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ABSTRACT: In recent years, experiments revealed intriguing hints for new physics (NP)
in semi-leptonic B decays. Both in charged current processes, involving b — crv tran-
sitions, and in the neutral currents b — s¢T¢~, a preference for NP compared to the
standard model (SM) of more that 30 and 50 was found, respectively. In addition, there
is the long-standing tension between the theory prediction and the measurement of the
anomalous magnetic moment (AMM) of the muon (a,) of more than 30. Since all these
observables are related to the violation of lepton flavor universality (LFU), a common NP
explanation seems not only plausible but is even desirable. In this context, leptoquarks
(LQs) are especially promising since they give tree-level effects in semi-leptonic B decays,
but only loop-suppressed effects in other flavor observables that agree well with their SM
predictions. Furthermore, LQs can lead to a m;/m, enhanced effect in a,,, allowing for an
explanation even with (multi) TeV particles. However, a single scalar L(Q representation
cannot provide a common solution to all three anomalies. In this article we therefore con-
sider a model in which we combine two scalar LQs: the SU(2)y, singlet and the SU(2)y,
triplet. Within this model we compute all relevant 1-loop effects and perform a compre-
hensive phenomenological analysis, pointing out various interesting correlations among the
observables. Furthermore, we identify benchmark points which are in fact able to explain
all three anomalies (b — cTv, b — s¢t4~ and q,), without violating bounds from other
observables, and study their predictions for future measurements.
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1 Introduction

While the Large Hadron Collider (LHC) at CERN has not directly observed any particles
beyond the ones of the SM (see e.g. refs. [1, 2] for an overview) intriguing indirect hints for
NP have been acquired in flavor observables. In particular, measurements of semi-leptonic
B meson decays, involving the charged current b — c7v or the flavor changing neutral



current b — s¢T¢~, point towards the violation of LFU. Furthermore, also the AMM
of the muon, which measures LFU violation as it vanishes in the massless limit, points
convincingly towards physics beyond the SM. In order to explain these deviations from
the SM predictions — also called anomalies — one thus needs NP that couples differently
to tau leptons, muons and electrons. As we will see, LQs are prime candidates for such an
explanation in terms of physics beyond the SM.

Let us now review these anomalies in more detail. The first anomaly arose in the AMM
of the muon a,, = (9—2),/2 in 2006. Here, the E821 experiment at Brookhaven discovered
a tantalizing tension between their measurement [3, 4]

a® = 116,592,089(63) x 107! (1.1)
and the SM prediction’
da, = al® —as™M = (278 £ 88) x 107! (1.2)

of around 3-4¢.2

This discrepancy is of the same order as the electroweak contribution
of the SM. Therefore, TeV scale NP needs an enhancement mechanism, called chiral
enhancement, to be able to account for the deviation [35]. For LQs this factor can be
mg/my, ~ 103 which provides the required enhancement, making LQs prime candidates for
an explanation in terms of NP [35-53]. In fact, there are only two LQ representations (under
the SM gauge group), out of the 10 possible ones [54], that can have this enhancement: the
scalar LQ SU(2)r, singlet and the scalar LQ SU(2)r doublet with hypercharge —2/3 and
—7/3, respectively.
In tauonic B decays, BaBar measured in 2012 the ratios
Br[B — D™y

R(D™) = ith ¢ = 1.3
( ) Br[B N D(*)gl/] Wi {eﬂu’} ( )

significantly above the SM predictions [55]. This is in agreement with the later LHCb
measurements [56-58] of R(D*), while BELLE found values closer to the SM in its lat-
est analysis [59]. In combination, these deviations from the SM amount to 3.1c [60].

!The SM prediction of a, is currently re-evaluated in a community-wide effort prompted by upcoming
improved measurements at Fermilab [5] and J-PARC [6], see also ref. [7]. With electroweak [8-10] and
QED [11] contributions under good control, recent advances in the evaluation of the hadronic part include:
hadronic vacuum polarization [12-18], hadronic light-by-light scattering [19-25], and higher-order hadronic
corrections [26, 27].

2During the publication process of this article, the Budapest-Marseilles-Wuppertal collaboration
(BMWec) released a lattice QCD calculation from hadronic vacuum polarization (HVP) [28]. These re-
sults would render the SM prediction for a,, compatible with the experiment. However, the BMWc results
are in tension with the HVP determined from e™e™ — hadrons data [13, 16, 29, 30], combined with an-
alyticity and unitarity constraints for the leading 27 [18, 29, 31] and 37 [32] channels, covering almost
80% of the HVP contribution. Furthermore, the HVP also enters the global EW fit [33], whose (indirect)
determination disagrees with the BMWc result. Therefore, the BMWc determination of the HVP would
lead to a significant tension in EW fit [34] and we therefore use the (conservative) estimate of eq. (1.2).

3This tension would even slightly increase by around 0.3¢ if the new theory prediction of R(D*) of
ref. [61] was taken into account.



Interestingly, also the ratio

r[B. — J/¢YT1V]
r[B. — J/¢Yuv]

() = o (14)
lies above its SM prediction [62], supporting the assumption of NP in b — e¢7v [63, 64]. This
picture is confirmed by different independent global fits [65-68] which include in addition
polarization observables. Interestingly, these hints for NP are accompanied by data on
b — urv transitions.

Once more, LQs are prime candidates for an explanation. Despite the U; vector LQ
SU(2), singlet [69-86] and scalar LQ Sz option [41, 87-95], the scalar LQ ®; [36, 40, 50,
74, 89, 96-110] or the combination of ®; and ®3,* can explain these data [49, 74, 111, 112].

Finally, the statistically most significant deviations from the SM predictions were
observed in observables involving b — s¢*/~ transitions. Here, the LHCb measure-
ments [113, 114] of

Br[B — K®putpu]

)y =
R(K™) Br[B — K®ete]

(1.5)

indicate LFU violation with a combined significance of ~ 4¢ [115-125]. Taking in addition
into account all other b — su™p~ observables, e.g. the angular observable P! [126] in
the decay B — K*u™pu~, the global fit of the Wilson coefficients even prefers several NP
scenarios above the 50 level [122-124]. Furthermore, b — d¢*¢~ transitions measured in
B — wptp~ [127] deviate slightly from the LHCb measurement [128]. While this is not
significant on its own, the central value is very well in agreement with the expectation
from b — s¢T¢~ assuming a Viq/Vis-like scaling [129] of the NP effect as obtained in
models possessing an U(2) flavor symmetry in the quark sector (see e.g. refs. [76, 130—
132] for accounts in the context of the flavor anomalies). This means that an effect of
the same order and sign as in b — sf™/~, relative to the SM, is preferred. Once more,
LQs are prime candidates for an explanation. In particular the U; vector LQ SU(2)f
singlet [69, 70, 72-77, 79, 80, 82, 84-86, 133, 134], the Us vector LQ SU(2), triplet [70-
73, 75, 80, 83, 84, 134, 135] and the ®3 scalar LQ SU(2), triplet [71, 73-75, 80, 84, 134, 136]
can explain data very well via a purely left-handed current.

From the discussion above it is clear that there are several options for a combined
explanation of the flavor anomalies with LQs. Here we will consider the singlet-triplet
model introduced in refs. [49, 111} which was also studied in the context of Dark Mat-
ter [137]. Within this model, a combined explanation can be possible since ®; can account
for the anomaly in a, and affects b — crv transitions while ®3 can explain b — s¢¢~
data and enters b — c7v processes. Furthermore, their combined effects in b — svv pro-
cesses can be destructive, relieving the bounds. However, in order to perform a complete
phenomenological analysis, an inclusion of all relevant loop effects is necessary. We will
compute these effects and extend the analysis of ref. [49], allowing for couplings of ®; to
right-handed fermions.

4%, and ®5 are also called S; and Ss, respectively, in the literature.



®q ®3 Q | L ¢ U d
Y | —2/3| —2/3 [ 1/3| —1| -2 |4/3| —2/3

Table 1. Values of the hypercharges for the LQ and fermion fields.

The outline of the article is as follows: In the next section we will define our setup.
The conventions for the various observables as well as the results of the matching, tak-
ing into account the relevant loop effects, are given in section 3 before we perform our
phenomenological analysis in section 4 and conclude in section 5.

2 Setup

The scalar LQ singlet-triplet model is obtained by adding a scalar LQ SU(2), singlet (®1)
and an SU(2)y, triplet (®3), each carrying hypercharge —2/3, to the SM particle content.
While the couplings to gauge bosons are completely determined by the representations of
the LQs under the SM gauge symmetry, their couplings to the SM fermions and the SM
Higgs® are free parameters of the Lagrangian

L1q= ()\fciQi;iTgLi—FS\gviUi;&) (ID{T —1—/#1»@7;2'7'2 (T'CD:{)TLi—i—pUcI){T <HT (7-.<j[)g) H) (2.1)

N M
= Y (3, —ghprtr)offel = S ((M3,),,—€55 0 H) o) o] +he.
{I,1'}=1 {J,J'}=1

Here, @ (L) is the quark (lepton) SU(2)z, doublet and u (¢) the quark (charged lepton)
singlet. The superscript ¢ denotes charge conjugation, f,4 are flavor indices and I¢), J¢)
denote the number of LQs in a given representation (i.e. {I,I'} = 1,...,N for ®; and
{J,J'} =1,..., M for ®3).5 For the hypercharge Y we use the convention Qe,, = T3 + Y/2,
where Qe is the electric charge and T3 the third component of weak isospin (see table 1).
After electroweak symmetry breaking the Higgs acquires its vacuum expectation value
v ~ 174 GeV. The last term in eq. (2.1) then leads to a shift in the bi-linear mass terms of

the LQs. However, this shift can be absorbed by defining

(b ~
(M3,,) ., —vienit=(023,,) - (2.2)

Thus, the terms 5;};1[@ have (at leading order in perturbation theory) no impact on the low
energy flavor phenomenology of the singlet-triplet model but would only enter processes
with an external Higgs (or at higher loop level). Furthermore, by unitary rotations of the
LQ fields, we can now diagonalize their bi-linear mass terms via unitary rotations Uq o:

U}LM(I%IUl = diag(fn%, e ,m%) = m?pl ,
_ (2.3)
UiNIZ Us = diag(mf, o m?w) =m3, .

