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Abstract

During 2011 the LHCb experiment at CERN collected 1.0 fb−1 of
√
s = 7 TeV pp

collisions. Due to the large heavy quark production cross-sections, these data provide
unprecedented samples of heavy flavoured hadrons. The first results from LHCb
have made a significant impact on the flavour physics landscape and have definitively
proved the concept of a dedicated experiment in the forward region at a hadron
collider. This document discusses the implications of these first measurements on
classes of extensions to the Standard Model, bearing in mind the interplay with the
results of searches for on-shell production of new particles at ATLAS and CMS. The
physics potential of an upgrade to the LHCb detector, which would allow an order
of magnitude more data to be collected, is emphasised.
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A. Bursche37, J. Buytaert35, T. Cacérès7, J.-P. Cachemiche6, S. Cadeddu15, O. Callot7,
M. Calvi20,j , M. Calvo Gomez33,n, A. Camboni33, P. Campana18,35, A. Carbone14,c,
G. Carboni21,k, R. Cardinale19,i, A. Cardini15, H. Carranza-Mejia47, L. Carson50,
K. Carvalho Akiba2, A. Casajus Ramo33, G. Casse49, M. Cattaneo35, Ch. Cauet9, L. Ceelie38,
B. Chadaj35, H. Chanal5, M. Charles52, D. Charlet7, Ph. Charpentier35, M. Chebbi35,
P. Chen3,36, N. Chiapolini37, M. Chrzaszcz 23, P. Ciambrone18, K. Ciba35, X. Cid Vidal34,
G. Ciezarek50, P.E.L. Clarke47, M. Clemencic35, H.V. Cliff44, J. Closier35, C. Coca26, V. Coco38,
J. Cogan6, E. Cogneras5, P. Collins35, A. Comerma-Montells33, A. Contu15,52, A. Cook43,
M. Coombes43, B. Corajod35, G. Corti35, B. Couturier35, G.A. Cowan36, D. Craik45,
S. Cunliffe50, R. Currie47, C. D’Ambrosio35, I. D’Antone14, P. David8, P.N.Y. David38,
I. De Bonis4, K. De Bruyn38, S. De Capua51, M. De Cian37, P. De Groen38, J.M. De Miranda1,
L. De Paula2, P. De Simone18, D. Decamp4, M. Deckenhoff9, G. Decreuse35, H. Degaudenzi36,35,
L. Del Buono8, C. Deplano15, D. Derkach14, O. Deschamps5, F. Dettori39, A. Di Canto11,
J. Dickens44, H. Dijkstra35, P. Diniz Batista1, M. Dogaru26, F. Domingo Bonal33,n, M. Domke9,
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4LAPP, Université de Savoie, CNRS/IN2P3, Annecy-Le-Vieux, France
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1 Introduction

During 2011 the LHCb experiment [1] at CERN collected 1.0 fb−1 of
√
s = 7 TeV pp

collisions. Due to the large production cross-section, σ(pp→ bb̄X) = (89.6± 6.4± 15.5)µb
in the LHCb acceptance [2], with the comparable number for charm production about 20
times larger [3, 4], these data provide unprecedented samples of heavy flavoured hadrons.
The first results from LHCb have made a significant impact on the flavour physics landscape
and have definitively proved the concept of a flavour physics experiment in the forward
region at a hadron collider.

The physics objectives of the first phase of LHCb were set out prior to the commence-
ment of data taking in the “roadmap document” [5]. They centred on six main areas, in
all of which LHCb has by now published its first results: (i) the tree-level determination of
γ [6, 7], (ii) charmless two-body B decays [8, 9], (iii) the measurement of mixing-induced
CP violation in B0

s → J/ψφ [10], (iv) analysis of the decay B0
s → µ+µ− [11–14], (v)

analysis of the decay B0 → K∗0µ+µ− [15], (vi) analysis of B0
s → φγ and other radiative B

decays [16,17].1 In addition, the search for CP violation in the charm sector was established
as a priority, and interesting results in this area have also been published [18,19].

The results demonstrate the capability of LHCb to test the Standard Model (SM) and,
potentially, to reveal new physics (NP) effects in the flavour sector. This approach to
search for NP is complementary to that used by the ATLAS and CMS experiments. While
the high-pT experiments search for on-shell production of new particles, LHCb can look for
their effects in processes that are precisely predicted in the SM. In particular, the SM has
a highly distinctive flavour structure, with no tree-level flavour-changing neutral currents,
and quark mixing described by the Cabibbo-Kobayashi-Maskawa (CKM) matrix [20] which
has a single source of CP violation. This structure is not necessarily replicated in extended
models. Historically, new particles have first been seen through their virtual effects since
this approach allows one to probe mass scales beyond the energy frontier. For example,
the observation of CP violation in the kaon system [21] was, in hindsight, the discovery
of the third family of quarks, well before the observations of the bottom and top quarks.
Crucially, measurements of both high-pT and flavour observables are necessary in order to
decipher the nature of NP.

The early data also illustrated the potential for LHCb to expand its physics programme
beyond these “core” measurements. In particular, the development of trigger algorithms
that select events inclusively based on properties of b-hadron decays [22,23] facilitates a
much broader output than previously foreseen. On the other hand, limitations imposed
by the hardware trigger lead to a maximum instantaneous luminosity at which data can
most effectively be collected (higher luminosity requires tighter trigger thresholds, so that
there is no gain in yields, at least for channels that do not involve muons). To overcome
this limitation, an upgrade of the LHCb experiment has been proposed to be installed
during the long shutdown of the LHC planned for 2018. The upgraded detector will be
read out at the maximum LHC bunch-crossing frequency of 40 MHz so that the trigger

1 Throughout the document, the inclusion of charge conjugated modes is implied unless explicitly
stated.
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can be fully implemented in software. With such a flexible trigger strategy, the upgraded
LHCb experiment can be considered as a general purpose detector in the forward region.

The Letter of Intent for the LHCb upgrade [24], containing a detailed physics case, was
submitted to the LHCC in March 2011 and was subsequently endorsed. Indeed, the LHCC
viewed the physics case as “compelling.” Nevertheless, the LHCb collaboration continues
to consider further possibilities to enhance the physics reach. Moreover, given the strong
motivation to exploit fully the flavour physics potential of the LHC, it is timely to update
the estimated sensitivities for various key observables based on the latest available data.
These studies are described in this paper, and summarised in the framework technical
design report for the LHCb upgrade [25], submitted to the LHCC in June 2012 and
endorsed in September 2012.

In the remainder of this introduction, a brief summary of the current LHCb detector is
given, together with the common assumptions made to estimate the sensitivity achievable
by the upgraded experiment. Thereafter, the sections of the paper discuss rare charm
and beauty decays in Sec. 2, CP violation in the B system in Sec. 3 and mixing and CP
violation in the charm sector in Sec. 4. There are several other important topics, not
covered in any of these sections, that can be studied at LHCb and its upgrade, and these
are discussed in Sec. 5. A summary is given in Sec. 6.

1.1 Current LHCb detector and performance

The LHCb detector [1] is a single-arm forward spectrometer covering the pseudorapidity
range 2 < η < 5, designed for the study of particles containing b or c quarks. The
detector includes a high precision tracking system consisting of a silicon-strip vertex
detector surrounding the pp interaction region, a large-area silicon-strip detector located
upstream of a dipole magnet with a bending power of about 4 Tm, and three stations of
silicon-strip detectors and straw drift tubes placed downstream. The combined tracking
system has a momentum resolution ∆p/p that varies from 0.4 % at 5 GeV/c to 0.6 % at
100 GeV/c, and an impact parameter resolution of 20µm for tracks with high transverse
momentum. Charged hadrons are identified using two ring-imaging Cherenkov detectors.
Photon, electron and hadron candidates are identified by a calorimeter system consisting of
scintillating-pad and preshower detectors, an electromagnetic calorimeter and a hadronic
calorimeter. Muons are identified by a system composed of alternating layers of iron and
multiwire proportional chambers. The trigger consists of a hardware stage, based on
information from the calorimeter and muon systems, followed by a software stage which
applies a full event reconstruction.

During 2011, the LHCb experiment collected 1.0 fb−1 of integrated luminosity during
the LHC pp run at a centre-of-mass energy

√
s = 7 TeV. The majority of the data was

recorded at an instantaneous luminosity of Linst = 3.5 × 1032 cm−2 s−1, nearly a factor
of two above the LHCb design value, and with a pile-up rate (average number of visible
interactions per crossing) of µ ∼ 1.5 (four times the nominal value, but below the rates
of up to µ ∼ 2.5 seen in 2010). A luminosity levelling procedure, where the beams are
displaced at the LHCb interaction region, allows LHCb to maintain an approximately
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constant luminosity throughout each LHC fill. This procedure permitted reliable operation
of the experiment and a stable trigger configuration throughout 2011. The hardware stage
of the trigger produced output at around 800 kHz, close to the nominal 1 MHz, while
the output of the software stage was around 3 kHz, above the nominal 2 kHz, divided
roughly equally between channels with muons, b decays to hadrons and charm decays.
During data taking, the magnet polarity was flipped at a frequency of about one cycle
per month in order to collect equal sized data samples of both polarities for periods of
stable running conditions. Thanks to the excellent performance of the LHCb detector, the
overall data taking efficiency exceeded 90 %.

1.2 Assumptions for LHCb upgrade performance

In the upgrade era, several important improvements compared to the current detector
performance can be expected, as detailed in the framework TDR. However, to be conser-
vative, the sensitivity studies reported in this paper all assume detector performance as
achieved during 2011 data taking. The exception is in the trigger efficiency, where channels
selected at hardware level by hadron, photon or electron triggers are expected to have
their efficiencies double (channels selected by muon triggers are expected to have marginal
gains, that have not been included in the extrapolations). Several other assumptions are
made:

• LHC collisions will be at
√
s = 14 TeV, with heavy flavour production cross-sections

scaling linearly with
√
s;

• the instantaneous luminosity2 in LHCb will be Linst = 1033 cm−2 s−1: this will be
achieved with 25 ns bunch crossings (compared to 50 ns in 2011) and µ = 2;

• LHCb will change the polarity of its dipole magnet with similar frequency as in
2011/12 data taking, to approximately equalise the amount of data taken with each
polarity for better control of certain potential systematic biases;

• the integrated luminosity will be Lint = 5 fb−1 per year, and the experiment will run
for 10 years to give a total sample of 50 fb−1.

2 It is anticipated that any detectors that need replacement for the LHCb upgrade will be designed
such that they can sustain a luminosity of Linst = 2 × 1033 cm−2 s−1 [25]. Operation at instantaneous
luminosities higher than the nominal value assumed for the estimations will allow the total data set to be
accumulated in a shorter time.
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2 Rare decays

2.1 Introduction

The term rare decay is used within this document to refer loosely to two classes of decays:

• flavour-changing neutral current (FCNC) processes that are mediated by electroweak
box and penguin type diagrams in the SM;

• more exotic decays, including searches for lepton flavour or number violating decays
of B or D mesons and for light scalar particles.

The first broad class of decays includes the rare radiative process B0
s → φγ and rare

leptonic and semileptonic decays B0
(s)→ µ+µ− and B0→ K∗0µ+µ−. These were listed

as priorities for the first phase of the LHCb experiment in the roadmap document [5].
In many well motivated new physics models, new particles at the TeV scale can enter
in diagrams that compete with the SM processes, leading to modifications of branching
fractions or angular distributions of the daughter particles in these decays.

For the second class of decay, there is either no SM contribution or the SM contribution
is vanishingly small and any signal would indicate evidence for physics beyond the SM.
Grouped in this class of decay are searches for GeV scale new particles that might be
directly produced in B or D meson decays. This includes searches for light scalar particles
and for B meson decays to pairs of same-charge leptons that can arise, for example, in
models containing Majorana neutrinos [26–28].

The focus of this section is on rare decays involving leptons or photons in the final
states. There are also several interesting rare decays involving hadronic final states that
can be pursued at LHCb, such as B+ → K−π+π+, B+ → K+K+π− [29, 30], B0

s → φπ0

and B0
s → φρ0 [31]; however, these are not discussed in this document.

Section 2.2 introduces the theoretical framework (the operator product expansion)
that is used when discussing rare electroweak penguin processes. The observables and
experimental constraints coming from rare semileptonic, radiative and leptonic B decays are
then discussed in Secs. 2.3, 2.4 and 2.5 respectively. The implications of these experimental
constraints for NP contributions are discussed in Secs. 2.6 and 2.7. Possibilities with rare
charm decays are then discussed in Sec. 2.8, and the potential of LHCb to search for rare
kaon decays, lepton number and flavour violating decays, and for new light scalar particles
is summarised in Secs. 2.9, 2.10 and 2.11 respectively.

2.2 Model-independent analysis of new physics contributions to
leptonic, semileptonic and radiative decays

Contributions from physics beyond the SM to the observables in rare radiative, semileptonic
and leptonic B decays can be described by the modification of Wilson coefficients C

(′)
i of
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local operators in an effective Hamiltonian of the form

Heff = −4GF√
2
VtbV

∗
tq

e2

16π2

∑
i

(CiOi + C ′iO
′
i) + h.c. , (1)

where q = d, s, and where the primed operators indicate right-handed couplings. This
framework is known as the operator product expansion, and is described in more detail in,
e.g., Refs. [32, 33]. In many concrete models, the operators that are most sensitive to NP
are a subset of

O
(′)
7 =

mb

e
(q̄σµνPR(L)b)F

µν , O
(′)
8 =

gmb

e2
(q̄σµνT

aPR(L)b)G
µν a,

O
(′)
9 = (q̄γµPL(R)b)(¯̀γµ`) , O

(′)
10 = (q̄γµPL(R)b)(¯̀γµγ5`) ,

O
(′)
S =

mb

mBq

(q̄PR(L)b)(¯̀̀ ) , O
(′)
P =

mb

mBq

(q̄PR(L)b)(¯̀γ5`) , (2)

which are customarily denoted as magnetic (O
(′)
7 ), chromomagnetic (O

(′)
8 ), semileptonic

(O
(′)
9 and O

(′)
10), pseudoscalar (O

(′)
P ) and scalar (O

(′)
S ) operators.3 While the radiative b→ qγ

decays are sensitive only to the magnetic and chromomagnetic operators, semileptonic
b→ q`+`− decays are, in principle, sensitive to all these operators.4

In the SM, models with minimal flavour violation (MFV) [34,35] and models with a
flavour symmetry relating the first two generations [36], the Wilson coefficients appearing
in Eq. (1) are equal for q = d or s and the ratio of amplitudes for b→ d relative to b→ s
transitions is suppressed by |Vtd/Vts|. Due to this suppression, at the current level of
experimental precision, constraints on decays with a b → d transition are much weaker
than those on decays with a b→ s transition for constraining C

(′)
i . In the future, precise

measurements of b→ d transitions will allow powerful tests to be made of this universality
which could be violated by NP.

The dependence on the Wilson coefficients, and the set of operators that can contribute,
is different for different rare B decays. In order to put the strongest constraints on the
Wilson coefficients and to determine the room left for NP, it is therefore desirable to
perform a combined analysis of all the available data on rare leptonic, semileptonic and
radiative B decays. A number of such analyses have recently been carried out for subsets
of the Wilson coefficients [37–42].

The theoretically cleanest branching ratios probing the b → s transition are the
inclusive decays B → Xsγ and B → Xs`

+`−. In the former case, both the experimental
measurement of the branching ratio and the SM expectation have uncertainties of about
7 % [43,44]. In the latter case, semi-inclusive measurements at the B factories still have
errors at the 30 % level [43]. At hadron colliders, the most promising modes to constrain
NP are exclusive decays. In spite of the larger theory uncertainties on the branching

3 In principle there are also tensor operators, OT (5) = (q̄σµνb)(¯̀σµν(γ5)`), which are relevant for some
observables.

4 In radiative and semileptonic decays, the chromomagnetic operator O8 enters at higher order in the
strong coupling αS.
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fractions as compared to inclusive decays, the attainable experimental precision can lead
to stringent constraints on the Wilson coefficients. Moreover, beyond simple branching
fraction measurements, exclusive decays offer powerful probes of C

(′)
7 , C

(′)
9 and C

(′)
10 through

angular and CP -violating observables. The exclusive decays most sensitive to NP in b→ s
transitions are B → K∗γ, B0

s → µ+µ−, B → Kµ+µ− and B → K∗µ+µ−. These decays
are discussed in more detail below.

2.3 Rare semileptonic B decays

The richest set of observables sensitive to NP are accessible through rare semileptonic
decays of B mesons to a vector or pseudoscalar meson and a pair of leptons. In particular
the angular distribution of B → K∗µ+µ− decays, discussed in Sec. 2.3.2, provides strong
constraints on C

(′)
7 , C

(′)
9 and C

(′)
10 .

2.3.1 Theoretical treatment of rare semileptonic B→M`+`− decays

The theoretical treatment of exclusive rare semileptonic decays of the type B→M`+`− is
possible in two kinematic regimes for the meson M : large recoil (corresponding to low
dilepton invariant mass squared, q2) and small recoil (high q2). Calculations are difficult
outside these regimes, in particular in the q2 region close to the narrow cc resonances (the
J/ψ and ψ(2S) states).

In the low q2 region, these decays can be described by QCD-improved factorisation
(QCDF) [45,46] and the field theory formulation of soft-collinear effective theory (SCET) [47,
48]. The combined limit of a heavy b-quark and an energetic meson M , leads to the
schematic form of the decay amplitude [49,50]:

T = C ξ + φB ⊗ T ⊗ φM +O(ΛQCD/mb) . (3)

which is accurate to leading order in ΛQCD/mb and to all orders in αS. It factorises the
calculation into process-independent non-perturbative quantities, B →M form factors, ξ,
and light cone distribution amplitudes (LCDAs), φB(M), of the heavy (light) mesons, and
perturbatively calculable quantities, C and T which are known to O(α1

S) [49, 50]. Further,
in the case that M is a vector V (pseudoscalar P ), the seven (three) a priori independent
B → V (B → P ) form factors reduce to two (one) universal soft form factors ξ⊥,‖ (ξP ) in
QCDF/SCET [51]. The factorisation formula Eq. (3) applies well in the dilepton mass
range, 1 < q2 < 6 GeV2.5

For B→ K∗`+`−, the three K∗ spin amplitudes, corresponding to longitudinal and
transverse polarisations of the K∗, are linear in the soft form factors ξ⊥,‖,

AL,R⊥,‖ ∝ CL,R
⊥ ξ⊥, AL,R0 ∝ CL,R

‖ ξ‖, (4)

5 Light resonances at q2 below 1 GeV2 cannot be treated within QCDF, and their effects have to be
estimated using other approaches. In addition, the longitudinal amplitude in the QCDF/SCET approach
generates a logarithmic divergence in the limit q2 → 0, indicating problems in the description below
1 GeV2 [49].
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at leading order in ΛQCD/mb and αS. The CL,R
⊥,‖ are combinations of the Wilson coefficients

C7,9,10 and the L and R indices refer to the chirality of the leptonic current. Symmetry
breaking corrections to these relationships of order αS are known [49,50]. This simplification
of the amplitudes as linear combinations of CL,R

⊥,‖ and form factors, makes it possible to
design a set of optimised observables in which any soft form factor dependence cancels out
for all low dilepton masses q2 at leading order in αS and ΛQCD/mb [52–54], as discussed
below in Sec. 2.3.2.

Within the QCDF/SCET approach, a general, quantitative method to estimate the
important ΛQCD/mb corrections to the heavy quark limit is missing. In semileptonic
decays, a simple dimensional estimate of 10 % is often used, largely from matching of the
soft form factors to the full-QCD form factors (see also Ref. [55]).

The high q2 (low hadronic recoil) region, corresponds to dilepton invariant masses
above the two narrow resonances of J/ψ and ψ(2S), with q2 >∼ (14 − 15) GeV2. In this
region, broad cc-resonances are treated using a local operator product expansion [56,57].
The operator product expansion (OPE) predicts small sub-leading corrections which are
suppressed by either (ΛQCD/mb)

2 [57] or αSΛQCD/mb [56] (depending on whether full QCD
or subsequent matching on heavy quark effective theory in combination with form factor
symmetries [58] is adopted). The sub-leading corrections to the amplitude have been
estimated to be below 2 % [57] and those due to form factor relations are suppressed
numerically by C7/C9 ∼ O(0.1). Moreover, duality violating effects have been estimated
within a model of resonances and found to be at the level of 2 % of the rate, if sufficiently
large bins in q2 are chosen [57]. Consequently, like the low q2 region, this region is
theoretically well under control.

At high q2 the heavy-to-light form factors are known only as extrapolations from light
cone sum rules (LCSR) calculations at low q2. Results based on lattice calculations are
being derived [59], and may play an important role in the near future in reducing the form
factor uncertainties.

2.3.2 Angular distribution of B0→ K∗0µ+µ− and B0
s→ φµ+µ− decays

The physics opportunities of B → V `+`− (` = e, µ, V = K∗, φ, ρ) can be maximised
through measurements of the angular distribution of the decay. Using the decay B →
K∗(→ Kπ)`+`−, with K∗ on the mass shell, as an example, the angular distribution has
the differential form [60,61]

d4Γ[B → K∗(→ Kπ)`+`−]

dq2 d cos θl d cos θK dφ
=

9

32π

∑
i

Ji(q
2) gi(θl, θK , φ) , (5)

with respect to q2 and three decay angles θl, θK , and φ. For the B0 (B0), θl is the angle
between the µ+ (µ−) and the opposite of the B0 (B0) direction in the dimuon rest frame,
θK is the angle between the kaon and the direction opposite to the B meson in the K∗0

rest frame, and φ is the angle between the µ+µ− and K+π− decay planes in the B rest
frame. There are twelve angular terms appearing in the distribution and it is a long-term
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experimental goal to measure the coefficient functions Ji(q
2) associated with these twelve

terms, from which all other B → K(∗)`+`− observables can be derived.
In the SM, with massless leptons, the Ji depend on bilinear products of six complex

K∗ spin amplitudes AL,R⊥,‖,0,6 such as

J1s =
3

4

[
|AL⊥|2 + |AL‖ |2 + |AR⊥|2 + |AR‖ |2

]
. (6)

The expressions for the eleven other Ji terms are given for example in Refs. [53, 62].
Depending on the number of operators that are taken into account in the analysis, it is
possible to relate some of the Ji terms. The full derivation of these symmetries can be
found in Ref. [53].

When combining B and B decays, it is possible to form both CP -averaged and CP -
asymmetric quantities: Si = (Ji + J̄i)/[d(Γ + Γ̄)/dq2] and Ai = (Ji − J̄i)/[d(Γ + Γ̄)/dq2],
from the Ji [52, 53,61–65]. The terms J5,6,8,9 in the angular distribution are CP -odd and,
consequently, the associated CP -asymmetry, A5,6,8,9 can be extracted from an untagged
analysis (making it possible for example to measure A5,6,8,9 in B0

s → φµ+µ− decays).
Moreover, the terms J7,8,9 are T -odd and avoid the usual suppression of the corresponding
CP -asymmetries by small strong phases [63]. The decay B0→ K∗0µ+µ−, where the K∗0

decays to K+π−, is self-tagging (the flavour of the initial B meson is determined from the
decay products) and it is therefore possible to measure both the Ai and Si for the twelve
angular terms.

In addition, a measurement of the T -odd CP asymmetries, A7, A8 and A9, which are
zero in the SM and are not suppressed by small strong phases in the presence of NP,
would be useful to constrain non-standard CP violation. This is particularly true since the
direct CP asymmetry in the inclusive B → Xsγ decay is plagued by sizeable long-distance
contributions and is therefore not very useful as a constraint on NP [66].

2.3.3 Strategies for analysis of B0 → K∗0`+`− decays

In 1.0 fb−1 of integrated luminosity, LHCb has collected the world’s largest samples of
B0→ K∗0µ+µ− (with K∗0→ K+π−) and B0

s→ φµ+µ− decays, with around 900 and 80
signal candidates respectively reported in preliminary analyses [67, 68]. These candidates
are however sub-divided into six q2 bins, following the binning scheme used in previous
experiments [69]. With the present statistics, the most populated q2 bin contains ∼ 300
B0→ K∗0µ+µ− candidates which is not sufficient to perform a full angular analysis. The
analyses are instead simplified by integrating over two of the three angles or by applying
a folding technique to the φ angle, φ→ φ+ π for φ < 0, to cancel terms in the angular
distribution.

In the case of massless leptons, one finds:

dΓ′

dφ
=

Γ′

2π
(1 + S3 cos 2φ+ A9 sin 2φ) , (7)

6 Further amplitudes contribute in principle, but they are either suppressed by small lepton masses or
originate from non-standard scalar/tensor operators.
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dΓ′

dθK
=

3Γ′

4
sin θK

(
2FL cos2 θK + (1− FL) sin2 θK

)
, (8)

dΓ′

dθ`
= Γ′

(
3

4
FL sin2 θ` +

3

8
(1− FL)(1 + cos2 θ`) + AFB cos θ`

)
sin θ`. (9)

where Γ′ = Γ + Γ̄. The observables appear linearly in the expressions. Experimentally, the
fits are performed in bins of q2 and the measured observables are rate averaged over the q2

bin. The observables appearing in the angular projections are the fraction of longitudinal
polarisation of the K∗, FL, the lepton system forward-backward asymmetry, AFB, S3 and
A9.

The differential branching ratio, AFB and FL have been measured by the B factories,
CDF and LHCb [67,69,70]. The observable S3 is related to the asymmetry between the
parallel and perpendicular K∗ spin amplitudes7 is sensitive to right-handed operators (C ′7)
at low q2, and is negligibly small in the SM. In the future, the decay B0→ K∗0e+e− could
play an important role in constraining C ′7 through S3 since it allows one to probe to smaller
values of q2 than the B0→ K∗0µ+µ− decay. First measurements have been performed
by CDF and LHCb [67, 70].8 The current experimental status of these B0→ K∗0µ+µ−

angular observables at LHCb, the B factories and CDF is shown in Fig. 1. Improved
measurements of these quantities would be useful to constrain the chirality-flipped Wilson
coefficients (C ′7, C ′9 and C ′10).

Whilst AFB is not free from form-factor uncertainties at low q2, the value of the dilepton
invariant mass q2

0, for which the differential forward-backward asymmetry AFB vanishes,
can be predicted in a clean way.9 The zero crossing-point is highly sensitive to the ratio of
the two Wilson coefficients C7 and C9. In particular the model-independent upper bound
on |C9| implies q2

0 > 1.7 GeV2/c4, which improves to q2
0 > 2.6 GeV2/c4, assuming the sign

of C7 to be SM-like [39]. At next-to-leading order one finds [50]:10

q2
0[K∗0`+`−] = 4.36 +0.33

−0.31 GeV2/c4, q2
0[K∗+`+`−] = 4.15 +0.27

−0.27 GeV2/c4. (10)

where the first value is in good agreement with the recent preliminary result from LHCb
of q2

0 = 4.9 +1.3
−1.1 GeV2/c4 [67] for the B0→ K∗0µ+µ− decay.

7 The quantity S3 = (1− FL)/2×A(2)
T (in the massless case) allows access to one of the theoretically

clean quantities, namely A
(2)
T . The observable A

(2)
T is a theoretically cleaner observable than S3 due to

the cancellation of some of the form-factor dependence [71].
8 Depending on the convention for the angle φ, dΓ′/dφ of Eq. (7) can also depend on S9, which is tiny

in the SM and beyond. Note that, due to different angular conventions, the quantity AIm reported in
Ref. [67] corresponds to S9, while AIm in Ref. [70] corresponds to A9.

9 In the QCDF approach at leading order in ΛQCD/mb, the value of q2
0 is free from hadronic uncertainties

at order α0
s. A dependence on the soft form factor and on the light-cone wave functions of the B and K∗

mesons appears only at order α1
s.

10 A recent determination of q2
0 in B0 decays gives 4.0 ± 0.3 GeV2/c4 [39]. The shift with respect to

Ref. [50] is of parametric origin and is driven in part by the choice of the renormalisation scale (µ = 4.2 GeV
instead of 4.8 GeV), but also due to differences in the implementation of higher O(αS) short-distance
contributions.
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Figure 1: Summary of recent measurements of the angular observables (a) FL, (b) AFB, (c) S3

and (d) S9 in B0→ K∗0µ+µ− decays at LHCb, CDF and the B factories [67]. Descriptions of
these observables are provided in the text (see Eqs. (7), (8) and (9) and footnote 8). The theory
predictions at low- and high-dimuon invariant masses are indicated by the coloured bands and
are also described in detail in the text.

It is possible to access information from other terms in the angular distribution by
integrating over one of the angles and making an appropriate folding of the remaining two
angles. From φ and θK only [72] it is possible to extract:

S5 = −4

3

[∫ 3π/2

π/2

−
∫ π/2

0

−
∫ 2π

3π/2

]
dφ

[∫ 1

0

−
∫ 0

−1

]
d cos θK

d3(Γ− Γ̄)

dq2 d cos θKdφ

/
d(Γ + Γ̄)

dq2
.

(11)
Analogously to AFB, the zero-crossing point of S5 has been shown to be theoretically clean.
This observable is sensitive to the ratio of Wilson coefficients, (C7 +C ′7)/(C9 +m̂b(C7 +C ′7)),
and if measured would add complementary information to AFB and S3 about new right-
handed currents.
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2.3.4 Theoretically clean observables in B0 → K∗0`+`− decays

By the time that 5 fb−1 of integrated luminosity is available at LHCb, it will be possible
to exploit the complete NP sensitivity of the B → K∗`+`− both in the low- and high-q2

regions, by performing a full angular analysis. The increasing size of the experimental
samples makes it important to design optimised observables (by using specifically chosen
combinations of the Ji) to reduce theoretical uncertainties. In the low q2 region, the linear
dependence of the amplitudes on the soft form factors allows for a complete cancellation
of the hadronic uncertainties due to the form factors at leading order. This consequently
increases the sensitivity to the structure of NP models [52,53].

In the low q2 region, the so-called transversity observables A
(i)
T , i = 2, 3, 4, 5 are an

example set of observables that are constructed such that the soft form factor dependence
cancels out at leading order. They represent the complete set of angular observables
and are chosen to be highly sensitive to new right-handed currents via C ′7 [52, 53]. A
second, complete, set of optimised angular observables was constructed (also in the cases of
non-vanishing lepton masses and in the presence of scalar operators) in Ref. [54]. Recently
the effect of binning in q2 on these observables has been considered [71]. In these sets of
observables, the unknown ΛQCD/mb corrections are estimated to be of order 10 % on the
level of the spin amplitudes and represent the dominant source of theory uncertainty.

In general, the angular observables are shown to offer high sensitivity to NP in
the Wilson coefficients of the operators O7, O9, and O10 and of the chirally flipped
operators [52, 53, 61, 63]. In particular, the observables S3, A9 and the CP -asymmetries
A7 and A8 vanish at leading order in ΛQCD/mb and αS in the SM operator basis [63].
Importantly, this suppression is absent in extensions with non-vanishing chirality-flipped
C ′7,9,10, giving rise to contributions proportional to Re(CiC

∗
j
′) or Im(CiC

∗
j
′) and making

these terms ideal probes of right-handed currents [52,53,61,63]. CP asymmetries are small
in the SM, because the only CP -violating phase affecting the decay is doubly Cabibbo-
suppressed, but can be significantly enhanced by NP phases in C9,10 and C ′9,10, which at
present are poorly constrained. In a full angular analysis it can also be shown that CP -
conserving observables provide indirect constraints on CP -violating NP contributions [53].

At large q2, the dependence on the magnetic Wilson coefficients C
(′)
7 is suppressed,

allowing, in turn, a cleaner extraction of semileptonic coefficients (C
(′)
9 and C

(′)
10 ). A set

of transversity observables H
(i)
T , i = 1, 2, 3 have been designed to exploit the features of

this kinematic region in order to have small hadronic uncertainties [64]. As a consequence
of symmetry relations of the OPE [39,64,65,73], at high q2, combinations of the angular
observables Ji can be formed within the SM operator basis (i.e. with C ′i = 0), which
depend:

• only on short-distance quantities (e.g. H
(2,3)
T ) ;

• only on long-distance quantities (FL and low q2 optimised observables A
(2,3)
T ).

Deviations from these relations are due to small sub-leading corrections at order
(ΛQCD/mb)

2 from the OPE.
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In the SM operator basis it is interesting to note that A
(2,3)
T , which are highly sensitive to

short distance contributions (from C ′7) at low q2, instead become sensitive to long-distance
quantities (the ratio of form factors) at high q2. The extraction of form factor ratios is

already possible with current data on S3 (A
(2)
T ) and FL and leads to a consistent picture

between LCSR calculations, lattice calculations and experimental data [40, 73]. In the
presence of chirality-flipped Wilson coefficients, these observables are no longer short-
distance free, but are probes of right-handed currents [41]. At high q2, the OPE framework

predicts H
(2)
T = H

(3)
T and J7 = J8 = J9 = 0. Any deviation from these relationships, would

indicate a problem with the OPE and the theoretical predictions in the high q2 region.

2.3.5 B+→ K+µ+µ− and B+→ K+e+e−

The branching fractions of B0(+) → K0(+)µ+µ− have been measured by BaBar, Belle and
CDF [69,74,75]. In 1.0 fb−1 LHCb observes 1250 B+→ K+µ+µ− decays [76], and in the
future will dominate measurements of these processes.

Since the B → K transition does not receive contributions from an axial vector
current, the primed Wilson coefficients enter the B0(+) → K0(+)µ+µ− observables always
in conjunction with their unprimed counterparts as (Ci + C ′i). This is in contrast to the
B → K∗µ+µ− decay and therefore provides complementary constraints on the Wilson
coefficients and their chirality-flipped counterparts.

An angular analysis of the µ+µ− pair in the B0(+) → K0(+)µ+µ− decay would allow
the measurement of two further observables, the forward-backward asymmetry AFB and
the so-called flat term FH [77]. The angular distribution of a B meson decaying to a
pseudoscalar meson, P , and a pair of leptons involves just q2 and a single angle in the
dilepton system, θl [77]

1

Γ`

dΓ`[B → P`+`−]

dcos θl
=

3

4
(1− FH)(1− cos2 θl) +

1

2
FH + AFB cos θl . (12)

In the SM, the forward-backward asymmetry of the dilepton system is expected to
be zero. Any non-zero forward-backward asymmetry would point to a contribution from
new particles that extend the SM operator basis. Allowing for generic (pseudo-)scalar and
tensor couplings, there is sizeable room for NP contributions in the range |AFB| <∼ 15 %.
The flat term, FH/2, that appears with AFB in the angular distribution, is non-zero, but
small (for ` = e, µ) in the SM. This term can also see large enhancements in models
with (pseudo-)scalar and tensor couplings of up to FH ∼ 0.5. Recent SM predictions at
low- and high-q2 can be seen in Refs. [39, 55, 77, 78]. The current experimental limits
on B(B0

s → µ+µ−) now disfavour large CS and CP , and if NP is present only in tensor
operators then NP contributions are expected to be in the range |AFB| <∼ 5 % and FH <∼ 0.2.

In addition to AFB, FH and the differential branching fraction of the decays, it is
possible to probe the universality of lepton interactions by comparing the branching
fraction of decays B0(+)→ K0(+)`+`− with two different lepton flavours (e.g. electrons
versus muons):

RK = Γµ/Γe (with the same q2 cuts). (13)
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Lepton universality may be violated in extensions to the SM, such as R-parity-violating
SUSY models.11 In the SM, the ratio RSM

K is expected to be close to unity, RSM
K =

1 +O(m2
µ/m

2
B) [82].

It is also interesting to note that at high q2 the differential decay rates and CP
asymmetries of B0(+) → K0(+)`+`− and B0(+) → K∗0(+)`+`− (` = e, µ) are correlated [39]
and exhibit the same short-distance dependence (in the SM operator basis). Any deviation
would point to a problem for the OPE used in the high q2 region.

2.3.6 Rare semileptonic b→ d`+`− decays

Rare b → d radiative decay processes, such as B → ργ, have been observed at the B
factories [83,84]. In the 2011 data sample, the very rare decay B+→ π+µ+µ− was observed
at the LHCb experiment (see Fig. 2). This is a rare b→ d`+`− transition, which in the
SM is suppressed by loop and CKM factors proportional to |Vtd/Vts|. In the 1.0 fb−1

data sample, LHCb observes 25.3 +6.7
−6.4 signal candidates corresponding to a branching

fraction of B(B+→ π+µ+µ−) = (2.4 ± 0.6 ± 0.2) × 10−8 [85]. This measurement is in
good agreement with the SM prediction, i.e. consistent with no large NP contribution to
b→ d`+`− processes and with the MFV hypothesis.

The b → d transitions can show potentially larger CP - and isospin-violating effects
than their b → s counterparts due to the different CKM hierarchy [50]. These studies
would need the large statistics provided by the future LHCb upgrade. A 50 fb−1 data
sample will also enable a precision measurement of the ratio of the branching fractions of
B+ meson decays to π+µ+µ− and K+µ+µ−. This ratio would enable a useful comparison
of |Vtd/Vts| to be made using penguin processes (with form factors from lattice QCD) and
box processes (using ∆ms/∆md and bag-parameters from lattice QCD) and provide a
powerful test of MFV.

2.3.7 Isospin asymmetry of B0(+)→ K0(+)µ+µ− and B0(+)→ K∗0(+)µ+µ− decays

Analyses at hadron colliders (at LHCb and CDF) have mainly focused on decay modes with
charged tracks in the final state. B meson decays involving K0 mesons are experimentally
much more challenging due to the long lifetimes of K0

S and K0
L mesons (the K0

L is not
reconstructable within LHCb). Nevertheless, LHCb has been able to select 60 B0 →
K0µ+µ− decays, reconstructed as K0

S→ π+π−, and 80 B+→ K∗+µ+µ−, reconstructed as
K∗+→ K0

Sπ
+, which are comparable in size to the samples that are available for these

modes in the full data sets of the B factories. The isolation of these rare decay modes
enables a measurement of the isospin asymmetry of B→ K(∗)µ+µ− decays,

AI =
B(B0 → K0µ+µ−)− (τB0/τB+)B(B+ → K+µ+µ−)

B(B0 → K0µ+µ−) + (τB0/τB+)B(B+ → K+µ+µ−)
. (14)

At leading order, isospin asymmetries (which involve the spectator quark) are expected to
be zero in the SM. Isospin-breaking effects are subleading in ΛQCD/mb, and are difficult

11 There are hints of lepton universality violation in recent measurements of B → D(∗)τν by BaBar [79]
and Belle [80,81].
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Figure 2: Invariant mass of selected B+ → π+µ+µ− candidates in 1.0 fb−1 of integrated
luminosity [85]. In the legend, “part. reco.” and “combinatorial” refer to partially reconstructed
and combinatorial backgrounds respectively.

to estimate due to unknown power corrections. Nevertheless isospin-breaking effects are
expected to be small and these observables may be useful in NP searches because they
offer complementary information on specific Wilson coefficients [86].

The LHCb measurement of the K and K∗ isospin asymmetries in bins of q2 are shown
in Fig. 3. For the K∗ modes AI is compatible with the SM expectation that ASM

I ' 0,
but for the K+/K0 modes, AI is seen to be negative at low- and high-q2 [76]. This is
consistent with what has been seen at previous experiments, but is inconsistent with the
näıve expectation of ASM

I ∼ 0 at the 4σ level.12 Such a discrepancy would be hard to
explain in any model that is also consistent with other experimental results. Improved
measurements are needed to clarify the situation.

2.4 Radiative B decays

While the theoretical prediction of the branching ratio of the B → K∗γ decay is problematic
due to large form factor uncertainties, the mixing-induced asymmetry13 SK∗γ provides
an important constraint due to its sensitivity to the chirality-flipped magnetic Wilson
coefficient C ′7. At leading order it vanishes for C ′7 → 0, so the SM prediction is tiny and
experimental evidence for a large SK∗γ would be a clear indication of NP effects through
right-handed currents [88, 89]. Unfortunately it is experimentally very challenging to
measure SK∗γ in a hadronic environment, requiring both flavour tagging and the ability
to reconstruct the K∗0 in the decay mode K∗0→ K0π0. However, the channel B0

s → φγ,
which is much more attractive experimentally, offers the same physics opportunities, with
additional sensitivity due to the non-negligible width difference in the B0

s system. Moreover,

12 A calculation of ASM
I (B → Kµ+µ−) has recently become available [87], giving values consistent with

the näıve expectation within 1 %.
13 Note that the notation S used here and in the literature for mixing-induced asymmetries is not

related to the use of the notation in Sec. 2.3 for CP -averaged properties of the angular distributions.
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Figure 3: (a) B → Kµ+µ− and (b) B → K∗µ+µ− isospin asymmetries in 1.0 fb−1 of data
collected by the LHCb collaboration in 2011 [76].

