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Overview

1) The MSSM and NMSSM.
2) Central exclusive production at the LHC.
3) Experimental exclusivity variables.
4) Results for              and            .h→ bb̄ h→ 4τ



The MSSM Higgs sector

• 2 neutral scalars (h,H), 1 neutral pseudo-scalar 
(A) and a charged Higgs (H±).

• At tree level, completely specified by 2 
parameters - tanβ and mA.

• At high tanβ, neutral Higgs coupling to down-
type quarks and charged leptons is enhanced.      
Dominant decay is 

• High tanβ MSSM sector likely to be discovered 
at LHC, if not the Tevatron.

Latest limits on h,H→τ+τ- in mhmax scenario of 
MSSM. (D0 collaboration, arXiv:0805.2491)

h→ bb̄



The NMSSM Higgs sector

• Extends the MSSM by inclusion of a singlet 
superfield, S (                                ).

• 3 scalars (h1, h2, h3), 2 pseudo-scalars (a,A) 
and the charged Higgs (H±).

• Preferred mass of lightest scalar is 
mh~100GeV.

• Preferred mass of lightest pseudo-scalar is 
2mτ<ma<2mb.

• Standard search channels at LHC could fail 
to discover any of the NMSSM Higgs 
bosons [Phys.Rev.Lett.95, 041801(2005)]. 
Lightest Higgs dominant decay chain 
is                     . 

Figure 4: F vs. mh1 for M1,2,3 = 100, 200, 300 GeV and tan β = 10. Small × = no

constraints other than global and local minimum, no Landau pole before MU and neutralino

LSP. The O’s = stop and chargino limits imposed, but NO Higgs limits. The !’s = all LEP

single channel, in particular Z + 2b, Higgs limits imposed. The large FANCY CROSSES are

after requiring ma1 < 2mb, so that LEP limits on Z + b′s, where b′s = 2b + 4b, are not

violated.
We see that for such stop masses, mh1 ∼ 100 GeV is predicted. This is
perfect for precision electroweak, but what about LEP?
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µHuHd → λSHuHd

h→ aa→ 4τ

Yellow indicates the constraints on the 
lightest scalar Higgs mass given stop and 
chargino limits and that ma<2mb (which 
avoids LEP limits by suppressing              
decays). 

h→ bb̄



Central Exclusive Production

• Defined as the process                          . 

• Protons remain intact, scatter through small angles.

• All of momentum lost by protons goes into the production 
of  the central system,    .

•    obeys a Jz=0, C-even, P-even selection rule

pp→ p + φ + p

φ

φ

Kinematics

The mass, M, of the central system is given by                   .
where      is the fractional longitudinal momentum loss of proton i.

Similarly the rapidity, y, of the central system is 

M2 = ξ1ξ2s

y =
1
2
Ln

(
ξ1
ξ2

)
.

ξi



Forward proton tagging at LHC
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Higgs studies with leptons and jets

• mhmax scenario with tanβ=40, mA=120GeV and μ=200GeV.

• mh=119.5GeV and Γh=3.3GeV;  

• σ (pp→p+h+p)* BR(            ) = 20fb.

MSSM              .h→ bb̄

• mh=92.9GeV and ma=9.7GeV;  

• BR(h→aa)=0.92;  BR(a→ττ)=0.81.

• σ (pp→p+h+p)* BR(h→aa)*BR(a→ττ) = 4.8fb.

NMSSM            .h→ 4τ

h→ bb̄

JHEP 0804:090,2008

JHEP 0710:090,2007



CEP trigger strategies 

• Level 1 (L1): Information from detectors at 220m from IP is available

• Level 2 (L2): Full forward proton tagging information available

Forward detector information

Lepton L1 triggers for CEP

• Easiest final state, use standard lepton triggers at ATLAS/CMS

• i.e If require 1 muon with pT>6GeV, save 25% of NMSSM signal.

Jet L1 triggers for CEP

• Use final state muon if final state has b-jets. (10% efficient for MSSM signal if muon 
pT>6GeV).

• 1 jet (ET>40GeV) and 1 proton tagged at 220m. Rate<1kHz up to L~3x1033cm-2s-1.

• 2 jets at L1 with high rate. Reduced at L2 by full proton tagging information. Rejection 
~20000 (140) for L=1033 (1034) cm-2s-1.



