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Leptoquark and vector-like quark extended model for simultaneous
explanation of W boson mass and muon g-2 anomalies”
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Abstract: The CDF collaboration recently announced a new measurement result for the # boson mass, and it is in
tension with the standard model prediction. In this paper, we explain this anomaly in the vector-like quark (VLQ)
(X,T,B)r and leptoquark (LQ) S5 extended model. In this model, both the VLQ and LQ have positive corrections
to the W boson mass. Moreover, it may be a solution to the (g—2), anomaly because of the chiral enhancements

from top, 7, and B quarks.
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I. INTRODUCTION

The standard model (SM) has provided powerful de-
scriptions of elementary particle physics and can explain
most experiments with high precision [1]. However, it
has been challenged by several experiments in recent
years, for example, by (¢—2), [2, 3] and B decay anom-
alies [4]. Recently, the CDF collaboration announced a
measurement of / boson mass [5], which was seven
standard deviations heavier than the SM prediction. On
the one hand, we are yet to scrutinize the theoretical and
experimental uncertainties [6]. On the other hand, this
may be a signature of new physics [7]. Currently, there
are many studies dedicated to explaining this CDF anom-
aly [8-74].

To explain the ' mass anomaly, we can introduce
new fermions and scalars. Vector-like quarks (VLQs) are
well motivated in many new physics models, such as
composite Higgs models [75, 76], little Higgs models [77,
78], grand unified theories [79], and extra dimension
models [80]. From the viewpoint of model building, one
attractive reason is that VLQs can avoid the problem of
the quantum anomaly. In contrast, the leptoquarks (LQs)
are well motivated in the grand unified theories [81-83].
LQs can be the solution to the (¢g-2),, B physics, and
other flavor anomalies [4, 84]. If we consider the VLQ
and scalar LQ simultaneously, there can be two sources
of W mass corrections. Furthermore, it is also possible to

explain (g—2), at the same time. Here, we study the
triplet LQ and triplet VLQ extended model.

In this paper, we first construct the model in Sec. II.
In Sec. III, we calculate the new physics contributions to
the /¥ boson mass and (g—2),. Then, we perform the nu-
merical analysis in Sec. V. Finally, we present our sum-
mary and conclusions in Sec. V.

II. MODEL SETUP

The SM gauge group is SUc(3)®SUL2)® Uy(1).
New particles can then carry different representations un-
der this group. There are typically six types of scalar LQs
[84, 85] and seven types of VLQs [86]. In our previous
paper [87], we considered the S3 LQ and (X,T,B)Lr
VLQ extended model to explain (g—2), ahead of the
CDF W mass anomaly. Here, we investigate this model
again, which is referred to as S; +(X,T,B).x for conveni-
ence.

The representation of S3 is (3,3,1/3), which is
(3,3,2/3) for (X,T, B)L,Rl). Then, the relevant Lagrangian
can be decomposed as Ly + £tk 4 LEOEF 4 L4
£§ialar_ Here, L}Iukawa’ L;[?kawa’ ia;_lge’ Liiuge, and
.E;cf‘laf mark the VLQ Yukawa interactions with Higgs,
VLQ Yukawa interactions with LQs, VLQ gauge interac-
tions, LQ gauge interactions, and LQ scalar sector inter-
actions, respectively. Below, we study these interactions
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carefully.

A. VLQ Yukawa interactions with Higgs

First, let us express the Yukawa interactions with
Higgs.

X o
Lo-MX.T,By| T | -0 ujd
B )i
‘Y?J‘@ld)é(ﬁ —yir(01) Wrd +hec.. (1)

Here, we define ¢ =io2¢*, and o“a=1,2,3) are the
Pauli matrices. The SM Higgs doublet ¢ is parameterized
as ¢=[0,(v+h)/V2]" in the unitary gauge. Q¢ ul, di
represent the SM quark fields, and the triplet (X,7,B).r
can be parameterized in the following form:

Ter  V2Xig ) ?)
=TLr

For simplicity, we only consider the mixing between the

third generation and VLQ [86, 91, 92]. After electroweak

symmetry breaking (EWSB), we obtain the following

mass terms:

1, 1
f T —=Y33V  —=Y3rV IR
Lmags O _[ r Tp ] \/§y33 \/Ey3T [ ]
0 MT TR

1 d
b
Y33V YTy R
V2 P H
0 My

-[ b B | +he..  (3)

Then, we can rotate the quark fields into mass eigen-

states through the following transformations:

153 15
Tr T |

R cos ), R
I R | A
Tr —sind, Tk

11 . 1A
cos HL s1n9L

: 12 12 ]
—sin@; cos6;
3 13
sin@, }

11
cos

and

br cos6?  sing} by
ﬁ b

B; —sin6? cosé’ || B

br cosfh  singh br )
- )

Bgr —sineﬁ’2 cos 92 Bgr

After the above quark transformations, we have the
following mass eigenstate Yukawa interactions with

Higgs:

L)kava %(cg)zhﬁ - "%(s;)thT - %(c’z)zhl}b - n%(s’i)thB - % st ¢t (i T + Trtr)

m — — mpg - = my, — -
- 7’ st et h(Tptg + TR TL) — TS‘;c‘zh(bLBR + Brby) - 7s‘,ﬁc’2h(BLbR +DrBy). (6)

In the above, the physical masses are labeled as m; 1 . 5.

s’L(b), ctL(b), sgb), cgb ) represent tL(b),cose’L(b), sing'®

R ]
cos ng), respectively. Moreover, we have the following

relations:

sind
tan®, = tan@’, M2 = m2(ch ) + m2(s. )
R — L T — T\*L t\PL/ »

mr
tan @’ —%taneb M> —mz(cb)2+m2(sb)2
R_mB L T — ""B\*L b\°L’ >

V20m7. —my)

2_ 2
my—m,

sin2¢) = sin26; . (7)

Hence, there are two new independent input parameters
mr and @) (also denoted as 6, in the following), and the
parameters My, mg, 6, 62, 605 can be determined from

[
the above equations (see App. A). One interesting point is
that the mass of the X quark is Mr, which is less than my
and mp.

B. VLQ Yukawa interactions with LQ
Now, let us consider the Yukawa interactions with
LQs. In this S3+(X,T,B).x model, gauge eigenstate in-
teractions can be written as

L5 x,00C (o) (S 3L + x(Tr(WR)CS 3]ely + h.c..

