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Lepton flavor universality (LFU) in B decays is revisited by considering a class of semileptonic operators
defined at a scale A above the electroweak scale v. The importance of quantum effects, so far neglected in
the literature, is emphasized. We construct the low-energy effective Lagrangian taking into account the
running effects from A down to » through the one-loop renormalization group equations (RGEs) in the limit
of exact electroweak symmetry and QED RGEs from v down to the 1 GeV scale. 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. Large LFU breaking effects in Z and 7 decays and
visible lepton flavor violating effects in the processes t — u¢,t — up, 7 — pum, and r — un"") are induced.
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L Introduction.—Lepton flavor 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 (i) an overall 3.9¢ violation from the 7/Z universality
(£ = u, e) in the charged-current b — ¢ decays [1-4]

T/l B(B - D(*)Tp)exp/B(B - D(*)TD)SM (l)

DY B(B — D¥¢D),/B(B — DWeD)gy”
R} =137+0.17. RY =1284008, (2)

and (ii) a 2.6 deviation from y/ e universality in the neutral-
current b — s transition [5]

B(B —» Ku*p~)
B(B — Kete™)

RY = =P = 074550 £0.036, (3)

exp
while (R%/*)gy = 1 up to few % corrections [6].
As argued in Refs. [7-10], by means of global-fit

analyses, the explanation of the RY/° anomaly favors
an effective four-fermion operator involving left-handed
currents, (5.y,by)(fLy,pr). This naturally suggests to
account also for the charged-current anomaly through a
left-handed operator (¢,y,b;)(7.y,v. ), which is related to
(5.7,b0) (A7) by the SU(2), gauge symmetry [11].
Clearly, this picture might work only provided NP couples
much more strongly to the third generation than to the first
two. Such a requirement can be naturally accomplished in
two ways: (i) assuming that NP is coupled in the interaction
basis only to the third generation of quarks and leptons—
couplings to lighter generations are then generated by the
misalignment between the mass and the interaction bases
through small flavor mixing angles [12]—and (ii) if NP
couples to different fermion generations proportionally to
their mass squared [13]. In scenario (i), LFU violation
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necessarily implies lepton flavor violating (LFV) phenom-
ena. The same is not true in scenario (ii) if the lepton family
numbers are preserved.

In this Letter, we revisit 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. [11-17]. 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 equa-
tions (RGEs) in the limit of exact electroweak symmetry [18].
From the electroweak scale down to the 1 GeV scale, we use
the QED RGEs. By explicit calculations, we have checked
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. Such a
program has not been carried out in the literature so far, and it
has significant implications on the conclusions of Refs. [11-
17]. 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.

II. 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 £ = Lgy + Lyp invariant under the
SM gauge group. Here we assume that NP is dominated by

C, _
Lxp = A_; <Q3L7”CI3L>(53L7;¢L”3L)

Cy _
+A—;(%LY”T”%L)(faL}’yT“f3L)- (4)
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We move from the interaction to the mass basis through the

unitary transformations
d, — Vg, Vivy=V. (5

ep > Ugep, (6)

up — VuuLv
vy = Uy,

where V 1s the CKM matrix, and neutrino masses have been
neglected. We get

1
Lnp = 5

A2 [(C) + C3)A! ﬂkz(um/ ur;) ULy i)

+ (C, = C3)4 t/lil(uLiyﬂuLj)(éLkVyeLD
+ (C1 = C3)242¢ (dpiy*dy ) (Driruvnr)
+ (Cy + C3)242¢ (dpir*dy ) @iy uers)
+ 2G5 (A2 (apar*dy) (eruv) +He)l,  (7)

where

lg:V* Vv

e __ g%
q3i A = eSiUe3j7 /1

q3j> ij ij Vu3zvdf;j? (8)

with ¢ = u, d. These matrices are redundant since they
satisfy the relations A* = VA4V" and 1*¢ = V4. We also
observe that A/ are Hermitian rank-1 matrices satisfying
M2 =)/ and trAf = 1. In summary, the free parameters
of our Lagrangian are the ratios (C,3)/A? and the two
matrices A9 and A°.

Starting from the effective Lagrangian Lyp at the scale A,
at lower energies an effective Lagrangian is induced by RGE
and by integrating out the heavy degrees of freedom. We will
detail this procedure elsewhere. Here we summarize our
results obtained in a leading logarithmic approximation.

