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ABSTRACT: The growing experimental indication of Lepton Flavour Universality Violation
(LFUV) both in charged- and neutral-current semileptonic B-decays, has triggered many
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ios where the explanation of these anomalies requires New Physics at the TeV scale, we
emphasise the importance of including electroweak corrections to obtain trustable predic-
tions for the models in question. We find that the most important quantum effects are the
modifications of the leptonic couplings of the W and Z vector bosons and the generation of
a purely leptonic effective Lagrangian. Although our results do not provide an inescapable
no-go theorem for the explanation of the B anomalies, the tight experimental bounds on
Z-pole observables and 7 decays challenge an explanation of the current non-standard data.
We illustrate how these effects arise, by providing a detailed discussion of the running and
matching procedure which is necessary to derive the low-energy effective Lagrangian.
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1 Introduction

The search for lepton flavour universality violation (LFUV) represents one of the most
powerful tool to unveil New Physics (NP) phenomena, as the Standard Model (SM) predicts
negligible LFUV effects. Interestingly enough, in the last few years, hints of large LFUV
in semi-leptonic B decays were observed by various experimental collaborations both in
charged-current as well as neutral-current transitions. In particular, the statistically most
significant results are accounted for by the following observables:

rE_ B(B — D*TV)exp/B(B — D*10)gm
D™ B(B — D*{D)exp/B(B — D*{D)s\
o/t _ BB = D)oy /B(B = Drv)su
D" B(B — D) exp/B(B — Div)sy

=1.23+0.07, (1.1)

=1.3440.17, (1.2)

where ¢ = e, ui, which follow from the HFAG averages [1] of Babar [2], Belle [3], and LHCb
data [4], combined with the corresponding theory predictions [5, 6], and

B(B — K*uji)ex
Ri/e H)exp = 0.68570 60 £ 0.047 (1.3)
K B(B — K*ee)exp q2€[1.1,6]GeV 0:069
e B(B— Kpji)ex
RME = (B = KpjiJexp = 074570094 £+ 0.036,, (1.4)
B(B — Ke€)exp ¢2€[1,6]GeV

based on combination of LHCb data [7, 8] with the SM expectation R?(/(i) = 1.00 +
0.01 [9, 10]. Moreover, there are additional tensions between the SM predictions and
experimental data in b — s¢¢ differential observables, though large non-perturbative ef-
fects can be invoked to explain the observed anomaly [11-15]. Yet, it is interesting that
the whole set of b — s¢¢ data could be reconciled with the theory predictions assuming
some NP contributions exclusively in the muonic channels, see e.g. refs. [16-22]. In the
recent literature, many studies focused on the experimental signatures implied by the solu-
tion of these anomalies in specific scenarios, including kaon observables [23, 24], kinematic
distributions in B decays [25-35], the lifetime of the B, meson [36], T and % leptonic
decays [37], tau lepton searches [38, 39] and dark matter [40, 41].

These anomalies have also triggered many theoretical speculations about the possi-
ble NP scenarios at work. Of particular interest are those attempting to a simultaneous
explanation of both charged- and neutral-current anomalies. Such a task can be most natu-
rally achieved assuming that NP intervenes through effective 4-fermion operators involving
left-handed currents, (57v,br)(fryupr) and (€1vubr)(Tryuvr), which are related by the
SU(2) gauge symmetry [42]. In this setup, a necessary requirement is that NP couples
much more strongly to the third generation than to the first two, since (¢1v,br)(TryuvL)
is already generated at the tree level in the SM while (51,7,br)(frvuier) is loop-induced.
Such a requirement is automatically accomplished if NP is coupled, in the interaction basis,
only to the third fermion generation, couplings to lighter generations being generated by
the misalignment between the mass and the interaction bases through small flavour mixing
angles [43]. In this case LFUV is expected to be associated with lepton flavour violating



(LFV) phenomena. Another possibility consists in NP coupling to different fermion gen-
erations proportionally to the charged lepton mass squared [44]. In this case LFUV does
not necessarily imply LFV at an observable level, if also NP preserves the lepton family
numbers in the limit of massless neutrinos.

In ref. [45], electroweak corrections for B anomalies has been analyzed, focusing on a
class of semileptonic operators defined above the electroweak scale v which are invariant
under the full SM gauge group, along the lines of refs. [42-44, 46-49]. The main new
development of ref. [45] compared to previous studies was the construction of the low-
energy effective Lagrangian taking into account the running of the Wilson coefficients of
a suitable operator basis [50, 51] and the matching conditions when mass thresholds are
crossed. The new quantum effects pointed out in ref. [45] do not represent just a correction
to the leading order results commonly employed in the literature, as one would naively
expect. Indeed, the low-energy effective Lagrangian contains terms that are absent at the
tree-level. Such new terms are crucial in order to establish the predictions of the model in
question. At the quantum level, the leptonic couplings of the W and Z vector bosons are
modified and a purely leptonic effective Lagrangian is also generated. The resulting LFUV
in Z and 7 decays, which is correlated with the B-anomalies, and 7 LFV contributions
turned out to be large, challenging an explanation of such anomalies. Such a conclusion
applies under the assumptions and approximations that will be clarified in this paper and
should not be taken as a no-go theorem for the explanation of the B anomalies. We rather
think that the main point raised by our analysis is that including electroweak corrections is
mandatory when addressing the experimental anomalies with new physics at the TeV scale.

Aim of the present work is to detail, complete and expand the results of ref. [45].
First of all we will derive the full effective Lagrangian relevant to leptonic and semileptonic
transitions both at the electroweak scale and at the 7T-mass scale. After discussing our
starting assumptions, in particular the operators dominating NP effects at the TeV scale,
we present the minimal set of SU(2) x U(1) gauge-invariant operators involved in the
renormalization group equations (RGE) flow from the TeV to the electroweak scale. We
solve the one-loop RGE equation in the limit of exact electroweak symmetry [52, 53] and
in the leading logarithmic approximation. We analyze the induced modification to the
Z couplings, relevant to precision tests. We explicitly show how the scale dependence
of the RGE contributions from gauge and top Yukawa interactions cancels with that of
the matrix elements in the physical amplitude for the Z decay into a lepton pair. Then
we analyze the effective theory below the electroweak scale by explicitly discussing the
matching to an electromagnetic invariant effective Lagrangian, after integrating out the
top quark and the W and Z bosons. Finally we include the further running, dominated by
pure electromagnetic effects, down to the tau lepton mass scale, after crossing the bottom
threshold. This discussion is detailed in section 2 and represents the main original result
of this work. By comparison, in ref. [45] only the results strictly needed for the discussion
of some physical processes were presented, without discussing the issues related to the
derivation, such as the RGE flow, the matching conditions, or the consistency, such as the
independence of the physical results from the running scale. For completeness, in section
3, we discuss the phenomenological implications of our findings focusing on both Z-pole



observables and low-energy observables, such as 7 and B meson decays, extending the
concise discussion made in ref. [45]. In section 4, we investigate the relevance of our results
on specific classes of NP models such as minimal flavor violating models, U(2) models and
composite Higgs models. Our conclusions are presented in section 5.

2 Theoretical framework

If the new physics (NP) contributions originate at a scale much larger than the electroweak
scale v = 246 GeV, in the energy window above v and below the NP mass scale, the NP
effects can be described by an effective Lagrangian invariant under the gauge group of the
Standard Model (SM):

L= Low+ Lxp 2.)

ENP:%ZCZ'OZ»—F.._ , (2.2)

where Lgyr is the SM Lagrangian and O; are dimension six gauge invariant operators, A
represents the scale of NP and dots stand for higher dimension operators.

In principle, 59 independent dimension six operators exist, which become 2499 when
a completely general flavour structure is allowed [50, 51]. The discussion in full generality
of the phenomenology arising from such a gigantic Lagrangian is clearly inconceivable and
some additional assumptions are necessary. Here we assume that at a scale A, higher than
the electroweak scale, the NP effects are fully described by the semileptonic operators Oécll)

and Og’) of table 1. Moreover, we further assume that a basis exists where NP affects
only the third fermion generation.! As a result, our effective Lagrangian at the scale A is
given by

1 - _ - _
ﬁ%P(A) = A2 (Cl qu’Y“%L EQLW%L +C3 Q:lsL’Y“TaqzlsL gzlsL’YuTaféL) ) (2.3)

where primed fields are meant to be in a generic interaction basis. The above setup is the
most natural one to accommodate simultaneously and in a correlated way charged- and
neutral-current anomalies. Moreover, it is favoured by global fit analyses of b — s¢*¢~
data [16-22] including the very recent experimental result for R“K/f [54-62].

At the electroweak scale mgw, additional operators will arise from Lagrangian (2.3),
due to the well-known phenomenon of operator mixing. Here we will consider a reduced set
of gauge-invariant operators involved in this RGE flow. Such set is summarised in table 1,
where one can recognize in [Og)] 3333, [Oég)] 3333 the two initial operators of eq. (2.3). Some
work is needed in order to extract phenomenological predictions from Lagrangian (2.3).
This section is devoted to these computations. First of all, Lp(A) should be run down
to the EW scale mrw and a connection between the primed interaction basis introduced

above and the fermion mass basis should be established (see section 2.1). Next, to describe

'More generally, this assumption can be relaxed to say that NP mainly interact with only one fermion
generation and interactions with the other two generations can be neglected.



Semileptonic operators: Leptonic operators:

047
0f

Iprst = (€ vulhr) (@opy™d)r) [Oulprst = (O, yulyr) oy 0yr)
Jprst = (€] o T ) (@' 7q) | [Ocelprst = (Z;;L%LE;L) (CHLEAY)
[Opulprst = (EpL’YugrL) (UpY" i)
[Ovdlprst = (5/ L Yulrr) (d/R’V di)
[Ogelprst = (T 1udr1) (Er7"elR)

Vector operators: Hadronic operators:

[ng]pr - (ngiﬁMp) (_;LWE;”L) [O‘(’q lprst = (@ ndr) (@7 aiL)
O = (e1iDle) @yrurtly) | 108 orst = (@7 der) (@ 7d)y)
O or = (#1iD00) @utis) | O et = (@umitls) (@)
[OSZ"]W - (wTiﬁ(p) (G 0" 1) [Oéil)]P = (T Y1) (d,py"dyp)

Table 1. Minimal set of gauge-invariant operators involved in the RGE flow considered in this
paper. Fields are in the interaction basis to maintain explicit SU(2) x U(1) gauge invariance. Our
notation and conventions are as in [50, 51].

several processes of interest, the W, Z bosons and the ¢ quark should be integrated out
(see section 2.2). Finally, for some processes a further RGE running (due to QED only)
from mpw to an energy scale of order 1 GeV is needed (see section 2.3).

