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Preface

The High Energy Physics Network (Red FAE) is one of CONACYT’s thematic research net-
works, created with the aim of increasing the communication and cooperation of the scientific
and technology communities of Mexico in strategic areas. From January 23 to 28, in the city of
Guanajuato, this network carried out two academic events of great significance for its further
development: the “Third National Meeting of the network”, and the “Workshop on particle
physics and astrophysics: challenges and opportunities in Mexico and Latin America”. They
were attended by more than one hundred participants, 21 of whom came from different aca-
demic institutions around the world. The workshop was organized as a part of the program
Talleres Temáticos de Vinculación: “Redes Temáticas de Investigación CONACYT y Grupos
de Científicos y Tecnólogos en el Exterior” financed by the Fondo Sectorial de Investigación
SRE-CONACYT.

The third edition of the National Meeting of the Red FAE had particular relevance, since
it represented the re-launching of the activities of the network, after a recess caused by lack
of funding. During the meeting the achieved goals were examined and future lines of action
were discussed. On the other hand, the main purposes that motivated the organization of the
thematic workshop were the integration to the network of Mexican colleagues living abroad,
and the search for the establishment of links with networks and similar organizations from
other Latin American countries.

The city of Guanajuato is located 360 km northwest of Mexico City. It is famous for its
colonial architecture, its historical importance and its mining and tourism industry. Founded in
1570, Guanajuato was one of the most important cities during the colonial period and played
a very important role in the War of Independence of Mexico. A system of underground streets
and tunnels connecting different areas of the city gives it a unique appeal. In December 1988,
UNESCO declared it a World Heritage Cultural Site. Guanajuato is also a university city
with a rich cultural life whose culmination is the Festival Internacional Cervantino, the most
important of its kind in Latin America.

The scientific program covered a wide range of topics related to the main areas of par-
ticle and astroparticle physics: physics of the Higgs, neutrinos, heavy-ion collisions, dark
matter, ultra-high energy cosmic rays and gamma rays, physics beyond the Standard Model,
accelerator physics, future experiments, and other topics of current interest. The program con-
sisted of plenary oral presentations by experts on the different subjects. It featured talks by
spokespersons of large experiments with important participation of Mexican groups
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(ALICE, Pierre Auger Observatory), as well as by representatives of national authorities. There
were also two discussion panels on The Mexican HEP and the Large International Collabo-
rations and Thematic Networks and the Mexican Scientific Diaspora. They provoked lively
discussions about both issues. These proceedings include some of the presentations given in
the above mentioned events.

Alexis Aguilar Arévalo
ICN-UNAM

Heriberto Castilla Valdés
CINVESTAV

Juan Carlos D’Olivo Saez
ICN-UNAM

Mauro Napsuciale Mendivil
DCI-U.Gto.
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Production and detection of the top quark with the
ATLAS detector at the LHC

Adriana Elizabeth Nuncio Quiroz

Physikalisches Institut, Rheinische Friedrich-Wilhelms-Universität Bonn, Bonn, Germany.
Now at: Fraunhofer Institut für Hochfrequenzphysik und Radartechnik, Wachtberg, Germany.

Abstract. This document illustrates the process from the production up to the detection of one of the most
important elementary particles of the Standard Model: the top quark. Focus will be specially given to a
measurement of the top-quark mass using the lepton transverse momentum method. The experimental sample
corresponds to Lint = 4.7 fb−1 of ATLAS data, collected at a center-of-mass energy of

√
s = 7 and 8 TeV, at

the Large Hadron Collider.
In the measurement presented here, semileptonic tt̄ events are considered, where one W boson decays

to hadrons and the other to a lepton and a neutrino. The transverse momentum spectra of those leptons
is investigated and the mean values of these distributions are parametrized using a linear fit as calibration
curve. From the fit the top-quark mass is extracted in the electron and muon channels. This method, being
almost independent of the reconstruction algorithms of jets, is nearly unaffected by the jet-energy-scale
systematics which onsets previous measurements. A high-precision measurement of the top-quark mass is
therefore expected. A large variety of other systematic uncertainties are also estimated.

Keywords: <Top quark, ATLAS, LHC>
PACS: <14.65.Ha>

INTRODUCTION

The previous couple of years have been decisive to consolidate the Standard Model of particle
physics. In 2013 the Physics Nobel Prize was awarded to François Englert and Peter W. Higgs
for the theoretical discovery of a mechanism that contributes to our understanding of the origin
of mass of subatomic particles; mechanism that was confirmed in 2012 through the discovery
of the predicted fundamental particle, by the ATLAS and CMS experiments at CERN’s Large
Hadron Collider (LHC) [1]. Nevertheless, despite the fact that the Standard Model (SM) finally
seems complete, there are still many unresolved questions and new physics frameworks to
investigate and validate. In this context, the top quark will be one fundamental piece in the
search for those solutions. The top quark is by far the heaviest fundamental particle, its mass
lies near the Yukawa scale and, due to its extremely short life time (τ = 5× 10−25 s), it
decays before it can hadronize. Theoretically, the top quark has strong couplings with the
Higgs boson and it is speculated that it might also be present in new-physics processes, like
Flavour Changing Neutral Currents [2]. A precise determination of the top-quark properties
could therefore help in setting the limits of the Standard Model and other possible models
beyond the physics we know today. In the following sections the process from the production
of the top quark to its detection will be outlined and a measurement of the top-quark mass using
the transverse momentum of the leptonic decay products of the top quark will be presented.

WORKSHOP ON PARTICLE PHYSICS AND ASTROPHYSICS, GUANAJUATO, MÉXICO
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PRODUCTION AND DETECTION OF TOP QUARKS

Top quarks were first observed at Fermilab in 1995 [3, 4] as a result of proton-antiproton
collisions at the Tevatron collider. Both experiments, D0 and CDF, observed about 150,000
top quarks each over their lifetimes. In the Large Hadron Collider top quarks are produced in
proton-proton collisions at much higher rates. When the LHC reaches the designed luminosity
it will produce top quarks every second, and yet, top quarks are hidden among other processes
with much larger cross sections like: heavy quarks, W and Z bosons, or jet production. On the
other hand, the top quark is background itself for other processes like Higgs production.

Multiple processes lead to the production of top quarks. Predominantly, they are produced
in pairs via strong interaction through the gluon-gluon fusion and quark-antiquark annihilation
mechanisms (Figure 1, left). The production of single top quarks is also possible, virtue of the
electroweak interaction, albeit with a much smaller production cross section. In the later case,
three different production channels can be distinguished: the t-channel, the s-channel and the
Wt-associated channel (Figure 1, right).

FIGURE 1. Top-quark production. Left: Pair production. Right: Single-top production.

Once the top quark has been produced it will not form bound states, it will decay almost
immediately and almost exclusively in a W boson and a beauty quark (Figure 2). In the detector
one can not observe the top quark directly, one seeks for its decay products. For that reason,
in collision events the observation of charged leptons, missing energy (neutrinos) and jets
(quarks) in the detector are an indication of the presence of the top quark.

FIGURE 2. The top quark decays into a W boson and a b-quark with a branching ratio > 99%.

WORKSHOP ON PARTICLE PHYSICS AND ASTROPHYSICS, GUANAJUATO, MÉXICO
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The ATLAS experiment

The detector used in this study is ATLAS (A Toroidal LHC Apparatus) [5], one of the two
general purpose detectors operating at the LHC at CERN. As shown in Figure 3, ATLAS is
constructed as a series of concentric cylinders covering nearly the entire solid angle around the
interaction point where the proton beams from the LHC collide. The detector can be divided
into four major parts: the Inner Detector, the Calorimeters, the Muon Spectrometer and the
Magnet Systems.

FIGURE 3. The ATLAS detector

In ATLAS all the systems are complementary, the inner detector tracks the particles, the
calorimeters measure their energy, and the muon system collects additional information from
the highly penetrating muons. The magnet systems bend the charged particles, allowing their
momenta to be measured. The presence of neutrinos can be inferred measuring the imbalance
in energy and momentum depositions in the collision events. Consequently, in order to detect
the decay products of the top quark all components of the ATLAS detector should be used.

Aside from the readiness of the hardware in the experiment, in ATLAS there are two
fundamental tools for the analysis: b-tagging and jet-energy-scale correction.

• b-tagging
Deals with the correct identification of the b-quark present in the event. It reduces the
background contamination and can avoid wrong kinematic reconstruction of events.
Neural networks algorithms (e.g. MV1 [7]) are used extensively. They use the properties
of the B-Hadron, like mass and long life time and decay vertices to estimate the probability
about the presence of a b quark in the collision event.

• Jet Energy Scale (JES)
JES is one of the main challenges in the measurement of the top quark. Jets originating
from the fragmentation of quarks and gluons are the most complicated final state objects to
be reconstructed in ATLAS. The precise knowledge about the energy of the original parton
is lost due to physical effects as decays, formation of bound states and hadronizations.

WORKSHOP ON PARTICLE PHYSICS AND ASTROPHYSICS, GUANAJUATO, MÉXICO
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In addition, the energy should be corrected taking into account "dead regions" of the
detector, and contamination due to pile-up. ATLAS has demonstrated an understanding of
the jet-energy corrections to within ≈ 4% in the central region of the calorimeter [6] and
yet previous measurements of the top-quark mass suffer strongly with the uncertainties
coming from the jet-energy-scale correction.

TOP QUARK MASS MEASUREMENTS

Since its experimental discovery at the Tevatron different techniques for the precise determina-
tion of the top-quark mass have been developed and applied. In the ATLAS experiment various
techniques to determine the top-quark mass have been investigated [8].

Three topologies are commonly used in a tt̄ event for the top-mass measurement. They are
characterized by the different decay channels of the W boson: Dileptonic, Semileptonic and
Full Hadronic. The decay products in each channel are summarized in Table 1.

TABLE 1. Decay products in each tt̄ topology.
Dileptonic Semileptonic Full Hadronic
2 Leptons 1 Lepton 4 light jets
2 Neutrinos 1 Neutrino b and b̄
b and b̄ 2 light jets

b and b̄

In all three channels there has been constant progress in the achieved precision of the
measurements [8]. The status of the measurements of the top-quark mass in ATLAS is shown in
Figure 4, compared with the values obtained by the CMS experiment and the Tevatron average
value. As one can see, statistics is not a problem anymore and the systematic uncertainties are
coming close to 1 GeV. The challenges for ATLAS are now to correctly quantify the systematic
errors and reach a consensus with CMS about an homogeneous determination of systematic
errors, aiming to a combination of both measurements. Keeping in mind that the precision of
the top-mass measurement will impact other measurements where top is a background.

FIGURE 4. Status of top quark mass measurements on July 2013.
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LEPTON TRANSVERSE MOMENTUM METHOD

Nowadays at ATLAS one seeks for methods which are less dependent on the jet-reconstruction
algorithms, one of those is the lepton transverse momentum method. Proposed in 2005 by N.
Giokaris and others [9], it was later applied to the CDF data [10, 11]. The method has also
been successfully applied to the ATLAS data [12, 13, 14], as explained next.

As already mentioned above, in the case of tt̄ production, the events in which one of the W
bosons decays leptonically to a charged lepton and a neutrino and the other decays hadronically
into two jets define the semileptonic or lepton + jets channel: tt̄→W+ bW− b̄→ l+ νl bqq̄ b̄.

FIGURE 5. Semileptonic-decay channel of tt̄ production.

This topology, as shown in Figure 5, contains at least 4 jets, including the 2 jets arising from
the b-quarks. Those jets are composite objects which are associated to the original partons
using energy-transfer functions and combinatorics. Measuring the jet energy requires detailed
calibration of the energy deposited in the calorimeters and other corrections derived from
Monte Carlo simulations. In contrast, the charged leptons (electrons or muons) produced in
tt̄ decays are directly observable as tracks in the detector and their momenta can be measured
with high precision. The lepton pT is very well calibrated using the leptonic decays of the Z
bosons. Leptons provide then a very clear probe of the kinematics of tt̄ decays. The sensitivity
of kinematic variables of the lepton to the top mass has being studied using MC models
of tt̄ production. It was found that the transverse momenta of the leptons is an optimal
variable sensitive to the top-quark mass. The mean value of the lepton transverse momentum
distributions show, in first order, a linear dependence with respect to the assumed top-quark
mass. A linear fit can therefore be used in this case to extract a value for the top-quark mass.

Data and Monte Carlo samples

The samples used in this study correspond to 4.7 fb−1 of ATLAS data. The MC sample used
to simulate the tt̄ signal was created with MC@NLO [15], as well as the signals due to s-
and Wt-channels of single-top production. The single top t-channel signal was simulated with
AcerMC [16]. For the background processes, Alpgen [17] was used for the W + jets and Z +
jets samples, and Herwig [18] for the contribution due to Dibosons.

WORKSHOP ON PARTICLE PHYSICS AND ASTROPHYSICS, GUANAJUATO, MÉXICO
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To test several hypothetical top-quark masses, the following MC mass variation sam-
ples are needed: 1 full detector simulation central sample with mtop = 172.5 GeV; and
for each signal type 12 samples with partial detector simulation (AtlFast II) where mtop =

140,150,160,165,167.5,170,175,177.5,180,190,200,210 GeV.
Besides, the QCD background needs special treatment. This background is mainly due to

bad-identified leptons from multijet background. This kind of events have little chance to
survive the top-quark selection but their cross section is so large that one can not produce
sufficiently Monte Carlo samples in an feasible way. Then, in order to estimate the amount of
bad-identified leptons "data-driven" methods are normally used [19]. In the analysis presented
here, the Matrix Method Electron+Jets for the electron channel and the average of the Matrix
Methods A and B for the muon channel are used to estimate the QCD background.

Event selection

In this analysis, the selection in the lepton + jets channel fulfills the following requirements:

• Event cleaning: at least 5 tracks associated to the primary vertex, no bad jets.

• Trigger: depending on the data-taking period and the e- or µ- trigger stream.

• Lepton quality: exactly one isolated lepton with pT > 30 GeV.

• Jets: at least 4 jets with pT > 25 GeV and |η |< 2.5.

• b-tagging: one b-jet identified by MV1 at 70% efficiency.

• Electron channel:
– the missing transverse energy (Emiss

T ) must be greater than 50 GeV.

– the transverse mass of the W boson (mT (W )) is required to be greater than 35 GeV.

• Muon channel:
– the missing transverse energy must be greater than 40 GeV.

– the triangular cut: Emiss
T +mT (W )> 60 GeV is applied.

The results of the selection are displayed in on the next Table as yields for signal and the
different backgrounds.

TABLE 2. Yields after the tt̄-event selection
Electron channel Muon channel

ttbar 9675.0±22.4 16008.0 ± 28.9

W+Jets 1302.3±31.4 2555.8 ± 46.4

Z+Jets 121.2±4.0 208.1 ± 5.3

Dibosons 21.5±0.9 39.6 ± 1.2

single top 640.7±7.6 1092.1 ± 9.8

Multijet 743.7±371.8 201.6 ± 40.3

Sum bkg 2829.4 4097.2

Sum MC 12504.4 20105.2

Data 12644.0 21064.0
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Lepton-pT spectrum

The transverse-momentum spectra of the electrons after the tt̄-event selection is shown in
Figure 6. The black dots correspond to the experimental data and the distribution in each figure
is compared with different hypothetical top-quark mass samples (white histograms) plus the
background contributions and the data-driven estimations of the QCD background. Similar
plots were also obtained for the muon channel.
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FIGURE 6. Electron-pT spectra of data after tt̄ selection, compared with MC samples of different top-quark
masses and backgrounds, and the data-driven multijet QCD estimation.

In Figure 6 one can see that the simulated transverse momentum spectra of the leptons
agree with the data within the region of the expected top-quark mass. The spectra from the
W- and Z- related backgrounds and single-top contributions have the correct decay shape.
Nevertheless, the best agreement resides at ∼ 170 GeV. This hints to missing events in the
signal histogram coming probably from MC misconfiguration. In addition, one can also see
that there is a poor description of the multijet background. The QCD models available for this
study do not describe well low values of the lepton pT . This will have a strong impact in our
estimation of the top-quark mass, as will be shown next.
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Linear fit

The mean value of the transverse momentum spectra of the leptons, 〈pT 〉, is calculated
for each MC top-mass sample and backgrounds. The computed values are plotted against
the corresponding top-quark mass. A calibration curve is then fitted on the graph for the
corresponding channel: electron, muon or both (leptons).

FIGURE 7. Mean lepton pT against top-quark mass.

The calibration curves shown in Figure 7 are parametrized using a linear fit. The parameters
of the fit are the slope, λ , and the intersection with the vertical axis, κ . The normal fit function is
shifted to the centre of gravity m0 = 172.5 GeV. The mass estimator follows then the equation:

Mt =
〈pT 〉−κ

λ
+m0. (1)

After extracting the parameters from the fit, the mean value of the lepton transverse mo-
mentum of the leptons is taken from the experimental data, 〈pData

T 〉, and applied in Equation
(1) to calculate the top-quark mass (Mt). Finally, the statistical error on the top-quark mass is
calculated through Gaussian error propagation.

PRELIMINARY RESULTS

The measured mean value of the transverse momentum of the leptons from the ATLAS data
corresponding to Lint = 4.7 fb−1, as well as the calculated value of the top-quark mass, are
shown on Table 3.

TABLE 3. Obtained top-quark mass using the lepton pT

method in semileptonic tt̄ events.

Channel 〈pData
T 〉 [GeV] Top-quark mass [GeV]

Electron 63.17±0.27 170.23±1.13 (stats.)

Muon 60.54±0.19 169.74±1.07 (stats.)
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The results shown in Table 3 confirm the concern exposed above that the obtained values
of the top-quark mass are smaller than expected. The main reason for the departure from the
expected value is related to the deficient description of the multijet background. Later, it was
also found (looking at the jet multiplicities) that other internal inconsistencies between the tt̄
MC generator and the shower simulation were also present. ATLAS decided then to change
the signal MC from MC@NLO to POWHEG+PYTHIA for this and other coming analyses of
this type. The statistical uncertainties in the electron and muon channels is normal and differ
due the different event selections which yields more muons than electrons in the final states.

SYSTEMATIC ERRORS

While the new signal MC is being produced and new multijet methods are available, the
determination of the systematic errors can proceed. This in order to estimate their size and to
test the stability of the method. A large amount of different systematic errors were investigated
and the corresponding values of ∆mTop are displayed in Table 4. The variation of the FSR was
also investigated.

TABLE 4. Compilation of systematic errors. Dominant systematics in grey.
electron channel muon channel

Systematic ∆mTop [GeV] ∆ FSR ∆mTop [GeV] ∆ FSR
ATLFAST-Fullsim difference 0.61 0.01 0.20 0.01
B-Jet Energy Scale 0.53 0.13 0.54 0.13
B-Tagging Efficiency 0.21 0.30 0.82 0.26
C-Tagging Mistag Rate 0.33 0.07 0.15 0.05
Color Reconnection 0.19 0.03 0.07 0.13
Electron Energy Resolution 0.05 0.01 0.00 0.00
Jet Energy Resolution 0.64 0.07 1.28 0.10
Jet Reconstruction Efficiency 0.59 0.01 0.20 0.02
Jet Vertex Fraction 0.31 0.02 0.09 0.01
Lepton ID Efficiency 0.05 0.00 0.01 0.00
Lepton Reconstruction Efficiency 0.00 0.00 0.06 0.00
Lepton Trigger Efficiency 0.02 0.00 0.06 0.00
Light-Jet Energy Scale 0.81 0.27 0.53 0.33
Light-Tagging Mistag Rate 0.06 0.04 0.12 0.03
MC Generator 1.28 0.03 1.82 0.08
MET Cell Term 0.23 0.01 0.13 0.00
Muon Energy Resolution 0.00 0.00 0.15 0.01
Muon Scale 0.61 0.01 0.00 0.00
QCD Normalization 1.35 0.13 0.47 0.03
Shower simulation 2.35 1.09 1.04 0.96
W+HF Fractions 0.02 0.00 0.04 0.01
W+Jets Norm 0.11 0.05 0.22 0.06
Total 3.43 1.19 2.78 1.07
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CONCLUSIONS

It was found that the lepton pT method itself is robust as long a proper description of the lepton-
transverse momentum at low pT values is available. A big amount of systematic errors were
estimated, indicating a good chance for this method to become a high precision measurement.
For the future, as soon as new estimations of QCD are available, the combination with other
methods would be a great option to reduce further other systematic errors like ISR or FSR.
One of those methods could be for example, the decay-length method.
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Underground laboratory physics
Xavier Bertou

CNEA/CONICET, Centro Atómico Bariloche, Argentina

Abstract. Underground laboratories provide unique environment to run experiments protected from the back-
ground flux of cosmic rays. This drastic reduction of the background noise allows the operation of very precise
detectors to search for rare events, allowing a whole new range of experiments that would be impossible to
run at the surface. The main topics addressed are Dark Matter search and Neutrino physics, but the possibility
of measuring very low radioactive doses also opens the door to biological or environmental studies. This arti-
cle will make a brief summary of some of these studies focussing on their possible implementation in a new
underground laboratory foreseen for construction in the southern hemisphere, the ANDES deep underground
laboratory.

Keywords: <cosmic ray, dark matter, neutrino, underground physics, ANDES>
PACS: <01.52.+r, 14.60.Pq, 95.35.+d>

INTRODUCTION

While cosmic rays (CR) in themselves can be a thrilling subject for astroparticle research,
they can also be considered noise for specific measurements. In particular, searching for rare
events with primaries interacting only by weak interactions (like neutrinos or most dark matter
candidates) implies the event rate for a given detector will be very low compared to the
background CR rate. Given that of all CR, the most penetrating secondary particle is the muon,
the muon flux is used as a reference for the background noise at underground laboratories1.

FIGURE 1. Muon flux versus depth in meters water equivalent.

1 muons also produce fast neutrons in the rocks nearby the experiments mimicking sometimes weak interaction signals, hence
their importance for estimating CR induced noise
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The muon flux versus depth (measured in water metre equivalents) is shown in figure 1. As a
reference, the muon flux at surface level is typically of the order of 100 muons per second per
square metre, depending on the altitude and the geomagnetic location. After 5000 m of water,
the flux is down to about one muon per day per square metre. This extreme flux reduction
of 8 orders of magnitude allows to plan experiments for the detection of weakly interactive
particles that can cross the rock overburden of the laboratories without interacting.

ACTIVITIES IN UNDERGROUND LABORATORIES

While many experiments can be run in deep underground laboratories, the two mainstream
branches of experiments are those dedicated to the direct search of dark matter and those
exploring the nature of neutrinos.

Direct dark matter search

Dark matter is one of the paramount mysteries in current particle physics and cosmology, if
not in physics. Its existence seems strongly confirmed by a myriad of distinct measurements,
yet no direct evidence of its existence has been obtained in a laboratory. One of the three
ways to go after dark matter (together with indirect search in telescopes and looking for its
production in accelerators), is to try to detect directly interaction of dark matter particles in a
particle detector in a laboratory.

One of the most searched for candidates for dark matter particles is the WIMP, a weakly in-
teractive massive particle, which would manifest in a particle detector through a nuclear recoil
due to a weak interaction with a nucleus from the detector material. Different targets have been
used and are being used to detect them, such as Sodium Iodide, Silicon, Germanium, Xenon,
Argon... While some experiments have claims for signals (DAMA/LIBRA [1], CoGeNT [2],
CRESST-II2, CDMS-Si [3]), Xenon 100 [4] and LUX [5] have put strong constraints on these
claims and it is fair to state that among the community it is generally considered that no direct
signal has been found yet.

There are many different technologies used in the tens of experiments searching for dark
matter, using bolometers, looking for ionisation or scintillation signals, or, usually, a combi-
nation of these signals. Combining different detection techniques can be extremely useful to
disentangle signal from noise in these very sensitive experiments. Background is reduced to its
minimum by going deep underground, using low radioactive material, installing the detector
into active and/or passive shielding. Yet to get to the sensitivity required it is usually still nec-
essary to remove some rare background events from the nuclear recoil candidates by getting
multiples observables for the same events and comparing them. This technique used in noble
liquid and gaseous detectors such as Xenon and LUX has provided the best results to date and
are likely to still deliver the best results above a few tens of GeV of WIMP mass. At lower

2 an updated CRESST-II run did not confirm the excess
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mass other techniques, with a smaller mass volume but better energy resolution and threshold,
can be used. A summary of the current situation and the near future can be seen in figure 2.

FIGURE 2. Current situation and prospects from future experiments, shown in the WIMP-nucleon (spin inde-
pendent) cross section - WIMP mass space. Closed curves show WIMP candidates from various experiments, while
continuous lines and coloured top space indicate parameter space already excluded by other experiments. The
bottom yellow region is from the irreducible neutrino scattering background. From [6]

Should dark matter be detected in the form of WIMP, a battery of experiments would likely
be started to study it in detail, measuring the modulation of event rate due to the movement of
the Earth in the WIMP halo, doing directional measurements, etc., in order both to understand
better the dark sector from a particle physics point of view and the distribution of local dark
matter from the astrophysics point of view.

Neutrino physics

Neutrinos are ideal particles to study in deep underground laboratories. Past studies were ex-
tremely successful in their understanding of solar neutrinos, atmospheric neutrinos (produced
by CR interactions in the atmosphere) and led to the discovery of neutrino oscillations. Yet
there is still a lot to learn by detecting this elusive particle.

A first very active branch in deep underground neutrino physics is the search for neutrinoless
double beta decays, which would be the signature of the neutrino being a Majorana particle
(meaning that the neutrino and its antiparticle are the same particle), with a dozen running or
planned experiments worldwide. In these experiments a (large) volume of material is usually
searched for the characteristic emission of two electrons with a sum energy at the reaction
Q-value. This precise clean measurement implies like in dark matter experiments a total
understanding of the background, implying the need to go deep underground to get rid of
CR radiation, and the use of clean material to reduce radioactive background to its minimum.
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Another major branch looks for neutrinos from the outside of the detectors, mainly solar
neutrinos, supernovae neutrinos, and geoneutrinos, with a focus below the usual 1.8 MeV
threshold of the inverse beta decay reaction. Going below this threshold is of paramount
importance to understand the sun, as the p-p chain neutrino spectrum lies totally below
0.41 MeV. Borexino recently opened the window with the first p-p neutrino measurement [7].
Supernovae, on the other hand, are a special laboratory for neutrino physics, and supernovae
neutrinos observed on Earth could provide a wealth of information by observing oscillations
effects in matter (MSW effect). Finally, detecting geoneutrinos, neutrinos produced by the
decay of radioactive elements deep in the Earth (mainly Uranium, Thorium and Potassium),
will help understanding the role of these reactions in the heating of the Earth, which could
be responsible for half of it. First measurements have been reported by KamLAND and
Borexino [8].

The last main branch of experiments are long baselines experiments where neutrinos pro-
duced by an accelerator are detected at hundreds of kilometres of distance in an underground
laboratory. These experiments aim at a better understanding of neutrino oscillations, matter
(MSW) effect, and search for CP violation in the lepton sector. There are running or planned
experiments in most regions were both accelerators and deep underground laboratories coexist,
such as the US, Europe, and Japan.

Finally, some neutrino sources are still out of reach of current detectors but in a (maybe not
so) distant future experiments will likely go for the diffuse supernova neutrino background and
the cosmic neutrino background.

