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Recently reported anomalies in various B-meson decays and also in the anomalous mag-
netic moment of muon (g — 2),, motivate us to consider a particular extension of the stan-
dard model incorporating new interactions in the lepton and quark sectors simultaneously.
Our minimal choice would be the leptoquark. In particular, we take the vector leptoquark
(U1) and comprehensively study all related observables including (g —2),,, Rxw. Rpw, B
— (K)et', where £¢ are various combinations of u and 7, and also lepton flavor violation
in the v decays. We find that a hybrid scenario with an additional U(1)p,_;, gauge boson
provides a common explanation for all these anomalies.

Subject Index B40, B46, B51, B56

1. Introduction

Physics is a data-driven science, and we are keen to modify the standard model (SM) when
experimental results deviate from the theoretical predictions. Over the past several years, the
B-physics experiments BaBar, Belle, and LHCb have reported several anomalous results in the
b — stt and b — cfv processes, which are not properly explained within the SM and thus
call for new physics. In particular, the lepton flavor universality (LFU), which is one of the
approximate symmetries in the SM, seems to be broken beyond the expected range according
to the observables of Rp, Rp+, Rk, and Rg+, which measure the ratios of different lepton flavors:

B(B — D™tv) _ BB - KWutum)
B(B — D®¢v) K7 T B(B— KWete)

(M

RD(*) =

Precise measurement of these quantities would test the basic structure of the SM since LFU is
only violated by the lepton masses in the SM.
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The world averaged experimental values [1] based on measurements from BaBar [2], Belle [3—
5], and LHCb [6,7] are

Rp =0.340 £ 0.027 £ 0.013  Rp- = 0.295+0.011 +0.008, (2)
and the combined discrepancy with the SM prediction is at the 3.10 level [1,8].
The most precise measurement to date of Rg has been performed by LHCD [9],
R = 0.846100% ¢ C[1.1,6.0] GeV?, (3)
which has a 3.10 deviation from the SM expectation. For Rg+, LHCb Run-1 provides [10]

0.667%11 40.03, 4% <[0.045,1.1] GeV?,

0.697011 £0.05, ¢ <[1.1,6.0] GeV>.
Combining both ¢ bins, it has 2.5¢ tension with the SM. On the other side, the Rg- and Rg
measurements from Belle [11,12],
0.2
Rev = 0.907037 £0.10,
1181032 £0.10,

[0.1,8.0] GeV2,

2 C
2 C[15,19] GeV?,

+0.27 2 2
R — {098 02740.06, ¢* [1.0,6.0] GeV?, )

L1172 £0.07, 1418 GeV < ¢,
are still compatible with SM predictions within their large uncertainties. In the near future,
Belle I1 is expected to significantly improve the uncertainties [13].

The other long-standing problem is the anomalous magnetic moment of the muon. Recently,
the muon (g — 2) experiment at Fermilab reported the value a},"*" = (116 592040 & 54) x
10~ [14], or the discrepancy from the SM

AaENAL — PNAL M (230 £ 69) x 1071, (6)

which is a 3.30 deviation. Since the value is compatible with the earlier value from BNL [15,16],
the significance is now strengthened to the 4.20 level:

AaNUTTNAL = g0 — g0 = (251 £ 59) x 107! (7)

Even though it is not completely settled by the lattice calculations [17], it is certainly worth
considering new physics as its solution.

Finding a common origin of the B-meson and (g — 2), anomalies is non-trivial, but it is
appealing from the theoretical point of view.! In early attempts [16,30-40], the U; = (3, 1)y
singlet vector leptoquark, in general coupling to both left-handed (LH) and right-handed (RH)
SM fermions, as a single mediator accounts for all the low-energy data. Its simultaneous expla-
nations of the Rgw and R anomalies only require LH couplings between second- and third-
generation quarks and leptons. However, the LH couplings cannot produce a large enough
muon magnetic moment for the (g — 2),, anomaly.

In this work, we further extend non-zero RH couplings of U; such that it substantially en-
hances the contribution to (g — 2),. In addition, we will also consider U(1)g,—;, gauge boson
(X) [41-43] to improve our fit to the experimental data. We explore the plausible parameter
space and search for a common solution to both the B-meson and (g — 2),, anomalies.”

