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1. Introduction

In SU(N;) gauge theories without matter fields (gluodynamics) or enattthe adjoint representa-
tion the action and measure are both invariant uéater transformationsvhile the trace of the
Polyakov loop

PR) =tr 2(%), P(X)= Nitr <exp i/oﬁTAo(r,X)dr> . Br= % (1.1)

transforms non-trivially and therefore serves as an ordearpeter for thespontaneous breaking

of center symmetrie. On the other hand the expectation wdlthee Polyakov loop is related to the
free energie of an infinitely heavy quari®) O exp(—BrFy). Atlow tempertures gluons and quarks
are confined in mesons and baryons and it needs an infiniterdarobenergy to free them, while at

high temperatures confinement is lost and the energy becfinites Thus the Polyakov loop also

serves as an order parameter for confinement and relatesetiabwn of center symmetry to the
confinement-deconfinement phase transition. In such génageiés confinement is equivalent to
the existence of an unbreakable string connecting a staéitkkcanti-quark pair.

In contrast in QCD or gauge theories with fundamental mdiedds the center symmetry
is explicitly brokenand the Polyakov loop ceases to be an order parameter. Asagqu@nce the
string can break due to dynamical light quark productioniarhis sense confinement is equivalent
to the existence of a string only mttermediate scaledt is widely believed that confinement is a
property of pure gauge theories and to clarify the relevaficenter symmetry it suggests itself to
study pure gauge theories whose gauge groups have a tewvitdrc The exceptional Lie groug,
is the smallest simple Lie group with this property whichimegly connected. In a pioneering work
the group in Bern has been convincingly demonstrated@ajluodynamics shows a first order
finite temperature confinement-deconfinement phase ti@m$it, 2, 3]. As in QCD confinement
refers to confinement at intermediate scales, where a GQastaling of string tensions has already
been reported [4] and on large scales string breaking isceeg@éo occur due to spontaneous gluon
production [5] but so far not confirmed.

Additionaly the gauge grou@U(3) of strong interaction is a subgroup 6% and this ob-
servation has interesting consequences [2]. With a Higdp ifiethe fundamental 7-dimensional
representation one can break thggauge symmetry to th8U(3) symmetry via the Higgs mech-
anism. When the Higgs field in the action

SIA, @] = /d“x (% trFy FHY + %(Du@ Du®) +V(<p)> : (1.2)

picks up a vacuum expectation valsethe 8 gluons belonging t8U(3) remain massless and the
additional 6gauge bosonacquire a mass proportional to In the limit v — oo they are removed
from the spectrum such th&, Yang-Mills-Higgs (YMH) theory reduces t8U(3) Yang-Mills
theory. Even more interesting, for intermediate and la@eaas ofv the G, YMH-theory mimics
SU(3) gauge theory with dynamical 'scalar quarks’.

The present paper deals wiB gluodynamics in 3 dimensions and e Gauge Higgs model
in 4 dimensions. The simulations are performed with an efficand fast implementation of a local
hybrid Monte-Carlo algorithm. Below we shall calculate gwentials at intermediate scales for
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Table 1: Representations @, with corresponding dimension and Casimir values.

representatior? (1,0 [0,1] [2,0] [1,1] [3,0] [0,2] [4,0] [21]
dimensiond, 7 14 27 64 77 77 182 189
Casimir eigenvalu&, 12 24 28 42 48 60 72 64
Casimir ratio%?, 1 2 7/3 35 4 5 6 163

static charges in the 8 lowest representations. We showirtt&atdimensions the string tensions
on intermediate scales are proportional to the second @dsimir of the representations and for
widely separated charges in the two fundamental reprasmmave see a flattening of the potential
which signals the breaking of the connecting string. In 4atisions we investigate the phase
diagram a theG, Gauge Higgs model and find a line of first order confinementxiécement
phase transitions connecti® andSU(3) gluodynamics and two deconfinement phases separated
by a second order phase transition. Details on the usedthigxerand results can be found in [6].