LHCb can study several other interesting radiative b-hadron decays.

2.4.1 Experimental status and outlook for rare radiative decays

In 1.0 fb−1 of integrated luminosity LHCb observes 5300 B0→ K∗0γ and 690 B0
s→ φγ [17]

candidates. These are the largest samples of rare radiative B0 and B0
s decays collected

by a single experiment. The large sample of B0→ K∗0γ decays has enabled LHCb to
make the world’s most precise measurement of the direct CP -asymmetry ACP (K∗γ) =
0.8± 1.7± 0.9 %, compatible with zero as expected in the SM [17].

With larger data samples, it will be possible to add additional constraints on the
C7 − C ′7 plane through measurements of b → sγ processes. These include results from
time-dependent analysis of B0

s→ φγ [90], as described in detail in the LHCb roadmap
document [5]. Furthermore, the large Λ0

b production cross-section will allow for measure-
ments of the photon polarisation through the decays Λ0

b → Λ(∗)γ [91, 92]. In fact, the
study of Λ0

b → Λ transitions is quite attractive from the theoretical point of view, since
the hadronic uncertainties are under good control [93–95]. However, because the Λ0

b has

JP = 1
2

+
and can be polarised at production, it will be important to measure first the Λ0

b

polarisation.
B→ V Pγ decays with a photon, a vector and a pseudoscalar particle in the final state

can also provide sensitivity to C ′7 [96–99]. The decays B→ φKγ and B+ → K1(1270)+γ
have been previously observed at the B factories [100, 101] and large samples will be
available for the first time at LHCb.
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2.5 Leptonic B decays

2.5.1 B0
s→ µ+µ− and B0→ µ+µ−

The decays B0
(s)→ µ+µ− are a special case amongst the electroweak penguin processes, as

they are chirality-suppressed in the SM and are most sensitive to scalar and pseudoscalar
operators. The branching fraction of B0

(s) → µ+µ− can be expressed as [102–105]:

B(B0
q → µ+µ−) =

G2
Fα

2

64π3
f 2
BqτBqm

3
Bq |VtbV ∗tq|2

√
1− 4m2

µ

m2
Bq

(15)

×
{(

1− 4m2
µ

m2
Bq

)
|CS − C ′S|2 +

∣∣∣∣(CP − C ′P ) + 2
mµ

mBq

(C10 − C ′10)

∣∣∣∣2
}
,

where q = s, d.
Within the SM, CS and CP are negligibly small and the dominant contribution of C10

is helicity suppressed. The coefficients Ci are the same for B0
s and B0 in any scenario

(SM or NP) that obeys MFV. The large suppression of B(B0 → µ+µ−) with respect to
B(B0

s → µ+µ−) in MFV scenarios means that B0
s→ µ+µ− is often of more interest than

B0 → µ+µ− for NP searches. The ratio B(B0
s → µ+µ−)/B(B0 → µ+µ−) is however a very

useful probe of MFV.
The SM branching fraction depends on the exact values of the input parameters: fBq ,

τBq and |VtbV ∗tq|2. The B0
s decay constant, fBs , constitutes the main source of uncertainty

on B(B0
s → µ+µ−). There has been significant progress in theoretical calculations of this

quantity in recent years. As of the year 2009 there were two unquenched lattice QCD
calculations of fBs , by the HPQCD [106] and FNAL/MILC [107] collaborations, which,
when averaged, gave the value fBs = 238.8± 9.5 MeV [108]. The FNAL/MILC calculation
was updated in 2010 [109], and again in 2011 to give fBs = 242±9.5 MeV [110,111]. Also in
2011, the ETM collaboration reported a value of fBs = 232± 10 MeV [112]. The HPQCD
collaboration presented in 2011 a result, fBs = 227 ± 10 MeV [113], which has recently
been improved upon with an independent calculation that gives fBs = 225± 4 MeV [114].

A weighted average of FNAL/MILC ’11 [110], HPQCD ’11 [113] and HPQCD ’12 [114]
was presented recently [108], giving fBs = 227.6 ± 5.0 MeV. Using this value, the SM
prediction for the branching ratio is [115]:

B(B0
s → µ+µ−)SM = (3.1± 0.2)× 10−9 . (16)

This value is taken as the nominal B(B0
s → µ+µ−)SM. Note that, in addition to fBs ,

other sources of uncertainty are due to the B0
s lifetime, the CKM matrix element |Vts|,

the top mass mt, the electroweak corrections and scale variations. For a more detailed
discussion of the SM prediction, see Ref. [116]. It is also possible to obtain predictions
for B(B0

s → µ+µ−)SM with reduced sensitivity to the value of fBs using input from either
∆ms [117] or from a full CKM fit [118].
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Likewise for fBd , using the average of ETMC-11 (fBd = 195 ± 12 MeV) [112],
FNAL/MILC-11 (fBd = 197±9 MeV) [110,111] and HPQCD-12 (fBd = 191±9 MeV) [114]
results, which gives fBd = 194± 10 MeV [119], the branching ratio of B0 → µ+µ− is:

B(B0 → µ+µ−)SM = (1.1± 0.1)× 10−10 . (17)

NP models, especially those with an extended Higgs sector, can significantly enhance
the B0

(s) → µ+µ− branching fraction even in the presence of other existing constraints. In

particular, it has been emphasised in many works [120–127] that the decay B0
s → µ+µ−

is very sensitive to the presence of SUSY particles. At large tan β – where tan β is the
ratio of vacuum expectation values of the Higgs doublets14 – the SUSY contribution to
this process is dominated by the exchange of neutral Higgs bosons, and both CS and CP
can receive large contributions from scalar exchange.

In constrained SUSY models such as the CMSSM and NUHM1 (see Sec. 2.7), predictions
can be made for B(B0

s → µ+µ−) that take into account the existing constraints from the
general purpose detectors. These models predict [128]:

1 <
B(B0

s → µ+µ−)CMSSM

B(B0
s → µ+µ−)SM

< 2 , 1 <
B(B0

s → µ+µ−)NUHM1

B(B0
s → µ+µ−)SM

< 3 . (18)

The LHCb [13] (and CMS [129]) measurements of B0
s → µ+µ− have already excluded the

upper range of these predictions.
Other NP models such as composite models (e.g. Littlest Higgs model with T -parity

or Topcolour-assisted Technicolor), models with extra dimensions (e.g. Randall Sundrum
models) or models with fourth generation fermions can modify B(B0

s → µ+µ−) [115,130–
134]. The NP contributions from these models usually arise via (C10 − C ′10), and they
are therefore correlated with the constraints from other b → s`+`− processes, e.g. with
B(B+→ K+µ+µ−) which depends on (C10 + C ′10). The term (CP − C ′P ) in the branching
fraction adds coherently with the SM contribution from (C10 − C ′10), and therefore can
also destructively interfere. In such cases, if (CS − C ′S) remains small, B(B0

s → µ+µ−)
could be smaller than the SM prediction. A measurement of B(B0

s → µ+µ−) well below
the SM prediction would be a clear indication of NP and would be symptomatic of a
model with a large non-degeneracy in the scalar sector (where C

(′)
P is enhanced but C

(′)
S is

not). If only C10 is modified, these constraints currently require the branching ratio to be
above 1.1× 10−10 [41]. In the presence of NP effects in both C10 and C ′10, even stronger
suppression is possible in principle.

At the beginning of 2012, the LHCb experiment set the world best limits on the
B(B0

(s) → µ+µ−) [13].15 At 95 % C.L.

B(B0
s → µ+µ−) < 4.5× 10−9 ,

B(B0 → µ+µ−) < 1.0× 10−9 .

14 Note that elsewhere in this document the symbol β is used to denote an angle of the unitarity triangle
of the CKM matrix.

15 Results on B(B0
(s) → µ+µ−) presented at HCP2012 [14] are not included in this discussion.
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Experimentally the measured branching fraction is the time-averaged (TA) branching
fraction, which differs from the theoretical value because of the sizeable width difference
between the heavy and light B0

s mesons [135,136].16 In general,

B(B0
s → µ+µ−)TH = [(1− y2

s)/(1 +A∆Γys)]× B(B0
s → µ+µ−)TA (19)

where A∆Γ = +1 in the SM and ys = ∆Γs/(2Γs) = 0.088 ± 0.014 [138]. Thus the
experimental measurements have to be compared to the following SM prediction for the
time-averaged branching fraction:

B(B0
s → µ+µ−)SM,TA = B(B0

s → µ+µ−)SM,TH/(1− ys) = (3.5± 0.2)× 10−9 . (20)

With 50 fb−1 of integrated luminosity, taken with an upgraded LHCb experiment,
a precision better than 10 % can be achieved in B(B0

s → µ+µ−), and ∼ 35 % on the
ratio B(B0

s → µ+µ−)/B(B0 → µ+µ−). The dominant systematic uncertainty is likely to
come from knowledge of the ratio of fragmentation fractions, fd/fs, which is currently
known to a precision of 8 % from two independent determinations.17 One method [139]18

is based on hadronic B decays [141, 142], and relies on knowledge of the B(s) → D(s)

form factors from lattice QCD calculations [143]. The other [144] uses semileptonic
decays, exploiting the expected equality of the semileptonic widths [145,146]. However,
the two methods have a common, and dominant, uncertainty which originates from the
measurement of B(D+

s → K+K−π+), which in the PDG is given to 4.9 % (coming from a
single measurement from CLEO [147]). A new preliminary result from Belle has recently
been presented [148] – inclusion of this measurement in the world average will improve
the uncertainty on B(D+

s → K+K+π+) to ∼ 3.5 %. With the samples available with the
LHCb upgrade, it will be possible to go beyond branching fraction measurements and
study the effective lifetime of B0

s → µ+µ−, that provides additional sensitivity to NP [135].
In Sec. 2.7, the NP implications of the current measurements of B(B0

s → µ+µ−) and
the interplay with other observables, including results from direct searches, are discussed
for a selection of specific NP models. In general, the strong experimental constraints
on B(B0

s → µ+µ−) [13, 129, 149, 150] largely preclude any visible effects from scalar or
pseudoscalar operators in other b→ s`+`− decays.19

2.5.2 B0
s → τ+τ−

The leptonic decay B0
s → τ+τ− provides interesting information on the interaction of

the third generation quarks and leptons. In many NP models, contributions to third

16 This was previously observed in a different context [137].
17 This value is valid for B mesons produced from

√
s = 7 TeV pp collisions within the LHCb acceptance.

It will, in principle, need to be remeasured at each different LHC collision energy, and may depend on
the kinematic acceptance of the detector (i.e. on the transverse momentum and pseudorapidity of the B
mesons). However, once a suitable B0

s branching fraction, such as that for B0
s → J/ψ φ or B0

s → K+K−,
is known to good precision, normalisation can be carried out without direct need for an fd/fs value.

18 The results from Ref. [139] were updated at HCP2012 [140].
19 Barring a sizeable, fortuitous cancellation among CS,P and C ′S,P [78].
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generation quarks/leptons can be dramatically enhanced with respect to the first and
second generation. This is true in, for example, scalar and pseudoscalar interactions in
supersymmetric scenarios, for large values of tan β. Interestingly, there is also an interplay
between b → sτ+τ− processes and the lifetime difference Γs12 in B0

s mixing (see Sec. 3).
The correlation of both processes has been discussed model-independently [151,152] and in
specific scenarios, such as leptoquarks [153,154] or Z ′ models [155–157]. There are presently
no experimental limits on B0

s → τ+τ−, however the interplay with Γs12, and the latest
LHCb-measurement of Γd/Γs would imply a limit of B(B0

s → τ+τ−) < 3 % at 90 % C.L.
Any improvement on this limit, which might be in reach with the existing LHCb data set,
would yield strong constraints on models that couple strongly to third generation leptons.
A large enhancement in b→ sτ+τ− could help to understand the anomaly observed by
the D0 experiment in their measurement of the inclusive dimuon asymmetry [158] and
could also reduce the tension that exists with other mixing observables [151,152].

The study of B0
s → τ+τ− at LHCb presents significant challenges. The τ leptons must

be reconstructed in decays that involve at least one missing neutrino. Although it has
been demonstrated that the decay Z → τ+τ− can be separated from background at LHCb,
using both leptonic and hadronic decay modes [159], at lower energies the backgrounds
from semileptonic heavy flavour decays cause the use of the leptonic decay modes to be
disfavoured. However, in the case that “three-prong” τ decays are used, the vertices can
be reconstructed from the three hadron tracks. The analysis can then benefit from the
excellent vertexing capability of LHCb, and, due to the finite lifetime of the τ lepton,
there are in principle sufficient kinematic constraints to reconstruct the decay. Work is in
progress to understand how effectively the different potential background sources can be
suppressed, and hence how sensitive LHCb can be in this channel.

2.6 Model-independent constraints

Figure 4, taken from Ref. [41], shows the current constraints on the NP contributions to the

Wilson coefficients (defined in Eq. 1) C
(′)
7 , C

(′)
9 and C

(′)
10 , varying only one coefficient at a

time. The experimental constraints included here are: the branching fractions of B → Xsγ,
B → Xs`

+`−, B → Kµ+µ− and B0
s → µ+µ−, the mixing-induced asymmetries in

B → K∗γ and b→ sγ and the branching fraction and angular observables in B → K∗µ+µ−.
One can make the following observations:

• At 95 % C.L., all Wilson coefficients are compatible with their SM values.

• For the coefficients present in the SM, i.e. C7, C9 and C10, the constraints on the
imaginary part are looser than on the real part.

• For the Wilson coefficients C
(′)
10 , the constraint on B(B0

s → µ+µ−) is starting to
become competitive with the constraints from the angular analysis of B → K(∗)µ+µ−.

• The constraints on C ′9 and C ′10 from B → Kµ+µ− and B → K∗µ+µ− are comple-
mentary and lead to a more constrained region, and better agreement with the SM,
than with B → K∗µ+µ− alone.
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Figure 4: Individual 2σ constraints in the complex planes of Wilson coefficients, coming
from B → Xs`

+`− (brown), B → Xsγ (yellow), ACP (b → sγ) (orange), B → K∗γ (purple),
B → K∗µ+µ− (green), B → Kµ+µ− (blue) and B0

s → µ+µ− (grey), as well as combined 1 and
2σ constraints (red) [41].

• A second allowed region in the C7-C
′
7 plane characterised by large positive con-

tributions to both coefficients, which was found previously to be allowed e.g. in
Refs. [37, 38], is now disfavoured at 95 % C.L. by the new B → K∗µ+µ− data, in
particular the measurements of the forward-backward asymmetry from LHCb.

The second point above can be understood from the fact that for the branching fractions
and CP -averaged angular observables which give the strongest constraints, only NP
contributions aligned in phase with the SM can interfere with the SM contributions. As a
consequence, NP with non-standard CP violation is in fact constrained more weakly than
NP where CP violation stems only from the CKM phase. This highlights the need for
improved measurements of CP asymmetries directly sensitive to non-standard phases.20

Significant improvements of these constraints – or first hints for physics beyond the
SM – can be obtained in the future by both improved measurements of the observables
discussed above and by improvements on the theoretical side. From the theory side, there
is scope for improving the estimates of the hadronic form factors from lattice calculations,

20 LHCb has presented results on ACP (B0 → K∗0µ+µ−) at CKM 2012 [160].
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Figure 5: Constraints from flavour observables in CMSSM in the plane (m1/2,m0) with A0 = 0,
for tanβ = (left) 50 and (right) 30 [161], using SuperIso [105,162]. The black line corresponds
to the CMS exclusion limit with 1.1 fb−1 of data [163] and the red line to the CMS exclusion
limit with 4.4 fb−1 of data [164].

which will reduce the dominant source of uncertainty on the exclusive decays. On the
experimental side there are a large number of theoretically clean observables that can be
extracted with a full angular analysis of B0→ K∗0µ+µ−, as discussed in Sec. 2.3.2.

2.7 Interplay with direct searches and model-dependent con-
straints

The search for SUSY is the main focus of NP searches in ATLAS and CMS. Although
the results so far have not revealed a positive signal, they have put strong constraints
on constrained SUSY scenarios. The understanding of the parameters of SUSY models
also depends on other measurements, such as the anomalous dipole moment of the muon,
limits from direct dark matter searches, measurements of the dark matter relic density and
various B physics observables. As discussed in Sec. 2.5, the rare decay channels studied
in LHCb, such as B0

(s) → µ+µ−, provide stringent tests of SUSY. In addition, the decays

B → K(∗)µ+µ− provide many complementary observables which are sensitive to different
sectors of the theory. In this section, the implications of the current LHCb measurements
in different SUSY models are explained, both in constrained scenarios and in a more
general case.

First consider the constrained minimal supersymmetric standard model (CMSSM)
and a model with non-universal Higgs masses (NUHM1). The CMSSM is characterised
by the set of parameters {m0,m1/2, A0, tan β, sgn(µ)} and invokes unification boundary
conditions at a very high scale mGUT where the universal mass parameters are specified.
The NUHM1 relaxes the universality condition for the Higgs bosons which are decoupled
from the other scalars, adding then one extra parameter compared to the CMSSM.

Figure 5 shows the plane (m1/2,m0) for large and moderate values of tan β in the
CMSSM where, for comparison, direct search limits from CMS are superimposed. It
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Figure 6: SUSY spread of (top left) AFB(B → K∗µ+µ−) at low q2, (top right) q2
0(B → K∗µ+µ−)

and (bottom) FL(B → K∗µ+µ−) as a function of the lightest stop mass, for A0 = 0 and tanβ
= 50 [119], using SuperIso [105,162]. The solid red lines correspond to the preliminary LHCb
central value with 1.0 fb−1 [67], while the dashed and dotted lines represent the 1 and 2σ bounds
respectively, including both theoretical and experimental errors.

can be seen that, at large tan β, the constraints from flavour observables – in particular
B(B0

s → µ+µ−)– are more constraining than those from direct searches. As soon as one
goes down to smaller values of tan β, the flavour observables start to lose importance
compared to direct searches. On the other hand, B → K∗µ+µ− related observables, in
particular the forward-backward asymmetry, lose less sensitivity and play a complementary
role. To see better the effect of AFB(B → K∗µ+µ−) at low q2,21 the AFB zero-crossing
point q2

0 and FL(B → K∗µ+µ−), in Fig. 6 their SUSY spread is shown as a function of the
lightest stop mass for tan β = 50 [119]. As can be seen from the figure, small stop masses
are excluded and in particular mt̃1 . 800 GeV is disfavoured by AFB at the 2σ level.

The impact of the recent B → K(∗)l+l− decay data on SUSY models beyond MFV
(NMFV) with moderate tan β is shown in Fig. 7. The largest effect stems from left-right
mixing between top and charm super-partners. Due to the Z-penguin dominance of the
SUSY-flavour contributions the constraints are most effective for the Wilson coefficient
C10 (see Sec. 2.2). SUSY effects in C10 are reduced from about 50 % to 16 % (28 %) at
68 (95) % C.L. by the recent data on the rare decay B0 → K∗0µ+µ− [166]. The constraints

21 The effect of SUSY models on AFB(B → K∗µ+µ−) is discussed in Ref. [165].
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Figure 8: Impact of the latest B0
s → µ+µ− limits on the (MA , tanβ) plane in the (left) CMSSM

and (right) NUHM1 [167]. In each case, the full global fit is represented by an open green star
and dashed blue and red lines for the 68 and 95 % C.L. contours, whilst the fits to the incomplete
data sets are represented by closed stars and solid contours.

are relevant to flavour models based on radiative flavour violation (see, e.g., Ref. [168]),
and exclude solutions to the flavour problem with flavour generation in the up-sector and
sub-TeV spectra. The flavour constraints are stronger for lighter stops, hence there is an
immediate interplay with direct searches.
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Figure 9: Distribution of pMSSM points after the B0
s → µ+µ− constraint projected on the MA

(left) and (MA, tanβ) plane (right) for all accepted pMSSM points (medium grey), points not
excluded by the combination of the 2010 LHCb and CMS analyses (dark grey) and the projection
for the points compatible with the measurement of the SM expected branching fractions with a
20 % total uncertainty (light grey) [171].

Figure 8 shows the (MA, tan β) plane from fits of the CMSSM and NUHM1 parameter
space to the current data from SUSY and Higgs searches in ATLAS and CMS, as well as
dark matter relic density [128,169]. The study in constrained MSSM scenarios is illustrative
but not representative of the full MSSM. The strong constraints provided by the current
data in the CMSSM are not necessarily reproduced in more general scenarios. To go
beyond the constrained scenarios, consider the phenomenological MSSM (pMSSM) [170].
This model is the most general CP - and R-parity-conserving MSSM, assuming MFV at
the weak scale and the absence of FCNCs at tree level. It contains 19 free parameters: 10
sfermion masses, 3 gaugino masses, 3 trilinear couplings and 3 Higgs masses.

To study the impact of the B0
s → µ+µ− results on the pMSSM, the parameter space is

scanned and for each point in the space the consistency of the model with experimental
bounds is tested [171]. The left panel of Fig. 9 shows the density of points as a function
of MA before and after applying the combined 2010 LHCb and CMS B0

s → µ+µ− limit
(1.1× 10−8 at 95 % C.L. [172]), as well as the projection for a SM–like measurement with
an overall 20 % theoretical and experimental uncertainty. As can be seen the density of the
allowed pMSSM points is reduced by a factor of 3, in the case of a SM–like measurement.
The right panel shows the same distribution in the (MA, tan β) plane. Similar to the
CMSSM case, the region with large tan β and small MA is most affected by the experimental
constraints.

The interplay with Higgs boson searches can also be very illuminating as any viable
model point has to be in agreement with all the direct and indirect limits. As an example,
if a scalar Higgs boson is confirmed at ∼ 125 GeV,22 the MSSM scenarios in which the
excess would correspond to the heaviest CP -even Higgs (as opposed to the lightest Higgs)

22 At ICHEP 2012 the observation of a new particle consistent with the SM Higgs boson was reported
by ATLAS and CMS [173,174].
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are ruled out by the B0
s → µ+µ− limit, since they would lead to a too light pseudoscalar

Higgs.
It is clear that with more precise measurements a large part of the supersymmetric

parameter space could be disfavoured. In particular the large tan β region is strongly
affected by B0

s → µ+µ− as can be seen in Fig. 5. Also, a measurement of B(B0
s → µ+µ−)

lower than the SM prediction would rule out a large variety of supersymmetric models.
In addition, B → K∗µ+µ− observables play a complementary role especially for smaller
tan β values. With reduced theoretical and experimental errors, the exclusion bounds in
Fig. 6 and Fig. 7 for example would shrink leading to important consequences for SUSY
parameters.

2.8 Rare charm decays

So far the focus of this chapter has been on rare B decays, but the charm sector also
provides excellent probes for NP in the form of very rare decays. Unlike the B decays
described in the previous sections, the smallness of the d, s and b quark masses makes the
Glashow-Iliopoulos-Maiani (GIM) cancellation in loop processes very effective. Branching
ratios governed by FCNC are hence not expected to exceed O(10−10) in the SM. These
processes can then receive contributions from NP scenarios which can be several orders of
magnitude larger than the SM expectation.

2.8.1 Search for D0 → µ+µ−

The branching fraction of the D0 → µ+µ− decay is dominated in the SM by the long dis-
tance contributions due to the two photon intermediate state, D0 → γγ. The experimental
upper limit on the two photon mode can be combined with theoretical predictions to
constrain B(D0 → µ+µ−) in the framework of the SM: B(D0 → µ+µ−) < 6×10−11 at 90 %
C.L. [175]. Particular NP models where this decay is enhanced include supersymmetric
models with R-parity violation (RPV), which provides tree-level contributions that would
enhance the branching fraction. In such models, the branching fraction would be related
to the D0–D0 mixing parameters. Once the experimental constraints on the mixing
parameters are taken into account, the corresponding tree-level couplings can still give
rise to B(D0 → µ+µ−) of up to O(10−9) [176].

Preliminary results from a search for these rare decays have been performed by the
LHCb collaboration [177]. The upper limit obtained with 0.9 fb−1 of data taken in 2011 is:

B(D0 → µ+µ−) ≤ 1.3 (1.1)× 10−8 at 95 (90) % C.L. (21)

This upper limit on the branching fraction, already an improvement of an order of
magnitude on previous results, is expected to improve down to 5× 10−9 by the end of the
first data-taking phase of the LHCb experiment.
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2.8.2 Search for D+
(s) → h+µ+µ− and D0 → hh

′
µ+µ−

The D+
(s) → h+µ+µ− decay rate is dominated by long distance contributions from tree-

level D+
(s) → h+V decays, where V is a light resonance (V = φ, ρ, ω). The long-distance

contributions have an effective branching fraction (with V → µ+µ−) above 10−6 in the
SM. Large deviations in the total decay rate due to NP are therefore unlikely. However,
the regions of the dimuon mass spectrum far from these resonances are interesting probes.
Here, the SM contribution stems only from FCNC processes, that should yield no partial
branching ratio above 10−11 [178]. NP contributions could enhance the branching fraction
away from the resonances by several orders of magnitude: e.g. in the RPV model mentioned
above, or in models involving a fourth quark generation [178,179].

The LHCb experiment is well-suited to search for D+
(s) → h∓µ+µ± decays. The long

distance contributions can be used to normalise the decays searched for at high and low
dimuon mass: their decay rate will be measured relative to that of D+

(s) → π+φ(µ+µ−).
These resonant decays have a clean experimental signature and their final state only
differs from the signal in the kinematic distributions, which helps to reduce the systematic
uncertainties. The sensitivity of the LHCb experiment can be estimated by comparing
the yields of D+

(s) → π+φ(µ+µ−) decays observed in LHCb with those obtained by the

D0 experiment, which established the best limit on these modes so far [180]. With an
integrated luminosity corresponding to 1.0 fb−1, upper limits on the D+ (D+

s ) modes are
expected close to 10−8 (10−7) at 90 % C.L.

In analogy to the B sector, there is a wealth of observables potentially available in
four-body rare decays of D mesons. In the decays D0 → hh

′
µ+µ− (with h(′) = K or π),

forward-backward asymmetries or asymmetries based on T -odd quantities could reveal NP
effects [178,181,182]. Clearly the first challenge is to observe the decays which, depending
on their branching fractions, may be possible with the 2011 data set. However, the 50 fb−1

collected by the upgraded LHCb detector will be necessary to exploit the full set of
observables in these modes.

2.9 Rare kaon decays

The cross-section for K0
S production at the LHC is such that ∼ 1012 K0

S → π+π− would
be reconstructed and selected in LHCb with a fully efficient trigger. This provides a
good opportunity to search for rare K0

S decays in channels with high trigger efficiency, in
particular K0

S → µ+µ−.
The decay K0

S → µ+µ− is a flavour-changing neutral current that has not yet been
observed. This decay is strongly suppressed in the SM, with an expected branching fraction
of [183,184]

B(K0
S → µ+µ−) = (5.0± 1.5)× 10−12 , (22)

while the current experimental upper limit is 3.2 × 10−7 at 90 % C.L. [185]. The study
of K0

S → µ+µ− has been suggested as a possible way to look for new light scalars [183],
and indeed NP contributions up to one order of magnitude above the SM expectation
are allowed [184]. Enhancements above 10−10 are less likely. Bounds on B(K0

S → µ+µ−)
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close to 10−11 could be useful to discriminate among NP scenarios if other modes, such
as K+ → π+νν̄, indicated a non-standard enhancement of the s→ dll transition. First
results from LHCb, B(K0

S → µ+µ−) < 9×10−9 at 90 % C.L. [186], have significantly better
sensitivity than the existing results. With improved triggers on low mass dimuons, LHCb
could reach branching fractions of O(10−11) or below with the luminosity of the upgrade.
Decays of K0

L mesons into charged tracks can also be reconstructed, but with much less
(∼ 1 %) efficiency compared to a similar decay coming from a K0

S meson. This is due to the
long distance of flight of the K0

L state, which tends to decay outside the tracking system.

2.10 Lepton flavour and lepton number violation

The experimental observation of neutrino oscillations provided the first signature of lepton
flavour violation (LFV). The consequent addition of mass terms for the neutrinos in the SM
implies LFV also in the charged sector, but with branching fractions smaller than 10−40.
NP could significantly enhance the rates but, despite steadily improving experimental
sensitivity, charged lepton flavour violating (cLFV) processes like µ− → e−γ, µ–N → e–N ,
µ− → e+e−e−, τ− → `−γ and τ− → `+`−`− (with `− = e−, µ−) have not been observed.
Numerous theories beyond the SM predict larger LFV effects in τ− decays than µ− decays,
with branching fractions within experimental reach [187]. An observation of cLFV would
thus be a clear sign for NP, while lowering the experimental upper limit will help to further
constrain theories [188].

Another approach to search for NP is via lepton number violation (LNV). Decays
with LNV are sensitive to Majorana neutrino masses — their discovery would answer the
long-standing question of whether neutrinos are Dirac or Majorana particles. The strongest
constraints on minimal models that introduce neutrino masses come from neutrinoless
double beta decay processes, but searches in heavy flavour decays provide competitive and
complementary limits in models with extended neutrino sectors.

In this section, LFV and LNV decays of τ leptons and B mesons with only charged
tracks in the final state are discussed.

2.10.1 Lepton flavour violation

The neutrinoless decay τ− → µ+µ−µ− is a particularly sensitive mode in which to search
for LFV at LHCb as the inclusive τ− production cross-section at the LHC is large (∼ 80µb,
coming mainly from D+

s decays23) and muon final states provide clean signatures in the
detector. This decay is experimentally favoured with respect to the decays τ− → µ−γ
and τ− → e+e−e− due to the considerably better particle identification of the muons
and better possibilities for background discrimination. LHCb has reported preliminary
results from a search for the decay τ− → µ+µ−µ− using 1.0 fb−1 of data [190]. The upper
limit on the branching fraction was found to be B(τ− → µ+µ−µ−) < 7.8 (6.3)× 10−8 at
95 % (90 %) C.L, to be compared with the current best experimental upper limit from

23 Calculated from the bb̄ and cc̄ cross-sections measured at the LHCb experiment and the inclusive
branching ratios b→ τ and c→ τ [189].
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Belle: B(τ− → µ+µ−µ−) < 2.1× 10−8 at 90 % C.L. As the data sample increases this limit
is expected to scale as the square root of the available statistics, with possible further
reduction depending on improvements in the analysis. The large integrated luminosity
that will be collected by the upgraded experiment will provide sensitivity corresponding
to an upper limit of a few times 10−9. Searches will also be conducted in modes such as
τ− → p̄µ+µ− or τ− → φµ−, where the existing limits are much weaker, and low background
contamination is expected in the data sample.24

The pseudoscalar meson decays probe transitions of the type q → q′``′ and hence are
particularly sensitive to leptoquark-models and thus provide complementarity to leptonic
decay LFV processes [192, 193]. For the LHCb experiment, both decays from D and B
mesons are accessible. Sensitivity studies for the decays B0

(s) → e−µ+ and D0 → e−µ+ are
ongoing. Present estimates indicate that LHCb will be able to match the sensitivity of the
existing limits from the B factories and CDF in the near future.

2.10.2 Lepton number violation

In lepton number violating B and D meson decays a search can be made for Majorana
neutrinos with a mass of O(1 GeV). These indirect searches are performed by analysing
the production of same sign charged leptons in D or B decays such as D+

s → π−µ+µ+ or
B+ → π−µ+µ+ [27,194]. These same sign dileptonic decays can only occur via exchange
of heavy Majorana neutrinos. Resonant production may be possible if the heavy neutrino
is kinematically accessible, which could put the rates of these decays within reach of the
future LHCb luminosity. Non-observation of these LNV processes, together with low
energy neutrino data, would lead to better constraints for neutrino masses and mixing
parameters in models with extended neutrino sectors.

Using 0.4 fb−1 of integrated luminosity from LHCb, limits have been set on the branching
fraction of B+ → D−(s)µ

+µ+ decays at the level of a few times 10−7 and on B+→ π−µ+µ+

at the level of 1× 10−8 [195, 196]. These branching fraction limits imply a limit on, for
example, the coupling |Vµ4| between νµ and a Majorana neutrino with a mass in the range
1 < mN < 4 GeV/c2 of |Vµ4|2 < 5× 10−5.

2.11 Search for NP in other rare decays

Many extensions of the SM predict weakly interacting particles with masses from a few
MeV to a few GeV [197] and there are some experimental hints for these particles from
astrophysical and collider experiments [198,199]. For example, the HyperCP collaboration
has reported an excess of Σ+ → pµ+µ− events with dimuon invariant masses around
214 MeV/c2 [200]. These decays are consistent with the decay Σ+ → pX with the subsequent
decay X → µ+µ−. Phenomenologically, X can be interpreted as a pseudoscalar or axial-
vector particle with lifetimes for the pseudoscalar case estimated to be about 10−14 s [201–
203]. Such a particle could, for example, be interpreted as a pseudoscalar sgoldstino [202]
or a light pseudoscalar Higgs boson [204].

24 Preliminary results on τ− → p̄µ+µ− and τ− → pµ−µ− were presented at TAU 2012 [191].
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The LHCb experiment has recorded the world’s largest data sample of B and D mesons
which provides a unique opportunity to search for these light particles. Preliminary results
from a search for decays of B0

(s) → µ+µ−µ+µ− have been reported [205]. Such decays could

be mediated by sgoldstino pair production [206]. No excess has been found and limits of
1.3 and 0.5× 10−8 at 95 % C.L. have been set for the B0

s and B0 modes respectively. The
analysis can naturally be extended to D0 → µ+µ−µ+µ− decays, as well as B0

(s) → V 0µ+µ−

(V 0 = K(∗)0, ρ0, φ), where the dimuon mass spectrum can be searched for any resonant
structure. Such an analysis has been performed by the Belle collaboration [207]. With
the larger data sample and flexible trigger of the LHCb upgrade, it will be possible to
exploit several new approaches to search for exotic particles produced in decays of heavy
flavoured hadrons (see, e.g. Ref. [208]).
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3 CP violation in the B system

3.1 Introduction

CP violation, i.e. violation of the combined symmetry of charge conjugation and parity, is
one of three necessary conditions to generate a baryon asymmetry in the Universe [209].
Understanding the origin and mechanism of CP violation is a key question in physics.
In the SM, CP violation is fully described by the CKM mechanism [20]. While this
paradigm has been successful in explaining the current experimental data, it is known
to generate insufficient CP violation to explain the observed baryon asymmetry of the
Universe. Therefore, additional sources of CP violation are required. Many extensions of
the SM naturally contain new sources of CP violation.

The b hadron systems provide excellent laboratories to search for new sources of CP
violation, since new particles beyond the SM may enter loop-mediated processes such as
b→ q FCNC transitions with q = s or d, leading to discrepancies between measurements
of CP asymmetries and their SM expectations. Two types of b→ q FCNC transitions are
of special interest: neutral B meson mixing (∆B = 2) processes, and loop-mediated B
decay (∆B = 1) processes.

The LHCb experiment exploits the large number of b hadrons, including the particularly
interesting B0

s mesons, produced in proton-proton collisions at the LHC to search for
CP -violating NP effects. Section 3.2 provides a review of the status and prospects in
the area of searches for NP in B0

(s) mixing, in particular through measurements of the

mixing phases φd(s) and the semileptonic asymmetries a
d(s)
sl . The LHCb efforts to search

for NP in hadronic b → s penguin decays, such as B0
s → φφ, are discussed in Sec. 3.3.

Section 3.4 describes the LHCb programme to measure the angle γ of the CKM unitarity
triangle (UT) in decay processes described only by tree amplitudes, such as B± → DK±,
B0 → DK∗0 and B0

s → D∓s K
±. These measurements allow precise tests of the SM

description of quark-mixing via global fits to the parameters of the CKM matrix, as well as
direct comparisons with alternative determinations of γ in decay processes involving loop
diagrams, such as B0

s→ K+K−. At the end of each section, a brief summary of the most
promising measurements with the upgraded LHCb detector and their expected/projected
sensitivities is provided.

3.2 B0
(s) mixing measurements

3.2.1 B0
(s)–B̄

0
(s) mixing observables

The effective Hamiltonian of the B0
q–B̄

0
q (q = d, s) system can be written as

Hq =

(
M q

11 M q
12

M q∗
12 M q

22

)
− i

2

(
Γq11 Γq12

Γq∗12 Γq22

)
. (23)

where M q
11 = M q

22 and Γq11 = Γq22 hold under the assumption of CPT invariance. The
off-diagonal elements M q

12 and Γq12 are responsible for B0
q–B̄

0
q mixing phenomena. The
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“dispersive” part M q
12 corresponds to virtual ∆B = 2 transitions dominated by heavy

internal particles (top quarks in the SM) while the “absorptive” part Γq12 arises from
on-shell transitions due to decay modes common to B0

q and B̄0
q mesons. Diagonalising the

Hamiltonian matrix leads to the two mass eigenstates Bq
H,L (H and L denote heavy and

light, respectively), with mass M q
H,L and decay width ΓqH,L, being linear combinations of

flavour eigenstates with complex coefficients25 p and q that satisfy |p|2 + |q|2 = 1,

|Bq
L,H〉 = p|B0

q 〉 ± q|B̄0
q 〉 . (24)

The magnitudes of M q
12 and Γq12 and their phase difference are physical observables

and can be determined from measurements of the following quantities (for more details
see, e.g., Refs. [210,211]):

• the mass difference between the heavy and light mass eigenstates

∆mq ≡M q
H −M q

L ≈ 2|M q
12|
(

1− |Γq12|2
8|M q

12|2
sin2 φq12

)
, (25)

where φq12 = arg(−M q
12/Γ

q
12) is convention-independent;

• the decay width difference between the light and heavy mass eigenstates

∆Γq ≡ ΓqL − ΓqH ≈ 2|Γq12| cosφq12

(
1 +

|Γq12|2
8|M q

12|2
sin2 φq12

)
; (26)

• the flavour-specific asymmetry26

aqsl ≡
|p/q|2 − |q/p|2

|p/q|2 + |q/p|2
≈ |Γ

q
12|

|M q
12|

sinφq12 ≈
∆Γq
∆mq

tanφq12 . (27)

The correction terms in Eqs. (25) and (26) proportional to sin2 φq12 are tiny. In addition,
the ratio of q and p can be written(

q

p

)
= − ∆mq + i

2
∆Γq

2(M q
12 − i

2
Γq12)

, (28)

and hence in both B0 and B0
s systems one obtains, to a good approximation, a convention-

dependent expression (for an unobservable quantity) arg(−q/p) ≈ − arg(M q
12). Since

B–B̄ mixing is dominated by the box diagram with internal top quarks, this leads to an
expression in terms of CKM matrix elements arg(−q/p) = 2 arg(V ∗tbVtq).

25 Strictly, the coefficients p and q should also have subscripts q to indicate that they can be different
for B0 and B0

s , but these are omitted to simplify the notation.
26 The notation aqsl is used to denote flavour-specific asymmetries, reflecting the fact that the measure-

ments of these quantities use semileptonic decays.
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Further information can be obtained by measuring the phase difference between the
amplitude for a direct decay to a final state f and the amplitude for decay after oscillation.
In the case that the decay is dominated by b→ cc̄s tree amplitudes, and where f is a CP
eigenstate f with eigenvalue ηf ,

27 this phase difference is denoted as

φq ≡ − arg

(
ηf
q

p

Āf
Af

)
, (29)

where Af and Āf are the decay amplitudes of B → f and B̄ → f , respectively. In the
absence of direct CP violation Āf/Af = ηf . With these approximations, the CP -violating
phases in B mixing give the unitarity triangle angles, φd ≈ 2β and φs ≈ −2βs,

28 where
the angles are defined as [43]

β ≡ arg

(
−VcdV

∗
cb

VtdV ∗tb

)
, βs ≡ arg

(
−VtsV

∗
tb

VcsV ∗cb

)
. (30)

Clearly, if there is NP in M q
12 or in the decay amplitudes, the measured value of φq can

differ from the true value of (−)2β(s). Similarly, NP in either M q
12 or Γq12 can make the

observed value of aqsl differ from its SM prediction. Note, however, that even within the
SM, there is a difference between φq and φq12 [212]. Nonetheless, the notations φd(s) and
β(s) are usually used interchangeably.

