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We investigate the crossing-symmetry relation between b — ¢z~ U decay and b¢ — 770 scattering to
derive direct correlations of new physics in semitauonic B-meson decays and the mono-tau signature at the
LHC (pp — 7,X + MET). Using an exhaustive set of effective operators and heavy mediators we find that
the current ATLAS and CMS data constrain scenarios addressing anomalies in B decays. Pure tensor
solutions, completed by leptoquark, and right-handed solutions, completed by W} or leptoquark, are
challenged by our analysis. Furthermore, the sensitivity that will be achieved in the high-luminosity phase
of the LHC will probe all the possible scenarios that explain the anomalies. Finally, we note that the LHC is
also competitive in the b — u transitions and bounds in some cases are currently better than those from B

decays.
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Introduction.—Branching fractions of semitauonic B-
meson decays, measured through the ratios R, = I'(B —
D¥ww)/T(B - DW¢v) (with £ = e or p), appear to be
enhanced with respect to the standard model (SM) by
roughly thirty percent, with a global significance of ~4¢
[1-11]. If this is due to new physics (NP), its mass scale is
expected to be not far above the TeV scale (see, e.g., [12]).
The most immediate question is whether such NP is already
ruled out by the existing high-p; searches and, if not, what
the road map is for its direct discovery.

From a bottom-up perspective the NP interpretation of
the R, anomalies involves two different aspects, (i) new
dynamics (i.e., degrees of freedom), and (ii) the flavor
structure. Both aspects are relevant when it comes to
identifying correlated effects in other observables such
as weak hadron or 7 decays, electroweak precision observ-
ables, and high-p; LHC signatures (see, e.g., [13]).

The Lorentz structure of the effective operators that
describe the effects of the hypothesized heavy mediators at
low energies can be discriminated by using » — czv decay
data alone [14-24]. On the other hand, most flavor data are
consistent with the SM, which suggests that such NP must
couple mainly to the third generation of quarks and leptons
[13,25-32]. However, in general, and without the guidance
of a theory of flavor, models addressing the anomalies have
some freedom in the way they implement couplings in

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP’.

0031-9007/19/122(13)/131803(7)

131803-1

flavor space. All this complicates defining conclusive tests
in other weak hadron decays or clear direct-search strat-
egies at the LHC.

The aim of this Letter is to discuss and explore in detail
the phenomenology of a collider signature that should be
produced at the LHC by any model addressing the R
anomalies with new heavy mediators. The main idea,
illustrated in Fig. 1, is that regardless of the Lorentz and
flavor structure of the NP, crossing symmetry univocally
connects the b — ¢z~ decay and the b¢ — 7~ v scattering
processes [14,33-36]. As we demonstrate below, the
analysis of pp — vX at the LHC already excludes broad
classes of models addressing the anomalies and provides a
“no-lose theorem” for the direct discovery of NP at the
LHC, in case the R anomalies were confirmed in the
future. Furthermore, these searches simultaneously con-
strain operators involving semitauonic b — u transitions
with bounds that are currently competitive, or even better,
than those obtained in B decays.

Effective field theory.—We start with an effective field
theory (EFT) of NP in semitauonic b — u; transitions (with
u; up or charm quarks) valid at energies ~O(m,,) [37,38],
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FIG. 1. [Illustration of the complementarity in b — ctv tran-
sitions as measured in B-meson decays and inclusive production
of 7+ MET of high-p; LHC.
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where subindices label quark flavor in the mass basis, V;
are the Cabibbo-Kobayashi-Maskawa (CKM) matrix ele-
ments, P; p are the chiral projectors, 6** = i/2[y*, y*], and
we have used v = 246 GeV as the electroweak symmetry
breaking (EWSB) scale. With this normalization, the
Wilson coefficients (WCs) scale as ep ~ v>/A?, where A
is the characteristic scale of NP [39]. Light right-handed
neutrinos can be added to Eq. (1) with the replacements
P; — Py in the leptonic currents and e — € in labeling
the WCs. None of these operators interfere with the SM for
vanishing neutrino masses.

In order to connect this EFT to NP with a typical scale
A > v, one needs to switch first to another EFT that is
invariant under SU(2), x U(1), and is built using the full
field content of the SM [40,41]. Without specifying the flavor
structure, we focus on the collider signature that stems
exclusively from four-fermion operators giving ¢bzv in the
fermion mass basis, which are the ones directly linked to
R . Finally, when connecting the values of the WCs at =
m,, to those at y = A, one needs to account for the rescaling
and mixing effects induced by the renormalization group
evolution produced by SM radiative corrections [42—47].

At low energies, these operators induce semitauonic B
decays, as shown in Fig. 1, left. The characteristic (V — A)
structure remaining in the A — oo limit incarnates the SM
contribution, whereas different combinations of these
operators have been found to accommodate the R
anomalies [48-50]. A sample of the preferred NP solutions
is shown in Table I.