2.1 Electroweak renormalization group flow

In our framework NP effects are dominated by the Lagrangian LN of eq. (2.3) at the scale
A, which is assumed to be larger than the electroweak scale. In the particular application
we have in mind A is of order TeV. At energies smaller than A the RGEs renormalise the
coefficients C4 3 and give rise to additional operators not initially included in £NP.

The anomalous dimension of these operators are known to one-loop accuracy [52, 53]
and we can solve the related RGEs in a leading logarithmic approximation. By using £NP
of eq. (2.3) as initial condition at the scale A we obtain the effective Lagrangian L. at the

scale my < p < A:
Leg = Lsm + LAp + 6Lsy, + 0Ly + 0L +6LH , (2.4)

0Lsy, = { (91C1 —995C3) (Cy1yulsy) (‘jéL'VngL)
_g 20 (Z/ /7 ) (—/ / C 7 7 ) — /
991 1 (Cspvulsr) (Tspvudsr) — 91 1 (Cspvelsr) (@3pvud5L)

1
5 [(YJYu)s353t + 553(YJYu)3t} Ch (%L%%L) (qu'qugL)

[ — 39301 + (693 + g7) 03} (Z%LWT%%L) (BT asr)

—29 Cs (ESL’YMT Osr) (TopYumder) — 9203 (gsL’YMT Cr) (@ asr)

3



1 7l a — ) a

—3 [(YJYu)5353t +633(Yqu)3t} Cs (L3 ls1) (TopVuT"d1r,) (2.5)
8 - _ - _

—§ng1 (Cypyulsr) (W™ usr) + 2(Ya)ss(Y)ae Cr (Gapulyp) (g™ ugg)
4 — - 4 _ _ L

+ §9%Cl (%L'YM%L) (d/sR’Y”d/sR) - gg%cl (Q:/sL’YuqéL) (e/sR’YuegR)}WgAg,

2 , _
ooy = | (=2atcr - 1) (i) (Bt
+ (_29303 + 6%2)\?303) (@Tibﬁ;@) (EQL’YMT%&L)

2 , ) 2 o L
+ 59301 (oiDng) (@ vudss) — 59303 (pTiDep) (QQLWTC‘(JéL)] Tozpz (26)

2 % /! "l —
0Ly, = [ (9%6’1 + 29%C3> (Carvulsr) (Copyuler) — 493Cs (O vulsr) (o vulsr,)

3
4 2 - _ L
+ ggl Ch (%LW%L) (e/sR’Yu@sR)] 162272 ° (2.7)
2 3 3 2 _ _
5Ly = [99f01 (@3 vutsr) (@epy'dir) — 59503 (@37 d5r) (T Tder) (2.8)

8 N B 4 N - L
+ §9%C1 (qéL’YuqéL) (U/sR’Y“U;R) - §9%C1 (qéL’YuqéL) (d;R’Y“dlsR) 1672A2°

where

A
_[/:log—7 29
. (2.9)

and a sum over repeated indices is understood. In the above expressions we neglected all

the Yukawa interactions but that of the top quark.

2.1.1 Rotation to the mass basis

In full generality, we can move to the mass basis by means of the unitary transformations
UIL = VuuL dlL = VddL VJVd :VCKM7 (2 10)
vp = Uevy, er = Ueer .

where Vok is the CKM mixing matrix and neutrino masses have been neglected. We can
now define the flavour matrices which parametrize the flavour structure of Lagrangian (2.4)
in the mass basis:

_y I \u )
UgYuUs = /\ij Ui Y pUj

AL = V5 Vo
= 7 3¢ Vudj
yuds = A divd; P

s N = Vi Vs,

_ _ yud - 1) 7 J
UsYuds = N5 Uy, d;

3 T3 1] 2 )\ud _ * V . (2 11)
_ e ij — Yu3iVd3j :
€3Tu€3 = Ajj €iVubj

=/ / __ e —. .

V3 Vuly = A Viul e — U U

ij — Ye3iYedj -

ég%ﬂ/:/i = )‘fj €iVulj
These matrices are redundant, since the following relations hold:

X = VonA Vi A = VogpAd (2.12)



We also observe that A/ (f = u,d,e) are hermitian matrices, satisfying M\ = A/ and

trAf = 1 which shows they are projectors with one eigenvalue equal to one. All the
N's satisfy
3
Z AlP =1, (2.13)
ij=1

so that all the elements |);;| should be smaller or equal to one. A useful and general
parametrisation of M (f = u,d,e) is:

, ) s [* oy oy
N = as87 184 65 | . (2.14)
L+ Jag2+ (2 | “27 1
P+ I\ G 5

where oy and [ are complex numbers. Such general parametrisation directly follows
from our assumption that a basis exists where NP affects only one fermion generation.
In summary the free parameters of our Lagrangian are the ratios (C3)/A? and the two
matrices A4 and A\°. From now on, we will work on the mass basis just defined. In the
mass basis our starting point, eq. (2.3), reads:
)\e
Lp(A) = Afkgl [(01 + C3) N upiy"ury viypvi + (Cr — C3) N aniy"urj eckyuern
+ (C1 — C3) /\Elj driv"dry vpryuvr + (C1 + Cs) )\% driv*dr; erkyuer

+ 2C3 ()\Zd ﬂLi'YMdLj erkYuvrL + hc)] . (2.15)
2.1.2 Modified Z and W couplings

Once performed the RGE running of Lagrangian (2.3) down to mgw and discussed the
rotation to the mass basis, we are already able to examine some phenomenology arising from
Lagrangian (2.3) and in particular from 0Ly . Indeed, one of its effects is the modification
of the couplings of gauge vector bosons W and Z to fermions.

The interaction Lagrangian between Z, W and fermions can be expressed as:

92 m g2 I
ﬁW,Z — _a Z’u JZ — ﬁ (W'U' J H =+ hC) y (216)
where ¢y = cos Oy and
Tp=>" [gjchfLﬂ”ij + gjejngﬂ“ij} ; (2.17)
f
JH =g ppyter; + g7 uLntde; - (2.18)

The effective coupling constants include both the SM and the NP contributions:
9rLR =971 R+ AgrLr 9o =9in +Ngrg, (2.19)
where the SM part is given by:
(5309 = (14, - @73) o, @ = -’y @20
(97" = 0i; (95" = (Vexm)ig » (2.21)



where sy = sinfyy. For generic Wilson coefficients of the vector operators [0223)]1# and
[ng)]pr, the NP contributions read

Agjh = 55 |UF (Cht = CRi ) U]
Agfy = s [0 (e + o) vl
Aty =~ [V (o) i),
Agl, = 2“;2 Vi (chy+ e vl } (2.22)

Ag¥ = 11;22 [eagesied
Agi = vieval

For our case they can be directly derived from Lagrangian (2.6):

i v2 L 1, 2 2\u e
A VAT (39101 920+ BU NG CS)) M

- v L 1

Agl = 162 (39%01 + g5C3 + 3y; Ag3(Cy — C3)> Aij
2

i v L 1 2 2
Al = R T 5 0+ RO
Mgl = o gra3 (0~ BC), o
Ag}jR:O (f:u,e,u,d)

ij '1)2 L 2 2\u €
Agl = y3 162 (729205 + Oy Az Cs) Ay

.. v2 L 2 2 d
A% =~ R T 32 0N

These effective couplings depends on the renormalisation scale u. Such a dependence
cancels when we compute the amplitudes for the relevant processes. For example, to
compute the decay amplitude of the Z boson into a lepton pair, the contribution from the
effective Lagrangian Ly, z, which is formally a tree-level term, should be combined with
that of the one-loop diagram arising from the four-fermion interactions contained in £N,
with the Z boson on the mass-shell attached to the quark legs, as shown in figure 1.

This has the effect of replacing the couplings of eq. (2.19) with

9rLR =931 R+ 09sL.R (f=ve) , (2.24)



Figure 1. Diagrams contributing to the decay of the Z into a lepton pair. On the left, the
contribution from Ly z, eq. (2.16). On the right the one-loop contribution originating from the
four-fermion interactions contained in £Yp(A), eq. (2.3), denoted by a square. The dependence on
the renormalization scale p cancels in the sum.

where

ij 3 m? A T 4
00, =33 { A; A33(C1 + Cs) <log — - 1) e A 3(C1 + Cs) <1 - 3sg> (Iy — I3)
2

m, 4, 2, 1. A
+2 [(Cl+03)<1—339)+(C1—C3)(—1+359>] (]3—310gm)})\fj,

091 = 33 {/\2)\33(01 - C3) <1Ong - 2> + 201 = Ca) (1= 285 | (12— Iy)

+ [(cl 03><1 - 353) +(Cn +C3>< L 359)} <I3 B logAz>}Af”’
(2.26)

where I; (i = 1,2,3) are finite and renormalization scale independent quantities defined as

1 2 _
I = / da log mZQ wl-2) (2.27)
0 Z
2
1—
I = dr (1 — x)log mt mZ2 z( 7) , (2.28)
0 myz
1
I3 = / dz z(1 — z)log[z(z — 1)]} . (2.29)
0

Starting from the above expressions, we find the following approximate results

i 103 u .
691/]L A2 {(2.1+1.110g1\) 33<Cl+03) —0.52C5 — 7,[0.11)\3 (Cl —‘ng) —0. 2503]} )\U ,
i 10_ ” . “

where A should be evaluated in TeV.

The scale dependence of the RGE contribution cancels with that of the matrix ele-
ment dominated by a quark loop. We kept non-vanishing only the top mass, neglecting
corrections of order mfl /(1672A%) when ¢ = u,d,c,s,b. These quarks are responsible for
the imaginary part of the effective coupling constants.



(a) (b) (c) (d) (e) ()

Figure 2. Diagrams contributing to the Wilson coefficient of (&;r.7v,¢e;1) (éxr¥"enr) above the
electroweak scale mgw, computed with Lagrangian Leg. Thick (thin) lines denote heavy (light)
fields. Diagram (2.a) comes from 6L, (2.b) from 6Ly . The diagrams (2.c)—(2.f) come from the
four-fermion interactions of £LYp(A), eq. (2.3), denoted by a square. They cancel the dependence
on the renormalization scale u of the diagrams (2.a), (2.b).

