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Abstract We study the CDF W-mass, muon g —2, and dark
matter observables in a local U (1) u—Le model in which the
new particles include three vector-like leptons (Ej, Ea, N),
a new gauge boson Z’, a scalar S (breaking UMgr,-r,)a
scalar dark matter X; and its partner Xg. We find that the
CDF W-mass disfavors mg, = mpg, =my ors; =sg =0
where s (g) is mixing parameter of left (right)-handed fields
of vector-like leptons. A large mass splitting between E}
and E is favored when the differences between s; and sg
becomes small. The muon g — 2 anomaly can be simulta-
neously explained for appropriate difference between mg,
(sr) and mg, (sg), and some regions are excluded by the
diphoton signal data of the 125 GeV Higgs. Combined with
the CDF W-mass, muon g — 2 anomaly and other relevant
constraints, the correct dark matter relic density is mainly
obtained in two different scenarios: (i) X;X; — Z'Z’, SS
for mz (ms) < my, and (ii) the co-annihilation processes
formin(mg,, mg,, my, mxy) close to my,. Finally, we use
the direct searches for 2¢ + E ?i” event at the LHC to con-
strain the model, and show the allowed mass ranges of the
vector-like leptons and dark matter.

1 Introduction

Recently, the CDF collaboration reported their new measure-
ment of the W-boson mass [1]

my = 80.4335 £ 0.0094 GeV, (1)

which approximately has 7o deviation from the Standard
Model (SM) value, 80.357 £ 0.006 GeV [2]. This CDF value
is in significant tension with the other experiment measure-
ments including the most precise one reported by the ATLAS
collaboration, my = 80.370 &+ 0.019 GeV [3]. Here we
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take the CDF result seriously and discuss implication of the
W-mass shift on new physics models. Besides, the FNAL
experiment measurement of the muon anomalous magnetic
moment (muon g — 2) [4], when combined with the result
of the BNL experiment [5,6], has an approximate 4.2¢ dis-
crepancy from the SM prediction [7-9],

Aay =af? —aiM = (25.1£5.9) x 10717, )

The two anomalies both call for new physics beyond SM.
There have been many works explaining the CDF W-mass
[10-79].

In this paper, we study the CDF W-mass, the muon g — 2,
and the DM observablesinalocal U (1), 1., modelin which
a singlet vector-like lepton, a doublet vector-like lepton and
a complex singlet X field are introduced in addition to the
U(I)LH,Lr gauge boson Z’ [80] and a complex singlet S
breaking U (1), —r, symmetry. As the lightest component of
X, X is a candidate of dark matter (DM) and its heavy part-
neris X g. The gauge boson self-energy diagrams exchanging
the vector-like leptons in the loop can give additional contri-
butions to the oblique parameters (S, 7', U), and explain the
CDF W-mass [24,53,55,76-79]. The interactions between
the vector-like leptons and muon mediated by the X; (XRr)
can enhance the muon g — 2 [81-92]. These new particles
can affect the DM relic density via the DM pair-annihilation
and various co-annihilations processes.

Our work is organized as follows. In Sect. 2 we introduce
the model. In Sects. 3 and 4 we study the W-boson mass,
muon g-2 anomaly, and the DM observables imposing rel-
evant theoretical and experimental constraints. Finally, we
give our conclusion in Sect. 5.

2 The model

In addition to the U (1), -1, gauge boson Z', we introduce
a complex singlet S breaking U (1), -1, , a complex singlet
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X, and the following vector-like lepton fields,
' NL’ R ’
EL,RZ <e” ),EL,R~ (3)
L,R

Their quantum numbers under the gauge group SU (3)¢ x
SUR) L xU()y x U(D)r,-L, are displayed in Table 1, and
the gy is the U(1),, -, charge of the X field.

