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Godot and the New Physics

1. Waiting for Godot: a Parable for the Flavour Physics Community?

Samuel Beckett's play of 1949 is a landmark of modern thealreo tramps, Vladimir and
Estragon, await the arrival of the mysterious Godot. He dumscome, although other sinister
characters pass through. The tramps pass their time in nggess activities and talk. Described by
Beckett as a ‘tragicomedy in two acts’, the play is converdlty regarded as a tale of existentialist
angst focused on the futility of the human condition. Otleadings are of course possible. The
interpretation we suggest here is that the play is a pardhileeosearch for New Physics in the
flavour sector.

e Why are we here? Godot as the New Physics
Like Vladimir and Estragon, we hope we know why we are here.Vhslimir says “But
that is not the question. Why are we hetfet is the question. And we are blessed in this,
that we happen to know the answer. Yes in this immense canmfusie thing alone is clear.
We are waiting for Godot to come.” [1] We know why we are doingavvwe are doing. We
are awaiting the arrival of the New Physics, which we are gw®d must manifest itself in
flavour observables. This conviction can sometimes makdittledoo enthusiastic.

e “It's Godot, we're saved!”
The tension of waiting sometimes overwhelms our heroes -at$ho say... you under-
stand... the dusk... the strain... waiting... | confedsmagined... for a second...” Estragon
apologises, after having misidentified another characteGbdot. The flavour community
has made similar bold statements. For example, in the ealpfehe B-factories the data
supported a different value for the value of sthds measured in processes involving box
andb — sPenguin diagrams, such BS — @K2, compared with those involving box and tree
diagrams, such a&® — J/(,UKg (see Fig. 1). This discrepancy provoked much excitement,
excitement which has now largely dissipated as the two datssalts have become much
more consistent.

e “Has he a beard, Mr Godot?”
When a boy, supposedly familiar with Godot, answers thisstioe from Vladimir in the
affirmative, the tramp then asks its colour: “Fair or...r.back?”. Boy: “I think it's white,
Sir". Slence. Vladimir: “Christ have mercy on us!”. This interchange llights another
challenge that we face. As we search for the New Physics wetknow quite what we are
looking for — SUSY, Little Higgs or maybe something else?

e But we persevere

Flavour physicists are by nature stubborn people. The abg@o far) of a clear signpost to
a higher theory from flavour observables at existing and faadities does not dissuade us
from planning for still more sensitive measurements. Wenkoat quest is well motivated.
Vladimir: “What are you insinuating? That we've come to theomg place?”, Estragon:
“He should be here.”, Vladimir: “He didn’t say for sure he’drme”, Estragon: “And if he
doesn’t come?”. Vladimir: “We’ll come back tomorrow”, Eagron: “And then the day after
tomorrow”, Vladimir: “Possibly.”
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Figure 1: Belle results for the CP-asymmetry BY — qug as measured with 140 fb of data [2]. Plot a)
represents events with low tagging purity, plot b) eventhwigh tagging purity. The blue solid curve is the
fit result, the dotted black curve the Standard Model expiectaThere is a o discrepancy between the
two. With more data analysed from both BABAR and Belle, theetipancy is now only.3o [3].

Note that Vladimir is more interested in his prospects of tingeGodot ‘tomorrow’, rather
than ‘the day after tomorrow’, and the same spirit will gutties review. In the world of experi-
mental particle physics ‘tomorrow’ may be regarded as thmiog five years, and the ‘day after
tomorrow’ the time beyond. In this survey, therefore, wd faitus on those areas where we have
may have genuine reason to hope where New Physics may appi& ¢oming five years, or at
least where advances are expected which are necessarcfoasievent to occur. The choice of
topics will be subjective, but will be informed by the manyceitent presentations given at this
conference. By excluding the ‘day after tomorrow’ we areaging not to discuss the exciting
prospects at those experiments still on the planning beah as theipgraded LHCb experiment,
or a very high luminositg*e~ flavour-factory. There will be time enough to explore thesfaitare
conferences.

