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Abstract: The # mass determination at the Tevatron CDF experiment reported a deviation from the SM expecta-
tion at the 7o level. We discuss a few possible interpretations and their collider implications. We perform elec-
troweak global fits under various frameworks and assumptions. We consider three types of electroweak global fits in
the effective-field-theory framework: the S-7, S-T-6GF, and eight-parameter flavor-universal one. We discuss the
amounts of tensions between different my measurements reflected in these fits and the corresponding shifts in cent-
ral values of these parameters. With these electroweak fit pictures in hand, we present a few different classes of mod-
els and discuss their compatibility with these results. We find that while explaining the my discrepancy, the single
gauge boson extensions face strong LHC direct search constraints unless the Z’ is fermiophobic (leptophobic),
which can be realized if extra vector fermions (leptons) mix with the SM fermions (leptons). Vector-like top part-
ners can partially generate the needed shift to the electroweak observables. The compatibility with the top squark is
also studied in detail. We find that the non-degenerate top squark soft masses enhance the needed operator coeffi-
cients, enabling an allowed explanation compatible with current LHC measurements. Overall, more theoretical and
experimental developments are highly in demand to reveal the physics behind this discrepancy.
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mGP 1 =80433.5+9.4 MeV,
mi" =80357+6 MeV,
miPS =80379 + 12 MeV.

I. INTRODUCTION

The W mass measurement recently published by the
CDF 1I experiment [1] reports 7 sigma deviation from its
standard model (SM) expectation (obtained from an elec-

troweak global fit) and is also in tension with other exper- The standard model of particle physics is a precise and
imental determinations [2]. The new CDF-II result, the concise theory. The fact that we are testing it from many
SM expectation from the electroweak fit, and the previ- different angles enables us to understand where new
ous PDG world-average value are as follows [1, 2]: physics may arise. This new CDF II W mass measure-
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ment, being the most precise one so far, is certainly a re-
markable achievement, and the result itself calls for new
explorations in particle physics. In this paper, we study
and discuss various possibilities of the physics behind
such discrepancies in the measurements.

Notably, this new determination of my took advant-
age of the large integrated luminosity, kinematics of pro-
ton-antiproton collision, and high energy resolution level
without an exceedingly large pile-up. Through a template
fit to the underlying W boson mass, the measurement was
robustly checked against various experimental effects.
The result is impressively precise. Several outstanding
theories and experimental directions can make the results
and interpretation more robust. This measurement is in
tension with other experimental measurements from dif-
ferent collaborations [2—6], which calls for comparative
studies. An understanding of the various experimental as-
sumptions and calibrations is crucial. In particular, the W
boson production and decays are subject to various high
order QCD and QED effects, both fixed order and re-
summed. The differential rate itself has sizable scale un-
certainties, resulting from the missing higher-order calcu-
lations. It would be useful to understand the theoretical
uncertainties behind these "templates" used by the CDF-
IT experiment. Only with a sufficiently precise theoretical
control can the measured #-boson mass be interpreted as
a well-defined quantity to be compared with the predic-
tions from the SM and new physics.

With the caveat that further experimental and theoret-
ical works are needed to fully establish this discrepancy
in /¥ mass determination, these intriguing results call for

Table 1.

evaluations of possible new physics sources. Should they
come from new physics, plausible BSM scenarios and
testable aspects are presented in this work. We discuss
the overall picture of electroweak precision observables
(EWPO) fit and how several simple, representative mod-
els would be able to help improve the fitting. A brief
summary is outlined below. Ultimately, a new global av-
erage of the W-mass measurements that includes the new
CDF-II result should be obtained and used in the global
analyses. The combination of W-mass measurements is,
however, highly nontrivial given the sizable amount of
tension between the CDF-II measurement and previous
measurements. In our study, we focus on the comparison
between the previous world-average my measurement
and the new CDF-II one rather than their combination.

This paper is organized as follows. In Sec. II, we
present three types of electroweak (EW) global fits in an
effective-field-theory framework, namely the S-7, S-7-
6GF, and eight-parameter flavor-universal one. Each of
them is distinct in terms of correlations, best-fit values,
and the amount of tensions between the EW and this new
my determination. In Sec. III, we introduce three classes
of models, each accompanied with two scenarios, and we
verify whether they can help reduce the tension between
the SM EW fit and this new direct my measurement. The
models we studied include gauge extensions of the SM
with new gauge bosons, vector-like top partners, and top
squarks. These results are summarized in Table 1. We
further check these intuitive models' theory and experi-
mental constraints and comment on their future perspect-
ives. Finally in Sec. IV, we conclude this study.

Summary of various SM and BSM considerations in this study with the corresponding references. The best fit y?s are listed

for various scenarios considered in this study. mSgm®i" denotes the new world-average of my from Ref. [7]. For BSM considerations,
the best fit values of individual models are presented. However, other direct experimental searches need to be taken into account and

these details are discussed in the text.

2

Specifications/models d.o.f. X - References
pre CDF-I1 mwmbme mSVDILII
SM 3) 31 62 76
S-T 3)+2 28 30 33
EW fit Sec. IT
S-T-6GF 3)+3 28 28 28
Universal EW 3)+8 17 17 17
Z'/W' (AS =0.1)" @3)+1° 29 (28) 38(33) 34 (31) Sec. IIT A
BSM Models VLQ Top I (AS =0.1) (3)+2° 29 (29) 34 (32) 38 (34) Sec. Il B
VLQ Top I (AS =0.1) 3)+2 28 (53) 33 (31) 37 (33) Sec. Il B
Top Squark @)+ 28 31 34 Sec. 111 C

® AS = 0.1 in the bracket represents the case in which an extra contribution to the oblique parameter S is included, and the corresponding best
fit x?s are listed in the parathensis. ® While the model has more free parameters, with the gauge symmetry breaking assumption, only one
linear combination of parameters enters the fit. © In the simplified singlet and doublet top partner models, there are only two free parameters,
My (Mg, ) and A7 (g, ). “In the degenerate soft-mass scenario, only two degrees of freedom of top squarks, m; and tanp, are present. In the
non-degenerate soft-mass scenarios, three degrees of freedom, my, , mg, , and tang, are present. In both scenarios, tang does not change the

quality of the fit in a sizable way.
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II. EW FIT

Here we provide the interpretation of a shifted my
from an effective-field-theory point of view. We work in
the framework of the standard model effective field the-
ory [8, 9]. We choose the {a,mz,Gr} input scheme so
that the measurement of my provides a constraint on the
operator coefficients. More specifically, we fix the meas-
ured values of these input parameters to be as follows [2]:

a=1/127.940, mz=91.1876GeV,
Gr=1.1663787x 10> GeV . (1)

Thus, any new physics effects that contribute to the meas-
urement of these parameters change the "inferred SM
value" and contribute indirectly to the observables. For
instance, the 4-fermion operator O} = ({1y"6,)
({’_27#{’1) contributes to the muon decay process and gen-
erates a shift in the inferred SM Gp (VEVI)), which we
will later denote as 6Gr. We focus on the Z and W pole
measurements in our analysis, which are

0.f I
Iz, ona. Rp. AYl. As, A 2)
where f=e,u,7,b,c and AE;’i are A, and A, measured
from tau polarization measurements at LEP, and

BR(W —ev), BR(W—-uv), BR(W —>1v).

