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The Higgs boson
The Standard Model of particle physics is a unified framework which 
contains all visible matter in the universe, and describes all of its interactions 
(except for gravity.)  The predictions of the Standard Model have been 
verified to fantastic accuracy.  For the most precisely-measured quantities, 
theory and experiment agree at the level of 1 part per billion.  Until this 
year, the Standard Model contained one particle which was theorized but 
never observed; the Higgs boson, whose field gives mass to all other particles.

On July 4, 2012, CERN announced the discovery of a new particle 
consistent with the long-sought Higgs boson.  The two flagship experiments 
at the Large Hadron Collider, ATLAS and CMS, each announced evidence 
for the new particle with a confidence level of “5 sigma”, or about 1 chance 
in 3,500,000 that the results are a statistical fluctuation.  The Higgs boson is 
too unstable to be seen directly, but its signature is most easily found through  
decays to pairs of photons, as shown in the below plot from CMS.  Decay 
products of the new particle stand out as a “bump” on top of a smooth 
spectrum of  background radiation.
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The role of the Higgs field in generating particle masses places strict 
requirements on how it must couple to all of the other particles.  As a result, 
the various decay rates of the Higgs boson into different particles should be 
related by known factors, and together provide a strong confirmation that 
the new particle is indeed the Higgs.  Experimental results for these decay 
rates, normalized to the theoretical predictions, are shown below.  Although 
the results are broadly consistent with the Standard Model Higgs boson, 
there are hints of deviations from the expected rates in certain decays.  As 
the experimental results become more precise, we must consider the 
possibility of a non-standard Higgs sector, and what its properties might tell 
us about the underlying new physics.

Figure 2: Measured relative signal strength µ in many channels of the ATLAS, CMS, and

Tevatron Higgs searches: (a) from ATLAS [25], (b) from CMS [26], (c) from the CDF and

DØ combination [29].
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One of the leading possibilities for new physics that could change the 
properties of the Higgs sector is the “composite Higgs” scenario.  In this 
class of models, the Higgs boson is not fundamental, but instead exists as a 
bound state of some new particles.  The strong forces binding the Higgs 
together would be described by a theory similar to “quantum 
chromodynamics” (QCD), the theory of the strong nuclear force.  As 
opposed to the theory of electromagnetism, where there is a single unit of 
charge, the charges of  QCD come in three “colors”: red, green, and blue.
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QCD is a strongly-coupled theory, in the sense that for many processes, a 
perturbative expansion in terms of single-particle exchanges fails to 
converge.  Interactions between colored particles (“quarks”) result from a sea 
of many-particle exchanges, as in the sketch above.  Gluons, the force 
carriers of QCD, interact with all colored particles, including other gluons.  
The properties of these gluon exchanges lead to a condition known as 
“asymptotic freedom”, which dictates that the force between pairs of colored 
particles actually increases as they are separated.  This effect is opposed by the 
spontaneous creation of pairs of quarks, which “screen” the force between 
the real fermions, partially canceling the effects of  gluon exchanges.

The theory of QCD has been thoroughly tested and verified by experiment.  
Because many theoretical computations in QCD are inaccessible through 
perturbative expansion, non-perturbative numerical techniques (primarily, 
“lattice QCD”) have been essential in the study of the strong nuclear force 
and to compare with experimental results.  Below, a set of composite-state 
masses in QCD is shown, comparing predictions from lattice simulations 
(colored points) to experimental results (black lines).  Using a very small 
subset of these states to fix the input parameters for the theory (shown as 
open symbols below), the predictions for the remaining states are seen to be 
in excellent agreement.  This is an important confirmation of both the 
theory of QCD itself and of the numerical techniques used in order to 
obtain these results.

However, carrying out a complete lattice simulation requires a careful tuning 
of the input and evolution parameters.  Intuition gained from years of 
experience with this tuning procedure in simulations of QCD does not 
generally apply to different theories with new dynamics.  While pushing into 
unexplored regions of parameter space, algorithmic issues and bugs in the 
existing code can be revealed.

From a software perspective, relatively little modification to the existing code 
is required in order to work with a three-color theory including arbitrary 
numbers of quarks.  Including duplicate copies of the quark contributions as 
already written into the Monte Carlo evolution is the main requirement.  
Within many evolution codes, this inclusion is as simple as changing a single 
parameter.

The mathematical description of a strongly-coupled force admits a much 
wider class of parameters than just the particular set which describe QCD.  
The number of colors and number of quarks could easily be different in a 
new, strongly-coupled sector, and changing either of these can have drastic 
effects on the dynamics which must be studied numerically.

