arXiv:2306.00052v1 [hep-ph] 31 May 2023

P3H-23-036, TTP23-20

A closer look at isodoublet vector leptoquark
solution to the R,,.) anomaly

Syuhei Iguro(a’b), Yuji Omura(®)

(@) Institute for Theoretical Particle Physics (TTP), Karlsruhe Institute of Technology
(KIT), Wolfgang-Gaede-Str. 1, 76131 Karlsruhe, Germany

() Institute for Astroparticle Physics (IAP), Karlsruhe Institute of Technology (KIT),
Hermann-von-Helmholtz-Platz 1, 76344 Eggenstein-Leopoldshafen, Germany
(C)Department of Physics, Kindai University, Higashi-Osaka, Osaka 577-8502, Japan

E-mail: igurosyuhei @ gmail.com, yomura@phys.kindai.ac.jp,

Abstract

We discuss a model with a SU(2),, doublet vector leptoquark (LQ), motivated by the
recent experimental results relating to the lepton universality of B — D™*)1v,. We find
that scalar operators predicted by the LQ are favored to explain the deviations, taking
into account the recent LHCb result. We investigate the extensive phenomenology of
the model and conclude that B; — 77, B,, — TV and high-pr di-7 lepton signatures at
the LHC will probe the interesting parameter region in the near future.
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1 Introduction
The semi-tauonic B-meson decays, B — D™ TV, have been interesting processes to measure
the lepton flavor universality (LFU):

_ BR(B— D1vy) _ BR(B— D*TVy)
~ BR(B—D(V))’ "= BR(B— D*(v))’

(1.1)

D

where ¢ denotes light charged leptons. Interestingly, deviations from the SM predic-
tions [1-4]%! have been reported by the BaBar [9, 10], Belle [11-15] and LHCb [16-20]
collaborations.”” Last and early this years, the LHCb collaboration reported the first re-
sult of Rp+ along with Rp [21] and another Rp+ data [22], respectively. These latest mea-
surements are consistent with the previous world average within the uncertainty, but the
resulting world average prefers larger (smaller) deviation in Rp (Rp+). The current signif-
icance of the deviation is 3-4 o [23] and the new physics (NP) interpretations are updated
in Refs. [23-26].%> One of the significant points, compared with the previous result, is the
revival of the NP interpretation with scalar operators. The relevant interaction, in addition
to the SM contribution, is

Hetr = 2V2GEV, [CSLOSL +Cs, OSR} : (1.2)

#1Recently the dispersive matrix approach of the form factors found the larger Rp: [5, 6] based on the
Fermilab-MILC lattice result [7] while this method produce the 3 ¢ tension in the angular observable [8].

#2R,.) are defined by ¢ = e, u for the BaBar/Belle and ¢ =  for the LHCb.

#3See Tab. 6 of Ref. [23] for the recent summary of the situation.



with
Os, = (cPLb)(TPLV:), Os, = (cPrb)(TPLVz), (1.3)

where P, = (1 —75)/2 and Pg = (1 + 95)/2. The NP contribution is taken into account by
the Wilson coefficients (WCs), Cx (X = Sz, Sg), normalized by the SM factor of 2\/§GFVC;9.

It has been well known that the B, lifetime constrains the scalar interpretation [27-32].
However, the recent result makes it possible to explain the deviations at the 1o level using
the scalar operators [25]. Furthermore, the only scalar contributions enhance the polar-
ization observable, FLD* ,/* where the SM prediction is slightly lower than the measure-
ment [34].

A famous mediator that induces sizable semileptonic scalar contribution is a charged
Higgs in a generic two Higgs doublet model (2HDM). This possibility has been thoroughly
surveyed [?,25,35-49] and it is found that sizable contribution to WC is possible only in
Os, . It is noted that the type-II 2HDM can contribute to Og,, but the contribution is not
favored since the sign of Cg, is always negative.

A leptoquark (LQ) is considered to be one of the best candidates for the R,., anomaly
explanation. There are three kinds of LQs widely investigated so far [50]. In this paper,
we focus on an isodoublet vector LQ (V) that significantly contributes to Cs,. Recently,
the LQ is studied motivated by Ry(.) anomaly [51-53] and R;.) anomaly [53,54]. The
contribution of the V, LQ to Cs, could be positive and solves the anomalies. This LQ
possibility is very interesting in view of the current status, but has not been well studied.
In this work, we construct an effective model with V, from the phenomenological point of
view. We study correlations between R and other observables, and discuss how to test
this LQ possibility.

