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The document reports the first combined measurements of the CKM
angle v from LHCDb, performed with b-hadron decays dominated by b —
u and b — c¢ tree-level amplitudes. Precision is achieved by averaging
results from B* — Dh* (h = K,n), where D — hth™, D — K¥n~,
D — Ktr=atn~, and D — K{h"h~. The measurements used data
corresponding to an integrated luminosity of 1 fb~! collected in 2011 by
LHCb. Using only B* — DK® decays results, a best-fit value of v =
(71.1718%)° is obtained. For the first time, information from B* — Dz
decays is included in the combination. When these results are included,
the best-fit value becomes v = 85.1° and we set confidence limits of v €
[61.8;67.8]° or [77.9;92.4]° at 68% C.L. and ~ € [43.8;101.5]° at 95% C.L.
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1. Introduction

In the Standard Model (SM), CP violation in weak interactions is de-
scribed by a single, irreducible phase in the 3 x 3 Cabibbo-Kobayashi—
Maskawa (CKM) mixing matrix [1]. The unitarity of the CKM matrix
implies a set of relations among its elements V;;, in particular the condi-
tion

VudVip + VeaVep + ViaViy, = 0, (1)
which can be presented in the complex plane as a Unitarity Triangle (UT).

Overconstraining the unitarity triangle from precise measurements of all its
sides and angles is, therefore, a test of the SM.

* Presented at the Cracow Epiphany Conference on the Physics After the First Phase
of the LHC, Krakow, Poland, January 7-9, 2013.
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The angle v = arg(—VyuqV,,/VeaVy;) is the least well measured of the
CKM angles. The world average value v = (76 £ 10)° and v = (66 & 12)°
are found, respectively by UTFit [2] and CKMFitter [3] collaborations.
This precision can be significantly improved with large datasets collected
by LHCDb, and measurements of v is an important goal of the LHCb physics
program.

The CKM angle v can be determined using purely tree-level decays of the
beauty hadrons which are expected to be insensitive to physics beyond the
SM. In the case of the tree-level process, the CKM angle v can be obtained by
exploiting the interference between b — u and b — ¢ transitions in decays of
b-hadrons with a charm meson in the final state, such as B~ — Dh™, where
h~ is a kaon or a pion. The decays with a kaon as a bachelor are more
sensitive for v measurement. In B~ — DK~ decays, the colour-favoured
B~ — DK~ and the colour-suppressed B~ — DYK ~ transitions interfere
when the D? and D° decay to a common final state. The two interfering
amplitudes differ by a factor rge’®s%7)  where rp is the magnitude of the
ratio of the amplitudes A(B~ — DK ~) and A(B~ — D°K~), and 6p is
their relative strong phase.

The relationship between v and the physical observables depends on the
D final state. Three separate methods of extracting the CKM angle ~ can
be considered: the GLW method [4, 5], where decays to CP eigenstates
(D — KtK~ and D — ntn™) are used, the ADS method [6], where decays
to flavour-specific eigenstates (D — K*™n~ and D — Ktn ntn™) are
used, and the GGSZ method [9], where self-conjugate three-body final states
(D = K3ntn~ and D — KJKVTK™) are used. All of them have been
studied by the LHCb using data sample corresponding to an integrated
luminosity of 1 fb~! collected in 2011.

2. GLW method

In this method, the D meson is selected in the CP eigenstates (fcp+)
D — K Kt orD— 7 nt. The CKM angle v can then be determined us-
ing triangle relation between amplitudes: A(B~— D°K~), A(B~— DK ™)
and A(B~ — Dgpy K ™), where Dcp = (D° + D%)/v/2. The experimental
disadvantage of this method comes from the fact that B~ — DK~ is rela-
tively smaller than B~ — D°K~. The usual GLW observables follow

F(B_ — DCP+K_) + F(B+ — DCP+K+)

Repy = 2 = : (2)
I'(B~ — D°K~)+ I'(Bt — DK )

I'(B~ — Dept K7) — I'(BY — Dcpy KT)