ISee Refs. [18-29] for some of the earlier attempts to account for (g — 2) and also various anomalies
and possible experimental probes.

2When we were finishing our paper, we found that a similar idea was considered in Ref. [44]. Unfortu-
nately, however, the authors of that paper have missed some relevant constraints from low-energy exper-
iments. In particular, the experimental B; — puu data conflict with their preferred parameter region.
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2. Model

In this section, we set our theoretical model to explain the B anomalies and (g — 2),,.

2.1. Vector leptoquark U, = (3, 1 )23
The leptoquark is a natural candidate for new physics linking the quark sector and the lepton
sector [16]. In particular, we focus on the U; = (3, 1),3 weak singlet vector leptoquark because
it could provide simultaneous explanations for the Rgw and Rpw anomalies with its coupling
with LH fermions [30-33]. However, the general Lagrangian includes the U; couplings to both
LH and RH fermions under the SM gauge symmetry. Including the most relevant interactions
with the LH couplings to the second and third generations of leptons and quarks and also the
RH couplings, we consider the model Lagrangian:
L5 Ui Z [XZ <“7£Vue£) + (VCKMXLUPMNS) <uLy;LUL> +x7 (d}lg)/'ueﬁ)] +h.c. (8)
i,j=123

We adopt the real parts of the CKM and PMNS matrices, which are conveniently written

as [16]

0974 0225  0.001\ (x}' xI2 X
VCKMXL U];kMNS =1-0.224 0.974 0.042 szl X%z x?
0.009 —0.041  0.999 xil xf xf

0.821 0.551  —0.150
x | =0.307  0.600 0.739 |
0.481 —0.580  0.657

the above expression omits the imaginary parts in Vg, but we adopt the full CKM parame-
terization from Ref. [45] in our numerical computation. The couplings x’L’ to the first-generation
leptons and quarks are strongly constrained from u — e conversion on nuclei and atomic parity
violation on B(K — mvv); therefore we simply set them zero.

The most relevant Wilson coefficients of the effective Lagrangian in Ry, Rpe, and B(B; —
pp) are Cy*'(= —Cy*) [30], and they are induced from the LH couplings

w P ()

wp Wi
C —C10 =

; 9
Vi Vaem my, ©)

where v = 246 GeV is the vacuum expectation value of the Higgs and agy is the fine structure
constant. From the fit to Rg, Rg+, and B(B; — uu) data, we find the parameter window for
couplings and the mass of U :
22 ((32)*
x7 (x
Ci* = —Cl* € [-0.85, —0.50] = —#
U

C[0.83,1.41] x 1073 TeV 2. (10)

The interactions from Eq. (8) also give rise to the effective coefficient [30],

2
4 be *|: e | Ves o | Vea de’]
gy, = — (x X; + x5 + X , (11)
L 2 %Jl ( L) L Vcb L Vcb L

and contribute to b — ¢£vp. It becomes one solution for the Rp and Rp- anomalies, and the
lo region for b — ctv, requires

( CKM 23 VCKM 3L3) (X;?)

v, € [0.09,0.13] = C[0.12,0.18] TeV 2. (12)

2
my;,
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The RH couplings xg, combined with x7* and x32, contribute to the Wilson coefficients (Cs)’
= (Cp)'; thus their magnitudes are bounded by the B— Kt u and By — pu data, which hampers
the generation of a large enough muon magnetic dipole for the (g — 2),, anomaly. Therefore,
we are motivated to further extend our model.

2.2. Vector leptoquark with the U(1)p,_1, X boson

In the following comprehensive analysis, with the preferred parameter region for the Ry and
R anomalies, the U; leptoquark itself may still not be able to provide a large enough contri-
bution for the (g — 2),, anomaly. Therefore, we invoke the additional particle X, the U(1)g,_1,
gauge boson, to enhance the contribution, which is an alternative plausible candidate for the
Ry anomaly and significantly changes the preferred parameter space. We take the most relevant
interactions with the X boson in the effective Lagrangian

8x - 4
—-ury

LY D —gxiy*uXe — gxVuy* PrvXo + 3

o O O

Vial> ViV VaV .
+ =y | VaVE  Vil? Vi dLXa+§m§(X“XM (13)
VaVe ViV Vil

i
=Vexm Ve Verm

where u! = (ur, ¢z, 1) and d] = (dy, 51, b1). Here, we chose the configuration in which the
left-handed down-quark mixing contributes the entire CKM matrix to avoid the constraint
from D-D mixing. We assume that the my is induced by a new Higgs mechanism but the addi-
tional contribution from the new Higgs can be neglected. The flavor-changing neutral current
(FCNC) in down quarks from the X boson contributes to B — Kuu and By — pu. At the same
time, the muon coupling modifies the (g — 2),,. In the following, we assume that the U(1)p,_1,
are broken under the energy scale O(100) GeV, which justifies the non-zero low-energy effective
couplings at the O(my;) scale in Eq. (8).

