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Abstract We investigate the current LHC bounds on New
Physics (NP) that contributes to B — D®[v for | =
(e, i, ) by considering both leptoquark (LQ) models and
an effective-field-theory (EFT) Hamiltonian. Experimental
analyses from / + missing searches with high pr are applied
to evaluate the NP constraints with respect to the Wilson
coefficients. A novel point of this work is to show differ-
ence between LQs and EFT for the applicable LHC bound.
In particular, we find that the EFT description is not valid
to search for LQs with the mass less than < 10TeV at the
LHC and leads to overestimated bounds. We also discuss
future prospects of high luminosity LHC searches includ-
ing the charge asymmetry of background and signal events.
Finally, a combined summary for the flavor and LHC bounds
is given, and then we see that in several NP scenarios the
LHC constraints are comparable with the flavor ones.

1 Introduction

The flavor studies of the semi-leptonic B decay processes
have been developed these years to test the electroweak sector
of the Standard Model (SM) and also to look for evidence of
New Physics (NP) effects. In particular, the charged current
is described as

Hett = 282G £ VgpCinodel (GTb) (I T, 0), (1

with Csm = 1 and I'#* = y# Py in the SM, where G, V5,
and Pp /g denote the Fermi coupling constant, the Cabibbo—
Kobayashi-Maskawa [1,2] (CKM) matrix element, and chi-
ral projection operators (1Fys)/2, respectively. Throughout
this paper, [ indicates all the charged leptons (I = e, i, 7),
whereas ¢ represents the light charged leptons (£ = e, ).
Then, the NP effect in the Wilson coefficient (WC) Cyp,
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with an arbitrary Lorenz structure I”, can be analyzed from
the B decay observables.

The exclusive processes of B — D¢ and B — mw{b
are used to determine |V,p| and | V|, respectively. In Ref.
[3], the authors extended the fit analysis for the | V.| determi-
nation to include NP effects on the decay distributions with
the help of the updated treatment of the form factors [4].
Then, it turns out that non-zero NP contributions with the
size of Cnp ~ O(%) are possible in the b — c£v current, as
will be shown later. A similar study for b — ufv would be
available in future.

On the other hand, the tau modes B — D™<z¥ are of
particular interest because of the excesses in the experimen-
tal measurements of Rpw = B(B — D™tv)/B(B —
D™ ¢9) compared with the SM predictions. The current mea-
surements are summarized as REDXP:WA = 0.340(27)(13) and

Rg‘f WA _ 0.295(11)(8) while several SM predictions are
reported, e.g., R3M = {0.299(4), 0.297(6), 0.289(4)} and
RIM = {0.258(5), 0.245(4), 0.248(1)}, where the first ones
are from HFLAYV [5] and the latter two are from Ref. [3] based
on two different sets for the form factors. Then, many studies
point out that the excesses can be explained by several types
of NP currents in b — ctv with Cnp ~ O(10%). There also
exists the NP study for b — utv as in Ref. [6], and then the
typical size of the constraint is O(10%) as well.

In light of the above situation, it is natural to ask if we can
access such NP effects of 1—10% order at the large hadron
collider (LHC) searches. In Ref. [7], T 4+ missing searches by
ATLAS [8] and CMS [9] have been applied to put the LHC
bound on Cnp inthe b — ctv current. Then, they found that
the current LHC data constrains NP scenarios addressing the
Rpe excesses. See also Refs. [10-16] for the other studies.
One can think that the ¢ + missing search by ATLAS with
139 fb~—! [17] can probe the LHC bound in b — gfv with
qg = c,u as well.
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In this work, we will obtain the LHC bounds for all the
possible types of the NP currents in b — glv. A novel point
of this work is, however, not only for such a comprehen-
sive analysis, but rather for pointing out difference between
the Effective-Field-Theory (EFT) and actual NP models, as
bellow.

A common outlook on these LHC analyses is that NP
constraints are obtained only from a high pr tail of a SM
background (BG) due to a W resonance. To be precise, the
transverse mass with my ~ 2—3TeV is sensitive to the NP
contributions. In this case, the EFT description is not always
appropriate for actual NP models, whose effect is usually
encoded in Cnp, as will be shown in this work. We will clarify
this point and show that the LHC bound depends on the NP
particle mass in the WC.

For this purpose, we focus on NP models with non-
resonant m7 distribution, namely, leptoquark (LQ) models.
Eventually, we will show that the EFT limit is not applicable
for the LQ particle mass less than O(10) TeV due to angu-
lar and energy dependence of the charged lepton /*, which
might not much be paid attention so far.

Our paper is organized as follows. In Sects. 2 and 3, we
define the model independent NP interactions in b — glv
and the corresponding LQ models, along with the summary
of the current flavor bounds. In Sect. 4, we show the mp
distribution of the cross section, and see how the EFT and
the LQ model differ at the high p7 tail. Then we present
our analysis for the LHC bound on the NP contribution. In
Sect. 5, we compare the flavor and LHC bounds, and indicate
significance of non-EFT constraints. Finally, our summary
and discussion are given in Sect. 6.

2 Effective field theory and flavor bound

In this work, we start with the weak EFT basis Hamiltonian
for the semi-leptonic process b — glv:

Hetr = 232G £ Vo[ (1 + CLD@y" Pb) Ty P
+ CY, @y" Prb) Ay Pvi) + €4 @Prb)IPLv)

+C @PLb)IPLy) + CY G0 PLb) (o, Py v1)]+ he.
(2

Then, the NP contributions are involved in the WCs C;](l
with the SM normalization 242G FVyp. In this work, we
take |V.p| = 0.0410(14) and |V,,| = 0.00382(24) from
PDG2020 [18]. We do not consider the right-handed neutri-
nos.