F(B_ — DCP+K_) +F(B+ — DCP+K+)

3)

Acpy =
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and they are connected to the three unknowns v, rp and §p through

Rcepy = 14715+ 2rgcos(dp) cos(y), (4)
2rpsin(dg) sin
Acpy = =Z Pf 5)sin(7) . (5)
CP+

For the B~ — D7~ decays, analogous relations can be obtained by
replacing hadronic parameters rp and ép by D versions r§ and 6%. The
expected CP asymmetries in the B~ — Dn~ decays are smaller than the
corresponding ones in the B~ — DK, since the value of rp, which controls
the size of the CP interference, is naively oc 20 times smaller, but the large
yields in the B~ — Dz~ modes help constrain the mass shape in the fit.

The fit results for D — 7~ 7" and D — K~ K™ are shown in Figs. 1
and 2, respectively. The first evidence of non-zero CP asymmetry, Acp,
between decays: B~ — DK~ and BT — DK™ with

D — K*K~, A% —0.148 £0.037 +0.010,
D — 7tn, AGT = 0.135 + 0.066 + 0.010

is observed. In average,

Acpy = 0.145+0.032 £ 0.010,
Repy = 1.007 £0.038 £ 0.012
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Fig.1. Invariant mass distributions of selected B* — [r¥7~|ph® candidates.
The left plots are B~ candidates, BT are on the right. In the top plots, the B
candidates are reconstructed with a kaon mass hypothesis, in the bottom row and
they are reconstructed with a pion mass hypothesis. The dark curve represents
the B* — DK®* events, the light curve B* — Dn*. The shaded contribution
are partially reconstructed events and the total PDF includes the combinatorial
component.
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are obtained. In all mentioned results, the first uncertainty is statistical,
the second one is systematic. A combined 4.5¢ significance for CP violation
is these modes is found. No significant asymmetry in the corresponding
B~ — D7~ modes is observed. Further results on GLW are given in Ref. [7].
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Fig.2. Invariant mass distributions of selected B¥ — [K+K~]ph* candidates.
See the caption of Fig. 1 for a full description. The contribution from A, — AXhT
decays is indicated by the dashed line.

3. ADS method

In the ADS method, the interfering amplitudes have comparable magni-
tudes and hence large interference effects can occur. In particular, B decay
rate is the result of the interference of the colour allowed B~ — DK~
decay followed by the doubly Cabibbo suppressed D° — 7~ K+ decay, and
the colour suppressed B~ — DYK~ decay followed by the Cabibbo allowed
DY — 7t K~ decay. The same method can be used for D? — 7~ K*r— 7+
and D° — 7t K~ 777" finale states. The experimental observables are

. _ I'(B™ = [flpK7)+ ' (B = [f],KT) ©)
APS T T (B- = [f], K ) + T (BT = [flpk+)’
oo _ DB = fIpE7) — r'(BT—[f],K") o
ADS T (B = [flpK )+ T (BT = [f], K7)

The observables Raps and Aaps are related to the physics parameters by
the following equations

Raps = r% + 7“% + 2rprpCycos(dp + dp) cos(v) , (8)

2 in(ép + dp) si
Anps = TBTDC’fsu;éAB];S—f— D)sm(ry)7 ©)
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where [f]p indicates the final state f from D? or D? meson, rp is the ratio
of the magnitudes of D decay amplitudes rp = |A(D° — f)|/|A(D° — £,
0p is the difference of the strong phases and C} is a coherence factor equal
to 1 for D° — 7t K* and between 0 and 1 for D° — 7*KTx~nt. This
method can be also adapted to B~ — Dn~ decays.

The LHCb has published measurements of CP violation in both 2-body
D° — 7tK¥* [7] and 4-body D° — 7T KFr—nt [8] final states. The D
hadronic parameters in these analyses are taken separately for each mode
from CLEO mesurements |[12]. The invariant mass distribution of both the
suppressed B~ — DK~ and B~ — D7 modes, separated by B charge, are
shown in Figs. 3 and 4, respectively, for D° — 7* K+ and D° — n* KTr—nt
final states.

