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Abstract:



Exclusive processes provide a useful method to study a broad range of high energy physics fields from gluon density evolutions to searches for new physics. Three measurements from the Compact Muon Solenoid experiment are reviewed. Exclusive [image: ] production is studied in proton–proton collisions. Low-mass meson resonances are observed in the invariant mass distribution of pion pairs. The total exclusive [image: ] cross-section is also measured in the [image: ] GeV, [image: ] region, yielding [image: ]b. The photoproduction of [image: ] mesons is observed in ultraperipheral pPb collisions. The differential cross-sections are measured as a function of [image: ] and y. The comparison with previous measurements and theoretical models provides a better understanding of the gluon density evolution at low x values. Evidence for the [image: ] process is shown with a [image: ] observed significance. According to the results, limits on anomalous quartic gauge couplings can be provided.
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1. Introduction


In high-energy physics, exclusive processes are a special type of collision where both colliding particles remain intact and we observe all of the produced particles. These can be either electroweak (two-photon fusion), strong (double pomeron exchange), or mixed electromagnetic and strong (photoproduction) processes. One of the greatest advantages of these collisions is that there are constraints on quantum numbers of the final state. This property is useful in a wide variety of high-energy research, such as searches for glueballs or the measurement of anomalous quartic gauge couplings. This paper introduces three results from Compact Muon Solenoid (CMS) experiment [1]: the study of exclusive and semi-exclusive [image: ] production in proton–proton collisions at [image: ] TeV [2], the measurement of [image: ] photoproduction in ultraperipheral pPb collisions [3] and the search for W-boson pairs produced via two-photon fusion in pp collisions and limits on anomalous quartic gauge couplings [4].




2. Exclusive and Semi-Exclusive [image: ] Production in Proton–Proton Collisions at [image: ] TeV


Studying exclusive and semi-exclusive dipion production provides a good opportunity to study certain low mass resonances, since the quantum numbers of the final state are restricted by the exchanged objects. In these processes, two pions are produced centrally, while the two colliding protons remain intact (exclusive) or dissociate into the [image: ] region (semi-exclusive), producing particles that cannot be detected by the forward calorimeter of the CMS detector. The two dominant processes are the double pomeron exchange (DPE) and the vector meson photoproduction (VMP)—the graphs of these processes are shown in Figure 1. Since pomerons have the quantum numbers of the vacuum, the final states in a DPE process can have [image: ] and [image: ] quantum numbers, where J is the total angular momentum, P is the parity, C is the charge parity, I is the isospin, and [image: ]. Similarly, the final states allowed in VMP processes are restricted by the quantum numbers of the photon: [image: ] and [image: ]. DPE processes provide a gluon-rich environment, which makes them suitable for glueball search.


Figure 1. Graphs of (left) double pomeron exchange (DPE) and (right) vector meson photoproduction (VMP). The notation [image: ] stands for a virtual photon and [image: ] denotes pomeron.



[image: Universe 04 00025 g001]






Special low pileup data was collected at [image: ] TeV by the CMS detector in 2012, corresponding to 450 [image: ]b[image: ] integrated luminosity. The data collection was triggered on bunch-crossings with no further requirement (zero bias). Several event selection criteria are applied on the zero bias events to select exclusive dihadron events. First, two good quality (in terms of [image: ]) tracks with opposite sign are required. These should originate from the same interaction, and there should not be any other interactions in the event. Exclusivity is reached by rejecting events with activity in the calorimeters, except in a [image: ] cone around track hits. The kinematic region of the analysis is [image: ] GeV and [image: ], where the rapidity is calculated assuming [image: ] mass. The final results are calculated as a function of following kinematic variables: invariant mass, transverse momentum, and rapidity, assuming [image: ] pairs.



