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Effective potential at three loops

Stephen P. Martin

Department of Physics, Northern Illinois University, DeKalb IL 60115

I present the effective potential at three-loop order for a general renormal-
izable theory, using the MS renormalization scheme and Landau gauge fixing.
As applications and illustrative points of reference, the results are specialized
to the supersymmetric Wess-Zumino model and to the Standard Model. In
each case, renormalization group scale invariance provides a consistency check.
In the Wess-Zumino model, the required vanishing of the minimum vacuum
energy yields an additional check. For the Standard Model, T carry out the
resummation of Goldstone boson contributions, which provides yet more op-
portunities for non-trivial checks, and obtain the minimization condition for
the Higgs vacuum expectation value at full three-loop order. An infrared diver-
gence due to doubled photon propagators appears in the three-loop Standard
Model effective potential, but it does not affect the minimization condition or
physical observables and can be eliminated by resummation.
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I. INTRODUCTION

The effective potential [1-3] is a useful tool for understanding spontaneous symmetry
breaking in quantum field theories. It can be defined in perturbation theory, and calculated,
by expanding the scalar fields appearing in the Lagrangian about constant background
values ¢, and then summing the one-particle-irreducible vacuum (no external legs) Feynman
diagrams, using propagator masses and interaction vertices that depend on the background
scalar fields. The full two-loop effective potential has been obtained for the Standard Model
in the MS scheme and Landau gauge by Ford, Jack, and Jones in ref. [4], and in general
theories (including softly broken supersymmetric ones, which use a different regulator based
on dimensional reduction) in ref. [5]. The three-loop effective potential for the Standard
Model has been found in the approximation that the the QCD and top Yukawa couplings
are larger than all other couplings, in ref. [6], and the four-loop contribution only at leading
order in QCD [7].

One application of the effective potential is to study the stability properties of our vacuum
state in the Standard Model [3], [8]-[31] and extensions of it. This has attracted great interest
recently due to the apparent proximity of the Higgs boson self-coupling to the critical value
associated with metastability.

Another important use of the effective potential is to relate the vacuum expectation value
(VEV) of the symmetry breaking scalar field(s) to the Lagrangian parameters, including the
negative Higgs squared mass parameter. Note that the VEV can be defined as the value
of the constant scalar background fields that minimizes either the tree-level potential or
the full effective potential. Choosing the first definition, with the VEV as the minimum
of the tree-level potential, has the advantages of providing gauge-invariant running masses,
and allowing for checks in subsequent calculations of other quantities by varying the gauge-
fixing parameter. However, it requires the inclusion of tadpole diagrams in those calculations
(see for example [32]-[37]), which causes inverse powers of the Higgs coupling to appear in
perturbation theory.

By defining the VEV as the minimum of the full effective potential, the sum of all tadpole
graphs automatically vanishes, and inverse powers of the Higgs self-coupling do not occur,
so that in calculations of other quantities, perturbation theory converges faster. The price
to be paid for using this “tadpole-free” scheme is that the resulting VEV is dependent on
the gauge-fixing choice, and therefore so are the running MS masses of the particles. This
is of course not a real problem, because the VEV and the running masses are not physical
observables. Calculations in this approach are simplest in Landau gauge, where there is no
mixing between Goldstone bosons and vector gauge bosons and the gauge-fixing parameter
is not renormalized. (Ref. [38] is a good example of using a tadpole-free scheme but in
Feynman gauge.) Although fixing to Landau gauge precludes obtaining checks from varying
the gauge-fixing parameter, there are checks of similar power from cancellations in observable
quantities between Goldstone bosons and the unphysical components of vector degrees of
freedom. The tadpole-free pure MS scheme has been used to calculate the complex pole
masses of the Higgs [39], W [40], and Z [41] bosons, and the top quark [42], to full two-



loop order, in terms of the MS Lagrangian parameters, using notation and computational
methods consistent with the present paper.

In this paper, I will obtain the three-loop effective potential for a general renormalizable
quantum field theory in four dimensions, using Landau gauge fixing and the MS scheme
[43, 44] based on dimensional regularization [45-49]. In the following, 1/167% is used as a
loop expansion parameter, so that the effective potential is written as:
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As is well-known, the contribution V' is obtained as the sum of one-particle-irreducible ¢-
loop vacuum Feynman diagrams, using propagator masses and vertices that depend on the
constant background scalar field(s) ¢. First derivatives of the effective potential correspond
to tadpole diagrams involving the scalar fields, and so working at the minimum of V(¢)
guarantees that the sum of tree-level and loop-corrected tadpoles vanishes, and therefore
tadpoles need not be included in other calculations. The new results for the contributions
to V) will be presented in section I11. As illustrative applications of the general results, I will
specialize them to the cases of the supersymmetric Wess-Zumino model and the Standard
Model, in sections IV and V respectively. Many of the results obtained below are too lengthy
to show in print, and so are presented instead in ancillary electronic files in forms suitable
for use with computers.

An important way of checking a calculation of the effective potential is by requiring
renormalization group invariance, provided that the pertinent beta functions have already
been calculated to the corresponding order by other means. The requirement that V.g does
not depend on the choice of the MS renormalization scale QQ can be written as

dVeg 0 0 B
QdQ = <Q%+;5X8—X)‘/eff—0- (1.2)

where X runs over all of the independent Lagrangian parameters, including the background
scalar field(s). The beta function for a background scalar field ¢ is related to its anomalous

dimension « by 84, = —¢7. The loop expansions for the beta functions of X can be written:
I o 1 ) 1 (3)
= —— —_— —_— R 1.3
bx = 1gmPx’ F (1622 X T [eazpx T (1)
Then it follows that at each loop order ¢ =1,2,3,..., one must have:

V(e sz(z:gé n —V(”) = 0. (1.4)



This will be applied below as a check in both the Wess-Zumino model and Standard Model.

II. CONVENTIONS AND SETUP

The conventions and notations for this paper related to the effective potential and to two-
component fermions generally follow refs. [5] and [50] respectively, with some minor cosmetic
variations. After expansion about the constant background scalar field(s), the Lagrangian
can be written without loss of generality in terms of real scalars R;, real vectors A**, and
left-handed two-component fermion fields 17, with background-field-dependent masses and
interaction couplings. (In many cases, complex bosonic fields with well-defined charges could
be used, but in order to present results in a general way, I take advantage of the fact that
they can always be decomposed into real and imaginary parts.) For fermion fields that carry
conserved charges, it is most convenient to use pairs of 2-component left-handed fields
and 1;; with opposite charges and therefore a purely off-diagonal Dirac mass M'!', so that
the common squared mass for both fields is M? = M? = |M''|?2. This means that the
two-component fermion fields are always squared mass eigenstates but sometimes not mass
eigenstates.

The squared-mass eigenstate fields are therefore labeled by indices j, k, [, m, n, p for real
scalars, a,b,c,d, e, f for real vectors, and I, J, K, L for two-component fermions, with the
understanding that I’, J’, K', L' are used to denote the corresponding mass partners when
they form a Dirac pair, and with I’ = [ for a fermion with a Majorana-type mass. As a
convention, repeated indices are always taken to be summed over.

The most general interaction Lagrangian for a renormalizable theory can be written in
terms of background-field-dependent couplings as (using a metric of signature —,+,4,+):

I 1 1, .
L= —EAJ’“leRle — ﬂA]“’”R]—RkRZRm -3 (Y Rjprips + c.c.)
. 1, 1,
+g¢! APYIF 1h; — g¥ R AP R0, Ry, — 1 g™ FAC AP R Ry, — 3 g™ AL AR,

1
_gabcAuaAubaMA’c/ o ZgabengeAuaAybA;Ag o gabcAuawbach‘ (21)

Here M* and M*¥™ are real scalar interactions that are totally symmetric under interchange
of all indices, Y7/ are Yukawa couplings that are symmetric under interchange of I, .J, and
g%’ are vector interactions with fermions, and g%*, g%* and ¢ are vector interactions
¢ has been flipped

abe are vector self-interactions. Note that the sign of ¢

with scalars, and ¢
compared to the notation of ref. [5]; this has no impact on the results of that reference,
because at two-loop order g*¢ only appears in pairs. Because the scalars and vectors are
real, the heights of their indices have no significance, and are chosen for typographical

convenience. As a convention, flipping the heights of all fermion indices corresponds to



complex conjugation, so that

Yy = (Y1),
M[[/ = (MII/)*, (23)

and

95 = (at')" (2.4)

All of the couplings with names involving ¢ have their origin as gauge couplings. In Lan-
dau gauge, the ghost fields w® and w® are massless. Note that the vector cubic, vector
quartic, and vector-ghost-antighost interactions are all written in terms of a common, to-
tally anti-symmetric, ¢-dependent, coupling ¢?¢. The vector-vector-scalar couplings g
are symmetric under interchange of the vector indices a, b, and the vector-scalar-scalar cou-
plings ¢
the vector-vector-scalar-scalar couplings are not independent; they can always be written in

4k are anti-symmetric under interchange of the scalar indices j, k. Note also that

terms of the vector-scalar-scalar couplings, according to

gebik — gasl bkl | gakl gbil (2.5)
Ref. [5] did not mention or exploit this fact, as it leads to only a slight simplification at
two-loop order, but it is used extensively below.

In the following, the names of fields or the corresponding indices will be used as synonyms
for the corresponding squared mass arguments used in loop integral functions. For example,

we can write the well-known 1-loop effective potential in the MS scheme and Landau gauge

as simply
VI =3 F@) =2 f(D+3) ) fr(a), (2.6)
where
f(z) = zA(x)/4 - 2*/8 = %(1_(9:) —3/2), (2.7)
for(z) = zA(x)/4 +22/24 = f’fz(m(x) —5/6) (2.8)
Here,

In(z) = In(z/Q?) (2.9)



where @ is the MS renormalization scale, z is the squared mass argument, and
A(z) = zln(z) — 2 (2.10)

is a one-loop integral basis function (which was denoted by J(z) in ref. [5]). The two-loop
contribution to the effective potential is

1
12

1. .. ] 1 . - )
—|—§Y]IJleJfFFs(Ia J.j)+ 1 (Yﬂ]Yﬂ T Myp My + C-C-) frrs(L,J,7)

1

. ‘ 1 .
+1(9aﬂk)2fvss(a, g, k) + i(gab])zfvvs(a, b,j)

1 1w s ,
+§91J9JIfFFV([> J,a) + 591J91/J MM MJJ’fﬁV(Ia J, a)
1

+E(gabc)2fgauge(a, b, ), (2.11)

, ‘ 1. .
VO = — (VM) fgs(j, k,l)+§kjjkkfss(J,k)

in terms of two-loop integral functions fsss, fss, frrs, fFrg: fvss, fvvs, frev, fFpy, and
faauge that were originally computed (in a different notation) by Ford, Jack, and Jones in

ref. [4] in the context of the Standard Model. They were given in ref. [5] in the context of
a general renormalizable theory, in the notation of the present paper, with one exception;
in eq. (2.11) above, I have used eq. (2.5) to combine the terms that involved the functions
fssyv and fyg in ref. [5], by defining a new function

fvss(x,y,2) = fssv(y,z,2) + fvs(z,y) + fvs(z, 2). (2.12)
Explicitly,
fvss(x,y,2) = [—A(:c, y, 2)(z,y,2) + (y — 2)*1(0,y,2) + (22 — y + 2) A(z) A(y)
+2z+y— z)A(m)A(z)] Jr+ A(y)A(z) +2(y + z — x/3) A(x)
+22[A(y) + A(2)] (2.13)
for  # 0, and

frss(0,y,2) = 3(y+2)1(0,y,2) + 3A(y)A(2) — 2yA(y) — 22A(2) + (y + 2)°,  (2.14)

where I(z,y,z) is a two-loop basis integral used in refs. [4, 5], and defined in the latter
reference in the notation appropriate for the present paper, and

Mz, y,2) = 2® +y* + 2% — 20y — 202 — 22 (2.15)
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FIG. 2.1: The topologies for the 2-loop and 3-loop basis vacuum integral functions used in this
paper. The large dot in F(u, z,y,v) corresponds to a derivative with respect to the u squared
mass argument. The function F(u, z,y,v) is the same as F(u,z,y,v) but with a subtraction
to render it infrared finite in the limit v — 0. In each case, counterterms have been included
to make the integrals finite as the ultraviolet regulator ¢ — 0. See ref. [51] for the precise
definitions and more information.

is the usual triangle function.

In the following, I will present the three-loop contribution to the effective potential in
terms of three-loop vacuum integral functions using the notation of ref. [51], which also
provides a computer code 3VIL for their numerical evaluation’ using the differential equations
method. The basis integral functions consist of a 1-loop integral A(x) already given above in
eq. (2.10), the two-loop integral I(x,y, z) mentioned in the previous paragraph, and three-
loop integral functions H(u,v,w,z,y, z), G(w, u, z,v,y), and F(u, z,y,v), corresponding to
topologies shown in Figure 2.1. For convenience, it is also useful to define a related function

F(u,z,y,v) = F(u,zy,v)+In(u)I(v,y, 2) (2.16)

which is finite in the limit u — 0, and an integral E(u, z,y,v) given by eq. (2.40) in ref. [51],
which corresponds to the same topology as F'(u, z,y, v) but without a derivative with respect
to u. In the following, I will employ F(u,z,y,v) instead of F(u,z,y,v) when the first
argument does not vanish, and otherwise use F(0, z,y,v). Technically, E(u, z,y,v) is not a
basis integral because it can be written as a linear combination of F' (or F') integrals with the
same arguments in different orders, but it is convenient to use E to express some quantities
in simplest form. Each of the basis integral functions is defined to include counterterms that
make them finite and independent of the ultraviolet dimensional regularization parameter
¢, but dependent on the MS renormalization scale Q). This simplifies the presentation of
results in the MS scheme, as € never appears. Consult ref. [51] for the precise definitions of
the basis integrals, and more information.

It is also convenient, when dealing with Feynman diagrams with “doubled propagators”

T See also refs. [52, 53] for a different approach to numerical computation of the 3-loop vacuum basis
integrals, based on dispersion relations. Also, refs. [54]-[73] found a variety of important special analytical

cases that have been incorporated into 3VIL.



