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1. Introduction

The first run of the Large Hadron Collider with 7 and 8 TeV pp collisions has allowed to
discover the Higgs boson [1], but not to find any hint of the existence of other new particles. Neither
supersymmetry nor any other sign of new physics has popped out of the LHC. This situation may
change during Run II with a higher centre-of-mass energy of 13 TeV. At the same time it is worth
investigating what the data at the lower energies involved in the decays of b hadrons can tell us
about new physics.

Studies of CP violation in heavy flavour decays are both sensitive to the above-mentioned high
mass scales and to potential new phases beyond the phase of the CKM matrix. Also of particular
interest are rare decays that are strongly suppressed in the Standard Model (SM), where new physics
amplitudes could be sizeable [2].

2. The Kobayashi-Maskawa mechanism

Flavour physics has played a prominent role in the development of the SM. As an example,
one of the most notable predictions made in this context was that of the existence of a third quark
generation, in a famous paper of 1973 by Makoto Kobayashi and Toshihide Maskawa [3]. This
work won them the Nobel Price in Physics in 2008 “for the discovery of the origin of the broken
symmetry which predicts the existence of at least three families of quarks in nature”. Kobayashi
and Maskawa extended the Cabibbo [4] (with only «, d, and s quarks) and the Glashow-Iliopoulos-
Maiani [5] (GIM, including also the ¢ quark) mechanisms, pointing out that CP violation could be
incorporated into the emerging picture of the SM if six quarks were present. This is commonly
referred to as the Kobayashi-Maskawa (KM) mechanism. It must be emphasised that at that time
only hadrons made of the three lighter quarks had been observed. An experimental revolution took
place in 1974, when a new state containing the ¢ quark was discovered almost simultaneously at
Brookhaven [6] and SLAC [7]. Then, the experimental observations of the b [8] and ¢ [9] quarks
were made at FNAL in 1977 and 1995, respectively.

The idea of Kobayashi and Maskawa, formalised in the so-called Cabibbo-Kobayashi-Maskawa
(CKM) quark mixing matrix, was then included in the SM by the beginning of the 1980’s. The phe-
nomenon of CP violation, first revealed in 1964 using decays of neutral kaons [10], was elegantly
accounted for as an irreducible complex phase within the CKM matrix. The experimental proof of
the validity of the KM mechanism and the precise measurement of the value of the CP-violating
phase soon became questions of paramount importance.

2.1 The CKM matrix

In the SM, charged-current interactions of quarks are described by the Lagrangian

8§ = ul=7
Ly = —%U,-WT (Vekm);; DW, +hec.,
where g is the electroweak coupling constant and Vg is the CKM matrix
Vud Vius vub
VCKM = Vcd Vcs Vcb )
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originating from the misalignment in flavour space of the up and down components of the SU(2),,
quark doublet of the SM. The V;; matrix elements represent the couplings between up-type quarks
U; = (u, ¢, t) and down-type quarks D; = (d, s, b).

2.2 Wolfenstein parameterisation

Experimental information leads to the evidence that transitions within the same generation are
characterised by Vckm elements of &/(1). Instead, those between the first and second generations
are suppressed by a factor ¢'(107!); those between the second and third generations by a factor
©(1072); and those between the first and third generations by a factor ¢(10~3). The CKM matrix
can be re-written as a power expansion of the parameter A (which corresponds to sin 6¢) [11]

1—3A%—gAf A AL3 (p —in)
Varm = | A+ 340 [1=2(p+in)] 1347 —gA%(1+44%) AA? ,
AV [1=(p+im) (1-3A%)]  —A22+ 3424 [1=2(p+im)] 1 34°2°

which is valid up to & (16). With this parameterisation, the CKM matrix is complex, and hence
CP violation is allowed for, if and only if 1 differs from zero. To lowest order the Jarlskog param-
eter [12] is

Jor = |3 (ViaVigVipVia) | = 24, (£ J,a#P).

and, as expected, is directly related to the CP-violating parameter 7).