®)

Here, L ¢l denote the SM lepton fields. Similarly, we
also parameterize the S5 triplet in the following form:
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1/3
S3

4/3
V253

83 E( \/5552/3 —S;B

). ©)

In the above, the matrix elements ((¥&)€), ; are defined as

((Pr)i j)C. After EWSB, the related Lagrangian can be re-
parameterized as

Loy - TS 43 Bow €687 +y " Ro BUST + 2y i, bS5

y }'uT/._l(A) XC(S—2/3

Here, w. are the chirality operators (1+7%°)/2. The new
parameters y‘z’“ " and y;"” " can be determined from the
original x;; and xr;. We adopt the new parameters for

SauT t

LYukawa o A=y, ™ spw_ +yR"”cia)+)t

C(Sl/3

) Al

= V2 0L wr €S TP 4y B w4 BOS Y +he. (19)

[
convenience. When performing the transformations in
Egs. (4) and (5), we have the following mass eigenstate
Yukawa interactions with LQs:

xHTc;ew +nyl” lw+)TC(S1/3)

+fi(— yL“uT sLw_ + \/_yRK”lc},’JwJ,)bC(S;US)* +[1(yL‘“T bow_ + \/_yR’”tshw+)BC(S4/3)*

~ V2, L (1€ + s, TONS ) + 30 VL ws (chbC + s2BOY(S V)

+y T XSSPy +he..

C. VLQ gauge interactions

For the tripet VLQ ¥, the covariant derivative of the
electroweak part is defined as D,¥ =9,V —ig[W;7%,¥]-
ig’YB,¥, with Y as the Uy(1) charge. W and B, label the
SUQ2); and Uy(1) gauge fields, respectively. The gauge
interactions are written as Tr(Wi p¥)/2, in which the
factor 1/2 is to normalize the kinetic terms. After EWSB,
the charged current interactions can be written as

(11)

L5 gW;i (Toy" B +Try"Br = X1y To~ Xgy'Tp) +h.c..

(12)
Here, W is defined as (W, FiW,)/ V2. For the neutral
current interactions, we perform the rotations WS =
cosbwZ, +sinbwA, and B, =cosOyA,—sinfyZ,, in
which 6y is the Weinberg angle. For convenience,
sinfBy (cosBy) is abbreviated as sw(cw). Thus, the neutral
current interactions can be written as

2 - — 1 — _
£> %(—gs%pzﬂ(m”n + Try"Tg) + 5(—1 + 39 2u(Biy B+ By Br)

5. _
+ (1= 2 ) XLy X1, + Xpy" Xp).
Ccw 3

(13)
As we know, third generation quarks interact with W and Z bosons in the following form:
Lo L wr iy by +he)+ L 20 - 22 iy - 22 ey ]
\/_#L Lhe)+ a5 = 3wy L= S SwiRY Ik
1 1, — 1, —
+ azﬂ[(—i + 5s%v)bLy#bL + §s3VbRyﬂbR]. (14)
After rotating the quark fields with Egs. (4) and (5), we have following mass eigenstate charged current interactions':
Loy 7W:{z‘y” (e b+ V25, sy + V2steshaw, b+ Ty (e 52 — V25t Dw_ — V2skchw, 1B
+ Ty [(shcb — V2e! shyw- — V2ckshw, 1b+ Ty [(sh 52 + V2c! yw_ + V2c! ch+]B}
+gW;[XL)/H(SLlL - CLTL) +XR)’#(SRtR - CRTR)] +h.c.. (15)

1) The WXt and WXT interactions show sign difference from those in Ref. [86], while it can be absorbed through the redefinition of X field and has no physical ef-

fects.
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Similarly, we have the following mass eigenstate neutral current interactions:

_ 4 4 _ 4 4
L5 izﬂ{tyﬂ[((cg)z — = st)w- — = st + Ty [((s))? - 5 sh)w- — = shyw, 1T
2ew 3 3 3 3

_ — _ 2 2

+ b e (I T+ Ty )]+ by [(— 1= () + §s%v)w_ +(=2(s%)* + gsiv)wgb
_ 2 2 _ _

+ By (-1 (D) + 5s%v)w_ +(=2(ch)* + 3 st )ws 1B+ s cb by By + Bry*by)

_ _ 5 __ _
+25bch(bry" Bg + Bry"bg) +2(1 — 5s%,,)(xLyﬂXL + XRy"XR)}. (16)

D. LQ gauge interactions ig'YB,Ss. Then, the gauge interactions L3>

For the LQ §3, the covariant derivative of the elec-

1
) ~Te[(D,S3) (D"S b ded h below.
troweak part is defined as DS = 3,85 —iglWir®,S 5]~ 5 t[(D,S3)"(D"S3)] can be expanded as shown below

e 353 W interaction:

igW[(@857)°837 = (@883 + @528y = @837y 832 |+ he.. (17)

® $3S537 interaction:

ng 1 * * 2 - - * - *Q—
C—v;‘{—gsiv[(aﬂséﬁ)(S;”) —(@$3) S§/3]+(§s$‘,—1)[(6/‘532/3)(532/3) —(@8577ys7|
4 * *
+(1—§S%V)[(6"S§/3)(S§/3) -@s3) S;‘“]}. (18)

® 5353y interaction:
. 1 /3y, /34 13vsal/3] 2 /3y, @ ~2/3 “2/3v 0 =2/3
1eAﬂ{§[([)“S3/ SLPy = @8y s ]—5[(&‘33 PYS3Py = @578
4 % *
+§[(aﬂs‘3‘/3)(s;‘/3) —(@'s¥) s;‘”]}. (19)
® S353WW interaction:
gZ{W;W_’”[ZSéB(S;/S)* +S;2/3(S;2/3)*+S§/3(Sg/3)*]_S§/3(S;2/3)*W;W—,ﬂ_552/3(S§/3)*W';—W+,,u} (20)

e S3S53WZ interaction:

2
g_lezﬂ
Cw

: ' 5
(—1 + 5%)5;2/3(5;/3)* . (_1 . §S%}[/)S;/3(S§/3)*

+he.. 1)

® 5353;Wy interaction:

+h.c.. (22)

egW; A [—%5;2/3(S§/3)* - §S§/3(S;”3)*
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® S$3S5377 interaction:

2 1 . 4 5\ . 25\ 0o
CgTz#z“ §s;‘vs;/3(5§/3)*+(1—§s%,,) S333) +(1—§siv) SRSy . (23)
w

® S3S53Zv interaction:

2eg Lo 13,013, 4 4 5\ 43,043 2 2 5\ e23,0-2/3%

JZﬂA”[—gsWS3 (S3 ) +§ l—gsw S3 (S3 ) —g —l+§SW S3 (53 ). (24)
® 53S53yy interaction:

20 aul Le1s a1z, 10 a3 a4 23, o273

A, | 5838+ S+ 58 (25)