2.2 Effective theory below t, W and Z thresholds

At the electroweak scale we should integrate out the heavy particles W, Z and the top
quark t. We will not distinguish among the mass scales myy, myz and m;, which we will
approximately identify with a common scale mgw. Below such scale, we should use a new
effective Lagrangian £V, made of four fermion operators whose Wilson coefficients are
determined by a matching procedure, i.e. by requiring that amplitudes computed with Leg,
eq. (2.4), and ng}’v are the same at the scale mgw. We work in leading log approximation
(LLA) with one-loop accuracy. Therefore, matching conditions should include both con-
tributions from tree-level topologies with RGE-improved dimension six operator insertions
and contributions from one-loop topologies with tree-level-accurate dimension six operator
insertions.

One of the steps required by this procedure is integrating out the massive gauge bosons
W, Z. In particular, from the tree-level exchange of W and Z we get:

2
OLEY = — = (FMIEM 4 SN TN 2 BN 4 (JTATT b)) (230)
where:
T3 =" (AN frivufes + @)Y frivufrs) » AT =Y Agf fr"fri, (2.31)

7 f
TN = (™) vriywers + (95" arivudr;

AJH_ = Agéj VLiYuerj + Agéj UriYudrj , (2.32)

where the contributions proportional to AJY, AJ 3: in eq. (2.30) are of order one-loop.

As an explicit example of matching procedure, we discuss in detail the case of the
four-fermion operator (&;rv.€;j1) (Exr Y enr). Above the electroweak scale mgw, the am-
plitude of the processes controlled by this operator is given by the sum of the diagrams
in figure 2. Diagrams (2.a) and (2.b) come from 5L (eq. (2.7)) and §LEV (eq. (2.30)),
respectively. They depend on the renormalization scale p through the Wilson coefficients
of the interactions displayed as a full circle. This dependence is cancelled by the diagrams
(2.c)—(2.f). Below the electroweak scale, W, Z and ¢ have been removed from the effective

~10 -



(a) (b) ()

Figure 3. Diagrams contributing to the Wilson coefficient of (éiLvuejL) (exrv"enr) below the
electroweak scale mgw. Only light fields (thin lines) are present. The four-fermion interaction
(empty circle) of diagram (3.a) is the unknown of the matching procedure. The triangle in diagram
(3.b) denotes the SM Fermi interaction. In the matching condition, the diagram (3.b) is canceled
by the diagram (2.e) and the diagram (3.c) is canceled by the diagram (2.f).

Lagrangian and the amplitude is given by the sum of the diagrams in figure 3. The diagram
(3.a) represents our unknown. By equating the amplitudes above and below mgw, we find
that (3.a) is given by the sum of (2.a)—(2.d), since (3.b) and (3.c) are canceled by (2.e) and
(2.f) respectively:

Aszy = Aoy + Agp + Aoe + Aoy, (2.33)

where we have exploited As. = Ass and, at first order in G, A3, = Age. From egs. (2.7),
(2.11), (2.23) and (2.30) we get:

AQa = g (9101 — 39203) 7]_6772[\2 lOg ﬁ . )‘ijéknu (234)
s 2 2 2 2 2y u 1 A e
./42[) = (1 — 2sin QW) § (9101 + 39203) + 6yt )\33(01 — 03) 16722 IOg ; . )\Z](Skn .

(2.35)

An explicit computation of diagrams (2.c) and (2.d) at the leading logarithmic order gives:

. 1 W

_ 2 2\u e

./42@ = 6(1 — 2sin Qw)yt )\33(01 - Cg)m log E . Alj(skn +..., (236)
8 2\ u 1 H e

Azqg = ge Ag3(C1 — 03)167772A2 log p— “AjiOkn e (2.37)

where dots stand for p-independent finite contributions. Hereafter, we will not include
such contributions in our analysis, as finite terms of the same size could originate from UV
completions of our setup. Therefore our quantitative conclusions rely on the assumption
that the logarithmic RGE-induced terms dominate over the finite ones. Given the relatively
short range where the running takes place, it is not guaranteed that such dominance holds
and the possibility of cancellations in physical observables cannot be excluded. Putting all
together, we get

A3, = m |:—12< — 5 -+ sin 9W> Yy )\33(01 — 03) log E + ge (Cl — 303) log E
4 5 H
= _ A1 XN Okn - 2.
+36 (Cl C3) 33108 mt:| ij Uk ( 38)
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Qi &

(Tiryuvin) (T vnr) & Okn [—6y7 Ni3(C1 + C3)]

(Ziyuvie) (€kpy*ent) kn [%6 (C1 +3C3) =12 (=5 + 57) Y7 A43(C1 + C3))]
+6m A [—6y7 N5 (Cr — C5)]

(Ziryuvie) (exrY"enr) kn [5€3(C1 + 3C3) — 1255 42 N33(C1 + C)]

(iLvuejr) (exry"ent) kn [362(C1 — 3C3) — 12(=4 + 53) yf A3 (C1 — C3)]

(€irvuejr) (exrY"enr) >\‘-°’- 5kn [5€%(C1 — 3C3) — 1255 Y72 N3 (C1 — C)]

(Zizvuesr) @y vnr) | (A5 Orn + 015 Af,) [—12 47 A53C3)

Table 2. Operators @; and coefficients &; for the purely leptonic part of the effective Lagrangian
LEW. We set sin? Oy = s2.

At a scale p just below mgw = my, we can drop the last term of eq. (2.38). In this way
we end up with our final result for the Wilson coefficient of (€;rv.e;1) (exr Y enr) below
mgw, reported in table 2.

To derive the full /Leﬁ , we should repeat this procedure for each four-fermion operator
arising from Le.g. In practice, as we have seen in the previous example, this amounts to:

1. move to the fermion mass basis in (Leg — 0Ly) = Lsm + £ONP +0Lst, + 0Ly, + 0Ly,
removing every operator featuring a W, Z or ¢ fields;

2. add the result to the term originating from tree-level W and Z exchange, (5[,‘E}W,
eq. (2.30);

3. set the scale p1 to mew ~ myy,z;, in this way accounting for the one-loop topologies
contributions.

Our final result reads:

1
Lo’ = Lau+ Lp + 7533 10 Z@Ql, (2.39)

where Lg); is the SM Lagrangian where W and Z has been integrated out (Fermi theory),
and the systematic omission on the right-hand side of the t; r quark fields is understood.
The four-fermion operators @; and their Wilson coefficients &; are given in tables 2-5 for
the semileptonic and purely leptonic type.

The main point to stress here is that the purely leptonic contributions to the effec-
tive Lagrangian are entirely generated by quantum effects. They contain terms of order
y?/(1672) and e?/(1672). In the gauge part, interestingly enough, the surviving contribu-

tions are controlled by the electromagnetic coupling e?.

These contributions can thus be
interpreted as arising from a photon exchange between the quark loop arising from EONP

and the electromagnetic current.
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Qi &
(Tiyuvin) (Ger Y unt) A5 N [(98 = 393)(C1 + C3)]
+AS Ok [—5€7(C1 +3C3) — 12(5 — 353) 47 Mg3(Cr + Cs))]
+A5; (\i3dan + k3 Ag,) [—2y2(C1 + C3)]
(Ziryuvin) (UkrY"Ung) A5 Okn [—5€%(C1 + 3C3) + 8s5 y7 M3 (Ch + Cs))]
A5 Ok303n (247 A3 C1]
(Tirvuvin) (drpyHdnr) A M [(g2 +393)C1 — (97 + 1593)C3)
+AY; Okn [5€%(C1 + 3C3) — 12(=§ + §55) Y7 A43(C1 + Cs)]
+XG (A VR 4 (Ve aed) [~ 1y2(Cy — )]

(Zizvuvin) (dkry'dng) | A Okn [5€2(Ch1 4 3C3) — 43 yZX43(Ch + Cs)]

Table 3. Operators Q; and coefficients &; for the semileptonic part of the effective Lagrangian £LEV
involving neutrinos and neutral currents. Generation indices run from 1 to 3, exception made for
up-type quarks where k,n = 1,2. We set sin® 6y = sg.

Qi S
(@rpesn) (@rpy uns) | A5 Ny [(9F +393)C1 — (g7 + 1595)Cs)
+AS; Okn [_%eQ(Cl —3C3) — 12(% - %85)3/1:2)\33(Cl — C3)]
+6ij A, [—3€2(C1 — Cs)]
+AG; (N850 + OiaM,) [~ 592 (C1 — C3)]
(€izvuesr) (@R unr) | Af; Ok [—5€%(CL — 3C3) + 853 y7 M5 (C1 — C3)]
+A%; O0k303n (207 N33 C1 ]

(EirVuesir) (Ukp Y unr) | 6ij AL, [—3€%(C1 — C3)]

(eiryueir) (drpydar) | A5 AL, [(7 = 363)(C1 + Cs)]

A5 Ok [5€2(C1 — 3C3) — 12(—3 + 553) yiA43(C1 — C3)]
i AL [—4e2(Ch + C3)]

G (s Vi + (VT M) [—5 97(Cr + C)]
(€iryuesn) (derydnr) | X5 Okn [56(C1 — 3C3) — 453 y7 N5 (C1 — C3)]
(Eirvueir) (driy"dnr) | i M, [—3€%(C1 + Cs)]

Table 4. Operators @; and coefficients &; for the semileptonic part of the effective Lagrangian
EEQN involving charged leptons and neutral currents. Generation indices run from 1 to 3, exception

made for up-type quarks where k,n = 1,2. We set sin® yy = s3.
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Qi &
(@ yuvir) (e dar) | X N [—695C1 + 2(693 + 67)C3]
+A5 Vi [—12 57 \53C3]
+AG (N Vi ™ + 13 A5) [—47C5)

Table 5. Operators @); and coefficients &; for the semileptonic part of the effective Lagrangian EE&N
involving charged currents. For up-type quarks the indices rum from 1 to 2. The &; coefficient for
the Hermitian conjugate operator can be easily derived.

Q- X2 2

Figure 4. Matching condition at the my (m.) scale for the operator (&;rv,e;r) (€xry"enr). On
the right the amplitude is computed above the mass threshold. The thick line represents a bottom
(charm) loop. On the left the amplitude is evaluated below the mass threshold. The tree-level
diagram with an open circle is the unknown. The loop diagrams with thin lines cancel among
each other.

2.3 Effective theory below the electroweak breaking scale

To derive the effective Lagrangian suitable for application to processes at the GeV scale,
we should replicate the steps outlined above. From the electroweak scale mgw down to
the next mass thresholds, the bottom and charm masses my, m., we have to include the
further running of the Wilson coefficients. In this regime, the only relevant interaction of
the electroweak theory is the electromagnetic one. At the scale close to my, (m.), we move to
a new effective theory where the b (¢) quark is integrated out. The new theory is determined
from matching conditions analogous to those described above for the electroweak threshold.
We go on until we reach the GeV scale. For simplicity in the following we assume for the
light quarks u, d and s a common constituent mass of order ~ 1 GeV.