Multidisciplinary physics

While the main reasons to build a deep underground laboratory lay in the astroparticle
experiments of dark matter and neutrino physics (and actually proton decays), once these
laboratories were available the possibility of running experiments in a close to zero background
noise environment opened the door to many original multidisciplinary studies.

The mainstream consists of low background radioactive measurements, which range from
material selection experiments to test materials for dark matter or neutrino experiments need-
ing ultra low radioactive background, to radioactive measurements for environmental studies to
check radioactive contamination, heavy elements contamination, rapid atmospheric changes,
and similar topics.

Other applications to a low CR background are study of fault rates in microprocessors,
and CR impact on biology. The low background can also allow to measure some unique
interactions installing a particle accelerator underground [9].

Finally, while not related to the low CR background, deep underground laboratories are also
unique sites for geophysics experiments, providing a well controlled environment deep inside
a mountain.
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A LABORATORY IN THE SOUTHERN HEMISPHERE

The several laboratories reported on figure 1 can be seen on a world map in figure 3. All
currently built and planned laboratories are located in North America, Europe and Asia, in
the northern hemisphere.

FIGURE 3. World map of deep underground laboratories. All laboratories built or under construction are in the
northern hemisphere.

Building a laboratory in the southern hemisphere opens new opportunities from the scientific
point of view. First of all it allows to address the difficult topic of dark matter modulation
signal from an experimental point of view. Given the movement of the Earth around the
Sun a modulation in the WIMP wind is expected with a maximum signal in June. However,
atmospheric effects could mimic modulation measurements (the muon flux deep underground
has a modulation with a maximum around July in the northern hemisphere). Operating a
detector in the southern hemisphere would allow to unequivocally distinguish between a
genuine signal, peaking in June, and an atmospheric effect, which would peak around January.

Another reason to have observatories all around the world is to build a network ready for
the next supernova explosion, with detectors on both sides of the Earth so neutrinos can be
detected with and without Earth matter effect. Building a laboratory in the southern hemisphere
increases greatly the probability of such an observation [10].

In the geoneutrino sector, the main background is from close-by nuclear reactor. While this is
not really an issue of northern versus southern hemisphere, most deep underground laboratories
(and all the main ones) are in regions strongly depending on nuclear power with a large reactor
neutrino flux. While this is of great interest for oscillations measurements, it is an irreducible
background for geoneutrino studies. Building a laboratory in a region without close-by reactors
would strongly improve the signal to noise ratio of these measurements.

Finally, by opening a new laboratory in a region with little previous contribution in the deep
underground physics, the underground community does not only gain a new site, it also gains
access to new funding agencies and new groups of physicists.
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The ANDES deep underground laboratory

ANDES (which can stand for Agua Negra Deep Experiment Site) is a planned deep un-
derground laboratory to be built in the recently approved Agua Negra tunnel [11]. The Agua
Negra tunnel is in its final tender phase and construction will start in 2015. It is a 14 km long
twin tunnel built below the Andes between Argentina and Chile at the level of Coquimbo and
San Juan (30◦12’S, 69◦49’W).

The laboratory is in its final design phase. A preliminary design can be seen in figure 4. The
main hall of the laboratory is designed to receive third generation dark matter experiments
with dimensions of 23 m tall by 21 m width and 50 m long, and a large 30 m diameter and 30 m
deep pit is foreseen for a large neutrino experiment. A secondary hall will harbour services
and smaller experiments, while smaller halls are foreseen for multidisciplinary physics. The
laboratory will be located around km 4.5 of the tunnels, below the countries limit line, where
the rock overburden reaches a maximum of 1750 m. Its entrance from the main tunnel will be
through a dedicated access tunnel.

FIGURE 4. Preliminary plan for ANDES. See text and [11] for details.

The science programme is similar to the one of other underground laboratories, with the
specific focus given by being the first and only laboratory in the southern hemisphere and being
far from any nuclear reactor, as explained previously. Third generation dark matter search
experiments, a large low energy neutrino detector for solar, supernovae and geoneutrinos, and
a strong multidisciplinary physics centred on geophysics will be the main topics addressed in
ANDES.

ANDES is planned as a Latin-American laboratory, run by the CLES (Latin-American
consortium for underground studies, in Spanish/Portuguese). A preliminary structure for the
CLES is in operation within the CLAF (Latin-American centre for physics), the ANDES Unit,
with representatives of Argentina, Brazil, Chile and Mexico. More Latin-American countries
are expected to join in the near future. The CLES will not only run the laboratory but will
also be in charge of the integration of ANDES into the scientific, academic and technical
environment. It is planned as a scientific pole for the Latin-American region, focused in
underground science.
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CONCLUSIONS AND PROSPECTS

Deep underground science is a very active research field where many different basic and
applied science experiments are run in deep underground laboratories spread over the globe.
Direct dark matter search and Neutrino physics are the flag topics addressing profound basic
questions about the Universe. Important discoveries have been made in the recent past by
underground measurements and there is a very active program looking for new groundbreaking
discoveries.

In this context the construction of a new tunnel in the Andes is a unique opportunity to build
a new large deep underground laboratory, the first and only one in the southern hemisphere, in
order to contribute in a unique way to the deep underground science. It is also an opportunity
for the Latin-American region to build a first class centre for experimental physics with a clear
focus.
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Neutrino Physics and Dark Matter at SNOLAB
E. Vázquez-Jáuregui

SNOLAB 1039 RR-24, Lively ON, P3Y 1N2, Canada

Abstract. SNOLAB is Canada’s facility for deep underground science. The laboratory is located in Vale’s
Creighton Mine, near Sudbury Ontario, Canada. The complex is two kilometers below the surface to shield
experiments from cosmic rays and it is operated in a better than class 2000 clean room to suppress backgrounds
from the environment. The science programme is centered in Astroparticle Physics with experiments looking
for galactic dark matter and studying neutrino properties. A description of the science projects at SNOLAB
is summarized in this letter, as well as opportunities are discussed for participation of Mexican institutions in
the rich experimental programme.

Keywords: <dark matter, neutrinos, underground physics>
PACS: <95.35.+d, 26.65.+t, 95.55.Vj>

INTRODUCTION

SNOLAB provides a deep experimental laboratory to shield sensitive experiments from pen-
etrating Cosmic Rays (0.27 µ/m2/day) in a clean environment (better than class 2000) to mit-
igate against background contamination. The facility provides not only infrastructure but also
support to experiments and prototypes for future experiments. Developed from the SNO ex-
periment, the goal has been to progressively create a significant amount of space for an active
programme as early as possible. The experimental programme foci on dark matter, double beta
decay, solar and supernova neutrinos experiments [1].

FIGURE 1. Layout of the SNOLAB underground facility

The identification of dark matter is one of the most challenging efforts of the Physics com-
munity and the experiments at SNOLAB are strong candidates to achieve it through direct de-
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tection. The most promising non-baryonic candidates for dark matter from the Particle Physics
point of view are weakly interacting massive particles (WIMPs), since they lead naturally
to dark matter densities compatible with cosmological constraints and as they arise naturally
in many extensions to the current standard model of Particle Physics. The experimental pro-
gramme includes liquid noble gases such as argon and neon, superheated liquids and solid
state detectors, which cover low and high WIMP masses with spin-dependent and independent
couplings.

One of the most important open questions in neutrino Physics is the question of whether
neutrinos are Majorana or Dirac particles. Attempts to detect the (possible) Majorana nature
of neutrinos focus around the double beta decay process. If neutrinoless double beta decay
were observed, it would not only prove that neutrinos are Majorana particles, but it would also
provide a measurement of the neutrino mass, since the rate of neutrinoless double beta decay
is related to the square of the neutrino mass. The neutrino physics programme at SNOLAB not
only includes the search for neutrinoless double beta decay, but also expects to study neutrinos
from supernovae in case of a galactic event, as well as to measure low energy solar neutrinos,
geo-neutrinos and reactor neutrinos to learn about the components and reactions in the sun and
earth, and to study the oscillation of neutrinos.

DARK MATTER PROGRAMME

A description of the experiments searching for dark matter installed deep underground at
SNOLAB is presented below. COUPP60, PICO-2L and DAMIC are currently taking data,
while DEAP-3600 and MiniCLEAN are in the final phase of installation. PICASSO and
DEAP-1 have finished data taking and operations, they are currently being decommissioned.

Superheated liquids: PICO, COUPP and PICASSO

PICO is a new experiment, recently merged from the COUPP and PICASSO collaborations.
The detectors used the superheated liquid technique in bubble chambers, where they are insen-
sitive to MIPs radioactive background at operating temperature. The detectors are threshold
devices with alpha discrimination demonstrated. There are currently two chambers running at
SNOLAB. PICO-2L uses 2.9 kg of C3F8 and recently finished the first physics run obtaining
a world leading limit in spin-dependent interactions. The fluid is also suited to search for low
WIMP masses. COUPP60 uses 37 kg of CF3I and also finished the first physics run recently,
with the data analysis ongoing. The first bubble chamber installed at SNOLAB, COUPP4, used
4 kg of CF3I and published world leading limits for spin-dependent interactions in 2012 [2].

The collaboration is working towards a one-tonne scale detector, named PICO-250L, that
will be filled with C3F8 or CF3I by 2017. PICO-250L will reached cross sections of up to
10−42 (10−46) cm2 for masses of about 40 (50) GeV for spin-dependent (spin-independent)
couplings corresponding to exposures of one live-year at 10 keV threshold with an expected
0.26 events from neutrons, 80 live-days at 5 keV with one solar neutrino event, and 40 live-days

WORKSHOP ON PARTICLE PHYSICS AND ASTROPHYSICS, GUANAJUATO, MÉXICO

36



at 3 keV with one solar neutrino event. The supersymmetric parameter space probed through
SD and SI couplings can be significantly decoupled, resulting in a true chance at discovery
through spin-dependent sensitive searches. PICO-250L has the potential to explore the vast
majority of supersymmetric WIMP parameter space.

PICASSO is currently being decommissioned. The detector used suspended droplets of
C4F10 in an inactive polymerized gel matrix sensitive to recoil energy thresholds as low
as 1.7 keV. PICASSO discovered the alpha-neutron acoustic discrimination used to remove
backgrounds coming from alpha decays [3].

FIGURE 2. COUPP60 detector at SNOLAB (left) and PICO-2L multi-bubble event with an AmBe calibration
source (right)

Noble liquids: DEAP-1, MiniCLEAN, and DEAP-3600

DEAP and MiniCLEAN use liquid argon in a single phase with pulse shape discrimination
to reduce electromagnetic backgrounds. DEAP-1 was a prototype filled with 7 kg of argon
and 2 PMTs that demonstrated PSD at 108 [4]. DEAP-3600 is a 3.6 tonne detector (1 tonne
fiducial) currently in the final phase of construction. The detector consists of an acrylic vessel
of 1.8 m diameter with 255 PMTs (75% coverage) separated from the vessel by 50 cm light
guides. The detector will have a sensitivity of 10−46 cm2 for spin independent couplings after
one year of data taking.

Mini-CLEAN is a 500 kg liquid neon or liquid argon detector with 92 cold PMTs, capable
to set WIMP cross section limits at 10−45 cm2, which will be used to demonstrate background
rejection in LAr, the use of LNe for future experiments and also for dark matter searches.
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FIGURE 3. DEAP-3600 and MiniCLEAN experiments in Cube hall area (left) and cryopit cavern (right)

Solid state: DAMIC and SuperCDMS

DAMIC uses ten 250 microns thick CCDs with extremely low electronic readout noise and
very low threshold of approx. 40 eVee. It was deployed at SNOLAB in 2013 and has an active
mass of 10 grams. The detector has high sensitivity to low WIMP masses by using silicon as
the target material [5].

SuperCDMS will be an experiment moving to SNOLAB in the next couple of years. The
detector uses high purity germanium crystals with ionisation and phonon readout. The next
phase of the experiment will be sensitive to low WIMP masses with an active mass of around
100 kg.

FIGURE 4. PICO-2L, DEAP-1 and DAMIC experiments in J-drift hall
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NEUTRINO PHYSICS PROGRAMME

The neutrino physic programme is leaded by SNO+, a multi-purpose neutrino experiment,
successor of the SNO experiment. The neutrino research area is complemented by HALO, a
dedicated supernova detector.

SNO+

SNO+ will be a new kilo-tonne scale liquid scintillator detector that will study neutrinos and
by loading the double beta decay isotope 130Te into the liquid scintillator, the detector has the
potential to allow for an extremely powerful double beta decay search via 130Te→ 130Xe + e−

+ e−, with the possibility to reach the inverted hierarchy with 3% of Tellurium.
SNO+ uses the existing SNO detector where the heavy water is being replaced by scintillator

and a hold down rope system for the acrylic vessel has been engineered. The double beta decay
measurement has a modest resolution that will be compensated by high statistical accuracy.

SNO+ will also measure low energy solar neutrinos (pep and CNO), geo-neutrinos to study
fission processes in the crust, supernovae bursts (as part of SNEWS) and reactor neutrinos
from Canadian reactors in Ontario.

HALO

HALO is a dedicated supernova watch experiment. It uses an array of 3He neutron detectors
available from the final phase of SNO and 79 tonnes of lead blocks from a decommissioned
cosmic ray monitoring station as target material. Lead is used because it has a high ν-Pb cross-
sections, low neutron capture cross sections and provides complementary sensitivity to water
Cerenkov and liquid scintillator detectors. The detector is operational since 2012, will be part
of SNEWS and it is sensitive to charged and neutral current interactions.

UNDERGROUND SCIENCE

The SNOLAB science programme is complemented by research in other areas of the physical
sciences. Areas include seismicity, mining, geology and deep subsurface life.

CONCLUSIONS

The physics program at SNOLAB is making important contributions and becoming one of the
leading facilities in experimental research in Astroparticle Physics. There exists an outstanding
opportunity to strengthen ties between SNOLAB and México, that will allow to gain expertise
by getting engaged in the frontier of the underground science. The benefits to the Physics
community in México are to acquire expertise in underground Physics, necessary skills for
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building an underground laboratory, as well as participating in competitive experiments and
become part of the dark matter and neutrino physics community.
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Reactor Antineutrinos: Tools For Discovery
J.P. Ochoa-Ricoux

Instituto de Física, Pontificia Universidad Católica de Chile, Santiago, Chile

Abstract. Neutrinos are unique subatomic particles that can teach us volumes about our universe. Studying
the electron antineutrinos produced by the β -decays of fission products in nuclear reactors has proven to be
an extremely effective way of learning about these elusive particles. There are examples of this in the past
but also in the present, as current generation reactor experiments were just successful in measuring the last
unknown mixing angle θ13. A bright outlook is also on the horizon, as next generation reactor experiments
set out to answer some of the pressing questions that remain in particle physics.

Keywords: <neutrino, nuclear, reactor, disappearance, anomaly, mass hierarchy, Daya Bay>
PACS: <13.15.+g,14.60.pq,29.90.+d>

INTRODUCTION TO NEUTRINOS

Neutrinos are fascinating elementary particles whose unique properties may hold the key
to some of the secrets of the universe. For one, they can travel through several light-years
of matter without interacting at all. This makes them invaluable astronomical messengers.
Moreover, they are extremely abundant in the universe, being second only to photons. This
means that they play an important role in cosmological processes such as structure formation,
the universe’s expansion rate, and the production of light elements. Finally, they behave in a
way that conflicts with what our current best theory of nature at the subatomic level — the
Standard Model — predicts. Thus, they are a window into new physics.

In the Standard Model, neutrinos are particles that (i) exist in three flavors (νe,νµ and ντ ), (ii)
interact only through the weak interaction, and (iii) have no mass. While no definite evidence
has been found that contradicts the first two assumptions, the third one was overthrown with
the discovery that neutrinos change flavor as they travel (i.e. that they oscillate). The process
that led to this upheaval began with Ray Davis’ results from the Homestake Experiment [1]
and culminated with the definite observations done by the SNO [2] and Super-Kamiokande
[3] collaborations just over a decade ago. Based on the experimental evidence, the conclusion
seems inescapable that the neutrino weak eigenstates (να = νe,νµ ,ντ ) do not each correspond
to a mass eigenstate (ν1, ν2 and ν3), but rather mix with the latter:

|να〉=
3

∑
i=1

U∗αi |νi〉 , (1)

where U is a 3×3 unitary matrix known as the Pontecorvo-Maki-Nakagawa-Sakata (PMNS)
mixing matrix, named in honor of the pioneering contributions of these physicists [4, 5].
Ignoring the Majorana phases, U is typically parameterized in terms of four parameters:
three mixing angles (θ12,θ23,θ13), and one CP-violating phase δ . Neutrinos are created and
absorbed in the familiar α = e,µ,τ weak (or flavor) states through the exchange of W and Z
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bosons. As they propagate however, each mass eigenstate has a different phase. This causes the
relative proportions of the mass eigenstates to vary with time, thus changing the probability of
detection of a particular flavor. Needless to say, this can only occur if neutrinos have different
masses.

From an experimental perspective, the phenomenon of neutrino oscillations is now firmly
established. Experiments looking at neutrinos produced in the sun [6, 7, 8], in the atmosphere
[9], and in man-made sources such as accelerators [10, 11, 12] and nuclear reactors [13, 14,
15, 16] all reach the same conclusion: neutrinos change flavor as they travel. This observation
however has given rise to many other questions that have not yet found an answer: are neutrinos
their own antiparticle? what is their absolute mass? do they obey CP?... etc.

Because of this, neutrino physics is one of the most active fields in basic research nowadays.
This talk focuses on a subfield within neutrino physics, whose object of study are the antineu-
trinos produced by nuclear reactors. After reviewing the basic principles behind the emission
and detection of these particles, some examples illustrating the rich history of this subfield will
be briefly reviewed. The focus will then shift to current reactor neutrino experiments, whose
cornerstone is the precision measurement of the θ13 mixing angle. The future prospects will
then be briefly discussed, followed by a short summary.

ANTINEUTRINOS FROM REACTORS

Basic Principles

Nuclear reactors are excellent sources of antineutrinos. While the main fuel consists of
Uranium enriched in the 235U isotope, the latter’s fission releases neutrons that are often
captured by 238U. This in turn produces other fissile elements, such as 239Pu and 241Pu. These
four elements, 235U, 239Pu, 241Pu and 238U, are responsible for more than 99% of fissions inside
a reactor. Each of these elements fissions into neutron-rich daughters that then undergo a series
of β -decays before reaching stability, each producing an electron antineutrino according to the
familiar relation n→ p+ e−+ ν̄e. This is why nuclear reactors emit, in the overwhelming
majority, electron antineutrinos only.

Each fission generates an average of 6 electron antineutrinos. This means that a reactor of
1 GW of thermal power emits approximately 2×1020 electron antineutrinos every second. As
the 235U burns out, and the fraction of fissions contributed by other isotopes increases, this rate
varies by 5−10% over the course of a typical fuel cycle. The electron antineutrino spectra from
the four main isotopes can be seen in the left panel of Fig. 1. To a very good approximation,
antineutrinos are emitted isotropically.

Antineutrinos are detected via the inverse β -decay (IBD) reaction: ν̄e + p→ e++ n. One
of the main advantages of this reaction is that both of its products can be detected. Positrons
are charged particles that ionize the medium they traverse and then annihilate with an electron
after having lost all their kinetic energy. Neutrons can be captured after thermalization by
a variety of elements such as Hidrogen, Cadium or Gadolinium, yielding a gamma signal
with a well-defined energy. For instance, a neutron capturing on Gadolinium yields a clear
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FIGURE 1. (Right) The four colored curves represent the ν̄e energy spectra for 235U, 238U, 239Pu, and 241Pu.
The curve with positive slope represents the cross section of the inverse beta decay (IBD) process. The resulting
IBD spectrum is shown as the dotted line as a function of positron energy. This plot is taken from [17]. (Right)
Schematic of the IBD reaction, with the neutron capturing on Gadolinium.

∼ 8 MeV signature. The coincidence between the prompt (positron) and delayed (neutron
capture) signals allows for powerful background rejection. This process is illustrated in the
right panel of Fig. 1.

Another advantage is that the energy of the positron preserves information about the energy
of the incoming neutrino. In fact, since the neutron typically carries only about 10− 40 keV
of kinetic energy, it is a good approximation to say that the energy of the antineutrino Eν̄ and
that of the positron Ee+ are related in the following way: Eν̄ ≈ Ee+ +mn−mp+me, where mp,
mn and me are the masses of the proton, neutron and positron respectively. Taking into account
the positron annihilation, this means that the observed prompt energy Eprompt is related to the
antineutrino energy as Eν̄ ≈ Eprompt +0.8 MeV.

The IBD cross-section is shown on the left panel of Fig. 1. Its convolution with the an-
tineutrino emission spectra yields an IBD spectrum that peaks around 3.5− 4.0 MeV and
that spans from 1.8 to about 10 MeVs. The 1.8 MeV threshold is caused by the fact that
the antineutrino must have enough energy to produce a neutron and a positron from a proton
(mn−mp +me ≈ 1.8MeV ).

A Snippet of History

Reactor antineutrino experiments have played a critical role in shaping our understanding
of the neutrino and its role in our universe. While space does not permit to do an extensive
historical survey here, at least two notable examples should be mentioned.

The first one is the experiment carried out by Reines and Cowan, which actually begat
the field of experimental neutrino physics. From 1953 to 1956, these two scientists and their
team set out to detect the antineutrinos emitted from the Hanford and Savannah River nuclear
reactors. For the second (and decisive) phase of their experiment, they used two tanks of
water sandwiched between three liquid scintillator tanks, each surrounded by more than 50
photomultiplier tubes. Cadmium Chloride was dissolved in the water tanks. As antineutrinos

WORKSHOP ON PARTICLE PHYSICS AND ASTROPHYSICS, GUANAJUATO, MÉXICO

43



interacted with the protons in the water, positrons were produced which then annihilated with
electrons. Each of these annihilations produced two back-to-back 0.511 MeV gamma rays,
which were then detected in the surrounding liquid scintillator tanks. A few microseconds
later neutrons thermalized and were captured by Cadmium nuclei in the water. This produced
a characteristic 9 MeV burst of energy in gamma-rays, which was also seen by the surrounding
liquid scintillator tanks. For this first experimental observation of the neutrino [18], Reines and
Cowan were awarded the 1995 Nobel Prize in Physics.

The second one is the KamLAND experiment in Japan. This experiment was designed to
study the electron antineutrinos emitted by the more than 50 commercial nuclear reactors
surrounding it with an average baseline of roughly 200 km. Its target consists of 1 kton of
liquid scintillator. In 2002, KamLAND was the first experiment to observe the “disappearance”
of electron antineutrinos (that is, their depletion as caused by their oscillation into other
flavors) [13]. This not only excluded a family of oscillation parameters that were still allowed
by experiments studying neutrinos from the sun, but also provided the first clear demonstration
that the effect’s dependence on the baseline and the antineutrino energy was in agreement with
expectation. KamLAND also became the first neutrino experiment to yield conclusive evidence
for geoneutrinos, that is neutrinos produced by the decay of the naturally occurring 232Th and
238U radionuclides [19]. This new method for studying the earth’s composition gave birth to a
corresponding new subfield in neutrino physics.

CURRENT GENERATION REACTOR ANTINEUTRINO EXPERIMENTS

Motivation: The Search for θ13

The reactor experiments that are currently in operation were constructed with a single
purpose in mind: making a precision measurement of the θ13 mixing angle.

Until very recently, this parameter was unknown, and measuring it was one of the priorities
in the field. There are several reasons for this. First, θ13 was the last unknown mixing angle
in the PMNS matrix. Completing our understanding of how neutrinos mix was important, as
these parameters serve as inputs to extensions of the Standard Model and thus can help guide
the way to new theories. Second, θ13 is intrinsically tied to the exciting possibility of observing
CP violation in the leptonic sector. Not only would this represent a crucial step forward in our
understanding of the most fundamental properties of nature, but it could also hold the key to
some of the greatest unanswered questions of our time. For instance, one of the most promising
explanations as to why there is more matter than antimatter in the universe is leptogenesis,
a possible asymmetry between lepton and antilepton creation in the early universe [20]. An
indispensable condition for leptogenesis to occur however is leptonic CP violation, which
necessitates a non-zero θ13.

A third motivation came from the fact that it is not currently known if the mass of the
third neutrino mass eigenstate m3 is heavier or lighter than the m1 −m2 pair. It has been
experimentally determined that m2 > m1, thanks to the observation of matter effects in the
sun [21, 22], but there are no experimental constraints concerning m3. In other words, it is not
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known whether neutrinos subscribe to a normal or inverted mass hierarchy. One of the most
promising prospects for answering this question is through θ13-driven oscillations, either with
accelerator or with reactor experiments. More on the latter will be said below.

Because of these reasons, an aggressive experimental program was set in motion with
the goal of determining this mixing angle. This comprised three reactor experiments: Daya
Bay [14], RENO [15], and Double Chooz [23]. Space does not permit to cover all three, so
the next section will focus exclusively on Daya Bay, which is the experiment that this author
belongs to.

The Daya Bay Experiment

The Daya Bay nuclear power complex is located in the outskirts of the city of Shenzhen,
China, approximately 55 km northeast of Hong Kong. It comprises a total of six nuclear
reactors that make it one of the most powerful nuclear power plants in the world. The goal
of the experiment is to sample the electron antineutrino flux in two kinds of locations, one
where the oscillation effects are very small (near), and another where the oscillation effects
modulated by sin2(2θ13) are maximal (far). The difference in measured flux between the two
allows for the extraction of the oscillation parameters, including θ13. A schematic describing
the layout of the experiment can be seen in Fig. 2. As seen there, the six reactors are spread out
by more than one kilometer. Because of this, Daya Bay possesses the unique feature of having
two near sites, allowing the experiment to obtain relative measurements of the contributions
from the different cores and thus reduce the systematic uncertainties in the flux determination.

As seen in the left panel of Fig. 2, a total of eight modular and functionally identical detectors
are spread amongst the three experimental sites, with two in each near site and four in the far
site.

Daya Bay 
reactors  

Ling Ao 
reactors  

Ling Ao II 
reactors 

Daya Bay Near 
Hall (EH1) 

Ling Ao near 
Hall (EH2) 

Water 
Hall  

Far Hall (EH3)  

LS 
Hall  

Entrance  

Construction  
tunnel  

 Tunnel  

FIGURE 2. (Left) Schematic representing the layout of the Daya Bay Experiment. A total of eight antineutrino
detectors (represented as cylinders) are deployed in the three experimental halls (EHs). The dots represent reactor
cores. (Right) Cross-section of all the detector systems in a near site.

The detectors consist of three nested cylindrical volumes separated by concentric acrylic
vessels, containing mineral oil, liquid-scintillator and Gadolinium-doped liquid-scintillator
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respectively. The interaction of IBD positrons with the scintillator produces light that is seen
by photomultiplier tubes. In addition, most neutrons are captured by gadolinium nuclei in
the central volume roughly 30 µs after the positron light is emitted, yielding a clear 8 MeV
light signature. As previously explained, requiring a coincidence of the positron light with the
delayed neutron capture light allows to greatly reduce the backgrounds.

As shown on the right panel of Fig. 2, the detectors are submerged in instrumented water-
pools that serve a double purpose: (i) to attenuate gamma rays from ambient radioactivity as
well as neutrons from cosmic-rays, and (ii) to tag cosmic-rays. Moreover, a retractable roof of
four layers of Resistive Plate Chambers (RPCs) covers the top of the pools, in order to provide
additional efficiency for cosmic-ray tagging. This way the majority of the backgrounds, most
of which are of cosmic-ray origin, are greatly reduced.