3)

my , FW»

For the Z-pole measurements, we use the results in Ref.
[10], where the correlations (if available) are also in-
cluded. The measurements of the W branching ratios are
taken from Ref. [11]. For I'y, we use the PDG result [2].
For my, we consider three scenarios, the "old" world av-
erage from PDG [2], the new CDF-II measurement [1]
alone, and the "new avg." scenario using the new world-
average my from Ref. [7], withmy = 80413.3+8.0 MeV,
which includes the new CDF-II measurement as well as
the LHCb one [6].

The SMEFT parameterization in our analysis follows
closely those in Refs. [12, 13] (see also Refs. [14—18]),
where the contributions to observables from the dimen-
sion-6 operators are calculated at the tree-level, but are
normalized to the SM predictions. The SM predictions
are taken from the central values of the SM-fit in Ref.
[19], except for my, which is taken from Ref. [2]. To ac-
count for the parametric and theoretical uncertainties that
are absent in this simple treatment, we combine in quad-
rature the experimental uncertainty of my with that from

1) Vacuum Expectation Value

the "SM EW fits" [2], treating the latter as an effective
total "theory" error. This theory error, 6 MeV, mainly
comes from the missing higher-order calculations and the
parametric uncertainties of input parameters, which in-
clude m, and my, that enter at the one-loop level. Our
results from this simple treatment for the S, T parameters
are in good agreement with those from Ref. [19].

Before doing a detailed analysis, it is intuitive to first
try to understand what kind of new physics contribution
can generate a significant shift in my without modifying
any other electroweak observable, as the latter is gener-
ally in good agreement with the SM predictions [10]. It is
convenient to work on a basis where the operators associ-
ated with the W, Y parameters [20] are exchanged for the
4-fermion operators. In this case, the modification of my
from dimension-6 operators is given by

[c%v T-52 (6Gp +28 )] , 4)

where my = m$M(1+6my), Gp=GM(1+6Gr),” s =
sin® Oy, c2 = cos? Oy, ¢y =cos20y, and Gy is the weak-
mixing angle. The parameters S and 7 [20] are related to

the S and T parameters [21] by

A a A
S=—8, T=aT. 5
4s3v ©)

Note also that the U parameter is generated by dimen-
sion-8 operators and is not considered here. Among the
three parameters S, 7', and 6Gr, only two independent
combinations contribute to the Z-pole observables, which
are T —6Gr and S, respectively. Therefore, to generate a
positive émy without changing the Z-pole observables,
one needs to keep § =0 and shift 7 and 6Gr simultan-
eously such that 7 =6Gr. A positive T (and 6Gr) is
needed for a positive dmyy .

To verify this statement, we first perform a global fit
of the three parameters above. The results are presented
in Fig. 1. The "old" scenario (cyan), with the world-aver-
age my measurement, is compared with the "new CDF"
scenario (magenta), with my from only the new CDF-II
measurement, and the "new avg." scenario (gray) using
the new world-average my [7]. For easy comparison, we
switch to the original (no hat) version of S and 7. The left
panel shows the 90% confidence level (CL) contour in
the S-T plane. For each scenario, two contours are shown:
the solid one is from a 2-parameter fit of S and 7, setting
6Gr =0, while the dashed one is from the 3-parameter fit
(marginalized over Gr). For the 3-parameter fits, the con-
tours are also projected on the (6Gr, T) plane shown on
the right panel. The results are also listed in Table 2.

2) Here my and G are the measured values, GiM is the inferred SM value and ma,M is the SM prediction.
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(color online) Results from a 2-parameter fit of S and T (solid contours) and a 3-parameter fit of S, 7, and 6Gr (dashed con-

tours) to the current EW precision measurements. The "old" scenario (cyan) uses the current PDG world-average my measurement, the

"new CDF" scenario (magenta) uses the new CDF measurement alone for my, and the "new avg." scenario (gray) uses the new world-
average my result in Ref. [7], which includes the new CDF measurement. We fix U =0 as it is generated by dimension-8 operators.
The left (right) panel shows the results in the S-7 (6Gr-T) plane. The scale for 6Gr is amplified by 100 for convenience. All contours

correspond to a 90% confidence level (CL).

Table 2. Results from the (S,T) 2-parameter fit and (S,T,6Gr) 3-parameter fit as in Fig. 1 . One-sigma bounds are quoted here.

old (PDG) new CDF new avg.
1o bound correlation matrix 1o bound correlation matrix 1o bound correlation matrix
2-para fit
N T S T S T
N 0.052+0.077 1 0.92 0.160+0.075 1 0.93 0.123+0.075 1 0.94
T 0.079 +£0.065 1 0.255 +0.060 1 0.194+0.058 1
1o bound correlation matrix 1o bound correlation matrix 1o bound correlation matrix
Spara fit s T Gr s T 6Gr s T Gr
N 0.037 +£0.096 1 0.68  —0.60 0.037 +0.096 1 074  -0.62 0.037 +£0.096 1 0.76  —0.63
T 0.081 +0.065 1 0.08 0.254 +0.060 1 -0.002 0.190+0.058 1 -0.05
6GF 2.1x7.7)x10™* 1 (15.7+£7.5)x107* 1 (10.6+7.4)x 1074 1

From Fig. 1, we can see that, indeed, the shift of the
central values in the (S,7,6GF) 3-parameter fit is consist-
ent with our observation above. From the old my to the
new CDF one, the central values of 7" and 6Gr both shift
in the positive direction, while the central value of S does
not change. We also note that the minimum y?values are
the same for the old and new scenarios in this case.
Meanwhile, for the (S,T) 2-parameter fit, shifts of both S
and 7 in the positive direction are required to go from the
old my measurement to the new CDF one. The minim-
um y? is also increased by approximately 4, suggesting
that the S, T-only scenario exhibits some tension with the
new CDF measurement. The "new avg." scenario exhib-
its a similar pattern but with central values somewhere

between the old and new CDF ones, as expected.

