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1. Introduction

Lepton flavour universality (LFU) tests are among the most powerful probes of the Standard
Model (SM) and, in turn, of New Physics (NP) effects. In recent years, experimental data in B
physics hinted at deviations from the SM expectations, both in charged-current as well as neutral-
current transitions. The statistically most significant data are:

e A 3.90 violation from the 7/¢ universality (¢ = u,e) in the charged-current b — ¢ decays [2,
3,4,5]:

ot BB~ DYTV)exy/ BB — D TV)gy
D) ) (1.1)

R . .
B(B — DUV exp/ B(B — DHIV) gy

RY'=1374£017, R =1.28+0.08. (1.2)

e A 2.60 deviation from u /e universality in the neutral-current b — s transition [6]:

B(B— Kut U ex
(B2 KU Jexp _ () 74540090 1 036, (1.3)
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while (Rz/ “)su = 1 up to few % corrections [7].

As argued in [8] by means of global-fit analyses, the explanation of the Rﬁ/ ¢ anomaly favours

an effective 4-fermion operator involving left-handed currents, (5.%.b)(fzYutz). This natu-

rally suggests to account also for the charged-current anomaly through a left-handed operator

(CLYubr)(Tryuve) whichis related to (57.7.b1) (fir Yu i) by the SU(2), gauge symmetry [9]. Clearly,
this picture might work only provided NP couples much more strongly to the third generation than

to the first two.

In ref. [1], we revisited the LFU in B-decays focusing on a class of semileptonic operators
defined above the electroweak scale v and invariant under the full SM gauge group, along the
lines of Refs. [9, 10, 11, 12, 13]. The main new development of our study is the construction of
the low-energy effective Lagrangian taking into account the running of the Wilson coefficients of a
suitable operator basis and the matching conditions when mass thresholds are crossed. The running
effects from the NP scale A down to the electroweak scale are included through the one-loop
renormalization group equations (RGE) in the limit of exact electroweak symmetry [14]. From the
electroweak scale down to the 1GeV scale we use the QED RGEs. The most important quantum
effects turn out to be the modification of the leptonic couplings of the vector boson Z and the
generation of a purely leptonic effective Lagrangian. As a result, large LFV and LFU breaking
effects in Z and 7 decays are induced.

2. Effective Lagrangians

If the NP contributions originate at a scale A > v, in the energy window above v and below
A the NP effects can be described by an effective Lagrangian % = %sm + -Zp invariant under the
SM gauge group. Here we assume that NP is dominated by

G
A2

C _
L = — (@7 asn) (Boybar) +

A2 (@37 q3) (GaLyutlaL) - (2.1
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We move from the interaction to the mass basis through the unitary transformations u; — V,uy,
d; — Vudp, VJVd =V, vy — UV, ef — Uyer, where V is the CKM matrix and neutrino masses
have been neglected. For future convenience we define

A= ViV, Afj=UpziUes;j /liL}d =VaiVasj, (2.2)

with ¢ = u,d. Starting from the effective Lagrangian Z\p at the scale A, at lower energies an

effective Lagrangian is induced by RGE and by integrating out the heavy degrees of freedom.
The effective Lagrangian describing the semileptonic processes b — s£¢ and b — svV is

4G L
L = f Jos (€O +CJ 0 + o)) + hc., 2.3)
where A;;=V,,V;; and the operators &y and 0y i read
ii 82 —
oy = 5 (SLyubr) (V" (1 —1s)v;) (2.4)
(47)
ij e > ij e _
ﬁg = W(SL’}/“bL)(ei’)/“ej) R ﬁlO = W(SLYubL)(ei’yﬂ '}’5€j) . (25)
By matching .Zf with #\p, we obtain:
47'[ V2 . 47[2 V2
ij i _ d
C9 ~—Cjp = 27L A2 (€ +C3))L’23 ijo G~ eZ)LbSF<C1 C3)123)Li3'7 (2.6)
The effective Lagrangian relevant for charged-current processes like b — ¢V is given by
4G
e(%% = \/EF Vcb (CL )t} (CL')/,ubL) (eLz'}"uVL]) +h C. (2.7)
where the coefficient (C$);; reads
b v A
Ci _ e
(CL )jj—aij—pvic‘bC?,kl] (28)

One of the effects due to Zp is the modification of the leptonic couplings of the vector bosons
W and Z. Focusing on the Z couplings, we find that

L7 = £, (ZgZLPL +ZggRPR> ej+ 82 viiZ giij VLj, (2.9)
CW cw
where gf1. g = g%R +AgyrLR, cw = cos By and
. 2 2 pe
v 2 2 81
Ang]L =~ A2 <3y, c_ u3Lt +g,G3L; + 3C1LZ> 1617;'27 (2.10)
. 2 2 pe
4 2 u 2 8
Agyp =~ 2 <3y, cr AL — g3CL; + 31C1LZ> : 6’;[2, (2.11)

with L, = log(A/m;), L. = log(A/mz) and Aggr = 0. Quantum effects generate also a purely
leptonic effective Lagrangian, as well as corrections to the semileptonic interactions:

4Gr

%l}f: \/E 2'tj |:(eLIY#eL] Z Wy#ll/ 2g Ql//c )

+ —l—C,CC(?L,")/H VLj)(VLk}’ueLk —l—ﬁLk}/”Vk]dL[) + h.c.:| , (2.12)
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where W = {Vii, ek ri, UL R, dLR, SR} and g5, = T3(W) — Qy sin” By . Finally, the coefficients c¢;"
and 7, are given by

. er V? A? m: . md

C,y = 4487'[2E ( Cl)log “7 — (C] +C’§)A33 lOg 'u ( 72 122 log IJ;) :| ,
3y, v A2 o 30 V[ N

¢ = 3212 Az(Cl C3) As; log tz ¢ = 16t2 e Cs A35 |log 12+2 . (2.13)

The residual scale dependence is removed by evaluating the matrix elements in the low energy
theory. For simplicity, we have done this within the quark model, by assuming for u, d and s a
common constituent mass i ~ 1 GeV.

