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Sphaleron rate in the symmetric electroweak phase
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Recently Baleker presented an effective infrared theory for the dynamics of Yang-Mills theory, suitable for
studying the rate of baryon number violation in the early universe. We extend his theory to include the Higgs
boson fields, and study how much the Higgs boson affects the baryon number violation rate in the symmetric
phase, at the phase coexistence temperature of a first order electroweak phase transition. The rate is about 20%
smaller than in pure Yang-Mills theory. We also analyze the sphaleron rate in the analytic crossover regime.
Our treatment relies on the ergodicity conjecture for 3D scafatheory.

PACS numbsg(s): 11.15.Ha, 11.10.Wx, 12.60.Jv, 98.80.Cq

I. INTRODUCTION The constaritC can and recently has been determined ana-

lytically [12]. The leading coefficienk’ can be obtained

The baryon number is violated in the standard m¢dgl  numerically by studying a local, UV finite theory, which is
and while the rate of the violation is negligibly small in precisely Langevin dynamics for classical 3 dimensional

vacuum, it can be significant at higher temperatiis]. non-Abelian gauge fields:
Recently there has been substantial interest in how fast
the baryon number is violated in the standard model at high IHA(A(T))
temperatures. This is both because the rate is important for D Al(X,7)= —92m+ f(x,7), (1.4
i (X,

baryogenesis, and because it is an interesting problem in the
more general framework of understanding dynamics of hot
gauge theories. ara
The last three years have seen major progress in this prob- Ha= f d3X4_ngii Fii (%)
lem. First, analytic work has clarified what physics is rel-
evant. While it has long been known that infrared or “soft”
gauge fields with momentgp~g?T are responsible for
baryon number violatiof3], the recent work of Arnold, Son,
and Yaffe has shown that “hard” modes with momemta
~T play an essential role in modifying the dynamics of the (E(X1,71) (X0, 7))
p~g?T degrees of freedoii—6]. Bodeker has gone further, e
showing the role of scatterings between such hard modes by
exchange of°T=p=gT modes[7-9]. There has also been

progress in numerically studying the effective infrarég)

. , . ... _HereD, is the covariant derivative in Langevin time Ff} is
Eheon]tlas to determine the size of baryon number VIOIatlor{he(non—AbeIiar) magnetic field, and is the Gaussian white
10,11. ;

ise normalized as shown.
The form of this theory is identical to the non-Abelian

Ampere’s law, but with the current replaced withk oE, as
o A(Negt)— Ncg(0))?) we would expect in a conducting medium:
'= lim Vi , (1.9

Vit DXB=—-c¢E (+noise, (1.7

,OHA
IA?

-9 =(DjF;)*=(DXB){, (1.9

=20%T (X, — %) 8( 11— 73) 8;6%°,  (1.6)

The rate of baryon number violation is characterized bwo
the sphaleron rate

1t with the Langevin time identified as=ot. Here o is a
— = 3xe., EAF2 - . .
Nes(t) = Nes(0) 16772J0f d*xeij BT F - 12 color conductivity” which describes the current response
to very infrared external fields. It can be treated as a con-
Bodeker has shown that in pure Yang-Mills thedryhas the ~ Stant, to(next tg leading order in log(l), because the
parametric forn{7] mean free path for color changing collisions is shorter than
the 14°T scale wherd™ is set, by a factor of log(fy). An

mp g2T2 explicit expression fowr at next-to-leading log order, found
I'=«’| log—_+C+0(1/log) > | T (1.3
g°T Mp
2Actually it is not a constant, but contains a (fmg(mp /g°T)), see
Eq. (3.23.
'our normalization isD;=4;+iT3A?, and Fij=[D;.Dj]. @ 3Note that the Langevin time has dimensions of length squared,
meansw,,, andg meansg,, . and recall our scaling convention féx
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by Arnold and Yaffd 13], will be presented in Eq3.23. ' suppressed correctiofighe partition function governing the

is determined in this theory as thermodynamics i$16]
3 . {(Neg(r)~Ncg0)?)
K =5 515 lim . (1.8) _
2maT® ., Vr Z= | DADA,D®D exp—HIT, 2.0

This effective theory was studied numerically[it4], with
the result(see below that k'=10. This effective theory is 1 1 m%(T)
not sufficient to determine th&(1/log) coefficient in Eq. H=f d*x— FiFi+——(DiAg)%(DiAg)*+ ———AJAS
(1.3, and neither will anything we discuss. 49 29 29
Most of what we have described, and in particular every- N
thing in Refs.[4,7-12,14,1§ is for the case of pure Yang- + —A(AgAg)2+(Diqn)T(Diq>)+ma(T)q>Tq>
Mills theory. This is appropriate if we are interested in tem- 49*
peratures very much higher than the electroweak phase \
transition(or crossovertemperature, because in that case the t@)24 SAP papagt
Higgs boson has a large thermal mass and can be removed TMPIR)TH T 5 AL D 22
perturbatively. However, the main application we are inter-
ested in, baryogenesis, requires knowlhgn a theory with ) ) ) o )
at least one Higgs boson, in the symmetric phase but at of"€ couplings\, g% Aa~a®, andlay=g“/2+0(a”) are

slightly below the equilibrium temperatuf®,, for the elec- determined by a matching calculatiog?, A, and the field
troweak phase transition. It is not clear whether discardingV@ve-function normalizations correspond to those of the 4D

the Higgs physics is justified in this case, and we shouldn€ory at a renormalization point given roughly By We

A A . - - — 2 . .
rethink both the appropriate effective theory, and the numeriWill always treath~g® for power counting purposes, as is
cal determination of’, in this light. appropriate given the renormalization structure of the theory.

In this paper we will attempt to fill this gap. First we 't iszsomef[imes useful to C_O”Si_dm<92 and to exp?nd in
discuss how important we expect Higgs physics to be by*/9”, but if we do so it is implied thah is still >g", for
considering the thermodynamics of Yang-Mills Higgs fieldsinNStance.A, is the remnant of the temporal connection and
in Sec. Il. Then we construct an appropriate infratee)  €an be thought of as an ac_jjomt scalar field. Its mass term is
effective theory which generalizes “Beker's effective the Debye mass responsible for charge screening, and is
theory in Sec. Ill. We discuss the numerical implementatiordiven by
in Sec. IV and present numerical results in Sec. V. We find

that, where the phase transition is strong enough to preserve g2T?

baryon number after its completion, the changd’inlue to m3(T)= R (4Ng+ N¢+2Ng)