The φs notation has been used in the LHCb measurements of the CP -violating phase in
B0
s mixing, using J/ψ φ [10,138] and J/ψ f0(980) [213,214] final states. By using the same

notation for different decays, an assumption that arg(Āf/Af ) is common for different final
states is being made. This corresponds to an assumption that the penguin contributions
to these decays are negligible. Although this is reasonable with the current precision,
as the measurements improve it will be necessary to remove such assumptions – several
methods to test the contributions of penguin amplitudes are discussed below. These include
measuring φq with different decay processes governed by different quark-level transitions.
Previous experiments have used the notation 2βeff in particular for measurements based on
b→ qq̄s (q = u, d, s) transitions; for symmetry the notation 2βeff

s is used in corresponding
cases in the B0

s system, although the cancellation of the mixing and decay phases in B0
s

decays governed by b→ qq̄s amplitudes is expected to lead to a vanishing CP violation
effect (within small theoretical uncertainties).

In the SM, the mixing observables can be predicted using CKM parameters from
a global fit to other observables and hadronic parameters (decay constants and bag
parameters) from lattice QCD calculation. These predictions can be compared to their
direct measurements to test the SM and search for NP in neutral B mixing.

3.2.2 Current experimental status and outlook

The current measurements and SM predictions for the mixing observables are summarised
in Table 1.

27 The cases for more generic final-states can be found in the literature, e.g. Ref. [43].
28 Note the conventional sign-flip between β and βs ensures that both are positive in the SM.
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Table 1: Status of B mixing measurements and corresponding SM predictions. New results
presented at ICHEP 2012 and later are not included. The inclusive same-sign dimuon asymmetry
AbSL is defined below and in Ref. [158].

Observable Measurement Source SM prediction References
B0
s system

∆ms ( ps−1) 17.719± 0.043 HFAG 2012 [43] 17.3± 2.6 [215–217]
17.725± 0.041± 0.026 LHCb (0.34 fb−1) [218]

∆Γs ( ps−1) 0.105± 0.015 HFAG 2012 [43] 0.087± 0.021 [215–217]
0.116± 0.018± 0.006 LHCb (1.0 fb−1) [138]

φs (rad) −0.044+0.090
−0.085 HFAG 2012 [43] −0.036± 0.002 [118,216,217]

−0.002± 0.083± 0.027 LHCb (1.0 fb−1) [138]
assl (10−4) −17± 91 +14

−15 D0 (no AbSL) [219] 0.29+0.09
−0.08 [118,216,217]

−105± 64 HFAG 2012 (including AbSL ) [43]
Admixture of B0 and B0

s systems
AbSL (10−4) −78.7± 17.1± 9.3 D0 [158] −2.0± 0.3 [215–217]

B0 system
∆md ( ps−1) 0.507± 0.004 HFAG 2012 [43] 0.543± 0.091 [211,216,217]

∆Γd/Γd 0.015± 0.018 HFAG 2012 [43] 0.0042± 0.0008 [215–217]
sin 2β 0.679± 0.020 HFAG 2012 [43] 0.832 +0.013

−0.033 [118,216,217]
adsl (10−4) −5± 56 HFAG 2012 [43] −6.5 +1.9

−1.7 [118,216,217]

The HFAG average of the B0
s mass difference ∆ms in Table 1 is based on measurements

performed at CDF [220] and LHCb [218,221]. It is dominated by the preliminary LHCb
result obtained using 0.34 fb−1 of data [218], which is also given in Table 1. These are
all consistent with the SM prediction. Improving the precision of the SM prediction is
desirable to further constrain NP in M s

12, and requires improving the accuracy of lattice
QCD evaluations of the decay constant and bag parameter (see Ref. [211] and references
therein).

The observables φs and ∆Γs have been determined simultaneously from B0
s → J/ψ φ

decays using time-dependent flavour tagged angular analyses [222,223]. The first LHCb
tagged analysis using 0.34 fb−1 of data [10] already provided a significant constraint on φs
and led to the first direct evidence for a non-zero value of ∆Γs. LHCb has also determined
the sign of ∆Γs to be positive at 4.7σ confidence level [224] by exploiting the interference
between the K+K− S-wave and P-wave amplitudes in the φ(1020) mass region [225]. This
resolved the two-fold ambiguity in the value of φs for the first time. LHCb has made
a preliminary update of the B0

s → J/ψ φ analysis using the full data sample of 1.0 fb−1

collected in 2011 [138]. The results from this analysis,

φs = −0.001± 0.101± 0.027 rad , ∆Γs = 0.116± 0.018± 0.006 ps−1 , (31)

are shown in Fig. 10 (left), and are in good agreement with the SM expectations.
LHCb has also studied the decay B0

s → J/ψ π+π−. This decay process is expected to
proceed dominantly via b→ ccs (the ss̄ produced in the decay rescatters to π+π− through
either a resonance such as f0(980) or a nonresonant process). Therefore, these events
can be used to measure φs. The π+π− mass range 775–1550 MeV shown in Fig. 11 (left)
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Figure 10: (Left) Preliminary LHCb measurement of φs and ∆Γs from B0
s → J/ψ φ decays using

1.0 fb−1 [138]. (Right) HFAG 2012 combination of φs and ∆Γs results, where the 1σ confidence
region is shown for each experiment and the combined result [43]. Note the different scales.

is used for the measurement. In contrast to B0
s → J/ψ φ, no angular analysis is needed

to disentangle the CP eigenstates, since the final state is determined to be dominantly
CP -odd in this mass range [226]. On the other hand, ∆Γs cannot be determined in this
decay channel alone.29 Using as input the value of ∆Γs obtained from B0

s → J/ψ φ, the
measurement from the analysis of B0

s → J/ψ π+π− with 1.0 fb−1 is [214]

φs = −0.019 +0.173
−0.174

+0.004
−0.003 rad . (32)

Figure 11 (right) shows the log-likelihood scan for the φs parameter for the B0
s → J/ψ π+π−

analysis. The latest HFAG average in Table 1 combines the LHCb results with the
B0
s → J/ψ φ analysis results from CDF using 9.6 fb−1 [229] and D0 using 8.0 fb−1 [230].

The LHCb result dominates the combination, which is in good agreement with the SM
predictions, as seen in Fig. 10 (right).30

The LHCb B0
s → J/ψ φ and B0

s → J/ψ π+π− analyses discussed above only used
opposite side flavour tagging [231, 232]. Future updates of these analyses will gain in
sensitivity by also using the same side kaon tagging information, which so far has been used
in a preliminary determination of ∆ms [218,233]. Currently, the systematic uncertainty
on φs is dominated by imperfect knowledge of the background, angular acceptance effects
and by neglecting potential contributions of direct CP violation. All of these uncertainties
are expected to be reduced with more detailed understanding and some improvements
in the analysis. Therefore it is expected that the determination of φs will remain limited
by statistical uncertainties, even with the data samples available after the upgrade of the
LHCb detector. In addition to B0

s → J/ψ φ and B0
s → J/ψ π+π−, other b → ccs decay

modes of B0
s mesons, such as J/ψη, J/ψη′ [234] and D+

s D
−
s [235] will be investigated.

These decays have been measured at LHCb [236,237].

29 The effective lifetime of B0
s → J/ψ f0(980) is sensitive to ∆Γs and CP violation parameters [227] and

has been measured by LHCb [228].
30 Results from ATLAS and CMS, presented at ICHEP2012 or later, are not included in this compilation.
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Figure 11: (Left) π+π− mass distribution of selected B0
s → J/ψ π+π− candidates and range

used for the φs measurement. (Right) log-likelihood difference as a function φs [214].

The SM prediction φs = −0.036 ± 0.002 rad could receive a small correction from
doubly CKM-suppressed penguin contributions in the decay. The value of this correction
is not precisely known, and may depend on the decay mode. Moreover, NP in the b→ ccs
decay may also affect the results. Although such effects are already constrained by results
from B+ and B0 decays, NP in the decay amplitudes can lead to polarisation-dependent
mixing-induced CP asymmetries and triple product asymmetries in B0

s → J/ψ φ [238].
Such effects will be searched for in future analyses.

The flavour-specific asymmetries provide important complementary constraints on
∆B = 2 processes. The D0 collaboration has performed a direct measurement of assl in
semileptonic B0

s decays [219], which is only weakly constraining.31 However, a measurement
of the inclusive same-sign dimuon asymmetry provides better precision, and shows evidence
of a large deviation from its SM prediction [158]. The inclusive measurement is sensitive
to a linear combination of the flavour-specific asymmetries, AbSL = Cd a

d
sl + Cs a

s
sl, where

Cq depend on the production fractions and mixing probabilities, and are determined to be
Cd = 0.594 ± 0.022, Cs = 0.406 ± 0.022 [158].32 As discussed in Sec. 3.2.3, the D0 AbSL

result is in tension with other ∆B = 2 observables. Improved measurements of assl and adsl
from LHCb are needed to solve this puzzle.

In LHCb, assl can be determined from the asymmetry between the time-integrated
untagged decay rates of B0

s decays to D+
s µ
−X and D−s µ

+X, with D±s → φπ±, φ→ K+K−

(or with the full D±s → K+K−π± Dalitz plot). Detector- and trigger-induced asymmetries
can be calibrated in control channels, and the fact that data is taken with both magnet
dipole polarities can be used as a handle to reduce systematic uncertainties. The effect of
B0
s production asymmetry is cancelled due to the fast oscillation, so the asymmetry in the

yields of D+
s µ
−X and D−s µ

+X decays is trivially related to assl. A first preliminary LHCb

31 An updated measurement has been presented by D0 at ICHEP 2012 [239].
32 The factors Cd and Cs depend in principle on the collision environment and the kinematic acceptance,

though the dependence appears to be weak. Trigger requirements can also affect the values of these
parameters.
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result on assl, based on 1.0 fb−1, has been reported at ICHEP 2012, and is the most precise
measurement of this quantity to date [240],

assl = (−0.24± 0.54± 0.33) % . (33)

It will also be possible to measure adsl using D+µ−X final states with D+ → K−π+π+.
In this case extra care must be taken to calibrate the difference between K+ and K−

detection efficiencies and an independent measurement of the B0 production asymmetry
is needed as input. Moreover, the CP -symmetric background from charged B decays is
significant and must be accurately subtracted.

In the B0 system, ∆md and sinφd (i.e. sin 2β) have been measured precisely by the B
factories [43]. The measurements of ∆Γd and adsl are consistent with their SM predictions,
but their uncertainties are at least an order of magnitude larger than those of the predictions.
Hence a large improvement in precision is needed to test the SM using these observables.
In the B0 sector there has been for some time a tension between the measurements of
sin 2β [43] and the branching ratio B(B+ → τ+ν) [241, 242], as shown in Fig. 12,33 and
discussed in Sec. 3.2.4. This motivates improved measurements of sin 2β and improved
understanding of the possible effects of penguin contributions to this observable.

`sin 2
0.5 0.6 0.7 0.8 0.9 1.0

)io 
A

B
R

(B
 

0.00

0.05

0.10

0.15

0.20

0.25

0.30
-310×

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0
p-value

Winter 12

CKM
f i t t e r

Figure 12: Comparison of direct and indirect determinations of sinφd ≡ sin 2β vs. B(B+ → τ+ν),
from Ref. [244].

LHCb has already presented first results on ∆md [221,245] and sin 2β [246]. The ∆md

result is the world’s most precise single measurement of this quantity, while the sensitivity
on sin 2β will be competitive with the B factory results using the data sample that will
be collected by the end of 2012. LHCb can also search for enhancements in the value of
∆Γd above the tiny value expected in the SM, e.g. by comparing the effective lifetimes

33 An updated measurement of B(B+ → τ+ν) using the hadronic tag method was presented by Belle at
ICHEP 2012 [243]: this new result reduces, but does not completely remove, the tension in the fits. The
analyses discussed here do not include this new result.
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of B0 → J/ψK0
S and B0 → J/ψK∗0 [247]. Significantly improving the precisions of the

B0 mixing observables is an important goal of the LHCb upgrade, as will be discussed in
Sec. 3.2.6.

The SM predictions of b-hadron lifetimes and ∆Γq are all obtained within the framework
of the heavy quark expansion. LHCb is actively working on measurements of b-hadron
lifetimes and lifetime ratios, which will be used to test these predictions. The knowledge
obtained from this work will allow to improve the SM predictions of ∆Γq for the purpose of
searching for NP. Furthermore, a more precise measurement of the ratio ofB0

s toB0 lifetimes
could either support or strongly constrain the existence of NP in Γs12 [151,152,211,215,248].

3.2.3 Model independent constraints on new physics in B mixing

Neutral Bq meson mixing is described in terms of the three parameters |M q
12|, |Γq12| and

φq = arg(−M q
12/Γ

q
12) for each of the two systems q = d, s. In the context of model-

independent analyses, the NP contributions can be parametrised in the form of two
complex quantities ∆q and Λq [152,249]

M q
12 = M q,SM

12 |∆q| eiφ
∆
q , Γq12 = Γq,SM

12 |Λq| eiφ
Λ
q , (34)

i.e., 4 real degrees of freedom. The observables which depend on these parameters are
the mass and decay width differences and flavour-specific CP -asymmetries. They can be
expressed in terms of the SM predictions and NP parameters as

∆mq = (∆mq)SM |∆q| , ∆Γq = (∆Γq)SM |Λq|
cos
(
φq,SM

12 + φ∆
q − φΛ

q

)
cosφq,SM

12

, (35)

aqsl = (aqsl)SM
|Λq|
|∆q|

sin
(
φq,SM

12 + φ∆
q − φΛ

q

)
sinφq,SM

12

, (36)

up to corrections suppressed by tiny (Γq12/M
q
12)2. Note that the expressions of Eqs. (35)

and (36) depend only on the difference (φ∆
q − φΛ

q ). The SM predictions of ∆mq, ∆Γq and
aqsl can be found in Table 1 and for φq12 [215]

φd,SM
12 = (−0.075± 0.024) rad , φs,SM

12 = (0.0038± 0.0010) rad. (37)

The values of ∆mq have been precisely measured, giving rather strong constraints on
|∆q| which are limited by the knowledge of hadronic matrix elements. The new ∆Γs
measurement of LHCb starts to provide useful constraints. As discussed above, the
CP -asymmetries aqsl are currently rather weakly constrained.

Further information can be extracted from the mixing-induced CP -asymmetries in
B0 → J/ψK0

S and B0
s → J/ψφ decays

φd = 2β + φ∆
d − δd, φs = −2βs + φ∆

s − δs, (38)
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where δd and δs denote shifts of φd and φs induced by either SM penguin diagrams or
NP contributions in the decay process. In the SM φd and φs are related to the angles β
and βs of the according unitarity triangles. When short-distance NP contributions are
introduced, φq depends on the phase φ∆

q of M q
12, whereas the phase φΛ

q of Γq12 does not
enter. The SM penguin pollution to δq is expected to be negligible for the current precision
of φq, and is discussed in detail in Sec. 3.2.5. Beyond the SM, NP can contribute to δq
in principle in both the tree b → ccs decay and the penguin process. However, in the
model-independent analysis described here, NP contributions in the b → ccs decay are
neglected and any observed deviation from the SM will be interpreted as effects of NP in
neutral B meson mixing. When δq is neglected, Eqs. (35), (36) and (38) allow to determine
the NP parameters |∆q|, φ∆

q , |Λq| and φΛ
q .

The assumption of NP in M q
12 only, or equivalently in ∆B = 2 processes only, implies

that there is no NP in ∆B = 1 processes which contribute to the absorptive part Γq12.
Consequently, NP can only decrease ∆Γq (since cos(φq,SM

12 ) is maximal, see Eq. (35)) with
respect to the SM [223, 250]. This scenario has been studied in extensions of the CKM
fit of the SM which includes ∆B = 2 measurements to constrain the CKM elements
Vtq [248,251], in combination with many other flavour-changing processes. Including LHCb
measurements [138,221]34 the SM point ∆d = ∆s = 1 is disfavoured by 2.4σ [248] (prior
to the LHCb results being available, a similar analysis gave a discrepancy of 3.6σ driven
mainly by the anomalous dimuon asymmetry [251]). The analysis gives ∆s consistent with
the SM, within large uncertainties, whereas the more precise data in the B0 system hint
at a deviation in ∆d (see Fig. 13). Moreover, NP effects up to 30–40 % are still allowed in
both systems at the 3 σ level. It should be noted, that the large deviations in the B0 sector
are not only due to AbSL, but also due to the tension between sinφd and B(B+ → τ+ν).

NP contributions to the absorptive part Γq12 of B mixing can enter through ∆B = 1
decays b→ qX with light degrees of freedom X of total mass below mB. In some particular
models such contributions can arise [153, 252] and interfere constructively or destructively
with the SM contribution. The recent measurements of ∆Γq and of AbSL revived interest in
this possibility. Model-independent analyses have confirmed that the AbSL measurement
cannot be accommodated within the SM [253,254]. A model-independent fit assuming NP
in both M q

12 and Γq12 has been considered in the framework of an extended CKM fit [248].
In this case, the experimental data can be accommodated, and the B0

s system remains
rather SM-like, but large NP contributions in the B0 system are required.

Model-independent analyses based on Eq. (34) are restricted to a particular set of
observables, mainly those with ∆B = 2, since correlations with ∆B = 1 measurements
are difficult to quantify. Either additional assumptions on the nature of X in b→ qX or
explicit NP models will permit better exploitation of the wealth of future experimental
information. In fact, such analyses have found it difficult to accommodate the hypothesis
of large NP in Γq12 with current ∆B = 1 measurements, therefore NP in Γq12 seems unlikely
to provide a full explanation of the measured value of AbSL. In the case of X = ff̄ ,
the ∆B = 1 operators b → (d, s)ff̄ (f = q or `) are strongly constrained [151], with

34 But not including results shown for the first time at ICHEP 2012 or later.
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Figure 13: Model-independent fit [248] in the scenario that NP affects M q
12 separately. The

coloured areas represent regions with C.L. < 68.3 % for the individual constraints. The red area
shows the region with C.L. < 68.3 % for the combined fit, with the two additional contours
delimiting the regions with C.L. < 95.45 % and C.L. < 99.73 %.

the exception of b → scc and b → sτ+τ−. Currently, only a weak upper bound on
B(B+ → K+τ+τ−) <∼ 3.3 ·10−3 at 90 % C.L. [255] exists whereas other decays B0

s → τ+τ−,
B → Xsτ

+τ− might be indirectly constrained with additional assumptions (see also the
discussion in Sec. 2.5.2). As an example, the improved LHCb measurement of τB0

s
/τB0

allowed the derivation of a stronger bound on B(B0
s → τ+τ−). Still, a model-independent

analysis of the complete set of b→ sτ+τ− operators does not allow for deviations larger
than 35 % from the SM in Γs12 [152], which is much too small to resolve the tension with
AbSL. For b→ dτ+τ− operators there exists a stronger constraint B(B0 → τ+τ−) <∼ 4 ·10−3

and even smaller NP effects are expected in Γd12. Other proposed solutions such as the
existence of new light spin-0 [256] or spin-1 [257] X states could be seriously challenged by
improved measurements of quantities, such as ratios of lifetimes, which are theoretically
under good control [215].

In summary, NP contributions to |∆q| are already quite constrained due to ∆mq mea-
surements and theoretical progress is required in order to advance. Although the phases
φ∆
q are constrained by the recent LHCb measurement of φs, and B factory measurements

of φd, there is a mild tension with the SM in model-independent fits of ∆B = 2 measure-
ments [152, 248, 253, 254], especially when allowing for NP in Γq12. On the other hand,
NP effects in Γq12 are expected to be limited when constraints from ∆B = 1 observables
are taken into account. Independent improved measurements of aqsl are needed in order
to resolve the nature of the current discrepancies between the ∆B = 2 observables with
their SM expectations and other observables entering global CKM fits. Further, improved
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measurements of Γq and ∆Γq, as well as of control channels, are needed to constrain NP
in Γq12.

3.2.4 CKM unitarity fits in SM and beyond

This section presents the results of the unitarity triangle (UT) analysis performed by
two groups: UTfit [258] and CKMfitter [244].35 The main aim of the UT analysis is
the determination of the values of the CKM parameters, by comparing experimental
measurements and theoretical predictions for several observables. The popular Wolfenstein
parametrisation allows for a transparent expansion of the CKM matrix in terms of the sine
of the small Cabibbo angle, λ, with the other three parameters being A, ρ̄ and η̄. Assuming
the validity of the SM, one can perform a fit to the available measurements. LHCb results
already make important contributions to the constraints on γ and ∆ms. With more
statistics, LHCb results are expected to impact on other CKM fit inputs, including α and
sin 2β. It is important to note the crucial role of lattice QCD calculations as input to the
CKM fits. For example, the parameters fBs

√
BBs and ξ enter the constraints on ∆ms and

∆md/∆ms. At the end of 2011, the precision of the calculations was at the level of 5.4 %
and 2.6 %, respectively [108]. The necessary further progress to obtain the full benefit of
the LHCb measurements appears to be in hand exploiting algorithmic advances as well as
ever increasing computing power for the lattice calculations.

The overall quality of the fit can be judged using the projection of the likelihoods on the
{ρ̄, η̄} plane. This projection is shown in Fig. 14. The fit can also be made removing one
of the inputs, giving a prediction for the removed parameter, which then can be compared
to the experimental value. The results of this study are presented in Table 2. Both groups
find a tension between B(B → τν) and sin 2β, as can be seen in Fig. 12. (As discussed in
Sec. 3.2.2 this tension will be reduced once the latest Belle result on B(B+ → τ+ντ ) [243]
is included in the fits.) Improved measurements of sin 2β can shed further light on this
problem.

In order to estimate the origin of the tensions, the UTfit and CKMfitter groups have
performed analyses including model-independent NP contributions to neutral meson mixing
processes (see Refs. [248, 262] for details). The NP effects are introduced through the real
valued C and φ parameters (ANP = CeiφASM) in case of UTfit and the complex valued ∆
parameter (ANP = ∆ASM) for CKMfitter. The parameters are added separately for the
B0
s and B0 sectors. In the absence of NP, the expected values are C = 1, φ = 0◦, and

∆ = 1. For the B0 sector the fits return C = 0.94 ± 0.14 and φ = (−3.6 ± 3.7)◦, and
∆ = (0.823 +0.143

−0.095) + i(−0.199 +0.062
−0.048). The results for both groups show some disagreement

with the SM, driven by tensions in the input parameters mentioned above. In the
B0
s sector, on the other hand, the situation is much closer to the SM than before the

LHCb measurements were available: C = 1.02 ± 0.10 and φ = (−1.1 ± 2.2)◦, and
∆ = (0.92 +0.13

−0.08) + i(0.00± 0.10).
The results of the studies by both groups point to the absence of big NP effects in

∆B = 2 processes. Nevertheless there is still significant room for NP in mixing in both

35 Similar approaches have been developed in Ref. [259,260].
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Table 2: Predictions for some parameters of the SM fit and their measurements as combined by
the UTfit and CKMfitter groups. Note that the two groups use different input values for some
parameters. The lines marked with (*) are not used in the full fit. Details of the pull calculation
can be found in Refs. [251,261]. New results presented at ICHEP2012 and later are not included
in these analyses.

Parameter
UTfit CKMfitter

prediction measurement pull prediction measurement pull
α (◦) 87.5± 3.8 91.4± 6.1 +0.5σ 95.9 +2.2

−5.6 88.7 +2.2
−5.9 −1.0σ

sin 2β 0.809± 0.046 0.667± 0.024 −2.7σ 0.820 +0.024
−0.028 0.679± 0.020 −2.6σ

γ (◦) 67.8± 3.2 75.5± 10.5 +0.7σ 67.2 +4.4
−4.6 66 +12

−12 −0.1σ
Vub (10−3) 3.62± 0.14 3.82± 0.56 +0.3σ 3.55 +0.15

−0.14 3.92± 0.09± 0.45 0.0σ
Vcb (10−3) 42.26± 0.89 41± 1 −0.9σ 41.3 +0.28

−0.11 40.89± 0.38± 0.59 0.0σ
εk (10−3) 1.96± 0.20 2.229± 0.010 +1.3σ 2.02 +0.53

−0.52 2.229± 0.010 0.0σ
∆ms ( ps−1) 18.0± 1.3 17.69± 0.08 −0.2σ 17.0 +2.1

−1.5 17.731± 0.045 0.0σ
B(B → τν) (10−4) 0.821± 0.0077 1.67± 0.34 +2.5σ 0.733 +0.121

−0.073 1.68± 0.31 +2.8σ
βs rad (*) 0.01876± 0.0008 0.01822 +0.00082

−0.00080

B(B0
s → µµ) (10−9) (*) 3.47± 0.27 3.64 +0.21

−0.32
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B0 and B0
s systems. More precise results, in particular from LHCb, can enable more

careful studies. Besides providing null tests of the SM hypothesis, improved φs and assl
measurements are crucial to quantity effects of NP in mixing. In addition a precise γ
determination is essential, not only for a SM global consistency test, but also to fix the
apex of the UT in the extended fits.

3.2.5 Penguin pollution in b→ ccs decays

In addition to the very clear experimental signature, precise determination of the B0 and
B0
s mixing phases is possible due to the fact that in the “golden modes”, B0 → J/ψ K0

S

and B0
s → J/ψ φ, explicit calculation of the relevant matrix elements can be avoided,

once subleading doubly Cabibbo-suppressed and loop-suppressed terms are assumed to
vanish [263]. Estimates yield corrections of the order O(10−3) only [264–266]; it is however
notoriously difficult to actually calculate the relevant matrix elements, and non-perturbative
enhancements cannot be excluded. Given the future experimental precision for these and
related modes, a critical reconsideration of this assumption is mandatory.

The main problem lies in the fact that once the assumption of negligible penguin
contributions is dropped, the evaluation of hadronic matrix elements again becomes
necessary, which still does not seem feasible to an acceptable precision for the decays in
question. To avoid explicit calculation, symmetry relations can be used, exploiting either
flavour SU(3) or U-spin symmetry [267–273]. Without taking into account any QCD
evaluation and only using control channels to estimate the size of the penguin amplitude,
the analyses in Refs. [270,273] still allow a phase shift of up to a few degrees for φd, which
would correspond to a very large non-perturbative enhancement of the penguin size. In
Ref. [270] a negative sign is preferred which (slightly) reduces the tension in the unitarity
triangle fit shown in Fig. 12. The reason for the large allowed range of the shift of φd is
due to the limited precision to which the corresponding control channels B0 → J/ψ π0 and
B0
s → J/ψ K0, which are Cabibbo-suppressed compared to the golden modes, are known.

For φs, an analogous analysis [269] cannot yet constrain the penguin contribution, due to
the lack of a B → J/ψ V control channel data for B0

s → J/ψ φ. However, in principle the
effects in the B → J/ψ V modes are expected to be of the same order of magnitude as in
the B → J/ψ P modes. The control channel B0

s → J/ψ K∗0 has already been observed at
CDF [274] and LHCb [275], and work is ongoing to measure its decay rate, polarisations
and direct CP asymmetries. This will enable the first direct constraint on the shift of φs
due to penguin contributions in the decay B0

s → J/ψ φ.36 For B0
s → J/ψ f0(980) there is

an additional complication due to the unknown hadronic structure of the f0(980) [227].
In addition to insufficient data, there are, at present, theoretical aspects limiting the

precision of this method at present, the most important of which is the violation of SU(3)
symmetry. Regarding the B0 mixing phase, a full SU(3) analysis can be performed [277]
(instead of using only one control channel) to be able to model-independently include
SU(3) breaking. The inclusion of SU(3)-breaking contributions is important: their neglect
can lead to an overestimation of the subleading effects. Including recent data for two of

36 Other data-driven methods to control penguin contributions to B0
s → J/ψ φ have been proposed [276].
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the relevant modes [278,279], the analysis shows that the data are at the moment actually
compatible with vanishing penguin contributions, with SU(3)-breaking contributions of the
order 20 %. Including the penguin contributions, an upper limit on the shift of the mixing-
induced CP asymmetry ∆S = sinφd− sin 2β is derived: |∆S| . 0.01, with a negative sign
for ∆S slightly preferred.37 This is the most stringent limit available, despite the more
general treatment of SU(3) breaking. In this analysis still some (conservatively chosen)
theoretical inputs are needed to exclude fine-tuned solutions: SU(3)-breaking effects have
been restricted to at most 40 % for a few parameters which are not well determined
by the fit and also have only small influence on the CP violation observables, and the
penguin matrix elements are constrained to be at most 50 % of the leading contributions.
Importantly, these theory inputs can be replaced by experimental measurements, namely
of the CP asymmetries in the decay B0

s → J/ψ K0
S , the decay rate of which has already

been measured at LHCb [279] after its observation at CDF [274]. Furthermore, data from
all the corresponding modes (i.e. Bd,u,s → J/ψ P , with light pseudoscalar meson P = π, η(′)

or K) can be used to determine the shift more precisely, i.e. the related uncertainty is not
irreducible, but can be reduced with coming data.

Turning to the second golden mode, B0
s → J/ψ φ, in general, the absolute shift is

not expected to be larger than in the B0 case. At the moment the data are not yet
available to make a comparable analysis. While the penguin decay mode B0

s → φφ is not
related by symmetry with B0

s → J/ψφ, comparing their decay rates indicates that the
penguin contributions are small, and there are no huge enhancements to be expected for
the penguin matrix elements in question.

Nonetheless, a quantitative analysis will ultimately be warranted here as well. In
principle, these methods can be adapted to extract the B0

s mixing phase including penguin
contributions and model-independent SU(3) breaking, thereby improving the method
proposed in Ref. [269]. The corresponding partners of the golden mode B0

s → J/ψ φ are
all the decays Bu,d,s → J/ψ V , with the light vector mesons V = K∗, ρ, φ or ω. However,
the complete analysis requires results on the polarisation fractions and CP asymmetries
for each of these final states, and for some of them the experimental signature is quite
challenging. In addition, the φ meson is a superposition of octet and singlet, therefore
the “control channels” involving K∗ and ρ are not as simply related as in the case with a
pseudoscalar meson, but require the usage of nonet symmetry, whose precision has to be
investigated in turn.

Nevertheless, significant progress can be expected. Several B → J/ψ V modes, including
B0

(s) → J/ψK∗0 [275], are being studied at LHCb. While measurements of the modes
involving b→ d transitions are expected to exhibit rather large uncertainties at first, the
advantage of the proposed method is the long “lever arm” due to the relative enhancement
∼ 1/λ2 in the control channels, so that even moderate precision will be very helpful.

37 Note the definition of ∆S here has a sign difference to that in Ref. [277].
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3.2.6 Future prospects with LHCb upgrade

Current measurements of φs carried out by LHCb in the J/ψ φ and J/ψ π+π− final states
show no deviation from the SM prediction within uncertainties [138,214], putting strong
constraints on NP in B0

s mixing, as discussed in Sec. 3.2.3. Table 3 shows the current
results with 1.0 fb−1 and the projected precision for 50 fb−1 with the upgraded detector. A
precision of < 10 mrad is expected for 50 fb−1 with the upgraded detector. It is expected
that even with this data sample, the main limitation will be statistical: the largest
systematic uncertainties on the current measurement (background description, angular
acceptance, effect of fixed physics parameters) [138] are expected to be removed with more
sophisticated analyses or to scale with statistics. Thus changes as small as a factor of
two with respect to the SM should be observable with 3σ significance. This precision
will make it possible either to measure a significant deviation from the SM prediction or
otherwise to place severe constraints on NP scenarios.

Table 3: LHCb measurements of φs. The quoted uncertainties are statistical and systematic,
respectively.

Final State Current value (rad) with 1.0 fb−1 Projected uncertainty (50 fb−1)
J/ψφ −0.001± 0.101± 0.027 0.008

J/ψπ+π− −0.019 +0.173
−0.174

+0.004
−0.003 0.014

Both −0.002± 0.083± 0.027 0.007

As discussed in Sec. 3.2.5, contributions from doubly CKM-suppressed SM penguin
diagrams could have a non-negligible effect on the mixing-induced CP asymmetry and bias
the extracted value of φs. Naive estimates of the bias are of the orderO(10−3) only [264–266],
but this must be examined with experimental data using flavour symmetries to exploit
control channels. LHCb can perform an SU(3) analysis using measurements of the decays
rates and CP asymmetries in B0

s → J/ψK∗0, B0 → J/ψρ0 and B0 → J/ψφ as control
channels for B0

s → J/ψφ. The necessary high precision can only be reached using the
large data sample that will be collected with the upgraded LHCb detector. The 50 fb−1

data sample will also allow to measure φs in the penguin-free (b → cūs/uc̄s) B0
s → Dφ

decay [280,281].
Another important goal is a more precise determination of sin 2β in the B0 system,

motivated by the tension between the direct and indirect determinations of sin 2β seen by
both UTfit and CKMfitter groups, as shown in Table 2. With the upgraded detector, using
the B0 → J/ψ K0

S final state alone, a statistical precision of ±0.006 is expected, to be
compared to the current error from the B factories of ±0.023 [189]. Given experience with
the current detector it seems feasible to control the systematic uncertainties to a similar
level. Such precision, together with better control of the penguin pollution, will allow us
to pin down any NP effects in B0 mixing. In addition, the penguin-free (b → cūd/uc̄d)
B0 → Dρ0 channel can be used to get another handle on sin 2β [282,283].

The importance of improved measurements of ∆Γq has been emphasised in Sec-
tions 3.2.1–3.2.3. LHCb has made a preliminary measurement of ∆Γs in B0

s → J/ψ φ
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using a 1.0 fb−1 data sample [138]. The effective lifetime of B0
s → J/ψ f0(980) [284] has

also been measured [228]. Based on this, the statistical precision on ∆Γs with 50 fb−1 is
projected to be ∼ 0.003 ps−1. It is hoped that the systematic uncertainty can be controlled
to the same level.

A measurement of ∆Γd is of interest as any result larger than the tiny value expected
in the SM would clearly signal NP [153,247,285]. To determine this quantity, LHCb will
compare the effective lifetimes of the two decay modes B0 → J/ψ K0

S with B0 → J/ψ K∗0.
The estimated precision for 1.0 fb−1 is ∼ 0.02 ps−1. With the upgraded detector and 50 fb−1

a statistical precision of ∼ 0.002 ps−1 on ∆Γd can be achieved. The systematic uncertainty
is under study.

The LHCb upgrade will also have sufficient statistics to make novel tests of CPT
symmetry. Any observation of CPT violation indicates physics beyond the SM. An
example of a unique test in the B0 system uses B0 → J/ψ K0 and its charge-conjugate
decay, where the K0 decays semileptonically [286–288]. This measurement involves looking
at four separate decay paths that interfere. While several tests can be performed, one
particular observable is the asymmetry Abk, that can be measured without the need of
flavour tagging, where

Abk =
Γ(B0 +B0 → J/ψ [π−µ+ν]− Γ(B0 +B0 → J/ψ [π+µ−ν])

Γ(B0 +B0 → J/ψ [π−µ+ν] + Γ(B0 +B0 → J/ψ [π+µ−ν])
. (39)

In terms of the CPT violation parameter θ′, the kaon decay time tK , the B0 decay time
tB, the B0 mass difference ∆md and CP -violating phase 2β, and kaon decay widths ΓKS
and ΓKL , this can be expressed

Abk = Re(θ′)
2e−

1
2(ΓKS +ΓKL )tK sin 2β (1− cos ∆mdtB)

e−ΓKS tK + e−ΓKL tK
. (40)

A signature of CPT violation would be a 1 − cos ∆mBtB dependence of the decay rate
after integrating over kaon decay times. Roughly 5000 such decays can be expected with
the upgrade. It is possible to detect these decays with low background level, even with
the missing neutrino, using the measured B0 direction, the detected J/ψ four-momentum,
and the kaon decay vertex. Other methods to test CPT symmetry (e.g. Ref. [289]) are
also under investigation.

3.3 CP violation measurements with hadronic b→ s penguins

3.3.1 Probes for new physics in penguin-only b→ sqq̄ decays

The presence of physics beyond the SM can be detected by looking for its contribution to
b→ sqq (q = s, d) decays,38 which in the SM can only proceed via FCNC loop diagrams
that are dynamically suppressed. These decays provide a rich set of observables that are
rather precisely known in the SM but could potentially receive sizeable corrections from
new heavy particles appearing in the loop.

38 Decays mediated primarily by b→ suū transitions are discussed in Secs. 3.4.4 and 3.4.5.
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• Direct CP asymmetries. In the SM b→ sqq decays are dominated by the penguin
diagram with an internal top quark. As a consequence, the direct CP asymmetry is
expected to be small. If there is a NP amplitude with comparable size interfering
with the SM amplitude, and it has different strong and weak phases than the SM
amplitude, a much larger direct CP asymmetry can arise.

• Polarisation and triple product asymmetries. For B decays into two vector
mesons V1 and V2, followed by vector to two pseudoscalar decays V1 → P1P

′
1

and V2 → P2P
′
2, there are three transversity states, labelled “longitudinal” (0),

“perpendicular” (⊥) and “parallel” (‖). Measurements of the fractions of the total
decay rate in each of these states, which correspond to determinations of the
polarisation in the final state, provide useful information about the chiral structure
of the electroweak currents, as well about non-perturbative effects such as rescattering
and penguin annihilation. In the SM, the decay to each transversity state is dominated
by a single amplitude with magnitude |Aj|, weak phase Φj and strong phase δj . The
CP -violating observables Im(A⊥A

∗
j − Ā⊥Ā∗j) are then

Im(A⊥A
∗
j − Ā⊥Ā∗j) = 2|A⊥||Aj| cos(δ⊥ − δj) sin(Φ⊥ − Φj), j = 0, ‖ . (41)

The values of these observables are tiny since in the SM the weak phases are the
same to a very good approximation, but Im(A⊥A

∗
j − Ā⊥Ā∗j) can significantly differ

from zero if there is a sizeable CP -violating NP contribution in the loop.

These observables can be extracted from the differential distributions in terms of
the angles θ1, θ2 and φ, where θ1 (θ2) is the polar angle of P1 (P2) in the rest frame
of V1 (V2) with respect to the opposite of the direction of motion of the B meson,
and φ is the angle between the decay planes of V1 → P1P

′
1 and V2 → P2P

′
2 in the

rest frame of the B meson. The two observables can also be related to two triple
product asymmetries for CP -averaged decays39 which are equal to asymmetries
between the number of events with positive and negative values of U = sin 2φ and
V = sign(cos θ1 cos θ2) sinφ:

Im(A⊥A
∗
‖ − Ā⊥Ā∗‖) ∝ AU =

N(U > 0)−N(U < 0)

N(U > 0) +N(U < 0)
, (42)

Im(A⊥A
∗
0 − Ā⊥Ā∗0) ∝ AV =

N(V > 0)−N(V < 0)

N(V > 0) +N(V < 0)
. (43)

A review of this subject can be found in Ref. [290] and references therein.

• Mixing-induced CP asymmetries. Mixing-induced CP asymmetries in b→ sqq
decays of neutral B to CP eigenstates are precisely predicted. Due to the fact that
the penguin diagram with an internal top quark is expected to dominate, the values

39 The triple product asymmetries in B0
s → φφ and B0

s → K∗0K∗0 decay could in principle also receive
contribution from non-zero mixing-induced CP asymmetries arising from NP in B0

s mixing. However, this
contribution is suppressed by ∆Γs/Γs and is already highly constrained.
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of 2βeff determined using B0 → φK0
S , B0 → η′K0

S , B0 → f0(980)K0
S , etc., are all

expected to give ≈ 2β (see, e.g. Refs. [291, 292] and the discussion in Ref. [43]).
Similarly, the values of 2βeff

s determined from B0
s → φφ, B0

s → K∗0K̄∗0, etc., are
expected to vanish due to cancellation of weak phases between mixing (top box)
and decay (top penguin) amplitudes. Higher order corrections from subleading
diagrams are expected to be small compared to the precision that can be achieved
in the near-term, but further theoretical studies will be needed as the upgrade era
approaches. NP with a flavour structure different from the SM will alter these CP
asymmetries through the decay amplitudes, even if there is no NP in B mixing. A
number of quasi-two-body or three-body decay modes can be studied.

• Correlations between direct and mixing-induced asymmetries. Penguin-
only decay modes are particularly interesting as the difference between formal “tree”
and “penguin” contributions boils down to a difference in the quark-flavour running
in the loop of the penguins. This difference, dominated by short distances, can be
assessed accurately using QCD factorisation, and it can be used to correlate the
branching ratio and the CP asymmetries of penguin-mediated modes. As discussed
in Refs. [137,293,294], these observables can be correlated not only within the SM,
but can also be used to extract the B0

s mixing phase even in the presence of NP
affecting only this phase.