The new Lagrangian respecting the SU (3)¢c x SU(2)1 x
Uy x U(1)L,—r, symmetry is written as

1 _ -
L= _ZZ;WZ/W + 82/ 2" (Yt + Dy YV,

= TYuT — Ve YuVr,)
+E"(i P)E" + E'(i P)E' + (D, X")(D"X)
+ (D SHD'S) — V + Ly, “)

where © and 7 denote the SM muon and tau leptons, and
v, and v; are the corresponding neutrinos. The D, is the
covariant derivative and g is the gauge coupling constant
of the U(1)z,—r, group. The kinetic mixing term of gauge
bosons of U(1)r,—r, and U(1)y is severely constrained
from the electroweak precision data [93], and therefore we
ignore it simply in this paper. The field strength tensor
Z,, = 0.7, — 9,Z,, and V and Ly indicate the scalar
potential and Yukawa interactions.
The scalar potential V is written as

V = —uj(H H) — u3(8'8) + my (X7 X)
n [,szs + h.c.] Foag(HH? 4+ 25(STS)?
+ax(XTX)? + Asx(STS)(XTX) + Ans(HTH)(STS)
+ax(H H)(XTX), )

where the SM Higgs doublet H, the complex singlet fields
S and X are

Gt 1 ,
"= <j§(h1 +uh+iG))’ §= s tio).
1
V2
Here H and S respectively acquire vacuum expectation val-
ues (VEVs), v, = 246 GeV and vg, and the VEV of X field

is zero. The parameters M% and u% are determined by the
minimization conditions for Higgs potential,

X (Xr+iX)). (6)

1
M% = AHUﬁ + E)\Hsvg,

1
13 = Asvi + EAHSU,E. @)

The complex scalar X is split into two real scalar fields X
and X; by the u term after the S field acquires VEV vg.
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Their masses are

1 1
mg(k = mi + E)\.HX‘U%_I + E)Lsxvgv + \/E,U,US
1 1
m§f1 =m% + EAHXU%I + Ef\sxvg — V2 pvs. 3

Because the X field has no VEV, there is a remnant discrete
Z, symmetry which makes the lightest component X to be
stable and as a candidate of DM.

The Aps term leads to a mixing of 4 and h», and their
mass eigenstates 4 and S are obtained from following rela-
tion,

hi cosa sina h
(hz)_(—sina cosa)(S) ©)
with o being the mixing angle. From the Ay g term and A gy x
term, we can obtain the 125 GeV Higgs h coupling to a pair
of DM. In order to escape the strong bounds of the DM indi-
rect detection and direct detection experiments, we simply

assume the 2 X7 X7 coupling to be absent, namely choosing
Ags = 0and Agx = 0. Thus we obtain

m2 m2
a=0, ry=—21, /\s=—52. (10)
2vh ZUS

The gauge boson Z’ acquires a mass after S breaks the
UL, -r, symmetry,

(1)

The Yukawa interactions with the U (1) u—L, Symmetry
are given as

mz =2gz7 | qx | vs.

— LY, mass
= miE] Eg +myE, Ep + kiTRXE), + 1L, X Ep
+ N2y E] HE + V2 ERHE},
V2my —

+ “LMHMR + h.c.,

12)

where L, = (vur, L)

Since the X field has no VEV, there is no mixing between
the vector-like leptons and the muon lepton. However, there
is a mixing between the vector-like leptons E” and E’ after
the H acquires the VEV, v, = 246 GeV, and their mass
matrix is given as

My — <m1 )’2vh>.
Y1Vp m2

We take two unitary matrices to diagonalize the mass matrix,

cL —SL CR —SR
U, = ( ) , Ur= ( ) ,
S CL SR CR

(13)



Eur. Phys. J. C (2022) 82:1135

Page 3 of 12 1135

Table 1 The quantum numbers of the fields charged under U (1), ., - The charge of the other field is zero

SUB). SU@2)L Uy UL, L,
E} g 1 2 —1/2 1—q,
E’L R 1 1 -1 1 —qy
X 1 1 0 qx
S 1 1 0 —2g,
L, 1 2 —1/2 1
R 1 1 —1 1
L, 1 2 —-1/2 —1
TR 1 1 —1 —1
“1” and “2” denote the singlet and the doublet, respectively
UZM pUgr = diag (m E, M Ez) , (14) The mixing parameters s; and sg are taken as
! < < ! ! < < ! (19)
. —— <y —, — —= <sgp < —.
where c%_R + s% g = 1. The Ey and E> are the mass eigen- V2 - L= V2 V2 k V2

states of charged vector-like leptons, and the mass of neutral
vector-like lepton N is

my = my = mEg,CLCR + ME,SLSR. (15)

From the Eq. (12), we can obtain the interactions between
the charged vector-like leptons and muon mediated by Xr
and X,

1 . _
—Lx D _2(XR +iXp) [mr(kicLE1p — k1SLE2L)