2. Time Dependent CP-violation

Mixing was first established in the neutalsystem in 1987 [4]. It took another six years
before the actual oscillations themselves were resolveBYanesons [5]. Impressive though this
feat was, it was merely a staging post on the journey towdrelsdal prize of observing mixing-
induced CP-violation, a goal which was attained byBhiactory experiments in 2001 [6].

Is a similar story now unfolding witlB2 mesons? The very rapid oscillations were only re-
solved in 2006 [7], but already CDF and DO are now searchingf-violation in the gold-plated
modeBs — J/q. In the Standard Model the CP-violating phagée characterising this effect is
both precisely predicted and known to be very smafi{ = —0.0368+0.0017 radians [8]). The
early analyses [9], however, although still rather insiresi hint at a larger value. This hint has

INote that sometimes in the literature the symiadk used instead for the different phase which is accessedghr
measuring the flavour-specific asymmetr;B&decays.
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Figure 2: CDF and DO combined profile likelihood as confidence contofite CP-violating phasﬂsJ/W

in B — J/We (referred to aga in the main text) and the width splitting between the massrestatesiIs.
The Standard Model expectation and uncertainty is indithtethe black line. The sinusoidal green band
indicates that region allowed in New Physics models. [11]

been seized on by certain commentators [10] as heraldingptinéng of the New Physics, but such
an interpretation relies on the reliable averaging of theilts from the two experiments, which
in the case of the confidence level contourd\ify — @ space, wherdl g is the lifetime splitting
between the mass eigenstates, is a very non-trivial exerdifie most recent combination [11]
performed by the the Tevatron collaborations themselasdesplayed in Fig. 2, indicates that the
preferred central value isBo away from the Standard Model prediction. This is intrigyibgt
for sure Godot has not yet arrived.

Nonetheless, it is exciting to appreciate that if the presesults forg, are indeed centred on
the true value, then discovery of the New Physics is rathemiimant. The present Tevatron results
are based on 2.8 fi} of data per experiment and by the end of 2010 three to fourstifmie data
size will be available, which would give CDF and DO combinegkey good chance of a five-sigma
observation. Next year also, the first results are expected the LHC. As is shown from Fig. 3,
LHCD is expected to match the anticipated Tevatron perfoomavith around 200 ptd of data,
which is a realistic integrated luminosity goal for 2010.

It may be, of course, that improved measurementg, ofill exclude the initial indications of a
very large value. Such an outcome would not diminish the mamee ofg; as an observable which
a priori has excellent potential to reveal the contributiaf New Physics. To this end, it will be
essential to push the sensitivity of the analyses down ttethed of the Standard Model expectation,
and beyond. Using{ — J/ @ events alone, LHCb has the capability to attain this preaisiith
less than 2 fb! of data, a sample which should be accumulated within thetfistor three years
of LHC operation. Other channels may allow for the experitakancertainty to be reduced still
further. A promising candidate B2 — J/fo(980) with fo(980) — v . As the final state is
a CP-eigenstate, in contrast to the vector-vector natudg @fp, no angular analysis is necessary,
and so the intrinsic sensitivity per event is higher. Thevaht question is then what the relative
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Figure 3: Expected LHCDb sensitivity to CP-violating phaﬁgwq’ in B — J/ye (referred to agy in the
main text) as a function of integrated luminosity. Left: gpects in 2010 atd = 10 TeV. Right: prospects
at nominal LHC energy. The Tevatron estimates are naivéngisairom the present results.

branching ratio of this decay is with respecBo— J/@@, ¢ — KTK~. In [12] it is suggested that
this ratio should be the same as that of the de@ys— foe™ Ve, fo — " andDJ — e’ v,

@ — KTK~ when extrapolated tg? = 0. CLEO-c has made the first measurement of this ratio
and found it to be 42 11% [13], which bodes well for the contribution of tBg — J/ fo(980)

in the ¢ determination. It is hoped that the Tevatron will soon makirect measurement of this
branching fraction.

