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1. Introduction

The Higgs sector of the standard model contains three irgred These are two flavors of
Higgs fields, gauged with a non-Abelian SU(2) gauge symmeitty (without QED degenerat&y
andZ gauge bosons, and a Higgs self-interaction potential. fhieisry has a number of remarkable
features, if it exists at all. However, the possible problehtriviality will in the following be
considered only as the necessity of introducing a (lattiegdff, under the assumption that any
consequence will be sub-leading for the low-energy regime.

This theory has then the remarkable feature of a quanturreghagram which is everywhere
continuously connected [1], irrespective of the couplitrigregths. Since the local gauge symmetry
must be unbroken throughout [2], this implies that the adgtip spectrum of the theory must
be made up of gauge-invariant, composite states [3], i. endbstates. Since for some values
of the (bare lattice) couplings an intermediate lineangspotential is observed [4], even Regge
trajectories should be expected. Hence, the possibilitggdnances exists.

The interesting question is therefore, whether such resmsacould possibly also exist in
the regime where the theory resembles the Higgs sector oétdmelard model. At very weak
bare couplings this does not appear to be the case [5]. Heresituation at somewhat stronger
gauge couplings will be discussed, based on some consateratoncerning how the theory can
be related to the standard-model physics below.

To eventually make statements about the experimental wddséty of any bound states, if at
all, requires a sequence of steps, starting from the deatetion of the spectrum to the identification
of resonances to finally translate lattice results to sigest in experiments. This sequence is
discussed in detail in the remainder of this contribution.

2. Fixingthetheory

Since the Higgs sector alone is only a small part of the staihaendel, it is not an entirely
trivial question of how to match it to it. As will become obuwuig, this is a much more complicated
guestion than in QCD, where chiral symmetry breaking danupsssentially most quark dynamics
in the infrared.

The standard paradigm to match a lattice calculation to raxigat is by identifying bound
state masses with the masses of experimental observalds. sBecause the elementary Higgs
andW/Z fields have the same mass as the lowest gauge-invariant stated with the sama®
quantum numbetg3, 7], two masses can be immediately taken from experin@ntosing thav
in the following is, of course, arbitrary.

Unfortunately, this exhausts the known masses of this yhealso, for the standard model
case of 80 GeV and 125 GeV these states are stable withowtrhot fermions. Hence, no decay
width can be used as an additional input. The only remaingfermation can thus come from
the coupling strengths. The simplest one to access is thengigauge coupling, which can be

IWwhich has lead to a serious discrepancy in the naming schetweeén most of the lattice literature and the
PDG naming scheme [6]. In the former the gauge-invariannt@iates are called Higgs awZ, while in the latter
the gauge-dependent elementary states carry these naeresn,Hhe naming scheme of the PDG will be used, and the
bound states denoted by their respective quantum num@iexsd)]g, where the lower index is the flavor representation.



Higgs Sector Spectroscopy Axel Maas

| Running coupling | [ Running coupling |

o <

- S |

= k] L o ©

g | g éo

< o L]
e |- 5 [® °
IS [}

0.5

° Lattice

Perturbative w/o mass correction

""""""" With massless fermions r

ob—1 > L - 7x10t . . . . > . >
10 Gev 10 20 30 40 50 60 70 10 2x10
pl 1 p [GeV]

Figure 1. The running coupling in the minMOM scheme inside the woutdHiggs phase (left panel) and
inside the would-be confinement phase. The perturbativdtsasnly includes leading mass corrections, and
fermions are massless. Perturbative results are only sdown to p? = (80 GeV)2. Note that the lattice
results are fitted to the high-energy tail, instead of aMhmass, so that the normalization only applies to
the perturbative result.

determined in the miniMOM scheme straightforwardly usiwg-point functions [8]. The result is
shown and compared to the qualitative asymptotic leadidgrgperturbative behavior in figuré.1

It is visible that in the would-be Higgs phase the agreemegbod, and remaining discrepancies
are likely mainly from further mass corrections [9]. Theuation is drastically different in the
would-be confinement phase.