/2

+ pip (k2SRE1R + k2ocRE2R)] + h.c., (16)

and the 125 GeV Higgs interactions to the charged vector-like
leptons E; and E3,

2.2 2.2
mE, (7 Sp + CpS7) — 2mE,SLCLSRCR

— Ly D hElEl,

Uh
2.2 2.2
n mE,(S;cp +C785%) — 2mp SL.CLSRCR

hE>E>.
vp

a7

3 The S,T,U parameters, W-mass, and muon g — 2

In addition to m; = 125 GeV, v, = 246 GeV, Aygs = 0,
Agx = 0, there are many new parameters in the model. We
take g7/, qx, mz/, Ax, Asx, mgs, mxg, mx,, mg,, MEg,, SL,
SR, k1, and k> as the input parameters, which can be used to
determine other parameters.

In order to maintain the perturbativity, we conservatively
take

| Asx |<4m, | Ax |<4m,

—1<K1 <1, —1<Kk<1. (18)

We take the random uniform sampling method to scan over
the input mass parameters in the following ranges:

60 GeV <my, <500GeV, my, <myx, <1TeV,
my, <mg; < 1TeV, my, <mg, < 1TeV,
100 GeV <myz < 1TeV, 100GeV <mg <1TeV. (20)

The mass of neutral vector-like lepton N is determined by
mg,,mEg,, st and sg, werequire my > my,. We choose 0 <
gz'/mz < (550 GeV)~! to satisfy the bound of the neutrino
trident process [94]. We take —2 < ¢, < 2, and require
| g77(1 —gy) |< 1 and gz < 1 to respect the perturbativity
of the Z’ couplings.

The tree-level stability of the potential in Eq. (5) impose
the following bounds,

Ag =0, Ag>=0, Ax =0,

AHS = =23/ AmAs, Apx = =2yApix, Asx = —2/Aghx,

\/}LHS +2VAg As \/}LHX +2VAg Ax \/sz +2¢/As Ax
+2AmAiskx + AmsvAix + Aaxy/As + Asxv/Ag > 0. (21)
The H — yy decay can be corrected by the loops of the

charged vector-like leptons £ and E>. We impose the bound
of the diphoton signal strength of the 125 GeV Higgs [95],

tyy = 1.10£0.07. 22)
3.1 The S,T,U parameters and W-mass

The model contains the interactions of gauge bosons and
vector-like leptons,
—Lyg = —eyEipy"E1 2+ ZE;y"(LijPL + Rij PR)E,
+ -5 ZNy"(P, + PR)N
2CW
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1 _
+ EW+NVM[(CL Pp + crPR)E?
+ (L PL +sgRPR)E1] + h.c., (23)
where L;; and R;; are

L(R)n = Alci(R) + Azsz(m, L(R)» = Als%(R)

+AZC%(R)7
L(R)12 = L(R)21 = (A2 — ADSL(R)CL(R) (24)
with
g8 2 8 1 2
Al = JSW’ Azza(—zﬁ-su/), (25)

where sy = sinfy andcy = /1 — s%v, and Oy is the weak
mixing angle.

The gauge boson self-energy diagrams exchanging the
vector-like leptons in the loop can give additional contri-
butions to the oblique parameters (S, 7, U) [96,97], which
are calculated as in Refs. [96-99]

4s% c2
a(my) s = = [y () — b ) - mY )
VA
2 2
W T SW NP g s2
- W N M) |, 26
T Z)} (26)
IO B s A(0
a(MH)T = W"g( ) _ Zzz( ), 27)
MW MZ
NP 2 NP
a(M2)U = 453, [HWW(MW)Z_ Dy @
M
w
> (HE‘E(M%) - H?E(O))
—2, -
MZ
HNP(MZ) HNP(MZ)
—2swew XL s, L2 (28)
V4 V4

where the TINF function is given in Appendix A.
Analyzing precision electroweak data and the new CDF
W-mass, Ref. [10] gave the values of S, T and U,

S =0.064+0.10, T =0.11+0.12, U =0.14 £0.09 (29)
with correlation coefficients
pst = 0.9, psy = —0.59, pry = —0.85. 30)

The W-boson mass is given as [97],

2 2 2
ac 1 Cy — S
Am3, = W m2 -5+ T+ X Wy, 31
v ety — 5% Z( 2 v 453, G
We perform a fit to the values of S, 7, U, and require
x> < x2. + 6.18 with x2. denoting the minimum of
x2. We find the best fit point at which Xr%lin = 1.77 and

my = 80.4381 GeV. These surviving samples mean to be

@ Springer

within the 20 range in any two-dimension plane of the model
parameters fitting to the S, T, and U parameters.

