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We analyze the possibility to accommodate current b — s¢*¢~ anomalies with TeV-scale mediators that
couple to right-handed top quarks and muons, contributing to b — s€¥¢~ at the one-loop level. We
use the Standard Model Effective Field Theory (SMEFT) framework but also look at specific scenarios
by taking into account all possible irreducible representations of the Lorentz and Standard Model gauge
group for the mediators. From a global fit of b — s¢*¢~ data and LEP-I observables we find that the
Wilson coefficients of two SMEFT operators: Oy, = (ZLMy"‘KL”)(ERyatR) and Oy = (ARY ¥ UR) ER Valr)
need to satisfy Cey ~ Cyy. New physics enters then in b — s¢*¢~ mainly through the operator Og =
(Ey,LPLb)(Zy“Z) of the Weak Effective Theory. After discussing all possible mediators, we concentrate on
two scenarios: A vector boson in the irreducible representation ZL ~(1,1,0) of the Standard Model
gauge group with vectorial coupling to muons, and a combination of two leptoquarks: the scalar
Ry ~ (3,2,7/6) and the vector ﬁlu ~ (3,1,5/3). We derive LHC constraints by recasting di-muon
resonance, pp — tttt and SUSY searches. Additionally, we analyze the prospects for discovering these
mediators during the high-luminosity phase of the LHC.

© 2018 Published by Elsevier B.V. This is an open access article under the CC BY license
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1. Introduction

The observed pattern of deviations from the Standard Model
(SM) in b — s¢* ¢~ transitions [1-5] suggests the presence of new
physics (NP) that violates lepton flavour universality. Global anal-
yses of the experimental measurements within the Weak Effective
Theory find that only a few effective operators are needed to con-
sistently explain the observed deviations from the SM [6-11].!

A NP scenario that has been explored recently in this context is
that of a mediator that couples predominantly to right-handed up-
type quarks and to muons. The required contributions to explain
the b — s¢* ¢~ anomalies arise at the one-loop level in this case.?

* Corresponding author.

E-mail addresses: ].camargo-molina@imperial.ac.uk (J.E. Camargo-Molina),
Alejandro.Celis@physik.uni-muenchen.de (A. Celis), darius.faroughy@ijs.si
(D.A. Faroughy).

1 One exception is the current measurements of A, — A¢*¢~, which show some
tension with the measurements in semileptonic B decays [12].

2 Departures from the SM have also been observed in b — ctv transitions. The
scenario proposed here cannot address these anomalies, so one would need to ex-
tend this dynamical setting in order to accommodate them. See [13] for a review of
the current experimental situation.

https://doi.org/10.1016/j.physletb.2018.07.051

This idea has been presented in terms of the Standard Model Ef-
fective Field Theory (SMEFT) [14], as well as with specific models:
a scalar leptoquark [15], and a top-philic Z’ boson [16,17]. Given
the large value of the top-quark mass and the structure of the
Cabibbo-Kobayashi-Maskawa (CKM) matrix, the largest effects in
b — s transitions will be generated when the mediator couples to
top-quarks. We therefore focus on this case.

In this work we analyze this scenario within the EFT frame-
work as well as with particular models, considering all possible
mediators that give rise to tree-level matching contributions to
the SMEFT operators on which we are interested. We consider
constraints from LEP-I on the modifications of the Z properties,
including the necessary one-loop matching corrections at the elec-
troweak (EW) scale. We also discuss the constraints from high-pr
searches at the LHC and analyze future prospects for the high-
luminosity phase of the LHC.

The new findings in this letter are:

e We find that the SMEFT operators

[Oéu]uutt = (ELuyazLu)(ERVatR) ,
[Oeulypte = (LR YYUR)ERValR) . (1)
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can accommodate the b — s¢t¢~ data and the constraints
from LEP-I measurements when their corresponding Wilson
coefficients satisfy Cyy ~ Cey. For A ~ 1 TeV, we find Cyy ~
Cey ~—1.7.

e We explore all the possible mediators that can generate the
required NP pattern (Cgy ~ Cey With negative values). We find
that, among the colourless mediators a minimal scenario con-
sists of having a vector boson in the irreducible representation
2;4 ~(1,1,0) of the SM gauge group SU(3)c x SU(2); x U(1)y
with vectorial coupling to muons. For the mediators carry-
ing colour, we find a viable scenario with a combination of
two leptoquarks, the scalar Ry ~ (3,2,7/6) and the vector
Uie ~ (3,1,5/3).

e By recasting different high-pr searches at the LHC we find
that the LHC is already probing the interesting region of TeV
masses for these mediators.

This article is organized as follows. The EFT framework used
is discussed in Sec. 2. In Sec. 3 we present the phenomenological
analysis of low energy observables, including those coming from
flavour physics and LEP. Possible mediators that can accommodate
the data are presented in Sec. 4. Constraints from high-pr searches
at the LHC are discussed in Sec. 5. Sec. 6 contains a small discus-
sion of the possibility of NP in the electron channel. Sec. 7 is a
critical discussion of our results and comparison with previous re-
lated works. We conclude in Sec. 8. Appendix A contains details
about the LHC constraints on the leptoquarks.

2. Effective field theory
2.1. Standard model effective field theory

When the NP particles are much heavier than the EW scale we
can parametrize their effects at low energies via the SMEFT [18].?
Integrating out the heavy particles gives rise to a tower of effective
operators suppressed by the mass of these particles, assumed here
to be a common scale and denoted by A. The dominant NP effects
in the EFT power counting are encoded in operators of canonical
dimension six*

1
ﬁSMEFT:£SM+FZCiOi+"' (2)
i

We adopt the non-redundant basis for the dimension six operators
defined in [21], known as the Warsaw basis.

