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Explanation of B — K"I*I~ and muon g — 2, and implications at the LHC
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More than 3¢ deviations from the standard model are observed in the angular observable P§ of
B = K*u"u~ and muon g — 2. To resolve these anomalies, we extend the standard model by adding two
leptoquarks. It is found that the signal strength of the diphoton Higgs decay can exhibit a significant
deviation from unity and is within the data errors. Although ¢; — Z;y puts severe bounds on some
couplings, it is found that the excesses of P5 and the muon g — 2 can still be explained and accommodated
to the measurement of B, — x4 u~ in this model. In addition, the leptoquark effects can also explain the
LHCb measurement of Ry = BR(B™ — K*p*u~)/BR(B* — K*ete™) = 0.7457097% £ 0.036, which

shows a 2.60 deviation from the standard model prediction.
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I. INTRODUCTION

The standard model (SM) has been tested at an unprec-
edented level of precision through various experiments.
However, some excesses have not yet been completely
resolved. The first case is the muon anomalous magnetic
moment (muon g — 2), where the discrepancy between
experimental data and the SM prediction is currently
Aa, = a;® — a5™ = (28.8 £ 8.0) x 107'% [1]. The second
case is the angular observable Pi of B — K*u*u~ [2],
where a 3.40 deviation, resulting from the integrated
luminosity of 3.0 fb~! at the LHCb [3], recently confirmed
an earlier result with 3.70 deviations [4]. Moreover, the
same measurement with 2.1¢ deviations was reported by
Belle [5]. Also, the other relevant P; observables are
defined in Ref. [6]. Various possible resolutions to this
excess have been widely studied [7-27]. The third case is
the ratio Ry = BR(B™ —» K" utu~)/BR(BT —» KTeTe™),
where BR(B™ — K*£7¢7) is the branching ratio (BR) of
the decay BT — Kt£1¢~; and the LHCb measurement
shows a 2.6¢ deviation from the SM result [28]. In order to
explain the deviation, various mechanisms have been
proposed [14,29-40].

In addition to the excesses mentioned above, the LHC
with energetic pp collisions can also be a good place to test
the SM and provide possible excess signals. For instance,
a hint of resonance with a mass of around 750 GeV in
the diphoton invariant mass spectrum was indicated by the
ATLAS [41] and CMS [42] experiments. Because of the
results, various proposals have been broadly proposed and
studied [43-72]. Although it turns out that the resonance
has not been confirmed by the updating data of ATLAS
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[73] and CMS [74] and has been shown to be more like a
statistical fluctuation, the search for the new exotic events
in the LHC still continues and is an essential mission.

To resolve the excesses in a specific framework, we
propose the extension of the SM by including leptoquarks
(LQs), where the LQs are colored scalars that simulta-
neously couple to the leptons and quarks. Hence, the
b — s¢t¢~ decays can arise from the tree-level LQ-
mediated Feynman diagrams when the muon g—2 is
induced from LQ loops.

In addition to the decays B — K () gte=, the effective
interactions for b — s£T¢~ can also contribute to
B, = utu~, where the BR, measured by LHCb and
CMS [75], is given as

BR(B, — ptp~ ) = (2.8707) x 10~(LHCb-CMS). (1)

We note that the dominant effective couplings for b —
s£T¢~ processes are denoted by the Wilson coefficients
Cog19. Usually, both Cy and C;, are strongly correlated.
Since this experimental result is consistent with the SM
prediction of BR(B, — u*u~ )M ~3.65 x 10~ [76], in
order to accommodate the anomalies of P§ and Ry to
the measurement of B; — u"u~, we introduce two LQs
with different representations of SU(2), into the model.
Thus, the correlation between Cy and Cj is diminished. It
is found that when the C,, is constrained by B, — utu~,
the Cy then can satisfy the requirements from the global
analysis of B - K*u"u~, and can also explain the anomaly
of Rk, and the muon g — 2 can fit the current data.