In Fig. 1, we show the samples explaining the CDF W-
boson mass within 20 range while satisfying the constraints
of the oblique parameters and theoretical constraints. Fig-
ure 1 shows that the explanation of the CDF W-mass requires
appropriate mass splittings among E;, E, and N, which
do not simultaneously equal to zero. For example, when
mg, = my, the mass splitting between mg, and mg, (my)
is required to be larger than 100 GeV. The corrections of
the model to mw tend to increase with | mg, — mg, | and
| sz, — sg |. Thus, the measurement of CDF W-mass tends
to favor a large (small) | mg, — mg, | for a small (large)
| s — sgr |, which leads to two clearly distinct populations
in| mg, —mg, | of the right panel. From Eq. (15) we obtain

| mg, —mpy |=| mg,(1 —cpcr) —mg,SLSR |, (32)

and | mg, —my |< 50 GeV favors s;, and sk to be around
0. However, in such small s; and sg region, the CDF W-
boson mass and the oblique parameters disfavor a large |
mg, — mg, |, as shown in the right panel of Fig. 1. As a
result, a gulf-like structure appears in the left panel for |
mg, —mpy |< 50 GeV and | mg, — mg, |> 400 GeV.
Assuming s;, = sg simply we can find that | mg, — my |
is proportional to | mg, — mg, | and sysg from Eq. (32).
However, when | mg, — mg, | has a very large value, the
CDF W-boson mass and the oblique parameters favor relative
small s;, and s (see the right panel). Therefore, | mg, —my |
has a maximal value for a moderate | mg, — mpg, |. As a
result, a peak-like structure appears in the left panel for which
| mg, — my | reaches 250 GeV for | mg, — mg, | around
500 GeV. Also the similar peak-like and gulf-like structures
appear in the middle panel since | m g, —my | can be derived
from | mg, —mg, |and | mg, —my |.

The surviving samples in the Fig. 1 are projected on the
plane of U and T, see Fig. 2. The authors of Ref. [10] used
GFitter [100] to perform a fit to the new CDF W-mass and
precision electroweak data, and gave the values of S, 7T and
U in Eq. (29) [10]. The result of Ref. [10] is independent
on model, and the U parameter is pushed to a large value.
From Fig. 2, we see that the correction of the model to T is
dominant over U and S. Since the values of S, 7 and U in
Eq. (29) are correlated, a large T and a small U can give a
well fit to the values of S, T and U in Eq. (29) and explain
the CDF W-mass.

Now we discuss the T parameter. The function T}, (0)
is zero for mg, = my and mg, = my, and the HEE(O)
is zero for mg, = mg,. Therefore, from Eq. (27) we see
that the corrections of the model to 7' parameter are absent
for mg, = mpg, = my, which is disfavored by the CDF
measurement of W mass. Because there is no mixing between
E, and E; for sy = sg = 0, both the ZE>E{ and WE| N
couplings disappear and m g, equals to my. Therefore, for
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Fig. 1 The surviving samples explaining the CDF W-mass within 20 range while satisfying the oblique parameters and theory constraints. The

varying colors in each panel indicate the values of | mg, —my | and | mg, — mg, |, respectively

Fig. 2 Same as Fig. 1, but
projected on the plane of U and
T. The varying colors in each
panel indicate the values of x2
and S, respectively

Fig. 3 Same as Fig. 1, but
projected on the planes of my
versus | mg, —my | and

| mg, —mg, |. Here my,.
denotes the central value of the
CDF W-mass, 80.4335 GeV.
The varying colors in each panel
indicate the values of

| Mg, — Mg, | and

| mg, —my |, respectively
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Fig. 4 All the samples

- 0.8 min(mg,, Mg, ) 5L
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anomaly while satisfying the o6l | i 0.60
constraints of “pre (g —2),”. ' 440 0.45
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min(mg,, mg,) and sy, and the 0.2} R 360 > 0.15
min(m;,mj, ...) denotes the 600 L |
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Fig. 5 All the samples explaining the muon g — 2 anomaly while sat-
isfying the constraints of “pre (g — 2),”. The squares and circles are
allowed and excluded by the diphoton signal data of 125 GeV Higgs,
respectively. The varying colors indicate the values of | mg, —mg, |

s = sg = 0, both H%PW(O) and HIEE(O) are zero, and
the corrections to T parameter are also absent. The case of
sy = sg = 0 is disfavored by the CDF measurement of
W -mass.