2.3 The unitarity triangle

The unitarity condition of the CKM matrix, VCKMVSKM = VCTKMVCKM =1, leads to a set of 12
equations: 6 for diagonal terms and 6 for off-diagonal terms. In particular, the equations for the
off-diagonal terms can be represented as triangles in the complex plane, all characterised by the
same area Jcp/2. Only two out of these six triangles have sides of the same order of magnitude,

O(A3):

VudVip +VeaVep + ViaViy, = 0,
—— —— ——
oa3) o) o)
VudeZ + Vusv);; + VubeZ =0.
N N N~
o3 oA o)
These two triangles in the complex plane are represented in Fig. 1. In particular, the triangle defined

by the former equation is commonly referred to as the unitarity triangle (UT). The sides of the UT
are given by

R= || /575,
VCchh
ViaVyy, 2 -
= =1/(1—- 2
t Vcdvc*b ( p) + n )

where to simplify the notation the parameters p and 77, namely the coordinates in the complex plane
of the only non-trivial apex of the UT, the others being (0, 0) and (1, 0), have been introduced. The
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Figure 1: Representation in the complex plane of the non-squashed triangles obtained from the off-diagonal
unitarity relations of the CKM matrix.

angles of the UT are related to the CKM matrix elements as

ViaVi, 1—p—in
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The second non-squashed triangle has similar characteristics with respect to the UT. The apex is
placed in the point (p, 1) and is tilted by an angle

VisVi

— _ BT ) 2 4
ﬁs—arg( VCSV;) 22N+ O0A%).

3. CP violation measurements

Owing to the legacy of the B factories [13], we have entered the era of precision tests of the
CKM paradigm.Precise measurements of the angles of the unitarity triangle(s) are needed to search
for new sources of CP violation beyond the single phase of the CKM matrix.

In some cases, listed below, the same quantity—for instance the angle y—can be measured
in different ways and the results can be compared. In most cases though, the measurements serve
as inputs to global fits of the unitarity triangle and the overall consistency is checked. The latest
fit from the CKMFitter group is shown in Fig. 2 [14]. Similar fits with slightly different assump-
tions are done by the UTFit collaboration [15]. The overall consistency is good with the present
uncertainties, though some tensions can be seen between the intersection of the V,;, circle and Amig
circles, and the sin2f3 diagonal. See below for more details.
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Figure 2: CKM unitarity triangle fit status in Summer 2015. Plot from Ref. [14].

3.1 B° mixing

The mode which allowed for the first observation of CP violation in B decays is B’ — J/y K?. It
allows the measurements of ¢, the relative phase between the decay of the B” meson to J/w K? and
that of the oscillation of B to B followed by the decay B — J/w K?. In the SM it is equal to 23 [16]
and thus the amplitude of the oscillation is a measurement of sin2f3. The diagrams corresponding
to the dominating SM amplitudes are shown in Fig. 3. The B factories were optimised for its
measurement [13,17] and determined [18]

sin2gMeasured — 0 682 +0.019,

which defines the most precise constraint on the unitarity triangle (Fig. 2). Recently LHCb joined
the effort, publishing their first measurement of the time dependent CP asymmetry in the decay
B® — J/wK? [19] with an uncertainty competitive with the individual measurements from the B
factories. With the upcoming LHC Run II, this will allow for further reducing the uncertainties.

Vi Vi b <
d —> td ﬁ/ tb > b V;z) R . J/¢
\
BO ty At EO o \
— W — VCS
b - - ———d 5
th td d a K3

Figure 3: Feynman diagrams of (left) the dominating SM contribution to B? oscillations, and (right) the
decay B — J/wK?.
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The measured value is slightly lower than the expectation from all other constraints on the
UT [20]
sin235Pected = 0.771 9041

This 20 tension could be due to the so far neglected contribution from penguin topologies in
the decay B — J/wK? or in other b — ccs decays to CP eigenstates. This penguin pollution is
described in more detail in Section 3.4.

Another approach is to use decays that are less (or differently) affected by such pollutions,
like decays to open charm. Babar and Belle have recently published their first joint paper, about
the decay B’ — D(CTD) h° [21]. The determined value of sin2f3 is consistent with expectations but the
uncertainty does not yet allow to discriminate between the observed and expected values mentioned
above. This year LHCb also published a Dalitz plot analysis of the decay B — D%z 7w~, which
will eventually allow a measurement of sin2f3 [22].

