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ABSTRACT: In recent times, one of the strongest hints of Physics Beyond the Standard
Model (BSM) has been the anomaly in the ratios Rp and Rp- measured in the charged
current decays of B-mesons. In this work, we perform a comprehensive analysis of these
decay modes, first in a model independent way and subsequently, in the context of com-
posite Higgs models. We discuss in depth as to how linearly realised SU(2)r, x U(1)y
symmetry imposes severe constraint on the various scenarios because of correlations with
other AF =1 processes and Z 77 and Z v v couplings. In the composite Higgs paradigm
with partial compositeness, we show that, irrespective of the flavour structure of the com-
posite sector, constraints from AF = 2 processes bring the compositeness scale down to
~ 650 GeV which is in tension with electroweak precision observables. In the presence
of composite leptoquarks, the situation improves only marginally (a factor of V2 in the
compositeness scale), thus making the new states soon discoverable by direct searches at
the LHC. We also comment on the possible explanation of the Ry g+ anomalies within

the composite Higgs framework.
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1 Introduction

The Standard Model (SM) of particle physics has been remarkably successful in explaining
almost all the measurements made till date in accelerator-based experiments, ranging from
a few GeV in centre-of-mass energy to a few hundred GeV. However, deviations from
the SM expectations approximately at the 20 — 40 level have shown up in a number of
recent measurements involving semi-leptonic B-meson decays, both in charged current and
neutral current channels.

In this work, we focus mainly on the analysis of the charged current anomalies,' namely
Rp and Rp+ defined in the following way

B(B— DY rv)
B(B— DWW v)’

Rpe = (1.1)
where the ¢y stands for either e or u. The experimental results as well as the SM predictions
for Rp and Rp+ are summarised in table 1. We also show two other relevant recent
measurements, which are however rather imprecise at the moment — the 7 polarisation,
P.(D*), in the decay B — D®) 7 v, and Ry, a ratio similar to eq. (1.1) for the decay
B, — J/¢Ytv. It can be seen from table 1 that a successful explanation of the Rp p-
anomalies requires a new physics (NP) contribution of the order of at least 10 - 20% of
the SM contribution to the branching ratio. As the SM contribution is generated at the
tree level by W boson exchange, this is a rather large effect. Such a large effect puts any
NP explanation under strong pressure arising from experimental measurements of other
AF =1 and AF = 2 processes, electroweak precision observables and direct searches at
the LHC.

In the first part of this work (sections 2-4), we provide a comprehensive analysis of
the possible explanations of these anomalies in as model independent way as possible. We
discuss the various implications of (linearly realised) SU(2) x U(1) symmetry. In particular,
we focus on the correlations among the observables which could be used in the future to
decipher the physics behind these anomalies.

Some of the results which are presented in this part already exist in the literature
in some form or another. While we try to perform the analysis in a comprehensive and
systematic way, and present our results within a unified language, we will explicitly point
out to the existing literature wherever appropriate.

"While the statistical significance of these experimental results is not yet large enough to claim a dis-
covery, we will call them ‘anomalies’ by common usage of the word.



Observable | SM prediction Measurement

0.300 4 0.008  [1]

Rp 0.299 +0.011  [2] 0.407 + 0.046 [3]
0.299 +0.003  [4]

Rp- 0.252 +0.003  [5] 0.304 + 0.015 [3]
0.260 = 0.008  [6]

P.(D¥) —0.47+£0.04  [6] | —0.38 £ 0.51(stat.) T35 (syst.) 7, §]
Ry 0.290 0.71+£0.25 [9]

Table 1. Observables, their SM predictions and the experimentally measured values. The exper-
imental averages for Rp and Rp~ shown in the third column are based on [7, 10-15]. The SM
prediction of R/ is based on the form-factors given in [16], see appendix B for more details. As
the B. — J /v form-factors are not very reliably known, we do not show any uncertainty for R ;..
However, it is expected to be similar to that of Rp-.

In the second part of the paper (section 5), we apply these results to composite Higgs
models with partial compositeness. An explanation of the flavour anomalies within this
framework has received a lot of attention in the recent past [17-28]. However, this scenario,
motivated by the Higgs mass naturalness problem, generically predicts flavour violating
effects which are often too large to be compatible with experimetal measurements. This can
be partially cured by introducing additional flavour symmetries suppressing the undesirable
flavour violating effects [17, 20, 24]. In this work, instead of explicitly relying on flavour
symmetries, we take an agnostic approach and rely only on the correlations among the
various flavour violating observables coming from partial compositness. Interestingly, even
without making any assumption on the flavour structure of the composite sector, we are
able to find strong correlations between AF = 1 and AF = 2 observables leading to an
upper bound on the scale of compositeness.

2 Operators for b — cfv decay

The relevant Lagrangian for the quark level process b — ¢f v can be written as,

gicbéy

b—clv _ pb—clv
ﬁeff - 'Ceff ’SM - A2

O 4+ he.+... (=1, pe) (2.1)

where the ellipses refer to terms which are suppressed by additional factors of (%)2. As

(%)2 ~ (%)2 for the processes we are interested in, these ellipses are completely negligible

for new physics (NP) scales heavier than the weak scale. Here,

2G ‘/C cotv CcoLv
Lo s = = =5 (o — o) (2.2)




and the definition of the operators are

O = [en* B[l Prv) O = [ev" ][l Pr V]

O = [en* 45 ][0y, Pp v (’)‘M” [ey* 5 b][£ 7, Pr V]

0§ = [eb][f P ] OLY = [cb][f Pg v] (2.3)
ff’f” = [evs b][[£ Pr, V] OfR = (675 b][[L Pr V]

OFY = [co™ b][0 oy PLV] OLEY = (2™ b)[T 7,4 PR V).

Note that the operators in the right hand side of eq. (2.3) (referred to as right-chiral
operators below) involve right-chiral neutrinos. In this work, we assume that light right-
chiral neutrinos do not exist in nature.? Moreover, even in their presence, the operators
involving them do not interfere with those involving left-chiral neutrinos (and hence not
to the SM operators). This means, by naive power counting, that in order to explain the
experimental data by the right-chiral operators, the required NP scale of these operators
have to be lower than that for the left-chiral operators.

For notational convenience, we will normalise the new WCs by

2GpVy 1 1

= ~ 2.4
V2 A%M (1.2 TeV)?2 (2:4)

Thus, we have

b—clv _ pb—cly o giCbEV cblv
‘Ceff = ‘Ceff |SM 7A2 05 + h.c.
2GFV,
- \% LN oo 4 hee. (2.5)
where,
bl

gt _ QGFVcb(chgy 1) g% _ QGFVcb(CCbg,, +1), 9S1,,PL,TL _ 2GrVa .
A? V2 A2 V2 A2 NG PL,TL

In the SM, C&» = 1,C¢" = 1.
Although there are five operators with left-chiral neutrinos, not all of them contribute
to both Rp and Rp~. This is because the following matrix elements vanish identically:

(D(pp, Mp)|ey"ysb| B(ps, MB))
(D(pp, Mp)|évysb|B(ps, MB))
(D*(pp+, Mp~,ep~)|cb| B(ps, Mp))

0
0,
0

Thus, the operators O"’M” and (’)fpbf” do not contribute to Rp, and similarly, the operator
(’)Cbg” does not contribute to Rp-«.

In appendix C, we provide approximate semi-numerical formulas for Rp and Rp+ in
terms of the Wilson coefficients.

2See [29, 30] for some recent proposals where the anomalies are explained by operators with right-handed
neutrinos.



3 Explaining Rp and Rp-

In this section, we systematically study the possible role of various dimension-6 operators
in explaining the Rp and Rp+~ anomalies. As mentioned before, some of the results that
will be shown in this section are not new, and already exist in the literature in some form
or another [31-42]. Our aim would be to offer a coherent picture to the readers and add
some important insights and aspects to the discussion.

For the calculation of Rp we have used the vector and scalar form factors from [2, 43]
and tensor form factors from [44, 45]. As lattice QCD results at nonzero recoil are not yet
available for B — D*, we have used the HQET form factors parametrized by [46] with the
following numerical values of the relevant parameters [47, 48]

Ry(1) = 1.406 £ 0.033, Ra(1) = 0.853 + 0.020, p%. = 1.207 + 0.026
ha, (1) = 0.906 + 0.013. (3.1)

In view of the absence of lattice calculations, to be conservative, we use two times larger
uncertainties than those quoted above.

For state-of-the-art B — D* form-factors we refer the readers to [49] (see also [50]). It
should be noted that, since we have not used the state-of-the-art form-factors, our results
for the allowed values of the Wilson Coefficients are correct only up to sub-leading terms
in A/mp.c.

3.1 Vector and axial-vector operators

Here we consider only the operators Of; and O};, and investigate whether they are
capable of explaining Rp and Rp- anomalies simultaneously. We also comment on the
compatibility with the recent measurement of R/,

In figure 1, we show the regions in the CJ;-C}; plane that satisfy the experimental
data on Rp, Rp~ and R T/ within 1o. Note that the uncertainties in the form-factors
have been carefully taken into account in obtaining the various allowed regions. However,
the semi-numerical formulas given in the previous section can be used to qualitatively
understand the results. It can be seen that there is an overlap region (the overlap between
the red and green bands) that successfully explains both Rp and Rp-«. This overlap region
is outside the 1o experimental measurement of Ry, but consistent with R/, at ~ 1.50.

It is interesting that CJ; = —C7}; ~ 1.1 falls in the overlap region mentioned above.
As we will see in the next section, the relation CY; = —C7jy is expected if SU(2)r, x
U(1)y gauge invariance in linearly realised at the dimension-6 level. Note that the vec-
tor and axial-vector operators do not have anomalous dimensions if only QCD interac-
tions are considered (see, for example, appendix-E of [51] and also [52]). Hence, we take

C\T/L,AL(A) = C\T/LAL(mb)-
3.2 Scalar and pseudo-scalar operators

Here we consider the scalar and pseudo-scalar operators, OF;, and Op;, respectively. In the
left panel of figure 2, we show the parameter space that satisfies the individual experimental
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Figure 1. The vertical red band corresponds to the values of CY; that satisfy the experimental
measurement of Rp within 1o. Similarly, the green (blue) region corresponds to the values of C{y.
and CF, that satisfy the experimental measurement of Rp- (Rj/y) within 1o. All the WCs are
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Figure 2. Left panel: the red and green (blue) bands correspond to the values of Cg; and C%.
that satisfy the experimental measurement of Rp and Rp- (Rj/,) within 1o respectively. The
values of CF that correspond to Br(B, — 7v) < 30% and < 10% are also shown. Right panel:
renormalisation group running of the WCs Cg;, and CFy .

data on Rp, Rp~ and Rj,, within lo. As discussed before, while the operator Ogp
contributes to Rp only, the operator Of; contributes only to Rp~. This explains the
vertical and horizontal nature of the allowed regions for Rp and Rp~ respectively.
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Note that the operator OF; directly contributes to the decay B. — 7v also (refer to
appendix A for more details). The regions below the two horizontal dashed lines correspond
to Br(B. — 7v) < 30% and < 10%, which were claimed to be the indirect experimental
upper bounds by the authors of [53] and [54] respectively. Thus, an explanation of Rp+ by
the operator Of is in serious tension with the upper bound on Br(B. — 7v).

The right panel of figure 2 shows the renormalisation group (RG) running (considering
only QCD interactions) of the WCs Cg; and Cp;, from the my scale to 5TeV using the
following equation [51],

(me) 1253 [ as(A) 1250
C(my) = [as mt Fﬁo [as }2% CA), (3.2)
as(mb) as(mt)
where, v = —8. The values at the my scale are taken from the allowed bands in the

left panel.

