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                    Abstract
We employ data envelopment analysis on a series of experiments performed in Fermilab, one of the major high-energy physics laboratories in the world, in order to test their efficiency (as measured by publication and citation rates) in terms of variations of team size, number of teams per experiment, and completion time. We present the results and analyze them, focusing in particular on inherent connections between quantitative team composition and diversity, and discuss them in relation to other factors contributing to scientific production in a wider sense. Our results concur with the results of other studies across the sciences showing that smaller research teams are more productive, and with the conjecture on curvilinear dependence of team size and efficiency.
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                    Notes
	Results of this study show that biology labs should ideally have between ten and fifteen members.


	Moreover, from a data-driven analysis both general and particular conclusions can be extracted, while, as we will see in more detail shortly, this is not the case with data-independent, i.e. hypotheses-driven analyses.


	For example, see Kimberly (1981) and Agrell and Gustafson (1996).


	For example, see Bantel and Jackson (1989) and Olson et al. (2007).


	Kitcher (1990) writes: “I claim, simply, that we sometimes want to maintain cognitive diversity even in instances where it would be reasonable for all to agree that one of two theories was inferior to its rival, and we may be grateful to the stubborn minority who continue to advocate problematic ideas.” Both Kitcher and Strevens use examples from history of science to underline the positive epistemic effect of diversity in methods used for tackling scientific problems. They have investigated the best way of assigning credit within the scientific community in order to achieve an optimal division of labor.


	They point to shortcomings in Weisberg and Muldoon’s approach in order to undermine their attempts to provide epistemic reasons for a division of cognitive labor. Using an epistemic landscape model they show that in some cases homogeneous populations may be more successful than heterogeneous ones. Furthermore, they offer a general complaint against Weisberg and Muldoon’s particular model: the necessity of basing simulations on assumptions concerning the specific nature of the epistemic landscape is problematic because specific features of the epistemic landscape may be beyond our knowledge. They did not argue against any epistemic reason for cognitive diversity, but instead claimed that Weisberg and Muldoon did not succeed in showing it.


	He investigates the following issue: imagine that there are two competing methods, M1 and M2, for tackling a scientific problem. It may happen that initial experiments favor M1 even though M2 is the correct method. In this situation a consensus can be reached too fast; scientists who believe that M2 is the correct method may cancel further research once they become aware of their colleagues' experimental results and thus the wrong methodology may become consensual. Zollman uses computer simulation to explore whether there is a correlation between the structure of a communication network and convergence towards the right hypothesis. The structure of a communication network represents connections between agents, or more precisely the connections between them and those with whom they share information.


	In other words, the nodes of a graph representing a scientific network can represent individuals, teams, or laboratories.


	See also Westfall (1997) and Greenberg (1999) for an analysis of the policies that underlined the organization of big physics laboratories.


	
                                    http://www.fnal.gov/pub/about/.


	Furthermore, one can use this information as a predictor about the project, with the help of machine-learning algorithms (neural networks, support vector machines, and logistic regression).


	For some examples of the application of DEA see Dokas et al. (2014) and Emrouznejad et al. (2014).


	Each problem in linear programming, a so-called primal problem, can be converted into a dual problem that provides an upper limit for an optimal value of the primal problem.


	Our choice of data was based on historical records, the HEP database we discuss in the following subsection, and interviews with the proposers of experiments in Fermilab, a former head of its Research and Development Department (during the period when some of the experiments we analyzed were performed), as well as several physicists currently and formerly involved in various experiments performed at Fermilab and CERN.


	It would be interesting to include the costs as well as more fine-grained distribution of labor within a project, such as the number of researchers within each team. However, these data were not publicly available.


	See Hoddeson et al. (2008, esp. section 7) on the constitution and labour distribution among the teams in Fermilab.


	This is why the occasional replacement of researchers and graduate students, or those added to the project at later stages, are indicated on a secondary list of collaborators in Fermilab’s archives, not in the proposal section of the archive. This secondary list also contains the names of researchers who worked and published based on the results of the performance after the experiment was finalized, but who were not necessarily directly involved in it. Collaborations of this sort are undertaken for the purpose of producing papers based on the results of the experiment and do not necessarily overlap with the collaboration that designs and performs the experiment, which interests us here. We discuss the relationship between the primary collaborations and these wider collaborations in “Analysis” section.