The corrections of the model to W-mass are sensitive to the
mass differences between the vector-like leptons. In Fig. 3
we show the W-mass as a function of | mg, — my | and
| mg, —mg, |.
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3.2 The muon g — 2

The model can give additional corrections to the muon
g — 2 via the one-loop diagrams containing the interactions
between muon and E (E>) mediated by X g and X, and the
main corrections are calculated as in Refs. [81,83,101]
1

Aay = @mu (chLiczsRH(mE1 ,mxy)

—KispkocRH(mE,, mxy)

+ricpkosgH(mEg,, mx,) — kispkocgH(mg,, mx,)),

(33)
where the function
my (r* —4r 4+ 2logr + 3)
H(m¢, = — 34
(mf m¢) mé (l” _ 1)3 ( )
m2
with r = —. Also the one-loop diagram containing the

m
interactions cff Z'utu~ gives additional correction to the
muon g — 2, which can be safely ignored since the mass
of Z' is taken to be O(10%) GeV. Equation (33) shows that
the correction of the model to the muon g — 2 is absent for
mEg, = meg, and S, = SR.

We respectively take s;, = sg and mg, = mg,, and show
the samples explaining the muon g — 2 anomaly within 2o
range while satisfying the constraints “pre (g —2),” (denot-
ing theory constraints, the oblique parameters, and the CDF
W-mass) in Fig. 4. From Fig. 4, we see that the explanation
of the muon g — 2 anomaly favors | sz | to decrease with
increasing of | mg, —mg, |fors; = sg,and mg, toincrease
with decreasing of | s;, —sg |. This characteristic can be well
understood from Eq. (33).

After imposing the constraints of the diphoton signal data
of the 125 GeV Higgs and “pre (g — 2),”, we scan over
the parameter space, and project the samples explaining the
muon g —2 anomaly in Fig. 5. We find that the diphoton signal
data of the 125 GeV Higgs exclude some samples explaining
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Fig. 6 All samples satisfy the constraints of “pre (g —2),”, the dipho-
ton signal data of the 125 GeV Higgs, and muon g — 2. The squares and
circles are allowed and excluded by the DM relic density respectively.
The varying colors indicate the values of my,

the muon g — 2 anomaly, and favors sy, and sg to have same
sign, especially for large | sz | and | sg |. When s; and
sg have same sign, the terms of hE|E; (hE>E,) coupling
in Eq. (17) are canceled to some extent, which suppresses
the corrections of E7 and E, to the h — yy decay. The
allowed ranges of sz, ¢, and mg, , will be sizably reduced
with the enhancement of measurement precision of the dipho-
ton signal. However, it is challenge to completely exclude the
parameter space explaining the muon g — 2 and W-mass via
the 7 — yy measurement with the currently expected sen-
sitives at the future LHC.

4 The DM observables

In the model, in addition to X;X; — wT ™, and the DM
pair-annihilation processes X; X; — Z’Z’, SS will be open
for mz (ms) < myx,. When the masses of Ey, E», N
and Xy are close to my,, their various co-annihilation pro-
cesses will play important roles in the DM relic density. We
use FeynRules [102] to generate a model file, and employ
micrOMEGAs-5.2.13 [103] to calculate the relic density.
The Planck collaboration reported the relic density of cold
DM in the universe, .42 = 0.1198 £ 0.0015 [104].
Afterimposing the constraints of “pre (g—2),,”, the dipho-
ton signal data of the 125 GeV Higgs, and the muon g — 2
anomaly, we project the samples achieving the DM relic den-
sity within 20 range in Fig. 6. Due to the constraints of muon

g — 2 on the interactions between the vector-like leptons and
muon mediated by X7, it is not easy to obtain the correct
DM relic density only via the X; X; — p ™ annihilation
process, and other processes are needed to accelerate the DM
annihilation. As shown in Fig. 6, for min(mz, mg) < my,,
the X;X; — Z'Z’ or §S will be open and play a main
role in achieving the correct relic density. Then the masses
of Xgr, E1, E> and N are allowed to have sizable deviation
from my,. When min(mz, mg) is larger than my, and the
X;X; — Z'Z’, SS processes are kinematically forbidden,
min(mg,, mg,, my, mx,) is required to be close to my,
so that the correct DM relic density is obtained via their co-
annihilation processes.

