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Overview

Central exclusive production and the FP420 project.

Luminosity dependent backgrounds

                 in the NMSSMh→ aa→ 4τ



Central Exclusive Production

Protons remain intact and typically lose 1% of their 
momentum during interaction.

Protons scatter through very small angles (pT of order 
0.5 GeV).

All of momentum lost during interaction goes into the 
production of a central system.

Central system is produced in a Jz=0 state (true for zero angle scattering):

Resonance production is predominantly 0++.

Di-quark backgrounds are suppressed by ∼
m2

q

M2



Central Exclusive Production (II) - Kinematics

If tag and measure each outgoing proton, can reconstruct the mass, 
M, and rapidity, y, of the central system from 4-momentum 
conservation:

   is the fractional longitudinal momentum loss of proton i during the 
interaction

Mass measurement of any resonance regardless of decay:

doesn’t depend on jet energy resolution (         )

or missing energy (              and                 )h→ aa→ 4τ

h→ bb̄

h→WW ∗

ξi

M2 ≈ ξ1 ξ2 s and y ≈ 1
2
ln

(
ξ1

ξ2

)
.



   determined from distance of proton 
hit to beam

Lower    acceptance determined from 
distance of active detector edge to 
beam

Upper acceptance from beam pipe.    

Forward Proton Detectors

Installation of new detectors at 220m/420m from the interaction point turns 
the LHC into a magnetic spectrometer for off-momentum protons from CEP

ξ

ξ



Forward Detector Acceptance

Low mass acceptance depends on how close detectors are to the beam

Good coverage of 60 - 200 GeV, a scalar Higgs hunting ground?
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Fig. 14: Left: Acceptance as a function of centrally produced mass for 420 m + 420 m proton tags for

the silicon detector active edge at varying distances from the beam (FPTrack), assuming no obstruction

at 220 m. Right: for 220 m + 420 m proton tags with the silicon at 5mm from the beam at 420 m and

varying distances at 220 m. Where the curve divides, the upper branch also includes 220 m + 220 m

coincidences, while the lower branch contains just 420 m + 220 m coincidences.

420 m the nominal operating position is assumed to be between 5mm and 7.5mm, depending on

beam conditions. This is discussed further in sections 9 and 6. For central masses above ∼ 150
GeV, 220 m detectors become increasingly important.

For 420 m detectors, there is negligible difference in acceptance between IP1 and IP5, and

beam 1 and beam 2, provided the silicon distance at 220 m is sufficiently large. The situation

is more complex at 220 m, owing to the fact that the crossing angle is in the vertical plane at

IP1 and the horizontal plane at IP5. This results in a higher acceptance at IP1 (ATLAS) than

IP5 (CMS) for 420 m + 220 m events, as shown in Figure 15. If the silicon detector is close

to the beam line at 220 m, then it can intercept protons that would otherwise be detected at

420 m, an effect that differs at the two interaction points. A dead region inside the active edge

of the silicon detectors must be allowed for, and this is taken as 0.7 mm in the acceptances

shown in the figure, where the differences seen between the IP1 and IP5 acceptances at 420

m are due to the closer approach of the detector stations at 220m in these cases. The effect is

negligible for clearances of more than 2 mm from the beam line at 220 m. The accuracy of the

proton momentum measurement (see next section) is higher at 420 m than at 220 m, and so the

operating conditions at 220 m must be chosen so as to achieve an optimum balance between the

mass resolution an acceptance.

5.2 Measuring proton momenta through the lattice: mass resolutions

Typical distributions of hits in a detector at 420 m are shown in Fig. 16; the distribution extends

over the full horizontal width of the detector but is narrowly confined vertically. From the

measurements in two stations in each region, the mean position and direction of the protons

emerging can be determined. The position and angle in the x-y plane of a proton at any point
along the beam-line can be used to measure its energy loss and pT at the interaction point. As can
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The FP420 design

Proposal to install forward proton taggers at 420m either side of IP.

Each side has 2 stations which are 8m apart. Each station consists of:

3D silicon detectors fixed to pocket in beam-pipe. Proton hit within silicon 
measured to 10    .

Beam-pipe moved closer to beam when beam is stable (Hamburg Pipe).

Position of pocket w.r.t beam measured to 50      by beam positioning 
monitors (BPMs).

Cerenkov fast timing detectors (GASTOF front station, QUARTIC rear) 
measure time-of-flight (TOF) of each proton from the IP to 10 ps.

µm

µm



FP420 layout

Fast timing

Si

Fixed bpm

Moving bpm



Forward Proton Resolution

Purple curve is primary momentum spread uncertainty.

Realistically aim for red/green curve which are the effects of the proton 
displacement measurement and transverse beam spot size respectively.