The frequency of B® mixing Amy also sets strong constraints on the Unitarity Triangle (UT)
side opposite to the angle 7, especially when combined with its B counterpart Am,. LHCb
has recently presented a new preliminary measurement using B® — D(*)~ prveX. A value of
(Amg)MHC = (503.64-2.0 + 1.3) ns~! is obtained [23], which has a better precision than the HFAG
average [18], which including it becomes (Amy)Vold = (505.542.0) ns~!. This result is not yet
included in the latest UT fits.

3.2 BY mixing

The LHC is often considered as a BY meson factory, owing to its large cross-section and the
unprecedented capabilities of the LHC experiments to precisely resolve oscillations.

This opens the door to precision measurements of the CP-violating phase @

<<%, which is equal
to -2, = —2arg (—stVtZ/VcsVéZ) = —0.0363+0.0013 in the SM, neglecting sub-leading penguin
contributions. It was measured at the LHC using the flavour eigenstate B — J/w ¢ decay with
Jw — utu~ and ¢ — KTK~ [24-26] and BY — J/w "~ [27]. Recently LHCb used the decay
B? — J/wK*K~ for the first time in a polarisation-dependent way [28]. Combined with B? —
J/wrtn~, LHCb obtains ¢ = —0.010 & 0.039 rad. The decay mode BY — J/y ¢ is also used
by CMS [29], ATLAS [24], CDF [30] and DO [31]. The constraints on (ps‘fs and the decay width
difference AI'y = I'y — 'y are shown in Fig. 4 (left).

The BY meson system has many features in common with that of the K° meson, with a heavy
long-lived and a light short-lived eigenstate. The two lifetimes are shown in Fig 4 (right). The
a priori unknown admixture of the two states contributing to a given non-flavour-specific decay
causes uncertainties in the measurement of branching fractions, for instance for the decay B? —
utu, see Ref. [32]. A precise determination of the decay width difference is thus also important
for the study of rare decays.

The same quantity was also measured with a fully hadronic final state using the decay BY —
DI D; with Df — KTK~n*, yielding 0.02 £0.17 £ 0.02 rad [33]. The effective tagging power
£D? in excess of 5% for this channel is unprecedented at a hadron collider.

3.3 Flavour Tagging at the LHC

This is just one example of analyses greatly indebted to improvements in the flavour tagging
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Figure 4: Constraints on (left) AT’y and ¢ and (right) 1/T'; i from various decays and experiments. Figure
courtesy of HFAG [18].

performance. A better understanding of the underlying event and state-of-the-art multi-variate
tagging methods allowed for increases in tagging performance up to a factor two between analyses
on only 2011 data [34], and those on the whole of Run II, see Table 1. These progresses are likely to
continue. A good example is a new tagging based on secondary charm hadrons recently introduced
by LHCb [35].

3.4 Penguin Topologies

ol

The SM predictions ¢y = —2f; and @; = 23 as- LW
sume tree-dominated decays, as in Fig. 3. With the pre-
cision on some CKM phases reaching the degree level, z Lo s
the effects of suppressed penguin topologies (Fig. 5) By a s

cannot be neglected any more [40,41]. Figure 5: Penguin diagram contribut-

Cabibbo-suppressed decay modes, where these ing to B® — J/y K.

topologies are relatively more prominent can be used

Table 1: Comparison of tagging performances £D? for selected time dependent CP violation measurements
at the LHC.

Experiment Decay 2011 RunI Improvement
LHCb BY— ¢¢ 3.29% [36] 5.38% [37] +64%
B — DD} 5.33% [33]
B — JJwKTK~ | 3.13% [26] 3.73% [28] +19%
B~ Jiyrtm | 2.43% [26] 3.89% [27] +60%
B?— J/wK? 2.38% [38] 3.03% [19] +27%
ATLAS B — Jly ¢ 1.45% [24]  1.49% [39] +3%
CMS B)— J/y ¢ 1.31% [29] +35%!

'With respect to the preliminary result [25].
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to constrain such effects. A road map of selected measurements enabling the sizes of penguin am-
plitudes to be constrained has been described in Ref. [42]. The LHCb collaboration is pursuing this
programme, with studies of the decays BY — J/wK? [43], B’ — J/w n* 1~ [44] and more recently
with B — J/w K*0 [45].