It should be remembered that there is another opportunitynfeing measurements to reveal
CP-violating contributions from beyond the Standard Mod#he of the surprises of the last two
years has been the discovery of oscillations inM{e- D° system. This observation has already
been used to constrain or exclude many models of New Phyki¢s The charm mixing parame-
ters,x andy, are now both known to be 1%, with a relative precision of around 25% [3]. Although
small, the oscillation is at the higher end of the expectaztispm and gives hope for observing
any mixing related CP-violation effects, which are prelasday factors of eithek or y [15]. In
the Standard Model these effects are utterly negligiblé stgnificant contributions may occur in
many New Physics models (see for example [16, 17]). Seitgitiy such effects can be attained
by merely dropping the assumption of CP-conservation imtheng studies. Current measure-
ments yield the resulti/pjp = 0.86"01f and @ = (—8.8"75)° [3], where the CP-conserving
predictions are 1 and°Qespectively. Significant improvements are expected inctimaing few
years from theéB-factories, the Tevatron and LHCb. The same facilities alilo search for direct
CP-violation, particularly in singly Cabibbo-suppressiegays, which represent another promising
area for beyond-the-Standard-Model physics to manifesifif18].

3. The Unitarity Triangle: measuring y/ @3

The least well known angle of the unitarity triangleyi$gs). Even the degree of imprecision
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in our knowledge of/ is itself not well established: the UTfit collaboration hasfprmed a global
combination of existing measurements and obtains a val(edaf 12)° [19], whereas CKMFitter
calculates the world average to B&0* %)O [8]. The desire to make more a precise measurement
of this angle is further motivated by the fact that it is thdyo@P-violating parameter that can
be measured through tree-level processes, and therefovalgs a Standard Model benchmark,
largely immune to New Physics effects, against which otlseovables can be compared. Thus a
much improved determination gfhas highest priority in unitarity triangle studies over tdoging

5 years or so.

The most powerful way to determinedirectly, and the one which is exploited in all existing
publications from thé-factories, is the so-calle®'— DK’ family of measurements. Interference
betweerB~ — DK~ andB~ — DOK ~ occurs if theD® andDO are reconstructed in a common final
state. Such interference picks out the relative phaserdifte,0g — y, between the two processes,
where dg is a CP-invariant strong phase. Comparison betwerand B decays will exhibit
differences in the event rates or kinematical distribugi¢ior example Dalitz plots in the case of
>3 body D-decays), which enabjeto be determined. There are maDydecay channels which
can be harnessed for this purpose. The most promising modeslé CP-eigenstates (e K ™),
Cabibbo favoured/doubly suppressed decays KegrT) and self-conjugate states (st ).
Apart from in the CP-eigenstate case, the CP-violating mhasées will have a dependence not only
ony, & andrg (the relative size of the interfering diagrams), but alsstong phase differences
associated with th®°/DO decay. These differences must also be extracted in the siatyr
constrained from external sources. By including as manymbla as possible in the analysis
improved sensitivity is obtained on the common unknoda g andy itself.

The prospects for an improved determinatioryafre good. Thd-factories can both update
existing analyses with their fulf(4S) datasets, and add new channels. The Tevatron has shown its
potential for contributing to this programme [20]. Theetermination is a principal goal of LHCDb,
where methods such as time-depend&nt- DZKT studies can be used to augment Bie> DK
strategies. It is estimated that LHCb can reach a precidi@n-@° with 10 fb~! of data [21].

The y measurement benefits greatly from the synergy that existeelea facilities. Informa-
tion on the strong-phase differences associated wittDhd®° decays which are needed in the
B — DK analyses can be obtained in a model independent way frorgistuthe behaviour of
quantum-correlated D-mesons produced atyti8770. Such events have been accumulated at
CLEO-c and used to measure the strong phase differenceslkateldr quantities in two, three and
four body D-decays [22]. Very soon larger samplesydB770 data will become available at
BES-III [23] to repeat and extend these analyses.