Higgs physics is quite a small effect, so the error in using

pure Yang-Mills theory is small, of order 20%. While we — 3D counterterm O(g*T?), (2.3

work in the minimal standard modéht experimentally ex-

cluded values of the Higgs boson mass, to get a strong . , e

enough phase transitignwe expect the results to hold as With Nc=2 being the second Casimir of the grou the
well in extensions such as the minimal supersymmetric stan?Umber of chiral, fundamental representation fermions, and
dard modelMSSM) with a light scalar top quark. This con- N the numbgr_of fundamental representazuon. com_pleg sca-
jecture could be tested by simulations in that theory, alond@rs- In the minimal standard model, th¥g*) piece ismp

the lines of what we do here. =(11/6)g°T>. o
Because of the Debye mass, thgfield is heavy and has

little influence on the very infrared thermodynamics, leading

only to a rescaling of the effective gauge coupling by an
To get an idea of how important Higgs physics will be for O(g) correction[16]. However, the same is not generically

the sphaleron rate, we will try to get an idea of how impor-true for the Higgs field. This is because, unlike tgfield,

tant it is thermodynamically for the infrared transverse gaugét has a negative vacuum mass squared which may approxi-

boson excitations which we expect to be responsible fomately cancel the positive induced thermal mass:

baryon number violation. As we will see, this in fact gives a

reasonable estimate for what difference the Higgs will make

in the sphaleron rate. . . . _ “*The 3D theory should be viewed as an IR effective theory for the
To a very good approximation the thermodynamics of in-thermodynamics below the scale At some level of precision it

frared bosonic fields in the hot electroweak theory can bgecomes necessary to include high dimension operators. If we are
described by a three dimensional path inte¢id]. In fact  interested in thermodynamics at the length scal@T/ then ne-

this can be understood as a special case of the statement thygdcting the high dimension operators causes erro®((§2T/T)?)

the IR physics is essentially classical, since the three dimenimes an additional explicit factor af because the high dimension
sional path integral we arrive at coincides with the partitionoperators are radiatively induced, leading tosgrerror. Of course,
function of the classical bosonic theory. Up to parametricallyon less infrared scales the effective theory is less accurate.

IIl. THERMODYNAMIC INFLUENCE OF THE HIGGS
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FIG. 1. Gauge field self-energy insertions generated by th

Higgs fields.

2 _an2 2 2 2 2712
Mg (T) =M+t Mige,  M<0, mg~gTs,

( specifically, mZ,

(3g°+g' A+ 4Ay;+8N)T?

16 in the MSM| .

(2.9

At very large temperc";lturexsr,lﬁ(T)~gZT2 and its thermody-
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b
ab g°T 6%

1155 (p):_m(5ijp2_pipj)- (2.7

In either case the sign of the effect is such that it reduces the
size of infrared gauge field excitations; so the presence of a
Higgs field should reduck.

The calculation is for the symmetric phase, where there is

Jo Higgs condensate. When there is a condenggténor-

malized asp3=(2d®)) then there is an induced mass for
the gauge bosons ofig,=g°¢3/4, which will of course fur-
ther reducel’. However, we are primarily interested right
now in the symmetric phase case.

To decide how important the scalar contribution is, we
need to know what momentump is characteristic for the
baryon number violating processes we intend to study. Since
the physics we are after is nonperturbative physics, we ex-
pect the answer to begy such that perturbation theory is
breaking down. We can estimate whatis necessary by
computing the contribution of gauge bosons to the self-
energy. The result is not gauge invariant, but in the Landau
gauge the analogous contribution from the gauge and ghost

namic effects are parametrically suppressed. However, th@ops is
electroweak phase transition occurs where the positive ther-

mal mass squared and the negative tree one cancel up to
O(g*T?) corrections, and it is in this regime that we need to

know the sphaleron rate. It makes sense, then, to nmﬁeT)

parametrically asO(g*T?), though depending on the
strength of the phase transition, it may either be “large” o

“small” within this parametric range.

11N g2T 62"

ab
1157"(p) from bosons= —641p|

(5ijpz_pipj)-
(2.9

The sign is the opposite, indicating that gauge self-

making estimates here, we will be content with one loopinverse propagatop®s;—p;p;, and ;he calculation there-
calculations even where the loop expansion is not very relifore breaks down completely, f@~g=T/3. We take this as
able. We can estimate the Higgs field’s importance by con? fair estimate of the nonperturbative scale, though such an
sidering Higgs contributions to the gauge field self-energy agstimate certainly cannot be considered accurate to better

soft external momentum~g2T. The sum of diagranfa) in
Fig. 1 and anyp-independent contributions froifio) vanish

than about a factor of 2.
For a heavy Higgs boson, then, we expect a correction of

in any gauge invariance respecting regularization: the scaldder(9*T/my(T))/(48w); but even formy(T)=0 we only

contribution to the gauge field self-energy is then

dk
(2m)®

b —

2k; 2k

2

p
+m3

2
k— E) +mf|

P
(k+§

2k; 2k;
-, (2.5

(k*+mj)?

If we takep<<my, the result is

2-|—5ab

g
12°(p) = — —=———(38;p>*~ piP;),

whereas in the regime whem,<<p, we get

expect a correction from the Higgs boson to the propagator
at the relevant momentum to be of order 1/11. This corre-
sponds to a rescaling by (1/11) of the length scale where
perturbation theory breaks down. However, since the fifth
power of this length scale enters the sphaleron rate, the im-
portance of the Higgs boson would be a little larger, as large
as a (10/11)=0.6 reduction of". This analysis also implies
that, when there is a condensate, it starts to significantly sup-
press baryon number violation when the induced gauge field
mass is of orderg®T/3, which requires¢o=29gT/3. Of
course for such a small condensate, the perturbative notion
of “condensate” is lost and what we are doing is unreliable;
but this should give us some estimate of how strong the
transition needs to be before the drop in the sphaleron rate
becomes significant.

5In the Feynman gauge the 11 becomes 14. The answer differs
from that in[17], for instance, because we have left out theavy
A, field, treated as light there.
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In the standard model and in the regime where the phadgtically integrated out. The resulting equations of motion are
transition is strong, we can estimate the symmetric phassimilar to those of the classical field theory. Defining
my(Tey); at leading order il\/g?, a standard calculation

from the curvature of the one loop effective potential gives H=Ha+Heo+tHeg+Hp, 3.1
My (Teg = 9%T/(16mN/2g?). (2.9

1
HA=f d3x4—2Ff}Fﬁ(x), Fi;=[D;.Dj],
Plugging this into Eq(2.6) gives a self-energy correction of 9 32
—\/18g2, and a correction to the sphaleron rate of '
or A Hcp=f d*x(D;®)"(D;®)(x) + M P D (x)
—_=- —. (2.10
2

r 1&g +FA@TD)2(x), (33
Below we will study the case wheie/g?=0.036, for which L
the correction is 22%. However, this mass is not in the re- _ 3,_~ rara _ )
gime my>p for p=g°T/3, so we have computed E(2.5) HE_I d 5 R EIE00, E=[D0Di],
numerically for thismy andp; it yields —0.037. A rough (3.9
estimate is that we will sed” reduced to (+0.037)
=0.83 of the Yang-Mills theory value. This estimate is quite
rough, but it gives the idea that the symmetric phase rate will
be lower, but not much lower, than the pure Yang-Mills
theory rate. the effective field equations will be the classical equations of

To conclude, at the thermodynamic level, one would ex-motion derived from this Hamiltonian, supplemented by the
pect the Higgs field induced correction to infrared gaugehard thermal loop effects which arise from the integration
field behavior, and hence to the sphaleron rate, to be rath@ver the heavy modes. The hard thermal lafiL) field
small in the symmetric phase, and of order 1 for condensategquations ar¢20—-23
smaller thangy=(2/3)gT. Naturally, for larger condensates
the suppression becomes very substantial[3geS).