Before the recent LHCD result, the V, LQ could not explain the Rp+ within 20 [55].
The situation, however, changes: the current minimal xz for Rp+ becomes 3.7 with Og,, [23]
which should be compared to xéM = 13.6. It would be timely to analyze the model with V.
Compared to the previous work [53], that appeared before the LHCb results, new parts are
as follows. First, we assign a T number to V. This assignment forbids a proton decay and
suppresses many flavor violating processes. The underlying theory is beyond our scope, but
our setup would be a guiding principle to construct a concrete model. We study relevant
flavor phenomenology in this effective model. We newly examine correlations between
Rp+) and other observables, and find that By — 77 is greatly enhanced. Second, we find
that B — TV, that is not studied in Ref. [53], excludes the simplest setup for the explanation
of R-). We rescue the possibility by adding one more interaction. Third, we investigate the
LHC implication of the model with the help of the public tool HighPT [56]. We conclude
that signals with two oppositely charged 7 leptons in the final states will also probe the
interesting parameter region in the near future.

The outline of the paper is given as follows. In Sec. 2 we introduce the working model
for the V, LQ and summarize the model parameters. In Sec. 3 we discuss the relevant flavor

#Gee Ref. [33] for the explicit definitions.



observables and investigate the phenomenology. Then we also consider the constraint from
the LHC and discuss the future prospect. Sec. 4 is devoted to summary and discussion.

2 Model setup

In this section we introduce the working model and four-fermi interactions relevant to the
phenomenology.

2.1 Simplified model with the V, LQ

We shall consider an extended SM model with a SU(2); doublet vector LQ, V,. The charge
assignment of V; is (SU(3)., SUQ2)., U(l)y) = (§, 2, 5/6) and the field is described as
vy?
V, = , 2.1)

Vi3

where the electromagnetic charges of the upper and lower component are 4/3 and 1/3,
respectively. This charge assignment is the same as that of a X boson in the SU(5) grand
unified theory (GUT). In this paper we do not specify the UV completion, and simply assign
7 number and mass to this doublet. As a result, a disastrous rapid proton does not occur
since the di-quark coupling is forbidden by the 7 number conservation.

Under this assumption the couplings between V;, and SM fermions relevant to our phe-
nomenology are given by

. — ar A b . —
Ly, = W (dCyuPLLE)EVE + 1 (O “yuPre ;)€ VA + 1 (S yuPruj) V5 +h.c.
(2.2)
where indices i, j and a, b are labels of flavor and SU(2);. It is noted that those interactions
change the fermion number by 2 units: |AF| =2 where F = 3B+ L and, B and L are baryon
and lepton numbers, respectively. By assigning the T number to V, we can eliminate /3

that triggers a dangerous proton decay [57—59]." Thanks to the T charge assignment, the
structure of the interaction is described as

00 h? 00 hl?
W=1oon3 |, H=|00m|, h3=0. (2.3)
00 A} 00 h3?

Assuming that those elements are real, we consider flavor and collider phenomenology in
the next section. Now, the terms in Ly, are decomposed as

Ly, = +h? (E},ﬂ PLT)V;/ LN B3 (EYM PLVr)Vé/W
— 1 (dSpuPrr)Vy M 15 (W Prr) VY e (2.4)

#51-flavored U; LQ is discussed in Ref. [60].



The mass eigenstates are given by replacing as (uz, d;) — (VQTML’ dr)
i T~ 4 3, 3 °C 1 3’
Ly, = +h13(diCYuPLT)V2/ g _h13(diCY“PLVT)V2/ g
— I A PrT)VS T+ (Vo) Py PRT) VY the,  (25)

where Vy denote Cabbibo-Kobayashi-Maskawa matrix [61, 62].

2.2 Four-fermi couplings

The interactions in Eq. (2.5) contribute to the semileptonic operators through V43 and v1/3
exchanges:

hi3 k3 hi3hk3* .
Lpst = — =5 (dpyuPrd;) (TY*PLv) — = — (dyyuPerdi) (VoY PLvy)
m m
Vo V),
hi3hk3* _ B (V*h2>i3 (V*hz)kS* B
— -2 22 (diyuPrd;) (Ty* Prt) — £ 3 = (e yuPLui) (T Prr)
m
V, V2
2hi3hk3* . B 2hi3 (V*hz)k3* B
+ =1 > 2 (dkPRd,') (”L’PL’L') + + (ﬁkPRdl'> (TPva)
m m
V, Va
ZhiBhk3* _ 2UVih i3hk3* B
22 1 (dkPLdi) (TPRT) + % (dkPLI/tl‘) (VTPRT), (2.6)
m m
Vs, Va

where the masses of Vg/ 3 and Vé/ 3 are assumed to be degenerate and my, denotes the LQ
mass. We categorize these four-fermi interactions, based on the induced processes:

(i) down type neutral current (7),
(i1) down type neutral current (v;),
(iii) up type neutral current,
(iv) charged current.

