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Introduction
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How the use of an additional detector: Herschel 
improves the LHCb results in elastic Central 

Exclusive Production (CEP) processes 
see: J.Phys. G41 (2014) 055002 (arxiv: 1401.3288v2)

Exclusive Production at the LHC 
Paula Collins - ICHEP 2016

06/08/16

Central Exclusive Production processes

t-channel exchange of a colourless object: γ, pomeron   → X + rapidity gaps 
Single elastic process → protons escape undetected in beampipe

di-γ fusion γ-pomeron fusion di-pomeron exchange

µ+µ-, e+e-, π+π-, W+W- 

QED “standard candle” process 
continuum lepton pair production

Photoproduction: Test of QCD and 
description of diffraction and soft 
processes. Sensitive to diffractive 
PDF at very low x (to 5 x 10-6) 

ρ, J/ψ, Υ, Ζ, …

Test of QCD,and hadron spectroscopy 
Pomeron content at low Q2 dominated 
by gluons; access to scalar and tensor 
glueballs 

Χc, Χb, π+π-, Dijet, gg, …
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LHCb Detector 

VELO 
Silicon Vertex  
Detector 

RICH1 

MAGNET 
4 Tm RICH2 

CALORIMETERS 

MUON 
CHAMBERS 

Tracking system 
Silicon strip detectors + straw drift tubes  

Single arm forward spectrometer dedicated to precision flavour physics 

6/2/2014 
Paula Collins, LHCb 

LHCb: Single arm spectrometer dedicated to 
precision flavour physics

CEP elastic processes:

t-channel exchange 
of a colourless object 

CEP elastic processes

�, pomeron ! X+ rapidity gaps

pp(p̄) ! p+X + p(p̄)

In this talk:

In this talk
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The LHCb detector
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LHCb detector
2008 JINST 3 S08005

I Designed for CP violation studies in b and c hadrons decays and their rare decays.

I Single arm spectrometer, ⇠ 30% of bb̄ pairs produced in the acceptance.

I Fully instrumented forward 2 < ⌘ < 4.5

I Excellent tracking and vertexing performances

I Particle identification through RICH, Calorimeter and Muon chambers

Victor Coco, on behalf of the LHCb Collaboration Electroweak physics and QCD in the forward direction at LHCb March 22, 2016 2 / 16

Ring Imaging Cherenkov 
Detector for PID

Vertex Locator (VELO) 
around the interaction 

point

Tracking stations Calorimeter

Magnet provides  
bending for momentum 

determination Precise vertex 
reconstruction: with a 
dedicated silicon detector 
(VELO) around the pp 
interaction point.

Excellent particle 
identification:

Clean muon id: 

Excellent mass 
resolution: 7-20 MeV

Muon detectors

✏(K ! K) ⇡ 95%

⇡ ! K mis�id ⇡ 5%

✏(µ ! µ) ⇡ 98%

⇡ ! µ mis�id ⇡ 1%

scintillating pad 
detector(SPD) and 

Preshower (PS)

SPD/PS : id charged 
particle and separate e /γ �p/p = 0.4% @ 5 GeV/c

to 0.6% @ 100 GeV/c

Very low pile-up
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Angular coverage and pseudo-rapidity
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where ✓ is the angle between the particle momentum ~p and the beam axis

the particle momentum ~p

and the beam axis

⌘ ⌘ �ln


tan

✓
✓
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◆�pseudo-rapidity:

Angular coverage of the LHC experiments

ALICE
‹ central
‹ forward muon coverage
ATLAS & CMS
‹ central detectors
LHCb
‹ forward detector
‹ tracking, particle-ID

and calorimetry in
full acceptance

Diffraction Physis at LHCb - The LHCb Experiment M. Schmelling, Heidelberg, July 20, 2015 4

Angular coverage of the LHC experiments
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‹ forward muon coverage
ATLAS & CMS
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LHCb
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‹ tracking, particle-ID

and calorimetry in
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LHCb Angular Coverage 

VELO 
Silicon Vertex  
Detector 

RICH1 

MAGNET 
4 Tm RICH2 

CALORIMETERS 

MUON 
CHAMBERS 

Tracking system 
Silicon strip detectors + straw drift tubes  

6/2/2014 
Paula Collins, LHCb 

2 < h < 5 

some  
sensitivity 
-3.5 < h < -1.5 

More information on the detector in the backup slides
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Pseudo-rapidity coverage & experimental signature

5Exclusive Production at the LHC 
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Single Diffraction

Double Diffraction

CEP elastic

CEP inelastic

Elastic Scattering

CEP experimental signatures

After D. d’Enterria arxiv 0806.0883

η of particles, primary protons inelastic event

CEP event

ex
am

pl
es

 fr
om

 L
H

C
b

many tracks, high pT objects

rapidity gaps, low pT objects

4

CEP in theory

Paula Collins HeRSCheL October 2, 2015 3 / 20

Example of LHCb eventsCEP events and backgrounds 

6/2/2014 FSCs in LHCb 7 

Elastic Scattering 

Single Diffraction 

Double Diffraction 

Central Exclusive  
(elastic)  

Central Exclusive  
(inelastic)  

LHCb coverage (approximate) 

After D. d’Enterria arxiv 0806.0883 and  http://cern.ch/dde 
 

CEP events: 
Trigger on and reconstruct  
a handful of particles  
(muons, hadrons, photons..) 

h 

CEP backgrounds: 
reject events with  
additional particles, 
usually very forward 

⌘ of particle, primary protons
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CEP – Introduction
● Central Exclusive Production can be done at LHCb  What do we look for?�

pp  p + X + p (rapidity gaps and protons intact) �
● Colourless objects in QCD,  Very low PT objects, Clean experimental environment
● Rich Physics: Photon-Pomeron, Double-Pomeron, Photoproduction, Glueballs, Exotica
● Just to give an idea of “coverage” of various processes:
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HeRSCheL detector = High Rapidity Shower Counter for LHCb

6

Detector Layout

I 5 stations of 4 scintillators with PMT.

I Detect showers from particles from PV when interacting with matter, O(500) hits
per station.

Paula Collins HeRSCheL October 2, 2015 10 / 20

⌘

Figure 4: Left: nominal position for data taking. Right: parking position (detectors retracted
and rotated).

in a front-end crate (VME 9U card cage with a W-IE-NE-R5 MARATON power supply127

5W-IE-NE-R, Plein & Baus, Burscheid, Germany (www.wiener-d.com)

Figure 5: Photographs of the backward HeRSCheL stations (left: B0, middle: B1, right: B2).

6

LHCb

- Increase pseudo-rapidity coverage 
➡ to reduce background in CEP analyses 

- 5 retractable stations: 
- with 20 scintillating shower counters 

- Detect showers from high rapidity 
particles interacting with the beam-pipe 
elements 

CEP inelastic
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HeRSCheL performance
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A glimpse through RAW data
Herschel versus VeLo
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I Visible correlation between VeLo activity and Herschel activity.

I Still large Herschel activity in events with ”signal-like” topology in LHCb (low
activity).