E. LQ scalar sector interactions

Here, we consider the scalar sector interactions. The
. 1
mass related terms can be written as”

1
L0 —2m TH(S3)"S 31 = dgs, (6T TH(S3)'S 5]

~ s, 9" (S3)'S 3. (26)

After EWSB, we have the following mass equations [93]:

2 .2 2,7 2
mS:,5 —ms3+/l¢53v +Ags, V7,

2 _ 2 2, 15 » 2 _ .2 2
Mg —mS3+/l¢53v +§/1¢33v s Mg = Mg, + s, v, (27)

Obviously, the (¢"¢)Tr[(S3)"S3] term does not contribute
to the mass splittings. Meanwhile, there are tree level
generated mass splittings, which are controlled by the
coupling §¢53. In fact, this is similar to the traditional col-
orless electroweak triplet. The difference is that the mass
splittings for the traditional electroweak triplet can also
be caused by the non-zero triplet vacuum expectation
value [94, 95]. In Ref. [96], the authors studied the mass
splittings originating from the S; and S5 LQ mixing.

2
s

and mé,w , only two of them are relevant because we can
3

Although there are three mass parameters, m mém s

redefine the mass. For convenience, let us define the fol-
lowing mass splitting quantity:

1—
—Aps V.
2 #S,V

(28)

Thus, we can choose the input parameters to be

2 _ .2 2 2 2
Am~(~ zms;” -Am) = Migsn = Mgy = Mgin = Mgan =

(mSl“’:i(ng) or (msl/s,Am).

III. EXPLANATION OF THE W BOSON MASS
AND (g-2), ANOMALIES

A. Contributions to the W boson mass

If we choose the {a,Gr,mz} scheme, the W boson
mass can be determined from the formula [97, 98]

2
mgvzﬁ(u I_M, (29)
2 Gpm%
and then we have the following approximation:
Am? 52
H=——N s, (30)
my, Cy = Sy

In the above, we define the quantities Am3, = (m}F)*-
(myphy? and 6r = ArNP — ArM to isolate the new physics
contributions. If we neglect the new physics contribu-
tions from the wave function renormalization constants,
vertex, and box diagrams in u decayz), the W mass correc-
tion can be correlated with the S, 7, U oblique paramet-
ers as [99-104]

1) There is another interaction term ¢ Trc[S3(S3)71¢, in which the Tre only acts on the S Uc(3) color space. However, it can be removed since we have the rela-

tion (¢'§)Tr[(S3)'S31=07(S3)7S3¢ + ¢  Trc[S3(S3) 19

2) Strictly speaking, we need to analyse the complete new physics corrections to the u decay. Here, we will not study that hard work.
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2 2

Am? 2A -5
w2 (= LA+ AT+ Y AU),
my, my cy— sW 2 4s

31

where we define the deviations AS = SNP — §SM AT = TNP
—TM, and AU = UN? — UM, In most cases, the T para-
meter dominates. There are mainly two contributions to
the oblique parameters in the S3+ (X, T, B). g model. One
is from the LQ contributions, and the other is from the
VLQ:s.

Now, let us turn to the oblique contributions from the
LQ loops, which are denoted as ASS:, ATS:, and AUS:.
Unlike the traditional electroweak Higgs triplet model,
S5 does not modify the T parameter at tree level because
of the exact color symmetry. The complete one-loop res-
ults can be calculated through the interactions given in
Sec. IL.D, and the details are given in App. B. The U
parameter formula is lengthy, and the S and T parameters
have the following compact expressions:

ASS_; _ NC 1 msm
9” mS;Z/B’
ATS: =N—[9 (m> )+0 (m ). (32)
8 B 2 + Sm’ S” + —2/1, S”J

7rmW W

Here, Nc =3 is a color factor, and the function 6, is
defined as

2y1y2

V1
log—.
)2

y2 33)

0.(y1,y2) =y1+y2—

Obviously, we have ATS: >0 because of the inequality
6.(x,y) >0, in which the equality applies if and only if
x=y. For ASS:, it is negative if Mg > Mg 2 (7¢51 >0)
and positive if mgs» < mg» (/l¢s; < 0). The mass expres-
sions are shown in Eqs. (27) and (28). In the approxima-
tion of /1(,)53\/ < mSi“ (or Am <mgn), the S, T, and U
parameters can be expanded as

ASS: o s’ AAm
37rm§;/3 3mmgn”
ATS: ~ (Ags.)?v* N (Am)?
Tl6nstmm?,.  nsim2,’
wtw!Tgis wtw
T(ss ) 14(Am)y?
S @S5 -
AUT = 40mm*,,  Sum?,, 34
Sl/? S-i/}

In the limit %S‘ — 0, they will vanish. These results com-
pletely agree with those in Refs. [105, 106].

For the VLQ part, the oblique corrections are caused
by both the modification of SM quark gauge couplings
and new VLQ loops, which are denoted as ASXTB,
ATXTB and AUXTB. Their analytic expressions are
lengthy; hence, the details are given in App. C. Consider-
ing m, <m; <mr and s; <1, the formulae can be ap-
proximated as

2
SXTB Cl( 2 (-1210 g——16log—+29)
Nem?2(s')?
ATXTB zczt—(é)(6log mr _ s),
87rszW my
2
AUXTE ~ Cl( 2 (241og ——5) (35)

If 5% goes to zero, AS*8, ATXTB and AUX"® will van-
ish. Our expansion results agree with those in Cao's pa-
per [90], whereas the expansion of the S parameter dif-
fers from the result in Ref. [107]1}. According to Eq. (35),
ATXTB and AUXT® are always positive, whereas AS*78 is
always negative. Typically, ATX"# is several times larger
than AS*78 and AUXT® because of the m?/(m3,s3,) factor.

After summing the fermion and boson contributions,
we can obtain the total oblique parameter deviations as
AS = ASXTB L ASS:, AT = ATXTB4+ATS:, and AU=
AUXTB + AUS:. To explain the W boson mass anomaly, a
positive AT is required, which is satisfied for both the
VLQ and LQ contributions. There are four independent
parameters involved in the oblique corrections: my and
sy, for the VLQ, and my» and §¢53 for the LQ.