However, the more important point here is that when inclgdime fermions, the coupling
is stronger and runs slower. Hence, the use of only the HiggsAaunderestimates the gauge
interaction compared to the standard model. This is sutisligndifferent from the QCD case,
where the difference between quenched and unquenchedscaglestantially smaller at energies
below a few GeV. This implies already that any choice of thedtparameter can never make up
for the qualitative difference. Quantitatively reliabksults require to include fermions.

The aim here is therefore to investigate several differi@estof-constant physics, having the
same ratio of Higgs and/ mass, to identify generic traits. Eventually, fermions r@aguired for
guantitative statements, but this will likely require teeusff-lattice methods, given the inherent
problems in formulating a parity-violating gauge theorytba lattice.

3. Spectroscopy

This still requires to deal with the problem that there is mygical distinction between the
would-be Higgs phase and the would-be confinement phaseredc&gshows sample results for the
spectrum in both phases. In agreement with earlier rest®s {he would-be Higgs and would-be

2All results are from 24 lattices. Lattice parameters and further details of theutations can be found in [9] and
[7, 9], respectively. The preliminary plots here serve amyillustration.
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Figure 2: The spectrum for states with quantum numhBtswheref indicates the flavor representation.
Box sizes are statistically errors only, and the small sggiare the average values.

Figure 3: The phase diagram of the Yang-Mills Higgs theory as a fumatibbare gauge coupling, Higgs
4-point coupling, and the bare Higgs mass in units of thertass. Redish points are confinement-like, and
blue/purple points are Higgs-like. The darker the poirtte, gmaller is the lattice spacing. The right-hand
plot shows the same in terms of the lattice bare parameténvefse gauge coupling, hopping parameter,
and four-Higgs coupling, see [7] for their definition.

confinement phase differ by the ordering of thednd ( states, the former being lighter in the
would-be Higgs phase and heavier in the would-be confinepiease.

The region in the phase diagram where this ordering chasdles same where gauge-dependent
observables in Landau gauge [11] indicate the change oEph8} i. e. this criterion agrees away
from the overlap region with the traditional assignmentha Higgs phase by a non-vanishing
of the Higgs expectation value in suitable gauges. Thiemoih will therefore be used here as
an operational definition of the phases. The three-dimeasjohase diagram using the continuum
definition of the coupling constants is shown in figure 3. ltigble that the Higgs phase penetrates
as a wedge into the confinement phase, and that also a largtvedgare Higgs mass squared can
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Figure4: The volume-dependeniOspectrum. The lower horizontal line is the mass for the Istrgelume,
the middle horizontal line is the elastic threshold for tleealy into two 1 states, and the third horizontal
line is the inelastic threshold where the second decay @amio two G opens up. The dashed lines are
the scattering states for twg Particles. The red and green line are exponential fits, see te

lead to a confinement-like behavior, in contrast to pertimbaheory.

4. Resonances

In the following, only the Higgs phase will be investigatd®kesides the ground states shown
in figure 2, there are also higher-lying states. Their idgng not immediately clear, as whether
they can be excited states, resonances, or scattering.sB&sed on [12], a first hint can come
from the volume-dependence of the higher-lying states.aFsample case, this is shown in figure
4. This is obtained from a basis of five operators, including bwo-particle operator, and few
levels of APE smearing [7, 9]. There is only one additionatestbove the ground state and below
the inelastic threshold, though this state is also voluegeddent to a similar extent as the ground
state. Further states are far up in the spectrum in the regiiere scattering states are expected.

Fitting the visible volume dependence of the ground stath aistable state form [13]

mo(L) = mp(c0) + % exp (—?rm(oo)L) , 4.2)

yields the red curve visible in figure 4. Similarly, for thexbetate, which only appears after
including scattering states in the operator basis, a sifiilaf form [13],

my (L) = my () + mlz:;)L exp(— mz — WL) (4.2)

is possible, and also shown in figure 4 in green. The masis the one of the 1 ground state,
assuming these to be the constituents. At the same time asomable fit can be found under the
assumption that the state is a scattering state. Of coanggerlvolumes and finer lattices will be
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needed to confirm any of these results. Still, taking thesali®at face value, this seems to indicate
the presence of an excited state, which cannot decay in gésemptrtheory. This would turn up as a
second state in the Higgs channel, with here a roughly 158&ianass.