(i.e., two propagators that carry the same momentum) to define functions by:

Alw,z) = [A(w) — A(z)] /(z — w) (x # w), (2.17)
IH(w,r,y,2) = [[(w,y,2)—I(z,y,2)] /(x —w) (x # w), (2.18)
K(w,z,u,z,y,v) = [G(w,u, z,y,v) — G(z,u, z,y,v)] /(x — w) (x #w). (2.19)

In each case, the first two arguments w, = are the squared masses of the doubled propagators.
When the squared masses for double propagators coincide, these functions become:

Az, x) = —%A(m), (2.20)
T(ZL’,ZE',:I/,Z) = —%I(Z',y,Z), (221)
K(:E,x,u,z,y,v) = —%G(m,u,z,y,v), (222)

The necessary derivatives in egs. (2.20)-(2.22) can be expressed in terms of the basis functions

%A(m) = 1+ A(z)/x, (2.23)
%I(% y,2) = {(z—y—2)[[(2,y,2) = A(z) = Aly) — A(2) + = +y + 2] — 2A(y) A(2)
+Har—y+ 2)A@)Aly)/x+ (x +y — z)A(:)s)A(z)/:)s}/)\(:v, v, 2), (2.24)
0

%G(:ﬁ,u,z,y,v) = [(x —u—2)/MNz,u,2) + (x —v—y)/Nz,v,y) — 1/2] G(x,u, z,y,v)

+{[(:B +u—2)AR)+ (x4 2 —wAu) + 2(u+ 2z — x)|I(z,v,y)

+u(u —z —x)A(u)/4+ 2(z —u —2)A(2) /4 + z(u+ z — x)[A(v) + A(y)]
+2z[2? + 2(20 + 2y — u — 2) — 2uv — 2uy — vz — 2yz — Suz]/3

+u(r+ 2z —u)F(u,v,y,2) + z(x +u— 2)F(z,u,v, y)}/a:)\(a:, u, z)

(@ +v—9)AY) + (z+y —0v)AW) + z(v +y — )| (2, u, 2)

Fo(v—y —2)A@) /A +yly —v—2)A(y) /4 + 2(v +y — 2)[A(u) + A(2)]
+2z[2® + 2 (2u + 22 — v — ) — 2uv — 2uy — 2vz — 2yz — Svy|/3

+u(z+y —v)F(v,u,y,2) +y(z+v—y)F(y,u,v,2)}aXz,0,y)

—(Tx +2u+2v + 2y + 22) /3. (2.25)

Special cases that arise when the A(z,y, z) denominators vanish can be obtained as smooth



limits of the above. Of particular importance are the following:

%I(:c, 0,2) = 2 {%](x, 0, z)] = —A(z)?/2?, (2.26)
%G(m, 0,2,v,y) = [F(z,0,v,y) — F(0,7,v,9)] /22 + {[(v —y)? — 2 A(x) (2, v,y) /22

+[32% —da(v +y) + (v —y)’ (2,0, y)/2+ [(v—y — 2)A(v) + (y — v — 2) A(y)

+a(z — v —y)]A(@)* /2 + [24(0) Aly) + 2(z — y)A(y) + 2(x — v) A(v)

+(7v? + Ty* + 18vy + 10xv + 10y — 172%) /8] A(x) + 2(v + y — 2)[A(v) + A(y)]

—2zA(v)A(y) + z[ba® — 4z (v +y) — v* — y* — 10vy]/3} /2 (2, v, y), (2.27)
and

%G(m, 0,9,0,y) e 1—F(0,0,7,2)/z — A(x) /. (2.28)

It is often important to have expansions of the integral functions when one or more of
the squared mass arguments is small. In the following I will regulate infrared divergences
in massless vector bosons by giving the propagator a small squared mass (rather than using
dimensional regularization for the infrared divergences, which can cause confusion with the
ultraviolet divergences). Goldstone bosons also have squared masses that can be consistently
treated as small compared to those of other particles. The expansions of the basis integrals
in a small squared mass ¢ (taking § < z,y,z..., where z,y, z... are other pertinent non-
zero squared masses in the diagram) can be accomplished using the differential equations
that the basis integrals satisfy, which were given in [51]. As an example, for the 2-loop basis
integral function, one can find through order 6% that, for  # y:

106, z,y) = 1(0,z,y) + 6[—(z + y) (0, z,y) — 2A(x) A(y) + (3z — y) A(z)
+By — 2)A(y) — (z +y)*)/(x — y)* + dIn(0) A(z, y)
+0% =22yl (0, z,y) — (x + y) A(x) Ay) + (Tey — 2% — 2y°) A(z) /2
+(Twy — 2% — y*)A(y) /2 + (z + y) (2zy — 52° — 5¢%) /4] /(& — )"
+6°In(6)[(z* — y*)/2 + zA(y) — yA(z)]/(z — y)* + O(5?) (2.29)

and

I[(6,z,2) = I(0,2,2) + (§/z)[4x + 3A(x) + A(x)?/22 — (v + A(z))In(5)]

+(6/7)*[—11z/18 — A(x)/6 + zIn(8) /6] + O(?), (2.30)
1(6,0,2) = 1(0,0,) + (8/x)[Cox + 2A(z) + A(z)? /22 — A(x)In(0)]
+(6/2)*[=5x/4 — A(x)/2 + 2In(0) /2] + O(5%), (2.31)

1(6,8,7) = 1(0,0,) + (6/2)[2¢ow + 4A(z) + A(z)?/x — 2A(2)In(6)]
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+(8/2)%[(2¢ — 5/2)x + A(x) + A(z)?*/x — (z + 2A(2))In(d) + aﬁz(a)]
+0(8%), (2.32)
1(6,6,0) = 0 :3\/§Ls2 —15/2 + 6In(6) — 3In° () /2] , (2.33)
1(0,6,8) = & |—5+ 4In(5) — 52(5)} , (2.34)
1(0,0,6) = & :—5/2 — (ot 2In(s) — 52(5)/2} , (2.35)
1(0,0,0) = 0, (2.36)
where Lsy = — 0%/3 dx1In[2sin(z/2)] ~ 0.6766277376064358. A large number of similar

expansion formulas for the 3-loop basis integrals, including all of the ones necessary for results
below, are given in an ancillary electronic file provided with this paper, called expzero.anc.
In general, the functions I, F', G, and H have smooth limits as § — 0, with expansion terms
that are powers of § that may be multiplied by polynomials (of up to cubic order) in In(4).
The expansion of the function F contains a In(d) as the leading behavior for § — 0 if (and
only if) the first argument is d, as can be seen from eq. (2.16). The limits for small ¢ of
A(8,0) and I(6,6,z,y) and K (8,0, u,v,x,y) have logarithmic infrared singularities, because
they also involve doubled propagators with the same momentum and the same small squared
mass 0. Assuming that either x or y and either u or v are large compared to ¢, one has:

A(6,0) = —In(9), (2.37)
1(6,6,2,y) = —In(0)A(z,y) +..., (2.38)
K(5,0,u,v,z,y) = —In(0)A(u,v)A(x,y) + ..., (2.39)

where the ellipses refer to terms that are finite as 6 — 0. The expansions needed for the
cases that occur in the Standard Model, through order §° for I, F' and F functions, through
order 6* for T and G functions, and through order §° for K and H functions, are given in
expzero.anc. Further expansion cases as may be needed for more general theories can be
obtained by using the differential equations given in ref. [51].

Finally, it is important to note that the loop integral basis functions satisfy certain
identities when the squared mass arguments are not generic, either because some of them
are equal to each other, or vanish. (These identities can be discovered by requiring smooth
limits of derivatives of the integral functions as the arguments approach the non-generic
configurations.) Some identities of this type were given in egs. (5.79)-(5.80) and (5.82)-
(5.86) of ref. [51]. Other identities that are used in the following are:

Flz,z,y,y) = (x/y — D[F(2,0,0,y) + 1(0,z,y) + Ay) — 2y
+HA) [y — A(x) /2] 10, 2,y) + A(x)[A(y)* [y + A(z) — 2A(y)
+322 /4y — 91/2 + 2y| /v — 22% /3y + 10z /3 + 2y, (2.40)
G(0,0,0,2,y) = —F(0,0,z,y) + 2I(0,2,y) + A(x) + A(y) — 4z/3 — 4y/3, (2.41)
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G(y,0,0,0,2) = G(z,0,0,0,y) + (x —y)[F(2,0,0,y) + I(0,x,y) + A(z)A(y) /=
+2yG — 2(z + 5y) /3] /y + A(x) A(y)[Aly) — A(z)]/(2zy)
+[1/4 4 3z /4y + (1 + G)y/x]A(x) — [2 + 2G2/y] Aly), (2.42)
G(2,0,9,0,9) = (y — 2)[F(2,0,0,y)/y + F(0,0,z,y)/x] + 2A(z) Ay) /2
+B3 —a/y — 1z +1/y) A0, 2,y) + [y — A(z) — Ay)/3]A(y)* /zy
H(Bry/4 — y* = 32° /) A(x) — (z — y)*A(y)]/xy
+2(2* + 22y — Ty?) /3y + 2(y* + 62y — 32%)(3/3. (2.43)

In addition, one can express the following 1-scale integrals in terms of (s and (3 and
powers of A(z), with rational coefficients, using the analytical formulas collected in sec-

tion V of ref. [51]: 1(0,0,x), I(0,z,z), F(z,0,0,0), F(z,0,0,z), F(z,z,z,z), F(0,0,0,z),
F(0,0,z,7), G(0,0,0,0,z), G(0,0,0,z,7), G(0,0,2,0,2), G(x,0,0,0,0), G(x,0,0,0,z),
G(z,0,2,0,z), and G(0,z,z,x,z). The existence of these identities means that the pre-
sentation of results for any specific theory (for example, the Standard Model) in terms of
the basis functions is far from unique; the basis is over-complete when the arguments are

not generic.

III. THREE-LOOP CONTRIBUTIONS TO THE EFFECTIVE POTENTIAL

A. Feynman diagrams

In this section I present the results for the three-loop contribution to the effective poten-
tial for a general renormalizable quantum field theory. The 1-particle-irreducible Feynman
diagrams for the three-loop effective potential have the topologies shown in Figure 3.1. To
distinguish the different diagrams, each topology is associated with a letter £, G, H, J,
K, or L, and then subscripts S, V, F, F, or ¢ are applied, corresponding respectively to
real scalar, real vector, helicity-preserving fermion, helicity-violating fermion, or ghost prop-
agators, in the order designated by the numbering in Figure (3.1). The helicity-violating
fermion propagators each contain a mass insertion of the type M, or M'!' as described in
ref. [50]. To illustrate this labeling scheme, Figure 3.2 shows the Feynman diagrams corre-
sponding to diagrams H gy pr and Kyygsrp. For each diagram, there is a corresponding
loop integral function, which one can compute in terms of the basis functions discussed in
the previous section after including the MS counterterms. The squared mass arguments are
given in the same ordering as the corresponding subscripts.

However, the correspondence between Feynman diagrams and loop integral functions is
not one-to-one, because in some cases involving vector bosons it is convenient to define
loop integral functions that combine the effects of more than one Feynman diagram, by ex-
ploiting the constraints implied by the underlying gauge invariance that is associated with
vector fields in renormalizable theories. For example, because of the relation between the
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Ei234 G12345 Hi93456 J12345 K123456 L1234

FIG. 3.1: The Feynman diagram topologies contributing to the 3-loop effective potential, with
numerals indicating the ordering of subscripts denoting propagator types (S, F, F, V, or g) as
well as the ordering of the corresponding squared mass arguments.

1
u
\

~ w 7’
~ -

Hyppsy pr(us v, w, 3.y, 2) Kyvvssrr(z,w,u,z,y,v)

FIG. 3.2: Examples of the Feynman diagram labeling scheme used in this paper,
for the diagrams with loop integral functions denoted Hpzgy p7m(u,v,w,z,y,2) and
Kyvssrr(z,w,u,z,y,v). Solid lines with arrows represent helicity-preserving fermion propa-
gators. Solid lines with a dot and clashing arrows represent a helicity-violating fermion prop-
agator. Dashed lines indicate a real scalar propagator, and wavy lines stand for real vector
propagators. The squared masses are denoted by w,v,w,x,y, z as labeled.

vector-scalar-scalar couplings g%* and the vector-vector-scalar-scalar couplings ¢%/* given
in eq. (2.5), it is convenient to define a single function Kggsssv(u, v, w,x,y, z) that com-
bines the effect of the Feynman diagram labeled Kgssssy with the one labeled Jggssy. (For
this reason, there is no function Jgggsy below.) There are numerous similar cases where the
contribution of a diagram with a vector-vector-scalar-scalar interaction is combined with the
contribution from a related diagram with a pair of vector-scalar-scalar interactions to give a
single loop integral function. Furthermore, because of the fact that the vector quartic inter-
action and the vector-ghost-antighost interaction are determined by the triple vector cou-
pling, as seen in eq. (2.1), the effects of the diagrams labeled Hyvvvvv, Hvggevg, Heggvvv,
and parts of Gyyyyy and Eyyyy can always be combined into a single function that I call
Hgauge. The other parts of diagrams Gyyyyy and Eyyyy, together with the contributions
of diagrams Kvvvvvv, Kvvggeg, Kvvvveg, Kgggvvg, Jvvvvv, Jvveey, and Lyyyy can al-
ways be combined into a single function to be denoted Kgauge. Similarly, I define a function
Hgauge,s that combines the effects from the diagrams Hyvyyyvys and Gsyyyy; a function
Kgauge,s that combines the effects of diagrams Kyvsyvy, Kyvvsygg, and Jyyysy; a func-
tion Kgaugeﬁg that combines the contributions from vasgvv, KVVSSgga vagsv, vavvs,
Jvvegs, and Lyyyg; a function Kgauge rr that combines diagrams Kvvyvrr, Kvvrrgg,
and Jyyppy; and a function Kgayge 7p that combines diagrams Ky vz, Kyyppyg, and
JyvFFy-

Finally, note that there are two diagrams, Gygssss and Gyssyy, which one can draw
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and for which the couplings exist, but for which the corresponding loop integrals vanish
identically.

Taking into account the above considerations, I find that the three-loop contributions to
the MS renormalized Landau gauge effective potential for a general renormalizable theory
can be expressed in terms of only 89 distinct loop integral functions:

Hgsssss, Kssssss, Jsssss, Gsssss, Lssss, Essss, Hpprsss: Hirrsss, Hrrsser,
HFFssﬁ> HFFSSFF> Hﬁssﬁ> Kssssrr, Kssssﬁa Krrrssr, KFFFSSFa
Kﬁpssm KFFFSSE KWSS?? Kssrrrr, KSSFFW> KssWa JssFFs, Jssﬁ&
Hsssssv, Hyvssss, Hssvvss, Hyvvsss, Hsssvvv, Hvvssvs, Hssvvvv,
Hsyvvsv, Ksssssv, Kssssvv, Ksssvvs, Kvvssss, Ksssvvv, Kvvssys,
Kssvvvyv, Kvvsvvs, Jssvss, Jssvvs, Gvsvvs, Hgauge, s, Kgauge, s, Kgauge, ss,
Hppvvrr, Hppyyrr Hepvver Heevvrr, Herevvv, Heppyyy, Krrrvvr,
KFFFVVFv KﬁFVVFu KFFFVVFu Kﬁvvﬁ Kvvrrrr, KVVFFﬁv KVVW?
Kgauge, rr, Kgauge 77> Hrrsvrr, Hppgyrr, Hppsvrr: Hppsyrr Hrpsvirs
Hrpppvss: Hpppvss: Hrppvss: Hrprsvvs Herrsvv, Heppsvy: Krrrsvr,
KFFFSVF> Kﬁpswﬁ KFFFSVFa KFFFsvfa KWSVFa Ksssvrr, Ksssvﬁ>

Kssvvrr, Kssyvrr Kvvsser, Kyysser, Kvvsvrr, Kyysyrr, Hgauge, Kgauge. (3.1)

It remains to give V) by providing expressions for these 89 functions in terms of the basis
functions described in the previous section, with arguments that are MS squared masses
(and, implicitly, the renormalization scale ), and also to provide the coefficients of these
89 functions in V) in terms of the MS couplings appearing in eq. (2.1). Regarding the first
task, many of the expressions for the 89 loop integral functions in terms of basis integrals
are extremely complicated and not of much use to the human eye. All of these results are
therefore presented in an ancillary electronic file called functions.anc distributed with this
paper, suitable for inclusion in symbolic manipulation code or numerical computer programs.
Only the first 24, relatively simple, functions in eq. (3.1), corresponding to the diagrams that
do not involve vector propagators will be given in the text below.