The B meson decays are described with respect to the
WCs at a low energy scale © = my, while a NP model is set
at a scale u = A. At flavor physics, the EFT limit ¢> <« A?
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is a good approximation for A 2 O(100) GeV. In this case,
the corresponding WC is given as

hih
226 VarCx(4) = Ny 2™ 3)

NP

with a mass of a NP particle Mnp and its couplings to the SM
fermions /1, and one may typically take A = Myp. The
numerical factor Ny depends on the Lorenz structure of the
EFT operator. Then, the WCs at these two scales, Cy (mj) and
Cx(A), are connected by renormalization-group equation
(RGE). In this work we follow Ref. [19] for the formula.

Existing flavor bounds on Cyx(mp) are summarized as
below.

— b — cfv: the comprehensive fit analysis [3] of the semi-
leptonic processes B — D™ £ points to non-zero pre-
ferred values of the WCs for V, and T'. The fit along with
the form factor leads to Cﬁ,ﬁ (mp) = +0.02(1), +0.05(1)
and C%Z (mp) = +0.02(1) depending on the form factor
description. See Ref. [3] for detail.

— b — ctv: the excesses of the R measurements have
been studied with the EFT approach, and it has been indi-
cating the possibility of NP explanations. Based on the
form factor in Ref. [3], we derive updated allowed regions
for C 3‘{ (mp) from the aforementioned latest experimen-
tal results, assuming C )cf (mp) = 0. The fit result for each
NP scenario can be written as Cf,f (mp) = 40.09(3),
Cf,z (mp) = £0.42(7)i, and ReC5F (mp) = +0.15(7)
with ImC%" (my,) to be fixed as +0.19. We will also show
allowed contour plots on the complex plane later (see
Fig. 5) along with the LHC bound. Note that our present
analysis excludes the scalar scenarios S 2. In particular,
the S, solution to the excesses is not consistent with the
condition B(B, — tv) < 30%, extrapolated from the
B lifetime [20].!

— b — utv: there is the NP study for B — mtb
and B — v in Ref. [6]. We update the bounds
as C(‘,IT (mp) = +0.03(15), Cﬁjzf (mp) = 40.02(15),
Cgf/z (mp) = 0.00(4), F0.53(4), and C}'(mp) =
+0.17(25), —0.94(29), which are zero-consistent within
1o, although the latter two have degenerated results.

In addition to them, we also evaluate NP constraints from
B, — fv and B — {v. The former fills missing pieces of
the Cgfz constraints for b — cfv, while the latter gives the
flavor bound for b — ufv, which is not shown above. Note
that these two body decays are not affected by the T operator
because of the Lorenz structure.

1 Asknown well, the S| scenario has no solution to the excesses, which
results in more than 99.8% CL exclusion.
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— The way to derive B(B, — tv) < 30% from the B, life-
time is indeed independent of the lepton flavor. There-
fore, the same condition can be employed to constrain
the NP effect in b — cfv. Given the condition, the elec-
tron mode severely constrains the S7 > contributions as
|C gfz (mp)| < 4 x 1073 due to the chiral enhancement.

Similarly, we have |C§i‘l2 (mp)] < 0.8 from the muon
mode. For both lepton modes, the V; > bounds are very
loose.?

— The branching ratio of B — pv has been measured for
the first time, and the result is given as B(B — pv) =
(6.46 +2.22 4+ 1.60) x 10~7 [21]. Then, we can obtain
C'(,f‘/z = +£0.2(4) and szjz = +3(6) x 1073, F35(6) x
1073, On the other hand, the upper limit of the branching
ratio for B — ev is so far obtained as < 9.8 x 10~/
(90% CL), which can be compared with the SM value,
(9.8£1.4) x 10~!2, Even in this case, the S1,2 scenarios
are restricted as |C§ﬁ2| < 0.02.

With the help of these evaluations, we have the exhaustive
list of the flavor bounds as in Table 1. These existing and
newly evaluated flavor bounds will be compared with the
LHC bounds obtained in this work.

3 EFT realizations: leptoquark models

At collider physics, on the other hand, the EFT description
is not always applicable. It rather depends on details of the
NP model and of the analysis to be used. In this work, we
will test the LQ models to see at which scale the EFT limit
of Eq. (2) becomes a good approximation for the present and
future LHC searches.

The LQ interactions are classified in Ref. [22] with the
general SU(3), x SU(2)p x U(1)y invariant form. In this
work, we leave details of the model constructions, and then
just consider the explicit interactions only relevant for the
present study. In the following subsections, we introduce LQ
interactions that generate each operator in Eq. (2). The SM
gauge representations for the LQ fields are summarized in
Appendix A.

3.1 Vj operator

The V; operator is constructed by the vector leptoquark U’f .
The interaction term of interest is written as

Ly, = hijQ(ﬁiyﬂPij + c?inPLﬁj)U‘f +he., (4)

2 It is obtained as IC%2 (mp)| < O(100). We treat such a case as
“unbound” in this paper.

and then the corresponding WC for b — ¢, £, v, is obtained
as

Jmn h*3n

226GV, Clntr = 4 LLLQ )
1 M2

LQ
for g1 = (u,c) and €123 = (e, i, T) by performing the
Fierz transformation. A similar realization for Cy, is possible
by means of the other LQs of Sy, S3, and Ug‘ as shown in
Ref. [23]. See also Appendix B.

3.2 V, operator

The V; operator is constructed by the scalar leptoquark Rg/ 3,
where 2/3 denotes the electromagnetic charge. The interac-
tion term

Ly, = (g, PLvj + hig,di Pt )RS +he,  (6)
leads to
mn h*3n
226 pVppCln = 422 @
2 2MLQ

Concerning a practical model, we need two SU (2) doublet

5/3 52/3 , 2/3 oi—1/3
LQfieldsRy; = (Ry’” Ry ") andR;, = (R;"" R, ") to con-
struct the SM gauge invariant form, as written in Appendix A.
Since the LHC signature for the current process is unchanged,
we do not consider such a case.