Victor Coco, on behalf of the LHCb Collaboration Electroweak physics and QCD in the forward direction at LHCb March 22, 2016 37 / 16

Visible correlation between VELO activity and Herschel activity 
➡ More activity seen in Herschel when   more tracks are reconstructed
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Central exclusive photo production of J/ψ and ψ(2S) selection

Charmonium selection: 
• 2 reconstructed muons with         

2< η <4.5 
• No additional tracks or energy 
• Within 65 MeV/c2 of the mJ/ψ  
• Herschel VETO (explained in the 

next slide)
3096.9

3. CENTRAL EXCLUSIVE PRODUCTION

‹ contributing processes

QED photo production double pomeron exchange

di-muon or di-muon plus photon final states (for
c

)
in the following focus on di-muon final states

Diffraction Physis at LHCb - Central Exclusive Production M. Schmelling, Heidelberg, July 20, 2015 12

ψ(2S)J/ψ

A BRIGHT FUTURE WITH HERSCHEL

9

We infer pomeron exchange by searching 
for events with large rapidity gaps
Consider exclusive process: pp → p +μμ+p 
➤ LHCb rapidity gap: 2 long and no other velo tracks 
➤ LHCb+Herschel adds N(ADCHRC )<3σPedestal veto 

➤ Top priority: integrate with L0; factor ~8 reduction in CEP L0 rate 
➤ Exclusive J/ψ at 13 TeV (bg reduced by factor ~3 - 4) paper in preparation  
➤ Herschel performance paper in preparation
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Figure 1: Invariant mass distribution of dimuon candidates after all cuts, bar that on the mass
of the candidates. The upper curve is the fit as described in the text; the lower curve is the
non-resonant background contribution. The J/ and  (2S) mass windows are indicated.

)2 transverse momentum squared (GeVψJ/
0 0.5 1 1.5 2

2
N

um
be

r o
f E

ve
nt

s p
er

 0
.0

2 
G

eV

1

10

210

310

µµ

Figure 2: Transverse momentum squared for dimuons in the continuum region. The upper curve
is the total fit for electromagnetic CEP dimuons plus an inelastic component; the lower is the
estimated inelastic component.

The events in the non-resonance regions in Fig. 1 are candidates for electromagnetic
CEP dimuons produced by photon-photon fusion and constitute an important calibration
sample. The transverse momentum squared of these dimuons, without the requirement on
⌃H , is shown in Fig. 2 and is strongly peaked towards low values due to the long-range
electromagnetic interaction. The fraction of electromagnetic CEP events in this sample is
found from a fit with two components: a signal template taken from simulated events and
an inelastic background modelled with an exponential function.

The ability of HeRSCheL to discriminate CEP events can be seen in Fig. 3 which

3
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c
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Continuum lepton 
pair production 
➡ Non Resonant  

Background 
EM CEP(QED) 

CEP 
prod. 

 J/ψ

CEP 
prod. 

 ψ(2S)

CEP 
prod. 

 J/ψ
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HeRSCheL veto

9

)HΣlog(
0 5 10

N
or

m
al

is
ed

 n
um

be
r o

f e
ve

nt
s

0
0.01
0.02
0.03
0.04
0.05
0.06
0.07
0.08 CEP-enriched dimuons

ψNon-CEP J/
More than 5 tracks

Accept

LHCb

Figure 3: Distribution of the log of the discriminating variable ⌃H that is related to activity in
HeRSCheL. The response to three classes of events, as described in the text, is shown. The
selection requirement for the analysis is indicated.

shows the distribution of ⌃H for three classes of low-multiplicity-triggered events. The
first class is the non-resonant dimuon sample with pT

2
< 0.01 GeV2, which has a purity

of about 92% for electromagnetic CEP events. The second class applies the J/ selection
but requires pT2

> 1 GeV2, thus selecting inelastic events with proton dissociation. The
third class consists of events with more than five reconstructed tracks. Fig. 3 shows that
CEP enriched events have lower values of ⌃H . The threshold used in the selection of both
J/ and  (2S) candidates is indicated and the e�ciency and purity of this requirement
are obtained from data.

3.1 Sample purity

Three backgrounds souces are considered: non-resonant dimuon production; feed-down of
CEP �c or  (2S) to J/ and other undetected particles; and non-exclusive events where
the proton dissociates but the remnants remain undetected.

The continuum background is found from the fit shown in Fig. 1, where the signals
are modelled with Crystal Ball functions [21] and the continuum with the sum of two
exponential functions. This background is estimated to contribute a fraction 0.009± 0.001
to the J/ and 0.175± 0.018 to the  (2S) samples.

The  (2S) feed-down background to the J/ selection is determined using simulated
events that have been normalised to the  (2S) ! µ

+
µ

� signal in data and is estimated to
contribute a fraction 0.008± 0.001 of the J/ candidates. The �c feed-down background
is found from a data calibration sample that uses the requirements of the J/ analysis but
instead of zero photons being present, exactly one photon with a transverse energy above
200 MeV is required. The number of �c0,�c1,�c2 candidates in this calibration sample is
determined from a fit to the invariant mass of the dimuon plus photon system. These are
scaled by the ratio of J/ to J/ + � candidates in the respective simulated �c sample. It
is estimated that a fraction 0.012± 0.001 of the J/ candidate sample is due to feed-down

4

Quadratic sum of normalised signals (ΣH) used to create veto 
‣ Response checked against 3 classes of events:  

1. Non-Res. CEP with pT2<0.01GeV2 

2. J/ψ sel. pT2>1GeV2 (inelastic events with proton dissociation) 

3. J/ψmore than 5 tracks 

‣ Clear signal/background enhancement
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• Feed-down from exclusive production                      that can mimic exclusive J/ψ 
production when remaining particles produced in association with the J/ψ remains 
undetected or goes outside detector

Transverse momentum squared distribution for J/ψ candidates

10

Exclusive Production at the LHC 
Paula Collins - ICHEP 2016

06/08/16

Herschel impact on backgrounds

22

theory: b(W ) = b0 + 4↵0 log(W/W0), with W0 = 90GeV and ↵0 = 0.164± 0.041GeV�2 [7]
for the elastic process while ↵0 = �0.014± 0.009GeV�2 [27] for proton dissociation. This
predicts bs ⇡ 6GeV�2 and bpd ⇡ 1GeV�2 in the LHCb kinematic region.

