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Wave packet collisions in Yang-Mills-Higgs theory
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We present numerical simulations of colliding wave packets in spontaneously brok@h &g-Mills-
Higgs theory. Compared with pure Yang-Mills theory, introducing the Higgs field leads to new aspects in the
dynamics of the system. The evolution of the gauge field and the Higgs field is investigated as a function of the
amplitude of the wave packets and of the mass ratio of the Higgs boson and the gauge boson. We find regions
in our parameter space in which initial wave packets scatter into final configurations with dramatically different
momentum distributions.

PACS numbegs): 11.15.Kc, 02.60.Cb, 13.85.Hd

[. INTRODUCTION of the pure non-Abelian gauge theory. This can be seen from
the linearized equation describing small perturbatiais
Collisions between classical wave packets have recentlground an S(2) background fieldA, (in background
been studied numerically for several interacting relativisticgauge:
field theoried1—-4]. Interest in this topic arose in connection
with expectations that the rate of multiparticle production (Diav)a—ngachzya;:O, 1)
processes in electroweak interactions, which can manifest
themselves, e.g., in baryon-number violation, might be unwhereD ,=4d,—ig[A,,] is the gauge-covariant derivative.
suppressed at high energiés. The second term ifil) may have any sign. In particular, this
The nonperturbative nature of the baryon-number-essentially non-Abelian coupling drives an instability for
violating amplitude[6] demands a corresponding nonpertur-perturbations with isospin polarization orthogonal to the
bative approach as provided by semiclassical techniques. Thsospin of a standing wave, which leads to a growth of low
main difficulty in semiclassical approaches is the treatmenfrequency modes from initial high frequency modid$ This
of the 2— many particle transition amplitude, since ting may imply the existence of classical trajectories of the type
tial state of high energy particles is not semiclassical at allrequired for multiparticle productiof9], if the instability
and loop contributions are essential in genésak, e.g.,7)). persists in more realistic cases, e.g., collisions of localized
Possible techniques for circumventing this difficulty of the gauge field wave packets.
semiclassical approach have been proposed and studied in From a more general point of view, the observed inability
the literaturg 8—10]. of the nonlinearity to furnish a mechanism for the formation
In the classical approach to scattering, the question is thef strongly inelastic final states is, in our opinion, intimately
following: Does there exist a mechanism for energy transfeconnected with the integrable nature of the classical systems
from high frequency modes, which corresponds to two highconsidered irf1] and[2]. It is well known that non-Abelian
energy particles, to low frequency modes representing a mugauge theories are nonintegrable in the classical limit , and
tiparticle final state? At first glance, the answer to the quesexhibit dynamical chaogl1,12.> This dynamical stochastic-
tion, formulated in terms of nonlinear dynamics, seems to béty of the non-Abelian gauge fields together with their men-
affirmative since the gauge field theories are nonlinear. Howtioned dynamical instability are possible sources of the non-
ever, the studies of (£1)-dimensional Abelian Higgs perturbative mechanism for the coupling between high and
model[1] and\ ¢* theory[2] have shown no indication for a low frequency modes. At the same time, it is important to
nonperturbative mechanism providing the coupling betweemecall the special role of the Higgs field as a mechanism for
the initial high and the final low frequency modes. For ex-the suppression of the dynamical chaos of the non-Abelian
ample, in[1] the wave packets always passed through eachjauge field§13].
other without being destroyed. It is important to note that in ~ With this in mind, we studied4] the collision of two
[1] the initial states were always chosen to have small amSU(2) gauge field wave packets, homogeneous in the trans-
plitudes, which made the nonlinear terms less important. verse plane. As we expected, based on previous rgdjlts
The important issue here is that the results are stronglyhe collision of essentially non-Abelian initial configurations
influenced by the nonlinearity because of the non-Abeliartrigger the decay of initial high frequency modes into many
spin-field coupling, which is absent in Abelian models. It islow frequency modes with dramatically different momentum
this coupling that is responsible for the infrared instabilities

Istrictly speaking, chaos only sustains for solutions of finite en-
*On leave of absence from Yerevan Physics Institute, Yerevarergy density[12]. Finite energy solutions in-81-dimensions will