5Couplings to the Higgs lead to mixing among different LQ representations. Via this mixing LQs are
able to generate Majorana masses for neutrinos [40, 112, 138-143].

In the R-parity violating MSSM this would correspond to the number of generations for the singlet.
However, in general N and M do not need to be equal.



In turn, these rotations lead to an effect in the couplings to the Higgs which can however
be absorbed by the definition
UlpUs = p. (2.4)

The LQ field rotations in eq. (2.3) have to be applied to their fermionic interactions as
well. Here, they can again be absorbed by a redefinition of the couplings

Irrx  _yK I _ 3K J _ K
/\fiUl,KI = )‘fia A z‘Ul*,KI = )‘fi7 /‘ﬂfz'U;,KJ =HKyg- (2.5)

Hence, we are left with diagonal bi-linear mass terms with entries (m<21>1) I and (m%) 77

and off-diagonal ®; — ®3 mixing governed by p;;. While the LQs with Q¢ = {2/3,—4/3}
are already in their mass eigenstates, we have to diagonalize the resulting full matrix of
the &1 — @3 system with Q¢ = —1/3

2,25
Mg, v°p : 2 2
w2 W =diag (m1,... ,m%n) » (2.6)
(W m) ( )
with a unitary matrix W. Working in the down basis, i.e. in the basis where no CKM
elements appear in flavor changing neutral currents of down-type quarks, this leads to the

following interaction terms with fermions

Lrq =T a5 PLlidy /it G PrliD A3y T d5 Py —1/3+ o
2.7
2/3x% —4 3*
+ P;jfy @5 Py @Y + rd 0 5Pt
where the superscripts of the LQ fields refer to their electric charge and
LK
Fuffi = ijkj ()‘JI'iWI*K - ’{jin+N,K) )
RK 3 %
Fufzi = )‘IiWIK7
I—\L,K . —AI W* _ HJ W* (2 8)
dfl/i - VK fi"V J+N,K > .

r;{f,,l = V2V}k],
J
Fdfzi = _\/ilifz .

Recall that the indices take the numbers I = {1,...,N}, J = {l,...,M} and
K ={1,...,M + N}. In the limit with only one generation of each LQ and without mixing

we have
Fi}z = V]ij ()\ji(SlK — Iiji(SQK) , Fffé j\fz'(le, (2 9)
Fg},{i = =01k — Kfi2K Do, = \[Vf]ﬁj“ Lape, = —V2k4i,

where the indices 1 and 2 correspond to ®; and @3, respectively.

3 Processes and observables

In order to illustrate the phenomenology of our model, we will limit ourselves to the case
of one LQ singlet ®; and one LQ triplet ®3 without mixing among them. Therefore, we



will derive the corresponding expressions for the relevant processes in this simplified limit
in this section and denote by M; and Mj the singlet and triplet mass, respectively. In the
appendix we will provide the most general expressions for the Wilson coeflicients allowing
for an arbitrary number of LQs and include mixing among them.

Let us now study the various classes of processes. For each class, we will first define the
effective Hamiltonians governing these processes and perform the matching of the model
on them. Then we discuss the relation of the Wilson coefficients to observables and review
the related available experimental information.

3.1 dd¢f and dd~ processes

To describe dj, — dﬂ;ﬁj transitions, we use the effective Hamiltonian

4G ik nJ i ‘
ddee F * koik +
Hef" = ——="Via, Vi, E O E : Cf\fjkoz}:jk ’

V2 A=78 A=9.10
Ot = 95 10 (1) P i (G, (3.1)
Of'y = %[Jﬂ“ Prdy] [£sy,bi]
O{é,jk: = %[JjVHPLdk] [ vuvsti]

and define the covariant derivate as
Dy =0y +ieQAy, +igsG,T" . (3.2)
At tree level, the only matching contribution to C’g l] . and C’{é ;i Stems from &3

9,7k 10,5k QGF‘/tde;ZJ o Mg . .

As in any model, the Wilson coefficients of the (chromo) magnetic operator can only be
generated at the loop level. The left two diagrams in figure 1 (given for concreteness for
b — s transitions) with on-shell photon and gluons result in

O (ug) = Y2 L (LA ok
! 4GpVia, Vi, 24\ 3 M7 M3 )’
) ) (3.4)
CiM(pq) = V2L (A
) 1GrVia Vi, 24\ M7 M3 )

at the matching scale uq.
Concerning the QCD evolution of these coefficients, Og mixes into O7 at O(as), yielding

the relation [144, 145]
Cr(m)\ _ pr C7(pn)
(om)) ~ ) (cgmh)) | &
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Figure 1. Feynman diagrams in our LQ singlet-triplet model generating contributions to b — sy
and b — s¢1¢~ at the 1-loop level. The left two diagrams show the matching contribution to the
(chromo) magnetic operator. The diagram on the right, with an off-shell photon, is generating the
mixing of OF7 into OF.

with

16 14 16
n35-27 %(77337% _ 7]3372,’)

U (s ) = ¥ (3.6)
0 773372f

Here, f denotes the number of active quark flavors, py,() refers to the high (low) energy
scale and

s (fin)
s () ,

n= (3.7)
where ag needs to be evaluated with the number of active flavors at a given scale as well.

Even though b — s/~ can be induced at tree level in our model, there are still sce-
narios in which loop effects are phenomenologically important. As pointed out in ref. [82],
the large couplings to tau leptons, needed to explain b — crv data, also lead to huge
Wilson coefficients CgT,Zb = —Cg s In turn, Oy, mixes into (’)g{sb via the off-shell photon
penguin [146], shown in the right diagram of figure 1. In our UV complete model, we

cannot only calculate this mixing, but also the finite part of the effect, contained in the

AN KkIKY M%Q
3—L [ 19+ 121 ] . 3.8
P (PTG 35

This means that even if couplings to light leptons are absent at tree level, they are generated

matching contribution

174 = \/i
Co,jx(Hrq) = 216G FVia, Vig,

via loop effects in the presence of tau couplings. Since we will mainly focus on b — s

transitions, we shorten our notation in the following and write C;’é’s) = Cr(a), Cg(im),sb =

Cgf(ilo). The logarithm involving puy,q in eq. (3.8) originates from the fact that the right-
diagram in figure 1 is divergent. To get rid of this dependence one has to solve the RGE

governing the mixing between (’)gi with different lepton flavors:

0 C§ (1)

T vC () (F #9) (3.9)



with v = %—i Here, we do not take into account the running of a and do not consider the

running of C& (i.e. just the mixing of O} into ng with ¢ # j). This then has the solution

C§' (1) = C'(uq) + log (;ﬁ;) cyl o (F A (3.10)

For B meson decays, this amounts to replacing the high scale upq in eq. (3.8) by the
low scale of the processes pp. In addition, at the B meson scale, Of7 gives a ¢ dependent
contribution to C’gfeﬁ, which however is numerically small [146] and currently not accessible
with the SM independent fit. However, there are intriguing prospects that with improved
future data this effect could be distinguished from the ¢?-independent Cy effect [147].

QCD corrections to the matching of scalar LQs for semi-leptonic processes (both
charged and neutral current) can be taken into account by applying the following shifts to
the Wilson coefficients of vector (V'), scalar (S) and tensor (T') operators [148]

Qg 17
Cy — Cy <1 + ECF (3lu + 2>> ,

Cs — Cg (1 4 3% CF> , (3.11)

2m
Cr—Cr (1420 (4 +2)) |

with I, = log (u?/M?) (where M can be either M; or Ms) and Cp = 4/3 as the color
factor. Since QCD is insensitive to flavor, electric charge and chirality, these corrections
can be applied in a straightforward way to all other semi-leptonic processes, particularly
to b — svv and b — cTv.

Observables. As mentioned in the introduction, a main motivation for this anlysis is
the explanation of the hints for NP in b — s/~ data. In order to resolve this discrepancy
between SM and experiment, an O(20%) effect to Cy 19 is required compared to the SM
contribution which is given by [149, 150]

C5M (4.8 GeV) = 4.07, CPM(4.8 GeV) = —4.31. (3.12)
In a global fit one finds preference for scenarios like C§* = —Ci{', as generated in our
model at tree level. However, a C{* = —Cl{' effect complemented by a LFU one in C§f

gives an even better fit to data [122, 151]. As we will see, this is exactly the pattern that
arises in our model, taking into account the loop effects discussed above.
For b — s717~ transitions we have on the experimental side [152]

Br[Bs — 7777]  <6.8x107° (95%C.L.). (3.13)

For By — 717~ there is a (unpublished) measurement of BELLE [153] and an upper limit
of LHCD [152]

Br [By — 7] oo = (439105 4+ 0.45) x 1073,
LHCb

exp

(3.14)

Br[By— 7t77] <21x107% (95%C.L.).