As an important result of the first analysis is the first observation of
the rare ADS mode, B~ — (K~ 7n+)pK™, with more than 100 significance.
There is an evidence for large CP asymmetry in the B~ — DK~ mode,

AlBs(x) = —0.52 £ 0.15 £ 0.02,

and a hint of asymmetry in the B~ — D7~
AT () = 0143 £ 0.062 £ 0.011.
The partial rates
RfSS(K) = 0.0152 4+ 0.0020 £+ 0.0004 ,
RKSS( = 0.00410 =+ 0.00025 + 0.00005

)

are obtained, respectively. In all measured results, the first uncertainty is
statistical, the second one is systematic.

Moreover, the suppressed 4-body ADS modes in both the B~ — DK~
and B~ — Dn~ decays have not previously been observed. In addition
to the first observation of these modes at LHCb, with a significance which
exceeds bo and 100, respectively, there is a hint of CP asymmetry,

ARPE (k) = —0.42 £0.22
in the B~ — DK~. The asymmetry in B~ — Dn~ mode is measured to be
ARPE () = +0.13£0.10.
The partial rates
K
RISk = 0.0124 £ 0.0027,
ngg(ﬂ) = 0.00369 % 0.00036

are found. Here uncertainties contain both statistical and systematic com-
ponents.



1434 A. DZIURDA

LHCb  _]

B*a[n*l(']pl(+

Events / (5 MeV/c?)

B*—)[n*l(]l)n+

ok

. 2 2 LU VYL N R YW,
5600 5200 5400 5600
m(Dh*) (MeV/c?)

B! o AN W
5200 5400
Fig.3. Invariant mass distributions of selected B* — [T KT|ph® candidates.
See the caption of Fig. 1 for a full description. The dashed line here represents
the partially reconstructed, but Cabibbo favoured, BY — D°K -7t and B! —
DOPK*r~ decays, where the pions are lost.
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Fig.4. Invariant mass distributions of selected B* — [s*KFr~7T|ph® candi-
dates. See the caption of Fig. 1 for a full description. The dashed line here rep-
resents the partially reconstructed, but Cabibbo favoured, BY — D°K 7t and
B% — DK+ 7~ decays, where the pions are lost.

4. GGSZ

In the GGSZ analysis, the neutral D mesons are selected in three-body
self-conjugate final states such as D — thJrh_. The sensitivity to v comes
from the different interference pattern for Bt — DK+ and B~ — DK~
decays, in the D — th+h_ Dalitz plot. The amplitude of the decay
B~ - DK~, D — th+h_ can be written as the superposition of the
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B~ — DK~ and B~ — DYK~ contributions
Ap (mim?) = A4 rpeiCs=7 4, (10)

where m? < and m? are the invariant masses squared of the Kg Iht and
th combinations, respectively, that define the position of the decay in
the Dalitz plot A = A(m+, m?) is the DO — KJhth™ amplitude, and
A= A(m+, 2) the D° — K0h+h amplitude. The conjugate amplitudes
are related by A(m%,m2) = A(m2 m +) The Dalitz plots are binned into
2N (from —N to N excluding zero) reglons symmetric under the exchange
m2 1 m?2 . For positive bins, m?2 > m? is satisfied. A strong-phase differ-
ence dp (m+, m?) = arg A—arg A between the D? and D decay is obtained
at each point in the Dalitz plot. A model-independent approach is taken in
the first LHCDb analysis with this method [10], which uses the CLEO [11]
measurements of dp in bins of the Dalitz plot. The chosen binning schemes
are shown in Fig. 5
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Fig. 5. Binning choices for (left) D — K2n 7~ and (right) D — KKK ~. The
diagonal line separates the positive and negative bins.