2. The group G,

G, is the smallest of the five exceptional simple Lie groups amslalso the smallest simply con-
nected simple Lie group with a trivial center. It has dimensi4 and rank 2. The fundamental
representations are the defining 7 dimensional repregamtatd the adjoint 14 dimensional repre-
sentation. It is a subgroup &Q(7) and the gauge groupU(3) of strong interaction is a subgroup
of Gy. The corresponding coset space is a sphere [7],

G,/SU(3) ~ &, (2.1)
meaning that every elemefit of G, can be factorized as
U =¥ with ¥ e€SUB) and .7 e G,/SU(3). (2.2)

This decomposition is used in our simulations to computeeitponential map of, — G [6].

Any irreducible representation @, is characterized by its highest weight vectowhich
is a linear combination of the fundamental weights= pg(1) + qu2), with non-negative integer
coefficientsp,q called Dynkin labels. The dimension of an arbitrary irréble representation
Z = [p,q] can be calculated with the help of Weyl's dimension formuid & given by

dz = H)(
Below we also use the physics-convention and denote a mieg®n by its dimension. For exam-
ple, the fundamental representations [ar@] = 7 and[0, 1] = 14. An irreducible representation of
G can also be characterized by the values of the two Casimiatgys of degree 2 and 6. Below
we shall need the values of the quadratic Casimir in a reptasen [p, q], given by

Ca = Cpq = 2P+ 60° +6pqg-+ 10p+ 18q. (2.4)

For an easy comparison we normalize these ‘raw’ Casimiregahith respect to the defining
representation b%.q = Gpq/%10. The normalized Casimir values for the eight non-trivigine
sentations with smallest dimensions are given in Tab. 1.

1+p)(14+9)(2+ p+a)(3+ p+2q)(4+ p+39)(5+2p+30). (2.3)
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Figure 1: Left panel:Polyakov loop expectation values at the finite temperatonéicement-deconfinement
transition on a 1&x 6 lattice. Right panel: Tunneling of the Polyakov loop and the (finite volume) phase
coexistence at the first order transitiorat; = 9.765.

3. The confinement-deconfinement transition

In SU(3) the situation is described as follows: Quarks and antitgu#mansform under the
fundamental representations 3 #hend their charges can only be screened by particles with non
vanishing 3-ality, especiallpot by gluons So in the confining phase the static quark anti-quark
potential is linearly rising up to arbitrary long distancés a consequence the free energy of a sin-
gle quark gets infinite and the Polyakov loop expectationeralanishes. Hence in gluodynamics
the Polyakov loop serves as order parameter foZtheentre symmetry and for confinement.

In G, we recall the decomposition of tensor products into irrdaleaepresentations,
(3.1)

The quarks irG, transform under the 7-dimensional fundamental representagluons under the
14-dimensional fundamental representation. Similarling&J(3) two or three quarks can build a
colour singlet. Additionally three centre-blind dynamigauons can screen the colour charge of a
single quark,

MNe(lde1d)(ly)=1)@---. (3.2)

Thus the flux tube between two static quarks can break duaitmgiroduction and the Polyakov
loop does not vanish even in the confining phase. This shoasighk Polyakov loop can at best
be an approximate order parameter which changes rapidhegtitase transition and is small (but
non-zero) in the confining phase. To characterise confinemercan no longer refer to a non-
vanishing asymptotic string tension and vanishing Polyd&op. Instead we define confinement
as the absence of free colour charges in the physical spectiuthe confining phase the static
quark anti-quark potential rises linearly only at internag¢el scales. Nevertheless we see a clear
signal in the Polyakov loop and its distribution in the fun@antal domain o6, at the confinement-
deconfinement transition (Fig. 1).