At high energies, these operators contribute to pp —
7vX at the LHC, as shown in Fig. 1, right. Schematically,
the ratio of NP and SM cross sections for this process, at
energies /s > My, and leading order in QCD, reads

oNp il ® |Vip|* 5 (arleft )
o 2.5 M%v 2
SM 'Cud ® |Vud| W (_)

N

where the sum over flavors refers to the up and charm quark
in Eq. (1) and is convoluted by the luminosity functions £;;
containing the corresponding parton distribution functions
(PDF). The SM cross section is given by the W* exchange
while in the NP one ar is an operator-dependent factor
stemming from the trace of the corresponding Dirac
structures (e.g., @; = 1) [38]. The sensitivity to NP in
b — u; comes from the quadratic dependence on the WCs,
while contributions linear in the WCs are only relevant in

TABLE 1. Fitted values of the WCs at y = m;, of the EFT
Lagrangian of Eq. (1) with errors at 1o for semitauonic b — ¢
transitions fitted to the current values of R .. For each scenario
only the WCs mentioned are fitted while others are set to 0 (see
also Refs. [48-50]). For the theoretical inputs we follow
Ref. [22].

Left-handed  Tensor Scalar tensor Right handed

e5? esh e’ es? &F
0.11(2) 037(1) 0.18(7) —0.042(10) 0.48(6)

the interference with the SM contribution involving up and
down quarks [33,51].

At first glance, one might conclude that effects in b — u;
are negligible when compared with the dominant SM
production from ud, di fusion, which is PDF and CKM
favored. However, in the high-p; tails above the EWSB
scale, the SM amplitude unitarizes while the EFT one keeps
growing. Interestingly, the energy enhancement in the tails
is large enough to compensate for the aforementioned
suppressions leading to bounds competitive to B decays.
Finally, the absence of interference effects implies that the
collider signature is sensitive only to the Lorentz structure
(vector, scalar, or tensor) and not to the chirality of the
partonic currents.

To perform our numerical collider studies we use the
FEYNRULES [52], MADGRAPH [53,54], PYTHIA [55] and
DELPHES [56] simulation chain to generate samples of the
inclusive process pp — 7,X + MET. The signal, as a
function of the WCs, is compared to the my distributions
of W' searches reported in this channel by ATLAS
(36.1 fb~!) [57] and CMS (35.9 fb~') [58] assuming
Poissonian probabilities for the events in each bin [59].
In addition, we perform a sensitivity study for the LHC
after run 2 (150 fb~!) and after the HL-LHC phase
(3 ab™!), assuming that the systematic uncertainties of
the SM background scale with luminosity as &/N ~
1/V/N [60]. A detailed description of the numerical
analysis can be found in the Supplemental Material [61].

In Table I we show the results of our NP collider
analysis in terms of the cb four-fermion operators. The fits
to the two collaborations differ mainly because ATLAS has
a slight excess of events in the my distribution, whereas the
one of CMS is systematically consistent with the SM. The
most remarkable result shown in this table is that, combin-
ing the analysis of the two sets of data, we arrive at a
sensitivity to NP that is, indeed, competitive to the one
achieved in B decays. In fact, the collider data pose already
a challenge to some of the possible explanations to the R )
anomaly. To make this discussion clearer, we compare in
Fig. 2 the results from the fits to R, shown in Table I with
the ones obtained from the collider analysis. The tensor and
right-handed solutions are excluded at more than 2¢ with
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FIG. 2. 1o (red) and 20 (blue) ranges on the absolute value of
the WCs of semitauonic cb transitions at u = m,,.

the current data, while the HL-LHC will probe the two
remaining scenarios in Table I.

A caveat in this analysis concerns the range of con-
vergence of the expansion in powers of (s/A?) implied by
the EFT. This manifests, for instance, in the pathological
behavior of the cross section, Eq. (2), for /s > A, leading
to the upper bound A <9 TeV by means of unitarity
arguments [12]. In the upper horizontal axis of Fig. 2
we show the bounds in terms of the NP scale defined as

A =v/+/|Vller|- These bounds are within the range of
my reported by the experiments. The bins most sensitive to
NP turn out to be those in 0.7 TeV Smy < 1.8 TeV;
removing the tail of the distribution above that region
has a minimal impact, of <10%, on the bounds (see also
Supplemental Material [61]). Therefore, the EFT analysis
should retain its validity for mediators above this scale.

