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Within a spontaneously broken gauge group we carefully analyze and calculate triple gauge boson
vertices dominated by triangle one-loop Feynman diagrams involving heavy fermions compared to
external momenta and gauge boson masses. We perform our calculation strictly in four dimensions and
derive a general formula for the off-shell, one-particle irreducible (1PI) effective vertex which satisfies the
relevant Ward Identities and the Goldstone boson equivalence theorem. Our goal is to search for
nondecoupling heavy fermion effects highlighting their synergy with gauge chiral anomalies.
Particularly in the standard model, we find that when the arbitrary anomaly parameters are fixed by
gauge invariance and/or Bose symmetry, the heavy fermion contribution cancels its anomaly contribution
leaving behind anomaly and mass independent contributions from the light fermions. We apply these
results in calculating the corresponding CP-invariant one-loop induced corrections to triple gauge boson
vertices in the SM, minimal Z' models as well as their extensions with a fourth fermion generation, and

compare with experimental data.
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I. INTRODUCTION

In general, the Appelquist-Carazzone [1] theorem states
that the effect from a heavy fermion mass m at low energy
observables is suppressed by powers of m. However, this
theorem does not hold for theories with chiral gauge cou-
plings or large mass splitting within gauge multiplets, a
situation known to take place in the minimal Standard
Model (SM) of particle physics [2—4]. Failure of the de-
coupling of a heavy fermion from radiative corrections
requires breaking of a local gauge symmetry and, in addi-
tion, breaking of a global symmetry by these corrections
[5.,6].

Another aspect of theories with chiral gauge couplings is
the Adler-Bell-Jackiw or chiral anomaly [7—10]. This is the
situation where certain classical Ward Identities (WIs) are
violated by quantum corrections (for reviews see [11-13]).
For a model that is non-anomaly free, anomalous Ward
Identities render it nonrenormalizable and nonunitary. This
problem shows up in every symmetry breaking stage of
the model. In order to cancel chiral anomalies associated
with axial (AAA) or vector-axial (VVA) currents in gauge
theories, we either need to stick to only by-construction
anomaly-free gauge groups, or, to introduce additional
chiral femionic fields [14,15].

An energy region of experimental interest corresponds
to the case where a fermion mass m is very heavy, m% <
s << m?, so that it cannot be pair-produced at Tevatron,
LHC or a future lepton-collider. If this fermion is chiral
i.e., it receives its mass from the Higgs mechanism which
is also responsible for the gauge boson mass, then the
question of the decoupling of this particle would cause a
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problem in anomaly cancellation and therefore to gauge
invariance. This question has been tackled in many papers
in the literature most notably by D’Hoker and Farhi in
Refs. [16,17]: decoupling of a fermion whose mass is
generated by a Yukawa coupling induces an action func-
tional of the Higgs field and gauge boson fields term,
analogous to Wess-Zumino-Witten (WZW) term [18,19]
in chiral Lagrangian. Then D’Hoker and Farhi showed that
the theory without the decoupled fermion but with the
WZW term is gauge invariant. Applications of this non-
decoupling effect have been utilized in many physics
projects from hadronic up to electroweak physics of the
SM and beyond; see, for example, Refs. [20-26]. However,
to our knowledge, the above conclusion has not been drawn
in the broken phase of theories with spontaneous gauge
symmetry breaking like the SM. It is after all meaningful to
discuss nondecoupling effects only in theories where the
physical masses appear explicitly.

The problem when discussing decoupling effects or in
general physics associated with the fermionic triangle
graph is related to the question: what is the correct result
for such a graph? The answer depends on the physical set-
up in which it arises [27]. For example, as we shall show
below in the case of SM, gauge invariance and Bose
symmetry are enough to set the triple neutral gauge boson
vertices finite and well defined. Only then can we reach the
conclusions for the theory at the heavy fermion mass limit.

If the SM gauge group is extended by extra U(1)’s then
anomaly cancellation conditions become more involved.
Recently, the authors of Refs. [28,29] noted that such
cancellations may occur inside a ““cluster” of anomaly-
free heavy fermion sector which is not accessible by the
current colliders, leaving behind nondecoupling effects in
trilinear gauge boson vertices of the extra massive gauge
boson Z' and those of the SM Z'ZZ, ZZWW, Z' Z~y that may
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be observable at low energies. These effects are visible in
the energy region where M, ~ gv < /s < m ~ Av. For
these nondecoupling effects to occur it is necessary for
fermions and gauge bosons to receive mass from the same
Higgs boson and there must be a hierarchy between
Yukawa and gauge coupling, A ~ O(1) >> g. In this paper
we also elaborate on this issue categorising conditions
among couplings where such a situation occurs. We then
present a few toy-model examples with two or three differ-
ent external gauge bosons.

We note in passing that, within field theory, mixed
anomaly cancellations via 4d Green-Shwartz mechanism
have been discussed and analyzed phenomenologically in
many papers e.g. [30-35].

Our goal here is to construct a perturbative, gauge
invariant one-loop proper effective vertex for three external
gauge bosons that incorporates both chiral anomaly ambi-
guities together with nondecoupling effects induced by
heavy fermions in an explicit manner. We would like to
apply this effective vertex in order to:

(1) investigate the interplay between chiral anomaly
effects and nondecoupling effects of individual par-
ticles in trilinear gauge boson vertices in the SM and
its extensions,

(i1) categorise all possible models of mixed anomaly
cancellations and nondecoupling effects of very
heavy fermions that are directly unreachable at the
LHC,

(iii) search for phenomenological
colliders.

General Lorentz-invariant expressions for three gauge
boson vertices have been analyzed in detail in
Refs. [36,37]. One-loop corrections in the SM for the
VWW, V = Z, v using dimensional regularization were
considered in [5] with special emphasis on the nondecou-
pling effects due to large doublet mass splittings. The first
correct calculation for the Zyy vertex was performed in
Ref. [38] while for ZZ7y in Ref. [39]. Phenomenological
studies including expectations for those interactions at
hadron and lepton colliders were studied in detail in
Refs. [40-43]. Finally, a complete 1PI vertex for three
off-shell gauge bosons is a useful tool in analyzing low
energy inelastic scattering processes with a photon in the
final state. Dark matter scattering off atomic electrons and
nuclei mediated by light gauge boson particles is one
application among many (see Refs. [44—46]).

The outline of our article is as follows: in Sec. II, we
first present the 1PI effective action for the triple gauge
boson vertex and then in Sec. III we discuss all possible and
general nondecoupling effects from heavy fermions. These
two sections are supplemented by three Appendices A, B,
and E, which contain all relevant details of our calculation.
The generality of 1PI vertex, I'#*?, presented in Sec. I, is
to some extend a new result. In addition, the discussion of
anomaly driven nondecoupling effects given in Sec. III, is
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also, to the best of our knowledge, a new material.
Section IV contains applications of the general vertex in
the SM, in minimal Z' models and their extensions with a
fourth sequential generation. Special care has been given to
the synergy between the chiral anomaly and the nondecou-
pling contributions in order to clarify relevant issues in the
literature. Appendices C and D deal with the evaluation of
charged external gauge boson triple vertices and with
analytical expressions of various integrals, respectively.
Section V concludes with a brief discussion of our findings.

II. THE TRILINEAR GAUGE BOSON VERTEX

In this section we briefly present the main results for the
three gauge boson 1PI vertex, ['#*7. The details of this
calculation are given in Appendices A and B. Furthermore,
the behavior of I'*”?(s) at high energies s, and issues on
gauge invariance and Goldstone boson equivalence theo-
rem are discussed in the subsequent subsections.

A. The construction of I'*”P

The relevant diagrams are depicted in Fig. 1 and their
evaluation is developed in Appendix B. What we basically
need in order to calculate the diagrams in Fig. 1 is the
interaction part of the Lagrangian

Ly D eVyr(a + Bys)VA,, (1)

where W(x) is a 4-component spinor consisting of a pair of
two Dirac fermions coupled chirally to a vector field A , (x).
Flavour or spinor indices are silently implied. We shall
assume a model interaction for Eq. (1) that arises from a
spontaneously broken Abelian gauge theory. A toy model
as such is described in Appendix A. Then « and $ in
Eq. (1) are real numbers (in units of ¢) related to linear
combinations of hypercharges [see for instance Eq. (A8)].

The integral representation for this diagram is given in
Eq. (B1). By naive power counting this integral is linearly
divergent. This means that when we make a shift of inte-
gration variable, e.g., p — p + a, the result depends upon
the choice of the arbitrary vector a*. This change is only
reflected in the form factors proportional to k; and k, in
Lorentz invariant expansion of I'*”? [see Eq. (2) below].

v
eve

FIG. 1.

The one-loop effective trilinear gauge boson vertex,
I'#7P. The crossed diagram is obtained with the replacement
{v, p} < {p, v} and k; < k,. Indices {i, j, k} denote distinct
external gauge bosons in general.
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As a result, the naive Ward Identities (WIs), Egs. (B15),
(B16), and (B18), are violated by terms that contain the
arbitrary four vector a*. It is useful to write this four vector
as a linear combination of the two independent external
momenta: a* = zk{' + wk%, with z, w arbitrary real
parameters.
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In order to write out an explicit form for the trilinear
gauge boson vertex, say for three identical massive gauge
bosons, we make use of an explicit expression for the
triangle graphs first calculated by Rosenberg [38]. The
most general form of the axial tensor I'*”?, consistent
with Lorentz and parity symmetry, is,

Trvp(ky, kysw, 2) = [Ay(ky, ko w)er P 7ky, + Ay(ky, kpi 2)e* 77k, + As(ky, ky)e*PPP kS ky gkos

+ Ay(ky, ko) e PPo kY ky ghoy + As(ky, ky)e# " POkE kyghas + Aglky, ky)e# POk ki gkas]  (2)

By naive power counting the dimensionless form factors A, , are infinite. They can be rendered finite by forcing them to
obey the relevant, albeit anomalous, Ward Identities. However, A, , are in general undetermined since they depend on
arbitrary parameters w and z. This arbitrariness can be fixed by physical requirements like, for example, conservation of
charge. On the other hand, the form factors (or integrals) A; ¢ are finite having dimension of inverse mass square. The
latter can be found independently by direct diagrammatic methods. The whole procedure is described in detail in
Appendix B.

Therefore, nondecoupling effects should originate solely from the A; and A, parts of I'**? but without any further
physical input they are undetermined. A direct calculation of A, with dimensional regularization [47] or with Pauli-
Villars regularization is not a good choice when shifting integration variables within linearly (and above) divergent
Feynman integrals in four dimensions [48-50]. The outcome for a single external gauge boson (i = j = k in Fig. 1)
triangle graph is appended in Eqgs. (B26)—(B28). From these expressions and from Eq. (2) we obtain A, (k;, k»; w) and
A,(ky, ky; ) in terms of the finite integrals A; 4. The corresponding results, in the case of three external identical gauge
bosons, are given by Egs. (B37) and (B38) while the finite integrals A; ¢ by Eqgs. (B33)—(B35).

Furthermore, although Bose symmetry could constrain the arbitrary numbers w and z, it is not enough to eliminate them
altogether: a physical condition is needed, e.g., conservation of electric charge for fermions coupled to external photons or
vanishing triangle graph for on-shell momenta of massive gauge bosons or, even, a pure theoretical reason, like the
decoupling property.

It is straightforward, albeit tedious, to generalize I'**? in Eq. (2) to the case of three distinct external, massive or
massless, gauge bosons (i # j # k in Fig. 1). With the assignments depicted in Fig. 1, the generalized Ward Identities for
vertices u, v, p are written, respectively, as'

oo + B:-BNBs + (a8 + a: B
q, TP (ky, ko, w, 2) = imy TP (ky, ky) + (Gl IBIBJ)B: 2 (@1, * a;B)en] NPk ko (W — 2), (3a)
ar
N B 3 . + . .+ , + Ja:
e Bk ey, W, 2) = iy TPk k) + (a;ay ,3,,31(),341 i (a; B + ayB))a;] eM0Tk ko (w—1), (3b)
J 7T
) . 3 .4+ 3. + 4+ .
g PR (K, Ky W, 2) = iy TP (e, ) + & [ava; + A ’)341772 (@Bi + B oy o a4 1), (o)

where the corresponding T, [, and I are appended in Eqgs. (B47) and (B48). It is remarkable here to note the i’th gauge
boson mass, m,, = —2f8;ev, in front of the pseudoscalar 1PI function I'"?. This term and the analogous in Egs. (3b) and
(3c) are the source of heavy fermion mass nondecoupling effects since in the formal limit of m — oo there is a remaining
piece of order e3e*"?7k,,ky,, /47 in T#*P for example. On the other hand, it shows that currents which are associated to
unbroken symmetry generators i.e., to massless gauge bosons, do not provide any nondecoupling effect in I'**#. Moreover,
[ve, TPw T depend linearly upon the Yukawa coupling A, that is responsible for the fermion mass through the Higgs
mechamsm and vanishes in the limit of A — 0.

Using the WTI’s for the vertices v and p, i.e., Egs. (3b) and (3c) as well as Eq. (2), we obtain the following expressions for
the integrals A; and A,:

1In order not to clutter the notation we suppress indices i, j, k in the following expressions for I'’s.
Throughout we assume chiral fermions that receive mass through Yukawa interactions with the Higgs field.
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3"12,8]‘

e
A (ky, kysw) = (ki - kp)As + kIA, —

2ﬁk

Ay(ky, k3 2) = (ki - kp)Ag + K3As —

where the “‘nondecoupled” integrals are given by

I (ky, ky, m) = fol dx/()l_xdy_(aiak + 'BkA'Bi) + 2xﬁiﬁk’
(5a)
L (ky, ky,m) = [ dx[l X (aja i+ Bi 181) 2)’,31',3.,"
(5b)
with
A = Ak, k)

= x(x = DK + y(y — DE2 = 2xyk; - ky + m%. (6)
|

I, (ky, ky, m) +
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el(ajap + B;Br)Bi + (B + ay B ;]

IZ(klr kz, m) +

o w—1), (4a)
ap + BiB)B; + (B + arnBi)a;
e [(atak Btﬁk)ﬁ/ 5 (alBk akﬁ[)aj] (Z + 1)’ (4b)
4qr
The following limits,
1
lim m?1 (ky, kp, m) = — 6(3aiak + BB, (Ta)
1
Wlli_f}gomzlz(kl, ky, m) = 6(3%‘“]‘ + BiB)), (7b)

are also useful in simplifying formulae when discussing
synergies of anomalous and nondecoupling terms.