3.3 Tensor operators

We now turn to the discussion of the tensor operator. In figure 3, we show the allowed
values of U that are consistent with the 1o experimental measurements of Rp, Rp+ and
Rj/y. The values enclosed by the green vertical dashed lines correspond to simultaneous
explanation of Rp and Rp~ anomalies. Note however that the prediction for R T/ in this
T, region is ~ 0.17 — 0.23, which is below the SM prediction and quite far from the
current experimental central value. The RG running of C7; is shown in the right panel of
figure 3 (using eq. (3.2) with v = 8/3 [51]) where the initial values of C7; at the my scale
correspond to the range enclosed by the two vertical dashed lines in the left panel.
Note that the tensor operator does not contribute to the decay B. — Tv because the
matrix element (0|¢co*” b|B.) identically vanishes. Hence, there is no constraint on CT
from the process B, — 7v.
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Figure 4. The red and green (blue) shaded regions in the left panel correspond to the values of
C&, = —CFy, and CFy, that satisfy the experimental measurement of Rp and Rp- (R /) within
1o respectively. The small overlap of the red and green regions for positive (negative) values of Cg;,
(C%y) is magnified separately in the middle panel. The right panel shows the RG evolution of the
coupling ratio C&; /CTy assuming Cg; /CTy =2 at 3TeV. See text for more details.

3.4 Combination of tensor, scalar and pseudo-scalar operators

In this section, we consider the scenario in which the scalar, pseudo-scalar and tensor
operators are present simultaneously.? In the upper left panel of figure 4, we show the
various allowed regions in the C7;-C¢; plane assuming the relation C¢; = —CF%;. From
the upper panel of figure 4, it can be seen that a simultaneous explanation of the Rp and
Rp- anomalies requires C§; (mp) = —CFy (my) € [0.08,0.23] and CF (mp) € [—0.11, —0.06]
(the small overlap of the red and green regions for positive values of C§; and negative

values of CT; ). We are ignoring the overlap regions with Cf; > 1 because of the bound
from Br(B. — 7v). There is also an overlap region enclosing Cg; = —Cf; = 0 and for
non-zero CTy which corresponds to the tensor solution discussed in the previous section.
We would like to comment in passing that there exist scalar leptoquark models that
generate the operator (¢Pv)(TPpb) at the matching scale* A, see e.g., [55]. This op-

erator can be written in terms of the operators in eq. (2.3) after performing the Fierz
transformation,®

1
(ePLv) (TPLb) = 3 2(0§L, — Opy,) + O1L, (3.3)

3The combination of vector and scalar operators is discussed in appendix C.7.

4This operator arises from a SU(2), x U(l)y gauge invariant operator (Pku’) €ik (q_’je’) which, by
using Fierz transformation, gives

(wqq4w4_Q4w@q4w@+@%wquwww”.

See section 4 below for the notations.

5Note that vector leptoquarks, after Fierz transformation, generate vector operators only in the basis of
section 2. A scenario with vector leptoquarks will be discussed in section 5.3.



Thus, at the matching scale one gets
Csr,(A) = —Cpr(A) = 20T (A). (3.4)

This was our motivation to consider Cg; = —Cp; in figure 4. The ratio Cg; /C7y, however,
increases with the decreasing RG scale as shown in the right panel of figure 4. Assuming
Cg(N)/CL(A) =2 for A =3TeV, we get CF; (myp)/Chy (my) ~ 4.

Note that, in the above discussion we have considered only real values of the Wilson
coefficients. Allowing for complex Wilson coefficients may lead to new possibilities, see for
example [56].

3.5 Distinguishing the various explanations

In the previous subsections we saw that simultaneous explanations of the Rp and Rp-
anomalies are possible by

1. a combination of vector and axial-vector operators (the overlap of red and green
regions in figure 1)

2. a combination of scalar and pseudo-scalar operators (the overlap of red and green
regions in figure 2)

3. tensor operator only (the region between the two dashed vertical lines in figure 3)

4. a combination of scalar, pseudo-scalar and tensor operators (the overlap of red and
green regions in figure 4, in particular, the region with positive values of Cg; and
negative values of C7; .)

The second solution is quite strongly disfavoured by the existing indirect upper bound
on the branching ratio of B, — 7v. So we ignore it here. We also ignore the scenario with
a combination of vector and scalar operators because of the reason mentioned in the last
paragraph of section C.7.

We now very briefly comment on the possibility of distinguishing the three possible
solutions 1), 3) and 4) by measuring the 7-polarisation (P.(D*)), forward-backward asym-
metry (App(D*)) and more interestingly, Rj/,. In figure 5, we plot the predictions for
P (D*), App(D*) and Ry, for values of the WCs that correspond to various simultaneous
solutions of Rp and Rp+ anomalies.

It can be seen that it is indeed possible to discriminate the three solutions by measuring
P;(D*), App(D*) and Rj/y. In fact, as can be seen from the right panel of figure 5, R/,
can be a very good discriminating observable between the solutions 1) and 3). Of course,
with more data, various kinematical distributions can also be used to discriminate the
different Lorentz structures [31, 39, 42, 57-61].

4 Linearly realised SU(2);, X U(1)y gauge invariance

In the previous sections, we considered operators which were manifestly SU(3) x U(1)em in-
variant, but invariance under the full electroweak group was not demanded. We investigate
the consequences of SU(2);, x U(1)y invariance in this section.
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4.1 List of operators

0.05 0.10 0.15 0.20 0.25 0.30

re(D") Runy

0.35 0.40

*) and Ry for values of the WCs that correspond to

The SU(3) x SU(2)1, x U(1)y invariant dimension-6 operators that lead to b — ¢ 7 v decay

are given by (using the same notation as in [62]; the primes represent the fact that the

operators and couplings are written in the gauge basis)

) 1 7 /
[dim6 _ _p Z {[Cl(;)];’r’dt’ (l’p/fyugll;/) (q/sl'yﬂglq,@) + h.c.

plTJS/t/

HCreadlyrrse (P ) (il ) + e,
+[Cl(elq)u]/p/7-/5/t/ (p;/€;/> ij ( s/ut/) + h C.

3 =7 K
+[Cl(eq)u];7,r,s/t/ (l/;/O—/.Lller/,~1> Ejk (q /0' Ut/> + h.c.

—i—[Céq] (chzDu(ﬁ) (¢y 0’7" ql) +hc.

HCoudly (Fe51(D,0)) (7" d) + b |

where, €;; is antisymmetric with €;2 = +1, and

o' D ko =i (0! a’Dm ~ (Dus)la’s)

1

D,¢= < —i—zgg W+zle¢ )d) Y¢—§

(4.1)

(4.6)

(4.7)

(4.8)

(4.9)

(Note that, the operator structure ([’;,auye;/) (c?’ S/a“”qg ) vanishes algebraically.)



The operators [Ogi;)]l"r' and [Ogydpy modify the charged current vertex of the quarks,
in particular, the one of our interest ¢bWW. However, this affects both the b — c7 v and
b — cfyv decays in the same way. Consequently, the operators [Oéz)]pzrz and [Ogydlp are
not relevant for the explanation of the Rp and Rp+ anomalies, and we will ignore them in
the rest of the paper.

It can be seen from eq. (4.1) and eq. (4.5) that the operators only involve left chiral
fields. Consequently, these operators only lead to V-A interactions. We stress that it is
not true in general that linearly realised SU(2);, x U(1)y gauge invariance forbids V4+A
operators at the dimension-6 level. For example, the operator in eq. (4.7) generates V+A
operator, but, as mentioned before, it does not lead to lepton non-universality at the
dimension-6 level. This is an important consequence of linearly realised SU(2);, x U(1)y
gauge invariance.

Note however that at the dimension-8 level, the operator (OF;, + O};) with the pos-
sibility of lepton non-universality can be generated. For example, consider the operator

1 .
Okt = 17 (T ) W (1:0) (/" dy) (4.10)

where the objects inside each of the parenthesis are constructed as SU(2) singlets. After
electroweak symmetry breaking, this operator generates the following interaction term
v 1
2 7z O Prvllen” Prbl (4.11)
with right handed current in the quark sector. We will however ignore dimension-8 opera-
tors in the rest of this paper.

4.2 Correspondence with section 2

We now expand the various SU(2) structures in order to relate the WCs of the SU(2), x
U(1)y invariant operators to those in section 2:

(ru 1) (d 7o afr) = (" Prvye) (@ Pty ) + (Eyy" Preps) (i, Prdy)
— (é;/’y”PLe;/) ('ELIS/’Y#PLUQ/) — (DI/)/’)/MPLV,;/) (CZ/S/’)/‘U‘PLd;/)
+2 (D;/’YuPLe,/r./) (J,S/’YMPLUQ/)+2 (é/p/’)/'uPLV;/) (ﬂ;/’YuPLd;/)
(4.12)

ST N (i T 1 g2 — 1 g2 -
(¢T1Du¢) (I'y o'y 1) = [_QwSQWZ“ (V’p'W“PLVf«')JFngu (¢ y~" Prel,)

_92

V2

W: (V pyy*Pre,,) (e'yy*Ppuls) (vi+2vh+h?).

g2 o
_EW“
(4.13)
The scalar and tensor operators can be decomposed similarly. It is clear that, as a con-
sequence of the manifest SU(2);, x U(1)y gauge invariance, the operators relevant for the
explanation of the Rp and Rp+ anomalies get related to other operators, in particular,
to operators that give rise to neutral current decays. However, in order to understand
these correlations more concretely, we have to first rotate the fields from the gauge to the
mass eigenstates.
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From the gauge to the mass eigenstates. We introduce the following mixing matrices
which relate the gauge and mass eigenstates

(ur,r)r = (VEr)rr(ur,r)r,  (drr)r = (VER)wr(dL,R)r (4.14)
The CKM and PMNS matrices are defined as
Verm = (VATVE, Veuns = (VH)TVE. (4.15)

Using the above definition of the mixing matrices, we get (see appendix D)

cbrvs A%M ~(3)evud ~(3)vedu *
ACy” = =57 |[C 323 + ([C J3332)

A2 lg lg
A2 ~(3)ev ~(3)ve *
- fg/[ [[Oﬁ) J33 + ([Cq(j) 33) :|chb (4.16)
AC = — A @)

Similar relations can also be found for the scalar and tensor operators, see appendix D.
The [C] couplings are related to the [C]" couplings of section 4.1 by appropriate mixing
matrices. For example,

S OV (VI (Ve (VI (VYo = 1O st (4.18)

/ol ol 4
p,r,s,t

see appendix D for more details.

Note that the operator (Wﬂ'ﬁﬁ(ﬁ) (l7p/ oLyt l;/) modifies the leptonic charged and
neutral current vertices of W and Z bosons respectively (see eq. (4.13)). So in order
to explain the Rp.) data by this operator, lepton non-universality has to be introduced
at these vertices. However, a strong bound on such lepton non-universality exists from
LEP [63]:

Br(W+ — 7tv)
[Br(W+ — utv) + Br(W+ — etv)]/2

= 1.077 + 0.026.. (4.19)

This means that the branching ratio of W+ — 77v can exceed that of W+ — u*v or
W+ — eTv at most by 10.3% at 1o. Thus the correction to the Wrv vertex can at most
be 5% of the SM, assuming that the Wi and Wev vertices have no NP. This gives (using
eq. (4.13) and appendix D)°

c@ery @) 2 <5 4.21
_[¢>l]+[¢l]33ﬁw‘? (4.21)
5The SM couplings are defined by

Lk, = —%g(}v (W, 79" Pruvs + Wi Pur), (4.20)

where giy = 1. Any deviation from the SM will be denoted by Agyy .

- 11 -



which, from the second line of eq. (4.16), implies

where we have used v2 = 1/(vV2GF) = A3y Vi =~ (246 GeV)2.