X | ¢2[GeV] Ao A A A A As
K [15,22] 1.20£0.12 | 0.154+£0.02 —0.424+0.04 0.15+0.01 0.15+0.04 0.02
K~ [15,19] 0.984+0.09 | 0.38 £0.03 —-0.14+0.01 —0.3040.03 0.12 0.05
10) [15,18.8] | 0.86 £ 0.06 | 0.34 +0.02 —0.11 —0.28 £0.02 0.10 0.05
Ag Az Asg Ay Ajg
0.05+0.01 0.02 0.05 4+ 0.01 0.04 0.10 + 0.01
0.02 0.05+0.01 0.024+0.01 —-0.08+0.01 —0.03
0.01 0.05 0.01 +0.02 —0.08 —0.02

Table 2. Numerical values for the coefficients given in eq. (3.17) for the different decay modes
involving b — s7 7~ transitions together with the corresponding ¢ ranges.

These measurements are compatible at the 20 level. The SM predictions read [154, 155]

Br[B, — 777 | = (7.73£0.49) x 1077, (3.15)
Br[By— 7777 ]gy = (2.22£0.19) x 1075, '
In our model we find )
Br[Bs; — 7t77] cly
=11 , 3.16
Br[Bs = 7777 |qu + C%VI ( )

and the analogous expression for b — d transitions. Also the branching ratios of semi-
leptonic b — s7T 7~ processes can be expressed in terms of NP Wilson coefficients [156]

Br[B(s) — X177 x 10" = Af + AX C§7+ Ay CT5 + A3 Cg ™+ Ay Cly + AY(CgT)? 3.17)
+AG (CT5) 2+ AF(CET )P+ A (Cy )P+ Ay C§TCy ™+ A CTa Cry -

These branching ratios together with the corresponding coefficients are shown in table 2.
Turning to b — s7u transitions, we have [157]

Br[B — KrtuF] =107 [9.6 (|O§”|2 + |Og“|2) +10 (|O{‘0T|2 +|cT 2)] . (3.18)
and
P —p+ G%az *|2 £2 2
Br[Bs—%f& |= W‘Wbms‘ [, mB,mB, (Mg, +m0, ) 1T, 5)
X ‘Cfi—C'fi 2(1*(:U-fx )%)+ M(CﬁfC"ﬂ) 2(1*(m-+x )?) o
10 10 i—df My, +m, 9 9 by J
with x = my, /mp, and
n(x,y) =v1-2(z+y) + (x—y)>. (3.20)

We neglected the contributions of (pseudo-)scalar operators, since they do not appear in
our model. The relevant experimental limits are [158, 159]

Br[B — K15 F|exp <48 x 1077,

3.21
Br[B; — 751 |oxp, < 4.2 x 107°. (3:21)
M P



ddl¢ operators contribute to 7 — ¢u as well. This gives relevant constraints on the
parameter space of our model. We use the result of ref. [73] and obtain

2
f;miﬂ— ‘522,‘6* |2 m?
Br[r — ¢u| = 23 — ) (122 ‘f’ 3.22
rlr = ol = Togs M mz |\ e (3:22)

which has to be compared to the current experimental limit of [160]
Br|r — ¢u] < 84x107% (90%C.L.). (3.23)

3.2 ddvv processes

To describe dj, — d;jvyv; processes we use the Hamiltonian

v 4GF
Hal = = 2 ViaVis, (CL3Of + CRuOfe)
a (3.24)
Ofl(R)Jk Ar [y Prrydie] (747 (1 = 5) vi] -
At tree level we find contributions from ®; and ®3 resulting in
fm 2 [0 ey )
L.jk 4GFthkV;lj a | M? M?

Since these processes are generated at tree level, we do not need to calculate loop effects,
which would only amount to numerically small corrections. Again, we simplify the notation
for b — s transitions, writing C{fsb = Cfi. The QCD matching corrections are given in
eq. (3.11) and there is no QCD evolution of these operators.

Observables. For B — K®ui we follow ref. [161] and use CM ~ —1.47/s%. The
branching ratios normalized to the SM read

[C3Moyi + O
Ko = Z CSM‘Q . (3.26)
f,z 1 L
This has to be compared to the current experimental limits R < 3.9 and RV, < 2.7 [162]
(both at 90% C.L.). The expected BELLE II sensitivity for B — K® v is 30% of the SM
branching ratio [163].

3.3 duflv processes

For the charged current semi-leptonic processes we define the effective Hamiltonian as
4GF
V2

Hdugy _ ik (C‘J;ZL ik [u]'y Prdy] [ef’y“PLVz] + CSL gk [UJPLdk] [ngLVz] (3.27)

+ CTZL,jk [ujo™ Prdy] [Lrowrvi) ),

where in the SM C’S v1, = 1. The contribution of our model to the SM Wilson coefficient
from ®; and @3 is given by

V2 Vit Aki N VjiK] p ki

Cfl R — 3.28
VL.jk 8GFV]'k M12 M?? ’ ( )

~10 -



while scalar and tensor operators are generated by ®; only

off = _gofi = V2 My (3.29)
SLjk — TLik = §GpViye M? :
Since we are mainly interested in b — ¢ transitions, we abbreviate
fi _ ofi fi _ ofi fi f
CVZL ch — C’VZL ) CSZL,cb = CSZL ) CTZL ,cb — C y (330)

Again, the QCD matching corrections are given in eq. (3.11). We also include the 2-loop
QCD and the 1-loop EW RGE. Using the results of ref. [164], we have

CL'L () = G (1 TeV),
CLL () = 1.737 CL-(1TeV),

: . (3.31)
CLy(m)\ _ ( 1.752 —0287) (CLy(1TeV) .
CI (1) —0.004 0.842 ) \ ¢ (1Tev)
Observables. With these conventions, the ratios R(D®*)) are given by [165]
R(D) )
— ~1 1.54Re| (1 7+ 1.09|CL]
R(D)ou 1+ 07+ 15 Re[( + CY7,)CEF, }+ 09|CZL
+ 1.04Re[(1 Woisn )C”*} +0.75|C55 |2,
. (3.32)
DY |1+ Cf7| - 0.13Re | (1 + CF7) CTE| +0.05|CLE |
R(D*)sm

~ 5.0Re| (14 CT7) O | +16.27|CFE |,

in terms of the Wilson coeflicients given at the B meson scale. Furthermore, the branching
ratio of B, — Tv reads [165, 166]

fB. ? T T |2
BI'[BC — TV] =0.02 (043@@\/ ’]. + CVL + 43(CSR — CSL) (333)
In this work we use the most stringent limit of ref. [167]
Br[B. — tv] < 0.1, (3.34)

even though this bound might be too restrictive (see refs. [67, 167] for theoretical discus-
sions). However, we will see that even this limit does not constrain our model significantly.

A further constraint comes from the determination of the CKM element V., when
comparing electron and muon final states. Here ref. [168] finds that

e

v
= — 1.011 +0.012, (3.35)
cb

where

1/2
Vi = Cb[\uc LT e ] : (3.36)
O£l

For observables including first and second generation quarks such as 7 — 7wy,

K — pv/K — ev or D decays, the Wilson coefficients can be applied using appropriate
indices. The corresponding formulas and analyses can be found e.g. in refs. [52, 169].
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3.4 AF = 2 processes

Dealing with AF = 2 processes, concretely B, — B, mixing, we use the effective Hamiltonian
HeB;fB =C [ga’)/,uPLba] [§BVMPLbﬁ] . (3.37)

In our model we obtain

Gl = 1582

<)‘§i)‘3j>‘;j)‘3i00 (0, M12, M12) + 5/{§i/€3j/{§j/€3i00 (0, M32, Mg)
(3.38)

+ 2755 Azit5;3;Co (0, M3, M3) )

at the high scale up,q. Here the first term originates only from ®; and the second one
only from ®3. The last term originates from a box diagram where both LQ representations
contribute. One of the corresponding Feynman diagram is shown in figure 2. The formula
for B; and Kaon mixing follow trivially. We can write the mass difference Amp, (including
NP) normalized to the SM one as

AmB ‘ 01
R . (3.39)
AmSBl\S/[ ClsM
with [170]
2
Vi ViiG
OSM — 235" “47T§mw) (3.40)

given at the high scale. Since both the SM and LQ contribute to C1, the QCD running
down to pp, is the same for both and therefore cancels in eq. (3.39), neglecting the evolution
from pr,q to the EW scale.

Observables. B, — B, mixing has been measured to very good precision [171] and the
current world average reads [172]

AmGP = (17.757 +£0.021) x 10"s~". (3.41)

The theoretical prediction suffers strongly from the uncertainties in QCD effects. While
ref. [173] and ref. [174] fit well to the measurement (with rather large errors)

AmPl = (18.3 £2.7) x 101?571, (3.42)
Ref. [175] obtains a larger SM value
AmBt = (20.01 £ 1.25) x 102571, (3.43)

The bounds on the imaginary part of the Wilson coefficient is even more stringent. In our
phenomenological anlysis we will assume real couplings and allow for NP effects of up to
20% with respect to the SM prediction.

- 12 —
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Figure 2. Left: LQ boxes contributing to By — B, mixing. Middle and right: Loop diagrams
induced by @i, generating effects in ¢; — £;v. In case of a top quark, as depicted, a chirally
enhanced term can arise.

