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R.S. Van de Water, M.B. Wise, J. Xu, T. Yamanaka, J. Zupan

1.1 Quark Flavor as a Tool for Discovery

An essential feature of flavor physics experiments is their ability to probe very high mass scales, beyond
the energy accessible in collider experiments. In addition, favor physics can teach us about properties of
TeV-scale new physics, which cannot be learned from the direct production of new particles at the LHC.
This is because quantum effects allow virtual particles to modify the results of precision measurements in
ways that reveal the underlying physics. (The determination of the ¢ — s,d couplings in the standard model
(SM) exemplifies how direct measurements of some properties of heavy particles may only be possible in
flavor physics.) Even as the Large Hadron Collider (LHC) at CERN embarks on probing the TeV scale, the
ongoing and planned precision flavor physics experiments are sensitive to beyond standard model (BSM)
interactions at mass scales which are higher by several orders of magnitude. These experiments will provide
essential constraints and complementary information on the structure of models put forth to explain any
discoveries at LHC, and they have the potential to reveal new physics that is inaccessible to the LHC.

Throughout the history of particle physics discoveries made in studies of rare processes have led to new and
deeper understanding of nature. A classic example is beta decay, which foretold the electroweak mass scale
and the ultimate observation of the W boson. A number of results from kaon decay experiments were crucial
for the development of the standard model: the discovery of CP violation in K? — 7+ 7~ decay ultimately
pointed toward the three-generation CKM model [I} 2], the absence of strangeness changing neutral current
decays (i.e., the suppression of K9 — pu*pu~ with respect to K™ — pTv) lead to the prediction of the fourth
(charm) quark [3], and the measured value of the K — Kg mass difference made it possible to predict the
charm quark mass [4} [5] before charm particles were directly detected. More recently the larger than expected
By — By, mass difference foretold the high mass of the top quark. Precision measurements of time-dependent
CP-violating asymmetries in B-meson decays in the BABAR and Belle experiments firmly established the
CKM phase as the leading source of CP violation observed to date in flavor changing processes — leading
to the 2008 Nobel Prize for Kobayashi and Maskawa. At the same time, corrections to the SM at the tens
of percents level are still allowed, and many extensions of the SM that were proposed to solve the hierarchy
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puzzle are likely to give rise to changes in favor physics that may be observed in the next generation of
experiments.

Today, a well-planned program of flavor physics experiments — using strange, charm, and bottom quarks
— has the potential to continue this history of producing paradigm changing scientific advances.

1.2 Strange, Charm, and Bottom Quarks as Probes of New Physics

In the past decade our understanding of flavor physics has improved very significantly due to the ete~
B factories, BABAR, Belle, CLEO, and the Tevatron experiments. While kaon physics was crucial for the
development of the SM, and has provided some of the most stringent constraints on BSM physics since the
1960-s, precision tests of the CKM picture of CP violation in the kaon sector have been hindered by theoretical
uncertainties in calculating direct CP violation in K decay. The B factories provided many stringent tests by
precisely measuring numerous CP-violating and CP-conserving quantities, which in the SM are determined
in terms of just a few parameters, but are sensitive to different possible BSM contributions. The internal
consistency of the measurements and their agreement with CP violation in K°-K° mixing, €x, and the
SM predictions (shown in the left plot in Fig. escalated the “new physics flavor puzzle”, which is the
mismatch between the relatively low (TeV) scale required to solve the fine tuning problem, and the high
scale that is seemingly required to suppress BSM contributions to flavor-changing processes. This problem
arises because the SM flavor structure is very special, containing small mixing angles, and additional strong
suppressions of flavor-changing neutral-current (FCNC) processes. Any extension of the SM must preserve
these features, which are crucial to explain the observed pattern of weak decays.

The motivation for a broad program of precision flavor physics measurements has gotten even stronger in
light of the 2011 LHC data. With a hint at a particle that may be a SM-like Higgs boson, but no sign of
other high-mass states, the LHC has begun to test naturalness as a guiding principle of BSM research. If
the electroweak scale is unnatural, we have little information on what the next energy scale is to explore
(except for a hint at the TeV scale from dark matter, a few anomalous experimental results, and neutrinos
most likely pointing at a very high scale). The flavor physics program will explore much higher scales than
what can be directly probed. However, if the electroweak symmetry breaking scale is stabilized by a natural
mechanism, new particles should be found at the LHC. Since the largest quantum correction to the Higgs
mass in the SM is due to the top quark, the new particles will likely share some properties of the SM quarks,
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Figure 1-1. Left: Constraints on the apex of the unitarity triangle in the p — 7 plane (at 95% CL). Right:
the allowed hy — 04 new physics parameter space in B°~B° mixing. (From Refs. [8,[9].)
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Operator Bounds on A [TeV] (C' =1) | Bounds on C (A = 1TeV) Observables
Re Im Re Im

(5py"dy)? 9.8 x 10? 1.6 x 10* 9.0x 1077 3.4 x 107 Ampg; ex
(3rdr)(5rdg) | 1.8 x 10* 3.2 x 10° 6.9 x 107 2.6 x 107! Ampg; ex

(ery ur)? 1.2 x 103 2.9 x 10° 56x1077  1.0x10"7 | Amp; |q¢/pl,¢p
(rur)(@rug) | 6.2 x 10° 1.5 x 10* 57x107%  1.1x107% | Amp; |¢/p|, oD

(bry*dr)? 5.1 x 10? 9.3 x 10? 33x10% 1.0x10°¢ Amp,; Syks
(brdr)(brdg) | 1.9 x 103 3.6 x 103 56 x 1077 1.7 x 1077 Amp,; Syks

(bry*sr)? 1.1 x 10? 2.2 x 10? 76x107° 1.7 x107° Amp,; Sye
(brsy)(bysgr) | 3.7 x 102 7.4 x 107 1.3x107°  3.0x 1078 Amp,; Sye

Table 1-1. Bounds on AF = 2 operators of the form (C/A*) O, with O given in the first column. The
bounds on A assume C = 1, and the bounds on C assume A =1 TeV. (From Ref. [6].)

such as symmetries and interactions. Then they would provide a novel probe of the flavor sector, and flavor
physics and the LHC data would provide complementary information. Their combined study is our best
chance to learn more about the origin of both electroweak and flavor symmetry breaking.

Consider, for example, a model in which the only suppression of new flavor-changing interactions comes from
the large masses of the new particles that mediate them (at a scale A > my, ). Flavor physics, in particular
measurements of meson mixing and C P violation, put severe lower bounds on A. For some of the most
important four-quark operators contributing to the mixing of the neutral K, D, B, and B, mesons, the
bounds on the coefficients C'//A? are summarized in Table (for Sys we use the LHCD result). For C' =1,
they are at the scale A ~ (10? — 10°) TeV. Converseley, for A = 1 TeV, the coefficients have to be extremely
small. Therefore, there is a tension. The hierarchy problem can be solved with new physics at A ~ 1TeV.
Flavor bounds, however, require much larger scales, or tiny couplings. This tension implies that TeV-scale
new physics must have very special flavor structures. The new physics flavor puzzle is thus the question of
why, and in what way, the flavor structure of the new physics is non-generic. As a specific example, in a
supersymmetric extension of the SM, there are box diagram with winos and squarks in the loops. The size
of such contributions depends crucially on the mechanism of SUSY breaking that we would like to probe.

To be sensitive to BSM contributions to FCNC processes (where the SM is suppressed, but not absent), many
measurements need to be done, and it is only their combination that can reveal a signal. (There are some
exceptions, mainly processes forbidden in the SM, but considering only those would unnecessarily narrow
the program.) To visualize the constraints from many measurements, it is convenient to use the Wolfenstein
parameterization [7] of the CKM matrix,

Vid Vus Vub — %)\2 A AA?’(/S — Z’ﬁ)
Vekm = | Vea Ves Voo | = -A 1— 42 AN? +0(\Y). (1.1)
Via Vis Vi AN (1 —p—if) —AN 1

It exhibits the hierarchical structure of the CKM matrix by expanding in a small parameter, A ~ 0.23. The
unitarity of this matrix in the SM implies many relations, such as that defining the “unitarity triangle”
shown in Fig. which arises from rescaling the Vg V5 + Vea VJy + Via Vi, = 0 relation by V4V and
choosing two vertices of the resulting triangle to be (0,0) and (1,0). (We use definitions of the A, A, p and
7} parameters that obey unitarity and ensure that the apex of the unitarity triangle is (p,7) exactly [9].)

