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Unique sensitivity to parton distribution functions
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Outline

1 Vector boson production
▶ W± → μ±ν at 7 TeV
▶ Z → e+e− at 8 TeV
▶ Z+jet at 7 TeV
▶ Z+b-jet at 7 TeV

2 Exotic results
▶ Search for long-lived particles decaying to jet pairs

3 Exclusive production
▶ Exclusive J/ψ and ψ(2S) production at 7 TeV
▶ Observation of exclusive charmonium pair production
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Measurement of W boson production at 7 TeV

pT,μ± > 20GeV/c 2 < ημ± < 4.5

Template fit to muon pT distribution:

• W → μν: ResBos-weighted Pythia

• decays in flight : shape from data

• Z → μ+μ−, W → τν, Z → τ+τ− :
MC, yield from Z → μ+μ− data

• bb, cc : MC, yield from template
fit to IP distribution

• K, π punchthrough: negligible after
Ecalo/pc < 4%

Data-driven efficiencies from
Z → μ+μ− tag and probe
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Measurement of W boson production at 7 TeV

pT,μ± > 20GeV/c 2 < ημ± < 4.5
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Measurement of Z → e+e− production at
√
s = 8 TeV

pT,e± > 20GeV/c 2 < ηe± < 4.5

60 < m(e+e−) < 120GeV/c2

• Electron energy resolution degraded
due to Bremsstrahlung (calorimeter
saturation for ET ≳ 10GeV/channel)

• σ measured in bins of rapidity and

ϕ∗ =
tan ((π − |Δϕ|)/2)

cosh (Δη/2)
≈ pT

M

• background from mis-identified
hadrons removed using same-sign data
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• Z → τ+τ− background from
simulation

• negligible contribution from
heavy flavour, EW and tt
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Measurement of Z → e+e− production at
√
s = 8 TeV

) [pb]-e+ e→ Z→(ppσ

70 75 80 85 90 95 100 105 110

-e+ e→8 TeV Z 

Data (stat.)

Data (tot.)

NNLO/MSTW08

NNLO/CTEQ10

NNLO/NNPDF23

NNLO/NNPDF30

NNLO/ABM12

LHCb

NNLO: FEWZ

pT,e± > 20GeV/c 2 < ηe± < 4.5

60 < m(e+e−) < 120GeV/c2

*  φ 
-210 -110 1

*
φ

/d
σ

)d
σ

 (
1
/

-310

-210

-110

1

10

-e+ e→8 TeV Z 

Data (stat.)

Data (tot.)

Pythia8.1

Resbos

Powheg

LHCb

*  φ 
-210 -110 1

 P
re

d
ic

ti
o
n
/d

at
a

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

-e+ e→8 TeV Z 

Data (stat.)

Data (tot.)

Pythia8.1

Resbos

Powheg

LHCb

arχiv:1503.00963 submitted to JHEP

Pieter David (Nikhef / LHCb) Electroweak physics in the forward direction at the LHC La Thuile 2015 10

http://arxiv.org/abs/1503.00963


Production measurements with O(1%) precision

Z → e+e− [arχiv:1503.00963 submitted to JHEP]

Fractional uncertainty
Average value Uncorrelated Correlated

ϵtrack 0.912 0.001 0.010
ϵkin 0.507 0.002 0.006
ϵPID 0.838 0.001 0.007
ϵGEC 0.916 — 0.006
ϵtrig 0.892 0.001 —

ϵ 0.319 0.002 0.016
fMZ 0.969 0.001 —
Background estimation — — 0.004∫
L dt (pb−1) 1976 — 0.0122
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[JINST9(2014)P12005], see talk by Rosen Matev later today
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Measurement of Z+ jet production at 7 TeV

R = 0.5 anti-kT jets ΔR(μ, jet) > 0.4

pT,jet > 10; 20GeV/c 2 < ηjet < 4.5

• Particle Flow jet reconstruction
• tracking for charged particles
• calorimetry for neutral particles
• charged energy subtracted from
calorimeter deposits
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Measurement of Z+ jet production at 7 TeV

R = 0.5 anti-kT jets ΔR(μ, jet) > 0.4

pT,jet > 10; 20GeV/c 2 < ηjet < 4.5
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Measurement of Z+ b-jet production at 7 TeV

• b-tagging based on 2,3,4-track seed

Mcorr =
√
M2 + p2 sin2 θ+ p sin θ

• templates from MC, cross-checked
using tag and probe with
B± → J/ψK± and D± → K∓π±π±
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Search for long-lived particles decaying to jet pairs

• exotic long-lived particles with mass
25–50GeV/c2, lifetime 1–100 ps
(γβcτ ≲ 20 cm)

• predicted by Hidden Valley models,
GMSB PhysLettB661(2008)263; PhysRevLett103(2009)241803

• benchmark signal: H → πvπv , πv → bb

• 0.62 fb−1 of 7 TeV data

Analysis strategy:

1 Vertex finding in software trigger

2 Particle Flow jets for mass
reconstruction

3 Invariant mass fit in bins of transverse
displacement Rxy
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that v-particles are produced via a Z ′ decay; some of the
v-hadrons produced in v-hadronization can then decay
back to standard model particles, via an intermediate
state Z ′ or Higgs boson. This is illustrated schemati-
cally in Fig. 1. V-hadron production in Higgs boson de-
cays was considered in [7]. Here, we will consider a dif-
ferent scenario, in which the v-hadrons are produced in
LSsP decays. In particular, as illustrated schematically
in Fig. 2, production of SM superpartners leads, through
cascade decays, to the appearance in the final state of
two LSsP’s. If the LSvP is lighter than the LSsP, then
the LSsP will typically decay to an LSvP plus one or
more v-hadrons, some of which in turn decay visibly. For
simplicity we assume in this paper both that R-parity is
conserved and that the LSvP itself is stable; if either is
violated, the phenomenology may be richer still.