3.5 Lf~ processes

In case of charged lepton interactions with on-shell photons we define

o0
Mot = CL 0,004, + Ci14,00, (3.44)
with
L(R) _ € i v
Ll — 1672 [ﬁfg-“ PL(R)KZ] F,uu . (345)

We obtain the following matching contribution in case of a top quark in the loop

My, Ah )\3'+mgi5\* 5\3- M 5 Ak 2 3my, K% K3i

it 2
8012 NYE: M2 82
(3.46)

from the Feynman diagram given in figure 2 with N, = 3 already included. Note that we
have Cf; o = C’[Ljf due to the hermiticity of the Hamiltonian. Here we quoted explicitly
the formula for the top quark, which we integrated out together with the LQ at the scale
M =~ M; = Ms3. In case of light quarks, some comments concerning the use of eq. (3.46)
are in order: in principle, one has to integrate out only the LQ at the scale M but keep the
quark as a dynamical degree of freedom. In this way, the matching contribution to Cé—} 0
acquires an infrared divergence, which is cancelled by the corresponding UV divergence of
the contribution of the tensor operator,” obtained by integrating out the LQ at tree level.
This amounts to a replacement of m; by pq in the logarithm in eq. (3.46). Now, at the
low scale, the solution to the RGE (disregarding QED effects) leads to a replacement of
prLq by the scale of the processes, or by the quark mass in case this mass is bigger than the
scale. Therefore, in the case of light quarks, eq. (3.46) can be considered as an effective
Wilson coefficient at the low scale, which includes the effect of 4-fermion operators (up to
QED corrections) and can therefore be used for the numerical evaluation.
Considering ¢; — £ transition with an off-shell photon, we define the amplitude

Al €7") = —eq® L (07) (@) (EfiPo+ EfPr+ 05 i) (3.47)

"See section A.3 for the matching to the uwy and uull operators.
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with

=L — _Nc ‘/Y]k)\]tf‘/ﬁ)‘le mi]’ + ‘/]kﬁzf‘/ﬁﬁle m?‘j + 2163kale mﬁ]’
I 57672 M? M2 M2 M2 M2 MZ) )’

s _ N A;ffAﬂF(mij)

T 57602 ME T\ M2
(3.48)
where
F(y) y® — 18y + 27y — 10 + 2 (y* + 6y — 4) log(y)
y) = ,
(= 1)* (3.49)
—17y? + 36y? — 27y + 8 + (8y> — 6y + 4) log(y)
Gy) = 1)t :

Observables. We can now express the branching ratios of flavor changing radiative lep-
ton decays in terms of the Wilson coefficients as

Lo’ + \Cﬁf&\?) , (3.50)

where 7y, is the life time of the initial state lepton. The AMM of a charged lepton ¢; is
given by

mgi
a, = — 3 Re|CfY | (3.51)

The expression for the electric dipole moment of the lepton is quite similar to the one for
the AMM, namely

de, = —51m|CfY ] (3.52)

In case of the AMM of the muon we already discussed the experimental situation in the
introduction. In summary, the difference between the experiment and the SM prediction is

da, = (278 £88) x 10711,

corresponding to a 3.5¢0 deviation. Note that in our case the Wilson coefficient is in general
complex and could therefore lead to sizable EDMs [35].
The current limits for radiative LF'V decays are [176, 177]

Brlp — ey] <4.2 x 10713
Br[r — ey] <3.3 x 1078, (3.53)
Br[r — py] <4.4x 1078,

representing relevant constraints for our analysis.

The off-shell photon penguins contribute to processes like 7 — 3u which we will con-
sider later.
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Figure 3. Feynman diagrams in our singlet-triplet model contributing to Z — (;6? and Z —
Vy§l; Processes.

3.6 Z/¢¢ and Zvv processes

In this subsection we compute the amplitudes for Z — E;f}r and Z — vy; processes for
massless leptons. At zero momentum transfer (or equivalently vanishing Z mass), these
amplitudes are directly related to effective Z¢¢ and Zvv couplings, which will enter flavor
observables like for example in 7 — 3u. We write the amplitude in an analogous way to
the case with the off-shell photon

AZ = (65) = Lalpr,me, v (Mg, (62 P+ Ay, (6)) v(pisme )& ()
v (3.54)
A(Z = vy7i) = 22800, () alp )7 PLo(pi)e (a)

w

where e is the polarization vector of the Z and

(2

L(R L(R L(R
Aef(zi)(qQ) = ASIE/I )(q2)5fi + Af-( )(q2) S () = Ssm(e®)d s + EIJ:ZQ (¢°). (3.55)
At tree-level the SM couplings read

1 1
AéM = (2 - 8121;> ) AgM - _3121)7 ESM = —57 (356)

with s, being the Weinberg angle. Beyond tree-level, the SM coefficients receive momentum
dependent corrections which are included in the predictions for EW observables. The
corresponding Feynman diagrams, generating these amplitudes in our model, are depicted
in figure 3. For the calculation we include the up-type quark masses (which become relevant
in case of the top) and the Z mass up to the order m?2 /MﬁQ and m?% /MﬁQ, respectively.
In this setup we obtain

A% (@) = Vidif Vi FL (mij J@* M?) + Vigky Vs FL (mij,qZ, M3)
+25 515 Gr (4, M)
AR () = XN jiFr(m?,, ¢%, MT)
E?? () = X5 pAjiHa (0% MY) + K5 pregiHa (@7, M3 ) +2Viks s ViikiHo (mij,qQ, M3).

(3.57)

The corresponding loop functions Fr, g, Gr, and H1 2 are given in eq. (A.17) and eq. (A.22).

In case of Z decays we have ¢ = m2Z
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For the effective Z¢¢ and Zvv couplings (at zero momentum transfer), we define
£ = (07 (Mg, (09 Pr + AF (017, Pr) 6] 2",
U]

Zvv _ 92 _ - (358)
LYY = C—E,,f,,i (0) [PeyuPrvi| Z* .

int

In this case, only the top contribution is relevant and the effective couplings become

AéLfei (0) = AéM(O)dfi

Nem? [ VaeA, ng,l)\zz( ( >> ngﬁkagl/‘élz( (m?))
+ 1+ log + L+log | —5 )
3272 ( M} M2
m2
t
2

N.m? ¥ 5\31
R __ AR o VeI 73f
A7, (0) = Agn(0)di PR VE: < + log <M1 >>
Nem3 Vairig Vs (| mi

Note that Z — EZ-_KJT has also been considered in ref. [178].

Observables. The branching ratio of a Z decaying into a charged lepton pair reads

_ Gr m3 1 2 2
B[Z—M eﬂ:——zi@L, 2 AR (m2 ) 3.60
' 15 17 31 Tor(1 + 67) Ayt DI+ sy (m2) (3.60)
with I'toy & 2.5 GeV. The case for a pair of neutrinos in the final state follows trivially. The
effective number of active neutrinos, including the corrections in our model, are given by

mz) 2

5Z
fit Sem(m2)

(3.61)

At LEP [179] the lepton flavor conserving Z boson couplings were measured precisely.
We give the experimental results for each flavor separately

ALe (m%) = 0.26963 = 0.00030, AZe (m%) = —0.23148 £ 0.00029

€Xp exp
Al (m%) =0.2689 £0.0011,  AJH(m%) = —0.2323 +0.0013, (362)
ALT(m%) = 0.26930 £ 0.00058,, AL (m%) = —0.23274 + 0.00062, '
Shy(m%) = —0.5003 £ 0.0012.

The SM predictions at the Z pole are
A (m%) = AL (m%) = A& (m%) = 0.26919 + 0.00020,
Afi(m%) = Al (m3) = As (my) = —0.23208 50618 (3.63)
2

Concerning lepton flavor violating Z decays the limits from LEP are [180-182]

Br[Z — e*pu¥] <75x 1077,
Br([Z — e*r7] <9.8x107°, (3.64)
Br[Z — p57¥] <12x107°.
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Figure 4. Feynman diagrams contributing to W~ — E;Di. The right diagram is only present for
the triplet since the singlet does not couple to the W boson (at tree-level).

From Z — v one can determine the number of active neutrinos to be [179]

N, = 2.9840 + 0.0082 . (3.65)

As mentioned before, Z¢¢ couplings (at zero momentum transfer) contribute to pro-
cesses like 7 — 3u. Furthermore, Z¢¢ couplings in Z decays can be measured much more
precisely at an FCC-ee which could produce more than 10! Z bosons [183].

3.7 W4/Lv processes

Computing the amplitude of this process (also considered in ref. [178]), we obtain

AW = £753) = = BN (@) by meg P ulpn) 2 (@) (3.66)
where
L
AL (@) = A (@57 + A7 (e) - (3.67)
At tree level in the SM we have A (¢?) = 1. The Feynman diagrams shown in figure 4
result in
L) = o VN Vi (2 a2 M2) + Vit Vi Fa (m3) %, M3)
i \4 )= 98872 kAR VilALS1 u;jr 4V JkREf ViRl 2 ujr 4 VI3
\ (3.68)
8K pRji ¢
9M2 ’

with the loop functions Fi 2 given in eq. (A.29). Again, we set all down-type quark masses
to zero but included the up-type quark masses, which are relevant for the top. At the level

of effective couplings, we define the Lagraigian

v g z _
Lt — —ﬁAngW(o) [pyH Prv | W, (3.69)

The LQ contribution then reads

V1AL Vit Ak m? Vaik; Vsy K mg
14921 Rt R P14 9] ot .
M3 (* Og<M%>> M3 (* g(M)>

(3.70)

Nom?
6472

LQ _
Aji (0) =

Out of this formula one deduces a destructive interference between the contribution of the
singlet and the triplet in case of lepton flavor conservation.
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Observables. Experimentally, the modification of the Wrv coupling extracted from 7 —
pvv and T — ev decays reads [172, 184]

AW

7(0) o ~ 1.002 £ 0.0015 (3.71)

and provides a better constraint than data of W decays. Here we averaged the central
values of the muon and tau mode, but did not add the errors in quadrature in order to be
conservative. We see that a positive NP effect is preferred which means that the triplet
contribution should exceed the one of the singlet.