Let us now move to a more general framework with a
complete basis of 8 operators for the Z and W pole ob-
servables, assuming flavor universality. The correspond-
ing Lagrangian is given by

cws er c1221 ch
_ °r i 1221 4y
L ——mz OWB + 2 OT + _V2 O“ + _V2 OHq
w
CHf
+ Y 0wy, (6)
f=eq.ud

where the operators are listed in Table 3, and v~ 246
GeV. Note that we keep the flavor labels on the 4-fermi-
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Table 3.
servables assuming flavor universality. We keep the flavor la-

A complete operator basis for the Z and W pole ob-

bels on 0}?*! to distinguish it from the flavor-diagonal ones
(iijj), which do not contribute to muon decay. ¢, / are left-
handed SU(2), doublets, and e, u, d are SU(2), singlets. Note
that the convention of Oyg is slightly different from that in
[22].

Ows = Lgg’ H o HWS, B*
O = (1" ta)(Layut)

Or = M(H' D HY
One = (iH' DyH)(@yte)
Oy = (iH' Dy H)@y"q) Ot = (iH' Dy H) ity )

Oy, = (H' o D)@ y"q) Ona = GH' DyH)(dy*d)

on operator O!??!. This is because the flavor diagonal
ones (with mdlces iijj), which can for instance be gener-
ated by flavor-preserving interactions with a Z’-boson, do
not contribute to the muon decay (and 6Gr). This inform-
ation is somewhat unclear under the flavor universality
condition, as the O’”’ operator can be expressed as a
combination of ﬂavor diagonal operators using the Fiertz
identity. We also choose the convention for Oy to have
cws =S (which is different from the convention in, e.g.,
Ref. [22]). This basis matches the SILH' basis in Refs.
[23, 24] with the replacement cyp — cw +cg. The operat-
or coefficients cyg, cr, and ¢/7*' have one-to-one corres-
pondences with S, 7, and 6GF, given by

=T=aTl, c}?' =-2Gpr, (7)

and the 3-parameter fit can be recovered by simply set-
ting all other operator coefficients to zero.

The 1o bounds from the 8-parameter fit are presen-
ted in Fig. 2 and Table 4. Again, a comparison is drawn
between the "old" scenario (with the PDG world-average
my) and the "new CDF" and "new avg." ones. For the
"old" scenario, our results are in good agreements with
those in Ref. [12] for the SILH' basis. Caution must be
taken in the interpretation of the global fit results, as the
introduction of many parameters could result in an over-
fitting to the data. As in Ref. [12], here the central values
of cwp and Cr become negative, and we observe very
strong correlations among cwg, cr, and cy, in the range
0.93-0.96 (see Table 4), which are also strongly correl-
ated with ¢;??'. The minimum x? in this case is 17.1,
much smaller than that of the 3-parameter fit (28.3), sug-
gesting a significant shift in the global minimum. We
note also that cyy exhibits a significant deviation from
the SM due to the measurement dlscrepancy 1n the A2,
measurement of approximately 2.50 [10, 19] However
for the comparison between the "old" and "new CDEF"

19 bound from 8-parameter SMEFT fit

e old
——1 o4 new CDF
CwB  —— 1 new avg. | |Cwg
o
CT o CT
[ o]
CHe i CHe
o
CHq —— CHq
{ —e— U
C Hq —e—1 C Hq
CHu H%—% i CHu
-0.041+0.015
Cra 383138812 Chd
cl221 e cl221
Il —e—1 Il
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
-0.02 -0.01 0.00 0.01 0.02
Fig. 2.  (color online) One-sigma bounds from the 8-para-

meter SMEFT fit with the operator coefficients listed in Equa-
tion 6 and Table 3. The "old" scenario (cyan) uses the current
PDG world-average my measurement, the "new CDF" scen-
ario (magenta) uses the new CDF measurement alone for my,
and the "new avg." scenario (gray) uses the new world-aver-
age my result in Ref. [7]. Note that cy, is out of the plot range
owing to the A%, measurement at LEP. Its bounds are directly

quoted in numbers.

scenarios, we still observe a pattern similar to the case of
the 3-parameter fit, where only significant shifts in cr
and c}2?! are needed to accommodate the shift in my . We
also note that the 7¢ deviation in the CDF my measure-
ment is significantly diluted in the 8-parameter fit. This is
expected, as the marginalized bounds become weaker
with more parameters. This is also reflected in the strong
correlations among cwg, cr, cge, and c};*!, as mentioned
above. The situation is different for cg,, which is almost
in the same direction as A%, (or A,) [26], and basically
inherited its 2.50 deviation.

III. CLASS OF MODELS

This section explores the compatibility of various rep-
resentative BSM models that help explain this discrep-
ancy.

A. W and Z’

We first focus on the simple models with gauge sym-
metry SUQ)xSUR)xU(1) and discuss the low energy
consequences of different symmetry breaking patterns.
Those models can be seen as the prototype of some more

1) We also note that the beautiful mirror model [25] which modifies the Zbb couplings to resolve this discrepancy, generally also prefers a positive 7' parameter in

the range ~ 0.1 — 0.3 if the bottom partners are around or above the TeV range [26].
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Table 4. One-sigma bounds from 8-parameter SMEFT fit (shown in Fig. 2 ) and correlation matrix. The one-sigma bounds are shown
in percentages (a factor of 102 should be applied to all the bounds). For the correlation matrix, most entries are the same for the three
scenarios. The numbers in the parentheses indicate that the new CDF or average values are different from the old results by> 0.01.

1o bounds (in %)

correlation matrix

old new CDF new avg. CWB cr CHe CHq C}.Iq CHu CHd 6}321
cws  -0.59+0.30  -0.59+030  -0.59+0.30 1 0.96 (0.97) 0.96 -0.091 -025 -0.16  0.11 0.91
cr -023+0.14  -0.10£0.14  -0.15+0.14 1 0.93(094) —0.07 —020 —0.16 015  0.78(0.81)

CHe  —025+0.13  -025+0.13  -0.25+0.13 1 -0.12 —-029 -0.14  0.05 0.85
¢Hg  -0.07+027 -0.07+027  -0.07+027 1 030 060  0.38 -0.13
€y  —034+027  —-034+027  -034+027 1 —-0.69  0.58 -0.33
CHu 0.67+0.92 0.68+0.92 0.68+0.92 1 -0.07 -0.11
CHa 4115 4115 —41+15 1 -0.02
! -056+033  —084+033  —0.74+0.33 1

sophisticated models to explain the origin of mass.