FUNDAMENTAL PHYSICS AT THE INTENSITY FRONTIER
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As a result of second order weak interaction processes, there are transitions between the neutral meson flavor
eigenstates, so the physical mass eigenstates are their linear combinations, denoted as |Bp 1) = p|B°)¥¢|B°).
(The p and g parameters differ for the four neutral mesons, but the same notation is commonly used without
distinguishing indices.) In a large class of models, the BSM physics modifies the mixing amplitude of neutral
mesons, and leaves tree-level decays unaffected. This effect can be parameterized by just two real parameters
for each mixing amplitude. For B® — B® mixing, writing M1 = M3 (1 + hqe®??), the constraints on hy
and o4 are shown in the right plot in Fig. [I-1] Only in 2004, after the first significant constraints on v and
a became available from BABAR and Belle, did we learn that the BSM contribution to B—B mixing must
be less than the SM amplitude [I0, @]. The right plot in Fig. shows that order 10 — 20% corrections to
| M;4]| are still allowed for (almost) any value of the phase of the new physics contribution, and if this phase
is aligned with the SM (204 = 0 mod 7), then the new physics contribution may still be comparable to the
SM one. Similar conclusions apply to other neutral meson mixings [I1], [12], as well as many other AF =1
FCNC transition amplitudes.

The fact that such large deviations from the SM are not yet excluded gives very strong motivations to
continue flavor physics measurements in order to observe deviations from the SM predictions or establish a
stronger hierarchy between the SM and new physics contributions.

In considering the future program, the following issues [13] are of key importance:

1. What are the expected deviations from the SM predictions induced by new physics at the TeV scale?
As explained above, TeV-scale new physics with generic flavor structure is ruled out by many orders
of magnitudes. Thus, deviations from the SM of any size may occur below the current bounds, and in
a large class of scenarios we expect observable effects.

2. What are the theoretical uncertainties?
These are highly process dependent. Some measurements are limited by theoretical uncertainties (due
to hadronic, strong interaction, effects), but in many key processes the theory uncertainties are very
small, below the expected sensitivity of future experiments.

3. What can we expect in terms of experimental precision?
The useful data sets can increase by of order 100 (in most cases 10-1000), and will probe effects
predicted by fairly generic BSM scenarios.
4. What will the measurements teach us if deviations from the SM are [not] seen?
The flavor physics data will be complementary with the high-pr part of the LHC program. The synergy
of measurements can teach us a lot about what the new physics at the TeV scale is, and what it is not.
Here we concentrate on the physics and prospects of a subset of measurements, for which the answers to
these questions are the clearest, both in terms of theoretical cleanliness and experimental feasibility. The
experiments will enable many additional measurements which are not discussed here, some due to lack of
space, and some because they will be more important than we can now anticipate. (Recall that the best
measurements of the CKM angles a and -y at BABAR and Belle were not in earlier anticipated decays.)

1.2.1 K Decays

As can be seen from Table[I-1] some of the strongest constraints on BSM physics come from the measurements
of the Kj, — K5 mass difference, Amg, and the CP violating quantities, ex and €. This is because the SM
suppressions are the strongest in the kaon sector, since the w and ¢ contributions to FCNC processes are
very strongly GIM suppressed, while that of the ¢ is strongly CKM suppressed. Hence the agreement of the
measurements with the SM implies that new physics must mimic the SM suppressions. While Amg and eg
can be calculated reasonably precisely, the hadronic uncertainties in the SM calculation of € are large, due

FUNDAMENTAL PHYSICS AT THE INTENSITY FRONTIER
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to contributions that nearly cancel each other. Progress in lattice QCD may make € tractable in the future,
however, at present we cannot rule out (nor prove) that it receives a substantial new physics contribution.

In several rare FCNC kaon decays, such as those containing a charged lepton pair in the final state, a
challenge to learn about short distance physics is due to long distance contributions via one or two photons
converting into the £*¢~ pair. However, the decays involving a v pair in the final state are theoretically
clean, providing very interesting channels to search for BSM physics. The KT — 77vp and K — #%vp
decays are determined by short distance physics, and there is a single operator (both in the SM and in
most BSM scenarios), which determines the decay rates, O = X (5d)y (7v)y—a. Moreover, the form factor
that parameterizes the matrix element of this operator is the same as the one measured in K — wfv decay,
in the limit of isospin symmetry. The decay rate B(K+ — w'wvi) is proportional to |X|?, and Re(X)
gets a contribution from a penguin diagram with a charm loop. This contribution has been calculated to
next-to-leading order, and is responsible for the slightly larger theory uncertainty in the charged than in the
neutral mode. The K? — 7vw rate is even cleaner theoretically, because the final state is almost completely
CP-even [I7], so the decay proceeds dominantly through CP violation in the interference of decay with and
without mixing [I8], T9]. The rate is determined by Im(X) o< Im[(V;4V,%)/(VeaVy5)]}. Both decay rates are
proportional to (AA?)%, which would, however, cancel in the ratio of rates. The constraint from a future
measurement of B(K? — 7%vi) would be two horizontal bands at a certain value of £|7j]. At present, the
uncertainty of B(K+ — ntwvw) is O(1), while the bound on B(KT — 7T vw) is 10® times the SM prediction,
leaving a lot of room for future experiments to find unambiguous signals of BSM physics.

An important synergy with B decay measurements is due to the fact that all three observables ex, B(KT —
atvp), and B(K? — 7%w) depend on |V;4V;s|?, which is proportional to A%, which in turn is determined
by |Vep|*. This provides a strong motivation to improve the determination of |V.s|, which can be done at the
super-B-factories.

Lattice QCD is also important for the kaon program. For eg, the determination of the bag parameter, By,
has improved in the last decade remarkably, and it is hoped that € might also become tractable in the future.
A lattice QCD determination of the charm loop contribution to KT — 7t v would also be worth pursuing.
And, of course, lattice QCD is important for determining |V,;| from semileptonic B decays.

The next generation of kaon experiments will not only measure K — 7vv, but perform a much broader
program, which includes K — wf*¢~, K — {v, CP-violating triple products, and many other interesting
measurements sensitive to BSM physics.

1.2.2 B and B; decays

The B physics program is remarkably broad, with many measurements sensitive to complementary ways of
extending the SM (its Higgs sector, gauge sector, or fermion sector). Here we concentrate on a subset of
measurements which can improve by an order of magnitude or more, and the interpretation of the results
would not be limited by hadronic uncertainties. Particularly promising channels to look for new physics are
in mixing and in FCNC decays, where the SM contributions are suppressed, so BSM contributions originating
at a higher scale may compete. We saw that BSM contributions of order 20% of the SM ones are still allowed
in most FCNC processes, and improving these constraints will be important to interpret the LHC results.

In this program, the determinations of v and |V,;| are crucial, because they are obtained from tree-level
processes, and hence provide a “reference” determination of the CKM matrix (i.e., p and 7, the apex of the
unitarity triangle), to which other measurements can be compared. There is ongoing theoretical work to
improve the determination of |Vy;|, using both continuum methods and lattice QCD, but it is not yet known
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if more than a factor-of-few improvement will be possible. At the same time, the measurement of v from
B — DK decays is only limited by statistics (the current world average is v = (684_“%(1))O [8]). It is arguably
the cleanest measurement in terms of theoretical uncertainties, because the necessary hadronic quantities
can be measured. All B — DK based analyses consider decays of the type B — D(D) K (X) — fp K (X),
where fp is a final state accessible in both D and D decay and X denote possible extra particles in the
final state. The crucial point is that the flavor of the D or D in the intermediate state is not measured,
so the b — cus and b — ucs decay amplitudes can interfere. Using several decays modes, one can perform
enough measurements to determine all relevant hadronic parameters, as well as the weak phase . Thus, the
theoretical uncertainties are much below the sensitivity of any foreseeable experiment. A complementary

method available at LHCb, using the four time-dependent By — DT KT rates, has not even been tried yet.

The above tree-dominated measurements will allow future improvements in the CP asymmetry in B — ¢ Kg
and related modes, determining the angle /3, to improve the constraints on BSM physics. In the B, system,
the SM prediction for CP violation in the similar b — c¢¢s dominated decays, such as B; — ¥ ¢, is suppressed
by A% compared to 3, yielding for the corresponding time-dependent CP asymmetry 5§SM) = 0.0182+0.0008.
While the Tevatron measurements hinted at a possibly large value, the LHCb result, 5, = —0.065+0.097, did
not confirm those. The key point is that the uncertainty is still much larger than that of the SM prediction.

An important search for new physics in penguin amplitudes comes from the comparison of CP asymmetries
measured in tree-level b — c¢s dominated decays with those in loop-dominated b — ggs decays. The specific
measurements that probe such effects include the difference of CP asymmetries Syr, — Sgxg or related
modes in By decay, and Sy — Sg¢ in By decay.

There are some intriguing hints of deviations from the SM in the current data. CP violation in neutral
meson mixing, the mismatch of the CP and mass eigenstates, mesaured by the deviation of |¢/p| from 1,
is simply 1 — |¢/p| = 2Re(ek) in the K system. It is sensitive to BSM contributions in B mesons, since
1 — |g/p| is model independently suppressed by m/m3,, and there is an addition m?2/m;} suppression in the
SM, which new physics may violate. In B; mixing, the SM expectation for 1 — |¢/p| is at the few times 107*
level [21], while in By mixing it is suppressed in addition by |V;4/Vis|? to 107°. Thus, it was remarkable
that DO measured the CP-violating dilepton asymmetry for a mixture of B; and B, mesons at the 40 level,
Al = (7.87+£1.96) x 10 2 = 0.6 A%, + 0.4 A%, [20], where in each system Agsp, ~ 2(1 — |¢/p|). It will be
important at LHCb and at the super-B-factories to clarify this situation by more precise measurements.
Since the hint of the signal is much above the SM, there is a lot of room to find BSM contributions.