3.8 4/ processes
We define the effective Hamiltonian as
Hog + > (CHFFOREE + CytROVER + CSELOSE + Lo R, (3.72)
a b f7
with
Ol = [Lay" Prts] [L5vuPrLls]
OUFE = [€ay" PLty) [y, PR (3.73)
Oabfz [EQPL&,] [EfPLEi] .
Here we sum over flavor indices. In this way, no distinction for the cases of equal flavors are
necessary in the matching and tensor and scalar LR operators do not need to be included

since they follow from Fierz identities.
The photon contribution reads

VLL =L =L
Capfi = —Ta ( ab“fz + ~az~fb) ) 374
CYER — _4ra= : (3.74)
abfi ‘—‘ab‘—‘fz ’
where
—L(R aL(R
:fi( ) :5fi+:fi( ). (3.75)

The effective photon off-shell couplings EJIZZ.(R) are defined in eq. (3.48). Using the effective
couplings defined in eq. (3.55), the Z penguins give

ClfE = 2 E (A OM(0) + AR (0145 (0)).

8Gr
CYER = —— AL (0)A%(0).
bf NG »(0)A%3(0)

VRL(RR) are obtained from C;/{)JZR(LL)

(3.76)

Note that C, by interchanging L and R for both the
photon and the Z contribution. Finally, we have contributions from box diagrams involving
two LQs. Since they turn out to be numerically irrelevant in our model, we omit to list
them here analytically. However, in eq. (A.30) we give the results in full generality, i.e.
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Figure 5. Feynman diagrams contributing to ¢; — £7€,¢;. Left and centre: Penguin diagrams
with Z boson and photon exchange. Right: Box diagram involving two LQs.

including LQ mixing with multiple generations. The LQ contributions are depicted in

fi 5.
gur’;he expression for the branching ratios, which are in agreement with ref. [185], read
_ md  [a? 2 m2 m?2 2 2
Br[rT — pFefe | = m [H}C’%‘ (log (m—é> - 3) + ?T <4|C’57.L€€ + 4‘056@?
— ARe[CSLECSEE] 4 Ga|CYE + a|CYLE[? + | ClLs 2)
~ Lo Re[ O (OVRE 4 4G 4 Lo R] (3.77)
and
B [r > 1] = mgmr [:j;c,gf(log (;ﬁ) -1
1 (HORHEF + C AP AT s i)
— o, Re[OF (CYEE + 40U + L o5 R} (3.78)

with T'! as the tau lepton’s total decay width. The experimental bounds are [186, 187]

Br[r¥ = pFete ] <15x107%,
Br[rF — puFpfp ] <21 %1078, (3.79)
Br[uT —eFefe ] <1.0x107"2.

3.9 fllvv processes

We define the effective Hamiltonian as

v L,fiHL,f1 R,fi AR, fi
Hg = (ppfiofdi + pitfiop’) (3.80)
with
L(R),fi 7 _
Oea(eb) = [KaWPL(R)fb] [Ty Pryg] (3.81)
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Figure 6. Penguin diagrams that contribute to ¢, — {,v;V; transitions. In case of the Z boson,
lepton flavor is conserved at tree-level vertex (f = 4). For the W penguins we applied Fierz identities
in order to match on the effective operators. The box diagrams look similar to the one in figure 3
but turn out to be numerically insignificant.

At the 1-loop level, LQs can contribute to these processes through three types of Feynman
diagrams: W-penguins, Z-penguins and pure LQ box diagrams, see figure 6. Again, the
boxes are numerically not relevant due to the small couplings to muons. Therefore, we
only present these results with full generality in the appendix.

The W penguin given in terms of the modified W /v couplings of eq. (3.70) gives

i AGF e
Dyl = WAgbef(O)Ami(o). (3.82)
Finally we also have the Z-penguins, yielding
;. 8G ;. 8G
Dplt = LA, (0)0,0,(0), D[ = ZLAR, (0)%,,,(0), (3.83)

Laly — \/5 Laly Laly — \/5 Loty

where we used the effective Z¢¢ and Zvv couplings given in eq. (3.59).

4 Phenomenology

Now we turn to the phenomenological analysis of our singlet-triplet model. We consider the
processes discussed above and include the loop effects calculated in the previous section.
Our strategy is as follows: First we will discus the LHC bounds on third-generation LQs.
Then we will consider how one can explain b — crv data taking into account these limits
and then study the impacts on other observables like B, — 777~ and W — 7v. For this
purpose, only couplings to tau leptons (but not to muons or electrons) are necessary. In
a next step we will include b — s¢*¢~ data in our analysis and thus allow for non-zero
couplings to left-handed muons, while disregarding couplings to electrons due to the strong
constraints from p — ey [188]. In a final step, we search for benchmark points which
can explain b — ¢rv, b — s¢¢~ and a, simultaneously. For this purpose we also include
couplings to right-handed muons in our analysis.

4.1 LHC bounds

Both ®; and ®3 could obviously be produced at the LHC. Since LQs are charged under
SU(3). they can be pair produced via gluons (depicted in figure 7), which in general gives
the best bound. However, for a third generation LQ, which is the case for our model to
a good approximation, also t-channel production from bottom fusion is possible as well
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Figure 8. Tree-level diagrams contributing to ¢ — ®® and gq — L®. Except for the left diagram,
the cross-sections depend on the couplings of the LQ to SM fermions. L can be either a neutrino

or a charged lepton, depending on the specific LQ representation.

as single production via bottom-gluon fusion (see figure 8). ATLAS and CMS performed
searches in these channels. In particular, in ref. [189] CMS analyzed data taken at a
center-of-mass energy of 13 TeV with an integrated luminosity of 35.9 fb~! for the scalar
singlet ®;. Assuming Br [<I>1 — tT] = 100%, LQ masses up to 900 GeV are excluded.
ATLAS searched for typical signals of the scalar triplet ®3, using 36.1 fb~! of data at
Vs = 13TeV [190]. Focusing on NP effects in third generation quarks and leptons, i.e.
®3 — tv/br and 3 — t7/bv, they find a lower limit on the LQ mass of 800 GeV. This
limit can be raised up to 1 TeV if one of the aforementioned decay channels is dominating.
Therefore, a third generation scalar LQ with mass above 1TeV is consistent with LHC
searches. We will assume this as a lower limit in the following phenomenological analysis
of flavor observables. For more extensive analyses of LQ searches in combination with the
flavor anomalies we refer e.g. to refs. [107, 191-196].

4.2 b— crtv

Concerning b — crv processes one can address the anomalies with couplings to third
generation leptons, i.e. the tau lepton and the tau neutrino, while disregarding couplings
to muons and electrons. In a first step we consider the simplified case of left-handed
couplings only, i.e. A= 0. Furthermore, we can safely neglect CKM suppressed effects
from first-generation quark couplings and are therefore left with the couplings A23 33 and
K23 33, involving second and third generation quarks (i.e. bottom and strange quark in the
down-basis). In this case the box contributions to Bs — B in eq. (3.38), together with the
tree-level effect in b — svv in eq. (3.25) put an upper limit on the possible contribution to
b — ctv processes (see figure 9). While the relative effect in b — sy compared to b — cTv
is independent of the LQ mass, the relative effect in B, — B, mixing compared to b — crv
amplitudes turns out to have a quadratic scaling with the mass. In fact, assuming real

couplings and an exact cancellation in R;(”_(*), Amp, can be expressed in terms of the NP
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Figure 9. Correlation between Br[B, — 7+7~] and R(D™), both normalized to their SM values,
in the scenario with only left-handed couplings for My = M3 = M = 1TeV (left plot) and M; =
M; = M = 1.5TeV (right plot). Here we scanned over Mg, kog € [—1, 1] for all points and
N33, K33 € [—1, 1] (blue) or Ass, K3z € [—2,2] (red), respectively. The blue points are displayed
on top of the red ones, showing only points that are allowed by R%’.. The dark gray points are
in agreement with RYZ,, but excluded by Bs — B, mixing. The horizontal contour lines depict the
LFU contribution to Cgf while the green band represents the region for R(D(*)) preferred by data
at the 1o level.

effect in R(D™) as

(4.1)

- R(D®)gm

2
Amp, 1 GLViM? R(D®) .
AmSM T T Ax? oM

with My = M3 = M. This relation holds once small CKM rotations are neglected which
is possible in the case of an anarchic flavor structure, i.e. V33 < Aog and Vyk3s < Kog.
The tau loops also generate an effect in C; as well as a LFU contribution to C§’. Both these
effects are directly correlated to b — s77~ processes, induced by the tree-level coefficients

Cy™ = —=Cfg. We find

C& () = 57 (14+9log<M))C’ ,
(4.2)