In 2012, Daya Bay became the first experiment to make a definite observation of a non-zero
θ13 [14]. Since then, the measurement of the oscillation parameters has been refined. This talk
presented the results published in [24], where the disappearance of electron antineutrinos was
studied not only in terms of its total rate deficit but also in terms of its energy dependence. This
not only allowed to determine θ13 with unprecedented precision, but also to make the world’s
first measurement of the effective mass-squared difference |∆m2

ee| with a reactor experiment.
∆m2

ee is a combination of ∆m2
31 = m2

3−m2
1 and ∆m2

32 = m2
3−m2

2, where mi denotes the mass of
the i-th mass neutrino eigenstate.

These results used more than 300,000 antineutrino interactions that were collected in six
detectors1 over a period of 217 days. The backgrounds in the IBD candidate samples amounted
to less than 5% (2%) in the far (near) sites. The oscillation parameters were extracted by
simultaneously fitting the data from the six detectors using the reactor model, with the absolute
flux normalization as a free parameter. The best fit oscillation parameters were sin2(2θ13) =

0.090+0.008
−0.009 and ∆m2

ee = (2.59+0.19
−0.20)× 10−3 eV2, with χ2/NDoF = 162.7/153. The left panel

of Fig. 3 shows the allowed regions in the sin2(2θ13) vs. ∆m2
ee parameter space. A rate-only

analysis, using as input the value of the mass splitting as determined from muon neutrino
disappearance by the MINOS experiment (hence the notation ∆m2

µµ ) [25], yielded a consistent
result. The right panel of Fig. 3 shows the far site data compared with the no-oscillation
expectation as well as with the best oscillation fit. The observed spectral distortion is consistent
with the oscillation hypothesis. At the time of this talk, this was the world’s most precise
measurement of θ13.2

1 The first 217 days of data were acquired with six detectors only. Since October 2012 the experiment has been operating with all
eight detectors.
2 An updated result has just been released by the Daya Bay collaboration, and the corresponding publication is in progress.
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FIGURE 3. (Left) Allowed regions in the sin2(2θ13) vs. |∆m2
ee| parameter space at the 68.3, 95.5 and 99.7%

confidence level, obtained from the comparison of the rates and prompt energy spectra measured over a period of
217 days. The best estimate of the oscillation parameters is given by the black dot. The black square represents
the rate-only result, and the dashed horizontal line represents the MINOS |∆m2

µµ | measurement. (Right) The upper
panel shows the far site data compared with the no-oscillation expectation and with the best oscillation fit, while
the bottom panel shows the corresponding ratios. The observed spectral distortion is consistent with the oscillation
hypothesis.

OUTLOOK

Current Experiments

Even though θ13 has been measured, the task of the current reactor antineutrino experiments
is not yet done. In particular, Daya Bay is expected to run for roughly another 3 years, during
which the precision on the oscillation parameters will reach below 3%. No experiment in
the foreseeable future is expected to be able to attain this level of precision on θ13. This
is important because a comparison of the results from reactor experiments with those from
accelerator experiments (such as LBNE [26]) will allow to make one of the most stringent
tests of the PMNS matrix’s unitarity. Moreover, with four detectors at the two near sites, Daya
Bay is able to acquire data at the impressive rate of roughly 700 events/near detector/day. This
enables the measurement of the absolute flux and energy spectrum of reactor antineutrinos
with unprecedented statistics. Finally, Daya Bay’s unique configuration of three experimental
sites from three groups of reactors allows for a light sterile neutrino mixing search that covers
a previously unexplored region of parameter space. These and other results can be expected in
the near future.

Next Generation Experiments

Next generation reactor antineutrino experiments are also expected to answer some of the
great unanswered questions of our day. A new class of experiments, studying the antineutrino
flux from nuclear reactors at baselines of roughly 50 km, will set out to determine the neutrino
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mass hierarchy. One of those experiments is the Jiangmen Underground Neutrino Observatory
(JUNO), in China. The detector will be an unprecedentedly large 20 kt tank of liquid scintillator
placed almost equidistantly from two major power plant complexes: Taishan and Yangjiang.
The conceptual design of the JUNO detector is shown on the left panel of Fig. 4. JUNO will
become the first experiment to simultaneously observe the oscillation effects from both the
solar and atmospheric mass splittings (∆m2

21 and ∆m2
32 respectively). By studying the fast

oscillation distortion caused by the latter one, it will be able to extract the mass hierarchy with
a ∼ 4σ sensitivity in a period of about 6 years. Attaining the required energy resolution at the
3%/

√
E(MeV) level however presents a number of technical challenges, which are currently

being addressed. JUNO will also be able to measure sin2(2θ21), ∆m2
21 and ∆m2

32 to better than
1%, as well as to study geoneutrinos and to search for proton decay, among other endeavors.
More information about JUNO can be found in [27]. A similar proposal called RENO-50 is
also being explored in Korea.

FIGURE 4. (Left) Conceptual design of the JUNO detector, which consists of a 20 kt liquid scintillator tank
surrounded by a muon-veto water shield. (Right) Experimental reactor antineutrino flux measurements (black dots)
compared to expectation. The red curve is the three-neutrino flavor expectation with sin2(2θ13) = 0.06, while
the blue line shows a possible solution that is obtained when adding a new neutrino mass state. Figure obtained
from [28].

Reactor neutrino experiments also play a crucial role in the formulation and eventual res-
olution of the so-called “reactor antineutrino anomaly” [28, 29]. A recent re-analysis of the
measured vs. expected reactor antineutrino rates for previous experiments has revealed a dis-
crepancy of approximately 6%. Improved predictions of the reactor antineutrino spectra orig-
inally put the significance of this effect around 2− 3σ [30], although it has been recently
argued that it could be much less [31]. The discrepancy could be caused by biases that were
unaccounted for when making the predictions — a process that necessitates converting the
measured β -spectra from the fission products into the corresponding antineutrino spectra —,
although it could also be a hint of new physics. In particular, as seen in the right panel of Fig. 4,
the anomaly could be explained by a fourth (sterile) neutrino separated from the standard three
by a mass squared difference in the order of 1 eV2 or higher. In order to test this exciting
possibility, experiments are being proposed that will study the disappearance of antineutrinos
at very short baselines from their creation point. One such example is the Ce-LAND project,
which proposes to place an extremely powerful (in the ten kilocurie scale) 144Ce-144Pr source
in the vicinity of the KamLAND detector [32, 33]. Similarly, the Precision Reactor Oscillation
and Spectrum Experiment at Very Short Baselines (PROSPECT) will study the disappearance
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of electron antineutrinos from a research reactor [34]. Both of these experiments will be able
to explore the region of parameter space currently allowed by the reactor antineutrino anomaly
and to conclusively test if the effect is due to oscillations into a fourth neutrino state. Need-
less to say, such a discovery would have groundbreaking consequences in particle physics and
cosmology.

SUMMARY AND CONCLUSIONS

From the first experimental observation of the neutrino, to the precision determination of the
last mixing angle θ13, reactor antineutrino experiments have played a major role in unveiling
the secrets of this elusive particle and its role in our universe. Many puzzles remain however
and ongoing experiments, such as Daya Bay, will continue to make strides in solving them.
Likewise, the next generation experiments are in the front line to tackle some of the greatest
unanswered questions of our day, such as the nature of the neutrino mass hierarchy, and the
existence of other generations of neutrinos. Just as the past is filled with a long and rich history
of groundbreaking contributions, as well as unexpected discoveries and surprises, the same can
be expected for the future.
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Abstract. We present model independent sum rules for Higgs particles. Sum rules that follow from perturba-
tive unitarity generally require including singly and doubly charged Higgsses, in addition to the neutral ones.
Perturbative unitarity also gives mass bounds on higgses. We examine the consequences of these sum rules
for Higgs phenomenology in both model independent and model specific ways.
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INTRODUCTION

Now that a higgs particle has been discovered, we may ask whether there is room in nature
for a second one. Many models contain additional fields that contain higgs-like particles. The
two higgs doublet model (2HDM) and any supersymmetric extension of the Standard Model
(SM) contain at least a second neutral CP even Higgs, a neutral CP odd higgs and a charged
higgs. In all these models, the more one higgs particle has the properties of the SM higgs,
the weaker the other higgses couple to gauge bosons, quarks and leptons. Is this “decoupling”
limit a peculiarity of these models with two higgs doublets, or the consequence of some more
general principle?

We can’t quite show that this decoupling occurs generally. But we do find that the couplings
satisfy sum rules that are saturated by a SM higgs. SO in fact, the more interesting of our
results is the observation that if the 125 GeV resonance has couplings that deviate from those
of teh SM-higgs, then there must exists additional higgs-particles in order to satisfy the sum
rules.

These sum rules follow from unitarity of longitudinal W and Z boson scattering. There are
computed perturbatively, but other than the assumption of perturbativity, tehy are completely
general (that is, model independent).

A Teaser. To make things interesting, we mention a note that CMS has made public [1]
that hints of a resonance at ∼ 136 GeV in the γγ channel, and produced both by gluon fusion
(ggF) and vector boson fusion (VBF). The remarkable thing is that the signal strength relative
to a SM higgs of that mass, is close to unity for both production channels. Let’s refer to this
as the h′. Following the procedure outlined in Ref [2, 3] we extract the production cross-
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section times branching ratio from the CMS exclusion limit. Dividing these cross sections
by the SM prediction for a Higgs boson with mh′ = 136.5 GeV yields signal strengths,
µ ≡ (σ ×Br)/(σSM ×BrSM), of µggF = 1.1± 0.4 and µV BF = 1.6± 0.7 respectively. Let’s
characterize the coupling of h′ to vector bosons and fermions by

Lh′ ⊃ gMW ah′W
µWµh′+ 1

2 gMW dh′Z
µZµh′−∑

i

m fi
vEW

c′fi f̄i fih′ (1)

where g is the SU(2)W gauge coupling constant and vEW = (
√

2GF)
−1/2 ≈ 246 GeV is the

electroweak VEV. Let’s assume custodial symmetry for this analysis, then dh′ = ah′/cos2 θW .

-2 -1 0 1 2
-2

-1

0

1

2

ah'

c'
t

FIGURE 1. Model independent analysis of the h′ couplings. The green and yellow regions are compatible with
the CMS hint of a 136 GeV Higgs resonance at 68% and 95% CL, respectively.

We perform a χ2 fit to the data, assuming that h′ can only decay to SM particles, and that∣∣∣c′f 6=t

∣∣∣≤ 3. We project the allowed parameter space onto the ah′−c′t plane. The result is shown

in Fig. 1. The green and yellow regions correspond to χ2≤ 2.30 and 6.18, hence are compatible
with the CMS measurements at the 68% and 95% confidence levels (CL), respectively.

We see that CMS measurements prefer sizable coupling of h′ to both the top and the vector-
bosons. The question we posed above can be stated more specifically: how much of the allowed
region in Fig. 1 is compatible with the established properties of the 126 GeV Higgs resonance?
We hasten to indicate that we address this question in generality, not just as it may pertain to a
putative state at 136 GeV (but we do use the 136 GeV CMS data as an instructive example).

What precisely do we mean by “Higgs-like” particles? What makes a Higgs-like particle,
or Higgs for short, special is its tri-linear coupling to electroweak vector bosons, say hW+W−

or hZZ. Indeed, in a gauge theory all fields, ψ , except the Higgs,1 have couplings to gauge
bosons, A, with the field appearing quadratically, ψ2A or ψ2A2. Hence a unique characteristic
of Higgs particles is that they can be produced in s-channel vector boson fusion, and can decay

1 And other electroweak vector bosons, of course.

WORKSHOP ON PARTICLE PHYSICS AND ASTROPHYSICS, GUANAJUATO, MÉXICO

54



W+
L W+

L W+
L W+

LW+
L W+

L

W+
L W+

L W+
L W+

L W+
L

W+
L

W−
L

W−
LW−

L

W−
L W−

LW−
L W−

L W−
LW−

L

W−
LW−

LW−
L

W 3

W 3

hi

hi φ2

(a) (b) (c)

(d) (e) (f)

FIGURE 2. W+W− scattering in the presence of a generic Higgs sector. Diagrams a-c refer to the scattering
in the Higgsless standard model, with W 3 collectively denoting the exchange of the Z boson and the photon. The
growth with the center of mass energy of these contributions can be cancelled by neutral (d, e) or doubly charged
(f) Higgses.

into pairs of vector bosons. This generalized definition of Higgs particle includes, of course,
singly and doubly charged particles in addition to the more familiar neutral (CP-even) Higgs.
In fact, considerations of perturbative unitarity will require that we include singly and doubly
charged Higgs in our analysis.

PERTURBATIVE UNITARITY

Perturbative unitarity of the SM has been famously used to place a bound of about 700 GeV on
the Higgs mass. Lee, Quigg and Thacker (LQT) [4] pointed out that in the absence of the Higgs
particle the J = 0,1 partial wave amplitudes grow with the square of the center of mass energy
s, but the exchange of the Higgs particle in the s- and t-channels cancels the linear growth
with s of these amplitudes. They also observed that the tree level partial wave amplitudes for
longitudinally polarized W+W− scattering grow with the Higgs mass, so that at large enough
mass the amplitudes exceed the unitarity bound. We extend their results to the multi-higgs
case.

Sum rule for W+
L W−L → W+

L W−L . We compute the amplitude for longitudinal W+W−

scattering including contributions from a neutral Higgs with arbitrary coupling gMW a to
W+W− and of a doubly charged complex scalar with arbitrary coupling gMW b to W+W+
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(plus hermitian conjugate). Only the J = 0 and 1 partial wave amplitudes exhibit linear growth
with s, and the coefficient of the term exhibiting linear growth is common to both amplitudes
and proportional to

κ1 = 4−3(M3/MW )2−a2 +4b2. (2)

Here, the first two terms come from the pure gauge sector, Fig. 2a-c. The second term arises
when the exchanged neutral gauge boson is massive, Fig. 2b and 2c. The third term is the
contribution of the neutral Higgs exchange in both s- and t-channels, Fig. 2d and 2e. The last
term comes from the u-channel exchange of a doubly charged scalar, Fig. 2f. In Eq. (2) the
terms a2 and b2 should be replaced by a sum over squares of couplings, ∑a2

i and ∑r b2
r , when

more than one neutral or doubly charged states are present. The correct version of the sum rule
in Eq. (??) reads [5]

∑
i

a2
i −4∑

r
b2

r = 4−3(M3/MW )2 . (3)

Following LQT we can also obtain an upper limit on a combination of the masses M0
i and

M++
r of the neutral and doubly charged Higgses. We use a constraining condition that follows

from unitarity,
∣∣Re
[
a0(W+

L W−L →W+
L W−L )

]∣∣ ≤ 1/2. The LQT procedure gives, for the more
general case considered here,

∑
i
(aiM0

i )
2 +2∑

r
(brM++

r )2 ≤ 2π
√

2
GF

≈ 0.5 TeV2 . (4)

To obtain this bound the limit of small MW,Z is taken first at constant Higgs masses, and only
then the large s limit is taken. The contribution of the a1 ≈ 1, M0

1 ≈ 126 GeV Higgs to the
bound is negligible (which is consistent with the approximation of neglecting the similarly
small masses MW and MZ). While the sum rule (3) was first presented in [5], the bound (4)
presented in [6] is new.

Sum rule from ZLZL →W+
L W−L . Again we start by considering generic Higgs couplings.

We denote the coupling of the neutral Higgs to W+W− and ZZ by gMW a and gMW d/2
respectively, and the coupling of a singly charged Higgs to ZW+ and its hermitian conjugate
by gMW f (we assume f is real). We have kept the couplings of the neutral Higgs to WW and
ZZ independent, although one may expect d = a/cos2 θW by custodial symmetry. Unlike in
the W+

L W−L →W+
L W−L scattering case, only the J = 0 partial wave amplitudes exhibit the linear

growth in s proportional to

κ2 = cos2 θW M4
Z/M4

W + f 2−ad . (5)

The first term arises from the four-point gauge interactions, as well as from the t- and u-
channel W± exchange, while the second and third terms are contributed by the singly charged
and neutral Higgs bosons in the (t-, u-) and s-channels, respectively. The above sum rule
must be treated with care. The reason for this is that one combination of the singly charged
Higgs bosons is eaten by the W±. It is then necessary to eliminate the fake contribution of the
goldstone combination to the ZZ→WW scattering. In a generic case of arbitrary number of
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FIGURE 3. W+W− → tt̄ scattering in the presence of a generic Higgs sector. W 3 in diagram b denotes the
exchange of the Z boson and the photon. Similarly, the h in diagram c stands for a generic neutral Higgs boson.

neutral and singly charged scalars, we obtain

cos2 θW M4
Z/M4

W +∑
r

f 2
r −∑

i
aidi = 0, (6)

where only the physical states are understood to contribute to the sum rule. If one insists on
custodial symmetry, di = ai/cos2 θW , then this is ∑i a2

i − cos2 θW ∑r f 2
r = (cosθW MZ/MW )4.

One may combine this result with the sum rule in Eq. (3), and use δρ � 1 to obtain a
connection between singly and doubly charged Higgs resonances, cos2 θW ∑r f 2

r = 4∑r b2
r . An

immediate consequence is that in multi-higgs doublet models the couplings of charged higgs
particles to WZ vanish.

The subleading, s-independent piece leads to LQT-like mass bounds from the requirement
that the J = 0 partial wave respect unitarity, |Re(a0)|< 1/2:

∑
i

aidi(M0
i )

2 +2∑
r

f 2
r (M

+
r )2 <

4π
√

2
cos2 θW GF

≈ 1.3 TeV2. (7)

The sum rule for W+
L W−L → tt̄. A sum rule for W+

L W−L → tt̄ is useful in constraining
the couplings of the neutral scalars to the top-quark, which contribute to the amplitudes for
production of these states in gg-fusion and for the decay into γγ and γZ. The Feynman
diagrams contributing to W+

L W−L → tt̄ are shown in Fig. 3. The growth with one power of
s cancels among diagrams 3(a) and 3(b), resulting in a leading contribution that grows as

√
s.

We denote the coupling of the ith neutral, physical CP-even scalar to t̄t by λi/
√

2, so that
λ = gmt/

√
2MW in the SM as usual. Insisting that the growth with

√
s is cancelled by the

Higgs exchange diagram 3(c), we derive the sum rule

gmt√
2MW

−∑
i

aiλi = 0, (8)

We emphasize that ai and λi are the couplings of the physical, mass eigenstate Higgs to W+W−

and t̄t, respectively. The above equation has a simple interpretation. The sum of the couplings
of the various scalars to the top quark has to be such that when the ith scalar is replaced by its
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expectation value, vi, it gives the top quark mass term: mt = ∑ λ̃ivi/
√

2. The sum rule is more
conveniently written as per Eq. (1) in terms of the deviation of each Yukawa coupling from the
SM value, λi = (gmt/

√
2MW )cti, thus

∑
i

aicti = 1. (9)

Again, only the neutral Higgs from an SU(2)-doublet may couple to t̄t. For example, if
only the first Higgs is from a doublet, then λi = (RT )i1λ̃1, where R is an orthogonal matrix,
transforming weak eigenstates into the physical ones, and ∑λ 2

i = λ̃ 2
1 , or ∑c2

ti = 1/a2
1 ≥ 1.

The sum rule (8) has immediate phenomenological implications. It is saturated by any Higgs
that has SM-like couplings to both W+W− and t̄t. It follows that either one or the other of these
couplings for additional Higgses must vanish or there must be at least two additional Higgses
with canceling contributions. That is, if a second Higgs-like resonance is discovered with near
SM-like couplings, then a third one must also exist. Moreover, both of these resonances would
have SM-like cross section for gg→ h→WW , and one of them would have enhanced decay
rate into γγ (since the t-loop and the W -loop contributions would interfere constructively).

Other sum rules. Similar sum rules apply to the rest of quarks and all charged leptons. If
the 126 GeV Higgs is observed not to decay (or have suppressed decays) to any one quark or
charged lepton it follows immediately from the sum rule that there must be at least another
CP-even neutral Higgs. The complete collection of sum rules, but not mass bounds, can be
found in [5].

DISCUSSION

A second neutral Higgs. For definiteness, let’s assume that there is only one additional
neutral CP-even Higgs, and possibly some charged Higgs bosons. The sum rule involving the
couplings to top quarks and vector-bosons, Eq. (9), is then:

ah′c
′
t = 1−ah ct . (10)

By fitting ah and ct to the existing 126 GeV Higgs data, we determine the allowed values
for the quantity ahct at 68% and 95% CL. Using the sum rule (10), the allowed region can
be mapped onto the ah′ – c′t plane. The result is shown in Fig. 4, where regions in the ah′ –
c′t plane compatible with the 126 GeV Higgs data at the 68% and 95% CL are depicted in
orange and brown, respectively. This is superimposed on Fig. 1 of the parameter estimation in
light of the CMS 136 GeV higgs-like resonance data. One can see that only a small portion of
ah′ – c′t parameter space, allowed by current CMS measurements on the 136 GeV resonance
is actually consistent with the 126 GeV Higgs data. It is important to note that the bound
from Eq. (10) is independent of the masses of the Higgs bosons. Thus, even if the excess at
136 GeV is not confirmed, the orange and brown regions in Fig. 4 will still be the favored
regions for the couplings of a second Higgs boson in any model with exactly two neutral
Higgses. Clearly, increased precision in the determination of the 126 GeV Higgs couplings
will result in a smaller allowed region.
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FIGURE 4. Region in the ah′ -c′t parameter space consistent with the unitarity constraint of Eq. (8) assuming ah

and ct are determined from the 126 GeV Higgs data. The orange and brown regions are compatible with 126 GeV
Higgs data at the 68% and 95% CL, respectively. For reference, the figure has been superimposed on the fit in Fig. 1
to the CMS data suggesting a Higgs resonance at 136 GeV.
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FIGURE 5. Viable parameter space for a doubly charged Higgs based on a search for NP in events with same-
sign dileptons and jets. The blue curve is the upper limit with its uncertainty given by the pink band. The green line
is the perturbative unitarity bound. The parameter space shown in gray is ruled out.

Doubly Charged Higgses. The primary decay modes for a doubly charged Higgs are to a
pair of same-sign W bosons and to a pair of singly charged same sign Higgs bosons. Since the
latter is model dependent, we assume Br(h++→W+W+) = 100% in this analysis. Searches
for new physics with same-sign dileptons are sensitive to h++→W+W+, and can be used to
constrain the parameter space of the doubly charged Higgs [7, 8, 9, 10, 11, 12]. As above, the
model independent interaction is defined by Lint = gMW bW−µ W µ−h+++h.c..

Single h±± production at the LHC occurs through W boson fusion and in association with
a W boson, both of which can lead of a signature of same-sign dileptons and jets. Results
of a search for this signature using the full LHC Run 1 dataset are given in Ref. [13]; see
also [14, 15] and for dedicated h±± searches [16, 17, 18, 19, 20, 21, 22, 23]. Details on the
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FIGURE 6. Allowed region of ah′ -c′t for the doublet-septet model from a fit to the 126 GeV Higgs data. The
best fit value is indicated by a blue star, and the orange and brown regions give the 68% and 95% CL regions,
respectively. The underlying green/yellow regions are from the model independent fit to the 136 GeV data in Fig. 1.

analysis can be found in [6]. The results are shown in Fig. 5. The blue curve is the upper limit
of 6.1 events with the pink band corresponding to the 30% uncertainty in the analysis method.
The parameter space above and to the left of the blue curve is ruled out by the CMS search.
The green line is the perturbative unitarity bound, Eq. (4), neglecting the 126 GeV Higgs. The
parameter space above and to the right of the green curve is ruled out by perturbative unitarity.

Specific Models. Consider next various explicit realizations of electroweak symmetry
breaking. For specific, perturbative models the sum rules derived by requiring that longitu-
dinally polarized gauge boson scattering grows no faster than logarithmically with center of
mass energy are automatically satisfied. But sum rules limiting the masses of various Higgs
bosons are genuinely new inputs. Take for example an extension of the SM that contains a
septet scalar field (weak-isospin 3). If the field has hypercharge |Y |= 2 and its VEV preserves
electric charge, then it gives no contribution to δρ at tree level [24].

One can infer the bounds on the extra neutral resonance from the available data on the
126 GeV Higgs in much the same way as for the case of the model-independent fit above,
using the condition of perturbative unitarity in the WW → tt̄ channel. But now, there are
(model dependent) correlations between the fit parameters ah′ and c′t so the allowed region is
more constrained. The 68% and 95% CL regions in the ah′−c′t plane allowed by the 126 GeV
data are shown in orange and brown in Fig. 6. The best fit value is marked by a star; the
corresponding (minimum) has χ2

DS = 4.96 for 16 degrees of freedom. The figure shows limited
overlap between the model independent fit to the 136 GeV data (in green/yellow) and the model
specific fit to the 126 GeV data (in orange/brown).

Finally, consider mass bounds from perturbative unitarity in this model. For given values of
ah′ and c′f , the signal strength for h′→WW +ZZ as a function of mh′ can be compared against
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FIGURE 7. Parameter space in the doublet-septet model that is ruled out at the 95% CL due to searches for
heavy Higgses (blue), 126 GeV Higgs data (red) and perturbative unitarity (orange) for various values of mh′ . For
the mh′ = 136 GeV case, the figure is superimposed on a fit that shows the 68% and 95% CL model-independent
regions compatible with the excess seen by CMS, displaying little overlap with the allowed (white) region from this
analysis.

FIGURE 8. Projection of the viable parameter space assuming all the errors are reduced by a factor of 2 (left
plot) and 5 (right plot).

data; see [6] for details. The parameter space that is ruled out by searches for additional Higgs
bosons is given by the blue regions in Fig. 7 for 3 different values of mh′ . In addition, shown
in red is the complement of the 95% CL region of parameter space from the fit to the 126 GeV
Higgs data (the complement to the orange and brown region in Fig. 6). Finally, the orange
region is ruled out by perturbative unitarity.

CONCLUSIONS

Charged scalars play a crucial role in unitarizing the vector-vector scattering amplitudes in a
model with a weakly coupled Higgs sector. In the case of W+

L W−L →W+
L W−L scattering, the full

amplitude does not grow with s due to a cancellation between s- and t- channel contributions
from neutral Higgses and u- channel contributions from doubly-charged Higgses. Similarly, the
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combined contribution of neutral and singly-charged Higgs bosons ensure that the amplitude
for ZLZL →W+

L W−L does not grow with s. Precision measurement of the couplings of the
126 GeV Higgs could lead to striking consequences. For example, separating the contribution
of the 126 GeV Higgs to the sum rule (3),

∑
i

a2
i −4∑

r
b2

r = 1−a2
0, (11)

where it is understood the sum on the left hand side does not include the 126 GeV Higgs (now
a0 on the right). We see that if |a0| > 1 a doubly charge Higgs must exist, while if |a0| < 1
there must be at least one additional neutral CP even Higgs. The caveat is that if the deviation
from 1 is small, the above formula is not sufficiently accurate, since the sum was computed at
tree level. Similar statements follow for the other sum rules.

The cancellation required by the sum rule holds automatically in any specific unitary,
renormalizable model of electroweak symmetry breaking. However, the mass bounds from
requiring perturbative unitarity are not automatic even in specific models. Our work therefore
can be useful in finding, for any specific model, the possible range of masses that experiments
must explore.