Another interesting tension in the current data is from the measurement of the B(B — 77) rate, which
is about 2.50 above the SM prediction. This comparison relies on a lattice QCD determination of the B
meson decay constant. The simplest BSM explanation would be a charged Higgs contribution, which in the
type-I1 2HDM is proportional to m; m, tan® 8/m%. It will require much larger data sets at the future ete~
B factories (and measuring the B — u? mode as well) to clarify the situation.

There is a nearly endless list of interesting measurements. Many are in rare decays involving leptons. LHCb
will be able to search for By — ¢*¢~ down to the SM level, at few times 10~°. This process received a
lot of attention in the last decade, after it was noticed that it a SUSY contribution is enhanced by tan® 3.
With the LHCb upgrade and many years super-B-factory running, the search for By — 7/~ may also get
near the SM level. Rare decays involving a v pair are theoretically very clean, and the next generation of
eTe~ machines should reach the SM level in B — K (*)u; the current constraints are an order of magnitude
weaker. There is also a long list of interesting measurements in b — sy and b — s¢*¢~mediated inclusive
and exclusive decays, CP asymmetries, angular distributions, triple product correlations, etc., which will be
probed much better in the future. And the s «+ d processes, with lower SM rates, will provide many other
challenging measurements and opportunities to find new physics.
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1.2 Strange, Charm, and Bottom Quarks as Probes of New Physics 7

While any one of the above measurements could reveal new physics, the strongest complementary information
to the LHC will come not from one measurement, but the pattern in which they do or do not show deviations
from the SM. In addition, the experiments that carry out this program will also be able to search for charged
lepton flavor violation at an unprecedented level, e.g., 7 — pvy and 7 — 3pu, discussed in another working
group report. There is also a set of measurements for which our understanding of hadronic physics is not
yet good enough, but it could improve in the next decade. A high profile example is the difference of direct
CP asymmetries, ag+,0 — ag+.- = 0.148 £ 0.028, which is expected to be small if corrections to the heavy
quark limit were under control. Precise measurements at the super B factories of other decay modes related
by SU(3) flavor symmetry will help to clarify this situation and also teach us about hadronic physics.

1.2.3 D Decays

The D meson system is complementary to K and B mesons because it is the only neutral-meson system in
which mixing and rare FCNC decays are generated by down-type quarks in the SM loop diagrams. This
complementary sensitivity is also present for new physics models. For example, in supersymmetric theories
FCNC K and B transitions involve down-type squarks, whereas the D system is sensitive to the mixing of
the up-type squarks in loop diagrams. In the SM, since the down-type quarks are much lighter than my and
the 2 x 2 Cabibbo matrix is almost unitary, FCNC charm transitions and CP violation in charm decays are
expected to be strongly suppressed. Only since 2007 do we have unambiguous evidence for D°~D° mixing,
and both z = Am/T’ and y = AT'/(2I") are at or below the 0.01 level (left plot in Figure [I-2).

The values of the mixing parameters can be accommodated in the SM [24], and imply that long distance
physics is important. Nevertheless, the measurement of Am (the upper bound on it) already had important
implications for BSM. For example, in supersymmetric models, it was possible to suppress FCNC transitions
by aligning the quark and squark mixing matrices [23], which predicted z ~ A2 ~ 0.04. The measurement
of Am implies that if the first two squark doublets are within the reach of the LHC, then they must be
degenerate to some extent, since quark-squark alignment alone cannot provide enough suppression [22].
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Figure 1-2. Results on charm mixing parameters x and y showing significant deviation from the no-mixing
case ¢ =y = 0 (left); and results on the magnitude and phase of q/p (right). (From Ref. [42].)
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CP violation in mixing, the deviation of |¢/p| from 1, is very sensitive to BSM contributions in charm mixing
as well. The SM expectation is below the 0.01 level, while the current uncertainty of |¢/p| — 1 is about 0.2
(right plot in Figure . Thus, future measurements can improve the sensitivity to BSM contributions by
an order of magnitude before becoming limited by hadronic uncertainties.

Direct CP violation has been observed in K and B decays, and was expected to be at or below the 10~3
level in charm decays. Recently LHCb announced a 3.50 evidence for direct CP violation, a nonzero value of
Aacp = ag+g- —Qptn = —(8.2+£2.141.1) x 1073 [25], giving a world average Aacp = —(6.5+1.8) x 1072,
In the SM, Aacp is suppressed by |Vep Vas|/|Ves Vus| = 7% 1074, so an order of magnitude enhancement from
hadronic physics or new physics is needed to explain this central value [26, 27]. To clarify the situation,
precise measurement in many modes, accessible in different experiments, will be necessary [26], [2§].

There are many other important measurements in charm decays as well, which are sensitive to new physics
and are important for the rest of the program. These include leptonic and semileptonic rates with much
improved precision, testing lattice QCD calculations, and learning about hadronic physics from charm
spectroscopy and glueball searches. Experiments producing charm at threshold can collect large samples
of CP-tagged D decays, which will be very useful for high precision measurements of the CKM angle .

1.2.4 Effective theories, hadronic physics, and exotic states

Lots of effort is being devoted world-wide to improve lattice QCD methods and calculations. A hope is that
lattice QCD results will substantially improve the discovery potential of future flavor physics experiments.
The tests and validation of lattice QCD methods also rely on flavor physics measurements, to a large extent.

Other important model independent tools to tackle some strong interaction phenomena are provided by
effective field theories, such as chiral perturbation theory (CHPT), heavy quark effective theory (HQET),
and soft-collinear effective theory (SCET). These were developed and extended to high orders, motivated to a
large extent by the desire to better calculate K and B decay matrix elements. These methods have provided
fundamental insights into the dynamics of QCD. They are also important to refine the determination of SM
parameters and to enhance the set of measurements which can reveal new physics.

Developments in understanding QCD and improving the sensitivity to BSM physics are strongly connected.
Past experience shows that whenever an order of magnitude more data becomes available, it always leads to
renewed theoretical activity to understand the strong dynamics, which often results in improvements that
increase the sensitivity of the measurements to new physics. The history of the field is full of unanticipated
surprises that enriched this line of research.

The spectrum of states containing heavy quarks has provided some of the most important insights into the
dynamics of QCD. After decades when heavy quark spectroscopy was thought to amount to finding some
previously unobserved particles, BABAR and Belle discovered a large number of unexpected states, as well as
states with unexpected masses. An important open question is whether states other than mesons composed of
qq and baryons composed of gqq are realized in nature. Possible “unconventional” combinations include four-
quark mesons, ¢gqq (tetraquarks), five quark baryons, gqqqq (pentaquarks), “hybrids” consisting of “valence”
quarks and gluons, “glueballs” that are composed of gluons (with no quarks), and hadronic “molecules”.
Some of these states can have exotic quantum numbers, i.e., J¥¢ that cannot be produced in the quark model
by qq or qqq constituents. Lattice QCD calculations predict the spectrum of charmonium and bottomonium
states and the glueball spectrum. Many phenomenological models have also been developed to explain
various aspects of these states, and the recent experimental results triggered lots of new theoretical research.
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Observable SM Theory Current Expt. Future Experiments
B(K+ — ntvp) 7.8 x 10711 1.73%1 52 x 10710 ~10% measurement from NA61
~5% measurement from ORKA
~2% with Project X

B(K¢9 — mvw) 2.43 x 107! <26x108 1%t observation from KOTO
~5% measurement with Project X
B(K} — n’ete )sp | 1.4x 10" <2.8x10710 ~10% measurement with Project X
B(K} = n°u"p)sp | 3.5x 107" <3.8x10710 ~10% measurement with Project X
|Pr|in K — 7%t ~ 1077 < 0.0050 < 0.0003 from TREK

< 0.0001 with Project X

Ri =T(Ke2)/T(Ky2) | 2477 x 107° | (2.488 +£0.080) x 10~° | £0.054 x 10~° from TREK
+0.025 x 107° with Project X
B(K9 — p*reT) <1072 < 4.7 x 10712 < 2 x 107'® with Project X

Table 1-2. A summary of the reach of current and proposed experiments for some key rare kaon decay
measurements, in comparison to Standard Model theory and the current best experimental results.

1.3 A World-wide Program of Quark Flavor Experiments

1.3.1 Kaon Experiments

As accelerators and detectors have advanced, the sensitivity of rare kaon decay experiments has also improved.
In the past the U.S. led in this arena. Kaon experiments which took data more than a decade ago at the
Brookhaven AGS approached the 1071! level of branching fraction sensitivity [29, B30], and in one case
the 10712 level [31]. With current and future accelerators, substantial improvements will be possible.
Experiments are now underway in Europe at CERN and Frascati, and in Japan at JPARC. While no
experiments are underway in the U.S.; existing facilities at Fermilab can support world-leading experiments
today, and Project X has the potential to make further significant improvements possible. A summary of
the forseeable experimental progress is given in Table while the individual experimental initiatives are
discussed below.