If an event fulfills all of the above criteria but contains one or more undetected particle, it contributes to the inclusive background. To estimate this contribution, a sample is used where all of the above selections are performed, except the calorimeter criteria. The distribution of events as a function of extra calorimeter hits is shown in Figure 2. This distribution is fitted with a negative binomial distribution, which is commonly used to fit multiplicity distributions. Events from the side-band region with 2–10 extra calorimeter hits are used to construct a background template as a function of kinematic variables listed above. The normalization of the background is calculated from the negative binomial fit.


Figure 2. The distribution of events as a function of extra calorimeter hits in with opposite sign (OS) and same sign (SS) track pairs. A background template is constructed from the region from 2–10 extra calorimeter hits, and the normalization of the background is calculated from a negative binomial (NBD) fit. [2].
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The differential cross-sections shown in Figure 3 are unfolded by an iterative Bayesian method using early stopping as a regularization. The results are compared with the Minimum Bias Rockefeller (MBR) model of Pythia 8, Dime MC and STARlight Monte Carlo (MC) event generators. The MBR model describes DPE with a renormalized pomeron flux model. The Dime MC is capable to model continuum [image: ] production in DPE—this is when the dipion pair is produced directly without any intermediate resonance, resulting in a smooth mass spectrum. The STARlight generator is used to generate [image: ] VMP events. None of these simulations describe the low mass scalar and tensor resonances [image: ], [image: ], and [image: ]. A slightly larger cross-section is measured in the mass region of [image: ], since the forward proton dissociation of semi-exclusive processes is not modelled by the MC event generators. There is a sharp drop at around 1 GeV in the mass spectrum, which was seen by several previous experiments [5] and can be interpreted as the interference of the [image: ] resonance with the continuum production channel. There is a significant peak at 1.2–1.3 GeV, which is consistent with the parameters of the [image: ] resonance. The total cross-section calculated in the kinematic region [image: ] GeV and [image: ] is:


[image: ]



(1)






Figure 3. Differential cross section as a function of invariant mass (a), transverse momentum (b) and rapidity of the track pair (c), where all of the quantities are calculated with assuming [image: ] masses [2]. The results are compared with the Minimum Bias Rockefeller (MBR) model of Pythia 8, Dime MC and STARlight Monte Carlo (MC) event generators.
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3. Upsilon Photoproduction in Ultraperipheral pPb Collisions


In pPb collisions there is an enhanced photoproduction cross-section due to the high photon flux, which is proportional to [image: ]. The production of [image: ] can be described in a perturbative quantum chromodynamics (pQCD) and in a Regge theory framework—the corresponding graphs are shown in Figure 4. The cross-section of ultraperipheral [image: ] production is related to the [image: ] gluon parton distribution function (PDF) of the proton:


[image: ]



(2)




therefore providing a method to probe the gluon density in the [image: ]–[image: ] region.


Figure 4. The graphs of [image: ] process (left) in the perturbative QCD and (right) in the Regge theory framework.
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The data collected with the CMS experiment in 2013 was triggered on a single muon and 6 or less tracks in the tracker. The integrated luminosity of the dataset used in the measurement is [image: ] nb[image: ]. Further event selection criteria were applied at the offline level: the kinematic variables of muons are constrained as [image: ] GeV and [image: ]. Additionally, GeV condition is required for the muon pair [image: ]. The low-[image: ] cut is applied to reduce [image: ] background, while the rejection of high-[image: ] reduces the contribution from inclusive and semi-exclusive [image: ] production. The invariant mass distribution of the [image: ] pairs is shown in Figure 5. The differential cross-sections shown in Figure 6 are calculated from the mass region from 9.12–10.64 GeV as a function of [image: ] and [image: ].


Figure 5. The invariant mass distribution of [image: ] pairs. The dashed red curves denotes the peaks corresponding to [image: ], the dashed blue line denotes the linear background, while the continuous blue curve stands for the sum of background and signal peaks.