As for CMS’s 136 GeV hint of a Higgs, we have used perturbative unitarity in W+W−→ tt̄
to demonstrate that the required values of its couplings are in some tension with 126 GeV data;
see Fig. 4. As Fig.8 shows, if future errors in both 126 GeV and 136 GeV data were reduced
while the central values remained the same, the tension would become unbearable.
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Neutrino and Dark Matter experiments:
the Mexican case

Alexis A. Aguilar-Arévalo

Instituto de Ciencias Nucleares, Universiad Nacional Autónoma de México, 04510, D.F., México

Abstract. I give a brief account on the activities of the Mexican groups currently involved in neutrino
experiments, as well as in direct dark matter searches. As far as these types of experiments are concerned,
the participation of Mexican institutions is limited to projects with strong ties to the Fermilab laboratory in
the US. Mexican participation in these experiments is expected to increase and diversify in the coming years.

Keywords: <Neutrino experiments, direct dark matter searches>
PACS: <14.60.Pq,13.15.+g,95.35.+d>

INTRODUCTION

Experimental neutrino physics and direct dark matter searches are nowadays two of the most
active areas in experimental high energy physics research worldwide. It should be noted that
the physics associated with neutrino mass, and that underlying the misterious dark matter, have
been recently identified as two of the scientific drivers to be pursued over the next 10 to 20
years by the experimental particle physics community in the United States, according to the
most recent eddition of the P5 report [1]. Also in other parts of the world, significant efforts
exist aiming at determining the yet to be understood properties of neutrinos, as well as the
nature of dark matter.

Current participation of scientists affiliated with Mexican institutions in these types of
experiments at the present time is rather reduced, but has seen a marked increase over the
past 7 years. This growth is expected to accelerate, as new researchers with expertise in these
areas have begun to join Mexican institutions, contributing to train the next generation of
Mexican neutrino and dark matter experimentalists. This will in turn lend support to past efforts
that our community has made in order to boost the development of neutrino and dark matter
experimental science in Mexico.

In what follows, a very brief description of the experiments and a summary of the responsi-
bilities, goals and achievements of the Mexican collaborators is given.

NEUTRINO EXPERIMENTS

The advancement in our understanding of the properties of neutrinos achieved over the past
20 years has been possible mainly owing to the results of neutrino oscillations experiments,
as well as those of experiments providing supporting information such as cross sections for
neutrino interactinos and for meson production in proton fixed target experiments.
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At the time of this workshop, two Mexican institutions were officially participating members
of international collaborations of neutrino experiments1:

a ) the group at Universidad de Guanajuato, (U.Gto.) campus León and campus Guanaju-
ato, collaborating with the MINERνA experiment,

b ) the group at Instituto de Ciencias Nucleares of UNAM (ICN-UNAM), participating
with the MiniBooNE experiment. This group is also involved in R&D for monitoring
nuclear reactors with antineutrino detectors, collaborating with scientists at Universidad
Autónoma de Sinaloa (UAS) and Universidad Michoacana de San Nicolás de Hidalgo
(UMSNH).

It was brought to the author’s attention that one Mexican scientist, formerly with U.Gto.
and currently working at Instituto Tecnológico de Morelia, has continued his individual par-
ticipation in the Angra Neutrino Project (see below), but no information about his current
institution’s participation in the experiment could be gathered.

MINERνA (FNAL e938)

The MINERνA experiment (Main INjector ExpeRiment for ν-A) [2] uses the NuMI neu-
trino beam at Fermilab to study neutrino and antineutrino interactions with a variety of nuclear
targets (H2O, Pb, C, Fe, He, etc.). It will lend support to neutrino oscillations experiments by
providing precise cross section measurements for neutrino interactions at energies from ∼1-
20 GeV. One of its main goals is to study the effect of the strong interaction dynamics on
neutrino-nucleon interactions.

The experiment took data from 2010 to 2013 at 3 GeV momentum. Data taking at 6
GeV momentum began in 2013, and is expected to continue until 2016. The experiment has
published several neutrino cross sections results as well as technical publications. For more
details on the physics goals and results of the experiment the reader is referred to the talk by J.
Morfin in this workshop.

The group from U.Gto. officially joined the MINERνA collaboration in May of 2007. In
2006 the group created the Elementary Particles Laboratory with support from U.Gto., Fermi-
lab, CONCYTEG, CONACYT, and the MINERνA collaboration. This laboratory is dedicated
to basic research, teaching, and outreach for elementary particle physics and related sciences,
and has functioned as the headquarters of the Mexican collaborators in MINERνA. Three
university professors and one technician from U.Gto. currently collaborate in the experiment.

According to the MINERνA collaboration webpage, U.Gto. has 4 acting members of the
MINERVA council, and 6 effective shifters who participate in monitoring the operatios of the
experiment.

U.Gto. professors and students have made, and continue to make, regular visits to Fermilab
to collaborate with both, hardware and analysis projects over the past years. U.Gto. students

1 A group from UNAM joined the CONNIE collabroation (see thext for details) In July of 2014.
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played a major role in early test beam experiments of MINERνA detector components, The
U.Gto. group has also made major contributions to the CC Coherent Pion Production analysis
through the work of one of its PhD students, who has been stationed at Fermilab and has been
a leader of this analysis.

At the time of this workshop, the group had trained 13 undergraduate, 6 Masters and
1 PhD physics students working on projects related to the experiment. Over 25 students
of engineering, computer science, and physics, have fulfilled either their social service or
professional practices degree requirements working with the group. Currently the group has 1
postdoc, 4 PhD students, 8 undergraduates and 2 Social Service students working on various
tasks related to the project.

MiniBooNE (FNAL e898/e944)

The Mini Booster Neutrino Experiment (MiniBooNE) at Fermilab was designed to probe
the evidence in favor of neutrino oscillations found by the LSND experiment at Los Alamos in
the 1990’s. Running for the last decade in both neutrino and antineutrino mode, MiniBooNE
has successfully accomplished its primary objectives and produced detailed oscillation mea-
surements.

For its neutrino oscillations phase, the experiment took data between 2002 and 2012, finding
supporting evidence for the LSND claim in its electron antineutrino appearance search, but not
in the corresponding search with neutrinos [3].

The experiment is also well suited to study certain dark matter particle candidates, and has
started a new phase of data taking for this purpose. At the time of this workshop a proposal to
add scintillator to the MiniBooNE detector oil was submitted to the FNAL PAC, but has since
been turned down.

The participation of ICN-UNAM as a member institution of the MiniBooNE collaboration
began in 2009, with the author’s continued involvement in the experiment after he joined the
Institute. As the oscillations phase of the experiment came to an end in 2012, the participation
of ICN-UNAM has continued in the light dark-matter search, which is described later.

The responsibilities of ICN-UNAM include:

• Data reprocessing (since 2009). This is the process of running the data recorded on tape
by the detector and supporting systems thorugh the standard reconstruction algorithms
and basic analysis tools to form streams of processed data that are needed by the various
physics analyses. All the physics results published by the experiment after 2009 feature
ICN-UNAM as a participating institution.

• Stability analysis of neutrino candidate rate. With every data reprocessing, a study of the
number of neutrino candidate interactions per proton delivered to the MiniBooNE target
(ν /POT) is performed. This analysis produces a plot that is usually shown by collaborators
in their presentations to demonstrate the stability of the experiment.

• Remote monitoring shifts. All collaborators must individually contribute with a minimum
quota of monitoring shifts. Remote connecton protocoles are in place to allow off-site
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collaborators to fulfil this requirement.

Through the participation of ICN-UNAM in the experiment, one undergraduate student at
Fatultad de Ciencias UNAM spent two months at Fermilab in 2012 working on the installation
of a new fiber optics timing system for the experiment, needed fot the DM seach phase
(see below). The student wrote his B.S. thesis on the νe appearance oscillation analysis
graduating in December of 2013. Currently one more student is writing her thesis on tests of the
data release of the joint MiiBooNE-SciBooNE νµ disappearance analysis published in 2012.
Students also take remote monitoring shifts, with the same quota as all otther collaborators.

At this point, the neutrino oscillations phase of the experiment is concluded. Future involve-
ment on this phase is expected at the level of producing legacy documentation and possible
future updated analyses.

Participation in the dark datter search phase is described later.

Antineutrinos from nuclear reactors

Nuclear reactors are copious sources of electron antineutrinos. A typical fission reactor
produces about 1020 antineutrinos every second, per Giga-Watt of generated thermal power.
Antineutrinos are produced in the beta decay chains of the fission fragments of fissile elements
in the reactor core, predominantly 235U, 238U, 239Pu, and 241Pu. At any given time, the
antineutrino flux is determined by the reactor thermal power, the fuel composition, and the
fission rates of the fissile elements. Measuring the antinuetrino flux from a reactor can provide
close to real-time information about the state of the reactor core in a non-invasive way, and may
prove to be a valuable disgnostic tool for future nuclear facilities. Several countries around the
world have recognized the potential of antineutrino detectors as complementary monitoring
and safeguards tools for nuclear reactors.

One of such efforts is the Angra Neutrino Project [4], which will use the Brazilian nuclear
power plant Angra II in Rio de Janeiro, with 4 GW thermal power as a source for neutrinos,
and a Gd-doped water Cherenkov detector to measure the neutrino flux at a distance of 30 m
from the reactor core.

Mexico’s only nuclear power plant is the Central Nucleoeléctrica de Laguna Verde (CNLV)
located in the state of Veracruz. It features two BWR-5 reactors with a nominal thermal power
of 2.027 GW each.

Nuclear reactors have also been considered as the neutrino source to study the coherent
elastic neutrino-nucleon scattering (CENNS). This process, although predicted by the standard
model (SM), has never been observed experimentally due to the low recoil energy of the
scattered nucleus. In this regard, searches for CENNS face similar challenges as direct dark
matter searches. Numerous proposals to study the CENNS have been put forward, many of
which consist of the implementation of dark matter detection technologies for this purpose.

Researchers from ICN-UNAM, UAS, UMSNH interested in the development of an antineu-
trino detector for reactor monitoring purposes, have been working on several fronts to achieve
this goal.
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The ICN-UNAM group works on a prototype detector conformed of 1 ton of plastic scin-
tillator bars wrapped with Gd paper and instrumented with 3" PMT’s. This effort is partially
funded by a CONACYT Basic Science grant. The UAS group is working on the synthesis
of large volume Gd-doped plastic scintillators. The group from UMSNH has developed fast
electronics for the DAQ systems to be used for the experiment.

The UNAM group involved in the DAMIC dark matter experiment (see below) is also a
part of an effort to use CCD-based detectors to measure the CENNS. The Coherent Neutrino
Nucleus Interaction Experiment (CONNIE) will use the nuclear reactors at the Angra power
plant as the antineutrino source for this experiment.

It has been pointed out to the author that a researcher at Instituto Tecnológico de Morelia is
involved in the Angra Neutrino Project, however, details of the institution’s involvement could
not be found.

DIRECT DARK MATTER SEARCHES

Astrophysical and cosmological observations provide strong evidence in favor of the view that
one of the major constituents of the Universe is in the form of non-baryonic cold dark matter
[6]. The hypothesis of dark matter in the form of a new stable elementary particle provides a
compelling and economical account of all the observations.

A number of experiments over the years have performed direct searches for the elastic
scattering of weakly-interacting massive particles (WIMP) on a variety of nuclear targets,
some of which have found evidence for the process on light nuclei [7]. These experimental
hints have increased the interest in theoretical models for WIMPs with masses in the range
of 1-15 GeV/c2 as viable dark matter candidates. But also, scenarios with sub-GeV dark
matter candidates coupling to ordinary matter via light mediator particles, in so-called portal
interaction models, have been the subjec of intense theoretical and experimental investigation
in recent years.

At the time of this workshop, two groups from Mexican institutions were identified as
members of international collaborations carrying out direct dark matter searches:

a ) the group from UNAM (ICN and Instituto de Ingeniería) participating in the DAMIC
collaboration.

b ) the group from ICN-UNAM participating in the light dark matter search of the Mini-
BooNE experiment.

Experiments performing measurements that yield indirect constraints on dark matter, such
as the Alpha Magnetic Sepectrometer (AMS), or the dark matter searches at the LCH, which
have participants from Mexican institutions, have not been considered for this report.

Sub-GeV dark matter search with MiniBooNE

In a proposal submitted in 2012 to the FNAL PAC [5] the MiniBooNE collaboration called
attention to a new opportunity to carry out a sensitive search for light sub-GeV dark matter
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particles. Such light dark matter particles would be very difficult to probe using traditional
methods of dark matter detection, however, they can be copiously produced with relativistic
energies, and then detected, with neutrino beam experiments. MiniBooNE could detect dark
matter particles via the elastic scattering with nucleons or electrons in its mineral oil target.
The well characterized detector is ideally poised to test a variety of portal interaction models.
This new experimental approach to the search for dark matter is highly complementary to other
approaches, such as underground direct detection experiments.

After addressing a number of concerns raised by the FNAL PAC, on the Fall of 2013 the
experiment began taking data in beam-dump mode, a modified setup of the neutrino beam
that suppresses neutrino production and enhances the sensitivity of the dark matter search.
The experiment will continue to rununtil the start of the MicroBooNE experiment, which is
scheduled for the Fall of 2014. No further extension for MiniBooNE operations is aprooved as
of the time of this writing.

The basic responsibilities of the Mexican group for this phase of the experiment remain the
same as outlined in the section MiniBooNE (FNAL e898/e944), but with the added possibility
to engage new undergraduate and masters students in the dark matter physics analyses.

DAMIC

The DAMIC (DArk Matter In CCD’s) experiment will search for the coherent elastic scatter-
ing of WIMPS off nuclei, using the silicon of scientific-grade charge-coupled devices (CCD)
as target material. The low readout noise of these detectors, as well as the relatively low mass
of the Si nucleus, make CCDs ideal for the identification of nuclear recoils of keV energies
from WIMPs with masses below ∼10 GeV/c2.

An early DAMIC run at the MINOS near detector site in Fermilab in 2011 demonstrated the
high energy resolution, low energy threshold, and power for background characterizaction of
CCDs, and also achieved the world’s best cross-section limits on WIMPs with masses below 4
GeV/c2 at the time [8].

In November 2012 the collaboration installed a detector in the J-Drift hall of the SNO-
LAB laboratory in Canada, 2 km underground, and has conducted a seies of calibration and
engineering runs to understand the backgrounds affecting the experiment. The installation of
DAMIC100, an upgrade consisting of 18 5.5 g CCDs, is currently underway, with data taking
expected to begin during the Fall of 2014. This new detector will directly test the parameter
space corresponding to recent results by CDMS-Si, which may be hinting at the presence of a
low mass WIMP signal.

The UNAM group joined the DAMIC collaboration in 2012, and includes researchers
from Instituto de Ciencias Nucleares and Instituto de Ingeniería, as well as students from
the Graduate school on Physical Sciences (PCF-UNAM), and the Sciences and Engineering
schools of UNAM. The first DAMIC collaboration meeting was organized at UNAM on May
of 2013. The responsibilities of the group include:

• Contribute to the cost of the DAMIC100 upgrade.
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• Development of a thermal analysis of the DAMIC100 setup, aimed at determining the
actual operation temperature of the CCDs. This will be complemented by experimental
measurements of the thermal conductivity accross contacts of the various materials used
in the experiment (eg. Cu-Cu, Cu-Si).

• Implement a CCD readout system using comercial electronics (Leach by ARC Inc.)
for future DAMIC-style detectors. The UNAM group is in the process of acquiring the
required instrumentation for this purpose.

• Design and simulation of a detector with 400 g of active mass of Si (DAMIC400). This
detector could be also used to study the CENNS with reactor antineutrinos.

• Dark matter detection sensitivity studies for DAMIC400 at various depths, corresponding
to possible locations.

• Participation in the data taking at SNOLAB during 2014 and 2015.

Longer term plans of DAMIC include the deployment of similar detectors at different latitdes
in order to definitively test the annual modulation of a possible WIMP signal. One of these
detectors is planned to be installed in a mine in Mexico.

Four undergraduate students at UNAM have spent stays at Fermilab receiving training on
the use of CCDs and the supporting equipment. One undergraduate student from the engineer-
ing school at UNAM recently graduated working on a system for control and monitoring of
the vacuum and cooling systems used in DAMIC. Two more engineering students currently
at Fermilab, are writing their thesis on the implementation of an automated system for char-
acterizing and testing the CCDs to be used for DAMIC100 and CONNIE. Two more physics
students are writing their undergraduate theses working on sensitivity studies of DAMIC400
and calibration studies with the SNOLAB data, respectively.

In close relation with its activities in DAMIC, the UNAM group also participates in the
efforts towards the ANDES underground Laboratory, which is planned to be built in the
southern hemisphere, under the Andes mountain range in a location along the border between
Chile and Argentina, where one of the DAMIC type detectors would be eventually installed.

In the course of this workshop it was brought to the author’s attention that scientists from
U.Gto. who have been involved in DAMIC work, will be seeking official membership of the
institution soon.

CONCLUSIONS

The Mexican participation in neutrino experiments and direct dark matter searches is small, but
has been increasing steadily since 2007 when U. Gto. formally joined the MINERνA collab-
oration and became the first Mexican institution collaborating with a neutrino experiment. In
2009, ICN-UNAM became a member institution in the MiniBooNE collaboration, through the
continued participation of the author in the final phases of the experiment. Both participations
continue to this day.

Mexican groups have gained interest on the monitoring of nuclear reactors with antineutrino
detectors. An effort at ICN-UNAM with support from UAS and UMSNH towards installing an
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antineutrino detector at the CNLV is currently underway. As of recently, Mexican DAMIC
collaborators also participate in the CONNIE reactor experiment to measure the coherent
elastic scattering of neutrinos off nuclei using the antineutrinos from the Angra II reactor in
Brazil, but are also seeking the possibility to use the CNLV reactors in Mexico.

Mexican participation in direct dark matter search experiments at the moment is limited
to the MiniBooNE light dark matter search (ICN-UNAM) at Fermilab, and the DAMIC
experiment (UNAM and U.Gto.) at SNOLAB. The mexican group has expressed its intention
to install a DAMIC-type detector in a mine in Mexico, and is working towards acquiring the
technical expertise to achieve this goal.

At the time of this writing, a recent hire of an experimentalist working for the SNO+ neutrino
experiment, and the COUPP direct dark matter search, both located in SNOLAB, has been
made at the Instituto de Física of UNAM. Plans to join efforts with the Mexican DAMIC
collaborators are already in place.

From the above, it is clear that the involvement of Mexican institutions with these experi-
ments has come about mainly through the relation of Mexican scientists with Fermilab. This
is understandable given the geographical proximity to the laboratory, but also due to main-
tained links of the High Energy Physics comunity in Mexico with this laboratory, for example,
through the summer student program of the Division of Particles and Fields of the Mexican
Physical Society. A similar relation with European labs has furthered the Mexican participation
in the LHC experiments at CERN.

The establishment of exchange or visitor programs for students and scientists with other un-
derground laboratories around the world (SNOLAB, Canfanc, Modane, Gran Sasso, Kamioka,
etc.) could led to future involvement in a wider variety of neutrino and dark matter experiments,
and would help gather the required expertise to eventualy host such a facility in Mexico.
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Abstract. Discovery of neutrinoless double-beta decay would imply that the neutrino is its own anti-particle,
guarantee new physics beyond the Standard Model and proof the effective neutrino mass scale. I will describe
current efforts and latest results in the field with particular focus on those utilizing bolometric techniques such
as the latest results from Cuore-0, a 52 bolometer array currently running at LNGS and provide the status of
CUORE, a 988 bolometer array currently under commissioning. Furthermore, I will briefly describe current
R&D efforts from experiments aiming at covering the Inverted Hierarchy region.
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NEUTRINO-LESS DOUBLE-BETA DECAY

With two leptons in the final state after the decay takes place, and none in the initial state,
neutrino-less double beta (0νββ ) decay, defined as the transition between two nuclei differing
in two protons by the emission of two electrons:

(A,Z)→ (A,Z +2)+2e+, (1)

would imply lepton flavor violation by two units and provide strong clue for theories beyond
the Standard Model of particle physics. Furthermore, measurement of the 0νββ decay half-life
T 0ν

1/2 would be direct proof that neutrinos are their own anti-particles and therefore Majorana
particles. In addition, if the nuclear matrix elements (NMEs [1]) are calculated reliably, the

half-life provides means to determine the effective neutrino mass mν ≡ |
3
∑

i=1
U2

1imi|. Assuming

the decay is mediated by light neutrinos then the decay half-life is given by

1
T 0ν

1/2
= G0ν |M0ν |2|< mν > |2/me, (2)

where me is the electron mass and G0ν is the phase space integral. Utilizing the PMNS matrix
elements, the so called Majorana mass of the neutrino corresponds to:

< mν >= c2
12c2

13m1 + s2
12c2

13eiα1m2 + s2
13eiα2m3. (3)

Determination of the mass hierarchy by planned neutrino beam experiments helps under-
stand the ultimate sensitivity that experiments in search for 0νββ decay must have in order to
rule out if neutrinos are Majorana or Dirac. For example, if the hierarchy is inverted, an ob-
servation of 0νββ decay would imply that neutrinos are Majorana, and a non-observation that
neutrinos are Dirac, i.e. that the neutrino and anti-neutrino are distinguishable. On the other
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hand if the mass hierarchy is normal, only an observation of 0νββ decay would imply that
neutrinos are Majorana. A half-life sensitivity between 1026−27 yr is needed to probe the in-
verted hierarchy region, which means on the order of 1 count/tonne/year of enriched material.

EXPERIMENTAL TECHNIQUES

Theoretically, 35 nuclei can decay via 0νββ but when considering their natural isotopic
abundance (I.A.), their Qββ -value and other experimental aspects (as the rate goes with Q5

ββ )
only 9 isotopes remain: 48Ca (Qββ = 4272 keV, I.A.= 0.187%), 76Ge (Qββ = 2039 keV,
I.A.= 7.9%), 82Se (Qββ = 2995 keV, I.A.= 8.73%), 96Zr (Qββ = 3350 keV, I.A.= 2.8%),
100Mo (Qββ = 3304 keV, I.A.= 9.63%), 116Cd (Qββ = 2814 keV, I.A.= 7.49%), 130Te (Qββ =

2527 keV, I.A.= 33.8%), 136Xe (Qββ = 2458 keV, I.A.= 8.9%) and 150Nd (Qββ = 3371 keV,
I.A.= 5.64%).

Depending on the experimental technique, the signature includes the total energy deposition
of the two emitted electrons since the nuclear recoil produced by the neutrinos would be neg-
ligible and hence, an excess of events at the Qββ value would be observed. The experimental
figure of merit used to characterize the performance of an experimental technique aiming to
maximize sensitivity for 0νββ decay is, up to a proportionality constant, given by:

F0ν = εα
√

M T
B δE

(4)

where ε is the detector efficiency, α the isotopic abundance, B is the background, T the
exposure and δE the detector energy resolution. In the case of a zero-background experiment,
the figure of merit would scale linearly with mass and exposure F0ν ∝ MT .

There are two general types of experiments depending if the source is the detector, i.e.
the isotope is embedded in the detector or if the source is separate from the detector. Most
experiments have the source embedded in the detector and utilize calorimeter techniques such
as CUORE [2], Gerda [3]/Majorana [4], and EXO [5]. Large scintillator detectors such as
Kamland-Zen [6] and SNO+ [7] which either introduce a balloon with loaded scintillator
as is the case of the former with 136Xe or in the case of the latter which plans to load the
entire scintillator volume with 130Te and take advantage on the fiducial volume cuts while
at the same time achieve large isotopic mass. This makes them competitive experiments
even though energy resolution is comparatively lower than that of solid state calorimeter
detectors. When the detector is separated from the source, it allows for tracking and strong
background rejection given that one can search for the two electrons from 0νββ decay, e.g.
the NEMO [11] experiment which was also able to measure the 2νββ half-lifes on a variety
of isotopes. Tracking of the two electrons in the final state and having the source embedded
in the detector is what the NEXT [10] experiment will try to achieve utilizing a pressurized
Time Projection Chamber with readout of the electroluminescence. The use of several target
isotopes and different experimental techniques is essential given the low-background nature of
the experiments as well as the large uncertainties in the NMEs which are used to interpret the
measured 0νββ half-life into a neutrino mass.
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RECENT PROGRESS

High purity germanium diodes have demonstrated excellent energy resolution utilizing the
calorimetric technique and until recently, the most sensitive searches were achieved by the
Heidelberg-Moscow [12] and IGEX [13] experiments on 76Ge although a few other experi-
ments have been able to achieve sensitivities at same scale, namely NEMO3 [8] and Cuori-
cino [9]. Furthermore, the search for 0νββ decay has a claim of discovery, namely a subset
of the Heidelberg-Moscow collaboration [14, 15, 16] claims an observation of events in the
0νββ peak at 2039 keV. Not only this claim was originated without consensus in their own
collaboration, but also in the entire community. Verifying the claim was the first serious step
in sensitivity for many experiments. The most recent results towards this direction are, most
notably, those from Gerda-I [3], EXO-200 [5] and Kamland-Zen [6] collaborations. Ongoing
commissioning of experiments that expect to have a sensitivity at the order of |mee|< 50 meV
are GERDA-II [17], CUORE [2], SuperNEMO [18], nEXO [19], NEXT [10], LUCIFER [20],
Kamland-Zen [6] and SNO+ [7].

CUORE-0 AND CUORE

The Cryogenic Underground Observatory for Rare Events or CUORE experiment capitalizes
on using the phonon readout on a comparatively high naturally enriched TeO2 crystals. The
currently running experiment, CUORE-0 in meant to be a 1/19 of the mass of CUORE, its
growing successor currently in the commissioning phase. The detector mass of CUORE-0
is made of 52 TeO2 crystals mounted in a specially treated Cu frame into what is called
a tower as shown on Figure 1. The tower is cooled to 13-15 mK in Hall A at the Italian
Laboratori Nazionali del Gran Sasso (LNGS) underground laboratory inside the cryostat
that was previously used for Cuoricino [9]. Due to the temperature dependence on the heat
capacity (C ∝ T 3) low-temperatures are required to obtain optimal energy resolution when
utilizing TeO2 as a bolometer. After a typical interaction occurs in a crystal, the majority of
the particle’s energy loss is quickly transferred to phonons which in turn thermalize producing
a change in temperature on a glued thermal sensor, namely a neutron transmutation doped
(NTD) germanium thermistor. NTDs follow Mott’s Law R = R0exp(

√
T0/T ) [22] and will

produce a voltage pulse from the resistance change when of order 10-20 µK/MeV temperature
fluctuations are produced in the crystal from a typical particle interaction. In addition, a silicon
Joule heater [23] is instrumented on the crystal to help monitor thermal gain drifts of each
bolometer.

Currently, from phase-I of CUORE-0, an energy resolution was 5.7 keV FWHM in the 0νββ
region of interest (ROI) has been obtained. Furthermore, the background rate in the ROI has
been measured to be 0.071± 0.011 counts/(keV×kg×y) which corresponds to a factor of 2
improvement over previously measured in Cuoricino [9]. Also, a dramatic improvement was
observed in the reduction of backgrounds when a rate of 0.019± 0.002 counts/(keV×kg×y)
in the α continuum was measured [24], a factor of 6 lower than Cuoricino [9], an important
benchmark for the crystal production and treatment methods adopted for CUORE. The pro-
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Figure 10: Left: the CUORE set-up. Right: CUORE-0 tower.