Armenia. spread out in space at late times and will therefore linearize. How-
TPresent address: Physics Department, Boston University, Bostoeyer, numerical results indicate that at intermediate times these
MA 02215. fields generally exhibit exponentially growing perturbations.
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distributions, whereas for Abelian configuratiofarallel 1
relative isospin polarizationswave packets pass through 52(1/92)f dSX'dt'{ = Str(FLF*)
each other without interaction.
The present paper, which studies collisions of wave pack- 1 1 2
ets in the SW2) Higgs model, is a generalization of the ear- + Etf[(D,’L(D')TD'“q"]—)\'<§U(<D'T(I)')—l) ]
lier work in two directions. First, it is an extension [df] to
the non-Abelian Higgs model. Second, it is a generalization )
of the previous work4] to the case where the $2) gauge o
symmetry is spontaneously broken by a Higgs field and th(¥vIth )‘ _—)\/g . . i .
fundamental excitations of the gauge field are massive. Within C'?‘SS"Ea' phy25|cs, the prefactomi/in (5) is irrel- .
One expects that the explicit mass scale introduced by th vant, I_eavmg)\ =Mg ,a_s the only relevant parameter in
the action. Note thad’ is proportional to the square of

Higgs field will act as a cutoff on the low frequency excita- : .
tions, potentially leading to drastic changes in the couplindle/MW' the mass ratio of the Higgs boson abboson.

between high and low frequency modes. We will see that the '€ élementary excitation modgsandW,, are best de-
real situation is more complicated, and the ratig? of the ~ SCfibed in the unitary gauge

Higgs self-couplings and gauge coupling and the vacuum _
expectation value of the Higgs field are essential param- =(vtpl ﬁ)U(&), ®)
eters. _ -1 Y -1

This paper is organized as follows. In Sec. Il, we formu- Au=U(OW,U(0) = (1hg)[3,U(O)JU(6),  (7)
late the problem. In Sec. lll, we present results from ouryhereU () =exp(¢?), p describes oscillation of the Higgs

numerical simulations and discuss their implications. SectioRje|d about its vacuum expectation value, ag is the field

IV is devoted to an exteqdeq discussipn of_ our'results. bt the gauge bosoiW,, andp obey the classical equations of
Sec. V, we conclude and indicate possible directions for fuy,gtion

ture research.

1 1
Il. FORMULATION OF THE PROBLEM [D, ,FA]+MEW"+ Egzva”Jr ZgszW”:o, )

In this section, we describe scattering of classical wave
packets in the non-Abelian Higgs model and its numerical , 5 5 V2 .
formulation on the lattice. In particular, we give a brief dis- (7,0"+M&)p+3y2\vp?+\p®~ 7 oW W
cussion of the scaling properties of the classical dynamics.
This section is based on previous wddk4]. 1., .
— 77 PWaWa=0, ©
A. The non-Abelian Higgs model
Here we give a brief discussion of the spontaneously brolVNere My=2v VX andMy=gv/2. D, andF*” are de-

ken SU?2) Yang-Mills theory, in which a charged scalar isod- fineﬁ in_terms_oNvM. After a scalri]ng tLansfg)rmation similar f
oublet field, the Higgs field, is coupled to the gauge field.[0 t.at '2(4)' |td|s easy tq seie that the & _Ovﬁ equations 0
This model retains the most relevant ingredients of the elecM0tion depend on a single parameter: the mass ratio

troweak theory. The action describing this model in3 Mn/Mw. However, in the simulation of colliding wave
dimensions is given by packets, there are other parameters involved in the initial

condition.
_ d3 d 1 nv 1 e Y
S= xdty — Str(F,,F*") + Su[(D,P) D ®] B. Scattering of classical wave packets
1 2 Our numerical study is based on the Hamiltonian formu-
—\| str(DTD) —v? ] 2 Iatior_"n of .Iattice_ SU2) gauge theorﬂS] (see[4,1bj for more
2 detaily, in which the dynamic variables are link variables
. . . fi
with D,=3,-igA27%/2, F,,=F2, 72=(i/g)[D,,.D,], defined as
and U, =exp(—igaAr</2), (10)
— 40
b=¢"—i77¢% (3 where/ stands for the link index. As iM], we work on a

one-dimensional lattice with a physical size=Na, where

a = i 1 i -
wherer” (a=1,2,3) are Pauli matrices, Following the nota N is the number of lattice sizes amadthe lattice spacing. We

tion of [14], we represent the complex Higgs doublet by aarran e initially two Gaussian wave packets with average
guaternion, which is convenient for numerical manipulation. 9 y W P 9