B. Contributions to (g-2),

According to the BNL and FNAL experiments [2, 3],
the most recent muon anomalous magnetic dipole mo-

ment was measured as aEXP =116592061(41)x 10", In

the SM, it is predicted as a3 =116591810(43)x 107"
[109]. Thus, the deviation is Aa,, = a;® - a;™M = (251 +59)x
107", which corresponds to a 4.20' discrepancy. LQ
models can be the solution to this (g—2), anomaly [84,
105, 110—115]. In our previous paper [87], we studied
(§—2), in the S3+ (X, T, B). x model, in which the contri-
butions are mainly from 7 and B quarks. Considering all
contributions from ¢, T, b, B, X quarks, the complete ex-
pression is calculated as

1) In Ref. [107], the authors adopt the S, 7, and U parameter formulae given in Ref. [108] directly. For the (X, T, B)rr triplet, the T parameter formula still holds,
while the S and U parameter formulae are no longer applicable. The detailed clarification is given in App. C
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T2 2 Sapt)2 2 m2 2
T RO + g M P , _2m ¢ L sk
;1T I t
Aa/l 8 2{ 2 f R ) (qu ) ]f[;
ﬂ Sl/3 SIH Sl,’!
3
SsuT 20 t\2 St £ N2 m2
" P Cep)™ + ™ IP(sp) my  2mr S;Cp ST, St
+ B fLL( B )+ _TRGD)LS'u @RW ) ]f (_)
mSl” mS'” my mSl” Sl/x
S,uT Saut
DL PORP A P’ 55, ) 2D s s a7,
msi/z msg/% m,u S4/% mSt:/z
SsuT 2 b2 Ssut2 ¢ by2 2 2 SsuT 2 m2
|yL | (CR) +2|}’R | (SL) 7S, mB 2‘/_17’13 SLCRR zllT Sty N mB |yL | X 36
— i G e O™V iR 3)+ —— [l () (36)
52/3 Si/} M Sm S:/J S;m S 2/3

In the above, the subscripts "LL" and "LR" denote the
contributions without and with chiral enhancements. The
related functions are defined as

1+4x—5x2+2x2+ x)logx

fLL(x): 41— x)4 ’
£ 7—8x+x2+(4+2x)10gx
X)=—
LR 4(1-x)3 '
2—Tx+2x%+3x3 +2x(1 —4x)log x
Jri)=- 7 2 ’
4(1-x)
. 1+4x-5x*—(2-8x)logx
fLR(x)=_ 4(1—)6)% 5
n 4+x—8x%+3x3 +2x(5- 2x)10gx
'(x) = 37
foi = o (37)

Considering m, <m; <mr ~mp, 0, <1,
mgu» X mg-n ~ mg, it can be approximated as

and mgen =
3

2

(—)

my,mr
Arlm 2
2

m; 7 m
+—< +1g—)1 Rey;“T(yR*”S s (38)
T S;

Aay, ~ [ff,;( )+2

Sz

As we can see, the contributions to (g —2), are mainly de-
termined by the parameters mr, s, and mg». Although
the parameter /l¢s; can also alter the correction, it is sub-
dominated through the LQ mass differences.

IV. NUMERICAL ANALYSIS

In this paper, we choose the SM input parameters to
be mz =91.1876 GeV,my = 80.379 GeV,m, = 105.66 MeV,
m; =172.5GeV,m, =4.2 GeV,a = 1/128, and cy = my/myz
[1]. Furthermore, we define the W mass deviation quant-
ity Amy =m(? —mM. Here, my,” is the CDF result
80,433.5 £9.4MeV [5], and m}} is the SM prediction
80,357+6MeV [1]. Then, Amy” is calculated to be

76.5+11.2 MeV. For the VLQ mass, the direct search re-
quires it to be above 1.4 TeV [116, 117]. For the LQ
mass, the direct search also requires it to be above 1.5
TeV [118, 119]. We also consider the constraints from
electro-weak precision observables. Because it is small
for the correlation between the oblique corrections and
Zbb couplings [120, 121], we can treat them separately
for simplicity. There is a »— B mixing induced tree level
modification of the Zbb coupling, which leads to the
bound s; <0.05 [86, 107]. In Ref. [122], the oblique
parameters are updated as follows (standard average
scenario):

ASTt=0.005, o5 =0.096, AT™=0.040, o7 =0.120,
AU =0.134, oy =0.087,
(39)
with the correlation matrix
1.00 091 -0.65
p=| 091 1.00 -0.88 (40)
-0.65 -0.88 1.00
Then, we can define the y? quantity as
0; -0t 0;-0m
2 _ ! i -1y J
Y= ) et @

ij=1.23

where the indices 1, 2, 3 label the S, T, U parameters.
Next, we perform the y? fit of the oblique parameters.
First, let us roughly compare the contributions from
(X,T,B)Lg and S3. In Fig. 1, we show their individual
contributions to the W boson mass. For the pure
(X,T,B)Lr case, the behavior is as expected because we
have the approximation Amwoc(s’L)2 log(my/m;). Thus,
we need larger s; and mr to produce a sizable /' mass
correction. For the pure S35 case, the behaviour is also as
expected because we have the approximation
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Amy (;1-¢53)2/m§”3 if A5, ~O(1). Thus, we need larger
Ags, and small m;;/s to produce a sizable W mass correc-
tion. In Fig. 2, we show the parameter space allowed by
the CDF W mass measurement and the oblique paramet-
ers. For the pure (X,7T,B).r case, we find that my should
be at least 3.8 TeV when sy = 0.05. For the pure S5 case,
we find that |I¢53| should be at least 2.3 when

mgr» = 1.5 TeV. |Am| lies at approximately 25 GeV, which

Pure (X,T,B).r

N
o

Amy, (MeV)
w
o

1 2 3 4 5
my (TeV)
Fig. 1.
Amy as a function of mgiss for different %53 (right).
3

is almost independent of mg» b,

In Fig. 3, we consider the contributions from
(X,T,B)Lr and S; at the same time. In the two plots
above, we show the # mass allowed regions in the plane
of mr —s; with fixed Mg and Z,;s]. For the scenarios
mgin = 1.5 TeV and :i¢53 =0.8,1, we find that the lower
limit of mr can be decreased to 3.1 TeV and 2.7 TeV
when s; =0.05. In the two plots below, we show the W

80 Pure S3
4 —Ags, =15 - Ags, =15
60} A A 1
) —Ags, =1 o Ags, = -1
Ags, =08 Ags,=-0.8

Amy, (MeV)

(color online) Pure (X,T,B).x contributions to Amy as a function of mr for different s, (left). The pure S; contributions to

0.12F

&' 0.08f

0.06}

Pure (X,T,B).r

CDF W mass at 20 CL
[T COF W mass at 10 CL

[Jstuat2ocL

CDF W mass at 20 CL

"3 CDF W t1o CL
mass a
> OF Pure S3 -

[Jstuat2ocL

08 10 12 14 16 18 20
msg/s(TeV)

Pure S3

30

|Am| (GeV)
N
(42}

20

CDF W mass at 20 CL

[Jstuat2ocL
|| CDF W mass at 10 CL

10 15 20 25 30
msya(TeV)

Fig. 2. (color online) Pure (X,T,B).r case in the plane of mr — s, (upper), the pure S3 case in the plane of m 13 ~Ays, (lower left), and
3

the pure S5 case in the plane of /s —|Am| (lower right). The CDF ¥ mass allowed parameter space is shown at the 1o (green) and 20

(yellow) confidence levels (CLs), r3espectively. The blue line enclosed area is bounded by the S,7,U parameters at the 20 CL.