1
HH=Id3x§HTH(x), II=D,®, (3.5

Ma , dHe

DEj)3(x)=—g? -
(D(Ei)*(x) g IAZ(x) g IAR(x)

Ill. EFFECTIVE THEORY IN THE PRESENCE OF THE

HIGGS —ij (i—?_rvviwa(x,v), (3.6
Now we will go about constructing appropriate effective
theories for studying baryon number violation when there is JH
a light Higgs boson. Our treatment will follow very closely DJII(x)=— —¢—mt2hd>(x)
that of[5,7,4]. Indeed, most of the complications stem from aPT(x)
the Yang-Mills sector and have been resolved in the litera- s
ture cited; the Higgs boson will introduce comparatively mi- =DiDi®(x) = (my(T)
nor new complications. -~ +
We will also leave out the (1) field in what follows, 2ALTD(x))D(x), 3.7
even though it is light. This is a common and probably rea- a (DA Ea
sonable approximation. We make it partly because we expect (DW)T(x,0) = =0 (DW)P(X,v) + Mov EF (), 3.9
the influence of the (1) field to be weak; there is no direct '
interaction between the §B) and U1) gauge fields, and the (DE))3(x)=g2(I1TiT2® (x) +c.c)
U(1) physics makes rather small modifications to the thermo-
dynamics of the S(2)-Higgs system{19]. Also, including v
the U1) physics would prove to be a significant complica- +mDJ 2 WAx0). (3.9
tion, since at thek~g?T scale the 1) fields are over-
damped but with & dependent damping which must be These equations determine the field evolution, given initial
treated as a nonlocal effect even in the final effective theoryinformation for A, E, ®, II, andW, up to the freedom to
We will not try to address this problem here. choose the time dependent gauge. The last equation is
Since we are not concerned with cases where there is @auss’ law and needs to be applied as a constraint on the
very large condensaté,~T/g, degrees of freedom with initial conditions; it commutes with the other equations so it
momentumk~T behave at leading order as massless fregemains valid at later times.
fields propagating in the background of the IR fields, and the The only hard thermal loop effect on the soft scalar field
degrees of freedom witk<gT have large occupation num- is a thermal mass squared correction. We discuss this point at
bers and can be treated as classical fields. The infrared beeme length in Appendix A, where we demonstrate the ab-
havior of the theory is described by a classical effectivesence of all other HTL effects involving scalar external lines.
theory in which thek~ T degrees of freedom have been ana-We write the correction amy, (the thermally induced mass
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squaredland the Summ|2—|+mt2h: mﬁ(T)- In what follows we _ Here we will only treat the case in which.the.re is not a
will absorb this shift inm? into Hg, . This does not require M998 rt])osog colnd_ensa;]e gf cIJ(rd¢5;,u/g. This ellth_er re-
any modification of Eq(3.6) becausemtzhdﬂCD is indepen- \s/;rll::(;s or()\;lvov?es%};:lnt/(\)/é aerero €n phase our analysis remains
dent of A, id, ! permitted to make thg sqale_

The HTL's for gauge fields are much more complicated whlch we mteg_rate down to. We do not con_5|der this re_strlc-
and are implemented here with auxiliary fields, Wdields tion problematlc because we are _mostly interested in the
which allow them to be written in a local Wa&’z 23 Thé symmetnc phase, and when there is a large condensate we

. , S ' will need to use other tools to determine the rate anyway. We

penglty Is that the/yf|elds_depend on dlrectl_om as .weII a5 have already considered the broken phase problefhdh
posmo_n X I_—|erev IS a_umt vector, and_mv is an integral Under this assumption, the behavior of gauge bosons with
(iver dlrectlons(.the un_lt sphe_r)e normalized sofd<}, /4= k> u is not significantly changed by a Higgs condensate. It
=1 W_e normahzeNshghtly d_|fferently t_han_the ref_erences, is also not significantly changed by the background of IR
absorbing a factor ofnp into its normalization so it enters

o . ; . Higgs fluctuations, as can be verified by a loopwise analysis
the Hamiltonian with the same weight as the gauge fields. 'tﬁke the one in the last section: and the effects of hard Higgs
listing in Eqg.(3.1) would be X

excitations are already included by the HTL effective action.

L rdo Therefore, the integration over these degrees of freedom pro-
_ 3, T Virsa a ceeds as it does in the case without Higgs fields. The inte-

HW_I d X292f A7 WX, 0)Wi(x,0). (310 gration over gauge anW field degrees of freedom is very

nontrivial and has been treated at length byd8ker[7,8]

and by Arnold, Son, and Yaff¢9,12]. They show that a

alized Hamiltonian, together with Eq3.1), but it requires colligion term is induced_ for t.hké\./fiel_ds, together with r)oise
rather nontrivial Lie-Poisson brackef@4]. Note that the required by the fluctuation dissipation theorem. The integra-
hard scalar contributions to the gauge HTL is identical intion Over thegT scale Higgs fields is much simpler. The
structure to that from hard gauge and fermionic degrees dfi99s field equation of motion, E¢3.7), is the same below
freedom. This is most easily seen in the kinetic theory derifh€9T scale as it is up to th& scale. Provided that we keep
vation of the gauge HTL'§22], where one finds that the spin #>Mu(T), the Higgs field still undergoes free relativistic
of a hard degree of freedom only matters at subleading orddtroPagation in the ZSOft gauge and Higgs field background up
in g. to correctionsO(g“T/w). Such propagation is precisely

Equations (3.6—(3.9) already give an effective theory what _generated the har(_JI thermal loops. _Stand_ard power
which is amenable to numerical treatment along the lines ofounting shows that contributions from the Higgs fields with
that given for pure Yang-Mills theory ifiL0,11]. The added momentumk2>,u to more IR degrees of freedom are sup-
complication of including the Higgs field is much less thanPressed byg“T/u except for UV divergent contributions.
that involved in treating the hard thermal loops. However,But, as shown ii26], the structure of UV divergences in the
such a numerical implementation is not ideal, because thelassical field theory coincides exactly with the hard thermal
system of equations presented is not UV finite. In particulaloops. Hence the&>u Higgs degrees of freedom induce
the classical gauge and scalar degrees of freedom, with dﬁTL’s and parametrlcally.supp.ressed additional effects. The
namics determined by Eqé3.6) and(3.7), generate UV di- HTL effects from thegT Higgs fields are smaller by a factor
vergent loop corrections which can be considered as extr@f g than those fronT physics, so we can neglect them next
contributions to the hard thermal loops. In a lattice regulario the HTL effects already being included.
ization, these extra contributions are finite but grow linearly It is worth remarking why physically no collision integral
as the lattice spacing is made smaller, and are not rotations induced when we integrate out scalars with momenkum
ally invariant[25]. So long asmp, is kept suitably large this ~9T. The total scattering rate for hard modes by exchange
should be a subdominant effect, but it is not clear that it isof @ soft gauge particle is g°T log(1/g), with the logarithm
safe to maken,, as large as the inverse lattice spacing. Be-arising from the momentum regiogT to g*T. This large
cause of these problems it is not easy to extract high preckollision rate originates from the IR singulaf/t* matrix
sion information from such a simulation, and if we expect a€lements in gauge boson exchange. When we integrate out
fairly small change td” due to the Higgs bosons, it may be 9T bosons we must explicitly include their contribution to
problematic to isolate it from lattice spacing effects. Ratherscatterings via a collision integral. On the other hand, no
we will follow Bodeker[7] and integrate out more degrees of scattering process between hard modes which is mediated by
freedom to construct what ultimately proves to be a simplesingle scalar exchange has a scattering rate greater than
and cleaner effective theofghough no longer valid to cor- ~9*T log(T/my).° Such rare scatterings are not important at
rections parametrically suppressed by a full powergpf leading order because we are eventually interested in physics
which will prove a better test-bed for studying the impor- at the 16T length scale.
tance of Higgs physics.

