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Overview

Observation of a Higgs boson at 125 GeV/c2 standout
achievement of LHC Run I
Gauge sector seems to be SM-like
Less known about fermions
Thus far, only third-generation decays observed
H0→ cc has largest SM BF of second-generation decays
∼ 30× suppressed cf. bb

Dan Craik (MIT) Charm tagging & Higgs 06/04/2018 1 / 14



H0→ cc @ Atlas

Atlas recently performed a search for H0→ cc produced through
Z + H
Used 36.1 fb−1 of data at 13 TeV
Limit set is ∼ 100× SM prediction

arXiv:1802.04329
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https://arxiv.org/abs/1802.04329


Higgs searches @ LHCb

Disadvantages
Lower luminosity
Smaller acceptance
Non-hermetic

Advantages
Low pileup
Excellent secondary vertex reconstruction
Complementary coverage

Focus on b, c and τ channels
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Higgs searches @ LHCb: τ+τ−

Limits set on H0→ τ+τ− in forward
region as a function of Higgs mass
Analysis used 1 fb−1 of data at 7 TeV

τ decays to muon, electron and hadronic
final states considered
No requirements on H0 production
mechanism

Trigger on τ decays

Limit ∼ 100× SM prediction
Also set limits on tanβ in MSSM
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Higgs searches @ LHCb: bb and cc
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Also studied bb and cc final states
Analyses used 2 fb−1 of data at 8 TeV

Use VH associated production
Trigger on the vector boson
Upper limits on Yukawa couplings of
yb < 7yb

SM and yc < 80yc
SM

How much better can we do after
upgrades?

LHCb-CONF-2016-006
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LHCb upgrade timeline

now 2020 2022 2024 2026 2028 2030 2032

LHC HL-LHC

Run II LS 2 Run III LS 3 Run IV LS 4 Runs V+

Phase I Upgrade
Triggerless readout at 40 MHz

New VELO and tracking

Phase Ib Upgrade
Possible stepping stone

Phase II Upgrade
Upgrade for HL

New ECAL
Shielding for muon system

8 fb−1 50 fb−1 300 fb−1
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The LHCb detector: phase 1 upgrade

Triggerless readout
at 40 MHz

New vertex locator
New tracking (UT,
SciFi)

CERN-LHCC-2012-007
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https://cds.cern.ch/record/1443882


The LHCb detector: phase 2 upgrade

Tracking in magnet
ECAL upgrade
TORCH for PID or
ToF
Replace HCAL
with shielding
Some changes
could happen as
part of phase Ib

CERN-LHCC-2017-003
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https://cds.cern.ch/record/2244311


Charm tagging @ LHCb

Charm tagging non-trivial
Charm has long lifetime
(displaced vertex/muon or
exclusive D)
But so does beauty...
Distinguish using features of
SV
Need to calibrate using data...

Charm jet

Displaced SV

Primary vertex

Charm jet

µ−

Primary vertex
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Charm tagging @ LHCb

BDTs developed to tag
jets in Run 1 data
Efficiency determined
on flavour-enriched
samples

e.g. tagged by fully
reconstructed
(middle) B or
(bottom) D decays
on “other” jet

2D fit to corrected mass
and track multiplicity of
reconstructed
secondary vertices also
gives good separation
of jet flavours

24

Jet Tagging
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Figure 7: Two-dimensional Mcor versus SV track multiplicity fit results for (top) B+jet, (middle)
D+jet and (bottom) µ(b, c)+jet data samples. The left plots show the projection onto the Mcor

axis, while the right plots show the projection onto the track multiplicity. The highest Mcor bin
includes candidates with Mcor > 10 GeV.

4.3 E�ciency measurement using highest-pT tracks

To determine the jet-tagging e�ciency, the jet composition prior to applying the SV tag
must be determined. This is necessarily more di�cult than determining the SV-tagged
composition. The �2

IP distribution of the highest-pT track in the jet is used for this task.
For light-parton jets the highest-pT track will mostly originate from the PV, while for
(b, c) jets the highest-pT track will often originate from the decay of the (b, c) hadron. To
avoid possible issues with modeling of soft radiation, only the subset of jets for which the
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Figure 6: From a b-jet and c-jet enriched data sample of Ref. [11]: (left) SV-tagger BDT
responses observed in data (annotation added here to show roughly where jets of each type
are found); (middle) projection onto the x-axis; and (right) projection onto the y-axis. The
BDT templates shown here were obtained from simulation. This and similar data samples
were used to calibrate the BDT responses for use in physics analyses.

simulation was known to model heavy-flavor hadron decays well, whereas the description of
jet properties had not yet been fully validated using data. Figure 6 shows that despite this
simplified approach, the separation between b-jets, c-jets and light-parton jets is excellent.