In the weak basis where the up-type quark and charged lep-
ton mass matrices are diagonal, we consider the two operators in
Eq. (1) involving right-handed top quarks and muons (and its as-
sociated neutrino field).

2.2. Weak effective theory

After electroweak symmetry breaking (EWSB), the operators
in (1) modify the Z boson couplings to the muons at the quantum
level, see Fig. 1. This is due to the operators O, and Og, mix-

ing under renormalization group evolution with (goTi(B)Mgo)(Z_y“E)
and ((pTi?Mg))(éy“e) of the Warsaw basis [22].”

3 In scenarios of strongly coupled dynamics behind electroweak symmetry break-
ing, with the Higgs arising as a pseudo-Goldstone boson, the nonlinear effective
theory provides a more suitable low energy description [19,20].

4 At dimension five there is only one operator, which provides neutrinos with a
Majorana mass term after electroweak symmetry breaking.

5 In the conventions used (p*i(ﬁugo = ETZVZZ;,_ +--- where v >~ 246 GeV and ¢
is the SM Higgs doublet.

Fig. 1. One loop correction to Z — utu~.
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Fig. 2. One loop contribution in unitary gauge to b — su* = from a four-fermion
operator involving top quarks and muons.

We can parametrize these effects by
&gz -
L="Va (88LPL+8grRPR) UZ¥, (3)

with gz = g/cw. Taking into account the first leading logarithm
from renormalization group evolution together with the finite
parts of the one-loop correction we obtain®

3y2 v2 mey 483, F
sg =2 ]og<x>—T(F+1)+E Ceu s

3y? v? me\ 45, F
@R__§5X71%<X>__§4F+U+5 Ceu “

with y; = +/2m;/v and v ~ 246 GeV the vacuum expectation value
of the Higgs field. We have retained terms that are enhanced by
the top-quark Yukawa. We use the notation s, = sin«, Oy is the
weak angle. The Wilson coefficients C;, and Ce, are evaluated at
the scale A. We have dropped the flavour indices on the Wilson
coefficients [C]y ¢ for simplicity. The loop function F is given by
(7t =4m}/M2)

1
F=-242y1 —larctan| — | .
' <«/Tr—1>

The inclusion of the one-loop matching corrections cancels the
scale dependence of the leading renormalization group contribu-
tion. We also verified the corresponding entry of the anomalous
dimension matrix calculated in Ref. [22]. Note that one-loop fi-
nite corrections could also originate from a UV completion of our
framework. We assume that these model dependent finite correc-
tions are subdominant, similar assumptions have been made for
instance in [23].

Below the EW scale, the top-quark is integrated out together
with the W, Z and the Higgs. The operators in (1) give a one-
loop matching contribution via the diagram shown in Fig. 2 to the
semileptonic operators

(5)

04" =[diy, Prdjllly*el, 0% =1[diy, Prdjllly yst], (6)
belonging to the weak effective Hamiltonian for d; — d;j¢* ¢~ tran-
sitions

Hefr =

4GF e ij.€ ~ij.t
——= ViV Y Y et 0d +he (7)
J2 A 5

6 Using DsixTools [24], we verify numerically that keeping the first leading
logarithm is a good approximation for A ~ TeV.
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Here GF is the Fermi constant and o, represents the fine-structure
constant.

The leading contribution due to renormalization group evolu-
tion can be obtained using the one-loop anomalous dimension ma-
trix obtained in [22]. The finite parts from the one-loop correction
were calculated in [25]. Keeping top-Yukawa enhanced contribu-
tions, the final results read [14]

2
iju . XV
9 - 2 2
8s5, A

A
|:]0g (W) + IO(Xt)j| (Ceu +Ceu) s

i —xv? A
O = s [log (—MW) + Io<xt)] (Cou = Ceu) (8)
ow

with x; =m? /M2, and Io(x;) ~ —0.71 representing a loop function
as in [25]; Cpy and Cey are evaluated at the scale A. The Wilson
coefficients Cg.i% are proportional to mf due to the required chi-
rality flip in both quark legs. We verified that one-loop matching
corrections cancel the scale dependence of the leading renormal-
ization group contribution in (8).

3. Low energy phenomenology

Modifications of the Z — u* ™ decay rate are constrained by
lepton flavour universality tests in Z decays performed at LEP-I.
We use the following measurement (see Sec. 7.2.1 in [26])

r r
—HEE —1.0009+0.0028, —% =1.0019+0.0032, (9)

ee ee

with a correlation p = 0.63. The notation I'ry =T'(Z — f*f~) has
been used.

The partial decay width for Z — p™ ™~ taking into account (3)
is given to linear order in the NP contributions by

C(Z—ptu)
['(Z—>ete")

C20, 881 — 257, 08R
A )
where A =1+ c4p,, /2 — C26,, and ¢y = coOsa.
Modifications of the Z coupling to leptons are also constrained

by the leptonic asymmetry parameter determined at LEP-I. We use
the measurement (see Table 7.4 in [26])

(10)

Ay, =0.1456 £ 0.0091. (11)

The leptonic asymmetry parameter is defined by

_T(Z - uip)) —T(Z— uiug)

A, =
" T(Z— putp~)
B C20,08L+255,68r  B(Can, 881 — 255, 88R)
At A - Az - 12

with B = —1/2 + ¢, and A defined below (10).

