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Dark photon kinetic mixing effects for the CDF W-mass measurement
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A new U(1), gauge boson X primarily interacting with a dark sector can have renormalizable kinetic
mixing with the standard model (SM) U(1), gauge boson Y. This mixing besides introduces interactions of
dark photon and dark sector with SM particles, it also modifies interactions among SM particles. The
modified interactions can be casted into the oblique S, 7, and U parameters. We find that with the dark
photon mass larger than the Z boson mass, the kinetic mixing effects can reduce the tension of the W-mass
excess problem reported recently by CDF from 76 deviation to within 3¢ compared with theory prediction.

If there is non-Abelian kinetic mixing between U(1)y and SU(2), gauge bosons, in simple renormalizable
models of this type a triplet Higgs is required to generate the mixing. We find that this triplet with a vacuum
expectation value of order 5 GeV can naturally explain the W-mass excess.
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I. INTRODUCTION

Recently CDF collaboration announced their new meas-
urement of W-boson mass with a value of [1] 80,433.5 &+
9.4 MeV which is 70 above the standard model (SM)
prediction [2] of 80,357 &6 MeV. This is a significant
indication of new physics beyond the SM. A lot of efforts
have been made to provide an explanation for this excess.
Needless to say that better understanding of SM calcu-
lations, and also further experimental measurements are
needed, nevertheless a lot of new ideas beyond the SM have
merged to explain the W-mass excess [3—49]. Although the
CDF measurement is not fully consistent with LHC
measurements (my (ATLAS) = 80,370 £ 19 MeV [50],
my (LHCb) = 80,354 + 32 MeV [51]), it may be viewed
as a tantalizing evidence for new physics beyond the SM. In
this work we study effects of a class of well-motivated dark
photon models on the CDF W-mass measurement.

A dark photon X, from a U(1)y gauge group primarily
coupling to a dark sector can have kinetic mixing with the
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SM gauge boson. The kinetic mixing besides introduces
interactions of dark photon and dark sector with SM
particles, it also modifies interactions among SM particles
which can be tested to high precision data obtained by
various experiments. It has long been realized that a dark
photon X, can mix with the U(1), gauge boson Y, in the
SM gauge group SU(3)q x SU(2), x U(1), through a
renormalizable kinetic mixing term [52-55], X*Y,,.
Here A# = 0"A"Y — ¢ A*. The phenomenological implica-
tions of this simple kinetic mixing have been studied
extensively [56-60]. The kinetic mixing of the dark
photon with the non-Abelian gauge boson W{, which
transforms under the SU(2), as a triplet represented by
the superscript index “a”, has also been studied [61-66].
It turns out that this requires additional efforts because
the simple naive kinetic mixing X**Wj, term is not
gauged invariant. One needs to introduce a scalar type
of entity transforming also as a triplet to make the
relevant term gauge invariant. The simplest one of such
an entity is a scalar triplet £¢ transforming as (1,3,0) under
the SU(3)- x SU(2), x U(1)y, with a nonzero vacuum
expectation value (vev) (£°) = vy. Renormalizable models
have been constructed recently [65]. This type of model has
some new interesting features, in particular CP violating
kinetic mixing can also exist with testable consequences.

Both types of models mentioned above will modify the
interactions of the SM particles and therefore produce
deviations from the SM predictions which can be tested by
experimental data. We find that the modified interactions
can be casted into the oblique parameters S, 7" and U within
the allowed parameter space, the kinetic mixing effects can
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help to explain the W-mass excess of the recent CDF
measurement. In the case of non-Abelian kinetic mixing
between U(1)y and SU(2), gauge bosons, there are
additional contributions to the W-mass excess besides
the kinetic mixing effects due to the vev of triplet Higgs
required to generate the kinetic mixing. The triplet with a
vev of order 5 GeV can naturally explain the W-mass
excess. We provide some details in the following.

II. S, T, U PARAMETERS IN ABELIAN KINETIC
MIXING MODELS

With the kinetic mixing for the case of U(1)x x U(1)y,
the kinetic terms of the bare fields X and ¥ and their
interactions with other particles can be written as
b

L= R X =T T P T iR (1)
Here /4 and j} denote interaction currents of gauge fields X
and Y, respectively. The parameter ¢ indicates the strength
of the kinetic mixing. 3

After electroweak symmetry breaking, Y and the neutral
component of the SU(2), gauge field W3 can be written in
the combinations of the ordinary SM photon field A and the
Z boson field Z as follows

Y,=¢wA,—3wZ,, Wi=5yA,+ewZ, (2)
where ¢y = cos @y and 3y = sinfy, with 0y, being the
weak mixing angle. Meanwhile, the Z field receives a
mass my.