KLOE-2

The KLOE-2 experiment [32] will run at the upgraded DA®NE e*e™ storage ring at the Frascati Laboratory,
and it will extend the results of the earlier KLOE experiment. The upgraded DA®NE will achieve a factor of
three increase in instantaneous luminosity with a crab waist at the interaction point, one of the innovations
that will also be used to achieve large luminosity gains for the super flavor factories. A number of detector
improvements are being made for KLOE-2, including a new ~vy tagging system, a new inner tracker, new
small angle calorimeters, improved front-end electronics, and updated computing and software. Ultimately
KLOE-2 aims to collect integrated luminosity of 25fb~', an order of magnitude more than KLOE.

The KLOE-2 physics program exploits the correlated production of K and K mesons in a JF¢ = 17~ state
from ¢ decays, rather than achieving high sensitivity to rare decays (which is the domain of experiments using
kaon beams at proton accelerators). KLOE-2 will be able to improve neutral kaon interference measurements,
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leading to improved tests of CPT and quantum mechanics and refined measurements of mass and mixing
parameters (I'z,, I's, Am) and CP-violation parameters. It will also make a wide range of measurements of
non-leptonic and radiative K and 1/n’ meson decays.

NA62

The NA62 experiment [34] has the goal of making a measurement of the K+ — n7v¥ branching fraction
with uncertainty approaching 10%. It will run in the CERN SPS north area extraction line that housed the
NA48 detector array, some components of which (in particular, the liquid krypton calorimeter) are being
reused. NA62 will utilize a high-intensity (750 MHz) unseparated charged beam (about 6% K T’s) to search
for KT — ntvv decays in flight. It will be the first decay-in-flight experiment to search for this mode. The
projected sensitivity of the experiment would allow about 55 K+ — 77 v¥ events to be collected per year at
the SM branching fraction, with signal/noise of about 7/1.

Background rejection in this experiment requires precise measurements of the incoming K™ and outgoing
7. The former measurement is challenging in a high-intensity beam, so that NA62 is developing a so-
called gigatracker using silicon pixel detectors. The latter measurement will be performed by straw tracking
chambers operated in vacuum, in order to minimize multiple scattering the decay region. High-efficiency
for vetoing photons from 7 decays is assisted by the relatively high beam energy and will be accomplished
using a combination of different calorimeter technologies in different regions. Very good :p separation is also
required and will be achieved with a RICH counter in combination with an instrumented hadron absorber.

Construction of the NA62 detector systems [35] has been underway for about three years, and an engineering
run of representative elements is scheduled for the second half of 2012. Data-taking is expected to begin in
2014, depending on the LHC upgrade schedule.

KOTO

The KOTO experiment [37] will search for the K — 7%w at J-PARC. It will reuse parts of the detector
of the E391a experiment that ran at the KEK PS, along with significant modifications. E391a set the best
upper limit [38] so far for this decay (2.6 x 107%), which is three orders of magnitude larger than the SM
branching fraction. The goal of KOTO is to close that gap and to make the first observation of K¢ — 70vw.

The K9 — 797 mode is particularly challenging because the only observable particles are the two photons
from the 7° decay and there are copious other sources of photons. To obtain a kinematic constraint, KOTO
will have a tightly collimated neutral beam (a “pencil beam”) so that the reconstructed 7 momentum
component transverse to the beam direction can be used as a constraint. Imposing a requirement that the
transverse momentum be relatively large forces missing photons from background sources to have higher
energies, which makes them easier to detect. Neutron interactions must be suppressed, so most beam and
detector volumes are evacuated. Excellent efficiencies for detecting photons and charged particles from
background decays is achieved by surrounding the entire decay volume with active photon veto counters.

The KOTO experiment has many improvements over the E391a experiment. At J-PARC the K9 flux will
be higher by a factor of up to 40, while the n/K? ratio is expected to be lower by a factor of at least three
due to an improved neutral beamline. The Csl calorimeter has been replaced with smaller and longer Csl
crystals from the Fermilab KTeV experiment, to suppress backgrounds, and the data acquisition system is
being upgraded. An engineering run and first physics running are planned for 2012. Running with 100 kW
beam power will not take place before 2014; subsequently annual runs of approximately four months duration
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1.3 A World-wide Program of Quark Flavor Experiments 11

are expected. To achieve sufficient sensitivity to observe a few events at the SM branching fraction, it will
be necessary for KOTO to run for several years.

TREK

The TREK experiment [36] will run at J-PARC. The primary goal of TREK is a search for T-violation in
the decay K+ — m%utv via observation of muon polarization in the direction transverse to the m—u decay
plane with 20 times better precision than the prior best limit (|Pr| < 0.005) [33], which is from KEK-PS
experiment E-246. TREK will use the E-246 spectrometer after both detector and data acquisition upgrades.
The experiment will used stopped-KT’s (i.e., a low-energy KT beam enters the detector and a fraction of
the K™’s are brought to rest via dE/dx at the center of the detector in a scintillating fiber target). Charged
decay products of the KT are subsequently detected in a toroidal spectrometer, combined with a calorimeter
with large solid angle to detect photons. Muons from K+ — 7%u* v stop inside a muon polarimeter, which
detects the direction of the positron in the u* — etv,.7,.

The TREK design calls for a beam power of 270 kW for 30 GeV protons, which will not be available for
several years. Other measurements are possible with less beam. The ratio of decay rates Rx = 'K+ —
etv)/T(KT — p*v) tests lepton-flavor universality. The SM ratio depends only on kinematics (i.e., masses)
and small radiative corrections. The current world average result for Rg (from NA62 and KLOE) agrees
with the SM expectation with an uncertainty of 0.4%. TREK expects to improve this comparison to the
0.2% level. TREK also has the ability to search for a heavy sterile neutrino (N) in the decay KT — p+t N
down to a branching ratio 1078.

TREK requires slow extraction from J-PARC and is expected to begin data-taking in 2014 with beam power
of 50 kW, which is adequate for the Rg measurement and the heavy neutrino search.

ORKA

The Kt — nTvv decay has only been observed so far in Brookhaven experiments E787 and E949, which
used stopped K1’s. E949 was an upgrade of E787. These experiments ran at the AGS in several short
runs between 1988 and 2002 (usually 10 to 16 weeks of running in a given year, which was typical of AGS
operations). Ultimately these experiments observed seven signal events [29] (with background 0.93 £ 0.17
events). In the end E949 did not reach its goal, since it was terminated early due to lack of funding.
Nonetheless, £949 demonstrated background rejection at the 2 x 107! level, which is sufficient for a high-
statistics measurement of B(K+ — 7tuvp).

The ORKA experiment at Fermilab would apply the same technique demonstrated in E787/E949, while
taking advantage of the longer running time per year and the higher beam flux possible with the Main
Injector and also large acceptance gains which are possible using updated detector technologies and modern
data acquisition systems. The ORKA detector will be a completely modernized version of the original E949
detector and will benefit from several improvements. These include increasing the length of the detector to
increase geometrical acceptance, a larger magnetic field to improve tracking resolution, new and improved
range stack scintillator with higher light yields, a thicker photon veto system to improve photon detection
efficiency, deadtimeless electronics, and a modern high-throughput data acquisition system. Estimates of
ORKA’s sensitivity are based on extrapolations from E949’s measured performance, rather than simulations.
Background rejection does not need to be better than in E949 for ORKA to reach its goal.

The ORKA proposal received Stage I approval at Fermilab in December 2011. The time scale for receiving
final approval is not now known. If approved and funded soon, it should be possible to complete detector
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construction and begin first data-taking by the end of 2016. The projected sensitivity would allow ORKA to
collect about 200 K™ — 7t v events per year (at the SM level), enabling a branching fraction measurement
with 5% uncertainty after five years of running. This would be a strong test for new physics, since the theory
uncertainty in the SM branching fraction will be at the same level of uncertainty.

Opportunities with Project X

Project X at Fermilab could provide extremely high intensity kaon beams with a very well controlled time-
structure. The beam power available to produce kaons (3000 kW) will be higher by an order of magnitude
than any other kaon source in the world. Since the proton kinetic energy would be around 3 GeV, the kaon
energy will be low. While this may not be well-matched to all experiments, for some it will be nearly optimal.
In particular, Project X provides the only credible opportunity advanced so far to make a high-statistics
measurement of the K9 — 7% branching fraction.

A challenge for a K9 — 7% is the unknown momentum of the incident K?. As discussed in the context
of KOTO, some compensation for this can be achieved by limiting the beam aperture so that at least the
K? direction of flight is known to good precision. In addition to this, the precisely controlled beam pulses
which can be delivered by a CW-linac make it possible to measure the K¢ momentum using time-of-flight
information. The 500 MeV K?9’s typical of Project X energies is ideal for this measurement. This provides
a strong kinematic constraint which significantly improves background rejection while maintaining larger
acceptance than the pure pencil-beam technique. Initial estimates indicate that it may be possible to collect
as many as 200 K? — 7907 events per year in a Project X experiment, making a possible a measurement
at the 5% level after about five years of data taking.