The semileptonic operators (6) can in principle accommodate
the anomalies observed in b — s transitions. To analyze this, we
reconstruct the likelihood for b — st~ observables from the
1o and 20 contours in the Cy — Cio plane provided in [27],
assuming a bivariate normal distribution. We obtain (Cg, C19) =
(—1.11, 0.273) for the mean values, o¢, = oc,, = 0.24 for the stan-
dard deviation, and a correlation p = 0.20. We also include in our
analysis the ratios Rx and R+, using the general formulas derived
in [14] and the experimental values reported in [1,2]. Contribu-
tions to b — svv and s — dvv are related in this framework to
those in b — su™ ™ due to the SU(2); gauge symmetry and the
predictive flavour structure [16,28]. Current bounds from B and K

Table 1
Contribution to the x? from each sector at the minimum of the
global x2 and in the SM.

X2 b—sutu~ Ry Z— 0t
SM 25.8 22.5 0.5
A=1TeV 2.5 5 79
A=1.5TeV 2.5 5 7.8
A=1.8TeV 2.4 5 7.8
A=1TeV
-0.5
_-10 o
3 3]
3 -
=5 -1.5 o
Q
S /
—-2.0 o
7 - Z-lte
] B Ry
=2.5 _: / . bosutuT
] [ global
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Fig. 3. Preferred regions at 68% and 95% confidence level (CL) in the (Cey, Ceu)puputt
plane from the global x? (yellow-filled), b — su* .~ observables (green), Ry
(blue) and LEP-I measurements (red). Three benchmark values of the high scale A =
1,1.5,1.8 TeV have been chosen. (For interpretation of the colours in the figure(s),
the reader is referred to the web version of this article.)

meson decays into final states with neutrinos do not set any rele-
vant constraint in our framework.

A global x? function is built with all these observables. The
results of the fit are summarized in Table 1 and in Fig. 3. Table 1
shows the contributions to x2 from each sector within the SM and
at the minimum of the global x?2 for three benchmark values of A.
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Table 2

Possible mediators generating at tree-level the two relevant opera-
tors. The Z’ represents a vector boson in the singlet representation
of the SM gauge group while the nomenclature used for the LQs
corresponds to that in [32]. The last row shows those for which
the Wilson coefficients are negative, as required by the low-energy

fit.
z' S1 R> E] VZ
[Oeulppute v X v X v
[Oeuljpute 4 4 X v X
Cous Ceu <0 v X v v X

Fig. 3 shows the isocontours of Ax? = x2 — x2. ={2.3,5.99} in
the plane {Cy,, Cey} for the same benchmarks. The preferred region
by the global fit (shown in Fig. 3 as a yellow ellipse) lies is the
third quadrant along the direction Cey ~ Cyy. In this region, the NP
contribution to the effective Hamiltonian for b — s¢* ¢~ transitions
enters mainly in the Wilson coefficient Co.

One important observation is that the NP effects considered
cancel accidentally for Cey ~ Cygy in the decay width for Z —
ut ™, see Eq. (10) (Ca0y = 23§W ). The leptonic asymmetry param-
eter A, breaks this blind direction of the LEP-I X2 to some degree,
but a very strong correlation between these two variables remains.
We have compared the LEP-I bounds we obtain with those de-
rived using the results of [29] and found good agreement. For
this comparison we use the following values reported in Ref. [29]:
5g1/2=(0.1+1.1) x 1073, 5gg/2 = (0.0 + 1.3) x 1073, with a
correlation p = 0.90. Another observation is that current data for
b — s¢T¢~ and LEP-I show some slight tension within the frame-
work analyzed here, which is reflected in the contribution of LEP
observables to the x2 in Table 1. The combined fit would be better
if the deviations from the SM observed in b — s¢* £~ transitions
decrease slightly with future measurements.

4. Mediators

Different mediators can in principle generate the operators con-
sidered in Eq. (1). Taking into account the different irreducible
representations of the Lorentz and SM gauge symmetry groups,
one finds that there are only five different states that can generate
these operators at tree-level [30], shown in Table 2. The required
size of the Wilson coefficients as well as their sign in Fig. 3 pro-
vides important information about the possible models that can
accommodate the anomalies, ruling out two of the possible medi-
ators.

4.1. Z' boson

One candidate mediator is a vector boson in the irreducible
representation Z;L ~ (1,1,0) of the SM gauge group SUQ3)c x
SU(2); x U(1)y. Such state can arise in scenarios of strong dynam-
ics behind EW symmetry breaking or in weakly coupled extensions
of the SM with an extended gauge group [31]. A model with a Z’
boson coupling predominantly to right-handed top-quarks and to
muons in order to explain the b — s¢* ¢~ anomalies was presented
in [16] and also analyzed in [17]. We are interested in an interac-
tion Lagrangian of the form

L=2Z,[ay* " PL+ex" PR + €l ty* Pt . (13)

Though it is not written here explicitly, a Z’ interaction to muon
neutrinos would also arise in common UV theories, as together
with muons they make doublets of the SU(2); gauge symmetry of
the SM. Integrating out the Z’ boson from the theory at tree level
gives rise to the matching conditions

tr Mu tt AU
Cou = —€ge; ", ey = —€R€R" . (14)

The fact that the preferred region in Fig. 3 lies around the line
Ceu ~ Ceu implies €" ~ €!'"*. Of the possible mediators in Table 2,
the Z’ boson is the only single state capable of simultaneously

generating both operators in Eq. (1) with the correct negative sign.
4.2. Leptoquarks

Leptoquarks (LQ) are exotic coloured particles mediating quark-
lepton transitions [32,33]. Such particles are known to arise in
unification scenarios [34,35] or in scenarios of strong dynamics
behind the EWSB [36]. In contrast to the Z’ case, no single LQ
mediator can simultaneously generate both operators in Eq. (1).
Nonetheless, we find that a combination of a scalar and a vector
LQ can reproduce the preferred region in Fig. 3.