The general Lagrangian that describes A, Z, and X fields
kinetic energy, and their interactions with the electromag-
netic current j,,, neutral Z-boson current j, and dark

current ji is given by [59].
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where the Z boson mass term is included. Here the currents

for fermions with charge O and weak isospin I]; in the SM
are given by

jﬁm:—Zéthﬂf, i Fr'(gy = gars)f.

g =1 (4)

Note that the W boson field and its interactions are not
affected directly.

The dark photon may be also massive. There are two
popular ways of generating dark photon mass which give
rise to different phenomenology. One of them is the “Higgs
mechanism,” in which the U(1)y is broken by the vev of an
SM singlet S, which is charged under U(1)y. In this case,
the mixing of Higgs doublet and the Higgs singlet offers the
possibility of searching for dark photon at colliders in
Higgs decays [56,58,59,67-69]. In this case, the singlet
scenario cannot explain the CDF W mass as shown in
Refs. [14,70]. The other one is the “Stueckelberg mecha-
nism” [60] in which an axionic scalar was introduced to
allow a mass for X without breaking U(1)y. In our later
discussion our concern is that the dark photon is massive
regardless where it comes from. We need to include a mass
term (1/2)m%X,X* in our discussions.

One can rewrite the Lagrangian to remove the kinetic
mixing terms so that the gauge fields kinetic energy terms
are in the canonical form. This way to do this is not unique
as discussed in Ref. [59]. We choose to work with
redefining the gauge fields such that photon has no
interaction with ji. In this case, one redefines the fields
as the following

2~~
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We see that the field A’ is already the physical massless
photon field A without the need of further mass diagonal-
ization. However, the Z’ and X’ are mixed states. One needs
to diagonalize the mass matrix in (Z’, X’) basis,

m2(1-c*&3, ) > +m% 6253, m3 oSy
(1-¢*)(1-0%¢3,) 1—62(1-022%))
2~ 2 (7)
my,o3y my
D~
1-2(1-6%22,) 1-c°cy,

To obtain the diagonalized fields Z and X, we introduce the

mixing angle as
Co Se) <Z~' >
Co X))

(0)=(5

with ¢y = cos @, sy = sinf, and

(8)
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The diagonal masses m% = m%(1 + %) which defines the
parameter Z, and m% corresponding to Z and X are given,
respectively, by
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The resulting Lagrangian is given by
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The above kinetic mixing calculation is also shown in the
appendices of Refs. [68,71]. Our results are more general
than theirs due to the existence of terms o2, which is
important for the following oblique parameters.

If one just considers dark photon kinetic mixing effects
on SM particles, the relevant terms are the first two lines in
the above Lagrangian. The rest terms involving dark sectors
will not be directly related. To compare with precision
experimental data and address the W-mass excess, we now
recast the dark photon effects in terms of oblique param-
eters. We find that the oblique S, T and U parameters will
be generated. The derivation for the oblique parameters can
be arrived at by first writing the modifications to the SM
Lagrangian in the following way [72],

L=-(1+2z-Cm32'Z, + (1 +w — B)m} WrW},

A\ | C\ . ;

B
+ <<1 - §>jfng; 4 Hc>

| =

where ji, = —(&/v/25y) 7LV gy f¢. Normalizing the
fields and charges to the physical ones, one obtains the
relations

aS=4s%,c(A—C) —4sycy(ck —s3,)G,

alU =4s3,(s3)A— B+ c},C—2sycyG).

al =w—2z,
(13)

To the leading order, 3y and ¢y can be replaced by sy, and
cw in the above C and G.

In our case, since there are no modifications to the Wff,
whose coupling and bare mass, B and w are both zero. Also
we see from Eq. (11) that there exists no modification for
photon interaction, therefore A = 0. We obtain

1 —o%c?

c:2<1 —7Wc9>,
V1-¢6?

o’ syew _ocyV1 =05y

2

G =
1-6%c3,

z=C+3z (14)
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Here the definition for Z is shown below Eq. (9). We obtain
oblique parameters to the first order in o> as
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The above leads to correction to the W mass as
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Other electroweak precision observables for the dark

photon have been calculated as shown in Refs. [56,73].