After the non-resonant contribution has been subtracted using the side-bands indicated
in Fig. 3, and with the requirement of p2T < 0.8GeV2

/c

2 for the J/ and  (2S) removed,
the data are fitted to the function

fs

N1
exp (�bsp

2
Tc

2) +
fpd

N2
exp (�bpdp

2
Tc

2) +
ffd

N3
Ffd(p2T),

where fs and fpd are the fractions of elastic and proton-dissociative production, respectively,
and ffd is the fraction of feed-down fixed to that obtained in Sec. 3.2. The shape of the
distribution for the feed-down contribution, Ffd, is taken from the data using �

c

! J/ �

and  (2S) ! J/ ⇡⇡ candidates. The numbers N1, N2 and N3 normalise each of the three
functions to unity in the region p

2
T < 0.8GeV2

/c

2, while bs and bpd are free parameters.
The result of the fit for the J/ sample is shown in Fig. 4(a). The �2

/ndf of the fit is
115/96 and returns values of bs = 5.70± 0.11GeV�2 and bpd = 0.97± 0.04GeV�2. Below
p

2
T = 0.8GeV2

/c

2, the signal fraction is 0.597± 0.012 and correcting for the non-resonant
contribution gives an overall purity for the J/ sample of 0.592± 0.012. The result of the
fit for the  (2S) sample is shown in Fig. 4(b). The �2

/ndf of the fit is 11/16 and returns
values of bs = 5.1 ± 0.7GeV�2 and bpd = 0.8 ± 0.2GeV�2. Below p

2
T = 0.8GeV2

/c

2, the
signal fraction is 0.62 ± 0.08 and correcting for the non-resonant contribution gives an
overall purity for the  (2S) sample of 0.52± 0.07. In both cases, the values obtained for
bs and bpd are in agreement with the extrapolations of HERA results using Regge theory.

A systematic uncertainty is assigned due to the choice of the fit range and the shape
of the parameterisation describing the inelastic background. Doubling the range of the fit
for the  (2S) candidates changes the signal fraction by 3%. Doubling the range of the fit
for the J/ candidates leads to a poor quality fit; a single exponential function does not
describe the background well. For large values of p2T, the H1 collaboration introduced a
function of the form (1 + bpdp

2
T/n)

�n which interpolates between an exponential at low
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Figure 4: Transverse momentum squared distributions for (a) J/ and (b)  (2S) candidates,
where the non-resonant background contribution has been subtracted using side-bands. The
points are data, the solid curve is the total fit while the di↵erent contributions are as described.

6

Background: 
• Inelastic production of mesons where one or 

more protons dissociate

can arise from detector signals associated with previous beam interactions (“spillover”).
The absence of activity apart from the two muons ensures two rapidity gaps which sum
to 3.5 units in the forward region. An additional rapidity gap is obtained by requiring
that there are no tracks in the backward region. The VELO is sensitive to tracks within a
certain rapidity region depending on the z position from which the tracks originate and
the event topology. The mean size of the backward rapidity gap that can be identified is
1.7 with a root mean square of about 0.5.

Muon pairs are combined to form meson candidates whose transverse momentum
squared must satisfy p

2
T < 0.8GeV2

/c

2, and whose invariant masses must lie within
65MeV/c2 of the known J/ or  (2S) mass values [22]. With these requirements,
55,985 J/ candidates and 1565  (2S) candidates are found.

Three background components are considered: non-resonant background due primarily
to the QED process that produces two muons; feed-down from exclusive production of
other mesons (e.g. �

c

); and inelastic production of mesons where one or both protons
disassociate.

3.1 Non-resonant background determination

The invariant mass distributions for J/ and  (2S) candidates are shown in Fig. 3 and
are fitted with Crystal Ball functions [23] to describe the resonant contributions and an
exponential function for the non-resonant background. Within the range of ±65MeV/c2

about the known meson masses, the non-resonant background is estimated to account for
(0.8± 0.1)% and (17.0± 0.3)% of the J/ and  (2S) candidates, respectively.

3.2 Feed-down background determination

Exclusively produced �
c

or  (2S) mesons can feed down to mimic an exclusive J/ decay
when the particles produced in association with the J/ remain undetected or go outside
the detector acceptance. Their contribution is estimated using simulated events normalised
to an enriched background sample in the data. Exclusive �

c

candidate events are identified
in the data as those containing a J/ and a single photon [24]. The background from
�

c

feed-down is then estimated by scaling the number of observed �
c

candidates by the
ratio of simulated �

c

mesons passing the J/ selection requirements compared to those
identified as �

c

candidate events. The feed-down from �

c

decays is estimated to account for
(7.6 ± 0.9)% of the exclusive J/ candidates, where the uncertainty includes a contribution
from the fitted proportions of �

c0, �c1, �c2 as well as the photon reconstruction e�ciency
in simulation. Feed-down from  (2S) decays is estimated by scaling the  (2S) yields
in the resonant peak (Fig. 3) by the ratio of simulated  (2S) mesons passing the J/ 

selection requirements compared to those passing the  (2S) selection requirements. The
feed-down from  (2S) decays is estimated to account for (2.5 ± 0.2)% of the exclusive
J/ candidates.

Feed-down into the  (2S) selection is expected to be very small, e.g. due to �
c

(2P )
or X(3872) decays [25, 26]. Relaxing the requirement on the number of photons in the

4

Exclusive Production at the LHC 
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Herschel impact on backgrounds
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Background halves relative to previous analyses !

Signal + Inelastic bckd (y(2S)) 

6/2/2014 22 

Signal shape  
Estimated from Superchic using exp(- b pT

2) 
Slope b estimated from calculation using HERA data: ~ 5.5 GeV-2 (signal) ~0.6 GeV-2 (bckd) 

Fit gives b = 5.1 +/- 0.7 GeV-2 (signal) and = 0.8 +/- 0.2 GeV-2 (bckd) 
 

Purity of exclusive signal  
below 0.8 (MeV/c p)2

T 
~50% 

Paula Collins, LHCb 

Inelastic backgrounds 
 
One/two of the protons dissasociates 
/ additional gluon radiations 
Extra particles are undetected 
 
PT shape estimated from data, 
behaviour as a function of number of  
tracks cross checked with PYTHIA  
and LPAIR 
 

Without Herschel

LHCb preliminary LHCb preliminary

With Herschel 
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for the elastic process while ↵0 = �0.014± 0.009GeV�2 [27] for proton dissociation. This
predicts bs ⇡ 6GeV�2 and bpd ⇡ 1GeV�2 in the LHCb kinematic region.

After the non-resonant contribution has been subtracted using the side-bands indicated
in Fig. 3, and with the requirement of p2T < 0.8GeV2
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2 for the J/ and  (2S) removed,
the data are fitted to the function
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Tc
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N3
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where fs and fpd are the fractions of elastic and proton-dissociative production, respectively,
and ffd is the fraction of feed-down fixed to that obtained in Sec. 3.2. The shape of the
distribution for the feed-down contribution, Ffd, is taken from the data using �
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and  (2S) ! J/ ⇡⇡ candidates. The numbers N1, N2 and N3 normalise each of the three
functions to unity in the region p

2
T < 0.8GeV2

/c

2, while bs and bpd are free parameters.
The result of the fit for the J/ sample is shown in Fig. 4(a). The �2

/ndf of the fit is
115/96 and returns values of bs = 5.70± 0.11GeV�2 and bpd = 0.97± 0.04GeV�2. Below
p

2
T = 0.8GeV2

/c

2, the signal fraction is 0.597± 0.012 and correcting for the non-resonant
contribution gives an overall purity for the J/ sample of 0.592± 0.012. The result of the
fit for the  (2S) sample is shown in Fig. 4(b). The �2

/ndf of the fit is 11/16 and returns
values of bs = 5.1 ± 0.7GeV�2 and bpd = 0.8 ± 0.2GeV�2. Below p

2
T = 0.8GeV2

/c

2, the
signal fraction is 0.62 ± 0.08 and correcting for the non-resonant contribution gives an
overall purity for the  (2S) sample of 0.52± 0.07. In both cases, the values obtained for
bs and bpd are in agreement with the extrapolations of HERA results using Regge theory.