CUORE [119] (Cryogenic Underground Detector for Rare Events) is a next-generation
experiment for the search of ��(0⌫) of 130Te , which brings the concept of large mass bolo-
metric detectors to the extreme. Its design is based on the successful and demonstrated
technology of the pilot experiment Cuoricino. It consists of an array of 988 (dielectric
and diamagnetic) natural TeO2 cubic crystals grouped in 19 separated towers (13 planes
of 4 crystals each) arranged in a rather compact cylindrical structure (Fig. 10) designed
in order to reduce to a minimum the distance among the crystals and the amount of
inert material interposed (mainly copper from the mechanical support structure). Each
crystal is 5 cm in side, with a mass of 750 g and is expected to operate at a temperature
of 10 mK. Neutron Transmutation Doped (NTD) Ge thermistors are used to detect the
small temperature rise resulting from single nuclear decay events.

The array, surrounded by a 6 cm thick lead shield (built with low activity lead from
a sunk Roman ship), will be operated at about 10 mK in a He3/He4 dilution refrigerator
(see Fig. 10). A further thickness of 30 cm of low activity lead will be used to shield the
array from the dilution unit of the refrigerator and from the environmental activity. A
borated polyethylene shield and an air-tight cage will surround externally the cryostat.
The experiment will be installed underground at LNGS, in the same experimental hall
where Cuoricino was operated. The design and construction of the cryostat that will
be used to maintain the detectors at the necessary cryogenic temperatures is a rather

40

FIGURE 1. Cross section drawing of the CUORE detector assembly inside the cryostat and various shielding
layers. On the right of the CUORE drawing is the CUORE-0 tower with 13 planes. Each plane consists of four
cubic crystals weighting 0.75 kg each for a total of 11 kg of 130Te mass. Figure from [21].

jected sensitivity of CUORE-0 is to achieve at least 2.8×1024y at 90% C.L. [24].
CUORE is a 988 crystal bolometer array with a total of 206 kg 130Te mass. The CUORE

tower assembly has began in January 2013 and it has now ended with completion of the
assembly of 19 towers. Furthermore, the cryostat has been assembled and passed 4K com-
missioning test and a full integration of the dilution unit has already achieved 8 mK stable
base temperature [25]. It is expected that CUORE will reach a 1σ (90% C.L.) sensitivity of
1.6×1026 y (9.5×1025 y) on the half-life of 0νββ decay of 130Te.

BEYOND CUORE

Next generation experiments will aim at covering the full inverted hierarchy region down to
|mee| ≤ 10 meV and will require to improve on multiple fronts with respect to the figure
of merit, Equation 4. Improving on the CUORE bolometers will require to have particle
identification for alpha particles. This could be possible by simultaneously measuring light
and heat as it has been done in dark matter experiments that utilize scintillating bolometers
such as CRESST [26], although TeO2 crystals have not been proven to scintillate at ∼10 mK.
Nevertheless, TeO2 crystals can produce Cherenkov radiation when electrons in the crystal
carry an energy >50 keV or >400 MeV for α particles [27]. Therefore, alpha particles from
radioactive decays of order 3-10 MeV would not produce Cherenkov light in contrast to the
two electrons from 0νββ . Cherenkov light emitted from MeV electrons interacting in a TeO2

has been observed [28, 29].
Capitalizing on superconductivity phenomena to produce better heat sensors such as Tran-

sition Edge Sensors [26] or MKIDS [30] may provide a powerful tool to maximize β/γ dis-
crimination capabilities in TeO2 or to improve the energy resolution on the TeO2 bolometer.
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In addition, the higher bandwidth of TES at the order of MHz may provide ways to exploit
pulse shape discrimination of surface backgrounds when used in combination with aluminum
films deposited on the surface [31], as it has been observed in TeO2 [32] utilizing NbSi as
heat sensor. Furthermore, the use of Neganov-Luke amplification techniques can also provide
means to lower the threshold in a light detector [33].

The use of other types of crystals such as scintillating bolometers that could be loaded with
a different 0νββ isotope with a favorable Q-value (>206Tl peak∼2.6 MeV) are also under
active R&D for future double beta decay searches, such as ZnSe [34, 35, 36], CdWO4 [37] and
ZnMoO4 [38, 39, 40, 41].
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Introduction to the Higgs and the physics beyond the
Standard Model with the ATLAS detector

Elizabeth Castaneda-Miranda

Department of Physics, University of Johannesburg, South Africa

Abstract. In July 4th 2012, the ATLAS and CMS collaborations announced at CERN, the discovery of a
new particle, compatible with the Higgs boson. The ATLAS experiment, located at the Large Hadron Collider
(LHC) at CERN, not only provides an opportunity for studying the physics of the Standard Model (SM),
but also the physics beyond the SM (BSM). The unprecedented center-of-mass energy (c.m.e) in the LHC
available allows the exploration of mass regions that are inaccessible to previous colliders. After the LHC
successfully concluded a three years running period, the ATLAS experiment presented their recent with
25 fb−1 of integrated luminosity recorded. In this paper, I present the results from the Higgs studies and
the results for searching the dilepton and lepton+MET resonances with a high mass with the ATLAS detector.

Keywords: <Higgs, Zprime, Wprime, Dilepton, Lepton+Etmiss, Exotics, ATLAS, LHC>
PACS: <14.80.Bn,12.60.-i>

INTRODUCTION

The Standard Model (SM) has been a theory which describes well the existing data up to now.
However, there are still a number of outstanding issues that are not understood yet such as the
number of fermions generations, the SM Lagrangian has many free parameters incorporated
by hand, the mechanism of CP violation is still an open question, and it does not unify the
electromagnetic, weak and strong forces in a satisfactory way since the coupling constants of
the three gauge groups are different and independent [1].

Therefore it is necessary to take into account wider symmetry groups where the SM is
naturally embedded in order to solve those problems at present energies. The Grand Unified
Theories (GUTs) [2] or more fundamental theories like Superstring Theories [3] are possible
extensions of the SM which predict new heavy resonances.

In summer 2012 was discovered a new particle, Higgs-like boson [4, 5]. However, we lack
of strong evidence for the Higgs decaying into fermions (H → ττ [6, 7] and H → bb [8, 9])
which is important to probe the SM Higgs boson hypothesis.

In this paper, I present the results from the Higgs discovery and the recent results for the
Higgs studies as well as the results for searching heavy mass resonances in the dilepton and the
lepton+MET signatures using up to 25 fb−1 of integrated luminosity of data with the ATLAS
detector. All the event candidates from the data used, satisfy the data-quality requirements of
the ATLAS detector: proper functioning of the inner detector (ID), muons spectrometer (MS),
solenoid, toroid, calorimeter and trigger subsystems, as well as the stable LHC beam. All the
events must be triggered by the trigger subsystems of the ATLAS detector.
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SM HIGGS

For the SM Higgs, we have four Higgs productions: gluon fusion (gg→ H), vector boson
fusion (VBF), vector boson Higgs production (VH) and tt̄ Higgs production (tt̄H); and the
more sensitive Higgs decay channels are: H →WW (∗) → lν lν , H → γγ , H → ZZ(∗) → 4l,
H → ττ and W/ZH →W/Zbb. In the following subsections I present the discovery results
and the updated results of some of the more sensitive Higgs decay channels (H → γγ , H →
ZZ(∗) → 4l and H → ττ) as well as the results of combining all the Higgs decay channels
using up to 25 fb−1 of integrated luminosity recorded by the ATLAS detector from proton-
proton collisions at

√
s = 7 TeV and at

√
s = 8 TeV at LHC.

H→ γγ

The search for the SM Higgs boson in this topology is performed in the mass range between
110 GeV and 150 GeV. The dominant background is SM diphoton production (γγ); contri-
butions also come from γ + jet and jet+jet productions with one or two jets mis-identified as
photons (γ + j and j j and from the Drell-Yan process).

For this study, events are required to contain at least two high-pT isolated photons with a
transverse energy ET > 40 GeV(ET > 30 GeV) for the leading(subleasing) photon within |η |<
2.37, excluding the region 1.37 < |η | < 1.52. For suppressing jet background, it is required
isolated photons: ∑ET (∆R < 0.4) < 0.20, where ∑ET (∆R < 0.4) is the cluster transverse
energy around the photon direction in a cone of ∆R < 0.4 (∆R =

√
η2 +φ 2). Data-driven

techniques are used to estimate the backgrounds: γγ,γ jet and j j. The Drell-Yan background
is estimated from a sample of Z→ ee decays in data [4].

The diphoton invariant mass is defined as m2
γγ = 2E1E2(1−cosα), where the E1 and E2 are

the energies of the photons candidates and α is the azimuthal angle between the photons.
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FIGURE 1. The diphoton invariant mass (left) and the p0−value plot (right).

The results obtained from this study are the combination of ten categories of events, which
are defined by the presence or not of converted photons or jets, η of the selected photons, and
the orthogonal component of the pT to the axis plane defined by the two photon momenta [4].
Using 4.8 fb−1 of data at

√
s = 7 TeV and 5.9 fb−1 of data at

√
s = 8 TeV an excess

was observed in a mass region 110 GeV < mH < 150 GeV, a significance of 4.5σ was
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observed around mγγ = 126.5 GeV where there are around 170 signal events and around 6340
background events (see Figure 1) [4].

For Moriond Conference 2013, the statistic increased to 20.7 fb−1 of data at
√

s= 8 TeV and
the updated results are: mH = 126.8± 0.2(stat)± 0.7(syst) GeV and µ = 1.65± 0.24(stat)±
0.25(syst) with a significance of 7.4σ (see Figure 2) [12]. The latest mass measurement result
is: mH = 125.98±0.42(stat)±0.28(syst) GeV [13].
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FIGURE 2. The diphoton invariant mass (left) and the p0− value plot (right). These results were presented in
Moriond Conference 2013.

H→ ZZ(∗)→ 4l

The search for the SM Higgs boson through the decay H → ZZ(∗) → 4l(l = e or µ),
provides a good sensitivity over a wide range (110− 600 GeV). In this analysis is required
exactly four leptons with pT > 20,15,10 and 7 GeV in a region of |η | < 2.47(|η | < 2.7)
for electrons(muons). The leptons must satisfy the isolation requirement based on the tracking
and calorimeter information. For the track isolation it is required: ∑ ptrk

T (∆R < 0.2)/pT < 0.15,
where it is the sum of the transverse momenta of tracks (ptrk

T ) inside a cone of size ∆R < 0.2
around the lepton direction divided by the lepton pT ; for the calorimeter isolation it is required:
∑ET (∆R < 0.2) < 0.20. The two lepton-pairs selected must be opposite charge and same
flavour: 50 GeV < m12 < 106 GeV and mmin < m34 < 115 GeV (where mmin depends on
the four-lepton invariant mass: m4l). The main background is the ZZ(∗) which is modelled
using MC simulations and normalised to the theoretical cross-sections. The Z + jets and tt̄
backgrounds are estimated using data-driven method [4].

The final result is the combination of the three final states: 4e, 2e2µ and 4µ and combining
4.8 fb−1 of data at

√
s = 7 TeV and 5.8 fb−1 of data at

√
s = 8 TeV was observed an excess in

a mass region 110− 600 GeV with a significance of 3.6σ around m4l = 125 GeV [4]. In the
region m4l < 160 GeV there are 39 events observed and 34 events expected and in the region
125±5 GeV are 13 events observed (see Figure 3).

For Moriond conference 2013, the statistic increased, the same case as the H→ γγ , and the
update results are: mH = 124.3±0.6(stat)±0.5(syst) GeV and µ = 1.7±0.5(stat)±0.25(syst)
with a significance of 6.6σ (see Figure 4) [12]. The latest mass measurement result is: mH =

124.51±0.52(stat)±0.6(syst) GeV [13].
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Higgs Combination

After obtaining the results per Higgs decay channel and its p0− value, these results were
combined. The Higgs decay channels and final states that were taken into account for the
combination are:

For
√

s = 7 TeV: H → ZZ(∗) (4l, llνν̄ and llqq̄), H → γγ (10 categories), H → WW (∗)

(lν lν and lνqq′), H→ ττ (τlepτlep, τlepτhad and τhadτhad) and V H→V bb (Z→ νν , W →
lν and Z→ ll).

For
√

s = 8 TeV: H→ ZZ(∗)→ 4l, H→ γγ (10 categories) and H→WW (∗)→ eνµν

The combined 95% C.L. exclusion limits on the production of the SM Higgs boson, ex-
pressed in terms of the signal strength parameter µ = σ/σSM are shown in Figure 5 (left). The
observed 95% C.L. regions are 111− 122 GeV and 131− 559 GeV. Three mass regions are
excluded at 99% C.L. 113− 114, 117− 121 and 132− 527 GeV, and the expected exclusion
range at 99% C.L. is 113−532 GeV [4].

An excess of events is observed near mH = 126 GeV in H → ZZ(∗) → 4l and H → γγ ,
their p0− value can be observed in Figures 3 and 1 (left). The observed p0− value from the
combination of the channels are shown in Figure 5 (right) for the full mass range (110−
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600 GeV) and in Figure 6 (left) for the low mass range (110−150 GeV). In the region 122−
131 GeV is observed an excess of events with a significance of 5.9σ (p0−value = 1.7×10−9)
(see Figure 6 (left)). In the entire mass region 110− 600 GeV, the global significance of the
excess is 5.1σ (p0−value = 1.7×10−7).

 [GeV]Hm
110 115 120 125 130 135 140 145 150

0
Lo

ca
l p

-1110

-1010

-910

-810

-710

-610

-510

-410

-310

-210

-110

1

Obs. 
Exp. 

σ1 ±-1Ldt = 5.8-5.9 fb∫ = 8 TeV:  s

-1Ldt = 4.6-4.8 fb∫ = 7 TeV:  s

ATLAS 2011 - 2012

σ0
σ1
σ2

σ3

σ4

σ5

σ6

)µSignal strength (

    
   -1     0     1

    

Combined

 4l→ (*)
 ZZ→H 

γγ →H 

νlν l→ (*)
 WW→H 

ττ →H 

 bb→W,Z H 

-1Ldt = 4.6 - 4.8 fb∫ = 7 TeV:  s
-1Ldt = 5.8 - 5.9 fb∫ = 8 TeV:  s

-1Ldt = 4.8 fb∫ = 7 TeV:  s
-1Ldt = 5.8 fb∫ = 8 TeV:  s

-1Ldt = 4.8 fb∫ = 7 TeV:  s
-1Ldt = 5.9 fb∫ = 8 TeV:  s

-1Ldt = 4.7 fb∫ = 7 TeV:  s
-1Ldt = 5.8 fb∫ = 8 TeV:  s

-1Ldt = 4.7 fb∫ = 7 TeV:  s

-1Ldt = 4.6-4.7 fb∫ = 7 TeV:  s

 = 126.0 GeVHm

 0.3± = 1.4 µ

ATLAS 2011 - 2012

FIGURE 6. The combination of the p0−values as a function of the mH and the combined signal strength (right).

These results provide conclusive evidence for the discovery of a new particle with mass
126.0± 0.4(stat)± 0.4(sys) GeV. The signal strength parameter µ has the value of 1.4± 0.3,
which is consistent with the SM Higgs boson hypothesis µ = 1 (see Figure 6) [4]. These
results were obtained using 5.8−5.9 fb−1 of data at

√
s = 8 TeV and 4.6−4.8 fb−1 of data at√

s = 7 TeV.
The results were updated for Moriond Conference 2013, using 4.6− 4.8 fb−1 of data at√
s = 7 TeV and up to 20.7 fb−1 of data at

√
s = 8 TeV, where mH = 125.5 GeV and the

signal strength is µ = 1.30±0.13(stat)±0.14(syst) with a local significance around 10σ (see
Figure 7) [12]. The latest result from the combination mass measurement of H → ZZ(∗)→ 4l
and H→ γγ is: mH = 125.36±0.37(stat)±0.18(syst) [13].

H→ τ+τ−

The observation of a new particle in the search for the SM Higgs boson was announced,
however, the evidence for Higgs boson decays into fermonic final states is not conclusive.
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FIGURE 7. The combination of the p0−values as a function of the mH and the combined signal strength (right).
Results presented in Morion Conference 2013.

This analysis is divided in 3 final states, τlepτlep,τlepτhad and τhadτhad , where τlep and τhad

denote leptonically and hadronically decaying τ leptons, respectively. A multi-variant analysis
(MVA) technique is used to separate the signal and background [6]. The major backgrounds in
this analysis are: Z→ ττ, Z(ee/µµ)+ jets, W + jets, top, QCD and dibosons.

For the τlepτlep is required two isolated leptons of opposite-charge. Events with τhad are
rejected. The two leptons must satisfy 30 GeV < mvis

ττ < 100 GeV for e+µ− and 30 GeV <

mvis
ττ < 75 GeV for e+e− and µ+µ− where mvis

ττ is the invariant mass of the visible decay
products of the τ leptons. For e+e− and µ+µ− final states, the Emiss

T and the Emiss
T of the high

pT of (e′s, µ ′s and jets must be greater than 40 GeV, while for e+µ− only a requirement of
Emiss

T > 20 GeV is made. And the fraction of the momentum of each tau lepton carried by its
visible decay products must satisfy: 0.1 < xτ1(2) < 1 [6].

For the τlepτhad it is required on lepton and one τhad candidate with opposite charge. To
reduce the W + jets background, events are rejected if the transverse mass, mT , is greater than

70 GeV (mT =

√
2plep

T Emiss
T (1− cos∆φ), ∆φ is the angle between the direction of the lepton

and the Emiss
T vector) [6].

And for the τhadτhad exactly two τhad candidates with opposite charge. Events with electrons
and muons are rejected. The criteria used for identifying a τhad is the “tight” criteria to reduce
the multi-jet background [6]. The separation between the two τhad candidates must satisfy
0.8 < ∆R < 2.8 and ∆η < 1.5. Also it is required Emiss

T > 20 GeV and the Emiss
T direction must

either be between the two visible τhad candidates in φ or the condition min[∆φ ]< π/2 [6].
Combining the results from all three final states, it is observed an evidence of the decay

of the Higgs boson to fermions in a mass around 125 GeV with a significance of 4.1σ using
20.3 fb−1 of data at

√
s = 8 TeV. The observed signal strength µ = 1.4+0.5

−0.4 is compatible with
the SM expectation (see Figure 8) [6].

PHYSICS BEYOND THE SM: BSM

New heavy resonances are predicted by wider symmetry groups, which are possible extensions
of the SM: GUTs or Superstrings Theories [2, 3]. I present the results from ATLAS studies
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FIGURE 8. The invariant ττ mass combining all final states (left) and the signal strength (right).

to search for these particles in the dilepton and lepton+MET signatures. These studies are
performed using up to 20.5 fb−1 of proton-proton collisions data at

√
s = 8 TeV.

Dilepton signature

The neutral heavy gauge bosons are produced mainly by the Drell-Yan process. The dielec-
tron and dimuon channels are the clearest signatures expected in the detector. The benchmark
model used for this study is the Z′SSM [14].

For the dielectron channel, at least two electron candidates within |η | < 2.47 are required.
The region 1.37≤ |η | ≤ 1.52 is the transition region between barrel and end-cap calorimeters
which exhibits degraded energy resolution. This region is excluded. The leading (sub-leading)
electron must satisfy ET > 40 GeV (ET > 30 GeV). To suppress background from jets, the
electron with the higher ET is isolated: ∑ET (∆R < 0.2) < 0.007× ET + 5.0 GeV, where
∑ET (∆R < 0.2) is the cluster transverse energy around the electron direction in a cone of
∆R < 0.2. The sub-leading electron is required to satisfy ∑ET (∆R < 0.2) < 0.022× ET +

6.0 GeV [16].
For the dimuon channel, each muon must satisfy pT > 25 GeV and |η |< 2.4. The selected

two opposite-charge muons are required to have at least three hits in each (inner, middle and
outer) station of the MS (3-station muons), and at least one hit in two of the trigger chambers.
We also considered the case where one primary muon candidate is a 3-station muon and the
secondary muon candidate is a 2-station muon with opposite charge (with at least three hits in
two of the three stations of the MS). To suppress background from cosmic rays, the muons
are also required to have a transverse impact parameter |d0| < 0.2 mm, and to have their
the z coordinate with respect to the primary vertex (PV), |z0− z(PV )| < 1 mm. To reduce
the background from jets, each muon is isolated such that ∑ pT (∆R < 0.3)/pT < 0.05, where
∑ pT (∆R < 0.3) is the sum of the pT of the other tracks in a cone with ∆R < 0.3 around the
direction of the muon [16].

For the background estimation, the data driven method is used for multi-jets and W+jets.
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FIGURE 9. The dielectron invariant mass (left) and the dimuon invariant mass (right).

Drell-Yan, dibosons (ZZ, WZ, WW ) and tt̄ backgrounds are modelled with Monte Carlo (MC)
simulation but normalised using data around the Z peak in the region (80 GeV− 110 GeV).
In Figure 9 shows data/MC comparison of the dilepton invariant mass distributions in both
channels: dielectron and dimuon channels.
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FIGURE 10. Combined exclusion limits from dielectron and dimuon channels. The 95% C.L. exclusion limits
on the σ ×BR(Z′) are indicated [16].

No significant excess was found and exclusion limits at 95% C.L. on the σ ×BR(Z′) were
set [16]. These exclusion limits are the combination of the dielectron and dimuon channels
exclusion limits (see Figure 10). From the observed limits for Z′SSM , masses below 2.90 TeV
are excluded using 20.3 fb−1 of integrated luminosity [16].

Lepton+MET signature

The heavy gauge charge boson, common denoted by W ′, is the most easily searched for its
decay to a charged lepton and neutrino. The W ′SSM [15] is the benchmark model used for this
search.

For this study in the electron channel, it is required events with exactly one electron candi-
date with ET > 125 GeV and within |η |< 2.47, where the region 1.37≤ |η | ≤ 1.52 is excluded.
The ID track associated with the electron is required to be compatible with originating from the
primary vertex by requiring |d0|< 1.0 mm and |z0|< 5.0 mm. To suppress the multi-jet back-
ground, the electron is required to be isolated: ∑ET (∆R < 0.2)< 0.007×ET +5.0 GeV [17].
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For muon channel, it is required events with exactly one muon candidate with pT > 45 GeV
within |η | < 2.0. The ID track associated with the muon is required to be compatible with
originating from the primary vertex by requiring |d0| < 0.2 mm and |z0| < 1.0 mm. The
muon candidate must be a 3-station muon, which is restricted to the regions |η | < 1.0 and
1.3 < |η | < 2.0. To suppress the multi-jet background the muon is required to be isolated:
∑ pT (∆R < 0.3)/pT < 0.05 [17].
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FIGURE 11. The transverse mass for the electron channel (left) and the transverse mass for the muon channel
(right).

An Emiss
T requirement is imposed to select signal events and to suppress contributions

from multi-jets and SM W backgrounds. The Emiss
T in each event is evaluated by summing

over energy-calibrated physics objects (jets, photons, leptons) and adding corrections from
calorimeter deposits not associated with these objects [17]. For electron channel is requested
Emiss

T > 125 GeV and for muon channel is requested Emiss
T > 45 GeV.

For the background estimation, the data driven method is used for multi-jets. The W , Z,
dibosons (ZZ, WZ, WW ) and tt̄ backgrounds are modelled with Monte Carlo (MC) simulation
and normalised using the integrated luminosity of the data and the NNLO cross-sections.
In Figure 11 shows data/MC comparison of the transverse mass distributions in the electron
channel and in the muon channels.

No significant excess beyond SM expectations is observed and exclusion limits at 95% C.L.
on the σ ×BR(W ′) were set [17]. These exclusion limits are the combination of the electron
and muon channels exclusion limits (see Figure 12). From the observed limits for W ′SSM , masses
below 3.24 TeV are excluded using 20.3 fb−1 of integrated luminosity [17].

CONCLUSIONS

In this paper it was presented the results of the discovery from the ATLAS experiment and the
Higgs results up to now. Also the latest results from the dilepton and lepton+MET signatures
were presented using the Z′SSM and the W ′SSM as benchmark models at

√
s = 8 TeV.

Latest results in Higgs decaying in fermions were announce by the ATLAS collaboration,
observing 4.1σ evidence for H→ ττ decay [6].

After the announced of the discovery of a new particle, the ATLAS collaboration continues
studying the properties to verify if this is the SM Higgs (such as the spin, couplings, signal
strength and the mass).
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The ATLAS collaboration is expecting much improved reach with
√

s = 14 TeV for physics
beyond the SM searches.
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Abstract. A Large Ion Collider Experiment (ALICE) is the detector at the CERN LHC dedicated to the
study of strongly interacting matter, in particular the properties of the Quark-Gluon Plasma (QGP). The
ALICE collaboration plans a major upgrade of the detector during Long Shutdown 2 (LS2) in 2018. Their
strategy is formulated under the assumption that after LS2, the LHC will progressively increase its luminosity
with Pb beams eventually reaching an interaction rate of about 50 kHz, i.e. instantaneous luminosities of
L = 6× 1027cm2s−1. In the proposed plan, the ALICE detector is modified such that all interactions will be
analyzed. ALICE will then could accumulate 10 nb−1 of Pb−Pb collisions. This is the minimum statistics
needed to address the proposed physics program with focus on rare probes both at low and high transverse
momenta as well as on the multi-dimensional analysis of such probes with respect to centrality, event plane,
multi-particle correlations, etc. The present work summarizes the participation of the Mexican groups in the
construction and upgrade of the main detectors in ALICE.

Keywords: Detectors, Upgrade
PACS: <29.40.Mc,25.75.Cj, 07.05.-t>

INTRODUCTION

The Large Hadron Collider (LHC) is the most powerful accelerator of protons and ions. Since
the beginning, around 1990 it was designed to operate at different energies and luminosities. At
the end of 2009 the machine started operations, and up to date many results has been published
[1].

ALICE-LHC is an experiment devoted to the study of strongly interacting matter in proton-
proton, proton-nucleus and nucleus-nucleus collisions at ultra-relativistic energies. The general
upgrade strategy for the ALICE central barrel has been conceived to deal with the challenge
of expected Pb−Pb interaction rates of up to 50 kHz. A key aspect of the strategy pursued
here is to develop methods by which those kind of Pb−Pb collisions can be inspected with
the least possible bias. This implies shipping all data to the online systems either continuously
or upon a minimum bias trigger. Full online calibration, event reconstruction and event data
reduction will allow writing to tape a large fraction of the events, which will be selected on the
basis of topological and identification particle criteria, one of the unique strengths of ALICE.
Such an upgrade would provide an accumulated sample in the order of 10 nb −1, which is the
minimum needed for the proposed physics program.

The ALICE VZERO system, made of two scintillator arrays at asymmetric positions, one
on each side of the interaction point, plays a central role in ALICE. In addition to its core
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function as a trigger, the VZERO system is used to monitor LHC beam conditions, to reject
beam-induced backgrounds and to measure basic physics quantities such as luminosity, par-
ticle multiplicity, centrality and event plane direction in nucleus-nucleus collisions. Detailed
description of the VZERO system could be found in Ref. [2].

