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Non-leptonic B! — DK™ transitions are particularly interesting processes to test the Standard
Model. Asthese decays occur via pure tree diagrams, they allow a theoretically clean determination
of the angle y of the unitarity triangle. Considering recent LHCb results, an intriguing picture
arises, showing tension with the Standard Model. Extracting the branching ratios of the underlying
B? — D*K¥ modes and combining them with information from semileptonic B decays, we
arrive at another puzzling situation, in accordance with similar decays. These patterns could
be footprints of New Physics. We present a model-independent strategy to include such New-
Physics effects and apply it to the data. Interestingly, new contributions of moderate size could
accommodate the data. This formalism offers an exciting probe for new sources of CP violation
at the future high-precision B physics era.
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1. Introduction

Decays of B mesons are very important to test the flavour sector of the Standard Model (SM)
and to explore CP violation. Particularly interesting channels for such studies are the B — DTK*
decays [1-3]. In the SM, these modes originate only from tree topologies and offer a theoretically
clean determination of the angle y of the Unitarity Triangle (UT). Due to BS—BS oscillations,
interference effects arise between the decay channels B — DK~ and BY — D} K-, leading to the
following time-dependent rate asymmetry for the f final state D K™:

T(BYt) > f)-T(BA1) —> f) € cos(AMt) + S sin(AM, 1)

Acrl) = I(BY(1) — f)+T(B%t) — f) cosh(yst/tp,) + Ar sinh(yst/7p,)’

e))

where we introduce the observables C, S and Axr. A similar relation holds for the CP-conjugate
case with the C, S and Ar observables.

An intriguing value of y = (1283;)0, modulo 180°, which was reported by LHCb [4], was
our motivation to further explore this system. Despite the significant uncertainty, this value is still
much larger than the finding of global SM analyses of the UT, which give a value in the regime of
70° [5, 6]. A similar range is also found in a recent simultaneous LHCD analysis of various B decays
[7]. However, these decays have different dynamics and are characterised by different interference
effects. We are interested in shedding more light on the question: could this unexpectedly large
value of y imply new sources of CP violation from physics beyond the SM?

2. Determining the angle y
Let us have a closer look at y. We introduce the parameter & [2]:
¢ o~ [A(B, — DyK")/ABY — D;K7)] @)

and similarly £ for the f final state K*D;. These quantities are physical observables that measure
the strength of the interference effects. The phase ¢, is the CP-violating B’~BY mixing phase and
can be determined through BY — J/y¢ and similar modes. With the help of the measured values
of the observables introduced in Eq. 1, for which:

C=(1-[EP)/1+IEP), S=2Imé)/A+IE1D), Asr = (2Re)/(1+ €], 3)

we can pin down ¢ (and similarly &) unambiguously. Assuming the SM expressions for the decay
amplitudes leads to the theoretically clean relation

£xE = 20 (4)

which allows a clean extraction of ¢ +7y. LHCb performed a sophisticated fit to their data, assuming
C + C = 0, which holds in SM, and obtained y = (128*17)°. Using ¢, = (-5332) , including

penguin corrections to BY — J /¢ modes [8], we find the following result [9, 10]:

y=(13172)" tmodulo 180°1. )
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Figure 1: Illustration of tan(¢, + y) (left) and tan &, (right), where the horizontal lines correspond to Eq. 6.

In view of the tension of this value with the SM, we need to transparently understand the situation.
For this purpose, we utilise the following expressions:

tan(ps +y) = —(S)+/(Aar)s = —1.45"0 13 tan 6 = (S)_/(Aar)+ = 0.047070 (©6)

with (S). = (S + §)/2 and (Axr)+ = (Aar + Aar)/2, allowing us to determine ¢ + y and & as
shown in Fig.1. We find excellent agreement between this transparent picture and the LHCD fit,
confirming the intriguing picture.

3. Branching ratio information

The CP-violating observables can be complemented with information from branching ratios,
which gives rise to a second puzzling case. We determine the individual branching ratios for the
different decay channels. Assuming that C = —C, in agreement with the LHCb assumption, we
obtain the relation between the theoretical and experimental branching ratios [3]:

1 _ | -
] <Bexp>’ where <Bexp> = E (Bexp + Bexp) = 5 B; P @)

1-y2
1+ yo(Aar)+

Here we use the average ngp =(2.27 £0.19) x 107* [6] while (Ar)s = 0.35 +0.23 [9, 10] and
ys = A4 /(2T) = 0.062 + 0.004 [6]. We determine By, and finally obtain [9, 10]:

Bth = Bth =

B(B) - DIK ) =2 [Iflz/(l + |§|2)] B = (1.94+021)x 1074, (8)
B(B) — DK o =2 [1/(1+ 167)| B = (026 £ 0.12) x 107 )

For the theoretical SM interpretation, these branching ratios are converted into quantities |a1|,
which are phenomenological colour factors that characterise colour-allowed tree decays. Our goal
is to extract these parameters in a way that minimises the dependence on uncertainties from CKM
parameters and hadronic form factors. The B — D} K~ channel is a prime example where QCD
factorisation [11] is expected to work excellently. We express the factorised amplitude in terms of
CKM matrix elements, the kaon decay constant, the corresponding hadronic form factor and the
parameter

arag =" (14 Ep,x/Tp k). (10)

where the alD“K factor characterises non-factorisable effects entering the colour-allowed tree ampli-
tude Tp k, while Ep g describes non-factorisable exchange topologies. In the QCD factorization
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Figure 2: Comparing the |a;| experimental and theoretical SM values for various decay processes.

approach, the current state-of-the-art values are |a;| ~ 1.07 [12, 13], with uncertainties at the
percent level. For our system, the theoretical values of these parameters are |a? sK | =1.07 +£0.02
and |a{<DS| = 1.1 £0.1 . We note that additional contributions from exchange topologies, which
are non-factorisable, play a minor role and do not indicate any anomalous behaviour [9, 10].