The effective Lagrangian describing the semileptonic
processes b — s£¢ and b — svv is [19]

4G Cli i ij i ij i
L = \/glbs( C/OS + GO + C1pOfp) +Hee.,  (9)
where 1,, = V,,V;; and the operators O, and Oy o read
ij e’
O/ = W(Eﬂﬂbﬁ(f/ﬂ”(l —¥s)Vj)s (10)
ij e’ _ _
O = W(SLVMbL)(eiV”ej)’ (11)
13 ez
Ol = (4ﬂ)2 (3Lvubr)(er"yse;). (12)
By matching £N¢ with Lyp, we obtain
ii ii 471' 1)2 e
Ci =—Cjp = 20, A2 (Cr+C3)25505 + ... (13)
ii 47T 1}2
Cci = e (C1 = C3)A545 + ... (14)

where the dots stand for RGE-induced terms which are
always subdominant unless C; = —C; or C; = C;3. The
latter condition, which can be realized in scenarios with
vector leptoquark mediators [17], received a lot of attention

in the literature as it allows us to avoid the B — K
constraint. We point out that such condition is not stable
under quantum corrections. RGE effects driven by the
gauge interactions generate a rather large correction to
c_ = C; — Cy at the electroweak scale

A
oc_ =~ —0.03C5 log <> , (15)
mgz

which is of order |6c_| ~ 0.1 for C; =1 and A ~ TeV.
The effective Lagrangian relevant for charged-current
processes like b — c£v is given by

4G
Lii = \/; Ver(C2)ij(errubr)(@riv've,) +He., (16)
where the coefficient (C{”),; reads
by =g 0
(Ci )ij = 5ij - PV C3/1€'- (17)

One of the effects due to Lyp is the modification of the
leptonic couplings of the vector bosons W and Z. Focusing
on the Z couplings, which are the most tightly constrained
by the experimental data, we find that
ﬁz -

Z=2,(Zg}, PL + Zg)xPr)e; + =01 Zg v ;. (18)
Cy Cw

where g g = gjsc%R + Agsp g, cw = cos Oy, and

2 2 e
N = <3y,c ML, + BCsL, + 4 3 CiL > 12’;2,
(19)
v? 2 gf lfj
Ag A2 <3y,f ciA5L, — g5C3L, + ?C1L2> 6
(20)

with L, =log (A/m,), L. =log(A/my), and Ag.r = 0.
The above expressions provide a good approximation of
the exact results, which will be given elsewhere and which
have been obtained adding to the RGE contributions from
gauge and top Yukawa interactions the explicit one-loop
matrix element with the Z four-momentum set on the mass
shell. The scale dependence of the RGE contribution
cancels with that of the matrix element dominated by a
quark loop. Hereafter, we systematically neglect correc-
tions of order m7/(162>A%) when g = u, d, c, s, b.

Quantum effects generate also a purely leptonic effective
Lagrangian, as well as corrections to the semileptonic
interactions. After running the Wilson coefficients from
A down to the electroweak scale and integrating out the W,
Z, and the heavy quarks c, b, and ¢, we get

4Gp

‘C eff — W

A {(eL,meL,)ZW” (2g5c5 — Qycf)

+ i (erivuve) Oy e + upgy*Vigdy,) +Hee. |,

(1)
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where w = {vix. epxre- UL r-dL R SLR}> and g;, is the
fermionic Z coupling defined as g5, = T5(y) — Q,, sin*@y,.
In Eq. (21), we neglected additional neutrino interactions
irrelevant in our analysis. Finally, the coefficients c¢;““ and
cy are given by

cf = 332};52222(6' — C3)45;log ,/::2

e P ]

¢ = %;Z—zz [(3C3 -C)) logﬁ—z2 —(C, + C3)24; logZ—E
+2(C, - Cy) (/153 logr:—zt2 + 24, log ’:—2%)] . (22)

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

As shown by Eq. (22), L% receives one-loop RGE-
induced contributions of order y?/16z> and e?/167°.
The former arises from the top-quark Yukawa interactions
and affects both the neutral and charged currents. On the
contrary, the effects induced by the SM gauge interactions
cancel completely in the charged current and only partially
in the neutral current, where they are proportional to > and
to the electromagnetic current.