The measurement of sin23°T in the latter mode allows for constraining the shift to <

5 due to

penguin topologies to the range [—0.018,0.021] rad at 68% CL. Considering the present uncertainty
of +0.039 rad, such a shift needs to be to constrained further.

An interesting test of the SM is provided by the measurement of the mixing phase @*° with
a purely penguin-induced mode as B — ¢¢. In this case the measured value is —0.17 +0.15 +
0.03 [37], which is compatible with the SM expectation.

Similarly, the decays B— hh with h = &, K are also sensitive to penguin topologies (as well
as trees) and are sensitive to the CKM phases y and ;. LHCb for the first time measured time-
dependent CP-violating observables in BY decays using the decay B — K* K~ [46]. Using methods
outlined in Refs. [41,47], a combination of this and other results from B — hh modes allows to
determine —2f, = —0.12f8:{g rad using as input the angle y from tree decays (see below), or
Y= (63.5 J_rg%)o constraining —2f3; to the SM value [48]. These values are in principle sensitive
to the amount of U-spin breaking that is allowed in this decay and are given here for a maximum
allowed breaking of 50%.

3.5 The angle y

The value of y obtained from penguin modes can be compared to that obtained from tree-
dominated B — DK decays, where the CP-violating phase appears in the interference of the b —
c and b — u topologies. It is the least precisely known angle of the unitarity triangle, and its
determination from tree decays is considered free from contributions beyond the SM and unaffected
by hadronic uncertainties. Yet its precise determination is important to test the consistency of the
CKM paradigm, and to allow comparisons with determinations from modes dominated by penguin
topologies.

g O ‘ L B R
Q ‘ LHCb -
i 0.8 Preliminary _|
0.6 7 72.9fg:§ {
04 683% E
02 .
- 95.5% | 1
) O L L L Lt L L L L L L L
, 50 60 70 80 90 100 110
X Y [°]

Figure 6: (left) Fitted values of x and y for B~ and B* in B¥ — DK* with D— K0h*h~ decays [49]. (right)
LHCb combination of B— DK decays measuring the CKM phase y [50].
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The most precise determination of ¥ from a single decay mode is achieved with BY — DK™
followed by D — K%h*h~ with h = 7, K [49]. Here the interference of the D° and D decay to
K%h*h~ is exploited to measure CP asymmetries [51]. The method needs external input in the
form of a measurement of the strong phase over the Dalitz plane of the D decay, coming from
CLEO-c data [52]. The determined CP-violating parameters are shown in Fig. 6 (left), and the
value of yis (621 }Z)O. The same decay mode is also used in a model-dependent measurement [53]
using an amplitude model.

An experimentally very different way of determining y is provided by the decay B — DIKT
[54,55]. In this case the phase is measured in a time-dependent tagged CP-violation analysis. Using
a dataset corresponding to 1 fb~!, LHCb determines y = (115 fig)o, which is not competitive with
other methods but will provide important constraints with more data.

The LHCb y measurements of Refs. [49, 55, 56] have been combined into an average value
presented at the CKM Workshop [50]. Using only B— DK decay modes one finds y = (73 f?o)o,
which is more precise than the corresponding combination of measurements from the B facto-
ries [13]. The likelihood profile is shown in Fig. 6 (right). Since then, new measurements sensitive
to ¥ have been performed, notably using the decays B~ — Dhth~h~ with D — h*th™ [57] and
B~ — Dh~ with D— h™h~7° [58]. These and other publications under preparation will be com-
bined in an updated y determination.

3.6 The angle

A precise determination of the third angle of the unitarity triangle, oc = arg <— “,/’:“j’i’ ) is chal-
ud Yyl

u

lenging both at the theoretical and experimental levels. It requires the study of highly-suppressed
b — u transitions, which are affected by b — d or b— s penguin topologies, depending on the cho-
sen final state. Most promising are angular analyses of B— V'V decays, where V' is a light vector
meson, typically p or K*. At this conference the Belle collaboration showed a preliminary angu-
lar analysis of BY — ptp~ [59], and the LHCb collaboration one of the decay BY — popo [60].
This latter result solves the tension between the results for the longitudinal polarisation fraction
previously obtained by Babar and Belle [61].