Clearly, this maintains the correct number of degrees of freeMomentek=(0,0k), and widthAk. Our goal is to simulate
dom in the Higgs field. the collision of twoW-boson wave packets in the back-

By a scaling transformation ground of the Higgs condensate.
Before actually constructing the wave packets, one has to
X! =gux d'=dlv. A=A lv (4) deal with the gauge-fixing problem. In the Hamiltonian for-
® m ! © 1] . . .
mulation of lattice gauge theory, temporal gaujg=0 is
we obtain the action in terms of the primed quantities most convenient. On the other hand, one must construct the
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W-boson wave packets in the unitary gauge and then transuch thatA,=0, i.e.,
form back to obtain the initial conditions in the temporal .
gauge. The gauge field for a configuration of two well- doU =1gUWo. (15)
separated wave packets in the unitary gauge can be written s our case, obviously) = 1.
To construct the wave packets, we need to specify the
WO H = WEH 4+ WEH (1) functional form ofy(x,t). A right-moving wave packet cen-
tered atz=0 at timet=0 with mean wave numbé, width

with ¢ being the isospin index ang the Lorentz index. Ak, and mean frequency= \Vk*+ Mg, is described by
W* is a left-moving wave packet, initially centered zt;

Wg# is a right-moving wave packet, initially centered at W(zt) = VR fw dk e—(kz—TQZ/Z(Ak)Z

Zr. In our simulation,z, andzg are chosen in such a way ’ Jam JmQAko ) = z

that the two wave packets are positioned symmetrically .

about the center of the lattice. Specifically, we take trans- X[t +¢.c], (16)

versely polarized wave packets

with w(k,) = Vk>+M§, and

WE#=(0,0,1,0nf h(z—2_,—1), 12 K

)

B Ak\?
sz 1+— e +

&l
Ol| =
w w
where the amplitude of the wave packet is fixed by requiring
energy equal td w (“one particle”) per cross sectional area
o. In the following, we will seti =1.

Performing thek, integral att=0 gives

4

Wg#=(0,0,1,0nk(z—zg,+1), (13 } w

with n{ and ng being the polarization vectors in isospin

space. We choosei=(0,0,1) fixed and leave; free to be

varied. The above choice satisfies the relatighiv=0.
Because we have chosen transversely polarized wave

packets’ they already satisfy the temporal gauge condition v
W,=0. If we had chosen, instead, longitudinally polarized o= / = e‘(AkZ)Z’Zcos{kz).
mILO

wave packetsas in Ref.[1]), we would have needed to (18)
apply a gauge transformatidn(x,t) which transformsw,,
oAy, Since the differential equations are of second order in time,
one also needs to specify=dy/ ot att=0, which is found
A,=UW, Ut~ (1fig)(d,U)U", (14  to be
|
. | ® T2 2 .
P R — dk k e—(kz—k) 12(Ak) e'[w(k2>t_kzz]—C.C. _
'Mt 0 47T\/EQAka—w ,0(K,) [ Ji=o0
K s i)+ <A,z o+ i (E)Z}(Ak)zm (Ak2)?Jsinkz)+ O Akﬂ}
=\/————€ sin(kz) + — —Akz cogkz)+ 5| 1—| =/ || =] [1—(AkZz)“]sin(kz — .
JTo(Q1 D) ) 2 w w w
(19
Furthermore, the initial condition for the Higgs field is chosen as the vacuum solution
#°=v, ¢*=0, ¢°=¢?=0 att=0. (20)

To determine the number of independent parameters, we make use of the scaling transfg#ntdion|,_. In terms of
the primed quantities, Eq18) reads

Ak/MW 2,12 T
"N, = o 1/4 o~ (AKIM)?2' 214 /
W' lv—0= (1) Yl —o=(Lim >\/(Q,MW)(UM5V,92) W Miog (M2 1\2], (21

°Note that under realistic conditions, the luminosity for transversely polarized gauge bosons in proton-proton system is typically two orders
of magnitude higher than for longitudinally polarized ones and increases with eiefgy
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where interaction will be the major contributor to the nonlinearities
) observed in the system. Note that the amplitudes of the
R JIT (M (AK/Myy) gauge and Higgs fields shown in the figures below are in the
My w [1+ (K/My)2]? temporal gauge. This means that the longitudinal part of the
gauge field is not fully represented in the figures.