Again, we will exemplify the matching procedure by performing it explicitly for the
operator (€;zv.€;r) (éxry"enr). The corresponding matching condition is shown in fig-
ure 4. On the right-hand side the process is evaluated above m; (m.), where the thick line
represents a bottom (charm) loop. On the left hand side the same process is computed
below the my (m.) scale where the bottom (charm) loop is absent. After crossing both
mass thresholds we get

A5j Okn 1 A 4 A
_ g . 2yu 2
Ap) = 162N { - 12< ~3 + sin 9W> y; A5 (C1 — C3) log o + 3¢ (C1 —3C3) log m

4 c
+ —¢? [—Z(Cl — 03)< 4. log my + A5, log Me ) +(Cr + Cg))\g?, log mb] } .
3 Y 7 7
(2.40)

This is the Wilson coefficient for (€;rv.e;r) (éxry"enr), at a scale p below the charm
threshold.
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Qi 0&i
(Tirvuvin) (PepY"vnL) 0
(i yuvis) (@7%en) | A5 Okn - 462 [(C1 +3C5) = 2(Ch + Cs)(Ay log ™ + Mgy log ™)
+(C1 — C3) Ay log ™
(Einmesn) (@ren) | A% ok 46 [(C1 = 3C5) = 2(C1 = Cy) (A log ™ + Aty log ™)
+(C1 4 C3) A\, log %

Table 6. Operators @; and coefficients 6&; for the purely leptonic part of the effective Lagrangian
SLEEP . We set AT = N/ 1og e,

Qi 9&;
(Faruvin) (B un) | A% O (= 562) [(C1 +3C3) = 2(Ch + Cs) (M log 2 + At log 2
+(Cr — C5) gy log ™2 |
Zirvuvin) (devidn) | X5 Okn - €° {(Cl +3C3) — 2(C1 + C3)(Ag3 log ™ + Ay, log =)
+(C1 — Cy) My log ™|

)

Table 7. Operators @Q; and coefficients 6&; for the semileptonic part of the effective Lagrangian
5£§HED involving neutrinos and neutral currents. For the down-type quarks generation indices run
from 1 to 2,while for up-type quarks we only keep the first generation. We set )\;‘i’d = )\Z’d / log W%W

In a similar way, the Wilson coefficient for the full effective Lagrangian at the GeV
scale can be derived. We recast the final result in the following form:

Log = L5V +0L3" (2.41)

where LEV is given in eq. (2.39), while

1 MW
QED 2 :
0 eff ]67T2Q2 og m - 0 Q ( )

The operators ); and the coefficients §&; for the four-fermion operators of purely leptonic
and semileptonic type are given in table 6-9.

When computing the amplitude for a physical process, two contributions are generally
required: the first is formally a tree-level amplitude described by the RGE-induced part of
our effective Lagrangian. The second is a genuine one-loop amplitude where the residual
light degrees of freedom of the low-energy theory are exchanged in the internal lines. These
two terms correspond, for instance, to the two diagrams drawn in the left-hand side of
figure 4. We will keep only the leading logarithmic part of each term. They are both scale
dependent, but this dependence cancels in the sum. The neglected finite contributions do
not depend on the scale . To deal with loops with the light virtual quarks u, d and s, we
will assume a common constituent mass i =~ 1 GeV.
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Qi 0&;
(éiL'y#ejL) (’L_l,kL’y'uunL) )\fj )\Z’n [862 (Cl — Cg)]
+5,’j /\Zn [—%62(01 - 03)]
—X§; O - 562 [(C1 —3C5) — 2(C1 — C3)(Aj3 log ™t + Ay, log ™

“w
+(C1 4 C3) A\, log %}

)

(€iryue;r) (arY unr) | —X§ Okn - 52 [(Cl —3C3) = 2(C1 — C3)(Mjs log %t + Mg, log ™)
+(Cy + Cg)j\gg, log %}

(Eirueir) (WhpY unL) | 0i5 Ay [—5€%(C1 — C3)]

(@iLvuein) (depydnr) | A AL, [—4€2 (Cy + Cs)]

+0ij Mt [—3€%(C1 + C3))]

A5 Dk - 62 [(C1 = 3C5) = 2(Cr — Cy)(Ay log ™ + Mgy log )
+(C1 + Cs) My log ™2 |

(éiL'yuejL) (CZkR’y“an) )\f] Okn - %62 |:<Cl — 303) — 2(01 — C3)(5\§3 log % + 5\52 log mc)

w
+(C1 4 C3)A\ds log %}

(@ryueir) (depy"dnr) | 0i AL, [—5€°(C1 + Cs)]

Table 8. Operators Q; and coefficients §§; for the semileptonic part of the effective Lagrangian
5£§HED involving charged leptons and neutral currents. For the down-type quarks generation indices
run from 1 to 2, while for up-type quarks we only keep the first generation. We set S\Z’d =
)\Z’d / log ™

Qi 0&;

(iLyuvin) Uk dnr) | =AY Aud . 8e2 Oy

Table 9. Operators @Q); and coefficients 6&; for the semileptonic part of the effective Lagrangian
6£§HED involving charged currents. For the down-type quarks generation indices run from 1 to 2,
while for up-type quarks we only keep the first generation. The 0¢; coefficient for the Hermitian
conjugate operator can be easily derived.

3 Observables

In this section we analyze the phenomenological implications of Lagrangian (2.3), making
use of the RGE-improved low-energy EFT derived extensively in the previous section.

As discussed in section 2.1.1, the full set of free parameters in our set-up are C 3/ A?
and the two matrices A*¢. In addition, we will assume )\i’ld = )\T’Qd = )\i’gd = 0. This will pro-
vide us with a simpler and yet conservative framework, since LFUV effects (i.e. R and
R+ anomalies) can be easily shown to be maximized by such assumption. In conclusion,
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our setup contains effectively only four? free parameters:
d
01,3/A2 y )\373 )

while all other non-vanishing matrix elements can be derived through eq. (2.14) and the
property trA/ = 1. Furthermore, we will assume )\S’gd ~ |)\;’3d]2 < )\g’gd and also )\g’gd to be
real in the CKM basis. Given eq. (2.14) and our assumptions, we straightforwardly derive
Ags| < 1/2.

Rather than aiming at a complete investigation of the wide phenomenology triggered
by the Lagrangian (2.3), we prefer to focus our analysis on processes that, despite the
loop suppression, can compete with tree-level semileptonic bounds thanks to their high
experimental resolutions. Among them, arguably the most interesting ones are the fully
leptonic processes and the leptonic decays of the Z vector boson. We structure the present
section as follows. In section 3.1, we discuss how to address both charged- and neutral-
current B anomalies within our framework. In section 3.2, we discuss the most relevant
tree-level phenomenology connected with the B anomalies. In section 3.3, we proceed
to study observables in the leptonic sector receiving large contributions at loop-level. In
section 3.4, a global numerical analysis is performed in order to corroborate our main
message, namely that bounds coming from one-loop induced lepton phenomenology play a
major role while trying to address the B anomalies, and particularly R .

3.1 The B anomalies

Here we recall how the B-anomalies can be simultaneously explained by extending the
SM through the addition of £L%p(A) in eq. (2.3). To this purpose NP should contribute
dominantly to charged-current transitions compared to the neutral-current ones, since in
the SM the former arise at the tree-level and the latter at one-loop. This can be reproduced
within the present framework by assuming an hierarchy between )\gg)\§3, which controls
B — D™y, and /\33/\52, which is responsible for B — Ku*p~.

3.1.1 B — K
In our setup, the leading SU(3). x U(1) invariant effective Lagrangian describing the
semileptonic process b — s é;e; is [63]
4G o L
NG 72FA1,S (c§oy + Ciholh) + hee.. (3.1)
where A\, =V, Vi and the operators Oy 19 read

62

Oy = (47T)2(§L7ubL)(éz"Y“€j)a (3.2)
2
ij € _ _
Ofp = e (SLyubr) (€7 yse;) - (3.3)

2More precisely, A should be considered as a fifth independent parameter, governing the size of RGE
effects. Since these effects depend on A, which is of order TeV, only very mildly, we can approximately
regard A as a fixed quantity in the relevant logarithms.
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By matching L£5§ with .C xp at the tree level, we obtain:
T v?

adps A2
where dots stand for subleading RGE induced terms, typically negligible compared to the

(C37)7 =~ (C)Y (C1+ C3) AGgAG; + -+, (3.4)

leading ones.

w/e

() which accounts for

As shown in egs. (1.3) and (1.4), the experimental values of R
LFUV in the process B — K®)¢0, read

RY/® = 0.74510:09 4+ 0,036, RYJE = 0.685T0:418 4 0.047 . (3.5)
In our framework, R’;(/ “ is well approximated by the expression

gife s LCED) & O +|(CR) + R
(G5 + 5P +1(CH) ™ + iy P

(3.6)

Given C§M ~ —C5)' ~ 4.2, assuming C)T ~ —CIF and (C*)!! = 0, and working in a
linear approximation for the NP contribution, we obtain

om0 (C1+ C3) A33 25,
T V(O 4 O5)AE NG, ~ 1 - 0.28 .
Oz!VtsHCSMIM( 1+ Oz A2(TeV?) 10°3

RMC~1 - (3.7)
As aresult, for A =1TeV, R% ¢ can be accounted for by O(1) values of C; +C3 and flavour
mixing angles of order A\¢ 53A5 ~ 1073

On the other hand, eq. (3.6) cannot be directly applied to Rﬁ(/f , since in that case
a non-trivial role is played by the Wilson coefficient C7 [64-70]. Nevertheless, under our
NP assumptions the central value for Rl;(/f differs less than 10% from the R?(/e value given
by (3.6), thus not affecting our semi-quantitative arguments.