3. Low-energy observables

In this section, we summarize the low-energy observables with the U; vector leptoquark con-
tributions.

3.1. (g—-2),
The previous result of the muon (g — 2) experiment with the BNL E821 was 3.70 from the SM.

After the FNAL result, the difference between experiment and SM has become [14,46]

Aay, =aS® —aS™ = (251 £59) x 107" (14)
which is a deviation of 4.2¢ significance from the SM prediction; this enhances the motivation
for SM extensions for new couplings with leptons. In this paper, we present the single lepto-

quark, which is described in Sect. 2.1 to explain not only the (g — 2), anomaly but also the
B-meson anomalies.
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For the large mass of the U; leptoquark, it contributes to the (g — 2),, anomaly as®

i2 (L i2y\ Md My Aby é
16712 Z [2QUKYIm( (3)’) m, (ln(Mg,l) + 2)

2 J—
+ 2Re( (xR ) m}zg«ﬂ <2Qd + Ou, ((1 — ky)In (j\\;g:) n 1 25/<y)>

. . 2 (4 2 1+9
—<|xf|2+|x’1§ 2)2—2;‘(§Qd+QU1 <(1—Ky)ll’l<;\\4lg/>_ +6KY)>]' 15)

Aa, =

Ul
If ky # 1 and ky # 0, the dipole moment exhibits logarithmic dependence on the cut-off scale
Ayynot far above the leptoquark mass. So, the leptoquark contribution to the (g — 2),, anomaly

becomes
-5
6 = Z |:2Re (xL xR) ) MUI (2Qd + Qu, ( 5 KY))
212 212 mu 4 1+ 9y
- (‘XL‘ + | )m—gUl <§Qd+ Ou, <— 3 >)} : (16)

whereweuseky =1,y =0, Nc =3, O, = —1/3, and Qy, = 2/3. We handle the renomalization
group running from the leptoquark scale down to the muon mass by evaluating the quark
masses at the O(TeV) scale in Eq. (16), e.g., m;(TeV) ~ 2.4 GeV [§].

The X boson also contributes to (g — 2),, as [18]

Aa, =

s ! 2z(1 — z)?
AadX = _X/ d 17
z 872 Jy Z(l —z)? 4 z(my /m,)? (7
~ (3¢ /Am) (m, /m%)  when my > m, (18)
2 /100 GeV\?
~27x 1071« (EX : 1
7 x 10 x(om) s , (19)

thus it is negligible compared to the experimental value for my >~ 100 GeV and gy ~ 0.01.
However, with X-boson contributions, the preferred parameter space for B-meson anomalies
would move and our fit to the data can be significantly improved, as we will describe below.

32 RK(*)’ RD(*)

To explain the experimental result of Ry, it requires the Wilson coefficients to be
ACKH |oxp = =040 £0.12,  ACY |exp = —0.50 £0.38, (20)

with correlation —0.5 [32,33,47] between them, and the ratio of the SM predictions and exper-
imental observation is

exp exp
D D
W:l.Mﬂ:O.lO, IS)M =1.14£0.05, (21)

with correlation —0.37 [33]. For the U, leptoquark, the contribution to the Wilson coefficients
is [32,33]

3We use the same « and & parameters defined in Ref. [8], which are the tri-gauge boson couplings
between the U leptoquarks and B, gauge boson from U(1)y. In Eq. (16), we set k = 1 and & = 0 in such
a way that the dipole moment becomes independent of the logarithmic term and UV theory.
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4 2 o ()

ACH = —ACHH = —— 22

9 10 e md ViV (22)
1 2 y? m?

