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Abstract

Recent measurements of semileptonic B-meson decays into 7-leptons are somewhat higher than
expected in the standard model. Although the deviations are less than 3o, they suggest the
possibility of new physics affecting primarily the 7-lepton. In this paper we examine these results
within the context of non-universal left-right models. We find that strong constraints from b — sy
on W — W' mixing lead to a prediction of approximately equal enhancements for the B — D7v and
the B — D*1v modes. The model predicts approximately the same enhancement for the inclusive
semileptonic rate B — X,.7v as well as for the leptonic decay B, — 7~ v. An enhancement in the
leptonic decay B~ — 7~ v is also possible but is not uniquely correlated with the other modes.

For this explanation to be viable, the mass of the non-universal W’ would be below 1 TeV, within

LHC reach.
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I. INTRODUCTION

Recent measurements of B decay modes involving 7-leptons have shown hints of devia-
tions from the standard model (SM). In particular, for the semileptonic b — c¢7v modes, for
which BaBar has reported recently that [1]

B(B — D7t i,;)
R(D) = 2\2 — 0.440 + 0.072
D) = BES i)
B(B = D*r i,
R(p*) = BB DT s 1030 (1)

B (B — D*E_Dg)
The corresponding numbers from Belle are [2]

R(D) = 0.3540.11
R(D*) = 0.43+0.08 (2)

Both the BaBar and Belle results are a bit high compared to the SM expectation [3, 4],

R(D) = 0.297 £ 0.017
R(D*) = 0.252 +0.003 (3)

At the same time the discrepancy between theory and experiment for the leptonic B — 1v
rate appears to be getting smaller, with the latest Belle result with hadronic tags being
0.7275:3740.11) x 10~* [5]. Below we quote Belle’s combination of this result with their result
based on semileptonic tags [5], as well as BaBar’s number [6] and a recent SM prediction by
the CKMfitter group [7].

B(B = V) pee = (0.96 4 0.26) x 107*
B(B = TV)Bapar = (1.7940.48) x 107*
B(B — 1v)sym = (0.7197031%) x 107 (4)

The apparent discrepancy in the semileptonic modes has inspired their examination
within two Higgs doublet models. The data disfavors type II models [8] where it is not
possible to simultaneously accommodate the enhancements in R(D) and R(D*) [1]. Type
IIT 2HDM have been also studied and are consistent with the data [9]. 2HDM models are
also discussed in this context in Ref. [10]. The results have also been discussed in the context
of R-parity violation [11] and more generally with the aim of making further predictions [12].
They have also inspired new calculations of the form factors [13].

In this paper we consider another new physics possibility to address this enhancement. In
the context of non-universal left-right (LR) models [15, 16], these modes receive additional
contributions from the right-handed charged currents that are suppressed or absent for
modes involving the first two generation leptons. The model contains one light right-handed
neutrino that would ultimately be responsible for the enhancements in the semileptonic
B-meson decays by adding the channel Tvi to the possible final states.



II. NON-UNIVERSAL LR MODEL

The model we consider is a variation of LR models [14], and we have detailed it previously
[15, 16]. Here we review the salient features relevant for our discussion. The gauge group
is the usual SU(3)c x SU(2)L x SU(2)g x U(1)p—r. With this gauge group there are two
charged gauge bosons, W, and Wy for SU(2), and SU(2)g, respectively. In general they
mix with each other and the mass eigenstates W (light) and W’ (heavy) are a mixture of
W, and Wg. This mixing can be parameterized as

Wy = cos &y W — sin &y W',
Wr = sin&wW + cos E W' . (5)

The mass splitting between W and W' in this model is achieved by introducing the Higgs
multiplets Hy : (1,2,1)(—1) and Hg : (1,1,2)(—1), and by letting their vacuum expectation
values (vev) vy and wvg be different. In our notation for the quantum numbers of the
multiplets, the three numbers in the first bracket are the representations under SU(3)c,
SU(2), and SU(2)g respectively. The number in the second bracket is for B — L. The
W, — Wg mixing can be induced by a bi-doublet scalar ¢ : (1,2,2)(0) in which both of the
diagonal fields in ¢ have non-zero vev vy ».