3.3.2 Current status and outlook of LHCb measurements

LHCb published the first observation and measurement of the branching ratio and polari-
sation amplitudes in the B0

s → K∗0K∗0 decay mode [295] using 35 pb−1 of data collected
in 2010. A clean mass peak corresponding to 50 ± 8 B0

s → (K+π−)(K+π+) decays is
seen (Fig. 15 (left)), mostly from resonant B0

s → K∗0K∗0 decays. Using this signal the
longitudinal polarisation amplitude is measured to be fL = 0.31± 0.12(stat)± 0.04(syst)
and the branching ratio to be B(B0

s → K∗0K∗0) = (2.81± 0.46(stat)± 0.45(syst))× 10−5.
LHCb also published the measurement of the polarisation amplitudes and triple product

asymmetries in B0
s → φφ [296] using the 2011 data set of 1.0 fb−1. In this data set 801±29

events are observed with excellent signal-to-background ratio (see Fig. 15 (right)). The
polarisation amplitudes are measured to be

|A0|2 = 0.365± 0.022 (stat)± 0.012 (syst) ,
|A⊥|2 = 0.291± 0.024 (stat)± 0.010 (syst) ,
|A‖|2 = 0.344± 0.024 (stat)± 0.014 (syst) ,

(44)

where the sum of the square of the amplitudes is constrained to unity. The triple product
asymmetries in this mode are measured to be

AU = −0.055± 0.036 (stat)± 0.018 (syst) ,
AV = 0.010± 0.036 (stat)± 0.018 (syst) .

(45)

The results of this analysis are in agreement with, and more precise than, the previous
measurement [297], and are also consistent with the SM.
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Figure 15: (Left) fit of the K+π−K−π+ mass distribution for B0
s → K∗0K∗0 candidates from

35 pb−1 [295]; (right) fit of the K+K−K−K+ mass distribution for B0
s → φφ candidates from

1.0 fb−1 [296].

First measurements of CP asymmetries in these modes from time-dependent flavour-
tagged angular analyses are expected to follow. With high statistics, it will be possible to
measure polarisation-dependent direct and mixing-induced CP asymmetries, but for the
first analysis it will be more convenient to determine a single complex observable common
to all polarisations (as done for B0

s → J/ψ φ)

λ = ηj
q

p

Āj
Aj

(46)

where j denotes one of the three transversity states, which are also CP eigenstates with
eigenvalues ηj, and Aj (Āj) is the decay amplitude of B0

s (B0
s) to the corresponding state.

With this approximation it will be possible to determine the magnitude |λ| and phase
φeff
s ≡ − arg(λ). The SM expectation is |λ| ≈ 1 and φeff

s ≈ 0 due to the dominance
of the top-quark loop, and any observed deviation from these expectations would be a
signature of NP. Since NP in B0

s mixing is already constrained by measurement of φs from
B0
s → J/ψ φ, the main interest in these b → s penguin modes is to look for NP in the

decay processes. Based on simulation studies, a sensitivity on φeff
s of 0.3–0.4 radians with

1.0 fb−1 is expected for both B0
s → φφ and B0

s → K∗0K∗0.

3.3.3 Future prospects with LHCb upgrade

The latest results on mixing-induced CP violation in b→ s transitions show no significant
deviation from the SM, as seen in Fig. 16, which compares the mixing-induced CP violation
parameter sin 2βeff measured in penguin-dominated b→ s decays with the value of sin 2β
measured in the tree-dominated b→ ccs decays. In the absence of NP these observables
should only differ by small amounts. Due to these results, large NP contributions in
b → sqq decays are unlikely but further tests with higher precision remain interesting.
LHCb will be able to make competitive measurements of sin 2βeff in B0 → φK0

S and several
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other b→ sqq decays, but a significant improvement in precision requires the 50 fb−1 of
the LHCb upgrade. The improved trigger efficiency in the LHCb upgrade is particularly
important for these decays, which have only hadrons in the final state. With the upgrade
data sample, the statistical error of sin 2βeff(B0 → φK0

S ) is estimated to be roughly 0.06,
which is still above the SM uncertainty of ∼ 0.02 [298].

There are several more NP probes in b→ sqq decays that can be exploited at LHCb
and its upgrade, such as mixing-induced CP asymmetries and triple product asymmetries
in both B0

s → φφ and B0
s → K∗0K∗0 decays. The statistical precision of φeff

s with each
channel is estimated to be 0.3–0.4 rad for 1.0 fb−1. The projected precision for 50 fb−1 is
about 0.03 rad each. This can be compared with the uncertainties of their SM predictions
of about 0.02 rad. It is also possible to perform a combined analysis of B0

s → K∗0K∗0

and its U-spin related channel B0 → K∗0K∗0, which will put strong constraint on the
subleading penguin diagrams in B0

s → K∗0K∗0, thus further reducing the theoretical
uncertainty in the measurement of φeff

s [299,300]. The statistical precision of AU and AV
is estimated to be about 0.004, compared with an upper bound of 0.02 on their possible
sizes in the SM [290].
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Figure 16: HFAG compilation of results for sin 2βeff in b→ sqq decays [43].

In summary, the LHCb upgrade will allow the exploitation of the full potential of
the NP probes in b → sqq decays. Table 4 compares the current and projected (LHCb
upgrade, i.e. 50 fb−1) precisions of the key observables with the theory uncertainties of
their SM predictions.
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Table 4: Current and projected precisions of the key observables in b→ sqq decays.

Observable Current LHCb upgrade (50 fb−1) Theory uncertainty

AU, V (B0
s → φφ) 0.04 (LHCb 1.0 fb−1) 0.004 0.02 [301]

φeff
s (B0

s → φφ) – 0.03 0.02 [298]
φeff
s (B0

s → K∗0K̄∗0) – 0.03 0.02 [298]
sin 2βeff(B0 → φK0

S ) 0.12 (B factories) 0.06 0.02 [178]

3.4 Measurements of the CKM angle γ

3.4.1 Measurements of γ using tree-mediated decays

The CKM angle γ, defined as the phase γ = arg [−VudV ∗ub/(VcdV ∗cb)], is one of the angles
of the unitarity triangle formed from the hermitian product of the first (d) and third
(b) columns of the CKM matrix V . It is one of the least well known parameters of the
quark mixing matrix. However, since it can be determined entirely through decays of
the type B → DK 40 that involve only tree amplitudes — an unusual, even unique,
property amongst all CP violation parameters — it provides a benchmark measurement.
The determination from tree level decays has essentially negligible theoretical uncertainty,
at the level of δγ/γ = O(10−6), as will be shown in the next section. This makes γ a
very appealing “standard candle” of the CKM sector. It serves as a reference point for
comparison with γ values measured from loop decays (see Sec. 3.4.4).

Moreover, the determination of γ is crucial to improve the precision of the global
CKM fits, and resulting limits on (or evidence for) NP contributions (see Sec. 3.2.4). In
particular, the measurement of ∆md and the oscillation phase sin 2β in B0–B0 mixing can
be converted to a measurement of γ (in the SM). This can be compared to the reference
value from B → DK — their consistency verifies that the Kobayashi-Maskawa mechanism
of CP violation is the dominant source in quark flavour-changing processes. Existing
measurements provide tests at the level of O(10 %), but improving the precision to search
for smaller effects of NP is well motivated.

Several established methods to measure γ in tree decays exploit the B− → D(∗)K(∗)−

decays. They are based on the interference between the b→ u and b→ c tree amplitudes,
which arises when the neutral D meson is reconstructed in a final state accessible to both
D0 and D0 decays. The interference between the amplitudes results in observables that
depend on their relative weak phase γ. Besides γ they also depend on hadronic parameters,
namely the ratio of magnitudes of amplitudes rB ≡ |A(b→ u)/A(b→ c)| and the relative
strong phase δB between the two amplitudes. These hadronic parameters depend on the B
decay under investigation. They can not be precisely calculated from theory (see, however,
Ref. [302]), but can be extracted directly from data by simultaneously reconstructing
several different D final states.

40 By B → DK all related tree-dominated decay processes are implicitly included, including B+ → DK+,
B0 → DK∗0, B0

s → Dφ, B0
s → D∓s K

∓ and B0 → D(∗)∓π±. In these specific decay processes, the notation
D refers to a neutral D meson that is an admixture of D0 and D0 states.
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The various methods differ by the D(∗) final state that is used. The three main
categories of D decays considered so far by the B factories BaBar and Belle, and by CDF,
are:

• CP eigenstates (the GLW method [303,304]),

• doubly Cabibbo-suppressed (DCS) decays (the ADS method [305,306]),

• three-body, self-conjugate final states (the GGSZ or “Dalitz” method [307]).

An additional category has not been possible to pursue at previous experiments due to
limited event sample sizes:

• singly Cabibbo-suppressed (SCS) decays (the GLS method [308]).

In practise, except for the case of two-body decays, there is often no clear distinction
between the different methods.

The best sensitivity to γ obviously comes from combining the results of all different
analyses. This not only improves the precision on γ, but provides additional constraints
on the hadronic parameters. It also allows one to overcome the fact that CP -odd final
states such as K0

Sπ
0 are not easily accessible in LHCb’s hadronic environment.

A brief review of the main ideas of the different methods follows. The amplitudes of
the B− → D0K− and B− → D0K− processes are written as:

A(B− → D0K−) = Ace
iδc , A(D0 → f) = Afe

iδf , (47)

A(B− → D0K−) = Aue
i(δu−γ) , A(D0 → f̄) = Af̄e

iδf̄ ,

where Ac, Au, Af and Af̄ are real and positive (and CP violation in D0 decays has been
neglected). The subscripts c and u refer to the b→ c and b→ u transitions, respectively.
The amplitudes for the D0 decay can generally include the case where the D0 decays to
a three-body final state. In this case, Af , Af̄ , δf and δf̄ are functions of the Dalitz plot
coordinates. The amplitude of the process B− → D[→ f ]K− can be written, neglecting
D0–D0 mixing, as

A(B− → D[→ f ]K−) = AcAfe
i(δc+δf ) + AuAf̄e

i(δu+δf̄−γ) , (48)

and the rate is given by

Γ(B− → D[→ f ]K−) ∝ A2
cA

2
f + A2

uA
2
f̄ + 2AcAfAuAf̄Re(ei(δB+δD−γ))

∝ A2
c

(
A2
f + r2

BA
2
f̄ + 2rBAfAf̄Re(ei(δB+δD−γ))

)
, (49)

where rB = Au/Ac, δB = δu − δc and δD = δf̄ − δf . The rate for the charge-conjugated
mode (still neglecting CP violation in D0 decays) is obtained by exchanging γ → −γ.
Taking into account CKM factors and, in the case of charged B decays, colour suppression
of the b→ u amplitude, rB is expected to be around 0.1 for B− decays and around 0.3 for
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B0 decays. From Eq. (49) all the relevant formulae of the GLW, ADS and GGSZ methods
can be derived.

In the GLW analysis, the neutral D mesons are selected in CP eigenstates fCP± such
as D → K−K+ (CP = +1) or D → K0

Sπ
0 (CP = −1). Thus Af/Af̄ = 1 and δD = 0, π for

CP = ±1. Eq. (49) becomes:

Γ(B− → D[→ fCP±]K−) ∝ A2
c(1 + r2

B ± 2rB cos(δB − γ)) . (50)

The B− → DK− decays, where the D decays to Cabibbo-favoured (CF) final states (e.g.
D0 → K−π+) can be used to normalise the rates in order to construct observables that
minimise the systematic uncertainties. For those decays, to a good approximation,

Γ(B− → D[→ K−π+]K−) = Γ(B+ → D[→ K+π−]K+) ∝ A2
c . (51)

From Eqs. (50) and (51) and their CP conjugates the usual GLW observables follow:

RCP± =
2[Γ(B− → DCP±K

−) + Γ(B+ → DCP±K
+)]

Γ(B− → D0K−) + Γ(B+ → D0K+)
(52)

ACP± =
Γ(B− → DCP±K

−)− Γ(B+ → DCP±K
+)

Γ(B− → DCP±K−) + Γ(B+ → DCP±K+)
. (53)

Eqs. (52) and (53) provide a set of four observables that are connected to the three
unknowns γ, rB and δB through

RCP± = 1 + r2
B ± 2rB cos δB cos γ (54)

ACP± =
±2rB sin δB sin γ

RCP±
. (55)

However, only three of these equations are independent since, from Eq. (55), RCP+ACP+ =
−RCP−ACP−. Analogous relations hold for B → D∗CPK and B → DCPK

∗ decays, with
different values of the hadronic parameters characterising the B decay. However, in the
B → D∗CPK case one has to take into account a CP flip due to the different charge
conjugation quantum numbers of the π0 and the photon from the D∗ decay [309]: D∗CP± →
DCP±π

0, but D∗CP± → DCP∓γ. For analysis of B → DCPK
∗ the finite width of the K∗

resonance must be taken into account [310]. There are related important consequences for
the ADS and GGSZ analyses of B → D∗K and B → DK∗ decays.

In the ADS analysis, the neutral D mesons are selected in CF and DCS decays, such
as D0 → K−π+ and D0 → π−K+, respectively. The B decay rate is the result of the
interference of the colour allowed B− → D0K− decay followed by the DCS D0 → π−K+

decay and the colour suppressed B− → D0K− decay followed by the CF D0 → K−π+

decay. As a consequence, the interfering amplitudes are of similar magnitude and hence
large interference effects can occur. From Eq. (49) one finds

Γ(B∓ → D[→ K±π∓]K∓) ∝ r2
B + r2

D ± 2rBrD cos(δB + δD ∓ γ) (56)
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where both rD = Af/Af̄ = |A(D0 → π−K+)/A(D0 → K−π+)| and the phase difference
δD are measured in charm decays. The value of δD can be determined directly using data
collected from e+e− collisions at the ψ(3770) resonance, as has been done by CLEO [311,
312], but the most precise value comes from a global fit including charm mixing parameters.
The results provided by HFAG [43] from a combination with CP violation in charm allowed
are rD = 0.0575± 0.0007, δD =

(
202 +10

−11

)◦
. Defining RADS and AADS as

RADS =
Γ(B− → D[→ π−K+]K−) + Γ(B+ → D[→ π+K−]K+)

Γ(B− → D[→ K−π+]K−) + Γ(B+ → D[→ K+π−]K+)
, (57)

AADS =
Γ(B− → D[→ π−K+]K−)− Γ(B+ → D[→ π+K−]K+)

Γ(B− → D[→ π−K+]K−) + Γ(B+ → D[→ π+K−]K+)
, (58)

and using Eqs. (51) and (56) gives

RADS = r2
B + r2

D + 2rB rD cos γ cos(δB + δD) , (59)

AADS = 2rB rD sin γ sin(δB + δD)/RADS . (60)

It has been noted that for the extraction of γ it can be more convenient to replace the
pair of observables RADS, AADS with a second pair, R+, R−, defined as:

R± ≡
Γ(B± → [K∓π±]DK

±)

Γ(B± → [K±π∓]DK±)
= r2

B + r2
D + 2rBrD cos(δB + δD ± γ) (61)

Unlike RADS, AADS, the two quantities R+, R− are statistically independent. The ADS de-
cay chain B± → [π±K∓]DK

± has been observed for the first time by LHCb [6], confirming
the evidence that had begun to accumulate in previous measurements [313–315].

In the GGSZ analysis, the neutral D mesons are selected in three-body self-conjugate
final states. The channel that has been used most to date is D → K0

Sπ
+π−, though

first results have also been presented with D → K0
SK

+K− and other channels are under
consideration. For concreteness, consider D → K0

Sπ
+π−, with Afe

iδf = f(m2
−,m

2
+) and

Af̄e
iδf̄ = f(m2

+,m
2
−), where m2

− and m2
+ are the squared masses of the K0

Sπ
− and K0

Sπ
+

combinations. The rate in Eq. (49) can be re-written as:

Γ(B∓ →D[→ K0
Sπ
−π+]K∓) ∝ |f(m2

∓,m
2
±)|2 + r2

B|f(m2
±,m

2
∓)|2 (62)

+ 2rB|f(m2
∓,m

2
±)||f(m2

±,m
2
∓)| cos(δB + δD(m2

∓,m
2
±)∓ γ) ,

where δD(m2
∓,m

2
±) is the strong phase difference between f(m2

±,m
2
∓) and f(m2

∓,m
2
±). Due

to the fact that rB is required to be positive, the direct extraction of rB, δB and γ can be
biased. To avoid these biases, the “Cartesian coordinates” have been introduced [316]

x± = Re[rBe
i(δB±γ)] , y± = Im[rBe

i(δB±γ)] , (63)

allowing Eq. (62) to be rewritten as

Γ(B∓ → D[→ K0
Sπ

+π−]K∓) ∝ |f∓|2 + r2
B|f±|2 + 2

[
x∓Re[f∓f

∗
±] + y∓Im[f∓f

∗
±]
]
. (64)
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Here the notation has been simplified using f± = f(m2
±,m

2
∓). This Dalitz plot-based

method can be implemented in a model-dependent way by parametrising the amplitude
as a function of the Dalitz plot of the three-body state, or in a model-independent way
by dividing the Dalitz plot into bins and making use of external measurements of the D
decay strong phase differences within these bins [307,317,318].41

Besides the established methods based on direct CP violation in B → DK decays,
it is also possible to measure γ using time-dependent analyses of neutral B0 and B0

s

tree decays [320–322]. The method still relies on the interference of b → u and b → c
amplitudes, but interference is achieved through B0 (B0

s ) mixing. Thus one measures the
sum of γ and the mixing phase, namely γ + 2β and γ − 2βs in the B0 and B0

s systems,
respectively. Since both sin 2β and βs are becoming increasingly well measured, these
measurements provide sensitivity to γ.

Pioneering time-dependent measurements using the B0 → D(∗)∓π± decays have been
performed by both BaBar [323,324] and Belle [325,326]. In these decays the amplitude
ratios rDπ = |A(B0 → D(∗)+π−)/A(B0 → D(∗)−π+)| are expected to be small, rDπ . 0.02,
limiting the sensitivity. In the decays B0

s → D∓s K
±, however, both b → c and b → u

amplitudes are of same order in the Wolfenstein parameter λ, O(λ3), so that the interference
effects are expected to be large. In addition, the decay width difference in the B0

s system,
∆Γs, is non-zero, which adds sensitivity to the weak phase through the hyperbolic terms
in the time evolution (see also Ref. [327]). The time-dependent decay rates of the initially
produced flavour eigenstates are given by the decay equations

dΓB0
s (B0

s)→f (t)

dt e−Γst
=

1

2
|Af |2(1 + |λf |2)

×
[
cosh

(
∆Γst

2

)
−Df sinh

(
∆Γst

2

)
± Cf cos (∆mst)∓ Sf sin (∆mst)

]
,

(65)

where Γs, ∆Γs, ∆ms are the usual mixing parameters of the B0
s system and |q/p| = 1 has

been assumed. The top (bottom) of the ± and ∓ signs is used when the initial particle is
tagged as a B0

s (B0
s) meson. In Eq. (65), Af is the decay amplitude for a B0

s meson to
decay to a final state f , and λf = (q/p)(Af/Af) where Af is the amplitude for a B0

s to
decay into f . Similar equations hold for the charge conjugate processes replacing Af by
Af̄ , λf by λf̄ = (p/q)(Af̄/Af̄ ), and with a separate set of coefficients Cf̄ , Sf̄ and Df̄ . As

each decay is dominated by a single diagram, |λf | = |λf̄ |. The CP asymmetry observables
are then given by

Cf = Cf̄ =
1− |λf |2
1 + |λf |2

, Sf =
2Im(λf )

1 + |λf |2
, Df =

2Re(λf )

1 + |λf |2
,

Sf̄ =
2Im(λf̄ )

1 + |λ̄f̄ |2
, Df̄ =

2Re(λf̄ )

1 + |λ̄f̄ |2
. (66)

41 As for δD in the ADS method, the strong phase differences can be determined directly from
ψ(3770)→ DD̄ data, which has been done by CLEO [319]. In future, it is expected that the most precise
value will come from a global fit including results of time-dependent analyses of multibody charm decays.
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The equality Cf = Cf̄ results from |q/p| = 1 and |λf | = |λf̄ |. The term λf is connected to
the weak phase by

λf =
(q
p

)Af
Af

=
(V ∗tbVts
VtbV ∗ts

)(VubV ∗cs
V ∗cbVus

)∣∣∣A2

A1

∣∣∣ei∆ = |λf |ei(∆−(γ−2βs)) , (67)

where |A2/A1| is the ratio of the hadronic amplitudes between B0
s → D−s K

+ and B0
s →

D+
s K

−, ∆ is their strong phase difference, and γ − 2βs is the weak phase difference. An
analogous relation exists for λf̄ , λf̄ = |λf |ei(∆+(γ−2βs)). Thus one obtains five observables
from Eq. (66) and solves for |λf |, ∆, and (γ − 2βs).

The LHCb experiment has the necessary decay time resolution, tagging power and
access to large enough signal yields to perform this time-dependent CP measurement.42

The signal yields can be seen from the measurement of B(B0
s → D∓s K

±) [139] (see Sec. 3.4.3
below). The identification of the initial flavour of the signal B0

s candidate can be done
combining both the responses of opposite-side and same-side kaon tagging algorithms, as
is planned for other measurements of mixing-induced CP -violation in B0

s decays, and has
already been implemented in the preliminary analysis of B0

s → D−s π
+ decays [218].

3.4.2 Theoretical cleanliness of γ from B → DK decays

The answer to the question of why it is interesting to measure γ precisely depends on the
experimental precision that can be achieved. In the era of LHCb, the main motivation is
the theoretically clean measurement of the SM CKM phase. The search for NP can thus
be performed by comparing the extracted value of γ to other observables, for example in
the CKM fit (see Sec. 3.2.4). However, one can also cross-check for the presence of NP in
B → DK channels themselves. One way is to test that the values of γ determined from
the many different B → DK type channels all coincide. Another is automatically built in
to the method for γ extraction in the GGSZ analysis. Consider the case where the decay
amplitudes get modified by an extra contribution with a new strong phase δ′B and a weak
phase γ′. Then instead of the decay amplitudes in Eq. (48) one finds

A(B± → fDK
±) ∝ 1 + rDe

iδD(rBe
i(δB±γ) + r′Be

i(δ′B±γ
′)) . (68)

This means that for B+ and B− decays the rB ratios are different

rB+ → |rBei(δB+γ) + r′Be
i(δ′B+γ′)| , rB− → |rBei(δB−γ) + r′Be

i(δ′B−γ
′)| . (69)

Discovering that rB− 6= rB+ would signal a CP -violating NP contribution to the B → DK
amplitude. One signature of NP would then be x2

+ + y2
+ 6= x2

− + y2
−, though it is also

possible that the equality could be satisfied even in the presence of NP: in this case there
can be a shift in the extracted value of γ.

Existing measurements place strong constraints on tree-level NP effects, yet the
possibility of discoveries in this sector in the near term is not ruled out. In the far future,

42 Preliminary results have been presented at CKM 2012 [328].
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with much larger statistics, the measurement of γ is well suited to search for high scale
NP since it is theoretically very clean. For example, NP with contributions of different
chirality could give different shifts in γ, so the above test is meaningful.

A useful question to ask is, what is the energy scale that could be probed in principle?
To answer this, the irreducible theoretical uncertainty in the determination of γ must be
estimated. There are several sources that can induce a bias in the determination of γ from
B → DK decays. However, most of these can be avoided, either (i) with more statistics
(for example, the Dalitz plot model uncertainty where a switch to a model-independent
method is possible), or (ii) by modifying the equations used to determine γ (an example
is to correct for effects of D0–D0 mixing [329, 330]). The remaining, irreducible, theory
uncertainties are then from the electroweak corrections.

ū

ū

b

c

W

s

ū
Wt, c, u

b, s, d

ū

ū

b

c

W

ū

s

Figure 17: A B− → D0K− box diagram electroweak correction (left) with a different CKM
structure than the leading weak decay amplitude (right).

Table 5: Ultimate NP scales that can be probed using different observables listed in the
first column. They are given by saturating the theoretical errors given respectively by 1)
δγ/γ = 10−6, 2) optimistically assuming no error on fB, so that the ultimate theoretical error
is only from electroweak corrections, 3) using SM predictions in Ref. [30], 4) optimistically
assuming perturbative error estimates δβ/β 0.1 % [331], and 5) from bounds for ReC1(ImC1)
from UTfitter [262].

Probe ΛNP for (N)MFV NP ΛNP for gen. FV NP

γ from B → DK1) Λ ∼ O(102 TeV) Λ ∼ O(103 TeV)
B → τν2) Λ ∼ O(1 TeV) Λ ∼ O(30 TeV)
b→ ssd̄3) Λ ∼ O(1 TeV) Λ ∼ O(103 TeV)

β from B → J/ψK0
S

4) Λ ∼ O(50 TeV) Λ ∼ O(200 TeV)
K − K̄ mixing5) Λ > 0.4 TeV (6 TeV) Λ > 103(4) TeV

The challenge to determine this uncertainty is that the hadronic elements can no
longer be determined solely from the experiment. Not all electroweak corrections matter
though — the important ones are the corrections that change the CKM structure. For
instance, vertex corrections and Z exchanges do not affect γ, but corrections from box
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diagrams carry a different weak phase. The dominant contribution is effectively due to t
and b running in the loop. For b→ usc̄ transitions there is a tree level contribution with
∼ VubV

∗
cs CKM structure, while the box diagram has ∼ (VtbV

∗
ts)(VubV

∗
cb). Since this has the

same weak phase, it does not introduce a shift in γ. For b→ csū transitions, on the other
hand, the tree level is ∼ VcbV

∗
us, while the box diagram ∼ (VtbV

∗
ts)(VcbV

∗
ub), as illustrated in

Fig. 17. The two contributions have different weak phases, which means that the shift δγ
is non-zero.

The size of this effect is estimated by integrating over both t and b at the same time.
The electroweak corrections in the effective theory are then described by a local operator
whose matrix elements are easier to estimate. Although the Wilson coefficient of the
operator contains large logarithms, log(mb/mW ), for O(1) estimates, the precision obtained
without resummation is sufficient. If one resums log(mb/mW ) then nonlocal contributions
are also generated. As a rough estimate only the local contributions need be kept. The
irreducible theory error on γ is conservatively estimated to be δγ/γ < O(10−6) (most
likely it is even δγ/γ . O(10−7)).

This limit is far beyond the achievable sensitivity of any foreseeable experiment.
Nevertheless, it is interesting to consider what could be learnt in case such small deviations
could be observed. Assuming MFV one can probe ΛNP ∼ 102 TeV, while assuming general
flavour-violating (FV) NP one can probe ΛNP ∼ 103 TeV (where MFV and general FV NP
scales are defined as in Ref. [262]). This is by far the most precise potential probe of MFV,
as shown in Table 5, due to the small theoretical uncertainty.

Since an experimental precision of δγ/γ ∼ 10−6 is not achievable in the near future,
the NP scale reach must be adjusted for more realistic data sets. This is easily done, since
the scale ΛNP probed goes as the fourth root of the yield. With the LHCb upgrade, an
uncertainty of < 1◦ on γ can be achieved (see Sec. 3.4.6), so that NP scales approaching
ΛNP ∼ 5(50) TeV can be probed for MFV (general FV) NP.

3.4.3 Current LHCb experimental situation

First results from LHCb in this area include a measurement using B− → DK− with the
GLW and ADS final states [6].43 A measurement of the branching ratio of B0

s → D∓s K
±

has also been performed [139]. Several other analyses, including studies of GGSZ-type
final states, are in progress.44

These measurements all share common selection strategies. They benefit greatly from
boosted decision tree algorithms, which combine up to 20 kinematic variables to effectively
suppress combinatorial backgrounds. Charmless backgrounds are suppressed by exploiting
the large forward boost of the D+

(s) meson through a cut on its flight distance.

43 Results from preliminary GLW-type analyses using B0 → DK∗0 [332] and B− → DK−π+π− [333]
have been reported at ICHEP 2012.

44 At CKM 2012, LHCb presented results of a model-independent GGSZ analysis of B− → DK− with
D → K0

Sπ
+π− and D → K0

SK
+K− [7], preliminary results from a ADS-type analysis of B− → DK−

with D → K3π [334], a preliminary determination of γ from combined results using B− → DK−

and B− → Dπ− [335], and preliminary results on the time-dependent CP violation parameters in
B0
s → D∓s K

± [328].
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In the GLW/ADS analysis [6] of 1.0 fb−1 of
√
s = 7 TeV data collected in 2011, the

CP eigenstates D → K+K−, π+π−, and the quasi-flavour-specific D → π−K+ decay are
used. The CP asymmetries defined in Eq. (58), and the ratios R± defined in Eq. (61),
are measured for both the B → DK signal and the abundant B → Dπ control channel.
The latter has limited sensitivity to γ but provides a large control sample from which
probability density functions are shaped, and can be used to help reduce certain systematic
uncertainties. The control channel is also used to measure three ratios of partial widths

Rf
K/π =

Γ(B− → [f ]DK
−) + Γ(B+ → [f ]DK

+)

Γ(B− → [f ]Dπ−) + Γ(B+ → [f ]Dπ+)
, (70)

where f represents KK, ππ and the favoured Kπ mode. The signal yields are estimated
by a simultaneous fit to 16 independent subsamples, defined by the charges (×2), the D
final states (×4), and the DK or Dπ final state (×2). Figure 18 shows the projections of
the suppressed π±K∓ subsamples. It is crucial to control the cross feed of the abundant
B− → Dπ− decays into the signal decays. This is achieved using the two LHCb ring-
imaging Cherenkov detectors [336]. The systematic uncertainties are dominated by
knowledge of the intrinsic asymmetry of the detector in reconstruction of positive and
negative B meson decays, and by the uncertainty on the particle identification requirements.
The results are

RCP+ = 1.007± 0.038± 0.012 ,

ACP+ = 0.145± 0.032± 0.010 ,

R− = 0.0073± 0.0023± 0.0004 ,

R+ = 0.0232± 0.0034± 0.0007 ,

where the first error is statistical and the second systematic; RCP+ is computed from
RCP+ ≈ 〈RKK

K/π, R
ππ
K/π〉/RKπ

K/π with an additional 1 % systematic uncertainty assigned to

account for the approximation; ACP+ is computed as ACP+ = 〈AKKK , AππK 〉. From the R±
one can also compute

RADS = 0.0152± 0.0020± 0.0004 ,

AADS = −0.52± 0.15± 0.02 ,

asRADS = (R−+R+)/2 andAADS = (R−−R+)/(R−+R+). To summarise, theB± → DK±

ADS mode is observed with ≈ 10σ statistical significance when comparing the maximum
likelihood to that of the null hypothesis. This mode displays evidence (4.0σ) of a large
negative asymmetry, consistent with previous experiments [313–315]. The combined
asymmetry ACP+ is smaller than (but compatible with) previous measurements [337,338],
and is 4.5σ significant. The maximum likelihood is compared with that under the null
hypothesis in all three DK final states, diluted by the non-negligible correlated systematic
uncertainties. From this, with a total significance of 5.8σ, direct CP violation is observed
in B± → DK± decays.
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Figure 3: Invariant mass distributions of selected B± ! [!+!!]Dh± candidates. See the caption of Fig. 1
for a full description.
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Figure 4: Invariant mass distributions of selected B± ! [!±K"]Dh± candidates. See the caption of
Fig. 1 for a full description. The dashed line here represents the partially reconstructed, but Cabibbo
favoured, B0

s ! D0K!!+ and B0
s ! D0K+!! decays where the pions are lost. The pollution from

favoured mode cross feed is drawn, but is too small to be seen.

8

Figure 18: Invariant mass distributions of selected B± → [π±K±]Dh
± candidate events: (left)

B− candidates, (right) B+ candidates [6]. In the top plots, the track directly from the B vertex
passes a kaon identification requirement and the B candidates are reconstructed assigning this
track the kaon mass. The remaining events are placed in the bottom row and are reconstructed
with a pion mass hypothesis. The dark (red) curve represents the B → DK± events, the light
(green) curve is B → Dπ±. The shaded contribution are partially reconstructed events and the
thin line shows the total fit function which also includes a linear combinatoric component. The
broken line represents the partially reconstructed B0

s → D0K+π− decays where the pion is lost.

The analysis of the B0
s → D∓s K

± decay mode [139] is based on a sample corresponding
to an integrated luminosity of 0.37 fb−1, collected in 2011 at a centre-of-mass energy of√
s = 7 TeV. This decay mode has been observed by the CDF [339] and Belle [340]

collaborations, who measured its branching fraction with an uncertainty around 23 % [189].
In addition to B0

s → D∓s K
±, the channels B0 → D−π+and B0

s → D−s π
+are analysed. They

are characterised by a similar topology and therefore are good control and normalisation
channels. Particle identification criteria are used to separate the CF decays from the
suppressed modes, and to suppress misidentified backgrounds.

The signal yields are obtained from unbinned extended maximum likelihood fits to
the data. The fits include components for the combinatorial background and several
sources of background from b hadron decays. The most important is the misidentified
B0
s → D−s π

+ decay. Its shape is fixed from data using a reweighting procedure [341] while
the yield is left free to float. A similar procedure is applied to a simulated data sample to
extract the shape of the B0 → D−K+ misidentified background. The fit results are shown
in Fig. 19.

Correcting the raw signal yields for selection efficiency differences gives

B(B0
s → D∓s K

±)

B(B0
s → D−s π

+)
= 0.0646± 0.0043± 0.0025 , (71)
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where the first uncertainty is statistical and the second is systematic. Using the measured
relative yield of B0 → D−π+, the known B0 → D−π+ branching fraction [189], and the
recent fs/fd measurement [144], the branching fractions

B(B0
s → D−s π

+) = (2.95± 0.05± 0.17 +0.18
−0.22)× 10−3 , (72)

B(B0
s → D∓s K

±) = (1.90± 0.12± 0.13 +0.12
−0.14)× 10−4 (73)

are obtained, where the first uncertainty is statistical, the second is the experimental
systematic uncertainty, and the third is from the fs/fd measurement. Both measurements
are significantly more precise than the previous world averages [189].

3.4.4 Measurements of γ using loop-mediated two-body B decays

CP violation in B0
(s) decays plays a fundamental role in testing the consistency of the

CKM paradigm in the SM and in probing virtual effects of heavy new particles.
With the advent of the B factories, the Gronau-London (GL) [342] isospin analysis of

B → ππ decays has been a precious source of information on the phase of the CKM matrix.
Although the method allows a full determination of the weak phase and of the relevant
hadronic parameters, it suffers from discrete ambiguities that limit its constraining power.
It is however possible to reduce the impact of discrete ambiguities by adding information
on hadronic parameters [343,344]. In particular, as noted in Refs. [345–347], the hadronic
parameters entering the B0 → π+π− and the B0

s → K+K− decays are connected by U-spin,
so that experimental knowledge of B0

s → K+K− can improve the extraction of the CKM
phase with the GL analysis. Indeed, in Ref. [344], the measurement of B(B0

s → K+K−)
was used to obtain an upper bound on one of the hadronic parameters.

LHCb has reported preliminary measurements of the time-dependent CP asymmetries
using decays to CP eigenstates, namely B0 → π+π− and B0

s → K+K− [348], thereby
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permitting the use of the U-spin strategy proposed by Fleischer (F) [345–347] to extract
the CKM phase from a combined analysis of B0 → π+π− and the B0

s → K+K− decays.
However, as shown explicitly below, this strategy alone suffers from a sizeable dependence
on the breaking of U-spin symmetry. In Ref. [349], the authors propose to perform a
combined analysis of the GL modes plus B0

s → K+K− to obtain an optimal determination
of the CKM phase within the SM. They show that this combined strategy has a milder
dependence on the magnitude of U-spin breaking, allowing for a more solid estimate of the
theory error. The experimental data used for such a determination of γ are summarised in
Table 6.

Table 6: Experimental data on B → ππ and B0
s → K+K− decays. The correlation column

refers to that between Sf and Cf measurements. Except for the preliminary results in Ref. [348],
all other measurements have been averaged by HFAG [43]. The CP asymmetry of B+ → π+π0

has been reported for completeness, although it has not been used in the analysis. New results
on time-dependent CP violation in B0 → π+π− reported by Belle at CKM2012 [350] are not
included.

Channel B × 106 Sf (%) Cf (%) Corr. Ref.
B0 → π+π− 5.11± 0.22 −65± 7 −38± 6 −0.08 [351–356]
B0 → π+π− – −56± 17± 3 −11± 21± 3 0.34 [348]
B0 → π0π0 1.91± 0.23 – −43± 24 – [351,355,357]
B+ → π+π0 5.48± 0.35 – −2.6± 3.9 – [354,355,358]
B0
s → K+K− 25.4± 3.7 17± 18± 5 −2± 18± 4 0.1 [348,356,359]

The time-dependent asymmetry for a B meson decay to a CP eigenstate f can be
written, with the same notation as Eqs. (65) and (66),45 as

ACP (t) =
Sf sin(∆mt)− Cf cos(∆mt)

cosh
(

∆Γ
2
t
)

+Df sinh
(

∆Γ
2
t
) , (74)

where Cf and Sf parametrise direct and mixing-induced CP violation respectively, and
the quantity Df is constrained by the consistency relation

(Cf )
2 + (Sf )

2 + (Df )
2 = 1 . (75)

The LHCb preliminary results on direct and mixing-induced CP violation parameters
in B0 → π+π− and B0

s → K+K− decays [348] are shown in Table 6. The measurements
of Cπ+π− and Sπ+π− are compatible with those from the B factories, whereas CK+K− and
SK+K− are measured for the first time and are consistent with zero within the current
uncertainties.

Beyond the SM, NP can affect both the B0
(s)–B̄

0
(s) amplitudes and the b→ d(s) penguin

amplitudes. Taking the phase of the mixing amplitudes from other measurements, for

45 In the LHCb preliminary results on B0 → π+π− and B0
s → K+K− decays [348] a different notation

has been used: Adir
f ≡ −Cf , Amix

f ≡ Sf , A∆Γ
f ≡ −Df .
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example from b → cc̄s decays, one can obtain a constraint on NP in b → s (or b → d)
penguins. Alternatively, assuming no NP in the penguin amplitudes, one can obtain
a constraint on NP in mixing. The analysis discussed here is based on a simplified
framework [349], using as input values sin 2β = 0.679± 0.024 [43] and 2βs = (0± 5)◦ [138]
obtained from b→ cc̄s decays. The optimal strategy will be to include the combined GL
and Fleischer analysis in a global fit of the CKM matrix plus possible NP contributions.

The GL and Fleischer analyses were formulated with different parametrisations of the
decay amplitudes. In order to use the constraints in a global fit one can write46

A(B0 → π+π−) = C(eiγ − deiθ) , A(B̄0 → π+π−) = C(e−iγ − deiθ) ,
A(B0 → π0π0) = C√

2
(TeiθT eiγ + deiθ) , A(B̄0 → π0π0) = C√

2
(TeiθT e−iγ + deiθ) ,

A(B+ → π+π0) = A(B0→π+π−)√
2

+A(B0 → π0π0) , A(B− → π−π0) = A(B̄0→π+π−)√
2

+A(B̄0 → π0π0) ,

A(B0
s → K+K−) = C ′ λ

1−λ2/2 (eiγ + 1−λ2

λ2 d′eiθ
′
) , A(B0

s → K+K−) = C ′ λ
1−λ2/2 (e−iγ + 1−λ2

λ2 d′eiθ
′
) ,

(76)

where the magnitude of VubV
∗
ud has been reabsorbed in C, and the magnitude of

VcbV
∗
cd/(VubV

∗
ud) has been reabsorbed in d. In the exact U-spin limit, one has C = C ′,

d = d′ and θ = θ′. Isospin breaking in B → ππ has been neglected, since its impact on
the extraction of the weak phase is at the level of 1◦ [360–363]. The physical observables
entering the analysis are

B(B → f) = F (B)
|A(B → f)|2 + |A(B̄ → f)|2

2
, (77)

Cf =
|A(B → f)|2 − |A(B̄ → f)|2
|A(B → f)|2 + |A(B̄ → f)|2 , Sf =

2Im
(
e−iφM (B)A(B̄→f)

A(B→f)

)
1 +

∣∣∣A(B̄→f)
A(B→f)

∣∣∣2 ,

where φM (B0) = 2β, φM (B0
s ) = −2βs in the SM, and F (B0) = 1, F (B+) = τB+/τB0 = 1.08,

F (B0
s ) = τB0

s
/τB0(m2

B0/m2
B0
s
)
√

(M2
B0
s
− 4M2

K+)/(M2
B0 − 4M2

π+) = 0.9112.