ACORDE (ALICE Cosmic Ray DEtector), provides precise information on cosmic ray with
primary energies around 1014 up to 1018eV and could help to understand two aspects of the
Physics: a better understanding of the nuclear interactions at very high energy, describing the
cosmic ray interaction. On the other side, the particle production, both at large energies and in
the forward direction which can be estimated only using models based on the extrapolation of
experimental data from Tevatron and more recently from ALICE experiment. Presently, most
of the interaction models, such as VENUS, QGSJET, DPMJET, neXus, SIBYLL, HDPM,
etc., rely on pp, ep and heavy-ion collisions data. On the other hand, at present, the highest
energy data comes from Tevatron (1.96 TeV), and more recently from LHC (7 TeV). ALICE,
with its unique design, mainly developed to track and identify a very large number of charged
particles, created in pp, pA and AA collisions, may be an ideal place to measure such cross
sections. The first results obtained by ACORDE has been reported in Ref [3] and a publication
on the study of events with high number of atmospheric muons is being prepared. The upgrade
for the cosmic ray trigger is under discussion. It would considered an increase of the effective
detection area, an ADC system and the use of avalanche photodiodes.

COMPUTING RESOURCES

The ALICE computing model is driven by the consideration of the large amount of computing
resources which will be necessary to store and process the data generated by the experiment.

It is more natural, considering the substantial financial investment involved and the need
for expert human resources, that these resources are distributed at the High Energy Physics
computing facilities of the institutes and universities participating in the experiment.

The distributed computing resources are concentrated in a hierarchy of centers called Tiers,
where Tier 0 is the major computing centers located at CERN, Tier 1’s are the second of the
major computing centers which provide a safe data storage, likely in the form of a mass storage
system (MSS), Tier 2’s are smaller regional computing centres.

The ALICE computing model foresees that one copy of the raw data from the experiment
will be stored at CERN (Tier 0) and a second copy will be distributed among the external
(i.e. not at CERN) Tier 1 centers, thus providing a natural backup. Reconstruction to the
Event Summary Data (ESD) level will be shared by the Tier 1 centers, with the CERN Tier 0
responsible for the first reconstruction pass. Subsequent data reduction to the Analysis Object
Data (AOD) level, analysis and Monte Carlo production will be a collective operation where
all Tier 1 and 2 centers will participate. The Tier 1’s will perform reconstruction and scheduled
analysis, while the Tier 2’s will perform Monte Carlo and user analysis.

The AliEn (ALICE Environment) framework has been developed with the aim of offering to
the ALICE user community a transparent access to computing resources distributed worldwide
through a single interface. AliEn was primarily conceived as the ALICE user entry point into
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the Grid world, shielding the users from its underlying complexity and heterogeneity. Through
interfaces, it can use transparently resources of different Grids developed and deployed by
other groups.

Data analysis is based on the ALICE Grid framework, AliEN [4], with single interface to
distributed computing for all ALICE physicists. In ALICE there are about 80 participating
sites: 1 Tier 0 - CERN/Switzerlan; 6 Tiers 1’s - France, Germany, Italy, The Netherlands,
Nordic, Mexico, Data Grid Facility, UK and very soon South Korea. 70 Tiers 2 spread over 5
continents 45,000 (out of 200,000 WLCG) cores and 30 PB of disk and tape storage space
resources are shared together. No strong computing centre localization of roles / functions
National resources must integrate seamlessly into the global Grid to be accounted for FAs are
encouraged to contribute proportionally to the number of PhDs (M& O-A share).

Tier 1 and 2

Since 2007, at the ICN-UNAM is running a successful Tier-2, with 120 cores in total out
of which 50 dedicated to ALICE. The site is also part of the general EGI and GISELA
infrastructures, supporting in particular many projects: Auger and BioMedical community
among other. The ICN-UNAM is also a founding member of the Regional Operations Center
for Latin America (ROC-LA), this role will be extended for the EGI/EMI projects. Six more
Grid nodes are planned in Mexico as part of an effort planned to lead to a National Grid
Initiative, they are planed to be located at: CICESE, UAEM, IPN, ITESM, ITVER, USON.
They will be managed by the ROC-LA. Technical staff at the ICN-UNAM has received training
in Grid-computing by ALICE in CERN. They are now training more Mexican personnel as part
of a transfer of IT technology to Mexico.

The UNAM is installing a Tier 1 centre for ALICE at the central super-computing facilities.
The centre will provide 64 nodes with a total of 1024 cores and 500 TB of disk storage,
planned to grow to at least 1 PB in the near future. A prototype grid site was installed in 2007
as a feasibility study is working properly, this was the base to continue with the Tier 1, so at
the moment of writing this proceedings, the Tier 1 is working partially [5]. The left part of the
figure 1 shows the map and its localization of the Tier 1 and Tier 2 located at the UNAM. The
right part illustrate the number of jobs running at the Tier 1.

The ALICE grid effort has been one of the leading projects demanding and justifying an
upgrade of the CUDI network and UNAM external connections to 1 Gbit/s, expected to move
to 10 Gbit/s in the foreseeable future. The Tier 1 centre at the UNAM is the first centre in the
Americas and is preparing the way for more data-intense science in Mexico.

UPGRADE PLANS FOR ALICE DETECTORS

An upgrade of the main ALICE’s detector is mandatory to be prepared for the data taking after
long shutdown. Among the larger detectors are the TPC (Time projection Chamber) [6] and
Inner Tracking System (ITS) [7]. The are other subsystem that could be investigated in the
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FIGURE 1. Left: geographic location of Tier 1 and 2 at the UNAM. Right side, shows the number of jobs running
in the Tier 1, at specific time (July 2014).

future. Mexican groups are involved in the upgrade of TPC and FIT system (in this system are
included the so called VZERO detector).

TIME PROJECTION CHAMBER

The Time Projection Chamber (TPC) is the main tracking detector of the central barrel, filled
with 88 m3 of gas. This provide an excellent particle identification (PID) and momentum
measurements in very high multiplicity heavy-ion collisions events [6]. The actual operation
trigger rate of the TPC is about 3.5 kHz, with the Multi Proportional Wire Chamber bases
readout scheme, will not be possible to operate at 50 kHz Pb− Pb collisions in Run 3.
Operation of the current TPC with continuously open gating grid cannot be the solution since
back-drifting ions from the amplification region will lead to excessive ion charge densities
and distortions of the electric field in the drift volume. The proposed scheme to acquire
high rate operational capability and a small number of back-drifting ions is to replace the
existing MWPC based readout chambers and gating grid system by a multi-layer Gas Electron
Multiplier (GEM) system and to run the TPC in an ungated continuous mode. GEMs have been
developed to cope with the stringent requirements for high luminosity experiments and have
proven to provide excellent position resolution, to have very high rate capability, and better ion
blocking capability compared to MWPC. The currents involved in the operation of the GEMs
requires constant monitoring. To this aim the Mexican team will design pico ammeters with
a precision of 100 pA and the readout of the currents using an optoelectronic coupling to the
data acquisition. The adopted scheme will be applied to every GEM detector of the readout
plane.
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Fast Interaction Trigger

Fast Interaction Trigger (FIT) detectors are one of the most import part of ALICE for Run
3. It is conformed by T0, VZERO and FMD, that provide minimum bias trigger, multiplicity
trigger, beam gas event to rejection, collision time for TOF. On-line information about the event
as well as knowledge of beam and background conditions are essential both for the operation
of the LHC and the data taking process. These detectors, especially VZERO are being done in
collaboration with Mexican groups.

During the LS1 and LS2 upgrade periods, the LHC luminosity will be improved beyond
the original design specifications. This increase in performance requires the modernization of
several key detectors of ALICE, particularly the trigger. One crucial quantity measured by
VZERO and that could be improve is the resolution of the event plane. Technical details as
well as the proposal for each component of the FIT are presented in Ref. [8].

V0 system

The detailed description of the VZERO system may be found in [9] and references therein.
It is composed of two arrays, VZERO-A and VZERO-C, which cover the pseudo-rapidity
ranges 2.8 < η <5.1 and -3.7 < η < -1.7 for collisions at the nominal vertex (z = 0). Each of
the VZERO arrays is segmented in four rings in the radial direction, and each ring is divided
in eight sections in the azimuthal direction. Each channel of both arrays is made of a BC404
plastic scintillator from Bicron with a thickness of 2.5 and 2.0 cm for VZERO-A and VZERO-
C, respectively. BCF9929A Wave-Length Shifting (WLS) fibers from Bicron are embedded
in both faces of the segments (VZERO-A) or glued along their two radial edges (VZERO-C).
The VZERO system has been working properly since beginning of the experiment and theirs
results has been used in almost all physical analysis. The upgrade plan for the VZERO system
has discussed in recent proposal [8]. The first proposal is to increase the size of the V0A, 5
rings instead of 4. Using the new geometry we can made how it can improve measurements.
One of such quantities are the event plane resolution showed in the Fig. 2.

ALICE diffractive detector

A new ALICE detector (AD) is planned to be included to improve the efficiency of the
trigger to select single and double diffractive events in proton proton collisions [10]. The
detector will be made of two parts, AD-C located at z = -1952.35 cm (inside the LHC tunel)
and AD-A at z = 1700.0 cm, away from the interaction point. The rapidity range covered by
AD-C detector is −7.02 < |η | < −4.83 while AD-A will cover 4.69 < |η | < 6.34. The first
version of the AD offline is ready and included in ALICE framework (AliRoot). Simulation
studies in pp collisions at 7 TeV in center of mass indicate that minimum bias trigger would
select central diffractive processes with 70% purity, assuming 100% intrinsic efficiency of the
detectors. Using information of AD-A and AD-C system, the selection of central diffractive
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FIGURE 2. Event Plane resolution estimated using VZERO A and VZERO A-Plus detector. It show and im-
provement of about 10% in this variable.

events increase up to 95%. The detector is under constructions and is planned to be integrated
at the end of 2014 to participate in the upcoming Run 2[11].

CONCLUSIONS

To exploit the forthcoming LHC beam conditions on high luminosity, many requirements are
needed in the ALICE’s detectors. Upgrade of main detectors, like TPC, ITS, FIT is needed.
The heart of the TPC upgrade is to replace the MWPC-based readout chambers by detectors
employing micro-pattern detectors including GEMs to allow TPC operation in continuous
mode. More integrated luminosity required a complete upgrade of the FIT detector. Inside
FIT is the VZERO, which has been show the first simulation for a new geometry and the
improve of quantities like event plane resolution. Important to mention that a new detector
(AD) is being building to investigate diffractive physics. Consequence of this, new topics
on physics are opening. An upgrade on the ACORDE system would allow to study the
correlation between physical observables of the muon bundles and could be included as a
trigger collision events with very high transverse momenta. Concerning to the TPC, research,
development and simulations have been conducted and a baseline scenario for the detector
design. Quadruple stacks of GEM layers with different GEM pitches provide the required ion
black flow and energy resolution. Simulations show that the performance of the present TPC
can be retained in 50 kHz Pb−Pb collisions after distortion corrections. Other different issues
is related to computer resources. The installation and operation of the Tier 2, which will very
soon be a Tier 1, is a breakthrough of the Mexican participation in the ALICE experiment.
Summarizing, we can say that Mexico is getting involved in relevant upgrade projects in the
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ALICE collaboration, besides the data analysis which are mentioned anywhere but there are
special contribution related to contribution on that.
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Abstract. The Compact Muon Solenoid (CMS) experiment placed at CERN Large Hadron Collider (LHC)
is a general-purpose detector. CMS investigates a wide range of physics, including the Higgs Boson, extra
dimensions, and dark matter. To ensure the optimal physics performance at the LHC, a long shut down has
been required between 2013 and 2014. The CMS experiment is using this time to make optimizations to
the subdetectors. The main upgrades on hardware are being done on the Hadronic Calorimeter (HCAL), the
Tracker, and the Muon System. An overview of these upgrades and the Mexican contribution to these upgrades
is presented.
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INTRODUCTION

The Large Hadron Collider (LHC) started operations on 2010 at 7 TeV center of mass energy,
and stopped at the beginning of 2013 providing an integrated luminosity of 20 f b−1 at 8 TeV,
and 6.1 f b−1 at 7 TeV to CMS. The cumulative luminosity versus day delivered is presented in
Fig. 1. During 2013-2014 there is a long shut down (LS1) to make the necesary adjustements
to run at 14 TeV [3]. In the future, around 2018, there will be another long shut down to
prepare LHC to run above the designed luminosity of 1034 cm−2s−1.

The CERN 10 Year Technical Plan has long periods of collider operation interleaved with
shutdowns of a year or more each in 2013 and 2016. The major intervals are:

• 2010-2012: 7 TeV operation to commission the LHC and the experiments and make early
measurements of physics at this energy;

• 2013/14: Long Shutdown 1 (LS1) to repair magnet splices to allow the LHC to operate
safely at 14 TeV and to improve collimation to permit operation at high luminosity;

• 2015-2016: 14 TeV run to explore Terascale physics at moderate luminosity within the
capability of existing detectors;

• 2017: Long Shutdown 2 (LS2) to improve collimation in the LHC to enable operation at
highest Phase 1 luminosities; to prepare the LHC for the addition of Crab Cavities and
RF cryo-systems needed for Phase 2; to connect Linac4 into the injector complex; and to
upgrade the energy of the PS Booster to reduce the beam emittance;

• 2018- 2020: 14 TeV high luminosity run to more thoroughly explore Terascale physics and
to study in more detail new phenomena observed in the preceding runs using the upgraded
detectors.
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FIGURE 1. Cumulative luminosity versus day delivered to CMS during stable beams and for p-p collisions. This
is shown for 2010 (green), 2011 (red) and 2012 (blue) data-taking.

The CMS experiment is using this time to make optimizations to the subdetectors. The CMS
experiment [2] has four main subsystems. Each one of them detect different particles. The four
major CMS components are the Tracker, the Hadron Calorimeter (HCAL), the Electromagnetic
Calorimeter (ECAL), and the Muon system. An schematic view of CMS is shown in Fig
2. During the LHC shut downs, CMS is making maintenance and upgrades to the different
subdetectors.

Mexico is part of the CMS Collaboration since 2005. Nowadays four institutions are part of
this collaboration: Centro de Investigación y de Estudios Avanzados del IPN (CINVESTAV),
Universidad Iberoamericana (IBERO), Benemérita Universidad Autónoma de Puebla (BUAP),
and Universidad Autónoma de San Luis Potosí (UASLP). In total 20 participants, including
Professors, Postdoctorals, and Ph.D. and Master students. The different teams in Mexico are
involved in Hardware and Software tasks for the upgrade: Tracker, Muon System, Trigger, and
Reconstruction Software.

MEXICO IN THE UPGRADES TO THE CMS DETECTOR

During the LS1, CMS is carrying on improvements to make the experiment more efficient,
and to upgrade the detector to deal with higher luminosity. The goal for this period is the
consolidation of the system for the nominal conditions, which include the following main
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FIGURE 2. Sectional view of the CMS detector

tasks:

• Complete the Muon System, by adding the 4th endcap station, and improve readout
electronics [1].

• Replace HCAL photo-detector and backend electronics in a couple of regions [5].

• Make it possible to operate the Tracker −20◦ C (almost 25◦ C colder than before).

Mexican involvement in the Tracker

The CMS tracker has the worlds largest Silicon Strip Tracker (SST) with 24,244 silicon
sensors and 17000 silicon modules. At higher radiation loads, silicon-based detectors are
vulnerable to damage from reverse annealing, which can be halted by reducing the operating
temperature and maintaining the detector cold even when not operational. For instance, it is
believed that the Tracker will have to be run with coolant temperature as low as −20◦ C to halt
reverse annealing. Therefore, during the LS1 the Tracker has being able to operate at −20◦ C.
Furthermore, during the LS2 the replacement of the present pixel detector with one that can
maintain a high tracking efficiency at luminosities up to 2× 1034 cm−2s−1 is foreseeing [4].
The present pixel system was designed for operation with a maximum luminosity of 1×1034

cm−2s−1. Due to severe data losses in the read out chip (ROC), the present system will not
sustain the extreme operating conditions expected in 2016/17.
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The Mexican contribution to the Tracker system is one of the most important. Three out of
five Mexican institutions collaborate with the Tracker subsystem. Since the very beginning of
the collaboration with CMS, Mexico has been part of this subsystem. Mexico tested all the
pixel detectors that integrate the Tracker.

Currently CINVESTAV participates in the integration of the Tracker. They collaborate with
the detector optimization and commissioning, as well as the integration of the system.

IBERO is part of the Tracker effort too. During the LS1, IBERO contributes to the upgrade
of the simulation software. They work on the validation of the reconstruction with the new
configuration of the Tracker after the LS2.

The UASLP works on the simulation, low level reconstruction, calibration and data based.

Mexican involvement in the Muon System

One of most important tasks of the detector is the measurement of muons. The muon
detection system at CMS is placed on the outside of the detector. The Muon System contains
1400 muon chambers which consist of 250 drift tubes, 540 cathode strip chambers, and 610
resistive plate chambers. The RPCs provide a fast signal, allowing for quick data filtering. By
2015, the luminosity will reach 1034 cm−2s−1. The in-time pileup will be at the edge of the
CMS design and will imply special challenges for the Muon System to trigger on muons with
high transverse momenta, which represent one of the main indicators of interesting physics.

The RPC upgrade is driven by considerations on the peak instantaneous luminosity on the
muon trigger. The upgrade includes the addition of a fourth layer of RPCs to extend coverage
to η = 1.6 to preserve a low PT threshold for the Level 1 Muon Trigger at high instantaneous
luminosity. Additionally the writing of the R&D to develop detectors that can extend coverage
to the region 1.6 < η < 2.1 or even higher is on going. Possible technologies include RPCs
optimized to handle the high rate or Multi-Pattern Gas Detectors.

The working group BUAP is involved in the installation and certification of the 4th layer
of RPCs, as well as the writing and commissioning of the new testing area for the new RPC
generation. The certification of 72 Super Modules (made of 2 RPC’s) endend on April 2014,
and the installation of the two endcaps took place on December 2013, and May 2014.

MEXICAN INVOLVEMENT IN COMPUTING

Each collision in the LHC generates few Gigabytes of data, with approximately 600 million
collisions per second the total amount of data after 3 years was 100 PB. Handling this amount
of data required the creation of one of the biggest computer grids on the planet. The Worldwide
LHC Computing Grid project (WLCG) [6] provides the computing and storage resources
needed by the LHC collaborations to store, process and analyze the data. It consist in almost
200,000 CPU cores, 200 PB of disk storage and 200 PB of tape storage distributed among
more than 150 sites. A scheme of the hierarchy in the WLCG is presented in Fig. 3.
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FIGURE 3. The GRID hierarchy

CINVESTAV has a working terminal (Tier 3) connected to the WLCG, giving storage and
processing services to the CMS worldwide users. BUAP, has started the certification of their
site to become a terminal.

CIVESTAV provides maintenance to the system for the distribution and handling of the
CMS data, PHEDEX.

CONCLUSIONS

To ensure the optimal performance, the LHC has foreseeing few technical stops during the
expecting operational time of the accelerator. The CMS will profit these stops to make upgrades
and improvements in hardware and software. Mexico has collaborated with CMS since 2005,
and is involved in two major subsystems the Tracker and Muon system. The five Mexican
institutions are involved in software and hardware upgrade projects. In the WLCG project
Mexico has a certified Tier 3 in CINVESTAV.
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Abstract. I discuss the interactions between the dark and standard sectors from the point of view of effective
field theory and obtain the leading terms when it is assumed that such interactions are generated by a set of
neutral mediators. The observational consequences of the various possibilities are briefly considered.
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INTRODUCTION

Dark matter (DM) is a hypothesis that explains the observed behavior of stars orbiting galaxies,
the average speed of galaxies in clusters, and some gravitational lensing effects [1].

Searches for astronomical objects that could be responsible for DM (e.g. MACHOS [2])
have been unsuccessful, and this has given impetus to the possibility that DM is conformed of
one or more elementary particles. Accordingly, most extension of the Standard Model (SM)
have at least one DM candidate, though it is worth noting that the SM itself has no particle that
can play this role.

The abundance of DM can be estimated from the above-mentioned astronomical observa-
tions as well as form the properties of the cosmic microwave background radiation [12, 13]. It
is remarkable that all these measurements indicate that about 23% of the mass-energy budget
of the universe is composed of DM. It is worth emphasizing however, that there is no direct
evidence for the existence of DM; only its only its gravitational effects have been observed.

The topic has gained enormous interest in the high-energy and astroparticle physics commu-
nities. The plethora of models include supersymmetric theories with R-parity [5] (where the
DM candidate is the lightest supersymmetric particle), higher-dimensional theories [6] (where
DM is the first heavy Kaluza-Klein mode) and, in general, any extension of the SM that has a
particle that cannot decay because of a symmetry.

Complementary of the model-specific study of potential DM candidates there is a purely
phenomenological approach where one postulates one or more ‘dark’ fields whose excitation
are protected against decay by a symmetry and whose interactions with the SM are symboli-
cally of the form

LDM×SM ∼ ODM×OSM (1)

where ODM denotes an operator containing only dark fields while OSM is an operator contain-
ing only SM fields. the first one is invariant under the symmetry leading to DM stability while
the second one is assumed to be invariant under the local symmetries of the SM.
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THE EFFECTIVE THEORY

In the following I will assume that DM belongs to a (dark) sector of the universe which
interacts with ordinary matter (described by the standard model – SM) through the mediation
of heavy particles. I assume that all particles in the dark sector are singlets under the SM local
symmetries, and that they also are all non-singlets under an unspecified dark symmetry GDM.
I will also assume that the heavy mediators are singlets under both the SM and the dark sector
symmetries.

Denoting a generic mediator field by ω this scenario is described symbolically by a La-
grangian of the form

L = LSM +LDM +ωOSM +ωODM +L (ω) (2)

where the first to terms denote the pore SM and dark sector Lagrangian and the operators OSM

and ODM are singlets under the standard and dark symmetries respectively.
Integrating out the mediators (assumed ot be heavy in comparison with the momentum

transfer in all process of interest) generates an effective Lagrangian that includes the terms
described previously in (1):

Leff = LSM +LDM +
1

Mn OSMODM +
1

Mk OSMOSM +
1

Ml ODMODM (3)

where M denotes the mediator mass and the powers n, k, l depend on the dimensionality of the
operators. This is described in figure 1 It follows that the most interesting effects are generated
by those terms with the smallest suppression by powers of M, that is, by those terms with the
smallest values of n, k, l.

FIGURE 1. Symbolic description of the manner in which the SM-DM ters in (3) are generated.

I will now assume that the dark and mediator sector are weakly coupled, then the dimen-
sionality of the operators is canonical so that the leading terms in (3) are those containing the
operators of the lowest dimension. For the SM these are

dim. OSM

1 no operators
1.2 no operators
2 Bµν , |φ |2
2.5 φ T ε`
3 ψ̄γµψ ′, iφ † ↔Dµ φ , ∂µ |φ |2

where B denotes the U(1) hypercharge gauge field, φ the scalar isodoublet, ` the leptonic
isodoublet, and ψ,ψ ′ two SM fermions with the same quantum numbers. Above I’ve sup-
pressed family labels.
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For the dark sector I will assume the most general particle content made up of scalars Φ,
fermions Ψ and vectors V (that may be Abelian or non-Abelian) and are associated with
coavriant derivatives D . The list of operators is

dim. ODM

1 no operators
1.2 no operators
2 Φ†Φ′

2.5 Φ†Ψ
3 Ψ̄ΓaΨ′, iΦ† ↔Dµ Φ, ∂µ(Φ†Φ′)

where Γ denotes one of the 16 combinations of γ matrices and all ODM ar assumed to be
singlets under GDM.

Massless vector DM (assumed Abelian for simplicity) would be problematic in structure
formation [7] so that I demand mV 6= 0. And the simplest way of introducing this mass is by
using Stückelber’s trick: add an auxiliary field σ and assume a local symmetry Vµ →Vµ +∂µΛ
and σ → σ +mV Λ so that the combination V ′µ = Vµ − ∂µσ/mV is invariant (note that Vµν =

V ′µν ). I assume the σ transform in the same way as the V under GDM. Instead of using V I then
use V ′, note however that V ′ has a term wit canonical dimension equal to 2. The various ODM

containing V ′ must be at least quadratic in this field, these operators have dimension at least
equal to 4 (because of the terms containing σ ) and will be subdominant.

With these preliminaries the various terms in (3) of dimension ≤ 5 are

dim SM−DM DM SM

4 |φ |2(Φ†Φ′) ∈LSM ∈LDM

5 |φ |2Ψ̄Ψ′, |φ |2Φ3, BµνΨ̄σ µνΨ′, ( ¯̀φ̃)(Φ†Ψ) (`φ)2 Ψ̄ΦΦ′Ψ′, Ψ̄′σµνΨV µν

In addition it is possible ot determine which of the various effective operators are necessarily
generated via loop graphs. This is of phenomenological importance because such interactions
will be much suppressed. This is the case for the SM-DM interaction BµνΨ̄σ µνΨ′. In the
following I will ignore such terms. Note also that the SM-SM term (`φ)2 is the usual Weinberg
operators [8] that generates Majorana masses for the neutrinos.

Two cases

I will ignore the interaction |φ |2Φ3 since if present, then the standard Higgs portal |φ |2|Φ|2
will also be present and dominate. I will also ignore all loop-generated DM-SM couplings.
There are then two interesting possibilities:

• Scalar mediators, with leading DM-SM couplings |φ |2|Φ|2 and |φ |2Ψ̄Ψ
• Fermion mediators, with leading DM-SM coupling ( ¯̀φ̃)(Φ†Ψ)
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The scenarios where DM is either Φ or Ψ are well studied [9] and consistency with obser-
vations and measurements require the DM mass M to be ∼ mHiggs/2 or above ∼ 200GeV. For
multi-component DM models the mass constraints are more severe.

For the case of fermionic mediators, that I denote by N, these particles have the same
quantum numbers as right-handed neutrinos, so that the mediators naturally generate Majorana
neutrino mases as well. The dark sector necessarily contains both Φ and Ψ and their dominant
interaction with the SM si via the reaction DM+DM→ νν . The direct detection reactions as
Ψ fSM→Ψ fSM for a non-neutrino SM fermion fSM occur at 1 loop, as illustrated in the figures
2 where the magnifying glass is used to peer into the details of the effective vertices, denoted
by a heavy dot.

FIGURE 2. Graphs in the underlying theory that generate 1-loop DM-SM interactions

The cross sections are then typically smaller than those for SUSY WIMPs by a factor of
∼ 4× 10−5. As a result the direct detection limits form LUX [10] are easily accommodated;
on the other hand there is no simple way of explaining the DAMA signal [11].

Finally, the relic abundance of DM is determined by reactions of the form ΨΨ→ νν which
are generated at tree-level (fig. 3) and can easily satisfy the observational constraints. These
interactions allow for the right DM relic abundance inferred by the WMAP [12] and PLANCK
[13] experiments.

FIGURE 3. Leading SM-DM interaction

PARTING COMMENTS

The purpose of this talk was to illustrate the systematic use of effective field theory in con-
structing models for DM-SM interactions. For the scenario being considered here (where the
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dark and standard sectors interact only through th exchange of heavy neutral mediators) we
find two interesting scenarios: one where the main interactions are mediated by the DM cou-
pling to the Higgs which is well studied [9] and in the simplest cases requires the DM mass
to be about half the Higgs mass; and the second there the main interactions are mediated by
the neutrinos, and which have interesting features. Should this last paradigm be realized most
of the negative DM search results would be a consequence of the experiments looking for
subleading effects. A full evaluation of this scenario is currently under way.