3.3 S operator

The S; operator is constructed by the vector leptoquark U‘f
such that

Ls, = (thlﬁiyﬂPij + hilo, d; yMPRej) U +he., (8)
and we have

208 by
2V2GpVypClntn = -~ EU 12 ©)
M7,

Another realization is given by the Vg LQ [23].

3.4 S and T operators

The S> and T operators are always connected due to property
of the Fierz transformation. They are constructed by the two

scalar leptoquarks ﬁé/ % and S1. Note that for I:VQ index of
the (quark, lepton) pair is flipped as (lepton, quark) in our

@ Springer
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Table 1 Status of applicable flavor bounds. “| < n|” means |Cx| < n
where those for C are the bounds from the theoretical estimates

whereas that for C 267 is obtained from the 90% CL upper limit. The

results with * indicate that there exist another best fit point outside of
Cx ~ 0. The C§* result (**) is given real part by fixing the imaginary
part to be InC77 = £0.19. See the main text for these details

Vi %3 S1 S2 T
cy - 0.02(1) | <4x1073) | <4x1073) 0.02(1)
c - 0.02(1) | <0.8] | <0.8| 0.02(1)
c§f 0.09(3) +0.42(7)i Excluded Excluded 0.15(7)**
cue - - | <0.02] | < 0.02] -
cy 0.2(4) —0.2(4) 3(6)x 1073 —3(6)x 1073~ -
cy 0.03(15) 0.02(15) 0.00(4)* 0.00(4)* 0.17(25)*

notation just for our calculating convenience. The single S
and T terms are respectively realized from

L, = (—hil, b Prds + g, 2 PLug) S

+(%@WPMr—ﬁ@EH¢)ﬁ”+hm (10)
oA
Wlth szququmln — %7 (11)
Miq
and
L1 = (—il{jQI V; PRdl-C + fl{leZJ PLuf) g]
"@&Jﬂ@u+ﬂ@@ﬁ¢)ﬁ”+ho, (12)
hn3* hnm
with 2v/2G V€It = 4 1% (13)
q T 2
4My,

where u¢ and d¢ denote charge conjugated quarks. Again, a

practical model requires the SU (2) doublet LQ field Ry, =
(R5/3 2/3)'

3.5 Mass scale restriction

The LQ searches have been given by the QCD pair production
and the single production channels with subsequent decays
into a pair of quark and lepton. Then the recent studies [24—
26] obtain the lower limit on the LQ mass as ~ 1.5 TeV by
assuming 100% branching ratio for the subsequent decay.

On the other hand, the present high p7 searches with the
! + missing events can access a larger LQ mass region since
LQs produce non-resonant signals in this case.

Once Cy, at any scale, is given from flavor observables
and/or LHC studies, the corresponding LQ mass is restricted
as long as the LQ coupling is set not too large for perturbation
theory [27]. In Fig. 1, we plot the relation between Cx(A)
and Mnp of Eq. (3). The numerical factor Ny is fixed as
explained in the legend. The Lorenz structures correspond
to Ng;, = 2; Ny,.5, = 1; Ny, = 1/2; and Ny = 1/4 for

@ Springer
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(b= clv] mye (TeV> Myp (TeV)

Fig. 1 Relations between the LQ mass and the WC at the NP scale by
fixing the LQ coupling

the present LQ models. Then, one can check the accessible
LQ mass from the plot. For instance, |CCI(A)| ~ 0(0.01) is
produced with M1 q < 10TeV for hig S 1inb — clv. The
mass could be Mg ~ 50TeV at maximum if we allow the
coupling as large as ;g = 4.

4 Collider study

Atthe LHC, the EFT operators of Eq. (2) contribute to pp —
I* 4 missing from b — [~v and bg — [tv for g =
u, c. The SM contribution is dominantly given by the W+
exchange and generates a resonant structure at My + in the
distribution for the transverse mass

my = \J2ph EFS (1L — cos ¢), (14)
where ¢y, is the azimuthal angle between / and the missing
momentum. On the other hand, the present NP effects are off
resonant and widely spread in the mr distribution. Thus one
can expect that a tail of the resonance, namely a larger mr
range, is sensitive to the NP effect.

4.1 EFT limit

To see NP effects on signal event distributions, here we show
analytic forms of the parton-level cross sections for bc —
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e~ v in the LQ models, and then see the EFT limit of the
models. Defining the four momenta as

pl=E(1,0,0,1), (15)
pl = E(1,0,0, 1), (16)
p! = E(1,sin0, 0, cos ), (17)
plt=E(, —sin6,0, —cosh), (18)
we obtain

dox 1 |MxP
dcos® 31287 E?’

19)

with the spin averaged sum of the squared matrix element,
namely | Mx 2 (JT Zspin is abbreviated), written as

IMEQR = 4 (P Lk 2 E*CA(1 — cos6)2, (20)
MV = (hEh hii ) E*C2 (1 + cos6)?, @1)
M2 = 16 (hh, hil ) E*C2, 22)

|M]§S/T|2 = (i’ingli%gl)zE4 [6,2(1 + cos6)?

+C2(1 — c0s0)? £ 26, Cu(1 — cos? 9)] ,

(23)
where C; and C,, involve the LQ propagator written as
A -1
¢ = [2B2(1 +cos0) + M| (24)
A 2 2 17!
Cu = [25 (1 —cos) + MNP] . (25)

At the EFT limit, the angular and energy dependence of the
propagator is suppressed such that C, ~ C,, >~ 1/ MI%P, and
thus we have

(h21 h3l*)2

My = 4 — 22 B4 (1 = cos ), (26)
LQ
(h21 h3l* )2
IMEQ2 ~ TR LT pay 4 60)2, 27)
\%) 4
MLQ
(h21 h31*)2
IMEQ2 ~ 16 —LQLQ e (28)
S1 4
MLQ
(;112* ﬁl3 )2
|./\/1LQ|2 ~ 4 ME“’ (29)
S2 M4
LQ
(}312* }313 )2
|MLQ|2 ~ 4 ME“ C082 g. (30)
T M
LQ

We can see that the relations of Egs. (5), (7), (9), (11), (13)
are achieved in this limit.