In the GL approach, one extracts the probability density function (PDF) for the angle
α = π − β − γ of the UT from the measurements of B(B → ππ), Sπ+π− , Cπ+π− and
Cπ0π0 . Using the unitarity of the CKM matrix, it is possible to write the B → ππ decay
amplitudes and observables in terms of α instead of γ and β. However, for the purpose
of connecting B → ππ to B0

s → KK it is more convenient to use the parametrisation in
Eq. (76). In this way, α (or, equivalently, γ), is determined up to discrete ambiguities,
that correspond however to different values of the hadronic parameters. As discussed in
detail in Ref. [344], the shape of the PDF obtained in a Bayesian analysis depends on
the allowed range for the hadronic parameters. For example, using the data in Table 6,
solving for C and choosing flat a priori distributions for d ∈ [0, 2], θ ∈ [−π, π], T ∈ [0, 1.5]
and θT ∈ [−π, π] the PDF for γ in Fig. 20 is obtained, corresponding to γ = (68± 15)◦

(γ ∈ [25, 87]◦ at 95 % probability). Using instead the Fleischer method, one can obtain a
PDF for γ given a range for the U-spin breaking effects. In this method it was originally

46 Note that the use here of the symbol C to denote a colour-suppressed amplitude is not related to its
use to denote direct CP violation parameters in time-dependent analyses.
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suggested to parametrise the U-spin breaking in C ′/C using the result one would obtain
in factorisation, namely

rfact =

∣∣∣∣C ′C
∣∣∣∣
fact

= 1.46± 0.15 , (78)

where the error obtained using light-cone QCD sum rule calculations [364] has been
symmetrised. However, this can only serve as a reference value, since there are non-
factorisable contributions to C and C ′ that could affect this estimate. In this analysis, the
non-factorisable U-spin breaking is parametrised as follows

C ′ = rfactrCC , Re(d′eiθ
′
) = rrRe(deiθ) , Im(d′eiθ

′
) = riIm(deiθ) , (79)

with rC , rr and ri uniformly distributed in the range [1− κ, 1 + κ].
In Fig. 20 the PDF for γ obtained with the Fleischer method for two different values

of the U-spin breaking parameter κ = 0.1, 0.5 is shown. The method is very precise for
small amounts of U-spin breaking (κ = 0.1), but becomes clearly worse for κ = 0.5. Thus,
a determination of γ from the Fleischer method alone is subject to uncertainty on the size
of U-spin breaking.
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Figure 20: From left to right: PDF for γ obtained using the GL method as described in the text;
PDF for γ obtained using the Fleischer method for κ = 0.1, 0.5 [349]. Here and in the following,
dark (light) areas correspond to 68 % (95 %) probability regions.

The result of the combined GL+F analysis is given in Fig. 21, where the PDF for γ
for κ = 0.1 and 0.5 is shown. The result of the combined analysis is much more stable
against the allowed amount of U-spin breaking. In Fig. 21 the 68 % probability region for
γ obtained using the combined method as a function of κ is also shown, and compared to
the GL result. The combined method shows a considerable gain in precision even for very
large values of κ.

NP could affect the determination of γ in the combined method by giving (electroweak)
penguin contributions a new CP -violating phase. If one assumes that the isospin analysis
of the GL channels is still valid, barring order-of-magnitude enhancements of electroweak
penguins in B → ππ, and if one assumes for concreteness that NP enters only b → s
penguins, in the framework of a global fit, one can simultaneously determine γ and the
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Figure 21: From left to right: PDF for γ obtained using the combined method for κ = 0.1,
0.5; 68 % probability region for γ obtained using the combined method (filled area) or the GL
method (horizontal lines) as a function of κ [349].

NP contribution to b→ s penguins. For the purpose of illustration, the value of γ from
tree-level processes, γtree = (76± 9)◦ is used as input [262],47 allowing inspection of the
posterior for γ and for the NP penguin amplitude. Writing

A(B0
s → K+K−) = C ′

λ

1− λ2/2

(
e+iγ +

1− λ2

λ2

(
d′eiθ

′
+ e+iφNPd′NPe

iθ′NP

))
, (80)

A(B0
s → K+K−) = C ′

λ

1− λ2/2

(
e−iγ +

1− λ2

λ2

(
d′eiθ

′
+ e−iφNPd′NPe

iθ′NP

))
,

and taking uniformly distributed d′NP ∈ [0, 2] and φNP, θ
′
NP ∈ [−π, π] the PDFs shown in

Fig. 22 are obtained for κ = 0.5. This yields γ = (74± 7)◦, and a 95 % probability upper
bound on d′NP around 1. Clearly, the bound is stronger for large values of φNP.
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Figure 22: From left to right: PDFs for φNP, d′NP and θ′NP obtained using the combined method
with κ = 0.5 [349].

47 Note that the value of γ quoted here differs from that obtained from the full CKM fit (given in
Table 2) due to the different inputs used.
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Finally, B0
s → KK decays can also be used to extract 2βs in the SM. The optimal

choice in this respect is represented by B0
s → K(∗)0K̄(∗)0 (with B0 → K(∗)0K̄(∗)0 as U-spin

related control channels to constrain subleading contributions), since in this channel there
is no tree contribution proportional to eiγ [299, 300]. However, the combined analysis
described above, in the framework of a global SM fit, can serve for the same purpose. To
illustrate this point, the GL+F analysis is performed, taking as input the SM fit result
γ = (69.7 ± 3.1)◦ [262] and not using the measurement of 2βs from b → cc̄s decays. In
this way, 2βs = (3 ± 14)◦ is obtained for κ = 0.5. The analysis can also be performed
without using the measurement of γ, in this case the result is 2βs = (6 ± 14)◦. With
improved experimental accuracy, this determination could become competitive with that
from b→ cc̄s decays. Once results of time-dependent analyses of the B0

(s) → K(∗)0K̄(∗)0

channels are available these may also provide useful constraints.48

To conclude, the usual GL analysis to extract α from B0 → ππ can be supplemented
with the inclusion of the B0

s → K+K− modes, in the framework of a global CKM fit. The
method optimises the constraining power of these decays and allows the derivation of
constraints on NP contributions to penguin amplitudes or on the B0

s mixing phase and
illustrates these capabilities with a simplified analysis, neglecting correlations with other
SM observables.

3.4.5 Studies of CP violation in multibody charmless b hadron decays

Multibody charmless b hadron decays can be used for a variety of studies of CP violation,
including searches for NP and determination of the angle γ. Due to the resonant structure
in multibody decays, these can offer additional possibilities to search for both the existence
and features of NP. Model-independent analyses [366, 367] can be performed to first
establish the presence of a CP violation effect, and then to identify the regions of the
phase space in which it is most pronounced.49 To further establish whether any observed
CP violation can be accommodated within the Standard Model, amplitude analyses can
be used to quantify the effects associated with resonant contributions to the decay. A
number of methods have been proposed to determine γ from such processes [370–379], in
general requiring input not only from charged B decays, but also from B0 and B0

s decays
(to states such as K0

Sh
+h′− and π0h+h′−).50 The potential for LHCb to study multibody

charmless Λ0
b decays adds further possibilities for novel studies of CP violation effects.

48 The proposal of Ref. [300] has been recently critically reexamined in Ref. [365]. The present analysis
shows no particular enhancement of the contribution proportional to eiγ in B0

s → K+K−, in agreement
with the expectation that B0

s → K(∗)0K̄(∗)0 should be penguin-dominated to a very good accuracy.
49 LHCb has presented preliminary results from model-independent searches for CP violation in B± →

π+π−K± and B± → K+K−K± at ICHEP 2012 [368], and in B± → π+π−π± and B± → K+K−π± at
CKM 2012 [369].

50 LHCb has presented preliminary branching fraction measurements of B0
(s) → K0

Sh
+h′− decays at

ICHEP 2012 [380].
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3.4.6 Prospects of future LHCb measurements

As discussed above, the angle γ can be determined from both tree-dominated and loop-
dominated processes. Comparisons of the values obtained provide tests of NP, and so
precision measurements from both methods are needed. Among the tree-dominated
processes, in addition to the modes discussed above, any channel that involves the
interference of b → cūs and b → uc̄s transitions is potentially sensitive to γ. Many of
these modes can be analysed in the upgraded phase of LHCb, including

1. B+ → DK+π−π+ where, similarly to the B → DK mode, the neutral D can be
reconstructed either in the two-body (ADS and GLW-like measurement) or multibody
(GGSZ-like measurement) final state. The observation of the CF mode in LHCb
data [381] indicates a yield only twice lower than that for the B → DK mode, which
makes it competitive for the measurement of γ.51 However, two unknown factors
affect the expected γ sensitivity. First, since this is a multibody decay, the overlap
between the interfering amplitudes is in general less than 100 %; this is accounted
for by a coherence factor between zero and unity which enters the interference term
in Eqs. (54), (55), (59), (60) as an unknown parameter. Second, the value of rB
can be different from that in B → DK and is as yet unmeasured, although it is
expected [310] that it can be larger in this decay than in B → DK.

2. B0 → DK+π−. Although the rate of these decays is smaller that that of B+ → DK+,
both interfering amplitudes are colour-suppressed, therefore the expected value of
rB is larger, rB ' 0.3. As a result, the sensitivity to γ should be similar to that
in the B → DK modes.52 Depending on the content of B0 → D0K+π− and
B0 → D0K+π− amplitudes, the optimal strategy may involve Dalitz plot analysis of
the B0 decay [382, 383]. In this case, control of amplitude model uncertainty will
become essential for a precision measurement; it can be eliminated by studying the
decays B0 → DK+π− with D → K0

Sπ
+π− [384].

3. B0
s → Dφ. This mode is not self-tagging, but sensitivity to γ can be obtained

from untagged time-integrated measurements using several different neutral D decay
modes [385,386]. The first evidence for the three-body decay B0

s → D0K+K− has
just been reported by LHCb [387], and investigation of its resonant structure is in
progress.

4. B+
c → DD+

s . B+
c production in pp collisions is significantly suppressed, however,

in this mode the magnitude of CP violation is expected to be O(100 %): the two
interfering amplitudes are of the same magnitude because the b→ uc̄s amplitude is
colour allowed, while the b→ cūs amplitude is colour suppressed [388–391].

5. Λ0
b → DΛ and Λ0

b → DpK−. Measurement of γ from analysis of the Λ0
b → DΛ

decay mode was proposed in Ref. [392]. This method allows one to measure γ in a

51 Preliminary results from a GLW-type analysis of this channel was presented at ICHEP 2012 [333].
52 Preliminary results from a GLW-type analysis of B0 → DK∗0 were presented at ICHEP 2012 [332].
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model-independent way by comparing the S- and P -wave amplitudes. However, this
mode is problematic to reconstruct at LHCb because of the poorly defined Λ0

b vertex
(both particles from its decay are long-lived) and low efficiency of Λ reconstruction.
Alternatively, one can consider a similar measurement with the decay Λ0

b → DpK−.
A preliminary observation of this mode in early LHCb data has been reported [393].

Table 7 shows the expected sensitivity to γ from tree level decays in the upgrade
scenario. The LHCb upgrade is the only proposed experiment which will be able to reach
sub-degree precision on γ.

Table 7: Estimated precision of γ measurements with 50 fb−1 for various charmed B decay
modes.

Decay mode γ sensitivity
B → DK with D → hh′, D → Kπππ 1.3◦

B → DK with D → K0
Sππ 1.9◦

B → DK with D → 4π 1.7◦

B0 → DKπ with D → hh′, D → K0
Sππ 1.5◦

B → DKππ with D → hh′ ∼ 3◦

Time-dependent B0
s → D∓s K

± 2.0◦

Combined ∼ 0.9◦

Measurement of γ and 2βs by means of the CP -violating observables from loop-mediated
decaysB0 → π+π− andB0

s → K+K− was discussed in Sec. 3.4.4. Extrapolating the current
sensitivity on C and S to the upgrade scenario, when 50 fb−1 of integrated luminosity will
be collected, LHCb will be able to reach a statistical sensitivity σstat(C) ≈ σstat(S) ' 0.008
in both B0 → π+π− and B0

s → K+K−. This corresponds to a precision on γ of 1.4◦, and
on 2βs of 0.01 rad, assuming perfect U-spin symmetry.

67



4 Mixing and CP violation in the charm sector

4.1 Introduction

The study of D mesons offers a unique opportunity to access up-type quarks in flavour-
changing neutral current (FCNC) processes. It probes scenarios where up-type quarks play
a special role, such as supersymmetric models with alignment [394,395]. It offers comple-
mentary constraints on possible NP contributions to those arising from the measurements
of FCNC processes of down-type quarks (B or K mesons).

The neutral D system is the latest and last system of neutral mesons where mixing
between particles and anti-particles has been established. The mixing rate is consistent
with, but at the upper end of, SM expectations [396] and constrains many NP models [397].
More precise D0–D0 mixing measurements will provide even stronger constraints. However,
the focus has been shifting to CP violation observables, which provide cleaner tests of the
SM [398–400]. First evidence for direct CP violation in the charm sector has been reported
by the LHCb collaboration in the study of the difference of the time-integrated asymmetries
of D0 → K+K− and D0 → π+π− decay rates through the parameter ∆ACP [18]. No
evidence of indirect CP violation has yet been found. As discussed in detail below, these
results on CP violation in the charm sector appear marginally compatible with the SM
but contributions from NP are not excluded.

The mass eigenstates of neutral D mesons, |D1,2〉, with masses m1,2 and widths Γ1,2

can be written as linear combinations of the flavour eigenstates |D1,2〉 = p|D0〉 ± q|D0〉,
with complex coefficients p and q which satisfy |p|2 + |q|2 = 1. The average mass and
width are defined as m ≡ (m1 +m2)/2 and Γ ≡ (Γ1 + Γ2)/2. The D mixing parameters are
defined using the mass and width difference as xD ≡ (m2−m1)/Γ and yD ≡ (Γ2− Γ1)/2Γ.
The phase convention of p and q is chosen such that CP |D0〉 = −|D0〉. First evidence for
mixing of neutral D0 mesons was discovered in 2007 by Belle and BaBar [401,402] and is
now well established [43]: the no-mixing hypothesis is excluded at more than 10σ for the
world average (xD = 0.63 +0.19

−0.20 %, yD = 0.75± 0.12 %).53

It is convenient to group hadronic charm decays into three categories. The CF decays,
such as D0 → K−π+, are mediated by tree amplitudes, and therefore no direct CP violation
effects are expected. The same is true for DCS decays, such as D0 → K+π−, even though
these are much more rare. The SCS decays, on the other hand, can also have contributions
from penguin amplitudes, and therefore direct CP violation is possible, even though the
penguin contributions are expected to be small. Within this classification, it should be
noted that some decays to final states containing K0

S mesons, e.g. D0 → K0
Sρ

0, have both
CF and DCS contributions which can interfere [404]. Within the SM, however, direct CP
violation effects are still expected to be negligible in these decays.

LHCb is ideally placed to carry out a wide physics programme in the charm sector,
thanks to the high production rate of open charm: with a cross-section of 6.10±0.93 mb [3,4],
one tenth of LHC interactions produce charm hadrons. Its ring-imaging Cherenkov
detectors provide excellent separation between pions, kaons and protons in the momentum

53 At HCP 2012, LHCb presented the first observation of charm mixing from a single measurement [403].
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range between 2 and 100 GeV/c, and additional detectors also provide clean identification
of muons and electrons. This allows high purity samples to be obtained both for hadronic
and muonic decays. The large boost of the D hadrons produced at LHCb is beneficial for
time-dependent studies. LHCb has the potential to improve the precision on all the key
observables in the charm sector in the next years.

In the remainder of this section the key observables in the charm sector are described,
and the current status and near term prospects of the measurements at LHCb are reviewed.
A discussion of the implications of the first LHCb charm physics results follows, motivating
improved measurements and studies of additional channels. The potential of the LHCb
upgrade to make the precise measurements needed to challenge the theory is then described.

4.1.1 Key observables

Currently the most precise individual measurements of mixing parameters are those of the
relative effective lifetime difference between D0 and D0 decays to CP eigenstates (Γ̂ and
ˆ̄Γ) and flavour specific final states (Γ), yCP , which is defined as

yCP =
Γ̂ + ˆ̄Γ

2Γ
− 1 ≈ ηCP

[(
1− 1

8
A2
m

)
yD cosφ− 1

2
(Am)xD sinφ

]
, (81)

where terms below O(10−4) have been ignored [405], ηCP is the CP eigenvalue of the

final state, φ is the CP -violating relative phase between q/p and Āf/Af where
(—)

Af are the
decay amplitudes, and Am represents a CP violation contribution from mixing (|q/p|±2 ≈
1± Am).54 In the limit of CP conservation yCP is equal to the mixing parameter yD. The
resulting world average value for yCP is 0.87± 0.16 % [406]55 and is consistent with the
value of yD within the current accuracy.

The CP -violating observable AΓ quantifies the difference in decay rates of D0 and D0

to a CP eigenstate and is defined as

AΓ =
Γ̂− ˆ̄Γ

Γ̂ + ˆ̄Γ
≈ ηCP

[
1

2
(Am + Ad)yD cosφ− xD sinφ

]
, (82)

where terms below O(10−4) have again been ignored [405] and both mixing and direct
CP contributions are assumed to be small. The parameter Ad describes the contribution
from direct CP violation (|Āf/Af |±2 ≈ 1 ± Ad). The current world average of AΓ is
0.02± 0.16 % [43], consistent with the hypothesis of no CP violation. Due to the smallness
of xD and yD, AΓ provides essentially the same information as a full time-dependent CP
violation analysis of D0 → K+K− decays.

An alternative way to search for CP violation in charm mixing is with a time-dependent
Dalitz plot analysis of D0 and D0 decays to K0

Sπ
+π− or K0

SK
+K−. Such analyses have

54 Am can be determined from asymmetries in semileptonic charm decays, with the assumption of
vanishing direct CP violation.

55 New results presented by Belle at ICHEP 2012 [407] are not included in this average.
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been carried out at the B factories [408, 409]. Also in these cases no CP violation was
observed.

In time-integrated analyses the measured rate asymmetry is

ACP ≡
Γ(D0 → f)− Γ(D0 → f)

Γ(D0 → f) + Γ(D0 → f)
≈ adir

CP − AΓ
〈t〉
τ
, (83)

where the direct CP asymmetry contribution is defined as

adir
CP ≡

|Af |2 − |Āf |2
|Af |2 + |Āf |2

≈ −1

2
Ad (84)

and 〈t〉 denotes the average decay time of the observed candidates.
A powerful way to reduce experimental systematic uncertainties is to measure the

difference in time-integrated asymmetries in related final states. For the two-body final
states K+K− and π+π−, this difference is given by

∆ACP ≡ ACP (K+K−)−ACP (π+π−)

≈ ∆adir
CP

(
1 + yD cosφ

〈t〉
τ

)
+
(
aind
CP + adir

CPyD cosφ
) ∆〈t〉

τ
(85)

where the CP -violating phase φ is assumed to be universal [410], ∆a ≡ a(K+K−)−a(π+π−),
a ≡ (a(K+K−) + a(π+π−))/2 and the indirect CP asymmetry parameter is defined as
aind
CP = −(Am/2)yD cosφ + xD sinφ. The ratio ∆〈t〉/τ is equal to zero for the lifetime-

unbiased B factory measurements [411, 412] and is 0.098 ± 0.003 for LHCb [18] and
0.25± 0.04 for CDF [413], therefore ∆ACP is largely a measure of direct CP violation.

The current most accurate measurements of ∆ACP are from the LHCb and CDF
collaborations and are (−0.82 ± 0.21 ± 0.11) % [18] and (−0.62 ± 0.21 ± 0.10) % [414],
respectively.56 These results show first evidence of CP violation in the charm sector: the
world average is consistent with no CP violation at only 0.006 % C.L. [43].

4.1.2 Status and near-term future of LHCb measurements

LHCb has a broad programme of charm physics, including searches for rare charm decays
(see Sec. 2), spectroscopy and measurements of production cross-sections and asymmetries
(see Sec. 5). In this section only studies of mixing and CP violation are discussed. For
reviews of the formalism, the reader is referred to Refs. [405,416,417] and the references
therein, and for an overview of NP implications to Ref. [410].

Mixing and indirect CP violation occur only in neutral mesons. These are probed in a
number of different decay modes, predominantly—but not exclusively—time-dependent
ratio measurements. In most cases, the same analysis yields measurements of both mixing
and CP violation parameters, so these are considered together. By contrast, direct CP

56 At ICHEP 2012, Belle also presented new results on ∆ACP [415], that are consistent with, but less
precise than, those from LHCb and CDF.
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violation may occur in decays of both neutral and charged hadrons, and the primary
sensitivity to it comes from time-integrated measurements—though it may affect certain
time-dependent asymmetries as well, as discussed in Section 4.7.1.

Several classes of mixing and indirect CP violation measurements are possible at LHCb,
particularly:

• Measurements of the ratios of the effective D0 lifetimes in decays to quasi-flavour-
specific states (e.g. D0 → K−π+) and CP eigenstates fCP (e.g. D0 → K−K+).
These yield yCP . Comparing the lifetime of D0 → fCP and D0 → fCP yields the CP
violation parameter AΓ.

• Measurements of the time-dependence of the ratio of wrong-sign to right-sign hadronic
decays (e.g. D0 → K+π− vs. D0 → K−π+). The ratio depends on y′Dt and
(x′2D + y′2D)t2 (see, e.g., Ref. [416]), where

x′D = xD cos δ + yD sin δ ,

y′D = yD cos δ − xD sin δ ,

and δ is the mode-dependent strong phase between the CF and DCS amplitudes.
Note that (x′2D + y′2D) = x2

D + y2
D ≡ rM . The mixing parameters can be measured

independently for D0 and D0 to constrain indirect CP violation, and the overall
asymmetry in wrong-sign decay rates for D0 and D0 gives the direct CP violation
parameter Ad.

• Time-dependent Dalitz plot fits to self-conjugate final states (e.g. D0 → K0
Sπ
−π+).

These combine features of the two methods above, along with simultaneous extraction
of the strong phases relative to CP eigenstate final states. Consequently they yield
measurements of xD and yD directly. Likewise, the indirect CP violation parameters
|q/p| and φ may be extracted, along with the asymmetry in phase and magnitude of
each contributing amplitude (in a model-dependent analysis).

• Measurements of the ratio of time-integrated rates of wrong-sign to right-sign
semileptonic decays (e.g. D0 → D0 → K+l−ν̄l vs. D0 → K−l+νl). These yield rM
and Am.

Within LHCb, analyses are planned or in progress for each of these methods. A measure-
ment of yCP and AΓ from the 2010 data sample has been published [19]. In addition, a
preliminary result on the time-integrated wrong-sign rate in D0 → Kπ from the 2010
sample is available [418].57 A summary of what can be achieved with the 2010–2012
prompt charm samples is given in Table 8. Note that the observables are generally related
to several physics parameters, such that the combined constraints are much more powerful
than individual measurements. After analysing 2.5 fb−1 of data, the mixing parameters xD
and yD are expected to be determined at the level of O(10−4), and AΓ to be measured with

57 Results of charm mixing parameters in wrong-sign D0 → K+π− decays have been presented at HCP
2012 [403].
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a similar uncertainty. This will represent a significant improvement in precision compared
to the current world averages, which have uncertainties σxD = 0.19 %, σyD = 0.12 %, and
σAΓ

= 0.23 %.

Table 8: Projected statistical uncertainties with 1.0 and 2.5 fb−1 of LHCb data. Yields are
extrapolated based on samples used in analyses of 2011 data; sensitivities are projected from
these yields assuming 1/

√
N scaling based on reported yields by LHCb, and using published

input from BaBar, Belle, and CDF. The projected CP -violation sensitivities may vary depending
on the true values of the mixing parameters.

Sample Observable Sensitivity (1.0 fb−1) Sensitivity (2.5 fb−1)
Tagged KK yCP 5× 10−4 4× 10−4

Tagged ππ yCP 10× 10−4 7× 10−4

Tagged KK AΓ 5× 10−4 4× 10−4

Tagged ππ AΓ 10× 10−4 7× 10−4

Tagged WS/RS Kπ x′2D 10× 10−5 5× 10−5

Tagged WS/RS Kπ y′D 20× 10−4 10× 10−4

Tagged K0
Sππ xD 5× 10−3 3× 10−3

Tagged K0
Sππ yD 3× 10−3 2× 10−3

Tagged K0
Sππ |q/p| 0.5 0.3

Tagged K0
Sππ φ 25◦ 15◦

For direct CP violation, control of systematic uncertainties associated with production
and efficiency asymmetries is essential. To date, two techniques have been used to mitigate
these effects:

• Measurement of differences in asymmetry between two related final states, such that
systematic effects largely cancel—for example, ACP (D0 → K−K+) − ACP (D0 →
π−π+) [18]. This is simplest with two-body or quasi-two-body decays. This is
discussed in more detail in Sec. 4.1.3.

• Searching for asymmetries in the distributions of multi-body decays, such that
differences in overall normalisation can be neglected and effects related to lab-frame
kinematics are largely washed out — for example, in the Dalitz plot distribution of
D+ → K−K+π+ [419].

In the longer term, the goal is to extract the CP asymmetries for D0 → K+K−

and D0 → π+π− separately, along with those for other decay modes. To achieve this,
it will be necessary to determine the production and detector efficiencies from data.
Progress has been made in this area, notably in the D+

s production asymmetry mea-
surement [420], which involves determination of the pion reconstruction efficiency from
D∗+ → D0π+, D0 → K−π−π+π+ decays in which one of the D0 daughter pions is not used
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in the reconstruction.58 The detector asymmetries need to be determined as functions of
the relevant variables, and similarly, the production asymmetries can vary as functions
of transverse momentum and pseudorapidity. Understanding these systematic effects
with the level of precision and granularity needed for CP asymmetry measurements is
difficult and it cannot be assumed that these challenges will be solved in a short time
scale. Moreover, production asymmetries can be determined only with the assumption of
vanishing CP asymmetry in a particular (usually CF) control mode. Therefore ultimately
the resulting measurements of CP asymmetries for individual decay modes are essentially
∆ACP measurements relative to CF decays.

A summary of analyses that are in progress or planned with the 2011–2012 data is
given below:

D0 → K−K+, π−π+: Updates to the 0.6 fb−1 ∆ACP analysis [18] are in progress, using
both prompt charm and charm from semileptonic B decays (see Sec. 4.1.3).

D+
(s) → K0

Sh
+, φh+: A ∆ACP -style analysis is possible by comparing asymmetries in a CF

control mode (e.g. D+ → K0
Sπ

+) and the associated SCS mode (e.g. D+ → φπ+),
taking advantage of the inherent symmetry of the K0

S → π−π+ and φ → K−K+

decays.59 The different kinematic distributions of the tracks (requiring binning or
reweighting) and the CP asymmetry in the K0

S decay need to be taken into account.

D+ → π+π−π+, K+K−π+: A search for CP violation in D+ → K+K−π+ with the model-
independent (so-called “Miranda”) technique [366] was published with the 2010 data
sample [419], comprising 0.04 fb−1. With such small data samples, detector effects
are negligible. However, from studies of control modes such as D+

s → K−K+π+ it
is found that this is no longer the case with 1.0 fb−1 of data or more, so an update
will require careful control of systematic effects. The π+π−π+ final state should be
more tractable, since the π± interaction asymmetry does not depend strongly on
momentum.

D0 → π−π+π−π+, K−K+π−π+: Previous publications have focused mainly on T -odd
moments [422], but there is further information in the distribution of final-state
particles. A Miranda-style binned analysis or a comparable unbinned method [367]
can be used.60

Baryonic decays: LHCb will collect large samples of charmed baryons, enabling novel
searches for CP -violation effects [424]. Triggering presents a challenge, but trigger
lines for several Λ+

c decay modes of the form Λh+ or ph−h′+ are already incorporated,
allowing large samples to be recorded. In addition to the considerations outlined
above for D meson decays, the large proton-antiproton interaction asymmetry and
the possibility of polarisation in the initial state must be taken into account.

58 The pion reconstruction efficiency asymmetry has also been used in the determination of the D+

production asymmetry [421].
59 A small difference in kinematic distributions can occur in φ→ K−K+ due to crossing resonances.
60 Preliminary results on the D0 → π−π+π−π+ decay were presented at ICHEP 2012 [423].

73



4.1.3 Experimental aspects of ∆ACP and related measurements

The raw asymmetry measured for D∗+-tagged D0 decays to a final state f is defined as:

Araw(f) ≡ N(D∗+ → D0(f)π+
s ) − N(D∗− → D0(f)π−s )

N(D∗+ → D0(f)π+
s ) + N(D∗− → D0(f)π−s )

, (86)

where N(X) refers to the number of reconstructed events of decay X after background
subtraction. This raw asymmetry arises from several sources: the D∗+ production asym-
metry AP, the asymmetry in selecting the tagging slow pion AD(π+

s ), the asymmetry in
selecting the D0 decay into the final state AD(f), and the CP asymmetry in the decay
ACP (f).

Consider the general case of a measured rate n±, an efficiency (or other correction) ε±,
and the corrected rate N±, where the subscript refers to D0 or D0. Then:

N+

N−
=
n+/ε+

n−/ε−
=
n+

n−

ε−
ε+

. (87)

Defining a generic asymmetry Ax as

Ax ≡
x+ − x−
x+ + x−

,

gives the identity
x+

x−
=

1 + Ax
1− Ax

.

Then applying this to Eq. (87),

1 + An
1− An

=

(
1 + AN
1− AN

)(
1 + Aε
1− Aε

)
. (88)

Applying the Taylor series expansion to Eq. (88), gives(
1 + 2An + 2A2

n + ...
)

=
(
1 + 2AN + 2A2

N + ...
) (

1 + 2Aε + 2A2
ε + ...

)
,

and thus
An = AN + Aε + (terms of order A2) . (89)

Generalising this to include multiple asymmetries, the formula used in the published
analysis [18] is obtained

Araw(f) = ACP (f) +AP + AD(π+
s ) +AD(f) , (90)

which is correct up to terms of second order in the asymmetries. In practise, for D0 → h+h−,
the asymmetries are AP ∼ 1 %, AD(π+

s ) ∼ 1–2 %, and AD(f) = 0 by construction. Thus,
the second-order correction is O(10−4).61 Further, AD(π+

s ) and AP are the same for

61 Note that the LHCb dipole magnet creates regions of parameter space with large AD(π+
s ), particularly

at the left and right edges of the acceptance. These regions are excluded with fiducial cuts.
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f = K+K− and f = π+π− (leaving aside differences in kinematic distribution, considered
below) and so many terms cancel in the difference:62

∆ACP = Araw(K+K−)−Araw(π+π−) ≈ ACP (K+K−)−ACP (π+π−) .

At the present level of precision, with a statistical uncertainty of around 0.2 %, this
approximation is perfectly adequate. However, when more data is accumulated — and
certainly after the upgrade — it will be necessary to change the analysis to take second-
order terms into account. This can be done using the ratio formulation of Eq. (87),
i.e.

NKK,+
NKK,−

=
(
nKK,+
nKK,−

)(
ε−
ε+

)
, Nππ,+

Nππ,−
=
(
nππ,+
nππ,−

)(
ε−
ε+

)
⇒ NKK,+/NKK,−

Nππ,+/Nππ,+
=

nKK,+/nKK,−
nππ,+/nππ,−

The nuisance asymmetries AP and AD(π+
s ) cancel between the K+K− and π+π− final

states because these are properties of the D∗+ and of the tagging slow pion, respectively,
which do not depend on the decay of the D0 meson. However, an artificial correlation
between these asymmetries and the decay mode can arise if the asymmetry varies as
a function of some variable63 (e.g. the momentum of the D∗+) and the reconstructed
distributions in this variable are different for the K+K− and π+π− final states (e.g. due
to detector acceptance of the daughter tracks). In such a scenario, the two modes would
populate regions with different raw asymmetries and so the nuisance asymmetries would
not cancel fully. Two techniques have been used to address this:

• the data can be partitioned into smaller kinematic regions such that within each
region the raw asymmetries are constant and/or the K+K− and π+π− kinematic
distributions are equal;

• the data can be reweighted such that the K+K− and π+π− kinematic distributions
are equalised.

The first approach was used in the published LHCb result, and the second in the CDF
result [413].

There is another way in which the formalism could be broken: through the presence
of peaking backgrounds which (a) fake the signal, (b) occur at different levels for the
K+K− and π+π− final states, and (c) have a different raw asymmetry from the signal.
The signal extraction procedure used in the published LHCb analysis is a fit to the mass
difference from threshold δm ≡ m((h+h−)D0π+

s ))−m(h+h−)−m(π+). This is vulnerable
to a class of background in which a real D∗+ decay occurs and the correct slow pion is
found but the D0 decay is partly misreconstructed, e.g. D0 → K−π+π0 misidentified as

62 Note in particular that if ACP (K+K−) = ACP (π+π−) = 0, the approximation becomes exact at all
orders.

63 The discussion is framed in terms of kinematic variables, since there are clear mechanisms that could
cause problems there, but the same logic can be applied to magnet polarity, trigger conditions, etc.
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Table 9: Summary of absolute systematic uncertainties for ∆ACP .

Source Uncertainty
Fiducial requirement 0.01 %
Peaking background asymmetry 0.04 %
Fit procedure 0.08 %
Multiple candidates 0.06 %
Kinematic binning 0.02 %
Total 0.11 %

D0 → K−K+. This typically creates a background which peaks in δm but is broadly
distributed in m(h+h−). Only cases which lie within the narrow m(h+h−) signal window
will survive. This is more common for the K+K− final state than for π+π−: the energy
of a missing particle can be made up by misidentifying a pion as a kaon, but apart from
D0 → π−e+νe there is little that can fake the kinematics of D0 → π+π−. In practise, the
charged hadron identification at LHCb suppresses these background greatly, and their raw
asymmetries are not expected to be very different from the signal. In the published LHCb
analysis, the impact of these backgrounds on the asymmetry was estimated by measuring
their size and asymmetry in the h+h− mass sidebands and computing the effect of such a
background on the signal with a toy Monte Carlo study. The alternative approach would
be to use a full 2D fit to m(h+h−) and δm, which would distinguish this class of peaking
background from the signal by its m(h+h−) distribution.

The three issues discussed above — terms entering at second order in the asymmetries,
non-cancellation due to kinematic correlations, and peaking backgrounds — are particular
to this analysis and will require some changes to the procedure as larger data samples
become available. In addition, there are more generic systematic uncertainties associated
with the fit procedure and with the handling of events with more than one candidate.
These are summarised in Table 9.

4.2 Theory status of mixing and indirect CP violation

4.2.1 Theoretical predictions for ∆ΓD, ∆mD and indirect CP violation in the
Standard Model

As discussed in Sec. 4.1, mixing of charmed mesons provides outstanding opportunities to
search for physics beyond the SM. New flavour-violating interactions at some high-energy
scale may, together with the SM interactions, mix the flavour eigenstates giving mixing
parameters that differ from their SM expectations. It is known experimentally that D0–D0

mixing proceeds extremely slowly, which in the SM is usually attributed to the absence of
super-heavy quarks.
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Both SM and NP contributions to mass and width differences can be summarised as

xD =
1

2MDΓD
Re

[
2〈D0|H |∆C|=2 |D0〉+ 〈D0| i

∫
d4xT

{
H|∆C|=1
w (x)H|∆C|=1

w (0)
}
|D0〉

]
,

yD =
1

2MDΓD
Im 〈D0| i

∫
d4xT

{
H|∆C|=1
w (x)H|∆C|=1

w (0)
}
|D0〉.

(91)

These formulae serve as the initial point of calculations of the mass and lifetime differences.
They include contributions from local (at charm mass scale) ∆C = 2 interactions generated
by the b-quark [425–429] or NP particles and from SM-dominated time-ordered products
of two ∆C = 1 interaction Hamiltonians (see, however, Ref. [430]).

A simple examination of Eq. (91) reveals that the local ∆C = 2 interactions only affect
xD, thus one can conclude that it is more likely that xD receives large NP contributions.
Hence, it was believed that an experimental observation of xD � yD would unambiguously
reveal NP contributions to charm mixing. This simple signal for NP was found to not
be realised in nature, but it is interesting that the reverse relation, xD < yD with yD
expected to be determined by the SM processes, might nevertheless significantly affect the
sensitivity to NP of experimental analyses of D mixing [431]. Also, it is important to point
out that, contrary to the calculations of the SM contribution to mixing, the contributions
of NP models can be calculated relatively unambiguously [397,432,433].

The calculation of the SM contribution to the mixing amplitudes is rather sophisticated.
In the SM xD and yD are generated only at second order in flavour SU(3)f breaking,

xD , yD ∼ sin2 θC × [SU(3)f breaking]2 , (92)

where θC is the Cabibbo angle. Therefore, predicting the SM values of xD and yD depends
crucially on estimating the size of SU(3)f breaking [396,434].

There are currently two approaches, neither of which give very reliable results because
mc is in some sense intermediate between heavy and light. The “inclusive” approach is
based on the OPE. In the mc � ΛQCD limit, where ΛQCD is a scale characteristic of the
strong interactions, ∆mD and ∆ΓD can be expanded in terms of matrix elements of local
operators [426–429]. Such calculations typically yield xD, yD < 10−3. The use of the OPE
relies on local quark-hadron duality (see, for example, Ref. [435]), and on ΛQCD/Ereleased

(with Ereleased ∼ mc) being small enough to allow a truncation of the series. Moreover, a
careful reorganisation of the OPE series is needed, as terms with smaller powers of ms are
numerically more important despite being more suppressed by powers of 1/mc [426–429].
The numerically dominant contribution is composed of over twenty unknown matrix
elements of dimension-12 operators, which are very hard to estimate. As a possible
improvement of this approach, it would be important to perform lattice calculations of
those matrix elements, as well as make perturbative QCD (pQCD) corrections to Wilson
coefficients of those operators.

The “exclusive” approach sums over intermediate hadronic states, which may be
modelled or fit to experimental data [436–441]. Since there are cancellations between
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states within a given SU(3)f multiplet, one needs to know the contribution of each state
with high precision. However, the D meson is not light enough that its decays are
dominated by a few final states. In the absence of sufficiently precise data on many decay
rates and on strong phases, one is forced to use some assumptions. While most studies
find xD, yD < 10−3, Refs. [436–441] obtain xD and yD at the 10−2 level by arguing that
SU(3)f violation is of order unity. Particular care should be taken if experimental data
are used to estimate the mixing parameters, as the large cancellations expected in the
calculation make the final result sensitive to uncertainties in the experimental inputs.
It was shown that phase space effects alone provide enough SU(3)f violation to induce
xD, yD ∼ 10−2 [434]. Large effects in yD appear for decays close to threshold, where an
analytic expansion in SU(3)f violation is no longer possible; a dispersion relation can
then be used to show that xD would receive contributions of similar order of magnitude.
The dispersion calculation suffers from uncertainties associated with unknown (off-shell)
q2-dependences of non-leptonic transition amplitudes and thus cannot be regarded as
a precision calculation, although it provides a realistic estimate of xD. As a possible
improvement of this approach, an estimate of SU(3)f breaking in matrix elements should
be performed. In addition, a calculation with Vub 6= 0 should also be done, which is
important to understand the size of CP violation in charm mixing.

Based on the above discussion, it can be seen that it is difficult to find a clear indication
of physics beyond the SM in D0–D0 mixing measurements alone. However, an observation
of large CP violation in charm mixing would be a robust signal of NP.

CP violation in D decays and mixing can be searched for by a variety of methods.
Most of the techniques that are sensitive to CP violation make use of the decay asymmetry
ACP (f) [410,417]. For instance, time-dependent decay widths for D → Kπ are sensitive
to CP violation in mixing. In particular, a combined analysis of D → Kπ and D → KK
can yield interesting constraints on CP -violating parameters yCP and AΓ, as discussed in
Sec. 4.1.1.