As we saw in section 3.1, ACY;;, = —AC};, < 0.05 is not enough to explain the R
data within their 10 experimental ranges. Moreover, as can be seen from eq. (4.16),
contribution of this operator to the WCs (Y, = —C};, is suppressed by V., compared
to the other contribution. This operator also modifies the Z,7y* Py coupling, and the
modification is given by’

2

~
33A

1

Agi == [ ([C”é‘;’)ey] + [ Nﬁ)ye]T) VPMNS] Agp = 0. (4.24)

2

Using the experimental constraint from LEP [64], and assuming that there is no NP in the
decays to light leptons, we get®

IAGE| <6 x 1074, = (([6(3)”] + [C*“’”eﬁ) ‘ <002 (A (4.25)
= ACY, $0.001. (4.26)
Similarly,
v 1 ~(3)ev =(3)ve 7)2
Agy=—5 {VPMNS ([C(;l) |+ [C5) ]T) VIIMNS] o (4.27)
33

which should be compared with the experimental constraint [64]

|IAgY| <1.2x1073. (4.28)

3)

Given these constraints, it is clear that the operator O &l alone is unable to explain the
Rp p~ data. We will thus not consider this operator anymore in this work. Before closing
this section, we would like to mention that a much stronger indirect constraint (compared
to eq. (4.21)) on the Wrv coupling can be obtained from measurements of leptonic tau
decays assuming that no other four-fermion operator that can either contribute to 7 — ev v
or ;1 — ev U exists [65]. Assuming no NP in the Wy v vertex, this gives,

04x1073 < — [ ([éf;)e”] + [éﬁ)”]f)g?’] XZ <26x1073 . (4.29)

"We define the SM couplings to be
Ly, = —m;%wzu (927" PuT + gr7y" PrT) | (4.23)
where g = —1/2 +sin? O =~ —0.27 and g5 = sin® fw ~ 0.23. The vector and axial-vector couplings are

defined by gy, 4 = g1 = gk
8Here we have assumed (Vpmns)ss = 1. However, given the strong experimental constraints, our results
will not change if correct values of (Vpmns)iz and (Vpmns)e2s are used.
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4.3 Correlations

The linearly realised SU(3) x SU(2);, x U(1l)y symmetry leads to various correlations
among the flavour violating neutral and charged current observables. To start with, we
assume that only the operator(s) that is (are) needed for the explanation of the Rp p-
anomalies is (are) present. In particular, we consider the operator of eq. (4.1) and investi-
gate the correlations arising from it. We will not consider the scalar and tensor operators
anymore because, as discussed in the previous sections, an explanation of Rp p~ anomalies
by scalar (or a combination of scalar and tensor) operators is strongly disfavoured by the
upper bound on Br(B,. — 7 1), and it is rather difficult to generate only the tensor operator.

Without loss of generality, we now go to a basis where the left-chiral down quarks and
left-chiral charged leptons are in the mass basis. This amounts to setting

VE=13x3,  VF&=1l3x3. (4.30)

It should be emphasised that we are not making any assumption here by going to a partic-
ular basis. This just means that our primed WCs of section 4.1 are defined in this basis.
In this basis, we have

Vo = VLUT , VpMNs = VLVT . (4.31)

Let us first consider the contribution to the operator (74" Prv)(¢y,Prb). From eq. (D.1)
and (D.2), one can read off the coefficient of this operator. For simplicity, we assume that

the NP Wilson coefficients, [C’l(s)];,,r, o> are diagonal in the Lepton flavours. We get
=2 ([C5 " aras + (C " rsa)") (74" Pry) (€3 Prb) (4.32)
= =2 ((IC a1 + (C agan) ") Vea + (10 Vs + (1C5 V)" Ves
(1 Vs + (1C1) Vhsss) IVeo) % [Vhwslor (FY“Puvy) @, PLb)  (4:33)

Note that v, = [VJMNS} 3r VLr, Vi being the 7-flavour neutrino. As we discussed in
the previous sections, in order to explain the anomalies at the 1 ¢ level, the coefficient of
the operator (74" Prv,) (¢y,Prb) in eq. (4.33) should at least be ~ 0.16 for a NP scale
A = Agy. This gives,

(IO 315+ (10 Vg ) Vea+ ([CF oz + (1O han)IWes + (101 Vagas + ([CF aaas) ) Vb

A2
>0.06 . 4.34
~ (TeV2> ( )

We would now like to understand whether this condition is consistent with the other
measurements of B meson decays. We first consider the decay B — K*Dv, or in other
words, the operator (vy*Prv) (5v7,Prb). Contribution to this operator is given by

! *

([Cl(;)];)l,r/23 =+ [Cl(j)]r’p’?ﬂ) (ﬂp/’}/MPLVT/) (E’YuPLb) . (435)
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Experimental bound on Br(B° — K*%0v) [66] then requires the Wilson coefficients to
satisfy (the SM prediction is taken from [67]),

A? 3 (3)17 ¢ A?
0,005 ( = ) S 101 s + 103 an < 0,025 (25 ). (4.36)

(S [S]

The first term on the left hand side of eq. (4.34) contributes to b — d v v processes. Using
the experimental bound on the Br(B? — 7% v) [66] and the corresponding SM prediction
from [68], we obtain
2 2

—0.018 < AVQ) [C g1 + [CF) 5 < 0.023 <T2V2> . (4.37)
The same coupling can also be constrained by measurement of Br(B, — 7v;). Assuming
the maximum allowed value of Br(B, — 7v;) to be twice that of the SM [69] and, in the
absence of cancellations (see eq. (4.50) below), we get

A? . A?
—0.15 (TeV2> 1O g3 + (O a1 < 0.025 < ) . (4.38)

TeV?

Thus, the maximum contribution from the first two terms of eq. (4.34) subject to the
constraints in eqs. (4.36) and (4.37) is ~ 0.03 (A%/TeV?). This requires

’ A2
3 3)1/ «
([Cz(q)]§333 + [Cl(q)]3333)vcb 2 0.03 (TeV2> : (4.39)

See also [70] for a related discussion. We now investigate whether the coupling ([Cl(; )]3333 +

[C’l(; )]/3?;33) is constrained by other measurements. First of all, notice that the coefficient of

the operator (7" Pp) (l;’yMPLb) is given by

~(3)eedd ~(3)eedd * *
[Cl(;) Jasss + ([Cl(;) J3333)" = [C’l(;)]§333 + ([C’l(j)]§333) : (4.40)

Direct searches of processes involving two 7 leptons in the final state constrain this coupling

weakly [71]:
A2
€8 s + (€ "] <26 (2 ) - (4.7

Moreover, as we show below, the same coupling also appears in the coefficient of the
operator (74" Pr7) (ty,Prt). From eq. (D.1) and (D.2) we get, for the coefficient of this
operator,

e e (4.42)
where,
o] =[] W Vi) (VL (V)
= [e@] Wl +[ D] ViVi+ [OP] VeV
+[e@] Wl + [e] Viavi+ [6] ViV
+[eP] WP+ [eP]L viava+ [OR] VeV a43)
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The 2nd, 3rd, 5th and 6th terms in eq. (4.43) are small because of eqgs. (4.36) and (4.37).
All the other terms which are of the form [C( )]33”, t,j = 1,2 are constrained by direct
searches of 77 final state (taking into account the enhancement of the di-jet — 77 cross-
section compared to that of bb — 71 7~ due to larger parton distribution functions, we
get bounds which are stronger than eq. (4.41) by a factor of ~ 2 for ([C’l(q?’)]f3322 +c.c) to a
factor of ~ 8 for ([0(3)]5311 + c.c)). Thus, the only term which remains is of the form

lg
)]’ 37" 2
<[Cl‘1 ]3333 + [Clq ]3333) Val™- (444)

This term, once the top quarks in the operator (7y#Pp7) (tv,Prt) form a loop and are
attached to Z, contributes to Agj [72]. As Agj is very strongly constrained, see eq. (4.25),
this provides a stringent constraint on the coupling of eq. (4.44). Indeed, from eq. (E.9) in
appendix E, we find

0.017 / A \? 1
O a3 + [CF) < > , 4.45
[ lq ]3333 [ ]3333‘ ‘/cb Tev 1+06]0g% ( )

which clearly rules out the possibility of explaining Rp p~ anomalies by this term, unless
there are other contributions to the modifications of the Z couplings making it compatible
with the experimental observations.

It is worth mentioning that in our discussion so far we have made the assumption that
no other operator is present except the one required for the Rp p- anomaly. The presence
of other operator(s) can however help evade some of these constraints [73]. For example,
one possibility is to assume the presence of the singlet operator

£dim6 S5 A2 Z C(l) p sy lp/'yul;,) ((j/s,’y“qg,) + h.c. (446)

p'r's't!

which, for appropriate values of the WC, can cancel the large contribution from the triplet
operator both in b — sv v [73] and Ag] [72, 74]. However, NP contributions to Agj, Agy
and Agy;, cannot be cancelled simultaneously. This can be understood in the following
way. Note that, while the operator [(91(3)]’ generates the operator [Og;)]’ (and not [C’)&)]’ )
through RG running, the operator [(’)l(ql)]/ generates the operator [Oéll)]’ (and not [OS)]' ).
The operator [OS)]’ contributes to Ag] and Ag} with opposite signs (see eq. (4.13))while
[(’)((;)]’ contributes to them with the same sign. Thus, taking into account constraints from
Agi, Ag; and Agjy,, we get (see appendix E for details)

0.025 / A \?2 1
Ci M aas + [C2Y < < ) . 4.47
Ciy Mo + 10y sin] < 2 (7o) T o000 (4.47)
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This makes the explanation of the Rp p- anomalies by the third term of eq. (4.34) impossi-
ble even in the presence of the operator of eq. (4.46). This leaves us with two possibilities:

I. The anomaly is explained by the second term in eq. (4.34). The tension with the
Br(B? — K*%Dv) in eq. (4.36) is assumed to be cured by cancellation against the
contribution of the operator in eq. (4.46). However, in this case, the flavour structure
of the BSM sector must be such that the last term of eq. (4.34) is smaller than the
second by at least factor of ~ 3.

II. The other possibility is to assume the presence of appropriate UV contribution at the
matching scale that takes care of the AgZ’V constraints. In this case, one can explain
the anomalies by the third term of eq. (4.34) alone.

As we will see in section 5.2 and 5.3, where we study the explanation of the Rp p. anomalies
within the partial compositeness framework, elements of both the above mechanisms can
in principle be present there.

Before concluding this section, we would like to comment on a few observables which do
not provide relevant constraints at this moment, but may become important in the future.

e b — s77 transition. The coefficient of the operator (7v*Pp7) (57,PLb) is given by

/

~([C a3 + (ICD]3532) - (4.48)

Now we assume that we are in scenario (I) where B — K*pv transition is cancelled
by the singlet operator, and eq. (4.34) is saturated by the second term. Then, in the
standard notation, we get for the WCs, AC§ = —ACT, = —35, with the correspond-
ing Lagrangian:

4G 2 « O

Ly ssrr = —35 W Vib‘/ts 46:

giving rise to large enhancement in By — 77~ (by a factor of ~ 50 compared
to the SM in the branching fraction) and B — K/K* 777~ decays (by a factor
of ~ 60 (for K), 75 (for K*) compared to the SM in the branching fraction). It is

interesting to note that large enhancement in Br(Bs; — 7777) was also proposed as

[T (1 — 75)7][57, PLb] - (4.49)

a possible solution to the like-sign di-muon charge asymmetry observed in one of the
experiments in Tevatron [75, 76].

e b — utv transition. In this case, the operator (7v*Prv) (uy,Prb) is generated with
the Wilson coefficient:

— (206 Va1 +2C" ) ) (74 Po) (@yuPub)

lqg lq
3 3 % 3 3 *
=2 (([Cz(q)]gzlzs + ([Cz(q)]éz,al) Wud + ([Cz(q)]é:s% + ([Cl(q)]ésw) )Wus
3 3 " _ _
+([Cz(q)]/3333 + ([Cz(q)]gszag) )Vub) x (79" Ppvr) (uy, PLb) (4.50)
where, we have again used vp, = [VL” |arvr, and assumed that the NP Wilson co-
efficients, [C’l(; )];lrls/t,, are diagonal in the Lepton flavours. Assuming that we have
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both singlet and triplet operators, the b — s(d)vv transitions do not lead to any
constraints. Then, if the second (third) term in eq. (4.34) is responsible for Rp p-
anomalies (i.e., saturates the inequality), we get
4G p _ _
ﬁbﬁu.,-,, ~ —0.2(0.1) W Vub (7'")/ PLVT) (U'YMPLb) s (4.51)
which leads to approximately 45% (20%) increase in Br(B, — 7v;). Instead, if
one assumes that the first term in eq. (4.34) is responsible for Rp p+ anomalies and
saturates the inequality, the corresponding NP coupling for b — urv becomes,
4G R _ _
Lysury = =4 —= Vi (T Prvy) (a7, Prb) , (4.52)
V2
which is obviously ruled out by experiment. Thus, even in the presence of cancel-
lation in b — dvwv, an explanation of Rp p+ by the first term in eq. (4.34) seems
very unlikely.