1) This is similar to the estimation in Ref. [96], in which the authors studied the singlet LQ S| and triplet LQ S3 extended model. The Am in their work denotes the

1/3

mass difference between S| and S5
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0.12
S3+(X,T.B)Lr
CDF W mass at 20 CL
0.10 mgyp=1.5TeV [ COF W mass at 10 CL
Jgs,208

[Istuat2ocL

008
%)
0.06
0.04
1 2 3 4 5

S3+(X.T.B)LRr

CDF W mass at 20 CL
mr=3TeV -CDF W mass at 10 CL

5,=0.05
[Jstuat2ocL

08 10 12 14 16 18 20

m si3 (TeV)

0.12F
S3+(X,T.B)Lr

010 CDF W mass at 20 CL
. mgy=1.5TeV [ COF W mass at 10 CL

Ags,=1

STU at 20 CL

. 0.08}
%)
0.06}
0.04
1 2 3 4 5

my (TeV)

CDF W mass at 20 CL
[ COF W mass at 10 CL

[stuat2gcL

08 10 12 14 16 18 20
msg/s(TeV)

Fig. 3. (color online) CDF ¥ mass allowed regions in the plane of mr —s; for the scenarios m3 = 1.5 TeV, d4s, = 0.8 (upper left), and
3

mg

13 =1.5TeV, 445, =1 (upper right). The CDF W mass allowed regions in the plané of m51/3—z¢33 for the scenarios
3 3 N

my =3TeV, s, =0.05 (lower left), and my = 5TeV, s, = 0.05 (lower right). The blue line enclosed area is bounded by the S,T,U paramet-

ers at the 20- CL.

mass allowed regions in the plane of mg» —Z¢s3 with
fixed my and s;. For the scenario s;=0.05 and
mr =3 TeV, we find that the lower limit of |7¢53| can be
decreased to 0.9 when mg» =1.5TeV. For the scenario
sz =0.05 and my =5TeV, A5, can be zero because pure
(X,T,B).r is sufficient to produce the # mass correction.
Moreover, the S5+ (X,T,B). z model can also explain
the (g —2), anomaly. In our previous paper [87], we took
the LQs to have the same mass (71},53 =0). Here, we con-
sider the LQ mass differences, which only lead to small
effects. Based on the previous /' mass numerical analys-
is, we choose two benchmark points mr=3TeV,
5. =0.05, mgi = 1.5TeV, dgs, =1 and mr =5TeV,s, =
0.05, Mg = 1.5 TeV, %33 =0. Under the first benchmark
point, the leading order numerical result of Aag, is
~0.5914 x 10 7Re[y) " (v3 )1, which constrains
Rely; " (5*)*] to be roughly in the ranges (-0.052,
—-0.032) and (-0.062,-0.022) at the 1o and 20~ CLs, re-
spectively. Under the second benchmark point, the lead-
ing order numerical result of Aag, is —0.4542%1077x
Rely; ™" (y5*")*], which constrains Re[y; " (5*)*] to be
roughly in the ranges (-0.068,-0.042) and (-0.081,
—0.029) at the 1o~ and 20~ CLs, respectively. In Fig. 4, we
show the regions allowed by (g—2), in the plane of

suT st

S S
yL _yR

V. SUMMARY AND CONCLUSIONS

We consider the (X, T,B), x and S5 extended model to
explain the W boson mass anomaly. The mass splittings
of VLQs originate from mixing with SM quarks, and the
mass splittings of LQs can be generated through interac-
tion with SM Higgs. For VLQ oblique parameter correc-
tions, some papers adopt the existing formulae directly
without any examination, which are based on the singlet
and doublet properties. In this paper, we obtain the com-
plete VLQ and LQ contributions to the S, 7, and U para-
meters. As we know, direct search experiments push the
VLQ and LQ mass lower limits to approximately TeV.
We also consider the constraints from electroweak preci-
sion measurements, of which Zbb coupling imposes the
strong bound s, <0.05. For the pure (X,T,B). g model,
my should be as heavy as 4 TeV for s; =0.05. For the
pure S3; model, |I¢S3| ~2 is required for mgn =
1.5TeV. For the S3+ (X,T,B).r model, we find that the
W boson mass and (g—2), anomalies can be explained
simultaneously. Because /' mass corrections can be
shared by the VLQ and LQ, they allow for lower my and
smaller |I¢53|. Depending on the choice of mr, sp, Mg,
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Shi-Ping He
0.6F
b
0.4} /L] mp=sTev
/& 5,=0.05
/ /
0.2 B y / mgy=1.5TeV
- s Ags,=1
ES |
(/!J';QE 0.0 o /’/i
02 y RN eR g
. Y/ Z
//
-0.4f (9-2), at 20 CL /
I g-2),at 1o CL [‘ ‘/‘/
-06 J

-06 -04 -0.2 00 02 04 06
SzuT

Yo

Fig. 4.
tributions besides the chirally enhanced parts.

the (g—2), anomaly can also be explained when
Rely; ™" (y3 )] ranges from ~ O(-0.1) to O(~0.01).
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APPENDIX A: PROPERTIES AND
EXPANSIONS OF THE (X,T,B). RELATED
PARAMETERS

Relations between the VLQ parameters:
m
tan@f, =—- tan 6,
mr
m,
tan 92 = tan 92,
mp

\/E(m% —m?)
2_ 2
b

sin26% = sin26,

mB—m

2 20 1N\2 2/ 15\2 2. .b\2 2,.by\2
MT :mT(CL) +mt(sL) =mB(CL) +mb(SL) s

!
ms
_ t ot o b b b b _ "IPL
Myt =myc;cp+mS;sp = mpc;Cp +MyS; Sp = 7
R
mrch mbsli mgci
= 7 = b = b N
R Sk CR
() It
\/E(mTcRsL—m,cLsR)
=chZsl£ - m;,cisl,’e.
(AL)

0.6F i
/|
0.4 // / ‘J’ my=5TeV
/4 5,=0.05
0.2F /,,/ // mgye=1.5TeV
5 — Ags,=0
U?g:\ 00 r L /,i‘
02 yEAT SR L
=0.4r /
i/ /&4
-0.4¢ (g-2), at 20 CL / //
@2, at1oCL / ]
-0.6] /

—6.6 —6.4 —6.2 OjO 0j2 0j4 0j6
S3uT

A

(color online) Regions allowed by (g—2), at the 1o (green) and 20 (yellow) CLs, respectively. Here, we include the full con-

From the approximations m, < m; < mr and s}, <1, we
obtain the following results:

\/Em;,(m2 - m2) \V2m m?
T t b
T

- mT(m% - mz) L mr
(m% - m,z)(m% - 2mt2 + ml%) .
my ~my [1 + Py e (2
r\My =My,
1 2 2 2
~my 1+§(1—m—;)(1— ";’)(92)2}. (A2)
my T

APPENDIX B: LQ CONTRIBUTIONS TO THE OB-
LIQUE PARAMETERS

First, let us define the By function as

xm% +(1 —x)m% —x(1-x)p?