[image: Universe 04 00025 g005]





Figure 6. Differential cross-sections as a function of (left) [image: ] and (right) [image: ], calculated from [image: ] region. The results are compared with predictions from the STARlight event generator and data-driven background estimates [3]. QED stands for quantum electrodynamics.
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There are five sources of background: quantum electrodynamics (QED) continuum production ([image: ]), inclusive [image: ] production, Drell–Yan processes, semi-exclusive production, and [image: ] events (where the pomeron is emitted from the [image: ] nucleus and the photon is originating from the proton). The QED contribution is estimated by STARlight MC event generator, and it is normalized to the luminosity of the data. The inclusive [image: ], Drell–Yan, and semi-exclusive background is determined by a data-driven method, using a template created by loosening the event selection criteria, allowing at least one additional track with [image: ] GeV. The normalization is calculated by comparing the template to signal sample in the [image: ] GeV region, which is dominated by semi-exclusive and inclusive events.



The exclusive [image: ] production is modelled by the STARlight event generator. For better description of the data, the generated events are reweighted to the observed cross-sections as


[image: ]



(3)






[image: ]



(4)




where t is the transferred momentum squared, [image: ] is the photon proton center-of-mass energy, and b and [image: ] are fit parameters. Then, [image: ] is the energy of the proton, [image: ] and y are mass and rapidity of the [image: ] meson, respectively, and the ± sign is defined according to the beam configuration ([image: ] or [image: ]). The result of reweighting is shown in Figure 6.



The cross-sections as a function of [image: ] and [image: ] are shown in Figure 7, where [image: ] approximation is used to get [image: ] and [image: ] is calculated from [image: ] as


[image: ]



(5)




where [image: ] is photon flux, obtained from STARlight. An iterative Bayesian algorithm is used with an early stopping as regularization to correct for detector effects and data migration. An exponential fit is performed on [image: ]:


[image: ]



(6)




where N and b are the fit parameters. The obtained value of b is [image: ] GeV[image: ], which is compatible with HERA (Hadron-Electron Ring Accelerator) measurements (H1: [image: ] GeV[image: ] [6], Zeus: [image: ] GeV[image: ] [7]).


Figure 7. Cross-sections as a function of (left) [image: ] and (right) [image: ] [3]. The results are compared to measurements from LHCb (Large Hadron Collider beauty) experiment and HERA (Hadron-Electron Ring Accelerator) experiments ZEUS and H1. Predictions from various theoretical calculations are also shown here: IPsat model, IIM (Iancu-Itakura-Munier) color dipole formalism with two sets of meson wave functions: Boosted Gaussian (BG) and Light Cone Gaussian (LCG), impact-parameter color glass condensate (bCGC) models, LO (leading order) and NLO (next-to-leading order) JMRT (Jones-Martin-Ryskin-Teubner) models.
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Since [image: ] is related to the square of the gluon PDF, which can be well described with a power law behaviour at this regime of x, the [image: ] is fitted with a power function [image: ], where A and [image: ] are fit parameters. The fit is performed for CMS only ([image: ]) and CMS+HERA ([image: ]) data points. The result disfavours the leading order Jones-Martin-Ryskin-Teubner (JMRT) model results, but it is consistent with the next-to-leading order JMRT prediction [8]. The fit is also compared to the factorized IPsat model [9], which is based on the color glass condensate (CGC) formalism, and the Iancu-Itakura-Munier (IIM) color dipole model [10]. These two predictions bracket the measured CMS+HERA data. Finally the impact-parameter color glass condensate (bCGC) models [11], using meson wave functions to describe the t-dependence of differential cross-sections, are also compared to the results. The bCGC predictions systematically underestimate the cross-section, but are still consistent within uncertainties and correctly describe the rise of the cross-section.




4. Search for W-Boson Pairs Produced via Two-Photon Fusion in pp Collisions and Limits on Anomalous Quartic Gauge Couplings


The measurement of exclusive W-boson pair production provides information about electroweak gauge couplings. Any significant deviation from the Standard Model predictions can be a sign of new physics, like supersymmetry, extra dimensions, or additional gauge bosons. The leading order processes are shown in Figure 8—the contribution of the graph with the quartic coupling ([image: ], where g is the coupling constant of the weak interaction and e is the electron charge) is suppressed compared to the ones with triple coupling ([image: ]).