A systematic uncertainty is assigned due to the choice of the fit range and the shape
of the parameterisation describing the inelastic background. Doubling the range of the fit
for the  (2S) candidates changes the signal fraction by 3%. Doubling the range of the fit
for the J/ candidates leads to a poor quality fit; a single exponential function does not
describe the background well. For large values of p2T, the H1 collaboration introduced a
function of the form (1 + bpdp

2
T/n)

�n which interpolates between an exponential at low

]2/c2 [GeV2
T

p
0 0.5 1 1.5 2

2
/c2

Ev
en

ts
 p

er
 0

.0
2 

G
eV

0
500

1000
1500

2000
2500
3000

3500
4000

4500
LHCb Signal

Inelastic bkg
Feed-down bkg

(a)

]2/c2 [GeV2
T

p
0 0.5 1 1.5 2

2
/c2

Ev
en

ts
 p

er
 0

.1
 G

eV

0
50

100
150

200
250
300
350
400
450

LHCb Signal
Inelastic bkg
Feed-down bkg

(b)

Figure 4: Transverse momentum squared distributions for (a) J/ and (b)  (2S) candidates,
where the non-resonant background contribution has been subtracted using side-bands. The
points are data, the solid curve is the total fit while the di↵erent contributions are as described.
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• Non-resonant background primarily coming from 
QED
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Proton dissociation source of uncertainties comes from the assumptions made for the 
shape of the signal and background

Tracking efficiency: inclusion in the simulation of the VELO detector of the double metal 
layer layout may reduce systematic uncertainty

Systematic uncertainties

11

Table 2: Summary of systematic uncertainties.

J/ analysis  (2S) analysis
Source Uncertainty (%) Uncertainty (%)
Proton dissociation 4.0 4.0
Tracking e�ciency 4.0 4.0
Non-resonant background 0.1 1.4
Feed-down background 0.6 -
Mass-window 0.4 0.4
HeRSCheL Veto 1.5 1.5
Luminosity 3.9 3.9
Total excluding luminosity 5.9 6.1

uncertainty of 4% on the e�ciency for reconstructing a J/ meson.
The uncertainties due to the other background sources are smaller. An alternative esti-

mate of the non-resonant background in Fig. 1 is performed by fitting a single exponential
between 1.5 and 2.5GeV and extrapolating this into the signal region. This changes the
cross-section estimate by 0.1% in the J/ analysis and 1.4% in the  (2S) analysis. The
systematic uncertainty due to the feed-down contribution in the J/ analysis is assessed
to be 0.6%, corresponding to the largest di↵erence in the cross-section determination
from a series of alternative fits to the J/ + � spectrum in which the photon energy scale,
photon detection e�ciency, invariant mass resolution, material interactions and the  (2S)
contribution, are each varied by their estimated uncertainties.

Since the muon and trigger e�ciencies are determined from data, no additional
systematic uncertainty is attributed. The e�ciency due to the mass window is recalculated
by fitting the continuum in Fig. 1 with a single exponential between 1.5 and 2.5GeV,
extrapolating this into the signal region, and evaluating the fraction of the excess below
3.3GeV that is within the J/ mass window. The di↵erence of 0.4% is taken as a
systematic uncertainty due to the assumed signal shape.

The e�ciency for the HeRSCheL veto was recalculated using two exponential func-
tions, rather than one, to describe the inelastic component in Fig. 2. It is also recalculated
by fitting a single exponential function in the region 0.1 < pT

2
< 1 GeV2, extrapolating

this below the signal peak, and attributing the excess to the electromagnetic CEP signal.
The maximum di↵erence with the nominal value is taken as a systematic uncertainty of
1.5%.

The only substantial di↵erence between the current analysis and that performed at
7TeV is the addition of a veto on activity in the HeRSCheL. As a cross-check, the
J/ analysis has been repeated without using HeRSCheL information. The number
of candidates increases to 27700 but the backgrounds also increase: the feed-down
contribution is 10% while the proton-dissociation is 36%. Consequently, the estimated
signal yield is 15800, which is consistent with the default analysis but has a greater overall
systematic uncertainty due to the larger backgrounds.

8

ongoing work 
may decrease to 1%

ongoing work 

‣ Signal is assumed to be a single exponential function, Regge theory suggest a mild 
dependance of the slope with W. ⟹assessed with simulated events ➡ 3.1% 

‣ Proton dissociation component (inelastic background): ➡ 2 %  
‣ Feed-down correction using the calibration sample of 𝝌c ➡ 1.6%
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HRC veto systematic uncertainty
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The efficiency is obtained from the EM 
CEP (non-resonant) sample ✏ =

NHRC

N

from the pT2 fit with HRC cut

from the pT2 fit without HRC cut

EM CEP (non-resonant) sample

Systematic uncertainty on the efficiency, obtained 
from pT2 fit :

- using LPAIR as signal 
- using SuperChic v2 as signal 
- using the tail of the distribution and no MC 

➡ the slopes are fixed and obtained from the 
extrapolation of the fit results with 
additional VELO tracks

Difference between the 3 approaches gives the 
systematic uncertainty on the HRC cut
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Figure 5: Slopes of the second exponential for the double exponential fit in the whole p2T range.

where x = p

2
T, p0 and p2 are the normalisation parameters, p1 and p3 are the slope78

parameters. In this case, the extrapolation from Fig. 3 and 5 gives p1 = 0.77± 0.01 and79

p3 = 3.5± 0.1.80

2.3 Characterising the response of the HeRSCheL detector to81

CEP signal and non-CEP background82

2.3.1 Dimuon sample fits83

In the following, the composition of dimuon sample is studied in detail by following84

two distinct ways. The first way is a fit of the whole distribution, using LPAIR and85

SuperChic2 to model the signal, while the background is modelled by two exponentials86

whose parameters are let free. The result of this fit is shown in Fig. 6.
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Cross-section measurement J/ψ and ψ(2S) 
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Figure 6: Compilation of photoproduction cross-section results for various experiments. The
upper plot uses J/ data; the lower uses  (2S).

6 Conclusions

The addition of new scintillators in the forward region has resulted in lower backgrounds
at

p
s = 13TeV compared to the previous measurement at

p
s = 7TeV. Both the J/ and

 (2S) results are in better agreement with the JMRT ‘NLO’ rather than LO predictions.
The derived photoproduction cross-section for J/ production shows a deviation from
a pure power-law extrapolation of HERA data while the  (2S) results are consistent
although more data is required in this channel to make a critical comparison.
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Figure 5: Di↵erential cross-section compared to LO and NLO theory JMRT predictions [24, 25]
for J/ and  (2S). The inner error bar represents the statistical uncertainty; the outer is the
total uncertainty.