Similar analysis can also be done for the scalar, pseudo-scalar and tensor operators.
Since the scalar and pseudo-scalar operators alone cannot explain the anomalies because
of the strong constraint from B. — 7v (see section 3.2), we do not discuss them anymore.

lequlp'r's't! r!

The tensor operator, [0(3) | (l_’;,a“l’e' )ejk ((j’];,aw,u;,), on the other hand, is not
affected by the process B. — 7v, and generates, along with the charged current operator

which is relevant for R, also neutral current operators involving up-type quarks.

5 Going beyond the dimension-6 analysis: partial compositeness

In the previous section, we illustrated that some other processes e.g., B — K*vv, Z1T
and Z v v couplings can provide stringent restrictions on the possible explanations of Rp
and Rp+ anomalies. It would be interesting also to study the correlations with the various
AF = 2 observables where the constraints on NP are particularly strong. Such an analysis
requires specific assumptions on the underlying UV theory, or some power-counting rules.
As we discussed before, explanations for the Rp and Rp+ anomalies call for NP close to the
TeV scale, which is also expected for the naturalness of the Higgs mass. This coincidence of
scales advocates for the speculation of a common origin of these two seemingly unrelated
phenomena. This motivates us to consider the Composite Higgs paradigm [77], and, in
particular, the models where fermion masses are generated via the Partial Compositeness
(PC) mechanism [78]. In fact, recently there has been a lot of effort invested in analysing the
B-meson anomalies within this framework [19-21, 24-27], all of which, however, focusses
on specific models. A novel feature of our study would instead be to carry out the analysis
in the EFT language, emphasising the correlations among the various observables. In
particular, our aim would be to identify the key features that these models should possess
in order to satisfy the experimental data. Our main results will be independent of the
concrete realisation of PC, and are thus expected to be quite generic.
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5.1 Two-site Lagrangian

In this subsection we will briefly sketch the minimal Composite Higgs construction (for the
details see the orginal paper [79] and reviews [80, 81]) and the familiar reader can directly
proceed to the subsection 5.2. The global symmetry breaking pattern is taken as follows:

MCHM : U(1)y x SU(3) x SO(5) — U(1)x x SU(3) x SU(2)L, x SU(2)x. (5.1)

We will study the phenomenology within effective field theory approach, using so called two
site model [82]. The model consists of two sectors: the composite sector invariant under
SO(5) x SU(3) x U(1)x and the elementary sector invariant under SU(2) x SU(3) x U(1)y.
The SM gauge symmetry is identified with the diagonal subgroup, where the “composite
hypercharge” generator is defined as follows

Ty =Tx +T3. (5.2)

The Higgs boson appears as the Goldstone boson of the spontaneous symmetry breaking
SO(5)/SO(4). We will use the CCWZ formalism [83, 84] to parametrise the nonlinearly
realised symmetry SO(5)/SO(4) for the composite sector (in our discussion we will follow
closely the notations of [85]). Then the Higgs boson appears inside the usual Goldstone
boson matrix U which in the unitary gauge is equal to:

JIESE
U = @) — cos %h sin% (5.3)
—sin § cos %
where h is the Higgs boson and the f is the scale of the global symmetry breaking. It is
customary to define two covariant derivatives (Maurer-Cartan 1-form)

—iU'D,U = diT" + EAT" = d, + B, (5.4)

decomposing it along the broken 7% and unbroken T generators. The Higgs kinetic term
and the mass of the gauge terms come from the two derivative term of the chiral Lagrangian

f2

1 1
T Tr(dyd") = 5((9,@2 + =

h
5 Cmiy W, W, +m32,2") sin® 7 (5.5)

5.1.1 Fermion masses

Let us proceed to the fermion mass generation. For concreteness we consider the model
where the composite fields appear as a fiveplets of SO(5), i.e. MCHMb5 model [79]. However
we will show explicitly that our results depend only mildly on this assumption and practi-
cally do not change for the other fermion embeddings. The fivepletes after the SO(5)/SO(4)
breaking can be decomposed as a fourplet of SO(4) and a singlet. The fourplet of SO(4) has
in its turn two SU(2)1, doublets: one with the standard model quantum numbers denoted
as Ogm,” and another one Ogx, where the doublets are related by SU(2)r transformations.

9We intend that it has the same quantum numbers as the elementary doublet under the SU(3) x SU(2)1, x
U(1)y subgroup.
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SU(3)° SU(2)® SU@2)¥® U1 SU@3)? SUE@R)¢ U1)y®
Oy, 3 2 2 2/3 qr 3 2 1/6
Oy 3 2 2 —-1/3 iR 3 1 2/3
O 3 1 1 2/3 dr 3 1 —-1/3
Oy 3 1 1 —-1/3 7 1 2 —~1/2
Oy, 1 2 2 0 ér 1 1 —1
Oy, 1 2 2 ~1 R 1 1 0
O, 1 1 1 ~1

Table 2. Group representations and charges of the fermion composite resonances and elementary
fields.

The singlet operators are denoted as @u,d,e and the full spectrum is

Ou = (Okix Ofir) . O = (g) Ofix = (:gg)

5plet Wy, = @ql,ou) (5.6)
Or = (05 O8x) . O = (gﬁ), Oy = (igg)

5-plet \Ifqzz(NqZ,,@d) (5.7)
0= (0 ot). o= (}).  ox- (0

5-plet \I/h:(~l1,(’5N) (5.8)
0= (0%u0%). o= () o= (1)

5-plet \1}12:(}2,@) (5.9)

where the charges of the components of a SU(2)r doublet 0= (@1,@2> under TI?% are

equal to —i—% and —% respectively. The elementary fields are denoted as ¢z, 1, UR, d R, €R-

Each field is a 3-vector in the flavour generation space and the subscript of x field indicates
its electric charge.

The elementary SU(2);, doublet ¢j, is embedded in the incomplete fiveplet of SO(5).
Thus, the group representations and charges of the fermion states are depicted in table 2.
Note that we have two composite doublets @glM and @gQM which have the same quantum
numbers under the SM gauge group; similarly for the leptons.
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The symmetries of the composite sector are broken explicitly to the diagonal subgroup
by the mixing with the elementary sector, which is given by:

»Cﬂavour = )\qM*gLU(h)\IJ(h + S‘qM*gLU(h)\Ijth + AuM*ﬁRU(h)\I]lh + AdM*JR\PqQ
+ N MU (R, + N MU (R, + MM, ERU(h)¥,, (5.10)
where the SM doublets where uplifted to incomplete 5-plets as follows:

AL = A [(0,q1),0]

Aqdr = g [(qr,0),0], (5.11)
where we put zeros in all the missing components and (gr,,0) singles out the SO(4) multi-
plet. Note also that symmetries of the model allow us to further split A\, mixing into two
independent parameters

{)\((14)54 U(h)1i[Og);, where I =1,...5, i=1,...4

Aq UMY, — _

, (5.12)
where the sum over repeating indices is understood. Let us look at the fermion spectrum
before EWSSB. Due to the mixing A we will have one massless SM state and one heavy
field with the mass M, (1+ \)/v1+ A2, which becomes M, in the limit A < 1. This leads
to the mixing between the elementary and composite states which can be described by the
mixing angles defined as follows:

" [ cosBy —sinby, W)
<@> N <sin0w cos By, ) ((’)) (5.13)
A 1

ﬁ, COSH,(Z, =C= ﬁ’ (514)

where §, ¢ are the sine and cosine of the corresponding mixing angles. Then the SM Yukawa

with

sinfy, =35 =

coupling will scale as
Sqq 2 Su.dM.
Yud ~ ;’d - (5.15)

5.1.2 Vector fields

We are interested in the interactions between the SM fermions and the composite vector
fields. We will follow the vector formalism [85] (see for example the ref. [86] for the
comparison of various formalisms) for a spin-1 fields where it is assumed that the vector
fields transform non-homogeneously

pu — Hp HY — iHOHT, (5.16)
where H is unbroken subgroup (SO(4)) transformation. Then the following interactions
are allowed by the CCWZ symmetries:

1o, o M2
£ T At g

(A —ESP + ... (5.17)
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where g, is a strength of interactions between the composite fields and we have ignored
the higher derivative terms. The Lagrangian eq. (5.17) in the limit of vanishing Higgs vev
reduces to ) )
1., - Mg, . 2Yel ~ M

Lyec = _ZpZung + T*png - M* g%pZAg + 2*

where A4 are the elementary vector fields. The interaction between p and the composite

921
g—‘%AzAg, (5.18)

fermions can be deduced from the symmetries
Eferm = \ijy“ (’L@H + g*ﬁu) v, (519)

where py, = pj,T;°and T;° are the generators of the global symmetry group of the composite
sector.!? In order to get mass eigenstates vectors, a diagonalisation of the matrix of masses
and mixing is needed

o SM
({l“> — (Cf)sg Sln99> (A“ > , cosf = \/9*7 (5.20)
Py sinf cos P P2+ g2

where p,, is an eigenstate with mass of M,y/1+ ggl /g2 and the orthogonal AEM is the
massless state, that is identified with the SM gauge boson. Rotating to the mass eigenstate
basis we get

. 2 ;
- . NK g A A" j
¥ [ = [5Ts| - — = [ | e, (5:21)

J gx —49g

where the first term comes from the mixing of the elementary and composite fermions

and the second term corresponds to the mixing between composite and elementary vector
bosons (eq. (5.20)). In this paper we are mainly interested in the flavour non universal
and flavour violating effects, so the contribution of the last term will be subleading since
g« > g and the non-universalities in ¢ ~ 1 — 42/2 have an extra § supression. Note that
the eq. (5.21) is a generic prediction of the partial compositness and the various fermion
embeddings lead only to the generators T} for the different group representations.

5.2 Rp p+ from the composite electroweak resonances

We are interested in the dimension-6 four-fermion operators. These operators are generated
by the exchange of the composite vector resonances. Using the eq. (5.21) and assuming
g« > g we can see that the these operators at the dimension-6 level schematically take

the form )

I [0 st Ty | [ strees | (5.22)
Our aim would now be to understand the correlations among the flavour-changing AF = 2
operators and those that contribute to the R ) anomalies. The effective Lagrangian for
the AF = 2 transitions can be written as

2 ; 2
LAF=2 = —const X % <¢iL [VET§Z§qV£’} ; Y 1b; L) : (5.23)

*

90f course, we can have different values of g. for SU(3), SO(5) and U(1)x parts of the global group.
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where V{ is the rotation matrix for the left-handed quarks defined in eq. (4.15) and the
constant in front for the case of MCHMS5 is equal to

M2 (1 g2 1 g2 4 g2
- * - Ix3 = Ix2 = Ik X ) 5.24
R g2 <3M*23 e M, i 9 M2y (524

The first term inside the parenthesis corresponds to the contribution of the composite
gluon, the second to the SU(2), r triplets and the third to U(1)x vector bosons (the number
4/9 is fixed by the U(1)x charge assignment of the up-like multiplet O,,, see eq. (5.6)).
Experimental data on K-K, Bs-B; and B,-B, mixings give the following constraints,'!