3.7 The CKM matrix elements V,;, and V,,

The determination of the CKM matrix elements V,;, and V., is extremely important for clo-
sure tests of the UT. It is best measured in semileptonic b — (u,c)¢v decays, where there are no
hadronic uncertainties related to the decay of the emitted W boson. Unfortunately, there is a well
known tension between the determinations obtained from exclusive (B— /v for instance) decays
and the inclusive mode. It is thus important to add new decay modes to the global picture. The
LHCb collaboration has done so by using Az? baryon decays for the first time [62]. The decay rates
of A — pu~v and A — A1~ v are compared to determine the ratio |V,p|*/|Vep|*. It was long
thought impossible to do such an analysis at a hadron collider, due to the lack of a precise neutrino
reconstruction method. At B factories, fully reconstructing the other B in the event allows to un-
ambiguously determine the four-momentum of the missing neutrino. At LHCb, it is the precisely
determined flight path of the b-hadron and the requirement that the »-hadron momentum must align
with its flight direction that allow for the recovery of the neutrino momentum. The corrected mass
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Figure 7: (left) Corrected mass spectrum. (right) Experimental measurements of V,;, and V,;,. Figures from
Ref. [62].

Meorr = /Mm% + pi + p., the minimal b-hadron mass compatible with its direction of flight, is used

as discriminating variable. See Fig. 7 (left). The two decay rates are turned into a |V|?/|Vep|?
using input from Lattice calculations [63].

At the same time came an updated Lattice calculation from the FNAL/MILC collaboration [64]
which improves the determination of |V,,,| from B® — 7~ ¢*v by the Belle collaboration [65]. Even
with these new determinations, the puzzle still remains, as can be seen in Fig. 7 (right).

While LHCb only uses muonic decays, the B factories usually average results from decays to
muons and electrons under the assumption of lepton universality and do not give results separately
by lepton flavour. This has been criticised in Ref. [66], in the light of signs of lepton universality
violation in B* — K*¢*¢~ [67] and B— D) (t,¢)v decays [68]. Incidentally, the BaBar collabo-
ration presented an inclusive electron spectrum and a determination of |V,;| at this conference [69].

3.8 Charmed and Strange Mesons

Searches for CP violation in charm is a very active field of research, especially owing to the
gigantic charm yields (See Section 4) collected by the LHCb experiment. Unfortunately, no signs
have been found yet and there is still no clear picture emerging from the measurements of the
difference between the CP asymmetries in D’ — K*K~ and D° — 7+ 7, the world average being
—0.254+0.10 [18].

New promising results have been shown by the LHCb collaboration. A search for CP violation
in D° — KYK? was consistent with zero, but the improved trigger in Run IT will greatly increase the
sensitivity of this decay mode [70]. Secondly, the energy test method was first applied to particle
physics to search for local asymmetries in the Dalitz plane of D® — 7+ 7~ 7° decays [71].

4. First LHCD results from Run II

The LHCDb collaboration used the LHC 50 ns ramp-up period of July 2015 to measure the
double-differential J/y, J/y -from-b-hadron [72] and charm cross-sections [73] at /s = 13 TeV.

10
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Figure 8: (left) J/y pseudo-effective lifetime and (right) pr-dependent cross-section for J/w from b-
hadrons, compared to expectations from Ref. [78]. Figures from Ref. [72].

Both measurements were performed directly on triggered candidates using a reduced data format
that does not require offline processing.

In the Run II of the LHC, a new scheme for the LHCb software trigger has been introduced, in
which the event selection is split into two stages. This allows for the alignment and calibration to
be performed after the first stage of the software trigger and used directly in the second stage [74].
The same alignment and calibration are propagated offline to ensure consistent reconstruction in
the trigger and offline analysis. The larger timing budget available in the trigger with respect
to Run I also results in the convergence of the online and offline track reconstruction, such that
offline performance is achieved in the trigger. The near identical performance of the online and
offline reconstruction offers the opportunity to perform physics analyses directly using candidates
reconstructed in the trigger [75]. The analysis described in this paper uses the online reconstruction
for the first time in LHCb. The storage of only events containing the triggered candidates leads to
an event size that is reduced by an order of magnitude, thus permitting an increased event rate with
higher efficiency.