Confinement in ggluodynamics Bjorn H. Wellegehausen

4. Algorithmic considerations

4.1 Local hybrid Monte-Carlo
The corresponding lattice action for tle Yang-Mills-Higgs theory (1.2) reads

1
S{MH[% (D Bg <1——trRe%g> _qu)x-l-u%xuq)m (DX.(DX:]., (41)

where ® is a seven component normalized real scalar field. Althoghet exists a heat-bath
Monte-Carlo algorithm fofG, gluodynamics [3] we present a (local) HMC algorithm basedi8jn
for several good reasons: The formulation is given entirelierms of Lie group and Lie algebra
elements and there is no need to back-project @G3tahe autocorrelation time can be controlled
(in certain ranges) by the integration time in the molecdiamamics part of the HMC algorithm
and the inclusion of a (normalized) Higgs field is straightfard and does not suffer from a low
Metropolis acceptance rate (even for large hopping parnsiet The LHMC algorithm has been
essential for obtaining the results in the present workcé&ime developed the first implementation
for G, it is useful to explain the technical details for this exempal group. As any (L)HMC
algorithm for gauge theories it is based on a fictitious dyicarfor the link-variables on the gauge
group manifold. The “free evolution” on a semisimple groggtie Riemannian geodesic motion
with respect to the Cartan-Killing metric

dg =ktr(dzw *edwu ™).
Without interaction the scalar fiel@d is randomly distributed on the unit sphere and we set

and constan®g. In the (L)HMC-dynamics the interaction term is given by ¥ang-Mills-Higgs
action (4.1) of the underlying lattice gauge theory and imgeof the(% , ¢')-variables we choose
as Lagrangian for the HMC-dynamics

1 - _ 1
L:—E%tr (%X#%X,ul)z_zz (0x0; ) —Swmn (%, 0], (4.3)

where dot denotes the derivative with respect to the HMC parameter. The Lie algebra valued
fictitious momenta conjugated to the link variabilg ;, and site variabledy are given by

oL oL -
- = %1 , = =00~ 4.4
B ) B oGey 00 4
The Legendre transform yields the following pseudo-Hamikin
lsup2,— Loy U0 4.5
_E)gl rmx#_ézrmx"'S{MH[ ) ] ( . )

The equations of motion for the momenta are obtained by ngriie Hamiltonian. The variation
of Sym[% , 0] with respect to a fixed link variablés , yields the staple variablBy ,, the sum
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of triple products of elementary link variables closing tplaquette with the chosen link variable.
Setting
6%)(7’_1 — SB)(JJdT ; 5%)(7“ — %x#d'[ — _m)(’“%)(’“dr (46)

with similar expressions for the momentum and field varigld8, and d &y in the Higgs sector,
one finds for the variation of the HMC-Hamiltonian

OH = — ztrmx.u {ipx.u - Fx.u} - ztrgﬁpx{q}x - Fx} (4.7)
b X

with the following forces in the gauge- and Higgs sectors
Fou= P (w4 R —RL %] % L, Fe= Uy 4.8
Xu — 14( XU U X, U x,u) +K( X,H@()@H—w x = Kk Zy;x x,y@ ) ( ' )

where the last sum extends over all nearest neighpofs andU,y denotes the parallel transporter
fromytox. The variational principle implies that the projection lo¢tterms between curly brackets
in (4.7) onto the Lie algebrag andso(7) vanish. Hence choosing a trace-orthonormal bfiEi$

of go and{Tp} of s0(7) the LHMC-equations read

%XJJ == _;’BX.H%X,[J 5 ;’.BXJJ == Ztl’ (FX’uTa) Ta and
a

ﬁ.x = — POy, ;.BX = %tl’ (Fxfb) T—b (4-9)

The involved exponential maps are given by relatively sergalytical expressions [6] and a large
step size (Leap frog second order integrator wiith= 0.25, N = 3 in most of our simulations)
allows for a fast and efficient implementation of the aldorit

4.2 Exponential error reduction for Wilson loops

In the confining phase the rectangular Wilson loop scale&/dsT) O exp(—oL-T). In order