Here, r is the gap survival factor, k± = m /2e±y is the photon energy, dn/dk± is the
photon flux and W

2
± = 2k±

p
s is the invariant mass of the photon-proton system. There

is a two-fold ambiguity with W+,W� both contributing to one LHCb rapidity bin. Since
the W� solution contributes about one third and as it has been previously measured
at HERA, we choose to fix this term using the H1 parametrisation of their results [5]:
��p!J/ p = a(W/90GeV)� with a = 81 ± 3 pb and � = 0.67 ± 0.03. For the  (2S) W�
solution, we scale the H1 J/ parametrisation by 0.166, the measured ratio of  (2S)
to J/ cross-sections [8]. The photon flux is taken from Ref. [26]. The gap survival
probabilities are taken from an update of Ref. [24, 25] and tabulated in Table 4. Eq.1
then allows the calculation of ��p! p at high values of W beyond the kinematic reach of
HERA.

The photoproduction cross-sections for J/ and  (2S) are shown in Fig. 6 and include
a comparison to our previous results at

p
s = 7TeV and to HERA data at lower W values.

The photoproduction cross-sections at
p
s = 7TeV have been recalculated from the LHCb

10
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5 Results

Table 3: Di↵erential cross-section results for J/ (top) and  (2S) (bottom). Only statistical
uncertainties are quoted.

J/ rapidity 2.00-2.25 2.25-2.50 2.50-2.75 2.75-3.00 3.00-3.25
d�J/ !µ+µ�/dy
(2 < ⌘µ+⌘µ� < 4.5) (pb) 38± 4 114± 7 185± 11 243± 12 282± 14
Acceptance 0.096± 0.003 0.280± 0.005 0.460± 0.006 0.628± 0.006 0.733± 0.005
d�pp!pJ/ p/dy (nb) 6.7± 0.7 6.8± 0.4 6.8± 0.4 6.5± 0.3 6.5± 0.3
J/ rapidity 3.25-3.50 3.50-3.75 3.75-4.00 4.00-4.25 4.25-4.50
d�J/ !µ+µ�/dy
(2 < ⌘µ+⌘µ� < 4.5) (pb) 272± 14 222± 11 156± 8 90± 6 28± 3
Acceptance 0.721± 0.005 0.620± 0.006 0.471± 0.006 0.287± 0.006 0.095± 0.004
d�pp!pJ/ p/dy (nb) 6.4± 0.3 6.0± 0.3 5.6± 0.3 5.3± 0.3 5.0± 0.4

 (2S) rapidity 2.0-3.0 3.0-3.5 3.5-4.5
d� (2S)!µ+µ�/dy
(2 < ⌘µ+⌘µ� < 4.5) (pb) 3.3± 0.5 5.8± 0.9 3.1± 0.5
Acceptance 0.362± 0.003 0.726± 0.004 0.372± 0.003
d�pp!p (2S)p/dy (nb) 1.20± 0.22 1.03± 0.19 1.09± 0.21

The di↵erential cross-sections per rapidity for two muons, both inside the fiducial

acceptance of 2.0 < ⌘ < 4.5, are given in Table 3. This quantity has the lowest model

dependence. Summing these leads to integrated cross-sections times branching fractions of

�J/ !µ+µ�
(2.0 < ⌘µ+

, ⌘µ�
< 4.5) = 407± 8± 24± 16 pb

� (2S)!µ+µ�
(2.0 < ⌘µ+

, ⌘µ�
< 4.5) = 9.4± 0.9± 0.6± 0.4 pb.

The first uncertainty is statistical and includes the data-driven e�ciency calculations

and the fit to determine the purity, the second is systematic, and the third uncertainty of

3.9% is due to the luminosity determination.

To compare with theoretical predictions, which are generally expressed without fiducial

requirements on the muons, the di↵erential cross-sections for J/ and  (2S) mesons as a

function of meson rapidity are found by correcting for the branching fractions to muon

pairs [23], B(J/ ! µµ) = 0.0593± 0.0006, B( (2S) ! µµ) = 0.0077± 0.0008, and by

the fraction of those muons that fall inside the fiducial acceptance of the measurement.

The acceptance is determined using SuperCHIC and tabulated in Table 3 along with

the di↵erential cross-section results. These are plotted in Fig. 5 and compared to the

theoretical calculations of Ref. [24, 25]. The J/ measurement is more consistent with

the approximate-NLO prediction than with LO. The  (2S) measurement is statistically

limited, though also more consistent with the NLO prediction.

The cross-section for the CEP of vector mesons in pp collisions is related to the

photo-production cross-section, ��p! p, through [24]

�pp!p p = r(W+)k+
dn

dk+
��p! p(W+) + r(W�)k�

dn

dk�
��p! p(W�). (1)

9

LHCb preliminary cross section

• Differential cross section in agreement with JMRT NLO rather than LO’s 
• Power law not sufficient to describe the data at high energies 
• Extension of the reach in W with 13 TeV data (now up to 2 TeV) 
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W (GeV)
=centre-of-mass energy of the photon-

proton system

JMRT LO: power law description of the process (Leading Order) 
JMRT NLO: Next to Leading Order corrections added to the LO description
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5 Results

Table 3: Di↵erential cross-section results for J/ (top) and  (2S) (bottom). Only statistical
uncertainties are quoted.
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d�J/ !µ+µ�/dy
(2 < ⌘µ+⌘µ� < 4.5) (pb) 38± 4 114± 7 185± 11 243± 12 282± 14
Acceptance 0.096± 0.003 0.280± 0.005 0.460± 0.006 0.628± 0.006 0.733± 0.005
d�pp!pJ/ p/dy (nb) 6.7± 0.7 6.8± 0.4 6.8± 0.4 6.5± 0.3 6.5± 0.3
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d�J/ !µ+µ�/dy
(2 < ⌘µ+⌘µ� < 4.5) (pb) 272± 14 222± 11 156± 8 90± 6 28± 3
Acceptance 0.721± 0.005 0.620± 0.006 0.471± 0.006 0.287± 0.006 0.095± 0.004
d�pp!pJ/ p/dy (nb) 6.4± 0.3 6.0± 0.3 5.6± 0.3 5.3± 0.3 5.0± 0.4

 (2S) rapidity 2.0-3.0 3.0-3.5 3.5-4.5
d� (2S)!µ+µ�/dy
(2 < ⌘µ+⌘µ� < 4.5) (pb) 3.3± 0.5 5.8± 0.9 3.1± 0.5
Acceptance 0.362± 0.003 0.726± 0.004 0.372± 0.003
d�pp!p (2S)p/dy (nb) 1.20± 0.22 1.03± 0.19 1.09± 0.21

The di↵erential cross-sections per rapidity for two muons, both inside the fiducial

acceptance of 2.0 < ⌘ < 4.5, are given in Table 3. This quantity has the lowest model

dependence. Summing these leads to integrated cross-sections times branching fractions of

�J/ !µ+µ�
(2.0 < ⌘µ+

, ⌘µ�
< 4.5) = 407± 8± 24± 16 pb

� (2S)!µ+µ�
(2.0 < ⌘µ+

, ⌘µ�
< 4.5) = 9.4± 0.9± 0.6± 0.4 pb.