The parton energy E fluctuates in the proton, and thus it
is distributed as 0 < E < /s/2. The energy distribution is
weighted with Parton Distribution Function (PDF) according
to which b and ¢ quarks tend to have low energy. Namely,
the distribution in a high energy range is suppressed, and
hence the EFT limit is a good approximation even for Mxp <
O(1) TeV as long as the total cross section is concerned.

However, this is not the case for our analysis. For the
present process, the NP sensitivity is gained at large pr due
to the large SM background at lower pr. In other words,
the LHC bound for NP is provided from the signal event
distribution with high pr, which arises from the high energy
parton at the cost of the PDF suppression. To be precise,
mr ~ 2—3TeV(~ E) is the most sensitive for the present
case. Therefore, the EFT limit E2 « MI%IP should be valid
only for Mnp > O(10) TeV.

IfE*> < MI%P is in the case, the angular and energy depen-
dence in the propagator C; and C, is of critical importance
since it affects the m distribution, as will be seen below.

4.2 Numerical analysis

Here we perform numerical analyses to obtain constraints on
the WCs from the pp — [* 4 missing searches at the 13 TeV
LHC by means of the aforementioned LQ models described
in Sect. 3. In this work, we apply numerical setup of the £v
and tv searches by ATLAS [17] and CMS [9], respectively.

4.2.1 Simulation setup

We generate 100K signal events for every LQ mass Mg =
2,3,5,7.5, 10, 20, and 100 TeV in each model, by using
Madgraphb5 [28] with NNPDF2 . 3 [29] through PYTHIAS
[30] within the five flavor scheme. These generated events are
interfaced to DELPHES3 [31] for the fast detector simulation.
Then, we apply the following sets of the selection cuts. For
the £ = e, u modes, we require ny = 1, pr¢ > 65 GeV,
[n¢] > 2.5, and B > 55 GeV (u mode), 65 GeV (e mode)
following the ATLAS search with 139 fb~! at 13 TeV as
in Ref. [17]. Regarding the T mode, we require exactly one
hadronically decaying tau, n;, = 1, with pr > 80 GeV
and |n;| < 2.1, no isolated e or u, Er > 200 GeV, 0.7 <
pr.o/Br < 1.3, and |A¢(pc, E1)| > 2.4, following the
CMS search with 35.9 fb—! at 13 TeV as in Ref. [9].

Figure 2 shows the m7 distributions of pp — e® +
missing for the tensor type NP in the bu — ev mode by
fixing C7¢(ArLnc) = 1, but with different values of My q as
an illustration. One can see that the distributions converge at
the low m7 region, which implies that the EFT limit is valid
as it is for the flavor phenomenology. On the other hand, the
discrepancy among them at the high mr region is signifi-
cant. When the WC is fixed, the more events are expected

@ Springer
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05

Events [/fb"/bin]

L L el
2x10? 10°

2x10°
my [GeV]

Fig. 2 The simulated m7 distributions of pp — e* + missing for the
tensor type NP in the bu — ev mode with M1 o = 2,3,5,7.5, 10, 20
and 100 TeV by fixing C}¢(ALuc) = 1

as My q increases, which is because the relative importance
of the energy dependent terms in the ¢ /u-channel propaga-
tors in Eqs. (24) and (25) is larger for the same mr value.
Similar tendencies are observed for all the type of opera-
tors, and also for the bc — [v cases. Regarding the bc — v
cases, however, the size of the discrepancy among the masses
are relatively small, since the initial parton contributing to
those processes is less energetic c-parton than u-parton. Nev-
ertheless, it generates a significant difference in the LHC
bound.

4.2.2 LHC bound on Cx (Arpc)

After the event selection cuts, we obtain the myp distri-
butions and extract the constraints on the WCs based on
them. For the e, u modes, we use the 95% confidence level
(CL) upper bounds on the model independent NP contri-
butions of m7 > mr min, provided in Table 4 and Table 5
of Ref. [17]. We take the mr pin threshold value providing
the strongest constraint for each model. Note that for the
electron mode, a deficit of the events in the tale region is
observed, which results in stronger constraints than expected.
For the T mode, we perform the same analysis based on
the background mr distribution in Ref. [9]. To be conser-
vative, we assigned a 30-50% systematic uncertainty for
MT min = 1.5—3 TeV.

Then, an excluded upper limit on the LQ coupling(s)
hLQ([.) is derived for every Mpq. Finally, we translate it
into Cx(Aprgc). In this work, we fix the LHC scale to be
Argc = 1TeV for simplicity. Note that we found that the
present data is sensitive to the considering NP signal events
in the region of my ~ 2—3TeV.

InFig. 3, we show the upper bounds on C)q(l (Aruc) at95%
CL with respect to the fixed Mp for all the combinations of

@ Springer

X =W,V 58,8, T),qg =(,u),and ! = (e, u, 7). One
can clearly see that our results of the LHC bounds depend on
the LQ mass for the region of Mg < 10TeV, while not for
the larger LQ mass, as expected. In particular, the lower LQ
mass results in the milder LHC bound on the WCs,? which
is straightforwardly inferred from Fig. 2. We also found that
the mass dependence for the 7' type NP is more significant
than one for the other types of NP. This is a non-trivial feature
from the angular dependence as in Eq. (23).