Our main goal of this paper is to find the correlation between Ry, to which h?z’ X h%3*
dominantly contributes, and other observables. We introduce the following hierarchical
coupling structure,

00 € 00 €
W=[oo e |. =00 o0]|, 2.7)
00 O 00 e

where € is a small dimensionless parameter.
It is noted that |h"132|2 does not trigger lepton flavor violating processes, although it

)

is important in collider phenomenology as we will see later. At O(&”), we focus on the



combination of h?z’h%?’*, that contributes to categories (i) and (iv). At O(e!), we have 8
combinations that involve all of four categories. Those 9 combinations and the relevant
flavor processes are summarised in Tab. 1. Below, we summarize the parameterizations in
the four categories.

(i) Down type neutral current (7)
In the categories (1), the induced operators are

*
. aGrViaVig,

= (ot + ik + ciol + ol
V21

+CHO + 0 + Clyoly + Ok ) +he,  28)
where

Of = (dPrd;)(TT), OF = (diPrd;)(TYs7),
O = (dyuPdi) (7). Ofy = (duPLdi) (T 57), (&)

and the primed operators are obtained by exchanging P, <+ Pg. Matching onto the WCs at
the LQ scale is

Van Van A

Ckl' _ —Cki _ , Cki/ — Cki/ — ,
aGrVia Vg, m3, aGrVig Vg, my,
3 3143
e S S L. e (e SR S . SR
=Ch=-7 T Y, P I
aGFViq, thk my, aGF Vi, thk My,

The relative factor of 2 and sign difference between scalar and vector operators come from
the Fierz identities. It is noted that 4 X h; and hy X h; contribute to vector operators while
hi X hy contributes to scalar operators. As we will see below, we find that the scalar opera-
tors are correlated with the charged current, while vector operators are independent of R )
because of the structure. We note that there is a chirality enhancement in purely leptonic
meson decays with the contribution of the scalar operators.

(ii) Down type neutral current (v;)

The induced operators involving v; are

V2Gra T _
e = Vg Vi CR (diy* Prdy) (VeyuPLve) (2.11)
where
) hi3hk3*
o e r__ (2.12)
sz \/EGFa‘/l‘di‘/l‘Zk



: 4/3 1/3
Coupling product v, v,
1) b—st7T @iv) b— ctV;
h33 x h33* B — D% v,

By — 17, B— K17 _
B, — tv;, B, — TV;

1) b—dr7T (iv) b > utve

h33 x hl3* B 3 B — DW1v,
1 2

B; —1tT,B— 11T _

B,— 1TV, B— TV,

h?3 y @3* (1) bb — rf (iv) t = b1V,
¥nSyr—=7 —
h?3 y hP* 1) b—drT (1) b—dv;v;
B; —1tt,B— ntT | Bg—>VvV:, B— VvV,
h{’3 xh%:"* 1) b—stT (1) b — sv;Ve
B, —17,B— K17 | B—V+Vs, B—> KV, V;
hP y h%3* (1) s—dt7T (iv) ¢ —dtv;
— D; — 1V,
h%3 y h%3* (1) ss— 17T (iv) ¢ — sTV;
— Dg — 1V,
h? y h%3* 1) s—drT (i) ¢ > utT
1) b —sTtT (i) t — cTT

h%3 Xh%3>k B B
B, — 1, B— K17 —

Table 1. Summary table for the relevant flavor processes. In the first row we list up the category and
parton level processes and if it exists mesonic in the second row. Processes with the strikethrough
are prohibited by the symmetry argument or suppressed by the neutrino mass.



The combination of h"l3h’1‘3* contributes to this category mediated by the V13 LQ and only
vector operators are generated. As aresult M| — v,V process is suppressed by the neutrino
mass and negligible in our setup where M denotes a meson. Therefore we focus on M| —
Mov. v,.

(iii) Up type neutral current

The hy x hy combination only gives the operators involving 7 and up-type quarks. h%3 X h§3*
and h%3 X h?* induce r¢T7 and cuTT vector operators respectively. Regarding the latter in-
teraction, it is difficult to obtain the constraint at the tree level in flavor physics because of
the heavy T mass with respect to the charm mass. Although ¢t — ¢77 transition is kinemat-
ically allowed, the experimental sensitivity is several orders away from the prediction even
at the high luminosity (HL) LHC [64]. Therefore we will not discuss the physics induced

by those terms anymore.

(iv) Charged current

Finally, we discuss the charged current involving 7. This interaction contributes to R y.),
and described by the 41 x h; combination. The resulting semitauonic scalar operator is

Hesk = 2V2GrViuCot (W Ped;) (TPLV?). (2.13)
where the coefficient at the LQ scale, ty q, is evaluated as
Vk” hl3 hn3*
Mkd
m (2.14)
Q Z \/_ GFVkl m%/z

We note that i = 3, k = 2 corresponds to Eq. (1.2). The operator triggers M, — TV, and
M| — M)tV decays. It is noted that the former again receives the chirality enhancement

while the enhancement in the case with M| = D(S) is moderate due to mp, . ~ m.