The first uncertainty is statistical and includes the data-driven e�ciency calculations

and the fit to determine the purity, the second is systematic, and the third uncertainty of

3.9% is due to the luminosity determination.

To compare with theoretical predictions, which are generally expressed without fiducial

requirements on the muons, the di↵erential cross-sections for J/ and  (2S) mesons as a

function of meson rapidity are found by correcting for the branching fractions to muon

pairs [23], B(J/ ! µµ) = 0.0593± 0.0006, B( (2S) ! µµ) = 0.0077± 0.0008, and by

the fraction of those muons that fall inside the fiducial acceptance of the measurement.

The acceptance is determined using SuperCHIC and tabulated in Table 3 along with

the di↵erential cross-section results. These are plotted in Fig. 5 and compared to the

theoretical calculations of Ref. [24, 25]. The J/ measurement is more consistent with

the approximate-NLO prediction than with LO. The  (2S) measurement is statistically

limited, though also more consistent with the NLO prediction.

The cross-section for the CEP of vector mesons in pp collisions is related to the

photo-production cross-section, ��p! p, through [24]

�pp!p p = r(W+)k+
dn

dk+
��p! p(W+) + r(W�)k�

dn

dk�
��p! p(W�). (1)
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LHCb preliminary cross section
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Figure 5: Di↵erential cross-section compared to LO and NLO theory JMRT predictions [24, 25]
for J/ and  (2S). The inner error bar represents the statistical uncertainty; the outer is the
total uncertainty.

Here, r is the gap survival factor, k± = m /2e±y is the photon energy, dn/dk± is the
photon flux and W

2
± = 2k±

p
s is the invariant mass of the photon-proton system. There

is a two-fold ambiguity with W+,W� both contributing to one LHCb rapidity bin. Since
the W� solution contributes about one third and as it has been previously measured
at HERA, we choose to fix this term using the H1 parametrisation of their results [5]:
��p!J/ p = a(W/90GeV)� with a = 81 ± 3 pb and � = 0.67 ± 0.03. For the  (2S) W�
solution, we scale the H1 J/ parametrisation by 0.166, the measured ratio of  (2S)
to J/ cross-sections [8]. The photon flux is taken from Ref. [26]. The gap survival
probabilities are taken from an update of Ref. [24, 25] and tabulated in Table 4. Eq.1
then allows the calculation of ��p! p at high values of W beyond the kinematic reach of
HERA.

The photoproduction cross-sections for J/ and  (2S) are shown in Fig. 6 and include
a comparison to our previous results at

p
s = 7TeV and to HERA data at lower W values.

The photoproduction cross-sections at
p
s = 7TeV have been recalculated from the LHCb

10
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Figure 6: Compilation of photoproduction cross-section results for various experiments. The
upper plot uses J/ data; the lower uses  (2S).

6 Conclusions

The addition of new scintillators in the forward region has resulted in lower backgrounds
at

p
s = 13TeV compared to the previous measurement at

p
s = 7TeV. Both the J/ and

 (2S) results are in better agreement with the JMRT ‘NLO’ rather than LO predictions.
The derived photoproduction cross-section for J/ production shows a deviation from
a pure power-law extrapolation of HERA data while the  (2S) results are consistent
although more data is required in this channel to make a critical comparison.
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• Seems more in agreement with NLO  
• In agreement with power law extrapolation from H1 (HERA) data 
• More data needed for critical comparison

(stat) (syst) (luminosity)
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We have done the first measurement using the Herschel detector 

Although Herschel+LHCb can cover 12 unit in rapidity there is still a 
reasonable background getting through the J/ψ analysis. 
- Full simulation of the detector is very difficult/impossible due to the 
very large distances in consideration. 

- We are a little surprised that the implementation of Herschel reduce 
the background by a factor 2. 
➡ Is this due to detector response or physics processes?  

‣ are all the backgrounds really so close to the beam? 
➡ Understanding the background of the elastic CEP processes is very 

important and would decrease systematic uncertainties. 

New measurements favour the next to leading order description,  
a simple power law is not enough  

More data needed for ψ(2S) to make more detailed comparisons
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Thank you
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BACK UP
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27 September 2016 Paolo Gandini - CEP 6

Herschel Detector in Run2
● New detector installed for Run2 in 2015. Fully operational
● Start of 2016: new better electronics installed 
● Increase η coverage in the forward/backward region
● IDEA is to veto events with activity at high η 

● Idea: scintillators in the tunnel where beampipe is accessible
● High Rapidity Shower Counters for LHCb: HeRSCheL
● Five planes of scintillators: 4 quadrants, 20mm thick
● Use same electronics of Preshower Detector

Parking position 
available 

Backward Stations 
Installation finished in 2014 

R. McNulty, CEP at LHCb 36 

Forward Stations 

~200 pb-1 of data available with stable calibrations 
R. McNulty, CEP at LHCb 37 

Forward StationsBackward Stations

-114 m -20 m-7.5 m 20 m 114 m

To get an idea of the distances…

Q1Q2Q3D1D2

IP8

Q1 Q2 Q3 D1
TDI
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M
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H

M
B
X
W
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53.584 44.868 22.965
1.81

0.78
3.55
3.4

22.965

0.78
1.81

44.868 53.845

B2 B1 B0 F1 F2

z

Figure 1: Top: schematic layout of the interaction region around the LHCb interaction point
(IP8) and the positions of the HeRSCheL stations. Bottom: schematic layout of the active
areas of the HeRSCheL stations. TODO: update the plot.

2 Description of the detector43

2.1 Layout44

In the LHCb coordinate system the z-axis points from the LHCb interaction point (IP8)45

towards the muon chambers and is collinear with the nominal beam line. As shown46

schematically in Fig. 1, the HeRSCheL system comprises three stations at negative z,47

known as ‘backward’ or ‘B’ stations, and two stations at positive z, known as ‘forward’48

2

B2 B1B0 F1 F2

LHCb

- Installation finished in 2014 
- Taking data throughout LHC run2 (2015-2018) 
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HISTORY

7

March 2014:
Engineering Change Request

Spring 2014
Fabricate scintillator panels

Summer 2014:
Hydraulic frame

July 2014:
PMT & divider assembly

Autumn 2014:
Scintillator calibration

November 2014:
Tunnel installation

Winter 2014:
Crate positioning

Jan/Feb 2015:
New read-out electronics 
Grounding

Summer 2015:
Data-taking begins

September 2015:
Herschel stable & 
available offline!