4. Rare Decays: looking for Godot in CP-conserving processe

Study of the branching ratio and kinematical propertiesacé heavy flavour decays have long
played an important role in New Physics searches. For exathel branching ratio db — sy
imposes severe constraints in SUSY-parameter space. ghificgince of such studies will not
diminish over the coming few years. Here we focus on two oftfwst promising candidate
channels.
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Figure 4: B-factory results foB — K¢ ¢~ as a function of the invariant mass squared of the dileptstesy.
In all plots the charmonium resonance regions have beended! Left: BABARAgg in BO — K*0¢ty—:
the blue solid curve is the Standard Model prediction, tiheoturves are the expectations when the signs
of certain effective Wilson coefficients are swapped (equgtdashed green @?” = —C‘;”)[ZB]. Right

middle: BelleAgg results, with red solid curve the Standard Model predigtiord the blue dotted curve the

expectation WitrC7'aff = 7C7e”[29]. (Right top: theK* longitudinal polarisation fraction, with the curves

having the same meaning as fagg plot. Right bottom: Belle isospin asymmetry f&+¢™ ¢~ (closed
circles) andK¢* ¢~ (open circles).)

The decayB — K®)¢t¢—, which proceeds throughla— sloop transition, is a system which
provides a host of powerful observables which are sensttivaon-Standard Model contribu-
tions [24, 25], in particular the helicity structure of angW Physics couplings. One of the most
interesting of these observables availabl®in— K*%/* ¢~ decays is the forward-backward asym-
metry of the angle between the lepton and the B-meson in tlepthn rest frame. This asymmetry
is expected to evolve withy?, the invariant mass of the lepton pair in a manner which iffee-
tween the Standard Model and many New Physics scenariosrticydar, in the Standard Model
there exists a ‘zero-crossing point’ where the asymmetanghs sign, the position of which has
rather little theoretical uncertaintgd = 4.36' 53> GeV? [26]). Locating the position of this asym-
metry is a key goal in flavour physics.

TheB-factory experiments have analysed the majority of thdlected data. This has enabled
them to present results based on a few hundred signal e\@nt28, 29]. These statistics are
inadequate for any conclusions yet to be drawn, but it igé@sténg to note that no indication of
a crossing point is yet evident (see Fig. 4). In order to leaane it will be necessary to wait for
results from LHCb. With a dataset ef 200 pb 2, perhaps achievable in the first year of operation,
it will be possible to approximately double the existing ldesample of events. Firm conclusions,
however, will only be possible with the luminosities foresefrom 2011 onwards. With 10 8,
around 5 years of data, it will be possible to determine thie-zeossing point of the asymmetry
to the present level of theoretical uncertainty. To retarmur original theme: iB — K*)¢t¢-
Godot may well come tomorrow, but it is unlikely to be in thermiag.
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Figure 5: CDF BY(B%) — u*u~ search with 3.7 fo! [32]. Invariant mass ofi* u~ for different intervals
of the neural net output used to characterise the event. ditnest plot ¢y > 0.995) is most signal like.
The search windows are indicated for b&h— p*u~ and forB? — u+u—.

The impatient are advised to focus their attention of thenoebB? — u*u~. This is the
B-physics rare decapar excellence. In the Standard Model the branching ratio is both highly
suppressed and precisely predicteé{ BS — p*p~) = (3.3540.32) x 10~° [30]), while in many
New Physics models of interest substantial enhancements.o€or example, calculations made
in the context of MSSM point taZ(BY — utu~) ~ 2 x 108 as being a likely value [31]. This
is only a little below the best present limit from CDF of34 108 (95% C.L.) [32], achieved
with 3.7 fb~! of data (see Fig. 5). With the integrated luminosity whicli & available to both
experiments within the coming year it is clear that at thestiee@ry powerful constraints can be
placed in SUSY parameter space. Furthermore, LHCb will ringiple, be able rapidly to attain
a similar sensitivity, reaching the>210~8 level with the data sample expected in 2010. Thus if
nature conforms to the MSSM the observation of an enhandedofds — p* 1~ events in the
next one or two years may very well be the first indication & fhct.

