PHYSICAL REVIEW LETTERS 129, 171801 (2022)

Consistent Theory of Kinetic Mixing and the Higgs Low-Energy Theorem
Martin Bauer and Patrick Foldenauer®"
Institute for Particle Physics Phenomenology, Durham University, Durham DHI 3LE, United Kingdom

® (Received 15 July 2022; accepted 20 September 2022; published 18 October 2022)

Extensions of the standard model of particle physics with new Abelian gauge groups allow for kinetic
mixing between the new gauge bosons and the hypercharge gauge boson, resulting in mixing with the
photon. In many models, the mixing with the hypercharge gauge boson captures only part of the kinetic
mixing term with the photon, since the new gauge bosons can also mix with the neutral component of the
SU(2), gauge bosons. We take these contributions into account and present a consistent description of
kinetic mixing for general Abelian gauge groups both in the electroweak symmetric and the broken phase.
We identify an effective operator that captures the kinetic mixing with SU(2), and demonstrate how
renormalizable contributions arise if the charged fields only obtain their masses from electroweak
symmetry breaking. For the first time, a low-energy theorem for the couplings of novel Abelian gauge
bosons with the standard model Higgs boson is derived from the one-loop kinetic mixing amplitudes.
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Introduction.—Extensions of the standard model (SM)
with an additional Abelian gauge group allow for a unique
interaction with SM particles by kinetic mixing with the
photon. The operator

Lo —%AFWX’” (1)

mediates the mixing between the field strength tensors F*¥
and X* of the electromagnetic gauge group U(1),,, and the
additional gauge group U(1)y, respectively [1,2]. For two
massive gauge bosons there is an additional operator that
can mediate mass mixing, e.g., for the U(1), gauge boson
X and the Z boson,

LD myZ X . (2)

The presence of these operators in the broken phase of the
electroweak theory have implications for the U(1), charges
of SM fields in the unbroken phase. For mass mixing to be
present, the SM Higgs field needs to be charged under
U(1)y or an additional scalar needs to carry charges of the
SM gauge group and U(1),. Kinetic mixing requires either
a tree-level mixing between the hypercharge and the U(1)
gauge boson or the presence of fields charged under both
U(1)y and U(1)y such that the operator

€
LD—%&JW (3)
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is generated at loop level [3,4]. In this Letter, we focus on one
important exception to the latter argument. Mixing between
the photon and the X boson can also be generated if fields
carry U(1)y charges and are SU(2), multiplets. In this
situation, no renormalizable kinetic mixing operator is
present in the symmetric phase, but loop effects induce
kinetic mixing between the neutral component W3 of
SU(2), and the X boson that generate the operator (1). In
particular, extensions of the SM in which SM fermion
doublets carry U(1)y charges inevitably give rise to this
contribution. This class of models is of great phenomeno-
logical interest and includes extensions of the SM with a
gauged baryon lepton number difference U(1),_, and
gauged lepton family number differences U(1), _, .
U(1),—1,» and U(1), _; [5-23], as well as combinations
thereof [24—27]. In this Letter, we calculate the contributions
from mixing between the X and the neutral SU(2), gauge
boson in a general form, which apart from few exceptions
[28-30] have been neglected or omitted in the literature,
and derive consistent expressions at the tree and loop level.
We further use these expressions to provide the first
formulation of low-energy theorems for Higgs couplings
with the X boson that are relevant for Higgs decays in any
theory involving kinetic mixing. We point out important
differences with the low-energy theorems for the SM mixing
between the photon and the Z boson [31-33].

Tree-level mixing.—In the special class of purely
secluded hidden photon models, in which the SM gauge
group is extended by an Abelian group U(1), under which
no fields are charged, it is sufficient to consider the mixing
term (3) between the new U(l)y boson and the SM
hypercharge field.

However, if there are either new fields charged under
both U(1)y and the SM SU(2), or any of the SM fermion
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doublets are charged under U(1) , there will be an effective
operator

Owx = CXX H' HW!, X", (4)

in which H denotes the Higgs doublet and W,"w is the
SU(2), field strength tensor [34].