The two operators considered in (1) receive tree-level match-
ing contributions by integrating out scalar and vector LQs with SM
quantum numbers

Ry~ (3,2,7/6) ﬁ1a~(3,1,5/3). (15)

The interactions of these LQs with the fermions are described
by the Lagrangian

L =kstr RYiTalyy +ky @Ry 1r)Ura + . (16)

Here €1, = (vu, wr)7 is the lepton doublet, 75 is the Pauli ma-
trix and we have not written the interaction term ¢y Ryeg, which
is allowed by the SM gauge symmetry. We will assume this term
is forbidden by some underlying symmetry of the model for sim-
plicity. Integrating out the LQs at tree-level gives the matching
conditions [37-39]

lics|?

[Ceu]uutt =5 >
2
If the LQs have similar mass, the preferred region in Fig. 3 im-
plies that |«s| ~ ~/2|ky|. Notice that the Wilson coefficients in (17)
have the negative sign necessary to accommodate the low-energy
fit, and that no other operators besides the ones in Eq. (1) are gen-
erated at tree-level from integrating out these LQs. The remaining
two LQs in Table 2 generating these Wilson coefficients [37-39],
S1~3*1,1/3) and V4 ~ (3*%,2,—1/6), lead to Wilson coeffi-
cients with the opposite signs as those in Eq. (17) and are there-
fore not able to fit the experimental data.

Note that introducing a massive vector LQ with an explicit
mass term spoils the renormalizability of the theory, contrary to
a scalar LQ. Introducing an ultraviolet origin for the vector LQ (for
example from an spontaneously broken gauge theory) is necessary
to calculate one-loop finite corrections to the matching at the high
energy scale.

[Ceulpuuet = —licv 1% (17)

5. High-pr phenomenology
5.1. Limits on the Z' model

We now turn to the phenomenological implications of the Z’
mediator discussed in Sec. 4.1, assuming it has a mass around
the TeV scale and vectorial coupling to muons el,”* = e/ = ek’
When extracting limits from the LHC we will focus on tree-level
Z' exchanges and omit from our analysis loop-induced processes
such as gg — gZ’. The latter are sensitive to details of the ultravi-
olet completion such as effects from heavy fermionic top-partners.
These exotic fermions are not uncommon when trying to build an
ultraviolet completion for the Z’ model at hand and, while being
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High-pT limits (95% CL)

My: =700 GeV

0 1 2 3 4

i

High-pT limits (95% CL)

My: = 1000 GeV

Fig. 4. Summary of high-pr bounds for the Z’ model. The red, purple and blue 95%
CL exclusion regions correspond to the LHC 4-top search, LHC di-muon tail search
and the CCFR neutrino trident experiment, respectively. Dotted coloured contours
represent LHC bounds at a future luminosity of 300fb~!. The black dashed region
corresponds to the 1o global fit to Ry, LEP-I data and the b — suuu observables.

too heavy to be directly produced on-shell they still may give non-
negligible contributions to the production of the lighter Z’ through
loop-level non-decoupling effects, see Ref. [16,17] for more de-
tails.

At tree level, the most important constraints come from Z’ pro-
duction in association with tt at the LHC. Once produced, the Z’
boson can decay into muons, muon-neutrinos, and top-quarks. Af-
ter neglecting small lepton masses, the partial decay widths for
these channels are given by

. Mgy
rz ~ 222 G,U«MZ’
(Z' — i) 247'[(|L I“ + leg" 1)

~ A2,z z)NeMy
Iz —tt) ~ iatd 1—z)l€e?,
(Z' —tt) Y ( l€R|

} My
T(Z — v, b,) >~ —=|et)?, 18
(Z'— i u) 2471" L | (18)

where z; =m?/M2%,, Nc =3, and A represents the Kallén function.

Each of these decay channels give rise to three complementary LHC
signatures: ttuft, tett and tt+ . In order to set limits in the cou-
pling plane {e",‘”, €} of the model we have recasted a set of exist-
ing LHC searches for two benchmark masses of Mz = 0.7 TeV and
Mz =1 TeV. For each benchmark mass, the 10 favoured region
fitting the b — s¢™¢~ anomalies and the LEP-I measurements is
given by the black dashed contours in Fig. 4. Limits for the process
pp — ttZ' — ttpun were extracted from the generic Z’ di-muon
resonance search by ATLAS [40] (Sec. 10.3) at 36.1fb~!, assum-
ing a detector acceptance of 40% and a decay width dominated by
the three channels in Eq. (18). The 95% CL exclusion limits from
this search are shown in the purple region in Fig. 4. Projections to
a higher luminosity of 300fb~'are also given by the dotted pur-
ple contour in the same figure. For the process pp — ttZ' — tttt
we used the current best upper limit on the SM four-top cross-
section by CMS [41] at 35.9fb~'of data. The 20 exclusion bound
is given by the red region in Fig. 4. Projections to 300fb—!, given
by the dotted red contour, were estimated using the multi-leptonic
analysis performed in Ref. [42], where the 95% CL upper limit on

the SM cross-section was found to be approximately crtsflt‘gI <23 fh.