We are now ready to complete I'**” in Eq. (2) by
reading directly from Eq. (B47) the finite (in four dimen-
sions) terms A3 ¢. We find:

Al k) = 1 B’B’)ﬁ’;; (.8, + Biey)eu] fo Ldx f Yo - 2 (8b)
3 . . . . . . . . —X —

A5(k1, kz) _ e [(alaj + Blﬂj)ﬁ];;— (aqu + Bta/)ak] Ll dx ’/(')l dyx(xA 1), (8C)

Ag(ky, ky) = —Az(ky, ky). (8d)

One could guess the expressions above with i # j # k
from the ones with a single identical gauge boson
i = j=k by exploiting simple combinatoric algebra
in Egs. (B33)-(B35), (B37), and (B38). One can check
that all the above form factors obey the Bose symmetry
specified in Egs. (B39a)—(B39c).

In summary, our main result is the trilinear gauge
boson vertex I'#”P of Eq. (2), supplemented by form
factor components A;—; ¢ read from Eqs. (4) and (8).
Equation (2) satisfies the relevant Ward Identities
stated in Eq. (3) which originate from the partial
conservation of vector and axial vector symmetries in
(A9).

B. Unitarity

We can make full use of the effective vertex I'*"? in
order to calculate, as an example, the matrix element for
the process ZZ — ZZ with an intermediate massive vector
boson Z'. We perform the calculation in the center of mass
frame with the following kinematics:

P1 =(EvO,O,P), pZZ(E!OJO’ _p);
k, = (E, psind, 0, p cosf),
ky, = (E, —psiné, 0, — p cosh),

1
8(p1):m_(p)O)O)E)) 8(p2)__(pr0)0) _E)J
A mgz

1
e(ky) = — (p, Esind, 0, E cosb),
mgz

e(ky) = L(p, —Esinf, 0, —E cosf),
mz

where p; and p, are the four-momenta of incoming
particles, k; and k, the four-momenta of outgoing parti-
cles, e(p;), €(p,), e(k;), e(k,) are the polarization vectors
of the incoming and outgoing particles, respectively, and 6
is the scattering angle of the outgoing Z boson in the center
of mass frame. Nonzero contributions arise only from ¢ and
u-channels since the s-channel amplitude vanishes in this
frame. Working in the unitary gauge, we find a contribution

to ZZ — ZZ due to loop-induced Fz'zz of Eq. (2) as,
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M=M,+M,
E2 : 20
= (t _81;112 )[(Al —A,) + p*(1 — cosh)(A; — Ag)]?
Z/
2ain?
+ <E_SII:”;9)[(A1 — Ay) + p*(1 + cosh)(A; — Ag) P,
Z/

9)

where t = (p; — k;)> = —2p*(1 — cos#) and u = (k, —
P2)> = —2p%(1 + cos6). The factors A, and A, in Eq. (4)
are dimensionless and, in the limit of E? — oo vary at
worse as constants while from Eq. (8) we have A3 =
—Ag which asymptotically goes like E~2. Therefore at
high energies E> — oo, terms inside the square brackets
in Eq. (9) behave like constants and so the amplitude does
at high energies. This means that unitarity is satisfied as
is of course expected for a renormalized theory. It is
worthwhile noting that in the limit EZ> — oo we obtain
(A} — Ay) « c(w — z), where ¢ is the anomaly prefactor
present in the second term in the r.h.s of Eq. (3a). There is
still however a finite and nonvanishing constant contribu-
tion from the A;¢ form factors in Eq. (9) which for every
particle contribution reads,

2
lim M = —(Lz) sin26‘|:l +2(w—2z2)+
dar

E2—00

(w — z)z]
2sin20 |
(10)

We observe that the unknown parameters w and z still
remain in the amplitude. Only the relation w = z removes
them from the asymptotic limit. We shall come back at this
point when discussing the Z"*ZZ-vertex in section IV C.

C. Goldstone boson Equivalence Theorem
and R;—independence

There are literally N-ways to derive the Ward Identities
of Eq. (3). A classical method is to demand invariance of
the path integral under the combined local vector and axial-
vector gauge transformations (A9). We can then represent
these WI's diagrammatically to prove the Goldstone Boson
equivalence theorem [51-53]. This is most clearly ex-
plained in Lorentz gauge (¢ = 0) where the gauge fixing
term (A10) does not involve the Goldstone boson field ¢.
Then conservation of the gauge current implies that g# can
be contracted directly with I'#”? and also with the deriv-
atively coupled Goldstone boson to I"*”. In principle there
is a third contribution from possible mixings with other
gauge bosons, say Z', that couple to the same fermions in
the vertex. This last mixing must necessarily be propor-
tional to (g,) — ¢,9./4*) and when contracted with g*,
vanishes. Therefore, by using rules from the toy model in
Appendix A it is straightforward to see that we recover the
classical WI (3a), without the anomalous term. While a
possible gauge boson mixing contributes to I'**?, it does
not contribute to WIs in (3). At very high energy, the
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longitudinal polarization vector is &, ,(¢) = ¢,,/m4, where
my 1is the gauge boson mass. In other words for an
anomaly-free model, Eq. (3a) or the sum of the diagrams
in Fig. 2, can be written as,

€1, (qTHre = iTe. (11)

This equation tells us that at the high energy limit, the
physical amplitude with the gauge boson in vertex w is
replaced by the vertex with a Goldstone boson that “has
been eaten”. However, as is evident from Eq. (3a), the
relation (11) is broken by possible gauge anomalies. This is
another reason why the latter should be absent.

One can easily check by studying, for example, the
fermion-antifermion annihilation process to two gauge
bosons with the toy model of Appendix A, that Eq. (11)
is the required condition for the amplitude to be gauge
&-independent. Again the anomalous term must be absent.

III. NONDECOUPLING EFFECTS

Heavy fermion nondecoupling effects can be cast in two
classes:
(A) effects that arise from a large mass splitting be-
tween particles within an anomaly-free multiplet.
(B) anomaly driven effects that originate from decou-
pling a whole anomaly-free multiplet.

In case (A), formal decoupling of the heavy particle that
participates in the anomaly cancellation mechanism will
leave at low energies an effective Lagrangian AI'#* that
accounts for the anomaly cancellation missing piece
[16,17,21]. In case (B) the Higgs coupling to fermions
will be much larger than the gauge coupling with the latter
being approximately zero when the fermion mass is going
to infinity [28,29].

A. Non-decoupling due to large mass splitting

We are going to focus first on the simplest case with
three external identical gauge bosons. This means we set
i = j = k in the Ward Identities of Eq. (3) or else we look
directly at expressions, (B26)—(B28). In order to carry out a
systematic study of nondecoupling effects and their inter-
play with chiral anomalies it is essential to keep track of
the anomalous terms that depend on the arbitrary parame-
ters w and z. By exploiting Bose symmetries for on-shell
external gauge bosons, and specifically, (B39) among legs
j and k we find w = —z, while with (B40) among legs i

0=, ):q#( ++ )

FIG. 2. Graphical representation of the WI in Eq. (3a).
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and j we find (after some tedious algebra) 2w — z — 1 =
0. The solution of this system,

w=—z=

, 12)

(USRI

finally fixes the arbitrary parameters w and z. Our obser-
vation is that these fixed values for the arbitrary parameters

PHYSICAL REVIEW D 85, 095024 (2012)

correspond to the case of a particle decoupling from the
effective action, i.e.,

im A7 (ky, kyw, 2) = 0= w = —z =

m—00

(13)

[OSHIE

We elaborate this point in what follows. The WIs now take
the form:

30,2 383 + 302
0, Ty, Ko = 1/3) = = SPI qamoot o 1y(h, ki) +—5—99—8—7;91f33eA”ﬂ”kiAkza. (14a)
o ar
~ 3,2 3(8% + 302
—ky, I7PE(ky, kpsw = 1/3) = — ﬂgl\#pﬁkh\lﬁall(kl’ ky;m) — Me“p”kukh, (14b)
T T
. 3,2 3(8% + 302
—ky IPH(ky, kyyw = 1/3) = — ¢ ,8;11 Mk koI (i, ks m) + MSMW}CMIQW (14c)
o a

where the integrals I, are defined in Eqgs. (BS), (B22),
and (B23) respectively. The anomalous terms in (14) are
then allocated ‘“‘democratically” in the three legs of I'#??
as one would have naively expected. Note also that since
lim,,_om?ly = —lim,_om?l; = lim,_om?l, = ¢ X
(B% + 3a?) the r.h.s of Egs. (14a)-(14c) cancels identi-
cally, verifying our statement in Eq. (13). Therefore, for a
Dirac fermion pair circulating the loop as shown in Fig. 1
and for three identical external gauge bosons, at the formal
decoupling limit, the finite contributions are equal and
opposite to the anomaly contributions in the vertex. In a
Lorentz gauge, terms in I'*”# proportional to I, arise
from the mixing between the Goldstone boson ¢ and the
gauge boson as it is shown in Fig. 2. We should notice
however, that our calculation of WIs in (14) given in
Appendix B contains no reference to a particular gauge
choice.

For a Lorentz-invariant and renormalizable chiral gauge
theory the anomalous terms i.e., the last terms on the r.h.s
of Egs. (14), have to be absent. The only way,” consistent
with renormalizability* [14,15], to remove the anomaly
terms, is to add a new Dirac fermion pair with opposite
B i.e., opposite hypercharges Y; and Y. A consistent way
to describe heavy fermion decoupling effects is to perform
the calculation directly in the broken phase of the theory
where physical masses appear explicitly. Assuming that the
mass of the second (heavy) pair and the energy, s = (k; +
k,)?, is much bigger than the first (light) fermion pair, say,
m3 > s > m? = 0, there is a nondecoupled term in the
1 PI effective action which can be read off from Eqgs. (B32),
(B37), and (B38) [or Egs. (2) and (4) for i = j = k] to be,

30f course there is the trivial case of vector multiplets i.e.,
B=0.

“We are not going to consider here the situation [30] of
incorporating nonrenormalizable counterterms to cancel the
anomalies at the expense of introducing a cut-off scale A ~
4mv.

(B +3a°p)

AF/‘«VP(](I’ k2) ~ 6,”-2

et (ky = ky)p. (15)
This term remains in the 1PI effective function for the light
particle. In the heavy mass limit (m, — o), the form
factors A;—3 _¢(ky, k,) vanish as 1/m? leaving only the term
(15) in the low energy effective action which has no
“memory”’ anymore from the heavy mass m,. Although,
the exact nonkinematic prefactor in Eq. (15), depends upon
model details, its magnitude (in e-units) is approximately,
a /7 and could be observable. Furthermore, the nondecou-
pling term (15) does not depend on the regularization
scheme, i.e., on the parameters w and z in Eqgs. (B37) and
(B38), since the model is by construction anomaly-free.

B. Anomaly driven nondecoupling effects

This is a category of possible nondecoupling effects for
models possessing an anomaly-free cluster of heavy parti-
cles just above those known from the SM. We systemati-
cally then check anomaly cancellation conditions in Ward
Identities (3) by demanding the prefactors of /; , integrals
in Egs. (4a) and (4b) to be nonzero. We are seeking for
minimal models with up-to three different gauge bosons
and up to the least n-Dirac fermions.

A model that contains one gauge boson X, with V-A
couplings as in Eq. (1), coupled to only one fermion is
impossible to exist because it is anomalous (except the
trivial case of a vectorlike particle where 8 = 0). Adding
an extra fermion with the same mass but with opposite
axial-vector coupling () renders the model anomaly-free.
Such a simple particle content does not lead to nondecou-
pling effects because all these effects are proportional to
an odd power of the axial-vector coupling ( ~ 8%*1) and
therefore the sum over the two fermions vanishes. Similar
situation arises when more fermions are circulating in the
loop.

More interesting is the case where one has two, distinct,
external gauge bosons, X and Y, either massive or
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massless. The cancellation of trilinear anomalies requires
the existence of at least two fermions with opposite axial-
vector couplings but again it is impossible to satisfy
instantaneously the mixed anomaly and nondecoupling
conditions [see below]. We first obtain the general condi-
tions for an anomaly-free model with two gauge bosons X
and Y. In notation of Eq. (1) these conditions read,

i(ﬂi +3a3By); =0, (16a)
2(33 +3a}By); =0,  (16b)
i(ﬁiﬂy + 2ayayBx + ayBy); =0, (16¢)
il(ﬁzyﬁx + 2ayxayBy + ayBx); =0,  (16d)

where n is the total number of fermions. Starting from
trilinear anomalies (16a) or (16b) we see that the case
n = 1 requires only vectorial couplings, By = By = 0.
Therefore for n = 1 there is no nontrivial solution. For
n = 2 the nonzero couplings must satisfy the following
conditions:

Bx2 = —Bxi,

Adyr, = iaYl.

By> = =By a7)

ax, = Tay

Turning to mixed anomalies (16c) and (16d), it is amusing
first to note that they are satisfied even with one internal
fermion (n = 1), iff

Bx = ax, By = —ay, (18)

or

Bx = —ay, By = ay. (19)

Nondecoupling conditions are derived by the require-
ment that the prefactors of /; and 7, integrals in Egs. (4a)
and (4b) are nonzero. Hence, in the limit of k3, k3 =~ s <
m? at least one of the following algebraic expressions,

Z(B%{BY + 3axayBy)i

Z(ﬁg(ﬁy +3a3 By
=1 i=1

1
n n

(ByBx + 3axayBy): Z( yBx +3a3Bx);

1 i=1

(20)

must be nonvanishing. For n =1 the choice (18) [or
(Eq. (19))] which eliminates the mixed anomalies sets
also Egs. (20) to a nonzero value. However, to cancel the
XXX and YYY anomalies one needs at least n = 2 fermi-
ons to satisfy the conditions (17). These set the nondecou-
pling expressions (20) back to zero. The first nontrivial
solution of the system Egs. (16) and (20) arises with three
pairs of chiral Dirac fermions (n = 3) with an example of
quantum numbers given in Table 1. Here, we use (18) and
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TABLE I. Charges of an anomaly-free model with nondecou-
pling remnants in three gauge boson vertices XXY and YYX.