The non-universal version of the L.-R model we consider here is the one proposed in
Ref. [15, 16]. In this model, only the third generation interacts with Wpg, and the first
two generations have SM like interactions. The first two generations (indicated by the
superscript) thus transform under the gauge group as

T(3,2,1)(1/3), Ux*:(3,1,1)(4/3), Dg*:(3,1,1)(=2/3),
Ly (1,2,1)(=1), E*:(1,1,1)(-2). (6)

The third generation is different, as its right handed particles also transform under
SU(2)g. The transformation of the third generation under the gauge group is given by

Qr:(3,2,1)(1/3), Qr:(3,1,2)(1/3),
L3 0 (1,2,1)(=1), L% :(1,1,2)(-1). (7)

This model is anomaly free. It accommodates an enhanced interaction between third gener-
ation fermions that becomes of electroweak strength for process that involve a fermion pair
from the first two generations and one from the third generation. Its phenomenology has
been studied in detail, with the most stringent bounds on the Z’ arising from LEP2 [15, 16]
and most recently from the study of pp — 777~ at the LHC ! [17]. We are not aware of
any LHC searches for non-universal W’ bosons so far, but this paper would be an additional
motivation to conduct them.
In the mass eigenstate basis the quark-gauge-boson interactions are given by,

Ly = —%UL’}/MVKMDL(COS&/VW: — sin &y W, ")
— B oy Vi D (sin € W + cos éwWit) + h.c., (8)

V2

I Analysis of this data within our model is not finished but we expect a constraint on the Z’ mass around
1 TeV, of the same order as those quoted by CMS for other Z’ models.
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where U = (u, ¢, t), D = (d, s, b), Vg is the Kobayashi-Maskawa mixing matrix
and Vi = (Vgi;) = (ViiVi,;) with Vﬁi’;l the unitary matrices which rotate the right handed
quarks ug; and dg; from the weak eigenstate basis to the mass eigenstate basis. The model
contains FCNC and their phenomenology has also been studied in detail, it is summarized
in Ref. [18].

To have an acceptable neutrino mass spectrum and mixing, additional fields need to be
introduced. For this purpose we introduce the Higgs triplet representations, Ay, : (1,3,1)(2)
and Ag : (1,1,3)(2). For our model to be interesting for semileptonic B decays, it must
have a light right-handed neutrino. This implies that the vevs vk and v% for the two Ay and
Ap, fields need to be small. In particular v¥ is not as large as in the usual Left-Right seesaw
models. The neutrinos obtain Majorana masses from vX'™ in addition to the Dirac masses
induced by the non-zero vev of ¢. The resulting neutrino mass eigenstates (v}, (Vj};)¢) are
related to the weak eigenstates (vp, v53) by

ve | U, Ure v (9)

Vs Urr Ur (Vis)°

Note that vy, and v}* have three components.

Since only the third generation has a right-handed neutrino, U, = (U;;) is a 3 x 3
matrix determined by the Majorana mass term for left-handed neutrinos. Ugr; = (Ugpis)
and Upg = (ULgs;) are 3 x 1 and 1 x 3 matrices, respectively, determined by the Dirac mass
terms for neutrinos, and Ur = (Ugssz) is a 1 x 1 matrix from the Majorana mass term for
the right-handed neutrino.

As already mentioned, we consider the scenario where the new right-handed neutrino is
very light (even though it has a Majorana mass), as this is the only case relevant for B
decays. If the third generation neutrino is mostly Dirac type, the elements in Urg rr can
be large, of order one. In this case vf4 is dominated by the weak eigenstate vgs. If the
right-handed neutrino is Majorana, Ur can be large. If the right-handed neutrino has a
mass negligible compared with the 7 mass, these two cases give the same results for our
purposes.