Case I: left-handed breaking

The first case is that a gauge symmetry of SU(2);x
SU®2),xU(l)y (U(l)y isthe hypercharge gauge sym-
metry) and a bifundamental scalar A neutral under hyper-
charge can get a VEV to break SU(2); xSU(2), into the
diagonal subgroup SU(2)., which is identified as elec-
troweak gauge symmetry,

<A>:L( VOA 0 )

510 (®)

We can find that two gauge boson triplet Wi and Wy will
mix, and the mass eigenstate W’ and SM gauge triplet
W can be obtained through the following rotation mat-

(e )

where the mixing angle is sinf = g,/ /g +g3. The mass
of the W4 = (W'*,Z’,W'") triplet is

|
2 2
) g1+g2VA'

cosf sinf
—sinfd cosé

wy

! ©)

(10)

er = mW’ = —

We can introduce a SU(2); scalar doublet H, which
can be identified as the SM Higgs doublet, to break the
electroweak (EW) gauge symmetry. The quantum num-
ber under SU(2); x SU(2), x U(1)y of SM fermions can be
assigned as follows:

Lpe(2,1,-1/2) Lge(1,1,-1),0L € (2,1,+1/6)

Ure(1,1,42/3) Dgre(1,1,-1/3), (11)

where L; g can be identified as an SM lepton doublet and
singlet, and Q;, Ug, and Dy are a quark doublet, up
quark, and down quark, respectively (here we neglect the
QCD SU(3). gauge symmetry). With the above quantum
number assignment, we can find that the couplings of W’
to the SM currents are universal and can be written as

L =-gtan6W,(Ly*T*Le+ 1y T* 01

+(@H'T(D,H) - i(D,,H)*T“H)), (12)
where g is the EW SU(2), gauge coupling g = g;cos6,
T = Eo-", and o is Pauli sigma matrices. Then, we can

integrate out the massive W’ triplet at the tree level and
obtain the effective Lagrangian,

2 2
g tan“6
-Ceff—_ 22 J;LJ;U
T8 =Ly TOLy+ Quy*T*Qp + (iH T*(D,H) +h.c.).

(13)

We can easily find that there is no correction to the T
parameter because there is custodial symmetry in this
model. The effective Lagrangian can be expanded in
terms of the Han and Skiba operator bases [27] that con-
tribute to EW precision measurements,

2 2
g p tan? @
Loy =d (0}, +0},+0},+0, )+, a =_gz 0,
mw,
(14)

where the subscripts i, j represent the SM fermion gener-
ation. Using the universal electroweak fit defined in Sec.
II, our results show that this model tends to make the fit
even worse, which is easy to understand from Eq. (4),
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where the additional W’ contributions to 6Gr would re-
duce the  mass.

Case II: right-handed breaking

In this section, we consider the model with gauge
symmetry SU(2), xSUQ2)gxU(1)x. The SUQR)rx U(1)x
is broken into hypercharge symmetry U(1)y at some high
scale. Then, the electroweak symmetry SU(2). x U(1)y
is broken by the Higgs doublet [28]. In this model, the
hypercharge is defined as

Y=T;+X. (15)

Here, we suppose that SU(2)g xU(1)x is broken by a
SU(2)g triplet with U(1)x charge X =1 [29, 30],

1 [ A+/\/§ AFF ]
A= — . (16)

V2 A At/ V2

The neutral component gets a VEV (A%) = vz and breaks
the SU(2)gr guage symmetry. The gauge bosons will get
the mass,

1 1
My = Z8kVR M7, = 5(8k+ 8XVk- (17)

At some low energy scale, the SU(2), Higgs doublet H
with U(1)x charge X =1/2 gets the VEV (H)=vgum to
break EW. Then, the neutral gauge bosons will mix, and
their mass matrix is given by

Zglzzv]ze —2gRgx\112z 0 WSR
1
Z(WSR Aff Wﬁ) —2gRng%e g§(2v12z+v§M) —gngvéM Aff . (18)
0 —axgin  28%ven N\ W

We suppose that the EW scale is much smaller than the
SU(2)r breaking scale; therefore, we have a small para-
meter € = v,,/vk < 1. The mass matrix can be diagonal-
ized by rotation matrix R,

3R
w3 4,
AY |=R"|Z, (19)
w2 Z,

where 4, Z, and Z’' denote the mass eigenstates. The ei-
genstate A is the photon, Z is identified with the SM Z bo-
son, while Z’ is the heavy neutral gauge boson. The coup-
lings of this model are related to the electric charge by

e e .
e =gsinfy,

(20)

8R 8x = cospcosBy

- singcos @y
where 6y is the weak mixing angle (e — 0) and ¢ is the
additional mixing angle (sing = gx/+/g%+g%)- The ap-
proximate mass expressions of Z, and Z, at the linear or-
der of the small parameter € are

1
2 _
my, =

= 5 Va(8r+8%) [1+esin* | +0(e?) , (22)

where hypercharge coupling can be identified as

L_1 1 o)
& & g

We can see that g%/gi=1+tan’¢ and g5/g} =
1 + 1/tan’ ¢; therefore, the perturbativity of gy and gg re-
quires 0.027 < tan¢ < 36. The study presented in [31] in-
vestigated a similar model at a low energy effective inter-
action level.

The quantum number of SM fermions under
SUR2),xSUQR)gr x U(1)x can be assigned as follows:

Lie2,1,-1/2)
Lre(1,1,-1),0L € (2,1,+1/6)
Ure(1,1,42/3), Dge(1,1,-1/3). (24)

In this model, we assume that SM fields do not take the
SU2)g charge; therefore, it is similar to the 2—1-1
model.

1 .
m = 3 vr(gy +87) [1 — esin® ¢] +0(€%), (21) The mixing matrix R has the following approximate
form for small e:
sin ¢ cos Oy cos ¢ cos by sin Oy
R= sin¢sin9w+e% cosq&sinHW—eW —cosfy , (25)
—Ccos¢+ecosgsin” @ sing +ecos?gsin’p  —ecotBy cospsin’ ¢
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and we can simply derive the SM fermion couplings.
The couplings of Z and Z’ to SM fermion can be writ-
ten as

8z, =gxcos¢sinby Qx — gcosOyT;
S ) 3
" sin@y cos Oy (sm OwQ—Tj —esin ¢QX), (26)
8z 5 =gx(sing + ecos’ ¢sin® ¢) Oy
— g(—ecotfy cos g sin’ ¢)Tz
e ( sing

cosBy \cos¢

€Cos¢ sin? ¢

(-T; + Qsin? aw)).
(27)

sin? Oy

At the SU(2),, unbroken phase € =0, the coupling of
Z, to the SM fields is only from its mixing with U(1)x;
therefore, its coupling is just proportional to U(1)y
charge gz s =eQxtang/cosfy. After integrating out Z/,
the Wilson coefficients of the effective operators will be
proportional to Q% of the corresponding currents. The ef-
fective Lagrangian expanded in terms of the Han and
Skiba language bases [27] is given by

a 1 2
Lo =§(0h 30} +20%, + Ot = 3 O
1 1 4 2
+_0' .r__O ter__Oetur+_Oet i
3 T 3Yae Ty 37
1 \) 1 \) 2 S 1 S N
_50}11'+gohq'+§0hu'_§0hd'_0he')+”" (28)

where a = —e*tan® ¢/(m2, cos* ), and the subscripts i, j
represent the fermion generation. Because the elec-
troweak precision measurements do not involve four
quark operators, we do not explicitly write them out here.
We can see that all the four-fermion operators here are
from the Y parameter contribution, where the Y paramet-
er is

2

am
y=-—% (29)

8y

Here, Y is defined from the O}, operator coefficient
—g3Y/2m3,.