1073, from K-K mixing, i.e., i = 1,5 = 2 [87]
1.1 x 1073, from By-By mixing, i.e., i = 1,j = 3 [88]
4 x 1073, from B,-Bg mixing, i.e., i = 2,j = 3 [88],
(5.25)
where the numerical values are obtained by running the couplings to the scale M,. Keeping

(M, /TeV)

s | < e
L "avd il ™ g«V/const

the above constraints from AF = 2 processes in mind, we now look at the b — crv
transitions. We assume that the NP contribution arises from the exchange of a composite
vector field which is a triplet of SU(2)r,. This generates the interaction Lagrangian

2 3 2
Eb—>c7’u = _2‘?\}22 <7__L [VETSAnglV[l,/T] 3 7H VTL> <EL |:VLUTSAqTSAqVLd:| 3 7'u bL)
*2

9 (= Tuetataw]® o _ dt o topd]®
=52 \ L [VL 51 szVL} 7 vrL )\ er [VCKMVL Sq sqVL} 7 br, | , (5.26)
*

where we have assumed g.o = g«, Myo = M, and the roational matrices are defined in
eq. (4.15). If we decide to remain agnostic about the leptonic sector, we can still use the
loose upper bound

et 3
HVL sfﬁsflvg} 5‘ <1 (5.27)

which is satisfied even for maximal possible 7 compositeness. Thus, for the explanation of
Rp and Rp+« anomalies at the 1o level, we need

M*/g*>2 : (5.28)

2
VaruVits, s, Vi 202 ( oL

where the numerical factor 0.2 corresponds to ACY; = —AC%; = 0.08 (see figure 1).
Expanding eq. (5.28), we get

M. /g. 2
TeV

1 2 3
Ved [VLdTSAqTSAqVLd} 3+Vcs [Vg*SAqTSAqVLd] 3+‘/cb [VgTSAqTSAqVLd] 3 2 0.2 <

df ~ 14 3 M*/g* 2
[VLququde} || 202( =5

"Here, we have assumed that only one AF = 2 operator (the operator Qi in the basis of [87]) is
generated. In principle, other operator(s) may also be generated at the matching scale, and cancel part of

= |Vl

1
[vits v | +1ved

2
[VLdTSAqTSAqVLd} 3‘+|Vcb’

the contribution from Q1. However, barring large accidental cancellations, our results should always hold.
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, di o 1o v7d] di o 1 ¢ 1d]?
Using the upper bounds on ||V} 's,"s,V} ; and ||V, 545,V , from eq. (5.25) and the

trivial inequality ‘ [VdeAquAqu] 33‘ <1, we now get

2
1.1 x 1073 |Vq| (M/TeV) +4 %1073 |V, (ML/TeV) + V| 2 0.2 (M/Tev> (5.29)
gxv/ const gxV const Gx

As the first two terms are negligibly small compared to the third term (for small
(M,/TeV)/g.) on the left hand side, we finally get

M./g. S 0.45TeV (5.30)

Note that partial compositeness automatically selects the scenario (II) (see discussion after
eq. (4.47)) for fitting the Rp p~ anomalies. This solution, as mentioned in section 4.3,
requires the presence of additional UV contributions to protect g;” couplings of the Z
boson. In the appendix F, we explicitly show how this can be achieved. Interestingly, the
generated operators automatically satisfy the condition of scenario (I) due to the SO(4)
structure of the model.

We would like to make a few comments here regarding the robustness of this result
and its applicability to the various models employing partial compositeness. The only
assumption that we have made in deriving the eq. (5.30) is that the charged current operator
(see eq. (5.26)) is generated by a vector field, which is a triplet of electroweak SU(2)y,. The
rest of the discussion is completely model independent and applies to various embeddings
of the SM fermions into the composite multiplets, choices of the off-diagonal elementary-
composite mixing parameters §, and is practically independent of the mass of the composite
gluon and the mass of the U(1)x vector. It should also be emphasised that we have been
completely agnostic of the dynamics that allows the model under consideration to satisfy
the constraints from AF = 2 processes namely, those given in eq. (5.25). For example, in
anarchic partial compositness, where the left-handed quark mixing parameters scale as the
CKM matrix elements

84l ~ Vi (5.31)

these bounds are roughly M, > 10-20 TeV [89, 90],'2 which is a too high scale to explain the
Rp and Rp+ anomalies. However the scale of the compositeness can be lowered and made
consistent with the R ., anomalies by invoking additional flavour symmetries, for example
U(2) [17, 91, 92]. Interestingly the bounds from the direct searches at the LHC [93, 94] on
the composite partners of the top quarks are still in the range of M, = 1.2 TeV, making
them consistent with the requirement of eq. (5.30)

The constraint in eq. (5.30), in general, can pose serious difficulties with the elec-
troweak precision observables and measurement of Higgs’s couplings to electroweak vector

bosons. Indeed the constraints from electroweak precision tests [95-97] require the scale of

2The strongest constraint in this case comes from the ex bound.
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compositeness to be 2 1.2TeV in order to satisfy the data at 20 level. At the same time
the mass of the vector resonance is related to the scale of compositeness, f, as

M? = a,g; f%, (5.32)

where a, is a number of O(1). In an explicit two-site construction, a, = 1/v/2 (see for
example [81]) so that the compositeness scale is constrained to f < 0.64 TeV. This is incom-
patible with the bound from electroweak precision measurements mentioned above. It may
however be possible to accommodate the electroweak precision observables by additional
UV contributions, see for example, [98-100].

The tension with meson mixing data makes it interesting to think of other possibilities
of enhancing the contributions to Rp and Rp+ without modifying the AF = 2 observables
considerably. This can be partially achieved in scenarios with composite vector leptoquarks
which we discuss in the next section.

5.3 Leptoquark contribution

The composite vector leptoquark scenario in connection to the B meson anomalies was
first proposed in [17, 20, 24]. In this construction, the global symmetry of the composite
sector is extended from SO(5) x SU(3) (where SU(3) is weakly gauged later and becomes
the SU(3) of QCD) to SO(5) x SU(4). The composite gluon, which is an octet of SU(3),
lies inside the 15 dimensional adjoint of SU(4) and is accompanied by two SU(3) triplets
3+3 (‘7(371)% + ‘7(31)7%) and a singlet (B(l,l)o)v where the subscripts of vectors indicate

the representations under the SU(3) x SU(2)1, x U(1)y subgroup. The hypercharge is given
by the following combination of group generators: Y = \/ng + T}% + X and under the
SM gauge group these fields. The Lagrangian is the same as in section 5.1, apart from
the presence of 17(371)2 and B(l,l)o vector bosons. In particular, in the composite sector,
leptoquarks couple tg fermion currents in which there are quark and lepton resonances.
Indeed, from eq. (5.19) one gets also the interaction

Ll

V2

where g, is the strong coupling for the SU(4) of the composite sector. This interaction

~ —=q ~
VMOSM’YMOZSM (5.33)

after integrating out the heavy fermions reduces to

9x 71 [ At 4 o
\ﬁ% [sqfsl} YV, . (5.34)
Here we focus only on the relevant interaction term for Rp p+ anomalies,
i
Lrg=—9+ (q/Lz [gjﬁl} ez l,Lj) Vio- (5.35)

Moving to the mass basis the effective Lagrangian for the b — ¢7 v processes can now be
written as,

g (. dt ¢ 1o ] p = (et teyd]’ u
Lysery = EAGS [VCKMVL e SZVL} , Vv )\ 7o {VL 51 SqVL} .7 br,

2

ierz * . 2 e 3 ~ B
Fie —2]gw2 [VCKMVLdTSqTSlVLV] 5 [VfTSzTSqVLd} 5 (e br) (Fr " vrr) . (5.36)
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In order to find the upper bound on the coefficient of the operator (¢ v br) (7r, Y* vr1),

2
we need to find an upper bound on [VCKMVLdeAqTS}VL” ] s consistent with the data on B

3
meson mixing. As before, we have used the trivial inequality [VET.SAZTSAqu} <1.
Without loss of generality, we now go to the basis of elementary and composite fields
in which the lepton compositeness matrix has the following form:

*00
5= *xx%x0], (5.37)

k %k X%

where * stands for non-zero entry. We now assume that only the third family of leptons has
a strong mixing with the composite sector i.e. only (8;)33 ~ 1 and the rest of the elements
are much smaller. In this case, the WC in eq. (5.36) is controlled by,

2 1 2 3
[VerVifts, | = Vaa Vit L+ Ves vits,t] L+ Ve vifts,] L (539)

2
Our aim now is to understand how big [VCKMVg TsAqT} 5 can be, consistently with an almost

< 1073, see

~

diagonal [VET§quAqVLCl} (as the off-diagonal elements are constrained to be
eq. (5.25)). Similar to the leptonic elementary-composite mixing matrix §;, we can also
make 5, triangular by suitable field redefinitions of the elementary fields. Thus, without
loss of generality, we can write,

S11 0 0
S¢g=1 s21 822 0 |, (5.39)
531 S32 $33

Let us now consider the special case where only the third generation quark mixes strongly
with the composite sector so that,

533 > Sij, 1 0r j 75 3, (540)

In this case, while [VLdeAqT]33 can be close to unity, the other terms in eq. (5.38), in order

to be consistent with a diagonal [VgTs“quAqVLd], must scale as

L s1(sij)? di - 112 s32(si))?
vits T} ~ BSG)” [V TgT] ~ B3205) 5.41
[ L °9q 3 L °9 3 (833)2 ( )
It can be noticed that these elements have an additional suppression of (s;;/s33) compared
to the naive expectation. This renders the contributions of the first two terms of eq. (5.38)
subdominant. Thus, adding the contribution of the electroweak triplet from eq. (5.29), for
the explanation of Rp p~ anomalies at the 1o level, we must have

M, /g \?
21/6,,50.2( /g>

TeV
<0.63TeV, (5.42)

~

= M./g:
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where we have assumed that the electroweak triplet and the leptoquarks have the same
mass and coupling. Hence, the role of leptoquarks is just to double the contribution to
Rp p+ without worsening the other low energy observables. This increase of the upper
bound on the scale of compositeness by a factor of v/2 helps ameliorate the constraints
from S and T parameters which are now in agreement at almost 2 o level.'?

It is worth emphasising that the result of eq. (5.42) was derived assuming the hierar-
chical nature (see eq. (5.40)) of the mixing matrix §, and the constraint of eq. (5.42) can be
relaxed if this assumption is not valid. For example, if we assume that the matrix §, is not
hierarchical but unitary, then [V,fl TsAqT} is again unitary and [VgTsAquAqu] is automatically
diagonal. However, this only implies that

2

<[V§T§QT} 13>2 + <[VLdT§qT}23>2 + ([Vg”sﬂ]gg) —1. (5.43)

2
Now, choosing [Vg%ﬁ} 3~ 1 and the other two elements to be very small, we get from

2
eq. (5.38) that [VCKMVLdeAqT} , 1. In this case, eq. (5.42) gets modified to

M. /g. ?
14+ V) > 0.2 =22
1+ V) 2 < TeV )

— M,/g. <2.28TeV. (5.44)

This very conspired scenario could be realised in U(3) symmetric models [92, 101] where

2
8¢ o< I3x3. Indeed, if [VCKMVLd TsAqT} ~ 1, the constraint on the composite scale becomes

that of eq. (5.44). However in this case [92] we have to face the constraints from the
modification of the Z decays to hadrons requiring (see table 4 of [92])

M, > 6,/g:TeV, (5.45)

for the composite fermions masses. Assuming the vector fields are at the same scale, fitting
the anomalies becomes practically impossible.