The top rows of Figs. 1 and 2 show a few “snapshots” of
the space-time development of the collidi#¢boson wave
packets with My=M\=0.126, ¢=0.336, k==/5, and
The above initial condition contains three dimensionless paAk= 7/100 for parallel(Fig. 1) and orthogonalFig. 2 iso-
rametersk/M,y, Ak/M,y, andoM \2N/92_ There appears one Spin polarizations, respectively. The figures show the abso-
more parameter in the initial condition, i.e., the relative ro-lute  magnitude of the scaled gauge field amplitude,
tation in isospin space between the two wave packets, whicl'|=|A|/v. For parallel isospin orientations, the result of
we denote byd. . the “collision” is a slight distortion of the initial wave pack-

Combining equations of motion and initial condition, our ets showing no sign of significant inelasticity. In contrast, the
ansatz has five independent parametdfs;/M,, k/My, top row of_F|g. 2 illustrates tha_lt the coII_|S|o_n of two wave
AKIM,y, aM\ZngZ, and 6. The parameteE/MW, which packetg with orthogona_l relative polarizations in isospin
sets the energy of collisions in units of tié-boson mass, is space is strongly inelastic.

. The difference between the two figures is even more
referred to as the energy parametek/My, whose inverse clearly illustrated by looking at the evolution of the absolute

specifies the width of each wave packet in position space; . : .
can be called the width parameter. The amplitude of eac alug of the Fourier transform of the gauge-invariant energy
= ensity(scaled byv?)

wave packet depends &My as well asAk/My, but more
crucially, onaM\ZN/gz. In our simulation, we always require _ Z(K,1)
k>Ak so that the wave packets are well-defined objects.” (K,1)= 02
Furthermore, we choode>M,, to model high energy scat-
tering.

In our numerical calculations, the ®2) coupling con-
stantg was fixed to be 0.65. However, because of the scaling
properties of the equations of motion and the initial condi-whereE is the gauge electric field arBlthe gauge magnetic
tions, the results of our calculation do not depend on theield. It is seen that the spectrum for the parallel isospins
particular choice of andv. This can be verified by the fact (median row in Fig. 1 does not change its shape dramati-
that the amplitude of the wave packets only depends on theally, while for the case of orthogonal isospifmedian row
ratio of o andg?. Also, since the dynamics does not dependin Fig. 2), the spectrum spreads out widely. The spike at
on a particular choice of or g as long as the ratio/g?is k=0 in these spectra corresponds to the total energy con-
fixed (assuming thaM,y and other parameters remain fixed tained in the transverse gauge field. From its slight decrease
we can predict, from the result for one coupliggt a certain  in Fig. 2, we see that the energy transferred to the Higgs and
value of o, the result for another coupling’ at a different  the longitudinal gauge fields during the collision is small
o'=(g'/g)?c. Hence, a change of the value for the gauge(~10%). This reflects the fact that the nonlinearity due to
couplingg simply corresponds to a rescaling of the param-the gauge field self-coupling dominates. Furthermore, the

1+:L
4

+O((Ak/E)4)}. (22)

:%ZJ' d3x eik'XTr[Ez(X,t)‘i‘Bz(X,t)] ' (23)

eter o controlling the amplitude of initial wave packets. bottom rows of Figs. 1 and 2 illustrate the time evolution of
the Higgs field excitatiorfsaround its condensate value
IIl. NUMERICAL RESULTS (which is scaled to unityaccompanying the collision pro-
cess shown in the top rows of Figs. 1 and 2. Here, we have
A. Dependence on the mass rati/;; /M, plotted the squaréd’|?=|d|?/v? of the Higgs field as a