3.1.2 B — DMy
The effective Lagrangian relevant for charged-current processes like b — cfv is given by

4G
off = _TQF Vio (C§)ij (e7ubL) (ELivvi) + hec.. (3.8)

In our model, for negligible values of A%, the coefficient (C);; reads

(Czb)ij ~0ij — A2 03 N i\:d ~ dij — A22 C3 Ajj (“22)‘53 + )‘gs) . (3.9)
LFUYV in the charged-current process B — D™y is encoded in the observable R D/(*)’ see
egs. (1.1), (1.2):
R =1.2340.07, R/f=1344017. (3.10)
In our framework, R;/(e*) reads
R~ 25 [(C7)s40? (3.11)

D VH[(ef: ) 12
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and therefore, for A5, < \§5, we obtain

2
/e 2v e ‘/cs 0.12C3 chs
RD(*)Nl_FC?) 33 (V )\3+)\ > m V )\3+)\ R (312)

where we took A§; ~ 1. As a result, in order to accommodate the R;/ﬁ) anomaly, we need
C3 <0 and C3 ~ O(1), for A = 1TeV. The condition \§, < A5 is justified a posteriori by

the non observation of LFUV in the u/e sector up to the < 2% level [71, 72]. Indeed, from

u/e
D)

2 e
/”//e . 2'[} e ‘/CS d d ~ 001 03 )\22 ‘/CS d
RD<*) ~1-— F C3 )\22 <‘/Cb)\23 + )\33) ~1-— m 0 1 7A + A33 5 (313)

the expression of R

we find the upper bound A§, < 0.1 once the anomaly in the 7/ sector is explained. Notice
that in our estimates we always set A{; = 0, as well as A§; = 0 which implies A, ~ (A53)%.

3.2 Tree-level semileptonic phenomenology

An immediate consequence of the adopted framework is a set of deviations predicted in
leptonic and semileptonic B-decays strictly related to the anomalous channels discussed
in the previous section. The modifications with respect to the SM predictions are entirely
dominated by the Lagrangian £p(A) and do not need the inclusion of quantum effects, at
least in generic regions of the parameter space. In our framework A§,, A33 and thus A5; are
non vanishing, implying LFV in B meson decays. The processes presented in this section
have been widely discussed in the literature. We list them here for completeness and we
analyze the bounds on the parameters they give rise to.

3.21 B — ¢v

In our framework, another charged-current process which is closely related to B — D™y
is the decay B — fv. The related LFUV observable, RY/* s defined as

Bruv?

RT/u . B(B — TI/)eXp/B(B — TI/)SM

= 3.14
Brv B(B — ,uu)exp/B(B — /AI/)SM ’ ( )
which can be evaluated by means of the expression
(S (3.15)
By (O
where
ub 2 e )‘ 2 e VUS d
(CL)ij = b5 — e C3 Ajj 7 N0~ 1s C3 Ajj X33 + Vo ——Ag3 | - (3.16)
Assuming that A4y < Ay =~ 1 and A, < \§3 ~ 1, the expression for RTD/(i> reads
d
T/ VusAds
~1-— —= 1
Rpr A2 03 ( |Vub]cos'y> ’ (3.17)

where v &~ 70°. Since Belle II aims to measure R;/T“V with a 5% resolution, it is likely that

R;/T’fj will provide a strong constraint to the present framework.
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3.2.2 B — K®up

The leading SU(3). x U(1) invariant effective Lagrangian describing the semileptonic
process b — s7;v; is [63] is given in our framework by

4G R
NS ==\ C”O” + h.c. (3.18)
eff —
V2
where the operator 0 reads
OF = e (Frbe) B (1 =75)p5). (319)

By matching £ with Lnxp, we obtain:

s ’1)2

a)\bs F

(CYP)id = (C1—C3) )\(213)\% e (3.20)
where, again, dots stand for RGE induced terms which are always subleading, unless C; =
(5. Interestingly, the latter condition can be realised in scenarios with vector leptoquark
mediators [49]. In such a case, the RGE induced effects to (CYF)¥ are given by:

392 0?2

SONP i ~ _ e
(667 Aol A2

A
Cs51 )\ A 3.21
310g W 23 ( )

'L]’

which are of order |(6CNT)4|/|(CY?)¥| ~ 0.1 x C3/(C3 — C1) for A = 1 TeV. As already
observed in [49], the process B — K" sets relevant constraints on our model. Defining

R as "
B(B — K"vp)
Sy = , 3.22
KO B(B — KMub)sy (3:22)
we get
B CSM 5ij 4 CSP 512
v _ T (7)) 5.23)

K& = 3|C§M|2 )

where CJM ~ —6.4 so that R7,) reads

2 4 (C1—0C3)\ ,q 1 7 02 (Cp —C3) 2 P
Ko =1 A5+ 3 = A2 (3.24
=T <o<|vzsrA2 co )t \aniar qay ) M) B2

The above expression has been obtained setting Aps ~ —|Vis| and using the properties
trAf = 1 and > ])\ |? = 1. Therefore, RY " is well approximated by the numerical
expression

(CL—=C3) (N3 (C1—C3)® [ M5\
Ko ~ 1406 A2(TeV2) \ 0.01 +0.9 A4(Tev4) \0.01) ° (3:25)

showing that for natural values of C; — C3 ~ O(1), )\g3 ~ 1072 and A =1 TeV, R, can
easily satisfy the experimental bounds

RYY <43 RYY. < 44. (3.26)
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3.2.3 B, — ufi

Since our model predicts the relation Cy = —Cp, an explanation of the R% ¢ anomaly
implies NP contributions also for the decay mode Bs; — pj. The current experimental
measurement and SM prediction for the branching ratio of this process are [73, 74]:

B(Bs — pjt)exp = 2.870% x 1079 B(Bs — pji)sy = 3.65(23) x 1072, (3.27)

Defining Rp,,,, as

2
, (3.28)

R _ B(Bs = pit)exp ~ ’018(1)\/[ +(CT)*
Bspp —

B(Bs — Nﬂ)SM - Cls(l)vl

where CJ ~ —4.2 and remembering that in our framework R% ¢ favours (CN})?2 ~ 0.5,

we see that an explanation of the R% © anomaly improves the agreement with the By, — jufi

data.

3.2.4 Lepton-flavour violating B decays

In our setting, LFV B-decays such as B, — 7=uF and B — K®7%,¥F arise already at
the tree level. Here we give the expressions for their branching ratios assuming Cgy =
—Cho [25, 75]

12
B (B, - £507) = 4 x 107!

2

B(B — KK:I:EIZF) ~ 2 X 10_9 (GKM’ + bKEZ/) ngl

2
o0
Cl ‘

B(B — K*€i£/$) ~ 2 X 1079 (G’K*Zf’ —I— bK*Kg/ + CR*pp! + dK*ggl)

, (3.29)

where the coefficients a;, b; ¢; and d; read

o axe bree agcpe bxc+eer CK* 00! dgcsppr
T, TE 9.6+ 1.0 10.0£1.3 3.0+0.8 2.7+0.7 164+ 2.1 154+1.9

We observe that the above branching ratios have been multiplied by a factor of two since
the experimental bounds refer to the final state (X¢'F = ¢+¢'— 4 ¢—¢'+.
It turns out that

2

22
g o3l (330)

B(B— Kru) ~4x10°8]C3[* ~ 1077
(B = Krp)~ 4 x G5 0.5 XS

where we have used the relation C32/C33 ~ \§; and we recall that, in order to accommodate

the R%“ anomaly, |0922| ~ 0.5. The above prediction is far below the current experimental
bound B(B — K1) < 4.8 x 107° [76]. Moreover, we find

B(B — 7=uF) ~ B(B — KrtuT), (3.31)
BB — K*t5uF) ~ 2 x B(B — Kr*uF). (3.32)

As we will see shortly, loop-induced 7 LF'V decays are typically better probes of our scenario
than LFV B decays.
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e W T

ve | —0.03817 (47)  —0.0367 (23)  —0.0366 (10)

ag | —0.50111 (35)  —0.50120 (54)  —0.50204 (64)
vu/ve = 0.961 (61) a,/a. = 1.0002 (13)
vy Jve = 0.959 (29) ar/a. = 1.0019 (15)

Table 10. Vector and axial-vector Z couplings from the measured values of the leptonic Z decay
widths, left-right and forward-backward asymmetries of the final lepton ¢~ (from PDG [71]).

3.3 One-loop induced LFV and LFUV phenomenology

As illustrated in section 2, electroweak corrections give rise to modified couplings of the Z
and W bosons to leptons and to a purely leptonic low-energy effective Lagrangian. LFV
and LFUV are both expected in Z, W and 7 lepton decays. In this section we analyze these
processes providing approximate analytical expressions for the corresponding observables
in our framework.

3.3.1 Z — ¢ and Z — v/

At the loop-level the leptonic Z couplings are modified in our framework. Their depar-
ture from the SM expectations are constrained by the LEP measurements of the Z decay
widths, left-right and forward-backward asymmetries. The bounds on lepton non-universal
couplings are reported in table 10 and are expressed in terms of the vector and axial-vector
couplings vy and ay, respectively, defined as

Ve = 941, + 9in ac = gir, — Jin- (3.33)
We get f
Yr 20977 ar 33
—=1- — — =1-26g;7, 3.34

with 59% defined in eq. (2.26), leading to the following numerical estimates

(2 (Cl —0.8 Cg)

—=~1-0.05————+ .

o 0.05 " (TevE) (3.35)
ar (Cl —0.8 Cg)

— =~ 1-0004 —5m=—" .

p 0.004 5 (TevE) (3.36)

where we took A§3 ~ A§3 ~ 1 and, hereafter, we set A = 1TeV in the argument of the
logarithm. Moreover, modifications of the Z couplings to neutrinos affect the extraction
of the number of neutrinos N, from the invisible Z decay width. We find that

SM

¢33 2
N, =2+ (”L) ~ 3+45¢3 (3.37)
vL

with 5gijL defined in eq. (2.25), leading to the following numerical estimate

(C1+0.8C5)

N, ~ 3+ 0.008 o3
o~ 840,008 5

(3.38)
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to be compared with the experimental result [71]
N, = 2.9840 + 0.0082 . (3.39)

Finally, we consider the LFV decay modes of the Z boson, Z — ffﬁf, described by the

following branching ratio

3

B(Z = (FrFy~ 22
( ) 37vaT,

2
(9¢1, +09,1.)" + (9/R) Am2 %l (3.40)
Z

where I'; ~ 2.5 GeV and therefore we obtain

B(Z — pFrT) ~ 1077

[\5(C1 — Cs) +0.25C5)° (A§3>2 , (3.41)

A% (TeV4) 0.3

which is well below the current experimental bound B(Z — pF 7T )exp < 1.2 x 1075, espe-
cially when C7 = Cj.