The X has no interactions to the SM quark, and its cou-
plings to the muon lepton and vector-like leptons are con-
strained by the muon g — 2 anomaly. Therefore, the model
can easily satisfy the bound from the direct detection of DM.
At the LHC, the vector-like leptons are mainly produced via
electroweak processes,

pp—y/Z*— E\Ei5, ExE12, NN,
pp— W"— E»N, E|2N, (35)

then the decay modes include
Eip — uXy, N— v, Xj. (36)

If kinematically allowed, the following decay modes will be
open,

Eip— uXg, WN, Eip— ZE>1, N — U,U,XR~ (37

The 21 + E?”'“ event searches at the LHC can impose
strong constraints on the vector-like leptons and DM. The
production processes of 2 + E?”'” in our model are very
similar to the electroweak production of charginos and
sleptons decaying into final states with 2¢ + E’T’”'” ana-
lyzed by ATLAS with 139 fb~! integrated luminosity data
[105]. Therefore, we will use this analysis to constrain
our model, which is implemented in the MadAnalysis5
[106-108]. We perform simulations for the samples using
MG5_aMC-3.3.2 [109] with PYTHIAS [110] and
Delphes-3.2.0[111]. We apply MadAnalysis5 to iden-
tify the best signal region that is statistically the most signifi-
cant, and check its 1 —CL; value. Assuming 95% confidence
level for the exclusion limit, the model with the given param-
eter space has been excluded if 1 — CL; > 0.95, where CL;
is determined by the procedure in [112] and implemented in
MadAnalysis5.

If the DM relic density is achieved via the co-annihilation
processes of vector-like lepton, the mass of vector-like lepton
is required to be close to my,. As a result, the u from the
vector-like lepton decay is too soft to be distinguished at
detector, and the scenario can easily satisfy the constraints
of the direct searches at LHC. Here, we employ the ATLAS
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Fig. 7 For the scenario of m ;
X min(mg,, mg,)

1 <mXR/mX, < 1.15 and 1000 T — 500 600 T T eor bl 7
mz f(mi) > mxp, all s;;mples a 1450 189
satisfy the constraints of “pre ) —

b~ . P > 800} . 1720
(g —2),”, the diphoton signal (] 4400
data of the 125 GeV Higgs, the 93 350 1640
muon g — 2 al}omaly, and the —~ 600 111 560
DM relic density. The squares Q 1300
and circles are allowed and S 1 | {480
excluded by the direct searches E} 400 1 14250 1 400
for 2¢ + E7'** at the LHC. The g 1200 ]
varying colors in each panel = 4320
indicate the values of my, and § 200 1 1150 | [ 40
min(mg,, mg,), respectively

100 160
0 ! ! ! ! ! 0 ! ! ! ! !
0 100 200 300 400 500 600 0 100 200 300 400 500 600

min(mg,, mg,) —my, (GeV)

analysis of 2¢ + E?i” in Ref. [105] to constrain another
scenario in which 1 < my,/myx, < 1.15 and m/Z (mg) >
my, is taken, and the co-annihilation processes of X can
play a main role in achieving the correct relic density. Thus,
the masses of the vector-like leptons are allowed to be much
larger than m x, .

We impose the constraints of “pre (g —2),”, the diphoton
signal data of the 125 GeV Higgs, the muon g—2 anomaly, the
DM relic density, and the direct searches for 2¢ 4 E 'T”i % at the
LHC, and project the surviving samples in Fig. 7. From Fig. 7
we see that the mass of the lightest charged vector-like lepton
is allowed to be as low as 120 GeV if min(mg,, mg,) —
my, < 60 GeV since the muon becomes soft in the region.
As min(mg,, mg,) — my, increases, the energy of muon
becomes large, and the vector-like lepton needs to be large
enough to escape the constraints of direct searches for 2¢ +
E;”“ at the LHC. For example, min(mg,, mg,) is favored
to be larger than 500 GeV for min(mg,, mg,) — myx, >
300 GeV. The DM mass is allowed to be as low as 100 GeV
if min(mg,, mg,) —myx, <60 GeV or min(mg,, mg,) —
my, > 400 GeV.