to estimate the string tensiom we probe areakT ranging from O up to 100 and thW will
vary by approximately 40 orders of magnitude. A brute forppraach where statistical errors
for the expectation value of Wilson or Polyakov loops deseewith the inverse square root of
the number of statistically independent configurationsusy jncreasing the number of generated
configurations will miserably fail. Thus to obtain accurated reliable numbers for the static
potential and to detect string breaking we implemented théitstep Lischer-Weisz algorithm
with exponential error reduction for the time transporterghe Wilson loops [9]. With this method
the absolute errors of Wilson lines decrease exponentidgtly the temporal extent of the line.
This is achieved by subdividing the lattice imipsublattices/s, ..., V;, containing the Wilson loop
and separated by time slices plus the remaining sublatieeoted by\7, see Fig. 2 (left panel).
At the first level in a two-level algorithm the time extent @oh sublatticd/, is 4 such thaty is
the smallest natural number witm4> T + 2. In Fig. 2 (left panel)l = 14 and the lattice is split
into four sublatticed/;, Vs, Vs, V4 containing the Wilson loop plus the complem&ht The Wilson
loop is the product of parallel transportéts= .7, .73 747355 .71. If a sublatticeV,, contains only
one connected piece of the Wilson loop YasandV, do) then one needs to calculate the sublattice
expectation value

(Fn=5 [ 9w TS (4.10)
n

sublattice n
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Figure 2: (Color online) Iterative slicing (from left to right) of late and Wilson loop during the multi-level
algorithm.

if Vi, contains two connected pieces {gsandVs) then one needs to calculate, ® 7). The
updates in each sublattice are done with fixed link variabtethe time-slices bounding the sublat-
tice. Calculating the expectation value of the full Wilsamop reduces to averaging over the links
in then; + 1 time slices,

W) = (¢ ((71(%0 F)2- (Fa-18 Ty 2)n-1(Tadn) )

Here % is that particular contraction of indices that leads to ttaee of the Wilson loop. In a
two-level algorithm each sublatticd, is further divided into two sublattice®, 1 andV,», see
Fig. 2 (middle panel), and the sublattice updates are dorteesmall sublattice¥),x with fixed
link variables on the time slices separating the sublatGe. This way one finds two levels of
nested averages. lterating this procedure givesihié-level algorithm Since the dimensiond;
grow rapidly with the Dynkin label§p, g] — for example, below we shall verify Casimir scaling for
charges in the 189 dimensional representayd] — it is difficult to store the many expectation
values of tensor products of parallel transporters. Thusipdemented a slight modification of the
Lischer-Weisz algorithm where the lattice is further splitspatially slicing along a hyperplane
orthogonal to the plane defined by the Wilson loop, see Figgat(panel).

In the present work we use a two-level algorithm with timeedi of length 4 on the first
and length 2 on the second level to calculaté) for Wilson loops (and hence transporte?s)
of varying sizes and in different representations and eetheeel algorithm with times lices,8
and 2 for Polyakov loops. To avoid the storage of tensor mrtedof large representations we
implemented the modified algorithm as explained above.

(4.11)

boundaries

5. String tension and Casimir scaling inG, gluodynamics

The static inter-quark potential is linearly rising on imediate distances and the corresponding
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string tension will depend on the representation of thacstdiarges. We expect to findasimir
scalingwhere the string tensions for different representatighand#’ scale according to

Oy Oy

= 51
Cz  Cx G

with quadratic Casimicg,. Although all string tensions will vanish at asymptotic Iesait is still
possible to check for Casimir scaling at intermediate scaleere the linearity of the inter-quark
potential is nearly fulfilled. Up to these scales we can patamre the potential with

ay
Vz(R) = V%—%+0%R- (5.2)

To extract the static quark anti-quark potential two diéfe#rmethods are available. The first
makes use of the behavior of rectangular Wilson loops inesgartatior?Z for largeT,

(W2 (RT)) =exp(kz(R) —Vz(R)T). (5.3)

The potential can be extracted from the ratio of two Wilsaplewith different time extent accord-
ing to W (RT)
1 W, (R T

Vz(R) = ?In W (5.4)
We calculated the expectation values of Wilson loops withttto-level Liischer-Weisz algorithm
and fitted the right hand side of (5.4) with the poten¥igl(R) in (5.2). The fitting has been done
for external charges separated by one lattice unit up taaepasR with acceptable signal to noise
ratios. From the fits we extracted the constapisa, anddy entering the static potential. For an
easier comparison of the numerical results on latticesftdrént size and for different values gBf

we subtracted the constant contribution to the potentiadspdotted

V#(R) =Vz(R) — vz (5.5)

in the figures. The statistical errors are determined with Xackknife method. In addition we
determined théocal string tension