……..……..
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Linear passive clipping applied (as in the LHCb HCAL) 

PMT  

C  

R=31 �    
C=68 pF  

8 ns coax cable  

FSC#II, #WA7157, NO CLIP
(C2_00101.txt)

-400

-350

-300

-250

-200

-150

-100

-50

0

50

-10 0 10 20 30 40 50 60 70

FSC#II, #WA7157, CLIP#III  (31.1 Ohm+68 pF)
(C2_00100.txt)

-400

-350

-300

-250

-200

-150

-100

-50

0

50

-10 0 10 20 30 40 50 60 70

30ns  

10% 

90% 

Possible to fit signal 
within 25 ns gap 

25ns  

R 

Clipping the Pulse 

25 ns

Counter signal fit within 25 ns gap 
➡ 40MHz rate

PMT gain

understanding of the signal observed in the detector when no charged particles encoun-156

tered the scintillator, referred to from here on as the ‘empty-detector’ signal. For both of157

these studies, data collected during 2015 are employed. The adaptor board used during158

2015 introduced significant noise, much of which was seen to be common to the input sig-159

nals within a station. First, therefore, the treatment of this correlated noise component is160

presented, followed by consideration of the empty-detector signal. Finally, the correlation161

between activity registered in the scintillating counters with that registered in the rest of162

the LHCb detector is considered.163

3.1 Laboratory characterisation164

The PMT gain as function of the applied high voltage has been measured in the laboratory165

using LED light pulses. The absolute scale has been measured with cosmic muons at a166

voltage of 1.1 kV. Using these two pieces of information, the signal per charged particle167

as a function of the applied high voltage can be determined. This is shown in Fig. 8 for168

the quadrants of station B0.169

Voltage [kV]
0.8 1 1.2 1.4

310

410

510
LHCb Herschel

Figure 8: Signal per particle as function of PMT high voltage for one of the quadrants of station
B0, measured using cosmic muons.

3.2 Calibration procedure and 2016 adapter board170

For data collected during 2015 a significant common noise component was found between171

the detector channels arising either from interference induced in the cables passing along172

the tunnel, or in the front-end electronics. This common noise has been studied by173

considering the correlated signal from each input channel with one spare cable for each174

station, placed next to the signal cables in the tunnel and connected to the read-out175

electronics but not connected at the detector end.176

9

‣ 20 mm thick plastic scintillator glued to fishtail light guides 
‣ PMT: Hamamatsu R1828-01, 51 mm, anode current limit ~ 200µA 
‣ Customised high rate base (40 MHz) 
‣ Calibration with comics, 1 mip ~170 photon-electrons 
‣ All PMT pass LED calibration at different HV (Gain vs HV obtained) 
‣ Pneumatic motion system to retract scintillators from high fluency region

Increasing HV => higher gain: 
➡  can compensate the lose of 

efficiency due to radiation 
degradation
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Figure 3: Distribution of the log of the discriminating variable ⌃H that is related to activity in
HeRSCheL. The response to three classes of events, as described in the text, is shown. The
selection requirement for the analysis is indicated.

shows the distribution of ⌃H for three classes of low-multiplicity-triggered events. The
first class is the non-resonant dimuon sample with pT

2
< 0.01 GeV2, which has a purity

of about 92% for electromagnetic CEP events. The second class applies the J/ selection
but requires pT2

> 1 GeV2, thus selecting inelastic events with proton dissociation. The
third class consists of events with more than five reconstructed tracks. Fig. 3 shows that
CEP enriched events have lower values of ⌃H . The threshold used in the selection of both
J/ and  (2S) candidates is indicated and the e�ciency and purity of this requirement
are obtained from data.

3.1 Sample purity

Three backgrounds souces are considered: non-resonant dimuon production; feed-down of
CEP �c or  (2S) to J/ and other undetected particles; and non-exclusive events where
the proton dissociates but the remnants remain undetected.

The continuum background is found from the fit shown in Fig. 1, where the signals
are modelled with Crystal Ball functions [21] and the continuum with the sum of two
exponential functions. This background is estimated to contribute a fraction 0.009± 0.001
to the J/ and 0.175± 0.018 to the  (2S) samples.

The  (2S) feed-down background to the J/ selection is determined using simulated
events that have been normalised to the  (2S) ! µ

+
µ

� signal in data and is estimated to
contribute a fraction 0.008± 0.001 of the J/ candidates. The �c feed-down background
is found from a data calibration sample that uses the requirements of the J/ analysis but
instead of zero photons being present, exactly one photon with a transverse energy above
200 MeV is required. The number of �c0,�c1,�c2 candidates in this calibration sample is
determined from a fit to the invariant mass of the dimuon plus photon system. These are
scaled by the ratio of J/ to J/ + � candidates in the respective simulated �c sample. It
is estimated that a fraction 0.012± 0.001 of the J/ candidate sample is due to feed-down

4
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CEP of J/  at 13TeV⇥

● Clean pedestals and complete suppression of pileup
● Pedestals calibrated using non connected channels
● Quadratic sum of normalised signals ( H) used to create veto⌅
● Response checked against 3 classes of events
● Clear signal/background enhancement

• Quadratic sum of normalised signals 
(ΣH) used to create veto 

• Response checked against 3 classes 
of events 

• Clear signal/background 
enhancement

• Clean pedestals and almost complete 
suppression of pileup 

• Common noise subtraction using non 
connected channels (only necessary in 
2015)

One Herschel
station signal
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A glimpse through RAW data
Herschel versus VeLo
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I Visible correlation between VeLo activity and Herschel activity.

I Still large Herschel activity in events with ”signal-like” topology in LHCb (low
activity).

Victor Coco, on behalf of the LHCb Collaboration Electroweak physics and QCD in the forward direction at LHCb March 22, 2016 37 / 16

Visible correlation between VELO activity and Herschel activity 
➡More activity seen in Herschel when more tracks are reconstructed

‣ Re-use electronic from PS and calorimeter 
‣ The very front-end cards have two interleaved integrators, 

each running at 20 MHz which helps to avoid spill-over 
‣ Dedicated adaptor board since the signal is coming over 

long coaxial cables (not the case for PS detector)
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1) Fit only the tail of the distribution 
from 1 extra track to 8 extra tracks 

2) Store the slopes as a function of 
the number of extra tracks

Nb of VELO track
2 4 6 8

1
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pe
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p1        0.002362±0.03734 − 

Figure 3: Slopes of the single exponential fits with respect to the number of additional tracks
in the VELO.
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Figure 4: Single exponential fits

where there is no additional tracks in the VELO. More precisely, one can define the76

background, B(x) as the sum of two exponentials:77

B(x) = p0 exp(p1x) + p2 exp(p3x)

4

Use Non-Resonant EM CEP control sample with extra VELO tracks, 
 to extrapolate the background shape for the Non-Resonant Dimuon sample

1) Fit the whole distribution from 1 extra 
track to 4 extra tracks  with a double 
exponential 

2) Store the second slope as a function 
of the number of extra tracks

Use the result of the extrapolation to 0 track to fix the two slopes of the background 
described by a double exponential.
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Figure 5: Slopes of the second exponential for the double exponential fit in the whole p2T range.

where x = p

2
T, p0 and p2 are the normalisation parameters, p1 and p3 are the slope78

parameters. In this case, the extrapolation from Fig. 3 and 5 gives p1 = 0.77± 0.01 and79

p3 = 3.5± 0.1.80

2.3 Characterising the response of the HeRSCheL detector to81

CEP signal and non-CEP background82

2.3.1 Dimuon sample fits83

In the following, the composition of dimuon sample is studied in detail by following84

two distinct ways. The first way is a fit of the whole distribution, using LPAIR and85