(s)

3 Phenomenology

In this section, we discuss the phenomenology in this model, assuming the LQ couplings
are aligned as in Eq. (2.7). In Sec.3.1, we study the processes where our predictions
are not suppressed by € nor CKM A in the Wolfenstein parameterization [63]. The LHC
phenomenology of O (&%) will be given in Sec. 3.2. In Sec. 3.3, we discuss our predictions
at O(e") and O(A). Finally the O(€) phenomenology is given in Sec. 3.4.

3.1 Flavor phenomenology at O(g") and O(A°)

First of all, we consider the b — cTV; transition corresponding to the category (iv). As
discussed above, the semileptonic charged current is generated by the V;/ 3 exchange, and



it is proportional to h? X h%3*. The induced operator, Og,, at the LQ scale is evaluated as

2TeV\? [ h33n23*
C$ (Q) 20.18( o > ( 1_025 ) (3.1)
) .

We adopt the generic formula given in Ref. [23] for the prediction of Rj.). It is known that
the imaginary part of Cs, is not helpful to fit the current Rj,(., result and hence we assume
those couplings to be real. The constraint on WC from high-pr di-7 search, which we see
later in this section, is almost independent of the LQ scale. As a benchmark, we set the
LQ mass to my, = 2TeV. To connect the coefficient to the B meson scale, u, = 4.2 GeV,
we use the renormalization group evolution (RGE) for the dimension-six operators at the
QCD next-to-leading and the electroweak leading orders including the top-quark threshold
corrections [65-68]. We also include the QCD one-loop matching corrections [69]. As a
result we approximately obtain

CSR(.ub) = Z.OCSR(MLQ). (32)

Thanks to the LHCb downward (upward) shift of Rp« (Rp), we find that Cs,, can explain the
anomaly within 20.

Next we consider the By — 77 decay, that is predicted by the operators in the category
(1). This process is correlated with R}, in our model. Using the operators in Eq. (2.9) the
branching ratio is given as

> 2202 2
5, f5,mB,Grmz 0 |Vip Vis| 1_4m%

BR(B; — 17T) =
(Bs ) 1673 mlzg
m% 2 m% Am2 2
Csb _ CSb/ s Csb _ Csb/ s 1 _ T Csb _ sb!
(Cio 10)+2mbmr( P P ) +4m,%m% m%s S S
(3.3)

We note that the coefficient in the SM is estimated as Cig’SM(ub) = —4.31[70,71]. In our
model, the scalar semileptonic operator is induced at the tree level, so that the leptonic
meson decay has the chirality enhancement. Currently the LHCb with Run 1 data sets the
leading upper limit on the decay as [72]

BR(B; — 17) < 6.8 x 107°. (3.4)

The future prospects of the Run 3 and the HL. LHC are estimated in Ref. [73]: compared to
the current bound the sensitivities will be improved by factor of 5 and 13, respectively.

It is noted that other LQ, S, R, and U(2) flavored U; do not contribute to a single scalar
operator. Given that R, anomaly is explained by Os, in the V, LQ scenario, the coupling
product, h?3 X h%3, should be sizable. As shown in Egs. (2.10) and (3.3), the sizable h?g’ X h%3
enhances BR(B; — 77), so that it is a key prediction to test this model. This correlation has
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Figure 1. Correlation between Ry and BR(B; — 77) is shown. Colored lines are prediction of V;
LQ model. The star mark corresponds to the SM prediction. Blue dotted lines are excluded by the
By — ©7 measurement. Blue solid lines (red solid lines) will be probed at Run3 (HL LHC). 1, 2, 3¢
contours for R are shown in black.

not been pointed out in the previous works to our best knowledge. In Fig. I, we show the
correlation between R;.) and BR(B; — 77). The colored line is the model prediction. Blue
dashed region is excluded by the current By — 77 constraint. Blue and red solid lines are
expected to be probed at the Run 3 and the HL. LHC. The green would not be uncovered.
We see that the Run 3 and the HL. LHC data will be the interesting probe of the 2 ¢ region.
For the SM prediction that is depicted by a star symbol, we adopt the latest HFLAV2023
average of Rp = 0.298 and Rp+ = 0.254.7°

The same semitauonic scalar operator which again corresponds to the category (iv)
largely enhances B, — TV branching ratio. Although Rp- is not largely deviated from
the SM prediction, Rp+ and BR(B, — TV;) has a correlation:

2 2
_ _ mg b
BR(B. — tv;) = BR(B. — 7V 1+ —-C¢| , 35
( c r) ( c r)SM ) . Sk ( )

where BR(B, — 7V¢)sm =~ 0.022 [23]. In the numerical evaluation, m;, = 4.18 GeV and
mc(my) = 0.92 GeV are used. The upper bound of the coupling product from BR(B; — 77)
indirectly set that of BR(B. — TV¢) as

BR(B. — V) < 8%. (3.6)

This satisfies the current conservative limit, BR(B, — 1V;) < 60 % [31] while future lepton
colliders can test the SM prediction at O(1) % accuracy [77-79].