ACY ~ B I =), 23

where AC9U is the lepton-universal contribution to b — s¢¢ and originates from the x3* con-
tributing through a log-enhanced photon penguin diagram [33,40]. Similarly, the U, contribu-
tions to Rp and Rp- are [33]

’ * V‘ cs ¢
Ro 1+-¥;R€{(xf——L&”(x?)>( be-+V’xL-pV@xL)}}’

R%M L mUl Vep
R [y, o (Ve + Ve + Veax))
R%YI ~ |14 —UIRC {( — 0.14775 (XR) ) Vcb , (24)

where ns >~ 1.8 accounts for the running of the scalar operator from my; = 4 TeV to my,.
The additional correction from the X boson to the AC)" is given as [43]

2
ACK — (gg( w*) (36TeV)

3 my
N gy \2 (100 GeV)?
~ 0.18x(0.01>< o~ (25)

It is important to notice that the negative value from V;; makes it trend toward the experimental
value for B-meson anomalies but does not contribute to (g — 2),,.

33. B, > 1t v, Bt - thy,
The bounds from observation [48,49] and the SM prediction for B, — tv [8,50] are
B(B, — T Vg )exp < 0.60
B(B; — t 7 i;)sm = (2.21 £0.09) x 1072, (26)
The proportion of experimental value and SM prediction for BY — 77v, is [§8]
B(B" = v )exp
B(Bt — tFv)sm

The U, leptoquark contributions to each obervable are [§]

=130£0.29. (27)

2

B(B; — 17 ;) |y (VeaxP + VexP + Vaxd) v (33 N (x%)" m3,
B (BL_ — ‘Efljt)SM Ve m%jl 2 my (my, + m,.)
(28)
* 2
B(B" — tTv,) _ly_ (Viax + Visx7? + Vipxy?) v_2 (x3?) N (xf) . (29)
B(Bt — tHv;)sm Vo m%JI 2 memp )
34. B — t" 17, B > utu~, B - t*uF, and B* — Ktt 1~
The experimental value from LHCD [51] and the SM prediction [52] are
B(B? = 777 )exp< 6.8 x 107 at 95% CL, (30)
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BB’ — 5t )gm = (7.73 £ 0.49) x 1077, (31)

2
( 4m%>
= —

my

The related contribution for the U, leptoquark is [§]
B (B? — r*r_) . 1674 T m‘és (x3L3)*x%3 — (x%f)*x%3
VisVio

B(B)— ttt7)g, ot (Clsé\/l)z my, mim;
e (W

2Ct my, ViV

i) )

+1+

2

b 32
My ViiVib (32)

where Clsév[ ~ —4.1, which we use for normalization such that the SM value for the Wilson

coefficient matches [53].
The ratio between the SM prediction and experimental value is [8,32]

B(B) = u i exp

B(B) — utu)sm

The following U; vector leptoquark and X-boson total contribution is given by [8,54]

2
B(B) — p*n”)  lox* o my | (x32) xR — (x32) 3P
VisVib

=0.735013. (33)

B(B) — [L+IL,L_)SM N e4(CISéVI)2 m‘{,} mimi

2 2 32\ * .22 32\ % 22
4 v ((37) 37+ (x%) X%
20SM ,,.2 *

e2Crt my, VisVie

mp, (xP7)"xE + (ﬁ?)”‘ﬁ)

My VisVip

—1 2
L (E)] )
2rsin’ Oy \mi, 3g2mi

where the last term in the second absolute bracket comes from the X boson. Here we take
Y (m?/m3,) = 1.05, and g =~ 0.652 the SU(2),, coupling constant.
The LHCD search on BY — t*uF provides an upper limit,
B(B) = 1T )exp < 2.1 x 1072, (35)
at the 95% confidence level [55]. The SM prediction of this branching fraction is extremely
small, O(1073*) [56]. The expression for the U, contribution to B — 747 is [33]

2
1 mp f7G? 2
B(B) - t*u¥) = 1 ma)5Cr Em? (1 % )

+1+

: (34)

g 8 ‘ my
v 2nsnr, ?
22 (.33\* s 22 [ 33\*
X x5 (x - x5 (x , 36
4’”‘[111 L(L) m, (s + ny) L(R) (36)

where Gr = 1.166 x 107> GeV~2 is the Fermi constant, fz = 0.225 GeV [57] is the leptonic
decay constant of BY, and I'p, = 4.34 x 10~!* GeV is the total width of BY.
The BaBar experiment measured the branching fraction [58]