7 P\ Vz(R+p)—Vz(R)
Oloc,% <R+ E) = 0 ) (5.6)
given by the Creutz ratio

R+Z)=—"— =—1 : 5.7
Oioe# (R+3) RR+p) % " o "Wy Rep T D) WyRT)) D)

The second method to calculate the string tensions usesatons of two Polyakov loops,

1

Vz(R) = B In(P%2(0)P#(R)). (5.8)

The correlators are calculated with the three-level Listleisz algorithm and are fitted with the
static potentiaMz(R) with fit parameters/z, a5, andoz. Now the local string tension takes the

form
p>_ 1, (P2(0)Pz(R+p))

Oloc,.% (R+ 5= _BTP (Pz(0)P%2(R))

5 (5.9)
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Figure 3: (Color online)Left panel:Continuum scaling of the fundamental potentRight panel:Unscaled
potential withB = 40 on a 28 lattice for different representations.
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Figure 4: (Color online)Left panel: Scaled potential witt8 = 40 on a 28 lattice. Right panel:Ratio of
the local string tension witf3 = 40 scaled on a 2dattice for the eight smallest representations.

5.1 Casimir scaling in 3 dimensions

Most LHMC simulations are performed on a*2attice with Wilson loops of time exterft = 12.
To extract the static potentials from the ratio of Wilsongeon (5.4) we chose = 2. To check for

scaling we plotted the potentials in ‘physical’ unis/u, with mass scale set by the string tension
in the 7 representation,

u=+/o7,

as function ofuRin Fig. 3 (Left panel). We observe that the potentials forttiree values off are
the same within error bars. In addition they agree with theeqttal (in physical units) extracted
from the Polyakov loop on a much larger®4attice.

In Fig. 3 (Right panel) we plotted the values for the eigheptials\Vy, . . . ,Vigg (with statistical
errors) measured in ‘physical unitg’defined in (5.10). The distance of the charges is measured in
the same system of units. The linear rise at intermediatescaclearly visible, even for charges
in the 189 dimensional representation.

(5.10)
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Fig. 4 (Left panel) contains the same data points rescalddthe quadratic Casimirs of the
corresponding representations. The eight rescaled paltefdll on top of each other within error
bars. This implies that thieill potentialsfor short and intermediate separations of the static clsarge
show Casimir scaling.

To further check for Casimir scaling we calculated kbeal string tensionsvith p = 1 for all
R between 1 and 10. The horizontal lines in Fig. 4 (Right paast)the values predicted by the
Casimir scaling hypothesis. Clearly we see no sign of Cassgdling violation on a ZBlattice
near the continuum g = 40. Of course, for widely separated charges in higher difoaakrepre-
sentations the error bars are not negligible even for arrithgo with exponential error reduction.

5.2 String breaking and glue-lumps in 3 dimensions

To observe the breaking of strings connecting static clsamgmtermediate scales when one further
increases the separation of the charges we performed Hitistiss LHMC simulations on a 48
lattice with 8 = 30. We calculated expectation values of Wilson loops anduymts of Polyakov
loops for charges in the two fundamental representatior,0fWhen a string breaks then each
static charge in the representatighat the end of the string is screened My#) gluons to form

a color blind glue-lump. We expect that the dominant decanobl for an over-stretched string
is string — gluelump+ gluelump. For a string to decay the energy stored in thegstmnst be
sufficient to produce two glue-lumps. According to (3.2)dtjuires at least 3 gluons to screen a
static charge in the 7 representation, one gluon to screbarge in the 14 representation and two
gluons to screen a charge in the 27 representation. We sthalilate the separations of the charges
where string breaking sets in and the masses of the proddoeduynps. The mass of such a
guark-gluon bound state can be obtained from the correldtioction according to

N(%)
1 %,

whereZ () is the temporal parallel transporter in the representa#oinom x to y of lengthT.
It represents the static sources in the representa#iol he vertical line means projection of the
tensor product onto that linear subspace on which the icibiurepresentatios? acts,