#01t is noted if we rely on the Lattice predictions of Rp = 0.299 and Rp+ = 0.265 [7,25,74], where Rp- is
shifted by 0.01, the model prediction goes through the 1 ¢ region. On the other hand, if we adopt Rp = 0.290
and Rp+ = 0.248 [2] where the form factor is also fitted also with full angular data from the Belle [75,76], the
V;, prediction contour goes though the 2 ¢ region.
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Figure 2. The contributing Feynman diagrams for 77 final state at the LHC. Both Vg/ 3 (left) and
V;/ 3 (right) contribute to the high-pr signature.

The coupling product also contributes to By — K17 corresponding to the category (i).
The current limit announced by the BaBar collaboration is BR(B; — K77) < 2.25 x 1073
[80] where the SM prediction is O(10~7) [81]. Unlike By — 77 and B, — TV, the en-
hancement is not significant due to a lack of the chirality enhancement and hence we skip
this channel.

3.2 LHC phenomenology at O(e?)

Since the LQ has a TeV-scale mass, the direct search at the LHC is a powerful tool to
probe the scenario. V; is pair-produced by the strong interaction at the hadron collider.
Depending on the subsequent decays, we can set the lower limit on the V, mass. The sizable
h?3 and h%3 respectively lead the following decays: V;/ S bvz, Vg/ S b, V;/ 3 5 crand
V;V 3 5 s7. The LQ mass has been directly constrained as My g 2 1.5TeV from the searches
for the LQ pair-production [82-85]. Furthermore, it is known that the high-pr region is

important to prove the new physics scenario that explains the R, anomaly [41, 86-94].

In our model, Vg/ 3 also contributes to the di-7 final state, so that the searches for di-t with
high-p7 [95, 96] provide the better probe than the Tv searches studied in Refs. [97-100].
See Fig.2 for the contributing Feynman diagrams. We study the bounds from the di-t
and mono-7 signatures at the LHC. We constructed the 2 function based on the high-pr
bins of Refs. [96, 100] using HighPT [56] as a function of couplings and draw the upper
bounds on the LQ couplings where my, = 2TeV is fixed. It is found that the mediator mass
dependence in di-7 final state is mild in terms of the four-fermi interactions. We note that
the study of the interplay between R/, and collider physics in this model has not been
done before.

In Fig. 3 solid and dotted purple lines show the current bound and future prospect of
the LHC experiment, respectively. The shaded region is excluded. We overlaid the current
constraint and future sensitivity of the Run 3 and the HL LHC from By — t7 with solid,
dashed and dotted blue lines. The regions favored by R, are shown in orange and yellow:
2% < 6.18 (orange) and y2 < 11.83 (yellow). We see that the Run3 By — 7T will test
the whole orange region and at the HL LHC, both high-pr and the B-factory probe the

10
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Figure 3. R, favored region, constraint from By — 77 and di-7 searches at the LHC are shown on
h%3 vs. h%3. We fixed the V, LQ mass to 2 TeV. Orange and yellow regions correspond to x> < 6.18
(orange) and x> < 11.83 (yellow) for the R p(» data, respectively. Blue shaded region is excluded by
the current By — t7 and dashed and dotted contours denote the future prospect for the Run 3 and
HL LHC. Purple shaded region is also excluded by the high-pr di-T searches at the LHC. The future
projection is shown in the dotted contour.

remaining interesting parameter region.
We briefly summarize the difference in the prediction of the other LQ scenarios:

* BR(B; — 77) is largely enhanced, while, for instance, it is not in the S; LQ case.
Although R, and U(2) flavored U; LQ enhance BR(B; — 77), the former (latter)
has Cr (Cy,) contribution in R, too. Therefore the degree of the enhancement
in BR(B; — 17) is mild for the other LQs. Since the coupling strength to explain
the deviation is larger than the U; LQ model, we can test this scenario with smaller
amount of the data.

* Furthermore, as is shown in Ref. [55], polarization observables in B— D(*)‘L'Vf are
helpful to distinguish those scenarios. Especially 7 polarization will be a key observ-
able.

 The larger signal rate in di-7 is predicted at the LHC, compared to the Uy LQ. This
is because that the larger couplings are necessary to explain Ry(.), and both Vg/ 3 and

Vé/ 3 contribute to the processes. Therefore the LHC data in high-pr di-7 channel
will be very important to probe the model.

11
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Figure 4. x*(Rp, Rp-) and Rp, as a function of C§2(u). C52 = (0.88 +2.45i)C4 is fixed for Rp,.
The meaning of the color is the same as in Fig. 1. The blue dashed line is excluded by the current
bound from By — t7. The shaded cyan region is excluded by the current B, — TV.