12

1
BO(PZ,m%,mg)EAE—f dxlog
0
(BI)

In the above, A, is defined as 1/e—yg +logdn. Here, we
adopt the dimensional regularization, and D =4-2¢ is
the space-time dimension. yg is Euler's constant, and y is
the renormalization scale.

According to the LQ gauge interactions derived in
Sec. I1.D, the self energies of neutral gauge bosons are
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calculated as
62 N C
1 67r2

1 4 2

L, (p*) =
yy(p) 3

Nc 1 4 )
Mz(p) = == ZQS (I3 = Qs, 5l 5 (4m5, = p)Bo(p 3, )= 2 Bo(O.m, .3, ) = 5

2
1672¢ 3 Pk

g Nc s 1 4 2
HZZ(PZ) = 1671'202 2(13 - QS%S%V)2[§(4m§‘; _PZ)BO(Pzamqu;’mgg)_ gmggBO(O,mqu;’mg;)_ §P2],
w s

(B2)

where Sg = S;‘/ 3, S;/ 3, S;z/ 3 Qs: and Ii * denote their electric charge and the third component of weak isospin, which
means Qg = 4/3, Qg = 1/3, Qg ==2/3and IS =1, 15" =0, 15" =-1.
Then, the self energy of the W boson is calculated as

82&{

Myw(p®) = 62

p
- 3[330(172, mé:/lsméiu) + 3B0(p2, mggzxzamég/z) +4]

2
2 2 2 2 2 2 2 2 2 2
+ _[(m54/3 +msm)BO(P ,mS4/3,mS|/3) + (mS;z/s +mS;/J)B0(P »mS;m,mS;/z)

By (0, m? )—m By(0, m>

S 4/3

m2 I 2 2
an) = 2m%,: Bo(0,mz% 5, m
S 2/3 S 2/3 9 S32/J) S;/E 0( 9 Si/]? S;/J)]

2

S4/3’ S;‘/K
2 2 \2 2 2 2 2 2 \2 2 2 2

__3 2[(”152/3_”1_9:/3) Bo(p ’ms:/f"ms;“)"'(ms;m_ms;/3) Bo(p ’me”’msi”)

2 2 2 2
/‘s (mSMi - /z)BO(O ms4/a, 52/3)_m /%(ms -2/3 _mS;/S)BO(O’mS;Z/MmS;Z/B)

G (g G s = 20 ) B (0, 5 ) = (= 5,07 = (= )1} (B3)
Based on the exact expressions of ITyy(p?), we can derive ITyy(0) and I1;,,(0) = dIyy(p?)/dp?| =0 as follows:

T1,,(0) =I1,(0) = I177(0) = 0
2

2 m
e NC ) Si
Ir,0)=-— (A, —log —2),
77( ) 4872 ;Q&( € I /,12 )
2
! egNe ; 2 s}
HyZ(O) =— 48 2 ZQS (I S SW)(AG—log_z)’
u
2
S5
H/ZZ(O): 48 202 Z( 3 S SW)Z(A logT),
‘w Si M
2 2 2 2 2 2
8 NC mS;/SmsjB ms;” mSi/SmS;ZM ]’ns;/3
HWW(O) 167 5 [2(m54/w +mS -2/3 2m§|/3)— ) > log > 3 > log . ],
3 msé/z _mS:/z mS;/g mS;/g —ms,m mS;m
gzNC 2 mg’m 4 mé““ +m4'/3 - 14m§4/3m§|/3 S 23 +m s - 14"71?,2“7}’1;”3
Iy (0) =25 [~ 3 (Ac ~log —5-) — 5 = s T
1672~ 3 H 9 18(ms‘”‘ -, 18(ms 2,
4/1 (msm 3m§,§/3) m;;/z m§;2/3 (mS;w - 3m§;/3) mégm
BEREC log ——+ 5 ZBRY) log——1. (B4)
3(mS4/x - S;/J) mS;/S 3(’7’15;2/3 _mS;/g) I’)’ZS;/3

The S, T, and U parameters are defined as [99—101]
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as Mzz(m2) —T1zz(0) B 3 = st

4S%VC%V m% SwCw
7= IIyw(0) 1Izz(0)
= m:, omd
w A

aU HWW(mW) Myw(0) , Tzz(m3) —Tzz(0)

= -2
2 w 2
4sW my, m;

=TT, /(0) - ¢, 11, (0) = 2swewIT, ,(0) — s3I, (0).

2 2

W 7 ’ ’ CW SW ’ ’
I1,(0) ~T1,(0) = I1,(0) - 22 11, (0) - 11, (0).

—2swewIl,(0) - s3,1T,,(0)

(B5)

When we adopt Eq. (B4) in the above definitions, the LQ contributions to the S, 7, and U parameters are calculated

in the following explicit forms:

2
4/3 N
s s S c
AN =__1 0og s AT = > [9+(ms4m S'”)+9+(mS <235 S'”)]
On ms*” 87rmw
3
s NC 4 mém +mg~m - 14m§:/2m§:/1 2’ -2/3 +m |/x 14m Z/ngv‘l(/?
AUS =—S[-— - ML S :
2
T 9 18(ms4/1 _mS|/3)2 18(mS72/3 _mS”})
3 3 3
Sl/z( 3mS4/z +msm) mém Sm( 3mS /3+m§|/3) mgfz/z
3 3 3 3
T log ——+ log ——1. (B6)
3(ms4/ SI/?) mSus 3(mS 23 Sus) msm
3 3 3

As we can see, the divergence and scale u are exactly canceled in the oblique parameters.