IIl. Observables.—We proceed by analyzing the phe-
nomenological implications of our low-energy theory. We
will revisit first the anomalies in the processes B — K7
and B — DW¢D under the constraints imposed by
B — Kvpv. Then, we will study observables receiving
contributions at the loop level, so far overlooked in the
literature, which include both LFV and LFU breaking
effects in Z and 7 decays.

In our model, R¥/* is approximated by the expression
ule |Cgﬂ + C8M|2
2 9

K7 cse + oM )

where CSM ~ 4.2, The experimental central value RY¢ ~
0.75 is reproduced for Cg" ~ —0.5 if we assume C§° = 0.
In particular, we find that

(Cy + C3) 24525,

R ~1-028 1V 24
K A*(TeV) 1073 (24
The expression for R;/(": reads
2
e = Sl -
2CE)l

where £ = e, . Assuming that 45, < 15; ~ 1, we find

R m1———23

bt A%(TeV)

The condition 45, < 55 is justified by the nonobservation

of LFU breaking effects in the u/e sector up to the <2%

level [20,21], leading to the upper bound 45, < 0.1 once the

anomaly in the /£ sector is explained. In our estimates,

we always set A9, = 0, as well as A¢, = 0, which implies

Ay ~ (’153)2-

As already noted in Ref. [17], nontrivial constraints arise

from the process B — Kvp. Defining RY as

0.12C 1%
2 (d ﬁx;g). (26)

Vch

B(B — Kui ylCMe + PP
g — BB = Kup) _ il - S
B(B — Kvb)gy 3|1CM|
where C5M ~ —6.4, and exploiting the properties trA/ = 1

and ZUM > =1, we obtain

0.6¢ 2 0.3¢2 24\ 2

RY ~ 1 - 23 - 20 (28

KA ey (o.m) T A (Tev) <0.01 (28)
while the experimental bound reads RY < 4.3 [22]. If LFU
effects arise from LFV sources, LFV phenomena are
unavoidable [12]. In our setting, it turns out that [23]
i 0.3?
0.5 /153

B(B — Ku) # 4 x 1078|C5" > ~ 1077| =2-—=| | (29)

where we have exploited the relation C¢*/Cy" ~ A5, and set

|C*| ~ 0.5 to accommodate the R/ anomaly. The above
prediction is orders of magnitude below the current bound
B(B — Ktu) < 4.8 x 107> [24].

Modifications of the leptonic Z couplings are con-
strained by the LEP measurements of the Z decay widths,
left-right, and forward-backward asymmetries. The bounds
on lepton nonuniversal couplings are [20]

Tt 0959(29), 2T =1.0019(15),  (30)
/UE ae
where v, and a, are the vector and axial—vector couplings,
respectively, defined as v, = g57 + ¢’% and a, = g; — ¢'%.
We get
R 2005 a,

L/ SO
v, (1—4s%) a,

leading to the following numerical estimates

2AgfL7 (31)

2
U 120051026
v, A*(TeV)
a, (c_+0.2C3)
—~1-0004—F—-"2, 32
. A%(TeV) (32)
where we took A%, ~A5;~1 and, hereafter, we set

A =1 TeV 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
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N, =2+ (g”L> ~3+4Ag3, (33)
vL
leading to the following numerical estimate
(c; —0.2G5)

~3+0.008 —5——=, 34
+ AZ(TeV) (34)

to be compared with the experimental result [20]
N, =2.9840 % 0.0082. (35)

Finally, we have checked that B(Z — p*77) is always well
below the current experimental bound.

LFU breaking effects in 7 — Ziv (with £, = e, u) are
described by the observables

B(t = £5100)ey,/ B(T = €2100) sy

Blp = ev) o/ B — evib)sy
and are experimentally tested at the few % level [25]
RY* =1.0022 £ 0.0030, RY°=1.0060+0.0030. (37)
We find

RT/fl.z _

T

. (36)

0.008C5
A*(TeV)’
The effective Lagrangian of Eq. (21) generates LFV proc-
esses suchas 7 — puf¢ and t — uP with P = 7, 5,1/, p, etc.
The most sensitive channels taking into account their NP
sensitivities and experimental resolutions are v — uf?,
T — up, and ¢ — ux. For 7 — uf¢, we find

B(t — uct)
B(t — uvo)

7/t ccye
RY = 1420508 m 1 + 5 —— (38)