Essential to the measurements was a preliminary luminosity calibration using beam gas imag-
ing [76]. In absence of a van der Meer scan, neon gas is injected in the LHC vacuum and beam-gas
interaction vertices are reconstructed in the vertex detector to reconstruct a three-dimensional im-
age of the two beams and their overlap. A preliminary calibration with an uncertainty of 3.8%
could be determined this way. With a van der Meer scan, more data and more systematic studies, it
is expected that this uncertainty will decrease to the level of 1%, as for the 8 TeV data [77].

Using pp collision data corresponding to 3 pb~! of integrated luminosity, LHCb measured
the double differential J/y cross-section in bins of pr and y [72]. The J/y — pu™u~ signal is
further split into J/y produced at the primary interaction vertex (prompt) and those produced in

— M .
Gy =My 50 sed as a proxy for the

decays of b-hadrons. The J/y pseudo-effective lifetime ¢, = -
b-hadron lifetime (Fig. 8, left). While the cross-sections are found in agreement with theoretical
expectations within uncertainties, the ratio of /s = 13 to 8 TeV ratios, where most uncertainties

cancel both in experiment and theory, are found to be slightly above the expectations (Fig. 8, right).

11
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bin is offset by a multiplicative factor 10", where the factor m is shown on the plot. (right) c¢ cross-section
in LHCb acceptance from D° and D™ measurements, and comparison with prediction from Refs. [78, 80].
The scaled prediction uses the 7 TeV LHCb measurement [81] as input.

The cross-sections are found to be

Corompt yjy (PT < 14 GeV/e,2 < y < 4.5) = 15.3040.03 £+ 0.86 b,
Opy-tromp (PT < 14 GeV/c,2 <y < 4.5) = 2.34£0.01£0.13 ub.

Naively extrapolating the latter value from the LHCD fiducial region to the whole acceptance using
PYTHIA [79], one gets a bb cross-section consistent with 500 ub. Incidentally this is the value
which was used when designing the experiment.

The same dataset and procedure has been used to determine the charm cross-section [73]. The
double-differential cross-sections for D°, D, D* and D mesons are measured using data corre-
sponding to 5 pb~!. In this case a random trigger was used in the hardware trigger, followed by the
full selection in the software trigger. This time the component of charm from b-hadrons is treated
as a background and subtracted using the Xlzp (the quantity by which the PV y? increases when the
D meson is included in the fit) as discriminating variable. The mass and log y3 distributions are

12
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shown for DY — K~ n* decays in Fig. 9.

The cross-sections are found to be consistent with predictions from Refs. [78, 80], but con-
sistently on the high side. An example is shown in Fig. 10. Using known hadronisation fractions
determined at the Y resonance [82] the cc cross-section in the LHCDb fiducial volume is determined
to be

Oprompt ce(P1 < 8 GeV/c,2 <y <4.5) =2944 £3+ 183 £ 156 b,

where the uncertainties are statistical, systematic and due to fragmentation fractions. This value is
also compatible with but on the high side of theoretical expectations, which is very encouraging
for the LHCb charm physics programme. This number is also relevant for atmospheric neutrino
measurements. The charm production cross-section from cosmic rays in the higher atmosphere
is a dominant source of uncertainties for measurements of the IceCube collaboration [83]. The
present measurement at /s = 13TeV corresponds to a fixed-target collision with primary cosmic
ray energy of 90 PeV.

5. Conclusions

The LHC is the new b-hadron factory and will be dominating flavour physics until the start
of Belle II, and beyond in many decay modes. While the B factories and Tevatron experiments
are still analysing their data, ATLAS, CMS and LHCb are producing interesting new results in CP
violation and rare decays, that set strong constraints on models beyond that SM and exhibit some
discrepancies with the SM predictions. The LHCb collaboration used the LHC 50 ns ramp-up
period of July 2015 to measure the double-differential J/y, J/y -from-b-hadron and charm cross-
sections at /s = 13 TeV. Both measurements were performed directly on triggered candidates
using a reduced data format that does not require offline processing.
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