Overlap backgrounds

• Coincidence between one (or more) soft SD/DPE 
events in the same bunch crossing as a hard scatter 
that has the same central topology as the signal.

• Luminosity dependent: probability of these events 
occurring in the same bunch crossing increases with 
the number of interactions in the crossing.

• [p][X][p] dominant and rate scales (roughly) as L3. 

• Rejected (initially) by measuring vertex of interaction 
by proton-time-of flight,  z=c(t2-t1)/2, and comparing 
it to hard scatter vertex.

• Overlap dominates over all other backgrounds at 
high luminosity.

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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Kinematic matching

• Compare mass and rapidity, measured by forward 
detectors, to mass and rapidity measured in central 
detector.

• For jets:
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• Measurement of mass from leading jet (     ,   ).

• Measurement of rapidity from jet directions

ET η

See also talk by V. Juranek.



Charged tracking variables: for jets

• Tagged protons imply no multiple parton-parton 
interactions in CEP/DPE events.

• However, [p][X][p] events have a pp→X 
interaction as the primary vertex.

• Increased track multiplicity at main vertex.
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Di-jet events

1) Construct back-to-back jets:
2) Require few tracks in the transverse region 
(perpendicular to jets).

Can also look for total number of tracks outside 
of jet cones.

π −∆φ < 0.1

(pT > 0.5GeV, |η| < 1.75)



Number of Charged Tracks
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Charged tracking variables: leptonic 
final states

• Electrons, muons: 1 track.

• Hadronic tau decay: 1,3 tracks.

• Count tracks on vertex to reject jets and inclusive 
events (overlap) with multiple parton-parton 
interactions.

• Tracks also harder in leptonic final states than in 
jet final states: again cut on tracking information.

• NMSSM study only used calorimeter for isolation 
criteria around triggered muon.



MSSM study results

Time-of-flight vertexing

Kinematic matching

Charged track multiplicity
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1) Protons tagged at 420m from IP.
2) TOF resolution: 10ps,
3) Trigger: Muon (pT>6GeV) and high L1 
jet rate (25kHz).
4) Significance = 3.5σ

150fb-1 collected at 7.5x1033cm-2s-1 plus 
150fb-1 collected at 1034cm-2s-1 

1) Protons tagged at 420m from IP.
2) TOF resolution=5ps
2) Trigger: Muon (pT>6GeV) and high L1 
jet rate (25kHz).
3) Significance = 4.5σJHEP 0710:090,2007.

arXiv:0806.0302
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MSSM expected significance

• Coverage of tanβ-mA plane studied in Eur.Phys.J.C53:231-256,2008.

• Similar experimental efficiency to that assumed in previous slides (signal: 2.5% vs 2.7% for 
comparable mass windows). Trigger: (i) low pT muon, (ii) jet + proton tag at 220m.

• Plots show 3σ contours for different integrated luminosity scenarios for h (left) and H (right) 
for detectors at 220m and 420m from the IP.
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NMSSM Results

• Trigger on muon with pT>10GeV (MU10) or pT>15GeV (MU15).

• Event rates double if trigger on electrons or electron/muon combinations                            
(arXiv:0806.0302).

• S/B is greater than 10 in most cases.



The collinearity approximation

• Assume that                   , i.e. the visible decay products 
of each pseudo-scalar are collinear with the pseudo-
scalar. (1-fi) is the fraction of 4-momentum carried by the 
neutrals. 

• Only charged tracks used as ‘visible’ particles.

• 4-momentum of Higgs measured by forward detectors. If 
set transverse component to zero, obtain:
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Figure 8: (a) The ratio of the reconstructed scalar Higgs mass to the mass measured by FP420 for
the signal events only. (b) The reconstructed a mass for the signal events. The broad distribution
is due to the breakdown of the collinearity approximation and detector effects are minimal.

Using this method, we are able to reconstruct the masses of both the scalar Higgs

and the pseudo-scalar Higgs. Figure 8(a) shows the ratio of the reconstructed scalar Higgs

boson mass to the mass measured in the forward detectors for the signal. The distribution

is broad, mainly as a result of the collinearity approximation and the missing momentum

carried by neutral particles (this is a bigger effect than that due to detector smearing). In

the final analysis, we do not need to apply a cut on this variable because we have already

adequately reduced the background. In Figure 8(b), we show the pseudo-scalar mass

distribution using only signal events. The final cut in Table 1 corresponds to restricting

the mean of each of the two reconstructed a masses to the range ma > 2mτ .