We can find that the custodial symmetry violation ef-
fect is

2+ 2
20, = ~ERTEX G aint DHR)2, (30)
2 2m2,

which is coincident with Z mass shift Am? = —esin®* gm2
in Eq. (21). The corresponding 7 parameter from the tree

level gauge boson mixing can be obtained as follows:

:_a‘{va _ esin* ¢ G1)
2a a

In this simple case, we find that LHC di-muon reson-
ances search [32] excludes the 95 % best-fit parameter
space for mz <5 TeV, considering the recent CDF-II res-
ults. However, Z’ bounds from LHC searches can be
eliminated by introducing some vector-like (VL) SUQ2)g
fermion doublets to mix with SM fermions. For example,
suppose that a VL lepton SU(2)z doublet L' =(v,e¢7)
with X charge Qx=-1/2 interacts with the electron
doublet and singlet through the Yukawa couplings of
some extra scalars. After the neutral components of these
scalars get VEVs (suppose that their VEVs are smaller
than vg; then, the gauge symmetry breaking pattern does
not change), ¢~ will mix with left- and right-handed elec-
trons, and the mixing angles are supposed to be 6, and
Or. Thus, SM chiral electrons can also interact with Z’
through these mixings, and their coupling gz, s in Eq.
(27) will change into

__° 2 _
S Y (cot(¢)S o, tan(¢)),

e, :m(cot((p)Si —tan@)(1+C2)),  (32)

where gz., (gz.,) is the coupling of the (right-) left-
handed electron to Z’, Sg,, =sinf, g (Cy,, = cosfg), and
the overall factor 1/2 is from the Qx charges of electrons
and VL lepton L’. The coupling proportional to S,,, is
from the mixings between e, g and ¢’~. Notice that we
neglect the terms proportional to e in the above expres-
sions. We can find that there is a cancellation among the
terms in gz, ; therefore, the LHC detection bounds on Z’
can be significantly relaxed by tuning the parameters ¢
and mixing angle 6, g. Thus, in this case, there should be
plenty of unexcluded parameter space to explain the re-
cent CDF anomaly.

Now we can perform the data fit to show the favorite
parameter space of the recent CDF-II data. As discussed
above, to remove the LHC bounds on Z’, we can assume
that the couplings of Z’ to SM fermion currents are elim-
inated by tuning ¢ and mixing angles 6,z for simplicity;
therefore, this model only corrects the oblique paramet-
ers S and 7. We calculate the best-fit band (2 ¢ around the
local minima of the model) in the{tan ¢, mz } plane consid-
ering the recent CDF-II data, as shown in Fig. 3. Because
the loop corrections can contribute to the S parameter, we
also show the data fit with extra S = 0.1 contribution in
the right panel (the left panel is for no extra S contribu-
tion). In the left panel, because the total § =0, the corres-
ponding 7 parameter is in the range (0.09, 0.18), which
agrees with Fig. 1 given that the contributions to the glob-
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Fig. 3.

(color online) The red and light blue contours correspond to the 95 % best-fit band with and without the recent CDF-II results.

The region below the dark blue line tan¢ < 0.027 is not allowed by perturbation requirement. The left and right panels correspond to the

extra § =0 and 0.1 cases, respectively.

al fits from the remaining operators are eliminated. Mean-
while, in the right panel, because the extra positive S con-
tribution is included, the T parameter lower bound is en-
hanced, with the data fit preferring the large coupling re-
gion.

B. Composite models with top partners

In the composite Higgs model, vector-like (VL) com-
posite top partners mix with top quarks to generate the
top quark mass. In most models, the singlet and doublet
top partners always exist. The phenomenology of VL
quarks are extensively studied in [33—42]. In the follow-
ing, we simplify the top partner models to study their
phenomenology in general.

Singlet top partner

First, we focus on the VL quark singlet 7 with hyper-
charge Y =2/3 to mix with the top quark. Its general in-
teractions with the top are given by

L= —y,Q_LHlR—yTQ_LHCTR—MTTT+]’L.C. (33)

After Higgs get the VEV, we can obtain the mass of the
top and singlet top partner,

1
m? =§(M% P2

N 4M%/1t2),
2

2 efie ) 4oy (34)
mr =Mr M%—mf > A =YiVSM »

and then, we obtain the EW precision measurement para-

meters generated from this extra top partner singlet [43,
44].

After integrating out the singlet top partner, we can
obtain the EFT Lagarange in the Han and Skiba bases rel-
evant to EW precision measurements,

a T a
ap=——-T, awyp=—
" Van VB = g sinGy cos OwVviy
2 232 2
L S il (1+log/l—’)
HQ 2.2 2 4 2
dMzvey  l6mMivey, M3,
/l; 17+ 141 /ltz
YTV YA K
256 MTVSM M
A2 A4 A2
3) T T 1
N — (9+14log—2), (35)
AMzvgy 2567T2MTVSM M,
where

N 22 log(Me) + 2. -222)
T= j

l6rsin® Oym2, M2
_ Nedj2log(3)-5) 6
= - ,
187rMT
{ah,awg,agz,agb} are the coefficients of bases

{Oh,OWB,Ole,OZQ} in [45], where OZ’Q are the operators
involving the top doublet (because the singlet top partner
only interacts with the top doublet), and N, is the QCD
color number.

Similarly, we can obtain the 95 % best-fit bands in
the {M7,Ar/Mr} plane with and without considering the

new CDF data (the red and blue regions in Fig. 4). In the
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Fig. 4. (color online) The red and blue contours correspond to the 95% best-fit bands with and without the most recent CDF results.