B(B" — K 1717 )exp = (1.31 £0.71) x 1073 (37)

717
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with an upper limit of Br(Bt — K*t+17) < 2.25 x 1073 at the 90% confidence level. The
expression for the U) leptoquark contribution to this process is given by [33]

2
_ _ 3V * *
B(B* — K't"t7) = 1.5 x 1077 + 10 32m2U1 [14Re (3 (x1)") = 33Re (F* (1)) ]

v

n 23 2 [3‘5 P 2 _16.4Re <x§’§ (xf)*) +95.0 |x} 2] . (3%)

4
4my;
where v = 246 GeV is the electroweak vacuum expectation value.

35, Bt - Ktttu, Bt - Kt ut
From the BaBar experiment, we obtain upper limits [59]

B(BT - Ktttpu™) <28 x 1077, (39)

BBt - Ktt ") <4.5%x107° (40)

at the 90% confidence level. The leptoquark contribution is given by [33,60]

B(B+—>K+r+ -\ ~ v 332 3312 33\* 33
) = PP [8.3 P+ 1552 |3 — 42.3Re (63) %) |
4mU1

4 .12
B(B*— Kt ut) ~ 8.34;:14 ‘xzz (x7)

U

(41)

3.6. ©— uy,ue, and LFU in t decays
Due to its sizeable couplings to muon and tau leptons, the U, leptoquark can significantly affect
the lepton flavor violation in T decays. The experimental upper limits are [61,62]

B(t — uy) <3.0x 1078 (42)

Bt — u¢) < 5.1 x 1078 (43)

at the 90% confidence level. In addition, the LFU in the decay of charged leptons can give
stringent bounds on the leptoquark couplings. The experimentally measured values are [61,63]

(g2/8u)exp = 1.0000 = 0.0014, (44)
(g:/g,)e = 1.0010 % 0.0015, (45)
(g:/8)x = 0.9961 =+ 0.0027, (46)
(g:/9,)x = 0.9860 % 0.0070. 47)

For the U leptoquark contribution to B(t — uy), we adopt a complete formula of the decay

width [64],
2

2 3
e = ) = ) (o o) )
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where

iN, 2
022_ _ P Z { [(x’jf x’jfmf-l—xL xlfm,L) (tk)+xR XL mg,Jj ([k)]

21,2 3
lor mUl k=1,2,3

1
-3 [(lecez m, 4 22 X’,‘}mu) F(te) + XXk mdkh(tk)]}

iN, 2 .
o= [(x]iz xpme + X X]ffmu) g(te) + xliz*xlfz3mdk](lk)]
167°my, 123 3

— % [(x]zz x]?mt + xR xR mu) f(te) + x xR mdkh(tk)]} (49)

with 7 = m, /my; and f, g, h, j are loop functions [64].
For B(t — u¢), it is given by [33,65]

2
1 f2G m 2m2\ 4 <12
Bl > ugy = 725, (1—m—§> <1+ ¢> )] (50)

I, 1671 m?2 4my,

where ¢ is the 5§ vector meson with f = 0.225 GeV, my = 1.019 GeV [65]. For LFU in lepton
decays, we use the expression [33,63]

33\2 2

& <1008 x P11V (51)
4 2

8/ ek My

More specifically, they can be written in terms of the effective Lagrangian for leptonic de-
cay [63],

4GF - o Ja B
Eé—)[’vﬁ = _f ([C\YeLL]pdaﬁ (UEVMVL) (ELVMEL)

+ (O, (777) (Bire)) - (52)

and, for hadronic decay [63],

Lo = —% ; {(5p3 (Vexm) [vaei}] 31-,-) (V7y* L) <d yﬂqu)
], @) (d}’;ufg)} , (53)
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resulting in the following expressions for couplings with 7 and u:

_ 1/2
2 2
V,LL V,LR
(gr) Zpo <‘8P3801 + [CVC’ ]pal3‘ + “:CUC ]pal3‘ >
8/ - 3 8,81 + | VLl ? +|[ ViR ? ’
o p2001 ve o2 ve po 12
2N\ 1/2
)3 [CV LL] [CS,RL]
<gr ) P vedu mr (m,g-i-m,,) vedu 0311
st} 5 ,
8u/x V,LL S,RLT"
0 szud + [Cvedu ],0211 m,l(md+m,,) [Cvedu ],0211
o\ 1/2
V,LL S.RL
g Zp 8,03 Vu*s |:Cuedu ] mr(md—&-m,‘) [Cuedu] 121
<_r) _ ’ (54)
2
8 V,LL m? s,RLT*
Zp 8/72 VMS + [Cveclu ] 0221 + mu(mdli',-mu) [Cveclu ]p221
For the Uj leptoquark, by using the Fierz transformation in Eq. (8),
iy uar iz yuuar] = =i Ly uar itz yuar]
we replace the Wilson coefficients as
[CV LL] PR (v, Uivins) - (X1)
- X (X)is
vedu |, 4m%]1 CKMALYPMNS) jp \AL)i
S.RL V,LL V,LR
[Chir] = [t = [e] =o. (55)

4. Parameter scanning

We perform yx? parameter scanning, with the values of all 17 observables constituting the 2
listed in Table 1, which includes anomalies of R, Rpe, constraints from other B-meson decay
channels, and constraints from t decays. Under the null hypothesis (SM only), we have XSZM =
26.0 along with psy = 0.074, where pgy is the P-value of the null hypothesis. We compare this
result with the following three scenarios:

o Scan-1: Piyn = (X7, x7°, x32, x3°), with my, = 2.5 TeV.
Results are shown in Fig. 1.

 Scan-2: Pano = Pian1 ® X372, with my, = 2 TeV.
Results are shown in Fig. 2.

* Scan-3: Psan-3 = Pscan2®gx, with my, = 2 TeV and my = 100 GeV.
Results are shown in Fig. 3.

For scan-1, we choose a set of relevant couplings, X7, x2, x3%, x3°, that is sufficient to explain

the B-meson anomalies and satisfies all the low-energy observables. It gives rise to the best-
fitting Xriin,l =9.23 and p; = 0.755 with (x?* ,x?, xf, xL 3) = (7.90 x 1072, 0.328, —3.83 x
1072,0.862) and my, = 2 TeV. Figure 1 shows the 1o region for scan-1. The favored region
of the (x33, x3°) plane, shown in the upper-left panel of Flg 1, is mainly determined by Rjx;
meanwhile, Ry dictates the favored region of the (x7?, x3%) plane. There is a contribution to
Aa,, from the LH couplings, as shown in the upper-right panels of Fig. 1. However, it is not
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Table 1. List of observables for the x? scanning with the measured values and predictions from SM. The
equations of the U;( + X) model are also referenced.

Observable Experiment SM predict Ui(+ X) predict
exp RCXP
Rpe Rﬁ =1.14+0.10, RSLM =1.14+0.05 Eq. (24)
D D*
AC@” = —AC{‘O" (Rgw) —0.40 £0.12 0 Eq. (22)
AC9U —0.50 £ 0.38 0 Egs. (23), (25)
B, — 1t <0.60 (2.21£0.09) x 1072 Eq. (28)
Bt — thy, (1.094£0.24) x 1074 (8.840.6) x 1073 Eq. (29)
Bg — thr” <6.8 x 1073 (7.73 + 0.49) x 1077 Eq. (32)
BR(B) — ptum)™®
0 S s _ +0.13
Bl — utu BRBY = i)™ =0.73"71 Eq. (34)
BY — t*u7 <2.1 x 1073 Eq. (36)
Bt — Ktttt~ (1.31 £0.71) x 1073 (1.20 £ 0.12) x 1077 Eq. (41)
Bt — Ktttu~ <28 x 1073 Eq. (41)
Bt — Kttt <45 %1073 Eq. (41)
T— Uy <3.0x 1078 Eq. (48)
T — U <5.1x 1078 Eq. (50)
LFU in 7 decay (g:/g,)e = 1.0010 £ 0.0015 Eq. (54)
(g-/g)= = 0.9961 £ 0.0027
(g-/g,)x = 0.9860 £ 0.0070
1 08 107
< 08 M2 <230 s gi 12: (@2, 10
=_06 £_o02 .
ED mU‘=2TeV é 0 g 10-10
S’i 04 my,=5 Tev %; :g:i 101
* 02 206 10712
-0.8 43
0 02 04 06 08 1 015 -01 -005 0 005 01 0.5 10 08060402 0 0204 0608
x 2¥/(my /TeV) x %/(my [TeV) x /(my [TeV)
102 = 2 10
o8 BaBar 1o ? 1:2 PDG 16 - o 10°
£ D 14 € 10°
110 S 12 1 107
o E D o®
g10° ,;z 038 & g0
. € 06 o
%02 04 06 08 1 0 02 04 06 08 1 104967 0% 10° 107 10° 10° 10*
% Z(my [TeV) x %/(my /TeV) BR(B* — K™t