The scale A will be identified with the mass of the heavy
states and the operator vanishes in the limit A — oo. If these
states obtain their masses solely through the Higgs mecha-
nism, the scale A is identified with the vacuum expectation
value of the Higgs field, resulting in a dimensionless
coefficient of the W? — X mixing operator Oyy [37].
We can make this explicit by replacing the Higgs doublet
in (4) by H = 1/4/2(0, v + k)7, so that mixing between the
neutral SU(2); gauge boson and the hidden photon

Lo —%W W3, X (5)

is generated with a coefficient ey, = cyyxv?/A2.
Including both (3) and (5), we can write the relevant part
of the SM and U(1), Lagrangian as

1 0 e B
L=~ (Bu Wi X)) 0 1 ey || Wi
€B €W 1 Xlw

—JJIB — giiW¥ — g, jiX", (6)

where ¢j¥, gjV, and g,j> denote the gauge couplings and
currents of the hypercharge U(1),, the weak SU(2),, and
U(1)y, respectively. It is straightforward to write the
Lagrangian in the broken electroweak phase [19]

1 1 O €4 Fr
Lomiz = =7 (FunZuwXu)| 0 1 ez || 2

pvo v
€4 €7 1 X

- ej;c/mAu - .]l/ ZU - gx.]uXu (7)

w

where Z* is the field strength tensor of the Z boson, s,, and
¢,, are the sine and cosine of the Weinberg angle 8y, and
the currents and mixing parameters are related by

jgm = glcwjz{/ + gswjz%’ €4 = Cy€p + Sy€y, (8)

]5 = _g,swjzlz/ + gcwj?n €7 = —Sy€p T C €. (9)
If we want to enforce the absence of any SU(2), -breaking
mixing term between the W3 and the X boson, we have to
require that ey, = 0 (at tree level) and [38—40]

SW
GZZ_?GA‘ (10)

In this Letter, we focus on U(1)y extensions under which
(some of) the SM fermions are charged, while the SM
Higgs remains uncharged. In the next section, we will show
explicitly how the operator Oyy is generated at the one-
loop level in these models.

Loop mixing.—In the absence of tree-level mixing, the
coefficients € and ey can be generated at loop level. We
consider the contribution of fermions f charged under
U(1)y, U(1)y, and SU(2),. Although U(1) gauge bosons
couple to conserved vector currents, for the sake of
generality, we give the result for vector v'lf = Q{i + Q',éi
and axial-vector couplings a{ = Q{ ;= Q{Qi for both hyper-
charge i = B and the hidden photon i = X in terms of the
charges of the left- and right-handed fermions Q{ and Q'Ié
[41]. The relevant vacuum polarization amplitudes are
given in d = 4 — 2¢ dimensions by

I, = g/gXZ/ dx| aBameg"”
— (vpvy + apak)x(1 = x)[¢"¢* - ¢"¢"]|Cc. (11)
. 9 )
I, = SHZZ/ dxTj] a{(m}zcg/‘

x)[g"q*

— (vk + af)x(1 - -q¢"¢"l|C.,  (12)

where

2

Ce:%—yg—f—log( >+0(e). (13)

R
mj% —x(1-x)¢?

The sum in the expression (12) runs over the degrees of
freedom of complete SU(2), multiplets. First we focus on
the kinetic mixing terms in the second lines of (11) and
(12). Since all degrees of freedom of each multiplet carry
the same U(1)y charges, the divergence in (12) automati-
cally cancels within each multiplet,

> (k + )T =0. (14)
f

For kinetic mixing between two U(1) gauge bosons, the
divergence in (11) only cancels for charges with

> (vhvk + ahal) = 0. (15)
-

In this special case, the tree-level counterterm is not needed
and the U(1)y can be embedded in a direct product
SU3)xSU(2), xU(1)y x Gx with a non-Abelian
gauge group Gy and a spontaneous symmetry breaking
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Gy — U(1)x [19]. This is the case for the gauged lepton
family number differences L, — L,, L, — L., or L, — L,,

but not for B — L. Note that in the case a} = 0 and denoting
the SM hypercharge for the fermion multiplet f by Y,

condition (15) can be written as Zf va'fé = 0, as discussed
in [4,42-44].