APPENDIX C: VLQ CONTRIBUTIONS TO THE
OBLIQUE PARAMETERS

Because the triplet VLQ is involved, we cannot
simply adopt the formulae of the S and T parameters in
Ref. [108], in which some calculations are based on sing-
let and doublet properties. In this section, we present a

detailed deduction.

Let us generally denote the quark interactions with
and V, as ﬁyﬂ(gij i LYV
fy,,(gv +g y5)f,V" Here, the masses of f; and f; are

labeled as m; and m;. Thus, the self energy of V|
calculated as [108]

gauge bosons V)

-V, is

2
N 1 1 3 1 2 m

Iy,v,(0) = {(gV{gVQ gl ei2(m? + m)Ac = 2(m] log—+m log 3 2)+0,(m;,m))]

?mQ

Vgl — gl gl Lo m2 )}, (C1)

+(gv 8y, — 84,84~ dm;m;A¢ +2m;m;log

Moreover, the first derivative of the V| — V; self energy is calculated as [108]

mlzm2

dIly,v,(p%) 1
=—12 ~ L - §X+<m$,m§>]

, Nc¢
HV. Vz(O) = dp2 |p3=0 = m{(gl‘ilgléz

1 1
ngX)[——A +6+810g a

ij ij ij ij m2+m
+(8v,8y, ~ 84,8417 15,

1
= 5x-(m,mp]). (C2)
mim;

In Ref. [108], the derivation of the S and T parameters depends on the following relations:

(UY? =U®, (D% =D D*M;DR=wH"M, VR, UM, UR =VvEM(VE)T. (C3)
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They are only valid for singlet and doublet VLQs. For the (X, T, B) case, they no longer hold. In fact, the cancelation
of divergence is guaranteed by the relations in Eq. (7).

For compactness and simplicity, let us reformulate the VLQ gauge interactions in Sec. II.C with the matrix form.
The gauge interactions with the 7 boson can be written as

br

i + )y xt| IL
W {XL)/"VL [ T, By

V2

+X_R7"V1’§‘[ ;’;

_ b
+(tL,TL)7yV£b[ Bi

+ (1, TR)Y VI [

} +he.. (C4)

Similarly, the gauge interactions with the Z boson can be written as

8

— — — — t
Ezy{m“wf —2Qx %)X + Xpy*(Up —2st%V>XR+(rL,TL>y”<U’L—2Q,s%V>[ TLL ]

+<§,T_R)yﬂ<U;—2Q,s%V>[ x ]—(E,B_L>y”<02+2gbs%v>[ B }—(E,B_RM(U,%HQ”%V)[ B ]} (C3)

As for the gauge interactions with the photon, it has the trivial from eQy fy*fA,. In the above, the V" and U matrices
are given as

VE = V(s —ch), VAL = V2(sh, —ch),
b c‘Lclz + \/Es’lez C’lez - \/§S’Lclz o _ \/Esf,esll’e - \/Esﬁecf,’e 6)
g s’Lcﬁ - \/zc’lei s’leL’ + \/ic’Lclz K - \/Ec;esz \/Ecﬁecﬁ’e
and
(Ct )2 st Ct 0 0
UX¥=vX=2, Ul =| "t Lt Up = ,
L R L [ sjch (s’L)2 R 0 0
b2 b b b2 b b
U - L+(s)) —-s;cy U = 2(s%) —2s5Ck . "
Eol o—sbe 14(ehy? Bl —2sheh 2(ch)?
The U and ¥ matrices can be correlated through the following identities:
54 Xt /X b b X X b b b
UL/R = VL/IR(VL/tR)T’ UZ/R = Vi/R(VE/R)T - (VL/tR)TVL/tR’ UL/R = (VE/R)TV;_/R‘ (C8)

A. Derivation of the T parameter

According to Eq. (C1), the self energy consists of 6. and non-0. parts. Here, let us consider the non-6, part. Based
on the definition in Eq. (BY), it can be calculated as

Ncg* ¥ m
B, = [V (V") = US U + V' (V)T = UR U Im}(Ac —log =)
* 32ﬂ2m%V P

2
m
+ [V M (VEY = Ufmx Uy + VY M, (V)T = UXmx U Imx (—Ac +log —)
M
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2
+ T (VP VD + (Vi) VE = UL UL+ VR (V) + (V) VR = URUR).- My (Ac = log —)]
+Tr[(VE My (VY + (VY mx VI — UL M, Ul + VI My (VY + (VY my VI — UM, UY).

M2 . . M2
Mu(=Ae+log ZSON+ TH(VDY V) = ULUL+ (VYT VY = URUR MG (A= log )
MZ
+Te[(VI2Y M,V — UL Mg UG+ (VDY M,V — Ub M. UY).My.(—~A +1og —2")]}
M

Ncg? m?
16”2‘?712 {m,(AE —log 'u—é)[th((s’L)2 + (%)) + V2c! sh(mpchst —mych sb) — dmy st st ]
W

2
m
+my (A —log 'u—2T)[2mT((c’L)2 +(ch)?) - \/is’Lcﬁe(chl,’ele —mpcl sby —dmyct k]

2
m
+mp(Ae —log Iu—;)[mb( — (D (b)) + \/chst(mTcﬁes’L —mycy s

2
m
+mp(Ac —log ,u_f)[mB( - (cﬁ)2 + (cf’e)z) - \/ECZSlL’(mTc%s’L - m,c’Lsﬁe)]} =0, (C9)

where the two diagonal matrices M, and M, are defined as M, = Diag{m,,mr} and M, = Diag{m;,mp}. We find that they
are exactly canceled; thus, only the 6. part can contribute to the T parameter. Then, the T parameter formula in Ref.
[108] still stands for the (X, T, B). r triplet case.

The ATX"B parameter is computed as

Nc
16752 Sy W

AT = (157" + (5510, ) + 4, 50O m?)

+20(ch)% + (L) 104 (my, m) + 4ch O (m%, m%)

+(ch el + V25t s5)2 4 2(shsh)? — 116, (m?,m2) +2 V25 sh(ch ¢b + V25t s2)0_(m?, m?)
+[(CLSL \/_s;‘cﬁ)2+2(s Clbe)z]&(m,,mB)—Z\/_s CR(CLSL \/Es’LcL)H,(m?,m%)
+[(shch - \/_c’LYIi)Z+2(CRSZ)2]9+(m%,m127)—2‘/ECRSR(YLCL V2! sL)H,(m%,mlzj)
+[(s 57 + V2¢! 8 +2(cheb) 210, (mB, m3) + 2 V2cheb (s 55 + V2c, ¢b)o_(m2,m3)

— (55,52 (7 m) = [(s5 €8 +A(shcy) 210, (. ) — A(sh ) (shch)O_(m. m3)). (C10)
Here, the 6, function has been previously defined, and the 6_ function is defined as
+
9(Y1,}’2)52\/y1)’2[y1—y210g)1—2]- (C11)
Y1—=»2 y2
This is consistent with the result of the 7 parameter in Ref. [123].