Fig. 1. Scan-1: The region satisfies Ax* = x* — x2,; < 2.3, and x2, | =9.23.

large enough to explain the recent measurement from Fermilab, thus providing the motivation
to turn on the RH coupling in scan-2.

In scan-2 ()(flm’2 = 9.06 and p, = 0.698), according to Eq. (16), we found that the most ef-
ficient way to enhance Aa, is to use x5, due to the fact that the multiplicity of (x}*x3) has
a weaker mass suppression factor (m,m,/my,) than that of pure LH couplings or RH cou-
plings. In the (x32, Aa,) and (x32, Aa,) planes of Fig. 2, they show that the value of Aa, can
be increased by more than an order of magnitude in contrast to scan-1. However, it still cannot
explain the BNL and FNAL results without an additional contribution. For example, incorpo-
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o8 08 108} (9-2), 20
= Ax <599 5 04 -9
g, 0.6 £ 02 10
ED Ay <2.30 ED 0 2110.10
=04 =02 "
© “2-04 10°
* 02 0.6 12
10
o 0.8 ‘ ‘ "
o 02 04 08 08 1 5 -0 -o.ogz/ 0 /T%OS O 0:15 10 08060402 0 0204 0608
% */(my, TeV) X /my,/TeV) x %/(my [TeV)
-4
102 s 2 10
on 2]
BaBar 16 = 18 —_ ~ 10°
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- 103 T 16 ;3 108
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4 £ 110
T 10 Q12 W
o % (RS EE Q 10
& 10° m 08 @ 40°
[ 0.6 -10
106 o 10407 109 10% 107 10° 10° 10*
0 02 04 06 08 1 0 02 04 06 08 1 BR(B' - K't*y)
% 2¥(my, TeV) x */(my /TeV)
0.15 0.15 107
04 o 108 (9-2), 20
S S
@ 005 2 005 10°
g 0 g o0 2110-10
8_-0.05 8005 107"
-0.1 * -0.1 10712
-013 -0.15 1073
-0.15 -0.1 -OAOg2 0 005 0.1 0.15 Y .0.8-06-04-02 0 0.2 0.4 06 0.8 -0.15 -0.1 -0.0;:2 0 005 0.1 0.15
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=
214
=
12
Tw 1
o) 1o
€ 08
<06
K
* 04
o’ 0.2
o
o

-815 -0.1 -0.05 0 0.05 0.1 0.15
xR32/(mU1/TeV)

Fig. 2. Scan-2: The lo (20) region satisfies Ax? = x* — xp,, < 2.30 (5.99), and x3;, , = 9.06. Here
we fix my, = 2 TeV. The green hatched regions show the effect of a muon-philic X vector boson with
coupling gy = 0.2 and mass my = 100 GeV, which gives Aa, |y = 38 x 10711,

rating a muon-philic vector boson X with coupling gy = 0.2 and mass my = 100 GeV, which
is consistent with current experimental bounds, gives Aa, |y = 38 x 10~!!, shown by the green
hatched regions overlapping with the U; 2o -allowed region in Fig. 2.

In scan-3, we include a specific U(1)p,—z, X boson in addition to the U; leptoquark frame-
work, and demonstrate that under this framework it can alleviate the (g — 2),, and B-physics
tensions within 2o. Not only the (g — 2),, but also this X boson contributes to both ACy (see
Eq. (25)) and B, — uu (see Eq. (34)). In particular, we vary the coupling 0.01 < gy < 0.05
and fix my = 100 GeV, which is partially allowed under current experimental constraints from
neutrino-trident [66], B® — B? mixing [67], K; — utu~ [68], ATLAS [69], and CMS [70,71].