Mass measurement accurate to approximately 2.3 GeV for 90 GeV central 
system and 2 GeV for 120 GeV central system
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Fig. 18: Mass resolutions obtainable in ATLAS for the 420 m region and for the 220 m region. For

explanation, see text.

– The position measurement uncertainty in the RP system

– The angular measurement uncertainty in the RP system.

Figure 18 shows the mass resolutions that are at present expected. Full sets of curves are

presented for 420+420 m measurements up to 180 GeV (left) and 420+220 m measurements

above 140 GeV (right). The two top curves which are given in both figures indicate a combina-

tion of the two measurements. Resolutions were determined by applying a chosen combination

of Gaussian smearings and fitting the resulting histograms of reconstructed minus true mass with

a Gaussian function, whose width is plotted here. The sets of curves represent the resolutions

obtained: (1) with no physical smearing applied, (2) applying smearing of the primary proton

beam momentum (3), also including a 10 µm smearing of the incident beam spot, (4) also in-

cluding a 10 µm smearing of the measured position x in the silicon system, (5,6) also including
1, 2 µrad smearing of the dx/dz measurement in the silicon system, respectively. Curves (7), (8)
are common and give the overall mass resolution under the conditions of (5) and (6) for all events

combined. The effects of a small smearing of the xmeasurement in the silicon system are found
to be small in comparison with the other effects. The overall resolution is 2 GeV over the central

mass range of interest, using the expected 1µrad angular uncertainty in the dx/dz measurement.
It should be noted that a resolution comparable to that obtained with 2 µrad uncertainty can be
obtained by simply constraining the angle of the emitted proton to be along the beam direction

at the interaction point. However for optimal results, the precise angular measurement will be

required in the detector stations.

Figure 19 shows the effect of the above smearing on the hit positions in the x-y plane at
420 m for beam 1 at IP1 (ATLAS). Ten points in ξ are shown from ξ = 0 to ξ = 0.02. For each
point in ξ, t is varied from 0 to -0.2 GeV2. The maximum observable ξ value in FP420 is 0.02,
as is clearly visible in the figures. The limit is due chiefly to to the aperture restriction in the

main bending magnets in the region between 220 m and 420 m, each magnet giving a similar

aperture restriction.

It is possible to measure the transverse momentum of the proton as it emerges from the
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Unfortunately.....

CEP cross sections are typically small;                      (CTEQ6M)

Have to fight against

Trigger efficiencies at low pT.

Luminosity dependent backgrounds
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Trigger Strategy

Typically CEP rates are low,                     , therefore need a good trigger.

Can’t trigger on forward protons at 420m as signal arrives too late for L1 decision.

At L2, can require two `in-time’ proton hits to reject non-diffractive events and 
substantially reduce the rate.

Have to trigger on central detector quantities at L1

Lepton triggers are easiest, low thresholds.

Jets very hard. Standard triggers always have high thresholds.

Possibility for jets: Rapidity gap triggers (low lumi), low pT muons for b-jets, 
fixed (large) jet rate (rejected at L2). None are that successful at high 
luminosity.

σ ∼ 1 to 20 fb−1



Overlap Backgrounds (I)

The overlap (OLAP) background is a coincidence between two or more interactions 
in one bunch crossing, that result in two forward protons and a hard scatter that 
mimics the signal.

Largest background is [p][X][p], where [p] is a SD event that produces one forward 
proton within the acceptance of FP420 (1% of all events at LHC) and [X] is an event 
that produces a hard scatter to mimic the signal (i.e. [X] is a normal QCD     event 
if we are looking for         .

At this stage, at all luminosities, the OLAP background is usually many orders of 
magnitude larger than the signal (shown later).

h→ bb̄
bb̄

Fig. 71: A schematic diagram of pileup backgrounds to central exclusive production: (a) three inter-

actions, one with a central system, and two with opposite direction single diffractive protons (b) two

interactions, one with a central system, and the second with two opposite direction protons (c) two inter-

actions, one with a central system and a proton, the second with a proton in the opposite direction.

11 Fast Timing Detectors

11.1 Pile-up background and kinematic reductions

Given that the cross sections of new physics processes in the central exclusive channel [pXp] is

anticipated to be on the fb level, operating the FP420 detectors in a high luminosity environment

L ≈ 1033 − 1034 cm−2s−1 is essential. With 10’s of interactions per crossing at these luminosi-

ties, pile-up background where protons from two single diffractive events are super-imposed

with a central hard scatter [p] × [X] × [p], as shown in Fig. 71(a) become a significant concern.
The 2-fold pile-up coincidence backgrounds, shown in Fig. 71(b)-(c), also must be considered,

but scale with L2 instead of L3 and are thus less of a concern in the high luminosity limit.