In general the charged leptons will also mix with each other, and their weak and mass
eigenstates are related by: (pr = Vi zlT'p with £ = (e, u,7)". Here V{ j are the unitary
matrices which diagonalize the charged lepton mass matrix. In the lepton mass eigenstate
basis (dropping the superscript “m” on the fields), we have

Ly = —g—\/%(VLWUETEL + sznggljgij)(cos EwW,[ —sin §WW/;+)
_ %(Eﬂ“UﬁRz’ijj + DRsWUégijj)(sin SWWJ + cos §WW/;+) 4 hoe, (10)

where

Ut = ULVE Ukrjs = (UkeisVii) » Ung = UvrsiVigy » Unsy = UnssVig; - (11)

U’ is approximately the PMNS matrix.



In B meson decays the final neutrino flavor is not identified so it must be summed. For
the processes involving left- and right-handed charged leptons, neglecting neutrino masses
compared with the charged lepton masses, the final decay rates into a charged lepton ¢; are
proportional to

For (y; : Z |Ufj|2 + |U}éLj3|2 = Z |Uzzivflj|2 + |U1T%L13vflj|2
Z|UL11|2+|URLI3| |VLl]|2 Z|VL1]|2

For (p; : Z |U£Rl-j|2 + |Uf%3j|2 = Z |ULR3iVR3j| + |UR33VR3j|2

i

= (Z Uprsil® + |Urss|*) Vi, 1> = Vi1 - (12)

In obtaining these results we used the unitarity of U: 3, |UFu1? + Ukl = 1, 3 |Unrai* +
|Urss|> = 1 and the unitarity of V/ z.

All this implies that within this model, the leptonic and semileptonic decay modes of
the B meson involving 7-leptons will turn out to depend on the following combinations of
parameters (two for each case ¢ = u, ¢ and for each lepton ¢):

4
FL, o= [1+ <93MW> |VI€3£‘2|V2qu|2
gr My |Vis|

Fe gwg_RRe (‘/:Izqub) (1 _ (MW )2> 14 <9RMW>2 VL, [2 (13)
M g |Va|? My g My st
The first term arises from direct W’ contributions and the second term appears through

W — W' mixing contributions. In the next section we summarize our results in terms of the
combinations of Eq. 13.

III. LEPTONIC AND SEMILEPTONIC B-MESON DECAY MODES INTO 7-
LEPTONS

A. Inclusive semileptonic B decay
The inclusive semileptonic decay rate is easily calculated to first order in the W — W’
mixing parameter &y using the free quark model. The differential distribution with respect

to the dimensionless momentum transfer z = M7, /m?, M7, = (py — p.)? = (pe+p,)?, can be
written in terms of the combinations defined in Eq. 13 as

dr(b— ql~ ;) Ggmy (z — 7’4)2
dz = T Vel VA(LTE,2) -

(z(rq +rq(z—2) —222 4+ 2+1) —ré(z + z(1 —I-Tg) —-2(1 —7“2)2))

_2)2
— 24 Fi. qul (14)
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in terms of the usual kinematic function
Mz,y,2) =22 +y? + 22 — 2(zy + 22 + y2), (15)

and of the ratios r, = m,/my, and ry = my/my. For electrons and muons, where the lepton
mass can be neglected, this can be easily integrated to obtain the total decay rate,

G2 m? m? 1 m2
r ) = L b 2 \FL, P —2) += FY, —4 1

where F'(r) and G(r) are the known kinematic functions given by
F(r) = 1-8r+8* —r'—12r* Inr
G(r) = =8Vr (1 +9r —9r* —r® +6r(1+7) In r) . (17)

Notice that the term proportional to W —W’ mixing behaves as an anomalous ¢bWW coupling.
In the My, >> My, limit it corresponds to

B g_Rch
P g Vi

Ew (18)

in the notation of Ref. [22].2
It follows from Eq. 16 that, in the limit where W — W’ mixing is negligible, the CKM
angles extracted from inclusive b decay are modified as follows

M 4 VL. 12|V R 2 3
Vq%ﬁ =V, (1+<9R W) | RBZ‘ | qb ) (19>

g My 125

and would be different in decays into electrons or muons according to the mixing angle Vs,
This would need to be taken into account in a global fit using our model. Since there is
no evidence of a difference in V,; as extracted from electron or muon modes we will take
Vs, = V}%H. Also, we are interested in new physics that affects mostly the 7-lepton, so we
will assume for now that Vi, = Végu ~ 0, so that Vi, ~ 1.