The light dark region is excluded by LHC direct detection [46]. The red and blue dashed lines are the prospective reaches of HL-LHC
and HE-LHC [47, 48]. The yellow region is not allowed by the perturbation condition. In the right panel, the contribution of composite

vector partners to the S parameter, supposed to be S = 0.1, is included.

right panel, we include the extra contribution of the com-
posite vector partners to the S parameter in the data fit,
supposed to be S = 0.1. In the left-panel, as the new CDF
data prefers 7 > 0.1 (see the solid magenta contour in the
left panel in Fig. 1), the red region cannot cover the de-
couple region A7 /My — 0. The perturbation condition re-
quires that y; < vz, which excludes the yellow region
in Fig. 4. The direct detection of 13 TeV LHC on the
singlet top partner excludes the mass region my < 1.31
TeV [46], which corresponds to the black region in
Fig. 4. The red and blue dashed lines are the projected ex-
clusion reaches of the 14 TeV high luminosity LHC (HL-
LHC) with luminosity £=3 ab~! and 27 TeV high en-
ergy LHC (HE-LHC) with luminosity £=15 ab™!
(which corresponds to my < 1.8 TeV and 3.8 TeV) [47,
48], respectively. In the right panel, since the extra
S =0.1 contribution to EWPT from the composite vector
meson is introduced, the lower bound of the T parameter
in Fig. 1 is enhanced, which also enhances the lower
bounds of coupling A7 /My from data fit with and without
the new CDF data. Because this model does not correct
neither the interactions of four light fermions nor the
gauge interactions of light fermions, this simple model
has a significant unexcluded best-fit parameter space to
explain the anomaly in the CDF data. We can also find
that, combining with the perturbation condition of
Yukawa coupling yr, the mass of the VL quark 7 should
be lighter than approximately 4.5 TeV (3.2 TeV) to ex-
plain the new CDF data for the extra S =0 (S =0.1) case.
And the future HE-LHC can almost exclude these two
cases (the case with extra § =0.1 can be fully excluded)
if there are no signals of the heavy quark T.
Top partner doublet with Y =1/6

We can also introduce the VL quark doublet Q7 with
hypercharge Y = 1/6 to mix with the top. Its general inter-
actions are given by

L=-y,01Htg—yo,Or H tr— Mo, QrOr +hc.  (37)

The expressions of the top and top partner mass are simil-
ar to Eq. (34),

]
m? =3 (MéT T \/(Mér + B, + A2 - 4Mér/lf) ,

2

2 2 Or
my =M; |1+ ————|.
or Q’( Mér—mtz]

(3%)

The EW precision measurement parameters from the top
partner doublet can be expressed as [43, 44]

@ . a

ap=——F—"41, awp= X s

Vi 8sinby cosOyvs ,,
232 2

) 1o, A
a =—— | 1+6log—— P

HO T 34 ME VR, ( £ Mé/_véM]

222

FON 10, (39)

HQ ™ 967r2Méyv§M ’

where
MZ
75)+245 —947)

247 sin? me%,[,M é,

- NC/12QT(6/1,2 log(

b}

123107-10



Speculations on the #-mass measurement at CDF

Chin. Phys. C 46, 123107 (2022)

Mo, [TeV]
N

Fig. 5.

Ma, [TeV]
N

2L -7 / |

b e o o o o o o e e i ) e e g

1 ;\ s -’.f‘( > 1»"{ = \'\l .V’.‘\". “. - \;
-0.2 -0.1 0.0 0.1 0.2
Ao, IMa,

(color online) In these two panels, the red and blue contours correspond to the 95% best-fit band with and without the most re-

cent CDF results. The light dark region is excluded by LHC direct detection [46]. The meanings of the red dashed line, blue dashed
line, and yellow region are the same as those in Fig. 4 . In the right figure, the extra contribution S =0.1 from composite vector part-

ners is included in the data fit.

Ney (dlog(HE) =)
- 187M?,

(40)

Following the same procedures as above, we show the
95% best-fit bands with and without considering the new
CDF data in the red and blue contours in Fig. 5. In the
right panel, the extra contribution S =0.1 from compos-
ite vector partners is also included. The light black re-
gion corresponds to the excluded region My, < 1.37 TeV
from LHC direct search [46]. The red and blue dashed
lines correspond to the projected exclusion reach of HL-
LHC with luminosity £=3 ab~! and HE-LHC with lu-
minosity £ =15 ab™! [47, 48]. The yellow region is not
allowed by the perturbation condition of yg, . The phys-
ics of this model is almost the same as that in the singlet
top partner case, and we will not repeat it. As in the
above model, a significant unexcluded best-fit parameter
space in this model can explain the new CDF data. Simil-
arly, to explain the anomaly in the CDF data, the mass of
O can not be heavier than 5.8 TeV (4.4 TeV) for the ex-
tra $ =0 (S =0.1). The HE-LHC can almost exclude the
case with extra § = 0.1 if the VL quark Q is not found.

C. Top squark

The top squark is a representative case for weakly
coupled states in the loop that could accommodate the
discrepancy. It is instructive and informative to explore
the underlying dynamics in this direction. First, we start
with a pair of squarks and assume that other electroweak
states are decoupled. In R-parity conserving supersym-
metry, we would need either a neutralino or a gravitino to
serve as the lightest supersymmetric particles. With a

bino-like neutralino consistent with the DM direct detec-
tion experiments, we can further check the bino contribu-
tion to the low energy effective operators. In the context
of R-parity violating supersymmetry, we can have the
stop being the LSP that can decay promptly or be dis-
placed. These R-parity violating operators are typically
sufficiently small so that they would not affect the
EWPOs considered here. Regardless of the top squark
lifetime, the LHC puts powerful constraints on them. We
choose 400 GeV as a minimum requirement on the stop
mass [49]. The mass range corresponds to the stop hav-
ing mass splitting with the LSP around 20 GeV and a
shorter lifetime than that coverable by the reach of the
typical disappearing track or displaced vertex search.
New searches with soft displaced vertices can help im-
prove the constraints further.
The stop sector with the mass matrix (7, 7g)

(41)

m% +ml2 +Dy mX;
3
m.X; m

2 +m; +Dp
In the above equation, X; is related to the SUSY paramet-
ers A;, i, andtanB as X, = A;—ucotB. Dy and Dy are the
D-term contributions to top squark masses.

Degenerate top-squark soft masses

We begin by considering the degenerate stop soft
masses, mg = my, =m;. The mass matrix will yield stop
mass eigenstates (7;,7;) with mass eigenvalues of m; ,m; .

At one-loop order, many operators will be generated.
Those most constrained are also relevant for our discus-
sion here, in particular for the S-7-6G fit, as [50]
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I 1825\ 1X2( 1g 1 x
cr =——t 1428928 _JA (2898, A
647r2mtg 2 n? Zm? 2 n? 10 m?
640ﬂ2mtg m? ’ 640ﬂ2mtg m?
h? 1 g% 4 X?
Cwp = — —t (H_M)___r
3847r2m? 2 p? Sm?
2
8
COOWw=—"—>,.. 42
2 320022 2

where ¢y = cos(28) and h, =y, sin,8.1)2) Here, we omit the
details of a few other one-loop generated operators as
they have very minor impact on the fit.