The formula for V) in terms of the 89 functions listed in eq. (3.1) is split up below as:

3 3 3 3 3 3
VO =V e vE v+ v+ v, + v, (3.2)
where Vé?’) contains only scalar interactions, Vs(i“) contains scalars and fermions only, VS(?{)
contains only scalars and vectors (and ghosts), V}?"} contains only fermions and vectors (and
ghosts), Vé?\/ contains scalars, fermions, and vectors (and ghosts), and Vév?’) contains only
vectors and ghosts.
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B. Pure scalar contributions

The pure scalar contributions to the three-loop effective potential can be written as:

1 . .
= ﬂA]kmkklnkﬂp)\mnpﬂssssss(J} k,l,m,n,p)

1 . .
+E)\]lm)\klm)\J"p)\k"szsssss(j> k,l,m,n,p)

1. . . 1., .
+§)‘jknn>‘]lm>\klmJSSSSS(ja ]{7, l, m, n) + g)\Jkl>\]mn)\Iflmn(;SSSSS(j7 ]{7, l, m, n)

1 . . ) 1 .. , .
+E>\]k”)\]kmmLssss(], k,l,m)+ 4—8)\]klm)\JklmEssss(]> k,l,m), (3.3)

vy

where the scalar field indices j, k, [, m,n,p are also used to represent the MS background-
field-dependent squared masses. The loop integral functions appearing in eq. (3.3) are easy
to write in terms of the basis integrals:

Hgsssss(u,v,w,x,y,2) = —H(u,v,w,z,y, 2), (3.4)
Kssssss(u,v,w,x,y,2) = —K(u,v,w,z,y, 2), (3.5)
Jsssss(w, z,v,y,u) = A(w)(w,x,v,y), (3.6)
Gsssss(w,u, z,y,v) = G(w,u, z,y,v), (3.7)
Lssss(w, v,u,v) = —A(u)A(v)A(w, z), (3.8)
Essss(u, z,y,v) = —E(u, z,y,0). (3.9)

C. Scalar and fermion contributions

The contributions involving scalars and fermions (but not vectors or ghosts) can be
written as:

1/ , .
VS(? -5 (AJMY]IJY]CJKY}IK,MKK +C‘C‘) HFFFSSS([> J7 Ka]akal)

2
1 . . ! ! /
+z (AWYJ”Y’“ KUK N M Mieger + c.c.> Hoprsss(L, J, K, j, k. 1)

1 .
+1YkIJYkKLY}ILY}JKHFFSSFF(Ia J, gk, K, L)

1 ! / .
+5 (YkIJYkKLYjIL%JK'MKK M + C-C-> Hyppsser(,J, 5,k K, L)

1 g / .
+§YkIJYkKLY}1L'Y]J S My M"Y Hppgspr(l, J, 5.k, K, L)

1 STIT a7 .
3 (Y“JykKLyﬂ LY 3K Ny My Mo My + c.c.) Hppsspp(L, J, 5.k, K, L)

1 .
+Z)\jlm)\kleﬂJYliKSSSSFF(ja k,l,m,1,J)
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1 . . A
‘l‘g <)\Jlm)\kleJIJYk1 J MipMjyy + C.C-) KSSSSﬁ(ja ka l> m, 17 J)

1. . .
+5YJIKY}‘JKYMLYRJLKFFFSSF(Ia J.K,j,k, L)

1. Sy / .
+§Y]IKY]JK YleYkJL/MKK,MLL KFFFSSF(Ia Ja K>]> k> L)

1 . ! !
+§Y]IKY}JKYI€I LYkJ,LMII/MJJ KWFSSF(I7 Jv K7 j? ku L)

o+ (YIRS Y LY, g My Mg + c.e.) Krppsse(L K i, 1)
1 . - ! ! 1T’

+1 <Y]IKYjJK Ykl LYkJ L M[[’MJJ’MKK’MLL’ + C.C.) KWSSF([7 J, K,j, ]{Z, L)
1. . ‘

+§Y]UYMJ (Y5 ppep + cc.) Kssprrr(j, kI, J, K, L)

1 . . rrit
+1Y]IJYMJ <Y]KLYkK L My Mpp + C.c.) KSSFFﬁ(ja k.I,J K, L)
1 . /7 . T
+E <Y]IJYkI ! MII’MJJ’ + C-C-) <Y]KLYkK L MKK’MLL’ + C-C.> KSSW(ja ka 17 J7 Ka L)

1.. . )
+Z)\JMIY]IJYMJJSSFFS(]7 k. 1,J.1)

1 - - au
3 ()\JWYJUY’” I Myp My + c.c.) Tesrrs(js ke, I, J,1). (3.10)

I find that the loop integral functions appearing in eq. (3.10) are, in terms of the basis
integrals:

Hpppsss(u,v,w,z,y,2) = (u+v—2)H(u,v,w,z,y, 2) + G(w,u, z,v,y)

—G(y,v,w,x,z) — G(z,u,w, x,y), (3.11)
Hippsss(u,v,w,z,y,2) = 2H(u,v,w, .y, 2), (3.12)
Hrpsspr(u,v,w,z,y,2) = (uy +vz —wx)H(u,v,w,x,y, 2) — uG(u, v, x,w, 2)

—vG (v, u, z,w,y) + wG(w,u, z,0,y) + 2G(z,u,v,y, 2)

—yG(y,v,w,z,2) — 2G(z,u,w,x,y) — E(u,v,y, 2)

+Ew,w,z,z) + E(u,w, z,y), (3.13)
Hppssrr(u,v,w, 2,9y, 2) = (u+v—2)H(u,v,w,z,y, 2) + G(w, u, z,v,y)

—G(y,v,w,x,z) — G(z,u,w, x,y), (3.14)
Hipgsrr(u,v,w,z,y,2) = (v—w—x+ 2)H(u,v,w,2,y,2) — G(v,u, z,w,y)

+G(w,u, z,v,y) + G(zr,u,v,y, 2) — G(z,u,w, x,y), (3.15)
Hipgsrr(u,v,w,z,y,2) = 2H(u,v,w, 2,9, 2), (3.16)
Kssssrr(z,w,u, z,y,v) = [v+y— (w+x)/2]K(z,w,u, z,y,v) + G(w,u, z,y,v)/2

+G(z,u, 2,9,0) /2 — [A(v) + A(y)] I (2, w, u, 2), (3.17)
Kygssrr(T,w,u, z,y,v) = 2K(z,w,u, z,y,v), (3.18)

Kerpssr(z,w,u, z,y,v) = (2* +w? + 2uv — 2uy — vz + 2yz + uw + vw
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+ur + vr —wy — xy —wz — x2)K(x,w,u, z,y,v)/4

+y+z—u—v—w—2a)|Gw,u,zy,v)+ Gz,u,z1y,v)]/4

+(u+w — 2)[A() — AW (z, w,u, 2)/2

+(v 4w — y)[A(u) — AR (2, w,v,y)/2 + E(u,v,y,2)/2

FAQ) — AW, 7,2)/2+ [A) — AW, 2,9)/2

Az, w)[A(2) — AW[A() — A@)]/2 (3.19)
Kpppssr(,w,u, 2,y,0) = (w+2)K(x,w,u, z,y,v) — Glw,u, z,y,v) — G(x,u, z,y,v),(3.20)
Keppgsp(T,w,u, 2,y,v) = {(w2x +wz?® 4 2uwr + 2vwr — 2wry + uww + uwr — Uwy

—uxy —vwz —vrz — 2wrz + wyz + xyz) K(r, w, u, z,y,v)

+(uv —wr —uy — vz + y2)|[G(z,u, z,y,v) + G(w, u, z,y,v)]

+2(v — y)[uF (u,v,y,2) — 2F(z,u,v,y) + [A(u) — A(2)] (v, z,y)]

+2(u — 2)[vF(v,u,y, z) — yF(y,u,v, 2) + [A(v) — A(y) ]I (u, z, 2)]

+2z(u +w — 2)[A(v) — Ay I(w, ,u, 2)

+22(v +w — y)[A(u) — A=) (w, z,v,y)

2l (w, 7) + A)|[A(W) — A)|[A(u) — A(2)

= 2)[yA(y) — vA@)]/2+ (0 — y)[2A(2) — uA(w))/2

(v — y)(u — z)(u+v+y+z)/3}/4wx, (3.21)
Keppgsp(z,w,u, z,y,0) = [v—y+ (w+2)/2|K(z,w,u, z,y,v) — G(w,u, z,v,y)/2

—G(z,u,2,v,y) /2 + [A(v) — A(y)](z,w,u, 2), (3.22)
Kerpgsr(z,w,u, 2,y,v) = 2K(x,w,u, 2,y,0v), (3.23)

Kssrrrr(z,w,u, 2,y,v) = [(w+z)(u+v+y+2) —2u+2)(v+y)
—w? — 2| K(z,w,u, z,y,v)/2 — E(u,v,y, 2)
+w+z—u—v—y—2)|Gw,u,zyv)+ Gx,u,zy,v)]/2
+(u—w + 2)[A(v) + A(y) [ (w, z, u, 2)
v —w+y)[Aw) + AR (w, z,v,y)
+[A@) + AW (u, 2, 2) + [A(u)] + A(2)]L (v, 2, )

—A(w, z)[A(u) + A(2)][A(v) + A(y)], (3.24)
Kospprr(z,w,u, 2,y,0) = (w+ax —2u —22)K(z,w,u, 2,y,v) — G(w,u, z,v,y)
—G(z,u, z,v,y) + 2[A(u) + A (z,w, y,v), (3.25)
Kooprrr(z,w,u, 2,y,v) = —4K(z,w,u, 2,y,v), (3.26)
Jssrrs(z,w,y,v,u) = A(u){(w —v—y)(z,w,y,v) — I(v,2,y)
+A(z, w)[A(v) + A(y)]}, (3.27)
Jsstrs(T,w,y,v,u) = —2Au) (v, w,y,v). (3.28)

These can also be found in the ancillary electronic file functions.anc.
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D. Scalar and vector (and ghost) contributions

The contributions that involve both scalars and vectors, but not fermions, are written as:

1., . .
ng?/? — 1>\]Ifm)\klngal]gamn}ISSSSSV(j7 ]{?, l, m,n, CL)

1 . . )
+5Aklmgabkga]mgbl]vassss(a, b,j,k,l,m)

1 ajm ik _a m .
+§9 gm ghik gokt gbl Hgssvvss(j, k,a,b,1,m)

1 . . 4
+ 5 NI gabi gbek gacl i sss(a, b, e, g, ks, 1)

1 b jk
4z abc ,aj
69 g9

1 o .
+§g“b’“gb”g“”gc”“vassvs(a, b, j,k,c,1)

1 ack _adj _be 1 .
+59 R ol gbed bk H g ooy (4, k, a, b, ¢, d)

g Hsssvvy (4, k, 1, a, b, c)

1 . ,
+ggacjgabkgbdjgmkﬂsvvvsv (4,a,b,¢,k,d)

1.. ' )
+ZAﬂm}\klmgamgmkffsssssv(], k,l,m,n,a)

1. . .
+ 3 NJbm \kim gabi qabk i oo ovv (4, ky 1, m, a, b)

1o |
+igaﬂgalkgbmgbmkffsssvvs(j, k,l,a,b,m)

1 .
+Ega]kgbkjgamlgblmf(vvssss(aa b,j,k,l,m)

1 . . .
+EgaﬂgalkgbC]gbCkKsssvvv(]a k,l,a,b,c)

1 aj | _ac C .
+79 ik PR gael bl [y ssvs(a, b, 4, K, e, 1)

1 . . ,
+EgabjgakaCdJQCdkKssvvvv (j? k,a,b,c, d)

1 ‘
+Zg“”gb”g“d’“gbd’“K vvsvvs(a,b, j, e, d, k)

1 ikmm _ajl a .
+1>\]k 9 g% Jssvss(d, k, a,l,m)

1 .. ; )
_l_ggab]gabk)\]k”JSSVVS(]a ka a, ba l)

1 abj ac il _c .
+§9 b gk gbilg levsvvs(aJ’b, c, k)

+igabdgbcegacjgdejﬂgauge, S(a7 b7 C, d7 e, .])

1 o ‘
_l_Zgacdgbcdgae]gbe]Kgaqu S(aa b> ¢, da ¢, ])
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1 _— |
‘|‘ggaCdeCdga]kgbijgauge, SS(a'> ba C, d> 7 k) (329)

The loop integral functions appearing here are presented explicitly in the ancillary electronic
file functions.anc, in computer-readable form. Many of them are quite lengthy:.

E. Fermion and vector (and ghost) contributions

The contributions involving fermions and vectors (but not scalars) are written as:

1
Vi = 1079 9% 95 Hrrvver(l, J,a,0, K, L)
+git gt g g MEE My Hop (1, J, 0,0, K, L)

1t ,
+591" 5 95" 9y M My Hygyy p(1, ], 0,0, K L)

1 / ! ! !
+3 gl b ok b Ny M7 Mo por MY H (1, J, 0, b, K, L)

7
+§gab09§IQfK91}€]HFFFVVV(I, J, K, a,b,c)
+ig“bcgglngng}{<lMJJ/MKK/HFWVVV([, J, K,a,b,c)
1
+§g(IIKg(II(JgSLg21KFFFVVF(]7 J7 K7 a, b7 L)

1 a a / !
+_91K9JK gijgi{MKKfM“ KFFFVVF(L J,K,a,b,L)

P
1 a a / /
+591 9 91 gr MY Moy Kpppyyp(1, J, K 0,b, L)

+ (g[IlKg;K/ngg?’LMIPMKK' + C‘C‘) KFFFVVF(Ia Ja K7 a, b> L)

1 ! / ! !
+3 (g?KgﬁK 9o it MM Mg My + c.c.) Kppryyp(L, J, K, a,b, L)

1
+ZQ§IQI}J9%KQI}(LKVVFFFF(CL> b,1,J,K,L)

1 a. a ! /
59597 98" 91 Micro M™ Ky g, 0,1, K, L)

1 ! ! ! /
+Zg?g=b’{ 92" gp Mrp M7 Mo MM Ky pppp(a,0, 1, J, K, L)

1
+19a6d9b6d93[911)JKgauge, rr(a,b,c,d, I,.J)

1 acd bed a ! /
+79 Y9"g5 g% My M7 Kgange rrla, by c,d, I, 7). (3.30)

Again the loop integral functions appearing here are presented explicitly in the ancillary
electronic file functions.anc.



F. Scalar, fermion, and vector contributions

The contributions that involve all three of scalars, fermions, and vectors are:

1 | |
Vi = 59319[[1{LY}ILY]JKHFFSVFF(I, J,j,a, K, L)

+93]9%K1/jIL’YjJK/MKK’MLL/HFFSVW(L J,j,a,K,L)

1 R |
+5 (Qﬁlg%LE'ILEJWM“ MER C-C-) Hppsyrr(l,J,j,0, K, L)

1 ! ’ .
+3 (ngggKYﬂL/YjJ,KM“ MM 4 c.c.> Hppgypp(L, J, j,a, K, L)

+% g4 g8 LYY e My MY MR My By (1, T, 0, K L)
+ig* g5 Ve Y Hpppyss(1, J, K, a, j, k)

+ (igaj’fg;fYMKYjJ,K,MJJ’MKK’ n c.c.) Hyrryvas(L, J, K, a,j, k)
+ig* g5 Y MY e Mo M Hpy s5(1, J, K a, 5 )

+ <gabjg?{Jg?KYj1J/MJJ’ + C'C'> HFFFSVV(*L ']7 Kv.jv a, b)

1 . o .

% (g“bj 9% LY T M My MEE 4 c.c.) Herpsyy (I, J, K, j,a,b)
‘l'g[IngzJYﬂKY}JKKFFFSVF(Ia J, K, j,a, L)

+% (g?Lgf}UYjIKYjJK'MKK/MLL/ n c.c.> Kpppsvp(l J K, ja, L)
+91' g5 Y Y ke Mip M Kpppgy (1, J, K, jya, L)

+ (g%jggLYjI/KYjJK,MII’MKKI + C.C.) KFFFSVF(I’ J, K, J,a, L)
+ <Q%IQZ7IYjI/KijKMH'MLL/ + C-C-) Kpppsvr(l, J, K, j,a, L)

1 - R / .
+= (gajg([l;’]Y]I KY]J K MII'MJJ'MKK'MLL + C'C‘> KWSVF(Ia Ja K>]> a, L)

2
+% gt gy iy, Kessvrr(G, koL a, 1, J)
+% <gajlgalkyjIJykI’J’MHIMJJI T c.c.) Kessyrrli ki loa, 1, J)
% g gy Iy, Kssyver(, k,a,b, I, )
—I—é <g“bjg“kaj”Y“/J/MH/MJJ/ + c.c.) Keovvpr(d. k,a,b,1,J)
+ig“j’“gb'fj931 9 Kvvsser(a,b,j,k,1,J)

1 . , , )
+Zgajk9bk]93193{ MH’MJJ vassﬁ(aa b,j, kI, J)

19
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1 acj becj .a .
+-9"9 " g4 g4 Kvvsvir(a, b, j, e, 1,.J)

2
1 ., , / .
+§9a0]9b6]9319f)1{ MHIMJJ vasvﬁ(aa b,j,c, 1, J)- (3-31)

As before, the loop integral functions appearing here are presented explicitly in the ancillary
electronic file functions.anc.

G. Pure vector and ghost contributions

Finally, the contributions that involve only vector bosons and ghost fields can be written
in terms of a couple of loop integral functions:

1 a ce ac e
W = g0™e" g 9" Hgange(a.b.c.d.e. f)

1
_I_EgacdgbcdgaEfngngauge(CI,, b, c, d, e, f) (332)

These contributions vanish except when the gauge symmetry associated with the vectors
is non-Abelian and (at least partly) spontaneously broken by the scalar background fields.
The loop integral functions appearing here are again presented explicitly in the ancillary
electronic file functions.anc.

H. Comments on the general results

Equations (3.3)-(3.32) constitute the complete MS three-loop effective potential contribu-
tions for a generic renormalizable quantum field theory with Landau gauge fixing. However,
for the specialization to any particular theory with massless gauge bosons, there is still a
little processing to do in order to obtain the effective potential in practice. This is because
each loop integral function involving a vector field with squared mass x will contain a factor
of 1/x, which naively might appear to be have a pole singularity in the massless limit. This
is due to the structure of the Landau gauge vector propagator proportional to

14

o p'p
pP+z pPP(p?+a)

(3.33)

(using a metric of signature —,4,+,+) where the second term has a partial fraction decom-
position proportional to

1 1 1
). 34
x<p2+x p2) (3.34)



21

Massless gauge bosons, with their potential infrared problems, are treated here by putting
x = ¢ and taking the limit 6 — 0. The factors of 1/§ actually always cancel in the limit, leav-
ing behind either a finite result or singularities in each diagram that are at most logarithmic
in 0. However, demonstrating this starting from the general loop integral functions appear-
ing in the ancillary file functions.anc, and finding the limits, requires using the expansions
of the basis integrals in small squared masses, as given in the ancillary file expzero.anc.
This can be performed systematically on a case-by-case basis, as will be done below for
the example of the Standard Model. While the pole singularities in § always cancel at the
level of the loop integral functions, logarithmic singularities as § — 0 can occur, but only
when there is a doubled propagator, which means the diagram topology is K, J, or L (see
Figure 3.1) with the first two squared mass arguments both equal to 6. The In(§) singular-
ities can then be obtained with the help of expansion formulas of the type in the ancillary
file expzero.anc. Cancellations of the infrared singularities associated with massless vec-
tor bosons in the full effective potential occurs after summing the contributions of distinct
diagrams, as will be illustrated below for the Standard Model.