The population of each positive (negative) bin in the Dalitz plot arising
from B* decays is N, (N¥,), and that from B~ decays is N;; (N_;)

N:—‘; = hp+ [K:Fi + (a:i + yi) K+ 2K K_j(x4cqi F y+sii)} , (11)
NI, = hg- |:Ki7;+ (1:2_+y3)Ky'+2\/K¢Kfi($—0ﬂi?178ﬂ)} , (12)

where K; is the number of events in bin of flavour-tagged D decays, ¢; (s;)
is cos(sin) of strong phase difference in each bin (taken from CLEO-c). The
index =i varies over the number of bins, +i = £8(£2) for D — Kintn~
(D — K{KTK™). The sensitivity to v enters through the Cartesian pa-
rameters

x4 =rpcos(dp £ ) and y+ =rpsin(ép £ 7). (13)
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LHCDb has performed the measurement using B~ — DK~ to the D —
ngﬂr* and D — KgK TK~ final states. The measured Dalitz plots are
shown in Figs. 6 and 7, respectively. In this analysis, the B~ — Dz~
modes are firstly, used constrain the B~ — DK~ mass shape in the fit and
secondly, to determine the variation in the reconstruction efficiency over the
Dalitz plot. The assumption of no CP violation in these decays is made and
a systematic uncertainty is assigned. The following results are obtained

r_ = (0.0+43+1.5+0.6) x 1072,

ry = (—103+45+1.841.4) x 1072,

y. = (274+52+08+23)x1072,
(—0.9+3.74+0.8+3.0) x 1072,

Y+ =

m2 (GeV%/c?) m2 (GeV?/c?)

Fig.6. Dalitz plots of B~ — DK~ candidates in the signal region for D —
K3ntr~ divided between (left) BT and (right) B~. The boundaries of the
kinematically-allowed regions are also shown.
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Fig.7. Dalitz plots of B~ — DK~ candidates in the signal region for D —
KJKTK~ decays, divided between (left) BT and (right) B~. The boundaries
of the kinematically-allowed regions are also shown.
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where the first uncertainty is statistical, the second is systematic and the
third arises from the experimental knowledge of the (c¢;, s;) parameters.
The best fit values for x4+ and y4+ with 1o, 20, 30 contour of statistical
uncertainty are shown in Fig. 8. A non-zero value of the angle between the
two vectors joining the origin in the xy plane and the best fit values is a
signature of CP violation.
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Fig.8. One (solid), two (dashed) and three (dotted) standard deviation confidence
levels for (z4,y4) (dark) and (z_, y—) (light) as measured in B~ — DK~ decays
(statistical only). The points represent the best fit central values.

5. The LHCb ~ average

All mentioned above measurements are used in the first v combination
performed by LHCb. The strategy is to maximize the total likelihood built
from the product of the probability density functions (PDFs) f; of input
experimental observables A;

c(@) =T+ (4"

Aia) (14)

where @ is a set of parameters, the fffjbs are the measured central values of
the observables and ffz(o@) are the truth relations. The additional inputs
for D - Ktn~ and D — K™n 7ntn~ are taken from CLEO [12]. The
recent evidence for a difference in the CP asymmetries in D — KK~ and
D — 't Aadll = (—0.656 & 0.154) x 1072 [13], is taken into account in
the combination, however it has only marginal effects on the final results.
The combination of all the LHCD results from B~ — DK~ decays gives
at 68% C.L.
y = (TL1EE9)°
rg = 0.092 £ 0.008,
op = (112.07725)°.



1438 A. DZIURDA

The approximately Gaussian behaviour for all observables is shown in Fig. 9.
The results are in good agreement with the averages recently published by
BaBar [14] and Belle [15].
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Fig.9. Left: 1-C.L. curve for « for the combination of the DK parts of the two-
body GLW/ADS, of the GGSZ measurement, and of the D — KTn~ntx~ ADS
measurement. Middle: 1—C.L. curve for the rg. Right: 1—C.L. curve for dp.