With this in mind we consider integrating over thyel
scale, down to some intermediate scalegT. We are also  61hjs can be verified by looking at the matrix elements of tree
removing physics with a frequency scale~gT; however, |evel 2—2 scattering processes mediated by a scalar, none of which
we cannot directly consider only degrees of freedom withcontains?/t? type terms. At worst they go a#/tu and are log IR
w<<k<gT; for now w is permitted to be as large as divergent.

It is possible to derive the field equations from tkgener-
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On length scales more infrared thamT/ Egs.(3.6) and  to parametrically suppressed effects. On these time scales the
(3.8) describe overdamped evolution for the gauge fieldsHiggs field evolution is determined by E¢3.12) with the
Further, thew field equation of motion is linear in its slowly gauge field background frozen. What is the behavior of such
varying sourcexv;E;. Therefore it is permissible at leading a system? The Higgs propagates on an inhomogeneous back-
order inu/gT to drop both theDE term in Eq.(3.6) and the  ground connection, interacting with itself via the nonlinear
D,W term in Eq.(3.8) [5-7], leading to an effective theory quartic coupling term. There is a wide{though not univer-
for the u<gT scale physic$, sally) believed conjecture that the evolution of a scalar field

theory with quartic self-coupling in 3 dimensions should be
IHg ergodic, in which case it will randomize itself on thegdT
time scale(since there is no other available time scale for its
evolution. This view is supported, for instance, by the cal-
culation of the damping rate of a scalar at rest, in a flat
connection but with a quartic interaction; the damping rate is

fdQ o) g Ao
m 7 _Uj X, = - ’
O) 2T Y A

(3.1)

D,IT(x) = — Mo , (3.12  Pparametrically ~\*T?/my~g*T, and the damping arises
abT(x) primarily from degrees of freedom witk~my [27]. We
expect that the inhomogeneous connection should only make
vi(D;W)3(x,v) =mpv; ER(X) the randomization of the scalar field more efficient. In par-
ticular we speculate that the spectrum of B¢ operator for
_f dq, C,, Wa(x,v' a typical 3D gauge field background exhibits Anderson lo-
vo' U ) . . .
4 calization at all frequencies.
a On the 1¢*T time scale on which the gauge field evolves,
+(x0), (3.13 the Higgs field will thoroughly explore its fixed connection
40 thermal ensemble. Therefore, on the time scale on which
mDJ —2WA(x,0)=0. (3.14  evolves, it will see a thermodynamic average of the possible
4 Higgs field configurations. We emphasize that we are relying

here on the conjectured ergodicity of 3D scatdrtheory. It

is also not clear that our treatment will remain true very near
the endpoint of the electroweak phase transition, where the
Higgs field correlation length grows to bel1/g?T, because

in this regime it may take much longer for the Higgs field to

The new features are the collision integgal,, , whose form
and value is discussed [i7,9,17, and the nois€. At lead-
ing order in log¢T/w) the collision integral is

C,, =7 2(v—0v")— i (v-v')? , explore its fixed gauge field ensemble. We will exclude that
T \J1—(v-v')? regime from consideration, although it is not clear to us that
the effective theory we will derive cannot be used there as
N.g’T  mp well.
Y= a4 '097- (3.19 When our assumption is valid, we should averaged®he

dependent part of Eq3.11) over the Higgs thermal en-
The noise is Gaussian and white with two-point correlator semble,

(£3(x,0,0)°(y,v" 1"))=29%TC,, *°S(x—y) (t—t).
(3.16 _gzﬁHé_,_gz< f?H<I>>

Because of our nonstandavd field normalization, the nor- AT AT
malization of the noise differs from the references. Note that P
the size of the collision integral is parametricaly,, =gZT—Iogf DD exp(—Hg /T).
~g°T log(gT/w). AR
At the k~g°T scale this effective theory has two natural (3.17)
time scales. First there is the time scatd/g?T, on which '
Eq. (3.12 allows the Higgs fields to evolve. There is also a
scale, ~1/g*T log(1/g), on which the overdamped gauge The RHS of Eq.(3.11) can be understood ag'T times a
and W fields evolve. This reflects the fact that the gaugevariation of a 3D effective action describing the thermody-
HTL’s include Landau damping and lead to overdampediamics of the gauge fields. The sole modification from the
evolution, while the Higgs HTL's are just a mass correctioninclusion of Higgs fields is that the effective action should
and do not induce ang®T? size damping, so the Higgs field include, besides the gauge part, a nonlocal piece arising from
is not overdamped. integrating over the Higgs fields. Hence the effective theory
If we view the system on length scalesl/g?T and on the describing infrared gauge bosons is
Higgs time scale- 1/g°T, the gauge fields look “frozen” up

dQ Her( A
me —viWa(x,v):—ngLﬁ—(), (3.18

For a discussion of the last equation, §&8]. 4m INt(x) T
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Heq(A) Ha+Hg ization scalex. The sole modification the inclusion of the
= :—|09f Do exr{—# : Higgs fields has made is in the form éf.;. Again we
(3.19 emphasize that the the derivation has assumed that the Higgs
boson is light and that there is not a large Higgs condensate.

vi(D;W)3(x,v) = mpu; EA(E) If there is a large Higgs condensadg=gT/log(1/g) then
the value ofo changes, and ithg~T then the form of the

dQ,. a , a effective theory changes as well. We will not discuss the

_J 4 Cop WAX,0 ")+ (X00). latter case here. Also note that our effective theory is only

valid for studying gauge field correlators; it cannot tell us
(320 much about unequal time Higgs field correlators.

This is identical with the “theory 2" of Refd.13,12, except

for the Higgs field additions téd 5. IV. NUMERICS
This theory is probably not well suited to numerical study. . , . . .