3.3 Flavor phenomenology at O(e°) and O(1!)

The leptonic B meson decay, B, — TV, also constrain our model.”” This decay is enhanced
by the scalar operator, although it is suppressed by an off-diagonal CKM element. Similar
to the B, decay, we can derive the numerical formula as

2
BR(B, — ©V;) = BR(By — TV¢)sm ‘1+3.75cg,’;

3.7

The SM prediction is estimated as BR(B,, — TV;)sm =~ 0.95 x 10~% with |V,;| = 0.409 x
107278 Cg‘é’ at the LQ scale is estimated as

2TeV\? [ hP3n2*
Cg‘ﬁ(uLQ):(o.15+o.44i)<mV > < 1_025 ) (3.8)
) .

It is noted that the coefficient in Eq. (3.8) is bigger than that of Eq.(3.1) because of the
factor of (V.5Vis)/Viup = 0.84 +2.46i.

The current experimental world average is BR(B, — TV;) = (1.094£0.24) x 10~*[101].
There is a notorious discrepancy between the inclusive and the exclusive determinations:
Vi |ine =425 (140.07) x 1073 and |V, |exc = 3.70 (1£0.04) x 1073, Therefore, we assign
14 % uncertainty to the SM amplitude. On the other hand, the experimental result has 22%
uncertainty. Combining those uncertainties at 20, we allow 70% uncertainty and set the
following criteria:

BR(B, — TV
g = PRBu= W) o (3.9)
“  BR(B, = TV¢)sm

#IThis constraint has not been pointed out in the previous work [53].
#8This is the average of inclusive and exclusive V.
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Figure 5. The contributing Feynman diagrams for 77 final state at the LHC in the presence of non-
vanishing 23, 3%, h}*. In addition the one in Fig. 2, hl* induces dd — 77 and uit — 77 processes

mediated by Vg/ 3 and V;/ 3,

It is noted that the following observables,

BR(B, — V1) ['(B, — tV¢)

R, = —=, R,s= —
P BR(B,— uvy) P T(By— mtiv))

(3.10)

are free from V,;, and useful to test the NP [102]. The corresponding SM predictions are
RO =222 and R{" = 0.54£0.04." The current experimental constraint is given as R, =
0.7340.14 while R, is not measured due to the large uncertainty in BR(B, — uvy) [103].
At 20 level, this leads to Rp, < 2, that is weaker than the constraint in Eq. (3.9).

The Belle IT with 50 ab~! of the data will measure Ry, and Ry at 12% and 7% at 1 0.
Even if we adopt the current theoretical uncertainty for R to be conservative, we obtain
the similar uncertainty. It is noted that in our model, the modification of the denominator
mode is negligible and hence the uncertainty of the ratio corresponds to the sensitivity to
BR(B, — V7).

In Fig. 4 we show x? for Rp and Rp+. The meaning of color and style of lines are the
same as in Fig. 1. The current conservative exclusion of Eq. (3.9) is shown in cyan region. It
is seen that B, — TV is more sensitive to h? X h%3* than B; — t7. This figure clearly shows
that the interesting parameter space is already excluded by the current result of Rp,. This
bound, however, can be relaxed by sizable other LQ couplings, as discussed in Sec. 3.4.

3.4 O(e) phenomenology

In this section, we investigate (O(€) contributions and derive the upper limit on the coupling
products. As is summarized in Tab. 1, there are several processes to be discussed.

First, we consider h? contribution. If h? is sizable, the coupling contributes to B, —
TV . The contribution to Cgﬁ is expressed as

. h?3 (VQ“h?*jLVQIZh?*)
\/QGFVéb m%z .

Ci (o) = G0

#The large part of the uncertainty comes from B — 7 transition form factor [102].
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Figure 6. The color code is the same as in Fig. 3. Additionally, cyan and light green regions show
the exclusion from B, — TV; and B; — t7. Their future prospects are also shown in dotted lines.

If B} = —VQ12 / Vé%?* ~ —0.23h3>* is satisfied, Cg}é’ can be enough small to evade the
bound from Rp, mentioned above and rescue the solution.

The tree-level exchange of the LQ induces B; — 17, and the amplitude is proportional
to h?3 X h?*. The B; — 77 contribution has a chirality enhancement, so that it gives a
strong bound. The current experimental upper limit is BR(B; — 77) < 2.1 x 1073 at 95 %
CL. [101] and the Belle II experiment is expected to probe BR(B; — 17) ~ 9.6 X 1073
[103]. We note that B — w7V is also induced by the same operator but the bound is
weak. In addition, ¢utT and sdTT four-fermi interactions are lead by the tree-level LQ
exchange and the coefficients are proportional to h? X h%3*. The couplings, however, do
not predict rare meson decays since T mass does not allow decay processes such as D — TT
nor D — nt7.*1?