II. S, T, U PARAMETERS IN NON-ABELIAN
KINETIC MIXING MODELS

We now discuss how the W mass is modified in a class of
non-Abelian kinetic mixing models. This is the class of
models in which kinetic mixing between the U(1), gauge
boson X, and SU(2), gauge boson W4 can be induced.
Here Wﬁ transforms as a SU(2), triplet. To realize such
kinetic mixing, the group index “a” needs to be balanced
which can be achieved easily by introducing a scalar triplet
X* With the help of ¢ the kinetic mixing terms of the
following forms can be gauge invariant

Xwwize, e, We s, (17)

The component fields of W¢ and X are given by

N Wi V2w
GaW(,l —
: <ﬁW— -W3 )
2 Iz
20 +
0UL" = vz . (18)
V2 X0

Here ¢ are the Pauli matrices. When the X¢ neutral
component (X°) develops a nonzero vev (X°) = vy, the
kinetic mixing in the usual form from the first term,
\/E)?””Wzyvz, and a new form from the second term,
V2 X, W3, o5 will be induced.

Note that had one replaced Wiﬁ by Y, then
e PX Y5 =20"(X"Y,,) would be a total derivative,
which would have no perturbative effects. The exist-
ence of the term W-W* in W3, =syA,, +cwZ,, +
ig(W, W, — W, W), will give rise an additional new term
2ige"PX,,Wo W}, which cannot make e %X, W3, as a

total derivative one again and has physical effects. Some
interesting implications have been studied in Ref. [65,60].

The operators in Eq. (17) are dimension 5 ones which is
nonrenormalizable. If one insists on renormalizability of
the model, additional ingredients need to be introduced to
generate them at the loop level. A specific renormalizable
model has been constructed recently [66]. However, the
kinetic mixing parameters generated are too small [66] to
make a significant impact on W mass, and can be neglected.
But in this class of models, there are still two contributions
which can affect the W mass significantly. One is the
possible mixing term —(1/2)oX*¥,, discussed earlier
which generates the S, 7, and U parameters given in
Eq. (15). Another one is the nonzero vy of the triplet Z¢
generated modification to the electroweak precision param-
eter p. We have [2,18]

42
p=1+-—2=1+aly, (19)
v

where v = 246 GeV is the SM Higgs vev. Here we only
consider the tree-level contribution. If further considering
the one-loop contribution, the additional term O(Am) with
Am = my+ —my will emerge as shown in Ref. [74].
The term Ty = 4v%/av? is an addition to the T param-
eter which needs to be considered in this class of model.
Therefore for this class of models Eq. (16) is modified to

as ckal aU)
2ciy = siw) (e —sy) sy

my (1 = s3)siy

2 _ 22
AmW—mZCW<—

2.2
= —msc
W (% — m%)(—1 + 2s3,)
c? 492
w—Sw U

IV. NUMERICAL ANALYSIS
AND CONCLUSIONS

We are now ready to put things together to analyze
whether the dark photon models can accommodate the
W-mass excess indicated by the recent CDF result. The
CDF result is 70 above the SM prediction, which implies
that the new contributions must have Am3, > 0, so that
AmSGPE = \/(mM)? + Am3, — miM ~ Am,/(2m3Y)  to
produce the required 70 MeV.

In the case of Abelian kinetic mixing, we see from
Eq. (16) that in order to have Am3, > 0, the dark photon
mass my must be larger than m,. We therefore confine our
analysis in this range for my. When my becomes larger, a
larger |o| is needed. We plot the allowed ranges in Fig. 1(a)
for my and o within the central value, lo, 20, and 30
boundaries, respectively. We see that there are ranges in the
myx — |6| plane which can solve the W-mass excess
problem. CMS has searched [75] for dark photon in the
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|| plane. The allowed parameter space is shown in black line for central value, the 1o,

20 and 306 ranges are also shown. (b) The S, T, and U parameters as functions of |s|. The colored band means the S,T,U ranges for fixing
my = (200, 300) GeV. For S and T, the lower line and upper line mean my = 200 GeV and my = 300 GeV, respectively. For U, the
situation is contrary. Thus, the size of parameters decrease when my increases.

range of my below about 200 GeV decaying to u+u~ final
states and gives a stringent constraint on ¢ < 1073-1072.
To evade the CMS constraint, we choose that
my > 200 GeV. Then we further find |o| > 0.125 to
address the W-mass excess problem from Fig. 1(a).
Since our expansion parameter is o> as shown in
Eq. (16), we consider ¢ ~ (0.2-0.3 is a reasonable range.
With improved high energy search similar to what carried
out by CMS, the model can be more stringently
constrained.