As a first example, we can consider three-color theories with additional 
species of quarks.  If too many quarks are added, their screening effects can 
completely negate the confining effect of the gluons, and there will be no 
strongly-bound states (and thus no candidates for a composite Higgs.)  The 
exact number of quarks needed to trigger this effect can only be investigated 
non-perturbatively, through numerical studies.  Furthermore, novel physical 
effects are generically predicted in confining theories with enough quarks to 
be near to the transition point; these effects can also be searched for and 
quantified in lattice simulations.

An example is shown in the plot above, using the MILC application code.  In 
this simulation, a Markov Chain Monte Carlo step is proposed based on a 
numerical integration of the current state of the lattice.  In the plot, change 
in the observable H, which is preserved by an exact integration, is plotted 
against the integration step size.  The expected scaling (quadratic in the step 
size) is violated at very small step sizes.  The bug leading to this effect was 
present even for QCD simulations, but it was discovered by simulations of a 
many-fermion theory.  The large cancellation between gluon and quark 
forces in such a theory forces the use of much smaller integration step sizes, 
where this effect was revealed.

Composites and strong forcesAbstract
The Large Hadron Collider is rapidly pushing back the frontiers of high-
energy physics, most recently with the discovery of a new particle consistent 
with the Higgs boson.  An interesting extension of the Standard Model is 
provided by "composite Higgs" models, in which the Higgs boson exists as a 
bound state of more fundamental particles.  Because such models involve 
new strong forces, numerical lattice simulations are crucial for understanding 
their dynamics.   I describe how the libraries of the QCD-API will be 
generalized in SciDAC-3 to the gauge groups and types of matter found in 
new strongly coupled theories.

A more substantial departure from QCD is to change the number of colors 
in the theory.  The case of two-color theories is particularly interesting, with 
theoretical arguments pointing to a unique spectrum of relatively light 
bound states compared to theories with more colors.  In a strongly-coupled 
theory with N colors, the gluons can be represented by an NxN symmetric, 
complex matrix with zero trace.  With three colors, such a matrix is 
described by 8 real numbers, while the two-color matrix requires only 3.  
The lower computational cost for dealing with these smaller matrices is an 
extra motivation for working with two-color theories.
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Changing the number of colors in the simulation codes is a much more 
difficult task, with many subroutines optimized or even hard-coded to work 
with 3x3 matrices only.  The fastest way to implement two-color simulations 
is by “hacking” the three-color code to use a 2x2 submatrix, as shown above.  
However, this approach is far from ideal, discarding a large fraction of the 
performance gain expected from working with smaller matrices.

The need for an efficient, flexible code base to support lattice simulations in 
non-QCD theories, particularly theories with various numbers of colors, is 
becoming urgent in light of the rapidly developing experimental situation.  
There are already some scattered, private codes which have been built for 
the study of composite Higgs theories.  However, there is a clear advantage 
to developing common and optimized codes which are available to the entire 
community.  The SciDAC-2 QCD API, a set of low-level libraries which 
underpin most modern lattice simulation application packages, provides such 
a foundation for simulations of QCD. Thus, the best way to proceed is 
through modification of the existing API to extend support to more general 
theories.  This will be one of  the main efforts under SciDAC-3.

Currently, the lowest-level libraries of the QCD API, such as QIO (input/
output support) and QLA (linear algebra), already support the use and 
efficient manipulation of general NxN matrices.  Other components like 
QMP (message passing) are not sensitive to the implementation of color 
matrices, and so already provide support for more general simulations.

Under SciDAC-3, the implementation of this same level of support for 
general theories will be extended to the higher-level libraries.  In addition, a 
new application package, QHMC, is under development.  Unlike the other 
API libraries, which are implemented in C or C++, QHMC is implemented 
in the Lua language.  This allows for greater flexibility in use and scripting of 
the application, without compromising speed, since the numerically intensive 
computations are carried out using the low-level libraries.  QHMC will 
support simulations of QCD, but is also designed from the beginning with 
the study of  more general theories in mind.

QHMC
Gauge ensemble generation

Support for BSM simulations:

Partial/in progress

Full support

For any numerical studies of theories different from QCD, regardless of the 
choice of colors or quark number, a common consideration must now be the 
study of the bound state which can be identified as a composite Higgs boson.  
The corresponding state in QCD simulations is known as the sigma meson, 
and it is known to be very difficult to study numerically.