For decays into 7-leptons, ¢ = 7, the kinematics is more complicated but Eq. 14 can be
integrated to give

Gy my
19273

T(b— qr ) = Vael® [P F(r,72) — 4 By, G(r2,72)] (20)

@' @'
in terms of the kinematic form factors

F(,y) = VA(1=T@+y) = 7" +y*) +2* +¢* + 2y(12 = Tz +y)))
1 — 2 1 — 2
(1+2 y+ﬁ)>+y2Log<( +y x+ﬁ)>

12 |2°L
+ lx 0g< i 1y

2 There is an error in Eq. 18 of Ref. [22]. Instead of 2G it should say G/2 and this leads to —0.015 <
Re(kf) < +0.088.



(1—fv—y+ﬁ)2>]

%y Log ( -

Glr.y) = Vo [VA(1+22+ 100 - 5y(1 + 2) - 25%)
Lo [y = V) —a(1 +y)
I e e
— 6y°(1 — z)Log <(1 —r +4y — \/X)zﬂ (1)
y

where we have used A as a shorthand notation for A(1, z, y) as defined in Eq. 15. The gg — 0
limit of Eq. 21 agrees with the known SM result [19, 20]. Corrections to the free-quark decay
model, of order O(1/m}) have been calculated in the literature for the SM case [20] and can
be added to our results for detailed comparisons with experiment.

For our later estimates it will be useful to have the numerical results for the kinematic
form factors. Taking m,. = 1.25 and m, = 4.2 we obtain F =0.069 and G = 0.014.

B. Leptonic decay BT — ¢y,

The rate for the leptonic decay B;t — 7%y, (¢ = u, ¢) is given in terms of the B,-meson
decay constant fp, defined by

< 0[gy" 5D By(p) > = —ifp,p" (22)
as
G? mZ
I'(B* — (*y,) = 8_F f5,mims, (1 — —2> Vo l® (F%, — 2 Fyy) (23)
T msg,

For the leptonic decay only the axial-vector current contributes. In the limit of no W —W’
mixing, Eq. 23 reflects that there is no interference between the W and W’ contributions
due to the different Dirac structure in the lepton leg.

C. Semileptonic decay B — D7v

To calculate the exclusive semileptonic decay rate for B — D7r we use the standard
parameterization for the form factors with ¢ = p — p’

< D)y b|B(p) > = f+()p+1)" + [-(*)p—p)" (24)

In terms of these form factors and the kinematic function of Eq. 15, the differential decay
rate can be written as

dU(B — Drv)  Gimy AL 1D, 2)(z — 1) [
dz 19273 223
+ f2(3172%) = fof-(6(rD — Drgz] [Val® (F +2 Fiyy)

7

fi (2)\(1, 3, 2)z + 12 ()\(1, 3, 2) + 3(1 — r%)))

(25)



where z = M2, /M3 = ¢*/M3%, rp = Mp/Mp and r, was defined above.

It is interesting that this expression, Eq. 25, is proportional to the SM result. This occurs
because the decay is only sensitive to the vector form factor which has the same sign for
both W and W’ contributions. This result allows us to write the decay rate in this case as

I'(B — Drv) = I'(B — Dtv)sy (Fyyr +2 Fyy) (26)

and no further knowledge of the form factors Eq. 24 is needed in order to compare with the
experimental results.