Fig. 5. Representative diagrams for the QCD LQ pair production (left) and for the
single LQ production mode gg — U1(R2)tu (right).

Notice that a dedicated resonance search for this channel can con-
siderably improve this bound (especially at higher luminosities) if
a high-mass cut is applied on the top-quark decay products or a
top-tagger is used in order to improve sensitivity to the boosted
tops from the decaying resonance, see also Ref. [43].

Another relevant probe of the Z’ boson is the neutrino trident
production [44]. The process v,y * — v, it occurring in a fixed
target from a highly energetic neutrino beam gives important lim-
its on the Z’ boson coupling to muonic currents for a wide range
of Z’ masses. These constraints will be complementary to those
from the LHC. The cross-section for this process normalized by the
SM prediction is given by [44]

2V2 (egll)z 2
2
NP 1+ 1+ 459w + M—z
Vit A (19)
SM T 2 N2 :
oM 1+(1+4s2,)

This quantity has been measured at CCFR to be OIE\LPWE /OE;EAMﬁ =

0.82 4-0.28 [45], giving a strong constraint on the Z’ muonic cou-
plings. The 20 upper limit on 55“ is represented by the vertical
blue region in Fig. 4.

We observe that all the constraints are complementary and ex-
clude different regions of the available parameter space in Fig. 4.
For Mz = 0.7 TeV, the preferred 10 region from the global fit
of flavour and LEP observables is already excluded, with each
of the different constraints considered playing an important role.
For Mz =1 TeV, an allowed region remains centred around the
point {lel,"|, |€%|} = {1.2, 1.2}. Future searches from the LHC with

300fb—! will be sensitive to this region.
5.2. Limits on the R; plus 61 model

For this model the most important LHC bound comes from LQ
pair production gg (qq) — ﬁ:rh, Rng. The consequences of hav-
ing the interactions in Eq. (16) plus a negligible top-quark PDF for
the proton are: (i) LQ pair production is independent of the size of
the couplings ks v, hence driven completely by QCD interactions
(see Fig. 5 (left) for a representative Feynman diagram), (ii) the
absence of all 2 — 2 single LQ production channels of the form
qg — LQ¢ at the LHC and (iii) the absence of q§ — ¢£ production
via LQ exchange in the t-channel. The only relevant process at the
LHC at leading order besides QCD pair production is the 2 — 3 sin-
gle LQ production mode gg — U1(R2)tu shown in Fig. 5 (right).
This last process only becomes competitive with LQ pair produc-
tion if the couplings |ks,v| < 1 are large enough to overcome the
2 — 3 body phase space suppression.

The scalar leptoquark doublet R, (see Sec. 4.2) when decom-
posed into its SU(2); components R} = (R%/3, R?/3), where the
upper indices denote the electric charge (Q =Y + T3), gives the
following interactions

LDKs I:ER UMR2/3 — ER ,bLLRS/3] + h.c. (20)
In this case the branching ratio for each state reads

BR*? s tv)=1, BRP—tu)=1, (21)
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13 TeV LHC Limits (95% CL)

1.8

TeV]

1.6
1.4
1.2

Mg

1.
9.7 18 19 20 21 22

Fig. 6. Excluded mass region for the R, plus U; model from the LHC di-muon tail
search at 36.1 fb~!. The dashed contour shows the projected limit to 300 fb—!of LHC
data.

where (X — Y) =T'(X — Y)/T'tor. The vector leptoquark singlet
in Eq. (16) has a branching fraction of B(U1y — tu) =1.

We derive constraints on the LQs in the ttuft channel by a
recast of recent SUSY searches by ATLAS in the four-lepton [46]
and same-sign di-lepton + tri-lepton channels [47]. We also derive
bounds by a recast of an inclusive di-muon resonance search [40].
In order to estimate the number of signal events in each sig-
nal region, we first wrote UFO model files for R, and ﬁ‘l" using
FeynRules [48] and generated large LQ pair production sam-
ples in MadGraph5 [49]. The decays of the tops into all channels
were performed directly in Pythia8 [50] as well as parton show-
ering and hadronization. Finally, for each search, detector effects
were simulated with Delphes3 [51]. Selection cuts for the sig-
nal regions for each search were applied to the samples in order
to extract the signal efficiencies.

For the scalar LQ pair production cross-section we used the
NLO parametric representation given in [52]. For the vector LQ,
the calculation of the pair production cross-section requires some
assumptions about the underlying theory generating such state.
The vector LQ-gluon interactions are parametrized by the following
terms in the Lagrangian [53]

Tt ~on - - dc ~ N
-3 hsU% —igs [wcuiacaﬁulﬁmu;uc”‘w#} (22)
]

where U*f = p2Uf — DPTY, G*F represents the gluonic field
strength tensor and D, is the SM gauge covariant derivative. The
parameters w¢ and A¢ depend on the nature of the vector LQ. In
our analysis we will assume U{ to be a fundamental gauge boson
arising from an extended gauge group. This choice fixes wc =1
and A¢ = 0. For this benchmark, the production cross-section for
the vector LQ was calculated with MadGraph5 at leading or-
der in QCD. We cross-checked our results with Ref. [54]. Note
that the production cross-section for the vector LQ is a factor of
~ (O(10) larger with respect to that of a scalar LQ with the same
mass.

For the SUSY searches, we used the 95% CL limits provided by
ATLAS on the number of allowed NP events in each signal re-
gion. Of all the SUSY searches, we found that the signal region
Rpc3L1bH of the tri-lepton search [47] gives the best SUSY limits
on the LQ masses: Mg 2 1180 GeV and My 2 1720 GeV.