With the D0–D0 transition amplitudes defined as follows:

〈D0|H|D0〉 = M12 −
i

2
Γ12 , 〈D0|H|D0〉 = M∗

12 −
i

2
Γ∗12 , (93)

then in the limit where direct CP violation is neglected, one can measure [410,417] four
quantities, xD, yD, Am, and φ, which are described by three physical variables,64

x12 =
2|M12|

Γ
, y12 =

|Γ12|
Γ

, φ12 = arg(M12/Γ12) . (94)

This implies that there is a model-independent relation among experimental quantities [417,
442],

xD
yD

= −1

2

Am
tanφ

. (95)

64 Among various possible phase definitions, only φ12, the relative phase between M12 and Γ12, is
convention-independent and so has physical consequences.
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4.2.2 New physics in indirect CP violation

Indirect CP violation in charm mixing and decays is a unique probe for NP, since within
the SM the relevant processes are described by the physics of the first two generations to
an excellent approximation. Hence, observation of CP violation in D0–D0 mixing at a level
higher than O(10−3) (which is the SM contribution) would constitute an unambiguous
signal of NP.

The commonly used theoretical parameters x12 and φ12 defined in Eq. (94) can be
expressed in terms of xD, yD and |q/p| as:

x2
12 = x2

D

(1 + |q/p|2)2

4|q/p|2 + y2
D

(1− |q/p|2)2

4|q/p|2 ,

sin2 φ12 =
(x2

D + y2
D)2(1− |q/p|4)2

16x2
Dy

2
D|q/p|4 + (x2

D + y2
D)2(1− |q/p|4)2

.

(96)

The latest fit65 yields the following ranges [43]

xD ∈ [0.24, 0.99] % , yD ∈ [0.51, 0.98] % , |q/p| ∈ [0.59, 1.26] , (97)

all at 95 % C.L. The fit also provides 95 % C.L. ranges also for the theoretical parameters
from Eq. (94):

x12 ∈ [0.25, 0.99] % , y12 ∈ [0.51, 0.98] % , φ12 ∈ [−8.4◦, 24.6◦] . (98)

It should be noted that the experimental precision on the CP violation parameters is more
than two orders of magnitude away from their SM predictions.

It is reasonable to assume that there are no accidental strong cancellations between
the SM and the NP contributions to M12 . Useful bounds can thus be obtained by taking
the NP contribution to saturate the upper limits in Eq. (98). The resulting constraints
are presented in the xNP

12 /x12 − φNP
12 plane in Fig. 23. One can also translate the data into

model-independent bounds on four-quark operators, as performed e.g. in Refs. [432,433].
The generic NP analysis can also be applied to models with MFV, where new contri-

butions to FCNCs originate only from the Yukawa matrices Yu,d . The relevant basis is
then the up mass basis, where Yu is diagonal, so that flavour violation comes from powers
of YdY

†
d . The leading contribution is to the operator (uαLγµc

α
L)2 (α is a colour index), and

it is given in terms of its Wilson coefficient C1 by

C1 ∝ [y2
s(V

∗
csVus) + (1 + rGMFV)× y2

b (V
∗
cbVub)]

2. (99)

Here rGMFV parameterises the effect of resummation of higher powers of the Yukawa
matrices when these are important, namely in general MFV (GMFV) models [443].

The contribution to x12 in the linear MFV case (rGMFV = 0) is orders of magnitude
below the current experimental sensitivity, assuming O(1) proportionality coefficient in
Eq. (99). Yet in the context of GMFV with two Higgs doublets and large tan β, such that

65Not including results presented at ICHEP 2012 or later.
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Figure 23: Allowed region (shaded) in the xNP
12 /x12− sinφNP

12 plane. The red line corresponds to
a GMFV prediction (see text for details) with rGMFV ∈ [−3, 3].

yb ∼ 1, observable signals can be obtained, as shown in Fig. 23 for rGMFV in the range
[−3, 3]. Note that strictly speaking rGMFV (and thus the resulting signal) is not bounded,
but higher absolute values than those considered here are much less likely in realistic
models. Indeed in the current example rGMFV & 2 is excluded, as shown in the figure.

The available data on D0–D0 mixing can also be used to constrain the parameter
space of specific theories, such as SUSY and warped extra dimensions (WED) [444]. This
has been done e.g. in Refs. [432,433] or Refs. [445,446] where the interplay between the
constraints from the K and D systems is presented. Here the influence of improving the
current bounds is demonstrated.

Figure 24: Bound on the squark mass degeneracy δ12
Q , defined in Eq. (100), as a function of

the experimental constraint on CP violation in D0–D0 mixing, parametrised by sinφexp
12 . The

alignment angle from the down sector is λ5
C (left panel) or λ3

C (right panel). The solid blue line
in each panel is for m̄Q̃ = mg̃ = 1 TeV and the dashed red line is for m̄Q̃ = mg̃ = 1.5 TeV.

Within a SUSY framework, one can focus on the first two generations of the left-handed

80



squark mass-squared matrix, m̃2
Q , as the source of flavour violation. As an additional

assumption, the framework can be aligned with the down sector, where the constraints
are generically stronger. As in realistic alignment models (see e.g. Refs. [394, 447]), the
off-diagonal element of m̃2

Q in the down mass basis (which induces s↔ d FCNCs) is taken
to be small but not zero, with comparable real and imaginary parts. For concreteness,
values of either λ5

C or λ3
C (with λC being the Cabibbo angle) are examined, where in both

cases the dominant bounds still arise from D0–D0 mixing and not from the K system [446].
The constrained parameter is the squark mass degeneracy, defined by

δ12
Q ≡

mQ̃2
−mQ̃1

mQ̃2
+mQ̃1

. (100)

In order to analyze the effect of improving the experimental constraints on indirect CP
violation in charm (assuming that no such violation is actually observed), for simplicity
the bound on x12 is kept fixed as in Eq. (98), while that on φ12 is varied. This is shown in
Fig. 24 for the two alignment angles mentioned above and for two points in the SUSY
parameter space m̄Q̃ = mg̃ = 1 and 1.5 TeV, where m̄Q̃ is the average squark mass and
mg̃ is the gluino mass. The right edge of each of the four lines in the plots marks the
current situation, where the dominant constraint is from ∆mD . It is evident that after a
certain level of improvement, the bound from CP violation becomes the important one,
and this happens more quickly for a weaker alignment model (λ3

C) than for λ5
C alignment.

The reason is the larger phase in the former case.
To conclude, the experimental search for indirect CP violation in charm is one of the

most promising channels for discovering NP or obtaining strong constraints. This is not
negated by the large hadronic uncertainties in the D system, because of the very small
SM short distance contribution to CP violation in D0–D0 mixing.

4.3 The status of calculations of ∆ACP in the Standard Model

As discussed above, the LHCb collaboration has measured a surprisingly large time-
integrated CP asymmetry difference [18],

∆ACP ≡ ACP (D0→ K−K+)−ACP (D0→ π−π+) = (−0.82± 0.21± 0.11) %, (101)

which has recently been supported by a result from the CDF collaboration [414].66 Inclusion
of the BaBar and Belle measurements of the individual K−K+ and π−π+ time-integrated
CP asymmetries [411,412] and the BaBar, Belle, and LHCb measurements of the indirect
CP asymmetry AΓ [19, 402, 448] yields the world average for the direct CP asymmetry
difference [43]

∆adir
CP ≡ adir

CP (D0→ K−K+)− adir
CP (D0→ π−π+) = (−0.67± 0.16) %. (102)

66 New results presented at ICHEP 2012, including a new result from Belle on ∆ACP [415], are not
included in the averages discussed here.
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The naive penguin-to-tree amplitude ratio is O([VcbVub/VcsVus]αS/π) ∼ 10−4, yielding
∆adir

CP < 0.1 %. This has led to extensive speculation in the literature that the measurement
of ∆adir

CP is a signal for NP. This is a particularly exciting possibility, given that reasonable
NP models can be constructed in which all related flavour-changing neutral current (FCNC)
constraints, e.g., from D0–D0 mixing, are satisfied. A summary of NP interpretations is
given in Sec. 4.4.1. First, a discussion of ∆adir

CP in the SM is given.
The naive expectation for the SM penguin-to-tree ratio is based on estimates of

the “short-distance” penguins with b-quarks in the loops. In fact, there is consensus
that a SM explanation for ∆adir

CP would have to proceed via dynamical enhancement of
the long-distance “penguin contraction” contributions to the penguin amplitudes, i.e.,
penguins with s and d quarks inside the “loops”. Research addressing the direct CP
asymmetry in the SM has largely fallen into one of two categories: (i) flavour SU(3)f

or U-spin fits to the D decay rates, to check that an enhanced penguin amplitude can
be accommodated [449–455] (this, by itself, would not mean that ∆adir

CP is due to SM
dynamics); (ii) rough estimates of the magnitudes of certain contributions to the long-
distance penguin contractions [453,456–458], to check if, in fact, it is reasonable that SM
dynamics could yield the enhanced penguin amplitudes returned by the SU(3)f or U-spin
fits.

The results obtained using the flavour symmetry decompositions can be summarised
as follows. An SU(3)f analysis of the D→ PP decay amplitudes that incorporates CP
violation effects was first carried out about 20 years ago [437,449,459]. Already in this
study the possibility of large direct CP asymmetries was anticipated, e.g., as large as
the percent level assuming that the penguins receive a large enhancement akin to the
∆I = 1/2 rule in kaon decays. An updated analysis, working to first order in SU(3)f

breaking, has been presented [450], making use of branching ratio measurements for the
D→ Kπ, ππ and D0→ K−K+, K0η decay modes. The authors concluded that ∆adir

CP can
be easily reconciled with the measured branching ratios. This was also the conclusion of a
study based on a diagrammatic SU(3)f amplitude decomposition [451], which considered a
larger set of D→ PP decay modes. Again, this is only a statement about the possibility
of accommodating the required amplitudes in the flavour decomposition, not about their
realisation via long distance QCD dynamics. Both studies observe that a SM explanation
of ∆adir

CP could be combined with precise measurements of the individual asymmetries
adir
CP (D0→ K−K+) and adir

CP (D0→ π−π+) to obtain predictions for adir
CP (D0→ π0π0). The

conclusion, based on current data, is that percent level asymmetries for the latter could
be realised. Ref. [451] also discusses implications for adir

CP (D+→ K+K0).
Studies employing U-spin symmetry [452,453] necessarily focus on amplitude fits to

the smaller set of decay modes D0→ K−π+, π−K+, π−π+, K−K+, as the D0 is a U-spin
singlet, while the four final states and the operators mediating these decays in the SM
∆C = 1 effective Hamiltonian each consist of a U-spin triplet and a singlet. Working to
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first order in U-spin breaking, the four decay amplitudes can be written as

A(D0→ K+π−) = VcsV
∗
ud

(
T − 1

2
δT
)
, A(D0→ π+K−) = VcdV

∗
us

(
T + 1

2
δT
)

A(D0→ π+π−, K+K−) = ∓1
2

(
VcsV

∗
us − VcdV ∗ud

)
(T ± δS)− VcbV ∗ub

(
P ∓ 1

2
δP
)
,

(103)

where the U-spin triplet “tree” amplitude T and the singlet “penguin” amplitude P arise
at 0th order in U-spin breaking, and δT , δS and δP are the first order U-spin breaking
corrections, which transform in turn as a triplet, singlet, and singlet under U-spin. The
singlet amplitude δS accounts for the large rate difference Γ(D0 → K−K+)/Γ(D0 →
π−π+) = 2.8 (after accounting for phase space). A ratio δS/T ∼ 0.5 is found in Refs. [452,
453], and in the SU(3)f study of Ref. [450] which effectively contains the above U-spin
decomposition. Realisation of Eq. (102) requires |P/T | ∼ 3, for O(1) strong phases and
adir
CP (D0→ K−K+) ∼ −adir

CP (D0→ π−π+), where the last relation becomes an equality in
the U-spin limit. This amounts to an order of magnitude enhancement of the penguin
amplitude beyond the naive estimate.

The CP -averaged experimental “sum-rule” relation,

Σsum-rule =
|A(D0→ K−K+) / VcsVus|+ |A(D0→ π−π+) / VcdVud|
|A(D0→ π−K+) / VcdVus|+ |A(D0→ K−π+) / VcsVud|

− 1 = (4.0± 1.6) % ,

(104)
together with the observation of small (≈ 15 %) U-spin breaking in A(D0→ π−K+) vs.
A(D0→ K−π+), can be interpreted as suggesting that U-spin is a good symmetry in
these decays [453]. Other authors take the large difference between Γ(D0 → K−K+)
and Γ(D0→ π−π+) or δS/T ∼ 0.5 as evidence for large U-spin breaking in SCS decays.
In Ref. [453], rather than interpreting the amount of U-spin breaking implied by δS by
comparing it to T , as in other works, δS is compared to P . It is observed that whereas
∆adir

CP implies that P must be dominated by the sum of the long distance s- and d- quark
penguin contractions, nominal U-spin breaking would imply that δS must be dominated by
their difference. A consistent picture emerges in which direct CP asymmetries of order a few
per mille are not surprising given the size of Γ(D0→ K−K+)/Γ(D0→ π−π+). However,
as always in the flavour decomposition approach, accommodation need not translate to
realisation by QCD dynamics. One consequence of this picture is that adir

CP (D0 → K0
SK

0
S)

could be as large as ∼ 0.6 % for O(1) strong phases.
Finally, the estimates for the long-distance penguin contractions [458,460] are reviewed

to see if the required enhancement can be realised. Ref. [460] employs the one-gluon
exchange approximation. The essential ingredients are: (i) 1/Nc counting; (ii) D branching
ratio data which shows that certain formally 1/mc power-suppressed amplitudes are of
same order as their leading (1/mc)

0 counterparts; (iii) translation of this breakdown of
the 1/mc expansion to the penguin contraction amplitudes, in the approximation of a
hard gluon exchange; (iv) use of a partonic quantity as a rough estimator of the hadronic
interactions, e.g., final state interactions, underlying the penguin contraction “loops”. This
results in a rough estimate for ∆adir

CP at the few per mille level. The authors of Ref. [460]
thus conclude that a SM explanation is plausible, given that their estimate suffers from
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large uncertainties. In Ref. [458] the penguin contractions are estimated using isospin and
information from ππ scattering and unitarity. A fit of the CP -conserving contributions
from the CP -averaged branching ratios provides information on the isospin amplitudes
and the underlying renormalisation group invariant amplitude contributions. Allowing for
three coupled channel contributions to ππ,KK scattering the authors conclude that the
observed asymmetries are marginally compatible with the SM.

To summarise, flavour SU(3) or U-spin fits to the D→ PP data can accommodate the
enhanced penguin amplitudes required to reproduce ∆adir

CP . There is consensus that in
this case adir

CP (D0→ π0π0) could lie at the percent level, while adir
CP (D+→ K+K0) could

certainly lie at the few per mille level. Under the assumption of nominal SU(3)f breaking
in D→ PP decays, the enhancement of the long-distance penguin contractions required
to realise ∆adir

CP is not surprising, given the large difference between the D0→ K−K+

and D0→ π−π+ decay rates. It would of course be of interest to extend the above CP
violation studies to the SCS D→ V P and D→ V V decay modes. Finally, among the
works which have attempted to estimate directly the magnitudes of the long distance
penguin contractions, there is no consensus on whether they can be enhanced by an order
of magnitude beyond the naive penguin amplitude estimates, as would be required in order
to explain ∆adir

CP . Ultimately this question will have to be answered directly via lattice
studies.

In the following section, future prospects are discussed. In subsequent sections, several
definitive CP -violating signals for NP in SCS D decays will be discussed.

4.4 ∆ACP in the light of physics beyond the Standard Model

4.4.1 General considerations

Potential NP contributions to ∆ACP can be parametrised in terms of an effective Hamilto-
nian valid below the W and top mass scales

Heff−NP
|∆C|=1 =

GF√
2

∑
i

C
NP(′)
i Q(′)

i , (105)

where the relevant operators Q(′)
i are defined in Ref. [461]. Introducing the ratios RNP,i

K,π as

the relevant NP hadronic amplitudes (matrix elements 〈K−K+, π−π+|Q(′)
i |D〉) normalised

to the leading CP -conserving SM contributions and writing CNP
i = v2

EW/Λ
2
NP, the relevant

NP scale ΛNP is given by [461]

(10 TeV)2

Λ2
NP

=
(0.61± 0.17)− 0.12 Im(∆RSM)

Im(∆RNP,i)
, (106)

where ∆Ri = Ri
K + Ri

π and RSM
K,π parametrise the unknown hadronic amplitude ratios

associated with the CP -violating SM contributions. Comparing this estimate to the much
higher effective scales probed by CP -violating observables in D mixing and also in the
kaon sector, one first needs to verify if such large contributions can still be allowed by
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other flavour constraints. Within the effective theory approach, this can be estimated via
so-called “weak mixing” of the effective operators. In particular, time-ordered correlators
of Heff−NP

|∆C|=1 with the SM effective weak Hamiltonian can, at the one weak-loop order, induce

important contributions to CP violation in both D meson mixing and kaon decays (ε′/ε).
On the other hand, analogous correlators quadratic in Heff−NP

|∆C|=1 turn out to be either chirally
suppressed and thus negligible, or yield quadratically divergent contributions, which are
thus highly sensitive to particular UV completions of the effective theory [461].

4.4.2 Universality of CP violation in flavour-changing decay processes

The strongest bounds can be derived for a particular class of operators, which transform
non-trivially only under the SU(3)Q subgroup of the global SM quark flavour symmetry
GF = SU(3)Q×SU(3)U×SU(3)D, respected by the SM gauge interactions. In particular one
can prove that their CP -violating contributions to ∆F = 1 processes (here F generically
represents a flavour quantum number) have to be approximately universal between the up
and down sectors [446]. Within the SM one can identify two unique sources of SU(3)Q
breaking given by Au ≡ (YuY

†
u )/tr and Ad ≡ (YdY

†
d )/tr, where Yq are the Yukawa matrices and

/tr denotes the traceless part. Then in the two generation limit, one can construct a single
source of CP violation, given by J ≡ i[Au,Ad] [462,463]. The crucial observation is that
J is invariant under SO(2) rotations between the Au and Ad eigenbases. Introducing now

SU(2)Q breaking NP effective operator contributions of the form QL =
[
(XL)ij Qiγ

µQj

]
Lµ,

where Qi stands for the left-handed quark doublets, i and j are generation indices, XL is
a traceless Hermitian flavour matrix and Lµ denotes a flavour singlet current. It follows
that the CP -violating contributions have to be proportional to J and thus invariant under
flavour rotations. The universality of CP violation induced by QL can be expressed
explicitly as [446]

Im(Xu
L)12 = Im(Xd

L)12 ∝ Tr (XL · J) . (107)

The above identity holds to a very good approximation even in the three-generation
framework. In the SM, large values of Yb,t induce a SU(3)/SU(2) flavour symmetry
breaking pattern [443] which allows one to decompose XL under the residual SU(2) in
a well defined way. Finally, residual SM SU(2)Q breaking is necessarily suppressed by
small mass ratios mc,s/mt,b, and small CKM mixing angles. The most relevant implication
of Eq. (107) is that it predicts a direct correspondence between SU(3)Q breaking NP
contributions to ∆ACP and ε′/ε [446]. It follows immediately that stringent limits on
possible NP contributions to the latter require SU(3)Q breaking contributions to the former
to be below the per mille level (for ∆RNP,i = O(1)). As a corollary, one can show that
within NP scenarios which only break SU(3)Q, existing stringent experimental bounds on
new contributions to CP -violating rare semileptonic kaon decays K0

L→ π0(νν, `+`−) put
robust constraints on CP asymmetries of corresponding rare charm decays D→ π(νν, `+`−).
In particular, the SU(3)Q-violating contribution to the CP asymmetry in D → πe+e− has
been shown to be less than 2 % [446].

The viability of the remaining 4-quark operators in Heff−NP
|∆C|=1 as explanations of the
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experimental ∆ACP value depends crucially on their flavour and chiral structure (a full list
can be found in Ref. [461]). In particular, operators involving purely right-handed quarks
are unconstrained in the effective theory analysis but may be subject to severe constraints
from their UV sensitive contributions to D mixing observables. On the other hand, QED
and QCD dipole operators are at present only weakly constrained by nuclear electric dipole
moments (EDMs) and thus present the best candidates to address the ∆ACP puzzle [461].

Finally, note that it was shown that the impact of universality of CP within the
alignment framework is to limit the amount of CP violation in D0–D0 mixing to below
∼ 20 %, which is interestingly near the current bound. The expected progress in this
measurement with the LHCb detector is therefore going to start probing this framework.

4.4.3 Explanations of ∆ACP within NP models

Since the announcement of the LHCb result, several prospective explanations of ∆ACP
within various NP frameworks have appeared. In the following the implications within
some of the well-motivated NP models are discussed.

In the MSSM, the right size of the QCD dipole operator contributions can be generated
with non-zero left-right up-type squark mixing contributions (δu12)LR [410, 464,465]. Such
effects in ∆ACP can be parametrised as [464]

|∆aSUSY
CP | ≈ 0.6 %

( |Im(δu12)LR|
10−3

)(
TeV

m̃

)
, (108)

where m̃ denotes a common squark and gluino mass scale. At the same time dangerous
contributions to D mixing observables are chirally suppressed. It turns out however
that even the apparently small (δu12)LR value required implies a highly nontrivial flavour
structure of the UV theory; in particular, large trilinear (A) terms and sizeable mixing
among the first two generation squarks (θ12) are required [464].

Im(δu12)LR ≈
Im(A)θ12mc

m̃
≈
(

Im(A)

3

)(
θ12

0.3

)(
TeV

m̃

)
0.5× 10−3 . (109)

Similarly, WED models that explain the quark spectrum through flavour anarchy [444,
466–468] can naturally give rise to QCD dipole contributions affecting ∆ACP as [469]

|∆aWED
CP | ≈ 0.6 %

(
Y5

6

)2(
3 TeV

mKK

)2

, (110)

wheremKK is the Kaluza-Klein (KK) scale and Y5 is the five-dimensional Yukawa coupling in
appropriate units. Reproducing the experimental value of ∆ACP requires near-maximal 5D
Yukawa coupling, close to its perturbative bound [470, 471] of 4π/

√
NKK ' 7 for NKK = 3

perturbative KK states. In turn, this helps to suppress unrealistic tree-level contributions
to CP violation in D0–D0 mixing [432,433]. This scenario can also be interpreted within
the framework of partial compositeness in four dimensions, but generic composite models
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typically require smaller Yukawa couplings to explain ∆ACP and consequently predict
sizeable contributions to CP violation in ∆F = 2 processes [472].

On the other hand, in the SM extension with a fourth family of chiral fermions ∆ACP
can be affected by 3× 3 CKM non-unitarity and b′ penguin operators

|∆a4th gen
CP | ∝ Im

(
λb′

λd − λs

)
. (111)

However, due to the existing stringent constraints on the new CP -violating phases entering
λb′ [426,473], only moderate effects comparable to the SM estimates are allowed [452].

Finally, it is possible to relate ∆ACP to the anomalously large forward-backward
asymmetry in the tt̄ system measured at the Tevatron [474] through a minimal model.
Among the single-scalar-mediated mechanisms that can explain the top data, only the
t-channel exchange of a colour-singlet weak doublet, with a very special flavour structure, is
consistent with the total and differential tt̄ cross-section, flavour constraints and electroweak
precision measurements [475]. The required flavour structure implies that the scalar
unavoidably contributes at tree level to ∆ACP [476]. The relevant electroweak parameters
are either directly measured, or fixed by the top-related data, implying that, for a plausible
range of the hadronic parameters, the scalar-mediated contribution is of the right size.

4.4.4 Shedding light on direct CP violation via D→ V γ decays

The theoretical interpretation of ∆ACP is puzzling: it is above its naive estimate in the
SM and it could well be a signal of NP, but it is not large enough to rule out a possible
SM explanation. It is then important to identify possible future experimental tests able to
distinguish standard vs. non-standard explanations of ∆ACP . Among the NP explanations
of ∆ACP , the most interesting ones are those based on a new CP -violating phase in the
∆C = 1 chromomagnetic operator. A general prediction of this class of models, that could
be used to test this hypothesis from data, is enhanced direct CP violation (DCPV) in
radiative decay modes [477].

1. The first key observation to estimate DCPV asymmetries in radiative decay
modes is the strong link between the ∆C = 1 chromomagnetic operator (Q8 ∼
ūLσµνT

agsG
µν
a cR) and the ∆C = 1 electromagnetic-dipole operator (Q7 ∼

ūLσµνQueF
µνcR). In most explicit new-physics models the short-distance Wilson

coefficients of these two operators (C7,8) are expected to be similar. Moreover, even
assuming that only a non-vanishing C8 is generated at some high scale, the mixing
of the two operators from strong interactions implies C7,8 of comparable size at the
charm scale. Thus if ∆ACP is dominated by NP contributions generated by Q8, it
can be inferred that |Im[CNP

7 (mc)]| ≈ |Im[CNP
8 (mc)]| = (0.2–0.8)× 10−2.

2. The second important ingredient is the observation that in the Cabibbo-suppressed
D→ V γ decays, where V is a light vector meson with uu valence quarks (V = ρ0, ω),
Q7 has a sizeable hadronic matrix element. More explicitly, the short-distance
contribution induced by Q7, relative to the total (long-distance) amplitude, is
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substantially larger with respect to the corresponding relative weight of Q8 in
D→ P+P− decays. Estimating the SM long-distance contributions from data, and
evaluating the short-distance CP -violating contributions under the hypothesis that
∆ACP is dominated by (dipole-type) NP, leads to the following estimate for the
maximal direct CP asymmetries in the D→ (ρ, ω)γ modes [477]:

|adir
CP (D→ (ρ, ω)γ)|max = 0.04

∣∣∣∣Im[C7(mc)]

0.4× 10−2

∣∣∣∣× [ 10−5

B(D→ (ρ, ω)γ)

]1/2

<∼ 10 % .

(112)
The case of the φ resonance, or better the K+K−γ final state with MKK close
to the φ peak, is more involved since the matrix element of Q7 vanishes in the
large mc limit for a pure ss state. However, a non-negligible CP asymmetry can
be expected also in this case since: 1) the matrix element of Q7 is not expected
to be identically zero because of sizeable O(ΛQCD/mc) corrections; 2) nonresonant
contributions due to (off-shell) ρ and ω exchange can also contribute to the K+K−γ
final state. Taking into account these effects, the following estimates for the maximal
direct CP asymmetries are obtained [477]:

|adir
CP (D→ K+K−γ)|max ≈ 2 % , 2mK <

√
s < 1.05 GeV ,

|adir
CP (D→ K+K−γ)|max ≈ 6 % , 1.05 GeV <

√
s < 1.20 GeV .

(113)

In the first bin, close to the φ peak, the leading contribution is due to the φ-exchange
amplitude. The contribution due to the nonresonant amplitudes becomes more
significant further from the φ peak, where the CP asymmetry can become larger.

3. In order to establish the significance of these results, two important issues have to
be clarified: 1) the size of the CP asymmetries within the SM, 2) the role of the
strong phases.

As far as the SM contribution is concerned, it can first be noticed that short-distance
contributions generated by the operator Q7 are safely negligible. Using the result
in Ref. [478], asymmetries are found to be below the 0.1 % level. The dominant
SM contribution is expected from the leading non-leptonic four-quark operators,
for which the general arguments discussed in Ref. [461] can be applied. The CP
asymmetries can be decomposed as |aSM

CP (f)| ≈ 2ξ Im(RSM
f ) ≈ 0.13 % × Im(RSM

f ),
where ξ ≡ |VcbVub/VcsVus| ≈ 0.0007 and RSM

f is a ratio of suppressed over leading
hadronic amplitudes, naturally expected to be smaller than one. This decomposition
holds both for f = ππ,KK and for f = V γ channels. The SM model explanations
of ∆aCP require RSM

ππ,KK ∼ 3. While this possibility cannot be excluded from
first principles, a further enhancement of one order of magnitude in the D→ V γ
mode is beyond any reasonable explanation in QCD. As a result, an observation of
|adir
CP (D→ V γ)| >∼ 3 % would be a clear signal of physics beyond the SM, and a clean

indication of new CP -violating dynamics associated to dipole operators.

Having clarified that large values of |adir
CP (D→ V γ)| would be a clear footprint of

non-standard dipole operators, it can be asked if potential tight limits on |adir
CP (D→ V γ)|
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could exclude this non-standard framework. Unfortunately, uncertainty on the strong
phases does not allow this conclusion to be drawn. Indeed the maximal values for the
DCPV asymmetries presented above are obtained in the limit of maximal constructive
interference of the various strong phases involved. In principle, this problem could be
overcome via time-dependent studies of D(D)→ V γ decays or using photon polarisation,
accessible via lepton pair conversion in D → V (γ∗ → `+`−); however, these types of
measurements are certainly more challenging from the experimental point of view.

4.4.5 Testing for CP -violating new physics in the ∆I = 3/2 amplitudes

It is possible, at least in principle, to distinguish between NP and the SM as the origin of
∆ACP . If ∆ACP is due to a chromomagnetic operator, i.e. due to ∆I = 1/2 contributions,
one can measure CP violation in radiative D decays, as explained in the previous section.
Examples of NP models that can be tested in this way are, e.g., flavour-violating super-
symmetric squark-gluino loops that mediate the c→ ug transition [410,464,465]. On the
other hand, if ∆ACP is due to ∆I = 3/2 NP one can use isospin symmetry to write sum
rules for direct CP asymmetries in D decays [479]. If the sum rules are violated, then NP
would be found. An example of a NP model that can be tested in this way is an addition
of a single new scalar field with nontrivial flavour couplings [476].

The basic idea behind the ∆I = 3/2 NP tests [479, 480] is that in the SM the CP
violation in SCS D decays arises from penguin amplitudes which are ∆I = 1/2 transitions.
On the other hand, ∆I = 3/2 amplitudes are CP -conserving in the SM. Moreover, there
are no ∆I = 5/2 terms in the SM short-distance effective Hamiltonian, and though such
contributions can be generated by electromagnetic rescattering (as has been discussed in
the context of B → ππ decays [481,482]) they would also be CP conserving. Observing
any CP violation effects in ∆I = 3/2 amplitudes would therefore be a clear signal of NP.

In the derivation of the sum rules it is important to pay attention to the potentially
important effects of isospin breaking. Isospin symmetry is broken at O(10−2), which is also
the size of the interesting CP asymmetries. There are two qualitatively different sources of
isospin breaking: due to electromagnetic interactions, u and d quark masses, which are all
CP -conserving effects, and due to electroweak penguin operators that are a CP -violating
source of isospin breaking. The CP -conserving isospin breaking is easy to cancel in the
sum rules. As long as the CP -conserving amplitudes completely cancel in the sum rules,
which is the case in Ref. [479], the isospin breaking will only enter suppressed by the small
CP violation amplitude and is therefore negligible. The electroweak penguin operators, on
the other hand, are suppressed by α/αS ∼ O(10−2) compared to the leading CP -violating
but isospin conserving penguin contractions of the Q1,2 operators, and can thus also be
safely neglected.

Among the SCS decays, the D→ ππ, D→ ρπ, D→ ρρ, D→ KKπ, and D+
s → K∗π

modes carry enough information to construct tests of ∆I = 3/2 NP. The sum rules
for D→ ππ decays have the nice feature that the charged decay D+→ π+π0 is purely
∆I = 3/2. In the SM therefore

adir
CP (D+→ π+π0) = 0 . (114)
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If this CP asymmetry is measured to be nonzero, it would be a clear signal of ∆I = 3/2
NP. However, if it is found experimentally to be very small, it is still possible that this is
only because the strong phase between the SM and NP amplitudes is accidentally small.

This possibility can be checked with more data if time-dependent D(t)→ π−π+ and
D(t)→ π0π0 measurements become available,67 or if there is additional information on
relative phases from a charm factory running on the ψ(3770). The strategy amounts
to measuring the weak phase of the ∆I = 3/2 amplitude A3 via generalised triangle
constructions that also take isospin breaking into account [479]. If

1√
2
Aπ−π+ + Aπ0π0 − 1√

2
Aπ+π− − Aπ0π0 = 3

(
A3 − A3

)
(115)

is found to be nonzero, this would mean there is CP -violating NP in the ∆I = 3/2
amplitude.

The above results apply also to D→ ρρ decays, but for each polarisation amplitude
separately. The corrections due to finite ρ width can be controlled experimentally in the
same way as in B→ ρρ decays [484]. As long as the polarisations of the ρ resonances
are measured (or if the longitudinal decay modes dominate, as is the case in B→ ρρ
decays), the search for ∆I = 3/2 NP could be easier experimentally in D→ ρρ decays
since there are more charged tracks in the final state. The most promising observable
where polarisation measurement is not needed is ACP (D+→ ρ+ρ0), which if found nonzero
(after the correction for the effect of finite ρ decay widths) would signal ∆I = 3/2 NP.

Another experimentally favourable probe is the isospin analysis of the D0→ π+π−π0

Dalitz plot in terms of D→ ρπ decays [485]. There are two combinations of measured
amplitudes that are proportional to ∆I = 3/2 amplitudes

Aρ+π0 + Aρ0π+ = 3
√

2A3 ,

Aρ+π− + 2Aρ0π0 + Aρ−π+ = 6A3 .
(116)

A measurement of the second sum can be obtained from the D0→ π+π−π0 Dalitz plot. If
the related CP asymmetry

|Aρ+π− + 2Aρ0π0 + Aρ−π+ |2 − |Aρ−π+ + 2Aρ0π0 + Aρ+π−|2 = 36
(
|A3|2 − |A3|2

)
, (117)

is found to be nonzero, this would mean that the ∆I = 3/2 NP contribution is nonzero.
If it is found to vanish, however, it could be due to the strong phase difference being
vanishingly small.

A definitive answer can be provided by another test that is directly sensitive to the
weak phase of A3. This test is possible if the time-dependent D(t)→ π+π−π0 Dalitz plot is
measured. In this case the relative phases between the D0→ ρπ and D0→ ρπ amplitudes
can be obtained (alternatively one could use time integrated entangled decays of ψ(3770)

67 Time-dependent D(t)→ π0π0 measurements could in principle be feasible using photon conver-
sions [483].
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at the charm factory). The presence of a weak phase in A3 can then be determined from
the following sum-rule(

Aρ+π− + Aρ−π+ + 2Aρ0π0

)
−
(
Aρ−π− + Aρ+π− + 2Aρ0π0

)
= 6
(
A3 − A3

)
. (118)

A non-vanishing result for Eq. (118) would provide a definitive proof for ∆I = 3/2 NP. A
similar sum rule for the CP asymmetries rather than the amplitudes was given in Eq. (117).
In that case the time-integrated Dalitz plot suffices to determine the sum rule inputs.

The sum rules involving D→ K(∗)K(∗)π decays are somewhat more complex because
there are at least three particles in the final state. Nevertheless, it is possible to construct
purely ∆I = 3/2 matrix elements from appropriate sums of decay amplitudes, and these
can in principle be determined from amplitude analyses of the multibody final states. It is
also possible to search for CP violation in ∆I = 3/2 amplitudes using D+

s → K∗π decays.
The sum √

2A(D+
s → π0K∗+) + A(D+

s → π+K∗0) = 3A3 , (119)

is ∆I = 3/2 and can be measured from the common Dalitz plot for D+
s → K0

Sπ
+π0 decay.

Direct CP violation in this sum, i.e.,

|
√

2A(D+
s → π0K∗+) + A(D+

s → π+K∗0)|2−
|
√

2A(D−s → π0K∗−) + A(D−s → π−K∗0)|2 6= 0 ,
(120)

would necessarily be due to ∆I = 3/2 NP contributions. Additional information on the
absolute value of |A(D+

s → π+K∗0)| can be obtained from the D+
s → π+K+π− three-body

decay. Analogous tests using D+
s → ρK∗ decays also exist.

4.5 Potential for lattice computations of direct CP violation and
mixing in the D0–D0 system

In searches for NP using charmed mesons, it is obviously crucial to determine accurately the
size of SM contributions. In the next few paragraphs the prospects for such a determination
in the future using the methods of lattice QCD are discussed.

Lattice QCD provides a first-principles method for determining the strong-interaction
contributions to weak decay and mixing processes. It has developed into a precision tool,
allowing determinations of the light hadron spectrum, decay constants, and matrix elements
such as BK and BB with percent-level accuracy. For reviews and collections of recent
results, see Refs. [108,486]. The results provide confirmation that QCD indeed describes
the strong interactions in the non-perturbative regime, as well as providing predictions
that play an important role in searching for new physics by looking for inconsistencies in
unitarity triangle analyses.

Results with high precision are, however, only available for processes involving single
hadrons and a single insertion of a weak operator. For the D0 system, the “high-precision”
quantities are thus the matrix elements describing the short-distance parts of D0–D0

mixing and the matrix elements of four-fermion operators arising after integrating out NP.
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The methodology for such calculations is in place (and has been applied successfully to
the K and B meson systems), and results are expected to be forthcoming in the next one
to two years.

More challenging, and of course more interesting, are calculations of the decay ampli-
tudes to ππ and KK. For kaon physics, this is the present frontier of lattice calculations.
One must deal with two technical challenges: (i) the fact that one necessarily works in
finite volume so the states are not asymptotic two-particle states and (ii) the need to
calculate Wick contractions (such as the penguin-type contractions) which involve gluonic
intermediate states in some channels. The former challenge has been solved in principle
by the work of Lüscher [487, 488] and Lellouch and Lüscher [489] for the K → ππ case,
while advances in lattice algorithms and computational power have allowed the numerical
aspects of both challenges to be overcome. There are now well controlled results for the
K→ (ππ)I=2 amplitude [490] and preliminary results for the K→ (ππ)I=0 amplitude [491].
It is likely that results to ∼ 10 % accuracy for all amplitudes will be available in a few
years. Note that, once a lattice calculation is feasible, it will be of roughly equal difficulty
to obtain results for the CP -conserving and CP -violating parts.

To extend these results to the charm case, one must face a further challenge. This is
that, even when one has fixed the strong-interaction quantum numbers of a final state,
say to I = S = 0, the strong interactions necessarily bring in multiple final states when
E = mD. For example, ππ and KK states mix with ηη, 4π, 6π, etc. The finite-volume
states that are used by lattice QCD are inevitably mixtures of all these possibilities, and
one must learn how, in principle and in practise, to disentangle these states so as to obtain
the desired matrix element. Recently, in Ref. [492], a first step towards developing a
complete method has been taken, in which the problem has been solved in principle for
any number of two-particle channels, assuming that the scattering is dominantly S-wave.
This is encouraging, and it may be that this method will allow semi-quantitative results for
the amplitudes of interest to be obtained. Turning this method into practise is expected
to take three to five years due to a number of numerical challenges (in particular the need
to calculate several energy levels with good accuracy). It is also expected to be possible
to generalise the methodology to include four particle states; several groups are actively
working on the theoretical issues. It is unclear at this stage, however, what time scale one
should assign to this endeavour.

Finally, the possibility of calculating long-distance contributions to D0–D0 mixing
using lattice methods should be considered. Here the challenge is that there are two
insertions of the weak Hamiltonian, with many allowed states propagating between them.
Some progress has been made recently on the corresponding problem for kaons [493,494]
but the D0 system is much more challenging. The main problem is that, as for the decay
amplitudes, there are many strong-interaction channels with E < mD. Further theoretical
work is needed to develop a practical method.
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4.6 Interplay of ∆ACP with non-flavour observables

4.6.1 Direct CP violation in charm and hadronic electric dipole moments

Models in which the primary source of flavour violation is linked to the breaking of chiral
symmetry (left-right flavour mixing) are natural candidates to explain direct CP violation
in SCS D meson decays, via enhanced ∆C = 1 chromomagnetic operators. Interestingly,
the chromomagnetic operator generates contributions to D0–D0 mixing and ε′/ε that are
always suppressed by at least the square of the charm Yukawa couplings, thus naturally
explaining why they have remained undetected.

On the other hand, the dominant constraints are posed by the neutron and nuclear
EDMs, which are expected to be close to their experimental bounds. This result is fairly
robust because the Feynman diagram contributing to quark EDMs has essentially the
same structure as that contributing to the chromomagnetic operator.

In the following the connection between ∆adir
CP and hadronic EDMs in concrete NP

scenarios is discussed, following the analyses of Refs. [464,465].

Supersymmetry
The leading SUSY contribution to ∆adir

CP stems from loops involving up-squarks and gluinos
and off-diagonal terms in the squark squared-mass matrix in the left-right up sector, the
so-called (δu12)LR mass-insertion. As can be seen from Eqs. (108)–(109) and taking into
account the large uncertainties involved in the evaluation of the matrix element, it can be
concluded that a supersymmetric theory with left-right up-squark mixing can potentially
explain the LHCb result.