As a last observation it is worth noting that there is no compelling evidence that for the dark
sector to be weakly coupled. One can, for example assume that the DM is composed of the
pseudo-Goldstone bosons derived from spontaneous symmetry breaking in a strongly-coupled
theory [14]. These models have the peculiarity of having couplings that are suppressed at small
momenta. the combination of direct and indirect experiments can be accommodated, but only
when the DM masses are above O(100GeV).
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Abstract. In this work a review of the main ALICE results is presented, specifically, the preliminary and final
results where the Mexican groups have contributed. This comprises several analyses of pp, p-Pb and Pb-Pb
data; and studies with cosmic rays.

Keywords: <Nucleon-nucleon interactions, jets in large-Q2 scattering, fragmentation into hadrons, quark-gluon plasma
in quantum chromodynamics, quark deconfinement, quark-gluon plasma production and phase transitions in relativistic
heavy-ion collisions>
PACS: <13.75.Cs,13.87.-a,13.87.Fh,12.38.Mh,25.75.Nq>

INTRODUCTION

ALICE (A Large Ion Collider Experiment) is a dedicated heavy ion experiment at the Large
Hadron Collided (LHC) which allows for the study of matter at extreme conditions of high en-
ergy density [1]. Fundamental properties of QCD can be probed, including its non-perturbative
aspects related to color charge deconfinement, and the restoration of chiral symmetry.

Particle identification (PID) is an important tool to study the hot and dense matter created
in relativistic heavy ion collisions[2]. That is why ALICE is an experiment specialized in
PID from hundreds of MeV/c up to tens of GeV/c. The central barrel of ALICE is placed
inside a large solenoidal magnet which provides a magnetic field of 0.5 T. It is dedicated
to detect hadrons, electrons, and photons produced at mid-pseudorapidity, |η | <0.8. It com-
prises an Inner Tracking System (ITS) of high-resolution silicon detectors, a cylindrical Time-
Projection Chamber (TPC), and particle identification arrays of Transition-Radiation Detectors
(TRD) and of Time-Of-Flight (TOF) counters. Additional central subsystems, not-covering
full azimuth, are a ring-imaging Cherenkov detector for High-Momentum Particle IDentifica-
tion (HMPID), and two electromagnetic calorimeters: a high-resolution PHOton Spectrometer
(PHOS) and a larger-acceptance ElectroMagnetic Calorimeter (EMCal). The muon arm de-
tects muons emitted within 2.5 < η < 4 and consists of a complex arrangement of absorbers,
a dipole magnet, five pairs of tracking chambers, and two trigger stations. Several smaller de-
tectors (VZERO, TZERO, FMD, ZDC, and PMD) for triggering, multiplicity measurements
and centrality determination are installed in the forward region. Figure 1 shows a layout of the
ALICE detector.

In this paper the preliminary and final results of ALICE where the Mexican groups have
contributed are discussed. The information will be presented as follows. The analyses of the
pp, p-Pb and Pb-Pb data are first discussed, the next two sections are dedicated to the studies
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with cosmic rays and ultra-peripheral collisions.

FIGURE 1. Schematic layout of the ALICE detector, indicating the main subsystems.

PROTON-PROTON COLLISIONS

Event shape analysis

The transverse sphericity, ST, of mid-rapidity primary charged particles as a function of the
event multiplicity [3] has been measured for pp collisions at different

√
s, namely: 0.9, 2.76

and 7 TeV. The event shape is defined in terms of the eigen-values λ1, λ2 (λ1 > λ2):

ST =
2λ2

λ2 +λ1
, (1)

resulting from the diagonalization of the transverse momentum matrix:

Sxy =
1

∑ j pT j
∑

i

1
pTi

(
px

2
i pxi pyi

pyi pxi py
2
i

)
.

By construction, the limits of the variables are related to specific configurations in the
transverse plane

ST =

{
0 “pencil-like” limit (jetty-like)
1 “isotropic” limit

.

Figure 2 shows the ST spectra for three multiplicity intervals measured for pp collisions at√
s = 7 TeV. ALICE results are compared to Phojet, Pythia 6 (tunes ATLAS-CSC, Perugia 0

and Perugia 2011) and Pythia 8. The amount of (low) high ST events, corresponding to (jetty-
like) isotropic events, is (overestimated) underestimated by models. The discrepancy between
data and models increases at high multiplicity, e.g., in data the average ST is found to grow with
multiplicity at all collision energies, whereas the event generators show an opposite tendency.
CMS Collaboration has studied the multiplicity-dependent properties of the jets themselves.
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They have found similar results which suggest that the higher ST of high-multiplicity events,
relative to MC, is due to an apparent reduction and softening of the jet yields at high-Nch [4].
This was one of the first analyses vs multiplicity and the first analysis using event shapes
applied to MB data at the LHC energies.
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FIGURE 2. Sphericity distributions in three bins of multiplicity: (left) 3 ≤ Nch ≤ 9, (middle) 10 ≤ Nch ≤ 19
and (right) Nch ≥ 30; for pp collisions at

√
s = 7 TeV [3]. The statistical errors are displayed as error bars and the

systematic uncertainties as the shaded area.

Light (anti-)nuclei production

The measurement of (anti-)deuterons in pp collisions has been performed in ALICE, the
progress on this analysis is remarkable, and the results will be published soon. This mea-
surement would be reported first time at the LHC energies, the results are useful to test the
production mechanisms and they provide the reference for p-Pb and Pb-Pb data, in addition
the measurement is a valuable a valuable input for cosmic-ray physics [5]. The identification
is performed with the TPC-dE/dx, and actually, as shown in the left panel of Fig. 3, also
antitritons and 3He nuclei can be identified.

Identified hadron pT spectra

Different techniques for particle identification can be used, in particular for charged pions,
kaons and (anti-)protons, the transverse momentum distribution have been measured for MB
pp collisions at

√
s = 2.76 and 7 TeV using ITS, TOF, HMPID and TPC detectors. These

measurements provide important constrains to the phenomenological models which are used
to calculate the low pT particle production (< 2 GeV/c), while, for larger pT, the gluon
fragmentation function can be constrained. In addition, the spectra are the benchmark for
the heavy ion data, and also, they have been used to build the reference for p-Pb collisions
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FIGURE 3. (Left.) Specific energy loss, dE/dx, vs. rigidity (momentum/charge) for TPC tracks from Pb-Pb
collisions at

√
sNN = 2.76 TeV. The solid lines represent a parametrization of the Bethe-Bloch curve. (Right.)

Transverse momentum distributions of charged pions, kaons and (anti-)protons measured for MB pp collisions at√
s = 7 TeV.

at
√

sNN = 5.02 TeV. Figure3 (right) shows the pT distributions of charged pions, kaons and
(anti-)protons measured for MB pp collisions at 7 TeV.

HEAVY NUCLEI COLLISIONS

In central heavy ion collisions at ultra relativistic energies it is well established that a strongly
interacting medium of quarks and gluons is created. The transverse momentum distributions of
identified hadrons contain valuable information about the collective expansion of the system
(pT . 2 GeV/c), the presence of new hadronization mechanisms like quark recombination
(2 . pT . 8 GeV/c) [6] and, at larger transverse momenta, the possible modification of the
fragmentation due to the medium [7, 8]. ALICE has reported the transverse momentum spectra,
as a function of the collision centrality, of charged pions, kaons and (anti)protons from low
(hundreds of MeV/c) [9] to high (20 GeV/c) [10] pT. This is illustrated in Fig.4, where results
for pp, the most central and the most peripheral Pb-Pb collisions are shown.

From the Blast-Wave analysis [11] of the low pT part of the spectra for the most central
collisions, the radial flow, 〈βT〉, is found to be ≈ 10% higher than at RHIC, while the kinetic
freeze-out temperature was found to be comparable to that extracted from data at RHIC, Tkin =

95 MeV [9]. The spectra are well described by hydrodynamic models, except the low pT (< 1
GeV/c) proton yield [12, 13, 14, 15]. Models which best describe the data include hadronic
rescattering with non-negligible antibaryon annihilation [14, 15]. For intermediate to high pT

(> 3 GeV/c), the spectra develop the power law tail which characterizes the hard partonic
processes.

The particle ratios as a function of pT are shown in Fig. 5 for pp and the most central Pb-Pb
collisions. The proton-to-pion ratio increases from ≈ 0.38 to ≈ 0.8 going from peripheral (60-
80%) to central (0-5%) Pb-Pb collisions at pT≈ 3 GeV/c, then decreases to the value measured
for vacuum fragmentation (pp collisions) for pT > 10 GeV/c. The result obtained for the most
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FIGURE 4. Solid markers show the invariant yields of identified particles in central (circles) and peripheral
(squares) Pb-Pb collisions. Open points show the pp reference yields scaled by the average number of binary
collisions for 0-5% (circles) and 60-80% (squares). The statistical and systematic uncertainties are shown as vertical
error bars and boxes, respectively. Figure reproduced from Ref. [10].

central collisions is similar to that measured at RHIC [16, 17]. The kaon-to-pion ratio also
exhibits a bump around pT = 3 GeV/c, this effect is not predicted by quark recombination
suggesting that the actual enhancement of the baryon-to-meson ratio is not anomalous and
instead it is most likely driven by hydrodynamical flow. From the behavior of the particle
ratios in both colliding systems one can establish that the suppression of the three particle
species at high pT is the same within the statistical and systematic uncertainties. This suggests
that the chemical composition of leading particles from jets in the medium is similar to that of
vacuum jets.
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predictions refer to Pb-Pb collisions. Figure reproduced from Ref. [10].
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NUCLEON-NUCLEUS COLLISIONS

Surprisingly, early results from LHC showed that p-Pb collisions exhibit behaviors reminiscent
to those due to final state effects, namely, hints of collective effects (radial and elliptic flow,
ridge structure), but no sign of jet quenching [18, 19].

The transverse momentum spectra of charged pions, kaons and (anti)protons as a function
of the multiplicity measured in the VZERO-A detector have been reported from hundreds of
MeV/c [19] up to 15 GeV/c [20]. At high multiplicity the low pT parts of the spectra are better
described by models which incorporate hydro [19]. However, it has been shown that also in
pp collisions simulated with Pythia 8 tune 4C [21] the pT spectra of identified particles as a
function of multiplicity exhibit a qualitatively similar behavior to that seen here. This behavior
is a consequence of the interactions among final partons coming from independent semi-hard
scatterings which increases with increasing number of multi-parton interactions (MPI) [22].
One therefore cannot rule out alternative explanations, but interestingly, it illustrates that likely
there is a strong coupling of this phenomenon to the underlying event also in pp collisions.

The evolution of the spectral shapes with multiplicity is studied using the the blast-wave
analysis. Figure 6 (left) shows that a qualitatively similar behavior for Tkin vs. 〈βT〉 is obtained
for the three systems (pp, p-Pb and Pb-Pb) even in pp events simulated with Pythia 8. To study
the effect on the pT spectra directly, the proton-to-pion ratio was constructed, the results for
p-Pb and Pb-Pb collisions are presented in Fig. 6 (right) for two extreme multiplicity intervals.
For pT below (above) 2 GeV/c the ratios exhibit a depletion (enhancement) going from low to
high multiplicity. The highest (lowest) multiplicity intervals give ratios which reach maxima at
pT ≈ 3 GeV/c amounting to≈0.4 and≈ 0.8 (≈ 0.28 and≈ 0.38) in p-Pb and Pb-Pb collisions,
respectively. Above 3 GeV/c, the ratios start to decrease down to ≈ 0.1 at pT ≈ 10 GeV/c,
which according to [10] corresponds to the value measured for vacuum fragmentation (pp
collisions).
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FIGURE 6. (Right.) Comparison of the results from the blast-wave analysis applied to all available systems:
pp, p-Pb and Pb-Pb collisions. The spectral shape analysis was also applied to Pythia 8 events. Charged-particle
multiplicity increases from left to right. (Left.) Proton-to-pion ratio as a function of pT measured in p-Pb and Pb-Pb
collisions at

√
sNN = 5.02 and 2.76 TeV, respectively. The systematic and statistical uncertainties are plotted as

boxes and error bars, respectively.

Figure 7 shows the average pT for K∗0, protons and φ -mesons as a function of the system
size. The measurements were performed for pp, p-Pb and Pb-Pb collisions at

√
sNN = 7, 5.02
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FIGURE 8. (Left.) Ratios of proton and φ -meson yields to charged pion yield as a function of pT for central
Pb-Pb collisions at 2.76 TeV. In order to show the similarity of the shapes of the two ratios for pT <3 GeV/c, the
φ/π ratio has been scaled so that the φ -meson and proton integrated yields are identical. (Right) Ratios of proton
yields to φ -meson yields vs pT in p-Pb collision at 5.02 TeV and comparison with Pb-Pb.

and 2.76 TeV, respectively. The 〈pT〉 for MB pp collisions fits well with the behavior of the p-
Pb results. Actually, for inclusive charged particles a similar effect is seen, namely, the average
pT for pp and p-Pb data agree when the event multiplicity (|η | <0.3) is below ∼ 20, and for
higher multiplicities the strongest rise of 〈pT〉 is observed for pp data[23]. For Pb-Pb collisions
the rise of 〈pT〉with the event multiplicity is weaker than for small systems. This could indicate
that to reach the high multiplicity in small systems, the partonic processes need to be harder.

Other interesting result is shown in the left panel of Fig. 8, where the proton-to-pion and the
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φ -to-pion ratios for central Pb-Pb collisions are compared. The shapes of the ratios are roughly
the same at low pT (< 3−4 GeV/c), this suggests a mass dependence which is consistent with
the hydrodynamic picture. An alternative view of this result is shown in the right panel of
Fig. 8, where the proton-to-φ ratio as a function of pT is flat. The ratios were also computed
for peripheral Pb-Pb collisions and for high and low multiplicity p-Pb events. The ratio for
high multiplicity p-Pb events exhibits a flattening for pT below 1.5 GeV/c, while for higher
pT the ratio decreases in the same amount as those measured for low multiplicity p-Pb and the
most peripheral Pb-Pb collisions. The behavior of p-Pb data could be interpreted as a hint of
the onset of collective behavior in high multiplicity p-Pb collisions.

COSMIC RAY PHYSICS

The multiplicity of atmospheric muons, which results from the interaction of a primary cosmic
ray with the atmosphere, has been studied by ALICE. The high multiplicity tail (5 events with
more than 100 muons) of the distribution has been found well described by CORSIKA using
QGSJET II-03/04 as interaction models, this is illustrated in Fig. 9. The calculation suggests
that the high multiplicity events are more likely produced by interactions where the primary
cosmic ray is iron or a heavy nuclei with an energy greater than 1016 eV and a shower core
located near ALICE.

ALI-PERF-15720

FIGURE 9. (Left.) High multiplicity event of atmospheric muons detected by ALICE. (Right.) Multiplicity
distribution of atmospheric muons measured with ALICE compared with MC.

ULTRA-PERIPHERAL COLLISIONS

The vector meson productions in ultra-peripheral Pb-Pb and p-Pb collisions have been mea-
sured, in this kind of collisions particles are produced via photonuclear interactions. ALICE
result for the coherent J/ψ production in Pb-Pb collisions [24] is an important input to probe
the nuclear gluon-distribution. This is illustrated in the left panel of Fig. 10, where, within
statistical and systematic uncertainties, the ALICE result has been found in good agreement
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with models where nuclear gluon shadowing is included. For p-Pb collisions, the measurement
on the exclusive J/ψ photoproduction cross section off protons, σ(Wγp), has been recently
reported [25]. It allows to conclude that there is no significant change in the gluon density
behavior of the proton between HERA and LHC energies. This is shown in the right panel of
Fig.10 where the ALICE measurements for σ(Wγp) is compared to measurements at HERA
and to different theoretical models.
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FIGURE 10. (Left.) Differential cross section, dσ/dy, for coherent and exclusive J/ψ production in
√

sNN =

2.76 TeV Pb-Pb collisions compared with model predictions. The error is the quadratic sum of the statistical and
systematic errors [24]. (Right.) Exclusive J/ψ photoproduction cross section off protons measured by ALICE and
compared to HERA data. Comparisons to STARLIGHT, JMRT and the b-Sat models are shown. The power law fit
to ALICE data is also shown. This figure has been taken from [25].

SUMMARY AND OUTLOOK

The activities of the Mexican groups within the ALICE Collaboration are remarkable. The
groups have contributed in the production of high quality measurements which have been
published or will be published soon. The contributions for the upgrade of ALICE were not
discussed in the present paper but can be found in this reference[26].
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Abstract. Quantum Chromodynamics is the most successful theory in particle physics. The understanding of
all different signals at hadron colliders have been achieved due to the correct interpretation of the theory. In
this paper we review some basic features of the theory of strong interactions and how it could be used in order
to provide phenomenological distributions for the Large Hadron Collider. The main results presented in here
can be found in Ref [1].
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INTRODUCTION

The Large Hadron Collider (LHC) is the biggest machine ever built by humanity. Its main
purpose, the discovery of the last remaining particle of the Standard Model (SM) was achieved
in 2012. Theorists and experimentalists from all around the globe made an enormous effort
in order to succeed on this task. Experiments are achieving a very high precision in all
measurements, and they are now also pushing theorists to provide phenomenological SM
predictions at the same level of accuracy. Besides that, the new era of the LHC is coming, and
the disentanglement of the properties of the Higgs particle or the discovery of new physics,
require theoretical Monte Carlo simulations, of signal and background, at the highest possible
precision.

The SM of particle physics is based on a gauge theory of SU(3)c× SU(2)L×U(1)Y and
it has been by far the most precise theory of nature. In particular, the sector of the theory
which governs the physics of the LHC is the one related with the SU(3)c. The LHC collides
protons at center of mass energies of the order of TeVs. Protons are made of quarks and
gluons, elementary particles of the SM. The description of these partons is well understood in
the framework of Quantum Chromodynamics (QCD). Unfortunately, QCD cannot be solved
completely, and usually in order to make theoretical predictions for hadron colliders, one takes
the perturbative version of QCD (pQCD). In the perturbative regime, the coupling associated
to SU(3)c is considered small and the series expansion is allowed. However, at the LHC, this
assumption is only valid just in the moment when the collision occurs and when particles are
flowing into detectors this statement could not be longer true. In order to compute observables,
it is important to know how to include the perturbative part and the non perturbative one in the
calculation. In fact, one way to describe the production of a hadron H at the LHC is a mixing
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between this two sectors,

EH
d3σ
d p3

H
= ∑

a,b,c
fa⊗ fb⊗dσ̂ c

ab⊗DH
c (1)

where the sum runs over all partonic channels, a+b→ c+X , with dσ̂ c
ab the associated partonic

cross section; fa, fb are the Parton Distribution Functions (PDF) and DH
c are the Fragmentation

Functions (FF). The partonic cross section can be expanded as a power series in the strong
coupling αS, and the PDF and the FF are the non-perturbative objects that are extracted directly
from the experimental data.

In order to obtain a phenomenological prediction for the LHC, one needs to convolute the
perturbative and non-perturbative part consistently and evolve all parameters to the scale when
the process occurs. In this short review, we sketch how it is possible to use pQCD for describing
small deviations of SM signals, such as the diphoton channel for the Higgs decay.

THEORY

The main channel for the Higgs production at hadron colliders is the gluon-gluon fusion, which
is mediated principally by a heavy-quark (top-quark) loop [2]. A lot of work have been done
around this channel due to the great relevance for the LHC including up to next-to-next-to-
next-to-leading (N3LO) QCD corrections [3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13]. State of the art
computations for this channel [14] include electroweak corrections at NLO [15, 16] and soft
gluon resummation to next-to-next-to leading logarithmic accuracy [17].

In this note, we will focus on the diphoton decay channel of the Higgs. This channel is very
interesting because its branching fraction is extremely small but it has a clean experimental
signal then, it was one of the most significant channels for the Higgs analysis.

A phenomenological calculation for the LHC is not completed without the knowledge of the
background, thus the corresponding background for diphoton production was also computed
up to NNLO accuracy[18]. Small deviations could appear when the analysis is achieved to
higher precision and also when the interference between signal and background is considered.
In the following we focus on calculating the interference between signal and background for
the diphoton channel in proton proton collisions.

The interference of the resonant process i j → X + H → γγ with the continuum QCD
background i j→ X + γγ induced by quark loops can be expressed at the level of the partonic
cross section as:

δ σ̂i j→X+H→γγ = −2(ŝ−m2
H)

Re
(
Ai j→X+HAH→γγA ∗

cont
)

(ŝ−m2
H)

2 +m2
HΓ2

H

−2mHΓH
Im
(
Ai j→X+HAH→γγA ∗

cont
)

(ŝ−m2
H)

2 +m2
HΓ2

H
, (2)

where ŝ is the partonic invariant mass, mH and ΓH are the Higgs mass and decay width
respectively.

It has been noticed in [19, 20], that the real part of the amplitudes is odd in ŝ around mH ,
therefore its effect on the total γγ rate is subdominant. On the other hand, for the gluon-gluon
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partonic subprocess [20] it was found that the imaginary part of the corresponding one-loop
amplitude has a quark mass suppression for the relevant helicity combinations.

LHC collides protons which contain gluons and quarks then, the full diphoton channel has to
be considered theoretically as a sum of all possible initial states: gluon-gluon (gg), quark-gluon
(qg) and quark-antiquark (qq̄). Even if the contribution will be subdominant for the qg and qq̄
due to PDF, these channels could bring sensible discrepancies in the full analysis, therefore it
is worth studying completely the diphoton production at the order O(α2

S ).

RESULTS

The starting point consists on computing all amplitudes using the Mathematica package
FeynArts [21] for all interferences, gg, qg and qq̄. Then, combining with the package FeynCalc
[22], it is possible to obtain the final squared matrix elements. For simplicity, the production
amplitudes are computed within the effective Lagrangian approach for the ggH coupling (re-
lying in the infinite top mass limit), approximation known to work at the few percent level for
the process of interest. A sample of the Feynman diagrams for the qg interference channel are
shown in Figure 1.

∗q

g

q

H

γ

γ

⊗

q

g

q

γ

γ

FIGURE 1. Sample of Feynman diagrams contributing to the interference

One might notice that in the qg channel there is an extra parton in the final state. In
order to find the contribution to the cross section of the diphoton channel, this parton has
to be integrated out. Infrared singularities appear on the amplitudes individually, however the
interference remains finite after the phase space integration and its contribution is truly at tree-
level.

Having the matrix squared amplitudes, we performed a convolution of the partonic cross-
section with the PDF. We used the MSTW2008 LO set [23] (in the five massless flavours
scheme), and the one-loop expression of the strong coupling constant, setting the factorization
and renormalization scales to the diphoton invariant mass µF = µR = Mγγ . The decay into
two photons is treated exactly and we set α = 1/137. For the Higgs boson we use mH =

125GeV and ΓH = 4.2MeV. For all the histograms we implemented an asymmetric cut on the
transverse momentum of the photons: phard(so f t)

T,γ ≥ 40(30) GeV. Their pseudorapidity was also
constrained to be in the region of |ηγ | ≤ 2.5. We also applied the standard isolation prescription
for the photons, requesting that the transverse hadronic energy deposited within a cone of size
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R =
√

∆φ 2 +∆η2 < 0.4 around the photon should satisfy pT,had ≤ 3 GeV. In addition, we
reject all the events with Rγγ < 0.4.

In order to simulate the response of the detector, we convoluted the partonic cross-section
with a Gaussian function of mass resolution width σMR = 1.7GeV following the procedure
showed in Ref. [24]. The corresponding results are presented in Figure 2. We can observe that
the magnitude of the interference is reduced, but the position of the peak (and dip) is moved as
much as 2 GeV. From Figure 2 one can conclude that the displacement of the invariant mass
peak will be driven by: the width of the gaussian, the magnitude and sign of the interference.

FIGURE 2. Diphoton invariant mass distribution for the interference terms including the smearing effects which
simulate the detector (Gaussian function of width 1.7GeV). The solid line represents the gg channel contribution,
the dashed line represents the qg channel, and the dotted one, the qq̄.

We present in Figure 3 the corresponding results after adding the Higgs signal. The solid
curve corresponds to the signal cross-section, without the interference terms, but including the
detector smearing effects. As expected, the (signal) Higgs peak remains at Mγγ = 125GeV.
When adding the gg interference term, we observe a shift on the position of the peak in about
150MeV towards a lower mass (dotted), as found in Ref. [24]. If we also add the qg and
qq̄ contributions (dashed), the peak is shifted slightly (of the order of just a few MeV) back
towards a higher mass region because of the opposite sign of the amplitudes.

To have a rough estimation of the theoretical uncertanties, we varied the factorization and
renormalization scales between 1

2 Mγγ and 1
2 Mγγ . There are large variations, of about 80%, in

all the channels. Given the fact that very large K-factors are observed in both the signal and
the background, one might expect a considerable increase in the interference as well.
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FIGURE 3. Diphoton invariant mass distribution including the smearing effects of the detector (Gaussian func-
tion of width 1.7GeV). The solid line corresponds to the signal-only contribution. The dotted line corresponds to
the distribution after adding the gg interference term, and the dashed line represents the complete Higgs signal plus
all three interference contributions (gg, qg and qq̄).

CONCLUSIONS

In this note, we have presented an example of how pQCD could help to analyse the small
corrections to theoretical predictions of experimental observables. We showed the shift in the
invariant mass distribution for the diphoton channel at the LHC, when the interference between
the signal and background is considered in a full QCD calculation at the order O(α2

S ).
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State of the art electron sources and their applications
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Abstract. Electron sources are widely used for a variety of applications, from low energy (kilo electron Volts)
to generate X-rays in medical applications, to high energy (Giga electron Volts) to generate collimated electron
beams for nuclear and for particle physics, and for accelerator-based light sources. An overview of the various
types of electron sources, their respective principle of operation and limitations, and a summary of the state
of the art systems is presented.

Keywords: <Electron sources, High brightness photoinjectors>
PACS: <29.10+y,29.25.Bx>

INTRODUCTION

Historically, electron emission musings go back to the Greek philosophers whom noticed short
flashes of bluish light while rubbing pieces of amber (elektron in Greek) with fur. The history
of the discovery of the electron, the experimental and theoretical work on electromagnetism,
the development of apparatuses to extract and to detect electrons and of the modern elec-
tron sources and emission mechanisms, is most fascinating but unfortunately goes beyond the
scope of the work presented here. Electron emission is the process in which electrons bound
in a solid, referred from now on as the cathode, are released and leave the cathode surface. The
process is statistical, as only those electrons with sufficient momentum component perpendic-
ular to the surface may overcome the potential barrier. The emission mechanism depends on
the source of energy; heat (pure thermal or thermionic emission in the presence of a strong
external electric field), light (photoelectric emission). Additionally, electron emission occurs
in metals via quantum tunneling in the presence of a strong electric field (field emission). The
most widely used type of emission is thermionic, mainly in X-Ray tubes, microwave and radio
frequency (RF) generators such as microtrons and klystrons, and in RF electron sources for
some accelerator applications. Field emission electron sources generate a very narrow elec-
tron beams utilized in scanning and tunneling electron microscopes. Photoelectric also known
as photoemission electron sources are found in light intensifying devices such as nigh vision
goggles, solar cells, photomultiplier tubes, and photoemission electron sources for selected
accelerator applications.