Uy 1) U3
U(l)y a=e B=—e a=e¢,B=¢ a=08=
Ul)y a=-e,B=—-e a=0,B=0 a=eB=c¢

(19) to cancel mixed anomalies for ¢ ;. The other two

particles ¢, and 3 are singlets under U(1)y and U(1)y,

respectively. Plug these into Egs. (B32), (4), and (7), we

obtain the nonvanishing operators at the decoupling limit:
3

v Y e vpo
Tiyy = Tixx = 372 e*"P (ky — ki)g (21a)
3
14 v, e Voo
F§Y§ = Fl;xf, = — —3772 elPPI(2ky + ky), (21b)
iy = Tyyy = 0. (21c)

Next is a model example with n = 4 Dirac fermions
charged under the product of gauge groups U(l)y X
U(1)y. This toy model has been examined in Ref. [28].
Charge assignments are given in Table II. They are chosen
in such a way that triangular anomalies [U(1)yx]* and
[U(1)y] are canceled separately. The cancellation of
mixed anomalies requires the extra condition ¢, =

(ef—€3)
D=
Eqgs. (17). If we assume that all extra fermions have a
common mass m and are all very heavy, then in the low
energy limit we find the following expressions for the
effective vertices with different combinations of external
gauge bosons:

. Charges in Table II follow the general rules of

ey =Tyyy =0, (22a)
2 _ 2

i — %(yc1 + ky),eMP0, (22b)
2 2

oy = DD g o, 220)

Iiyy = Tyxy = 0. (22d)

These contributions arise from terms that are proportional
to I; and I,-integrals when taking into account that this
model is anomaly-free. Such a situation should never occur
in the SM. The basic difference is that neither gauge
bosons X and Y is purely vectorlike for the entire fermionic
sector i.e., X and Y must be strictly massive. This is a
crucial difference that leads to the existence of remnants in
the low energy limit. On the contrary, the existence of the
photon in the SM leads to a term related to /; or /, which
always vanishes for an anomaly-free model.

We have also worked out the case with three different
gauge bosons. The corresponding 10 independent
anomaly-free, and, 18 independent nondecoupling condi-
tions, are quite involved and are presented separately in
Appendix E. Again the nondecoupling effects arise for
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TABLE II. Charges of all fermions with respect to the gauge groups U(1)y X U(1)y.
U W X1 X2
Uy a=e,f= a=e =0 a=tgs gt a=ute g —en
Uy a=0,B=—q a=0B=q a=q,B=0 a=—q,, =0

n = 3. The new feature that appear in this category is the
fact that one can exploit nondecoupling effects where one
of the gauge bosons is massless. Such a minimal (n = 3)
example comes into sight if we adopt the charge assign-
ments shown in Table III. Notice that all fermions have
By = 0 i.e., the Y couples purely to a vector current. We
can easily check that the conditions (E1) for an anomaly-
free model are satisfied while at the same time some of the
expressions in (E2) are nonzero. The nonzero effective
vertices can be written in the form,

3

|, %(2/{1 + k), EHPY, (23a)
T
3
| . ;—2(2k2 + ky), R0, (23b)
ar
3
Ik = ~Thth = s~ ka)perrn,  (230)
3
Tl = Tk = 5 (ki + ka)pehor, (23d)
ar
63
Iy = —Thyg = Fkll,s’“’p”: (23e)
T
63
Dy =Ty = — ﬁkz,,f?” e (231)
T

As an example, we observe that heavy fermion nondecou-
pling effects appear in Eqs. (23e) and (23f). If a model like
this with X = Z', Y = y, Z = Z can be embedded in the
SM, then it would in principle allow for decays like Z' —
Zv that do not depend on the heavy fermion masses.

We should finally remark that in models considered in
Tables I, II, and III, gravitational anomalies cancel out
since it is always } . ﬁjf =0 for a given axial vector

coupling between a vector boson X and a fermion f.

IV. APPLICATIONS

A. Standard model

Focusing first in the SM with neutral, Z or v triple gauge
boson vertices we need only to consider the interaction
Lagrangian with fermions. This reads as

TABLE III. Charges of an anomaly-free model with nonde-
coupling remnants in three gauge boson vertex XYZ.

¥ Vo e
U(l)y a=e¢ B=c¢ a=e¢e,B=—¢ a=0B=0
U(l)y a=e¢, =0 a=e¢, =0 a=¢, =0
Uul), a=e B=—¢ a=0,8=0 a=¢, B=c¢

-Eint = ZQ}A#‘I’f’)/#‘I’f + ZZM‘I’f)/“(a]Zp
f f

+ Bys)Vy, (24)
where the factors af, B} with V = vy, Z are
a]yr = eQy, B} =0,
8 8
of =TT 2550, BF= T, (29)

and T;L and Qy are the third component of weak isospin
and charge of the SM Dirac fermions f = v, e, u, d,
respectively. Explicitly in the SM, the prefactors af}{ and

,BJZC take the form:

2 gz (1 4 8z
Yy — ~© zZ — [ ) Z — _ 94
ay e, ay (2 Sw)r Bu 4’

3 2 3
1 8z 1 2 8z
g 1 g
al = —e, a§=72 —5+2s%,), ﬁf:ZZ
al =0, af= g4—z, J —g4—z, (26)

where g, = e/s,, is the weak boson gauge coupling and
Sy, C,, are the sinus and cosinus of the weak mixing angle.

1. V'ZZ

Our first application refers to the vertex V*ZZ with
V =1, Z being off-shell. This interaction has been
searched for at LEP and Tevatron while is currently
under scrutiny at the LHC. At one-loop level the only
CP-conserving contribution arises from the triangle graph
in Fig. 1. Applying our general form of the 1PI vertex in
Eq. (2) and making use of the Bose symmetry v < u,
ki < k, as in Eq. (B39), we find

v vpo S
Fl\j*zpz(kl» ky;w) = [E” Po(ky — kz),,(—Al + §A3)
+ Aw“fpﬂ”’*kwkm]’ @7)

where the polarization vectors €;(k;)€},(k;) outside the
square brackets have been omitted, and also, we set A; =
A (ky, ky) ... etc. for simplicity. More specifically, A; is
ambiguous: it depends on how the momentum is routing
the loop i.e., the parameter w. This arbitrariness (or regu-
larization scheme dependence if you wish) is further fixed
by exploiting the fact that the ZZZ on-shell boson vertex
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vanishes by Bose symmetry. The latter requires w = 1/3.
On the other hand for the vertex yZZ, conservation of the
vector current and Bose symmetry implies that w = z = 0.

Having specified the arbitrary parameters w and z we
apply our general expressions for A; and A3 found in Egs.
(4a) and (8a), specifically to the vertices Z*ZZ and y*ZZ
and sum over all SM fermions. By ignoring (see below
however), the last term proportional to g* in Eq. (27), we
can easily find,

T2 (ky, ky) = 4707 (ky — ky)y S,
f=ud.ev

(323 + 3% 22)]
= erPo(f, — kz)grz*zz(s)’

[m%(A3 — Asp)

+

2 pZ
mf'Bf 1 +
2 Lf

(28)
087k, ko) = €727 (ky = ka)y .
f=udev
f'Bf Ly +-—

Y Z PpZ
g 72 faf'gf]

= el (ky = kp) gL'y z2(5),

I:m%(ASf — Ayy)

(29)

where s = (k; + k,)* and I, is given by Eq. (5a). The last
term in Egs. (28) and (29) is the anomaly contribution,
while the second term is a nondecoupling one in the limit
of heavy fermion mass, m; — oo. Again we should notice
here that in this limit and for one fermion contribution, the
last two terms mutually cancel while the first term vanishes
as m%/ m]% Therefore, the decoupling of heavy fermions in
V*ZZ vertex is operative even if those fermions have vastly
different, but always much greater than the EW scale,
masses among each other. In the SM,, for example, what
is left behind after the decoupling of the top quark is a
theory with an anomalous (sometimes called Chern-
Simons) term that is necessary to render the effective low
energy theory gauge invariant.

Especially for y*ZZ one can go one step further and
write the whole effective vertex in terms of one integral
only, namely

Z A3f(s)

f=ud.ev

Lyozz(s) =5 (30)

Now bringing back the last term on the r.h.s of Eq. (27)
we find a perfectly fine and gauge invariant form for
v*ZZ-vertex
avp SAs [ pvpor
F,y ZZ(S) = ZT erre (kl - kZ)(r
f

e”pB"q“q
- fﬁ(lﬁ - k2)(r]'

This vertex must be proportional to s in order to cancel the
pole contribution arising at s = g> = 0 [36]. This is a

(3D
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generic statement for all y*VV vertices we address below.
One should recall that this expression has been derived
only after fixing the anomaly coefficients, w and z, by
symmetry requirements. We could have done the reverse:
to fix w, z from the requirement of no pole contribution in
Eq. (31). In a way, the anomaly and the nondecoupled
terms have been absorbed in the finite integral A5. It is
now evident from Egs. (30) and (8) that I' -z, (s — 0) = 0
for every fermion contribution, independently. Further-
more, as expected, for asymptotic values of s we also
observe, I',«7;(s — o) = 0, after summing over all SM
fermion contributions.

Within one generation of fermions, the SM is a chiral,
gauge, and, anomaly-free Quantum Field Theory (QFT).
As a result, contributions to I'y«,, from (approximately)
massless generations, vanish identically (recall that form
factors As 4 are proportional to the anomaly factors, [see
Egs. (8a) and (8b)] and the second term vanishes in the
massless case). Therefore to a good approximation, for
/s = 2M, the only non-negligible contribution to I'y+,,
arises from the third generation and is due to the large
mass difference between the top quark and all other
fermions. The top quark influences mainly the last two
terms in the square bracket of I'y:;; and I'y; in
Egs. (28) and (29). If we make the (numerically crude)
approximation of m2 < s < m? and exploit Eq. (D12c)
from the Appendix D we find (N, =3 is the color
factor),

m; BY c
T~ o (B + 3pfa?)
K
120 2(,323 S,B,Zatzz)m—tz (32)

The first term is just the opposite of the top quark
anomaly contribution in I',-,, and they both cancel out
in the limit of heavy top quark. One can prove easily this
statement for all SM vertices, I'y+yy, V = Z, y appearing
below in this article and we claim, following the argu-
ments of Sec. III, that this is a general theorem: a heavy
particle cancels its own anomaly contribution in a triple
gauge boson vertex and at the (nonperturbative) limit of
m — o0 leaving no trace from itself behind. Of course in
the topless SM the last term in I',-,, does not vanish
since the particle content (7, v,, b) is now anomalous. It
is also evident from Eq. (32) that the behavior of I'z,,(s)
at s = m? rises approximately linearly with s as s/m?.
This is also verified from our numerical results shown in
Fig. 3(a). Similar conclusions one can derive for Iy,
and Fig. 3(b) but this is rather obvious now because of
Eq. (30).

Furthermore, it is also instructive to study the behav-
ior of the vertices I'y+«,,(s) in the asymptotic region,
s> m? >m’%. By exploiting Eq. (D13) and keeping
only terms of order m}%/ s we arrive at the following
expression,
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FIG. 3 (color online).

The dependence of |T'y-yy(s)| with /s for different gauge bosons combinations, V = vy, Z: (a) Z*ZZ,

(b) ¥*ZZ, (¢c) Z*vyZ, (d) y*yZ, (e) Z*yy. The solid curve corresponds to the SM, the dashed curve corresponds to the SM + 4th
fermion generation model. Masses for light quarks and leptons are neglected while m, = 173 GeV. Fourth generation quarks and

lepton masses are taken as in (66).

N
2—ln— —i
< I'l’/nt2 l7T)

m2 2 Z3
Uzz7(s > m}) = NCT[ ﬁ;

+W+¢%GW%

T 2 m;
m? s

-+ iﬂ'ln—) , (33)
2 m?

in which both real and imaginary parts vanish at
asymptotic values of s as they should following uni-
tarity arguments. The effect of a ‘“heavy” particle
(here the top quark) is to just delay the ‘‘falling
off” of |I'y,,(s)| [see Fig. 3(a).] as s — oo. Finally,
it is also obvious that the real and imaginary part of
I';-,, are of the same order of magnitude, a situation
which remains true everywhere after the threshold
energy, s = 4m?.

Translating our numerical results for the SM to the
notation of Ref. [36]° that is usually followed by the
theoretical and experimental literature, we find for m, =
173 GeV and LEP energies, that

f%(\/s =200 GeV) = 1.8 X 107, (34)

FY(/s =200 GeV) = 2.1 X 1074, (35)

where we have neglected small imaginary part contribu-
tions from light quark and lepton mass thresholds. These
results agree with those quoted in Ref. [42]. Unfortunately,
they are too small to have been reached by LEP [54].
Just above the top quark threshold energies s = 4m?, the
vertex develops a significant absorptive part. This is ap-
parent from our analytical expressions in Appendix D for

>We multiply I'y+,,(s) in Eqs. (28) and (29) with em2/(s —
2
my)).
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integrals A;_¢ and /, , and the discussion above. For /s =
500 GeV we find:

(/s = 500 GeV) = (0.4 — 0.5i) X 1074, (36)

fY(\/s =500 GeV) = (0.3 + 0.3)) X 1074, (37)

Note again that the imaginary part of the amplitude is of
the same order of magnitude as the real part.

2. V*'yZ
Another nontrivial class among trilinear neutral gauge
boson vertices that have been and being searched for at
colliders is the amplitude V*yZ. In the notation of Fig. 1,
we assign V;,(q), v,(k;) and Z,(k,) to the 1PI effective
vertex I}, of Eq. (2) with V = Z, y. When the photon
and the Z-gauge boson are both on-shell we find:

v s+ m3
Fg*fz(klx ky) = GMVp”kl(r(Az + 2 ZA3)

+ PP gvqky5(Az + Ag)
+ Eypﬁgq#klﬁkng} (38)

We have seen however in Eq. (8d) that A; = —Ag and
therefore, the second term in Eq. (38) vanishes at one-
loop. Furthermore, the last term when coupled to a light
quark or lepton vector current, is proportional to the mass
of the incoming fermions and for current collider architec-
tures this contribution is negligible.® Hence, only the first
term remains with potentially visible effects. When all
external particles are on-shell, Bose symmetry and gauge
invariance require the vertex VyZ to vanish. Bose symme-
try relations among form factors and gauge invariance fix
the arbitrary parameters w and z to be:

ZyZ:w =1, z=0, (39)

vYZ:w =1, z=1 (40)
By substituting the form in A, from the general expres-
sion of (4b) we obtain:

Ly (ki ko) = €477k, >

ZyZ I:m%(A3f + Asy)

f=udev

2 pz
m+ B 1

_rEs Z.Y pZ

2 12f+277'2 afafﬁf:l

= G’U’Vp(rkl(r].—‘z*yz(s), (41)

®This term however is important for gauge invariance to be
preserved, as in Eq. (31) before.
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Fl;:ypz(kl, kz) = E,U,I/p()'klo_ Z

f=ud,ev

2 pZ
m4 3 1
_ Uy Y Y Z

2 by 2772 “rér ﬁf ]

= GMVpoklo'Fy*yZ(S)- (42)

One should notice that the square bracket of I'z,; is
approximately equal to I'):; since in this case As=
—Ajand I} = —1,.