(142142 --- Q1) =S --- . (5.12)
For example, for charges in the 14 representation the grajeis simply
Fuv(X) = F[j‘v(x), where F[j‘VTa = Fuv. (5.13)

For charges in the 7 representation we must project the itdduepresentation 14 14® 14 onto
the irreducible representation 7. Using the embeddin@.ahto SQ(7) representations one shows
that this projection can be done with the help of the totatifisymmetrice-tensor with 7 indices,

Fuv(X) @ Fuy (X) @ Fuy (X) - 0 FRy () Fgy (%) Fliv(X) EadeengbF::queTfrg' (5.14)

Fig. 5 (Left panel) shows the logarithm of the glue-lump etator (5.11) as function of the sepa-
ration of the two lumps for static charges in the fundamergptesentations 7 and 14. The linear

10
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Figure 5: (Color online)Left panel:Glue-lump correlator (lattice size 283 = 30). Right panel:Potential
for both fundamental representationgBat 30 and corresponding glue-lump mass

0.30
7;5, =7 ‘»—0—4‘
R=14 2.0 H =
0.25 | i
0.20 | . sl |
0.15 |, J 14(R)
o (R) a? . o1 (R)
0.10 | 1 Lo T
*
- * .
0.05 ..........,‘! ’ sl |
*
0.00 i
—0.05 L L L L L L L L 0.0 L L L L L L L L
00 05 10 15 20 25 3.0 35 4.0 00 05 1.0 1.5 20 25 3.0 35 4.0
R uR

Figure 6: (Color online)Left panel:Local string tension (4Blattice, B = 30). Right panel:Casimir scaling
of local string tension (4Blattice, 8 = 30).

fits to the data yield the glue-lump masses
mya = 0.46(4), ma=0.761(3). (5.15)
Thus we expect that the subtracted static potentials apprib& asymptotic values
Vi — 2Mg — V. (5.16)
With the fit-valuesyya = 0.197(1) andy;4a = 0.381(2) we find
V7/u — 347 , VNig/u — 5.47. (5.17)

Fig. 5 (Right panel) shows the rescaled potentials for d@saig the fundamental representations
together with the asymptotic values (5.17) extracted froenglue-lump correlators. At fixed cou-

pling B = 30 both potentials flatten exactly at separations of thegesawhere the energy stored
in the flux tube is twice the glue-lump energy.

11
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Fig. 6 shows the local string tensions in the two fundamematesentations and their ratio.
Although more gluons (three instead of one) are involved egedearly that the string connecting
charges in the adjoint representation breaks earlier tiastting connecting charges in the defining
representation.

6. 4-dimensional Gauge-Higgs model

The lattice action (4.1) depends on the inverse gauge cayfliand the hopping parameter
Kk which is proportional to the vacuum expectation value ofiiiggs field. For3 — « the gauge
bosons decouple and the theory reduces t&&V)-invariant nonlinearo-model which shows
spontaneous symmetry breaking dowrSiQ9(6) at some critical valug.. The phase transition is
of second order.

For k — o the factor.” in the decomposition (2.2) is frozen and we end up wittSai3)
gauge theory for the fact@# which shows a weak first order deconfinment transition. WWiipect
to the unbroken subgroufU(3) the fundamental representatiofig) and (14) branch into the
following irreducibleSU(3)-representations:

BeB)®
8@l

D)

3). (6.1)

The Higgs field branches into a scalar quark, scalar antikqaad singlet with respect t8U(3).
Similarly, a G,-gluon branches into a massleS8(3)-gluon and additional gauge bosons with
respect toSU(3). The latter eat up the the non-singlet scalar fields suchtti@aspectrum in
the broken phase consists of 8 massless gluons, 6 massige gasons and one massive Higgs
particle. If k is lowered, in addition to the 8 gluons 8U(3), the 6 additional gauge bosons of
G, with decreasing mass begin to participate in the dynamicgilédly as dynamical quarks and
anit-quarks in QCD, they transform in the representati®sand(3) of SU(3) and thus explicitly
break theZs center symmetry. As iQCD they are expected to weaken the deconfinement phase
transition. Thus it has been conjectured in [3] that therg ma4st a critical endpoint where the
deconfinement transition disappears. kot 0 we recoverG, gluodynamics with a first order
deconfinement phase transition.