The existence of Project X will surely stimulate initiatives focusing on other rare modes, such as the lepton-
flavor violating decays K9 — pe and K™ — 7t pe. Several rare K decay measurements would be possible,
some involving subtle effects, such as interference measurements vs proper time of K9 and K3 decaying into
a common m’et e final state. Such interference measurements can possibly isolate the directly CP-violating
component of the decay amplitude and provide complimentary handles to interpret new physics which may
be observed in K? — %% decays. The unprecedented intensity of a stopped K+ bean from Project X can
be exploited to extend the TREK research program now at J-PARC to a sensitivity limited by theoretical
uncertainties. This ultra-bright stopped K source can also enable other precision measurements sensitive to
new physics, such as anomalous polarization of muons in K™ — 77"~ decays and more precise studies of
K* — 7tvv decays, including the measurement of the 7 spectrum which can be used to test the underlying
matrix element.

Exploiting the opportunities provided by Project X will also require detector improvements, so that R&D
is needed. Some areas of importance are: ultra-low-mass tracking detectors which can operate at high
rates and in vacuum; fine-grained fast scintillator-based shower counters read out with high quantum
efficiency photodetectors that can operate in high magnetic fields and in vacuum; large-scale system time-
of-flight resolution better than 20 ps; high-rate v-pointing calorimetry; and fully streaming “triggerless”
data-acquisition technologies.
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1.3.2 B-meson Experiments

Super Flavor Factories

When Kobayashi and Maskawa shared the Nobel Prize in 2008 for “the discovery of the origin of the
broken symmetry which predicts the existence of at least three families of quarks in nature,” it was widely
acknowledged that the B-factory experiments — BABAR at SLAC and Belle at KEK — had provided
the essential experimental confirmation. The spectacular successes of the B-factories KEKB and PEP-II
rested on two important features of these accelerators: unprecedented high luminosities which allowed the
experiments to collect data samples on the Y(4S) resonance consisting of several hundred million B-B
pairs, and asymmetric beam energies which made it possible to measure rate asymmetries in B and B
decays as a function of the proper decay time difference. In addition, eTe™ collisions provide a relatively
clean environment so that complex final states can be reconstructed (including those with several daughters,
7%, K9’s, and even v’s), thereby enabling a broad program of measurements.

KEKB achieved peak luminosity of 2.1 x 10?4 cm~2s~! and an integrated luminosity of 1040fb~" (i.e., just
over 1.0ab™!). PEP-II achieved a peak of 1.2 x 104 cm~2s~! and integral of 550fb~!, before its running
was terminated early due to a funding crisis in the U.S. in 2008. Achieving these high luminosities required
accelerator advances in a number of areas, including bunch-by-bunch feedback systems, very high-current
stored beams (> 3 A), very large numbers of bunches (> 1000), bunch-by-bunch feedback systems, high-
power RF systems, and on operational advances such as continuous injection; KEKB also enhanced its
luminosity by using crab cavities to achieve head-on collisions.

Innovations in the last few years, in part resulting in linear collider studies and light source development,
make it possible to achieve instantaneous luminosity close to 1 x 103 cm~2s~'. This has led to plans for
“super flavor factories”. These machines will achieve dramatic luminosity gains by making the beams very
small at the collision point and by implementing a crab waist crossing. Beam currents will be higher than in
the B-factories, but only by a factor of about two so that beam-associated backgrounds will not follow the
gains in luminosity. SuperKEKB will be built as an upgrade to KEKB in Japan. The new Italian Cabibbo
Laboratory, located near Frascati, will host a green field project to build the SuperB collider. These machines
will collect data-sets of 50-75ab~!. The cross section on the Y(4S) is 1.1nb, so the super flavor factory
experiments will have access to over 5 x 10'® B—B pairs. This will open the door to precise measurements

of a large number of processes which have the potential to reveal new physics.

Physics Reach of Super Flavor Factories

Complete discussions of the physics programs of the super flavor factory experiments exist [39, 40]. Only a
few highlights are discussed here.

One strength of the super flavor factory experiments will be their ability to search for non-Standard Model
sources of C'P violation. B-B pairs produced at the Y(4S) are in a coherent quantum state, which allows
the decay of one B to tag the state of the other. Since B® and B® may decay to the same C P-eigenstate,
the difference of B® and B° decay rates to a common final state is an observable for C'P violation. When
measured versus time, the decay rate asymmetry is sensitive to C'P violation that occurs in the interference
between two amplitudes — those for B — fep and B® = B° — fop, where fop is the C P-eigenstate and
in the second instance the BY “oscillates” into B° before decaying. This interference provides direct access
to underlying CKM parameters, since the decay rate asymmetry versus time is a simple sine function whose
amplitude is sin(24), or equivalently sin(2¢;) in the notation favored in Japan. The precision measurement
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Figure 1-3. Belle measurements [41] of the time-dependent CP asymmetry versus At for B — J /¢ K°

(left) and B — ¢K° (right). sin(28) is determined from the amplitude of the oscillations evident in the

lower plots. Super flavor factory experiments will obtain statistics for B — ¢K° (and other loop-dominated
modes) as good as was obtained for B — J/4%K° in Belle and BABAR.

Asymmetry Entries/ 2.5 ps
o

of sin(23) is one of the keystone achievements of the B-factory experiments; sin(23) = 0.678 & 0.020 is the
average [42] of Belle and BABAR from decay modes resulting from the quark level process b — cés, such
as B® — J/¢K°. Since the b — c¢s decay is dominantly tree level, this is effectively the Standard Model
value of sin(2/). However, an analogous sin(23) measurement can be made using b — s3s decays, such
as BY — ¢K° and B® — n'K°, which only occur through loops (i.e., penguin diagrams). Loop processes
open the door to additional amplitudes (and complex phases) from new heavy particles. Comparison of
such measurements from BABAR and Belle to the b — c¢s value is statistically limited and inconclusive, as
illustrated in Figure Belle and BABAR averages [42] for sin(23) from B® — ¢K° and B® — n'K° are
0.56+0.17 and 0.59 £ 0.07, respectively. The super flavor factory experiments can reduce the errors on these
measurements by an order of magnitude.

Dramatically improved tests for direct C'P violation in numerous modes will also be possible at the super
flavor factories. One example is B — X, 47, which results from electromagnetic penguin diagrams for the
quark level processes b — sv and b — dvy; X4 represents the hadronic system in these decays. In a fully
inclusive measurement (i.e., one that detects the v but does not reconstruct the hadronic system in order to
avoid losing complicated final states), the net flavor of the X4 is not determined. In the Standard Model
there is a robust expectation that direct C'P violation is negligible; that is, the decay rate for B — X 1 47v
equals that for B — X, 4y almost exactly. Any detected difference must be an indication of new physics, and
differences of up to 10% appear in some non-standard scenarios [43]. The best measurement with existing
B-factory data is consistent with no difference and has a 6% error. Super flavor factory experiments can
reduce the error to below 1%.

Many rare B decays which have either not been observed by Belle or BABAR, or which have been observed
with only marginal statistics, will become accessible in super flavor factor experiments. An example is
B — 7v, which results from a simple W-exchange diagram and has branching fraction of (1.1 £0.2) x 10~*
in the Standard Model. This mode is sensitive to MSSM models or others that predict the existance of a
charged Higgs. The current average branching fraction from BABAR and Belle is (1.64 £ 0.34) x 10~*, in
loose agreement with the SM expectation. Super flavor factory experiments can reduce the error to about
0.04 x 10~*. This mode, which has multiple neutrinos in the final state, is a good example of the power
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Observable SM Theory Current Expt. Super Flavor Factories
S(B — ¢K°) 0.68 0.56 +0.17 +0.03
S(B — 1'K°) 0.68 0.59 + 0.07 +0.02

S(B — Ksm%y) —0.04 —0.15 4+ 0.20 +0.03
S(B — pv) < 0.05 —0.83 + 0.65 +0.15
Acp(B = X4pq7) ~10-°¢ 0.06 + 0.06 +0.02
v from B - DK +11° +1.5°
Ast, ~ 1073 —0.0049 £ 0.0038 +0.001

B(B - Tv) 1.1x107% | (1.64+£0.34) x 1074 4+0.05 x 1074

B(B — pv) 4.7 x 1077 <1.0x 1076 +0.2 x 1077
B(B — X,7) 3.15x 10~* | (3.55£0.26) x 10~* 4+0.13 x 10~*

B(B — X T07) 1.59 x 1076 | (3.66 £ 0.77) x 107° 4+0.10 x 1076
B(B — Kvp) 3.6 x 1076 <1.3x107° +1x 106
App(B = K*lT07) 243 Gev2 —-0.09 0.27 £0.14 +0.04

Table 1-3. A summary of the reach of the planned super flavor factory experiments for some key B decay
measurements, in comparison to Standard Model theory and the current best experimental results. Normally
Belle IT assumes 50 ab~! for such comparisons, while Super B assumes 75ab 1. For this table, 50ab~! has
been assumed.

of e~ e~ experiments for B-physics. The technique of reconstructing the ‘other’ B in the event can be very
effective in reducing backgrounds for modes in which the signal B is impossible to reconstruct.