Sav (27 16 48 1a\

Crlpn) = - o (220 = it ),

neglecting the different running of C7 from pu1,q down to m;. One can also relate these two
coefficients, yielding

2
4 14+ 910g<&)

= ().
JREGIP 2 T )

C () = (4.3)

This situation is illustrated in figure 9, where we show the correlations between Bs —
7t7~ and R(D™). Note that for left-handed couplings R(D)/R(D)sm = R(D*)/R(D*)sm
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Figure 10. Correlations between the NP effect in Amp, and the corrections to the effective Wrv,
coupling AY, (0), constrained from 7 — pvw and 7 — eviv. Like in figure 9 we only considered the
couplings Aog 33 and ko3 33, 1.e. only couplings to left-handed taus, scanning over a3 and Koz (Ass
and k33) between +1 (£2) and setting M; = Ms = M = 1TeV. The blue region is preferred by
T — pvv and T — evv data at the 1o level.

is predicted. The bound from By — B mixing limits the possible effect, both in By — 77~
and R(D™), depending on the LQ mass. Heavier LQs lead to larger effects in B, — B,
with respect to By — 777~ and R(D®™)) than lighter LQs. For the same scenario, i.e.
only left-handed couplings to tau leptons, we also show corrections to the Wrv coupling in
figure 10. Note that effect of ®1 has opposite sign than the one of ®3. Furthermore, if one
aims at increasing R(D)), the effect of ®; (®3) in W — 7v is destructive (constructive)
such that it increases (decreases) the slight tension in 7 — pvv data.

Next, let us allow for non-zero right-handed couplings ;\23,33 of ®; to quarks and
leptons. In this case the left-handed vector current encoded in C77 (originating from &,
and ®3 via A3 33 and kg3 33 only) is now complemented by a C77 = —4C77 effect from ®;.
This breaks the common rescaling of R(D)/R(D)sm and R(D*)/R(D*)swm, depicted by the
green line in figure 11. The constraint from B, — B, only limits Cy7, but not Cg;, = —4C7rr.
The resulting correlations between R(D) and R(D*) are shown in figure 11. One can see
that for deviations of R(D™)/R(D®))gy from unity of more than ~ 10%, our model
predicts R(D)/R(D)sm > R(D*)/R(D*)sm.

The size and correlation between C; and a LFU effect in Cge , induced by the tau loop,
is shown in figure 12. Interestingly, to account for b — crv data within 1o, we predict
—-0.5 < Cge < —0.2 (inclduing right-handed couplings) which is in very good agreement
with the global fit on b — s¢*¢~ data, especially if it is complemented by a C§* = —C1¥f
LFUV effect [122, 151].

In the same way, b — drv data can be addressed. Here, it was shown in ref. [109] that
already a 10% effect with respect to the SM could lead to a neutron EDM observables in
the near future.
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0.1 < Am}P/Am§M < 0.2
R(D) - RD*) (10)

R(D) - RDD*) 2 o)

R(D*)/R(D*)sm

— CVjf only

— C{f = -4 C{{ only

1.15 1.20 1.25 1.30 1.35

R(D)/R(D)sm

Figure 11. Correlation between R(D) and R(D*), both normalized to their SM values. The
(light) red ellipse shows the preferred region at the 1o (20) level. The yellow points yield an effect
in B, — B, mixing of < 10% with respect to the SM, while for the blue points the NP effect is in the
range of 10-20%. Only points allowed by b — svv are shown. The black (green) solid line depicts
the scenario where one generates the vector (scalar and tensor) operator only. We scanned over the
couplings Ags 33, k23,33 and Aas € [—1.5,1.5] and the LQ masses M; = M3 = M € [1,2|TeV.

0.2: -
0.0
144
C9 boctv (10)
—02 ! cbocry Qo)
o
—0.4r
~0.01 ~0.005 0 0.005 0.01
Cy

Figure 12. Correlations between C7 and Cge, both given at the B meson scale. Here we imposed
that the points satisfy B, — B, mixing (i.e. yield a maximal effect of 20%) and lie within the
lo (yellow) or 20 (blue) region preferred by the global fit to b — crv data. Note that non-
zero effects in C7(up) and C§’(up) are mandatory in order to explain b — crv data at 1o and
that C§(up) has the sign preferred by the fit if this is required. Both coefficients include O(a)
corrections. Again we scanned over the couplings A23 33, k23,33 and 5\23 € [-1.5,1.5] and the LQ
masses My = M3 = M € [1,2]TeV.
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Br[B - K* T u] x 10° Br[B - K* 7 u] x 10°

Figure 13. Correlations between Br[B — K*7u] and Br[r — ¢u] (left) and between Br[B — K*7pu]
and RYY (right). The blue points lie within the 1o ranges of both the b — ¢7v and b — s¢t¢~ fits,
give an effect of less than 20% to By — B, mixing and do not violate any other constraints. We
scanned over the couplings {)\23,33,/123733,:\23} € [-1.5,1.5], {X22,32, 2232} € [—0.3,0.3] and the
LQ masses My = M3 = M € [1,2] TeV.

43 b—ocrvand b— sl

Let us now turn to the case where we allow for couplings to left-handed muons as well.
Here, it is clear that, disregarding for the moment R(D(*)) and thus tau couplings, one can
explain b — sT¢~ data with a tree-level C{* = —C{{' effect from ®3 without running into
the danger of violating bounds from other flavor observables. However, the situation gets
more interesting if one aims at explaining b — s¢T¢~ and b — crv data simultaneously.
In this case LFV 7 — i effects necessarily arise e.g. in B — K7y, 7 — ¢u, Z — 7 and
7 — 3u. Note that our model does not posses scalar currents in the down sector, therefore
Bs; — 7 does not receive a chiral enhancement. The correlations between B — K7p and
T — ¢u are shown in figure 13, finding that they are in general anti-correlated despite
fine-tuned points.

44 b— ctv, b— stT¢~ and ay,

Finally, we aim at explaining the anomaly in the AMM of the muon in addition to b — cTv
and b — s¢T¢~ data. Accounting for da, alone is possible and the only unavoidable effect
occurs in Z — pp~, which can however only be tested at the FCC-ee [197]. Furthermore,
explaining da,, together with b — s¢T¢~ data does not pose a problem either since ®; can
account for da, while @3 can explain b — s¢T¢~. However, once one wants to account
for b — crv data the situation becomes non-trivial. Scanning over 10 million points®
we found approximately 350 points which can explain all three anomalies at the same
time. The corresponding range for the couplings of these 350 points is shown in figure 14.
Only allowing for an effect of 20% in B, — B, mixing, the number of points is reduced to
40, where an effect as low as 10% is possible. In addition, we choose (out of these 350

8First we individually scanned over two million points for couplings to muons only and over one million
points for couplings to taus only. From each of both datasets roughly 3500 points passed all constraints
while lying in the 1o range of the global fits for b — s¢7¢~ or b — crv, respectively. The combination of
the two datasets was then used as seed for the final scan over all parameters.
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Figure 14. Possible ranges for the couplings of the points in parameter space which can explain
all three anomalies at the 1o level. We found these points by performing a parameter scan over
the couplings {23 33, k23,33, Aoz} € [~1.5,1.5], {A22,32, k22,32, As2} € [—0.3,0.3] and by setting the
LQ masses M7 = M3 = 1.2TeV. In color we depict the values of the four benchmark points given
in table 3. We found roughly 350 points that passed all constraints at the 95% C.L. while allowing
for an effect in By — By mixing of up to 30%.

points) four benchmark points, shown in color in figure 14. The predictions for the various
observables for these benchmark points are given in table 3. Interestingly, even though in
general 7 — py represents the most restrictive constraint on our model in case one aims
at an explanation of all three anomalies, we still find points that give a relatively small
contribution of roughly one order of magnitude below the current experimental bound.
The branching ratio of By — 7~ 71 is enhanced by a factor of roughly 100 with respect
to the SM, which also is below the current experimental bound. While the effects in
AW are small, they are always positive, reducing the slight tension in the effective Wrv
coupling. The effects in B — K7u and 7 — ¢u range from being negligible to close to the
current experimental bounds while effects in 7 — pee and 7 — 3pu lie roughly two orders
of magnitude below the current experimental limit. Furthermore, the effects in Z — 7777+

would clearly be measurable at an FCC-ee [183].