With the generated operators from the top squark sec-
tor, we can put into the S-T' parameter fit considered in
Sec. II. In Fig. 6, we show the 68% and 95% best-fit re-
gions with and without the new CDF my mass determin-
ation in red and blue contours, respectively. The EW fit
without the CDF results allows for large parameter re-
gions filling the spaces across zero. As anticipated, the re-
cent CDF results require larger S and T parameters to re-
strain the allowed stop parameter space. The best fit re-
gion at a 95% level requires the top squark to be as light
as 200-400 GeV. The required parameter space would be
incompatible with other EWPO and Higgs observables.

The mass scale these solutions point to is so small
that one could also worry about the validity of EFT. Fur-
ther, considering that we conclude the top squark with de-
generate soft mass terms to be insufficient for generating

4
2,2
167 mQ

+
AT Ty

3rr(1+rr)

Xf (1+ 10rr + rr?

+
me \ AT =rrt T 21=rn)

the required shift in the oblique parameter, given the cur-
rent LHC constraints, we can safely discard this possibil-
ity.

Still, this provides valuable information to under-
stand the situation with scalar doublets at the loop level.
One can consider extending the considerations to mul-
tiple specifies, mainly through lepton partners, e.g., light
staus [51, 52]. These can be a promising direction to ex-
plore.

Non-degenerate top-squark soft masses

From the EFT analysis in Sec. II, we understand that
the ability to generate shifts in the S and T parameter dir-
ections is crucially important. In particular, from the
above discussion, a simple top squark scenario cannot ex-
plain the new CDF-II discrepancy between the experi-
mental measurements and the EW fitted #-boson mass.
While the top squark sector can already generate custodi-
al symmetry breaking parameters at the one-loop level,
one can consider further enhancing these physics effects
using the soft mass terms. Non-degenerate top squark soft
mass terms will enhance the 7 parameter. We consider
non-degenerate left-handed top squark and right-handed
top squark soft mass parameters mg, and my, .

We define the ratio between the top squark soft mass
parameters as

rr= —, (43)

and then, we can express the particularly relevant Wilson
coefficients as follows, using the standard MSSM para-
meters already introduced earlier:

1(1 lg2025)2+2x_t2(1 . lngZﬁ)(_ 1 —5rr—2rr2 3rr2

2w

|

= log(rr)

3rr +

h? X,2(1—8rr—17rr2
Y 62 me
16 my g

3

12(1—rr)* " 2(1-

—4—12rr+3rr% + 113

8U_rry a1t 87

oY log(rr))

cp= —
i 16n2m2Q; m2Q 12(1 —rr)*

3

o X? (—23 —8rr+7rr?

6(1—rr)

log(rr))

K2 I 1 ( .
CWB=———" |~
16”2’”2@ 24 2 p? mé3

1 gzczﬁ) X? (5 +33rr=3r + 11>

24(1-r)* 2(1—=rr)

2
N 2rr+”r5 log(rr))] (44)

1) Note that this basis, which is more widely used in the top squark EFT, differs slightly from the basis choice in Sec. II. Here we have the T parameter being the

same but the S parameter as sin229W/a m%(4CWB +Cw+Cp).

2) Note that the cow operator, via equation of motion, can be translated into the four-fermi operator with correct interaction structure that shifts Gr. Hence we in-
clude it here. However, the size of this operator is very tiny and have negligible impact on the fit.
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(color online) The 68% and 95% fitted parameter range in the top squark parameter space with degenerate stop soft masses,

for tang = 10 (left panel) and tang = 3 (right panel). The recent CDF results require larger S and 7 parameters to restrain the allowed stop
parameter space, as shown in the red regions. The pre-CDFII results are shown in the blue shaded regions. The gray shaded region is
color breaking, and hence, it is excluded. The light gray region corresponds to the lighter stop mass of 400 GeV and 800 GeV, repres-
enting the current LHC bounds on long-lived stops and prompt stops, respectively. The gray dot-dashed and dotted lines represent the

top squark mass eigenstates. More details can be found in the text.

and the full list of generated operators can be found here
[53, 54]. In this calculation we decoupled the right-
handed bottom squark for simplicity. One can consider
adding it and finding better fit to data. Another viewpoint
of this loop function can be on the mass basis, where we
can consider the non-degenerate top squark masses gener-
ating loop-function variations.

To understand the enhancement, we show in Fig. 7
the ratios of Wilson coefficients of various terms as a
function of rr with respect to the corresponding values of
the degenerate case where rr = 1. For all of ¢7, cw, cp,
andcyp, the non-degenerate soft-mass rr enters the L-R
mixing term proportional to X7/mj, . For cr, the non-de-
generate soft-mass rrfurther enters the L-R doubly mix-

.
\\
Q \
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& N
= 5t S,
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>
o
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=
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===Cr: X%/mag term
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Fig. 7. (color online) Ratios of various terms in the Wilson coefficients as a function of the soft mass ratios rr= m%,} /szs' The refer-

ence values with rr=1 for these five terms cr(Xf/ma), er(X? /m

1/40, and 1/30, respectively.

2
03)

ew (X7 /my), cp(XPImg,), andewp(X} /m,.) are 1/40, -1/16, 1/40,

2
04
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ing term proportional to X7 /my, . We can see in this fig-
ure that the non-degenerate soft mass could provide a
factor for a few enhancements in these terms. In particu-
lar, the contributions to ¢y and cp are enhanced, which
helps in lifting the S and T directions.

In Fig. 7, the reference values with rr=1 for these
five terms cT(Xf/ma), cT(th/m2Q3), cW(th/m2Q3),
CB(X,Z/mZQS), anchB(X;‘/sz}) are 1/40, —1/16, 1/40, 1/40,
and 1/30, respectively. This ratio is monotonic on rr and
becomes a suppression factor for rr> 1. Note that this
preference implies that the light top squark is preferred to
be right-handed, which also makes the top squark para-

mg, (TeV)

mg, (TeV)

-4

Xi/mg,
Fig. 8.

meter space less constrained at the LHC. Another not-
able feature of these enhancements is their contribution to
the S parameter, proportional to 4cwp+cr+cp, and all
these terms have the same sign. Further, although the two
terms comes with opposite signs for cr, the term and en-
hancement proportional to x}. /m‘(‘zs is dominant in size in
the X;/mg, > 1.6 regions. Hence, the inclusion of non-de-
generate top squark soft masses with rr <1 will lead to a
better fit to the new my results.