Our numerical analysis shows that the Ry, anomaly can be explained within 2o, if
h33 x h3¥* is fixed within [—0.29, —0.12] when my, = 2TeV. Let us define the ratio of i3
to h%3 as h? = —l”ch?. This ratio is limited by B, — T7v;. When h?3 X h%3* is around
—0.29 (—0.12), A“¢ should satisfy 0.07 < A% < 0.57 (0.16 < A% < 0.37) to evade the
B, — tv; bound. In the future, the Belle II experiment could improve the bound and this
range could be reduced to be 0.20 < A% < 0.34 (0.16 < A% < 0.48) if the experimental
central value does not change [103].

h?* also contributes to Cgi as

. h?3 (Vézh?* +Vélhé3*)
\/EGFVQMb m%’z ’

C§h(mq) = G-12

although it is suppressed by Vél. Besides, h? also contributes to dd — 77 and uii — 77T
processes at the LHC as shown in Fig. 5.

#10The one-loop contribution contributes to K — K mixing, but the abound is not so tight since there is no
chirality enhancement as long as h{3 X h?* is small. Furthermore for the correct loop calculation, we need
the UV model and hence we limit ourselves to focus on the tree level phenomenology in this paper. We will
come back to this point in Sec. 4.
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Figure 7. The correlation of prediction is shown as a function of Cgﬁ (up) fixing A*¢ = 0.16 (left),
0.23 (middle) and 0.37 (right). x*(Rp, Rp+), Rp, is shown in black and cyan. BR(B; — 77) x 10°
and BR(B; — 17) x 10* are shown in blue and light green lines. The current exclusion is shown in
each color. The future prospect is shown in dotted line.

In Fig. 6, A“¢ is fixed at A" = 0.16, 0.23,0.37 on the left, middle and right panels,
respectively. To see the prediction to motivate future experiments, the correlation among
2*(Rp,Rp+), Rp,, BR(B; — 77) x 103 and BR(B; — ©7) x 10* is shown in Fig. 7. We see
that in addition to By — 77T, B; — T7 plays an important role in the probe when A%¢ = (0.23
and 0.37. When A*¢ = 0.16 and 0.37, the future Rp, measurement can probe the best fit
point of the model. On the other hand, Rp, is suppressed when A*“ = 0.23, because of the
cancellation mentioned above. We note that that real h:f3 X h%3* is favored by the current
R ) measurement. If h?3 X h?* is also real, we obtain the prediction for Rp, as 0.89 S Rp,,
due to the relative phase between the SM amplitude and V, amplitude. We note that the
collider reach is also mildly extended with the inclusion of non-vanishing /3.

We investigate the phenomenological impact of other couplings. As shown in Tab. 1,
sizable h}3 and h%3* couplings predict the contributions to the leptonic D meson decays:
Dy — TV, corresponding to the category (iv). To study the bounds numerically, we define

BR(Dy; — tV7) ‘ dI?
= = |14 1.47C5 3.13
P4e = BR(Dy = V1 )sm N k| G139
and
BR(D v
D, (Dy = 7Vs) = |1+ 1.72¢8 |7, (3.14)

" BR(D, — V¢ )sm

where BR(D; — ©V;)sm =~ 1.06 x 107 and BR(D; — 1V¢)sm =~ 5.2 x 1072, The nu-
merical estimations are obtained using |V,4| = 0.221 £0.004, |V,s| = 0.975 £+ 0.006 [101],
fp =0.2120£0.007 GeV and fp, = 0.2499 +0.005 GeV [3]. Compared to B, and B, de-
cays, those enhancement factors are small where m.(m.) = 1.27 GeV is used. Cs, 1s given
by Eq. (2.14), and proportional to h}3 X h%3*.

There are experimental results of those decays: BR(Dy — TVi)exp = (1.2040.27) X
10~ and BR(Dy; — TVi)exp = 5.32£0.11% [101]. Furthermore, the BES III experiment

15



reports the recent result [104]: BR(Dy — ©V¢)/BR(Dyg — pvy,) = 3.21(1£0.24) where the
SM prediction is 2.67. When we require C§; to satisfy 0.5 < BR(D; — 7V¢)/BR(Dg —
Tve)sm < 1.5 and 0.95 < BR(D; — 1V¢)/BR(Ds — tVv¢)sm < 1.05, we obtain

—13<ShBxhP <11, —0.46 ShP x h3* < 0.48. (3.15)

Sizable hF’ and h%3 enhances or suppresses B — K (*)VTVT and B — mv;V correspond-
ing to the category (ii). The contributions of the LQ exchange are proportional to h? X h%3*
and h?z’ X h{3*, respectively.”!! The LQ contributions correspond to the vector operators.
It is conventional to define the ratio as Ry, = BR(B — M;vV)/BR(B — M;vV)sm. The
Belle collaboration has provided an upper bound as Ry. < 2.7 and R} < 3.9 at the 90%
CL. [105]. The Belle I could measure the SM prediction with 10% accuracy [103]. Fol-
lowing Ref. [106], those ratios are expressed as