Finally, we turn to the inclusive di-muon tail search [40]. The
effect of the LQ resonant decay into tu pairs is to modify the
high-pr tails of the di-muon invariant mass spectrum. We com-
pare signal and background events above an invariant mass cut
of my,;,, > 1200 GeV (we find this value of the cut to be optimal
for LQs above 1 TeV) and perform a statistical analysis by log-
likelihood minimization to extract the 95% CL limits. In Fig. 6 we
show the excluded region in the {Mg, Mg} plane from this search
at 36.1fb~! in red and a high luminosity projection with 300fb~!

Table 3
Scenario with NP in the electron channel. Values of x
within each sector at the global minimum and in the SM.

2

x2 Ry Z— 0t
SM 225 1.8
A=1TeV 16.6 2.7
AN=1TeV
1.5
1.0

[Ceuleett
|
= 2 O o O H
w o w
IRENE ERRTY FNENE ARET1 FRET ENENE FENE) FNEN
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.zt
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[Clu]eett

Fig. 7. Scenario with NP in the electron channel. Preferred region at 68% and 95% CL
in the (Cey, Cey)eert Plane from the global X2 (yellow-filled), R (blue) and LEP-I
measurements (red). The high scale A has been fixed at 1 TeV.

of data is given by the dashed red contour. Notice that having
Mg ~ My, for example, is allowed for masses above 1.9 TeV. In
appendix A we give bounds on generic scalar and vector LQs de-
caying to tu as a function of the branching fraction g for one LQ
at a time. These results from the SUSY tri-lepton search and the
pp — ML + X tails give the most stringent bounds up to date
for this channel. For the pair production of the scalar LQ com-
ponent R%3, we use a dedicated search by CMS [55] in the ttvi
channel at 35.9fb~1. This search however sets a weaker limit on
the Ry mass, Mg > 1020 GeV.

6. New physics in the electron channel

A similar analysis can be performed assuming that NP in the
operators (1) affects electrons instead of muons. Obviously, in
this case it is not possible to accommodate the anomalies in
b — su™ ™, but one could still generate the required deviations
in the ratios Ry . In this case we use the measurement (see Ta-
ble 7.4 in [26])

Ae =0.1514 £ 0.0019, (23)

for the leptonic asymmetry parameter. The results of the global fit
are summarized in Table 3 and Fig. 7. An important tension be-
tween the LEP-I bounds and the Ry measurements is found due
to more precise determination of the leptonic asymmetry parame-
ter in this case.

7. Discussion of the results

e In Sec. 4 we proposed two possible scenarios that generate
the pattern of NP on which we are interested (a Z’ boson or a
combination of two leptoquarks). One can also consider different
scenarios mixing these two. For instance, a Z’ with right-handed
coupling to muons could be combined with the scalar leptoquark
Ry ~ (3,2,7/6), in order to generate the two Wilson coefficients
Cey and Cey. Alternatively, one could consider a Z’ boson with
left-handed coupling to muons combined with the vector lepto-
quark Uig.
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Fig. 8. Values of Ax% = x? — x2,, against the Wilson coefficient [Cyulypust. taking
[Ceulypuee = 0. Horizontal lines show the values of Ax2=1,4,9. The high scale A
has been fixed to 1 TeV. Upper plot: Results obtained in this work including the
LEP-I measurements in (9) and (11). Lower plot: Results obtained using the bounds
derived in Ref. [29] for (8g,8gr), but without taking into account the correlation.

e Ref. [14] performed a model independent analysis based on
the SMEFT. It was advocated that having [Ceylyuee ~ —O(1) for
A ~ 1 TeV can provide a viable explanation of the b — s¢t¢~
anomalies. In this work we have performed a similar analysis, in-
cluding a more careful treatment of the LEP-I constraints. We have
included the required one-loop matching corrections at the EW
scale that are relevant to estimate Z — ut ™ in this framework.
From our analysis, we find that [Cpylupee ~ —O(1) for A ~1 TeV
has some important tension with LEP-I measurements and a better
solution is to have [Ceylpuet ~ [Ceulppet ~ —O(1) for A ~1 TeV.

We have verified that the finite corrections to Z — pu*u~
not included in Ref. [14] are small and cannot explain the dis-
crepancy. We find that the reason of the discrepancy was the
large correlation (p = 0.9) between (8g;,8gg) from Eq. (3), which
was not taken into account in [14] when using the bounds
from [29]. To illustrate this, we show in Fig. 8 the values of
Ax?=x?— x2,, as a function of the Wilson coefficient [Ceu ]yt
assuming [Cey]upuet = 0. Each sector included in the fit as well as
the global x2 are shown. On the upper plot we show our results
including the LEP-I measurements in (9) and (11). In the lower plot
we show what happens when one uses instead the bounds from
Ref. [29] for (8gr,d8gr), without taking into account the correla-
tion. In Table 4 we show the values of [Ceylypuee at the minimum
of the x?2 for each sector, taking A =1 TeV. When using the re-
sults from Ref. [29], missing the correlation between (5gi,d8gr)
has the effect of reducing considerably the tension between LEP-I
and b — s¢t¢~. As remarked in Sec. 3, using the bounds from
(9) and (11) leads to very similar results to taking the bounds on
(6gL, 8gr) derived in Ref. [29] if the correlation is included.