Global fit of electroweak precision data, has given
constraint on S, 7, and U separately. Recently, the results
of EW global fit with CDF W mass obtain the oblique
parameters: S, 7', and U. The EW input parameters, such as
mW,Z,aS,FZ’W,Af,A%,Rf, sin® O, are in details shown
in Ref. [3]. In our evaluations, contributions to S, 7, U
parameters are calculated by using the Fermi constant G
and redefining Z boson mass 7, and the electromagnetic
fine structure constant @, = a,,/(1 —oc%c},) [59] as
independent input parameters. The fit values obtained from
Ref. [3] are used for comparison: S =0.06£0.1, T =
0.11 £0.12, U = 0.14 £ 0.09. As shown in Fig. 1(b), it
turns out that although we can obtain the CDF measured W
mass, but it is not possible to satisfy the bounds on the S, T
and U parameters within 2¢ allowed ranges. But within 3¢
allowed ranges, the Abelian kinetic mixing effect can
accommodate the CDF W-mass measurement.

In the non-Abelian kinetic mixing case, with the help of
vy in the range of a few GeV, the model can easily
accommodate the CDF W-mass excess with very small
0. We now discuss how a nonzero vy affects the model
parameters. In this case, from Fig. 2(a) we see that a vy in
the range of a few GeV can help solve the CDF W-mass

excess problem even with a very small kinetic mixing o.
The expressions for S and U are not changed compared
with Abelian kinetic mixing case, but the total 7' needs to
add an additional Ty at the tree level. Therefore, the ranges
for S and U will keep the same with Fig. 1(b). Instead, T
will be modified depending on the vy, as shown in Fig. 2(b).
This result in changing the relative size of the parameters
for a given myy. Without T'y, my cannot be too much larger
than the CMS upper bound of 200 GeV, and ¢ cannot be
much smaller than 0.2 or so. When one includes T's in the
analysis, a much larger my and also a smaller o can be
allowed if the model is required to solve the W-mass
excess. In this case, the absolute values of S and U can be
made small to satisfy the allowed global fit.

Before summary, we would like to comment about a
possible consequence of the Z boson couples to dark sector.
If the dark sector particles are enough light, Z can decay
into them to enhance the invisible width. As an example,
we assume that there is a vectorlike fermion f current
7% = §f v*f coupling to the original X 4 After normalizing
the couplings and fields, we have

O'EW 1 )
Lin cop+ f}/ fZ
b (\/1— 2\ /1-03, | -0
_ 0S m>
NG [P fZ,. (21)
mz_mx

This interaction gives a invisible decay width for Z — ff

G 242 4m 2m>
:g_%mz 1 ——7 1+_f . (22)
127 (1 — m% /m2) m% m2
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For the fermion with a very small mass, if fixing my =
250 GeV, and § = gy = 0.356, we obtain the branching
ratio as 2.8 x 107(5/0.2)%(g/gy)?. Using the Z decay
width in Ref. [2], one obtains Br"*“(Z — invisible) =
2.3 x 1073, The Z invisible decay width agrees with SM
prediction well. As long as 6§ is smaller than 0.65, one can
safely satisfy the data.

To summarize, we have studied the recent CDF meas-
urement of W mass on two classes of dark photon models,
one is the Abelian kinetic mixing case due to a dark photon
Abelian U(1)y and SM U(1), gauge boson mixing, and
another one is the non-Abelian kinetic mixing from a dark
photon U(1)y and another non-Abelian SM SU(2), gauge
boson mixing. This mixing besides introduces interactions
of dark photon and dark sector with SM particles, it also
modifies interactions among SM particles. We recast these
modifications into the well know oblique S, 7, and U
parameters. We find that with the dark photon mass larger
than the Z boson mass, the kinetic mixing effects can
reduce the tension of the W-mass excess problem from 7¢
to within 36 compared with theory prediction. If there is

0.2

0.1

0.0

—0.1}F

-0.3
1072

lo]

(b)

(a) The CDF allowed regions in |6| — vy plane for the fixed values my = 250 GeV. (b) The T parameter for two different

non-Abelian kinetic mixing between U(1)y and SU(2),
gauge bosons, in simple renormalizable models of this type
a triplet Higgs is required to generate the mixing. We find
that this triplet with a vacuum expectation value of order
5 GeV can naturally explain the W-mass excess.
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