Ry = (1-2ny)e2, RY = (1+xyNyy)€2, (3.16)
where
VIR G Re(cpiey) a1
8V - 9 v = ) .
M M2 +|CR P2

and ky = 1.34 +0.04 with CEM ~ —6.35. Similarly the current upper limit on B — VvV is
approximately given as

Ry < 6000, (3.18)

using the SM prediction of BR(B — 7%vV)sy = (5.4 £0.6) x 1078 [107] and the current
experimental constraint, BR(B” — 7°vV) < 0.9 x 107> at 90% C.L. [101]. Those upper
bounds lead to

—0.27 <hP x b <021, —3.7 <k xhi>* <37 (3.19)

We find that the constraints from B; — 77 and By — 77 lead to —1.8 < h}3 x hl3* < 1.8
and —2.65 < b3 x h3¥* < 2.65.

The bounds on the coupling products are summarized in Tab. 2. We see that there are
several combinations that are allowed to be O(1). Especially, it is not easy to constrain
h? X hP*, h? X h%3* and h%3 X h%3* using tree level processes. In other words h%3 and
hP can be of order 1 while h? and h%3 should be somewhat smaller. We may obtain
strong bounds considering one-loop contributions. Such a higher-order contribution usually
involves extra fields in the loop, so a concrete setup needs to be taken into account.

Finally, we discuss the bound from the collider experiments. When h}3 and h?, that cor-
respond to the couplings involving light quarks, are sizable, our model can be constrained

#11We find that B— K*)7T and B — 777 are less constraining compared to B; — 77 [81]. In fact, the bound
on B — w77 is not available in PDG [101].
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Coupling product bound
hi3 x h33* [-0.28, —0.12]
hy? x b} [—0.02, 0.04]
h3? x h3>* —
h3 x hi3* [—1.8, 1.8]
hi3 x h33* [—0.27, 0.21]
hi3 x h33* [—1.3, 1.1]
h33 x h33* [—0.46, 0.48]
h? % h%3* o
h33 x h33* [—2.65, 2.65]

Table 2. Summary table for the non-LHC bound on the coupling product assuming my, = 2TeV.

by the collider searches further. We study the bounds from the di-7 and mono-7 signatures
at the LHC by repeating the procedure explained in Sec.3.2. As shown in Figs. 5, the t-
channel diagrams given by the exchange of the LQ induce di-7 signatures. Analogously
we have t-channel diagrams contributing to mono-7 signature. Based on Run 2 full data we
derive the upper limit on the coupling at 2¢ as follows :

|h’] <0.55, |hy’| <051, k7| < 1.01, |h3°] <0.93,
h33) < 1.60, |m3%] < 1.66. (3.20)

In this analysis, we turn on the only one coupling assuming that the other couplings are
vanishing. We see that h%32 coupling can be at most 0.5. Also we can set the upper limit
on the least constrained l123 with LHC data. This collider constraint is complementary to
the flavor constraint. We introduce a Yukawa texture, that respects the T number, as an

illustration:"'?
0 0 O(1073) 0 0 —0.23r
KH=~]00 o012 |, W=|loo0o o@ | (3.21)
00 00 0 0 00.1)

4 Summary and discussion

In this paper we studied phenomenology of the model with isodoublet vector LQ, V;. In
light of the recent result of R, the LQ becomes very interesting. x2%(Rp, Rp+) can be

#12We note that hg3 could be sizable as shown in Table 2.
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as small as 3.7 in this model and the minimal coupling scenario predicts that By — 77 is
within the reach of the Run3 LHCb measurement. In the minimal setup, B, — TV: is
deviated from the SM prediction, so that the setup is excluded. This bound can be evaded
by introducing another flavor violating coupling to the large contribution to B, — Tv;. We
conclude that there are setups that are consistent with the experimental results related to the
flavor physics as well as the high-pr signals.

We only discussed the tree-level contributions induced by the V, exchange. The LQ
mass is not large, so it may be necessary to take into account the one-loop corrections in-
volving V,. The study, however, would requires a complete model since the loop diagrams
involve extra fields e.g. extra fermions and scalars in general and the contributions would
not be negligible [108]. It would be challenging to construct a complete model with V,,
since the constraint from the lifetime of proton is very strong and a specific parameter setup
is required to explain the Rj,.) anomaly. The quantum number of V5 is the same as X boson
in the SU(5) GUT. We could, for instance, consider the model where the SU(5) unification
is realized in only one generation: the fields in the other generations are charged under

’SM =SUB3)xSUR)xU(1). The SM gauge symmetry is given by the linear combination
of Gg,, and the subgroups of SU(5). If SU(5)x Gy, breaks down to the SM gauge sym-
metry at the low scale, V, would arise as a massive gauge boson with a light mass. The
couplings of V; with light fermions may be suppressed in such a model, but we need further
detailed study [109].
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