The p p — E12E12 — whp™ + ENSS is still the
most sensitive channel of detecting the vector-like leptons
at future LHC. With the enhancement of the integrated lumi-
nosity and center-of-mass energy of the LHC, the current
surviving parameter space will be furtherly reduced. How-
ever, it is challenge to examine the case of the small mass
splitting between min(mg,, mg,) and my, for which the
signal contains two soft muon leptons and missing energy.
The searches for soft leptons require a dedicated study of
the signal and background kinematics beyond a simple cut-
and-count analysis. Also the LHC collaborations need design
dedicated triggers that have acceptance for leptons with lower
transverse momenta. These studies are beyond the scope of
this paper.

At the tree-level, the Z’ has couplings to the muon lep-
ton, the tau lepton and the new vector-like leptons, and no

@ Springer
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couplings to the SM quarks. Therefore, for a light Z’, the
7' is mainly produced from the decay of Z, and then Z’
decays into ut ™, ™, v,V,, vevr. Thus, the ATLAS
and CMS searches for 4¢ can impose strong bound on a light
Z'. Here we take mz > 100 GeV to avoid the bound of
ATLAS and CMS searches for 4¢. Also the Z’ can be pro-
duced in association with a pair of vector-like leptons, and
the final states contain the multi-leptons + E?’“. The LHC
sensitivities to such processes are much weaker than those
of the 2 + E ?”I” discussed above. The scalar S has no cou-
plings to the SM quark, the SM lepton, the SM-like Higgs
boson, and the new vector-like leptons at the tree-level. The
S can be produced in association with a Z’, and the LHC
sensitivities are much weaker than those of Z" production
processes. Therefore, mg > 100 GeV is a safe choice in this

paper.

5 Conclusion

In this paper we discussed the CDF W-mass, the muon g —2,
and the DM observables in a local U (1) u—Le model, and
obtained the following observations: (i) The CDF W-mass
disfavors mg, = mg, = my or s;, = sg = 0, and favors
a large mass splitting between E; and E, when the differ-
ences between s, and sg becomes small. (ii) The muon g —2
anomaly can be simultaneously explained for appropriate dif-
ference between sy, (mg,) and sg (mg,), and some regions
are excluded by the diphoton signal data of the 125 GeV
Higgs. (iii) Combined with the CDF W-mass, muon g — 2
anomaly and other relevant constraints, the correct DM relic
density is mainly achieved in two different scenarios: (1)
X1X; — Z'Z', §S for mzy(ms) < mx, and (2) the co-
annihilation processes for min(mg,, mg,, my, mx,) close
to my,. (iv) The direct searches for 2¢ + E;”“ event at the
LHC impose strong bounds on the masses of the vector-like
leptons and DM as well as their mass splitting.
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Appendix A: The II function

The l'IXy(p2, m%, m%) and [Tyy (0, m%, m%) are given as [98,
99]

Myy (p*, m}, m3)

Ne iz< fifa fif2 fif flfz)

o2 13\ 8Lx 8Ly~ + 8krx"8ry

2
x [m% +md— % - (Ao(m%) + A0<m§>)

2 2
my —m;
2p?

2p4 _ pZ(mZ +m2) _ (m2 _ m2)2
L 2 iy

wamoms (S ek + ek el ) Dot |

+ <Ao<m%) ~ Ao(m%))

(AD)

Ne (2
My (0.mf, m3) = ——=~ {*(g[kfzg{‘yfz + gﬁ'fgﬁ‘y‘fz)

1672 |3
x [m% +m3 — (Ao(m%> + Ao(m§>>

2 2 2 25\2
mi+m (my —m3)~
- %Bo(o, m3, m3) — %Bo(o, m?, mé)}

+2m1ma (g{}fzg,é‘yfz + g,{'{zg{‘yfz)Bo(o, m, m%)}. (A2)

Here the coupling constants g{l,‘(f Z and g'{;{z are from

7 <g£‘xf2 P+ gl PR)nyzX“, (A3)

and the Ag, Bg, and B(/) functions are

2\ €
Ag(m?) = (47;’2‘ ) ra —i—e)(é-i-l)mz,

4\
Bo(p*, mi, m3) =( 3 ) T(1+e)
2

1
X |:E - f] (pzv m%v m%):| )
, 0
By(p?, m3,m3) = WBo(pz,m%,m%x (A4)
and

fipr m?, m)

1 201 — x) — p2 —
Z/ dxlog<x+m1(1 0= x)>. (AS)
0
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