Among the hadronic EDMs, the best constraints come from mercury and neutron
EDMs. Their current experimental bounds are |dn| < 2.9× 10−26 e cm (90 % C.L.) and
|dHg| < 3.1× 10−29 e cm (95 % C.L.). In the mass-insertion approximation one can find

|dn| ≈ 3× 10−26

( |Im (δu11)LR|
10−6

)(
TeV

m̃

)
e cm . (121)

and therefore it has to be seen whether a concrete SUSY scenario can naturally account
for the required level of suppression |Im(δu11)LR| . 10−6.

Generalised trilinear terms
While scenarios in which flavour violation is restricted to the trilinear terms can be
envisaged, it is natural to generalise the structure of Eq. (109) to all squarks and take

(δqij)LR ∼
Aθqijmqj

m̃
, q = u, d , (122)

where θqij are generic mixing angles. This pattern can be obtained when the matrices of
the up and down trilinear coupling constants follow the same hierarchical pattern as the
corresponding Yukawa matrices but they do not respect exact proportionality.

It is found that θqij can all be of order unity not only in the up, but also in the down

sector, thanks to the smallness of the down-type quark masses entering (δdij)LR. The only
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experimental bounds in tension with this scenario are those on |θu,d11 | coming from the
neutron EDM.

Split families
The severe suppression of (δu21)eff

RL stemming from the charm mass can be partially avoided in
a framework with split families, where the first two generations of squarks are substantially
heavier than t̃1,2 and b̃L, the only squarks required to be close to the electroweak scale
by naturalness arguments. In this case the effective couplings relevant to ∆aSUSY

CP can be
decomposed as follows

(δu12)eff
RL = (δu13)RR (δu33)RL (δu32)LL , (δu12)eff

LR = (δu13)LL (δu33)RL (δu32)RR . (123)

Notice that this scenario takes advantage of the large (δu33)LR ∼ Amt/m̃ which is assumed
to be of order one. The following two options can be considered to explain the LHCb
results:

(δu32)LL = O(λ2), (δu13)RR = O(λ2) → (δu12)eff
RL = O(λ4) = O(10−3) ,

(δu13)LL = O(λ3), (δu32)RR = O(λ) → (δu12)eff
LR = O(λ4) = O(10−3) .

(124)

Gluino-squark loops yield an EDM (du) and a chromo-EDM (dcu) for the up quark

proportional to d
(c)
u ∼ Im [(δu13)LL(δu31)RR] and it turns out that

∣∣∆aSUSY
CP

∣∣ ≈ 10−3 ×
∣∣∣∣ dn
3× 10−26

∣∣∣∣ ∣∣∣∣Im (δu32)RR
0.2

∣∣∣∣ ∣∣∣∣ 10−3

Im (δu31)RR

∣∣∣∣ . (125)

In conclusion, the EDM bounds require a strong hierarchical structure in the off-diagonal
terms of the RR up-squark mass matrix, as happens in models predicting (δuij)RR ∼
(mui/muj)/|Vij|.
Supersymmetric flavour models
In models where the flavour structure of the soft breaking terms is dictated by an
approximate flavour symmetry, (δuLR)12 is generically flavour-suppressed by (mc |Vus| /m̃),
which is of order a few times 10−4. There is however additional dependence on the ratio
between flavour-diagonal parameters, A/m̃, and on unknown coefficients of order one,
that can provide enhancement by a small factor. In most such models, the selection rules
that set the flavour structure of the soft breaking terms relate (δuLR)12 to (δdLR)12 and to
(δu,dLR)11, which are bounded from above by, respectively, ε′/ε and EDM constraints. Since
both ε′/ε and EDMs suffer from hadronic uncertainties, small enhancements due to the
flavour-diagonal supersymmetric parameters cannot be ruled out. It is thus possible to
accommodate ∆ACP ∼ 0.006 in supersymmetric models that are non-minimally flavour
violating, but – barring hadronic enhancements in charm decays – it takes a fortuitous
accident to lift the supersymmetric contribution above the permille level [465].

New-physics scenarios with Z-mediated FCNC
Effective FCNC couplings of the Z boson to SM quarks can appear in the SM with
non-sequential generations of quarks, models with an extra U(1) symmetry or models with
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extra vector-like doublets and singlets. The effective FCNC Lagrangian can be written as

LZ−FCNC
eff = − g

2 cos θW
q̄iγ

µ
[
(gZL )ij PL + (gZR)ij PR

]
qj Zµ + h.c. , (126)

The chromomagnetic operator is generated at the one-loop level, with leading contribution
from Z–top exchange diagrams leading to∣∣∆aZ−FCNC

CP

∣∣ ≈ 0.6 %

∣∣∣∣∣Im
[
(gZL )∗ut(g

Z
R)ct

]
2× 10−4

∣∣∣∣∣ . (127)

The presence of new CP -violating phases in the couplings (gZL,R)ij are also expected to
generate hadronic EDMs. In particular, one can find

|dn| ≈ 3× 10−26

∣∣∣∣∣Im
[
(gZL )∗ut(g

Z
R)ut

]
2× 10−7

∣∣∣∣∣ e cm , (128)

and therefore ∆AZ−FCNC
CP = O(10−2) only, provided Im(gZR)ut/Im(gZR)ct . 10−3.

In NP scenarios with Z-mediated FCNCs, the most interesting FCNC processes in the
top sector are t→ cZ and t→ uZ, which arise at the tree level. In particular,

B(t→ cZ) ≈ 0.7× 10−2

∣∣∣∣(gZR)tc
10−1

∣∣∣∣2 , (129)

which is within the reach of the LHC for the values of (gZR)tc relevant to ∆AZ−FCNC
CP .

New-physics scenarios with scalar-mediated FCNC
Finally, it is instructive to analyse a new-physics framework with effective FCNC couplings
to SM quarks of a scalar particle h. The effective Lagrangian reads

Lh−FCNC
eff = −q̄i

[
(ghL)ij PL + (ghR)ij PR

]
qj h+ h.c. (130)

Also in this case the chromomagnetic operator is generated at the one-loop level, with a
leading contribution from h–top exchange diagrams. This leads to∣∣∆aFCNC

CP

∣∣ ≈ 0.6 %

∣∣∣∣∣Im
[
(ghL)∗ut(g

h
R)tc
]

2× 10−4

∣∣∣∣∣ . (131)

As in all the other frameworks, the most severe constraints are posed by the hadronic
EDMs

|dn| ≈ 3× 10−26

∣∣∣∣∣Im
[
(ghL)∗ut(g

h
R)tu

]
2× 10−7

∣∣∣∣∣ e cm . (132)

With scalar-mediated FCNCs, the potentially most interesting signals are the rare top
decays t→ ch or t→ uh, if kinematically allowed. In particular,

B(t→ qh) ≈ 0.4× 10−2

∣∣∣∣(ghR)tq

10−1

∣∣∣∣2 , (133)

which could be within the reach of the LHC.
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4.6.2 Interplay of collider physics and a new physics origin for ∆ACP
The first evidence for direct CP violation in SCS D decays may have interesting implications
for NP searches around the TeV scale at the LHC. The NP contribution to ∆adir

CP can be
fully parametrised by a complete set of ∆C = 1 effective operators at the charm scale. As
shown by the authors of Ref. [461] only a few of these operators can accommodate the
LHCb result without conflicting with present bounds from D0–D0 mixing and ε′/ε. In
particular four-fermion operators of the form Oq = (ūRγ

µcR)(q̄RγµqR) with q = u, d, s are
promising since they do not lead to flavour violation in the down-type quark sector. The
corresponding Wilson coefficients are defined as 1/Λ2

q. Assuming the SM expectation for
∆adir

CP is largely subdominant, the LHCb measurement suggests a scale of Λq ' 15 TeV [461].
There is an immediate interplay between charm decay and flavour (and CP ) conserving

observables at much higher energies provided Oq arises from a heavy NP state exchanged
in the s-channel. Under this mild assumption Oq factorises as the product of two quark
currents and the same NP induces D0–D0 mixing and quark compositeness through
the (ūRγµcR)2 and (q̄RγµqR)2 operators, respectively. Denoting their respective Wilson
coefficients by Λūc and Λq̄q, the relation Λq =

√
ΛūcΛq̄q is predicted. The D0–D0 mixing

bound on NP implies Λūc & 1200 TeV [433]. Combining this stringent ∆C = 2 bound
with the ∆C = 1 scale suggested by ∆adir

CP thus generically requires Λq̄q . 200 GeV, which
is a rather low compositeness scale for the light quark flavours.

Quark compositeness can be probed at the LHC through dijet searches. Actually
for the up or the down quark the low scale suggested by ∆adir

CP is already excluded by
the Tevatron [495, 496]. On the other hand dijet searches are less sensitive to contact
interactions involving only the strange quark since the latter, being a sea quark, has a
suppressed parton distribution function in the proton. The authors of Ref. [497] showed
that a first estimation at the partonic level of the extra dijet production from a (s̄RγµsR)2

operator with a scale of Λs̄s ∼ 200 GeV is marginally consistent, given the O(1) uncertainty
of the problem, with the bounds from the ATLAS and CMS experiments [498,499].

One concludes that an Os operator induced by a s-channel exchanged NP can accom-
modate the ∆adir

CP measurement without conflicting with ∆C = 2, ε′/ε and dijet searches.
Furthermore such a NP scenario makes several generic predictions both for charm and
high-pT physics: 1) most of the CP asymmetry is predicted to be in the K+ K− channel,
2) CP violation in D0–D0 mixing should be observed in the near future, and 3) an excess
of dijets at the LHC is expected at a level which should be visible in the 2012 data.

4.7 Future potential of LHCb measurements

4.7.1 Requirements on experimental precision

The ultimate goal of mixing and CP violation measurements in the charm sector is to reach
the precision of the SM predictions (or better). In some cases this requires measurements
in several decay modes in order to distinguish enhanced contributions of higher order SM
diagrams from effects caused by new particles.
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Indirect CP violation is constrained by the observable AΓ (see Eq. (82)). The CP -
violating parameters in this observable are multiplied by the mixing parameters xD and
yD, respectively. Hence, the relative precision on the CP -violating parameters is limited by
the relative precision of the mixing parameters. Therefore, aiming at a relative precision
below 10 % and taking into account the current mixing parameter world averages, the
target precision would be 2–3× 10−4. Indirect CP violation is expected in the SM at the
order of 10−4, and therefore the direct CP violation parameter contributing to AΓ has to
be measured to a precision of 10−3 in order to distinguish the two types of CP violation in
AΓ.

Direct CP violation is not expected to be as large as the current world average of
∆ACP in most other decay modes. However, a few large CP violation signatures are
expected in various models, as discussed in the previous sections. Estimations based on
flavour-SU(3) and U-spin symmetry lead to expectations of adir

CP (D+→ K+K0) & 0.1% and
adir
CP (D0 → K0

SK
0
S ) ∼ 0.6%. Considerations assuming universality of ∆F = 1 transitions

lead to a limit of adir
CP (D→ πe+e−) . 2%. Enhanced electromagnetic dipole operators can

lead to adir
CP (D→ V γ) of a few %, equivalent to the influence of chromomagnetic dipole

operators on ∆ACP . Additional information can be obtained from time-dependent studies
of D→ V γ decays or from angular analyses of D→ V l+l− decays.

Analyses of ∆I = 3/2 transitions involve asymmetry measurements of several related
decay modes. Examples are the decays D→ ππ, D→ ρπ, D→ ρρ, D→ KKπ, and
D+
s → K∗π. The number of final state particles in these decays varies from two to six

(counting the pions from K0
S decays) and many of these modes contain neutral pions

in their final state. The precision for modes involving neutral pions or photons will be
limited by the ability of the calorimeter to identify these particles in the dense hadronic
environment. An upgraded calorimeter with smaller Molière radius would greatly extend
the physics reach in this area.68

In general, a precision of 5×104 or better for asymmetry differences as well as individual
asymmetries is needed for measurements of other SCS charm decays. While measurements
of time-integrated raw asymmetries at this level should be well within reach, the challenge
lies in the control of production and detection asymmetries in order to extract the physics
asymmetries of individual decay modes. This can be achieved by assuming that there is
no significant CP violation in CF decay modes.

4.7.2 Prospects of future LHCb measurements

Numbers of events in various channels are projected directly from the numbers reconstructed
in the 2011 data set, in most cases. This involves assumptions that the prompt charm
cross-section will increase by a factor of 1.8 when doubling the centre-of-mass energy
from

√
s = 7 TeV to

√
s = 14 TeV, that the integrated luminosity will increase from 1 fb−1

to 50 fb−1, and that the trigger efficiency for charm will increase by a factor of 2 as the
current hardware trigger requirement is effectively removed (or substantially relaxed).
Additionally, a factor of 3.5 times greater efficiency in channels with K0

S→ π−π+ daughters

68 Such an upgrade to the calorimeter system is not in the baseline plan for the LHCb upgrade [24, 25].
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is predicted based on progress made in the trigger software between 2011 and 2012. This
primarily results from reconstructing candidates which decay downstream of the vertex
detector. The results of this exercise are summarised in Table 10 for D0 decays and in
Table 11 for D+ and D+

s decays.

Table 10: Numbers of D0 and D∗+→ D0π+ signal events observed in the 2011 data in a variety
of channels and those projected for 50 fb−1. These channels can be used for mixing studies,
for indirect CP violation studies, and for direct CP violation studies. As discussed in the text,
the numbers of events in any one channel can vary from one analysis to another, depending on
the level of cleanliness required. Hence, all numbers should be understood to have an inherent
variation of a factor of 2. To control systematic uncertainties with the very high level of precision
that will be required by the upgrade, it may be necessary to sacrifice some of the statistics.

Mode 2011 yield 50 fb−1 yield
(103 events) (106 events)

Untagged D0→ K−π+ 230 000 40 000
D∗+→ D0π+; D0→ K−π+ 40 000 7 000
D∗+→ D0π+; D0→ K+π− 130 20
D0→ K−K+ 25 000 4 600
D0→ π−π+ 6 500 1 200
D∗+→ D0π+; D0→ K−K+ 4 300 775
D∗+→ D0π+; D0→ π−π+ 1 100 200
D∗+→ D0π+; D0→ K0

Sπ
−π+ 300 180

D∗+→ D0π+; D0→ K0
SK
−K+ 45 30

D∗+→ D0π+; D0→ K−π+π−π+ 7 800 1 400
D∗+→ D0π+; D0→ K−K+π−π+ 120 20
D∗+→ D0π+; D0→ π−π+π−π+ 470 85
D∗+→ D0π+; D0→ K−µ+X – 4 000
D∗+→ D0π+; D0→ K+µ−X – 0.1

Estimating the physics reach with the projected data sets requires a number of
assumptions. The statistical precision generally improves as 1/

√
N . Estimating the

systematic error, and therefore ultimate physics reach, is more of an art. It is often the
case that data can be used to control systematic uncertainties at the level of the statistical
error, but the extent to which this will be possible cannot be reliably predicted. In some
cases controlling systematic uncertainties will require sacrificing some of the statistics
to work with cleaner signals or with signals which populate only parts of the detector
where the performance is very well understood. Estimates of sensitivity to CP violation in
mixing generally depend on the values of the mixing parameters – the larger the number
of mixed events, the larger the effective statistics contributing to the corresponding CP
violation measurement.

The estimated statistical precisions for parameters of mixing and CP violation in
the D0 system are presented in Table 12. The precision for measuring (x′2D, y

′
D) using
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Table 11: Numbers of D+ and D+
s signal events observed in the 2011 data in a variety of channels

and those projected for 50 fb−1. These channels can be used for direct CP violation studies. As
discussed in the text, the numbers of events in any one channel can vary from one analysis to
another, depending on the level of cleanliness required. To control systematic uncertainties with
the very high level of precision that will be required by the upgrade, it may be necessary to
sacrifice some of the statistics.

Mode 2011 yield 50 fb−1 yield
(103 events) (106 events)

D+→ K−π+π+ 60 000 11 000
D+→ K+π+π− 200 40
D+→ K−K+π+ 6 500 1 200
D+→ φπ+ 2 800 500
D+→ π−π+π+ 3 200 575
D+→ K0

Sπ
+ 1 500 1 000

D+→ K0
SK

+ 525 330
D+→ K−K+K+ 60 10

D+
s → K−K+π+ 8 900 1 600

D+
s → φπ+, (φ→ K−K+) 5 350 1 000

D+
s → π−π+π+ 2 000 360

D+
s → K−π+π+

D+
s → π−K+π+ 555 100

D+
s → K−K+K+ 50 10

D+
s → K0

SK
+ 410 260

D+
s → K0

Sπ
+ 33 20

the time-dependence of the wrong-sign (WS) to right-sign (RS) Kπ rate comes from
extrapolating the BaBar [401] and Belle [500] sensitivities.69 The precision for measuring
rM using the ratio of WS to RS Kµν events assumes the central value to be 2.5× 10−5.
The S/B ratio is assumed to be 30 times better than reported by BaBar [501] for their
similar Keν analysis. Background can be reduced by a factor of 10 using LHCb’s excellent
vertex resolution to remove candidates with decay time less than twice the D0 lifetime – a
requirement which only modestly reduces the WS signal as its decay time distribution
has the form dN/dt ∝ t2 e−Γt. In addition, the excellent vertex resolution and the
decay time requirement allow the neutrino momentum, and hence the D∗+ − D0 mass
difference to be measured with better resolution than was possible in the e+e− experiments.
BaBar demonstrated that using a doubly-tagged sample of semileptonic decay candidates
provides the same mixing sensitivity as the more traditional singly-tagged sample [502]. By
combining singly- and doubly-tagged samples, it should be possible to effectively double

69 The LHCb measurements of charm mixing parameters from wrong-sign Kπ decays [403] are consistent
with the estimated sensitivities.
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Table 12: Estimated statistical uncertainties for mixing and CP violation measurements which
can be made with the projected samples for 50 fb−1 described in Table 10.

Sample Parameter(s) Precision
WS/RS Kπ (x′2D, y

′
D) O[(10−5, 10−4)]

WS/RS Kµν rM O(5× 10−7)
WS/RS Kµν |p/q|D O(1%)
D∗+→ D0π+; D0→ K−K+, π−π+ ∆ACP 0.015%
D∗+→ D0π+; D0→ K−K+ ACP 0.010%
D∗+→ D0π+; D0→ π−π+ ACP 0.015%
D∗+→ D0π+; D0→ K0

Sπ
−π+ (xD, yD) (0.015%, 0.010%)

D∗+→ D0π+; D0→ K−K+, (π−π+) yCP 0.004% (0.008%)
D∗+→ D0π+; D0→ K−K+, (π−π+) AΓ 0.004% (0.008%)
D∗+→ D0π+; D0→ K−K+π−π+ AT 2.5× 10−4

Table 13: Estimated statistical uncertainties for CP violation measurements which can be made
with the projected D+ samples for 50 fb−1 described in Table 11.

Sample Parameter(s) Precision
D+→ K0

SK
+ phase-space integrated CP violation 10−4

D+→ K−K+π+ phase-space integrated CP violation 5× 10−5

D+→ π−π+π+ phase-space integrated CP violation 8× 10−5

D+→ K−K+π+ CP violation in phases, amplitude model (0.01− 0.10)◦

D+→ K−K+π+ CP violation in fraction differences, amplitude model (0.01− 0.10)%
D+→ π−π+π+ CP violation in phases, amplitude model (0.01− 0.10)◦

D+→ π−π+π+ CP violation in fraction differences, amplitude model (0.01− 0.10)%
D+→ K−K+π+ CP violation in phases, model-independent (0.01− 0.10)◦

D+→ K−K+π+ CP violation in fraction differences, model-independent (0.01− 0.10)%
D+→ π−π+π+ CP violation in phases, model-independent (0.01− 0.10)◦

D+→ π−π+π+ CP violation in fraction differences, model-independent (0.01− 0.10)%

the statistics.
The projected sensitivities for the two-body direct CP violation measurements are

relatively solid: the 2011 ∆ACP measurements provide benchmark samples with full
analysis cuts including fiducial cuts necessary to control systematic uncertainties for
measuring ∆ACP . The systematic errors for the separate ACP (K−K+) and ACP (π−π+)
measurements will be more challenging and may require sacrificing statistical precision.
The projections for measuring yCP and AΓ using K−K+ and π−π+ should also be robust
as the same samples will be used for these analyses as for the ACP measurements.

The projected precision for measuring (xD, yD) from D0→ K0
Sπ
−π+ comes from scaling

the Belle [408] and BaBar [503] sensitivities. The statistical precisions could be even better
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as LHCb’s prompt sample will be enhanced at higher decay times where the mixing effects
are larger. By contrast, D0 mesons from semileptonic B decays should be unbiased in this
variable, providing a useful sample at lower decay times.

The estimated statistical precisions for DCPV in D+ measurements are presented in
Table 13. The estimates for the phase-space integrated CP violation rates are scaled by
1/
√
N and are then increased by a factor of two to allow for using tighter cuts to control

systematic uncertainties. The estimates for measuring CP violation in the magnitudes
and phases of quasi-two-body amplitudes contributing to three-body final states come
from scaling the BaBar sensitivities for time-integrated CP violation in D0→ π−π+π0

and D0→ K−K+π0 by 1/
√
N . The angular moments of the cosine of the helicity angle

of the D decay products reflect the spin and mass structure of the intermediate resonant
and nonresonant amplitudes with no explicit model dependence. The difference between
the angular moment distributions observed in D0 and D0 decays provides sensitivity to
CP violation in the magnitudes (or fractions) and phases of amplitudes about equal to
that of model-dependent fits. The angular moment differences are robust, in the sense
that they are model-independent, but they are less specific compared to the results from
model-dependent analyses: they indicate only the spins and mass ranges where particle
and antiparticle amplitudes differ, but do not identify a specific CP -violating intermediate
state or how much it varies. The sensitivity to CP violation in any contributing amplitude
depends on how much it contributes to the three-body decay, and also on the other
amplitudes with which it interferes. For this reason, ranges of sensitivity are indicated
rather than single values. No sensitivities for CP violation measurements in three-body D+

s

decay channels are estimated explicitly. They can be estimated roughly by extrapolating
from the numbers for D+ decays by scaling by 1/

√
N . These estimates should be degraded

slightly as the lifetime of the D+ is about twice that of the D+
s meson, making it easier to

select clean D+ samples.

4.8 Conclusion

LHCb has proven its capability of performing high-precision charm physics measurements.
The experiment is ideally suited for CP violation searches and for measurements of
decay-time-dependent processes such as mixing.

Finding evidence for a non-zero value of ∆ACP has raised the question of whether
or not this may be interpreted as the first hint of physics beyond the SM at the LHC.
Within the SM the central value can only be explained by significantly enhanced penguin
amplitudes. This enhancement is conceivable when estimating flavour SU(3) or U-spin
breaking effects from fits to D → PP data. However, attempts at estimating the long
distance penguin contractions directly have not yielded conclusive results to explain the
enhancement.

Lattice QCD has the potential of assessing the penguin enhancement directly. However,
several challenges arise which make these calculations impossible at the moment. Following
promising results on K → ππ decays, additional challenges arise in the charm sector as
ππ and KK states mix with ηη, 4π, 6π and other states. Possible methods have been
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proposed and results may be expected in three to five years time.
General considerations on the possibility of interpreting ∆ACP in models beyond the

SM have led to the conclusion that an enhanced chromomagnetic dipole operator is required.
These operators can be accommodated in minimal supersymmetric models with non-zero
left-right up-type squark mixing contributions or, similarly, in warped extra dimensional
models. Tests of these interpretations beyond the SM are needed. One promising group
of channels are radiative charm decays where the link between the chromomagnetic and
the electromagnetic dipole operator leads to predictions of enhanced CP asymmetries of
several percent. These can be measured to sufficient precision at the LHCb upgrade.

Another complementary test is to search for contributions beyond the SM in ∆I = 3/2
amplitudes. This class of amplitudes leads to several isospin relations which can be
tested in a range of decay modes, e.g. D → ππ, D → ρπ, D → KK̄, etc. Several of
these measurements, such as the Dalitz plot analysis of the decay D0 → π+π−π0, can be
performed at LHCb.

Beyond charm physics, the chromomagnetic dipole operators would affect the neutron
and nuclear EDMs, which are expected to be close to the current experimental bound.
Similarly, rare FCNC top decays are expected to be enhanced, if kinematically allowed.
Furthermore, quark compositeness can be related to the ∆ACP measurement and tested in
dijet searches. Current results favour the NP contribution to be located in the D0 → K−K+

decay as the strange quark compositeness scale is less well constrained. Measurements of
the individual asymmetries of sufficient precision will be possible at the LHCb upgrade.

The charm mixing parameters have not yet been precisely calculated in the SM. An
inclusive approach based on an operator product expansion relies on the expansion scale
being small enough to allow convergence and furthermore involves the calculation of a
large number of unknown matrix elements. An exclusive approach sums over intermediate
hadronic states and requires very precise branching ratio determinations of these final
states which are currently not available. Contrary to the SM, contributions beyond the
SM can be calculated reliably. With the SM contribution to indirect CP violation being
< 10−4, the LHCb upgrade is ideally suited to cover the parameter space available for
enhanced asymmetries beyond the SM. Measurements in several complementary modes
will permit the extraction of the underlying theory parameters with high precision.

The LHCb upgrade will allow to constrain CP asymmetries and mixing observables
to a level of precision which, in most of the key modes, cannot be matched by any other
experiment foreseen on a similar timescale. This level of precision should permit us not
only to discover CP violation in charm decays but also to unambiguously understand its
origin.
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5 The LHCb upgrade as a general purpose detector

in the forward region

The previous sections have focussed on flavour physics observables that are sensitive
to physics beyond the SM. However, LHCb has excellent potential in a range of other
important topics. As discussed in this section, the detector upgrade will further enhance
the capability of LHCb in these areas, so that it can be considered as a general purpose
detector in the forward region. LHCb may also be able to make a unique contribution to
the field of heavy ion physics, by studying soft QCD and heavy flavour production in pA
collisions. The first pA run of the LHC will clarify soon the potential of LHCb in this field.

5.1 Quarkonia and multi-parton scattering

The mechanism of heavy quarkonium production is a long-standing problem in QCD. An
effective field theory, non-relativistic QCD (NRQCD), provides the foundation for much of
the current theoretical work. According to NRQCD, the production of heavy quarkonium
factorizes into two steps: a heavy quark-antiquark pair is first created perturbatively
at short distances and subsequently evolves non-perturbatively into quarkonium at long
distances. The NRQCD calculations depend on the colour-singlet (CS) and colour-octet
(CO) matrix elements, which account for the probability of a heavy quark-antiquark pair
in a particular colour state to evolve into heavy quarkonium. The CS model [504, 505],
which provides a leading-order (LO) description of quarkonia production, was first used
to describe experimental data. However, it underestimates the observed cross-section for
single J/ψ production at high pT at the Tevatron [506]. To resolve this discrepancy the
CO mechanism was introduced [507]. The corresponding matrix elements were determined
from the large-pT data as the CO cross-section falls more slowly than that for CS. More
recent higher-order calculations [508–511] close the gap between the CS predictions and
the experimental data [512] reducing the need for large CO contributions.

Traditionally, quarkonia production studies at hadron colliders have focussed on the
study of J/ψ , ψ(2S) and Υ (nS) decays to dimuon or dielectron pairs [512]. The LHCb
programme so far has followed this pattern with measurements of many cross-sections
already published [513–517]. As an example of the quality of the data, Fig. 25 shows the
Υ mass distribution. By the time of the upgrade in 2018, data samples corresponding
to several fb−1 will have been collected at

√
s = 7, 8 and 14 TeV and the results will be

dominated by systematic uncertainties. Therefore, new probes of quarkonia production
will be pursued. Two possibilities are detailed here: multiple quarkonia production and
quarkonia production via hadronic decay modes. These studies will profit from the higher
integrated luminosity and improved trigger. These modes provide clear signals in the
detector and will be relatively uneffected by the increased pile-up.

As the cross-sections for charmonium production at the LHC are large [513–515,517],
the question of multiple production of these states in a single proton-proton collision
naturally arises. Studies of double hidden charm and hidden and associated open charm
production have been proposed as probes of the quarkonium production mechanism [518].
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Figure 25: Invariant mass distribution of selected Υ candidates from 25 pb−1 of data collected in
2010 [516]. The Υ (1S), Υ (2S) and Υ (3S) states are clearly resolved. The results of a maximum
likelihood fit are superimposed.

In proton-proton collisions contributions from other mechanisms, such as double parton
scattering (DPS) [519–521] or the intrinsic charm content of the proton [522], are possible.
First studies of both processes have been carried out with the current LHCb data; more
details can be found in Refs. [296,523].

LO colour singlet calculations for the gg → J/ψJ/ψ process in perturbative QCD
exist and give results consistent with the data [524–526]. In the LHCb fiducial region
(2 < yJ/ψ < 4.5, pT

J/ψ < 10 GeV/c, where yJ/ψ and pT
J/ψ represent the rapidity and transverse

momentum of the J/ψ , respectively) these calculations predict the J/ψJ/ψ production cross-
section to be 4.1± 1.2 nb [526] in agreement with the measured value of 5.1± 1.0 nb [523].
Similar calculations exist for the case of double Υ (1S) production. For the case of J/ψ plus
Υ (1S) production no leading order diagrams contribute and hence the rate is expected to
be suppressed in Single Parton Scattering (SPS). This leads to an “unnatural” ordering of

the cross-section values: σ
J/ψJ/ψ
gg > σ

Υ (1S)Υ (1S)
gg > σ

Υ (1S)J/ψ
gg .

The DPS contributions to all these double onia production modes can be estimated,
neglecting partonic correlations in the proton, as the product of the measured cross-sections
of the sub-processes involved divided by an effective cross-section [519–521, 527]. The
value of the latter is determined from multi-jet events at the Tevatron to be σDPS

eff =
14.5 ± 1.7 +1.7

−2.3 mb [528]. At
√
s = 7 TeV the contribution from this source to the total

cross-section is similar in size to the LO contribution from SPS. For DPS the ordering of
the cross-section values is: σ

J/ψJ/ψ
DPS > σ

Υ (1S)J/ψ
DPS > σ

Υ (1S)Υ (1S)
DPS .

The expected cross-sections for a few double quarkonia processes, together with their
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yields, are summarized in Table 14. Measurements of the cross-sections and properties in
these modes will allow the two contributions to be disentangled.

Table 14: Expected cross-sections in the LHCb acceptance and yields for double quarkonia
production with 50 fb−1 at

√
s = 14 TeV.

Mode σgg [ nb ] Yield [SPS] σDPS [ nb ] Yield [DPS]
J/ψ J/ψ 7.2 270 000 11 430 000
J/ψ ψ(2S) 3.2 14 000 4.0 19 000
ψ(2S) ψ(2S) 0.4 180 0.6 300
J/ψ χc0 - - 4.3 200
J/ψ χc1 - - 6.6 14 000
J/ψ χc2 - - 8.6 11 000
J/ψ Υ (1S) 0.0036 360 0.27 20 000
J/ψ Υ (2S) 0.0011 90 0.07 5300
J/ψ Υ (3S) 0.0005 50 0.035 2000
Υ (1S) Υ (1S) 0.014 1100 0.0027 200

As well as probing the production mechanism these studies are sensitive to a potential
first observation of tetraquark states [526] and of χb and ηb states decaying in the double
J/ψ mode. Based on the cross-sections and branching ratios given in Ref. [529], 500 (1500)
fully reconstructed χb0(1P ) (χb2(1P )) are expected with the upgraded detector and these
decays will be visible at LHCb. In the case of the ηb state, several estimates exist, based on
values of the branching ratio ηb → J/ψJ/ψ ranging from 10−6 to 10−8 [530], corresponding
to yields of 0.02 to 5 events.

The upgraded detector is expected to have excellent hadron identification capabilities
both offline and at the trigger level. As discussed in Ref. [531], this allows charmonium
studies to be performed in hadronic decay modes. A particularly convenient mode is the
pp final state. This is accessible for the J/ψ , ηc, χcJ , hc and ψ(2S) mesons. Extrapolating
from studies with the current detector large inclusive samples of these decays will be
collected. For example around 0.5 million ηc → pp will be collected.

Hadronic decays of heavy bottomonium have received less attention in the litera-
ture [530]. The high mass implies a large phase space for many decay modes, but
consequently the branching ratio for each individual mode is reduced. In Ref. [530] it is
estimated that the ηb → D∗D branching fraction is 10−5 and the ηb → DDπ rate may
be a factor of ten higher. Though no specific studies have been performed, based on the
studies of double open charm production given in Ref. [296] it is plausible that an ηb signal
will be detected in this mode with the upgraded detector.

5.2 Exotic meson spectroscopy

The spectroscopy of bound states formed by heavy quark-antiquark pairs (c or b quarks),
has been extensively studied from both theoretical and experimental points of view since
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the discovery of the J/ψ state in 1974 [532,533] and the discovery of the Υ (1S) state in
1977 [534]. Until recently, all experimentally observed charmonium (cc̄) and bottomonium
(bb̄) states matched well with expectations.

However, in 2003, a new and unexpected charmonium state was observed by the
Belle experiment [535] and then confirmed independently by the BaBar [536], CDF [537]
and D0 [538] experiments. This new particle, referred to as the X(3872), was observed
in B → X(3872)K decays, in the decay mode X(3872) → J/ψπ+π− and has a mass
indistinguishable (within uncertainties) from the D∗0D0 threshold [512]. Several of the
X(3872) parameters are unknown (such as its spin) or have large uncertainties, but this
state does not match any predicted charmonium state [512]. The discovery of the X(3872)
has led to a resurgence of interest in exotic spectroscopy and subsequently many new
states have been claimed. For example: the Y family, Y (4260), Y (4320) and Y (4660), of
spin parity 1−, or the puzzling charged Z family, Z(4050)+, Z(4250)+ and Z(4430)+, so far
observed only by the Belle experiment [539–541], and not confirmed by BaBar [542,543].
The nature of these states has drawn much theoretical attention and many models have been
proposed. One possible explanation is that they are bound molecular states of open charm
mesons [544]. Another is that these are tetraquarks [545] states formed of four quarks (e.g.
c, c̄, one light quark and one light anti-quark). Other interpretations have been postulated
such as quark-gluon hybrid [545] or hadrocharmonium models [546], but experimental
data are not yet able to conclude definitely. For reviews, see Refs. [512,544,546–550].

The bottomonium system should exhibit similar exotic states to the charmonium
case. The Belle experiment recently reported the observation of exotic bottomonium
charged particles Zb(10610)+ and Zb(10650)+ in the decays Zb → Υ (nS)π+ and Zb →
hb(nP )π+ [551]. Evidence for a neutral isopartner has also been reported [552].70 These
states appear similar to, but narrower than, the Z(4430)+ observed in the charmonium
case. In addition, neutral states analogous to the X(3872) and the Y states are expected
in the bottomonium system.

Studies of the X(3872) have already been performed with the current detector [554].
The 50 fb−1 of integrated luminosity collected with the upgraded detector will contain over
one million X(3872)→ J/ψ ππ candidates, by far the largest sample ever collected and
allow study of this meson with high precision. A significant fraction of the X(3872) sample
will originate from the decays of B mesons (the remainder being promptly produced)
allowing the quantum numbers and other properties to be determined. With such a large
sample the missing 3D2 state of the charmonium system [555] will be also be observed
and studied with high precision.

Another study being pursued with the current detector is to clarify the status of the
Z(4430)+ state. If confirmed, the Z(4430)+ will be copiously produced at

√
s = 14 TeV

and the larger data set will allow detailed study of its properties in different B decay
modes, thus setting the basis for all future searches for exotic charged states.

Similar to the charmonium-like states, exotic bottomonium states will mainly be
searched for in the Υ (nS)π+π− channel, with Υ (nS)→ µ+µ−. The excellent resolution

70 At ICHEP 2012, Belle reported observations of the Zb states decaying to BB̄(∗) [553].
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observed in the Υ (nS) analysis [516] allows efficient separation of the three states, which
is crucial in searching for exotic bottomonium states in these channels.

All these studies, and searches for other exotica such as pentaquarks will profit from
the increased integrated luminosity.

5.3 Precision measurements of b- and c-hadron properties

A major focus of activity with the current LHCb detector is the study of the properties of
beauty and charm hadrons. This is a wide ranging field including studies of properties
such as mass and lifetime, observation of excited b hadrons and the measurements of
branching ratios. These studies provide important input to pQCD models. Three topics
are considered here: b decays to charmonia, B+

c , and b-baryon decays.
One important field being studied with the current detector is exclusive b decays to

charmonia. Studies of these modes are important to improve understanding of the shape
of the momentum spectrum of J/ψ produced in b hadron decays, as measured by the B
factories [556,557]. To explain the observed excess at low momentum, new contributions to
the total b→ J/ψX rate are needed. Several sources have been proposed in the literature:
intrinsic charm [558], baryonium formation [559] and as yet unobserved exotic states [560].
One of the first proposed explanations for the excess was a contribution from an intrinsic
charm component to the b-hadron wave-function [558]. This would lead to an enhancement
of b-hadron decays to J/ψ in association with open charm. The B-factories have set limits
on such decays at the level of 10−5 [189], which considerably restricts, but does not exclude,
contributions from intrinsic charm models. The branching ratios of these decays have
been estimated in pQCD [561]. In the case of B0 → J/ψD0 the branching ratio has been
estimated to be 7×10−7. If this value is correct, several hundred fully reconstructed events
will be collected with the upgraded detector. Similar decay modes are possible for B0

s and
B+
c mesons though no limits (or predictions) exist.

Another possibility to explain the shape of the J/ψ spectrum is contributions from
exotic strange baryonia formed in decays such as B+ → J/ψΛ0p. This decay has been
observed by BaBar [562], with a branching ratio of (1.18 ± 0.31) × 10−5. The related
decay B0 → J/ψpp is unobserved, with an upper limit on the branching ratio of 8.3× 10−7

at 90 % confidence level [563]. At present, these decays are experimentally challenging
due to the low Q-values involved. The larger data samples available at the time of the
upgrade, together with improved proton identification at low momentum, may lead to
their observation.

Compared to the case of B0 and B+, the B0
s sector is less well explored both experi-

mentally and theoretically. Decays such as B0
s → J/ψK∗0K

∗0
and B0

s → J/ψφρ should
be observable with the present detector. With the upgraded apparatus, the decay modes
B0
s → J/ψK0

SK
0
S and B0

s → J/ψφφ will also become accessible. The latter channel is
interesting as the low Q-value will allow a precision determination of the B0

s mass.
As the lowest bound state of two heavy quarks b and c, the B+

c meson forms a
unique flavoured, weakly decaying quarkonium system. Studies of the properties of B+

c

mesons such as the mass, lifetime and two-body non-leptonic decay modes are being
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performed with the current detector. As an example, Fig. 26 shows the signals observed for
B+
c → J/ψπ+ and B+

c → J/ψ 3π+. The large data set collected with the upgraded detector
will allow these studies to be pursued with higher precision together with first studies of
CP and triple-product asymmetries in the B+

c system. In Table 15 the expected yields of
selected decay modes are estimated extrapolating from the yields of B+

c → J/ψπ+ and
B+
c → J/ψ3π+ observed with the current detector. As well as studies of the branching
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Figure 26: Invariant mass distribution of (top) B+
c → J/ψ3π+ and (bottom) B+

c → J/ψπ+

candidates using 0.8 fb−1 of integrated luminosity collected in 2011 [564]. The results of maximum
likelihood fits are superimposed.

ratios and searches for NP, these modes will allow precision measurements of the B+
c

mass and lifetime to be made. Based on ongoing studies with the current detector, a
statistical precision of 0.1 MeV/c2 on the mass will be achieved. The uncertainty on the
mass will most likely be dominated by systematic errors related to the momentum scale.
Precision of 10−4 on this variable would translate to an uncertainty of 0.3 MeV/c2 on the
mass. Measurements of the B+

c lifetime using the J/ψπ+ decay are ongoing. Extrapolating
these results to 50 fb−1, a statistical precision of 0.004 ps will be achieved.
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Table 15: Branching ratios and expected yields for selected B+
c decays to final states containing a

J/ψ or ψ(2S) meson. The branching ratios for the J/ψ modes are taken from Ref. [565], with the
additional constraint of the ratio of the B+

c → J/ψ3π+ to B+
c → J/ψπ+ reported in Ref. [564].