The colored scalar LQs can couple to the SM Higgs in
the scalar potential; thus, the LQ effects can influence the
SM Higgs production and decays. The Higgs measure-
ments have approached the precision level since the
SM Higgs was discovered. Any sizable deviations from
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the SM predictions will indicate new physics. In this study,
we analyze the LQ-loop contributions to the diphoton
Higgs decay. It is worth mentioning that the introduced
LQs can significantly enhance the production cross section
of a heavy scalar boson if such a heavy scalar is probed at
the LHC in the future. The relevant studies on the heavy
scalar production via LQ couplings can be found in
Refs. [77-83].

The paper is organized as follows. We introduce the
model and discuss the relevant couplings in Sec. II. In
Sec. III, we study the phenomena: the SM Higgs diphoton
decay, Lepton Flavor Violation (LFV) processes, Wilson
coefficients of Cy 1 from LQ contributions for b — s£+¢~
decays, and the implication of B; — ™. The conclusion
is given in Sec. IV.

II. COUPLINGS TO THE LEPTOQUARKS

In this section, we briefly introduce the model and
relevant interactions with the LQs. To reconcile the
measurements of B, — yTu~ and B — K*£7¢~, we extend
the SM by adding two different representations of LQ,
which are ®7/6 = (3.2);5 and A3 = (3,3),,; under
(SU3)c.SU2))uy(r), SM gauge symmetry. The gauge-
invariant Yukawa interactions of the SM fermions and LQs
are written as

Lig = ki0;07/6Cr; + kijLi 07 sug,;
+le§lcl02Al/';L] +HC7 (2)

where the subscripts i, j are the flavor indices; LT =
(v, ¢7) and QF = (u;, d;) are the SU(2), lepton and quark
doublets; <f>7/6 = ioy®3 ¢, and (kij, l;ij,yij) are the Yukawa
couplings. Since we do not study the CP violating effects,
hereafter, we take all new Yukawa couplings as real
numbers. We use the representations of the LQs as

¢5/3
D;/6 = <¢2/3>,

where the superscripts are the electric charges of the
particles. The interactions in Eq. (2) are then expressed as

51/3/\/5 54/3
Ay = :
1/3 < 5213 _51/3/\/5)

(3)

Lig = kij[ugfr;> + dpil r;p*”]
+ k[ iun; ™ = Dpug )

_ _ I _
+ yij (UL VL0 23 ——uii&jém

V2

1 — _
—7§ Ic;iijél/:;_diil’ﬁLjé‘l/:% + H.c. (4)
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Since the LQs are colored scalar bosons, they can couple
to the SM Higgs H via the scalar potential. In order
to get the Higgs couplings to the LQs, we write the gauge-
invariant scalar potential as

V =p?H'H + A(H'H)? + M3,(®} 7/6)
+ MATr(A] 581 /3) + Ao (@] P76)°
+ 2a[Tr(A] 38173) + 2, Tr([A] 58 5)%)
+ Ao (H'H) (9] (®7/6)
+ /IHA(HTH)T’”(AIBA]/?))
+ Apa (D] 607/6) Tr(A] A1 3). (5)

As usual, we adopt the representations of the Higgs doublet
H as

H= <%(U+G¢++l'GO))’ ©)

where G and G are the Goldstone bosons; ¢ is the SM
Higgs field, and v is the vacuum expectation value (VEV)
of H. It is known that the VEV of the scalar field is dictated
by the scalar potential.

II1I. PHENOMENOLOGICAL ANALYSIS

Based on the introduced new interactions, in this section,
we study the implications of the Higgs diphoton decay,
¢; = ¢jy,themuon g —2, h — 7u, B - K*¢*¢~, and Rg.
Since each of these processes has its own unique character-
istics, we discuss these phenomena one by one below.

A. Higgs diphoton decay

The Higgs measurement is usually described by the
signal strength parameter, which is defined as the ratio of
observation to the SM prediction and expressed as

7 o(pp — h) BR(h - f)

M= opp = sy BR(h— flgy 1 H7 (7)

where f stands for the possible channels, and p;(us)
denotes the signal strength of production (decay).
Although vector-boson fusion can also produce the SM
Higgs, we only consider the gluon-gluon fusion process
because it is the most dominant. The diphoton Higgs decay
approached the precision measurement since the 125 GeV
Higgs was observed. Therefore, any significant deviation
from the SM prediction (i.e., ,u{ # 1) can imply the new
physical effects.