Note also that the function Ksppgepr(®, w,u, 2,y,v) in eq. (3.21) contains a factor 1/wzx,
which naively might appear to be singular when either w or x approaches 0. However, this
is illusory; Keppggp(0, w,u, 2,y,v) and Kgprgsp(T, 0, u, 2,y,v) and Kgppggp(6, 0, u, 2, y, v)
are each finite as 0 — 0, as one can check by using the expansions given in the ancillary file
expzero.anc. Furthermore, this function appears in V) multiplied by \/wz [because of the
fermion mass insertions multiplying it in eq. (3.10)]. Therefore, it does not contribute at all
when w and/or z is zero. More generally, the contribution from every integral function with
an F subscript listed in eq. (3.1) vanishes when the corresponding fermion squared mass
is taken to 0. Also, Krppssr(d,8,u, 2,y,v) and Kpppgsr(0, 9, u, 2,y,v), etc., have no In(d)
singularities. There are no infrared problems associated with massless fermions.

For checking purposes, it is useful to be able to take derivatives of the loop integral
functions with respect to the MS renormalization scale ). First, for the basis functions and
related functions, one has from ref. [51]:

Q%A(x) = —2z, (3.35)
Q%Z(m,y) =2, (3.36)
Qsl(0,,2) = 2A(z) + Aly) + AG) — 2 =y 2], (3.37)
Q%T(w,x,y,z) _ 94 9A(w, ), (3.38)
Qg B, .9.2) = 2LA()A() + Aw)AW) + Aw)A) + Alw)AQ)

+A(x)A(2) + A(y)A(2) + we + wy + wz + zy + x2z + Yz
+(w —2x — 2y — 22)A(w) + (v — 2w — 2y — 22) A(x)
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+(y — 2w — 2z — 22)A(y) + (2 — 2w — 22 — 2y) A(2)

—9(w? + 2 +y* + 2%) /4, (3.39)
Q%F(w, z,y,2) = 2[-A(x) — Aly) —A(z) + .+ y + 2z — w]A(w) /w
+Tw/2, (3.40)
Qs F(w.,3,2) = 2A(2) + Aly) + AG) - Alw) — 2~y — 2~ I{z.3,)
+7w/2, (3.41)
Q%G(v, w,x,y,z) = 2[[(v,w,z)+ [(v,y, 2) + A(w) + A(z) + A(y) + A(z) + 7]
—Ad(w+z+y+2), (3.42)
0
Q%H(u,v,w,x,y,z) = 12(3, (3.43)
Q%K(u,v, w,r,y,2) = 2[I(u,v,w,z)+I(u,v,y,2)— 1], (3.44)

These results can now be applied to obtain the ) derivatives of the 89 integral functions of
eq. (3.1). Again the results are rather lengthy, and so are consigned to an ancillary electronic
file QdQ.anc provided with this paper.

IV. THE WESS-ZUMINO MODEL

In this section, we consider as an example (and a confidence-building consistency check)
the supersymmetric Wess-Zumino model [74, 75], with superpotential (for a review, see [76]):

LV:%@+%@, (4.1)

with real mass and coupling parameters m and y. The chiral superfield ® contains a 2-
component fermion v and a complex scalar field that one can write as

o+ (R+1il)/V?2, (4.2)

where ¢ is a constant background field and R, I are canonically normalized real scalar fields.
In the following, depending on context, the names of the component quantum fields will also
be used as synonyms for their field-dependent squared masses:

= m® + 3ymo + 3y’¢* /2, (4.3)
m® +ymo + y* ¢’ /2,
Y = (m+yd)”

~ =
I



The non-vanishing interaction couplings of the fields R, I, are given by

NRRRR _ \IIIT _ g\RRIT _ 3y2/2,
AR = BRI = 3y(m + yo) / V2,

YR = y/V2,

Y =iy /V2,

MBI There are no vector fields in the Wess-Zumino model.
The tree-level potential for the background field ¢ is

VO = ¢*(m +y¢/2)".
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(
(
(
(

= = B

6)
7)
8)
9)

and permutations NR/RI — \RITR — \IRRI _ \IRIR _ \IIRR _ \RRII ,nd \IRI — \ITR _

(4.10)

Plugging into the results of egs. (2.6), (2.11), (3.3), and (3.10) above gives the effective
potential contributions at one, two, and three-loop orders for the Wess-Zumino model:

F(R)+ f(1) = 2f (),
v2[3fss(R, R)/16 + 3fss(1, 1)/16 + fss(I, R)/S + 3¢ fsss(R, R, R)/8
+¢fsss(L, 1, R)/8+ frrs(¥, ¢, R) /4 + frrs(, ¥, 1)/4

0 frps (¥, R) 4 = frps (6,0, /4],

yhy? [27HRRRRRR/32 + Hirrrir/32 + Hirrrrr/8 + 81K rrrrRR /64
+9Krri1rr/32 + Krrirrr /64 + Kirrrir/16 + Hygpps /16
—Hgr g /8 + Hygr g /16 + Hygoprr/4 — Hyggrrn/4

9K rrprpg/16 + Kprigs/16 — Kiprrgg /8 + Krpggos/ 16
+KHW/16 + KWRRE/8 - KWIREM + KWIIE/8]

+y*¢ |27G rrrrR/32 4 3GRi1rR/16 + Gririr/8 + 3G Riri1/32
+27JrrrRR/32 + 9JRRRRI /32 + 3JRRIIR/32 + JRRIII/32 + 3J111R1/16
+J111rr/16 + Hyyprgg /4 + Hyppigs/4 — Hyyrrgs/4 = Hyprrps/4
HHygrryp/8 + Hygrrps/4+ Hygryp/8 + 3Hyygrer/4 — Hyygrir/4
+Hyyzr1r/2 + IKRRRRYY /16 + KRRIT90 /16 + K111RY$/8

B pryyo/8 = Krrgyyp/8 + Kyygrrg/8 = Kyygrrg/4

B g/ 8+ Kygyrry /8 + Kgyrrg /4 + Kygprry /8

F B ygrre 2+ Koygrig/2 = Kgyarre/2 = Kygrrp/?

3 prige 16+ sz /16 = Ty g/ 16 = 3J11551/16]

(4.11)

(4.12)
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+y* [waRwa/ 16 — Hyprryy/8 + Hyprrpu /16 + Krrppyy /16
B 119y /16 + Kygyrry /8 + Kypprry [4 + Kpyyrrg /8
+9LrrRrR/64 4+ 9L 111/64 4+ 3L111R/32 + Lipr/64 + Lrrir/64
+3LRrir/32 + 3ERrRR/64 + 3E1111/64 + ErrrR/32

+3JRwaR/16 + JRR¢¢[/16 + J11¢¢3/16 + 3JH¢¢1/16] . (413)

In the latter equation, I have used a short-hand notation, such that, for example, H;jrrir =
Hgssssss(I, 1, R, R, 1, 1) and Kyypp1 = Kpppssp(V, 1, ¥, R, 1, 9).

As a non-trivial consistency check, consider the renormalization group scale invariance
condition for the effective potential, as expressed by eq. (1.4), with X = y,m,$. From'
refs. [77, 78],

B3y = gV j2m = —pP J¢ = y?/2, (4.14)
B2 /3y = g jom = P 6 = —y'/2, (4.15)
B /3y = B9 jom = —BY /6 = (3¢3/2+5/8)y°. (4.16)

Using eqgs. (4.14)-(4.16), one finds from eq. (4.10):

Zﬁx CVO = g2 m o+ yo)2), (4.17)
> DV = 2 m - yo /2" (4.18)
Zﬁx VO = (364 5/4)°0 i + o2 (4.19)

and from eq. (4.11), also using egs. (2.23):

Zﬁx —v = y2(m® + 3ymé + 36> /2)A(R) + y*(m* + ymo + y*6? /2) A(I)

—2y°(m + y¢)*A(¥), (4.20)
Z Y —V = —y'(m® + 3ymé + 3y°¢° /2) A(R) — y' (m* + ymo + y*¢* /2) A(I)
+2y*(m + yo)?A(¥), (4.21)

 Some other references had given incorrect results for the 3-loop beta functions of the Wess-Zumino model.
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and from eq. (4.12), also using egs. (2.23) and (2.24):

Z Yo% oV = 7% =3(m +yo)’[(R, B, R) + (6m” + 10yme + 5y”¢") [ (v, ¥, R)
—(m +yo)*I(R,1,1) — (2m* + 2ymo + y*¢*) [(¢, ¢, I) + 3A(R)? /2
+3A(1)?/2 + A(R)A(I) — 4A(R)A(v) — 4A(1)A(p) + 4A(y))?

+y'(m® 4 3ymo + 3y°¢° /2) A(R) + y* (m® 4+ ymo + y*¢* /2) A()
=2yt (m + y9)*A(Y) — y°¢* (m + yo/2)*. (4.22)

Meanwhile, from egs. (4.11), (4.12), and (4.13), using eqs. (3.35)-(3.44), one obtains:

QaQ VI = —20*(m + y¢/2)?, (4.23)
Q%V@) = —*(m? +ymo + y*¢? /2) A(I) — y*(m* 4 3yme + 3y°¢?/2) A(R)
+2y° (m + yo)*A(Y) + y*¢*(m + yd/2)*, (4.24)

4

Q Qv“"’ = " [om + 2gmo + PV, 1) — 60 + 10ymo + 57 6) (., R)
+3(m +yo)?I(R, R, R) + (m + yo)*I(R, I, 1) — 3A(R)?/2 — 3A(I)?/2
—A(R)A(I) — 4A(1)? + 4A() A(R) + 4A(4)A(I)
—y°0*(m +y5/2)*(3¢ + 1/4). (4.25)

Now eqs. (4.17)-(4.25) can be plugged in to verify that eq. (1.4) indeed holds for each of
(=1,2,3.

As another check, recall that at a supersymmetric minimum of the tree-level potential,
the full effective potential must vanish at each order in perturbation theory [79]. There are
two supersymmetric minima of V(®), namely ¢ = 0 and ¢ = —2m/y. At each of these,
one has equality of the field-dependent squared masses: v = R = I = 1) = m?. It is now
straightforward to plug this into equations (4.11), (4.12), and (4.13), to verify that each of
VW V@ and VO also vanishes at the supersymmetric minima. This relies on non-trivial
cancellations between the different loop integral functions defined in egs. (3.4)-(3.9) and
(3.11)-(3.28), which become apparent upon putting everything in terms of the basis inte-
gral functions H(z,z,z,x,z,z), K(z,z,z,z,x,2), G(z,z,x,z,z), F(z,z,z,z), I(x,z,z),
I(z,z,7,2), A(x), and A(z, z).
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V. THE STANDARD MODEL

A. Standard Model effective potential at three-loop order

In this section, I will consider the complete three-loop effective potential for the Standard
Model as another application of the general results. The full two-loop effective potential for
the Standard Model was found in ref. [4]. The leading three-loop parts, in the limit that the
QCD coupling and the top-quark Yukawa coupling are large compared to all other couplings,
were found in ref. [6]. The four-loop contribution at leading order in QCD is also known [7].

The tree-level potential for the Standard Model is given by

V = A+ mPd'd + A(DTD)?, (5.1)

where A is a field-independent constant energy density necessary for renormalization scale
invariance, m? is a negative Higgs squared mass parameter, and X is the Higgs self-coupling.
The Higgs complex doublet scalar field is

o [0+ H +iG°) /2 | (5.2)

G+

where ¢ is the constant background field, H is the Higgs boson field, and G° and G* are
Goldstone bosons. The ¢-dependent squared masses of the Higgs boson and the Goldstone
bosons (both neutral and charged) are

H = m?+ 3)\¢%,
G = m* + \¢?, (5.4)

and the other non-zero squared masses are

t = yi¢*/2,
W = g°¢/4,
Z = (¢*+ g% /4.

where 1; is the top-quark Yukawa coupling and g, ¢’ are the electroweak gauge couplings.
The Yukawa couplings of the bottom quark and other fermions are quite negligible, and are
therefore taken to vanish.

The field content of the electroweak Standard Model with ng generations, compatible
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with the conventions of section II, is:

Real scalars: H,G° Gg, Gy
2-component fermions: t,t, b, b, 7,7, Vs + (ng—1) % (u, a,d, d, e, e, 1/6) , )
Real vectors: ~, Z, Wg, W (5.10)

Here we have written the complex Goldstone scalar bosons and W vector bosons in terms
of real components as G* = (Gg £ iG;)/v2 and W+ = (Wg + iW;)/v/2. The unbarred
fermion fields are SU(2),, doublets, and the barred fermion fields are SU(2), singlets. (Not
shown explicitly are the color multiplicity for quarks, or the massless gluon vector fields.)

To facilitate an automated calculation of the 3-loop effective potential, it is useful to have
at hand a list of the non-vanishing field-dependent couplings of these mass eigenstate fields.
There are scalar cubic interactions of the type M

NFHH 6\, (5.11)
\HGG® _ \HGRrGr _ \HGIGr _ 20\, (5.12)

and scalar quartic couplings of the type \*m:

0707070
NIHHH _ \GUGUGUGY _ \GrGRGRrGr — )\G1G1G1G1 — g) 5.13

00 00 00
NIHGGY — NHHGRGR — \HHGIGr — \GOG'GRGR — \G'G'GiGr — \GRGRGIGT — 9)  (5.14)

as well as permutations determined by the symmetry under interchange of any two scalars.

The non-vanishing Yukawa couplings of the type Y7/ are given by

YHtf — _YGRbf — _inOtf — ,éyG]bf — yt/\/ﬁa (515)

which are symmetric under interchange of the last two (fermionic) indices. (All Yukawa
couplings other than for the top-quark are neglected.) The interactions of the electroweak
vector bosons with the quarks and leptons are given by couplings of the type g¢”:

g?f = (—I;® +Y;9?) /P + 92, (5.16)
97 = —Qud* NG + g7, (5.17)
g = —g¥ = Qe (5.18)

where

e = 99'/vVg>+ 97, (5.19)
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and Q, = 2/3 and Q; = —1/3 and Q, = 0 and Q. = —1, and I, = I, = 1/2 and
Ij=1.=-1/2, and Yy = Qs — I for each f, and

ga ™ = g = g'm = gl = —g/2, (5.20)
W= gy =g = =gl = —ig/2. (5.21)

There are also vector-vector-scalar couplings of the type ¢®,

gWrCr = WiCGr — geg /2, (5.22)
gAWrGR — gZWiGI — e /o (5.23)
gWRWRH _ qWiWiH _ 24 /o (5.24)

G771 = (@ + ¢)8/2, (5.25)

with symmetry under interchange of the first two (vector) indices. The vector-scalar-scalar

couplings of the type ¢g%* are

g’YGRGI = e,

(5.26)
gZGOH = Vg>+g"?%/2, (5.27)
g7ert = (¢* =g/ (2 g* + 9?), (5.28)
WRGRGO — gWRHGI — gW[G]GO ( )

g = g"1ert = g/2,

with others determined by the anti-symmetry with respect to interchange of the last two
(scalar) indices. There are also vector-vector-scalar-scalar couplings of the type g% de-
termined in terms of these by eq. (2.5). Finally there are the totally anti-symmetric vector-
vector-vector couplings defined by:

gWEWr — ¢ 5.30)

g7V = ¢?/\/g? + g (5.31)

The tree-level and one-loop contributions to the effective potential are:

0
174

A+m?*¢* /2 + \g' /4, (5.32)
3f(G) + f(H) = 12f(t) + 6fv (W) + 3fv(2), (5.33)

with functions f(x) and fy (z) defined in egs. (2.7) and (2.8). The two-loop contribution is
given by [4]:

Ve _ ZA [fss(H, H) +2fss(G, H) + 5 fs5(G, Q)]
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2
+3N*¢°[fsss(H, H, H) + fsss(G, G, H)] + 3% [fFFS(ta t,H) +tfpps(t,t, H)

2 12

+hrrs(t,G) = fpg(t,1,G) + 2frrs(0,1,G)] + 2 gg Fvss(Z, G, H)
+Mf (Z,G,G) + v [fvss(W, G, H) + fvss(W, G, G)]

8(g ‘l‘ ) VSS 4 VSS ) VSS A

4 2 2 12\2 12

+ fvss(o G, G) + —fvvs(W W, H) W]}Ws(Z, Z, H)

2 2
+T¢ (9% fvvs(W, Z,G) + ¢* fuvs (0, W, G)]
— [4g§ + 462/3] tfﬁv(t t 0) + 92 [3fppv(0 t, W) (471@ — 3)fppv(0, O, W)] /2
+[(9g* — 69°¢” + 17g") frpv(t.t. Z) + 89" (3¢* — ¢Mt frpy (.1, 2)
-+«24nc-— 9)g* +69°g" + (40ng — 17)g"") frrv (0,0, Z)] /24(g° + ¢”)

4
6 fgaugo(W W O) gifgauge(m W, Z), (534)

2(9* +9")

where ng = 3 is the number of quark and lepton generations. This result for V® for the
Standard Model is an example of the application of the general result in eq. (2.11), using the
couplings listed above. It is written here in terms of the functions fss(x,v), fsss(x,y, 2),
frrs(x,y,2), frrs(T,y,2), fvvs(z,y,2), frev(e,y, 2), frry (2, Y, 2), and feauge(,y, 2) de-
fined in ref. [5], and the function fyss(x,y,z) defined in egs. (2.12)-(2.13) of the present
paper, replacing the functions fggy and fyg of ref. [5].