However, as Bdeker has shown, it has fairly simple behav-  Bodeker's effective theory is Eq3.21), but with Hg

ior when studied at the length scaleyaT [7]. In this regime ~ ePlaced withH, . It makes an excellent starting point for

the collision integral dominates over the derivative term for?vlvlgnre;:in'gffest'gaﬂon of in pure Yang-Mills theory for

the W field? since C~g?T log(gT/w) with w~g?T, while ASONS.

the derivative term is - D~g°T; the collision term is there- 8 :: :2 IL(J){:/afli’n;iitgd

fore bigger by~log(1/g). Roughly speaking, one may solve . ; ) . :

for Wi%gtermi ongi(n gE)q 3 28) a):]dpplug itginto Eq(3y1& Neither is true for the effective theory we have derived.

yielding a local expressi.on.of formE= — gH/IA. 77 This potentially makes its study much more problematic than

At leading log order the Yang-Mills theory argument goesBodeker’s _effectlve theory. . .
over directly to the case including a Higgs field, since it In practlc_e the secqn(_:l problem is UOt a substannall one.
depends on manipulations of E.20 only and this does The theory Is not UV finite becauddey mvolves .the 3 d".
not include the Higgs field. The next to leading log calcula-r_nens'Onal path _mtegral for a _scalar field, V.Vh'Ch contains
tion of [12] also still holds, provided there is no Higgs con- IN€ar and logarithmic mass divergences arising from one
densate of sizebo=<gT/log(Llg). We discuss this point at and two loop graphs. However, the path integral is still

more length in an appendix, where we show how the addi:c,uper—renormalizable, and the UV infinities are purely local

tion of the Higgs field does not modify the calculation pre- and can be absorbed with a mass counterterm. Their value is
sented i 12]. Intuitively, the reason the Higgs field does not knol:/vn [28’2qd and a.‘;’ vr\1/e will discuss below, we could ac-
affect o at next to leading log order is as follows. The con- tuaTK proclee %\I/en ! Fthe'y Wlere no;[_. the effective th
ductivity depends on the efficiency of collisions. The colli- . e real probiem with impiementing the etrective theory

: : o : its nonlocality, which comes about because of the path
sions are mediated by gauge excitations with momeyita IS 1 : .
<k=g?T log(1ig). At the low end of this range the Higgs integral in the expression fdtlo, see Eq(3.19. The solu-

fields modify the gauge field thermodynamics by f[ion is to think about how we would carry out such a path

: : tegral numerically. To evaluate E(B.19 numerically, we
O(1/log(1h)), see Sec. I, and this part of the range gives an ) ;
contrib%(tic/?rz down by 1/log(ty) comlz)ared to the cgomgplete woqld perform the path mtegral by Monte Carlo calculation,
collision integral. Hence the influence of the Higgs field isfor instance by a Langevin equation,
suppressed by two powers of log.

Finally, we arrive at the effective theory do Mg

(== €0 (4.0

dar,
J Het(A) ¢

oAR(x) T

cE3(x)=—g?T +EX),  (3.2)

(%, 7)) EN (X, 7)) =2T18(X—X') 8( 74— 7))

(D E(y,t)) =207 T8y a0 (X—y) St '), “.2

(3.22

Here thel reminds us to make the noise diagonal in the

3 N.g?T[ m components of the Higgs field. This Langevin equation must
o 1= — Y Y= ° [ln—D +3,044_ be evolved, and the result averaged, at every time step in the
mp 4m Y Langevin dynamics of the gauge fields.

(3.23 This suggests that E¢3.21) can be replaced with the

) ] ) oy —oo limit of the following system of equations:
HereHqs is as in Eq.(3.19 and the expression far™ - is

from [13] with a particularly nice choice for the renormal-

1%
oEf(x)= _gza 00 [Ha(A)
i
8What follows is a gross oversimplification of the argument, see a
[8,9]. THe(A, D) ]+ &(X,1), 4.3
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match detailed ih32]. We will assume that this numerically
Ho(A D)+ Ep(X,1), determined relation holds analytically.

o - _
oD@ ==

(Ea(XDEL(X 1)) =270 TL8(X—x") S(t—t'). V. RESULTS

With a numerical implementation of the effective theory
in hand we will address two questions. First, how larg€' is
in the symmetric phase, amgq, for parameters where the

phase transition is strong enough to preserve baryon number
after its completion? Second, how doEsvary as we go
. through the analytic crossover present for large vacuum

"higgs masses?

This is Langevin evolution but with a different rate for the
evolution of the two fieldsA and ®@. In the limit that the
Higgs field evolution is made infinitely fast, which ig
—o0, the Higgs field evolution will perform the path integral
in a much shorter time scale than the gauge fields evolve

and we recover the desired equations of motion, BcD. To address the first question we consider Yang-Mills

Equation(4.9) at a finite value ofy does make a good Higgs theory ai\/g?=0.036, which is roughly the value at

then b taken numericaly. I s also. convenient to rescai!Ich the phase transiton is barely strong enough to pre-
. . _y. . : Serve baryon number cosmologically after its completfon.
time to a Langevin timer=ot. Note that the dimensions of

We determinem?, at three lattice spacings,=4/79°T, a
7 are those of a length squared. — 2)992T. and 9_‘44/1 2T (which in th i hich |
Our nonperturbative regularization for EGt.3) will be =4/9g°T, anda=4/19°T (which in the notation which is

the lattice. Since all of the numerical tools we use exist in theSomeumes customaf3] are=7, 9, and 12, by the mul-

: ; icanonical Monte Carlo calculation. The probability distri-
literature, we will only present the relevant references heri) 2 P Y

rather than give complete details. The lattice discretization i€UtO"S for ¢* at mg, for two lattice volumes anda
standard, sef80]. Our topological lattice definition dlcgis ~ ~ 4/99°T are shownin Fig. 2. , _

the same as ifid1]. The relation between the couplings of  FIrst ;/ve_consmer_ they— o ““;'t at fixed lattice spacing
the lattice and continuum systems has been worked out i#=4/99°T in a cubic \golumeL. with periodic boundary
[32], and we use the expressions there. These relations mat€gnditions, forlL =14.24°T (32 sites on a sideThis volume

all thermodynamic quantities &(a), leavingO(a?) errors, 1S abundant_ly large enough to see the large volgme value of
with two exceptions. We do not know the full(a) match r [31],_ and is large enough that strong metastability prevents
for an additive piece of thep? operator insertion or for tunneling to the broken phaserat,, where we work. Table
mZ(T). If we were interested in determinirdy at a particu- | Presents«<’, defined in Eq(1.3), for various values ofy,

lar, fixed value ofm?(T) then this could pose a problem. 1attice spacing, andny. The » dependence is weak and

However, what we want iE Whenmﬁ(T) is a fixed distance statistically compatible with zero. .
from the value which gives phase equilibriumgq. To de- Table | also shows that, as expected, there is almost no

termine this we do not need the absolute normalization o ttice spacing depen_d_ence In _The O(a) match for _the
mg(T) t0 O(a), but we will need to findm2 numerically hermodyr_lamlc q_uantmes and time scales is essential he_re,
HN b .’ﬂ di lqorithm. T qu mi j see[14]. Finally, since in the usual electroweak baryogenesis
ow we briefly discuss algorithm. To determing, We  qoonarig the symmetric phase undergoes supercooling, we
use the same algorithm and multicanonical techniques