SuperChic2 to model the signal, while the background is modelled by two exponentials86

whose parameters are let free. The result of this fit is shown in Fig. 6.
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Figure 6: Dimuon sample fitted in the whole range using LPAIR (SuperChic2) to describe the
model on the left (right) respectively.
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2.2 Study of the background sample containing additional58

VELO tracks59

To understand how the inelastic background evolve, a second sample is used. In this60

sample the dimuon candidates are selected in the same way, but additional VELO tracks61

are allowed. In this case the continuum production is no longer likely to be CEP, this62

provides a representation of the background distribution. To understand the background63

evolution with respect to the number of additional tracks, a fit of the p2T distribution from64

0.5 to 2 with a single exponential has been performed and are shown in Fig. 2. The fit65

range has been chosen so that it corresponds to the region where the p

2
T distributions66

corresponds well to a single exponential for all the samples. Indeed, one can see that for67

less than 5 additional VELO tracks, the p2T distributions correspond better to the sum of68

two exponentials in the whole p

2
T range than a single exponential.69
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Figure 2: Single exponential fits

Therefore, a second fit is performed in the whole range for these samples with a double70

exponential. In this case, the slope of one exponential is fixed with the value found in71

the previous fit, while the normalisation factor is kept floating. The second fits are given72

in Fig. 4 and the slopes of the new exponential as a function of the number of additional73

tracks is given in Fig. 5.74

From this study, the slopes of the two exponentials can be extrapolated to the case75

3
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Fit with two exponentials, fix one slope to the one obtained from previous slide 
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Figure 3: Slopes of the single exponential fits with respect to the number of additional tracks
in the VELO.
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Figure 4: Single exponential fits

where there is no additional tracks in the VELO. More precisely, one can define the76

background, B(x) as the sum of two exponentials:77

B(x) = p0 exp(p1x) + p2 exp(p3x)

4
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Background description using a fit of the 
tail, and slopes fixed to the values 
obtained from the control sample.
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Figure 5: Slopes of the second exponential for the double exponential fit in the whole p2T range.

where x = p

2
T, p0 and p2 are the normalisation parameters, p1 and p3 are the slope78

parameters. In this case, the extrapolation from Fig. 3 and 5 gives p1 = 0.77± 0.01 and79

p3 = 3.5± 0.1.80

2.3 Characterising the response of the HeRSCheL detector to81

CEP signal and non-CEP background82

2.3.1 Dimuon sample fits83

In the following, the composition of dimuon sample is studied in detail by following84

two distinct ways. The first way is a fit of the whole distribution, using LPAIR and85

SuperChic2 to model the signal, while the background is modelled by two exponentials86

whose parameters are let free. The result of this fit is shown in Fig. 6.
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Figure 6: Dimuon sample fitted in the whole range using LPAIR (SuperChic2) to describe the
model on the left (right) respectively.
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Fit with background described with two 
exponential + LPAIR/SuperChic2 signal
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Figure 5: Slopes of the second exponential for the double exponential fit in the whole p2T range.

where x = p

2
T, p0 and p2 are the normalisation parameters, p1 and p3 are the slope78

parameters. In this case, the extrapolation from Fig. 3 and 5 gives p1 = 0.77± 0.01 and79

p3 = 3.5± 0.1.80

2.3 Characterising the response of the HeRSCheL detector to81

CEP signal and non-CEP background82

2.3.1 Dimuon sample fits83

In the following, the composition of dimuon sample is studied in detail by following84

two distinct ways. The first way is a fit of the whole distribution, using LPAIR and85

SuperChic2 to model the signal, while the background is modelled by two exponentials86

whose parameters are let free. The result of this fit is shown in Fig. 6.
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Figure 6: Dimuon sample fitted in the whole range using LPAIR (SuperChic2) to describe the
model on the left (right) respectively.
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p p 

Beam pile-up 

High luminosity requires 
multiple proton interactions per 
beam-crossing.  

f (N ) = e
µµN

N!

Number of interactions (N) /crossings, 
distributed  

For LHCb in 2011, µ=1.4 
(25% of interactions useful) 

R. McNulty, CEP at LHCb 12 

Average 
#interactions 

For LHCb in 2015, µ=1.08 
(35% interactions useful) 

High luminosity requires multiple proton 
interactions per beam crossing

For LHCb (2011), < µ >=1.4     (25% of interactions useful) 
For LHCb (2015),  < µ >=1.08  (35% of interactions useful)

Poisson distribution of the nb of 
interactions (n) per beam crossings is:

P (n) =
e�µµn

n!
average nb of visible pp 

interactions per beam crossing

Pile-up = µ
1�P (0) Consider only single visible pp interaction
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Exclusive Production at the LHC 
Paula Collins - ICHEP 2016

06/08/16

Central Exclusive Production processes

t-channel exchange of a colourless object: γ, pomeron   → X + rapidity gaps 
Single elastic process → protons escape undetected in beampipe

di-γ fusion γ-pomeron fusion di-pomeron exchange

µ+µ-, e+e-, π+π-, W+W- 

QED “standard candle” process 
continuum lepton pair production

Photoproduction: Test of QCD and 
description of diffraction and soft 
processes. Sensitive to diffractive 
PDF at very low x (to 5 x 10-6) 

ρ, J/ψ, Υ, Ζ, …

Test of QCD,and hadron spectroscopy 
Pomeron content at low Q2 dominated 
by gluons; access to scalar and tensor 
glueballs 

Χc, Χb, π+π-, Dijet, gg, …

3The measurement of CEP of J/ψ and ψ(2S) mesons provides a test of QCD,  
an investigation of the nature of the pomeron, and a mean for constraining the gluon PDF
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Bjorken variables (Lorentz invariant)

Kinematics of Inelastic Scattering

Prof. M.A. Thomson Michaelmas 2011 178

p

e–

e–

X

!

q

•For inelastic scattering the mass of the final state 
hadronic system is no longer the proton mass, M

•The final state hadronic system must
contain at least one baryon which implies
the final state invariant mass MX > M

! For inelastic scattering introduce four new kinematic variables:

!Define:
Bjorken x (Lorentz Invariant)

where

Note: in many text 
books W is often 
used in place of MX

•Here

Proton intactinelastic elastichence

Prof. M.A. Thomson Michaelmas 2011 179

!Define:

p

e–

e–

X

!

q

(Lorentz Invariant)

•In the Lab. Frame:

So y is the fractional  energy loss of the incoming particle

•In the C.o.M. Frame (neglecting the electron and proton masses):

for

!Finally Define: (Lorentz Invariant)

•In the Lab. Frame:
" is the energy lost by the incoming particle

p

p

p 

si
ng

le
 d

iff
ra

ct
io

n:

Energy loss by the incoming particle

x ⌘ Q

2

2p2 · q
,where Q

2 ⌘ �q

2
> 0

x =
Q

2

2M⌫

, y =
2M⌫

s�M

2
, s = (p1 + p2)

2

⌫ ⌘ p2 · q
M

= E1 � E3(in the lab frame)

y ⌘ p2 · q
p2 · p1

= 1� E1

E3
(in the lab frame)

Fractional energy loss by the incoming particle

0<x<1 => inelastic, x=1 elastic