We measure the Polyakov loop as an (approximate) order géearior confinement and in-
vestigate the corresponding critical curve in {Be plane. For largex the confinement phase
in SU(3) is characterised byx7) = 1. If in the deconfinement phase tig centre symmetry
of the remainingSU(3) is broken then the ambiguity of measurifg,) is fixed by choosing the
Polyakov loop that points into thé-direction of SU(3). Technically this is achieved by taking
(X7) — 3—2(x7). The results are shown in Fig. 7 (Left panel). We observe dhathe small
lattice the Polyakov loop jumps along a continuous line exting the deconfinement transitions
of pureG; and pureSU(3) gluodynamics. This points to a continuous line of deconfieentran-
sitions all the way fromk = 0 to Kk = 0. To see whether this is indeed the case we performed
high-precision simulations on larger lattices. A carefodlgses of histograms and suszeptibilies
for Polyakov loops and the Higgs part of the action confirmrémilts on the small lattice. Unfor-
tunately a rather small region in parameter space is lefrevhe cannot resolve the order of the
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Figure 7: Left panel:Phase diagram of the Gauge-Higgs model in terms of the Polyialop expectation
value (x7) on a 12 x 2 lattice. Right panel:Phase diagram of the Gauge-Higgs model on a lattice with 6
links in temporal direction (mainly computed on a3166 lattice). Note the different scales in the separate
regions of the diagram. First and second order (or crosytreesitions are marked with a continuous and
dashed line (to guide the eye), respectively.

transition. In this small region there could exist a crogsdvom the confining to the deconfining
phase.

On a larger (16 x 6) lattice we calculate also the full phase diagram inclgdine Higgs
SQ7) — SQ6) transition (Fig. 7, Right panel). Phase transitions areiobd by observing
susceptibility peaks in the Polyakov loop and the Higgs pérthe action. We also investi-
gate the order of the confinement-deconfinement transitsimguthe histogram method for the
Polyakov loops. For the order of the Higgs transition line ee@sider the finite size scaling of
oVt Yxu PxraUxu®x) (n=1,2) for lattices up to 20x 6. With the data obtained so far the
point where the second ord&Q(7) — SQ(6) transition may turn into a crossover cannot be de-
termined reliably. If the triple point exists then an extkgtion to the point where the confining
phase meets both deconfining phases leads to the couplipgs 9.62(1) andkyip = 1.455(5).

7. Conclusions

In the present work we implemented an efficient and fast LHN§©rithm to simulateG, gauge
theory in three and four dimensions. In addition we impletedra slightly modified Lischer-
Weisz multi-step algorithm with exponential error redantito measure the static potentials for
charges in variou&s, representations. The accurate results in 3 dimensions 8Staivthe static
potentials show Casimir scaling on intermediate scaldsinvé few percent statistical errors. Thus
we conclude that in 3 dimension&, gluodynamics the Casimir scaling violations of the string
tensions are small for all charges in the representatiotis diinensions 714,27,64,77,77 ,182
and 189.

For larger separations we detect string breaking in the tiwddmental representations exactly
at the expected scale where the energy stored in the fluxdidadficient to create two glue-lumps.
To confirm this expectation we calculated masses of gluguassociated with static charges in
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the fundamental representations. Here, close to the dtneaking distance, systematic Casimir
scaling violations show up (for a more detailed discussim[6]).

In 4 dimensions we explored the full phase diagram of@dh&auge Higgs model. We found a
line of first order phase transitions connectiBgandSU(3) gluodynamics and a line of second or-
der phase transitions separating @edeconfinement phase from tB&J(3) deconfinement phase.
Unfortunately we cannot exclude the existance of a smadisoeer region near the would-be tripel
point of the system. Details on tli& Gauge Higgs model will be published in a follow up paper.
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