For scenarios with lighter NP, the EFT study is invalid
and one needs to do the analysis in terms of the particular
UV completions of the operators. The possibilities in terms
of mediators are also quite limited, reducing to the tree-
level exchange of either new colorless vector (W') [28,66—
72] and scalar (H*) [73-77] particles in the s channel, or
leptoquarks in the ¢ channel [27,48,50,78-99]. We do not
consider extra Higgs bosons because they are in conflict
with bounds from the decay B. — v [14,16].

The leptoquark completion.—Leptoquarks (LQs) carry-
ing different quantum numbers (or combinations thereof)
can produce all the operators in Eq. (1) [27,48,50,78-99]

TABLE II. 26 upper bounds for the absolute value of the WCs
of semitauonic cb transitions at g = my,.

Data set Vector Scalar Tensor
ATLAS (36.1 fb~1) 0.55 0.93 0.26
CMS (35.9 tb~1) 0.25 0.45 0.12
LHC combined 0.32 0.57 0.16
LHC (150 fb~1) 0.21 0.37 0.10
HL-LHC 0.10 0.17 0.05

(we use same notation as in Refs. [100,101]). Our analysis
involve (i) the scalar LQ S; = (3, 1, 1/3) producing vector-
current (left-handed or right-handed) solutions, (ii) the S
producing the scalar-tensor solution, (iii) the S; combined
with the scalar LQ R, = (3,2,7/6) to achieve a tensor
solution by adjusting the masses Mg = Mp,, and (iv) the
vector LQ U, = (3,1,2/3) leading also to the vector-
current scenarios. All in all, we study four different LQ
models, accounting for a total of six different NP solutions
to the R, anomalies.

We simulate the signals scanning the LQ masses in the
range 0.75 to 5 TeV and, for a given mass, we derive upper
bounds on the product of LQ couplings to ¢ and b quarks.
In all the models we find that the bounds on the coupling-
mass plane of the LQ are approximately equal to those
derived from the EFT solutions they incarnate for masses
>2-3 TeV. Solutions with lower masses are, nevertheless,
being cornered by the aforementioned direct searches.
Therefore, the conclusions for the LQ are very similar to
the EFT analysis: The two LQ S; — R, scenario is excluded
by more than 2¢ in all the mass range. Right-handed
solutions [50,99] with S| and U, are also excluded by 220
except for masses below 2 TeV. This mass range is
accessible with ~150 fb~! expected to be gathered after
run 2 of the LHC. Finally, the left-handed (S; or U;) and
scalar-tensor (S;) scenarios are not being probed yet but
will be covered at the HL-LHC for almost the full mass
range. We show in Fig. 3, left, a coupling-mass plot for the
U, vector LQ illustrating our results and conclusions
(L D g.¢y,PLrvUY + gyby,Pp gtUY). Similar plots for
the other LQ have been presented elsewhere [102].

The W' completion.—The left-handed solution can be
completed by a new massive spin-1 real SU(2), triplet
vector, W, = (1,3,0) [28] (see also [67,82,103]). The
neutral component of the triplet (a Z' boson nearly
degenerate to W'*) leads to dangerous tree-level effects
in neutral meson mixing. The flavor structure that keeps the
contribution in AF' = 2 observables under control unavoid-
ably predicts a O(V;}) enhancement in bb — Z' — z+7™.
A recast of the ATLAS 777~ search with 3.2 fb~! at
13 TeV, performed in Ref. [104], already cuts deep into
the model’s perturbative parameter space explaining the
anomaly, requiring the Z’ to be a rather wide resonance. A
second class of models involves a complex vector, SU(2),
singlet with a hypercharge, W% = (1,1, +1), and a rela-
tively light right-handed neutrino that induces the right-
handed solution to R [70,71] (see also [105,106]).
Explicit UV models introduce a Z' boson with flavor
violating effects completely decoupled from R, due to
the lack of SU(2), relations.

The relevant W’ interactions are defined as
LD gpCy*PrrbW), + g, 0y" P gtW),, + H.c., where the
chirality is inaccessible in our present analysis. We perform
simulations using the same specifications as for the EFT,
for several W' masses in the range 0.5 to 3.5 TeV and
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FIG. 3.
potentially broad W’ gauge boson. See the main text for details.

different total width hypotheses. Besides including exper-
imental systematics and the SM theory uncertainties, we
also estimate the uncertainty on the signal prediction
stemming from the higher-order QCD corrections and
PDF determination. These uncertainties combined in quad-
rature range from roughly 10% (30%) for my, = 1 TeV
(3 TeV)—see also Supplemental Material [61]. For a given
mass and width combination, we set an upper limit on the
product of the two couplings in the W/bc and W'zv vertices,
and confront it with the fit results from R).