Rare decay modes in which the underlying quark level process is b — s£T¢~ or b — d¢{T{~ (where £
represents e or u) provide excellent sensitivity to new physics because they occur through loop diagrams;
the former have branching fractions of order 1075 and the latter of order 10~8. Some of these modes, such
as Bt — K*Ou* 1, can be collected in very large numbers in hadronic production experiments, making
possible a good measurement of the lepton forward-backward asymmetry App in that mode. However, a
full exploration of these decays can only be accomplished in the eTe™ environment. Examples of important
measurements at which the super flavor factories will excel include the inclusive decay rates versus dilepton
mass, comparisons of eTe™ modes to uTu~ as tests of universality, and searches for C'P violation in these
decays.

The processes discussed above provide only a glimpse of the rich menu of incisive measurements that will
be made by the super flavor factory experiments from running on the Y(4S). By running on the Y(55),
the super flavor factories also will have access to Bs physics. This may be important if LHCb makes a
measurement that is inconsistent with the Standard Model; that is, experimental confirmation of important
B, results may be needed. Also, some interesting B, measurements will not be possible in the hadronic
environment, such as B, — ~7y or other decays with neutral particles or neutrinos in the final state.

Belle IT at SuperKEKB

The SuperKEKB project in Japan is under construction. Commissioning of the accelerator is expected to
begin in 2014. The design luminosity is 8 x 1035 cm~2s~! (40 times larger than KEKB), which will allow an
integrated luminosity of 50ab~! to be accumulated in five years of running.
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The Belle IT detector will be an upgraded version of Belle that can handle the increased backgrounds
associated with higher luminosity. The inner vertex detector will employ DEPleted Field Effect (DEPFET)
pixels, inside tracking layers that will consist of double-sided silicon strips with high-speed readout. There
will also be a new small-cell drift chamber. The particle identification system will be a DIRC-type detector.
The Csl calorimeter will be retained, but it will be instrumented with waveform sampling readout. The
outer K9 /u detector will be upgraded to use scintillator to accommodate the higher rates. Belle II should
be ready to roll in by the end of 2015, after commissioning of SuperKEKB is completed. The U.S. groups
on Belle II are focusing their efforts on the particle identification and K9 /u systems.

SuperB in Italy

The SuperB project has been approved by the Italian government and will be cited at the new Cabbibo
Laboratory, which is at the University of Rome Tor Vergata near Frascati. The design luminosity will be
1 x 10?6 cm~2s~!. It is hoped to begin commissioning in 2016.

The SuperB detector is based on the BABAR detector, and large parts of BABAR will be re-used: the
superconducting coil and steel flux return, the quartz bars from the DIRC, and the barrel CslI crystals.
New tracking detectors will be build, including a silicon strip vertex detector whose inner layer (very close
to the beam) will be silicon striplets and a new central drift chamber. The DIRC readout will utilize faster
photodetectors, and the Csl barrel calorimeter will be augmented by a forward calorimeter using LYSO
crystals which are much faster and more radiation hard than Csl. The flux return will be augmented with
additional absorber to improve the muon identification.

While large U.S. contributions to SuperB are planned in the form of PEP-II components and BABAR
components, the status of U.S. physicist participation is currently unsettled.

B Physics at Hadron Colliders

Hadron colliders have great potential for studying the decays of particles containing charmed and bottom
quarks. The production cross sections are quite large and the machine luminosities are very high so that
more than 10 kHz of b-hadrons can be produced per second. This is a much higher production rate than
can be achieved even in the planned next generation e™e™ B factories. All species of b-hadrons, including
B,, B., and b-baryons are produced. However, compared to ete~™ b and charm factories, the environment
is much more harsh for experiments. At hadron colliders, the b’s are accompanied by a very high rate of
background events; they are produced over a very large range of momenta and angles; and even in b-events
of interest there is a complicated underlying event. The overall energy of the center of mass of the hard
scatter that produces the b quark, which is usually from the collision of a gluon from each beam particle, is
not known so that the overall energy constraint that is so useful in ete™ colliders is not available. These
features translate into difficult challenges in triggering, flavor tagging, and particle identification, and limit
the overall efficiency and background rejection that can be achieved.

The two experiments, CDF and D@, at the Fermilab Tevatron, demonstrated that these problems could
be successfully addressed using precision silicon vertex detectors and specialized triggers. While these
experiments were mainly designed for high-pp physics they nevertheless made major contributions to bottom
and charm physics [46, 47]. Highlights of their B physics program include the first measurement of B,
mixing [44]; possible deviations from the SM predictions for the asymmetry between p*u™ and p~p~
from the semileptonic decays of B mesons from the (DQ) experiment [45]; observation of many B, and
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b-baryon decay modes and measurement of the By and Ap lifetimes; bottomonium spectroscopy; and the
first observation of the B, meson and the measurement of its lifetime [48], [49].

The LHC produced its first collisions at 7 TeV center of mass energy at the end of March 2010. It has now
had two running periods. The b cross section at the LHC is a few hundred ub, a factor of three higher than
at the Tevatron, and approximately, 0.5% of the inelastic cross section. When the LHC reaches its design
center of mass energy of 14 TeV in 2015, the cross section will be a factor of two higher

B Physics at LHCb

The LHC program features for the first time at a hadron collider a dedicated B physics experiment,
LHCb [50]. LHCb covers the forward direction from about 10 mr — 200 mr with respect to the beam
line. B hadrons in the forward direction are produced by collisions of gluons of unequal energy so that
the center of mass of the collision is Lorentz boosted in the direction of the detector. Because of this,
the b-hadrons and their decay products are produced at small angles with respect to the beam and have
momenta ranging from a few GeV/c to over a hundred GeV/c. Because of the Lorentz boost, even though
the angular range of LHCb is small, its coverage in pseudorapidity is from about 2 to about 5 and both
b hadrons travel in the same direction, making b flavor tagging possible. With the small angular coverage,
LHCb can stretch out over a long distance along the beam without becoming too large transversely. A
silicon microstrip vertex detector (VELO) placed only 8 mm from the collision region transversely provides
precision tracking that enables LHCb to separate weakly decaying particles from particles produced at the
interaction vertex. This allows the measurement of lifetimes and oscillations due to flavor mixing. A 4 Tm
dipole magnet downstream of the collision region, in combination with the VELO, large area silicon strips
(TT) placed downstream of the VELO but upstream of the dipole, and a combination of silicon strips (IT)
and straw tube chambers (OT) downstream of the dipole provides a magnetic spectrometer with excellent
mass resolution. There are two Ring Imaging Cherenkov counters, one upstream of the dipole and one
downstream, that together provide K—r separation from 2 to 100 GeV/c. An electromagnetic calorimeter
(ECAL) follows the tracking system and provides electron triggering and 7° and + reconstruction. This is
followed by a hadron calorimeter (HCAL) for triggering on hadronic final states. A muon detector at the
end of the system provide muon triggering and identification.

LHCb has a very sophisticated trigger system that uses hardware at the lowest level (L0) to process the
signals from the ECAL, HCAL and muon systems. The LO trigger reduces the rate to ~1 MHz followed by
the High Level Trigger (HLT), a large computer cluster, that reduces the rate to ~3 kHz for archiving to
tape for physics analysis. LHCb is able to run at a luminosity of 3.5x103? cm~2s~!. This is about 10%
of the current peak luminosity achieved by the LHC and is about 3% of the LHC design luminosity. The
luminosity that LHCB can take efficiently is currently limited by the 1 MHz bandwidth between the Level 0
trigger system and the trigger cluster. Therefore, the physics reach of LHCb is determined by the detector
capabilities and not by the machine luminosity. In fact, the LHC implemented a “luminosity levelling”
scheme in the LHCb collision region so tht LHCb could run at its desired luminosity throughout the store
while the other experiments, CMS and ATLAS, could run at higher luminosities. This mode of running
will continue until 2017 when a major upgrade of the LHCDb trigger and parts of the detector and front end
electronics will increase the bandwidth to the HLT and permit operation at a factor of 10 higher luminosity.

There have been two runs of the LHC. In the first “pilot” run in 2010, LHCb recorded 35 pb~!, which
was enough to allow it to surpass in precision many existing measurements of B decays. in 2011, the LHC
delivered more than 5 fb~! to CMS and ATLAS. Since this luminosity was more than LHCb was designed
to handle, the experiment ran at a maximum luminosity that was 10% of the LHC peak luminosity. The
total integrated luminosity was about 1 fb—1.
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Figure 1-4. Expected and observed 95% con- Figure 1-5. App as a function of ¢*. The SM
fidence level upper limits on the decay Bs — predictionis given by the cyan (light) band, and
wtp™ vs. branching fraction. This combined this prediction rate-averaged across the ¢ bins
result is based on 0.33 fb~' from LHCb, whose is indicated by the purple (dark) regions. No
independent limit is 1.5 x107%, and 1.14 fb~" SM model predictions are shown in the two mass
from CMS, whose independent limit is 1.9 x1075, regions dominated by J/i) and v dimuon decays.