= 2557 [(1 + 8z,) (err — ) + cig). (39)

where ¢ g = 2s7,¢f + ¢5. If c_ ~ O(1), we obtain

2 253
o)
while the current bound is B(z — 3u) < 1.2 x 1078 [24].
Setting c_(A) =0 leads to B(r — 3u) ~4 x 10~ for
A=1TeV, 15, =03, and C; = C; = 1, yet within the
future expected experimental sensitivity. Moreover, it
turns out that 1.5 < B(r — 3u)/B(r — pee) < 2. Finally,
employing the general formulas of Ref. [26], we find

B(t - 3u) =5 x 1078

B(t = up) ~ 2|25,*[(2s3 — 1)cf + ¢5*B(z — vp)
0.28C5) (25,2
~ 1 g (e —0.28C)" (155 41
A0 ey <o.3>’ (41)

and
21285 [ef*B(z — vr)

NEx 105 (’153> (42)
A*(Tev) \0.3
where the current bounds are B(r — up) < 1.5 x 107 and
B(t = ur) <2.7 x 1078 [24].
We discuss now the necessary conditions to accommo-
date the B-physics anomalies and their phenomenological
implications. Two scenarios are envisaged: (i) C; =0

B(t — un) ~

and C3 #0 and (ii)) C; = C5. In both cases, the correct
pattern of deviation from the SM expectations is repro-
duced for C3 < 0, |4,/ V| < 1,and 145 < 0; see Egs. (24)
and (26). Moreover, for |C;3| ~ O(1), the upper bound A <
1 TeV and the lower bound |A4;] % 0.1 are also predicted.
The major differences between the two scenarios concern
the impact of the constraints from Z-pole and = observables.
In particular, from Egs. (30) and (32) we learn that NP
effects in v,/v, and a,/a, are uncomfortably large in
scenario (i), while they are under control in (ii). Similarly,
B(t — 3u) is 1 order of magnitude larger in (i) than in (ii);
see Eq. (40) and the following discussion. Most important,
we find that RY”
R D/<*> anomaly based on left-handed effective operators; see

Eqgs. (26) and (38). This is confirmed by the upper plot of
Fig. 1 (where, to be conservative, we did not impose the

strongly disfavors an explanation of the

0.8

0.6

O
Ik
< ;
0.4 /e
B Ry and Rj,
l LFV 7 decays
u RT,/“
0.2 = B Z-pole observables
m Al
0. 0 R M W 0 A N R WY S BN W A MY 12 S NN 0 0L WO T S WO s W NN 4 |
1.00 1.05 110 1.15 1.20 1.25 130 135 1.40
T/
RDM
1074
107 E — Experimental bounds
— mCi=0
& el | ma=c
1076 L 1=0C3
SEE:
T
)
i
m

Br(r — 3p)

FIG. 1. Upper plot: RY¢ vs R;/f) for C, =0, |C3| <3,
|24,] < 0.04, and |2$;] < 1/2. The allowed regions are colored
according to the legend. Lower plot: B(B — Kztu) vs B(r — 3u)
for |24;| = 0.01, C; = C; (green points), or C; = 0 (blue points)

imposing all the experimental bounds except RT/ ‘
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strong bound from RY“) showing RY/ vs R;/(f) in scenario

(1). The overall picture does not change in scenario (ii) as

the RY* bound is unchanged. In the lower plot of Fig. 1, we
show B(B — Kzu) vs B(t — 3pu). Considering the current
and expected future experimental sensitivities, we conclude
that 7 — 3p is a more powerful probe than B — Kzu of
both scenarios, especially scenario (i).

1V. Conclusions.—Recent experimental data hinting at
nonstandard LFU breaking effects in semileptonic B decays
[1-3,5] stimulated many theoretical investigations of NP
scenarios [7—17,27]. In this Letter, we revisited LFU in B
decays assuming a class of gauge invariant semileptonic
operators at the NP scale A>w, as in Refs. [11-17].
We constructed the low-energy effective Lagrangian taking
into account the running effects from A down to » through
the one-loop RGEs in the limit of exact electroweak
symmetry and QED RGEs from v down to the 1 GeV scale.
At the quantum level, we found 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 breaking effects in Z and =
decays, which are correlated with the B anomalies, and
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
nonstandard data [1-3,5], at least in the framework adopted
here. 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, r decays
such as 7 — ¢ and v — up. Although our results were
obtained in the context of an effective Lagrangian dominated
by left-handed operators, the present work showed that
electroweak radiative effects should be carefully analyzed
in any framework addressing the explanation of B anomalies.
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