B. Derivation of the S parameter

If we adopt the S parameter formula in Ref. [108], it will give the following result:
N
AS Mone = (210570 + (5 W (e, ) + s s )
+ 2[(C’L)2 + () s (my, my) + 4c, cloty_(my, my.)

+[(ch b + \/_s’LsL) +2(shsh)? —1]¢+(mt,mb)+2\/§s sh(chch + \/_s'lei)t// (mt,mb)
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+[(ch s — V25t B2 + 2(shch) 21w (m2,m%) — 2 V2stch(ch sb — V25! 2y _(m?,m3)
+[(sheh — V¢! 0 SEY? 4 2( s 1y (. mi) -2 \/EC%SZ(SLCL V¢!, LSy (m?., mi)
+[(s% 52 + V2 22+ 2(chch)? Ty (m2,m3) + 2 V2chch (st 58+ V2c! By _(m2,m?

— (sh e Py (m2 m3) = [(s2eDY? + d(sh ey Iy s (ml, my) — 4(sgc§)(s§c§)x_(m,§,m§)}. (C12)

In the above, the functions . and y. are defined as

1 Yty

S| ) =ty

W+(}’17)’2) 3 9 Og w (}’17)’2) 6\/_)?})2’

507 +y) =221y 3y +y2) -y - y;
x+(1,y2) = 4 2 og L,
901 -¥2) 301 —y2) 2
Y2 Yty 2y1y2 By

_O1Ly2)=— [ + log —]. C13
X-01.32 12 6)’1y2 01—y (1-»n)? gyz (€13)

This is not solid because the S parameter formula in Ref. [108] relies on the singlet and doublet representations,
which should be reconsidered for the (X, T, B). r tr1plet

According to Eq. (C2), the first derivative of self energy consists of y. and non-y. parts. Here, let us consider the
non-y. part. Based on the definition in Eq. (B5), it can be calculated as

SXT[E N, 2 m2 UXUX+ UXUX
st = S {[USUY + USUS - 204U} + UDI(-Ac+log )T U
wrw w

M?  Tr[ULU, + ULU;
+TH(ULUL + UpUg = 20U} + Up).(-Ac+log Z2)1 + [ULUL + UrUg]

~Tr[U} .M, Us. M "]

2
M2 Tr[Ub U + UL UY
+Tr{(US U} + U U3 +2Q4(Up + Up)).(=Ac +log —)] + YL L2 rUkl Tr{U}.My.Up. M1}
o)
B Neg> (2 1 , (mi + mlzg) sin(29€) sin(ZGZ) 16,5 mg( ‘o mi
e {§ -3 c0s(26%) cos(26%) — r— - 5 (s log s +(c))’log m—zT]
m> 1 m2m%  Tcos(26®) +8cos(262)  m?
- —[(sL)2 log +(cL)210g ]-<log——L + L £ log—£1. (C14)
mg mpymp~ 9" mymy, 18 m;

As we can see, the contributions from the non-y. part cannot simply be described by the y. functions, which de-
pend on the singlet and doublet properties. The correct expression for AS*75 can be calculated as follows:

C
ASYTE =g XIE E{ — Y (m?,m}) = (55,4 2y 4 (m? m7)

— [(sch)? + 4(sheR) Vs (. m) — 4(sh €8 ) (shch - m)}. (C15)

C. Derivation of the U parameter

According to Eq. (C2), the U parameter also consists of y. and non-y. parts. For the y. part, it can be calculated as

1) I would like to thank Haiying Cai for talking about this.
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AU =— &{2[(52)2 + (sh) D (my,m2) + 4t sy (m%,m?)
+20(ch)? + () 1+ (my, m3) + 4k cloy—(m%, m%)
+[(chch + V25! 05D 4+ 2(shsB) — Uy (m?,m2) +2 V25! Losb(ch e + V25t sbyy_(m?,m?)
+ [(cLsL Vas! Ci)2 +2(s! clbe)z])pr(mtz,m%) 224!, CR(CLSL N/_SZCL))(,(m,z,mlzg)
(chL V2!, sz)2 + 2(cRsR)2]X+(mT,mb) 22! sR(chL \/_c’LsL))(,(m%,mi)
(shsb + V2! LY+ 2N Iy s (mF, mB) +2 \/_CRCR(SLSL + V2! Ly (mF, m3)

- (chL) 2o (mf m3) = [(s5ch)? + 4(shep) s (my my) — 4(sh €8 ) (shch - (mp, m)}. (C16)

For the non-y. part, it can be calculated as

aUntB N, m2
411:!1 X+ 9Cg {[th(vxt) _UXUX_{_VXT(VXI,‘)[ UI)Q(UI)Q(](_Ae'i'lOg#_f)

w
2
+Tr[(VEVIEY + (VYT VE — UL UL + VIRV + (VRN TV = UL UL).(=Ac

_ M; 1
+TA(VEYVE = UpUp + (VR)'VE = URUR-(=Ae log —5001+ ViV = S UL U

1 1 1 1 1

+ VE(VEDT - 5 UXUX +Te[ViE(Vib)T — EUZ Ut - 3 Ubub + vib(viby' — 5 ULUY~ EUZ Ubl
VXM, (VEDT . VXM, (VEDT
L—(“_Ui(U;e(‘*V})e“-M;]-(Viﬁ)'m +R—(L)

P R +
SV M (VR g+ - o

- URUN]

1
- ETr[ng.M;I.(ng)T.Mu — UM UM+ V2 M (VDY M, - Ub MUY .My

1
- 5Tr[ng.Md.(V,g”)T.M;1 —UjM; U My + Vi Mg (V) M = Up. M, UM, 1)
Neg? (1 (m? +m%)sin(26%)sin(265) 4 m2
=—C—g{———cos(26 )cos(265) — —2—L L ——[( 1Y+ (sh)?]log _é
m
X

6mhm3
4 mi 2 m: 2 m

= [(c})? +(ci)Nog —F + Z[(s))? + (sf)*Tog —2 + S [(ch)* + (ch)*Tog —2 . (C17)
3 my 3 my 3 ml

Note that the non-y.. contributions vanish for the singlet and doublet VLQs [108], whereas they are non-zero for the
(X,T,B).r triplet. Thus, the total contributions of the U parameter should be

XTB
Unon —X."

XTB _ XTB
AUXTE = AU (C18)
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