Contributions to mass mixing, like the ones in the first
lines of (11) and (12), only arise if the fermions are chiral
with respect to U(1)y and the hidden photon has axial-
vector couplings. In order to construct renormalizable
Yukawa couplings in any model with two U(1) gauge
groups with different charges for left- and right-handed
fermions, one needs to introduce a symmetry-breaking
scalar field charged under both gauge groups. This scalar
gives rise to a tree-level mass mixing between the two
gauge bosons, providing a counterterm for the divergence
in (11). The contribution to mass mixing with the neutral
SU(2), gauge boson is always finite.

Matching the amplitudes (11) and (12) to the kinetic
mixing operators in (3) and (5), and defining the integral

L= A' dx x(1 = x) log (W) (16)

we find for the kinetic mixing coefficients (taking v{( =
20 and af, = 0)

9 9«
=SSO (1)
-

gg" ZTf QLL;. (18)

The u? dependence cancels between the contributions from
all charged fermions. In the broken basis, the coefficients
for the mixing between the hidden photon and the photon
or Z boson read

ey = egx Z 27 + ¥+ YROLL,  (19)

929

ZZTf—s (2T + Y] + YR)QkL,.  (20)
S

We illustrate the importance of the operator Oy y for the
correct matching with the example of a vectorlike SU(2),
fermion doublet N = (N*, N¢) with hypercharge YV = 0
and two vectorlike singlets y and n with hypercharge Y* =
+1 and Y" = —1. All fields carry U(1)y charges Qx =1
and have mass terms

LD M(NN + jx +im) +y.NHy +y,NHy,  (21)

where the choice of equal vectorlike fermion masses for the
doublet and singlets simplifies the calculation but does not
change the conclusions. Upon electroweak symmetry
breaking, the mass eigenstates can be written as N> =
1/vV2(N*+y) and N** =1/y/2(N? 4+ ) with masses
m,=M=xy, v and m34=M=E£y,v, respectively.
There are now four diagrams contributing to ey with
N', N2, N3, and N* running in the loop. Adding up the
different contributions for q2 — 0, one obtains the finite
expression

2,2
99 m3my
= 1 22
V= 19242 Og(m%m%> (22)

In the limit v <« M, this expression reduces to

ow =2 03—+ o) | @

as expected from the operator (4) with A = M. There is no
logarithm in the expansion (23), because the operator (5) is
a measure of SU(2), breaking and for multiplets with
degenerate masses the mixing term ey, « Tr[T3] = 0 van-
ishes independent of the representation. In the opposite
limit v > M, only a logarithm is present,

99« Ya
= 1 —. 24
€w 967[2 0og (yu> ( )

The dimension-six operator Oyy captures the SU(2),
contributions to kinetic mixing of the X boson with W3,
and together with the contribution from X mixing with the
hypercharge gauge boson this reproduces the mixing with
the photon (and the Z boson) in the effective theory with
only U(1),,, (and using the Z boson couplings). Examples
of theories in which the contribution to (5) arises at the
renormalizable level are gauge groups that are anomaly-
free with charged SM fields alone. For example, in the case
of U(1),,_.,. one has in the limit > =0

_ 9% my, My,
€gp = 24n’2 3 IOg m_,[ + log muT s (25)
99— my, me;
= 1 -1 . 2
w 247 [ o8 (mvﬂ> o8 (mv,>] ( 6)

The fact that loops of fermions that obtain their mass
from the electroweak scale can generate contributions to
operators that are effectively of dimension d — 2, while the
same diagrams generate contributions to dimension-d
operators if the fermions have vector masses M > v is
not unique to kinetic mixing. It has been discussed for the
case of di-Higgs production gg — hh [37], the decay of
heavy pseudoscalar resonances into Higgs and Z bosons
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[45,46], and for exotic Higgs decays into Z bosons and
axions [47,48].