As established in the previous wofk], the behavior of function of space coordinate at three different times.
the wave packet collisions is governed by the nonlinearityThroughout our simulations, we have keky,<Ak<k
because of the self-interaction of the gauge field. For twofkmax, Wherek niy and Ky, are the minimum and maxi-
wave packets of parallel isospin polarizations in the purgmum momentum on the lattice, respectively. This ensures
Yang-Mills theory, where the nonlinear self-coupling in the that the wave packets are smooth on the lattice. But during
gauge field is absent, we found no indication of any interac<ollisions, unlike quantum mechanics, classical dynamics
tion [4]. This provided a check on our numerical proceduredoes not provide a mechanism for stopping power from
and showed that the artificial interactions introduced by thdlowing to very low frequency mode&lose toky,,) or to
formulation in terms of compact lattice gauge fields did notvery high frequency mode&lose tok,,,). In our calcula-
affect the results. tions, the power flowing to high frequency modes does not

Here, for the Yang-Mills-Higgs system, the situation is cause a deterioration in the local smoothness of the gauge
more involved. Besides the nonlinearities because of théeld at the end of the simulations.
gauge field self-interaction, there exist other nonlinearities
induced by the gauge-Higgs coupling and by the Higgs self~—
interaction. However, in the case where most energy remains®As seen from(9), oscillations of the gauge boson field act as a
contained in the gauge field and the Higgs field is onlysource for Higgs field excitations. The E@) for the gauge field
slightly excited, one can expect that the gauge field selfdoes not possess a source term.
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FIG. 1. Collision of two W-wave packets with parallel isospin polarizations. We chobke=M,,=0.126, k=7/5, Ak=x/100,
g=0.65, ando=0.336. This simulation, as well as all others below, was performed on a lattice of lerg?B48 and lattice spacing
a=1. The top row shows the space-time evolution of the scaled gauge field amghtlidethe median row exhibits the corresponding
Fourier spectra of the gauge field energy density, 8), and the bottom row shows the space-time evolution of the scaled Higgs field
|®'|2. The abscissae of top and bottom rows are labeled in units of the lattice spacing, and the abscissa of the median row is in units of
w/1024.

To display dependence on the mass ratioeM /My, demonstrates that the amplitude of the Higgs field excitations
the top row of Fig. 3 shows the collision of two orthogonally becomes smaller as the Higgs boson mass is increased, while
polarizedW-wave packets at the final timé=¢ 580) for three thelr_frequency increases wit y . )
different values of =M /M,y. It is seen that the “inelas- It is remarkable that for small Higgs boson mass, as seen

ticity” is more pronounced for small. On the other hand, for r=0.1 in Fig. _3, the Higgs field oscillates not abput the
the distortions in the wave packets still survive at large vacuum expeciation value but rather about zero. This ob-

_ : served behavior holds even at larger valuesrpfup to
(even arr =100, not shown hejeThis can be understood_ as r~0.5 (not shown herg This suggests that for not too large
follows. Remember that there are three sources of nonlinea

ity, namely, gauge field self-coupling, gauge-Higgs Coupling,F' the collision of gauge field wave packets, accompanied by

and Higgs self-coupling. As the Higgs mass increases, thfnergy transfer from gauge field to Higgs field, leads to res-

Higgs modes begin to decouple. As a result, the interactio oration of.the broken symmetry. This phen_orréenon oceurs
between gauge and Higgs fields diminishes and hence co or gauge field configurations with large amplituddadeed,

tributes less to the nonlinear effects. The gauge field selflt IS €asy to see thap=— 20 (i.e., |®[=0) is an exact
interaction is not affected by the change in the Higgs mass

and acts as the main contributor of nonlinear effects ob-

served during the collision. The median row of Fig. 3 is the “The idea that the restoration of vacuum symmetry is possible in
analogue of the top row of Fig. 3 in momentum space, ashe background of intense gauge fields was first notgd8h Also
defined in(23). Again, it gives a clearer picture of the inelas- see[19], where the role of external gauge fields in the restoration of
ticity of the collision process. The bottom row of Fig. 3 broken symmetries was considered.
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FIG. 2. Same as Fig. 1, but for orthogonal isospin polarizations.