Fortunately we have many handles on this pile-up background. There are several kinematic (4-

momentum conservation) constraints unique to exclusive processes that in a higher level trigger,

or off-line, can reduce pile-up background. These factors, discussed in detail elsewhere, include

consistency between the central system and the protons in pseudorapidity and mass, and also that

the number of particle tracks associated with the event vertex is much smaller for exclusive than

generic collisions. Even after the significant background rejection afforded by these variables,

pileup backgrounds are still expected to dominate the signals without the additional constraints

provided by the precision timing of the protons as detailed below.
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Overlap backgrounds (II)

It should be noted that there are many sources of forward protons, not just SD:

At 420m, usually only care about SD events.

At 220m, large number of forward protons from non-diffractive events. Also 
large uncertainty, factor of two difference between PYTHIA and PHOJET.

Machine induced backgrounds from beam-halo, beam-gas and momentum 
cleaning. Beam-halo is negligible, others not well known at this time.



Overlap backgrounds (III) - TOF rejection

Both protons TOF measured to 10ps accuracy. Reference clock accurate to 5ps.

Vertex location from difference in time-of-flight, if optics are well known, i.e.

This measurement is accurate to 2.1mm.

Compare TOF vertex to central system vertex (di-jets, muon etc):

Rejection factor of approximately 20 over OLAP background (95% of signal 
retained).

If TOF accuracy improved to 2ps, rejection factor increases to 100.

Would need new design or new ideas.

z =
c

2
(t2 − t1)



Overlap background (IV) - Luminosity dependence

As luminosity increases, so does the average number of interactions in a 
bunch crossing:

From 3.5 per B.C. at 1033 cm-2 s-1 to 35 per B.C. at 1034 cm-2 s-1.

The probability for three-fold coincidence [p][X][p] also increases.
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Example CEP analysis:                 in NMSSM

At least 4 neutrinos in the final state:

Mass hard to obtain from decay products

Mass obtained from forward protons if produced in CEP.

Point chosen results in (NMHDECAY):

Simulated with ExHuME event generator. Cross section = 4.8fb.

h→ aa→ 4τ

mh = 92.9 GeV
ma = 9.7 GeV

BR(h→ aa) = 92%
BR(a→ τ+τ−) = 81%



Backgrounds

Four types of background

CEP:     and     simulated using ExHuME.

DPE: dijets simulated by POMWIG with H1 2006 Fit B dPDF.

OLAP: [p][jj][p] simulated with PYTHIA.

QED:                     and                        simulated with MADGRAPH/
PYTHIA. (         )

Focus on those cuts used to reduce overlap background rejection in this talk - 
there are others that are used to generally reject dijets.

pp→ p + 4τ + p

bb̄ gg

pp→ p + 2τ 2l + p
l = e, µ



Ethos of Analysis

Perform a track based analysis:

Don’t need neutrals as we have lots of missing energy anyway.

Tracks can be associated with a specific vertex and a specific interaction. 
Reduces effect of pile-up on results.

Trigger on a low transverse momentum muon:

Low pT muon triggers foreseen at ATLAS/CMS.

Hadronic decay of taus too low in energy to trigger the tau threshold 
triggers.



Charged Track Multiplicity Cut

Require 4 or 6 charged tracks within 2.5mm of vertex defined by the muon
(smaller => lose signal; greater => pile-up contamination).

Large rejection against dijet backgrounds.

Very efficient at removing OLAP backgrounds due to underlying event activity 
producing a large number of tracks. 
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Topology Cuts (I) - clustering

Cluster tracks to make four ‘tau’ objects

Cluster the tau objects to create `pseudo-scalar’ objects.

∆R < 1.0

∆R < 0.2

∆R < 1.0

=

a

a



Topology cuts (II)

Require pseudo-scalars are back to back,            ; this does not affect CEP 
events, which have no initial state radiation.

Require average rapidity of pseudo-scalars matches that predicted by FP420, i.e

This is a typical approach to reject overlap backgrounds: the forward protons do 
not come from the same interaction as the hard scatter and hence the kinematics 
do not match up.
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Final event rates

Note that signal drops between mid-high luminosity, due to events failing charge 
track requirement as pile-up tracks are wrongly associated with interaction.

Background increases due to OLAP background rate increasing rapidly.

