 192001

https://link.springer.com/article/10.1140%2Fepjc%2Fs10052-014-3024-y
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.118.192001
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J/ψ in jets (IV)

✦ Paper just published… but already produced reaction 
in the theory community!  
➡ Alternatives to Pythia provided, better qualitative 

description of prompt z(J/Ψ) achieved:
arxiv:1702.05525

https://arxiv.org/pdf/1702.05525.pdf
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Conclusions and prospects
✦ LHCb: general purpose detector in the forward 

region! In particular, physics with jets 
➡ Probing hard QCD in a unique kinematical range 
➡ Study jet properties 
➡ Higgs physics 

✦ Much more to come in Run II and beyond 
➡ Will take ~5 fb-1 in Run II (3 fb-1 in Run I) 
➡ Increased cross sections and better acceptance for 

physics with jets 
➡ After LS2: LHCb upgrade. 50 fb-1 of data expected 

with purely software trigger! 
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Backup
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Other results with jets

Updated search for long-lived particles decaying to jet pairs LHCb- PAPER-2016-065

Search for Higgs-like bosons decaying into long-lived exotic particles Eur. Phys. J. C (2016) 
76: 664

Search for long-lived particles decaying to jet pairs Eur. Phys. J. C75 (2015) 
152

First observation of top quark production in the forward region Phys. Rev. Lett. 115, 
112001 (2015)

Study of W boson production in association with beauty and charm Phys. Rev. D 92, 052001 
(2015)

Measurement of the Z+b-jet cross-section in pp collisions at √s=7 TeV in 
the forward region JHEP 01 (2015) 064

Study of forward Z+jet production in pp collisions at √s = 7 TeV JHEP01 (2014) 033

✦ Results not covered in this talk….

https://link.springer.com/article/10.1140/epjc/s10052-016-4489-7
https://link.springer.com/article/10.1140%2Fepjc%2Fs10052-015-3344-6
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.115.112001
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.92.052001
https://link.springer.com/article/10.1007/JHEP01(2015)064
https://arxiv.org/abs/1310.8197
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✦ Differential and total cross sections obtained 

* where R(XY) = Production ratios and 
           

➡ Several dependencies checked, good general agreement with 
theory predictions

 JHEP 05 (2016) 131

W/Z+jets (II)

  A(Wj) = Production asymmetries
Theory references in 
backup slide!

✦ Theory references 
➡ S. Alioli, P. Nason, C. Oleari, and E. Re, A general framework for 

implementing NLO calculations in shower Monte Carlo programs: The 
POWHEG BOX, JHEP 06 (2010) 043. 

➡ S. Alioli, P. Nason, C. Oleari, and E. Re, Vector boson plus one jet 
production in POWHEG, JHEP 01 (2011) 095. 

➡ J. Alwall et al., The automated computation of tree-level and next-to-
leading order differential cross sections, and their matching to parton 
shower simulations, JHEP07 (2014) 079.

https://link.springer.com/article/10.1007/JHEP05(2016)131
https://link.springer.com/article/10.1007/JHEP06(2010)043
https://link.springer.com/article/10.1007%2FJHEP01%282011%29095
https://link.springer.com/article/10.1007%2FJHEP07%282014%29079
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W+b/c jets with Run I data
✦ Measurement at √s = 7 and 8 TeV

Phys. Rev. D 92, 052001 (2015)

W + (b, c)-jet ratios and asymmetries results [PRD92 (2015) 052001]

I A(Wq) = �(W+q)��(W�q)

�(W+q)+�(W�q)
.

I Main uncertainties from heavy flavour fraction determination (5-10%), tagging e�ciency
(10%), isolation fit (4-10%), and for W + b the Top background (13%)

I Predictions @NLO: MCFM[PRD62(00)114012] and CT10 PDF set,[PRD82(10)074024].

I |A(Wc)| is 2� lower than predictions using CT10 PDFs.

I Could point to asymmetric (s,s̄) PDFs.

I Data do not support large contribution from intrinsic b-quark in the proton:

! Insu�cient precision to rule out extra contribution at the O(10%) level.

Victor Coco, on behalf of the LHCb Collaboration Top and W+b/c jets results at LHCb November 4, 2015 7 / 17
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.92.052001
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W+b/c jets with Run I data
✦ Measurement at √s = 7 and 8 TeV

Phys. Rev. D 92, 052001 (2015)
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✦ Theory references: 
➡ MCFM[PRD62(00)114012] 
➡ CT10 PDF set,[PRD82(10)074024]

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.92.052001
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Top with muon + b jet
✦ Use final state with one isolated muon and a b jet

➡ pT(µ + b) provides discrimination between 
top and W + b-jets. 

➡ Charge asymmetry, A(W+b) ~1/3 while 
A(top) ~0.1, mainly from single-t 

➡ Look for an excess of µ + b events and 
deviation of A as function of pT(µ + b). 

✦ First observation of top quark in the 
forward region, using Run I data! 

W + b-tag yields and asymmetry

PRL 115 (2015) 112001

I Discrepancy between data and Wb predictions.

I Good agreement with Wb + top predictions.

I Binned likelihood fit of N(top) and A(top).

I Systematic uncertainties treated as Gaussian constraints.

I N(top) and A(top) shapes are fixed. The total yields is allowed to vary.

I Profile likelihood to compare Wb + top and Wb hypotheses

5.4� observation of top production in the forward region.

Victor Coco, on behalf of the LHCb Collaboration Top and W+b/c jets results at LHCb November 4, 2015 12 / 17

5.4σ observation! 

PRL 115 (2015) 112001

http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.115.112001
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✦ Strategy → Simultaneous 4D fit to µ+, µ- , e+, e- 
samples. Variables: 
➡ Di-jet mass 
➡ BDTb|c for both jets 
➡ MVA to separate W+bb from tt: Use topology and 

kinematic variables and sub-combination masses
- In order to reduce 

correlation with mass, 
use uniform Gradient 
Boosting BDT (uGB) 

- Simplifies fit, considering 
4 dimensions 
uncorrelated

JINST 10 (2015) T03002 

Lepton + 2 b/c jets at √s = 8 TeV (I)

Phys. Lett. B767 (2017) 110

http://iopscience.iop.org/article/10.1088/1748-0221/10/03/T03002/meta
http://www.sciencedirect.com/science/article/pii/S037026931730062X
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✦ Examples of fit projection 
➡ W+bb,W+cc and tt floated. Background fixed to theory 
➡ Nuisance parameters included in fit

Projection in µ+ the sample Projection in e+ the sample

Lepton + 2 b/c jets at √s = 8 TeV (II)

Phys. Lett. B767 (2017) 110

http://www.sciencedirect.com/science/article/pii/S037026931730062X
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✦ Examples of fit projection 
➡ W+bb,W+cc and tt floated. Background fixed to theory 
➡ Nuisance parameters included in fit

Projection in µ- the sample Projection in e- the sample

Lepton + 2 b/c jets at √s = 8 TeV (II)

Phys. Lett. B767 (2017) 110

http://www.sciencedirect.com/science/article/pii/S037026931730062X
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✦ Examples of fit projection 
➡ W+bb,W+cc and tt floated. Background fixed to theory 
➡ Nuisance parameters included in fit

Projection in µ the sample Projection in e the sample

Lepton + 2 b/c jets at √s = 8 TeV (II)

Phys. Lett. B767 (2017) 110

http://www.sciencedirect.com/science/article/pii/S037026931730062X