5 Conclusions

Motivated by the intriguing hints for LFU violating NP in R(D™), b — s¢*t¢~ processes
and a,, we studied the flavor phenomenology of the LQ singlet-triplet model. We first
defined the most general setup for the model, including an arbitrary number of LQ “gener-
ations” as well as mixing among them. With this at hand, we performed the matching of
the model on the effective low energy theory and related the Wilson coefficients to flavor
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K22 K32 K23 K33 A22 A32 A23 A33 As2 A23

® p; | —0.019 | —0.059 | 0.58 —0.11 | —0.0082 | —0.016 | —1.46 | —0.064 | —0.19 1.34

® po| —0.017 | —0.070 | —1.23 | 0.066 0.0078 —0.055 | 1.36 0.052 | —0.053 | —1.47
ps | 0.0080 0.081 1.18 | —0.073 | —0.0017 0.16 —0.76 | —0.068 | 0.023 1.23

® p, | —0.0032 | —0.21 0.44 —0.20 0.014 —0.10 | —1.38 | —0.068 | —0.032 | 0.57
coe_ _omn | e | _BD) R(D") By—rr | Topy| da, | V/VE-1| Z—7p
9 10 9 R(D)sm | R(D*)sm | By — TT|SM x108 x 1011 %108 x1010
® p —0.52 —0.21 1.15 1.10 59.88 4.35 207 291 0.117
® —0.56 —0.28 1.14 1.10 99.76 0.766 199 448 2.38
p3 —0.31 —0.31 1.14 1.09 112.5 3.62 255 17 0.129
® py —0.31 —0.31 1.13 1.11 112.5 0.734 230 934 45.6
o — et | crr RE® AmiF B—= Krp | T—¢u | T— pee \Algg(O)\ AL(m%)
Sk TL TvE v Am3M x10° x10% | x10M x10° AL x 1075
® p 0.023 0.040 2.33 0.1 0.512 1.27 44.94 1.11 —3.64
® 0.020 0.040 0.87 0.16 3.32 4.73 7.783 0.90 —3.02
3 0.023 0.037 1.08 0.19 4.07 1.00 37.89 0.89 —3.51
® py 0.010 0.047 2.43 0.18 3.69 0.0021 18.60 3.12 —10.04

Table 3. p;-p4 are four benchmark points that can simultaneously explain all three flavor anomalies
(b— stt4~, b — crv and da,) at the 1o level and pass all other constraints at the 95%C.L.. Here
we show the values for the fermion couplings, the results for b — s¢t¢~, b — cTv and da, as well
as the predictions for several flavor observables which can be measured in the future. Note that the
effect in 7 — 3p (not depicted here) is of comparable size as the one in 7 — pee. The LQ masses
were set to M = My = Mg = 1.2TeV.

observables. Here, we included the potentially relevant loop effects, e.g. in By — B, mixing,
b — sv, LFU contributions to Cgﬂ and ay, as well as in modified Z and W couplings.

Our phenomenological analysis proceeded in three steps: First, we disregarded the
anomalies related to muons and considered the possibility of explaining R(D(*)) and the
resulting implication for other observables. We found that, including only couplings to
left-handed fermions, the size of the possible effect depends crucially on the mass of the
LQ: the larger (smaller) the mass (couplings) the bigger the relative effect in By — Bs.
Together with b — sv, this is the limiting factor here. For M = 1TeV and values of k33
up to +2, a 20% effect in R(D®™)) is possible, while for M = 1.5 TeV and |x33| < 1 only a
10% effect with respect to the SM can be generated (see figure 9). At the same time, an
enhancement of B, — 777~ of the order of 10? is predicted, which, via loop effects, leads
to a LFU C’ge ~ —0.3. Once couplings to right-handed leptons are included, larger effects
in b — cTv processes are possible and R(D)/R(D)sm > R(D*)/R(D)§y; is predicted, see
figures 11 and 12.

In a second step, we aimed at a simultaneous explanation of b — s¢/*¢~ data together
with R(D™). In this case, effects in lepton flavor violating processes like B — K7u and

T — ¢u are predicted as shown in figure 13. These effects are still compatible with current
data but can be tested soon by LHCb and BELLE II.

Finally, including in addition the AMM of the muon in the analysis is challenging
since then right-handed couplings to muons are required which, together with the couplings
needed to explain R(D®)), lead to chirally enhanced effects in 7 — py. It is still possible

—97 —



to find a common solution to all three anomalies but only a small region of the parameter
space can do this. Nonetheless, we identified four benchmark points which can achieve
such a simultaneous explanation to all three anomalies (see figure 14).

In summary, the LQ singlet-triplet model is a prime candidate for explaining the flavor
anomalies and we would like to emphasize that there is no renormalizable model on the
market which is more minimal (only two new particles are needed here) and capable to
address all three prominent flavor anomalies together.
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A Loop functions and exact results

In this appendix we define the loop functions appearing in the calculation of the observables
and give the most general expressions for the Wilson coefficients, including multiple LQ
generations (N singlets &1, M triplets ®3) and mixing among them. Let us recapitulate
the definition of the masses:

e The singlet and triplet representations with electromagnetic charge Q¢ = —1/3 have
the masses my with K ={1,...,M + N}.

e The LQ with electromagnetic charge Qe = 2/3 and Q¢ = —4/3, stemming from
the triplet representations, have the same masses mj with J = {1,..., M}.

A.1 Loop functions

Throughout this article we used the loop functions Cy and Dy 2, defined as

i 5 9 9 o [ dPY 1
Mﬂ%mwmmﬁ:u/@ﬂﬂ@ﬁ%WLW@W—%V
LD (m2 m2.m?2 m2) — 26/ dPe 1 (A 1)
1672 OVT0: T, T2, Mg ) = [ (2m)P (62 — mg) (£2 — m%) (52 — m%) (KQ — m%) ’ '
1 dPy 2

7.D 2222:26/
T2 D20m0 2 M) = 1 | D ) (= 2 (= md) (2 —md)

with D = 4 — 2e.
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A.2 ddee

For dj, — djffﬁf processes we match on the effective operators defined in eq. (3.1). The
tree-level contribution gives

fi fi o _

Co e = —Crogn =

\/i 7T M ijé Fé*ff
5> Dty (A2

AGFVia, Vg, o = 7
while the loop calculations yield

-2
AGFVia, Vig,

N+M FL,KFL,K*

1 dgvi dj Fj e
kVi 13 k
CHIL-L NS ]
K=1 K J=1
N+M FL KFL Kx*

36
i \/i 1 diVi d Vi M j *
C] k i 7

K=1 K
C ( ) \/i N+M FL KnL,K*
Q) 916G Vi, Vi,

CoF (urq) =

diy d 14 M d Zl IU’LQ
E Z 14 +9log
m

K=1 J
(A.3)

At the low scale of the processes, one has to include the effect of the diagram in the effective
theory. This results in a so-called effective Wilson coefficient which also depends on the
lepton mass in the loop and ¢

LKL, Kx* M T
V2 N2 Fd v Fd y d ¢
Cneff _ G aglp kl 2’m27m27 2 ,
97]k( ) 216GF‘/;,dk‘/tTij I(Z::l K ; q fl J ,LL)
(A.4)
with
2 2 2 02\ _ 1 2 M2 2 2

.7-"(q,mg,JM,,u)—q—2 9g° log ) — 36my (A.5)

2\ 2 2 2 4 1
- — omg? — smf)avetan (=5 |
<q2>2x<mz,q2><<q) el e e a“<x<m3,q2>>

where we defined for convenience

X(a,b) = 4;22—1 (A.6)
A.3 wuvy and EDM
We define the effective Hamiltonian as
HY = CIROIF  CakOIk 4 OO (A7)

with
O]k = e[ Toiad PRuk}FW,
Oék = gs [uja” PRTauk]wa,
OiFT = (40, Prug] [Fo™ Pr7] |

(A.8)

~ 99 —



and obtain in the case of one generation of LQs and no mixing among them

* * N N * 2
ik _ 1 Moy, Vi At Vim As + 10 Aki A _ 12my, Aks Vi Aj; ML
O (11.Q) = 1153,2 [7 M2 M2 d+3log | 7p

Ms (A.9)
3mu, Vi ki Vim Ko
M2 ’

* *
Moy, Vb1 VimKomi ]
M

1 |:mukVk*l)‘liv}m)‘:ni—’_mujj‘kij‘;i+6m2i5\ki‘/jl>\;;+

Jk - _
Cy (1) =~ 355 M2 M2

& ViaAis Ay
Cr T (me) = =g -

The contributing diagram is depicted in figure 1. For the neutron EDM we set j =k =1

and reproduce (setting m,, = 0) our result from [109], where also the relevant RGE can be

found. In case of LQ mixing, we have

M * M+N L,KL,Kx* R, K R,Kx*
P (u0) V2 1 QZF;{M > 7 A M Ly T +ma Ty T,
7 ) = a0 o~
4GFr 72 et m?] My, = m%(
M+N m R,? L,;f* 2
+12 Yy e (4+310g<L2Q>> ,
K=1 Uk K K
M * M+N L,KL,Kx* R, KR,Kx*
C']k(/,L ) \/§ 1 qu{kul T{JVZ 1 i m“kFUk&Fuj& —f—mujruk( uil;
8 \HLQ) = T~ 5, -
4Gr 24 = m% My, = m%(
M+N R,KFL,K*
My, = upl;™ ujl;
+6 Z m km2 : ] )
K=1 "TUk K
LK+ pRK
lec-r upls ~ u;ls
T 2
8mi;
(A.10)
A.4 dufy
For the effective Hamiltonian defined in eq. (3.27) we find
N+M 17K 7L.K=*
clt  _ —V2 Lag ey
VLjk — )
»J SGFVujdk ) m%( A
M+N K I‘R’K* ( '11)
Cfi o _4sz' . ﬂ divi— ujly
SL.jk — TL.jk —
J J 8GFVu]~dk K1 m%(

A.5 ddvv and B, — B, mixing

The effective Hamiltonians for ddvy and Bs — B, mixing are given by eq. (3.24) and
eq. (3.37), respectively. We find for b — svv

N+M PK Kx

i \/§ T drv;— djv
ot — -z LNt & , A.12
L,jk 4GF‘/tdk‘/t2J « Kz:l m%{ ( )
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and for By — B, mixing

] N+M
Cy = W( > T TE, Th Th.,.Co (0,mi, mp)
K,P}=1
sy (A.13)

M

Qx 1@ m2

+ Z Lo, Udse, 33, Ty, Co (0,m, m )) :
{J,Q}=1

A.6 Lll~v, Z¢¢ and Zvv

In case of ¢; — £;~ transitions and the effective Hamiltonian given by eq. (3.44) we have