As stated earlier, the SM Higgs can couple to the LQs via
the scalar potential. From Eq. (5), it can be seen that after
spontaneous symmetry breaking (SSB), the quartic terms
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FIG. 1. Diphoton signal strength parameter 4/” as a function of (a) myq and (b) u; o, where the curves in plots (a) and (b) denote
Hro = (0.1,0.5,1) TeV and my o = (0.8,0.9,1.0) TeV, respectively.

H'H®} (&6 and H'HTr(A] ;A/3) can lead to trilinear
couplings of Higgs to LQs as

LD ppoh(¢B¢5 + ¢=23¢*3)
+ upah(571351/3 4 5723523 4 5-4/354/3) (8)

where p,p = Agev and u,a = Ayav. With the couplings in
Eq. (8), the effective Lagrangian for hgg by the LQ loop can
be formulated as

ag (p 3u aw ~a
Aﬁhgg=§(ngAo(%)*'Wtho(ﬁA))hG WG, (9)

where & = 4m%/m? and the loop function is given by

Ag(x) = x(1 = xf(x)) (10)
with f(x) = [sin7!(1//x)]* for x > 1. Accordingly, the
signal strength of the Higgs production and decay to
diphoton can be respectively obtained as

nx i 2
XX Ao (Ex)
my

2

: (11)

’

v
= |l Y
’ Al/z(fz) ZX*(D’A

vN, Zx:@,A Q%(Ao (&x)mnx/ m%
2 Ay(&w)+ QINA (&)

,uyy—‘l—l-

where nga) = 2(3), and N, = 3 is the number of colors;

Q3% =29/9 and Q% = 21/9, and the functions for vector-
boson and fermion loops are given by

Arp(x) = =2 + (1= x)f(x))];

A(x) =2+ 3x+3(2x — x?) f(x). (12)

Since the effects of the doublet and triplet LQs are
similar, for simplicity, we set uup = ppa = g and
mg = my = myq. The " as a function of myq is pre-
sented in Fig. 1(a), and that of 4 o is shown in Fig. 1(b),
where the curves in plot (a) are p g = 0.1, 0.5, 1 TeV,
and those in plot (b) are myq = 0.8, 0.9, 1.0 TeV. For
comparison, we also show the results of ATLAS [84] and
CMS [85] with 16 errors in the plots. From the plots, it
can be clearly seen that with y; o of O(100) GeV, the LQ
contributions can significantly shift the /" away from the
SM prediction and that the results are consistent with the
current data. On the contrary, the y!” approaches the SM
result when i is of the order of GeV.

B. Radiative and Higgs LFV processes,
muon g — 2, and B —» KW ¢ ¢/~ decays
In the following analysis, we study the rare lepton-flavor
violating processes, €.g., £; = ¢y and h — Ty + jir, muon
g—2 Aa,, and the Flavor Changing Neutral Current
(FCNC) process B — K*¢*¢~. We first discuss the radi-
ative LFV processes for ¢; — ¢;y. With the couplings in
Eq. (4), the LQ-loop induced decay amplitude for £; — £y
can be written as

e—_
Loty = Efjaﬂu[(cL>jiPL + (cr);iPRlCiF™,  (13)

where the coefficient (cg);; is expressed as
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TABLE 1. Current upper bounds on the BRs for the decays
Process (i, )) Experimental bounds (90% C.L.)
U —ey 2, 1) BR(u — ey) < 5.7 x 10713
T > ey 3B, D BR(z — ey) <3.3x 1078
TSy (3,2 BR(7 — puy) < 4.4 x 1078
~ Moy T
(CR)ji ~ (47[)2 (k )i3k3j

" 5 3 2(1 —x)
/d[X] <A(m,,mq>) A<m<1>vmt)>’
A(my, my) = xmi + (y + 2)m3,

/[dX] = /dxdydzﬁ(l —Xx—-y—2); (14)

