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At present, there are discrepancies with the predictions of the standard model in B® — D* ¢~ 5,
decays, hinting at the presence of new physics (NP) in b — ¢~ &. Various NP models have been
proposed to explain the data. In this talk, I discuss how the measurement of CP-violating observables
in B — D*t¢~ 5, can be used to differentiate the NP scenarios.

This talk is based on work done in collaboration with

B. Bhattacharya, A. Datta and S. Kamali [1].

At the present time, there are discrepancies with
the predictions of the standard model (SM) in the
measurements of Ry = B(B — DY~ 5,.)/B(B —
D®e=p) (¢ = ep) and Ry = B(Bf —
J/Yrrv)/B(BF — J/ypty,). The experimental re-
sults from before Moriond, 2019 are shown in Table
I. The deviation from the SM in Rp and Rp~ (com-
bined) was ~ 3.8¢ [6, 8-10], while in R/, it is 1.70
[11].

TABLE I: Measured values of b — ¢t~  observables from
before Moriond, 2019.

Observable |Measurement/Constraint
R /(R Hsm 1.18 + 0.06 [2-5]
R} /(R “sm 1.36 +0.15 [2-5]
RYE /(R )om 1.00 £ 0.05 [6]
RY% J(RT) M) 2.51 + 0.97 [7]

At Moriond, 2019, Belle announced new results [12]:

R J(RYHsm = 1.1040.09 ,
Ry /(R )sm = 1.032£0.13 . 1)

These are in better agreement with the SM, so that
the deviation from the SM in Rp and Rp~ (combined)
has been reduced from ~ 3.80 to 3.10.

Even so, taken together, these measurements still
hint at the presence of new physics (NP) in b — 7~ 7
decays.

b — ¢t~ is a charged-current process. The NP
explanations that have been examined include a W'®,
an HT or several different types of leptoquarks (LQs).
It was shown in Ref. [13] that considerations of the
rate for B, — 77 v disfavour NP models involving
an H*. Still, this leaves a variety of different NP
explanations. Assuming that NP is indeed present
in b = ¢~ v, how can we distinguish among these
possibilities? One idea is to use measurements of CP
violation (CPV) in B® — D*tr=i, [1].

The best-known CPYV signal is direct CPV, in which
the direct CP asymmetry Ag;- is proportional to
rB° - D**r~ i) —T(B° - D*7%v,). Now,
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CPV can only arise due to the interference of (at
least) two amplitudes with a relative weak (CP-odd)
phase. But Ag;- # 0 only if the interfering ampli-
tudes also have different strong (CP-even) phases.
In B — D**r~p,, the only hadronic transition is
B — D*. This means that the strong phases of all am-
plitudes, both SM and NP, are approximately equal,
which then implies that, even if Ag;,- is nonzero, it is
expected to be small.

Instead, as we will see, the main CPV effects are
CPV asymmetries in the angular distribution of B® —
D**(— D% *)7~ ;. Such asymmetries are a general-
ization of triple-product asymmetries [14-16], and are
kinematical effects. That is, they can be nonzero only
if the interfering amplitudes have different Lorentz
structures. This allows us to distinguish different NP
explanations.

Unfortunately, there is a practical problem. The
B — D*tr~p, angular distribution requires the
knowledge of the three-momentum ;. However, this
cannot be measured, due to the missing final v, in
the decay of the 7—. A full analysis will need to
include information from the decay products of the
7. My collaborators and I are looking at this (it is
work in progress), but as a first step we examined
the NP contributions to CPV angular asymmetries in
B — D** =, [1]. Since p, is measurable, this an-
gular distribution can be reconstructed. There are two
reasons for starting with this process. First, LHCb has
announced [17] that it will perform a detailed angu-
lar analysis of this decay, with the aim of extracting
the coefficients of the CPV angular asymmetries. It
is therefore important to show exactly what the im-
plications of these measurements are for NP. Second,
NP that contributes to b — ¢~ 7 may well also con-
tribute to b — cu~ v, leading to deviations from the
SM in B® — D** v,

Below, I sketch out the derivation of the angular
distribution. For all the details, the reader should
consult Ref. [1].

We begin by examining B® — D**u~p, within
the SM. The decay is interpreted as B — D*¥(—
DT )W*~(— p~v,), and the amplitude is written
as

Mmin) (B = D*W*) = ey (m) My €57+ (n) . (2)

Here, the (real) D** has 3 polarizations, m = +, —, 0,
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while the (virtual) W*~ has 4 polarizations, n =
+,—,0,t (t = timelike).

Of the twelve D*T-W*~ polarization combinations,
only four are allowed by conservation of angular mo-
mentum: ++, ——, 00, 0¢. This implies that the decay
is governed by four helicity amplitudes: A4, A_, Ay,
A;. The decay amplitude can then be written as

M(B — D*(— Dm)W*(— u~v,))
o Z Gmm Hp+(m) Am Lw+(m) , (3)

m=t,+,0

where Hp+ and Ly« are, respectively, the hadronic
and leptonic matrix elements.

We now add NP. There are two effects. First, we
take W* — N*, where N =S —-P (= SP),V-A
(= VA), and T represent new interactions involving
the left-handed neutrino. (Note that V' A includes the
SM.) In the presence of these new interactions, there
are now more helicities. Previously, we had only V A,
leading to the helicity amplitudes Ay, A_, Ao, and
A;. Now, there are four more helicity amplitudes. The
S P interaction leads to Agp, while the T interaction
generates Ay 7, Ao, and A_ 7.