It is amusing to see how greatly the y*yZ-vertex is
simplified. Placing back the last term of Eq. (38) in order
to restore gauge invariance, we find,

EVPB’TC]“kz/;km]

Fgffz(s) = ;SA:;f X [G#Vpa'klo_ - e

(43)

The s-factor outside the vertex is expected because it must
cancel the pole behavior of the second term in the square
bracket. Once again, the “physical” choice of w, z in the
anomalous terms played a crucial role in Eq. (43) like in
the case of y*ZZ vertex. Regarding decoupling effects,
Eq. (43) is self explained: for every particle contribution,
a synergy between anomalous and nondecoupling terms
results in a well defined integral sA;; that vanishes asymp-
totically due to the anomaly-free condition. If however, the
energy +/s is between two particle masses which combined
render the model anomaly-free then there should be non-
decoupling effects in this regime. One the other hand,
adding to the SM, anomaly-free and heavy chiral fermions,
there should be no-nondecoupling effects remaining in the
low energy regime where /s < 2m,.

One can go one step further also in the case of Z*yZ of
Eq. (41). In fact, we can eliminate I, and the anomaly
factors from Eq. (41) leaving only the finite integrals A;
and As, as

1
Lzey7(s) = EZ[(S + my)Asy + mzAse] (44
f

After using few integral tricks, like, for example, the ones
of Eq. (B44), it is easy to show that I+, ;(s) behaves like
(s — m3)A;; near the Z-pole. In general, I'y-,7 < ¥ +(s —
m¥)A; + near the pole, is clearly verified when performing
the full numerical evaluation of the integrals as in Figs. 3
(c) and 3(d).

One can easily see from further working out Egs. (41)
and (42) that due to the fact that the SM is an anomaly-free
QFT, the whole contribution arises to a very good approxi-
mation from particles of the third generation. Numerically,
in the conventions of Ref. [36] [see also footnote 4], we
find for LEP energies

h%(\/s =200 GeV) = 2.1 X 1074, (45)
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hY (/s =200 GeV) = 7.2 X 1074, (46)

up to tiny small imaginary parts. These results are in
agreement with those presented in Ref. [42]. As we have
noticed above, it is also confirmed numerically that |fY] =
|hY]. SM predictions of Eqgs. (47) and (48) are in the best
case [for h)] 2 orders of magnitude below the published
LEP bounds [54].

For comparison, at higher energies the SM predicts:

h%(\/s = 500 GeV) = (0.3 — 0.6i) X 1074, 47)

h) (/s = 500 GeV) = (0.9 — 1.8i) X 107*. (48)

Full numerical results for |FV*,},Z(S)| are represented by
solid lines in Figs. 3(c) and 3(d). We observe that in the
neighborhood of the top threshold, |I",-,(s)| is 1 order of
magnitude bigger than |I';-,,(s)|, but still in the region
1073. They are both however far below the current
Tevatron and LHC sensitivity [55,56]. For example, both
ATLAS [57] and CMS [58] experiments at LHC currently
report bounds on trilinear, V*yZ, gauge boson vertices
Ihg‘yl that in the best case are not less than 5%. These
experiments present bounds w.r.t the scale A in which the
new physics enters. Following the projecting sensitivity
calculated in Ref. [40], and setting A ~ m, for the SM,
LHC sensitivity for V*Zy with \/s = 14 TeV will not be
better than ~1072 and this makes its observation ex-
tremely difficult within SM, even for yyZ-vertex.

3. Viyy

We now turn our discussion to the last SM neutral triple
gauge boson vertex, the V*y7y. Of course, thanks to Furry’s
theorem only the case V = Z is valid (for V = v all three
currents are vectorlike, i.e., 8; = 0). However, even in
Z"y7y there are no nondecoupling effects since there is
no would be Goldstone boson associated with the unbroken
U(1)em, i.€., the final particles are massless. Nevertheless
one can write a simple Z*y7y 1PI vertex. We obtain:

Bi(a})
4
X e!P[(w — Dk, + (z + D], (49)

L5 (ki ky) = €"PP gl ki ghys[A] + ————

Landau [59] and Yang [60] say that the on-shell amblitute,
€, ()T w(kl’ k,) must vanish due to selection rules on

space inversion and angular momentum conservation. This
fixes the arbitrary parameters w = —z = 1 for every fer-
mion contribution f. One obtains the same values for w and
z from U(1),,, gauge invariance, i.e., satisfaction of Ward
Identities. Although it is necessary to preserve gauge in-
variance, this remaining contribution is negligible for light
s-channel incoming particles e.g., e ¢~ — 7y, but never-
theless it may be important for heavy external particles
like, for example, dark matter particles or heavy neutrinos
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annihilating into related work in
Refs. [61,62]).
Defining I'z:,,(s) = zfm%A3f(s) and summing over

the SM particles, we find numerically,

FZ*'yy(\/E =

photons  (see

200 GeV) = 2.9 X 1074, (50)

Iz, (\/s =500 GeV) = (3.2 = 5.6)) X 107 (51)
For various values of s, the function |I‘Z*w(s)| is plotted in
Fig. 3(e). Notably, at very small s this quantity behaves like
1/s and in contrary to the previous Z*V'V vertices does not

vanish at s = m%. For general values of s, and k7 = k3 =

0, I'z,,(s) is easily written as
B7(a})?
Pzopls) = =L~ " LEED. (5D

f

where ¢, = 4m7/m7 and the function J(¢/) is appended in

Eq. (D2). For energies (s) below the top quark threshold,
I'z,,(s), approximately takes the form,

FZ*yy(s) = Zm%ASf(m% <s< mtz)
f

2
BT (Y]
m L2s m?J\24 180 m?

(53)

U

a behavior which shows decoupling of a heavy top-quark
mass. This follows our general statement just below Eq.
(32): since the anomalous term in Eq. (49) vanishes due to
the physical choice of w and z, there is no nondecoupled
remnant to cancel it. In the asymptotic region we find

5~ w, Ao (’”;"2)

272 s

Loy (s > m%, m

X [hﬂiz — 21771n—] (54)

my mt
Therefore, ', (s) behaves asymptotically as 1/s%, while
all other neutral vertices behave like 1/s. This fast drop

with s is also verified by comparing the solid lines between
Figs. 3(a)-3(e).

4 VW w*
Just for completeness, we study the chiral CP-invariant

part of the (y, Z)*WW vertex. For on-shell W’s and in
momentum space this corresponds to operators of the form,

f{erPo(ky = ko), (55)

There are of course CP-invariant, nonchiral operators gen-
erated from our fermion triangle graph that have the form
[36,37],
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fV
W
+ f1(g"gh" — " gh”).

fY(kl — k) g"? — (kl — k) q"q"

(56)

In the SM, note that both f; and f3, exist at tree level. We
are interested here only on chiral, one-loop (triangle) in-
duced operators (55).

The numerical calculation of the (y*, Z*)W~ W™ effec-
tive vertices are somehow more complicated than the neu-
tral ones. There are two masses and two different neutral
vertices involved, making the triangle diagram looking
differently than its crossed counterpart (see Fig. 4). We
follow the same steps as we did for the neutral vertices and
present our results (and technical details) in Appendix C.
The chiral CP-invariant part of the effective vertex, ['#*7,
is the same as in Eq. (2). The finite form factors A; ¢ need
to be slightly modified by the mass difference of the two
fermions involved; analogously for A ,. Our main conclu-
sion for a general vertex that contains external charged
gauge bosons is given by Egs. (C2) and (C3).

The relevant couplings a?},,

the charged current part of the SM Lagrangian,
LD g, (Wiah™ + W, Jh),
with the Jj;-currents being

T = () = %ﬁ[wu — ys)e + ayr(1 = y5)d)
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Hence a}‘f’f, = B;‘f’ 2 5% for the pairs (ff) = (v, e),
(u, d), respectively. For 51mphclty, we ignore quark

and lepton mixing effects,
included.
We therefore set ;) =

but these can easily be

—Bjr = 1n Egs. (C2) and
(C3). The neutral gauge boson- fermlon couphngs, aV IS BY 18
are taken from Eq. (26). Assuming CP-conservation, the
1PI effective action I'}/) . with V = vy, Z looks exactly
the same as in Eq. (27) with the only difference being the
form factors A;; must be replaced by those given in
Eq. (C2) [and the paragraph below (C2)]. Therefore we
write,

Hve

V- (ki + k) = €477 (ky — k) o Uyeyy-we (5), (59)

where

Cpoywe(s) = D I:m%v(Aa —Ay)

doublets
and B}, can be read from g zay, 7 8%13}/0, 7
16 2> T e 2
57 52 ol B - )
+ (fu = fd)]. (60)
In this formula we abbreviate As4 = A;4(m7 ,m7 ) and
(58) 11,2 = I]’Z(mjzcu, mjzcd), with
J
1 1-x —(x + y)Am? + m]%
I, = d d . 61
1 j;) X/;) yx(x — D2y + y(y — l)m%V — xy(s — zm%V) — (x+ y)Am?> + m%u (61a)
2xm?% + (x + y)Am? — m?
f(l ( y) fu (61b)

1 1—x
I, = d d
2 j;) X/O yx(x — I)M%V +y(y — l)m%V — xy(s — zm%V) —(x+ y)Am2 + miz‘u

where Am? m2 — m? . In the limit of heavy masses,
2,0 02

= = 2 i
m my = mj > s, my,, we obtain,

. 1 . 1
Jmli=g JmL=p o @
w- w* w w* w w+
Y u
e e d d
ZIY Z;Y ZIY

FIG. 4. SM fermion contributions to (Z, y)WW one-loop vertex.

Lets examine the y*W~ W' case first. We must set
,Bf = 0. In this case gauge invariance [see Eq. (C4)]
1mp11es w = z and CP-invariance w = —z, and therefore
w = z = 0. Having fixed the anomalous term the result
for this vertex turns out to be simply,

= fd)].
(63)

1
1—‘y*WfWJr (S) = ES Z [AS(mjzfu’ mjzfd) + (fu

doublets

where Aj is a form factor defined in the Appendix C. We
should note here that I' -+ (s = 0) = 0 as it should be
[36,37], i.e., there is no pole at g> = 0. This is a special

"Our notation for '+ (s) is related to the standard form
factor of Ref. [36], as I'yey-y+(s) = —gVWW Y (s).
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case where the anomaly term conspires with J,-term such
that the final result contains no nondecoupling terms. In
order for gauge invariance to be nonanomalous, the last
terms in the WIs system (C4), must vanish. This implies a
relation among fermion charges,

Z aj =0, +0,+30,+30,=0, (64)

which is exactly the charge conservation condition. Then,
in the asymptotic limit, s 3> mj,, m; , the amplitude for
I’ -w-w+(s — o) vanishes, thanks to Eq. (64). This is
obvious from the numerical outcome in Fig. 5. It also
shows an enhanced threshold behavior around /s = 2m,
(solid line). Quantitatively, this can be seen from Eq. (63)
by expanding A; around the threshold. Compared to
I'y-77(s), there is an additional contribution due to the
large mass difference Am> = m? —mj =~ m7, in the
numerical factor that multiplies s/m?. Our evaluation of
integrals contains one numerical integration and follows
the procedure of Appendix B in Ref. [5]. Our analytic
formulae in Appendix D, at the limit of my = 0, are in
full agreement with these results. Few representative val-
ues are,

Loww(y/s = 200 GeV) = (6.8 — 6.4i) X 1074,
[ eww(y/s = 500 GeV) = (—1.5 + 15i) X 1074
Comparing with y*ZZ vertex we see here that the mass

splitting generates a sizeable absorptive part that domi-
nates the vertex after \/s = 2my.

4x1073 ! T

3.6x103 [ \

8.2x10 3 b
\ L (s)

(chiral part only

2.8x1073 i ‘

2.4x1073 i \

2x1073 i

1.6x1073 [

1.2x103 / |

8x1074 [

Ax10™4 [

oy

0x10™ —
108 104

V5 [GeV]

FIG. 5 (color online). The effective vertex |I')yw(s)| in the
minimal SM (solid line) and in SM with an extra fourth fermion
generation (SM4), (dashed line).
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We now turn to the Z*W~ W™ vertex. This time we have
only CP-symmetry at our disposal which sets only the
constraint w = —z. At the broken limit there is no other
symmetry remaining in order to fix the parameter w alone.
However, in the exact SU(2)-limit, where [¢/, s,, — O,
ay = —By], this vertex should be exactly the same as
the Z*ZZ-vertex. There, the arbitrary parameters are fixed
by Bose symmetry to be w = —z = 1/3. For this choice of

w and at the heavy mass limit, m> = m}% = mjzcd > 5, mi,

the vertex is proportional to a; + B = s2, for every
fermion contribution, which in turn is proportional to
SU(2)-breaking effects. Another, equally good, choice
would be w = 0, for example. The physical requirement
here is the decoupling of a particle from the I' -y, -vertex.

In conclusion, the Z*WW vertex is undetermined: there
is only CP-symmetry, that is not enough to fix two arbi-
trary parameters. However, for the anomaly-free SM this
arbitrariness is irrelevant since it is cancelled when the
whole fermion contribution is taken into account. We shall
meet this situation again in the Z'VV-vertex below.

Our numerical evaluation of the SM [Ty, ()] is shown
in Fig. 6. This time, the top quark threshold destructively
adds to the vertex. As in previous cases, we present few
representative values,

Iy ww(\/s =200 GeV) = —(8.5 + 7.6i) X 1074,
Iz ww(/s =200 GeV) = —(3.8 + 3.5i) X 1074,

that show similar order of magnitude values for the real
part as in the Z*ZZ vertex but an enhanced absorptive part.