(cr);; can be obtained from (cg);; by exchanging k,;, and

k.- In order to balance the chirality of the leptons, it is

found that the contributions from qukq s l;quij, y,quqj, and
yquq ; are suppressed by the lepton masses. Since the LQ
¢ can couple to left-handed and right-handed up-type
quarks, the chirality flip by the mass insertion in the
propagator of the up-type quark can lead to freeing of
the lepton masses in the Feynman diagrams, which are
associated with k,; and l}q,-. In addition, the top quark is
much heavier than the u and c¢ quarks; therefore, we
only present the top-quark contribution in (cg);-

Straightforwardly, the BR for #; — ¢y can be expressed as
(I(er) il + [(er) ). (15)

where 5; = (1,1/5) for i = (u,7) and the BRs for £; —»
Zvjv; in the SM have been applied. The current exper-
imental upper limits are shown in Table I. According to
Eq. (13), muon g—2 can be easily obtained by setting
j=1=u and found as

4873 an;
Py,

m
Aaﬂ’:—?”(cL-i—cR)W. (16)

If the photon in #; — ¢}y is replaced by the Higgs
boson, similar Feynman diagrams can contribute to 7 —
?jfi + ij = ¢,;¢;. Since the upper limit of BR(u — ey)
is of O(10713) and can give strong constraints on the
parameters k§3l~<31 and ]2;3]%1’ if we set k3, and l~<31 to be
small, then it is apparent that 7 — eu and i — et are much
smaller than current upper limits. Hence, we just study the
decay h — ur. The one-loop induced effective couplings
for hut are written as

E = hﬁ(CRPR =+ CLPL)T =+ H.C., (17)

where C; is expressed as [87,88]
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C _(kT)23]~<33Ncmz A m} m%l B m,2 m%
= mn PGrm) TG
> My > My
N pno
+ 2
(47) il—SZ,qu,d
+ mT];;iINCBG(mq," Mg )]

Ncm‘nuhA ~
+ e Z (v)2yiaGmg,,my); — (18)
i=1-3,q=u,d

[mﬂ(kT)ZikBG(mq,-v mg)

Cr can be obtained from C; by exchanging k,, and kup»
and the loop functions are given by

1
A(r,,rh):—5—2/[dX]log[z+(l—z)r,—xyrh—ie]
|
+/ dxlog[x+ (1 —x)r,—iel,
0

B(r;,rp) :/[dX}

Xyry =71y
z+(1=2)r,—xyr,’

z
—xzmj +xmi+ (y+z)m3’

G(m,,mz)z/[dX]

Gmy.my) = / dX] Y (19)

—xzmi +xm3 + (y+z)m3’
The € in A(r,, r,) denotes an infinitesimal positive value.
It can be seen that the terms associated with k;klg, ]};iklg,
and y;.y,g in Eq. (18) are proportional to the lepton
masses. The situation is similar to the (cg); in the decays
¢; — ¢}y. Although p;x of TeV (X = ®, A) can enhance
these effects, due to the effects of being related to
HyxMy/m%, their contributions are at least 1072 smaller

than those from k;il},g. Accordingly, the BR for 7 — uz is
formulated as

m
ﬂT) ~ h

BR(K ~
(h 16T,

(ICLP +ICkI).  (20)
where ', is the width of the Higgs boson. Because of
BR(h — pur) being less than 1%, we use ', #SM
4.2 MeV in our numerical estimations.