One also finds that the EFT results (Mg > 10TeV) are
independent of the chirality of the fermions, and only sen-
sitive to the Lorentz structure. However, this does not hold
when the EFT limit is not valid. This is because that the
angular and energy dependence in the propagator ¢ tu Of
Egs. (20)—(23) affects the mr distribution.

One may be interested in the LQ scenario with respect
to the single R, S) LQ particle that generates the rela-
tion Cs, = +4Cr (Cs, = —4Cr) at the LQ scale in the
EFT limit. Indeed, the differential cross section for the l~22
(S1) scenario is easily derived from Eq. (23) by replacing
C u (é +) — 0. Then, we can see that the expression coincides
with Eq. (21) of the V; operator (Eq. (20) of Vj) by scaling
the factor 1 (4) at the EFT limit. Thus, the LHC bounds of
these two scenarios, for the e and © modes, can be read off
from those of Cy, and Cy, in Fig. 3. For the t mode, on the
other hand, the t;/tg difference in the effective operators
for Cy,, and Cs, = +4Cr affects the analysis due to the
T decay property at the LHC [37]. We will see this point in
Sect. 5.

4.3 Future prospects

In turn, we discuss future sensitivities for the NP searches
from pp — I* 4 missing at the high luminosity (HL)-LHC
with 3 ab~! data. Re-scaling the BG information which is
used to derive the current bounds including the BG uncer-
tainties, we can obtain the prospect of the HL-LHC bounds
on the WCs in Table 2 denoted as “(w/sys)”. In the table,
the results for the (2—100 TeV) mass of the LQ particle are
summarized. Since the BG uncertainty in the tail region is
significant, we also show the optimistic cases that only the
statistic error is taken and the theory uncertainty is controlled
(negligible) in future, which is given in “(no sys)” rows.
Furthermore, since the SM background at the tail of the
mr distribution is dominated by the W=-contribution [9, 17],
we test S/ B improvement by selecting [~ events as explained
below. Since the luminosity functions for ud and di are not
identical but the ratio is L (ud) /L(dui) 2 4 above 2 TeV, the
[T events are more observed than [~ in the SM. Thus, the ratio

3 For the NP models with a s-channel mediator, e.g. a charged scalar
or vector boson, the EFT description usually gives weaker bounds at
the LHC, which is opposite to the present case.
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Fig. 3 The 95% CL upper bounds on C;Z(I(ALHC) obtained from the ¢v and tv search data by ATLAS [17] and CMS [9], respectively, where we

fix Apgyc = 1 TeV

for the [T /I~ events would be expected as Nj+/N;— = 4 in
the tail region for the BG contribution. On the other hand, no
charge asymmetry is expected between the cb and b¢ cases,
namely L(cb)/L(b¢) ~ 1. Therefore, selecting only the [~
events would improve the significance for the b — clv pro-
cess. The results by selecting /™ events are given in the “(sys,
[7)” rows, where we assume the BG contributions reduced
to 1/4 and the S/B factor would be improved about twice.
It turned out that selecting only the [~ events can potentially
improve the sensitivity to ng by 30—40% as seen in the
table. We have also checked that the effect of the selecting /™
events with the no BG systematic uncertainty. The results are
slightly improved but almost the same numbers in the “(no
sys)” rows are obtained, thus, not shown in the table. The
reason is that in principle the selection cut does not improve
S/+/B and neither does the resulting sensitivity, if already the
BG uncertainty is well controlled. In other words, the S/B

improvement by the selection cut minimizes the effect of the
BG uncertainty. For the case of the b — ulv process, the
signal charge asymmetry turns out to be larger than that for
the SM BG due to the large ratio of L(uE)/L(IZb). Hence,
selecting [T is efficient for this case, but the improvement
would be limited.

In any case, we think that the charge asymmetry defined
as A; = (Nj+ — N;i-)/(Nj+ + N;-) would be useful for a
more dedicated study in (m7, A;) distribution.

If the systematic error is well controlled, the mr bin with
a large number of events will determine the bounds, and thus
the smaller m ¢ bin will become more relevant. On the other
hand, when the systematic error is large, the bins closer to
the tail will be more effective to set the bounds, since the
background number of events should be non-negative. We
found that the m7 min value providing the strongest bound
lies in 2-3 TeV even for the HL-LHC. Therefore, the mass

@ Springer
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Table 2 Summary of the current LHC bounds with 139 fb=!/35.9 fb~! for the £/7 modes, and the future HL-LHC potential with 3 ab~!, for the
LQ cases of the (2 TeV—100 TeV) masses. Note that the latter case corresponds to the EFT limit. See the main text for the detail

N S Vi 1% T

C¥ (ALHC)

Current 0.30-0.20 0.33-0.20 0.25-0.18 0.30-0.18 0.32-0.13
Exp (w/sys) 0.35-0.21 0.37-0.21 0.29-0.19 0.35-0.19 0.37-0.15
Exp (w/sys, [7) 0.26-0.16 0.27-0.16 0.21-0.14 0.26-0.14 0.26-0.11
Exp (no sys) 0.12-0.09 0.13-0.09 0.10-0.08 0.12-0.08 0.11-0.05
CY (ALuo)

Current 0.41-0.27 0.45-0.28 0.34-0.25 0.42-0.25 0.35-0.18
Exp (w/sys) 0.34-0.22 0.37-0.22 0.28-0.20 0.34-0.20 0.32-0.14
Exp (w/sys, [7) 0.24-0.16 0.26-0.17 0.20-0.15 0.25-0.15 0.23-0.10
Exp (no sys) 0.10-0.08 0.11-0.08 0.09-0.07 0.11-0.07 0.10-0.05
C{ (ALne)