Second, there are new contributions to the hadronic
current:

GrV, B B _
Heps = f/ib{[gschrgPC%b]f(l—%)w
+ [(1+gr) ey, (L —v5)b+ gr cvu(1 4 75)b)]

X Oy (1 = 5)ve
+ gréeott (1 — 75)b@0u,,(1 —v5)ve + h.c.} . (4)

Including both SM and NP contributions, we now
write

M(B — D*(— Dm)N* (= p~ )
=M L MYA L MT L (5)

where each term includes a sum over the relevant D*
and N* helicities. The point is that, in the presence of
NP, the amplitude now contains a variety of Lorentz
structures. (In the SM, we had only M"4 [Eq. @)].)

We now compute |M|2. This generates two types of
terms: (i) |A;|%fi(momenta) and (ii) the interference
terms Re[A; A’ fi;(momenta)]. The momenta are de-
fined in Fig. 1. The computation of the quantities f;
and f;; yields the angular distribution.

Here is the key point: in the interference terms,
sometimes there is an additional factor of 4 in
fij(momenta) (e.g., from Tr[y, 7YYo V5] = 4i€pmpo)-
In this case, the coefficient is Im[.A;.A}], which is sen-
sitive to phase differences.

Furthermore, in this decay, the SM and NP strong
phases are all approximately equal. This implies
that Im[A;A%] involves only the weak-phase differ-
ence. Such terms are therefore, by themselves, signals
of CP violation!
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FIG. 1: Definition of the angles in the B — D*(—
D)0~ i, distribution.

The complete angular distribution contains many
CPV observables: some are suppressed by m?, /¢* or

my,/ \/q_2 , and some are unsuppressed. ¢? is typically
of O(m?), so that the suppression is significant. (On
the other hand, if measurements can be made in that
region of phase space where ¢> = O(ms, ), here the sup-
pression is removed.) The unsuppressed observables
are given in Table II.

TABLE II: Unsuppressed CPV observables.

Coeflicient Angular Function
Im(A, Ap) —+/2sin 20, sin 20" sin
Im(A) A7) 2sin? O, sin® 0* sin 2
Im(AoA‘*‘) —24/2sin 0, sin 20" sin
Im(Asp Al 1) —84/2sin 6, sin 26" sin x

Which NP couplings are involved in these observ-
ables? Im(ALAG), Im(AjA7) and Im(AgAj) are all
generated by Im[(1 + g1 + gr)(1 + g — gr)*], while
Im(Asp A’ 1) is related to Im(gpgr).

If the B® — D*+ p~ v, angular distribution is mea-
sured, here is the NP information that it yields:

e Most proposed NP models contribute only to gr,
(like the SM). If any CPV observables are found
to be nonzero, these simple models are ruled out.

e Suppose that the angular distribution contains,
for example, a CPV sin 20, sin260* siny term.
This implies that gr # 0. In this case, one also
expects to see nonzero sin” f; sin® 6* sin 2y and
/2 sin 6, sin 26* sin X terms.

e On the other hand, if the sin 26, sin 26* sin x
term were found to vanish, this would imply that
gr = 0 (or that its phase is the same as that of
(14 ¢g1)). In this case, the measurement of a
nonzero /2 sin ; sin 26* sin x term would imply
that Im(gpgs.) # 0.
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e In all cases, additional information comes from
the measurement of the CP-conserving pieces
of the angular distribution. For example, both
|Asp|? and | A, 7| can be determined from the
angular distribution, so in principle we will know
if they are nonzero (though we will have no in-
formation about their phases).

e If measurements can be made in that region
of phase space where ¢> = O(mﬁ), removing
the suppression factors mi /q* or m,/+/q? from
some CPV observables, additional information
can be obtained.

Another question is: what NP models can generate
the new hadronic couplings ggr, gp, 977

1. The Ry and S LQ models generate gr, while
the Uy, Rg, S1 and Vo LQ models generate gp.
Thus, if Im(gpg}-) # 0 is found, this points to a
model containing two (different) LQs.

2. LQ models do not produce gg. This coupling
can arise, for example, in a model that includes
both a W] and a Wy, that mix.

Finally, I report on some work in progress. Earlier,
it was argued that a full analysis of the angular dis-
tribution of B® — D**(— D°7%)7~, must include
information from the decay products of the 7=. My
collaborators and I have looked at this, focusing on the
decays 7~ — 7 v, and 77 — p~ vy, with p= — 770
and 7~7t7~. When one takes into account the mo-
menta of the decay products of the 7, there are
now new angular observables, so that we expect that
the angular distributions using these 7= decays will
furnish complementary information to that obtained
from B° — D**p~p,. Our preliminary results con-
firm this. For example, in B® — D**u~y,, CPV
terms proportional to Im(gp (1 + g,)*) are suppressed

by m,/\/¢?. But in B® — D**r~ (= 7~ v,),, they
are unsuppressed.

To summarize, the anomalies in Rp) and Rj/y
hint at NP in b — ¢7~ 0. A variety of NP models have
been proposed to explain the data. It has been sug-
gested that these models can be distinguished through
the measurement of CP violation in B® — D*tr— 1.
[1]. In this talk, I have described the first step,
namely looking at the NP contributions to CPV an-
gular asymmetries in B° — D** =, which will be
measured by LHCb.

Our results can be summarized as follows:

1. Model-independent analysis: We allow for NP
with new Lorentz structures. The interference of
two contributions with different Lorentz struc-
tures leads to CP-violating angular asymme-
tries. We identify the CPV asymmetries in
B — D**u~1,, and show how they depend
on the NP parameters.

2. Model-dependent analysis:  There are two
classes of models that have been proposed to
explain the data, involving a W’ or a LQ. In the
simplest (most popular) models, the NP cou-
ples only to LH particles. If CPV is observed,
these models are ruled out. We show how the
other models can be distinguished, depending
on which CPV asymmetries are found to be
nonzero.
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