Table 4
Values of [Ceylppee at the minimum of the X2 for each sector fixing A =1 TeV.
b—sutu~ Ry Z—>ete Global
This work Cou -26 —24 —0.03 —0.75
X2 5 21 0.5 36
Ref. [14] Cou —26 —24 0 —-16
X2 5 21 0 216

e By integrating out the Z’ of Eq. (13) at tree level one gener-
ates matching contributions to four-lepton and four-top operators.
The four-top operator (fRyﬂtR)(fRy“tR) mixes at the two-loop
level with the AF =2 operator (by,,P1s)(by, P1s), giving rise to
B ¢ meson mixing. This new physics contribution to the B4 me-
son mixing amplitude has the same CKM suppression as the SM
contribution so that no new CP-violating phases are introduced.
For a Z’ boson around 1 TeV we obtain the bound |€¥| < 11 from
the measured mass differences AM; 4 [56]. This bound is much
weaker than the one derived from pp — ttZ’ — tttt at the LHC.
The situation is very different compared to the Z’ models with
tree level flavour violating couplings, for which stringent limits are
derived from B mixing, see for instance [57,58].

e It is important to stress that using the results derived in Sec. 3
within the EFT framework to infer possible ultraviolet completions
should be done carefully. We can illustrate the possible subtleties
with an extension of the SM with a U(1)’ gauge symmetry. After
spontaneous symmetry breaking of the U(1)’ symmetry, the Z’ dy-
namics is described by the Lagrangian

1 1 K
L= _ZZ/WZ;W + EMZ/Z/“Z;L — EB“”z;w + gZ/Z;l]? , (24)

with Zj,, = 8,2}, — 9vZ),, gz the U(1)" gauge coupling, and j’f‘
representing the associated fermion current. The term proportional
to k is the kinetic mixing between the two abelian factors of the
gauge group. Integrating out the Z’ field at tree-level gives rise to
the dimension six effective Lagrangian (see for instance [59])

K2

T OME
2M2,

g2
2
2M2,

87K
M2,

Lefr= 2= @uB"") J i — =25~ (J5)? (@vBuv)?,  (25)
which can be brought to the Warsaw operator basis using the

SM equations of motion [21]. After doing this, one obtains
<~ -
matching contributions to the operators ((pTi D ,o)(€y*e) and

<> - . . . ..
(¢'i D w®)(ey*e) which depend on the kinetic mixing parame-
ter k. This scenario lies outside of the framework assumed in this
work, as these operators will contribute to Z-decay observables
and compete with the loop-induced effects considered here.

However, if the kinetic gauge mixing parameter vanishes at
the matching scale A, we can conclude from our analysis that a
viable scenario would be a Z’ boson with vectorial coupling to
muons. We could then propose a fully-fledged model invoking a
U(1) =L, — L; gauge symmetry that is spontaneously broken by
the vacuum expectation value of a scalar field that is singlet un-
der the SM gauge group.” In this case heavy exotic fermions can
provide the Z’ coupling to the top-quark via fermion mixing ef-
fects [16]. Having an explicit ultraviolet completion would allow
us to calculate one-loop finite corrections to the matching at the
high energy scale and test our assumption that the low-energy
processes considered are dominated by logarithmic renormaliza-
tion group evolution induced terms, such task is however beyond
the scope of this work.

7 The difference of family lepton numbers Ly — Ly is anomaly free with the SM
fermion content and automatically gives a vectorial Z’ coupling to muons [60,61].
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Fig.9. Scenario of R, coupling to charm and top motivated by [15]. Excluded regions by the LHC at 95% CL from a recast of a dimuon search at 36.1fb—"!, including projections
to 300fb~". The preferred region by a global fit of b — s¢*¢~ and LEP observables at 68% CL and 95% CL is shown by dashed contours.

e It was originally proposed in [15] that the scalar LQ Ry ~
(3,2,7/6) can accommodate b — s¢T ¢~ anomalies at the one-loop
level. This scenario was also analyzed later in [62]. As we saw, the
LQ R only generates the operator Oy,. It is worth noting that,
as evidenced in Fig. 8, we can conclude that this scenario has an
important tension with LEP-I measurements.

The model presented in [15] reduces this tension slightly by
including a coupling of the LQ to the charm quark, besides the
coupling to the top-quark. In this case, there is another relevant
contribution to the effective Hamiltonian for b — s¢*¢~ transi-
tions from an operator involving both the charm and the top
quark [Ceylypct. This contribution can alleviate the tensions be-
tween b — s¢T¢~ anomalies and LEP-I, however, since this new
contribution is suppressed relative to the one from [Cyy]yute by a
factor m¢/(m Vi V) ~ 1/6, the required charm coupling of R is
larger than the top coupling in this model.

In the following we show that high-pr searches at the LHC set
stringent constraints on this model excluding most of the preferred
region by a global fit of b — s¢™¢~ and LEP observables. Because
of the large R, coupling to charm, the model predicts a large de-
viation in the high-pr di-muon tails at the LHC [63]. For this we
recast once again the inclusive pp — i + X search by ATLAS [40]
with the NP signal given by the combination of the t-channel ex-