5. Towards CP-violation in the lepton sector

The choice of topics in this reviewB(andD physics) has largely been motivated by the im-
minent (re-)start of the LHC, and the harvest of results nomiog from the Tevatron. It must
be remembered, however, that equally important and congmitary flavour physics studies are
underway in other areas. These include the search for vesykeon decays, LFV muon and tau
decays and the drive to improve the experimental limits arigar and lepton EDMs. We pass over
these topics through lack of time. Instead, we make brieftioeiof that subject which is receiving
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Figure 6: Discovery reach to CP-violation of various proposed futoeatrino facilities as a function of
the fraction of all possible values of the PMNS CP-violatpigasedcp and the true value of si26;3 [34].

In the area to the right of the bands CP-violation can be #sktednl at the 8 confidence level. The right
most edge of each band represents the performance of a eatsedesign, and the left most an optimised
design for the facility in question. 'NF’ signifies neutrifiactory; ‘BB’ signifies beta-beam. The other 3
options are superbeam experiments: ‘SPL’ signifies the CERINV Super Proton Linac upgrade; ‘T2HK’
signifies the 4 MW, 50 GeV JPARC upgrade; ‘WBB'’ signifies thelaband, 1 MW, 28 GeV AGS project.

most effort and attention in the domain of neutrino physicg] the one where significant progress
is expected in the coming half-decade.

A host of experiments are approved (or indeed entering @&iag) with the goal of better
constraining, and hopefully measuring, the PMNS mixingles@,3. This angle is known to be
small (sirf 613 < 0.032 [33]) and is of particular interest as it controls the niagle of any CP-
violating observables associated wéththe phase of the PMNS matrix. Observing CP-violation in
the neutrino sector and measurid@re long-term goals in neutrino physics which are the fodus o
next-generation experiments, and therefore are, in Gpadénce, unlikely to be reached until the
‘day after tomorrow’.

The 6,3 programme will be conducted in parallel by react@rdisappearance experiments
(Double Chooz, Daya Bay and RENO) and off-awisappearance iw, superbeam experiments
(T2K and NOVA). Each project has a typical sensitivity to’&f;3 in the range 01— 0.01, and
the two classes of technique have very different systematior example the signal is expected to
be larger in superbeam experiments, but its interpretagicomplicated by the presence of matter
effects, which are not present in the reactor approach.

Improved knowledge of the magnitude 6f; is necessary for planning the next generation
neutrino experiments, as is indicated in Fig. 6. For examipli¢ were known that siA26;3 is
~ 102 then so-called ‘wide-band’ superbeams would have gooditagtysto CP-violating ef-
fects, while at lower values the more ambitious ‘beta-beanrieutrino-factory projects would be
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necessary [34]. It is hoped that rather soon we will be in atiposto decide on which approach
should be adopted.

6. Conclusions

For the protagonists of the play a happy outcome is contingenthe arrival of Godot.
Vladimir: “We’ll hang ourselves tomorrow. Pause) Unless Godot comes.” Estragon: “And if
he comes?” Viadimir: “We’ll be saved.” Flavour physicist® aot in so desperate a situation, as
we have seen that there are genuine reasons for us to beigveur wait for the New Physics
is about to end. The next five years or so hold rich promise figaificant improvement of our
knowledge ofy/¢; and 6,3, and our prospects of uncovering something unforeseemighrthe
study of B® — K*0¢t¢~ and, perhaps, in charm decays. Most excitingly, the opeaaigf the
LHC era (in parallel with the closing scenes of the Tevatroygpamme) have the very real possi-
bility of revealing non-Standard Model contributions inlbéhe measurement gf and the search
for B — utu~. When the New Physics is seen, the next challenge will betabksh its nature —
the question then becomesto is Godot?’
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