Low-energy theorems.—Using our general result for the
contribution to the vacuum polarization of two vector
bosons due to charged fermions in (11), we can formulate
a low-energy theorem for Higgs couplings to SM photons,
the Z and the X boson of a new U(1). (The corresponding
contributions from charged scalars are straightforward to
derive.) We work in a low-energy theory where we keep the
Z boson, the photon, and the X boson as the relevant
degrees of freedom. All loop contributions are evaluated at
zero momentum transfer ¢g> = 0, such that the full vacuum
polarization amplitude can be defined as

7 =Tylg" py - p2 = Pipsl + Ayg™. (27)

with all IT;; =11;;(0) and A;; = A;;(0), and

2
9951 H
M, = -2 Nf vaf + a{af) log <m—%> (28)

87:2 6
9:9 u?
Aj=% ’ZNfa m7 log (—2> (29)
mj

Note that there are also contributions to HW, Hyz, I1,,, and
Ay, from charged SM bosons in the loop that are not
captured by (28) and (29). For fermions with both vector
masses and masses from Yukawa couplings, the axial-

vector couplings a{ and a{ are defined in the fermion mass

f

eigenbasis here. The vector couplings v; and vf are the

same in the interaction and mass eigenbasis since they
commute with the rotation matrices. The different mixing
contributions can then be written as

1 10 e 2
L= (FuZu X)) || 0 1 e | +0| |27
€4 €7 1 XM
AH
1
5 (A Zy XM+ A] | 2. (30)
XH

Here, €, and €, denote the tree-level contributions to
kinetic mixing, and the mass and mixing matrices are given
by M = diag(0, m%, m%), and

H}’J’ HJ/Z H}’X 0 0 0
O=|IL; Hz; Hzx |, A=]0 Az Az |. (31)
Iy Izx Iy 0 Azx Axy

The tree-level kinetic terms in (30) are diagonalized by the
nonunitary transformation

1 0 i
1_5/24_52
G=|0 1 - l—ejﬁ—eé . (32)
00 l—lei—e%

The matrices in (31) have to be rotated as well, and to linear
order in €4 and €, one finds

0 0 eull, +e,01,,
GMG=MN- |- 0 ell;+eldl, |, (33)
2e4lLx + 2e411,x
0 0 0
GTM+AIG=M+A]—| - 0 e(mi+A,) |,
2e707x

(34)

where the dots represent the entries obtained from mirror-
ing the matrices at their main diagonal.

Our goal is to derive the amplitudes for the Higgs decays
h—V;V; with V;; =y, Z, X from the vacuum polariza-
tion amphtudes via the low-energy theorem [32,49-51]

lim M(h - V;V;) —

pi—0

;T)M(Vi SV (35)

Factoring out the gauge boson polarization vectors from the
decay amplitude,

Mivy, = M’;liv,-vje;z(Pl)Gz,y(l’z), (36)

the general Higgs decay amplitudes at low energy are
Mh—>V v, = =0 ~[GTHG]ij[PgP7 - P p2g")
+0,[GTM + A]G}ijg””. (37)
For n =1, ..., N multiplets of fermions, which carry the

same charge under both gauge groups, one has for the nth
multiplet [33]

i g o det MM,
0,11 = ’N t(viv} +atal)o, log<T), (38)
w99 MiIM,
0,A},=— o sNiata’to, Tr[/\/l M, 1o ( 7 )} (39)

For illustration, we consider again the example of a
vectorlike doublet and two singlets charged under
SU(2), and U(1)y given in (21). In this case, the fermion
mass matrices read

171801-4



PHYSICAL REVIEW LETTERS 129, 171801 (2022)

FIG. 1.
order in the mixing parameters € = €4 = €.

M M
/\/lu:( y“”), /\/ld:< y‘”’), (40)
Yu? M Ya¥ M

and the one-loop coefficients for the decay h — V;V; are

99,
11 l] 12 2 Z U

>
_THRY (41)

K+ afdb) ,
()’k”)z

1]M2

M —_
= g,gj Zaf‘afy% < —l—log{iﬂyk ]

B

—1
* M -y

YU

assuming all states are color singlets, N = 1.