1.4x1073 I
— SM
———. SM4

1.2x1073 K B R

l/

 Trww)|
(chiral part only)

1107378y

8x1074 [ [

6x10™4

S et
-

ax104 [

S
R/
/,

2x1074 [ B N
/’%4\'

108 104
Vs [GeV]

ox104

FIG. 6 (color online). The effective vertex |I'zyy (s)| in the
minimal SM (solid line) and in SM with an extra fourth fermion
generation (SM4), (dashed line).
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The latter is due to custodial symmetry breaking effects
i.e., the large mass difference between the top and the
bottom quarks. Although there is an intense experimental
ongoing analyses at LEP [63], Tevatron [64] and LHC
[57,58] for the first three CP-invariant nonchiral operators,
fiZ, 5 of Eq. (56), we are not aware of a similar experi-
mental search on the chiral f;’ of Eq. (55).

B. Models with a sequential fourth fermion generation

In our first departure from the SM we assume a fourth
generation matter of quarks and leptons. Apart from the
fact that the 4th generation neutrino has to weight more
than 45 GeV, a certain tuning to avoid EW constraints is
needed. More specifically, one extra doublet of degenerate
leptons contributes a piece of approximately 1/67 = 0.05
into the S-parameter [65] while the current fit [66] to the
EW data gives,

S =0.04 = 0.10. (65)

Therefore, a 4th, mass degenerate, fermion generation will
contribute a 4/67 =~ 0.2 piece to S-parameter which is
incompatible with the fit. A certain mass difference or
else a certain weak isospin violation is needed which is
parameterized by the T parameter [65]. A consistent pa-
rameter space with EW precision data and published direct
searches is

m,, = 400 GeV,
M., = 358 GeV,

m,, = 660 GeV,
Mpy = 372 GeV.

(66)

This mass spectrum corresponds to Tevatron experiments
allowed region, where the analyses from CDF [67] have
excluded ¢4 and b, quarks to have masses smaller than the
values quoted above.® The leptons mass spectrum is chosen
such that it does not contribute significantly to the oblique
parameters, e.g., for these values of lepton masses one has
AS; =0 [66].

Because of the fact that the charges are the same as in the
SM, the anomalies are canceled in each generation. It is
important to notice here that if all the extra fermions were
very heavy and had the same mass, no effect would be left
back and the decoupling would work perfectly. The reason
is, first of all, that the sum over all extra fermions of
expressions that contain the finite integrals A3, A4 or As
vanishes because the integrand factors out a term 3 (cy,

8Currently, the sequential 4th generation is under siege from
LHC [68]. If there exist new heavy SM type quarks, they will
contribute a factor of up to N2 =9 into the Higgs production
cross section for the (triangle) process gg — H. The current
cross section sensitivity at the LHC is within a few of the SM
prediction and therefore it sets an indirect bound over the whole
exclusion Higgs area, up to 550-600 GeV. Other direct bounds
from the LHC on 4th generation top and bottom quarks involve
assumptions about their mass difference to be smaller than the
W-mass. These caveats are discussed in some detail with com-
plete references in Ref. [69].
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where ¢ is the pre-anomaly factor of each fermion. But
this sum is equal to zero for an anomaly-free generation.
On the other hand, terms proportional to /; or I, in Eq. (4),
in the limit of large fermion mass, are canceled exactly by
the anomalous term for special values of w and z parame-
ters that are fixed by the Bose symmetry in each case. But
this constraint is not necessary, e.g., if an anomaly-free
generation of very heavy mass degenerate chiral fermions
is added to the SM, it has no effects at low energies, no
matter what the values of w and z are. This is guaranteed by
the fact that the extra generation is anomaly-free.

The numerical analysis for the three gauge bosons ver-
tices is the same as previously. Using the approximate
integral expressions from Appendix D, we draw plots
for the amplitudes |T'y+yy(s)| and |Ty-yw(s)| versus /s
in different combinations of the external gauge bosons
V = vy, Z. These plots are collected in Figs. 3, 5, and 6,
respectively [dashed line].

The extra generation has a significant contribution to
I"’s, in the region near twice the threshold of each extra
fermion, where the amplitude rises until those values
(shown as peaks in every combination of external gauge
bosons) and drops fast as 1/s (apart from V*yvy which
drops as 1/s5%). We see that for small values of energy the
two curves (the curve that corresponds to the SM case and
the curve that corresponds both to the SM and the 4th
generation) have the same form. In this energetic region
(/s = 600 GeV) the dominant feature is the first peak that
corresponds to the threshold energy for the creation of the
top quark (/s = 350 GeV = 2m,). In addition, the contri-
bution from the extra fermionic generation is negligible,
because all the extra fermions are heavy compared to the
energy, i.e., 2m > \/E). These extra fermions have more
or less similar masses. As before with the top-quark mass,
there is a cancellation between the anomaly contributions
and the /| , parts of the amplitude for each fermion sepa-
rately. As a result, the total contribution from the fourth
generation is negligible as we can see from Fig. 3.

The situation is different when /s runs over the mass
spectrum of the extra fermionic generation. Firstly for
(/s = 600 GeV) we see different peaks that correspond
to the threshold energy for the creation of the extra fermi-
ons (/s = 2m;). When (2m; < /s < 2my), there is a non-
zero contribution to the total amplitude. In this case,
fermions whose masses are very heavy compared to /s,
exhibit the same behavior as previously i.e., the anomalous
term cancels out against the finite contribution.

Reading our results from Fig. 3, the best case for ob-
serving triple gauge boson vertex is y*yZ where h}(\/s =
500 GeV) =~ 10~*. This is by 2 orders of magnitude below
the expected LHC sensitivity (with A ~ 1 TeV) [40].

C. Minimal Z’ models

Grand Unified Theories (GUTs) with rank larger than 4
could break to the SM gauge group times additional
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U(l)’s: SUQ3) X SU(2) X U(1) X U(1)". This symmetry
is broken down to U(1), and therefore there is a possi-
bility of additional forces mediated by the Z’' gauge bosons
associated with the broken U(1)" symmetries (for a review
see Ref. [70]).

We shall concentrate here on minimal models with one
additional neutral gauge boson, the Z'. Minimal here
means models that contain no-additional i.e., no exotic,
matter particles apart from the SM ones and right-handed
neutrinos. The latter play a crucial role in cancelling
anomalies due to the additional U(1)" and in producing
viably small neutrino masses. These models were devised
first in Ref. [71] and later elaborated in Refs. [72,73].
Following the notation of [72] we can describe these
models with three additional parameters: the mass of the
new gauge boson, M, and the couplings gy and gp; . The
latter enter into the current which couples to the unmixed
Z|, gauge boson as

Iy = f_fzf [evY; + gp (B — L) Afy"f.  (67)

From this, it is easy to construct L;,, in Eq. (24) with

af = cost'a? — sind'a’, (68a)
af = sind'a’? + cost'af, (68b)
B7 = cos@’BfO - sinﬁ’,Bfé’, (68¢)
BZ = sing/ B + cost! B, (684d)

where 0’ is the mixing angle between Z and Z' gauge
bosons given by,

sy Mg,

tang’ = ==
87 MZ/ - MZO

(69)

with M7 = g7v*/4 the “SM” Z-boson mass. Also in

d

Eq. (68) we obtain for a?’, Big,

2 1/5 2 7 g
a,’ =§<68Y+§gBL)r B’ ZZY’
7z 1 1 2 7! g
a,’ = E(‘ggy + ggBL)’ B, = _ZY’
] 3 (70)
7! 7! g
a,’ = 5(_581/ - ZgBL)’ B’ = _Zyy
7! 1 1 7! g
a,’ :§<_58Y_283L), B’ :IY:

while the corresponding expressions for af?", BJZC‘) are
given by Eq. (26). This parameterization through gy
and gp; helps us to very easily incorporate several
models that have been studied in the literature: Zp ;
when the U(1)z_; charges of the SM fermions are propor-
tional to (B — L) quantum numbers, Z, a GUT inspired
SO(10) — SU(5) X U(1), model and finally, Z;; where
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the corresponding U(1);z charges are proportional to
Tsr generator of the global SU(2); symmetry. We sum-
marize the couplings of these models in the following
table:

Zg-r Z, Zsg
8y 0 _\/%gz/ —87
8BL \/%gz' ﬁsl—ogz’ %gz’

Here, we wish to calculate the effective vertices I'z-,;
and I',~,, for those models. Recalling Egs. (38) and (27)
with i =27/, j=1vy or Z and k = Z respectively, we
obtain

mZBZ
[m%(ABf + Asyp) — fzflzf

| R (s) = e*rPok, Z
o

7" yzZ
f=ud.ev

(Z + 1) / !
o (o] B+ 7] |

= €M%k, Um0 7(5), (71)

+

L2 ()

777

(ki — k) Y

f=ud.ev
w1
f 4772

+ (87267 + 207 atp7]]

G,U,Vpo'(kl - k2)a.rz/*zz(s), (72)

[m%(/hf — Ayy)

27 ,
+ b} . Il [(a]Zf)2B%

with ay, and B, given in Egs. (68) and (70). Again the
last terms on the r.h.s of Egs. (71) and (72) arrive from the
chiral anomaly of individual fermion contributions. These
anomalous terms cancel out when we sum over all SM
fermions (here we also need the right-handed neutrino).
This also removes the arbitrariness due to the unknown
parameters w, z. Contrary to the SM vertices, we cannot
use here any physical arguments in order to remove
completely both w and z parameters. We only have
U(1)., gauge invariance for Z"*yZ and Bose symmetry
for Z"*ZZ while in the SM we have two neutral gauge
bosons and two symmetries.

But lets for the moment keep the anomalous terms.
Obviously they are multiplied by arbitrary parameters
(z + 1) (for Z"yZ) and (w — 1) (for Z"*ZZ). Focusing on
the Zj;_, model, where the mixing angle ¢’ vanishes, we
observe that for any single heavy fermion contribution the
2nd and the 3rd term on the r.h.s of Eqgs. (71) and (72)
mutually cancel and what remains back is the effective
theory with the low mass fermion contributions but to-
gether with their anomalous terms included. The latter do
not depend on particle masses. The choices for the arbi-
trary parameters are w = z = 1 for Z'yZ andw =z =0
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a,b) | Ty (s) | versus /s for different gauge bosons combinations as they are given by Egs. (71) and (72).

The solid curve corresponds to the SM spectrum with an extra U(1)z_; , while the dashed curve corresponds to the same but with a 4th
sequential fermion generation added as in Fig. 3. We take M, = 1 TeV and gz = a,,,. ¢,d) The same as (a,b) but with U(1) v (&

f) The same as (a,b) but with U(1)3z.

for Z'ZZ. The last condition can be interpreted as follows:
for the amplitude ZZ — ZZ to hold for asymptotic values
of energies, Eq. (10) requires w = z but Bose symmetry
requires w = —z. This conclusion does not stand firm in
the case of mixing between Z and Z' i.e., in models Z, , Zz
of the table above, and the contribution of a heavy mass
particle is undetermined. Of course anomalies do cancel
when al/l model fermions are added.

In Fig. 7 we display numerical results for the absolute
value of the scalar part of the 1PI effective vertices Z™*yZ
and Z"*ZZ in Egs. (71) and (72) for M, = 1 TeV and
87 = Q. Figures 7(a) and 7(b) refer to Zz_; model,
Figs. 7(c) and 7(d) to Z, models and, finally, Figs. 7(e)
and 7(f) to Z3z models. For the values of M, and gz
chosen, fits to electroweak observables and direct searches
are satisfied. We also present results when adding a se-
quential 4th generation of fermions with the same masses
(and the reasoning) as we did for the SM case of
section [VA. We observe that there is an enhancement of
the vertices by a factor of 2 for Z5_;, and a factor of 10-15

for Z,. Numerically, we can define analogous quantities
h% and fZ by simply replacing Z with Z' in the definition
given by footnote 5. As an example, for the B — L model
we obtain,

h% (/s = 200 GeV) = —2.7 X 1073,

h% (/s = 500 GeV) = (—2.7 + 5.3i) X 1074,
Z(\s =200 GeV) = —7.2 X 107°,
Z(Js =500 GeV) = (=7.7 + 18i) X 107>

(73)

Numerical results for the vertices presented above and in
Fig. 7 are based on various analytical approximations for
form factors described in Appendix D.

Now that Z' can be heavy it is interesting to study its
decay width into Zy and ZZ modes. Based on (1) and on
Egs. (71) and (72) the decay widths of the Z’ can be read
from
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T / 1 2 ZBZ
(Z—»yZ)—K , zd: mz(A3f+A5f)_ sz
( ) :8f+ Z,BZ)CY ]
3/ 2\3 2
x 2z (1 mz) (1 + ) (74)
mz mz my,
(2 —72) = — | |:m§(A3 = Ay
f u,d,e,v
+ fzfllf P2 B + (87267
T
m3/ 4m /2
+2Z’ZZ] 2(1— Z) . (75
QM ysinZ6’ m%,\3/2
T(Z > WHW™) =22 ( —4 W)
( ) 48tan’6,, m2,
m2 i (mA\ -2
x[1+20 V122 ](mgV) . (76)
m2, m, \m?2,

Iz — fp) =" ’"Z’[( 721 g72)

3m: , 4m>
o NCARYD N[ty

z z

where N, is the color factor (3 for quarks and 1 for leptons)
and the tree level decay width for Z' — WW has been
taken from Ref. [74] and is dominant over the loop-induced
ones. For g = a,, Mz = 1 TeV and SM spectrum with
three generations we obtain for the B — L ()y) [3R] models:

Br(Z' — vv) = 37.7(42.3)[12.5]%,

Br(Z' — €€) = 37.7(12.5)[12.6]%,

Br(Z' — qq) = 24.5(45.1)[74.8]%,

Br(Z' — WW) = 0.03(3.2)[8.1] X 1077,
Br(Z' — Zy) = 5.8(~1073)[8.7] X 107,
Br(Z' — ZZ) = 3.0(2.5)[0.9] X 107".

(78)

These results are pretty much the same for bigger M,
values. As we see, the branching fraction for Z/ — yZ is
in the region of 107°-10~% while for Z' — ZZ in the region
~1077. These are very challenging numbers even for
LHC@14 TeV.

In coordinate space representation, the vertices (71) and
(72) arise on-shell from the following operators

— vpo 7!
@Z’yZ etPILL L b,

(79)

O 4, ~ 8“”””Z;LZ,,GPZU, (80)
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which are both P-odd but CP-invariant. Although not
present in the SM and in the Z’-models under consideration
there may be P-even but CP-violating operators of the
form Opz; ~Z'*(9"Z,)Z, induced by a triple scalar
loop instead. The latter would interfere with (80) and
there is a proposal in Ref. [75] on how their effects can
be separated at the LHC. However, within minimal
Z'-models considered here this looks very difficult due to
tiny Br(Z' — VV) of Eq. (78).