D. Semileptonic decay B — D*Ttv

To calculate the exclusive semileptonic decay rate for B — D*Tr we use one of the
standard form factor parameterizations [21], modified so that all the form factors are di-

mensionless:

€* -

< D*)er s HB() > = —iMpf(2)e" —iTr (as(2) (04 0) +a-(2) (0= p))

< DGl WB) > = D ¢ s if)op = ) (27)

In terms of the dimensionless variables z = M2 /M% = ¢*/M3%, rp« = Mp-/Mp and r, =
M,;/Mp we obtain
dI'(B — D*tv)  Ggmj
dz -~ 19273
where the two kinematic form factors are now given by
)\3/2
Fr = 9o 5 (224 13) (0F — o

W 2 (= (A +120%2) + 2F (A 4+ 3rh.2)) f(2)?
2

+ 37zt a_(2)? + A (2)\2 + 77 ()\ +3(rh. — 1)2)) ay(z)?
+ 6z (<rD* ~1) ax(2) a(2) — f(2) a-(2))
— 22 (22 (rhe + 2= 1) 477 (4D + 2= 4)) f(2) ay(2)] (29)

where \ in this expression is short for A(1,7%.,2). This expression indicates that for this
mode the new physics is not simply proportional to the SM because the contributions from
the vector and axial-vector form factors enter with different signs in the term arising from
W-W’' mixing.

To judge the relative importance of the two terms: W' contribution vs W — W’ mixing
contribution, we provide a rough numerical estimate for their respective contributions to the
decay rate:

Vaol* [Fyr (Fv + Fa) +2 Fy (Fv — Fa)] (28)

Fy =

|qu|2 (0.062 FY,, —0.11 Fipy) (30)

To obtain this estimate we converted the form factors to the usual HQET parameterization
[21] and used £(w) = 1 for the Isgur-Wise function over the full w = vg - vp« range.
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IV. 7 LEPTON DECAY

The corrections to the SM B meson decays described in the previous section will also
occur for 7 decay and we discuss this in this section. Let us begin with the one-prong
hadronic decay 7= — nm v or 7~ — K~ v. We write this decay rate in terms of the pion
decay constant defined by

< 0‘@7“’75d|77'_ > = _Z\/ﬁfﬂpﬁi (31>
as
_ — G% 2,3 m72r ? 2 ud ud
(=7 v) = gfme l_m—i |Vud] (F r =2 FMix) (32)

where F‘%Mix are those defined in Eq. 13 but with quark mixing angles Vg4 and V,4 instead
of Vre and Vg, respectively. With the corresponding replacements to Vieys, Vus, fr — fk
and m, — mg this expression also gives the corrections for 7= — K~ v.

We also consider the corrections to the leptonic decay 7 — fvv for £ = p, e. In this case
the decay rate is given by

L(1™ — p~ o) <gRMW )4 0 20l 12
~ = |1+ Vv Vs, 33
g ( D) v PV (33

V. NUMERICAL RESULTS AND CONCLUSIONS

The data on semileptonic B decay into 7 leptons Eqgs. 1, 2 can be fit to our model in
terms of the two combinations of constants defined in Eq. 13. For example, if we use the
central value of each experiment we obtain

BaBar = F(, = 1.40, F{, = 0.043
Belle = F, =146, FS, = —0.14 (34)

If instead we use the more precise BaBar result at the one sigma level we find

125 FS S 1.6
0.009 S Fg.. <0.08 (35)

To see whether these numbers can be produced in our model let us recall the existing
constraints. The model described earlier is geared for an enhanced ratio of right-handed to
left-handed couplings gr/gr. The constraints that LEP2 data impose on this ratio can be
roughly summarized by the relation [15, 16]

9r < Mw
gL~ My’

(36)

whereas the requirement that the new gauge interaction, SU(2)g, remains perturbative
implies that gg < 10 g1



The FCNC generated in this model have also been studied in detail and summarized
in Ref. [18]. There, an ansatz was produced to understand the smallness of the observed
FCNC, and this ansatz gives us specific predictions for the quark-mixing angles that appear
in Eq. 13. Specifically, we found that