5/3 . -~ A .
change of R}'” in ¢C — w /i via the charm-muon Yukawa coupling
and pair production of LQs decaying into Rng — ttfi, ct (EC)ufi.
We find that the R, model as an explanation of the Rygw and
b — s¢t ¢~ anomalies is excluded for LQ masses below 1.15 TeV.8
In Fig. 9 (left) we illustrate this with the dark red exclusion re-
gion at 95% CL for the benchmark Mg = 1.15 TeV in the Yukawa
coupling plane {/c;”,lcg"}, following a notation analogous to (20)
for the LQ couplings. The allowed region at 68% CL and 95% CL
from a global fit to b — s¢*¢~ and LEP-I observables is shown in
Fig. 9 as dashed contours. The horizontal red dashed contours rep-
resent the limit extracted if we had only considered the t-channel
cC — u@ in our analysis. Notice that including the final states
ttuf and ct(tc) i from pair production in the di-muon recast re-
moves this flat direction in IC;H . For a LQ mass above ~1.2 TeV LQ
pair production becomes negligible leaving only the t-channel me-
diated process cc — pft as the only contribution to the di-muon
tails. In Fig. 9 (right) we give the 95% exclusion regions in the
{Mg, |K§“|} plane for this scenario in orange. These bounds only
rely on the size of the charm-muon coupling of R;, so they apply
to the model in [15]. Between 1.15 < My < 1.35 TeV the allowed

8 Here we assume all tau-lepton and down-type Yukawa couplings of Ry to be
zero while [15] does not make this assumption. Additional decay channels of Ry
into tau-leptons would reduce the branching fractions for the muonic decay chan-
nels making this bound weaker.

region at 95% CL from the low energy fit is not completely ex-
cluded by this LHC search. Our projections of the di-muon bound
to 300fb~! of LHC data, given by the dashed orange contour, cover
this last piece of parameter space.

e As shown in Sec. 5.2, these strong tensions of Ry with current
LHC data can be avoided if one trades the dangerous couplings of
R, to charm by a new vector LQ state U coupling to top. LQ pair
production searches, shown in Fig. 6, put a current lower bound on
both masses at about My ~ 1.9 TeV and Mg ~ 1.2 TeV. For these
masses, and for couplings of moderate size, the combination R;
plus U can successfully explain the b — s¢*¢~ anomalies without
large tensions with high-pr and low-energy observables. While the
inclusive di-muon searches for LQ pair production is already giving
relevant limits on this model, a dedicated search by the LHC for tpt
resonances in ttuf final states will considerably improve them. In
particular, the necessity for large couplings |ks v| < 2 to explain
the B-anomalies singles out the single LQ production mode pp —
LQ ut as an additional probe for this model.

It is worth mentioning that one interesting possibility is to con-
sider U; as a gauge boson of an SU(4) gauge extension of the
SM. Here, the required non-universal couplings of the vector lepto-
quark to fermions can be generated with a horizontal gauge group
or via mixing with vector-like fermions in an analogous fashion
to [64-66].

8. Conclusions

Current anomalies in b — s¢£ ¢~ transitions could represent the
first signature of physics beyond the Standard Model. Future mea-
surements from the LHCb collaboration should be able to shed
light on this possibility in the following years. Furthermore, the
Belle-II experiment is also expected to add important information
on this subject in the near future.

In this work we have analyzed a possible explanation of these
anomalies with new physics around the TeV scale that couples to
right-handed top-quarks and muons. The required contributions to
b — s¢*¢~ arise at the one-loop level in this case. We have ex-
plored this scenario both with the Standard Model Effective Field
Theory framework as well as with particular models. We have
found a rich complementarity between the flavour observables,
high-pr searches at the LHC, and electroweak precision measure-
ments performed at LEP.

Considering the two SMEFT operators Oy = (ZLM)/“ZLH)X
(tryatr) and Oy = (ArY*UR)(ERVutr), We obtain that the pre-
ferred Wilson coefficients satisfy Cey ~ Cyy, implying that new
physics enters in b — st~ mainly through the Wilson coef-
ficient C9 of the Weak Effective Theory. We find that a vector
boson in the irreducible representation of the SM gauge group
2;4 ~ (1,1,0) with vectorial coupling to muons and a combina-
tion of two leptoquarks, the scalar Ry ~ (3,2,7/6) and the vector
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Fig. 10. LHC bounds for a pair produced LQ decaying into the tfu /i channel.

Uia ~ (3, 1,5/3) can produce the required new physics pattern.
By recasting different new physics searches at the LHC, we showed
that high-pr searches are already probing these mediators in the
parameter space region that accommodates the flavour anomalies
and exclude an important range of the possible masses. These me-
diators can therefore be discovered with the increase in luminosity
at the LHC.

Finally, our framework does not explain the anomalies observed
in b — clv transitions. It is interesting to note that, due to the loop
suppression of the new physics contribution in b — s¢™¢~ within
our scenario, we rely on mediators with fermionic couplings of
order one and a mass around the TeV scale. The anomalies in
b — cfv transitions hint to mediators with these characteristics
contributing at tree level, given that it is a tree-level process in
the SM. It can therefore be interesting to extend the framework
presented in this work in order to accommodate both b — s¢t¢~
and b — cfv anomalies, having mediators that enter at the loop
and tree level respectively.
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Appendix A. Model independent bounds on LQ pair production
in the ttp it channel

We give results from recasting the ~36fb~! SUSY and di-muon
tail search [40,46,47] for the QCD induced pair production process
pp — LQTLQ — ttu i of a generic LQ state. We present the 95% CL
exclusion limits in Fig. 10 for both scalar and vector LQs with mass
Miq and branching ratio 8(LQ — tu). The solid lines represent the
exclusion bounds from the searches with current luminosity while
the dashed lines are for a projected LHC luminosity of 300fb~1.
The di-muon tail search produces the most stringent bounds for
the vector leptoquark, while for the scalar leptoquark these limits
are comparable with those coming from the SUSY tri-lepton search.
These figures give an indication of how our results get modified
when one allows for additional decay channels for the leptoquarks.
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