. 3hould studyl” in the supercooled symmetric phase. Table |
[30]. To perform Eq.(4.3), we may use whatever Higgs up-

q h ded that it i hasti a4 th shows that the maximum supercooling compatible with
ate we choose, provided that it Is stochastic and that Weyong metastability is still not enough to significantly

take the »—co limit. We choose a mixture of heat bath cnanger. We cannot increase the supercooling beyond what
Higgs updates and they over-relaxation algorithm df30]. a5 4sed because the lattice system will nucleate to the bro-

For the gauge field update we should use Langevin dynamiqgn phase. Indeed, one run used for the table ended with a
or any other strictly dissipative dynamics. We choose heaf, qjeation to the broken phase, as is seen clearly from the
bath. For either algorlth_m, the effective |r_1frared dyr“"‘m'cs‘time history forNcg in that run, shown in Fig. 3. Naturally,
should be of the Langevin form, and the difference betweeqye proken phase part of the evolution was not used in the
the algorithms will be a radiative rescaling of tfi@ngevin  oh5v5i5. Combining all the figures in the table, since all are

time scale and high dimension corrections, which first apPeaLiatistically compatible and no trerithttice spacing, super-
at O(a?).° The radiative rescaling of the time scale is dis- cooling, or ) is statistically significant, we get

cussed at length in Appendix A §14]. That paper presents
an analytic calculation of the lattice to continuum match for

the Langevin algorithm, and the Langevin to heat-bath res- 212 m
caling is found numerically. Within error it is equal to the T oymn=[8.24 0_10](9_) ( log— +C | a5T%,
coefficientZ, L which appears in th&(a) thermodynamical E, T

(5.

%The question of what modifications may occur in the effective IR
behavior has been addressed at some length by Arnold and Yaffe*°The value we use is slightly smaller than that found[118]
see particularly Appendix A df15]. because here we do not include thél)field.
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FIG. 2. Log of probability distribution foip?=2dTd (MS renormalization poinj=g?T) for cubic boxes of size Z4(left) and 32
(right), at lattice spacing 44FT (8=9). Inverting they axis roughly gives the free energy dependence¢dn The left peak is the
symmetric phase and the right peak is the broken phase; the dip between them is a free energy barrier separating the phases, which grows
as the volume is increasd is not free energy per volumeThe asymmetric shape is typical for this order parameter.

for \/g?=0.036. We have computed the pure Yang-Mills  Of course the above is academic becaisg?=0.036
theory value at the same lattice spacing with comparabl@onyerts to a vacuum Higgs masg =44 GeV at tree level.
precision to facilitate comparison; the symmetric phase Va'“%cluding the large radiative top Yukawa corrections, this
is 0.832£0.015 of the Yang—M[IIs theory valugThe Yang- . N g? does not correspond to any physical Higgs boson mass
Mills theory value found here is smaller than that quoted |n[16] In the standard model, all experimentally allowed

[14], where we foundk’=10.8+0.7. This is a statistical . ) : o
fluctuation in the data there. The table includes a higher std1199S masses fail to provide an electroweak phase transition

tistics redetermination ok’ at the same parameters used in@t all. Rather, there is an analytic crosso{/@4]. Although

found here, and statistically compatible at With the result ~ still be interesting to see hoW varies as we go through the
determined if14].) crossover. Does it turn on suddenly or gradually, and does its

TABLE I. Chern-Simons number diffusioh in the symmetric phase near the equilibrium temperature
with \/g?>=0.036, for different lattice spacings, values gf and Higgs boson masses. The 4-volume is
expressed in lattice units; to convert to physical units multiply lengths layd Langevin time byra?.
Except for the pure Yang-Mills data, all values©f are statistically compatible; no lattice grdependence
is statistically significant.

axg’T 7 mg—mg, Volumex Langevin time K’

4/9 25 0 33X 56400 8.450.24
4/9 5 0 33x 56400 8.2:0.24
4/9 10 0 3356400 8.0&0.23
4/9 5 0.0093 32x 34300 8.630.32
4/9 5 -0.0093 32x 30900 8.5@-0.33
417 10 0 24X 57400 8.130.37
4/12 5 0 48x 98600 7.8%0.27
4/9 Yang Mills 24x 489400 9.96:0.13
4/10 Yang Mills 43x 84900 10.06:0.23
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FIG. 3. Left: probability distribution on supercoolingﬁ,zmiq—0.009(g4T2. Right: Langevin time history ofNcg starting in the
symmetric phase, under such supercooling. After a tunneling event to the broken dhastpped diffusing.

turn-on point coincide with the peak in the susceptibility for vacuumm,,=130 GeV, and were taken for a 3Box with
¢>? We answer this question in Fig. 4, which shows how theattice spacinga=1/2g2T. The sphaleron rate data were all
¢? susceptibility

(]S

(5.2

taken usingn=20. We see that the switch-on bf though
smooth, is fairly rapid and occurs at slightly Iowmﬁ(T)
than the peak susceptibility; that is, it is when conditions are
a little more “broken phase-like” than when the susceptibil-

ity peaks. The sphaleron raté proves a rather good order
and the sphaleron rafé vary with m3(T). The data are for parameter to distinguish Higgs-like and symmetric-like

N/g?=5/16, corresponding at tree level to a physicalphases. Although, like any order parameter must, it shows

I — — T —
15 = 1+ T —
i £ T 1 III *
I I I 7
= | IIII * | % IIII * i
L I T i 0.8 - T T -
E & E
C\I\ I Py I } 1 4
S 10 - II - - II::‘.\:lﬂ"II i 4
By i i o 0.6 z -
= ; 2 } : -
= L _ 4 (o] = _
- : 1
% L -== i %0.4 — =- —
O = . . J
h 5F = - ® % - J
= ~
L = i 0.2 - % % % =
| \ | :
| | L | | | I | L L 0 m o0, 2 @ IP L 1 | |
-0.2 -0.1 0 0.1 -0.1 -0.05 0
4
mi(T)/g*T*

mi(T)/g*T?