V. CONCLUSIONS

We construct an effective 1PI vertex for triple gauge
bosons for every renormalized theory making explicit
mentioning to the chiral anomalies and their synergy
with heavy fermion decoupling phenomena. Our method
for calculating the vertex is based on Ref. [38]. It is quite
general and can be divided in four steps:

(1) Write down the most general, Lorentz (and/or pos-

sibly other symmetry) invariant effective vertex
I'#7p [like Eq. (2)] with unknown form factors.

(2) Isolate the -potentially- infinite form factors and
calculate only the finite parts.

(3) Derive Ward Identities arising from the underlying
spontaneously broken gauge symmetries at the
quantum level. Apply them to I'#”? and calculate
the ambiguous form factors, thus forcing them to be
finite.

(4) If the vertex is still undetermined i.e., if arbitrary
parameters still remain, try to fix them by physical
requirements. If nevertheless arbitrariness persists,
then the model needs completion, perhaps with new
particles or new dynamics.

This method, explained in detail in Appendix B and in
Sec. II, does not require dimensional regularization or
other integral regularization technics. It may require, how-
ever, “‘shifting momenta” technics like Eq. (B11). The
above steps can be augmented with additional relations.
Instead of WIs, one could use other identities like, for
example, those arising from perturbative unitarity sum
rules or the Goldstone boson equivalence theorem e.g.,
Eq. (1D).

All the above steps are realized when calculating triple
gauge boson vertices in spontaneously broken gauge theo-
ries, like, for example, the SM or its extensions like mini-
mal Z’-models. The anomalous terms are arbitrary and can
only be fixed by physics. Only then can we discuss non-
decoupling effects in the broken limit. We observe that for
V*VV, V=1, Z and for y*WW vertices, there are two
arbitrary parameters that are completely determined by
two physical symmetries: U(1),,, and Bose symmetry or
CP-invariance. We find that at the limit of heavy fermion
masses, nondecoupled terms cancel exactly those that arise
from anomalies. For example, in the SM, decoupling of the
top quark will leave behind anomalous-terms of light
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quarks and leptons plus finite parts. On the other hand
vertices like Z*WW, Z*VV are in general undetermined
because there are no enough symmetries to fix the arbitrary
parameters. Of course for anomaly-free models this
arbitrariness is removed when adding up all fermion
contributions.

We made a numerical analysis for SM and minimal
Z'-model vertices. To this end, we made an effort to
calculate finite integrals in terms of standard functions
that are easy to handle. For example in Appendix D, we
solved analytically the integrals for V*yV-vertices. We
then proceeded to SM predictions for the triple gauge
boson vertices. Unfortunately, it turns out that within the
SM these are rather small to be discovered even at the LHC
with /s = 14 TeV. Similar results are obtained in the SM
extended by a sequential fourth fermion generation. The
difference w.r.t the SM, is that [T}y (s)] is “delayed” to
vanish for large /s due to the heavy, 4th generation thresh-
olds (see Figs. 3). In the best case, the SM + 4th generation
predicts a maximum of a few X1073 for Izl [see
dashed lines in Figs. 3].

We have performed a numerical analysis, shown in
Fig. 7, for minimal Z’-models with U(1)z_; symmetry,
SO(10)-like and U(1)3x also extended with a 4th fermion
generation. For a conservative choice of Mz = 1 TeV and
87 = Qem, We find [z 27| and |I'z, 7| in the regime below
a few X107°. We also briefly discussed Z’-decays to Zy
and ZZ. Adopting the parameters space above, their
branching ratio come out to be in the neighborhood of
~1073 and ~1077, respectively.

In Sec. III B and Appendix E, we calculated nondecou-
pling effects that arise instantaneously with vanishing
anomalies. We constructed several toy models with two
or three external gauge bosons and a number of fermions
where this situation could take place. In principle, these
models can be used as a basis towards realistic extensions
of the SM.

Our main result, the effective triple gauge boson vertex
obtained in section II can be used in various ways: i) in
models with anomalous spectrum, ii) in realistic anomaly
driven models of Sec. III B, iii) in MSSM and its exten-
sions, iv) in dark matter or neutrino—nucleon scattering
processes with a photon in the final state. We will pursue
some of these issues in a forthcoming article.
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APPENDIX A: A SET-UP TOY MODEL
FOR CALCULATIONS

Consider a gauge theory of a complex scalar field ®
charged under a local U(1) with charge Y (in units of ¢), a
vector spin-1 abelian gauge boson A, and a pair of Dirac
fermions E; and ep with U(1)-charges Y, and Yy respec-
tively. This gauge theory is described by the Lagrangian,’

'E = £g(®’ A/,L) + '[:f(ELr €R, A'LL) + ‘EY(EL: €R, (D))
(A
where the gauge boson-scalar interactions are

1

L, (DA, = —ZFWF#V — %(G)2 +|D,®* — V(®),

(A2)

while the chiral fermion and the Yukawa interaction parts
of the Lagrangian in Eq. (A1) are stored in

Lf(ELr €pr, AM) = EL(IM)EL + éR(iﬁ)eR, (A3)

.£ Y(EL’ €pR, (I)) = —)te(EL(I)eR + éRCI)*EL), (A4)

and  D,®=0d,0+ieYpA,®, D,E, =d,E +
ieY A E;,and D egr = 9, eg + ieYpA eg. L, is invari-
ant under the local, U(1) gauge-transformation

D(x) — elYorDP(x), Ay (x) = A, (x) —9,AK),

(AS)

E;(x)— eieyLA(x)EL (x), eg(x) — eieyRA(x)eR(x),
(A6)
iff Yo = Y; — Yp. It is convenient to combine the left and
right-handed fermions into a single Dirac four-component

spinor W = (E;, eg)”. Then the interaction Lagrangian
relevant to our study for triangle graphs reads:

-Eint = _/\e\P(I)PRq, - Ae‘i,q)*PL\Ir

- eAM\i’y"“(a + Bys)V, (A7)
where
Y, +7Y Yp — Y
a=—t—f  p=tt (A8)

Under gauge transformations the 4-component field W
transforms as

\I’(x) —_— eie(ajLﬁ)’s)A(x)\Ir(x)’
W(x) — W(x)e ielaBrs)Ak)

(A9a)
(A9D)

which together with Eq. (A6) leave L invariant if
Y(l) = _2ﬁ

“Throughout we follow the notation and conventions of
Ref. [76].
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We choose a renormalizable and gauge invariant poten-
tial V(®) such that the field ® acquires a nonvanishing
vacuum expectation value, (®) = v/+/2, which breaks the
local U(1) symmetry spontaneously. We expand Eq. (A1)
around the minimum, ® = TZ(U + h + ip) and choose a

gauge-fixing function in Eq. (A2),
1
VE

which eliminates the Goldstone boson—gauge boson mix-
ing term. The mass of the vector boson A, and of the
unphysical Goldstone boson ¢ in this R;-gauge become

G

(8,A" — £evg), (A10)

my = evYyp, ms, = &mj. (A11)

The ghost part of L is not relevant to our discussion for the
one-loop triangle graphs and is not presented. In terms of
P and P, .Ef + L, becomes

Ly(V,A,)+ Ly(V, h, @) = Vig¥ — eA#‘ify“
X (a + BY)Y — mP¥
— BY LY — iBY Y oV,

(A12)
where m = v and B = \)}—%
d*p
TH0 (ky, ks, b) = (—1)e3 Tr{ S
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This model, albeit very simple, captures the most im-
portant nondecoupling heavy fermion effects in the tri-
linear gauge boson vertices in the SM and its extensions.
In the context of chiral anomalies it has been exploited in
Ref. [15]. With a light language deform it imitates the
Standard Model with the difference that its WI's for the
currents corresponding to the gauge symmetry in Eq. (A6)
are anomalous as we shall see below.

APPENDIX B: CALCULATION OF THE THREE
POINT GAUGE BOSON VERTEX

In this Appendix we explicitly evaluate the three exter-
nal gauge boson, fermionic one-loop amplitude of Fig. 1.
The loop function is calculated directly in four dimensions
using standard methods studied in Refs. [7,38,77-79].
Here, we review this calculation in detail for the toy model
of Appendix A. At the end we generalize our results to the
case of three different external (massive or massless) gauge
bosons.

By naive power counting we observe that the two dia-
grams in Fig. 1 are linearly divergent. This means that their
quantum amplitudes depend on the routing of the internal
momenta circulating in the loop. In each of the two dia-
grams we shift the internal momenta with arbitrary four
vectors a* and b#, respectively. By reading Feynman rules
from Eq. (A7), the graphs in Fig. 1 become

o YHat BY )P — K+ b+ m)y(a+ By)p+a+my’ (a+ By )p+K +a+m)

[(p = ky + a)* =m*J(p + a)* = m*[(p + ky + a)* — m?]

+

(2m)*

where m is the fermion mass and ( — 1) is a fermionic loop
factor. The integral in the second line is the same as the first
with only the difference that the upper two external legs in
Fig. 1 are interchanged, i.e., {v, p} < {p, v} and k; < k,.
Dimensional regularization is a scheme not well suited in
calculating (B1) due to the problems in defining y5 and
€*”P7 in d > 4 spacetime dimensions. We here follow a
method for calculating (B1) first presented by Rosenberg in
Ref. [38] and later used by Adler in his classic paper on
chiral anomaly [7]. Basically, this method relies on the fact
that the ambiguous part of the integral is stored in two form
factors in I'**? expansion, A, and A;, that multiply the
external momenta k; and k,, respectively. We then exploit
physical arguments like, for example, conservation of
charge, in order to determine the form factors A;, A,—
all others, A; ... Ag are finite and can be calculated directly
in 4-dimensions.

d'p yHa+ By )p—K +¥+my (a+ By)p+B+my(at By)p+k+F+ m)}
[(p — ki +b)* — m*1(p + b)* — m*(p + ky + b)* — m?] ’

(B1)

Our next step is to write down the W1Is. This can be done
in many ways, probably the most insightful is the use of
functional methods (see for instance Chapter 9.6 in the
textbook of Ref. [76]). One finds the classical WIs of
Eq. (3), but not the last term on the r.h.s. We show below
how to calculate this last term. We need first to calculate
the divergence of the IPI vertex: q,I"*"” = (k; +
ky), I#7?. It is useful to employ the following algebraic
identity:

dla+ By) = —(a—By)p— K +d—m+2By’m
+(p+ K +d—mia+ By) (B2)
in the first integral of (B1) and a similar identity with

a— b and k; — k, in the second one. These identities
split g, I"#"? into two parts,
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-
4, T4 (ky, yza, b) = — ’"Bﬁ “rky, kyra, b) + 1% (ky, ks a, b), (B3)

a part that is proportional to the fermion mass m and a part which contains divergent two-point functions that would had
been zero if shifting of the momenta variable was allowed. The latter integrals will be responsible for the failure of the axial
vector WI’s. Explicitly I'?” and I1?” in Eq. (B3) read,

d'p Y(B—k+a+my(a+ By)p+a+my (at+By)p+ K +d+m)

"7 (ky, ky; a, b) = —ie? 3 Tr{[

2m)* [(p — ky + @) = m?][(p + a)* — m*][(p + k; + a)* — m?]
d'p Y-k +B+my"(a+By)p+B+my’(a+ BY)P+k+F+ m)}
@m)* [(p — ki + b)*> = m?][(p + b)* — m*|[(p + ky + b)* — m?]
= _izegj:znﬁs’w‘mkukzalo(kb ky, m), (B4)

where

! I—x (a? — B2) + 2(x + y)B?
Lo(ky, ko, m) = f dxf dy : A Y B . (B5)
0 0 x(x — D3 + y(y — Dki — 2xyk; - ky + m

Obviously, the integral in I'*” in Eq. (B4) is obtained from I'*”? in Eq. (B1) with the replacement y*(a + Bvy°) — 7, that
is a replacement of a vector-axial vector coupling with a pseudoscalar. This validates the PCAC relation in Eq. (B3). Note
that I"?? is finite and independent on the arbitrary vectors a* and b*: I'"?(k, ky; a, b) = I'"P(ky, k).

The divergent part IT”? in the WI of Eq. (B3) contains, among others, the anomalous term. It is written explicitly as,

d*'p {_ (a = By )a—BY)y*(B+a+my"(a+ By )p+K +d+m)
@m)* [(p +a)* —m*|[(p + k; + a)* — m?]
B—k+a+my(a+ By)p+a+my (a+ By)a+ By)

[(p +a) — m*[(p — ky + a)* — m?]
(a = BY)a = BY)y' (f+ ¥+ myPla+ By )p+K+F+m)

[(p + b)* — m*[(p + ky + b)* — m?]
LBkt B my (et BY)P A+ E A+ m)y (et By’)a ,6’75)}

[(p + b)* = m*|(p — ky + b)* — m?] '

17 (ky, kot @, b) = (—e3)Trf

+

(B6)

This is an integral that is divided into two parts: a chiral expression i.e., the one that contains y> and a nonchiral expression
that does not contain y°. Since the anomalous term is originated from the chiral part we start from there. Hence,

v . d'p B+ K+ 4y (p+4)y"y
Mt k) = 8+ 32T [ G e v o )
__ Bray-ktayy . Ry E DYy
[(p+aP—m*(p =k +a) =m*]  [(p+ky+b)*—m*|[(p + b)* — m?]
(P -K By }
[(p + b)* = m?][(p = ky + b)* = m*]}

(B7)

Grouping together the first and the fourth as well as the third and the second terms in the integrand of Eq. (B7), we atrive at,

v d*
Mk, kysa, b) = (B + 302 B)e? f(z;; {Tr(v“y”vW”vs)(

(p+b)(p—ki + b)) w
M+ b =l — k) - m2]> FI )

( (p+ky +b),(p+b), B (p+a)(p—ky+a), )} (B8)
[(p+ ik +b)> = m?]l(p + b)* —m?] [(p+a)?—m(p—k+a)?—m*]/}

(p+ ki +a)p+a),
[(p + ki +a)? — m*|[(p + a)* — m?]