6 Rk k- anomalies

In this section, we investigate very briefly whether the Rg g+ anomalies can be explained
within the composite Higgs framework (see [18-22, 24-28, 102] for related discussion). It
is known that the discrepancy of the experimental data on Rx and Rg+ with the SM
expectations can be alleviated by the following operator [103-108]

T _ _
cb—)sup, = _p (S'Y/LPL b) (:U/VHPL /L) ) (61)
with 1/A%2 > 1/(38 TeV)? at the 10 level.

3Note that if we assume i > {72 ie., smaller masses of the SU(4) resonances than those of the SO(4)

fields, we can be in the situation where the composite leptoquark contribution dominates in Rp,p» and the

tension with electroweak precision observables can be relaxed even further.

1 Actually, the experimental value of RESY cannot be explained simultaneously with Ry and R§Sntral
by this operator (see, for example, the upper left panel of figure 6 in [108]), and either additional light
fields [108] or tensor operators [109] are required.
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In models with partial compositeness, such an operator can be generated by the ex-
change of either a neutral Z’ vector boson or a vector leptoquark. We examine the flavour
structures of these two cases and identify the features that can explain the data.

Z' contribution. Following the analysis of section 5.2, neutral composite bosons pi Ry PX
will generate

2
i’ 1At AT A _ At A
27\[22 (5 Vi 88V P b) (M Vil aVEPo P M) (6.2)

*2

which, after implementing the Bs-Bs mixing constraint from eq. (5.25), gives (assuming
Vf = 1 and diagonal §;),

\ 1
g 2> 0.35, (6.3)

(M, /TeV) \/const "~

for the explanation of the R g~ anomaly, where ‘const’ is defined in eq. (5.24) and

92 = g+, Myo = M,. This inevitably requires large muon compositeness. Let us com-
pare our results with the discussion in the previous two sections 5.2 and 5.3. Constraints
from AF = 2 processes require an almost diagonal [VgTsﬁTéVg] matrix, which forces the

operator in eq. (6.2) to be small as well. However, note that if [VLdTéT(éVg} by = € (€ being

some small parameter), AF = 2 observables scale as €2 and Ry as e. It is precisely this
extra power of € suppression that can make the explanation for the two measurements
consistent [20].

Leptoquark contribution. The flavour structure in this case is different from the Z’
contribution and the relevant operator in given by

2
9 (cn/dtatayer2 - sta vrdi2
a2 (S slavila P ) (pIVE${80ViPar Prb) (6.4)
In this case correlations with the other low energy measurements are less strict and
as an illustration we will consider two extreme scenarios (for simplicity we will assume
diagonal §; )

o Flavour trivial lepton sector. In this case we assume V = 1l and this obviously evades
all the constraints from LFV processes like 7 — 3u. In such a scenario, the main
constraint comes from B mixing. Using the bound from eq. (5.25), we get

M, /Tev> 3/4

Sy > 0.1(const)'/ <
g«

(6.5)
where s are equal to the maximal possible values allowed by the B, — B, mixing.
Interestingly, even in this case the bound becomes less strict compared to the one
obtained for the Z’ contribution (see eq. (6.3)). However, the scale of the muon
compositeness must still be quite high.
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o Flavour trivial down quarks [24]. If we assume VLd = 1, Rk can be generated solely by
the leptoquark contribution and Z’ mediated diagrams vanish. Interestingly, we can
correlate the Ry with the flavour violating 7 decay  — 3u arising from the operator:

2 3 2
const x A‘(’;Q <7" [V;’fg}glv,fhyupw> <n [Vf*ggglv,f]ﬂupw) (6.6)
where now ) ) ) )
1M, 3
const = ~—- < 9*2 + g*g + g*)2< ) ; (6.7)
292 \2M%, " 8MZ T AMZ,

comes from the contributions of the p%, p%, px and pr,, and we have assumed that
the A; mixing is the dominant one (see appendix F). Assuming that the mixing with
the first generation is small, we focus only on the pu — 7 rotations with the mixing
angle 0. The experimental bound on 7 — 3p [110] gives

const g2 . . 4x1073
SRTE s2 sin 26 [cos® Qsi +sin® 0s?] < TTev? (6.8)

If the angle 6 is small, say 6 ~ s,/s, < 1, then the upper bound on the muon
compositeness becomes

M, /T 2/3
susl/3 <01 (const) /3 (;eV> . (6.9)
On the other hand, the bound on R implies
M, /TeV \?
SsSpSusysin 20 > 1072 </6V> (6.10)
G«

If sy ~ 1 and s, ~ 1 we see that there is no tension between the Ry data and the
T — 3u data; in fact eq. (6.9) translates into a bound on the compositeness scale of
the strange quark

2/3
M/TGV> ’ (6.11)

gx

which is similar to the naive expectations for the left-handed strange quark compos-

s > 0.02 <

iteness sg ~ Vis.

Thus we can conclude that it is possible to fit Ry as well within the partial compositeness
paradigm.

7 Summary and outlook

In this paper, we have studied various aspects of the Rp and Rp+ anomalies in depth. The
main objective of our work has been to understand potential correlations of Rp p= to other
AF =1 and AF = 2 processes that give rise to constraints on the NP explanations, and
thus allowing us to identify the desired properties of the underlying UV theory.
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After reviewing the possible roles of vector, axial-vector, scalar, pseudo-scalar and ten-
sor operators in solving these anomalies (sections 2 and 3), we have investigated (section 4)
how the linearly realised SU(2) x U(1) symmetry can give rise to correlations to other well
measured AF = 1 processes, e.g. B - K*vv, B = pvv, B — 7v and couplings like
Zr1T1, Zvv and W T v, posing serious difficulties in explaining Rp p-.

We then extend our analysis to composite Higgs paradigm with the partial compos-
iteness mechanism to generate the fermion masses. In this case, because of an available
power-counting rule, the AF = 2 processes, namely K, B; and B; mixing measurements
turn out to be extremely constraining. We show that generically the models with partial
compositeness can offer an explanation of these anomalies only if the scale of compositeness
is below 0.90 (0.64) TeV for scenarios with (without) leptoquarks. While the requirement
of such a low scale is favoured by the electroweak hierarchy problem, it is problematic
from direct searches, and also indirect electroweak precision measurements unless some
additional cancellations are involved.

Finally, in section 6 we also comment on the possibility of explaining the other neutral
current B-meson anomalies Rx and Ry« in this framework.

As the charged current anomalies require a NP scale which is rather low (~ TeV), they
might as well be the harbingers of new physics at the TeV scale. It is thus important to
critically examine the models that can provide simultaneous solutions to different problems
at the TeV scale. At this point, it seems that the manifestation of New Physics, if any,
in the dynamics of flavour transitions is likely to be quite non-generic and subtle. Thus
the interpretation of any NP signal would require a large amount of data with a high
precision. It is encouraging that such a large amount of data are expected to come from
both the LHCb and Belle-II in the near future, and hopefully, we are not far from an
exciting discovery.
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A Decay width of the B, meson

The differential decay rate for the process B. (p) — 7~ (k1) + v-(k2) is given by

dar’ B 1 |k1’ 5
dQ 3272 mQBC M|

where, kj is the 3-momentum of the 7 in the rest frame of the B, meson, and

2 2
mp, —ms

k4| =
’ 1| 2mB

c
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The matrix element is given by,

2GrVe
V2

+CAR(0ley" 15| Be(p) )i (k1) (i, Pr)v(k2) + CRR (0le 50| Be(p)) (k) (i Pr)v(k2)

iM= C{T (0ley"v5b| Be(p)) t(ky ) (i, Pr)v (ko) + CEY (0|eysb| Be(p)) (k1) (iPL)v(ks)

(The operators O\C;’ffVR , 0%t $r and Ok do not contribute because the corresponding

matrix elements, (0|¢y*b|B.), (0]cb|B.) and (0|ca*"b|B,) identically vanish)

2Gr Ve ; cor U ) coT Qp — .
— 55 “ifp, {CAbL p* (k) (i, Pr)v(ke) — CEY mlnfmcu(kl)(zPL)v(kg)

O 1) 1P o)~ O () P

<In the above step, we have used (0|ey*~5b|B.(p)) =i fp.p", and

2
(0]eysb| Be(p)) = —ifB. — >
2GFVcb

if5, [cgbnga(kl)(z'PL)v(@) CCbT%a(kl)(iPL)v(l@)

+CYEme (k) (iPR)v(k2) — CRR—

mb+

<k1><iPR>v<k2>]

_ 2GFrVe mp,

V5 imz fB, [(CCbT CCbTT(me‘FmC)) (k1) (iPr)v(k2)

2

<CC"T CC’”mBC)) u(kl)(iPR)U(kﬁ}

T(mb +mc

This gives,

M2 = |:2G%'H/Cb|2:| [mgf%c] [ 2B ( 7:;22 )]x
B

m?, 2 2 2
CCbT CCbT CCbT mB, chT
my, (mb —|— ) mr(my + me) PR
Thus, the partial decay rate is given by,
1 m2 \ ——
I'psrv="—7—""—1|1- QT ‘M‘Q
16 mmp, my.
m?2 ?
*G #Va|* fB,mImap, il B
B.
2 2 2 2
ch'r _ mp CCbT CCbT _ mB, o
mr(mp —|— Q) ¥ me(my +me) TR
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Figure 6. The Br(B. — 7v;) as a function of C%;, and C%;,. The upper bounds, 30% and 10% on
this branching fraction from [53] and [54] respectively are also shown. The SM branching ratio is
~ 2%. We have used fp, = 0.434 +0.015 GeV [111] in our calculation.

which gives, for the branching ratio,

2
- — L o 2,2 2 m2
BB, =77 0r) =g GrlVa " fpmzmp.7p. (1=75- | *
’m2 2 ’m2 2
OCb’T _ Be cbt CCb’T _ Be cbt Al
AL ™ o Gy +me) P +|CAR mr (my+me) PR (A.1)

The variation of Br(B, — 7v;) as a function of C'y; or Cf; is shown in figure 6.

B Form factors for B, — J/v¢ and B. — 1. decay processes

B.1 Vector and axial-vector form-factors

B.1.1 B, — nc
The B. — n. matrix elements are parametrised in the same way as the B — D matrix
elements, see for example section 4 of [51]. Unfortunately, only preliminary lattice results
are available for B, — 7. matrix elements [112]. In figure 7, we show the pQCD estimates
of the Fy and Fy form-factors from [16]. The preliminary lattice results from [112] are
also overlaid.

The functional form of Fy and Fy is given by

f=foexp (ag® +b(q*)? (B.1)

where f can be either Fy or Fy. Then fo = 0.48 4+ 0.06, agy) = 0.037(0.055),
bo() = 0.0007(0.0014).

L ME - M2
(Me(Pye, My,)|&v"b| B(pB,. Mp,)) = Fi(¢*) (PBe APy ) == ="
ME —M?
+Fo(q2)%¢‘ (B.2)
(Me(pnes My, )|e¥"v5b| B(ps,, MB,)) =0 (B.3)
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Figure 7. Form factors Fy(¢?)Z<=" and F, (¢*)B<~" from pQCD [16] and lattice [112].

B.1.2 B.— J/y

Similarly, parametrisation of the different B, — J/v matrix elements are the same as those

for B — D* matrix elements, see again [51] for the notations. The pQCD estimates [16]
for the B. — J/1¢ form-factors: V, Ay, A; and Ag, are shown in figure 8. Preliminary

lattice results for V' and A; from [112] are also shown.

B.2 Tensor form-factors

As no estimate of the tensor form-factors exists in the literature, we use the quark level

equations of motion to relate them to the other form-factors. We show this explicitly below.