The three-loop effective potential contribution in the Standard Model can now be ob-
tained by applying the couplings given above in eqs. (5.11)-(5.29) to the general forms of
egs. (3.4)-(3.32). The resulting expression contains 536 integral functions of the 89 types
in eq. (3.1) with specific assignments of squared mass arguments H, G, t, W, Z, and §
(used as an infrared regulator for the squared masses of gluons, photons, and quarks and
leptons other than the top quark). The 536 functions are given, expanded in § to retain
the In(d) terms, but dropping all terms of order 4, in an ancillary electronic file distributed
with this paper, called SMV3functions.anc. Of these 536 functions, the following 23 vanish
identically in the limit 6 — 0:

Hrryvrr(0,0,0,0,0,0), Kprryyre(0,0,0,0,0,0), Kyyvrrrr(0,0,0,0,0,0),
Keprsvr(t,6,6,G,0,t), Kgppsyp(t,t,t, H,0,t), Kpppgyp(t,t,0,G,0,1),
FFFSVF(t t, 1, G,O,t), FFFSVF(t t, 1, H,O,t), KFFFSVF(t,t,t, G,O,t),

Krppsvr(t,t,t, H,0,t), Kprppsvr(t,t,0,G,0,t), Krrrsvr(0,0,t,G,0,0),
FFFVVF(t t,t, Z,O,t), KWFVVF(tatvtaOaWO)v KWFVVF(tatvtuOvoat)v
FFFVVF(t t, 1, Z,O,t), KFFFVVF(t7t7t70707t>7 KFFFVVF(t,t,t, Z,O,t),

Krrrvvre(t t,t,0,W,0), Krrrvve(t,t,t,0,0,t), Krprrvvr(0,0,t,W,0,0),

Krpryyvr(0,0,0,1,0,0), Krpryvvre(0,0,0,7,0,0). (5.35)
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The coefficients of the non-vanishing 513 functions that remain, and thus the expression
for V®) are given in another ancillary electronic file called SMV3.anc. These coefficients
are built out of couplings g3, g, ¢, ¥, A, and the background Higgs field ¢. In the text
below, I will discuss explicitly the parts of V) that are leading order in QCD, and also the
parts involving infrared logarithms In(d), where 4 is used for the gluon and photon squared
masses. (There are no In(d) infrared divergences due to massless fermions, as discussed in
subsection IITH.)
Consider the contribution proportional to gj. It is:

‘/;]%3) = g§NCCF{(CF — 00/2)[ HFFVVFF(t t O 0 t t) QtHFFVVﬁ(t,t,O,O,t,t)

t2
+tH v rr(t: t,0,0,8,1) + EHﬁvvﬁ(ta t,0,0,t, t)]

+Cr [tK pppyyvr(t, t,1,0,0,t) + * Keppyyr(t, 6, 6,0,0,1)]

1
+CG[ Herpvvy (8,,£,0,0,0) — tHpppyuy (£, £,£,0,0,0)

1 1
5 Knager (0,0,0,0,8,) = St 72(0,0,0,0,1, t)}
+Tr [Kvvrrrr(6,0,t,t,t,t) — 2LK py (6, 0,8, 8,8, 8) + Ky pppr(6, 0,8, 1, 1)

_'_2(2”0 - 1)TF [KVVFFFF(Ov 0,0,0,¢, t) - tKVVFFﬁ((]? 0,0,0,t, t)]}7 (536>

where C¢ = N, = 3 and Cp = 4/3 and Tp = 1/2 for QCD, and ng = 3 for the Standard
Model. In the following, I will leave ng arbitrary, to allow for more informative compar-
isons. In writing eq. (5.36), I have taken advantage of the fact that Krppyve(t,t,t,0,0,t)
and Kpppyyr(t,t,t,0,0,t) and Kpppyyp(t,6,6,0,0,¢) happen to vanish, even though those
functions do not vanish for general squared-mass arguments. The remaining loop integral
functions for the special squared mass arguments appearing in eq. (5.36) are also quite
simple. The ones without infrared gluon divergences (therefore setting § = 0) are:

= (225/2 — 208¢3)t* — 85tA(t) + 6A(t)* — 10t2H(0,t,t,t,0,t), (5.37
= (140/3 — 80(3)t — 40A(t) + 12A(¢)*/t — 6tH(0,t,t,t,0,1),
= (32¢3 — 16)t + 10A(t) + 6 A(t)*/t + 6tH(0,t,t,t,0,1),

HFFVVFF(t t,0,0,%,t

Hﬁwﬁ(t, t,0,0,t,t) = 16/3 + 16(s — 8A(t)/t — 10H(0,t,t,t,0,1), 5.40
Kppppvp(t, 1,1,0,0,1) = 146t/3 — 60A(t) + 18A(t)*/t — 18A(¢)* /#2, 5.41
FFFV (

Hpppyyy(t,t,1,0,0,0) = (24¢3 — 233/8)t + 117t A(t) /4 — 2TA(t)? /2,
Hizmyyvy (8,1,1,0,0,0) = (48¢3 — 136/3)t + 45A(t) — 27TA(t)?/t + 3A(t)* /12,
= —283t%/6 + 40t A(t) — 13A(t)?,
= [(—296 — 208¢3)t + 281A(t) — 9TA(t)?/t + 26 A(t)* /7] /3,
—= 497 /6 — TtA(t) + 2A(t)?,

r(0,0,0,0,¢,¢
=(0,0,0,0,¢,¢
Kyvrrrr(0,0,0,0,¢,¢

gauge FF

gauge FF

) (5.37)
) (5.38)
) (5.39)
) (5.40)
) (5.41)
t,t,1,0,0,1) = —38/3 +48(s + 10A(t)/t — 12A(t)*/t* — 6 A(t)3 /13, (5.42)
) (5.43)
) (5.44)
) (5.45)
) (5.46)
) (5.47)
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Kyyprrr(0,0,0,0,¢,8) = [(56 + 32¢3)t — 52A(t) 4+ 20A(¢t)*/t — 4A(t)* /t*] /3, (5.48)
while the ones that do individually have gluon infrared divergences are:

Kyverpr(0,0,t,t,t,t) = —(5+56(3)t* — 62tA(t) — 8A(t)* — 8A(t)/t

+12¢3(1 + A(t)/t)*In(6), (5.49)
Kyyprrr(0, 0,6, 6,6, t) = [—(8 4 280(3)t — 340A(t) — 52A(t)*/t — 28A(t)*/t*] /3

+12t(1 + A(t)/t)*In(0), (5.50)
Kyvrrrr(6,6,t,t,t,1) = —152/3 — 56(3 — 96A(t)/t — 36A(t)%/t* — 8A(t)* /t3

+12(1 + A(t)/t)*In(6). (5.51)

It is now clear that the In(d) contributions successfully cancel when these results are put
into eq. (5.36). The result is:

vy = gir? 8131/9 — 84ng + (320 — 256nc/3)Cs + (248nc /3 — 2834/3) A() /¢
3 L

+(428 — 112ng/3) A(t)?/1* + (32n¢/3 — 216) A(t)* /t* — 16 H(0,t,t,t,0,t)/3| (5.52)

= gst? 92429/9 — 644n¢ /3 — 512Lis(1/2)/3 + 641n2(2)[x% — In%(2)] /9

+1767* /135 + (288 — 256n/3)(s + (32(3 + 568n¢/3 — 7346/3)In(t)
(1076 — 208ng/3)In (1) + (32na/3 — 216)In° (1), (5.53)

where the analytical results for A(t) and H(0,t,t,t,0,t) have been used to obtain the last
expression. This agrees with the result found (using different methods, and in particular
with dimensional regularization of infrared divergences) in ref. [6].

Having demonstrated that the infrared divergences associated with doubled massless
gluon propagators cancel, let us now consider those coming from the massless photon. First,
from the results given in the ancillary electronic file SMV3.anc and SMV3functions.anc, one
finds that V® contains QED contributions exactly analogous to the QCD ones mentioned
above:

16e*
T[KVVFFFF(& S, bt 1) — 2Ky e (60, 0,8, 1,8, 1) + 2Ky pppe (6,6, 6, 1,1, 1)), (5.54)

where § is now the infrared regulator squared mass of the photon. The In(d) parts of this
cancel in the same way as in QCD.

There are also contributions (given in SMV3.anc) to V® from diagrams involving the top
quark, the W boson, the charged Goldstone bosons, and doubled photon propagators, which
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individually behave like In(d) as § — 0. They can be grouped as:

4 4
% K guuge,p (0,8, W, W, t,1) — tK oo (6,6, W, W, 8, 1)], (5.55)
and
2€4g2¢2
S Kvvsver (0,0, G, W) =ty sypr(0,8,G, W, £, 8)] (5.56)

The In(6) infrared divergent parts of these contributions can be extracted from the results
given in the ancillary electronic file SMV3functions.anc:

Ko (0,6, W,W,1,8) ~ SV + GAGW )t + A(D)] (o), (5.57)
K e 70,0, W, W, 1,8) ~0 S [V 4+ GAGW )t + ()] Ta(o), (5.58)
Kyvsver(0.6,GW,t,1) ~ —2[1— 6A(G, W[t + A1) () (5.59)
Kyysyrr(6,8,G,W1,8) ~ — 21— GAC, W]t + AD] Tn(s). (5.60)

The In(8) contributions in each of egs. (5.55) and (5.56) again are seen to cancel.

All other possible In(§) contributions are found to vanish at the level of the functions given
in SMV3functions.anc, except for the following contributions involving doubled photon
propagators, W bosons, and charged Goldstone bosons:

64

| K (6,0, W, W, W) AW K6, 0, W, W, W, G)

AWKy syvs(6,8, G W, W, G)] . (5.61)

The relevant infrared behaviors can again be extracted from SMV3functions.anc:

Ky (0,6, W, W, W, W)~ <L+ 6AGW)Ta(0) (5.62)
Koz (0,6, W,W,W,G) ~ =W +6A0V)][1 - 620V, G| (o) (5.63)
Kyvsvs(6,6,G,W,W,G) ~ (1~ GAW, G)PT(9) (5.64)

It follows that the infrared divergences from doubled photon propagators do not cancel.
The final result for the infrared divergence, which comes entirely from eq. (5.61), can be



33

simplified to:

v 2

17; (W%HEVZG)) n(s). (5.65)

While it might at first seem surprising that there is an uncanceled QED infrared divergence
in the three-loop effective potential, it is important to remember that the effective potential
itself is not a physical observable. (Recall that it is not even gauge invariant.) What is
important is that this infrared divergence does not infect physical observables and closely
related quantities. The key property that guarantees this is that eq. (5.65) is of second
order in G. As we will see in the next section, after the necessary resummation of Goldstone
boson contributions, terms of higher-than-linear order in G do not affect the minimization
condition of the effective potential, nor contribute to the value of the effective potential at
its minimum, and so can simply be dropped.

As an aside, one could also eliminate the infrared divergence in eq. (5.65) by resumming
photon self-energies. Note that eq. (5.65) comes from the 3-loop representatives of the family
of /-loop Feynman diagrams that involve a ring of £ — 1 photon propagators that carry the
same momentum and connect £ — 1 one-loop subdiagrams with either W+, W~ or W+, GF
internal lines. These diagrams scale like 1/6~3 for ¢ > 3. Resumming these diagrams to all
orders in ¢ would yield a contribution to V.g that cancels the three-loop infrared divergence
in eq. (5.65) in the limit 6 — 0:

3
1672

(16;2)3 ZAi[ln@) 423+ (5.66)

A‘/Oﬂ‘ ~ fv(A7/167T2) -

where the ellipses represent contributions from four loops and beyond, and
A, =3WGEIn(W/G)/2(W — G). (5.67)

However, this resummation of photon self-energies is actually an unnecessary complication.
The key fact is that with or without the photon ring resummation the contribution is second
order in GG, and so has no effect on physical quantities and can be dropped after Goldstone
boson resummation. Therefore, I prefer not to resum the photon self-energies, for simplicity.
In the next subsection, I will discuss the expansion and resummation of the Goldstone boson
contributions, and explicitly derive the resulting Higgs VEV minimization condition and find
that it has no infrared divergences [or spurious imaginary parts associated with In(G) when
G is negative| of any kind.

As a check of the Standard Model result, consider the renormalization group scale invari-
ance conditions, which take the form of eq. (1.4) at each loop order ¢ = 1,2, 3, where X is
summed over A, m? X, g3, 9, ¢, yi, ¢, with ﬁg) = — ¢ where v is the scalar field anomalous
dimension. The necessary () derivatives of the three-loop integral functions are given in the
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ancillary electronic file QdQ.anc. The necessary three-loop beta functions and anomalous
dimension have been found in refs. [80]-[86]," except for the field-independent vacuum energy
A. From the ¢-independent parts of eq. (1.4), I find that:

V= 2m?)?, (5.68)
) — [12¢% + 4g” — 12y7)(m?)?, (5.69)

©) — [(192@, — 204)y7 g5 + 153y, /4 + (189/8 — 108(3)y7 9> — (73/8 + 20¢3)y; g
+(4215/32 — 51ng/2 — 18¢3)g* + (36¢3 — 441/16)g%¢"
+(6¢5 — 233/32 — 85n¢/6)g" + 18\2| (m?)2. (5.70)

With this included, I have checked, using the @) derivatives found in QdQ.anc, that eq. (1.4)
is indeed satisfied by the result for V® given in SMV3.anc and SMV3functions.anc. [Note
that the coefficient of In(8) in eq. (5.65) is independent of @, so that while eq. (5.65) does
contribute non-trivially to Q9V ®/9Q), it does so without producing a In(5) part.] This
constitutes an important consistency check.

B. Goldstone boson resummation of the Standard Model effective potential

The three-loop Standard Model effective potential given in the previous subsection suffers
from two related problems associated with the Goldstone boson contributions. First, the
squared mass G can easily be negative at the minimum of the (real part of the) effective
potential, depending on the choice of renormalization scale () at which it is evaluated. Due
to the presence of In(G), the usual effective potential then has an imaginary part even at
one-loop order. This imaginary part is spurious because it does not correspond to a genuine
physical instability. Second, if one chooses a reasonable renormalization scale such that
G — 0, then there are In(G) singularities in the three-loop effective potential and in the
derivative of the two-loop effective potential, and 1/G*~3 singularities in the L-loop effective
potential and the derivatives of the (L —1)-loop effective potential for L > 3. This was noted
in the context of the Standard Model at leading order in the top-quark Yukawa coupling
in ref. [6] (see also [10, 15]), where it was somewhat melodramatically referred to as the
“Goldstone boson catastrophe”. In practice, one can usually simply ignore the problem
while maintaining good numerical accuracy, by choosing a renormalization scale such that
|G| is not too tiny, and dropping the imaginary part if G is negative. However, this is clearly
sub-optimal, and a principled solution was given in refs. [94, 95], where the problem was
shown to be resolved by resumming the leading Goldstone boson contributions to all orders,
treating G' as small compared to the other squared mass parameters of the theory.