Current 0.45-0.32 0.47-0.32 0.42-0.32 0.51-0.33 0.42-0.20
Exp (w/sys) 0.41-0.20 0.43-0.22 0.38-0.19 0.48-0.25 0.48-0.15
Exp (w/sys, [7) 0.30-0.18 0.32-0.18 0.28-0.18 0.35-0.19 0.35-0.12
Exp (no sys) 0.13-0.10 0.13-0.10 0.12-0.10 0.14-0.10 0.09-0.06
C¥ (ALnc)

Current 0.72-0.37 0.77-0.35 0.59-0.34 0.75-0.34 0.77-0.23
Exp (w/sys) 0.78-0.38 0.84-0.37 0.66-0.36 0.82-0.35 0.91-0.25
Exp (no sys) 0.33-0.20 0.36-0.20 0.27-0.19 0.34-0.19 0.29-0.12
CY' (ALmc)

Current 0.99-0.58 1.07-0.57 0.83-0.54 1.04-0.53 0.95-0.35
Exp (w/sys) 0.81-0.45 0.86-0.44 0.67-0.42 0.84-0.41 0.83-0.27
Exp (no sys) 0.27-0.18 0.29-0.18 0.22-0.17 0.28-0.17 0.25-0.11
CY¥ (ALnc)

Current 1.17-0.65 1.27-0.66 1.08-0.72 1.39-0.70 1.09-0.41
Exp (w/sys) 0.88-0.31 0.95-0.30 0.87-0.35 1.05-0.34 1.15-0.22
Exp (no sys) 0.36-0.23 0.39-0.23 0.33-0.24 0.42-0.24 0.29-0.14

dependence will remain important, as long as the systematic
error is non-negligible.

The detailed statistical analysis procedures for the future
prospects are as follows. For each threshold bin i, we compute
the value of S?5 based on the Poisson distribution satisfying
the following criteria.

50
/ dB; f(B)P(S® + B, Ni.ng) = 0.05, 31)
0

where P (S, N) is the probability to observe N or less based
on Poisson distribution of S, and f(B;) is the probability
distribution of B;, the BG contribution for the threshold bin
i, and taken as the Gaussian distribution with B? and AB;
restricted to be in the range of 0 < B; < B? , where the

. B
normalization is taken as [, dB; f(B;) = 1. We take the
observed number N; p¢ in future as the most frequent value

@ Springer

based on the BG distribution. Based on the above procedure,
the corresponding upper bound Cy at 95% CL for the each
threshold bin 7 is obtained. The minimum value among i is
taken as the 95% CL upper bound of Cx.

Another possibility for future NP searches is to utilize
the pseudo rapidity distribution. We discuss it at length in
Appendix B.

5 Combined constraints on Cy (mp)

Here we summarize all the constraints on the WCs at the low
energy scale i = my, both from the LHC and flavor bounds
evaluated in this work.

The RGE running effect of Cx from Apgc = 1 TeV to
mp = 4.2 GeV is numerically presented as
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Fig. 4 Summary of the flavor and LHC bounds of the WCs at u = m;,
along with the future prospects at the HL-LHC with 3 ab~! from Table 2.
Unless the flavor bound indicates a favored direction on the complex

Cy, (mp) 10 0 0 0 Cy, (ALHC)
Cy, (mp) 01 0 0 0 Cvy, (ALHC)
Cs;(mp) | 100171 O 0 Cs,(ArLno) |,
Cs,(mp) 00 0 1.71 —-0.27 Cs, (ALHC)
Cr(mp) 00 0 0 0.84 Cr(ALHC)

(32)

independent of the (¢/) index by following the formula
in Ref. [19], (see, also Refs. [32-34]). Hence, the LHC
bounds of C;,([ (mp) are easily obtained by rescaling our
results in Fig. 3. The S>-7 mixing propagates Cs, (ALHC)
and Cr (ALgc) to Cs, (mp).

Regarding the flavor bounds, we derived the updated val-
ues as written in Sect. 2 with the use of the recent experi-
mental data and theoretical input [5,18,35].

In Fig. 4, we show the LHC and flavor bounds on C;l (mp)
forq = (¢, u) andl = (e, i, ). The LHC bounds at 95% CL
for the EFT (valid for M1 g > 10 TeV) and the Mg = 2TeV

plane, the WC is taken as real. Note that the prospect for Re C$* can-
not be drawn since the assumption Im C$¥ = 0.19 already exceeds the
result

LQs are displayed in blue and cyan, respectively. Regarding
the flavor bounds, the WC constraints from the semi-leptonic
and leptonic processes are given in red and yellow, respec-
tively. The WCs are taken as real unless there exists a specific
direction on the complex plane of the WC, favored by the fla-
vor bound such as C;; (mp) and C5" (mp). Note that the “fit
results” (best point with 1o uncertainty) are distinguished
from the “upper limit” in the figure. Comments are written
as follows.

— b — clv:the NP effect on this process is significant since
the |V.p| measurement is probed from the distribution
data of the process. According to the previous analysis
in Ref. [3], non-zero NP contributions of C “",‘;T(mb) are
possible at 1-2¢ significance as shown in the figure. The
scalar scenarios for the electron mode are very restricted
from the requirement of B(B, — ev) < 30% while
those for muon mode are less constrained. The present

@ Springer
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Fig. 5 The Rp favored region (red: l1o/light-red: 20) on the com-
plex plane of C{’ superimposing the LHC bounds at 95% CL for the
EFT, 2TeV LQ, and future prospects shown in blue, cyan, and gray,

LHC bounds generally look milder than the flavor ones.
However, we can see that the results for C5°, C ;M , and
C;‘lfz are well competitive.