Next, we discuss the decays for b — s£7£~. In order to
include the effects of lepton nonunversality, we write the
effective Hamiltonian as

_ GraVy, Vi
\/jn'
6) _

where the leptonic currents are denoted by L, =
£y,(ys)¢; and the related hadronic currents are defined as

H [H,,L* 4 Hy, L], (21)

2
H,y, = C5y,P, — %Cﬁiaﬂyq’“PRb,

Hy, = C{y57,PLb. (22)
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Here, the Wilson coefficients are read as Cg(lo) =
C3Mo) + Co(ro)» and C; = C3M. The detailed angular dis-
tribution for B — (Km)g "¢~ can be found in
Refs. [2,89-92]. Following the notations in Ref. [2], the

angular observable P% is defined by

Js
P.=—="—, Js = V2Re(ALAL"),
5 m 5 \/_ e( 0 J_)
1
Joe = =GP T = 2 (AP +IALP), (23)

where Aé’”’ | are related to the B — K* transition form
factors and the Wilson coefficients of Cg,lo and C;. Their
explicit expressions can be found in Ref. [2]. In this study,
we do not directly investigate the angular analysis of
B — K*¢T¢~; instead, we refer to the results, which were
done by using the global analysis to get the best-fit value of
CYF ~—1.09 for the new physics contributions [13].
Thus, we just derive the Wilson coefficients of CJ and
C4, from the LQ contributions.

With the Yukawa couplings in Eq. (4), the effective
Hamiltonian for b — s£* ¢~ mediated by ¢*/ and 6*/3 can
be respectively found as

kpeke >
HYy = 2 (5y*PLb)(Cy,PR?),
>
YbeYse — -
Hgff == 2M 25) (SV”PLb)(fVﬂPLf>- (24)
N

We can decompose Eq. (24) in terms of the effective
operators Og and O, defined as Oy zﬁyﬂPLb?y”
(y5)¢. The associated Wilson coefficients of Og o from
the LQs then are found as

cLes _ b (kpekse  Yoryse
0 CsMm 4m(2D 4mi ’
1 kypek YbeYse
CLQ,Z - bt st K , 75
10 CsM 4m%b + 4m2A (25)

where cqp = V,, ViaGr/ (\/iﬂ) is a scale factor from the
SM effective Hamiltonian. It is worth mentioning that the
interaction CII‘(?‘” 0, can contribute to B, — p"u~. Since
the experimental data are consistent with the SM predic-
tion, to consider the constraint from B, — u*u~, we adopt
the expression for the BR as [29]

BR(B, — u*u")

BR(B, — 'ty )M = |1 - 0.24C" . (26)

With 1o errors, the allowed range for CII“(?’” is obtained as

C-* = (0.21,0.79). We use this result to constrain the
free parameters. Since the Ry is insensitive to the B — K
transition form factors [93], in order to study the anomaly
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of Ry, we require that the allowed range of parameters has
to satisfy [29]

0.7 <Re[X¢ — X¥] < 1.5, (27)

where X/ = CgQ7 — (127, and the Ry data with 16 errors
are used.

Since the parameters in the decays ¢; — ¢y, h — uz,
Aa,, and B — K" ¢t¢~ are strongly correlated, in the
following analysis, we take the current upper limits of
BR(Z; — ¢;y) shown in Table I as the inputs and attempt
to find the allowed parameter space, such that the excesses
in Aa, and B — K®¢+t¢= can be satisfied, and the
BR(h — pt) can be as large as possible.

From (cg);; in Eq. (14), the dominant effects on the
radiative LFV processes are from the ¢/ and the top-
quark loop; thus, there is no possible cancellation in any of
the decay amplitudes. With the wupper bound of
BR(u — ey), we see that kI3l~c32 and 12?3k32 have to be
very small. In order to explain the excesses of muon g — 2
and B— K*'u*u~, we set k3 = l~c3l ~0. As a result,
BR(h — eu) is negligible in this model. The related
parameters for 7 — (u,e)y decays are k31’321~c33 and
1231,32k33, respectively. These parameters simultaneously
influence & — (u, e)z, muon g — 2, and b — su™u~; there-
fore we have to analyze these processes together to get the
allowed parameter space.