Figure 8. Leading order processes of exclusive [image: ] production via two-photon fusion. The contribution of the third graph is suppressed compared to the other two due to the quartic gauge coupling.
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The measurement is performed on both a 7 and 8 TeV dataset, corresponding to [image: ] fb[image: ] and [image: ] fb[image: ] integrated luminosity, respectively. The data collection is triggered on two leptons with [image: ] GeV for the leading and [image: ] GeV for the subleading lepton. The W-bosons are observed via their weak decay to lepton–antineutrino and antilepton–neutrino pairs:


[image: ]











Therefore, selected events are required to have opposite sign, different flavour lepton pairs ([image: ]), originating from a common vertex with no other tracks. Further requirements are [image: ], [image: ] GeV, [image: ], and [image: ] GeV. Another sample containing same-flavour lepton pairs is used as control sample. The signal region of the measurement is [image: ] GeV. One or both protons can dissociate in the non-instrumented forward direction (semi-exclusive or elastic process). This contribution is accounted for by a correction factor calculated by a Monte Carlo-based method using high statistics channels ([image: ] and [image: ]). There are four sources of background: inclusive diboson production, W+jets, Drell–Yan [image: ] production, and [image: ], treated by various data-driven methods.



The measured distribution as a function of [image: ] is shown in Figure 9. The observed cross-section for process [image: ] is [image: ] fb and [image: ] fb at 7 and 8 TeV, respectively. The Standard Model prediction at 7 TeV is [image: ] fb and [image: ] fb at 8 TeV, thus the measurements are consistent within uncertainties. The combined significance of the 7 and 8 TeV measurement is [image: ].


Figure 9. [image: ] distribution of exclusive [image: ] events at (left) 7 TeV and (right) 8 TeV [4]. EWK stands for electroweak production channels.
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The Standard Model only allows gauge couplings obeying gauge invariance. Effective models can have other gauge couplings, which would be the signs of new physics. These can be considered in the Lagrangian by adding extra terms; the simplest possible extension is the six-dimensional “LEP-legacy” model (LEP: Large Electron-Positron Collider), [image: ] and [image: ] are the so-called six-dimensional operators [12]. The next possible extension introduces the eight-dimensional operators ([image: ]), which can be expressed with the six-dimensional ones [13,14]. The six-dimensional operators were ruled out by LEP, but they could be still used to calculate eight-dimensional operators by assuming a unitarity restoring form factor with [image: ] GeV:


[image: ]



(7)







Combining the 7 and 8 TeV results, the following one-dimensional limits are obtained at [image: ] confidence level: the value of [image: ] is constrained in the range [image: ] GeV[image: ], while [image: ] is within [image: ] GeV[image: ]. According to Figure 10 [15], this result gives the most stringent limit on [image: ] operator so far.


Figure 10. Comparison with limits from other measurements [15].



[image: Universe 04 00025 g010]







5. Conclusions


Exclusive processes are a versatile tool of high-energy physics. They are useful in a wide range of topics such as studying low mass meson resonances, evolution of gluon PDF at low x values, and testing Standard Model couplings to search for new physics. The differential cross-sections of [image: ] final state is measured as a function of invariant mass, transverse momentum, and rapidity. A resonant structure is observed in the mass spectrum, which is a signature of low mass resonances. The observed features of these resonances are consistent with the [image: ], [image: ], and [image: ] resonances. The evolution of gluon density function is studied at low x values via the production of [image: ] states observed in pPb collisions. The results are consistent with previous HERA measurements, NLO JMRT model, color glass condensate, and color dipole models. The anomalous coupling [image: ] couplings are studied via exclusive [image: ] production. The measurement provides the most stringent limit on the [image: ] operator so far.
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