Following the steps described in Ref. [78], we first define a function and an integral,
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(p+c)lp+d,

fualpsic, d) = [(]7 T C)2 — mz][(p + d)2 _ m2]’

(B9)

and

d4
Latkie.d) = [ alp+ kied) = falpic.d)
(B10)

where ¢, d are arbitrary four vectors. By exploiting the
following ‘“momentum shift” integral relation (see the
lecture by R. Jackiw in Ref. [77] and Refs. [48,49,79])

f G P

— (P = [27ra lim p p,(p)

2m)*
R
(B11)

where only the first term on the r.h.s is relevant to linearly
divergent diagrams, and,

~ L) - repn

fo(p) 3

(B12)

felp) = 3L7) + F(=p)]

are the odd and even parts of f(p) respectively, we
obtain,'°
K/\(k ¢ d) [Zk)lc + 2k d)‘

k/\dK - ch/\

—gKAk-(k+c+d)+kAkK]. (B13)

Now we have all the necessary machinery to calculate IT"?
in Eq. (B8) by applying to it Eqs. (B11) and (B13). For the
nonchiral part of II”” the choice b = —a results in
P i =0 as we expect, since there should be no
nonchiral anomalies. With this assignment for vector b
we finally obtain for the chiral part:

S(B’ +3a’p)

chlral(kl’ k2’ a ) SKV)‘paK(kl + kZ))\-

4472
(B14)
Plugging in Egs. (B4) and (B14) into Eq. (B3), the WI
associated to the leg—u—becomes:
2
q,*7P(ky, ks a, —a) = melglrw(kb k)

| €8 +3a2p)
4772

X e%g (k, + ky),.  (B15)

'There is a typographical error in the corresponding expres-
sion of a classic textbook written by S. Weinberg in Ref. [78].
We thank Steve Martin and Howie Haber for communication
related to this point.
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Along the same lines we can build in the WIs for the other
vertices. For example, the W1 referring to the conservation
of current in vertex—v—(see Fig. 1) reads:

- 2
_klurljw(kh kyya, —a) = mBel

[P (ky, ky)

B+ 302p)
472

X 8K’D)l‘u'(a - kZ)Kkl)\' (B16)

Vertices T7P*(ky, k»;a, b) and [7#(k,, k,) are obtained
from I'#*P(ky, ky;a, b) and TI'"?(k,, k,) in Egs. (B1) and
(B4), respectively, after the following replacements

p—v, v—p,  p—p a—a—k,
b—>b+k2, k1—>k2, k2—>_k1_k2,
q:kl+k2—>k2_k1_k2=_k12q—’_k1. (B17)

It is straightforward to see from Eq. (B17) that the non-
chiral part of —k,,I""?*(k,, k,; a, b) vanishes again for the
choice b = —a. Similarly the WI for the current conser-
vation in the—p—vertex,

2m,861

_kprpMV(kl: st a, _a) = FMV(kl, kz)
(B +3a?P)
4772

X SK#/\V(CI + kl)KkZ)\' (Blg)

As previously, ["#"(k,, ky;a, b) and [*”(k,, k,) can be
obtained from Eqgs. (B1) and (B4) by making the following
replacements:

m—=p, vV— WU, p— v, a—a+ky,
b_’b_kl, kl—’_kz_kl, k2—>k1,
q:k1+k2_'_k2_k1+kl:>q_’_k2. (Blg)
These replacements leave invariant the choice b = —a so

that finally, the nonchiral part of kzprp ¥ (ky, kyya, —a)
vanishes identically everywhere. Furthermore, by direct
calculation the vertices ['”# and I are found to be,

. 2 -~
[Pk(ky, k) = lesz e Pk koel (ky, ky, m),  (B20)
T
and
[ (ky, ky) = lz;"ﬁ e ek kel (ky, ky, m),  (B21)

respectively, where the corresponding integrals I,, are
written explicitly as,
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1 1-x —(a®+ B%) +2xpB?
I(ki,kyym)= | d d , B22
1 (ki ey, m) ,/;) * 0 yx(x—I)k%wLy(y—l)lc%—nykl-kz-i-m2 (B22)
and
I fl-x 24 B2)—2y32
Iz(kl,kz,m)=f dx | dy . (a 3)2 yB - (B23)
0 0 x(x — ks +y(y — Dkj —2xyk; “ky + m

The three-point vertex obeys the following equality,
Ture = [rem = frer, (B24)

as the property of trace to remain invariant under cyclic permutations. It is instructive to write the arbitrary vector a*,
appearing in the WIs, as a linear combination of the two independent momenta k; and k,,

at = zki" + wky, (B25)

with z, w arbitrary real numbers. Then the WIs in Eqgs. (B15), (B16), and (B18) can be written explicitly in terms of the
three integrals [, I, and I, and the real numbers w and z as,

33,2 3(83 + 32
q, I#7P (ki kysw, 2) = _%SAywkukzalo(kpkﬁm) +W8)‘”P"kuk%(w—z). (B26)
. 30,2 3(83 + 302
_leFVP,U«(kl’ k2, W) = — ﬂs’\“p”k“kzgll(kl, kz, m) + M X SAMPU(W - l)kl/\kzg., (B27)
T T
R 30,2 3(83 +3a2
—ky, IPH7 (ky, kp32) = -£ B;n ek y koo Iy (ky, kysm) "‘MS)‘“W(Z+ Dk p\kyg. (B28)
T T
Obviously, even if we choose w = 1 and z = —1 so that the second and third anomalous terms vanish it cannot be done so

for the first one. The second term on the r.h.s of Eq. (B26), remains. It is quite interesting to note that in the limit where k7,
k%, k; - k, < m — oo, there is a choice for w = —z = 1/3 such that the right hand side of Egs. (B26)—(B28) vanishes
identically. For this choice the fermions get decoupled completely.

Our goal is still to calculate the three gauge boson vertex ['**?(k,, k,; a, —a). The idea is to first write down the most
general, Lorentz invariant vertex, as'!

Tuep(ky, kyya, —a) = [A(ky, ks a, —a)et P ky, + Ag(ky, kos a, —a)eP Pk, + As(ky, ky)e#PPOkSky gkys
+ Aylky, ky) et PPokY k) gkys + As(ky, ky)eP PPkE ky ghas + Aglky, ko) POk ky ks (B32)
The form factors A; and A, are dimensionless and, by naive power counting, at most linearly divergent while all the rest,

Asz...Ag possess dimension of m ™2 and are finite. The latter can be calculated directly in four dimensions from Eq. (B1).
We find explicitly:

(B3 +3a%B) [ I-x  x
Atk ko) = =Aqlky k) = = 2B [l [Ty, (B33)

3(B3 + 3 2 1—x —1
Ay(ky, ky) =M /01 dxfo dy%, (B34)

""There are two more terms allowed in the expansion,

Aq(ky, k)P POk ky ghas + Ag(ky, k)P POk ki gy, (B29)

However, by exploiting the following, very useful, identities
ki P Bk ghys = — PP kikighos + VPO ki ghys + 8#7P[(ky + ky)kia — Kikoo ] (B30)
k5 &P PPk ghoy = — e PPOkLky ghys + VPO kS ki ghas — £#VP[(ky - ko)kag — K3k14), (B31)

we arrive at the six form factors given in Eq. (B32).

095024-23



ATHANASIOS DEDES AND KRISTAQ SUXHO

3083 4 342 . _
As(ky, ky) = _e(,8—23a,8) [1 dx [1 dyx(xA 1)’
T 0 0

(B35)

where the integrand denominator is common for all
Aj ... A and reads:

A =x(x — DK +y(y — DK — 2xyk, - ky + m2  (B36)

To estimate the two divergent integrals, A; and A,, we
apply the Ward Identities for the vertices v and p, i.e.,
Egs. (B27) and (B28) in the expansion (B32) and obtain,

Aj(ky, kyyw) = (ky * kp)As(ky, k) + kFA4(ky, ko)
B m?e’ B
)
(B +3a’p)
+
4772

Il(klr ks, m)

(w—1), (B37)

and,
Ay(ky, k3 2) = (ky - ko)Ag(ky, ko) + K3As(ky, ky)
B m?e’ B
o
(B +3aP)
J’_
4772

Egs. (B22), (B23), and (B33)-(B38) complete the evalu-
ation of the vertex I'**P(ky, k,, w,z) in Eq. (B32). In
Appendix D we present analytical expressions of the in-
tegrals A;_¢ and Iy, in various limits.

Even if the form factors A;—; ¢ had not been calculated
explicitly there is much to say about their structure by
exploiting possible Bose symmetries. Hence, referring to
the notation of Fig. 1, Bose symmetry among j and k legs
implies,

Iz(kl! k2, m)

(z+1). (B38)

A (ky, k) = —Ay(ky, ky), (B39a)
As(ky, ky) = —Aglky, k), (B39b)
A4(k1, kz) = _As(kz, kl)’ (B39C)

while in i and j legs,
A(ky, ky) = —A(—q, k) + Ay(—q, k)
= (ky - k)[(A3(—q, k) — Ay(—q, ky)]

+ kAL (—q, ky), (B40a)

As(ky, ky) = Ay(—q, ko) + K3[A3(—q, ko)

— Ay(—q, ko)) = (ky - ky)A4(—q, ky), (B4Ob)
Az(ky, ky) = Ay(—q, k) — As(—q, ky), (B40c)
Ayky, ky) = Ay(=q, ky), (B40d)
As(ky, ky) = As(—=q, ka) — As(—q, k2)

+ A3(=q ky) — Ay(—q, ko), (B40e)
Ag(ky, ka) = —Ay(=q, k) = Ag(—q, ky), (B40f)
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and, finally, in i and k legs we find,

Ai(ky, ky) = Ay (ky, — q) — k%[(AS(kI: —q)

— Ag(ky, —q)] — (ki - kp)As(ky, —q), (B4la)
Ak, ky) = Ay(ky, —q) — As(ky, —q)

+ (ky - k)[As(ky, —q) — Ag(ky, —q)]

+ K3As(ky, —q), (B41b)
Ak, ky) = —Az(ky, —q) — As(ky, —q), (B4lc)
Ayky, ky) = Aylky, —q) — Aslky, —q)

— As(ky, —q) + Ag(ky, —q), (B41d)
As(ky, ky) = As(ky, —q), (B41le)
Aglky, ky) = As(ky, —q) — Aglky, —q). (B41f)

The above relations have been repeatedly used in Sec. IV
when determining the anomaly parameters w and z. The
reader should notice that in addition to relations due to
Bose symmetry, there are few more relations originated
solely from fermionic triangle:

As(ky, ky) = As(ky, ky), Ag(ky, ky) = Aglky, ky).
(B42)

We can now exploit Bose symmetry to set constraints on
the arbitrary parameters w and z. For example, if the gauge
bosons associated with legs j and & in Fig. 1 are identical
then Eq. (B39) impose the following relation,

w+z=0, (B43)
among the undefined (momentum route dependent) pa-
rameters. One last remark is that we can rediscover Bose
symmetries by using one of the following equivalent rep-

resentations (i.e., they leave the double integral measure
invariant) of the integrals As ... Ag by noting that

A(ky, ky) = Alky, ky), (B44)
y—l-x—y

A(ky, ky) jnd Aky, —q), (B45)

Ak k) = Al=q k) (B46)

where A(ky, k,) is a function defined in Eq. (B36).

As a generalization of Egs. (B15), (B16), and (B18) we
can proceed to the situation where there are three, in
general different, external gauge bosons with different
couplings to fermions. As in (B1), we write the general
three point vertex in Fig. 1 as:
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TR (ky, ky; a, b) = TP (ky, ka3 a, b) = TP#"(ky, kys a, b) =

4

PHYSICAL REVIEW D 85, 095024 (2012)

s [ dp
2m)*

Y (a; + By ) — K + 4+ m)yP(a; + By )P+ 4+ m)yy (o + By )P+ K + a4+ m)

X Tr{

[(p =k + @) = m?*(p + @) = m*][(p + ky + a)® — m*]

n Y+ By ) B — K+ B+ m)y (ap + By )b+ B+ my(a;+ By )p+ Kk +F+ m)}
[(p =k + b)* = m?]l(p + b)* = m?][(p + k + b)* — m?] ’

and the corresponding two point vertex functions as:

(B47)

—ie’mf3 1 1—x . — 3. +28. +
ree(k, k,) = Ma)wpakukzﬁj(; dxj; dy (a]ak B]ﬁk) B]:Bk(x y)’

2772

= ie’mf3 1 1-x  —(a.a, + B:8,) + 2x8:
% (ky, ky) = lezmﬂ 8/‘#5/)/{“](25] dx/ dy (@jap + BiBi) + 2xPB: s
™ 0 0

2

A

(B48)

A 5

P ie’mf3 1 1-x a4+ B.B) —2vB.8.
I (ky, k) = le2mz,8 sAﬂkalAszf dxf dy(ala] BiB)) )’31,3,,’
0 0

T

where as before A = A(ky, k) is given by Eq. (B38). The
complete I'*??(ky, ky, w, z) in this general case is presented
in section II.

APPENDIX C: CHARGED GAUGE
BOSON VERTEX

The calculation for V*W-W™*, V =1y, Z is slightly
more complicated than the one for neutral triple gauge
boson vertices for two reasons: first, the appearance in
the loop of two, in general, different fermion masses and
second, the appearance of different Vff vertex for each
particle contribution (see Fig. 8). Although the first com-
plication leads to only technical difficulties the latter one is
more serious: it does not allow for an obvious exploitation
of the master 4D ““‘momentum shift” Eq. (B11).

Our method for calculating this vertex follows exactly
the same steps as described in detail in Appendix B and in
Sec. II. The chiral part of the V*WW vertex is still given by
Eq. (2). The finite form factors A;...Aq for the first
diagram in Fig. 8 are exactly the half of the corresponding
ones in (8) but with the replacement of A(ky, k,) into

Alky, kysmy ,m7 ) = x(x — k3 + y(y = k7
— 2xyk; + ky — (x + y)Am?

+m3, (C1)

with the mass squared difference being Am*> = mj — m7 .

f. and f; here denote each of the fermion pair (u, v) and
(d, e) for leptons and quarks, respectively. Obviously, the
contribution of the crossed diagram i.e., the second dia-
gram in Fig. 8, requires the replacement, f, < f,. Our
calculation here is quite general and is not confined only in
to V*WW vertex. For example, it could be used for the
vertex VW; Wy in an SU(2); X SUQR)x X U(1) gauge
model.