T Extensions to QCD 4-loop and 5-loop order will not be needed here, but can be found in refs. [87]-[93]
and [7].
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The basic idea is very simple: the effects of Goldstone bosons with propagators with
squared masses GG are re-expanded about a different squared mass G + A, which vanishes at
the minimum of the full effective potential; this is the pole squared mass of the Goldstone
boson in Landau gauge, and therefore a good expansion point. This resolution by resum-
mation has the added benefit that it actually makes it simpler in practice to implement
the minimization condition that relates the Higgs VEV to the Lagrangian parameters. It
can, and should, also be applied to other calculations such as the pole squared masses of
the physical particles. For important further developments and related perspectives, see
refs. [96]-[102].

To apply the Goldstone boson resummation procedure to the full three-loop* Standard
Model effective potential, consider the ordinary effective potential in the form:

1 1 1
_ (1) T y® ——vO(Qq). 71
Vg = V9 + - VEAG) + (167r2)2v (G) + (167r2)3v (@) (5.71)

Here the dependence of each term on the Goldstone boson squared mass G has now
been indicated explicitly, with the dependences on the other independent parameters
(93, 9,9y, \, 9%, Q) left implicit.® Now one can resum the contributions to all loop or-
ders from diagrams that consist of single rings of Goldstone boson propagators punctuated
by one-particle-irreducible subdiagrams that feature larger masses, by writing

0 1., 0
1 1) Ay _ A2 vy
VIIGE) - V(G + A) AaGV (G) 2A 8G2V (G) (5.72)
where the quantity
A—LAJF ! Ay + ! Az + (5.73)
16w (16m2)2 0 T (16m2)3 0 T '

will be given below, and is defined¥ by the properties that G + A vanishes at the minimum of
the full effective potential, and each A, does not depend on G. Now we can write, through

¥ The extension of this whole procedure to any given higher loop order should be clear from the following.
§ Note that H = 2)\¢? + G, so that it is not an independent parameter, and in the following 0H/JG = 1.

The other squared mass parameters t, W, Z are independent of G.

¥ A warning about a notational switch: the Ay in the present paper are equal to what I called 3@ in ref. [94].
The following discussion could be equally well reformulated in terms of the quantities called Ay in ref. [94],
with results that are consistent up to four-loop order contributions. However, that alternative formulation
is complicated slightly by the fact that the Ay in the notation of ref. [94] depend on G, through their

dependences on H, so I omit it for simplicity.
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three-loop order:

1 1 -
Vig = VO 4+ — V(G +A)+ ——VIG)

1672 (1672)2
L vee - aZvog - Lae L vog (5.74)
(1672)3 20G 2\~ 562 ’ '
where we have defined
V(@) = v(Q) —Al%v(l)(G), (5.75)

Now one can continue the resummation procedure by making the replacement:

VO(@G) = V(G +A) —Al%?@)(G)
~ a 82
_ 7@ Ay 2 9 )
V(G + A) AimaV (G) + (A1) el (@), (5.76)
with the result
1 ~ 1 ~
0) 1) 2) 7 ®)
Vig = V +167T2V (G+A)+(16W2>2V (G+A)+(16W2)3V (@), (5.77)
where
PO(G) = VOG) = A=V (@) — A V(@) + (a0 vie).  (5.78)
- e, 20G 27 G2 ‘ '

Finally, we can replace G by G+ A in the three-loop term, since the difference is of four-loop
order. Thus, the resummed effective potential at three-loop order is:

vVO(G+A) + L?@(G +A)+ V(G + A), (5.79)

resummed __ 1/(0)
Ve — VO 4 T

[S)

1
1672 (1672)3
where the functions V® and V® are defined in terms of the usual perturbatively calculated
(non-resummed) quantities by egs. (5.75) and (5.78), respectively.

In order to construct the functions V®(G) and V®(G) from the results given in the
previous subsection, one needs Ay, Ay, ZVW1(G), aa—C;V(l)(G), and =V @ (G), which are
all straightforward to obtain from the one-loop and two-loop order effective potentials. The
results for A; and A, have already been given in eqgs. (4.19) and (4.20) of ref. [94], and are
also provided in an ancillary electronic file of the present paper called SMDeltas.anc. For
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example,
A = 3MA(R) — 6y2A(t) + %QQA(W) + MA(Z)
+(3g" +29°9" + ') 9%/8, (5.80)
where
h=H—G =2\ (5.81)

Also, one has the simple one-loop results:

9 oy 3 1
& oy 3 1
@V( (@) = S+ AG)/G] + 51+ A(H)/H]. (5.83)

The expression for 9V /0G is more complicated, and is given in an ancillary electronic file
SMdV2dG. anc.

A crucial feature of VZestmmed js that in the expansions of V(G + A), V(G + A), and
V(G + A) for small G+ A, terms with In(G + A) do not appear until quadratic order in
G+A. This can be seen by performing the expansions for small G for basis integral functions
that have G as an argument, using the tools in the ancillary electronic file expzero.anc.
The results can be written in the form

vO(G) = V) + GVI(0) + O(G?), (5.84)
‘7(2)<G) _ ‘7(2)(0) + G‘A/@)/(O) + (’)((;2)7 (5.85)
VO(G) = V(0) + GV (0) + O(G?), (5.86)

where VW(0), VO(0), V@(0), V@ (0), V®(0), and V®(0) do not depend on G. In
particular, the cancellations of the GIn(G) terms in V®(G), and the In(G), GIn(G), and
sz(G) terms in V® (@), provide an important check. Because of the absence of these terms
in eqs. (5.85) and (5.86), the resummed effective potential VEesummed defined by eq. (5.79), and
its first derivatives with respect to arbitrary parameters, are finite and real at its minimum.

Note also that the expansions to linear order given in egs. (5.84)-(5.86), applied to
eq. (5.79), are sufficient to produce the minimization condition for the Higgs VEV valid
through full three-loop order, because first derivatives of terms of order (G + A)? or higher
will vanish there. Since the quadratic terms have been dropped, the QED infrared divergence
of eq. (5.65) does not appear.
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The explicit one-loop and two-loop order results are

V() = f(h) —12f(t) + 6/ (W) + 3fv(Z), (5.87)
vy = A(n)/2, (5.88)

2
- ZA Fos(hy h) + 37262 [ fsss(hy i B) + fsss(0,0,h)] + 3% [ Frrs(t b, h)

it frms(tt h) + frrs(tt,0) — tfrmg(t t,0) + 2frrs(0, L, 0)}
frss(Z,0,R) + M frss(Z,0,0)
VSsS 8(92 T 9,2) VSsS s Uy

g2 4¢2
5 Frss(W,0,h) + frss(W,0,0)] + —fvvs(W W.h)

2 12Y2 42 e2h?
_i_WfVVS(Z Z h,) f [ vavg(W, Z,O>+g fVVS((]quO)]

— 495 +4€* /3] t frpy (., 1,0) + ¢° [3frrv(0,t, W) + (4ng — 3) frrv (0,0, W)] /2
+[(99" = 69°g” +179") frrv (1,1, Z) + 89" (39° — g )t frpy (t,t, Z)
+((24ne — 9)g* + 69%9 + (40ng — 17)g"™) frrv (0,0, Z)] /24(¢* + %)
45 e (W W,0) + 5 Fra (W, W, 2) = A A(B)2, (5:89)
32052 /40 — DI (h, 1) + 3[g%/4 — A — g*/320 + g1/16(g? — 2A) |1 (h, W, V)
+3[(9° + 9%)/8 = A/2 = (¢ + ¢")? /64X + (¢* + ¢"*)?/32(¢” + g% = 2N (h, Z, Z)
—3X\I(h, h, h)/2 4 (6X 4 3g%/4)1(0, h, W) + [3X + 3(g° + ¢'*)/8]1(0, h, Z)
+[3(29% + ¢%)°/A(g* + 9”1 (0, W, Z) + {3 [—(g® + ¢"%)/16A
(9" +9%)/8(9° + g% = 2X0) + (9" — g" +69°¢)/4(¢* + ¢°*)?] A(Z)°
—3[g%/8\+ ¢%/4(g” = 2)) + (9" + 6979 + 49") /2(¢” + g*)*] A(W)?
+[3(8¢" + 879" + g)/(4* + ¢ JAW) A(Z) — (3y; /20 A(h) A(t)
+[3(9° + 9%)?/16A(¢° + g% = 2V)]A(R) A(Z) + (39" /8A(g* — 2N)]A(h)A(W)
(9 + 32/ 20) A1) + BA(R)/4} /6 — 3y} /20 A()
+3[(6° + ¢*) (g% + ¢ — 40) /32M(¢* + ¢” — 2))
9*(7g* +10g”) /4(g* + g™)|A(Z)
+39°[g% /16X — g°/8(g* — 2)) — (69" + 69°9™ + ¢"*) /4(g* + ¢"*)?] A(W)
+[=3y} AN + 3y? /2 — 3\ — 3g%/8 — ¢*/8 + (21g" + 14¢°¢g" + Tg"*) /64
—3(g% +¢?)?/32(¢4* + g — 2X) — 3¢"/16(g” — 2X)]A(h)
+[3y/ 4+ 61 — 9g* /8 + 3¢9 /8 4 3¢° /8(4”° + ¢*) + 3¢%/16(g* + ¢”)*]¢*
+3[yp /4N +yp — Ayp + MB3g” + g”)/6 — (3¢9° + 39" 9" + 39%¢" + ¢°) /128X

_|_
—|—g g9?




+39°/32(g° — 2)) + 3(g> + ¢*)°/64(g° + g”* — 2X) + (81¢° + 158¢°¢"
+110g*g"™ + 28¢%¢"® + ¢"®)/96(g” + ¢"*)*|¢”

39

(5.90)

These are included, along with the much more complicated results for V®(0) and V®(0),
in an ancillary electronic file SMVresummedGexp.anc. The results are given in terms of basis
loop integral functions, with squared mass arguments h,t, W, Z, 0 and with coefficients built

out of gi’ng>g/> Yt, )\7 and ¢2'

C. The Standard Model Higgs VEV at three-loop order

In this subsection, I discuss the application of the Standard Model three-loop effective
potential to obtain the minimization condition for the Higgs VEV v = ¢, given the Higgs

squared mass parameter m?, or vice versa. This condition is

10

resummed
- =0
eff )
(b a¢ d=v
which can be written as
G=m?+ = — EOO ;Ag
— (1672)t "

This result can also be expressed as the relation between the MS tree-level VEV
Vgree = / —M2/ A

and the VEV v defined as the minimum of the full effective potential. One has:

] — 1
2 .2
Viree — U + X Z (167‘(‘2)ZAZ.

(5.91)

(5.92)

(5.93)

(5.94)

Using the expansions of eq. (5.84)-(5.86) in eq. (5.79) and the fact that, by definition, G+ A

vanishes at the minimum, we have through three-loop order:

19,0 (g L9C
10 ~ ~ 10G 1 0A
A = — 27O 1742200 ) Pl vAC D707\ ittt
10 ~ ~ 10G ~ 1 0A 1 0A
Ar = —— 1O G070} Vil @2 Y21 W)= Y22
3 ¢>8¢>V 0)+V (0)¢8¢>+V (0)¢8¢> +V (0)¢8¢>’

(5.95)
(5.96)

(5.97)
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with ¢ = v. Now one can use:

10G
e o, (5.98)
%%_A(bl = [6AA(R) — 1202 A(t) 4 3g2A(W) + 3(g* + ¢ A(Z) /2] | ¢

+12)\% — 6y} + 15¢*/8 + 5g%g"* /4 + 54'*/8 (5.99)

together with the derivatives of the two-loop and three-loop basis functions as given in

ref. [51], to iteratively evaluate A;, Ay, and Az. As mentioned above, the first two were
already given above in egs. (4.19) and (4.20) of ref. [94], and all three are given in the

ancillary electronic file SMDeltas.anc distributed with the present paper. These results are
given in terms of basis functions with arguments h,¢, W, Z,0 and MS renormalization scale

(). The complete lists of the specific one-loop, two-loop, and three-loop basis functions

needed are:
U = {A(h), A(t), A(W), A(Z)}, (5.100)
T3 = {(, I(0,h, W), 1(0,h, Z),1(0,t, W), 1(0, W, Z), I(h, h, h),

I(h,t,t), I(h, WW),I(h,Z,Z),1(t,t,Z), [(W,W, Z)}, (5.101)
78 = {{3, F(h,0,0,t), F(h,0,0,W), F(h,0,0,Z), F(h,0,h, W), F(h,0,h, Z), F(h,0,t,1),

F(h,0,t,W), F(h,0,W,W), F(h,0,W, Z), F(h,0,7,2Z), F(h, h,t,t), F(h,h, W, W),
F(h,h,Z, Z),F(h,t,t,Z), F(h, W,W, Z), F(t,0,0,W), F(t,0,0, Z), F(t,0,h, W),
F(t,0,t,W),F(t,0,W, Z), F(t,h,t,Z), F(t,t, W,W), F(t,t, Z, Z), F(W,0,0, Z),
W,0, h, k), F(W,0, h,t), F(W,0,h, Z), F(W,0,t,t), F(W,0,t, Z), F(W,0, W, W),
W,0,2,2),F(W,h,W, Z), F(Z,0,h,h), F(Z,0,h, W), F(Z,0,t,t), F(Z,0,t, W),
Z,0,W,W),F(Z,0,W,Z),F(Z,0,Z,2),F(Z,h,t,t),F(Z h,W,W), F(0,0, h,t),
0,0,h, W), F(0,0,h, Z), F(0,0,t, W), F(0,0,t, Z), F(0,0,W, Z), F(0, h, t,1),

R

(
(
(
(
(
(
(0,h, W, W), F(0,t,t,Z), F(0,W, W, Z),G(0,0,0, h, 1), G(0,0,0,t, Z),
G(0,,t, W, W),G(h,0,0,0,W),G(h,0,0,0,Z),G(h,0,0,h,h),G(h,0,0,t,t),

(

(

(

(

(

(

(

(

oIS N>

Q

h,0,0,W, W), G(h,0,0,Z,Z),G(h,0,W,0, Z), G(h,0, W, h, h), G(h,0, W, t,1),

h, 0, W, W, W), G(h,0,W, Z, Z),G(h,0, Z, h, k), G(h,0, Z,t,t), G(h,0, Z, W, W),
G(h,0,2,2,2),G(h, b, h, h,h),G(h, h, b, t,t), G(h, h, b, W, W), G(h, h, h, Z, Z),
G(h,t,t, W,W),G(h,t,t,Z,Z),G(h, W,W, Z, Z), G(t,0,0,0, W), G(t,0,0, h, 1),
G(t,0,0,t,2),G(t,0, W, h,t), G(t,0,W,t, Z),G(t, h,t,t, Z), G(W,0,0,0, Z),
G(W,0,0,h, W), G(W,0,0,W, Z), G(W, 0, h,0,t), G(W,0, h,0, Z), G(W, 0, h, h, W),
G(W,0,h, W, Z),G(W,0,t,0, Z), G(W,0,t, h, W), G(W,0,t, W, Z), G(W,0, Z, h, W),
G(W,0,2, W, 2),G(W,h, W, W, Z),G(Z,0,0, h, Z), G(Z,0,0,t,t), G(Z,0,0, W, W),

Q
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G(Z,0,h,0,W),G(Z,0,h, h,Z),G(Z,0,h,t,t),G(Z,0,h,W,W),G(Z,0,W, h, Z),
G(Z,0,W,t, 1), G(Z,0,W,W,W),G(Z, h, Z,t,t),G(Z, h, Z, W, W), G(Z, t,t, W, W),
H(0,0,0,0,0, k), H(0,0,0,0,0,), H(0,0,0,0,0, W), H(0,0,0,0,0, Z),
H(0,0,0,0,h, W), H(0,0,0,0,t,t), H(0,0,0,0,¢ W), H(0,0,0,0, W, W),
[(0,0,0,0,W, Z), H(0,0,0, h,t,t), H(0,0,0, h, W, W), H(0,0,0, h, Z, Z),
H(0,0,0,t,t,2), H(0,0,0, W, W, Z), H(0,0, h,0, W, W), H(0,0, h, h, W, W),
H(0,0,h,h, Z,Z), H(0,0,h,W,0,0), H(0,0, h, W,0, Z), H(0,0, h, W, W, Z),
H(0,0,h, Z,0,0), H(0,0, h, Z,0,W), H(0,0, h, Z,W,W), H(0,0,t,0,, W),
H(0,0,t,0, W, W), H(0,0,t, h,t,t), H(0,0,¢,W,0,t), H(0,0,¢, Z,0,0),
H(0,0,t,Z,0,W), H(0,0,t, Z,W, W), H(0,0,W,0, W, Z), H(0,0, W, h, h, h),
(0,0, W, h, Z, Z), H(0,0,W,t, h,t), H(0,0,W,t,t, Z), H(0,0, W, W,0,0),
(0,0, W, W, 0, ), H(0,0, W, W,0, W), H(0,0, W, W,0, Z), H(0,0, W, W, h, W),
(0,0, W, W, W, Z), H(0,0, W, Z,0,0), H(0,0, W, Z,0, h), H(0,0, W, Z, h, Z),
(
(
(
(
(
(
(
(
(
(