B.2.1 B.—nc

The tensorial form factors are given by

(ne(py., My, )|eic* b|B(pp,, Mp,)) = (Pl i, — D5, Dk

<nc(p770’ Mnc)|EUW’75b‘B(me MBC)> = ghvre

2Fr(¢%)
MBc + MT]C
2Fr(¢)
PB.pPn.o MBC M )

Multiplying the Lh.s. of eq. (B.4) by g, and using ic"” = n* — y#4" we get,

qu(ne|cio? | Be) = q” (ne|eb| Be) — (nele ¢ ~"'b| Be)
= <770|5b|BC>qV + (mp + mc)<770|57yb’BC> - 2p%<nc|EbIBc>
= _<770’Eb‘BC> (pB. + Pn.)” + (mp + me) <770’E’be|BC>

M2 — M2
S —
mp — Me

= (ch +p77c)y

+ (my+me) | Fe(pp, +pgy)” — (Fy — Fy)
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Figure 8. Form factors V(¢?)B=7/% Ag(¢?)P=7/Y A1(¢?)B=7/¥ and Ay(q?)P->7/¥ from
pQCD and lattice.

The Lh.s. of eq. (B.6), using the tensor form factor, is then

M2 — M2 M2 + M2 oOF
_ 1% o Bc Te v Bc Te - T
[(ch Pre) < — > + (pB. + Ppe) (2 PBePue || S hr

B.7)

Noting that ¢ = pp, —py,., we can equate the coefficients of ¢” on either side of eq. (B.6).
This gives us the relation between the tensor and the vector form factors to be

—M;:M:T——WHWM44?4*(+—O) (B.8)
Mg, + M,,
— Fp = (my + mg)—De e - (Fy — Fy) (B.9)
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B.2.2 B.— J/v¥

The hadronic matrix elements for B — V transition are parametrised by

- . e o 2VI(%)
_ _ €*.q . €.q
(Vv M) e, B o M) =200y L Aol + (M + 1) [eﬂ— p qu] M)
€*.q M2 — M?
T Mpt My [(PBﬂLPV)MJBqQVC]u As(q?)
(B.11)
_ — * 2MV 2
(V(pv,e, My)|eysb|B(pp, Mp)) = —¢ Koy Ao(q7) (B.12)
(V(pv,e,My)|¢ i0,,b|B(pp, MB)) = —ic uap | —** (pv+p5)°T1(¢%)
72‘/ ¢’ (T1(¢*)—Ta(q?)) (B.13)

q
* 2

€.q 2 q 2
2 T Ty(q?)— ~—5——5T:
25 poV< 1)~ Ta(d?) YEESYEN 3(q ))]

(V(py,e, My)|¢ i0,,q"b| B(pp, MB)) = —2ie 1 poe™ D3 Ti (¢%) (B.14)

Using,
10 = Nuw — YWy (B.15)
the Lh.s. of eq. (B.14) yields,

(V(pv,e, My) |¢ ic.uq"b|B(pp, MB)) = (V (pv, €, My ) |¢ (g, 4)b|B(pp))
[

= qu(V (pv, e, My) \B(pB,MB»
— (mp + me)(V (pv, e, Mv) | ,b|B(pp, Mp))

(B.16)

The first term vanishes, and after using eq. (B.10) and (B.14), leaves

: : V(g®)
*U 2 Uk
—2i10p0 € PEPTTI(q7) = —(my + me) X 2iepo€” DyDT My My
which give us
mp + Me 9

T\(q*) = 1V B.17
W) = 3 V@) (B.17)

Consider the term (V (pv, e, My) |€ i0,,q"vsb| B(ps, Mp)). Using

)
OuYs = igwwa”" (we use €”1?3 = 1, which implied that egyo3 = —1)

we have

1 . o VI B
75/.1,1/pa<v (vaMVE) ’E io” q b|B(pB)>

(V (pv,e, My) |€ ioq”vsb|B(pg)) = 5
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Simplification of the r.h.s. using eq. (B.13), we get,

. 2 2
_ ! v . _poaf * T MBc B MJ/¢ * T T
= SEupoq’” | —ie —eo(PB. +Dpyp)sT1 + — Yz g (T1 —13)

* q

2
€.q
_ — T Ty — ——7——+—T:
q2 (JUBC4—1"!11/1/))O¢(JDBc pJ/w)L?( 1 2 MJ2BC _M§/¢ 3))

Mg — M3,
= — (a07 - o537 [—e:;(psc Fpyp)aTi b = s (T = T)

0

* q

2
€*.q
_ Ty =Ty — — T
¢’ (pB°+pJ/w)an< g Mg, 3)

(B.18)

R . €
= [(pB. +Pssw)-a €, — € a(p. +pyjp)u] Tr — (M%c - M3/¢) <6u - quu> (T — T2)
2

(PB. +Dy/p)-q q
+eg [(ch F sy — g (T~ T — T
/ ¢ Mg — M?/w
2 €*.q 2
7 ) T

q
M, — M3,

Ty + T3

=€, |3, = M3,)T] = € alpm, +papi)a

The Lh.s., simplified using the equation of motion is,

<J/¢!5 iauuqy75b|Bc> = (mb_mc)<‘]/w|é 7#75b|Bc>

€ .q * 6*'q
= (mb_mc) [2MJ/¢ (qzqu) Ag +(MBC+MJ/1/;) <€H_q2q/‘> Ay

2 2
€*.q Mg, _MJ/w
—— + - A B.19
Comparing the coefficients of €;, from either side, we get
My — Me
Th=—"——A B.20
7 Mg, — Mjy ' ( )
Comparing the coefficients of €*.q g,/ ¢? from either side, we get
mp —m
Ty = — (b = C) (MBC(AI — As) + Mj/w(Al + Ag — 2A0) (B.21)

The equations (B.17), (B.20) and (B.21) agree with those given in [113].

C Formulae for calculating branching ratios

The double differential branching fractions for the decays B — Dfvy and B — D*{v, can
be written as

2BP"
dq? d(cos 6)

=N |ppe (cth(*> + b@D(*) cos 6 + ch(*) cos? 0) . (C.1)
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The normalisation factor, N and the absolute value of the D*)-meson momentum, Ppe |
are given by,

2 2 2
v mGHVale (| mEY’ PR ) o

where A(a,b,¢) = a® + b?> + ¢ — 2(ab + bc + ca). The angle 6 is defined as the angle
between the lepton and D™®)-meson in the lepton-neutrino centre-of-mass frame, and ¢ is

the invariant mass squared of the lepton-neutrino system.

C.1 Analytic formulas for B — D decay

The quantities az , bg and cg for negative and positive helicity lepton are given by [51]:

Negative helicity lepton.

8 M} \PD| [ 32M3|ppl? }
D B 212 B
ag (— BT |G PR oy | B R (C CY )F F
Z( ) | L| —+ qQ(MB+MD) TL~VL +IT
32|pp|* M
e B |Ch, PR3
q*> (Mp+ Mp)
by (=) =0
8M3|ppl* 32|pp|* M}
D _ Bic 2F2_ B R(cﬁ Cf >F F
cr (=) o |Cvil + — Ny —qQ(MB+MD) VLYTL JF+FT
32|pp|° M}
~mj b ICh PP (€3)
(MB -+ MD) q
Positive helicity lepton.
2 (M% — M3)? 4 (M2 — M3)
D B D (1212 B ¢
ay (+) = ———F—|Cq|“Fg + m R(C C )
¢ ( ) (mb — mc) 2 | SL| 0 q2(mb — mc) SL
2 (M3 - M2)
+m€ q4 ‘C L| FO
M *
bP(+) = [ 16MB|pr DR(CchﬁrL) FOFT}
16 Mg — Mp)M .
— My [ |pD’ ( B;]Q D) BR (C%LCKTL> F()FT
8lpp|Mp (M — Mp) ¢
R(c c4 )F F
q2 (mb_mc) SL*~VL o+
8|pp|Mp (M% — M?
—mj [ oo (q4 £ ) | ?FoF
32|pp|* M}, 32M3|pp|?
D 212 B 4 0%
cy (+ — FT| — —R(C C )F F
0 (+) = (M +M)\TL\ T (Mg + Mp) ¢ vty | F+ T
8 M
+m3 mm LI?F2 (C.4)
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C.2 Semi-numerical formulas for Rp

We now provide semi-numerical formulae for the branching ratios and Rp in terms of the
Wilson coefficients (WCs) (from now onwards, instead of using “cblv” we will just use “¢”
in the superscript of the operators and WCs):

B(B — D1v,) = (6.9 +13.9 ACy, +11.9 ACg, + 3.5 ACTy,
+6.9 (ACT)?+9.4 (ACL )% +1.2 (ACT)?
+11.9 ACT, ACE, + 3.5 AC{,LAC}L) x 1073 (C.5)
B(B — Dlyvy,) = (23.3 +46.6 ACL, +2.0 ACY +1.0 ACY,
+23.3 (AC® )2 +33.5 (ACH )2 +3.5 (ACK )2
+2.0 ACH ACK +1.0 ACY ACH ) x 107 (C.6)
Here, ACf correspond to the NP WCs gf of eq. (2.1). The above formulas are based on the
analytic expressions of the decay amplitudes given above which are based on ref. [51]. In
order to obtain the various numerical coefficients, central values of the form-factors (see [51]
for more details) and other parameters have been used.

If NP is assumed to exist only in the decay to 7 leptons, one gets from the above

formulas

Rp =0.30+ 0.60 ACyy, + 0.51 ACgy, + 0.15 ACHy,
+0.30 (ACTYy)? +0.40 (ACE; )% + 0.05 (ACT,)?
+0.51 AC{,ACY, + 0.15 ACY, ACT, (C.7)
C.3 Analytic formulas for B — D* decay
Negative helicity lepton.

« 8M?2 |pp=|? 2 (Mp+Mp=)? (8M?2, g2 +)) 2
D _ BIPD 14 2 B D D l 2
ayp (_)_7(MB+MD*)2|CVL| Voit+ D ‘CAL’ Aj
4 8Mp|pp+[* [e7 |2A2_4|pD*\2M123 (M3 — M3 —q°) [} |2A1A2
M%* (MB+MD*)2q2 AL 2 M%*q2 AL

320M2 |2
¥ { sl 2 (0, 08 ) VT,

¢?(Mp+Mp~)
8(Mp+Mp-) (2M3. (M3 —M3.)+M3 pp-
> Mp,.

8M3 (M —Mp. —¢°) lpp-|*
B ¢?(Mp—Mp~) M3,

_ 8ME (ME+3Mp. —¢?) [pp+|?
2 (Mp+Mp~) M3,

32Mppp-|*
®?M3. (Mp+Mp=) (M} —M3.)

|2
) R (CLLCHL) A1 T

R (C4LLCTL) A1 T3

R (CLLCTL) A2 T

_|_

R (CLL.CHL) A2T3}

32M2 |pp=|? 2 2(8M2, (2(M&34+M2,)—q?) 2+ (4M2, +4¢2)
—l—m% E;LPD|‘C%L’T§+( D((B+ D)q)q+( D+q)

q4M%*

|chy P13

32M%|pp~|*
P M3, (M3 —M3,

16M3 [pp«|* (M3 +3M%, —
q°Mp. (M —Mp.)

2
57| Gl T3 - )|k, P TaTs
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. N 32Mp (Mg — Mp+ . N
bP" (=) = —16|pp-[MpR (CY,,Chy) VAy —m, [2HERE =MD )P0 R (Ol ) VT,

q
+32MB(MB;MDx)|pD*‘R(CeALC? )A1T1] {641\43 (M2, q4MD*)\pD* CfFleTsz
= Gy r |Gl V- %w Mt Ol 42
+4|PD*|2M2]\§]2;4*2 - M3, \C L|2A1A2
+me %mcm@m MOt e L (€4, CF) ArTs
bR (€L Cf) ArTa
8M%§ﬁ%tiﬁ;}j2fm "R (CALCTL) A2 T2
M2, (M?jfj\%[ff)*(l:ﬂ —M2)) R (CLLCTL) A2Ts
+mg mm L|2T§+2( ]ff;_ ek P2
q*
32M|pp-|* 2|C L} T2 4 16M2 [pp~|? (M3 +3M2, — q)|C L’ T,T, (©8)

P03, (M3 M3.) M3, (M3 —113,.)