3.3.2 W — /v

At the loop-level also the leptonic W# couplings ggj are modified with respect to their
SM expectations. In particular, summing the RGE contributions, see eq. (2.23), and the
relevant matrix element, the NP corrections to g;/ in our model read

zi log(A/mpw)

ij
090 = 32~ 162

(=295C5 + 6y7 A5 Cs) Xy (3.42)

up to finite corrections. Let us define now the quantity R%K which accounts for LEFUV in
W= decays

0 BW = TV)exp/B(W — 71)sm

R = {= . 3.43
W T BV = ) /BW — sy | o (3.43)
In our setup, R%é is given by
~1+20g0° =1+ e 44
which has to be compared with the LEP measurements [71]
RJ/M=1.068(26), R/ =1.062(26). (3.45)

As we will see shortly, LFUV in 7 decays will provide more stringent constraints on our
model parameters than W+ decays.
3.3.3 T —> v

The effective Lagrangian relevant for charged-current processes like 7 — fvv is given by

cc_ 4Gp

eff — _W (Cze)z] (DiL’Yy,TL) (ZL’)/'U’I/]‘L) —+ h.C.7 (346)
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where £ = e, i and the coefficients (CT%);; read

T v’ u e e e log(A/m
(CT)ij = 0isdej+ p.%z/\gs [3(C1 — C3)di5 A5 + 6C3(00j A55 + disAG;)] (H{WZEW)

Notice that the term in (C}f)ij proportional to d;;\j; generates exclusively LF'V processes,

. (3.47)

while the one proportional to 5@'3)‘% + 07§ A3 contains also lepton flavor conserving con-
tributions which can therefore interfere with the SM amplitude. We stress that the NP
part of (C’Eﬁ)ij is entirely generated by running effects from A to mgw driven by the top
yukawa interactions (and therefore proportional to y?) while gauge contributions (propor-
tional to 9%72) are absent. Moreover, the operator (7;1,7,7r) (Z LM v; L) is not renormalised
below the EW scale by QED interactions. The latter point can be easily understood using
the Fiertz identity (7;1v,7L) (ZL’)/“V]'L) = (UiLYuViL) (ZL"}/“TL) and remembering that the
charged lepton current (67 L’y“TL) is protected from renormalization effects by the QED
Ward identity which stems from the electric charge conservation. LFUV in 7 — fvi is
described by the observables

B(T— pv)exp/ B(T — pvv)sm B(T— evi)exp/B(T—evv)sm

R/ = RT/M = 3.48
T B(p— evi)exp/B(p— evi)sm T B(p— evi)exp/B(— eviv)sm (348)
and are experimentally tested at the few %o level [77]
RT/M = 1.0022 £ 0.0030 RT/¢ = 1.0060 = 0.0030.. (3.49)
RZ/* can be expressed in terms of the coefficients (C7¢);; as follow,
THY |2 Tey. |2
e _ ZullC7 g ZulCEDl 50
Zij |(CL )ij’2 Zz’j |(CL )ij|2
Keeping only linear terms in the NP contributions we find
2
e Voo ge 305, A 0.008C .
frm = L qevi s g loa L O R Y vy (3:51)

where in the last approximation we have set y; = A5 = X3 ~ 1 and A = 1TeV in the
logarithm.

3.3.4 Neutrino trident production

Our purely leptonic effective Lagrangian induces also the neutrino-nucleus scattering

vuN — v, Nutp~, the so-called neutrino trident production (NTP) process (see, e.g.

ref. [78]). Within the SM, NTP is generated by the exchange of both the W and Z vector
bosons. The effective Lagrangian relevant for the NTP is
Gr [ _

£ = ~SE [9# (Cv = C) ] [t =470 (352

where Cyy = C‘S/% + C"Ij/PA, C’?}M = % + 233 and CI%M = % In our model, C"Ij/PA read

CNP _ v ver, VeR ] 9 §Eve. ] EW ’ 3.53

14 3972 A2 (€225 + §2235) log pr— + 2085290 log p (3.53)

o = -2 e, — et log —> (3.54)
32m2A2 mew |
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where

ve e u 4 e
bosy = —12X5, 37 55 (C1 + C) + 36 2A55 (C1 +3C3) (3.56)

4 N me  + m 2 m
085500 = )\22 e [(Cl +3C3) - 2(C1+C3) <)\§3 log jt‘i‘)\gQ log /;)4'(01 —03)/\g3 log 7&; .
(3.57)

In terms of the coefficients Cy and C'4, the inclusive cross section is proportional to C‘Z/ +
C? [78] and therefore, at leading order in the NP contribution, we have

<O’SM+NP> ~142 (CMepP + oM elh)
OSM / NTP (CPM)2+ (M2

with the running scale p replaced by a constituent mass i ~ 1 GeV. On the other hand,

(3.58)

the experimental data and the SM prediction are in the following ratio [7§]

(U"XP> = 0.82 4 0.28. (3.59)
OSM / NTP

From a numerical analysis we find that (osyanp/osm)NTP — 1 & —8 x 1073(C5 — 0.5C1)\S,
quite below the current experimental resolution.
3.3.5 T LFV

The purely leptonic and semileptonic parts of our effective Lagrangian generate LFV pro-
cesses such as 7— pll and 7— uP with P=m,n,7, p, etc. In the case of 7 — pll we find

B(t — ptl) v? 2 eLel A ere 1o THEW 2
B(r — pvo) <327T2A2 (1 +0g) ( Ea30 log —— o 0830 108 &

ere A ere m 2
+ (e ton o+ o ios ™2 ) | (300)
where

4 1
Sased” = A3 { (C1—3Cy) — 12< —5+ s%) Yi Ag3(C1 — Cg)]

w

OO

30" = A3 [4 2(C1 —3C3) — 1255 4 N3 (Ch — 03)]
S5k, = N ¢ [(c1 ~3Cy) — 2(C) - Cy) <5\§3 log "2+ A log ”;)
+(C1 + C3)M\ds log Tgb] .
where [i &~ 1GeV is the common constituent mass for the light quarks. If C1 — C3 ~ O(1),

the leading effects to B(7 — pll) stem from top-yukawa interactions and we end up with
the following numerical estimate

_ Cl - 03)2 AS 2
T — ~ 1 8 7( - :23 61
B( 3,u) 5 x 10 4( = 4) 3 y (3 6 )
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to be compared with the current experimental bound B(7 — 3u) < 1.2 x 1078 [76]. Notice
that in our framework it turns out that 1.5 < B(7 —3u)/B(1 — pee) < 2. On the other
hand, in scenarios where C; = (3, top-yukawa contributions vanish and B(t — 3p) is
dominated by the electromagnetic interactions. The resulting B(7 — 3u) for A = 1TeV,
A3 = 0.3 and O = C3 = 1is B(T — 3u) ~ 4 x 1072, yet within the future expected
experimental sensitivity.

We turn now to the processes 7 — pp and 7 — pm. Employing the general formulae
of ref. [79], we find

2
B(r — pp) _ v2 1 (ecrun _ gendu 4 cerun _ cerdny | A
B(t = v.p) 32712702 ) 2cos?h, \ 2311 2311 2311 2311 /108 -

EW
2
eru e m
2(065it - o6t og "5 ) L (se2)
where 6, is the Cabibbo angle, B(T — v;p) ~ 25% and we have defined
eru [ 3 u
2311 = 23 —§€ *(C1 —3C5) — 12<2 25%) YiA33(C1 — CB)} ,

e [4 1 1 “
g5 =23 | 5e(Cr - 300 —12( -+ 33 ) A1 - )]

eru [ 8
Eahitt = A3 —3¢ 2(Cy — 30C3) + 8 55 yi N5 (Ch — 03)] ,

e _4 u
€541 = | §€2(C1 —3C0) — A shEA(CL — Cu)|
eru e 8 2 me
085311 = —A33 - §€ (C1—3C3) —2(C1 — C3) )\33 log i Lt )\ 5 log 7 )
erd e 4 2 me
552311 = A93 §e (Cl — 303) — 2(01 — Cg) )\33 log M + )\ log f
+(C1 + C3)A% log Tgb} .

A numerical estimate for B(T — up) is given by

N o (C1 —1.3C5)2 (252
B(r — pp) ~ 5 x 10 ATV \03) (3.63)

where the current bound is B(7 — up) < 1.5 x 1078, Finally, the B(7 — un) expression is

2
B(T — :U’ﬂ-) _ 1)2 1 ( erur _ ecerdr §eLUR _|_§eLdR) lOg A 2
B(r — v,m) 327202 ) 2cos2 6, \ \S2311 2311~ 52311 2311 e N
(3.64)

where B(T — v,m) =~ 11%. We notice that, since the 7 meson is a pseudoscalar, B(T — um)
does not receive contributions from electromagnetic interactions. The full result is well
approximated by the following numerical expression

N 5 (C1 = C8)% (55
B(t — pr) = 8 x 10 A(Tovi) \0.3) ° (3.65)

where the current bound reads B(r — pm) < 2.7 x 1078 [76].
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Figure 5. Impact of one-loop-triggered constraints when addressing the B anomalies through left-
handed currents, for two different Cy vs. C5 configurations (left: Cy = 0, right: C; = Cs). For
C7 = (3, simultaneously imposing all bounds is actually equivalent to impose R:/ * alone. In the
scan the parameters varied in the following ranges: Cj3/A% € {—4,4} TeV™2, A € {1,10} TeV,
IALS| € {0,0.5}. All bounds refer to 20 uncertainties.
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Figure 6. Left (right): correlation Br(r — 3u) vs. Br(B — Kru) (Br(t — 3u) vs. Br(r —
w1p)) within our model, while satisfying all other bounds but RTD/(K*), for two different Cy vs. Cs
configurations. In the scan the parameters varied in the following ranges: C; 3/A% € {—4,4} TeV ™2,
A € {1,10} TeV, |\s3] € {0,0.5}, 45 € {—0.2,—0.01}. All bounds refer to 20 uncertainties.

3.4 Numerical analysis

In previous paragraphs we have analysed the challenges raised by individual observables
to a common explanation of B anomalies through left-handed currents, the main outcome
being that LFV and LFUV processes triggered at one loop play a major role in constraining
such scenarios. However, it is only through a global analysis that we can appreciate the
interplay between different constraints and correctly quantify the effects induced by the
full low-energy effective Lagrangian derived in this paper. As discussed at the beginning
of this section, we can fully parametrize our setup using C 3/ A2, )\gée. It is thus relatively
easy to scan the parameter space of the model. We let the parameters vary within the
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Figure 7. Correlation between R:/ ¢ and R;/(l;) predictions when scanning the parameter space of
the model (see figure 6 for details about the scan). The 20 lower limit for the R;/ﬁ) anomaly and

the combined 20 bounds of R:/ " and R:/ ¢ are also shown.

following windows:

—4 TeV™2 < =22 < 44 TeV 2 1 TeV < A <10 TeV
0< X3 <0.5 (3.66)
0< A, <05 or 0.01 < M| <0.2.