It is worth mentioning the reliable range of X-boson parameters consistent with the mea-
surement of (i) B"—B? mixing (A M), (ii) Br(K; — u*u™), and (iii) K°~K° mixing parameters.
The mass difference A M; has been precisely measured by the CDF2, LHCb, and CMS col-
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Fig. 3. Scan-3: Same as Fig. 2, but includes the contribution of the additional U(1)g,_z, X boson. Here
we vary 0.01 < gy < 0.05 and meanwhile fix my, = 2 TeV and my = 100 GeV.

laborations [72,73], and its theoretical predictions has been improved by developed sum rules
and lattice calculations. We use the weighted average of the latest results given in Ref. [67] as
our AMSM. In the presence of the X boson, the new physics contribution to A M is approx-

. N2 2
imated by 220" ~ |14 51 (S5 ) (4485 ) | [67). Putting 5CY(= —5Cfy) = —040 £0.12
[32,33,47] into the expression and requiring AM, = (1.047005)AM;™®, the lower limit on the

coupling is gx > 1.01 x 1072 within lo for my = 100 GeV.* For Br(K; — u*u™), requiring
that the new physics contribution to the dimension-six AF = 1 operator (Spy*dp)(fiy, ) is
smaller than the SM contribution [68,75], we impose the upper limit on the coupling gy < 4.61
x 1072 for my = 100 GeV. Focusing on the upper limit on the short-distance contribution Br(K;
— ut 7 )sp, a dedicated analysis gives gx |;m,—100 Gev < 3.55 x 1072 [76]. For the neutral kaon

#Using the global fit §C) (= —8C};) = —0.39 £ 0.07 based on the Moriond 2021 result [74], the lower
limit on the coupling is gy > 1.15 x 1072 within 1o for my = 100 GeV.
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mixing, the most stringent bound comes from the measurement of €. Following the approach
in Ref. [76], we get the allowed range on the coupling as —4.13 x 1072 < gy < 4.24 x 1072
for my = 100 GeV. We assume that the left-handed coupling to the X boson is dominant for
flavor-violating vertices in the hadronic sector.

Such an X boson has a negligible effect on (g — 2),, but gives a modest contribution
to ACy. Due to the negative value of V,; >~ —0.40, the X boson trends to the observed
value (Cy" = —0.40 & 0.12). Consequently, the U; leptoquark in conjunction with the X
boson explains the Ry« anomaly, but the former solely contributes to (g — 2),. Com-
pared to scan-2, the x2. = 9.06 at (x72, X7, X%, x3°, X3, gx) = (4.04 x 1072, 0.324, —9.30 x
1073, 0.810, 3.73 x 1074, 1.47 x 1072) is no further reduced by including the X boson. How-
ever, the 20 chi-squared regions (yellow regions in Fig. 3) extend to overlap with the (g — 2),, 20
region. Two representative points in the overlapping regions are

(+3.28 x 1074,0.167, —0.846, 0.644, +0.520, 1.32 x 1072),
(—3.08 x 107%,0.227, +-0.831, 0.668, —0.554, 1.44 x 1072),

respectively giving (x2, Aa,) = (13.9, 193 x 10~!) and (x>, Aa,) = (13.7,201 x 107!1). As a
result, this hybrid scenario, the U; leptoquark in conjunction with the U(1)p,_;, gauge boson,
explains the B-physics and (g — 2),, anomalies within 2o

22 .23 .32 .33 .32
(X7, X7, X7, X7 xR gx) =

5. Summary

The recent observational anomalies lead us to consider a vector leptoquark whose couplings
with both left and right chiral fermions are essential. It affects various channels of B-meson
decays and generates lepton flavor universality breaking. At the same time, the leptoquark can
contribute to (g — 2), with significant enhancement. We perform a global analysis of several
low-energy observables and encounter both left- and right-handed U, leptoquark couplings.
Unfortunately, we have not found a common parameter region for the B and (g — 2),, anoma-
lies without an additional muon-philic vector boson. Motivated by this, we found that the U,
leptoquark in conjunction with the additional U(1)g,—;, gauge boson is able to reconcile the
B-physics and (g — 2),, anomalies within 20. We expect that the experimental measurements
will be much improved in the future and the leptoquark and the new gauge boson will be better
tested accordingly.
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