We can now determine |a; | in a clean way, utilising information from B,y semileptonic decays
[14]. For the BY — D}K~ channel, we use the rate of the theoretical branching ratio of this
transition with the differential branching ratio of its partner semileptonic decay B — D}~ v,:

FBS—>D5 2 2
0 (m’ﬂ . (1)

Bs—Dyg 2
F my)

B(E? — D:K_)th
dB (B — Die-vy) [49%| 2o

DgK
:6772f1%|Vus|2|a y |2(Dph

Rp:k- = leff

where the calculable phase-space factor ®p, ~ 1. We obtain |a?“K| = 0.82 £0.11 [9, 10].
Comparing with the theoretical prediction, this value is surprisingly small, deviating at 2.20 level.
Similarly, for the BY — K*D; mode, we obtain |a{<DS| = 0.77 £ 0.19, showing again tension with
the theoretical result.

We complement our analysis, with a detailed look at other B(y) decays with similar dynamics.
Interestingly, we observe again a similar pattern, with the parameters following from the data being
smaller than the theoretical values, as illustrated in Fig 2. Specifically, we find

BY) — DiK~decay: |al®|=0.83+0.05, differs at4.8 o level,
BY — Din~decay: |al?"| =0.83+0.07, differs at3.3 o level,
B? — D! n~decay: |a1D“”| =0.87 £0.06, differs at 3.2 o level,
BY — 1% D;decay: |a’1rD“‘| =0.78 £ 0.05, differs at 2.9 o level.
This picture complements the intriguing y value. In view of these puzzling cases, we extend our

analysis to include New Physics (NP) effects. Studies within physics beyond the SM can be found
in [15-17], and NP effects in non-leptonic tree B decays in [18, 19].

4. Towards New Physics

If these puzzles are due to NP, it would have to enter at the amplitude level, as NP in mixing is
included through the use of ¢ from data. Introducing the NP parameters

pe®ei® = A(BY — DK )np/ABY — DIK )sw, (12)
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Figure 3: NP correlations in the ¢—¢ plane (left) and the p—p plane (center). We pick some points from the
¢@—¢ plane and show the corresponding values in the p—p plane. The different colours come from different

sign combinations of the pp term in the tan A¢ expression. Uncertainties in the p—p plane (right).

with § and ¢ denoting the strong and weak NP phases, respectively (and similarly, p, 6, ¢ for the

CP-conjugate case), we parametrise the amplitudes. Then, we can generalise the expression of the
observables & and £ as well as the assumption C+C = 0 which was used by the LHCb Collaboration.

The product can be generalised as follows [9, 10]:

£xé= -

c+C

_CHC iy,
1+C)(1+C)

. 1 _
with yeg =7y — §(A<p +AQ).

(13)

Here y enters with a shift due to the CP-violating NP phases, resulting in an effective angle y.g.

Setting the strong phases ¢ and ¢ to 0, in agreement with factorization, we find
psing + psing + ppsin (¢ + ¢)

1+ pcosg+ pcosd + ppcos(d+ @)

Using v = (70 + 7)°, we obtain the numerical value Ap = —(61 £ 20)°.

tan A¢ =

In the presence of NP, we use CP-averaged ratios (R), and introduce

Rp+x-
b=1+2pcosdcosg+ p* = > {Ro;k >K =0.58 £0.16,
6ﬂ2fK|VuS|2|a1 * |2XDSK
- I (Rk+p3)
b=1+2pcosdcos¢ + p~ = =0.50 £ 0.26,

KD
6”2f5s IVcs |2|a1 ° |2XKDS

allowing us to probe the NP parameters. In SM, these quantities are equal to 1.

(14)

15)

(16)

We would like to constrain the NP parameters through the data. Employing b and b, we may

express p and p in terms of ¢ and @, respectively. Therefore, Eq. (14) allows us to calculate a

correlation between ¢ and ¢ (Fig. 3, left). Finally, using p(¢) and p(¢), we may obtain the values

of p and p for a given value of ¢ and ¢, respectively, thereby determining a correlation in the g—p

plane (Fig. 3, central). We note that the SM point corresponding to the origin (0, 0) in the p—p

plane is excluded. Values, in the regime around 0.5, could accommodate the central values of the

current data, therefore resolving the puzzling patterns in the CP violation measurements as well

as in the branching ratios. In the right plot of Fig. 3, we show the impact of the uncertainties of

the input quantities b, b and Ay, varying each one of them separately (lighter colours). We now

observe that NP could accommodate the data with NP contributions as small as about 30% of the

SM amplitudes.
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5. Conclusions

The BY — DFK* system shows two puzzles: the CP violation measurements, reflected by the
value of v, and the branching ratios of the individual channels. We extract the parameters a; from
the data in a clean way and we find consistent patterns in B() decays with similar dynamics. In
view of these puzzles, we have developed a model-independent strategy, generalising the analysis
of the B — DFK* system in order to include effects from physics beyond the SM. Applying
our formalism to the current data, we calculate correlations between the NP parameters and their
CP-violating phases. Interestingly, we observe that both the CP violation and the branching ratio
measurements can be described with NP contributions at the level of 30% of the SM amplitudes.
In the future high-precision era of B physics, when much more data will be available, this strategy
can be fully exploited. It will be exciting to see whether the tantalising question will be answered:
Could new sources of CP violation be established?
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