FIG. 4. Left: ¢? susceptibility; Right:¢? susceptibility (peak with small erropsand sphaleron ratéarger errors, square plotting
symbolg scaled to their maxima, when there is a smooth crossmﬁ(?l’) plotted is the 3D theory value, modified minimal subtraction
scheme KIS) renormalized withw=g?T.
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smooth behavior, the range where it is far from both its bro4ransition is strong in the MSSM, the symmetric phase Higgs
ken phase valuec’=0 and its symmetric phase valué€ boson mass is larger than in the standard model case. There-
>5 is quite narrow, roughly as narrow as the peak inge fore the SUW2) thermodynamics in the symmetric phase is
susceptibility. However, we do not view the sphaleron rate agloser to Yang-Mills theory in the MSSM than in the stan-
competitive with the susceptibility as a probe of where thedard model, see Ed2.6). Hence it is almost certainly true
crossover occurs. The main reason is that it is possible tthat, in the MSSM and when the phase transition is strong,
perform a multicanonical reweighting which allows the sus-the symmetric phase sphaleron rate is lower than but within
ceptibility to be scanned in a wide range mfl (the data in  20% of the pure Yang-Mills theory value. In practice this
the figure come from a single numerical juand the statis- means we can continue to quote the Yang-Mills theory result
tics for the susceptibility improve more quickly. For in- for all symmetric phase cases of physical interest, with mod-
stance, théNg diffusion data in Fig. 4 took more CPU time est error.
than the susceptibility data, but are substantially “dirtier.”
(The data sets are plotted with their error bars. Thes ACKNOWLEDGMENTS
diffusion errors are each independent, but there is very large
cross-correlation in errors of neighboring points for the sus- | am grateful to Dam Son for a useful discussion in which
ceptibility because they were all computed from one datdhe conjectured that the Higgs fields would enter only through
set) Hek. | also acknowledge useful conversations with Larry
Yaffe and Dietrich Bdeker. This work was partially sup-
VI. CONCLUSION ported by the DOE under Contract No. DE-FGO3-96-
ER40956.
Assuming that classical 3D scald* theory is ergodic,
the addition of a light Higgs degree of freedom replaces
Bodeker's effective theory for the evolution of infrared
gauge fields with a slightly more complicated equation, Eq.
(3.21). The sole change is in the thermodynamic potential for  |n this appendix we show that the only hard thermal loop
the gauge fields. Including the Higgs field makes this therneeded for the bosonic effective theory, which has soft ex-
modynamic potential nonlocal. However, the effectiveternal scalar field lines, is the scalar mass correction.
theory is still a useful starting point for numerical work be-  We need only consider HTL’s with bosonic external lines,
cause we can use the limit of a sequence of local effectiveince the appropriate IR effective theory we seek is bosonic.
theories, namely, Langevifor heat bath evolution for the  Hence we need in general to consider all diagrams with (
gauge fields and for the Higgs fields, but with much faster>0,even) scalar and, gauge boson external lines. We will
Langevin evolution for the Higgs degrees of freedom. use repeatedly the power counting rules derived2a],
When the electroweak phase transition is strong, th&vhich we repeat here for the reader’'s convenience. A hard
sphaleron rate in the symmetric phase is reduced by arounlermal loop is always a®(T?) contribution from theK
20% from its Yang—MiIIs theory value, roughly in accord ~T momentum region of a one |Oop integra| with S@[TO
with an estimate based on the thermodynaniitke thermo-  external lines. To determine the largest poweigfossible
dynamic estimate for smaN/g? is (6T'/T)=1.2\\/g? see from a diagram, follow these rules:
Eqg. (2.10.] When there is no electroweak phase transition, (1) The loop integration contribute’;
but an analytic crossover, the sphaleron rate changes rather (2) The first propagator times the Matsubara sum contrib-
quickly from its symmetric phase value to nearly zero,utes 17
roughly at the same value afi3(T) where theg? suscepti- (3) Every additional propagator contributes BT);
bility peaks. The crossover region is of about the same width (4) Powers ofK* in the numeratoffrom 3 point gauge
as the peak in thep? susceptibility and is displaced to vertices or fermionic propagatdreach contribute;
slightly Iowermﬁ(T). (5) When there are two or more propagators, and all
In this paper we have only studied the standard modelpropagators are either bosonic or fermionic, there is an extra
either for parameters which are ruled out experimentally oP/T suppression.
for which the electroweak phase transition cannot provide If the result has a weaker power BfthanT? the diagram
for baryogenesis. However it is fairly simple to see how todoes not contribute an HTL; if it i§? the diagram will
extend the work to more viable models like the MSSM unless there is some cancellation.
(minimal supersymmetric standard modeh that case, the Since we are only concerned with HTL's with bosonic
SU(2) and SU3) gauge fields would each evolve under external legs, then either all the propagators in the loop will
Langevin dynamics, with a thermodynamic potential arisingbe bosons or all will be fermions. Any diagram with more
from integrating over the Higgs and scalar top fields. How-than 1 propagator will get 8/T from rule 5 and this will
ever, from our results with a strong phase transition, itexclude diagrams with 4 point verticé$ gluon, 2 gluon and
should be clear that, in all cases where the phase transition &sscalar, or 4 scalaexcept for tadpoles, just as is the case in
strongly first orderI" in the symmetric phase will be very Yang-Mills theory. This leaves all diagrams of the general
close to its Yang-Mills theory value. This is because we havdorm of diagrams(c) and(d) in Fig. 5.
found that the suppression Bfcorresponds well to what we The scalar self-energy diagrams are considerefi35j
expect thermodynamically; and when the electroweak phasgermion loop and[36] (boson loops The result is that the

APPENDIX A: HIGGS FIELDS
AND HARD THERMAL LOOPS
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has (s+ng)>2 propagators. It also hag+ng factors of
K* in the numerator, either all from gauge verti¢cbssonic
_@_@ loops or all from fermionic propagator&ermionic loops.
®)
© (@

However, there are onlyg external Lorentz indices. In
. . . . o Feynman gauge, the diagram will be a sum of terms, with at
FIG. 5. Diagrams considered in Appendix A. Solid lines are |eastn, of theK* contracted against each other in each term.
sgalars, wiggly lines are gauge bosons, double lines are_fermlonﬂence, each term from each diagram contains in its numera-
Diagrams(a) and(b) are a self-energy and a vertex correction CoN-tor in Feynman gauge, a term of formk ¢ P;)- (K + Pj),

sidered in the text. Diagranis) and(d) are generic diagrams with iy p. p. some linear combinations of external momenta
external gauge and scalar lines and either a bpaternating Higgs 1k the’ loop momentum. This can always be written as
a_nd gauge, diagrarft)] ora fermion[diagram(d)] in the Io_op. As S (sign) (K + P )2+O(P2) with each K+ P,) a momentum
discussed(b), and all diagrams of typé) and(d), do not give rise on some pro;l)agator C(’)nsider one of tl P|)2 terms
to hard thermal loops. . . . E .( )

P Cancelling the K+ P|)? against the appropriate propagator

self-energy is a momentum independent mass correction. 1§aVes (s+ng—2) K* factors in the numerator buin{
particular it is useful to reproduce the argument for the gauge Mo~ 13)>1 propagna'ionrsi.szngoivxéer counting then gives at
HTL from diagram(a) of Fig. 5. In Feynman gauge this MOSt T"(L/T)(1/PT)"s o =T e “%(P/T)=T", too small
diagram contributegfollowing the notation of that paper, to contrlpute an H'EL, even without further cancellations.
where capital letters are 4-vectors and lower case are spatiléanwhile, theO(P) term has fs+ng) propagators but

or temporal(0 subscript components (ns+ng—2) K* factors; it lis at most P2TS (LM
PT)"st Mg~ 1T g~ 2(P/T)cT® and also gives no HTL.
N2—1 ) d’k (2P+K)“(2P+K)"g,, Though we worked in Feynman gauge, we expect the hard
- g TE f 3 > > thermal loops to be gauge invariant; if they vanish except a
2N o J (2m) K2(K+P)

momentum independent scalar mass in Feynman gauge, they
2 2 5 should in any gauge.
2(K+P)"—K"+2P _ Hence the only bosonic HTL with scalar external lines is
K2(K+P)? the gauge field mass insertion. Note that similar reasoning to
(A1) what we give above also rules out HTL's with both scalar
and fermionic external lines; but this is unimportant for the