In addition, LHCb has performed for the first time v average from both
B~ — DK~ and B~ — D7~ modes. A double-peak structure is observed
in v 1-C.L. curve as is shown in Fig. 10. The confidence limits are set

v € [61.8,67.8)° or [77.9,92.4]° at  68% C.L.,
v € [43.8,101.5]° at  95% C.L.,

where all values are modulo 180°. The best fit value is shifted to 85°,
however the 95% confidence level is essentially unchanged. The impact of
B~ — Dz~ channel in the combination is probably larger than naively
expected. It corresponds to rather high values of rg(Dn~) (€ [0.010,0.024]
at 68% C.L.). Further information about v combination performed by the
LHCD can be found in Ref. [16].
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Fig.10. 1—C.L. curve for the full DK and D7 combination.
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6. Conclusion

Using 1 fb~! of data collected in 2011 a combined measurement of the
CKM angle « is performed by LHCb. The obtained results are in good
agreement and have comparable uncertainties with the world best values and
results from other experiments. An additional 2 fb~! has been collected in
2012 by LHCb which will significantly improve the result in the near future.
Moreover, understanding and eventually fully exploiting B~ — D7~ decays
will be investigated with the analysis of the 2012 dataset.

REFERENCES

[1] M. Kobayashi, T. Maskawa, Prog. Theor. Phys. 49, 652 (1973).

[2] D. Derkach [UTfit Collaboration|, arXiv:1301.3300 (2013),
http://utfit.org/UTfit/

[3] J. Charles et al. [CKMfitter Group|, Eur. Phys. J. C41, 1 (2005);
http://ckmfitter.in2p3.fr/

[4] M. Gronau, D. London, Phys. Lett. B253, 483 (1991).

[5] M. Gronau, D. Wyler, Phys. Lett. B265, 172 (1991).

[6] D. Atwood, I. Dunietz, A. Soni, Phys. Rev. Lett. 78, 3257 (1997).
[

7] R. Aaij et al. [LHCb Collaboration|, Phys. Lett. B712, 203 (2012) [Erratum
ibid., BT13, 351 (2012)].
[8] R. Aaij et al. [LHCb Collaboration|, LHCb-CONF-2012-030 (2012).
[9] A. Giri, Y. Grossman, A. Soffer, J. Zupan, Phys. Rev. D68, 054018 (2003).
[10] R. Aaij et al. [LHCb Collaboration|, Phys. Lett. B718, 43 (2012).
[11] J. Libby et al. [CLEO Collaboration|, Phys. Rev. D82, 112006 (2010).
[12] N. Lowrey et al. [CLEO Collaboration|, Phys. Rev. D80, 031105 (2009).

[13] Y. Ambhis et al. [Heavy Flavor Averaging Group]|, arXiv:1207.1158
[hep-ex].

[14] J. Lees et al. [BABAR Collaboration|, Phys. Rev. D87, 052015 (2013)
[arXiv:1301.1029 [hep-ex]].

[15] K. Trabelsi [Belle Collaboration|, arXiv:1301.2033 [hep-ex].
[16] R. Aaij et al. [LHCb Collaboration|, LHCb-CONF-2012-032, 2012.


http://dx.doi.org/10.1143/PTP.49.652
http://dx.doi.org/10.1140/epjc/s2005-02169-1
http://dx.doi.org/10.1016/0370-2693(91)91756-L
http://dx.doi.org/10.1016/0370-2693(91)90034-N
http://dx.doi.org/10.1103/PhysRevLett.78.3257
http://dx.doi.org/10.1016/j.physletb.2012.04.060
http://dx.doi.org/10.1016/j.physletb.2012.05.060
http://dx.doi.org/10.1103/PhysRevD.68.054018
http://dx.doi.org/10.1016/j.physletb.2012.10.020
http://dx.doi.org/10.1103/PhysRevD.82.112006
http://dx.doi.org/10.1103/PhysRevD.80.031105
http://dx.doi.org/10.1103/PhysRevD.87.052015

	1 Introduction
	2 GLW method
	3 ADS method
	4 GGSZ
	5 The LHCb gamma average
	6 Conclusion