=

H

T =

0,0,W, Z,t,t),H(0,0,Z,h, h,h), H(0,0,Z,h, W,W), H(0,0, Z,W,h, W),
H(0,0,Z,7,0,0),H(0,0,Z, Z,0,W), H(0,0, Z, Z W, W), H(0, h, h, W, h, W),
H(0,h,h, Z,h,Z), H(0,h,t, Z,t,t), HO,h, W,W, W, h), H(0, h, W, W, W, Z),

0,h, Z,W, Z,W),H(0,h, Z, Z, Z,h), H(0,t,t,t,0,t), H(0,t,t,t,h,t),
H(0,t,t,¢,2,t), H(0,t,t,W,0,W), H(0,t,t, W,h, W), H(0,t,t, W, Z,W),

H(O, W, W, W.0,W), H(0, W, W, W, h, W), HO,W, W, W, Z,W), H(0, W, W, Z, h, Z),
H(O,W, Z,Z,W,W),H(h,h,h,h,h,h), H(h,h,t, h,tt), H(h,h, W, h, W, W),
H(h,h, Z,h, Z,Z), H(h, t,t,t,h,t), H(h,t,t,t,Z,t), H(h,t, Z,t,t,Z),

H(h, W, W, W, h, W), H(h, W, W, W, Z, W), H(h, W, Z, W, W, Z),
H(h,Z,2,Z,h,Z),H(t,t, Z, Z t,t), HW,W, Z, Z, W,W)}. (5.102)

=

(Recall that this choice of basis functions is not unique, because of the identities mentioned
at the end of section II.) The form of the result is then

As = > TP+ BV +Z A e T A Al A
7 @] 1,7,k
LY Tz Z MW7) 4 () (5.103)

Z‘?j

with coefficients that are built out of g3, g, ¢’, v, A, and ¢?, and are given in SMDeltas.anc.
The result for Az extends the partial result (in the approximation that g2,y > ¢2, g2, \)
given in eq. (4.21) of ref. [94]. The expression for Ay is known at leading order in QCD only,
and was given in eq. (5.5) [see also eqs. (4.39) and (4.40)] of ref. [7].

As a check, one can demand that eq. (5.92) satisfies renormalization group scale invari-
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ance. This condition takes the form, for each loop order /:

8
g = —0B = 2050 + 06 (8,3 /m?) *Z{ﬁ 2 "”JA@ i

(5.104)

where ¢ = v at the minimum of the potential, and X is summed over g3, g, ¢, y;, A, and ¢.
I have verified eq. (5.104) for each of £ = 1,2,3, using the results above.

VI. OUTLOOK

In this paper I have provided the results for the effective potential at full three-loop order
for a general renormalizable theory, in the MS scheme and using Landau gauge fixing. The
results for the Standard Model provided in section V allow the most accurate theoretical
determination possible at this time for the relationship between the Higgs VEV and the
Lagrangian parameters, including the negative Higgs squared mass parameter m?. In prac-
tice, this can be used to eliminate m? and G in favor of v (and H = 3\v? + m? in favor of
h = 2X\v?), from other calculations in which they appear. A study of the numerical impact
of the three-loop contributions is not given here, but will appear in future work. This is
also part of a larger program, as begun in refs. [39-42], to obtain high-precision results for
the pole masses of the Standard Model particles, and other observables, in the tadpole-free
pure MS scheme.

In general, three-loop order contributions to the effective potential can suffer from vari-
ous kinds of infrared divergences that arise due to doubled propagators carrying the same
momentum and small squared masses. The problematic contributions associated with Gold-
stone bosons are eliminated by resummation. The infrared divergences associated with
doubled gluon propagators cancel completely after including all diagrams at three-loop or-
der. T also found an uncanceled infrared divergence from doubled photon propagators in
the three-loop Standard Model effective potential; this can be eliminated by resummation
of photon self-energies, but it is actually benign even without doing so, provided that one
resums the Goldstone boson contributions.

One might also worry about the case of doubled massless or light fermion propagators,
for example in models of supersymmetry breaking such as the O’Raifeartaigh model [103]
that feature massless goldstino fermions. However, the results above show explicitly that,
as suggested by power counting arguments, there are no such infrared divergences from
massless fermions (no “goldstino catastrophe”) at three-loop order.

The MS renormalization scheme based on dimensional regularization does not respect
supersymmetry when there are gauge fields present. Therefore, the results given here are
not of direct applicability to softly broken supersymmetric gauge theories, such as realistic
supersymmetric extensions of the Standard Model. Further work will be needed in order to
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obtain the three-loop effective potential in the DR’ renormalization scheme [104] based on
regularization by dimensional reduction [105-107], which is appropriate for such theories.

Acknowledgments: This work was supported in part by the National Science Foundation

grant number PHY-1417028. This work was performed in part at the Aspen Center for
Physics, which is supported by National Science Foundation grant PHY-1607611.

[1]

S

12)
13)
[14]
15)
16]

[17]

S. R. Coleman and E. J. Weinberg, “Radiative Corrections as the Origin of Spontaneous
Symmetry Breaking,” Phys. Rev. D 7, 1888 (1973).

R. Jackiw, “Functional evaluation of the effective potential,” Phys. Rev. D 9, 1686 (1974).
M. Sher, “Electroweak Higgs Potentials and Vacuum Stability,” Phys. Rept. 179, 273 (1989),
and references therein.

C. Ford, I. Jack and D.R.T. Jones, “The Standard model effective potential at two loops,”
Nucl. Phys. B 387, 373 (1992) [Erratum-ibid. B 504, 551 (1997)] [hep-ph/0111190]. See also
C. Ford and D. R. T. Jones, “The Effective potential and the differential equations method
for Feynman integrals,” Phys. Lett. B 274, 409 (1992) [Erratum-ibid. B 285, 399 (1992)].
S.P. Martin, “T'wo loop effective potential for a general renormalizable theory and softly
broken supersymmetry,” Phys. Rev. D 65, 116003 (2002) [hep-ph/0111209].

S. P. Martin, “Three-loop Standard Model effective potential at leading order in strong and
top Yukawa couplings,” Phys. Rev. D 89, no. 1, 013003 (2014) [arXiv:1310.7553 [hep-ph]].
S. P. Martin, “Four-loop Standard Model effective potential at leading order in QCD,” Phys.
Rev. D 92, no. 5, 054029 (2015) [arXiv:1508.00912 [hep-ph]].

M. Lindner, M. Sher and H. W. Zaglauer, “Probing Vacuum Stability Bounds at the Fermilab
Collider,” Phys. Lett. B 228, 139 (1989).

P. B. Arnold and S. Vokos, “Instability of hot electroweak theory: bounds on m(H) and
M(t),” Phys. Rev. D 44, 3620 (1991).

C. Ford, D. R. T. Jones, P. W. Stephenson and M. B. Einhorn, “The Effective potential and
the renormalization group,” Nucl. Phys. B 395, 17 (1993) [hep-lat/9210033].

J. A. Casas, J. R. Espinosa and M. Quiros, “Improved Higgs mass stability bound in
the standard model and implications for supersymmetry,” Phys. Lett. B 342, 171 (1995)
[hep-ph/9409458].

J. R. Espinosa and M. Quiros, “Improved metastability bounds on the standard model Higgs
mass,” Phys. Lett. B 353, 257 (1995) [hep-ph/9504241].

J. A. Casas, J. R. Espinosa and M. Quiros, “Standard model stability bounds for new physics
within LHC reach,” Phys. Lett. B 382, 374 (1996) [hep-ph/9603227].

G. Isidori, G. Ridolfi and A. Strumia, “On the metastability of the standard model vacuum,”
Nucl. Phys. B 609, 387 (2001) [hep-ph/0104016].

M. B. Einhorn and D. R. T. Jones, “The Effective potential, the renormalisation group and
vacuum stability,” JHEP 0704, 051 (2007) [hep-ph/0702295 [HEP-PH]].

J. R. Espinosa, G. F. Giudice and A. Riotto, “Cosmological implications of the Higgs mass
measurement,” JCAP 0805, 002 (2008) [arXiv:0710.2484 [hep-ph]].

N. Arkani-Hamed, S. Dubovsky, L. Senatore and G. Villadoro, “(No) Eternal Inflation and


http://arxiv.org/abs/hep-ph/0111190
http://arxiv.org/abs/hep-ph/0111209
http://arxiv.org/abs/1310.7553
http://arxiv.org/abs/1508.00912
http://arxiv.org/abs/hep-lat/9210033
http://arxiv.org/abs/hep-ph/9409458
http://arxiv.org/abs/hep-ph/9504241
http://arxiv.org/abs/hep-ph/9603227
http://arxiv.org/abs/hep-ph/0104016
http://arxiv.org/abs/hep-ph/0702295
http://arxiv.org/abs/0710.2484

44

Precision Higgs Physics,” JHEP 0803, 075 (2008) [arXiv:0801.2399 [hep-ph]].

F. Bezrukov and M. Shaposhnikov, “Standard Model Higgs boson mass from inflation: Two
loop analysis,” JHEP 0907, 089 (2009) [arXiv:0904.1537 [hep-ph]].

J. Ellis, J. R. Espinosa, G. F. Giudice, A. Hoecker and A. Riotto, “The Probable Fate of the
Standard Model,” Phys. Lett. B 679, 369 (2009) [arXiv:0906.0954 [hep-ph]].

J. Elias-Miro, J. R. Espinosa, G. F. Giudice, G. Isidori, A. Riotto and A. Strumia, “Higgs
mass implications on the stability of the electroweak vacuum,” Phys. Lett. B 709, 222 (2012)
[arXiv:1112.3022 [hep-ph]].

S. Alekhin, A. Djouadi and S. Moch, “The top quark and Higgs boson masses and the stability
of the electroweak vacuum,” Phys. Lett. B 716, 214 (2012) [arXiv:1207.0980 [hep-ph]].

F. Bezrukov, M. Y. Kalmykov, B. A. Kniehl and M. Shaposhnikov, “Higgs Boson Mass and
New Physics,” JHEP 1210, 140 (2012) [arXiv:1205.2893 [hep-ph]].

G. Degrassi, S. Di Vita, J. Elias-Miro, J. R. Espinosa, G. F. Giudice, G. Isidori and A. Stru-
mia, “Higgs mass and vacuum stability in the Standard Model at NNLO,” JHEP 1208, 098
(2012) [arXiv:1205.6497 [hep-ph]].

D. Buttazzo, G. Degrassi, P. P. Giardino, G. F. Giudice, F. Sala, A. Salvio and A. Stru-
mia, “Investigating the near-criticality of the Higgs boson,” JHEP 1312, 089 (2013)
[arXiv:1307.3536 [hep-ph]].

F. Jegerlehner, M. Y. Kalmykov and B. A. Kniehl, “About the EW contribution to the
relation between pole and MS-masses of the top-quark in the Standard Model,” PoS DIS
2013, 190 (2013) [arXiv:1307.4226 [hep-ph]].

A. V. Bednyakov, A. F. Pikelner and V. N. Velizhanin, “Three-loop Higgs self-coupling beta-
function in the Standard Model with complex Yukawa matrices,” Nucl. Phys. B 879, 256
(2014) [arXiv:1310.3806 [hep-ph]].

L. Di Luzio and L. Mihaila, “On the gauge dependence of the Standard Model vacuum
instability scale,” JHEP 1406, 079 (2014) [arXiv:1404.7450 [hep-ph]].

A. Andreassen, W. Frost and M. D. Schwartz, “Consistent Use of Effective Potentials,” Phys.
Rev. D 91, no. 1, 016009 (2015) [arXiv:1408.0287 [hep-ph]].

J. R. Espinosa, G. F. Giudice, E. Morgante, A. Riotto, L. Senatore, A. Strumia and
N. Tetradis, “The cosmological Higgstory of the vacuum instability,” JHEP 1509, 174 (2015)
doi:10.1007/JHEP09(2015)174 [arXiv:1505.04825 [hep-ph]].

L. Di Luzio, G. Isidori and G. Ridolfi, “Stability of the electroweak ground state in the
Standard Model and its extensions,” Phys. Lett. B 753, 150 (2016) [arXiv:1509.05028 [hep-
ph]].

J. R. Espinosa, M. Garny, T. Konstandin and A. Riotto, “Gauge-Independent Scales Re-
lated to the Standard Model Vacuum Instability,” Phys. Rev. D 95, no. 5, 056004 (2017)
[arXiv:1608.06765 [hep-ph]].

J. Fleischer and F. Jegerlehner, “Radiative Corrections to Higgs Decays in the Extended
Weinberg-Salam Model,” Phys. Rev. D 23, 2001 (1981). do0i:10.1103/PhysRevD.23.2001

F. Jegerlehner, M. Y. Kalmykov and O. Veretin, “MS versus pole masses of gauge bosons:
Electroweak bosonic two loop corrections,” Nucl. Phys. B 641, 285 (2002) [hep-ph/0105304].
F. Jegerlehner, M. Y. Kalmykov and O. Veretin, “MS-bar versus pole masses of gauge
bosons. 2. Two loop electroweak fermion corrections,” Nucl. Phys. B 658, 49 (2003)


http://arxiv.org/abs/0801.2399
http://arxiv.org/abs/0904.1537
http://arxiv.org/abs/0906.0954
http://arxiv.org/abs/1112.3022
http://arxiv.org/abs/1207.0980
http://arxiv.org/abs/1205.2893
http://arxiv.org/abs/1205.6497
http://arxiv.org/abs/1307.3536
http://arxiv.org/abs/1307.4226
http://arxiv.org/abs/1310.3806
http://arxiv.org/abs/1404.7450
http://arxiv.org/abs/1408.0287
http://arxiv.org/abs/1505.04825
http://arxiv.org/abs/1509.05028
http://arxiv.org/abs/1608.06765
http://arxiv.org/abs/hep-ph/0105304

45

[hep-ph/0212319].

B. A. Kniehl, A. F. Pikelner and O. L. Veretin, “Two-loop electroweak threshold corrections
in the Standard Model,” Nucl. Phys. B 896, 19 (2015) [arXiv:1503.02138 [hep-ph]].

B. A. Kniehl and O. L. Veretin, “T'wo-loop electroweak threshold corrections to the bottom
and top Yukawa couplings,” Nucl. Phys. B 885, 459 (2014) Erratum: [Nucl. Phys. B 894,
56 (2015)] [arXiv:1401.1844 [hep-ph]].

A. V. Bednyakov, B. A. Kniehl, A. F. Pikelner and O. L. Veretin, “On the b-quark running
mass in QCD and the SM,” Nucl. Phys. B 916, 463 (2017) [arXiv:1612.00660 [hep-ph]].

G. Degrassi, P. Gambino and P. P. Giardino, “The my, —m interdependence in the Standard
Model: a new scrutiny,” JHEP 1505, 154 (2015) [arXiv:1411.7040 [hep-ph]].

S. P. Martin and D. G. Robertson, “Higgs boson mass in the Standard Model at two-loop
order and beyond,” Phys. Rev. D 90, no. 7, 073010 (2014) [arXiv:1407.4336 [hep-ph]].

S. P. Martin, “Pole mass of the W boson at two-loop order in the pure M S scheme,” Phys.
Rev. D 91, no. 11, 114003 (2015) [arXiv:1503.03782 [hep-ph]].

S. P. Martin, “Z-boson pole mass at two-loop order in the pure MS scheme,” Phys. Rev. D
92, no. 1, 014026 (2015) [arXiv:1505.04833 [hep-ph]].

S. P. Martin, “Top-quark pole mass in the tadpole-free MS scheme,” Phys. Rev. D 93, no.
9, 094017 (2016) [arXiv:1604.01134 [hep-ph]].

W. A. Bardeen, A. J. Buras, D. W. Duke and T. Muta, “Deep Inelastic Scattering Beyond
the Leading Order in Asymptotically Free Gauge Theories,” Phys. Rev. D 18, 3998 (1978).
E. Braaten and J. P. Leveille, “Minimal Subtraction and Momentum Subtraction in QCD at
Two Loop Order,” Phys. Rev. D 24, 1369 (1981).