3. Observables

In our model, RZ/ ¢ is approximated by the expression
RH/€ G" + 3 ~1-028 (C1+GC3) M5 A5 3.1)
|Cs¢ 4+ C3M|? T A2(TeV) 103 '
while the expression for RTD/(f) reads
LISl 0.12C5 V,
R =& o= =22 (A + 2224 ). 3.2
D) Zj ’ (C )f] |2 A2 (TGV) )"33 V. A23 ( )

Non trivial constraints arise from the observable R} = #(B — KvVv)/%(B — KvV)sy [13],

va:z,..,\cimazwcm 1 06c V¥ 03c¢%2 [ Al (3.3)
K 3|CoM 2 A2(TeV) \0.01 /] = A*(TeV) \0.01 )’

while the experimental bound reads Ry" < 4.3 [15]. If LFU effects arise from LFV sources, LFV
phenomena are unavoidable [11]. In our setting, it turns out that

ci o3

BB — Kt ~ 4x107 8| [* ~ 1077 |=2—
( — ’L',LL) X ‘ 9 { 0.5 21263

, (3.4)

which is orders of magnitude below the current bound (B — Ktu) < 4.8 x 1073 [16].
Modifications of the leptonic Z couplings are constrained by the LEP measurements [17]

Y 0.959(29), L =1.0019 (15), (3.5)

Ve 2%

where v, = ggL + g ¢ and a; = g% — g% are the vector and axial-vector couplings, respectively,
which in our model read

2A83 _+0.
Yt o 1_7‘57/42%1_0.05%7
Ve (1—4s8)) A%(TeV)
ar (c-+0.2C3)
— ~1-2Ag); ~1-0.004 —————= 3.6
de it~ A%(TeV) (36)
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Moreover, modifications of the Z couplings to neutrinos affect the extraction of the number of
neutrinos Ny from the invisible Z decay width. We find that

(C+ — 02C3)

AX(TeV) G7)

SM

33\ 2
Ny =2+ <ng) ~ 3+4Ag3 ~ 340.008
vL

to be compared with the experimental result N, = 2.9840£0.0082 [17].
LFU breaking effects in T — ¢Vv (with ¢; » = e, 1) are described by the observables

. 0.008C
A2 A I+ ——2 (3.8)

t/t, BT L 1VV)exp/ B(T — £21VV)sm
N A2(TeV)

R
‘ B — eVV)exp/ B(IL — eVV)sm

and are experimentally tested at the few per-mill level [18]

RYM =1.002240.0030, RY* = 1.00600.0030. (3.9)

The effective Lagrangian of eq. (2.12) generates LFV processes such as 7— péf and T — pP with

1.
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Figure 1: Left: RY/* vs. RZ)/(E) for C; =0, |C3] <3, |Af] <0.04 and |A%;] < 1/2. The allowed regions are
coloured according to the legend. Right: Z(B — K1) vs. B(t — 3u) for |A| = 0.01, C; = C5 (green
points) or C; = 0 (blue points) imposing all the experimental bounds except Rf)(f).

P=m,n,1n,p, etc. The most sensitive channels, taking into account their NP sensitivities and
experimental resolutions, are T — ué¢, T — up and T — ux. For instance, we find

,8 C% 2/283 2

where the current bounds are (7 — 3u) < 1.2 x 1078 [16].

Most importantly, we find that Rg/ ¢ strongly disfavours an explanation of the R;{f) anomaly,
see the left plot of fig. 1. In the right plot of fig. 1, we show #A(B — Ktu) vs. A(t — 3u).
Considering the current and expected future experimental sensitivities, we conclude that T — 3 is

a more powerful probe than B — KTll.
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4. Conclusions

Recent experimental data hinting at non-standard LFU breaking effects in semileptonic B-
decays stimulated many theoretical investigations of NP scenarios. In ref. [1], we revisited LFU in
B-decays assuming a class of gauge invariant semileptonic operators at the NP scale A > v, as in
Refs. [9, 10, 11, 12, 13]. We constructed the low-energy effective Lagrangian taking into account
the running effects from A down to v through the one-loop RGE:s in the limit of exact electroweak
symmetry and QED RGEs from v down to the 1 GeV scale. At the quantum level, we find that the
leptonic couplings of the W and Z vector bosons are modified. Moreover, quantum effects generate
also a purely leptonic effective Lagrangian, as well as corrections to the semileptonic interactions.
The main phenomenological implications of these findings are the generation of large LFU break-
ing effects in Z and 7 decays, which are correlated with the B-anomalies, and T LFV processes.
Overall, the experimental bounds on Z and 7 decays significantly constrain LFU breaking effects
in B-decays, challenging an explanation of the current non-standard data. Interestingly, if LFU
breaking effects arise from LFV sources, the most sensitive LFV channels are not B-decays, as
commonly claimed in the literature but, instead, T decays such as T — pf¢ and T — pp. Although
our results have been obtained in the context of an effective Lagrangian dominated by left-handed
operators, the present work shows that electroweak radiative effects should be carefully analysed
in any framework addressing the explanation of B-anomalies.
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