We display our main results in figure 5, 6 and 7, where the obtained limits are defined by
the 20 uncertainties of the observable quantities, assumed to be uncorrelated. Notice that
the choice C13/A% € {—4,4} TeV~2 is by no means restrictive, since values out of this
range are excluded by Z decays and 7 LFUV phenomenology. Moreover, although the full
allowed range for |\4;| is {0,0.5}, it is reasonable to assume |Ad;| to be close to the Vi,
value, in order to avoid too much fine tuning when reproducing the Vegy matrix. This
is the reason for the chosen ])\513\ range in figures 6, 7, the sign being the correct one to
reproduce the R“K/f*) anomaly.

In figure 5 we can appreciate the impressive impact of the LE'V and LEFUV bounds from
lepton phenomenology, for two typical choices of the parameters C 3, namely C; = 0 and
C1 = (5. The black dots are parameter configurations allowed by tree-level semileptonic
bounds, i.e. those discussed in section 3.2. When C; = 0, LFUV in Z decays represents
the single most powerful constraint, while for Cy = C3 there is a partial cancellation of the

loop-induced effects in Z-pole and LFV observables. In this case the constraint coming
T/l
D)
accomodated. In figure 7, the same conclusion is reinforced by the comparison between

the R;/(t;) prediction and the most challenging LFUV observable, R;/ K, which tests LFUV

in purely leptonic decays. We have collectively called R;/ ® the two observables R:/ * and

from R;/ # is the strongest one. In both cases values of R exceeding 1.05 cannot be

Rz/ ¢ discussed in section 3.3.3, whose predictions are equal at leading order in our model,
see eq. (3.51). In particular, the experimental value of R:/ ©, which is 20 away from the
SM prediction and which has not been considered in figure 5 to remain on the conservative
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D)
of figure 6 deal with the LFV predictions of our model, while satisfying all the other

side, further reduces the allowed R departure from the SM prediction. Finally, plots
bounds, but the R;/f*) anomaly, otherwise no points would survive the scan. Also in these
plots we choose the two representative values C; = 0 and C; = Cs. In the left plot, we
study the correlation between the predictions for the LFV semileptonic B — K7pu and
leptonic 7 — 3 decays. An important result of the present analysis is that the process
7 — 3u is a much more sensitive probe of the scenario under discussion, due both to the
better proximity of the predicted Br(7 — 3u) to the current experimental bound, and to
the expected improvements of such bound in the near future compared to the challenging
semileptonic B — Kr7u process. The right plot illustrates the comparable potential of
other LFV 7 decays compared with 7 — 3u. In particular, the 7 — pp channel is rather
equivalent to 7 — 3u, both in terms of predictions and sensitivity. As another example,
the 7 — pm channel, not displayed in figure 6, has analogous predictions to 7 — up for the
C1 = 0 case, but it suffers a cancellation which reduces the predicted branching ratio for
Cy =~ (3, as can be seen in eq. (3.65).

;/f;) and R‘;{/(i
strongly disfavoured in the present framework, where NP at the TeV scale mainly affects

In conclusion, a simultaneous explanation of both the R , anomalies is

left-handed currents.? Quite independently on the relative weight between C; and Cj,
T/l

D)
anomaly, in the present framework a significant room is available for LE'V effects. However,

the current data on R:/ * forbid values of RTD/(l;) exceeding 1.05. Leaving aside the R

our results contradict the widespread opinion that B — K7 is the most promising channel
to test these effects, since the best probes of LE'V effects are by far the 7 decays.

4 Relevance for specific NP models

In the previous sections we focused on a model-independent analysis of the B anomalies
based on the effective Lagrangian Lp(A) of eq. (2.3), which was constructed under the
following assumptions:

(i) NP mainly affects V' — A semileptonic fermion currents, i.e. only the operators 021)

and Og’) are present at the scale A;

(ii) a basis exists where NP affects only the third fermion generation. Such a basis is
approximately aligned to the mass basis in the quark sector.

Notice that we have supplemented the assumption (ii) by the additional requirement
of approximate alignment between the quark mass basis and the basis where NP mainly
affects the third generation.? Such requirement is an output of our analysis and represents
a necessary condition to simultaneously accommodate the anomalies in B — Kutu~

3In principle, such a conclusion could be invalidated by large cancellations among different NP contri-
butions entering RZ* with a required fine-tuning of order 10% [80, 81]. So far, no UV-complete model
accomplishing this task appeared in the literature.

40f course there are two distinct mass basis in the quark sector, slightly misaligned by the CKM mixing
matrix. The above statement refers to an approximate alignment to any of these two basis.
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and B — D™ 7y, In our framework this condition translates into the requirement that
the unitary matrix Vg is close to the identity matrix. In the SM the matrices V,, 4 are not
physical, only their combination Voky is. In our setup the NP effects in lighter generations
arise through the rotation to the mass basis after EWSB, see egs. (2.14) and (2.15), and
are controlled by V,, 4. In particular we need |Vysa| < |Visa| to enforce [Ad;] < |A\d5| which
guarantees a correct interplay between the SM and NP contributions to the NC and CC
anomalies, see egs. (3.7) and (3.12).

In this section, we want to discuss how far our conclusions depend upon the above
assumptions and to what extent such assumptions hold in specific NP scenarios. Assump-
tion i) can be realised by the tree-level exchange of a limited number of mediators. If we
restrict to spin 0 and spin 1 mediators, there are only six possibilities, listed in table 11.
There are only two color-singlet mediators, either an electroweak singlet A, or a triplet AY.

l(;) and Ol(j), respectively. There-

fore, models containing only massive fields A, can address the R’;(/(i) but not the R;/ﬁ)
anomalies [48, 72, 81-93].
On the other hand, both A, and Aj, generate purely four-lepton and four-quark inter-

Their tree-level exchange gives rise to the operators O

actions which, in turn, induce very dangerous tree-level effects for processes like 7 — 3 and
B, — B, mixing. In principle, the effects of tree-level four-lepton interactions can compete
with or dominate over the loop-induced effects discussed in the present paper anoma-
lies [48, 72, 81-93].

Moreover, there are four types of lepto-quark (LQ) mediators giving rise to Ol(; )
Ol(c:;) at the tree-level [80, 94-101]. Two have spin one, U, and Ujj, and two have spin zero,

S and S®. In the case of the spin zero electroweak singlet .S, it turns out that C; +C3 =0

and

and therefore R‘;(/& is not modified. This conclusion remains true even after the inclusion
of electroweak RGE effects, at least when NP affects a single generation. Out of the LQ
mediators, the spin 1 electroweak singlet U, partially evades the bound from B — K v,
since it produces operators satisfying the tree-level condition C'y — C3 = 0. However, as
pointed out in ref. [45] and thoroughly discussed in section 3.2.2, such condition is not RGE
stable and a contribution to B — K® v is generated at one-loop via electroweak effects.
Notice that, in contrast to the case of color-singlet mediators, at the tree-level LQs do not
give rise neither to four-quark nor to four-lepton operators and therefore the corresponding
indirect constraints from low-energy processes are significantly relaxed. The new bounds
arising from Z-pole observables and 7 decays discussed in section 3.3 potentially affects all
models of table 11.

Assumption (ii) plays an important role in our analysis since it allows to strictly
correlate the one-loop induced LFV and LFUV processes to the anomalous B decays. In
many specific SM extensions invoked to solve the B-anomalies NP mainly affects the third
quark generation, but our analysis shows that the near alignment between the primed basis
and the quark mass basis is an additional very relevant condition. To better illustrate
this point, we can consider a slightly more general starting point, described by the NP
effective Lagrangian:

1 _ )
Lp(A) = 12 (Cr Q" Ol + Cs Q0" r"ap Ll (p) (4.1)
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Field | Spin | Quantum Numbers Operator Cy | Cs
Ay 1 (1,1,0) CI’LWQ’L Oyl -1 0
A 1 (1,3,0) qryrregy Oyl 0 | -1
U 1 (3,1,+2/3) Ty, Oy, -1 -3
Ui |1 (3,3,42/3) Tl Oy, | =3 | 43
5 0 (3 1,-1/3) qyio*t'], 1020 q], +1 | —1
10 (3.3.-1/3) | grtic®ts i 05roq, | +3 | +1

Table 11. Spin zero and spin one mediators contributing, at tree-level, to the Lagrangian Lp(A)
of eq. (2.3). Also shown are the operators they give rise to and the contribution to the coefficients
C; and Cj of the Lagrangian £ (A), when a single fermion generation is involved.

where Q and L are hermitian matrices in flavour space and generation indices are under-
stood. The previous results are recovered when Q = L = diag(0,0,1). Concerning the
lepton flavour matrix L, for simplicity we still choose L = diag(0, 0, 1), but we observe that
the LFUV phenomenology is controlled by the diagonal entries of L¢ = VJLVe and can
be equally parametrized even considering a more general form of L. Such a general form
would instead affect LE'V processes, with predictions departing from our results.

Without loss of generality Q can be assumed diagonal in the primed basis. In this
more general setup our results are still valid to a very good approximation, provided the
following two conditions are fulfilled:

1. The matrix Q has a non-vanishing trace and |Q11| < |Q22| < |Qs33].

2. The primed basis is approximately aligned with the quark mass basis, that is the
unitary transformations V,, 4 are close to the identity.

These two conditions extend the assumption (ii) by relaxing the requirement that NP
dominantly affects the third generation. It is not restrictive to assume tr(Q) = +1, by

absorbing the size and the sign of tr(Q) into the Wilson coefficients Cj 3. In this more

T/t

general setup the deviations (5R“ /¢ and 6R from the SM predictions are described by

D)
27 v?
SR ~ =" Ao
R~ e 2 (O O
2
T/l 2v cd ~d Ves d d e
OR .y ~ i Cs <Vch13+Vch23+Q33> 33 (4.2)

where, in analogy with A%, we have defined Q¢ = VTQVd Loop effects proportional to
the gauge coupling constants 91,2 are unchanged, since they are controlled by tr(Q). Loop
effects proportional to y? are obtained by the replacement:

viNgs = R (Vekm@Viga)ss - (4.3)
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T/L
D)
the same order. In particular, 5R‘;(/ “ is proportional to |Q%;] while, for sufficiently small

(Va)ij (i # j) the deviation (5R;/(€)

to overcome the enhancement 1/a in (5R’;{/ . Moreover in this regime we have Q%; ~

;/(i) and the loop effects that

are the object of our analysis. Notice that, provided Vj is sufficiently close to the identity

Conditions 1. and 2. guarantees that the NP contributions to R% “and R are of

becomes proportional to |Q%;] > |Q%], thus allowing

(VCKMQdVCTKM)gg, which supplies the strict link between R

matrix, the elements of () can also be of the same order. For instance a nearly degenerate
matrix Q, arising for instance by an approximate SU(3) flavor symmetry in the quark
sector, would still give rise to the loop effects discussed above. Of course for non-vanishing
Q11 and Q92 we should carefully check whether the constraints coming from processes
involving quarks of the first two generations are satisfied.