For the first term in the square brackets, theHP)? in the ~ Purposes of this paper.

numerator cancels a propagator in the denominator, leaving

one propagator and no powers Kfin the numerator. This APPENDIX B: HIGGS FIELDS AND NEXT

gives an HTL effect only because there is a single propagator TO LEADING LOG CONDUCTIVITY

left, so(5) above is not invoked. The result is a momentum

independent tadpole. The second term is similar. The last In this appendix we briefly explain how the calculation

term has two propagators and no poweikoih the numera-  presented in12] is modified by the presence of Higgs fields,

tor; it is O(T°) and does not give an HTL. and why the modification does not change the conductivity
Similarly, diagram(b) gives, in Feynman gauge and la- Of the final effective theory at next to leading log order. The

beling the incoming scalar momentu,, the incoming Purpose of the appendix is to outline the argument, at times

gauge momentunﬁ)zl and the Outgoing scalar momentum We will be SlOppy with notations and with terms which are

N2—1 d3k
_ 2
o 9T f(

ko 277)3

Ps=P;+P,, not relevant and have been discussed at much more length in
[15,13,12.
, Bk (K+2P;) (K+2P3)(2K+ P+ Pg)* The relevant part of the calculation [i2] is the match
xg TZ f 3 5 5 5 . between their “theory 2" and “theory 3,” only now “theory
ko J (27) KK+ P)A(K+Pg) 2" is given by Egs.(3.18—(3.20, which for convenience we

(A2) repeat here:
It is convenient to rewrite
(K+2Py)- (K+2Pg)=(K+Py)?+(K+Pg)*~K? m f@u-wa(x v):—gZTL Herl A) (B1)
1 3 1 3 D Al ' aAia(X) T ’
+(4P,-P3—PZ—P3).  (A3)
Each K? type term will cancel a propagator, leaving two Heff(A):_mgf D exp{ _HatHe ,
propagators and onk* in the numerator. By the power T T
counting rules this contributes at mosT3(1/T)(1/ (B2)
PT)T(P/T)«T* and does not give a hard thermal loop. The
P2 term isO(T?), so it does not either. . iy
This example illustrates why diagrams of forfo) and vi(DiW)a(XvU):mDUiEi(E)_fHCUU’Wa(X-U,)
(d), with (ng>0,even) scalars andg, gauge bosons,nf
+ng)>2, do not give hard thermal loops. Such a diagram +3(x,v). (B3)
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It is possible, at least formally, to invert E@3) to solve  Here we have not written the contributions from the Jacobi-

for W in terms ofE. Equation(B1) then becomes ans or from an extra regulation dependent term arising be-
cause of the nonlocality of, which Ref.[12] callsL4[A].
o, 9 Her(A) These terms, and the reasons they can be dropped, are dis-
(oij(D)EP(X)=—9 Tm Tt (B4 cussed at some length 5,12

Arnold and Yaffe have shown thatin Eq. (3.21) can be
wherea (D) is the nonlocal operator resulting from inverting determined at next to leading log order by computing the
Eq. (B3); it is discussed if12]. ¢ is a noise with correlator ©@=0, k—0 limit of the one loop, Coulomb gaug&,A,
({'¢Y=2Ta(D). (Starting here we will aggressively sup- self-energy for the theory witkr(D), and finding what con-
press indices where we feel the meaning is clear. stant value ofr is needed to get the same one loop result in

This Langevin equation only has a path integral representhe final effective theory. To account for Higgs contributions
tation if we are willing to accept §H./J5A)? inside the in this calculation, we must find all one loop Higgs field
action of a path integral. It is not clear how to form a per-self-energy corrections to th&, field, and must determine
turbation theory for such a path integral. However, if wewhether their contributions survive in thg—co limit.
rewrite Hei as we did in Sec. 1V, then it will become pos-  First we have to find what vertices coupleto A,. The

sible. The effective theory of interest is the— o limit of only terms in the Lagrangian which contafy, at all are
those which contairfe or D,;. They are

[ dHa  dHg

oijf(D)Bj=—0°T| =+ — | (B5) 1 1
i i —Eo(D)E+ —(D®)"(D®) (B10)

4 4y

Hge . .
Dd=— E-ﬁ-f, (B6)  plus terms odd irD;, which are of form
1 6H 1 oH 6H
XD E(X 1)) =29T18(x—x')8(t—t'). (BT g2, |2 =2 12
(€ DE (X)) =29T1o(x—x")é(t=t").  (BY) 2Eisa 4| 2Eiga t(O@)— Feel.
To write a path integral expression for this, we follow the (B1Y)
standard trick of writing the Langevin equation and the av- _ . _ _
erage over the noise distribution as a path integral, The first term here is proportional i@H,. The second is

proportional tod;Hg4 . Both are total spacetime derivatives,
which can be converted to boundary terms at asymptotically
early and late times and therefore neglected. Hence we only

f D¢’ DEDADD exp(—f g';Tg’

49?0 (D) need to consider vertices which arise from the terms in Eq.
1 (B10). These allow two new diagrams not considerefli?,
Xex% _J E—— )5(5' +o(D)E+g°T which are the same ds) and(b) in Fig. 1 if the wavy lines
4nT are now taken to bé, propagators.
X[S(Ha+Hg)! 5A]) 8(é+ D@+ [ He / 5DT]), To show that these diagrams vanish in the smpalimit,

we need only count powers of in the vertices and propa-
(B8)  gators. TheA,®? vertex carries a factor of/7 and the

. . . . . A2D? vertex cari factor of %l The® pr ri
times Jacobians for each field, which are not important, see® ertex carries a factor of 3 The ® propagator is

[15,12. Here the path integral performs the average over the

noise, and theS functions enforce the Langevin equations. (DD)= (B12)
Enforcing theé function does the integrals over each noise, w?l p+ pk*
giving a path integral
The contribution from diagranie) then scales as
f DAD® exp(—L), 1 1
(a o ;J da)dgkm’v 7]75/4, (813)
S(Ha+Hg) 1 @
L=| o(D)E+g°T o
oA 49%20(D)T while diagram(b) behaves as
o(HatHg) 2
2 1) 1
x| o(D)E+gT| =5 (b)ocf dod®k ———— 75 (B14)
7 (0% 7+ nk?)?
N
oHg 1 ®
+| D@ +7y sot|| a7 D@ +n —|| and we see that both vanish when we take . Therefore,

there are no new contributions at one loop from Higgs
(B9) bosons, and the next to leading order calculationoofs

085011-13
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unaffected. This will not be true in the case were there is d@he gauge field propagators by order 1. The Higgs field will
Higgs condensate of magnitudi,~gT/log(1/g), because also be important beyond one loop, in the construction of an

in that case the external Higgs field insertions onAhfgeld
lines in the one loop diagrams consideredg] will change

effective theory which can determine ti@(1/log) term in
Eq. (1.3); but we will not investigate that problem here.
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