Vit ~ iy Ve ~ Vo Vit ~ Vi (37)
which then lead to
Veuw ~ Vo Vireo ~ Ve (38)

Finally, as mentioned earlier, we will assume that the charged lepton mixing matrix is nearly
diagonal so that V%, ~ 1. Under these conditions the fit of Eq. 35 requires

0.7 < 9eMw < 9
N gL My N

0.005 < §WZ—1; < 0.06 (39)
The first of these conditions can be satisfied within the constraint Eq. 36 and the requirement
that the new interaction remains perturbative provided My < 1 TeV. This is a range that
should be accessible to LHC, providing new motivation to search for a non-universal W'.

The second condition requires that we re-examine bounds on W —W’ mixing, in particular
the combination &.ff = &wgr/gr. This combination is constrained by b — sy [15, 16, 23]
and we applied this constraint to our model in ref. [15, 16]. We can update that result
using a recent HFAG average B(b — Xv) = (3.55 £ 0.25) x 10™* [24] for the experimental
number and a recent NNLL SM calculation that gives B(b — X,v) = (3.15 £ 0.23) x 10~*
[25]. Assuming that the new physics interferes constructively with the SM, at the 3o level
the allowed range becomes

—1.3x 107 S &y S2.7x 1077 (40)

For destructive interference between the new physics and the SM there is a second, narrow,
allowed range near {.;y = —0.028. We see that the constraint from b — s limits the effect
of mixing to be somewhat lower than what is required for the fit Eq. 35 at 1o.

In our previous work we have studied the consequences of the new light right handed
neutrino in neutral current interactions. Its contribution to the invisible Z width depends
on the Z — 7’ mixing parameter £z and is given by

1 «Q

— t2 OpEZ M. 41
24 cos? Oy, cot” Otz Mz (41)

F(Z — VR3ﬂR3) =

When applying the constraint cot plz < 3 x 1073 [16] arising from measurements of the 7
couplings at LEP, this is seen to be completely negligible: T'(Z — vp3igs) < 3 x 1074 MeV
(the error in the experimental value is 1.5 MeV [26]). On the other hand, this additional
neutrino can significantly enhance rare decays mediated by the Z’ such as K; — 7’vi or
B — X,vv as already discussed in References [27, 28].

Our conclusion from this study is that our model can accommodate an enhancement in
the ratios R(D) and R(D*) of the order reported by BaBar and Belle (through F,), but
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that it predicts approximately the same enhancement for both ratios once we incorporate
the constraint from b — sy on Fyj;,.

Our model also leads to predictions for related modes. For the leptonic B — 7v decay
we find

(B~ = 717v)
(B~ = 77 v)sm

= FY, —2 FY. . (42)

With the constraints discussed above, this implies that a number as large as implied by the
BaBar data in Eq. 4 is possible. However, the mixing angles involved are different, in this
case Vgyp instead of Vzy, so this enhancement is not necessarily equal to the one occurring
for R(D) and R(D*) although it is expected to be of the same order.

The inclusive semileptonic decay b — ¢7~ v can also be enhanced

L'b—crv)
F(b — CT_V)SM

= FS, — 0.8 FS (43)

and the constraints described above from b — sy restrict this factor to be approximately
the same as the one occurring in the exclusive modes.

Finally, the model also leads to a correlation between the enhancement observed in
R(D, D*) and the leptonic decay of B_

(B, —»17v)
DB = 7 v )sm

= FS, —2 F.. (44)

Although the model also affects 7 decays in principle, in practice the corrections are
constrained to be tiny. The quark mixing angles that appear in 7= — 7~ v process can be
estimated using the direct constraints from B mixing obtained in Ref. [28§]

|Vg;bvgbd‘ ~ 18 X 10_4
‘V}g;bvlgbs‘ ~ 3.5 X 10_37 (45>

combined with Eq. 37 to obtain Vgua/Vua ~ 1075 and Vpys/Vis = VAR VS /Vis ~ 1074
This makes the corrections to the SM in Eq. 32 negligible.
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