— b — ctv:the current R ) excesses are explained by the
Vi, Vo, and T scenarios as shown in the red bars, and the
LHC bounds are very comparable to these flavor-favored
regions. Our constraints in the EFT limit are weaker than
that of Ref. [7] but consistent with Ref. [16]. Then, it
is quite significant whether the EFT limit is applicable
or not to the corresponding LQ model. In particular, we
found that the V> and T solutions to the excesses are
almost excluded by the LHC bounds in the EFT limits
whereas these scenarios are still allowed in the LQ models
with Mg = 2TeV. For the scalar scenarios, see Sect. 2.

— b — ulv: At present, the flavor bound is available only
from B — {v. For both the electron and muon modes,
the scalar scenarios with |C ’gﬂ < 0(0.01) are allowed
from the flavor bound, which is much severer than the
LHC bound. Regarding the vector scenarios, on the other
hand, the flavor and LHC bounds are comparable for the
muon mode. Note that the other NP scenarios, C %z,T and

C;’L , are more constrained from our LHC study than the
leptonic processes. See also Ref. [36]. A comprehensive

@ Springer

respectively. The left/middle/right panel is for the Vi/V,/T scenario
(upper), while the left/middle for the single S;/R> scenario and right
for their LHC bounds (lower)

fit analysis for B — (7, p, a;)£v in the presence of the
NP effects for the flavor bound would be our future work.

— b — wutv: the LHC bounds are loose, naively given
as |Cy (mp)| < O(1). Nevertheless, the LHC bound
is already significant for the tensor scenario, which
excludes a part of the allowed regions from the flavor
bound. We can also confirm importance of the non-EFT
case as well as the other currents.

We also present the maximum reaches at the HL-LHC in the
“no sys” scenario of Table 2 for comparison. As seen, we
clarified the significance of the HL-LHC sensitivity for the
NP scenarios. For instance, the V, and T solutions to the
current R excesses can be excluded.

We note that the mass of the NP model, namely LQ for the
present case, is theoretically restricted apart from the above
bounds. For instance, once we employ the unitarity bound for
NP in b — ctv to explain the Rp) excesses, the NP mass
is restricted as < 9TeV [27].% If this is the case, the EFT
description is no longer appropriate for the LHC analysis with
the high pr tail, but it provides the overestimated bound. To
be precise, the EFTs with V; 2 and S > types give > 30% (~
10%) severer LHC bounds than the corresponding LQ cases

4 A loose restriction is obtained from Fig. 1.
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with mpg ~ 2 (5) TeV. As for the T type, the EFT —2TeV
LQ difference is much larger as seen in Fig. 4. Therefore,
our non-EFT study is of critical importance and useful for
practical NP scenarios with a NP mediator mass of O(1) TeV.

Lastly, in Fig. 5, we provide the favored regions on the
complex plane of C$¥ (m,,) to explain the R excesses and
compare it with the current and prospect LHC bounds. The
single R, and S| scenarios are also presented here since they
also have the solution. Note that the ratio Cs,/Cr at the
myp, scale varies for the different LQ mass, which affects the
allowed region.5 One finds that the ﬁz solution is almost
excluded by the LHC bound for the EFT case whereas it
is still viable for My g 2 2TeV. For both cases, the HL-
LHC could test this scenario. We can also see that the LHC
bound for the l~22 (§1) scenario in terms of Cr is a bit severer
than what is translated from that for the V, (V) operator
by Cv,,, — 4Cr (unlike the e and u cases, mentioned in
Sect. 4.2.2). This is due to the fact [37] that the fraction of
Tg to the visible t decay is larger than that of 77 at the LHC.
Thus, by determining the t polarization we can distinguish
a model that forms the V, (V1) operator from ﬁg (§1) that
generates S>-T', although these two have (almost) the same
2 to 2 scattering kinematics. A similar feature can be seen
in measuring the 7 polarization of B — D™t at Belle II,
which could distinguish the type of LQ responsible for the
R p) excesses, see, e.g., Ref. [19].

We can conclude that one could discover the NP signal
even for a heavier LQ mass of ~ O(10) TeV, if the Ry
excesses are truly caused by the NP contribution. Otherwise,
these NP scenarios will be excluded.

6 Summary and discussion

With the help of the recent development for the B — D®)
form factors, the flavor fit analysis for the |V, | determination
has indicated possibilities of the non-zero NP contributions
to the b — cfv current. On the other hand, the experimental
excesses for the R measurements have been implying an
indirect NP evidence inthe b — ctv current. A similar study
regarding the b — ulv current also obtains upper limits on
the NP effects. These situations naturally attract us to direct
searches at the LHC.

In this paper, we have considered both the Effective-Field-
Theory description and the leptoquark models for all the
types of the NP currents in b — glv for ¢ = (c,u) and
| = (e, 1, 1), and then obtained the comprehensive flavor
and LHC bounds with respect to the Wilson coefficients C;f(l
defined as in Eq. (2).

The /* + missing searches have been applied for this pur-
pose, where the high pr tail of the SM background can be

5 For the present cases, Cs, (mp)/Cr(mp) =~ {38.2,10.2} for ﬁz with
Myiq = {2,100} TeV, while >~ {—8.7, —11.2} for Sj.

used to obtain the NP constraints. A significant point is that
the EFT description is not always valid to constrain the actual
NP models from the present LHC searches, since the NP
sensitivity is gained from the transverse mass distribution at
mr ~ 2—3TeV, and therefore the EFT limit breaks down
for the NP mass to be the same order of the m7 bin. We have
shown the clear mass dependence of the m7 distribution in
the LQ model for the fixed WC as in Fig. 2.

Our investigation is based on the ATLAS [17] and CMS
[9] analyses for ! = (e, ) and [ = t, respectively. The LHC
bounds of our results are summarized in Fig. 3 and Table 2.
Then, we have seen the LQ mass dependence on the LHC
bounds. Furthermore, we have confirmed that the EFT limit
is a good approximation for My g 2 10 TeV, while the vector
and scalar type EFTs provide > 30% (~ 10%) overestimated
bounds for the smaller mass of ~ 2(5) TeV. Regarding the
tensor type, the difference is much larger such as > 60%.