The ψ(2S) mode branching ratios are estimated assuming that they are 0.5 of the J/ψ values, as
observed in many modes (see for example Ref. [566]). Only dimuon modes are considered for
the J/ψ and ψ(2S), and only the K+K−π+ (K+π−π+) modes are considered for the D+

s (D+)
modes. The B+

c → K+K∗0 numbers are taken from Ref. [567].

Mode Branching ratio Expected yield [50 fb−1]
B+
c → J/ψπ+ 2× 10−3 52 000

B+
c → J/ψ3π+ 5× 10−3 17 000

B+
c → J/ψK+ (1–2)× 10−4 3000–4000

B+
c → J/ψK+

1 3× 10−5 1000
B+
c → ψ(2S)π+ 1× 10−3 3000

B+
c → ψ(2S)3π+ 2.5× 10−3 1000

B+
c → J/ψD+

s (2–3)× 10−3 1400–1900
B+
c → J/ψD+ (5–13)× 10−4 8–100

B+
c → K+K∗0 10−6 500

The large B+
c data set will open possibilities for many other studies. Decay modes of

the B+
c meson to a B0

s or B0 meson together with a pion or kaon will also be accessible.
Studies of the B+

c → B0
sπ

+ decay have been started with the data collected in 2011 where
a handful of events are expected. As discussed in Ref. [565], semileptonic B+

c decays to B0
s

can be used to provide a clean tagged decay source for CP violation studies. Finally, signals
of the currently unexplored excited B+

c meson states are expected to be observed [568–571].
As discussed in Ref. [567] observation of the B∗+c decay is extremely challenging due to the
soft photon produced in the decay to to the ground state. The prospects for observation
of the first P-wave multiplet decays decaying radiatively to the ground state are more
promising.

Large samples of b baryons decaying to final states containing charmonia will also be
collected. Precision measurements of the properties of the already known states will be
possible. For example, extrapolating the preliminary studies with 0.3 fb−1 discussed in
Ref. [572], 10 000 Ξb → J/ψΞ and 2000 Ωb → J/ψΩ events will be collected. This will
allow the Ξb (Ωb) mass to be measured to a precision of 0.1 MeV/c2 (0.5 MeV/c2). Precise
b-baryon lifetime measurements, that will allow tests of the heavy quark expansion [146,
573, 574], should also be possible. Studies of excited b baryons, for example determination
of the quantum numbers of the Λ∗b baryons that have recently been observed by LHCb
(Fig. 27) [575], will also be made.

Baryonic states containing two heavy quarks will also be observable. The lightest of
these, the Ξcc isodoublet, have an estimated cross-section of O(102) nb [576,577] and so
should be visible with 5 fb−1 collected with the current detector. However, the statistics may
be marginal for follow-on analyses: measurements of the lifetime and ratios of branching
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Figure 27: Invariant mass spectrum of Λ0
bπ

+π− [575]. The points with error bars are the data,
the solid line is the result of a fit to this distribution, and the dashed line is the fitted background
contribution.

fractions, searches for excited states, and so forth. They will certainly be insufficient for
angular analyses aimed at confirming the quark model predictions for the spin-parity
of these states. These studies will require the statistics and improved triggering of the
LHCb upgrade. Heavier states such as the Ωcc, Ξbc, and Ξbb have still smaller production
cross-sections [577]. First studies towards Ξbc detection are in progress. These indicate
that at best a handful of events can be expected in 5 fb−1, but that this state should be
observable with the upgrade.

5.4 Measurements with electroweak gauge bosons

Two of the most important quantities in the LHC electroweak physics programme are
the sine of the effective electroweak mixing angle for leptons, sin2 θlept

eff , and the mass of
the W -boson, mW . Thanks to its unique forward coverage, an upgraded LHCb can make
important contributions to this programme. The forward coverage of LHCb also allows
a probe of electroweak boson production in a different regime from that of ATLAS and
CMS, and the range of accessible physics topics is not limited to electroweak bosons. For
example, tt̄ production proceeds predominantly by gluon-gluon fusion in the central region,
but has a significant contribution from quark-antiquark annihilation in the forward region,
giving a similar production regime to that studied at the Tevatron.
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5.4.1 sin2 θlept
eff

The value of sin2 θlept
eff can be extracted from AFB, the forward-backward asymmetry of

leptons produced in Z decays. The raw value of AFB measured in dimuon final states
at the LHC is about five times larger than at an e+e− collider, due to the initial state
couplings, and so, in principle, it can be measured with a better relative precision, given
equal amounts of data. The measurement however requires knowledge of the direction of
the quark and antiquark that created the Z boson, and any uncertainty in this quantity
results in a dilution of the observed value of AFB. This dilution is very significant in the
central region, as there is an approximately equal probability for each proton to contain the
quark or anti-quark that is involved in the creation of the Z, leading to an ambiguity in the
definition of the axis required in the measurement. However, the more forward the Z boson
is produced, the more likely it is that it follows the quark direction; for rapidities y > 3,
the Z follows the quark direction in around 95% of the cases. Furthermore, in the forward
region, the partonic collisions that produce the Z are nearly always between u-valence and
ū-sea quark or d-valence and d̄-sea quark. The ss̄ contribution, with a less well-known
parton density function, is smaller than in the central region. Consequently, the forward
region is the optimum environment in which to measure AFB at the LHC. Preliminary
studies [578] have shown that with a 50 fb−1 data sample collected by the LHCb upgrade,
AFB could be measured with a statistical precision of around 0.0004. This would give a
statistical uncertainty on sin2 θlept

eff of better than 0.0001, which is a significant improvement
in precision on the current world average value. It is also worth remarking that the two most
precise values entering this world average at present, the forward-backward bb̄ asymmetry
measured at LEP (sin2 θlept

eff = 0.23221± 0.00029), and the left-right asymmetries measured

at SLD with polarised beams (sin2 θlept
eff = 0.23098± 0.00026), are over 3σ discrepant with

each other [579]. LHCb will be able to bring clarity to this unsatisfactory situation.
More work is needed to identify the important systematic uncertainties on the AFB

measurement. One source of error is the uncertainty in the parton density functions. With
current knowledge this contribution would lead to an uncertainty of almost double the
statistical precision estimate above, but this will reduce when the differential cross-section
measurements from the LHC of the W and Z bosons, and those of Drell-Yan dimuon
production at lower masses, are included in the global fits to the parton density functions.
LHCb has already embarked on this measurement programme. Figure 28 (left) shows the
Z → µ+µ− peak obtained with 37 pb−1 of data [580]. Figure 28 (right) shows the measured
asymmetry between W+ and W− production as a function of lepton pseudorapidity. This
measurement is already approaching the accuracy of the theoretical uncertainties. The W
and Z measurements described in Ref. [580] are being used to constrain parton density
functions by some groups [581]. A preliminary measurement of lower mass Drell-Yan
production [582] will extend these constraints to lower Q2 (masses above 5 GeV/c2 are
currently considered) and Bjorken x.
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Figure 28: LHCb Z and W production results from 37 pb−1 at
√
s = 7 TeV [580]. Left:

Z → µ+µ− peak. Right: W+ −W− production asymmetry, where the bands correspond to the
experimental uncertainties (only indicated within the LHCb acceptance), and the data points
give predictions for various different parton density function sets. Note that the kinematic range
of the ATLAS and CMS experiments only extends up to lepton pseudorapidities of 2.5.

5.4.2 mW

Decreasing the uncertainty on mW from its present error of 15 MeV/c2 is one of the most
challenging tasks for the LHC (it may also be reduced further at the Tevatron). Although
no studies have yet been made of determining mW with LHCb itself, it is evident that
the experiment can give important input to the measurements being made at ATLAS
and CMS [583]. A significant and potentially limiting external uncertainty on mW will
again come from the knowledge of the parton density functions. These are less constrained
in the kinematic range accessible to LHCb, so that precise measurements of W+, W−,
Z and Drell-Yan production in this region can be used to improve the global picture.
Improved determinations of the shapes of the differential cross-sections are particularly
important. One specific area of concern arises from the knowledge of the heavy quarks in
the proton. Around 20–30 % of W production in the central region is expected to involve
s and c quarks, making the understanding of this component very important for the mW

measurement. LHCb can make a unique contribution to improving the knowledge of the
heavy-quark parton density functions by exploiting its vertexing and particle identification
capabilities to tag the relatively low-pT final-state quarks produced in processes such as
gs → Wc, gc → Zc, gb → Zb, gc → γc and gb → γb. These processes provide direct
probes of the strange, charm and bottom partons, and can be probed at high and low
values of Bjorken x inside the LHCb acceptance.

5.4.3 tt̄ production

Understanding the nature of top production, and in particular the asymmetry in tt̄ events
reported by Fermilab [584–588], is of prime concern. As for the measurement of sin2 θlept

eff ,
identifying the forward direction of events is crucial. The LHCb acceptance for identifying

112



both leptons from tt̄ decays is far smaller than that of ATLAS and CMS (typically 2 %
rather than 70 %, according to PYTHIA generator level studies). However, the higher qq̄
production fraction and better determined direction in the LHCb forward acceptance
combine to suggest that competitive measurements can be achieved. With the integrated
luminosity offered by the upgrade, statistical precision will no longer be an issue, and
LHCb measurements of the tt̄ asymmetry will offer a competitive and complementary test
of Tevatron observations [589].

5.5 Searches for exotic particles with displaced vertices

Different theoretical paradigms have been proposed to solve the so-called “hierarchy
problem”, the most discussed being SUSY. There are, however, many other ideas including
various models involving extra dimensions, Technicolour and little Higgs models. These
ideas approach the hierarchy problem from the direction of strong dynamics [590].

A growing subset of models features new massive long-lived particles with a macroscopic
distance of flight. They can be produced by the decay of a single-produced resonance,
such as a Higgs boson or a Z ′ [591, 592], from the decay chain of SUSY particles [593], or
by a hadronisation-type mechanism in models where the long-lived particle is a bound
state of quarks from a new confining gauge group, as discussed in Ref. [591]. In the
last case, the multiplicity of long-lived particles in an event can be large, while only one
long-lived particle is expected to be produced in other models. The decay modes may also
vary depending on the nature of the particle, from several jets in the final state [592] to
several leptons [594] or lepton plus jets [595]. A comprehensive review of the experimental
signatures is given in Ref. [596].

The common feature amongst these models is the presence of vertices displaced from
the interaction region. Such signatures are well suited to LHCb, and in particular to the
upgraded experiment, which will be able to select events with displaced vertices at the
earliest trigger level.

As an example, consider the hidden valley (HV) model already discussed in Ref. [24].
In this model the hidden sector, or v-sector, contains two new heavy quarks: U and C.
Strassler and Zurek [593] suggest that an exotic Higgs boson could decay with a significant
branching fraction to a pair of π0

v particles, where the π0
v is the ’neutral’ member of

the isotriplet of v-isospin 1 hadrons formed by U and C quarks. The π0
v can decay in

SM particles and if the mass of the spinless π0
v is below the ZZ threshold it will decay

dominantly into bb pairs due to helicity conservation. Here the π0
v widths are determined

by their lifetime which could be very long, resulting in narrow states. The final state would
consist of four b-jets, each pair being produced from a displaced vertex corresponding to
the π0

v decay as illustrated in Fig. 29. If these decays exist, the lower limit on the Higgs
mass set by LEP would be misleading, as it assumes the prompt decay of the Higgs to bb
to be dominant.

The potential of LHCb to search for such exotic Higgs decays at
√
s = 14 TeV has

been discussed in Ref. [24], and is briefly summarised here. The benchmark model uses
mH = 120 GeV/c2, mπ0

v
= 35 GeV/c2 and τπ0

v
= 10 ps. By combining vertex and jet
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Figure 29: Decay of a Higgs via a scalar field φ into two π0
v particles, with π0

v charge equal to
zero, which subsequently decay into bb jets. (Adapted from Ref. [593].)

reconstruction, the capacity to reconstruct this final state is shown using full simulation
of the detector, assuming 0.4 interactions per crossing. Backgrounds to this signal from
other processes, such as the production of two pairs of bb̄ quarks, have been considered
and found to be negligible.

During 2010 and 2011 data taking, an inclusive displaced vertex trigger has been
introduced in the second level of the software trigger. Preliminary studies [597] have
demonstrated that for an output rate below 1 % of the overall trigger bandwidth, the
efficiency of the whole trigger chain on events with two offline reconstructible π0

v vertices
with a minimum mass of 6 GeV and good vertex quality is of the order of 80%. This
strategy has been tested up to on average two visible interactions per crossing which is
what is expected for the upgraded experiment.
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Figure 30: Left: Distribution in x and z, for |y| < 1 mm, of the reconstructed vertices. The
visible structures reflect the geometry of the vertex detector, with the pairs of silicon sensors
appearing as pairs of vertical bands and the corrugated (“RF”) foil as the two wave shapes. The
green shaded region represents the fiducial vacuum volume in which candidates are accepted.
Right: Flight distance of offline reconstructed vertices in events outside the matter region. Data
are compatible with bb̄ background. The black points are for data in 36 pb−1 [597], the red line
is a full simulation of bb̄ production and the green dashed line is a full simulation of the HV
benchmark channel. The blue dashed line shows a simulation of a model with baryon number
violating neutralino couplings.
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The analysis of the trigger output showed that once vertices arising from hadronic
interactions with material are rejected, the dominant background is compatible with b
hadron decay vertices as shown in Fig. 30. Those b hadron vertices are reconstructed with
large masses because of the presence of fake or cloned tracks. With the present detector,
it is difficult to keep the trigger rate down for single candidate events without using tight
cuts on the mass and the displacement of the candidates. In the previous model, the
trigger efficiency for events with a single long-lived particle reconstructible in LHCb is
only about 20 %. This efficiency is expected to decrease for models where the mass of the
long-lived particle is smaller. In addition, the number of events with at least one π0

v state
in the acceptance is three times higher than the number of events with two π0

v particles.
Improving the single candidate efficiency would increase sensitivity to this model. It would
also give a better coverage for the models where only one long-lived particle is produced.

In the upgraded detector, the track fake rate in the vertex detector is expected to be
below one percent [25], compared to 6 % in the present detector. Other upgrades to the
tracking detectors will also help to reduce the fake rate. Moreover the use of an improved
description for the complex RF foil shape will give a better control on the background
arising from hadronic interactions. It will enable the use of the true shape of the RF
foil, rather than the loose fiducial volume cut used at present, which depending on the
considered lifetime, rejects 10–30 % of the long-lived particles. Those improvements would
allow to decrease the thresholds on the single candidates trigger and therefore increase the
reach of such searches.

As discussed in Ref. [24] the coupling of vertex information to jet reconstruction will
allow to reduce the physical backgrounds. Studies are on-going on this matter. Assuming
a Higgs production cross-section at

√
s = 14 TeV of 50 pb, an integrated luminosity of

50 fb−1 and a geometric efficiency of 10 %, 250 000 Higgs bosons will be produced in
LHCb. If H0 → π0

vπ
0
v is a dominant decay mode, then LHCb will be in an excellent

position to observe this signal, taking advantage of the software trigger’s ability to select
high-multiplicity events with good efficiency.

5.6 Central exclusive production

Central exclusive production (CEP) processes provide a promising and novel way to study
QCD and the nature of new particles, from low mass glueball candidates up to the Higgs
boson itself. The CEP of an object X in a pp collider may be written as follows

pp→ p + X + p ,

where the ‘+’ signs denote the presence of large rapidity gaps. At high energies the
t-channel exchanges giving rise to these processes can only be zero-charge colour singlets.
Known exchanges include the photon and the pomeron. Another possibility, allowed in
QCD, but not yet observed, is the odderon, a negative C-parity partner to the pomeron
with at least three gluons. The most attractive aspect of CEP reactions is that they offer
a very clean environment in which to measure the nature and quantum numbers of the
centrally produced state X.
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Central exclusive γγ [598], dijet [599,600] and χc [601] production has been observed
at the Tevatron. LHCb has presented preliminary results on candidate dimuon events
compatible with CEP [602]. Figure 31 shows the invariant mass of CEP χc candidates.
These are events in which only a J/ψ → µ+µ− decay and a γ candidate are reconstructed,
with no other activity (inconsistent with noise) seen elsewhere in the detector. Important
observables in CEP are the relative production rates of χc0, χc1 and χc2. As is evident
from Fig. 31, the invariant mass resolution of LHCb is sufficient for this measurement.

Figure 31: Preliminary LHCb results on central exclusive χc production [602]. The J/ψγ invariant
mass in data is compared to the expectation of the SuperCHIC Monte Carlo generator [603],
which has been normalised to the observed number of events. The relative proportions of χc0,
χc1 and χc2 are 12 %, 36 % and 52 % respectively.

Although not part of the baseline for the LHCb upgrade, additional instrumentation is
being considered which could improve the potential of LHCb to study CEP processes. For
example, the inclusion of forward shower counters (FSCs) on both sides of the interaction
point, as proposed in Ref. [604], would be able to detect showers from very forward particles
interacting in the beam pipe and surrounding material. The absence of a shower would
indicate a rapidity gap and be helpful in increasing the purity of a CEP sample. More
ambitiously, the deployment of semi-conductor detectors very close to the beam, within
Roman pots, several hundred meters away from the interaction point, as proposed for other
LHC experiments [605] would also be beneficial for LHCb. The ability to measure the
directions of the deflected protons in the CEP interaction provides invaluable information
in determining the quantum numbers of the centrally produced state.

Several important physics goals have been identified for the LHCb CEP programme:

• Accumulation and characterisation of large samples of exclusive cc̄ and bb̄ events.
A full measurement programme of these ‘standard candles’ will be essential to
understand better the QCD mechanism of CEP [606], and may provide vital input if
CEP is used for studies of Higgs and other new particles [607].

• Searches for structure in the mass spectra of decay states such as K+K−, 2π+2π−,
K+K−π+π− and pp̄. A particular interest of this study would be the hunt for
glueballs, which are a key prediction of QCD.
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• Observation and study of exotic particles in CEP processes. For example, a detailed
study of the CEP process pp → p + X(3872) + p would provide a valuable new
tool to aid understanding of this state. This and other states could be searched for
in, for example, decays containing DD̄, which if observed would shed light onto the
nature of the parent particle [606].

There are several reasons which make LHCb a suitable detector for realising these goals,
particularly with the upgraded experiment:

• Even when running at a luminosity of 1033 cm−2 s−1 LHCb will have low pileup com-
pared to ATLAS and CMS. This will be advantageous in triggering and reconstructing
low mass CEP states.

• The higher integrated luminosity that will be collected by the upgraded detector will
allow studies to be performed on states that are inaccessible with only a few fb−1.
This is true, for example, of central exclusive χb production, which is expected to be
a factor of ∼ 1000 less than that of χc mesons [606].

• The particle identification capabilities of the LHCb ring-imaging Cherenkov detector
system allow centrally produced states to be cleanly separated into decays involving
pions, kaons and protons.

• The low pT acceptance of LHCb, and high bandwidth trigger, will allow samples of
relatively low mass states to be collected and analysed.
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6 Summary

As described in the previous sections, LHCb has produced world-leading results across its
physics programme, using the 1.0 fb−1 data sample of

√
s = 7 TeV pp collisions collected

in 2011. The inclusion of the data collected at
√
s = 8 TeV during 2012 will enable further

improvements in precision in many key flavour physics observables. However, an upgrade
to the detector is needed to remove the bottleneck in the trigger chain that currently
prevents even larger increases in the collected data sample. The upgraded detector with
trigger fully implemented in software is to be installed during the 2018 long shutdown
of the LHC, and will allow a total data set of 50 fb−1 to be collected. With such a data
sample, LHCb will not only reach unprecedented precision for a wide range of flavour
physics observables, but the flexible trigger will allow it to exploit fully the potential of a
forward physics experiment at a hadron collider.

In this section, some highlights of the LHCb physics output so far, and their implications
on the theoretical landscape, are summarised. The sensitivity of the upgraded detector
to key observables is then given, before a concluding statement on the importance of the
LHCb upgrade to the global particle physics programme.

6.1 Highlights of LHCb measurements and their implications

6.1.1 Rare decays

Among rare decays, the LHCb limit on the rate of the decay B0
s → µ+µ− [13] places

stringent limits on NP models that enhance the branching fraction. The measurement

B(B0
s → µ+µ−) < 4.5× 10−9 (95 % confidence level) , (134)

can be compared to the SM prediction B(B0
s → µ+µ−)SM = (3.1 ± 0.2) × 10−9 [115].71

This result puts severe constraints — far beyond the ATLAS and CMS search limits — on
supersymmetric models with large values of tan β, i.e. of the ratio of vacuum expectation
values of the Higgs doublets (see, for example, Refs. [115,128,161]).

The measurement of the forward-backward asymmetry in B0 → K∗0µ+µ− [15] has to be
viewed as the start of a programme towards a full angular analysis of these decays. The full
analysis will allow determination of numerous NP-sensitive observables (see, for example,
Refs. [52,53]). The measurements that will be obtained from such an analysis, as well as
similar studies of related channels, such as B0

s → φµ+µ− [68], allow model-independent
constraints on NP, manifested as limits on the operators of the effective Hamiltonian (see,
for example, Refs. [41, 42]). Indeed, the first results already impose important constraints.
Studies of radiative decays such as B0

s → φγ [16, 17] provide additional information since
they allow to measure the polarisation of the emitted photon, and are therefore especially
sensitive to models that predict new right-handed currents. Similarly, studies of observables

71 It should be noted that the measured value is the time-integrated branching fraction, and the SM
prediction should be increased by around 10 % to allow a direct comparison [135].

118



such as isospin asymmetries [76] are important since they allow to pin down in which
operators the NP effects occur.

Several new opportunities with rare decays at LHCb are becoming apparent. The
observation of B+ → π+µ+µ− [85], the rarest B decay yet discovered, enables a new
approach to measure the ratio of CKM matrix elements |Vtd/Vts|. Decays to final states
containing same-sign leptons [196] allow searches for Majorana neutrinos complementary to
those based on neutrinoless double beta decay. LHCb can also reach competitive sensitivity
for some lepton flavour violating decays such as τ+ → µ+µ−µ+ [190].

6.1.2 CP violation in the B sector

Measurements of the neutral B meson mixing parameters provide an excellent method
to search for NP effects, due to the low theoretical uncertainties associated to several
observables. The LHCb measurements of the CP -violating phase, φs, and the width
difference, ∆Γs, in the B0

s system [10,138,214,224] significantly reduce the phase space for
NP:

φs = −0.002± 0.083± 0.027 rad , ∆Γs = 0.116± 0.018 (stat)± 0.006 (syst) ps−1 . (135)

However deviations from the SM predictions [118,216] are still possible. Effects of O(0.1)
are typical of some well-motivated NP models that survive the present ATLAS and CMS
bounds (such as in Ref. [36]). The experimental uncertainty on φs is still a factor of 40
larger than that on the prediction, therefore improved measurements are needed to reach
the level of sensitivity demanded by theory. It should also be noted that compared to
the CP -violating phase in the B0 system (2β), φs is much more precisely predicted, and
therefore presents stronger opportunities for NP searches.

In addition, to understand the origin of the anomalous dimuon asymmetry seen
by D0 [158], improved measurements of semileptonic asymmetries in both B0

s and B0

systems are needed. LHCb has just released its first results on the B0
s asymmetry [240],

demonstrating the potential to search for NP effects with more precise measurements.
Moreover, a constraint on, or a measurement of, the rate of the decay B0

s → τ+τ− is
important to provide knowledge of possible NP contributions to Γ12 (see, for example,
Refs. [152,154]).

Among the B0 mixing parameters, improved measurements of both φd (i.e., sin 2β)
and ∆Γd are needed. Reducing the uncertainty on the former will help to improve the
global fits to the CKM matrix [244,258], and may clarify the current situation regarding
the tension between various inputs to the fits (see, for example, Ref. [259]). Another
crucial observable is the angle γ, which, when measured in the tree-dominated B → DK
processes, provides a benchmark measurement of CP violation. The first measurements
from LHCb already help to improve the uncertainty on γ [6, 7]: further improvements are
both anticipated and needed.

Comparisons of values of γ from loop-dominated processes with the SM benchmark from
tree-dominated processes provide important ways to search for new sources of CP violation.
In particular, the study of B0

s → K+K− and B0 → π+π− decays [348], which are related by
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U-spin, allows a powerful test of the consistency of the observables with the SM [347,349].
Similarly, the U-spin partners B0

s → K∗0K∗0 [295] and B0 → K∗0K∗0 are among the
golden channels to search for NP contributions in b → sqq̄ penguin amplitudes [300].
Another important channel in this respect is B0

s → φφ [296], for which the CP -violating
observables are predicted with low theoretical uncertainty in the SM. Studies of CP
violation in multibody b hadron decays [368,369] offer additional possibilities to search for
both the existence and features of NP.

6.1.3 Charm mixing and CP violation

In the charm sector, the evidence for CP violation in the observable ∆ACP has prompted
a large amount of theoretical work. The measurement

∆ACP = ACP (K+K−)−ACP (π+π−) = (−0.82± 0.21± 0.11) % , (136)

is different from zero by 3.5 standard deviations [18]. While ACP represents a time-
integrated CP asymmetry, ∆ACP originates predominantly from direct CP violation. The
emergent consensus is that while an asymmetry of the order of 1 % is rather unlikely in
the SM, it cannot be ruled out that QCD effects cause enhancements of that size. Further
measurements are needed in order to establish if NP effects are present in the charm sector.
Among the anticipated results are updates of the ∆ACP measurement as well as of the
individual CP asymmetries in D0 → K+K− and D0 → π+π−. It is of great interest to
look for direct CP violation in decays to other final states, and in decays of other charmed
hadrons (D+, D+

s and Λ+
c ).

The SM predictions are somewhat cleaner for indirect CP violation effects, and therefore
it is also essential to search for CP violation in charm mixing. New results from time-
dependent analyses of D0 → K+K− [19] and D0 → K0

Sπ
+π− will improve the current

knowledge, and additional channels will also be important with high statistics.
Several authors have noted correlations between CP violation in charm and various

other observables (for example, Refs. [461,476]). These correlations appear in, and differ
between, certain theoretical models, and can therefore be used to help identify the origin
of the effects. Observables of interest in this context include those that can be measured
at high-pT experiments, such as tt̄ asymmetries, as well as rare charm decays. Among the
latter, it has been noted that CP asymmetries are possible in radiative decays such as
D0 → φγ [477], and that searches for decays involving dimuons, such as D0 → µ+µ− [177]
and D+ → π+µ+µ− are well motivated.

6.1.4 Measurements exploiting the unique kinematic acceptance of LHCb

The unique kinematic region covered by the LHCb acceptance enables measurements that
cannot be performed at other experiments, and that will continue to be important in
the upgrade era. These include probes of QCD both in production, such as studies of
multi-parton scattering [523,608], and in decay, such as studies of exotic hadrons like the
X(3872) [554] and the putative Z(4430)+ state. Conventional hadrons can also be studied
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with high precision: one important goal will be to establish the existence of doubly heavy
baryons. Central exclusive production of conventional and exotic hadrons can also be
studied; the sensitivity of the upgraded experiment will be significantly enhanced due to
the software trigger.

Measurements of production rates and asymmetries of electroweak gauge bosons in
the LHCb acceptance are important to constrain parton density functions [580]. With
high statistics, LHCb will be well placed to make a precision measurement of the sine of
the effective electroweak mixing angle for leptons, sin2 θlept

eff , from the forward-backward
asymmetry of leptons produced in the Z → µ+µ− decay. Improved knowledge of parton
density functions, as can be obtained from studies of production of gauge bosons in
association with jets [609], will help to reduce limiting uncertainties on the measurement of
the W boson. These studies are also an important step towards a top physics programme
at LHCb, which will become possible once the LHC energy approaches the nominal 14 TeV.

The importance of having a detector in the forward region can be illustrated with the
recent discovery by ATLAS and CMS of a new particle that may be the Higgs boson. It is
now essential to determine if this particle has the couplings to bosons, leptons and quarks
expected in the SM. In particular, at the observed mass the highest branching ratio is
expected to be for H → bb̄ — however this is a difficult channel for ATLAS and CMS due
to the large SM background. LHCb with its excellent b-hadron sensitivity will be able to
search for such decays. The forward geometry of LHCb is also advantageous to observe
new long-lived particles that are predicted in certain NP models, including some with
extended Higgs sectors. Although limits can be set with the current detector [597], this
is an area that benefits significantly from the flexible software trigger of the upgraded
experiment. Models with extended Higgs sectors also produce characteristic signals in
flavour physics observables, which emphasises the need for the LHCb upgrade as part of
the full exploitation of the LHC.

6.2 Sensitivity of the upgraded LHCb experiment to key observ-
ables

As mentioned in Sec. 1, the LHCb upgrade is necessary to progress beyond the limitations
imposed by the current hardware trigger that, due to its maximum output rate of 1 MHz,
restricts the instantaneous luminosity at which data can most effectively be collected.
To overcome this, the upgraded detector will be read out at the maximum LHC bunch-
crossing frequency of 40 MHz so that the trigger can be fully implemented in software.
The upgraded detector will be installed during the long shutdown of the LHC planned
for 2018. A detailed description of the upgraded LHCb experiment can be found in the
Letter of Intent (LoI) [24], complemented by the recent framework technical design report
(FTDR) [25], which sets out the timeline and costing for the project. A summary has
been prepared for the European Strategy Preparatory Group [610].

The sensitivity to various flavour observables is summarised in Table 16, which is taken
from the FTDR [25]. This is an updated version of a similar summary that appears as
Table 2.1 in the LoI [24]. The measurements considered include CP -violating observables,
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rare decays and fundamental parameters of the CKM unitarity triangle. More details about
these observables are given below. The current precision, either from LHCb measurements
or averaging groups [43, 244, 258], is given and compared to the estimated sensitivity with
the upgrade. As an intermediate step, the estimated precision that can be achieved prior
to the upgrade is also given for each observable. For this, a total integrated luminosity
of 1.0 (1.5, 4.0) fb−1 at pp centre-of-mass collision energy

√
s = 7 (8, 13) TeV recorded in

2011 (2012, 2015–17) is assumed. Another assumption is that the current efficiency of the
muon hardware trigger can be maintained at higher

√
s, but that higher thresholds will

be necessary for other triggers, reducing the efficiency for the relevant channels by a factor
of 2 at

√
s = 14 TeV.

In LHCb measurements to date, the CP -violating phase in B0
s mixing, measured in

both J/ψ φ and J/ψ f0(980) final states, has been denoted φs. In the upgrade era it will
be necessary to remove some of the assumptions that have been made in the analyses to
date, related to possible penguin amplitude contributions, and therefore the observables in
b→ cc̄s transitions are denoted by 2βs = −φs, while in b→ qq̄s (q = u, d, s) transitions the
notation 2βeff

s is used. This parallels the established notation used in the B0 system (the
α, β, γ convention for the CKM unitarity triangle angles is used). The penguin contributions
are expected to be small, and therefore a theory uncertainty on 2βs (B0

s → J/ψ φ) ∼ 0.003
is quoted, comparable to the theory uncertainty on 2β (B0 → J/ψ K0

S ). However, larger
effects cannot be ruled out at present. Data-driven methods to determine the penguin
amplitudes are also possible [238,269,276]: at present these given much larger estimates
of the uncertainty, but improvement can be anticipated with increasing data samples.
The flavour-specific asymmetry in the B0

s system, assl in Table 16, probes CP violation in
mixing. The “sl” subscript is used because the measurement uses semileptonic decays.

Sensitivity to the emitted photon polarisation is encoded in the effective lifetime, τ eff

of B0
s → φγ decays, together with the effective CP -violation parameter 2βeff

s . Two of the
most interesting of the full set of angular observables in B0 → K∗0µ+µ− decays [61], are
S3, which is related to the transverse polarisation asymmetry [62], and the zero-crossing
point (s0) of the forward-backward asymmetry. As discussed above, isospin asymmetries,
denoted AI , are also of great interest.

In the charm sector, it is important to improve the precision of ∆ACP , described above,
and related measurements of direct CP violation. One of the key observables related to
indirect CP violation is the difference in inverse effective lifetimes of D0 → K+K− and
D0 → K+K− decays, AΓ.

The extrapolations in Table 16 assume the central values of the current measurements,
or the SM where no measurement is available. While the sensitivities given include
statistical uncertainties only, preliminary studies of systematic effects suggest that these
will not affect the conclusions significantly, except in the most precise measurements,
such as those of assl, AΓ and ∆ACP . Branching fraction measurements of B0

s mesons
require knowledge of the ratio of fragmentation fractions fs/fd for normalisation [144].
The uncertainty on this quantity is limited by knowledge of the branching fraction of
D+
s → K+K−π+, and improved measurements of this quantity will be necessary to avoid

a limiting uncertainty on, for example, B(B0
s → µ+µ−). The determination of 2βs from
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B0
s → J/ψ φ provides an example of how systematic uncertainties can be controlled for

measurements at the LHCb upgrade. In the most recent measurement [138], the largest
source of systematic uncertainty arises due to the constraint of no direct CP violation that
is imposed in the fit. With larger statistics, this constraint can be removed, eliminating
this source of uncertainty. Other sources, such as the background description and angular
acceptance, are already at the 0.01 rad level, and can be reduced with more detailed
studies.

Experiments at upgraded e+e− B factories and elsewhere will study flavour-physics
observables in a similar timeframe to the LHCb upgrade. However, the LHCb sample sizes
in most exclusive B and D final states will be far larger than those that will be collected
elsewhere, and the LHCb upgrade will have no serious competition in its study of B0

s

decays, b-baryon decays, mixing and CP violation. Similarly the yields in charmed-particle
decays to final states consisting of only charged tracks cannot be matched by any other
experiment. On the other hand, the e+e− environment is advantageous for inclusive studies
and for measurements of decay modes including multiple neutral particles [611–615], and
therefore enables complementary measurements to those that will be made with the
upgraded LHCb experiment.

6.3 Importance of the LHCb upgrade

The study of deviations from the SM in quark flavour physics provides key information
about any extension of the SM. It is already known that the NP needed to stabilize the
electroweak sector must have a non-generic flavour structure in order to be compatible
with the tight constraints of flavour-changing processes, even if the precise form of this
structure is still unknown. Hopefully, ATLAS and CMS will detect new particles belonging
to these models, but the couplings of the theory and, in particular, its flavour structure,
cannot be determined only using high-pT data.

Therefore, the LHCb upgrade will play a vital role in any scenario. It allows the
exploration of NP phase space that a priori cannot be studied by high energy searches.
Future plans for full exploitation of the LHC should be consistent with a co-extensive
LHCb programme.
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[62] F. Krüger and J. Matias, Probing new physics via the transverse amplitudes
of B0 → K∗0(→ K−π+)`+`− at large recoil, Phys. Rev. D71 (2005) 094009,
arXiv:hep-ph/0502060.

[63] C. Bobeth, G. Hiller, and G. Piranishvili, CP asymmetries in B̄ → K̄∗(→ K̄π)¯̀̀

and untagged B̄s, Bs → φ(→ K+K−)¯̀̀ decays at NLO, JHEP 07 (2008) 106,
arXiv:0805.2525.

[64] C. Bobeth, G. Hiller, and D. van Dyk, The benefits of B̄ → K̄∗`+`− decays at low
recoil, JHEP 07 (2010) 098, arXiv:1006.5013.

[65] C. Bobeth, G. Hiller, and D. van Dyk, More benefits of semileptonic rare B decays
at low recoil: CP violation, JHEP 07 (2011) 067, arXiv:1105.0376.

[66] M. Benzke, S. J. Lee, M. Neubert, and G. Paz, Long-distance dominance of
the CP asymmetry in B → Xs,dγ decays, Phys. Rev. Lett. 106 (2011) 141801,
arXiv:1012.3167.

[67] LHCb collaboration, Differential branching fraction and angular analysis of the
B0 → K∗0µ+µ− decay, LHCb-CONF-2012-008.

[68] LHCb collaboration, Measurement of the ratio of branching fractions for B0
s → φµµ

and B0
s → J/ψφ, LHCb-CONF-2012-003.

[69] Belle collaboration, J.-T. Wei et al., Measurement of the differential branching
fraction and forward-backward asymmetry for B → K(∗)`+`−, Phys. Rev. Lett. 103
(2009) 171801, arXiv:0904.0770.

[70] CDF collaboration, T. Aaltonen et al., Measurements of the angular distribu-
tions in the decays B → K(∗)µ+µ− at CDF, Phys. Rev. Lett. 108 (2012) 081807,
arXiv:1108.0695.

[71] S. Descotes-Genon, J. Matias, M. Ramon, and J. Virto, Implications from clean
observables for the binned analysis of B → K∗ll at large recoil, JHEP 01 (2013) 048,
arXiv:1207.2753.

130

http://arxiv.org/abs/1101.2726
http://dx.doi.org/10.1103/PhysRevD.61.114028
http://dx.doi.org/10.1103/PhysRevD.61.114028
http://arxiv.org/abs/hep-ph/9907386
http://dx.doi.org/10.1088/1126-6708/2009/01/019
http://arxiv.org/abs/0811.1214
http://dx.doi.org/10.1103/PhysRevD.71.094009
http://arxiv.org/abs/hep-ph/0502060
http://dx.doi.org/10.1088/1126-6708/2008/07/106
http://arxiv.org/abs/0805.2525
http://dx.doi.org/10.1007/JHEP07(2010)098
http://arxiv.org/abs/1006.5013
http://dx.doi.org/10.1007/JHEP07(2011)067
http://arxiv.org/abs/1105.0376
http://dx.doi.org/10.1103/PhysRevLett.106.141801
http://arxiv.org/abs/1012.3167
http://cdsweb.cern.ch/search?p={LHCb-CONF-2012-008}&f=reportnumber&action_search=Search&c=LHCb+Reports&c=LHCb+Conference+Proceedings&c=LHCb+Conference+Contributions&c=LHCb+Notes&c=LHCb+Theses&c=LHCb+Papers
http://cdsweb.cern.ch/search?p={LHCb-CONF-2012-003}&f=reportnumber&action_search=Search&c=LHCb+Reports&c=LHCb+Conference+Proceedings&c=LHCb+Conference+Contributions&c=LHCb+Notes&c=LHCb+Theses&c=LHCb+Papers
http://dx.doi.org/10.1103/PhysRevLett.103.171801
http://dx.doi.org/10.1103/PhysRevLett.103.171801
http://arxiv.org/abs/0904.0770
http://dx.doi.org/10.1103/PhysRevLett.108.081807
http://arxiv.org/abs/1108.0695
http://dx.doi.org/10.1007/JHEP01(2013)048
http://arxiv.org/abs/1207.2753


[72] A. Bharucha and W. Reece, Constraining new physics with B → K∗µ+µ− in the
early LHC era, Eur. Phys. J. C69 (2010) 623, arXiv:1002.4310.

[73] C. Hambrock and G. Hiller, Extracting B → K∗ form factors from data, Phys. Rev.
Lett. 109 (2012) 091802, arXiv:1204.4444.

[74] CDF collaboration, T. Aaltonen et al., Observation of the baryonic flavor-
changing neutral current decay Λb → Λµ+µ−, Phys. Rev. Lett. 107 (2011) 201802,
arXiv:1107.3753.

[75] BaBar collaboration, J. P. Lees et al., Measurement of branching fractions and rate
asymmetries in the rare decays B → K(∗)`+`−, Phys. Rev. D86 (2012) 032012,
arXiv:1204.3933.

[76] LHCb collaboration, R. Aaij et al., Measurement of the isospin asymmetry in
B → K(∗)µ+µ− decays, JHEP 07 (2012) 133, arXiv:1205.3422.

[77] C. Bobeth, G. Hiller, and G. Piranishvili, Angular distributions of B → K`+`−

decays, JHEP 12 (2007) 040, arXiv:0709.4174.

[78] D. Becirevic, N. Kosnik, F. Mescia, and E. Schneider, Complementarity of the
constraints on New Physics from B0

s → µ+µ− and from B → Kl+l− decays, Phys.
Rev. D86 (2012) 034034, arXiv:1205.5811.

[79] BaBar collaboration, J. P. Lees et al., Evidence for an excess of B̄ → D(∗)τ−ν̄τ
decays, Phys. Rev. Lett. 109 (2012) 101802, arXiv:1205.5442.

[80] Belle collaboration, A. Matyja et al., Observation of B0 → D∗−τ+ντ decay at Belle,
Phys. Rev. Lett. 99 (2007) 191807, arXiv:0706.4429.

[81] Belle collaboration, A. Bozek et al., Observation of B+ → D̄∗0τ+ντ and evidence for
B+ → D̄0τ+ντ at Belle, Phys. Rev. D82 (2010) 072005, arXiv:1005.2302.
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