A

As before, the “infinite”” form factors, A, , are fixed by
the Ward Identities. The calculation of the first diagram of
Fig. 8§ results in,

a;(mp —mg)
Ai(ky ko) = (ky - ko)As + K2A, — L Ja

472
X 1y, m3 ) — B0 2 )
X Iyp(m7 , m7 ) + #(w -1, (C2a)
As(ky, ko) = (ki - kp)Ag + K3As + OW
X Lyt m ) — B0 1)
X Ip(my ,m7 ) + #(Z + 1), (C2b)

where ¢ = (a;a; + B;B,) B + (a;B8; + a;B)ay is the
usual anomaly factor. Again, the result depends upon two
arbitrary four vectors, a* and b*, that parameterize the
momentum routing in the loop. For chiral gauge anomalies
to cancel after summing over all fermions, the arbitrary

V=y, Z

V=y, Z

FIG. 8. The one-loop effective triple gauge boson vertex,

F"j"}’v’i we» V=", Z. Asin Fig. 1, indices {;, j, k} denote distinct

external gauge bosons in general.
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vectors a* and b* need to be set at a* = —b*. As before,
we write a* as a linear combination of independent four
vectors as a* = zk| + wk4, with z, w arbitrary real pa-
rameters. This includes y, Z, W-self energy corrections.
The latter depend on their own routing momenta arbitrary
vectors that can be taken as such in order to eliminate their
anomalous contributions. One then expects that this
relation renders the nonchiral part independent of a* as
it does for the neutral vertices VVV, for V = vy, Z [see

+ aBmy (x +y — 1) + (a; B — ayB)my,x

PHYSICAL REVIEW D 85, 095024 (2012)

Appendix B]. However, for VW W-vertices there are addi-
tional contributions to the nonchiral part of I'**? from Z, v,
W-self energy corrections that depend on routing momen-
tum arbitrary vectors. When all these corrections are added
one expects the result to be independent on these arbitrary
vectors.

Then the “nondecoupling” integrals, I;; = I;;(m} , m7 )
with i, j = 1, 2, appearing in Eq. (C2) are given by

1 1—x . + . + .
I :/ dx[ dy (@;Br + ayBi)my,y + (a; By
0 0

) C3
A(klr k2’ m%'L" m.%d) ( a)
1 1mx —(ajoy + Bipdmy,y + (ajoq + Bifmy, (x +y — 1) — (a0 — BiB)my,x
Ly = f dx[ dy u e "A(k e u e (o5
o070 1 Koy g, my)
121 _ / dxf dy (a :81 a]B )mfdy (a B]A Cl]ﬂ ')m];t(x 5 y ) (a B] ajB )mf[,x’ (C3C)
0 0 (k11k29mfuy mfd)
(C3d)

_ ld lixd (aa; — B:iB))mysy — (aja; + B;B))my (x +y — 1) + (;a; + B;Bj)my x
In = * Y Alky, ky; m% , m2) ’
0 0 I R2 Wy > W p,

where a; = ay, B; = By, .-

etc, follow the first diagram of Fig. 8. The corresponding expressions for the crossed

diagram are easily obtained from those in Egs. (C2) and (C3) with the replacement f, < f,. Note that CP-invariance is

maintained since A;(k, k,) = —A,(ky, ky).

For reasons we explained at the beginning of this Appendix, finding the anomalous terms i.e., the last terms in Eq. (C2),
is not a straightforward task. The trick here is to add a Lorentz invariant but vanishing integral that generates exactly the
anomaly integrals by momentum shift. It is then straightforward to use the 4-D expression (B11).

To complete our analysis for the chiral fermionic triangle with general external charged and neutral gauge bosons, we
append here the relevant WI’s analogous to those presented in Eq. (3) for neutral external gauge bosons:

i vpAo c vpAo
QTP k) = = Ly €kl (o )+ €Kk 0 ), (C4a)
@ B

—kl,,l—““’p(kl, kz) = - 477;2(7”]0” - mfd)elup)w-kl)LkZ(rlll(mjzfu’ mjzfd) - 4777{2(mfu + mfd)E#p)Lgkl/\kZ(TIIZ(mjzfu’ mjzfd)
+ # Mk ey (w — 1), (C4b)
«a

_kZprMVp(kl’ ky) = 4—7:2(mfu - mfd)EMV)\o—kl/\kZO'IZI(m]%“: mfvd) - %(mfu + mfd)éﬂy)\gkl)\kZ(rIZZ(m;NJ m?{,)
+ #fwmkukzo(Z + 1) (Cde)

Again, the corresponding expressions for the crossed diagram in Fig. 8 are obtained from Eq. (C4) after the replacement

fu < fa The integral Iy; = Iy (m7 , m7 ) is given by

Iy = fl dx fl_x dy (@ + BiBmy,y — (o
0 0

— B;Bumy, (x +y— 1)+ (a;a; + B;Br)my,x
A(kl’ kz;m%u, mj%d) .

(C5)

As a check, note that in the limit of equal masses my = mj%d all the above integral expressions reduce to the corresponding
ones in Egs. (4), (5), and (8) for the neural gauge boson vertex.

APPENDIX D: SOME USEFUL ANALYTICAL INTEGRAL EXPRESSIONS

In this Appendix we present analytical expressions for integrals related to As_g, and, I, , in the limit where K3, k% — Qas
well as their approximate expressions in various limits. We make an effort to write the latter in terms of standard functions
i.e., not dilogarithms, which are easy to handle both symbolically and numerically. We start out with integrals related to

Eq. (8),
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1
d =—[1+ &J(&)], D1
Ao = [ar [ ay =50+ er6)) ®1)
where & = 4’" , m is the loop fermion mass, and s = (k; + k,)?, while,
J(€) = —arctan2< gl_ 1), £=1, (D2a)
1 1 -1 - 2
z_[l( v f) m], E=1 (D2b)
1+ 41—
This integral has also been calculated in Ref. [62] and we find agreement. In the same limit the integral related to A4 and A5
is:
- - 1 1—x x(x—1) 1=x y(y - 1)
Ao - Ao — [an [T [ [Ty D3
4(8) s(€) . . xy—§/4 xy—§/4 (D3)
with its exact answer written like
- 1
A =1 — & — larctan| ———), =1, D4
4(5‘:::) é‘: arc an(\/fj) f ( )
V1= 1—-1-=
=1+ §[1n< f) - iﬂ-], E=1. (D5)
2 1+J1—=¢&
Integrals that are related to /; and I, of Eq. (5) are:
d D6
o= [lax [y xy_§/4 (D6)
= —Zarctan2< ! ) £E=1 (D7)
VE—1
1 1—1- 2
= I:ln<§) - i7T] , &=1, (D8)
2 1+J1—=¢
and
(&) fd fl_xd : fld [Hd Y (D9)
— X = X _r
! 0 0 yxy—§/4 0 0 yxy—§/4
1
= 2[\/5 - larctan(7> - 1], E=1 (D10)
VE—1
1
1 - j7r |, =1 D11
(=) ) o1
These integrals are related to standard ones, As...Ag, I}, and in the limit where m% < § < m?, become
4m? c1 1
A _ 4 __A __e[r,r 2 4] DI2
(i) = = Ag(sim®) = Ay (M) = = L S 0G5 /) (D122)
4m? c1 1
c2) — — O N ______+ 2 /4
Ay = ~As(sim®) = SR, (M) = =S Do ot/ | (D12b)

Iy (s:m?) = a;a; ‘: Biﬂkil<4m ) 2B; Bk ( )_ _LI:,B iBr T 3aay B Bit5a;a; s . 0(s2/m4)], (D12¢)

s s m? 120
V. A. 2
Iz(s;mz) — _Wil(4’;1 ) ZBSﬁJI/ (4}1’1 ) 12[B B/ + 3a a :8 B} l-g(s)ala/i_i_ O(sz/m“)] (D12d)
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Elaja;+BiB) B+ @i+ Bia)a] .

where ¢ = is the anomaly factor. These expressions are in agreement with the corresponding
ones presented in Ref. [5]. In the high energy limit m?> << s, we obtain,

1 2 2
As(s;m?) = —Ag(s;m?) =~ { + —I:lnzi2 - 772] + 1'77'm—2 1ni2 + O(m4/s3)}, (D13a)
2s 282 m K m
5 5 1 1. s m? 1 m? 43
Ay(ssm®) = —As(ssm*) = ci=| =1+ s In— | — — ln s+ 1| +im| ——— |+ 0(m*/s)}, (D13b)
s 2 m s 2s s

m2
L(s;m?) = —Lfﬁf)[z(l 2’: - 77'2) - 2— ln%] + Z'BS"B-"[ln% - 2’:’ (mi + 1)]
_ iw{(aiaj + B:B)) I:lni Zi] 23 ,8/ [1

s m?

OB ) ] B )]
=

+~{(ai“k+5i@<)[~‘2m] ’Zl ]}m43 "
i + O(m*/s>), (D13c¢)

]} + O(m*/sd). (D13d)

Only the real parts of these expressions have been presented in Ref. [5] and we find agreement.'? Other useful identities
among A’s that have been used in our numerical code for calculating the V*ZZ-vertex are,

1
(A3 =AYy = mz, ky = mz, 5;m = 0) = —— + %A3(k1 = myz, ky = mgz, s;m = 0), (D14)
dm;  2my
and for the V*yZ-vertex,

As(ky = 0, k 0) ! m ln< u ) (D15)

=0k, =mys;m=0)= - — ),

S 2 z 20s —m2)  2(s —m%)?* \mi
As(k; = 0, k ) ln( o ) (D16)
= U, = My, ;M = == — — .
5 1 2 Z 2(5 _ m%) m%

Finally, we derive full analytical expressions in the case k3 = 0, where one of the external gauge bosons is massless e.g.,
the V*yZ-vertex. To this end it is useful to define an auxiliary function,

F(my s, m) = ,/01 dx '/(']11 dy In[x(x — 1)m% — xy(s — m2) + m?], (D17)

out of which we read A;...Aq, I, by simply taking appropriate derivatives w.r.t s, k3 = m2 or m?. Depending on the
region of parameters s, m2, m% we have found the function F to be,

3 In(m? | [4 2 1 ,4 2 1
Flmy, s,m) = —=+ n(m)_( 5 ) sy~ — 1 arctan | —— - ms iz—larctan _
2 2 myz — S s > ms a?

s m

1 1 4m? 4m?
+ 2m?| arctan?| ——— | — arctan?| ——— , — >, —>1, (D18)
4m? _ 1 4m? _ 1 s mz
K Té
2For notational matter, our integrals are related to those in Ref. [5] like A3 = —cg, Ay = %(04 — ¢3 — 2¢g), where for example

Az = As(ki = k3 = myy, s, m} ,m7 ), ... etc.
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1—,f1—22
3 In(m? 1 4m? 1 ’ Am?2 P,

Flmg, s,m)=—=+ n(m)_( 3 ) s ﬂ—larctan —_— +m% — 1—% Inl —Y | —i7n
2 2 my — s s > 2 my Ty

2

—

1— 1 -4
1 | n 4m? 4m?
+ mZI:Zarctan2 |+ ml i , RULIES 1, £2< 1, (D19)
4m? _ 1 2 14+ ./1— 4m? s myz
K m%

3 | In(m? 1 1 am2 [1—y1—-42 2 |
Flmy,s,m)=—=+ n(m)+( 5 ) s[— L S e S R +m %—larctan S
2 2 my —s 2 N 1441 4m? myz 4m* _

= 1
2
1 1 1—4f1—42 am? Am?
+ m?| 2arctan?| —— +§ Inf| ——* | —inr , £<1, £2>1, (D20)
2 4m? N m
‘;1";7—1 1+4/1 -2 z
3 In(m? 1 1 4m? 1 —4f1 — 42
f(mz,s,m)=—§+ n(;n)+(2 )si l—lln—s — i
Mz =3 s |+ | — dm
2
2
1 4m? = 1_% \ 1 1 ] — 4
— m 1——|In —im| [+ m?| | In | xinm
g M\ 11— ) o U R
VA
4m? 2
1— 1 —42
1 m’ Am?2 Am?
— | —— |+ ix L (D21)
2 4m? N m%
1+ 1 — 4

mz

In Eq. (D21), the plus sign corresponds to s < m% while the minus sign to s > m%. As an example the full analytical
expressions for A; and A5 can be obtained by taking appropriate derivatives of function F like, A3 = c% and A5 =

—c(% + j%) where, as above, c is a factor related to the couplings in the corresponding vertex. As a cross check, taking
h z

the limit m — 0 in Eq. (D21) we arrive at,

| .
——— [sIn(s) — m%In(m2)] + %

3
Fimz,5,0) = = 2 2(m% — s)

(D22)

and differentiating w.r.t s and m% we reproduce the expressions Egs. (D15) and (D16).

APPENDIX E: CONDITIONS FOR NONDECOUPLING EFFECTS IN X, Y, Z MODEL

In this appendix we present necessary conditions for anomaly cancellation and nondecoupling heavy fermion effects in a
model with three different U(1)’s corresponding to three distinct massive or massless gauge bosons X, Y, and Z. For this
model to be anomaly-free, the following conditions among couplings [see Eq. (1)]:
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n n n

(Bx +3akBx)i = D.(By +3a3By)i = D.(B} +3a2B,); =0,
= i=1

i=1

l

Z(B%{BY + 2ayayBy + axBy); = Z(ngﬂz +2axazBx + azBy); = Z(,B%/,BX + 2axayBy + ajyBx)=0,
i=1 i=1 i=1

1

Z(B%ﬂz +2azayBy + a3 By); = Z(,B%,Bx +2axazB; + azBx); = Z(ﬁ%ﬁy +2azayBz + azBy); =0,
i=1 i=1 i=1

Z(BXBYIBZ + ayazBy + ayayBz + azayPy); =0, (ED)
i=1

must hold. Nondecoupling effects in XY Z-vertex are activated if, in addition to the requirements in Eq. (E1), at least one of
the following expressions is nonzero:

Z(B%(BY + 3axayBx)i Z(,ngﬁy +3azBy);, Z(B%(,Bz + 3ayazBx); Z(ﬁ%ﬁz +3a382);,

i=1 = i=1 i=1

Z(B%Bx + 3ayayPy); Z(B%,Bx +3a3Bx);, Z(B%BZ + 3ayazBy); Z(B%Bz +3a382);

i=1 i=1 i=1 i=1

Z(B%Bx + 3axazfBz); Z(,B%,BX +3a;Bx);, Z(B%BY +3ayazfBz); Z(B%BY +3a;By)s
i=1

i=1 i=1 i=1

Z(BXBYIBZ + 3ayazPy); Z(BXBYBZ + 3ayayBz); Z(,BX,BY,BZ + 3ayazPy);. (E2)
i=1 i=1 i=1
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