solution to Eq.(9). Insertingp= —/2v into Eq.(8) leads to  In the following, we usey as a parameter in which the true

the pure Yang-Mills equation for massle¥¢ bosons. In intensity W?)? of the high frequency gauge field pulses is

terms of excitations around this state=p++2v, we re- replaced by its space-time average/?). Depending on

write Egs.(8) and(9) as whetherp<1 or »>1, the potential26) has two different
stableminima:

[D, .F*]+29°x*W"=0, (24) |

1 2\W? for <1, Xmin:i\/zv(l_ﬂ)llz, L.e., |q)|:v(l—77)12/;

I = Mi| 1+ gv) X+Ha*=0, (29 (29
for »=1, xnmin=0, i.e, |(I)|=O_ (29)

whereW?= — (W?)?<0 for transverse polarized wave pack- o
ets (the sum over spatial indeixand isospin indexa is as-  Stable excitations about these “vacua” have the squared

sumed here and belowAfter dropping a constant term Masses
\v*, the corresponding effective potential describing the ex-

12 — np2
citationsy has the form Mw=M(1-7)6(1—- 1), (30
2 2, N4 72 M
VW) = =M (1= mx™+ 7 x5 (26) MH=7|1—1;|[1+ 6(1—n)]. (31
where we denote Thus, for »>1, the broken symmetry is restored and oscil-

) lations of the scalar field occur about the symmetrical state
(WHZ 1 (W22 _ : ,
9= (W)™ _ i 27 |®|=0, not abouj®|=v. The effective mass of the gauge

8\v? r2 bosons in the region where the symmetry is restored van-

g v
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FIG. 3. Mass ratior=M, /M, dependence of the collisions shown for three different values af the end of our calculation
(t=580). Here, we have used orthogonally polariyédvave packets. Except the mass of the Higgs boson, all the other parameters are fixed
to be the same as in Fig. 1.

ishes. Forp<1, the ratio between the effective mas{e;ﬁ depend on the one-dimensionality of space in our calcula-
and |\7|W has no dependence ony and remains tions. However, it is to be expected that the symmetry resto-
r=M /M. Relations(30) and(31) are characteristics of a ration would not persist as long in three d|menS|_o_ns as the
second order phase transition. The expressdn for »  Wwave packets disperse more rapidly after the collision, caus-
shows that in the regime of large\®)2>v?, this phase tran- ing the squared amplitud@V?) to decay more rapidly.

sition can occur for experimentally favorable mass ratio _ .
r>1. B. Yang-Mills and BPS limit
Oscillations of the scalar field around the new symmetri- In the light of the previous work4], it is instructive to
cal minimum |®|=0 are clearly seen for=0.1 where study the Ilimiting case of the present system as
7~126 (see Fig. 3 These numerical results provide indica- M, ,M\y— 0 while fixing r=M4 /M,y (Which is chosen to
tions for transition from the phase with spontaneously brobe one here Of course, this corresponds to the limit-0,
ken SU2) symmetry and asymmetric vacuum to the phasewvhere one expects that the gauge field in the Yang-Mills-
with restored S(P) symmetry and symmetric vacuum as a Higgs system behaves most closely to that in a pure Yang-
result of the collisions. Since is the only relevant param- Mills system. In Fig. 4, the top row shows snapshots of the
eter in question here, this transition can occur either for smakollision of two orthogonally polarized wave packets with
N (light Higgs boson or for large\ (heavy Higgs bosonif My=My=0.001 and the bottom row exhibits the corre-
amplitude of the gauge field is large enough. In Fig. 3, it issponding spectra. Qualitatively, these figures show that the
also interesting to notice that the spatial region showing symtime evolution is very similar to that seen in the pure Yang-
metry restoration seems to be wider than the region wherMlills system(see Figs. 2 and 4 i4]).
the colliding wave packets stay visibly large. The second interesting limit is the Bogomol'ni-Prasad-
It is clear that the phenomenon discussed above does n8ommerfield(BPS limit [20] whereM—0 but My is fi-
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FIG. 4. Collision of two orthogonally polarized wave packets in the Yang-Mills limit. ExceptMqr=M,,=0.001, all the other
parameters are the same as in Fig. 1. The top row shows the space-time evolution of the scaled gauge field amplitude. The bottom row shows
the Fourier spectra of gauge field energy density, as defin€2Bjn

nite (\— 0, v fixed). Figure 5 shows the snapshots and speceither fixed or changed proportionally to fix the rafid/k.