The combined limit is 1.1 x1078.

The decay B; — J/1¢ has been used to measure the CKM angle ¢, [57]. The result, using also the decay
mode By — J/¢fy first established by LHCb [51], is ¢s = —0.03 &£ 0.16 £ 0.07 rad. The difference in
the width of the CP-even and CP-odd By mesons is ATy = 0.123 & 0.029 & 0.008 ps—!. These results are
consistent with the SM and contradict earlier measurements from the Tevatron [58] which deviated somewhat
from the SM predictions.

The rare decay By, — utu~ is predicted in the SM to have a branching fraction that is 3x107°. A higher
branching fraction would be an indicator for new physics beyond the SM. LHCb has now produced the best
limit on this decay mode. While the current upper limit is now approaching the SM value, there is still room
for a substantial contribution from new physics. CMS is also a contributor to this topic. The combined
limit [52) 53], 54] from LHCb and CMS is shown in Fig. This represents about 1/4-1/3 of the data
already taken. Updated results are expected from both experiments soon using the full 2011 data set. This
measurement will continue and if no new physics appears, the SM value will be observed some time between
2015 and 2017 based on the current LHC midterm schedule and luminosity projections.

LHCD has also produced results on the key decay B® — K**utp~ [56] that could reveal evidence for new
physics. The forward-backward asymmetry of the p~ relative the direction of the parent B° meson in the
dimuon center of mass vs the ¢ (dimuon invariant mass) is shown in Fig. The SM prediction crosses
over through zero in a narrow range of ¢? due to the interference between the SM box and electroweak pengin
diagrams. New physics can remove the crossover or displace its the location. Indications from low statistics
at Belle, BABAR, and CDF seemed to indicate that this mught be happening. The new LHCDb results are the
most precise so far and are in good agreement with the SM.

Many other decays are being studied, including all hadronic decays such as By, — ¢¢, B - Dn, B — DK,
and states with photons such as By — ¢7.

LHCb will run at a luminosity of 3.5 x10%2cm~2s~! for several years, limited by the bandwidth between the
Level 0 trigger and the HLT. A substantial upgrade [60] that will enable LHCDb to run at much higher rates
is being developed. It will be installed in a long shutdown planned for the LHC in 2018. Between now and
then, LHCb will accumulate about 1 fb—' per operating year so a total of about 5 fb~! will be obtained.
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precision LHCb Upgrade
Observable
as of 2011 | (5 tb™") | (50 fb~1)
S(B, = ¢¢) — 0.08 0.02
S(B, — K*0K*0) — 0.07 0.02
S(B® — ¢KD) 0.17 0.15 0.03
bs(Bs = J/ 1) 0.35 0.019 0.006
S(B, = ¢7) — 0.07 0.02
AATs (B, — ¢) — 0.14 0.03
AZ(B® — K*Optp—) — 0.14 0.04
soApp(BY — K*Outpu™) — 4% 1%
B(By = ptp”) — 30% 8%
v(B = D™ K®) ~ 20° ~ 4° 0.9°
v(B = D,K) — ~T7° 1.5°
B(B® — J/YK°) 1° 0.5° 0.2°

Table 1-4.  Sensitvities of LHCb to key observables. The current sensitivity is compared to that expected
after 5 fb~' and that which will be achieved with 50 fb~! by the upgraded experiment, all assuming /s =
14 TeV. Note that at the upgraded LHCb, the yield in fb~' in hadronic B and D decays will be higher on
account of the software trigger.

The sensitivity will increase by more than this because the LHC will run for at least 3 years of this period at
14 TeV, with a correspondingly higher B cross section. After the upgrade is installed, LHCb will integrate
about 5 fb~! per year so that about 50 fb~! will be obtained over the decade following 2018. The expected
senstivity to selected important decays during each phase of LHCb running is shown in Table [I-4]

B Physics at CMS and ATLAS

CMS and ATLAS, the two detectors that are designed to explore high mass and high-py phenomena at
the LHC, cover |y| < 2.5. They are designed to operate at luminosities of up to 10** cm~2s~!, which
also implies the ability handle an average event pileup of ~20. This demands that the detectors cover a
large area with very high granularity. The detectors have many features that are needed to do B physics,
including excellent vertex detectors, electron, photon, and muon identification, triggering and reconstruction
capability. However, they lack some important characteristics that are necessary to carry out a broad
program of B physics. They have no charged hadron identification. They also have very limited ability to
trigger on low-pr objects of any kind and so simply fail to record most of the events containing b-quarks.
They can implement muon triggers with relatively low thresholds of a few GeV/c. However, the rate of
low-py muons from B’s competes for scarce resources of bandwidth at every level of the trigger system and
for bandwidth to archival storage. The experiments struggle to record all the events that could contain
direct evidence of new physics so B physics has low priority and is heavily prescaled. However, in a few
cases, the experiments can successfully record b-decays with reasonable efficiency. These typically involve
final states that contain dimuons or reasonably high-pp single muons. One example of this, discussed above,
is the rare decay B, — utp~, where CMS can be competitive because of clever triggering and because it can
compensate for lower efficiency because it is running at an order of magnitude higher luminosity. If CMS
can maintain its triggering efficiency as the LHC luminosity and eventually it’s energy increase, CMS can
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continue to be competitive in this study. The decay B® — K*u*pu~ presents more problems. The muons
are softer and more difficult to trigger on and the lack of K-7 separation increases the background to the
K*. Tt is still hoped that CMS and ATLAS can play a confirming role to LHCb in this study. Despite these
problems, CMS and ATLAS will collect large numbers of b-decays and should be able to observe many new
decay modes and perhaps new particles containing b and charmed quarks [61], [62].

1.3.3 Charm Experiments

In the SM, many charm decay modes involving loops or box diagrams are suppressed. Therefore, CP violating
and rare decays of charmed particles are promising places to look for new physics since new phenomena could
make observable contributions to such decays. In the future, information on charm decays will come from:

e BES [64], an eTe™ collider dedicated to the study of systems containing charmed quarks;

e Two asymmetric B Factories, one an upgraded version of KEK-B [65], in Japan, with an upgraded
version of the BELLE detector, Belle II; and a new dedidicated B factory, named SuperB [66], to be
built in Italy near Rome with a new detector; and

e LHCD, the dedicated heavy quark experiment at the LHC, which is described above, with perhaps
some additional results in a few favorable decay modes from CMS and ATLAS.

A fourth source of information on charm could come be fixed target experiments, of which the only currently
approved example is PANDA [67] at the FAIR facility at Darmstadt, which will collide antiprotons in a
storage ring with gas, solid, or liquid targets. The ability of that experiment to contribute will depend on
the cross section for charm production by low energy antiprotons, a quantity that has not been measured
and whose theoretical estimates vary from 1ub to 10ub, and the amount of time dedicated to the charm
program, which competes with other aspects of the program that require the machine to operate below or
close to the bare charm production threshold.

For the experiments, the challenge will be to observe small effects. For theory, the task will be to pin down
the size of the long range contributions so that observations can be correctly identified as new physics or
conventional physics.

Charm Physics at Charm Factories

The BES program carried out a major upgrade to a two ring machine optimized for running at center of mass
energies of 3-4 GeV. The accelerator/storage ring, now called BEPCII, is designed for a peak luminosity of
1x10%3 cm 257!, An all new and improved detector, BESIII [68], has been built to exploit the opportunity
afforded by the higher luminosity. The upgraded machine began to run in July of 2008 and has achieved
so far about 2/3 of the design luminosity. BESIII has now collected data at the center of mass energy
of significant ¢¢ resonances, including the ', the J/4, the ¢(3770), and the D,(4010). BESIII has now
integrated about 3.5 times more data than CLEO-c on the ¢(3770). By studying charm particle properties
on the 1(3770) resonance which is very near D—D threshold, BES has an almost pure source of D mesons with
tightly constrained kinematics. This provides powerful flavor tagging capability, unique access to leptonic
and semileptonic decay modes, and enables the study of decays that include neutrinos. The two D mesons
are produced in the CP-odd state. This quantum correlation can be used to study CP violation and strong
phases. BESIII will perform a similar program on the D,(4010), which should lead to a major advance in
our understanding of the Dy meson.
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With these exposures, BESIII could well be the leader in the use of the charm system as a QCD laboratory.
BES should excel in the determination of fp and fp, and many form factors determined from semileptonic
decays of charmed mesons. One of the primary goals is to validate Lattice QCD in the charm system so
that its calculations can be trusted when applied to the B system, where it is used to extract CKM matrix
elements from measurements of decays, CP violation, and mixing. These results, many of them from data
already in hand, should precede by a few years any data that could come from super-B-factory running on
a boosted 1(3770), as discussed below.