For Run 2, we plan to investigate using additional information to improve the perfor-
mance. We also plan to approach this as a true 3-class problem, rather than two 2-class
ones. As part of the jet-tagging development, we will update our bb̄ charge asymmetry mea-
surement [5] and make the first such measurement for cc̄. Recall that Ref. [37] suggested
that �(cc̄)/�(bb̄) provides a good standard candle to use in c-tagging calibration; therefore,
it makes sense to add these dijet measurements into the tagging-development project.

6.2.2 Intrinsic Strangeness and Charm

Whether there is intrinsic (non-perturbative) charm (IC) content in the proton at the ⇡ 1%
level is an open (and hotly debated) question. There is theoretical interest in the role that
non-perturbative dynamics play in the nucleon sea. Furthermore, the presence of IC in
the proton would a↵ect the production cross sections of many processes at the LHC either
directly, by scattering o↵ of a large-x c or c̄; or indirectly, since altering the charm PDF
would a↵ect the gluon PDF via the momentum sum rule. Ref. [44] considers two models
where the IC is valence-like (BHPS1, BHPS2) and two where it is sea-like (SEA1, SEA2).
LHCb has direct sensitivity to IC by measuring Z + c production, which can proceed via
gc! Zc. We performed a preliminary study of how these IC models a↵ect Z + c production
at LHCb. Figure 7 shows the relative increase in Z +c production when IC is included in the
proton. These valence-like models will be easily distinguishable in Run 2 at LHCb, while the
sea-like models may be distinguishable in Run 3. We propose to perform this measurement
using our c-jet tagging algorithm.

Intrinsic strangeness in the proton is well established. The s and s̄ PDFs are typically
assumed to be identical, but they need not be. Figure 7 shows the shift in the W + c
charge asymmetry that LHCb would observe for the charge-asymmetric strangeness PDFs
from Ref. [45] (some of these models may now be ruled out; the point here, however, is that
observably large asymmetries may occur in W + c production). Phil and I measured W + c

SV features used 
in 2 BDTs

Performance validated & calibrated using large heavy-flavor-enriched jet data 
samples. Two-D BDT distributions fitted to extract SV-tagged jet flavor 
content; c-jet and b-jet yields each precisely determined simultaneously. 

Following the same strategy—but not vetoing charm—provides a method for 
tagging jets as originating from b or c quarks. 2-D BDT plane optimally utilizes 
all info that can separate b|c vs light and b vs c.

JINST 10 (2015) P06013
LHCb-PAPER-2015-016

For Higgs-charm Yukawa projected sensitivity, see my talk at Elba. 
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Charm tagging @ LHCb: future

Run II
Jet tagging efficiency studies underway on 13 TeV dataset
Unlike in Run I, these benefit from dedicated calibration samples
New 13 TeV jet studies to follow

Beyond
Need to handle pileup
Displaced vertex tagging will benefit from VELO/tracking upgrades
Tagging efficiency expected to be maintained or improved
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Charm tagging @ LHCb: future

Run I
Expectations for Run
III, Phase II Upgrade
options.
Perfect detector and
perfect with
reconstruction
efficiency
Dashed lines have
lower χ2

IP requirement

Requiring a two-body SV limits c-jet efficiency to ∼ 55%

Can boost dijet efficiency by only requiring a single jet to pass
tight c-tagging requirements
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H0→ cc @ LHCb: future

Prospects for upgrade phase 2
VH cross-section in LHCb acceptance increases by a factor of ∼ 7
from 8 TeV to 14 TeV

After 300 fb−1, expect to set limit on Yukawa coupling of ∼ 7yc
SM

With improvements to detector performance and b − c separation,
and looser tagging requirements, this could be brought to ∼ 2yc

SM

If VBF production can also be utilised, this could yield similar
statistics
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Summary

Charm tagging performance at LHCb expected to be maintained
or improved in the HL-LHC era
With modest improvements, SM H0→ cc may be within reach
On the same timescale, LHCb should provide the first observation
of VH(bb) in the forward region
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