Since Eqgs. (14), (18), and (25) involve many free
parameters, in order to efficiently perform a numerical
analysis, we set the ranges of relevant parameters as

myq € [700, 1500] GeV,
HLg € [1,100] GeV,
{kn. k. yn} €[
[
[

~0.1,0.1],
{ks3 k33, y33} € [-0.01,0.01],
{kas ka3, y23} € [<0.1,0.1],
ks; € sign(ky,)[0,0.5].
ks> € [-0.5,0.5],
Y3 € —sign(yy,)[0,0.5]. (28)

In order to avoid the constraints from 7 — £y (£ = e, p)
and get |CI9‘Q’”| ~1, we set (ks3/ks, ky3/k3) ~0.1 in
Eq. (28). Additionally, the negative value of CIQ‘Q’” can
be achieved when k3,(y3,) and ky(y»,) are opposite in
sign. As mentioned earlier, the Yukawa couplings in both
decays z — £y and h — £z are the same; we cannot remove
the constraints from the radiative LFV processes in this
model. The BRs for h — #7 thus are of O(10~°) and much
smaller than the current upper limits of O(107%) [94,95].
One way to escape the constraint from 7 — £y is to add a
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new LQ [87]. Since we focus on the excesses of muon g — 2
and B — K*utu~, we leave the more complicated model
for further study.

With the chosen ranges of parameters in Eq. (28), we
first show the values for C;%* and C-2* in Fig. 2(a), where
the bounds from 7 — ¢y have been considered; the hori-
zontal band is from the measurement of B, — u*u~; the
vertical band is the range that can explain the excess of
B — K*utyu~, and we used 10° parameter sets and obtained
824 allowed points that satisfy the constraints. It can be

seen that the Cg@* and CI* from the contributions of

11

C}Q,H
FIG. 3. Correlation between X* = Cg¥* — C/&* and C5@,

where the allowed range of X* is from the Rg data with 1o errors.

doublet ®;,s and triplet A;;3 LQs can simultaneously
satisfy the constraint of By — u*p~ and explain the excess
in B— K*utu .

From Eq. (16), it is known that muon g — 2 is associated
with the Yukawa couplings k321232. Although only k3, is
related to C;‘Q'” and Cll‘(?’” , since the Yukawa couplings &,

kye, and y,,. are taken to be the same order of magnitude,
we present the correlations of Aa, and Cng’” in Fig. 2(b),
where only the allowed range of CEQ’” is shown, and the
region between two dashed lines denotes the Aa, data with
lo errors. By plot (b), it can be seen clearly that the
excesses in Aa, and B — K*u"u~ can be simultaneously
fitted in the model.

As discussed before, in order to avoid the constraint from
u — ey, we set k3; = k3; = 0 in our analysis; therefore,
Clg‘g'oe) for B — Kete™ decay is only related to y3;y,;. Since
v3121 are free parameters, for simplicity, we then take
lya1] ~ |k | ~ 0. As a result, X¢ = C5%¢ = C} ~0. In
order to see whether the obtained Cg%* and C}&* can fit
the R data, we show the correlation between X* and C;Q’”
in Fig. 3, where the band denotes the allowed range shown
in Eq. (27). It can be seen that the excesses of Ry and Py

can be simultaneously explained when the measurement of
B, — pu~ is satisfied.

IV. CONCLUSION

In order to resolve the excesses of muon g — 2 and B —
K¥ £t~ decays, we investigate the extension of the SM
by including leptoquarks, in which the particles are colored
scalar bosons and can couple to quarks and leptons. In
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order to accommodate the measurement of B, — p"u~ and
the excesses of B — K*)y*u~, we study a model with one
doublet and one triplet leptoquark.

After SSB, the couplings of the SM Higgs bosons to LQs
are described by pj,x = Agxv. If pyx is of O(100) GeV, the
signal strength parameter u!” can significantly deviate from
the SM prediction and is still consistent with the current
Higgs measurements.

In this study, lepton-flavor violating processes ¢; — £y
give strict constraints on the Yukawa couplings k333
and 1}31.33. As a result, the branching ratios for the
lepton-flavor violating Higgs decays h — £;¢; are less
than O(107%). Nevertheless, the sizable couplings k33 1,

PHYSICAL REVIEW D 94, 115005 (2016)

1;32,22, and ys3;,, can still explain the excess of muon g —2
and provide the necessary values for the Wilson coefficient
Cg, such that the excesses in B - K*u*pu~ and Ry can be
resolved.
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