tra for this case withM,,=0.126 andr=0.01. Again, we In Fig. 6, we display snapshots of collisions at the final time
display only the orthogonal case, which reveals completgor different sets ofk and Ak. Figure 7 shows the corre-
destruction of the wave packets as in the pure Yang-Millssponding spectra. The orthogonal isospin cases in Figs. 6 and
limit. It is interesting to note that in this limit, the static force 7 are shown in the left column with their parallel isospin
between equally charged bosons vanishes because of thecounterparts in the right column.

precise cancellation between the photon aimiassless Clearly, the observed nonlinear effects in the orthogonal
Higgs exchange diagrams, which is a result of the electrogases are qualitatively similar for differekitor Ak; while in

magnetic duality{21]. For a pair of oppositely chargedd e parallel cases, regardless &k, the nonlinear effects
bosons, the contributions from these diagrams add to eactmsappear ak is increased fromr/25 to /5.

other, doubling the attraction.

- . IV. DISCUSSIONS
C. Dependence on the initial amplitude and energy

In our simulation, the most crucial role is played by the A Amplitude dependence

initial amplitude of the wave packets. As in the pure Yang- Our numerical calculations show, for a wide range of pa-
Mills case[4], we find that the amount of “inelasticity” ob- rameters, that the wave packet collisions with orthogonal
served in the present system is closely linked to the magnisospin orientation are strongly inelastic if the scaled initial
tude of the dimensionless amplitud21). This amplitude amplitude[see Eq(21), k>M,,]

depends on several independent parameter3/g?, 12

Ak/My, and Q/M~k/IMy, (for k>M,,), each of which 24k 32
has a different physical meaning. Noting that the gauge cou- Jrkov?

pling constant is fixed to bg=0.65 throughout our simula-

tion andM,y is a fixed quantity in reality, the best way 10 js of the order of unity. We recall that the expressia) for
study the amplitude dependence is to varyithout chang-  the scaled amplitude was determined by the condition that
ing anything else. By varying:, we find that the nonlinear the wave packet contains one particle per transversecarea
effects increase with amplitude. For a very large(very Although, in the strict sense, our configurations describe
small amplitudg, we find no indication of “inelasticity” in  wave packets which are infinitely extended in the transverse
the colliding wave packets at the end of the simulation.  gjrection and hence contain infinitely many particles, only a

To search for the energy dependence, we have to study thgyite transverse area influences the dynamics over a finite
dependence ok, which determines the energy of the initial period of time. As argued if¥], causality restricts that area
wave packet. In the meantime, we fix My, andMy.  to o(T,)=nT2 whereT, is the elapsed time after the impact
My andM are chosen to be much smaller thato model  of the two wave packets. The relevant number of particles in
high energy scattering. Furthermore, as we changék is  the initial state is therefore given by
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FIG. 5. Collision of two orthogonally polarized wave packets in the BPS limit. Here, W {j*= 0.126 but choose a small mass for the
Higgs: My =10 2M,,. All the other parameters are the same as in Fig. 1. The top row shows the space-time evolution of the scaled gauge
field amplitude. The bottom row shows the Fourier spectra of gauge field energy density, as defZ®d in

N o(To) _ wTﬁ our numerical results apply most confidently to very high

e (33)  energy where/v=1C?.

What is the lower bound olN®" under realistic condi-

tions, for which strongly inelastic events occur? Let us first )
estimate the constraints on our parameters from a realistic VW& now turn to the question of the energy dependence of
point of view. Clearly, we must hav&>uv. The natural the nonlinear effects seen in the wave packet collisions. In