Note that this procedure is rather general, and it does not
require one to specify any details of other W’ decay modes.
This choice of parameters is suitable for the interpretation
of the perturbativity of the model. Very wide resonances
indicate the loss of predictivity and here we investigate up to
'y < 0.5My. Our results, shown in Fig. 3 (right) in solid
(dashed) for observed (expected), exclude the W% models in
the perturbatively calculable parameter space explaining the
anomaly, |gp.95,|/ M3, ~ (0.6 £ 0.1) TeV~2. This quantity
is~(0.14 + 0.03) TeV~2 for the left-handed solution, which
is, however, scrutinized by the Z' — t7~ searches at the
LHC [104].

A potential caveat could be the loss of sensitivity in the
low W’ mass region as the signal tends to hide in the large
SM background. Robust lower limits of 2100 GeV on a
new electrically charged gauge boson from the LEP
experiments are significantly improved by the electroweak
pp — W TW'™ pair-production process at the LHC [107].
Another promising direction to close this window is to
study pp — tv searches at previous pp collision energies
[107]. Search strategies in this region could include
requiring a b tag in the final jets [36]. Some sensitivity
is expected also in the top quark decays [108].

The semitauonic b — u transitions.—NP models
addressing R, are expected to contribute to semitauonic
transitions other than b — ¢, and to neutral-current proc-
esses via SU(2), symmetry (e.g., for the LQ or W)).
Focusing on the charged currents and their impact on the
mono-tau signal at the LHC, we conclude from Eq. (2) that
additional flavor structures can only enhance the pp — v

|Gbe Giyl / M3 [TeV2] (for Ax? = 6.2)

pp -7 v limits ']

40}

Ty | My [%]
) w
o o

-
o
T
\

W'r model
R(D") - (0.60.1)TeV2

10 15 20 25 30 35
My [TeV]

Bounds on representative explicit models that address the R,.) anomalies. Left: The U, vector leptoquark (LQ). Right: A

signal [109]. Thus, the bounds obtained above are
conservative in the sense that they can only be stronger
in realistic models of NP.

We explore this issue by repeating our analysis for b — u
operators in the EFT. These are particularly interesting
transitions because they are typically affected by NP
addressing R, . Experimentally, branching fractions of
B — v have been measured, showing a slight excess over
the SM at ~1.5¢, while there is only an upper limit on the
semitauonic decay B’ — 7~ z"v. In Table III, we show the
bounds on the different structures that are obtained from
pp — wwX at the LHC, assuming that these are the only
active flavor entries. The limits on the ub WCs are roughly
a factor 2 worse than for the ¢b ones, which is the result of
the CKM suppression (|V,,|/|V.,|)? partially compensated
by the larger PDFs of the up quark, cf.,, Eq. (2).
Nonetheless, these are competitive with those obtained
from B decays. In particular, LHC bounds are currently
better than the ones derived from B° — z—ztv [110],
-1.25< e <£0.57 and —1.75 < egi’ + eg'; <0.94 at 20,
using the form factors from lattice QCD calculations
[111,112].

Conclusions and discussion.—We have discussed in
detail the consequences of the univocal connection between
the semitauonic B decays and the pp — 7,X + MET
signature at the LHC given by crossing symmetry, cf.,
Fig. 1. Our key findings can be summarized as follows:
First, the current data at 13 TeV on W’ searches, consisting
of roughly ~36 fb~! per collaboration, are already sensitive
to NP scenarios addressing the R ) anomalies. Pure tensor
solutions, completed by LQ, and right-handed solutions,
completed by W or LQ, are excluded at more than 2¢ for
most of masses. Second, the sensitivity that is achieved by
extrapolating through the HL-LHC phase will probe all the
possible scenarios that explain the anomalies. Therefore
mono-tau searches can provide a no-lose theorem or “the
ultimate test” for the confirmation of such NP at the LHC.
Third, the LHC is also competitive in the b — u transitions
and bounds on some NP scenarios are currently better
than those from B decays. This illustrates the impact, and
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TABLE III. 26 upper bounds for the absolute value of the WCs
of semitauonic ub transitions at g = my,.

Data set Vector Scalar Tensor
LHC combined 0.72 1.23 0.34
LHC (150 fo=h 0.48 0.84 0.23
HL-LHC 0.21 0.37 0.10

complementarity with low-energy experiments, that a
program of high-precision measurements at the LHC can
have in flavor physics.

In our analysis, the sensitivity to NP comes mainly from
the my bins around ~1 TeV, while the EFT provides a
good description of explicit models (with the exception of
light W’). The implied constraints are difficult to avoid by
more elaborate model building (compared to, e.g., [104]).
Finally, significant improvements of the present analysis
are possible in the future. For instance, exploiting 7, charge
asymmetries, rapidity distribution, and polarization could
help improve the signal over background discrimination.
Another avenue would be to consider adding data from the
leptonic tau decays. A detailed study of these aspects and
their impact on the sensitivity will be presented else-
where [107].
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