The assumption that NP mainly affects the third quark generation can be relevant in
NP scenarios where the Lagrangian (2.3) arises from LQ exchange. Indeed, when integrat-
ing out LQ, we would get contact interactions of the type

)‘;Zri)‘ﬁ (@Liv" Xqr;) (CoivuXrm) (spin 0 LQ)
NN (G X%q1;) ey Xpm)  (spin 1 LQ) (4.4)

where X¢ = (1,7%) and the flavour structure is described by the matrix A, If A4 has rank

1 it can be decomposed as )\Z = 959?. In this case we can always define )\éfj)\;qj = )\?j)\fkm

with A\“¢ matrices of rank 1 and we recover the flavour structure assumed in this paper.
Finally it is interesting to note that the assumption (ii) above is approximately realized

in a class of models where the matrices A/ have the following pattern:

F_ 1 i “
M= Ap Yy A A= By : (4.5)
1

where ¢ = tr(A; Yy AJ}), la| < || < 1 and Y} are real matrices with entries of order one:
(Ys)ij ~ O(1). For ay < ff < 1 the eigenvalues of Ay are approximately 1, BJ% and oz%
and the unitary matrices needed to diagonalize A; are close to the identity. The matrices
Ar of our setup, eq. (2.14), are recovered by taking

111
Vi=|111] . (4.6)
111

Matrices Ay of the type in eq. (4.5) typically arise in models with flavour symmetries,
such as abelian Froggatt-Nielsen symmetries or non-abelian U(2) symmetries, or in models
where fermion masses are generated through the mechanism of partial compositeness. In all
these scenarios, our conclusions still holds semi-quantitatively, i.e. up to O(1) corrections
and barring accidental cancellations.

In the remaining of this section, we will briefly discuss different popular NP scenarios to
explicitly analyse to what extent our assumptions hold and our conclusions can be applied.
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4.1 Models with Minimal Flavour Violation

In the Minimal Flavour Violation (MFV) framework [102], one assumes that the SM
Yukawa couplings are the only sources of flavour breaking. Within this scheme, the most
relevant FCNC four-fermion operators in the quark sector are of the form (V' —A) x (V —A)

as they are sensitive to the top yukawa coupling. In particular, the expression of Q¢ in

MFV reads:
d

5= (al+ bYJYU)Z‘j ~a 0; + by? (VCKM)?%(VCKM)&j ) (4.7)
where a and b are real parameters. If a = 0, after appropriate rescaling of C1 3, eq. (4.7)
is clearly equivalent to eq. (2.14), with ago< (Voxm)3y, Bax (VoM )j,- As discussed above
also the case a # 0 can fulfill the more general conditions 1. and 2., provided |a| < |a+by?|.
The implementation of MFV in the lepton sector is not unique due to the ambiguity related
to the neutrino masses. Assuming massless neutrinos, it turns out that

L§; ~ (a + V' y) 65 . (4.8)

Even though lepton flavor is conserved, LFUV is generated by the lepton Yukawa couplings
ye,- By assuming that o/ = 0, Lf; has approximately rank 1. The relative size of LFUV
in the p/e and 7/p sectors is of order (m,/m,)? which roughly corresponds to a loop
factor. Therefore, in principle, MF'V seems to be a promising setup where to accommodate
simultaneously the RTD/(i) and R’;(/(i> anomalies [44]. However, this possibility is challenged
by the quantum effects discussed in [45] and in the present paper.

4.2 Models with U(2) flavour symmetries

Many explicit models proposed to address the B anomalies, involving left-handed vector
interactions mediated by e.g. Z’ or leptoquarks, rely on a U(2) flavour breaking pattern [80,
81, 97]. Common feature of models with U(2) flavour symmetries is the existence of small
flavour symmetry breaking parameters which suppress the coupling of NP with the first
two fermion generations. We will collectively call € such small U(2)-breaking terms.

In the case of a color-singlet mediator we can easily see that, after suitable rescaling,
@ and L take the form [80, 81, 97]:

+O(e?), (4.9)

EaQ,L

where dg 1, are generic O(1) spurions of the underlying model.® For LQ mediators, we
should first show that the flavour structure of the LQ model can be recast as in eq. (4.1).
As discussed above, a special case where this is granted is when A is rank 1, see eq. (4.4).
This is actually the case, since A'Y assumes the same form as in eq. (4.9) and thus has rank
1 (up to corrections O(e?)). In conclusion, our analysis holds at least semi-quantitatively
in scenarios with U(2) flavour symmetries.

5 . . . .
°Again, we have assumed that no trivial spurion 1 arises.
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5 Discussion

Our results apply to the wide class of models where NP at the TeV scale mainly affects left-
handed currents and the third generation. In this framework a simultaneous explanation of
both the R/
examine in more detail the assumptions and the approximations made in our analysis. At

and R’;{/(i) anomalies is strongly disfavoured. Therefore, it is important to

the same time it is of great interest to look for possible NP scenarios where our conclusions
do not necessarily apply.

First of all our tools do not allow to fully reproduce the predictions of a UV com-
plete theory giving rise to the semileptonic operators considered here. In such a theory we
expect finite contributions to the observables of interest, in particular the leptonic Z cou-
pling constants and the 7 LFUV/LFV decays, beyond the leading logarithmic corrections
explicitly computed here. Depending on the specific model, significant cancellations of the
most constraining effects may take place when summing finite and logarithmic contribu-
tions. In such a case, our conclusions would be softened or even invalidated. Such finite
contributions can originate already at the NP scale A. This is why in our analysis we have
not included the finite corrections originating from the matching at the various thresholds:
there is an intrinsic uncertainty due to the ignorance of the UV finite corrections and the
knowledge of the full theory would be required to remove it.

A second remark concerns the set of semileptonic operators relevant to B anomalies
that can be generated at the scale A by a UV complete theory. While the choice of operators
with only left-handed fermions is one of the preferred ones by the most recent fits, this
does not exclude a leading or subleasing role of other operators. It is clear that a set of
operators at the scale A different from the one considered here in ﬁ%P may lead to different
conclusions. This scenario would deserve a new analysis, which goes beyond the scope of
the present paper.

Moreover, also our assumption about the dominance of the third generation plays an
important role. As we have seen in the previous section, many motivated flavour patterns
predict such a dominance. However a completely different flavour pattern of semileptonic
operators cannot be a priori excluded. For instance, NP could mainly give rise to operators
selectively involving the bilinear g5; v*¢5; and its conjugate. This would contribute to both
CC and NC anomalies, while evading the bounds from quantum effects.

Finally, even within the assumptions and the approximations made here, both the CC
and the NC anomalies can be individually explained in our framework. It is only their
simultaneous explanation that appear strongly disfavored. For instance the experimental

value of R’;{/& can be reproduced by choosing A5\, ~ 1 and A/y/C; ~ 30TeV. In this
‘Ir)/(i> cannot significantly deviate from the SM prediction, but the RGE effects are
negligible. Conversely, by taking )\g3)\§3 ~ 1 and A/y/C3 =~ 5TeV we can fit R;/f;) and

decouple the loop effects.

case R

6 Conclusions

The growing experimental indication of LFUV both in charged- and neutral-current
semileptonic B-decays, could represent the first indirect signal of New Physics. Since the
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required amount of LFUV is quite large, one would expect that other NP signals should
appear in other low- and /or high-energy observables. Indeed, in the recent literature, many
studies focused on the experimental signatures implied by the solution of these anomalies
in specific scenarios, including kaon observables, kinematic distributions in B decays, the
lifetime of the B, meson, T and 1 leptonic decays, tau lepton and dark matter searches.

In particular, in ref. [45], the importance of electroweak corrections for B anomalies
has been highlighted, assuming a class of gauge invariant semileptonic operators at the NP
scale A > v, a common premise in many attempts to explain the B-anomalies. The most
important quantum effects turned out to be the modifications of the leptonic couplings
of the W and Z vector bosons as well as the generation of a purely leptonic effective
Lagrangian. It was found that the tight experimental bounds on Z-pole observables and 7
decays challenge an explanation of the LFUV observed in the charged and neutral-current
channels.

In this work, we provided a detailed derivation of the relevant low-energy effective
Lagrangian, extending and generalizing the results of [45]. After defining the effective
Lagrangian at the NP scale A ~ 1 TeV, we have discussed the required procedure of running
and matching in order to determine the effective Lagrangian at the electroweak and lower
scales. In particular, the running effects from A down to the electroweak scale have been
accounted for by the one-loop RGE in the limit of exact electroweak symmetry,

while from the electroweak scale down to the GeV scale by RGEs dominated by the
electromagnetic interaction. We have discussed the most relevant phenomenological impli-
cations of our setup focusing on Z-pole observables, 7 and B meson decays. As a proof
of correctness of our results, we have explicitly verified that the scale dependence of the
RGE contributions from gauge and top Yukawa interactions cancels with that of the matrix
elements in the relevant physical amplitudes. Finally, we have investigated the relevance of
our results for specific classes of NP models such as minimal flavor violating models, U(2)
models and composite Higgs models. We find that, to good approximation, our conclusions
apply to these models too, thus proving that the inclusion of electroweak quantum effects

is mandatory for testing the consistency of the models with the existing data. Our analysis
/L
D
disfavoured in the adopted framework. However this conclusion should not be regarded as

shows that a simultaneous explanation of both the R /., and R“K/f*) anomalies is strongly
a no-go theorem. There are limitations in our approach and fine-tuned solutions invoking
model-dependent finite corrections that cannot be excluded. Moreover different conclu-
sions can be expected when the present framework is generalized, either by enlarging the
set of initial operators or by allowing different flavour patterns. We believe that the most
important message of our work is that electroweak corrections should be carefully analysed
in any framework where the explanation of B-anomalies invokes NP at the TeV scale.
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