N+M LK L,K* R,KR,Kx* L, KR,Kx* 2
L mffruj& Fujff zru l; Fu iy muj Fujfi Fujéf muj
Céféi = — E — 7+410g m2

2
K=1 K

28mK dm3,

méfrd 4 I 0y

+Z 4mJ ’

(A.14)

with N, = 3 already included. For the off-shell photon, as given by the amplitude in
eq. (3.47), we obtain

N+M L, Kx~L,K 2 M Jx J 2
=L —NC 5 i Z ujff w;l; uJ + Z 1_‘d l; Fd g a mdj
Ul T 576n2 | m2. = m> m? ’

(A.15)
M+N T R K*FR K

—N, u il Uj u
=R T iVe J f ] J
O + E
=t T 576m2 |0 (m%() ’

where the loop functlons F ( ) and G(y) are defined in eq. (3.49).
For Z decays, where the amplitude is given by eq. (3.54) and the AJL%.(R)
in eq. (3.55), we find

are introduced

N+M M
LK*
ZFuef uz ( u,q mK) Z def dequ m?}),
N+M B (A.16)

_ R,Kx~R,K 2 2 2
= Z Fujgf Fu].gifR (mUjaq 7mK> ;
K=1

with

N :
3612012 <(3q2(43 —3)+27m? ) log <M ) — 52 (5¢* +48m?2)

1
() (152 -+ 202) 3 anctan ) ).
2
Gr (q27M2) - 8647T2M2 ( 52 —9)log (M2> +2830(1—3i7r)+9z’7r> ,
2
2 2
Fr(m2,q%, M?) = 8647r2M2<(128 P —2Tm >log<M2> 2 (52+48m2) +27m?

1
+6X(m2,q%) (45i(q2+2m3) —9mi> arctan (X(m%,q2)> ) ; (A.17)

fL( uaq M2)

+3(*+3m?) +6X
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again using

4q2
X(a2,0?) = ;2 ~1. (A.18)

At the level of the effective couplings (¢ = 0) we have

N+M

_ L,K*

= Z Fu3€f usﬁ FL (mt,O mK) ,
K=1

(A.19)

N+M

R, K+ R,K
AR0) =) Lo, Tuse, Fr (i, 0,mi) .
K=1
The functions F7,/r then become
m?N, m?

Fr(m?,0,M?) = = t2M2 <1 +log(M2>> = —Fgr(m?,0,M?). (A.20)

The amplitude for Z — v is again given by eq. (3.54). For the ZIJ?zQ (q2), introduced in
eq. (3.55), we obtain

N+M M
L,Kx~L,K 2 2 Jx* J 2 2 =2
= E Fdjyf Fdjyi/Hl(q M) + E Fu]ufFuJuZ/HQ(mujvq 7mJ)’ (A.21)
K=1 J=1

with

N, q2 2 '
Hi(q?, M?) = 8647?72]\42 <3(3—25 )log <M2> —31%(3—28121})—34—8%”) ,

2

Ho(m?2,q* M?) = _Ne (3((43 —3)¢*+9m >log<]\/[2

—252 (q*+24m? A.22

1
2 2 2 2/ 2 2 2 2
—|—9mu+6?((mu,q )<4Sw(q +2mu)—3q +3mu) arctan (W)) s
where we again neglected to down-type quark masses, but kept the dependencies on the

up-type ones due to the heavy top quark. If we work with effective couplings instead of
full amplitudes, the results are

M
; 0) = ZFZ;VfFiawH?(mg?ovm?l)a (A.23)
J=1
with
Nom? 2
Ha(mi, 0, M?) = o :;22 <1+log(ﬂ%>). (A.24)
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AT Wev

For the ALQ( ?), defined in eq. (3.66) and eq. (3.67), we obtain

N (NEM 2
LQ, 2y Ve rLEsp L,K*pL,K T
Ap(q7) = 64772{ Kz_:l {V* oLt de ]—"W< My, N mK>+Fu3€f FUS&_mQ] (A.25)
M 2 N+M M 2 2
# Tl s #2250 S Wl o ™ o ()
= K=1 J=1 e —my J
JaNEM M
K L,Kx* _
B S (WP W3 THET,, Yot (i) }
K=1 J=1
with
1 m2 6m4
2 2 2
Fw ( uvq M ) e [6(2(] — 3m? 2)log <]W“> — <4q —3mi — q2“>
m6 7
+6 ( —3m2 + Ty ) log <1 — 2> } (A.26)
(%) my
22 + 2 2 222 22
Hw (2°,y%) = — log (=5 | -
et = i~ g ()

Additionally, there are terms that do not trivially decouple, however, they vanish in the
decoupling limit. They read

LQ N, =g
A 2y _ c * LK*
Ay (M)_&W{ > { Ve Do T, <210g< >+1>

K=1

L,Kx L,K LK 1
B (Fujﬁf Fujﬁ d I/f > <10g< > 2):|
M 2
7] 1
- Z (F{{ ufri v T efrdje,) <10g<mQ> + )

; > (A.27)
J=1

M N+M p 12 2m? mj
B \@Z [WJJrNKFu 0 Fu]yl (2log<_2) -— K_2 log( f;) +3>

J=1 K=1 " e "

2 7,2 2
W, T TRE (9] - 1 3¢
J+N, K dils™ dyv; ( Og<mK> m%( *m?] Og<m3> i >}}

Note that the scale dependence p drops out exactly. If we work at the level of effective
couplings, we have

LK+ L, K +  pLKpLEx
LQ( ) N, mt Niw Fung usl; 2‘/vu?,d]€ dkllll—‘u;géf l og ( m% >
Ji 6472 = m%{ m2 m3
J N+M M LK+pJ 9 (A.28)
; Y ; m
3 T e S S ()]
K=1 J=1 Mg =y J
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In the limit of no LQ mixing, the loop functions used in eq. (3.68) become

2
Fu (mq* M?) = Fiy (m, % M?) + 74
; (A.29)
m
Fo (miy, q*, M?) = Fuw (mi, ¢*, M?) = T3

A8 T —>3u, 17— pete and p — 3e

The relevant effective Hamiltonian is given in eq. (3.72). The contributions of the photon
and Z penguin diagrams are given by eq. (3.74) and eq. (3.76), respectively. Now we use
the effective couplings as defined in eq. (A.15) (photon) and eq. (A.16) (Z boson).

Finally, we have the box diagrams. Contrary to the vector current operators, the
scalar operators Ofm are always proportional to mg /MfQ Therefore, we only consider
contributions from the top quark. The box contributions read

N+M
viL -1 L, P+1-L,K ("L, K¥ [, P | 1L, K+~L,K 1+, P~ L,P
C’abfi ~ 25672 Z (Fukfa Fukébrujéf FUjﬁi—i_Fqua Fukébrukéf Fujfi)
{K,P}=1

2 2 2 2
ng(mUk,muj,mK,mP)

M
1 Qx nJ pJx pQ Jx pJ  pQr pQ _2 _2
- 25672 Z (defardkfbrdjﬁfrdj& +Fdjfardkzbrdkffrdjfi) CO (0’ my, mQ) ’

{/,Q}=1
N+M
VLR __ —1 L,P+L,K ~R,K*~R,P 2 2 2 2
Cabfi - 6472 Z [Fukfa FukbeUjZf F’I.Ljéi D2 (mUk ’ m’LLj e mP)
{K,P}=1
L, K« L, K +R,Px~R,P__ 2 2 2 2 2
_21““3&1 FugebFugef FugeimtDo(mt,mt,mK,mp)} ,
N+M
CSLL _ —m3 op R-P*pL K pRE*pLP _ pREK+pLK [RP+pL,P
abfi — 6472 Z uszly — usly ’LL3£f usl; - usly usly ugff usl;
{K,P}=1

XDo(m?,mf,m%@Trﬂ ) (A.30)

Again, ij/f“j RL(RR) re obtained from C;;)/fsi LR(LL) by interchanging L and R.

A9 T Llvvand p — evi

As it was the case for the previous results, we consider the top as the only non-zero quark
mass and in cases where the result is proportional to the quark mass (squared), we directly
write the result in terms of the top. The effective Hamiltonian for the process is given in

~34 -



eq. (3.80). The box diagrams read

1 N+M
L,fi L,P+L,K —~L,K*L,P 2 2 2
Dgagb - 64772 Z Fukfa Pukfbrdij djl/i CO (muk ’ mK7 mP)
{K,P}=1
N+M M
L Kx L, K ~J* J 2 2 2 2
+ [Fujéa Fukébrukuf Fu v D, (muk y My me mJ)
K=1 J=1
LKL K _9 9
+ F defbrdkuf Fd Vi Co (0’ my, mK)} } ) (A'?’l)
N+M
R,fi _ R, Pxp L,K*1-L,P 2 2 2
Dfafb - 647-‘-2 Z Fukﬁ ukﬁb Fdjyf Fdjyi CO (muk y MK, mP)
{K,P}=1

N+M M

R, Kx* RK J* J 2 2 2 2 =2

-2y >y oy Lo Do Ditgvami Do (mi, mi, mic, m3) .
K=1 J=1

The contributions of the W and Z penguins are given by eq. (3.82) and eq. (3.83), re-

spectively. Now the effective couplings from eq. (A.25), eq. (A.16) and eq. (A.21) have to

be used.
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