C. G. Bollini and J. J. Giambiagi, “Dimensional Renormalization: The Number of Dimen-
sions as a Regularizing Parameter,” Nuovo Cim. B 12, 20 (1972). C. G. Bollini and J. J. Gi-
ambiagi, “Lowest order divergent graphs in nu-dimensional space,” Phys. Lett. B 40, 566
(1972).

J. F. Ashmore, “A Method of Gauge Invariant Regularization,” Lett. Nuovo Cim. 4, 289
(1972).

G. M. Cicuta and E. Montaldi, “Analytic renormalization via continuous space dimension,”
Lett. Nuovo Cim. 4, 329 (1972).

G. ’t Hooft and M. J. G. Veltman, “Regularization and Renormalization of Gauge Fields,”
Nucl. Phys. B 44, 189 (1972).

G. ’t Hooft, “Dimensional regularization and the renormalization group,” Nucl. Phys. B 61,
455 (1973).

H. K. Dreiner, H. E. Haber and S. P. Martin, “T'wo-component spinor techniques and
Feynman rules for quantum field theory and supersymmetry,” Phys. Rept. 494, 1 (2010)
[arXiv:0812.1594 [hep-ph]].

S. P. Martin and D. G. Robertson, “Evaluation of the general 3-loop vacuum Feynman
integral,” Phys. Rev. D 95, no. 1, 016008 (2017) [arXiv:1610.07720 [hep-ph]].

A. Freitas, “Three-loop vacuum integrals with arbitrary masses,” JHEP 1611, 145 (2016)
[arXiv:1609.09159 [hep-ph]].

S. Bauberger and A. Freitas, “T'VID: Three-loop Vacuum Integrals from Dispersion rela-
tions,” arXiv:1702.02996 [hep-ph].


http://arxiv.org/abs/hep-ph/0212319
http://arxiv.org/abs/1503.02138
http://arxiv.org/abs/1401.1844
http://arxiv.org/abs/1612.00660
http://arxiv.org/abs/1411.7040
http://arxiv.org/abs/1407.4336
http://arxiv.org/abs/1503.03782
http://arxiv.org/abs/1505.04833
http://arxiv.org/abs/1604.01134
http://arxiv.org/abs/0812.1594
http://arxiv.org/abs/1610.07720
http://arxiv.org/abs/1609.09159
http://arxiv.org/abs/1702.02996

[54]

[70]

46

A. 1. Davydychev and J. B. Tausk, “Two loop selfenergy diagrams with different masses and
the momentum expansion,” Nucl. Phys. B 397, 123 (1993). A. I. Davydychev, V. A. Smirnov
and J. B. Tausk, “Large momentum expansion of two loop selfenergy diagrams with arbitrary
masses,” Nucl. Phys. B 410, 325 (1993) [hep-ph/9307371]. F. A. Berends and J. B. Tausk,
“On the numerical evaluation of scalar two loop selfenergy diagrams,” Nucl. Phys. B 421,
456 (1994).

M. Caffo, H. Czyz, S. Laporta and E. Remiddi, “The Master differential equations for the
two loop sunrise selfmass amplitudes,” Nuovo Cim. A 111, 365 (1998) [hep-th/9805118].

J. R. Espinosa and R. J. Zhang, “Complete two loop dominant corrections to the mass of the
lightest CP even Higgs boson in the minimal supersymmetric standard model,” Nucl. Phys.
B 586, 3 (2000) [hep-ph/0003246].

D. J. Broadhurst, “Three loop on-shell charge renormalization without integration: Lambda-
MS (QED) to four loops,” Z. Phys. C 54, 599 (1992).

L. Avdeev, J. Fleischer, S. Mikhailov and O. Tarasov, “O(aa?) correction to the elec-
troweak rho parameter,” Phys. Lett. B 336, 560 (1994) [Phys. Lett. B 349, 597 (1995)]
[hep-ph/9406363].

J. Fleischer and O. V. Tarasov, “Application of conformal mapping and Padé approximants
(wP's) to the calculation of various two-loop Feynman diagrams,” Nucl. Phys. Proc. Suppl.
37B, no. 2, 115 (1994) [hep-ph/9407235].

L. V. Avdeev, “Recurrence relations for three loop prototypes of bubble diagrams with a
mass,” Comput. Phys. Commun. 98, 15 (1996) [hep-ph/9512442].

D. J. Broadhurst, “Massive three-loop Feynman diagrams reducible to SC* primitives of
algebras of the sixth root of unity,” Eur. Phys. J. C 8, 311 (1999) [hep-th/9803091].

J. Fleischer and M. Y. Kalmykov, “Single mass scale diagrams: Construction of a basis for
the epsilon expansion,” Phys. Lett. B 470, 168 (1999) [hep-ph/9910223].

Y. Schréder and A. Vuorinen, “High-precision epsilon expansions of single-mass-scale four-
loop vacuum bubbles,” JHEP 0506, 051 (2005) [hep-ph/0503209].

A. 1. Davydychev and M. Y. Kalmykov, “Massive Feynman diagrams and inverse binomial
sums,” Nucl. Phys. B 699, 3 (2004) [hep-th/0303162].

M. Y. Kalmykov, “About higher order epsilon-expansion of some massive two- and three-loop
master-integrals,” Nucl. Phys. B 718, 276 (2005) [hep-ph/0503070].

M. Y. Kalmykov, “Gauss hypergeometric function: Reduction, epsilon-expansion for
integer /half-integer parameters and Feynman diagrams,” JHEP 0604, 056 (2006)
[hep-th/0602028].

V. V. Bytev, M. Kalmykov, B. A. Kniehl, B. F. L. Ward and S. A. Yost, “Differential Reduc-
tion Algorithms for Hypergeometric Functions Applied to Feynman Diagram Calculation,”
[0902.1352].

S. Bekavac, A. G. Grozin, D. Seidel and V. A. Smirnov, “Three-loop on-shell Feynman
integrals with two masses,” Nucl. Phys. B 819, 183 (2009) [hep-ph/0903.4760].

V. V. Bytev, M. Y. Kalmykov and B. A. Kniehl, “Differential reduction of generalized hy-
pergeometric functions from Feynman diagrams: One-variable case,” Nucl. Phys. B 836, 129
(2010) [0904.0214].

Version v2 of arXiv preprint of V. V. Bytev, M. Y. Kalmykov and B. A. Kniehl, “HYPER-


http://arxiv.org/abs/hep-ph/9307371
http://arxiv.org/abs/hep-th/9805118
http://arxiv.org/abs/hep-ph/0003246
http://arxiv.org/abs/hep-ph/9406363
http://arxiv.org/abs/hep-ph/9407235
http://arxiv.org/abs/hep-ph/9512442
http://arxiv.org/abs/hep-th/9803091
http://arxiv.org/abs/hep-ph/9910223
http://arxiv.org/abs/hep-ph/0503209
http://arxiv.org/abs/hep-th/0303162
http://arxiv.org/abs/hep-ph/0503070
http://arxiv.org/abs/hep-th/0602028

[36]
[87]
[38]
[89]

[90]

47

DIRE, HYPERgeometric functions Dlfferential REduction: MATHEMATICA-based pack-
ages for differential reduction of generalized hypergeometric functions ,F,_1, F1,F»,F3,Fy,”
Comput. Phys. Commun. 184, 2332 (2013) [arXiv:1105.3565 [math-ph]].

J. Grigo, J. Hoff, P. Marquard and M. Steinhauser, “Moments of heavy quark correlators
with two masses: exact mass dependence to three loops,” Nucl. Phys. B 864, 580 (2012)
[1206.3418].

M. Steinhauser, “MATAD: A Program package for the computation of MAssive TADpoles,”
Comput. Phys. Commun. 134, 335 (2001) [hep-ph/0009029].

P. Burda, B. Kol and R. Shir, “The vacuum seagull: evaluating a 3-loop Feynman diagram
with 3 mass scales,” arXiv:1704.02187 [hep-th].

J. Wess and B. Zumino, “Supergauge Transformations in Four-Dimensions,” Nucl. Phys. B
70, 39 (1974).

J. Wess and B. Zumino, “A Lagrangian Model Invariant Under Supergauge Transformations,”
Phys. Lett. 49B, 52 (1974).

S. P. Martin, “A Supersymmetry primer,” [hep-ph/9709356], version 7 (2016).

L. V. Avdeev, S. G. Gorishnii, A. Y. Kamenshchik and S. A. Larin, “Four Loop Beta Function
in the Wess-Zumino Model,” Phys. Lett. 117B, 321 (1982).

I. Jack, D. R. T. Jones and C. G. North, “N=1 supersymmetry and the three loop anomalous
dimension for the chiral superfield,” Nucl. Phys. B 473, 308 (1996) [hep-ph/9603386].

B. Zumino, “Supersymmetry and the Vacuum,” Nucl. Phys. B 89, 535 (1975).

M. E. Machacek and M. T. Vaughn, “T'wo Loop Renormalization Group Equations in a
General Quantum Field Theory. 1. Wave Function Renormalization,” Nucl. Phys. B 222, 83
(1983).

M. E. Machacek and M. T. Vaughn, “T'wo Loop Renormalization Group Equations in a
General Quantum Field Theory. 2. Yukawa Couplings,” Nucl. Phys. B 236, 221 (1984).

I. Jack and H. Osborn, “General Background Field Calculations With Fermion Fields,” Nucl.
Phys. B 249, 472 (1985).

M. E. Machacek and M. T. Vaughn, “T'wo Loop Renormalization Group Equations in a
General Quantum Field Theory. 3. Scalar Quartic Couplings,” Nucl. Phys. B 249, 70 (1985).
K. G. Chetyrkin and M. F. Zoller, “Three-loop S-functions for top-Yukawa and the Higgs
self-interaction in the Standard Model,” JHEP 1206, 033 (2012) [arXiv:1205.2892 [hep-ph]].
K. G. Chetyrkin and M. F. Zoller, “B-function for the Higgs self-interaction in the Standard
Model at three-loop level,” JHEP 1304, 091 (2013) Erratum: [JHEP 1309, 155 (2013)]
[arXiv:1303.2890 [hep-ph]].

A. V. Bednyakov, A. F. Pikelner and V. N. Velizhanin, “Higgs self-coupling beta-function in
the Standard Model at three loops,” Nucl. Phys. B 875, 552 (2013) [1303.4364 [hep-ph]].
T. van Ritbergen, J. A. M. Vermaseren and S. A. Larin, “The Four loop beta function in
quantum chromodynamics,” Phys. Lett. B 400, 379 (1997) [hep-ph/9701390].

M. Czakon, “The Four-loop QCD beta-function and anomalous dimensions,” Nucl. Phys. B
710, 485 (2005) [hep-ph/0411261].

K. G. Chetyrkin, “Quark mass anomalous dimension to O (alpha-s**4),” Phys. Lett. B 404,
161 (1997) [hep-ph/9703278].

J. A. M. Vermaseren, S. A. Larin and T. van Ritbergen, “The four loop quark mass anomalous


http://arxiv.org/abs/1105.3565
http://arxiv.org/abs/hep-ph/0009029
http://arxiv.org/abs/1704.02187
http://arxiv.org/abs/hep-ph/9709356
http://arxiv.org/abs/hep-ph/9603386
http://arxiv.org/abs/1205.2892
http://arxiv.org/abs/1303.2890
http://arxiv.org/abs/hep-ph/9701390
http://arxiv.org/abs/hep-ph/0411261
http://arxiv.org/abs/hep-ph/9703278

[100]
[101]
[102]
[103]

[104]

[105]

[106]

[107]

48

dimension and the invariant quark mass,” Phys. Lett. B 405, 327 (1997) [hep-ph/9703284].
P. A. Baikov, K. G. Chetyrkin and J. H. Kiihn, “Quark Mass and Field Anomalous Dimen-
sions to O(a?),” JHEP 1410, 076 (2014) [arXiv:1402.6611 [hep-ph]].

P. Marquard, A. V. Smirnov, V. A. Smirnov and M. Steinhauser, “Quark Mass Relations
to Four-Loop Order in Perturbative QCD,” Phys. Rev. Lett. 114, no. 14, 142002 (2015)
[arXiv:1502.01030 [hep-ph]].

K. G. Chetyrkin and M. F. Zoller, “Leading QCD-induced four-loop contributions to the [-
function of the Higgs self-coupling in the SM and vacuum stability,” JHEP 1606, 175 (2016)
[arXiv:1604.00853 [hep-ph]].

S. P. Martin, “Taming the Goldstone contributions to the effective potential,” Phys. Rev. D
90, no. 1, 016013 (2014) [arXiv:1406.2355 [hep-ph]].

J. Elias-Miro, J. R. Espinosa and T. Konstandin, “Taming Infrared Divergences in the Ef-
fective Potential,” JHEP 1408, 034 (2014) [arXiv:1406.2652 [hep-ph]].

A. Pilaftsis and D. Teresi, “Symmetry Improved 2PI Effective Action and the Infrared
Divergences of the Standard Model,” J. Phys. Conf. Ser. 631, no. 1, 012008 (2015)
[arXiv:1502.07986 [hep-ph]].

A. Pilaftsis and D. Teresi, “Symmetry-Improved 2PI Approach to the Goldstone-Boson IR
Problem of the SM Effective Potential,” Nucl. Phys. B 906, 381 (2016) [1511.05347 [hep-ph]].
N. Kumar and S. P. Martin, “Resummation of Goldstone boson contributions to the MSSM
effective potential,” Phys. Rev. D 94, no. 1, 014013 (2016) [arXiv:1605.02059 [hep-ph]].

J. R. Espinosa, M. Garny and T. Konstandin, “Interplay of Infrared Divergences and
Gauge-Dependence of the Effective Potential,” Phys. Rev. D 94, no. 5, 055026 (2016)
[arXiv:1607.08432 [hep-ph]].

J. Braathen and M. D. Goodsell, “Avoiding the Goldstone Boson Catastrophe in general
renormalisable field theories at two loops,” JHEP 1612, 056 (2016) [1609.06977 [hep-ph]].
A. Pilaftsis and D. Teresi, “Exact RG Invariance and Symmetry Improved 2PI Effective
Potential,” Nucl. Phys. B 920, 298 (2017) [arXiv:1703.02079 [hep-ph]].

J. Braathen, M. D. Goodsell and F. Staub, “Supersymmetric and non-supersymmetric models
without catastrophic Goldstone bosons,” arXiv:1706.05372 [hep-ph].

L. O’Raifeartaigh, “Spontaneous Symmetry Breaking for Chiral Scalar Superfields,” Nucl.
Phys. B 96, 331 (1975). doi:10.1016,/0550-3213(75)90585-4

I. Jack, D. R. T. Jones, S. P. Martin, M. T. Vaughn and Y. Yamada, “Decoupling of
the epsilon scalar mass in softly broken supersymmetry,” Phys. Rev. D 50, R5481 (1994)
[hep-ph/9407291].

W. Siegel, “Supersymmetric Dimensional Regularization via Dimensional Reduction,” Phys.
Lett. 84B, 193 (1979). doi:10.1016,/0370-2693(79)90282-X

D. M. Capper, D. R. T. Jones and P. van Nieuwenhuizen, “Regularization by Dimensional
Reduction of Supersymmetric and Nonsupersymmetric Gauge Theories,” Nucl. Phys. B 167,
479 (1980). doi:10.1016,/0550-3213(80)90244-8

I. Jack and D. R. T. Jones, “Regularization of supersymmetric theories,” [hep-ph/9707278].


http://arxiv.org/abs/hep-ph/9703284
http://arxiv.org/abs/1402.6611
http://arxiv.org/abs/1502.01030
http://arxiv.org/abs/1604.00853
http://arxiv.org/abs/1406.2355
http://arxiv.org/abs/1406.2652
http://arxiv.org/abs/1502.07986
http://arxiv.org/abs/1605.02059
http://arxiv.org/abs/1607.08432
http://arxiv.org/abs/1703.02079
http://arxiv.org/abs/1706.05372
http://arxiv.org/abs/hep-ph/9407291
http://arxiv.org/abs/hep-ph/9707278

	 Contents
	I Introduction 
	II Conventions and setup 
	III Three-loop contributions to the effective potential
	A Feynman diagrams
	B Pure scalar contributions
	C Scalar and fermion contributions
	D Scalar and vector (and ghost) contributions
	E Fermion and vector (and ghost) contributions
	F Scalar, fermion, and vector contributions
	G Pure vector and ghost contributions
	H Comments on the general results

	IV The Wess-Zumino model
	V The Standard Model
	A Standard Model effective potential at three-loop order 
	B Goldstone boson resummation of the Standard Model effective potential
	C The Standard Model Higgs VEV at three-loop order

	VI Outlook
	 References