We show the top squark parameter space for various
values of rr in Fig. 8. We adopt a similar convention to
that in Fig. 6. We emphasize a few important features

Xt/sz

(color online) The 68% and 95% fitted parameter range in the top squark parameter space with non-degenerate stop soft

masses. The corresponding top squark parameters are as follows. Top-left panel: rr=0.9, tangB = 10; top-right panel: rr=0.9, tanf = 3;
bottom-left panel: rr=0.8, tanB = 10; bottom-right panel: rr= 0.6, tang = 10. The blue (red) shaded regions represent the best fit regions
with pre-CDFII combined my (CDF-II my alone). The gray shaded region is that with tachyonic light stop mass, and the light gray re-
gion corresponds to LHC direct search constraints. The dash-dotted and dotted contours label the top squark mass eigenvalues with a
separation between them of 0.5 TeV. The orange lines correspond to two empirical constraints for our metastable electroweak vacuum

to tunnel into a color-breaking vacuum (further details are in the text).
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here. As before, given that CDF-II my determination is
significantly better than others, with the best precision,
we compare the results obtained with the CDF-II my
alone as the my input with the results reported formy be-
fore the CDF-II determination. The 68% and 95% best-fit
regions with the CDF-II my are shown in the red shaded
regions. As the new my prefers non-zero BSM contribu-
tions and is incompatible with the null SM hypothesis,
the preferred BSM (red) regions are very restrictive. In
contrast, the blue-shaded regions describe the 68% and
95% preferred regions with pre-CDFII my determination.
It covers and allows a complete decoupling direction
where mg, goes to infinity with X, going to zero.

In Fig. 8, we also use the gray shaded region to rep-
resent the color-breaking parameter space and hence dis-
allow solutions there. The light gray region corresponds
to a light stop mass of 400 GeV and 800 GeV, respect-
ively, indicating the current LHC bounds on long-lived
stops and prompt stops. We also provide dash-dotted and
dotted contours to label the top squark mass eigenvalues
in units of TeV. The lowest lines of each one represent
0.5 TeV and 1 TeV, respectively. The difference between
the contour lines on top squark mass eigenvalues is 0.5
TeV.

We show the results for a few benchmark parameters
in the non-degenerate top squark scenarios in this figure.
These scenarios are as follows. Top-left panel: rr=0.9,
tangB = 10; top-right panel: rr=0.9, tang = 3; bottom-left
panel: rr=0.8, tanB =10; bottom-right panel: rr= 0.6,
tanB = 10. First of all, the results for the non-degenerate
case shown in Fig. 8 are allowed and compatible with the
current constraints, in contrast to the case of the degener-
ate soft-mass results shown in Fig. 6. The newly allowed
regions are for X,/mop, > 1, and are consistent with the en-
hancements analysis in Eq. 44 and Fig. 7.

The results of different rr values are comparatively
shown in the top-left panel, bottom-left panel, and the
bottom-right panel of Fig. 8. We can see that a lower rr
value renders smaller needed X, values. Such behavior is
a natural result of the enhancement associated with small
rr values. Hence, small rr values will improve the com-
patibility with the new CDF-II my measurement. A small
rr value also implies a lighter right-handed top squark for
a fixed value of the left-handed top squark soft mass my,.
There, the color-break vacuum constraints and the LHC
direct search constraints are stronger, as can be observed
in the gray shaded regions. Comparing the top-left panel
and top-right panel, we can see the impact of different
values of tanB. The band is dragged more outwards, to-
ward higher X;, for a lower tanB. As h; becomes lower
for a lower tanf, one needs a larger X; to compensate for
the needed operator size.

A large X; can generate a new and deeper color-
breaking vacuum associated with the scalar direction. We
would require our electroweak vacuum to be metastable

and have a low zero-temperature tunneling rate longer
than the age of our universe. The actual calculation is
very complex and depends on many other parameters,
and we have empirical and approximated constraints from
[55, 56]. Here in Fig. 8, we use the orange dashed curve
to represent the empirical constraint from Ref. [55],

A7 434 <7.5(m +mp,). (45)

When A? > 2, one can replace the left-hand side of the
above equation with X?. Further, Ref. [56] has derived
another approximate constraint, and using parameter in
this work,

A} < (B4 +rr)+0.5|1 = rrl)mf, +60m}. (46)

Again, when A? > 12, one can replace the left-hand side
of the above equation with X?>. We show this constraint in
orange dotted lines. We can see that such consideration
limits us to smaller X;/my, regions, and a detailed tunnel-
ing numerical consideration, with additional parameters
defined in MSSM, would help establish the best-fit point
in the top squark case.

Overall, we see that the non-degenerate top squark
soft mass parameters fit the new data much better com-
pared to the degenerate case. Interestingly, the preferred
stop parameter direction also yields a significant correc-
tion to the Higgs mass via large mixing. Although we do
not attempt to fit the observed Higgs mass here, it is well-
known that the TeV scale top squark with large mixing
can fit it. However, other new physics can also contrib-
ute to the Higgs mass. Further, although not yet con-
straining in the majority of the allowed parameter space,
the precision Higgs program can start to play more im-
portant roles in the scenarios considered in this study.

IV. OUTLOOK

The new W mass determination from the CDF-II ex-
periment is remarkable. Together with many other preci-
sion measurements, we stress-test the concise SM. This
intriguing result calls for further explorations in many
new directions. Experimentally, new measurements in
near and future experiments would help fully establish
and converge the measured values. Theoretically, differ-
ential cross sections matching the experimental templates
or improved theoretically-clean determination methods
shall be explored. With a joint effort of theory and experi-
ments, the physical meaning of the W mass determina-
tion will also be better clarified, especially when the ex-
perimental templates are generated through well-defined
and uncertainty-evaluated precision theory calculations.

Furthermore, as discussed in this work, the tension
between the SM andmy measurements in the EW fit, if
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fully established, certainly signals the possibility of new
physics. We can explore various BSM scenarios behind
such discrepancies. Given the sizable difference in the W
mass, the new physics scale needs to be not too far above
the TeV scale. Moreover, the new physics can be at the
electroweak scale if it generates this discrepancy via
loops. Direct new physics searches at the LHC and other
experiments will reveal or rule out the new physics mod-
el candidates. For instance, one can directly search for
new gauge bosons, new top partners, etc., at current and
future colliders. The electroweak precision program and
the Higgs precision program will also further extract the
possible imprints of new physics.

Finally, the W-mass puzzle can be easily resolved by
a WW-threshold scan program at future lepton colliders,
such as the ILC [57], CEPC [58], and FCC-ee [59], as
well as the C3 [60] and muon colliders [61], which will

measure my to a precision of approximately or even be-
low 1 MeV. If the discrepancy with the SM is confirmed,
such a precise measurement would also point towards a
more definite upper bound on the scale of new physics.
High energy future colliders [62, 63] will most likely be
able to cover the new physics sources generating such
discrepancies.
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