Finally, it should be noted that we have not yet applied a stringent mass window re-

quirement. The background was generated with a central mass in the range

70 GeV < M < 110 GeV and the mass distribution as measured by FP420 (with de-

tector smearing) is shown in Figure 9 after the application of the topology requirement. It

is clear that in estimating the significance we should further limit ourselves to a smaller

region of interest around the signal.

4.3 Estimating non-bb̄ backgrounds

In Table 1 the OLAP background quoted is obtained by superimposing an inclusive pp →
bb̄ + X event with two single diffractive events pp → p + X. As stated, we obtain the

full OLAP background after re-scaling the OLAP background from this source by a factor

σ(pp → jj + X)/σ(pp → bb̄ + X). PYTHIA is used to generate the events and the cross-

sections are obtained after insisting that there be at least one muon with pT > 6 GeV, and

after the proton acceptance and the charged track cuts: we find that a re-scaling of the bb̄

OLAP background by a factor 5.0 is necessary.

The re-scaling is determined after the charged track cut since many of the muons

produced in the jj +X sample arise from processes involving gluon jets (this is certainly so

in the case of gb → gb intrinsic b contributions) in which case there are typically more tracks

– 14 –
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NMSSM significance
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Luminosity MU10 MU15 MU10 (2 ps)

(×1033 cm−2 s−1) S B S B S B

1 1.3 0.02 1.0 0.01 1.3 0.02

5 3.7 0.14 2.9 0.08 3.7 0.07

10 3.3 0.36 2.5 0.20 3.3 0.11

Table 2: 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 acquired 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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Figure 11: (a) The significance for three years of data acquisition at each luminosity. (b) Same
as (a) but with twice the data.

Table 2 shows the final number of signal and background events after three years of

data acquisition at an instantaneous luminosity of 1033, 5 × 1033 and 1034 cm−2 s−1. We

present the final event numbers for the two trigger strategies, MU10 and MU15, and also

for MU10 with reduced overlap backgrounds, which assumes that 2 ps proton time-of-flight

can be achieved by FP420.

We estimate the significance, S, of the observation using

1√
2π

∫ ∞

S

e
−x

2

2 dx =
∞∑

n=s+b

bne−b

n!
(4.11)

where s is the number of signal events and b is the number of background events. The

probability of observing s + b events given a Poisson distribution with mean b is equated

to the probability of S standard deviations in a Gaussian distribution.

Figure 11(a) shows the significance of the measurement after three years of data ac-

quisition at each luminosity. The lower curves correspond to the two different muon pT

trigger thresholds whilst the upper curve shows what it possible if the forward detector

timing accuracy can be improved from 10 ps to 2 ps. Figure 11(b) is the same as Fig-

ure 11(a) but assuming that twice the amount of data are available, e.g. as might occur if

the results of ATLAS were combined with those of CMS.
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Standard Results

Corresponds to table shown on slide 15.
Turn-over at large luminosity due to:
a) overlap background (event no. proportional to L3).
b) Experimental cuts (muon isolation, charged track mult.)            
affected by pile-up.

Improved Efficiency Results

Significance improved if event number is doubled. 
Achieved by either
a) ATLAS+CMS combined 
b) Use muon, electron, other di-lepton triggers.



Summary

Central Exclusive Production

1) CEP plus forward proton tagging offers both discovery and precision physics. 
2) Experimentally the process should be well defined by ‘exclusivity’ requirements.

MSSM Higgs production - Precision physics

1) Mass measurement to an accuracy of ~2-3GeV.
2) Determination of quantum numbers of observed resonance.

NMSSM Higgs production - Discovery physics

1) CEP has restored a ‘no-lose’ theorem for the NMSSM Higgs sector.
2) Determination of both h and a masses from just a few events.



Backgrounds to CEP

• gg→gg dominant

• gg→bb suppressed by Jz=0 spin selection rule.

CEP backgrounds

DPE backgrounds

• Production by ‘pomeron’ fusion. Final state contains 
hard scatter plus pomeron remnants.

• Mainly interested in di-jet production.

γγ fusion backgrounds

• Important source of exclusive leptonic backgrounds 
(i.e 4τ).

• Also jet production (but less than CEP)