The first step in the study of a particular bound state is the determination of 
its mass.  The probability for a particle to “propagate” between two points is 
exponentially suppressed by its mass, so that the mass can be determined 
using a numerical evaluation of this probability.  In lattice simulations, this is 
expressed in terms of the “propagator” M-1 , a very large matrix which gives 
this probability between any two points on the lattice:

Tr
�
M−1(0, t)ΓM−1(t, 0)Γ

�
∼ e−mHt

Even for lattices of modest size, the matrix M is very large, so it is 
impractical to compute its inverse exactly.  A common technique is to use 
stochastic or “noisy” estimators in order to evaluate the trace shown above.  
The first step is to draw Nr random vectors containing some sort of noise 
(Gaussian, Z2, etc.) which averages to unity: 

Next, the system 

is solved using standard methods, e.g. conjugate-gradient.  Dotting the noise 
vector into the solution of the above system then gives a stochastic estimate 
for any component of  the inverse matrix: 
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Unfortunately, the same properties which make the sigma state viable as a 
composite Higgs boson lead to difficulty in studying it using standard 
methods.  The ability of a Higgs to decay democratically to many types of 
particles, which is linked to the generation of particle masses, leads to 
significant amounts of noise in the numerical study of its propagator, with 
contributions from a large number of diverse intermediate states.  The 
control of additional variance introduced by stochastic estimation is 
therefore crucial in the study of  a candidate composite Higgs.

A technique known as “dilution” offers a way to make stochastic estimates 
more precise.  A set of ND noise vectors, each with support on only a subset 
of the vector space, are drawn.  Although this increases the cost of the 
technique, now requiring ND solutions of a system of equations, there will be 
a corresponding reduction in the variance of the trace estimate, as noise in 
off-diagonal components of the matrix is explicitly zeroed out.  Dilution is 
used already in the study of QCD, but software built on top of the SciDAC 
libraries explicitly directed at the study of composite Higgs states in general 
theories is currently under development.

The discovery of a Higgs-like particle at the LHC represents a breakthrough 
for physics at the energy frontier, and the precise study of the new particle’s 
properties in the coming years will provide stringent tests of the Standard 
Model, and may well reveal the presence of new physics.  For strongly-
coupled theories which underpin models in which the Higgs is a composite 
state, there is a large parameter space available, and numerical studies are 
needed to fully understand the dynamics of such theories and make contact 
with experiment.  Lattice simulations, supported by SciDAC-3 through the 
modification of QCD libraries to deal with more general strongly-coupled 
theories, may be essential in understanding the Higgs sector as it is revealed 
by experiment.

Summary

Studying the HiggsMoving beyond QCD Changing colors in SciDAC-3
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lightest scalar glueball (26). The pseudoscalar, tensor, and first radially excited
scalar glueballs are all 800–900 MeV higher than the lowest scalar (24).

Lattice QCD has been used to verify the mass spectrum of quark-model hadrons
within a few percent. Figure 2 shows four broad efforts on the spectrum of
the isopsin-1 light mesons and the isospin-12 and -32 baryons (27, 28, 29, 30, 31).
All these simulations include 2 + 1 flavors of sea quarks, and the error bars in
References 27, 28, 30 reflect thorough analyses of the systematic uncertainties.
A satisfying feature of Figure 2 is that the results do not depend in a systematic
way on the fermion formulation chosen for the quarks. Even the latest results for
the difficult η-η′ splitting are encouraging (32,33,34).

Figure 2 includes predictions for mesons with quark content b̄c (38, 36, 39).
The prediction for the pseudoscalar Bc has been (subsequently) confirmed by
experiment (40,41), whereas the prediction for the vector B∗

c awaits confirmation.
These predictions build on successful calculations of the bb̄ and cc̄ spectra (37,
42,43,44,45), which reproduce the experimental results well.

The most striking aspect of the spectrum is how well it agrees with nature.
The nucleons provide almost all the mass in everyday objects, and their masses
have been verified within 3.5%. Their mass mostly comes, via m = E/c2, from
the kinetic energy of the quarks and the energy stored in the sausage-like flux
tube(s) holding the quarks together.
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Figure 2: Hadron spectrum from lattice QCD. Comprehensive results for
mesons and baryons are from MILC (27, 28), PACS-CS (29), BMW (30), and
QCDSF (31). Results for η and η′ are from RBC & UKQCD (32), Hadron Spec-
trum (33) (also the only ω mass), and UKQCD (34). Results for heavy-light
hadrons from Fermilab-MILC (35), HPQCD (36), and Mohler & Woloshyn (37).
Circles, squares, and diamonds stand for staggered, Wilson, and chiral sea quarks,
respectively. Asterisks represent anisotropic lattices. Open symbols denote the
masses used to fix parameters. Filled symbols (and asterisks) denote results.
Red, orange, yellow, green, and blue stand for increasing numbers of ensembles
(i.e., lattice spacing and sea quark mass). Horizontal bars (gray boxes) denote
experimentally measured masses (widths). b-flavored meson masses are offset by
−4000 MeV.

If a similar strongly-coupled theory does lie beneath the newly-observed 
Higgs, then lattice simulations will be similarly crucial in fully understanding 
its properties.  As shown above, we would expect to again find a rich set of 
experimental predictions from a modest number of  input parameters.