Luminosity MU10 MU15 MU10 (2ps)
(×1033 cm−2 s−1) S B S B S B

1 1.4 0.02 1.0 0.01 1.4 0.02
5 3.8 0.20 2.9 0.11 3.8 0.08
10 3.3 0.57 2.5 0.33 3.3 0.15

Table 1: Expected number of signal (S) and background (B) events for the three
trigger scenarios assuming that the data are collected at a fixed instantaneous
luminosity over a three year period. We assume the integrated luminosity ac-
quired each year is 10 fb−1, 50 fb−1 and 100 fb−1 at an instantaneous luminosity
of 1×1033 cm−2 s−1, 5×1033 cm−2 s−1 and 10 ×1033 cm−2 s−1.
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Left: analysis presented in this talk. 

Right: Significance for double data, i.e. combined ATLAS/CMS results or improved 
trigger (using (di-)electron, di-muon, electron-muon triggers expected to increase 
efficiency by factor of 2.5)

Improving the timing to 2ps dramatically reduces OLAP

S determined using Poisson statistics:

Significances; assuming 10 fb-1 yr-1 at L=1033 cm-2 s-1. 



Reconstruct pseudo-scalar mass from forward proton information, given that

Assume that the decay products of the pseudo-scalar are collinear with the 
pseudo-scalar (a good approximation as the a’s are highly boosted), Thus the 
momentum of each pseudo-scalar is given by

We obtain from the above equations, and information from FP420, 

Which can be solved to give 4 independent pseudo-scalar mass measurements 
per event!

pvis
i = fi pa,i

(pvis
1 )x,y

f1
+

(pvis
2 )x,y

f2
= 0

(pvis
1 )z

f1
+

(pvis
2 )z

f2
= (ξ1 − ξ2)

√
s

2

Pseudo-scalar mass reconstruction (I)

pa1 + pa2 = ph
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Left: Distribution is broad due to breakdown  of collinearity approximation, not 
detector effects.

Right: Typical a mass measurement assuming double data for 150 fb-1 of data 
collected at 5x1033 cm-2 s-1. Expect from examining many such samples that  
ma = 9.3± 2.3GeV



Summary

Central exclusive production offers a unique way to measure the properties of the 
Higgs boson at the LHC:

Measurement of the quantum numbers of the Higgs.

Mass measurement to just a few GeV, regardless of decay channel.

Difficult decay channels, such as                , become possible with CEP.

The outstanding experimental challenges are:

Can we trigger with high efficiency on jets if the Higgs decays that way.

Can we reduce the overlap backgrounds further by improved time-of-flight? Or 
can we reject the overlap background another way?

h→ aa→ 4τ



Some PR slides......



      in the MSSMh→ bb̄
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Fig. 5: 5σ discovery contours (upper plot) and contours of 3σ statistical significance (lower plot) for the

CEP H → bb̄ channel in theMA - tanβ plane of the MSSM within theM max
h benchmark scenario (with

µ = +200GeV) for different luminosity scenarios as described in the text. The values of the mass of
the heavier CP-even Higgs boson, MH , are indicated by contour lines. The dark shaded (blue) region

corresponds to the parameter region that is excluded by the LEP Higgs searches [39, 40]. Figure taken

from [18].
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h benchmark
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Fig. 8: Figure (a) shows a typical mass fit for 3 years of data taking at 2 × 10 33 cm−2 s−1 (60 fb−1). The

significance of the fit is 3.5σ and uses only events with both protons tagged at 420m. Figure (b) shows a

mass fit for 3 years of data taking at 1034 cm−2 s−1. The significance is 3σ The L1 trigger strategy and

analysis cuts are described in the text.
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Fig. 9: Figure (a) shows a mass fit for 3 years of data taking at 10 34 cm−2 s−1 after removing the

overlap background contribution completely, which would be possible with improved timing detectors.

The significance is 5σ. The L1 trigger strategy and analysis cuts are described in the text. Figure (b)

shows the significance of the measurement of the 120 GeV MSSM Higgs Boson for the model described

in the text, using the combined muon, rapidity gap and jet rate triggers for the analysis with both protons

detected at 420m. The curves labeled OLAP are for the baseline fast timing design. Also shown is the

effect of completely removing the overlap background, which would be achievable with upgraded fast

timing detectors as described in the text.
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Upper left:     contours for heavy Higgs 
observation using CEP.

Lower left:     contours for light Higgs 
observation using CEP.

Lower right: Mass plot for light (119.5GeV) 
Higgs for 60 fb-1 of data                           
(            ,                  )

5σ

5σ

MA = 120GeVtanβ = 40



First observation of CEP at CDF

Looked for an excess of events in the double pomeron exchange (DPE) dijet 
sample. The dijets are produced in DPE by pomeron-pomeron fusion.

In DPE: Two forward protons + dijets + pomeron remnants.

Look at dijet mass fraction (Rjj) - the mass of the central system that is 
contained in the jets.
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