The electron beam specifications defined by a particular application, such as energy, trans-
verse physical size, collimation, direct or pulsed current, type of photocathode, etc. define the
type of electron source. For example, in X-ray tubes electrons are emitted in a physically large
angle and with a wide energy spectrum, typically between 100 and 200 kilo electron Volts
(keV) Direct Current (DC). In contrast, photoemission electron sources for accelerator appli-
cations operate in the range of 100 to 500 keV DC, or in the range of 1 to 3 Mega electron Volts
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(MeV) in RF electron sources, with the additional requirement to produce a highly collimated
electron beam for further injection into a particular accelerator. The focus of this work is on
electron sources for accelerator applications, and in particular for those designed, constructed,
and operated as light sources.

The state of the art in injector research and development has been driven in the past few
years by the unprecedented beam quality requirements imposed by Fourth Generation Light
Sources, like the Stanford’s Linear Coherent Light Source (LCLS), the first X-ray free electron
laser (FEL) user facility. The performance of the LCLS is impressive, lasing 10 orders of
magnitude higher in peak energy than previous third generation light sources. In addition,
one of the great advantages of fourth generation light sources over their predecesors is the
production of spatially and temporal coherent X-ray pulses that allow for a wide range of
applications such as three dimensional imaging with chemical selectivity to measure atomic
structure at the nano-scale level in molecules, measurement of dynamics on the attosecond
timescale of electron motion, etc. The motivation behind the development of such kind of
fourth generation light sources is driven by many factors such as economical, public health,
the environment, etc. This is summarized in a report by Graham Fleming and Mary Ratner
of the United States Department of Energy: Directing Matter and Energy; Five challenges for
science and the Imagination[1]. The five questions and their corresponding requirements from
a light source are listed in the report as follows:

1. How do we control materials processes at the level of the electrons? By pump-probe time
dependent dynamics.

2. How do we design and perfect atom- and energy-efficient synthesis of new forms of matter
with tailored properties? By Pulsed Laser Deposition, photo-chemistry, and X-Ray Photo
Spectroscopy.

3. How do remarkable properties of matter emerge from the complex correlations of atomic
and electronic constituents and how can we control these properties? By pump-probe time
dependent dynamics.

4. How can we master energy and information on the nanoscale to create new technologies
with capabilities rivaling those of living things? By pump-probe time dependent dynamics.

5. How do we characterize and control matter away – especially very far away – from
equilibrium? By non-linear dynamics with ultra bright light sources.

The technical issues surrounding the development and operation of such electron sources
are highly non-trivial and often intertwined.

ELECTRON EMISSION AND BEAM PROPERTIES

In metals, electrons in the outer atom shells are not bound to a particular atom, rather they
are in continuous motion but still bound to the metal surface. The collection of electrons can
be considered as a Free Electron Gas in which the atomic cores are immersed in a sea of
conduction electrons[2]. The Fermi Energy is defined as the energy of the topmost filled level
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in the ground state of the N electron system, at absolute zero. The Fermi-Dirac distribution
gives the probability that an electron state of energy E will be occupied at thermal equilibrium
with temperature T. As the temperature is increased, an increasing number of electrons gain
energies higher than the Fermi Energy and also gain higher probability to escape into the
vacuum level, defined as the distance at which an electron is sufficiently far from the metal
surface that its image charge is negligible (more than 100 Angstroms). The work function is
defined as the difference in potential energy of an electron between the vacuum level and the
Fermi level. The following is a brief description of each type of emission, in chronological
order.

Photoemission (Fowler-Dubridge, 1933) occurs in metals when the incident photon energy
exceeds the work function[3]. Photoemission is a three step process that involves 1) Absorption
of light in bulk material and photo-excitation of electrons. The absorption depends on the
light intensity, incident photon energy, the material reflectivity, and light penetration depth
which is also a function of the photon energy. 2) Transport of photo-excited electrons to the
material surface which depends on the electron energy and scattering rates (relaxation times),
and 3) emission probability which depends for metals on the difference between the incident
photon energy and the work function, while for semiconductors depends on the incident photon
energy and the electron affinity which is the energy gap between the conduction band and the
vacuum level. The ratio between the number of emitted electrons (or current) and the incident
number of photons (intensity) defines the quantum efficiency for a particular photocathode.
Quantum efficiency in metals in in the order of 0.01% and requires photon energies above
4.5eV, while for semiconductors the quantum efficiency in in the order of 10.0% for photon
energies between 1.5 and 2.5 eV. To second order the quantum efficiency also depends on the
applied electric field at the photocathode surface (Schottky effect) as the applied electric field
reduces the effective work function[16].

In thermal emission (Richardson-Laue-Dushman, 1949), electrons gain sufficient thermal
energy to overcome the vacuum level[4]. Those electrons with momentum component perpen-
dicular to the metal surface have a finite probability of being emitted with current density J(T).
In thermionic emission, application of an external field lowers the metal work function. This
is known as the Schottky enhancement factor.

In Field Emission (Fowler and Nordheim, 1956) the electrostatic field at the metal surface
is so high that thins the potential barrier[5]. Electrons with energies below the Fermi level
with momentum component perpendicular to the metal surface have then a finite probability
to tunnel through the thinned potential barrier, with current density that depends quadratically
on the applied field and exponentially on the work function. Field Emission occurs when the
field is >1 Giga Volt per meter, typically in sub-micron size metallic tips.

Most electron accelerators require a collimated beam comprised of a train of electron
pulses[6]. In each pulse, there is a certain number of electrons with collective charge in the
range of a few pico-Coulombs (pC) to a few nano-Coulombs (nC). Each group of electrons
is called an electron bunch. The rate at which the electron bunches are generated is called
the duty factor or repetition rate, which can be as low as a few Hertz (Hz) and as high as
tens of Mega-Hertz (MHz). The technical issues and fundamental physics surrounding the
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extraction of electrons from a cathode and their subsequent acceleration to form a collimated
beam despite mutual Coulomb force repulsions within the bunch are highly nontrivial and
continue to present challenges in the development of state of the art electron sources. Coulomb
force repulsion, known as space charge effect makes the electron beam diverge, but this force
decreases with the beam energy as 1/gamma-squared, therefore very high electric fields (on the
order of tens of Mega Volts per meter, MeV/m) are desired at the cathode surface. The ideal
bunch has an ellipsoidal contour for which the space charge forces are linear and emittance
growth can be compensated with magnetic focusing provided by an electromagnetic solenoid.
The beam normalized emittance, defined as the area of transverse phase space that the electron
bunch occupies, is a figure of merit for the electron beam quality. The transverse phase space
is defined in a plane perpendicular to the direction of motion of the electron bunch. In the
x-axis, the transverse phase space is the area occupied by the collection of particles each with
position xi and momentum pxi, and similarly for the y-axis. The transverse beam emittance is
therefore defined by the divergence and the physical area occupied by the beam at a particular
location along the direction of motion of the electron beam. The units of emittance are typically
expressed in mm-mrad. The smaller the emittance, the higher the beam quality. The geometric
emittance is defined as normalized emittance / beta-gamma. Therefore the beam energy at the
interaction point (either a fixed target or a magnetic field) defines the geoemtric emittance,
which is limited by the normalized emittance. The emission properties of the electron bunch at
the time of being generated in the cathode ultimately define the normalized emittance. In the
longitudinal (time-energy) phase space, the emittance is defined by the energy spread of the
collection of electrons within the electron bunch normalized to the beam energy and its length.
A small longitudinal emittance means then that the electron bunch is very short and that its the
energy spread is small.

ELECTRON SOURCES FOR ACCELERATOR APPLICATIONS

An electron accelerator consists basically of a source, also called an electron gun or injector, a
driver accelerator consisting of either individual metal cavities or multiple cavities assembled
into an accelerator module (many linear accelerators known as Linacs have several modules),
the interaction region (fixed target in high energy nuclear physics, a focused beam of other
particles in colliders, a magnetic field from a single dipole or from a series of alternating
dipoles known as undulators in light sources), a re-circulation path for some applications
like Energy Recovery Linacs (ERLs) and storage rings, and a beam dump. In between these
basic components there is of course the need for beam transport and management to guide the
generated beam to the interaction region and to provide the desire beam specifications[7].

In accelerators for high energy nuclear physics, a multi-GeV beam comprised of polarized
electrons serves as a pointlike probe for the nuclear quark structure, while in accelerators for
light sources such as synchtrotrons and Free Electron Lasers (FELs), a beam of un-polarized
electrons in the energy range between 100 MeV to 10 GeV interacts with static magnetic
fields from single dipole magnets or from undulators to generate pulses of light as the electron
bunches travel through.
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The main functions of an electron injector for accelerator applications are:

1. Generate an electron beam comprised of a train of pulses. Each pulse is consists of group
of electrons, called an electron bunch, that collectively have charges in the range of a few
pC to a few nC.

2. Accelerate the electron bunches as quickly as possible after emission, preferably at rela-
tivistic energies, to minimize emittance growth due to mutual Coulomb repulsion within
the bunch.

3. Have a cathode-suitable vacuum environment to prevent electron scattering by gas
molecules and to preserve cathode surface chemistry.

4. Be sufficiently robust to support accelerator operations suitable for a user facility, this
translates to minimizing accelerator maintenance downtime.

These functions jointly with the required electron beam characteristics (beam energy, bunch
charge and length, transverse and longitudinal emittance, duty factor also known as repetition
rate) define the types of electron injector, namely: Direct current photoemission, thermionic
pulsed (DC during the pulse few micro-seconds long), thermionic radio frequency (the most
prevailing method for generating electron beams for synchrotron light sources), photoemis-
sion radio frequency, and photoemission super conducting radio frequency. Considering the
aforementioned factors, the duty factor determines the main branching in injector technology:

Low duty duty factor injectors operate with a repetition rate of 1-100 Hz, and are capable
of providing peak current (bunch charge / bunch length) in the order of 1000 Amperes, thanks
to high accelerating fields (50-100 MV/m at the cathode), albeit the average current is low
(micro-Amperes) inherent to the low repetition rate that requires modest amounts of RF power
in the kilo-Watt (kW) range. Since their vacuum conditions are not the best achievable, most
RF injectors utilize low quantum efficiency metal photocathode like copper or molybdenum.

High duty factor injectors operate in the range of 1-100 MHz and although the peak current
is limited to a few Amperes due to the relatively low accelerating field at the cathode (up
to 10 MV/m approximately), these type of injectors are capable of producing beams with
high average current, in the order of tens of mA and due to their construction and operating
characteristics the vacuum conditions are amongst the best achievable allowing use of a variety
of semiconductor photocathodes offering an advantage over the lower quantum efficiency
metal photocathodes. However, in order to generate such high average current, the required
RF power is in the order of Mega-Watts in addition to the stringent requirements imposed on
the photocathode and associated drive laser system[24].

Regardless of the duty factor, the generic electron injector consists basically of a cathode, an
accelerating electric field either Direct Current or Radio Frequency, a beam focusing device in
the form of an electromagnetic solenoid, and a scheme to provide energy/time modulation.

The first electron sources for accelerators were just modified microwave tubes (Klystrons)
for generating microwaves by velocity modulation when a DC electron beam of a few mA
travels through a copper cavity fed with a low power RF input. The first thermionic RF injector
was developed in the mid 1980s[9], and later in 1985 the first RF photoinjector was developed
at Los Alamos National Laboratory (LANL) to meet emittance requirements for the FEL,
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which could not be met by the thermionic RF injector. Both operated at repetition rates in the
order of a few tens of Hz, meaning that the average electron beam current was in the micro-
Ampere (uA) range. The repetition rate is limited by several factors such as the capability
of transmitting high average power to the injector and capacity of power (heat) dissipation.
In 1992, the first RF photoinjector to operate at high repetition rate (about 5 MHz) was a
development between BOEING and LANL to generate 35 mA Continuous Wave (CW) with
a multi-alkali (K2CsSb) semiconductor photocathode[8]. This record current which stood for
nearly 22 years has recently been broken by Cornell University with another type of multi-
alkali photocathode (Na2KSb) in a DC photo-gun producing up to 75 mA CW[10]. In 2002 the
first operation of a superconducting radio frequency (SRF) gun based on cryogenically cooled
Niobium cavity was demonstrated at Forschunszentrum Rossendorf in Germany[11]. The first
DC photo-gun development took place in 1976 at Stanford after the need to generate polarized
electrons for nuclear physics experiments in the Stanford Linear Accelerator (SLAC)[12],
since the semiconductor GaAs photocathode required for generating polarized electrons could
not operate in the relatively poor vacuum conditions of traditional RF guns. In the late 1980s
a modified version of SLAC’s 20 Hz repetition rate polarized DC photo-gun was developed
for the Continuous Electron Beam Accelerator Facility (CEBAF) at Jefferosn Lab operating
at 499 MHz repetition rate thanks to a series of linear accelerating modules based on SRF
technology[13], giving a significant increase in the average beam current (on the order of
100 micro-Amperes CW) over SLAC’s lower repetition rate limited by the normal conducting
copper Linac. In the mid 1990s a modified version of the CEBAF DC gun was developed for
the Jefferson Lab FEL[14], to produce un-polarized electrons at 350kV, and up to 9 mA CW
(at 75 MHz repetition rate), leading to the world record of 14kW infra-red average power at
a wavelength of 1.6 microns generated by an ERL based FEL with circulating electron beam
power in the order of 1.5 Mega-Watts[15].

Radio Frequency photo-injectors

Radio frequency photo-injectors, also known as RF photo-guns, consist of a specially shaped
metal vacuum chamber known as a cavity, with one end closed where a metal photocathode is
placed, and the opposite end open where the electron beam emerges and from where the RF
waveform is coupled[17]. The shape and size of the cavity works jointly with the input RF
phase and amplitude to extract from the waveform the longitudinal component of the electric
field which its amplitude (at the cathode surface) has a sinusoidal behavior as a function of
time. When the photocathode is illuminated with pulses of light from a drive laser that are
short compared to the period of the waveform synchronized with the maximum amplitude
of the longitudinal component of the time-varying electric field, then electron bunches are
generated at the repetition rate of the drive laser, which is a sub-harmonic of the fundamental
frequency of the RF waveform.

Presently there are three state-of-the-art RF photo-injectors: The LCSL photo-injector based
on copper cavity with a fundamental frequency of 2856 MHz operating with a repetition rate
of 120 Hz[18], the Lawrence Berkley National Laboratory (LBNL) Very High Frequency
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(fundamental frequency at 106 MHz) photoemission gun based also on copper cavity operating
at 1 MHz repetition rate[19], and the University of Wisconsin SRF photo-gun based on
cryogenically cooled Niobium cavity with fundamental frequency of 199.6 MHz operate also
in the kHz range repetition rate[20].

The LSCL RF photo-injector photoinjector is the state-of-the-art technology with a copper
cathode. It generates electron beam with 0.7 millimeter-milliradian emittance (only twice from
the fundamental limit set by the thermal emittance intrinsic to the photocathode). The impres-
sive emittance performance is mainly due to the high cathode peak field, around 140 MV/m.
The electron beam is comprised of 250pC bunches, each 2.5 pico-second long generated at a
repetition rate of 120Hz for 0.3 microamperes average current.

Since the LCLS X-Ray FEL repetition rate is presently limited to 120Hz, a second phase has
been approved by the US Department of Energy. LCLS II will have a new linear accelerator
based on SRF technology for operations with repetition rates in the MHz regime. This means
that the unprecedented X-ray brightness, and consequently the electron beam emittance, will
have to be maintained with close to one million times higher repetition rate. This presents
a significant technological challenge in photo-injector technology that involves an RF gun
capable of sustaining MW of RF power, a photocathode capable of generating thousand times
more current with the additional requirement of robustness and reliability for supporting user
operations. To address these issues, a prototype photo-injector based on lower frequency than
the LCLS has been developed by the Lawrence Berkeley National Laboratory (LBNL). The
larger physical size lessens the RF power dissipation problem, provides better vacuum to
utilize semiconductor photocathodes that have higher quantum yield than metals. Although
the lower fundamental frequency (106 MHz compared to LCLS’s 2856 MHz) limits the
longitudinal electric field at the photocathode to about 20 MV/m, it also allows for a longer
electron bunch reducing space charge forces to achieve emittance comparable to the LCLS
photo-injector. The LBNL photo-injector has already generated electron beam from a Cesium
Telluride photocathode, which at 1 MHz repetition rate renders 100 micro-Amperes of current,
already 300 times larger than the LCLS photo injector. To increase the electron beam current
and based on Cornell’s DC photo-gun success, multi-alakli photocathodes will soon be tested
in the LBNL RF gun.

To reduce the heat dissipation problem imposed by the RF power, an alternative to normal-
conduting copper-based RF photo-injectors are those based on SRF technology. The first SRF
photo emission electron gun demonstrated electron beam from a Cesium Telluride photocath-
ode in 2002 at the Forschungszentrum Rossendorf in Germany. Even though this technology
is highly promising because of the high electric field at the photocathode, the superb vacuum
quality provided by the cryogenic environment that allows the use of semiconductor photo-
cathodes, and the enormous heat dissipation, many technological challenges have prevented
further progress since then, despite continuous incremental progress by the Rossendorf group
and others like Brookhaven National Laboratory, and more recently with a prototype devel-
oped by the University of Wisconsin. The approach followed by the University of Wisconsin
group is based on low fundamental frequency, therefore larger size cavity (similar in concept
to that from the Berkeley group). This prototype demonstrated first beam operation in 2013,
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but more tests and a diagnostic beamline are needed to fully characterize the electron beam
properties.

Direct Current photo-injectors

The principle of operation behind Direct Current electron guns is the electrical potential
difference applied constantly between the cathode and the anode[21]. The longitudinal elec-
tric field at the cathode surface accelerates the emitted electrons and depends on the applied
DC voltage, on the anode-cathode geometry, and on the anode-cathode gap. To control space
charge forces that contribute to transverse emittance growth, the electrode geometry is de-
signed such that the radial component of the electric field provides transverse focusing in
the anode-cathode gap region (Pierce geometry electrodes). The electrodes are immersed in a
vacuum chamber. The anode has an aperture from where the electron beam emerges, it is me-
chanically affixed to the chamber and therefore electrically connected to ground potential. The
cathode is mechanically supported by an electric insulator for negative high voltage biasing.
Additional focusing is provided with a solenoid electromagnet. The typical anode-cathode gap
for DC electron guns utilized in accelerator applications is between 5 and 10 cm, with bias-
ing voltages ranging from 100 to 500 kV DC, thus the accelerating electric field is below 10
MV/m. Due to the relatively low emitted electron beam energy, most DC guns are coupled to
an RF-driven acceleration module known as a booster for increase the beam energy to a few
tens of MeV. To minimize beam emittance degradation by space charge forces, the booster is
generally placed within a few meters from the gun beam output. The DC gun coupled to the
booster is generally known as a DC injector. There are two basic types of DC injectors, those
operating in pulse mode below 100 Hz repetition rate, and those operating in Continuous Wave
(CW) mode at MHz repetition rates.

An example of the pulse DC injector, and one of the state-of-the-art systems, is the
thermionic injector that provides electron beam for the X-Ray FEL (SACLA) in Japan[22].
This system is based on a 0.3 mm diameter CeB6 thermionic cathode operating at 1450 degrees
Celsius capable of generating electron pulses with 1 nC bunch charge which, after transverse
and longitudinal phase space management provides 0.4 mm-mrad emittance beam. To extract
the electrons, the cathode is biased with 500kV pulses several nano-seconds long, effectively
producing a DC beam during that time length. The system is limited to 60 Hz operation by the
pulse forming network time response in the high voltage power supply. The electron pulses
are compressed from nano-seconds to a few pico-seconds in order to be injected into the FEL
driver linear accelerator.

Instead of a thermionic electron source, the most common type of DC injector for accelerator
applications utilizes a photocathode mechanically and electrically connected to the cathode
electrode. While the cathode is continuously biased to hundreds of kV (DC), pico-second long
laser pulses illuminate the photocathode at MHz repetition rate, extracting electron bunches
accordingly. Despite having one-order-of-magnitude lower cathode accelerating field than the
RF photo-injectors, two of the main motivations for the development of DC photo-injector
technology are the stringent vacuum requirements imposed by GaAs photocathodes, which are
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the only type of photocathode capable of producing polarized electron beams for high energy
nuclear physics, and the capability of CW operation in the MHz range for generating electron
beams in the range of 0.1 to nearly 100 mA. Polarized electrons are photo-emitted when the
GaAs semiconductor crystal is illuminated with circularly polarized light with a photon energy
that matches the bandgap ( 1.6 eV).

The polarized DC photo-gun at the Thomas Jefferson National Accelerator Facility in
one the state-of-the-art systems providing 130 keV beam with over 85% polarization at
499 MHz repetition rates for the SRF Continuos Electron Beam Accelerator Facility, where
the beam is accelerated up to 12 GeV for the high energy nuclear physics program. At
that repetition rate, the beam average current can be nearly 200 micro-Amperes, limited by
photocathode quantum yield lifetime, and RF power in the Linac amongst other factors. One
very peculiar characteristics of the JLab DC photo-injector is that it can provide up to four
electron beams, each with different bunch charge and repetition rate, from the same location
on the photocathode, by interleaving the pulses from four different laser systems. The electron
pulses travel essentially through the same trajectory in the accelerator, but are separated in
time (distance) allowing beam extraction at different energies and beam transport to each
experimental Hall sequentially but still at MHz repetition rate.

DC photo-guns can also generate unpolarized electron beams at much higher average cur-
rents than any other injector, which makes them ideal for high power, ERL based FELs. Their
vacuum conditions allow the use of high quantum efficiency semiconductor photocathodes
10% to 20.0% at 532 nm compared to 0.01% at 257 nm for metals), while their constant DC
bias allows electron bunch production at hundreds of MHz.

The Cornell University DC photo-gun operating at 350kV certainly represents the state-of-
the-art technology in photo-injectors, recently demonstrating 75 mA extracted from a multi-
alkali Na2KSb photocathode at 1300 MHz repetition rate and therefore breaking the previous
world record held since 1993 by the BOEING normal conducting RF photo-injector at 35 mA.
The Cornell prototype photo-injector developed to demonstrate production of mA level beam
simultaneously with low emittance, has also generated sustained electron beam production in
multi-hour runs at 65 mA CW with 0.3 mm-mrad beam emittance for 77 pC bunch charge,
in addition to the highest ever extracted current from a GaAs photocathode at 50 mA CW.
Achieving beam emittance below 1 mm-mrad while at the same time providing mA levels of
current is technically very challenging, and essential for proposed X-Ray FEL user facilities.

Albeit similar in concept to the Cornell system, the Jefferson Lab infra-red FEL photo-gun
design was developed almost 20 years prior and despite not having a photocathode exchange
system, it is the highest average current DC photo-gun to ever power a SRF Linac driven FEL.
Operating at 350kV DC with a GaAs photocathode gun and generating up to 9 mA CW at
75 MHz repetition rate for a world record FEL power of sustained 14 kW at 1.06 microns
wavelength.
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CHALLENGES AND OPPORTUNITIES

Although not described in detail in the above sections, many technological and fundamental
physics challenges still remain offering a wide range of disciplines for students, whom may
become the next generation of scientists and engineers solving those challenges, and most
likely finding new ones. For example, electrical engineering and material science are needed
for addressing the transmission of mega-Watts of RF power through ceramic ’windows’ in RF
photo-injectors. These windows are essentially physical barriers isolating vacuum conditions
in the photo-gun side from the pressurized waveguide that must also transmit the RF power
from one side of the RF window to the other with minimal losses, and without electrostatic
breakdown induced in the ceramic by electron-hole pair production by field emission and
X-ray production. Similarly in DC photo-guns, the transmission of high voltage from the
power supply to the cathode electrode without catastrophic electrical breakdown of the ceramic
insulator is highly nontrivial. Recent advances by the KEK group in Japan in utilizing shielded
and segmented cylindrical insulator have proven successful in reaching 500kV DC operation
when the ceramic is coupled between the power supply and the gun vacuum chamber[23]. In
search for an alternative to that method with a cable connection between the power supply and
the gun vacuum chamber, the Jefferson Lab injector group has found promising results utilizing
a more compact, inverted geometry insulators similar to those in medical X-Ray tubes; but
voltage is still limited to 350kV DC by electrical breakdown between the cable connecter and
the insulator[25].

Other areas of active and truly multi-disciplinary research are focused on further under-
standing of photoelectron emission and quantum efficiency degradation mechanisms in pho-
tocathodes. These are critical aspects to meet the stringent requirements of X-ray FEL light
sources in terms of smaller emittance and higher average current electron beams, in addition
to robust operation for sustaining a facility user program. Some examples include surface sci-
ence utilizing synchrotron light sources to study the effect of surface roughness and chemical
composition on intrinsic emittance[26]. Computational chemistry has recently being utilized
to engineer photocathodes with tailored properties like the electron affinity in semiconductor
photocathodes[27]. Density functional theory is being applied to derive numerical calculations
of the band structure in semiconductor photocathodes like GaAs and CsK2Sb. This informa-
tion can potentially be utilized for transient numerical calculations to derive the convolution
between the input three-dimensional laser pulse and the photocathode emission properties.
If successful, this convolution would render the six-dimensional phase space of the electron
bunch (comprised of billions of particles, each one with coordinates xi,yi,zi and momentum
pxi,pyi,pzi) as it is being emitted from the photocathode surface and simultaneously interact-
ing with the strong accelerating field. Such detail initial bunch distribution is lacking in all
particle-in-cell tracking algorithms that are widely used for electron beam dynamics modeling
of injectors. If the convolution is known, then one could tailor the laser pulse transverse and
longitudinal profiles and/or the photocathode materials properties to finally generate the ideal
ellipsoidal electron bunch in which the space charge forces are linear and can therefore be man-
aged through the accelerator for delivering beam with ultimate emittance[28]. Even further,
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new materials with lower intrinsic emittance than those presently used could be developed.
Similarly challenging is drive laser development to provide such complex light pulses with
specific spatial and temporal profiles, with the train pulse structure specific to each accelerator
based light source, and with the pulse-to-pulse stability for robust and reliable photo-injector
operation[29].

Once the required emittance and beam current are achieved by a particular photo-injector,
the next challenge is to preserve them in sustained operation mode. Factors that degrade the
emittance include the stability of the radio frequency systems and synchronization with the
drive laser, feedback systems for high current stability, interlock (machine protection) systems
capable of fast shutdown response, and electron beam halo. Electron beam halo consists of any
electrons that occupy a place in the phase space (both transverse and longitudinal) outside the
intended core beam. This is particularly problematic for high average current operations since
beam halo may have a factor of five lower charge than the core beam.

The worldwide momentum in the field of electron injectors research and development is
phenomenal and is increasing at an impressive pace. The challenging requirements of present
and future accelerators for fourth generation light sources, medical applications and high
energy nuclear physics continues to drive the improvement of the various technologies and the
enthusiasm of the people that make them a reality. It is a true pleasure to see a new generation of
Mexican students pursuing their doctorate degrees in diverse fields of accelerator physics, with
mentoring by many talented and enthusiastic Professors form various Universities and research
centers in Mexico and abroad. Present and future students can potentially and significantly
contribute to the development of an accelerator physics program in Mexico.
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