	The categories are a property of the database we used. Please see next section for the explanation concerning the use of this particular scaling.


	The experiment associated with a number of prominent papers is not necessarily an indication that it was the breakthrough event. It could be a part of a larger research trend instead. But given the citation pattern it was certainly successful in addressing the physical phenomenon within the prominent trend, and which continued to be prominent after the experiment was performed. In other words, the high citation record indicates minimally that the goal of the experiment and the performance has successfully become part of the trend.


	Some experiments are related closely in terms of their content, but they are not strings of experiments where essentially the same team applies for the next phase of the same experiment.


	The value of the data from Fermilab is undeniable, since it is one of the biggest and most successful physics laboratories in the world as we have pointed out. In more practical terms, since the number of individual experiments and laboratories in high-energy physics is very small relative to, e.g., biology, a laboratory such as Fermilab was one of the natural options, both because of the number of experiments performed within it over the years, and because of the a high quality of record of experiments in its electronic archives.


	Here is an example record for a Fermilab experiment (E-104): http://inspirehep.net/record/1110215. If you click on the "HEP articles associated with FNAL-E-0104" link, it will take you to the list of all the papers associated with the experiment, which should give you an overview of the results of the experiment. There are usually links to the full text of the papers, and the earliest item in that list is usually the experiment proposal.


	Invenio is an open source software package which provides framework and tools for building an autonomous digital library server. For more details see: http://invenio-software.org/.


	For the full list of INSPIRE content sources see: https://inspirehep.net/info/general/content-sources.


	For the description of citation metrics available in Invenio see: http://inspirehep.net/help/citation-metrics#citesummary.


	As an example of the citation summary of an experiment see: http://inspirehep.net/search?ln=en&ln=en&p=693__e%3AGNO&of=hcs.


	Some of the available data concerning individual team members are either not complete or are not suitable to be used in DEA, the way that we utilized the data on the factors we tested. Also, the data on the financial resources of the projects could be beneficial as well but they are not available for individual experiments we included in our analysis.


	The full list of considered Fermilab projects with their details can be found at the following address: http://ccd.fnal.gov/techpubs/fermilab-reports-proposal.html.


	Sometimes an experiment falls in a grey area in terms of its goals, combining e.g. the introduction of new techniques and their wide application across physical sciences. This is typically not the case. Also, sometimes an experiment can aim at a particular goal, e.g. the testing of a new technique, but result in the major discovery of a new particle (e.g. discovery of J/PSI particle). This happens very rarely, however, as most experiments give results within their set goals.


	As we pointed out, the indicated team members really worked with the support staff and technicians so the actual team size was larger. But again, this is not important since we only need data on the differences between the primary members of teams.


	Changing the relative weight of the publications (i.e. the weight of a large number of less significant publications compared to the weight of a smaller number of more significant publications) would not change this significantly.


	A future study could also look at the size of each sub-team of the master-team in the experiment, along with the overall number of researchers, and thus determine optimal size of each team within the experiment.


	One could, generally speaking, focus on the performance of individual academics instead of teams (see e.g. Horta and Lacy 2011).


	This is in fact the main reason why Fermilab management, as well as management in other HEP laboratories, insist that very specialized work done by graduate students in the lab can be turned into doctoral dissertations at their home universities (Hoddeson et al. 2008).


	We considered as senior researchers scientists that had obtained their PhD degrees by the time the project was proposed, as well as researchers who had been academically active for at least 12 years before the project was proposed and had at least 24 publications in the high-energy physics database <http://inspirehep.net/?ln=en> before the project in question was proposed and for whom we could not find the year they received PhD degree. Publications in the High-Energy Physics database include articles, books, conference proceedings, and project proposals. Specifically, for 75 % of senior researches we established that they had a PhD when the project was proposed, while the seniority of the remaining 25 % was determined indirectly. This choice was made due to data limitations and the fact that at the time experiments were conducted, in some countries, the degrees other than PhD or related research statuses were awarded instead.


	As junior researchers we characterised those for whom we conclusively established that they did not have a PhD degree at the time project was proposed, nor a publication record prior to the experiment.


	Decision trees are graph structures used for identifying best strategies for a fixed goal.


	Logistic regression is a statistical model used for predicting the optimal division of resources.
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