Charm Physics at ete~ B Factories

The major effort at the upgraed B factories, SuperKEKB and SuperB, is to learn about new physics by
carrying out precision measurements of mixing and CP violation and searching for rare decays of By and B,,
mesons, primarily by running on the Y(4S). However, massive statistics on charm decays will be gathered
from the charm meson and baryon daughters of the B decays as well as direct charm production from the
continuum background under the resonance. Most of the charm sensitivity will be obtained from this mode
of running.

A new possibility is being studied by SuperB. They are considering a run of 500 fb~! on the +(3770). The
energies of the two rings will be chosen so that v will between 0.24 and 0.6. This choice provides good
acceptance and precision measurements of the time dependence of the decays. The results will occur well
after the BES results but will exceed them by a factor of 50 in integrated luminosity. For SuperB this might
make sense in the early phase of running when the luminosity is still low. This would allow them to carry out
charm studies that take advantage of the production at threshold and quantum coherence with the added
advantage that they would be able to study the time dependence of the decays.

Charm Physics at the LHC

LHCb, the dedicated B phyiscs experiment at the LHC, also has significant capability to study charm
decays. The B decays recorded by LHCb are themselves a copious source of charmed particles. Direct
production of charm at the LHC is a few percent of the total cross section so the direct charm rate is
enormous and actually has to be suppressed since it competes with B physics for precious resources such
as output bandwidth between the Level 0 trigger and the higher level trigger. Even with this suppression,
LHCDb records a very high rate of directly produced charm. LHCb should be a leader in the spectroscopy
and decay properties of charmed baryons and in the study of rare and lepton flavor and lepton number
violating decays. It should be able to carry out a large number of detailed decay studies including Dalitz
plot analyses and time-dependent Dalitz plot analyses. It does not have an overall energy constraint so the
study of many decays that involve neutrinos in the final state will be difficult to do. LHCDb’s ability to do
states with photons and 7%’s efficiently is still to be demonstrated.

After LHCD is upgraded, with more events reaching the HLT, a much more targeted selection of events to
record will be possible. This should benefit the LHCb charm program and permit it to improve or at least
maintain its efficiency for charm as the luminosity of the LHC increases.

Conclusion

The basic CP-violating parameters in charm can be measured by LHCb and the B factories. A summary of
the sensitivity of the B factories and LHCb for these quantities is given in Table These measurements
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Observable | Current Expt. | LHCb | SuperB | Belle II | LHCb Upgrade
5fb=! | 75 ab™! | 50 ab™! 50 fb~1
z (0.63 £ 0.20)% | 0.06% | 0.02% 0.04% 0.02%
Y (0.75 £ 0.12)% | 0.03% | 0.01% 0.03% 0.01%
Yo P (1.11 £ 0.22)% | 0.02% | 0.03% 0.05% 0.01%
lg/pl (0.91 £ 0.171)% | 8.5% 2.7% 3.0% 3%
arg(q/p) [°] —-10.2+£9.2 44 1.4 14 2.0

Table 1-5.  Sensitivities of B factories and LHCb to key CP violation observables in charm decay. The
current state of the art is shown along with expectations from Belle II, SuperB, and LHCb.

may reveal new physics beyond the Standard Model and will help in the discriminating among the various
models of new physics.

1.3.4 Exotic States

Recently, there has been an explosion of new results on heavy meson spectroscopy. The BABAR and Belle
experiments, in addition to advancing the field of bottomonium spectroscopy by observing the bb ground
state 7, and other missing bb states, have observed 18 states in the mass range 3872 MeV to 4700 MeV.
These so-called “XYZ” states do not easily fit into the expected spectrum of charmonium states. An example
is the very narrow X (3872), first observed by Belle, but confirmed by BABAR, CDF, D@, and now also by
CMS and LHCb. Many models have been proposed to explain this state, including that it may be a D°D*°
molecule.

In addition to searching for additional states, the experimental agenda includes the measurement of masses
and widths, branching fractions, and quantum number for the observed states.

The super-B factories study charmonium states in the decay of B mesons. They may also directly produce
charmonium and bottomonium states that have 1=~ quantum numbers. The ete™ charm factories can study
17~ charmonium resonances. The LHC experiments may produce charmonium states directly or observe
them in B-meson decays. They can also study bottomonium states. The PANDA experiment at the new
P facility, FAIR, in Darmstadt can study charmonium. The p experiments can produce charmonium states
exclusively by annihilation or in association with other particles. In particular for narrow-width meson
resonances that can be produced by annihilation in pp collisions at FAIR, the measurement of the mass and
width (T’ ~ 50 KeV) can be obtained very accurately from machine scans across the resonances.

These studies complement the ability of these experiments to probe high mass scales. They provide
an opportunity to study one of nature’s fundamental interactions, QCD, in a regime where it is poorly
understood. A large community of both theorists and experimentalists are focused on these topics.
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1.4 The Need for New Experiments and Facilities

Before looking forward, it makes sense to review some history. After the SSC was cancelled in 1993, it became
clear that the Energy Frontier was going to shift from the Fermilab Tevatron to the LHC at CERN. At that
time, the U.S. was the leader on quark flavor-physics experiments at the Intensity Frontier. B-physics was
still dominated by the CLEO experiment. The most sensitive rare K decay experiments performed to date
were then underway at the Brookhaven AGS. A few years later, the asymmetric ete™ B-factories were built
at SLAC and KEK, increasing the size of B meson datasets by two orders of magnitude and also opening
the door to measurements of time-dependent CP asymmetries. As LHC construction continued, a number
of aggressive quark-flavor initiatives were put forward in the U.S. These included the BTeV proposal which
would have used the Tevatron for B-physics, the CKM proposal which would have made the first high-
statistics measurement of K+ — 77v¥ using the Fermilab Main Injector, and the RSVP proposal which
included an experiment (KOPIO) to measure K9 — 7°v¥ at the Brookhaven AGS. After being toyed with
for years, all of these initiative were ultimately terminated. Also, as accelerator breakthroughs capable of
increasing B-factory luminosity by more than another order of magnitude were made, the opportunity to
upgrade the PEP-II B-factory at SLAC was not pursued; subsequently, the proponents coalesced around
what is now the Italian super-flavor factory planned to be built at the new Cabbibo lab near Rome.

Today the only kaon experiments running or under construction are in Asia or Europe. The only B-physics
experiments running or under construction are in Asia or Europe. The only charm experiments running or
under construction are in Asia or Europe. This would make sense if the physics opportunities provided by
these experiments were second class. However, that is not the case. Indeed, the laboratory that owns the
Energy Frontier is also the home of a running B-physics experiment, which has a clear upgrade path, and a
rare K decay experiment which is under construction.

Looking forward, it is clear in spite of this history that there is strong interest and a potentially substantial
community in the U.S. for an Intensity Frontier flavor-physics program. Indeed, U.S. physicists are players in
almost all the offshore experiments, but only small players. Two conclusions are obvious: U.S. participation
in offshore Intensity Frontier experiments should be supported, and steps should be taken to recapture the
lead that the U.S. had at the quark-flavor Intensity Frontier until recently.

The basic motivation for this program can be described very simply. If the LHC observes new high-mass
states, it will be necessary to distinguish between models proposed to explain them. This will require tighter
constraints from the flavor sector, which can come from more precise experiments using strange, charm, and
bottom quark systems. If the LHC does not make such discoveries, then the ability of precision flavor-physics
experiments to probe mass scales far above LHC, through virtual effects, is the best hope to see signals that
may point toward the next energy scale to explore. Therefore, a healthy U.S. particle physics program must
include a vigorous flavor-physics component.

A few conclusions from this working group can be summarized briefly:

o Intensity Frontier experiments using strange, charm, and bottom quark systems are an essential
component of a balanced world-wide particle physic program. The U.S., which led in this area only a
few years ago, should endeavor to be among the leaders in the future.

e Several Intensity Frontier experiments using strange, charm, and bottom quark systems are underway
and are planned at laboratories around the world (including KEK and J-PARC in Japan, BES-IIT in
China, and at the CERN and Frascati/Cabibbo laboratories in Europe). The U.S. needs to be involved
in these experiments on a significant scale in order to exploit the expertise gained over the many years
that U.S. facilities led in these areas and to ensure its participation in possible new discoveries.
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787 e At the present time, no Intensity Frontier experiments using strange, charm, or bottom quark systems
788 are underway in the U.S., in spite of the fact that existing facilities at Fermilab provide powerful
789 capabilities. In particular, world-leading rare kaon decay experiments can be mounted at Fermilab,
790 using the Main Injector, with relatively modest investment. The ORKA experiment, if it proceeds,
791 would exploit this opportunity.

792 e Kaon beams from Project X can provide a singular opportunity for Intensity Frontier flavor physics
703 experiments. These experiments comprise an important element within the world-wide flavor-physics
704 program, and their physics case is compelling.

705 e To exploit the potential that Project X can provide, improved detectors will be needed. Therefore, an
796 active program of detector R&D focused on the key issues is critical.
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