In the case of SM fermions in the loop, the expression in
(38) for the Higgs decays into photons, Z and X bosons
read

gy
9,,x(0) = > NI . 0%, (43)
7
oIl (0) *ZNf €Jx T§_2S%va S (44)
VR 2 “24r*v  s,c, Ux:
;9% P
0Mx(0) = Y NL ool (45)

7

In these expressions, the sum runs over all heavy fermions
in the loop with m > m,, (i.e., the top quark) and the

vector charge is given by vhn = 2Q; for the SM photon,

and by Ué = Tg — 27,0, for the Z boson. To the best of
our knowledge, the low-energy theorem for the decays
h—yX, h -» ZX, and h - XX have been derived for the
first time in this Letter. In particular, it should be noted that
the 7 — XX decay amplitude is generated purely from the
transverse component (i.e., [Iyy) of the vacuum polariza-
tion, since Abelian gauge bosons couple purely vectorially.
This is in stark contrast to the low-energy theorem for the
SM h — ZZ* amplitude, which is entirely dominated by
the axial coupling of the Z boson and hence is generated
from the longitudinal component of the vacuum polariza-
tion [31,52].

Diagrammatic representation of the different contributions from fermion loops to the amplitude M (s — yX) up to quadratic

As an application of the low-energy theorems, we give
the branching fractions for the processes & — yX and h —
XX in a gauged U(1)z_; model for subweak scale
mediators (my < my,). The different diagrams contributing
to the amplitude for # — yX are shown in Fig. 1. Under the
assumption of the simple tree-level mixing relation (10),
these can be expressed by

BRy_,x = (0.92¢% + 6.36g,e4 + 11.01€5) x 1073, (46)
BRxx = g2(2.56% — 5.7gc€4 +3.2¢3) x 1073 (47)

to leading order in the gauge coupling ¢, and the tree-
level kinetic mixing parameter €¢4. Similar expressions
can be derived for the branching ratios BR(h — ZX),
BR(X — hy), and BR(X — hZ), depending on the mass
of the U(1) boson. Since in the low-energy limit only the
top quark contributes to the fermionic one-loop expressions
in (43)—(45), as all other SM fermions are much lighter than
the Higgs, the branching ratios in (46) and (47) are universal
for all U(1)y groups that gauge baryon number B. We have
taken into account further important contributions to I1,, and
Hyz from SM W boson loops, which can be found, e.g., in
[31,51,53-55]. We have explicitly checked that including
the exact W boson one-loop amplitude amounts to a
correction of ~12% compared to the low-energy amplitude.
For values of g, ~ 107 and €4 ~ 1073, we find BR),_, x ~
1078 and BR,,_,xx ~ 1077 The former branching ratio is 4
orders of magnitude smaller than the SM process h — puu
[56], which has been recently observed at the LHC for the
first time [57]. Thus, the process & — yX might be testable
at a future collider like the future circular hadron collider
(FCC-hh), aiming at collecting up to O(10'%) Higgs
bosons [58].

Conclusions.—We have derived consistent expressions
for kinetic mixing between the gauge boson of a U(1)y
extension of the SM with the neutral component W? of
SU(2), that have generally been omitted in the literature.
These contributions to kinetic mixing exist only if the SM
SU(2), is broken and are renormalizable if induced by SM
fields in the loop. For new, heavy states charged under
U(1)y and SU(2),, these contributions are suppressed by
the heavy scale. Therefore, mixing between the U(1)y and
SU(2), is most relevant for gauged anomaly-free global
symmetries of the SM, such as U(1)p_;, U(1), . .

U(),, .. U(1) L,-L,» and combinations thereof. We have
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further formulated a low-energy theorem expressing the
couplings of the Higgs boson to photons, Z and X bosons
through the vacuum polarization amplitudes responsible for
kinetic mixing. The result differs significantly from the
corresponding low-energy amplitudes for Higgs decays
into Z bosons. We use the low-energy theorem to obtain the
branching ratios for exotic Higgs decays relevant for all
models with charged baryon number.
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