SM

LEP
hidden
valley

LHC

FIG. 1: Schematic view of production and decay of v-hadrons.
While LEP was unable to penetrate the barrier separating the
sectors, LHC may easily produce v-particles. These form v-
hadrons, some of which decay to standard model particles.

Let us now consider how phenomenology of LSsP de-
cays in hidden-valley models may differ in some ways
from LSsP decays in other models. First, since the LSvP
is a v-hadron, its decay to the LSvP may be accompanied
by one or more long-lived R-parity-even v-hadrons, pos-
sibly with a substantial multiplicity. Some or all of these
v-hadrons may in turn decay to visible (but often rather
soft) particles. This decay pattern may make the decay
products of the LSsP challenging to identify. An example
of how this could occur in SM chargino-neutralino pro-
duction is shown in Fig. 3. The two LSsP’s (χ0

1
) decay

to a v-quark Q and a v-squark Q̃∗; after hadronization,
a number of R-parity-even v-hadrons and two R-parity-
odd LSvP’s (R̃) emerge. Some of the R-parity-even v-
hadrons then decay to visible particles, leading to a busy
and complex event. Second, many different v-hadronic
final states may appear in LSsP decays, just as a large
number of QCD hadronic states appear in τ and B de-
cays. Acquisition of a large sample of events may there-
fore require a combination of search strategies. Finally,

since the LSsP and/or some of the v-hadrons it produces
may be long-lived and decay with highly displaced ver-
tices, discovery and study of these events may require
specialized, non-standard experimental techniques.

~
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FIG. 2: Schematic view of production and decay of SM su-
perpartners. Each superpartner decays to hard jets/leptons
and an LSsP; the LSsP then decays to an LSvP plus other
v-hadrons, some of which decay to softer jet/lepton pairs.
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FIG. 3: The production and subsequent decay of a chargino
and neutralino, showing the two LSsPs decaying to various
v-hadrons, some of which decay visibly. Invisible R-parity-
even (-odd) v-hadrons, are shown as solid (dashed) lines; in

particular, an LSvP, labelled R̃, is produced in each of the
LSsP decays.

The reverse situation — where the LSvP is heavier
than the LSsP — is typically less dramatic, but still wor-
thy of note. It leaves the bulk of SM SUSY signals un-
changed, but can in some cases produce spectacular and
challenging signals of its own. It will be discussed briefly
below.

Meanwhile, analogous statements apply, with only a
few adjustments, in other models with a conserved Z2

arχiv:1412.3021 to appear in Eur. Phys. J. C
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Search for long-lived particles decaying to jet pairs

Vertex reconstruction
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Search for long-lived particles decaying to jet pairs
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Exclusive production
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Exclusive J/ψ and ψ(2S) production at 7 TeV

2.0 < ημ± < 4.5

• 1/4 of events have only one
primary interaction

• forward (3.5 units) and backward
(1.7± 0.5 units) rapidity gap

• inelastic and feed-down
background removed using p2T fit:
templates from previous
measurements and Regge theory,
feed-down normalised with data
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Exclusive J/ψ and ψ(2S) production at 7 TeV
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Observation of exclusive charmonium pair production

2.0 < yJ/ψJ/ψ ,J/ψψ(2S) < 4.5

• Full 3 fb−1 Run I data set

• First observation of exclusive
J/ψJ/ψ and J/ψψ(2S)production

• Elastic contribution to J/ψJ/ψ:
(42± 13)%
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Conclusions

• LHCb covers a kinematic region complementary to central detectors

• Vector boson production measurements with O(1%) precision,
comparable to theory uncertainties

• Most precise luminosity measurement at the LHC

• New Z → e+e− results at 8 TeV

• More 7–8 TeV results coming in the next few months and then 13–14 TeV

• Forward acceptance also interesting for exotics searches

• Unique capability to study exclusive production
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Additional material



Measurement of W boson production at 7 TeV
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Measurement of Z → e+e− production at
√
s = 8 TeV
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Measurement of Z → e+e− production at
√
s = 8 TeV
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Measurement of Z+ jet production at 7 TeV
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Measurement of Z+ jet production at 7 TeV
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Measurement of Z+ jet production at 7 TeV
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Measurement of Z+ jet production at 7 TeV
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Search for long-lived particles decaying to jet pairs
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Exclusive J/ψ and ψ(2S) production at 7 TeV

Exclusive J/ψ production in pp collisions is related to photoproduction:
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Observation of exclusive charmonium pair production
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