We have also evaluated potential of the /* + missing
searches at the HL-LHC with 3 ab—!, and then obtained the
future projections of the HL-LHC sensitivity. Then we found
that selecting only the /™ events can potentially improve the
sensitivity to C ;l by 30-40%. We conclude that the max-
imum reaches for the WC sensitivity at the HL-LHC are
|C§(l| ~ 0.1 and |C)”(l| ~ 0.1-0.3 mostly independent of the
lepton flavor (I = e, i, T) and of the type of the NP operators
(X =V1, V2,81, 8, 7).

Finally, we put the combined summary for the LHC and
flavor bounds on the WCs at the low energy scale i = my
in Figs. 4 and 5. For some cases, one finds that the current
LHC bounds are comparable with the flavor bounds. Here,
we would like to stress again that the LHC bounds for the
LQ models become milder in the case M g < 10TeV than
those for the EFT, which is quite significant for some of
the LQ scenarios when comparing it with the flavor bounds.
In particular, the V>, T, and ﬁz—LQ (that generates the S»-
T mixed operators) type solutions to the R excesses are
almost excluded by the LHC bounds in the EFT limits (which
was first pointed out in Ref. [7]) whereas they are still allowed
in the LQ models with My g 2 2 TeV. This is the remarkable
point of our work.

Note that the V) type NP effects for e and p can be
absorbed by scaling V5 by (1+C ?,f) since the measurements
of these processes determine the CKM elements. Thus, it is
usually hard to probe their constraints from the flavor observ-
ables. On the other hand, the unambiguous bound on C“i,f is
obtained at the LHC, thanks to the distinct m7 distribution.

We would like to propose some idea for further improve-
ments on the /T + missing searches as closing remarks. A
more dedicated analysis including an additional b-tagging
in the pp — blv mode along with the LQ mass depen-
dence could be effective for the NP study. Studying multi
dimensional signal distribution in terms of (mr, A¢, n) could
enhance the NP sensitivity. Therefore, we would encourage
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both the experimental groups to provide the (mr, n) distri-
butions for each charge separately.
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Appendix A: LQ interactions and representations

Here we put a short summary for the LQ models that can
contribute to b — glv. The SUB3), x SUR)r x U(l)y
invariant form of the LQ interaction relevant for the present
process is written as

Uy QLyLiu¥, djyrelut, (33)
Us: Qioly,LiUl, (34)
Vo dElyu (L iV, (0% -ioaVEYy,th, (35)
Si: Q%ioaL) Sy, @'}y, (36)
S;: 0%.ioaa'L] S} (37)
Ry : i(L]-i02Rs), (O -Ro)th. (38)
R, : di(L)-ioaRb), (39)

where the quantum numbers are assigned as in Table 3. The
SU(2)1, doublet fields V,, Ry, and R’2 are defined as

5/3 12/3 4/3
Ry = %/3 . Ry = _21/3 , Vo= %/3 ’ (40)
Ry R, Vi
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Table3 Quantum numbers of the LQs with SU (3). x SU(2); xU (1)y
invariant forms

Sy S3 Vo Ry R} Uy Us
Spin 0 0 1 0 0 1 1
F=3B+1L -2 -2 -2 0 0 0 0
SU@A3). 3* 3* 3* 3 3 3 3
SUQ2) L 1 3 2 2 2 1 3

U(Dy=o-1; 1/3 1/3 5/6 7/6 1/6 2/3 2/3

by indicating the electric charges for the two components.
Given the above forms, we can extract the explicit interaction
terms forb — glv as shown in the main text. As for S; and R,
that generate C, and C7, we have redefined the LQ fields by
taking its conjugate (just for our comgutation convenience).
Note also that we have identified R/2 /3 with Ré/ 3 in order
to obtain Cy, of Eq. (7). In a proper UV theory, however,
a R/22/ 3 -Ri/ 3 mixing structure should be inevitable, which is
beyond the scope of this work.

Appendix B: Angular distribution

In this appendix, we discuss potential of the angular distri-
bution for the NP search from the / 4+ missing process.

At first, a clear picture can be seen in the angular distri-
bution of the observed lepton at the rest frame of the (/v)
pair as introduced in Sect. 4.1. For instance, the left panel of
Fig. 6 shows the cos 6 distribution of pp — e + missing
for NP in bu — ev, where 0 is always defined as the angle
between e~ and ¢ (e* and q) for ¢ = u, c. Then, we see
that the NP operator types are distinguishable. It is obvious,
however, that such an angle is not directly accessible at the
LHC. Note that the cos 6 distribution is not symmetric even
for the intrinsically symmetric ones (51, Sz, T') since the n
cut rejects a signal event with cos 6 ~ 1.

o
w

<
¥}
T

Ce=1

Events [/fb'/bin]
<
Events [/fb'/bin]
<

m21 TeV|

0.5F
0.1

=
(=l

1 0 1 =5 0 5
cos 6, n,

Fig. 6 (Left) Thecos 0 distributions for NPsinthe bu — ev mode with
Myp = 100TeV (Cx = 1). (Right) The corresponding 7, distributions
with the additional cut of my > 1TeV
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Since the angle information is partially encoded in

the measurable pseudo rapidity n, we also show the 7n-
distribution in the right panel of Fig. 6. As a result, the NP
effects are degenerate, but we can still say that it is partially
distinguishable. For instance, we can access the difference
between V| and V. The difference stems from the fact that

Uu-

parton is more energetic than b-parton while the i and b

partons are less energetic. In the bc — [v case, such clear
differences are not observed since both (¢, b) and (¢, b) are
less energetic. Note that, for the above evaluation, all the set
of the selection cuts and m7 > 1 TeV are applied.
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