Positive helicity lepton.

8 (M3

8|pp=|? M2 -M2,)?
8lpp-|" Mp D ‘CgfL| T2
q?

a?* (+)= (mp+me)?
16[pp-|* M7, 0y A2

T rmag ©(CaCrL) Ad
8(Mp+Mp+) (ME—M2.)

_ -

|:8PD*| M3

|C{;L‘2Ag 32MB|pD* ’C%L‘ T

32M]23 lpp=|?

14 O
F0ta+aip < (G Cr) VI

—my

R (CLLCTL) A1 T

8 ‘pD*| M
(Mp+Mp-~)

+m? Bch. | Ag+ SICk V2 2y Mp: )Y o 12 A2

b *(+) _ 8Mp (M3+3M3. —¢?
¢ - (mp+me) Mp=
SQM%\pD*F’ ) )

- R(Cpr; CF ) AT

(mb+mc) Mp+ (M%—M%*) ( PL TL) 013
4lpp+|Mp (Mp+Mp+) (M3 —M3. —q?)
Mpx (mp+me) g2

) ‘pD* | R (C%LC?L) A0T2

R (CQLC%*L) AoA,

+my

16 lpp- "M Y
- R (CarCpL) AoA
(mb+mc) (MB“FMD*)MD*(]Z ( AL PL) 0432

8Mp (M2 +3M?2, —q¢> «
_ 8Mp (M + a*) lpp lR(CﬁLC%*L)AoT2+

32M3|pp+|?

R (CLLCIL) AoTs ]

Mp+q? ¢*Mp= (M3 —Mp.)
o[ 4lpp+|Mp(Mp+Mp~) 2 2 2\ [~ |2 16|pp+|* M3 ¢ |2
+mp |- Mpe gt (ME—Mp. —q )!CAL| AoAs + i B |l F A
* 32M * 2 2(4M2, —q? 2
P (4= 2B o [P - 2B P g
32MB|pD* 16M]23 |pD*\ (M2 +3M2, —g?
M2, (MZ—M?2, 2’C L‘ T3 M2, (M%—M2.) ’C L‘ T2T3
32ME |pp+| ¢ e 8M3 (Mp+Mp+)|pp+|? ¢
— — B R(C:, CHEI)VT;——2L R(CL;CH )AL T
my |:q2(MB+MD*) ( VL TL) 1 ng%* ( AL TL) 112
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8M3 (M3 +3M3. —q?) lpp~|*
¢2M3. (Mp+Mp-)

M, (MR —Mp. —a%) lpp-|*
M2, (Mp—Mp-~)
32M§|pD* |4
T @MZ. (Mp+Mp-) (M%—M3.)

R(CLLCTL) A1 T3 + R (CLLCHL) A2 T

R (CLLCTL) A2Ts

8|pp=|* M2 2 (Mp+Mp=)2 2
2 B ¢ 2 B+Mp ¢ 2
+mj | —————5—|C Vit —"oF——7—|C A
14 (MB+MD*)2q2| VL| QM%*q‘l | AL| 1
8lpp+|*Mp ¢ 2,2 AlpDPME oo 2 _ 2|l |2
+ C A5 — Mpg—Mp. — C AiA, C.9
M3, (MB+MD*)2q4| AL| 2 M2 gt ( B Dx—4 )| AL| (C.9)

C.4 Semi-numerical formulas for Rp«

B(B — D*rv,) = (13.8 +1.6 AC], — 26.1 ACh, + 1.6 ACE,

—28.8 ACH; +0.8 (ACY)?4+13.0 (ACH;)?
+0.6 (ACH)? +42.1 (ACH )% +5.4 ACT ACHy,

— 1.6 AC3, ACE, + 34.2 ACQLAC}L> x 1073
B(B — D*{yvy,) = <54.9 +11.9 AC®, —151.5 AC?, +0.5 ACR,
2 2
—6.8 ACH, +35 (ACh ) +511 (Ack)
o) o\’ o Ao
+3.3 (ACk) +1634 (ACH ) +1.9 AC ACK,
~0.5 ACY ACE, +6.6 ACfgLACff’L> x 1073

Rp+ = 0.25+0.03 ACyy, — 0.48 ACh; +0.03 AChH;, —0.52 ACT,
+0.01 (ACY;)?+0.24 (ACR;)?+0.01 (ACE)* +0.77 (ACT)?
+0.10 ACy ACYy, — 0.03 ACh; ACE; 4 0.62 ACh; ACT

C.5 Semi-numerical formulas for R,

B(B. — nervy) = (14 +2.9 ACYy, + 2.5 ACE, +0.6 ACE,
+1.4 (ACY)? + 1.9 (ACE)? 4+ 0.2 (ACT,)?
+2.5 AC ACT, + 0.6 AC{,LAC%L> % 1073 (C.10)
B(B. = nlovy) = (46+9.3 ACY, +04 ACY +02 ACH,
+4.6 (AC® )% +7.0 (ACS)? +0.4 (ACYL)?
+0.4 ACH ACL +02 ACY ACH ) x 107 (C.11)

Ry, = 0.30 + 0.62 ACYy, + 0.53 ACZ; +0.13 ACT,
+0.30 (ACT;)2+0.41 (ACE)? +0.04 (ACT)?
+0.53 AC{ ACE;, +0.13 ACy; ACT . (C.12)
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Figure 9. The red and green shaded regions correspond to the values of CY; (= —C3%y) and

Cg;, (= —C%yp, for the left panel and = Cf, for the right panel) that satisfy the experimental
measurement of Rp and Rp« within 1o respectively.

C.6 Semi-numerical

B(B.— J/Y Tv,) =

B(B.— J/¢ byvyg,) =

Ry =0.29+0.01 ACY —0.57 ACh+0.04 AC—0.71 ACT,

formulas for Rj/,,

(3.1+o.1 ACT, —6.2 ACh +0.4 ACT,

7.7 ACT+3.1 (ACh)?
+0.2 (ACE)?+8.2 ACL 2+0.3 AC ACT,

—0.4 ACL ACH_ +8.0 ACLLAC%L) %1073

(10.8+0.7 ACY?, —342 AC?, +0.2 ACH,

~1.8 AC®, +0.2 (AC@L)2+10.6 (AC’“XL)Z

1.0 (AC?L)2+36.5 (Acﬁe’L)2+o.1 ACP AChH

0.2 AC% ACE, +0.6 ACEXLACEfL) x107°

+0.29 (ACH)*+0.02 (ACH)*+0.76 (ACT)?

(C.13)

(C.14)

+0.03 ACL ACH; —0.04 ACh; ACE; +0.74 ACh, ACT, .

C.7 Combination of vector and scalar operators

(C.15)

In this appendix, we briefly comment on the scenario where both vector and scalar operators
are present (see, for example [114] for a model). In figure 9, we show the allowed regions

in the CJ;-Cg; plane assuming CJ;; = —C}y and Cf; = £CF;..
It can be seen that the overlap of the red and green regions (that corresponds to the
simultaneous solution of Rp and Rp-) touches the C§ = £Cp; = 0 point. Thus, a
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combination of the vector and scalar operators extends the solution with only the vector

operator discussed in section 3.1.

Interestingly, if the red shaded region shrinks in the

future due to more precise measurement of Rp (without affecting the current central value

much), the combination of scalar and vector operators may lead to a better fit than with

only vector operators.

D From the gauge to the mass eigenstates

[C(S) ey (Ppypo®ll,) (¢’ ov*o'q),). Using eq. (4.12) and the definitions from
(4 14), we get,
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e ~(3)ee
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where

Z [Cledq]/p/r/s’t’ (VZ)LPI (VE)T"T(VI%)ZLS’ (quf)t’t = [élyefjiu]prst

Il ol 41
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where

e u = vedu
ST 1CE Vo VO (VE e (VN (Vi) ot = (G2 st

p’?/r.,’s/7t,
3 e u u ~(3)eedu
Z [Cl(eq)u]p ! s’t’(VL) (VR)T’T<VL )is’(VR)t't = [Cl(eq)u ]prst (D12)
p/7T,78/7t,
Thus,
cbrv 1 A ~(3)vedu *
ACH"™ = =3 i;w ([Cl(eq)u ]3332) : (D.13)

E Mixing of [Cl(j’l)]’ and [Cg;”l)]’

The f-functions of [Cd()l)] 55 and [Cl(q)] 4333 can be approximately written as (assuming that
no other couplings are generated at the matching scale A) [52, 115]

d 3 3 1
167 10 16T = (=503 + 60 + 60+ 497) O3 + 307 (31 s
3
+ (295 — 6y; — 6y7) [Cz(q)]§333 (E.1)
d 1 1 1 3
16W2@[C§>z)]§3 = <39% + 6y; + 6y + 6y3) [C( Nhs + 92 [C( Nas
2 5 2 2) oy,
T (3% — 6y;, + 6y; | (O, ]3333 (E.2)
This gives
3 3
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[C5) s (me) = —0.034[C}) 5z (A) log(A/my). (E.4)
Thus, we get
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Using |AgT| <6 x 1074, and in the absence of [C’l(;)]g333, we get

2
. Gy | < 0.43 A .
I3333 + [ ]3333‘ S 15 0.6log(A/TeV)) \Tev (E.8)

In the presence of both [C’l(q1 )]5333 and [Cl(q?’
Ag7 and |[Ag¥| < 1.2 x 1073 we get

‘ [Cl(;)

)]3333, combining all the constraints on Agj,,

2
. W | < 0.5 A
‘[Clq J3333+[Cy, ]3333‘ ~ (140.61log(A/TeV)) (TeV

—0.63 A (3)7s (3)1/ % 0.14 A \?
<
(140.6log(A/TeV)) <TeV> S 1Cg T +1Chg lssas (140.6log(A/TeV)) \TeV )
(E.9)

F Constraints from Z interactions with fermions

One of the advantages of the MCHMS5 model is that it can provide protection for some
of the g%, g%, g% couplings. Indeed, discrete Prp symmetry [116] protects g7, however it
cannot protect (g%,9%,47,) at the same time. Indeed let us consider the leptonic part of
the lagrangian in eq. (5.10) and allow the splitting of the mixing parameters defined in the
eq. (5.12):
L=1i0, (P+iF) O, +iO, (P +iF) O, + (iclOlldiON + 120, ¢;0c + h.c.>
— mil)élléll — mf)éb(’}b — mge)éeée — mgN)EN@N
+ AL U M) L0s, + AVILU () 1508 + AP U 1) 0y, + AV U () 50, (F.1)

Then the modifications to g7, g% can be read-off from the refs. [99, 117], where analogous
discussion was applied to the top quark, so that

~ 2 ~ 2 ~ ~
A {(A;@mg@) + (Am®)? - mcﬁfugwmg@qu

4f? (mf))Q <(mf)>2 N (5\l(4)M*)2>

2 2
Y [(AwmgM) + (AmD)’ - 2\/§c1/\§4)A§”m§N)m§f)]
Sgf = —— . (F.2)

4f? (mgN>)2 <<m§f))2 N ()\1(4)M*>2)

We can see that Prr symmetry forces the dg7, to depend only on 5\1(1’4

09y =

)

)

Since the bound on g7, is a bit stronger, it is natural to assume that X\, > M and the

and dg7, on )\1(1’4).

contribution to Rp p. is dominated by A;. Note that this coupling does not enter the
leading expression of the 7 mass which scales as

My X A65\§1’4) . (F.3)

Then in order to pass the constraints from g7, we will have to tune additionally the param-
eter ¢ as was suggested in [24].
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