This situation is not generic for the so far investigatedesa&. g. at slightly different param-
eters, no such excited state has been observed below thie tlasshold. Whether this is a lattice
artifact or due to the employed operator basis, or a genudfeete@emains to be seen. However,
also in these cases states above the elastic thresholdeardlseugh for a full phase shift analysis
[12] to decide whether these are genuine resonances olcatstisng states requires significantly
more statistics than currently available.

5. Possible experimental signatures

Should either such excited states or resonances be confirmiedtice calculations, it is
an interesting question, whether they are experimenteligvant, and, moreover, why the not-
observation of any such state has not ruled them out so féin @ohese questions can be answered
when contemplating the ground state. Take a suitable gauwgre the Higgs expectation valueé
in some direction of charge spaideloes not vanish. The correlation function for the Higgsdsig
bound state of the Higgs fieldsin the G channel can then be expanded as [3]

(@ (06 (g M@ () = V' +4v7(c+ (0" ()n'nf nj () + O (n), (5.1)

wheren are the fluctuations of the Higgs fields around its expectataduen = ¢ — V. Thus, to
this order in the quantum fluctuations the pole position, lzerite the mass, of the bound state and
the elementary particle agréed his incidentally also explains why the description imsrof the
elementary particles as asymptotic states in the Higgssextrks so well, in contrast to QCD.

More important here is that the correlator of the Higgs phatis not aware of excited states,
or resonances, and thus has only a single pole, while thedsiate correlator on the left hand side
does has the corresponding pole structures. They musfdhedge hidden on the right-hand side
in the sub-leading contributions. Hence, they are suppdeby at least one order of the quantum
fluctuations, which for the parameters of the standard mizdal small quantity. This already
explains why such states have not been observed so far,yawitheequire quite large statistics.

This leaves the question of how to observe such states. Gead@composition of the states
indicate that e. g. the excited state shown above may havésiasiial overlap with operators
consisting mainly of the gauge bosons. It therefore appeasonable that such resonances can be
formed in the scattering &Ws orZs, particularly of longitudinal ones. This interferes wiphartic
gauge interactions. The presence of additional stateddlm@mce be visible as an anomalous
guartic gauge coupling, an effect also expected in beybaestandard-model physics.

To estimate the effect, it is useful to encode the resonanaefow-energy effective theory, e.
g. in terms of gauge-invariant operators of higher dimamsior non-gauge-invariant operators of
lower dimensions, where in either case results will at besideful at low energies, in the latter case
at most at tree-level. Such low-energy effective theorastben be used as input to Monte-Carlo
generators.

3Some subtleties are involved when it comes to renormalittisgexpressions on the right-hand side.



Higgs Sector Spectroscopy Axel Maas

Results obtained from Whizard [14] have already confirmed sach light additional states,
below 300 GeV, have to be coupled very weakly, in agreemetit thie considerations above,
though these results have been obtained in a different xtonten the other hand, employing
Sherpa [15], using only an effective coupling to a tWobstate, shows that such a weakly coupled
state will not be visible with any reasonable statistics Mta-2 process. This is different in a 1-to-
3 process, where there is much less standard-model backirespecially as the non-perturbative
contribution can provide additional couplings [9]. In te&se, a sizable signal may exist in certain
channels, depending on the precise parameters. This hasstadied further [9].

Of course, it is possible that there is no additional genu@smnance or excited state. Still,
some remnant, like with the-meson of QCD, of the states in the continuously connectaddw~o
be QCD phase may survive, and also show up in experiments. Wdnild require a very careful
phase shift analysis to disentangle this effect from pbdiive and other sources.

6. Conclusions

The bound state spectrum of Higgs-Yang-Mills theory is aameling topic, especially for the
case of excited states. In the would-be QCD phase, the ¢argelcexistence of Regge-trajectories
is likely an opportunity to study confining properties witlidhe additional complications intro-
duced by chiral symmetry breaking. In the would-be Higgssehdf remnants of these additional
states still exist, these will be additional experimenighatures, and also a possible additional
source of background in searches for new physics. Finaligying different sets of parameters
may be useful to understand generic features of more syraogipled theories of this type, which
may turn up as low-energy-effective theories of new physics
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