spread of anyV-boson wave packet produced in high energythe_ (1+ 1)-dimensional Abelian Higgs m(_)del, the nonlin-
interactions is of ordetk~uv in the comoving reference €arities were clearly found to decrease with enditly For
frame. Therefore, the typical transverse area of théhe nqn—Abellan Higgs mogiel d|sg:gssed hgre, Skl
W-boson wave packet is of ordet~1/v2. Because of Lor- given in Figs. 6 and 7. The inelasticity seen in the orthogonal
entz contraction, its longitudinal momentum spread will genISOSPIN cases does not change significantly with energy,
erally be much larger than, or of orderAkj~yv, where while it dies out in the parallel isospin caseskagcreases.
y~kIMy, is the Lorentz factor. As a resuIAk”/E will be  This shows the fundamental role of the non-Abelian nature
approximately independent of the collision energy, with aqf the W-W interaction in the formation of strongly inelastic
value not much smaller than one. Assuming, e.g./nalstates. . .
Ak/k~0.5 in (32), we obtain an amplitude of order unity From Figs. 6 and 7 one can also see that the inclusion of
implying.that a fe’WW bosons per area in the initial state the Higgs field produces new phenomena which are not seen
could produce strong inelasticity. Of course, the precisem the pure Yang-Mills system: For initial configurations with

' ' parallel isospin, in which case nonlinear interactions of the

lower bound on the particle number will depend on the de- b b | ) f1h metead
tailed shape of the wave packets and requires a full thregd@Uge Dosons are a sent, lowering of the parankeleads

dimensional analysis. But our estimate shows that strongly:. melqstic f_inal states. _T_his is exclusively beca_luse of the
inelastic events are not excluded for collisions of wave pack! ''99S field since t_he CQ"'S'On of wave pac_kets with parallel
ets containing few particles. In this respect, the results of oufSOSPIN configurations in the pure Yang-Mills theory always
analysis correspond to those of Rebbi and Singldtj leads to elastic final states mcjependentl)l«ﬁﬂ]. Of course,
who found that few-particle initial states may not be ex-this pattern indicates that the influence of the Higgs coupling
cluded for baryon number nonconserving processes resultif@ the gauge field increases for smaller How does one
in multiparticle final states. understand this behavior? For this purpose, we recall that all
As mentioned above, the finite transverse size of ordefur calculations are in the regime of high energy
v~ ! limits the applicability of our calculation for the real (k>v,My). For the highest energy of the collisions
three-dimensional case to tim@s<v 1. Since the inelas- (k= /5), where parallel polarized wave packets scatter elas-
ticity is clearly revealed for time$,~100(see, e.g., Fig.)5  tically, one may think that the transversely polarizZédw

B. Energy dependence
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FIG. 6. Final statest&1100) of the scaled gauge field for three different setskofind Ak are shown. Hereg=0.504 and
My=Mu=0.01, while all the other parameters are the same as in Fig 1. Left column: orthogonal isospin orientations. Right column: parallel
isospin orientations.

scattering(elastic in these collisiongproceeds via exchanges  (2) These inelastic events persist at the highest investi-
of the gauge and of the Higgs bosons in the tree approximagated energiesk{M,~ 10%) for collisions with orthogonal
tion. The first contribution prevails at high energy, but it doesijsospin polarization, reflecting the essentially non-Abelian
not contribute to the inelastic final states for the parallel isoSgharacter of the interaction. For parallel isospin configura-
pin orientation. Inelasticity may arise here only from thetjons in contrast, the inelastic events, which are solely be-
nonlinear coupling of the gauge and Higgs fields or, in diax5,se of the Higgs field, occur only for lower energies.
grammatic language, because of the Higgs exchange whose 3y ynder more realistic conditions as discussed in Sec.
contribution increases with the lowering kf IV A, the inelastic events are not excluded for initial con-
figurations with few particles.

(4) We have observed, at least fo 0.5 (with fixed am-
plitude for the gauge field wave packgtthe phenomenon of

We have numerically studied collisions between classicafymmetry restoration as a result of the wave packet colli-
wave packets of transversely polarized gauge bosons in trgions. This transition from the asymmetrical state to the sym-
spontaneously broken Yang-Mills-Higgs theory. Our main re-metrical one is governed by a single parameterwhich
sults are the following. depends on both the mass ratiand the amplitude of the

(1) We have found evidence for the creation of final statesvave packets.
with  dramatically different momentum distributions  Summarizing, we conclude that the introduction of the
(strongly “inelastic” event$ for a wide range of the essential Higgs field (in the broken symmetry phasdoes not in gen-
parameters. eral spoil the inelasticity of the final state in collisions with

V. CONCLUSION
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FIG. 7. Energy spectra for the cases shown in Fig. 6.
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